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Abstract 

 

Hsc70 is a constitutively active member of the heat shock chaperone family. It has many 

roles in all cell types, including prevention of protein aggregation, uncoating of clathrin 

vesicles, and involvement in the maturation of newly synthesised protein. ABCA1, a 

member of the ABC family, has been shown to have mutations that disrupt membrane 

localisation. The rescue of correct maturation and membrane localisation by chemical 

chaperones suggest a role for protein misfolding and endogenous molecular chaperones 

such as Hsc70 in its rescue. The mutants utilised in this study have distorted folding in 

such a manner that the activity is lost due to the inability to mature through trafficking to 

the plasma membrane where the protein is functional. In this work a fluorescent Hsc70 

probe was produced and a method developed for its introduction into mammalian cells to 

investigate an interaction with misfolded ABCA1. Co-localisation of the Hsc70 

chaperone with mislocalised ABCA1 variants were investigated with confocal 

microscopy. Hsc70 C574S, required for covalent attachment of a single fluorescent label, 

is active at about 25% the level of native protein in a refolding assay. The transduction 

protocol results in some fluorescent Hsc70 being internalised into HEK293T mammalian 

cells. Efficiency of transduction was assessed by fluorescence microscopy and flow 

cytometry. Between 20% and 90% of cells were found to be transduced with fluorescent 

protein. Labelled Hsc70 appears in the cytoplasm, distributed in the same pattern as 

wildtype ABCA1, suggesting co-localisation. The coincidence of location increases with 

the N1800H variant. However membrane location does not seem to be rescued by 

transduction of additional Hsc70. The Y1767D variant seems to have a lesser interaction 

with Hsc70, although this could be an artefact of the labelled chaperone, where 

endogenous untracked Hsc70 could be interacting. Hsc70 has been successfully used as 

an intracellular probe, detectable in HEK293T cells and displaying co-localisation with 

the ABCA1 protein.  
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Chapter 1: Introduction 

To be active, proteins need correct expression, folding, associations with cofactors and 

substrates, and correct localisation. Achieving all these aspects presents challenges that 

cells encounter for maintenance of normal physiology and these are regulated differently 

within each cell type.  

Protein homeostasis (proteostasis) involves the regulation of a variety of intracellular 

pathways influencing protein conformation. These interacting and competing networks 

influence synthesis through quaternary structure protein location, disaggregation, 

degradation and trafficking. These pathways are involved in development, and aging, and 

are influenced by external factors including environmental stresses.  

Folding of proteins in vivo is challenging due to crowding in the cytosol (concentrations 

of up to 300-400 g.L-1, Hartl et. al, 2011); newly synthesised proteins are at particularly 

high risk of toxic species formation through aberrant folding or aggregation. During 

protein synthesis, new polypeptides are transcribed by ribosomes at high energy costs in 

response to translational control programs (Hartl et. al, 2011). Upon emerging from the 

ribosome, polypeptide hydrophobic residues are solvent exposed. Conformations are 

reliant on a large number of weak, non-covalent interactions, and hydrophobic forces that 

drive chain collapse and burial of non-polar residues internally.  

The number of conformations a protein chain can adopt based on the above interactions is 

large; folding reactions are heterogeneous. As proteins are translated linearly, there is a 

tendency to collapse into compact globular formations. The free-energy landscape 

scheme shows that there are kinetic barriers that need to be overcome to result in active 

tertiary conformations (Hartl et. al, 2011). A cellular quality control mechanism that is 

universally conserved was established and many proteins require molecular chaperones to 

fold into efficient, active structures.  

A mid-translation nascent polypeptide is unlikely to form a stable, active conformation 

due to the ribosome’s shape inhibiting folding near the exit channel and the linearity of 

this process. Translation is a relatively slow process in eukaryotes with a rate of 

approximately 4-20 amino acids per second, during which mid-translation chains are 

exposed in aggregation-sensitive states (Hartl et. al, 2011). Eukaryotes form a complex of 

ribosomes and chaperones, an interaction that coordinates with translation allowing 

productive domain folding (Hartl et. al, 2008), limiting the globular collapse and 

therefore the formation of aggregates due to incorrect exposure of hydrophobes.  

How proteostasis integrity is maintained constitutes a fundamental problem in medicine. 

Numerous inherited diseases are caused by sequence mutations which lead to protein 

misregulation and disorder (Roth & Balch, 2011). Such deficiencies include activity level 

alterations, altered communication to partners, substrates or other cascade members and 

incorrect localisation via trafficking. Most diseases are categorised as gain- or loss-of-
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function (Balch et. al, 2008). The former can result from proteotoxicity of aggregation, 

and are associated with aging. The latter are caused by an imbalance favouring 

degradation like such produced by inefficient folding (Balch et. al, 2008) and cause 

disorders such as cystic fibrosis. 

The term ‘molecular chaperone’ describes a class of proteins that promote correct folding 

of polypeptide chains and assembly of protomers into oligomeric structures (Ellis, 1987). 

From the studies of this protein class across multiple fields, the role of chaperones is 

wider than this description.  

The focus of this thesis is Hsc70, a member of the 70 kDa heat shock protein family 

(Hsp70). Hsp70s are involved in a plethora of activities centred on protein triage. Proteins 

and protein complexes are constantly at risk of misfolding and aggregation, especially as 

nascent polypeptides (Bukau et. al, 2006). Hsp70 chaperones support activities including 

de novo folding (Mayer, 2010; Mayer & Bukau, 2005), misfolded repair (Mayer & 

Bukau, 2005), oligomeric assembly and disassembly (Mayer, 2010; Jiang et. al, 2007), 

translocation of proteins across membranes (Mayer, 2010) and maintenance of cell 

homeostasis. Through different co-chaperones, the Hsp70 family is coupled to proteolytic 

and apoptotic cascades (Zhang & Zuiderweg, 2004). This range of functions has been 

achieved through evolutionary gene amplification and diversification across taxonomic 

kingdoms (Mapa et. al, 2010; Bukau et. al, 2006; Mayer & Bukau, 2005).  

 

1.1 Discovery of the Hsp70 Family 

The necessity for proteins to be flexible and undergo conformational changes for activity 

and function could explain the adaptation to narrow temperature ranges and the 

denaturation that occurs under heat shock or other environmental stresses (Hartl et. al, 

2011; Mayer et. al, 2010). It was the involvement of chaperones under heat shock stress 

that resulted in the apt name, heat shock proteins.  

It was 1962 when Ritossa first described the heat shock response. Chromosomal ‘puffs’ 

produce RNA that form with precise patterns. In Drosophila melanogaster these puff 

patterns change with its developmental stages and thus represent transcriptional activity. 

When D. melanogaster larvae undergo a temperature shock, a reproducible change in 

puffing pattern and therefore protein synthesis occurs. An hour after this shock is 

removed, the induced puffs recede. This is indicative of chaperones protecting the cell 

during heat stress.  

Hsp70, when overexpressed in a cell via plasmid transfection, accelerates cell recovery 

from heat shock. Pelham (1986) proposed that proteins, during heat shock, become 

partially denatured resulting in hydrophobic region exposure allowing them to form 

insoluble aggregates. Hsp70 binds to hydrophobic surfaces thereby limiting such 

interactions, and the energy produced from ATP hydrolysis is used to release the Hsp70 

protein from the substrate. The conformational change required for release may distort the 
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substrate, allowing it to reassemble, and repeated cycles of this model would ‘repair’ or 

solubilise heat shock affected proteins or aggregates. The basis of this model is that 

Hsp70 has a general affinity for hydrophobic regions (Pelham, 1986). This role in protein 

folding resulted in the name molecular chaperone rather than heat shock protein, to more 

accurately encompass Hsp70 family functions (De Maio et. al, 2012).  

The heat shock response inhibits incorrect interactions that would otherwise occur 

between proteins damaged by heat stress. This means that while heat shock proteins fall 

under Pelham’s chaperone description, not all molecular chaperones are heat shock 

proteins (Gatenby & Ellis, 1990). Chaperones respond universally to an array of stresses 

to provide protection (De Maio et. al, 2012). This description was later extended (Ellis, 

1990) to include a wider range of proteins that reduce the probability of incorrect 

interactions that otherwise are dead-end kinetic traps.  

Histones and DNA dissociate with high salt exposure so it was thought lowering the salt 

concentration would allow reassociation. Addition of monomeric histones to DNA 

resulted in rapid non-specific aggregates. Adding Xenopus laevis egg homogenate 

resulted in correct nucleosome formation (Laskey et al., 1978; Ellis, 1996). This active 

factor promotes histone-histone interactions without interacting with DNA. Laskey first 

used the term ‘molecular chaperone’ as this protein reduces electrostatic attraction 

between DNA and histones thus limiting non-specific aggregation via ionic interactions 

(Laskey and Earnshaw, 1980; Ellis, 1987). Laskey also states that a chaperone does not 

provide steric specificity for functional conformation pathways but is just an assembly 

factor (Laskey and Earnshaw, 1980) that is not itself part of the final oligomeric structure.  

In the late seventies, mutations of Escherichia coli were isolated by Georgopoulos (1977) 

that prevent bacteriophage lambda (λ) DNA replication within its host, and limit the 

growth of E. coli at 42°C. Mutations occurred in the genes dnaK, and dnaJ, found 

downstream of dnaK (Yochem et al., 1978). Initiation of λ DNA replication requires the 

DnaK and DnaJ proteins for release of λ P from the λ O-DnaB complex to trigger 

replication (Liberek et al., 1988). This release is dependent on ATP hydrolysis. 

Georgopoulos (1977) proposed that DnaJ changes the conformation of λ P so that the 

protein is more DnaK accessible, thereby allowing binding to hydrophobic regions where 

ATP hydrolysis by DnaK partially dissociates the complex (Liberek et al., 1988). DnaK, 

a Hsp70 family member, is acting as a remodelling factor. Another protein, grpE, reduces 

the amount of DnaK required in vitro by 10-fold (Zylicz et al., 1989), potentially through 

stabilisation of the complex thereby implicating it as a co-enzyme. GrpE is now known to 

be a nucleotide exchange factor. 

A subset of Hsp70-like polypeptides were depleted in Saccharomyces cerevisiae (yeast) 

in vivo resulting in a build-up of unprocessed precursor proteins destined for import into 

the endoplasmic reticulum and mitochondria (Deshaies et al. 1988) implicating Hsp70 in 

trafficking. Meanwhile Chirico et al. (1988) studied the role of Hsp70 proteins in 

secretory protein translocation. It was speculated that this protein may act as an 

‘unfoldase’ for post-translational transport of polypeptides into organelles. Consistent 
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with Pelham (1986), before or during translocation Hsp70 may disperse aggregates or 

undo incompetent conformations that have occurred prematurely during translation. 

Proteins contain functionally important hydrophobic sites; the binding of Hsp70 cycles to 

reversibly ‘protect’ (or hide) and ‘deprotect’ active hydrophobic areas would prevent 

interaction with another protein during membrane translocation (Chirico et al., 1988). 

Ellis was interested in maturation of Rubisco, an exceptionally highly-expressed protein, 

when he found the chloroplast encoded large subunit migrated with another protein on a 

non-denaturing gel (Barraclough and Ellis, 1980). The additional protein was originally 

thought to be an intermediate oligomeric form of the large subunit (Ellis, 1996). This 

complex did not display certain Rubisco antigenic groups, unlike the large subunit alone, 

indicating masking by this co-migratory protein. Barraclough suggested this binding 

interaction kept the large subunit soluble for binding to cytosolic-imported small subunits 

implicating it as a chaperone. Hemmingsen et al. (1988) sequenced the cDNA 

representing this protein and found it to be an evolutionary homologue to the bacterial 

dnaK gene discovered by Georgopoulos (1977) to be essential for cell viability and 

bacteriophage replication. This led to an interest in the level of conservation of this Hsp70 

family of proteins.  

 

1.2 Conservation 

Proteins closely related to these heat shock stress proteins are present in unstressed cells. 

E. coli contains DnaK, while yeast, Drosophila and mammals contain a family with 

related sequence (Pelham, 1986). The Hsp70 family has been conserved from Eukarya to 

Eubacteria to Archaea (Zhang & Zuiderweg, 2004; Bertelsen et. al, 2009; Bhattachary et. 

al, 2009) and there are also various forms present in all organelles (Flaherty et. al, 1990). 

This level of preservation demonstrates the essential nature of the Hsp70 family to 

organism/cell functionality and survival. The functional variety is specified through both 

compartmentalisation and co-factors, called co-chaperones (Jiang et. al, 2005).   

The Hsp70 family consists of several members (70-78 kDa) that are induced at elevated 

temperatures and others that are constitutively expressed. During stress, regulators of 

response-specific promoters are activated and induce expression of those stress variants 

(Flynn et. al, 1989). In contrast heat shock cognate 70 kDa (Hsc70) is constitutively 

expressed. Hsc70 binds to nascent polypeptide chains assisting folding, or to partially 

denatured or incompletely assembled proteins in which only a limited internal segment of 

polypeptide chain is exposed (Flynn et. al, 1989). Chaperones also retain polypeptides in 

incompletely folded forms to allow membrane translocation. Hsc70 may unfold a protein 

entirely to allow refolding, may hold a segment to assist a sequential folding process, may 

cause disaggregation upon substrate release or may help with oligomerisation (Flynn et. 

al, 1989).  
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DnaK shares approximately 50% amino acid identity with eukaryotic Hsp70 proteins 

(Daugaard et. al, 2007). The human Hsp70 family comprises at least eight unique gene 

products that differ from each other by amino acid sequence, expression level, and sub-

cellular localisation. Hsc70 is 86% identical to heat inducible, cytosolic Hsp70 (Daugaard 

et. al, 2007). A Hsc70 knockout mouse cannot be created due to the essential role of 

Hsc70 for cell survival. RNA interference-based knockdown of Hsc70 results in massive 

cell death in various cell types (Daugaard et. al, 2007).  

Hsc70 was initially discovered as a different protein to Hsp70 through uncoating of 

endocytosed vesicles. Clathrin-coated vesicles transport between the cell surface and 

trans-Golgi to the endosomal system. Before fusing with organelles, the vesicle coat must 

be removed which is effected by the J-domain cofactor auxilin which recruits Hsc70, 

when ATP is present (Ungewickell et al., 1995). The function of auxilin is comparable to 

that of other conserved J-domain proteins: co-factors for the Hsp70 family in their diverse 

functions such as protein folding, membrane transport and protein complex dissociation 

(Ungewickell et al., 1995). Auxilin is 49% similar to DnaJ of E. coli in the C-terminal J-

domain of both proteins (Ungewickell et al., 1995). 

Pelham (1986) states that, as Hsc70 comprises about 1% of the total cellular protein, it is 

unlikely that uncoating is its only function; it is likely that cells exploit the function of 

protein-protein disruption by the Hsp70 family to perform this uncoating activity.  As 

Hsc70 is constitutive, it must function under non-heat shock conditions unlike the stress 

induced Hsp70 that produced the puffs and initial interest in this family. Nascent proteins, 

by definition, are denatured, and many require a chaperone for post-translational folding. 

 

1.3 Structure 

Structures of proteins from the Hsp70 family have been studied for many years. The 

proteins consist of two domains, a nucleotide binding domain (NBD) and a substrate 

binding domain (SBD) that have been crystallised individually and together in the ATP 

bound state. 

 

1.3.1 NBD 

In 1990, Flaherty et al, published a paper describing the bovine Hsc70 NBD residues 3-

384 at 2.2 Å. The NBD was found to consist of two lobes, termed I and II. These lobes 

are of approximate equal size and have a deep cleft in between. The lobes are further 

subdivided into an upper (B) and lower (A) portion (Figure 1). Overall, this set of lobes 

and subdomains results in a horseshoe-like domain structure, with a single nucleotide 

binding site in the centre cleft.  

Prior to this publication, it was thought (Schmidt et. al, 1985) that two nucleotide binding 

sites would be present, one for hydrolytic activity and the other non-hydrolysing but 
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required for catalytic activity. However, all NBD crystal structures indicate only one 

binding location. 

The role of various Hsp70 activities, such as clathrin vesicle uncoating and denatured 

polypeptide release, require a potassium ion as a cofactor. This information lead 

Wilbanks and McKay (1995) to measure crystallographic anomalous scattering in a 1.7Å 

resolution structure of the NBD amino terminal residues 1-386 of wildtype recombinant 

bovine Hsc70 (bHsc70).  

Determined via anomalous difference Fourier, potassium ions (K+) are located at the 

interface between the protein and the β-phosphate of the Mg-ADP complex and at the 

protein and Pi interface (Wilbanks & McKay, 1995). Flaherty et. al, (1994) found a 

magnesium ion (Mg2+) is crucial for protein activity, as during hydrolysis, the ATP γ 

phosphate reorients for an in-line nucleophilic attack, forming a complex with the 

magnesium ion. 

 Subdomains IA and IIA, deriving from the different NBD lobes, form the base of the 

substrate binding cleft (Zhang & Zuiderweg, 2004; Flaherty et. al, 1990). As domain IA 

harbours the C-terminal end of the NBD, it is expected to reside in close proximity to the 

SBD (Zhang & Zuiderweg, 2004). Domains IB and IIB are not in contact with one 

another but line the centre cleft (Figure 1). Nucleotide binds in conjunction with the Mg2+ 

and two K+ ions, at the bottom of the cleft via contacts from all four subdomains (Zhang 

& Zuiderweg, 2004). The nucleotide base and deoxyribose are bound to residues from 

IIA and IIB, whereas the phosphate moiety is complexed by IA and IB (Zhang & 

Zuiderweg, 2004). 

The K+ may be involved in the ATP hydrolysis mechanism through direct interaction 

between the phosphates of the substrate. Such an interaction may provide partial negative 

charge stabilisation on a substrate γ-phosphate, allowing easier nucleophilic attack, and 

transition state stabilisation (Wilbanks & McKay, 1995).   

A change in relative orientations of IA and IIA will affect the local environment of the 

binding site. The nucleotide in turn, could affect IA and IIA, thus binding or releasing of 

factors bound to the NBD would influence one another. 

Zhang and Zuiderweg (2004) used NMR to study bHsc70 NBD rotations and movements 

to better understand allostery. They found that all four sections of the NBD can adjust 

their orientations independently or in a lobe-dependent manner. Vogel et. al, (2006) 

superimposed and aligned the IA subdomain of NMR and crystal structures and found 

that the average positions of IB, IIA, IIB deviate up to 10°, suggesting a shearing and 

tilting intramolecular movement.  
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Figure 1. Crystal Structure of bHsc70 ADP.PO4 NBD.  Indicated are the subdomains IA (residues 3-39, 

116-188, 361-384) in red, IB (residues 40-115) in blue, IIA (residues 189-228, 307-360) in purple and IIB 

(residues 229-306) in yellow. ATP is displayed as grey spheres, PO4 as orange spheres, and Mg2+ as cyan 

spheres. The 385 green residue (lower left) is the C-terminus of the NBD and the link to the second domain. PDB code 

3HSC (Flaherty et. al, 1990). 
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1.3.2 Co-Chaperones 

Chaperones have many substrates. Recruitment of these is through a family of J-domain 

protein interactions, with distinct substrate presentation domains (Jiang et. al, 2007; 

Szabo et. al, 1994). One of the better characterised pairs is Hsc70 and the neuronal-

specific J co-chaperone auxilin. Auxilin contains a J-domain and a clathrin binding 

domain, which removes clathrin coats from coated vesicles during recycling of synaptic 

vesicles. Hsc70 acts as the ATPase for this process. 

J co-chaperones contain a 70 residue J-domain sequence (Qian et. al, 1996), with a highly 

conserved HDP tripeptide, for ATPase stimulation and accessory domains that bind and 

present substrates to chaperones (Jiang et. al, 2007). The E. coli DnaJ and human HDJ-1 

share approximately 50% sequence identity. The HPD tripeptide in these co-chaperones 

faces out from the protein core, and may therefore be involved with the interface 

interaction between J-domain and chaperone (Qian et. al, 1996).  

Substrate-bound J co-chaperone binds between bHsc70 NBD lobes I and II. The 

interdomain linker transmits the signal from the interaction to the SBD via residues I181 

and Y371 (Jiang et. al, 2007). NBD active site residue E175 also seems to be important 

for J-domain stimulation. This signal affects the nucleotide sitting at the interface of all 

four NBD subdomains (Zhang & Zuiderweg, 2004) and induces ATP hydrolysis and 

stabilises the ADP state (Szabo et. al, 1994). 

 

The E. coli nucleotide exchange factor of DnaK is grpE. GrpE binds tightly and 

asymmetrically to DnaK in a 2:1 stoichiometry (Figure 2). It has been shown (Harrison et. 

al, 1997) that GrpE recognises the ADP state only (1DKG). Once ATP binds, substrates 

are released resulting in folding to the native state of some released substrate (Szabo et. 

al, 2004). 

The GrpE dimer interface consists of long paired α-helices connected to a four helix 

bundle contributed by two per monomer (Figure 2). Although the topology is similar, the 

dimer is asymmetric, curving towards DnaK. The proximal grpE loses helicity between 

Phe86 and Leu88 (Figure 2) and at the four helix bundle, helicity is resumed. Without this 

proximal helix distortion, the distal Phe86 would be unable to pack against the proximal 

grpE Arg183. This positioning results in an intermolecular hydrogen bond of Arg183 to 

DnaK Glu28. This binding causes grpE-induced NBD IIB domain movement by 2-3 Å of 

those residues binding to the adenine and ribose rings of ADP, causing destabilisation and 

release of the nucleotide (Harrison et. al, 1997). 
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Figure 2. Crystal Structure of Nucleotide Exchange 

Factor GrpE bound to DnaK NBD. Ribbon drawing 

showing loss of helicity between Phe86 to Leu88 in the  

bright orange proximal monomer. The distal monomer is in 

pale orange and the NBD is displayed in blue. PDB code 

1DKG (Harrison et. al, 1997).  

90° 
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1.3.3 C-terminal Tail 

Zhu et. al, (1996) crystallised the DnaK SBD complex with a synthetic peptide, 

NRLLLTG. A full-length SBD crystal did not form (384-638), but a truncation produced 

384-607 crystals readily. The missing 31 residues (608-635) form part of a highly flexible 

region called the C-terminal tail. Highly flexible regions are difficult to crystallise due to 

low structural definition. Chappell et. al, (1987) give evidence that the C-terminal region 

of approximately 100 amino acids is not required for substrate binding. However, loss of 

this 10 kDa tail also results in a loss of chaperone activity. Wang et. al, (1995) have 

indicated that DnaK may bind its own L543, and Hsc70 L539, of this C-terminal tail in 

the substrate active site when a substrate is not present. It is also thought to interact with 

J-domain co-chaperones and regulate substrate binding kinetics and affinity (Morshauser 

et. al, 1999). 

Smock et. al, (2011) compared the C-terminal tail sequence of 730 Hsp70 family 

members and identified a novel pattern of conservation. One pattern are those containing 

a eukaryotic tetra-peptide interaction motif, EEVD that associates with co-chaperones 

(Smock et. al, 2011). The other is a motif shared among bacterial or organellar Hsp70s. 

Mutation of the tail in the E. coli DnaK significantly impairs refolding activity in vitro 

without affecting SBD substrate binding, co-chaperone interaction or interdomain 

allostery (Smock et. al, 2011). These sequences improve chaperone performance, but are 

non-essential, allowing cleavage for crystal formation without forming an inactive 

protein. Smock et. al, (2011) hypothesise this tail is an intrinsically disordered universal 

binding site that keeps substrates at a high, local concentration, allowing subsequent 

cycles (Smock et. al, 2011). Its inherent flexibility could enable this region to have 

multiple binding modes. Transient substrate interactions may locally disrupt some 

misfolding, allowing binding to the higher affinity SBD active site (Smock et. al, 2011). 

This multivalent recognition may accommodate chaperoning of a diverse set of 

substrates, compared to Hsp70s lacking the C-terminal motif who have specialised 

functional roles (Smock et. al, 2011). These proposed roles for a flexible C-terminal tail 

make the addition of C-terminal-fusions to Hsp70 proteins less attractive as modifications 

may interfere with reaction rates or reduce the range of substrates that can be bound.  

 

1.3.4 SBDβ 

The crystallised SBD (Zhu et. al, 1996) is formed of two regions, one a β-sandwich, the 

other α-helical (Figure 3). The β-sandwich subdomain consists of two β-sheets that form 

the substrate binding channel where the peptide is bound in an extended conformation 

(Zhu et. al, 1996). The substrate binding site consists of a general shallow hydrophobic 

area containing a specific deep pocket for leucyl residues (Morshauser et. al, 1999). This 

is highly conserved as DnaK and bHsc70 have nearly identical 3D structures and bound 

peptide orientation. The outer helix and loops of the SBD undergo conformational 

changes to open and close the substrate binding site while the inner helix and loops form 

a rigid core (Burkholder et. al, 1996).  
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1.3.5 SBDα 

The second subdomain consists of five α-helices of residues 509-553 (Zhu et. al, 1996). 

Helix αB is 31 residues in length, followed by three anti-parallel helical bundles (Figure 

3). These three helices do not contact the β-sandwich of the SBD (Zhu et. al, 1996). The 

α-helical component does not directly bind to the peptide, but encapsulates the active site 

through a latch-like mechanistic interaction with the β-sandwich loops (Zhu et. al, 1996) 

and a hinge at the base of helix αB (Morshauser et. al, 1999).  This has been termed the 

‘lid’ and helps maintain longer life-time complexes. 

 

 

 

 

Figure 3. Crystal Structure of DnaK SBD  with Substrate NRLLLTG. The β-sheets are shown in blue, 

the α-helices in purple and the loops in lemon. The NR peptide is shown as a green sheet. PDB code 1DKX 

(Zhu et. al, 1996). 
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1.3.6 Substrate 

For Hsc70 to perform its variety of functions, it must differentiate folded from native 

proteins. Peptides differ in affinity towards Hsp70s, indicative that a lack of secondary 

structure alone is not the determinant of chaperone recognition.  

Gragerov et. al, (1994) found substrates of DnaK through a peptide-display phage library. 

Gragerov et. al, (1994) looked only at short sequences for two reasons; short peptides 

allow better definition of binding interactions while also reducing the number of 

sequences needed to be tested for statistical results. Internal hydrophobic residues that are 

usually buried within a native protein, with terminal polar residue sequences bind best to 

DnaK while ones with a net negative charge bind poorly (Gragerov et. al, 1994). 

 Gragerov et. al, (1994) found the sequence NRLLLTG (NR) binds optimally to DnaK 

and further sequence testing showed the importance of the central tandem hydrophobic 

region. Peptide dissociation was found to be stimulated by ATP binding and nucleotide 

hydrolysis may occur after several rounds of a substrates binding and release within the 

SBD (Gragerov et. al, 1994). 

 

1.3.7 Linker 

High conservation (48% amino acid sequence identity in bacterial DnaK and eukaryotic 

Hsp70 family) is present in the binding cleft and on the C-terminal surface of the NBD 

that is adjacent to the SBD. Flaherty et. al, (1990) hypothesised that this conservation is 

required for domain allostery, and that the hydrolysis of ATP can trigger a change in the 

NBD conformation. This is transmitted to the SBD, transducing the free energy of ATP 

hydrolysis to a conformational change in the substrate, resulting in folding. 

Connecting the NBD and SBD is the linker. Archaeal, eubacterial and eukaryotic 

sequence alignments identify the C-terminal half of this as one of the most highly-

conserved elements of Hsp70s (Jiang et. al, 2005). In bHsc70, this is VQDLLLLDV, 

residues 388-396 (Jiang et. al, 2005). 

Wilbanks et. al, (1995) used small angle X-ray scattering to look at bHsc70 and its 

individual domains. The NBD and SBD alone are oblate structures, wider than they are 

tall. The ADP state structure is elongated and prolate, with a polar axis longer than the 

equatorial diameter. This shape results in a large radius of gyration, an indication of the 

overall size and shape. Addition of MgATP and K+ results in a conformational change. 

The radius of gyration drops by 14 Å as the protein becomes more compact. This matches 

the hypothesis that the NBD and SBD dock or make contact in the ATP state for allosteric 

communication. It was also found that transition to the ATP-bound state is more rapid 

than ATP hydrolysis and the return to the elongated ADP state correlates with hydrolysis.   
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Jiang et. al, (2005) produced a crystal structure of Hsc70 1-608 with ATP (PDB code 

1YUW) which does not show NBD-SBDβ coupling, and contains eight mutations, 

including N174, which has been shown to be essential for allostery (Smock et. al, 2010; 

Jiang et. al, 2005). While informative about the position of the linker, this structure may 

not show a physiologically relevant structure. The linker is sequestered and binds the 

NBD, matching the reduction of the radius of gyration observed by Wilbanks et. al, 

(1995) upon ATP addition. The domain interface is poorly complementary, and for an 

ATP structure, W102 is unexpectedly solvent exposed. The expectation that W102 is 

buried is supported by the observation that, when in the ATP bound form, the chemical 

environment of this sole DnaK tryptophan residue becomes less polar compared to the 

ADP bound form, which can be visualised by a emission maxima blue shift (Moro et. al, 

2002). With ADP, the indole tryptophan ring is predicted to be solvent accessible, and 

less so with ATP bound. 

Kumar et. al, (2011) studied the four hydrophobic linker residues between the NBD and 

SBD. A yeast chaperone, Sse1 had been successfully crystallised in the ATP state by 

2011, unlike DnaK and Hsc70. Based on this structure (PDB code 2QWL), the inward-

facing side chains of V398 and L391, form hydrophobic contacts with the NBD in the 

cleft it is sequestered into, on ATP compact conformational change (Kumar et. al, 2011). 

L390 and L392 face outward on the surface and the J-domain interaction with DnaK is 

severely compromised. Mutation of any of the four residues abolishes DnaK allosteric 

activity, however separately the individual domains still function (Kumar et. al, 2011). 

This allowed separation of the two essential roles of the highly conserved interdomain 

linker: coupling of the two domains through V389 and L391, and mediating the 

interaction with J-domain co-chaperones through L390 and L392 (Kumar et. al, 2011).  

 

1.3.8 Nucleotide Dependent Conformational Shift 

Bertelsen et. al, (2009) used NMR residual dipolar coupling and spin labelling 

measurements of full length DnaK to model E. coli DnaK complexed with ADP and NR 

peptide, producing a global ADP structure (Figure 4). Bertelsen modelled this NMR 

analysis on the 2.8 Å GrpE-complexed NBD of DnaK 1DKG (Harrison et. al, 2007) 

(Figure 2) and the 2.0 Å DnaK NR containing SBD of 1DKX (Zhu et. al, 1996) (Figure 

3). Due to the data quality and methods, the NMR structure produced, 2KHO, (Figure 4) 

unsurprisingly, looks near identical to the individual domain models. The main finding is 

to suggest the separation and relative orientation of domains.  

The two domains of DnaK in the ADP/NR state show relative independence and the 

subdomains of the SBD move as a rigid unit (Bertelsen et. al, 2009). The linker between 

the two domains is of a random dynamic coil conformation (Figure 4, green), while 

residues 606-638 of the C-terminal tail are disordered in solution (Bertelsen et. al, 2009) 

and not shown due to a lack of a model.  
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For the domains to communicate they are widely believed to make contact in the ATP 

state. The opened NBD surface groove on IA and IIA could allow productive domain 

collision, placing the linker in this groove, and SBD L2,3 (410-420) docking to IA.  

  

 

  

Figure 4. NMR DnaK ADP Structure. Residues 1-605 with NBD as per figure 1, SBDβ in blue, SBDα 

in cyan, and the domain linker in green. C-terminal 606-638 are not modelled. PDB: 2KHO (Bertelsen et. 

al, 2009). 
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1.3.9 ATP-bound structure 

Kityk et. al, (2012) published the first ATP state structure of DnaK at 2.4 Å (Figure 5). A 

number of changes were engineered into the protein to facilitate crystallisation. The 

disordered C-terminal 32 residues were replaced with a His6 tag for purification. A 

disulphide bond was created between NBD E47C and SBDα F529C to lock the chaperone 

in the compact ATP form (Kityk et. al, 2012). T199A is a well-characterised mutation 

that abolishes ATPase activity but maintains allosteric coupling and was also used. 

Docking of the SBDβ and helix αB to the NBD also occurs in the nucleotide-free state, 

indicating the open and closed conformations coexist in different proportions (Kityk et. 

al, 2012) in equilibrium.  

Substrate binding has two effects; substrate-enclosing loops close due to H-bonding 

narrowing the angle between strands 1 and 4 of SBDβ, and strands 3 and 4 move apart for 

insertion of the substrate into the binding pocket (Kityk et. al, 2012). ATP binding shifts 

the equilibrium, and the subdomains of NBD rotate, to accommodate SBDβ interactions. 

Closure of NBD IB and IIB through ATP binding, widens a crevice between IA and IIA, 

allowing linker insertion (Figure 5), which creates a NBD surface for SBDβ to bind, and 

displaces SBDβ-SBDα interactions sterically (Sousa, 2012). Substrate release is due to 

the opening of the SBD binding pocket that occurs upon ATP induced SBDβ-NBD 

collision (Sousa, 2012).   

Lys70 and Glu171 shift, establishing active site geometry for γ-phosphate cleavage. ATP 

hydrolysis allows further NBD rotations, weakening NBD-SBDβ contacts, and prompting 

dissociation of the NBD from the SBD (Kityk et. al, 2012).  

 

In 2013, Qi et. al, published a 1.96 Å DnaK ATP structure (Figure 6, pink structure). 

T199A is used in this structure and the C-terminal 28 residues were not included. DnaK 

tends to self-associate into flexible oligomers. To prevent this, loop L3,4 of SBDβ was 

shortened (TAEDNQS  MGG) and resulted in a peptide binding deficient mutant (Qi 

et. al, 2013).  

SBDα docks on lobe I of NBD and SBDβ binds between lobes I and II. SBDα residues 

Leu507 and Met515 contact Trp102 of the NBD inducing a blue shift (Qi et. al, 2013). In 

the ADP or nucleotide-free states, Trp102 is exposed (Qi et. al, 2013). This confirms, in 

an unbiased manner, the Kityk et. al, (2012) structure. As Kityk enforced a cross-link 

between SBD α and β to stabilise the ATP-conformation, it is not informative to the 

natural positioning of this region. Qi et. al, (2013) stabilised the same conformation in a 

different manner through modification of SBD loops. This gives an unbiased result to the 

positioning of the SBDα relative to the structure. As the loops are unaltered in the Kityk 

structure, true positioning is likely displayed here, and not in the Qi structure.  

Comparing to the ADP structure by Bertelsen et. al, (2009), the ADP state domains act as 

separate units, with little to no contact (Figure 6, blue structure) and the SBD regions are 
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tightly connected. In the ATP state, SBD helices A and B form one continuous helix. The 

conformational changes are transmitted through domain interfaces that are highly 

conserved across species (Qi et. al, 2013). This conformational change is fundamental to 

Hsp70 chaperone activity. Following this change in living cells is a long term goal of the 

research to which this thesis contributes. 

 

 

 

 

  

Figure 5. Crystal Structure of DnaK ATP. NBD as per figure 1. The linker is a dark purple 

sheet. SBDβ is cyan, and SBDα is dark teal. PDB code 4B9Q (Kityk et. al, 2012). 
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Figure 6. Overlay of DnaK ATP & ADP Structures. The ATP structure 

(4JNE) is in pink (Qi et. al, 2013), while the ADP structure (2KHO) is in blue 

(Bertelsen et. al, 2009).  
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1.4 Endocytosis 

Endocytosis is central for cellular processes including nutrient uptake, synaptic vesicle 

recycling, and signalling. The cell membrane invaginates to engulf regions in which 

specific cargo have accumulated via receptors (Rothnie et. al, 2011). As part of the 

regulation of this budding off of a vesicle multiple proteins, including clathrin and AP2, 

form a coat around the receptors (Rothnie et. al, 2011). After complete budding, this coat 

needs to be removed to allow fusion with its target such as the trans-Golgi network 

(Ungewickell et. al, 1995). Braell et. al, (1984) were the first to describe the specific 

requirement for ATP provided by the uncoating protein, later known to be Hsc70. In 

1997, Ungewickell et. al, reported that individual Hsc70 domains cannot uncoat vesicles, 

and both DnaK and Hsp70 possess vestigial activity for in vitro uncoating of clathrin 

cages (Rothnie et. al, 2011). Auxilin, a J-domain co-chaperone recruits Hsc70 and 

stimulates the ATP hydrolysis required for clathrin removal (Ungewickell et. al, 1995) 

With neurodegenerative diseases, the propensity for aggregation or mislocalisation 

overwhelms proteostasis and regulatory mechanisms and is also a critical issue for many 

inherited diseases (Purlmutter, 2002). The aggregation results in association of various 

network components that are recruited to disperse this, resulting in a larger aggregation, 

as many are permanently sequestered further disrupting cell function. Yu et. al, (2014) 

showed aggregation of neurodegenerative disease-related proteins inhibit endocytosis 

mediated by clathrin by the sequestration of Hsc70. It was proposed that the aggregate-

associated competition for Hsc70 leads to gain- or loss-of-function disease phenotypes. 

This is due to chaperone client depletion leading to the decline of cellular processing 

requiring Hsc70 (Yu et. al, 2014). Just such a mechanism is proposed to function in cystic 

fibrosis.       

 

1.5 CFTR 

Cystic fibrosis transmembrane conductance regulator (CFTR) is a 1480 residue, 170 kDa, 

transmembrane N-linked glycoprotein and is an atypical ATP binding cassette (ABC) 

family member (UMD, 2014). The ABC family are active transporters requiring ATP, 

and CFTR is the only one known to be an ion transporter, functioning as a chloride 

channel.  

Nascent CFTR enters the endoplasmic reticulum (ER) prior to transport to the Golgi for 

glycosylation at Asn 894 and 900, required for plasma membrane localisation (Cheng et. 

al, 1990). Chaperones within the ER prevent transport of incorrect proteins either due to 

mutation, misfolding or incorrect oligomer complexes (Cheng et. al, 1990). 

Cystic fibrosis (CF) is an autosomal recessive disease of the CFTR (UMD, 2014; Cheng 

et. al, 1990). It is characterised by abnormal chloride ion transport across the epithelium. 

The deletion of phenylalanine at position 508 (ΔF508) of the CFTR accounts for 66-70% 

of worldwide cases (Cheng et. al, 1990), although it is one of a large variety of mutations 
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resulting in CF. CF most critically affects the pancreas and the lungs, the latter due to the 

build-up of viscous mucus causing chronic infections by opportunistic pathogens 

resulting in the majority of complications and death in CF patients. It is thought that a 

majority of mutations result in incomplete glycosylation, failure of ER processing and 

subsequent degradation (Cheng et. al, 1990). Therefore, due to the failure of CF to move 

through the normal mechanisms of trafficking, mature protein is absent or levels are 

reduced at its final cellular destination (Cheng et. al, 1990).   

Yang et. al, (1993) showed a transient interaction of Hsc70 with the CFTR cytoplasmic 

domain that dissociates upon transport to the Golgi, and a stable complex is formed with 

ΔF508 before this protein is degraded. As the Hsc70:CFTR interaction is prolonged with 

the ΔF508 mutant, it does not exit the ER for the Golgi where mature protein forms (Cho 

et. al, 2011). Typically, the transient interaction of cytoplasmic Hsc70 with CFTR, helps 

prevent aggregation during modification and membrane translocation. Bercovich et. al, 

(1997) thought that a chaperone unable to promote correct folding and transport of CFTR, 

may facilitate its degradation through facilitation of ubiquitin conjugation. CHIP, a 

protein that recognises the C-terminus of Hsc70, converts Hsc70 from a protein-folding 

factor to a degradation factor as it has ubiquitin ligase activity (Cho et. al, 2011). 

 

1.6 Chemical Chaperones 

Low molecular weight compounds have been shown to reverse protein mislocalisation 

and/or aggregation associated with disease and are therefore termed “chemical 

chaperones” (Perlmutter, 2002). Though the mechanisms are not fully understood, they 

are thought to act through protein stabilisation, aggregation reduction, prevention of 

unproductive interactions, and modification of endogenous chaperones such that the 

proteins affected are transported more efficiently. 4- Phenylbutyrate (PBA) is thought to 

have a general effect on multiple proteins while other chemical chaperones are specific in 

their targets (Perlmutter, 2002). This strategy of chemical chaperone use is attractive due 

to the applicability to a vast spectrum of disease.  

PBA is a short chain fatty acid that is approved for oral pharmaceutical use. It was used as 

a chemical chaperone. Rubenstein and Zeitlin (2000) found PBA down-regulates Hsc70 

mRNA and protein. This facilitates a reduction of Hsc70:CFTR complexes. As 

interaction with Hsc70 could lead to ΔF508 degradation via ubiquitination, PBA may 

inhibit its recognition by this pathway (Rubenstein & Zeitlin, 2000). Inhibition of the 

proteolytic step of degradation does not result in cell surface expression of ΔF508, 

suggesting the commitment is at an earlier step (Rubenstein & Zeitlin, 2000).  

Apoptozole blocks Hsc70 ATPase activity, presumably by binding in place of ATP. This 

inhibition of Hsc70 induces restoration of CFTR activity through trafficking rescue (Cho 

et. al, 2011). Disrupting the association of CFTR with Hsc70 and CHIP suppressed CFTR 

ubiquitination and therefore degradation (Cho et. al, 2011). The effect of these chemical 
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chaperones is consistent with a role for Hsc70 in CFTR maturation and degradation of 

incorrectly folded CFTR. 

 

1.7 ABCA1 

ATP binding cassette transporter A1 (ABCA1) is a member of the same family as CFTR, 

the ABC family (Sorrenson et. al, 2013). It mediates apolipoprotein A-I (apoA-I) 

mediated efflux for cholesterol homeostasis. ApoA-I is the major component of high 

density lipoprotein (HDL) in plasma that promotes efflux from tissues to the liver for 

excretion. There are various plasma lipoproteins. They all deliver cholesterol to 

extrahepatic tissues except HDL. HDL acts to remove cholesterol to the liver, helping 

reduce amounts in peripheral cells and tissues, preventing build-up of cholesterol in 

arterial walls (Oram & Yokoyama, 1996). Cholesterol is a component of cellular 

membranes that maintains structures important for the regulation of vesicle trafficking 

and transduction of membrane signals (Neufeld et. al, 2001). The synthesis of mature 

HDL occurs in circulation, utilising lipid from peripheral tissues, mediated and controlled 

by cholesterol efflux proteins. The initial step requires efflux of phospholipid and free 

cholesterol out of cells via the ABCA1 protein (Oram & Yokoyama, 1996). A lipid poor 

protein, apoA-I, secreted by the liver and intestine, is the acceptor of these lipids resulting 

in pre-β HDL (Oram & Yokoyama, 1996). Cholesterol esters are incorporated, leading to 

mature HDL particles. The ABCA1 mediated efflux of cholesterol and phospholipids 

onto apoA-I is the rate-limiting step of HDL formation (Sorrenson et. al, 2013). 

ABCA1 must be present on the cell surface for lipid efflux (Santamarina-Fojo et. al, 

2001). This protein also appears along the endocytic pathway. ABCA1 in early 

endosomes shuttles between late endosomes and the cell surface along microtubules or 

actin filaments (Neufeld et. al, 2001). This residence in endosomes is thought to be 

required for trafficking of lipid substrates, and for apoA-I receptor recycling 

(Santamarina-Fojo et. al, 2001).  

A crystallographic structure of ABCA1 has not yet been determined, but a depiction has 

been proposed (Figure 7) based on analysis of domains and other solved ABC family 

structures (Henekop et. al, 2006). The 250 kDa protein is formed of two similar halves, 

each with an ATP-binding site, six transmembrane domains and loops intra- and 

extracellularly. One extracellular loop is highly glycosylated and at least one disulphide 

bridge anchors these two halves together (Hozoji et. al, 2009; Singaraja et. al, 2006). 

Human ABCA1 dimerises in the ER, and is functional at the membrane as a 

homotetramer with ATP binding promoting oligomerisation (Singaraja et. al, 2006). 

ABCA1 is intolerant to structural changes with many mutations causing disease. 

Homozygous mutation in ABCA1 causes Tangier disease, named from the first case 

identified on Tangier Island. A rare, autosomal recessive disease, it is characterised by a 

dramatic decrease in HDL levels, hypercatabolism of apoA-I, accumulation of cholesterol 
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Figure 7. Schematic of the ABCA1 Protein. The ABCA1 protein, located at the 

plasma membrane, has extensive cytoplasmic and extracellular loops. The ATP-

binding cassettes (NBD-1 and NBD-2) contain the highly conserved Walker A and 

B domains, and the signature C domains, indicated in blue. At least one disulphide 

bridge joins the two halves of the transporter. Also indicated are the mutations used 

in this study, and R1068H, the cause of Tangier disease. (Image made by Browyn 

Carlisle for Brie Sorrenson, used with permission.)  

esters, and an increased risk of coronary heart disease (Suetani et. al, 2011; Neufeld et. al, 

2001). Symptoms include orange tonsils, usually removed during childhood, peripheral 

neuropathy, thrombocytopenia, and hepatosplenomegaly (Suetani et. al, 2011). One such 

mutation, the R1068H mutation, does not affect the level of ABCA1 protein expression, 

but trafficking is defective. This mutation is caused by a missense mutation (c.3516G>A) 

in exon 22 of the gene (Suetani et. al, 2011), and this position is thought to have an ionic 

interaction with D1092 and E1093, required for ATP binding. This interaction is 

disrupted with the mutation, resulting in no dimer being present, and formation of large 

aggregate (Suetani et. al, 2011). 

Over 150 mutations have been described in ABCA1 that result in conditions distinct from 

Tangier disease. 

 

  

Y1767D 

N1800H 

R1068H 
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1.7.1 Familial Hypoalphalipoproteinemia 

While similar to Tangier disease, those with familial hypoalphalipoproteinemia (FHA) 

caused by heterozygous mutations in ABCA1 have less severe accumulation of 

cholesterol. FHA results in a broad range of phenotypes for heterozygous carriers, with 

HDL levels 30-100% that of the non-carrier level due to trafficking deficiencies for the 

majority of mutations (Suetani et. al, 2011). 

Sorrenson et. al, (2012) looked at nine different naturally occurring missense ABCA1 

mutations that cause mislocalisation and the effect the chemical chaperone PBA had on 

cellular location and function of these proteins. The level of mislocalisation of these 

mutants varied and PBA treatment improved this for all, restoring some mutant efflux 

functionality in tissue culture cells (Sorrenson et. al, 2012).  

Wildtype function increased with PBA due to an increase in the ABCA1 protein level 

(Sorrenson et. al, 2012). The localisation of wildtype ABCA1 was unaffected. N1800H is 

one of the two most dramatically affected by PBA. The other, Y1767D, carries a large 

effect with activity 30.3% that of wildtype ABCA1 (Sorrenson et. al, 2012). It has a much 

enhanced localisation and efflux function in response to PBA. Both mutants have 

increased co-localisation with the membrane, and increased efflux, equivalent to the 

native wildtype level of untreated cells when treated with the PBA chemical chaperone 

(Sorrenson et. al, 2012). ABCA1 and these variants provide an attractive system for the 

study of an authentic cellular Hsc70 interaction with a protein during maturation and 

mislocalisation. 
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1.8 Aims  

 

The study of single protein interactions in a native environment is a significant challenge. 

Although ensemble experiments give good data about Hsc70 activity, it is unknown how 

much of the function relies on transient conformations or interactions. This work is a 

proof-of-concept for fluorescent work on Hsc70 in live cells as a precursor to single 

molecule work. This lab has visualised conformation changes of single DnaK molecules 

attached to coverslips via total internal reflection fluorescence microscopy (TIRFM) 

(Walsh, 2010), a method that is highly sensitive to detect individual proteins with high 

signal:noise ratio. It is hoped that the research described in this thesis will lead to the 

ability to do the same for Hsc70 in a native environment such as mammalian cells.  

A chemical, organic label was employed because genetic fusions, such as green 

fluorescent protein, are large which could more seriously perturb activity. Alteration of 

the N- and C-terminal ends of Hsc70 has been shown to have a reduction in activity level 

further arguing against the use of fusion protein labels. The use of chemically coupled 

labels requires that the protein be transduced into mammalian cells, rather than plasmid 

transfection and the subsequent expression of a fluorescent protein fusion as the organic 

dye must be conjugated to purified protein outside the cell. 

The first aim was purification of recombinant bovine Hsc70 and an Hsc70 mutant with 

one of two cysteines mutated. The single exposed cysteine variant has its chaperone 

activity compared to that of wildtype Hsc70. The second aim was fluorescent labelling of 

the exposed cysteine allowing for location in mammalian cells to be monitored. The third 

aim was to characterise the time course and efficiency of transduction of this Hsc70 into 

mammalian cells. Fourthly, as PBA is known to alleviate ER stress through modification 

of endogenous chaperone expression, it was decided to utilise the Hsc70 probe to 

determine the location and level of co-localisation with ABCA1 and two mislocalised 

variants.  
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Chapter 2. Materials and Methods 

2.1 Materials 

2.1.1 Chemicals, Reagents and Standard Equipment 

Ajax Chemicals (NSW, Australia): β-mercaptoethanol, dimethyl sulfoxide (DMSO) 

BDH Prolabo® subsidiary of VWR International (Radnor, PA, USA):  Coomassie Blue 

R-250 

Bio-Rad Laboratories (Hercules, Ca, USA): 30% Acrylamide/Bis Solution 37.5:1, Broad 

range sodium dodecyl polyacrylamide gel electrophoresis molecular weight marker 

GE Healthcare (Little Chalfont, UK): Image Scanner III 

Gold Technologies (St. Louis, MO, USA): Chloramphenicol, Isopropyl β-D-1-

thiogalactopyranoside (IPTG) 

Invitrogen subsidiary of Life Technologies (Carlsbad, CA, USA): 0.05% Trypsin-EDTA, 

Antibiotic-Antimyotic, Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum 

(FBS), Goat-anti-mouse AlexaFluor 635, L-Glutamine, Lipofectamine-LTX, Tris(2-

carboxyethyl)phosphine (TCEP) 

Macherey-Nagel (Germany): NucleoSpin Plasmid Prep 

Millipore (Billerica, MA, USA): Bromophenol blue 

Mimotopes (Australia): KKKKKKKKKKKKNRLLLTG peptide 

Molecular Probes subsidiary of Life Technologies (Carlsbad, CA, USA): AlexaFluor 488 

C5 maleimide, AlexaFluor 594 C5 maleimide, Prolong® Gold antifade reagent 

National Scientific Company subsidiary of Thermo Fisher Scientific (Waltham, MA, 

USA): Mighty small II for 8x7 cm gels and caster, Reactivial 4 mL 

PALL Life Sciences: Supor®-200 0.20 μm 47 mm membrane filter 

Polyplus-transfection (Illkirch, France): PULSin® 

Promega (Madison, WI, USA): Steady-Glo® Luciferase assay system 

Roche (New Zealand): Complete™ Mini protease inhibitor cocktail tablets, Kanamycin 

Sartorius Stedim Biotech (Aubagne, France): Minisart 0.20 μm filter unit, Vivaspin 30 

ultrafiltration devices 30 kDa MWCO 

Scharlau (Barcelona, Spain): Tetramethylethylenediamine (TEMED) 
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Sigma-Aldrich (St. Louis, MO, USA): > 300,000 Poly-L-lysine, Adenosine 5’-

triphosphate, Creatine phosphate, Creatine phosphokinase, Monoclonal anti-Rab7, 

Phenylmethanesulfonylfluoride (PMSF), Reduced glutathione 

Teknova (Hollister, CA, USA): Ampicillin 

Thermo Fisher Scientific (Waltham, MA, USA): Dithiothreitol (DTT), LumiNunc™ 

white flat bottom 96 well plates, Omega bio-tek e.Z.N.A Plasmid DNA Mini Kit I, 

SnakeSkin® pleated dialysis tubing 

 

2.1.2 Specialised Equipment 

2.1.2.1 Centrifuge  

Avanti J-26 XP Centrifuge with JA.17, JLA-8.1, JSP F250 rotors (Beckman Coulter; 

Brea, CA, USA) 

 

2.1.2.2 Chromatography Columns 

Adenosine 5’-triphosphate-agarose with a C8 linkage and 9 atom spacer (Sigma-Aldrich; 

St. Louis, MO, USA) used in a 1.1 cm diameter by 10 cm long column (Ace Glass, 

Vineland, NJ, USA) 

DEAE sepharose fast flow (Amersham Biosciences subsidiary of GE Healthcare; Little 

Chalfont, UK) used in a 2.5 cm diameter by 30 cm long column (Ace Glass, Vineland, 

NJ, USA) 

Superdex® 200 HiLoad® 26/60 gel filtration column (Pharmacia Biotechnology 

subsidiary of GE Healthcare; Little Chalfont, UK) 

HiPrep 26/10 desalting column (Amersham Biosciences subsidiary of GE Healthcare; 

Little Chalfont, UK) 

 

2.1.2.3 Mammalian Cell Culture 

13 mm circular cover slips (VWR International; Radnor, PA, USA) 

BD FACS Canto II (BD Biosciences, CA, USA) 

BD LSR Fortessa (BD Biosciences, CA, USA) 

Counting slide dual chamber (Bio-Rad; Hercules, CA, USA) 

Haemocytometer (Abcam; New Zealand) 

Laminar flow hood BH2000 (Clyde-Apac; Australia) 
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TC10 automated cell counter (Bio-Rad; Hercules, CA, USA) 

 

2.1.2.4 Microscope 

Olympus CK40 microscope 

Olympus IX71 fluorescence microscope 

Nikon Biostation IM (Nikon Instruments Inc.) 

Olympus Fluoview FV1000 on an Olympus BX61 microscope 

 

2.1.2.5 Purification 

Biologic HR Chromatography System (Bio-Rad; Hercules, CA, USA) 

Branson sonifier cell disrupter (Branson Ultrasonics; Danbury, CT, USA) 

 

2.1.2.6 Spectrometers 

NanoDrop 1000 Spectrophotometer (Thermo-Fisher Scientific; USA) 

Carey 50 Bio UV-Visible Spectrophotometer (Varian subsidiary of Aligent Technologies, 

Santa Clara, CA, USA) 

Carey Eclipse Fluorescence Spectrophotometer (Varian subsidiary of Aligent 

Technologies, Santa Clara, CA, USA) 

POLARstar OPTIMA multidetection microplate reader with Lumi96 header (BMG 

Labtech; Ortenberg, Germany)  

 

 

2.1.3 Software 

FlowJo 9 (FlowJo, LLC; Ashland, OR, USA) 

ImageJ (NIH; Bethesda, MD, USA) 

Microsoft Office Suite (Microsoft; Redmond, WA, USA) 

Olympus fluoview ver 3.0.a 

Photoshop  (Adobe® Acrobat® Software) 

PyMOL (DeLano Scientific, San Francisco, CA, USA) 
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2.2 Methods 

 

All solutions and media are made up in 18 MΩ water. Therefore, any mention of water 

refers to 18 MΩ type I water.  

2.2.1 Plasmids 

Plasmids used for transformation, expression and purification of Hsc70 are in Table 1. 

The ABCA1 variants were expressed in a 5.5 kb pCI-neo vector, a kind gift from 

Associate Professor Sally McCormick. ABCA1 containing full-length cDNA in-frame to 

green fluorescent protein (GFP) was cloned between SalI and NotI (Sorrenson et. al, 

2013). The pCI-neo vector is designed to constitutively express DNA inserts in 

mammalian cells, under the control of the CMV intermediate-early enhancer/promoter 

region (Figure 8). The recombinant bovine Hsc70 (bHsc70) sequence used originated 

from a pT7-7 plasmid (Ha et. al, 1997). Using restriction enzymes NdeI and SalI, the 

sequence and its ATG start codon was trimmed out with some of the pT7-7 vector 

sequence (TCTAGAGTCGA) and ligated into the pRSET-A vector. This vector was 

cleaved with restriction enzymes NdeI and XhoI (XhoI gives compatible ends with SalI). 

The original recombinant bHsc70 sequence deposited in the NCBI contained a cloning 

artefact mutation at position 543 (Ha et. al, 1997). This was rectified by E543K in the 

sequence used. The Hsc70 gene used also contains a non-native NarI site near amino acid 

380 (Ha et. al, 1997). These are the only changes in the nucleotide sequence. There is no 

His6 or other tag produced with bHsc70 with expression from the pRSET-A vector.  

 

Table 1. Plasmids used for Protein Expression. 

Plasmid Details Source 

pRBH001 pRSET vector containing 

wildtype bHsc70, with 

ampicillin resistance 

Dr. Sigurd Wilbanks 

pRBH002 pRSET vector containing a 

cysteine mutant variants of 

bHsc70 (C574S) with 

ampicillin resistance 

Jessica Renshaw, Wilbanks 

Lab 

ABCA1 variants pCI-neo vector containing 

ABCA1 cDNA, wildtype, 

Y1767D or N1800H, fused 

to GFP with ampicillin 

resistance 

Associate Professor Sally 

McCormick 
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2.2.1.1 Isolation of plasmid DNA 

A single colony of E. coli DH5α with selective antibiotic resistance on LB (Lysogeny 

broth) agar was selected to inoculate 5 mL media, also containing the selective antibiotic, 

and grown overnight with aeration at 37°C. Plasmid DNA was purified from the 

overnight culture using a NucleoSpin Plasmid Prep (Macherey-Nagel, Germany) or the 

Omega bio-tek e.Z.N.A Plasmid DNA Mini Kit I (Thermo Fisher Scientific, USA, 

D6942-02) for the ABCA1 variants plasmids, following manufacturer’s instructions. 

DNA was eluted with water, the concentration determined using a Nanodrop 

spectrophotometer (Thermo Fisher Scientific, USA) and stored at 4°C.  

 

2.2.2 E. coli Growth 

The following strains were used for transfection and expression (Table 2). All molecular 

biology methods are from Maniatis et. al, (1996) unless otherwise stated.  

 

DH5α competent cells were used to maintain laboratory plasmid stocks. BL21(DE3) is a 

strain for isopropyl β-D-1-thiogalactopyranoside (IPTG) (Gold Biotechnology, USA) 

inducible expression that was used for initial bHsc70 expression. IPTG activates the lac 

promoter driving the T7 RNA polymerase, which in turn transcribes the plasmid-encoded 

bHsc70 gene from a T7 promoter. A DE3 lysogen has a chromosomal copy of the T7 

RNA polymerase under control of a lac promoter. BB1553 is a DnaK knock-out strain. 

The DE3 lysogen was introduced in the Wilbanks Lab by Jessica Renshaw. Protein 

purified from BB1553(DE3) was used for microscopy work.  

 

Figure 8. Vectors used in this study. The pRSET image is from Life Technologies. The pCI-neo image is 

from Promega. 
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Table 2. E. coli Strains used in this Study 

Name Genotype Antibiotic 

Resistance 

Reference 

DH5α F- ϕ80lacZΔM15 Δ(lacZYA-

argF)U169 endA1 recA1 

hsdR17(rκ-mκ+/) deoR thi-1 

phoA supE44 λ-gyrA96 

relA1 

- Bethesda Research 

Laboratories 1986 

BL21(DE3) F- ompT gal dcm lon 

hsdSB(rB
-mB

-) λ(DE3 [lacI 

lacUV5-T7 gene 1 ind1 sam7 

nin5]) 

- Wood 1966 

BB1553(DE3) MC4100 

ΔdnaK52::CmRsidB1 λ(DE3 

[lacI lacUV5-T7 gene 1 ind1 

sam7 nin5]) 

Chloramphenicol Bukau & Walker 

1990; Lysogen 

prepared by Jessica 

Renshaw, Wilbanks 

Lab 

 

 

2.2.2.1 Media and Conditions 

LB liquid medium:1% bacto-peptone, 0.5% yeast extract, 1% NaCl 

LB agar: 1% bacto-peptone, 0.5% yeast extract, 1% NaCl, 1.5% bacteriological agar 

Terrific broth (TB): 1.2% bacto-peptone, 2.4% yeast extract, 0.4% glycerol, 17 mM 

KH2PO4, 72 mM K2HPO4, 2 mM MgSO4. The potassium phosphate salts were made and 

sterilised separately from the other components as autoclaving compete media leads to 

precipitate of phosphate salts.  

2×YT: 1.6% bacto-tryptone, 1% yeast, 0.5% NaCl 

Ampicillin (Teknova, USA) and kanamycin (Roche, NZ) were made in sterile water, and 

used at a final concentration of 50 μg/mL. 

Chloramphenicol (Gold Biotechnology, USA) was made in ethanol, and used at a final 

concentration of 25 μg/mL. 

IPTG was made in sterile water, and used at a final concentration of 400 μM. 

DH5α cells were solely grown in and on LB with ampicillin at 37°C. 

BL21(DE3) cells were spread on LB agar, overnights are grown in LB media, and 

expression was undertaken in TB. All stages of BL21(DE3) growth was at 37°C and in 

the presence of ampicillin.  

BB1553(DE3) growth medium use was as per BL21(DE3) cells, but was at 28°C for all 

stages of expression, and used both ampicillin and chloramphenicol.  



31 

 

2.2.3 Transformation 

 

2.2.3.1 Competent Cells 

All competent cells were produced by Wilbanks laboratory member Malcolm Rutledge. A 

single colony was grown at 37°C overnight in 5 mL LB with agitation. The overnight 

culture (400 μL) was then used to inoculate 40 mL 2×YT, and grown until an optical 

density at 600 nm (OD600) of 0.4-0.6. Cells were centrifuged at 3000 g, 4°C for five 

minutes, followed by supernatant removal. Pelleted cells were resuspended in 25 mL ice 

cold 100 mM CaCl2 for 30 minutes, then subsequently centrifuged. Cell pellets were 

resuspended in 20% v/v glycerol, incubated on ice for 20 minutes, then snap frozen in dry 

ice and ethanol in 250 μL aliquots and stored at -80°C. 

BB1553(DE3) cells were made competent under the same protocol. However, 

chloramphenicol was used for growth on agar and in liquid media, and growth was 

undertaken at 28°C. 

 

2.2.3.2 Heat Shock Transformation 

Plasmid DNA was added to ice thawed competent cells at a 2 μL to 100 μL ratio and 

incubated for 30 minutes on ice. Cells were then heat shocked for 45 seconds. DH5α and 

BL21(DE3) cells were shocked at 42°C, and BB1553(DE3) at 37°C. The cells were then 

left on ice for two minutes. LB media (800 μL) was added to each sample, and incubated 

at 37°C (or 28°C for BB1553(DE3)) with agitation for one hour. Samples were then 

centrifuged at 9000 g for five minutes and 800 μL removed. Cells were resuspended in 

the remaining media, and 50 μL spread into LB agar plates with appropriate antibiotics, 

inverted, and incubated overnight. A loading control of cells lacking plasmid addition was 

also heat shocked, and plated on antibiotic-containing and antibiotic-free LB agar.  
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2.2.4 Expression 

Once the plasmid containing the gene for the protein-of-interest is transformed into 

E. coli., controlled expression allows the protein to be produced when the cell population 

is both large and in fast mid-phase log growth, thereby transcribing large amounts of 

plasmid. This process was utilised for both trial and purification preparations in different 

volumes. 

 

2.2.4.1 bHsc70 Expression for Purification 

Single colonies from transformation plates (see 2.2.3.2) were added to 50 mL LB 

containing selection antibiotics and grown overnight with aeration at either 37°C 

(BL21(DE3) cells) or 28°C (BB1553(DE3) cells). A one in a hundred dilution of the 

overnight culture was made into four 2 L flasks of 500 mL TB with antibiotics. Baffled 

flasks were shaken at 37°C or 28°C until an OD600 of 0.6 was achieved, and then 

induction of plasmid expression was induced by the addition of 400 μM IPTG. Media 

was left at the appropriate temperature, shaking overnight (approximately 16 hours).  

Cells were harvested by centrifugation in a Beckman Coulter with either a JLA8.1 router 

(1,200 g, 30 minutes, 4°C) or a JSP F250 (12,000 g, 25 minutes, 4°C). Pellets were 

weighed and stored at -20°C. 

 

2.2.4.2 Expression Trials 

Expression trials were set up as for purification expression, except 50 mL cultures were 

used. One millilitre of culture was taken at various times. The OD600 was recorded, and 

spun down on a bench top centrifuge at maximum speed (16000 g) for one minute and 

stored at -20°C. Once all time points were collected, samples were run on denaturing gels 

for visualisation.  

 

2.2.4.3 SDS-PAGE 

Cells from expression trials were resuspended in 5× loading dye (see below) after 

maximum speed bench top centrifugation. The OD600 reading of the original sample were 

multiplied by 100, and this volume in μL of 5× loading dye was added. Samples are 

incubated at 95°C for ten minutes to lyse the cells and denature proteins. This was then 

quickly spun as condensation forms on tube lids. A volume of 8 μL was loaded onto a 

12% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) gel per 

sample. Gels were prepared from 4× separating and 4× resolving gel buffer stocks 

(Bollag et. al, 1996). A broad molecular weight marker (SDS standards, Biorad) was also 

run on all gels, diluted one in twenty with 5× loading dye, giving a final amount of 

500 ng per molecular weight band. Gels were run with a 1% running buffer as per Bollag 

et. al, (1996) at 100 V until the bromophenol blue dye front reached the bottom gel edge. 

After running, gels were stained with Coomassie blue R250 for protein visualisation.  
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SDS-PAGE gels are made according to Bollag et. al, (1996) using 30% acrylamide/Bis 

(BioRad). 

5× SDS loading dye: 60 mM Tris-HCl pH 6.8, 25% w/v glycerol, 2% w/v SDS, 14.4 mM 

2-mercaptoethanol, 0.1% w/v bromophenol blue 

4× Resolving Buffer: 1.5 M Tris-HCl pH 8.8, 0.4% SDS 

4× Stacking Buffer: 0.5 M Tris-HCl pH 6.8, 04% SDS 

SDS Running Buffer: 25 mM Tris, 129 mM glycine, 0.1% w/v SDS, pH 8.3 

Coomassie Blue: 25 % v/v isopropanol, 10 % v/v acetic acid, 0.5 g/L Coomassie Brilliant 

Blue R250. This was filtered through Whatman paper. 

Destain Buffer: 5 % v/v isopropanol, 5.2 % v/v acetic acid, 4 % glycerol 
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2.2.5 Purification 

Fast Protein Liquid Chromatography (FPLC) purification was performed on the Biologic 

HR FPLC system at room temperature, with all buffers filtered (0.20 μm filters) and 

degassed prior to use. Samples from all stages were saved for SDS-PAGE separation and 

visualisation. After use the FPLC was rinsed at one mL.min-1 with water and stored in 

20% ethanol.  

2.2.5.1 Cell homogenisation and lysis by sonication 

Cell pellet was homogenised in 50 mL of lysis buffer, using a Dounce Homogeniser at a 

dilution such that a subsequent 1/50 dilution had an OD600 of slightly less than one. 

Homogenised cells were moved to a chilled metal beaker on ice, and a Sonifier Cell 

Disrupter (Branson Sonic Power Co, USA), at strength 9, pulsation, and a duty cycle of 

40% with an ice cold probe was used for sonication until an OD600 of less than 0.4. 

Disrupted cells were then centrifuged with a JA17 rotor at 10,000 g, 4°C, for 30 minutes. 

The supernatant, containing cytosolic proteins, was filtered (0.20 μm filter) prior to 

chromatography and kept on ice.  

Lysis Buffer: 20 mM Tris pH 6.9, 50 mM NaCl, 100 μM EDTA, 100 μM 

phenylmethanesulfonyl fluoride (PMSF, added immediately prior to use), one Roche 

Complete EDTA-free protease inhibitor cocktail tablet per 50 mL 

 

2.2.5.2 Anion Exchange Chromatography 

Diethylaminoethyl sepharose (DEAE sepharose) was used for weak anion exchange 

chromatography. The DEAE sepharose fast flow column (2.5 cm diameter, 125 mL bed 

volume) (Amersham Biosciences, UK) was stored in low salt buffer with 100 mM azide 

as per manufacturer’s instructions and this was removed and replaced with water prior to 

low salt running buffer. The column was equilibrated at 3 mL.min-1 as follows: DEAE 

low salt through line A until conductivity rises due to salt, a salt gradient of 0%  100% 

of DEAE high salt buffer over 50 mL, held in high salt for 20 mL, and then 100% low 

salt till conductivity drops to the low salt level.  

The sample (lysis 2.2.5.1) was loaded through a pump, followed by 100 mL low salt 

wash. A two stage gradient was employed for elution. The first was a 480 mL linear 

gradient up to 60% high salt buffer, followed by 150 mL gradient up to 100% high salt 

buffer. This was followed by a 30 mL gradient to 100% low salt buffer and 250 mL of 

low salt for equilibration.  

The whole run was at a rate of 3 mL.min-1, with 20 mL fractions collected between 100 

and 400 mL of the run (after loading until 100% high salt). The buffer was spiked with 

azide and the equilibration run repeated.  

DEAE Low Salt Buffer: 20 mM Tris pH 6.9, 50 mM NaCl, 100 μM EDTA, 100 μM 

PMSF (immediate addition prior to use); 100 μM Na azide 
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DEAE High Salt Buffer: 20 mM Tris pH 6.9, 1 M NaCl, 100 μM EDTA, 100 μM PMSF 

(immediate addition prior to use); 100 μM Na azide 

 

2.2.5.3 Sample Dialysis 

DEAE fractions containing bHsc70, wildtype or C574S, as determined by UV 

chromatogram spectrometer trace and SDS-PAGE visualisation, were pooled and 

dialysed in 10 kDa, 3.7 mL.cm-1 Snakeskin® dialysis tubing (Thermo Fisher Scientific, 

USA), against EDTA dialysis buffer with three rotations at 4 °C for a minimum of three 

hours each. Activated charcoal was also placed in a separate dialysis bag in the dialysis 

solution to remove nucleotide from the chaperone sample.  

The dialysed sample had MgCl2 added to a final concentration of 10 mM, followed by 

centrifugation using a JA17 rotor at 4°C, 10,000 g for 45 minutes. The supernatant was 

filtered (0.20 μm filter) prior to chromatography. 

EDTA Dialysis Buffer: 20 mM Tris pH 6.9, 150 mM KCl, 4 mM EDTA 

 

2.2.5.4 ATP-agarose Chromatography 

A 10 mL ATP-agarose column was stored in low salt buffer with 100 mM azide. The 

resin consists of a beaded agarose matrix, bound with ATP nucleotide (ATP C8 linkage 

and 9 atom spacer; Sigma Aldrich, USA) for separating proteins able to bind ATP from 

those that cannot.  

Azide was washed out with water prior to buffer equilibration. ATP-agarose low salt 

buffer was loaded on Line B2 and run at 1 mL.min-1 for ten minutes. 12 mL of high salt 

buffer was run through Line B1. 20 mL of elution buffer through Line A was followed by 

40 mL low salt. The filtered and dialysed sample was loaded through the high salt line. 

The run volumes were as per the equilibration set-up. Fractions collected were 1 mL 

starting after sample loading till run end. During loading, the flow through was collected 

in a 125 mL flask. The ATP-agarose column was washed with water, then stored in low 

salt buffer with azide.  

Fractions containing chaperone, selected by SDS-PAGE visualisation, were concentrated 

in a Vivaspin 20 mL 30 kDa MWCO concentrator (GE Healthcare, USA) via 

centrifugation at 4°C, 12,500 g until a volume of less than 2 mL (approximately 12 

minutes using BL21(DE3) expressed samples, or 30 minutes for BB1553(DE3) 

expression).  

ATP-agarose Low Salt Buffer: 20 mM Tris pH 6.9, 25 mM KCl, 3 mM MgCl2; 100 mM 

Na Azide  

ATP-agarose High Salt Buffer: 20 mM Tris H 6.9, 1.0 M KCl, 3 mM MgCl2 

ATP Elution Buffer: 20 mM Tris pH 6.9, 25 mM KCl, 3 mM ATP, 3 mM MgCl2 
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2.2.5.5 Gel Filtration Chromatography 

The HiLoad 26/60 Superdex 200 gel filtration column (GE Healthcare, USA), with a bed 

volume of 350 mL, was stored in 20% ethanol and was washed with water and 

equilibrated with at least 500 mL of buffer at a rate of 1 mL.min-1. The concentrated 

samples had neutralised ATP added in excess with a 30 minute incubation period. This 

sample was loaded through a two mL static loop at 1 mL.min-1 followed by six mL of gel 

filtration buffer to wash the loop. The column was then run for 400 mL at a rate of three 

mL.min-1 with 2.5 mL fractions collected during the 80  300 mL interval. The column 

was then rinsed with water, and stored in 20% ethanol. Chaperone containing fractions 

were selected as per anion exchange chromatography and were concentrated with 30 kDa 

MWCO Vivaspin concentrators (see above) tracked via Nanodrop. Aliquots were then 

snap frozen with liquid nitrogen and stored at -80°C. 

Gel Filtration Buffer: 20 mM HEPES pH 7.6, 100 mM KCl, 5 mM MgCl2 

 

2.2.5.6 SDS-PAGE Visualisation 

For visualisation of the fractions collected during chromatography purification, samples 

were loaded onto 12% SDS-PAGE gels. After anion exchange, 4 μL of selected fractions 

were mixed with 1 μL 5× loading dye (see section 2.2.4.3). ATP-agarose fractions were 

selected after loading and running 8 μL of sample with 2 μL dye. For gel filtration 

fraction selection, 4 μL of sample was run with 1 μL of 5× dye. Gels were as per Bollag 

et. al, (1996) and section 2.2.4.3 with staining via Coomassie blue.  

The SDS standard broad range marker (Biorad) was loaded on all gels as an internal 

control. 

 

2.2.5.7 Notes: The co-chaperone grpE has been previously expressed and purified by 

Wilbanks lab member Samuel Walsh (Walsh, 2012). The expression of the plasmid 

containing DnaJ was carried out by Wilbanks lab member Malcolm Rutledge according 

to the protocol in Walsh (2012). The purification of DnaJ is shown in appendix 1. 

Chromatograms and SDS-PAGE of wildtype bHsc70 purification are displayed in 

appendix 2.  
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2.2.6 Activity 

 

2.2.6.1 Limited Proteolysis 

This method tests chaperone response to nucleotide. 

This method used proteinase K, prepared by Ebeling et. al, (1974) from Tritirachium 

album Limber, a fungus – used as a proteolytic enzyme. Williamson et. al, (1977) studied 

the rate and nature of its digestion activity and were the first to study a digestion profile 

with this enzyme. Chappell et. al, (1987) first used proteolysis as a method of studying a 

chaperone conformational cycle utilising radioactivity. Nakayama et. al, in 1984 used 

trypsin to digest dnaB to characterise its domains. Liberek et. al, (1991) adapted this 

method to study DnaK without radioactivity. Buchberger et. al , (1994, 1995) were the 

first to intensively analyse DnaK with this protocol. 

 As the chaperones shift from the ADP to ATP state, the linker is sequestered and hidden. 

Without ATP, the state is the apo or ADP state. We expect the linker to be exposed and 

able to be cleaved by proteinase K. With ATP present, the linker should be unable to be 

cleaved. However, the protein population is never fully in one state, just the majority, as 

each molecule will sample many states over minutes. So it is expected that there will be 

cleavage of the linker with or without ATP in different ratios.  

3.5 μg of protein was diluted in 12.8 μL of 5× Reaction Buffer, 1 mM ATP if required 

was added, and this was made up to a final volume of 64 μL. For the control, 1× Reaction 

Buffer was diluted to 60 μL. This was incubated at room temperature for 60 minutes, 

allowing the nucleotide to effect the chaperone. Four microlitres of 1 mg/mL proteinase K 

(BDH Laboratory Supplies Poole, England) made up in water, or 8 μL for the proteinase 

control or 4 μL water into the no proteinase control, was added and incubated for five 

minutes. Trichloroacetic acid (TCA) was added to a final amount of 20% and samples 

were put at -20°C for 20 minutes, allowing sample precipitation to stop protease activity. 

Samples were then centrifuged at full speed (16000 g), 4°C for ten minutes. As the pellet 

is near-invisible, orientation of the tubes was tracked, with the hinges facing out during 

all centrifugation steps. This allows knowledge of the location of the pellet, in line with 

the hinge, and easier aspiration without pellet disruption. The samples were respun after 

first aspiration to remove all liquid. The pellet was washed with 100 μL ice cold acetone. 

Samples were centrifuged, acetone removed, and then remaining acetone was allowed to 

evaporate as 65°C with lids open for five minutes.  

The pellet was resuspended in 10 μL of 5× SDS buffer, vortexed, and boiled at 95°C for 

ten minutes. The samples were quick-spun to collect condensation off the lid, and all 

loaded on 12% SDS-PAGE gel.  

5× Reaction Buffer: 100 mM HEPES pH 7.2, 125 mM KCl, 10 mM MgCl2, 0.5 mM 

EDTA, 2.5 mM DTT 
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2.2.6.2 Luciferase Refolding 

This method (Wisen & Gestwicki, 2008) assesses the chaperone function of refolding. 

Luciferase (Promega), a bioluminescent reporter, was chemically denatured. Chaperones 

promote refolding of the enzyme, restoring its activity, allowing it to catalyse a two-step 

oxidation, resulting in 550-570 nm light which can be used to determine the rate of 

luciferase refolding by the chaperone. 

The first step catalysed by luciferase yields a reactive anhydride which is an intermediate 

that subsequently reacts with oxygen and results in oxyluciferin and CO2. Firefly 

luciferase produces a burst of light that decays over seconds, until stabilisation of low 

level luminescence.  

Equation 1 

Step one: Co-/Chaperones + denatured Luciferase  Native Luciferase +                    

Co-/Chaperones 

Step Two: Luciferin + Luciferase + Mg2+ + ATP + O2  Oxyluciferase + AMP + PPi + 

CO2 + Light (550-570 nm) 

 

14.3 μg luciferase was denatured using guanidine by dilution 1:30 in Denaturing Buffer at 

30 °C for 60 minutes. The samples were subsequently diluted 1:40 in Buffer A and left on 

ice for 20 minutes. Bovine serum albumin (BSA) was included in Buffer A as 

reportergene (2010) recommends this to minimise dilute luciferase from attaching to plate 

walls. 

48 μL of refolding mix was added to 2 μL of the denatured luciferase stock. Each reaction 

was performed in triplicate. At regular time intervals (0, 20, 40, 60, 80, 120 minutes) 2 μl 

of the refolding reaction were added to 48 μL of 2% SteadyGlo (Promega) in Glycine 

Buffer (Chang et. al, 2010) in a white 96-well flat-bottom LumiNunc plate (Thermo 

Fisher Scientific).  

Using the POLARstar Optima multidetection microplate reader with the Lumi96 header, 

the plate was mixed with a four millimetre rotation width in double orbital mode for three 

seconds and a reading was taken at three minute intervals for four cycles at 4000 gain. 

This was repeated for each time point. The fourth cycle measurement up to 60 minutes 

gave the initial rate of the reaction used for analysis.  

Final values are reported as a percentage of refolding activity normalised to refolding by 

DnaK (taken as 100%) with pair-wise comparison p-values determined via Tukey’s post 

hoc ANOVA with α=0.05. Error is reported as one standard deviation on the averages of 

n=3 normalised values for each conditions.  

Denaturing Buffer: 25 mM HEPES pH7.2, 50 mM KOAc, 5 mM DTT, 6M Guanidine 

hydrochloride 
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Buffer A: 25 mM HEPES pH 7.2, 50 mM KOAc, 5 mM DTT, 40 μg BSA 

Refolding Mix: 28 mM HEPES pH 7.6, 120 mM KOAc, 12 mM MgOAc, 2.2 mM DTT, 

0.1 mM ATP, 8.8 mM Creatine phosphate, 35 U/mL Creatine phosphokinase, 48 nM 

DnaJ, 24 nM GrpE, Chaperones were added at concentrations ranging from 240-1920 

nM. 

Glycine Buffer: 50 mM glycine, 30 mM MgSO4, 10 mM ATP, 4 mM DTT, pH 7.8 

Creatine Phosphokinase:  0.25M glycyl-glycine pH7.4, 417 U.mL 

Creatine Phosphate: 176 mM 

 

 

2.2.7 Labelling 

Alexa Fluor (AF) maleimides were used to label bHsc70 C574S, purified from 

BB1553(DE3). AFs have a large hydrophobic heterocycle and a maleimide group. The 

heterocycle provides fluorescence of a specific wavelength and the maleimide conjugates 

to thiol groups, such as those on cysteines. AF 488 and 594 were used with this protocol.  

Protein was diluted to 1 μM in Fluorescent Labelling Buffer in a reactivial sealed with a 

septum and containing a stirvane. This sample was argon-purged without bubbling to 

prevent denaturation. The reductant TCEP was added to 10 μM and left at room 

temperature for 20 minutes. In a dark room, on a stir-plate, 2-fold excess dye was added 

through the septum via Hamilton syringe, and incubated for one hour. The sample was 

continuously stirred at slow speed to prevent protein aggregation through bubbling. This 

was repeated a total of three times. 

The reaction was quenched with 1 mM glutathione for one hour. The sample was 

concentrated with a 10 kDa MWCO concentrator from 7 to 3 mL (3000 g, 4 °C, 

approximately 10 minutes), allowing injection via a 5 mL static loop. To separate free dye 

from protein, the samples were run on a HiLoad 16/60 Superdex 75 (GE Healthcare) size 

exclusion column. The column is stored in 20% ethanol, so 300 mL of water was used to 

flush this out prior to 300 mL Fluorescent Labelling Buffer for equilibration. The sample 

was loaded with three loop volumes, and 200 mL Fluorescent Labelling Buffer was run at 

1 mL.min-1 with 2 mL fractions collected for the entire run. The column was stored in 

20% ethanol after a water wash.  
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Table 3. Alexa Fluor Factors 

 Excitation 

Maxima1, 

nm 

Emission1, 

nm 

εD
2, 

L.mol-

1.cm-1 

Dye 

Correction 

Factor2 

Fractions 

Pooled 

Dye 

Molecular 

Weight1, 

Da 

AF488 495 490-525 

(519) 

71000 0.11 26-31 908.77 

AF594 590 600-650 

(617) 

73000 0.56 26-32 720.66 

1 – Haugland, R.P, 2005, The wavelength of maximum emission is bracketed. 2 – Molecular Probes, 2012, The 

correction factor is the ratio of Adye/A280. 

Fractions were scanned on a CaryEclipse  fluorescence spectrophotometer (Varian) at 

appropriate wavelengths (Table 3) and fractions with AF-specific fluorescence and 

chromatogram A280 signal were pooled and concentrated as above. A Cary 50 Bio UV-

Visible spectrophotometer (Varian) was employed to scan absorbencies from 200 – 800 

nm of concentrated sample.  

Equation 2 was then used to correct for AF absorbance influencing A280 to determine the 

concentration of labelled protein (Cp). Following this, equation 3 was used to determine 

the number of dyes per protein. Sample was then aliquoted into amber microcentrifuge 

tubes, snap frozen in liquid nitrogen, and stored at -80°C.  

 

Equation 2 

Cp = [A280 – (Adye × dye correction factor)] / εp 

Where Cp is the protein concentration in M, Adye is the absorbance of the dye at its 

maxima emission, and εp is the extinction coefficient of the protein which is 33600 L.mol-

1.cm-1for bHsc70. 

Equation 3. 

D/p = Adye / (εD × Cp) 

Where D/p is the number of dyes conjugated per protein and εD is the extinction 

coefficient of the dye, in Table 3.  

 

Fluorescent Labelling Buffer: 50 mM Tris pH 8.5, 100 mM KCl, 0.5 mM EDTA, 1 mM 

MgCl2 

AF488 and AF594: Made up to 1 mM in argon-purged DMSO (bubbled through) in a 

dark room, followed by aliquoting into amber microcentrifuge tubes and argon-filling the 

tube and lid to remove oxygen, with storage at -20°C.  
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2.2.8 Peptide Design 

 

In 1998, Zauner et. al, published a study on using polylysine as a gene transfer technique. 

Polylysine compacts plasmid DNA to 100-200 nm, a size able to be taken up by receptor-

mediation. 

The human immunodeficiency virus type-1 (HIV-1) contains the Tat protein transduction 

domain (PTD). The basic Tat protein is arginine- and lysine-rich and responsible for 

plasma membrane traversing. Park et. al, (2002) determined that residues 49-57 

(RKKRRQRRR) are sufficient for transfer of Tat-green fluorescent protein (GFP) fusions 

into mammalian cells, as analysed by Western blot and fluorescent microscopy. Park et. 

al, (2002) also studied the transduction efficiencies of GFP fused to nine lysines or nine 

arginine residues. Western blot and microscopy showed substitution of Tat with either 

lysines or arginines in GFP fusions results in equally efficient transduction. GFP was 

found cytoplasmically and could also localise to the nucleus for all transducing sequences 

indicating correct localisation of transduced protein is possible.  

The NRLLLTG peptide is a well-characterised substrate peptide for DnaK and bHsc70 

(Zhu et. al, 1996; Gragerov et. al, 1994). It is the most commonly used substrate for 

chaperone studies, especially those of a crystallographic nature.  

The design combined the transduction activity of a basic peptide with bHsc70 binding 

activity by the fusion of twelve lysines at the beginning of this substrate. The peptide 

KKKKKKKKKKKKNRLLLTG (K12NR) was synthesised commercially (Mimotopes, 

Australia) and has a theoretical molecular weight of 2323.05 Da.  
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2.2.9 Mammalian Cell Culture 

HEK293T cells were a generous gift from Katie Peppercorn and Professor Warren Tate.  

Immortalised HEK293T were cultured in high glucose Dulbecco’s Modified Eagle 

Medium (DMEM). Media was supplemented with 10% fetal bovine serum (FBS), 2 mM 

L-glutamine and antibiotic-antimyotic (which contains 10,000 units/mL of penicillin, 

10,000 µg/mL of streptomycin, and 25 µg/mL of Fungizone/amphotericin B) resulting in 

100 U penicillin, 100 U streptomycin, and 0.25 μg/mL amphotericin B per 500 mL 

DMEM. This is called full media. All cell culture supplements were purchased from 

Invitrogen.  

Cells were cultured at 37°C in a humidified environment with 5% CO2. Manipulations 

were performed in a laminar flow hood BH2000 (Clyde-Apac; Australia). 

 

2.2.9.1 Tissue Culture Methods 

Thawing 

1.25 mL of HEK293T cells stored in FBS with 10% DMSO in a liquid nitrogen dewar 

were removed with safety gear, transported on dry-ice and the pressure released to 

prevent expansion of any N2 inside the tube. This was thawed rapidly in a 37°C 

waterbath, before the exterior of the tube was sterilised with 70% ethanol and placed in 

the laminar flow hood. One millilitre was removed and placed in a 15 mL Falcon tube 

containing 5 mL of full media. Centrifugation at 660 g for five minutes was used to 

remove the freezing media as DMSO is toxic to cells once above 7 °C. Cells were 

resuspended in 5 mL of full media and placed in a T-25 cm3 cell culture flask.  

Cells were left at 37°C with 5% CO2 overnight. The media was changed after cell 

adhesion. The media was removed, and cells washed with phosphate buffered saline 

(PBS) before the addition of 5 mL full media.  

Passaging 

Cells were grown until 75 – 80% confluence before being passaged. Media was removed 

and PBS washed. 0.05% trypsin-EDTA was added, 0.5 mL for T-25 flasks. This was 

incubated for four minutes, 37°C with 5% CO2. Full media was used to wash down cells 

to collect in a corner and inhibit the trypsin. Cells were centrifuged 660 g for four minutes 

in a 15 mL falcon. Resuspension in 10 mL of full media allowed half the recovered cells 

to be placed in 5 mL full media in T-75 cell culture flasks. Two flasks were kept for 

insurance, in case of infection, and for staggered experiments.  

1 mL trypsin was used with the larger T-75 flasks and cells were routinely passaged 1/20 

at 80% confluency. Cells were resuspended in 10 mL with 0.5 mL added to a new flask 

containing 9.5 mL full media.  
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Frozen Cell Stocks 

Using the cell suspension remaining after passaging of cells, the sample was centrifuged 

and resuspended in FBS at 75% of the volume/supernatant removed. DMSO was added to 

a final concentration of 10%. 1.25 mL were transferred to cryotubes which were placed in 

a Nalgene® freezing container. This was then placed at -80°C overnight to achieve a 

cooling rate of 1°C/min. Cryotubes were then transferred to a liquid nitrogen dewar for 

long-term storage.  

 

2.2.9.2 Plating 

A Poly-L-Lysine (PLL) over 30,000 Da (Sigma Aldrich) stock was made up in PBS to 

15 mg/mL (Mazia et. al, 1975). It was diluted 1/1000 prior to use (15 μg/μL). The culture 

dish surface was covered (250 μL for 15.6 mm/1.9 cm2) and left in the dark at room 

temperature overnight. PLL was removed prior to cell seeding.  

When required, cells were plated using the remainder after passaging. A 0.0025 mm2 

haemocytometer was used to count cells; 10 μL of cells were mixed with 10 μL of trypan 

blue which stains dead cells. This was placed on the haemocytometer, under a coverslip. 

Cells in the outer grids (Figure 9) were counted on 10× magnification of a Olympus 

CK40 microscope. The total number of cells per mL was calculated used equation 4. 

 

Figure 9. Haemocytometer Counting View. There are two of these on either side of an overflow chamber, 

and typically 8 corner squares (circled in blue) were counted. Image from MicrobeHunter, 2014. 

 

Equation 4. 

Cells/mL = (N/S) × 2 × 104 μL  

Where N is the number of cells counted, S is the number of haemocytometer squares 

counted, 2 is used due to Trypan blue dilution and 104 μL is the volume per 

haemocytometer square. 
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A second method of cell counting was employed. 1:1 cells:trypan blue was loaded onto a 

BioRad Counting Slide Dual Chamber and placed in a BioRad TC10 automated cell 

counter. It automatically detects trypan blue and counts both total and live cells.  

This result, cells/mL, was used to calculate the dilution required to plate a particular 

number of cells.  

The cell culture vessel and density seeded for each experiment is outlined in Table 4. 

Volume needed was calculated in equation 5. Plates were left overnight in an incubator 

for adherence.    

Equation 5. 

(W / #cells/mL) × final volume = volume of resuspended cells to dilute to final volume 

Where W is the number of cells wanted per mL for plating per well, and cells/mL is the 

number calculated in equation 4. 

 

Table 4. Culture Dish and Corresponding Cell Density used for Experiments 

Sample Experiment Culture Surface Seeded Density, 

cells per well 

bHsc70 C574S       L1, FC2 

 

96-well plate 20,000  

24-well plate 50,000  

ABCA1 variants     L, FC 24-well plate 30,000  

bHsc70 C574S + 

ABCA1 variant 

FC, C3 24-well plate 25,000 

13 mm Coverslip 25,000 
1 – Live microscopy, 2 – Flow cytometry, 3 - Confocal 

 

2.2.9.3 Transduction of Labelled bHsc70 C574S 

Weill et. al, (2008) claim the cationic amphiphilic-based delivery agent PULSin® forms a 

complex with the desired uptake protein through electrostatic and hydrophobic 

interactions. This complex interacts with cell surface heparan sulphate proteoglycans 

inducing endocytosis. The reagent induces endosome escape followed by disassembly of 

the complex.  

The Polyplus transfection (Illkirch, France) PULSin® protocol was followed for delivery 

of protein. In 96-well plates 0.38 μg of protein was delivered. For 24-well plates, 1 μg of 

bHsc70 was transduced into cells. The protein was mixed with the supplied Hepes pH 7.2 

buffer prior to addition of the PULSin® reagent; 1.2 or 4 μL for 96 and 24-well plates 

respectively.  This was incubated for 15 minutes at room temperature. 

Prior to transduction, the plated cells were washed with PBS and supplemented with 

serum-free media (DMEM with 2 mM L-glutamine and 100 U penicillin, 100 U 

streptomycin, and 0.25 μg/mL amphotericin B). 100 μL of the above incubated 
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transduction mix was added drop-wise per well and swirled gently. The plates were 

returned to the incubator, initially for four hours. Transduction trials resulted in this being 

reduced to one hour in later experiments.  

After this time, serum-free media was replaced by full media and left for three hours prior 

to either visualisation or fixation. This length of time was decided by trial. 

 

2.2.9.4 Peptide Transduction 

The same amount of protein was used with this method as with transduction employing 

the PULSin® reagent. 50× mol/mol K12NR peptide was added to buffered protein (as per 

2.2.9.3) and incubated for 30 minutes at room temperature; 100 μL was then added per 

well for a 24-well plate, or 20 μL per 96-well, drop-wise. This was then incubated for 

times indicated prior to fixation (see below).  

 

2.2.9.5 ABCA1 Variant Transfection 

Transfection was performed using Lipofectamine LTX (Invitrogen) transfection reagent 

at a ratio of 3:1 reagent (μL) to DNA (μg). For cellular localisation studies, HEK293T 

cells were transfected with 1 μg ABCA1-GFP variant vectors. Serum-free DMEM was 

mixed with reagent (as per manufacturer’s instructions) and incubated at room 

temperature for five minutes. DNA was added, mixed and a further 20 minute incubation 

was conducted. During this time, cells were rinsed with PBS and media were replaced 

with full media. 50 μL of mix was added per well in a drop-wise manner. Plates were 

swirled for even distribution and were returned to the incubator for 48 hours. Media were 

then changed. 

 

2.2.9.6 Live Microscopy 

Plates were imaged with an inverted Olympus IX71 fluorescence microscope. 

Attachments were an Olympus U-RFL-T mercury lamp, an Olympus DP71 camera and a 

Olympus TH4-200 halogen power source. Lens used were of 20×, 40×, and 60× 

magnification. AF594 fluorescence was visualised using a HeNe laser (633 nm excitation 

line) and GFP fluorescence with an Argon laser (488 nm excitation line). 

 

2.2.9.7 Flow Cytometry 

A time-course of transduction was carried out, with the protein-reagent mix and 

mammalian cells. After the time-course, the cells were PBS washed twice. Cells were 

trypsinised for four minutes, and this was neutralised by addition of full media. Cells 

were moved to 15 mL tubes, two wells pooled per condition, and centrifuged 660 g for 

five minutes. The supernatant was removed and cells were resuspended in 200 μL PBS. 

200 μL 4% v/v paraformaldehyde (PFA) was added for 20 minutes at room temperature. 
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After incubation, the samples were centrifuged and fixing agent removed. The cell pellet 

was resuspended in 500 μL PBS. The samples were then kept in the dark prior to 

collection to minimise dye photobleaching. Cells were thoroughly vortexed to resuspend 

cells and minimise doublets, and then were run through a 100 μm uptake probe of the 

machine.  

C574S transduction time-course was run through a BD FACS Canto II after a strong 

vortex with the following voltages: FSC-190, SSC-385, FITC-477 (GFP). Ten thousand 

events were collected per sample with a low flow rate.  

Peptide transduction also underwent a time-course. The same protocol of flow cytometry 

was used, but time-points were more varied (see results 3.7.2). 

4% v/v PFA: Made up in PBS, utilising 1 M NaOH for dissolving at 60°C. The pH was 

subsequently adjusted to 6.9 with HCl.  

 

2.2.9.8 Dual-Colour Flow Cytometry 

Sample was fixed in the same manner as single-colour flow cytometry. A BD LSR 

Fortessa was employed as the Canto II did not have filters for AF594 fluorescence. 

Voltages employed were as follows: FSC-200, SSC-240, B530/30-350 (GFP), 

YG610/20-475 (AF594). After compensation (per manufacturer’s specifications), spectral 

overlap of these channels were determined as YG610/20  B530/30 – 0.39%, and 

B530/30  YG610/20 – 3.77%.  

Gating was performed, selecting single cells from a FS-H by FS-A display prior to 

selection of live cells. Ten thousand live cell events were collected per sample.  

 

2.2.9.9 Flow Cytometry Analysis 

In Flow Jo 9, gating of singlets and live cells was conducted allowing comparison of 

samples. For dual colour flow cytometry, as singlets were already gated during data 

collection, only live cells require gating in Flow Jo 9. Untransduced/untransfected cells 

were used to set the threshold for cells positive for fluorescence through a histogram 

display of the background signal, with 0.1% false positives. 

 

2.2.9.10 Time-Lapse 

Transduction was set up as above. Images were taken using a Nikon Biostation IM under 

20× live observation with a half second exposure every ten minutes during the four hour 

transduction incubation. 175,000 cells were plated in one quadrant of a separated 35 × 10 

mm circular tissue culture dish for this experiment. 

These data supplement flow cytometry and determine the optimum time prior to the 

media change for visualisation of transduced intracellular fluorescence. Images were 
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analysed in ImageJ. Individual cells were outlined (only ones displaying clear borders), 

and were followed over time. These outlines were drawn on the phase contrast image 

with fluorescence overlaid. The program was unable to save the image with the outline. 

ImageJ then allowed transposition of these outlines to an image where the degree of white 

pixels is proportionate to the fluorescence intensity. This was graphed as the number of 

pixels of a particular shade. The background was taken from a selected area outside the 

cells within the display and size was factored into the calculation. 

 

2.2.9.11 Antibody Labelling 

After ABCA1 transfection, transduction with bHsc70 C574S and a three hour incubation 

allowing proteins to be integrated into the cellular machinery, the cells were fixed on PLL 

coated coverslips. Cells were then washed and blocked at 4°C overnight, rocking while 

covered in foil to protect from photobleaching of dyes.  

Subsequent to three PBS washes, 500 μL monoclonal anti-Rab7 (Sigma-Aldrich) 1:500 in 

blocking buffer was added per well and incubated at 4°C overnight in foil, rocking. After 

three PBS washes 300 μL secondary 1:1000 diluted in blocking buffer was added per 

well. This was goat anti-mouse AF635 (Invitrogen) antibody that binds the mouse 

primary with minimal cross-reactivity. This was incubated at room temperature, rocking 

for four hours. After PBS washes, the coverslips were mounted as in section 2.2.9.12. 

Blocking Buffer:  PBS + 0.1% Trition X-100 + 3% BSA 

 

2.2.9.12 Confocal 

Cells for confocal microscopy were seeded on PLL coated coverslips. Coverslips 13 mm 

in diameter (VWR International) were placed in 24-well plates and PLL coated as usual. 

Cells were seeded as above (2.2.9.11). After appropriate transfections/transductions of 

single samples and dual ABCA1 and bHsc70, cells were fixed with 4% PFA for 20 

minutes at room temperature after PBS washing. Plates were covered in foil to prevent 

photobleaching. When required cells were then antibody stained. 

After PBS washes, the coverslips were carefully removed with one pair each of curved 

and straight tweezers while submerged. Coverslips were dried and placed cell-side-down 

on glass microscope slides with 5 μL of Prolong® Gold antifade reagent (Molecular 

Probes) mountant in a dark room. Slides were stored at 4°C in the dark. A minimum of 12 

hours was allowed for mountant to set prior to visualisation. 

Slides were imaged on an Olympus Fluoview FV1000 (on a Olympus BX61 microscope) 

with 20× and 40× lens and 60× and 100× oil immersion lens. GFP (488 nm), AF594 (433 

nm) and the secondary AF635 (excited with 633 nm) were visualised with solid state laser 

diodes. Z-stacks were collected with selection of the upper and lower limit based on level 

of GFP and/or AF635, and a computer-decided optimal number of slices. 
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The use of the specific laser excitation bandwidths minimised cross-over between the 

channels. Images were obtained and analysed using Olympus fluoview ver.3.0.a. As the 

secondary antibody fluorescence is outside the visible spectrum, the software depicted it 

as white. This was changed to cyan via the confocal software. 

 

2.2.9.13 Notes: Photoshop was used to adjust fluorescence image brightness to give 

printed images as similar as possible to those seen on computer screen. Brightness of all 

are increased by 75 from the original image (original is at zero). Z-stacks are increased by 

15. Inkscape was used to create all final images and image labels except for 

chromatograms and luciferase assay results. Data were collected from the Biologic 

Chromatography computer or POLARstar Optima and plotted using Microsoft Excel.  
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Chapter 3. Results 

3.1 Expression Trials 

To study bHsc70, recombinant protein was purified from E. coli. To get maximal pure 

protein, the level of protein in the bacterial cells was optimised through an expression 

trial.  

 

3.1.1 BL21(DE3) 

This E. coli variant was known to grow at 37°C, therefore a trial was undertaken to 

determine the optimal harvest time post induction. This was selected based on 

visualisation of the amount of protein of appropriate molecular weight on an SDS-PAGE 

gel of samples taken during growth. The initial sample showed a band at the position 

expected for bHsc70 at 70 kDa, above the 66 kDa marker (Figure 10). After an hour of 

induction of plasmid expression, this band size had increased approximately two-fold. In 

three and six hour samples, the band appeared to increase further. The overnight sample 

showed the largest band of 70 kDa. It was decided that roughly 16 hours overnight gives 

the highest amount of bHsc70 levels under these conditions.   

Figure 10. Expression Trial in BL21(DE3) E. coli of bHsc70. A broad 

molecular weight marker in the left most lane is followed by wildtype 

bHsc70 samples taken prior to induction, one, three and six hours post-

induction, and an overnight sample as indicated at top. This is followed by 

the C574S bHsc70 samples at the same time points. Cells from one 

millilitre of culture were resuspended in 5× samples buffer, the volume 

proportionate to the OD600 reading, and 8 μL loaded on 12% SDS-PAGE 

Size of the molecular weight marker are shown at left. 

bHsc70 
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3.1.2 BB1553(DE3) 

 

Due to the lack of DnaK, these cells are sensitive to high temperatures and thus were 

grown at 28°C. However, expression time and optimal OD600 for induction were 

unknown. An expression trial of these is shown in figure 11. Sets of cells were induced at 

either OD600 0.6 or at 0.4 as both are during log-phase bacterial growth and are the initial 

choices for growth trails. Induction at 0.6 is mid-log, while 0.4 is early log-phase. 

Compared with the pre-induced sample, all time points have a larger 70 kDa band, for 

both induction trials. For both OD600 inductions, the 14 hour sample 70 kDa band is larger 

than the previous samples, and the 19 hour band is decreased comparatively. The 14 hour 

sample of OD600 0.6 is larger than the band of the 0.4 induced sample as the concentration 

of cells is higher. Harvesting at 12-14 hours was selected for expression length, and an 

OD600 of 0.6 for the cell density upon induction.  

 

Figure 11. Expression Trial in BB1553(DE3) E. coli of 

bHsc70 C574S. Expression was induced at two OD600 

readings, 0.6 (left half of gel) and 0.4 (right half of gel). One 

millilitre of culture was taken at various time points 

displayed in the lane identifications, and resuspended in 5× 

sample buffer with volumes proportionate to OD600 readings. 

8 μL for each was loaded on the 12% SDS-PAGE gel. A 

broad range molecular weight marker was loaded between 

the two sets of samples with weights displayed at left in line 

with the sizing bands. 
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3.2 Purification 

Purification of protein employed three FPLC chromatography columns: anion exchange, 

ATP affinity and gel filtration. With expression in BL21(DE3), DnaK is co-purified and 

used for initial activity tests, while BB1553(DE3) is used for microscopy work. 

 

3.2.1 BL21(DE3) 

 

Wildtype and C574S bHsc70 purification used the same method and chromatography and 

gels show the same overall pattern but did result in differing amounts of purified 

chaperone. Purification of wildtype bHsc70 is shown in appendix 2. Approximately 2.5 g 

wildtype or 5 g C574S pellet was homogenised and lysed (section 2.2.5.1) prior to FPLC. 

3.2.1.1 DEAE 

Anion exchange chromatography resulted in multiple peaks on the A280 chromatogram 

trace (Figure 12), representative of different proteins with different binding affinities to 

the DEAE matrix. The first peak, also the largest, contained the flow through; all 

components that cannot bind, such as cationic species, are expected in this peak. SDS-

PAGE of various chromatogram peaks was run for selection of bHsc70 containing 

fractions (figure 13). Fractions 23 -25 were pooled and dialysed in the presence of EDTA 

and activated charcoal to remove ATP. 

 

Figure 12. Anion Exchange Chromatogram of C574S bHsc70. The A280 trace, representative of mostly 

protein, is in blue. Conductivity is shown in red, using the right y-axis. The green line is percentage of high 

salt buffer running through the column. 100% is indicated at the top right. Fractions indicated are those run 

on SDS-PAGE, and those selected as containing bHsc70 C574S.  
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Figure 13. SDS-PAGE of DEAE Purification of bHsc70 C574S. Broad range 

molecular weight marker is followed by cell lysate which has been overloaded. 

This is followed by clarified lysate and flow through from the chromatography. 

Selected fractions from the peaks displayed in the chromatogram follow (8 μL 

each), as labelled above each lane. Molecular weight marker as in figure 10. 
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3.2.1.2 ATP-agarose 

Dialysed, pooled DEAE fractions were loaded onto the ATP-agarose column after 

addition of 10 mM MgCl2. A large flow through of proteins unable to bind ATP 

nucleotide was collected (Figure 14). A large peak during elution obscured the bHsc70 

peak of interest so SDS-PAGE was required for fraction selection.  

Fractions 35-45 contained chaperone based on SDS-PAGE visualisation (Figure 15). This 

corresponds to a shoulder on the A280 elution peak. These fractions were pooled, and had 

ATP added back to ensure correct conformation prior to size exclusion chromatography.  

 

 

Figure 14. ATP-agarose Chromatogram of C574S bHsc70. Colours as per figure 12. A large flow 

through is followed by a large rise in A280 caused by the presence of ATP in this buffer. The shoulder of this 

contains the protein-of-interest. Fractions indicated were loaded on 12% SDS-PAGE and are those selected 

for pooling. 
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Figure 15. 12% SDS-PAGE of ATP-agarose Fractions. Broad range molecular weight marker (left) is 

followed by the flow through from the column. 8 μL of selected fractions from the chromatogram are 

labelled above each lane. 
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3.2.1.3 Gel Filtration Chromatography 

The concentrated bHsc70 was loaded via static loop onto a 200 S size exclusion column 

(Figure 16) for separation. Size exclusion separates molecules based on molecular weight, 

allowing separation of chaperone monomers from aggregates. Very little was displayed 

on the 12% gel (Figure 17) for fractions 11-13 and those from the largest peak. Fractions 

21-23 contained chaperone and were pooled and concentrated.  

 

 

 

  

Figure 16. Gel Filtration Chromatogram of bHsc70 C574S. Colours as per figure 12. Fractions 

indicated were run on SDS-PAGE and 21-23 contain bHsc70 C574S 
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Figure 17. 12% SDS-PAGE of Gel Filtration 

Fractions. Broad range molecular weight marker 

(left) is followed by selected size exclusion fractions. 

4 μL of each 2.5 mL fraction was run. 
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3.2.1.4 Summary 

The purification is summarised in figure 18. The amount of proteins present in the sample 

decreases with each step leaving bHsc70 as the major component. The final pool of 

protein was 0.80 mg/mL at a volume of 200 μL for bHsc70 C574S. Wildtype bHsc70 

gave 500 μL at 3.04 mg/mL (Appendix 2). 

The whole cell lysate was clarified and loaded onto anion exchange which contains some 

bHsc70 in the flow through (Figure 18). The main fraction containing bHsc70, 19, 

showed a reduction in band complexity and amount from those loaded to its left. Addition 

of magnesium chloride after dialysis showed a dilution of the sample. However, some 

chaperone is still present in the ATP-agarose flow though. The concentrate was very 

clean, containing very little contaminants to the amount of bHsc70 C574S present. The 

final, monomeric chaperone, after size exclusion was concentrated.   

 

 

 

  

Figure 18. BL21(DE3) Purification Summary. Loaded 

volumes of various stages of chromatography as per figures 

13, 15 and 17. 
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3.2.2 BB1553(DE3) 

 

The chromatograms displaying bHsc70 C574S looked very similar to BL21(DE3) 

purification except the peaks were all larger and some broader. The gels also showed a 

greater yield. Most dramatic is the ATP-agarose sample gel. It had been overloaded even 

though the same proportion of each sample was loaded. The amount of bHsc70 purified 

was dramatically more than via BL21(DE3) expression.  

3.2.2.1 DEAE 

The lysate fractions on SDS-PAGE looked like smears as they contain all cytosolic 

proteins from the culture, except the whole lysate which contained all proteins. Many 

proteins did not interact with the column matrix as seen by the low salt, flow through 

peak on the chromatogram (Figure 19) and on the gel (Figure 20). There was a large 

bHsc70 band in the flow through as well, indicating overloading. The samples showed a 

gradient of chaperone across fractions 19-23.  

Fractions 17-22 were pooled and dialysed overnight in the presence of EDTA and 

activated charcoal to remove ATP.  

 

 

 

  

Figure 19. BB1553(DE3) Anion Exchange Chromatogram. The A280 trace is in blue, conductivity in red and 

percentage of high salt buffer is shown in green. Fractions indicated were run on SDS-PAGE and 17-22 were 

pooled. 
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Figure 20. Anion Exchange SDS-PAGE. A broad range 

molecular weight marker (far left) was used for determining size 

separation. This is followed by 8 μL of various samples as indicated 

above the lanes.  
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3.2.2.2 ATP-agarose  

After MgCl2 addition, the pooled sample was loaded on ATP-agarose (Figure 21). The 

ATP-agarose load was not pure but the major band was that of protein-of-interest. The gel 

was overloaded (Figure 22) but still showed ‘contamination’ bands of smaller size. With 

overloading of samples and large chaperone bands, all displayed fractions were selected. 

A large flow through was seen over one hour and a tall peak was eluted with high salt 

buffer prior to bHsc70 elution. The A280 of ATP in the elution buffer did not obscure the 

elution peak with this sample as was seen with the BL21(DE3) sample.  

Fractions 18-25 were concentrated.  

 

 

 

  

Figure 21. BB1553(DE3) ATP-agarose Chromatography. Colours as per figure 19. A large flow though is 

followed by high salt buffer to remove protein bound through ionic interactions. A large elution peak is seen, 

followed by an ATP peak from elution buffer. Indicated fractions are run on SDS-PAGE. 
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Figure 22. SDS-PAGE of BB1553(DE3) ATP-agarose Fractions. A 

overloaded gel of ATP-agarose load, flow through, and selected fractions 

displaying 8 μL from 1 mL fractions. A broad range molecular weight 

marker is displayed in the first lane.  
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3.2.2.3 Gel Filtration 

The gel filtration bands looked stronger than those from BL21(DE3) purification and a 

larger number of fractions were selected for pooling and concentration. The load sample 

was overloaded and distorts the gel (Figure 24), but the increase in fraction purity is still 

easy to see, by the reduction of the number of bands in the fractions selected compared 

with the load. However, the spread of bHsc70 (Figure 23) was further due to the increase 

in amount loaded compared with the BL21(DE3) purified sample and also elutes later in 

fraction 43 compared with fraction 22 in the BL21(DE3) purified sample (Figure 16 & 

17).  

Fractions 31-51 were pooled and concentrated. 

 

 

 

Figure 23. Gel Filtration BB1553(DE3) Chromatogram. Colours as per figure 19. Fractions 25-63 were run 

on SDS-PAGE and fractions 31-51 were pooled. 
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Figure 24. SDS-PAGE fractions from Size Exclusion. Samples of 4 μL of 2.5 mL fractions, as indicated 

on figure 23, were analysed on 12% SDS-PAGE. Lane one displays a broad range molecular weight 

marker, followed by the sample with ATP addition, the control of concentrator flow though and the 

chromatography load sample.  
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3.2.2.4 Summary 

The purification is summarised in figure 25. Although difficult to see due to overloading 

of the samples on the right, the purity increased at each step. The final concentrated pool 

of bHsc70 was 1.5 mL at 25 mg/mL or 37 mg. This is significantly more protein than that 

yielded from the BL21(DE3) purification as the same percentage of each fraction was 

loaded for figures 18 and 25.  

 

  

Figure 25. BB1553(DE3) Purification Summary. Display of 

various stages of chromatography with volume loaded as per 

figures 21, 23, and 25 and a broad range molecular weight 

marker.  
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3.3 Labelling 

BHsc70 C574S purified from BB1553(DE3) was labelled separately with AF488 and 

AF594. Labelling  was expected to yield a mixture of unreacted dye, protein, labelled 

protein, and oxidised dye that cannot react to a thiol. The sample was bright green 

(AF488) or pink (AF594) at this stage. The labelled sample was passed through a 

superdex 75 size exclusion column to separate these. Two major peak regions were seen 

on the chromatogram; one of protein and one of free dye (Figures 26 & 27). These peaks 

are split into two overlapping peaks, thought to be one of dimeric and one of monomeric 

protein or dye. 

The protein fractions were scanned for fluorescence corresponding to either AF488 or 

AF594. Those fractions of appropriate molecular weight (standards shown appendix 4) 

and showing fluorescence were pooled and concentrated (Table 5). The sample was now 

colourless by eye, but spectrophotometrically still fluorescent. Following UV/vis 

spectroscopy the A280 and A495 or A590 was used to determine the concentration of dyes 

per protein according to equation 2 and then the dyes per protein were calculated 

(Equation 3).   

The scans show fractions that responded to the dye specific wavelength excitation 

(Figures 26 & 27). The inserts show fractions containing free dye.  

 

Table 5. Labelling of bHsc70 C574S with two AF dyes 

 Fractions1 μM2 mg/mL Dye/protein3 

bHsc70 C574S 

AF488 

26-32 2.8 0.20 0.18 

bHsc70 C574S 

AF594 

28-31 1.9 0.14 0.33 

1 – From superdex 75 size exclusion column. 2 – From A280, and equation 2. 3 – From equation 3. 
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Figure 26. AF488 Labelling of bHsc70 C574S. A - Size exclusion chromatogram displaying two main peaks 

containing either labelled protein or free dye. Colours as per figure 12. B - The spectroscopy fluorescent scans 

of indicated fractions excited at 495 nm, and the insert is free dye fractions. 
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Figure 27. AF594 Labelling of bHsc70 C574S. A - Size exclusion chromatogram displaying two main peaks 

containing either labelled protein or free dye. B - The fluorescence emission spectra of indicated fractions excited 

at 590 nm, and insert is the free dye fractions 
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3.4 Activity 

3.4.1 Limited Proteolysis 

The E. coli. DnaK chaperone has been well characterised by limited proteolysis 

(Buchberger et. al , 1994, 1995) and was used as a positive control. It is known that with 

a short proteinase K incubation, DnaK is cleaved into its two domains, the NBD and 

SBD. This cleavage does not occur in the presence of ATP. C574S bHsc70 without 

proteinase K or ATP gave two bands of high molecular weight (Figure 28); there were 

two bands of very similar size, and this occurs with and without proteinase K and ATP. 

Pairs of approximately 70 kDa were also seen during purification. This is likely due to C-

terminal truncation by an E. coli protease during purification. With proteinase K, the 

banding pattern shifted. With ATP present, it looked different again. The wildtype 

bHsc70 banding patterns looked the same as the cysteine variant (Figure 28). 

Full length chaperone runs at approximately 70 kDa, and proteinase K is 28 kDa, running 

near the 31 kDa marker. This is easy to find by looking at the proteinase K only lane (far 

right lane of Figure 28). The NBD (44 kDa) and SBD (26 kDa) are present in lanes 

containing chaperone and proteinase K. With ATP, bands seen are NBD, SBD and the 

majority full length with a truncation of approximately 60 kDa. These NBA and SBD 

bands are much weaker than those seen without the presence of ATP.  

 

 

  

Figure 28. Limited Proteolysis. DnaK was run as a control, followed by 

cleavage with proteinase K into NBD and SBD domains, indicating molecular 

weight. This cleavage was inhibited with ATP. C574S and wildtype bHsc70 

follows in the subsequent lanes. Presence of ATP or proteinase K during 

incubation is indicated above each lane. Proteinase K only is run in the far 

right lane. 

bHsc70 

Prot K 

SBD 

NBD 
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3.4.2 Luciferase Assay 

Recovery of the enzymatic activity of heat-denatured luciferase were used to assess the 

ability of bHsc70 to aid refolding.  

DnaK was taken as a positive control, as its activity was expected to be higher than that of 

bHsc70 due to the use of its native co-chaperones (see section 4.4.3). Levels were 

normalised to 240 nM DnaK for each experimental replicate. DnaK activity was taken as 

100% with bHsc70 wildtype and C574S displayed as a percentage of this (Figure 29).  

The negative control containing co-chaperones but not chaperone showed an activity 

level 11.5 % (+/- 1.1) of DnaK. Wildtype bHsc70 was assayed at a higher concentration 

than DnaK as its activity during this assay was found to be lower, as expected. Two 

concentrations were used to bracket the levels for each variant, to aid comparison.  

BHsc70 wildtype at 480 nM gave 29 % (+/- 6) while 960 nM gave 37 % (+/- 7). Although 

the concentration was altered two fold, the activity was not. With the C574S variant, 960 

nM gave an activity of 17 % (+/- 2) of 240 nM DnaK, while 1920 nM gave 25 % (+/- 3). 

C574S activity is one quarter that of wildtype bHsc70. The 480 nM wildtype sample and 

the 1920 nM C574S are the only two samples not significantly different from one another 

(green bar in Figure 29). All other samples display statistical significance.  

 

 

 

  

Figure 29. Luciferase Assay. Level of refolding activity normalised to 240 nM 

DnaK, using E. coli co-chaperones DnaJ and GrpE. The negative control 

contained no chaperone, determining levels of non-chaperone-assisted refolding 

of luciferase. All conditions are statistically significant to each other, with a P < 

0.05, except wildtype 480 nM with C574S 1920 nM as shown with the green 

bar. 

n.s 
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3.5 Transduction 

3.5.1 AF488 Labelled bHsc70 C574S – Optimisation of viewing time 

Transduction of AF488 labelled bHsc70 C574S into HEK293T cells was trialled in 96-

well plates. Cells were photographed at various times after the completion of the 

manufacturer’s protocol to determine optimal viewing time. The control for PULSin® is 

R-phycoerytherin (R-PE), a naturally fluorescence antenna pigment of photosystem II.  

There was some concentration of fluorescence seen in cells one hour after a four hour 

transduction of 0.38 μg bHsc70 C574S AF488 (Figure 30A). This was seen to increase 

slightly with twice as much protein incubated with the HEK293T cells (Figure 30A). 

With 1.14 μg (3-fold) of protein, a significant increase was seen as compared with the 

0.38 μg sample.  

Fluorescence was also seen after three hours, although it is difficult to see any difference 

in level with the one hour sample. With 0.76 μg, this sample is comparable to the 1.14 μg 

one hour sample. It also looks very similar to the 1.14 μg three hour sample. Over time, at 

each concentration, the fluorescence appeared to be similar, except between one and three 

hours.  

The cells do not look as healthy as time increased as they became rounder and fewer in 

number. Comparison of the cells only control, with a sample containing the transduction 

reagent but no fluorescent protein shows a large difference in cell viability (Figure 30B). 

These controls were performed to test toxicity of the reagent, and the effect of removing 

the cells from the incubator for imaging.  

It was decided that three hours post-transduction gave optimal visualisation of the 

fluorescent signal and it was at this time that confocal samples were fixed.  
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Figure 30. Transduction of AF488 labelled bHsc70 C574S. A – Time-course of period 

after transduction of various concentrations of protein with PULSin®. Protein amount 

indicated across the top, and time at the side. R-PE is a positive control provided as part of 

the transduction kit. B – Cells without addition of any reagents or protein at 3 or 7 hours. 

Reagent controls show spread of cells with addition of PULSin® reagent but no protein.  
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3.5.2 K12NR 

Transduction with the reagent was compared to K12NR peptide transduction three hours 

after a media change (Figure 31). The control for PULSin® is R-phycoerytherin (R-PE). 

Images taken for this experiment are at low magnification. The fluorescence from 

PULSin® transfected bHsc70 C574S AF488 and the R-PE control is visible and show 

similar patterns (Figure 31). With the peptide, the AF488 fluorescence was in more 

concentrated areas, and sparsely spread, and many of those spots did not associate with 

the location of a cell. The K12NR peptide does not appear to be transduced into the 

mammalian cells. The pattern of distribution is not like that of cells transduced with the 

PULSin® reagent, nor does the fluorescence seem to correspond to HEK293T cells.  

 

 

   

Figure 31. Test of K12NR Transduction of AF488 

bHsc70 C574S. K12NR transduction was performed 

via the same protocol as PULSin®, and reagents are 

shown at left. Displayed are two separate images of 

the same condition. 
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3.6 Time-Lapse of Uptake During Transduction 

Time-lapse images of phase contrast and fluorescence were collected during the four hour 

transduction incubation, with images every ten minutes at set locations. Cells able to be 

tracked for at least two hours over the images were identified in phase contrast. The 

fluorescence intensity was graphed as the number of pixels having a particular 

fluorescence intensity in figure 32 (with another example in Appendix 3). Only four time 

points are shown as they are sufficient for seeing the effect and for clarity of the graph.  

Thirty minutes (red) shows a slight right-shift and this increased over time indicating an 

increase in the number of brighter pixels, and therefore fluorescence (Figure 33B). After 

one hour (green), a significant right shift is seen, but is not doubled after two hours 

(purple) implying more protein transduction is achieved in the first hour than the second. 

Analysis of these data was difficult and quantification was challenging. Following cells 

across different images and being confident in selection was labour intensive.  

Flow cytometry was deemed to be an easier technique with reliable quantitation of 

intracellular fluorescence. 
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Figure 32. Transduction Time-Lapse Microscopy. Time-Lapse images were collected during the manufacturer’s four hour transduction protocol. A – One view from the 

20× magnified recording over four time points. Phase contrast with fluorescence (green) overlaid is on the left and a black and white fluoresence display of this overlay. B – 

The distribution of fluorescent pixel intensity within individual cells. Cell outline was identified from phase contrast images. Background taken from outside the cells is 

displayed in pink, 0 minutes is dark blue, 30 minutes is red, 60 minutes is green and 120 minutes is purple. Intensities were automatically binned into 256 bins in Image J and 

smoothed in Excel using a moving average of 25 data points.  

A B 

A B 
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3.7 Flow Cytometry 

Quantification of uptake was addressed with flow cytometry. Internalisation of AF488 

and AF594 labelled bHsc70 C574S was compared, as well as K12NR transduced cells, 

ABCA1 transfection and cells with both internalised bHsc70 and expressed ABCA1-

GFP. 

Forward scatter (FSC) is a measurement of cell size. FSC-Area by FSC-Height (the area 

of the cell versus diameter) is used for gating singlets, or cells passing the laser as a single 

cell. Singlets are gated as they provide more accurate data. If a doublet is scanned, and 

only one of these cells contained a positive fluorescence signal, the fluorescence would be 

distributed across the scanned FSC, and thereby not display a true representation of the 

population. The singlet population is then gated for live cells. This is the main population 

as most cells, prior to fixation, were healthy. Cells undergoing apoptosis have a reduction 

in cell area, and organelles are degraded in a controlled manner. This degradation 

increases granularity, displayed as side scatter (SSC). The software FlowJo 9 can produce 

an ‘automatic gate’ where it will shape the gate to what it deems is a population. This 

automatic gating was used for all gates.  

This singlet gating is displayed as a backgate, (Figure 33B) smaller and off to the right, 

similar to an insert in an image. This is different for the Fortessa measured samples as the 

singlet gating was performed during data collection. The gates are then applied to all 

samples. 

A histogram display of fluorescence allows a threshold to be set more accurately (Figure 

33C). This is placed to give very few false positives. The downside is a potentially larger 

false negative rate than optimal. This threshold, displayed by a line on a FSC-A by FITC 

graph (Figure 33D), allows easy, fast comparison of samples and displays the majority 

percentage of cells either above or below the threshold.  

 

3.7.1 Efficiency of Transduction with AF488 Labelled bHsc70 

The standard protocol for protein transduction by PULSin® is four hours. A time-course 

of PULSin® reagent incubation with bHsc70 C574S AF488 was undertaken and the cells 

were analysed with a Canto II flow cytometer.  Non-transduced cells were used to set 

thresholds and gating. Singlets were gated on FSC-A and FSC-H as described above. 

Forward scatter reflects the cell size, while SSC reports the granularity of the cells. 

Single cells (Figure 33B) are then displayed in the standard format; FSC-A by SSC-A. 

Selection of the main population (oval in panel B, Figure 33) allowed gating to select live 

cells and avoid cells that are dead, debris or cells in mid-apoptosis. These cells may be 

smaller (left shift) than healthy cells due to controlled compaction via apoptosis, or more 

granular (shift up) through breakdown of intracellular components.  
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The FITC channel was used to measure AF488 fluorescence at 495 nm. Display of this as 

a histogram of the gated live cells, figure 33C, was used to set a threshold. This was 

placed so over 99% of non-transduced cells are set as FITC negative. This threshold is 

displayed as a line on a FSC-A by FITC-A graph, with FITC negative cells under the line 

(Figure 33D). These gates and the threshold were applied to all samples, displayed in 

figure 34. The non-transduced control sample displays no gated cells positive for AF488 

(Figure 33D).  

Cells incubated in serum-free media for two hours (Figure 34A) were analysed as a 

control. Two hours was used as it is mid-way through the time course. As the 

transduction takes place in serum-free media, this control was to test for any effect this 

has on cell shape, size or viability/health. The samples (Figure 34A) look like the 

untransduced cells (Figure 34) with no positive FITC AF488 signal. As the same gates 

are applied, this implies no or minimal affect caused by this media and treatment. A 

transduced time-course was analysed by the Canto II flow cytometer. Over all time 

points, one, two and three hours, approximately 80% of singlets gate as live cells (Figure 

34 A, B and C). After one hour of incubation of cells with the transduction mix (Figure 

34B), only 6.13% of cells remain under the fluorescence threshold. This percentage 

increases to 15.5% after two hours, and drop to 4.39% after three hours.  

In figure 34, showing cells transduced with AF488 labelled bHsc70 C574S, a dramatic 

shift in the fluorescence of the live cell population was seen after one hour (Figure 34B) 

as compared to untransduced cells (Figure 33). This shift occurred only on the FITC-A 

axis; Fluorescent level changes and the cell size are constant. Very similar results were 

found for two and three hour incubations with little increase in the amount of AF488 

(94% positive to 96% positive for AF488). One hour of transduction was considered 

sufficient for all further transductions.  
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Figure 33. Flow Cytometry of Untransfected 

Control. In panel A, the axes are FSC, indicative of 

cell size, and SSC, indicative of cell granularity. The 

units are arbitrary. The oval displays the live cell gate 

of the singlets. Panel B displays the backgate of singlet 

selection with axes FSC-A by FSC-H. This is the cell 

area by cell diameter. Panel C is the FITC (AF488) 

histogram; vertical bars at the end of horizontal lines 

indicate threshold setting for a positive signal. In panel 

D, the axes are cell size (FSC-A) and FITC or AF488 

fluorescence; horizontal line indicates threshold level 

used to calculate transduction. In the upper right of 

panels A, C & D, the sample, most recent gating event, 

and number of cells graphed is shown. 
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Figure 34. Time-Course of AF488 bHsc70 Transduction Monitored by Flow Cytometry.    
The top, bottom and right-most graphs within each panel use the same axes as panels A, D and B 

of figure 33, respectively. A – Serum-free incubation of two hours  in absence of reagent and 

bHsc70. B-D – 1, 2, and 3 hour time points of bHsc70 C574S AF488 transduction is displayed. 

Windows as above, with sample, gate and cell number displayed as per figure 33. 

C 

A 

D 

B 
S

S
C

-A
 

S
S

C
-A

 

S
S

C
-A

 

S
S

C
-A

 

F
IT

C
-A

 

F
IT

C
-A

 
F

IT
C

-A
 

F
IT

C
-A

 

FSC-A 
FSC-A 

FSC-A 
FSC-A 

FSC-A FSC-A 

FSC-A FSC-A 

Serum-free 2 Hr 
Singlet 

9860 

Serum-free 2 Hr 
Singlet 

9860 

PULSin 1 Hr 

Singlet 

9854 

PULSin 1 Hr 

Live 

7910 

PULSin 3 Hr 

Singlet 

9860 

PULSin 2 Hr 

Singlet 

7297 

PULSin 3 Hr 

Live 
7934 

PULSin 2 Hr 

Live 
5893 



79 

 

3.7.2 K12NR AF488 Flow Cytometry 

A time-course of incubation with K12NR was conducted, at one hour intervals for three 

hours. 

No appreciable numbers of cells were transduced with bHsc70 C574S AF488 via K12NR 

(Figure 35). The percentage of cells above the FTIC threshold is the same as that of the 

untransduced control as in figure 33.  

The K12NR time-course was repeated using longer time points (Figures 36 & 37). The 

controls were repeated, singlets were selected and FITC threshold set and applied to all 

samples (Figure 36) as per the previous experiment. PLL plating was used due to the 

numerous wash steps taken. As it was unknown if this affects cell size or shape, the 

control of cells not plated on PLL was analysed by flow cytometry (Figure 36B). This 

sample appears just like the serum-free control (Figure 36C). 

 The live cells looked to be separated into two main groups (Figure 36A), unlike the 

previous experiment. This effect is discussed in 4.6.2. The PLL control cells (Figure 36B) 

and untransduced cells incubated in serum-free media for two hours (Figure 36C) also 

showed separation into two main groups. Even after five hours (Figure 37C) the time-

course showed 99% of live cells under the FITC positive threshold. There is a dead cell 

population in the lower left corner of the first display (FSC by SSC), well outside the live 

cell gate.  

  
A B 

Figure 35. K12NR Transduction at 1 and 3 Hours. These data were obtained with that in Figure 

33 so those controls apply here. Display is as per Figure 33. A – Cells transduced for one hour. B – 

Cells transduced for three hours. Next to each display is the condition, the gating and the number of 

events. 
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  A B 

C 

Figure 36. Controls of long K12NR Time-Course. A - Untransduced cells plated on 

PLL displaying the live gate, have a backgate to the right displaying the singlet gate. 

This is above the histogram of the threshold, which also lists the sample, gate, number of 

cells, and some statistics of the histogram shape as in figure 34. Below is the live gated 

cell display with threshold. B – The control of cells not plated on PLL. C – Serum-free 

control plated on PLL. B & C displays as per A and figure 35. Sample, gate and cell 

number is displayed as per figure 34 for all panels. 
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A B 

C 

Figure 37. K12NR Transduction at 3 to 5 Hours. A-C – Three, four and five hours transduction 

time-course of K12NR with bHsc70 C574S AF488. Next to each display is the condition, the gating 

and the number of events. The dead population in the upper panel is not analysed in the lower 

display as these cells are not within the live cell gate.  
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3.7.3 Fortessa Dual-fected Flow Cytometry 

Using the Fortessa flow cytometer with the required filter to detect AF594, levels of 

fluorescence from cells transduced with bHsc70 C574S and ABCA1-GFP variants were 

measured. Gating of singlets was performed during data collecting, and 10,000 live 

events was set for collection level. This means cells that are not singlets (or within this 

gate) are not recorded. Therefore, only gating of live cells was required on FlowJo 9 prior 

to setting fluorescent thresholds. The gating was evaluated using control samples, 

revealing a shift of the population likely due to transfection or transduction (Figure 38 A 

compared to B,C,D). Therefore, the gates from the control were altered before they were 

applied to the experimental samples; the gate shape was altered to include a wider 

population.  

 

3.7.3.1 ABCA1 Transfection Quantification 

HEK293T cells  were transfected with ABCA1 variants with Lipofectamine LTX for 48 

hours (Figure 38 & 40). The threshold was set on untransfected cells and applied to all 

samples transfected with ABCA1-GFP. There was variation in the amount of 

fluorescence observed (Figure 38). Transfection efficiency was greatest for wildtype 

ABCA1 (33%, figure 38B). N1800H was similar with greater than 20% efficiency 

(Figure 38D). Y1767D only showed approximately 10% of cells positive for GFP 

fluorescence (Figure 38C). The replicability suggests these results are significant, and 

display a true difference in the level of transfection efficiency or in the production of GFP 

fused protein.  

 

3.7.3.2 AF594 Labelled bHsc70 Transduction 

The transduction of labelled protein by PULSin® reagent was repeated with AF594 

labelled bHsc70 C574S. In figure 39, the singlet gate shows a different population spread. 

After one hour (Figure 39B), fewer cells were transduced with labelled protein that was 

seen with AF488 labelled protein, assessed on a Canto II flow cytometer (Figure 34B). 

The level of positive signal increased over three hours. An untransduced cell control was 

performed as standard and is displayed in figure 39A.  

 

3.7.3.3 Dual-fected Confocal 

Cells subjected to both treatments, transduction and transfection, (termed dual-fected) 

were analysed with a Fortessa flow cytometer. Dual-fected cells were transfected with 

ABCA1 and then cultured for 48 hours followed by a one hour transduction with bHsc70 

(Figure 40). 

Prior to the run, compensation was conducted as two ‘colours’ of fluorescence were being 

collected (see methods 2.2.9.8), and thresholds for GFP (B530/30) and AF594 
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(YG610/20) were set in the same manner as FITC for the previous experiments with 99% 

of non-dual-fected control set as negative for either fluorescence channel.  

In the wildtype ABCA1 variant (Figure 40A), 22.5% contained a positive GFP signal 

(second anel), and 33.2% contained AF594 (third panel). A total population of ~9% were 

positive for both (Figure 40A, fourth panel). 

Cells transfected with mutants of ABCA1 showed approximately the same level of 

positive signal for AF594 transduction; 33.2% wildtype, 33.3% Y1767D and 29.7% 

N1800H (third panel in Figure 40 A, B & C respectively). The same result was seen as 

for the ABCA1 transfection (Figure 38), with Y1767D giving the lowest positive signal 

population (11.1%) and N1800H levels lower than wildtype (22.5%), but greater than the 

other mutant (22.5%). Approximately 4% of the population of each mutant was dual-

fected while 9% was dual-fected with wildtype ABCA1 (Figure 40). 
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  A B 

C 

Figure 38. ABCA1 Flow Cytometry. A - The untransfected control displays the live gated cells (FSC 

by SSC), with backgating showing selection of the live gate (FSC-A by FCS-H). Singlet gating was 

performed during data collection. Below is the display of threshold setting (GFP fluorescence 

histogram). B-D – ABCA1 variants with the upper displays as per A, and the lower panel shows the 

amount of positive fluorescence above the threshold (FSC by GFP fluorescence). B – Wildtype ABCA1. 

C – Y1767D ABCA1. D – N1800H ABCA1.  
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A B 

C 

Figure. 39. Transduction Time Course Assessed by Fortessa. A – Control 

untransduced and untransfected cells. The upper display is live and singlet (right) gating. 

The lower display shows threshold setting AF594. B-C – Repeat of PULSin® 

transduction time-course instead with AF594 labelled bHsc70 C574S on the Fortessa at 1, 

2, and 3 hours. Panel 1 shows live cells with backgate (right) displaying gating selection. 

The lower panel shows the threshold and level of positive AF594 fluorescence. Next to 

each display is the condition, the gating and the number of events. The threshold displays 

also show the percentage of positives. Display axes as in figure 38. 
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A 
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C 

Figure 40. Dual-fection Flow Cytometry 

A – ABCA1 wildtype GFP and bHsc70 C574S AF594 dual-fected 

cells. B – ABCA1 Y1767D with C574S. C – ABCA1 N1800H with 

C574S. The first display is the live gate with the singlet gate on the 

right. The second display shows GFP fluorescence (ABCA1) while the 

third shows AF594 fluorescence (C574S) on the Y-axis. The final, 

lower-most display shows both fluorescence channels. Next to each 

display is the condition, the gating and the number of events. The 

percentage positive is also shown in threshold display and double 

positives in the fourth display.  
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3.8 Confocal Microscopy of Transduced Cells 

Confocal microscopy was used to compare intracellular locations of ABCA1, bHsc70 

C574S and the endosome marker Rab7. 

 

3.8.1 Dual-fection 

Cells were dual-fected with bHsc70 C574S AF594 and a ABCA1 variant, wildtype, 

Y1767D or N1800H. Wildtype ABCA1 (green) was observed distributed smoothly 

throughout the cell cytoplasm and defined at the cell edges (Figure 41). Circled, in figure 

41, are examples of cells that display co-localisation. The red from bHsc70 C574S 

AF594, overlaid with the green GFP from ABCA1 produce orange, or yellow if strong.  

The first image of Y1767D ABCA1 dual-fected shows bright AF594 signal. However, 

most of this is from cells that have undergone apoptosis. There are some faint green live 

cells in the view as well. The second image does show some co-localisation. The Y1767D 

ABCA1-GFP signal is strong intracellularly, and has less emphasis at the cell border and 

extensions compared with wildtype ABCA1. The final ABCA1 variant, N1800H, showed 

some strong co-localisation (circled in figure 41). The GFP signal gave better cell 

definition than Y1767D but less signal in extensions compared to wildtype.  
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Figure 41. Dual-fection of AF594 bHsc70 C574S and ABCA1-GFP Variants. Displayed are two 

representative confocal images of each of three ABCA1 variants (GFP, green) dual-fected with bHsc70 

C574S (AF594, red). Circled are cells of particular interest, as they highlight co-localisation (yellow) of the 

two proteins. These were taken under 20× (left) and 40× (right) magnification.  

 

  

ABCA1 Wildtype 

ABCA1 Y1767D 

ABCA1 N1800H 
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3.8.2 Staining and Z-stacks 

To help identify cellular locations, an antibody against Rab7, a marker of early-late 

endosomal maturation, was employed. Shown in figure 42A is an image of cells 

transfected with wildtype ABCA1 (GFP, green), and stained with Rab7 using a AF635 

secondary (cyan). Rab7 gives good definition of cellular boundaries. However, very little 

ABCA1 co-localises with this organellar marker. The image in figure 42B is of the same 

view but was collected via Z-stacking (section 2.2.9.12). Panel C shows the individual 

channels.  

Z-stacking employs imaging of multiple separate focal depths, creating images which can 

be viewed separately or compressed into one image. This increases the information 

present and improves the signal to noise ratio. This technique gives an 3D look to the 

cells as it is not composed of solely one layer or cell depth. Stacking of multiple layers 

allows a ‘whole cell’ view of fluorescence. As Z-stacking gives more details and clearer 

images, all subsequent figures are confocal Z-stacks.  

 

 

  

Figure 42. Standard Image versus Z-stack. A – An image of wildtype ABCA1 

GFP (green) transfected cells stained with 1/500 Rab7 endosome antibody and 

secondary anti-mouse AF635 (cyan). B – Z-stack of the same image in A. C – 

Individual channels of the Z-stack. 

A B 

C 
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3.8.3 Cellular Location Probed by Triple Colour Fluorescence 

Intracellular location of ABCA1-GFP and AF594 bHsc70 was assessed by confocal 

fluorescence microscopy. An anti-Rab7 antibody was used to label endosomes in these 

samples. Three ABCA1 variants were used: wildtype (Figure 43 and Appendix 5), 

Y1767D (Figure 44 and Appendix 6) and N1800H (Figure 45 and Appendix 7).  

In figure 43, the wildtype ABCA1-GFP fusion (green) has been dual-fected with bHsc70 

C574S (AF594, red) and stained with a Rab7 antibody (AF635 secondary, cyan). The 

wildtype ABCA1 is detected throughout the cytoplasm but is concentrated on the cell 

surface where the mature protein, an active transporter, is located (lower left panel, single 

channel). The Y1767D variant is diffuse throughout the cytoplasm. These cells appear 

healthy (not rounded or undergoing apoptosis) and contain ABCA1 that has failed to 

migrate into the cell membrane. The N1800H variant displays more cytoplasmic 

dispersion of GFP than that of wildtype and gives less definition of the cell boundary.  

Transduced bHsc70 appears as both concentrated fluorescence (speckles) and diffuse 

signal within the cytoplasm for all samples. The diffuse AF594 likely shows active 

protein throughout the cytoplasm. As shown by the purple arrow on the rotation in figure 

43, some of the strong AF594 red fluorescent speckles are on the cell surface, so does not 

represent successful transduction. 

The Rab7 antibody stained cells in the same manner irrespective of which ABCA1 

variant has been transfected, appearing as spots throughout the cytoplasm but focused 

near the cell membrane. This pattern does match that seen by others for endosome 

distribution (Yamano et. al, 2014; Bechtel et. al, 2013). Transfected ABCA1 variants do 

not appear to co-localise with the majority of Rab7 (Figures 43-45, upper right, two 

colour images, and the left and right single channel views). Nor is co-localisation 

detectable for Rab7 and bHsc70. Very little protein co-localises (Figure 43-45, upper 

right images) and regions that may appear to be shared in single colour view, do not result 

in a high level of colour overlay in the dual colour images. However, there is little 

evidence shown here for bHsc70 association with endosomes. Some low level of Rab7 

may co-localise with ABCA1 variants or may be an artefact of their cellular distribution.  

In contrast, much of the internalised bHsc70 co-localises with wildtype ABCA1. Some of 

the speckled AF594 co-localise with GFP from wildtype ABCA1, but so does much of 

the diffuse bHsc70 signal. With the Y1767D variant, the AF594 speckles co-localise with 

GFP; these speckles may identify misfolded, aggregated ABCA1 interacting with 

bHsc70. Less of the diffuse bHsc70 co-localises with ABCA1 Y1767D. Figure 44, top 

left shows no association of Rab7-endosomes with ABCA1. However, the N1800H 

variant (Figure 45) displays an increase in bHsc70:ABCA1 association as compared with 

wildtype (Figure 43). As indicated by the arrow and the circled cell in multiple panels of 

figure 46, most of the bHsc70 AF594 is located in the same pattern and dispersal as 

ABCA1-GFP; The amount of red increases where levels of green are higher than its 

surroundings. Many concentrated areas of bHsc70 correlate with areas of high levels of 

ABCA1.  
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Figure 43. Wildtype ABCA1 dual-fected with AF594 bHsc70 and labelled with Rab7 antibody. From 

upper left panel, dual colour images followed by a three colour overlay. Below are the images of each 

channel separately. Far right is a 90° rotation of the three colour overlay. Wildtype ABCA1 GFP – green, 

bHsc70 C574S AF594 – red, Rab7 AF635 – cyan. The purple arrow points to AF594 outside a cell and the 

circle in various panels display a cell with co-localisation of diffuse bHsc70 and ABCA1.  

 

ABCA1 & Rab7 bHsc70 & Rab7 

ABCA1 & bHsc70 ABCA1 & bHsc70 & Rab7 90° rotation right 

ABCA1 bHsc70 Rab7 



92 

 

 

Figure 44. Y1767D ABCA1 dual-fected with AF594 bHsc70 and labelled with Rab7 antibody. Dual-

fected cells were labelled with Rab7. Dual colour images followed by a three colour overlay. Below are 

images of each channel separately. Colours as for figure 43. The box contains cell debris. 

 

ABCA1 & Rab7 bHsc70 & Rab7 

ABCA1 & bHsc70 ABCA1 & bHsc70 & Rab7 

ABCA1 bHsc70 Rab7 
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Figure 45. N1800H ABCA1 dual-fected with AF594 bHsc70 and labelled with Rab7 antibody. Dual colour 

images are followed by three channel overlay. Below are images of each channel separately. Colours as for 

figure 43. Circled is one cell displaying bHsc70:ABCA1 co-localisation. The arrow indicates cells that display 

no Rab7 co-localisation, but bHsc70:ABCA1 co-localisation. 

ABCA1 & Rab7 bHsc70 & Rab7 

ABCA1 & bHsc70 ABCA1 & bHsc70 & Rab7 

ABCA1 bHsc70 Rab7 
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Chapter 4. Discussion 

4.1 Expression Trials 
 

Recombinant expression of bHsc70 was high, accounting for a large fraction of cellular 

protein in the system used, and allowing subsequent purification of a large amount of 

select protein. The increase in the intensity of the 70 kDa bHsc70 band over the course of 

the expression trial was due to accumulation of protein over time.  

The wildtype and C574S chaperone expressed in BL21(DE3) show similar levels, 

indicating that expression is not limited by the mutation (Figure 10). The difference 

between the six hour and overnight samples was not directly proportional to the time, 

indicating that expression had peaked and degradation of expressed protein had begun 

between these times. The band at approximately 70 kDa in the initial sample, at the point 

of induction, is most likely intrinsic DnaK from the E. coli. Some may also be from leaky 

plasmid expression. As the purification protocol for DnaK was the same as that used for 

bHsc70, DnaK would be co-purified from BL21(DE3) expression.  

The C574S bHsc70 band expressed from BB1553(DE3) shows an approximately two-

fold increase in the 70 kDa band compared to that expressed from BL21(DE3). As 

BB1553(DE3) is a DnaK knockout strain, endogenous DnaK will not contribute to the 

band at 70 kDa. Therefore, the two-fold increase in the band seen in the BB1553(DE3) 

expression trial (Figure 11) is likely an underestimate of bHsc70 C574S levels as DnaK 

will be contributing to the BL21(DE3) expressed sample.  

The increase in expression over time, and the accumulation that occurs for both bacterial 

strains used, indicates that bHsc70 expression is non-toxic and not harmful to E. coli 

irrespective of the mutation in the chaperone. Increased level of  chaperone in 

BB1553(DE3) cells lacking bacterial DnaK may reflect a protective role for introduced 

bHsc70. 

 

4.2 Purification 

4.2.1 DEAE Anion Exchange Chromatography  

Cell lysate contains all cellular proteins, DNA and membranes. Straight lysate can 

compromise the performance of columns, with all E. coli cytoplasmic proteins being 

loaded. Clarified lysate has had membranes and large non-disrupted organelles removed. 

DEAE is used as an initial cleanse, to remove many proteins that are not of interest prior 

to the highly selective ATP-agarose chromatography.  
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The DEAE flow through from the BL21(DE3) C574S sample (Figure 13) showed a band 

of appropriate molecular weight of bHsc70. This implies that there were either more 

proteins than binding sites on the anion exchange column or some of the preparation was 

not competent to bind, perhaps through aggregation. Proteins more tightly bound than 

bHsc70 will still be present on the column during the loading and low salt wash. Running 

a salt gradient allows further separation based on ionic strength, as seen by multiple peaks 

in the A280 chromatogram trace (Figure 12). This separates bHsc70 from the different 

strength binding species. Fractions 23-25 showed a much cleaner gel lane, with a 70 kDa 

chaperone band and fewer other sized bands, giving visible display to the increase in 

purity. 

With BB1553(DE3) expressed bHsc70 C574S, an excess of chaperone was also seen, 

resulting in a binding preference of bHsc70 over proteins that are of weaker anionic 

strength, reducing the interaction of unwanted proteins (Figure 19). The main band 

stained in fraction 23 was approximately 50 kDa and not the protein-of-interest (Figure 

20), thus fraction 22 was deemed the upper limit for pooling. Fraction 19 had the highest 

visual chaperone level. The chromatogram A280 trace (Figure 19) showed that this peak 

maximum is at fraction 19, and drops off at fraction 17. This provided the lower limit of 

selection. These samples separated by SDS-PAGE showed a greater amount of bHsc70 

C574S (Figure 20) than the samples loaded from BL21(DE3) expression (Figure 13). 

 

4.2.2 ATP-agarose Chromatography 

The first broad peak on this column’s trace contained all components that cannot interact 

with the ATP-agarose matrix (Figure 14 & 21). The change to high salt buffer resulted in 

release of ionic interactions with the matrix, giving a narrow, tall peak. Given the 

aromatic structure of ATP, the adenine ring produced a large A280 reading with a 

maximum at 260 nm (Hegyi et. al, 2014). As excess ATP was used for elution, it 

obscures much of the A280 trace on the chromatogram, hiding an elution peak. 

For bHsc70 expressed in BL21(DE3), elution buffer produceed an ATP A280 peak with a 

shoulder that contained bHsc70 in fractions 35-45 (Figure 15). The flow through looks to 

contain chaperone, as determined by SDS-PAGE, resulting in a loss of some protein. This 

could be due to overloading or protein unable to bind to ATP. If the reason is the latter, 

the chaperone is likely misfolded in a manner that has disrupted the ATP binding site. 

Overloading the column results in bHsc70 binding in place of weaker binding proteins 

thereby increasing purity via reduction of non-specific or ionic interaction of proteins, 

reducing the amount of contaminants co-eluted with bHsc70.  

Loading on the ATP-agarose column of C574S expressed in BB1553(DE3) also resulted 

in excess chaperone, which is seen on SDS-PAGE (Figure 22). Some contaminants out-

competed with the bHsc70 that is in the flow through, and therefore are proteins that are 

stronger ATP binders than the chaperone or have strongly interacted ionically. However, 

the high salt wash should have removed these proteins prior to bHsc70 elution. The gel 
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overloading (Figure 22) indicates a much larger yield than that from BL21(DE3) as the 

same percentage of the fractions are loaded for all purifications. 

The ATP-agarose affinity column results in fractions with very low levels of 

contaminants; the main band is the 70 kDa chaperone, and below are a few bands of 

similar mobility likely to be truncations of this bHsc70 band due to column specificity, 

and one or two bands of smaller molecular weight. 

 

4.2.3 Size Exclusion Chromatography 

Size exclusion provided a subsequent increase in purity. Gel filtration chromatography 

resulted in three peaks in the A280 trace (Figure 16 & 23) thought to be bHsc70 oligomer, 

bHsc70 monomer, and a tall peak of salt and ATP. Oligomer was expected to be 

permanently inactive as the sample had ATP added prior to running this column which 

should disaggregate dimers and any large oligomers that can be disaggregated. Dimer was 

expected to be active as it may have hydrolysed ATP and dimerised prior to nucleotide 

exchange.  

For BL21(DE3) expressed bHsc70 C574S the very slight shoulder at fraction 20 is likely 

dimer while the pooled fractions are monomeric (Figure 16). Fraction 43 from the salt 

peak shows no detectable protein on SDS-PAGE which is unsurprising as Coomassie 

stains proteins. The first peak (fractions 11-13) showed very little with Coomassie 

staining. This argues against the peak containing oligomer. The three fractions (21-23) 

corresponding to the bHsc70 show strong bands on the gel (Figure 17).  

For the BB1553(DE3) sample (Figure 24), the main band in fraction 51 is composed of 

two bands that have very similar gel mobility. Lanes containing fractions 53 and 55 show 

this more clearly. The later fractions have a second prominent band of around 45 kDa that 

is unlikely to be full-length bHsc70, but could be the NBD domain. Fractions prior to 31 

also contain bHsc70, but it was decided, with such a successful purification compared to 

that from BL21(DE3), that volume needed to be considered. These fractions, prior to 

fraction 31, did not contain enough protein for the volume to warrant pooling. The 

amounts of truncation or contaminants in the fractions above 51 were deemed too large 

for selection. Fractions 31-51 were pooled and concentrated as the final step in 

purification, which is a much larger number of fractions, and therefore volume pooled 

than that in the BL21(DE3) purification.  

 

4.2.4 Purity 

Purification using BL21(DE3) resulted in co-purification of bHsc70 C574S with DnaK as 

the E. coli chaperone will be expressed from the bacterial chromosome. From two litres 

of culture 200 μL of concentrated bHsc70 C574S was purified at 0.8 mg/mL. Purification 

of wildtype bHsc70 (chromatograms and gels in appendix 2) gave 500 μL at 3.0 mg/mL 

with one litre of culture. This difference was not seen in the expression trials, and is likely 
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due to different levels of column adherence and soluble cytoplasmic levels in the growth 

culture. These purified samples were used in the activity experiments and not in 

mammalian cell culture work. 

As BB1553(DE3) is a DnaK knockout, purification of bHsc70 is more refined. It also 

gave a significantly larger amount of purified protein. From two litres of growth culture, a 

final volume of 1.5 mL was concentrated to 25 mg/mL. This is most likely due to the lack 

of endogenous DnaK. Chaperones are essential housekeepers and this E. coli variant 

shows growth defects compared with BL21(DE3) cells. Expression of the plasmid 

containing bHsc70 C574S may help the cells restore some of this housekeeping function 

and thus a large expression level would not only be acceptable and tolerated but preferred 

by the culture. As there would be no DnaK contamination, samples purified from 

BB1553(DE3) were used for microscopy work.  

 

 

4.3 Labelling 

Wildtype bHsc70 has four cysteines, two of which are surface exposed. One is at position 

603, the other at 574. The mutant, C574S, has only a single exposed thiol, on C603 as 

position 574 has been changed to a serine. Labelling this mutant chaperone ensures a 

maximum of only one labelled cysteine per protein at a known location.  

Bovine Hsc70 (71 kDa) plus the dyes (908.77 Da for AF488 or 720.66 Da for AF594) 

gives a molecular weight of 72 kDa. Standards run through the 75S size exclusion column 

(Appendix 4) indicate that the 72 kDa protein should elute at approximately 57 mL. As 

the gel filtration column is run at one mL.min-1, this is the same as 57 minutes. Therefore, 

this is in agreement with the standards and the equation generated from these data as the 

labelled protein peak centre is roughly at 57 min. The unreacted free dye dual peaks elute 

at 100-120 minutes. The twin peaks may be representative of free dye eluting later and 

dye-oligomer eluting slightly earlier. However, this is outside the accuracy of the data 

produced from the standards as this range falls over that of the salts that elute last, 

meaning that size is unable to be calculated with accuracy.  

The dye per protein ratios calculated based on the labelled protein concentration, the 

absorbance at the dye specific wavelength and the dye extinction coefficient (Equation 3), 

gave 0.18 for AF488 and 0.33 for AF594. These numbers indicate that most of the protein 

remains unlabelled. The low labelling efficiency does not provide a problem for 

transduction experiments as it still allows some protein to be followed via the 

fluorescence. In experiments such as those determining activity it would be difficult to 

distinguish what activity comes from the unlabelled bHsc70 and how much, if any, comes 

from the labelled portion. This low level of labelling is not what the gel filtration A280 

trace was thought to show (Figure 26 & 27). The dual protein peaks displayed may be the 

slightly larger labelled chaperone peak followed by unlabelled bHsc70. However, given 
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the elution capacity displayed in the standard run (Appendix 4), it is doubtful that this 

column could separate labelled and unlabelled protein. It could be caused by AF dyes 

interacting with the column resin, causing retention unrelated to size. However, the two 

peaks are most likely bHsc70 monomer and bHsc70 dimer or oligomer, irrespective of 

dye presence or absence. The second of these peaks elutes at 57 min as expected of a 72 

kDa protein and likely also contains the 71 kDa unlabelled protein. The first peak runs at 

50 mL, the elution time for all proteins that cannot be resolved such as 600 kDa 

thyroglobin. It is possible that 50 mL is accurate for the species producing this peak, but 

this seems unlikely. Aggregated AF bHsc70 seems likely. It is therefore believed that 

labelled bHsc70 is not able to be resolved from unlabelled bHsc70 with this size 

exclusion column, and that only low levels of labelling occurred.  

AF dyes consist of a large heterocycle that, like ATP, gives an A280 response. This then 

boosts the peak height, resulting in a peak height not proportionate to the amount of 

protein. This is the reason a dye correction factor (Table 3) is required, and why A280 

determine by the Nanodrop spectrophotometer is not accurate for determining the 

concentration of labelled protein (Equation 2). This protocol and the calculations result in 

final concentrations of 0.20 and 0.14 mg/mL for AF488 and AF594 labelled bHsc70 

respectively.  

 

 

4.4 Chaperone Activity 

4.4.1 Limited Proteolysis 

Proteinase K is classified as a broad spectrum endolytic serine protease that cleaves at 

carboxylic sides of aliphatic, aromatic and hydrophobic amino acids, and has a molecular 

weight of 28.9 kDa (Ebeling et. al, 1974). If digested long enough, proteins can be 

converted to short peptides. Proteinase K has been used here as a probe of protein 

conformation.  

DnaK was used as a positive control due to its well-characterised proteolytic breakdown 

by proteinase K (Buchberger et;. al, 1994, 1995). With proteinase K digestion in the 

absence of nucleotide, the majority of DnaK (70 kDa) was cleaved into two domains, the 

NBD of 44 kDa and SBD of 26 kDa. With ATP, the chaperone structure is altered, with 

the protein becoming more compact. This results in the inability of proteinase K to access 

the interdomain linker and cleave DnaK into its two domains (Buchberger et;. al, 1994, 

1995) (Figure 28).   

Wildtype bHsc70 (71 kDa) is also cleaved into the subdomains by proteinase K digestion: 

the 44 kDa NBD and 27 kDa SBD. This SBD can be further cleaved. The 10 kDa C-

terminal tail of bHsc70 can be cleaved from the SBD α and β portions. This is seen in 

figure 28 where there are doublet bands of similar size. This occurs with and without 
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ATP, as the C-terminal tail is consistently exposed to proteinase K irrespective of 

nucleotide presence or absence. 

ATP-bound bHsc70 sequesters the previously exposed linker, and the two domains 

become docked. Without the linker being solvent exposed, during the short time interval 

for proteinase K to act, it is not liable to be cleaved (Ebeling et. al, 1974). 

Ensemble experiments look at the main population in a sample. Each molecule will 

sample many different states while still existing in an equilibrium. Some of the bHsc70 

sample with ATP and proteinase K has been cleaved within the interdomain linker. This 

will be chaperone that has not bound ATP, either due to a lack of ATP available for this, 

or due to the equilibrium of chaperone. The majority of this sample has not been cleaved, 

while a small proportion has. Protein in the absence of ATP also reveals an equilibrium 

but shifted relative to the ATP sample; most of the sample is cleaved, but a small 

proportion has not. Even with ATP bound bHsc70 may sample the ADP-bound 

conformation before the nucleotide is hydrolysed or released from the active site. 

Therefore the difference in the conformation is not rigidly dictated by available 

nucleotide.  

The C574S variant was tested to see if the mutation affected chaperone response to 

nucleotide. The banding patterns resemble those of wildtype; almost all of the protein is 

cleaved by proteinase K without ATP being present and full-length without ATP. The 

chaperone tail is cleaved, producing a band approximately 60 kDa, with ATP, and is the 

most prominent band from this protein. Faint domain bands are visible, and a strong band 

of proteinase K is also present. Therefore response to nucleotide is not markedly affected 

by the C574S mutation.  

 

4.4.2 Luciferase Assay 

Using denatured luciferase, the refolding activity of Hsp70 family chaperones and 

variants were tested. The level of luciferin cleaved by refolded luciferase is tracked by 

luminescence allowing sample comparison.  

The negative control displays the level of spontaneous luciferase refolding and the 

amount of cleavage of the substrate luciferin occurring without the action of chaperone. 

This level of activity is significantly different from that of the C574S variant at 960 nM 

(p-value 0.019 where α = 0.05) (Figure 29). This chaperone sample is significantly 

different (p-value 0.044) to the 480 nM wildtype bHsc70 sample (2-fold difference is 

amount). The 1920 nM C574S sample, however, is not significantly different from 480 

nM wildtype (p-value 0.222) implying that four times the amount of mutant chaperone is 

required for an equal level of activity to wildtype bHsc70.  

As the samples used for this assay are purified from BL21(DE3), some small amount of 

DnaK is co-purified and may be providing some of the activity seen in the bHsc70 

sample. However, this is true for both wildtype and C574S bHsc70. As more wildtype 
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bHsc70 was purified than C574S, it could be argued that more DnaK is present in the 

mutant sample. This would then result in a decrease in the level of activity of C574S 

relative to the wildtype than that seen. If it is assumed that the level of DnaK activity is 

consistent for both, then the comparison is possible.  

The rate of activity between the wildtype bHsc70 480 and 960 nM samples is not 

proportionate to chaperone amount (Figure 29). This may be due to the change in amount 

of chaperone, exceeding the capacity of the co-chaperones, nucleotide, luciferase or 

luciferin levels. The amount of luciferase is the same in both samples, and may be all 

refolded with the higher amount of bHsc70, thereby achieving maximum possible 

luminescence. It could also be due to a different limiting factor, such as the amount of co-

chaperone levels and/or activity.  

 

4.4.3 Activity 

The C574S variant showed responsiveness to nucleotide, and an ability to refold 

substrates. Although the activity in luciferase refolding is lower than the wildtype 

chaperone, it may result in an easier to follow chaperone. It was expected that bHsc70 

activity would be lower than that of DnaK in the luciferase assay. The assay employs 

DnaJ and grpE from E. coli. These are the co-chaperones that act with DnaK. It is 

expected that while these co-chaperones can act with bHsc70, they may not be as 

effective as they are not evolutionarily optimised for use with each other. Therefore, the 

lower activity of bHsc70 compared with DnaK in the luciferase assay is likely due, in 

part, to the non-optimised co-chaperone used.  

Native mammalian co-chaperones will be present in HEK293T cells, and therefore should 

better complement bHsc70 transduced into these cells. These in vitro tests of activity 

were undertaken to determine the affect the mutation has on the chaperone. Therefore, 

with the effects caused by non-optimal co-chaperone use in the luciferase assay consistent 

for both the wildtype and C574S samples, comparison of the two produce meaningful 

results. Overall, the mutation does not affect the chaperone’s ability to respond to 

nucleotide, but does reduce refolding activity without abolishing it. 
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4.5 Peptide Mediated Transduction 

Transduction methods are a crucial but challenging technology. Balance needs to be 

found weighing up the toxicity and efficiency of the protocol.  

“Poor membrane permeability of proteins is a major limitation of protein therapy” – Ryu 

et. al, (2003) 

 

4.5.1 Cationic and Tat-mediated Transduction 

By 1990 it was well-known that poly-L-lysine (PLL) could be used as a polycationic drug 

carrier due to a study in 1978. PRO-3 MtxRII 5-3 Chinese hamster ovary (CHO) cells were 

resistant to methotrexate due to a transporter deficiency (Ryser & Shen, 1978). 

Conjugation of this drug, used to treat neoplastic diseases, to 70 kDa PLL resulted in a 

reagent able to inhibit CHO growth (Ryser & Shen, 1978). The amount required was 100-

fold lower than free drug for the same inhibition. Intracellular release after uptake of 

conjugated drug was of the same magnitude as uptake of free drug by transport-proficient 

cells, and hence resistance due to transport deficiency could be overcome (Ryser & Shen, 

1978). 

By 2007 (Martin & Rice) PLL had become the most well-known condensing agent for 

DNA by non-viral methods. However, as PLL length increases, so too does cytotoxicity. 

Longer peptides have a greater positive charge and therefore are able to form more stable 

DNA-peptide complexes for transfer. Most often, an endosomolytic agent was found to 

be required for facilitation of endosome lysis (Martin & Rice, 2007) and release of cargo.  

The human immunodeficiency virus type-1 (HIV-1) protein transduction domain (PTD) 

can cross a plasma membrane either alone or fused to protein or peptides ranging from 10 

to 120 kDa and these proteins retained biological activity in mouse tissues (Schwarze et. 

al, 1999). Intraperitoneal injection of 120 kDa β-galactosidase fused to the HIV-1 PTD 

Tat sequence gives delivery of the biologically active protein in mice, including the brain 

(Schwarze et. al, 1999).  

Ryu et. al, (2003) further characterised protein transduction utilising Tat-GFP. As most 

fusions to date had been N-terminal, Tat residues 49-57 were fused to either the N- or C-

terminal or both of GFP. Transduction was characterised by Western blot, fluorescent 

microscopy and flow cytometry. Fusion proteins purified under denaturing conditions 

were more efficiently transduced that those natively purified. The Tat PTD uptake does 

not require proteoglycans however protein fusions require such for internalisation (Ryu 

et. al, 2003). 

As PLL is non-immunogenic, it may have advantages over the HIV-1 peptide for use with 

drug administration. Polylysine is easily degradable and is therefore favourable for 

delivery of drug treatments (Zauner et. al, 1998). It was thought, due to the negatively 

charged carboxylic groups of sialic acid of glycoproteins on the mammalian cell surface, 
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as well as the negative proteoglycan sulfates and glycerophosphates, polylysine may bind 

these and be subsequently taken up by absorptive endocytosis (Zauner et. al, 1998).  

Park et. al, (2002) replaced the Tat sequence by a string of basic arginines or lysines 

(section 2.2.8). The transduction efficiency was found to be dependent on the length of 

basic amino sequence. Futaki et. al, (2001) found lengths of 6-8 arginines result in 

optimal internalisation. This length-dependency also  seems to be true for cultured cells 

and living mice. Cellular internalisation occurred at both 4°C and 37°C and Park et. al, 

(2002) suggested a transduction mechanism that is energy- and receptor-independent. 

This transduction would then be independent of classical endocytosis and show non-cell-

type specificity. This also aligns these results with those of Zauner et. al, (1998), who 

suggest absorptive endocytosis. 

 

4.5.2 Alterations to the Terminal Ends of Hsc70 

Boice & Hightower (1997) discovered that additions to the N-terminus of rat Hsc70 had 

little effect on the NBD ATPase activity. It did, however, drastically affect the SBD 

substrate binding activity. Jiang et. al, (2006) also report changes at the N-terminus of 

bHsc70 affect allosteric interaction of the two domains, NBD and SBD, in a manner 

altering conformational properties. The structure of Hsc70 and DnaK showing the N-

terminus buried in the NBD-SBD interface provide a structural explanation of this result. 

In 1995, Freeman et. al, identified a conserved motif, EEVD, at the extreme C-terminus 

of cytosolic eukaryotic Hsp70s. Alteration or deletion of this sequence affects substrate 

interaction, ATPase activity and J-domain co-chaperone interaction. It is therefore 

essential for allostery of the two chaperone domains. Demand et. al, (1998) found that 

modulation of the activity of chaperones by cofactors, including co-chaperones, utilises 

both competitive and non-competitive interactions at this region. Cytosolic Hsp70s, such 

as bHsc70, possess GGMP repeats immediately preceding the EEVD motif through 

which various co-chaperones interact. 

Chaperones lacking the C-terminal repeats and motif seem to have specialised functional 

roles. These sequences may accommodate the chaperoning of a diverse set of cellular 

substrates such as those of bHsc70. Smock et. al, (2011) mutated conserved, unstructured 

C-terminal residues and found a reduction in the ability of cells to withstand heat stress. 

They suggested that the disordered tail region, upon ATP-induced release, would weakly 

bind substrate to retain it in the vicinity of the chaperone, promoting sequential cycles. 

The tail is acting as a flexible tether and may disrupt local, non-native interactions within 

the substrate. This has been termed ‘entropy transfer’ (Tompa & Csermely, 2004). Thus 

fusions to either the N- or C-terminus of bHsc70 were avoided, in case of significant 

changes in activity. This consideration influenced both the choice to fluorescently label 

cysteine side chains over a genetic label and to achieve transduction without creating 

fusion proteins.  
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4.5.3 Design of an Alternate Strategy 

The well characterised peptide substrate, NRLLLTG, is known to bind in the substrate 

binding site of DnaK and bHsc70 (Zhu et. al, 1996; Gragerov et. al, 1994). Therefore, 

this peptide was redesigned with the intention that the NRLLLTG portion would be 

bound by the chaperone and the PLL portion would result in non-toxic cellular uptake by 

mammalian cells. The final peptide sequence is KKKKKKKKKKKKNRLLLTG, and is 

termed K12NR.  
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4.6 Mammalian Cells 

HEK293 cells are an experimentally transformed cell line derived from human embryonic 

kidney (Celeromics). Due to the transformation it makes a poor human kidney model, 

however, it is a good cell line for examination of transfection and trafficking. The 293T 

variant line contains a SV40 large T-antigen that allows for replication of transfected 

plasmids that contain a SV40 origin of replication. HEK293T cells are 13 μm, and are 

classified as semi-adherent. With a doubling time of 48 hours, this is a tractable cell line 

to experimentally test bHsc70 transduction, and dual-fection of the chaperone with 

ABCA1 variants.  

 

4.6.1 Transduction 

R-PE is auto-fluorescent, but does not provide functional importance to a cell once taken 

up. Fluorescence from alexa fluor labelled bHsc70 is more visible in these experiments 

than that of R-PE (Figure 30). It seems that bHsc70 is more ‘easily’ transduced than the 

positive control. R-PE, while only 17 kDa in monomeric form, usually resides as a 

hexameric disk of 12 subunits. This gives a molecular weight of 204 kDa which is 

significantly larger than the 70 kDa bHsc70 protein-of-interest. Neither protein is 

particularly acidic or basic so it is likely that this size difference favours bHsc70 uptake 

over that of R-PE.  

Cells at three and seven hours with no transduction protein or reagent look similar even 

though the background colour is different (Figure 30). With reagent, the number of cells 

that have become rounded, an early sign of apoptosis, are greater than cells without 

reagent in the media mix. Like most transfection reagents, PULSin® also displays some 

cellular toxicity. Some decrease in cell health may be caused by time spent out of the 

incubator for imaging. 

There is an easily seen increase in bHsc70 C574S fluorescence at three hours post 

transduction compared to the one hour time point. After three hours, by eye, the 

fluorescence is consistent up until 21 hours where it dropped (Figure 30). This drop is 

likely due to protein half-life. The protein and/or AF will be degraded as all proteins are 

after a length of time. It is due to these results that cells were imaged or fixed three hours 

after transduction.  
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4.6.2 K12NR Transduction 

The K12NR peptide was designed to promote bHsc70 uptake into mammalian cells.  

 

4.6.2.1 K12NR Transduction Microscopy 

The concentrated spots of fluorescence do not appear to represent cellular uptake (Figure 

31, lower panel). These fluorescence spots are much stronger than those of the positive 

control (middle panel), and very dispersed across the view. Some do not appear where 

cells are, and many are adjacent to cells, perhaps attached to the outer surface.  

 

4.6.2.2 K12NR Transduction Analysed by Flow Cytometry 

K12NR shows no significant accumulation of fluorescence in cells over three hours 

(Figure 35).  

The population in the FSC by SSC panel (lower left corner Figure 36A) are dead cells (or 

dying) as they are smaller than the main population and have a low SSC or granularity, 

supporting the interpretation that it is cellular debris like that seen under the microscope 

(Figure 30B) or during time-lapse microscopy (Figure 32). 

The two groups discernible in the repeated, longer K12NR time-course (Figure 36 & 37) 

are thought to be a property of fixation. Various protocols suggest either a 15 or 20 

minute incubation for fixing. It may be that some cells were better resuspended in the 4% 

paraformalydehyde fixing agent and therefore, more acutely fixed than others and this 

may have affected cell granularity (detected as SSC). Even five hours of incubation after 

transduction (Figure 37C) results in no cells with a positive fluorescence signal. It was 

concluded that this method was not effective. 

 

4.6.2.3 K12NR Transduction Conclusions 

It is possible the designed peptide either aggregates or causes chaperone aggregation, 

preventing transduction. As poly-cationic poly-L-lysine can adsorb to solid surfaces it is 

used to coat culture surfaces for increased cell adherence. Even though surfaces are pre-

treated with PLL, it could be that the string of lysines in the K12NR sequence also adheres 

to the culture surface, instead of transducing protein. Futaki et. al, (2001) tested arginines 

as an uptake sequence, and found this to be as good as lysine. Therefore, use of arginines 

attached to the NR peptide could be successful. The most defined site in the string of four 

positions in the substrate binding area of the bHsc70 SBD is for a leucine. It is a remote 

possibility that the string of lysines is being bound as a substrate by the chaperone. This 

would leave 8 lysine residues for transduction; however, it is not clear if the transduction 

domain end needs to be free for activity. The NR peptide end would not result in uptake 

of bHsc70 into the HEK293T cells.  The most appealing hypothesis is that the peptide 

sequence is not binding to the bHsc70 or cycling in and out of the active site.  
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Two routes to test this would be using a labelled K12NR sequence and looking for a 

Förster resonance energy transfer (FRET) response with the labelled chaperone. This is 

where the energy used to excited a donor dye, for example that on bHsc70, can transfer to 

an acceptor (on the K12NR) when in close proximity. In this case the experiment would 

look for acceptor dye fluorescence as an indication that the peptide sequence is very close 

or bound in the substrate binding site. The second method would be to incubate labelled 

K12NR with unlabelled bHsc70 and a limited amount of ATP. When ATP is depleted 

through hydrolysis, some of the peptide would be expected to be bound within the SBD, 

and unable to escape as the SBDα lid would lock it in. This sample could then be run 

through 75S size exclusion chromatography, and fractions of appropriate elution time 

(Appendix 4) could be scanned for K12NR fluorescence. These two protocols were 

trialled and provided inconclusive data, with unpredicted spectral shifts that were difficult 

to interpret logically. A method that remains untested is utilisation of BLItz (Forte Bio) 

which provides label-free kinetic assays, and could be used to measure the affinity 

between bHsc70 and K12NR through its interferometry to measure protein:protein 

interactions at the probe surface.  

 

 

4.6.3 Time-Lapse 

To optimise the transduction protocol, time-lapse fluorescence microscopy was employed 

(Figure 32). The zero time point on the graph (Figure 32B) has more fluorescence than 

the background (right shift). The zero time point is not precisely at time zero as, once the 

reagent mix was added to the cells, the culture dish needed to be placed in the time-lapse 

microscope, with focus and locations selected for imaging. This may explain the green 

fluorescence measured at time zero. 

It is important to remember that, while the cells are in a 5% CO2 environment, the 

temperature is not controlled during this experiment. The time-lapse microscope does 

produce a bit of heat but this is probably not consistent during the recording. After two 

hours, the individual cells became harder to track and a majority of cells undergo 

apoptosis. Many views recorded displayed only dead cells by the fourth hour. Either the 

transduction in serum-free media or the conditions of video capture cause cell death by 

four hours.  

After 30 minutes (red) the level of fluorescence has increased some. This is displayed on 

the graph in figure 32, where the distribution of fluorescent intensities shift to high values 

at the 30 minute mark. At 120 minutes (purple), a further shift is seen. This shift is not 

twice the shift of that from 0 (dark blue) to 60 minutes (green), implying that more 

protein is transduced during the first hour than during the second.  

This experiment is unable to distinguish between internalised AF488-protein and that that 

is either above the cells or attached to membranes. There is also some fluorescence in the 

background, assumed to be aggregate and some from cell debris, and therefore the 
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background is not completely black. It was also difficult to quantitate these data, and 

produced a large margin for error. This led to flow cytometry experiments for accurate 

quantitative measurement of internalisation. 

 

 

4.6.4 Flow Cytometry 

Flow cytometry easily measures the level of fluorescence from individual cells but 

requires care to distinguish which cells are live. The result is a cell-to-cell comparison of 

the level of fluorescence providing easy analysis. All the flow cytometry samples were 

run in duplicates and repeated twice showing a consistency in the data collected.  

 

4.6.4.1 AF488 bHsc70 Transduction 

A time-course of transduction was assessed by flow cytometry to supplement time-lapse 

microscopy. With Canto II data, 10,000 events were collected, and gating was performed 

post-collection. This means gates on each sample will produce a different number of 

events as given in figures 33, 34 and 37. Singlets are all cells of a FSC-A size under an 

upper limit. Gating only the singlets allows meaningful interpretation and comparison of 

the fluorescence signal as data are from single cells.  

All controls display the same level of false positive, displayed as cells above the threshold 

to be considered transduced with fluorescent protein. One hour after addition of the 

transduction mix results in 93.87% of cells to cross the fluorescence threshold (Figure 

34B). Two hours showed a reduction to 84.5% (Figure 34C). This may be due to an error 

in the transduction protocol resulting in a lower efficiency of transduction or could reflect 

a meaningful drop. After three hours, 95.6% are positive for AF488 (Figure 34D). Based 

on time-lapse microscopy data, more protein is transduced within the first hour than 

during the second (Figure 32). Perhaps the cells in the two hour flow cytometry sample 

were not fixed properly, and started apoptosis. 7297 cells are gated as singlets and 5893 

as live (Figure 34C). The numbers of cells in this sample are lower than that in the one 

and three hour samples (Figure 34 B & D). In any case, the majority of fluorescence is 

taken up within the first hour, consistent with the data from time-lapse microscopy. This, 

and the increase in cell death seen during time-lapse microscopy while in serum-free 

media, was the reasoning for the selection of one hour for the length of subsequent 

transductions.  

 

4.6.4.2 AF594 Labelled bHsc70 Compared with AF488 Labelled 

With AF594 labelled C574S bHsc70, only 35.4% of cells pass the positive threshold 

(Figure 39B) after one hour. This increases to 70% after three hours (Figure 39D).  
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From flow cytometry, we can determine that approximately 94 % of cells are bHsc70 

C574S AF488 positive after one hour (Figure 34B), while only 35 % are positive for 

AF594 with the same incubation time (Figure 39B). The repeatedly lower levels of 

positive bHsc70 measured for AF594 compared with AF488 labelled bHsc70 may be due 

to the dye properties. The level of fluorescence seen in labelled samples after a freeze-

thaw cycle and transduction is different for the two dyes. It may also be due to a 

difference in the degree of photobleaching undergone during the transduction protocol 

through different handling or sensitivity to light. 

As the population of untransduced cells under the threshold is quite broad, it is possible 

that, if the entire population were to gain some fluorescence through the transduction 

protocol and shift up, some of these cells may still remain under the threshold. It may be 

that the AF594 signal causes a smaller shift in the cell population that does not push as 

much of the population over the threshold compared with the AF488 signal. 

 

 In retrospect, one hour of transduction, selected from the previous flow cytometry data 

(section 4.6.4.1), may have been too short. An increase in time may have been beneficial; 

however, at the time it was decided, one hour reduced the incubation in serum-free media. 

Incubation in serum-free media resulted in a slight increase in cell death by eye (Figure 

30B) compared with full media. 

 

4.6.4.3 Cells Transfected with ABCA1 

Either less ABCA1 Y1767D plasmid is transfected than the other variants (10% positive, 

Figure 38C), or less is translated into protein. A third option is that much of the mutated 

protein and/or RNA is degraded within the cell not long after transcription. There is a 

chance, that by the time of fixation, much of the ABCA1 Y1767D protein in the ER has 

undergone degradation initiated by the CHIP protein or similar, as happens for CFTR 

ΔF508 (Rubenstein & Zeitlin, 2000). Mammalian Hsc70 does not reside in the ER. CFTR 

is also processed through the ER, with a cytosolic portion with which Hsc70 interacts, so 

a similar mechanism for ABCA1 seems reasonable. This may reduce the amount of 

interaction with chaperones seen than with N1800H, where there appears to be higher 

protein levels. 

 

4.6.4.4 Dual-fection Flow Cytometry 

The dual-fected cells show individual levels of transduction and transfection the same as 

the cells that have undergone only one protocol (Figure 40). Therefore, the two methods 

do not seem to impair or disrupt the other. We would expect only to see a difference in 

bHsc70 levels if any, as it is done subsequent to transfection of an ABCA1 variant. 

Therefore the transfection protocol is unable to be affected by transduction. There is still 

the ability of transfected plasmid to be affected by a transduced protein if such a 
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interacting pair were utilised. Flow cytometry also quantified 4% of cells contain both 

bHsc70 and a mutant ABCA1 (Figure 40 B & C), and 9% contain the wildtype ABCA1 

and bHsc70 (Figure 40A).  

This informs the interpretation of confocal microscopy results, as it gives the expected 

fluorescent populations viewed. While mathematically low, these percentages are enough 

to find individual dual-fected cells under the microscope.  

 

 

4.6.5 Confocal Microscopy for Identification of Potential Partner 

Interactions 

Confocal microscopy is selective, with only those areas displaying dual-fection shown 

whereas flow cytometry is a non-selective protocol which looks at the entire population 

of cells. There were fewer areas displaying dual-fection in the ABCA1 mutant samples 

than the wildtype, consistent with the difference in dual-fection percentages from flow 

cytometry. 

 

4.6.5.1 Two Distributions of Transduced bHsc70 

A lot of AF594 from bHsc70 is seen outside cells expressing ABCA1-GFP, and is in 

concentrated areas or speckles in most cells. This could be cells that have taken up 

bHsc70 and then undergone apoptosis, or it could be that bHsc70 interacts or become 

bound to the debris of cells that have undergone apoptosis. In addition to the speckles, 

there is also the presence of diffuse AF594 signal within the cytosol that is possibly active 

cytoplasmic chaperone.  

Using non-denaturing gradient analysis, Angelidis et. al, (1999) showed that self-

aggregation of Hsp70 and Hsc70 depends on temperature, with monomers, dimers and 

oligomers up to 300 kDa. Hsp70 aggregate after increasing the temperature above 37°C. 

Contrastingly, Hsc70 is aggregated at 37°C (Angelidis et. al, 1999). Upon ATP addition, 

these proteins disaggregate, while ATP depletion increases the aggregation levels. 

Angelidis et. al, (1999) added denatured luciferase to the mix of an equilibrium of 

monomer-oligomer. Co-precipitation of the luciferase occurred only with monomeric 

chaperone (Angelidis et. al, 1999). This auto-aggregation is mediated by the substrate 

binding site that competes with substrates for this location as deletion of the SBD results 

in a protein unable to form aggregates. Angelidis et. al, (1999) suggest that the 

chaperones are converted from an auto-aggregated form to be able to chaperone the 

traditional substrate and this auto-aggregated state of inactive chaperones may be a 

stockpile that can be activated by substrate when needed, without sequestering proteins 

unnecessarily (Angelidis et. al, 1999). This may explain the bHsc70 speckles seen with 

confocal microscopy. Extracellularly, there is little ATP to activate bHsc70 and thus the 
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extracellular protein, seen as speckles, could be auto-aggregated chaperone. Some of the 

intracellular speckles may also be caused from this stockpiling function.  

A subset of wildtype ABCA1, expressed in HEK293T cells, co-localises with bHsc70 

C574S (Figure 41). However, the majority of the diffuse signal in this initial dual-fected 

sample does not. This may be due to the larger amount of intracellular labelled ABCA1. 

As labelled bHsc70 is transduced, not expressed in these cells such as the ABCA1 

variants, the number of individual proteins are expected to be lower. This difference is not 

obvious to the eye. 

With the Y1767D variant, the red AF594 speckles are brighter than in the wildtype 

sample (Figure 41). The majority of this bHsc70 is in cell debris. The increase in cell 

death with the Y1767D mutant was seen with every transduction. There are a small 

amount of live cells showing dual-fected co-localisation. If some of the speckles represent 

bHsc70 interacting with fragments of apoptotic cells, then the increase of speckles may be 

attributed to the increase of apoptosis.  

With the N1800H variant, less cell debris is seen (Figure 41), and strong areas of co-

localisation (yellow) are seen. It was predicted that bHsc70 would interact with the 

ABCA1 mutants that display an inability to reach the membrane, presumably due to 

misfolding (Sorrenson et. al, 2013). The greater co-localisation seen with this mutant over 

wildtype may reflect the preference of bHsc70 for misfolded intermediates. Given the 

expected lower level of labelled bHsc70 than ABCA1-GFP, and that endogenous Hsc70 

is thought to be approximately 1% of the cellular proteins, it was not expected that much 

rescue to the membrane would be seen as the increase in amount of total bHsc70 is 

minimal. 

 

4.6.5.2 Endosomal Location 

Samples dual-fected and then labelled with Rab7 antibody were used to determine 

localisation to endosomes and to see if presence of all three displays different interactions 

than just dual-fection of proteins. Rab7 is a 23 kDa protein that is a key regulator for 

endosomal trafficking (Abcam). It is essential for early-late maturation, migration of 

endosomes along microtubules and for fusion of endosomes with other organelles such as 

lysosomes (Abcam). It was described that this is the organelle the protein transduction 

method utilises (Weill et. al, 2008) by the group who first developed the PULSin® 

reagent, and we therefore expected some Rab7 stained regions where bHsc70 is located. 

It was also thought that ABCA1 would utilise endosomes for transport of mature protein 

to the plasma membrane where it is required for activity.  

The Rab7 endosome marker gives a good outline of the cell (Figure 42A), not entirely 

unexpected as endosomes are the result of extracellular uptake from the plasma 

membrane and delivery of these to various cellular locations. The focus for Figure 42A 

was chosen by selection of the highest level of visible fluorescence. The Z-stacked image 
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(Figure 42B) adds information to this as it takes more detail from either side of this focal 

point.  

Wildtype ABCA1 is located in some of the same places as Rab7 (Figure 43). This may 

just reflect abundance and membrane positioning of both or may reflect co-localisation. 

Wildtype ABCA1 is mostly membrane located as the GFP consistently defines the cell 

shape, and does not fill the central cell space as seen with the mutants. Those within the 

cytoplasmic space, presumed within the ER, are thought to be undergoing maturation and 

transport to the membrane.  

The PULSin® reagent (Weill et. al, 2008) is described to utilise sulphate proteoglycans 

on the cell surface to initiate internalisation by endocytosis. However, a lack of co-

localisation of endosomes and bHsc70 is seen (Figures 43-45), perhaps due to a brief 

interaction of these occurring only during transduction, and the timing of the viewed 

samples after this has occurred. The concentrated bHsc70 speckles may be located in an 

organelle other than endosomes, potentially trapped after transduction as the mechanism 

of uptake could influence where the protein would end up within the cell. It may be that 

the chaperone has escaped the endosomes after transduction, as most of the transduction 

has been seen to take place within one hour, and this endosomal location was not captured 

during fixation of any confocal sample. In the 90° rotation of figure 43, bHsc70 AF594 is 

seen outside one cell (purple arrow). The sample may have been fixed during the 

transduction process, but this is considered unlikely due to the rate of transduction 

observed previously. It may also have adhered to the cell without transduction taking 

place. There is also the possibility that bHsc70 interacted with a substrate on the cell 

surface or one exposed from the cell membrane. Intracellular speckles are possibly 

controlled auto-aggregates that are seen as speckles that do not co-localise with 

endosomes. Perhaps the increased demand for chaperones by the N1800H sample results 

in escape or release of labelled bHsc70 from this auto-aggregated structure for active 

functionality to help refold and rescue N1800H ABCA1 as there is a higher level of 

diffuse AF594 fluorescence seen than with wildtype.  

 

4.6.5.3 Effect of ABCA1 Mutations 

 As bHsc70 is a cytoplasmic protein, it was expected that the corresponding fluorescence 

would be dispersed uniformly throughout this area. Much of the diffuse chaperone in 

these higher magnified samples, in cells in figure 43 (prominent in the single channel, 

bottom middle) co-localise with wildtype ABCA1. This may be a natural level of 

interaction. Some proteins require chaperones for folding, irrespective of a misfolding 

event. Hsc70 could also interact with ABCA1 as ‘excess’ is produced by the plasmid and 

the chaperone is preventing aggregation. The other likely possibility is the function of 

bHsc70 co-localised with ABCA1 is one of membrane transport. Chaperones help 

transport proteins through membranes into various structures. Here the chaperone may be 

helping place the ABCA1 transporter in the membrane for it to be functional as most co-

localisation in this sample is at the membrane. There is also the possibility of apparent co-
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localisation without direct interaction as both these proteins are known to have residency 

at the same organelles, and may co-localise without interacting. 

The Y1767D ABCA1 transfected cells (Figure 44) show an altered pattern of bHsc70 

compared to wildtype ABCA1. This is seen with every replicate and might be a direct 

effect of bHsc70 interaction with ABCA1 Y1767D or may be an indirect effect of the 

mutation on cellular protein organisation and health. The AF594 speckles co-localise with 

the transporter protein, but the diffuse chaperone does not appear to co-localise as 

strongly as that seen for the wildtype ABCA1 samples. GFP from Y1767D ABCA1 is 

located in the cytoplasmic space, and less located at the membrane than the wildtype 

protein. This is similar to the observation of Sorrenson et. al, (2013) but less marked. 

Although there are some regions of co-localisation of bHsc70 with ABCA1 Y1767D 

(Figure 44), it does not seem to be of as high a level as that seen with wildtype ABCA1 

(Figure 43), assumed to be a natural native level.  

The Y1767D variant is more affected than N1800H (Figure 45), with less protein at the 

membrane and significantly lower efflux function (Sorrenson et. al, 2013). Perhaps the 

Y1767D mutation inhibits the ABCA1 proteins ability to activate the pool of auto-

aggregated chaperone and therefore results in less rescue of the localisation of the 

transporter to the membrane for function. For instance, the Y1767D mutation may result 

in an incorrect conformation that is not recognised by bHsc70 as being incorrect. It may 

also be that the concentrated bHsc70 is in vesicles other than endosomes transporting 

ABCA1 throughout the cell for maturation. The other possibilities are the aggregation or 

denaturation of other substrates requiring a high level of chaperone for proteostasis have 

preferentially sequestered the bHsc70 or recruitment of the chaperone to concentrated 

groups of non-native proteins.  

The N1800H mutant (Figure 45) gives a very different response than that from Y1767D. 

ABCA1 GFP is more cytoplasmically located than wildtype, but also more membrane 

proximal than Y1767D. Most of the bHsc70 transduced in this sample co-localises with 

the GFP signal from N1800H and this occurs cytoplasmically (Figure 45). The strength of 

the fluorescent signals from GFP and AF594 frequently increase and decrease together. 

This interaction with mislocalised ABCA1 is promising, and what was hypothesised 

might occur as bHsc70 is a known misfolded repair machine. It does not show a 

restoration of membrane located transporter, however, the increase in bHsc70 levels 

through transduction were not expected to be large enough to have a rescue effect. 

Perhaps the increased demand for chaperones by the N1800H sample results in escape or 

release of labelled bHsc70 from an auto-aggregated structure for active functionality to 

help refold and rescue N1800H ABCA1 location.   

 

Sorrenson et. al, (2013) found the chemical chaperone PBA visibly restores membrane 

localisation for both N1800H and Y1767D mutants, and membrane cholesterol efflux 

function was comparable to that of wildtype ABCA1 for both these variants. This almost 
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absolute restoration of location is not seen with addition of molecular chaperone Hsc70, 

nor entirely expected in this study. The amount of Hsc70 was not expected to be 

significantly increased by transduction of the labelled protein to cause a change in any 

rescue effect. Furthermore, if Rubenstein and Zeitlin (2000) are correct in asserting that 

PBA down-regulates the Hsc70 protein, a restoration to the membrane location would not 

occur through an increase of any amount of bHc70. The interaction of these two proteins 

was expected due to the chaperone’s function of interacting with misfolded proteins. 

Therefore, as these two ABCA1 variants, Y1767D and N1800H, are two of the most 

heavily mislocalised proteins studied by Sorrenson (2013), we would expect a significant 

increase in co-localisation seen between bHsc70 and misfolded ABCA1 compared with 

the wildtype transporter. This seems to be true for N1800H, but not Y1767D. 

With Hsc70 constituting 1% of total cellular protein (Pelham, 1986), it may be that, with 

comparatively limited amounts of labelled protein being pushed into the cells, it is mostly 

endogenous Hsc70 interacting with the ABCA1 constructs and other potential partners. 

Labelled bHsc70 may be being utilised by some other cellular activity.  

As bHsc70 labelled with AF594 is a minor contribution to the total cellular Hsc70, it is 

likely that there is no perturbation of ABCA1 caused with the labelled bHsc70, and 

therefore any effect is not visible with these methods. It could be treated as ‘extra’ 

chaperone; the endogenous proteins may have already been ‘assigned’ tasks and hence 

the large amount of labelled bHsc70 is displayed as concentrated fluorescence speckles – 

either in some organelle, or auto-aggregated oligomers. 
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Chapter 5. Conclusions 

 

Labelling C574S bHsc70 lightly has worked, and the mutation results in a chaperone that 

is still responsive to nucleotide and appears to have retained some refolding activity. The 

transduction shows mixed success, with large speckles intra- and extracellularly - forms 

that are possibly inactive - and as diffuse cytoplasmic staining. The K12NR peptide did 

not result in transduction of labelled bHsc70. The pattern of ABCA1 GFP signal differs 

than that of Sorrenson et. al, (2013) but the overall effect of each mutation is consistent 

with their results. The pattern of co-localisation of both bHsc70 and the ABCA1 variants 

does not support endosomal location; a low level was expected as bHsc70 transduction is 

reported to be via endocytosis, and ABCA1 traffics to the plasma membrane via 

endosomes. However, the data do suggest co-localisation between ABCA1 variants and 

bHsc70. There are some regions of co-localisation of bHsc70 with ABCA1, at the 

membrane with wildtype ABCA1 (Figure 43) and intracellularly with N1800H (Figure 

45). There also seems to be more co-localisation with the N1800H mutant than wildtype. 

Labelled bHsc70 could be recruited to any number of native functions within the cell, but 

much of it co-localises with ABCA1, implying a large demand here. The Y1767D mutant 

does not seem to co-localise with bHsc70 to the same degree as the other variants. 

Perhaps this mutant does not recruit chaperone as aggressively as N1800H, perhaps 

endogenous chaperone responded, or perhaps labelled chaperone is involved with another 

task. Labelled bHsc70 has been successfully used to probe its interaction with ABCA1 

variants. 

Due to this difference in level of labelled bHsc70 co-localisation with the different 

ABCA1 variants, an antibody against the endogenous Hsc70 would be informative. It 

would be possible to compare the transduced bHsc70 pattern of speckles and diffuse 

fluorescence with that of native Hsc70. Another would be one against the ER, to 

determine if the majority of intracellular ABCA1 is located in this organelle as stated by 

Sorrenson et. al, (2013) for maturation, or if it is trapped during downstream trafficking 

to the membrane.  

One exciting and novel direction protein transduction, and therefore the ability to push 

labelled proteins into an environment that is considerably more native than that of in vitro 

work, is going to be continued in the Wilbanks lab. It is possible to chemically label 

bHsc70 with two different AFs, one on each domain. Dual AF labels allows a FRET 

signal that can be interpreted as domain movement relative to one another, and therefore 

cycling activity. This could allow tracking of the activity of the chaperone inside 

mammalian cells. The current study has established the practicality of bHsc70 as a probe 

for authentic interactions in a native environment and has shown a difference in the level 

of co-localisation with ABCA1 transporter variants.  
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Appendices 

Appendix 1 – DnaJ Purification 
 

Pellet of cells induced to express DnaJ was resuspended in Z lysis buffer and 

homogenised until a 1/50 dilution gave an OD600 of less than one. This was then sonicated 

and centrifuged as per section 2.2.5.1. The supernatant was cut with 65% ammonium 

sulphate after addition of cut buffer, the volume equal to that of the supernatant. This was 

then centrifuged again, and the pellet resuspended in low salt buffer. The sample was then 

dialysed overnight in Z dialysis buffer with three buffer changes. The sample was run 

through gel filtration chromatography (HiLoad 26/20 200), with low salt buffer on line B 

and high salt on line A. The sample was loaded though line B, followed by 200 mL low 

salt buffer, 820 mL 0 to 55% high salt buffer, 10 mL 55 to 65% high salt and finally low 

salt buffer for 200 mL. Fractions (20 mL) were collected during the 0 to 55% gradient. 

This was run at 3 mL/min. Fractions 7 to 11 were pooled and dialysed in Linke buffer 

overnight prior to concentration with a 30 kDa MWCO concentrator and aliquot were 

snap-frozen in liquid nitrogen and stored at -80°C.  

 

Z Lysis Buffer: 1 M KCl, 50 mM Tris pH 7.5, 5 mM DTT, 5 mM EGTA, 10 mL sucrose, 

100 μL TritionX-100, 100 μg/mL PMSF 

Cut Buffer: 50 mM sodium phosphate pH 7.0, 5 mM DTT, 1 mM EDTA, 0.1% TritionX-

100, 65% w/v ammonium sulphate 

Z Dialysis Buffer: 50 mM sodium phosphate H7.0, 5 mM DTT, 1 mM EDTA, 1% 

TritionX-100, 2M urea 

Low Salt Buffer: 50 mM sodium phosphate pH 7.0, 5 mM DTT, 1 mM EDTA, 1% 

TritionX-100, 2 M urea 

High Salt Buffer: 50 mM sodium phosphate pH 7.0, 5 mM DTT, 1 mM EDTA, 1% 

TritionX-100, 2 M urea, 1 M KCl 

Linke Buffer: 20 mM HEPES pH 7.2, 10 mM MgSO4, 10% sucrose, 1 mM EDTA, 2 mM 

DTT 
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Figure A1. Size Exclusion of DnaJ Purification. Colours as per figure 12. Fractions indicated (6-17) were 

run on SDS-PAGE shows as an insert. Fractions 7-11 contained DnaJ and were pooled. 
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Appendix 2 – Wildtype bHsc70 Purification 

 

The purification of wildtype bHsc70from BL21(DE3) was as per the C574S variant. 

Fractions 15-19 from the anion exchange chromatography were pooled and dialysed. 

After ATP-agarose chromatography, fractions 30 to 40 were pooled and concentrated. 

The gel filtration fractions 43 to 52 were pooled and concentrated as the final step of 

purification. The result was 0.5 mL at 3.0 mg/mL, or 1.5 mg. 

 

 

 

Figure A2. Anion Exchange of Wildtype bHsc70. Colours as per figure 12. Indicated fractions were run 

on the SDS-PAGE shown as an insert. 
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Figure A3. ATP-agarose Affinity Chromatography of Wildtype bHsc70. Colours as per figure 12. 

Fractions indicated were run on SDS-PAGE, shown as an insert. 

 

Figure A4. Size Exclusion of Wildtype bHsc70. Colours as per figure 12. Fractions indicated were run on 

SDS-PAGE, shown as in insert. 
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Appendix 3 – Time-Lapse Duplicate 

A second example of collected time-lapse data. This is a different section visualised during the same experiment. Refer to section 3.6. 

 

Figure A5. Transduction Time-Lapse Microscopy. Left – One view from 20× magnified recording over four time points. Right – The distribution of fluorescent pixel 

intensity within individual cells. As per figure 32. 

 

Background – Red 

20 Min – Dark red 

70 Min – Green 

120 Min – Dark blue 

180 Min – Light blue 
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Appendix 4 – HiLoad 16/60 Superdex 75 Standards 

Standards of proteins with known sizes were run through size exclusion chromatography. 

A gel was run of each UV/vis peak displayed as an extra peak was seen than expected. A 

graph was drawn of the size of the molecular weight marker bands versus the distance 

run. This allowed plotting of those bands of unexpected size. Calculations were 

performed to enable plotting of the standard proteins versus the elution volume, to 

determine an equation that could be used to calculate the time of elution of proteins. 

 

 

Figure A6. Standards Run on Size Exclusion. Chromatogram of standards, with labelled peaks, and an 

insert showing the SDS-PAGE of these peaks. 
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Figure A7. Graph of Molecular Weight Band Migration. The green diamonds are a plot of the molecular 

weight marker bands migration distance, with a line of best fit. In blue circles are the four bands from the 

Thyro + BSA lane in figure A6. These data are tabulated in A1. 

 

 

Table A1. Band Sizes from the Unexpected Peak Seen during the Standard Size Exclusion Run.  

Band from Thyro-BSA  

gel lane 

Distance from Top of 

Gel, mm 

Size Calculated, kDa 

First Band 3 119 

Second Band 7 102 

Third Band 9 95 

Fourth Band 18 67 
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Table A2. Calculations from Standards Size Exclusion Run. 

 Size, kDa Elution 

Volume, 

mL 

Retention, 

mm 

Half 

height 

width, mm 

Plate, N/m 

Thyroglobulin 600 50 0 8 - 

BSA1 66 60 23 10 49 

Ovalbumin 44 66 49 11 180 

Myoglobin 17 80 97 11 720 

Vitamin B122 1.3 112 200 11 3100 
1 – Bovine Serum Albumin. 2 – Cyanocobalamin/Vitamin B12. 

 

 

 

 

 

 

 

 

 

 

 

 

The size by retention graph is plotted with the BSA, ovalbumin and myoglobin samples 

as these fall within the range of separation by the column. Thyroglobin is too large for 

separation and is retained for the shortest time possible, while vitamin B12 is small, and 

is eluted just prior to the salt peak. They are therefore taken as the ends and not included 

in the graph. Based on the equation, a 70 kDa protein should elute at approximately 57 

mL of volume through this column. 

 

Van Deemter Equation: Number of Plates = 8ln2 (retention/half height width)2 

The Van Deemter equation relates the length of separation to the mobile phase velocity of 

FPLC. It thereby relates a size exclusions resolving power to various parameters such as 

flow and kinetics which affect peak width. Half peak height is the most common value 

measured, as it can be accurate, unlike to base width of a peak. The base width may be 

obscured by other peaks. This information comes from IUPAC and van Deemter et. al, 

(1956) and is fully explained by Andrews, 1965.   

Figure A8. Retention Volume of Standards. The purple diamonds 

display the central protein sizes versus retentions from the standard 

run on size exclusion. The two outer-most proteins were as excluded 

as these represented the upper and lower limits of the column. The 

light purple square is the largest protein run, thyroglobulin that does 

not fit linearly with the other points.  
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Appendix 5 – Wildtype ABCA1 dual-fection with Rab7 Antibody 

Confocal.  

Display of supplemental images to that seen in section 3.8.3, figure 43. 

 

 

 

 

Legend on following page. 



136 

 

 

Figure A9. Wildtype ABCA1 dual-fected with AF594 bHsc70 and labelled with Rab7 antibody. From 

upper left panel, dual colour images followed by a three colour overlay. Below are the images of each 

channel separately. Wildtype ABCA1 GFP – green, bHsc70 C574S AF594 – red, Rab7 AF635 – cyan. 

Centrally to the two separate images displayed as stated above, is one close up displaying ABCA1-GFP, 

AF594 bHsc70 C574S, and an overlay of these. The last set of images displays a 90° left rotation of the 

single channels  
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Appendix 6 – Y1767D ABCA1, bHsc70 and Rab7 Antibody 

Confocal. 

Display of supplemental images to that seen in section 3.8.3, figure 44. 

 

 

Legend on following page. 
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Figure A10. Y1767D ABCA1 dual-fected with AF594 bHsc70 and labelled with Rab7 antibody. Dual-

fected cells were labelled with Rab7. Dual colour images followed by a three colour overlay. Below is a 90° 

rotation of the triple overlay. At the bottom are images of each channel separately. Colours as for figure A9 
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Appendix 7 – N1800H ABCA1 Dual-fected cells with Rab7 

Antibody Confocal. 
Display of supplemental images to that seen in section 3.8.3, figure 45. 

 

 

Legend on following page. 
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Figure A11. N1800H ABCA1 dual-fected with AF594 bHsc70 and labelled with Rab7 antibody. Dual 

colour images are followed by three channel overlay. Below is a 90° rotation of the triple overlay. At the 

bottom are images of each channel separately. Colours as for figure A9. 
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