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ABSTRACT 

Protein fo lding, translocation, oligomeric rearrangement and degradati on are vital funct ions 

to obta in correctly folded proteins in any ce ll. The constitutive or stress-induced members of 

each of the heat shock protein (Hsp) families, namely Hsp70 and Hsp40, make up the 

Hsp70/Hsp40 chaperone system. The Hsp40 J-domain is important for the Hsp70-Hsp40 

interaction and hence function. The type-II Hsp40 proteins, Homo sapiens DnaJ I a (Hsj I a) 

and Plasmodiumfalciparum DnaJ 4 (Pfj4), are structurally similar suggesting possible s imilar 

roles during malarial infection. Thi s thesis has focussed on identifying whether Hsj I a and 

Pfj4 are functionally s imilar in their interacti on with potential partner Hsp70 chaperones. 

Ana lysis in s ilico also showed Pfj4 to have a potential chaperone domain, a region 

resembling a ubiquitin-interacting motif (UIM) corresponding to UIM I of Hsj I a, and another 

highl y conserved region was noted between residues 232-241. The highly conserved regions 

within the Hsp40 J-domains, and those amino acids therein, are suggested to be responsib le 

for mediating this Hsp70-Hsp40 partner interaction. The thermosensitive dnaJ cbpA 

Escherichia coli OD259 mutant strain producing type-I Agrobac/erium lumefaciens DnaJ 

(AgIDnaJ) was used as a model heterologous express ion system in this study. AglDnaJ was 

able to replace the lack of two E coli Hsp40s in vivo, DnaJ and CbpA, whereas 

AgIDnaJ(H33Q) was unable to. AglDnaJ-based chimeras containing the swapped J-domains 

of similar type-II Hsp40 proteins, namely Hsj IAgl and Pfj4Agl, were also able to replace 

these in E. coli OD259. Conserved J-domain amino acids were identified and were 

substituted in these chimeras . Of these mutant proteins, Hsj IAg /(L8A), Hsj l Ag/(R 24A), 

I-I sj IAgl(1-I 3 1 Q), Pfj4Agl(L I I A) and Pfj4Agl( 1-I 34Q) were not able to replace the E. coli 

Hsp40s, whilst Pfj4Agl(Y8A) and Pfj4Ag/(R27A) were only able to pal1ially replace them. 

This shows the leucine of heli x I and the histidine of the loop region are key in the in vivo 

function of both proteins and that the arginine of helix II is key for Hsj I a. The histidine­

tagged Hsj I a protein was a lso successfully purified from the hetero logous system. The in 

vitro stimulated ATPase activity of human I-Isp70 by Hsj la was found to be approx imately 14 

nmol P;lmin/mg, and yet not stimulated by Pfj4, suggesting a possible species-specific 

interaction is occurring. 
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Serine Ser S 

Threonine Thr T 

Tryptophan Trp W 

Tyrosine Tyr Y 

Valine Val V 

Nucleic Acids Code 

Adenosine A 

Cytosine C 

Guanine G 

Thymidine T 

The nomenclature used for the twenty amino acids and the four nucleic acids are listed above as 

outlined by the International Union of Pure and Applied Chemists (lUP AC) and the International 

Union of Biochemistry and Molecular Biology (lUBMB). 
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Chapter 1 

INTRODUCTION 

1.1. CELLS AND THEIR STRESS RESPONSES 

Introduction 

Within the cellular environment at any given time, there are many tasks that a cell must 

undertake to ensure the correct functioning of all its components so that it may cont inue to 

function correctly within its natural environment The exposure of a cell to cellular stress 

leads to various stress-responses at the cellular level (Morimoto et 01., 1997). Stress 

responsive genes undergo various leve ls of regulation directly affecting proteins that may 

undergo varied production from the norm. This would be in order to protect the cell from 

fluctuations in homeostasis that could potentially have a negative effect These cellular 

stresses are a result of factors including, but not limited to, temperature, pH, exposure to 

ultraviolet light, toxic chemicals, mutagens and other pharmacologically active molecules 

(Morimoto et 01. , 1997). 

1.1.1. The protein fo lding problem 

Without the presence of cellular stresses, protein folding is already a challenging process. 

Cells must ensure that their nascent polypeptides fold into the correct three-dimensional 

conformations, as thi s is essential to protein functioning. Each organism has evolved a 

specific manner to cope with the production of its proteins, whilst the average protein size 

varies greatly across different organisms: from bacteria (35 kDa in Escherichia coli) to 

eukaryotes (52 kDa in Homo sapiens) (Cagney et 0/., 2003; Mayer and Bukau, 2005). 

Nascent polypeptides within a eukaryotic cell are synthesized in a vectorial manner with the 

N-terminal regions being translated before the subsequent C-termini by the ribosomes 

(Zimmerman and Monton, 1993; Ellis and Hartl, 1999). Subsequent to synthesis, the protein 

chain still needs to be folded into its correct three-d imensional conformation and thi s relies 

heavily on the manner of protein assembly. 
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Scenarios available for protein fold ing are that: (i) all the domains of a protein cou ld be 

folded separately and then assembled, or (ii) proteins could fold vectorially residue by residue 

or domain by domain as the protein is being produced. The rate of protein synthesis is s lower 

than the rate of protein fo ld ing. If the N-term inal regions of individual domains are folded 

before whole domains are fully synthesized (Feldman and Frydman, 2000; PFund et at., 2001) 

thi s co uld result in the incorrect three-dimens ional conformation or in the degradati on of the 

protein due to protease susceptib ility (Ell is and Hartl, 1999) if the protein is normally folded 

in another manner. 

Prote ins have the abi lity to correctly fo ld in a few seconds or less but the manner in which 

nascent polypeptides achieve their tert iary and quaternary conformations in such a limited 

time frame occurs by an elusive mechanism. It was considered that the three-dimensional 

folding of a protein shou ld potentially take a long time to fold into the correct conformation if 

the nascent polypeptide chain amino acid residues had to first adopt all possible 

conformations at random before settling on the most thermodynamically stable confirmation 

(Zwanzig et at., 1992). In trying to establish how proteins attain their correctly folded state 

in such a short time frame from such a vast number of possibilities, Lev inthal performed a 

study of mathematical anal ysis in the 1960's (Zwanzig et aI., 1992). The results of this study 

were first published in 1968 (Levinthal, 1968) . Using a simple mode l, Levinthal showed that 

in assign ing a small energy bias to locally unfavourable amino acid residue configurat ions in 

the three-dimensional situat ion drastically reduced the randomness of protein fo lding. This 

lower number of folding possibi lities yie lded a three-dimensional fold ing time that was 

possible in the in vivo situation by excluding those conformations that were ass igned an 

energy bias for the di sallowed bond configurations (Zwanzig et at. , 1992). 

Since the initial studies by Levintha l, it was fo und that all the ste ric informati on needed to 

synthesize a new protein cha in and all ow it to fo ld into its correct three-dimensional 

conformation within a cell, is contained solely in the primary amino acid residue sequence of 

the translated nascent po lypeptide (Elli s et at., 1998; E ll is and Hartl, 1999; Pfund et al. , 200 I ; 

Deuerling and Bukau, 2004). 
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The addition of stresses to cel ls poses further prob lems sllch as above average protein 

mi sfo lding leading to aggregation and degradat ion. Prote in aggregation within the ce ll is 

like ly and is sometimes favo ured due to the high concentration of proteins and ribonucleic 

acids (RNA) in the cellular milieu being ordinarily in the region of 300 mg/m l (Zimmerman 

and Monton. 1993). This phenomenon is termed macromolecular crowd ing, or also as the 

exc luded volume effect (Young et 01., 2004), and occurs due to the increased likelihood of 

the hydrophobic reg ions of prote ins being transiently exposed on th e prote in intermediate 

surface and interacting caus ing potentially negative interactions. These protein interactions 

can potentially cause a negative impact on ce llular functioning if essential proteins unfold or 

are misfolded (Mori moto et aI., 1997; Ell is, 200 1). 

1.1.2. C hanges at the genetic level 

The effects resu lting from an appli ed stress on a cell involve a highly ord ered pattern, series 

or cascade of responses that are genetically defined (Morimoto et 01., 1997). Upon stress­

induced activation, heat shock factors (HSFs) begin a cascad ing series of events within the 

ce ll . HSFs are h ighly conserved in structu re and cons ist of a he lix-turn-hel ix DNA-binding 

domain that is approximate ly 100 amino ac id residues in length (Bonner et 01., 1994). The 

HSFs bind as homotrimers in a seq uence-specific manner to the heat shock elements (HSEs), 

which are conserved promoter DNA recognition sites with at least two or more conti guoll s 

inverted repeats of nGAAn (Bonner et 01., 1994). The binding of HSFs to HSEs within the 

promoters can directly cause elevated levels of transcription, wh ich in turn lead to a rapid 

increase in the production of those inducible gene products (Liu et 01., 1997; Morimoto et 01. , 

1997). 
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The initial eukaryotic experim ents involvi ng the study of heat shock stresses were performed 

on the common fruit fly, Drosophila bucksii. Specific polytene chromosome puffing patterns 

were observed in the larvae due to the chromosomal replication in the somatic stages of the 

sa li vary gland ce ll s where the normal house keeping genes of the ce ll were expressed. 

However, when larvae were subjected to heat shock temperatures of 30 °C instead of 25 °C, 

the puffing pattern was observed to have changed (Ritossa, 1962; Tiss ieres et ai., 1974; 

Ritossa, 1996) due to the shutdown of the house keeping genes and the up-regu lation and 

transcription of another set of mRNAs (Pauli et ai., 1992). [t was shown that these proteins 

were al so produced in higher quantiti es when subj ected to other cellular stresses as we ll 

(Feige and Mol lenhauer, 1992) but due to the initia l work of heat shock in Drosophila these 

inducible gene products were termed heat shock proteins (HSPs) (Tissieres et al., 1974; 

Georgopoulos and Welsh, 1993). 

Later it was fo und that the higher HSP production was actua lly in response to the high 

amount o f un fo lded or misfolded proteins that were being produced under stress conditi ons 

(Georgopoulos and Welsh, 1993) and the rapid HSP production was important in attempting 

to a llowing the return of the cell ular machinery to normal house keeping functions after the 

remova l of a stress. This is important because those stresses that are app lied over a 

pro longed time period, have been known to resu lt in deoxyribonucleic ac ids (DNA) and RNA 

production arrest (Morimoto et 01., 1997; Liu et 01., 1997). 
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1.2. MOLECULAR CHAPERONES 

The term molecu lar chaperones was origina lly co ined by Laskey et 01. in 1978 whil st 

working on nucleoplasmin and testing the principle of protein self-assembly. They found that 

an excess of th is protein aided the formation of nucleosomes and proposed that the protein 

was able to chaperone nucleosomal formation (Laskey et 01., 1978) . Ellis later expanded thi s 

term to encompass "molecular chaperones to describe a class of cellular proteins whose 

jimction is to ensure that the folding of certain other polypeptide chains and their assembly 

into oligomeric structures occur correctly" (Ellis, 1987). Since then, molecular chaperones 

have also been impl icated in protein degradation when proteins cannot be successfully 

refolded (Chapple et 01., 2004; Westhoff et 01., 2005; H6hfeld et 01.,2006). 

1.2.1. Chaperones 

Within the cell , chaperones act as regulators of cellular processes ranging from and involving 

signalling, transcription, translation, translocation, cytoskeletal and organelle networks (Soti 

et 01., 2005). Th is process involves successive cycles of binding and release followed by 

molecular chaperone dissociation so as not remain pali of the fina l folded prote in product 

(Ellis, 1987; Beissinger and Buchner, 1998; Young et 01., 2004). Chaperones have been 

found in a variety of systems including prokaryotic, eukaryotic and viral systems (Cheetham 

and Caplan, 1998; Beissinger and Buchner, 1998). 

Chaperones interact and bind to exposed hydrophobic patches, surfaces on proteins, or to 

protein substrates of similar hydrophobic nature (Richanne and Kohiyama, 1993). The 

recogni sed patches were originally thought to cons ist of small hydrophobic regions (Flynn et 

01.,1991; Ellis and Hartl , 1999). In the case of the 70 kDa heat shock protein (Hsp70) from 

E. coli, DnaK, this has since been found to consist of a hydrophobic core regi on of 4 to 5 

am ino acid residues that is flanked by 2 basic residues (Nay lor et 01. , 1999). Negative 

residues were excluded from the core of the motif and were not favourable in th e flanking 

regions in experiments using a peptide scanning approach on the E. coli Hsp70, DnaK (Zhu 

and Zhao et 01., 1996; Rudiger et 01., 1997). The basic flanking residues were thought to 

form electrostatic interactions with the negatively charged surroundings of the su bstrate­

binding cavity in DnaK (Naylor et 01., 1999). 
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1.2.2. Co-chaperones 

Co-chaperones are the partner proteins to chaperones and partic ipate in chaperone function 

by ass isting the chaperones with the refo lding of other proteins (Caplan, 2003). Th is gives 

them the abil ity to prevent polypeptide aggregation by binding to the substrate protein and the 

chaperone concurrently thus mediating specificity of the protein refold ing process by the 

chaperones (Caplan, 2003). There are numerous familie s of co-chaperones, but the main two 

are: (i) the 40 kDa heat shock protein (HSP40) fam ily that interact with HSP70 fa mily and 

(ii) the tetratr icopeptide repeat (TPR) motif proteins that interact with HSP70 or HSP90 

(Caplan, 2003; Smith, 2004). 

Table I: The main functions of Hsp70 co-chaperones 

Co-chaperone Motif Function ' 
Hsp40 J Catalyses the A TP hydrolys is by HSjJ70 
Hip TPR Stabilises the Hsp70-ADP form in the ATPase cycle 
Hop TPR Acts as an adaptor molecule to connect HSP70-HSP90 
CHIP TPR U-box domain with ubiquitin li gase activity for 

ubiquitin-mediated degradation 
Tom70 TPR Mitochondria l pre-prote in import 
Nucleotide exchan"e factor Function' 
GrpE Nucleotide exchange factor in prokaryotes and 

mitochondria of eukaryotes and ch loroplasts 
Bagl Nucleotide exchange factor protein fami ly for Hsp70 

and proleasome binding in eukaryotes 

Fes l pcytosoll SlsljlER Nuc leotide exchange factor in yeast 
BAP Nucleotide exchange factor 
Ssa lp Nucleotide exchange factors in yeast 

'. .. 
Adapted and expanded flO m Kaban, el al., 2002, Kaba", el al., 2003 , Caplan, 2000, Sm,th, 2004, Hohfeld el 

ai.,2006. 

For the sake of clarity, it is important to note that the heat shock prote in families are denoted 

by capitali sed HSPs, whilst those individual members of these fam ili es, the heat shock 

proteins themse lves are referred to as Hsps. 
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1.2.3. Heat shock proteins as molecular chaperones 

HSPs are found ubiquitously in a ll organi sms (Georgopou los and Welsh, 1993; Szabo et aI., 

1994). HSPs and heat shock cognate prote ins (HSCs) are the two representative types of 

famili es of molecular chaperones (Ingolia and Craig, 1982; Ellis and van der Vies, 199 I ; 

Rudiger et aI., 1997). The difference between these two types of protein families is that the 

HSPs are induced and up-regulated with an increase in cellular stress phenomena whi lst the 

HSCs are constitutively expressed regardless of whether stress is present (Ingo lia and Crai g, 

1982; Elli s and van der Vies, 1991 ). However, since both of these families are highly s imilar 

in structure and function, the term HSP is often used collectively to encompass both of these 

types (Becker and Craig, 1994) . 

There are two major gro ups of molecular chaperones that are known to interact with nascent 

polypeptides: the large group consists of those molecular chaperones that are greater than 

200 kDa in s ize, and the small group of molecular chaperones which consists of those less 

than 200 kDa in s ize (Ellis and Hartl, 1999). The small group prote in families are named 

according to their molecular we ights of the proteins in kilo Daltons (Table 2) : HSPIOO, 

HSP90, HSP70, HSP60, HSP40 and the small HSPs (sHSPs). 

Hsp I OOs prevent the aggregati on of proteins in solution and also aid in general 

thermotolerance (Pfianz and Hoch, 2000). Hsp90s have been found to be abundant yet 

spec ial ised in their funct ion and act with regu latory signal transduction pathway components 

such as steroid hormone receptors and proto-oncogenic kinases (Agashe and HaIti, 2000; 

Barral et al., 2004) . Hsp70 chaperones are the most hi ghly conserved group important in 

protein folding, protein translocat ion and protein assemb ly into correct oli gomeric structures 

(Gething and Sam brook, 1992; Georgopoulos and Welsh, 1993; Cheetham et aI., 1996; 

Beiss inge r and Buchner, 1998). Hsp70s function via an adenos ine triphosphate (ATP) 

regulated cycle of substrate binding and release, utili sing Hsp40 co-chaperones and 

nucleotide-exchange factors in this process (Barral et aI. , 2004). The chaperonin system is 

made up of the 57 kDa GroEL double-ring complex chaperonin and the 10 kDa GroES lid­

like subunit in E. coli acting together to capture and fo ld partially unfolded polypeptides in an 

Anfinsen cage (Fenton and Horwich , 1997; Beissinger and Buchner, 1998; Barral et aI., 

2004). 
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Hsp40s are important as they act as co-chaperones interacting with their Hsp70 chaperone 

partner proteins to regulate the Hsp70 folding activity in nascent polypeptide chain fo lding 

(Georgopoulos and Welsh, 1993; Cheetham et aI., 1996). Some Hsp40s have also been 

implicated in degradation through a ubiquitin-mediated process (Bailly el aI. , 1997; Young el 

al., 1998; Hohfeld et aI. , 2006). The degradation of incorrectly folded proteins is aided by 

the ubiquitous, ATP-independent sHSPs that often occur as large o li gomeric complexes 

consisting of 12 - 42 subun its that range from approximately 15 - 42 kDa in size (Sm ith el 

aI., 1998; Barral et aI., 2004; Haslbeck, 2006). 

Table 2' The "rOUDS ofHSPs and their main functions 
'" 

Chaperone Approximate I\lain 
family size (kOa) functions 
HSPIOO 100 Aggregation prevention and thermotolerance 
HSP90 90 Signal transduction 
HSP70' 70 Precursor stabilisation, folding, translocation, oligomeric 

structure assembly and degradation 
HSP60 57 and 10 Capture within the Anfinsen cage and folds 
HSP40 30-45 Folding and interaction with Hsp70s to stimulate ATPase 

activi ty, ubiquitin-mediated deoradation 
sHSP 8-25 Degradation and aggregation prevention 

ThiS study focuses mainly on the HSP40 co-chaperone family and to a lesser extent also on the HSP70 
chaperone family with which they interact. 

Since the main function for molecu lar chaperones through evolution has been to prevent 

excess protein aggregation , it is expected that denatured proteins would not be allowed to 

accumulate freely within the cytosol. It is assumed that different molecu lar chaperones act 

on various stages of folding during protein synthes is and they may transfer proteins between 

themselves using variolls mechanisms: either (i) along a defined sequential pathway w ith the 

evidence for this being seen from studies on rhoda nese (Langer et al., 1994) or (ii) in a lateral 

manner accord ing to experiments on firefly luciferase that have showed transfer back and 

forth suggesting a network type interaction between proteins and molecular chaperones 

(Buchberger et aI. , 1996; Ellis and Hartl , 1999). These networks can be extensive for 

example the network o f 627 yeast proteins and 160 binding partners that are able to interact 

with yeast Hsp90 in either a physical or genet ic fa shion (Nardai et al., 2006). 
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1.3. Hsp70s 

The HSP70 chaperone fami ly of stress-inducible and constitutive proteins help with tasks 

ranging from the stabi lisation of nascent polypeptides prior to multimeric complex assembly, 

the translocation into various organelles such as the endoplasmic reticulum (ER) and 

mitochond ri a, the oligomeric rearrangement of proteins, the resolution of protein aggregates 

(Becker and Craig, 1994; Laufen et al., 1999) and the implicat ion in protein degradation 

through the ubiquitination pathways (Chapp le et aI. , 2004; Westhoff et aI., 2005; Hohfeld et 

aI. , 2006) or the Iysomal pathways (Agarraberes and Dice, 200 I). 

Table 3' HSD70s from various svstems 

Origins Hsp 70 Name Location in cell Size (kDa) 

Prokaryotes DnaK Cytosol 70 
Plasmodium Jalciparum PfHsp70 Cytosol 70 
Yeasts Ssa l Ap Cytosol 70 

Ssb 1/2 p Cytosol 70 
Ssclp Mitochondria 70 

Kar2p Endoplasmic reticulum 70 

Plants ctHsp70 Chloroplasts 70 
Mammals Hsc72 (Hsp70) Cytoso llNuc\eus 72 

Hsp73 (Hsc70) CytosollNucleus 73 
Hsp 73 (Prp 73 ) Cytosol 73 
Mtp70 Mitochondria 70 

Grp75 Mitochondria 75 

Grp78 (BiP) Endoplasmic reticulum 78 
Adapted and expanded From Cheetham el al., 1992, Georgopoulos and Welsh, 1993, Beckel and Craig, 1994; 
Cyr el al., 1994; PFund el al., 2001 ; Banumathy el al., 2002; Shonhai el al. , 2005. 

This diverse range of functions for proteins located throughout various organelles in the ce ll s 

of various evo lut ionary systems (Table 3) has lead to the association of Hsp70s in a 

promiscuous fashion with misfolded substrates and to associate more selective ly with other 

fo lded substrates, with substrate se lection being thought to be the role of the co-chaperones 

(Laufen et al., 1999; Hennessy et aI. , 2005b). 
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The Hsp70 expression is highly induced under various types of stress conditions because the 

proteome differs at any given point in time as the demand for HSPs needed by a cell changes 

(Cyr el aI., 1994) . The function is mediated by binding to exposed hydrophobic su rfaces of 

nascent polypeptides preventing disadvantageous interactions between a polypeptides own 

domains or with other misfolded polypeptides, which could potentially cause detrimental cell 

development, protein aggregation and misfolding (McCarty el al. , 1995). A we ll­

characterised member of the HSP70 chaperone family is the E. coli Hsp70, known as DnaK 

(Bardwell and Craig, 1984). The co-chaperone to this protein is the E. coli Hsp40, known as 

DnaJ (Bardwell el aI. , 1986). 

1.3.1. Hsp70 structure 

All Hsp70 proteins consist of two major domains or regions: the N-term inal ATPase domain 

of approximately 45 kDa and the C-terminal substrate-binding domain of approximately 25 

kDa (contain ing two sub-domains). 

Two groups working independently, found that the removal of the N-terminal region or of the 

C-terminal region in mutants of DnaK lead to the inability to bind to their respective co­

chaperone partner, DnaJ, proving that both of these structural domains are required for 

correct Hsp70 function (Gassier el aI. , 1998; Suh el al., 1999). The three crucial elements for 

substrate-binding are the hydrophobic pocket and the arch making up the substrate-binding 

cavity, along with the helical lid of the adjacent domain (Mayer et aI., 2000). 

1.3.1.1. The N-terminal ATPase domain 

Crystal structures for this domain have been determined for bovine Hsc70 (Flaherty et aI., 

1990), DnaK with the nucleotide-exchange factor GrpE (Harrison el aI. , 1997) and Hsc70 

with nucleotide-exchange factor Bag-I (Sondermann el al., 2001), and human I-lsp70 

(Osip iuk et al. , 1999). Recently, the crystal structure of the partial full-length bovine Hsc70 

was e lucidated (Figure I ; Jiang et aI., 2005). This domain has been found to be a highly 

conserved (Georgopoulos and Welsh, 1993) and has a nucleotide-binding site, as can be seen 

in the E. coli Hsp70 example, DnaK (Flaherty et al. , 1990). 
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The domain has two-fo ld symmetry with four alP sub-domains known as lA, IB , IJA and liB 

(Flaherty el aI., 1990 ; Beissinger and Buchner, 1998). This symmetry is important in the 

binding and release of the nascent cl ient-proteins in the ATPase-regulated cycle between the 

Hsp70s and Hsp40s (Cheetham e l at. , 1994; Buchberger et ai. , 1995 ; Suh el at., 1999). 

1.3.1.2. The C-terminal substrate-binding domain 

T he C-terminal su bstrate-binding domain has two sub-domains within it. Crystal structures 

for this domain have been determ ined for rat Hsc70 (Morshauser et at., 1999), E. coli DnaK 

without substrates (Pellechia e l at., 2000) and w ith substrates (Zhu and Zhao el ai. , 1996), 

and also from bov ine Hsc70 (Jiang el ai. , 2005) . 

The substrate-b inding pocket sub-doma in consists of p-sheets (Mayer et aI. , 2000). It is 

important in the regulation of heat shock responses, binding to substrate and for protein 

translocation through intracellular membranes and ranges between 15 and 20 kDa in size 

(Beaucamp el al., 1998). 

The a -helical lid sub-domain is approximate ly 10 kDa in size and is less highly conserved 

and located C-terminally (Mayer et ai., 2000). It was thought to potentially act as a lid 

structure closing over the associated po lypeptide substrate and holding it in place until the 

folding or refo lding of the protein could occur s uccess fully w ithin the cell (Suh el ai., 1999). 

Mayer and co-wo rkers found the C-tenninal domain to exist from residues 509-607 in E. coli 

DnaK and proposed that res idues 536-5 38 made up a helical lid hinge that remains open in 

the ATP state and closed in the ADP state (Mayer e l at., 2000). The conserved EEVD moti f 

(King el aI. , 200 I) at the end of the C-terminus has been found to be important in inter­

domain regulati on between a Hsp70 and a human Hsp40 homologue (Suh el al. , 1999). 

Recent studies, however, by Aron an d co-workers in a yeast system suggest another ro le for 

thi s domain. Earlier wo rk on yeast using a mod ified enzyme-linked immunoso rbent assay 

(ELISA) showed a second site of interaction between the Hsp40, SisI, and the Hsp70, Ssal 

(Qian el aI., 2002) leading to the proposal by Aron and co-workers that these proteins 

undergo a bipartite interaction with the Hsp70, Ssal (Aron el aI., 2005). 
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The interaction between more than one site (the ATPase domain of Hsp70 with the l-domain 

of Hsp40, and the C-terminal domain of SsaI with the C-terminus of Hsp40) is suggested to 

potentially be involved in orientation and alignment of the two proteins to interact with each 

other assisting the transfer of substrates from the co-chaperone to the chaperone. 

Structurally, the domain undergoes a conformational change after the client-protein binds 

forming an a-helical lid over the client-protein binding cleft, although the lid mechanism is 

not understood (Beissinger and Buchner, 1998; Slepenkov el aI. , 2003) . 

IA 

~-sheet region of C-terminal 
substrate-binding domain 

Figure 1: Ribbon representation of the structure of bovine Hsc70 

Bovine Hsc70 is depicted with the N-terminal ATPase domain shown in colour and the C­
terminal substrate-binding domain of the protein shown in grey. The a-helices ofthe ATPase 
domain are shown in red and the ~-sheets are shown in yellow. (PDB accession no: 1 YUW; 
Jiang el al., 2005). The figure was visualised in PyMOL (DeLano, 2005). 
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1.3.2. ATPase activity 

There are two main aspects involved in ATPase activity of Hsp70s: (i) the hyd rolys is activity 

of the ATP substrate. which is fac ilitated by the Hsp40 co-chaperones where ATP is 

hydro lysed to adenosine diphosphate (ADP) and inorganic phosphate (Pi), and (ii) the 

nucleotide exchange activity, which is facilitated by external nucleotide exchange factors 

(NEFs) (Russell el al., 1999). Studies on the stress-induc ible Hsp70s and on the const itutive 

Hsc70s have been performed in order to study the ATPase activity of these chaperones 

(Benaroudj et aI. , 1996; Minami et al. , 1996; Kanazawa el al., 1997; Chamberlain and 

Burgoyne, 1997a; Edkins et al. , 2004). 

The release of bound substrate protein from Hsp70 (potentially refo lded, misfolded or 

unfolded) du ri ng the refolding, assembly and transport processes is on ly able to occu r due to 

the presence ofATP (Benaroudj et al., 1996). In the presence of ATP, there is a low affi nity 

for misfolded and unfolded substrate, whi lst converse ly, in the presence of ADP, there is a 

high affinity for substrate. 

A TP is also needed for the complete dissociation of Hsp70 oligomers to stabilise it in the 

monomeric form (Benaroudj el al., 1996). ADP binding is able to shift the equilibrium 

toward the oli gomeri c species (Benaroudj e l al. , 1996). A stabili sed oligomeri c form of 

Hsp73 was suggested when a study on the interacti on of mammalian cytoso lic Hsp73 was 

shown to form stable com plexes (Palleros et al., 1991) . The equilibrium between these 

various Hsp70 conformat ions was found to be regulated by peptides, nucleotides, substrates 

and co-chaperones (McCarty et aI., 1995; Benaroudj et aI., 1996; Benaroudj el 01., 1997). 

Hsp70s were fo und to bind to themse lves via the su bstrate-binding si te present within the C­

terminal domain as thi s mimics Hsc70-substrate binding (Benaroudj el aI., 1996; Benaroudj 

el 01., 1997). 
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1.4. Hsp40s 

The HSP40 co-chaperone family has members that occur ubiquitously throughout cell s of 

various origins (Borges et aI., 2005), with at least 44 Hsp40 genes present within the human 

genome, 34 in the Drosophila melanogaster genome, 33 in the Caenorhabditis elegans 

genome, 20 in Saccharomyces cerevisiae and 93 in Arabidopsis thaliana (Venter et al., 

2001). The family is identified as those Hsps of approx imate ly 40 kDa size that are identified 

by the presence of the J-domain (Bardwe ll et aI. , 1986; Ohki et al. , 1986). The J-domai n is a 

domain of approximately 70 amino acid residues that bear structural s im ilarity to the first 73 

amino acid re sidues of the E. coli Hsp40, known as DnaJ (Bardwell et al. , 1986; Ohki et al., 

1986). 

Hsp40s interact with their respective partner Hsp70s to stimu late the ATPase activi ty that is 

required for nascent client-proteins to be cycled to aid in substrate folding (Cyr et aI. , 1994) . 

They are also involved in protein degradation (Chapple et aI. , 2004; Westhoff et aI. , 2005), 

clathrin uncoat ing (Fl iss et aI. , 1999; Jiang et aI., 2000; Young et al., 2003) and vira l 

infection (Campbell et al. , 1997). 

The in iti al characteri sation of the function and chaperone activity of Hsp40 co-chaperones 

was done by analys ing DnaJ showing that it was invo lved in the ATPase cycle with DnaK, as 

it had the ability to stimulate A TP hydrolysis (L ieberek et al. , 1991 ; Caplan, 2003). DnaJ can 

also function as an independent chaperone in the absence of the partner Hsp70, DnaK in the 

E. coli system (Langer et aI., 1992; Szabo et aI., 1994; Borges et aI., 2005). 

1.4.1. Hsp40 structure 

Hsp40s are usually found as dimers, as in the cases of the human Hsp40s, DjAI and DjB4 

(Borges et aI. , 2005) and yeast Hsp40, Sis I (Aron et al. , 2005) . In E. coli DnaJ, there are 

four doma ins (Cheetham and Cap lan, 1998): the J-domain, the glycine/phenylalanine (G/F)­

rich region, the cysteine-ri ch region, and the less conserved and less characteri sed C-terminal 

doma in (Kelley, 1998). 
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1.4.1.1. The J-domain 

The J-domain is a region of approx imately 70 amino ac id residues making up four a-helices 

(he lices I - IV). The fo ur a-he lices are stabi lised by the hydrophob ic residues present within 

the first three helices (Kelley, 1998). The J-domain of the Hsp40 co-chaperone interacts with 

the partner Hsp70 chaperone (Cheetham and Caplan, (998) thereby causing the ATPase 

stimulation of Hsp70 (McCalty et ai. , 1995; Hennessy el ai., 2000). 

High-resol uti on sol uti on NMR structures are known for various DnaJ prote ins: the J­

domains of a num ber of Hsp40s such as human DnaJ homologue I (PDB access ion no: 

IHDJ, Qian et ai., 1996) and E. coli DnaJ (IXBL, Pellechia et ai., 1996; IBQO, IBQZ, 

Huang et ai. , 1999). The J-domain structures show an overall 54 % sequence identity at the 

amino acid level (Cheetham el ai., 1994; Qian el ai , 1996; Kelley, 1998). Most J-domains 

share the very characteristic shape shown below (Figure 2). 

A ~ 

homologue I 

D Q)' 
\ ... 

~ 
I ~ 

I- s 
\. 

B , 
L. J 
~ , 

o E. coli DnaJ 

\...0 

'-,. 
( ~'- i' , .. E. co 1 DnaJ 

L J 

Murine po lyomavirus 
Large T-Antigen DnaJ 

Figure 2: Ribbon representations of the J-domain structures of Hsp40s of vari ous ori gins 

Hsp40s are defined by the presence of the J-domain. (A) Human DnaJ homologue I (PDB 
accession no: I HDJ, Qian el ai, 1996); (B) E. coli DnaJ (PDB accession no: I XBL, Pellechia 
el al., 1996); (C) E. coli DnaJ (PDB access ion no: I BQZ, Huang et ai., 1999); (D) E. coli 
DnaJ (PDB accession no: I BQO, Huang et at., 1999); (E) Mur ine polyomavirus Large T 
Ant igen (PDB accession no: I FAF, Beljanskii el ai., 2000). The figures were visualised in 
PyMOL (DeLano, 2005). 
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A highly conserved HPD motif occurs in almost all I-domains (Wall et ai. , 1994; Mayer et 

al. , 1999; Suh et ai., 1999; Genevaux et ai. , 2002; Landry, 2003 ; Hennessy et al., 2005a), 

with one of the few known exceptions being the substituted YPY motifs in ring-infected 

erythrocyte surface antigen (RESA) proteins (Bork et aI., 1991). The HPD motif is 

sometimes also referred to as the I-box (Ohtsuka and Hata, 2000) and the residues of this 

motif are important in Hsp70-Hsp40 functional interaction (Wall el al., 1994; Mayer et al., 

1999; Suh et ai., 1999). The motif occurs in the solvent exposed loop region between helices 

II and III of the I-domain (Figure 3). Mutations of these amino acid residues have been 

shown to cause a loss of functional interaction between the Hsp70 chaperone and the partner 

Hsp40 co-chaperone (Hennessy et ai. , 2005a; Hennessy et al. , 2005b). 

II 

~IV 

) ~ ~ 

III 

Figure 3: Ribbon representation of the I-domain ofHdjl showing the HPD motif 

The I-domain interacts with partner Hsp70 chaperones. The HPD motif (or I-box) is found 
within the loop region between helices II and III. The I-domain is shown in grey with the 
HPD motif residues shown in colour: the histidine residue is shown in red, the proline residue 
in green and the aspartic acid residue in blue. The four helices are shown as ribbons and are 
numbered in Roman numerals (PDB accession no: IHDI; Qian et ai., 1996). The figure was 
visualised in PyMOL (DeLano, 2005). 

Other amino acid residues have also been found to be conserved within the I-domains of 

Hsp40s, as well as the HPD motifs . Some work from previous studies of I-domain residue 

mutagenesis is outlined (Table 4). 

17 



Introduction 

Table 4: Effect of substitutions within the J-domain 

Protein Substitutions Helix Effect of substitution 
TAg L13V I Viral DNA synthesis 

reduction 
ARIDnaJ Y7A; LIOA I Destabil ises structure 
DnaJ KQD(3-5 )AAA; ESA; I No effect 
HdiI -DnaJ chimera Y24A; RR(25,26)AA II Loss of function 
T Ag-Ydj I ch imera W24R; L29P; M30T; Y34N; II Non-functional 

A37V; C38R 
AgtDnaJ E20A; K22A; K27A II No effect 
AgtDnaJ R26A; RK(26-27)AA II J-domain activity abolished 
DnaJ RE(19,20)AA; RK(22,23)AA; II No effect 

R27A; L2SA; A29G; 
MK(30,3l)AA; Y32A 

DnaJ RK(22,23)AA; KR(26,27)AA; II J-domain activity abolished 
Y25A ; K26A; KR(26,27)AA; 
K26E 

DnaJ EE(17-I S)AA II Destabilises structure 
DnaJ YKR(25 -27)AAA II Tox ic 
AgtDnaJ H33Q Loop No ATPase st imulation 
A!?IDnaJ HD(33 ,35)YY Loop Fa il ure to complement 
Hdj I-DnaJ chimera K35G Loop Function affected 
Hdj I-DnaJ chimera N36G Loop No effect 
DnaJ RNQ(36-38)GGG Loop Failure to complement 
DnaJ H33Q; P34F Loop J-domain acti vity aboli shed 
T Ag-Ydj I chimera KSIE; KS3R; MS5T; NS6D; 1Il Non-functiona l 

Y59N 
DnaJ KE( 4 I-42)AA; E44A; K46A; III No effect 

KE( 4S-49)AA; KE(S I-52)AA; 
Y54A; ES5A 

DnaJ F47A III J-domain activity aboli shed 
DnaJ SQ(60,61 )AA; KR(62 ,63)AA; IV No effect 

DQ(66,67)AA 
A!?IDnaJ D59A IV Failure to complement 
AglDnaJ D59N; D67A; D67N IV No effect 
Adapted from Ll el aI., 2001, Fewell., aI., 2002; Genevaux eI at., 2002, Hennessy.' at., 200Sb. 

In additi on to indiv idual residues being mutated within given domains, domain swapping 

experiments have a lso been done in order to determi ne how specific interactions are and how 

protein interacti ons differ when whole doma in units are swapped (Deloche et aI., 1997; 

Campbell et al., 1997; Kelley and Georgopou los, 1997; Fewell e l al., 2002; Genevaux et aI., 

2002; Hennessy et aI., 2005b; Genevaux et al., 2003). 
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1.4.1.2. GF-rich region 

Thi s region is approximately 30 to 40 amino acid residues in length and named due to the 

high glycine (G) and phenylalanine (F) content. It lacks secondary structu re and has been 

thought to function as a linker region between the J-domain and the rest of the DnaJ 

molecu le, and hypothesized that this region is potentially important in substrate binding to 

Hsp70 (Szabo et ai., 1996; Johnson and Craig, 200 1). The J-domain alone was found to be 

incapab le of st imulat ion of the ATPase hydrolysis activity of DnaK without the presence of 

the GF-rich region downstream (Karzai and McMacken, 1996). Aron and co-workers have 

recently suggested two possible alternatives for the function of this region: (i) that the region 

may have a direct effect on the spatial conformat ion of the am ino acid res idues of the J­

domain, with differing GF-rich reg ions caus ing changes in the overa ll J-d omain 

conformation, and (ii) that the region cou ld interact directly with the Hsp70s and thus affect 

the Hsp40 structure (Aron el ai., 2005). These hypotheses both correspond to results 

obtained by Fan and co-workers linked to Hsp70 specificity, namely when the two S. 

cerevisiae Hsp40s (Ydjl and Sisl) with their central domains swapped between them, they 

showed a change in their substrate-binding spec ific ities (Fan el aI., 2004) . However, recent 

studies by another group suggest that the region is involved in substrate transfer from Hsp40 

to J-Isp70 (Borges et al., 2005). 

1.4.1.3. Cysteine-rich domain 

This domain contains four zinc-finger-like motifs (CXXCXGXG, where X can represent any 

charged or polar amino acid) (Bardwe ll et ai., 1986; Ohki el aI., 1986). Various binding and 

cross-linking experiments (Szabo el ai., 1996) show zinc-finger-like motifs are needed to 

recogn ise denatured state proteins (Banecki el ai., 1996; Lu and Cyr, 1998a). These four 

motifs form two high ly conserved zinc centres (Linke et ai., 2003). In the case of DnaJ, there 

are two zinc ions that interact in a tetrahedra l coordination with the su lphur atoms present in 

the cysteine res idues of the motifs (Szabo et ai., 1996). DnaJ is stabi lised in its correct three­

dimensiona l conformation by the fo llowing two structures: (i) zinc centre 1 is a high-affinity 

binding s ite for unfolded proteins and the autonomous DnaK-independent chaperone activity 

of DnaJ is largely reduced when th is is absent and (ii) zi nc centre II is essential in the DnaJ 

functioning mediating interactions between the DnaJ and DnaK where the absence of thi s 

causes substrate not to lock onto DnaJ (Lu and eyr, 1998b; Linke et ai., 2003). 
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Studi es w ith S cerevisiae Hsp40s, namely Ydj I and Sisl , showed that the structural 

dissimilarities of proteins yielded two different mechan isms of chaperone interaction (Lu and 

Cyr, 1998b). Sisl which lacks this domain will however ass ist refo lding in vitro, although 

with less efficiency than type- I Ydj I (Linke et ai. , 2003). Studies on chimeras of these 

proteins with doma in-swapped cysteine-rich regions suggest that these regions cooperate with 

the OF-rich regions in functioning (Fan el 01., 2005). 

1.4.2. Nomenclature and classification considerations 

Various nomenclature exists for the HSP40 co-chaperone famil y. The naming of the E. coli 

Hsp40 as DnaJ was due to the reference to DNA in the initial work. Due to the presence of 

the J-domain, I-isp40s are also known as the DnaJ-like or DnaJ-related proteins (Cheetham 

and Caplan, 1998; Borges el ai., 2005). 

One type of c lassification attempted to divide Hsp40 proteins into two groups based on their 

presence or absence of the OF-rich region (Kelley, 1998; Hennessy et aI. , 2005b). However, 

the sim ilarity in the domai n structure of I-isp40s, has lead to a class ificati on system that is 

based on the E. coli Hsp40, DnaJ (Cheetham and Caplan, 1998). There are three Hsp40 

classes based on the presence of the structural domains (Figure 4). Type-I Hsp40s are the 

most similar proteins to E. coli DnaJ , on ly differing in the C-term inal regi on, and have 

autonomous chape rone activity and may function in an Hsp70-dependent or Hsp70-

independent fashion (Borges et ai., 2005). Type-ll Hsp40s only have a J-domain and a 

glycine/pheylalanine-rich region but differ in the ir C-terminal region, but have no 

autonomous chaperone activity of their own and are Hsp70-dependent for activity (Borges et 

01. , 2005) . The type-III I-i sp40s only have the characteristic J-domain and differ beyond th is 

(Cheetham and Caplan, 1998) , and thus do not necessarily bind non-native polypeptides or 

act as true co-chaperones (Sha el of. , 2000). 
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N C 
E. coli Dnal 

Type-I 

Type-II 

Type-III ~ I 
Figure 4: Schematic representation of the three classes of Hsp40s 

The classes are shown as likened to E. coli DnaJ. The l-domains are shown in red, the GF­
rich regions are shown in yellow, the cysteine-rich regions are shown in green and the E. coli 
C-terminal end is shown in blue. The non-domain regions are shown in grey. N and C 
represent the N- and C-termini of the proteins respectively. This figure is not to scale 
(adapted from Cheetham and Caplan, 1998; Hennessy et aI., 2000; Borges et al., 2005). 

In the type-I and type-II Hsp40 groups, the l-domain is N-terminally located, whereas with 

the type-III Hsp40s, the l-domain can be located at any position throughout the protein. 

These three Hsp40 classes have also been termed Subfamily A, B and C respectively in some 

cases (Ohtsuka and Hata, 2000; Borges et al., 2005). 
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1.5. Hsp70 AND Hsp40 INTERACTION (ATPASE CYCLE) 

Most of the understanding from the mechanism through which Hsp40s interact with Hsp70s 

is through extensive studies on the ATP hydrolysi s activity and nucleotide exchange activity 

using the E. coli system. including the chaperone DnaK, the co-chaperone DnaJ and the 

nucleotide exchange factor GrpE (McCarty et 01., 1995; Cheetham and Caplan, 1998; Laufen 

et 01.,1999). However, regulation of the ATPase cycle is very complex in higher eukaryotes 

(Caplan, 2003). 

In the E. coli system, the interaction between the substrate with DnaK in its low affinity, 

A TP-bound state (McCarty e l 01., 1995) is initiated when DnaJ interacts w ith DnaK and 

transfers the substrate to DnaK (Laufen el 01., 1999). ATP is hydrolysis is stim ulated by 

Dna] in the presence of the substrate (McCarty et 01., 1995). The ATP hydrolysis activity 

locks the substrate into the substrate-binding cavity of DnaK (L iberek el 01., 199 1; Cheetham 

et 01.,1994) by a closing of the cavity (Laufen et 01., 1999). Various cofactors (two K+ ions 

and a Mg2+ ion) function by interacting with the nucleotides with in a conserved region of the 

N-terminal ATPase domain on DnaK (Wilbanks and McKay, 1995; Naylor et 01., 1999) . 

DnaK has a high affinity for substrates in the ADP-bound state with a slow exchange rate 

(Flynn et 01 .. 1989; Laufen et 01., 1999). 

Experiments using domain shuffli ng showed that substrate-binding cavities from different 

Hsp70s cou ld be interchanged without causing any sign ificant effects on chaperone function 

suggesting that the Hsp70 domains have no role in determining specificity of chaperone 

function (James et 01., 1997; Naylor et 01., 1999). Although conversely, the domain 

swappi ng of the central regions of Hsp40s in yeast, have been shown to affect substrate 

specificities (Fan et 01.,2004). These resu lts suggest that specificity is determined by the co­

chaperones. 
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The nucleotide exchange activity involves the dissociation of Hsp70 from the substrate when 

the nucleotide exchange factors (NEFs) bind to it and accelerate ADP release (McCarty et al., 

1995; Russell et aI., 1999; Caplan, 2003). In the case of the E. coli system, this would 

involve DnaK releasing ADP when GrpE was bound (McCarty et aI. , 1995), and in the case 

of eukaryotes, the binding of Bag-l would cause the dissociation of ADP from Hsp70 

(Takayama et aI. , 1997). As the Hsp40 dissociates, the substrate is released, with the 

simultaneous exchange of the bound-ADP for ATP (Laufen et aI., 1999). 

Misfolded 

sUbstratJ ~. ==. 

A TP hydrolysis activity 
(ATP ~ ADP +Pi) 

"--- ~ 7" 
Folded 

substrate 

Nucleotide exchange activity 
(ADP + Pi ~ ATP) 

~I 

Figure 5: Schematic representation ofthe ATP cycle ofHsp70. with Hsp40 

This shows the mechanism whereby nascent polypeptides and misfolded or unfolded 
substrates are aided in folding. Hsp70 and Hsp40 are shown in red and yellow respectively. 
A TP and ADP are shown in green when bound to the Hsp70-Hsp40 complex. The NEF is 
shown in purple (adapted from McCarty et aI., 1995; GassIer et al., 1998; Suh et al., 1999; 
Feldman and Frydman, 2000). 

At a molecular level, the Dnal concentration is an order of magnitude lower than the DnaK 

concentration (Laufen et aI. , 1999). The stoichiometry of Dnal in relation to DnaK with the 

addition of a heat stress to the E. coli system remains the same, however, there is an up­

regulation in the levels showing a 2 to 3 fold increase with stress (Laufen et al. , 1999). 
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1.6. HOMO SAPIENS DNAJ 1 (HsJI) 

In 1992, five distinct protein members of the HSP70 chaperone family were known in human 

cells, however at this point in time, no human homologue of the HSP40 co-chaperone family 

had been described (Cheetham et al., 1992). Studies by Cheetham and co-workers then 

isolated two alternatively spliced transcripts of human cDNA homologues of DnaJ from a 

cDNA library obtained from the human brain-frontal-cortex (Cheetham et al., 1992). 

1.6.1. HsjI structure 

The two transcripts were found to be similar to E. coli DnaJ. A J-domain region was 

detected, as was a GF-rich region in the position corresponding to the GF-rich region of 

DnaJ. There was no cysteine-rich region present. The C-terminal regions did not bear high 

sequence similarity to other known DnaJ sequences that were known (Cheetham et al. , 1992). 

These were termed H sapiens DnaJ Is (Hsjla and Hsjlb) from the HsjJ gene (GenBank 

accession no. X63368) (Cheetham et al. , 1992) and were designated Type-II Hsp40s 

(Cheetham and Caplan, 1998). More recently, residues in both proteins have been found to 

represent a putative novel protein interaction chaperone domain (Chapple et al. , 2004) and 

two ubiquitin-interacting motifs (UIMs) have also been identified (Westhoff et al., 2005; 

Hohfeld et al. , 2006). 

l-domain GF UIMI UIM2 
Hsjla - " • 
Hsjlb II I I I 

I I I 

Hsp 70 binding Ubiquitin binding 

Figure 6: Schematic representation of the domain structure ofHsjla and Hsjlb 

Hsj 1 a is the shorter isoforrn consisting of 277 amino acid residues. It contains a l-domain (1-
70) shown in red, a GF-rich region (70-91) in yellow, a putative chaperone binding domain 
(160-207) in orange and two UIMs (210-223: LALGLELSRRE; 249-266: LQLAMA YSLSE) 
in lilac. The Hsj 1 a-specific C-terrninus is shown in blue and the Hsj 1 b C-terrninus is shown 
in grey. This figure is not to scale (adapted from Cheetham et al., 1992; Chapple et al. , 2004; 
Hohfeld et al. , 2006). 

24 



Introduction 

Hsj la is the smaller of the two spl iced isoforms and exists as a protein consisting of 277 

amino acid residues. It is cytoplasmic and nuclear in localisation due to the lack of a 

prenylation moti f (Chapple and Cheetham, 2003). Hsj lb is the larger of the two spliced 

isofo rm s and exists as a 324 amino acid residue prote in. It is targeted to the cytoplasmic face 

of the endop lasmic reticulum (ER) fo r correct functi oning (Casey and Seabra, 1996) due to 

the geranyl geranyl farnesylation moiety. The moiety is added at the point of post­

translati onal processing to the cysteine residue of the CaaX box prenylation motif (CUL) at 

the C-terminal end of the protein via a thioester linkage, wh ich causes the cleavage of the 

aaX residues (Zhu et al., 1993 ; Fahr et al., 1995 ; Nambara and McCourt, 1999; Chapple and 

Cheetham, 2003). 

1.6.2, Hsj1 characterisation 

Distribution studies of the Hsj I s showed protein express ion to be restricted a lmost 

exclus ive ly to the human brain (mostly to the frontal-cortex and the hippocampus and to a 

lesser degree to the cerebellum) (Cheetham el al., 1992). Both prote ins are a lso found within 

photoreceptors (Chapple et aI., 2004). 

Western blotting studies expected apparent molec ular masses of 32 and 38 kDa fo r the Hsj la 

and Hsj I b proteins respectively, yet two bands were detected at 36 and 42 kDa respectively 

(Cheetham et aI. , 1992) . Initially thi s phenomenon was assumed to be due to differences 

attributed to post-translational modification, however, in vitro transcripti on and in vivo 

translation of Hsj 1 a produced a protein of 36 kDa suggesting that no extensive post­

translati onal modificati on occurred. This was thought to be attributed to an anomalous 

electrophoretic ability (Cheetham et ai" 1992) , 

Studies on the physio logical fu nction of Hsc70-catalysed clathrin uncoatin g of vesicles have 

shown that Hsj I proteins inhibit the uncoating of clathrin-coated vesicles by interfering with 

the normal interaction between endogenous ves icle-assoc iated Hsp40s and Hsc70, but not 

directly with the vesicle suggesting they activate Hsc70 into an altered substrate binding form 

(Cheetham et aI. , 1996) . Hsj I has also been shown to effect processing of the archetypal G­

prote in-coupled-receptor rhodopsin (Chapple et al., 2004). 

25 



introduction 

1.6.3. HsjI ATPase activity 

Hsj I a and Hsj I b were found to have no ATPase activity of their own, however, th ey do have 

intrinsic chape rone act ivity allowing them to deliver substrate to Hsp70 (Westhoff et 0/., 

2005). The add ition of Hsjl a or Hsjlb to porcine Hsc70 ATPase reactions showed the 

ATPase activity of Hsc70 was enhanced approx imate ly 5 to 6 fold (Cheetham et 01. , 1994), 

whereas the DnaJ with DnaK stimulation is approximately two fold (Liberek et 01., 1991; 

Cheetham et 01., 1994) and that of yeast Type-I Hsp40, Ydjl, w ith yeast Hsp70, Ssa l , is 

approximate ly ten fold (Cyr et 01. , 1992; Cheetham et 01., 1994). Titrat ions of Hsjla and 

Hsj I b into the Hsc70 ATPase reactions showed maximal stimulation in the equ imolar ranges 

(Cheetham el aI., 1994), a lthough Hsj 1 b was s li ghtl y more effective at stimulating Hsc70 

ATPase activity than Hsj 1 a (Cheetham et al., 1994). However, there is no in format ion 

avai lab le on the ATPase stimulation of Hsjla or Hsjlb of the inducible Hsp70. Similar to the 

A TPase cycle in E. coli (Figu re 5), Hsj I a and Hsj I b were found to inc rease the rate of A TP 

hydrolysis (Cheetham el aI. , 1994). They were also found: (i) not to have synergi stic effects 

on ATPase stimulation of Hsc70, (i i) to have a halved Hsc70 ATPase act ivity in the absence 

ofK+ and (i ii) not to affect the rate of nucleotide release (Cheetham el aI., 1994). 

1.6.4. HsjI links to the degradation pathway 

Since chaperones have the ab ili ty to bind misfo lded and potentially damaged prote ins, thi s 

suggests that they may also be well suited to be involved in the degradation of those 

misfolded prote ins (Hohfeld el aI., 2006). The ubiq uiti n-proteasome system is the ma in 

degradat ion system involved in the degradation of misfolded or unfolded proteins within the 

cytoplasm of eukaryotes (Hohfeld et 01. , 2006). However, proteins other than chaperones 

have also been found to use thi s mechanism in degradati on, such as the human 26 S Protease 

Subunit 5a (Young el aI., 1998) and the yeast proteins, Rad6 and Rad18 (Ba ill y et aI., 1997). 
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The Hsp70 chaperone machinery is fu nctiona lly connected to the ubiquitin-proteasome 

system by various co-chaperones, for exam ple, through the promot ion of polyubiquitination 

by the U-box motif of the C-tenninus of heat shock cognate 70 stress prote in-interacting 

protein (CHIP) (Hbhfeld el ai., 2001 ; Chapple e l ai., 2004). CHIP interacts through a series 

oftetratricopeptide repeats, negative ly regulating Hsp70 ATPase chaperone activ ity (Chapp le 

el aI., 2004; Hbhfeld el al., 2006). It is suggested that s imilar to CHIP, Hsjl s may target 

prote ins fo r degradation (Chapp le el ai., 2004; Figure 7). 

Numerous proteins conta ining ubiqu itin-interacting motifs (UIMs) have been found to be 

important in proteasomal sorting (Westhoff el aI. , 2005). UIMs have been identified in three 

broad classes of prote ins: (i) proteins involved in ubiquitinat ion or ubiquitin metabo li sm (i i) 

proteins involved in receptor endocytosis and (i ii ) prote ins where the UIM motif has not been 

identified. 

The UIMs of Hsj I were identifi ed by bioinformatics and have the conserved sequence 

FXXAXXXSXXAc (where F is hydrophobic and Ac is acidic) (Hofmann and Falquet, 200 I ; 

Chapp le el ai., 2004). These UIM motifs bind a 76 amino acid protein known as ubiquitin 

(Vijay-Kumar et aI., 1987; Figure 7) to form mono- and po lyubiqu itylated proteins (Chapple 

el ai., 2004), wh ich are then targeted for degradati on by the proteasome (Hbhfeld el ai., 

2006). Hsj I s are thought to fulfil an escort function during the sorting of substrate to the 

proteasome in the cytoplasm and at the ER membrane (Hbhfeld el ai., 2006). 
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Figure 7: Schematic representation of the ATP cycle of Hsp70, 

including Hsj I, CHIP, Ubiguitin and Ubc4/5, for the targeting 

of substrates to the proteasome for degradation 

This shows the mechanism whereby misfolded or unfolded 
substrates are targeted to the proteasome for degradation. 
Processes are shown in bold. Hsp70 and Hsp40 (Hsj I) are 
shown in red and yellow respectively. A TP and ADP are 
shown in green when bound to the Hsp70-Hsjl complex. The 
client protein to be degraded is shown in blue. CHIP is shown 
in purple and Ubc 4/5 is shown in maroon. Ubiquitin (Ubq) is 
shown in pink. Should proteasomal degradation be unavailable, 
the Ubq-linked substrates that is bound to Hsj I, can be cycled 
again. For simplicity, Hsp70 and Hsj I ubiquitylation is omitted 
(adapted from Hohfeld et al., 2001; Hohfeld et aI. , 2006). 
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T he proteasome is a large ol igomeric complex with a central proteo lytic cavity where the 

ub iquitin-l inked su bstrates can be degraded separate from the remainder of the ce llu lar 

contents (Hohfeld et 01. , 2006). The substrates are sOlied and c leaved via a multiple enzyme 

cascade invo lving a se ries of activations and conjugat ions that are diverse enough to be ab le 

to recognise thousands of different substrates in a d ifferent manner, although the mechan ism 

in the regulation and balance is un known (Hohfeld et ai., 2006). 
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1.7. MALARIA AND PLASMODIUM FALCIPARUM DNAJ 4 (PFJ4) 

Malaria is a di sease that is caused by the Plasmodium species of parasite infecting the human 

host (Martinko, 2000; www.who.org).This disease is invo lved with the transfer of a parasite 

from a poikilothermic in sect vector (with an ambient body temperature corresponding to the 

range of 25 to 30°C) to a homeothermic human host (with a body temperature of 37 0c) 

(Martinko, 2000). The most dangerous form of malaria is caused by P jalciparum and 

causes cerebral malaria that can be fatal (Martinko, 2000) . It is likely that the parasitic 

chaperones, as well as potentia ll y host chaperones, are able to aid the parasite in surv iving 

this heat-shock change and also aid the parasite in its estab lishment within the various cells 

that the parasite infects throughout the various stages of its life cyc le within the host 

(Banumathy el 01., 2002). 

1.7.1. Malarial pathogenesis 

P. jalciparum infecti on often results in erythrocyte cytoadherence to the vascular 

endothelium within the host brain main ly via the remodelling of the host erythrocyte 

membrane. This process is central to cerebral malarial pathogenesis (Banumathy el 01. , 

2002). The parasite encodes, synthesizes and traffics several proteins to the host erythrocyte 

membrane to be assembled into knob structure complexes on the host erythrocyte membrane 

su rface to act as sites of attachment to the vascular endothelium (Banumathy et 01.,2002). P. 

jalciparum erythrocyte membrane proteins I (PfEMPI) and 3 (PfEMP3) are found within 

infected erythrocytes, is known to be an adherence receptor involved in specifically bind ing 

to CD36 and ICAM-I (Baruch el 01. , 1997; Banumathy el 01. , 2002). P.falciparum histid ine­

rich protein (PfHRP) is also known to be present in knob structures at the erythrocyte 

membrane (Banumathy el 01. , 2002). 

Chaperones present within the erythrocyte cytoplasm are involved in the transport and 

assemb ly of malarial remodell ing proteins destined for the erythrocyte membranes (Sargeant 

and Marti el 01.,2006 1). Proteins cannot be transcribed within host erythrocytes, yet various 

chaperones are found with in infected erythrocyte cytoso ls and have been found to be 

remnants from erythrocytic precursors (Banumathy el 01., 2002). 

1 In cases \\ here the authorship of a journal article has been specified as to having IwO first co-aulhol'5, the article has been referenced 
in text as Co-author! and Co-aUlhor2 ef al. to give due credit to both fi rst authors. 
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Banumathy and co-workers used systematic local isat ion studies to study a suite of chaperone 

systems that were known to be avai lable to the parasite within the in fected host erythrocyte 

and fou nd no ev idence of those parasite-encoded chaperones being exported into the 

erythrocyte cytoplasm (Banumathy et aI. , 2002). Co-fractionation stud ies of detergent­

resistant complexes suggested that human Hsp70 was possibly invo lved in the facilitation o f 

knob-structure assemb ly (Banumathy et aI., 2002). 

However, more recently, various laboratories have shown that a short signal sequence exists 

for the export of certain parasitic proteins via the parasitophorous vacuole (PV) into the host 

erythrocyte (Sargeant and MaI1i et aI., 2006). This 5 amino acid signal sequence is known as 

the Plasmodium export element (or PEXEL) and has the sequence (R/K)XLX(E/Q) (Hi ller et 

aI., 2004; Marti et aI., 2004). This signal seq uence has allowed for bioinformatic analysis 

using the algorithm ExportPred to pred ict the "exportome" of three lineages of Plasmodium 

by the identification of this motif across these lineages (Sargeant and Marti et al. , 2006). 

Analyses identified 43 P. jalciparull1 Hsp40-like proteins containing J-domain regions, of 

which 19 of these proteins were predicted to be exported to the erythrocyte (Sargeant and 

Marti et al. , 2006). GFP-fusion experiments confirmed that a type-II Hsp40 protein (known 

as PFE0055c) is exported to the erthrocyte cytosol (Sargeant and Marti et al., 2006). 

1. 7.2. Malarial chaperones 

Chaperones and co-chaperones have been characterised in the P. jalciparum system. At least 

six Hsp70 chaperones have been identified in th is species (Sargeant and Marti et al., 2006), 

but of these, only PfHsp70 has been characterised and shown to have typical Hsp70 

molecular chaperone features (Matambo et aI., 2004; Shonhai et aI., 2005). For the co­

chaperones, initially 4 P. jalciparum Hsp40s were characterised (also known as PfHsp40s of 

Pfj s) (Watanabe, 1997). These four proteins were denoted P. jalciparum DnaJ I through 4: 

Pfj I , Pfj2, Pfj3 and Pfj4 (Watanabe, 1997). More of these Hsp40-like proteins have been 

identified since the re lease of the P. jaiciparum genome project (Gardner et aI., 2002; Bahl el 

aI., 2003) and in total the 43 Hsp40-like proteins are divided as 2 type-I Hsp40s, 8 type-II 

Hsp40s and 33 type-III Hsp40s (Sargeant and Marti et al., 2006). 
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Table 5' Host and parasite encoded chaoerone local isation in infected erythrocytes - -
Cells Chaperone Site of localisation' 
Human frontal cortex cells Hsjla CytO]Jlasmic and nuclear 

Hsj lb Cytop lasmic face ofER 
Infected human erythrocytes Hsp70- Membrane-associated and cytoso lic 

Hsp90' Membrane-associated and cytosolic 
Hip48 Cytosolic 
Hop60 Cytosolic 
Pfj 1-4 Unknown 
PFE0055c EXPORTED: Cytosolic _. 

Malarial parasites PfBiP ER 
PfHsl'60 Mitochondria l 
PfHsp70 Cytosolic 
PfHsp90 Cytosolic 
P58 (Hip) Cytosolic 
Pfi 1-4 Unknown , 

Adapted and expanded from Banumathy el aI., 2002, Chapple and Cheetham, 2003 , Sargeant and Marti el al., 
2006. :1 A distinctive distribution of chaperones is seen with regards to these chaperone groups in uninfected 
human erythrocytes (soluble and cytoplasmic) versus infected human erythrocytes (main ly membrane­
associated and some cytoplasm ic). 

1. 7.3. Pfj4 

Pfj4 is a 244 amino acid protein that falls into the type-II Hsp40 class (Watanabe, 1997). It is 

a protein encoded by a gene located on chromosome 12 in P.falciparul11 and it is the second 

most abundant of the Pfj 1-4 proteins (Watanabe, 1997). Pfj4 has similar domain and motif 

structures to the human type-ll Hsp40, Hsj la, consisti ng of a highly conserved J-doma in, a 

GF-rich region and similar C-terminal regions. 

Results by Banumathy and co-workers had showed that those previously investigated host 

and parasite Hsps had a non-overlapping distribution between the parasite and the infected 

host erythrocyte (Banumathy el aI. , 2002). However, stud ies on additional Hsps have now 

shown that malarial co-chaperones such as certain type-ll Hsp40s (PFE0055c) are exported 

into the host erythrocyte cytosol (Table 5; Sargeant and Marti el al., 2006) . Th is suggests 

that an inter-species chaperone pair could potentially exist that bridges the host/parasite 

barrier involving a host chaperone and a parasitic co-chaperone, or vice versa. These pairs 

could potentially be key in understanding how the parasite mechan ism functions for P. 

!alciparul11. However, since the locali sation and other cell biology of the Hsp70s and Hsp40s 

(such as Pfj4) is not fully understood, this information must also be e lucidated in conjunction 

w ith finding functional chaperone pairs. 
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1.8. PROBLEM STATEMENT 

Malaria is a di sease caus ing over 3 million deaths per annum with over 40% of the world's 

population at ri sk. Desp ite this, little is known about the parasitic mechanism of the disease 

at the molecular level. 

Chaperones and co-chaperones have been impl icated in cytoprotection when ce ll s are under 

stress, including disease stresses. The Hsp40 co-chaperones are present in relative ly hi gher 

amounts in cells under stress. Hsj I potentially confers cytoprotection to neuronal cells, 

whilst Pfj4 is found in the cerebral malaria parasite (Plasmodium Jalciparum) w ithin the 

brain-sequestered infected erythrocytes and in no other Plasmodium species. Pfj4 cou ld 

potentially be important in confe rr ing cytoprotection to the parasite by (i) aiding the 

establishment of the parasite withi n the erythrocytes by protecting the parasite from host 

defences, or by (ii) aiding the estab lishment of the infected erythrocytes. Ho\\ ever, on ly gene 

and sequence data are available for Pfj4 and no other information is known about the 

structure and ce ll biology of this protein. 

Hsj la and Pfj4 are structurally simi lar. It is known that both contain the l-domain and 

g lyci ne/phenylalanine functional domains as well as a less characterised C-terminus. Hsj I a 

has two UIM motifs, as wel l as having a putative chaperone-binding motif corresponding to 

the putative C-terminal motif identified in Pfj4. The similarity between Hsj 1 and Pfj4 

suggests that these proteins cou ld have similar roles either within host neurons and/or the 

parasite. Also, the cross-i nteract ion of these proteins across the host and paras ite is unknown. 

U ltimately downstream, yet outside the scope of this project, if Hsj 1 and Pfj4 were to 

function with their partner Hsp70 proteins by sufficiently different mechanisms of interaction 

to each other, one or both of these proteins may have potential to be studied further from a 

therapeutic perspective as potential anti-malarial targets. 
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1.9. HYPOTHESIS AND BROAD OBJECTIVES 

There exists a high level of s imilarity between the amino acid residues of, and the J-domains 

themselves, of Hsp40s suggesting some functiona l similarity. The hypothesis for this thes is 

suggests that two sim ilar Type-II Hsp40 co-chaperones, namely Hsj I a and Pfj4, have J­

domains and se lected equivalent residues within these domains, that are functionally s imilar 

in their interaction with potential partner Hsp70 chaperones. 

The broad objectives of this study were to find a suitable system where the two prote in J­

domains could be tested and compared in their functional interaction w ith potential partner 

Hsp70s, and subsequently, to test specific amino ac id residues selected in order to investi gate 

their indiv idua l roles in this interaction. 
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1.10. APPROACH 

1.10.1. Bioinformatic analysis 

Multiple amino acid ali gnments were performed in order to se lect amino acid residues fo r 

substitution through studies of the leve ls of conservation of amino acid residues with in the J­

domains of vari ous Hsp40 proteins. The presence of other regions cons isting of high amino 

acid residue conservation was a lso investigated as this could suggest new, putative domains. 

1.10.2. Replacement of the J-domain of AgtDnaJ with alternate J-domains 

The coding regions fo r the Hsj I a and Pfj4 cod ing regions were each domain swapped with 

the coding region of AgtOnaJ J-domain and were tested fo r the ability to reverse the 

thermosensitivity of the thermosensitive E. coli strain, 00259. This was done in order to test 

whether these J-domains cou ld successfu lly replace the AglOnaJ J-doma in so as to provide a 

foundation for further mutagenesis studies. 

1.10.3. Rational site-directed mutagenesis of selected J-domain amino acid residues 

Equiva lent highly conserved amino acid residues from both the Hsj la and Pfj4 J-domains 

were se lected from multiple alignments and reference to literature for substitution by site­

directed mutagenesis to in vest igate and compare the effect of these residues on J-domain 

function. 

1.10.4. Biochemical analysis of Histidine-tagged Hsjla 

The pHsj I a plasm id construct was created in order to over-produce the Histidine-tagged 

Hsj la protein . The protein was purified and the o ligomeric state of the prote in was 

investigated using Fast Performance Liquid Chromatography (FPLC). The stimulation of the 

ATPase acti vity of human Hsp70 was a lso invest igated using a modified form of an 

ammon ium molybdate and ascorbic ac id ATPase assay. 
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Materials and Methods 
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Chapter 2 

MATERIALS AND METHODS 

2.1. MATERIALS 

2.1.1. Media, Chemicals and Strains 

Growth media were made up using chemicals from the fo ll owing compan ies: tryptone and 

yeast extract (Oxo id, England), sod ium chloride (Saarchem, South Afri ca), agar 

bacterio logica l (B iolab Diagnostics, South Africa) and MacConkey agar (Bio lab Diagnostics, 

South Africa) . All chemical compounds other than those used in growth media are li sted 

(Table A. I ; Appendix 1). Restriction endonuclease companies are given in the text. 

Antibiotics used were ampicillin and kanamycin sulphate (Roche, Germany) and 

chloramphenico l (Boehringer-Mannheim, Germany). Various E. coli strai ns were used 

throughout the study (Tab le 6). 

Table 6' Strains of E coli used in this studv 

Name Genotype 
E. coli XLI-b lue' recA I endA I gyrA961hi hsdR I7 supE44 reiAI lac' [F ' proAB lacIq lacZ 

!'>M 15 T nl O (tel') ) 
E. coli OD259" MC4100 araDI39 6ara714 6cbpA ::kan dnaJ: :Tn 10-42 
E. coli 1M I 09' recA 1, endA I, gyrA96, Ihi, hsdR 17 (rK-,mK+), relAI , supE44, 6(1ac-

proAB), [F' , traD36,proAB, lacIQZ6M I5) 
, . -E.co" XL I-blue (Bullock et aI., 1987, Sambrook and Russell, 2001) was obtained from Stralagene, USA. E. 
coli 00259 (Kelley and Georgopoulos, 1997; Deloche et 01., 1997) was a generous gill from Dr Olivier 
De loche (Depanemcnt de Biochemie Medicale. Centre Medicale U niversitaire~ Faculte de Medecine, Univcrsite 
de Geneva, Switzerl and).) £. coli JM109 (Messing el aI. , 1981; Yanisch-Perron el al. , 1985; Sambrook and 
R ussel l, 200 I) was purchased from Promega, USA. 

37 



Materials and Methods 

2.1.2. Vectors and Plasmid Constructs 

T he pQE30 vector system (Qiagen, Germany) was used throughout this study (F igure A6.2; 

Appendix 6). This vector system is advantageous as it has a T5 promoter region. Those 

vector systems with T7 promoters (e .g. pCMV-Tag3a) are problematic as they can on ly be 

used in stra ins such as E. coli BL21 (DE3). Vector systems with T5 promoters can be used in 

s trains ranging from E. coli XLI -blue, E. coli OD259 and E. coli IMI09. Various pQE3 0-

based plasmid constructs were used for thi s study (Table 7). 

Table 7' Plasmid constructs used in th is study 

Plasmid name '- Protein name Protein description" Size 
pRJ30' AgtDnal A. tumeJaciens Dnal 42.5 
pRJ30(H3 3Q)' AgtDnal(H33Q) A. tumefaciens Dnal (H33Q) 42.5 
pCMV-3a(Hsj I a)" Hsjla H. sapiens Dnal I a 36 
pHsjlAgt' Hsj lAg! A. tumefaciens Dnal [Hsj_1 I-domain] 42.6 
pPfj4Agt' Pfj4Agt A. tumefaciens Dnal [Pfj4 I -domain] 42.1 
pPfj4Agt(Y7 A)' Pfi4Agt(Y7 A) A. tumefaciens Dnal [Pfj4 I-domain (Y7 A)] 42 .1 
pPfj4Agt(LI ~Al' Pfi4Agt(L lOA) A. tume aciens Dnal rpfj4 I-domain (L I ~All 42. 1 
pPfi4Agt(R26A), Pfj4Agt(R26A) A. tume aciens Dnal [Pfj4 I-domain (R26A)] 42. 1 
pPfi4Agt(H33Q)' Pfj4Agt(H33Q) A. tume aciens Dnal [Pfj4 I-domain (H33Q)] 42.1 
pPfj4Agt(D59A)' Pti4Agt(D59A) A. tumefaciens Dnal J Pti4 I-domain (D59A)] 42.1 
, 

All plasm id constructs listed above are wlthm the pQE30 vector system encodmg 6 x H1Stldme~tagged plOtems 
(except for pCMV-3a(Hsj 1a) where the pCMV mammal ian express ion vector system is used encod ing a Tag3a­
lagged H sj 1a protein). :1: All plasmid constructs listed above have the gene for ampicilli n resistance except the 
pCMV mammalian expression \ ector system that has the neomycin resistance gene. ) Square brackets indicate 
those swapped domains. 4 Sizes given represent the prote in sizes in kiioDaltons (kDa). S pRJ30 and 
pRJ30(H33Q) were created by Dr F. Hennessy (Hennessy el aI., 2005a). 6 pCMV-Tag3a(Hsj la) was a generous 
gift from Dr M. E. Cheetham (Institute of Opthalmology, University Co liege London, UK) (Chapple and 
Cheetham, 2003). 7 pHsj lAg! \\85 created by Dr G. L. Blatch (Department of Biochemistry, Microbiology and 
Biotechnology, Rhodes Un iversi ty). 8 pPlj4Agr and mutant derhatives were created by Dr W. S. Nicoll 
(Department of Biochemistry, Microbiology and Biotechnology, Rhodes Un iversity) . 
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2.2. METHODS 

2.2.1. Bioinformatic analysis of the J-domains of various Hsp40s 

Various protein sequence alignments of Hsp40s were performed in order to determine the 

identities and similarities between the proteins of interest and other simi lar prote ins. 

A lignments were performed using C lusta lW 

(http://www.ch.embnet.org/software/ClustaIW.html ; Higgi ns et aI. , 1994) and the alignments 

were shaded using BOXSHADE (version 3.21 ; 

http://www.ch.embnet.org/software/BOXform.html).This multiple alignment was then 

used to create a phylogenetic tree showing the relatedness of these Hsp40s. Phylogenetic 

trees were viewed in TreeView (version 1.6.6; Page, 1996). 

The primary amino acid sequences for two Type-II Hsp40s were obtained from the Nat ional 

Centre for Biotechno logy Information (NCBI) website (http://www.ncbi .nlm .nih.gov) for 

Hsj I a (Genbank access ion no. CAA44969; Cheetham et al., 1992) and for Pfj4 (Genbank 

access ion no. BAB 17689; Watanabe, 1997). A pairwise protein sequence alignment was 

performed in order to attempt to identify regions that may be prev iously undiscovered or 

uncharacter ised putative motifs or domains. 

The multiple sequence al ignment of the l-domain am ino acid residues of a small selection of 

Hsp40s were investigated alongside the I-Isj 1 a and Pfj4 l-domains. Since both Hsj la and Pfj4 

are Type II Hsp40s, these and four other commonly studied Type 11 prote ins were selected . 

These were included alongside the Type 1 Hsp40 that was probably the most characterised 

Hsp40, E. coli D nal, and the Type I AgtDnal protein was also included as it was used in thi s 

study both as the contro l protein and as the protein into wh ich the l-domains of interest were 

domain-swapped into. The primary amino acid sequences for these six I-Isp40s were obtained 

from the NCBI website (http://www.ncbi.n lm .nih .gov) for the fo llowing proteins: AgtDnaJ 

(Genbank access ion no. AAR84666; Hennessy et al., 2005), Dnal (Genbank access ion no. 

AAA00009; Ohki et aI. , 1986), Hdj 1 (Genbank accession no. P25685; Raabe and Manley, 

1991) and Sis 1 (Genbank accession no . P25294; Luke et al., 1991). 
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Homology models were generated using the online version of SWISS-MODEL 

(http://swissmode\.expasy.org; Peitsch, 1995; Guex and Peitsch, 1997; Schwede et 01. , 2003), 

using the following known NMR structures from the Protein Data Bank (PDB) 

(http://www.rscb.o rg) as templates: Homo sapiens DnaJ I (IHDJ; Qian et 01., 1996) and E. 

coli DnaJ structures (I XBL, Pellechia et 01., 1992; 1 BQZ and I BQO, Huang et 01. , 1999). 

The NMR structure of an E. coli DnaJ (IXBL; Pellechia et 01., 1992) and the homology 

models were v isualised using PyMOL (http://www.pymo\.org; DeLano, 2005) . 

2 .2.2. Competent E. coli cell production 

The fo ll owing competent E. coli ce ll production uses a modified calcium ch loride production 

method (Dagert and Erh li ch, 1979). An overn ight culture (25 me) of relevant cells was 

g rown up in 2 x YT broth (16 gil tryptone, 10 gil yeast extract,S gil NaCI) to early log phase 

(A600nm = OJ - 0.6) with shaking at 200 rpm, at 30 °C for E. coli 00259 or at 37°C for E. 

coli XLI -blue. The cells were collected by centrifugation at 5000 g for IS minutes at 4 0c. 
The pellet was resuspended in I culture volume ice-cold 0.1 M MgCl, and incubated on ice 

for 20 minutes and cells were collected by centrifugation at 5000 g for IS minutes at 4 0c. 
Cells were resuspended in Y, culture volume of 0.1 M CaCl, and incubated on ice for 2 hours. 

Cells were collected by centrifugation at 5000 g for IS minutes at 4 °C and were resuspended 

in '/' 0 culture volume of 0.1 M CaCI2 and incubated on ice for 30 minutes. An equal volume 

of ice-cold 30 % sterile g lycerol was added to the cells, which were aliquotted and stored at -

80 °C until use. 

2.2.3. Transformation of plasmid constructs into competent E. coli cells 

The following transformation procedure uses a method modified from vanous protoco ls 

(Cohen et 01., 1973 ; Inoue el 01., 1990; Tu et 01., 2005). The respective plasmid (2 .,1) was 

incubated on ice with SO .,1 of the relevant competent ce lls for 30 minutes. The cells were 

heat-pulsed for 45 seconds, at 37 °C for E. coli 00259 or for 42°C for E. coli XLI-blue or 

JM109. The cells were incubated on ice for 2 minutes followed by the addition of900 .,1 2 x 

YT broth and were incubated , at 30 °C for 90 minutes for E. coli 00259 and at 37 °C for I 

hour for E. coli XLI-blue or JM109. 
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Samples were centrifuged at 16000 g for I min ute and 800 J.lI of the supernatant was 

removed. The pellet was resuspended in the remaining supernatant vo lume and this was 

spread onto 2 x YT agar plates (16 gi l tryptone, 10 gi l yeast extract,S gil NaC I, 15 gil agar) . 

Agar plates contained varying antibiotics (100 J.lglm l amp ici llin for E. coli XL I-blue or E. 

coli JMI09 transformed cells and 100 J.lglml ampicillin and 35 J.lglml kanam ycin for E. coli 

00259). Plates were incubated overnight, at 30°C for E. coli 00259 or at 37 ' C for E. coli 

XLI-blue or JM I 09. 

2.2.4. Plasmid DNA isolation for screening of mutants 

Alkal ine lysis is a relatively cheap method of obtaining plasmid DNA and was used fo r the 

screen ing of large numbers of colon ies (Birnboim and Doly, 1979; Sam brook and Russell , 

200 I). E. coli transformants containing the potential DNA of interest were inoculated into 5 

ml 2 x YT broth (with relevant antibiotic; Section 2.2 .2) and grown overnight, at 30 °C for E. 

coli 00259 and at 37 °C fo r E. coli XLI-blue, with shaking at 200 rpm. The overnight 

culture (3 ml) was centrifuged at 16000 g for 30 seconds and the supernatant was discarded. 

The pellet was resuspended in Solution I (100 J.lI; 50 mM Glucose, 25 mM Tris, pH 8.0, 10 

mM EDTA) and allowed to stand for 5 minutes at room temperature. Solution II (200 J.lI ; 0.2 

M NaOH, I % (w/v) sodium dodecyl sulphate [SDS]) was added and mixed by inversion. 

Solution III (150 J.lI ; 1.5 M potass ium acetate, 12 % glacial acetic acid) was added. Samples 

were centrifu ged at 16000 g for 10 minutes. The supernatant (35 0 J.lI) was extracted with 100 

J.lI chloroform and was mixed vigourous ly. Samples were centrifuged at 16000 g for 10 

minutes and 300 J.l1 of the upper phase was mixed with 300 J.lI isopropanol. This was 

incubated together for 10 minutes and was centrifuged at 16000 g for 10 minutes. The 

supernatant was discarded. The pellets were air-dryed and resuspended in 30 ~tl TE buffer 

( 10 mM Tri s, pH 8.0 , I mM EDTA). 
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2.2.5. Plasmid DNA isolation for DNA sequencing 

DNA was prepared as per the manufacturer's instructions for the QIAprep Spin Miniprep Kit 

(Catalogue no. 27106; Qiagen, Germany). The constituents of the buffers within the kit are 

not revealed . Selected co lonies were picked and inoculated into 5 ml 2 x YT broth 

(contain ing relevant antibiot ic). These were grown overnight with shaking at 200 rpm , at 

e ither 37 °C for E. coli XL I-b lue competent cell s or at 30 °C for E. coli OD259 competent 

cells. The overnight culture (3 ml) was centrifuged at 16000 g for I minute . The supernatant 

was rem oved and the pellet resuspended in 250 f.ll Suspension Buffer PI. Lysis Buffer P2 

(250 f.ll) was then added followed by 350 f.ll Neutralisation Buffer N3. The samples were 

centrifuged at 16000 g for 10 minutes. The supernatant was added to th e co lumns and was 

centrifu ged at 16000 g fo r I minute. The flow-through was discarded and 500 f.l l Buffer PB 

was added and centri fuged as before. The flow-through being discarded and 750 f.ll Wash 

Buffer PE was added and centrifuged as before. The flow-through was di scarded and an 

additional wash step was repeated to remove residual buffer. The DNA from the column was 

eluted with 2 x 20 f.ll Elution Buffer (IOmM Tris, pH 8.5) for restriction endonuc lease 

analysis samples by centrifugation at 16000 g for I minute, whereas samples for DNA 

sequencing were eluted with 2 x 20 f.ll steril e di stilled, deionised H20. 

2.2.6. Diagnostic restriction endon llclcase analysis 

Diagnostic restriction endonuclease analysis uses type Il restriction endonuc leases that cut 

specific known sequences . Restriction enzyme digests were made up using 16 f.ll di stilled , 

deionised H20, 2 f.ll l Ox restriction enzyme buffe r, 2 f.ll DNA (usua ll y of 100 - 300 ng/f.ll) 

and IOU restriction enzyme. Restri ct ion digests were incubated at the re levant temperature 

for approxi mately 2 hours. Samples were prepared for agarose gel e lectrophoresis with 5 x 

DNA load ing buffer (0.25 % bromophenol blue, 30 % glycerol) and were reso lved on a 0.8 -

I % agarose gel made up in TBE buffer (0.045 M Tris, pH 8.3, 0045 M borate, 0.00 I M 

EDTA) at 100 V. 
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The molecular mass marker (Lambda DNA restricted with Pst I; Figure A3.I; Appendix 3) 

was resolved alongside the samples. Agarose gels were then stained in a TBE buffer with 2 

~g/ml ethidium bromide and visuali sed using a ChemiDoc Imager on a UV setting with the 

Quantity One software package (BioRad, USA) . 

2.2.7. DNA sequencing 

Double-stranded DNA (200 - 500 ng) was added to 2 ~I 5 x Big Dye Terminator (version 

3 .1 ) Sequencing Buffer (constituents not revealed), 3.2 pmol pQE30 primer (either forward 

or reverse; Table A4.2; Appendix 4), 4 ~I Big Dye Terminator (vers ion 3.1 ) and was made up 

to a 20 ~I final reacti on vo lume with sterile distilled, deioni sed H20. The samples were 

thermal cycled in a GeneAmp PCR System 9700 version 3.05 (Applied Biosystems, USA). 

An initial denaturation step of 96 °C for 10 seconds was performed before 25 thermal cycles 

(denaturation at 96°C for 10 seconds, annealing at 52 °c for 5 seconds and extension at 60 

°C for 4 minutes) followed by 37 °C fo r 2 minutes. 

Alcohol precipitation was used to remove excess Big Dye from the sample. EDT A (5 ill of 

125 mM) and 60 ~I 99.6 % denatured ethanol was added to the samples and these were 

incubated at room temperature for 15 minutes and centrifuged at 16000 g for 30 minutes at 

room temperature. The supernatant was rem oved and I 00 ~I ice cold 70 % ethanol was 

added. The samples were centrifuged at 16000 g for 15 minutes at 4°C. The ethanol was 

a ir-dried off at 95°C for 5 minutes. Dried samples were resuspended in 10 ill Hi-Di 

Formam ide and denatured at 95°C for 5 minutes. Samples were injected into an ABI­

PRISM 3100 Genetic Analyser (Applied Biosystems, USA) for capillary e lectrophoresis on 

an 80 cm capillary. Data Collection Software (version 1.0.1 ; Applied Biosystems, USA) was 

used. Results were analysed using Chromas (version 2.3 ; Technelysium, Australia). 
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2.2.8. Site-directed mutagenesis 

Amino acid res idues were selected for mutagenesis of the pHsjlAgt construct (Table 8) based 

on the rationale described (Table 10). Site-directed mutagenesis was performed using 

primers that were engineered to include specific changes at the DNA level to introd uce the 

substituted amino acid residue, as well as specific changed restricti on sites included using 

silent mutations for ease of screening (Table 8). 

Table 8: Engineered changes in restri ction sites of pHsj IAgl with mutageni c substitutions of 

selected amino acid residues 

Substitution I Helix FOrl\ ardgrimer· Reverse grimer" Changed restriction sites 
Y5A I Hsj I(Y5A)F Hsj I(Y5A)R Introduction of Tji I site 
L8A I Hsj I(L8A)F Hsj I(L8A)R Removal of Bfa I site 
R24A II Hsj I (R24A)F Hsj I (R24A)R Introduction of Bsi WI site 
H31Q Loop Hsj I (H31 Q)F Hsj I (H31 Q)R Removal of Ban I site 
D59A IV Hsj I (D58A)F Hsi I (D58A)R Introduction of Sea I s ite 

-Numbering used IS for that of the HSJ I J-domam. Further descnptlOn of the primers can be found In Table 
A4.3; Appendix 4. 3 Position numbering corresponds to the base pair numbering that is given on the plasmid 
maps for each of the mutants (Figures 17 - 21). 

Site-directed mutagenesis was performed using the QuikChange Site-directed Mutagenesis 

Kit (Stratagene, USA). Mutagenesis reacti ons were setup using 5 ).d of lOx reaction bu ffer 

( 100 mM KCI, 100 mM (NH.hS04, 200 mM Tris, pH 8.8 , 20 mM MgS04 , I % Triton X-

100, I mg/ml nuclease-free bovine serum albumin [BSAJ), 5 - 50 ng dsDNA temp late 

(pHsj IAgt), 125 ng forward primer (Table 8), 125 ng reverse primer (Table 8) and I J-li dNTP 

mix (concentration not revealed). This was made up to 50 J-li with sterile di st ill ed water. Pfu 

Turbo (2.5 U) was added. Thermal cycl in g was performed as follows: 95 °C for 30 seconds, 

16 subsequent thermal cycles (denaturation at 95 °C for 30 seconds, annealing at 55 °C for I 

minute and extension at 68 °C for 4.5 minutes), fo ll owed by a final 37 °C hold for 2 minutes. 

A sample of 10 J-li of thi s was removed and was treated with 5 x DNA loading buffer for 

agarose ge l electrophoresis analysis on a 0.8 % agarose gel. A I J-li volume of the Dpn I 

restriction enzyme (IO U/J-lI ; Stratagene, USA) was added to the remainder of the reaction 

mi x which was incubated for 2 hours at 37 'C. Of this post-Dpn I digestion sample, 10 J-li 

was removed fo r agarose gel electrophoresis analysis as above to determine whether the Dpn 

I di gestion of the parental DNA was successful. A portion of the post-DpnI sample (2 J-lI ) 

was then transformed as per the transformation protocol (Section 2.2.3) into E. coli XL I blue 

competent cel ls. 
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2.2.9. III vivo complementation assays in the dllaJ cbpA strain, E. coli OD259 

Whilst E. coli DnaJ is probably the most wel1-characterised Hsp40 system (Bardwe ll el aI., 

1986; Ohki el aI., 1986), this study used an a lternative system prev iously characterised in our 

laboratory, where AglDnaJ was hetero logously produced using an E. coli expression system 

(Boshoff el aI., 2004; Hennessy et aI. , 2005a). Th is system has been used successful1y to 

study AglDnaJ at both the in vilro and in vivo levels. FUl1hermore, AgtDnaJ was preferred to 

Dnal for cel1ain experiments as AgtDnal was easier to over-produce in large quanti ties than 

DnaJ, and because ou r laboratory had more ava ilable plasm ids for comparisons of AgtDnaJ 

than DnaJ, making experimental set up using AgtDnaJ less laborious. For these reasons, 

AgtDnaJ was used for J-domai n swapping experiments. 

Freshly transformed colonies were used fo r complementation assays. The positive and 

negative controls (pRJ30 and pRJ(H33Q) respective ly), the chimeric constructs (pHsj IAgt 

and pPfj4Agl) and mutant plasm ids were transformed into E. coli OD259 (Section 2.2.3). 

S ingle transform ant colon ies were inoculated into 5 ml 2 x YT broth (100 ]lg/ml ampici llin 

and 35 Il g/ml kan amyc in) for overn ight growth with shaking at 200 rpm at 30°C. The 

overnight culture ( I ml) was diluted 1: I 00 into 100 ml 2 x YT broth and was monitored until 

A600nm = 1.8 - 2.0. Samples were diluted until A600nm = 0.2 and tenfold dilutions were made 

(10° - 10·'). An aliquot of 2 II I of each dilution was spotted onto 2 x YT agar plates (w ith 

100 ]lglml ampicillin, 50 ]lglml kanamycin and 50 11M isopropyl-(3-D-thiogalactopyranos ide 

[IPTG]). Plates were generated in quadruplicate and were sealed with Parafilm M (Pechiney 

Plastic Packaging, USA) to prevent drying out. The quad ruplicate plates were separated and 

placed fo r incubation at the fo l1ow ing temperatures: 30°C, 37 °C, 40°C and 42 0C. Plates 

were left at these temperatures overni ght for> 16 hours, with the 30°C plate being left fo r > 

20 hours due to slower growth rates at th is lower temperature. Bacterial ce l1 growth was 

recorded using photography with a Canon PowerShot A85 digital camera (Canon, Japan). 

Each complementation assay experiment was performed three times independently. 
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2.2.10. Production of the pCMcHsjla construct 

The Hsjla coding region was excised from pCMV-3a(Hsjla) by restriction endonuclease 

digestion with Bam HI (Roche, Germany) at 37 °C. The fragment was resolved on a 0.8 % 

agarose gel in 0.5 x TBE buffer and the fragment of interest was purified us ing the GFX PCR 

DNA and Gel Band Purification Kit (Amersham Biosciences, England) as per the 

manufacturer 's instructions. The band was exci sed, weighed and 10 ].II of capture buffer was 

added for every 10 mg of excised ge l. The tube was incubated at 60 °C for IS III inutes. 

The sample was incubated in the column for I minute at room temperature and centrifuged in 

a bench-top micro-centrifuge for 30 seconds at 16000 g. The column was washed with 500 

].II Wash Buffer (Amersham Biosciences, England) and centrifuged for 30 seconds at 16000 

g. Elution Buffer (50 ].II ; Amersham Biosciences, England) was added and incubated at room 

temperature for I minute before centrifuging for I minute at 16000 g to elute the purified 

DNA. 

The gel purified Hsj 1 a cod ing region was amplified us ing PCR amplification by a react ion of 

200 ng purified Hsjla cod ing region, 2.5].1 120].lM 1-lsjlaF forward primer and 2.5 ].II20].lM 

Hsj laR reverse primer (Table A4.1 ; Append ix 4),5 ].I I lOx buffer (100 mM Tris, pH 8.3 , 500 

mM KCI ,), I I.ll dNTPs (10 mM) and 0.75 III Taq enzyme (1 util i), to a fina l volume of 50 Ill. 

This was cycled as follows: 95°C for 5 minutes, then 28 cyc les of 3 temperatures (95 °C for 

30 seconds, 53 °C for 30 seconds, 72 °c for I minute), foll owed by a 72 °c ho ld for 5 

minutes. The Hsj l a coding region with flanking Bam HI and Hind III sites was ligated into 

pGEM-T Easy using the pGEM-T Easy Vector System (Prom ega, USA; Figure A6. 1; 

Appendix 6). T he ligation reaction was setup as follows: 5].11 2 x Rapid Ligation React ion 

Buffer (60 mM Tris, pH 7.8, 20 mM MgCI2, 20 mM OTT, 2 mM ATP, 10 % PEG 

MW8000). 1 III pGEM-T Easy vector (50 ng), x III Hsjla mix (3 insert: I vector molar ratio) 

and I III T4 DNA ligase (3 Utili) to a fina l volume of 10 Ill. The reactions were incubated at 

room temperature fo r I hour. 
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The ligation mix was transformed into super-competent E. coli JMI09 cells (Promega, USA) 

(Section 2.2.3) but the transformed cells were plated out onto MacConkey-lactose plates ( 100 

f,lg/ml ampicillin) instead for red/white selection . The lacZ gene encodes J3-galactosidase, 

which is an enzyme that convel1s lactose in MacConey media into glucose and galactose 

monomers. The gene is di srupted by an insert thus those colonies with inserts will not be 

able to metabo li se lactose media and will have no access to glucose. Since no metabolism 

can occur. no lactic acid is generated by these co lonies to turn the colonies red from the 

media. Single white colon ies were selected for screening and inoculated into 5 ml 2 x YT 

broth (with 100 f,lg/ml ampicillin) and grown overnight at 37 °C with shaking at 200 rpm. 

Plasmid DNA was isolated using the small -scale alkaline lysis method (Section 2.2.4) and the 

DNA was screened and analysed using by restriction endonuclease analysis. The putative 

pGE~ I-T-Hsjla colonies were then confirmed by DNA sequencing (data not shown). 

Subsequently, the Hsj I a cod ing region was purified from pGEM-T-Hsj I a by excision from 

an agarose gel using Bam HI and Hind III diagnostic restriction enzymes. The fragment was 

li gated into Bam HI and Hind III cut pQE30 as before for pGEM-T-Hsjla, to yield 

pCMcHsjia. 

2.2.11. Over-expression studies of 6 x His-tagged proteins 

An overn ight 25 mE culture was grown in 2 x YT broth (with relevant antibiotic) in E. coli 

XLI blue at 37°C or in E. coli 00259 at 30 °C with shaking at 200 rpm. This cu lture was 

then diluted I: lOin 250 mt 2 x YT fresh broth (with relevant antibiotic) and was grown to 

log phase (A600nm = 0.6 - 1.0.). Two I mE samples were taken for analysis at each time point 

interval. Samples were taken pre- induction. The culture was induced with I mM JPTG and 

post-induction sam ples were taken hourl y, from I - 6 hours, and overni ght. A I ml sample 

was used to measure absorbance at A600nm, whilst the second I ml sample was centrifuged at 

16000 g for I minute and resuspended in ISO f,ll PBS (137 mM NaCI, 27 mM KCI, 4.3 mM 

Na2HP04, 1.4 mM KH2P04) per each 0.5 A600mn absorbance unit. Samples were treated with 

5 x Loading Buffer (0.5 M Tris, pH 6.8 , 2 % SDS, 0.05 % J3-mercaptoethanol, I % 

bromophenol blue, 10 % glycero l) and were boiled for 5 minutes prior to sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SOS-PAGE) analysis (Section 2.2.12) . 
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2.2.12. Sodium Dodecyl Sulphate-Polyacrylamide Gel E lectrophoresis (SDS-PAGE) 

Proteins were stud ied using discontinuous SOS-PAGE to separate protein monomers based 

on their molecular s ize. Us ing a mod ified SOS-PAGE method (Laemm li, 1970), a reso lving 

gel (0.375 M Tris, pH 8.8 , 0.1 % SOS, 12 % acrylamide/b is-acrylamide mix (30: 0.8), 0. 1 % 

ammonium persu lphate, 0.02 % TEMEO) was set and a stacking ge l (0.125 M Tri s, pH 6.8, 

0.1 % SOS, 4 % acrylamidelbis-acrylamide mix (30 : 0.8), 0.1 % ammonium persulphate, 

0.02 % TEMEO) was layered on top of the resolving gel. The protein samples and SOS­

PAGE Broad Ran ge Markers (B iorad, USA; Table A3.1 ; Appendix 3) were applied to the 

sample well s. The gels were placed into BioRad Mini -Protean 3 Apparatus (B ioRad , USA) 

in SDS-PAGE Running Buffer (25 mM Tri s, pH 8.0, 250 mM glycine, 0.1 % SDS) and 

resolved at 150 V for approximately 1 hour. Ge ls were subsequently placed in Coomassie 

Stain Solution (0.25 % Coomassie Brilliant Blue G250, 40 % methanol , 7 % g lacial acetic 

acid) from 2 to 5 hours and subsequently in Oestain Solution (40 % methano l, 7 % glacial 

acetic acid) until bands were clearly visible. Both the gels and the cell ophane (Sigma­

Aldrich , USA) were equ ili brated in a Soaking Solution ( 10 % glycerol, 20 % ethanol) before 

drying each gel between cellophane. 

2.2 .13. Western analysis 

Western analys is was performed using the ECL Advanced Kit (Amersham Biosc iences, 

England). SOS-PAGE gels to be subjected to Western analysis were resolved in dup licate as 

described (Section 2.2.12). One gel was stained in Coomass ie stain and protein in the second 

gel was electrophoretically transferred onto Hybond-C Extra Nitroce llulose (Amersham 

Biosciences, England) at 100 V for 1 hou r in a BioRad Western apparatus (BioRad, USA) 

with Western Transfer Buffer (25 mM Tris, pH 8.3 , 192 mM glycine, 20 % methanol) coo led 

to 4 °C. The post-transfer SOS-PAGE gel was then stained with Coomassie stain to visualise 

a decrease in the proteins to ensure that prote in transfer was successful. 
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The nitrocellulose membrane was covered in Ponceau S stain (0.005 % Ponceau S, 1 % 

g lacial acetic ac id) and all proteins present on the membrane cou ld then be v isualised and 

photographed. Excess Ponceau S Stain was washed off with water and the membrane was 

placed into the ECL Advanced 5 % Blocking Solution in TBS-Tween (50 mM Tris, pH 7.5 , 

150 mM NaCI, 0. 1 % Tween 20) overn ight on ice. The membrane was washed with 4 x 15 

minute was hes in TBS-Tween at room termperature. 

Primary mouse anti-(His)6 antibody (Amersham Biosciences, England) was diluted 1 :5000 in 

ECL Advanced 5 % Blocking Solution and in cu bated with the nitrocellulose mem brane for I 

hour. 4 x 15 minute washes were repeated as above. Secondary anti-mouse IgG antibody 

conjugated to horse-radish peroxidase (Amersham Biosciences, England) was di luted 1 :5000 

in ECL Advanced 5 % Blocking Solution and incubated with the nitrocellulose membrane for 

I hour. Washes were repeated again as above. All the antibody incubations and washes were 

performed at room temperature. 

Lumigen TMA-6 Solution A and Lumigen TMA-6 Solution B were mixed in a 1: I ratio (500 

III total volume) and was app li ed to the nitrocellulose membrane. The nitroce llulose 

mem brane was im mediately imaged using a Chemi Doc Imager with Quantity One software 

(BioRad, USA) for Western analysis (F il ter Setting: I, Image Mode: Chem i) at room 

temperature and photographed with an 8-bit camera (B ioRad, USA). 

2.2.14. Purification of His-tagged Hsjla 

2.2.14.1. Nickel sepharose bead regeneration 

The Histidine-tagged fu ll-length Hsj 1 a protein was purified from the Iysates of E. coli XLl­

blue [pCMcHsj la] construct using nickel chelate affi nity chromatography, using a native 

batch proced ure. 
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A 5 ml 50 % slurry ofChelating Sepharose Fast Flow (Amersham Biosciences, Sweden) was 

incubated in 2 mE Cleaning Buffer I (2 M NaCl) for 5 minutes with rocking at room 

temperature. The beads were co llected at 3000 g for 3 minutes and washed with I 01 t 

Regenerat ion Buffer (20 mM Tris, pH 8.0, 300 mM NaC I, 10 mM Imidazole) for 5 minutes 

with rock in g at room temperature. The beads were incubated in 2.5 mE clean ing buffer II (I 

M NaOH) for 5 minutes with rocking at room temperature and were co llected as above. The 

beads were incubated with 1 mE Native Lysis Buffer (40 mM Tris, pH 8.0, 100 mM NaCI, 10 

mM Imidazole) for 5 minutes with rocking at room temperature and were collected as above. 

The beads were incubate with 2.5 011 70 % ethanol for 5 minutes with rocking at room 

temperature and were collected as above. The beads were incubated with 2.5 me 0.1 M 

NiSO, for 5 minutes at room temperature and were collected as before. Three washes with 5 

m I water were done collecting beads between each wash as above. The beads were stored as 

50 % slurry in Native Lysis Buffer at 4°C. 

2.2.14.2. Lysate preparation for nickel-chelate affinity chromatography 

E. coli XLI·blue [pCMcHsjla] was inoculated into a 25 ml 2 x YT broth (100 Ilglml 

ampicillin) and was grown at 37°C at 200 rpm overnight. The overnight culture was diluted 

la-fold into 250 me 2 x YT broth (100 }.lg/ml ampicillin) and was grown to mid-log growth 

phase (A600nm = 0.6 - I). The cells were induced for protein production by the addition of 1 

mM IPTG. Cells were grown at 37°C for 5 hours at 200 rpm. The culture was then 

harvested by centrifugation at 3000 g for 30 minutes and the pellet resuspended in 10 ml 

Native Lys is Buffer. The cells were aliquotted into I ml fractions with I III PMSF (10 mM) 

added and were frozen overnight at -20°C. The cells were thawed and cell lysis was 

achieved by lysozyme treatment (100 Ilg/ml) for 2 hours on ice and sonication (30 second 

bursts for I minute). Cell debris was removed by centrifugation at 16000 g for 5 minutes at 4 

0c. 
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2.2.14.3. Nickel-chelate affinity chromatography purification 

The su pernatant is now known as the Cleared Lysate and was added to a 50 % slurry of I ml 

of nickel -charged Chelat ing Sepharose Fast Flow (Section 2.2. 14.2). The mixture was gentl y 

rocked overnight at 4°C. The charged resin was collected by centrifugation at 3000 g for 2 

minutes . The resin was washed once with 10 ml Native Wash Buffer (40 mM Tris, pH 8.0, 

100 mM NaCI, 100 mM Imidazole). The proteins that were bound to the charged resin were 

eluted by the addition of two 1 ml vo lumes and 1 x 0.5 ml vo lume Nat ive Elution Buffer (40 

mM Tris, pH 8.0, 100 mM NaCI, I M Imidazole). The beads were also kept for analys is after 

a ll the elution steps to determine how much protein was still bound after elut ions. All 

fractions were collected and analysed by d iscontinuous SDS-PAGE using a 4 % 

polyacry lam ide stacking gel and a 12 % po lyacrylamide resolv ing ge l. The proteins were 

v isuali sed using stain in g w ith Coomassie Stain Solution (Sect ion 2.2.12; Laemm li , 1970). 

No further dialysis and concentration, or G25 chromatography, was needed to remove 

imidazo le from the sample, as it did not appear to affect subsequent ATPase assays. 

2.2.15. Protein quantification 

Protein quantification was determined using the Bradford's assay (Bradford, 1976). For 5 

minutes, 10 II I of protein sample and 200 ~t1 Bradford ' s Reagent (Sigma-A ldrich, USA) were 

incubated together. Absorbance was read at 595 nm and the prote in concentration was 

calculated from a BSA (Fraktion V; Roche, Germany) standard curve that was prepared (0 -

1000 ngllll; Figure AS. I; Appendix 5). 

2.2.16. Fast Performance Liquid Chromatography analysis of Histidine-tagged Hsjla 

Molecular mass markers were used for comparative size ana lysis. Blue dextran (2000 kDa), 

catalase (232 kDa), aldolase (158 kDa) and human transferrin (77 kDa) were generous 

donations from Dr A. Boshoff (Department of Biochemistry, Microbiology and 

Biotechnology, Rhodes University). BSA Fraktion V (66 kDa; Roche, Germany) and 

ch icken egg white albumin grade V (45 kDa; Sigma-A ld rich, USA) were purchased. 
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The mo lecu lar mass markers and the purified Hsjla protein were analysed on an AKTA basic 

10 FPLC (UY -900 mon itor; P-903 pump; lNY -907 valve; M-925 mixer; 10 mm flow cell; 

CU-900 PC1) (Ame rsham Phannacia Biotech, England) and injected onto a Superdex 200 

10/3 0 HR column (Amersham Pharmacia Biotech, England). The proteins were eluted 

through the column using FPLC buffer (50 mM Tris, pH 7.5, 0.15 M NaCI, 0.1 % Sodium 

azide) at a flow rate of 0.5 ml/min collecting I ml fractions in a Frac-900 fraction collector 

(Amersham Pharmacia Biotech, England). The absorbance at 280 nm was used to detect the 

absorbance due to aromatic residues within the proteins. Results were analysed using 

Unicorn software (version 4.11 AA; build 211) (Amersham Pharmacia Biotech, England). 

2.2.17. In vitro ATPase activity assays 

Purified protein was analysed by SOS-PAGE to investigate the extent of purity. ATP 

hydrolysi s by human Hsp70 (a kind donation of Dr O. Toft, Mayo Clinic, Minnesota, USA) 

was measured using a modified method of the ascorbate/molybdate colourimetric assay 

(Lanzetta et 01., 1979; Chifflet et 01. , 1988; Chamberlain and Burgoyne, 1997a; Chamberla in 

and Burgoyne, 1997b; Edkins el 01. , 2004). The assay detects a colorimetric change with the 

release of inorgani c phosphate during the reaction between Hsp70 and a partner Hsp40. 

Hsp70 (0.4 ~M) was equilibrated at 37°C for 5 minutes in ATPase Reaction Buffer (10 mM 

Hepes, pH 7.4, 10 mM MgCI" 20 mM KCI, 0.5 mM OTT) prior to starting the reaction with 

600 ~M A TP. Samples of 50 ftl were removed at regular time intervals (0 minutes; 30 

minutes; and I - 5 hours) and were added to 50 ~I 10 % SOS in a 96-well microtitre plate. 

The effect of the Hsp40s on the basal human Hsp70 activity were s imilarly determined but 

w ith the addition of equimolar concentrations (0.4 ~M) of Hsj la, or Pfj4 (a kind donation of 

Mr A. Shonhai, Rhodes University). Control reactions were setup to monitor spontaneous 

A TP degradation and comprised a reaction w ith water rep lacing the Hsp40 and/or Hsp70. A 

potassium hydrogen phosphate standard curve was prepared (0 - 10 nmol phosphate; Figure 

A5.2 ; Append ix 5) using K2HP04 and KH2P04 . For colorimetric detection of phosphate, 50 

~ I 1 % ammonium molybdate (in I N HC I) and 50 ~I 6 % ascorbic ac id was then added to the 

stopped samples and incubated for 45 minutes at room temperature. To this, 125 ~I 2 % 

sod ium citrate/2 % acetic acid was added to develop at room temperature for 30 minutes. 

The A8500m was measured. 
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Chapter 3 

RESULTS 

3.1. BIOINFORMATIC ANALYSIS 

3.1.1. Preliminary bioinformatic analysis of Hsp40s 

Pfj4 was detected through protein BLAST (BLASTp) as being similar to the human Hsj I a. 

This similarity to a human neuronal protein, and the fact the little is known of the cell biology 

of P~4, is interesting as the possibility exists for the involvement of these two proteins in the 

malarial scenario. Results of a BLASTp of Pfj4 showed no other similar proteins from any 

other Plasmodium species and hence this protein is only found with in Plasmodium 

Jalciparum that is known to cause the sometimes fatal, cerebral form of malaria. 

A multiple ali gn ment offour type-II Hsp40s from various evolutionary origins (yeast, human 

and parasiti c) and two type-I Hsp40s from prokaryotic origins was performed (data not 

shown). A phylogram was gene rated from this multiple alignment in order to determine the 

potential evolutionary relationships between these se lected Hsp40s (Figure 8). As was 

expected, the type-I proteins of prokaryotic origin were found to be the most distant from the 

type-II Hsp40s of eukaryotic ori gin . Also interestingly, as expected, from BLASTp results, 

the Hsj I a and Pfj4 proteins were the most closely related of the analysed type-II Hsp40s. 

---t ~~~aJ '-------------S-iS-I J Type-II Hsp40s 

----I Hdj I 

L _____ -[======= AgtDnaJ ] DnaJ Type-I Hsp40s 

0. 1 

Figure 8: Phylogram showing the relation of selected Hsp40s of various origins 

H. sapiens DnaJ la (Hsj 1 a; GenBank accession no. CAA44969). P. Jalciparul1l DnaJ 4 (Pfj4; GenBank 
accession no. BAS 17689). S cerevisiae DnaJ (Sis 1; GenBank accession no. P25294), Ii. sapiens DnaJ I (Hdj I; 
GenBank accession no. P25685), A. [ume/octens DnaJ (AglDnaJ: GenBank accession no. AAR84666) , E. coli 
DnaJ (DnaJ ; GcnBank accession no. AAA00009) are shown. The phylogram was generated of the six selecled 
Hsp40s us ing ClustalW and was viewed using TreeV iew (Y. 1.6.6; Page, 1996). 

54 



Results 

A ll of the above Hsp40 co-chaperones are of s imi lar function, aid ing the funct ioning of their 

partner Hsp70 chaperones (except for Pfj4 whose ce ll biology and function is not yet known). 

A comparison of the percentage identities of the am ino ac id res idues compris ing these 

proteins, at both the full-length and 1-domain levels, show the s imilarity of the prote ins and 

their 1-domains, and hence a possible relation to protein function. 

Table 9: Percentage identities' of full-length Hsp40s2 and their 1-domains3 

AgrDnaJ Dna1 Sis l Hdj l Hsj la Pfj4 
AKtDnaJ --- 58 28 27 22 21 

DnaJ 65 

--------
26 26 22 22 

Sisl 52 52 --- 36 22 20 
Hdj I 48 50 50 --- 25 25 
Hsj l a 48 54 47 58 --- 27 
Pfi4 47 48 44 44 51 -----.. 

A multIple alignment of the s!x Hsp40s was performed and pair-Wise percentage IdentitIes were obtained for 
each pair-wise protein combination using ClustalW. 2 Those numerical val ues represented above the diagonal 
line represent the amino acid identities of the full-length Hsp40s. 3 Those numerical values represented below 
the diagonal line represent the amino acid identities of the J-domain regions of the Hsp40s only. 

It can be seen that the level of identity between these full -length Hsp40s ranges from 20 % to 

as high as 58 % (Upper half; Tab le 9). The highest percentage identity is shared by the two 

type-I prokaryotic proteins, Dna1 and AgrDnaJ, as was expected from the knowledge of the 

domain structure of the type-l proteins (Cheetham and Caplan, 1998) and from the phylogram 

resu lts (F igure 8). T he type-II proteins share s ignifi cantly lower percentage am ino ac id 

identi ties across their full-lengths than the type-l proteins due to a greater difference at the 

level of domain structure, ranging from 20 - 36 % (Table 9). The two type-I! Hsp40s of 

interest, Hsjla and Pfj4, share an am in o acid identity of27 % at the ir full-length am in o acid 

level (shaded grey; Table 9). 

The 1-domains of Hsp40s are more highly conserved than the C-terminal remainders of the 

proteins (Cheetham and Caplan, 1998; Hennessy et aI. , 2000) so the am ino acid identities of 

these domai ns are s ignificantly higher than the percentage identities of the full-length 

proteins. The identities between the J-doma ins range between 44 % and 65 % (Lower half; 

Table 9). T he prokaryotic type-J proteins share a 65 % pair-wise amino ac id ident ity across 

their J-d omains. The human Hsjla and ma larial Pfj 4 share a high pair-wise 1-domain amino 

acid identity of 51 % (shaded grey; Table 9). 
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Interestingly, the two human type-I! proteins, Hsj la and Hdj 1, share a 58 % pair-wise 1-

domain am ino acid identity, which is higher than that of Hsj la and Pfj4, even though these 

proteins are not as closely related as Hsj I a and Pfj4 according to the phylogram (F igure 8). 

This could suggest that a high level of conservation across the l-domains cou ld be important 

in the species spec ifi city of Hsp40s, al though this hypothesis needs to be tested. 

3.1.2. Conserved domains and motifs 

In general, a high level of conservation exists across proteins ofa fami ly that are functiona lly 

related, for example, those members of the HSP40 co-chaperone family. This conservation 

suggests a poss ible importance in functional interaction. Due to the potentia l evolutionary 

re latedness and conservation of Hsj I a and Pfj4 to each other than to other Hsp40s, thi s could 

suggest a simi larly of function and/or the mechanism of interaction for these two proteins in 

their respective host and paras ite systems. For this reaSOIl, the conservation of these two 

Hsp40s was investigated furthe r to identify potentially important domains or motifs that 

could be fundamental in th eir function. 
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Figure 9: Pair-wise alignment of two tvpe-II Hsp40 proteins, Hsj I a and Pfj4 

The amino acid residues of H. sapiens DnaJ I a (Hsj I a; GenBank accession no. CAA44969) and P. ja/ciparum 
DnaJ 4 (Pfj4; GenBank accession no. BAB 17689) are pair-wise aligned. Identical amino acid residues are 
shown in black. Similar amino acid residues are shown in grey. As defined for Hsj I a: The red line shows the J­
domain, whilst the bright green line shows the previously proposed GF-rich region. The dark green box shows 
the HPD motif. The orange line shows the putative chaperone-binding domain and the purple lines show the 
two Ubiquitin Interacting Motifs (UIMs). The blue line shows the C-terminus that is specific to HsjIa. Dashes 
indicate gaps due to the alignment program. Aligned using ClustalW, where the consensus is given as letters 
with the identical amino acid residues shown as capitals, whilst the similar am ino acid residues are shown as 
lower case highlighting the Hsjla residue. For both Hsjla and Pfj4: The pink line highlights a conserved region 
not previously identified but which may represent an interesting motif of unknown function (question marks). 
Shaded using BOXSHADE (v. 3.21). 

The pair-wise alignment of Hsj la and Pfj4, that are potentially functionally similar, is 

highlighted with the known regions of Hsj l a in order to investigate the presence of similar 

regions in Pfj4 (Figure 9). A region of high identity was found across the N-terminus at the 

J -domain (red) as was expected from previous J-domains studies showing levels of high 

conservation (Hennessy et al., 2000). The C-terminal remainder of the protein showed lower 

similarity, being fairly evenly interspersed with similar residues, except for those three 

regions corresponding to: (i) the initial region of the putative chaperone-binding domain 

corresponding to residues 166-209 in Hsjla (orange), (ii) the DIMI domain corresponding to 

residues 212-222 in Hsj la (purple), and (iii) a region of clustering of conserved amino acid 

residues seen corresponding to residues 232-241 in Hsjla and residues 227-236 in Pfj4 

(Pink). 
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A GF-rich regi on for Hsj la was previously identified and described by Cheetham and co­

workers (Chapple et aI., 2004). The lower level of conservation across the GF-rich region of 

Hsj I a (bright green; Figure 9) is due to the fact that no glycine (0) and phenyla lanine (F) 

residues are found within the region corresponding to the first half of this OF-rich region in 

Pfj4. Only 2 F res idues in Pfj4 occur within this corresponding Hsj la OF-rich reg ion , with 

the first F res idue only appearing at res idue position 85 in Pfj4. Th is F res idue actual ly 

appears to be the start of an extensive F and serine (S) region extend ing from residues 85 to 

1650f Pfj4. This corresponds to almost the entire region of Hsjla between the l -domain and 

putative chaperone domain (res idues 94 to 169) containing a high leve l of F and S res idues. 

This suggests that this region should be termed a FS-rich regi on in Hsj I a and Hsj I b. 

Based on this knowledge, a few scenarios exist for Pfj4: either (i) the OF-rich region ex ists as 

predicted leaving Pfj4 as a type-II prote in and it needs re-naming in thi s case, (ii) the 

boundaries of th e OF-rich region of Pfj4 need to be re-evaluated to incorporate th ose F 

res idues and not correspond to Hsj la as per Cheetham and Caplan 's designation, or (iii) Pfj4 

should be considered as hav ing a pseudo OF-region. However, in order to keep with that 

Hsp40 nomenclature and domain structure as defined by Cheetham and Caplan in 1998, it is 

suggested that Pfj4 be known to have a pseudo OF-rich region (i.e. a lengthy regi on [res idues 

85 to 165] that occ urs after the J-d oma in but is actually a GFS-rich region). 

The region of highest conservation with in the initial pOltion of the putative chaperone­

binding domain ofHsjla from resid ues 166-1 85, could suggest that the equiva lent region of 

P fj 4 (FTSY ... NRYY) may also be a putati ve chaperone-binding domain w ith in Pfj4, or 

alternat ively the equivalent residues of the entire putative chaperone-binding domain within 

Pfj4 (FTSY . .. YKTL) cou ld be invol ved. 

The reg ion of Pfj4 th at corresponds to the eleven am ino acid res idues compri sing the Hsj I a 

UIMI. has two identical and th ree s imilar amino acid resid ues to Hsj la . This could also be 

an equ iva lent V IM-li ke mot if (Hofmann and Falquet, 2001) potentially targeting ubiquitin ­

linked malarial proteins for degradation w ithi n the parasite in a si milar fas hion to Hsj la in 

human cells (Banumathy et al. , 2002; Westhoff el al., 2005). It has been suggested that such 

a short sequence moti f is probably likely to form a short Ct.-he lix that can be embedded into 

different protein fol ds (Hofman n and Falquet, 200 I). 
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Through this study, another region of conservation was also detected by the pair-wise 

a lignment ofHsj la and Pfj4. The region corresponds to amino acid residues 232-24 1 in both 

Hsj la and Pfj4 and has a pairwise consensus of GXX(QIN)(V/l)XQXPA, where X represents 

any amino ac id residue. A BLASTp of the potential mot if from Pfj4 (GNINIRQLPA) using 

the "nearly exact short sequences" option, showed that other proteins from various 

evo lutionary backgrounds contained regions of relatively high similarity to this potential 

m otif: P. yoelii yoelii (GenBank access ion no. XP _728590), P. chabaudi chabaudi (GenBank 

accession no. XP _742451), P. berghei (GenBank access ion no. 676696), Xanthomonas 

call1pestri.\· (GenBank accession no. AAY48210), X axonopodis (GenBank access ion no. 

AAM37987), X. oryzae (GenBank access ion no. BAE68306), Gibberella zeae (GenBank 

accession no. XP _3 89207), Danio rerio (GenBank accession no. CAI2 1342), H. sapiens 

(Hsj la; GenBank access ion no. CAA44969), and others. Similarly, for Hsj I a, proteins were 

detected from the following evo lutionary backgrounds: Haloarcula marismortui chaperone 

DnaJ (GenBank access ion no. YP _ 137730), Mus musculus T cell receptor (GenBank 

accession no. AAA64783), P. vivax meroziote surface proteins (GenBank accession no. 

AAV71114), and others. Whil st thi s region was identified, no further work was continued on 

this due to the time constraints of the project. Hence, it is yet to be described as a true type of 

functional motif although the conservat ion across a wide range of evolutionarily d iverse 

proteins is interesting as it may playa more general function than a chaperone-specific one. 

3.1.3. J-domain analysis 

In cont inuing the study of the J-domain, we wil l to try to establish the importance of those 

individual amino acid residues within the J-domain for Hsj la. Since Hsj la is of known 

function and cell biology, by comparison to the same mutations to the equivalent residues of 

Pfj4, we propose to potentially extrapolate residue function for Pfj4. 

Hennessy and co-workers showed that a significant overall am ino acid residue conservation 

exists between evolutionary diverse organisms using multiple alignments of numerous J­

domains from various organisms (Hennessy et al., 2000). When focuss ing on the first 70 

amino acid residues forming the l-domain regions of the se lected Hsp40s (Figure 10), as 

expected, it can be seen that many am ino acid residues are conserved within this region. 
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DnaJ 1 
AgtDnaJ 1 
Hsjla 1 
Pfj4 1 
Sis! 1 
Hdj1 1 
CONSENSUS 1 

Helix I Loop Helix III 

DnaJ 59 
AgtDnaJ 59 
HS j la 58 
Pfj4 61 
Sis! 57 
Hdj1 57 
CONSENSUS 61 

Helix IV 

Figure 10: Multiple alignment of the J-domains of various Hsp40s 

The amino acid residues of the J-domains of E. coli DnaJ (DnaJ ; GenBank accession no. AAA00009), A. 
fume/adens DnaJ (AgtDnaJ; GenBank accession no. AAR84666), H. sapiens DnaJ la (Hsjla; GenBank 
accession no. CAA44969) P. /alciparum DnaJ 4 (Pfj4; GenBank accession no. BAB 17689), S. cerevisiae DnaJ 
(Sis!; GenBank accession no. P25294), H. sapiens DnaJ I (Hdj I; GenBank accession no. P25685) are aligned. 
Identical amino acid residues are shown in black. Similar amino acid residues are shown in grey. Helix I is 
underlined in red, helix II in orange, the loop region in green, helix III in blue and helix IV in purple as 
previously defined (Genevaux el al., 2002). Those amino acid residues selected for mutagenesis are marked 
above with black arrows. Dashes indicate gaps due to the alignment program. Aligned using ClustalW. Shaded 
using BOXSHADE (v. 3. 21). 

It can also be seen that a higher level of conservation exists within the four a-helical 

secondary structures that comprise the J-domain, whilst relatively fewer conserved residues 

are found within the non-helical regions. Of the helical residues, 76 % are conserved, whilst 

of those non-helical residues (excluding the HPD motif) show only 47 % conservation. For 

reasons of conservation, and the fact that secondary structures are important in the overall 

conformation of the protein affecting the orientation of residues within the J -domain, the 

amino acid residues selected to be investigated in this study by mutagenic substitution were 

selected from these a-helical regions. 

The only exception to the a-helical selection was the histidine (H) residue of the HPD motif 

that is found within the loop region of the J-domain and has been found to be important in 

functional interaction with partner Hsp70s in all previously characterised Hsp40s known to 

contain this motif. The rationale for these specific substitutions are given below (Table 10). 
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Table 10: Rationale for amino acid substitutions to be performed in the Hsj 1 l-domain to 
I ~ f h I k 'd'd lI1veSll.l'cate t le unction 0 t ese .~otentla ey am1110 aCI res! ues 

Number Amino acid Nature Rationale Subst itution' 
5 Tyrosine (Y) Aromatic Potential structural residue Alanine (A) 
8 Leucine (L) Hydrophobic Potential structura l residue Alan ine (A) 
24 Arginine (R) Pos itive Potential functional res idue Alanine (A) 
31 Histidine (H) Positive Negative control Glutamine (Q) 
58 Aspartic acid (D) Negative Potential functional residue Alanine (A) 

-Numbermg used IS for that of the HSJ 1 J-domam. Alanine IS often used for mutagen ic substitutions due to ( I ) 

this amino acid being unlikely to introduced new charged interactions that may potentially negatively impact the 
structure of the protein, and (ii) this amino acid having a side chain of significant size whereas amino acids with 
bulky side chains could cause further structural hindrances. 

Previous structural data have shown that helix II and III of most l-domains are relative ly 

well-ordered a-helices anti-parallel to one another, flank ing disordered solvent-exposed loop 

regions that each contain an HPD motif (Pellech ia et 01. , 1996; Qian et 01., 1996; Huang et 

01.. 1999 ; Berjanskii et ai., 2000). This si milar overall conservat ion in fold ing has suggested 

an evolutionary conserved mec han ism for the interaction of the J-domain with Hsp70 

(Genevaux et ai. , 2002), and the importance in inter-molecular and intra-molecular force 

formation , and thus potent ially in functio n (Hennessy el 01. , 2000; Genevaux el al., 2002). 

3.1.4. Homology modelling 

Whilst homology modelling is used as a tool as a rough guide to investigate the potential 

structures of proteins and potential orientations of amino acid residues, as a general rule, 

crysta l or NMR structures sho uld be used for this type of investigat ion. However, w ith 

structures not be ing available for all proteins, homology model ling is the closest 

approximation available for thi s task and since the l -domains in this study share a high level 

of conservation (above 44 %; Table 9), these should serve as good approximat ions of the 

potential protein structures and residue orientations. Thus, in order to investigate these 

properties be fore mutagenic su bstitut ions of Hsj I a and Pfj4 (for which structures are not 

known), homology modelling of the 1-doma ins of AgiDnaJ, Hsj la and Pfj4 was performed in 

compari son with the NMR structu re ofDnal (Pe llechia et 01., 1996). 

The homology modelled 1-domains of AgtDnaJ, Hsj la and PG4 all show a folded structure 

s imilar to that of the structure of Dna1 (F igure 11 A), as was expected. Each 1-domain 

consists of the four a-helices (Figure I I ) forming this folded shape of helices II and III 

flank ing a loop region that has come to be associated with most 1-domains. 

61 



A B c 

J 

Figure 11: Ribbon representations of the crystal structure of the l-domain of DnaJ compared to the homology models of the l-domains of AglDnaJ, 

Hsj 1 a and Pfi4 

(A) The DnaJ J-domain crystal structure of E. coli DnaJ (Dnal; PDB accession number: IXBL). (B) The AgiDnaJ J-domain was homology modelled onto H. sapiens Dnal (PDB 
accession number: IHDJ). M. musculus Dnal (PDB accession number: IWJZ) and three sequences from E. coli DnaJ (PDB accession numbers: IXBL. IBQO. IBQZ). The key 
residues identified as potentially important to be studied (Y7. LlO. R26. H33 and DS9) are shown in st icks and coloured in black. (C) The Hsjl J-domain was homology modelled 
onto H. sapiens Dnal I (PDB accession number: 1 HDJ) and three sequences from E. coli Dnal (PDB accession numbers: I XBL. 1 BQO. I BQZ). The key residues identified as 
potentially important to be studied (YS. L8, R24. H31 and DS8) are shown in sticks and coloured in black. (D) The Pfj4 J-domain was homology modelled onto H. sapiens Dnal 
(PDB accession number: I HDJ) and three sequences from E. coli DnaJ (PDB accession numbers: I XBL. I BQO. I BQZ). The key residues identified as potentially important to be 
studied (Y8. Lli. R27, H34 and D61) are shown in sticks and coloured in black. The four a-helices (1 - IV) are coloured red. The figures were modelled in Swiss-Model (Peitsch, 
1995). The figures were visualised in PyMOL (DeLano, 200S). 



Results 

3.2. HETEROLOGOUS EXPRESSION 

3.2.1. The AgtDnaJ heterologous expression system 

AgtDnaJ was previous ly heterologously produced for studies using an E. coli expression 

system (Bosh off el al., 2004; Hennessy et aI., 2005a) . AgtDnaJ was shown to be 58 % 

identical to DnaJ Cfable 9) and capable of replacing E. coli Dna] and CbpA in a mutant stra in 

lacking those Hsp40s (Hennessy el aI., 2005a) and was used fo r J-domain swappmg 

experiments in thi s study. 

3.2.2. pHsjIAgt a nd pPfj4Agt parental plasmids 

Domain-swapping has been used successfully in aid ing the determination of the functi on and 

cross-functiona li ty of J-domains across various fami lies and species (reviewed in Hennessy et 

aI., 2005b) . In thi s study, the less-characteri sed Hsj la and Pfj4 J-domains were domain­

swapped into the characterised AgtDnaJ in order to in vestigate whether these domains, and 

key residues there in, are important in J-domain funct ion ing. 

The Hsj IAgt chimera and the Pfj4Agt ch imera were made (Appendix A2) by Prof G. L. 

B latch and Dr W. S. Nico ll respect ive ly (both of Department of Biochemistry, Microb iology 

and Biotechnology, Rhodes Univers ity) for work in previous stud ies (unpub lished data). 

The 4576 bp pHsj IAgt plasmid encoded the Hsj I J-doma in amino acids fused to the 

downstream regi ons of AgtDnaJ (F igure A2. 1; Appendi x 2). The identity of the pHsj IAgt 

plasmid (F igure 12A) was con firm ed using analysis of DNA restricted w ith various type-II 

restriction enzymes (Figure 12B). Separate restri ction experiments with Bam HI (Lane 2; 

Figure 12) and with Hind III (Lane 3; Figure 12) were seen to lineari se the plasmid yield in g 

DNA fragments of 4576 bp in length, whilst a digest with Eco RI yielded fragme nts of 339 1 

bp and 1185 bp (Lane 4; Figure 12). Plasmid identity was also confirmed by DNA 

sequenc ing (data not shown). 

63 



A 
1:'cdIJ (89) 

Ampicillin Rtsistance 

Downstream AgtDnaJ 

I;coRi ( 1211) 

H"dlll ( D Ol) 

B 

Figure 12: Confirmation of the identity of the pHsjlAgt plasmid 

Results 

(A) Plasmid map of pHsjlAgt showing the Hsjl l-domain (grey block) and the downstream AgtDnaJ coding 
regions (downstream black arrow). The ~-Iactamase coding sequence for ampicillin resistance is also 
highlighted (black arrow). The figure was generated using Vector NTI (version 9.0.0 .) (InforMax, USA). (B) 
pHsj IAgt was restricted with various restriction enzymes (Lanes I - 4) and the DNA fragments were resolved by 
agarose gel electrophoresis. Lane M - Molecular mass marker (Lambda DNA restricted with Pst I); Lane I -
Uncut; Lane 2 - Bam HI (4576 bp); Lane 3 - Hind 1Il (4576 bp); Lane 4 - Eco RI (3391 bp, 1185 bp). 

The heterologous production of the Hsj IAgt protein in E. coli XLI-blue [pHsj IAgt) and E. 

coli OD259 [pHsj IAgt) was performed to begin the basic characterisation of this protein. 

A 
M C P 2 3 4 OIN 

kDa 
200 -

116 -
97 -

66 -

45-

<II 42.6 kDa 

31-

---- ----
B - - ___ e<ll 42.6kDa 

Figure 13: Heterologous production of Hsj IAgt 

(A) Histidine-tagged Hsj IAgf was over-produced by E. coli XLI-blue [pHsj I Agt] using IPTG induction (lanes P 
- OIN). The total protein samples were resolved by SDS-PAGE. Lane M - Molecular mass marker (BioRad 
Broad Range SDS Marker); Lane C - E. coli XLI-blue [pQE30] control sample; Lane P - Pre-induction sample; 
Lane I - Post-induction I hour sample; Lane 2 - Post-induction 2 hour sample; Lane 3 - Post-induction 3 hour 
sample; Lane 4 - Post-induction 4 hour sample; Lane OIN - Post-induction overnight sample. (B) Histidine­
tagged Hsj IAgt over-production was confirmed by Western analysis of the above samples. Western analysis of 
the 42.6 kDa HsjlAgt protein is matched to the same region of the SDS-PAGE gel (black marker arrows). 
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After heterologous expression using E. coli XLI-blue [pHsjIAgt] , the Hsj lAgt protein was 

not clearly identified within the total protein extract (Figu re 13A). Faint bands of similar 

intensities were noted due to the leaky express ion of the pQE30-based construct and no 

clearly over-produced band was seen on the SDS-PAGE gel (Lanes P - OIN; Figure 13A). 

Western analys is, however, did show a clear band present at the expected region of 42.6 kDa 

(Figure 138). The control lane (Lane C; Figure 13B) showed no detection of a histidine­

tagged protein in the 42.6 kDa region as expected, while in the same region for the test lanes 

the presence of the Hsj IAgt protein was detected (Lanes P - OIN; Figure 13B). The amount 

o f protein produ ced increased w ith the length of induction. Significant increases in the 

accumulation of the protein started to occur from 4 hours onwards with the I - 3 hour 

samples (Lanes 1 - 3; Figure 13B) being approximately the same intensity as that of the pre­

ind uction sample (Lane P; Figure 138). The protein levels increased further with overnight 

induction. Because such a large protein band was detected in the overnight sample (Lane 

OIN; Figure 138), large-scale degradati on of the protein did not appear to have occured. If 

thi s were the case, the protein would not be detected at 42.6 kDa. Similar results were 

obtained with E. coli OD259 [pHsj IAgt] (data not shown). 

Similar initial stud ies were performed on the plasmid, pPfj4Ag t (Figure A2.7 ; Appendix 2) . 

The heterologous producti on of the prote in by E. coli XL I-blue [pPfj4Agt] was investigated . 
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pPfj4Agt 
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2838-
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Figure 14: Confirmation of the identity of the pPfj4Agt plasmid 
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(A) Plasmid map of pPfj4AgI showing the Pfj4 ]·domain (grey block) and the downstream AgIOna] coding 
regions (downstream black arrow). The p-lactamase coding sequence for ampici llin resistance is also 
highlighted (b lack arrow). The figure was generated using Vector NTI (vers ion 9.0.0.) (l nfo rMax, USA) . (B) 
pPfj4rlgl \\"as restricted with various restriction enzymes (Lanes I - 4) and the DNA fragments were resolved by 
agarose gel electrophoresis. Lane M - Molecu lar mass marker (Lambda DNA restricted with PSI I ); Lane I -
Uncut; Lane 2 - Bam HI (4597 bp); Lane 3 - Hind "I (4597 bp); Lane 4 - Nco 1 (3354 and 1243 bp). 
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The pPfj4Agt plasmid (Figure 14A) encoded the Hsj I l-domain amino acids fused to the 

downstream regions of AgtDnaJ. This was confirmed using restriction enzyme analysis 

(Figure 148) and DNA sequencing (data not shown). Uncut DNA could be seen (Lane I; 

Figure 148) along with a Bam HI linearised (Lane 2; Figure 148) or Hind III linearised (Lane 

3; Figure 148) fragment of 4597 bp. The pPfj4Agt DNA was restricted with the Nco I 

restriction enzyme and the two Nco I restriction sites at positions 754 and 1997 lead to two 

fragments. The two fragments from the restriction event with the Nco I restriction enzyme 

were 3354 bp and 1243 bp (Lane 4; Figure 148). 

A kOa 
M p 1 2 3 4 5 6 OIN 

200- • 
116 -
97 -
66- --
45-

<01 42.1 kOa 

31 -

B <01 42.1 kOa 

Figure 15: Heterologous production of Pfj4Agt 

(A) Pfj4Agt was over-produced by E. coli XLI-blue [pPfj4Agt] using IPTG induction (lanes P - OIN). The 
total protein samples were resolved by SDS-PAGE. Lane M - Molecular mass marker (BioRad Broad Range 
SDS Marker); Lane P - Pre-induction sample; Lane I - Post-induction I hour sample; Lane 2 - Post-induction 2 
hour sample; Lane 3 - Post-induction 3 hour sample; Lane 4 - Post-induction 4 hour sample; Lane 5 - Post­
induction 5 hour sample; Lane 6 - Post-induction 6 hour sample; Lane OIN - Post-induction overnight sample. 
(B) Pfj4Agt over-production was confirmed by Western analysis of the above samples. Western analysis of the 
42.1 kDa histidine-tagged Pfj4Agt protein is matched to the same region of the SDS-PAGE gel (black marker 
arrows). 

After heterologous expression using E. coli XLI-blue [pPfj4AgtJ, the Pfj4Agt protein could 

not be clearly identified within the total protein extract as an over-expressed band (Figure 

15A). Only faint bands of similar intensities were noted and no clearly over-produced band 

was seen. 
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Western analysis, however, did show a clear band pattern present at the expected region of 

42.1 kOa (Figure 15B). The 42.1 kOa region showed the detect ion of hi stidine-tagged 

Pfj4Agt protein as present. Significant increases in the accumulati on of the protein started to 

occur from 4 hours onwards with the I - 3 hou r samples (Lanes I - 3; Figure I SB) be in g 

a pproximately the same intensity as that of the pre-induction sample (Lane P; Figure 15B). 

T he protein levels increased further with overnight induction . Because such a large protein 

band was detected in the overn ight sample (Lane OIN; Figure 15B), large-scale degradation 

of the protein did not appear to have occurred. If th is were the case, the protein would not 

have been be detected at 42 .1 kOa. Similar results were obtained with E. coli 00259 

[pP fj4Agt] (data not shown) . 

The presence ofa doublet was noted with in the Western analys is samples (Figure 15B). This 

was probably due to cleavage of the Histidi ne-tag, which is approx imately equivalent to I 

kOa of protein size. This remaining protein corresponded to the slightly smal ler band pattern 

that was seen at approx imately 41.1 kOa (F igure 15B), under the 42.1 kOa protein band. 

3 .2.3. Mutagenesis of pHsjlAgt 

The coding regi on of the Hsj IAgt protein, produced successfully by E. coli XL I-blue 

[pHsj IAgt] and E. coli 00259 [pHsj IAgt], was used as the template plasmid for site-directed 

m utagenesis subst itutions of those selected am ino ac id resid ues w ithin the Hsj I J-domain 

(Table 10). 
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Figure 16: Analys is of mutagenes is amp lifi cation products of pHsj IAgl 

Results 

Each of the five pl-l sj IAgl mutant plasmids were synthesized by whole plasmid amplification (Lanes 1, 3, 5, 7, 
9). Two compl imentary oligonucleotides containing the desired mutation and flanked by unmodified sequence 
were used for the synthesis of each of the five pHsj lAg! mutants. The DNA was then restricted with Dpn I 
cleaving the methylated recognition sites within t~e parental DNA template (Lanes 2, 4, 6, 8, 10). The Pre-Dpn 
I sample and Post-Dpn I sample for each mutant was resolved (odd and even numbered lanes respectively) by 
agarose gel electrophoresis. Lane M - Molecular mass marker (Lambda DNA restricted with PSI 1); Lanes 1 -
2: pHsj IAgl(YSA); Lanes 3 - 4: pHsj IAgl(L8A); Lanes 5 - 6; pHsj IAgl(R24A ); Lanes 7 - 8: pHsj IAgl(H31 Q); 
Lanes 9 - 10: pHsj IAgl(058A ). 

Each of the pHsj lAgt mutagenes is amplification products resolved as I ineari sed fragments at 

45 76 bp (Lanes I - 10; Figure 16). This was expected, as these fragments should be 

equivalent to the linearised pHsj IAgl plasmid. Various forms or uncut parental DNA 

(covalently-closed circular and nicked and open) were seen in all the pre-Dpn I samples (Odd 

lanes; Figure 16) and yet not within the post-Dpn [ samples (Even lanes; Figure 16) as this 

methylated parental DNA was degraded by restriction with Dpn l. The degradation product 

fragments from the restr iction event of the parental DNA with Dpn [ cou ld be seen in the 

post-Dpn [ samples at approximately the 2000 bp region, due to the frequency of occurrence 

on the Dpn I restriction sites. The presence of the desired mutagenesis amplification products 

after successfu l degradation of parental DNA suggested that the desired mutagenesis was 

successful. 

A small portion of each of the mutagenesis reactions was transformed into the re levant stra ins 

and the plasmid DNA was extracted from ce ll s grown to mid-log phase for restrict ion 

analysis screening oflhe mutant plasm id s. 
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Figure 17 : Confirmation of the identity of the pHs j lAgt(Y5A) mutated plasmid 

Results 

(A) Plasmid map of pHsj IAgI(YSA) showing the Hsj J(YSA) J-domain (grey block) and the downstream 
AglDnaJ coding regions (downstream black arrow). The p-Iactamase coding sequence for ampicillin resistance 
is also highlighted (black arrow). The figure was generated using Vector NTI (vers ion 9.0.0.) (l nforMax. USA). 
(8) pHsj lAgr(YSA) was restricted with various restriction enzymes (Lanes 1 - 4) and the DNA fragments were 
resolved by agarose gel electrophoresis. Lane M - Molecu lar mass marker (Lambda DNA restricted with PSI I ); 
Lane I - Uncut; Lane 2 - Tfi I (1965bp. 98 1 bp. 642 bp and 610 bp doublet, and 174 bp, 113 bp and 91bp 
fragments that are not visible); Lane 3 - Bam HI (4576 bp). The larger of the three DNA fragm ents that are 
fully restri cted are indicated with stars, whereas other bands indicate partial digests. 

The pHsj IAgt(Y 5A) plasmid (Figure 17A), encod ing the Y5A-mutated Hsj la J-domain with 

downstream AgtDnaJ, was confirmed usi ng restr iction enzyme analysis (Figure 17B) and 

DNA sequencing (F igure A2. I; Appendix 2). Two forms of uncut DNA cou ld be seen (Lane 

I ; Figure 17B) along with a linearised fragment of 4576 bp (Lane 3; Figure 17B). Diagnostic 

Tfi I restriction enzyme digestion (Lane 2; Figure 17) indicated that partial restriction had 

occurred. The pHSJ IAgl parental DNA had a profi le of fragments of the following predicted 

sizes when restricted with Tfi I: 1965 bp, 1094 bp, 642 bp, 610 bp, 174 bp and 91 bp. In the 

case of the Y5A mutant plasmid, the 1094 bp fragment of the parenta l pHsjlAgt was 

restricted further by the diagnostic Tfi I restriction enzyme and a 981 bp diagnostic fragment 

was released (lane 2). Th is 981 bp fragment was formed by the introduction of an add itiona l 

Tfi 1 restriction si te as engineered into the mutagenesis primers. The 1094 bp fragment was 

still vi sible as the restriction was partial. 
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F igure 18: Confirmation of the identity of the pHsjlAgt(L8A) mutated plasmid 

Results 

(A) Plasmid map of pH sj IAg/(LSA) showing the Hsj I(L8A) J-domain (grey block) and the downstream 
AgtDnaJ coding regions (downstream black arrow). The p-Iactamase codi ng sequence for ampicillin resistance 
is also highlighted (black arrow). The figure was generated using Vector NTI (version 9.0.0.) (lnforMax, USA) . 
(B) pHsj lAg/(L8A) was restricted with various restriction enzymes (Lanes 1 - 3) and the DN A fragments were 
resolved by agarose gel electrophores is. Lane tv! - Molecular mass marker (Lambda DNA restricted with Pst 1); 
Lane I - Uncut; Lane 2 - Bam HI (45 76 bp); Lane 3 - Bfa I (2225 bp, 907 bp, 748 bp, 335 bp, and the 253 bp 
and 108 bp fragments that are not visible). 

The pHsj IAgt(L8A) plasmid (Figure 18A), encoding the L8A-mutated Hsj I a J-domain with 

downstream AgtDnaJ, was confirmed using restriction enzyme analysis (Figu re 18B) and 

DNA sequencing (Figure A2.2; Append ix 2). Three form s of uncut DNA could be seen 

(Lane I; Figure 18B) a long with a Bam HI-digested Iineari sed fragment of 4576 bp (Lane 2; 

Figure 18B). The diagnostic Bfa 1 restriction enzyme digestion (Lane 3; Figure 18B) gave 

the expected DNA fragments. The pHsj IAgt parental DNA had a profile of fragments of the 

following predicted sizes when restricted with Bfa 1: 125 1 bp, 974 bp, 907 bp, 748 bp, 335 

bp, 253 bp and 108 bp. In the case of the L8A mutant plasmid, the 125 1 bp and 974 bp 

fragments of the parental pHsj IAgt were seen as one diagnostic fragment of 2225 bp due to 

the removal of a Bfa 1 restriction site. Th is was due to the engineering of the mutagenes is 

primers (Table A4.3; Appendix 4) leading to a larger fragment from the addition of the 1251 

and 974 bp fragments. 
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F igure 19: Confirmation of the identity of tile pHsj I Agl(R24Al mutated plasmid 

(A) Plasmid map of pHsj I Ag/(R24A) showing the Hsj 1(R24A) J-domain (grey block) and the downstream 
AgtDnaJ coding regions (downstream black arrow). The p-Iactamase coding sequence for ampici ll in resistance 
is also high ligh ted (b lack arrow). The figure was generated using Vector NTI (version 9.0.0.) (InforMax, USA). 
(8 ) pHsj IAgl(R24A) was restricted wi th various restriction enzymes (Lanes 1 - 3) and the DNA fragments were 
resolved by agarose gel electrophoresis . Lane M - Molecular mass marker (Lambda DNA restricted with Pst I) ; 
Lane I - Uncut; Lane 2 - Bam HI (4576 bp); Lane 3 - Bsi WI (4576 bp). 

The pHsj IAg/( R24A) plasmid (F igu re 19A), encoding the R24A-mutated Hsj I a J-domain 

with downstream Ag/DnaJ, was confirmed using restriction enzyme analys is (Figure 198) 

and DNA sequencing (Figure A2.3 ; Appendix 2). Three forms of uncut DNA cou ld be seen 

(Lanes I and 3; Figure 19B) and a fragment linearised by Bam HI of 4576 bp (Lane 2; Figure 

198). The di agnosti c Bsi WI restrict ion enzyme di gestion (Lane 3; Figure 198) gave the 

expected lineari sed fragment. The uncut DNA cou ld still be seen as the restricti on eyent was 

only partial thus the lineari sed fragment was faint in compari son to the uncut fragme nts. The 

pHsj lAg! parental DNA did not contain a Bsi WI restriction site, and one Bsi WI restriction 

site was added by being engineered into the mutagenesis primers. The pHsj I Ag!(R24A) 

mutant plasmid thus only showed one linearised fragment (Lane 3; Figure 198). 
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Figure 20: Confi rmation of the identity of the pHsj IAg-tm3 10) mutated plasmid 

Results 

(A) Plasmid map of pHsj IAgr(H31 Q) showing the HSJ I (H3IQ) J·domain (grey block) and the downstream 
AgtDnaJ coding regions (downstream black arrow). The ~-!actamase coding sequence for ampicillin resistance 
is also highlighted (black arrow). The figure was generated using Vector NTI (version 9.0.0.) (InforMax, USA). 
(B) pHsj IAgt(H31 Q) was restricted with various restriction enzymes (Lanes 1 - 3) and the DNA fragmen ts were 
resolved by agarose gel electrophoresis. Lane M - Molecular mass marker (Lambda DNA restricted with Pst I); 
Lane 1 - Uncut; Lane 2 - Hind III (45 76 bp); Lane 3 - Ban I ( 1558 bp, 1392 bp, 1077 bp. and smaller (ragments 
that are not visible: 576 bp, 327 bp, 165 bp). 

The pHsj1Agt(H3 IQ) plasmid (Figure 20A), encoding the H31Q-mutated Hsjla J-domain 

with downstream AgtDnaJ, was confirmed using restri ction enzyme ana lysis (Figure 20B) 

and DNA sequencing (Figure A2A; Appendix 2). Uncut DNA could be seen (Lane I; Figure 

20B) along with a linearised fragment of 4576 bp (Lane 2; Figure 20B). The diagnostic Ban I 

restriction enzyme digestion (Lane 3; Figure 20B) gave the expected DNA fragment profil es. 

The pHsj IAgt parental DNA had a profile of fragments of the following predicted sizes when 

restricted with Ban I: 1392 bp, 1283 bp, 1077 bp, with the smaller fragments not vis ible : 327 

bp, 275 bp, 165bp, 57 bp. In the case of the pHsj IAgt(H31 Q) mutant plasmid , the removal of 

a Ban I s ite lead to the formation of a 1558 bp diagnosti c fragment by the addit ion of the 

1283 bp and 275 bp parental fragments (Lane 3; Figure 20B). 
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Figure 21: Confirmation of the identity of the pHsj1Agt(D58A) mutated plasmid 

Results 

(A) Plasmid map of pHsj IAgt(D58A) showing the Hsj I(D58A) l-domain (grey block) and the downstream 
Ag/DnaJ codi ng regions (downstream black arrow). The ~ -I actamase coding sequence for ampicillin resistance 
is also highlighted (black arrow). The fi gure was generated using Vector NTI (version 9.0.0.) (InforMax. USA). 
(8 ) pHsj IAgt(D58A) was restricted with var ious restriction enzymes (Lanes I - 3) and the DNA fragments were 
resolved by agarose gel electrophoresis. Lane M - Molecular mass marker (Lambda DNA restricted with Pst J) ; 
Lane I - Uncut; Lane 2 - Hind III (4576 bp); Lane 3 - Sea I ( 1973 bp, 1777 bp, 826 bp). 

The pHsj IAgt(D58A) plasmid (F igure 21 A), encoding the D58A-mutated Hsj I a J-domain 

with downstream AgtDnaJ , was confirmed using restriction enzyme analysis (F igure 21 B) 

and DNA sequencing (Figure A2.5; Appendix 2) . Three form s of uncut DNA could be seen 

(Lane I ; Figure 21 B) along with a Iinearised fragment of 4576 bp (Lane 2; Figure 21 B). The 

diagnostic Sea I restriction enzyme di gestion (Lane 3; Figure 21B) gave the expected DNA 

fragment profile. The pHsj IAgt pa renta l plasmid had two Sca I restri ction sites, giving two 

fragments of 2603 bp and 1973 bp when restricted with Sea I. In the case of the 

pHsj IAgl(D58A) mutant plasmid, the introduction of a Sea [ si te lead to the formation of two 

fragments 1777 bp and 826 bp from the further restriction of the 2603 bp fragment. Those 

bands found between the linearised and the 1973 bp band are due to partial restriction. 

The equivalent substitutions of the pPfj4Agt plasmid were engineered by Dr William S. 

N ico ll (Dept. of Biochemistry, Microbiology and Biotechnology, Rhodes University) for a 

previous study (unpublished data) . These mutations were confirmed by restr iction enzyme 

digestion and DNA sequencing (data not shown) . 
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3.2.4. 111 vivo complementation assays 

E. coli 00259 is a thermosens itive strain lacking OnaJ and CbpA, which are Hsp40 proteins 

needed to a id in surv ival of the strain under heat shock temperatures (i.e. above 37°C and 

below 16 0C) . Transformin g thi s strai n with plasm ids that produce subst itutes for these 

prote ins will resul t in the reversa l of strain thermosensi ti vity and growth w ill be seen at the 

non-permiss ive temperatures. 

Hetero logously-expressed AgtOnaJ (E. coli 0 0259 [pAgtOnaJ]) is able to reverse the 

thermosensitiv ity of the therm osens iti ve strain, E. coli 00259, whil st AgtOnaJ (H33Q) is 

unab le to perfo rm thi s function (Hennessy et aI. , 2005a). These properties allow for the 

investigati on into the il1 vivo functi on of prote in chimeras in thi s system, with the intention of 

attempting to determine the fu ncti on ofheterologously-expressed chimeric domains. 

10· 10' 10" 10' 10' 10' 10.2 10.( 10' 10~ 10' 10..2 10..4 10' 10' 

pAgtOnaJ 

pAgtD naJ(H33Q) 

pPf)4Agt 

pHSJ1Agt 

30 De 40°C 42°C 
Growth temperature Heat shock temperature Heat shock temperature 

Fi gure 22: Hs j IA gt and Pfj4Agt were ab le to reverse the thermosensitivity of E. coli 0 0 259 

E. coli OD259 cells were transformed with the relevant plasmids (left). Cells were grown by spotting a dilution 
series of cells ( 10° - 10.8

) onto agar plates containing IPTG for induction to test reversal of thermosensitivity at 
the various temperatures: 3D, 40 and 42 °e. AglDnaJ and AglDnaJ(H33Q) were positive and negative controls 
respectively. Pfj4Agt and Hsj IAgf were test experiments. 

In interpreti ng the results fo r these il1 vivo complementation assays, the importance of growth 

at the leve l of ind iv idual colonies needs emphas is. Growth of a large numbers of co lonies 

clumped together could be due to a mass colony shielding effect, however, it is growth of 

co lonies at the single co lony level that are important as no shielding can occur by other 

bacterial ce lls and hence growth is due to viab le cell s. 
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The production of AgtOnaJ from the pRJ30 plasmid was able to reverse the thermosensitivity 

of the E. coli 00259 strain (Top row; Fi gure 22). At the partial heat shock temperatu re of 

40°C (10-8) and at heat shock temperature of 42 °C (10-\ AgtOnaJ was able to assist the 

transformed strain as growth was seen. Conversely, the production of AgtOnaJ(H33Q) from 

the pRJ30(H33Q) plasmid was not able to reverse the therm osensitivity of the transformed 

strain as growth was only detected at the 10-2 dilution at 40 °C and in the undiluted sample at 

42 °C (Second row; Figure 22). Both the Hsj lAg!' and Pfj4Ag(, producing E. coli 00259 

transform ants were ab le to grow as well at 30 °C as they were able to grow LInder heat shock 

conditions at both 40 °C and 42 °C. This shows that the J-domains of Hsj I and Pfj4 were 

able to successfully substitute for the AgtOnaJ J-domain in AgtOnaJ because growth could be 

seen in dilutions as high as 10-8 in ce lls producing Hsj IAgt and as high as 10-6 for cells 

producing Pfj4Agt at the 42 °C heat shock temperature. 

pHSJ1Agt(y5A) 

pHSJ1Agt(l8A) 

pHSJ1Agt(R24A) 

pHSJ1Agt(H31 Q) 

pHSJ1Agt(D58A) 

3O'C 
Growth temperature 

40°C 42°C 
Heat shock temperature Heat shock temperature 

Figure 23 : Hs j IAgt(Y5A) and Hsj IAgt!D58A) were able to reverse the thermosensitivity of 

E. coli 00259 

E. coli 00259 cells were transformed with the relevant plasmids (left). Cells were grown by spotting a dilution 
series of cells ( 10° - 10-8

) onto agar plates containing IPTG for induction 10 test reversal of thermosensitivity at 
the various temperatures: 30, 40 and 42°C. AgrDnaJ and AgIDnaJ(H33 Q) were repeated as positive and 
negative controls respecti vely (data not shown). HsjI Agt mutants were tested for their ability to reverse the 
thermosensitivity of E. coli 00259. 
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Since previous resu lts (Figure 22) showed that the Hsj l Ag/ prote in was able to reverse the 

thermosensitivity of E. coli 00259, si milar stud ies were performed on the mutant versions of 

thi s protein in order to investigate whether high ly conserved amino acid res idues were 

im portant to the in vivo function of this Hsp40. The production of each of the Hsj IAgl 

mutant proteins in E. coli 00259 did not all yield the same resu lts with regards to 

thermosensit ivity reversal (Figure 23). 

Whilst all the E. coli 00259 transformants producing mutant proteins were able to grow at 

the non-permissive 30°C temperature up to at least a 10-4 dilution , the Hsj IAg/(Y5A) mutant 

protein (Top row; Figure 23) was able to part ially reverse the thermosensiti vity of E. coli 

00259 and yie ld growth in the 10'4 dilution range at 42°C. The Hsj IAg/(05SA) mutant 

protein (Bottom row; Figure 23) was able to fu lly reverse the thermosensitivity of E. coli 

00259 and yield growth up to the 10'8 dilution range at 42°C. The Hsj IAg/(LSA), 

Hsj IAg/(R24A) and Hsj I Ag/(H3 I Q) mutant proteins were all unab le to reverse the 

thermosensitivity of E. coli 00259 showing no growth at 42°C. 

10° 10~ 10~ 10' 10' 10° 10.2 10~ 10.6 1 0~ 10° 10~ 10
4 10~ 10' 

pPfj4Agr(y8A) 

pp~4Agr(L 11 A) 

ppt]4Agr(R27A) 

pPfj4Agr(H34Q) 

ppfj4Agr(D61 A) 

3O'C 40°C 42°C 
Growth temperature Heat shock temperature Heat shock temperature 

Figure 24: Pfj4Ag/(06IA) was able to reverse the thermosensitivity of E. coli 00259, wh ilst 

Pfj4Ag/(YSA) and Pfj4Ag/(R27 A) can only partially reverse thermosensitivity 

£. coli 00259 cells were transformed with the relevant plasmids (left) . Cells were grown by spotting a dilution 
series of cells (10° - to-8

) onto agar plates containing IPTG for induction to test reversal of thermosensitivity at 
the various temperatures: 30. 40 and 42°C. AgtDnaJ and AgrDnaJ(H33Q) were repealed as positive and 
negatiye controls respectively (data not shown). Pfj4Agt mutants were tested for the ir ability to reverse the 
thermosensitivity of E. coli OD259. 
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Similarly, the P64Agt proteins with mutations equivalent to the Hsj I J-domain mutations 

were investigated for their ability to reverse the thermosensitivity of E. coli 00259 and to 

compare thi s ability with those results obta ined for the equivalent mutations in Hsj IAgl. The 

product ion of the Pfj4Agi mutant proteins (Figure 24) do not a ll yie ld the same results with 

regards to reversal of thennosensitiv ity of E. coli 00259 when compared to the Hsj IAgl 

mutants (F igure 23). 

Whilst all the E. coli 00259 transformants producing mutant proteins were able to grow at 

the non-permissive 30°C temperature up to at least a 104 d ilut ion in much the same way as 

the cell s producing the HsjAgl mutant proteins, the P6 4Agl(Y8A) (Top row; Figure 24) and 

the Pfj4Agl(R27A) (Third row; Figure 24) mutants were only partially able to reverse the 

thermosensitivity of the thermosensitive strain and yield growth in the 10-4 di lution range at 

40°C and in the 10-2 dilution range at 42 0c. 

Both the Pfj4Agr(L IIA) (Second row; Figure 24) and P64Agr(H34Q) (Fourth row; Figure 

24) mutant proteins were unable to reverse the thermosensitivity of E. coli 00259. No 

growth was detected for these mutants at the heat shock temperature of 42 °C. The 

PG 4Agl(06IA) mutant protein was able to effectively reverse the thermosensitivity of E. coli 

00259. The non -permissive 30 °C temperature showed growth up to the 10-4 dilution range. 

The resu lts were duplicated for both the heat shock temperatures showing that this mutant 

protein is able to function in reversing thermosensitivity of E. coli 00259 at heat shock 

temperatures. 

In order to show that those results where no growth was noted, was due to the Hsj IAgl 

protein not being able to substitute for OnaJ or CbpA in E. coli 00259, and not due to a lack 

of protein production, the heterologous protein production for each of the mutated proteins 

was investigated (Figure 25). Hsj IAgl and its mutant derivatives were all detected by 

Western ana lys is of E. coli 00259 transformant cell extracts (Figure 25B). A similar result 

was also found for Pfj4Agi and its mutant derivatives (Dr W. S. Nicoll, unpubli shed data). 
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Figure 25: Analysis ofthe production of Hsj lAgt and the Hsj lAgt mutant proteins 

(A) E. coli OD259 cells were transformed and the pHsjlAgt parental and mutant plasm ids were induced for 
production with IPTG (lanes I - 6). The total protein samples were resolved by SDS-PAGE. Lane M -
Molecular mass marker (BioRad Broad Range SDS Marker); Lane C - Purified histidine-tagged Hsj I a (positive 
control for Western analysis); Lane I - (PHsjI Agt] control sample; Lane 2 - [pHsjIAgt(Y5A)] sample; Lane 3 -
[pHsj I Agt(L8A)] sample; Lane 4 - [pHsj IAgt(R24A)] sample; Lane 5 - [pHsjI Agt(H3 I Q)] sample; Lane 6 -
[pHsjIAgt(D58A)] sample. (B) HsjlAgt chimera and mutant over-production was confirmed by Western 
analysis of the above samples. Western analysis of the 42.6 kDa HsjlAgt protein is matched to the same region 
of the SDS-PAGE gel (black marker arrows). 

The histidine-tagged Hsjla was used as positive control for Western analysis (Lane C; Figure 

25A). The 42.6 kDa Hsj IAgt protein and its mutant versions could be seen in neighbouring 

lanes (Lanes I - 6; Figure 25A) within the total protein extract as resolved slightly above the 

36 kDa Hsjla. The HsjlAgt, HsjIAgt(H3IQ) and the HsjIAgt(D58A) samples showed 

intense bands with Western analysis showing protein production. The Hsj IAgt(Y5A), 

Hsj I Agt(L8A) and Hsj lAgt(R24A) total protein samples (Lanes 2 - 4; Figure 25B) showed 

light bands with Western analysis suggesting lower amounts of these proteins being produced 

in the strain relative to the HsjlAgt and the HsjIAgt(H3IQ) and HsjIAgt(D58A) mutant 

proteins. The variable protein levels across the lanes could be due to the production of each 

of the various mutant proteins affecting the growth rate of the cell cultures differently, with 

this then being reflected in the single time-point sampling method. 
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3.2.5. HsjJa characterisation 

3.2.S.1. HsjJa purification 

The regi on encoding histidine-tagged Hsj I a was excised from another plasmid construct and 

ligated into the pQE30 vector system as described previously (Section 2.2 .10; Chapter 2) . 

The reason for this was two-fo ld, because: (il the currently ava ilable Hsj I a expression system 

constructs for E. coli (pET-based constru cts) would be limited to certain E. coli strains for 

heterologous expression (E. coli BL21 [DE3]), and (ii) the other plasm ids used in this study 

were pQE30-based and for effective comparison of protein production similar vector systems 

were preferable. 
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Figure 26: Confirmation of the ident ity of the pCMcHsj la plasmid 

M 1 2 3 

(A) Plasmid map of pCMcHsj la showing the Hsj I l-domain (grey block) and the remainder of the Hsj l a coding 
regions (downstream black arrow). The p-Iactamase coding sequence for ampicillin resistance is also 
highlighted (black arrow). The figure was generated using Vector NTI (version 9.0.0.) (InforMax, USA). (8) 
pCMcHsj l a was restricted with various restriction enzymes (Lanes I - 3) and the DNA fragments were resolved 
by agarose get electrophoresis. Lane M - Molecular mass marker (Lambda DNA restr icted with PSI I); Lane 1 -
Uncut; Lane 2 - Bam HI (4259 bpi; Lane 3 - Bam HI and Hind III (3425 and 834 bp). 

The sequence for the pCMcHsj la plasmid, encoding histidine-tagged full-length Hsj I a 

(Figure 26A), was confirmed usi ng restrict ion enzyme analysis (Figure 26B) and DNA 

seq uencing (F igure A2.8b ; Append ix 2). Uncut DNA (Lane I ; Figure 26B) and the expected 

Bam Hllinearised fragment of 4259 bp (Lane 2; Figure 268) were detected. The pCMcHsj I a 

DNA was restricted with the Bam HI and Hind III restriction enzymes and restriction sites at 
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positions 146 and 986 lead to the two expected fragments of 3425 bp and 834 bp (Lane 3; 

Figure 26B). 
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Figure 27: Histidine-tagged Hsj la was successfully heterologously over-produced in E. coli 

(A) Histidine-tagged HsjJ was over-produced in E. coli XLI -blue [pCMcHsjla) using IPTG induction (lanes P 
- DIN). The total protein samples were resolved by SDS-PAGE. Lane M - Molecular mass marker (BioRad 
Broad Range SDS Marker); Lane P - Pre-induction sample; Lane I - Post-induction I hour sample; Lane 2 -
Post-induction 2 hour sample; Lane 3 - Post-induction 3 hour sample; Lane DIN - Post-induction overnight 
sample. (B) Histidine-tagged Hsj lover-production was confirmed by Western analysis of the above samples. 
Western analysis of the 36 kDa Hsj I protein is matched to the same region of the SDS-PAGE gel (black marker 
arrows). 

The successful over-production of human histidine-tagged Hsj I a was achieved in E. coli 

XLI-blue (Figure 27). Both the SDS-PAGE analysis (Figure 27A) and Western analysis 

(Figure 27B) showed clear protein bands representing the over-production of the protein. 

The protein was over-produced after 3 hours. Initially over the first two hours of IPTG 

induction there was no difference in the amount of protein produced. 

The histidine-tagged protein was then purified uSing a native batch purification method 

(Figure 28). The sonicated sample was centrifuged and the soluble fraction was kept as the 

cleared lysate (Lane CL; Figure 28A). This showed that there was a significant amount of 

Hsj I a protein present in the supernatant portion of the sample in the soluble form suggesting 

that it could potentially be purified successfully using native methods incorporating non­

denaturing washes and elutions. 
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Results 

Figure 28: Histidine-tagged Hsjla was successfully purified by a native batch method 

Histidine-tagged Hsj I was over-produced in E. coli XLI-blue [pCMcHsj I a] using [PTG induction and samples 
from various stages of the purification protocol were resolved by SDS-PAGE. Lane Pre - Total protein sample 
of E. coli XLI-blue [pCMcHsjla] pre-sonication; Lane Post - Total protein sample of E. coli XLI-blue 
[pCMcHsj I a] post-sonication; Lane CL - Cleared lysate sample (soluble fraction of post sonication sample); 
Lane W - Wash sample (cleared lysate sample post non-denaturing wash); Lane EI-E3 - Elution samples (wash 
sample post non-denaturing elutions); Lane B - Bead sample. 

The non-denaturing wash sample (Lane W; Figure 28A) revealed that the removal of most 

non-specific binders to the nickel beads had occurred and this could be clearly seen when 

comparing the many protein bands in the wash sample with those from the non-denaturing 

elution samples (Lane El - 3; Figure 28A) containing only the specifically bound Hsjla 

protein. Each of the successive elutions contained relatively less protein and it was also seen 

that a large portion of the Hsjla protein still remained bound to the charged nickel beads with 

analysis of the bead sample (Lane 8 ; Figure 28A). Approximately 7.5 mg of protein was 

purified per litre of broth culture using this method from the cleared lysate sample. 

Purification was almost to homogeneity, however, there were very faint protein bands present 

in the regions of 50, 70 and 200 kDa. The protein bands present at approximately 36 kDa 

were confirmed as histidine-tagged Hsjla protein by Western analysis clearly showing the 

presence of a histidine-tagged protein (Figure 288). These results were seen to correspond to 

those obtained previously by Cheetham and co-workers (Cheetham et al., 1992; Cheetham et 

al. , 1994). 
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3.2.5.2. Hsj la oligomeric analysis 

A preliminary investigation into the ol igomeric state of Hsj la was conducted using the 

histidine-tagged Hsj I a purified from the E. coli heterologous expression system (Lane E I ; 

Figure 28). This was performed using the comparison of proteins of known size by size 

exclusion FPLC. The Hsj la sample was eluted under the same conditions (Sect ion 2.2.16; 

Chapter 2) and the fractions obtained were analysed by Western analysis to determine which 

fract ions obta ined the histidine-tagged Hsj la protein. 
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Figure 29: Standard curve oFthe Folc size exclus ion chromatography of hi stidine tagged 

Hsj la 

A superdex 200 FPLC column was used. The standard curve was compri sed of catalase (232 kDa), aldolase 
(158 kDa), human transferrin (77 kDa), bovine serum album in (66.2 kDa) and chicken egg ovalbumin (45 kDa). 
The standard curve data points represent averages of replicates of the various standards. The histidine-tagged 
Hsj I a molecular mass (46 kDa) was calculated based on the retention vo lume obtained (15. 18 ml), as shown by 
the dashed arrow. 

The histidine-tagged Hsjla protein was confirmed as being present by Western analysis and 

was fou nd to have an elution volume of 15.18 ml (Figure 29) eluting before the 45 kDa 

chicken egg ovalbumin, and hence suggesting the hi stidine-tagged Hsj l a has a larger 

molecular mass. 
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From comparison to those proteins of known size shown on the standard curve, Hsj 1 a was 

found to have a size of approximately 46 kDa (red dashed line; Figure 29). This was 

unexpected since oligomers of multiples of 36 kDa, depending on whether the protein was 

found to be monomeric (36 kDa) or dimeric (72 kDa) etc, were not found. The 46 kDa size 

suggests neither a monomer or a dimer. This preliminary result could suggest that histidine­

tagged Hsj la exists in solution as either (i) a monomer having a large extended conformation, 

(ii) a dimer having a tightly compacted conformation, or (iii) a higher oligomer which is 

degraded before or during the FPLC analysis and only a portion of the protein remains 

attached to the histidine-tag which is then detected as a 46 kDa fragment. 

3.2.6. In vitro ATPase assays 

In vitro studies of the ATPase activity of the co-chaperones, histidine-tagged Hsj I a and 

histidine-tagged Pfj4, were assessed. This was performed using a modified 

ascorbate/molybdate colourimetric ATPase assay (Section 2.2. 17; Chapter 2; Chimet el 01., 

1988; Edkins el ai., 2004). 

The steady state basal ATPase activity of human Hsp70 was monitored in vitro by assessing 

ATP hydrolysis as measured by release of inorganic phosphate over time. The initia l 

velocities of the reactions were calculated over the I inear regions of the reaction curves and 

the specific activi ties (nmol Pi/min/mg human Hsp70) were calculated (Figure 30). 
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Figure 30: Histidine-tagged Hsjla was able to stimulate the ATPase activity of human 

Hsp70, whilst histidine-tagged Pfi4 could not 

Activities were given for the ATPase assay reactions. Curves are defined as follows by reference to those 
constituents included in the ATPase assay reaction (from 0.4 ~M Hsp40, 0.4 ~M human Hsp70 and/or 600 ~M 
ATP, excluding the ATPase buffer constituents). (A) The basal ATPase activity (Hsp70 and ATP) is shown in 
turquoise, and is deemed non-detectable due to the low activity values obtained. The Hsjla and ATP reaction is 
shown in pink. The Hsj I a, ATP and Hsp70 reaction is shown in green. (8) The Pfj4 and ATP reaction is shown 
in dark blue. The Pfj4, ATP and Hsp70 reaction is shown in red. Similarly, the Hsj 1 a, ATP and Hsp70 reaction 
is again shown in green for comparative purposes. 

There was no inorganic phosphate released from the control reaction samples containing 

human Hsp70 alone or A TP alone, indicating no contamination of Pi in either of these 

constituents used in the experiment (data not shown). The lack of inorganic phosphate in the 

ATP alone control also indicated no spontaneous breakdown of the A TP. The specific 

activity findings indicated that human Hsp70 in the presence on A TP had such a low basal 

specific ATPase activity (Turquoise; Figure 30A), that it was deemed non-determinable 

(ND). 

The histidine-tagged Hsjla alone reaction (data not shown) and the histidine-tagged Hsjla 

and A TP reaction (Pink; Figure 30A) both showed no significant ATPase activity as expected 

since a type-II co-chaperone is known to have no autonomous ATPase activity and no Hsp70 

protein was present to cause ATP hydrolysis. Histidine-tagged Hsj I a in the presence of ATP 

and human Hsp70 was able to stimulate the ATPase activity of human Hsp70 and a specific 

activity of approximately 14 nmollP/minlmg was detected (Green; Figure 30A). 
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Freshly purified, soluble Pfj4 was a ge nerous gift of Mr Addmore Shonhai, Dept. of 

Biochemistry, Microbiology and Biotechnology, Rhodes Un iversity. The histid ine-tagged 

Pfj4 alone reaction (data not shown) and th e hi stidine-tagged Pfj4 reaction in the presence of 

A TP (Dark blue; Figure 30B) both showed no ATPase activity as expected since a type-II co­

chaperone is known to have no autonomous ATPase chaperone activity and no Hsp70 protein 

was present to cause ATP hydrolys is. Interestin gly, histidine-tagged Pfj4 with A TP and 

human Hsp70 was unable to st imulate the ATPase activity of human Hsp70 (Red; Figure 

30B). This mea ns that whil st human Hsj I a and human Hsp70 are able to function as an 

effective chaperone - co-chaperone pair, Pfj4 cannot fun ction with human Hsp70 in thi s way 

under the conditions used in this experiment. 
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Chapter 4 

DISCUSSION 

4.1. BIOINFORMATIC ANALYSIS 

Discussion 

Multiple sequence alignments were used to investigate the relatedness and domain structure 

of Hsj I a and other selected Hsp40s, and to identify conserved regions, and amino acid 

residues for mutagenic substitutions that are potentially crucial within the J-domain. The 

resu lts showed that of those selected proteins, the proteins were more closely related to each 

other within their relevant type classes as expected (F igure 8; Hennessy el al. , 2000). In 

addition, Pfj4, of unknown cell biology and function, was the most closely related protein to 

Hsj la, due to the potential conservation of certain domains and motifs across their lengths 

(Figure 9). This study has identified a region of Pfj4 that corresponded significantly to the 

known UIM I of Hsj I a (Figure 9). This finding suggested that Pfj4 may in fact function in a 

manner similar to that of Hsj la, utilising ubiquitin or similar compounds by linking them to 

target proteins fo r a cellular purpose (such as that of degradation for the Hsj I a-proteasomal 

system). Also, the first half of the putative chaperone domain of Hsj 1 a is significantl y 

similar in Pfj4 (Pfj4 residues: 166-184; Figure 9) suggesting the Pfj4 may in fact have a 

chaperone domain of its own, but the Pfj4 domain may perhaps be shorter in length or may 

differ in the second half of the domain for reasons of Hsp70 interaction specificity. This 

study also identified an additional region within the C-terminus of Pfj4 that showed as 

conserved with respect to Hsj l a, but this region has not been investigated further (Pfj4 

residues: 227-236; Figure 9). Th is potential motif conservation suggests a similar mechanism 

of Hsp70-Hsp40 interaction, either (i) for the two proteins within the malarial or human 

systems respectively, or (ii) for the two proteins in a cross-reacting manner between these 

two systems. 

Homology models of the l-domains ofHsj I a and Pfj4 were created alongside that of AglDnaJ 

to examine the possibility of similar spatial arrangements of these l-domains for which no 

structures are avai lable. The l-domains showed similar structural composition to the known 

structure of E. coli DnaJ, showing two a -helices flanking each side of a loop region. 
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Studies of J-domains swaps have shown that there is a level of specialisation required to 

instruct correct Hsp70-Hsp40 partner interactions at a domain level. Furthermore, at an 

am ino ac id leve l, studies have shown that the variation in amino acid residue arrangement 

potentially affects specificity or promiscuity of these J-domain-based Hsp70-Hsp40 

interactions (Hennessy el ai., 2000; Hennessy el ai., 2005b). Type-I and type-II proteins 

have a greater degree of J-domain conservati on overall than the type-III proteins, whilst type­

III prote ins are thought to be involved in more specia lised funct ioning than the more general 

type-I and type-II Hsp40s (Hennessy el ai. , 2000). Since type-I and type-II Hsp40s are more 

hi ghl y conserved overall across their J-domain regions, this would suggest that domain ­

swapping of J-domains could be more easil y done between these types as the leve l of 

interactions could be similar, when compared to type-III Hsp40s (Hennessy et ai., 2005b). 

This suggested that domain-swapping of J-domains from various Hsp40s into AgtDnaJ wou ld 

all ow for the investigat ion into the funct ioning of those J-domains. 

4.2. HETEROLOGOUS EXPRESSION 

In thi s study, we confirmed the use of a heterologo us expression system using E. coli to 

produce AgtDnaJ. Our results support those of Hennessy and co-workers (Hennessy et af., 

2005a) which showed that the transformation of the pRJ30 plasm id , encod ing the AgtDnaJ 

protein, in E. coli OD259 reversed the thermosensitivity of the strain, and that converse ly the 

pRJ30(H33Q) plasmid, encoding AgtDnaJ(H33Q), was unable to do so. This system was 

subsequentl y used for testing whether diverse type-II J-domains, cou ld effecti vely replace the 

type-I J-domain of AgtDnaJ in this system yielding functional chimeric proteins as a means of 

testing J-domain functi on ofHsp40s. Similarly to the AgtDnaJ studies, the protein chimeras 

containing each of the J-domains from Hsj I a and Pfj4 swapped into AgtDnaJ, namely 

Hsj IAgt and Pfj4Agt, were able to aid effective growth of E. coli OD259 under heat shock 

conditions in the il7 vivo assays conducted. This showed that two diverse type-II J-domains, 

cou ld each effectively replace the type-I J-domain of AgtDnaJ in this system yielding 

functiona l chimeric proteins. This proposed a system whereby mutagenesis of those 

previously identified key J-domain amino acid residues ofHsjIa and Pfj4 could be performed 

to test the function of individual conserved J-domain residues. 
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4.3. AMINO ACIDS IMPORT ANT IN THE J-DOMAIN 

Several amino acid residues were identified for mutagenesis investigation, equivalent to those 

studied in previous work (Genevaux e/ al., 2002; Hennessy et af.. 2005a). Interestingly, the 

critical functional residues appear to be located within helices II and the loop region, which 

project to the solvent-exposed face of the J-domain (Genevaux el aI., 2002), whilst those 

critical structural residues appear to be located within helix I. This could add significance to 

the suggested model of Hsp70-Hsp40 interaction as recently suggested by N icoll and co­

workers (Nicoll et aI. , 2005) . 

In this study, Hsj IAg/(Y5A) and Pfj4Ag/(Y8A) were only partially able to reverse the 

thermosensitivity of E. coli 00259. The equ ivalent AgtOnaJ mutant protein, AgtOnaJ(Y7 A) 

was shown to be unable to reverse the thermosensitiv ity of E. coli 00259, poss ibly due to the 

conserved tyrosine residue being implicated in structural integrity of the J-domain, along with 

other residues such as LI 0 and L57 in AgtOnaJ (Hennessy e/ aI. , 2005a). This suggested that 

the reduction of the tyros ine side-chain to an alan ine side-chain of relatively reduced size, 

could be hindering the formation of necessary intra-molecular forces that are key in the 

maintenance of J-domain structural integrity as previously suggested. 

Hsj IAg/(LSA) and Pfj4Ag/(L11 A) also did not reverse thermosensitivity, suggesting that this 

conserved leucine residue was also important in maintenance of J-domain structure. The 

eq ui valent mutant protein, AgtOnaJ(L10A), also showed similar non-functionality (Hennessy 

et al., 2005a). 

Analysis of the in vivo function of proteins Hsj lAgt(R24A) and Pfj4Agl(R27 A) suggested 

that the R24 residue of Hsj I a was more important than the R27 residue of Pfj4 si nce 

Pfj4Agl(R27A) was still partially able to reverse the thermosensitivity of E. coli 00259. 

However, in both l-domains this residue appeared to be necessary for optimal protein 

function. Results from Hennessy and co-workers suggested that the positively charged helix 

II residues were important in the potential interaction with the ATPase domain of Hsp70s 

(Hennessy el al. , 2005a; Hennessy el aI., 2005b). Thus substitution of these residues may 

render the Hsp40s unabl e to interact with the endogenous OnaK from E. coli 00259 yield ing 

reduced or no growth under heat shock. These results were consistent with those obtained for 

the equivalent K26A substitution in E. coli OnaJ (Genevaux et aI., 2002). 

89 



Discussion 

The Hsj IAgt(H31 Q) and Pfj4Agt(H34Q) mutant proteins, could not reverse the 

thermosensitivi ty of E. coli 00259, suggesting that thi s histid ine residue was also conserved 

for function in these two type-ll Hsp40s. E. coli DnaJ(H33Q) was also unable to compensate 

for the lack of endogenous Hsp40s in E. coli 00259 (Genevaux et al., 2002). Similarly, 

AgtDnaJ(H33Q) could not substitute for missing Hsp40s in E. coli 00259, and was found to 

be unable to stimulate the ATPase activity of AgtDnaK (Hennessy et aI., 2005a). These 

findings were not unexpected since this histidine is part of the conserved HPD tripeptide 

motif known to be essential for Hsp40 function (Genevaux et al., 2002; Landry, 2003; 

Hennessy e/ aI., 2005a). 

In he lix IV of Ag/DnaJ , more than 50 % of the helix consists of charged residues (Hennessy 

el al. , 2005a). The conservative D59N substitution in Ag/DnaJ did not disrupt the in vivo 

function of Ag/DnaJ, whereas a non-conservative D59A substitution caused a loss in ability 

to reverse E. coli 00259 thermosensitivity (Hennessy et al., 2005a). This suggested that 

there was a structural and/or functional role for a negatively charged residue at this position 

in Ag/DnaJ. Whilst this might be the s ituation for AgtDnaJ, non-conservative changes in 

Hsj lAg/ and Pfj4Agt of the equivalent D59A mutations, suggested that this res idue was not 

cri t ical in the functioning of these J-domains. However, should the aspartic acid residue be 

involved in structural maintenance of the helix IV region of the J-domain, or in the 

interaction with the remainder of the protein beyond the J-domain, the presence of the 

Ag/DnaJ downstream regions may in fact have a negative affect on the results obtained for 

this study. For this reason, mutagenesis studies on the full-length Hsj la and Pfj4 proteins 

may be required to supplement this information fu rther. 

These results cou ld imply that of these conserved res idues, the helix I residues could to be 

imp0l1ant in structural integrity, whilst the helix II and loop region substitutions performed 

could be critical in function , from a comparison to other known systems. However, we must 

not totally exclude the possibility that these resid ues could be important in e ither a functional 

or structural manner respectively, which can only be clarified once the structures of the Hsjla 

and Pfj4 proteins are determined. The purpose and importance of the negatively charged 

aspartic acid residue corresponding to 059 in AgtDnaJ, is st ill unknown. 
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OLIGOMERIC ANALYSIS 

Histidine-tagged Hsj 1 a was found to have a size of approx imately 46 kDa (Figu re 29), wh ich 

suggested neither a monomeric (36 kDa) nor a dimeric (72 kDa) form of the protein. 

Histidine-tagged Hsj 1 a thus either exists in solution as: a large extended monomer, a tightly 

compacted dimer, or a higher order oligomer that was degraded before or during the FPLC 

analysis where only a portion of the protein remained intact and detectab le. Other studies 

have shown that Hsp40s, such as yeast Sis1, occur as dimers (Langer el 01., 1992; Sha et 01., 

2000; Shi et 01., 2005; Wu el 01., 2005) and hence it would be suspected that the second two 

scenarios were more likely than the first scenario given above. However, this study is 

inconclusive in providing a true reflection of the oligomeric structure of Histidine-tagged 

Hsj1a. 

4.4. IDENTIFICATION OF CHAPERONE PAIRS 

It is an establ ished fact that Hsp70-Hsp40 interactions can be prom iscuous (Table 1 I). 

Furthermore, celtain P. jalciparum Hsp40s have been shown to be exported into the host 

erythrocyte cytosol (Sargeant and Marti et 01., 2006) suggesting they may interact with the 

human Hsp70. Therefore the ab ili ty of both Hsj 1 a and Pfj4 to interact with human Hsp70 

was investigated. 

This study has shown that histidine-tagged Hsj I a was a lso able to interact with the inducib le 

human Hsp70. Human inducible Hsp70 had a stimulated ATPase activity of approximately 

14 nm o l P;lm in/mg in the presence of hist id ine-tagged Hsj I a. Hsj I a was previous ly found to 

interact with constitutive bovine Hsc70 (Cheetham el 01., 1994) with an approximate 5 to 6 

fold st imulation (Tab le II). 

Conversely to the histidine-tagged Hsj I a scenano, hi st idine-tagged Pfj4 was unable to 

interact with inducible human Hsp70. Now whilst some type-II Hsp40s move into the host 

erythrocyte cytosol in the malarial situati on, the cell biology of type-II Pfj4 is unknown. 

Thus Pfj4: (i) could be exported and interact with the human Hsp70, such as inducible 

human Hsp70, (ii) could interact with another human Hsp70 isoform, or (i ii) cou ld interact 

with a parasit ic Hsp70, such as cytosol ic PfHsp70 or ER PffiiP for example. 
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Whilst the results of th is study suggested that Pfj4 did not functionall y interact with inducible 

human Hsp70, it has not confirmed the occurrence of a corresponding Hsp70 chaperone 

partner to Pfj4, as this was outside the scope of the project and more Hsp70s need to be tested 

for thi s. 

Table II' Chrono logical compar ison of basal and stimulated ATPase activities of some Hsps 

Hsp Source Basal ATPase Stimulated ATPase Approximate Stimulated B) 
acth itv acth it) Fuld 
(nmol "minlmg) (nmolmli nlmg) Stimulation 

DnaK NR NR 2 DnaJ' 
Ssal S. cerevisiae NR NR 10 Ydj I-
Bip Bov ine liver 0.35 2.1 6 Synthetic peptides 
Hsc70 Bovine bra in NR NR 5 - 6 Hsi la 
Hsc70 Bovine brain NR NR 5-6 Hsj I b' 
Hse70 Bovine brain 0.2 1.5 8 DnaJ and GrpE' 
Hse70 Bovine brain 0.2 1.25 6 Hsp40' 
Hse70 R. norvegicus I 7 7 Hdj I and Bag I 
Hse70 Bovine brain 1.08 13.98 13 Cspl 
Hsp70 Recombinant 0. 5 4.66 9 Csp l 

H. sapiens 
Ssa l Recombinant 5 28 6 Ydj I' 

S. cerevisiae 
Ssal Recombinant 5 24 5 Sisl' 

S. cerevisiae 
Ssal S. cerevis iae 1.25 9 7 Ydj I 
Hsp70 Recombinant 40 60 1.5 Tej2 and RCMLA '" 

His-tagged T eru;i 
Hse70 Bovine brai n 1.2 16.5 14 Tei2 
Hsp70 Recombinant NO ND Pfj4 

His-tagged H. sapiens 
Hsp70 Recombinant ND 14 !-lsj l a" 

His-tagged H sapiens 
. , Adapted and expanded from EdkinS el al., 2004. Llberek et al. . 1991, Cyr et aI., 1992. Blond-Elq ulndl et 

al.. 1993; 4 Cheetham ef al. , 1994; 5 Minami et aI. , 1996; 6 Kanazawa el 01., 1997; 7 Chamberlain and Burgoyne. 
1997b; 8 Lu and Cyr, 1998; 9 Fewell et al., 2001; 10 Edkins et al., 2004; II This study. NR ~ not reported. ND ~ 
non-detectable. 

Hence, Hsj la was found to interact with both constitutive (Cheetham el ai., 1994) and 

inducible forms (this study) of Hsp70. And Pfj4 was found to not interact with an inducib le 

human Hsp70. 
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Chapter 5 

CONCLUSIONS AND FUTURE WORK 

5.1. CONCLUSIONS 

5.1.1. Bioinformatic analysis 

Hsj la links misfo lded or unfolded proteins to the proteasomal system for degradation . It was 

interesting that Pfj4 was found to exhibit s imilar domain structure to Hsj la, having a 

potential chaperone domain, UIM-l ike motif, and additional region of significant 

conservation of unknown function. The domain sim ilarity lead to the proposal that Pfj4 may 

have been involved in a similar mechanism of interaction within the malarial parasite, to that 

ofHsj la. 

5.1.2. Heterologous expression 

The use of E. coli to successfully produce Hsp40 proteins that are able to replace the lacking 

endogenous Hsp40s with in E. coli 00259 (namely AgIOna), and the )-domain chimeras and 

mutants thereof) was confirmed. Proteins were produced for in vivo and in vilro testing of 

protein structure and function at the whole protein , domain and amino acid levels. 

5.1.3. Amino acids important in the J-domain 

Equivalent ammo acid subst itutions were made on I-Isjla and Pfj4 )-domains based on 

rationale of key res idues previously identified within other studied Hsp40s, such as E. coli 

Dna) and AgIOna). These residues were shown to be important in )-domain structure and 

Hsp70-Hsp40 interaction . Results from this study showed that of these conserved residues, 

the helix I residues equivalent to Y7 and L1 0 of AgIOna) were potentially important in 

structural integrity, whilst the helix [[ and loop region substitutions performed equivalent to 

R26 and H33 of AgIOnaJ respectively, seemed to suggest these residues were critica l in 

function. The purpose and importance of the negatively charged aspartic acid residue 

corresponding to 059 of AgIOnaJ, however, was still unknown. 
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5.1.4. Oligomeric analysis 

The preliminary investigation into determining the o ligomeric state of Hsj I a from FPLC 

analysis was inconclusive. 

5.1.5. Identification of chaperone pairs 

Hsj I a was found to be able to act as a co-chaperone to induc ible human Hsp70, stim ul ating 

its ATPase activity, whil st Pfj4 was unable to stimulate the ATPase activity of human Hsp70. 

This suggested that Pfj4 funct ions with another Hsp70 chaperone partner, potentially a 

malarial Hsp70 within the malarial parasite, instead of interacting across species w ith a host 

Hsp70. 

5.2. FUTURE WORK 

Many experiments could still be carried out on these two proteins of interest. Some of these 

experiments are mentioned here. 

5.2.1. Improved purification ofHsjla and Pfj4 for structural studies 

Whilst no DnaK contamination was detected in this study, purification of hi stidine-tagged 

Hsj la and histidine-tagged Pfj4 from a DnaK E. coli strain is suggested. This wou ld ensure 

that no endogenous DnaK contamination results which may be detrimental to later 

downstream experiments, such as ATPase assays or an oligomeric analysis. Alternative ly, 

the FPLC cou ld be repeated under different cond itions, as the determination of the structu re 

of th is protein wou ld be advantageous and could be performed by so lution NMR or X-ray 

diffraction of crystals. In add ition to FPLC, the less costly method of ultracentrifugation 

could be used to determine the Stokes' rad ius of the protein to determine the oligomeric state. 

A bio informatic analysis could also be used to determine whether Hsj I a has a dimerization 

motif. If such a motif does exist, mutagenic substitutions, or deletions of the motif could be 

used to study the effects of the o li gomerization state of Hsj I a. 
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5.2.2. Studies on Hsjla and Pfj4 J-domains chimeric proteins and their mutants 

The examination of the Hsj la and Pfj4 ch imeric proteins and their mutant derivatives that 

were created in this study cou ld be done. This would involve an investigation of the ATPase 

activities of these chimeri c proteins and mutant derivat ives, using ATPase assays as 

performed in this study on the full-length Hsj la and Pfj4 proteins. These chimeric proteins 

and mutant derivatives could also be purified from the improved purification method to 

ensure no Hsp70 contamination (Section 5.2. I). 

Binding studies on the purified Hsj la chimeric proteins and each of the mutant proteins cou ld 

also be performed to determine the effect that specific residues have on the binding of the J­

domain to identified Hsp70 chaperone partners, such as inducible human Hsp70. This cou ld 

be done using the sophisticated techn iques of surface plasmon resonance (SPR), 

spectroscopy, or equivalent technologies. 

5.2.3. Studies on full-length Histidine-tagged Pfj4 

5.2.3.1. UIM-motif analysis for Pfj4 

Pfj4 potentially has a region that corresponds to UIM I of Hsj la. Further studies into whether 

this is a true UIM-like motif are needed and could be carried out using domain-swapping of 

these regions to investigate potential function by means of ubiquitin degradation assays. 

Similarly, substitutions of highly conserved residues within the potential UIM-motif cou ld 

also be conducted in order to determine which residues within the motif are of the highest 

functional im portance. 

5.2.3.2. Localisation studies for Pfj4 

The localisation of Pfj4 is sti ll unknown. Pfj4 could be studied using bioinformatic analysis 

to determine whether it has an export signal to translocate it into the host erythrocyte cytoso l 

in the infected scenario. Localisation studies could be performed in both the parasite and in 

the infected erythrocyte. This could be done along with immunoprecipitation in order to find 

the localisation of Pfj4-containing complexes, and any interacting proteins could be identified 

in this manner. 
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5.2.3.3. Identification of an Hsp70-Hsp40 chaperone partner for Pfj4 

Whilst this study suggests that Pfj4 could not interact with inducible human Hsp70. a 

chaperone partner shou ld be identified for thi s type-II malarial protein. Add itiona l ATPase 

assays could be performed with Pfj4 and various P. !alciparum Hsp70s, such as PfHsp70 and 

PfBiP. Ideally, a ll recom binant E. coli proteins used in these studies shou ld be purified from 

a DnaK' strain of E. coli. Alternative sources can a lso be used to purify Hsp40s from. such as 

us ing yeast expression systems, eukaryotic insect or mammalian expression systems, Natu ral 

prote in sources, such as Pfj4 fro m P. !a!ciparum parasites and Hsj J a fro m human ti ssue, 

could also advantageous as post-translational modificati ons would be ensured. 
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APPENDIX 1: MATERIALS 

Table A I ), Comoounds and suooliers used in this study , , 

Compound name Supplier Country of Origin 
Acrylamide Sigma-Aldrich Germany 
Agarose Hispanagar Spain 
Ammonium molybdate Ivferck Germany 
Ammonium persulphate Saarchem South Africa 
Ammonium sulphate Saarchem South Africa 
Ascorbic acid Merck Germany 
Bis-acrylamide Sigma-Aldrich Germany 
Borate Saarchem South Africa 
Bromophenol Blue Sigma-Aldrich Germany 
Bovine Serum Albumin Roche Germany 
Calcium chloride Saarchem South Africa 
Chloroform BDH England 
Coomassie Brilliant Blue G2S0 Sigma-Aldrich Germany 
Disodium hydrogen phosphate Saarchem South Africa 
Dithiothreitol USB USA 
Ethylene diamine tetra-acetic acid Saarchem South Africa 
Ethanol BDH EnJ?;land 
Ethidium bromide Sigma-Aldrich Germani' 
Glacial acetic acid Sam'chem South Africa 
Glucose Saarchem South Africa 
Glycerol Sam'chem South Africa 
Glycine Sigma-Aldrich Germany 
Hepes Sigma-Aldrich Germany 
H i-Di Formamide Applied Biosystems USA 
Imidazole Sigma-Aldrich Germany 
I sopropyl-~-D-thioga lactopyranoside Roche Germany 
Isopropanol BDH England 
Lambda DNA Promega USA 
Lysozyme Roche Germany 
Magnesi urn chloride Saarchem South Africa 
Magnesium sulphate Sigma-Aldrich Germany 
Mercaptoethanol Merck Germany 
Methanol Saarchem South Africa 
Nickel su lphate Sigma-Aldrich Germany 
Phenylmethylsulphonylfluoride Sigma-Aldrich Germany 
Ponceau S Sigma-Aldrich Germany 
Potassium acetate Saarchem South Africa 
Potassium chloride Saarchem South Africa 
Potassium dihydrogen phosphate Pro Analysi South Africa 



Sepharose Fast Flow, Chelating Amersham Biosciences Sweden 
Sodium azide Sigma-Aldrich Germany 
Sodium chloride Saarchem South Africa 
Sodium citrate Saarchem South Africa 
Sodium dodecyl sulphate BDH England 
Sodium hydroxide Saarchem South Africa 
N.N,N ' .N' -tetramethylethylenediamine Sigma-Aldrich Germany 
Tris Sigma-Aldrich Germany 
Triton X- I 00 Sigma-Aldrich Germany 
Tween 20 Saarchem South Africa 



APPENDIX 2: DNA SEQUENCING 

1 5 
M A S Y Y E 

pHSJ1Agt - AT GGATC CA T G G CAT C eT A C T A C G A 

1 5 
M A S Y A E 

y SA MUTANT - ATGGATCC A T G G CAT C eTA C G C T G A 

A T GG i. T CC J. T GG C oI T CC T . C G C T G A 

Figure A2.1: pHsj I aAgt(Y5A) DNA sequencing results 

4 8 13 
Y Y ElL D V P R 5 

pHSJ1Agt - eTA eTA eGA GAT C ~ G A C G T Gee G eGA A G T 

4 8 13 
Y Y E I A D V P R S 

LBA MUTAN T - eTA eTA eGA GAT AGe A GAT G T Gee G eGA A G T 

C T : e T A C G " G .. T El~G il [!] G T G ee G C G ,\ A G T 

Figure A2.2: pHsjlaAgt(L8A) DNA sequencing results 



" " " 0 I K K A Y • • K A L 0 
pH SJ1Agt G A C A 't C AA G AA GGCG T A T eGG C G C A A G G C 't C T C C A G 

" " " 0 I K K A Y A • K A L 0 
R2'lA MUTANT - G A CAT C A A G A A G G C G T A T G C Ae G T AA G GC 'l' C T C C A G 

G i>. C .1. T C 11 G 1>. :.. G G C G T e ~C G [!J II G G e T e T C C 1>. G 

Figure A2.3: pHsj I aAgt(R24A) DNA sequencing results 

26 31 " K A L Q W H P 0 K N P 0 

pHSJ1Agt - AAGGCT eTC C A G T G G CAe C C A G A C AAAAA C C C A G A '1' A 

26 31 " K A L Q '" Q P 0 K N P 0 
H31Q MUTANT - A A G G C T C T C C A G T G G ~C C A G A CAAAA A CC C A G A T A 

.A I.. G G e T e T C C i. G T G G ~ C C l; G A C i. 1:.. ;. 1.. A ce C J:. G 1t. T ;. 

r 

Figure A2.4: pHsj 1 aAgt(H31 0) DNA sequencing results 



~ AYE V L S ~ K H K R ~ 
pHSJIAgt - eGA G G CAT A T G A A G T GeT GTe T G A C A AGe A C A AGe G G GAG A 

A E v L , " A K H K R 
63 
E 

OSSA MUTANT - eGA G G C A T A T G A A G T GeT GTe T G C A A AGe A C A AGe G G GAG A 

C G il. G G C :. T .I. T G .. l. G T 0, T G T e T G C ,\ .I. i. G C ... C A .I. G e GG G 1. G ~ 

Figure A2.5: pHsj I aAgtCD58A) DNA sequencing results 

HSJ1 a Known Sequence 

HSJ1 a Sequenced (pQE30 Primer) 
) 

HSJ1 a Sequenced (Internal Primer) 

Downstream pQE30 

----------------.-------- ~ 

o 500 1000 1500 2000 2500 3000 3500 4000 

Figure A2.6: pHsj I a plasmid contig overlays for DNA sequencing 

" 



, . 
IIA SY EILDVPI/51.S .l. DD 

A l CC C T C TT ~ C T C G " G ~ T CC T .. C .. C C T G CC G C C .. A G T C C G T CC C C T C . T G C 

lKK.l.y 2:RKALO\l3;p 
T C ;' .. C ~':' G C C G T ~ T C GG C C C 4 A CG C T C T CC " G T GG C .. CCC: ~ C 

D K II P 
~ C .. ~ ..... .I. CCC A 

DIIICE F.l. E)(I(FkEVIIE.I.,{[ 
G A T .l.A 1 oLil G .. G TTT G C T G :. C .. CO ~~ T TT I. GG " GG T GG CC G . GG C ;' T ~ T G .I..1. 

" 11 1 SIl l( KlC II ElY D II Y to REG 
G T G C T G T C T G ;' C a .. G C .. C .. ':' G C GGG .. G " TTT ;' C G ~ C C G C T " T GG C C GGG ;. .. GGG 

Figure A2.7: DNA sequencing chromatogram results for the J·domain region ofpHsjla 



1 CTCGAGAAAT CATAAAAAAT TTATTTGCTT TGTGAGCGGA TAACAATTAT AATAGATTCA ATTGTGA 
GAGCTCTTTA GTATTTTTTA AATAAACGAA ACACTCGCCT ATTGTTAATA TTATCTAAGT TAACACT 

TTCATTAAAG 
AAGTAATTTC 

BamHI MAS Y Y E I L D V P R S A SAD 
101 AGGAGAAATT AACTATGAGA GGATCGCATC ACCATCACCA TCACGGATCC ATGGCATCCT ACTACGAGAT CCTAGACGTG CCGCGAAGTG CGTCCGCTGA 

TCCTCTTTAA TTGATACTCT CCTAGCGTAG TGGTAGTGGT AGTGCCTAGG TACCGTAGGA TGATGCTCTA GGATCTGCAC GGCGCTTCAC GCAGGCGACT 

· D I K KAY R R K A L Q W H P D K N P D N KEF A E K K F K E V A 
201 TGACATCAAG AAGGCGTATC GGCGCAAGGC TCTCCAGTGG CACCCAGACA AAAACCCAGA TAATAAAGAG TTTGCTGAGA AGAAATTTAA GGAGGTGGCC 

ACTGTAGTTC TTCCGCATAG CCGCGTTCCG AGAGGTCACC GTGGGTCTGT TTTTGGGTCT ATTATTTCTC AAACGACTCT TCTTTAAATT CCTCCACCGG 

E AYE V LSD K H K REI Y DRY G REG LTG T G T G P S RAE 
301 GAGGCATATG AAGTGCTGTC TGACAAGCAC AAGCGGGAGA TTTACGACCG CTATGGCCGG GAAGGGCTGA CAGGGACAGG AACTGGCCCA TCTCGGGCAG 

CTCCGTATAC TTCACGACAG ACTGTTCGTG TTCGCCCTCT AAATGCTGGC GATACCGGCC CTTCCCGACT GTCCCTGTCC TTGACCGGGT AGAGCCCGTC 

A G S G G P G F T F T FRS PEE V F REF F G S G D P F A ELF 
4 0 1 AAGCTGGCAG TGGTGGGCCT GGCTTCACCT TCACCTTCCG CAGCCCCGAG GAGGTCTTCC GGGAATTCTT TGGGAGTGGA GACCCTTTTG CAGAGCTCTT 

TTCGACCGTC ACCACCCGGA CCGAAGTGGA AGTGGAAGGC GTCGGGGCTC CTCCAGAAGG CCCTTAAGAA ACCCTCACCT CTGGGAAAAC GTCTCGAGAA 

N R G S R H S G P F F T F S S S F P G H S D F · D D L 
501 TGATGACCTG 

ACTACTGGAC 
TCCCGACACT CAGGCCCCTT CTTTACCTTC TCTTCCTCCT TCCCTGGGCA CTCCGATTTC 
AGGGCTGTGA GTCCGGGGAA GAAATGGAAG AGAAGGAGGA AGGGACCCGT GAGGCTAAAG 

S S S S F S F S P GAG A FRS V S T S T T F V Q G R R ITT R R I 
601 TCCTCCTCAT CTTTCTCCTT CAGTCCTGGG GCTGGTGCTT TTCGCTCTGT TTCTACATCT ACCACCTTTG TCCAAGGACG CCGCATCACC ACACGCAGAA 

AGGAGGAGTA GAAAGAGGAA GTCAGGACCC CGACCACGAA AAGCGAGACA AAGATGTAGA TGGTGGAAAC AGGTTCCTGC GGCGTAGTGG TGTGCGTCTT 

MEN G Q E R V EVE E D G Q L K S V TIN G V P D D L A L G L E 
701 TCATGGAGAA CGGGCAGGAG CGGGTGGAAG TGGAGGAGGA TGGGCAGCTG AAGTCAGTCA CAATCAATGG TGTCCCAGAT GACCTGGCAC TGGGCTTGGA 

AGTACCTCTT GCCCGTCCTC GCCCACCTTC ACCTCCTCCT ACCCGTCGAC TTCAGTCAGT GTTAGTTACC ACAGGGTCTA CTGGACCGTG ACCCGAACCT 

· L S R R E Q Q P S V T S R S G G T Q V Q Q T PAS C P L D S D L S 
8 0 1 GCTGAGCCGT CGCGAGCAGC AGCCGTCAGT CACTTCCAGG TCTGGGGGCA CTCAGGTCCA GCAGACCCCT GCCTCATGCC CCTTGGACAG CGACCTCTCT 

CGACTCGGCA GCGCTCGTCG TCGGCAGTCA GTGAAGGTCC AGACCCCCGT GAGTCCAGGT CGTCTGGGGA CGGAGTACGG GGAACCTGTC GCTGGAGAGA 

E D E D L Q LAM A Y S L S E MEA A G K K PAD V F 
90 1 GAGGATGAGG ACCTGCAGCT GGCCATGGCC TACAGCCTGT CAGAGATGGA GGCAGCTGGG AAGAAACCCG CAGATGTGTT 

CTCCTACTCC TGGACGTCGA CCGGTACCGG ATGTCGGACA GTCTCTACCT CCGTCGACCC TTCTTTGGGC GTCTACACAA 

* HindI!! 
AATTAGCTGA 
TTAATCGACT 



100 1 GCTTGGACTC CTGTTGATAG AT CCATCTGG ATTTGTTCAG AACGCTCGGT TGCCGCCGGG CGTTTTTTAT TGGTGAGAAT 
CGAACCTGAG GACAACTATC T GTAGACC TAAACAAGTC TTGCGAGCCA ACGGCGGCCC GCAAAAAATA ACCACTCTTA 

1101 CCAAGCTAGC TTGGCGAGAT TTTCAGGAGC TAAGGAAGCT AAAATGGAGA AAAAAATCAC TGGATATACC ACCGTTGATA TATCCCAATG GCATCGTAAA 
GGTTCGATCG AACCGCTCTA AAAGTCCTCG ATTCCTTCGA TTTTACCTCT TTTTTTAGTG ACCTATATGG TGGCAACTAT ATAGGGTTAC CGTAGCATTT 

120 1 GAACATTTTG AGGCATTTCA GTCAGTTGCT CAATGTACCT ATAACCAGAC CGTTCAGCTG GATATTACGG CCTTTTTAAA GACCGTAAAG AAAAATAAGC 
CTTGTAAAAC TCCGTAAAGT CAGTCAACGA GTTACATGGA TATTGGTCTG GCAAGTCGAC CTATAATGCC GGAAAAATTT CTGGCATTTC TTTTTATTCG 

1301 ACAAGTTTTA TCCGGCCTTT ATTCACATTC TTGCCCGCCT GATGAATGCT CATCCGGAAT TTCGTATGGC AATGAAAGAC GGTGAGCTGG TGATATGGGA 
TGTTCAAAAT AGGCCGGAAA TAAGTGTAAG AACGGGCGGA CTACTTACGA GTAGGCCTTA AAGCATACCG TTACTTTCTG CCACTCGACC ACTATACCCT 

140 1 TAGTGTTCAC CCTTGTTACA CCGTTTTCCA TGAGCAAACT GAAACGTTTT CATCGCTCTG GAGTGAATAC CACGACGATT TCCGGCAGTT TCTACACATA 
ATCACAAGTG GGAACAATGT GGCAAAAGGT ACTCGTTTGA CTTTGCAAAA GTAGCGAGAC CTCACTTATG GTGCTGCTAA AGGCCGTCAA AGATGTGTAT 

15 01 TATTCGCAAG ATGTGGCGTG TTACGGTGAA AACCTGGCCT ATTTCCCTAA AGGGTTTATT GAGAATATGT TTTTCGTCTC AGCCAATCCC TGGGTGAGTT 
ATAAGCGTTC TACACCGCAC AATGCCACTT TTGGACCGGA TAAAGGGATT TCCCAAATAA CTCTTATACA AAAAGCAGAG TCGGTTAGGG ACCCACTCAA 

1 60 1 TCACCAGTTT TGATTTAAAC GTGGCCAATA TGGACAACTT CTTCGCCCCC GTTTTCACCA TGGGCAAATA TTATACGCAA GGCGACAAGG TGCTGATGCC 
AGTGGTCAAA ACTAAATTTG CACCGGTTAT ACCTGTTGAA GAAGCGGGGG CAAAAGTGGT ACCCGTTTAT AATATGCGTT CCGCTGTTCC ACGACTACGG 

1701 GCTGGCGATT CAGGTTCATC ATGCCGTTTG TGATGGCTTC CATGTCGGCA GAATGCTTAA TGAATTACAA CAGTACTGCG ATGAGTGGCA GGGCGGGGCG 
CGACCGCTAA GTCCAAGTAG TACGGCAAAC ACTACCGAAG GTACAGCCGT CTTACGAATT ACTTAATGTT GTCATGACGC TACTCACCGT CCCGCCCCGC 

1 80 1 TAATTTTTTT AAGGCAGTTA TTGGTGCCCT TAAACGCCTG GGGTAATGAC TCTCTAGCTT GAGGCATCAA ATAAAACGAA AGGCTCAGTC GAAAGACTGG 
ATTAAAAAAA TTCCGTCAAT AACCACGGGA ATTTGCGGAC CCCATTACTG AGAGATCGAA CTCCGTAGTT TATTTTGCTT TCCGAGTCAG CTTTCTGACC 

1 901 GCCTTTCGTT TTATCTGTTG TTTGTCGGTG AACGCTCTCC TGAGTAGGAC AAATCCGCCC TCTAGAGCTG CCTCGCGCGT TTCGGTGATG ACGGTGAAAA 
CGGAAAGCAA AATAGACAAC AAACAGCCAC TTGCGAGAGG ACTCATCCTG TTTAGGCGGG AGATCTCGAC GGAGCGCGCA AAGCCACTAC TGCCACTTTT 

2001 CCTCTGACAC ATGCAGCTCC CGGAGACGGT CACAGCTTGT CTGTAAGCGG ATGCCGGGAG CAGACAAGCC CGTCAGGGCG CGTCAGCGGG TGTTGGCGGG 
GGAGACTGTG TACGTCGAGG GCCTCTGCCA GTGTCGAACA GACATTCGCC TACGGCCCTC GTCTGTTCGG GCAGTCCCGC GCAGTCGCCC ACAACCGCCC 

2101 TGTCGGGGCG CAGCCATGAC CCAGTCACGT AGCGATAGCG GAGTGTATAC TGGCTTAACT ATGCGGCATC AGAGCAGATT GTACTGAGAG TGCACCATAT 
ACAGCCCCGC GTCGGTACTG GGTCAGTGCA TCGCTATCGC CTCACATATG ACCGAATTGA TACGCCGTAG TCTCGTCTAA CATGACTCTC ACGTGGTATA 

2201 GCGGTGTGAA ATACCGCACA GATGCGTAAG GAGAAAATAC CGCATCAGGC GCTCTTCCGC TTCCTCGCTC ACTGACTCGC TGCGCTCGGT CGTTCGGCTG 
CGCCACACTT TATGGCGTGT CTACGCATTC CTCTTTTATG GCGTAGTCCG CGAGAAGGCG AAGGAGCGAG TGACTGAGCG ACGCGAGCCA GCAAGCCGAC 



2301 CGGCGAGCGG TATCAGCTCA CTCAAAGGCG GTAATACGGT TATCCACAGA ATCAGGGGAT AACGCAGGAA AGAACATGTG AGCAAAAGGC CAGCAAAAGG 
GCCGCTCGCC ATAGTCGAGT GAGTTTCCGC CATTATGCCA ATAGGTGTCT TAGTCCCCTA TTGCGTCCTT TCTTGTACAC TCGTTTTCCG GTCGTTTTCC 

2401 CCAGGAACCG TAAAAAGGCC GCGTTGCTGG CGTTTTTCCA TAGGCTCCGC CCCCCTGACG AGCATCACAA AAATCGACGC TCAAGTCAGA GGTGGCGAAA 
GGTCCTTGGC ATTTTTCCGG CGCAACGACC GCAAAAAGGT ATCCGAGGCG GGGGGACTGC TCGTAGTGTT TTTAGCTGCG AGTTCAGTCT CCACCGCTTT 

2 5 01 CCCGACAGGA CTATAAAGAT ACCAGGCGTT TCCCCCTGGA AGCTCCCTCG TGCGCTCTCC TGTTCCGACC CTGCCGCTTA CCGGATACCT GTCCGCCTTT 
GGGCTGTCCT GATATTTCTA TGGTCCGCAA AGGGGGACCT TCGAGGGAGC ACGCGAGAGG ACAAGGCTGG GACGGCGAAT GGCCTATGGA CAGGCGGAAA 

2601 CTCCCTTCGG GAAGCGTGGC GCTTTCTCAT AGCTCACGCT GTAGGTATCT CAGTTCGGTG TAGGTCGTTC GCTCCAAGCT GGGCTGTGTG CACGAACCCC 
GAGGGAAGCC CTTCGCACCG CGAAAGAGTA TCGAGTGCGA CATCCATAGA GTCAAGCCAC ATCCAGCAAG CGAGGTTCGA CCCGACACAC GTGCTTGGGG 

2701 CCGTTCAGCC CGACCGCTGC GCCTTATCCG GTAACTATCG TCTTGAGTCC AACCCGGTAA GACACGACTT ATCGCCACTG GCAGCAGCCA CTGGTAACAG 
GGCAAGTCGG GCTGGCGACG CGGAATAGGC CATTGATAGC AGAACTCAGG TTGGGCCATT CTGTGCTGAA TAGCGGTGAC CGTCGTCGGT GACCATTGTC 

28 01 GATTAGCAGA GCGAGGTATG TAGGCGGTGC TACAGAGTTC TTGAAGTGGT GGCCTAACTA CGGCTACACT AGAAGGACAG TATTTGGTAT CTGCGCTCTG 
CTAATCGTCT CGCTCCATAC ATCCGCCACG ATGTCTCAAG AACTTCACCA CCGGATTGAT GCCGATGTGA TCTTCCTGTC ATAAACCATA GACGCGAGAC 

290 1 CTGAAGCCAG TTACCTTCGG AAAAAGAGTT GGTAGCTCTT GATCCGGCAA ACAAACCACC GCTGGTAGCG GTGGTTTTTT TGTTTGCAAG CAGCAGATTA 
GACTTCGGTC AATGGAAGCC TTTTTCTCAA CCATCGAGAA CTAGGCCGTT TGTTTGGTGG CGACCATCGC CACCAAAAAA ACAAACGTTC GTCGTCTAAT 

300] CGCGCAGAAA AAAAGGATCT CAAGAAGATC CTTTGATCTT TTCTACGGGG TCTGACGCTC AGTGGAACGA AAACTCACGT TAAGGGATTT TGGTCATGAG 
GCGCGTCTTT TTTTCCTAGA GTTCTTCTAG GAAACTAGAA AAGATGCCCC AGACTGCGAG TCACCTTGCT TTTGAGTGCA ATTCCCTAAA ACCAGTACTC 

3 10 1 ATTATCAAAA AGGATCTTCA CCTAGATCCT TTTAAATTAA AAATGAAGTT TTAAATCAAT CTAAAGTATA TATGAGTAAA CTTGGTCTGA CAGTTACCAA 
TAATAGTTTT TCCTAGAAGT GGATCTAGGA AAATTTAATT TTTACTTCAA AATTTAGTTA GATTTCATAT ATACTCATTT GAACCAGACT GTCAATGGTT 

3201 TGCTTAATCA GTGAGGCACC TATCTCAGCG ATCTGTCTAT TTCGTTCATC CATAGTTGCC TGACTCCCCG TCGTGTAGAT AACTACGATA CGGGAGGGCT 
ACGAATTAGT CACTCCGTGG ATAGAGTCGC TAGACAGATA AAGCAAGTAG GTATCAACGG ACTGAGGGGC AGCACATCTA TTGATGCTAT GCCCTCCCGA 

330 1 TACCATCTGG CCCCAGTGCT GCAATGATAC CGCGAGACCC ACGCTCACCG GCTCCAGATT TATCAGCAAT AAACCAGCCA GCCGGAAGGG CCGAGCGCAG 
ATGGTAGACC GGGGTCACGA CGTTACTATG GCGCTCTGGG TGCGAGTGGC CGAGGTCTAA ATAGTCGTTA TTTGGTCGGT CGGCCTTCCC GGCTCGCGTC 

3401 AAGTGGTCCT GCAACTTTAT CCGCCTCCAT CCAGTCTATT AATTGTTGCC GGGAAGCTAG AGTAAGTAGT TCGCCAGTTA ATAGTTTGCG CAACGTTGTT 
TTCACCAGGA CGTTGAAATA GGCGGAGGTA GGTCAGATAA TTAACAACGG CCCTTCGATC TCATTCATCA AGCGGTCAAT TATCAAACGC GTTGCAACAA 

3501 GCCATTGCTA CAGGCATCGT GGTGTCACGC TCGTCGTTTG GTATGGCTTC ATTCAGCTCC GGTTCCCAAC GATCAAGGCG AGTTACATGA TCCCCCATGT 
CGGTAACGAT GTCCGTAGCA CCACAGTGCG AGCAGCAAAC CATACCGAAG TAAGTCGAGG CCAAGGGTTG CTAGTTCCGC TCAATGTACT AGGGGGTACA 



3601 TGTGCAAAAA AGCGGTTAGC TCCTTCGGTC CTCCGATCGT TGTCAGAAGT AAGTTGGCCG CAGTGTTATC ACTCATGGTT ATGGCAGCAC TGCATAATTC 
ACACGTTTTT TCGCCAATCG AGGAAGCCAG GAGGCTAGCA ACAGTCTTCA TTCAACCGGC GTCACAATAG TGAGTACCAA TACCGTCGTG ACGTATTAAG 

3701 TCTTACTGTC ATGCCATCCG TAAGATGCTT TTCTGTGACT GGTGAGTACT CAACCAAGTC ATTCTGAGAA TAGTGTATGC GGCGACCGAG TTGCTCTTGC 
AGAATGACAG TACGGTAGGC ATTCTACGAA AAGACACTGA CCACTCATGA GTTGGTTCAG TAAGACTCTT ATCACATACG CCGCTGGCTC AACGAGAACG 

3801 CCGGCGTCAA TACGGGATAA TACCGCGCCA CATAGCAGAA CTTTAAAAGT GCTCATCATT GGAAAACGTT CTTCGGGGCG AAAACTCTCA AGGATCTTAC 
GGCCGCAGTT ATGCCCTATT ATGGCGCGGT GTATCGTCTT GAAATTTTCA CGAGTAGTAA CCTTTTGCAA GAAGCCCCGC TTTTGAGAGT TCCTAGAATG 

3901 CGCTGTTGAG ATCCAGTTCG ATGTAACCCA CTCGTGCACC CAACTGATCT TCAGCATCTT TTACTTTCAC CAGCGTTTCT GGGTGAGCAA AAACAGGAAG 
GCGACAACTC TAGGTCAAGC TACATTGGGT GAGCACGTGG GTTGACTAGA AGTCGTAGAA AATGAAAGTG GTCGCAAAGA CCCACTCGTT TTTGTCCTTC 

4001 GCAAAATGCC GCAAAAAAGG GAATAAGGGC GACACGGAAA TGTTGAATAC TCATACTCTT CCTTTTTCAA TATTATTGAA GCATTTATCA GGGTTATTGT 
CGTTTTACGG CGTTTTTTCC CTTATTCCCG CTGTGCCTTT ACAACTTATG AGTATGAGAA GGAAAAAGTT ATAATAACTT CGTAAATAGT CCCAATAACA 

4 101 CTCATGAGCG GATACATATT TGAATGTATT TAGAAAAATA AACAAATAGG GGTTCCGCGC ACATTTCCCC GAAAAGTGCC ACCTGACGTC TAAGAAACCA 
GAGTACTCGC CTATGTATAA ACTTACATAA ATCTTTTTAT TTGTTTATCC CCAAGGCGCG TGTAAAGGGG CTTTTCACGG TGGACTGCAG ATTCTTTGGT 

4201 TTATTATCAT GACATTAACC TATAAAAATA GGCGTATCAC GAGGCCCTTT CGTCTTCAC 
AATAATAGTA CTGTAATTGG ATATTTTTAT CCGCATAGTG CTCCGGGAAA GCAGAAGTG 

Figure A2.8: DNA sequence ofpHsj la plasmid, showing the amino acid sequence ofHsj la overlayed 

The DNA sequencing primers are highlighted with pQE30F shown in turquoise and pQE30R shown in purple. The Hsj I a internal coding region DNA sequencing primer is 
shown in green. The BamHI restriction site is shown in yellow and the Hindlll restriction site is shown in red. 



APPENDIX 3: MOLECULAR MASS MARKERS 
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Figure A3.1: DNA Fragment Sizes obtained for Lamda DNA restricted with PSi I 

Table A3 .1: Mass of proteins making up the BioRad SDS Broad Range Marker l 

Protein name Size (kDa) 
Rabbit skeletal muscle myosin 200 
E. coli ~-Galacto sidase 116.25 
Rabbit muscle Phosphorylase b 97.4 
Bovine serum albumin (BSA) 66.2 
Hen egg white ovalbumin 45 
Bovine carbonic anhydrase 31 
Soybean trypsin inhibitor 21.5 
Hen egg white lysozyme 14.4 
Bovine pancreatic trypsin inhibitor (Aprotinin) 6.5 

BlORad Catalogue No. 161-03 17 



APPENDIX 4: PRIMERS 

Table 1\4 I' PCR amplification grimers i 

Name Sequence Tm" %GC 
Hsj laF 5' - GGATCCATGGCATCTTACTAC-3' 60.6 47.6 
Hsj laR 3 ' - AAGCTTTCAGAACACATCTGC - 5 ' 61.3 42.9 

- . J 0 Restriction sites shown In Italics, silent mutation s are underlined. fm and YoGC values 
were all ca lculated using GeneRunner. 

Table A4.2: DNA sequencing grimers 

Name Sequence Tm l %GCL 

MI3F 5 '-GGTTTTCCCAGTCACGAC - 3 ' 58.4 55.6 
Ml3R 5 '-GGAAACAGCTATGACCATG - 3 ' 56.7 47.4 
pQE30F 5 '-GCGGATAACAATTTCACACAG-3 ' 62.6 42.9 
pQE30R 5 '-AGTTCTGAGGTCATTACTGG-3 ' 55 .0 45.0 
Hsj lIntF 5 '-CCTTCTCAGAGCTTCAG- 3 ' 49.5 52.9 

- 0 Tm and VoGC values were all calculated USing GeneRunner. 

Table A4.3: Site-directed mutagenesis grimers i 

Name Sequence- TmJ 
Hsj I(Y5A)F 5'-GGCATCCTACGCTGAGATTCTAGACGTGC-3 ' 80.3 
Hsjl(Y5A)R 5 '-GCACGTCTAGA4TCTCAGCGTAGGATGCC - 3 ' 80.3 
Hsj I(L8A)F 5 ' -CTACTACGAGATAGCAGATGTGCCGCGAAG-3 ' 80.5 
Hsj l(L8A)R 5 ' -CTTCGCGGCACAT CTGCTATCTCGTAGTAG-3 ' 80.5 
Hsj 1 (R24A)F 5 '-AAGAAGGCGTACGCACGTAAGGCTCTCC-3 ' 81.6 
Hsjl(R24A)R 5 ' -GGAGAGCCTTACGTGCGTACGCCTTCTT-3' 81.6 
Hsj 1 (H31 Q)F 5 ' -GCTCTCCAGTGGCAACCAGACAAAAACCC-3 ' 83.3 
Hsj 1 (H31 Q)R 5' -GGGTTTTTGTCTGGTTGCCACTGGAGAGC-3 ' 83.3 
Hsj 1 (D58A)F 5 '-CATATGAAGTACTGTCTGCAAAGCACAAGC-3 ' 76.1 
Hsjl(D58A)R 5 ' -GCTTGTGCTTTGCAGACilGTACTTCATATG- 3 ' 76.1 --

IntroductiOn or removal of restriction endonuclease recognition site are shown In grey and 
italics, silent mutations are shown underlined and mutated residue codons are shown in bold. 
Restriction endonucleases are Tfi I, Bfa I, Bsi WI , Ban I, and Sea I respectively fo r each of the 
mutants shown as listed from top to bottom. 3 Tm and 4 'IoGC values were all calculated us ing 
GeneRunner. 

%GC· 
55.2 
55.2 
53.3 
53.3 
57.1 
57.1 
55.2 
55.2 
43.3 
43.3 



APPENDIX 5: STANDARD CURVES 
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Figure AS.I: Bovine Serum Albumin (BSA) standard curve 

The BSA standard curve was used to calculate the protein concentration of various 
protein samples for set up of ATPase activity assays of human Hsp70 . 
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Figure AS .2: Phosphate standard curve 

The phosphate standard curve was used to calculate the inorganic phosphate content for 
ATPase activity assays of human Hsp70. 



APPENDIX 6: VECTORS 
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Figure A6.1: pGEM-T Easy vector system 
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Figure A6.2: pQE3 0 vector system 
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Available from Qiagen; http://wwwl.giagen.comlliterature/pgeseguences/pge3x.pdf; 
Accessed 18/0112005. 
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Figure A6.3: pCMV-Tag vector system, showing Tag-3a 
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