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ABSTRACT 

The molecular chaperone process of assisted protein folding, characteristic of members of the 

Heat Shock Protein 70 kDa (Hsp70) and Heat Shock Protein 40kDa (Hsp40) families, is 

essential for cytoprotection in stressful cellular conditions. Examples of such conditions are 

heat shock or invasion by pathogens. The Hsp70IHsp40 process of assisted protein folding is 

dependent on ATP (governed by the intrinsic ATPase activity of Hsp70) and the ability of 

molecular chaperones to recognise and bind non-native protein conformations. Here, we 

analyse and attempt to characterise the molecular chaperone activity of an inducible, 

cytoplasmic Hsp70 (TcHsp70) from Trypanosoma cruzi and its interactions with its potential 

partner Hsp40s, Tcj 1, Tcj2, Tcj3 and Tcj4. A bioinformatic analyses of the primary sequences 

of the trypanosomal proteins revealed that they all contained the canonical domains that 

define other members of the Hsp70 and Hsp40 family. Tcj2 and Tcj4 showed deviations from 

the consensus sequence in their substrate binding regions, which may have implications for 

their substrate binding specificities. TcHsp70, Tcj 1, Tcj2, Tcj3 and Tcj4 were over-expressed 

recombinantly as 6xHis-tag fusion proteins in Escherichia coli. His-TcHsp70, Tcjl-His and 

His-Tcj2 were successfully purified by Nickel-affinity chromatography for functional 

analyses to assess the molecular chaperone activity of His-TcHsp70 in terms of its ATPase 

activity and substrate binding ability. The basal ATPase activity of His-TcHsp70 was 

determined as 40 nmol Pi/min/mg, significantly higher than that reported for other Hsp70s. 

-,,_ This basal ATPase activity was stimulated to a maximal level of 60 nmol Pi/min/mg in the 

presence of His-Tcj2 and a model non-native substrate, reduced carboxymethylated u

lactalbumin (RCMLA). Using native polyacrylamide gel electrophoresis and Western 

analysis, His-TcHsp70 was shown to form discrete complexes when in the presence of Tcj 1-

His, His-Tcj2 and/or RCMLA. These complexes potentially represent His-TcHsp70 -

RCMLA or His-TcHsp70 - Tcj interactions, that may be indicative of chaperone activity. In 

vivo complementation assays showed that Tcj2, but not Tcj3, was able to overcome the 

temperature sensitivity of the ydjJ mutant Saccharomyces cerevisiae strain JJ160, suggesting 

that Tcj2 may be functionally equivalent to the yeast Hsp40 Y dj 1. 
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1.1 INTRODUCTION 

1.1.1 Protein Folding and the Cellular Environment 

The biological functioning of proteins requIre that they assume a defined, biophysical 

structure. The information defining this structure is encoded in the primary amino acid 

sequence. Anfinsen (1973) demonstrated this in his renowned paper, where he reported the in 

vitro refolding of denatured ribonuclease. Ribonuclease is a small protein and it took 20 

minutes to assume its correct structure, far longer than would be feasible in vivo. One can 

imagine then, how long it would take for larger, oligomeric proteins to attain their correct 

tertiary structure under similar conditions. In addition, the crowded cellular environment 

increases the chance of unproductive side reactions that could lead to erroneous 

conformations. How then do proteins attain their correct conformations in a time frame that 

ensures the process will be viable in the cell? The answer may lie with a group of highly 

conserved proteins themselves, whose specific function is to aid the folding and assembly of 

other proteins in the cell. 

1.1.2 Heat Shock Proteins (Hsps) and the Molecular Chaperone Concept 

Heat Shock Protein is the collective name gIven to a group of ubiquitous and highly 

''', ,conserved proteins, having essential roles in physiological and stressful cellular environments 

(Whitley et aI., 1999). As their name suggests, the expression of these proteins was first 

observed in Drosophila salivary glands that had been exposed to a heat shock of 37°C 

(Ritossa, 1962). However, subsequent research has revealed that the expression of these Hsps 

is induced by a number of stressful conditions, including heat, amino acid analogues, free 

radicals and heavy metals (Hendrick and Hartl, 1993). The Hsps therefore could be more 

correctly termed 'stress proteins' due to their fundamental role within the stressed cell. In 

addition, constitutively expressed homologues of Hsps (termed Hscs), with roles in basic 

physiological and house-keeping processes in the cell have been identified. While the 

constitutive Hscs are expressed continuously, the expression of Hsps is controlled by the 

binding of heat shock transcription factors (HSFs) to specific heat shock elements (HSEs) in 

the gene. Stress induces the phosphorylation of the HSFs, leading to the formation of trimeric 

HSF species that bind the HSEs and stimulate expression of the Hsps (Kiang and Tsokos, 

1998). 
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Hsps have been identified in almost all organisms, from bacteria to lower and higher 

eukaryotes. They are classified and named on the basis of their molecular size, for example 

Hsp70 will have a molecular weight of approximately 70kDa. To date a number of Hsp 

families have been described. These are the Hspl00, Hsp90, Hsp70, Hsp60, Hsp40 and the 

small Hsp (sHsps; -18 - 43 kDa) Families (Frydman, 2001; Fink, 1999). The major Hsp 

families and their roles in the cell are summarised in Table 1.1. 

Table 1.1: Overview of the members of the major Hsp families and their predominant role in 

the functioning of the cell. 

Family Member Location Size Functions 
(kDa) 

HsplOO 
Prokaryote Clp Cytosol 100 Disaggregation of proteins and 

thermo tolerance 
Higher Eukaryote Hsp104 Cytosol 104 

Hsp90 
Prokaryote HtpG Cytosol 90 Protein kinase and transcription 

factor control; prevention of 
Higher Eukaryote Hsp90 Cytosol 90 aggregation 

Grp94/Grp96 ER 94/96 
Hsp70 
Prokaryote DnaK Cytosol 70 

" Chaperone mediated protein 
Yeast Ssa Cytosol 70 folding of nascent! misfolded 

'-. Ssb CytosoV Mitochondria 70 proteins; targeting of proteins for 
Sse Cytosolic 70 degradation; antigen 
Kar2 ER presentation; thermo tolerance 

Higher Eukaryote Hsc70 Cytosol/Nuc1eus 70 
Hsp70 Cytosol/Nuc1eus 70 
Grp78 (BiP) ER 70 
p75 Mitochondria 78 

75 
Hsp60 
Prokaryote GroEL Cytosol 60 Protein secretion; mitochondrial 

protein import; stabilization of 
Yeast Mif4 Mitochondria 60 prefolded proteins towards 

folding; export of precursors to 
intermembrane space. 

Higher Eukaryote Hsp60 Mitochondria 60 

Hsp40 
Prokaryote DnaJ Cytosol 40 Co-chaperones for DnaK/Hsp70; 

binding of misfoldedlnascent 
Higher Eukaryote Hsp40 Cytosol 40 proteins/polypeptides. 

Data from Fink (1999); Hendrick and Hartl (1993) 

3 



Each of these Hsps has a defined structure that is conserved throughout members of that 
• 

particular family from different organisms. It is this structure that defines the individual 

functions of the different families of Hsps. In addition to the different families of Hsps, 

subsets of Hsps within the families have been detected in different compartments of the cell, 

such as the nucleus, endoplasmic reticulum, mitochondria and cytosol. Therefore, although 

Hsps may be confined to a family group, the different members of that family will be 

specifically tailored to the roles they are required to perform within their particular organelle 

(Frydman, 2001; Fewell et aI., 2001). 

The ability of some, but not all, Hsps to act as molecular chaperones is integral to their protein 

folding and protective roles in the cell. A molecular chaperone is a protein that is capable of 

interacting with and stabilizing non-native protein structures or nascent polypeptides, to 

prevent aggregation and promote the formation of correct, functional conformations 

(Hendrick and Hartl, 1993; Fink, 1999). They are essential for the refolding of stress

denatured proteins, assembly of oligomeric proteins and de novo folding of nascent 

polypeptides. Molecular chaperones are catalysts in the folding process, in the sense that they 

do not actively fold proteins, but rather assist folding by preventing non-productive or 

aggregation reactions and do not constitute part of the final protein structure. In addition, they 

control the translocation of proteins to differen( subcellular compartments as well as the 

degradation of protein aggregates that would otherwise disrupt the cellular environment. The 

----'~_ability of Hsps to function as molecular chaperones is central to their cytoprotecti ve role in 

stressful cellular conditions, where protein aggregation is often the result (Whitley et aI., 

1999). 

Hsps rarely function singularly as molecular chaperones. Interactions between different Hsp 

classes occur to modulate distinct chaperone functions. Thus, the molecular chaperone 

activity of a particular Hsp is controlled, and able to fulfil a number of tasks, through different 

interactions. Here, the role of Hsp70s as molecular chaperones and their interactions with the 

Hsp40 and Hsp90 families in that regard will be focused on. 
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1.1.3 Heat Shock Protein 70 (Hsp70) 

The Hsp70 molecular chaperone family is composed of members that are essential for correct 

protein folding, transport of proteins to different sub-cellular compartments and degradation 

of unstable proteins in the cell (Kiang and Tsokos, 1998). Hsp70 has been shown to 

discriminate with respect to substrate, binding only denatured or non-native proteins (Fink, 

1999). Hsp70s have been identified as having both constitutive (Hsc70) and heat-inducible 

members (Hsp70), and have been found in the cytosol (Hsp70IDnaKlSsa), ER (BiP/Grp78) 

and mitochondria (p75; Ssc) (Table 1.1). The constitutive form of Hsp70 (Hsc70) is essential 

in physiological functions involved in metabolism, while the heat inducible form is required 

for assisted protein folding in times of stress (Mayer and Bukau, 1998). 

Hsp70, and its constitutively expressed homologue Hsc70 (heat shock cognate protein) 

possess a quaternary structure composed of two defined domains of different function that 

work in collaboration. Hsp70 is composed of a conserved N-terminal ATPase domain of 

-44kDa, an -18 kDa substrate binding region and an -10kDa variable C-terminal region of 

largely undefined function (James et ai., 1997). Recent studies have targeted the C terminal 

regions of Hsp70 as being involved in specific interactions with other proteins, such as Hop 

(Hsp701Hsp90 Organising Protein). The basic sttucture of Hsp70 is conserved throughout 

Hsp70s from different organisms and is specifically suited to chaperone activity (Bork et ai., 

1992). 

The ATPase domain of Hsp70 (Figure 1.1) forms two distinct, equally sized structural lobes, 

separated from each other by a deep cleft, which is purported to be the binding site of ATP 

(Flahertyet ai., 1990). These two domains display a similar folding pattern to each other, both 

consisting of two subdomains and possessing phosphate binding sites. The overall structure of 

the ATPase domain of Hsp70s displays a striking similarity to that of actin, despite the 

disparate functions of these two proteins (Bork et ai., 1992). ATP hydrolysis by the ATPase 

domain of Hsp70s is central to the role of the protein as a chaperone during assisted protein 

folding (Wawrzynow et ai., 1995). Work by various groups has indicated that certain highly 

conserved residues within the ATPase domain, namely lysine 71, threonine 199 and aspartic 

acid 10, are essential for ATP hydrolysis (Huang et ai., 1993; McCarty and Walker, 1991; 

O'Brien et ai., 1996). 
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Figure 1.1: Ribbon representation of the structure of the ATPase domain of 
Bovine Hsp70 (3HSC) visualised using Molscript (Kraulis, 1991). 

The two similar subdomains of the ATPase domain of bovine Hsp70, form the cleft that is the binding 
site of ATP/ADP (Flaherty et aI., 1990). 

1P:~ substrate-binding region of Hsp70 (Figure 1.2) is composed of a compact 13-sandwich at 

the N-terminal end, formed by two 13--sheets, each comprising 4 antiparallel B- strands, 

followed by an extended region of 5 a-helices (Zhu et al., 1996). The B-sandwich is described 

as the substrate-binding region, with the a-helical structure involved in stabilization of the 

complex. The substrate is bound to Hsp70 in an extended conformation, via a hydrophobic 

ch~el defmed by the B-sandwich region (Rudiger et aI., 1997). The a-helical domain is 

capable of rotation supporting the suggestion that substrate binding by Hsp70 is facilitated by 

conformational changes in the chaperones (Buchberger et aI., 1995; Zhu et aI., 1996). The 

current suggestion for the recognition of the substrate by the chaperone is due to exposed 

hydrophobic regions, in non-native forms of the protein substrate. This is consistent with the 

role of Hsps in the refolding of misfolded proteins, as these hydrophobic residues, normally in 

the core of the protein, would become exposed in the event of incorrect folding (Richarme 

and Kohiyama, 1993). 

6 



Figure 1.2: Ribbon representation of the Substrate binding region of DnaK (lDKX) 
visualised using Molscript (Kraulis,1991). 

The compact ~-sandwich at the N-terminal region of the substrate binding domain is composed of four 
antiparallel ~-sheets proposed to be involved in binding of the substrate, followed by the extended region of 
five alpha helices thought to act to stabilize the complex. The peptide substrate in the complex is shown as 
sticks in red and indicated by the arrow (Zhu et at, 1996). i' 

Although the two functional domains of Hsp70 are distinct, they are known to cooperate 

during assisted protein folding. Besides being essential for the chaperone activity of Hsp70, 

the ATPase domain and substrate binding regions of Hsp70 have been implicated in 

oligomerisation of Hsp70 (Blond-Elguindi et al., 1993). Independent studies have suggested 

that Hsp70 is capable of self-association, potentially through its substrate binding region. The 

presence of a competing substrate results in the formation of active monomers that are 

capable of assisting the refolding of these non-native substrates (Benaroudji et al., 1996). This 

oligomerisation may be a way of bringing the substrate into close proximity with a high 

concentration of Hsp70s, allowing the rapid formation of Hsp70-substrate complexes 

facilitating chaperone-assisted protein folding (King et aI., 1999). 
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1.1.4 Heat Shock Protein 40 (Hsp40) 

One of the major partners of the Hsp70 molecular chaperones comes from the Hsp40 family 

of proteins. Certain Hsp40s act as co-chaperones in the Hsp70-assisted protein folding 

process, via regulation of the ATPase activity of Hsp70. The Hsp40 family of chaperones is 

commonly referred to 'as the J proteins, as they all possess a functional motif known as the J 

domain, in conjunction with other domains that defme their function. Hsp40 proteins can be 

classified as Type I, IT or ill, depending on the degree of conservation of the functional motifs 

they contain, with respect to Escherischia coli (E.coli) DnaJ (Figure 1.3) (Cheetham and 

Caplan, 1998). The type and number of motifs contained in an Hsp40 will govern its function, 

with most of the Hsp70 chaperone interactions being modulated by Type I Hsp40s (Figure 1.3 

[AD. More specific functions are likely to be mediated by Type ill Hsp40s (Henessey et aI., 

2000) 

(A) Classification of Hsp40s (B) Structure of the J domain 

N C 
TYPE I 

N C 

TYPE II 

N C 

I - I TYPEID 

KEY: 

JDOMAIN 

~ GLY /PHERICH·REGION 

CYS REPEATS / 
ZINC FINGER REGION 

Figure 1.3: Classification of Hsp40s in terms of their structural motifs and structure and of 
the J-domain. 

(A) Classification of DnaJ/Hsp40 family of molecular chaperones according to conserved domains. Type I J 
proteins possess an N-teriminal J domain, a GIF rich region and two cysteine repeats, forming a zinc finger region. 
C-terminal region is less well conserved. Type IT J proteins possess the N terminal J domain and the GIF rich region 
only, while the Type ill J proteins possess only the J domain, anywhere in the protein. The function of the particular 
J protein will be defined by the number and types of motifs that they possess. (Cheetham and Caplan, 1998) 
(B) Ribbon representation of the structure of the N- terminal J-domain of the E. coli DnaJ chaperone protein 
(lXBL) (pellechia et aI., 1996) , visualised using Rasmol (Sayle and Milner-White, 1995). The three residues 
constituting the HPD motif, thought to be involved in the interaction with the ATPase domain of Hsp70, are 
highlighted and displayed as ball-and-stick. (His33 is shown in blue, Pr0

34 in pink and ASp35 in green.) 
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The J domain is a stretch of -70 amino acids with a high degree of similarity to E. coli DnaJ, 
, 

contained in all Hsp40s (Figure 1.3 [B]). Structurally, the J domain consists of four a-helices 

with a loop region containing a highly conserved HPD (histidine-proline-aspartic acid) 

tripeptide motif (Figure 1.3[B]). It is this HPD motif of the J domain that is proposed to be 

involved in the stimulation of the ATPase domain of Hsp70, which facilitates chaperone 

activity (Kelley, 1998). A bioinformatic analysis of the J domains of 223 proteins revealed 

that there is a general similarity between the J domains of even functionally distinct proteins 

(Hennessyet aI., 2000). In some cases, the J domains of certain Hsp40s, such as the J domain 

of the Simian virus 40 (SV 40) large T -antigen, may be able to functionally replace the J 

domain of an unrelated Hsp40 (Kelley and Georgopoulos, 1997; Sullivan et aI., 2000; Fewell 

et aI., 2002). This suggests that although the J domain is required for the physical interaction 

with Hsp70, other regions of the Hsp40 must govern the specificity of the interaction. 

Following the J domain in Type I and IT Hsp40s is the largely unstructured GIF region, 

thought to be important as a 'hinge' region. It has been proposed that this linker region is 

important for determining the specificity of the interaction between Hsp70 and Hsp40 (Caplan 

et aI., 1993). C-terminal to the GIF rich region in Type I Hsp40s is a region of cysteine 

repeats. The cysteine repeats are in the form of CysXXCysXGlyXGly, where X is any amino 

'. acid, usually a charged or polar residue (Caplan et aI., 1993). This cysteine rich region 

cQ9rdinates two zinc atoms in a tetrahedral arrangement to form a zinc finger-like region, that 

", --' ___ , is involved in the binding of denatured protein substrates and can itself prevent protein 

aggregation (Banecki et aI., 1996; Szabo et aI., 1996; Lu and Cyr, 1998; Martinez-Yamout et 

aI., 2000). DnaJ has also been reported as having the ability to bind native proteins and 

peptides, potentially via this zinc finger-like region (Feifel et aI., 1998). Modifications of 

seq~ence in this cysteine rich region would therefore affect the ability or specificity of Hsp40s 

to bind substrate proteins. These substrate binding regions of Hsp40s are often functionally 

distinct and tailored for the recognition of precise substrates (Johnson and Craig, 2001). In 

addition to these domains, certain eukaryotic Hsp40s contain a C-terminal CaaX motif (where 

C is cysteine, 'a' is an aliphatic amino acid and X is any amino acid), which is the site of 

potential protein prenylation (Glomset et aI., 1990). This modification increases the 

hydrophobicity of the protein, promotes association with intracellular membranes and 

influences interaction with other proteins (Marshall, 1993; Kanazawa et aI., 1997). 
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1.1.5 Protein Folding By The Hsp70IHsp40 Corpplex 

The interaction between Hsp70 and Hsp40 occurs to fulfill a variety of functions within the 

cell, not all of which are involved with molecular chaperoning. The Type of Hsp40, and 

therefore the number of the canonical domains it possesses, will influence the type of 

reaction. Table 1.2 summarises the interactions between Hsp70s and their potential partner 

Hsp40s and the functions these partnerships fulfill in the cell. 

Table 1.2: Hsp70IHsp40 Partnerships and Major Role fulfilled by the Interaction. 

Hsp70 Molecular Hsp40 Co- Organism Major FunctionIRole Reference 
Chaperone Chaperone 
Hsp70 Auxilin B. taurus Clathrin uncoating Kelley (1998) 
Kar2pIBiP Sec63p S. cerevisiae Protein translocation Kelley (1998) 
Ssa Ydjl S. cerevisiae Molecular chaperoning Lu and Cyr (1998) 
Ssa Sisl S. cerevisiae Translation initiation Horton et al. (2001) 
BiP ERdj4 M. musculus Stimulation of BiP ATPase Activity Shen et al. (2002) 
Hsp70 Hdjl H. sapiens Associated with nucleus Cyr et al. (1994) 
Hsc70 Hsjl H. sapiens Neuron specific function Kelley (1998) 

The classical, and most widely studied, Hsp70IHsp40 partnership is that which governs 

chaperone-assisted protein folding in the cell. As stated previously, the chaperones do not 

physically fold proteins, but rather facilitate the folding process by preventing non-productive 
I' 

side reactions such as aggregation. Chaperone-mediated folding by the Hsp70IHsp40 
--

(DnaKlDnaJ/GrpE in E. coli) is cyclical in nature and controlled by ATP (Figure 1.4) (Mayer 

"et aI., 2000). The affinity of Hsp70 for substrate is governed by the binding and hydrolysis of 

A TP, that is, when ATP is bound to Hsp70 the chaperone has a lower affinity for protein 

~" substrate, than when ADP is bound (Hiromura et aI., 1998). There are two models that 

describe the mechanism of Hsp70IHsp40 protein folding, in both cases the rate-limiting step 

of the system being the cleavage of the y-phosphate of ATP (McCarty et aI., 1995). The 

difference between the two models is with respect to the binding of the substrate to the 

Hsp70. One model proposes that Hsp70 binds the substrate and then Hsp40 binds, while the 

other model proposes that Hsp40 binds the substrate and delivers it to the substrate binding 

domain of Hsp70 (Mayer et aI., 2000; Fink, 1999). In both cases, Hsp40 binds to the ATPase 

domain of Hsp70 and stimulates the hydrolysis of ATP to ADP. The ADP bound Hsp70 

undergoes a conformational change that results in a higher affinity for the protein substrate 

and tight binding of the protein to the substrate domain of Hsp70. The regeneration of the 

ATP bound form of Hsp70 by nucleotide exchange results in a drop in affinity for the 

substrate and hence release of the substrate protein to fold correctly. 
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Correctly 

,. fulded protein 

NUCLEOfIDE 
EXCHANGE 

(d) 

..J.... 
(a) 

(c) 

(b) 
ATP 
HYDROLYSIS 

Figure 1.4: Proposed model of chaperone-assisted protein folding by the Hsp70IHsp40 
(DnaK/DnaJ/GrpE) complex. 
(a) Hsp40lDnaJ forms a transient association with the unfolded protein (substrate) via exposed hydrophobic residues. 
(b) Hsp401DnaJ binds to the A TP-bound form of Hsp70lDnaK , and transfers the misfolded protein to the substrate 
binding cleft of Hsp70lDnaK. Hsp401DnaJ stimulates hydrolysis of ATP to ADP by the ATPase domain of 
Hsp70lDnaK. ADP bound form of Hsp70lDnaK has a higher affinity for the substrate, than the ATP bound form, and 
thus binds the misfolded protein tightly. Hsp40lDnaJ leaves the complex. (c) Misfolded protein is prevented from 
aggregation or non-productive folding pathways. (d) ADP bound form of Hsp70IDnaK is converted to the ATP bound 
form via nucleotide exchange. In prokaryotes this exchange is catalysed by the co-chaperone GrpE. A cytosolic GrpE 
homologue is yet to be discovered in eukaryotes. A TP bound ~sp70lDnaK has a lower affinity for the substrate and so 
the protein is released, to fold to its normal conformation or re-associate with another chaperone. The chaperones and 
co~chaperones are now free to continue the chaperone-assisted protein folding cycle. (Fink, 1999; Hendrik and Hartl, 
1993). 

In prokaryotes, nucleotide exchange is catalyzed by the co-chaperone GrpE, for which a 

:. cytosolic eukaryote homologue has not been fully identified. Recent work on the interaction 

of Hsp70s with the antl-apoptotic protein Bag-l has shown that Bag-l could be functioning as 

a eukaryotic version of GrpE to destabilize the ADP-bound form of Hsp70 and facilitate 

nucleotide exchange (GassIer et ai., 2001; Brehmer et ai., 2001). Brehmer and coworkers 

(2001) hypothesize that the eukaryotic Hsp70, due to a particular structural difference 

between the eukaryotic and prokaryotic Hsp70 ATPase domains, interacts differently with 

nucleotide exchange factors. Brehmer et ai. (2001) identified residues on the opposite lobes of 

the ATPase domain of Hsp70 that they propose form salt bridges and thus hinder the 

nucleotide exchange process. Prokaryotic Hsp70 contains two potential salt bridges 

(necessitating the use of GrpE during nucleotide exchange), whereas the eukaryotic 

homologues possess only one potential salt bridge, possibly eliminating the requirement for a 

factor such as GrpE (Brehmer et ai., 2001). 
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1.1.6 Interactions of Hsp70 and Hsp40 with other Heat Shock Proteins 
• 

Besides its role as a molecular chaperone in the refolding of denatured proteins, Hsp70 and 

Hsp40 interact with another molecular chaperone, Hsp90, during the assembly of specific 

receptors (Rajapandi et aI., 2000). What is interesting about this interaction is that Hsp70 and 

Hsp90 do not bind each other, but rather their interaction is modulated by a protein known as 

Hop (Hsp701Hsp90 Organising Protein) / STI1 (Stress Inducible Protein 1) (Johnson et aI., 

1998; Chen and Smith, 1998). Hop / STI1 contains three tetratricopeptide repeat (TPR) 

domains, with the Hsp70 binding site contained in TPR1 and the Hsp90 binding site in TPR2. 

The interaction between Hop / STI1 and Hsp70 and Hsp90 is specific and occurs through the 

C terminal EEVD motifs of both Hsp70 and Hsp90. Recently, the sites of interaction have 

been mapped to distinct amino acid residues, with the C terminal 'GPTIEEVD' peptide of 

Hsp70 essential for recognition and binding between the two proteins (Brinker et aI., 2002). 

This specific interaction not only illustrates the diversity of the cellular function of Hsp70s, 

but also demonstrates the importance of the functionally conserved regions of the protein. 

1.1.7 Heat Shock Proteins and Molecular Chaperones In Disease 

., The critical role of Hsps as molecular chaperones 'has made them the focus of interest in the 

stress conditions associated with pathology of the cell. Current research has implicated 

.'.'- incorrect functioning of molecular chaperones in diseases such as Alzheimer's, Parkinson's 

and Creutzfeld-Jacob's diseases, where protein aggregates are hallmarks of the disorders 

(Slavotinek and Biesecker, 2001; Muchowski et aI., 2000; Dobson, 1999). Molecular 

chaperones have also . been targeted as potential therapeutic agents in certain disorders, via 

induction of specific Hsps (Smith et aI., 1998). However, most of the research conducted is 

aimed at stimulating the host (human) Hsp expression in order to rectify protein-folding 

problems associated with certain disorders. Some work has reported on the role of the Hsps of 

the actual pathogen in the course of the disease (Smith et aI., 1998). The Hsps of certain 

pathogens have been implicated in protecting the invading organism from host immunity, 

contributing to the pathogen's virulence and playing an important role in differentiation that 

occurs during the pathogen's lifecycle (Multhoff et aI., 1998; Shanna, 1992). Hsps have also 

been identified as having potential roles in inflammation, antigen processing via the MHC 

Class I and Class IT systems, receptor-mediated endocytosis and processing of host proteins 

(Krautz et aI., 1998; Polla, 1988). 
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1.1.8 Trypanosoma cruzi And Chaga's Disease 
• 

Trypanosoma cruzi is the causative agent of the parasitic Chaga's disease (American 

trypanosomiasis). The African version of this disease is 'Sleeping Sickness' (African 

trypanosomiasis), caused by a parasite of the same genus, Trypanosoma brucei. Chaga's 

disease is characterized by an acute parasitemic phase, lasting 2 months, followed by a 

chronic phase that prevails until death (Krautz et al., 1998). 

Some research has suggested that Hsps are related to the ability of T. cruzi to cause Chaga's 

disease. This parasite undergoes a lifecycle that is split between a cold-blooded vector and a 

warm-blooded host. The very course of the disease involves a heat shock and so it appears 

logical that the parasitic Hsps will be involved to some degree. In addition the fever 

associated with Chaga's disease will subject the parasite to elevated temperatures (Tafuri, 

1999), which will induce the synthesis of Hsps (Olson et al., 1994). Parasitic Hsp70 proteins 

are capable of inducing a strong humoral and cellular immune response (Krautz et al., 1998). 

1.1.9 T. cruzi Hsp70IHsp40 Molecular Chaperones 

-Trypanosomal Hsp70 proteins have been identified in the cytoplasm, mitochondria and 

endoplasmic reticulum (Krautz et al., 1998). We are focusing on the characterization of the 

---,~ ~ytoplasmic, inducible Hsp70 (henceforth referred to as TcHsp70). Five trypanosomal Hsp40 

co-chaperones (Tcj1, Tcj2, Tcj3, Tcj4 and Tcj6) have also been described (Tibbetts et al., 

1998; Salmon et al., 2001). 

The .genes encoding the Hsp70 molecular chaperones are the best characterized of the Hsp 

gene families in T.cruzi. The HSP70 gene is arranged as a tandem repeat of ten coding 

sequences and is transcribed as a polycistronic pre - mRNA that is post-transcriptionally 

modified, to yield the mRNA encoding each of the specific Hsp70 proteins (Olson et al., 

1994). The expression of these genes is increased fourfold when the growth temperature of 

the parasite is increased from 26°C to 37°C, analogous to heat shock (Olson et al., 1994). In 

addition, the expression of Hsp70 proteins increases approximately threefold when the 

parasite is exposed to heat shock from 26°C to 37°C (Olson et al., 1994). Olson et al. (1994) 

reported that Hsp70 of T.cruzi has an extremely high ATPase activity, approximately 100 

times greater than that of human Hsp70 (Olson et al., 1994). Recent structure-function 
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analyses on a novel E. coli Hsp70, HscC, has shown that it too has a high basal ATPase 
t 

activity and in addition is independent of nucleotide exchange (Kluck et aI., 2002). Kluck et 

aI., (2002) propose that HscC is a member of a novel subfamily of Hsp70s, which have 

adapted these characterisitics to fulfill a specialized function. 

TcHsp70 has been identified as being inducible on heat shock of the parasite, such as when it 

moves from its insect vector (26°C) to its mammalian host (37°C) (Krautz et aI., 1998). 

TcHsp70 has been identified as one of the immunodominant antigens in patients infected with 

T. cruzi (Ahmed et aI., 1999; Krautz et aI., 1998; Skeiky et aI., 1995). This antigenicity may 

be due to an extended GGMP repeat, found to be highly antigenic, contained in the C

terminus of TcHsp70 (Kumar and Zheng, 1998). TcHsp70 has been proposed to have a 

cytoprotective role in T. cruzi, when the parasite is in its host cell, by overcoming stress 

conditions such as oxidative stress, elevated temperature and even virulence (Poll a, 1991). 

This action would require that TcHsp70 function as a molecular chaperone in the parasite. 

TcHsp70 was shown to stimulate cell proliferation in mice cells, resulting in apoptosis and 

cell death (Maranon et aI., 2000). In addition, certain Hsp70s have been shown to associate 

with membranes (Arispe and De Maio, 2000) that may suggest a role for them in the 

processing and translocation of parasitic and host proteins (Polla, 1991). 

In-- addition to TcHsp70, four Hsp40 homologues (Tcj 1, Tcj2, Tcj3 and Tcj4), which could 

--.'- .potentially act as co-chaperones for TcHsp70, have been identified (Tibbetts et aI., 1998). All 

of the Hsp40 proteins contain the J domain that allows them to interact with Hsp70 and 

stimulate ATPase activity. All of the proteins, save Tcj 1, are classified as Type I J proteins, as 

they all contain the J domain, glycine/phenylalanine rich region and the cysteine repeats. Tcj 1 

is. a .Type ill J protein, possessing only a J domain. This is potentially the smallest Hsp40 

described to date and shows little similarity (at most 25%) to Hsp40s from other organisms. 

Of the four identified, Tcj2 and Tcj3 are the most similar to each other, with Tcj3 being most 

similar in sequence to E. coli Dnal. The T. cruzi Hsp40 proteins do not seem to be highly 

susceptible to heat shock, with Tcj2 showing the only marked increase (39%) in expression 

after heat shock. This suggests that Tcj2 may be important in stress conditions and thus be 

the partner protein for the stress-induced TcHsp70, while the non-inducible Tcj3 may interact 

with the cognate form of TcHsp70. The other trypanosomal Hsp40 isolated is Tcj6. This is a 

Type IT Hsp40 and has been shown to be functionally similar to the yeast Hsp40, Sis1, and 

involved in initiation of translation in T.cruzi (Salmon et aI., 2001) 
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Heat shock proteins have also been identified in the African strain, Trypanosoma brucei, 
• 

which causes African trypanosomiasis. Interestingly, there is significant sequence identity 

between the Hsp70 proteins from the American (T. cruzi) and African (T. brucei) parasites. 

Sequence alignments indicate that the proteins show 84% identity and over 90% similarity at 

the primary amino acid sequence level. However, the lack of crystal structures for these 

proteins make it impossible to compare their tertiary structures, although molecular modeling 

programs allow model structures to be generated and used to make functional predictions. It 

could be suggested that the differences in sequence may account for the differences in 

function and activity between the parasitic and human Hsp70 proteins especially, enabling the 

parasite to colonize the human system and survive the stress conditions encountered therein. 

Most of the research conducted on the T.cruzi Hsp70 and Hsp40 proteins to date deals with 

the individual characteristics and cellular biology of the two families. There is little reported 

on the possible interaction between the Hsp70 and Hsp40 proteins and the possible role of this 

in Chaga's disease. Characterization of the Hsp70 and Hsp40 chaperones from T.cruzi will 

not only yield results that could potentially be informative in elucidating the role of these 

proteins in the disease, but will contribute to the general body of scientific knowledge in this 

discipline. 

1.2 HYPOTHESIS AND MOTIVATION 

The majority of research conducted on the roles of Hsps in pathological states focuses on the 

use of molecular chaperones to prevent or treat disease, however little has been done on any 

potential role that Hsps may play in causing disease. T. cruzi, the causative agent of the 

incurable Chaga's disease (South American trypanosomiasis), experiences a heat shock 

during its infection of the human host. It seems possible that the trypanosomal Hsps may be 

involved in the protection of the parasitic cell from protein aggregation, thus acting as 

cytoprotective agents. Indeed, trypanosomal Hsps are found to be antigenic, suggesting that 

they must at some point in the lifecyc1e come into contact with the immune system of the 

host. All these factors suggest that the Hsps of T. cruzi may be integrally involved in 

protection of the invading parasite and may playa role in the pathogenicity. We hypothesise 

that TcHsp70 functions as a molecular chaperone and that it interacts with one or all of the 

Tcj proteins in chaperone-assisted protein folding. We propose that through this mechanism 

of chaperone activity, TcHsp70 may playa cytoprotective role in the parasite. 
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1.3 AIMS AND OBJECTIVES 

In order to test the hypothesis that TcHsp70 functions as a classical Hsp70 chaperone and to 

study its interactions with the Tcj proteins, we have laid out the following objectives of this 

study: 

1. To over-express the TcHsp70, Tcjl, Tcj2, Tcj3 and Tcj4 proteins In a suitable 

heterologous system(s). 

2. To purify the proteins to homogeneity, such that they may be used in functional 

biochemical studies. 

3. To determine the basal ATPase activity of TcHsp70 in vitro, as previous work has 

indicated it to be significantly higher than reported for most Hsp70 proteins, and to 

investigate the effect of the presence of potential co-chaperones (Tcjs) on the ATPase 

activity of TcHsp70. 

4. To determine the in vitro molecular chaperone activity of TcHsp70 in the absence and 

presence of potential co-chaperones (Tcjs), using model protein substrates. 

5. To determine the molecular chaperone ability and cytoprotective capacity of Tcj 

proteins using in vivo complementation systems. 

6. To perform bioinformatic analysis in conJunction with the laboratory work, to study 

primary sequence and tertiary structural differences and similarities between the 

trypanosomal Hsps and other Hsps. In particular, a comparison between the parasitic 

and mammalian Hsps will be performed in order to attempt to account for functional 

differences. 
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CHAPTER 2 

BIOINFORMATIC ANALYSIS OF TRYPANOSOMAL HEAT 

SHOCK PROTEINS: PREDICTION OF FUNCTION AND 

DEVELOPMENT OF BIOLOGICAL REAGENTS 
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2.1 INTRODUCTION 

Bioinformatics has a central role in science, especially with the recent explosions in computer 

technology and the enormous amount of information generated by the advent of gene and 

protein sequencing. Bioinformatics is the study of genes and proteins, using computers, in 

order to make rational predictions about their possible structure and function. If the 

information for the structure of a protein is contained within its primary amino acid sequence, 

then analysis of that sequence may provide a significant amount of information, allowing for 

educated predictions to be made and subsequently tested experimentally. 

The only bioinformatic analysis on the trypanosomal Hsps to date was performed by Tibbetts 

et al. (1998), who performed a preliminary characterization of the Tcj proteins. Bioinformatic 

analyses were used to examine the protein sequences and to propose rational predictions with 

respect to their potential functions or interactions due to differences or similarity in the 

sequences, and used to support experimental findings. Alignments were performed to examine 

the similarity between the TcHsp70 and other well-characterised Hsp70s to define canonical 

domains essential to their function. Alignments of the four Tcjs were performed to identify 

those most similar to each other and to classify them to determine which could be potential 
F 

partners for TcHsp70. Alignments of the Tcjs and Hsp40s of eukaryotic and prokaryotic 

ongin were performed to determine the similarity of the Tcjs to other well described Hsp40s. 

-', . Homology modeling was used to examine the potential similarity or differences between the 

predicted structure of certain trypanosomal Hsp domains to the equivalent domains of known 

structure in other Hsps. The composite analysis of the trypansomal proteins was used to 

identify peptide sequences that are potentially antigenic and may be used later for peptide

directed antibody synthesis to specifically detect each of the trypanosomal proteins. 

2.1.1 Composite Protein Analysis and Peptide-directed Antibody Synthesis 

The specific antibody-antigen reaction has been widely used in science for detection purposes. 

The advantage of peptide-directed antibody synthesis is that it does not require large 

concentrations of pure protein. Algorithms have been developed to assess the antigenic nature 

of peptide sequences in terms of criteria required for a region to be considered antigenic. 

Secondary structure predictions and antigenic analysis using software such as Generunner™ 

assess the following characteristics of peptide sequences - charge density, hydrophobicity, 
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hydropathy, flexibility and surface probability. T.he hydrophobicity along a sequence is 

analysed using the Hopp-Woods method to assign values to each amino acid derived from the 

transfer free energies of the side chains between ethanol and water (Hopp and Woods, 1981). 

The Kyte-Doolittle analysis combines the water-vapour free energies of the amino acids with 

their preference for an internal or external environment to generate a hydropathy scale (Kyte 

and Doolittle, 1982).lhe flexibility of the different regions of the protein are assessed by the 

Karplus-Schultz method, with individual amino acids being assigned as flexible or rigid 

(Karplus and Schultz, 1988) The Emini Surface Probability indicates which regions of 

sequence within the protein are most likely surface exposed, based on values assigned to 

specific amino acids according to the position they most often occupy in proteins of known 

structure. (Emini et aI., 1985; Janin et aI., 1978). These analyses are combined with secondary 

structure predictions to output an overall antigenic index for a peptide sequence within the 

final protein (Gamier et aI., 1986; Chou and Fasman, 1978; Engelman et aI., 1986). This 

peptide sequence can then be used to generate antibodies in a suitable system. 

2.2 EXPERIMENTAL PROCEDURES 

2.2.1 Analysis of Primary Amino Acid Sequence of TcHsp70 

The primary amino acid sequences for TcHsp70 and Hsp70s from other organisms were 

downloaded from the NCBI Website (http://www.ncbi.nlm.nih.govlEntrez) using the Entrez 

Browser. Alignments were performed using the web-based alignment package ClustalW 

(Corpet, 1988) 

2.2.2 Modelling of TcHsp70 ATPase Domain 

Low stringency homology modelling of the ATPase domain of TcHsp70 on the ATPase 

domain of Bas taurus Hsp70 (3HSC; Flaherty et aI., 1990) was performed using SWISS -

MODEL at http://www.expasy.ch/SWISS - MODEL/swiss-model! (Peitsch, 1996). 

Visualisation of the final models, and comparison of this model to known structures, was 

performed using Rasmol (Sayle and Milner-White, 1995). 
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2.2.3 Analysis of Primary Amino Acid Sequenctf of Tcj Proteins 

Primary amino acid sequences for Tcj 1, Tcj2, Tcj3 and Tcj4 were obtained from the NCBI 

Website at http://www.ncbi.nlm.nih.govlEntrez. All alignments were performed using 

ClustalW (Corpet, 1998) 

2.2.4 Modelling of Tcj J Domains and Substrate Binding Regions 

The J domains and cysteine repeat regions of the Tcj proteins were modeled (described 

Section 2.2.2) on E.coli DnaJ J domain (lXBL; Pellichia et aI., 1996) and substrate binding 

region (IEXK; Martinez-Yomout et aI., 2000). These models were visualized using Rasmol 

(Sayle and Milner-White, 1995) and Molscript (Kraulis, 1991). 

2.2.5 Composite Analysis of Trypansomal Heat Shock Proteins to determine Potential 

Antigenic Regions for Antibody Design 

TcHsp70, Tcj 1, Tcj2, Tcj3 and Tcj4 amino acid sequences were analysed in order to 

determine which of the regions along the sequence could represent potential epitopic regions 
F 

and therefore could be used for the synthesis of antibodies to the specific proteins. The 

algorithms of Karplus-Schultz, Hopp-Woods, Kyte-Doolittle, Emini and Jameson-Wolf were 

used to analyse all of the trypanosomal sequences. Potential amino acid sequences for 

peptide-directed antibody synthesis were selected and a BLAST search (Altschul et aI., 1997) 

performed to ensure they were unique and specific to the target protein. The Tcj2 peptide was 

selected for peptide-directed antibody synthesis (Section 3.2.2.4). 

2.3 RESULTS AND DISCUSSION 

2.3.1 Bioinformatic Analysis of Primary Sequence of TcHsp70 

Hsp70s comprise three domains that define their structure, a 44 kDa N-terminal ATPase 

domain, an 18 kDa substrate binding domain and a 10 kDa C-terminal region that modulates 

interactions with other proteins. This structure is observed for all Hsp70s and is essential for 

the particular function of Hsp70. The alignment of the primary amino acid sequences of 

TcHsp70, Bas taurus Hsp70 and E. coli DnaK is shown (Figure 2.1). 
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TcHsp70 
BtHsc70 
EcDnaK 

lANDQGNRTTPSYVAFT-DSERLlGDAAKNQV 59 
lANDQGNRTTPSYVAFT-DTERLlGDAAKNQV 59 
LENAEGDRTTPSllAYTQDGETLVGQPAKRQA 58 

: ******* ***.: : .:: * :*:****\- :*:* * * *:*:.** * 

TcHsp70 
BtHsc70 
EcDnaK 

IM~l~ruJT'TFI)Albu lGRKFSDP~QSDMKHWPFKVlTKGDDKPVlQVQFRGETKTFNPEE 119 
n~~D'~hl'~u~n'n.'DTlGRRFDDA~QSDMKHWPFMVVNDAG-RPKVQVEYKGETKSFYPEE 118 

IGRRFQDEEVQRI)VSIMpFKIIAADNGDAWvEVKGQ----KMAppQ 114 
** **:* ******:*.* ** *:. **:: ... :: *: : .. : .. : * : 

TcHsp70 VSS~SKMKElAESYLGKQVKKA~TVPAYFNDSQRQATKDAGTlAGLEVLRllNiPTA 

BtHsc70 VSSMVLTKMKElAEAYLGKTVTNA~TVPAYFNDSQRQATKDAGTlAGLNVLRllNiPTA 

EcDnaK lSAEVLKKMKKTAEDYLGEPVTEAVlTVPAYFNDAQRQATKDAGRlAGLEVKRllNiPTA 

TcHsp70 
BtHsc70 
EcDnaK 

:*: **.*~*: ** ***: *.:**:********:********* ****:* ******** 

--lFEVKATNGDTHLGGEDF 

GEKTFE'vLl~TrJGI)1HLGGEDF 

**:****** :*.: ::********:::: *: *** :* ********** 

TCHSp70 DNRLVAHFTDEFKRKNKGKDLSTNLRALRRLRTACERAKRTLSSAAQATlElDALFDNVD 
BtHsc70 DNRMVNHFlAEFKRKHK-KDlSENKRAVRRLRTACERAKRTLSSSTQASlElDSLYEGlD 
EcDnaK DSRLlNYLVEEFK-KDQGlDLRNDPLAMQRLKEAAEKAKlELSSAQQTDVNLPYlTADAT 

*.*:: :: *** *.:. *: *::**: *.*:** ***: *: ::: 

TCHSp70 ----FQATlTRARFEELCGELFRGTLQPVERVLQDAKMDKRAVHD~LViiSTRlPKVMQ 

BtHsc70 ----FYTSlTRARFEELNADLFRGTLDPVEKALRDAKLDKSQlHDIVLViiSTRIPKlQK 
EcDnaK GPKHMNlKVTRAKLESLVEDLVNRSlEPLKVALQDAGLSVSDlDDVlLViiQTRMPMVQK 

.:***::*.* :* .. :::*:: .*:**:. :.*::****.**:* : : 

TcHsp70 LVSDFFRGKELKKSlQPDEAVAY~VQAFlLTGGKSKQTEGLLLLDVTPLTLGlETAGG 

BtHsc70 LLQDFFNGKELNKSINPDEAVAY~VQAAILSGDKSENVQDLLLLDVTPLSLGlETAGG 

EcDnaK KVAEFF-GKEPRKDVNPDEAVAljAAVQGGVLTG----DVKDVLLLDVTPLSLGlETMGG 

TCHSp70 
BtHsc70 
EcDnaK 

: :** *** .*.::****** *****. :*:* .. :.:.:.:********:***** ** 

E
TSLlITTlIKKSQIYADi!_VFEGERAMTK~LLGTFELSGlPPPP 
TVLl • TTl· KQTQ YSD. VYEGERAMTK~fkLLGKFELTGlPPAP 

TTLl TTl· KHSQ AED. ~ T VLQGERKRAAD~KSLGQFNLDGlNPAP 

*** ** :*******::* *:* *** * *:* :*** : * : ** *:* ** *.* 

TcHsp70 RGVPQlEVTFDLDANGlLNVSAEEKGTGKRNQlVLTNDKGRLSRAElERMVREAAKYEAE 
BtHsc70 RGVPQlEVTFDlDANGlLNVSAVDKSTGKENKlTlTNDKGRLSKEDlERMVQEAEKYKAE 
EcDnaK RGMPQlEVTFDlDADGlLHVSAKDKNSGKEQKlTlKASSG-LNEDElQKMVRDAEANAEA 

**:********:** :***:*** .* .**.::*.:. -:: .* * .. : * :: ** :: * 

TcHsp70 DKDQVRQlDAKNGLENYAFSMKNAVNDPNVAGKlEEADKKTlTSAVEEALEWL~QEAS 

BtHsc70 DEKQRDKVSSKNSLKSYAFNMKATVEDEKLQGKlNDEDKQKlLDKCNEllNWLDKNQTAE 
EcDnaK DRKFEELVQTRNQGDHLLHSTRKQVEEA--GDKLPADDKTAlESALTALETALKGE---D 

* :.:: * *:: . . *: ** * * ..... 

TcHsp70 KEEYEHRQKELENLCTPlMTNMYQGMAGAGMPGGMPGGMPGGMPGGMPGGMPGGMPGGMP 
BtHsc70 KEEFEHQQKELEKVCNPllTKLYQ------------------SAGGMPGGMPGGMPGGFP 
EcDnaK KAAlEAKMQELAQVSQKLMElAQQQ-----------------HAQQQTAGADASANNAKD 

* * : :** ::. * * 

TCHSp70 GGMPGGMPGGMPGGANPSSS 680 
BtHsc70 G---GGAP---PSGG---AS 650 

. EcDnaK D-----------------D~DAEFEEVKDKK 638 
*** 

Figure 2.1: Defining the Canonical Hsp70 Domains in TcHsp70 
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ATPase 
Domain 
(--44kDa) 
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C terminus 
Specific 
Interactions 
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Alignment of primary amino acid sequences of TcHsp70, Bovine Hsc70 and E.coli DnaK to define canonical, 
structural domains of Hsp70 proteins. Identical residues are indicated by * and similar residues by : or .. 
ATPase domain structural elements - blue shading indicates the phosphate binding sites; yellow shading 
indicates the region of adenosine coordination and grey shading indicates the linker regions (connect 1 and 2 ). 
Essential residues in each of the shaded areas are underlined (Bork et aI., 1992). In addition, Lysine 71, 
essential for ATPase activity is shaded pink (O'Brien et al~ 1996). Substrate binding - amino acids involved 
in substrate binding are shaded black (Montgomery et aI., 1999; Zhu et aI., 1996). C terminal structural 
elements - Green shading indicates residues involved in interaction of Hsp70 with Hop/STI1, that mediates 
interaction ofHsp70 with other proteins, such as Hsp90 (Freeman et aI., 1995; Brinker et aI., 2002). 
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The ATPase domain, substrate binding and C-termiQ.al regions are indicated (Figure 2.1). The 

ATPase domain contains specific phosphate and adenosine binding regions, which are 

conserved. There is conservation of the functional residues within these domains that enable 

the ATPase domain to bind and hydrolyse ATP. In addition, the conserved linker regions are 

detected, as are the functional residues within the linker region (Bork et aI., 1992). Lysine 71, 

essential for ATP hydrolysis, is also conserved in all of the sequences (O'Brien et aI., 1996). 

In addition to conservation of sequence within the ATPase domain, TcHsp70 contains the 

conserved amino acids in the substrate binding, purported to be involved in polypeptide 

binding (Montgomery et aI., 1999; Zhu et aI., 1996). The EEVD motif typically found at the 

C-terminus of eukaryotic Hsp70s is also highly conserved. This motif allows interaction of 

Hsp70 with STl1 to form the Hsp70-STI1-Hsp90 heterocomplex within the eukaryotic cell 

that fulfills chaperone functions such as the assembly of hormone receptors. The alignment of 

the primary sequence of TcHsp70 with the well-characterised bovine Hsc70 and E.coli DnaK 

shows that TcHsp70 contains the canonical domains required for classification of the protein 

as an Hsp70. 

Having defined the Hsp70 canonical domains within TcHsp70, a primary sequence alignment 
~ , 
with Hsp70s from potential host and reservoir organisms of T.cruzi was performed (Figure 

2.2). The alignment of TcHsp70 with Hsp70s from potential hosts or reservoirs reveals that 

there is the expected similarity between the sequences governing the overall structure of the 

ATPase domain. The phosphate binding regions, adenosine coordinating region and linker 

region sequences are all conserved. The only exception is in the N-terminal phosphate binding 

sequence, where TcHsp70 has the sequence -NER- in contrast with the -HGK- of the host 

organisms (Figure 2.2, boxed). 

In addition, there is an Ala to Phe change in the second phosphate binding region. The 

changes in TcHsp70 may influence the structure of the phosphate binding region of TcHsp70 

ATPase domain. This may be significant, as the reported basal ATPase activity of TcHsp70 is 

appreciably higher than that of other Hsp70s (Olsen et aI., 1994). Alterations in the phosphate 

binding regions may affect the rate of ATP hydrolysis by TcHsp70, and hence the basal 

ATPase activity. 
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Figure 2.2: Alignment of Primary Amino Acid Sequences of TcHsp70 and Hsp70s from 
Host organisms 
Multiple sequence alignment of TcHsp70 and Hsp70s from potential organisms, generated using ClustalW, internet 
based alignment package (Corpet, 1988). Residues highlighted in black indicate identical residues and residues 
shaded grey indicate those that are similar. Highly conserved sequences will most likely constitute amino acids 
essential for structural integrity. This is expected, as all Hsp70s assume a similar structure. Amino acids that vary 
significantly at certain positions will most likely affect the functional properties of the specific Hsp70. This 
alignment reveals the presence of distinct differences in sequence between TcHsp70 and the Hsp70s of potential 
host origin. In many cases there is a difference of charge or hydrophobicity in the TcHsp70 (indicated by red 
arrows). The difference in the N terminal phosphate binding region is boxed (red). The majority of the differences 
occur within the C terminal region of TcHsp70, which may affect its interaction with other proteins, such as STIl. 
T.c -Trypanosoma cruzi; C.h -Capra hircus (goat); H.s -Homo sapiens (human); R.n -Rattus norvegicus (rat); S.s -
Sus scrofa (Pig); B.t- Bas taurus(bovine/cow). 
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2.3.2 Homology Modelling of the ATPase Domain of TcHsp70 

The potential structural effect of small changes in sequence in the ATPase domain of 

TcHsp70 was examined by modelling this domain on the known structure of the bovine 

Hsc70 ATPase domain. In addition to observing the overall structure, the potential salt bridge 

formation between the two lobes of the ATPase domain of TcHsp70 was examined. Scientists 

have long been searching for a cytosolic eukaryotic equivalent for the nucleotide exchange 

factor GrpE, and have recently identified the protein Bag-1 as a potential candidate. Brehmer 

and co-workers (2001) propose that nucleotide exchange in eukaryotic Hsp70s is governed by 

differences in the number of salt bridges formed as compared with prokaryotic Hsp70s. 

Figure 2.3 shows the potential salt bridge formation between the two structural lobes of the 

ATPase domains of DnaK in complex with GrpE, B. taurus Hsp70 and H. sapiens Hsp70, 

compared with the modelled structure of the TcHsp70 ATPase domain. The figure details the 

potential formation of two salt bridges in DnaK/GrpE complex and the corresponding one in 

the eukaryotic Hsp70s. The Dnak/GrpE complex indicates the Hsp70 in the conformation that 

would favour nucleotide exchange, with distances of greater than 7 A between the four 

residues involved in the salt bridge formation. The distance between the two salt bridge 

-- residues in the corresponding human Hsp70 is 8.06 A, suggesting that this may facilitate 

nucleotide exchange without a cofactor such as GrpE. However, the corresponding distance in 

' ·-·-- the bovine and trypanosomal Hsp70s is 5.31 and 5.71A respectively. This is smaller than the 

distance observed in the nucleotide-exchange conformation, which suggests a possible 

requirement for a nucleotide exchange factor. 

Recently, the protein Bag-1 has emerged as a potential eukaryotic GrpE functional 

homologue. It has been suggested that the number and characterisitics of the salt bridges 

affect the different interactions of prokaryotic DnaK with GrpE and the eukaryotic Hsp70s 

and Bag-1 (Brehmer, 2001). However, the homology model of the TcHsp70 ATPase domain 

was based on the structure of the ATPase domain of bovine Hsc70 and thus the actual 

structure of the ATPase domain of TcHsp70 and salt bridge distances may be different 
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(a) E. coli ATPase domain ofDnaK in complex with GrpE (lDKG) 

v 
(b) B. taurus Hsp70 
ATPase domain (3HSC) 

( c) H. sapiens Hsp70 
ATPase domain (lHJO) 

(d) T. cruz; Hsp70 
ATPase domain 

Figure 2.3: Ribbon representation of ATPase domain of Hsp70 proteins, to show potential 
salt bridge formation. 

(a) E. coli DnaK in complex with GrpE, potential to form two salt bridges between Lys55 (red) - Glu267 (blue) 
(7.16 A) and Arg56 (green)-Glu264 (pink) (7.90 A); (b) Bas taurus Hsp70, potential formation of salt bridge 
between Lys55 (red) and Glu268 (blue) residues (distance 5.31 A); (c) Homo sapiens Hsp70, potential formation 
of salt bridge between Lys56 (red) and Glu231 (blue) residues (distance 8.06 A); (d) T.cruzi ATPase domain, 
modelled on B.taurus ATPase domain (3HSC). The formation of potential salt bridges between Lys56 (red) and 
gIu (271) (5.71A) is indicated. As GrpE is involved in nucleotide exchange in the DnaK chaperone cycle, it is 
proposed that the distances shown between the residues is representative of DnaK in an open conformation, during 
regeneration of the A TP from ADP. The fact that eukaryotic Hsp70s only have the potential to form a single salt 
bridge and the fact that the distance between the two residues (Lys56 and Glu231) in the Hsapiens Hsp70 is 
greater than 7.90 A has lead to the proposal that this explains the absence of a cytosolic GrpE homologue in 
eukaryotes. However, the distance between the topologically equivalent residues in the TcHsp70 model is smaller 
(5.71A) does not fit with this hypothesis. However, the TcHsp70 model is unrefined and based on the bovine 
structure. Thus the actual structure of the TcHsp70 ATPase domain may differ significantly. Models visualised 
using Rasmol (Sayle and Milner-White, 1995). 
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2.3.3 Bioinformatic Analysis of the C-terminal Region of TcHsp70 

The C-terminal regions of TcHsp70 also show a number of amino acid differences (shaded 

black) when compared to those of host origin. These changes in amino acid often result in a 

change in charge or hydrophobicity at that position. This could indicate a different substrate 

range for TcHsp70 or,may result in an overall change in surface charge, as has been shown 

for parasitic Hsp70s of malarial origin. Whether these changes will give TcHsp70 some 

advantage over its host counterparts would have to be examined experimentally, for example 

using rational protein engineering. A closer observation of the C-terminal regions of TcHsp70 

compared to its hosts' Hsp70s shows that there are specific changes at certain positions in the 

TcHsp70 sequence (Figure 2.4) 

Chir FDIDANGILNVTAADiIIG~ITITNDKGRLS;lDID~~lI!l~illliA Sscr ---DANGILNVTATD TG ITITNDKGRLS EIE EKE I G 
Hsap ---DANGILNVSAVDG ITITNDKGRLS DIE S 
Rnov ---DANGILNVSAVD TG ITITNDKGRLS DIERM E K S 
Tcru FDLDANGILNVSAEE TG· .IVLTNDKGRLS~EIE ·E~K ~D ·.ID 

Chir AKNAVEIrTjI;KQflIIII!IIKISDQD~LIII!EVINWLDRNQMAEKDEYEHKQK Sscr AKNALE YA KS GKISEADK L EVISWLDANTLAEKDEFEHKRK 
Hsap SKNSLE YA KAT KINDEDK IL EIINWLDKNQTAEKEEFEHQQK 
Rnov SKNSLE YA KAT KINDEDK IL EIISWLDKNQTAEKEEFEHQQK 
Tcru AKNGLE~YA KNA ~. ~GKIEEAD ITS· _EALEWLNNNQEASKEEYEHRQK .. 
Chir ELERVIlPIISKLYQ---------GGPG-GGGGS- -------------------------

-- Sscr ELEQVC PI SGLYQGA-------GGPGPGGFGAE D------------------------
Hsap ELEKVC PI TKLYQSAG--GMPGGMPGGFPGGGl P------------------------
Rnov ELEKV PI TKLYQSAG--GMPGGMPGGFPGGGl P------------------------
Tcru ELENLC PIITNMYQGMAGAGMPGGMPGGMPGGME GGMPGGMPGGMPGGMPGGMPGGMPG 

Chir ~----ISSGGPTIEEVD 156 
Sscr ----- K SGSGPTIEEVD 161 
Hsap ----- S SSGPTIEEVD 166 
Rnov ----- S SSGPTIEEVD 166 
Tcru GMPG P SSSG 200 

60 
57 
57 
57 
60 

120 
117 
117 
117 
120 

144 
146 
151 
151 
180 

Figure 2.4: Comparison of the C-terminal region of TcHsp70 with Hsp70s of Host 
Origin 

A multiple sequence alignment of the C termini of TcHsp70 and Hsp70s from organisms known to act as 
reservoirs or hosts for T. cruzi. The alignment reveals distinct amino acid differences in the sequence of 
TcHsp70 C terminus when compared to the other Hsp70s. The changes in amino acids include charge 
differences (such as positive as opposed to negative charge; or charged as opposed to not-charged/polar) and 
changes in sizes. These differences are shaded in black. In addition, TcHsp70 contains an extended GGMP 
repeat (boxed). The most significant difference can be observed at the very end of TcHsp70, in the region of 
the Hsp70s known to interact with STIl. TcHsp70 contains a change (blue) in the GPTIEEVD motif 
(yellow). Tcrn -Trypanosoma cruzi; Chir -Capra hircus (goat); Hsap -Homo sapiens (human); Rnov -Rattus 
norvegius (rat); Sscr -Sus scrofa (Pig). 
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, The changes noted in the TcHsp70 sequence are nottconservative ones, as they may result in a 

change of charge or hydrophobicity (Figure 2.4). This may potentially have an effect on the 

substrate binding regions of TcHsp70. It could suggest that the substrates bound by TcHsp70 

are distinctly different to those bound by its hosts' Hsp70s. TcHsp70 also contains an 

extended GGMP repeat, that is distinctly different from those of its potential hosts (Figure 

", 

, 
2.4, boxed). This sequence has been found to be highly antigenic and may be responsible for 

the generation of immune responses to TcHsp70 during infection. In addition, bioinfonnatic 

prediction package PSORT, has indicated that this region as a potential transmembrane-like 

region and may be involved in the association of TcHsp70 with cellular membranes. 

TcHsp70 shows a deviation from the consensus sequence in its C-terminal GPTIEEVD motif. 

Instead of the consensus sequence (GPTIEEVD), TcHsp70 contains the sequence 

GPEVEEVD. This motif is involved in binding to STI1, and may have an effect on the 

fonnation of the Hsp70/STI11Hsp90 heterocomplex in trypanosomes. STI1 is composed of 

three TPR domains (TPR1, TPR2A and TPR2B), with distinct binding sites on the different 

TPR domains for Hsp70 and Hsp90. EEVD is the general recognition sequence for binding by 

STI1, however the region of binding is governed by the Thr and TIe preceding that sequence. 

STI1 binds Hsp70 via its TPR1 domain, and the TIe determines the specificity of this binding 
--in the sequence TIEEVD. By contrast, TPR2A of STI1, binds Hsp90 (Brinker et aI., 2002). 

'" 

To observe whether this deviation from the consensus sequence is distinctive of parasitic 

"Hsp70s an alignment of the C-terminal regions of different parasitic Hsp70s was perfonned 

(Figure 2.5) 

The alignment shows that all the Hsp70s of parasitic ongln show a deviation from the 

consensus sequence GPTIEEVD in their C-terminal motif. In all of the sample sequences, 

there is a substitution of the TIe with a Val. Although this is a conservative change it may 

affect the specificity of TcHsp70 binding to the T. cruzi STll (TcSTI1). The TPR1 domain of 

STI1 shows a specificity of binding for hydrophobic amino acids, and therefore it is likely 

that Val will still direct/promote this interaction. However, the change of Thr to a charged Lys 

in some of the parasitic Hsp70s may suggest a different specificity of binding. TcHsp70 is 

distinct from the other parasitic Hsp70s as it is the only one to contain a Thr to Glu change. 

This is a significant change and may suggest certain differences in the interaction of TcHsp70 

with TPR 1 domain of TcSTIl (Brinker et aI., 2001). 
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Figure 2.5: Alignment of C terminal regions of TcHsp70 with Hsp70s of Parasitic 
Origin 
Residues in black indicate those of high conservation (100% of sequences), while the residues in grey 
indicate those of low conservation (50% of sequences). All of the Hsp70s of parasitic origin display a 
deviation from the consensus sequence GPTIEEVD (either GPTVEEVD or GPKEEVD, red arrow). The 
corresponding C terminal region of TcHsp70 (shaded red) is unique among the parasite Hsp70s 
(GPEVEEVD). 
p. berghei- Plasmodium berghei; p. cynomogi- Plasmodium cynomologi; p. falciparum- Plasmodium 
falciparum; c. meleagridis- Cryptosporidium meleagridis; c. parvum- Cryptosporidium parvum; c. serpentis
Cryptosporidium serpentis; t. gondii- Toxoplasma gondii; t. brucei- Trypanosoma brucei; t. cruzi
Trypanosoma cruzi; 1. braziliensis- Leishmania braziliensis; 1. m. amazonensis- Leishmania mexicana 
amazonensis; 1. donovani- Leishmania donovani. .. 

To investigate the potential implications of a difference in the STn interaction motif of the 

parasitic Hsp70s~ a sequence comparison of parasitic and human STII proteins was 

performed. Figure 2.6 defmes the TPR 1 (Hsp70 binding) and TPR2A (Hsp90 binding) 

domains of the T cruzi (TcSTll)~ Leishmania major (LmSTIl) and Hsapiens (HsSTIl) STII 

proteins. The residues involved in general binding of Hsp70 and Hsp90 are indicated (Figure 

2.6). These residues are conserved in all the sequences. The residues (Ala49 and Lys50) 

thought to be involved in determining the specificity of Hsp70 binding to the TPRI domain 

are highlighted (Figure 2.6, green). The parasitic STII proteins show a change in their 

sequences, with an Ala instead of a Lys at position 50. These differences may be indicative of 

a different interaction of the parasitic Hsp70s with their corresponding STII proteins. 
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Figure 2.6: Alignment of Primary Amino Acid Sequences of Parasitic STII and Human 
STII 
Aligment of the primary amino acid sequences of the H sapiens (hsSTIl), T .cruzi (tcSTIl) and Leishmania 
major (lmSTIl) STII proteins. These residues are conserved in all the sequences. Black shading indicates 
identical residues, while grey shading indicates similar residues. The residues comprising the TPR domains of 
the proteins are underlined. For HsSTIl, those residues (K8, N43, K73 and R77) in the TPRI domain known for 
association with Hsc70 are indicated (*), as are those residues (K229, N233, N264, K301 and R305) in TPR2A 
known for association with Hsp90 (*). The residues highlighted in green indicate those implicated in the 
specificity of the Hsp70 interaction with the TPRI domain of STII 
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2.3.4 Definition of Canonical Domains and Clas.sification of Tcj Proteins 

The classification of Hsp40s into Type I, II or ill depends on the degree of conservation of 

functional motifs that they share with E. coli DnaJ. This classification of Hsp40s is important 

to determining the potential role of the proteins, as typically Type I, II and ill Hsp40s have 

distinct functions. Generally, Hsp40s involved in the Hsp70IHsp40 protein-assisted folding 

process are Type I proteins. The preliminary characterization of the Tcj proteins was 

previously reported by Tibbetts et al. (1998). They classified Tcj2, Tcj3 and Tcj4 as Type I 

Hsp40s and Tcj 1 as a Type ill Hsp40. Tcj6 has been classified as a Type II Hsp40 

(Salmon,200 1). 

The alignment of the Tcjs and the residues that comprise the J domain, GIF rich region and 

cysteine repeat region are indicated (Figure 2.7) All of the Tcjs contain an N-terminal J 

domain containing the highly conserved HPD motif, which is the motif known to interact with 

the ATPase domain of Hsp70s. All of the J domains show significant similarity, however, the 

J domains of Tcj2, Tcj3 and Tcj4 are most alike. The Tcj2, Tcj3 and Tcj4 sequences contain 

the GIF rich linker region, which is proposed to mediate the specificity of the Hsp70IHsp40 

partnership. The GIF rich region is extended in Tcj4, with the GIF rich regions of Tcj2 and 

-Tcj3 being most similar to each other. Tcj2, Tcj3 and Tcj4 also contain the cysteine repeat 

region. This IS a region of sequence containing four repeats of the form 

----- CysXXCysXXGlyXGly, where X is any amino acid (usually charged or polar) which is 

proposed to coordinate two zinc atoms forming a zinc finger like structure. It is this region 

that is supposedly involved in substrate binding by Hsp40s. This analysis confirms that Tcj 1 

is a Type ill Hsp40. Tcj2, Tcj3 and Tcj4 are Type I Hsp40s, as described by Tibbetts et al. 

(1998), but only Tcj3 contains the consensus sequence in their final cysteine repeat region. 

Tcj2 and Tcj4 have deviations from the consensus sequence in their final cysteine repeat, Tcj2 

contains the sequence CysXXCysXGlyXGln, while Tcj4 contains the sequence 

CysXXCysXMetXGln as opposed to the consensus CysXXCysXGlyXGly. This deviation 

from the consensus sequence may suggest that these proteins bind substrates different to those 

Hsp40s containing the consensus sequence in their final cysteine repeat. Tcj2 and Tcj4 also 

contain the C-terminal CaaX motif, where 'a' is any amino acid and X is usually a charged or 

polar amino acid, such as glutamine. This is a protein prenylation modification site, involved 

in the interaction of Hsp40s with lipid membranes. 
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Figure 2.7: Multiple Sequence Alignment of Primary Amino Acid Sequences ofTcj Proteins 

Alignment of the amino acid sequences of the Tcj proteins was performed using Clustal W (Corpet, 1988). Residues 
highlighted in black are identical and those residues highlighted grey are similar. The J domain, GIF rich region and 
cysteine repeat regions are indicated by underlining. In addition, the highly conserved HPD motif is underlined in 
green and the residues constituting the cysteine repeats are underlined in pink. The C-terminal prenylation site (caaX 
motif) in Tcj2 and Tcj4 is underlined in blue. Tcj2 and Tcj4 also contain a deviation from the consensus sequence 
(CxxCxGxG) in their final cysteine repeat (boxed) 
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2.3.5 Homology Modelling of J domain and Cysteine Repeat Regions of Tcj Proteins 
• 

Primary sequence analysis has been used to classify and analyse the Tcj protein sequences. 

The potential structural significance of similarities and differences in the primary sequence 

was analysed by modelling the J domain and cysteine repeat region on those with a similar 

sequence and known' structure. The N termini of all the Tcj proteins show the essential 

conserved structural and functional residues of the J domain. To confirm this, the N-terminal 

regions of Tcjl, Tcj2, Tcj3 and Tcj4 were homology modeled (Figure 2.8) on the known 

structure of the E. coli DnaJ J domain (lXBL; Figure 1.3). 

Tcjl 

IT 

Tcj4 

IT 

Figure 2.8: Ribbon Representation of Homology Modelled Structures of the J domains of the 
Tcj Proteins 

The N-terminal regions of Tcjl, Tcj2, Tcj3 and Tcj4 containing the conserved J domain sequence was modelled using 
SWISS-MODEL on the known J domain structure of DnaJ (IXBL). The unrefined models were visualised using 
Rasmol (Sayle and Milner-White, 1995). The highly conserved tripeptide, His (blue), Pro (pink) and Asp (green), 
motif is highlighted. This HPD motif is the point of interaction of the Hsp40 with the ATPase domain of its partner 
Hsp70. The four Tcj J domains display a similar overall structure of four alpha helices (marked I -IV) with differences 
in the size of the loop region between helices II and ffi. This difference may result in orientation changes in the HPD 
motif, thereby potentially affecting the interaction with Hsp70. 
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The overall predicted structure of the J domain of the four Tcj proteins is similar, as expected 
• 

because the J domain is a defined motif with a defined structure that is governed by the 

conserved structural residues. These structural residues are conserved throughout J domains 

of different function, therefore all of the J domains are composed of the four alpha helices, in 

the classical J domain structure. The difference in the potential structures arises in the loop 

region containing the' HPD motif between a-helices II and ill. There are predicted differences 

in the size and fold of this loop in the predicted models for the Tcjs that may suggest a change 

in the spatial orientation of the HPD motif, which may influence the interaction of these 

proteins with TcHsp70. On observation of the unrefined models, the predicted J domains of 

Tcj 1 and Tcj2 appear most similar in structure, as do those of Tcj3 and Tcj4. However, as 

stated, the models are unrefined and therefore may be inaccurate and since all of the models 

are based on the same template (E. coli DnaJ lXBL) some distinct similarity between the four 

is expected. 

In contrast to the J domains, the substrate binding regions of Tcj2 and Tcj4 show sequence 

deviations from the consensus sequence in the sequence of their final cysteine repeat. Instead 

of the classical CysXXCysXGlyXGly motif in DnaJ (and Tcj3), the final cysteine repeat in 

Tcj2 has the sequence CysXXCysXGlyXGln and Tcj4 the sequence CysXXCysXMetXGln 

(Figure 2.9 [A]). The potential impact of these devIations from the consensus sequence on the 

predicted structure of the substrate binding domains of Tcj2 and Tcj4 was investigated by 

----" modelling their potential structures on that of DnaJ (lEXK) (Figure 2.9). 

The four cysteine repeat regions of DnaJ form a zinc finger like structure, which coordinates 

two zinc atoms (Figure 2.9 [B]). The amino acids involved in the coordination (cysteine 

repeats) are shown in stick configuration (Figure 2.9 [A] and [B]). The structure is composed 

of three anti-parallel beta sheets linked by random coils that form the zinc finger like 

projection. The loop region in the base of the zinc finger is small. This structure will probably 

be suited to the type of substrate bound by DnaJ. The variation from the consensus sequence 

in the final cysteine repeats of Tcj2 and Tcj4, suggest an alteration to the structure of this 

region in Tcj2 and Tcj4. The predicted Tcj2 structure appears to have a more 'relaxed' 

conformation, with an extra pair of anti -parallel beta sheets and a larger loop region. The 

single amino acid deviation (Gly to GIn) suggests a potential abrogation of the coordination of 

the zinc atom at that position, potentially resulting in the predicted structure, which differs 

from the known structure of DnaJ. 
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Figure 2.9: Analysis of the Proposed Structure of Substrate Binding Motif in Tcj2 and Tcj4 

(A) Alignment of the cysteine repeat region of Tcj2 and Tcj4 with the equivalent regions of other Type I Hsp40s. Hsap
Hsapiens Hsp40; Mmj4- Mus musculus Hsp40; DnaJ- E. coli Hsp40; Tcj2-Tcj4- T. cruzi Hsp40s. The alignment reveals 
the difference in the final cysteine repeat of Tcj2 and Tcj4. Amino acids comprising the cysteine repeats are highlighted: 
Cys,(red), Gly (black), GIn (green) and Met (pink). 
(B) Ribbon representation of the homology models of the cysteine repeat substrate binding region of Tcj2 and Tcj4. The 

--. known structure of the equivalent region of DnaJ was used as the template. The residues highlighted in the alignment are 
represented as sticks and coloured accordingly. DnaJ contains the consensus sequence of four cysteine repeats 
(CysXXCysXXGlyXGly), that forms a zinc finger like domain known to coordinate two zinc atoms. The deviation from 
the consensus sequence in final cysteine repeat of Tcj2 (CysXXCysXGlyXGIn) and Tcj4 (CysXXCysXMetXGIn) would 
suggest abrogation of the zinc binding capacity and may alter the structure of the substrate binding motif. Models 

:. generated by SWISS-MODEL (peitsch, 1995) and visualised with Molscript (Kraulis, 1991). 

These potential structural changes in the substrate binding domain may be indicative of the 

type of substrate with which Tcj2 would normally associate. The greater variation in the Tcj4 

fmal cysteine repeat appears to have an even more drastic effect on the predicted zinc finger 

like structure. The predicted Tcj4 structure is composed of only two anti-parallel beta sheets 

and a larger proportion of random coil. This suggests that potentially the real structure may 

differ significantly and that E. coli DnaJ was not a good model. This predicted structure 

suggests the complete abrogation of zinc binding capacity at that position. The predicted 

structure of Tcj4 substrate binding regions is distinctly different from the known DnaJ 
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structure. Both Tcj2 and Tcj4 are classified as Type I Hsp40s. Their J domains are very 
• 

similar and yet, the sequence deviation in their substrate binding regions may alter their 

substrate binding domain structure, potentially discriminating between the types of substrates 

they may bind and therefore suggesting a possible difference in their physiological function. 

This is also true for Tcj3, which contains the consensus sequence in its substrate binding 

domain. As Tcj3 contains the consensus sequence, the structure of its substrate binding 

domain may be more similar to that of DnaJ, possibly meaning that the two proteins may have 

similar substrate binding specificities. 

2.3.6 Sequence similarity between Tcjs and Hsp40s of Prokaryotic and Eukaryotic 

Origin 

The comparison of the Type I Tcj protein sequences to sequences of Hsp40s of known 

function allow for the prediction as to which Hsp40 of known function they are most similar. 

Tcj 1 was not included as it is classified as a Type ill protein, and thus there is little expected 

similarity beyond the J domain, between it and the Type I proteins. Inclusion of the Tcj 1 

sequence would therefore adversely influence the alignments and consensus sequences 

defined. Sequence data is available for many well-characterised eukaryotic and prokaryotic 

. Hsp40s. Yeast Hsp40s were selected as the eukatjotic Hsp40 representatives as both T. cruzi 

and S. cerevisiae are unicellular eukaryotes and DnaJ from E. coli chosen as the prokaryotic 

representative, as this is one of the best characterized Hsp40s. 

Figure 2.10 presents the primary sequence alignment of Tcj2, Tcj3, Tcj4 and the prokaryotic 

Hsp40 DnaJ. There is significant sequence similarity between the J domain regions of the four 

Hsp40s. This is expected, even though DnaJ is of prokaryotic origin and the Tcjs are of 

parasitic origin, as the J domain is a highly conserved structural motif. All of the J domains 

contain the Hsp70 interacting HPD motif within the J domain. There is also a distinct 

similarity in the GIF rich regions of the four proteins. Tcj3 contains the consensus sequence in 

common with DnaJ in its cysteine repeat region, while Tcj2 and Tcj4 have a deviation from 

the consensus sequence in their final cysteine repeat (discussed Section 2.3.4). 

35 



tcj2 
tcj3 
tcj4 
dnaJ 

tcj2 
tcj3 
tcj4 
dnaJ 

tcj2 
tcj3 
tcj4 
dnaJ 

tcj2 
tcj3 
tcj4 
dnaJ 

tcj2 
tcj3 
tcj4 
dnaJ 

tcj2 
tcj3 
tcj4 
dnaJ 

tcj2 
tcj3 
tcj4 
dnaJ 

J DOMAIN 

59 
60 
60 
59 

:~I&K=====I_ ~~~;:ElfiPTD~ 
PT _ SAVGQ PSAANFP E 
S FE-- MGGGGF FSDI 

SR-------ARGEPKPK 103 
GRR------PRGERKPR 108 
STGGGSAGGPPSAR~PP 120 

DIFGGGR--GRQRAARGA 115 
-G~/F--RI--C-H-RE--G-I-ON---------------------------

IK~~~~~~lpmr~:~i.~~~~~ ~~~ 
~~rla.rLT~u~~~~·'nVRRVR P SDQIPLAS RVHGMR 180 

~n'~_MTmKEIRIPTLEE D S PGTQPQ PT S VQMRQG 175 

CYSTEINE REPEAT REGION 

IGPGFIQQMQVI.DMREEDK£DS£R~-------IKKDIFEIFVE~ 216 
LFIGMHQRMQQ S TVREVDI£GR£R~S~-------IVKD ILEVHIE 221 
VG-GLILQQMQ SS TALKHPCKHCFMSg HSDNRVAGTVEC LLLEVD D 239 
FF-----AVQQ LIKDP-£NK£H~H~--------RVERS LSVKIP D 221 

RGDNATIQIPG-VRLIIIIIFEQKIPVEIG--iRTISLAEALTG- 272 
HQDVVRF EVVG-VRL LIlLAQK DVF G--N IMNYTINLQEALCG- 277 
NEARFRF DEMPPPYQE IIITTKAL PHY ISKND LNCVVPLESVFQKD 299 
TGDRIR -EAGEHGAP YVQVQVK PIFE G-- CEVPINFAMAALG- 277 

D--VSITST--------GVVDPSKLWCVSiPIPNTGGVEm 322 
LRLITIPCG--------QVIDPGAAWVVRG PLPNTGGLD IH 329 
ILKIFPAEGTCAKMNILEPLFPHCLYSVAN PIRGDPQGR FVR 359 

LKVPGET-----------QTGKLFRMRG KSVRGG--A CR 324 

SAQSLQSNEISDLRKILHYPPQQSPPPSAMLCHLSETNIDLEKEAKRRRQTGGD 382 
RLSAQ--QLKSIAKALGVT-ESFPRVTGQKLTLSEVS-----QRQSRRASGSQ 381 

NVSQLTLLEEAFRYRLP-DMTEPPQGKFVCLNYYSGNSAPSQKASSKWGKE 418 
GLNERQKQLLQELQESFGG-----r PTGEHNSP------ - --RSKSFFDGVKK 369 

tcj2 DDDDAPQGHTGAT------£I2g 399 
tcj3 RANAAARRR-------------- 390 
tcj4 EQQGAKRNSNSRVSTSSST~ 441 
dnaJ FFDDLTR---------------- 376 

Figure 2.10: Comparison of the Primary Amino Acid Sequences of Tcj2, Tcj3, Tcj4 and 
E. coli DnaJ 

.... Sequence alignment was performed using ClustalW (Corpet, 1988). Residues shaded in black are identical and 
residues in grey are similar. The J domain, GIF rich region and cysteine repeat region are underlined. The 
comparison of the primary amino acid sequences of Tcj proteins and DnaJ shows a high similarity in the N
tenhinal regions (J domain) with the similarity decreasing in the C terminal regions. The highly conserved HPD 
motif is underlined in green, the cysteine repeat regions of the proteins in pink and the caaX prenylation motif in 
blue. 

The deviation from the consensus sequence of the final cysteine repeat in the substrate 

binding regions suggests a possible difference between Tcj2, Tcj4 and DnaJ substrate 

specificities. In addition, DnaJ does not contain the caaX motif found in Tcj2 and Tcj4. The 

fact that Tcj3 contains the consensus sequence in its cysteine repeat in common with that of 

DnaJ, suggests that these two proteins may have similar or overlapping substrate specificities. 

A similar alignment of the Tcj Type I proteins with the major yeast Hsp40s, Y dj 1 and Sisl, 

was performed (Figure 2.11). 
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:.. Figure 2.11: Comparison of the Primary Amino Acid Sequences of Tcjs and Yeast Hsp40s 
The alignment was performed using ClustalW (Corpet, 1988). Black shading indicates residues that are identical, 
grey . shading indicates residues that are similar. The sequences show high identity in the N-terminal J domain, but 
less identity in the C-terminal regions of the proteins. The J domain, GIF rich region and cysteine repeat regions are 
underlined. The highly conserved HPD motif is underlined in green, the cysteine repeat regions are underlined in pink 
and the caaX prenylation motif in blue. 

All of the Hsp40s show significant similarity in their N -terminal sequences. The essential 

HPD and other structural residues of the J domain are conserved between the Hsp40s (Figure 

2.11). In addition there is conservation of the GIF rich region among all the Hsp40s used. The 

fourth cysteine repeat of Y dj 1 contains a deviation from the consensus sequence (Gly to Lys). 

This suggests that Tcj2 or Tcj4, also containing deviations in the consensus sequence in this 

region, may potentially be similar in structure and therefore the proteins may have similar 

substrate specificities. Y dj 1 also contains the caaX prenylation motif found in Tcj2 and Tcj4. 
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2.3.7 Identification of Antigenic Regions for Peptide-directed Antibody Synthesis 

The primary amino acid sequences of TcHsp70, Tcj 1, Tcj2, Tcj3 and Tcj4 were analysed to 

determine regions of potential antigenicity, for peptide-directed antibody synthesis. The 

composite analysis of a peptide sequence uses published algorithms to predict secondary 

structure and potential locations of regions of sequence (such as interior to the protein, surface 

exposed or transmembrane) with the final protein. In addition, the characteristics of each 

amino acid, such as hydrophobicity and flexibility, are reported. The results of the composite 

analysis can be studied in combination to determine regions of the protein containing peptide 

sequences that fulfill the properties of a potential antigen, and could thus be good targets for 

antibody synthesis. 

For a peptide to be considered antigenic it must fulfill certain criteria. The antigenic region 

must be surface exposed, allowing interaction with an antibody in solution. Surface exposed 

regions are also most likely to be charged and/or hydrophilic, as opposed to hydrophobic 

regions that are more likely to be buried within the core of the protein. In addition to being 

surface exposed and hydrophilic/charged, an antigenic region must be flexible for the 

interaction with an antibody. This composite analysis was performed for all of the 

.. trypanosomal heat shock proteins, with a view "to producing antibodies specific to each 

protein. 

Using the criteria outlined above, affilno acid sequences for peptide-directed antibody 

synthesis were chosen. Figure 2.12 shows the composite analysis for the amino acid sequence 

of TcHsp70 and the proposed antigenic peptide sequence. The region of TcHsp70 in which 

that peptide is found is boxed on the composite analysis figure (Figure 2.12). 

The peptide sequence chosen fulfils all of the criteria of a potential epitope. The region is 

predicted to be flexible, hydrophilic, with a net negative charge and surface exposed. In 

addition, it shows a peak on the Jameson-Wolf Antigenic Index, identifying it as a good target 

for peptide-directed antibody synthesis. Observation of the composite analysis of TcHsp70 

shows that there are a number of regions within the protein that fulfill these criteria. This is 

interesting, as TcHsp70 has been shown to be one of the immunodominant antigens in 

organisms infected with T. cruzi (Ahmed et aI., 1999; Krautz et aI., 1998; Skeiky et aI., 1995). 

However, a peptide in the C-terminus of TcHsp70 was chosen as the target for antibody 
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synthesis, as the C-terminus shows the lowest de&ree of conservation across the range of 

Hsp70s. Antibodies raised to a peptide sequence in the N terminus, for example, may not be 

specific to TcHsp70 as this area of the protein contains the ATPase domain, a highly 

conserved motif found in all Hsp70s. The peptide sequence was BLAST searched and found 

to be specific to TcHsp70 alone. A high antigenic index is also recorded for a region at the 

extreme C-terminus of TcHsp70, corresponding to the extended GGMP repeat of TcHsp70, 

which has been previously determined as a highly antigenic motif (Kumar and Zheng, 1998). 
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Figure 2~12: Composite Analysis of TcHsp70 Primary Sequence to determine potential Epitopic 
Regions 
The peptide sequence identified as a potentially unique antigenic region (indicated below the graphical analyses) is shown 
in blue and the region of the protein in which it is found is boxed. Each graphical analysis represents the data for each 
amino acid along the length of the protein with the number on the x-axis indicative of the amino acid position from the N
terminus as 1_ (A) Charge density analysis measures the average charge on each amino acid at physiological pH. Positive 
peaks indicate an overall positive charge and negative peaks indicate an overall negative charge. (B) The Karplus-Schultz 
analysis is a measure of the flexibility of each amino acid, with peaks indicating regions of potential high flexibility 
(Karplus and Schultz, 1988). (C) The Hopp-Woods analysis is a measure of hydrophobicity, with positive peaks indicative 
of hydrophilic regions and negative peaks indicative of hydrophobic regions (Hopp and Woods, 1981). (D) The Kyte
Doolittle analysis is a hydropathy scale, with positive peaks assigned to hydrophobic regions and negative peaks assigned 
to hydrophilic regions (Kyte and Doolittle, 1982). (E) The Emini Surface Probability analyses the preference of amino 
acids for surface or internal protein environments. Peaks indicate likely surface exposed regions (Emini et aI., 1985; Janin 
et aI., 1978). (F) The Jameson Antigenic Index combines the analyses above (A-E) and together with secondary prediction 
algorithms of Garnier-Robson, Chou-Fasman and Engelman-Steiz-Goldman, to generate an overall antigenicity analysis. 
Peaks are considered potential epitopic regions (Jameson and Wolf, 1988 ; Garnier et aI., 1978; Chou and Fasman, 1978; 
Engelman et aI., 1986). 
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Figure 2.13 shows the composite analysis of Tcjl and shows the potential antigenic peptide . 
• 

This region is indicated as potentially highly antigenic. A peptide outside of the J domain was 

chosen to ensure specificity of the antibody, as the J domain is a widely sequestered motif in a 

number of proteins. As the C-terminal regions of Hsp40s share the lowest level of similarity 

this is the preferred region to identify an epitope specific to Tcj 1. As Tcj 1 is a Type ill Hsp40, 

there is also little similarity with other Hsp40s outside of the J domain. 
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Figure .2.13: Composite Analysis of Tcjl Primary Sequence to determine potential Epitopic 
Regions 
The peptide sequence identified as a potentially unique antigenic region (indicated below the graphical analyses) is 
shown in blue and the region of the protein in which it is found is boxed. Each graphical analysis represents the data for 
each amino acid along the length of the protein with the number on the x-axis indicative of the amino acid position from 
the N-terminus as 1. (A) Charge density analysis measures the average charge on each amino acid at physiological pH. 
Positive peaks indicate an overall positive charge and negative peaks indicate an overall negative charge. (B) The 
Karplus-Schultz analysis is a measure of the flexibility of each amino acid, with peaks indicating regions of potential 
high flexibility (Karplus and Schultz, 1988). (C) The Hopp-Woods analysis is a measure of hydrophobicity, with positive 
peaks indicative of hydrophilic regions and negative peaks indicative of hydrophobic regions (Hopp and Woods, 1981). 
(D) The Kyte-Doolittle analysis is a hydropathy scale, with positive peaks assigned to hydrophobic regions and negative 
peaks assigned to hydrophilic regions (Kyte and Doolittle, 1982). (E) The Emini Surface Probability analyses the 
preference of amino acids for surface or internal protein environments. Peaks indicate likely surface exposed regions 
(Emini et aI., 1985; Janin et aI., 1978). (F) The Jameson Antigenic Index combines the analyses above (A-E) and 
together with secondary prediction algorithms of Garnier-Robson, Chou-Fasman and Engelman-Steiz-Goldman, to 
generate an overall antigenicity analysis. Peaks are considered potential epitopic regions (Jameson and Wolf, 1988; 
Garnier et aI., 1978; Chou and Fasman, 1978; Engelman et aI., 1986). 
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Figure 2.14 shows the composite analysis of the amino acid sequence of Tcj2. This region 
t 

fulfils all the criteria of an antigenic region, being hydrophilic, flexible and surface exposed. 

A region in the C-terminus, outside all of the common Hsp40 motifs (J domain, G/F region, 

cysteine repeat region), was chosen to ensure specificity. Designing an antibody to the C

terminus of a protein will ensure that the full-length protein is detected, as opposed to an N

terminal antibody that would detect both truncated and full-length protein. 
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Figure 2.14: Composite Analysis of Tcj2 Primary Sequence to determine potential Epitopic 
Regioll:s 
The peptide sequence identified as a potentially unique antigenic region (indicated below the graphical analyses) is shown 
in blue and the region of the protein in which it is found is boxed. Each graphical analysis represents the data for each 
amiilo acid along the length of the protein with the number on the x-axis indicative of the amino acid position from the N
terminus as 1. (A) Charge density analysis measures the average charge on each amino acid at physiological pH. Positive 
peaks indicate an overall positive charge and negative peaks indicate an overall negative charge. (B) The Karplus-Schultz 
analysis is a measure of the flexibility of each amino acid, with peaks indicating regions of potential high flexibility 
(Karplus and Schultz, 1988). (C) The Hopp-Woods analysis is a measure of hydrophobicity, with positive peaks indicative 
of hydrophilic regions and negative peaks indicative of hydrophobic regions (Hopp and Woods, 1981). (D) The Kyte
Doolittle analysis is a hydropathy scale, with positive peaks assigned to hydrophobic regions and negative peaks assigned 
to hydrophilic regions (Kyte and Doolittle, 1982). (E) The Emini Surface Probability analyses the preference of amino 
acids for surface or internal protein environments. Peaks indicate likely surface exposed regions (Emini et at, 1985; Janin 
et at, 1978). (F) The Jameson Antigenic Index combines the analyses above (A-E) and together with secondary prediction 
algorithms of Garnier-Robson, Chou-Fasman and Engelman-Steiz-Goldman, to generate an overall antigenicity analysis. 
Peaks are considered potential epitopic regions (Jameson and Wolf, 1988; Garnier et at, 1978; Chou and Fasman, 1978; 
Engelman et aI., 1986). 
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Figure 2.15 shows the composite analysis of the Tcj3 primary sequence. The region chosen is 
t 

in the C-terminus of Tcj3, which is shown to be highly antigenic. It is very likely surface 

exposed, hydrophilic and flexible. 
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Figure 2.15: Composite Analysis of Tcj3 Primary Sequence to determine potential Epitopic 
Regions 
The peptide sequence identified as a potentially unique antigenic region (indicated below the graphical analyses) is 
shown in blue and the region of the protein in which it is found is boxed. Each graphical analysis represents the data 
for each amino acid along the length of the protein with the number on the x-axis indicative of the amino acid 
position from the N-terminus as 1. (A) Charge density analysis measures the average charge on each amino acid at 
physiological pH. Positive peaks indicate an overall positive charge and negative peaks indicate an overall negative 
charge. (B) The Karplus-Schultz analysis is a measure of the flexibility of each amino acid, with peaks indicating 
regions of potential high flexibility (Karplus and Schultz, 1988). (C) The Hopp-Woods analysis is a measure of 
hydrophobicity, with positive peaks indicative of hydrophilic regions and negative peaks indicative of hydrophobic 
regions (Hopp and Woods, 1981). (D) The Kyte-Doolittle analysis is a hydropathy scale, with positive peaks 
assigned to hydrophobic regions and negative peaks assigned to hydrophilic regions (Kyte and Doolittle, 1982). (E) 
The Emini Surface Probability analyses the preference of amino acids for surface or internal protein environments. 
Peaks indicate likely surface exposed regions (Emini et ai., 1985; Janin et ai., 1978). (F) The Jameson Antigenic 
Index combines the analyses above (A-E) and together with secondary prediction algorithms of Garnier-Robson, 
Chou-Fasman and Engelman-Steiz-Goldman, to generate an overall antigenicity analysis. Peaks are considered 
potential epitopic regions (Jameson and Wolf: 1988; Garnier et ai., 1978; Chou and Fasman, 1978; Engelman et ai., 
1986). 
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Figure 2.16 shows the composite analysis of the Tcj4 ammo acid sequence. The peptide 
• 

chosen is located in the C-terminus and has a high antigenic index. It is hydrophilic, flexible 

and most probably surface exposed. 
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;.. Figure 2.16: Composite Analysis of Tcj4 Primary Sequence to determine potential Epitopic 
Regions 
The peptide sequence identified as a potentially unique antigenic region (indicated below the graphical analyses) is 
shown in blue and the region of the protein in which it is found is boxed. Each graphical analysis represents the data 
for each amino acid along the length of the protein with the number on the x-axis indicative of the amino acid 
position from the N-terminus as 1. (A) Charge density analysis measures the average charge on each amino acid at 
physiological pH. Positive peaks indicate an overall positive charge and negative peaks indicate an overall negative 
charge. (B) The Karplus-Schultz analysis is a measure of the flexibility of each amino acid, with peaks indicating 
regions of potential high flexibility (Karplus and Schultz, 1988). (C) The Hopp-Woods analysis is a measure of 
hydrophobicity, with positive peaks indicative of hydrophilic regions and negative peaks indicative of hydrophobic 
regions (Hopp and Woods, 1981). (D) The Kyte-Doolittle analysis is a hydropathy scale, with positive peaks 
assigned to hydrophobic regions and negative peaks assigned to hydrophilic regions (Kyte and Doolittle, 1982). (E) 
The Emini Surface Probability analyses the preference of amino acids for surface or internal protein environments. 
Peaks indicate likely surface exposed regions (Emini et al., 1985; Janin et al., 1978). (F) The Jameson Antigenic 
Index combines the analyses above (A-E) and together with secondary prediction algorithms of Garnier-Robson, 
Chou-Fasman and Engelman-Steiz-Goldman, to generate an overall antigenicity analysis. Peaks are considered 
potential epitopic regions (Jameson and Wolf, 1988; Garnier et aI., 1978; Chou and Fasman, 1978; Engelman et aI., 
1986). 
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A detailed analysis of Figures 2.13 to 2.16 shows a similar composite analysis profile in the 
t 

sequences comprising the J domains (Figures 2.13 to 2.16, residues 1-70) of all of the Tcj 

proteins and substrate binding regions (Figures 2.14 to 2.16, residues 150-200) of Tcj2, Tcj3 

and Tcj4. All the analyses show a distinct peak at the peptide sequence 50 amino acids into 

the proteins (Figures 2.13 to 2.15). This region corresponds approximately to the HPD motif 

within all of the J domains, the region of Hsp40s known to interact with Hsp70s. A similar 

peak is observed with the substrate binding domains of Tcj2, Tcj3 and Tcj4 (Figures 2.14 to 

2.16, residues 150-200). These regions score high on the antigenic index, as they are generally 

charged or hydrophilic, surface exposed and flexible. The characteristics making the potential 

interactions of the Tcj proteins with Hsp70s and substrates possible (that is charge/hydrophilic 

nature, flexibility and surface exposure) also make these regions potentially antigenic. 

2.4 CONCLUSION 

The bioinformatic analysis of TcHsp70 has revealed the presence of all the conserved Hsp70 

domains required for chaperone function. Major differences in sequence were noted in the 

region of TcHsp70, which may influence its' binding to TcSTIl. Slight amino acid deviations 

within the phosphate binding domains of TcHsp70 may suggest a difference in the ATPase 

activity of this protein. 

The bioinformatic analyses of the four trypanosomal Hsp40s has classified them into two 

groups - Tcj2, Tcj3 and Tcj4 as Type I Hsp40s, and Tcj 1 as a Type ill Hsp40. Tcj6 was 

shown to be a Type ,IT Hsp40. The Type I Hsp40s are the most likely candidates for co

chaperoning TcHsp70, although the deviations from the consensus sequence in the cysteine 

repeat domains of Tcj2 and Tcj4 may influence their substrate binding capabilities. Tcj 1 is 

unique in that it is the smallest Hsp40 recorded to date and thus may fulfill a novel 

partnership with TcHsp70. Composite bioinformatic analysis has identified sequences in the 

trypanosomal Hsps that may be potential candidates for peptide-directed antibody synthesis. 
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CHAPTER 3 

OVER-PRODUCTION AND PURIFICATION OF 

TRYPANOSOMAL HEAT SHOCK PROTEINS 
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3.1 INTRODUCTION 

3.1.1 Over-Production of Recombinant Proteins in Heterologous Systems 

The laboratory analysis of a protein In vitro often requIres high concentrations of pure 

product, which older 'conventional' methods of purification often cannot provide. 

Heterologous production systems offer a solution to this problem. Rather than purifying a 

protein from its source, which may potentially be rare, pathogenic or expensive, the protein 

can be produced specifically, relatively inexpensively and often in high concentrations by 

harnessing the protein production machinery of well-characterised organisms, such as E. coli 

or Saccharomyces cerevisiae. The gene encoding the target protein is introduced to the cell as 

part of an expression vector. The basic requirements for mRNA transcription and protein 

translation, specific to prokaryotic or eukaryotic expression systems, along with a selectable 

marker are all encoded on the plasmid (Balbas, 2001). 

The most common problems arising are due to the expression of eukaryotic proteins in a 

prokaryotic host cell, such as problems with protein folding and protease degradation, 

especially if the target protein is produced at high concentrations. Certain target genes may 

contain rare codons, which could lead to truncated translation products or unstable proteins in 

E .. coli. These problems can be reduced by manipulating growth conditions of the host cell to 

.lower the levels of protein expression, introducing plasmids encoding tRNAs that recognise 

rare codons, modifying the gene of interest to the codon usage of the particular host cell or 

using protease deficient host cells. 

3.1.2 Production of Target Proteins as Fusion Proteins for Efficient Purification 

Although heterologous systems can be employed to efficiently over-express target sequences, 

the over-produced proteins often still need to be purified. Expressing proteins as fusions to an 

affinity tag simplifies purification, as during affinity purification the protein of interest is 

purified along with the affinity tag, which may later be removed using a protease cleavage site 

engineered between the protein and the tag. Commonly used fusion techniques are the GST 

(Glutathione-S-Transferase) (Smith and Johnson, 1988) and 6xHis (hexahistidine) tag fusion 

systems (Porath et al.,1975). 
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The GST -fusion system uses a GST protein as a fusion tag, engineered in frame with the 
• 

target protein, for affinity purification of large quantities of pure proteins using glutathione 

covalently linked to a resin, such as sepharose. However, GST is a relatively large tag (26 

kDa) that dimerises under normal conditions and if not cleaved may alter the structure or 

activity of the target protein. The 6xHis affinity tag is a stretch of six His residues, which can 

be engineered at either the N- or C- terminus of the target protein. This tag is useful as its 

small size (O.84kDa) does not generally interfere with the structure or function of the target 

protein and so it does not necessarily have to be cleaved. This tag is also useful, as it allows 

purification of fusion proteins under native or denaturing conditions, thus making it adjustable 

to the particular properties of the target protein 

3.1.3 Production of 6xHis-Tag Fusion Proteins from pET Vector Constructs 

The trypanosomal Hsps analysed in this report were all expressed from pET vector (Novagen, 

USA) constructs as either N- or C- terminal 6xHis fusion proteins. We examined the 

heterologous production of TcHsp70, Tcj 1, Tcj2, Tcj3 and Tcj4 as 6xHis fusion proteins and 

attempted to purify the proteins in their native states for use in functional and biochemical 

assays. 

3 .. 2 EXPERIMENTAL PROCEDURE 

3.2.1 Reagents and Chemicals 

All reagents used in the over-production and purification of the trypanosomal Hsps are 

detailed in Appendices (Section 6.1). 

3.2.2 Over-Production of Trypanosomal Heat Shock Proteins 

3.2.2.1 Constructs and Host Cells for Over-Production and Purification of 

Trypanosomal Hsps 

Constructs containing coding regions of TcHsp70, Tcj 1, Tcj2, Tcj3 and Tcj4 were a kind gift 

of Dr D.M. Engman from Northwestern University Medical School, Chicago. Trypanosomal 

heat shock coding sequences from an epimastigote cDNA library were provided as pET 
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vector (Novagen, USA) expression constructs, incorporating either a C-terminal or N-terminal 
• 

6xHis tag for nickel affinity purification. The TcHsp70 coding sequence was inserted in frame 

with an N-terminal 6xHis tag and an ampicillin resistance marker in the pET14b vector. The 

coding sequences for Tcj2 and Tcj4 were inserted into the pET28a vector, incorporating an N

terminal 6xHis tag and a kanamycin resistance marker. Tcj 1 and Tcj3 coding sequences were 

inserted into pET23b vector, incorporating a C-terminal 6xHis tag and an ampicillin 

resistance marker. The host cells for the expression of His-TcHsp70, His-Tcj2 and Tcj3-His 

were E. coli BL21(DE3) [genotype hsdS gal ( kIts 857 indl Sam7 nin5 lacUV5-T7 gene 1)] 

and the host cells for the expression of Tcjl-His and His-Tcj4 were E. coli 

BL21 (DE3)(pLysS). 

3.2.2.2 Transformation of Competent Host Cells with Expression Constructs 

E. coli BL21(DE3) cells were treated to make them competent to take up plasmid DNA using 

a modification of the calcium chloride method (Dagert and Ehrlich, 1979). 50 mL of fresh 

2xYT broth (1.6% tryptone, 1 % yeast extract; 0.5% NaCl) was inoculated with 0.25 mL of E. 

coli BL21(DE3) from an overnight culture. The culture was grown at 37°C with shaking until 

an A600 of 0.3 to 0.6 was reached, whereupon the cells were harvested by centrifugation 

. (5000x g for 5 minutes at 4°C) and the cell pellet resuspended in one culture volume (50 mL) 

of- ice cold 0.1 M MgCh. After 1 minute incubation on ice, the cells were harvested by 

centrifugation as before and resuspended in half the culture volume (25 mL) of ice cold 0.1 M 

CaCho Cells were held on ice for 2 hours, collected by centrifugation and the final pellet 

resuspended in one-tenth the culture volume (5 mL) of ice cold 0.1 M CaCho Aliquots (150 

ilL) were mixed with equal volume (150 ilL) of sterile 30% glycerol and stored at -70°C until 

required. The procedure was followed for the preparation of E. coli BL21(DE3)(pLysS) cells, 

with the exception that the 2x YT broth was supplemented with chloramphenicol (35 Ilg/ mL) 

to maintain the pLysS plasmid. 

An aliquot of each dsDNA plasmid solution (~200 ng) was added to competent host cells (100 

ilL; specific to each plasmid, see above) and the mixture incubated on ice for 20 minutes. 

Cells were heat shocked at 42°C for 2 minutes, after which prewarmed (37°C) 2x YT broth 

(900 ilL) was added. Cells were incubated at 37°C for 1 hour to allow expression of the 

antibiotic resistance gene (specific to each plasmid, see above). A portion of the cell 

suspension (100 ilL) was removed and plated on to 2xYT agar containing the respective 
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antibiotic (ampicillin concentration -100 J.lglmL; kanamycin concentration-50 J.lglmL; 
• 

chloramphenicol concentration-35 J.lglmL). The remaining culture (900 J.lL) was harvested by 

centrifugation at 12000x g, a portion (800 J.lL) of the supernatant discarded and the pellet 

resuspended in the remaining volume (100 J.lL). This concentrated cell suspension was plated 

on to 2x YT agar plates containing antibiotics as stated previously. Plates were inverted and 

incubated overnight at 37°C. Transformants, namely those capable of growth in the presence 

of the antibiotic, were picked, streaked on to fresh 2x YT agar containing the correct antibiotic 

and analysed to confirm the identity of the plasmid. Control reaction containing sterile water 

instead of DNA was used to detect contamination and was treated using the exact conditions 

as the other transformation reactions. 

3.2.2.3 Confirmation of Transformant Identity prior to Protein Production 

Transformants were analysed to confirm the identity of the plasmids using a small-scale 

alkaline lysis plasmid extraction method and diagnostic restriction enzyme digests (Birnboim 

and Doly, 1979). A sample (2 mL) of overnight culture of the respective antibiotic-resistant 

transformant was centrifuged at 12000x g for 1 minute. The cell pellet was resuspended in 

Solution I (100 J.lL; 25 mM Tris-HCI, pH 8.0; 50 mM glucose; 10 mM EDTA) and incubated 

at room temperature for 5 minutes. Solution II was added (200 J.lL; 0.2 M NaOH; 1 % SDS), 
--

the mixture incubated on ice for 2 minutes, and then Solution III (150 J.lL; 3 M potassium 

acetate, pH 5.0) was added. The mixture was mixed by inversion, incubated on ice for 5 

minutes and centrifuged at 12000x g for 10 minutes. The supernatant was discarded and 1 

:. volume (450 J.lL) of isopropanol added to the pellet. The mixture was incubated at room 

temperature for 5 minutes before the pellet was collected by centrifugation (12000x g for 30 

min at 4°C) and air-dried. The pellet was resuspended in TE buffer (400 J.lL; 10 mM Tris-HCI, 

pH 7.5; 1 mM EDTA) and 1110 volume of 3 M sodium acetate (40 J.lL) was added to the 

pellet, followed by 2 volumes (880 J.lL) of ice-cold absolute ethanol. The mixture was held at 

-20°C for 30 minutes and centrifuged at 12000x g for 30 minutes at 4°C. The resultant pellet 

was washed in ice cold 70% ethanol, centrifuged (l2000x g for 1 min at 4°C), air dried and 

resuspended in sterile water (25 J.lL). 

Each of the plasmid preparations was subjected to a series of diagnostic digests that were 

analysed by 0.8% agarose gel electrophoresis (AGE) in TBE buffer (45 mM Tris-Borate, pH 

8.0; 1 mM EDTA) for 1 hour at 100 V and visualised under ultraviolet (UV) light. 
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3.2.2.4 Over-Production of 6xHis-tagged Trypanosomal Hsps in E. coli Host Cells 
• 

The production of all 6xHis-tagged trypanosomal heat shock proteins in E. coli was induced 

and monitored as follows. 10 mL of overnight culture of the respective transformant was used 

to inoculate 200 mL of sterile 2xYT broth containing the respective antibiotic (ampicillin 100 

f.lg/mL; kanamycin 2-5 f.lg/mL; chloramphenicol 35 f.lg/mL). This culture was grown (37°C 

with shaking) to an A600 of 0.6-0.S before protein production was induced by addition of 

IPTG (1 mM). Samples were collected prior to induction and at hourly intervals thereafter and 

analysed by SDS-PAGE (Laemmli, 1970). All samples were resuspended to equivalent A600, 

treated with sample treatment buffer (95°C, 5 min; 50 mM Tris-HCI, pH 6.S; 2% SDS; 0.05% 

~-mercaptoethanol; 0.2% bromophenol blue) and analysed by discontinuous SDS-PAGE 

(12% acrylamide resolving gel; 4% acrylamide stacking gel) at 200 V for 45 min (Running 

buffer: 25 mM Tris-HCI; 250 mM Glycine, pH S.O; 0.1 % SDS). Proteins were visualised by 

staining with Coomassie Brilliant Blue (0.25% Coomassie G250 in 40% methanol, 7% glacial 

acetic acid). 

Western analysis and chemiluminescence-based immunodetection was used to detect the 

presence of the 6xHis tag on the over-produced proteins. Discontinuous SDS-PAGE was 

conducted to resolve the proteins prior to electrophoretic transfer to nitrocellulose membrane 

using 100 V for 1 hour (Transfer Buffer: 25 mM Tris-HC!; 192 mM Glycine, pHS.3; 20% 

-', -Methanol). Protein transfer on to the membrane was confirmed by Ponceau staining (0.5% 

Ponceau S in 1 % glacial acetic acid). After destaining with distilled water, the membrane was 

blocked in 5% fat free milk powder in Tris Buffered Saline (TBS; 50 mM Tris-HCI, pH 7.5; 

150 mM NaCl) for 1 hour at room temperature or overnight at 4°C. The membrane was 

incubated with mouse anti-6xHis antibody (primary antibody, Amersham Pharmacia Biotech, 

USA; 1 in 5 000 dilution in 5% fat free milk powder in TBS) at room temperature for 1 hour 

and then washed three times with TBS containing 0.1 % Tween-20 (TBST; 50 mM Tris-HCI, 

pH 7.5; 150 mM NaCI, 0.1 % Tween-20). The secondary antibody (Boehringer Mannheim, 

Germany; anti-mouse IgG-peroxidase labelled [POD]/anti-rabbit IgG-POD, 1 in 5 000 

dilution in 5% fat free milk powder in TBS) was added to the membrane and incubated at 

room temperature for 45 min. The membrane was washed three times with TBST. The 6xHis 

tag signal was detected after incubation of the membrane with the chemiluminescent substrate 

(luminol). The film was placed in a HyperFilm Developing Cassette (Agfa, USA) wrapped in 

c1ingflim and high performance autoradiography film (Agfa, USA) exposed to the membrane 
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and hence to light emitted due to the oxidation of luminol by the peroxidase-conjugated 
• 

secondary antibody. Exposure time of the film was varied from 1 min to 60 min depending on 

signal intensity. Subsequent to exposure to the membrane, the film was placed in developer 

(Agfa, USA) for between 1 and 3 minutes, the reaction stopped by passing the film through 

stop solution (2% glacial acetic acid) and fixed in fixer solution (Agfa, USA). After rinsing in 

water, the film was dried and the signal pattern recorded. 

3.2.3 Purification of Trypanosomal Heat Shock Proteins 

3.2.3.1 Preparation of Cleared Lysates for Ni-affinity Purification. 

Sterile 2xYT broth (200 mL) containing the respective antibiotic (ampicillin 100 J..tglmL, 

kanamycin 50 J..tglmL or chloramphenicol 35 J..tglmL) was inoculated with 10 mL overnight 

culture of E. coli BL21 (DE3) or E. coli BL21 (DE3) (pLysS) containing constructs encoding 

the 6xHis-tagged trypanosomal Hsps and grown (37°C with shaking) to A600 of 0.6-0.8. 

Protein production was induced by addition of IPTG to a final concentration of 1 mM. After 5 

hours at 37°C with shaking, the culture was harvested by centrifugation (5000x g at 4°C for 

15 min). For purification of His-TcHsp70, Tcj1-His, Tcj3-His and His-Tcj4, the cell pellet 
t' 

.. was resuspended in Denaturing Lysis Buffer (5 mL; 40 mM Tris, pH 8.0; 8 M urea; 100 mM 

NaCI; 10 mM Imidazole). For the purification of His-Tcj2, the cell pellet was resuspended in 

Native Lysis Buffer (5 mL; 40 mM Tris, pH8.0; 100 mM NaCI; 10 mM Imidazole) and cell 

lysis achieved by lysozyme (100 J..tglmL) treatment for 1 hour and sonication (30 sec bursts 

for 5 min) at 4°C. In both cases insoluble cell debris was removed by centrifugation (10 OOOx 

g for 15 min at 4°C) ' and the supernatant (cleared lysate) collected for nickel affinity (Ni

affinity) purification of the 6xHis-tagged proteins. 

3.2.3.2 Batch Ni-affinity Purification of His-TcHsp70, Tcj1-His, Tcj3-His and 

His-Tcj4. 

Cleared lysate was added to Ni-charged chelating sepharose resin (1 mL). The mixture was 

gently agitated at room temperature for at least 1 hour, after which the resin was collected by 

centrifugation (1000x g for 1 min). The resin was washed once or twice with Denaturing 

Lysis Buffer (40 mM Tris-HCI, pH 8.0; 8 M urea; 100 mM NaCI; 10 mM Imidazole) and two 



Imidazole). Proteins bound to the resin were eluted three times by addition of Native Elution 

Buffer (1 mL; 40 mM Tris-HCI, pH 7.5; 100 mM NaCI; 1 M Imidazole). Each time the resin 

was collected by centrifugation (1000x g for 1 min at room temperature) and all fractions 

collected were analysed by discontinuous SDS-PAGE (described Section 3.2.2.4) and 

proteins visualised by Coomassie Brilliant Blue staining. Protein concentration of the elutions 

was determined by Bradfords assay (Bradford, 1976). In all cases, a protein sample (10 J-lL) 

was incubated with Bradford's Reagent (200 J-lL) at room temperature in a flat-bottomed 96 

well microtitre plate for 5 min, before A595 was measured. A standard curve of protein 

concentration (40 J-lg/mL - 160 J-lg/mL) was constructed using bovine serum albumin (BSA) 

and used to determine the protein concentration in the samples. Aliquots of elutions (50 J-lL) 

containing sufficient pure proteins as determined by SDS-PAGE and Bradford's Assay were 

stored at -70°C for later use. 

3.2.3.3 Column Ni-affinity Purification of His-Tcj2 

Cleared lysate was added to Ni-charged chelating sepharose resin (1 mL). The mixture was 

gently agitated at room temperature for at least 1 hour, after which the resin was loaded in a 

10 mL syringe, plugged with glass wool. The flow through was collected and the resin 

'" . washed twice with Native Wash Buffer 1 (40 mM Tris-HCI, pH 8.0; 100 mM NaCI; 100 mM 

ilnidazole) and twice with Native Wash Buffer 2 (40 mM Tris-HCI, pH 8.0; 200 mM NaCI; 

'' . 200 mM Imidazole). Proteins bound to the resin were eluted with three column volumes of 

Native Elution Buffer (1 mL; 40 mM Tris-HCI, pH 7.5; 100 mM NaCI; 1 M Imidazole). All 

fractions were collected and analysed by discontinuous SDS-PAGE (described Section 

3.2.2.4) and proteins 'visualised by Coomassie Brilliant Blue staining. Aliquots (50 J-lL) of 

elutions containing sufficient pure proteins as determined by SDS-PAGE and Bradford's 

Assay (described Section 3.2.2.4) were stored at -70°C for later use. 

3.2.3.4 Testing of Peptide-directed Antibody to C-terminal Sequence in Tcj2 

The synthesis of the antibody to the predicted continuous epitope N-CHLSETNIDKEKEAK_c 

of Tcj2 (Section 2.2.5 and Section 2.3.7) was performed by Dr Nastainczyk, in the laboratory 

of Professor R. Zimmerman (Universitat des Saarlandes, Germany). The peptide was 

synthesised and coupled via the N -terminal cysteine to haemocyanin by a bifunctional linker 

and a rabbit immunised with this peptide-hapten complex to generate antibodies. Serum was 
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collected prior to immunisation and at weekly intervals for 8 weeks after immunisation . 
• 

Serum was used directly as primary antibody at a 1 in 10000 dilution for Western analysis and 

chemiluminescence-based immunodetection (Section 3.2.1.4) of Tcj2. 

3.2.4 Spectrofluorometric Analysis of Purified 6xHis-Tagged Trypanosomal Proteins 

Successfully purified trypanosomal Hsps (His-TcHsp70, Tcj I-His and His-Tcj2) were 

analysed for the presence of large and small soluble aggregates using spectrofluorimetry prior 

to biochemical assays. Sample elutions of His-TcHsp70, His-Tcj2 and Tcj I-His were diluted 

1 in 100 in water to a final volume of 2 mL. The light scattering ability of these preparations 

was analysed using a fluorescence spectrophotometer. The samples were excited at 360 nm 

(detection of small, soluble aggregates) and 500 nm (detection of large aggregates) and their 

emission over the wavelength range of 300 nm to 600 nm recorded. A denatured / aggregated 

control was prepared by boiling BSA (10 f.!glmL) for 15 min. A native BSA sample (10 

f.!glmL) was included as a negative control. 

3.3 RESULTS AND DISCUSSION 

-- 3.3.1 Over-Production and Purification of His':TcHsp70 

-'----, Previous work on the biochemical characterisation of TcHsp70 was reported by Olson et al.:. 

(1994). Of interest to us was to over-produce and purify TcHsp70 as a 6xHis-fusion from the 

pET14b/TcHsp70 construct for use in biochemical analysis. The pET14b/TcHsp70 plasmid 

was digested with a series of diagnostic digests to release the TcHsp70 insert and confirm the 

identity of the plasmid (Figure 3.1). The TcHsp70 coding sequence was inserted into the 

BamHI site of pET14b, but digestion with this enzyme did not release the fragment (data not 

shown). This is most likely an artefact of the cloning procedure used to generate the plasmid. 

Alternative diagnostic digests were chosen after examination of the plasmid map. The 

pET14b/TcHsp70 plasmid was linearised by digests with EcoRI and NdeI (Figure 3.1 Lanes 4 

and 5). Digestion with PstI yielded two fragments of 2674 bp and 4361 bp (Figure 3.1 Lane 

3), while double digest with EcoRI and NdeI produced DNA fragments of 2888 bp and 4147 

bp (Figure 3.1 Lane 6). 
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Figure 3.1: Confirmation of the Identity of the pET14bffcHsp70 Plasmid 

(A) Plasmid map of pET14b/TcHsp70 showing diagnostic restriction sites. The TcHsp70 coding region is 
shown in yellow and the ampicillin resistance coding region is shown in black. 
(B) Confirmation of the identity of the pET14b/TcHsp70 plasmid by restriction digests. Lane 1 - PstI digest 
of Lambda DNA (sizes shown in bp); Lane 2 - Uncut pET14b/TcHsp70; Lane 3 - PstI digest yielding 
fragments of sizes 2674 and 4361bp; Lane 4 - pET14b/TcHsp70 linearised by digestion with EcoRI (7035bp); 
Lane 5 - pET14b/TcHsp70 linearised by digestion with NdeI (7035bp); Lane 6 - EcoRI / NdeI double digest 
ofpET14b/TcHsp70 resulting in two bands of2888bp and 4147bp. 

The over-production of His-TcHsp70 in E. coli BL21(DE3) [pET14b/TcHsp70], and 

-'-.-.. detection of the N-terminal6xHis fusion tag is shown in Figure 3.2. Whole cell extracts taken 

at hourly intervals after the induction of the production of His-TcHsp70 were analysed by 

discontinuous SDS-PAGE and proteins visualised by Coomassie staining (Figure 4.2[AD. A 

gradual increase in the band at 71kDa corresponded to the subunit molecular mass of His

TcHsp70 and indicated the over-production of the protein. His-TcHsp70 was produced at high 

levels, with the maximum level of induction being achieved at 4 hours post addition of IPTG 

(1 mM) and maintained for 20 hours (Figure 3.2[A] Lanes 6 and 8). Low basal levels of 

production of His-TcHsp70 were detected in the uninduced E. coli BL21 (DE3) 

[pET14bITcHsp70] sample (Figure 3.2[A] Lane 2). 
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Figure 3.2: Over-production of His-TcHsp70 in E.coli BL21(DE3)[pET14bffcHsp70] 

(A) SDS-PAGE analysis of production of His-TcHsp70 inE. coli BL21(DE3)[pET14b/TcHsp70]. Lane 1 -
broad range SDS-PAGE molecular mass markers (sizes shown in kDa); Lane 2 - uninduced E.coli 
BL21(DE3)[pET14b/TcHsp70] whole cell extract; Lanes 3 to 8 - E. coli BL21(DE3)[pET14b/TcHsp70] whole 
cell extract samples taken 1, 2, 3, 4, 5 and 20 hours after induction by the addition of 1mM IPTG. Over
production of His-TcHsp70 (71kDa) indicated (arrow). 
(B) Detection of 6xHis tag on His-TcHsp70 by Western analysis and chemiluminesence-based immunodetection. 
Lane 1 - E.coli BL21(DE3) whole cell extract (negative control); Lane 2 - uninduced E.coli 
BL21 (DE3) [pET 14b/TcHsp70] whole cell extract; Lanes 3 to 8 respectively E. coli 
BL21(DE3)[pET14b/TcHsp70] whole cell extract samples taken 1, 2, 3, 4, 5 and 20 hours after induction by 
addition of 1mM IPTG; Lane 9 - His-mSTIl (positive control; 63kDa). 

Figure 3.2(B) illustrates the detection of the 6xHis tag on His-TcHsp70. While the levels of 

the protein were seen to increase with time (Figure 3.2[A]), there appeared to be a gradual 

reduction in the amount of actual 6xHis-tagged protein, possibly due to cleavage of the tag by 

proteases inherent to E. coli BL21(DE3) or shielding of the 6xHis-tag due to aggregation that 

is resistant to SDS-based denaturation. 

His-TcHsp70 was successfully purified using a combination of denaturing/native Ni-affinity 

chromatography (Figure 3.3). The cleared lysate was prepared, bound to the resin and 

preliminary washes carried out in the presence of 8 M urea (denaturing conditions). The resin 

was subsequently washed with native buffers, to remove the urea, and allow the proteins to 

renaturate, before elution by competitive binding of high concentrations of imidazole. 
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Figure 3.3: Purification of His-TcHsp70 by Nickel Affinity Chromatography 

His-TcHsp70 was successfully purified from E. coli BL21(DE3)[pET14b/TcHsp70] cleared lysate by batch Ni
affinity chromatography using a combination of denaturing and native purification procedures. 
Lane 1 - Broad range SDS-PAGE molecular mass markers (sizes shown in kDa); Lane 2 - uninduced E. coli 
BL21(DE3)[pET14b/TcHsp70] whole cell extract; Lane 3 - induced E. coli BL21(DE3)[pET14b/TcHsp70] whole 
cell extract; Lane 4 - induced E. coli BL21(DE3)[pET14b/TcHsp70] cleared lysate; Lane 5 - flow through; Lanes 6 
and 7 - denaturing washes; Lanes 8 and 9 - native washes with Native Lysis Buffer; Lanes 10 and 11 - native 
washes with Native Wash Buffer 1; Lanes 12, 13 and 14 - elutions 1, 2 and 3 respectively; Lane 15 - Ni-affinity 
sepharose beads. 

The reSIn was saturated with His-TcHsp70, as indicated by the levels of unbound His

TcHsp70 in the flow through fraction (Figure 3.3 Lane 5). A portion of His-TcHsp70 was still 

bound to the resin after competitive elution in the, presence of 1 M imidazole, potentially due 

-t<;? non-specific associations arising due to misfolded protein (Figure 3.3 Lane 15). Sufficient 

" concentrations of His-TcHsp70 for biochemical assays were purified by this method (typical 

concentration range of 300 J..lg/ mL to 500 J..lg/ mL). 

Native Ni-affinity purification of His-TcHsp70 was attempted, but the procedure was not 

efficient for the purification of His-TcHsp70 (data not shown) as only low concentrations of 

. His-TcHsp70 were purified (data not shown). The low yields were attributed to lack of 

binding to the Ni-charged resin, possibly due to the masking of the 6xHis tag during the 

folding of His-TcHsp70 to its tertiary structure. This would explain why the 6xHis-tag was 

detectable on a denaturing SDS-PAGE and Western analysis, but non-functional under the 

native purification conditions. This proposal was supported by the elution of some His

TcHsp70 during the native washes (Figure 3.3 Lanes 8 to 11). As the resin was washed with 

native buffer and the urea removed, His-TcHsp70 could potentially begin to refold to its 

correct conformation, potentially masking the 6xHis-tag, and releasing the protein from the 

resIn. 
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3.3.2 Over-Production and Purification of Tcjl-His 
• 

Tcjl-His is a Type ill J protein, according to the classification of Cheetham and Caplan 

(1998), containing only the J domain in common with E. coli DnaJ. It is the smallest Hsp40 

(~34kDa) identified and may fulfil a role novel to the parasitic system. Tcj I-His was encoded 

on the plasmid pET23b/Tcjl. The confirmation of this construct by restriction enzyme 

analysis is shown in Figure 3.4. 
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Figure 3.4: Confirmation of the Identity of the pET23bffcjl Plasmid 

Tcjl insert 

(A) Plasmid map of pET23b/Tcj 1 showing diagnostic restriction sites. The Tcj 1 coding sequence is shown in 
pink and the ampicillin resistance coding region is shown in black. 
(B) Confirmation of the identity of the pET23blTcj 1 plasmid by restriction digests. Lane 1 - PstI digest of 
Lambda DNA (sizes shown in bp); Lane 2 - Uncut pET23blTcjl; Lane 3 - pET23blTcjllinearised (4561bp) by 
digestion with XhoI; Lane 4 - pET23blTcj 1 linearised (4561 bp) by digestion with EcoRI; Lane 5 - XhoI / EcoRI 
double digest of pET23blTcjl releasing the Tcj2 insert (930bp) and the vector fragment (3631bp); Lane 6 -
BamHl digest, yielding 2 fragments of 4277bp and 284bp (not visible). 

The Tcjl coding sequence was inserted in frame with a C-terminal 6xHis-tag into the EcoRI 

and XhoI sites of pET23b. Restriction digests with each of these enzymes linearises 

pET23b/Tcjl (4561bp) (Figure 3.4 Lanes 3 and 4), while a EcoRI / XhoI digest releases the 

Tcjl coding region (930bp) and the pET23b vector fragment (3631bp) (Figure 3.4 Lane 5). 

The plasmid was digested with Bamill to yield two fragments (284bp and 4277bp) (Figure 

3.4 Lane 5). 
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The production of Tcjl-His in E. coli BL21(DE3)(pLysS)[ pET23b/Tcjl] was monitored 
t 

over time, as described for His-TcHsp70. The whole cell extract samples were analysed by 

SDS-PAGE and Coomassie staining [Figure 3.5(A)] and the presence of the 6xHis-tag 

detected by Western analysis [Figure 3.5(B)] . 
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Figure 3.5: Over-production of Tcjl-His in E.coli BL21(DE3)(pLysS)[pET23bffcjl] 

(A) SDS-PAGE analysis of production of Tcjl-His in E. coli BL21(DE3)(pLysS)[pET23b/Tcj1]. Lane 1 -
broad range SDS-PAGE molecular weight markers (sizes shown in kDa); Lane 2 - induced E. coli 
BL21(DE3)(pLysS)[pET23b/Tcjl] whole cell extract; Lanes 3 to 7 respectively - E. coli 
BL21 (DE3)(pLysS) [pET23b/Tcj 1] whole cell extract samples taken 1, 2, 3, 4, and 5 hours after induction by 
the addition of ImM IPTG. Overproduction of Tcj I-His (-34kDa) is indicated (arrow). 
(B) Detection of 6xHis tag on Tcjl-His by Western analysis and chemiluminesence-based immunodetection. 
Lane 1 - Uniduced E. coli BL21 (DE3) (pLysS) [pET23b/Tcj 1] whole cell extract; Lanes 2 to 6 respectively
E. coli BL21(DE3)(pLysS)[pET23b/Tcj 1] whole cell extract samples taken 1, 2, 3, 4, and 5 hours after 
induction by addition of ImM IPTG;Lane 7 - E.coli BL21(DE3) whole cell extract (negative control) Lane 
8 - His-mSTIl (positIve control; 63kDa) . 

. Tcjl-His (subunit molecular mass of -34kDa) was produced at high levels, even in E. coli 

BL21(DE3)(pLysS), a host cell which traditionally lowers expression levels. The basal levels 

of expression are so high, that there is little difference between the levels of Tcj I-His in the 

induced and uninduced whole cell extracts (Figure 3.5 [A] Lanes 2-7). The 6xHis tag on Tcjl

His was not detectable using this particular anti-6xHis antibody (Figure 3.5[B]). A similar 

situation was observed with Tcj3-His (described Section 3.3.4), suggesting that this could be a 

characteristic of the C-terminal 6xHis-tags. It could be possible in this case that the C

terminal 6xHis-tags were forming an alternative conformation that was masked such that they 

were not recognised by the anti-His antibody. Lack of detection of the 6xHis-tag could also be 

due to cleavage or loss of the tag after protein production. 
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The E. coli BL21 (DE3)(pLysS) [Tcj I-His] cleared lysate was prepared and bound to the Ni-
• 

charged resin in the presence of 8 M urea (denaturing conditions). The resin was washed with 

denaturing buffer and then with native buffers, prior to elution under native conditions. The 

Ni-affinity column was saturated (Figure 3.6 Lane 5) and a portion of Tcjl-His was still 

bound to the resin after elutions (Figure 3.6 Lane 15). Tcj I-His was efficiently purified by 

denaturing/native Ni-affinity chromatography and the successful purification of Tcj I-His by 

Ni-affinity chromatography indicated that the 6xHis-tag had not been cleaved. The 

concentrations of the elutions were typically 500J-lg/mL (Figure 3.6 Lanes 12-14). 
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Figure 3.6: Purification of Tcjl-His by Nickel Affinity Chromatography 
". 

Tc;jl-His was successfully purified from E. coli BL21(DE3)(pLysS)[pET23b/Tcjl] cleared lysate by batch nickel 
affi.mty chromatography using a combination of denaturing and native purification procedures. 

"-- ~_~ Lane 1 - Broad range SDS-PAGE molecular mass markers (sizes shown in kDa); Lane 2 - uninduced E. coli 
BL21(DE3)(pLysS)[pET23b/Tcjl] whole cell extract; Lane 3 - induced E. coli BL21(DE3)(pLysS)[pET23b/Tcjl] 
whole cell extract; Lane 4 - induced E. coli BL21(DE3)(pLysS)[pET23b/Tcj1] cleared lysate; Lane 5 - flow through; 
Lanes 6 and 7 - denaturing washes; Lanes 8 and 9 - native washes with Native Lysis Buffer; Lanes 10 and 11 - native 
washes with Native Wash Buffer 1; Lanes 12, 13 and 14 - elutions 1, 2 and 3 respectively; Lane 15 - Ni-affinity 
sepharose beads . 

The denaturing/native combination Ni-affinity purification procedure was chosen for the 

purification of Tcjl-His as it was determined to be insoluble under native conditions (data not 

shown). This insolubility could have resulted from the extremely high concentrations of the 

protein produced. Native purification of Tcj I-His was not successful, as insoluble protein was 

detected even after the alteration of growth conditions, such as lower temperatures, or 

different induction parameters (data not shown). 
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3.3.3 Over-Production and Purification ofHis-T~j2 

Tcj2 is a Type I J protein, containing all three motifs in common with E.coli DnaJ, with a 

deviation from the consensus sequence in the final cysteine repeat region. Type I Hsp40s are 

generally the most likely co-chaperone for Hsp70s. In addition, Tcj2 is the only one of the 

four trypanosomal HsP40s shown to be inducible by heat shock in T cruzi (26°C to 37°C), 

which suggests it may be the partner protein for the inducible TcHsp70. 

The pET28a1Tcj2 plasmid encodes the Tcj2 coding sequence fused to an N-terminal 6xHis

tag. The identity of the plasmid was confirmed by restriction analysis prior to protein studies 

(Figure 3.7). The pET28a1Tcj2 plasmid was linearised by digestion with PvuI, XhoI and NdeI 

(6495bp) (Figure 3.7 Lanes 3, 4 and 5). The Tcj2 coding sequence (1207bp) was released by 

digestion of pET28a1Tcj2 with the enzymes used for construction of the plasmid, XhoI and 

NdeI (Figure 3.7 Lane 6). 

Xho1158! B A 
bp 1 2 3 4 5 6 

Tcj2 insert 

Figure 3.7: Confirmation of the Identity of the pET2Saff cj2 Plasmid 

(A) Plasmid map ofpET28a/Tcj2 showing diagnostic restriction sites. The Tcj2 coding sequence is shown in red 
and the kanamycin resistance coding sequence is shown in dark grey. 
(B) Confirmation of identity of pET28a1Tcj2 plasmid by restriction digests. Lane 1 - PstI digest of Lambda 
DNA (sizes shown in bp); Lane 2 - Uncut pET28a/Tcj2; Lane 3 - PvuI digest (6495bp); Lane 2 - pET28a/Tcj2 
linearised by digestion with XhoI (6495bp); Lane 5 - pET28a/Tcj2 linearised by digestion with NdeI (6495bp); 
Lane 6 -XhoIfNdeI digest ofpET28a1Tcj2 releasing the Tcj2 insert (1207bp) and vector fragment (5288bp). 

The production of His-Tcj2 in E. coli BL21(DE3)[PET28b/Tcj2] at hourly intervals was 

monitored. Whole cell extract samples were prepared and analysed by SDS-PAGE and 

Coomassie staining. The presence of the 6xHis tag was confmned by Western analysis 

(Figure 3.8 [A] and [BD. 
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Figure 3.8: Over-production of His-Tcj2 in E.coli BL21(DE3)[pET28a/Tcj2] 

(A) SDS-PAGE analysis of production of His-Tcj2 in E.coli BL21(DE3)[pET28aJTcj2]. Lane 1 - broad 
range SDS-PAGE molecular mass markers (sizes shown in kDa); Lane 2 - uninduced E.coli 
BL21(DE3)[pET28aJTcj2] whole cell extract; Lanes 3 to 8 respectively - E.coli BL21(DE3)[pET28aJTcj2] 
whole cell extract samples taken 1, 2, 3, 4, 5 and 20 hours after induction by the addition of 1mM IPTG. 
Over-production of His-Tcj2 (-45kDa) is indicated (aIT9w). 
(B) Detection of 6xHis tag on His-Tcj2 by Western analysis and chemiluminesence-based immunodetection. 
Lane 1 - Uniduced E.coli BL21(DE3)[pET28aJTcj2] whole cell extract; Lanes 2 to 7 respectively - E.coli 
BL21(DE3)[pET28aJTcj2] whole cell extract samples taken 1, 2, 3, 4, 5 and 20 hours after induction by 
addition of 1mM IPTG;Lane 8 - E.coli BL21(DE3) whole cell extract (negative control) Lane 9 - His
mSTIl (positive control; 63kDa). 

His-Tcj2 was produced as indicated by the increase in a protein band equivalent to the subunit 

. molecular mass of -45kDa [Figure 3.8 (A)]. The levels of production of His-Tcj2 were 

significantly lower than those of His-TcHsp70 and Tcj1-His. There was no detectable basal 

expression of His-Tcj2, as indicated by the SDS-PAGE and Western analysis (Figure 3.8 [A] 

Lane 2 and Figure 3.8 [B] Lane 1). The production of His-Tcj2 only occurs post induction and 

continues for 20 hours without any apparent degradation or decrease in the 6xHis-tagged 

species (Figure 3.8 [A] Lane 8 and Figure 3.8 [B] Lane 7). The levels of His-Tcj2 are greatest 

after induction for 20 hours, indicating that the protein was sufficiently stable to accumulate 

within the cells that had reached stationary phase. 

61 



The preparation of E. coli BL21(DE3)[pET28bfTcj2] cleared lysate, binding to the Ni-
t 

charged resin, washing steps and elutions were all conducted under native conditions (Figure 

3.9). The resin was saturated as indicated by the presence of free His-Tcj2 in the flow through 

(Figure 3.9 Lane 5). His-Tcj2 was successfully purified during native Ni-affinity purification. 

His-Tcj2 was found to be soluble and successfully purified by native Ni-affinity 

chromatography. The concentrations of the His-Tcj2 elutions were typically in the region of 

200 J.1g/mL (Figure 3.9 Lanes 12-14). 

kDa 1 2 3 4 567 8 9 10 11 12 13 14 

...... His-Tcj2 

Figure 3.9: Purification of His-Tcj2 by Nickel Affinity Chromatography 

His-Tcj2 was successfully purified from E.coli BL21 (DE3) [pET28aJTcj2] using column native nickel affinity 
chromatography 
Lane 1 - Broad range SDS-PAGE molecular mass markers (sizes shown in kDa); Lane 2 - uninduced E.coli 
~L21(DE3)[pET28aJTcj2] whole cell extract; Lane 3 - induced E.coli BL21(DE3)[pET28aJTcj2] whole cell extract; 
Lane 4 - E.coli BL21(DE3)[pET28aJTcj2] cleared lysate; Lane 5 - flow through; Lanes 6 and 7 - native washes with 
Native Wash Buffer 1; Lanes 10 and 11 - native washes with Native Wash Buffer 2; Lanes 12, 13 and 14 - elutions 1, 
2 and 3 respectively 

4.3.4 Over-Production and Purification of Tcj3-His 

. Tcj3 is a Type I J protein, containing the J domain, OIF region and consensus cysteine repeat 

region in common with DnaJ (Cheetham and Caplan, 1998). The fact that it is a Type I 

protein, makes it a potential partner for TcHsp70, although it is not induced by heat shock in 

T. cruzi. Tcj3-His was expressed from the pET23b/Tcj3 plasmid as a C-terminal 6xHis-fusion 

protein. The pET23b/Tcj3 construct was confirmed by restriction digest analysis prior to 

protein studies (Figure 4.10). The pET23b/Tcj3 plasmid was linearised by single digests with 

XhoI and EcoR! (4810bp) (Figure 3.10 Lanes 4 and 5) and the coding region for Tcj3 released 

by a digest with both these enzymes (1179bp and vector fragment 3631bp) (Figure 3.10 Lane 

6). The plasmid was digested by Pst!, yielding two fragments (1665bp and 3145bp) (Figure 

3.10 Lane 3). 
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Figure 3.10: Confirmation of the Identity of the pET23bffcj3 Plasmid 

Tcj3 insert 

(A) Plasmid map of pET23bffcj3 showing diagnostic restriction sites. The Tcj3 coding sequence is shown in blue 
and the ampicillin resistance coding sequence is shown in black. 
(B) Confirmation of the identity of the pET23blTcj3 plasmid by restriction digests. Lane 1 - PstI digest of Lambda 
DNA (sizes shown in bp); Lane 2 - Uncut pET23b/Tcj3; Lane 3 - PstI digest yielding fragments of 3145bp and 
1665bp; Lane 4 - pET23b/Tcj3 linearised by digestion with XhoI (4810bp); Lane 5 - pET23b/Tcj3 linearised by 
digestion with EcoRI (4810bp); Lane 6 - EcoRIlXhoI digest ofpET23blTcj3 releasing the Tcj3 insert (1179bp) 
and the vector fragment (3631 bp) 

The over-production of Tcj3-His was monitored in E. coli BL21(DE3)[PET23b/Tcj3], with 

hourly samples after induction being analysed by SDS-PAGE and Coomassie staining. Tcj3-

His was produced at levels similar to His-Tcj2 [Figure 3.11(A)]. A protein band 

---~ .corresponding to the subunit molecular weight of Tcj3-His (----45kDa) appeared to accumulate 

after 20 hours (Figure 3.11 [A] Lane 8). The 6xHis-tag on Tcj3-His was not detectable by 

Western analysis, using this particular anti-His antibody. This was interesting, as Tcj3-His 
.4. 

carries a C-terminal 6,xHis-tag, similar to Tcj1-His, which was also undetectable. The lack of 

detection of both of the C-terminal tag 6xHis-fusion proteins seems to support the proposal 

·that these tags are not recognised by the antibody. It is possible that the 6xHis-tag in these 

cases are attaining alternate conformations or being hidden, which make them undetectable by 

the anti-His antibody. Tcj3-His could not be purified by either native, denaturing or 

denaturing/native combination Ni-affmity chromatography (data not shown). This suggests 

that the 6xHis-tag on Tcj3-His is either non-functional or being cleaved. Alternatively, there 

could be inefficient translation of the protein in E. coli, leading to a truncated protein and thus 

no 6xHis-tag. This would explain the lack of detection and purification of Tcj3-His. 
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Figure 3.11: Over-production of Tcj3-His in E.coli BL21(DE3)(pLysS)[pET23b/Tcj3] 

(A) SDS-PAGE analysis of production of Tcj3-His E.coli BL21(DE3)(pLysS)[pET23b/Tcj3]. Lane 1 - broad range 
SDS molecular mass markers (sizes shown in kDa); Lane 2 - uninduced E.coli BL21(DE3)(pLysS)[pET23b/Tcj3] 
whole cell extract; Lanes 3 to 8 respectively - E.coli BL21(DE3)(pLysS)[pET23b/Tcj3] whole cell extract samples 
taken 1,2, 3, 4, 5 and 20 hours after induction by the addition of hnM IPTG. Over-production of Tcj3-His (-45kDa) 
is indicated (arrow). 
(B) Detection of 6xHis tag on His-Tcj2 by Western analysis and chemiluminesence-based immunodetection. Lane 1-
uninduced E.coli BL21(DE3)(pLysS)[pET23b/Tcj3] whole F cell extract; Lanes 2 to 7 respectively - E.coli 
BL.21(DE3)(pLysS)[pET23b/Tcj3] whole cell extract samples taken 1, 2, 3, 4, 5 and 20 hours after induction by 
addition of hnM IPTG; Lane 8 - E.coli BL21(DE3) whole cell extract (negative control) Lane 9 - His-mSTIl 

'. ~.Jpositive control; 63kDa) . 

3.3.5 Over-Production and Purification of His-Tcj4 

-_ Tcj4, also a Type I J protein, is also a potential partner for TcHsp70. It has a deviation from 

the consensus sequence, different from that observed in Tcj2, in its final cysteine repeat 

suggesting a deviation in the structure of its substrate binding site from that of known 

structure. This does not mean that it may not interact with TcHsp70, but suggests that its 

substrates may be significantly different to those bound by Tcj2 and Tcj3. Tcj4 is not 

inducible by heat shock in T. cruzi. 
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His-Tcj4 was over-expressed from pET28a/Tcj4 as ~ N-terminal fusion protein in E. coli 

BL21 (DE3)(PLysS). Restriction analysis was performed prior to the protein analysis, to 

confIrm the identity of the pET28a/Tcj4 construct (Figure 3.12). pET28a/Tcj4 was linearised 

by single digests with XhoI, NdeI and BamHI (Figure 3.12 Lanes 3, 4 and 6). A restriction 

digest with the restriction enzymes used for inserting the coding sequence for Tcj4, XhoI and 

NdeI, liberated the ins~rt fragment (1344bp) from the vector fragment (5289bp) (Figure 3.12 

Lane 5). In addition, the construct was digested with KpnI that cuts within the Tcj4 coding 

region, producing two fragments of 433bp and 6200bp (Figure 3.12 Lane 7). 
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Xhol1581 

/~'" 
./ 6kb 

/ 1kb 
I pET28afTcj4 

6.633kb 

Kpn113221 

'" Ndel 15021 

89111 1665{ 

B 

bp 1 2 3 4 5 6 7 

-"-'-,Figure 3.12: Confirmation of the Identity of the pET2Saffcj4 Plasmid 

Tcj4 

(A) Plasmid map of pET28a/Tcj4 showing diagnostic restriction sites. The Tcj4 coding sequence is shown in green 
and the kanamycin resistance coding sequence is shown in dark grey. 
(B) Confirmation of identity of pET28a!Tcj4 plasmid by restriction digests. Lane 1 - PstI digest of Lambda DNA; 
Lane 2 - Uncut pET28a/Tcj4; Lane 3 - pET28a/Tcj4 linearised by digestion with XhoI (6633bp); Lane 4 -
pET28a/Tcj4 linearised by digestion with NdeI (6633bp); Lane 5 - XhoI / NdeI double digest of pET28a/Tcj4 
releasing the Tcj4 insert (1344bp) and vector fragment (5289bp); Lane 6 - BamHI digest (6633bp); Lane 7 - KpnI 
digest (6633bp). 

The production of His-Tcj4 in E. coli BL21(DE3)(PLysS)[PET28a/Tcj4] was monitored at 

hourly intervals. The SDS-PAGE analysis of the timed induction profile ofHis-Tcj4 indicated 

no obvious increase in a band that would correspond to the subunit molecular mass of His

Tcj4 (~49kDa). Only a faint signal was detected by Western analysis, from approximately 3 

hours after induction (data not shown). Denaturing/native combination Ni-affinity purification 

was chosen to attempt to purify His-Tcj4, as previous work had indicated it to be insoluble 

(data not shown). 
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Figure 3.13: Unsuccessful Purification of His-Tcj4 by Nickel Affinity Chromatography 
His-Tcj4 was not successfully purified from E. coli BL21(DE3)(pLysS)[pET28aJTcj4] by a combination of native 
and denaturing batch Ni-affinity chromatography.(A) SDS-PAGE analysis of purification samples of His-Tcj4 and 
(B) corresponding Western analysis and chemiluminescence-based immunodetection. For both (A) and (B) Lane 1 
- Broad range SDS-P AGE molecular mass markers (sizes shown in kDa); Lane 2 - induced E. coli 
BL21(DE3)(pLysS)[pET28aJTcj4] whole cell extract; Lane 3 - E. coli BL21(DE3)(pLysS)[pET28aJTcj4] cleared 
lysate; Lane 4 - flow through; Lane 5 - denaturing wash with Denaturing Lysis Buffer; Lanes 6 and 7 - native 
washes with Native Wash Buffer 1; Lane 8 and 9 - elutions 1 and 2 respectively. Arrows indicate the appearance 
of aggregates and/or degradation products containing His-Tcj4 observed on both SDS - PAGE and Western 
analysis. 

Tbe Western analysis [Figure 3.13(B)] revealed the presence of aggregation and/or 

. degradation products of His-Tcj4 in all of the fractions collected during the purification. The 

initial induced E. coli BL21(DE3)(pLysS)[pET28aJTcj4] culture displayed a small proportion 

of aggregates and/or potential degradation products (Figure 3.13 Lane 2). The actual 

purification appeared . to promote aggregation and degradation, as the amount of aggregates 

and degradation products increased when cleared cell lysate was prepared (Figure 3.13 Lanes 

2 and 3). A large proportion of His-Tcj4 did not bind the Ni-charged resin and can be 

observed in the flow through (Figure 3.13 Lane 4) and wash fractions (Figure 3.13 Lanes 5 to 

7). The small amount of His-Tcj4 that did bind to the resin also appeared to be aggregated or 

degraded (Figure 3.13 Lanes 8 and 9). It was possible that the environment of E.coli was less 

than ideal for the over-production of His-Tcj4, which could have lead to aggregation and/or 

subsequent degradation within the cell. Purification would have therefore promoted a process 

that had already begun in the cell. The production of His-Tcj4 could have been too high to 

allow the protein to fold to a stable structure. A possible solution, would be to attempt the 

production and purification of His-Tcj4 in E.coli BL21(DE3) containing pLysE, a plasmid 

that is better at promoting the stable production of especially toxic proteins in E.coli. 
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3.3.6 Specificity of Interaction of Antibody to C-terminal Peptide Sequence of Tcj2 
• 

Of all the composite analyses performed, Tcj2 was chosen as the candidate for peptide

directed antibody synthesis. Serum extracted from the host rabbit after immunisation was 

used to confirm the ability of the antibody raised to . that peptide to recognise Tcj2 (Figure 

3.14). 
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Figure 3.14: Specific Detection of Tcj2 using antibody designed to a C-terminal peptide in Tcj2 

(A) Testing of the antibody designed to a C-terminal peptide of Tcj2 using Western analysis and chemiluminescence-based 
immunodetection. The left panel shows the SDS-PAGE. Western analysis and chemiluminescence-based immunodetection 
was performed using the anti-6xHis antibody (middle panel) and the antibody to the C-terminal peptide in Tcj2 (right panel) 
In all figures : Mr - molecular mass markers (sizes in kDa shown); Lane 1 - E.coli BL21(DE3) whole cell extract (negative 
control ); Lane 2 - E.coli BL21(DE3)[pET28aJTcj2] whole cell extract; Lane 3 -E.coli BL21(DE3)[pET14aJTcHsp70] 
whole cell extract (positive control for anti-6xHis antibody, negative control for anti-Tcj2 antibody). 
(B) SDS-PAGE (left panel) and corresponding Western analysis (right panel), showing the detection of His-Tcj2 protein, 
and not the other Tcj proteins, by chemiluminescence-based immunodetection using the antibody to a C-terminal peptide 
within Tcj2. In all figures: Mr - molecular mass markers (sizes shown in kDa); Lane 1 - E.coli 
BL21(DE3)(pLysS)[pET23b/Tcjl] whole cell extract; Lane 2 - E.coli BL21 (DE3) [pET28aJTcj2] whole cell extract; Lane 3 
- E.coli BL21(DE3)[pET23b/Tcj3] whole cell extract; Lane 4 - E.coli BL21(DE3)(pLysS)[pET28aJTcj4] whole cell 
extract. 
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As observed in Figure 3.6, the antibody directed to the specific peptide in the C terminus of 
• 

Tcj2 was capable of recognising His-Tcj2 in a Western analysis. Cell extract of induced 

transformed E. coli BL21(DE3) cultures producing Tcj1-His, His-Tcj2, Tcj3-His, His-Tcj4 

and His-TcHsp70 were used in the analysis. The peptide-directed antibody was tested to 

determine its ability to recognise Tcj2 using Western analysis and chemiluminescence-based 

immunodetection (Figure 3.14 [A]). The presence of the 6xHis-tagged trypanosomal Hsps 

was simultaneously confirmed by western blotting with anti-6xHis antibody. The Tcj2 

peptide-directed antibody is specifically able to recognise His-Tcj2 and not His-TcHsp70 

(Figure 3.14[A]). In addition, the specificity of the peptide-directed antibody to Tcj2 was 

tested using whole cell extracts of cultures producing each of the Tcj proteins (Figure 3.14 

[B]). The antibody specifically detected Tcj2 (Figure 3.14[B] Lane 2) and not the other 

trypanosomal Hsp40s (Figure 3.14 [B] Lanes 1,3 and 4). This antibody was employed during 

the functional analysis of the chaperone abilities of TcHsp70 and the ability of Tcj2 to act as a 

co-chaperone (Chapter 4). 

3.3.7 Spectrofluorimetric Analysis of Successfully Purified Trypanosomal Hsps 

Successfully purified trypanosomal Hsps (His-TcHsp70, Tcj1-His and His-Tcj2) were 

analysed to assess the degree of aggregation, especially in the case of proteins purified by 

denaturing/native combination Ni-affinity purification. The proteins were analysed for the 

presence of small, soluble aggregates and large aggregates by spectrofluorimetry. The protein 

samples were excited at specific wavelengths (350 nm for small soluble aggregates and 500 

nm for large aggregates) and their emission recorded over a wavelength range of 300 nm to 

600 nm. The presence of small, soluble aggregates is indicated by a large emission at 350 nm, 

when the sample is excited at that wavelength. Similarly, for large aggregates, a large 

emission is noted at 500 nm after excitation of the sample at that wavelength. Figure 3.15 

shows the spectrofluorimetric analysis of the purified proteins, including a control containing 

aggregated protein (heat denatured BSA) and a control relatively free of aggregated protein 

(native BSA). 
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(A) 350nm (B) 500nm 

Figure 3.15: Spectrofluorometric Analysis of Purified His-TcHsp70, Tcjl-His and His-Tcj2 

All purified protein preparations were diluted I in 100 and excited at 360nm (A) to detect soluble aggregates and at 
500nm (B) to detect large aggregates, and their emission from 300nm to 600nm measured. Equivalent amounts of protein 
were used in all reactions. The y-axis indicates the emission in arbitrary units and the x-axis indicates the wavelength of 
emission (range 300-600nrn) A and F - thermally denatured BSA (aggregation control); Band G - Native BSA (native 
control); C and H - His-TcHsp70; D and I - Tcj I-His; E and J - His-Tcj2. 
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The large peaks in Figure 3.15 (A) and (F) detail the absorbance of the denatured BSA when 
• 

it was excited at 350 run and 500 nm respectively. These peaks indicated the presence of both 

small soluble and large aggregates representative of a protein that had lost its native 

conformation through thermal denaturation. By contrast, the peaks at 360 nm and 500 nm 

observed for the native BSA sample [Figure 4.16 (B) and (G)] were distinctly smaller, by 

comparison with the denatured sample. The corresponding spectra after excitation at 360 nm 

and 500 nm for His-TcHsp70 [(C) and (H)], Tcj1-His [(D) and (I)] and His-Tcj2 [(E) and (1)] 

resemble that of the non-denatured control that should be relatively free of aggregates. This 

suggested that purified His-TcHsp70, Tcj1-His and His-Tcj2 were largely in their native 

conformations, not aggregated, and thus could be used in functional biochemical assays. 

3.4 CONCLUSION 

His-TcHsp70, Tcj1-His and His-Tcj2 were successfully purified uSIng Ni-affinity 

chromatography. Attempts to purify Tcj3-His and His-Tcj4 were unsuccessful. The 

successfully purified 6xHis-tagged Hsps were determined to be predominantly in their native 

state and were used in the functional analyses. 
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CHAPTER 4 

IN VITRO AND IN VIVO ANALYSIS OF CHAPERONE 

ACTIVITY OF TRYPANOSOMAL HEAT SHOCK PROTEINS 
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4.1 INTRODUCTION 

4.1.1 In Vitro Characterisation of Molecular Chaperone Activity of Hsp70s 

Molecular chaperone was a term coined to describe proteins capable of interacting with and 
, 

stabilizing non-native, alternative or nascent protein structures and, through a controlled 

mechanism or activity, facilitating their release to attain a functional conformation (Hendrick 

and Hartl, 1993). Molecular chaperones rarely act alone, often aided by so-called co

chaperones, which regulate a particular characteristic of partner proteins to fulfil the 

requirements for chaperone-assisted protein folding. While not all Hsps are molecular 

chaperones, the Hsp70IHsp40 cycle of assisted-protein folding has all these elements. The 

process of substrate binding and release is limited by the ATPase activity of the Hsp70, which 

is stimulated by the presence of its partner Hsp40. Thus, the molecular chaperone activity of a 

specific Hsp70 can be characterised in vitro by determining its ATPase activity, its ability to 

bind non-native protein substrates and its interaction with potential co-chaperones (Freeman 

et aI., 1998). 

The stable binding of a non-native protein to Hsp70 is dependent on ATP hydrolysis, while 
" 

the release of the protein requires nucleotide exchange. In essence, the efficiency of substrate 

binding/release and, thus assisted - protein folding, is dependant on the rate at which the 

'Hsp70 hydrolyses ATP and exchanges nucleotides. ATP hydrolysis and nucleotide exchange 

(ATPase activity) is therefore an intrinsic quality of Hsp70 molecular chaperones and can be 

used to characterise the chaperoning ability of a particular Hsp70. Typically, Hsp70 display a 

low basal ATPase activity, due to a low intrinsic ATP hydrolysis rate. Hsp40 co-chaperones 

stirriulate the ATP hydrolysis rate of Hsp70 during times of assisted - protein folding (Table 

4.1). The hydrolysis of ATP is often the rate-limiting step of the Hsp70IHsp40 chaperone 

assisted protein folding cycle. In times of stress, the ATPase activity can be upregulated by 

the presence of Hsp40 such that Hsp70IHsp40 assisted protein folding can proceed to 

counteract the stressful conditions. Therefore, when assessing the chaperone ability of a 

specific Hsp70, analysis of ATP hydrolysis by that protein is an essential element. 

By definition, molecular chaperones need to interact with and bind non-native protein 

substrates. This essential function of molecular chaperones can be analysed by 

binding/complex formation studies or by protein unfolding/refolding assays. In the case of 
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unfolding/refolding assays, the renaturation of a d~natured protein substrate, such as citrate 

synthase or luciferase, due to the presence of a molecular chaperone can be monitored using 

light scattering or activity assays (Minami et aI., 1996). The ability of chaperones to recognise 

and bind to non-native substrates, such as reduced carboxymethylated a-lactalbumin 

(RCMLA) (Freeman et aI., 1998), to form complexes can be analysed by gel filtration high 
, 

performance liquid chromatography (HPLC) or native gel electrophoresis. While the ability of 

an Hsp70 to promote refolding of a chemically unfolded protein is a definite sign of molecular 

chaperone activity, the binding of a non-native substrate is also a fundamental quality of a 

chaperone. 

4.1~2 In Vivo Characterisation of Molecular Chaperone Activity of Hsp70s 

The ability to genetically modify certain organisms has provided an in vivo approach to 

assessing molecular chaperone activity. In this case, the protein of interest can be introduced 

into a bacterial or yeast strain that is deficient in a gene encoding certain chaperone (Deloche 

et aI., 1997; Johnson and Craig, 2001). This chaperone-deficient strain will often display 

alternative phenotypes, such as temperature sensitivity, which can be used to monitor the 

ability of the chosen protein to functionally replace the chaperone deficiency. This approach .,. 

to chaperone analysis gives an overall assessment, including all of the characterisitics 
--

assessed in vitro. However, the analysis is an overall one and does not allow for dissection of 

individual parameters. This approach is advantageous in the respect that it provides 

information into not only the ability of the chosen protein to act as a chaperone in vivo, but 

~ also indicates which well characterised chaperone it is most similar to and thus what types of 

other proteins it has potential to interact with (Deloche et aI., 1997; Johnson and Craig,2001). 

We aimed to attempt the characterisation of His-TcHsp70 as a potential molecular chaperone 

in terms of its in vitro basal ATPase activity and ability to recognise and bind non-native 

substrates. The ability of either Tcj1-His and His-Tcj2 to stimulate the ATPase activity of 

His-TcHsp70 and to influence substrate binding was investigated. The ability of Tcj2 and 

Tcj3 to act as functional equivalents of the yeast Hsp40s, Y dj 1 and Sis1 was investigated 

using in vivo yeast complementation systems. 
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4.2 EXPERIMENTAL PROCEDURES 

4.2.1 Reagents and Chemicals 

All reagents used in functional analyses are detailed in Appendices (Section 6.1). 

4.2.2 In Vitro Analysis of Chaperone Activity of Trypanosomal Hsps 

4.2.2.2 Protein Preparations used in Biochemical Assays 

All trypanosomal heat shock proteins used in biochemical assays (His-TcHsp70, Tcj I-His and 

His-Tcj2) were produced recombinantly in E.coli and purified by Ni-affinity chromatography. 

All protein preparations used were at least 80% pure, analysed for aggregation and found to 

be soluble (Chapter 3). 

4.2.2.3 Determination of Basal ATPase Activity of His-TcHsp70 

ATPase hydrolysis by His-TcHsp70 was measured using a colorimetric assay to detect the 
". 

release of inorganic phosphate during the reaction. His-TcHsp70 (0.4 f..lM) was equilibrated at 

37-oC in ATPase buffer (10 mM Hepes, pH 7.4; 10 mM MgCh; 20 mM KCl; 0.5 mM DTT) 

before the addition of ATP (600 f..lM) to start the reaction. Samples (50 f..lL) were removed at 

regular time intervals and added to an equal volume (50 f..lL) of 10% SDS in a 96 well 

:. microtitre plate. A standard curve (Appendix 6.1; Figure 6.2) of phosphate concentrations 

ranging from 20 nmol to 200 nmol was prepared using potassium hydrogen phosphate (stock 

solution 1 mM). Colorimetric detection of phosphate in samples and standard solutions was 

achieved by addition of 1.25% ammonium molybdate in 6 M sulphuric acid (50 f..lL), followed 

by 9% ascorbic acid in triple distilled water (50 f..lL). The reactions were incubated at room 

temperature for 30 min with gentle agitation and the A660 measured. Using the data collected, 

initial velocities were determined and ATP hydrolysis calculated as Specific Activity 

(nanomoles of inorganic phosphate released per minute per milligram of His-TcHsp70). 
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4.2.2.4 Effect of RCMLA Substrate and tTcjs on Basal ATPase Activity of His

TcHsp70 

The effect of the potential co-chaperones (Tcj1-His and His-Tcj2) and a model Hsp70 

substrate (reduced carboxymethylated a-lactalbumin, RCMLA) on the basal ATPase activity 

of His-TcHsp70 was determined. ATPase assays were performed as described (Section 

4.2.2.3), with the addition of either Tcj I-His or His-Tcj2 at submolar (0.2 J.!M), equimolar 

(0.4 J.!M) and molar excess (0.8 J.!M) concentrations, or RCMLA (2 J.!M), or a combination of 

RCMLA and each of the Tcj proteins. 

4.2.2.5 Analysis of Substrate Binding and Complex Formation by Trypanosomal 

Hsps 

The binding of RCMLA by His-TcHsp70 in the presence and absence of either Tcj1-His or 

His-Tcj2 was analysed by continuous, native/non-denaturing polyacrylamide gel 

electrophoresis (PAGE), adapted from Freeman et. al. (1998). His-TcHsp70 (0.25 J.!g/J.!L) was 

incubated with RCMLA (0.25 J.!g/J.1L) at 37°C for 30 min in buffer B (20 mM HEPES, pH 

. 7.2; 5 mM MgCh; 100 mM NaCI). The same protocol was used to analyse the binding of 

R~MLA by His-TcHsp70 in the presence of Tcj1-His (0.125 J.1g/J.1L) or His-Tcj2 (0.125 

. ~""~' J.1g/J.1L) , and to detect the formation of complexes between His-TcHsp70, Tcj1-His and His

Tcj2. Control reactions containing only His-TcHsp70, RCMLA, Tcj1-His or His-Tcj2 were 

included. In all cases, native loading dye (5 J.1L) was added after the 30 min incubation and 

the whole reaction .loaded on to a 10% native polyacrylamide gel (pH 8.8) and 

electrophoresised in native bath buffer (pH 9.0) at 200 V for 45 min. 

Western analysis using chemiluminescence-based immunodetection was used to detect 6xHis

tagged (anti-6xHis antibody) and Tcj2 species (antibody to C-terminal peptide sequence of 

Tcj2). Western analysis using chemiluminescence-based immunodetection was performed as 

described (Section 3.2.2.4), with the modification that the pH of the transfer buffer was 

adjusted to 9.0. 
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4.2.3 In Vivo Analysis Of Chaperone Activity of Trypanosomal Hsps 

4.2.3.1 Construction of Tcj2-Encoding Constructs for Expression in 

Saccharomyces cerevisiae 

, 
The Tcj2 coding region was inserted downstream from the gal promoter into the low copy 

number URA3 plasmid pKG6 and the low copy number TRPI plasmid pKG4. The Tcj2 

coding sequence was Polymerase Chain Reaction (PCR) amplified from pET28aJTcj2 using 

the EXP ANDTM High Fidelity PCR System (Boehringer Mannheim, Germany). Primers were 

designed to incorporate a yeast Kozak sequence for protein expression and unique restriction 

sites for EcoRI and XhoI (forward primer 5'-GAATTCAAGATGGTTAAGGAGACTAAGTTT-3' and 

reverse primer 5'-CTCGAGCTACTGTTGCGTACAAGT-3'). DNA template (pET28aJTcj2, 100 

ng), forward and reverse primers (500 nM each) and deoxynucleotides (dNTPs, 200 f..lM each) 

were combined with 2.6 Units EXP ANDTM High Fidelity DNA-dependent DNA polymerase 

(Pwo/Taq enzyme mix) in EXPANDTM Buffer (20 mM Tris-HCI, pH 7.5, 100 mM KCI, 1 

mM DTT, 0.1 mM EDTA, 0.5% Tween 20 (v/v) , 0.5% Nonidet P40 (v/v), 50% glycerol, 1.5 

mM MgCh). The PCR cycling parameters were as follows: 94°C for 2 min; followed by 25 

cycles of 94°C for 2 min, 55°C for 1 min, 72°C for 2.5 min; and a final incubation of 72°C for 
;' 

10 min. An aliquot of the reaction was analysed by 0.8% agarose gel electrophoresis (AGE) 
-'--

and UV visualisation for the amplification of the Tcj2 coding sequence. The EXP ANDTM 

High Fidelity PCR system produces PCR products with 3' single deoxyadenosine overhangs, 

for easy cloning using the pGEM®-T Easy Vector System I (Promega, USA) for 

:. amplification in E. coli. 

The PCR product was purified from a 0.8% agarose gel using the Nucleospin® Extract 2 in 1 

Gel Purification Kit (Macherey-Nagel, Germany) according to the manufacturers 

specifications, with the modification that the PCR product bound to the column was eluted in 

sterile triple distilled water (30 f..lL). This PCR product was checked by 0.8% AGE and its 

concentration determined spectrophotometric ally (A26o) before inserting into the pGEM®-T 

Easy Vector System I (Promega, USA). Ligation reactions were set up as follows: pGEM®-T 

Easy vector (50 ng) and PCR product were combined in concentration ratios of 1: 1, 1:3 and 

1:6 with 2.5 f..lL of 2x rapid ligation buffer (60 mM Tris-CI, pH 7.8; 20 mM MgCh; 20 mM 

DTT; 1 mM ATP, 10% PEG) and 1 U T4 DNA ligase (Promega, USA) in a total volume of 5 

f..lL. Control reactions containing no vector, no PCR product and water alone were included. 
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Ligations were incubated at room temperature for :D hours and then overnight at 4°Co After 

incubation, 2.5 !J.L of the ligation was transformed (Section 3.2.2.2) into E. coli DH5a 

[geneotype supE44 ~laeU169 (<1>80 laeZ~M15) hsdR17 reeA1 endA1 gyrA96 thi-1 relA1], 

plated on to 5% (w/v) MacKonkey agar (10 gIL lactose) containing ampicillin (100 !J.g/mL) 

and incubated overnight at 37°C. Single white/pink transformant colonies were selected, 

inoculated into 2xYT broth (5 mL) containing ampicillin (lOO!J.g/mL) and grown overnight at 

37°C with shaking for small-scale plasmid isolation (Section 3.2.2.3). Correct clones were 

identified by digestion with EeoR! and XhoI, to release the Tcj2 coding sequence. A single 

correct pGEM®-T Easy/Tcj2 clone was selected and DNA for subcloning into pKG4 and 

pKG6 prepared using the High Pure Plasmid Isolation Kit (Roche, Germany), according to 

the manufacturer's specifications. The only modification was that plasmid DNA bound to the 

filter column was eluted in sterile triple distilled water (50 !J.L) instead of elution buffer. 

Restriction enzyme analysis and sequencing was used to verify the identity of the pGEM®-T 

Easy/Tcj2 construct and to confirm the integrity of the Tcj2 coding sequence. 

A bulk double digest of pGEM®-T Easy/Tcj2 with EeoRI and XhoI was performed and the 

Tcj2 insert gel purified (described in this section). pKG4 and pKG6 vectors were digested 

with EeoRI and XhoI and treated with shrimp alkaline phosphatase (Roche, Germany) to 

remove 5' phosphate groups and prevent self-ligation. Ligation reactions for insertion of the 

'~, Tcj2 coding sequence into both pKG4 and pKG6 were set up. The EeoRIIXhoI Tcj2 fragment 

was combined with EeoRIIXhoI linearised pKG4 or pKG6 in concentration ratios of 1: 1, 1:3 

and 1:6 with 2.5 !J.L of lOx T4ligation buffer (330 mM Tris-HCl, pH 8.8; 660 mM potassium 

acetate; 100 mM magnesium acetate; 5 mM DTT, 0.1 % BSA) and 1U of T4 ligase 

(Amersham Pharmacia Biotech, USA) in a total volume of 5!J.L. Ligation reactions were 

incubated at room temperature for 3 hours and then overnight at 4°C before transformation 

into E.eoli DH5a (described Section 3.2.2.2). Transformants capable of growth on 2xYT agar 

containing ampicillin (100 !J.g/mL) were selected for small-scale plasmid isolation and 

screened for the Tcj2 insert by digestion with EeoRI and XhoI. Putative pKG4/Tcj2 and 

pKG6/Tcj2 constructs were isolated using the High Pure Plasmid Isolation Kit (described in 

this Section) and further restriction analysis performed to confirm their identity, after which 

the confirmed plasmid construct was stored at -20°C until transformation into S. eerevisiae 

strains. 
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4.2.3.2 Construction of Tcj3-Encoding Pla~mids for Expression in S. cerevisiae 

The Tcj3 coding sequence was inserted downstream of the gal promoter into the low copy 

number URA3 plasmid pKG6. The Tcj3 coding sequence was PCR-amplified from 

pET23b/Tcj3 using primers to introduce unique cloning sites BamH1 and EcoR1 for insertion 
~ 

into the yeast expression vector pKG6 and a yeast Kozak sequence for protein expression 

(forward primer 5'-GGATCCGAGAAGATGGTAAAGGAAACAGAG-3' and reverse primer 5'

GAATCCAAGCTTTTATCTCCGCCGGGCCGC-3'). The PCR amplification of the Tcj3 coding 

sequence using the EXP ANDTM High Fidelity PCR System was performed as described 

(Section4.2.3.1) for Tcj2, with the exception that the annealing temperature was reduced from 

55°C to 50°C. PCR products were visualised under UV light after 0.8% AGE 

PCR product from the amplification of the Tcj3 coding sequence was inserted into pGEM®-T 

Easy vector and subsequently excised and inserted into pKG6. The exact procedure employed 

to generate pKG4/Tcj2 and pKG6/Tcj2 (described Section 4.2.3.1) was followed to create 

pKG6/Tcj3, with the exception that BamH1 and EcoR1 restriction digests were used to 

construct and confirm the plasmid identity. The integrity of the amplified Tcj3 fragment was 

confinned by restriction enzyme analysis and sequencing of the pGEM-T Easy/Tcj3 plasmid 

construct. 

0 4.2.3.3 

" 

Host Cells and Constructs for Complementation of Chaperone-Deficient 

S.cerevisiae strains 

The ability of Tcj2 and Tcj3 to complement in vivo for the absence of the yeast Hsp40s, Y dj 1 

and Sis1, was investigated using Saccharomyces cerevisiae mutant strains JJ160, a ydjl strain 

[genotype mat a trpl-l ura3-1 leu2-3,112 his3-11,15 ade2-1 canl-100 GAL2+ met2-jjl 

lys2-jj2 ydjl::HIS3] and WY26, a sisl strain [genotype mat a trpl-l ura3-1 leu2-3,112 

his3-11,15 ade2-1 canl-100 GAL2+ met2-jjl lys2-& sisl::LEU2] , respectively. The 

control plasmids for JJ160 and WY26 carry copies of the wild type genes disrupted in the 

knockout strains and distinct auxotrophic markers for selection. pRS317 -YDJ 1, the control 

plasmid for JJ160, carries the YDJl coding region and the LYS2 selectable marker. The 

control plasmid for WY26 is pYW98-SIS1, encoding wild type Sis1 and carrying the TRPl 

selectable marker. Both yeast strains and control plasmids were a kind donation of Dr 

Elizabeth Craig (University of Wisconsin Medical School, USA). pKG4/Tcj2, pKG6/Tcj2 

78 



and pKG6/Tcj3 contain the coding sequences of Tcj2 and Tcj3 under the control of the gal 

promoter, which is induced by growth in medium where the sole carbon source is galactose. 

The pKG6 constructs carry the URA3 selectable marker and pKG4 constructs carry the TRP J 

selectable marker. 

Competent cells of both strains JJ160 and WY26 were prepared using the Frozen - EZ 

Transformation IITM Kit (Zymo Research, USA). A yeast culture (10 mL) in selective medium 

(Yeast Minimal Medium [YMM] glucose [mS-] for S. cerevisiae JJ160; YMM glucose 

[LElf] for S. cerevisiae WY26) was grown at 23°C with shaking until an A600 of 0.8-1.0 was 

reached. The cells were harvested by centrifugation (500x g for 10 min) and washed with EZ 

1 solution (10 mL). The mixture was centrifuged (500x g for 10 min), the supernatant 

discarded and the cells resuspended in EZ 2 solution (1 mL) and stored in aliquots (60 J..lL) at 

-70°C until use. 

4.2.3.4 Complementation of S.cerevisiae ydjJ strain JJ160 

pKG6/Tcj2, pKG6/Tcj3, pKG6 (negative control) and pRS317-YDJJ (positive control) were 

transformed into competent S. cerevisiae strain J~160 using the Frozen- EZ Transformation 

!{TM Kit, according to the manufacturers instructions. Plasmid solution (100 ng) was added to 

competent JJ160 (15 J..lL) with EZ 3 solution (100 J..lL) and incubated at room temperature for 

1 hour, vortexing every 15 min. After incubation, the whole transformation mixture was 

plated on to yeast minimal agar (YMA) selective for each plasmid 9YMA glucose [URA

mS-] for JJ160 containing pKG6 constructs; and YMA glucose [LYS- mS-] for pRS317-

YDJJ) and incubated at 23°C for 5 days. A single yeast transformant for each of the plasmids 

was selected to inoculate the corresponding yeast minimal medium (YMM galactose [URA-

mS-] for JJ160 containing pKG6 constructs; and YMM galactose [LYS- mS-] for pRS317-

YDJ1) (5 mL) and grown at 23°C with shaking for 3 days. The density was determined and all 

of the cultures corrected to the same A600. Tenfold serial dilutions (10° to 10-5
) were prepared 

for each of the cultures and an aliquot (10 J..lL) of each of the dilutions spotted on to the 

correct selective minimal agar for growth and protein expression (YMA galactose [URA

mS-] for JJ160 containing pKG6 constructs; and YMA galactose [LYS- mS-] for pRS317-

YDJJ). Separate plates were prepared for incubation at 25°C, 30°C and 34°C for 5 days. Yeast 

growth at the different temperatures was noted and recorded using digital photography. 
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4.2.3.5 Complementation of S.cerevisiae sisl strain WY26 

pKG4/Tcj2, pKG4 (negative control) and pYW98-SISl (positive control) were transformed 

into competent S. cerevisiae strain WY26 using the Frozen- EZ Transformation :rJTM Kit. 

Each plasmid solution (100 ng) was added to competent WY26 (15 ilL) with EZ 3 solution . 
(100 ilL) and incubated at 30°C for 1 hour, vortexing every 15 min. The whole transformation 

mixture was plated on to yeast minimal agar (YMA glucose [TRP- LEV] for all plasmids) 

and incubated at 30°C for 5 days. 

A single yeast transformant for each of the plasmids was selected to inoculate yeast minimal 

medium (5 mL) (YMM galactose [TRP- LEV]) and grown at 30°C with shaking for 3 days. 

The density was determined and all of the cultures corrected to the same A600. Tenfold serial 

dilutions (10° to 10-5
) were prepared for each of the cultures and aliquots (10 ilL) of each of 

the dilutions spotted on to selective minimal agar for growth and protein expression (YMA 

galactose [TRP- LEV] with and without 0.5% 5-FOA). Plates were incubated at 30°C for 5 

days and yeast growth recorded using digital photography. 

.. 4.2.2.6 Detection of Tcj2 in Yeast Cultures using Western Analysis with 

Chemiluminescence-based Immunodetection 

Western analysis was used to confirm production of Tcj2 in transformed S.cerevisiae strains 

JJ160 and WY26. Yeast protein extracts were prepared for SDS-PAGE (described Section 

3.2.2.4) as follows. Yeast cells from cultures (5 mL) of S. cerevisiae JJ160[pKG6ITcj2] and S. 

cer~visiae WY26[pKG4ITcj2] were harvested by centrifugation (12000x g for 5 min) and 

resuspended in ESB (30 ilL; 80 mM Tris-HCI, pH 6.8; 2% SDS; 10% glycerol; 1.5% DTT; 

0.1 mg/mL bromophenol blue) and boiled at 100°C for 3 min. Glass beads were added up to 

the level of the liquid and the samples vortexed vigorously for 2 mins. Additional ESB (30 

ilL) was added, the samples vortexed briefly and boiled for 1 min before analysis by SDS

PAGE (described Section 3.2.2.4). Western analysis and chemiluminescence-based 

immunodetection for the detection of Tcj2 using the antibody to a C-terminal peptide in Tcj2 

was performed (described Section 3.2.2.4). Protein extracts of S. cerevisiae strains JJ160 and 

WY26 were prepared similarly and used as negative controls. 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Basal ATPase Activity of His-TcBsp70 and Effect of the presence of a Model 

Protein Substrate and Potential Co-Chaperones 

The basal ATPase activity of His-TcHsp70 was monitored in vitro by assessing the release of 

phosphate, as a result of the hydrolysis of A TP to ADP. Initial velocities of the reactions were 

calculated and a specific activity (nmol Pilminlmg His-TcHsp70) calculated. After the basal 

ATPase activity was determined, the effect of the presence of a model Hsp70 substrate, 

RCMLA was examined (Figure 4.1). 
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Figure 4.1: ATPase Activity of His-TcBsp70 in the presence and absence of RCMLA 

The in vitro ATPase activity of His-TcHsp70 was monitored on the basis of ATP hydrolysis was determined in the 
absence and presence of a model protein substrate (RCMLA). A TP hydrolysis is represented as the nanomoles of 
inorganic phosphate produced per minute per mg of His-TcHsp70. Final concentrations of His-TcHsp70, ATP and 
RCMLA are indicated. 
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The ATPase activity was a direct result of the presence of active His-TcHsp70, as a sample of 

thermally denatured His-TcHsp70 did not display ATPase activity, in both the presence and 

absence of RCMLA. The basal ATPase activity of His-TcHsp70 was determined to be -

40nmollminlmg His-TcHsp70. The basal ATPase activity of TcHsp70 was significantly 

higher than that reported for other Hsp70s of eukaryotic and prokaryotic origin (Table 4.1). 

The majority of Hsp70s have low basal ATPase activities, which are stimulated significantly 

by the presence of co-chaperones to promote Hsp70IHsp40 mediated protein folding. This 

high basal ATPase activity of His-TcHsp70 has implications to the possible functioning of 

this protein as a chaperone. As ATP hydrolysis has been shown to be the limiting factor for 

the binding of substrates by Hsp70s during assisted-protein folding, our results suggest that 

unlike previous systems TcHsp70 may have the ability to bind and release proteins in the 

absence of stimulation by Hsp40 co-chaperones. This characteristic could be of an advantage 

to the parasite in its host. The elevated body temperature of a mammalian host (37°C) would 

ensure that the parasite was under constant heat shock. 

The basal ATPase activity of His-TcHsp70 does not appear to be modified by the presence of 

the model substrate RCMLA alone. This was expected, as the stimulation of Hsp70 ATPase 

acti vity is specific and is modulated via interaction of the J domain with the N -terminal 
/ 

ATPase domain of Hsp70s, rather than by substrate binding alone. Maximal ATPase activity 
.. ~~ 

stimulation has been shown to occur in the presence of both substrates and a co-chaperone 

(Laufen et aI., 1999), but not in the presence of substrate alone. 

:. The effect of the Tcjs on the ATPase activity of His-TcHsp70 in the absence and presence of 

RCMLA was also determined. Figure 4.2 shows the effect of Tcj1-His on His-TcHsp70 ATP 

hydrolysis in the absence and presence of RCMLA. 
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Figure 4.2: ATPase Activity of His-TcHsp70 in the presence of Tcjl-His 
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The effect of the presence of different concentrations of the potential co-chaperone TcjI-His on the in vitro ATPase 
activity of His-TcHsp70 was monitored on the basis of ATP hydrolysis was determined in the absence (A) and presence 
(B) of a model protein substrate (RCMLA). ATP hydrolysis is represented as the nanomoles of inorganic phosphate 
produced per minute per mg of His-TcHsp70 (nmol Pilminlmg TcHsp70). The final concentrations of His-TcHsp70, 
Tcj I-His, RCMLA and ATP are indicated. 
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Tcj-His alone, or in the presence of RCMLA, did not display ATPase activity. Tcjl-His did 

not appear to stimulate the ATPase activity of His-TcHsp70 to a significant level. A slight 

stimulation was observed at submolar and equimolar concentrations of Tcjl-His. However, 

there was no stimulation when His-TcHsp70 and Tcjl-His are combined in a 1:2 

concentration ratio. Similarly, there is no stimulation of the ATPase activity of His-TcHsp70 

by Tcj I-His at any concentration in the presence of RCMLA (Figure 4.2). The slight increase 

in stimulation of ATP hydrolysis in the presence of Tcjl-His alone could be due to Tcjl-His 

acting as a substrate for His-TcHsp70. Although the model substrate, RCMLA, did not 

stimulate the ATPase activity of His-TcHsp70, it could be that Tcjl-His, being of 

trypanosomal origin, was a more homologous substrate for His-TcHsp70. In addition, as 

Tcjl-His was purified under denaturing conditions, a portion of the protein may be unfolded 

even after renaturation. This unfolded portion may be capable of acting as a substrate for His

TcHsp70. This would explain the lack of stimulation by Tcjl-His in the presence of RCMLA, 

a competing substrate. This lack of stimulation of ATP hydrolysis by His-TcHsp70 in the 

presence of Tcj I-His was not unexpected. Tcj I-His is a Type ill Hsp40, and by that token, not 

the "classical" Hsp70 - stimulating Hsp40. This did not mean that His-TcHsp70 and Tcjl-His 

do not interact. The two proteins may form a physiological partnership to fulfil a function 

within the parasite that it not dependent on ATP hydrolysis. The basal ATPase activity of His-
" 

TcHsp70 may be sufficient to accomplish this potential Tcjl-His mediated task within the 
"" 

parasite. Alternatively, Tcjl-His may act to stimulate the ATPase activity of His-TcHsp70 in 

the presence of a more specialised substrate, for example, the flagellar protein, which has 

been proposed to be a substrate for Tcj 1 (Dr D. Engman, personal communication). 

The ability of His-Tcj2 to stimulate the ATPase activity of His-TcHsp70 was investigated in 

the presence and absence of RCMLA (Figure 4.3). No significant stimulation of the basal 

ATPase activity of His-TcHsp70 was observed in the presence of His-Tcj2 when supplied at 

submolar concentrations, in the presence or absence of RCMLA (Figure 4.3). His-Tcj2 

stimulated the basal ATPase activity of His-TcHsp70 when it was supplied at equimolar and 

molar excess concentrations. The stimulation of His-TcHsp70 basal ATP hydrolysis (-40 

nmol Pi/min/mg) by His-Tcj2 was increased by the presence of RCMLA, to the maximal 

stimulation of -60 nmol Pi/min/mg. 
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Figure 4.3: ATPase Activity of His-TcHsp70 in the presence of His-Tcj2 
The effect of the presence of different concentrations of the potential co-chaperone His-Tcj2 on the in vitro ATPase 
activity of His-TcHsp70 monitored on the basis of ATP hydrolysis was determined in the absence (A) and presence (B) of 
a model protein substrate (RCMLA). A TP hydrolysis is represented as the nanomoles of inorganic phosphate produced 
per minute per mg ofHis-TcHsp70 (nmol Pilminlmg TcHsp70). Final concentrations ofHis-TcHsp70, His-Tcj2, RCMLA 
and A TP are indicated 
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Although His-TcHsp70 was found to have a high basal ATPase activity, the fold stimulation 

(-1.5) in the presence of His-Tcj2 was low. This was different from most other Hsp70s, 

which exhibit a low basal ATPase activity that was stimulated significantly by the presence of 

a partner Hsp40 (Table 4.1). However, RCMLA may not be ideal and thus the experiment 

would have to be repeated using an altemati ve assay and a range of potential substrates to 

confirm the current results. 

T bI 41 R a e . . t dATP epor e ase A f Of ~ dOf~ C IVI les or I eren t H 70 P t ° sp ro elns 
Heat Source Basal ATPase Stimulated Fold Stimulate Reference 

Shock Activity A TPase Activity Stimulation d by 
Protein (approx) 

Bip Bovine liver 0.35 nmol/min/mg 2.1 nmol/min/mg 6 Synthetic Blond-Elguindi 
peptides et. al. (1993) 

Ssa1 Recombinant 5 nmol/min/mg 28 nmol/min/mg 6 Ydj1 Lu and Cyr 
S. cerevisiae (1998) 

Ssa1 Recombinant 5 nmol/min/mg 24 nmol/min/mg 5 Sis1 Lu and Cyr, 
S. cerevisiae (1998) 

Ssa1p S. cerevisiae 1.25 nmol/min/mg 9 nmol/min/mg 7 Ydj1 Fewell et. al. 
(2001) 

DnaK E.coli 0.108 mol/min/mol 7.68 nmol/min/mg 71 DnaJ and Montgomery et 
GrpE al. (1999) 

DnaK E.coli 0.108 mol/min/mol 0.5 nmol/min/mg 5 Synthetic Montgomery et 
peptides al. (1999) 

Hsc70 Bovine brain 0.2 nmol/min/mg 1.5 nmol/min/mg 8 DnaJ and Minami et. al. 
GrpE (1996) 

Hsc70 Bovine brain 0.2 nmol/min/mg 1.25 nmollmin/mg 6 Hsp40 Minami et. al. 
(1996) 

Hsc70 Rat 1 nmol/min/mg 7 nmol/min/mg 7 Hdj1 and Kanazawa et. AI. 
Bag1 (1997) 

Hsc70 Rat 1 nmol/min/mg 6.5 nmol/min/mg 7 Hdj2 and Kanazawa et. AI. 
Bag1 (1997) 

Hsc70 Rat 1 nmol/min/mg 5 nmol/min/mg 5 Hdj3 and Kanazawa et. AI. 
Bag1 (1997) 

Hsc70 Bovine brain 1.08 nmol/min/mg 13.98 nmol/min/mg 13 Csp1 Chamberlain and 
Burgoyne (1997) 

Hsp70 Recombinant 0.5 nmol/min/mg 4.66 nmol/min/mg 9 Csp1 Chamberlain and 
human Burgoyne (1997) 

Hsp70 Recombinant 5.2 nmol/min/mg - - - Olson et. AI. 
human (GST (1994) 

tagged) 
Hsp70 Recombinant 520 nmol/min/mg - - - Olson et. AI. 

human (GST (1994) 
tagged) 

Hsp70 Recombinant 40 nmoVrninlmg 60 nmoVrninlmg I.S Tcj2 and -
T.cruzi RCMLA 

The ATPase activities of recombinant TcHsp70 and human Hsp70, as GST fusion proteins, 

were previously reported by Olson et. al. (1994). The values reported for GST-TcHsp70 and 

GST-Hsp70 are approximately ten fold higher than those determined by this and previous 

studies (Table 4.1). 
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4.3.2 Substrate Binding by His-TcHsp70 and th~ Effect of the presence Potential Co

Chaperones 

The ability of His-TcHsp70 to bind to and fonn complexes with RCMLA was analysed by 

10% native/non-denaturing PAGE and Western analysis (Figure 4.4). A range of species of 

different mobilities are 'observed (Figure 4.4; labelled 1-5). 
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. Figure 4.4: Analysis of RCMLA Binding by His-TcHsp70 

The ability of His-TcHsp70 to bind a model protein substrate (RCMLA) was investigated by NativeINon
denaturing Polyacrylamide Gel Electrophoresis and Western analysis to detect the 6xHis tag on His-TcHsp70. 
The final concentrations of both ofHis-TcHsp70 and RCMLA was 0.25 Jlg/JlL 
(A) Coomassie stained Native PAGE of RCMLA binding by His-TcHsp70. Species corresponding to unbound 
RCMLA and His-TcHsp70 alone are indicated by black arrows and labelled accordingly. The blue arrow 
indicates a species of a different relative mobility arising due to the combination of His-TcHsp70 and 
RCMLA 
(B) Western analysis of Native PAGE of RCMLA binding by His-TcHsp70. Species containing His-TcHsp70 
were detected by chemiluminescence-based immunodetection with anti-6xHis antibody. Arrows (1-5) indicate 
the range of species containing His-TcHsp70, with the blue arrow indicating a species of different mobility (as 
observed on the PAGE). 
For (A) and (B): Lane 1 - RCMLA alone; Lane 2 - RCMLA in the presence of 600J..LM ATP; Lane 3 - His
TcHsp70 alone; Lane 4 - TcHsp70 in the presence of 600 JlM A TP; Lane 5 - TcHsp70 and RCMLA; Lane 6 
- TcHsp70 and RCMLA in the presence of600 J..LM ATP. 
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Species containing His-TcHsp70 were detected by ~hemiluminesence-based Western analysis 

with the anti-6xHis antibody. The lack of antibodies to RCMLA made the detection of species 

containing RCMLA not possible. The PAGE shows species of distinct mobilities, which 

correspond to unbound RCMLA (Figure 4.4 [A] Lanes 1, 2, 5 and 6) and His-TcHsp70 

(Figure 4.4 [A] Lanes 3,4,5 and 6). The species containing His-TcHsp70 were also detected 

on the Western analy'sis using anti-6xHis antibodies. At least 4 species of different mobilities 

can be observed in the lanes containing His-TcHsp70 in the absence (Figure 4.4 Lane 3) and 

presence (Figure 4.4 Lane 4) of ATP on both the PAGE and Western analysis and an increase 

in species 3 and 4 in the presence of ATP (Figure 4.4 Lane 4). These species of different 

mobility could correspond to different oligomers (trimers, dimers etc) of His-TcHsp70. The 

formation of different oligomers could potentially be a mechanism to keep the Hsp70 

inacti ve, until the presence of a model substrate or co-chaperone stimulates the formation of 

an active oligomeric state, eg monomer. This phenomenon of Hsp70 oligomers has been 

observed in similar studies (Blond-Elguindi et aI., 1993; Palleros et aI., 1991). In addition, 

polymerisation by Hsp70 has been proposed as a mechanism for bringing high concentrations 

of Hsp70 in contact with protein substrates to promote rapid formation of Hsp70-substrate 

complexes that facilitate protein refolding (King et aI., 1999). 

The formation of a new species of a different mobility (Figure 4.4 blue arrow, species 5, 

Lanes 5 and 6) was observed on both the PAGE and Western analysis in the lanes containing 

both His-TcHsp70 and RCMLA in the absence (Figure 4.4 Lane 5) and presence (Figure 4.4 

Lane 6) of ATP. This species had a higher mobility than species 1 to 4, and is not observed in 

the reactions containing only His-TcHsp70. This suggests that this species is arising due to 

the presence of both His-TcHsp70 and RCMLA in the reaction. As the species was detected 

with anti-6xHis antibody, it was certain to contain His-TcHsp70. However, the lack of anti

RCMLA antibodies makes it not possible to say for certain whether the species contains 

RCMLA. It could have been a complex of His-TcHsp70 and RCMLA, due to binding of the 

non-native substrate by His-TcHsp70 acting as a molecular chaperone. It could also have been 

an alternative conformation, such as an active monomer of His-TcHsp70 that was formed due 

to the presence of a non-native substrate, which would also be consistent with potential 

chaperone activity of His-TcHsp70 (Blond-Elguindi et aI., 1993). The formation of the higher 

mobility species 5 appeared to be independent of ATP, as it arises in both the absence (Figure 

4.4 Lane 5) and presence (Figure 4.4 Lane 6) of 600 JlM ATP. 
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In addition to the fonnation of species 5, there was an increase in the levels of species 1 - 4 in 

the reactions containing His-TcHsp70 and RCMLA. This suggested a change in the 

oligomeric state of the His-TcHsp70 population due to the presence of substrate RCMLA. It 

was also possible, that the increase in species 1 - 4 was due to binding of the different 

oligomers to RCMLA. However, to make a conclusive statement in this regard, Western 

analysis with an anti-RCMLA antibody would have to be perfonned. 

4.3.3 Effect of Tcjl-His and His-Tcj2 on RCMLA Substrate Binding by His-TcHsp70 

The effect of the presence of the potential co-chaperones, Tcj I-His and His-Tcj2, on the 

ability of His-TcHsp70 to bind RCMLA was tested by native PAGE. In addition, it has been 

proposed that Hsp40s may bind non-native substrates and deliver them to their respective 

Hsp70. The native PAGE and corresponding Western analysis shown in Figure 4.5 detail the 

effect of Tcj1-His on the binding of RCMLA by His-TcHsp70. Tcj1-His was not detectable 

with this particular anti-His antibody, and so only species containing His-TcHsp70 were 

detected. Five species of different mobility were observed (Figure 4.5 arrows 1-5). Low 

mobility species marked 1 - 4 (Figure 4.5 black arrows) were observed in all of the reactions 

containing His-TcHsp70 (Figure 4.5 Lanes 3 - 10), suggesting that these were the different 
" 

- oligomeric fonns of His-TcHsp70, as observed in Figure 4.4. In the case of His-TcHsp70 and 

RCMLA (Figure 4.5 Lanes 7 and 8), the fonnation of these species appeared to be promoted 

-~, by the presence of ATP. A decrease in the species with the lowest mobility (species 1) was 

observed in lanes 9 and 10, when His-TcHsp70 was combined with both Tcj1-His and 

RCMLA. This appeared to support the conclusion that His-TcHsp70 oligomerisies when in 

the absence of both substrate and co-chaperones. The drop in the level of this low mobility 

speCies would suggest the conversion of the largest oligomers into potentially smaller 

oligomeric or monomeric active species. Species 5 (Figure 4.5 blue arrow) is observed 

distinctly in Lanes 5 - 10. This was a potential complex between His-TcHsp70 and RCMLA 

observed previously (Figure 4.4, species 5). This species was also observed in the lanes 

containing His-TcHsp70 and Tcj1-His (Figure 4.5 Lanes 5 and 6), even though no RCMLA is 

present. This species may be a His-TcHsp70/Tcj1-His complex, in which Tcj1-His is being 

recognised as a co-chaperone or substrate and bound by His-TcHsp70 or may be a particular 

oligomeric state of His-TcHsp70 that was generated by the presence of substrate and/or Tcj 1-

His. 
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Figure 4.5: Analysis of RCMLA Binding by His-TcHsp70 in the presence of Tcjl-His 

The ability of His-TcHsp70 to bind a model protein substrate (RCMLA) and the effect of the presence ofTcjl-
.:. His was investigated by Native/ Non-denaturing Polyacrylamide Gel Electrophoresis and Western blotting. 

Final concentration of His-TcHsp70 and RCMLA was 0.25 flg/J.1L and Tcj I-His was 0.125 flg/flL 
(A) Coomassie stained Native PAGE of RCMLA binding by His-TcHsp70.Unbound RCMLA is also indicated. 
(B) Western analysis of Native PAGE of RCMLA binding by His-TcHsp70. Species containing His-TcHsp70 
were detected by chemiluminescence-based immunodetection using anti-6xHis antIbody. The 6xHis tag on 
Tcj I-His is not detectable with this particular antibody. Black arrows indicate the change in levels of a number 
of species of different mobility containing His-TcHsp70. The blue arrow indicates the potential His-TcHsp70 
species observed in Figure 4.4. 
For (A) and (B): Lane 1 - RCMLA alone; Lane 2 - Tcjl-His alone; Lane 3 - His-TcHsp70 alone; Lane 4-
TcHsp70 in the presence of 600 f.1M ATP; Lane 5 - TcHsp70 and Tcjl-His; Lane 6 - TcHsp70 and Tcjl-His in 
the presence of 600 f.1M A TP; Lane 7 - His-TcHsp70 and RCMLA; Lane 8 - His-TcHsp70 and RCMLA in the 
presence of 600 J.1M ATP; Lane 9 - His-TcHsp70, Tcjl-His and RCMLA; Lane 10 - His-TcHsp70, Tcjl-His 
and RCMLA in the presence of 600 f.1M ATP. 
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Similar experiments were conducted to observe tha effect of the presence of His-Tcj2 on the 

ability of His-TcHsp70 to potentially bind RCMLA (Figure 4.6). The ability to detect His

Tcj2 species specifically with the antibody to the C terminal peptide of Tcj2 made it possible 

to locate His-Tcj2 within the complexes. This gave a better indication of the interaction 

between His-Tcj2 and His-TcHsp70. Both His-TcHsp70 and His-Tcj2 were also detected by 
, 

the anti-His antibody. Figure 4.6 shows the native PAGE and Western analysis for the 

analysis of RCMLA binding by His-TcHsp70 in the presence of His-Tcj2. The PAGE is not 

clear, but serves to indicate the presence of unbound RCMLA in the reactions (Figure 4.6 

Lanes 7-10). 

As observed in the previous experiments (Figures 4.4 and 4.5) a number of 6xHis-tagged 

species of different mobilities (Figure 4.6 species 1 - 6) were observed on the Western 

analysis using anti-6xHis antibody (Figure 4.6[B]). His-Tcj2 was detected (Figure 4.6 Lane 2) 

as a predominantly low mobility species. The species of His-TcHsp70 previously observed in 

Figure 4.4 were also observed (Figure 4.6 Lanes 3 and 4), although again in this case the 

formation of the high mobility species appears to be dependent on the presence of ATP 

(Figure 4.6 Lane 4). The formation of potential His-TcHsp70IRCMLA complexes (Figure 4.6 

species 5) and the potential formation of the other species of His-TcHsp70 (Figure 4.6 species 
/ 

1-3) observed in Figure 4.4 were visualised in lanes 7 and 8. What was of particular interest in 

thIS case, were the changes in the species observed in reactions containing a combination of 

His-TcHsp70 and His-Tcj2 (Figure 4.6 Lanes 5, 6, 9 and 10). Both His-TcHsp70 and His

Tcj2 were detectable with the anti-6xHis antibody, and so the species observed in Figure 

4.6(B) resulted from the detection of either or both of the two 6xHis-tagged proteins. The 

corresponding species in which only His-Tcj2 was being detected are shown in the respective 

lanes of Figure 4.6(C). Observation of lanes 5 and 6 (His-TcHsp70 and His-Tcj2 reactions) in 

both figures show that the species of lower mobility contained His-Tcj2 species (and 

potentially His-TcHsp70 species) and that the higher mobility species contained only His

TcHsp70 species. The presence of His-Tcj2 appeared to promote the formation of an 

especially high mobility species (Figure 4.6 [B]species 6) containing only His-TcHsp70, and 

not His-Tcj2. This species disappeared in the presence of RCMLA (Figure 4.6 [B]Lanes 9 and 

10). IT species 6 was an active conformer of His-TcHsp70, it could potentially have been 

incorporated into a substrate/Hsp70 complex (potentially species 5) when RCMLA is present, 

explaining its disappearance (Figure 4.6 [B] Lanes 9 and 10). 
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Figure 4.6: Analysis of RCMLA Binding by His-TcHsp70 in the presence of His-Tcj2 

The ability of His-TcHsp70 to bind a model protein substrate (RCMLA) in the presence of His-Tcj2 was 
. investigated by Native/ Non-denaturing Polyacrylamide Gel Electrophoresis and Western analysis. Final 
concentration of His-TcHsp70 and RCMLA was 0.25 Jlg/J.1L and His-Tcj2 was 0.125 Jlg/JlL 
(A) Coomassie stained Native PAGE of RCMLA binding by His-TcHsp70 in the presence of His-Tcj2. 
Unbound RCMLA is indicated in lanes 7-10. 
(B) Western blot of Native PAGE of RCMLA binding by His-TcHsp70 in the presence ofHis-Tcj2. Species 
containing His-TcHsp70 and His-Tcj2 were detected by probing with anti-6xHis antibody. 
(C) Western analysis showing species only containing His-Tcj2. The primary antibody used was designed 
specifically to detect a C-terminal amino acid sequence unique to Tcj2. 
For (A), (B) and (C): Lane 1 - RCMLA alone; Lane 2 - His-Tcj2 alone; Lane 3 - His-TcHsp70 alone; Lane 
4 - TcHsp70 in the presence of 600 J.IM ATP; Lane 5 - TcHsp70 and His-Tcj2; Lane 6 - TcHsp70 and His
Tcj2 in the presence of 600 JlM ATP; Lane 7 - His-TcHsp70 and RCMLA; Lane 8 - His-TcHsp70 and 
RCMLA in the presence of 600 J.IM ATP; Lane 9 - His-TcHsp70, His-Tcj2 and RCMLA; Lane 10 - His
TcHsp70, His-Tcj2 and RCMLA in the presence of 600 J.IM ATP. Black arrows indicate the potential His
TcHsp70 oligomeric species previously observed in Figures 4.4 and 4.5. The blue arrow indicates a species, 
arising due to the presence ofHis-TcHsp70 and RCMLA, while the red arrow indicates a species containing 
His-Tcj2 arising in the presence ofHis-TcHsp70 and RCMLA. 
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A change in the mobility of the His-Tcj2 species is .observed in the presence of both RCMLA 

and His-TcHsp70. The presence of His-TcHsp70 and a model non-native substrate lead to the 

formation of a higher mobility His-Tcj2 species (Figure 4.6 [C] species 4), also detected in 

Figure 4.6(B). This may suggest an interaction of His-Tcj2 with either His-TcHsp70 or 

RCMLA. It could be a complex between His-Tcj2 and RCMLA. However, a species of 

similar mobility was' observed (Figure 4.6 [B] Lanes 5 and 6) where His-TcHsp70, but not 

RCMLA was present, suggesting that it could be a complex formed due to an interaction of 

His-TcHsp70 and His-Tcj2. This conclusion was supported by the finding that His-Tcj2 

stimulated the ATPase Activity of His-TcHsp70 (discussed Section 4.3.1). There was also a 

possibility that this species 4 contained all three components, His-TcHsp70, His-Tcj2 and 

RCMLA, but without anti-RCMLA antibodies no conclusive statement in this regard could be 

made. In addition, similar binding studies with His-Tcj2, RCMLA and a native non-substrate 

such as BSA, in the absence of His-TcHsp70 would have to be conducted. 

4.3.4 In Vivo Analysis of Chaperone Activity of Tcj2 and Tcj3 using S. cerevisiae strain 

JJ160 

" 
Temperature sensitive S. cerevisiae ydjJ mutant strain JJ160 was used to investigate the 

abllity of either Tcj2 or Tcj3 to functionally complement for Y dj 1. The control plasmid 

-'-- pRS317 -YDJ J encoding wild type Y dj 1 and other plasmids encoding functional equivalents 

and homologues of Y dj 1 rescue the temperature sensitivity of S. cerevisiae JJ160 and allow 

growth at temperatures (30 and 34°C) above the permissive temperature (23°C). 

The ' coding sequences for Tcj2 and Tcj3 were inserted into the low copy number yeast 

expression plasmid pKG6. The identity of the pKG6/Tcj2 and pKG6/Tcj3 plasmid constructs 

was confirmed by restriction enzyme analysis prior to transformation into S. cerevisiae JJ160. 

The pKG6/Tcj2 plasmid was linearised by digestion with each of EcoRl and XhoI (6563bp). 

A digest with both of these enzymes released the Tcj2 coding region (1209bp) and the pKG6 

vector fragment (5354bp) (Figure 4.7 [A]). The pKG6/Tcj3 plasmid was linearised by 

digestion with BamHI and EcoRI (6904bp), while a digest with both of these enzymes 

released the Tcj3 coding region (1238bp) and the vector fragment (5666bp). In addition 

pKG6/Tcj3 was digested by SmaI to produce two fragments (374bp and 6530bp) and Pst! to 

produce three fragments (834bp, 2362bp and 3708bp) (Figure 4.7 [B]). 
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Figure 4.7: Confirmation of the Identity of the pKG6/fcj2 and pKG6/fcj3 Plasmids 

(A) Plasmid map and 0.8% agarose gel confirming identity of pKG6ffcj2 by restriction enzyme analysis. Tcj2 
coding region (red) was inserted into EcoRI and XhoI sites of the plasmid pKG6. The vector carries an ampicillin 
resistance coding region (black) for selection in E.coli and a URA3 marker (grey) for selection in yeast. Lane I -
Lambda PstI digest marker (sizes shown in bp); Lane 2 - Uncut pKG6ffcj2; Lane 3 -EcoRI digest; Lane 4 -XhoI 
digest; Lane 5 - EcoRIlXhoI digest releasing Tcj2 insert. 
(B) Plasmid map and O.SOIo agarose gel confirming identity of pKG6ffcj3 by restriction enzyme analysis. Tcj3 coding 
region (blue) was cloned into Bamlll and EcoRI sites of the plasmid pKG6. The vector carries an ampicillin 
reSistance coding region (black) for selection in E.coli and a URA3 marker (grey) for selection in yeast. Lane I -
Lambda PstI digest marker (sizes shown in bp); Lane 2 - Uncut pKG6!fcj3; Lane 3 -Bamlll digest; Lane 4 -EcoRI 
digest; Lane 5 - BamIll/EcoRI digest releasing Tcj3 insert; Lane 6 -Smal digest; Lane 7 - PstI digest. 
In both cases, restriction enzymes used in the analysis were chosen to yield a pattern distinct to each of the 
constructs. 

Serial dilutions of S. cerevisiae JJ160 transformed with the respective plasmids were plated 

on to selective media and incubated at the different temperatures to examine the ability of 

Tcj2 and/or Tcj3 to complement for the absence ofYdjl (Figure 4.8). 
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Figure 4.8: Analysis of the ability of Tcj2 and Tcj3 to functionally replace Ydjl in the ydjJ 
mutant strain S. cerevisiae JJ160 

The ability of either Tcj2 or Tcj3 to complement for the absence of the yeast chaperone Y dj 1 was analysed using the 
ydji mutant S. cerevisiae strain JJ160. Serial dilutions (shown to the right) of overnight cultures were plated on to 
selective media (YMM galactose [HIS- URAl) for pKG6 constructs and (YMM galactose [L YS-mSl) for pRS317-
YDJI] and incubated at (A) 23°C, (B) 30°C, (C) 34°C, to select for complementation of the absence ofYdj1. 
For (A), (B) and (C): Lane I - S. cerevisiae JJ160[pRS317-YDJI] (Ydjl positive control); Lane 2 - S. cerevisiae 
JJ160[pKG6] (negative control); Lane 3 - S. cerevisiae JJ160[pKG6ITcj2]; Lane 4 - S. cerevisiae JJ160[pKG6/Tcj3]. 

""",Figure 4.8(A) showed that growth of all the transformants (s. cerevisiae JJI60[pRS317-

YDJ1] positive control, S. cerevisiae JJI60[pKG6] negative control, S. cerevisiae 

JJI60[pKG6/Tcj2] producing Tcj2 and S. cerevisiae JJI60[pKG6/Tcj3] producing Tcj3) 

occurred at the permissive temperature of 23°C (Figure 4.8 [A] Lanes 1 to 4 respectively). At 

this temperature S. cerevisiae JJ160 did not require Y dj 1 to survive. However, raising the 

temperature (analogous to a heat shock) has been shown to result in the death of S. cerevisiae 

JJ160, unless Y dj 1 or a functional equivalent is present. Growth of S. cerevisiae 

JJI60[pKG6], the vector transformed negative control strain, was impaired at 30°C and 

completely absent at 34°C (Figure 4.8 [B] and [C] Lane 2). S. cerevisiae JJI60[pRS317-

YDJI], the positive control strain producing Y dj 1, was able to grow at 30°C but unable to 

grow at 34°C (Figure 4.8 [B] and [C] Lane I). S. cerevisiae JJI60[pKG6/Tcj3] strain 

producing Tcj3 was not able to survive at 34°C and showed impaired growth at 30°C (Figure 

4.8 [B] and [C] Lane 4). The growth pattern of S. cerevisiae JJI60[pKG6/Tcj3] resembled 

that of the negative control, S. cerevisiae JJI60[pKG6] (Figure 4.8 [B] and [C] Lanes 4 and 2 

respectively). The lack of complementation by Tcj3 suggests that this protein was not 
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functioning as a Y dj 1 homologue. However, this did not exclude the possibility that Tcj3 is a 

co-chaperone for TcHsp70. The lack of purified His-Tcj3 restricted any analysis of its ability 

to interact with His-TcHsp70 as a co-chaperone. As can be observed, S. cerevisiae 

JJ160[pKG6/Tcj2] producing Tcj2 (Figure 4.8 [B] and [C] Lane 3) was able to survive at 

30°C and 34°C even at a dilution of 10-5
, supporting -growth better than the positive control 

(Figure 4.8 [B] and [C] Lane 1). Figure 4.8 displays the ability of Tcj2 to complement for the 

absence of the yeast Hsp40, Ydjl, and rescue S. cerevisiae JJ160 from temperature sensitivity. 

The production of Tcj2 in S. cerevisiae JJI60[pKG6/Tcj2] was confirmed by Western 

analysis using the Tcj2 specific antibody (Figure 4.9) 
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- .. Figure 4.9: Detection of Tcj2 Production in S.cerevisiae JJ160[pKG6ffcj2] 

The production of Tcj2 in the S.cerevisiae JJ160[pKG6/Tcj2] complementation cultures was 
confirmed by Western analysis and chemiluminescence-based immunodetection with the antibody 
to the C-terminal peptide of Tcj2. 
(A) Coomassie stained SDS-PAGE. Lane 1 - broad range molecular mass markers; Lane 2 - S. 
cerevisiae JJ160 whole cell extract; Lane 3 - S. cerevisiae JJ160[pKG6/Tcj2] whole cell extract. 
(B) Western analysis; ~ane 1 - S. cerevisiae JJ160 whole cell extract (negative control); Lane 2 -
S. cerevisiae JJ160[pKG6/Tcj2] whole cell extract; Lane 3 - Purified His-Tcj2 (~3~g, positive 

- control). 

Purified His-Tcj2 (3Jlg) was used as a positive control and to make a preliminary examination 

of the levels of expression of Tcj2 in S. cerevisiae JJI60[pKG6/Tcj2]. Tcj2 was detected in 

the protein extract prepared from the complemented S. cerevisiae JJI60[pKG6/Tcj2] culture. 

The levels of protein detected are significantly lower than that in the purified sample (Figure 

4.9 [BD. In addition, Tcj2 was not detected as a predominant protein band on SDS-PAGE 

analysis of the protein profile of S. cerevisiae JJI60[pKG6/Tcj2] (Figure 4.9 [A] Lane 3) 

compared to that of S. cerevisiae JJ160 (Figure 4.9 [A] Lane 2). This suggests that Tcj2 in 

itself and not over-production of a potential chaperone was responsible for the 

complementation of S. cerevisiae JJ160. 
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This result signifies that Tcj2 was able to function(J11y complement for the absence of Y dj 1. 

This result provided evidence that Tcj2 was a chaperone/co-chaperone and suggested that 

Tcj2 may perform similar functions or interact with similar proteins as does Y dj 1. The 

alignment of the primary sequences of Tcj2 and Ydjl revealed that the proteins show a 

significant level of amino acid identity and similarity (Figure 4. 10). 
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Figure 4.10: Alignment of the Primary Amino Acid Sequences of Tcj2 and Y dj 1 

:.. Comparison of the amino acid sequence of Tcj2 and Y dj 1 reveals a significant identity and similarity between 
the two primary amino acid sequences, in both the J domain (residues 1-70,) and C terminal regions. The 
positions of J domain, G/F rich region and cysteine repeat region are indicated (underlined). The highly 
conserved HPD motif in the J domain is underlined in green, the cysteine repeats are underlined in pink. Both 
Tcj2 and Y dj 1 have a deviation from the consensus sequence in their final cysteine repeat region. Instead of a 
gly, Tcj2 has a gIn and Ydjl has a lys. The C terminal prenylation site (CaaX) is underlined in blue. This motifis 
the potential site of prenylation, allowing the proteins to anchor in membranes. Black shading indicates identical 
residues, while grey shading indicates similar residues. 

The similarity between Tcj2 and Y dj 1 was displayed throughout the sequences and not 

confined to certain motifs (Figure 4.10). The similarity between the N-terminal regions of the 

two proteins was expected, as this area constituted the J domain, which was a conserved motif 

found in all Hsp40s, not all of which have similar functions. The conservation of sequence 

suggests that the J domain of Tcj2 may be similar to the J domain of Ydj 1 and may be able to 

interact with the partner yeast Hsp70 ofYdjl (Ssal). 
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The similarity between the C-tenninal regions of Tc;j2 and Y dj 1 was also significant. The G/F 

rich regions of the two Hsp40s are similar. This linker region has been proposed to govern 

specificity of the interaction between Hsp40 and Hsp70 and therefore could direct the 

interaction of Tcj2 with Y dj l' s partner Hsp70, Ssal, allowing Tcj2 to function in place of the 

missing Y dj 1. In addition, the similarity between the cysteine repeat regions of Tcj2 and Y dj 1 

suggests that Tcj2 may be able to bind substrates normally bound by Y dj 1. Previous work by 

Johnson and Craig (2001) indicated that the C-terminal regions of yeast Hsp40 are essential 

for the functioning of the Hsp40s in S. cerevisiae. In addition, both of the Hsp40s contain the 

C-tenninal CaaX motif. The sequence similarity between Tcj2 and Y dj 1 was consistent with 

the ability of Tcj2 to complement the Y dj I-deficient S. cerevisiae JJ160. 

4.3.5 In Vivo Analysis of Chaperone Activity of Tcj2 using S. cerevisiae strain WY26 

The ability of Tcj2 to complement for the absence of the Type II yeast Hsp40 Sisl, was 

investigated using the S. cerevisiae sis} mutant strain WY26. Sisl is an essential Hsp40 in 

yeast and thus the S. cerevisiae strain WY26 contains the plasmid p YW17 encoding the SIS} 

gene and a URA3 marker for viability. S. cerevisiae WY26 can be cured of p YW17 by 

growth in the presence of 5-fluoroorotic acid (5-FOA), a toxic uracil analogue, leading to 
/ 

death of the cells, in the absence of wild type Sis1 or a Sisl functional equivalent. Lethality 

on-5-FOA is rescued by the presence of Sisl functional equivalents or the control plasmid 

pYW98-SIS} , encoding wild type Sisl. 

The identity of the pKG4 plasmid used in the complementation was confirmed by restriction 

enzyme analysis as before (Figure 4.11). The pKG4ITcj2 plasmid was linearised by digestion 

with-EcoRI and XhoI (6454bp) and a digestion with both the enzymes released the Tcj2 

coding region (1209bp) and the vector fragment (5245bp). The pKG4ITcj2 plasmid was 

digested by Hindill to produce three fragments (379bp, 1789 and 4286bp) and by SmaI to 

produce two fragments (509bp and 5945bp) (Figure 4.11). 
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Figure 4.11: Confirmation of the Identity of the pKG4ffcj2 Plasmid 

(A) Plasmid map and (B) 0.8% agarose gel confirming the identity of the pKG4ffcj2 plasmid by restriction 
digest analysis. The Tcj2 coding sequence (red) was inserted into EcoRI andXhoI sites. The plasmid carries an 
ampicillin resistance coding sequence (black) for selection in E. coli and a TRP 1 marker for selection in S. 
cerevisiae. 
Restriction enzymes used in analysis were chosen to produce a pattern distinct to pKG4ffcj2 construct. Lane I -
PstI digest of Lambda DNA used as markers (sizes shown in bp)~ Lane 2 - Uncut pKG4ffcj2~ Lane 3 - EcoRI 
digest~ Lane 4 - XhoI digest~ Lane 5 - EcoRIlXhoI digest releasing Tcj2 insert~ Lane 6 - HindIll digest~ Lane 7 -
SmaI digest. 

Serial dilutions of cultures of S. cerevisiae WY26[pKG4] (negative control), S. cerevisiae 

WY26[pYW98-SISl] (positive control) and S. cerevisiae WY26[pKG4/Tcj2] were plated on 

" to selective plates without 5FOA (Figure 4.12[AD and with 5FOA (Figure 4.12[BD and 

incubated at 30°C. In the absence of 5FOA all of the transformants, S. cerevisiae 

WY26[pKG4] negative control, S. cerevisiae WY26[pYW98-SISl] positive control and S. 

cerevisiae WY26[pKG4/Tcj2], were capable of growth, which in this case was being 

supported by the presence of the p YW17 plasmid encoding wild type Sis 1 (Figure 4 .12[ AD. 

In the presence of 5FOA (Figure 4.12[B]), S. cerevisiae WY26 was cured of the pWY17 

plasmid, allowing for the presence of the test plasmids (pKG4 and pKG4/Tcj2) to be 

evaluated for their ability to support growth. The negative control vector transformed strain S. 

cerevisiae WY26[pKG4] did not grow in the presence of 5FOA (Figure 4. 12[B] Lane 2). The 

positive control transformed strain S. cerevisiae WY26[pYW98-SISl] is only capable of 

supporting growth at low dilutions in the presence of 5FOA (Figure 4.12[B] Lane 1). S. 

cerevisiae WY26[pKG4ffcj2] is not capable of growth in the presence of 5FOA and 

resembles the negative control (Figure 4. 12[B] Lane 3). This suggests that Tcj2 is not capable 

of functionally replacing Sis 1, and therefore Tcj2 is not a functional equivalent of Sis 1. 
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. Figure 4.12: Analysis of the ability of Tcj2 to functionally replace Sisl in the sisl 
mutant strain S. cerevisiae WY26 

The ability of Tcj2 to complement for the absence of the yeast Hsp40, Sis1, was testing using the sis1 mutant 
S. cerevisiae strain WY26. Serial dilutions (shown to the right of the figure) were plated on to (A) yeast 
minimal medium without 5FOA (YMM galactose [LElJTRP-n to detect normal growth and (B) yeast 
minimal medium (YMM [LElJTRPl) supplemented with 0.1% 5-FOA, to select for plasmids capable of 
supporting the growth of S. cerevisiae WY26. 
In both (A) and (B): Lane 1 - S. cerevisiae WY26[pYW98-SIS1] (positive control, expressing wild type Sis1); 

. Lane 2 - S. cerevisiae WY26[pKG4] (negative control); Lane 3 - S. cerevisiae WY26[pKG4/Tcj2]. 

Western analysis with the antibody specific to Tcj2 was used to detect the levels of production 

of the protein within S. cerevisiae WY26[pKG4/Tcj2] (Figure 4.13). However, no signal on 

the Western analysis corresponding to Tcj2 was observed in the S. cerevisiae 

WY26[pKG4/Tcj2] protein extract (Figure 4.13 [B] Lane 1). In addition, a predominant band 

corresponding to Tcj2 is not observed on the SDS-PAGE analysis, which could be due to low 

production of Tcj2 within this particular strain. 
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Figure 4.14: Detection of Tcj2 Production in S. cerevisiae WY26[pKG4ffcj2] 

The expression of Tcj2 in the S. cerevisiae WY26[pKG4ffcj2] complementation cultures was detected by 
Western analysis and chemiluminescence-based immunodetection with the antibody to the C-terminal 
peptide sequence in Tcj2. 
(A) Coomassie stained SDS-PAGE. Lane 1-broad range molecular mass markers (sizes shown in kDa); 
Lane 2 - S. cerevisiae WY26 whole cell extract (negative control); Lane 3 - S. cerevisiae 
WY26[pKG4ffcj2] whole cell extract. 
(B) Corresponding Western analysis. Lane 1 - S. cerevisiae WY26 whole cell extract (negative control); 
Lane 2 - S. cerevisiae WY26[pKG4ffcj2] whole cell extract; Lane 3 - Purified His-Tcj2 (-3J.lg, positive 
control). 

Despite the lack of detection of Tcj2, it seemed unlikely that Tcj2 would complement for the 

'. absence of Sis}, even though Sis} and Y dj} have some functional overlap within the yeast 

cell. The presence of Sis 1 was shown to overcome the temperature sensitivity of S. cerevisiae 

JJ160, but Ydjl cannot complement for the absence of the essential Sis} in S. cerevisiae 

WY26 (Johnson and Craig, 2001). If Tcj2 was a true Ydjl homologue, as suggested by the S. 

cerevisiae JJ160 complementation, it would not be expected to complement for the absence of 

. Sis 1. If Tcj2 was a Sis 1 homologue, it could potentially be able of complementation of both S. 

cerevisiae JJ160 and S. cerevisiae WY26. While Ydj} and Sisl share functional similarity, in 

that both of their J domains can interact with Ssal, it is their substrate binding domains that 

govern their particular functions within the yeast cell (Johnson and Craig, 2001). The 

alignment of Tcj2 and Y dj 1 showed that the two proteins shared similarity throughout their 

sequences. By contrast, Tcj2 and Sis} share a high degree of similarity in the N-terminal 

region, but low similarity in the C-terminal region (Figure 4.14). The J domains of Tcj2 and 

Sisl were similar, suggesting that Tcj2 would be capable of interaction with Ssal, as Sisl 

does. However, the difference in the substrate binding regions would potentially lead to the 

inability of Tcj2 to chaperone Sis 1 substrates. 
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Figure 4.14: Alignment of Primary Amino Acid Sequences of Tcj2 and Sisl 

The primary sequence alignment of Tcj2 and Sisl reveals that the proteins share a high degree of similarity in the 
N terminal region containing the J domain (residues 1-70). The regions of the protein sequence comprising the J 
domain and GIF rich regions are indicated (underlined). The highly conseIVed HPD motif is underlined in green. 
The similarity decreases in the C terminal (substrate binding) regions of the two proteins. Residues highlighted in 
black are identical and those in grey are similar. The C-terminal prenylation site of Tcj2 is underlined in blue. 
Residues highlighted in yellow indicate those in Sisl and the corresponding residues in Tcj2, shown to be essential 
for polypeptide binding by Sisl (Lee et al., 2002) 

T~e difference between the C-termini of Tcj2 and Sis1 is not surprising, since Sis1 was a 

Type IT J protein, containing only the J domain and G/F region. Tcj2 by contrast was a Type I 

Hsp40, containing the J domain, G/F rich region and cysteine repeat region, making the two 

proteins structurally and, potentially functionally, distinct. In addition, work by another group 

has shown that Tcj6, a Type IT Hsp40 from T. cruzi, can complement for the absence of Sisl 

(Salmon et al., 2001). 

4.4 CONCLUSION 

The basal ATPase activity of His-TcHsp70 was determined as ~40 nmol/min/mg. Maximum 

stimulation of this ATPase activity was observed in the presence of His-Tcj2 and RCMLA 

(~60 nmol/min/mg). His-TcHsp70 was shown to form discrete species of different mobilities 

in the presence of RCMLA, His-Tcj2 and Tcj I-His, which may be indicative of His-TcHsp70 

oligomers or complexes with these proteins. Tcj2, but not Tcj3, was able to function as a Ydj1 

equivalent in S. cerevisiae JJ160. Tcj2 could not function as a Sisl equivalent in S. cerevisiae 

WY26. 
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5.1 CONCLUSIONS 

5.1.1 Proposed Model for Potential Roles of Trypanosomal Heat Shock Proteins in T. 

cruzi 

Based on the conclusions reached in this study, we have suggested a potential model for the 

interactions of the trypanosomal Hsps within the parasite (Figure 5.1). The potential roles of 

the trypanosomal Hsps in the cell and the possible interactions occurring have been suggested. 

This model is speculative, partly based on literature and on the data generated in this study, 

and will be used to design future experiments to further characterise these proteins and to 

fully elucidate their potential functions. 

5.1.2 Bioinformatic Analysis of Trypanosomal Heat Shock Proteins 

The bioinformatic analysis of TcHsp70 pnmary armno acid sequence revealed that it 

contained the conserved canonical domains defined by all Hsp70s. There was little deviation 

from the consensus sequence in the N -terminal ATPase domain of TcHsp70 when compared 

to that of other Hsp70s (Bork et aI., 1992). In addition, TcHsp70 contained the generally 

GQ!lserved residues in its substrate binding regions. The C-terminus sequence of TcHsp70, 

proposed to be involved in interactions with the protein STI1, showed a deviation from the 

consensus sequence. Where most of Hsp70s contain the sequence GTPIEEVD, TcHsp70 

contained the sequence GTEVEEVD at its C-terminus. The TcSTI1 sequence also showed a 

change in the residues governing the specificity of the Hsp70 - STI1 interaction (Brinker et 

aI., 2001). These deviations in sequence in the two proteins may suggest an alternate 

specificity of binding between TcHsp70 and TcSTI1. This could be relevant to the formation 

of the TcHsp70/TcSTIlITcHsp90 complexes in the parasite. Experimental investigation of the 

interaction of TcHsp70 with STI1 proteins containing the consensus sequence and TcSTI1 

would be required to support this suggestion. 
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Figure 5.1: Proposed Model of Potential Roles of Trypanosomal Heat Shock Proteins in 
T.emzi 

The figure above represents the parasitic cell and the potential roles ofTcHsp70, Tcjl, Tcj2, Tcj3 and Tcj4. This 
is a speculative model, based partly on proposals in literature and partly on the conclusions reached in this study, 
and will be used to design future experiments to characterise and test the potential functions of these 
trypanosomal Hsps. 
(A) TcHsp70rrcj2 function as molecular chaperones in the ATP/ADP regulated process of assisted folding of 
denatured trypansomal proteins. (B) TcHsp70 forms different partnerships with other Tcjs, such as Tcj3 or Tcj4, 
for the assisted folding of specific, distinct trypanosomal proteins. (C) TcHsp70 and Tcjl interact to fufill a 
specific function in the cell, such as flagellar assembly. (D) TcHsp70 interacts with membrane associated Tcj2 
and/or Tcj4 for translocation of trypanosomal proteins into different organelles. (E) Membrane associated 
TcHsp70 interacts with membrane associated Tcj2 and/or Tcj4 for the processing and translocation of 
trypanosomal and host proteins in and out of the parasitic cell. Circles indicates Tcj proteins (number indicates 
the respective one, Tcjl- 1, Tcj2- 2 etc.) The squares represents trypanosomal Hsp70s. Unless labelled 
otherwise, 70 signifies TcHsp70. 
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In addition, TcHsp70 contained an extended GGMP repeat in its C-terminal region. This 

region has been shown to be highly antigenic and predicted to be a potential transmembrane 

like region (Kumar and Zheng, 1998). If this GGMP region was capable of associating with 

the cellular membrane, it may be exposed to the host cell environment on the surface of the 

parasite. This could suggest the reason for it being antigenic, as it would come into contact 

with the host immune system. This association of TcHsp70 with the membrane may be 

required for the translocation and processing of host and/or trypanosomal proteins (Polla, 

1988; Arispe and DeMaio, 2000) (Figure 5.1 [D] and [ED 

Tcj2, Tcj3, and Tcj4 were classified as Type I Hsp40s and Tcj 1 as a Type III Hsp40. All of 

the proteins show sequence similarity in their J domains. Tcj3 was the only of the three Type I 

proteins to contain the consensus sequence in its substrate binding domain. This suggested 

that Tcj3 may have a certain substrate specificity, which was different from the substrate 

specificities of Tcj2 and Tcj4. Tcj2 and Tcj4 contained deviations in their substrate binding 

motifs, suggesting that the structure of their substrate binding domains may be different from 

that of Hsp40s containing the consensus sequence. This potential difference in substrate 

binding domains may affect the substrate specificities of Tcj2 and Tcj4. It could be possible 

that the potential change in structure of their substrate binding domains would be suited to the 

types of substrate with which Tcj2 and Tcj4 associate. The potential different substrate 

specificities may be required in the parasitic system for the chaperoning of certain proteins 

that may have specific functions. Tcj2 and Tcj4 also contained the C-terminal prenylation 

motif CaaX. This suggested the potential of these proteins to be modified to allow association 

with cellular membranes (Marshall, 1993; Glomset et aI., 1990). This potential association 

could be required f9r the translocation of certain trypanosomal proteins across cellular 

membranes (Figure 5.1 [D] and [ED. 

5.1.3 Over-production and Purification of 6xHis-tagged Trypanosomal Heat Shock 

Proteins 

The trypansomal Hsps were recombinantly produced as 6xHis fusion proteins in E. coli. His

TcHsp70, Tcj1-His and His-Tcj2 were successfully over-produced and purified by Ni-affinity 

chromatography in a sufficiently native state to allow function analysis. The problems 

encountered with the purification of Tcj3-His and His-Tcj4 made functional analyses of these 
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proteins not possible. The purification of Tcj3-His and His-Tcj4 could be attempted in 

alternate host systems, such as S. cerevisiae, or with alternative fusion tags, such as the GST 

affinity tag, in an attempt to purify the proteins for functional studies. 

5.1.4 Analysis of Chaperone Activity of Trypanosomal Heat Shock Proteins 

His-TcHsp70 was analysed in an attempt to characterise the protein as a molecular chaperone 

in terms of its ATPase activity and substrate binding capabilities. The basal ATPase activity 

of His-Tchsp70 was determined as 40 nmol/min/mg, higher than that reported for most other 

Hsp70s (Table 4.1). The basal ATPase activity of GST-TcHsp70 was previously determined 

to be 520 nmol/min/mg by Olson et. aI. (1994). This value is approximately ten fold higher 

than the values determined for the basal ATPase activity of His-TcHsp70 in this study (Table 

4.1). In the same study, Olson et. aI. (1994) determined the basal ATPase activity of human 

GST-Hsp70 to be 5.2 nmol/min/mg. This value is ten fold higher than that quoted for 

untagged human Hsp70, and corresponds well with the ATPase activity of stimulated human 

Hsp70, in previous studies (Chamberlain and Burgoyne, 1997). It could be suggested that the 

presence of the GST tag is responsible for the observed ten fold increase in the ATPase 

activities of GST-TcHsp70 and human GST-Hsp70. It could be that this potential increase in 

ATPase activity was a possible result of GST acting as a substrate or the location of GST at 

the N-terminal region containing the ATPase domains of the Hsps (Table 4.1). 

The high potential ATPase activity of TcHsp70 suggested that TcHsp70 might have the 

ability to bind non-native substrates in the absence of stimulation by an Hsp40. This 

suggestion would mean that it would be more efficient at promoting the refolding of 

denatured proteins, which could be advantageous in the parasite. The efficient chaperoning of 

proteins may be required in the parasitic cell within its mammalian hosts, as the elevated 

temperature of the host may provide a continuous heat shock, will resultant protein 

denaturation. The recent investigation of the specialized E. coli Hsp70, HscC, showed that 

this protein also had a higher ATPase activity than that of other reported Hsp70s and was 

reported as being independent of nucleotide exchange (Kluck et aI., 2002). If the high basal 

ATPase activity of HscC was due to the fact that it did not require a nucleotide exchange 

factor, then it could be suggested that the same principle applies to TcHsp70, as it also 

exhibited a high basal ATPase activity. However, further analysis of the ATPase cycle of 

TcHsp70 would be required to make conclusions in this regard. 
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The basal ATPase activity of His-TcHsp70 was stimulated approximately 1.5 times by Tcj2 in 

the presence of RCMLA (60 nmol/min/mg). The stimulation of the ATPase activity of 

TcHsp70 in the presence of a potential co-chaperone and a substrate was consistent with the 

findings of other Hsp70 - Hsp40 interactions. If the suggestion that the high ATPase activity 

of TcHsp70 is sufficient for the chaperoning of trypanosomal proteins was well founded, then 

stimulation of the high basal ATPase activity of TcHsp70 may be required in the parasite in 

times of enhanced stress, such as during invasion of the host or during differentiation of the 

parasite within the host cells. Tcj I-His was not seen to significantly stimulate the basal 

ATPase activity of TcHsp70 at any of the concentrations tested. This did not mean that Tcj1-

His and TcHsp70 do not interact. It is possible that they may interact to fulfil a specific 

function in the cell, for which the basal ATPase activity of TcHsp70 is sufficient. It has been 

proposed that the flagellar protein is the substrate for Tcj 1 and thus, the interaction between 

TcHsp70 and Tcj 1 may occur during flagellar assembly (Dr D Engman, personal 

communication) (Figure 5.1[C]). This would be consistent with the suggested role of 

trypanosomal Hsps during differentiation of the parasite (Polla, 1988). 

His-TcHsp70 was shown to fonn discrete species in the presence of RCMLA during native 

PAGE analysis of the ability of His-TcHsp70 -to recognise and bind non-native protein 

'confonnations. The presence of the trypanosomal Hsp40s, Tcj I-His and His-Tcj2, appeared to 

". '. influence the fonnation of these different species. The identity of the species could not be 

confinned conclusively due to the lack of specific antibodies to each of the species. The 

species observed could have potentially been one of the following - TcHsp70 interactions 

with RCMLA, TcHsp70 interactions with the Tcj proteins or complexes of TcHsp70, the Tcjs 

and RCMLA. The fonnation of these complexes would be consistent with the conclusion that 

. TcHsp70 functions as a molecular chaperone. The preliminary native PAGE analysis and the 

ATPase activity assays suggested that TcHsp70 is capable of functioning as a chaperone and 

that Tcj2 was potentially involved in this interaction (Figure 5.1[A]). This does not mean that 

Tcj2 is the only partner for TcHsp70. The lack of purified Tcj3 and Tcj4 negated the study of 

the interaction of TcHsp70 with these Hsp40s. Tcj3 and Tcj4 would have to be purified to 

allow the interactions to be studied, but they may interact with TcHsp70, or the constitutive 

TcHsc70, to fulfil specialised functions in the cell (Figure 5.1[B]). Tcj6 was shown in a 

previous study to be involved in the initiation of translation in T. cruzi (Salmon et aI., 2001) 

and therefore, may also interact with TcHsc70 or potentially TcHsp70. 

108 



5.2 FUTURE WORK 

Preliminary analysis has suggested that TcHsp70 and Tcj2 may interact in the ATP/ ADP 

regulated process of chaperone-assisted protein folding. In order to characterise this 

interaction, further analyses need to be performed. The stimulation of the ATPase activity of 

TcHsp70 by Tcj2 in the presence of a model protein substrate should be investigated using a 

different assay and a range of protein substrates. The ability of TcHsp70 to promote the 

refolding of proteins such as luciferase would be required to confirm its ability to function as 

a molecular chaperone (Figure 5.1 [A]). In addition, the interaction of TcHsp70 with the Tcj3 

Tcj4 and potentially Tcj6 would require that the proteins be purified and tested (Figure 

5.1[B]). In addition, the isolation of the constitutive form of TcHsp70, if present in T. cruzi, 

and the study of its interactions with the Tcj proteins would be required. Co-precipitation 

interaction assays could be used to determine the interaction between the trypanosomal Hsps 

and other proteins (Figure 5.1[B]). This would necessitate the generation of untagged or 

differently tagged trypanosomal Hsps. 

Localisation studies or cell fractionation studies would be required to determine whether 

TcHsp70, Tcj2 and Tcj4 associate with membranes. The isolation of specific cell organelle 

fractions and the identification of the trypanosomal Hsps in those fractions would confirm the 

suggestions in Figure 5.1 [D] and [E]. This analysis could be performed by cell localisation 

studies using a marker such as green fluorescent protein or by immunostaining. 

In vivo complementation systems could be used to further analyse the ability of the Tcjs to 

complement for the absence of both eukaryotic Hsp40s (such as the S. cerevisiae Hsp40s 

described in this study) and prokaryotic Hsp40s (E. coli DnaJ) Delouche et aI., 1997; Johnson 

and Craig, 2001). 

Once interactions of the trypanosomal proteins have been confirmed, rational protein design 

could be used to map the sites of interaction and to examine whether the sequence differences 

noted on bioinformatic analysis are indeed indicative of different functioning and activity. 

The complete elucidation of the interactions of TcHsp70 with its co-chaperones in T. cruzi 

will provide a clear picture of the chaperone functioning in the parasite and will then allow 

the proteins to become potential targets for anti-trypanosomal drugs. 
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6.1 Chemicals and Reagents 

All general buffers and reagents were from Saarchem, RSA or Sigma, USA. Growth media 

was from Biolab, UK or Difco, USA. A list of specialised reagents is detailed below. 

REAGENT 

Expand™ High Fidelity PCR System 

Frozen-EZ Yeast Transformation IITM Kit 

5-Fluoroorotic Acid 

L-Tryptophan 

L-Leucine 

L-Histidine 

Yeast Synthetic Dropout Media Supplement 

Yeast Nitrogen Base without amino acids or ammonium sulphate 

PCR Nucleotide Mix 

Restriction Enzymes and Buffers (all) 

High Pure Plasmid Isolation Kit 

Nucleospin® Extract 2 in 1 Kit 

T4ligase 

T4 DNA polymerase 

Cheniluminescence Western Blotting Kit (MouselRabbit) 

SDS-PAGE Molecular Weight Standards Broad Range ' 

(IQyosin-200 kDa; f3-galactosidase-116 kDa; phosphorylase b-97.4 

kDa; ovalbumin-45 kDa; carbonic anhydrase- 29 kDa; trypsin 

inhibitor- 21 kDa; lysozyme- 14.4 kDa; aprotinin- 6.5 kDa) 

Silver Stain Molecular Weight Markers 

Hybond™-c extra Nitrocellulose Membrane 

HyperfilmTM MP Autoradiography Film 

Shri!DP Alkaline Phosphatase (SAP) 

. pGEM®-T Easy Vector System I 

'Uracil 

Anti-His Antibody (mouse) 

Chelating sepharose 

IPTG 

SUPPLIER 

Boehringer Mannheim, Germany 

Zymo Research, USA 

Sigma, USA 

Sigma, USA 

Sigma, USA 

Sigma, USA 

Sigma, USA 

Difco, USA 

Roche, Germany 

Amersham Pharmacia Biotech, USA 

Roche, Germany 

Macherey - Nagel, Germany 

Promega, USA 

Amersham Pharmacia Biotech, USA 

Boehringer Mannheim, Germany 

Bio-Rad, USA 

Sigma, USA 

Amersham Pharmacia Biotech, USA 

Amersham Pharmacia Biotech, USA 

Roche, Germany 

Promega, USA 

Sigma, USA 

Amersham Pharmacia Biotech, USA 

Amersham Pharmacia Biotech, USA 

Roche, Germany 
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6.2 Protein Standard Curve for Bradford's Assay 
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Figure 6.1: BSA Standard Curve for Protein Concentration determination by Bradford's 
/ 

Assay. 
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6.3 Phosphate Standard Curve For ATPase Assays 
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Figure 6.2: Potassium phosphate Standard Curve for determination of phosphate 
concentrations in ATPase Assays 
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