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ABSTRACT 

The 70 kDa family of heat shock proteins (Hsp70) plays a central role in the maintenance of cellular 

proteostasis, with paralogues occurring in all the major compartments of the eukaryotic cell. Hsp70s 

act in conjunction with proteins known as co-chaperones, as part of the larger molecular chaperone 

network. In the mitochondrion, Hsp70 (mtHsp70) is responsible for the import of proteins synthesized 

in the cytosol, protein folding in the matrix and the maintenance of the iron-sulphur cluster. In human 

cells mtHsp70 (HSPA9) is also referred to as mortalin, as the knockdown of the protein leads to cell 

mortality. Trypanosoma brucei is the causative agent of sleeping sickness in humans and nagana in 

animals. In the T. brucei parasite there are three identical mtHsp70 (TbmtHsp70) proteins that are 

produced, forming part of the Hsp70 machinery that is essential for parasite survival. In humans, the 

levels of HSPA9 are often elevated in non-communicable diseases such as cancer and 

neurodegeneration. Despite their vital cellular roles, mtHsp70s are characteristically prone to self-

aggregation. The binding of the Hsp70 escort protein (Hep1) is required to prevent the aggregation of 

mtHsp70 proteins, enabling the proteins to function. In many non-communicable diseases, mtHsp70 

and other molecular chaperones such as heat shock protein 90 (Hsp90) are being investigated as 

potential drug targets. Existing anti-trypanosomal drugs for treating sleeping sickness are toxic, having 

adverse side effects that are potentially lethal. Investigations into Hsp70s, and other molecular 

chaperones, form part of the research into the discovery of novel and efficacious therapeutics.  

This is the first study to characterise Hep1 and investigate its partnership with mtHsp70 in T. brucei. 

The overall aim of this study was to comparatively assess the T. brucei and human mtHsp70/Hep1 

partnerships. The putative T. brucei Hep1 (TbHep1) orthologue was analysed in silico, and it was found 

to possess a zinc finger domain consisting of anti-parallel β-sheets that are characteristic of canonical 

Hep1 proteins, whilst the N-terminal domain was unstructured.  Based on sequence analysis, the regions 

outside of the zinc finger domains lacked conservation. Despite the lack of sequence conservation, the 

N- and C-terminal regions of TbHep1 shared segments of similarity with Hep1 orthologues of other 

kinetoplastid and trypanosomal orthologues. The same held true for the N- and C-termini of human 

Hep1 (HsHep1) when compared to other Hep1 orthologues of mammalian origin. 

Biochemical analysis revealed TbmtHsp70 and HSPA9 to be prone to self-aggregation, which was 

reduced by co-expression with TbHep1 and HsHep1, respectively. Recently Hep1 proteins have been 

determined to be present in the cytosol.  In this study, TbHep1 and HsHep1 also interacted with the 

cytosolic Hsp70s, HSPA1A and TbHsp70, by preventing their thermally induced aggregation and 

stimulating their ATPase activities. TbHep1 and HsHep1 also suppressed the thermally induced 

aggregation of the model substrates malate dehydrogenase and citrate synthase, independently of 

Hsp70. To date, only two Hep1 orthologues, HsHep1 and LbHep1, have been found to function in a 

similar manner to a J-protein co-chaperone by stimulating the ATPase activities of their partner 



mtHsp70 proteins.  In this study, TbHep1 stimulated the ATPase activity of TbmtHsp70.  HsHep1 also 

stimulated the ATPase activity of TbmtHsp70. However, the mechanism of action still needs to be 

determined. This study also explored the potential of the Hep1 orthologues to be functionally activated 

by oxidative stress, which is prevalent in mitochondria. The abilities of TbHep1 and HsHep1 to reduce 

the thermally induced aggregation of malate dehydrogenase were enhanced under oxidative conditions. 

Disrupting the function of Hep1 has been found to eventually lead to cell death, and given the critical 

role played by mtHsp70 in the cell, this partnership could be exploited as a potential drug target. In 

conclusion, this study demonstrated that TbHep1 and HsHep1 functionally interact with mtHsp70s, 

whilst also possessing independent chaperone activities that are also potentially influenced by the 

environmental redox state. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



DECLARATION 

 

 



DEDICATION 

I dedicate this thesis to my mother and father, Virginia, and Justice Mahlalela. I also dedicate this 

thesis to my late grandparents, Caiphus and Martha Mahlalela, and Lillian Shabangu, not forgetting 

my grandfather, Daniel Dlamini. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ACKNOWLEDGEMENTS 

First and foremost, I wish to express my sincere gratitude to my supervisor, Professor Aileen Boshoff 

for the mentorship, guidance, encouragement and patience throughout my pursuit of this degree over 

the years. 

I would also like to thank Professor Julio Cesar Borges from the University Sao Paulo for kindly 

providing the pET28a-HSPA1A, pET28a-HSPA9, pET23a-HsHep1 and pQE2-HsHep1 plasmids.  

I would also like to appreciate Professor Dana Reichmann from the Hebrew University of Jerusalem 

for kindly providing the plasmid vector for the heterologous expression of Hsp33. 

I would also like to thank Dr Stephen Bentley and Dr David Nyakundi for their contribution to my 

journey as a postgraduate student in the research group, especially in the formative years when I was 

still finding my footing around the university’s research community and academia in general. I also 

appreciate the many colleagues I have had the privilege of encountering during my postgraduate studies 

in the research group and the department. 

I am very grateful for the Pearson-Young Memorial Scholarship and the Rhodes University 

postgraduate funding office for funding my postgraduate studies. 

I also thank my parents and family for supporting me throughout this journey, which has at times 

seemed impossible to see through. 

 

 

 

 

 

 

 

 

 

 

 

 



TABLE OF CONTENTS 

CHAPTER ONE: Literature review………………………………………….. 1 

1 1.1 Distinguishing features kinetoplastids……………………………………………… 

1.2 Trypanosomatids……………………………………………………………………. 3 
1.3 Aetiology and disease burden of African trypanosomiasis…………………………. 5 

1.4 HAT: symptoms and disease progression………………………………………….. 8 
1.5 Biology and pathology of T. brucei………………………………………………… 9 

1.6 Life cycle of T. brucei………………………………………………………………. 11 
1.7 Host-pathogen interactions………………………………………………………….. 13 

1.8 Diagnosis of HAT…………………………………………………………………… 15 

15 1.9 Treatment: drugs and strategies……………………………………………………… 

1.10 Vaccine development………………………………………………………………. 18 
1.11 Vector control ……………………………………………………………………… 19 

1.12 Molecular chaperones ……………………………………………………………… 21 
1.12.1 Hsp70: a central role player in the molecular chaperone network……………….. 22 

1.12.2 Co-chaperones of Hsp70…………………………………………………………. 24 

24 1.12.2.1 J-proteins: the main co-chaperones of Hsp70…………………………………... 

1.12.2.2 Nucleotide exchange factors……………………………………………………. 27 
1.12.2.3 TPR-containing co-chaperones: STi1 and CHIP……………………………….. 28 

28 1.12.2.4 The co-chaperone assisted protein folding cycle of Hsp70……………………… 

1.12.3 The Hsp90 chaperone system………………..…………………………………… 29 

1.13 Hsp70 at the mitochondrion………………………………………………………… 31 
1.13.1 The Hsp70 escort protein and the mtHsp70 paradox……………………………… 33 

1.14 The functional relevance of the CXXC motif……………………………………… 35 
1.15 Hsp70 in human disease and health…………………………………………….….. 37 

37 1.15.1 Hsp70 in neurodegeneration and oncogenicity ………………………………….. 

1.15.2 Hsp70 in T. brucei………………………………………………………………… 39 

1.16 Knowledge gap and motivation…………………………………………………….. 40 
1.17 Hypothesis………………………………………………………………………….. 41 
1.18 Aims and objectives………………………………………………………………… 42 

42 

42 

1.18.1 Overall aim……………………………………………………………………….. 

1.18.2 Specific objectives……………………………………………………………….. 



CHAPTER TWO: The in silico analysis of the Hep1/mtHsp70 partnership 

of the T. brucei parasite and humans………………………….………………….. 

 

43 

43 2.1 Introduction………………………………………………………………………….. 

2.2 Specific objectives…………………………………………………………………… 45 

2.3 Approach and methodology………………………………………………………….. 46 
2.3.1 Database mining and sequence analyses…………………………………………… 46 

2.3.2 Domain mapping, cellular localization prediction, physical property prediction and 

syntenic analysis…………………………………………………………………………. 
 

46 

2.3.3 Phylogenetic analyses and determination of pairwise distances…………………… 47 

47 2.3.4 Tertiary structure prediction……………………………………………………….. 

2.4 Results and discussion……………………………………………………………….. 48 

48 2.4.1 Sequences analyses of the Hep1 orthologues………………………………………. 

2.4.2 Phylogenetic and distance analyses of the Hep1 orthologues……………………… 51 
2.4.3 Computational characterization of the Hep1 orthologues…………………………. 54 

2.4.4 Computational prediction of the Hep1 posttranslational modifications……………. 55 
2.4.5 Syntenic analyses of the Hep1 gene across various species of organisms…………. 56 

2.4.6 Analysis of the structural models of TbHep1 and HsHep1………………………… 58 
2.4.7 Phylogenetic and structural comparison between the Hep1 orthologues and type I 

J-proteins and Hsp33……………………………………………………………………. 
 

62 
2.4.8 Sequences and phylogenetic analyses of the murine and primate Hep1 isoforms 64 

2.4.9 Phylogenetic, distance and sequence analyses of TbmtHsp70 and HSPA9……….. 70 
2.4.10 Computational prediction of the mtHsp70 posttranslational modifications……… 75 

75 2.4.11 Analysis of mtHsp70 orthology………………………………………………….. 

2.4.12 Analysis of the structural models of TbmtHsp70 and HSPA9…………………… 76 

2.5 Conclusions………………………………………………………………………….. 78 

CHAPTER THREE: Optimization and analysis of the heterologous 

expression and purification of the heat shock proteins………………………. 

 

81 

81 3.1 Introduction………………………………………………………………………….. 

3.2 Specific objectives…………………………………………………………………… 83 
3.3 Materials and methods………………………………………………………………. 84 

84 3.3.1 Materials…………………………………………………………………………… 

3.3.2 Methods……………………………………………………………………………. 86 



3.3.2.1 Construction and confirmation of the pQE30-TbHep1, pQE30-TbmtHsp70 and 

pACYCDuet-1-TbHep1 recombinant plasmids…………………………………………. 
 

86 

 

86 

3.3.2.2 Confirmation of the pQE2-HsHep1, pET28a-HSPA9, pET28a-Tbj2 and pQE2-

TbHsp70 recombinant plasmids………………………………………………………… 

3.3.2.3 Induction studies to assess the expression profiles of the proteins in E. coli 

3.3.2.4 Co-expressing TbmtHsp70 and HSPA9 with TbHep1 and HsHep1, respectively 87 
3.3.2.5 Solubility studies of TbmtHsp70 and HSPA9…………………………………… 88 

88 3.3.2.6 Purification of recombinant proteins by nickel affinity chromatography……….. 

3.4 Results and discussion……………………………………………………………….. 89 
3.4.1 Heterologous expression and subsequent purification of the proteins…………….. 89 

3.4.1.1 TbHep1………………………………………………………………………….. 89 
3.4.1.2 TbmtHsp70……………………………………………………………………… 91 

3.4.1.3 Co-expression of TbmtHsp70 and TbHep1…………………………………….. 93 
3.4.1.4 Human Hep1……………………………………………………………………. 96 

3.4.1.5 HSPA9………………………………………………………………………….. 98 
3.4.1.6 Co-expression of HSPA9 with HsHep1………………………………………… 99 

3.4.1.7 TbHsp70………………………………………………………………………… 101 
3.4.1.8 Tbj2……………………………………………………………………………… 102 

3.4.1.9 HSPA1A………………………………………………………………………… 104 
3.4.1.10 Hsp33……………….…………………………………………………………. 106 

3.5 Conclusions………………………………………………………………………….. 107 

CHAPTER FOUR: Comparative biochemical analysis of the Hep1/mtHsp70 

functional partnerships of the T. brucei parasite and humans 

 

108 

108 4.1 Introduction………………………………………………………………………….. 

4.2 Specific objectives…………………………………………………………………… 111 

111 

111 

111 

111 

4.3 Materials and methods………………………………………………………………. 

4.3.1 Materials…………………………………………………………………………… 

4.3.2 Methods …………………………………………………………………………… 

4.3.2.1 Hep1 suppression of thermal aggregation of Hsp70s…………………………… 

4.3.2.2 Suppression of MDH thermal aggregation by the molecular chaperones……….  112 

 

112 

112 

4.3.2.3 Densitometric verification of the aggregation suppression activity of the 

molecular chaperones……………………………………………………………………. 

4.3.2.4 Oxidation of the Hep1 orthologues and Hsp33…………………………………. 



4.3.2.5 Determining the suppression of aggregation activities of the oxidized Hep1 

orthologues and Hsp33…………………………………………………………………... 
 

113 

 

113 

113 

4.3.2.6 Assessing the disulphide bond formation in the oxidized TbHep1, HsHep1 and 

Hsp33…………………………………………………………………………………… 

4.3.2.7 Assessment of the basal and Hep1-modulated ATPase activity of the Hsp70s 

4.4 Results and discussion……………………………………………………………….. 114 

 

114 

4.4.1 TbHep1 and HsHep1 suppressed the thermally induced aggregation of TbmtHsp70, 

HSPA9, TbHsp70 and HSPA1A………………………………………………………… 

4.4.2 TbHep1 and HsHep1 suppressed the thermally induced aggregation of MDH 116 
4.4.3 TbmtHsp70 and HSPA9 co-expressed with TbHep1 and HsHep1, respectively, 

suppressed the thermally induced aggregation of MDH………………………………… 
 

119 
4.4.4 TbHep1 did not modulate the suppression of aggregation activity of TbmtHsp70 121 

4.4.5 TbHsp70 and HSPA1A suppressed the thermally induced aggregation of MDH 122 
4.4.6 TbHep1 and HsHep1, subjected to H2O2 induced oxidative stress, suppressed the 

thermally induced aggregation of MDH………………………………………………… 
 

123 
4.4.7 TbHep1, HsHep1 and Hsp33 treated with H2O2 and heat shock exhibited structural 

modifications……………………………………………………………………………. 
 

126 
4.4.8 Assessment of the steady-state kinetics of TbmtHsp70, HSPA9, TbHsp70 and 

HSPA1A………………………………………………………………………………… 
 

129 
4.4.9 TbHep1 and HsHep1 stimulated the basal ATPase activity of TbmtHsp70, HSPA9, 

TbHsp70 and HSPA1A………………………………………………………………….. 
 

130 
4.5 Conclusions…………………………………………………………………………. 132 

CHAPTER FIVE: Conclusions and future perspectives……………………….. 136 

REFERENCES…………………………………………………………………. 

APPENDICES: Supplementary data and information…………………………. 

141 

I 

I Appendix A…………………………………………………………………………….. 

Appendix B…………………………………………………………………………….. XXXIX 
Appendix C…………………………………………………………………………….. XLIII 

 

 

 

 



LIST OF FIGURES 

CHAPTER ONE  
Figure 1.1: Diagram detail ing the taxonomy of  the class Kinetoplastida.  2 

Figure 1.2: Distribution map for African sleeping sickness………………………… 6 
Figure 1.3: An infographic depicting the progression of HAT……………………… 8 

Figure 1.4: A schematic representation of the T. brucei cell……………………….. 10 
Figure 1.5: Depiction of the T. brucei life cycle…………………………………… 12 

Figure 1.6: Structure of canonical Hsp70………………………………………….. 22 
Figure 1.7: Schematic diagram of the domain organization of J-proteins…………. 25 

Figure 1.8: Diagram depicting the functional cycle of Hsp70 in protein folding…. 29 
Figure 1.9: Diagram describing the structural properties of Hep1………………… 34 

CHAPTER TWO 
Figure 2.1: The Clustal Omega multiple sequence alignment (MSA) of the Hep1 

orthologues and homologues………………………………………………………… 
 

49 
Figure 2.2: Phylogenetic analyses of the A) full-length, B) N-terminal region and C) 

zinc-finger domain of the Hep1 orthologues………………………………………… 
 

53 
Figure 2.3: The syntenic analysis of selected Hep1 orthologue genes……………… 57 

Figure 2.4: AlphaFold2 predicted 3D structure of TbHep1…………………………. 59 
Figure 2.5: AlphaFold2 predicted 3D structure of HsHep1…………………………. 61 

Figure 2.6: Phylogenetic analysis of the Hep1 orthologues in relation to other zinc 

finger proteins of the molecular chaperone family………………………………….. 
 

63 

Figure 2.7: Phylogenetic analysis of the murine Hep1 orthologues/isoforms……… 65 
Figure 2.8: The Clustal Omega multiple sequence alignment of the murine and 

primate Hep1 orthologues/isoforms alongside the bovine and human Hep1 

orthologues…………………………………………………………………………… 

 

 

66-67 

Figure 2.9: Phylogenetic analysis of the murine Hep1 orthologues/isoforms within 

the broader context of the rest of the Hep1 orthologues used in this study………….. 
 

69 

Figure 2.10: Phylogenetic and distance analyses of the mtHsp70 orthologues and 

their cytosolic and ER counterparts………………………………………………….. 
 

71 
Figure 2.11: The Clustal Omega multiple sequence alignment of the Hsp70 

orthologues…………………………………………………………………………… 
 

72-73 
Figure 2.12: The syntenic analysis of selected mtHsp70 orthologues……………… 75 



Figure 2.13: The AlphaFold2 predicted 3D structures of A) TbmtHsp70 and B) 

HSPA9……………………………………………………………………………….. 
 

77 

CHAPTER THREE 
Figure 3.1: Confirmation of the integrity of the pQE30-TbHep1 plasmid…………. 89 

Figure 3.2: SDS-PAGE analysis of the expression and purification of TbHep1 

heterologously expressed in E. coli M15 (pREP4/pQE30-TbHep1)……………….. 
 

91 

Figure 3.3: Confirmation of the integrity of the pQE30-TbmtHsp70 plasmid DNA. 92 
Figure 3.4: SDS-PAGE analysis of the expression and solubility of TbmtHsp70 

heterologously expressed in E. coli M15 (pREP4/pQE30-TbmtHsp70)…………….. 
 

93 
Figure 3.5: Confirmation of the integrity of the pACYC-TbHep1 plasmid………… 94 

Figure 3.6: SDS-PAGE analysis of the expression, solubility and purification of 

TbmtHsp70 heterologously co-expressed with TbHep1 in E. coli BL21 DE3 (pQE30-

TbmtHsp70/pACYC-TbHep1)……………………………………………………….. 

 

 

95 
Figure 3.7: Confirmation of the integrity of the pQE2-HsHep1 vector……………… 97 

Figure 3.8: SDS-PAGE analysis of the expression and purification of HsHep1 

heterologously expressed in E. coli XL1-Blue (pQE2-HsHep1)…………………….. 
 

98 

Figure 3.9: Confirmation of the integrity of the pET28a-HSPA9 vector and the 

expression of HSPA9 in E. coli BL21 (DE3) (pET28-HSPA9) cells………………... 
 

99 

Figure 3.10: SDS-PAGE analysis of the expression, solubility and purification 

profiles of human HSPA9 heterologously co-expressed with HsHep1 in BL21 DE3 

(pET28a-HSPA9/pQE2-HsHep1) …………………………………………………… 

 

 

100 
Figure 3.11: Confirmation of the integrity of the pQE2-TbHsp70 vector…………… 101 

Figure 3.12: SDS-PAGE analysis of the expression and purification profiles of 

TbHsp70 heterologously expressed in E. coli XL1-Blue (pQE2-TbHsp70)………….. 
 

102 

Figure 3.13: Confirmation of the integrity of the pET28a-Tbj2 vector……………… 103 
Figure 3.14: SDS-PAGE analysis of the expression and purification profiles of Tbj2 

heterologously expressed in E. coli BL21 DE3 (pET28a-Tbj2)……………………… 
 

104 
Figure 3.15: SDS-PAGE analysis of the expression and purification profiles of 

human HSPA1A heterologously expressed in E. coli BL21 DE3 (pET28a-HSPA1A). 
 

105 
Figure 3.16: SDS-PAGE analysis of the expression and purification profiles of E. 

coli Hsp33 homologously expressed E. coli BL21 (DE3) (pET11a-Hsp33)………… 
 

106 

 

 



CHAPTER FOUR 
Figure 4.1: TbHep1 and HsHep1 suppressed the thermally induced aggregation of 

TbmtHsp70 and HSPA9…………………………………………………………….. 
 

114 
Figure 4.2: TbHep1 and HsHep1 suppressed the thermally induced aggregation of 

TbHsp70 and HSPA1A……………………………………………………………… 
 

116 
Figure 4.3: TbHep1 and HsHep1 suppressed the thermally induced aggregation of 

L-malate dehydrogenase (MDH) ……………………………………………………. 
 

117 
Figure 4.4: TbHep1 and HsHep1 increased the solubility of L-malate dehydrogenase 

(MDH) and citrate synthase (CS) …………………………………………………… 
 

118 
Figure 4.5: TbmtHsp70 and HSPA9 suppressed the thermally induced aggregation 

of L-malate dehydrogenase (MDH) …………………………………………………. 
 

120 
Figure 4.6: The chaperone capabilities of TbmtHsp70 and HSPA9 were also 

confirmed by means of fractionation………………………………………………… 
 

121 
Figure 4.7: TbHep1 and TbmtHsp70 did not cooperate in the suppression of the 

thermally induced aggregation of L-malate dehydrogenase (MDH)………………… 
 

122 
Figure 4.8: TbHsp70 and HSPA1A suppressed the thermally induced aggregation of 

L-malate dehydrogenase (MDH)……………………………………………………. 
 

123 
Figure 4.9: Oxidized TbHep1 exhibits holdase activity towards thermally aggregated 

L-malate dehydrogenase (MDH) ……………………………………………………. 
 

124 
Figure 4.10: Oxidized HsHep1 exhibits holdase activity towards thermally 

aggregated L-malate dehydrogenase (MDH) ………………………………………. 
 

125 
Figure 4.11: Oxidized Hsp33 exhibits holdase activity towards thermally aggregated 

L-malate dehydrogenase (MDH) ……………………………………………………. 
 

126 
Figure 4.12: Reducing and non-reducing SDS-PAGE resulted in the electromobility 

shifts of the oxidized proteins………………………………………………………… 
 

127 
Figure 4.13: Reduced and oxidized samples of TbHep1, HsHep1 and Hsp33 on a 12 

% acrylamide gel…………………………………………………………………….. 
 

128 
Figure 4.14: Characterization of the steady-state kinetics of the Hsp70s with ATP as 

a substrate…………………………………………………………………………….. 
 

130 
Figure 4.15: The basal ATPase activities of the Hsp70s expressed as µM Pi generated 

per min……………………………………………………………………………….. 
 

131 
Figure 4.16: TbHep1 and HsHep1 enhanced the basal ATPase activities of Hsp70s. 132 

 



 

APPENDICES  

Figure A1……………………………………………………………………………. VI-VIII 
Figure A2……………………………………………………………………………. IX-XI 

Figure A3……………………………………………………………………………. XII 
Figure A4……………………………………………………………………………. XIII 

Figure A5……………………………………………………………………………. XIV 
Figure A6……………………………………………………………………………. XVII-XIX 

Figure A7……………………………………………………………………………. XX 
Figure A8……………………………………………………………………………. XXI-XXIV 

Figure A9……………………………………………………………………………. XXV-XXVII 
Figure A10…………………………………………………………………………… XXVIII 

Figure A11…………………………………………………………………………… XXIX 
Figure A12…………………………………………………………………………… XXX-XXXIV 

Figure A13…………………………………………………………………………… XXXV-XXVII 
Figure A14…………………………………………………………………………… XXXVIII 

Figure C1…………………………………………………………………………….. XLIII 
Figure C2…………………………………………………………………………….. XLIV 

XLIV Figure C3…………………………………………………………………………….. 

Figure C4…………………………………………………………………………….. XLV 

 

 

 

 

 

 

 

 

 

 

 

 

 



LIST OF TABLES 

CHAPTER ONE 
Table 1.1: Members of the order Trypanosomatida,  family 
Trypanosomatidae……………………………………………………………… 

 
3 

CHAPTER THREE 
Table 3.1: Description of the plasmids used in this study……………………………….. 85 
Table 3.2: Description of the E. coli strains used in this study…………………………... 86 
Table 3.3: Details of the E. coli strains that were used for each plasmid………………… 87 
CHAPTER FOUR 
Table 4.1: The Km and Vmax values of the Hsp70s as they relate to their ATP hydrolysis 
activities……………………………………………………………………………… 

 
129 

APPENDICES  
Table A1………………………………………………………………………………….. I 
Table A2………………………………………………………………………………….. II 
Table A3………………………………………………………………………………….. III 
Table A4………………………………………………………………………………….. IV 
Table A5………………………………………………………………………………….. V 
Table A6………………………………………………………………………………….. XV 
Table A7………………………………………………………………………………….. XVI 
Table B1………………………………………………………………………………….. XL 
Table B2………………………………………………………………………………….. XLI 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



LIST OF ABBREVIATIONS  

APS  ammonium persulphate 
aSEC analytical size exclusion chromatography 
ATP adenosine triphosphate 
AmpR ampicillin resistance 
AT African trypanosomiasis 
AAT African animal trypanosomiasis 
apoA1 apolipoprotein A1 
apoL1 apolipoprotein 1 
Ai1 apolipoprotein Ai1 
AQP2 aquaglyceroporin 
AD Alzheimer’s disease 
ALS amyotrophic lateral sclerosis 
AIF Apoptosis-inducing factor 
AIMP2 aminoacyl-transfer RNA synthetase-interacting multifunctional protein 2 
BSF bloodstream forms 
BARP brucei alanine-rich proteins 
BLAST Basic Local Alignment Search Tool 
Bp base pairs 
BSA  bovine serum albumin 
CamR chloramphenicol resistance 
CL cutaneous leishmaniasis 
CNS central nervous system 
CATT card-agglutination trypanosomiasis test 
CHIP carboxy terminus of Hsc70 interacting protein 
CS citrate synthase 
CTD C-terminal domain 
CUPS chaperone-assisted ubiquitin-proteasome pathway 
CR charged linker region 
Cdc2 cyclin-dependent kinase 
DRC Democratic Republic of Congo 
DMG dimyristoylglycerol 
DNDi Drugs for Neglected Tropical Disease Initiative 
DTT dithiothreitol 
EDTA Ethylenediaminetetraacetic acid disodium salt 
ER Endoplasmic reticulum 
ETC electron transport chain  
ERK extracellular signal-regulated kinase  
FAZ flagellum attachment zone 
Fe-S iron-sulphur clusters 
FPLC fast protein liquid chromatography 
gRNA guide RNAs  
G-HAT Gambiense HAT 



GPI glycosylphosphatidylinositol 
GIP glycosylinositolphosphate 
HAT human African trypanosomiais 
Hpr haptoglobin related protein  
HpHbr haptoglobin-haemoglobin receptor 
Hsc heat shock cognate protein 
Hsp heat shock protein  
HIP Hsp70 interacting protein 
His-tag hexahistidine tag 
Hep  Hsp70 escort protein  
HIF-1α hypoxia-inducible factor α 
HOP Hsp70/hsp90 organizing protein 
ISG Invariant surface glycoproteins 
IDP intrinsically disordered protein 
IPTG Isopropyl-β-D-thiogalactopyranoside 
J-protein J domain containing protein 
JNK c-Jun N-terminal kinase 
JTT Jones-Taylor-Thornton 
KanR kanamycin resistance 
Kilo Daltons kDa 
Kbps kilobase pairs 
L Litre 
L. braziliensis Leishmania braziliensis 
MBP  maltose binding protein 
MCS multiple cloning site 
MD middle domain  
mg milligrams 
ml millilitres 
mM millimolar 
ML  maximum likelihood 
MSA Multiple sequence alignment 
MPP  matrix processing peptidase  
mAECT mini anion exchange centrifugation technique 
MDH L-malate dehydrogenase 
mtDNA mitochondrial DNA 
mtHsp70 mitochondrial Hsp70 
M. musculus  Mus musculus 
nM nanomolar 
NCBI National Centre for Biotechnology Information 
Ni-NTA nitrilotriacetic acid-agarose 
NTD neglected tropical disease 
NECT nifurtimox-eflornithine combinatorial therapy 
NNI nearest-neighbor-interchange 



NTR uniquinone nitroreductase 
NBD nucleotide binding domain 
NEF nucleotide exchange factor  
NTD N-terminal domain 
NF-κβ nuclear factor κβ   
ORF open reading frame 
ODC ornithine decarboxylase 
OD optical density 
PBS phosphate buffered saline 
PCF procyclic forms 
P. falciparum Plasmodium falciparum 
PTRE post-treatment reactive encephalopathy 
PQC protein quality control  
PDB Protein Data Bank 
PEXEL/VTS Plasmodium export element / vacuolar transport signal  
PAM presequence translocase-associated motor 
PD Parkinson’s disease 
PEG polyethylene glycol 
Pi inorganic phosphate 
pI isoelectric point 
PMSF phenylmethanesulfonyl fluoride 
RDT  Recombinant DNA technology 
R-HAT Rhodesiense HAT 
RNR ribonucleotide reductase 
S. cerevisiae Saccharomyces cerevisiae 
SRA serum resistance antigen 
SIT sterile insect technique 
SBD substrate binding domain 
SDS sodium dodecyl sulphate 
SDS-PAGE sodium dodecyl sulphate – polyacrylamide gel electrophoresis 
SMART simple modular architecture research tool 
STi1  stress-inducible phosphoprotein 1 
TAC tripartite attachment complex 
TBS tris-buffered saline 
TBS-T tris-buffered saline – Tween20 
TEMED tetramethyl ethylenediamine 
TLF trypanolytic factor 
TgsGP T. b. gambiense specific glycoprotein 
TbENO T. brucei enolase 
TPR tetratricopeptide  
TRAP1 tumour necrosis factor receptor-associated protein 1 
T. brucei Trypanosoma brucei 
T. b. brucei Trypanosoma brucei brucei 



T. b. gambiense Trypanosoma brucei gambiense 
T. b. rhodesiense Trypanosoma brucei rhodesiense 
T. equiperdum Trypanosoma equiperdum 
T. cruzi Trypanosoma cruzi 
T. evansi Trypanosoma evansi 
TIM23  translocase of inner membrane 
TOM  translocase of outer membrane 
UV  ultraviolet 
VSG variable surface glycoprotein 
v/v volume/volume 
WHO World Health Organisation 
w/v weight/volume 
YT yeast tryptone 
ZFLR zinc-finger like region 
α alpha 
β beta 
µ micro 
µg microgram 
µl microlitre 
µM micromolar 
% percent 
°C Degrees Celsius 

 



1 
 

CHAPTER ONE 
Literature review  

1.1 Distinguishing features of kinetoplastids 

Kinetoplastid organisms are a class of protozoan unicellular flagellates under the phylum Euglenozoa  

alongside euglenids and diplonemids (Figure 1.1) (Cavalier-Smith, 1981; Stuart et al., 2008; Butenko 

et al., 2020; Kostygov et al., 2021). Together with diplonemids, kinetoplastids fall under the 

Glycomonada clade (or subphylum) and are characterized by possessing sub-cellular structures referred 

to as glycosomes (Cavalier-Smith, 2016). Organisms of the classs Kinetoplastida are characteristically 

distinguished by possessing a kinetoplast within a nucleoid, housed inside a single reticular 

mitochondrion (Stuart et al., 2008; Mensa-Wilmot et al., 2019). The kinetoplast is an aggregation of 

high-density circular DNA molecules that conventionally occur within the vicinity of the organism’s 

flagellar basal body (Hoare and Wallace, 1966; Cavalcanti and de Souza, 2018). The circular kinetoplast 

DNA (kDNA) molecules topologically inter-connect and are categorized according to their sizes into 

mini- and maxi-circles. Mini-circles are present as several thousand variable DNA molecules (0.5-10 

kb) that encode guide RNAs (gRNA). On the other hand, maxi-circles are present as several dozen 

identical DNA molecules (20-40 kb) that encode a plethora of proteins as well as the 9S and 12S 

mitochondrial ribosomes, analogous to the mitochondrial DNA of higher eukaryotic organisms (Shapiro 

and Englund, 1995; Stuart and Panigrahi, 2002; Lukeš et al., 2005; Jensen and Englund, 2012; 

Cavalcanti and de Souza, 2018). The location of kDNA within the mitochondria of kinetoplastids is 

usually signified by a dilation of the organelle in the region in which the kDNA occurs (de Souza et al., 

2009). 

Glycosomes possess genes that were horizontally inherited from plants and are evolutionarily related 

to the peroxisomes and glyoxysomes of higher eukaryotes and plants, respectively (Opperdoes and 

Borst, 1977; Wilson et al., 1996; Maldonado and Fairlamb, 2001; Michels et al., 2005; Lopes, 2010). 

These sub-cellular structures impart kinetoplastids with an expeditious glycolytic process, as they 

possess most of the enzymes that are of relevance to this pathway (Vickerman, 1994). Apart from being 

glycolytic compartments, glycosomes also play a role in the synthesis of pyrimidines, fatty acids and 

lipids (Vickerman, 1994; Michels et al., 2000; Moyersoen et al., 2004). Although glycolysis entails the 

utilization of glucose for energy production, glycosomes have the ability to generate free energy by 

utilizing amino acids (Cross et al., 1975; Hannaert et al., 2003).  

In addition to the glycosomes which kinetoplastids share in common with diplonemids, they are also 

distinguished by their RNA editing feature (Lopes, 2010). RNA editing is carried out using one of two 

mechanisms: the one being the insertion and deletion of uridine residues within coding regions of maxi 
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circles in order to yield open reading frames (ORF) that are readable. This process is mediated by 

gRNAs (Blum et al., 1990; Blum and Simpson, 1990; Lopes, 2010). Since tRNA genes are absolutely 

lacking in the kinetoplastid genome, as with many other groups of organisms, the organisms import 

their tRNAs from the cytosol. The issue with this is that kinetoplastid tryptophan tRNAs imported from 

the cytosol are specific for cytosolic UGG codon yet most of the tryptophan codons in the 

mitochondrion are encoded by UGA (Paris et al., 2012). Therefore, in the mitochondrion, the second 

RNA editing mechanisms entails editing tRNATRP by substituting cytosine for uridine at the 34th 

nucleotide residue which forms part of the tryptophan encoding anti-codon. This in order to render the 

anti-codon compatible with the UGA codon (Alfonzo et al., 1999). The C to U modification has been 

reported to be coupled to the thiolation is of an adjacent uridine residue, which acts as a regulatory 

machinery for this tRNA editing mechanism (Wohlgamuth-Benedum et al., 2009). 

 

Figure  1 .1 :  Diagram deta i l ing  the taxonomy of  the  c lass  Kinetoplast ida .  Th is  d iagram i l lus t ra tes  
the  organi sat ion  of  k inetop las t s  under  the  phylum Euglenozoa.  In  the  dashed  box  are  the  o ther  
c lasses  o f  o rganisms in  the  phylum.  Highl igh ted  in  yel low is  th e  l ineag e  of  t rypanosomat id  
organisms.  Adapted  f rom  d ’Avi l a-Levy  et  a l .  (2015) ;  Kostygov  et  a l .  (2021) .  

Kinetoplastids are either saprozoic or parasitic heterotrophs which are sub-divided into two sub-classes: 

namely Prokinetoplastina and Metakinetoplastina (Figure 1.1) (Tikhonenkov et al., 2021). Within the 

sub-class Prokinetoplastina is the order Prokinetoplastida whilst the sub-class Metakinetoplastina is 

constituted of the orders Trypanosomatida, Neobodonida, Eubodonida and Parabodonida (Moreira et 

al., 2004; Cavalier-Smith, 2016). Kinetoplastids are constituted of more than 30 genera of organisms, 

the bulk of them being under the order Trypanosomatida (d’Avila-Levy et al., 2015; Kaufer et al., 

2017).  
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1.2 Trypanosomatids 

Trypanosomatids are constituted of a single family of organisms, Trypanosomatidae (Figure 1.1) 

(d’Avila-Levy et al., 2015). Trypanosomatids are characterized by a small kinetoplast and a single 

flagellum (Maslov et al., 2001). Trypanosomatids uniquely exhibit mRNA trans-splicing, a rarity 

amongst eukaryotic organisms (Johnson, 1987; Figueroa-Angulo et al., 2003; Martínez-Calvillo et al., 

2010). Trans-splicing of the mRNA serves to yield monocistronic mRNA molecules that are translatable 

for ribosomal protein synthesis (Stuart et al., 2005; Lopes, 2010). Trypanosomatids are obligately 

parasitic, parasitizing virtually all vertebrates, some invertebrates, and even plants (Wallace, 1966; 

Vickerman, 1994; Svobodová et al., 2007; Vickerman, 2009).  

Table 1 .1 :  Members of  the o rder Trypanosomat ida ,  family  Trypano somatidae.  Th i s  t ab le  
p resen ts  a l l  th e  known genera  (middle  co lumn)  of  Trypanosomat id  org anisms many of  which  fa l l  
under  several  acknowledged  sub - fami l i es  ( l ef t  co lu mn) .  In  the  co lu mn on  the  r igh t  a re  the  insect  
hosts /v ector s  o f  the  va r iou s  genera  of  o rgani sms.  Dixenous organi sms in  ver t ebrates  and  p lan t s  a re  
ind icat ed  by  the  (*)  and  ( • )  sy mbols ,  r esp ec t ively .  Adapted  f ro m  Mas lov  e t  a l .  (2019) ,  Fro lov  e t  a l .  
(2021) ,  Kostygov  et  a l .  (2 021) .   

 

Trypanosomatids date back to some 100 million years ago and are divided into 24 known genera many 

of which are distributed across 7 recognized subfamilies: Leptomonas, Crithidia, Lotmaria, 

Novymonas, Zelonia, Borovskyia, Obscuromonas, Blastocrithidia, Herpetomonas, Lafontella, 

Phytomonas, Jaenimonas, Angomonas, Strigomonas, Kentomonas, Sergeia, Wallacemonas, 

Vickermania, Blechomonas, Paratrypanosoma, Leishmania, Porcisia, Endotrypanum and 

Trypanosoma (Table 1.1) (Poinar and Poinar, 2004, 2005; Simpson et al., 2006; Kaufer et al., 2017). 

The genera are determined and classified according to cellular morphological traits such as size, shape, 

and the positioning of the kinetoplast-flagellar pocket complex in relation to nucleus (Hoare and 
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Wallace, 1966; Svobodová et al., 2007). Most genera of trypanosomatids are monoxenous (or 

monogenetic) parasites of insects, but some exhibit a dixenous (or digenetic) life cycle as they shuttle 

between their respective invertebrate vectors and vertebrate (or plant) hosts (Kaufer et al., 2017).  

However, the classification of genera according to cellular morphology and host range remains a 

contentious subject in the taxonomy of trypanosomatids as this has led to cases of paraphyly and 

polyphyly (Olsen and Woese, 1993; Merzlyak et al., 2001; Kaufer et al., 2017). Furthermore, some 

genera which are classified as monoxenous (e.g., Leptomonas) have been reported to be opportunistic 

parasites of vertebrates in HIV and leishmaniasis patients (Singh et al., 2013). On the other hand, some 

genera (e.g., Novymonas and Zelonia) which occur within dixenous clades of trypanosomatids 

alongside Leishmania seem to be monoxenous. Molecular evidence of monoxenous trypanosomatids 

having the ability to infect multiple insect organisms has also been presented (Chicharro and Alvar, 

2003; Kaufer et al., 2017). It is currently thought that only a fraction of the trypanosomatid genera have 

been described, and that the discovery of more trypanosomatid organisms will allow for an improved 

taxonomic system (Kaufer et al., 2017). Currently, trypanosomatids are proposed to be divided into 2 

superclasses, the juxtaform and liberform (Wheeler et al., 2013). The juxtaform superclass is constituted 

of morphotypes that possess a laterally fixed flagellum: epimastigotes and trypomastigotes such as those 

found in the genus Trypanosoma. The liberform superclass is constituted of morphotypes that possess 

a free flagellum: opisthomastigotes, choanomastigotes and promastigotes such as those observed in 

Leishmania and Leptomonas (Wheeler et al., 2013). Other morphotypes, such as amastigotes have also 

been described. Amastigotes occur in both superclasses and therefore may not be used as a classification 

or distinguishing factor (Maslov et al., 2013). Numerous species of trypanosomatids are responsible for 

acute and chronic neglected tropical diseases (NTDs) that are of medical, veterinary, and economic 

pertinence. Three of these species; Leishmania major, Trypanosoma cruzi, and Trypanosoma brucei 

are collectively known as the Tritryps and are the causative agents of devastating human and animal 

diseases (Portman and Gull, 2010; Jackson et al., 2016). The Tritryps are vector-borne and 

haemoflagellate parasites that are transmitted to their mammalian hosts by hematophagous organisms 

of the phylum Arthropoda (Hotez et al., 2016). 

 L. major is an obligate intracellular zoonotic parasite that targets dendritic cells and macrophages (Kaye 

and Scott, 2011; Walker et al., 2014). It is transmitted to humans through the bite of an infected female 

phlebotomine sandfly (Phlebotomous papatasi) (Dobson et al., 2010; Paz et al., 2013). It forms part of 

the Leishmania organisms that are causative agents of old-world cutaneous leishmaniasis (CL) (Alvar 

et al., 2012). Alongside L. major: L. tropica, L. aethipica, L. infantum and L. donovani are also causative 

agents of old-world leishmaniasis. CL is the most geographically widespread form of leishmaniasis and 

is usually symptomized by a single localized ulcerative skin lesion that often heals without treatment 

(Kaye and Scott, 2011). CL lesions are characterized by having necrotic tissue at their bases and borders 
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that exhibit induration (Goto and Lindoso, 2010; Paz et al., 2013). T. cruzi is an obligate zoonotic 

intracellular parasite that targets cells such as fibroblasts, macrophages, neurons and myocytes (de 

Souza et al., 2010). T. cruzi is the causative agent of Chagas, also referred to as American 

trypanosomiasis, a globally distributed disease that is mostly prevalent in the Americas, extending from 

Mexico in the north to Chile in the South. T. cruzi is transmitted to humans through the excrement of 

several dozen species of triatomine insects (the ‘kissing bugs’) (Lopes, 2010). The kissing bugs derive 

their name from their behavioural characteristic of biting the human host around the mouth and eyes 

during their bloodmeal (Klotz et al., 2010). Post meal, the infected kissing bugs defecates on or around 

the host, creating an opportunity for the parasite-infested excrement to come into contact with the 

mucous membrane or skin openings of the mammalian host (Klotz et al., 2014; Lopes, 2010). Chagas 

occurs in two phases: acute and chronic. The acute phase occurs in the early stages of the disease and 

is symptomized by a fever, fatigue, skin rashes and nausea (Calvopina et al., 2020). The chronic phase 

of the disease is symptomized by heart disease and intestinal neural deficiency (Bern, 2015; Pérez-

Molina and Molina, 2018).  

1.3. Aetiology and disease burden of African trypanosomiasis 

African trypanosomiasis (AT) is a parasite-borne neuropathic and wasting disease that is endemic to 

sub-Saharan Africa, affecting humans and animals alike  (Raper, 2001; Lopes, 2010; Alsan, 2015). The 

causative agents of the disease are three subspecies of the extracellular vector-borne Trypanosoma 

brucei parasite (Lopes, 2010). The parasite is transmitted to humans and animals through the bite of an 

infected tsetse fly (genus: Glossina) during a bloodmeal, which usually occurs during the daytime 

(Cecchi et al., 2009). In humans the disease is referred to as human African trypanosomiasis (HAT) or 

more commonly as African sleeping sickness. It is caused by the phenotypically indistinguishable T. 

brucei. gambiense and T. brucei. rhodesiense subspecies (Lopes, 2010). Two types of T. b. gambiense, 

types 1 and 2, have been described by isoenzymatic characterization. T. b. gambiense is anthroponotic 

as humans are the main reservoirs whilst T. b. rhodesiense is zoonotic since its transmission also relies 

on animal reservoirs (Kennedy, 2013). T. b. gambiense and T. b. rhodesiense are the only trypanosomes 

in Africa which have been reported to successfully establish an infection in humans (Cayla et al., 2019).  

All 22 species and subspecies in the genus Glossina have the ability to transmit trypanosomes to 

humans, but specific groups have been particularly adapted for transmission of T. b. gambiense and T. 

b. rhodesiense: the Glossina palpalis and Glossina fuscipes groups for T. b. gambiense and the Glossina 

morsitans and Glossina pallidipes group for T. b. rhodesiense (Maudlin, 2006; Simarro et al., 2011). 

Although parasite transmission is primarily due to the bite of the tsetse fly, other modes of transmission 

have been reported: mother to child transmission through the placenta (for T. b. gambiense), mechanical 

transmission by other hematophagous insects, mishandling of laboratory samples, and sexual 
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intercourse involving infected individuals (Gruvel, 1980; Lindner and Priotto, 2010; Simarro et al., 

2014).  

African sleeping sickness is distributed across 36 sub-Saharan African countries,  with rural farming 

communities being the most vulnerable (Figure 1.2) (Kennedy, 2004; Kennedy and Rodgers, 2019). 

The two causative agents of HAT, T. b. gambiense and T. b. rhodesiense, are found in different regions 

of the continent. T. b. gambiense occurs in 24 countries in Central and Western Africa whilst T. b. 

rhodesiense occurs in 13 countries in Eastern and Southern Africa (Kennedy, 2004; Torr et al., 2012; 

Kennedy, 2013; Simo et al., 2014). Only in Uganda have T. b. gambiense and T. b. rhodesiense been 

reported to co-occur, albeit in different regions; T. b. gambiense in the northwest and T. b. rhodesiense 

in the central regions (Figure 1.2) (Berrang-Ford et al., 2006, 2012). In Central and Western Africa 

tsetse flies are found in stream side flora and forests whilst in East Africa they occur in woodlands and 

the savannah. T. b. rhodesiense is less prevalent and is responsible for the acute form of HAT (R-HAT) 

(Maudlin, 2006; Simarro et al., 2011). 

 
Figure 1.2: Distribution map for African sleeping sickness. The map illustrates the distribution of R-HAT and 
G-HAT. The bold line is a demarcation separating the regions in which the T. b. rhodesiense and T.b. gambiense 
occur. The red asterisk serves to highlight Uganda, the only country in which the subspecies co-occur (Kennedy, 
2004). 

 T. b. gambiense accounts for 98% of reported cases and is primarily responsible for the chronic form 

of HAT (G-HAT) (Simarro et al., 2012). T. b. gambiense type 1 is more prevalent, accounting for 

approximately 90% of those cases, and causes the chronic form of HAT. On the other hand, T. b. 

gambiense type 2 causes the acute form of the disease (Cordon-Obras et al., 2010; Wombou Toukam 

et al., 2011). HAT has been an African health challenge since the late 19th century having caused 
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millions of fatalities in the 20th century due to numerous outbreaks which have led to epidemics. 

However, due to concerted efforts in the surveillance and management of the disease, reported cases 

have been dropping significantly over the years; from 40 000 cases in 1998 to 9 878 cases in 2009. In 

2019, the number of reported cases had declined to 992, with over 70% of cases reported between 2009 

and 2019 having been recorded in the Democratic Republic of Congo (DRC) (WHO, 2022). The World 

Health Organisation had aimed to have eradicated the transmission of the parasite by the year 2030, 

with the disease being eliminated from being a public health concern by the year 2020. Despite the 

strides made in combating the disease, approximately 60 million people are still at risk of HAT 

contraction, with R-HAT accounting for approximately 18 % of that risk (Lopes, 2010; Simarro et al., 

2012). The disease burden of HAT is compounded by the geographical distribution of the disease with 

many of the affected communities being remote rural areas with poor access to medical infrastructure.  

Incidentally, cases of HAT do get reported in non-endemic territories, even outside of Africa. These 

cases are attributed to infected individuals travelling from endemic countries (Ripamonti et al., 2002).  

The third subspecies of T. brucei, T. brucei. brucei infects animals and is a causative agent of African 

animal trypanosomiasis (AAT). AAT, commonly referred to as nagana in cattle, primarily affects cattle 

and horses, but can also infect dogs, cats, camels, and pigs. T. b. brucei is not the only causative agent 

of AAT. The other trypanosomal causative agents of AAT include T. Congolese, T. vivax , T. 

equiperdum, T. simiae, and T. evansi (Leak, 1999; Lopes, 2010). According to molecular and 

parasitological characterization, T. equiperdum and T. evansi are also considered to be strains or 

subspecies of T. brucei. T. equiperdum and T. evansi are thought to have evolved spontaneously, having 

lost a fraction of (dyskinetoplastidy) or their whole (akinetoplastidy) kDNA complement, respectively 

(Lai et al., 2008). T. equiperdum and T. evansi are therefore also referred to as T. brucei equiperdum 

and T. brucei evansi, respectively (Lai et al., 2008). T. equiperdum is sexually transmitted between 

horses and the resultant disease is referred to as dura whilst the disease caused by T. evansi is referred 

to as surra (Desquesnes et al., 2013). Of the causative agents of AAT, T. vivax and T. evansi can be 

transmitted mechanically and their epidemiology, along with that of T. equiperdum, is not restricted to 

the African continent (Desquesnes et al., 2013; Kasozi et al., 2021). AAT, especially in the case of 

nagana in cattle, is of economic and veterinary importance due to its adverse effects on agricultural 

outputs such as meat and milk (Raper, 2001; Desquesnes et al., 2013). The symptoms of AAT include, 

but are not limited to, anaemia, weight loss, decreased infertility, and miscarriage (Desquesnes et al., 

2013). AAT is endemic to 38 African countries covering approximately a third of the continent’s total 

land area (Lopes, 2010; Desquesnes et al., 2013). 
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1.4 HAT: Symptoms and disease progression 

The symptoms of HAT vary according to the stage of parasitic infection (Figure 1.3) (Stuart et al., 2008; 

Lopes, 2010). After parasite transmission into the human host’s bloodstream, headaches, fatigue, 

general malaise, and fever occur (Kennedy, 2004). At the site of the insect bite, a lesion also known as 

a trypanosomal chancre may also occur, more especially in cases of R- HAT (MacLean et al., 2010). 

As the infection progresses, the parasites invade the lymph nodes resulting in lymphadenopathy 

(Kennedy and Rodgers, 2019). The associated symptoms are heightened fever, chills, and 

hepatosplenomegaly (Kennedy, 2008; Kennedy and Rodgers, 2019).  

 
Figure 1.3: An infographic depicting the progression of HAT. The diagram highlights some of the defining 
symptoms of HAT as they relate to the progression of the T. brucei infection. The dashed line demarcates the 
point at which the parasitic infection infiltrates the CNS. The arrows at the bottom of the infographic indicate the 
different rates at which R-HAT and G-HAT progress. Adapted from Ponte-Sucre (2016).  

At the phase of bloodstream and lymph node infection, the disease is said to be at the haemolymphatic 

stage (Brun et al., 2010). As the infection advances, the parasites breach the blood-brain barrier to 

infiltrate the central nervous system (CNS). At this point, the disease is said to be at the 

meningoencephalitic stage (Figure 1.3) (Brun et al., 2010). The meningoencephalitic stage of the 

disease is characterized by mental, neurological and sensory degeneration. The symptoms include, but 

are not limited to, delirium, disorientation, apathy, anxiety, emotional instability, abnormal speech, 

paraesthesia, anaesthesia, convulsions, seizures, and coma (Kennedy, 2004, 2008). The 

meningoencephalitic phase of the disease also symptomized by a disruption of the circadian cycle, 

symptomized by daytime somnolence and nocturnal insomnia (Figure 1.3). The common name of the 

disease, “African sleeping sickness”, is a derivative of this symptom (Blum et al., 2006). If not treated, 
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the meningoencephalitic stage of HAT may be lethal (Stuart et al., 2008; Kennedy, 2013). In addition 

to the aforementioned symptoms, more especially in cases of R-HAT, cardiac and endocrine maladies 

such as myocarditis and hypogonadism may also occur (de Raadt and Koten, 1968; Petzke et al., 1996). 

An intermediate stage of the disease has also been suggested; whereby the parasitic infection has 

breached the blood-brain barrier but has not yet reached or infiltrated the brain parenchyma (Bisser et 

al., 2002; Buguet et al., 2005; Bonnet et al., 2015). The rate of disease progression differs between R-

HAT and G-HAT (Simarro et al., 2012). For R-HAT, the haemolymphatic stage symptoms appear 1 to 

3 weeks following the bite of the tsetse fly whilst the symptoms manifest much later in the case of G-

HAT (Kennedy, 2004; MacLean et al., 2010). The onset of the meningoencephalitic stage of the disease 

occurs within 2-60 days of infection in cases of R-HAT and death may take place within 3 months 

(Kennedy and Rodgers, 2019). For G-HAT, the onset of the meningoencephalitic stage occurs between 

300 and 500 days from infection and the disease may persist for years (Stich, 2002; Brun et al., 2010).  

1.5 Biology and pathology of T. brucei 

The cellular structure of T. brucei is characterized by polarization as determined by its microtubule 

cytoskeleton (Matthews, 2005) (Figure 1.4). The posterior and anterior of the cell are the positive and 

negative ends of the microtubular cytoskeleton, respectively (Robinson et al., 1995). The cytoskeleton 

is anchored to the cell membrane via microtubule associated proteins, and forms a robust, yet pliable 

corset which is structurally consistent throughout much of the cell (Bramblett et al., 1987; Hemphill et 

al., 1991; Ooi and Bastin, 2013). The robustness of the cytoskeleton is thought to be a protective 

adaptation to shield the cell from erratic environmental elements as it also serves to prevent molecular 

traversal across much of the cell membrane (Ooi and Bastin, 2013). Only a small area of the cell body’s 

membrane, within an area referred to as the flagellar pocket, is permissive to endo- and exocytosis. The 

flagellar pocket is an invagination on the cell’s surface from which the flagellum, originating from the 

flagellar basal body, protrudes to the outside of the cell body (Figure 1.4) (Ooi and Bastin, 2013). The 

membrane in the flagellar pocket is continuous with that of the plasma membrane, and as such it offers 

a point at which the microtubule cytoskeleton is less restrictive to the passage of molecules (Ooi and 

Bastin, 2013). Within the flagellar pocket, the flagellar basal body is in turn linked to the kinetoplast 

through a structural assembly referred to as the tripartite attachment complex (TAC) (Ogbadoyi et al., 

2003; Matthews, 2005). The TAC structure consists of three components: exclusion zone filaments that 

connect the basal body of the flagellum to the outer membrane of the mitochondria, the inner and outer 

mitochondrial membranes, as well as unilateral filaments that connect the inner membrane of the 

mitochondria to the kinetoplast (Ogbadoyi et al., 2003). Since trypanosomes have a single copy of the 

mitochondrial genome, the TAC serves to mediate the complete segregation of replicated kDNA 

molecules in order to ensure that each daughter cell receives a full complement of kDNA during cell 

division (Ogbadoyi et al., 2003; Matthews, 2005; Baudouin et al., 2020). The TAC also serves as a link 

to connect the flagellar basal body and kinetoplast to the cell’s microtubular cytoskeleton (Gull, 2003; 
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Matthews, 2005). Additionally, trypanosomal cells are distinctively coated with tightly packed variable 

surface glycoproteins (VSGs) which are linked to the membrane by glycophosphatidyl inositol (GPI) 

anchor molecules (Ferguson et al., 1988; Magez et al., 2002; Horn, 2014). Each GPI molecule consists 

of two components: glycosylinositolphosphate (GIP) and dimyristoylglycerol (DMG) (Magez et al., 

2002; Stijlemans et al., 2016).  

 
Figure 1.4: A schematic representation of the T. brucei cell. The illustration serves to highlight some key and 
defining subcellular structures of the T. brucei parasite. Adapted from Matthews (2005).  

The structure of the trypanosomal flagellum is semi-pliable and comprised of a microtubular axoneme 

that is coupled to a paraflagellar rod (Bastin et al., 1998; Vaughan and Gull, 2003). The flagellum plays 

multiple roles and has been determined to be important for cellular motility and signalling (Langousis 

and Hill, 2014). For much of its length, the flagellum is laterally attached to the cell body through a 

complex of structural entities referred to as the flagellum attachment zone (FAZ) (Sherwin, 1989; Ooi 

and Bastin, 2013). These structures resemble those of cell-to-cell adhesins, such as desmosomes in 

multicellular organisms, and they from a complex that traverses through both the flagellar and cell 

membranes (Vickerman, 1969; Sherwin, 1989; Robinson et al., 1995; Lacomble et al., 2009). An 

essential component of the FAZ is trypanin. Trypanin is a trypanosomal protein that facilitates the stable 

binding of the flagellum to the subpellicular microtubules of the cell body, and also facilitates the 

directional motility of the parasite and, is important in terms of launching an effective infection in the 

bloodstream of the mammalian host (Hutchings et al., 2002; Ralston and Hill, 2006). Within the 

cytoskeletal corset are single copy organelles, including the nucleus, mitochondrion, and Golgi 

apparatus, which are predominantly located and assembled at the hub of the cell towards its posterior 

end (Matthews, 2005) (Figure 1.4). The nucleus is typical of eukaryotic organisms, having a porous 

membranous envelope that houses a dense chromatin network and nucleolus in the nucleoplasm (De 
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Souza and Meyer, 1974; Elias et al., 2001; Souza, 2009). The nuclear genome is comprised of 11 

megabase chromosomes, 5 intermediate chromosomes, and more than a hundred minichromosomes. 

The total size of the nuclear genome is 35 mbps, comprising of 9068 predicted genes (Donelson, 2003; 

Kennedy, 2004; Berriman et al., 2005). Of the entire genome, 10 % of the genes encode VSGs 

(Donelson, 2003). The T. brucei mitochondrion is large and branched, with its length spanning much 

of the cell (Matthews, 2005). The main cellular function of the mitochondrion is to produce energy for 

the cell via oxidative phosphorylation in the ATP generating electron transport chain (ETC). T. brucei 

employs two different terminal oxidases in the ETC: the cyanide-sensitive cytochrome c oxidase 

(complex IV) and salicylhydroxamic acid-sensitive alternative oxidase (cytochrome independent 

trypanosome alternative oxidase, abbreviated as TAO) (Moore and Siedow, 1991; Vanlerberghe and 

McIntosh, 1997; Lukeš et al., 2005; Chaudhuri et al., 2006). Unlike in higher eukaryotes, the presence 

of complex I has not been definitively established in T. brucei (Guler et al., 2008). The mobile redox 

agents, ubiquinone and cytochrome c, of T. brucei are also divergent (Hill, 1976; Lenaz and Genova, 

2010). The Golgi apparatus of T. brucei is comprised of a single stack which is located between the 

nucleus and flagellar pocket, tightly packed between the two structures. The positioning of the Golgi 

stack in the parasite has made T. brucei a model organism for the biogenesis of the Golgi apparatus in 

eukaryotes (Matthews, 2005). 

1.6 Life cycle of T. brucei 

The T. brucei mammalian infection commences as the tsetse fly, during a bloodmeal, intradermally 

inoculates the non-proliferative metacyclic trypomastigote morphotype of the parasite into the 

bloodstream (Figure 1.5) (Lopes, 2010; Stijlemans et al., 2016). The parasites are transmitted as the 

tsetse fly injects its saliva in order to inhibit blood clotting and vasoconstriction (Cappello et al., 1998; 

Mant and Parker, 2008; Caljon et al., 2010; Zhao et al., 2015). Inside the host’s bloodstream, the short 

and stumpy metacyclic trypomastigotes differentiate into proliferative long and slender-bodied 

bloodstream trypomastigotes (Figure 1.5) (Langousis and Hill, 2014). The long and slender-bodied 

bloodstream trypomastigotes possess the ability to traverse blood vessels and infiltrate perivascular 

spaces and are therefore disseminated to various sites in the body, including lymph nodes and the 

cerebrospinal fluid (Langousis and Hill, 2014). The long and slender-bodied bloodstream 

trypomastigotes are subsequently propagated by binary fission. The proliferation of the long and slender 

form sets off a quorum sensing pathway which results in a differentiation into the non-proliferative (or 

quiescent) short and stumpy form (Matthews et al., 2004; MacGregor et al., 2011). The differentiation 

into the quiescent short and stumpy form is an adaptation that prepares the parasite for survival in the 

vector insect’s midgut (MacGregor et al., 2011). It also prolongs the host’s survival to increase chances 

of the parasite being transmitted back to the vector (Gibson and Bailey, 2003). The parasite is therefore 

subsequently transmitted to the vector during a blood meal. In the tsetse fly’s midgut, the bloodstream 

trypomastigotes transform into procyclic trypomastigotes which rapidly replicate by binary fission 
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(Aksoy, 2003) (Figure 1.5). The replication of the procyclic trypomastigotes is subsequently arrested, 

followed by a migration from the insect’s midgut. In the vector’s salivary glands, the procyclic 

trypomastigotes transform into proliferative epimastigotes which attach to the salivary glands via their 

flagella (Kennedy, 2004). The proliferation of the epimastigotes is subsequently arrested before they 

transform into the metacyclic epimastigotes which the tsetse fly transmits to the human host during a 

bloodmeal (Kennedy, 2004). This completes the parasite’s life cycle. The parasite morphotypes in the 

human and tsetse fly are referred to as the bloodstream (BSF) and procyclic (PCF) forms, respectively. 

An adipocyte tissue form has also been reported. It invades the mammalian fat tissues and can utilize 

exogenous fatty acids such as myristic acid as a carbon source. This may be a causative factor in the 

weight loss (wasting) that is observed in HAT sufferers (Trindade et al., 2016). It has also been 

established, that a subpopulation of metacyclic trypomastigotes is retained intradermally, within the 

vicinity of the tsetse fly’s bite (Caljon et al., 2016).  

 
Figure 1.5: Depiction of the T. brucei life cycle. The diagram illustrates the various morphotypes of T. brucei as 
well as how the parasite shuttles between the insect vector and human host. The dashed line serves as a 
demarcation that differentiates between the vector and host stages of the life cycle. Adapted from Matthews 
(2005). 

Notable variations between the BSFs and PCFs are in the functions and structures of the mitochondrion, 

glycosomes, and the VSG coat (Vickerman, 1965; Richardson et al., 1988; Priest and Hajduk, 1994; 

Lamour et al., 2005). The mitochondrion is enlarged and reticulated in the PCFs compared to the BSFs 

(Priest and Hajduk, 1994; Lopes, 2010). This is due to an increased reliance on oxidative-level 

phosphorylation in the mitochondria of the PCFs, whereas the mitochondrial functions of the BSF forms 

are down-regulated in favour of substrate-level phosphorylation (glycolysis) in the glycosomes (Hill, 

1976; Hannaert et al., 2003; Chaudhuri et al., 2006). The structure of the BSF mitochondrion is simple, 

lacking in cristae, but the glycosomal structures are more elaborate and metabolically activated. These 
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metabolic alterations are due to glucose and proline being the major carbon sources in the mammalian 

host and vector, respectively (Priest and Hajduk, 1994; Lamour et al., 2005).  

Upon uptake by the tsetse fly, the parasite relinquishes its VSG coat for procyclins which are in turn 

eventually replaced by brucei alanine-rich proteins (BARPs) in the salivary glands (Urwyler et al., 

2007). The procyclins and BARPs also attach to the cell membrane via the GPI anchor (Ziegelbauer et 

al., 1990; Matthews and Gull, 1994; Nolan et al., 2000; Urwyler et al., 2007). The functions of the 

procyclins and BARPs in the tsetse vector have not yet been elucidated (Ruepp et al., 1997; Acosta-

Serrano et al., 2001; Vassella et al., 2003; Savage et al., 2012). However, it is thought that procyclins 

may be a protective adaptation against the insect vector’s midgut proteases (Ruepp et al., 1997).  

1.7 Host-pathogen interactions 

The T. brucei parasite is extracellular throughout its lifecycle and is perpetually exposed to the host 

immune system’s elements (Ferrante and Allison, 1983; Lopes, 2010). The VSG coat has been reported 

to play an important role in the pathology and virulence of T. brucei (Morrison et al., 2009). At any 

point of the trypanosomal infection, the parasite population expresses at least 15 variations of the VSG 

proteins, with each parasite coated by about 107 identical VSG molecules of approximately 60 kDa 

(Cross, 1975; Hall et al., 2013a; Cnops et al., 2015). Despite the variation in the VSG coats in the 

trypanosome population, the infective trypanosomal population is dominated by cells that express one 

particular VSG variation at any single point in time. Notwithstanding that trypanosomes possess a 

complement of 2000 VSG genes (Cnops et al., 2015). The VSG proteins are highly antigenic and elicit 

a humoral anti-VSG response from the mammalian immune system (Cnops et al., 2015). The immune 

system therefore mounts a response until it reaches a peaking point. Upon peaking of the immune 

response, a minority of the trypanosome population with a different VSG coat rapidly multiplies and 

becomes dominant (Horn and McCulloch, 2010). This results in the immune system targeting the newly 

dominant variation within the population (Horn, 2014). This cycle of the trypanosomes switching the 

dominant variation within the population is referred to as antigenic variation and is essential for the 

maintenance of a prolonged infection (Pays, 2006; Taylor and Rudenko, 2006; Savage et al., 2012). 

Recently, VSGs have also been shown to be potentially responsible for drug resistance (Wiedemar et 

al., 2019). Trypanosomes also have a deleterious effect on B cells as they result in the over exertion of 

the immune cells as a result of antibody over-production. This leads to a condition referred to as 

hypergammaglobulinimea (Murray et al., 1974; Onyilagha and Uzonna, 2019). Antigenic variation 

further leads to immuno-pathologies such as the expression of autoantibodies, non-specific polyclonal 

antibodies and a decrease in the populations of selected B cells, resulting in a decreased capacity to 

launch and maintain an effective anti-trypanosomal secondary response (Diffley, 1983; Magez et al., 

2020). Antigenic variation ultimately results in a loss of the ability to launch an immune response 

against other pathogens for which the affected individual may have been vaccinated (immunized) 
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against (Radwanska et al., 2008; Magez et al., 2020). Antibody production by B cells is either T cell 

dependant or independent (Reinitz and Mansfield, 1990). African trypanosomes particularly impair T 

cell independent antibody expression (Stijlemans et al., 2016). The extent of the damage in this regard 

has also been reported to even result in false positives in patients when administering anti-HIV antibody 

diagnostic tests (Lejon et al., 2010). The loss of immune memory also applies to VSGs, therefore 

previously prevalent VSG variants in the parasite population may re-emerge (La Greca and Magez, 

2011). There are also VSG molecules that present non-specific (cross reactive) epitopes (Hall et al., 

2013b). Furthermore, anti-VSG antibodies which bind to the VSGs are rapidly endocytosed, along with 

the bound VSG molecule, for lysosomal degradation in order to decrease the antibody concentration. 

The VSG molecule is subsequently recycled to the surface of the cell, to bind more antibodies for 

endocytosis (Field and Carrington, 2009; Horn, 2014). Since the flagellar pocket is the only point at 

which endocytosis may take place, rapid flagellar beating in the BSFs has been reported to be also 

essential for an increased rate of endocytosis of VSG-antibody complexes (Engstler et al., 2007; Field 

and Carrington, 2009). The flagellum has also been demonstrated to play a role in the parasites crossing 

the blood-brain barrier of the mammalian host (Langousis and Hill, 2014). The GPI anchor molecules 

of the VSG coat also play a role in the pathology of T. brucei by interacting with macrophages to bring 

about the secretion of pro-inflammatory cytokines. The DMG component of the anchor plays a role in 

the priming of macrophages, whilst the GIP component induces their activation. The GIP component 

also induces TNF-α subsequent to IFN-γ stimulation (Baral, 2010; Lopes, 2010).  

The inability of most trypanosomes to sustain an infection in humans is attributed to trypanolytic factors 

1 and 2 (TLF 1 and 2), which are found in the blood serum of healthy individuals (Barrett et al., 2003). 

These factors are released by the innate immune system as part of a mechanism to bring about the lysis 

of the trypanosomal cells (Raper et al., 1999; Thomson et al., 2014). The functions of the trypanolytic 

factors are facilitated by a high-density lipoprotein that is referred to as apolipoprotein 1 (apoL1) 

(Thomson et al., 2014). TLF-1 is part of a complex that is formed in association with apoL1, 

Haptoglobin related protein (Hpr), apolipoprotein A1 (apoA1) and haptoglobin, whilst TLF-2 is part of 

a complex that is formed by the association of polyclonal IgM antibodies, apoL1, apolipoprotein Ai1 

(Ai1) as well as Hpr (Raper et al., 1999; Vanhollebeke et al., 2007; Thomson and Finkelstein, 2015; 

Vanwalleghem et al., 2015; Verdi et al., 2020). The trypanosomal uptake of TLF-1 is facilitated by the 

trypanosome haptoglobin-haemoglobin receptor (HpHbr). This receptor is essential for the parasite’s 

supply of haem (Vanhollebeke et al., 2008). This receptor, however, cannot distinguish between the 

haptoglobin-haemoglobin (Hp-Hb) complex and the complex that contains TLF-1 (Cnops et al., 2015). 

The parasite therefore endocytoses the TLF-L1 containing complex inadvertently. This leads to the 

formation of pores in the lysosome, causing an osmotic imbalance. The trypanosomal cell subsequently 

expands uncontrollably and eventually ruptures (Hager et al., 1994; Pays et al., 2006). TLF-2 is thought 
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to be the main lytic factor responsible for protecting humans from trypanosomiasis, but its mode of 

action has not been clearly elucidated (Cnops et al., 2015; Raper et al., 1996).  

The resistance of T. b. gambiense and T. b. rhodesiense to the trypanolytic factors is attributed the T. b. 

gambiense specific glycoprotein (TgsGP) and serum resistance antigen (SRA), respectively (De Greef 

et al., 1989; Van Xong et al., 1998; Cnops et al., 2015). TgsGP and SRA resemble derivatives of VSG 

truncations and impart resistance to the human host’s trypanolytic factors (Cnops et al., 2015). T. b. 

gambiense expresses low levels of HpHbr, and therefore endocytoses low levels of TLF-1 (Kieft et al., 

2010). 

1.8 Diagnosis of HAT 

Timely and accurate diagnosis is of paramount importance as early diagnosis is key in ensuring that the 

patient receives treatment before the onset of the meningoencephalitic stage of the disease, whilst 

accuracy prevents a misdiagnosis since some of the disease’s symptoms mirror that of malaria (Bonnet 

et al., 2015). To prevent misdiagnosis microscopic analysis is carried out on the buffy coat of the blood 

sample (Chappuis et al., 2005). Prior to microscopic analysis, the parasites may also be eluted from the 

blood sample by means of the mini anion exchange centrifugation technique (mAECT), in cases of low 

trypanosome concentrations (Chappuis et al., 2005; Büscher et al., 2009; Camara et al., 2010). The 

above-mentioned diagnostic techniques are not always useful for G-HAT diagnosis. Therefore, the 

card-agglutination trypanosomiasis test (CATT) is also carried out (Truc et al., 2002). This diagnostic 

technique is specific to T. b. gambiense, detecting the presence of antibodies specific to VSG variants 

LiTat 1.3 and LiTat 1.5 (Bonnet et al., 2015; Bisser et al., 2016). Since treatment for HAT is infection 

stage specific, lumbar punctures are also administered as a supplementary technique to determine if the 

infection has infiltrated the CNS (Bonnet et al., 2015). In cases of low trypanosome concentrations in 

the blood, diagnosis may also be carried out using lymphatic fluids drawn from the swollen cervical 

lymph nodes of patients (Chappuis et al., 2005). 

1.9 Treatment: drugs and strategies 

At present, there is no umbrella treatment drug or strategy for HAT. The anti-trypanosomal 

chemotherapeutic treatment that is administered needs to be specific to whether the disease is at the 

haemolymphatic or meningoencephalitic stage and, on whether the patient is infected with T. b. 

gambiense or T. b. rhodesiense (Babokhov et al., 2013; Brun et al., 2010; Lopes, 2010). The 

haemolymphatic stage of the disease is treated with pentamidine isethionate (or pentamidine) and 

suramin for G-HAT and R-HAT, respectively. The meningoencephalitic stage is treated with 

melarsoprol (or Mel B or Arsobal®) and elfornithine (or alpha-difluoromethylornithine, abbreviated as 

DFMO). DFMO is used in cases of meningoencephalitic G-HAT, whilst melarsoprol is used in cases 

of both G-HAT and R-HAT (Lopes, 2010; Babokhov et al., 2013). To expedite treatment of 
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meningoencephalitic G-HAT, DFMO is also being used as a combinatorial drug in conjunction with 

nifurtimox (or Lampit®) in what has been dubbed the nifurtimox-eflornithine combinatorial therapy 

(NECT). Nifurtimox as an independent drug has not been authorised for the treatment of HAT but is 

rather used for treating chagas (Bisser et al., 2007; Patterson and Wyllie, 2014; Kansiime et al., 2018; 

Munoz-Calderon et al., 2019).  

Most recently, fexinidazole, has also been sanctioned for the treatment of both stages of G-HAT, albeit 

indicated for non-severe meningoencephalitic HAT (Deeks, 2019; Hidalgo et al., 2021; Kande Betu Ku 

Mesu et al., 2021). The drugs used to treat HAT have differing modes of action. Pentamidine, which is 

administered through intramuscular injections, is an aromatic diamine and its anti-trypanosomal 

utilisation dates back to the 1930s. This drug hinders DNA replication by influencing topological 

changes in the parasite’s DNA, thereby inhibiting normal topoisomerase functioning. Pentamidine 

accumulation in trypanosomal cells also hinders mitochondrial activities (Lopes, 2010; Babokhov et 

al., 2013). Suramin, dating back to the 1920s, is a polysulphonated naphthalene dye which inhibits 

glycosome-based glycolysis by interacting with selected enzymes which include 6-phosphogluconate 

dehydrogenase. Suramin anti-trypanocidal activity is also thought to be brought about by inhibiting low 

density lipoprotein uptake, consequently having an adverse effect on the parasite’s cholesterol and 

phospholipid supply. Suramin is administered by means of intravenous injections. Even though suramin 

is only administered for treating R-HAT, it is also effective against G-HAT (Lopes, 2010; Babokhov et 

al., 2013).  

It is generally accepted that the distinguishing factor between haemolymphatic and 

meningoencephalitic HAT treatment is whether the drugs are able to cross the blood-brain barrier 

(Masocha et al., 2007; Priotto et al., 2008). Melarsoprol is a derivative of a melamine arsenical, 

melarsen, which has been used as a trypanocidal agent since the 1940s. The melarsoprol mode of action 

is not clearly understood, but it has been hypothesized that the drug adversely modulates the parasite’s 

glycolytic and redox metabolism pathways. This drug is administered by means of an intravenous 

injection (Barrett et al., 2007; Gehrig and Efferth, 2008; Babokhov et al., 2013). DFMO, a trypanocidal 

agent that was first used as a potential anti-cancer agent, acts by inhibiting ornithine decarboxylase 

(ODC), with its use dating back to the 1980s. ODC is required for synthesizing polyamines which are 

essential for mediating trypanosomal proliferation by means of cell division. DFMO is also 

administered through intravenous infusions (Meyskens and Gerner, 1999; Lopes, 2010; Babokhov et 

al., 2013).  

The NECT strategy has been the main treatment of G-HAT since 2010. In addition to DFMO’s mode 

of action, nifurtimox places the trypanosomal cells under oxidative stress. This combinatorial therapy 

is administered orally and intravenously for nifurtimox and DFMO, respectively (Priotto et al., 2009; 

Babokhov et al., 2013). Fexinidazole, on the other hand, is a pro drug that emerged from a Drugs for 
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Neglected Diseases initiative (DNDi) and Swiss Tropical and Public Health Institute (Swiss TPH) 

collaboration. Subsequent to the collaboration, fexinidazole was further developed by Sanofi. The drug 

is currently the only HAT treatment that is administered exclusively by oral intake, having efficacy at 

both stages of the disease (Kande Betu Ku Mesu et al., 2021). Fexinidazole, like nifurtimox, is a nitro 

pro-drug dependent on the putative ubiquinone nitroreductase (NTR) for activation in the 

mitochondrion. It is however unclear whether the mode of trypanocidal action is mainly due to 

mitochondrial function hindrance or the targeting of components outside the parasite’s mitochondrion 

(Wilkinson et al., 2008; Sokolova et al., 2010; Alsford et al., 2012; Thomas et al., 2018). 

Even though African trypanosomes were first described more than a century ago, only a few efficacious 

drugs have since been approved for treatment. These drugs however present some challenges that 

include toxicity, administration techniques and even trypanosome resistance. Administering the drugs 

is also costly and labour intensive in some cases, a disadvantage considering the fact that HAT is 

endemic to remote and resource lacking regions (Stuart et al., 2008; Babokhov et al., 2013). 

Pentamidine has been reported to be nephrotoxic, having side effects that are symptomized by 

hypoglycaemia and hypotension. In rare cases, pancreatic anomalies, hepatic disorders, and Stevens-

Johnson have been reported as side effects. The severity and chance of occurrence of pentamidine’s 

side effects is also dependent on the dosage administered (Bacchi, 2009; Babokhov et al., 2013). The 

most prevalent side effects of suramin when administered at high concentrations are lethargy, 

neuropathy, renal complications, nausea, anaphylactic shock, and even an allergic reaction (Babokhov 

et al., 2013).  

The drugs used to treat the second stage of HAT also have their accompanying disadvantages. Due to 

being an arsenate, melarsoprol has severe side effects associated with post-treatment reactive 

encephalopathy (PTRE). Approximately 5-10% of meningoencephalitic HAT sufferers treated with 

melarsoprol develop PTRE. PTRE is symptomized by convulsions, severe fever, and a coma. More than 

50% of the individuals who develop PTRE die within 48 hours of having been initially treated with 

melarsoprol. Due to the toxicity of melarsoprol, pentamidine is also used in cases of the disease being 

at the intermediate stage. Trypanosomes are also becoming increasingly resistant to melarsoprol, with 

reports of the resistance rate being at 30 % (Luscher et al., 2007; Priotto et al., 2009).  

DFMO treatment is complicated by the drug’s low affinity for plasma proteins, resulting in a need for 

prolonged dosing in order to ensure efficacy. DFMO also has a very short half-life and is mostly passed 

out in urine without having been altered (Babokhov et al., 2013). DFMO interacts with mammalian and 

trypanosomal ODCs, in a similar manner, but is hydrolysed at a lower rate in the trypanosomes (Barrett 

et al., 2007). Furthermore, DFMO is costly to administer as a single kit of the drug contains two 

treatments costing €554 each ( Simarro et al., 2012). The kit is also large, with a volume of 190 L and 

weighing 40 kg, requiring trained medical personnel and extensive labour. The efficiency of DFMO is 
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also dependant on a healthy immune system, therefore immunocompromised individuals, such as HIV 

positive individuals, have a lower chance of getting cured (Babokhov et al., 2013). The side effects of 

the NECT include nausea, convulsions, various aches, and insomnia. The NECT is also expensive, 

providing four treatments which cost €336 by the year 2010. The kit is also large, with a volume of 100 

L and weighing 30 kg (Simarro et al., 2012; Babokhov et al., 2013). Fexinidazole also needs to be taken 

post meals as bioavailability is considerably compromised in the fasted state (Tarral et al., 2014). 

Due to the disadvantages of current anti-trypanosomal drugs and their concomitant challenges, more 

drug development is required to combat HAT. Drug development needs to take safety, efficacy, and 

cost efficiency into account. In several years, multiple anti-trypanosomal compounds have been taken 

through to human clinical trials. One such compound is acoziborole (SCYX-7158), a benzoxaborole, 

which is also a project of the DNDi. This compound is highly efficacious, curing meningoencephalitic 

HAT in a single dose of 960 mg (Jacobs et al., 2011; Babokhov et al., 2013). Investigations into the 

compound’s mechanism of action are ongoing (Steketee et al., 2018).  

Taking into consideration the adverse effects of anti-trypanosomal drugs and the fact that HAT is 

endemic in remote areas where poverty and conflict are factors, there is a need for more cost-effective 

and easier-to-administer drugs (Berrang Ford, 2007; Chappuis et al., 2010). Melarsoprol administration 

for example, is associated with pain, whilst its toxicity is potentially lethal (Robays et al., 2008). The 

drug also causes an adverse reaction at the site of injection, meaning that a different area has to be 

identified for subsequent doses (World Health Organization, 2019). There is also evidence of resistance 

against some of the existing drugs, which could possibly worsen overtime as trypanosomes evolve more 

resistance mechanisms. For example, resistance against pentamidine and melarsoprol is linked to 

mutations in the aquaglyceroporin (AQP2) transporter that is responsible for their uptake by parasitic 

cells (Baker et al., 2012). 

1.10 Vaccine development 

As a consequence of the antigenic variation phenomenon, successful vaccine development for HAT is 

deemed to be unlikely (Kennedy, 2013). This is due to the constant switching of surface antigens which 

could potentially be targets of the vaccine primed immune response. VSGs also shield potential vaccine 

antigenic targets such as the antigenic invariant surface glycoproteins (ISGs) from the immune system’s 

components (Ziegelbauer and Overath, 1992, 1993; Salmon et al., 1994; Nolan et al., 2000; Mehlert et 

al., 2012; Horn, 2014). ISGs are transmembrane proteins that intercalate between the VSGs 

(Ziegelbauer and Overath, 1993). Additionally, B cell impairment and depletion by trypanosomes 

means that developing vaccine antigens based on memory B cells could be unlikely (Radwanska et al., 

2008). Examples of ISGs are ISG65 and ISG75 which present approximately 70000 and 50000 copies 

of themselves, respectively, on the trypanosome’s surface (Chung et al., 2008). Both ISG65 and ISG75 
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have been studied as potential antigenic targets in T. brucei vaccine development, with ISG75 having 

been determined to induce insufficient protection (Ziegelbauer and Overath, 1992, 1993; Lança et al., 

2011). Interestingly, ISG75 has also been shown to be a target of suramin, implicated in the endocytosis 

of the drug (Salmon et al., 1994). In a recent study by Magez et al. (2021), the immunogenic potential 

of ISG75 alongside T. brucei enolase (TbENO) was reassessed. TbENO, like with enolase in T. cruzi 

and Leishmania, forms part of the secretome, and is highly antigenic (Geiger et al., 2010; Magez et al., 

2021). Though proving to be highly immunogenic, both ISG75 and TbENO were ultimately determined 

to be inadequate as antigenic targets (Magez et al., 2021). 

1.11 Vector control 

 In the absence of efficacious vaccines and prophylactic drugs, HAT management is largely limited to 

diagnosis and treatment, whilst vector control is also increasingly being employed (Solano et al., 2013). 

Recommended prophylactic control measures against HAT include wearing protective clothing that is 

neutral-coloured, avoiding bushes, and travelling in vehicles that are not harbouring tsetse flies (CDC, 

2022). These preventative interventions are aimed at reducing the chances of being bitten by a tsetse 

fly. In 1997, the potential of vector control was demonstrated in the eradication of the Glossina austeni 

tsetse fly that was responsible for the transmission of AAT on the Unguja Island of Zanzibar (Vreysen 

et al., 2014). The method of vector control deployed on Unguja Island relied on the sterile insect 

technique (SIT) which essentially entailed releasing competitive sterilised male insects into the 

environment in order to decrease the fly populations (Molyneux et al., 2004; Vreysen et al., 2011). The 

success of vector control in the case of Unguja Island inspired the deployment of this control measure 

on a continent-wide basis (Vreysen et al., 2014).  

It is known that the chances of T. b. rhodesiense and T. b. gambiense transmission from the vector to 

the mammalian are less than 1 % (Jamonneau et al., 2004; Auty et al., 2012). It is therefore thought that 

vector control, even if ineffective in eliminating the tsetse vector, may eliminate transmission. 

Historically, vector control has been viewed as a necessary tool for managing R-HAT, but not so much 

for G-HAT as it was thought to be expensive and unfeasible (Gouteux and Artzrouni, 1996). The 

restricted application of insecticides on cattle (insecticide treated cattle, abbreviated as ITC) has proven 

to be an effective control technique for R-HAT, however it relies on areas that are densely populated 

with cattle, whereas G-HAT endemic areas usually do not meet the required cattle density threshold 

(Welburn et al., 2006; Torr et al., 2007; Solano et al., 2013). In low cattle density areas, insecticide 

treated cloths or cloth traps have been used as a control measure against R-HAT (Lancien, 1991). With 

regard to G-HAT, which is specifically targeted for eradication by the WHO, vector control later 

became to be accepted as essential control tool (Solano et al., 2013; Solano, 2021). Whilst treatment 

and monitoring (diagnostic screening) are effective in reducing disease incidence, it became clear that 

vector control is required for elimination of G-HAT where transmission frequency is increased 
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(Artzrouni and Gouteux, 1996; Gouteux and Artzrouni, 1996). More especially because G-HAT 

patients and those who are asymptomatic can live long whilst harbouring the parasite, giving vectors an 

increased opportunity to spread the disease (Bucheton et al., 2011; Jamonneau et al., 2012).  

As such, G-HAT targeted vector control is increasingly being employed as a disease management 

strategy (Rayaisse et al., 2010; Esterhuizen et al., 2011). The vector control technique in use entails 

insecticide impregnated blue polyester fabrics with a surface area of 0.375 m2 (50 cm x 75 cm) bordered 

by a black propylene net (Rayaisse et al., 2011). These targets attract the T. b. gambiense transmitting 

G. palpalis and G. fuscipes tsetse species with a high affinity, whereby the insects make contact with 

the insecticide, leading to fatality (Rayaisse et al., 2010; Esterhuizen et al., 2011). The tiny targets are 

highly cost effective, estimated to be ranging between 66 and 86 US$ per km2 for the years 2015 to 

2020 (Shaw et al., 2015; Rayaisse et al., 2020). The efficacy of the tiny targets was further demonstrated 

to be elevated when mounted on mobile pirogues rather than when stationary along river banks for the 

Glossina palplalis gambiense, Glossina morsitans submorsitans and Glossina tachinoides tsetse fly 

groups (Rayaisse et al., 2015).  

A one health approach has therefore also been adopted in tackling African trypanosomiasis whereby 

vector control is at the centre of managing both HAT and AAT (Wamwiri and Changasi, 2016). With 

this approach, suppressing tsetse populations results in a decreases of zoonosis in terms of R-HAT, but 

is also effective with regard to G-HAT as it decreases chances of interactions between humans and the 

tsetse fly vector (Grady et al., 2011; Funk et al., 2013). With respect to vector control, research into 

paratransgenesis is also ongoing. Paratransgenesis is the genetic manipulation of the bacterial symbionts 

of the tsetse fly in order to adversely affect the vector’s competence in harbouring the T. brucei parasite 

(De Vooght et al., 2018). The tsetse has 4 main symbionts: Wiggleswothia glossinidus the primary 

endosymbiont, Sodalis glossinidus the commensal endosymbiont, Wolbachia pipientis and Spiroplasma 

(Chen et al., 1999; Dale and Maudlin, 1999; Aksoy, 2000; Doudoumis et al., 2017). 

Forming part of the effort to decipher appropriate cellular targets for anti-trypanosomal drugs is research 

into molecular chaperones (Bentley et al., 2019; Andreassend et al., 2020; Burger et al., 2021). The 

molecular chaperone response has been shown to be essential for parasitic survival as they navigate 

ever changing environmental conditions during their respective life cycles (Shonhai et al., 2011; 

Ludewig et al., 2015). Therapeutic drugs induce a heat shock response. It is speculated that 

administering anti molecular chaperone drugs in combination with current drugs could result in the 

synergistic enhancement of the already existing anti-trypanosomal chemotherapeutics (Burger et al., 

2014).  
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1.12 Molecular chaperones 

Molecular chaperones are a super-family of conserved and ubiquitous cytoprotective proteins that are 

primarily responsible for cellular proteostasis, as part of the protein quality control (PQC) system (Hartl 

et al., 2011; Kim et al., 2013). Heat shock proteins (Hsps) constitute part of the molecular 

chaperone system of the cell. They were first discovered in Drosophila melanogaster, being 

upregulated as a response to heat stress (Ritossa, 1962; Tissiéres et al., 1974). However, Hsp regulation 

has since been demonstrated to also respond to other stresses, including oxidation, hypoxia, toxicity 

and even nutrient deficiency. Even though Hsps are upregulated under stress, some are constitutively 

expressed and referred to as heat shock cognate proteins (Hscs) (Garrido et al., 2001; Daugaard et al., 

2007; Zhao et al., 2020). Hsps primarily function to facilitate nascent protein homeostasis by way of 

folding them into their correct tertiary structures (Craig et al., 1993). Protein folding is either carried 

out co-translationally or posttranslationally by Hsps binding to the hydrophobic moieties of misfolded 

proteins and assisting them to fold without forming a part of the final polypeptide product (Hartl, 1996).  

Hsps occur in all the main sub-cellular compartments and are historically named and classified 

according to their molecular weight. There are five major families of Hsps in the molecular chaperone 

network: Hsp100 (ClpA, CplB, CplP, CplX), Hsp90 (HtpG), Hsp70 (DnaK), Hsp60 (GroEL), and the 

small Hsps (IbpA and IbpB) (Walter and Buchner, 2002; Jee, 2016; Fauvet et al., 2021). In parentheses 

are the respective prokaryotic orthologues. The human orthologues also have a unique nomenclature: 

HSPH (Hsp110), HSPC (Hsp90), HSPA (Hsp70), HSPD (Hsp60), and HSPB (small Hsps) (Kampinga 

et al., 2009). According to Kampinga et al., (2009), the need for a unique naming system arose due to 

human Hsp families having an increased number of members as a result of gene duplication over the 

course of evolution. As a consequence, human Hsps were named in a disorderly fashion with different 

molecules having very similar names. There were also instances of single Hsp genes each having 

numerous names by which they were referred to (Kampinga et al., 2009). Molecular chaperones carry 

out their functions, in an ATP-dependent or independent manner, in concert with partner proteins 

referred to as co-chaperones or co-factors. The major ATP-dependent molecular chaperones are 

constituted of the Hsp100, Hsp90, Hsp70 and Hsp60 families (Clare and Saibil, 2013). Depending on 

whether they are ATP dependant or independent, molecular chaperones carry out their functions using 

several modes of action: unfolding, holding, and disaggregation. Protein unfolding entails the active 

conversion of stably misfolded into natively refoldable species in an ATP-dependent manner. Holding 

entails holding unfolded proteins in solution until they are spontaneously folded, in an ATP-independent 

manner. Disaggregation entails the active unfolding of protein aggregates and solubilizing them in their 

native conformations, in an ATP-dependent manner (Ciechanover and Kwon, 2017). Severe and 

prolonged stress which goes beyond the capabilities of the Hsp PQC system leads to cell pathology and 

death (Rao and Bredesen, 2004).  
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1.12.1 Hsp70: a central role player in the molecular chaperone network 

The Hsp70 sub-family of molecular chaperones is the most conserved and ubiquitous cross all domains 

of life. They play a central role in the molecular chaperone network by mediating protein folding, 

translocation, assembly formation and degradation. Hsp70 acts as a chaperone at most stages of a 

protein’s lifespan; from the folding of nascent polypeptides as they are released from the ribosome to 

the repair and degradation of terminally misfolded proteins, as well as transmembrane translocation 

(Hunt and Morimoto, 1985; Karlin and Brocchieri, 1998; Fernández-Fernández et al., 2017; Nitika et 

al., 2020). They are found in most sub-cellular compartments including the nucleus, cytosol, 

endoplasmic reticulum, and chloroplasts (Craig, 2018). They have the responsibility of folding 

approximately 20% of nascent polypeptides and account for approximately 0.5 to 2 % of the cellular 

protein mass under non-stress conditions (Mayer and Bukau, 2005; Finka and Goloubinoff, 2013). 

Hsp70s, utilising energy derived from ATP hydrolysis, mediate the proper folding of proteins into their 

native structural conformations (Finka et al., 2016). However, Hsp70s also bind to aggregated proteins 

in an ATP-independent manner, acting as holdases (Rothman, 1989; Slepenkov and Witt, 2002).  

 
Figure 1.6: Structure of canonical Hsp70. A) Structure of E. coli DnaK (PDB accession no: 7ko2) (Wang et al., 
2021). The structure was rendered in PyMOL (https://sourceforge.net/projects/pymol/; DeLano, 2003). The NBD 
is depicted in teal whilst the SBD-β sub-domain (containing the substrate binding pocket) is depicted in yellow. 
The SBD-α subdomain (α-helical lid) is shown in blue. The linker region is shown in red. B) The illustration 
depicts the domain arrangement of canonical Hsp70s, from N- to C-terminal. The dashed lines demarcate the 
segments of the NBD lobes. This diagram is not to scale and is therefore not necessarily representative of the 
relative lengths (molecular masses) of the respective domains. The key to the diagram is also provided. 

The structure of canonical Hsp70s is constituted of two main domains: the conserved 45 kDa nucleotide 

binding domain (NBD) and the less conserved 25 kDa substrate binding domain (SBD) (Figure 1.6). In 

between the NBD and SBD is a conserved, short, flexible, and highly charged linker region (Vogel et 

al., 2006; Swain et al., 2007). Hsp70 also possesses an extended, dynamic, and disordered tail region 

which is situated at the C-terminal. The NBD is structurally similar to hexokinase and actin. It is V-

https://sourceforge.net/projects/pymol/
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shaped and constituted of two lobes, I & II, which act as subdomains that form a nucleotide binding 

cassette cleft to which ATP binds. The lobes are further subdivided into regions A and B (Flaherty et 

al., 1990, 1991; Alderson et al., 2016). ATP binding is also dependent upon certain metal ions, including 

magnesium and potassium (Flaherty et al., 1990; Palleros et al., 1993). Magnesium has also been 

determined to be critical for ADP binding (Arakawa et al., 2011).  

The SBD is subdivided into the 15 kDa SBD-β and 10 kDa SBD-α subdomains. The SBD-β subdomain 

consists of anti-parallel β-sheets and acts as a hydrophobic substrate binding pocket (Zhu et al., 1996). 

The SBD-α subdomain consists of α-helices and acts as a lid to for the substrate binding pocket (Figure 

1.6) (Strub et al., 2003). The tail region of cytosolic eukaryotic Hsp70s characteristically contains an 

EEVD motif at the extreme C-terminal end of the chaperone (Freeman et al., 1995; Scheufler et al., 

2000). The EEVD motif is essential for interaction with tetratricopeptide (TPR) domain containing 

partner proteins (Odunuga et al., 2004). Findings of a recent study suggest that the variability of the tail 

region results in some functional variation amongst Hsp70 paralogs (Knighton et al., 2022). The study 

by Knighton et al. (2022) utilizing the cytosolic stress seventy subfamily A (Ssa) paralogs 1 to 4 

transformed into Ssa 1-4 knockdown (Δssa1-4) yeast cells, determined that the C-terminal domain is 

the driver of functional specificity in the maintenance of ribonucleotide reductase (RNR). Ssa1 and 

Ssa2 were determined to be essential for the maintenance of RNR, whilst Ssa3 and Ssa 4 proved 

inadequate for this purpose. Additionally, a chimeric protein of the C-terminal end of Ssa2 (SBD-β and 

SBD-α) fused to the N-terminal of Ssa4 resulted in the successful maintenance of RNR (Knighton et 

al., 2022). Worth noting is that the most divergent regions between the sequences of Ssa2 and Ssa4 are 

the α-helical lid and unstructured C-terminal domain (Knighton et al., 2022).  

The substrate binding domain recognizes client proteins by their hydrophobic motifs which occur 30-

40 amino acid residues apart. However, Hsp70 does not have a specific recognition site that it binds to 

and is therefore capable of acting as a chaperone of a plethora of proteins. Hsp70 clients include 

transducers of signals, cytoskeletal components, and receptors of nuclear hormones (Zhu et al., 1996; 

Rudiger, 1997; Frydman, 2001; Jason C Young et al., 2003; Gaestel, 2006). The linker region plays a 

role in the allosteric communication between the NBD and SBD (Kityk et al., 2018). The canonical 

eukaryotic Hsp70 linker is characteristically constituted of three segments: a hydrophilic and variable 

length section, an extended hydrophobic β-strand segment, and an LDV motif (General et al., 2014; 

English et al., 2017).  

The nucleotide state of Hsp70 has conformational implications on the interactions between the NBD 

and SBD-β. In the ATP-bound state, the NBD interacts with SBD-β and SBD-α to form interfaces 

(Swain et al., 2007). In the ADP-bound or nucleotide-free state, the NBD is disengaged from the SBD 

subdomains, with SBD-α forming a lid over the SBD-β binding pocket, allowing for high affinity 

substrate-chaperone interactions (Bertelsen et al., 2009). The hydrophobic β-strand segment of the 
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linker region, in the ATP-bound state, binds to the NBD in between the α-helices (Kityk et al., 2012; 

Qi et al., 2013). This interaction of the linker and NBD results in a higher turnover of ATP hydrolysis, 

similar to how substrate binding at the SBD influences ATP hydrolysis. Interestingly, the linker region 

also has the same effect on ATP hydrolysis even in instances of the SBD having been truncated (Vogel 

et al., 2006; Swain et al., 2007). This proves the linker to be an important regulator of the allosteric 

communication between the NBD and SBD. The flexibility of the linker region also allows the NBD 

and SBD to exist as structurally independent entities (Mayer and Kityk, 2015; Zhuravleva and Gierasch, 

2015; Chakafana et al., 2019).  

 

Hsp70 does not act in isolation, but in conjunction with co-chaperones and co-factors, and as a central 

component of the larger molecular chaperone network (Mayer and Bukau, 2005; Goloubinoff, 2017). 

Some folded substrates of Hsp70 are transferred to the Hsp60 and Hsp90 systems for further maturation 

(Wegele et al., 2006; Genest et al., 2019). In prokaryotes, fungi and plants, Hsp70 also cooperates with 

Hsp100 in preventing protein aggregation, reviewed by Mogk et al. (2015).  

 
1.12.2 Co-chaperones of Hsp70 

In carrying out its functions, the Hsp70 molecular chaperone cooperates with co-chaperones. The major 

driving force of Hsp70 functions are J-proteins, which primarily play the role of delivering client 

proteins to Hsp70 to promote protein folding. Other important co-chaperones of Hsp70 are comprised 

of a group of TPR domain containing proteins. One such co-chaperone is the Hsp70 interacting protein 

(HIP), which primarily functions to prolong the interaction between Hsp70 and its substrate for optimal 

protein folding (Höfeld et al., 1995). In instances of terminal protein damage, another TPR co-

chaperone, the carboxy terminus of Hsp70 interacting protein (CHIP), channels terminally damaged 

client proteins towards degradation. Also, in between the Hsp70 and Hsp90 chaperone systems is a TPR 

containing co-chaperone, stress inducible phosphoprotein 1 (STi1) which is also referred to as the 

Hsp70/Hsp90 organizing protein (HOP) in some instances (Odunuga et al., 2004). STi1 stabilizes and 

transfers partially folded polypeptides from Hsp70 to Hsp90 (Johnson et al., 1998).  

 
1.12.2.1 J-proteins: the main co-chaperones of Hsp70 

J-proteins (or J domain proteins, abbreviated as JDPs) are comprised of a divergent family of proteins 

that possess a J domain. J-proteins are also referred to as heat shock protein 40 (Hsp40) despite most 

members of this protein family having a molecular mass that is markedly different from 40 kDa 

(Kampinga and Craig, 2010). The J domain is usually situated at the N-terminal end and is constituted 

of four α-helices (helices I-IV). Between helices II and III, in a loop, is a highly conserved HPD motif 

(Rajan and D’Silva, 2009). The J domain has been determined to be the most important entity within J-

proteins in respect to their interactions with Hsp70. Mutations within the HPD motif abrogate the co-

chaperone functionality of J-proteins (Liberek et al., 1991; Genevaux et al., 2001; Wittung-Stafshede 
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et al., 2003). Furthermore, mutations in helices II and III also result in the loss of function (Hennessy 

et al., 2005a).  

 
Figure 1.7: Schematic diagram of the domain organization of J-proteins. The illustration depicts the domain 
arrangement of the different types of J-proteins, from N- to C-terminal. Type I and II J-proteins have similar 
domain arrangements, with the J domain being at the N-terminal. The only difference is that type II J-proteins do 
not possess the zinc finger-like region (ZFLR). In type III J-proteins the J domain is the only conserved moiety, 
and it may occur anywhere along the backbone of the protein. The J domain of type IV J-proteins is non-conserved. 
This diagram is not to scale and is therefore not necessarily representative of the relative lengths (molecular 
masses) of the respective domains. The key to the diagram is also provided, adapted from Pesce et al. (2015).  

J-proteins are classically divided, according to their domain organization, into 3 types (I to III) or classes 

A to C), whilst a fourth type (type IV) has also been identified (Figure 1.7) (Cheetham and Caplan, 

1998; Hennessy et al., 2000; Ohtsuka and Hata, 2000; Walsh et al., 2004; Hageman and Kampinga, 

2009). Type I J-proteins possess the J-domain, a G/F rich region, a signature cysteine rich zinc finger-

like region (ZFLR), and a C-terminal region, similar in structure to the E. coli orthologue (DnaJ) 

(Cheetham and Caplan, 1998; V. Rajan and D’Silva, 2009; Kampinga and Craig, 2010). The cysteine 

rich ZFLR contains two pairs of highly conserved CXXCXGXG motifs, whereby each pair of the motifs 

has their cysteine residues spatially coordinated around a zinc ion (Banecki et al., 1996; Martinez-

Yamout et al., 2000). The first and second pairs of zinc finger centres are essential for substrate binding 

and interactions with Hsp70, respectively (Tang and Wang, 2001; Linke et al., 2003). Type II J-proteins 

are similar to type I J-proteins, but they lack the ZFLR (Figure 1.7) (Cheetham and Caplan, 1998). The 

C-terminal regions of type I and II J-proteins are each comprised of two C-terminal domains (CTD), I 

and II, of β-barrel topology (Kampinga and Craig, 2010). CTD I possesses a hydrophobic substrate 

binding pocket, whilst CTD II serves as a dimerization domain. The CTD I of type I J-proteins has the 

ZFLR protruding from it (Wu et al., 2005; Kampinga and Craig, 2010; Kityk et al., 2018). Details 

surrounding the G/F rich region remain obscure, however it has been suggested to play a role in 
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substrate binding as well as functional specificity (Wall et al., 1995; Yan and Craig, 1999; Kampinga 

and Craig, 2010; Perales-Calvo et al., 2010).  

Type III J-proteins only possess a J domain which can occur at any point along the length of the protein 

(Liu et al., 2020). Furthermore, type III J-proteins may possess domains that are not found in type I and 

II J-proteins (Craig and Marszalek, 2017). Type I and II J-proteins are the main co-chaperones of Hsp70 

which function in presenting Hsp70 with misfolded, unfolded, and aggregated substrates (Hennessy et 

al., 2005b). Type III J-proteins are more diverse across species and are thought to be adapted for specific 

substrate proteins in the cell (Liu et al., 2020). They are thought to be responsible for channelling Hsp70 

to particular cellular locations (Hennessy et al., 2005b). Type IV J-proteins, are also referred to as J-

like proteins, possessing a non-conserved or abrogated HPD motif, with the J domain occurring 

anywhere along the protein’s length (Figure 1.7) (Walsh et al., 2004). Type IV J-proteins were identified 

in P. falciparum and their function is not clearly defined (Botha et al., 2007). However, it has been 

inferred that they do have co-chaperone responsibilities since it has been reported that J-proteins without 

a typical J-domain do perform co-chaperone functions (Ajit Tamadaddi and Sahi, 2016; Solana et al., 

2022). A unique feature about P. falciparum Hsp40s (PfHsp40) is that a number of them possess an N-

terminal signal sequence referred to as the Plasmodium export element/vacuolar transport signal 

(PEXEL/VTS) (Pesce et al., 2015). The PEXEL/VTS targets plasmodial proteins to the infected host’s 

erythrocytic cytosol (Marti et al., 2004; Hiss et al., 2008). Worth noting is that 50 % of the PfHsp40s 

with the PEXEL/VTS signal element are type IV Hsp40s (Pesce et al., 2015). 

Hsp70 chaperones possess a low intrinsic ATPase activity. Therefore, the primary co-chaperone 

function of J-proteins is to stimulate the basal ATPase activity of Hsp70 in order to bring about effective 

substrate protein folding (Lopez-Buesa et al., 1998; Sahi and Craig, 2007; Kampinga and Craig, 2010; 

Kityk et al., 2018). The J-domain, through the HPD motif, binds to the linker region and fosters an 

interaction with the NBD and SBD-β at the interface of the domains (Kityk et al., 2018). The J domain 

binds in between the IA and IIA subdomains of the NBD (Jiang et al., 2007). The aspartic and histidine 

amino residues of the HPD motif interacts with the NBD’s catalytic residues through hydrogen bonding 

and hydrophobic interactions in order to bring about ATP hydrolysis (Kityk et al., 2018). In synergy 

with substrate binding at SBD-β, J-protein binding enhances the ATPase activity of Hsp70 (Mayer, 

2013). When the substrate binds to SBD-β, a signal is sent to the interface between SBD-β and the NBD 

(Zhuravleva and Gierasch, 2011; Kityk et al., 2018). The protein folding functions of eukaryotic Hsp70 

are further enhanced by another co-chaperone, HIP. HIP is a TPR-domain containing co-chaperone that 

decreases the rate at which ADP dissociates in the presence of ATP. In this way the Hsp70 chaperone 

is maintained in a conformation that has an increased affinity for substrate for a prolonged period, 

resulting in an enhancement of the protein folding process (Höfeld et al., 1995; Velten et al., 2000; Z. 

Li et al., 2013). The Hsp70/J-protein partnership also extends to the other functions of Hsp70, including 
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protein translocation and degradation (Kampinga and Craig, 2010). J-proteins, in addition to being 

Hsp70 co-chaperones, possess the ability to suppress the aggregation of model substrate in an ATP-

independent manner (Rudiger, 2001; Burger et al., 2014). J-proteins have also been demonstrated to 

play a role in Hsp70’s interactions with other members of the molecular chaperone network, including 

Hsp100 and Hsp90 (Mayer and Bukau, 2005; Zolkiewski et al., 2012).  

1.12.2.2 Nucleotide exchange factors 

In order to release folded substrates, and re-enter the protein folding cycle, Hsp70s need to substitute 

bound ADP for ATP. Nucleotide exchange factors (NEFs) facilitate the release of ADP so that ATP 

may bind (Bracher and Verghese, 2015). There are four evolutionarily unrelated families of Hsp70 NEF 

co-chaperones: the GrpE family, the Bag-domain family, HspBP1/Sil1 proteins, and the 

Hsp110/Grp170 family (Hohfeld, 1997; Kabani et al., 2002; Steel et al., 2004; Dragovic et al., 2006; 

Raviol et al., 2006). The GrpE family of NEFs is the only group that occurs in prokaryotes whilst the 

other families are only found in eukaryotes. In addition to being prokaryotic NEFs, the GrpE family 

also occurs in the endosymbiotic organelles of eukaryotes (Bracher and Verghese, 2015). The Bag-

domain family occurs in the nucleus and cytosol whilst the HspBP1/Sil1 family occurs in the cytosol, 

nucleus, and the ER (Alberti et al., 2003; Bracher and Verghese, 2015). The Hsp110 and Grp170 NEFs 

localize in the cytosol and ER, respectively (Easton et al., 2000).  

The NEFs bind to the IIB subdomain of the Hsp70 NBD (Shomura et al., 2005; Polier et al., 2008; Ung 

et al., 2013; Bracher and Verghese, 2015). GrpE functions as a homodimer that asymmetrically binds 

to the Hsp70 IIB subdomain at the nucleotide binding cleft. The structure of GrpE consists of a helical 

dimerization domain at the C-terminus, and a small β-sheet domain (Harrison et al., 1997). GrpE inserts 

its β-sheet domain between subdomains IB and IIB in order to break a salt bridge that traverses the 

nucleotide binding cleft of ATP-bound Hsp70 (Harrison et al., 1997). GrpE does this by twisting open 

the nucleotide binding cleft (Ung et al., 2013; Bracher and Verghese, 2015). The Bag-domain NEFs are 

a diverse family of proteins that have the Bag domain. The Bag domain consists of a bundle of three 

helices that are formed by a sequence of approximately eighty amino acid residues (Sondermann et al., 

2001). The Bag domain interacts with the IB and IIB subdomains of the Hsp70 NBD, resulting in the 

opening of the nucleotide binding cleft (Brive et al., 2001; Gässler et al., 2001; Mayer and Gierasch, 

2019). HspBP1 and Sil1 are characterized by armadillo repeats, and reside in the cytosol and ER lumen, 

respectively (Bracher and Verghese, 2015). Through their armadillo repeats, these NEFs bind to the IIB 

subdomain of the Hsp70 NBD and twist it open (Shomura et al., 2005; Bracher and Verghese, 2015).  

ATP-bound Hsp110 and Grp170 interact with the Hsp70 IB and IIB subdomains through their NBDs 

(Polier et al., 2008). The Hsp110 and Grp170 paralogs share structural and functional similarities with 

Hsp70s and are homologous to canonical Hsp70s. As such, they are also referred to as a non-canonical 



28 
 

Hsp70s (Easton et al., 2000; Liu and Hendrickson, 2007). They possess sequence insertions in the SBD 

and an extension of the CTD in comparison to canonical Hsp70s (Oh et al., 1999). Hsp110s have also 

been determined to possess holdase functions which are more efficient than those of canonical Hsp70s. 

Hsp110s also have the ability to cooperate with canonical Hsp70s and J-proteins as foldase chaperones 

(Oh et al., 1999; Mattoo et al., 2013). 

1.12.2.3 TPR-containing co-chaperones: STi1 and CHIP 

The stress inducible phosphoprotein 1 (STi1) is a co-chaperone of Hsp70 and Hsp90 that acts as a bridge 

between the two chaperones (Smith et al., 1993; Odunuga et al., 2004). The protein consists of three 

TPR domains (TPR1, TRP2A, and TPR2B) that are responsible for binding to the EEVD motifs of 

Hsp90 and Hsp70 (Odunuga et al., 2004). The protein also possesses proline-aspartate repeat linker 

domains; DP1 and DP2. The DP1 linker occurs in between TPR1 and TPR2A, whilst the DP2 linker 

occurs at the C-terminus of the protein (Chen and Smith, 1998; Nelson et al., 2003; Carrigan et al., 

2004). The TPR1 domain binds to the EEVD motif of Hsp70 whilst TPR2A binds to the EEVD motif 

of Hsp90 (Scheufler et al., 2000; Brinker et al., 2002). STi1 acts as a functional bridge that shuttles 

client proteins from Hsp70 to Hsp90 (Odunuga et al., 2004).  

CHIP plays a role in the chaperone-assisted ubiquitin-proteasome pathway (CUPS) (Fernández-

Fernández et al., 2017). The structure of CHIP comprises of an N-terminal TPR domain, a coiled-coil 

domain, and a C-terminal U-box domain (Nikolay et al., 2004). The TPR domain binds to the EEVD 

motif of Hsp70 whilst the U-box possesses ubiquitin ligase activity (Ballinger et al., 1999; Fernández-

Fernández et al., 2017). CHIP acts as a homodimer that inhibits the ATP hydrolysis of Hsp70 which 

consequently inhibits substrate binding and folding (Nikolay et al., 2004; Fernández-Fernández et al., 

2017). The U-box domain associates with the E2 ubiquitin-conjugating enzyme which is responsible 

for the ubiquitination of the Hsp70 substrate (Zhang et al., 2005). Ubiquitinated substrates are 

subsequently targeted for proteasomal degradation (Connell et al., 2001; Qian et al., 2006). CHIP also 

acts as an Hsp90 co-chaperone that targets its substrate proteins for proteasomal degradation in a similar 

fashion to Hsp70 (Ballinger et al., 1999; Connell et al., 2001).  

1.12.2.4 The co-chaperone assisted protein folding cycle of Hsp70 

Briefly, upon client protein delivery by type I or II J-proteins, the ATPase activity of Hsp70 is enhanced 

(Figure 1.8) (Kampinga and Craig, 2010). Upon ATP hydrolysis at the NBD of Hsp70, the conformation 

of the chaperone undergoes changes to bring about a higher affinity for substrate at the SBD-β 

subdomain’s substrate binding pocket (Bukau et al., 2000). As protein folding takes place, the SBD-α 

subdomain acts as a lid for the substrate binding pocket (Zhu et al., 1996). During protein folding, the 

HIP co-chaperone prolongs the Hsp70/substrate interaction by momentarily preventing nucleotide 

exchange at the NBD (Figure 1.8) (Höfeld et al., 1995; Li et al., 2013). Substrate release, post folding, 
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is facilitated by NEFs as they exchange ADP for ATP at the NBD to bring about the Hsp70 

conformation that has decreased affinity for the substrate (Figure 1.8) (Bracher and Verghese, 2015). 

Improperly or incompletely folded substrate proteins may be subjected to another round of the Hsp70 

functional cycle. Since client proteins possess multiple Hsp70 binding sites, they may have to go 

through a few cycles of protein folding in order to bring about their native states (Rosenzweig et al., 

2017).  

 
Figure 1.8: Diagram depicting the functional cycle of Hsp70 in protein folding. 1) Client proteins are 
presented to ATP-bound Hsp70 by J-proteins which also function to stimulate its ATPase activity. Due to the 
hydrolysis of ATP to ADP, Hsp70 undergoes a conformational change that it increases its affinity for substrate. 
This results in an efficient protein folding process. The protein folding process is further enhanced by HIP. 2) 
NEFs subsequently bind to Hsp70. 3) NEF binding results in the exchange of ADP for ATP. 4) ATP binding 
results in Hsp70’s reversion to the conformation with a low affinity for substrate. The folded substrate is therefore 
released, and Hsp70 is availed for another cycle of protein folding. Adapted from Shiber and Ravid (2014). 

Alternatively, substrate proteins are channelled towards the CUPS protein degradation pathway if 

terminally damaged (Esser et al., 2004; Fernández-Fernández et al., 2017). Some Hsp70 folded client 

proteins are transferred to Hsp90 for further folding in a process facilitated by STi1 in eukaryotes 

(Odunuga et al., 2004). It is proposed that Hsp70 substrate folding may result in incompletely folded 

intermediates, especially at physiological protein concentrations, that require the Hsp90 machinery to 

complete their folding (Morán Luengo et al., 2018). In the mitochondria, the Hsp60 molecular 

chaperone is also important for protein folding, acting downstream of Hsp70 (Manning-Krieg et al., 

1991; Heyrovská et al., 1998). 

1.12.3 The Hsp90 chaperone system 

Hsp90 is one of the most abundant proteins in the cell, accounting for approximately 2% of the cellular 

proteome under normal physiological conditions (Whitesell and Lindquist, 2005). Initially, humans 
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were known to possess 5 isoforms of Hsp90 (HSPC) located in different cellular compartments: HSPC1, 

HSPC2, HSPC3, HSPC4 and HSPC5. However, HSPC2 is a product of a pseudogene of HSPC1 

whereby HSPC2 and HSPC1 are 96 % identical (Gupta, 1995; Langer, 2003; Chen et al., 2005; Johnson, 

2012; Buchner and Li, 2013). HSPC1 and HSPC3, which are thought to have arisen from a gene 

duplication event, occur in the cytosol, being inducible and constitutively expressed, respectively. 

HSPC1 shares 86 % identity with HSPC3 (Lyon and Milligan, 2019). The other two isoforms of the 

Hsp90 family are HSPC4 [94-kDa glucose regulated protein (GRP94)] and HSPC5 [tumour necrosis 

factor receptor-associated protein 1 (TRAP1)] and they localize in the endoplasmic reticulum and 

mitochondria, respectively (Hoter et al., 2018). The structure of canonical Hsp90 is comprised of the 

N-terminal (NTD), middle (MD), and C-terminal dimerization (CTD) domains. In between the NTD 

and MD is a charged linker region (CR) (Csermely et al., 1998; Sreedhar et al., 2004; Whitesell and 

Lindquist, 2005; Jackson, 2012; Tsutsumi et al., 2012; Lavery et al., 2014). The C-terminal domain 

contains an MEEVD or KDEL motif at its extreme end, depending on the isoform. Hsp90α and Hsp90β 

both have the MEEVD motif, whilst GRP94 has the KDEL ER retention motif. TRAP1 does not contain 

a C-terminal motif, and also lacks the charged linker region (Masgras et al., 2017; Hoter et al., 2018). 

The MEEVD motif serves to bind TPR containing co-chaperones, whilst the KDEL motif serves to 

retain the protein in the ER (Scheufler et al., 2000; Jackson, 2012; Garg et al., 2016). The NTD serves 

as a nucleotide binding site that binds ATP whilst the MD has a dual function of modulating the ATPase 

activity and client protein binding. The CTD is responsible for the dimerization of Hsp90 molecules 

(Meng et al., 1996; Panaretou, 1998; Meyer et al., 2003; Huai et al., 2005).  

Under physiological conditions, dimerization of Hsp90 isoforms serves as an essential process for their 

effective functioning (Prodromou, 2016). Of the cytosolic human Hsp90s, HSPC1 is more prone to 

dimerization compared to HSPC3 (Sreedhar et al., 2004). Furthermore, the two isoforms differ at very 

specific regions of their sequences, possibly having implications for their functions (Hoter et al., 2018). 

HSPC1 has also been determined to be located at the extracellular space under various stress conditions, 

playing a role in cell motility and wound healing (Li et al., 2013). HSPC1 is also an important protein 

for cancer cell stemness, playing a role in maintaining mutant proteins involved in biochemical 

pathways of oncogenesis (Tatokoro et al., 2015; Lee et al., 2017). Additionally, HSPC1 is secreted by 

cancer cells, even in the absence of stressors (Li et al., 2013). Worth mentioning is that another isoform 

of Hsp90, referred to as Hsp90N, was thought to exist. However, it was later discovered that Hsp90N 

has no orthologues amongst eukaryotes, merely being a chimera of HSPC1 and another protein, 

resulting from cDNA or chromosomal rearrangement (Schweinfest et al., 1998; Chen et al., 2005; 

Zurawska et al., 2008).  
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1.13 Hsp70 at the mitochondrion  

The majority of mitochondrial proteins are nuclear-encoded and synthesized by ribosomes in the 

cytosol. Therefore, mitochondrial biogenesis is hinged upon the import of the organelle’s proteins from 

the cytosol, reviewed by Chacinska et al. (2009), Zhao and Zhou (2021). Mitochondrial protein import 

deficiencies have been implicated in diseases such as cancer and neurodegeneration (Nicolas et al., 

2019). Mitochondrial Hsp70 (mtHsp70) plays a central role in the import of mitochondrial proteins 

from the cytosol (Rassow et al., 1994; Schneider et al., 1994; Horst, 1997). For import into the matrix, 

the positive charge of the mitochondrial targeting sequence (presequence) at the N-terminal of the 

mitochondrial protein is attracted to the core of the translocase of inner membrane (TIM23) pore by the 

negative membrane potential at the inner membrane (Martin et al., 1991; Matouschek et al., 2000; 

Kulawiak et al., 2013). However, this affinity is insufficient for the translocation of the whole protein 

into the matrix. Therefore, protein import into the matrix is also driven by the presequence translocase-

associated motor (PAM) on the matrix side of the inner membrane (Craig, 2018). This membrane-bound 

multi-component machine, PAM, associates with TIM23 and acts as a motor-assembly that actively 

pulls the preprotein into the matrix, utilising energy exclusively derived from mtHsp70’s ATP 

hydrolysis (Gambill et al., 1993; Wachter et al., 1994). The PAM complex is comprised of TIM44, 

mtHsp70, Pam18 (or Tim14), Pam16 (or Tim16), Mge1, and Pam17 (Craig, 2018). TIM44 is a 

peripheral membrane protein comprising of an N-terminal and C-terminal domain. TIM44 is the central 

organiser of the PAM complex serving to foster an association between mtHsp70 and the TIM23 

channel. The N-terminal domain of TIM44 binds to both mtHsp70 and Pam16 whilst the C-terminal 

domain binds to TIM23 (Josyula et al., 2006; Schiller et al., 2008; Marom et al., 2009; Schilke et al., 

2012; Ting et al., 2017). TIM44 is also involved in shuttling the mitochondrial preproteins from TIM23 

to mtHsp70.  

Once the preprotein binds to mtHsp70, the chaperone hydrolyses ATP in order to provide energy for 

the import of the preprotein (Glick, 1995; Pfanner and Meijer, 1995). Pam18 and Pam16 are J-like 

proteins. Pam18 is an integral membrane protein which interacts with Tim17 and Pam16 in the 

intermembrane space and matrix, respectively. Pam18 plays a role in modulating the ATPase activity 

of mtHsp70. Pam16 contains a J-like domain that does not have the capability to stimulate the ATPase 

activity of mtHsp70 but is important for interactions of mtHsp70 with Pam18 and TIM23 (Li et al., 

2004; Craig, 2018). Pam16 also plays a role in regulating the dual roles of Pam18 in mitochondrial 

protein import and respiratory chain complex formation. Pam16 influences the functional distribution 

of Pam18 between protein translocation and the respiratory chain complexes (Priesnitz et al., 2022). 

Mge1 plays the role of an NEF for mtHsp70 (Kulawiak et al., 2013). Pam17 serves to promote the 

interaction of Pam18 and Pam16 with TIM23 (van der Laan et al., 2005). Once in the matrix, the 

presequence is cleaved by the matrix processing peptidase (MPP) (Kulawiak et al., 2013). In the matrix, 

preproteins are further folded by mtHsp70 in a process independent of the PAM complex. However, in 
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the case of protein folding at the matrix Mdj1, a type-I J-protein, acts as a co-chaperone instead of 

Pam18/Pam16 complex. For certain substrate proteins, mtHsp70 cooperates with Hsp60 in order to 

ensure proper folding (Liu et al., 2001; Voos, 2013; Böttinger et al., 2015).  

The functions of mtHsp70 also extend to the formation of iron-sulphur (Fe-S) protein clusters and 

maintaining the mitochondrial genome. Fe-S clusters are capable of binding to and releasing electrons, 

and they function in electron transfer, sulphur and nitrate reduction, co-factor biogenesis, and DNA 

repair (Lill and Mühlenhoff, 2008; Gao, 2020). The central role player in Fe-S cluster proteins if Isu1, 

which serves as a scaffold for the assembly of the cluster (Maio and Rouault, 2015). Once the Fe-S 

cluster has been formed on the Isu1 scaffold, the cluster is subsequently released from Isu1 and 

transferred to their relevant apoproteins (Kleczewska et al., 2020). MtHsp70 in conjunction with a 

specialized J-protein, Jac1, is essential for the transfer of the Fe-S cluster from Isu1 to target proteins 

(Vickery and Cupp-Vickery, 2007). The NEF for mtHsp70 in Fe-S cluster biogenesis is Mge1 (Schmidt 

et al., 2001). For the maintenance of mitochondrial DNA, mtHsp70 and its co-chaperones, Mdj1 and 

Mge1 have been determined to be indispensable. MtHsp70 has been reported to localize in the 

mitochondrial nucleoid whilst Mdj1 has been reported to bind to mitochondrial DNA (mtDNA) (Týč et 

al., 2015).  

In mammalian organisms, mtHsp70 is also referred to as mortalin due to being essential for cellular 

survival (Wadhwa et al., 1996). Human mortalin (HSPA9) has been shown to cooperate with various 

co-chaperones and partner proteins in carrying out its functions (Goswami et al., 2010). One such co-

chaperone is DnaJA3 (commonly referred to as tumorous imaginal disc, abbreviated as Tid1), which is 

represented by two isoforms in humans, Tid1L (L for long) and Tid1S (S for short) (Syken et al., 1999). 

Tid1L and Tid1S are type I J-proteins which differ at the carboxy terminal; whereby Tid1L possesses 

33 amino residues and Tid1S 6 (Syken et al., 1999). Additionally, Tid1L and Tid1S primarily reside in 

the cytosol and mitochondria, respectively, and have been shown to be functionally equivalent to Mdj1 

as they complemented the co-chaperone in yeast (Lu et al., 2006). Tid1 cooperates with Hsp70, playing 

a role in cell signalling pathways such as promoting apoptosis (Syken et al., 1999). Tid1L on the other 

hand plays a role in maintaining the integrity of mtDNA and maintaining the membrane potential of the 

organelle and has also been reported to have an inhibitory effect on apoptosis (Syken et al., 1999; Ng 

et al., 2014). In an in vitro study, Tid1L and Tid1S, were shown to cooperate with HSPA9 in holdase 

function. Additionally, they modulated the ATPase activity of HSPA9 by way of stimulation, with 

Tid1S having a greater effect (Goswami et al., 2010).  

Independently of each other and HSPA9, Tid1L and Tid1S were also demonstrated to possess holdase 

functionality, with Tid1S exhibiting a greater suppression of aggregation activity (Goswami et al., 

2010). Tid1S has also been shown to have a greater synergistic effect on HSPA9 in terms of substrate 

protein reactivation vitro (Iosefson et al., 2012). Interestingly, the synergistic effect of Tid1L and Tid1S, 
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was greater on DnaK than on HSPA9 when it came to substrate reactivation (Iosefson et al., 2012). 

More recently, HSPA9 in addition to Tid1, has also been reported to functionally and synergistically 

interact with LONP1, a protease protein which has been determined to possess intrinsic chaperone 

activity as well as the ability to bind mtDNA (Bota and Davies, 2016; Shin et al., 2021). In the study 

by Shin et al., (2021), Tid1 and LONP1 were shown to be essential for HSPA9 protein folding in 

numerous cell lines. Knocking down Tid1 lead to the insolubility of OXA1L (an inner mitochondrial 

membrane protein) and NDUFA9 (a subunit of the ETC). Furthermore, LONP1 lead to the insolubility 

of HSPA9 and Tid1 (Shin et al., 2021). Under conditions of NEF (GrpE1) deletion and ATP depletion, 

the interaction of HSPA9 with either Tid1 or LONP1 proved to be with greater affinity, and LONP1 

mutations associated with numerous human diseases proved to be adverse for LONP1/HSPA9 

interactions. Additionally, the HSPA9 chaperone machinery proved to be unable to rescue OXA1L 

aggregates in the absence of LONP1, and LONP1 alone led to the degradation of OXA1L (Shin et al., 

2021).  

Worth noting is that mitochondrial Hsp70, in protein folding, also functions in concert with the group I 

chaperonin system which is constituted of Hsp60 and its partner protein Hsp10 (Manning-Krieg et al., 

1991). MtHsp70 client proteins may be transferred to Hsp60 for further folding (Manning-Krieg et al., 

1991; Heyrovská et al., 1998). Structurally, the group I chaperonin forms a barrel consisting of two 

stacked rings (cis and trans rings) which are each formed by 7 Hsp60 monomers (heptamer), with an 

Hsp10 heptamer acting as a dome shaped lid (Braig et al., 1994; Hunt et al., 1996). Inside the barrel is 

a closed environment in which client proteins may be folded in an ATP dependant manner (Weissman 

et al., 1995; Ishida et al., 2018). The Hsp60 monomer comprises of a substrate binding domain and 

ATP hydrolysing domain, an equatorial domain that facilitates the assembly of Hsp60 monomers in a 

heptameric domain, and the intermediate domain that acts as an interface between the apical and 

equatorial domains (Braig et al., 1994; Ishida et al., 2018). It is reported that the formation of the mature 

chaperonin complex is also dependent upon mtHsp70 initially interacting with Hsp10 in order to recruit 

Hsp60 to the complex (Böttinger et al., 2015).  

1.13.1 The Hsp70 escort protein and the mtHsp70 paradox 

Despite the essential mtHsp70 functions in mitochondrial proteostasis, the chaperone itself is 

predisposed to forming self-aggregates, in a seemingly concentration-dependant manner (Dores-Silva 

et al., 2017; Nyakundi et al., 2018; Kiraly et al., 2020). The self-aggregation property of mtHsp70 has 

previously presented challenges for the biochemical characterization of mtHsp70. MtHsp70 is therefore 

dependent on the Hsp70 escort protein 1 (Hep1), a mitochondrial tetra-cysteine zinc finger protein, for 

structural and functional stability. Hep1 is an mtHsp70 partner protein that was initially referred to as 

Zim17 or Tim15 in yeast (Burri et al., 2004; Sanjuán Szklarz et al., 2005; Sichting et al., 2005; 

Yamamoto et al., 2005). Hep1 is a nuclear encoded protein that was also initially thought to be an 
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integral constituent of the mitochondrial protein import machinery (Burri et al., 2004; Sanjuán Szklarz 

et al., 2005). No known Hep1 orthologues have been identified in prokaryotes (Sichting et al., 2005). 

The escort protein transiently interacts with mtHsp70 in order to promote solubility and therefore 

functionality. 

 
Figure 1.9: Diagram describing the structural properties of Hep1. A) Structure of yeast Hep1 (PDB accession 
no: 2E2Z) (Momose et al., 2007). The α-helices, β-sheets and loop regions are shown in red, yellow and green, 
respectively. The cysteine residues of the CXXC motifs are depicted as grey sticks, and the coordinated zinc ion 
is depicted as a magenta sphere. The structure was rendered in PyMOL (https://sourceforge.net/projects/pymol/; 
DeLano, 2003). B) An illustrative schematic diagram of the structure of canonical Hep1, laid out on a single plain. 

Structurally, Hep1 is a small L-shaped protein that contains a conserved C-terminal zinc-finger domain, 

and an unfolded N-terminal region (Figure 1.9). The oligomeric state of Hep1 is usually asymmetric 

monomers, but concentration-dependant oligomerization has also been observed and reported (Dores-

Silva et al., 2013). The zinc-finger domain is made up of anti-parallel β-sheets consisting of one pair of 

zinc coordinating CXXC motifs at their loop structures whereby the cysteine residues chelate the zinc 

ion (Figure 1.9) (Momose et al., 2007; Dores-Silva et al., 2013). The zinc-finger domain is the only 

conserved moiety amongst Hep1 orthologues. Outside of the zinc finger domain, the secondary 

structure consists of α-helices, β-sheets, and random coil structures (Nyakundi et al., 2018). The 

structure of monomeric Hep1 has been established to be elongated, probably due to the unordered 

structure of the N-terminal portion of the protein (Dores-Silva et al., 2013; Dores-Silva et al., 2015). 

The zinc-finger domain is essential for the functions of Hep1. Furthermore, the cysteine residues and 

their coordination around a zinc ion is required for the function and structure of the protein (Yamamoto 

et al., 2005; Momose et al., 2007; Dores-Silva et al., 2013; Dores-Silva et al., 2015; Nyakundi et al., 

2016). The residues that occur within the loop structures that link the CXXC motifs have also been 

reported to be important for Hep1 function (Momose et al., 2007). 

https://sourceforge.net/projects/pymol/
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The self-aggregation of mtHsp70 is due to the ATPase and linker domains as it has been determined 

that these entities serve as the only moieties that Hep1 requires to bind and solubilize the chaperone 

(Zhai et al., 2008). Furthermore, truncations of mtHsp70 have revealed that the ATPase and SBD 

moieties are soluble when expressed separately. Chimeric proteins whereby the ATPase domain and 

SBD of E. coli HSCA and mtHsp70, respectively, were fused, and vice versa, revealed that the presence 

of the mtHsp70 ATPase domain results in aggregation. Also, the expression of the mtHsp70 ATPase 

domain in isolation results in a self-aggregating protein entity (Zhai et al., 2008). Hep1 preferentially 

binds to a transient nucleotide-free conformation of mtHsp70 resulting in a conformational change that 

promotes ATP binding (Zhai et al., 2008). Hep1 is subsequently released to make way for ATP binding, 

resulting in a conformational change that renders mtHsp70 soluble and functional (Blamowska et al., 

2012).  

1.14 The functional relevance of the CXXC motif  

In proteins with sulphur containing amino acid residues, methionine and cysteine, oxidative stress 

results in adverse structural modifications that may lead to inactivation and aggregation (Serebryany et 

al., 2016; Karri et al., 2019). To directly deal with oxidative toxins, cells deploy cysteine containing 

antioxidant enzymes such as catalase, superoxide dismutase, and glutathione peroxidase to hydrolyse 

them, as the first line of defence (Guttmann and Powell, 2012; Ighodaro and Akinloye, 2018). However, 

there are other groups of proteins that indirectly combat oxidative stress by preventing the misfolding 

and aggregation of proteins that face damage due to oxidant exposure (Dahl et al., 2015; Seco-Cervera 

et al., 2020). These proteins are also characterized by having cysteine residues which allow for their 

reversible activation in response to oxidation and as such they are referred to as redox-regulated proteins 

(Klomsiri et al., 2011; Radzinski et al., 2021).  

Cysteine is one of the least frequent amino acid residues present in the sequence of proteins (UniProt 

Consortium, 2013; Krick et al., 2014; Pham et al., 2021). However, where it does occur, it is highly 

conserved and often indispensable for function and structure (Marino and Gladyshev, 2010). Cysteines 

contain a highly reactive thiol group which enables them to reversibly form covalent (disulphide) bonds 

with other cysteines or a sulphenic acid (Gupta and Carroll, 2014). The CXXC motif is a common, and 

essential, feature among redox-regulated proteins. It serves as the active site of redox-regulated proteins, 

acting as a switch that reversibly modulates them (Conway and Lee, 2015). The cysteines in the CXXC 

motif are involved in the reversible formation of disulphide bonds, allowing for the cycling of redox-

regulated proteins between their active and inactive forms. The CXXC motif occurs within a structural 

feature referred to as the thioredoxin fold (Conway and Lee, 2015). The XX dipeptide flanked by the 

cysteines of the CXXC motif also serves an important role in the functions of the proteins. The 

regulatory importance of the XX dipeptide within the CXXC motif has led to it being dubbed a redox 

rheostat (Chivers et al., 1997; Huber-Wunderlich and Glockshuber, 1998; Mössner et al., 1998). Redox-



36 
 

regulated proteins include metabolic oxidoreductases and some ATP-independent molecular 

chaperones. Since oxidative stress results in damaging modifications of proteins, by formation of 

disulphide bonds at their sulphur-containing amino acid residues, a group of proteins known as 

oxidoreductases function to reduce (break) the disulphide bonds. Oxidoreductases are upregulated 

under oxidative conditions as they play an essential role in the maintenance of the redox state of cells.  

Two of the most well characterized oxidoreducatase systems are thioredoxins and glutaredoxins (Berndt 

et al., 2008; Conway and Lee, 2015). The reduction of the disulphide bonds by thioredoxins in particular 

serves to prevent the misfolding and aggregation of proteins as a result of the structural alterations 

caused by inappropriate disulphide bonding (Dahl et al., 2015). Oxidoreductases function by reversibly 

regulating the formation of intramolecular, intermolecular, and mixed disulphide bonds in oxidized 

proteins. One damaging effect of oxidation on cells is the inactivation or aggregation of proteins as a 

result of misfolding. Misfolding and aggregation occur due to the modification of protein side chains, 

leading to adverse structural and functional modulation, particularly on the sulphur containing amino 

acids (Dahl et al., 2015).  

Within the context of molecular chaperones, cells also possess a mechanism by which oxidative stress 

related protein misfolding and aggregation is prevented. A prime example of such a molecular 

chaperone system is Hsp33, a prokaryotic redox-regulated molecular chaperone, that has also been 

identified in certain eukaryotic organisms, including green algae (Chlamydomonas) and 

trypanosomatids (Segal and Shapira, 2015). The structure of Hsp33 is comprised of a tightly folded N-

terminal domain, and a C-terminal domain that contains CXC and CXXC motifs. In between the N- and 

C-terminal domains of Hsp33 is a highly charged linker region which is implicated in the mechanistic 

regulation of the molecular chaperone (Graf et al., 2004; Ulrich et al., 2021). Under normal reducing 

conditions, the CXC and CXXC motifs of Hsp33 coordinate a zinc ion in the inactive and monomeric 

state of the chaperone (Jakob et al., 2000).  

Upon oxidation, the cysteines in the respective CXC and CXXC motifs form disulphide bonds, 

triggering the release of the coordinated zinc ion. This results in the formation of an active Hsp33 dimer 

which is able to bind substrate proteins. The conformational changes emanating from the formation of 

the disulphide bonds and the zinc ion release, result in the unfolding of the linker region to activate 

Hsp33 as a molecular chaperone (Barbirz et al., 2000; Graumann et al., 2001; Graf et al., 2004). In the 

presence of slow acting oxidants such as H2O2, only the cysteines of the CXXC motif form a disulphide 

bond. The zinc ion is subsequently released, but the linker region is only partially unfolded with the 

chaperone remaining a monomer (Ulrich et al., 2021). Only upon the application of heat shock do the 

cysteines of the CXC form a disulphide bond in order to result in the complete unfolding of the linker 

region and dimerization (Cremers et al., 2010; Graf et al., 2004). This implicates the linker region as a 

key regulator of the Hsp33’s activation, as it is also thought to act as a thermolabile sensor that regulates 
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the formation of the second disulphide bond (Ilbert et al., 2007; Cremers et al., 2014). Furthermore, 

mutations in the linker region render Hsp33 constitutively active with an increased sensitivity towards 

oxidants (Rimon et al., 2017). The linker region has also been implicated in substrate release upon the 

return of normal reducing cellular conditions. The exposure of Hsp33 to fast acting oxidants such as 

HOCl results in the complete activation of the chaperone as they result in more widespread unfolding 

of the protein (Winter et al., 2008). Interestingly, the Hsp33 orthologue of the green algae, C. reinhardtii 

lacks the CXC motif, and coordinates zinc in a loose interaction. This structural deviation of the C. 

reinhardtii Hsp33 (CrHsp33) has resulted in a different mechanism of activation. CrHsp33 can be 

activated by heat shock, in the absence of oxidants (Segal and Shapira, 2015).  

Upon the return of normal reducing conditions, Hsp33 is reduced by oxidoreductases (Hoffmann et al., 

2004). However, substrate release, also requires the normalization of cellular ATP levels so that the 

client proteins may be released to be folded by ATP-dependent chaperones (Hoffmann et al., 2004; 

Winter et al., 2005). Hsp33 also promotes client protein folding by channelling them into partially 

folded conformations which may easily be folded by the ATP-dependent foldases (Moayed et al., 2020). 

1.15 Hsp70 in human disease and health 

The role of Hsp70 in various human pathologies has been extensively documented (Albakova et al., 

2022). Hsp70s are involved in a myriad of pathways relevant to human health and have been associated 

with a number of diseases (Edkins et al., 2018). In neurodegeneration and cancer, Hsp70 is widely 

implicated in disease formation (Murphy, 2013; Albakova et al., 2022). As such, research into Hsp70s 

as targets for therapeutic drugs is also ongoing (Hendriks and Dingemans, 2017). There are 13 paralogs 

of Hsp70 in humans, localized in different compartments including the cytosol, ER and the 

mitochondria (Kampinga et al., 2009; Rosenzweig et al., 2019). The involvement of Hsp70 in disease 

involves a myriad of biochemical pathways with Hsp90 also implicated in many of them (Albakova et 

al., 2020, 2022). In parasitic diseases such as malaria and African trypanosomiasis, Hsp70s are 

implicated in aiding the parasites’ survival throughout their erratic lifecycles (Louw et al., 2010; 

Przyborski et al., 2015). 

1.15.1 Hsp70 in neurodegeneration and oncogenicity 

Neurodegenerative disorders arise from conditions whereby there is an accumulation of misfolded 

proteins to an extent that the cellular PCQ machinery is overburdened (Rutledge et al., 2022). In 

numerous cases these proteins form amyloid fibrils that are constituted of highly ordered cross β-sheets, 

however they can also form aggregates or be found in inclusions. In particular, intrinsically disordered 

proteins (IDPs) such as tau, α-synuclein, Tar DNA binding protein 43 (TDP-43) can be found in 

neuronal cell aggregates of Alzheimer’s disease (AD), Parkinson’s disease (PD) and amyotrophic 

lateral sclerosis (ALS) sufferers (Chiti and Dobson, 2017; Gupta et al., 2020). The IDPs do not have a 
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proper native conformation and are therefore prone to forming non-functional and toxic aggregates 

(Brundin et al., 2010; Uversky, 2010; Rutledge et al., 2022). Hsp70, along with Hsp90, has been 

implicated in neurodegenerative diseases in that it has been demonstrated to interact with tau, α-

synuclein, and TDP-43 (Rutledge et al., 2022). When the IDPs misfold, it is thought that they expose 

their hydrophobic moieties to which the molecular chaperones may bind. However, another mechanism 

has been proposed. It is hypothesized that there is a competition between the molecular chaperones and 

the intramolecular interactions of the native IDPs. This competition consequently promotes IDPs 

transitioning into seed-competent conformations. The seed-competent conformations are prone to self-

aggregation (Karagöz et al., 2014; Gu et al., 2021; Rutledge et al., 2022).  

In cancer cells, Hsp70 participates in the inhibition of cell death and senescence whilst also promoting 

the metastasis and aggression of tumours (Murphy, 2013). The heat inducible cytosolic Hsp70, 

HSPA1A, hinders apoptosis by partaking in inhibitory interactions with c-Jun N-terminal kinase (JNK), 

p38 and apoptosis-inducing factor (AIF) (Tournier et al., 2000; Garrido et al., 2001; Gao et al., 2010). 

The inhibition of JNK, accompanied by the maintenance of the lysosome’s membrane, also extends to 

blocking necrosis. HSPA1A also inhibits the assembly of the death-inducing signalling complex (DISC) 

(Guo et al., 2005). In inhibiting senescence, HSPA1A modulates the activities of tumour suppressor 

protein p53 and cyclin-dependent kinase (Cdc2) (Yaglom et al., 2007). In promoting metastasis and 

tumour aggression, HSPA1A forms interactions with hypoxia-inducible factor α (HIF-1α) and the 

aminoacyl-transfer RNA synthetase-interacting multifunctional protein 2 (AIMP2) which is devoid of 

the second exon. HIF- 1α and AIMP2 also promote tumour angiogenesis (Huang and Bunn, 2003; Zhou 

et al., 2004; Han et al., 2008; Lim et al., 2020). HSPA8, the constitutively expressed cytosolic Hsp70, 

has also been suggested to promote cancer cell survival, by interacting with and stabilizing Rab1A 

(Tanaka et al., 2014).  

HSPA9, also referred to as mortalin in mammals due to its essentiality for cell survival, plays multiple 

roles in oncogenicity.  HSPA9 participates in various other pathways in cancer cells (Wadhwa et al., 

2006; Albakova et al., 2022). HSPA9 expression is increased in tumours, resulting in the promotion of 

metastasis, tumour expansion and angiogenesis (Wadhwa et al., 2006; Yun et al., 2017). HSPA9 also 

prevents apoptosis through interactions with HIF-1α, under hypoxic conditions. HSPA9 facilitates the 

process by which HIF-1α is targeted to the outer membrane of the mitochondrion (Mylonis et al., 2016). 

The targeting of HIF-1α to the mitochondria hinders apoptosis when the extracellular signal-regulated 

kinase (ERK) is in its inactive form (Mylonis et al., 2016). In ovarian cancer cells, the upregulation of 

HSPA9, as a consequence of nuclear factor κB (NF-κB) binding to its promoter, promotes the 

replication of ovarian cancer (Li et al., 2019). HSPA9 has also been associated with the survival of 

medullary thyroid carcinoma cells (Li et al., 2019). Due to its involvement in neurodegeneration and 

cancer, Hsp70 has been the subject of much research into its targeting for chemotherapeutic purposes. 
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Compounds targeting Hsp70 and Hsp90 for anti-cancer chemotherapeutics have also reached clinical 

trials (Miyata et al., 2013; Murphy, 2013; Albakova et al., 2021). 

1.15.2 Hsp70 in T. brucei 

It is thought that Hsp70s may play a key cytoprotective role in the T. brucei parasite as it contends with 

the numerous environmental stresses associated with its life cycle, reviewed by Louw et al. (2010). 

Hsp70s may also be important for the parasite’s differentiation (Van der Ploeg et al., 1985). In T. brucei, 

it has been established that Hsp70s are expressed in both the PCFs and BSFs of the parasite (Jones et 

al., 2006; Vertommen et al., 2008). As such, biochemical characterization and in silico identification 

of T. brucei Hsp70s has also been carried out in various studies. It has been predicted that the T. brucei 

family of Hsp70s is comprised of 12 members, with 4 of them being Hsp110s. There are 3 cytosolic 

paralogs of the canonical Hsp70s: TbHsp70, TbHsp70.4 and TbHsp70.c. TbHsp70 possesses the typical 

C-terminal EEVD motif. In TbHsp70.4 and TbHsp70.c, as in other kinetoplast organisms, the EEVD 

motif is divergent (DDVD motif) or absent, respectively (Bentley et al., 2019). Generally, GGMP 

repeats are associated with cytosolic Hsp70s of parasitic origin, in a loop region within the vicinity of 

the α-helical lid (Chakafana et al., 2019). Interestingly, human Hsc70 (HSPA8) also possesses a GGMP 

motif (Chakafana et al., 2019). Although GGMP repeats were thought to be a characteristic of 

constitutively expressed Hsp70s, stress inducible Hsp70s of numerous species also possess it, 

Argopecten irradians and Pinctada futada being examples (Song et al., 2006; Wang et al., 2009). The 

GGMP motif is important for facilitating Hsp70 partner protein binding by forming a functional 

association with the EEVD motif (Demand et al., 1998).  

In the parasitic organism cytosolic P. falciparum Hsp70, PfHsp70-1, the GGMP repeats have been 

determined to be of functional significance (Makumire et al., 2021). In the study, in vitro assessments 

using chimeric proteins demonstrated that the GGMP motifs are essential for PfHsp70-1 in substrate 

binding as well as in interactions with the Hsp70/Hsp90 organising protein (HOP), PfHop (Makumire 

et al., 2021). Of the cytosolic Hsp70s, only TbHsp70 possesses the GGMP motif (Burger et al., 2021). 

To this end, both TbHsp70 and TbHsp70.4 are capable of interacting with STi1, whilst it has been 

experimentally demonstrated that TbHsp70.c is incapable of interacting with STi1. However, 

TbHsp70.4 binding to STi1 is with reduced affinity compared to TbHsp70 binding (Bentley et al., 2019; 

Burger et al., 2021). In the ER there are two Hsp70 paralogs, TbGRP78A and TbGRP78B, whilst the 

mitochondrion has 3 identical paralogs, TbmtHsp70A, TbmtHsp70B and TbmtHsp70C. Of the 

cytosolic Hsp70s, TbHsp70 and TbHsp70.4 are also located in nucleus and the cell surface, whilst 

TbHsp70.c can also be found in the nucleus. TbmtHsp70 have also been shown to locate on the cell 

surface (Bentley et al., 2019). The Hsp110 complement is comprised of TbHsp110 found in the cytosol, 

TbGrp170 and TbHsp70.a in the ER as well as the mitochondrial TbHsp70.b. 
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The Hsp70 proteins of the T. brucei parasite play a pivotal role in ensuring that the parasite copes with 

ever-changing environmental parameters as dictated by the life cycle (Bentley et al., 2019). TbHsp70, 

TbHsp110, TbHsp70.a and TbHsp70.c were determined to be downregulated whilst TbmtHsp70A and 

TbHsp70.4 were observed to be upregulated in the PCFs. The converse seems to be true for the BSFs 

as TbHsp110 and TbHsp70.a were shown to be upregulated whilst the levels of TbmtHsp70s A-C and 

TbHsp70 were relatively low (Butter et al., 2013; Urbaniak et al., 2012). It has also been reported that 

TbHsp70 and TbHsp70.c are upregulated as a consequence of heat stress (Burger et al., 2014; Bentley 

and Boshoff, 2019). In addition, the cytosolic TbHsp70s are subject to posttranslational modification 

by way of phosphorylation (Nett et al., 2009; Urbaniak et al., 2013). In vitro studies have also confirmed 

that the cytosolic TbHsp70s exhibit holdase and foldase capabilities towards denatured model substrates 

(Burger et al., 2014; Bentley and Boshoff, 2019). TbmtHsp70 has been determined to be indispensable 

for the maintenance of the parasite’s kDNA, and in extension viability (Týč et al., 2015).  

The T. brucei J-protein complement is comprised of 67 proteins that are found  across all the major 

subcellular compartments (Louw et al., 2010; Bentley et al., 2019). Of the type I J-proteins, it has been 

determined that Tbj2 is essential for the parasite’s viability at all the stages of its lifecycle (Alsford et 

al., 2011; Ludewig et al., 2015). Tbj2 has also been shown to interact with the cytosolic TbHsp70s, 

stimulating their basal ATPase activities. Tbj2 also has a stimulatory effect on the holdase and foldase 

functions of TbHsp70 and TbHsp70.4 (Burger et al., 2014; Bentley and Boshoff, 2019). In addition, 

Tbj2 like various other type I J-proteins, has also been shown to exhibit holdase activity. The 

mitochondrial type I J-protein, Tbj50, has been shown to co-localize with TbmtHsp70 in the 

mitochondrion, playing a role in maintaining the mitochondrial genome (kDNA) (Týč et al., 2015). 

A better understanding of the T. brucei chaperone network could therefore contribute to the 

development of safe and efficacious therapeutics against the parasite (Bentley et al., 2019). To that end, 

a recent study carried out to determine the effects of alcyomarian coral-derived molecules shows that 

the cytosolic TbHsp70s are subject to modulation (Andreassend et al., 2020). The molecules, 

malonganenones and nuttingins, inhibited the holdase functions of TbHsp70 and TbHsp70.4. The 

compounds were also screened on the basal and Tbj2 stimulated ATPase activities of TbHsp70 and 

TbHsp70.4. The compounds had an inhibitory effect. The effect of the compounds on the ATPase 

activity of human HSPA8 were also determined to be inhibitory, but to a much lesser extent. Therefore, 

the compounds proved to differentially affect the human and parasitic chaperone systems (Andreassend 

et al., 2020). 

1.16 Knowledge gap and motivation 

Mitochondrial Hsp70 plays a central role in the import and maintenance of the compartment’s 

proteome. However, despite being a molecular chaperone, mtHsp70 is itself susceptible to self-
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aggregation, and requires the Hsp70 escort protein 1 (Hep1) for stability. Hep1 is a cys4 zinc-finger 

protein that is primarily responsible for maintaining mtHsp70 in a soluble and functional state. 

Numerous studies to characterize Hep1 have been carried out using orthologues from various species, 

and their findings suggest that the different Hep1 orthologues display functional diversity. In this regard, 

the characterization of Hep1 from Trypanosoma brucei will contribute to elucidating the functional 

relevance and biochemical mechanisms of the Hep1 protein in the trypanosomal cell. The novelty of 

this study lies in the fact that TbHep1 characterisation has not been carried out thus far and it is not 

known if TbHep1 is functionally similar to other Hep1 proteins. The characterization of TbHep1 

alongside HsHep1 will also be beneficial in that HsHep1 has already been the subject of numerous 

investigations. This approach may also provide insights into differences, if any, between the T. brucei 

and human Hep1 networks that may potentially be exploited for anti-trypanosomal drug discovery 

purposes. This study will include the effects of co-expression of TbmtHsp70 and TbHep1 on the 

function of TbmtHsp70. In T. brucei as with other protozoan parasites, Hsp70s have been demonstrated 

to be essential for survival in the erratic environmental conditions the organisms experience throughout 

their respective lifecycles. TbmtHsp70, in particular, has been demonstrated to be essential in 

maintaining the mitochondrial genome, and in extension on the viability of the parasite. Human Hsp70s 

on the other hand, have been widely implicated in neurodegenerative diseases and are biomarkers for 

various cancer cell lines. The independent holdase functions of TbHep1 alongside that of HsHep1 will 

also be assessed with Tbj2 as a control. This will form part of assessing TbHep1’s intrinsic chaperone 

capabilities as the novel protein in this study.  

Canonical Hep1 is structurally constituted of a highly conserved zinc finger domain with two CXXC 

motifs. The CXXC motif has been shown to be important for the function of various redox-regulated 

proteins under oxidative stress conditions. This study will incorporate Hsp33 as a control in attempting 

to characterize, on a preliminary basis, the effects of H2O2 induced oxidative stress on the holdase 

functions and structures of TbHep1 and HsHep1. The rationale behind studying Hep1 in this regard is 

due to the mitochondria being a major source of oxidants in the cell due to processes such as the electron 

transport chain. Oxidative stress is associated with various human diseases, including 

neurodegeneration and cancer. Therefore, characterizing Hep1 on this front will potentially lead to a 

better understanding of disease formation resulting from oxidative stress conditions. It may also be 

beneficial in bettering the current understanding of the T. brucei parasite’s redox related pathways since 

the parasite is also subject to the oxidative elements of the host’s immune system. This is also a novel 

approach in as far as Hep1 characterization is concerned. 

1.17 Hypothesis 

TbHep1 is a canonical Hep1 orthologue with the ability to interact with TbmtHsp70 in order to enhance 

its functionality.  
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1.18 Aims and objectives 
1.18.1 Overall aim 

The aim of this study is to biochemically characterize putative TbHep1 as a potential co-chaperone of 

TbmtHsp70. This study will also incorporate cytosolic TbHsp70 in order to determine if it also 

functionally interacts with TbHep1. The independent chaperone capabilities of TbHep1 will also be 

investigated. Furthermore, this study will also include HSPA9 and human Hep1. Additionally, this 

study will preliminarily explore the potential capabilities of the Hep1 orthologues in combating cellular 

oxidative stress as could possibly be imparted by their CXXC motifs. 

1.18.2 Specific objectives 
 
I) In silico analyses of putative TbHep1, TbmtHsp70, HsHep1 and HSPA9  

The in silico analyses were used to predict the various characteristics of the subject. This was to provide 

insights into the physical properties of the proteins so that could be taken into consideration when 

heterologously expressing the proteins and characterizing them in vitro. The in silico analyses were also 

conducted to predict properties such as 3D structure and domain organization which are important in 

drug discovery and design. Orthology and similarity was also assessed by means of multiple sequence 

alignments and syntenic analysis. In addition to orthology and similarity, evolutionary relationships 

were assessed by phylogenetic analyses. 

II) Expression and purification TbHep1, TbmtHsp70, HsHep1, HSPA9 and the other 
molecular chaperones used in this study 

Plasmids encoding the subject proteins were cloned and transformed into genetically engineered E. coli 

strains for heterologous protein expression. Protein expression in the E. coli and their subsequent 

purification were optimized so as to ensure appropriate yields for downstream biochemical 

characterization. The optimization also took into account the conditions required for the optimal 

stability and functionality of the proteins. 

III) Biochemical characterization of TbHep1, TbmtHsp70, HsHep1 and HSPA9 

The aim of this study was to biochemically characterize the Hep1-mtHsp70 utilizing orthologues from 

the T. brucei parasite and humans. The ability of Hep1 to suppress the aggregation of mtHsp70 was 

assessed, furthermore determining the chaperone abilities of Hep1 on model substrate proteins. The 

holdase chaperone functions of mtHsp70 co-expressed with Hep1 were also assessed. This study also 

preliminarily investigated the ability of heat and oxidation stressed Hep1 to suppress the aggregation 

model substrate proteins. This study also assessed the basal and Hep1 modulated ATPase activity of 

mtHsp70. In this study, the Hep1 orthologues were also assessed against the heat-inducible cytosolic 

Hsp70 orthologues of T. brucei and humans. 
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CHAPTER TWO 
The in silico analysis of the Hep1/mtHsp70 partnership of 

the T. brucei parasite and humans 

2.1 Introduction 

Hsp70 is central to the molecular chaperone network, playing a critical role in cellular protein 

maintenance. The Hsp70 molecular chaperone occurs in all the major sub-cellular compartments, 

including the endoplasmic reticulum (ER) and mitochondria (Craig, 2018). Hsp70 in the mitochondria 

(mtHsp70) is important for the organelle’s protein complement, all the way from import to refolding in 

the matrix (Craig, 2018). 

In mammalian cells mtHsp70 is also referred to as mortalin due to its knockdown having detrimental 

effects on cellular viability (Wadhwa et al., 1993; Kaul and Wadhwa, 2012). The protein was first 

identified in mouse fibroblasts and classified as an Hsp70 due to its high sequence homology with other 

Hsp70s (Wadhwa et al., 1993). Mice possess 2 isoforms of mortalin, MOT-1 and MOT-2, whose amino 

acid sequences only differs at 2 amino acid residues within the substrate binding domain (SBD) 

(Wadhwa et al., 1996). In terms of function, MOT-1 and MOT-2 are reported to be divergent. MOT-1 

was found to be primarily localised in the cytosol, having no interaction with tumour suppressor protein 

p53, whilst MOT-2 was predominantly found in the perinuclear space interacting with p53. The 

interaction of MOT-2 with p53 resulted in the immortality of the cells, and therefore malignancy of the 

mouse fibroblasts (Wadhwa et al., 1998; Deocaris, 2006). In humans, there is only one copy of mortalin, 

and it shares greater similarity with MOT-2 in comparison to MOT-1. Human mortalin (HSPA9) also 

possesses the ability to interact with p53 in order to promote malignancy, by preventing the binding of 

p53 to the centrosome (Wadhwa et al., 2006; Ryu et al., 2014). Though predominantly localized in the 

mitochondria, HSPA9 is also found in other cellular compartments. HSPA9, when localised outside of 

the mitochondria, results in increased malignancy, and the protection of cancer cells from oxidative 

stress (Ryu et al., 2014). HSPA9 has been shown to cooperate with various co-chaperones and partner 

proteins, including the Hsp70 escort protein 1 (Hep1), in carrying out its functions (Goswami et al., 

2010). In T. brucei, mtHsp70 (TbmtHsp70) and the other components of the protein import machinery, 

have been shown to play a role in the import of tRNA molecules from the cytosol, since the parasite 

lacks mitochondrial tRNA molecules (Tan et al., 2002; Tschopp et al., 2011). The T. brucei parasite 

possesses three identical genes of mtHsp70, all of them occurring on the same chromosome (Bentley et 

al., 2019). 

The self-aggregation of mtHsp70s has been determined to be remedied by Hep1, a eukaryotic cys4 zinc 

finger protein (Sichting et al., 2005). Besides the conserved cysteine residues at the zinc finger domain, 

a number of other highly conserved residues within the zinc finger domain have also been reported to 
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be indispensable for interactions with mtHsp70. These residues are arginine, histidine, and aspartic acid 

which have been determined to be essential for suppressing the aggregation of mtHsp70 as well as cell 

viability (Momose et al., 2007; Zhai et al., 2011; Vu et al., 2012). It has been uncovered that the 

mutations of these residues decreases the affinity of Hep1 for mtHsp70. Additionally, the mutation of 

the histidine results in Hep1 being incapable of stimulating the ATPase activity of mtHsp70 (Zhai et 

al., 2011). These residues have also been confirmed to be conserved across all the Hep1 orthologues 

that have been biochemically characterised, however PfHep1 was uncovered to be divergent in this 

regard, with lysine replacing the arginine (Nyakundi et al., 2018). The sequence of PfHep1, in a study 

by Nyakundi et al, (2016) was also found to share greater similarities with the Chlamydomonas 

reinhardtii Hep2 (CrHep2) homologue compared to its fellow Hep1 orthologues. PfHep1 is also much 

larger in terms of amino acid residue composition due to having asparagine repeats that constitute 

approximately one fourth of its amino acid complement, a property that is consistent with the proteome 

of P. falciparum (Singh et al., 2004; Nyakundi et al., 2016). In human Hep1 (HsHep1), tryptophan 115 

within the zinc finger domain has been reported to be essential for oligomerization (Dores-Silva et al., 

2013). Phosphorylation was determined to occur at five amino acid residues of HsHep1, three of them 

being in the mitochondrial targeting sequence (Havalová et al., 2021). The phosphorylation sites that 

occur within the sequence of HsHep1 protein, serine 51 and 171, have been reported in cancer cell lines. 

Mass spectrometry data revealed that the Ser 51 phosphorylation occurs in Jurkat T-lymphocytes, whilst 

the Ser 171 phosphorylation was identified in breast and lung cancer cell lines (Hornbeck et al., 2015; 

Tsai et al., 2015; NCI CPTAC et al., 2016).  

HsHep1 is the most extensively studied, whilst yeast (ScHep1) and the parasitic orthologues of P. 

falciparum (PfHep1) and L. braziliensis (LbHep1) have also been characterized (Sichting et al., 2005; 

Dores-Silva et al., 2013; Dores-Silva et al., 2015; Nyakundi et al., 2016). An interesting observation 

amongst the characterised Hep1 orthologues is that they exhibit functional variation. HsHep1 possesses 

the unique ability to suppress the induced aggregation of model substrate proteins (Goswami et al., 

2010; Dores-Silva et al., 2021). Furthermore, HsHep1 and LbHep1 have been demonstrated to stimulate 

the ATPase activities of their respective mtHsp70 partners, a property that ScHep1 lacks (Sichting et 

al., 2005; Goswami et al., 2010; Dores-Silva et al., 2017). Recent research in respect of HsHep1, has 

also reported emerging properties of Hep1. HsHep1 was determined to be potentially be able to bind 

the inner and outer mitochondrial membranes (Dores-Silva et al., 2021). In the study by Dores-Silva et 

al. (2021), HsHep1 was reported to be able to interact with the human stress-inducible Hsp70, HSPA1A, 

in a similar manner as with HSPA9. 

In this regard, the aim of this study was to comparatively analyse the T. brucei and human 

Hep1/mtHsp70 machinery in silico. With the advent of the genomic sequencing of T. brucei and other 

kinetoplastid organisms, as well as the TriTrypDB project, in silico research into kinetoplastid genes 
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and their products is possible. Therefore, this study will uncover more information with regard to the 

putative TbHep1 (Berriman et al., 2005; Aslett et al., 2010).  

Since only a handful of Hep1 orthologues have been characterised, this study was also expanded to 

include a range of other groups of Hep1 orthologues from organisms such as kinetoplastids, plants, 

mammals, Plasmodium and flies. This was due to Hep1 orthologues being known to be highly divergent 

in regions outside of the zinc finger domains. Using a bigger range of Hep1 orthologues could also shed 

more light on the properties of the Hep1 escort protein in general. The Hep1 orthologues were also 

compared to type I J-proteins and Hsp33 in order to gain more insights into the significance of the Hep1 

zinc finger protein, more especially because some Hep1 orthologues possess the type I J-protein ability 

of stimulating Hsp70 ATPase hydrolysis and independently preventing the aggregation of substrate 

proteins (Goswami et al., 2010; Dores-Silva et al., 2015). Hsp33 was also included for comparative 

analysis with regard to the zinc finger motif of Hep1 in order to shed more light in terms of other 

potential cellular roles of the escort protein. Hsp33 also possesses substrate binding abilities (Jakob et 

al., 1999). Type I J-proteins and Hsp33 possess zinc finger domains which are essential for their 

interactions with substrate proteins (Graumann et al., 2001; Tang and Wang, 2001; Linke et al., 2003). 

The study also sought to structurally confirm HSPA9 and TbmtHsp70, in silico, since the research that 

has been conducted on them is mostly biochemical or biophysical. The significance of the mtHsp70s is 

that they are implicated in diseases whereby HSPA9 is at the forefront of oncogenesis and TbmtHsp70 

aids in parasitic survival (Týč et al., 2015; Na et al., 2016). Since Hep1 is crucial for mtHsp70 function 

and structure, studying the escort protein is significant in that it could be a drug target to indirectly 

inhibit mtHsp70.  

2.2 Specific objectives 

• Analyse the primary structure of the T. brucei and human Hep1 orthologues by conducting 

multiple sequence alignments that include numerous Hep1 orthologues and homologues from 

other organisms. Also analyse the primary sequences of TbmtHsp70 and HSPA9 by means of 

multiples sequence alignments that include their cytosolic and ER T. brucei and human 

paralogues, as well as orthologues from other organisms. 

• Comparatively analyse the zinc finger domain of TbHep1, HsHep1 and other Hep1 orthologues 

by conducting alignments that include other zinc finger molecular chaperones: type I J-proteins 

and Hsp33 orthologues from various organisms. 

• Computationally predict the physio- and bio-chemical properties the T. brucei and human Hep1 

orthologues and compare with their counterparts from other organisms. Also compute the 

physio- and bio-chemical properties of the Hsp70s being used in this study. 

• Analyse the relationships of the Hep1 orthologues by conducting phylogenetic and distance 

analyses. Also conduct the phylogenetic and distance assessments of TbmtHsp70 and HSPA9 
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in relation to other Hsp70s including their cytosolic T. brucei and human paralogues, as well as 

orthologues from other organisms. 

• Retrieve the predicted tertiary structures of T. brucei and human Hep1 from the EMBL-EBI 

Alpha Fold repository and analyse comparatively. Also retrieve the predicted tertiary structures 

of TbmtHsp70 and HSPA9 and analyse accordingly. 

 

2.3 Approach and methodology 
2.3.1 Database mining and sequence analyses 

To retrieve the amino acid sequences of TbHep1 and the other Hep1 orthologues used in this study, 

LbrHep1, ScHep1 and HsHep1 were used as queries in BLASTP searches on TriTrypDB (version 61; 

https://tritrypdb.org/tritrypdb/app), PlasmoDB (version 61; https://plasmodb.org/plasmo/app), ToxoDB 

(version 61; https://toxodb.org/toxo/app), FlyBase (version FB2022_06; https://flybase.org/), 

Saccharomyces Genome Database (SGD, https://www.yeastgenome.org/) and NCBI 

(https://ncbi.nlm.nih.gov/) (Gajria et al., 2008; Aurrecoechea et al., 2009; Aslett et al., 2010; Engel et 

al., 2014; Gramates et al., 2022). From the BLASTP searches, sequences with an e-value of 1e-20 or 

less were selected. For the kinetoplastid, Hep1 orthologues, the orthology and synteny function on the 

VEuPathDB (https://veupathdb.org/veupathdb/app) databases was also applied in the sequence 

searches (Amos et al., 2022). Subsequent to retrieving the sequences from TritrypDB, PlasmoDB, 

ToxoDB, FlyBase and Saccharomyces Genome Database, reciprocal BLASTP searches were 

conducted on NCBI as an additional measure to confirm the sequences. The Hsp70, type I J-protein and 

Hsp33 sequences were retrieved from TritrypDB, PlasmoDB, ToxoDB, and NCBI using accession IDs 

listed in published research, as well as conducting BLASTP searches.  

For primary sequences analyses, Clustal Omega multiple sequence alignments (MSA) were conducted 

on the JalView (version 2.11.2.5) web service and annotated by selecting the Clustal colour option  

(Waterhouse et al., 2009; Sievers and Higgins, 2014). Clustal Omega MSAs were also conducted on 

the EMBL-EBI (https://www.ebi.ac.uk/Tools/msa/clustalo/) web server and annotated manually.  

2.3.2 Domain mapping, cellular localisation prediction, physical property prediction, 
posttranslational modification prediction and syntenic analysis 

Physiochemical properties were predicted using the Expasy ProtParam 

(https://web.expasy.org/protparam/) tool in order to predict molecular weight, pI, extinction co-

efficients, instability and aliphatic indices (Gasteiger et al., 2005). Conserved regions and domains were 

predicted using the simple modular architecture research tool (SMART, version 9; http://smart.embl-

heidelberg.de/) and Prosite Expasy (https://prosite.expasy.org/) (Sigrist et al., 2013; Letunic et al., 

2021). Cellular localisation was predicted by entering  the amino acid sequences as queries on the 

NucPred (https://nucpred.bioinfo.se/cgi-bin/multi.cgi), SignalP (version 5.0; 

https://services.healthtech.dtu.dk/service.php?SignalP-6.0), WoLF PSORT (https://wolfpsort.hgc.jp/) 

https://ncbi.nlm.nih.gov/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://web.expasy.org/protparam/
https://prosite.expasy.org/
https://nucpred.bioinfo.se/cgi-bin/multi.cgi
https://wolfpsort.hgc.jp/
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and MitoPROT (https://ihg.helmholtz-muenchen.de/ihg/mitoprot.html) web servers (Claros and 

Vincens, 1996; Brameier et al., 2007; Horton et al., 2007; Almagro Armenteros et al., 2019). To map 

the mitochondrial targeting sequence cleavage sites, MitoPROT and MitoFates 

(https://mitf.cbrc.pj.aist.go.jp/MitoFates/cgi-bin/top.cgi) were used. The posttranslational 

modifications were predicted using MusiteDeep (https://www.musite.net/) with the probability of 

modification set at the default of 0.5 (Wang et al., 2017, 2019, 2020). Phosphorylation, N-linked 

glycosylation, O-linked glycosylation, N6-acetylation and methylation posttranslational modifications 

were predicted. To highlight the predicted posttranslational modifications, the relevant sequences were 

first aligned on JalView (version 2.11.2.5) using the Clustal Omega tool on the web service and then 

annotated accordingly. 

Syntenic analysis was conducted using the Hep1 sequences retrieved from the VEuPathDB, FlyBase 

and Saccharomyces Genome databases. The genes adjacent to the Hep1 gene were identified using the 

orthology and synteny function. 

2.3.3 Phylogenetic analyses and determination of pairwise distances  

The Maximum Likelihood (ML) phylogenetic trees were constructed in MEGA X 

(https://www.megasoftware.net/) to determine the relationships amongst orthologues (Kumar et al., 

2018). In MEGA X, ClustalW multiple sequence alignments (MSA) were conducted using default 

parameters and exported as MEGA files (Larkin et al., 2007). The MEGA files were subsequently used 

to construct unrooted phylogenetic trees with test of phylogeny consisting of 1 000 bootstrap replicates. 

The Jones-Taylor-Thornton (JTT) amino acid substitution matrix model was applied with Gamma 

distribution G (Jones et al., 1992). The nearest-neighbour-interchange (NNI) was used as the ML 

heuristic method (Collienne and Gavryushkin, 2021). To gain numerical insights into the relationships 

of the proteins of interest, pairwise distances were also computed using the JTT amino acid substitution 

matrix model with Gamma distribution G. 

2.3.4 Tertiary structure prediction 

The tertiary structures of TbHep1, HsHep1, TbmtHsp70 and HSPA9 were retrieved from the 

AlphaFold/EMBL-EBI (https://alphafold.ebi.ac.uk/) platform and rendered using PyMol (version 

1.7.4.5; https://pymol.org/2/) (Schrodinger and De Lano, 2020; Jumper et al., 2021; Varadi et al., 2022). 

Manual annotations were also conducted in order to highlight and emphasize the important features of 

the proteins of interest.

https://ihg.helmholtz-muenchen.de/ihg/mitoprot.html
https://mitf.cbrc.pj.aist.go.jp/MitoFates/cgi-bin/top.cgi
https://pymol.org/2/
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2.4 Results and discussion 
2.4.1 Sequences analyses of the Hep1 orthologues 

The TbHep1 and HsHep1 were analysed in comparison to PfHep1, LbrHep1 and ScHep1. For the 

purposes of this study TbHep1 refers to the Hep1 orthologues from T. b. brucei (TbbHep1), whilst 

TbgHep1 refers to the Hep1 orthologue from T.b. gambiense. TbgHep1, TevHep1 and TeqHep1share 

99 % identity to each other. TbbHep1 also represents TeqHep1 as they are 100 % identical; ScHep1 

and S. pastorianus Hep1 (SpasHep1) are also 100% identical. S. pastorianus is defined as being a 

“domesticated hybrid of S. cerevisiae and S. eubayanus” (Libkind et al., 2011) (Figure 2.1, Appendix 

A, Figure A1). The details regarding the Hep1 orthologues used in this study are provided in Appendix 

A, Table A1. The zinc finger domain of the putative TbHep1 orthologue is similar to the previously 

characterised HsHep1, PfHep1, ScHep1 and LbrHep1 orthologues (Figure 2.1) (Sichting et al., 2005; 

Dores-Silva et al., 2015; Nyakundi et al., 2016). A few amino acid residues are conserved across all the 

Hep1 orthologues, the cysteine residues that form part of the 2 CXXC motifs that are responsible for 

zinc ion binding are highly conserved. On the MSA, the cysteine residues occur at sites 238, 241, 263 

and 266 as labelled at the top of the MSA (Figure 2.1). Relative to TbbHep1, TbgHep1 and TevHep1, 

the 100 % conserved cysteine residues occur at amino acid residues 119, 122, 144 and 147. Mutations 

of these cysteine residues has been shown to be detrimental for cellular viability (Yamamoto et al., 

2005). The other 100% conserved residues were occurring at sites 237 (T), 251 (K), 253 (A), 254 (Y), 

259 (V), 264 (P), 270 (H), 274 (D), 281 (D), 289 (E) and 296 (G) of the multiple sequence alignment 

(Figure 2.1). Relative to TbHep1, the residues are 118 (T), 132 (K), 134 (A), 135 (Y), 140 (V), 145 (V), 

145 (P), 151 (H), 155 (D), 162 (D), 167 (E) and 174 (G). When comparing amongst Hep1 orthologues 

from a wider range of organisms, these residues are highly conserved (Appendix A, Figure A1).  

Some of these residues have previously been determined to be highly conserved, with some determined 

to be indispensable for function. In yeast and human Hep1, the arginine and aspartic acid have been 

determined to be essential for the suppression of mtHsp70 aggregation (Momose et al., 2007; Zhai et 

al., 2011; Vu et al., 2012). The mutation of the histidine at residue number 107 in HsHep1 resulted in 

HsHep1 being unable to stimulate the ATPase activity of HSPA9. The highly conserved R residue at 

position 125 in the alignment is substituted for K in PfHep1, which has also been previously determined 

by Nyakundi et al. (2016 & 2018). When carrying out the sequence analysis with a wider range of Hep1 

orthologues, including various plasmodial organisms, it can be observed that the R to K substitution is 

a characteristic of plasmodial Hep1 orthologues (Appendix A, Figure A1). 
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Figure 2.1. The Clustal Omega multiple sequence alignment (MSA) of the Hep1 orthologues and 
homologues. The sequences were aligned using the built in Clustal Omega MSA platform on the JalView web 
service. The annotation is based on the JalView Clustal colour option. The Hep1 sequences aligned were from: T. 
b. gambiense TbgHep1 (Tb972.3.2280), T. b. brucei TbbHep1 (Tb927.3.2300), T. evansi TevHep1 
(TevSTIB805.3.2330), L. braziliensis LbrHep1 (LbrM.25.0680), P. falciparum PfHep1 (PF3D7_1420300), 
Saccharomyces cerevisiae ScHep1 (NP_014089.2) and HsHep1 (NP_001074318.1) The arrows demarcate the 
zinc finger domain. The black asterisks point to the cysteine residues of the CXXC motifs whilst the red asterisks 
point to the other conserved residues within the zinc finger motif.  

The X residues of the upstream CXXC motifs in trypanosomes are GQ or GR, whereas in the 

Leishmania they are GP. With the exception of PfHep1, the plasmodial residues represented by the Xs 

in the upstream CXXC motif are KI (Appendix A, Figure A1). In PfHep1 the Xs represent NI. The 

Saccharomyces orthologues possess KK in place of the Xs, whilst the mammals possess KV. The Xs 

of the downstream CXXC motifs represent, PS and PN in Trypanosoma and Leishmania, respectively. 
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The mammalian orthologues possess PG, and in Saccharomyces they are PH. With CneoHep1 and 

CalbHep1 and the plasmodial orthologues the residues are PS. In this regard, PberHep1 varies by 

possessing a PQ motif (Appendix A, Figure A1). In E. coli thioredoxin which also possesses the CXXC 

motif, it was reported that substitutions in the residues represented by the X abrogates function (Chivers 

et al., 1997). The conservation of the X residues of the Hep1 orthologues according to closely related 

species implies that they are functionally relevant within those groups of organisms. The putative 

TbHep1 orthologue and HsHep1, in terms of their primary sequences displayed characteristics of 

canonical Hep1 orthologues, possessing zinc finger domains that are characteristic of Hep1 orthologues. 

The identical TbbHep1 and TeqHep1 orthologues, at their zinc finger domains, share a 100 % sequence 

identity with TbgHep1 and TevHep1. TbgHep1 only differs from TbbHep1 and TeqHep1 by one 

residue at the N-terminal region, whereas TevHep1 differs by two amino acid residues. These variations 

can be observed at site 68 and 114 on the MSA (Figure 2.1 & Appendix A, Figure A1). Relative to 

TbbHep1, these variations occur at amino acid residues 29 and 43. The similarity of the Hep1 

orthologues of TbbHep1, TbgHep1, TeqHep1 and TevHep1 are not unexpected as they are all 

subspecies of T. brucei.  

No other amino acids were 100% conserved across all species examined in the regions outside of the 

zinc finger domains (Figure 2.1). In this study, it is revealed that the N- and C-terminal regions of Hep1 

orthologues originating from closely related organisms share sequence similarities (Appendix A, Figure 

A2). These similarities are in the form of signature sequences or motifs which are unique to those groups 

of organisms and are specifically unique to Hep1 orthologues. Using the signature sequences as queries 

in BLASTP searches only returned Hep1 orthologues from the organisms of very close relations. 

TbbHep1, TbgHep1, TeqHep1 and TevHep1 only share similarities with Hep1 orthologues from 

Trypanosoma Congolese, Trypanosoma cruzi and Trypanosoma vivax at the C-terminal region. 

Amongst the trypanosomal Hep1 orthologues, there were no shared similarities at the N-terminal 

region.  

Apart from the trypanosomal Hep1 orthologues, the Leishmania Hep1 orthologues LbrHep1, LmjHep1, 

LdoHep1 and LmxHep1 exhibited high sequence similarity at the N-terminal region. The LdoHep1, 

LmjHep1 and LmxHep1 orthologues, possessed a shared C-terminal extension which LbrHep1 lacks. 

(Appendix A, Figure A2). HsHep1 also shares great similarities with Hep1 orthologues from other 

mammalian organisms, Mus musculus Hep1 (MsmHep1-iso1) and Bos taurus Hep1 (BtauHep1) at the 

N-terminal region, seemingly sharing greater similarity with MsmHep1-iso1 (Appendix A, Figure A2). 

At the C-terminal region, the mammalian orthologues share two separate moieties of high similarity. 

With regard to Mus musculus, it was also discovered that there are 3 isoforms of Hep1, with only 

isoform 1 (MsmHep1-iso1) possessing the zinc finger domain. Through performing BLASTP searches, 

it was further revealed that various other mammalian organisms, murine and primate, possess multiple 
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Hep1 isoforms (Appendix A, Tables A3 & A4). Due to the mammalian Hep1 orthologues possessing 

great similarities when compared to HsHep1, they are discussed in more detail later in this study. 

2.4.2 Phylogenetic and distance analyses of the Hep1 orthologues 

The relationships amongst the TbbHep1, TbgHep1, TevHep1, LbrHep1, PfHep1, ScHep1 and HsHep1 

were also analysed alongside many other various Hep1 orthologues. Details regarding the Hep1 

orthologues are provided in Appendix A, Table A1. Generally, the Hep1 orthologues that were closely 

related originate from closely related organisms (Figure 2.2). When analysed according to the full-

length sequences, the kinetoplastid Hep1 orthologues were demonstrated to be closely related, however 

the trypanosomal orthologues occupied a different clade in relation to the Leishmania orthologues 

(Figure 2.2A). Crithidia fasciculata Hep1 (CfHep1) fell into the Leishmania clade, whilst BsalHep1 

was observed to be closer to the trypanosomal orthologues. TbbHep1, TbgHep1, TeqHep1 and 

TevHep1 were in the same clade whilst TcoHep1, TcrHep1 and TviHep1 occupied a separate clade. 

TviHep1 and TcrHep1 are more closely related to each other than they are to TcoHep1 (Figure 2.2A). 

HsHep1 fell into the same clade as the other mammalian orthologues, being more closely related to Mus 

musculus Hep1 isoform 1 (MsmHep1-iso1) as also suggested in section 2.4.1. The Drosophila Hep1 

orthologues, D. melanogaster Hep1 (DmelHep1) and D. simulans Hep1 (DsimHep1), fell into a clade 

that suggested close relations with the mammalian Hep1 orthologues. This observation could be due to 

mammals and flies falling under the Kingdom Animalia. The other fly Hep1 orthologue from Musca 

domestica (MdomHep1), albeit in a different clade to the Drosophila Hep1 orthologues, is also closely 

related to the mammalian Hep1 orthologues (Figure 2.2A). The other isoforms of Mus musculus Hep1, 

MsmHep1-iso2 (isoform 2) and MsmHep1-iso3 (isoform 3), were also closely related to HsHep1, 

MsmHep1 iso-1 and BtauHep1. The MsmHep1-iso2 (isoform 2) and MsmHep1-iso3 (isoform 3) are 

discussed in detail later in this study together with other Hep1 isoforms of murine and primate 

organisms. The plasmodial orthologues also fell into the same clade, with TgoHep1 being closely 

related to them. This could be due to Plasmodium and Toxoplasma being apicomplexan organisms. The 

Saccharomyces Hep1 orthologues, ScHep1, SpasHep1 and SparHep1 proved to be closely related to 

the plant Hep1 homologues, AtZR3, AtHep1 and CrHep2. Some unexpected relations were also 

observed whereby Cryptococcus neoformans Hep1 (CneoHep1) proved to be closely related to the 

mammalian and fly orthologues whilst Candida albicans Hep1 (CalbHep1) is closely related to PfHep1. 

This is unexpected because C. neoformans and C. albicans are also yeast organisms. LmxHep1 was in 

an isolated clade, whereby CfHep1 which is from a different genus fell into the same clade as the other 

Leishmania orthologues (Figure 2.2A). 

When analysing the relationships of the Hep1 orthologues with respect to the N-terminal regions, the 

trypanosomal orthologues fell into the same clade and were arranged in the same way as when analysed 
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according to the full-length sequences (Figure 2.2B). The Saccharomyces orthologues occupied a sub-

clade that was adjacent to the sub-clade of the mammalian orthologues. The Leishmania orthologues 

fell into the same clade, which included CfHep1 and BsalHep1. The plasmodial orthologues, PfHep1, 

PmalHep1 and PberHep1 fell into the same sub-clade, which was adjacent to the clade occupied by 

AtHep1, AtZR3 and CneoHep1. PviHep1 fell into a separate clade together with MdomHep1, whilst 

TgoHep1 and CalbHep1 were in the same clade as the Drosophila orthologues (Figure 2.2B).  

The phylogenetic analyses were also carried out with respect to the sequences of the zinc finger 

domains. The trypanosomal orthologues were arranged as they were when analysed according to their 

full-length and N-terminal sequences (Figure 2.2 A & B). The Leishmania orthologues fell into the 

same clade, which was also occupied by BsalHep1 and CfHep1. LdoHep1 and LmxHep1 proved to be 

very closely related according to their zinc finger domains, with LmjHep1 being adjacent to them. 

LbrHep1 was more closely related to CfHep1 and BsalHep1. Interestingly, the CneoHep1 and 

CalbHep1 yeast orthologues occupied the same clade as the Saccharomyces orthologues whilst 

MdomHep1 also fell into the same clade as the Drosophila orthologues. The sub-clade occupied by the 

fly Hep1 orthologues was in the same clade as the sub-clade occupied by the mammalian orthologues 

(Figure 2.2C). 

The findings of the phylogenetic analyses demonstrate that both the divergent N-terminal region and 

the conserved zinc finger domain possess primary sequence properties that are unique to specific groups 

of organisms. This is despite the zinc finger domain being highly conserved across Hep1 orthologues 

of eukaryotic organisms. For the N-terminal regions, signature sequences were identified, as displayed 

in Appendix A, Figure A2, which were specific to orthologues of closely related organisms. The 

residues between the cysteines in the CXXC motifs in the zinc finger domains were observed to be 

conserved in closely related species (Appendix A, Figure A1). The zinc finger domain of Hep1 is also 

commonly referred to as the zf-DNL because of a DNL motif that is conserved amongst certain Hep1 

orthologues (Nyakundi et al., 2016, 2018). For HsHep1 and the kinetoplastid Hep1 orthologues, this 

motif is DNL, whilst in PfHep1 and ScHep1 respectively, it is DQL and DHL (Figure 2.1). The 

observation made in this regard is that this motif is divergent, whereby it is only identical amongst Hep1 

orthologues from closely related organisms (Appendix A, Figure A2).  
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Figure 2.2. Phylogenetic analyses of the A) full-length, B) N-terminal region and C) zinc-finger domain of the Hep1 orthologues. The maximum-likelihood tree was 
constructed using MEGAX with the Jones-Taylor (JTT) amino acid substitution matrix-model, Gamma distribution (G) from the built in ClustalW platform. The bootstrap 
analysis consisted of 100 replicates. The Hep1 sequences used were from: TbgHep1 (Tb972.3.2280), TbbHep1 (Tb927.3.2300), TeqHep1 (TEOVI_000221600), TevHep1 
(TevSTIB805.3.2330), TcrHep1 (TcCLB.508479.274), TviHep1 (TvY486_0301660), TcoHep1 (TcIL3000_0_42310), LbrHep1 (LbrM.25.0680), LdoHep1 
(LdBPK_250830.1), LmjHep1 (LmjF.25.0800), LmxHep1 (LmxM.25.0800), BsalHep1 (BSAL_79370), CfHep1 (CFAC1_220016500), PfHep1 (PF3D7_1420300), PmalHep1 
(PmUG01_13038600), PviHep1 (PVP01_1328600), PberHep1 (PBANKA_1022900), TgoHep1 (TGME49_260340), AtHep1 (NP_974434.2), ScHep1 (NP_014089.2), 
SpasHep1 (QID81845.1), SparHep1 (XP_033768657.1), CneoHep1 (XP_024514386.1), CalbHep1 (KHC45981.1), HsHep1 (NP_001074318.1), MsmHep1-iso1 
(NP_081104.1), BtauHep1 (XP_003586730.1), DmelHep1 (AAS15675.1), DsimHep1 (XP_016039443.1), MdomHep1 (XP_00518472.3), CrHep2 C-term (XP_001700157.1) 
and ATZR3 (AAO64784.1).
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Distances matrices were also constructed to numerically analyse the relationship amongst the various 

Hep1 orthologues. The distance matrices give numerical insights into the relationships amongst the 

Hep1 orthologues, whereby an orthologue’s relationship towards itself is zero. According to the full-

length sequences, TbbHep1, TbgHep1, TeqHep1 and TevHep1 are identical, having very minimal 

sequence variation compared to TcrHep1, TcoHep1 and TviHep1 (Appendix A, Figure A3). This was 

also the case for all the other orthologues originating from the other groups of organisms. When 

analysing the distances according to the N-terminal regions in the absence of the zinc finger domain, 

there was a remarkable increase in variation (Appendix A, Figure A4). When the same analyses were 

carried out using the zinc finger domain sequences, the variation was considerably decreased (Appendix 

A, Figure A5). In Figure 2.2 B & C, the N-terminal region and the zinc finger domain were shown to 

specify the relationships of the Hep1 orthologues according to organism of origin. The distance analysis 

however demonstrated the N-terminal region to be the primary driver of diversity of Hep1 orthologues, 

due to being non-conserved, whereas the zinc finger region is more of a unifying factor. However, there 

are distinguishing factors in the zinc finger domains as they still resulted in the orthologues being 

segregated according to the types of organisms they originate from (Figure 2.2C & Appendix A, Figures 

A1 & A2). 

2.4.3 Computational characterisation of the Hep1 orthologues 

The Expasy ProtParam tool web server was used to compute various parameters of the Hep1 

orthologues. There is variation in terms of the sizes of the proteins, both in terms of the lengths of the 

amino acid sequences, and the molecular weights (Appendix A, Table A6). The pI values also varied 

greatly. The computed extinction co-efficients also varied amongst the orthologues. The extinction co-

efficients were also computed according to whether the cysteine residues were oxidised (forming 

disulphide bonds, cystines) or they were reduced. The potential formation of the disulphide bonds 

between cysteine residues is shown to cause an increase in extinction co-efficients. The instability and 

aliphatic indices were also computed. According to the Expasy ProtParam documentation, the value of 

40 in the instability indices is a benchmark, whereby an instability index above 40 indicates instability, 

and values below indicate stability (Gasteiger et al., 2005). Most of the Hep1 orthologues, including 

TbbHep1 and its orthologues, were predicted to be unstable. The only stable orthologues were from 

Saccharomyces and the flies. PfHep1 and PberHep1 were also determined to be stable (Appendix A, 

Table A6). The aliphatic indices indicate the volume, in proportion, occupied by the aliphatic (non-

polar/hydrophobic amino acids) side chains of the proteins. A high aliphatic index indicates stability 

over an increased range of temperatures. GRAVY scores less than zero, indicate potential hydrophilicity 

whilst GRAVY scores above zero indicate hydrophobicity (Gasteiger et al., 2005). All the orthologues 

had a GRAVY score less than zero. The aliphatic indices were in the 70-80 range for most of the 

orthologues. The fly orthologues, PfHep1 and CalbHep1 had increased aliphatic indices whilst PviHep1 
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had a lower aliphatic index, whilst LbrHep1 and PviHep1 had decreased aliphatic indices (Appendix 

A, Table A6). The high aliphatic index of PfHep1 could also have been a contributing factor to its 

insolubility as reported by Nyakundi et al. (2016), besides the presence of the plasmodial asparagine 

repeats. TbbHep1 and TeqHep1, which are 100 % identical, had a different pI from TbgHep1 and 

TevHep1 which differ from them by 1 and 2 amino acid substitutions, respectively. All the Hep1 

orthologues were predicted to localise in the mitochondria, whilst the CrHep2 and AtZR3 homologues 

were predicted to reside in the chloroplasts. 

The properties of the N-terminal regions and the zinc finger domains were also computed separately. 

The sizes of the zinc finger regions were determined to be very similar, with molecular weights in the 

region of about 7 000 Da, constituted of 63-64 amino acid residues (Appendix A, Table A7). This is 

despite the full-length orthologues having been determined to be highly divergent in this regard. The 

N-terminal regions exhibited vast differences in the number of amino acid residues and in their 

molecular weights (Appendix A, Table A7), pointing to this moiety of the Hep1 orthologues being the 

primary driver of divergence in terms of the characteristics of the Hep1 orthologues.  

2.4.4 Computational prediction of the Hep1 posttranslational modifications 

The posttranslational modifications were predicted using the MusiteDeep web server and highlighted 

on the Hep1 orthologues after they were aligned by Clustal Omega on the JalView web server 

(Appendix A, Figure A6). The predominant posttranslational modifications were phosphorylation and 

glycosylation. Most posttranslational modifications occurred at the non-conserved N- and C-terminal 

regions (Appendix A, Figure A6). Many of the posttranslational modifications predicted to be outside 

of the zinc finger domain were conserved according to the species from which the orthologues originate. 

TbbHep1 has previously been reported to be phosphorylated, at threonine 4 and serine 6, and methylated 

at arginine 196 (Fisk et al., 2013; Urbaniak et al., 2013). None of these posttranslational modifications 

were predicted in this study. The stringency level was set at a probability of 0.5, reducing it could have 

probably also revealed the posttranslational modifications. The mammalian orthologues had minimal 

posttranslational modifications. The phosphorylation of  serines 51 and 171 was reported to occur in 

cancer cell lines (Hornbeck et al., 2015; Tsai et al., 2015; NCI CPTAC et al., 2016). In this study, these 

posttranslational modifications were predicted (Appendix A, Figure A6). Phosphorylated residues were 

also identified by Havalova et al. (2021) at the MTS of HsHep1 serines 14 and 49, which were also 

predicted in this study (Appendix A, Figure A6). 

Some amino acid residues were shown to be subject to either both phosphorylation and glycosylation 

or both methylation and acetylation. A limited number of acetylated and methylated amino acid residues 

were predicted. Although the residues at the zinc finger domain are highly conserved, only the 

acetylation of lysine at site 281 was shown to have some conservation (Appendix A, Figure A6). An 
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interesting observation is the prevalence of posttranslational modifications outside of the conserved 

zinc finger regions, some of which are conserved between some groups of Hep1 orthologues. 

Posttranslational modifications in eukaryote proteins are of relevance as they may dictate whether a 

protein is functionally activated or not in some respects. This points to the non-conserved N- and C-

terminal regions of Hep1 orthologues as being functionally important. As observed in Appendix A, 

Figure A1, certain groups of Hep1 orthologues possess conserved sequences at the N- and C-terminal 

regions, suggesting that they could be of evolutionary importance within the organisms in which they 

occur. 

2.4.5 Syntenic analyses of the Hep1 gene across various species of organisms 

Syntenic analyses were carried out in order to predict orthology amongst selected Hep1 orthologues.  

Synteny of the Hep1 genes is conserved amongst closely related organisms. TbbHep1 and TcrHep1 

displayed conservation in the arrangement of genes that are adjacent to the Hep1 gene (Figure 2.3). The 

only difference was that in T. cruzi there is an insertion of the MBAP2 gene between the CSPs2 and 

KKP genes. The synteny of the trypanosomal Hep1 genes was also shared by the BsalHep1 gene, 

whereby the MBAP2 gene was also inserted between the CSPs2 and KKP genes (Figure 2.3). The 

synteny between the LbrHep1 and LmjHep1 genes was also conserved. The LbrHep1 and LmjHep1 

genes shared synteny with the CfHep1 gene. However, the CfHep1 gene had 3 isoforms of the gene 

denoted as Ukp2 (abbreviation for unknown/hypothetical protein 2) (Figure 2.3). The synteny amongst 

the plasmodial Hep1 genes also proved to be conserved. The TgoHep1, DmelHep1 and ScHep1 genes 

each displayed unique synteny when compared to the kinetoplastid orthologues (Figure 2.3).  

The syntenic arrangement amongst the kinteoplastid Hep1 genes is not unexpected. The phylogenetic 

analysis revealed that the trypanosomal and Leishmania Hep1 orthologues occupied separate clades 

(Figure 2.2). CfHep1 and BsalHep1 also shared a clade with the Leishmania orthologues, despite the 

synteny of the BsalHep1 gene being shared with the trypanosomal orthologues. A closer look at the 

phylogenetic trees in Figure 2.2 does, however, reveal that BsalHep1 is the most distant relative within 

the Leishmania Hep1 clade, and closer to the trypanosomal Hep1 clade. Another observation that was 

made in terms of the genes adjacent to Hep1 amongst the kinetoplastids is that some of the genes whose 

accession numbers are listed in Appendix A, Figure A7, possess cysteine rich motifs such as CXXC, 

CXC and CXXXC. The CXXC motifs are also contained by Hep1. This suggests that the expression of 

these genes is under the control of one element, whereby they could be induced under identical cellular 

conditions whereby the cysteine rich motifs are essential. 
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Figure 2.3. The syntenic analysis of selected Hep1 orthologue genes. The Hep1 orthologues used for this assessment were: TbbHep1 (Tb927.3.2300), TcrHep1 
(TcCLB.508479.274), LbrHep1 (LbrM.25.0680), LmjHep1 (LmjF.25.0800), BsalHep1 (BSAL_79370), CfHep1 (CFAC1_220016500), PfHep1 (PF3D7_1420300), PmalHep1 
(PmUG01_13038600), PberHep1 (PBANKA_1022900), TgoHep1 (TGME49_260340), ScHep1/Zim17/YNL310C (SGD accession ID: S000005254) and DmelHep1 (FlyBase 
accession ID: FBpp0271786). The gene arrangement is schematically presented displaying genes that are adjacent to Hep1 with directionality also taken into consideration. 
The lines joining the boxes representing the various genes across species indicate orthology. The bottom panel is a key that provides the full names for the genes presented in 
shorthand in the figure. The database accession numbers of the genes adjacent to Hep1 are provided in Appendix A, Figure A7. 



58 
 

Some Hep1 orthologues have been determined to possess type I and type II J-protein characteristics of 

stimulating the ATPase activity of Hsp70 and binding to substrate protein. Besides having a zinc finger 

domain, in this study, the TbHep1, TcrHep1 and BsalHep1 genes were found to be adjacent to the J32 

gene. However, J32 is a type III J-protein without a zinc finger domain, but does possess a single CXXC 

motif, much like the other proteins encoded by genes adjacent to the Hep1 genes. To be noted is that 

the J32 gene in L. braziliensis and L. major is also in the same chromosome as the Hep1 gene, but they 

are quite a distance apart. 

2.4.6 Analysis of the structural models of TbHep1 and HsHep1 

The zinc finger domain of ScHep1(PDB ID: 2e2z) has been experimentally resolved by nuclear 

magnetic resonance (Momose et al., 2007). The report by Momose et al. (2007) revealed that the 

ScHep1 zinc finger domain consists of 4 anti-parallel β-sheets with two CXXC motifs occurring at the 

loops. The cysteine residues of the CXXC motifs were reported to be bound to a single zinc ion. The 

TbHep1 model analysed in this study also possesses the 4 antiparallel β-sheets which are shown in 

yellow (Figure 2.4A). The N-terminal region ends immediately upstream of the anti-parallel β-sheets. 

The N-terminal region is constituted of an unstructured stretch and 2 α-helices. A signature sequence 

that is shared by the kinetoplastid Hep1 orthologues at their N-termini is also highlighted in teal (Figure 

2.4B).  It begins near the beginning of the second α-helix of the N-terminal region and ends at the very 

beginning of the first β-sheet of the zinc finger domain (Figure 2.4B). The C-terminal region begins 

after the α-helix that is at the C-terminal border of the zinc finger domain. At the C-terminal region, the 

signature sequence begins where the α-helix at the C-terminal border of the zinc finger region ends, and 

it ends at C-terminal end of the protein (Figure 2.4C). 
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Figure 2.4. AlphaFold2 predicted 3D structure of TbHep1. The 3D structure was rendered in PyMol and manually annotated.  A) The full perspective of the predicted 3D 
structure. In teal is the N-terminal, whilst the zf-DNL is represented by the yellow β-sheets, red α-helices and green loop regions. In blue is the region downstream of the zf-
DNL. The arrows indicate the beginning and the end of the zf-DNL on the structure. The cysteine residues within the CXXC motifs of the zf-DNL are displayed as orange 
sticks. B) The 3D structure with emphasis on the signature moiety (QRLILSALQDPEAQPSSKMGGPGIGTKTGD) of the N-terminal region. The signature moiety is shown 
in teal, with the arrows demarcating its beginning and end. C) The 3D structure with emphasis on the signature moiety (FIRVGNDYQVEPTSVGTERD) of the region 
downstream of the zf-DNL. The arrows indicate the beginning and end of the C-terminal signature moiety which is shown in blue. 
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HsHep1 exhibited structural similarities when compared to TbHep1. HsHep1 also has a long 

unstructured N-terminal region (Figure 2.5A). However, the N-terminal region of HsHep1 does not 

possess the α-helices that are observed in TbHep1 (Figure 2.4 A & B). Instead, the long unstructured 

region of the N-terminal region in HsHep1 leads straight into the first β-sheet of the zinc finger region 

(Figure 2.5A). The zinc finger region also consists of 4 antiparallel β-sheets with the cysteine residues 

of the CXXC motif occurring at the loops. The C-terminal region occurs shortly after the end of the α-

helix that is at the C-terminal border of the zinc finger domain (Figure 2.5B). The entire N-terminal 

region of HsHep1 shares high similarity with the other mammalian Hep1 orthologues used in this study 

but was very different from all the other Hep1 orthologues (Appendix A, Figure A2). It was therefore 

deemed not to be necessary to highlight the N-terminal signature sequence in the structure, but to show 

the two signature sequences that occur at the C-terminal region. The C-terminal signature sequences of 

HsHep1 are shared with BtauHep1 and MsmHep1-iso1 (Figure 2.5B). 

The structural differences outside of the zinc finger domains between TbHep1 and HsHep1 point to a 

possible functional divergence between the two proteins. The N-terminal region in this study was shown 

to be the primary determinant of diversity of the Hep1 orthologues. The pairwise distances of the Hep1 

orthologues were shown to be markedly higher when they were compared according to their N-terminal 

regions (Appendix A, Figure A4). TbHep1 structure displayed two α-helices and an unstructured 

stretch, whereas the entire N-terminal region of HsHep1 was unstructured (Figures 2.4 & 2.5).
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Figure 2.5. AlphaFold2 predicted 3D structure of HsHep1. The 3D structure was rendered in PyMol and manually annotated.  A) The full perspective of the predicted 3D 
structure. In teal is the N-terminal, whilst the zf-DNL is represented by the yellow β-sheets, red α-helices and green loop regions. In blue is the region downstream of the zf-
DNL. The arrows indicate the beginning and the end of the zf-DNL on the structure. The cysteine residues within the CXXC motifs of the zf-DNL are displayed as orange 
sticks. B) The 3D structure with emphasis on the signature moieties of the region downstream of the zf-DNL at the C-terminal region. In blue is the GALELVLEEAGAPTST 
signature sequence and in purple is the DEGPPSPGKTEPS sequence. The curly braces serve to highlight the respective signature sequences at the C-terminal region. 
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2.4.7 Phylogenetic and structural comparison between the Hep1 orthologues and type I 
J-proteins and Hsp33. 

The rationale for comparing the Hep1 orthologues to type I J-proteins and Hsp33 is 2-fold. Firstly, type 

I J-proteins and Hsp33 also possess zinc coordinating cysteine rich motifs which have been determined 

to be essential for substrate protein binding (Banecki et al., 1996; Jakob et al., 1999; Martinez-Yamout 

et al., 2000). Secondly, in this study in section 2.4.5, the genes encoding Hep1 in kinetoplastids were 

shown to be in close proximity to genes encoding proteins possessing similar cysteine rich motifs such 

as CXC, CXXC and CXXXC. These genes were also determined to be unique to the kinetoplastids. 

Therefore, it was important to compare the Hep1 orthologues to the other members of the molecular 

chaperone family that possess cysteine rich motifs. Details regarding the type I J-proteins and Hsp33 

orthologues employed in this analysis are provided in Appendix A, Table A2. The phylogenetic analysis 

shows that the Hep1 orthologues form a separate clade from the type I J-proteins and Hsp33 

orthologues. TbHep1 and the rest of the kinetoplastid Hep1 orthologues were the most distantly related 

to the J-proteins and Hsp33 orthologues (Figure 2.6).  From this analysis, it was difficult to reach a 

conclusion with regard to making inferences about the function of Hep1 with regard to what is known 

about type I J-proteins and Hsp33. 

Clustal Omega MSA analyses were also conducted to determine if zinc finger domains of the Hep1 

orthologues resemble those of the type I J-proteins and/or Hsp33 orthologues. When aligned with 

selected type I J-proteins, the cysteine residues of the CXXC motifs of the Hep1 orthologues aligned 

with the cysteine residues of the first and third CXXC motifs of the J-proteins (Appendix A, Figure 

A8). This is a finding that has previously been reported (Burri et al., 2004). The glycine residue at site 

397 of the MSA was also conserved between the Hep1 orthologues and the type I J-proteins (Appendix 

A, Figure A8). Relative to TbHep1, this highly conserved glycine residue occurs at amino acid residue 

174 (Appendix A. Figure A2). The MSA of the Hep1 orthologues with the Hsp33 orthologues shows 

that the downstream CXXC motif of Hep1 has the cysteine residues aligns to those of Hsp33 at the 

CXXC motif as well. The first cysteine residue of the upstream CXXC motif of Hep1 aligns with the 

first cysteine residue of the CXC motif of Hsp33 (Appendix A, Figure A9). 
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Figure 2.6. Phylogenetic analysis of the Hep1 orthologues in relation to other zinc finger proteins of the 
molecular chaperone family. The maximum-likelihood tree was constructed using MEGAX with the Jones-
Taylor (JTT) amino acid substitution matrix-model, Gamma distribution (G) from the built in ClustalW platform. 
A bootstrap analysis consisting of 1000 replicates applied. The Hep1 sequences used for this assessment were 
from: TbgHep1 (Tb972.3.2280), TbbHep1 (Tb927.3.2300), TeqHep1 (TEOVI_000221600), TevHep1 
(TevSTIB805.3.2330), TcrHep1 (TcCLB.508479.274), TviHep1 (TvY486_0301660), TcoHep1 
(TcIL3000_0_42310), LbrHep1 (LbrM.25.0680), LdoHep1 (LdBPK_250830.1), LmjHep1 (LmjF.25.0800), 
LmxHep1 (LmxM.25.0800), BsalHep1 (BSAL_79370), CfHep1 (CFAC1_220016500), PfHep1 
(PF3D7_1420300), PmalHep1 (PmUG01_13038600), PviHep1 (PVP01_1328600), PberHep1 
(PBANKA_1022900), TgoHep1 (TGME49_260340), AtHep1 (NP_974434.2), ScHep1 (NP_014089.2), 
SpasHep1 (QID81845.1), SparHep1 (XP_033768657.1), CneoHep1 (XP_024514386.1), CalbHep1 
(KHC45981.1), HsHep1 (NP_001074318.1), MsmHep1-iso1 (NP_081104.1), MsmHep1-iso2 
(NP_001132975.1), MsmHep1-iso3 (NP_001132976.1), BtauHep1 (XP_003586730.1), DmelHep1 
(AAS15675.1), DsimHep1 (XP_016039443.1), MdomHep1 (XP_00518472.3), CrHep2 C-term 
(XP_001700157.1) and ATZR3 (AAO64784.1). The cytosolic and mitochondrial and prokaryotic type I J-protein 
sequences used for this assessment were from: Tbj2 (Tb927.2.5160), Tcrj2 (TcCLB.511627.110), Lbrj2 
(LbrM.27.2610), Lmjj2 (LmjF.27.2400), ScYdj1 (NP_014335.1), DmelDnaJ-like-2 (NP_650283.1), HsDNAJA1 
(NP_001530.1), Tbj50 (Tb927.9.12730), Tcrj50 (TcCLB.510743.100), Lbrj50 (LbrM.34.2890), Lmjj50 
(LmjF.35.2980), Pfj1 (PF3D7_1437900), TgonJ-protein (TGME49_311240), ScMdj1 (QHB08320.1), DmelTid-
56 (CAA64531.1), HsTid-1L (NP_005138.3), HsTid-1S (NP_001128582.1), EcDNAJA1 (MRF42610.1), 
SmarDNAJA1 (MBH2573448), PsarDNAJA1 (WP_009685335.1) and SaurDNAJA1 (MCR0757594.1). The 
Hsp33 sequences used for this assessment were from: EcHsp33 (EDV67745.1), SmarHsp33 (WP_060448467.1), 
PaerHsp33 (MXH37999.1), SaurHsp33 (HAY6579316.1), TbHsp33/TrypOX (Tb927.6.2630), LbrHsp33 
(LBRM2903_300022900), LmjHsp33 (LmjF.30.1670), TcrHsp33 (TcCLB.509965.120), OsatHsp33 
(EEC84194.1) and CrHsp33 (PNW70318.1). Tbb/TeqHep1 refers to the identical TbbHep1 and TeqHep1 
orthologues, whilst Sc/SpasHep1 refers to the identical ScHep1 and SpasHep1 orthologues. 
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The distance analyses comparing relations between Hep1 and the J-proteins or Hsp33 orthologues 

shows that Hep1 is more closely related to the type I J-proteins (Appendix A, Figure A10). Therefore, 

the J-protein qualities that some Hep1 orthologues have been determined to possess could be attributed, 

in part, to their shared similarities at their zinc finger domains. Type I and type II J-proteins possess a 

protein binding domain with which they bind substrate proteins (Kampinga and Craig, 2010). It still 

needs to be determined how Hep1 orthologues bind to substrate proteins. The ability of J-proteins to 

stimulate the ATPase activity of Hsp70 is attributed to the HPD motif at their J domains (Liberek et al., 

1991; Genevaux et al., 2001; Wittung-Stafshede et al., 2003).  In HsHep1, the zinc finger domain  

histidine residue that is 100 % conserved across all the Hep1 orthologues has been determined to be 

indispensable for the ability to stimulate the ATPase activity of mtHsp70 (Zhai et al., 2011). 

2.4.8 Sequence and phylogenetic analyses of the murine and primate Hep1 isoforms 

In section 2.4.1, Mus musculus Hep1 sequence retrieval using the NCBI BLASTP platform resulted in 

the discovery of multiple Hep1 orthologues or isoforms in some murine and primate organisms 

(Appendix A, Tables A3 & A4). The isoforms were analysed by means of MSAs, phylogenetics and 

predictive computation. As a starting point, the murine and primate/ape Hep1 isoforms were 

phylogenetically analysed. The clades formed were each occupied only by isoforms from the same 

organism (Figure 2.7). This means that each organism possesses isoforms that share greater similarity 

with each other when compared to Hep1 orthologues or isoforms of the other mammalian organisms. 

The isoforms of Hep1 within each organism have an identical gene ID (Appendix A, Table A3).  

Domain mapping revealed that some of the isoforms do not possess a canonical zinc finger domain and 

were much smaller in size in terms of their molecular weights and number of amino acid residues. These 

isoforms were also predicted to localise in the mitochondria (Appendix A, Table A3). With the murine 

and primate Hep1 orthologues that possessed the zinc finger domain, it was determined that they share 

complete conservation with the zinc fingers of HsHep1 and BtauHep1. Only a handful of sequence 

variations were observed (Figure 2.8). Computing the parameters of the zinc finger domains of the 

murine and primate isoforms also revealed that they are constituted of 66 amino acid residues, with a 

molecular weight of approximately 7 300 Da. The only exception was CjacHep1-iso2, which has a zinc 

finger consisting of 60 amino acid residues with a molecular weight of 6674.6 Da. CjacHep1-iso2 was 

also non-conserved compared to the other orthologues that possess a zinc finger domain, varying at the 

C-terminal end (Figure 2.8). The zinc finger domains of the murine and primate Hep1 orthologues are 

structurally similar to those of the rest of the orthologues used in this study (Appendix A, Table A3). 

The murine Hep1 orthologue lacking the zinc finger, that is canonical of Hep1 orthologues, fell into 2 

categories. One category, whose sequences terminate at site 147 of the MSA is shorter than the isoforms 

of the other category of the Hep1 isoforms lacking a zinc finger domain (Figure 2.8). Relative to 
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HsHep1, this termination occurs at amino acid residue 79. The second category is much longer, 

terminating at site 203 of the multiple sequence alignment. Relative to HsHep1, this termination occurs 

at amino acid residue 130. When comparing the isoforms within each of the 2 categories of the primate 

Hep1 orthologues lacking zinc finger domains, it can be observed that they are highly conserved. The 

zinc finger lacking isoforms all possess a cysteine residue that is conserved with the first cysteine 

residue of the CXXC residue of the isoforms possessing a typical zinc finger domain. Within the primate 

organisms, none of the Hep1 isoforms lacked the zinc finger domain (Figure 2.8). Using the zinc finger 

lacking MsmHep1-iso2 and MsmHep1-iso3 isoforms as queries on BLASTP revealed that there are 

more murine organisms that possess isoforms that lack the zinc finger domain (Appendix A, Table A4).  

 
Figure 2.7. Phylogenetic analysis of the murine Hep1 orthologues/isoforms. The maximum-likelihood tree 
was constructed using MEGAX with the Jones-Taylor (JTT) amino acid substitution matrix-model with Gamma 
distribution (G) from the built in ClustalW platform. The murine and primate Hep1 sequences used in this 
assessment were from: MsmHep1-iso1 (NP_081104.1), MsmHep1-iso2 (NP_001132975.1), MsmHep1-iso3 
(NP_001132976.1), MpHep1-iso1 (XP_021050144.1), MpHep1-iso2 (XP_021050145.1), MpHep1-iso3 
(XP_021050146.1), McarHep1-iso1 (XP_021011688.1), McarHep1-iso2 (XP_021011689.1), McouHep1-iso1 
(XP_031225303.1), McouHep1-iso2 (XP_031225305.1), McouHep1-iso3 (XP_031225306.1), GsurHep1-iso1 
(XP_028628786.1), GsurHep1-iso2 (XP_028628787.1), AsylHep1-iso1 (XP_052037841.1), AsylHep1-iso2 
(XP_052037846.1), NgalHep1-iso1 (XP_029423617.1), NgalHep1-iso2 (XP_017655799.2), NgalHep1-iso3 
(XP_017655800.1), NgalHep1-iso4 (XP_029423618.1), HmolHep1-iso1 (XP_032021543.1), HmolHep1-iso2 
(XP_032021544.1), HmolHep1-iso3 (XP_032021545.1), HmolHep1-iso4 (XP_032021546.1), CjacHep1-iso1 
(XP_035119009.1) and CjacHep1-iso2 (XP_035119020.1). 
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Figure 2.8. The Clustal Omega multiple sequence alignment of the murine and primate Hep1 orthologues/isoforms alongside the bovine and human Hep1 orthologues. The sequences 
were aligned using the built in Clustal Omega platform on the JalView web service with default settings. The annotation is based on the JalView Clustal colour option. The sequences aligned 
were from: MsmHep1-iso1 (NP_081104.1), MsmHep1-iso2 (NP_001132975.1), MsmHep1-iso3 (NP_001132976.1), MpHep1-iso1 (XP_021050144.1), MpHep1-iso2 (XP_021050145.1), 
MpHep1-iso3 (XP_021050146.1), McarHep1-iso1 (XP_021011688.1), McarHep1-iso2 (XP_021011689.1), McouHep1-iso1 (XP_031225303.1), McouHep1-iso2 (XP_031225305.1), 
McouHep1-iso3 (XP_031225306.1), GsurHep1-iso1 (XP_028628786.1), GsurHep1-iso2 (XP_028628787.1), AsylHep1-iso1 (XP_052037841.1), AsylHep1-iso2 (XP_052037846.1), 
NgalHep1-iso1 (XP_029423617.1), NgalHep1-iso2 (XP_017655799.2), NgalHep1-iso3 (XP_017655800.1), NgalHep1-iso4 (XP_029423618.1), HmolHep1-iso1 (XP_032021543.1), 
HmolHep1-iso2 (XP_032021544.1), HmolHep1-iso3 (XP_032021545.1), HmolHep1-iso4 (XP_032021546.1), CjacHep1-iso1 (XP_035119009.1), CjacHep1-iso2 (XP_035119020.1), 
HsHep1 (NP_001074318.1) and BtauHep1 (XP_003586730.1).
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The conservation of the non-canonical Hep1 isoforms indicates a potential evolutionary adaptation 

within the murine organisms. The zinc finger domain of the CjacHep1-iso2 is non-conserved at the C-

terminal end when compared to all the other mammalian Hep1 orthologues possessing a zinc finger 

domain (Figure 2.8). Phylogenetic analysis, inclusive of all the murine and Hep1 isoforms as well as 

all the other Hep1 orthologues used in this study, was also conducted. In the phylogenetic tree, the zinc 

finger domain lacking murine isoforms falling into the shorter category occupying a sub-clade that was 

in the same clade occupied by the MdomHep1, CjacHep1-iso1 and CjacHep1-ios2 Hep1 orthologues 

(Figure 2.9). The zinc finger domain lacking murine isoforms falling into the longer category occupied 

a separate clade. The clades within which the zinc finger domain lacking murine isoforms were within 

the clades occupied by all the other mammalian Hep1 isoforms. Hep1 orthologues from the flies fell 

into clades that was within the mammalian Hep1 orthologues. HsHep1 was most closely related to 

HmolHep1-iso3 (Figure 2.9). This is not unexpected as humans and apes are very closely related in 

terms of evolution. HsHep1 shares high sequence identity with the other Hep1 orthologues within the 

class Mammalia. The fly Hep1 orthologues also proved to be closely related to the mammalian Hep1 

orthologues.  

Distance analyses were also carried out separately for the mammalian orthologues/isoforms possessing 

a zinc finger domain and the zinc finger lacking Hep1 orthologues and isoforms from the same organism 

are most closely related (Appendix A, Figure A11). In the distance analysis, the closest relative of 

HsHep1 is HmolHep1-iso4 (Appendix A, Figure A11). In the phylogenetic analysis, HsHep1 was in 

the same clade as HmolHep1-iso3, whereas HmolHep1-iso4 was in the adjacent clade together with 

BtauHep1. These findings further point to the Hylobates moloch as a good model organism for studying 

HsHep1 in human disease. 

Proteomic evidence has not been produced of the different isoforms of Hep1 in murine and primate 

organisms. The isoforms from a single organism share the same gene ID, meaning that they are potential 

transcript variants (Appendix A, Table A3).  It needs to be ascertained if the observed isoforms do exist 

as proteins and are not just transcript variants which may or may not be translated into protein. 

Transcript variants are a result of alternative splicing events of a single gene which result in multiple, 

divergent products (Tress et al., 2007). Alternative splicing is a phenomenon by which higher 

eukaryotes are thought to increase their complexity by increasing the number of different proteins from 

a limited set of genes (Dhamija and Menon, 2018). In mice and humans, most genes undergo alternative 

splicing (Johnson et al., 2003). In humans, genes that undergo more frequent alternative splicing events 

have been determined to be constitutively expressed (Ryu et al., 2015). It has been reported that not all 

transcript variants get to be translated into protein (Szempruch and Guttman, 2017). 
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Figure 2.9. Phylogenetic analysis of the murine Hep1 orthologues/isoforms within the broader context of the rest of the 
Hep1 orthologues used in this study. The maximum-likelihood tree was constructed using MEGAX with the Jones-Taylor 
(JTT) amino acid substitution model with Gamma distribution (G) from the built in ClustalW platform. The murine and primate 
sequences used from this assessment were from: MsmHep1-iso1 (NP_081104.1), MsmHep1-iso2 (NP_001132975.1), 
MsmHep1-iso3 (NP_001132976.1), MpHep1-iso1 (XP_021050144.1), MpHep1-iso2 (XP_021050145.1), MpHep1-iso3 
(XP_021050146.1), McarHep1-iso1 (XP_021011688.1), McarHep1-iso2 (XP_021011689.1), McouHep1-iso1 
(XP_031225303.1), McouHep1-iso2 (XP_031225305.1), McouHep1-iso3 (XP_031225306.1), GsurHep1-iso1 
(XP_028628786.1), GsurHep1-iso2 (XP_028628787.1), AsylHep1-iso1 (XP_052037841.1), AsylHep1-iso2 
(XP_052037846.1), NgalHep1-iso1 (XP_029423617.1), NgalHep1-iso2 (XP_017655799.2), NgalHep1-iso3 
(XP_017655800.1), NgalHep1-iso4 (XP_029423618.1), HmolHep1-iso1 (XP_032021543.1), HmolHep1-iso2 
(XP_032021544.1), HmolHep1-iso3 (XP_032021545.1), HmolHep1-iso4 (XP_032021546.1), CjacHep1-iso1 
(XP_035119009.1) and CjacHep1-iso2 (XP_035119020.1). The other sequences used were from: TbgHep1 (Tb972.3.2280), 
TbbHep1 (Tb927.3.2300), TeqHep1 (TEOVI_000221600), TevHep1 (TevSTIB805.3.2330), TcrHep1 (TcCLB.508479.274), 
TviHep1 (TvY486_0301660), TcoHep1 (TcIL3000_0_42310), LbrHep1 (LbrM.25.0680), LdoHep1 (LdBPK_250830.1), 
LmjHep1 (LmjF.25.0800), LmxHep1 (LmxM.25.0800), BsalHep1 (BSAL_79370), CfHep1 (CFAC1_220016500), PfHep1 
(PF3D7_1420300), PmalHep1 (PmUG01_13038600), PviHep1 (PVP01_1328600), PberHep1 (PBANKA_1022900), TgoHep1 
(TGME49_260340), AtHep1 (NP_974434.2), ScHep1 (NP_014089.2), SpasHep1 (QID81845.1), SparHep1 (XP_033768657.1), 
CneoHep1 (XP_024514386.1), CalbHep1 (KHC45981.1), HsHep1 (NP_001074318.1), BtauHep1 (XP_003586730.1), 
DmelHep1 (AAS15675.1), DsimHep1 (XP_016039443.1), MdomHep1 (XP_00518472.3), CrHep2 (XP_001700157.1) and 
ATZR3 (AAO64784.1). Tbb/TeqHep1 refers to the identical TbbHep1 and TeqHep1 orthologues, whilst Sc/SpasHep1 refers to 
the identical ScHep1 and SpasHep1 orthologues.
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2.4.9 Phylogenetic, distance and sequence analyses of TbmtHsp70 and HSPA9 

The mtHsp70 partners of TbHep1 and HsHep1, TbmtHsp70 and HSPA9 respectively, were also 

analysed in this in silico study. Phylogenetic analyses revealed that the mtHsp70 orthologues share a 

clade with the E. coli DnaK. The cytosolic and BiP Hsp70 orthologues also formed their own separate 

clades (Figure 2.10A). Details regarding the Hsp70 sequences used for this study are provided in 

Appendix A, Table A5. Deeper analysis of the constructed phylogenetic trees reveals that the parasitic 

mtHsp70 orthologues formed a separate sub-clade from HSPA9 and the yeast orthologues, ScSsc1, 

ScEcm10 and ScSsq1. The yeast orthologues ScSsc1, ScEcm10 and ScSsq1 banded together separate 

from HSPA9 within the sub-clade. The yeast mtHsp70 orthologues have all been determined to be prone 

to self-aggregation, but the aggregates of ScEcm10 cannot be rescued by Hep1. ScSsq1 is divergent in 

that it is specialised for the maintenance the iron-sulphur cluster (Lutz et al., 2001). ScSsc1 is the main 

yeast mtHsp70 paralogue, whilst ScEcm10 has also been shown to functionally overlap with ScSsc1 

(Craig et al., 1989; Kang et al., 1990; Pareek et al., 2011). TbmtHsp70 was most closely related to 

TcrmtHsp70, and LbrmtHsp70 was closely related to LmjmtHsp70. The computed parameters of the 

Hsp70s also showed that they are highly similar in terms of molecular weight, the number of amino 

acid residues and pI (Appendix A, Table A5). The distance analysis confirmed the conclusions reached 

in the phylogenetic tree with regard to the mtHsp70 orthologues (Figure 2.10B). TbmtHsp70 is most 

closely related to TcrmtHsp70. Between LbrmtHsp70 and LmjmtHs70, TbmtHsp70 is most closely 

related to LbrmtHsp70. HSPA9 is most closely related to ScSsc1 and most distantly related to ScSsq1. 

Of the parasitic orthologues, HSPA9 is closely related to PfHsp70-3 (Figure 2.10B).  

MtHsp70 orthologues are known to be different at the linker region, when compared to their cytosolic 

counterparts. Cytosolic Hsp70s of eukaryotes, in comparison to prokaryotic DnaK, possess an insertion 

of either one of three motifs: KSEN, ESSK and QSNA (Chakafana et al., 2019). In this study these 

insertions at the linker regions of the cytosolic Hsp70s were observed between sites 470 and 480 of the 

MSA (Figure 2.11). The BiP orthologues also exhibited insertions in the linker region (Figure 2.11 & 

Appendix A, Figure A12). MtHsp70s lack the insertion and their linker regions are most similar to the 

E. coli DnaK linker, GDVKDVLLLLDVT (Vogel et al., 2006; Swain et al., 2007). In this study, the 

mtHsp70s possessed linker regions that aligned with EcDnaK (Figure 2.11 & Appendix A, Figure A12). 
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Figure 2.10. Phylogenetic and distance analyses of the mtHsp70 orthologues and their cytosolic and ER counterparts. The A) phylogenetic analysis was performed on 
all the Hsp70s whilst the B) distance analysis was only performed on the mtHsp70 orthologues. The maximum-likelihood tree and distance matrix were constructed using 
MEGAX with the Jones-Taylor (JTT) amino acid substitution model with Gamma distribution (G) from the built in ClustalW platform. The sequences used were from: TbHsp70 
(Tb927.11.11330), TbHsp70.4 (Tb927.7.710), TbHsp70.c (Tb927.11.11290), TbmtHsp70 (Tb927.6.3740), TbGRP78A/BiP (Tb927.11.7460), TcrHsp70 (TcCLB.511211.170), 
TcrmtHsp70 (TcCLB.507029.30), TcrGRP78A/BiP (TcCLB.506585.40), LmjHsp70 (LmjF.28.2770), LmjmtHsp70 (LmjF.30.2460), LmjGRP78/BiP (LmjF.28.1200), 
LbrHsp70 (LbrM.28.2990), LbrmtHsp70 (LbrM.30.2420), LbGRP78/BiP (LbrM.30.2420), PfHsp70-1 (PF3D7_0818900), PfHsp70-3 (PF3D7_1134000), PfHsp70-2/BiP 
(PF3D7_0917900), ScSsa4 (AJU50241.1), ScSsa3 (AJQ13321.1), ScSsa2 (AJV59097.1), ScSsa1 (AJO96864.1), ScSsc1 (AJV44330.1), ScEcm10 (AJU50104.1), ScSsq1 
(AJV59432.1), ScKar2 (AJR59823.1), HSPA1A (NP_005336.3), HSPA8 (NP_006588.1), HSPA9 (AAH00478.1), HsHSPA5/BiP (AAI12964.1) and EcDnaK 
(WP_097477514.1).
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Figure 2.11. The Clustal Omega multiple sequence alignment of the Hsp70 orthologues. The sequences were aligned using the 
built in Clustal Omega platform on the JalView web service. The annotation is based on the JalView Clustal colour option. The 
sequences aligned were from: TbHsp70 (Tb927.11.11330), TbmtHsp70 (Tb927.6.3740), LbrHsp70 (LbrM.28.2990), LbrmtHsp70 
(LbrM.30.2420), PfHsp70-1 (PF3D7_0818900), PfHsp70-3 (PF3D7_1134000), ScSsa4 (AJU50241.1), ScSsc1 (AJV44330.1), 
ScEcm10 (AJU50104.1), ScSsq1 (AJV59432.1), HSPA1A (NP_005336.3), HSPA8 (NP_006588.1) and HSPA9 (AAH00478.1). The 
bars above the multiple sequence alignment serve to indicate the various domains of the Hsp70s: yellow (ATPase domain), red (linker 
region), blue (SBD-β) and orange (SBD-α). The domain annotation is relative to HSPA1A (Vostakolaei et al., 2021).
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A known property of mtHsp70 orthologues is that they are prone to self-aggregation. The HSPA9, 

PfHsp70-3, LbrmtHsp70 and ScSsc1 orthologues used in this study have been determined to form self-

aggregates that are rescued by their respective Hep1 orthologues (Sichting et al., 2005; Goswami et al., 

2010; Dores-Silva et al., 2015; Nyakundi et al., 2016). The linker region together with the ATPase 

domain have been implicated in the self-aggregation of mtHsp70 (Zhai et al., 2008). TbmtHsp70 

exhibits the properties of the rest of the mtHsp70s at the linker region and was determined to be closely 

related to them (Figures 2.10 & 2.11).  Therefore, by inference, it would be expected that TbmtHsp70 

also forms self-aggregates. EcDnaK has been determined to not aggregate when directed to the 

mitochondria, despite the mtHsp70 linker region being derived from EcDnaK (Blamowska et al., 2010). 

As suggested by Zhai et al. (2008), the ATPase domain of mtHsp70 is also responsible for self-

aggregation. On the MSA, it can be observed that there are some differences between the mtHsp70 and 

cytosolic Hsp70s at the ATPase domain (Figure 2.11). At site 180-190 of the ATPase domain of the 

MSA the mtHsp70 orthologues are lacking some amino acid residues, as well as at around site 270. 

Relative to TbmtHsp70 these sites are 129 and 213-215. At site 375-380 of the alignment, the mtHsp70 

orthologues and EcDnaK exhibit an insertion, but ScSsq1 lacks it (Appendix A, Figure A12). Relative 

to TbmtHsp70, this insertion occurs between amino acid residues 310 and 315. Since EcDnaK does not 

aggregate in the mitochondria, there are other factors that lead to mtHsp70 being prone to self-

aggregation. EcDnaK possesses an insertion between site 290 and 300, which is the most notable 

difference compared to the mtHsp70s (Appendix A, Figure A12). This could be the reason for EcDnaK 

being soluble in the mitochondria as it is the only unique property when compared to the mtHsp70 

orthologues at the ATPase domain. The mtHsp70 orthologues differ at the C-terminal end, whereas 

EcDnaK shares similarities with the cytosolic Hsp70s in this regard (Appendix A, Figure A12). 

C-terminal domain of the eukaryotic cytosolic Hsp70s, have GGMP repeat motifs. The cytosolic 

Hsp70s lacking GGMP repeats were the yeast orthologues as well as the human stress inducible 

orthologue HSPA1A. The EEVD motifs are only present in the cytosolic Hsp70s (Figure 2.11). The C-

terminal motifs of all the mtHsp70s were non-conserved. The BiP ER orthologues of Hsp70 terminated 

with motifs similar to the human ER retention motif KDEL. 
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Figure 2.12. The syntenic analysis of selected mtHsp70 orthologues. The genes used for this analysis were 
from: 1) TbmtHsp70 (Tb927.6.3740), 2) TcrmtHsp70 (TcCLB.507029.30), 3) LmjmtHsp70 (LmjF.30.2460), 4) 
LbrmtHsp70 (LbrM.30.2420) and 5) PfHsp70-3 (PF3D7_1134000). The gene arrangement is schematically 
presented displaying genes that are adjacent to mtHsp70 with directionality also taken into consideration. The 
numbers (1 to 4) highlighted in green signify orthology whereby each number indicates a group of orthologs. The 
bottom panel is a key that provides the full names for the genes presented in shorthand in the figure. The accession 
numbers of the genes adjacent to mtHsp70 are provided in Appendix A, Figure A14. 

2.4.10 Computational prediction of the mtHsp70 posttranslational modifications 

The posttranslational modifications of the mtHsp70 were predicted on the MusiteDeep web server and 

highlighted on a Clustal Omega MSA. Some of the predicted posttranslational modifications are 

conserved throughout, with some only being conserved in separate groups of orthologues (Appendix 

A, Figure A13). TbmtHsp70 shares numerous acetylation posttranslational modifications with the other 

kinetoplastid mtHsp70s, they occur at site 110, 122, 331, 381 and 631. At sites 325 and 575, 

respectively. HSPA9 has a unique posttranslational modification profile. At amino acid sites 103 and 

684, HSPA9 shares glycosylation posttranslational modification sites with the yeast mtHsp70 

orthologues (Appendix A, Figure A13). The posttranslational modifications sites that are conserved 

within the kinetoplastid suggest that they are important for the functions of the orthologues in those 

organisms. The conserved sites of posttranslational modifications point to those residues being essential 

for the functions of the mtHsp70 orthologues. No posttranslational modification sites were predicted 

for the linker regions, at sites 461-472 (Appendix A, Figure A13). 

2.4.11 Analysis of mtHsp70 orthology 

Syntenic analysis revealed that TbmtHsp70 and the other kinetoplast parasitic mtHsp70s are 

orthologous. The kinetoplastid mtHsp70s were also observed to possess numerous isoforms as has 

previously been determine by Bentley et al. (2019) and Louw et al. (2010). TbmtHsp70 possesses 3 
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identical copies. TbmtHsp70 A-C, all occurring on the same chromosome. The TbmtHsp70A and 

TbmtHsp70B genes are adjacent, whilst there are 4 genes occurring between TbmtHs70B and 

TbmtHsp70C (Figure 2.12) (Bentley et al., 2019). On the other hand, L. braziliensis has 5 non-identical 

mtHsp70 genes. This points to an evolutionary adaptation by kinetoplastid organisms whereby multiple 

mtHsp70 genes are required, albeit identical in T. brucei. Within the kinetoplastid organisms, the genes 

adjacent to the mtHsp70 genes were orthologous, even thought they were not arranged in the same order 

(Figure 2.12). The synteny of the PfHsp70-3 gene was unique in this regard. PfHsp70-3 does not possess 

any isoforms. 

2.4.12 Analysis of the structural models of TbmtHsp70 and HSPA9 

The structural models of TbmtHsp70 and HSPA9 were retrieved from the Alpha Fold/EMB-EBI 

repository. They both possess structural features that are characteristic of Hsp70 proteins (Figure 2.13). 

The substrate binding domain sub-domains alpha and beta can clearly be observed, constituted of α-

helices and anti-parallel β-sheets, respectively. The beta subdomains possess a hydrophobic substrate 

binding domain, and in this study it they have been predicted to be hydrophobic as antiparallel β-sheets 

are known to be hydrophobic. The alpha subdomains are in an open conformation, linked to the beta 

subdomains by loop regions (Figure 2.13 A & B). The linker region can also be observed, occurring 

between the ATPase domains and the substrate binding domains.
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Figure 2.13. The AlphaFold2 predicted 3D structures of A) TbmtHsp70 and B) HSPA9. The 3D structures were rendered in PyMol and annotated manually. The teal α-
helices, purple/pinkish β-sheets and loop regions represent the ATPase domain. The red α-helices, yellow β-sheets and green loop regions represent the α and β subdomains of 
the substrate binding domain. The arrow points to the interdomain linker which is shown as blue sticks.
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2.5 Conclusions 

The zinc finger domain is indispensable for Hep1 function. Several  Hep1 orthologues have been 

biochemically assessed and determined to be essential for the solubility and functionality of mtHsp70 

(Sichting et al., 2005; Dores-Silva et al., 2013; Dores-Silva et al., 2015; Nyakundi et al., 2016). HsHep1 

and LbrHep1 are unique in that they stimulate the ATPase activity of mtHsp70, whilst ScHep1 does not 

stimulate the ATPase of yeast mtHsp70 (Sichting et al., 2005; Goswami et al., 2010; Dores-Silva et al., 

2015; Dores-Silva et al., 2021). HsHep1 has also been reported to possess the ability to suppress the 

aggregation of substrate proteins, independently of mtHsp70 (Goswami et al., 2010; Dores-Silva et al., 

2021). Recently, with HsHep1 as a model, new potential roles of Hep1 have emerged. These include 

the ability to interact with mitochondrial membranes and cytosolic Hsp70 (Dores-Silva et al., 2021). 

The aim of this study was to characterise, in silico, the putative TbHep1 orthologue alongside HsHep1. 

This study included numerous putative Hep1 in order to gain a better understanding of Hep1 as a 

protein. 

Sequence analysis and domain mapping revealed that TbHep1 and HsHep1 indeed possess the highly 

conserved zinc finger domain and are canonical Hep1 orthologues.  This is the first study to characterise 

TbHep1. Biochemical characterisation of HsHep1 has revealed that the orthologue possesses the ability 

to suppress the aggregation of mtHsp70, which has also been reported for PfHsp70-3, LbrHep1 and 

HsHep1 (Sichting et al., 2005; Dores-Silva et al., 2013; Dores-Silva et al., 2015; Nyakundi et al., 2016). 

It can be hypothesised that TbHep1 possesses the ability to interact with TbmtHsp70 and enhance its 

solubility and function since it displays the structural hallmarks of Hep1 orthologues. The sequence 

analysis also revealed that the Hep1 orthologues vary widely outside of the zinc finger domain. The 

orthologues also varied widely in terms of their computed molecular weights as a result of being 

constituted of widely varying numbers of amino acid residues. When the parameters of the zinc finger 

domains were computed, it was revealed that the variation in size was due to regions outside of the zinc 

finger domain, more specifically the N-terminal region. The zinc finger domains were found to be very 

similar in terms of the number of amino acids. 

Despite the divergence observed in the sequences of the regions outside of the zinc finger domain, some 

Hep1 orthologues exhibited similarities. TbHep1, at the N- and C-terminal regions, shares some 

sequence similarities with other trypanosomal and kinetoplastid Hep1 orthologues. HsHep1 proved to 

share high sequence similarity with the other mammalian orthologues used in this study. The predicted 

structures of TbHep1 and HsHep1 also revealed that their divergence at the N-terminal region also 

applied to their secondary structures. TbHep1 possesses an unstructured stretch and two α-helices at the 

N-terminal domain, whereas the entire N-terminal domain of HsHep1 is unstructured. In terms of 

predicted posttranslational modifications, they were abundant outside of the zinc finger domain, 
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meaning that the N- and C-termini could be important for function. Some of these posttranslational 

modifications were conserved along the lines of the relatedness of the organisms of origin. The analysis 

of orthology by means of synteny also fell along the lines of species of origin, whereby the trypanosomal 

Hep1 genes had unique synteny compared to the Leishmania Hep1 genes. Phylogenetic analysis of the 

Hep1 orthologues also revealed that they are mostly related according to their species of origin. This 

was the case when they were phylogenetically analysed using the full-length sequences, the N-terminal 

region sequences and the zinc finger domain sequences.  

This is the first report of the presence of multiple Hep1 isoforms in mice and apes, as 3 isoforms were 

found for Mus musculus. Further investigations revealed that some murine organisms and apes possess 

numerous Hep1 isoforms with identical gene IDs. With the murine Hep1 isoforms, some lacked the 

canonical zinc finger domain, falling into two categories. At the N-terminal regions, these non-

canonical isoforms shared high conservation with the rest of the mammalian Hep1 isoforms. Of interest 

was the category of murine isoforms whose sequence terminates a few amino acids into the zinc finger 

domain. It would be worthwhile determining whether they are essential within the organisms from 

which they originate, and if they play any other role. Within all the mammalian Hep1 orthologues, 

HsHep1 was most closely related to the isoforms 3 and 4 of the Hylobates moloch Hep1 orthologues. 

Proteomic validation of the murine and primate Hep1 isoforms needs to be conducted in order to 

determine if all the potential alternative splicing products do get translated into proteins. This is because 

not all transcript variants get to be translated into proteins (Szempruch and Guttman, 2017). It would 

also be interesting to determine the conditions under which expression occurs. In vivo complementation 

assays or genetic knockdown could also be used to determine if the transcript variants/isoforms are 

indeed essential in the mice and primate organisms. Alternative splicing is a mechanism by which 

higher eukaryotes increase the proteomic diversity from a limited number of genes. It is therefore 

interesting to observe that the supposed transcript variants of the primate Hep1 orthologues produce 

highly similar isoforms that also possess zinc finger domains. 

Due to some Hep1 orthologues being functionally similar to type I proteins, which also possess a zinc 

finger domain, the Hep1 orthologues were comparatively analysed against selected type I J-protein 

orthologues. Additionally, syntenic analysis revealed that some of the genes adjacent to Hep1 in the 

kinetoplastid organisms possess cysteine rich motifs such as CXC, CXXC and CXXXC. Hsp33 

orthologues were also included as they also possess these cysteine rich motifs. Distance analysis 

revealed that the Hep1 orthologues were more closely related to the type I J-proteins, providing a 

possible scientific explanation for the holdase activity of HsHep1, and the ability of HsHep1 and 

LbrHep1 to stimulate Hsp70 ATPase activity.  

Phylogenetic analysis showed that TbmtHsp70 and HSPA9 are related to the other mtHsp70 

orthologues, and the MSA revealed that they aligned with the other mtHsp70s. In this study, the linker 
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regions of the mtHsp70s were shown to align with the linker of EcDnaK. The ATPase domains of the 

mtHsp70s were also very similar to that of EcDnaK, despite EcDnaK having been determined to be 

soluble in the mitochondrial matrix (Blamowska et al., 2010). Posttranslational modification 

predictions revealed that the mtHsp70 orthologues are most likely to be acetylated or phosphorylated, 

with no modifications predicted for the linker region. Syntenic analysis confirmed orthology for the 

TbmtHsp70 and the other kinetoplastid mtHsp70s, whereby they all possess multiple isoforms of the 

mtHsp70 gene. In terms of structure, the models revealed that TbmtHsp70 and HSPA9 share a similar 

structure.  
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CHAPTER THREE 
Optimization and analysis of the heterologous expression and 

purification of the heat shock proteins  
3.1 Introduction 

Recombinant DNA technology (RDT) entails a set of molecular techniques that allow for the efficient 

synthesis of recombinant proteins in selected host organisms. It involves the genetic manipulation of 

the host organism such that it acquires genes that enable it to effectively produce the desired protein 

(Sørensen and Mortensen, 2005; Khan et al., 2016). This technique has revolutionized molecular 

biology as it permits for the expression of proteins in large amounts as opposed to directly sourcing 

them from large volumes of their natural host tissues or fluids in minute quantities (Rohou et al., 2007; 

Rosano and Ceccarelli, 2014).  This technique could also be viewed as a safe alternative to extracting 

and isolating proteins from virulent pathogenic agents such as bacteria, viruses and protozoans as well 

as other potentially toxic sources (Burnett et al., 2009; Rosano and Ceccarelli, 2014; Rivera-de-Torre 

et al., 2022). Recombinant protein expression is useful for the biochemical characterization of proteins 

as well as the development of therapeutic and commercial proteins, reviewed by Rosano and Ceccralli 

(2014) and Puetz and Wurm (2019). Recombinant protein expression can either be homologous or 

heterologous. In homologous protein expression, the gene being expressed is also found in the host 

organism whilst heterologous protein expression entails expressing a gene that is foreign to the host 

organism (Martínez-Espinosa, 2019). E. coli is the organism of choice with regard to recombinant 

protein expression (Snustad and Simmons, 2016). This bacterium is well characterized, having high 

growth rates, inexpensive growth media and can easily have foreign DNA introduced into it by 

transformation  (Lee, 1996; Pope and Kent, 1996; Shiloach and Fass, 2005; Sezonov et al., 2007).  

Plasmid vectors are typically constituted of numerous elements that enable for the efficient expression 

of recombinant proteins. These include  a multiple cloning site (MCS), promoter, selection marker, 

origin of replication (replicon) and an affinity tag, reviewed by (Ahmad et al., 2018; Kaur et al., 2018). 

The selection marker further ensures that cells do not dispose of the vector plasmid as it is a survival 

requirement, reviewed by Rosano et al. (2014). However, the co-expression of recombinant proteins 

encoded in vectors with identical replicons has been demonstrated to be feasible (Yang et al., 2001). 

Also important for the co-expression of recombinant proteins is that they must be encoded in vector 

plasmids with different selection markers (Kholod and Mustelin, 2001).  

Protein over expression in E. coli cells also presents some challenges which can be alleviated or 

circumvented by altering the expression system or modifying growth conditions. These include the 

formation of inclusion bodies, codon bias, recombinant protein toxicity and posttranslational 

modifications (Kaur et al., 2018). Though inclusion body formation may protect proteins from 
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proteolytic degradation, it obstructs the retrieval of the correctly folded recombinant protein in adequate 

amounts (Burgess, 2009). Lowering the temperature of incubation and inducer concentration is a 

solution to avert inclusion bodies (García-Fraga et al., 2015). Co-expressing the protein in the presence 

of molecular chaperones could block the formation of aggregates (de Marco et al., 2007). The natural 

bacterial chaperone response may also be induced to solubilize the protein of interest by adding alcohols 

to the growth media (de Marco et al., 2005). Solubilization reagents such as Triton X-100 and sarkosyl 

may also be used to retrieve the protein of interest from inclusion bodies (Tao et al., 2010). The 

solubility of proteins that form inclusion bodies is also enhanced by expressing them as fusion proteins 

using a fusion tag such as the maltose binding protein (MBP) and glutathione S-transferase (Bedouelle 

and Duplay, 1988; Smith and Johnson, 1988; Sachdev and Chirgwin, 1999). Codon bias is the 

phenomenon of organisms having divergent codons for same amino acid (Gouy and Gautier, 1982). 

Heterologous protein expression in E. coli from a gene containing exogenous codons may result in 

incomplete protein synthesis (Kaur et al., 2018). To prevent this, codon optimization is carried out in 

order to express a gene that comprises codons that are compatible with the E. coli tRNA complement. 

Alternatively, E. coli Rosetta 2 (DE3) pLysS, and BL21-codon Plus series of strains may be used to 

express genes made up of rare codons.  

The affinity tag is important for downstream isolation and purification of the recombinant protein, after 

expression has been concluded (Kaur et al., 2018). Purification relies on the use of peptide affinity tags 

occurring at the N- or C-terminus of the protein of interest (Bornhorst and Falke, 2000). An advantage 

of using affinity tags is that specific antibodies are available for protein detection, even in cases whereby 

the proteins cannot be detected by SDS-PAGE (Rosano and Ceccarelli, 2014). A commonly used 

affinity tag is the hexahistidine (his) tag, a peptide tag, which is applicable for nickel affinity 

chromatography (Bornhorst and Falke, 2000). Nickel ions are attached to nitrilotriacetic acid-agarose 

(Ni-NTA) resins, allowing for the specific binding of proteins containing the his tag (Crowe et al., 

1994). In this way, non-bound proteins from the E. coli cell extract can be washed away, and the protein 

of interest eluted using histidine or imidazole (Janknecht and Nordheim, 1992; Terpe, 2003). Imidazole 

may have adverse structural or functional influence on protein structure (Hefti et al., 2001), 

necessitating buffer exchange for its removal. 

The heterologous expression and purification of Hsp70 chaperones of parasitic origin has been carried 

out in various biochemical and biophysical studies (Shonhai et al., 2008; Burger et al., 2014). For T. 

brucei, the cytosolic Hsp70, TbHsp70, has been determined to be upregulated under heat shock, with 

its co-chaperone J-protein (Tbj2) being essential for cell survival (Ludewig et al., 2015; Bentley and 

Boshoff, 2019). Heterologous protein expression and purification has been carried out in several studies 

whereby important biochemical parameters of the cytosolic Hsp70s of T. brucei have been determined 

in vitro (Burger et al., 2014; Bentley and Boshoff, 2019; Burger et al., 2021). This characterization has 
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also extended to the screening of potential inhibitors of the T. brucei Hsp70s (Andreassend et al., 2020; 

Burger et al., 2021). The mitochondrial paralogue of TbHsp70 has been determined to play a key role 

in mitochondrial DNA maintenance in vivo (Týč et al., 2015). MtHsp70s are usually challenging to 

purify from E. coli expression systems due to their insoluble nature (Sichting et al., 2005). For in vitro 

characterization, mtHsp70s are co-expressed with Hep1 in order to extract them natively, in a soluble 

and functional state (Nyakundi et al., 2016; Dores-Silva et al., 2017, 2021). Hep1 is a partner/co-

chaperone protein of mtHsp70, which has been characterized in the P. falciparum and L. braziliensis 

parasites, having the ability to enhance the solubility of mtHsp70 (Nyakundi et al., 2016; Dores-Silva 

et al., 2015). Evidence of Hep1 possessing intrinsic holdase capabilities, like type I and type II J-

proteins, has also been presented for the human Hep1 orthologue (Goswami et al., 2010; Dores-Silva 

et al., 2021). 

The aim of this study was to determine the sets of parameters required for the optimal heterologous 

expression and subsequent purification of TbHep1 and TbmtHsp70 as well as the previously 

characterized HsHep1, HSPA9, TbHsp70, Tbj2, HSPA1A and Hsp33 recombinant proteins (Dores-

Silva et al., 2013; Burger et al., 2014; Dores-Silva et al., 2015; Bentley et al., 2019). TbHep1 

characterization has not been carried out prior to this study and TbmtHsp70 is expected to be insoluble 

as has widely been reported for mtHsp70s (Nyakundi et al., 2018). Therefore, this study also sought to 

investigate the ability of TbHep1 to enhance the solubility and functionality of TbmtHsp70, in 

comparison to the human counterparts HsHep1 and HSPA9, when co-expressed in E. coli cells (Dores-

Silva et al., 2013).  

 
3.2 Specific objectives 

• Determination of the integrity of the pQE30-TbHep1, pQE30-TbmtHsp70, pQE2-HsHep1, 

pET28a-HSPA9, pQE2-TbHsp70 and pET28a-Tbj2 plasmid constructs by means of diagnostic 

restriction enzyme digestions. 

• Insert the TbHep1 gene from the pQE30 vector into pACYCDuet-1 for co-expression studies 

and confirm the pACYCDuet-1-TbHep1 plasmid construct by means of diagnostic restriction 

enzyme digestion. 

• Heterologous expression of TbHep1, HsHep1, TbHsp70, Tbj2, HSPA1A and Hsp33 in E. coli 

cells. 

• Heterologous co-expression of TbmtHsp70 and HSPA9 with TbHep1 and HsHep1, 

respectively, and determine the ability of the Hep1 orthologues to enhance the solubility of the 

mtHsp70s. 

• Purify TbHep1, TbmtHsp70, HsHep1, HSPA9, TbHsp70, Tbj2, HSPA1A and Hsp33 by means 

of nickel affinity chromatography. 
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3.3 Materials and methods 
3.3.1 Materials 

The expression plasmids pQE30-TbHep1, pQE30-TbmtHsp70, pQE2-HsHep1, pET28a-HSPA9, 

pET23a-HsHep1, pQE2-TbHsp70, pET28a-Tbj2, pET28a-HSPA1A and pET11a-Hsp33 were obtained 

from different sources and are listed in Table 3.1. Details about the E. coli strains used in this study are 

provided in Table 3.2. The reagents used were sourced or obtained from different suppliers. Ampicillin 

sodium salt, tryptone, yeast extract, bacteriological agar, sodium chloride and adenosine 5` -

triphosphate disodium salt were purchased from Sigma-Aldrich (U.S.A.). Kanamycin sulphate and 

chloramphenicol were sourced from ThermoFisher Scientific (U.S.A.) and Calbiochem (U.S.A.), 

respectively. Sodium phosphate dibasic, potassium dihydrogen phosphate and potassium chloride were 

obtained from Merck (Germany). Sodium dodecyl sulphate, β-mercaptoethanol, bromophenol blue, 

ethidium bromide, ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA sodium salt), tris 

(hydroxymethyl) aminomethane (Tris base) and N-(2-hydroxyethyl) piperazine-N`-(2-ethanesulphonic 

acid) (HEPES) were sourced from Sigma-Aldrich (U.S.A.). SeaKem® LE agarose was obtained from 

Lonza (Switzerland). Hydrochloric acid, methanol, Coomassie brilliant blue G 250, glycerol, glacial 

acetic acid, Tween® 20, polyethylene glycol 20 000 (PEG), glycine and dithiothreitol were obtained 

from Merck (Germany). Ammonium persulphate (APS), N-lauroylsarcosine (sarkosyl), lysozyme from 

chicken egg white, phenylmethanesulphonyl fluoride (PMSF) and Bradford reagent were obtained from 

Sigma-Aldrich (U.S.A.). The restriction enzymes were purchased from either ThermoFisher Scientific 

(U.S.A.) or New England Biolabs (U.S.A.). The 1kb DNA ladder and the T4 DNA ligase were 

purchased from New England Biolabs (U.S.A.) and ThermoFisher Scientific (U.S.A.), respectively. 30 

% arylamide/bis solution 29:1, nitrocellulose membrane 0.45 µM, N,N,N`,N` - 

tetramethylethylenediamine (TEMED), the Clarity™ western ECL substrate and the Precision plus 

protein™ all blue standards were sourced from BIO-RAD (U.S.A.). Isopropyl-β-D-1-

thiogalactopyranoside (IPTG) dioxane free, SnakeSkin™ dialysis tubing 10 kDa MWCO and the 

GeneJet gel extraction kit were obtained from ThermoFisher Scientific (U.S.A.). The Bovine serum 

albumin and the cOmplete™ his-tag purification resin were sourced from Roche (Switzerland). The 

Zyppy™ plasmid miniprep kit was sourced from ZymoResearch (U.S.A.). The anti-his-tag antibody 

(H-3) and m-IgGκ BP-HRP were sourced from Santa Cruz Biotechnology (U.S.A.). Plastic ware (lab 

consumables) and 96-well plates were procured from Quality Scientific Plastics (U.S.A.), Nest 

Scientific (U.S.A.), Corning (U.S.A.) and Greiner Bio-One (Germany). 
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Table 3.1: Description of the plasmids used in this study. 
Plasmid Description Source or Reference 

pQE30-TbHep1 pQE30 encoding TbHep1, 
AmpR 

This study 

pQE30-TbmtHsp70 pQE30 encoding TbmtHsp70, 
AmpR 

This study 

pACYCDuet-1-TbHep1 pACYC-Duet-1 encoding 
TbHep1, CamR 

This study 

pQE2-TbHsp70 pQE2 encoding TbHsp70, 
AmpR 

Dr Stephen Bentley, (Bentley and 
Boshoff, 2019) 

pET28a-Tbj2 pET28a encoding Tbj2, KanR Dr MHL Ludewig, (Burger et al., 2014) 

pQE2-HsHep1 pQE2 encoding HsHep1, 
AmpR 

Prof. J-C Borges, (Dores-Silva et al., 
2013) 

pET28a-HSPA9 pET28a encoding HSPA9, 
KanR 

Prof. J-C Borges, (Dores-Silva et al., 
2013, p. 70) 

pET23a-HsHep1 pET23a encoding HsHep1, 
AmpR 

Prof. J-C Borges, (Dores-Silva et al., 
2015, p. 70) 

pET28a-HSPA1A pET28a encoding HSPA1A, 
KanR 

Prof. J-C Borges, (Borges and Ramos, 
2006) 

pET11a-Hsp33 pET11a encoding E. coli 
Hsp33, AmpR 

Prof. D Reichmann 

 
The E. coli strains used for propagating the plasmids or expressing the proteins encoded in the gene 

inserts were selected on the basis of various factors, including origin of replication, the promoter system 

and selection markers. In Table 3.2, the genotypic characteristics of the E. coli strains are listed, whilst 

in Table 3.1, the selection markers of the plasmids are also listed.  
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Table 3.2: Description of the E. coli strains used in this study. 
Cloning 

Strain Genotype Source or Reference 
E. coli DH5α endA1, recA1, gyrA96, thi, hsdR17, relA1, 

supE44, ΔlacU169, Φ80 lacZΔM15 
(Meselson and Yuan, 1968) 

E. coli JM109 recA1, endA1, supE44, hsdR17, gyrA96, thi, 
relA1, λ-1 Δ(lac-proAB) F traD36 proAB lacIqZ 

ΔM15 

(Yanisch-Perron et al., 
1985) 

Expression 
Strain Genotype Source or Reference 

E. coli M15 (pREP4) lac, ara, gal, mtl, recA, uvr, pREP4, lacI, KanR (Villarejo and Zabin, 1974) 

E. coli XL1 Blue F, Tn10, proA+B+,  lacIq, lacZΔM15, recA1, 
endA1, gyrA96, (NalR), thi, hsdR17, rK– mK+, 

glnV44, relA1, lac 

(Bullock et al., 1987) 

E. coli BL21 (DE3) F–, ompT, hsdSB, (rB
–, mB

–), gal, dcm, (DE3) (Studier and Moffatt, 1986) 
 
 
3.3.2 Methods 
3.3.2.1 Construction and confirmation of the pQE30-TbHep1, pQE30-TbmtHsp70 and 
pACYCDuet-1-TbHep1 recombinant plasmids 

The pQE30 plasmids encoding full length codon optimized TbHep1 (TriTrypDB accession: 

Tb927.3.2300) and codon optimized TbmtHsp70 (TriTrypDB accession: Tb927.6.3740) were 

synthesized by Genscript (Piscataway, New Jersey, U.S.A.), ligated at the BamHI and HindIII 

restriction sites of the multiple cloning site (MCS). The plasmids were confirmed by means of 

restriction digestions (Appendix B1.5). The pQE30-TbHep1 plasmid was restricted with BamHI and 

HindIII and the TbHep1 coding region was cut out from the agarose gel purified and then ligated into 

BamHI and HindIII double digested pACYCDuet-1 (Appendix B1.8). The pACYCDuet-1-TbHep1 

vector was confirmed by agarose gel electrophoresis (Appendix B1.6), following diagnostic restriction 

enzyme digestions (Appendix B1.5).  

3.3.2.2 Confirmation of the pQE2-HsHep1, pET28a-HSPA9, pET28a-Tbj2 and pQE2-
TbHsp70 recombinant plasmids 

The integrity of the plasmid constructs (Table 3.1) was confirmed by restriction enzyme digestions 

(Appendix B1.5) and agarose gel electrophoresis (Appendix B1.6).  

3.3.2.3 Induction studies to assess the expression profiles of the proteins in E. coli 

The E. coli expression strains were transformed with DNA plasmids encoding the heat shock proteins 

(Table 3.3 & Appendix B1.3). Single colonies from the transformation were then inoculated into sterile 

10 mL of 2x YT broth (Appendix B1.1) supplemented with the appropriate antibiotics, and incubated 
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overnight at 37 °C, with agitation, to make the starter culture. After overnight incubation, the 10 mL 

starter culture was transferred to 90 mL of sterile 2x YT broth supplemented with the appropriate 

antibiotics. The cultures were allowed to grow at 37 °C with agitation until the mid-log phase of growth 

as determined by measuring absorbance (turbidity) at 600 nm. At this point, a 1 mL cell sample was 

taken before protein expression was induced by adding IPTG to a final concentration of 1 mM. 

Thereafter the cells were incubated at 37 °C with agitation, with 1 mL samples being taken at hourly 

intervals up to the fifth hour. An overnight 1 mL sample of the culture was also taken. The cell samples 

taken from the culture were centrifuged at 10 000 g for 2 minutes. The supernatant was discarded and 

the cells were resuspended in PBS buffer (10 mM Na2HPO4, 2 mM KH2PO4, 137 mM NaCl, 2.7 mM 

KCl) of different volumes in order to ensure that all the samples had the same cell concentration, using 

the following equation: 

PBS buffer volume (μl) = O.D.600 x 2 x 150 x dilution factor  

The resuspended cells were then analyzed by SDS-PAGE (Appendix B1.9). The protein of interest was 

also detected by means of western blotting (Appendix B1.10). For SDS-PAGE the Bio-Rad Precision-

Plus™ All Blue standards was used as the molecular weight marker (Bio-Rad, U.S.A.). For western 

blotting the anti-his-tag primary antibody (H-3) (1: 2500 dilution)  (Santa Cruz Biotechnology, U.S.A) 

and m-IgGκ BP-HRP (1: 3000 dilution) (Santa Cruz Biotechnology, U.S.A.) were used as primary 

and secondary antibodies, respectively. 

Table 3.3: Details of the E. coli strains that were used for each plasmid. 
Protein Expression plasmid Expression strain used 

TbHep1 pQE30-TbHep1 E. coli M15 (pREP4) 

TbmtHsp70 pQE30-TbmtHsp70 E. coli M15 (pREP4) 

TbHsp70  pQE2-TbHsp70 E. coli XL1 Blue 

Tbj2 pET28a-Tbj2 E. coli BL21 (DE3) 

HsHep1 pQE2-HsHep1 E. coli XL1 Blue 

HSPA9 pET28a-HSPA9 E. coli BL21 (DE3) 

HSPA1A pET28a-HSPA1A E. coli BL21 (DE3) 

Hsp33 pET11a-Hsp33  E. coli BL21 (DE3) 

 

3.3.2.4 Co-expressing TbmtHsp70 and HSPA9 with TbHep1 and HsHep1 respectively. 

The co-expression of TbmtHsp70 with TbHep1 was adapted from Nyakundi et al. (2016). The proteins 

were co-expressed in E. coli BL21 (DE3) cells co-transformed with pQE30-TbmtHsp70 and 

pACYCDuet-1-TbHep1. The co-expression of HSPA9 and HsHep1 was adapted from Dores-Silva et 

al. (2013). The proteins were co-expressed in E. coli BL21 (DE3) cells co-transformed with pET28a-
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HSPA9 and pQE2-HsHep1. Protein expression was carried out as detailed in Section 3.3.2.3. SDS-

PAGE and western blotting analysis were also conducted (Appendices B1.9 & B1.10).  

3.3.2.5 Solubility studies of TbmtHsp70 and HSPA9 

Solubility studies were carried out on TbmtHsp70 and HSPA9 expressed alone or in combination with 

TbHep1 and HsHep1, respectively. The transformed E. coli cells were grown until optimal protein 

production was achieved (Sections 3.3.2.3 & 3.3.2.4). Thereafter the cultures were centrifuged at 7 500 

g for 15 minutes to harvest the cells. The pelleted cells were then resuspended in lysis buffer (100 mM 

Tris-HCl pH 7.5, 300 mM NaCl) supplemented with lysozyme and PMSF. The resultant lysate was 

frozen at -80 °C overnight. The frozen lysate was thawed on ice before being sonicated (Appendix 

B1.14). After sonication, an aliquot of the whole cell lysate was kept for SDS-PAGE and western 

blotting analysis (Appendices B1.9 & B1.10). The sonicated lysate was then centrifuged at 15 000 g for 

45 minutes at 4 °C. After centrifugation, an aliquot of the supernatant was kept for SDS-PAGE and 

western blotting analysis (Appendices B1.9 & B1.110). The rest of the supernatant was removed, and 

the cells resuspended in PBS buffer up to the volume of the removed supernatant. A sample of the 

resuspended pellet was then analysed by SDS-PAGE and western analysis (Appendices B1.9 & B1.10).  

3.3.2.6 Purification of recombinant proteins by nickel affinity chromatography  

The protein purification procedures applied in this study were adapted from Burger et al. (2014), 

Nyakundi et al. (2016), and Bentley and Boshoff. (2019). After IPTG induction, protein expression was 

carried out for an optimal period as determined by the induction study. Thereafter, the culture was 

centrifuged at 7 500 g at 4 °C for 15 minutes. The pelleted cells were then resuspended in lysis buffer 

(100 mM Tris-HCl pH 7.5, 300 mM NaCl) supplemented with lysozyme and PMSF. The resultant cell 

lysate was then frozen at -80 °C overnight. The frozen lysate was then thawed on ice, before being 

sonicated (Appendix B1.14). The sonicated lysate was then centrifuged at 15 000 g for 45 minutes at 4 

°C, and the supernatant containing the cell extract was mixed with the cOmplete his-tag purification 

resin (Roche, Switzerland) acclimatized in lysis buffer (100 mM Tris-HCl pH 7.5, 300 mM NaCl). The 

resin and cell extract were then incubated overnight at 4 °C with agitation. To purify the protein of 

interest, the resin was washed 4 times with wash buffer (100 mM Tris-HCl pH 7.5, 300 mM NaCl) 

containing 5 mM imidazole, each wash being 10 minutes. For the purification of TbHep1, HsHep1, and 

Tbj2, the wash buffer contained 2 mM of ATP to eliminate the possibility of E. coli DnaK contamination 

(Burger et al., 2014). For the purification of TbmtHsp70 and HSPA9 co-expressed with TbHep1 and 

HsHep1, respectively, 2 mM ATP was also used to ensure that the mtHsp70s are purified free of the 

Hep1 orthologues. Between the washes, the unbound proteins and the his-tag resin were separated by 

centrifugation at 7 000 g at 4 °C for 4 minutes, with most of the supernatant being discarded. After the 

washes, the protein of interest was eluted with buffer (100 mM Tris-HCl pH 7.5, 300 mM NaCl, 250 

mM imidazole) 4 times, each elution being 30 minutes. Between the elutions, the purified protein and 
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the his-tag resin were separated by centrifugation at 7 000 g at 4 °C for 4 minutes. The protein of interest 

was obtained by keeping the supernatant after centrifugation. Small aliquots from each step of the 

purification were subjected to SDS-PAGE and western analysis (Appendices B1.9 & B1.10). 

Subsequent to elution, buffer exchange was carried out on the eluted proteins by extensive dialysis to 

remove imidazole (10 mM Tris-HCl pH 7.5, 100 mM NaCl, 0.5 mM DTT, 50 mM KCl, 10 % glycerol 

[v/v]) using SnakeSkin™ dialysis tubing 10 kDa MWCO (ThermoFisher Scientific, U.S.A.) (Appendix 

A.11). The proteins were then concentrated using PEG 20 000. Protein concentration was determined 

using the Bradford assay (Appendix B1.12). 

3.4 Results and discussion 
3.4.1 Heterologous expression and the subsequent purification of the proteins  

Herein the expression and purification of the proteins of interest are reported and discussed. 

3.4.1.1 TbHep1 

The pQE30-TbHep1 plasmid was synthesized by GenScript (U.S.A.), with the TbHep1 encoding 

sequence ligated at the BamHI and HindIII restriction sites of the vector’s MCS (Figure 3.1A). The 

structural integrity of the plasmid was confirmed by means of restriction digestions with BamHI and 

HindIII and agarose gel electrophoresis (Appendices B1.5 & B1.6). Digestion with either of the 

restriction enzymes resulted in the linear conformation of the plasmid (3959 bp) (Figure 3.1B, lanes B 

& H). The double digestion with BamHI and HindIII yielded fragments of approximately 3461 bp and 

498 bp, corresponding to the sizes of the pQE30 vector and the TbHep1 gene, respectively (Figure 3.1B, 

lane B/H). The pQE30-TbHep1 plasmid was successfully confirmed by diagnostic restriction enzyme 

digestion.  

 
Figure 3.1: Confirmation of the integrity of the pQE30-TbHep1 plasmid. A) Plasmid map of pQE30-TbHep1 
was generated using the SnapGene 5.0.7 software. The BamHI and HindIII restriction sites occur immediately 
upstream and downstream of the TbHep1 insert (in red), respectively. B) Restriction enzyme digestion of pQE30-
TbHep1 separated at 100 V on a 0.8 % agarose gel. In lane L is the DNA ladder (1 kb DNA ladder, New England 
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Biolabs). In lane U is the uncut plasmid. In lanes B and H are the BamHI and HindIII single cuts of the plasmid, 
respectively. In lane B/H is the double digestion of the plasmid, with the larger and smaller fragments representing 
the pQE30 vector (3419 when BamHI/HindIII double digested bp, inside black box) and TbHep1 insert (498 bp, 
inside red box), respectively.  

 

The plasmid was transformed into E. coli M15 (pREP4) cells for purposes of protein expression analysis 

by SDS-PAGE and western blotting (Figure 3.2) (Appendices B1.9 & B1.10). Following IPTG induced 

expression, there is an increased visibility of protein bands of approximately 25 kDa and 20 kDa over 

time (Figure 3.2A, lanes 1-5 & 18). The protein was not observed in lane U before induction with IPTG. 

The optimal time point for TbHep1 induction was determined to be 3 hours, and the cell culture was 

harvested 3 hours post induction for lysing and subsequent nickel affinity chromatography for protein 

purification. Since there are two bands that seemed to increase in visibility due to IPTG induced protein 

expression, the band representing TbHep1 was confirmed to be the one occurring at approximately 20 

kDa after nickel affinity chromatography (Figure 3.2B, lanes E1-E3 & B). The molecular weight of 

TbHep1 is predicted to be 22.08 kDa. The presence of TbHep1 was further confirmed by western 

analysis that is specific to TbHep1’s N-terminal his-tag (Figure 3.2, lower panels).  

The P. falciparum counterpart of TbHep1 was also successfully purified using the same expression 

system under similar conditions (Nyakundi et al., 2016). However, PfHep1 proved to be insoluble, 

requiring the sarkosyl detergent for solubilization (Nyakundi et al., 2016). P. falciparum proteins are 

generally challenging to purify, even when codon optimized for expression in E. coli cells 

(Muralidharan and Goldberg, 2013). TbHep1 was purified with high levels of purity as can be visually 

observed, routinely yielding concentrations greater than 1 mg/mL as determined by Bradford assay 

analysis (Appendix B1.12). No protein was lost with the unbound protein and washes (Figure 3.2B, 

lanes U, W1 & W4), however a considerable amount of the protein was still bound to the beads post 

elution (Figure 3.2B, lane B). Important in the purification of TbHep1 was the elimination of the 

possibility of DnaK contamination by introducing ATP to the wash buffers, as has been reported for J-

proteins (Burger et al., 2014).  
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Figure 3.2: SDS-PAGE analysis of the expression and purification of TbHep1 heterologously expressed in 
E. coli M15 (pREP4/pQE30-TbHep1). A) Induction study of TbHep1 in a Coomassie-stained 15 % acrylamide 
gel. In lane M is the protein molecular weight marker (Bio-Rad Precision-Plus™ All Blue standards) and in lane 
U is the un-induced whole cells. 1-5: Hourly samples one to five hours post IPTG induction (whole cell extract), 
18: Overnight induction sample (whole cell extract). B) Purification of TbHep1 in a Coomassie-stained 15 % 
acrylamide gel. In lane M is the protein molecular weight and in lane U is the unbound protein (flow-through) 
sample. In lanes W1 and W4 are the first and fourth (final) wash samples, respectively. In lanes E1 to E4 are the 
elution samples, and in lane B is the bead sample post elution. The red asterisks indicate the points at which bands 
representing TbHep1 occur on the acrylamide gels. Lower panels) Corresponding Western blot images generated 
using mouse anti-his-tag (H-3) monoclonal antibodies (Santa Cruz). 

 

3.4.1.2 TbmtHsp70 

The structural integrity of the plasmid was confirmed by means of restriction digestions with BamHI 

and HindIII and agarose gel electrophoresis (Figure 3.3) (Appendices B1.5 & B1.6). Digestion with 

either of the restriction enzymes resulted in the linear conformation of the plasmid (5372 bp) (Figure 

3.3B, lanes B & H). The double digestion with BamHI and HindIII yielded fragments of approximately 

3461 bp and 1911 bp, corresponding to the sizes of the pQE30 vector and the TbmtHsp70 gene, 

respectively (Figure 3.3B, lane B/H).  
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Figure 3.3: Confirmation of the integrity of the pQE30-TbmtHsp70 plasmid DNA. A) Plasmid map of 
pQE30-TbmtHsp70 generated using the SnapGene 5.0.7 software. The BamHI and HindIII restriction sites occur 
immediately upstream and downstream of the TbmtHsp70 insert (in red), respectively. B) Restriction enzyme 
digestion of pQE30-TbmtHsp70 separated at 100 V on a 0.8% agarose gel. In lane L is the DNA ladder (1 kb 
DNA ladder, New England Biolabs). In lane U is the uncut plasmid. In lanes B and H are the BamHI and HindIII 
single cuts of the plasmid, respectively. In lane B/H is the double digestion of the plasmid, with the larger and 
smaller fragments representing the pQE30 vector (3419 bp when BamHI/HindIII double digested, inside black 
box) and TbmtHsp70 insert (1911 bp, inside red box), respectively.  

 

The plasmid was transformed into E. coli M15 (pREP4) cells for purposes of protein expression analysis 

by SDS-PAGE and western blotting (Figure 3.4) (Appendices B1.9 & B1.10). Following IPTG induced 

protein expression, there is an increased visibility of a protein band of approximately 70 kDa over time 

(Figure 3.4A, lanes 1-5 & 18). The band cannot be observed in the uninduced sample (Figure 3.4A, 

lane U). The molecular weight of TbmtHsp70 is predicted to be 71,48 kDa. The presence of TbmtHsp70 

was further confirmed by western analysis using the N-terminal his-tag on the protein (Figure 3.4, lower 

panels). Optimal protein over expression was determined to be achieved 5 hours post IPTG induction 

and cells were harvested and lysed for subsequent solubility studies and nickel affinity chromatography. 

TbmtHsp70 was determined to be insoluble (Figure 3.4B), a trait that is synonymous with mtHsp70 

proteins (lane P, Figure 3.4B) (Sichting et al., 2005). No TbmtHsp70 was detected in the supernatant 

(soluble) fraction (Figure 3.4B). The study by Nyakundi et al. (2016) whereby mitochondrial PfHsp70-

3 was also found to be insoluble also utilised the same expression system under similar conditions. 

TbmtHsp70 could only be solubilized in the presence of sarkosyl, a detergent (Figure 3.4C). Treatment 

of the whole cell extract with sarkosyl resulted in TbmtHsp70 being present in both the supernatant 

(soluble) and pellet (insoluble) fractions. Sarkosyl is a known detergent that is used to extract proteins 

from inclusion bodies and self-aggregates (Frankel et al., 1991). The use of sarkosyl in the study could 



93 
 

serve as a good comparative control in validating the ability of TbHep1 to solubilize TbmtHsp70 when 

co-expressed in E. coli.  

 
Figure 3.4: SDS-PAGE analysis of the expression and solubility of TbmtHsp70 heterologously expressed in 
E. coli M15 (pREP4/pQE30-TbmtHsp70). A) The induction study of TbmtHsp70 in a Coomassie-stained 10 % 
acrylamide gel. In lane M is the protein molecular weight marker (Bio-Rad Precision-Plus™ All Blue standards) 
and in lane U is the un-induced whole cell sample. Lanes 1-5: Hourly samples one to five hours post IPTG 
induction (whole cell extract), lane 18: Overnight induction sample (whole cell extract). B) The solubility study 
samples of TbmtHsp70 in a Coomassie-stained 10 % acrylamide gel. In lane M is the protein molecular weight 
marker. In lane W.C. is the whole cell extract of E. coli M15 (pREP4/pQE30-TbmtHsp70). In lane S is the 
supernatant (soluble fraction) of the cell lysate and in lane P is the pellet (insoluble fraction). C) The solubility 
study samples of sarkosyl-treated TbmtHsp70 in a Coomassie-stained 10 % acrylamide gel. In lane M is the 
protein molecular weight marker. In lane W.C. is the whole cell extract of sarkosyl-treated E. coli M15 
(pREP4/pQE30-TbmtHsp70). In lane S is the supernatant (soluble fraction) of the cell lysate and in lane P is the 
pellet (insoluble fraction). The red asterisks indicate the points at which bands representing TbmtHsp70 occur on 
the acrylamide gels. Lower panels) Corresponding Western blot images generated using mouse anti-his-tag (H-
3) monoclonal antibodies (Santa Cruz). 

 

3.4.1.3 Co-expression of TbmtHsp70 and TbHep1 

Co-expressing mtHsp70 with Hep1 is a strategy that is utilized to obtain the protein in a soluble and 

functional state (Dores-Silva et al., 2013; Nyakundi et al., 2016). The TbHep1 coding region was ligated 

into the pACYCDuet-1 vector to allow for the co-expression of TbmtHsp70 and TbHep1 in E. coli 

BL21 (DE3) cells (Figure 3.5). After the ligation of the TbHep1 gene into the pACYCDuet-1 vector, 

the structural integrity of the pACYCDuet-1-TbHep1 plasmid was confirmed by restriction digestions 

with BamHI and HindIII and agarose gel electrophoresis (Figure 3.5) (Appendices B1.5 & B1.6). 

Digestion with either of the restriction enzymes resulted in the linear conformation of the plasmid (4506 

bp) (Figure 3.5B, lanes B & H). The double digestion with BamHI and HindIII yielded a fragment of 
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approximately 4008 bp and 498 bp, corresponding to the sizes of the pACYCDuet-1 vector and the 

TbHep1 coding region, respectively (Figure 3.5B, lane B/H). The pACYC-TbHep1 plasmid was 

therefore successfully confirmed by restriction enzyme digestion.  

 
Figure 3.5: Confirmation of the integrity of the pACYC-TbHep1 plasmid. A) Plasmid map of pACYC-
TbHep1 generated using the SnapGene 5.0.7 software. The BamHI and HindIII restriction sites occur immediately 
upstream and downstream of the TbHep1 insert (in red), respectively. B) Restriction enzyme digestion of pACYC-
TbHep1 separated at 80 V on a 1.0 % agarose gel. In lane L is the DNA ladder (1 kb DNA ladder, New England 
Biolabs) and in lane U is the uncut plasmid. In lanes B and H are the BamHI and HindIII single cuts of the plasmid, 
respectively. In lane B/H is the BamHI and HindIII double digestion of the plasmid with the larger and smaller 
fragments representing the pACYC-Duet1 vector (3971 bp when BamHI/HindIII double digested, in black box) 
and the TbHep1 insert (498 bp, inside red box), respectively. 

 

The co-expression of TbmtHsp70 with TbHep1 was analysed by SDS-PAGE and western blotting 

(Appendices B1.9 & B1.10). Following IPTG induced expression, there is an increased visibility of a 

protein band of approximately 70 kDa over time (Figure 3.6A, lanes 1-5 & 18). The presence of 

TbmtHsp70 was further confirmed by western analysis that is specific to TbmtHsp70’s N-terminal his-

tag (Figure 3.6, lower panels). Optimal protein expression was determined to be achieved 5 hours post 

IPTG induction, and the cells were harvested at this time point for lysis and subsequent solubility studies 

and nickel affinity chromatography.  
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Figure 3.6: SDS-PAGE analysis of the expression, solubility and purification of TbmtHsp70 heterologously 
co-expressed with TbHep1 in E. coli BL21 DE3 (pQE30-TbmtHsp70/pACYC-TbHep1). A) The induction 
study of TbmtHsp70 co-expressed with TbHep1 in a Coomassie-stained 13.5 % acrylamide gel. In lane M is the 
protein molecular weight marker (Bio-Rad Precision-Plus™ All Blue standards) and in lane U is the un-induced 
cell sample. Lanes 1-5: Hourly samples one to five hours post IPTG induction (whole cell extract), lane 18: 
Overnight induction sample (whole cell extract).  B) The solubility study samples of TbmtHsp70 co-expressed 
with TbHep1 in a Coomassie-stained 13.5 % acrylamide gel. In lane M is the protein molecular weight marker. 
In lane W.C. is the whole cell lysate of E. coli BL21 (pQE30-TbmtHsp70/pACYC-TbHep1), in lane S is the 
supernatant (soluble fraction) of the cell lysate and in lane P is the pellet (insoluble fraction). C) Purification of 
TbmtHsp70 after co-expression with TbHep1 in a Coomassie-stained 13.5 % acrylamide gel. In lane M is the 
protein molecular weight marker. In lane U is the unbound protein (flowthrough) sample, whilst in lanes W1 and 
W4 are the first and fourth (final) wash samples, respectively. In lanes E1 to E4 are the elution samples, and in 
lane B is the bead sample after post-elution. The red asterisks indicate the points at which bands representing 
TbmtHsp70 occur on the acrylamide gels. Lower panels) Corresponding Western blot generated using mouse 
anti-his-tag (H-3) monoclonal antibodies (Santa Cruz). 

 

TbmtHsp70 was partially soluble when co-expressed with TbHep1 in this expression system (Figure 

3.6B) as the chaperone was detected in both the supernatant (soluble) fraction and the pellet (insoluble) 

fraction. This observation mirrors the findings of (Dores-Silva et al., 2013; Nyakundi et al., 2016). 

TbHep1 was not detectable in this expression system by western analysis. This is in contrast to 

(Nyakundi et al., 2016) whereby the P. falciparum Hep1 was detectable when co-expressed from the 

pACYCDuet-1 vector with PfHsp70-3 Despite TbHep1 being undetected, soluble TbmtHsp70 was 

produced. This is similar to a finding by (Dores-Silva et al., 2015) whereby HsHep1 co-expressed with 

HSPA9 using pET23a-HsHep1 and pET28a-HSPA9 plasmids, respectively, resulted in the enhanced 

solubility of HSPA9, yet the HsHep1 was undetectable. Insoluble proteins have been reported to 

become soluble when co-expressed with molecular chaperones in E. coli (Yoshimune et al., 2004), also 
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comprehensively reviewed by (Martínez-Alonso et al., 2010). The findings that co-expression with 

TbHep1 renders TbmtHsp70 soluble suggests that TbHep1 is a specific chaperone of TbmtHsp70. The 

solubility of TbmtHsp70 when co-expressed with TbHep1 was similar to how TbmtHsp70 was 

solubilized by treating with sarkosyl (Figure 3.4), confirming that Hep1 in T. brucei also has the ability 

to interact with aggregated mtHsp70 in order to bring about its solubility. Consequently, TbmtHsp70 

was successfully purified by nickel affinity chromatography under native conditions (Figure 3.6C). 

Some of the protein was lost in the unbound protein sample and the washes (Figure 3.6C, lanes U, W1 

& W4). Some of the protein also remained in the beads post elution (Figure 3.6C, lane B). However, 

the amount of protein was sufficient for downstream biochemical characterization in the form of protein 

activity assays. Concentrations of purified TbmtHsp70 after co-expression with TbHep1 were usually 

determined to be 0.8-1 mg/mL using the Bradford assay (Appendix B1.12). The TbmtHsp70 lost in the 

flowthrough and washes could have been due to amount of protein extracted from the E. coli BL21 DE3 

(pQE30-TbmtHsp70/pACYC-TbHep1) lysate exceeding the resin’s binding capacity. Alternatively, the 

low concentration of imidazole used to reverse non-specific binding could have resulted in the loss of 

TbmtHsp70 in the washes. The cOmplete™ his-tag purification resin has an increased sensitivity for 

imidazole as it was designed for protein elution using low imidazole concentrations (Roche Diagnostics, 

2020). 

3.4.1.4 Human Hep1  

The structural integrity of the pQE2-HsHep1 plasmid was confirmed by means of restriction digestions 

with NdeI and KpnI and agarose gel electrophoresis (Figure 3.7) (Appendices B1.5 & B1.6). Digestion 

with either of the restriction enzymes resulted in the linear conformation of the plasmid (5301 bp) 

(Figure 3.7B, lanes N & K). The double digestion with NdeI and KpnI yielded fragments of 

approximately 4758 bp and 543, corresponding to the sizes of the pQE2 vector and the HsHep1 gene, 

respectively (Figure 3.7B, lane N/K). The pQE2-HsHep1 plasmid was successfully confirmed by 

restriction enzyme digestions.  
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Figure 3.7: Confirmation of the integrity of the pQE2-HsHep1 vector. A) Plasmid map of pQE2-HsHep1 
generated using the SnapGene 5.0.7 software. The NdeI and KpnI restriction sites occur immediately upstream 
and downstream of the HsHep1 insert (in red), respectively. B) Restriction enzyme digestion of pQE2-HsHep1 
separated at 100 V on a 0.8 % agarose gel. In lane L is the DNA ladder (1 kb DNA ladder, New England Biolabs) 
and in lane U is the uncut plasmid. In lanes N and K are the NdeI and KpnI single cuts of the plasmid, respectively. 
In lane N/K is the NdeI and KpnI double digestion of the plasmid, with the larger and smaller fragments 
representing the pQE2 vector (4725 bp when NdeI/KpnI double digested, inside black box) and HsHep1 insert 
(543 bp, inside red box), respectively. 

 

The plasmid was transformed into E. coli XL1 Blue cells for purposes of protein expression analysis. 

HsHep1 expression was analysed by SDS-PAGE and western blotting (Appendices B1.9 & B1.10). 

Following IPTG induced expression, there is an increased visibility of protein bands of less than 20 kDa 

in size over time (Figure 3.8A, lanes 1-5 & 18). The molecular weight of HsHep1 was estimated to be 

approximately 17 kDa. However, Hep1 has been determined to be monomeric with a molecular weight 

of 14.8 kDa (Dores-Silva et al., 2013). The optimal time required for HsHep1 expression was 

determined to be 4 hours, therefore the E. coli XL1 Blue (pQE2-HsHep1) cultures were harvested 4 

hours post induction for lysing and subsequent nickel affinity chromatography. Human Hep1 was 

purified with high levels of purity as can be visually observed. Some of the protein was lost as unbound 

protein and in the washes (Figure 3.8B, lanes U, W1 & W4). Some of the protein was also bound to the 

beads post elution (Figure 3.8, lane B). This observation mirrors the findings of Dores-Silva et al. (2013) 

where HsHep1 expressed in E. coli BL21 (DE3) cells from the pQE2 vector yielded high concentrations 

and purity. The presence of HsHep1 was further confirmed by western analysis that is specific to 

HsHep1’s N-terminal his-tag (Figure 3.8B, lower panel).  
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Figure 3.8: SDS-PAGE analysis of the expression and purification of HsHep1 heterologously expressed in 
E. coli XL1-Blue (pQE2-HsHep1). A) Induction study of HsHep1 in a Coomassie-stained 15 % acrylamide gel. 
In lane M is the protein molecular weight marker (Bio-Rad Precision-Plus™ All Blue standards) and in lane U is 
the un-induced cell sample. Lanes 1-5: Hourly samples one to five hours post IPTG induction (whole cell extract), 
lane 18: Overnight induction sample (whole cell extract). B) Purification of HsHep1 in a Coomassie-stained 13.5 
% acrylamide gel. In lane M is the protein molecular weight marker and in lane U is the unbound protein 
(flowthrough) sample. In lanes W1 and W4 are the first and fourth (final) wash samples, respectively. In lanes E1 
to E4 are the elution samples, and in lane B is the bead sample post-elution. The red asterisks indicate the points 
at which bands representing HsHep1 occur on the acrylamide gels. Lower panel of B) Corresponding Western 
blot image generated using mouse anti-his-tag (H-3) monoclonal antibodies (Santa Cruz). 

Despite losing some of the protein in the washes and beads, concentrations of HsHep1 were 

approximately 1.5 mg/mL as determined by Bradford assay quantification (Appendix B1.12). Excess 

HsHep1 remained bound to the resin post purification. Increasing the concentration of imidazole in the 

elution buffers from 250 mM to 500 mM or 1 mM did not result in improved extraction.  

 

3.4.1.5 HSPA9 

The structural integrity of the pET28a-HSPA9 plasmid was confirmed by means of restriction 

digestions with BamHI and NdeI and agarose gel electrophoresis (Figure 3.9 A & B) (Appendices B1.5 

& A.6). Restriction with either of the restriction enzymes resulted in linear bands of the plasmid 

construct (Figure 3.9B, lanes B & N). The double digestion with BamHI and NdeI yielded fragments of 

approximately 5369 bp and 2065 bp, corresponding to the sizes of the pET28a vector and the HSPA9 

gene, respectively (Figure 3.9B, lane B/H). The pET28-HSPA9 plasmid was successfully verified by 

restriction enzyme digestion. The plasmid was transformed into E. coli BL21 (DE3) cells for purposes 

of protein expression analysis by SDS-PAGE (Figure 3.9C) (Appendices B1.9). Following IPTG 
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induced expression, there is an increased visibility of a protein band of approximately 70 kDa over time 

(Figure 3.9C, lanes 1-5 & 18). Optimal protein expression was determined to be achieved 5 hours post 

IPTG induction.  

 
Figure 3.9: Confirmation of the integrity of the pET28a-HSPA9 vector and the expression of HSPA9 in E. 
coli BL21 (DE3) (pET28-HSPA9) cells. A) Plasmid map of pET28a-HSPA9 generated using the SnapGene 5.0.7 
software. The BamHI and NdeI restriction sites occur immediately upstream and downstream of the HSPA9 insert 
(in red), respectively. B) Restriction enzyme digestion of pET28a-HSPA9 separated at 100 V on a 0.8 % agarose 
gel. In lane L is the DNA ladder (1 kb DNA ladder, New England Biolabs) and in lane U is the uncut plasmid. In 
lanes B and N are the BamHI and NdeI single cuts of the plasmid, respectively. In lane B/N is the BamHI and 
NdeI double digestion of the plasmid, with the larger and smaller fragments representing the pET28a vector (5329 
bp when BamHI/NdeI double digested, inside black box) and HSPA9 insert (2065 bp, inside red box), respectively. 
C) The induction study of HSPA9 in a Coomassie-stained 10 % acrylamide gel. In lane M is the protein molecular 
mass marker (Bio-Rad Precision-Plus™ All Blue standards) and in lane U is the un-induced whole cell sample. 
Lanes 1-5: Hourly samples one to five hours post IPTG induction (whole cell extract), lane 18: Overnight 
induction sample (whole cell extract). The red asterisk indicates the point at which bands representing HSPA9 
occur on the acrylamide gel. 

 

3.4.1.6 Co-expression of HSPA9 with HsHep1 

Since HSPA9 is known to be insoluble, a trait that is synonymous with mtHsp70 proteins, the protein 

was co-expressed with HsHep1. The E. coli BL21 (DE3) (pET28a-HSPA9/pQE2-HsHep1) cells were 

treated with IPTG to induce protein expression. Protein expression was analysed by SDS-PAGE and 

western blotting (Appendices B1.9 & B1.10). Following IPTG induced expression, there is an increased 

visibility of a protein band of approximately 70 kDa over time (Figure 3.10A, lanes 1-5 & 18). The 

band cannot be observed in the uninduced sample (Figure 3.10A, lane U). The presence of HSPA9 was 

further confirmed by western analysis that is specific to the N-terminal tag of HSPA9 (Figure 3.10 A & 

C, lower panels). Optimal protein expression was determined to be achieved 5 hours post IPTG 

induction.  
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Figure 3.10: SDS-PAGE analysis of the expression, solubility and purification profiles of human HSPA9 
heterologously co-expressed with HsHep1 in BL21 DE3 (pET28a-HSPA9/pQE2-HsHep1). A) The induction 
study samples of HSPA9 co-expressed with HsHep1 in a Coomassie-stained 13.5% acrylamide gel. In lane M is 
the protein molecular weight marker (Bio-Rad Precision-Plus™ All Blue standards) and in lane U is the un-
induced whole cell extract. Lanes 1-5: Hourly samples one to five hours post IPTG induction (whole cell extract), 
lane 18: Overnight induction sample (whole cell extract).  B) The solubility study samples of HSPA9 expressed 
alone or co-expressed HsHep1 in a Coomassie-stained 13.5% acrylamide gel. In lane M is the protein molecular 
weight marker. In the lanes labelled W.C. are the whole cell lysates of E. coli BL21 DE3 (pET28a-HSPA9) or E. 
coli BL21 DE3 (pET28a-HSPA9/pQE2-HsHep1). in the lanes labelled S are the supernatants (soluble fractions) 
of the cell lysates and in the lanes labelled P are the pellets (insoluble fractions). C) Purification of HSPA9 after 
co-expression with HsHep1 in E. coli BL21 DE3 (pET28a-HSPA9/pET23a-HsHep1) cells in a Coomassie-stained 
13.5% acrylamide gel. In lane M is the protein molecular weight marker. In lane U is the unbound protein 
(flowthrough) sample, whilst in lanes W1 and W4 are the first and fourth (final) wash samples, respectively. In 
lanes E1 to E4 are the elution samples, and in lane B is the bead sample post-elution. The red and black asterisks 
indicate the points at which bands representing HSPA9 and HsHep1 occur, respectively, on the acrylamide gels. 
Lower panels) Corresponding Western blot images generated using mouse anti-his-tag (H-3) monoclonal 
antibodies (Santa Cruz). 

 

HSPA9 was determined to be partly soluble when co-expressed with HsHep1 in this expression system 

as the chaperone was detectable in both the supernatant (soluble) fraction and the pellet (insoluble) 

fraction (Figure 3.10B). This observation mirrors the findings of Dores-Silva et al. (2013) using the 

same protein expression system. This has also led to HsHep1 being described as a “chaperone of a 

chaperone”  due to its functions in relations to HSPA9 (Dores-Silva et al., 2021). With this system of 

co-expression, HsHep1 was also detected as has also been reported by Dores-Silva et al. (2013) (Figure 

3.10, A & B). The co-expression of HSPA9 and HsHep1 was carried out using the pET28a-HSPA9 and 

pET23a- HsHep1 transformed into E. coli BL21 (DE3) cell. HSPA9 was purified with high levels of 

purity as can be visually observed (Figure 3.10 C). This observation was also made by Dores-Silva et 

al. (2015) using the same expression system. Some of the protein was lost with the unbound protein and 

washes (Figure 3.10C, lanes U, W1 & W4). Some of the protein was also bound to the beads post 
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elution (Figure 3.10C, lane B). However, the HSPA9 yield was still sufficient for downstream 

biochemical characterization in the form of protein activity assays. HSPA9 concentrations yielded were 

usually determined to be above 1 mg/mL as determined by the Bradford assay (Appendix B1.12). Some 

of the HSPA9 was lost in the washes and the flowthrough. The excess HSPA9 bound to the beads was 

not eluted by increasing the concentration of imidazole from 250 mM to 500 mM or 1 M.  

 

3.4.1.7 TbHsp70 

The structural integrity of the pQE2-TbHsp70 plasmid was confirmed by means of restriction digestions 

with NdeI and HindIII and agarose gel electrophoresis (Figure 3.11) (Appendices B1.5 & B1.6). 

Digestion with either of the plasmids restriction enzymes resulted in the linear conformation of the 

plasmid (Figure 3.11B, lanes N & H). The double digestion with NdeI and HindIII yielded fragments 

of approximately 4758 bp and 1988 bp, corresponding to the sizes of the pQE2 vector and the TbHsp70 

gene, respectively (Figure 3.11B, lane N/H). This restriction enzyme digestion successfully verified the 

pQE2-TbHsp70 plasmid.  

 
Figure 3.11: Confirmation of the integrity of the pQE2-TbHsp70 vector. A) Plasmid map of pQE2-TbHsp70 
generated using the SnapGene 5.0.7 software. The NdeI and HindIII restriction sites occur immediately upstream 
and downstream of the TbHsp70 insert (in red), respectively. B) Restriction enzyme digestion of pQE2-TbHsp70 
separated at 100 V on a 0.8 % agarose gel. In lane L is the DNA ladder (1 kb DNA ladder, New England Biolabs) 
and in lane U is the uncut plasmid. In lanes N and H are the NdeI and HindIII single cuts of the plasmid, 
respectively. In lane N/H is the NdeI and HindIII double digestion of the plasmid, with the larger and smaller 
fragments representing the pQE2 vector (4704 bp when NdeI/HindIII double digested, inside black box) and 
TbHsp70 insert (1988 bp, inside red box) respectively. 

The plasmid was transformed into E. coli XL1 Blue cells for purposes of protein expression analysis 

by SDS-PAGE and western blotting (Figure 3.12) (Appendices B1.9 & B1.10). Following IPTG 

induced expression, there is an increased visibility of a protein band of approximately 70 kDa over time 

(Figure 3.12A, lanes 1-5 & 18). The presence of TbHsp70 was further confirmed by western analysis 
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that is specific to TbHsp70’s N-terminal his-tag (Figure 3.12, lower panels) (Bentley and Boshoff, 

2019). Optimal protein expression was determined to be achieved 5 hours post IPTG induction, 

TbHsp70 was purified with high levels of purity as can be visually observed. Also, to be noted is that 

some protein was lost with the unbound protein and washes (Figure 3.12B, lanes U, W1 & W4). The 

concentration of TbHsp70 was approximately 0.8-0.9 mg/mL as determined by the Bradford assay 

(Appendix B1.12). Successful expression and purification of TbHsp70 using this expression system has 

been reported previously (Bentley and Boshoff, 2019).  

 
Figure 3.12: SDS-PAGE analysis of the expression and purification profiles of TbHsp70 heterologously 
expressed in E. coli XL1-Blue (pQE2-TbHsp70). A) The induction study samples of TbHsp70 in a Coomassie-
stained 10 % acrylamide gel. In lane M is the protein molecular weight marker (Bio-Rad Precision-Plus™ All 
Blue standards) and in lane U is the un-induced whole cell extract. Lanes 1-5: Hourly samples one to five hours 
post IPTG induction (whole cell extract), lane 18: Overnight induction sample (whole cell extract). B) Purification 
of TbHsp70 in a Coomassie-stained 10 % acrylamide gel. In lane M is the protein molecular weight marker. In 
lane U is the unbound protein (flowthrough) sample, whilst in lanes W1 and W4 are the first and fourth (final) 
wash samples, respectively. In lanes E1 to E4 are the elution samples, and in lane B is the bead sample post-
elution. The red asterisks indicate the points at which bands representing TbHsp70 occur on the acrylamide gels. 
Lower panels) Corresponding Western blot images generated using mouse anti-his-tag (H-3) monoclonal 
antibodies (Santa Cruz). 

Protein was lost in the flowthrough and washes, with some of it remaining in the beads. Worth observing 

is that no truncation products of the protein were present. Increasing the concentration of imidazole in 

the elution buffer to 500 mM and 1 M did not result in improved elution of TbHsp70. 

3.4.1.8 Tbj2 

The structural integrity of the pET28a-Tbj2 plasmid was confirmed by means of restriction digestions 

with SalI and NdeI and agarose gel electrophoresis (Figure 3.13 & Appendices B1.5 & B1.6). Digestion 
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with SalI resulted in the linear conformation of the plasmid (Figure 3.13B, lane S). The double digestion 

with SalI and NdeI yielded fragments of approximately 5369 bp and 1209 bp, corresponding to the sizes 

of the pET28a vector and the Tbj2 gene, respectively (Figure 3.13B, lane S/N). The pET28a-Tbj2 

plasmid was successfully confirmed by diagnostic restriction enzyme digestion.  

 
Figure 3.13: Confirmation of the integrity of the pET28a-Tbj2 vector. A) Plasmid map of pET28a-Tbj2 
generated using the SnapGene 5.0.7 software. The SalI and NdeI restriction sites occur immediately upstream and 
downstream of the Tbj2 insert (in red), respectively. B) Restriction enzyme digestion of pET28a-Tbj2 separated 
at 100 V on a 0.8 % agarose gel. In lane L is the DNA ladder (1 kb DNA ladder, New England Biolabs) and in 
lane U is the uncut plasmid. In lane S is the SalI single cut of the plasmid. In lane S/N is the SalI and NdeI double 
digestion of the plasmid, with the larger and smaller fragments representing the pET28a vector (5310 bp when 
SalI/NdeI double digested, inside black box) and Tbj2 insert (1209 bp, inside red box), respectively. 

 

The plasmid was transformed into E. coli BL21 (DE3) cells for purposes of protein expression analysis 

by SDS-PAGE and western blotting (Figure 3.14) (Appendices B1.9 & B1.10). Following IPTG 

induced expression, there is an increased visibility of a protein band of approximately 50 kDa over time 

(Figure 3.14A, lanes 1-5 & 18). The presence of Tbj2 was further confirmed by western analysis that is 

specific to Tbj2’s N-terminal his-tag (Figure 3.14, lower panels) (Bentley and Boshoff, 2019). Optimal 

protein expression was determined to be achieved 5 hours post IPTG induction,   
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Figure 3.14: SDS-PAGE analysis of the expression and purification profiles of Tbj2 heterologously 
expressed in E. coli BL21 DE3 (pET28a-Tbj2). A) The induction study samples of Tbj2 in a Coomassie-stained 
10 % acrylamide gel. In lane M is the protein molecular weight marker (Bio-Rad Precision-Plus™ All Blue 
standards) and in lane U is the un-induced whole cell extract. Lanes 1-5: Hourly samples one to five hours post 
IPTG induction (whole cell extract), lane 18: Overnight induction sample (whole cell extract). B) Purification of 
Tbj2 in Coomassie-stained 10 % acrylamide gel. In lane M is the protein molecular weight marker. In lane U is 
the unbound protein (flowthrough) sample, whilst in lanes W1 and W4 are the first and fourth (final) wash 
samples, respectively. In lanes E1 to E4 are the elution samples, and in lane B is the bead sample post-elution. 
The red asterisks indicate the points at which bands representing Tbj2 occur on the acrylamide gels. Lower 
panels) Corresponding Western blot images generated using mouse anti-his-tag (H-3) monoclonal antibodies 
(Santa Cruz). 

 

The successful expression and purification of Tbj2 using this expression system has been reported 

previously (Burger et al., 2014; Bentley and Boshoff, 2019). A considerable amount of the protein was 

also bound to the beads post elution (Figure 3.14, lane B). Furthermore, increasing imidazole 

concentrations in the elution buffer from 250 mM to 500 mM to 1 M did not result in the extraction of 

the protein remaining in the beads. Concentrations of Tbj2 were usually determined to be 0.6 mg/mL 

by the Bradford assay (Appendix B1.12). Important in the purification of J-proteins is the removal of 

possibly bound DnaK by introducing ATP in the wash procedures of the purification process (Burger 

et al., 2014).  

3.4.1.9 HSPA1A 

The pET28a-HSPA1A vector was expressed in E. coli BL21 (DE3) cells (Figure 3.15). Protein 

expression was analysed by SDS-PAGE and western blotting (Appendices B1.9 & B1.10). Following 
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IPTG induced expression, there is an increased visibility of a protein band of approximately 70 kDa 

over time (Figure 3.15A, lanes 1-5). The presence of HSPA1A was further confirmed by western 

analysis that is specific to the N-terminal his-tag of HSPA1A (Figure 3.15A, lower panel). Optimal 

protein expression was determined to be achieved 4-5 hours post IPTG induction, The chaperone 

protein has previously been reported to be successfully purified using the same expression system, 

under similar conditions (Borges and Ramos, 2006; Dores-Silva et al., 2021). A considerable amount 

of the protein was also bound to the beads post elution (Figure 3.15, lane B). There also appeared to be 

some contaminating protein bands in the elutions, which are smaller than HSPA1A in size. Similar 

bands which can be observed on the western blot his-tag specific of the induction study (Figure 3.15A, 

lower panel). This observation suggests that there could be some truncation products of HSPA1A or 

incomplete synthesis of the proteins. Concentrations of HSPA1A were usually above 2 mg/mL as 

determined by the Bradford assay (Appendix B1.12).  

 
Figure 3.15: SDS-PAGE analysis of the expression and purification profiles of human HSPA1A 
heterologously expressed in E. coli BL21 DE3 (pET28a-HSPA1A). A) Induction study samples of HSPA1A 
in a Coomassie-stained 10 % acrylamide gel. In lane M is the protein molecular weight marker (Bio-Rad 
Precision-Plus™ All Blue standards) and in lane U is the un-induced whole cell extract. Lanes 1-5: Hourly samples 
one to five hours post IPTG induction (whole cell extract), lane 18: Overnight induction sample (whole cell 
extract). B) Purification of HSPA1A in a Coomassie-stained 10 % acrylamide gel. In lane M is the protein 
molecular weight marker and in lane U is the unbound protein (flowthrough) sample. In lanes W1 and W4 are the 
first and fourth (final) wash samples, respectively. In lanes E1 to E3 are the elution samples. The red asterisks 
indicate the points at which bands representing HSPA1A occur on the acrylamide gels. Lower panel of A) 
Corresponding Western blot image generated using mouse anti-his-tag (H-3) monoclonal antibodies (Santa Cruz). 
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3.4.1.10 Hsp33 

Hsp33 was expressed in E. coli BL21 (DE3) cells (Figure 3.16). Protein expression was analysed by 

SDS-PAGE and western blotting (Appendices B1.9 & B1.10). Following IPTG induced expression, 

there is an increased visibility of a protein band of approximately 35 kDa over time (Figure 3.16, lanes 

1-5). The presence of Hsp33 was further confirmed by western analysis that is specific to Hsp33’s N-

terminal his-tag (Figure 3.16B, lower panel). Optimal protein expression was determined to be achieved 

4-5 hours post IPTG induction. The Hsp33 purification resulted in concentrations above 2 mg/mL as 

determined using the Bradford assay (Appendix B1.12). Some protein was lost with the unbound 

protein, washes or beads (Figure 3.16B, lanes U, W1, W4 & B). Two bands of the Hsp33 protein were 

observed after elution (Figure 3.16B), which may be attributed to having incomplete protein synthesis 

or degradation during the cell lysis process since these stacked bands are not present in the induction 

study (Figure 3.16A). The doublet could also point the presence of a posttranslationally modified 

species of Hsp33 that results in an electromobility shift, which has been reported in cases of 

glycosylation and oxidation (Kim et al., 1985; Joseph et al., 1997). A known posttranslational 

modification of Hsp33 is the formation of disulphide bonds as a result of oxidative stress (Jakob et al., 

1999). Since the E. coli cytosol is a reducing environment, the possible disulphide bonding could be a 

result of the purification process which employs buffers that do not contain reducing nor oxidizing 

agents. 

 
Figure 3.16: SDS-PAGE analysis of the expression and purification profiles of E. coli Hsp33 homologously 
expressed E. coli BL21 (DE3) (pET11a-Hsp33). A) Induction study samples of Hsp33 in a Coomassie-stained 
10 % acrylamide gel. In lane M is the protein molecular weight marker (Bio-Rad Precision-Plus™ All Blue 
standards) and in lane U is the un-induced whole cell extract. Lanes 1-5: Hourly samples one to five hours post 
IPTG induction (whole cell extract), lane 18: Overnight induction sample (whole cell extract). B) Purification of 
Hsp33 in a Coomassie-stained 10 % acrylamide gel. In lane M is the protein molecular weight marker and in lane 
U is the unbound protein (flowthrough) sample. In lanes W1 and W4 are the first and fourth (final) wash samples, 
respectively. In lanes E1 to E4 are the elution samples, and in lane B is the bead sample post-elution. The red 
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asterisks indicate the points at which bands representing Hsp33 occur on the acrylamide gels. Lower panel of B) 
Corresponding Western blot image generated using mouse anti-his-tag (H-3) monoclonal antibodies (Santa Cruz). 

Alternatively, it could be due to the expression system not being reducing enough to result in the 

complete reduction of Hsp33. In the study by Jakob et al. (1999), purified Hsp33 was shown to be 

constituted of 55 % oxidized and active species and 45 % reduced and inactive species.  

3.5 Conclusions 

The heterologous expression and purification of T. brucei Hsp70 has been carried out in previous in 

vitro studies, including in vitro molecular inhibition studies (Burger et al., 2014; Bentley and Boshoff, 

2019; Andreassend et al., 2020).  In order to enable the in vitro biochemical characterization of the 

proteins of interest, the proteins had to be expressed and then purified. TbHep1, TbmtHsp70, HsHep1, 

HSPA9, TbHsp70, Tbj2, HSPA1A and Hsp33 were all successfully expressed in the various E. coli 

protein expression strains. The proteins were further successfully purified by nickel affinity 

chromatography, with satisfactory yields. The proteins were all confirmed by SDS-PAGE and western 

analysis using anti-His antibodies. Prior to expression, the vectors housing the genes that encode 

TbHep1, TbmtHsp70, HsHep1, HSPA9, TbHsp70 and Tbj2 were all successfully constructed and 

confirmed by means of diagnostic restriction enzyme digestions. 

Central to this study was assessing the interaction between mtHsp70 and Hep1 in T. brucei and humans. 

Co-expressing TbmtHsp70 and HSPA9 with TbHep1 and HsHep1, respectively, resulted in the 

solubilization of the mtHsp70s. This finding has previously been reported for HSPA9 and HsHep1 and 

numerous other mtHsp70/Hep1 systems of other organisms (Dores-Silva et al., 2013; Nyakundi et al., 

2016; Dores-Silva et al., 2017, 2021). This study reports for the first time that the mtHsp70 in T. brucei 

is insoluble and requires Hep1 to rescue it aggregation.  
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CHAPTER FOUR 
Comparative biochemical analysis of the Hep1/mtHsp70 

functional partnerships of the T. brucei parasite and humans 
4.1 Introduction 

A very small fraction of the mitochondrial proteome is encoded and synthesized within the organelle. 

A vast majority of mitochondrial proteins is imported from the cytosol as they are nuclear encoded 

(Fox, 2012). At the outer membrane, the preprotein utilizes the translocase of outer membrane (TOM) 

complex, consisting of TOM40, TOM70/71 and TOM20, to initiate entry into the organelle. TOM40 

acts as the pore of the translocation complex (Hill et al., 1998; Araiso et al., 2019). The TOM70/71 

component is a tetratricopeptide (TPR) domain containing protein that binds to cytosolic Hsp70 and 

Hsp90 at their EEVD motifs. The molecular chaperones are prerequisites for the translocation of 

preproteins at the TOM complex. (Young et al., 2003; Li et al., 2009). Since preproteins must be 

linearized when entering the mitochondria, Hsp70 in the cytosol, by binding to the TPR domain of 

TOM70/71 also prevents preprotein aggregation (Beddoe and Lithgow, 2002). On the matrix side of 

the mitochondrial membrane, mitochondrial Hsp70 (mtHsp70), as a component of the PAM complex, 

is the primary driving force for preprotein import (Craig, 2018). 

Independent of the PAM complex in the matrix, Hsp70 also ensures correct protein folding together 

with its J-protein and NEF co-chaperones Mdj1 and Mge1, respectively (Voos and Röttgers, 2002). 

MtHsp70 folding activity also extends to proteins that are encoded and synthesized in the mitochondria 

(Herrmann et al., 1994). Even though the exact details of how mtHsp70 effects protein import into the 

matrix are unclear, two hypotheses have been proposed: the Brownian-ratchet model and the pulling 

model (or power stroke model) (Voos, 2013; Craig, 2018). The Brownian model hypothesizes that the 

preprotein is imported by a chain of mtHsp70 molecules and shuttled into the matrix. As the preprotein 

emerges from TIM23 it is bound to mtHsp70 molecule and is transferred to another mtHsp70 molecule 

further into the matrix which in turn transfers it to another mtHsp70 molecule. In this way the protein 

is pulled deeper and deeper into the matrix until it has fully traversed the TIM23 channel (Craig, 2018). 

The pulling model is similar to the Brownian model in that it proposes that a chain of mtHsp70 

molecules is involved in protein import. As the preprotein emerges from TIM23 and binds to mtHsp70, 

it is thought that the ATP hydrolysis induced conformational changes result in a pulling force being 

exerted on the preprotein. The preprotein is then shuttled to more mtHsp70 molecules, which act upon 

it in an identical manner as the first mtHsp70 until full importation is achieved (Craig, 2018). The 

functions of mtHsp70 and Mdj1 also have implications on mitochondrial morphology, as well as 

oxidative phosphorylation activities (Lee et al., 2015). The role of Hsp70 in the mitochondria has also 
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been demonstrated to extend to the biogenesis of complex IV (cytochrome c oxidase) of the electron 

transport chain. MtHsp70 and Mge1 have been shown to interact with subunit 4 of cytochrome c oxidase 

(Cox4) (Böttinger et al., 2013). MtHsp70 also interacts with Ms551, the translation regulator of the 

mRNA encoding subunit one of cytochrome c oxidase (Cox1) (Fontanesi et al., 2010). 

Despite their critical cellular functions, mtHsp70s are characteristically predisposed to forming self-

aggregates, with the linker region and NBD being primarily implicated (Zhai et al., 2008; Blamowska 

et al., 2010). A recent study, utilising human mtHsp70 (HSPA9) has elucidated the structural properties 

of mtHsp70 aggregates (Kiraly et al., 2020). It was determined that HSPA9 can form supramolecular 

assemblies that can reach up to 26 megaDaltons and 50 nm in molecular weight and average radius, 

respectively (Kiraly et al., 2020). As such, mtHsp70 requires a partner protein, the Hsp70 escort protein 

1 (Hep1), to prevent its aggregation and ensure functionality. Hep1 is a zinc finger protein, possessing 

two CXXC motifs coordinating a zinc ion (Sichting et al., 2005). The escort protein is essential for 

mtHsp70 functionality, interacting with the molecular chaperone at the linker region (Zhai et al., 2008; 

Blamowska et al., 2010). Cells lacking Hep1 display a petite morphology and deficient mitochondria 

with diminished DNA, having anomalies that are associated with mtHsp70 knockdown (Sanjuán 

Szklarz et al., 2005; Sichting et al., 2005). Furthermore, the deletion of Hep1 also has implications on 

ribosome biogenesis, and even the nuclear genome, linked to defects in the formation of the iron-sulphur 

cluster (de la Loza et al., 2011). Interestingly, Hsp70 of cytosolic origin was found to be soluble in the 

matrices of mitochondria lacking Hep1, serving as evidence that self-aggregation is a distinguishing 

factor of mtHsp70 (Blamowska et al., 2010). Hep1 functions as the central stabilizing agent against the 

self-aggregation of mtHsp70 as it has been determined that other components of the mitochondrial 

chaperone network are not required for its folding (Blamowska et al., 2012).  

The CXXC motifs of Hep1 have been determined to be essential for structural integrity and function as 

relates to interactions with mtHsp70 (Dores-Silva et al., 2015; Nyakundi et al., 2016). The CXXC motif 

and other similar motifs have been identified in other members of the molecular chaperone family, 

including in chaperones that are regulated according to the cellular redox state.  A well characterized 

redox-regulated molecular chaperone is the ATP-independent Hsp33. The functional dynamics of 

Hsp33 are centred around its zinc finger domain whereby there are 4 cysteines that coordinate a zinc 

ion (Jakob et al., 1999). Oxidative conditions result in a formation of 2 disulphide bonds by the cysteine 

residues, whereby the zinc ion is released, and the chaperone is active in suppressing the aggregation 

of substrate proteins (Graumann et al., 2001). Despite ATP-dependent chaperones being known to be 

deactivated, due to a lack of ATP, under oxidative stress, the Hsp70/J-protein system has been reported 

to be responsive to oxidative stress. Bacterial DnaJ has been shown to possess weak oxidoreductase 

activity due to its zinc finger domain containing four CXXC motifs. Using mature insulin as a substrate 

protein, DnaJ has been reported to reduce insulin, thus inducing the aggregation of insulin (Mattoo et 

al., 2014). Mature insulin is sensitive to reduction, rapidly forming aggregates in the presence of 
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reducing agents. DnaJ was determined to cause the insulin to aggregate in a similar fashion as 

thioredoxin or the dithiothreitol (DTT) reducing agent (Mattoo et al., 2014). Furthermore, DnaJ is 

determined to synergistically enhance the refolding of slightly oxidized protein substrates, in a similar 

manner as thioredoxin (Mattoo et al., 2014). Additionally, in yeast cells, the ER paralog of Hsp70, 

immunoglobulin heavy chain binding protein (BiP) has been reported to switch from being an ATP-

dependent foldase to being an ATP-independent holdase under oxidative conditions (Wang et al., 2014). 

Upon the return of normal reducing conditions, BiP switches back to being an ATP-dependent foldase. 

BiP possesses a single cysteine residue which forms a sulphenic acid upon oxidation (Wang et al., 2014; 

Wang and Sevier, 2016). 

The overall aim of this study was to comparatively assess the potential biochemical interaction of 

putative T. brucei Hep1 and TbmtHsp70 with that of HsHep1 and HSPA9, further determining the 

potential effects of oxidative stress on the functionality of the Hep1 orthologues. The study further aims 

to determine the TbmtHsp70 independent chaperone functionalities of the putative TbHep1 orthologue 

in comparison to HsHep1. The holdase chaperone capable T. brucei stress inducible type I JDP, Tbj2, 

will be used as a positive control for the Hep1 orthologues’ Hsp70 independent holdase activity 

determination (Ludewig et al., 2015; Bentley and Boshoff, 2019). The holdase chaperone and ATP 

hydrolysis capabilities of TbmtHsp70 alongside TbHsp70, HSPA9 and HSPA1A will also be assessed. 

The ability of TbHep1 to interact with the stress inducible cytosolic TbHsp70 will also be investigated 

alongside HsHep1 and HSPA1A. HsHep1 having the ability to interact with HSPA1A has been 

demonstrated, with HsHep1 being shown to also reside in the nucleoplasm (Dores-Silva et al., 2021). 

Therefore, it is also fitting to investigate whether this is also the case for the T. brucei orthologues of 

HsHep1 and HSPA1A. HSPA9 is also known to localise in the cytosol, possibly with HsHep1 by 

affinity, co-localising with HSPA9 outside the mitochondria (Ran et al., 2000). The benefit of 

characterizing the parasitic chaperones parallel to those of humans is that it will make it possible to 

decipher if the Hep1 and Hsp70 interaction is conserved between the two species. This will be 

investigated by determining if the Hep1 orthologue of one species can functionally interact with the 

Hsp70s of the other species.  

HSPA9 is implicated in cancer and neurodegeneration (Wadhwa et al., 2006; Londono et al., 2012), 

whilst TbmtHsp70 is essential for the T. brucei parasite’s viability (Týč et al., 2015). Oxidative stress 

in humans is linked to diseases such as neurodegeneration and cancer, reviewed by Milkovic et al. 

(2014) and Bozzo et al. (2017). The T. brucei parasite may also be subjected to oxidative stresses 

induced by the mammalian host’s immune system or anti trypanosomal compounds (He et al., 2012; 

Greene and Hajduk, 2016). The mitochondrion, whereby Hep1 localizes, is the main source of cellular 

reactive oxygen species because of the electron transport chain, reviewed by Murphy (2009). In 

common with Hsp33, Hep1 also possesses 2 cysteine rich motifs whereby the cysteine residues 

coordinate a zinc ion. However, Hsp33 is only found in prokaryotes, algae and kinetoplastids, whereas 
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Hep1 is found in the mitochondria of eukaryotic organisms (Jakob et al., 1999; Sichting et al., 2005; 

Segal and Shapira, 2015). Therefore, it would be interesting to determine if Hep1 plays a similar role 

as Hsp33 in mitochondria, especially since the mitochondrion is an endosymbiotic organelle. A better 

understanding of the influences of the cell’s redox state on Hep1 functionality could possibly open up 

new avenues for drug discovery relevant to neurodegenerative diseases, cancer and HAT. HSPA9 is 

known to be involved in oncogenesis and is being investigated as a target for anti-cancer drugs, whilst 

exploring new targets for HAT is important due to the many disadvantages associated with current 

drugs (Wadhwa et al., 2006; Babokhov et al., 2013).  

4.2 Specific objectives 

i. Determine the ability of the TbHep1 and HsHep1 to suppress the thermally induced 

aggregation of the TbmtHsp70, HSPA9, TbHsp70 and HSPA1A in vitro. 

ii. Determine the ability of the Hep1 and Hsp70 proteins to suppress the thermally induced 

aggregation of MDH in vitro. 

iii. Subject the Hep1 orthologues and Hsp33 to H2O2 induced oxidative stress coupled with 

heat shock. 

iv. Determine the ability of the oxidized Hep1 orthologues and Hsp33 to suppress the 

thermally induced aggregation of MDH in vitro. 

v. Ascertain if there are any structural modifications that the Hep1 orthologues and Hsp33 

undergo as a result of oxidative stress couple with heat shock. 

vi. Investigate the basal and Hep1 modulated ATPase activities of the mitochondrial and 

cytosolic Hsp70s in vitro. 

4.3 Materials and methods 
4.3.1 Materials 

L-malate dehydrogenase (MDH) was sourced from Roche (Switzerland). Triton X-100, citrate synthase 

(CS), magnesium chloride, sodium citrate, malachite green, and sodium molybdate were obtained from 

Sigma-Aldrich (U.S.A.). Other materials that were used for the study are listed in detail in section 3.3.1. 

4.3.2 Methods 

4.3.2.1 Hep1 suppression of thermal aggregation of Hsp70s 

The assay to assess the ability of the Hep1 orthologues to suppress the thermally induced aggregation 

of the Hsp70s was adapted from Dores-Silva et al. (2015; 2021) and Nyakundi et al. (2016). Briefly, in 

UV-vis 96 well plates, TbmtHsp70 (2 µM) and HSPA9 (2 µM), separately, were incubated with either 

TbHep1 (2-8 µM) or HsHep1 (2-8 µM) at 48 °C for 1 hour in assay buffer (50 mM Tris-HCl pH 7.4, 

100 mM NaCl). Light scattering was measured by taking end-point absorbance readings at 360 nm 

before and after incubation. The suppression of aggregation activities of TbHep1 (4 µM) and HsHep1 

(4 µM) were also determined using the cytosolic paralogs of TbmtHsp70 and HSPA1A, TbHsp70 (1 
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µM) and HSPA1A (1 µM) at 48 °C for 1 hour. The assays were conducted in triplicate using 

independently expressed and purified batches of proteins. Separate assays of each of the Hsp70s were 

also conducted under the same conditions. The absorbance readings recorded from the Hsp70s alone 

were benchmarked as 100 % aggregation. 

4.3.2.2 Suppression of MDH thermal aggregation by the molecular chaperones 

The assay to evaluate the holdase activity of TbHep1 (2-8 µM), TbmtHsp70 (0.25-0.75 µM), HsHep1 

(2-8 µM), HSPA9 (0.25-0.75 µM), TbHsp70 (0.25-0.75 µM), Tbj2 (0.25-0.5 µM) and HSPA1A (0.25-

0.75 µM) on the thermolabile protein substrate MDH (1 µM) was adapted from Dores-Silva et al. (2015; 

2021) and Nyakundi et al. (2016). Briefly, in UV-vis 96 well plates, the chaperones were mixed with 

MDH in assay buffer (50 mM Tris-HCl pH 7.4, 100 mM NaCl) and then incubated at 48 °C for 1 hour. 

Light scattering was measured by taking end-point absorbance readings at 360 nm before and after 

incubation. The assays were conducted in triplicate using independently expressed and purified batches 

of proteins. The absorbance reading recorded from incubated MDH alone was benchmarked as 100 % 

aggregation. A negative control assay included was also conducted MDH (1 µM) incubated with BSA 

(0.8 µM) to demonstrate that the suppression of aggregation observed is strictly due to the presence of 

a molecular chaperone. Since all proteins scatter light at the wavelength of 360 nm, background 

aggregate formation by the molecular chaperones was also taken into account. 

4.3.2.3 Densitometric verification of the aggregation suppression of the molecular 
chaperones 

This assay was adapted from Zininga et al. (2017). Briefly, TbHep1 (1.5-2 µM), HsHep1 (0.1-1 µM), 

TbmtHsp70 (0.1-1 µM) and HSPA9 (0.1-1 µM) were each incubated with MDH (0.72 µM) in assay 

buffer (50 mM Tris-HCl pH 7.4, 100 mM NaCl) at 50 °C for 1 hour. After incubation, the reactions 

were centrifuged at 15 000 g for 10 minutes. Thereafter, a sample of the supernatant (soluble fraction) 

was removed, and the pellet (aggregate fraction) resuspended in the assay buffer (50 mM Tris-HCl pH 

7.4, 100 mM NaCl) to the initial volume of the assay. The fractionation of MDH alone and in the 

presence of the chaperones was analyzed by densitometry using Image Lab 6.1 software (Bio-Rad, 

U.S.A.), subsequent to SDS-PAGE (Appendix B1.9) of the pellet and supernatant fractions. A negative 

control assay included MDH (0.72 µM) incubated with BSA (0.8 µM) to demonstrate that the 

suppression of aggregation observed is due to the presence of a molecular chaperone. The assays were 

conducted in triplicate using independently expressed and purified proteins.  

The assay, under identical conditions, was also carried out with citrate synthase (1 µM) as a substrate 

of TbHep1 (1 µM), HsHep1 (1 µM) and TbmtHsp70 (1 µM). 

4.3.2.4 Oxidation of Hep1 orthologues and Hsp33 

The protocol for the oxidation of TbHep1, HsHep1 and Hsp33 was adapted from Fassler et al. (2018). 

TbHep1, HsHep1 and Hsp33 were expressed and purified as outlined in sections 3.3.2.3 and 3.3.2.6 and 
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then extensively dialyzed in buffer [10 mM Tris-HCl pH 7.5, 100 mM NaCl, 50 µM ZnCl2, 5 mM DTT, 

50 mM KCl, 10 % (v/v) glycerol] (Appendix B1.11). After dialysis, the proteins were incubated at 37 

°C for 90 minutes in order to ensure the complete reduction of all cysteine disulphide bonds. Thereafter, 

the proteins were dialyzed in buffer [10 mM Tris-HCl pH 7.5, 100 mM NaCl, 50 mM KCl, 10 % (v/v) 

glycerol] without DTT or ZnCl2 (Appendix B1.11). H2O2 was then added to each of the proteins to a 

final concentration of 5 mM before incubation at 45 °C for 90 minutes. The proteins were then 

extensively dialyzed to remove the H2O2 [10 mM Tris-HCl pH 7.5, 100 mM NaCl, 50 µM ZnCl2, 5 mM 

DTT, 50 mM KCl, 10 % (v/v) glycerol], and then concentrated using PEG 20000 (Appendix B1.11). 

Protein concentration was determined using the Bradford assay (Appendix B1.12). 

4.3.2.5 Determining the suppression of aggregation activities of the oxidized Hep1 
orthologues and Hsp33 

The ability of oxidized TbHep1 (2-8 µM), HsHep1 (2-8 µM) and Hsp33 (0.1-0.4 µM) to suppress the 

thermally induced aggregation of MDH (1 µM) was assessed as outlined in section 4.3.2.2. The assays 

were carried out in the presence of 5 mM DTT in order to determine the effects of reducing the cysteine 

disulphide bonds on the oxidized proteins. 

4.3.2.6 Assessing disulphide bond formation in the oxidized TbHep1, HsHep1 and Hsp33 

Disulphide bond formation was assessed by carrying out reducing and non-reducing SDS-PAGE on the 

oxidized protein samples. The SDS-PAGE procedure used is outline in Appendix B1.9. Briefly, SDS-

PAGE was carried out in duplicate on the oxidized proteins. However, one of the replicates of each of 

the proteins was ran using sample buffer void of β-mercaptoethanol. Native PAGE (Appendix B1.13) 

was also carried out to determine if there were any structural differences between TbHep1, HsHep1 and 

Hsp33 purified under the respective reducing and oxidizing conditions. The native PAGE protocol was 

adapted from Segal & Shapira (2015). In both the non-reducing/reducing SDS-PAGE and native PAGE, 

BSA was used as a control. For both the SDS-PAGE and native PAGE, the Bio-Rad Precision-Plus™ 

All Blue standards was used as the molecular weight marker (Bio-Rad, U.S.A.). 

4.3.2.7 Assessment of the basal and Hep1 modulated ATPase activity of the Hsp70s 

The malachite green colorimetric ATPase assay was modified from Hoenig et al. (1989). The 

colourimetric development in this assay is derived from the complex formed by phosphate, molybdate 

and malachite green (Hoenig et al., 1989). Briefly, stock solutions of the proteins were prepared in 

assay buffer [20 mM Tris-HCl pH 7.5, 24 mM NaCl, 0.001 % (v/v) Triton X-100, (v/v) 0.5 % glycerol, 

6 % (v/v) MgCl2]. The proteins were then mixed with ATP to a final ATP concentration of 125 µM. 

The assay was conducted with the Hsp70s alone (0.1 µM) or in combination with the Hep1 orthologues 

(0.5 µM). Assays with Hep1 (0.5 µM) alone were also conducted. To determine if the ATPase activities 

of the Hsp70s are concentration dependant, the assay was also carried out with varying concentrations 

(0.1-0.2 µM) of the Hsp70s. The steady-state kinetics of the Hsp70s (0.2 µM) were assessed by 
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incubating them with varying concentrations of ATP (7.8 – 125 µM). All the assays were incubated at 

37 °C for 1 hour. Thereafter, colourimetric assessment of Pi generated was carried out by mixing the 

reactions with malachite green buffer [0.126 % (w/v) malachite green: 2.6 % (w/v) sodium molybdate: 

2.5 N HCl mixed in a 1: 18; 18 ratio]. Sodium citrate (0.1 M, pH 6.6) was then added to stop colour 

development prior to measuring absorbance at 620 nm. Pi standards (1.25 – 40 µM of Na2HPO4) were 

also prepared to generate a standard curve from which to calculate the Pi concentrations in the assays. 

The assays were conducted in triplicate using independently expressed and purified proteins. 

4.4 Results and discussion 
4.4.1 TbHep1 and HsHep1 suppressed the thermally induced aggregation of TbmtHsp70, 
HSPA9, TbHsp70 and HSPA1A 

TbHep1 suppressed the aggregation of TbmtHsp70 in vitro. The addition of TbHep1 resulted in a 60 % 

decrease in aggregation of TbmtHsp70 (Figure 4.1A). Increasing the TbHep1 to TbmtHsp70 ratio from 

1:1 to 4:1 did not significantly decrease the aggregation of TbmtHsp70.  

 
Figure 4.1: TbHep1 and HsHep1 suppressed the thermally induced aggregation of TbmtHsp70 and HSPA9. 
When incubated at 48 °C with increasing concentrations (2-8 µM) of TbHep1 or HsHep1, the presence of A) 
TbmtHsp70 (2 µM) and B) HSPA9 (2 µM) aggregates was considerably reduced. The % aggregation was 
determined with the aggregation of the mtHsp70s alone set at 100 %. The assays were conducted in triplicate 
using independently expressed and purified batches of proteins. The error bars represent standard deviation, with 
the asterisks indicating a significant difference between reactions with the mtHsp70s alone and those containing 
either TbHep1 or HsHep1. Statistical significance was benchmarked at P < 0.05 using a student’s T-test. 

HsHep1 was also shown to suppress the aggregation TbmtHsp70 to an even greater extent than TbHep1, 

however the difference between the effects of HsHep1 and TbHep1 on TbmtHsp70 aggregation was 

insignificant (Figure 4.1A). With regard to the aggregation of HSPA9, HsHep1 reduced the HSPA9 

aggregates, in a concentration dependant manner (Figure 4.1B). HsHep1 was previously demonstrated 

to suppress HSPA9 aggregation under similar experimental conditions (Dores-Silva et al., 2021). 
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HsHep1 had a greater effect on suppressing the aggregation of HSPA9 as it decreased aggregation to 

below 10 %, whereas TbHep1 decreased it to approximately 25 %. TbHep1 also decreased the 

aggregation of HSPA9, to a greater extent than it did on TbmtHsp70 (Figure 4.1B). However, the 

suppression of aggregation activity of TbHep1 on TbmtHsp70 and HSPA9 was not significantly 

different. The results suggest that HsHep1 may be more effective at suppressing mtHsp70 aggregation 

compared to TbHep1. The findings of TbHep1 and HsHep1 possessing the ability to suppress mtHsp70 

aggregation are in line with previous studies whereby yeast Hep1, LbrHep1, HsHep1 and PfHep1 

suppressed the aggregation of their respective mtHsp70 partners in vitro (Sichting et al., 2005; Goswami 

et al., 2010; Dores-Silva et al., 2015; Nyakundi et al., 2016; Dores-Silva et al., 2021). The TbHep1 

orthologues also enhanced the solubility of their mtHsp70 partners when co-expressed in E. coli as 

reported in previous studies (Sichting et al., 2005; Dores-Silva et al., 2013; Dores-Silva et al., 2015; 

Nyakundi et al., 2016). Dores-Silva et al. (2015) further showed that the zinc finger containing C-

terminal region of LbrHep1 resulted in the enhancement of LbmtHsp70’s solubility in a similar manner 

as the full-length protein, and its orthologues. This points to the zinc finger domain as being the central 

role player in the suppression of the aggregation of mtHsp70, since it is the only conserved moiety of 

Hep1 (Nyakundi et al., 2018). The ability of TbHep1 and HsHep1 to suppress the aggregation of HSPA9 

and TbmtHsp70, respectively, suggest that the Hep1/mtHsp70 mode of interaction is conserved between 

the T. brucei parasite and humans.  

It has been reported that HsHep1 may also be found in the nucleoplasm, whilst HSPA9 is also known 

to be found outside of the mitochondria, including in the cytosol (Dores-Silva et al., 2021). Therefore, 

Hep1 as an essential partner protein of mtHsp70 could also co-localise in the cytosol. HsHep1 was 

recently reported to suppress the aggregation of HSPA1A. This therefore begs the question of whether 

TbHep1 may also functionally interact with cytosolic TbHsp70. In this study, TbHep1 suppressed the 

aggregation of TbHsp70 by more than 50 % at a 4:1 ratio in vitro (Figure 4.2A). HsHep1 was also 

shown to suppress the aggregation of TbHsp70 at the same ratio, resulting in a decrease of TbHsp70 

aggregation by more than 50 %. HsHep1 suppressed the aggregation of HSPA1A by more than 70 % 

at a 4:1 ratio. TbHep1 was also shown to be active on HSPA1A at the same ratio, (Figure 4.2B). These 

findings further cement the idea that HsHep1 may be a more effective Hsp70 partner protein when 

compared to TbHep1. The interaction of TbHep1 and HsHep1 with HSPA1A and TbHsp70, 

respectively, suggests that the Hep1/cytosolic Hsp70 interaction is also conserved between humans and 

the parasite. Even though self-aggregation is associated with mtHsp70s, the study by Kiraly et al. (2021) 

showed that HSPA1A also aggregated in a temperature and concentration dependant manner. However, 

in the same study, the aggregation of HSPA1A was shown to be less than that of HSPA9. What can 

also be observed in this study by comparison, is that the Hep1 orthologues performed with greater 

efficacy in suppressing the aggregation of the mitochondrial Hsp70 compared to the aggregates of the 

cytosolic Hsp70s. This suggests that Hep1 has a greater specificity/affinity for mitochondrial Hsp70. In 
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the study by Dores-Silva et al. (2021), HsHep1 was shown to suppress HSPA9 aggregation to a greater 

extent when compared to the aggregation of HSPA1A. In terms of HsHep1 being highly efficacious 

against aggregates of HSPA9 and HSPA1A, more especially HSPA9, is that defects in mtHsp70 in 

mammals has implications on cell survival. Therefore, a highly effective HsHep1/HSPA9 interaction 

could be a physiological adaptation to prevent cell mortality.  

 
Figure 4.2: TbHep1 and HsHep1 suppressed the thermally induced aggregation of TbHsp70 and HSPA1A. 
When incubated at 48 °C with TbHep1 (4 µM) or HsHep1 (4 µM), the presence of A) TbHsp70 (1 µM) and B) 
HSPA1A (1 µM) aggregates was considerably reduced. The % aggregation was determined with the aggregation 
of the cytosolic Hsp70s alone set at 100 %. The assays were conducted in triplicate using independently expressed 
and purified batches of proteins. The error bars represent standard deviation, with the asterisks indicating a 
significant difference between reactions with the cytosolic Hsp70s alone and those containing either TbHep1 or 
HsHep1. Statistical significance was benchmarked at P < 0.05 using a student’s T-test. 

 

4.4.2 TbHep1 and HsHep1 suppressed the thermally induced aggregation of MDH 

In suppression of aggregation assays, chemically or heat denatured model substrate are routinely used 

to assess the ability of molecular chaperones to act as holdase proteins (Gong, 2009; Burger et al., 

2014). In this study, the holdase activity of TbHep1 was tested on heat denatured thermolabile L-MDH 

as a substrate in vitro, by means of the spectrophotometric quantification of aggregates. At a TbHep1 

to MDH ratio of 2:1 to 8:1, TbHep1 prevented the aggregation of MDH (Figure 4.3A). TbHep1 was 

capable of decreasing the aggregation of MDH by approximately 90 % at excess molar concentrations. 

HsHep1 also suppressed the aggregation of MDH (Figure 4.3B). In previous studies, HsHep1 was 

demonstrated to suppress the aggregation of chemically denatured rhodanese as well as heat denatured 

MDH and luciferase (Goswami et al., 2010; Dores-Silva et al., 2021). PfHep1 was demonstrated to be 

incapable of suppressing the thermally induced aggregation of MDH and citrate synthase, whilst 
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LbrHep1 had no effect on the thermally induced aggregation of MDH (Dores-Silva et al., 2015; 

Nyakundi et al., 2016). Hep1 orthologues are poorly conserved outside of their characteristic zinc finger 

domains, reviewed by Nyakundi et al. (2018). The study by Dores-Silva et al. (2015) showed that the 

zinc finger domain of LbrHep1 was able to suppress the thermally induced aggregation of L. braziliensis 

Hep1 (LbmtHsp70) in a similar manner as the full-length protein. Therefore, the inconsistencies with 

regard to suppressing the aggregation of model substrates could partly be attributed to the non-

conserved regions of Hep1. The suppression of aggregation observed in this study was confirmed to be 

specifically due to the presence of TbHep1 and HsHep1 rather than the presence of another protein in 

solution. Using BSA as a negative control, the thermally induced aggregation of MDH was not 

suppressed (Appendix C, Figure C1). Incubating TbHep1 or HsHep1 under these experimental 

conditions did not result in aggregation (Figure 4.3). 

 
Figure 4.3: TbHep1 and HsHep1 suppressed the thermally induced aggregation of L-malate dehydrogenase 
(MDH). When incubated at 48 °C with increasing concentrations of A) TbHep1 (2-8 µM) or B) HsHep1 (2-8 
µM), the presence of MDH (1 µM) aggregates was considerably reduced. (Inset) The comparative control, Tbj2 
(0.25-0.5 µM), also suppressed the thermally induced aggregation of MDH. The % aggregation was determined 
with the aggregation of the MDH alone set at 100 %. The assays were conducted in triplicate using independently 
expressed and purified batches of proteins. The error bars represent standard deviation, with the asterisks 
indicating a significant difference between reactions with MDH alone and those containing either TbHep1 or 
HsHep1. Statistical significance was benchmarked at P < 0.05 using a student’s T-test. 

 

The holdase activities of TbHep1 and HsHep1 are reflective of those of J-proteins (Goswami et al., 

2010; Kuo et al., 2013). In this study, the cytosolic T. brucei type I J-protein, Tbj2 had been employed 

as a comparative control. Under identical experimental conditions as those of TbHep1 and HsHep1, 

Tbj2 suppressed the thermally induced aggregation of MDH as has previously been determined (Burger 

et al., 2014; Bentley and Boshoff, 2019). Tbj2, under these experimental conditions, at sub molar 
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concentrations of MDH, suppressed aggregation by more than 90 % (Figure 4.3, inset). To be noted is 

that Tbj2 has also been reported to suppress the chemically induced aggregation of rhodanese (Burger 

et al., 2014), a capability that has also been confirmed for HsHep1 (Goswami et al., 2010).  

 
Figure 4.4: TbHep1 and HsHep1 increased the solubility of L-malate dehydrogenase (MDH) and citrate 
synthase (CS). The fractionation of thermally aggregated A) MDH (0.72 µM) and B) CS (1 µM) was considerably 
altered by incubation with TbHep1or HsHep1, resulting in an increase and decrease of substrate protein in the 
supernatant (grey bars) and pellet (black bars) fractions, respectively. The concentrations of TbHep1 and HsHep1 
used on MDH were 1.5-2 µM and 0.1-1 µM, respectively. The concentration of TbHep1 and HsHep1 used on CS 
was 1 µM. The assays were conducted in triplicate using independently expressed and purified batches of proteins. 
The error bars represent standard deviation, with the asterisks indicating a significant difference between the 
soluble fractions of reactions with MDH or CS alone and those containing either TbHep1 or HsHep1. Statistical 
significance was benchmarked at P < 0.05 using a student’s T-test. 

Another technique to measure protein aggregation is by determining the relative proportions of soluble 

and aggregated protein by separating the aggregates from the soluble protein using centrifugation. The 

aggregates are subject to sedimentation under centrifugal force, and may therefore be fractionally 

separated from soluble proteins (Sultana et al., 2021). The technique applied in this study was adapted 

from Zininga et al. (2017), whereby aggregated and soluble protein proportions were determined by 

densitometric quantification. Using this method, TbHep1 and HsHep1 were still determined to possess 

the ability to suppress the thermally induced aggregation of MDH in vitro, and also in a concentration 

dependant manner (Figure 4.4A). Increasing concentrations of TbHep1 or HsHep1 resulted in an 

increased and decreased prevalence of MDH in the supernatant and pellet fractions, respectively. 

HsHep1 was shown to be possessing greater activity using this technique with MDH as a substrate, still 

suggesting the human orthologue to be a more effective chaperone. With HsHep1, MDH predominantly 

featured in the soluble fraction at excess molar concentrations, whereas with TbHep1 excess molar 

concentrations still resulted in MDH being more prevalent in the insoluble fraction. Using this method, 

TbHep1 and HsHep1 were also tested on thermally aggregated citrate synthase (Figure 4.4B). HsHep1 
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(2 µM) was shown to have decreased efficacy in reducing the aggregation of citrate synthase than 

HsHep1 (1 µM) on MDH. These findings mirror the findings of a previous study whereby HsHep1 

suppressed the aggregation of MDH and luciferase, but not citrate synthase (Dores-Silva et al., 2021). 

These findings point to a possible substrate preference/specificity as the proteins proved to be less 

effective in preventing the aggregation of citrate synthase compared to MDH. To also be noted is that 

TbHep1 performed slightly better as a chaperone using citrate synthase as a substrate compared to 

HsHep1. This raises the question of whether HsHep1 is actually a more effective chaperone, or is it a 

matter of substrate specificity between TbHep1 and HsHep1. Molecular chaperones are known to bind 

to aggregated proteins at exposed hydrophobic regions. MDH could be possessing more Hep1 specific 

hydrophobic binding sites. By means of densitometric quantification of  MDH fractionation, Tbj2 was 

previously confirmed to be active against the thermal aggregates of MDH, suppressing the aggregates 

in a concentration dependant manner (Bentley and Boshoff, 2019). The suppression of aggregation 

observed in this study was confirmed to be specifically due to the presence of TbHep1 and HsHep1 

rather than having another protein in solution. Using BSA as a negative control, the thermally induced 

aggregation of MDH and citrate synthase was not suppressed (Appendix C, Figure C2). Worth 

observing is that TbHep1 and HsHep1 aggregated by approximately 25 % and 35 %, respectively, under 

these experimental conditions (Figure 4.4B). TbHep1 suppressed the aggregation of MDH and citrate 

synthase by 40 % and 20 %, respectively. HsHep1 suppressed the aggregation of MDH and citrate 

synthase by approximately 50 % and 10 %, respectively. Even though HsHep1 incubated alone 

aggregated slightly more compared to TbHep1, HsHep1 at lower concentrations resulted in a more 

remarkable suppression of MDH aggregation. 

4.4.3 TbmtHsp70 and HSPA9 co-expressed with TbHep1 and HsHep1, respectively, 
suppressed the thermally induced aggregation of MDH 

PfHsp70-3 has been demonstrated to suppress the thermally induced aggregation of citrate synthase and 

MDH (Nyakundi et al., 2016). In this study, TbmtHsp70 (Figure 4.5A) and HSPA9 (Figure 4.5B) were 

shown to suppress the aggregation of MDH in vitro, at sub molar concentrations. The chaperones 

suppressed the aggregation of MDH by approximately 90 %. MtHsp70s are prone to self-aggregation, 

which may be exacerbated by increased temperature (Dores-Silva et al., 2017; Kiraly et al., 2020), but 

have been shown to still manage to prevent the thermal aggregation of model substrate proteins 

(Nyakundi et al., 2016). A study by Kiraly et al. (2020) determined that aggregates formed by HSPA9 

and HSPA1A exhibited ATPase activity that was half of the monomeric HSPA9 and HSPA1A, 

respectively. The partial ATPase activity exhibited by the HSPA9 and HSPA1A aggregates could still 

apply to holdase functionality, which could be the reason for TbmtHsp70 and HSPA9 in this study 

managing to suppress the thermally induced aggregation of MDH. 
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Figure 4.5: TbmtHsp70 and HSPA9 suppressed the thermally induced aggregation of L-malate 
dehydrogenase (MDH). When incubated at 48 °C with increasing concentrations (0.25-0.75 µM) of A) 
TbmtHsp70 or B) HSPA9, the presence of MDH (1 µM) aggregates was considerably reduced. The % aggregation 
was determined with the aggregation of the MDH alone set at 100 %. The assays were conducted in triplicate 
using independently expressed and purified batches of proteins. The error bars represent standard deviation, with 
the asterisks indicating a significant difference between reactions with MDH alone and those containing either 
TbmtHsp70 or HSPA9. Statistical significance was benchmarked at P < 0.05 using a student’s T-test. 

 

The holdase activities of TbmtHsp70 and HSPA9 on MDH were also confirmed by the fractionation 

method adopted from Zininga et al. (2017). At excess molar concentrations, TbmtHsp70 and HSPA9 

resulted in MDH being more prevalent in the soluble fraction (Figure 4.6A). Furthermore, using this 

method TbmtHsp70 was also determined to be capable of preventing the thermally induced aggregation 

of citrate synthase (Figure 4.6B), a capability that was previously reported for PfHsp70-3 and HSPA9 

(Nyakundi et al., 2016; Khan et al., 2017). Using this method, the suppression of aggregation activity 

of TbmtHsp70 and HSPA9 proved to be concentration dependant with MDH as a substrate. With 

increasing concentrations of TbmtHsp70 or HSPA9, MDH increasingly fractionated in the supernatant. 

TbmtHsp70 was more effective in preventing MDH aggregation compared to the aggregation of citrate 

synthase. This could be due to MDH possessing more Hsp70 specific binding sites compared to citrate 

synthase. The cytosolic T. brucei Hsp70, TbHsp70.c, was also reported to have greater  specificity for 

MDH compared to rhodanese (Burger et al., 2014). The holdase activity of the cytosolic counterparts 

of TbmtHsp70, TbHsp70 and TbHsp70.4, on thermally aggregated MDH has also been confirmed using 

this technique (Bentley and Boshoff, 2019).  
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Figure 4.6: The chaperone capabilities of TbmtHsp70 and HSPA9 were also confirmed by means of 
fractionation. The fractionation of thermally aggregated A) L-malate dehydrogenase (MDH) (0.72 µM) and 
citrate synthase (CS) B) (1 µM) was considerably altered by incubation with TbmtHsp70 or HsHsHep1, resulting 
in an increase and decrease of substrate protein in the supernatant (grey bars) and pellet (black bars) fractions, 
respectively. The concentrations of TbmtHsp70 or HSPA9 used on MDH was 0.1-1.0 µM. The assays were 
conducted in triplicate using independently expressed and purified batches of proteins. The error bars represent 
standard deviation, with the asterisks indicating a significant difference between the soluble fractions of reactions 
with MDH or CS alone and those containing either TbmtHsp70 or HSPA9. Statistical significance was 
benchmarked at P < 0.05 using a student’s T-test. 

 

4.4.4 TbHep1 did not modulate the suppression of aggregation activity of TbmtHsp70 

Having determined that TbmtHsp70 suppresses the aggregation of MDH, this study further investigated 

if TbmtHsp70 and TbHep1 can functionally cooperate in suppressing the thermally induced aggregation 

of MDH. The addition of TbHep1 did not enhance the holdase activity of TbmtHsp70 (Figure 4.7). 

These results are in line with what was previously observed for PfHep1. Combining PfHep1 with the 

P. falciparum mtHsp70 (PfHsp70-3) did not result in an improvement of the holdase activity of 

PfHsp70-3 on thermally aggregated MDH and citrate synthase (Nyakundi et al., 2016). These 

observations, however, contrast findings whereby HsHep1 and HSPA9 synergistically suppressed the 

chemically induced aggregation of rhodanese (Goswami et al., 2010). The cytosolic counterparts of 

Tbmthsp70, TbHsp70 and TbHsp70.4, cooperated with Tbj2 in suppressing the thermal aggregation of 

MDH (Bentley and Boshoff, 2019). A common feature between Tbj2 and HsHep1 is that they also 

possess intrinsic holdase capabilities (Goswami et al., 2010; Burger et al., 2014; Bentley and Boshoff, 

2019; Dores-Silva et al., 2021). In this study (Section 4.4.2), TbHep1 was shown to be capable of 

suppressing aggregation, similar to HsHep1 and Tbj2. PfHep1 was determined to not possess intrinsic 

holdase activity (Nyakundi et al., 2016).  
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Figure 4.7: TbHep1 and TbmtHsp70 did not cooperate in the suppression of the  thermally induced 
aggregation of L-malate dehydrogenase (MDH). Incrementally adding TbHep1 (0.1-0.8 µM) to TbmtHsp70 
(0.2 µM) did not result in an improvement of the suppression of aggregation activity of TbmtHsp70. The MDH 
in the soluble fraction with TbmtHsp70 alone was set at 1-fold. The assays were conducted in triplicate using 
independently expressed and purified batches of proteins. The error bars represent standard deviation, with the 
asterisk indicating a significant difference between the soluble fractions of reactions with TbmtHsp70 and MDH 
alone and those containing TbHep1. Statistical significance was benchmarked at P < 0.05 using a student’s T-test. 

 

4.4.5 TbHsp70 and HSPA1A suppressed the thermally induced aggregation of MDH 

TbHsp70 which has been determined to suppress aggregation had been employed as a control in this 

study (Bentley and Boshoff, 2019). TbHsp70 and HSPA1A suppressed the thermally induced 

aggregation of MDH (Figure 4.8, A & B). These findings are also in line with previous studies whereby 

the cytosolic T. brucei Hsp70s, TbHsp70.4 and TbHsp70.c were determined to suppress the thermally 

induced aggregation of model substrates (Burger et al., 2014; Bentley and Boshoff, 2019). The T. cruzi 

cytosolic Hsp70, TcHsp70B, which is homologous to TbHsp70 was also demonstrated to be active 

against the thermally and chemically induced aggregation, respectively, of MDH and rhodanese (Burger 

et al., 2014). Suppression of thermally aggregated MDH and luciferase was also reported for P. 

falciparum cytosolic Hsp70, PfHsp70-1 (Shonhai et al., 2008; Zininga et al., 2016). The constitutively 

expressed cytosolic counterpart of HSPA1A, HSPA8 was unexpectedly observed to be susceptible to 

aggregation under heat stress conditions (Andreassend et al., 2020). 
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Figure 4.8: TbHsp70 and HSPA1A suppressed the thermally induced aggregation of L-malate 
dehydrogenase (MDH). When incubated at 48 °C with increasing concentrations (0.25-0.75 µM) of A) TbHsp70 
or B) HSPA1A, the presence of MDH (1 µM) aggregates was considerably reduced. The % aggregation was 
determined with the aggregation of the MDH alone set at 100 %. The assays were conducted in triplicate using 
independently expressed and purified batches of proteins. The error bars represent standard deviation, with the 
asterisks indicating a significant difference between reactions with MDH alone and those containing either 
TbHsp70 or HSPA1A. Statistical significance was benchmarked at P < 0.05 using a student’s T-test. 

 

4.4.6 TbHep1 and HsHep1, subjected to H2O2, induced oxidative stress, suppressed the 
thermally induced aggregation of MDH 

Hep1 orthologues have been determined to possess two CXXC tetra motifs which occur within the zinc 

finger domain, reviewed by Nyakundi et al. (2018). In the redox regulated molecular chaperone, Hsp33, 

the CXXC motif plays a central role in regulating the functionality whereby oxidative stress leads to 

the molecular chaperone’s activation primarily due to the formation of disulphide bonds (Graumann et 

al., 2001). In this preliminary study, TbHep1 and HsHep1 were subjected to H2O2 induced oxidative 

stress coupled to heat shock prior to being assessed for holdase function under conditions identical to 

those outlined in section 4.4.2 (Figure 4.3). TbHep1 (Figure 4.9A) and HsHep1 (Figure 4.10A) were 

determined to be active after having been exposed to oxidative stress conditions. The assay was also 

carried out on the oxidized TbHep1 and HsHep1 orthologues in the presence of 5 mM DTT, under 

identical conditions. The presence of DTT in high concentrations resulted in a slight reversal of the 

suppression of aggregation activities of TbHep1 (Figure 4.9B) and HsHep1 (Figure 4.10B). The 

comparative control, H2O2 oxidized Hsp33 also followed the same trend as TbHep1 and HsHep1 in the 

absence (Figure 4.11A) and presence of (Figure 4.11B) 5 mM DTT. Numerous investigations have been 

carried out on Hsp33 in this regard in previous studies, comprehensively reviewed by Ulrich et al. 
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(2021). The oxidative activation of Hsp33 has previously been shown to be reversible in the presence 

of DTT, in a time dependant manner (Jakob et al., 1999).  

 
Figure 4.9: Oxidized TbHep1 exhibits holdase activity towards thermally aggregated L-malate 
dehydrogenase (MDH). When incubated at 48 °C with increasing concentrations of oxidized A) TbHep1 (2-8 
µM) the presence of MDH (1 µM) aggregates was considerably reduced. B) In the presence of 5 mM DTT, the 
suppression of aggregation activity of oxidized TbHep1 (2 µM) was considerably reduced. The % aggregation 
was determined with the aggregation of the MDH alone set at 100 %. The assays were conducted in triplicate 
using independently expressed and purified batches of proteins. The error bars represent standard deviation, with 
the asterisks indicating a significant difference between reactions with MDH alone and those containing TbHep1. 
Statistical significance was benchmarked at P < 0.05 using a student’s T-test. 

 

In this study, oxidized TbHep1 (Figure 4.9B) and HsHep1 (Figure 4.10B) displayed DTT reversible 

activity in a similar manner as Hsp33 (Figure 4.11B), under identical experimental conditions. TbHep1 

reduced the aggregation of MDH at excess molar concentrations by more than 90 % (Figure 4.9A), with 

5 mM DTT partially reversing that activity (Figure 4.9B). HsHep1 also suppressed the aggregation of 

MDH by more than 90 % (Figure 4.10A), with 5 mM DTT partially reversing activity (Figure 4.10B).  
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Figure 4.10: Oxidized HsHep1 exhibits holdase activity towards thermally aggregated L-malate 
dehydrogenase (MDH). When incubated at 48 °C with increasing concentrations of oxidized A) HsHep1 (2-8 
µM) the presence of MDH (1 µM) aggregates was considerably reduced. B) In the presence of 5 mM DTT, the 
suppression of aggregation activity of oxidized HsHep1 (2 µM) was considerably reduced. The % aggregation 
was determined with the aggregation of the MDH alone set at 100 %. The assays were conducted in triplicate 
using independently expressed and purified batches of proteins. The error bars represent standard deviation, with 
the asterisks indicating a significant difference between reactions with MDH alone and those containing HsHep1. 
Statistical significance was benchmarked at P < 0.05 using a student’s T-test. 

 

The findings of this preliminary study suggest that TbHep1 and HsHep1, similar to Hsp33, possess 

holdase activity that is amenable to influences of the cells redox state. Hsp33 is active under oxidative 

stress, and inactive under reducing conditions (Jakob et al., 1999). Without having treated TbHep1 and 

HsHep1 with an oxidizing agent they exhibited potent holdase activity (Figure 4.3), having been 

purified under mildly reducing conditions (dialysed in buffer containing 0.5 mM DTT). Also, in 

previous studies whereby there was no oxidative stress exerted, HsHep1 was shown to be a potent 

holdase independently of mtHsp70 (Goswami et al., 2010; Dores-Silva et al., 2021). Hep1 suppression 

of mtHsp70 aggregation in this study and previous studies has been determined under conditions 

whereby oxidative stress was not a factor (Dores-Silva et al., 2015; Nyakundi et al., 2016; Dores-Silva 

et al., 2021). The co-expression of mtHsp70 with Hep1 in order to enhance the solubility of mtHsp70 

in E. coli can also be said to occur under reducing conditions since the prokaryotic cytosol is known to 

be a reducing environment (Sichting et al., 2005; Dores-Silva et al., 2013; Dores-Silva et al., 2015; 

Nyakundi et al., 2016). Therefore, more investigations are required to elucidate the underlying redox-

related mechanisms of the Hep1 chaperone activities. In the study by Dores-Silva et al. (2021) HsHep1 
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was prepared in TKP buffer containing 2 mM β-mercaptoethanol, whilst in this study all the proteins 

were prepared in buffer containing 0.5 mM DTT. Interestingly, in the study by Jakob et al. (1999), it 

was reported that Hsp33 not having been treated with oxidizing or reducing agent possesses activity 

that is on par with that of oxidized Hsp33. Furthermore, in the same study, substantial Hsp33 inhibition 

was observed in the presence of 3 mM DTT. 

 
Figure 4.11: Oxidized Hsp33 exhibits holdase activity towards thermally aggregated L-malate 
dehydrogenase (MDH). When incubated at 48 °C with increasing concentrations of oxidized A) Hsp33 (0.1-0.4 
µM) the presence of MDH (1 µM) aggregates was considerably reduced. B) In the presence of 5 mM DTT, the 
suppression of aggregation activity of oxidized Hsp33 (0.1 µM) was considerably reduced. The % aggregation 
was determined with the aggregation of the MDH alone set at 100 %. The assays were conducted in triplicate 
using independently expressed and purified batches of proteins. The error bars represent standard deviation, with 
the asterisks indicating a significant difference between reactions with MDH alone and those containing Hsp33. 
Statistical significance was benchmarked at P < 0.05 using a student’s T-test. 

 

4.4.7 TbHep1, HsHep1 and Hsp33 treated with H2O2 and heat shock exhibited structural 
modifications 

Hsp33 has been previously reported to form two intramolecular disulphide bonds by 

iodoacetamide/AMS thiol trapping (Jakob et al., 1999) at the CXC and CXXC motifs (Graumann et al., 

2001). In this study, with Hsp33 as a comparative control, oxidized TbHep1 and HsHep1 were subjected 

to reducing and non-reducing SDS-PAGE in order to decipher whether there may have been disulphide 

bond formation. Oxidized TbHep1, HsHep1 and Hsp33 were shown to migrate slightly further when 

not treated with β-mercaptoethanol (Figure 4.12). This suggests that the proteins had formed disulphide 

bonds at their CXXC motifs, resulting in more compact conformations which in turn resulted in further 
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migration in the SDS-PAGE gels. The disulphide bonds were amenable to reduction by β-

mercaptoethanol, resulting in less compact conformations that migrated slightly less (Figure 4.12). The 

importance of including BSA in this structural assessment is that the mammalian serum albumin is 

known to possess multiple cysteine residues which can result in the formation of 17 disulphide bonds 

(Carter and Ho, 1994). As can clearly be observed, oxidized BSA migrated to a much greater extent 

when compared to the reduced sample (Figure 4.12), serving as an indication of what should be 

expected of the migration of non-reduced and reduced protein samples of the same protein on an SDS-

PAGE gel.  

 
Figure 4.12: Reducing and non-reducing SDS-PAGE resulted in the electromobility shifts of the oxidized 
proteins. The oxidized proteins were separated on 10 % acrylamide gels using sample buffer with (lanes labelled 
R) or without (lanes labelled O) 5 % β-mercaptoethanol. In the lanes labelled M is the protein molecular mass 
marker (Bio-Rad Precision-Plus™ All Blue standards). The black asterisks indicate the point at which the bands 
representing the proteins of interest occur. 

 

The Hsp33 doublet can also be observed in Figure 4.12 as in Figure 3.16 in Section 3.4.1.9. In Section 

3.4.1.9 it appeared as though the doublet could have been due to the presence of both oxidized and 

reduced Hsp33 species in the same sample. However, in this section, one sample was loaded using 

buffer containing β-mercaptoethanol, whereas the other sample was subjected to non-reducing SDS-

PAGE. In the sample loaded with buffer void of β-mercaptoethanol resulted in the doublet migrating 

even further, therefore eliminating the possibility that the stacked bands are due to the presence of both 

reduced and oxidized Hsp33 species. As such, it could be a possibility that the doublet was due to the 
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overloading of a highly concentrated Hsp33 sample. Incorporating western blot detection could have 

served as further confirmation of the apparent electromobility shift observed between the samples 

subjected to reducing or non-reducing SDS-PAGE.  

Treating Hsp33 with oxidizing agents under heat stress not only leads to the formation of disulphide 

bonds, but further results in dimerization (Graumann et al., 2001). In a technique adapted from Segal 

and Shapira et al. (2015), oxidized and reduced independent samples of each of the proteins were 

analysed by native PAGE. Oxidized Hsp33 was shown to dimerize (Figure 4.13) as has previously been 

reported (Segal and Shapira, 2015). Oxidized and reduced TbHep1 appeared as monomeric species. 

Reduced HsHep1 appeared to be monomeric, whilst the oxidized sample of the protein showed no bands 

in the lane (Figure 4.13).  

 
Figure 4.13: Reduced and oxidized samples of TbHep1, HsHep1 and Hsp33 on a 12 % acrylamide gel. The 
samples were separated under native PAGE conditions at 60 V for 3 hours. In the lanes labelled R are the samples 
purified under strictly reducing conditions. In the lanes labelled O are the samples that were oxidized. In the lanes 
labelled M is the protein molecular mass marker (Bio-Rad Precision-Plus™ All Blue standards). The black arrows 
point to the bands representing the proteins of interest. The red arrow points to the Hsp33 dimer. 

 

This could mean that oxidized HsHep1 resulted in a higher order of oligomerization which could not 

migrate into the gel. Interestingly, the apparent TbHep1 and HsHep1 monomers migrated less than 
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Hsp33. This could be due to HsHep1 having been determined to be a slightly elongated monomer 

(Dores-Silva et al., 2013), therefore it could be inferred TbHep1 is also structurally elongated. 

Moreover, LbrHep1 has also been determined to be an extensively elongated monomer, which was 

suggested to be due to the extended N-terminal region (Dores-Silva et al., 2015). In place of native 

PAGE, oligomeric differences between the reduced and oxidized protein samples could have been 

observed using fast protein liquid chromatography (FPLC) whereby oligomeric species would elute 

before monomeric species. 

4.4.8 Assessment of the steady-state kinetics of TbmtHsp70, HSPA9, TbHsp70 and 
HSPA1A 

Hsp70s are ATP-dependant, possessing the ability to hydrolyze ATP. Thus, Hsp70s are regulated 

between different functional states by whether they are ATP or ADP bound (Kityk et al., 2018). The 

Michaelis-Menten curves obtained from this study show that there is a positive correlation between 

ATPase activity rate and ATP concentration of TbmtHsp70, HSPA9, TbHsp70 and HSPA1A (Figure 

4.14). The Km and Vmax values are shown in Table 4.1. The outcomes from this study imply that 

TbmtHsp70 has a lower affinity for ATP compared to its cytosolic counterpart, TbHsp70. The Vmax 

values imply the inverse, with TbmtHsp70 exhibiting a higher ATPase activity rate than TbHsp70. In a 

previous study with the cytosolic TbHsp70s, under differing experimental conditions, Bentley and 

Boshoff (2019) found that TbHsp70 had a higher basal activity than that of TbHsp70.4. Compared to 

HSPA9, TbmtHsp70 has a lower affinity for ATP, but still exhibited a higher ATPase activity rate. 

When comparing the human Hsp70s, HSPA9 had a slightly elevated ATPase activity rate and higher 

affinity for ATP.  

Table 4.1: The Km and Vmax values of the Hsp70s as they relate to their ATP hydrolysis activities. 

 

The Km of HSPA9 and HSPA1A were previously reported to be 190 and 270 µM, respectively. The 

Vmax, on the other hand, was determined to be 0.38 and 0.21 µM Pi/min for HSPA9 and HSPA9, 

respectively (Dores-Silva et al., 2015). The Vmax values obtained in this study for HSPA9 and HSPA1A 

are similar to those reported previously by Dores-Silva et al. (2015), whilst the Km values are different. 

The divergence in the Km values could be due to differences in methodology, nonetheless, the results 

obtained in this study still imply that HSPA9 has a higher affinity for ATP than HSPA1A. The increased 

ATP hydrolysis rates of TbmtHsp70 and HSPA9 point to a potential physiological adaptation of the 

Hsp70 homologue Km (µM) Vmax (µM Pi/min) 

TbmtHsp70 641.2 0.4906 

TbHsp70 50.52 0.2476 

HSPA9 125.1 0.3002 

HSPA1A 159.4 0.2683 
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mitochondrial Hsp70s. The import of proteins into the mitochondrion is driven by energy derived from 

ATP hydrolysis by mtHsp70. Therefore, it could be hypothesized that for an expeditious protein import 

process, mtHsp70s may be required to hydrolyse ATP at increased rates.  

 
Figure 4.14: Characterization of the steady-state kinetics of the Hsp70s with ATP as a substrate. The 
Michaelis-Menten curves of the A) mitochondrial Hsp70s (0.2 µM) and B) cytosolic Hsp70s (0.1 µM) generated 
by plotting the ATPase activities (expressed as µM Pi generated per min) of the Hsp70s as a function of ATP 
concentration (µM) using GraphPad Prism 9.2.0 (332) software. Non-linear regression was used. The assays were 
conducted in triplicate using independently expressed and purified batches of proteins.  

 

4.4.9 TbHep1 and HsHep1 stimulated the basal ATPase activity of TbmtHsp70, HSPA9, 
TbHsp70 and HSPA1A 

When evaluating the basal ATPase activities of the Hsp70s, they exhibited concentration dependant 

ATPase activity, except for HSPA1A (Figure 4.15). HSPA1A appeared to have a slightly lower ATPase 

activity than the T. brucei cytosolic Hsp70 (Figure 4.15). The reason for HSPA1A apparently having 

lower ATPase activity rate between 0.1 and 0.2 µM could be due to being saturated by ATP at low 

concentrations. In a study by Dores-Silva et al. (2015), HSPA1A has an ATPase activity rate that is 

approximately half that of HSPA9. These reports are also reflected in this study. The increase in ATPase 

activity as protein concentration increases indicates that more ATP was being hydrolysed as a result of 
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increased enzyme concentration, validating the Hsp70s as enzymes that hydrolyse ATP as their 

substrate. 

 
Figure 4.15: The basal ATPase activities of the Hsp70s expressed as µM Pi generated per min. The assay on 
the A) mitochondrial (0.1-0.2 µM) and the B) cytosolic Hsp70 (0.1-0.2 µM) was conducted at 37 °C in the 
presence of 125 µM ATP for 1 hour. The assays were conducted in triplicate using independently expressed and 
purified batched of proteins. 

 

The modulatory effects of the Hep1 orthologues on the ATPase activity rates of the Hsp70s was also 

assessed, using excess molar concentrations of Hep1 (Figure 4.16). TbHep1 had a notable stimulatory 

effect on the ATPase activity of TbmtHsp70 but had little effect on the activities of the other Hsp70s. 

HsHep1, on the other hand, stimulated the ATPase activities of all the Hsp70s, except TbHsp70 (Figure 

4.16). The stimulatory effects of TbHep1 and HsHep1 were lower on TbHsp70 and HSPA1A, 

respectively, than on the cytosolic Hsp70s from the same species (Figure 4.16). These results indicate 

that the Hep1 orthologues have greater specificity for their respective mtHsp70 orthologues, compared 

to the cytosolic Hsp70s. These results also point to HsHep1 being a more effective co-chaperone than 

TbHep1 since HsHep1 also stimulated the ATPase activity of HSPA1A. The study by Dores-Silva et 

al. (2021) also reported that HsHep1 had a greater stimulatory effect on the ATPase activity of 

monomeric HSPA9 than HSPA1A. In the same study, the same also held true for the modulatory effects 

of HsHep1 on aggregates of HSPA9 and HSPA1A basal ATPase activities. The stimulatory effect of 

HsHep1 on the ATPase activity of HSPA9 was also reported by Goswami et al. (2010). HSPA9 was 

also previously shown to be more amenable to ATPase activity stimulation by the NR peptide 

(sequence: NRLLLTG) compared to HSPA1A (Dores-Silva et al., 2015). The NR peptide is a substrate 
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peptide that is known to bind to E. coli DnaK with high affinity (Gragerov et al., 1994). The ability of 

Hep1 to stimulate the ATPase activity of mtHsp70 was also reported with the L. braziliensis orthologues 

whereby LbrHep1 stimulated the ATPase activity of LbmtHsp70 (Dores-Silva et al., 2015). Yeast Hep1 

was shown not to have an effect on the ATPase activity of mtHsp70 (Sichting et al., 2005). 

 
Figure 4.16: TbHep1 and HsHep1 enhanced the basal ATPase activities of Hsp70s. Excess molar 
concentrations of TbHep1 (0.5 µM) and HsHep1 (0.5 µM) were used to assess the ability of the Hep1 orthologues 
to modulate the intrinsic ATPase activities of the Hsp70s (0.1 µM). The Hsp70s alone were benchmarked at 1-
fold. The black asterisks indicate a significant difference between assays with the Hsp70s alone and those in 
combination with either TbHep1 or HsHep1. Background noise from the ATPase assay with Hep1 orthologues 
alone was also taken into account. The assays were conducted in triplicate using independently expressed and 
purified batches of protein. Statistical significance was benchmarked at P < 0.05 using a student’s T-test. 

 
4.5 Conclusions 

The aim of this study was to biochemically characterize the TbHep1 and TbmtHsp70 partnership. Also 

incorporated into this study were the stress inducible cytosolic Hsp70s from the T. brucei parasite and 

humans. The type I JDP Tbj2 was also used as a control in relation to some biochemical properties of 

the Hep1 orthologues that were being investigated. Tbj2 has previously been determined to suppress 

the thermally induced aggregation of model substrate MDH. In this study, TbHep1 was determined to 

be a TbmtHsp70 partner protein, as it suppressed the thermally induced aggregation of the mtHsp70. 

The characterization of the Hep1/mtHsp70 system in T. brucei was carried out in parallel to that of the 

previously characterized human system (Goswami et al., 2010; Dores-Silva et al., 2021). Indeed, 

HsHep1 suppressed the thermally induced aggregation of HSPA9. In this study, TbHep1 was also tested 

for the ability to interact with the cytosolic Hsp70, TbHsp70. TbHep1 was shown to interact with 
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TbHsp70 by preventing the formation of thermal aggregates of TbHsp70. Parallel to the characterization 

of the interaction of TbHep1 with TbHsp70, was the determination of the effect of HsHep1 on HSPA1A 

thermally induced aggregation, as has recently been reported by Dores-Silva et al. (2021). Indeed, in 

this study, HsHep1 also prevented the thermally induced aggregation of HSPA1A. HsHep1 has been 

reported to localise in the nucleoplasm, whilst HSPA9 also occurs in the cytosol (Dores-Silva et al., 

2021). Therefore, there could be a possibility that HsHep1 co-localises with HSPA9 in the cytosol, 

having the opportunity to also interact with cytosolic Hsp70. The findings of this study suggest that a 

partnership between Hep1 and cytosolic Hsp70 is possible. TbHep1 and HsHep1 also suppressed the 

thermally induced aggregation of HSPA1A and TbHsp70, respectively.  

TbHep1 and HsHep1 were further shown to possess the ability to suppress the thermally induced 

aggregation of MDH by means of both spectrophotometric and densitometric analysis. By densitometric 

analysis, they were further shown to possess holdase activity using citrate synthase as a substrate. 

HsHep1 appeared to be a more effective at suppressing the aggregation of MDH than TbHep1. TbHep1 

seemed to be slightly more effective at suppressing the aggregation of citrate synthase than HsHep1. 

Therefore, the activity of TbHep1 and HsHep1 could also be substrate dependant, rather than HsHep1 

just being a more efficacious chaperone. In this regard, it would be worthwhile to determine the holdase 

activity of other Hep1 orthologues, TbHep1 and HsHep1 included, using a wide array of aggregated 

proteins as substrate. Incorporating PfHep1 and LbrHep1, which were reported to not possess holdase 

activity against MDH and citrate synthase, would be useful in determining the substrate 

specificity/affinity parameters and holdase capabilities of Hep1. The suppression of MDH aggregation 

activity of TbHep1 and HsHep1 mirrored that of Tbj2.  HsHep1 in this study was also shown to be more 

effective against HSPA9 aggregation compared to TbHep1 on TbmtHsp70 aggregates. The potential 

physiological relevance thereof being that mtHsp70 defects are fatal for mammalian cells (Wadhwa et 

al., 1993). To validate this hypothesis, the effects of TbmtHsp70 deletion in T. brucei could be assessed. 

The mitochondrial Hsp70s, TbmtHsp70 and HSPA9, were both determined to be active on thermally 

induced aggregates of MDH by means of spectrophotometric and densitometric analysis. By 

densitometric analysis, TbmtHsp70 was also shown to suppress the thermally induced aggregation of 

citrate synthase, albeit with less efficiency. Substrate preference has previously been demonstrated with 

TbHsp70.c being less effective on chemically denatured rhodanese compared to thermally aggregated 

MDH. The suppression of aggregation activity of PfHsp70-3 on thermally aggregated MDH or citrate 

synthase was demonstrated to be similar (Nyakundi et al., 2016). HSPA9 has previously been shown to 

be effective against citrate synthase and DTT-treated insulin aggregates (Khan et al., 2017). In addition 

to determining whether Hep1 proteins interact with cytosolic Hsp70s, TbHsp70 and HSPA1A were also 

included for the comparative validation of the suppression aggregation activity of TbmtHsp70 and 

HSPA9. The suppression of aggregation activity of TbmtHsp70 and HSPA9 was determined to be 

similar to that of TbHsp70 and HSPA1A by means of spectrophotometric analysis. TbHsp70 and MDH 
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have previously been determined to suppress aggregation, with TbHsp70 having been shown to 

suppress the thermally induced aggregation of MDH (Bentley and Boshoff, 2019; Serlidaki et al., 2020). 

This is the first study to analyse the functional and structural effects of oxidative stress on Hep1 proteins. 

Both TbHep1 and HsHep1 demonstrated to be potent holdase chaperones as they suppressed the 

thermally induced aggregation of MDH under the same conditions as with the reduced samples (0.5 

mM DTT) of the same proteins. The holdase activity of the oxidized Hep1 orthologues was partially 

reversed when the assay was carried out in the presence of 5 mM DTT. The comparative control, Hsp33 

followed the same trend as the test proteins in this study, similar to the reports of previous studies (Jakob 

et al., 1999), comprehensively reviewed by Ulrich et al. (2021). Hsp33 is absent in higher eukaryotes, 

making it tempting to speculate that Hep1 could be a descendant or evolutionary replacement of Hsp33 

in a functional continuum since the mitochondrion is a symbiotic organelle (Nyakundi et al., 2018). The 

eukaryotic Hsp33 in algae, Chlamydomonas reinhardtii, unlike prokaryotic Hsp33, is activated by H2O2 

induced oxidative stress, even in the absence of heat (Segal and Shapira, 2015). TbHep1 and HsHep1 

should further be studied to determine the specific effects of oxidative stress, in the absence of heat 

shock. It is assumed that oxidative stress would result in disulphide bond formation between the cysteine 

residues at the CXXC motifs of the Hep1 orthologues. By means of reducing and non-reducing SDS-

PAGE, it was observed that the oxidized Hep1 orthologues migrated further through the polyacrylamide 

gel, suggesting that the oxidized forms of the proteins were more compact as a result of disulphide bond 

formation. The same was also observed for the comparative control, Hsp33, which has previously been 

shown to form to disulphide bonds at its CXC and CXXC motifs by means of thiol trapping (Graumann 

et al., 2001). Thiol trapping would provide additional validation of the results obtained in this study that 

indeed the migration differences were due to disulphide bond formation.  A known consequence of 

disulphide bond formation is the release of the zinc ion coordinated by the cysteine residues of Hsp33 

(Graf et al., 2004). Analysing zinc binding by reduced or oxidized TbHep1 and HsHep1 samples could 

also assist in deciphering if any disulphide bonds occur. The comparative control, Hsp33, is known to 

dimerize as a result of the disulphide bond formation (Graumann et al., 2001), and this was confirmed 

in this study by means of native PAGE. Reduced and oxidized TbHep1 was shown to be monomeric, 

with the same holding true for reduced HsHep1. Oxidized HsHep1 did not show any bands in the native 

PAGE gel, probably due to a higher order of oligomerization which could not migrate into the gel. 

Previous studies whereby Hep1 is not oxidized have reported oligomerisation (Dores-Silva et al., 2013). 

Hsp33 dimerization has previously been demonstrated by native PAGE (Segal and Shapira, 2015). The 

reducing and non-reducing SDS-PAGE was confirmed using BSA as a control. Mammalian serum 

albumins form 17 disulphide bonds (Carter and Ho, 1994). BSA served as a good positive control as a 

it served as a template of what differences in migration should be expected from reduced and oxidized 

forms of the same protein. In the native PAGE, the HsHep1 monomers appeared to have migrated less 

than Hsp33. HsHep1 has previously been shown to be an elongated monomer (Dores-Silva et al., 2013), 



135 
 

as well as LbrHep1 (Dores-Silva et al., 2015). Analytical size exclusion chromatography (aSEC) was 

used in determining the structural elongation of HsHep1 and LbrHep1. The structural elongation can 

also be inferred for TbHep1. Fast protein liquid chromatography (FPLC) could also be useful for 

determining oligomerisation. 

With regard to the ATPase activities of the Hsp70s, they were all shown to possess the ability to 

hydrolyse ATP. Deriving from the Km values, TbHsp70 was shown to have the highest affinity for ATP, 

followed by HSPA9, HSPA1A and then TbmtHsp70. With the parasitic Hsp70s, the cytosolic Hsp70 

had a higher affinity for ATP compared to the mitochondrial paralog, whilst the inverse was true for 

the human Hsp70s. The mitochondrial Hsp70s exhibited higher ATPase activity rates compared to the 

cytosolic paralogs, and this applied to both the parasitic and human orthologues. When determining if 

increased Hsp70 concentration resulted in increased ATP hydrolysis it was found that increasing the 

concentrations of all the Hsp70s, except HSPA1A, resulted in an increase in Pi generation. This pointed 

to the Hsp70s being enzymes that hydrolyze ATP as their substrate. TbHep1 was shown to have a 

stimulatory effect on the ATPase activity of TbmtHsp70, and not on TbHsp70. HsHep1 stimulated the 

basal ATPase activities of HSPA9 and HSPA1A, HSPA9 to a greater extent. This was in line with the 

findings of a previous study (Dores-Silva et al., 2021). These findings indicate that the Hep1 

orthologues have a greater interaction specificity for the mitochondrial Hsp70, and this is affirmed by 

findings of previous studies (Dores-Silva et al., 2015; Dores-Silva et al., 2021). The ability to enhance 

the ATPase activity of Hsp70 is associated with type I and II J-proteins. In this study, TbHep1 and 

HsHep1 also exhibited the J-protein property of possessing holdase function. This raises the question 

of whether Hep1 also serves the function of presenting Hsp70 with client protein for folding. 

The benefit of characterizing the T. brucei Hep/mtHsp70 partnership parallel to that of humans is that 

it could preliminarily be assessed if this system’s interaction mechanisms are conserved between the 

two species. TbHep1 was shown to be capable of suppressing HSPA9 and HSPA1A aggregation, and 

this was found to be also the case for HsHep1 on TbmtHsp70 and TbHsp70 aggregates. HsHep1 also 

stimulated the basal ATPase activity of TbmtHsp70. These findings imply that the Hep1 mode of action 

on mtHsp70 is conserved between T. brucei and humans.  
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CHAPTER FIVE 
Conclusions and future perspectives 

This study focussed on the mitochondrial Hsp70 (mtHsp70) and Hsp70 escort protein 1 (Hep1) of the 

African trypanosome, with the foresight that it could potentially be relevant for anti-trypanosomal drug 

discovery. The human orthologues of mtHsp70 and Hep1 were included for the benefit of comparative 

analysis since numerous studies have characterised the human mtHsp70 (HSPA9) and Hep1 (HsHep1) 

partnership. Furthermore, they were included in order to determine if there are any differential aspects 

between the human and parasitic mtHsp70/Hep1 systems that could potentially be exploited in the 

interest of anti-trypanosomal drugs, such that only the parasitic proteins are inhibited.  Due to possessing 

zinc finger domains in common, the Hep1 orthologues were also comparatively analysed together with 

type I J-proteins and Hsp33 orthologues. 

In silico analysis of TbHep1 and HsHep1, including many other putative Hep1 orthologues was carried 

out. In terms of primary structure, TbHep1 and HsHep1, along with all the Hep1 orthologues, were 

determined to possess a highly conserved zinc finger domain. Outside of the zinc finger domain, there 

was divergence. However, for the first time in this study, it was uncovered that the N- and C-terminal 

regions are actually very similar when compared amongst orthologues from closely related organisms. 

This observation was also made in terms of predicted posttranslational modifications. The 

posttranslational modifications were prevalent in the N- and C-terminal regions, whereby some of them 

were common amongst orthologues of closely related organisms. This led to the conclusion that the N- 

and C-terminal regions may be functionally relevant within the context of the organisms in which they 

occur. Future studies should explore this hypothesis, whereby complementation assays are carried out 

in cells of organisms using Hep1 chimeras possessing N- and C-terminal regions from Hep1 orthologues 

of distant organisms. This could be a first step in determining if the N- and C-terminal regions are 

essential according to species of origin. For example, with human cells with the Hep1 gene knocked 

down, a chimera constituted of the HsHep1 zinc finger, linked to the N- and C-terminal regions of 

TbHep1 could be used in complementation assays.  

HsHep1 in the study by Dores-Silva et al., (2021) was reported to potentially bind the mitochondrial 

membranes, localise in the nucleoplasm and interact with cytosolic Hsp70. With regard to the potential 

of HsHep1 to localise in the nucleoplasm it should be kept in mind that HSPA9 has also been shown to 

localise in the nucleus under stress conditions (Wadhwa et al., 2006). In the case of parasitic diseases 

such as HAT, the differences between the HsHep1 and TbHep1 orthologues should be explored to form 

a foundation from which anti parasitic drugs may be developed, such that they have no detrimental 

effects in human cells. In comparing the predicted tertiary structures of TbHep1 and HsHep1, a 

structural variation was observed at their N-terminal regions. The regions outside of the zinc finger 
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domains are known to be divergent in terms of primary structure, but in this case they were also different 

in terms of secondary structure at the N-termini. The N-terminal region signature sequence that TbHep1 

shares with the other kinetoplastid organisms occurred within an α-helix, which HsHep1 lacks. In terms 

of drug discovery, docking in silico analysis could be carried out using a library of compounds to predict 

those that preferentially bind to the TbHep1 signature sequence before laboratory experiments are 

carried out. 

Phylogenetic and distance analysis proved that in general, Hep1 orthologues from related organisms are 

similar. This was observed when the Hep1 orthologues were analysed according to their full-length 

sequences, the N-terminal region and the zinc finger domain. However, with analysis using the full-

length sequences and N-terminal region, there were some discrepancies whereby some orthologues 

from distantly related organisms occupied the same clades. Also, with the yeast and flies, orthologues 

from different genera were segregated when analysed according to the full-length sequences and the N-

terminal regions. Surprisingly, though highly conserved across all the orthologues, the zinc finger 

domain phylogenetic analysis strictly segregated the orthologues according to which type of organism 

they originate from. Therefore, all the fly Hep1 orthologues converged, regardless of genera, the same 

held true for the yeast Hep1 orthologues of different genera. This led to the conclusion that even though 

the zinc finger domain is highly conserved throughout nature, there are some residues or motifs within 

this domain that can only be found in the orthologues of certain organisms. Also, regarding the zinc 

finger domain of the Hep1 orthologues, they possess almost the same number of amino acid residues, 

and have similar molecular weights. Syntenic analysis revealed that synteny is conserved amongst 

orthologues of close relations. 

In terms of the mammalian Hep1 orthologues, some murine and primate organisms were discovered to 

possess multiple isoforms of Hep1. It seemed as if there could have been Hep1 gene duplication events 

in these organisms, but the isoforms within a single organism were determined to possess the same gene 

IDs. This suggests that the Hep1 gene in these organisms is subject to alternative splicing whereby 

multiple products may be obtained from the same gene. These isoforms need to be confirmed at the 

proteomic level, and complementation assays carried out on knock down cells to determine the 

physiological significance of these isoforms. What is intriguing about the murine Hep1 isoforms is that 

some of them lack the zinc finger domain, falling into two categories of sequence conservation. Since 

alternative splicing is accepted to be a mechanism by which higher eukaryotes achieve complexity from 

a limited gene set, it should be investigated why the primate Hep1 isoforms all possess the zinc finger 

domain and are highly identical within the same organism (Tress et al., 2007).  

TbHep1 and HsHep1 were also analysed comparatively with type I J-proteins and Hsp33 orthologues. 

Primary sequence analyses revealed that Hep1 conservation with the zinc fingers of the J-proteins and 

Hsp33 orthologues was at the cysteine rich motifs that bind zinc. Distance analyses revealed the Hep1 
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orthologues to be slightly more similar to type I J-proteins compared to the Hsp33 orthologues. The 

substrate binding mechanisms of Hsp33 and type I and type II J-proteins have been described. 

Moreover, the ability of type I and II J-proteins have been described in terms of how they stimulate the 

ATPase activity of Hsp70s. With Hep1, these mechanisms still need to be uncovered. With regard to 

the cysteine rich motifs of TbHep1 and the other kinetoplastid Hep1 orthologues used in this study, the 

kinetoplastid Hep1 genes are in close proximity with genes possessing CXC, CXXC and CXXXC 

motifs. This points to the cysteine motifs in the kinetoplastid Hep1 orthologues as being essential for 

function. Proteomic studies of the kinetoplastid Hep1 orthologues together with the other cysteine rich 

motif proteins could also shed some more light into their range of functions. Due to the proximity of 

the genes, kinetoplastid Hep1 could be under the same transcriptional control as the other cysteine rich 

motif proteins. For example, heat or oxidative stress could be applied onto the trypanosomatid 

organisms, and then analysed to determine if Hep1 is upregulated along with the other cysteine rich 

motif proteins. In this regard, it is plausible that Hep1 may be upregulated under heat stress, as a 

potential protective mechanism against the self-aggregation of mtHsp70.  

Adjacent to the Hep1 gene in trypanosomatids is the gene encoding J32, which is a type III J-protein 

that is thought to reside in the ER. Previously, an association between Hep1 and type III J-proteins has 

been hypothesized. The hypothesis, dubbed the fractured J hypothesis, postulates that Hep1 may also 

function to supplement type III J-proteins in presenting substrate proteins to Hsp70 (Burri et al., 2004). 

In the hypothesis, Hep1 is said to act as a zinc finger domain for the J domain of Pam18 which is a type 

III J-protein. In this regard, confirming the localisation of J32 in the mitochondria would be worthwhile, 

followed by experimental confirmation of whether the trypanosomatid Hep1 orthologues and J32 

combination acts a type I J-protein. In these confirmatory experimental studies, it should be kept in 

mind that TbHep1 in this study, exhibited some functional properties of type I J-proteins. 

TbmtHsp70 and HSPA9 were also observed in this study, in comparison to orthologues from various 

organisms. In terms of primary structure, TbmtHsp70 and HSPA9 were determined to be canonical 

mtHsp70 orthologues. At the ATPase domain and linker region, TbmtHsp70 and HSPA9 proved to be 

highly identical to the other mtHsp70 orthologues used in this study. Previously characterised 

orthologues used in this study included PfHsp70-3 and LbrmtHsp70. Therefore, it can be predicted that 

TbmtHsp70 is prone to self-aggregation. TbmtHsp70 has been determined to be essential for the import 

of mitochondrial tRNA and the maintenance of kDNA but has not been studied in terms of the self-

aggregation property of mtHsp70s (Tan et al., 2002; Tschopp et al., 2011; Týč et al., 2015). 

Posttranslational modifications carried out revealed that there is minimal conservation amongst the 

mtHsp70 orthologues in this regard. More investigations need to be conducted in order to determine the 

entity of mtHsp70s that result in self-aggregation in the mitochondria. The E. coli DnaK orthologue 
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when directed to the mitochondria does not aggregate, despite being highly identical to mtHsp70s 

(Blamowska et al., 2010). In terms of tertiary structure, HSPA9 and TbmtHsp70 proved to be similar. 

Experimental data from this study indeed showed that TbmtHsp70 is prone to aggregation, which is 

remedied by TbHep1. Previous studies with HSPA9 and HsHep1 have shown that HsHep1 prevents the 

aggregation of HSPA9 (Goswami et al., 2010; Dores-Silva et al., 2013). This study further went on to 

show that the mtHsp70/Hep1 systems between humans and T. brucei are conserved as HsHep1 and 

TbHep1 prevented the aggregation of TbmtHsp70 and HSPA9, respectively. The only shared similarity 

between TbHep1 and HsHep1 is at the zinc finger, therefore implicating the domain in the suppression 

of mtHsp70 aggregation activity of the orthologues. The same held true for ATPase activity whereby 

TbHep1 stimulated TbmtHsp70 and cytosolic TbHsp70 ATPase activity. The ATPase activity 

stimulation capability of HsHep1 has previously been confirmed for HSPA9 and the cytosolic Hsp70, 

HSPA1A (Dores-Silva et al., 2021). TbHep1 also stimulated the ATPase activity of the human Hsp70 

orthologues, just as HsHep1 stimulated the ATPase activity of the T. brucei Hsp70 orthologues. TbHep1 

is the third Hep1 orthologue that has been confirmed to stimulate the ATPase activity of its partner 

Hsp70. Far westerns or surface plasmon resonance (SPR) could be used to confirm the species-specific 

and cross-species interaction of the Hsp70/Hep1 system. In this regard, truncation studies of TbHep1 

and HsHep1 could also be conducted with the aim of determining the functional regions of these 

proteins in stimulating the ATPase activities of the Hsp70s, and in suppressing the aggregation of model 

substrate proteins. This is especially in light of the levels of conservation determined for TbHep1 and 

HsHep1 when comparing them to their fellow kinetoplastid and mammalian Hep1 orthologues, 

respectively, at their N- and C-termini.  

For the first time, this study has demonstrated that Hep1 may also be more active under oxidative stress 

conditions. With Hsp33 employed as a control in this regard, TbHep1 and HsHep1, subjected to 

simultaneous heat and oxidative stress proved to be able to suppress the thermally induced aggregation 

of model substrate protein MDH. Using reducing and non-reducing PAGE, the Hep1 orthologues were 

shown to potentially form cysteine disulphide bonds (cystines) which resulted in more compact 

conformations which migrate further during electrophoresis. In this regard, more downstream 

confirmative procedures need to be carried out, such as thiol trapping which has been applied to Hsp33 

(Jakob et al., 1999). It was not conclusively determined whether the oxidised Hep1 orthologues also 

dimerise like Hsp33. Methods such as FPLC could be applied for that purpose. Hsp33 has been 

demonstrated to dimerize subsequent to the formation of the disulphide bonds. Complementation assays 

could also be carried out to determine the potential of the Hep1 orthologues to functionally replace 

Hsp33 under conditions of cellular oxidative stress. In the context of determining the physiological 

relevance of Hep1 as a chaperone of oxidative stress. Assays, in vivo, could be carried out to determine 

the effects of Hep1 knockdown under oxidative stress. For example, drugs that are known to exert 
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oxidative pressure on the mitochondrion could be tested on wild type and Hep1 knockdown cell lines 

to potentially determine the physiological significance of Hep1 in alleviating the effects of oxidative 

stress. Of the existing drugs, nifurtimox which is used in combination with DFMO is known to place 

trypanosomal cells under oxidative stress. The effects of Hep1 knockdown on nifurtimox induced 

oxidative stress could also be investigated in order to determine if drugs that targets Hep1 could 

synergistically cooperate with nifurtimox in killing trypanosomes. 

Hep1 deletions and mutations have been reported to have similar effects to the deletion of mtHsp70 and 

may eventually lead to cell death. Therefore, given the essential role of mtHsp70 in the cell, the 

mtHsp70/Hep1 partnership could be exploited as a potential drug target. The mtHsp70 independent 

roles of Hep1, some of which have been explored and determined in this study, place a further 

importance on the potential of Hep1 as a drug target. The cellular roles of Hep1 still need to be further 

explored in order to determine the physiological reach of the protein, and validation studies carried out 

in order to determine if Hep1 is indeed essential for cell survival. 
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Appendices 
Supplementary data and information 

Appendix A 

Table A1: Details regarding the Hep1 orthologues and homologues utilised in this study. These include the 
species/strain of origin and database accession numbers. 

 

Orthologue Database Organism / Species Strain / NCBI Taxa id  Database 
accession id 

TbbHep1  
 
 
 
 
 
 

TriTrypDB 

Trypanosoma brucei brucei TREU927 Tb927.3.2300 

TbgHep1 Trypanosoma brucei gambiense DAL972 Tb972.3.2280 

TeqHep1 Trypanosoma equiperdum OV1 TEOVI_000221600 

TevHep1 Trypanosoma evansi STIB805 TevSTIB805.3.2330 

TcrHep1 Trypanosoma cruzi CL Brener non-Esmeraldo-like TcCLB.508479.274 

TviHep1 Trypanosoma vivax Y486 TvY486_0301660 

TcoHep1 Trypanosoma congolese IL3000 TcIL3000_0_42310 

LbrHep1 Leishmania braziliensis MHOM/BR/75/M2904 LbrM.25.0680 

LdoHep1 Leishmania donovani BPK282A1 LdBPK_250830.1 

LmjHep1 Leishmania major Friedlin LmjF.25.0800 

LmxHep1 Leishmania Mexicana MHOM/GT/2001/U1103 LmxM.25.0800 

BsalHep1 Bodo saltans Lake Konstanz BSAL_79370 

CfHep1 Crithidia fasciculata CF-CL CFAC1_220016500 

PfHep1  
PlasmoDB 

Plasmodium falciparum 3D7 PF3D7_1420300 

PmalHep1 Plasmodium malariae UG01 PmUG01_13038600 

PviHep1 Plasmodium vivax P01 PVP01_1328600 

PberHep1 Plasmodium berghei ANKA PBANKA_1022900 

TgoHep1 ToxoDB Toxoplasma gondii ME49 TGME49_260340 

AtHep1  
 
 
 
 
 
 

NCBI 

Arabidopsis thaliana 3702 NP_974434.2 

ScHep1 Saccharomyces cerevisiae 4932 NP_014089.2 

SpasHep1 Saccharomyces pastorianus 27292 QID81845.1 

SparHep1 Saccharomyces paradoxus 27291 XP_033768657.1 

CneoHep1 Cryptococcus neoformans 5207 XP_024514386.1 

CalbHep1 Candida albicans 5476 KHC45981.1 

HsHep1 Homo sapiens 9606 NP_001074318.1 

MsmHep1-iso1 Mus musculus 10090 NP_081104.1 

BtauHep1 Bos taurus 9913 XP_003586730.1 

DmelHep1 Drosophila melanogaster 7227 NP_573061.2 

DsimHep1 Drosophila simulans 7240 XP_016039443.1 

MdomHep1 Musca domestica 7370 XP_00518472.3 

CrHep2 C-term Chlamydomonas reinhardtii 3055 XP_001700157.1 

ATZR3 Arabidopsis thailiana 3702 AAO64784.1 
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Table A2: Details regarding the J-proteins and Hsp33 orthologues utilised in this study. These include the 
species/strain of origin and database accession numbers. 

 Organism/Species Strain / Taxa ID Database Accession ID 

Tbj2 Trypanosoma brucei brucei TREU927  
 
 
 

TriTrypDB 

Tb927.2.5160 

Tcrj2 Trypanosoma cruzi CL Brener non-Esmeraldo-
like 

TcCLB.511627.110 

Lbrj2 Leishmania braziliensis MHOM/BR/75/M2904 LbrM.27.2610 

Lmjj2 Leishmania major Friedlin LmjF.27.2400 

Tbj50 Trypanosoma brucei brucei TREU927 Tb927.9.12730 

Tcrj50 Trypanosoma cruzi CL Brener non-Esmeraldo-
like 

TcCLB.510743.100 

Lbrj50 Leishmania braziliensis MHOM/BR/75/M2904 LbrM.34.2890 

Lmjj50 Leishmania major Friedlin LmjF.35.2980 

TbHsp33/TrypOX Trypanosoma brucei brucei TREU927 Tb927.6.2630 

LbrHsp33 Leishmania braziliensis MHOM/BR/75/M2904 LbrM.30.1710 

LmjHsp33 Leishmania major Friedlin LmjF.30.1670 

TcrHsp33 Trypanosoma cruzi CL Brener non-Esmeraldo-
like 

TcCLB.509965.120 

Pfj1 Plasmodium falciparum 3D7 PlasmoDB PF3D7_1437900 

TgonJ-proein Toxoplasma gondii MR49 ToxoDB TGME49_311240 

ScYdj1 Saccharomyces cerevisiae 4932  
 
 
 
 
 
 
 

NCBI 

NP_014335.1 

DmelDnaJ-like-2 Drosophila melanogaster 7227 NP_650283.1 

HsDNAJA1 Homo sapiens 9606 NP_001530.1 

ScMdj1 Saccharomyces cerevisiae 4932 QHB08320.1 

DmelTid-56 Drosophila melanogaster 7227 CAA64531.1 

HsTid-1L Homo sapiens 9606 NP_005138.3 

HsTid-1S Homo sapiens 9606 NP_001128582.1 

EcDNAJA1 Escherichia coli 562 MRF42610.1 

SmarDNAJA1 Serratia marcecens 615 MBH2573448.1 

PaerDNAJA1 Pseudomonas aeruginosa 286/287 WP_009685335.1 

SaurDNAJA1 Staphylococcus aureus 1280 MCR0757594.1 

EcHsp33 Escherichia coli 562 EDV67745.1 

SmarHsp33 Serratia marcecens 615 WP_060448467.1 

PaerHsp33 Pseudomonas aeruginosa 286/287 MXH37999.1 

SaurHsp33 Staphylococcus aureus 1280 HAY6579316.1 

OsatHsp33 Oryza sativa 4530 EEC84194.1 

CrHsp33 Chlamydomonas reinhardtii 3055 PNW70318.1 
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Table A3: Details regarding the murine and primate Hep1 orthologues/isoforms investigated in this study. Details include the species of origin, computationally 
predicted physical properties and NCBI accession numbers.

 NCBI Accession 
ID 

Murine or 
Primate? 

Species (Taxa ID / 
Gene ID) 

# AA 
residues 

MW (Da) pI  Localisation zf-
DNL? 
(Y/N) 

AA 
residues 
(zf-DXL) 

MW (zf-
DNL) 

MsmHep1-iso1 NP_081104.1  
 
 
 
 
 
 
 
 

Murine 

Mus musculus (10090 / 
52838) 

 

177 19403.05  9.58  Mitochondria Y 66 7386.51 

MsmHep1-iso2 NP_001132975.1 82 9265.58  11.32  Mitochondria N - - 

MsmHep1-iso3 NP_001132976.1 122 13762.90 11.64  Mitochondria N - - 

MpHep1-iso1 XP_021050144.1 Mus pahari 
(10093 / 110319072) 

 

174 19017.52  9.23  Mitochondria Y 66 7386.51 

MpHep1-iso2 XP_021050145.1 118 13298.31  11.64  Mitochondria N - - 

MpHep1-iso3 XP_021050146.1 78 8765.92  11.35  Mitochondria N - - 

McarHep1-iso1 XP_021011688.1 Mus caroli 
(10089 / 110289692) 

174 19162.74 9.42  Mitochondria Y 66 7386.51 

McarHep1-iso2 XP_021011689.1 119 13478.59  11.64  Mitochondria N - - 

McouHep1-iso1 XP_031225303.1 Mastomys coucha 
(35358 / 116089854) 

 

226 24859.32  10.60  Mitochondria Y 66 7386.51 

McouHep1-iso2 XP_031225305.1 171 19169.12  11.65  Mitochondria N - - 

McouHep1-iso3 XP_031225306.1 131 14672.77  11.79  Mitochondria N - - 

GsurHep1-iso1 XP_028628786.1 Grammomys surdaster 
(491861 / 114625609)  

173 19292.92  9.42  Mitochondria Y 66 7386.51 

GsurHep1-iso2 XP_028628787.1 118 13457.60  11.67  Mitochondria N - - 

AsylHep1-iso1 XP_052037841.1 Apodemus sylvaticus 
(10129 / 127685086) 

173 18973.62  9.71  Mitochondria Y 66 7386.51 

AsylHep1-iso2 XP_052037846.1 118 13206.36  11.49  Mitochondria N - - 

NgalHep1-iso1 XP_029423617.1  
Nannospalax galili 

(1026970 / 103741206) 
 

202 22088.31  8.97  Mitochondria Y 66 7389.48 

NgalHep1-iso2 XP_017655799.2 172 18763.45  9.86  Mitochondria Y 66 7389.48 

NgalHep1-iso3 XP_017655800.1 118 13199.29  12.05  Mitochondria N - - 

 NgalHep1-iso4 XP_029423618.1 78 8581  11.94  Mitochondria N - - 

HmolHep1-iso1 XP_032021543.1  
 
 

Primate 

Hylobates moloch 
(81572 / 116475863) 

 

212 22428.73 9.80  Mitochondria Y 66 7341.43 

HmolHep1-iso2 XP_032021544.1 200 22263.71  10.79  Mitochondria Y 66 7341.43 

HmolHep1-iso3 XP_032021545.1 189 20263.35  10.56  Mitochondria Y 66 7341.43 

HmolHep1-iso4 XP_032021546.1 180 19365.04  9.54  Mitochondria Y 66 7341.43 

CjacHep1-iso1 XP_035119009.1 Callithrix jacchus 
(9483 / 100399618) 

233 25036.32  10.03  Mitochondria Y 66 7355.46 

CjacHep1-iso2 XP_035119020.1 189 20625.70 11.26  Mitochondria Y 60 6674.76 



IV 
 

Table A4: Details regarding the murine Hep1 orthologues returned when Mus musculus Hep1 isoforms 1 and 2 without zinc finger domains were used as BLASTP search 
queries. 

 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Isoform NCBI accession ID  

Meriones unguiculatus 3 XP_021496788.1 Short 

Ascomys russatus 3 XP_051022554.1 

Arvicanthis niloticus 2 XP_034360666.1  
 

Long 
Acomys russatus 2 XP_05102255.3 

Onychomys torridus 2 XP_036039773.1 

Peromyscus californicus insignis 2 XP_05251065.1 

Peromyscus maniculatus bairdii 2 XP_006981044.1 

Meriones unguiculatus 2 XP_021496787.1 

Peromyscus leocopus 2 XP_028724670.1 

Jaculus Jaculus 2 XP_004654135.2 
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 Table A5: Details regarding the Hsp70 orthologues used in this study. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Orthologue Database Organism/Species (Strain/Taxa ID) Database accession id MW (Da) pI # AA residues 

TbHsp70  
 
 
 
 
 
 

TriTrypDB 
 

 

 
 

Trypanosoma brucei brucei 
(TREU927) 

Tb927.11.11330 71408.78 5.29 661 

TbHsp70.4 Tb927.7.710 70211.83 4.95 639 

TbHsp70.c Tb927.11.11290 73630.82 5.11 676 

TbmtHsp70 Tb927.6.3740 71475.05 5.76 657 

TbGRP78A/BiP Tb927.11.7460 71435.18 5.34 653 

TcrHsp70 Trypanosoma cruzi  
(CL Brener non-Esmeraldo-like & 

CL Brener Esmeraldo-like) 

TcCLB.511211.170 73298.06 5.42 677 

TcrmtHsp70 TcCLB.507029.30 70990.26 5.75 655 

TcrGRP78A/BiP TcCLB.506585.40 71315.87 5.09 651 

LmjHsp70 Leishmania major 
(Friedlin) 

LmjF.28.2770 71652.76 5.30 658 

LmjmtHsp70 LmjF.30.2460 68948.27 5.81 635 

LmjGRP78/BiP LmjF.28.1200 71940.59 5.05 658 

LbrHsp70 Leishmania braziliensis 
(MHOM/BR/75/M2904) 

 

LbrM.28.2990 71276.37 5.40 654 

LbrmtHsp70 LbrM.30.2420 70528.76 5.90 651 

LbGRP78/BiP LbrM.30.2420 71910.67 5.06 658 

PfHsp70-1 PlasmoDB Plasmodium falciparum 
(3D7) 

PF3D7_0818900 73914.90 5.50 677 

PfHsp70-3 PF3D7_1134000 73297.45 6.51 663 

PfHsp70-2/BiP PF3D7_0917900 72387.2 5.18 652 

ScSsa4  
 
 
 
 
 

NCBI 

Saccharomyces cerevisiae 
(4932) 

AJU50241.1 69623.07 5.02 642 

ScSsa3 AJQ13321.1 70606.89 5.05 649 

ScSsa2 AJV59097.1 69498.10 4.97 639 

ScSsa1 AJO96864.1 69657.25 4.99 642 

ScSsc1 AJV44330.1 70555.77 5.55 654 

ScEcm10 AJU50104.1 70050.52 6.07 644 

ScSsq1 AJV59432.1 72363.65 6.09 657 

ScKar2 AJR59823.1 74451.99 4.79 682 

HSPA1A Homo sapiens 
(9606) 

NP_005336.3 70052.23 5.47 641 

HSPA8 NP_006588.1 70898.09 5.37 646 

HSPA9 AAH00478.1 73727.60 6.03 679 

HsHSPA5/BiP AAI12964.1 72422.06 5.07 655 

EcDnaK Escherichia coli (562) WP_097477514.1 69086.90 4.83 638 
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Figure A1: The Clustal Omega multiple sequence alignment (MSA) of the Hep1 orthologues and homologues. The sequences were aligned using the built in Clustal Omega MSA 
platform on the JalView web service. The annotation is based on the JalView Clustal colour option. The Hep1 sequences aligned were from: TbgHep1 (Tb972.3.2280), TbbHep1 
(Tb927.3.2300), TeqHep1 (TEOVI_000221600), TevHep1 (TevSTIB805.3.2330), TcrHep1 (TcCLB.508479.274), TviHep1 (TvY486_0301660), TcoHep1 (TcIL3000_0_42310), LbrHep1 
(LbrM.25.0680), LdoHep1 (LdBPK_250830.1), LmjHep1 (LmjF.25.0800), LmxHep1 (LmxM.25.0800), BsalHep1 (BSAL_79370), CfHep1 (CFAC1_220016500), PfHep1 
(PF3D7_1420300), PmalHep1 (PmUG01_13038600), PviHep1 (PVP01_1328600), PberHep1 (PBANKA_1022900), TgoHep1 (TGME49_260340), AtHep1 (NP_974434.2), ScHep1 
(NP_014089.2), SpasHep1 (QID81845.1), SparHep1 (XP_033768657.1), CneoHep1 (XP_024514386.1), CalbHep1 (KHC45981.1), HsHep1 (NP_001074318.1), MsmHep1-iso1 
(NP_081104.1), BtauHep1 (XP_003586730.1), DmelHep1 (AAS15675.1), DsimHep1 (XP_016039443.1), MdomHep1 (XP_00518472.3), CrHep2 C-term (XP_001700157.1) and ATZR3 
(AAO64784.1). The arrows serve to demarcate the conserved zinc finger regions. Tbb/TeqHep1 refers to the identical TbbHep1 and TeqHep1 orthologues, whilst Sc/SpasHep1 refers to the 
identical ScHep1 and SpasHep1 orthologues.
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Figure A2: The colourless Clustal Omega multiple sequence alignment (MSA) of the Hep1 orthologues. The MSA was 
generated using Clustal Omega on the EMBL-EBI web server and annotated manually. The sequences aligned were from: 
TbgHep1 (Tb972.3.2280), TbbHep1 (Tb927.3.2300), TeqHep1 (TEOVI_000221600), TevHep1 (TevSTIB805.3.2330), 
TcrHep1 (TcCLB.508479.274), TviHep1 (TvY486_0301660), TcoHep1 (TcIL3000_0_42310), LbrHep1 (LbrM.25.0680), 
LdoHep1 (LdBPK_250830.1), LmjHep1 (LmjF.25.0800), LmxHep1 (LmxM.25.0800), BsalHep1 (BSAL_79370), CfHep1 
(CFAC1_220016500), PfHep1 (PF3D7_1420300), PmalHep1 (PmUG01_13038600), PviHep1 (PVP01_1328600), PberHep1 
(PBANKA_1022900), TgoHep1 (TGME49_260340), AtHep1 (NP_974434.2), ScHep1 (NP_014089.2), SpasHep1 
(QID81845.1), SparHep1 (XP_033768657.1), CneoHep1 (XP_024514386.1), CalbHep1 (KHC45981.1), HsHep1 
(NP_001074318.1), MsmHep1-iso1 (NP_081104.1), BtauHep1 (XP_003586730.1), DmelHep1 (AAS15675.1), DsimHep1 
(XP_016039443.1), MdomHep1 (XP_00518472.3), CrHep2 C-term (XP_001700157.1) and ATZR3 (AAO64784.1). The 
turquoise vertical lines indicate the MitoProt and MitoFates predicted mitochondrial targeting sequence (MTS) cleavage sites of 
the proteins. In the red and green boxes, respectively, are the signature regions in the MTS and N-terminal regions. Signature 
sequences downstream of the zinc finger domain are enclosed in the purple and yellow boxes. In the grey box is the conserved 
DXX motif. The arrows serve demarcate the conserved zinc finger regions. Tbb/TeqHep1 refers to the identical TbbHep1 and 
TeqHep1 orthologues, whilst Sc/SpasHep1 refers to the identical ScHep1 and SpasHep1 orthologues.
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Figure A3: Distance matrix of the full-length Hep1 orthologues and homologues. The pairwise distance matrix was constructed in MEGAX using the Jones-Taylor-
Thornton (JTT) amino acid substitution matrix-model (Gamma distribution: G) with a 1000 replicate bootstrap analysis. The Hep1 sequences aligned in the built in ClustalW 
multiple sequence alignment platform used to construct the matrix were from: TbgHep1 (Tb972.3.2280), TbbHep1 (Tb927.3.2300), TeqHep1 (TEOVI_000221600), TevHep1 
(TevSTIB805.3.2330), TcrHep1 (TcCLB.508479.274), TviHep1 (TvY486_0301660), TcoHep1 (TcIL3000_0_42310), LbrHep1 (LbrM.25.0680), LdoHep1 
(LdBPK_250830.1), LmjHep1 (LmjF.25.0800), LmxHep1 (LmxM.25.0800), BsalHep1 (BSAL_79370), CfHep1 (CFAC1_220016500), PfHep1 (PF3D7_1420300), PmalHep1 
(PmUG01_13038600), PviHep1 (PVP01_1328600), PberHep1 (PBANKA_1022900), TgoHep1 (TGME49_260340), AtHep1 (NP_974434.2), ScHep1 (NP_014089.2), 
SpasHep1 (QID81845.1), SparHep1 (XP_033768657.1), CneoHep1 (XP_024514386.1), CalbHep1 (KHC45981.1), HsHep1 (NP_001074318.1), MsmHep1-iso1 
(NP_081104.1), BtauHep1 (XP_003586730.1), DmelHep1 (AAS15675.1), DsimHep1 (XP_016039443.1), MdomHep1 (XP_00518472.3), CrHep2 C-term (XP_001700157.1) 
and ATZR3 (AAO64784.1). Tbb/TeqHep1 refers to the identical TbbHep1 and TeqHep1 orthologues.
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Figure A4: The distance matrix of the N-terminal regions of the Hep1 orthologues and homologues. The pairwise distance matrix was constructed in MEGAX using the 
Jones-Taylor-Thornton (JTT) amino acid substitution matrix-model (Gamma distribution: G) with a 1000 replicate bootstrap analysis. The Hep1 sequences aligned in the built 
in ClustalW multiple sequence alignment platform used to construct the matrix were from: TbgHep1 (Tb972.3.2280), TbbHep1  (Tb927.3.2300), TeqHep1 
(TEOVI_000221600), TevHep1 (TevSTIB805.3.2330), TcrHep1 (TcCLB.508479.274), TviHep1 (TvY486_0301660), TcoHep1 (TcIL3000_0_42310), LbrHep1 
(LbrM.25.0680), LdoHep1 (LdBPK_250830.1), LmjHep1 (LmjF.25.0800), LmxHep1 (LmxM.25.0800), BsalHep1 (BSAL_79370), CfHep1 (CFAC1_220016500), PfHep1 
(PF3D7_1420300), PmalHep1 (PmUG01_13038600), PviHep1 (PVP01_1328600), PberHep1 (PBANKA_1022900), TgoHep1 (TGME49_260340), AtHep1 (NP_974434.2), 
ScHep1 (NP_014089.2), SpasHep1 (QID81845.1), SparHep1 (XP_033768657.1), CneoHep1 (XP_024514386.1), CalbHep1 (KHC45981.1), HsHep1 (NP_001074318.1), 
MsmHep1-iso1 (NP_081104.1), BtauHep1 (XP_003586730.1), DmelHep1 (AAS15675.1), DsimHep1 (XP_016039443.1), MdomHep1 (XP_00518472.3), and ATZR3 
(AAO64784.1). Tbb/TeqHep1 refers to the identical TbbHep1 and TeqHep1 orthologues. 
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Figure A5: The distance matrix of the zinc finger domains of the Hep1 orthologues and homologues. The pairwise distance matrix was constructed in MEGAX using the 
Jones-Taylor-Thornton (JTT) amino acid substitution matrix-model (Gamma distribution: G) using a 1000 replicate bootstrap analysis. The Hep1 sequences aligned in the built 
in ClustalW multiple sequence alignment platform used to construct the matrix were from: TbgHep1 (Tb972.3.2280), TbbHep1 (Tb927.3.2300), TeqHep1 
(TEOVI_000221600), TevHep1 (TevSTIB805.3.2330), TcrHep1 (TcCLB.508479.274), TviHep1 (TvY486_0301660), TcoHep1 (TcIL3000_0_42310), LbrHep1 
(LbrM.25.0680), LdoHep1 (LdBPK_250830.1), LmjHep1 (LmjF.25.0800), LmxHep1 (LmxM.25.0800), BsalHep1 (BSAL_79370), CfHep1 (CFAC1_220016500), PfHep1 
(PF3D7_1420300), PmalHep1 (PmUG01_13038600), PviHep1 (PVP01_1328600), PberHep1 (PBANKA_1022900), TgoHep1 (TGME49_260340), AtHep1 (NP_974434.2), 
ScHep1 (NP_014089.2), SpasHep1 (QID81845.1), SparHep1 (XP_033768657.1), CneoHep1 (XP_024514386.1), CalbHep1 (KHC45981.1), HsHep1 (NP_001074318.1), 
MsmHep1-iso1 (NP_081104.1), BtauHep1 (XP_003586730.1), DmelHep1 (AAS15675.1), DsimHep1 (XP_016039443.1), MdomHep1 (XP_00518472.3), CrHep2 C-term 
(XP_001700157.1) and ATZR3 (AAO64784.1). Tbb/TeqHep1 refers to the identical TbbHep1 and TeqHep1 orthologues.
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Table A6: Details regarding the computational prediction of various physical properties of the Hep1 
orthologues and homologues. The characteristics and parameters were computed on the Expasy ProtParam web 
server. The Hep1 sequences used in this assessment were from: TbgHep1 (Tb972.3.2280), TbbHep1 
(Tb927.3.2300), TeqHep1 (TEOVI_000221600), TevHep1 (TevSTIB805.3.2330), TcrHep1 
(TcCLB.508479.274), TviHep1 (TvY486_0301660), TcoHep1 (TcIL3000_0_42310), LbrHep1 (LbrM.25.0680), 
LdoHep1 (LdBPK_250830.1), LmjHep1 (LmjF.25.0800), LmxHep1 (LmxM.25.0800), BsalHep1 
(BSAL_79370), CfHep1 (CFAC1_220016500), PfHep1 (PF3D7_1420300), PmalHep1 (PmUG01_13038600), 
PviHep1 (PVP01_1328600), PberHep1 (PBANKA_1022900), TgoHep1 (TGME49_260340), AtHep1 
(NP_974434.2), ScHep1 (NP_014089.2), SpasHep1 (QID81845.1), SparHep1 (XP_033768657.1), CneoHep1 
(XP_024514386.1), CalbHep1 (KHC45981.1), HsHep1 (NP_001074318.1), MsmHep1-iso1 (NP_081104.1), 
BtauHep1 (XP_003586730.1), DmelHep1 (AAS15675.1), DsimHep1 (XP_016039443.1), MdomHep1 
(XP_00518472.3), CrHep2 C-term (XP_001700157.1) and ATZR3 (AAO64784.1). 

 

 

 

 

 # AA 
residues 

MW (Da)  pI  Ext-coefficient 
(oxi/red) 

Instability 
index 

Aliphatic index 
(GRAVY) 

Localisation 

Tbb/TeqHep1 201 22084.16 7.59  8980/8480 47.84 77.06 (-0.404) Mitochondria 
TbgHep1 201 22142.19  6.95  8980/8480 48.27 77.06 (-0.419) Mitochondria 
TevHep1 201 22170.21  6.95  8980/8480 50.56 77.06 (-0.422) Mitochondria 
TcrHep1 192 21763.75 6.95  15845/15470 51.77 72.55 (-0.547) Mitochondria 
TviHep1 184 20739.73  8.47  18825/18450 57.58 72.07 (-0.476) Mitochondria 
TcoHep1 188 20459.25 8.69  11835/11460 42.28 73.62 (-0.361) Mitochondria 
LbrHep1 220 23295.12  6.37  15845/15470 49.40 69.73 (-0.290) Mitochondria 
LdoHep1 243 25509.90 8.97  15845/15470 57.73 71.73 (-0.263) Mitochondria 
LmjHep1 243 25709.06 8.63  15720/15470 45.77 77.57 (-0.246) Mitochondria 
LmxHep1 243 25328.61 7.07  15845/15470 55.38 74.03 (-0.159) Mitochondria 
BsalHep1 172 18661.17 8.31 15720/15470 56.34 75.93 (-0.298) Mitochondria 
CfHep1 231 24273.37  6.70  14355/13980 65.19 76.49 (-0.230) Mitochondria 
PfHep1 302 35251.30  8.35 16305/15930 34.18 80.96 (-0.992) Mitochondria 

PmalHep1 268 31428.93 9.10  26275/25900 42.79 77.01 (-0.797) Mitochondria 
PviHep1 245 26813.41  8.54  21930/21430 30.39 68.16 (-0.560) Mitochondria 

PberHep1 244 28412.44  9.29  22265/21890 37.01 77.83 (-0.811) Mitochondria 
TgoHep1 262 27046.05 8.53  10595/9970 78.00 73.02 (-0.186) Mitochondria 
AtHep1 223 25003.56 9.04  10220/9970 45.46 77.80 (-0.287) Mitochondria 
ScHep1 174 19855.02 9.49  11835/11460 31.55 78.45 (-0.547) Mitochondria 

SpasHep1 174 19855.02  9.49  11835/11460 31.55 78.45 (-0.547) Mitochondria 
SparHep1 177 20035.20  9.42  6335/5960 31.34 80.90 (-0.514) Mitochondria 
CneoHep1 164 18451.93  9.16  14230/13980 65.54 72.01 (-0.601) Mitochondria 
CalbHep1 184 20723.49 8.97  4720/4470 59.46 83.70 (-0.624) Mitochondria 
HsHep1 178 19203.84  9.88 32220/31970 66.09 76.85 (-0.446) Mitochondria 

MsmHep1-iso1 177 19403.05 9.58  37720/37470 59.78 78.87 (-0.473) Mitochondria 
BtauHep1 169 18485.07  9.61  37720/37470 68.38 78.64 (-0.463) Mitochondria 
DmelHep1 174 19473.44 9.15  11960/11460 36.93 86.32 (-0.305) Mitochondria 
DsimHep1 174 19415.36 9.03  11960/11460 34.56 86.90 (-0.285) Mitochondria 
MdomHep1 175 19515.45  9.62  11710/11460 35.00 86.86 (-0.434) Mitochondria 

CrHep2 C-term 111 12273.91 7.72  7240/6990 41.79 72.07 (-0.442) Chloroplast 
ATZR3 193 21433.31 8.30  10220/9970 47.36 72.23 (-0.377) Chloroplast 
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Table A7: Details regarding the computational prediction of molecular weights of the zinc finger domains 
and N-terminal regions of the Hep1 orthologues and homologues. The Hep1 sequences used in this assessment 
were from: TbgHep1 (Tb972.3.2280), TbbHep1 (Tb927.3.2300), TeqHep1 (TEOVI_000221600), TevHep1 
(TevSTIB805.3.2330), TcrHep1 (TcCLB.508479.274), TviHep1 (TvY486_0301660), TcoHep1 
(TcIL3000_0_42310), LbrHep1 (LbrM.25.0680), LdoHep1 (LdBPK_250830.1), LmjHep1 (LmjF.25.0800), 
LmxHep1 (LmxM.25.0800), BsalHep1 (BSAL_79370), CfHep1 (CFAC1_220016500), PfHep1 
(PF3D7_1420300), PmalHep1 (PmUG01_13038600), PviHep1 (PVP01_1328600), PberHep1 
(PBANKA_1022900), TgoHep1 (TGME49_260340), AtHep1 (NP_974434.2), ScHep1 (NP_014089.2), 
SpasHep1 (QID81845.1), SparHep1 (XP_033768657.1), CneoHep1 (XP_024514386.1), CalbHep1 
(KHC45981.1), HsHep1 (NP_001074318.1), MsmHep1-iso1 (NP_081104.1), BtauHep1 (XP_003586730.1), 
DmelHep1 (AAS15675.1), DsimHep1 (XP_016039443.1), MdomHep1 (XP_00518472.3), CrHep2 C-term 
(XP_001700157.1) and ATZR3 (AAO64784.1). 

 # AA residues (N-
term/zinc finger) 

MW (N-term/zinc 
finger) (Da) 

Zinc finger domain 
(coverage) 

Tbb/TeqHep1 113 / 64 12228.04 / 7210.33 114-177 

TbgHep1 113 / 64 12286.08 / 7210.33 114-177 

TevHep1 113 / 64 12314.09 / 7210.33 114-177 

TcrHep1 105 / 64 11884.54 / 7277.45 106-169 

TviHep1 105 / 64 11702.44 / 7264.30 106-169 

TcoHep1 107 / 64 11297.75 / 7362.55 108-171 

LbrHep1 132 / 64 13719.21 / 7147.27 133-196 

LdoHep1 147 / 64 15060.91 / 7131.27 148-211 

LmjHep1 147 / 64 15360.29 / 7131.27 148-211 

LmxHep1 147 / 64 14960.80 / 7158.34 148-211 

BsalHep1 86 / 64 8964.16 / 7311.35 87-150 

CfHep1 132 / 64 13625.42 / 7311.35 133-196 

PfHep1 217 / 64 25446.91 / 7354.56 218-281 

PmalHep1 183 / 64 21555.34 / 7395.70 184-247 

PviHep1 162 / 64 17242.32 / 7277.48 161-224 

PberHep1 161 / 64 18812.28 / 7331.57 160-223 

TgoHep1 152 / 64 15074.41 / 7147.46 151-214 

AtHep1 137 / 63 15625.98 / 7005.96 137-199 

ScHep1 69 / 64 8044.60 / 7332.56 70-133 

SpasHep1 69 / 64 8044.60 / 7332.56 70-133 

SparHep1 71 / 64 8167.72 / 7332.56 72-135 

CneoHep1 77 / 71 8687.81 / 7937.10 77-147 

CalbHep1 74 / 64 8245.55 / 7383.32 72-136 

HsHep1 75 / 66 8378.56 / 7371.46 70-135 

MsmHep1-iso1 75 / 66 8378.56 / 7386.51 74-139 

BtauHep1 62 / 66 7084.22 / 7342.46 61-126 

DmelHep1 94 / 66 10352.96 / 7554.72 98-163 

DsimHep1 94 / 66 10294.88 / 7554.72 93-158 

MdomHep1 99 / 65 11026.74 / 7256.18 98-162 

CrHep2 C-term N/A / 64 N/A / 7164.34 N/A 

ATZR3 108 / 63 12186.91 / 7021.94 107-169 
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Figure A6: The predicted posttranslational modifications of the Hep1 orthologues. MusiteDeep was used to predict the posttranslational modifications using default settings and 
annotation was performed using JalView subsequent to conducting a Clustal Omega multiple sequence alignment on the web service. The Hep1 sequences used in this assessment were from: 
TbgHep1 (Tb972.3.2280), TbbHep1 (Tb927.3.2300), TeqHep1 (TEOVI_000221600), TevHep1 (TevSTIB805.3.2330), TcrHep1 (TcCLB.508479.274), TviHep1 (TvY486_0301660), 
TcoHep1 (TcIL3000_0_42310), LbrHep1 (LbrM.25.0680), LdoHep1 (LdBPK_250830.1), LmjHep1 (LmjF.25.0800), LmxHep1 (LmxM.25.0800), BsalHep1 (BSAL_79370), CfHep1 
(CFAC1_220016500), PfHep1 (PF3D7_1420300), PmalHep1 (PmUG01_13038600), PviHep1 (PVP01_1328600), PberHep1 (PBANKA_1022900), TgoHep1 (TGME49_260340), AtHep1 
(NP_974434.2), ScHep1 (NP_014089.2), SpasHep1 (QID81845.1), SparHep1 (XP_033768657.1), CneoHep1 (XP_024514386.1), CalbHep1 (KHC45981.1), HsHep1 (NP_001074318.1), 
MsmHep1-iso1 (NP_081104.1), BtauHep1 (XP_003586730.1), DmelHep1 (AAS15675.1), DsimHep1 (XP_016039443.1), MdomHep1 (XP_00518472.3), CrHep2 C-term 
(XP_001700157.1) and ATZR3 (AAO64784.1). Highlighted in red, blue, green and grey are amino acid residues predicted to be subject to phosphorylation, glycosylation, acetylation and 
methylation, respectively. Highlighted in pink are residues subject to both phosphorylation and glycosylation whilst in turquoise are residues subject to both acetylation and methylation. The 
arrows serve to demarcate the conserved zinc finger regions. Tbb/TeqHep1 refers to the identical TbbHep1 and TeqHep1 orthologues, whilst Sc/SpasHep1 refers to the identical ScHep1 and 
SpasHep1 orthologues. 
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Figure A7: The database accession IDs of the genes appearing in Figure 2.8 whereby the syntenic analysis of the various Hep1 orthologues is laid out. The accession numbers 
are listed from left to right as the respective genes they represent appear in Figure 2.8. 1) T. b. brucei.  2) T. cruzi, 3) B. saltans, 4) L. major, 5) L. braziliensis, 6) C. fasciculata, 
7) P. falciparum, 8) P.berghei, 9) P. malariae 10) T. gondii, 11) S. cerevisiae and 12) D. melanogaster. 
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Figure A8: The Clustal Omega multiple sequence alignment (MSA) of the Hep1 and J-protein orthologues. The sequences were aligned using the built in Clustal Omega 
MSA platform on the JalView web service. The annotation is based on the JalView Clustal colour option. The sequences used for this MSA were from: TbbHep1 
(Tb927.3.2300), LbrHep1 (LbrM.25.0680), PfHep1 (PF3D7_1420300), ScHep1 (NP_014089.2), HsHep1 (NP_001074318.1). The cytosolic and mitochondrial and prokaryotic 
type I J-protein sequences used for this assessment were from: Tbj2 (Tb927.2.5160), Lbrj2 (LbrM.27.2610), ScYdj1 (NP_014335.1), HsDNAJA1 (NP_001530.1), Tbj50 
(Tb927.9.12730), Tcrj50 (TcCLB.510743.100), Lbrj50 (LbrM.34.2890), Pfj1 (PF3D7_1437900), ScMdj1 (QHB08320.1), HsTid-1L (NP_005138.3), HsTid-1S 
(NP_001128582.1) and EcDNAJA1 (MRF42610.1). 
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Figure A9: The Clustal Omega multiple sequence alignment (MSA) of the Hep1 and Hsp33 orthologues. The sequences were aligned using the built in Clustal Omega 
MSA platform on the JalView web service. The annotation is based on the JalView Clustal colour option. The sequences used for this MSA were from: TbbHep1 
(Tb927.3.2300), LbrHep1 (LbrM.25.0680), PfHep1 (PF3D7_1420300), ScHep1 (NP_014089.2), HsHep1 (NP_001074318.1). The Hsp33 sequences used for this assessment 
were from: EcHsp33 (EDV67745.1), TbHsp33/TrypOX (Tb927.6.2630), LbrHsp33 (LBRM2903_300022900), LmjHsp33 (LmjF.30.1670), TcrHsp33 (TcCLB.509965.120), 
OsatHsp33 (EEC84194.1) and CrHsp33 (PNW70318.1).
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Figure A10: The distance matrix of the of selected Hep1 orthologues with selected A) J-protein orthologues or B) Hsp33 orthologues. The pairwise distance matrix was 
constructed in MEGAX using the Jones-Taylor-Thornton (JTT) amino acid substitution matrix-model (Gamma distribution: G) with a 1000 replicate bootstrap analysis. The 
Hep1 sequences aligned in the built in ClustalW multiple sequence alignment platform used to construct the matrix were from: TbbHep1 (Tb927.3.2300), LbrHep1 
(LbrM.25.0680), PfHep1 (PF3D7_1420300), ScHep1 (NP_014089.2), HsHep1 (NP_001074318.1). The cytosolic and mitochondrial and prokaryotic type I J-protein sequences 
used for this assessment were from: Tbj2 (Tb927.2.5160), Lbrj2 (LbrM.27.2610), ScYdj1 (NP_014335.1), HsDNAJA1 (NP_001530.1), Tbj50 (Tb927.9.12730), Lbrj50 
(LbrM.34.2890), Pfj1 (PF3D7_1437900), ScMdj1 (QHB08320.1), HsTid-1L (NP_005138.3), HsTid-1S (NP_001128582.1) and EcDNAJA1 (MRF42610.1).  The Hsp33 
sequences used for this assessment were from: EcHsp33 (EDV67745.1), TbHsp33/TrypOX (Tb927.6.2630), LbrHsp33 (LBRM2903_300022900), LmjHsp33 (LmjF.30.1670), 
TcrHsp33 (TcCLB.509965.120), OsatHsp33 (EEC84194.1) and CrHsp33 (PNW70318.1).
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Figure A11: Phylogenetic analysis of the mammalian Hep1 orthologues/isoforms possessing A) or lacking B) a zf-DNL domain. The maximum-likelihood tree was 
constructed using MEGAX with the Jones-Taylor (JTT) amino acid substitution model with Gamma distribution (G) from the built in ClustalW platform. The sequences used 
for the assessment presented in A) were from: MsmHep1-iso1 (NP_081104.1), MpHep1-iso1 (XP_021050144.1), McarHep1-iso1 (XP_021011688.1), McouHep1-iso1 
(XP_031225303.1), GsurHep1-iso1 (XP_028628786.1), NgalHep1-iso1 (XP_029423617.1), NgalHep1-iso2 (XP_017655799.2), HmolHep1-iso1 (XP_032021543.1), 
HmolHep1-iso2 (XP_032021544.1), HmolHep1-iso3 (XP_032021545.1), HmolHep1-iso4 (XP_032021546.1), CjacHep1-iso1 (XP_035119009.1) and CjacHep1-iso2 
(XP_035119020.1). The sequences used in the assessment presented in B) were from: MsmHep1-iso2 (NP_001132975.1), MsmHep1-iso3 (NP_001132976.1), MpHep1-iso2 
(XP_021050145.1), MpHep1-iso3 (XP_021050146.1), McarHep1-iso2 (XP_021011689.1), McouHep1-iso2 (XP_031225305.1), McouHep1-iso3 (XP_031225306.1), 
GsurHep1-iso2 (XP_028628787.1), AsylHep1-iso2 (XP_052037846.1), NgalHep1-iso3 (XP_017655800.1) and NgalHep1-iso4 (XP_029423618.1). 
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Figure A12: The Clustal Omega multiple sequence alignment of the Hsp70 orthologues. The sequences were aligned using the built in Clustal Omega platform on the JalView web service. The 
annotation is based on the JalView Clustal colour option. The sequences aligned were from: TbHsp70 (Tb927.11.11330), TbHsp70.4 (Tb927.7.710), TbHsp70.c (Tb927.11.11290), TbmtHsp70 
(Tb927.6.3740), TbGRP78A/BiP (Tb927.11.7460), TcrHsp70 (TcCLB.511211.170), TcrmtHsp70 (TcCLB.507029.30), TcrGRP78A/BiP (TcCLB.506585.40), LmjHsp70 (LmjF.28.2770), 
LmjmtHsp70 (LmjF.30.2460), LmjGRP78/BiP (LmjF.28.1200), LbrHsp70 (LbrM.28.2990), LbrmtHsp70 (LbrM.30.2420), LbGRP78/BiP (LbrM.30.2420), PfHsp70-1 (PF3D7_0818900), PfHsp70-
3 (PF3D7_1134000), PfHsp70-2/BiP (PF3D7_0917900), ScSsa4 (AJU50241.1), ScSsa3 (AJQ13321.1), ScSsa2 (AJV59097.1), ScSsa1 (AJO96864.1), ScSsc1 (AJV44330.1), ScEcm10 
(AJU50104.1), ScSsq1 (AJV59432.1), ScKar2 (AJR59823.1), HSPA1A (NP_005336.3), HSPA8 (NP_006588.1), HSPA9 (AAH00478.1), HsHSPA5/BiP (AAI12964.1) and EcDnaK 
(WP_097477514.1).



XXXV 
 

 

 



XXXVI 
 

 

 

 



XXXVII 
 

 

 
Figure A13: The predicted posttranslational modifications of the mtHsp70 orthologues. MusiteDeep was used to predict the posttranslational modifications using default 
settings and annotation was performed using JalView subsequent to conducting a Clustal Omega multiple sequence alignment on the web service. The mtHsp70 orthologues 
used in this assessment were: TbmtHsp70 (Tb927.6.3740), TcrmtHsp70 (TcCLB.507029.30), LmjmtHsp70 (LmjF.30.2460), LbrmtHsp70 (LbrM.30.2420), PfHsp70-3 
(PF3D7_1134000), ScSsc1 (AJV44330.1), ScEcm10 (AJU50104.1), ScSsq1 (AJV59432.1) and HSPA9 (AAH00478.1). Highlighted in red, blue, green and grey are amino 
acid residues predicted to be subject to phosphorylation, glycosylation, acetylation and methylation, respectively. Highlighted in pink are residues subject to both 
phosphorylation and glycosylation whilst in turquoise are residues subject to both acetylation and methylation. 
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Figure A14: The database accession IDs of the genes appearing in Figure 2.22 whereby the syntenic analysis of the selected mtHsp70 orthologues is laid out. The accession 
numbers are listed from left to right as the respective genes they represent appear in Figure 2.22. 1) T. b. brucei, 2) T. cruzi, 3) L. major, 4) L. braziliensis and 5) P. falciparum. 
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Appendix B 

 1.1 Yeast-Tryptone (2x YT) Media composition 

In 1 L of water, 16 g of tryptone (pancreatic digest of casein), 10 g of yeast extract and 5 g of NaCl 

were dissolved and autoclaved for 30 minutes at 121 °C under 119 kPa of pressure. To make 2x YT 

agar, 15 g of bacteriological agar was added to freshly made 2x YT (unautoclaved) broth prior to 

autoclaving for 30 minutes at 121 °C under 119 kPa of pressure. 

1.2 Chemical preparation of competent E. coli cloning and protein expression strains 
The cells were inoculated to 5 mL of sterile 2x YT broth and incubated overnight at 37 °C overnight 

with agitation. After overnight growth at 37 °C, the resultant overnight (starter) culture was transferred 

to 45 mL of sterile 2x YT broth and incubated at 37 °C with agitation. Upon reaching the mid-log phase 

of growth as determined by measuring absorbance (turbidity) at 600 nm, the cells were transferred to 

sterile centrifuge tubes and pelleted by centrifugation at 5000 g at 4 °C. The supernatant was discarded, 

and the pelleted cells were resuspended in 10 mL of sterile refrigerated 0.1 M MgCl2 and left on ice for 

20 minutes. After incubation on ice, the cells were again pelleted by centrifugation at 5000 g at 4 °C 

under sterile conditions. The supernatant was subsequently discarded and the cell pellet resuspended in 

a sterile refrigerated mixture of MgCl2 and glycerol (8.5 mL of 0.1 M MgCl2, 1.5 mL of undiluted 

glycerol). The resultant competent cells were aliquoted into sterile microcentrifuge tubes (250 µL) and 

stored at -80 °C until required. 

1.3 Transformations 
The competent cells were thawed on ice and 50 µL aliquots prepared for transformation. To the 50 µL 

aliquots, 2 µL of plasmid DNA was added and mixed well before incubation on ice for 30 minutes. 

After incubation on ice, the cells were heat shocked at 42 °C for 45 seconds before being returned to 

ice for a 5-minute incubation. 950 µL of sterile 2x YT broth was then added to the 50 µL aliquots of 

competent cells, and then incubated for an hour at 37 °C. After incubation the cells were centrifuged at 

10000 g for 2 minutes. 900 µL of the supernatant broth was then discarded, and the pelleted cells 

resuspended in the remaining broth. The resuspended cells were then spread plated on 2x YT agar 

supplemented with the appropriate antibiotics, allowed to dry on the agar, and then incubated at 37 °C 

overnight. A negative control whereby no plasmid DNA was added to the 50 µL competent cells was 

also subjected to the same treatment and incubated at 37 °C overnight. 

1.4 Miniprepping with The Zyppy™ plasmid miniprep kit 
Cloning strains of the E. coli (DH5α and JM109) transformed with the desired plasmids were inoculated 

in 5 mL of 2x YT broth supplemented with the appropriate antibiotics and incubated overnight at 37 °C 

with agitation. After incubation the cells were pelleted and then subjected to Zyppy™ plasmid miniprep 

kit’s protocol. However, in place of the Zyppy™ elution buffer, sterile tris-EDTA (TE) buffer (10 mM 

Tris-HCl pH 8.0, 1 mM EDTA) was used for the elution step. 

1.5 Restriction enzyme digestions for plasmid confirmation 
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The plasmid restriction enzyme digestion reactions were set up as follows, and incubated at 37 °C 

overnight: 

Table B1: Components of the restriction enzyme digestions. 
 Undigested 

(µL) 
Single digestion 

(µL) 
Double digestion 

(µL) 
Deionised water 13 12 13 
Plasmid DNA 5 5 5 

Restriction enzyme buffer 2 2 2 
Restriction enzyme (RE) - 1 1 of each RE 

 
After incubation, samples of the reactions were prepared for agarose gel electrophoresis. 

1.6 Agarose gel electrophoresis 
To prepare agarose gels, 0.4 g or 0.5 g of agar was mixed with 50 mL of Tris-acetate-EDTA buffer (40 

mM Tris, 20 mM acetic acid, 1 mM EDTA) to make a 0.8 % or 1.0 % agarose gel, respectively. The 

mixture was microwaved in order to completely dissolve the agarose. The solution was allowed to cool 

down, at room temperature, until it could be held by hand before ethidium bromide was added. The gel 

solution was then poured into the electrophoresis casting chamber and left to solidify (polymerize) at 

room temperature, with a comb inserted for well formation. Thereafter the gel was placed into the buffer 

tank and then submerged in TAE buffer. The gel was then loaded samples that were prepared as follows: 

5 parts sample: 1 part 6x DNA loading buffer (0.25 % (w/v) bromophenol blue, 30 % (v/v) glycerol). 

Electrophoresis was carried out at 100 V or 80 v for 0.8 % and 1.0 % electrophoresis gels, respectively. 

Electrophoresis was cllowed to occur for 45 minutes, and then the gels were visualized under UV light 

on the ChemiDoc XRS+ (Bio-Rad, U.S.A.). The DNA marker used in this study was the 1 kb DNA 

ladder (New England Biolabs, U.S.A.) 

 1.7 DNA extraction from the agarose gel 
The DNA fragment of interest was cut out from the agarose gel with the aid of a UV transilluminator. 

Thereafter, the DNA was purified using the GeneJet gel extraction kit (ThermoFisher Scientific, 

U.S.A.), as per the manufacturer’s protocol. 

1.8 DNA ligation 
500 ng of the DNA fragment purified from the gel cut out was ligated into the desired vector plasmid 

using T4 DNA ligase in the presence of ligation buffer. The ligation reaction was allowed to take place 

overnight at 4 °C. The resultant plasmid was propagated and miniprepped as outlines in A4. 

1.9 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

The SDS-PAGE samples were prepared by mixing the actual samples with 4x SDS-PAGE (250 mM 

Tris-HCl pH 6.8, 40 % glycerol, 8 % SDS, 5 % β-mercaptoethanol, 0.5 % bromophenol blue) sample 

buffer 3 parts to 1 part, respectively. The samples were then boiled at 100 °C for 10 minutes before 

being loaded onto the SDS-PAGE gel submerged in running buffer (25 mM Tris, 192 mM glycine, 0.1 
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% (w/v) SDS). Electrophoresis was carried out at 120 V for 90 minutes. The Bio-Rad Precision-Plus™ 

All Blue standards were used as the molecular weight marker. 

Table B2: Table detailing the recipe for making poly acrylamide gels for SDS-PAGE. 

Reagents (mL) 4 % 
stacking 

gel 

10 % 
resolving gel 

13.5 % 
resolving gel 

15 % 
resolving gel 

Water 3 4.15 2.95 2.5 
1.5 M Tris-HCl 

(pH 8.8) 
- 2.5 2.5 2.5 

0.5 M Tris-HCl 
(pH 6.8) 

1.25 - - - 

10 % SDS 0.1 0.1 0.1 0.1 
30 % 

acrylamide/bis 
0.7 3.3 4.5 4.95 

10 % APS 0.1 0.1 0.1 0.1 
TEMED .02 0.02 0.02 0.02 

 
Subsequent to electrophoresis, the gel was stained in Coomassie (40 % (v/v) methanol, 2 % (v/v) acetic 

acid, 0.2 % (w/v) Comassie Brilliant Blue G-250) for 30 minutes before being destained in destaining 

buffer (40 % (v/v) methanol, 2 % (v/v) acetic acid) for as long as required. The SDS-PAGE gels were 

visualised using the ChemiDoc XRS+ (Bio-Rad, U.S.A.). In some cases the gels were used for Western 

blotting instead of visualizing protein bands by means of Coomassie staining. 

1.10 Western analysis 
After SDS-PAGE, the gel was submerged in cold transfer buffer transfer buffer (25 mM Tris, 192 mM 

glycine, 20 % methanol (v/v)). Blotting pads and the 0.45 µM nitrocellulose membrane were also 

submerged in the cold transfer buffer. Thereafter, the blotting pads were wrung out until they were 

damp. The components were then stacked on the Trans-Blot® SD Semi-Dry Transfer cell (Bio-Rad, 

U.S.A.) from top to bottom in the following order: blotting pad, nitrocellulose 0.45 µM nitrocellulose 

membrane, SDS-PAGE gel, blotting pad. Transfer was then allowed to take plave at 15 V for an hour. 

Thereafter, the membrane was placed in 5 % blocking buffer (5 g skim milk powder in 100 mL TBS-T 

buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1 % (v/v) Tween® 20) for 2 hours. The membrane 

was then washed with TBS-T buffer 3 times before being incubated with the anti-his-tag primary 

antibody (H-3) (Santa Cruz Biotechnology, U.S.A.) in TBS-T buffer (2 µL in 5 mL). for 2 hours at 

room temperature. The membrane was then washes with TBS-T buffer 3 times before being incubated 

with m-IgGκ BP-HRP (Santa Cruz Biotechnology, U.S.A.) in TBS-T buffer (2 µL in 6 mL) for 2 hours 

at room temperature. The membrane was then washed 3 times in TBS-T buffer. Chemilluminescence 

protein detection was then carried out using the Clarity™ western ECL substrate (Bio-Rad, U.S.A.) as 

per the manufacturer’s guide. To visualize the protein bands, the ChemiDoc XRS+ (Bio-Rad, U.S.A.) 

was used. 
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1.11 Buffer exchange by means of dialysis 
Eluted protein samples were transferred to SnakeSkin™ dialysis tubing 10 kDa MWCO (ThermoFisher 

Scientific, U.S.A.) and then the dialysis bags were sealed by tying with strings. The dialysis bags were 

placed in 1 L of cold dialysis buffer (10 mM Tris-HCl pH 7.5, 100 mM NaCl, 0.5 mM DTT, 50 mM 

KCl, 10 % glycerol (v/v)) in the cold room stirring overnight. The dialysis bags were then transferred 

to new 1 L of unused dialysis buffer for another round of dialysis in the cold room. 

1.12 Protein concentration determination by means of the Bradford assay 
Protein quantification was carried out by means of the Bradford’s assay, utilizing Bradford reagent 

(100-1400 µg/mL) obtained from Sigma-Aldrich (U.S.A.). As a protein concentration standard, BSA 

(100-1000 µg/mL) diluted in the dialysis buffer was used. Thereafter, 5 µL aliquots of the standards 

and protein samples were pipetted into a 96-well plate. Bradford reagent, 150 µL, was then added to 

the standards and the protein samples. Absorbance was then measured at 595 nm using the Epoch2 

multi-well plate reader (Agilent Scientific Instruments Biotek, U.S.A.). 

1.13 Native PAGE protocol 
Native PAGE was carried out using a continuous 12 % polyacrylamide resolving gel (3.48 mL H20, 2.5 

mL 1.5 M Tris-HCl pH 8.8, 3.96 mL acrylamide/bis, 100 µL 10 % APS, 20 µL TEMED). The buffer 

used is the same as the one used for SDS-PAGE, however void of the SDS. Electrophoresis was carried 

out at 60 V for 3 hours. Subsequent to electrophoresis, the gel was stained in Coomassie (40 % (v/v) 

methanol, 2 % (v/v) acetic acid, 0.2 % (w/v)) Comassie Brilliant Blue G-250) for 30 minutes before 

being destained in destaining buffer (40 % (v/v) methanol, 2 % (v/v) acetic acid) for as long as required. 

The SDS-PAGE gels were visualised using the ChemiDoc XRS+ (Bio-Rad, U.S.A.).  

1.14 Sonication of cell lysates 
Cell lysates were thawed on ice. Thereafter, sonication was carried out in 3 pulses of 15 seconds at an 

amplitude of 60. In between the 15 second pulses, the lysates were cooled on ice for at least 45 seconds. 
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Appendix C 

 

Figure C1: Control demonstrating that the suppression of MDH’s aggregation observed in the assays is 
specifically due to the presence of the molecular chaperones in the reactions. The suppression of MDH’s (1,0 
µM) thermally induced aggregation was determined by measuring light scattering at 360 nm prior to and after 
incubation at 48 °C for 1 hour. The % aggregation was determined with the aggregation of the MDH alone set at 
100 %. The concentration of BSA used on MDH was 0,8 µM. The assays were conducted in triplicate. The error 
bars represent standard deviation. Statistical significance was benchmarked at P < 0,05 using a student’s T-test. 
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Figure C2; Control reactions demonstrating that the suppression of MDH and CS aggregation observed in 
the assays is specifically due to the presence of the molecular chaperones in the reactions. The suppression 
of A) MDH’s (0,72 µM) and B) CS’s (1 µM) thermally induced aggregation was determined by the densitometric 
quantification of the pellet (insoluble; black bars) and supernatant (soluble; grey bars) after incubation at 50 °C 
for 1 hour. The concentration of BSA used on MDH and CS was 0,8 µM. The assays were conducted in triplicate. 
The error bars represent standard deviation. Statistical significance was benchmarked at P < 0,05 using a student’s 
T-test. 

 

 

Figure C3: Bradford’s assay protein concentration standard curve using BSA. 
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Figure C4: ATPase assay Pi standard curve using Na2HPO4. 
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