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ABSTRACT 

Central to this research, 40 kDa Heat shock proteins (Hsp40s) are known to partner (or co-

chaperone) 70 kDa Heat shock proteins (Hsp70s), facilitating the selection and transfer of protein 

substrate to Hsp70 and the stimulation of the protein folding ability of Hsp70. Members of the 

diverse Hsp70-Hsp40 protein complement of Plasmodium falciparum have been implicated in the 

cytoprotection of this malaria parasite, and are thought to facilitate the protein folding, assembly 

and translocation tasks required by the parasite to commandeer the infected human erythrocyte 

subsequent to invasion. In particular, the parasite has evolved an expanded and specialised 43-

member suite of Hsp40 proteins, 19 of which bear an identifiable export motif for secretion into the 

infected erythrocyte cytoplasm where they potentially interact with human Hsp70. Although type I 

Hsp40 proteins are representative of typical regulators of Hsp70 activity, only two of these proteins 

are apparent in the parasite’s Hsp40 complement. These include a characteristic type I Hsp40 termed 

PfHsp40, and a larger, atypical type I Hsp40 termed Pfj1. Both Hsp40 proteins are predicted to be 

parasite-resident and are most likely to facilitate the co-chaperone regulation of the highly abundant 

and stress-inducible Hsp70 homolog, PfHsp70-I.  In this work, the co-chaperone functionality of 

PfHsp40 and Pfj1 was elucidated using in vivo and in vitro assays. Purified recombinant PfHsp40 was 

shown to stimulate the ATPase activity of PfHsp70-I in in vitro single turnover and steady state 

ATPase assays, and co-operate with PfHsp70-I in in vitro aggregation suppression assays. In these in 

vitro assays, heterologous partnerships could be demonstrated between PfHsp70-I and the human 

Hsp40, Hsj1a, and human Hsp70 and PfHsp40, suggesting a common mode of Hsp70-Hsp40 

interaction in the parasite and host organism. The functionality of the signature Hsp40 domain, the J-

domain, of Pfj1 was demonstrated by its ability to replace the equivalent domain of the A. 

tumefaciens Hsp40, Agt DnaJ, in interactions with the prokaryotic Hsp70, DnaK, in the 

thermosensitive dnaJ cbpA E. coli OD259 deletion strain. An H33Q mutation introduced into the 

invariant and crucial HPD tripeptide motif abrogated the functionality of the J-domain in the in vivo 

complementation system. These findings provide the first evidence for the conservation of the 
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prototypical mode of J-domain based interaction of Hsp40 with Hsp70 in P. falciparum. 

Immunofluorescence staining revealed the localisation of PfHsp40 to the parasite cytoplasm, and 

Pfj1 to the parasite cytoplasm and nucleus in cultured intraerythrocytic stage P. falciparum parasites. 

PfHsp70-I was also shown to localise to the parasite cytoplasm and nucleus in these stages, 

consistent with the literature. Overall we propose that PfHsp40 and Pfj1 co-localise with and regulate 

the chaperone activity of PfHsp70-I in P. falciparum. This is the first study to identify and provide 

evidence for a functional Hsp70-Hsp40 partnership in P. falciparum, and provides a platform for 

future studies to elucidate the importance of these chaperone partnerships in the establishment and 

survival of the parasite in the intraerythrocytic-stages of development. 
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APPENDIX A 

LIST OF ABBREVIATIONS 

< Less than 
α Alpha 
β Beta 
λ Lambda 
σ32 Sigma-32 
°C Degrees Celsius 
μ Micro 
µCi Micro Curie 
µg Microgram(s) 
µl Microlitre(s) 
µM Micromolar 
μmol Micromole(s) 
A Absorbance 
A600 Absorbance at 600nm 
A. gambiae Anopheles gambiae 
A. tumefaciens Agrobacterium tumefaciens 
ADP Adenosine diphosphate 
Amp

R 
Ampicillin resistance (β-lactamase gene) 

A-T Adenosine - Thymine 
ATP Adenosine triphosphate 
ATPase Adenosine triphosphatase 
APS Ammonium Persulphate 
BiP Binding Protein 
BLAST Basic Local Alignment Search Tool 
BSA Bovine Serum Albumin 
bp Base pairs 
C. hominis Cryptosporidium hominis 
C. parvum Cryptosporidium parvum 
C- COOH-terminal 
CAAX C – Cysteine, A – Aliphatic Residue, X – Any Residue 
CbpA Curved DNA binding protein A 
CHIP Carboxyl terminus of the Hsc70 Interacting Protein 
DAPI 4',6-diamidino-2-phenylindole 
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic Acid 
DnaJ Prokaryotic Hsp40 
DnaK Prokaryotic Hsp70 
dNTP Deoxyribonucleotide Triphosphate 
DSG 15-Deoxyspergualin 
DTT Dithiothreitol 
E. coli Escherichia coli 
EDTA Ethylene diamine tetra-acetic acid 
ER Endoplasmic reticulum 
g Gram(s) 
GF-Region Glycine-Phenylalanine rich region 
GFP Green Fluorescent Protein 
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GST Glutathione-S-Transferase 
H. sapiens Homo sapiens 
HEPES N-2-hydroxyethyl-piperrazine-N’-2-ethanesulfonic acid 
Hip Hsc70 interacting protein 
His6 Hexahistidine tag 
Hop Hsp70/Hsp90 organising protein 
HPD motif Histidine-Proline-Aspartic acid motif 
HRP Horse Radish Peroxidase 
HSF Heat Shock Factor 
Hsc70 70 kDa Heat shock cognate protein 
Hsp Heat shock protein 
hsp Heat shock protein gene 
Hsp90 90 kDa Heat shock protein 
Hsp70 70 kDa Heat shock protein 
Hsp60 60 kDa Heat shock protein 
Hsp40 40 kDa Heat shock protein 
HT Host Targeting Signal 
IUBMB International Union of Biochemistry and Molecular Biology 
IUPAC International Union of Pure and Applied Chemistry 
IPTG Isopropyl-β-D-thiogalactopyranoside 
iRBC Infected Red Blood Cell 
Kan

R 
Kanamycin resistance 

kb kilo base pairs 
kDa Kilo Daltons 
l Litre(s) 
LB Luria-Bertani media 
m Milli 
M Molar 
mAb Monoclonal antibody 
MC Maurer’s Clefts 
MESA Mature parasite-infected Erythrocyte Surface Antigen 
mol Mole(s) 
mg Milligram(s) 
ml Millilitre(s) 
mM Millimolar 
MSP-7 Merozoite Surface Protein 7 
n Nano 
NaCl Sodium chloride 
Ni-NTA Nickel nitrilotriacetic acid 
ng Nanogram(s) 
nmol Nanomole(s) 
nM Nanomolar 
N- NH2-terminal 
N.D. Not determined 
NEF Nucleotide Exchange Factor 
pI Isoelectric point 
Pi Inorganic phosphate 
pAb Polyclonal antibody 
P. berghei Plasmodium berghei 
P. chabaudi Plasmodium chabaudi 
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P. falciparum Plasmodium falciparum 
P. knowlesi Plasmodium knowlesi 
P. vivax Plasmodium vivax 
P. yoelii yoelii Plasmodium yoelii yoelii 
PBS Phosphate Buffer Saline 
PCR Polymerase Chain Reaction 
PDB Protein Data Bank 
PDI Protein Disulphide Isomerase 
PEXEL Plasmodium Export Element 
PEI Polyethyleneimine 
PEG Polyethylene glycol 
PfBiP P. falciparum  binding protein 
PfSBP-1 P. falciparum Skeleton Binding Protein-1 
PHIST Plasmodium helical interspersed subtelomeric family 
PMSF Phenyl Methyl Sulfonyl Fluoride 
PV Parasitophorous Vacuole 
RESA Ring-infected Erythrocyte Surface Antigen 
RNA Ribonucleic Acid 
RNAse A Ribonuclease A 
rpm Revolutions per minute 
S. cerevisiae 	Saccharomyces cerevisiae 
S.D. Standard Deviation 
SDS Sodium Dodecyl Sulphate 
SDS-PAGE Sodium Dodecyl Sulphate – Polyacrylamide Gel Electrophoresis 
sHsp Small Heat shock protein 
SP Signal Peptide 
STCB Single Turnover Complex Buffer 
Sti1 Stress induced phosphoprotein-1 
T. annulata 	Theileria annulata 
T. parva Theileria parva 
T. gondii Toxoplasma gondii 
TBE Tris Borate EDTA buffer 
TBS Tris-Buffered Saline 
TBS-T Tris Buffer Saline – Tween 20 
TE Tris-EDTA buffer 
TEMED N,N,N’,N’-tetramethylethylenediamine 
TMD Transmembrane domain 
TPR Tetratricopeptide Repeat 
Tris Tris-2-amino-2-hydroxymethyl-1,3-propanol 
TRITC Tetramethyl Rhodamine Iso-Thiocyanate 
U Unit(s) 
UV Ultraviolet 
V Volts 
v/v Volume to volume ratio 
w/v Weight to volume ratio 
YT Yeast-Tryptone media 
xg Gravitational force 
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APPENDIX B 

AMINO ACID AND NUCLEOTIDE NOMENCLATURE 

One- and three-letter codes were used to represent amino acids, and single letter codes were used 

to represent nucleotides as set forward by the Joint Commission of Biochemical Nomenclature 

(JBNC) of IUPAC (International Union of Pure and Applied Chemistry) and the IUBMB (International 

Union of Biochemistry and Molecular Biology): 

NUCLEOTIDE SINGLE-LETTER CODE 

Adenine A 
Cytosine C 
Guanine G 
Thymine T 
Uracil U 
Any Nucleotide (A, C, G, T or U) N 

AMINO ACID ONE-LETTER CODE THREE-LETTER CODE DNA CODONS 

Alanine A Ala GCT, GCC, GCA, GCG 
Arginine R Arg CGT, CGC, CGA, CGG, AGA, AGG 
Asparagine N Asn AAT, AAC 
Aspartic acid D Asp GAT, GAC 
Cysteine C Cys TGT, TGC 
Glutamine Q Gln CAA, CAG 
Glutamic acid E Glu GAA, GAG 
Glycine G Gly GGT, GGC, GGA, GGG 
Histidine H His CAT, CAC 
Isoleucine I Ile ATT, ATC, ATA 
Leucine L Leu CTT, CTC, CTA, CTG, TTA, TTG 
Lysine K Lys AAA, AAG 
Methionine M Met ATG 
Phenylalanine F Phe TTT, TTC 
Proline P Pro CCT, CCC, CCA, CCG 
Serine S Ser TCT, TCC, TCA, TCG, AGT, AGC 
Threonine T Thr ACT, ACC, ACA, ACG 
Tryptophan W Trp TGG 
Tyrosine Y Tyr TAT, TAC 
Valine V Val GTT, GTC, GTA, GTG 
Stop - - TAA, TAG, TGA 
Any Amino Acid X - - 
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APPENDIX C 

C1: NUCLEOTIDE SEQUENCES IN FASTA FORMAT 

* 
>PfHsp40 (Plasmodium falciparum Hsp40) Harmonised Coding Sequence 
GGATCCATGTTCTTTAGCAGCGGCTTCCCATTCGATAGCATGGGCGGCCAGCAGGCCCGACGTAAACGTGAAGT 
TAACAACAATAAATTCTATGAAGTTCTCAACCTGAAAAAAAACTGCACGACTGATGAAGTTAAAAAAGCCTACC 
GAAAGCTCGCTATTATTCACCACCCAGACAAAGGCGGCGACCCAGAAAAGTTTAAAGAAATCAGCCGTGCTTAC 
GAAGTTCTGAGCGACGAAGAAAAACGCAAACTCTACGACGAGTACGGCGAAGAAGGCCTGGAAAACGGCGAACA 
GCCAGCTGACGCTACCGACCTGTTCGATTTCATTCTGAACGCTGGCAAAGGCAAGAAAAAGCGTGGCGAAGACA 
TTGTGTCTGAAGTTAAAGTTACCCTCGAACAGCTGTACAACGGCGCTACCAAAAAGCTCGCTATCTCTAAAGAC 
ATTATCTGCACCAACTGCGAAGGCCACGGCGGCCCAAAAGACGCTAAAGTTGACTGCAAACAATGCAACGGCCG 
TGGCACGAAGACGTATATGCGTTACCACAGCTCGGTTCTGCACCAGACGGAAGTTACTTGCAACACCTGCCGAG 
GCAAAGGCAAAATCTTCAACGAAAAAGACAAATGCGCTAACTGCAAAGGCATGTGCGTTCTCAAAACCCGCAAA 
ATCATTGAAGTTTACATTCCAAAAGGCGCTCCAAACAAACATAAAATCGTTTTCAACGGCGAAGCTGACGAAAA 
ACCAAACGTAATTACGGGCAACCTCGTTGTTATCCTGAACGAAAAGCAGCACCCAGTTTTCCGTCGTGAAGGCA 
TTGACCTGTTCATGAACTATAAAATATCGCTGTACGAAAGCCTGACCGGCTTCGTTGCTGAAGTTACCCACCTC 
GACGAACGCAAAATCCTGGTAAATTGTACTAATTCTGGCTTCATCCGTCACGGCGACATTCGTGAAGTTCTCGA 
CGAAGGCATGCCAACCTACAAAGACCCATTTAAAAAAGGCAACCTGTACATTACCTTCGAGGTTGAATACCCAA 
TGGACCTGATTATCACCAACGAAAATAAAGAAGTTCTCAAAATACTGAAAAAACAGAACGAAGTTGAAAAAAAA 
TACGATCTGGAAAACTCTGAACTCGAAGTAGTATCGTGTAGCCCAGTTGACAAAGAATACATTAAAGTTCGTGT 
TACGAAACAGCAGCAGCAGCAGCAGCAGGAAGCTTATGATGACGAAGACCACCAGCCAGAAATGGAAGGCGGCC 
GTGTTGCTTGCGCTCAGCAGTGAAAGCTA 

* The engineered flanking 5’-BamHI (GGATCC) and 3’-HindIII (AAGCTA) restriction sites are underlined 

>Pfj1 (Plasmodium falciparum DnaJ protein 1) Optimised Coding Sequence
**  

GGATCCATGCTGGCGCTGCGTATCCTGCGTCGTAAAGTTTGCTCTGAACACTTCCTGTTCGAGCGTTCTTTCTT 
CACCCAGTCTATCAAAGGTAAAAACGGTTGCCTGGTTACCCGTTACGACAAAAACAAACTGCTGTTCTACTACA 
AACGTAACATCAACACCTCTCGTAAATGCCTGAACCAGGACCCGTACACCGTTCTGGGTCTGTCTCGTAACGCG 
ACCACCAACGACATCAAAAAACAGTTCAGGCTGCTGGCGAAAAAATACCACCCGGACATCAACCCGTCTCCGGA 
CGCGAAACAGAAAATGGCGTCTATCACCGCGGCGTACGAACTGCTGTCTGACCCGAAAAAGAAAGAATTCTACG 
ACAAAACCGGTATGACCGACGACTCTAACTACCAGAACCACTCTTCTAACTTCGAAGGTGCGTTCTCTGGTTTC 
GGTGACGCGTCTTTCATGTTCACCGACTTCGCGGAAATGTTCACCAACATGGCGGGTGGTAACAAAAACACCTC 
TACCCGTGGTGAAGACATCCAGTCTGAAATCACCCTGAAATTCATGGAAGCGATCAAAGGTTGCGAAAAAAACT 
CGCGACTGAACGTTAAAGTTTCTTGCAACAACTGCAACGGTTCTGGTAAAAAACCGGGCACCAACCTGACCATC 
TGCAAAGTTTGCAACGGTTCTGGTATCCAGCGTATGGAACGTGGTCCGATCATCATCGGTGTTCCGTGCCGTAA 
CTGCTCTGGTAACGGTCAGATCATCAACAACCCGTGCAAACACTGCTCTGGTTCTGGTGTTAAATTCCAGACCA 
AAAACATCACCCTGGACATCCCGCCCGGGATCAAAAAAGGTATGCAGATGCGTATCCCGAACCAGGGTCACTGC 
GGTTACCGTGGTGGTAAATCTGGTCACCTGTTCGTTACCATCAACATCGAACCGCACAAAATCTTCAAATGGGT 
TGACGACAACATCTACGTTGACGTTCCGCTGACCATCAAACAGTGCCTGCTGGGTGGTCTGGTTACCGTTCCGA 
CCCTGAACGGTGACATGGACCTGCTGATCAAACCGAAAACCTACCCGAACTCTGAAAAAATCCTGAAAGGTAAA 
GGTCCGTGCAAAGTTGACTCTCACAACAACGGTGACCTGATCATCAAATTCTCTCTGAAAATCCCGGAAAAACT 
GACCCCGCGTCAGGTTGAACTGATCGAAGAATTCAACACCATCGAACTGAACCTGCCGAACCCGCAGACCAACG 
TTAAACAGAAAAAAAACATCTACGAAACCAAAGGTAACATCAACGAAAACATCTTCTCTATGAACAACACCTAC 
AACAACATGAAAGGTCCGGAAGGTGAAACCTCTAACACCCAGGCGAAATCTATGAAAAACCAGAACTGGAACAA 
CGAAAAATCTGTTAACAACAAAGGCACCATCTCTAAAGACGAAAAAAAACTGAACATGAAAAACAACCACATCA 
ACGAAAAATCTAACCTGAAAAACTCTTCTCACATGGACACCAACAAAAACGAAGAAAACATGTCTGACGACGAA 
AAAAAAAAAATCAAAAAAATCATCCCGGAACCGCCGATGCCGCACACCCACAAAATCGTTAACAACCTGGAATC 
TAAAAACTCTTGCAACATCCCGATCCCGCCGCCGCCGCCGAAATCTTCTTCTAAACCGATCTCTGAAAACCAGA 
ACATCTCTAACCGTGAACACAACGGTGTTACCAACAACTCTGCGAAACTGGACAACAACATCAACATGAACTAC 
TCTTGCGACCCGTACAAAAACGTTACCCAGAACGACCTGAACAACAACGACAACATCAAAAACAAAATCTACAA 
AGACAACACCAACATCTCTAACCACCACATCTTCAAAAACGACAACATCAACCAGCAGCAGTTCCACTGCGCGG 
ACAACTCTTCTGAAAACAACAACGAATCTGACATGAACACCACCTCTACCTTCTCTTTCGCCAAAAAATGGATC 
TCTGACAAACTGAAACCGAAAAACTAAGGTACCCTGCAG 

** The engineered flanking 5’-BamHI (GGATCC) and 3’-PstI (CTGCAG) restriction sites are underlined, in 
addition to the BstBI site (TTCGAA) engineered between the encoded J-domain and GF-region for J-domain 
swapping, and the central SmaI site (CCCGGG) delineating the front and back halves of the Pfj1 coding 
sequence (Pfj1-Front and Pfj1-Back) 
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C2: PROTEIN SEQUENCES IN FASTA FORMAT 

>PfHsp40 (Plasmodium falciparum Hsp40) [Accession: NP_702248.1] 
MFFSSGFPFDSMGGQQARRKREVNNNKFYEVLNLKKNCTTDEVKKAYRKLAIIHHPDKGGDPEKFKEISRAYEV 
LSDEEKRKLYDEYGEEGLENGEQPADATDLFDFILNAGKGKKKRGEDIVSEVKVTLEQLYNGATKKLAISKDII 
CTNCEGHGGPKDAKVDCKQCNGRGTKTYMRYHSSVLHQTEVTCNTCRGKGKIFNEKDKCANCKGMCVLKTRKII 
EVYIPKGAPNKHKIVFNGEADEKPNVITGNLVVILNEKQHPVFRREGIDLFMNYKISLYESLTGFVAEVTHLDE 
RKILVNCTNSGFIRHGDIREVLDEGMPTYKDPFKKGNLYITFEVEYPMDLIITNENKEVLKILKKQNEVEKKYD 
LENSELEVVSCSPVDKEYIKVRVTKQQQQQQQEAYDDEDHQPEMEGGRVACAQQ 

>Pfj1 (Plasmodium falciparum DnaJ protein 1) [Accession: NP_702750.1] 
MLALRILRRKVCSEHFLFERSFFTQSIKGKNGCLVTRYDKNKLLFYYKRNINTSRKCLNQDPYTVLGLSRNATT 
NDIKKQFRLLAKKYHPDINPSPDAKQKMASITAAYELLSDPKKKEFYDKTGMTDDSNYQNHSSNFEGAFSGFGD 
ASFMFTDFAEMFTNMAGGNKNTSTRGEDIQSEITLKFMEAIKGCEKNIRLNVKVSCNNCNGSGKKPGTNLTICK 
VCNGSGIQRMERGPIIIGVPCRNCSGNGQIINNPCKHCSGSGVKFQTKNITLDIPPGIKKGMQMRIPNQGHCGY 
RGGKSGHLFVTINIEPHKIFKWVDDNIYVDVPLTIKQCLLGGLVTVPTLNGDMDLLIKPKTYPNSEKILKGKGP 
CKVDSHNNGDLIIKFSLKIPEKLTPRQVELIEEFNTIELNLPNPQTNVKQKKNIYETKGNINENIFSMNNTYNN 
MKGPEGETSNTQAKSMKNQNWNNEKSVNNKGTISKDEKKLNMKNNHINEKSNLKNSSHMDTNKNEENMSDDEKK 
KIKKIIPEPPMPHTHKIVNNLESKNSCNIPIPPPPPKSSSKPISENQNISNREHNGVTNNSAKLDNNINMNYSC 
DPYKNVTQNDLNNNDNIKNKIYKDNTNISNHHIFKNDNINQQQFHCADNSSENNNESDMNTTSTFSFAKKWISD 
KLKPKN 

>Agt DnaJ (Agrobacterium tumefaciens DnaJ) [Accession: AAR84666.1] 
MAKADFYETLGVSKTADEKELKSAFRKLAMKYHPDKNPDDADSERKFKEINEAYETLKDPQKRAAYDRFGHAAF 
ENGGMGGGGGGFGGGGFANGGFSDIFEDIFGEMMGGGRARRSSGGRERGADLRYNMEITLEEAFTGKTAQIRVP 
TSITCDVCSGSGAKPGTQPKTCATCQGSGRVRAAQGFFSVERTCPTCHGRGQTISDPCGKCHGQGRVTEERSLS 
VNIPSGIEDGTRIRLQGEGEAGMRGGPAGDLYIFLSVRPHEFFQRDGADLYCTVPISMTTAALGGTFDVTTLDG 
TKSRVTVPEGTQPGKQFRLKGKGMPVLRSAQTGDLYIQIQIETPQKLSKRQRELLQEFEQLSSKENNPESTGFF 
ARMKKFFDG 

>Pfj1-J-Agt-DnaJ Chimera (residues derived from the Pfj1 J-domain are underlined) 
MAKQDPYTVLGLSRNATTNDIKKQFRLLAKKYHPDINPSPDAKQKMASITAAYELLSDPKKKEFYDKTGHAAFE  
NGGMGGGGGGFGGGGFANGGFSDIFEDIFGEMMGGGRARRSSGGRERGADLRYNMEITLEEAFTGKTAQIRVPT 
SITCDVCSGSGAKPGTQPKTCATCQGSGRVRAAQGFFSVERTCPTCHGRGQTISDPCGKCHGQGRVTEERSLSV 
NIPSGIEDGTRIRLQGEGEAGMRGGPAGDLYIFLSVRPHEFFQRDGADLYCTVPISMTTAALGGTFDVTTLDGT 
KSRVTVPEGTQPGKQFRLKGKGMPVLRSAQTGDLYIQIQIETPQKLSKRQRELLQEFEQLSSKENNPESTGFFA 
RMKEFFEG 

>Hsj1a (DnaJB2; Homo sapiens DnaJ Isoform 1a) [Accession: X63368] 
MASYYEILDVPRSASADDIKKAYRRKALQWHPDKNPDNKEFAEKKFKEVAEAYEVLSDKHKREIYDRYGREGLT 
GTGTGPSRAEAGSGGPGFTFTFRSPEEVFREFFGSGDPFAELFDDLGPFSELQNRGSRHSGPFFTFSSSFPGHS 
DFSSSSFSFSPGAGAFRSVSTSTTFVQGRRITTRRIMENGQERVEVEEDGQLKSVTINGVPDDLALGLELSRRE 
QQPSVTSRSGGTQVQQTPASCPLDSDLSEDEDLQLAMAYSLSEMEAAGKKPADVF 

>Hlj1 J-domain (Saccharomyces cerevisiae ER transmembrane DnaJ-like protein) [Accession: NP_013884] 
MSFTEDQEKIALEILSKDKHEFYEILKVDRKATDSEIKKAYRKLAIKLHPDKNSHPKAGEAFKVINRAFEVLSN 
EEKRSIYDRIGR 

>PfHsp70-I (Plasmodium falciparum Hsp70 Isoform I) [ Accession: AAA29626] 
MASAKGSKPNLPESNIAIGIDLGTTYSCVGVWRNENVDIIANDQGNRTTPSYVAFTDTERLIGDAAKNQVARNP 
ENTVFDAKRLIGRKFTESSVQSDMKHWPFTVKSGVDEKPMIEVTYQGEKKLFHPEEISSMVLQKMKENAEAFLG 
KSIKNAVITVPAYFNDSQRQATKDAGTIAGLNVMRIINEPTAAAIAYGLHKKGKGEKNILIFDLGGGTFDVSLL 
TIEDGIFEVKATAGDTHLGGEDFDNRLVNFCVEDFKRKNRGKDLSKNSRALRRLRTQCERAKRTLSSSTQATIE 
IDSLFEGIDYSVTVSRARFEELCIDYFRDTLIPVEKVLKDAMMDKKSVHEVVLVGGSTRIPKIQTLIKEFFNGK 
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EACRSINPDEAVAYGAAVQAAILSGDQSNAVQDLLLLDVCSLSLGLETAGGVMTKLIERNTTIPAKKSQIFTTY 
ADNQPGVLIQVYEGERALTKDNNLLGKFHLDGIPPAPRKVPQIEVTFDIDANGILNVTAVEKSTGKQNHITITN 
DKGRLSQDEIDRMVNDAEKYKAEDEENRKRIEARNSLENYCYGVKSSLEDQKIKEKLQPAEIETCMKTITTILE 
WLEKNQLAGKDEYEAKQKEAESVCAPIMSKIYQDAAGAAGGMPGGMPGGMPGGMPSGMPGGMNFPGGMPGAGMP 
GNAPAGSGPTVEEVD 

>HsHsp70 (HspA1A; Homo sapiens Hsp70 Protein 1A) [Accession: NP_005336] 
MAKAAAIGIDLGTTYSCVGVFQHGKGERNVLIFDLGGGTFDVSILTIDDGIFEVKATAGDTHLGGEDFDNRLVN 
HFVEEFKRKHKKDISQNKRAVRRLRTACERAKRTLSSSTQASLEIDSLFEGIDFYTSITRARFEELCSDLFRST 
LEPVEKALRDAKLDKAQIHDLVLVGGSTRIPKVQKLLQDFFNGRDLNKSINPDEAVAYGAAVQAAILMGDKSEN 
VQDLLLLDVAPLSLGLETAGGVMTALIKRNSTIPTKQTQIFTTYSDNQPGVLIQVYEGERAMTKDNNLLGRFEL 
SGIPPAPRGVPQIEVTFDIDANGILNVTATDKSTGKANKITITNDKGRLSKEEIERMVQEAEKYKAEDEVQRER 
VSAKNALESYAFNMKSAVEDEGLKGKISEADKKKVLDKCQEVISWLDANTLAEKDEFEHKRKELEQVCNPIISG 
LYQGAGGPGPGGFGAQGPKGGSGSGPTIEEVD 
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APPENDIX D 

COMMON PROTOCOLS FOR STANDARD MOLECULAR BIOLOGY TECHNIQUES 

Standard molecular biology protocols were adapted from those described
1,2

. Sterile technique was 

employed where applicable. Specialised materials and reagents utilised are listed in APPENDIX E. 

D1: ISOLATION OF PLASMID DNA 

The protocol for isolation of plasmid DNA was adapted from that described for alkaline lysis
3
. In 

brief, E. coli cells transformed with the plasmid of interest were grown overnight (37°C, 200 rpm) in 

5 ml cultures of 2x YT (1.6% tryptone, 1% yeast extract, 0.5% NaCl) or LB media (1% tryptone, 0.5% 

yeast extract, 1% NaCl) supplemented with the appropriate antibiotic for plasmid selection (100 

µg.ml
-1 
 ampicillin for pQE30-based plasmids). The cells were harvested in a microcentrifuge (16 000 

xg, 1 minute) and resuspended in 250 μl of Solution I (2 mg.ml
-1 
 lysozyme, 10 mM EDTA, 50 mM 

Glucose, 25 mM Tris-Cl, pH 8.0). To the resuspended cells, 250 μl of Solution II (1% (w/v) SDS, 0.2 M 

NaOH) was added and mixed by inversion, and subsequently 350 μl of Solution III (1.5 M potassium 

acetate, 12% (v/v) glacial acetic acid) was similarly added. This was followed by centrifugation 

(16 000 xg, 10 minutes) and precipitation of the DNA from the resulting supernatant with 500 μl of 

100% isoproponal (10 minutes, room temperature). The precipitated DNA was pelleted by 

centrifugation (16 000 xg, 10 minutes) and washed with 800 μl of 70% ethanol (4°C). The ethanol 

was discarded and the pellet was allowed to dry for 20 minutes at room temperature, prior to 

resuspension in 50 μl of TE buffer (10 mM Tris, 20 μg.ml
-1 
 RNAse A, 1 mM EDTA, pH 8.0). The 

purified DNA was quantified at 260 nm in a Helios Alpha UV-Vis Spectrophotometer (Thermo 

Scientific). 

D2: DNA DIGESTION WITH RESTRICTION ENZYMES 

Plasmid DNA was digested with the appropriate restriction endonuclease(s) for two hours at the 

appropriate optimal temperature (37°C unless otherwise stated) in a digestion reaction comprising: 

200 - 500 ng of plasmid DNA, 2 μl of the appropriate 10x restriction buffer, 1 - 2 U of restriction 

endonuclease enzyme (APPENDIX E) and distilled water to a final volume of 20 μl. The digested DNA 

1 SAMBROOK, J., FRITSCH, E.F. and MANIATIS, T. (1989). Molecular Cloning: A Laboratory Manual. Volumes I, II and III. 
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New York. 

2 SAMBOOK, J. and RUSSELL, D.W. (2001). Molecular Cloning: A Laboratory Manual. Volumes I, II and III. Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor, New York. 

3 BIRNBOIM, H. and DOLY, J. (1979). A rapid alkaline extraction procedure for screening recombinant plasmid DNA. 
Nucleic Acids Research, 7, 1513-1523. 
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was resolved by agarose gel electrophoresis as described in SECTION D3.  Double digestion with 

BamHI/SmaI or SmaI/PstI was achieved with sequential one hour incubations at 30°C and 37°C 

respectively. Restriction buffers for single and double restriction enzyme digestions were selected 

as per the supplier’s recommendations. 

PstI-digested λDNA marker was prepared by the digestion of 20 µl of 526 µg.ml
-1 
 λDNA (Promega) 

for two hours at 37°C in a reaction containing 5 U of PstI restriction enzyme (Fermentas), 20 µl of 

the appropriate 10x restriction enzyme buffer (Fermentas) and distilled water to a final volume of 

200 µl. The digested λDNA was treated with 6x DNA gel loading buffer (0.25% (w/v) bromophenol 

blue, 30% (v/v) glycerol) for use in subsequent agarose gel electrophoresis (SECTION D3). 

D3: AGAROSE GEL ELECTROPHORESIS 

Agarose gels were prepared by melting molecular grade agarose (0.8% or 1.5% (w/v)) in TBE Buffer 

(45 mM Borate, 1 mM EDTA, 45 mM Tris-Cl, pH 8.3) and supplementing ethidium bromide to a final 

concentration of 0.5 μg.ml
-1 
 on cooling prior to casting. DNA samples for electrophoresis were 

treated with 6x DNA gel loading buffer (0.25% (w/v) bromophenol blue, 30% (v/v) glycerol) in a 

ratio of 5:1 respectively and loaded onto the gel with an appropriate marker of PstI-digested λDNA 

(prepared as per SECTION D2). The samples were resolved at 100 - 120 V for one hour, and 

visualised under ultra-violet light with a Chemidoc Imaging System (Bio-Rad). For the 

visualisation of DNA fragments smaller than 500 bp, ethidium bromide staining (0.5 µg.ml
-1 
 in 

TBE Buffer) was achieved subsequent to electrophoresis. 

D4: EXTRACTION AND PURIFICATION OF DNA FROM AN AGAROSE GEL 

Resolved DNA fragments were isolated subsequent to agarose gel electrophoresis using the GFX
TM 

 

PCR DNA and Gel Band Purification Kit (GE Healthcare) as per the manufacturer’s instructions. In 

brief, the DNA fragment of interest was identified by brief exposure to long-wave UV light, excised 

from the gel and incubated in Capture buffer (GE Healthcare; 10 µl per 10 mg of excised gel) at 60°C 

for 15 minutes. The sample was applied to a GFX
TM 

 spin column (GE Healthcare) and centrifuged at 

16 000 xg for 1 minute. Bound DNA was washed with 500 µl of Wash buffer (GE Healthcare) passed 

through the column by centrifugation (16 000 xg, 1 minute). The DNA was eluted from the column 

with 20-30 µl of Elution buffer (GE Healthcare) by further centrifugation (16 000 xg, 1 minute). 

Quantification of the purified DNA was achieved in a Helios Alpha UV-Vis spectrophotometer 

(Thermo Scientific) at 260 nm. 
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D5: LIGATION OF DNA FRAGMENTS 

DNA fragments intended for ligation (typically 500 ng of insert fragment to 100 ng of target 

plasmid) were incubated overnight at 4°C in a ligation reaction comprising 1 μl of 10x ligation buffer 

(Roche Applied Sciences), 1 U of T4 DNA Ligase (Roche Applied Sciences) and distilled water to a 

final volume of 10 μl. Following incubation at 4°C overnight, the ligation reaction was incubated at 

room temperature for 30 minutes prior to transformation into competent E. coli cells (SECTION D8). 

D6: DNA SEQUENCING 

Plasmid DNA was isolated for DNA sequencing using the QiaPrep Miniprep Kit (Qiagen) as per the 

manufacturer’s instructions, with the exception that the final DNA elution was achieved with an 

equal volume of distilled water. Sequencing reactions comprised the plasmid DNA (200 - 500 ng), 

3.2 pmol of primer (forward or reverse primer; APPENDIX F3), 2 μl of 5 x Big Dye® Terminator 

Sequencing Buffer (Big Dye Terminator Cycle Sequencing Kit version 3.1, Applied Biosystems), 4 μl 

of Big Dye Terminator (Applied Biosystems) and distilled water to a final volume of 10 μl. Thermal 

cycling was allowed to proceed in a GeneAmp PCR System 9700 (version 3.05; Applied Biosystems) 

as follows: one cycle of denaturation (96 °C, 10 seconds), 25 cycles of denaturation, annealing and 

extension (96 °C for 10 seconds, 52°C for 5 seconds, and 60°C for 4 minutes) and a final 4°C hold. 

Purification of the amplification product from unincorporated big dye terminators was achieved 

with Zymo-Spin I
TM 

 columns (Zymo Research) as per the manufacturer’s instructions. The purified 

DNA was injected into an ABIPRISM 3100 Genetic Analyser (Applied Biosystems, USA) and analysed 

by capillary electrophoresis. DNA sequencing results were analysed using BioEdit Sequence 

Alignment Editor (version 7.0.4.1)
4
. 

D7: PREPARATION OF COMPETENT E. COLT CELLS 

The protocol for the preparation of competent E. coli cells is adapted from that described for the 

calcium chloride method
5
. The strain of interest was grown overnight (37°C, 200 rpm) in 5 ml of 2x 

YT (1.6% tryptone, 1% yeast extract, 0.5% NaCl) or LB media (1% tryptone, 0.5% yeast extract, 1% 

NaCl) supplemented with the appropriate antibiotic for strain selection if required. The resulting 

overnight culture was diluted into 50 ml of 2x YT or LB media to an A600  of 0.1 and growth was 

allowed to proceed until early log phase (A600  of 0.3 - 0.6). The cells were harvested by 

4 HALL, T.A. (1999). BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows 
95/98/NT. Nucleic Acids Symposium Series, 41, 95-98. 

5 DAGERT, M. and EHRLICH, S.D. (1979). Prolonged incubation in calcium chloride improves the competence of 
Escherichia coli cells. Gene, 6, 23-28. 
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centrifugation (5000 xg, 5 minutes, 4°C) and resuspended in 50 ml of ice-cold 0.1 M MgCl2 (4°C). 

Following two minutes of incubation at 4°C the cells were pelleted by centrifugation as before and 

resuspended in 25 ml of ice-cold 0.1 M CaCl2 (4°C). Following incubation at 4°C for one hour the 

cells were harvested by centrifugation as before and resuspended in 5 ml of 0.1 M CaCl2 and 5 ml of 

30% (v/v) glycerol. The competent cells were divided into aliquots and stored at -80°C prior to use. 

Supercompetent E. coli cells were sourced commercially as detailed in APPENDIX E. 

D8: TRANSFORMATION OF COMPETENT E. COLT CELLS 

Competent E. coli cells (100 μl; SECTION D7) were incubated with 100 ng of the plasmid DNA of 

interest (or 2 µl of ligation product) at 4°C for 30 minutes, followed by heat shock (42°C for 45 

seconds) and subsequent cold shock (4°C for 2 minutes). The cells were diluted 1:10 with 2x YT 

(1.6% tryptone, 1% yeast extract, 0.5% NaCl) or LB media (1% tryptone, 0.5% yeast extract, 1% 

NaCl) pre-warmed to 37°C, and were subsequently incubated for 30 minutes with shaking (200 

rpm, 37°C). The bacterial suspension (100 μl) was plated onto 2x YT- or LB-agar plates (1.5% agar in 

2x YT or LB media) supplemented with the appropriate antibiotics (100 μg.ml
-1 
 ampicillin for pQE30-

based plasmid selection; 50 μg.ml
-1 
 kanamycin for E. coli OD259 strain selection; 34 μg.ml

-1 
 

chloramphenicol for E. coli Rosetta 2 strain selection). The plates were incubated overnight at 37°C. 

Transformation controls included a sterile control with sterile distilled water replacing the plasmid 

DNA in the incubation mixture, and a competence control with plasmid DNA of known 

concentration (10 ng of plasmid pUC18; Promega) transformed into the E. coli cells.  For the 

thermosensitive E. coli OD259 strain, a temperature of 30°C was used for growth and incubation, 

and heat shock was achieved at 37°C. 

D9: PROTEIN CONCENTRATION DETERMINATION BY BRADFORD’S ASSAY 

Protein concentration determination was performed by Bradford’s assay as previously described
6
. 

A volume of 200 µl of Bradford’s reagent (Bio-Rad; diluted 1:4 with distilled water) was added to 10 

µl of undiluted, 1:10 and 1:100 diluted protein samples of unknown concentration. Following 

incubation at room temperature for 10 minutes, the Absorbance of the samples was read at 595 

nm in a PowerWave
TM 

 Microplate spectrophotometer (Biotek). Protein concentration was 

determined with the corresponding 0 - 250 µg.ml
-1 
 Bovine Serum Albumin (BSA) standard curve 

prepared for the assay (represented in FIGURE D14 overleaf). 

6 BRADFORD, M.M. (1976). A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein 
Utilizing the Principle of Protein-Dye Binding. Analytical Biochemistry, 72, 248-254. 
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FIGURE D9.  Representative Bovine 
Serum Albumin standard curve for 
protein concentration determination 
by Bradford’s assay.  The curve is 
represented by the linear equation: y = 
0.0035x – 0.0107; R

2
= 0.99. 

D10: SODIUM-DODECYL SULPHATE – POLYACRYLAMIDE GEL ELECTROPHORESIS (SDS-PAGE) 

The protocol for SDS-PAGE analysis is adapted from that previously described
7
. Protein samples 

were treated with 5x SDS-PAGE sample buffer (10% glycerol, 2% SDS, 5% β-mercaptoethanol, 0.05% 

bromophenol blue, 0.0625 M Tris, pH 6.8) in a ratio of 4:1 respectively and loaded onto a 

polyacrylamide gel constituted by a resolving gel (10-12% (w/v) acrylamide, 0.1% (w/v) SDS, 0.05% 

(w/v) ammonium persulphate (APS), 0.005% (v/v) N,N,N’,N’-tetramethylethylenediamine (TEMED), 

0.375 M Tris, pH 8.8) and a stacking gel (4% (w/v) acrylamide, 0.1% (w/v) SDS, 0.05% (w/v) APS, 

0.005% (v/v) TEMED, 0.125 M Tris, pH 6.8). The gel was resolved in a Mini Protean® II system (Bio-

Rad) at 160 V for one hour and stained or used for Western analysis (SECTION D11). Staining of the 

SDS-PAGE gel was achieved in Coomassie Blue stain (40% (v/v) methanol, 7% (v/v) acetic acid, 

0.25% (w/v) Coomassie Blue R250 in distilled water) for 30 minutes and subsequent destaining was 

achieved overnight in destain solution (40% (v/v) methanol, 7% (v/v) acetic acid in distilled water). 

Alternatively, the gel was stained with silver nitrate subsequent to electrophoresis. In brief, the gel 

intended for silver staining was fixed in fixative solution (50% (v/v) ethanol, 12% (v/v) acetic acid, 

0.05% (v/v) formaldehyde) for 30 minutes and subsequently washed in 50% (v/v) ethanol for 20 

minutes. Following brief incubation in 0.01% (w/v) Na2S2O3,  the gel was washed twice in distilled 

water for 30 seconds. Subsequently the gel was stained in 0.1% (w/v) AgNO3 prepared in distilled 

water for a further 20 minutes. Excess AgNO3 was removed with a brief rinse in distilled water, 

followed by development in Developer Solution (7.5 g of Na2CO3, 0.12 ml of formaldehyde and 5 ml 

of 0.01% (w/v) Na2S2O3  per 250 ml of distilled water). Development was stopped with a 10 mM 

solution of EDTA and the gel was visualised. 

7 SHAPIRO, A.L., VIÑUELA, E. and MAIZEL, J.V. (1967). Molecular weight estimation of polypeptide chains by 
electrophoresis in SDS-polyacrylamide gels. Biochemical and Biophysical Research Communications, 28, 815-820. 
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D11: PROTEIN DETECTION BY WESTERN ANALYSIS 

The protocol for the detection of proteins by Western analysis was adapted from that described
8
. 

Proteins were resolved by SDS-PAGE as per SECTION D10 and transferred onto nitrocellulose 

membrane (Hybond C-extra; GE Healthcare) in transfer buffer (20% (v/v) methanol, 192 mM 

glycine, 25 mM Tris) at 100 V for 90 minutes in a Mini Protean® III Western trans-blot system (Bio-

Rad). Protein transfer was verified with Ponceau S stain (0.5 % (w/v) Ponceau S, 1% (v/v) glacial 

acetic acid). The membrane was subsequently destained with distilled water and incubated 

overnight at 4°C in blocking solution comprised of 5% (w/v) fat-free milk powder in Tris Buffered 

Saline (TBS; 50 mM Tris, 150 mM NaCl, pH 7.5). The membrane was incubated with appropriate 

primary antibody (1:5000 in blocking solution unless otherwise stated in the text) for one hour at 

room temperature and subsequently washed three times with Tris Buffered Saline-Tween buffer 

(TBS-T; TBS containing 0.1% (v/v) Tween 20). The membrane was similarly incubated with the 

appropriate horse-radish peroxidise (HRP)-conjugated secondary antibody (1:5000 in blocking 

solution unless otherwise stated in the text) for one hour at room temperature and washed with 

TBS-T as before. Chemiluminescence-based protein detection was achieved using the ECL
TM  

Western blotting kit (GE Healthcare) as per the manufacturer’s instructions, and captured with a 

Chemidoc chemiluminescence imaging system (Bio-Rad). 

D12: ANALYSIS OF RECOMBINANT PROTEIN EXPRESSION 

A colony of the specified E. coli strain
9,10 

 transformed with the appropriate plasmid (pQPfHsp40 or 

pQPfj1; as per SECTION D8) was inoculated into 100 ml of the appropriate growth media
9 
 containing 

ampicillin selection pressure to the specified final concentration
9
, and incubated overnight for 

approximately 16 hours at 200 rpm at the stated temperature
9
. The overnight culture was diluted 

to an A600  of 0.1 in 1000 ml of the appropriate growth media
9 
 supplemented with the appropriate 

concentration of antibiotic
9 
 and incubated as before to a specified cell density (A600)9.  Protein 

expression was induced with 1 mM IPTG in the presence or absence of selection pressure as 

indicated
9 
 and 1 ml aliquots of the induced cells were harvested at hourly intervals between 0 - 8 

hours post-induction, and overnight at 16 hours post-induction. The harvested cells were pelleted 

by centrifugation (16 000 xg; 1 minute) and resuspended in phosphate buffered saline (PBS; 137 

8 TOWBIN, H., STAEHELIN, T. and GORDON, J. (1979). Electrophoretic transfer of proteins from Polyacrylamide gels to 
nitrocellulose sheets: procedure and some applications. Proceedings of the National Academy of Sciences, 76, 
4350-4354. 

9 Variables used are specified in TABLE 3.1, CHAPTER 3. 
10 Selection of the E. coli Rosetta

TM 
 2(DE3) strain was achieved with 34 µg.ml

-1 
 chloramphenicol in the growth media 
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mM NaCl, 2.7 mM KCl, 10.3 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) in volumes dependent on the 

cell density (150 µl of PBS per 0.5 recorded A600  absorbance units). Samples were analysed for 

recombinant protein expression by SDS-PAGE as per SECTION D10 and Western analysis using a 

mouse anti-His primary mAb (1:5000; GE Healthcare) and an HRP-conjugated sheep anti-mouse 

secondary antibody (1:5000; GE Healthcare) as per SECTION D11. 
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APPENDIX E 

LIST OF MATERIALS AND SPECIALISED REAGENTS 

REAGENT SUPPLIER 

[α
32

P]-Adenosine triphosphate Perkin-Elmer Life Sciences, USA 
β-mercaptoethanol Merck, Germany 
λDNA Promega, USA 
Acetic Acid Saarchem, South Africa 
Adenosine diphosphate (sodium salt) Sigma-Aldrich, USA 
Adenosine triphosphate (disodium salt) Sigma-Aldrich, USA 
Agar (Bacteriological) Biolab Diagnostics, South Africa 
Agarose Hispanagar, Spain 
Albumax II Invitrogen, USA 
Ammonium per sulphate Saarchem, South Africa 
Ampicillin Fisher Scientific, UK 
Aurion BSA Electron Microscopy Sciences, USA 
Bis-Acrylamide Bio-Rad, US 
Bovine Serum Albumin Sigma-Aldrich, USA 
Boric Acid Saarchem, South Africa 
Bradford’s Reagent Bio-Rad, USA 
Bromophenol Blue Sigma-Aldrich, Germany 
Calcium chloride Saarchem, South Africa 
Centricon® Centrifugal Units Millipore, Germany 
Chloramphenicol Sigma-Aldrich, USA 
Coomassie Brilliant Blue R250 Sigma-Aldrich, Germany 
DAPI (4',6-diamidino-2-phenylindole) Invitrogen, USA 
Diethiothreitol BioVectra (DCI), Canada 
Dimethyl sulfoxide (DMSO) Sigma-Aldrich, Germany 
dNTP mix Roche Applied Sciences, Germany 
EDTA, sodium salt Saarchem, South Africa 
Ethanol Saarchem, South Africa 
Ethidium bromide Sigma-Aldrich, Germany 
Formic Acid Fisher Scientific, UK 
Goat Serum Calbiochem, USA 
Gentamicin Sigma-Aldrich, Germany 
Glacial acetic acid Saarchem, South Africa 
Glucose Sigma-Aldrich, Germany 
Glutathione (reduced) Sigma-Aldrich, USA 
Glutathione agarose Sigma-Aldrich, USA 
Glycerol EMD Chemicals, USA 
Glycine Sigma-Aldrich, Germany 
HEPES Fisher Scientific, UK 
Hybond C-extra GE Healthcare, UK 
Hydrochloric Acid Saarchem, South Africa 
Hypoxanthine Calbiochem, USA 
Illustra

TM 
 NICK Sephadex G-50 GE Healthcare, UK 

Imidazole Sigma-Aldrich, Germany 
Isopropyl-1-thio-β-D-galactopyranoside Roche Applied Sciences, Germany 
Kanamycin sulphate Roche Applied Sciences, Germany 
Leupeptin Sigma-Aldrich, USA 
Lithium chloride Fisher Scientific, UK 
LR White Resin Electron Microscopy Sciences, USA 
Lysine Sigma-Aldrich, USA 
Lysozyme Sigma-Aldrich, USA 
Methanol Saarchem, South Africa 

Appendix  | 208 



Magnesium acetate (MgOAc) Sigma-Aldrich, USA 
Magnesium chloride (MgCl2) Saarchem, South Africa 
Malate Dehydrogenase (MDH) Roche Applied Sciences, Germany 
Ni-NTA column Qiagen, USA 
N-laurylsarcosine Sigma-Aldrich, Germany 
Pepstatin A Sigma-Aldrich, USA 
Percoll Sigma-Aldrich, USA 
Permafluor Beckman Coulter, USA 
Phenylmethylsulphonyl fluoride (PMSF) Sigma-Aldrich, USA 
Polyacrylamide Bio-Rad, USA 
Polyethylene Glycol 3000 (PEG-3000) Sigma-Aldrich, Germany 
Polyethyleneimine (PEI) Sigma-Aldrich, USA 
Ponceau S Sigma-Aldrich, Germany 
Potassium acetate (KOAc) Fisher Scientific, UK 
Potassium chloride (KCl) Saarchem, South Africa 
Potassium hydroxide (KOH) Saarchem, South Africa 
Potassium phosphate (K2HPO4) Merck, Germany 
Potassium dihydrogen phosphate (KH2PO4) Merck, Germany 
Protein G Sepharose Sigma-Aldrich, Germany 
Protein A/G PLUS Agarose Santa Cruz Biotechnology, USA 
Q-Sepharose Fast Flow

TM 
Sigma-Aldrich, USA 

RPMI-1640 Media Highveld Biologicals, South Africa 
Saponin Sigma-Aldrich, Germany 
Sepharose Fast Flow

TM 
 (uncharged) GE Healthcare, UK 

Sodium cacodylate (NaCH2H6AsO2) Sigma-Aldrich, Germany 
Sodium carbonate (Na2CO3 / NaHCO3) Sigma-Aldrich, USA 
Sodium chloride (NaCl) Saarchem, South Africa 
Sodium thiosulphate (Na2S2O3) Sigma-Aldrich, USA 
Sodium dodecyl sulphate (SDS) Sigma-Aldrich, USA 
Sodium phosphate (NaH2PO4 / Na2HPO4) Saarchem, South Africa 
Sodium hydroxide (NaOH) Saarchem, South Africa 
Sorbitol Sigma-Aldrich, USA 
Silver nitrate (AgNO3) Fisher Scientific, UK 
Snakeskin

TM 
 dialysis tubing Thermo Scientific, USA 

TEMED (N,N,N’,N’-tetramethylethylenediamine) Sigma-Aldrich, Germany 
Tris (Tris-2-amino-2-hydroxymethyl-1,3-propanol) Sigma-Aldrich, Germany 
Triton X-100 Sigma-Aldrich, Germany 
Tryptone Oxoid, UK 
Tween 20 Saarchem, South Africa 
Urea Sigma-Aldrich, Germany 
Yeast extract Oxoid, UK 

ANTIBODIES 

Alexa Fluor® 594 goat anti-rabbit Invitrogen, USA 
Alexa Fluor® 488 goat anti-mouse Invitrogen, USA 
Goat anti-GST pAb GE Healthcare, UK 
HRP-conjugated goat anti-sheep/goat Exalpha Biologicals, USA 
HRP-conjugated sheep anti-mouse GE Healthcare, UK 
HRP-conjugated goat anti-rabbit GE Healthcare, UK 
HRP-conjugated donkey anti-rabbit GE Healthcare, UK 
Mouse anti-His mAb GE Healthcare, UK 
Mouse anti-Penta-His mAb Qiagen, USA 
Rabbit anti-Hsp72/3 pAb Upstate Biotechnology, USA 
Rabbit anti-DnaJ pAb Stressgen, USA 
TRITC-conjugated anti-rabbit Invitrogen, USA 
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RESTRICTION ENZYMES 

BamHI Fermentas, Lithuania 
BalI Promega, USA 
HindIII Fermentas, Lithuania 
SalI Fermentas, Lithuania 
EcoRV GE Healthcare, UK 
EcoRI GE Healthcare, UK 
NheI GE Healthcare, UK 
SacII GE Healthcare, UK 
SmaI Roche Applied Sciences, Germany 
PstI Fermentas, Lithuania 
DpnI Promega, USA 

E. COLT STRAINS 

E. coli BL21(DE3)pLysS Promega, USA 
E. coli DH5α Gibco-BRL, USA 
E. coli JM109 Promega, UK 
E. coli Rosetta

TM 
 2(DE3)pLysS Novagen, USA 

E. coli RR1 ATCC, USA 
E. coli XL1-Blue Stratagene, USA 
E. coli XL10-Gold Strategene, USA 

PLASMIDS 

pGEM-T Easy® Promega, USA 
pQE30 Qiagen, USA 
pUC18 Promega, USA 

ENZYMES 

Expand High Fidelity Taq Polymerase and 10x Buffer Roche Applied Sciences, Germany 
T4 DNA Ligase and 10x Buffer Roche Applied Sciences, Germany 
Pfu Dna Polymerase and 10x Buffer Promega, USA 

COMMERCIAL KITS 

Big Dye
TM 

 Terminator Cycle Sequencing Kit Applied Biosciences, UK 
ECL Western Blotting Kit GE Healthcare, UK 
GFX

TM 
 PCR DNA and Gel Band Purification Kit GE Healthcare, UK 

QiaPrep Miniprep Kit Qiagen, USA 
Zymo-Spin I

TM 
Zymo Research, USA 

MARKERS 

Pageruler
TM 

 Protein Ladder Fermentas, USA 
SDS-PAGE Molecular Mass Marker Bio-Rad, USA 

PRIMERS 

All primers were synthesised by Integrated DNA WhiteSci, South Africa 
Technologies (IDT, USA) 
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APPENDIX F 

SEQUENCES OF PRIMERS USED IN PCR, MUTAGENESIS, AND DNA SEQUENCING 

F1: PCR ASSEMBLY PRIMERS USED IN THE SYNTHESIS OF THE Pfj1 CODING SEQUENCE 

PRIMER SET PRIMER NAME SEQUENCE (5’ to 3’) 

FORWARD  Pfj1Fwd_1 GGATCCATGCTGGCGCTGCGTATCCTGCGTCGTAA 

Pfj1Fwd_2 AGTTTGCTCTGAACACTTCCTGTTCGAGCGTTCTTTCTTCACC 

Pfj1Fwd_3 CAGTCTATCAAAGGTAAAAACGGTTGCCTGGTTACCCGTTAC 

Pfj1Fwd_4 GACAAAAACAAACTGCTGTTCTACTACAAACGTAACATCAACACCT 

Pfj1Fwd_5 CTCGTAAATGCCTGAACCAGGACCCGTACACCGTTCTGG 

Pfj1Fwd_6 GTCTGTCTCGTAACGCGACCACCAACGACATCAAAAAACAGT 

Pfj1Fwd_7 TCAGGCTGCTGGCGAAAAAATACCACCCGGACATCA 

Pfj1Fwd_8 ACCCGTCTCCGGACGCGAAACAGAAAATGGCGTC 

Pfj1Fwd_9 TATCACCGCGGCGTACGAACTGCTGTCTGACCCGAAA 

Pfj1Fwd_10 AAGAAAGAATTCTACGACAAAACCGGTATGACCGACGACTCTAAC 

Pfj1Fwd_11 TACCAGAACCACTCTTCTAACTTCGAAGGTGCGTTCTCTGGTTT 

Pfj1Fwd_12 CGGTGACGCGTCTTTCATGTTCACCGACTTCGCG 

Pfj1Fwd_13 GAAATGTTCACCAACATGGCGGGTGGTAACAAAAACACCT 

Pfj1Fwd_14 CTACCCGTGGTGAAGACATCCAGTCTGAAATCACCCTGAAAT 

Pfj1Fwd_15 TCATGGAAGCGATCAAAGGTTGCGAAAAAAACTCGCGA 

Pfj1Fwd_16 CTGAACGTTAAAGTTTCTTGCAACAACTGCAACGGTTCTGGTA 

Pfj1Fwd_17 AAAAACCGGGCACCAACCTGACCATCTGCAAAGTTTGCA 

Pfj1Fwd_18 ACGGTTCTGGTATCCAGCGTATGGAACGTGGTCCGATC 

Pfj1Fwd_19 ATCATCGGTGTTCCGTGCCGTAACTGCTCTGGTAACGG 

Pfj1Fwd_20 TCAGATCATCAACAACCCGTGCAAACACTGCTCTGGTTCT 

Pfj1Fwd_21 GGTGTTAAATTCCAGACCAAAAACATCACCCTGGACATCC 

Pfj1Fwd_22 CGCCCGGGATCAAAAAAGGTATGCAGATGCGTATCCC 

Pfj1Fwd_23 GAACCAGGGTCACTGCGGTTACCGTGGTGGTAAATCTG 

Pfj1Fwd_24 GTCACCTGTTCGTTACCATCAACATCGAACCGCACAAAAT 

Pfj1Fwd_25 CTTCAAATGGGTTGACGACAACATCTACGTTGACGTTCCG 

Pfj1Fwd_26 CTGACCATCAAACAGTGCCTGCTGGGTGGTCTGGTTACC 

Pfj1Fwd_27 GTTCCGACCCTGAACGGTGACATGGACCTGCTGATCA 

Pfj1Fwd_28 AACCGAAAACCTACCCGAACTCTGAAAAAATCCTGAAAGGTA 

Pfj1Fwd_29 AAGGTCCGTGCAAAGTTGACTCTCACAACAACGGTGACCT 

Pfj1Fwd_30 GATCATCAAATTCTCTCTGAAAATCCCGGAAAAACTGACC 

Pfj1Fwd_31 CCGCGTCAGGTTGAACTGATCGAAGAATTCAACACCATC 

Pfj1Fwd_32 GAACTGAACCTGCCGAACCCGCAGACCAACGTTAAACAGA 

Pfj1Fwd_33 AAAAAAACATCTACGAAACCAAAGGTAACATCAACGAAAACATCTT 

Pfj1Fwd_34 CTCTATGAACAACACCTACAACAACATGAAAGGTCCGGAAGG 

Pfj1Fwd_35 TGAAACCTCTAACACCCAGGCGAAATCTATGAAAAACCAGAAC 

Pfj1Fwd_36 TGGAACAACGAAAAATCTGTTAACAACAAAGGCACCATCTCTAAAG 

Pfj1Fwd_37 ACGAAAAAAAACTGAACATGAAAAACAACCACATCAACGAAAAA 

Pfj1Fwd_38 TCTAACCTGAAAAACTCTTCTCACATGGACACCAACAAAAACG 

Pfj1Fwd_39 AAGAAAACATGTCTGACGACGAAAAAAAAAAAATCAAAAAAATCA 

Pfj1Fwd_40 TCCCGGAACCGCCGATGCCGCACACC 

Pfj1Fwd_41 CACAAAATCGTTAACAACCTGGAATCTAAAAACTCTTGCAACATC 

Pfj1Fwd_42 CCGATCCCGCCGCCGCCGCC 

Pfj1Fwd_43 GAAATCTTCTTCTAAACCGATCTCTGAAAACCAGAACATCTCTAAC 

Pfj1Fwd_44 CGTGAACACAACGGTGTTACCAACAACTCTGCGAAACTGGA 

Pfj1Fwd_45 CAACAACATCAACATGAACTACTCTTGCGACCCGTACAAAAA 

Pfj1Fwd_46 CGTTACCCAGAACGACCTGAACAACAACGACAACATCAAAAA 

Pfj1Fwd_47 CAAAATCTACAAAGACAACACCAACATCTCTAACCACCACATCTTC 

Pfj1Fwd_48 AAAAACGACAACATCAACCAGCAGCAGTTCCACTGCGC 

Pfj1Fwd_49 GGACAACTCTTCTGAAAACAACAACGAATCTGACATGAACACCA 

Pfj1Fwd_50 CCTCTACCTTCTCTTTCGCCAAAAAATGGATCTCTGACAAACTG 
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PRIMER SET  PRIMER NAME SEQUENCE (5’to 3’) 
Rep

REVERSE Pfj1Rev_1 GGTACCTTAGTTTTTCGGTTTCAGTTTGTCAGAGATCCATTTTT 

Pfj1Rev_2 TGGCGAAAGAGAAGGTAGAGGTGGTGTTCATGTCAGATTCGT 

Pfj1Rev_3 TGTTGTTTTCAGAAGAGTTGTCCGCGCAGTGGAACTGCTG 

Pfj1Rev_4 CTGGTTGATGTTGTCGTTTTTGAAGATGTGGTGGTTAGAGATGT 

Pfj1Rev_5 TGGTGTTGTCTTTGTAGATTTTGTTTTTGATGTTGTCGTTGTTGT 

Pfj1Rev_6 TCAGGTCGTTCTGGGTAACGTTTTTGTACGGGTCGCAAG 

Pfj1Rev_7 AGTAGTTCATGTTGATGTTGTTGTCCAGTTTCGCAGAGTTGTTG 

Pfj1Rev_8 GTAACACCGTTGTGTTCACGGTTAGAGATGTTCTGGTTTTCAG 

Pfj1Rev_9 AGATCGGTTTAGAAGAAGATTTCGGCGGCGGC 

Pfj1Rev_10 GGCGGGATCGGGATGTTGCAAGAGTTTTTAGATT 

Pfj1Rev_11 CCAGGTTGTTAACGATTTTGTGGGTGTGCGGCATCG 

Pfj1Rev_12 GCGGTTCCGGGATGATTTTTTTGATTTTTTTTTTT 

Pfj1Rev_13 TCGTCGTCAGACATGTTTTCTTCGTTTTTGTTGGTGTCCATG 

Pfj1Rev_14 TGAGAAGAGTTTTTCAGGTTAGATTTTTCGTTGATGTGGTTGTT 

Pfj1Rev_15 TTTCATGTTCAGTTTTTTTTCGTCTTTAGAGATGGTGCCTTTGTTG 

Pfj1Rev_16 TTAACAGATTTTTCGTTGTTCCAGTTCTGGTTTTTCATAGATTTCG 

Pfj1Rev_17 CCTGGGTGTTAGAGGTTTCACCTTCCGGACCTTTCATGT 

Pfj1Rev_18 TGTTGTAGGTGTTGTTCATAGAGAAGATGTTTTCGTTGATGTTACC 

Pfj1Rev_19 TTTGGTTTCGTAGATGTTTTTTTTCTGTTTAACGTTGGTCTGCG 

Pfj1Rev_20 GGTTCGGCAGGTTCAGTTCGATGGTGTTGAATTCTTCGA 

Pfj1Rev_21 TCAGTTCAACCTGACGCGGGGTCAGTTTTTCCGGGA 

Pfj1Rev_22 TTTTCAGAGAGAATTTGATGATCAGGTCACCGTTGTTGTGAGAG 

Pfj1Rev_23 TCAACTTTGCACGGACCTTTACCTTTCAGGATTTTTTCAGAG 

Pfj1Rev_24 TTCGGGTAGGTTTTCGGTTTGATCAGCAGGTCCATGTCA 

Pfj1Rev_25 CCGTTCAGGGTCGGAACGGTAACCAGACCACCCAGC 

Pfj1Rev_26 AGGCACTGTTTGATGGTCAGCGGAACGTCAACGTAGATGT 

Pfj1Rev_27 TGTCGTCAACCCATTTGAAGATTTTGTGCGGTTCGATG 

Pfj1Rev_28 TTGATGGTAACGAACAGGTGACCAGATTTACCACCACGGTAAC 

Pfj1Rev_29 CGCAGTGACCCTGGTTCGGGATACGCATCTGCATAC 

Pfj1Rev_30 CTTTTTTGATCCCGGGCGGGATGTCCAGGGTGATGT 

Pfj1Rev_31 TTTTGGTCTGGAATTTAACACCAGAACCAGAGCAGTGTTTGC 

Pfj1Rev_32 ACGGGTTGTTGATGATCTGACCGTTACCAGAGCAGTTACGG 

Pfj1Rev_33 CACGGAACACCGATGATGATCGGACCACGTTCCATA 

Pfj1Rev_34 CGCTGGATACCAGAACCGTTGCAAACTTTGCAGATGGTC 

Pfj1Rev_35 AGGTTGGTGCCCGGTTTTTTACCAGAACCGTTGCAGTTG 

Pfj1Rev_36 TTGCAAGAAACTTTAACGTTCAGTCGCGAGTTTTTTTCGCAA 

Pfj1Rev_37 CCTTTGATCGCTTCCATGAATTTCAGGGTGATTTCAGACTG 

Pfj1Rev_38 GATGTCTTCACCACGGGTAGAGGTGTTTTTGTTACCACCC 

Pfj1Rev_39 GCCATGTTGGTGAACATTTCCGCGAAGTCGGTGAACA 

Pfj1Rev_40 TGAAAGACGCGTCACCGAAACCAGAGAACGCACCTTC 

Pfj1Rev_41 GAAGTTAGAAGAGTGGTTCTGGTAGTTAGAGTCGTCGGTCATACCG 

Pfj1Rev_42 GTTTTGTCGTAGAATTCTTTCTTTTTCGGGTCAGACAGCAGTT 

Pfj1Rev_43 CGTACGCCGCGGTGATAGACGCCATTTTCTGTTTCG 

Pfj1Rev_44 CGTCCGGAGACGGGTTGATGTCCGGGTGGTATTT 

Pfj1Rev_45 TTTCGCCAGCAGCCTGAACTGTTTTTTGATGTCGTTGGT 

Pfj1Rev_46 GGTCGCGTTACGAGACAGACCCAGAACGGTGTACGGGTC 

Pfj1Rev_47 CTGGTTCAGGCATTTACGAGAGGTGTTGATGTTACGTTTGTAG 

Pfj1Rev_48 TAGAACAGCAGTTTGTTTTTGTCGTAACGGGTAACCAGGCAA 

Pfj1Rev_49 CCGTTTTTACCTTTGATAGACTGGGTGAAGAAAGAACGCTCGA 

Pfj1Rev_50 ACAGGAAGTGTTCAGAGCAAACTTTACGACGCAGGATACGCAG 
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F2: PRIMERS USED IN THE AMPLIFICATION OF THE Pfj1-BACK CODING SEQUENCE 

TARGET PRIMER  PRIMER NAME PRIMER SEQUENCE (5’ to 3’) 

Pfj1-Back 
Forward  Pfj1Fwd_21 GGTGTTAAATTCCAGACCAAAAACATCACCCTGGACATCC 

Reverse  Pfj1-PstI_Rev  CTGCAGGGTACCTTAGTTTTTCGGTTTCAG 

The introduced PstI site is underlined on the 5’ end of the reverse primer 

F2: PRIMERS USED IN THE S248G MUTAGENESIS OF THE Pfj1 CODING SEQUENCE 

MUTATION PRIMER PRIMER NAME PRIMER SEQUENCE (5’ to 3’) 

Forward S248G-Fwd GCTCTGGTAACGGTCAGATCATCAACAACC 
S248G 

 

Reverse S248G-Rev GGTTGTTGATGATCTGACCGTTACCAGAGC 

F3: PRIMERS USED IN DNA SEQUENCING 

TARGET PRIMER NAME PRIMER SEQUENCE (5’ to 3’) 

pQE30-Forward CGGATAACAATTTCACACAG 
pQE30-based plasmids 

pQE30-Reverse CTGAGGTCATTACTGG 

pGEM/T-Forward GGTTTTCCCAGTCACGAC 
pGEM-T® Easy-based plasmids 

pGEM/T-Reverse GGAAACAGCTATGACCATG 

Pfj1 coding sequence S248G-Forward GCACTGTTTGATGGTCAGC 

Pfj1-Back-Forward CCTGAAAGGTAAAGGTCCGTGC 
Pfj1-Back coding sequence Pfj1-Back-Reverse CGTCGTCAGACATGTTTTCTTCG 

F4: PRIMERS USED IN THE MUTAGENESIS OF THE J-DOMAIN OF Pfj1 

MUTATION RESTRICTION SITE PRIMER PRIMER SEQUENCE (5’ to 3’) 

F25A EcoRV Forward CCACCAACGATATCAAGAAACAGGCCCGTCTGCTGG 

Reverse CCAGCAGACGGGCCTGTTTCTTGATATCGTTGGTGG 

R26A BalI Forward GAAACAGTTCGCTCTGCTGGCCAAGAAATACC 

Reverse GGTATTTCTTGGCCAGCAGAGCGAACTGTTTC 

H33Q CGAAGAAATACCAGCCAGATATCAACCCGTCTCC EcoRV Forward 
Reverse GGAGACGGGTTGATATCTGGCTGGTATTTCTTCG 

KFA GCGAAACAGAAATTTGCTAGCATCACCGCGGC NheI Forward 
Reverse GCCGCGGTGATGCTAGCAAATTTCTGTTTCGC 

KMK CGAAACAGAAAATGAAGTCTATCACAGCGGCGTACG SacII Forward 
Reverse CGTACGCCGCTGTGATAGACTTCATTTTCTGTTTCG 

KFK CGAAACAGAAATTTAAGTCTATCACGGCGGCGTACG SacII Forward 
Reverse CGTACGCCGCCGTGATAGACTTAAATTTCTGTTTCG 

K62A CCCGAAGAAGGCAGAGTTCTACGACAAAACC EcoRI Forward 
Reverse GGTTTTGTCGTAGAACTCTGCCTTCTTCGGG 

QKRAA EcoRI Forward GTCTGACCCGCAGAAGCGCGCAGCCTACGACAAAACC 

Reverse GGTTTTGTCGTAGGCTGCGCGCTTCTGCGGGTCAGAC 

In the primer sequences, the nucleotide mutations introduced into the Pfj1 J-domain coding sequence are indicated in bold, 
and the restriction sites engineered or removed from the sequence are underlined. 
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APPENDIX G 

SUPPLEMENTARY MULTIPLE PROTEIN SEQUENCE ALIGNMENTS 

Alignments were performed using ClustalW (version 1.83)
11

. Protein sequences were retrieved from 

Genbank
12

, PlasmoDB
13

, CryptoDB
14 

 and ToxoDB
15
.  Identical and similar conserved residues are 

indicated in with grey and black shading respectively, and with the symbols ‘*’ and ‘.’ in the 

consensus lines of the alignments. 

11 CHENNA, R., SUGAWARA, H., KOIKE,T., LOPEZ, R., GIBSON, T.J., HIGGINS, D.G. and THOMPSON, J.D. (2003). Multiple 
sequence alignment with the Clustal series of programs. Nucleic Acids Research, 31, 3497-3500. 

12 BENSON, D.A., KARSCH-MIZRACHI, I., LIPMAN, D.J., OSTELL, J. and WHEELER, D.L. (2008). GenBank. Nucleic Acids 
Research, 36, D25-D30. 

13 BAHL, A., BRUNK, B., CRABTREE, J., FRAUNHOLZ, M.J., GAJRIA, B., GRANT, G.R., GINSBURY, H., GUPTA, D., KISSINGER, 
J.C., LABO, P., LI, L., MAILMAN, M.D., MILGRAM, A.J., PEARSON, D.S., ROOS, D.S., SCHUG, J., STOECKERT, C.J. and 
WHETZEL, P. (2003). PlasmoDB: the Plasmodium genome resource. A database integrating experimental and 
computational data. Nucleic Acids Research, 31, 212-215. 

14 HEIGES, M., WANG, H., ROBINSON, E., AURRECOECHEA, C., GAO, X., KALUSKAR, N., RHODES, P., WANG, S., HE, C.Z., SU, 
Y., MILLER, J., KRAEMER, E. and KISSINGER, J.C. (2006). CryptoDB: a Cryptosporidium bioinformatics resource. 
Nucleic Acids Research, 34, D419-422. 

15 KISSINGER, J. C., GAJRIA, B., LI, L., PAULSEN, I. T. and ROOS, D. S. (2003). ToxoDB: accessing the Toxoplasma gondii 
genome. Nucleic Acids Research, 31, 234-236. 
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G1: 

FIGURE G1.../ 

NP_702298.1  22  EVNNNKFYEVLNLKKNCTTDEVKKAYRKLAIIHHPDKGGDP---EKFKEISRAYEVLSDEEKRKLYDEYGEE  - - - - - - GLENGEQPADATDLFD 
XP_680990.1  66  RAFNQDPYTVLGLSRNATTNEIKKQFRLLAKKYHPDINPSPDAKQKMADITAAYELLSDPKKKEFYDKTGMADD-SNYSNHSS--FEGAFSGFGDASFMFTD 
XP_729396.1  66  TAFNQDPYTVLGLSRNATTNEIKKQFRLLAKKYHPDINPSPDAKQKMADITAAYELLSDPKKKEFYDKTGMTDD-SNYSNHSSSNFEGAFSGFGDASFMFTD 
XP_799117.1  66  RASNQDPYTVLGLSRNATTNEIKKQFRLLAKKYHPDINPSPDAKQKMADITAAYELLSDPKKKEFYDKTGMADD-SNYSNHSSSNFESAFSGFGDASFMFTD 
NP_702750.1  55  KCLNQDPYTVLGLSRNATTNDIKKQFRLLAKKYHPDINPSPDAKQKMASITAAYELLSDPKKKEFYDKTGMTDD-SNYQNHSSN-FEGAFSGFGDASFMFTD 
XP_952612.1  73  TRYTKDPYSVLGVSRNASNEEIKRKFRELAKKYHPDLNPSPDAKQKMAQITSAYELLSDPKKRKIYDQTGMQTD-DPGFDPSAG-GFGGFSGFGDSSFMFTD 
XP_769665.1  73  TRYTNDPYSVLGVSRNATNEEIKRKFRELAKKYHPDLNPSPDAKQKMAQITSAYELLSDPKKRKIYDQTGMQTE-DPGFDPSAG-GFGGFSGFGDSSFMFTD 
XP_626357.1  75  ITYSSDPYKVLGVSRNASDEEIKLKFKELAKKYHPDLNPSEEAKNKMAKIVNAYETLSDSKKRKQFSNSGIGQAGQKYNIYKDSKTKQAFNWFEDSPWMTPN 

NP_702298.1 108  ILNAGKGKK  - - - - - - - - KRGEDIVSEVKVT 

NP_702750.1 155 FAEMFTNMAGG  - - - - NKNTSTRGEDI 

NP_702298.1 192  CNTCRGKGKIFNEKDKCANCKGMCVLKTRKIIEVYIPKGAPN--KHKI 

NP_702750.1 297  CRNCSGNGQII 

XP_959079.1  29  PVDTEKLYKLLDLSKDCSDSEIKKAYRKLAIKHHPDKGGDP---EKFKEISKAYEILSDPDKRRIYDEHGEE  - - - - - - GLDGSYTATDASDI 
XP_766227.1  29  PVDTEKLYKLLDLSKDCSESEIKKAYRKLAIKHHPDKGGDP---EKFKEISKAYEILSDPDKRRIYDEHGEE  - - - - - - GLDGSYTATDASDI 
XP_667910.1  25  EVDNKKLYEILEVSQEATLSEIKKAYRRLAIKHHPDKGGDQ---EKFKEVSRAYEVLSDPEKRKIYDEYGEE  - - - - - - GLEGGGGGADPVDLFDV 
XP_627269.1  35  EVDNKKLYEILEVSQEATLSEIKKAYRRLAIKHHPDKGGDQ---EKFKEVSRAYEVLSDPEKRKIYDEYGEE  - - - - - - GLEGGGGGADPVDLFDV 

XP_795900.1  22  EVNNSKYYESLNLKKNCTTDEVKKAYRKLAIIHHPDKGGDP---EKFKEISRAYEVLSDEEKRKLYDEYGEE  - - - - - - GLEGGEQPTDATDL 
XP_730359.1  22  EVNNSKYYESLNLKKNCTTEEVKKAYRKLAIIHHPDKGGDP---EKFKEISRAYEVLSDEEKRKLYDEYGEE  - - - - - - GLEGGEQPTDATDL 
XP_679772.1  22  EVNNSKYYESLNLKKNCTIDEIKKAYRKLAIIHHPDKGGDP---EKFKEISRAYEVLSDEEKRKLYDEYGEE  - - - - - - GLEGGEQPT 

XP_959079.1 110  FFGGSRKPK  - - - - - - - GKKRGEDIVSHLKVS 
XP_766227.1 110  FFGGSRKPK  - - - - - - - GKKRGEDIVSHLKVS 
XP_667910.1 111  IFGGGRRAGS  - - - - - RGGGKRRGEDLVTHLKVT 
XP_627269.1 121  IFGGGRRAGS  - - - - - RGGGKRRGEDLVTHLKVT 

XP_795900.1 108  ILNAGKGKK  - - - - - - - - KRGEDIVSEVKVT 
XP_730359.1 108  ILNAGKGKK  - - - - - - - - KRGEDIVSEIKVT 
XP_679772.1 108  ILNAGKGKK  - - - - - - - - KRGEDIVSEVKVT 

XP_680990.1 165 FAEMFTNMAG  - - - - - NKNSSTRGEDI 
XP_729396.1 167 FAEMFTNMAG  - - - - - NKNSSTRGEDI 
XP_799117.1 167 FAEMFTNMAG  - - - - - NKNSSTRGEDI 

XP_952612.1 173 FAEMFSRMASGTGAG  - - STFTGSSRGEDI 
XP_769665.1 173 FAEMFSRMASGTGAG  - - SSFTGSSRGEDI 
XP_626357.1 177 IDEIFMSSSFFDNLFGLGEYFMREKQILRKNIYLNIEVDILDAINGTNRTLKTNSSCKCDACNGAGIIKGLKLAKCSNCGGSGLNVYHNGP  - - LLIKSL 

XP_959079.1 196  CSSCNGQGKSLPESKRCKNCNGKGVKQTKKILEVFVEKGVPD--QHKITFHGEADERPNEIPGSVIFIINQNPHDTFKRNGNDLFMTKSIPLYQALTGCTFY 
XP_766227.1 197  CSSCNGQGKTLPESKRCKNCSGKGVKQTKKILEVFVEKGVPD--QHKITFHGEADERPNEIPGSVIFVINQNPHDTFKRNGNDLFMTKAIPLYQALTGCTFY 
XP_667910.1 201  CNPCKGTGKTIPVTKQCKKCSGSGSVKERKVLEVNIDKGIPN--HHKVTFHGEADEKQGEIPGDVVFVLDEQEHSVFKRKGGDLFIEKDITLVEALTGFKFI 
XP_627269.1 211  CNPCKGTGKTIPVTKQCKKCSGSGSVKERKVLEVNIDKGIPN--HHKVTFHGEADEKQGEIPGDVVFVLDEQEHSVFKRKGGDLFIEKDITLVEALTGFKFI 

XP_795900.1 192  CNGCRGKGKIFNEKDKCVNCKGLCVLKTRKIIEVYIPKGAPN--KHKI 
XP_730359.1 192  CNGCRGKGKIFNEKDKCVNCKGLCVLKTRKIIEVYIPKGAPN--KHKI 
XP_679772.1 192  CNGCRGKGKIFNEKDKCVNCKGLCVLKTRKIIEVYIPKGAPN--KHKI 

XP_680990.1 256  CRTCSGNGQII 
XP_729396.1 258  CRTCSGNGQII 
XP_799117.1 258  CRTCSGNGQII 

XP_952612.1 270  CRTCNGSGQVVP--HPCKACGGSGDRAQTKSVSVDLPPGVRNGMQMRIPNQGHVGVRGGKS-GHLFVNINIQPHHIFKWIDDDIHVNVPISLKQCLLGGNIS 
XP_769665.1 270  CRTCNGSGQVVP--HPCKACGGSGDRAQTKSVSVDLPPGVRNGMQMRIPNQGHVGVRGGKS-GHLFVNINIQPHHIFKWIDDDIHVHVPISLKQCLLGGNIS 
XP_626357.1 279  CMKCSGTGYSNL--MLCIKCNGSGHIIKDKNVFLRIPRGTKDGTQLKLSSEGN---FVSGNYGDLFIKVNIKPNTKFKWIKDNIHVDIPISINTCIFGGEIV 

DNJA1 1  MVKETTYYDVLGVKPNAT 

583.m05918 29  EKNNTKFYEILEVDRTASVADIKK 

consensus 1 . * .* 

DNJA1 79  FFGGGGRMQ  - - - - - - - RERRGKNVVHQLSVT 

583.m05918 110 FFGGGRRAS  - - - - - RQPSKKK 

consensus 103 . . .......... .... ...*   * * * *. . . *. *.* *. . .. . . 

DNJA1 177  CMECQGHGERISPKDRCKSCNGRKIVREKK 

583.m05918 199  CPACKGAGKSMDPSKRCKSCTGK 

consensus 205 * * * * .. *. * * .. .*.... ...*. .. ..*... . * .. .... .. .*.. . .... ... . * 

Zinc-binding domain 

Helix I Helix II Helix III Helix IV 

N--NPCKHCSGSGVKFQTKNITLDIPPGIKKGMQMRIPNQGHSGYRGGKN-GHLFVTINIE 
N--NPCKHCSGSGVKFQTKNITLDIPPGIKKGMQMRIPNQGHSGYRGGKN-GHLFVTINIE 
N--NPCKHCSGSGVKFQTKNITLDIPPGIKKGMQMRIPNQGHSGYRGGKN-GHLFVTINIE 
N--NPCKHCSGSGVKFQTKNITLDIPPGIKKGMQMRIPNQGHCGYRGGKS-GHLFVTINIE 

GF-region 

QEELKKAYRKLALKYHPDKNPNEG--EKFKQISQAYEVLSDAKKRELYDKGGEQ  - - - - AIKEGGAGGGFGSPMDI 

* ** *** * *** *** * * 

GVVKERKIL 

SYRKLAIKHHPDKGGDP---EKFKEISRAYEVLSDPEKRRIYDDHGEE  - - - - - - GLENGGAGADPTDI 

GEDIVSAMKVTLEQMYSGATKRMAINKDVLCKQCNGVGG-PADALTTCHDCDGHGVKVVTRQIGP-MIQQTQSV 

ILEVHIDKGMKD--GQKITFHG 

QTEITLKFMEAIKGCEKNIRLNVKVSCNNCNGSGKKPGTNLTICKVCNGSGVQRMERGP  - - IIIGVP 
QTEITLKFMEAIKGCEKNIRLNVKVSCNNCNGSGKKPGTNLTICKVCNGSGVQRMERGP  - - IIIGVP 
QTEITLKFMEAIKGCEKNIRLNVKVSCNNCNGSGKKPGTNLTICKVCNGSGVQRMERGP  - - IIIGVP 
QSEITLKFMEAIKGCEKNIRLNVKVSCNNCNGSGKKPGTNLTICKVCNGSGIQRMERGP  - - IIIGVP 
QTEITIS 
QTEITIS 

EIYIEKGAKN--HHKVIFRGDADERPNEIPGDVIFILEQQEHAVFKRRGNDLFMTKKISLLESLCGFKFV 

LEDLYNGATRKLALQKNVICDKCEGRGG-KKGAVECCPNCRGTGMQIRIHQIGPGMVQQIQSV 
LEQIYNGTMRKL 
LEQIYNGTMRKL 
LEQIYNGAVRKMAINKDTICADCEGIGG-PKDAIQYCELCQGQGVRVQIRQIGP-MVQQTQSP 
LEQIYNGAVRKMAINKDTICADCEGVGG-PKDAIQYCELCQGQGVRVQIRQIGP-MVQQTQSP 

LEQLYNGATKKL 
LEQLYNGATKKL 
LEQLYNGATKKL 
LEQLYNGATKKL 

FMEAIRGCTKNITVPARVSCNECHGLGRQPGTSVDVCKVCNG 
FMEAIRGCTKNITVPARVSCNECHGLGRQPGTSVDVCKVCNG 

VFNGEADEKPNVITGNLVVIL 

VFNGEADEKPNVITGNLVVIL 

IFNGEADEKPNVITGNLVVIL 
IFNGEADEKPNVITGNLVVILNEKPH 

AINKDIICNGCDGHGG-PKDSFVTCTS 
AINKDIICNVCDGHGG-PKDSFLTCSS 

AISKDVICTNCEGHGG-PKDAKVDCKQ 
AISKDVICTNCEGHGG-PKDAKVDCKQ 
AISKDVICTNCEGHGG-PKDAKVDCKQ 
AISKDII 

EGDQEPGLEPGD 

CTNCEGHGG-PKDAKVDCKQCNGRGTKTYMRYHSS-VLHQTEVT 

IIIVLDQKDHAVFTRRGEDLFMCMDIQLVEALCGFQKP 

NEKQHTTFRREGVDLFMSYKISLYESLTGFVAE 
NEKQHTTFRREGVDLFMNYKISLYESLTGFIAE 

NEKQHPVFRREGIDLFMNYKISLYESLTGFVAE 

Zinc-binding domain 

PHKVFKWIDDNIYVDVPLTIKQCLLGGIVN 
PHKVFKWIDDNIYVDVPLTIKQCLLGGIVN 
PHKVFKWIDDNIYVDVPLTIKQCLLGGIVN 
PHKIFKWVDDNIYVDVPLTIKQCLLGGLVT 

TTFKREGVDLFMSYKISLYESLTGFIAE 

CNGQGIRVQIRQMGS-MIHQTQTT 
CNGQGIRVQIRQMGS-MIHQTQTT 

CNGRGTKTYMRYHSS-VLHQTEVT 
CNGRGTKTYMRYHSS-VLHQTEVT 
CNGRGTKTYMRYHSS-VLHQTEVT 

TGVQRMERGP  - - IIIGVP 
TGVQRMERGP  - - IIIGVP 

GF-region 

DATDLFDF 

FDM 
FDL 
FDL 

FDL 
FDF 
FDF 

F 



.../FIGURE G1 

DNJA1 325 
XP_954074.1 353 
XP_766227.1 344 
XP_667910.1 348 
XP_627269.1 358 
583.m05418 345 
XP_745900.1 339 
XP_730359.1 339 
XP_679772.1 339 
NP_702248.1 339 
XP_680440.1 398 
XP_724346.1 400 
XP_744117.1 400 
NP_702750.1 389 
XP_952612.1 412 
XP_764665.1 412 
XP_626357.1 509 
consensus 355 

DNJA1 323 
XP_954074.1 349 
XP_766227.1 341 
XP_667910.1 346 
XP_627269.1 356 
583.m05418 344 
XP_745900.1 337 
XP_730359.1 337 
XP_679772.1 337 
NP_702248.1 337 
XP_680440.1 392 
XP_724346.1 394 
XP_744117.1 394 
NP_702750.1 383 
XP_952612.1 406 
XP_764665.1 406 
XP_626357.1 425 
consensus 361 

IYRRPYEKGRLIIEFKVNFPENGFLSPDKLSLLEKLLP----ERKEVEETDEMDQVELVDF 
LTHLDDRILKINVIPQLHYTTPAGEVVKPGSCKVITGEGMPIYKSAYGKGNLYVTFDVIFPVGRTFSPSEKEMLLELFPF--TPETPAKPDTQVDEYTAQHF 

IYKSAYGKGNLYVTFDVIFPVGRTFTPGEKEKLLELFPF--TPETPAKPDTQVDEYTAQHF 
ITHLDGRKLLVKSN  - - - PGDIT 
ITHLDGRKLLVKSN  - - - PGDIT 
LTHLDGRQLLIQSP  - - - PGTVT 

EGMPTYKDPFKKGNLYITFEVEYPMDLVITNEKKEILKILKKQNEVEKKYDIENTDCEVVTCKAV 
EGMPTYKDPFKKGNLYITFEVEYPMDLVITKEKKEVLKILKKQNEVEKKYDIENTDCEVVTCKPV 
EGMPTYKDPFKKGNLYITFEVEYPMDLVITKEKKEMLKILKKQNEVEKKYDIENTDCEVVTCKLV 
EGMPTYKDPFKKGNLYITFEVEYPMDLIITNENKEVLKILKKQNEVEKKYDLENSELEVVSCSPV 

IPTLNGNMDLLIRP  - - - - - KTYPNSEKVLKGKG-PSKVDSHTNGDLIVKFSLSIPEKLTQRQIELIEEFNRIELNLPNPQAANNSNNNDQKININN 
IPTLNGNMDLLIRP  - - - - - KTHPNSEKVLKGKG-PSKVDSHTNGDLIVKFSLSIPEKLTQRQIELIEEFNRIELNLPNPQAANNSNNNDQKMNINN 
IPTLNGNMDLLIRP  - - - - - KTYPNSEKVLKGKG-PSKVDSHTNGDLIVKFSLSIPEKLTQRQIELIEEFNRIELNLPNPQTANNSNNNDQKININN 
VPTLNGDMDLLIKP  - - - - - KTYPNSEKILKGKG-PCKVDSHNNGDLIIKFSLKIPEKLTPRQVELIEEFNTIELNLPNPQTNVKQKKNIYETKGNI 
IPTLDGSTTVSLAP  - - - - - NSQPFFVKTLKNKG-PPKVDSRNNGNLIIHFELKLPEVLTAKQKELIEQFDKDTISETKHKNENFTNEDSCKWWKRV 
IPTLDGSTTVTLQP  - - - - - NSQPFFVKTLKNKG-PPKVDSRNNGNLIIHFELKLPEVLSANQKELIEQFDKDTINEPKTKNENFTNEDSFKWWKRV 
VPSLIKGTSMRVKVP  - - - P--KTNPRVPYILKGKG-PPIFGKDTFGDYIIHFSTRNSHPDLFKNYKESIGIKDKLLSILGELNKKVSKKASKG  - -  
.. *. . ... .  .. . .. . .*.* .. . .* . . . . ... . . . 

DPNQERRRHYN---G-GEAYEDDEHHPR---GG  - - CQTS 
DLDDYKSSDNS  - - - - - RE--YEEEEGGHGDVQCRQQ 
DLDDYKYTDNS  - - - - AGPTDR  - - - - VQCRQQ 
KPSEVKDRIQK  - - - EAYQQEDDEDGHHGGAERVSCRQQ 
KPSEVKDRIQK  - - - EAYQEEDEDGHH-GGAERVSCRQQ 
DPDELRNRQQTQRSG  - EAYEEDDEDEHP--GQQRVQCRQQ 
DKEYLKQRLAMQQQQQQQDAYDEDGHQPDMEGG--RVACAQQ 
DKEYLKQRLTMQQQQQQQEAYDEDGHQPEMEGG--RVACAQQ 
DKEYLKQRLTMQQQQQQQEAYDEDGHQPEMEGG--RVACAQQ 
DKEYIKVRVTKQQQQQQQEAYDDEDHQPEMEGG--RVACAQQ 
YNKNDGTNTTRNGSGSNENKYSNNYSKDIDEN 
YNKNDGTNTTKNNSGNNENKYSNNYSKNIDEN 
YNKNNSTNTTRNGNGSNENKYSNNYSKGIDEN 
NENIFSMNNTYNNMKGPEGETSNTQAKSMKNQ 
VSNKY 
VSNKY  - - - - - - - - - - - - - - - - - -  

. * ** 

ISTLDNRTIVITSHP  - - - GQIVKHGDIKCVLNEGMP 

LTHLDDRILKINTP  - - - PGEVVKPGSCKVITGEGMP 
KPSDIKCVNNEGMPTYKNPFVKGHLFVIINIIFPDKLDSKTQDLVKTLLPAP---KALNIDEDDPSIEIHYTSNT 
KPSDIKCVNNEGMPTYKNPFVKGHLFVIINIIFPDKLDSKTQDLVKTLLPAP---KALNVDEDDPSIEIHYTSNT 
KPDAVQIIKGEGMPQQKNPFLKGDLFIVFEVEFPEHVSDADAKSLSQILPKPT--EAVMVSEDDPHVEVHVAEPV 

ITHLDERKILIDCTN  - - - AGFIK-HGDIREILE 
ITHLDERKILIDCTN  - - - SGFIK-HGDIREVLE 
ITHLDERKILIDCTN  - - - AGLIK-HGDIREVLE 
VTHLDERKILVNCTN  - - - SGFIR-HGDIREVLD 

FIGURE G1  Protein sequence alignment of the type I Hsp40 proteins of P. falciparum and other apicomplexan 
parasites. Accession numbers: P. falciparum PfHsp40 (NP_702248.1) and Pfj1 (NP_702750.1), C. hominis 
(XP_667910.1), C. parvum (XP_627269.1 and XP_626357.1), P. berghei (XP_679772.1 and XP_680440.1), P. chabaudi 
(XP_745900.1 and XP_744117.1), P. yoelii (XP_730359.1 and XP_724346.1), T. annulata (XP_954074.1 and 
XP_952612.1), T. parva (XP_766227.1 and XP_764665.1), T. gondii (PlasmoDB locus number 583.05418) and H. sapiens 
DnaJA1 (NP_001530.1). Residues of helices I-IV of the J-domain, the GF region and the zinc-binding domain are 
indicated. N-terminal leader sequences of the apicomplexan Hsp40 proteins are not shown and C-terminal regions of 
XP_680440.1, XP_724346.1, XP_744117.1, NP_702750.1, XP_952612.1, XP_764665.1 and XP_626357.1 were truncated 
for the alignment. CAAX-box motifs and Gln repeat sequences are indicated in red and blue respectively. 
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FNIYERFFGAG  - - FKREEEIKKADSLILNIEINL EQLYNGEFFSVMYTRDVKC 

G2: 

MATLRKSYVPEILYFSKF FMNACFISLLIITVNCFNYENFVCKDKGIYNEKIVIRYKRCLAEGNKNFFFNKDNGVFGKSSMDYYTLLGVDKGCSEDDLRR 
MKDKYRIDCNIYIYILIEKFQDQIQTS YYNKNNTSG  - - - NVSNLIIKRN LAQTQRNFKSKNGKASTKKNEDYYSILGVSRDCTNEDIKK 

MSILNKYEGKKN LRSLAEFNSGSSRES SKTDETDYYAVLGLTKDCTQDDIKK KIFLFIINIILFYTLEYVLIGSNYDKHNQSFGNEIF--KNTKVFDFTS 
MNVTN  - - - - VVKRRKKLSYFHSLLLIIFSFFLS CARGMDYYKRLGVKRNATKEDISK 

. . . . ... ... ... .. ... ... ..... .. .... ...... .. .. .. .. .***..** * 
 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - MGKDYYSILGVSRDCTTNDLKK 
 - - - - - - - - - - - - - - - - - MINRKVCLLFLAVFFVLTIFKKLLKWEIFIEAWYTQEETDDDYDRMKLYDVLGVDKNASSDDIKK 
 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - MNYYKILGVTQNACKKTIRE 

MEEIILHMIIIAPLTKWLIGSNRRWNQGKREYGIYIALLVLFCVGIYELRKPNQNLYEVLNLNAYASKTDIQQ 
MSRRVNYYEVLGVPQDADLTVIKK 

...*..*.. 

...* .*.. 

KQSGFNS 
LDKYGSNN 
GGTTTND 

AYRQLAKEYHPDIAPD  - - KEK 

AYLKLAMKWHPDKHVNKGSKVEAEEKFKNICEAYSVLSDNEKRVKYDLFGMDA  - - - - - - - - - - - - - - - - - - - L 
AYKKLAMKWHPDKHLNAASKKEADNMFKSISEAYEVLSDEEKRDIYDKYGEEG 
AYRKLAMKWHPDKHLNDEDKVEAERKFKLIGEAYEVLSDEEKRKNYDLFGQSG  - - - - - - - - - - - - - - - - - - - L 

DFIEIANAYETLSDPEKRKMYDMYGEDYAQGGMGGGSPGRGEHAHGFHFDQDVVNEIFKQFAGGGGAGASGGRAG 
**..**...***.... .........*. *..**..***.***..**..*... .. .... 
AYRKLAMMWHPDKHNDEKSKKEAEEKFKNIAEAYDVLADEEKRKIYDTYGEEG  - - - - - - - - - - - - - - - - - - - LKGSIPTG 
SYRKLSKKYHPDKAKD----KNSNNKFSEIAEAYEILGDEEKRKIYDRYGLEAAKN  - - - - - - - - - - - - - - - MESNKMDEDPSDH 
AYLKKVKLYHPDLNKS----PDATTKFKQIQEAYQALYNNDK-SNTSFYNENS 
SFRKMSRIYHPDKNKE----PDSLDRFNKIREAYEVLSNDKKKYTYDRFGDFG  - - - - - - - - - - - - - - - - - - - DS 
SYRTLAMKWHPDKNPN--NKAEATERFKQISEAYEVLSDPKRRRKYDLYGTDENY  - - - - - - - - - - - - - - - - - MADENDEFS 
..   ***.... .... .. ..*..* ***..*  . 

.   ***. ...... . ... .*. * .** * . 

SNFQGNISINP  - - LEVFTKAYSFYN KYFSKSSGAGNHNIFTHIKNLYPLRND 
GHSKGFKRTDP  - - N 

NFHFKFTSGGPSFNHFEDEYEDIY 
EAYYTYSNIDP  - - NELFSRFFSHDASSFFSQGFDDFPS-FQGFASMNSRRPR 

KNEVLKINSKNIESVLNDISFSLIINLYSPTCSHCISFKKKYLKLRKKFDGYITFAVVNCQEENMLCRKYNVKSLP 

DVFSKFFKTETKFYSNSPSSPNGNVLFEGSLFGGSSPFS 

* 

YTKNY 

. .. . . . . . 
. .  ..... . . . . 

FS 
GIN----PRSGSGYTTS 

SSRSNI 
DNFLTQNIEIPKVLFFISHNDNIVMLKALSLEFKKRINIGIIYNTNYSVMKLFKKK 

* ** * * 

LRSDDCIERKKECSGKGYKTITQQVAPGF 
FHREFYEE 

SNDPFDNFFGSSFNVSFGSSFDNFMD 

WNNGTKITFHGEGDQSS---PDSYPGDLVLVLQTKKHSKFVRKSRDLYYRHIITLEQS  - - - - - - - - - - LTGFDFVIKSLDNRDIHIQID 
WCDGTTITYKGEGDQTS---PMSNPGDLVFTIKTVDHDRFVRSYNDLIYRCPITLEQA  - - - - - - - - - - LTGHKFTIITLDNRDIDIQVD 
WSEGTKINFHGEGEQSS---PNEQPGDLVFIIKTKPHDRFIREGNNLIYKCYLPLDKA  - - - - - - - - - - LTGFQFSIKSLDNRDINVRVD 

SLKLSHIVAQNRLKNNLYGHVTSYQELTKKKYESGQCHEKDSQICFFILKLLKKNYKSFDEDIKKVANK 
.   * ......  * * . *. * *..........  
WKDGTKITFYGEGDQLS---PMAQPGDLVFKVKTKTHDRFLRDANHLIYKCPVPLDKA  - - - - - - - - - - LTGFQFIVKSLDNRDINVRVD 
MKNNDKIVFEKKGKQEI---GYEN-GDIIFIVQTKKHKIYERVNNDLHQIYEISLKDA  - - - - - - - - - - LIG 

FVVP  - - - - - - - - - - - - - - - - - FLFLFVVYKQYIL 
IKNYDDAVLFCARLVDG---KMNNASNFSWREEKSSLDITNMYELDDDKVFDKQYDKD  - - - - - - - - - - DIFYSLLYNIIENNKNQIDL 
IINGKRVTR  - - - - - - - - - - - - - - - - - - IET  - - - - - - - - - - - - - - - - - VKTLPNGTVERT 

EVVKPDTKKVIKNEGMPYSRDPSIRGNLIVEFDIIYPNTIKKEQKKLIKEIFKESY 
EIVTPLTTRVITSEGMPYMENPKMKGNLIIEFDIIFPKKLSDEQKELIKEALGGNGF 
DIINPNSKK 

ILVAFRPKRQKFKVYDGDVNVENVHKFVDNVVSGGIPINQNIKRSLKFVHVEQYDDEL 
... *.....*.....** . .. .. 

EITSFF 

RTEDMKKGQGFTNDFSD 

G 
G FSRSFGRAASFEVPLQVTLEELYTGC RKKLKVTRKRFVGLNSYEDNTFITVDVKP 

. 

GGSCFTSVETSTSNGGKFKNRVVKTSTSKSTS 

FSKNLEHISGKPININKQ 
K 
K 
VT 

ENTEKSYTFFIMNVK 

DIVTPKSRKIVAKEGMPSSKYPSMKGDLIVEFDIVFPKSLTSEKKKIIRETLANTF- 
NVTFHNEVLRVQNKGMP-IKNSNKFGDLYIKFLIQFPKQLTDEQKKVLADLL  
SHFKEKPILIYDAYGRAFLVDIHGRKFRASEFDKY 
IPKKELCRRFDWSRWYTTAILEKNTEEKNFVESNATKGIIFSSVLYFIGLVSHLVSK 
EREEDDRGNINIRQLPAHELRRNKR 

. . . . . . . . . 
.. . ... .... .  . . .. . . 

... .... . . . . . . . . ... . 
.. .. . .... . . ..... . . . . . ... . .. . .. ....... ... . 

YVEIIIIAMFQFAISFIFGFLYTYGKDNEKYRILICLYIALNFCMELILRFSPES 
NFHKNFGFNDA  - - QRIFEMFFGDSSPFGNDSFFSDVMG-SSFVDKRRGRVPR 

. . . . . . . .. .... 
. . .  . . .. ... .. . ..... 

GNTYVYSGVDP  - - SELFSRIFGSDGQFSFTSTFDEDFSPFSTFVNMTSRKSRP 

EDESSYNDVEEYEVPLYVTLEDLYNGCTKTLKVTRKRYDGCYLYYEDYFINVDIKQG 

TVFLSFIPILSHYTPFERIHAFRVLVPLIMNAILLVDIYYIEEDTEVYVSTFCEYVFENNSKS 

KSFSSMDKVEEYVVPLYVTLEDLYNGTQKKLKVTRKRCQGVTTYDDEFFVTVDIKS 

STTTNINTNNYNKPATYEVPLSLSLEELYSGCKKKLKITRKRFMGTKSYEDDNYVTIDVKAG 
IMQNKIKDDECIDRGKAWNKKCTYCPNG-MKEEKTIELTLEIEKG 

QLILMRSDKTYETFYGNRTDENLTYFIKNNIPSAIIECNNQKKL 

YINLIFKLFP  - - - - - - - - - - - - - - - - - L 

VHRMREHERNEQNRRYSNNNYSYSYDIFNKYPREFF 

NIKTPSLLLVDDIDSLSGDLTQLKNFDFNIL 

FSSDPLKILYINIYQQPYILDSFGLSNNTQYSNGL 
IITNEGMPYSKSPSVKGDLFIEFDIVFPKKLSPEQKRTLKETL 

NP_703333.1 1 
NP_472947.2 1 
NP_703357.1 1 
NP_700963.1 
consensusE 

1 
1 

NP_473047.1 1 
XP_966274.1 1 
NP_705450.1 1 
NP_702025.1 1 
NP_701478.1 
consensus N 

1 
1 

consensus A 1 

NP_703333.1 101 
NP_472947.2 87 
NP_703357.1 99 
NP_700963.1 54 
consensusE 101 
NP_473047.1 23 
XP_966274.1 66 
NP_705450.1 21 
NP_702025.1 74 
NP_701478.1 25 
consensus N 101 
consensus A 101 

NP_703333.1 174 
NP_472947.2 160 
NP_703357.1 172 
NP_700963.1 148 
consensus E 101 
NP_473047.1 96 
XP_966274.1 138 
NP_705450.1 89 
NP_702025.1 143 
NP_701478.1 98 
consensus N 201 
consensus A 201 

NP_703333.1 242 
NP_472947.2 229 
NP_703357.1 239 
NP_700963.1 248 
consensus E 301 
NP_473047.1 165 
XP_966274.1 212 
NP_705450.1 121 
NP_702025.1 216 
NP_701478.1 
consensus N 

166 
301 

consensus A 301 

NP_703333.1 271 
NP_472947.2 269 
NP_703357.1 271 
NP_700963.1 348 
consensusE 401 
NP_473047.1 197 
XP_966274.1 256 
NP_705450.1 135 
NP_702025.1 249 
NP_701478.1 194 
consensus N 401 
consensus A 401 

NP_703333.1 368 
NP_472947.2 366 
NP_703357.1 368 
NP_700963.1 448 
consensusE 501 
NP_473047.1 294 
XP_966274.1 351 
NP_705450.1 199 
NP_702025.1 346 
NP_701478.1 256 
consensus N 501 
consensusA 501 

FIGURE G2.../ 
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.../FIGURE G2  Protein sequence alignment of PEXEL/HT-positive and PEXEL/HT-negative type II Hsp40 proteins of P. 
falciparum. Accession numbers of the aligned protein sequences: PFA0660w (NP_703333.1), PFB0090c (NP_472947.2), 
PFE0055c (NP_703357.1), PF11_0099 (NP_700963.1), PFB0595w (NP_473047.1), PFF1415c (XP_966274.1), 
MAL13P1.277 (NP_705450.1), PF14_0137 (NP_702025.1) and PFL0565w (NP_701478.1). Putative PEXEL/HT sequences 
of the predicted exported proteins are indicated in red (SARGEANT et al., 2006). Consensus A indicates the overall 
conserved residues of the protein sequences presented in the alignment, while consensus lines E and N indicate 
conserved residues of the PEXEL/HT-positive and PEXEL/HT-negative proteins respectively. 
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NP_700963.1 1  - - - - - - - - - MNVTNVVK RRKKLSYFHSLLLII 

PSLLLM 
XP_953331.1 311  - - - - - - - - - - - - - - - - -  
XP_740487.1 349  DSNYTIMKIFKK  - - - - - - - - - KNIKA 

G3: 

EKAFRKKAKKLHP 
IEKAFRKKAKKLHP 

BAD99308.1 1  - - - - - - - - - MNSTNEK 
XP_727981.1 1  - - - - - - - - - MNATNEK 

KRNATKDDISKAYRKLAKEYHP 

20m.03869 1 MDPLASLPEPRARGPFLPEVESRFHGKMCQNLICRLLSQLAGLSAVLVDALQPLCPSSLFLRGASPGKSRDFYRLLGVKRNATPREIDKAYRKLAKQYHP 
KRAYRKLSLKYHP 

consensus 1 . . .. ........  . . *.*. **...**. .* .*.*.... .** 

FSFEGFDFDDVFTHFNFGGGSKGGRR---EQQFQSN 
BAD99308.1 64  DIAPDKEKDFIEIANAYETLSDPEKRKMYDMYGENYAVASQGFGGGPGGPGGGGP---GGFGNGFPFDQDVVNEIFRQFSGGGRGGNSGG---NFHFKFS 
XP_727981.1  64  DIAPDKEKDFIEIANAYETLSDPEKRKMYDMYGENYAEASQGFGGGPGGPGGG-P---GGFGNGFPFDQDVVNEIFRQFASGGRGGNSGG---NFHFKFS 
NP_700963.1  65  DIAPDKEKDFIEIANAYETLSDPEKRKMYDMYGEDYAQGGMGGGS----P---GR---GEHAHGFHFDQDVVNEIFKQFAGGGGAGASGGRAGNFHFKFT 
20m.03869 101  DVNPGNEEKFLDIAKAHEVLSNEEQRKKYDMFGEAGLGEGGGPSPAEFGGSPIDLS--DLFGGMFGGGGGGGPNIKFSFGGGDGPPFGGG---SEGFGSF 
XP_667246.1  53  DKNPGSKEKFMEVANAYEVLVNPETRRKYDAFGEEGLKSEGFGGGGDGGFDFGGFGGFGGFGGFGDFGGFKFSAGGNTFHFGGGGPFGFGGGGGGRRQGG 
XP_953331.1  53  DANPGNEKAFSELSNAYEVLKDPSKRKTYDMYGEEGLKQEGPQGHPYQHYYG  - - EGGHTFFSFEGFDFDDVFAHFNFGGGHKGNKR---EQQFQS 
XP_740487.1  64  DIAPDKEKDFIEIANAYETLSDPEKRKMYDMYGENYAEASQGFGGGPGGPGGAGA---GGFGNGFPFDQDVVNEIFRQFAGGGRGGNQGG---NFHFKFS 
consensus 101 *. * .. *.....*.* *.....*. **..** .  . . . . .... .  .. ...  * *... .. .. . 

ICPKTYKNSIKNIRVLNLYYFFMSNSRTCQAAHKGFVDTITKFKG-ALNVYALNCDKHSNFCNKT 
NCDEEKALCKKY 
NCDEEKALCKKY 

NP_700963.1 155 SGGPSFNH  - - - F----EDEYE 
NCSRFGNISYCK 

WIMIVNFYRPGCGPCKQLVQAYGNLAKLMSQYDVEFGAVNCDTHFQLCQSY 
NCDKHSNFCNKN 

XP_740487.1 161  SGGNKGYN-SGPRYGGHHPYEEEYYEDIYKNEVLKLNSKNSSSIIDDISYSLLINFYSSSSSECISFKKTYLKLSKKYDG-YINFAVVNCDQEKALCKKY 
consensus 201 .. .  . .. ..  . .. .. . . ...... . . * . .. .... ... . .... .**. .. .. 

LSVYVKSKIKIGYIR 
BAD99308.1 257  KVRSL 
XP_727981.1 257  KVRSL 
NP_700963.1 243  NVKSL 

HSKRIDYRGE  - - RT 
XP_667246.1 246  NIEKYPHLSMFIKGKNSQIVFNPSPGSKNPYSESNIGKWITEKMPDHSMRLNSYNQAIQWLRLGKHIPKAVLFTNKDSSSLLLKKIAKDFQNRLNLAIVS 
XP_953331.1 219  -VRSVPHLIAYNNTSPDPIVFENE  - - DYTLKLEIWLHKIMPSELVEIKDYKHLKDFIEN-QPI 

FEKRLNIGIVY 
consensus 301 ....*.... . .. ... ..  .. ..* .... . .. ... 

FSFFL DISKAYRQLAKEYHP 

IAVICSFYISEAR  - - - - - - - - SDYYSILGVKKNATDREI 
AVLCSFYISESR  - - - - - - - - QDYYSILGVRKNATDRE 

KRKRITNFNSIIWLLLSFFLTCSEG  - - - - - - - - MDYYKRLGL 
SCARG  - - - - - - - - MDYYKRLGVKRNATKE 

XP_953331.1 1  - - - - - - - - - - - - - - MYISFHLCI 
XP_764324.1 1  - - - - - - - - - - - - - - MYISFHLY 

KRKRIKNLNSIIWLLLSFFLTCAEG  - - - - - - - - VDYYKRLGLKRNATKDDISKAYRKLAKEYHP 
KRKRITNLNSIIWLLLSFFLTCAEG  - - - - - - - - VDYYKRLGLKRNATKEDISKAYRKLAKEYHP 

XP_740487.1 1  - - - - - - - - - MNATNEK 

XP_667246.1 1  - - - - - - - - - - - - - - - MLCVLFVLRLVLLIVIPVIAG  - - - - - - - - KDYYKILGVPRNANENQI 

S 

XP_764324.1  53  DANPGNEKAFAELSNAYEVLKDPSKRQTYDMHGEEGLKQEGPQGHPYQHYYG  - - DGGHTF 

KNYNNTVKNIRVLNLYYFFMSNSRTCQSAQKGFVDTITKFKG-ALNVYAI 

XP_764324.1 147 ---ISFEN  - - - - - - - - - - TIVEE 
BAD99308.1 161  SGGNKGYN-SGPRYGGSHPFEEEYYEDIYKNEVLKINSKNSNSIIDDINYSLLINFYSSSSSECISFKKIYLKLSKKYDG-YINFAVI 
XP_727981.1 160  SGGNKGYNNSGPRYGGRHPFEEEYYEDIYKNEVLKINSKNSNSIIDDINYSLLINFYSSSSSECISFKKIYLKLSKKYDG-YINFAVI 

DIYKNEVLKINSKNIESVLNDISFSLIINLYSPTCSHCISFKKKYLKLRKKFDG-YITFAVVNCQEENMLCRKY 
20m.03869 199 FGGNAGGFQEASP  - - - SNASLYDAEDDEVDELGPQAVQRVVEGRDFVFFLALYNPRCRPCRQLKDEFVKAAKRMKG-IVPFGAI 
XP_667246.1 153 NSRSHFES-QGSSYN  - - NLYSDSKHVTELSTMSAGEIKDKIKSRE 
XP_953331.1 147 ---ISFEN  - - - - - - - - - - TIVEEICP 

IKKNKTYETLYGS  - - - K PHMIL 
IKKNKTYETLYSS  - - - K PHIIL 
MRSDKTYETFYGN  - - - RT PQLIL DENLTYFIKNNIPSAIIECNNQKKL DNFLTQNIEIPKVLFF ISHNDNIVMLKALSLEFKKRINIGIIY 

THVIYIFM 

LEIWLHKIMPSELVEIKDYKHLKDFIEN-QPITHVVSIVKKTLYLTLLKS 

20m.03869 289 EAQHYPTLLFFPADK 

XP_764324.1 219 -VRSVPHLIAHNNTSPDPVVFEND  - - EYTLK 
TEDNVKNFINNNIPYSFTEIKNKKNLDKFLTKSADIPKVLFFISHKDNIIMLKVLSMEFEKRLNIGIVY 
TEDNVKNFINNNIPYSFTEIKNKKNLDKFLTKSADIPKVLFFISHKDNIIMLKVLSMEFEKRLNIGIVY 

SAAMVRFLSENLPSTVVVLTDDS-MEGWISTDAQKPKVVLFTDKRGIPPLFKYLSYQMRNQVAMGVVF 

XP_740487.1 257  KVRSLPHMILMKKNKTYETLYGS  - - - KTEDNVKSFINNNIPYSLTEINNKKNLDKFLTKSADIPKVLFFISHKDNIIMLKVLSME 

XP_764324.1 311  ASN 
BAD99308.1 349  DTNYTIMKIFKK 
XP_727981.1 349  DTNYTIMKIFKK 
NP_700963.1 335  NTNYSVMKLFKK 

RNIKTPSILLIEDID  - - - - - - - TLE 
RNIKTPSILLIEDID  - - - - - - - TLE 
KNIKTPSLLLVDDID  - - - - - - - SLS 

N-SENFSDVLLWLNLKQNEYKKKG 
GDLTHL 
GDLTHLK-TVDFNILSLKLSHIVAQHRLKNNLYG- 
GDLTQLK-NFDFNILSLKLSHIVAQNRLKNNLYG- 

20m.03869 382 KNQKNLLKAFGEGLEYQRKHRTHTHSDKPLPAEIVFPSLLAVDDID  - - - - - - - LLTGEWIDVKNHVNQELLTLTFSRLAAKARTASG---- 
XP_667246.1 346 INNDWLKKIFFASP  - - - - - HMEASKPANPPYI LSVDEITESGNKVGGKASESSSITASGEWISLN-TISHDVITLTLSRIVGSFRARKQHDIN 

YHIQDLE  - - - - - - - SMDEKSIEL KELISNFNK  - - - - - - - - - SRTETARL 
K-TVDFNILSLKLSHIVAQHRLKNNLYG- 

consensus 401 .. ..... . .  . .... ..... .. .. . .... .... . . . 

XP_764324.1 387 ----VGTYKELTKALLDSGECGPKDNQFCFIFIK----YGNRAEHSLHEELSNISKKYIQDAVKIRYISAANQHKFVSAFGLSSRCPAY--EVCSKFIAF 
BAD99308.1  426  ---HITSYQELTKKKYDSGHCNEKDSQICFFILK----LLNQNYKSLDEDIKRVATKFSNDPLKILYINIFNQPYILDSFGLTN-ECKH--PNCLILVAF 
XP_727981.1 426  ---HITSYQELTKKKYDSGHCNEKDSQICFFILK----LLNQNYKSLDEDIKKVATKFSNDPLKILYINIFNQPHILDSFGLTN-ECKH--PNCLILVAF 
NP_700963.1 412  ---HVTSYQELTKKKYESGQCHEKDSQICFFILK----LLKKNYKSFDEDIKKVANKFSSDPLKILYINIYQQPYILDSFGLSN-NTQY--SNGLILVAF 
20m.03869 478   - - VAFRELT 
XP_667246.1 434 EALKSKVQELTFELVTSKGFCSETDSRFCVILIME---KNDFRMDKRFEDLS---FKYRNDPINFFWISAFRNGKNSHFLDTFKCHSEFSPSSKTCIAI 
XP_953331.1 
XP_740487.1 
consensus 501 . ... .. . ... .. .. . ... . .. ..... .. . .  .. ... 

XP_764324.1 461  RGKRRKFKIMKSPLTATNVQKFIDDVITNLVSLDTILLHDPRIIDYSNDEF 
BAD99308.1  505  RPKRQRFRVFDGEVNYNNVLNFIDNVVSGGLSINQNIKKGLNFLKNSYYDEL 
XP_727981.1 505  RPKRQRFRVFDGEVNYNNVLNFVDNVVSGGLSINQNIKKGLNFLKSSYYDEL 
NP_700963.1 491  RPKRQKFKVYDGDVNVENVHKFVDNVVSGGIPINQNIKRSLKFVHVEQYDDEL 
20m.03869 557 RPKRKKYEVMSGPLTPASLESFVNDVVSGGKQLTGKLTQFPQLVGKQRTKTSGHDEL 
XP_667246.1 530 RAKRRKFQTFDN---LEQLPKFIDGLLDGSHSLSSNIPRSTPIPVPAESEPTASYQNDEEDHEYSDSEDSDYGQESSRDEL 
XP_953331.1 
XP_740487.1 
consensus 601 . .. .. . . ..  ... .... . . . . . 

FIGURE G3  Protein sequence alignment of the P. falciparum type II Hsp40, Pfj2, and its apicomplexan homologs. 
Homologous proteins to Pfj2 (NP_700963.1) were identified in C. hominis (XP_667246.1), C. parvum (CryptoDB locus 
cgd2_3230), P. berghei (BAD99308.1), P. chabaudi (XP_740487.1), P. yoelii (XP_727981.1), T. annulata (XP_953331.1), 
T. parva (XP_764324.1) and T. gondii (20m.03869). The putative PEXEL/HT sequence of Pfj2 (RQLAK) and potential 
PEXEL/HT sequences of the homologous proteins are indicated in red. 

Y 
ARRVSSGECSKDDSQFCFVLLVPDAMAAALAPKDLFAKLTELAEKFKRDPLKICWVNRDAQPGFTRVFSLSS  - - - DQEIVFLAY 
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MLFL 
MLFLTYKYI 

** *** * ***. .... . .. consensus 91 .. ..... ..................... ................. 

TFIFFIFTFSNFNLTVSINIKKNKTLRSNIGILNNRLLFIRTPRNRFLTAGFLNPFLYKSSFDVDSINGLESLNDFSKTKA 
KFVFFIFIFRNFNLTISINIKTNKTHCRNIGILNNKLLFIRTPRNRFLTAGFLNPFVYKTSFDFDSLNDLESLDHFVKTKA 

MVKETTYYDVLGVKPNATQEEL 
KNNNFGYESDFVDYYKILSLDKSCSHDDIVDKYNNINESLNTLPSVDP---KLRSDVDLAYKVLSDESSRKDYDKLYDDYNQRTTAYYVD 
KN 

KKAYRKLALKYHPDKNPNEG--EKFKQISQAYEVLSDAKKRELYDKGGEQAIK 

KNFGYENDFVDYYRILSLDKSCSHEDIENKYNNINESLNTLPSVDP---KLRSDIDLAYKVLSDETSRKDYDKLYDDYNSINNQYLVD 
MYINIYMCVYIRAFVVRGPEPDSLPFPVEFFFWGDFCFEIFMWCVRVFRAYELLSDPKQREFYDKTGMTP 

G5: 

XP_764847.1 1 
XP_952438.1 1 
DnaJA1 1 
CAJ20509.1 1 
consensus 1 

DnaJA1 1 
XP_764847.1 86 
XP_952438.1 91 
CAJ20509.1 1 

DnaJA1 74  - - - - - - - - - - - - - - EGGAGGGFGSPMDIFDMFFGGGGRMQ  - - - - - - - - - - - RERRGKNVVHQ 
XP_764847.1 173  SKFDDETDHYDDDTSDEIEISIINDDDSPELSLGLGNNIFGNFFSNLFGLSKPTVKRTKQ 

QFDSE--DFEDEPSGEIEISIINDDDSPEFSLGSGKNLFGNFFTNLFGLNKPTVKRTKQ 
CAJ20509.1 71  - - - - - - - - - - DEAAASGPSAGGSAGFDASFMFTDFAEMFANMAGFAGAGAGPFSASAFGSAGAAAGTGAVRGEDIQTE 
consensus 181 . .. . .... . .............. ..*.. ......*.. ... .. ...... .. ...  ...... 

DnaJA1 111 LSVTLEDLYNGATRKLALQKNVICDKCEGRGG--KKGAVECCPNCRGTGMQIRIHQIGPGMVQQIQSVCMECQGHGERISPKDRCKSCNG 
XP_764847.1 247  ADVDLKTLLMGGNVTIPVHKWENCNFCNYNDDS-MNEFIDQCNVCKGQGMETKEKRTKN-GFFRSSRTCTKCRGTGYQRL--KDCNKCDN 
XP_952438.1 250  ADVDLKTLLMGGNVSIPVHKWENCNFCNYNDDS-MNEFIDQCNVCKGEGMETKEKRTKN-GFFRSSRTCTKCRGTGYQRL--KDCNKCDN 
CAJ20509.1  139 VTVDLMEAVKGCEKTLHFSAKCVCNACTGTGSATGSGGIQRCRTCGGSGVQRVERGP  - - IVLGIPCRQCNGAGQVIT--HPCRTCRG 
consensus 271 ..*.*.....*............*..*. . .. .. ....*..*.*.*. ........ ........*..*.*.*.. . ..*..*. 

CGFQKPISTLDNRTIVI 
LGGKIKVRTFSGEHEI 

IC 
CAJ20509.1  222  TGVKTQPKVLNIDIPRGVRQGMQMRVPNQGHMGLRGGKPGHLFVSINVKPHDVFRWVDDDIHIDVPLSIKQCLLGGSVEISTLDGMVELL 
consensus 361 *  *..... .. * *. .  ..... .. .. ........*... ..* 

DnaJA1 288 TSHPGQIVKHGDIKCVLNEGMPIYRRPYEKGRLIIEFKVNFPENGFLSPDKLSLLEKLLP--ERKEVEETDEMDQVELVDFDPNQERRRH 

CAJ20509.1  312 IPP---NTSPSTVKILKGRGPPKIDQRGGVGNLILHFTLKMPTSLTPQQRRYIELFDQIEEARSYPSSQRESSPRPGFEQPPEKDPRASS 
consensus 451 ... . . .  .. ....*............ .... . . 

XP_764847.1 423  VPS  - - - - C 
XP_952438.1 426  IPS  - - - - C 

SQQGDEI---KVGKYNNMDHYIKLNVQLPKTLSKDQKDLLGKIDEN 
SQQGDEI---KVGRYNNMNHYVKLNVQLPKTLTKNQKDLLGKIDES 

E 
KIPYTKAILGGKINVTTFNGE LELE XP_952438.1 336  TGRVLKDT 

IDKGMKDGQKITFHGEGDQ-EPGLEPGDIIIVLDQKDHAVFTRRGEDLFMCMDIQLVEAL 
XP_764847.1 333  TGRVLKDSTVKVNVPVNSKSGSTIKIRGKGHSGGFHLRDGDLYVKLNVKSTNEEYIHGNRIVTVCNIPYTKAI 

TIKINVPFNSKSGSTLRIRGMGHSGGFHLRDGDLYVKLNLKSTNEEYIDGNRIVS 

DnaJA1 199 RKIVREKKILEVH 

DnaJA1 376 YN  - - - - - - - - - - GEAYEDDEHHP----RGGVQCQTS 
XP_764847.1 
XP_952438.1 
CAJ20509.1  399 RASSLRSETSLNDSETNADADQRHPAPPPPPPPPPPPPRSQASGDCHSRRKAFSDNGSSGSTEDGRGRRSSVSNPEAESVSCTPGESVRK 
consensus 541 . . . 

DnaJA1 
XP_764847.1 
XP_952438.1 
CAJ20509.1  489 ADAAGAGVGMDREVETCAGSEAPEVHTDLEDEEKETGKSDKSDGSEGKQEV 
consensus 631 

FIGURE G5  Protein sequence alignment of the type I/IV Hsp40 proteins of the apicomplexa. Aligned 
sequences: T. parva (XP_764847.1), T. annulata (XP_952438.1) and T. gondii (CAJ20509.1) with the sequence 
of human DnaJA1 (NP_001530.1) as a reference. The HPD motif of DnaJA1 is indicated in red. 

XP_952438.1 178 S 
SKVRTNSRLDLTCE 
SKFRTNSRLDLTCE 
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consensus 361 * ** * ** **  * * 

SGCTKRMKISRKRLNA 
TNINTNNYNKPATYEVPLSLSLEELYSGCKKKLKITRKRF-- 

FASMNSRRPR-SSRSNIFSRSF 
THIKNLYPL-RNDFSEDESSYNDVEEYEVPLYVTLEDLYNGCTKTLKVTRKRY-- 

NP_472947.2 163 SKFFKTETKFYSNSPSSPNGNVLFEGSLFGGSSPFSGINPRSGS-GYTTSKSFSSMDKVEEYVVPLYVTLEDLYNGTQKKLKVTRKRC-- 
consensus 181 .... . .. . .  . .. ...  ... . ....* ..**..*.*. *..*..***. 

DNAJB4 99 AAFFGGSNPFEIFFGRRMGGGRDSEEMEIDGDPFSAFGFSMNGYPRDRNSVGPSRLKQDPPVIHELRVSLEEIY 
NP_473047.1 99 SRIFGSDGQFSFTSTFDEDFSP  - - - - FSTFVNMTSRKSRPSTT 
NP_703357.1 175 SRFFSHDASSFFSQGFDDFPS  - - - - FQG GRAASFEVPLQVTLEELYT GCRKKLKVTRKRF-- 
NP_703333.1 177 TKAYSFYNKYFSKS  - - - - - SGAGNHNIF 

consensus 271 * ........... * ** .**.*....**....* ..*.*.*...... *..*.*... ..*.. ..*. .*.*. . ...**.*.* 

PGMRRRIIGYGLPFPKNPDQRGDLLIEFEVSFPDTISSSSKEVLRKHLPAS 
NP_473047.1 268  NVRVDDIVTPKSRKIVAKEGMPSSKYPSMKGDLIVEFDIVFPKSLTSEKKKIIRETLANTF 
NP_703357.1 342  NVRVDDIINPNSKKII 
NP_703333.1 342  HIQIDEVVKPDTKKVIKNEGMPYSRDPSIRGNLIVEFDIIYPNTIKKEQKKLIKEIFKESY 
NP_472947.2 340  DIQVDEIVTPLTTRVITSEGMPYMENPKMKGNLIIEFDIIFPKKLSDEQKELIKEALGGNGF 

DNAJB4 278  PMSVNDIVK 

TNEGMPYSKSPSVKGDLFIEFDIVFPKKLSPEQKRTLKETL ENTEKSYTFFIMNVK 

NP_473047.1 178  MGTKSYEDDNYVTIDVKAGWKDGTKITFYGEGDQLSPMAQPGDLVFKVKTKTHDRFLRDANHLIYKCPVPLDKALTGFQF 
NP_703357.1 252  VGLNSYEDNTFITVDVKPGWS 
NP_703333.1 252  DGCYLYYEDYFINVDIKQGWNNGTKITFHGEGDQSSPDSYPGDLVLVLQTKKHSKFVRKSRDLYYRHIITLEQSLTGFD 
NP_472947.2 250  QGVTTYDDEFFVTVDIKSGWCDGTTITYKGEGDQTSPMSNPGDLVFTIKTVDHDRFVRSYNDLIYRCPITLEQALTGHK 

DNAJB4 189  DG RSYRSEDKILTIEIKKGWKEGTKITFPREGDE-TPNSIPADIVFIIKDKDHPKFKRDGSNIIYTAKISLREALCGCSINVPTLDGRNI 

EGTKINFHGEGEQSSPNEQPGDLVFIIKTKPHDRF IREGNNLIYKCYLPLDKALTGFQF 
FVIKSLDNRDI 
FTIITLDNRDI 

SIKSLDNRDI 
IVKSLDNRDI 

G6: 

DnaJB4 1  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - MGKDYY 
NP_473047.1 1  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - MGKDYY 

CILGIE 
SILGVS 

NP_703357.1 1 --MSILNKYEGKKNKIFLF IINIILFYTLEYVLIGSNYDKHNQSFGNEIFKNTKVFDFTSLRSLAEFNSGSSRESSKTDETDYYAVLGLT 
NP_703333.1 1 MATLRKSYVPEILYFSKFFMNACF 
NP_472947.2 1  - - - - - - MKDKYRIDCNIYIYILIEKFQDQIQTSYYNKNNTSGNVSNLIIKRNLAQTQRNFKSKNGKASTKKNEDYY 
consensus 1 . . . ***..**.. 

DnaJB4 13  KGASDEDIKKAYRKQALKFHPDKN-KSP---QAEEKFKEVAEAYEVLSDPKKREIYDQFGEEGLKGGAGGT 
NP_473047.1  13  RDCTTNDLKKAYRKLAMMWHPDKHNDEKSKKEAEEKFKNIAEAYDVLADEEKRKIYDTYGEEGLKG----SIPTGGNTYVYSGVDPSEL 
NP_703357.1  89  KDCTQDDIKKAYRKLAMKWHPDKHLNDEDKVEAERKFKLIGEAYEVLSDEEKRKNYDLFGQSGLGG----TTTNDEAYYTYSNIDPNELF 

DLRRAYLKLAMKWHPDKHVN 
NP_472947.2  77  RDCTNEDIKKAYKKLAMKWHPDKHLNAASKKEADNMFKSISEAYEVLSDEEKRDIYDKYGEEGLDK----YGSNNGHSKGFKRTDPNDVF 
consensus 91 .... .*...**.*.*...****... .. .*...**  ..***.**.*..** .** .*...*.. .  . . . . ..* ..* 

FIGURE G6  Protein sequence alignment of the human type II Hsp40 protein DnaJB4 and homologous type 
II Hsp40 proteins of P. falciparum. Accession numbers: DnaJB4 (NP_008965.2) and type II Hsp40 proteins of 
P. falciparum PFB0505w (NP_473047.1), PFA0660w (NP_703333.1), PFE0055c (NP_703357.1) and PFB0090c 
(NP_472947.2). The putative PEXEL/HT motifs of the proposed exportome type II Hsp40 proteins are 
indicated in red. 

ISLLIITVNCFNYENFVCKDKGIYNEKIVIRYKRCLAEGNKNFFFNKDNGVFGKSSMDYY TLLGVD 
SILGVS 

NP_703333.1 91  KGCSED KGSKVEAEEKFKNICEAYSVLSDNEKRVKYDLFGMDALKQ----SGFNSSNFQGNISINPLEVF 

DGQGGTFRYTFHGDPHATF 
F 
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G7: 

SEC63 1 --MAGQQFQYDDSGN  - - - TFFYFLTSFVGLIVIPATYYLWPRDQNAEQIRLKNIRKVYG  - - - - - - - RCMWYRLRLL KPQPNIIP-- 
XP_952225.1 1  MSQFRDTFTRGSKKDS VLSYDDFASRIFTSGFILCFLIPITIYLLKKWLSWKRPKLPAKLRLSDVHIESKKHPCVKCECSFCKTRRAEESKKSLKFTD-H 
XP_765056.1 1  MSQFRDTFTRGSKKDS VLSYDDFASRIFTSGFILCFLIPITIYLFKKWFFGKRPKLPAKLRLSDVHIESKKQACVKCECSFCRTRRAEESKKSLKFRD-H 
XP_628550.1 1  MSQFRDTFTKEEKSD--SLYDDTAFFFFFGTIVICILIFWTYNVLSKVLCPTRKFNKKEFPKSTP----SGSQIQYCKCSGCVSNVENIRRKHRSFSN-R 
XP_668030.1 1  MSQFRDTFTKEEKSD--SLYDDTAFFFFFGTIVICILIFWTYNVLSKVLCPTRKFNKKEFPKSTP----SGSQIQYCKCSGCVSNIENIRRKHRSFSN-R 
XP_676782.1 1  MSQFRDTFTKESKKEPL IIIKFFNNDYYNLKKSKH  - - N SVYRSCTCALCKDKLEKRSKSTSIWEK-- LSYDDSAFIFFAGTVLICILIPCTYIYLKS 
XP_731267.1 1  MSQFRDTFTKESKKEPL IIIKIFNNDYYNLKKSKH  - - N SVYRSCTCALCKDKLEKRSKSTSIWEK-- LSYDDSAFIFFAGTVLICILIPCTYIYLKS 
XP_792679.1 1  MSQFRDTFTKESKKEPL LIIKIFNNDYYNLKRSKH  - - NS VYRSCTCALCKDKLEKRNKSTSIWEK-- LSYDDSAFTFFAGTVLICILTPCTYIYLKS 
NP_705096.1 1  MSQFRDTFTKDSKKEPL IIKRIFKNDYYNLKKSKN  - - N STYRSCTCSLCKQKQEKRNKNTRIWER-- LSYDDSAFIFFAGTVLICVLIPCTYVYLKN 
55.m00017 1  MSQFRDTFTKEEQREPL PWTFFSLKKAFYPSSYSKQYPTKTRK  - - GS LDYDDSAFMFYLCTVSFCTVL VYIHCKCSECTSKRERESARADKWSQRW 
consensus 1 ...................................... *  *. .... . .  .. *. . .. . . . 

SEC63 65 --T---VKKIVLLAGWALFLFLAYKVSKTDREYQEYNPYEVLNLDPGATVAEIKKQYRLLSLKYHPDKGGDE----VMFMRIAKAYAALTDEESRKNWEE 
XP_952225.1 91  FTFSRLFQLII LATFWWIVIYL ISGINPDD-NI KRFDPFEL LGLSTDASKKD IQKAYRHL SLKYHPDRNPNDPEMSAHFVLITKAYRTLTNEVSRMNYAK 
XP_765056.1 91  FTFSRLFQFVLLATFWWIVVYLISGINPDD-NI KRFDPFEL LGLSTEATKKD IQKAYRHL SLKYHPDRNPNDPEMSAHFVLITKAYRTLTNEVSRMNYAK 
XP_628550.1 85  FSLKMILQVALLGI MSLKYHPDKNPNDPT MWSLT YYMLSKYSENR-QIAQFNPYEILEITPSSNTMSIKKAYRL AAAKFMLIAKAYQALTDEVARSNYEK 
XP_668030.1 85  FSLKMILQVALLGI MSLKYHPDKNPNDPT MWSLT YYMLSKYSENR-QIAQFNPYEILEITPSSNTMSIKKAYRL AAAKFMLIAKAYQALTDEVARSNYEK 
XP_676782.1  86  FGYTKIIQFFLLVLFWGILFILVEKMMNTK-PIQTFDPFEILEVAVGATMKEIKKAYRLKSLKFHPDKNPNDTSAAAKFILITKAYQTLTDEVSKENYEK 
XP_731267.1  86  FGYTKIIQFFLLALFWGILFILVEKMMNTK-PMQTFDPFEILEVAVGSTMREIKKAYRL KSLKFHPDKNPNDT SAAAKFILITKAYQTLTDEVSKENYEK 
XP_792679.1  86  FGYAKIIQFFLLAIFWGILFILVDKMMNTK-PIQTFDPFEILEIAVGATMKEIKKAYRL KSLKFHPDKNPNDT SAAANFILITKAYQTLTDE IS KQNYEK 
NP_705096.1  86  IGYIKIIQFFLLVLFWGLLYILINQMLNTK-PMQTFDPFEILEVSIGATVGEIKKAYRL KSLKYHPDKNPNDT SAAAKFILITKAYQALTDE IS KENYEK 
55.m00017 85  FGGYAWVEKLALLCAWIALLYLCVNLPEMK-NLKTFDPFEILQVEPSASNREIKKAYRLMSLKYHPDKNVNDPTSAAKFILVAKAYQALTDPVAKANYEK 
consensus 91 . . .... .*...* ...... .. .  . ..*.*.*.. .. ..*.*.**..***.***..... .....*....***. **..... *... 

SEC63 199  FGNPDGPQATSFGIALPAWIVDQKNSILVLLVYGLAFMVILPVVVGSWWYRSIRYSGDQILI RTTQIYTY FVYKTRNMDMKRLIMVLAGASEFDPQYNKD 
XP_952225.1 179  YGNPDGPGMMKIGIGLPRFLVDENNQIVILSLFFLLLLIVAPSL IQ S-- FLWYYRTQKNITASG LETLQLI YY SLNENTRHK SLPEVYSCSS ELSSI PYH 
XP_765056.1 179  YGNPDGPGMMKIGIGLPRFLVDENNQIVILSLFFLLLLIVAPSL YSLNENTRH HS-- FLWYYRTQKNLTASG IRL ETLQLIY KSLPEVYSCS SELSN IPY 
XP_628550.1 173  YGNPDGPTSMKVGIGLPSFLVSKKYQLFIL LKKNTS- CFLSLIIL FVIPLAFIIYYRRQKK YASNGVYL TTLYFYS AAIS DS TRFKALPEILALS TEFRS 
XP_668030.1 173  YGNPDGPTSMKVGIGLPSFLVSKKYQLFIL LKKNTS- CFLSLIIL FVIPLAFIIYYRRQKK YASNGVYL TTLYFYS AAIS DS TRFKALPEILALS TEFRS 
XP_676782.1 173  YGNPDGPGMMKVGIGLPKL FIIYYQKQKRYGPN-GVKETLQFLTYTINENTRATAYPEILAATGESRDMELRE-- LIDEKYQLLILSIFFLIFLVFIPAI 
XP_731267.1 173  YGNPDGPGMMKVGIGLPKL FIIYYQKQKRYGPNGVK INENTRATAYPEILAATGESRDMELRE-- LIDEKYQLLILSIFFLIFLVFIPAI IETLQFLTYT 
XP_792679.1 173  YGNPDGPGMMKVGIGLPKL TINENTRATAYPEILAATGESRDLELRE-- LIDEKYQLLILSIFFLIFLVFIPAI FIIYYQKQKRYGPNGVK IETLQFLAY 
NP_705096.1 173  YGNPDGPGMMKVGIGLPKL IETLQYLTYT INENSRSKSFPEMLAATAESRDIEMKK-- LIDEKYQLLILSIFFLIFLVFIPATFIIYYQ KQKQYGPNGVK 
55.m00017 179  YGNPDGPGNMKVGMGLPRFLVEEKYQLLVLSCFFLFLLVLLPMVFICYYQ RQKKYAPNGVLVETLQFLTHYMAEGSRLKNFPEYLSASGESRAMQVEK-- 
consensus 181 .****** *  ** * * * * 

SEC63 239 ATSRPTDNILIPQLIREIGSINLKKNEPPLTCPYSLKARVLLLSHLARMKIPETLEEDQQFMLKKCPALLQEMVNVICQLIVMARNREEREFRAPTLASL 
XP_952225.1 269   - - SEETELRKYFHVL SDYKRKNIS  - - SETFRN FLLLMCHLN RVEDLSPKLKRSLNEVL KYSMLITHCMIDVALSKSWLIT F 
XP_765056.1 269   - - SEETELRKYFHI LSDYKRKNIS  - - SETF RNFLLLLCHLN  - - - - - - RI EDLSSQLKKSLNEVL KYSMLITHCMLDVALSKSWLLT F 
XP_628550.1 263  - - ED DKVISHLANILPEFKKRSFNN--NSPSFFTAYYLILAHLYR  - - - - - KHSELTPSLKKVLED ILAKSISLTSSMLEISISRNFFHT S 
XP_668030.1 263  - - ED DKVISHLANILPEFKKRSFNN--NSPSFFTAYYLILAHLYR  - - - - - KHSELTPSLKKVLED ILAKSISLTSSMLEISISRNFFHT S 
XP_676782.1 262  - - GDNKL IKELMEDLTEHKKRMFK----VPIITKNYSLILAHMQR  - - - - - RH DLLSEDLKNDLNEILRFSLLITHSMIEISILRDWFL TA 
XP_731267.1 263  - - SDNKH IKELMEELTEHKKRMFK----VPIVTKNYSLILAHMQR  - - - - - RH DLLSEDLKNDLNEILRFSLLITHSMIEISILRDWFL TA 
XP_792679.1 263  - - ND DKLVKELMEELTEHKKRMFK----VPIVTKNYSLILAHMQR  - - - - - RH DLLSDSLKNDLNEILRF-LLITHSMIEISILRDWFL TA 
NP_705096.1 263   - - DDEQYIKTLMEELIEPKKRTFK----IPVITKNYFLILAHMQR  - - - - - RH DLLSEDLKKDLEHILKFSLLITHSMIEISILRDWFL TA 
55.m00017 269  - - ED DVEMREIIDQAVEPKKRVLN----APIIVRNYYLILGHMQR  - - - - - LHHLMSDRLRDALDELLKASLPITQCMAEICVLSDWLHAA 
consensus 271 ..  .. .. . . ... . . ... *...*... * 

SEC63 329 ENCMKLSQMAVQ GLQQ-FKSPLLQLPHIEEDNLRRVSNHKKYKI KTIQDLVSLKESDRHTLLHFLEDEKYEEVMAVLGSFPYVTMDIKSQVLDDEDSNN I 
XP_952225.1 339  RSVIDFRRGILQGLLT-RSESFYQIPHFTEYEIN Q-KQDVEEFCKYFPSVTLEVKVYVEDEDE---I HVG-RGKTSS KNI EQYVKTDFKTKKGLNNLTES 
XP_765056.1 339  RSVIDFRRGILQGLLT-RSESFYQIPHFTEYEIN KSIEQYVKTDFKYKKGLNNLTEEQ-KQDVEEFCKYFPNVSLEVKVYVEDEDE--- HVG-RGKASS I 
XP_628550.1 333  TSILAFRRSLIHALDGGPNASFLQIPYITENEVQHIK-KGKTAVRNLVEFIKQDPANRKGLAEFNESQ-KLDIEAFCNLISPIRVDSKVIVDDEQD--- I 
XP_668030.1 333  TSILAFRRSLIHALDGGPNASFLQIPYITENEVQHIK-KGKTAVRNLVEFIKQDPANRKGLAEFNESQ-KLDIEAFCNLISPIRVDSKVIVDDEQD--- I 
XP_676782.1 329  QAALTFRRCLIQACDI-RSSSLLQIPHIDEDIIRNMH-KGKFAVKDILEFVHQDHENRKGLADMNENQ-ILDIKSFCTIVPDIKMSARILVEDETH--- I 
XP_731267.1 330  QAALTFRRCLIQACDI-RSSSLLQIPHIDEDIIRNMH-KGKFAVKDILEFVHQDHENRKGLADMNENQ-ILDIKSFCTVVPDIKMNARILVEDETH---I 
XP_792679.1 330  QAALTFRRCLIQACDI-RSSSLLQIPHIDEDMIKNMH-KGKFAVKDILEFVHQDHENRKGLADMNDDQ-ILDIKSFCNVVPDIKMNARILVEDETH--- I 
NP_705096.1 330  QSALTFRRCLIQAFEA-KNSSLLQIPHFDENIVRHVH-KGKFSVKEVLDFVHQDHENRKGLVDMNPDQ-ILDVKSFCNTIPDIKMTAHIVVEDETH---I 
55.m00017 331  TSVLE FRRCLVQGLDG-RSSTLLQVPHFTLEAVRHCQ-RGKHAARELGDFLKQDPEERKGLVDMSPDQ-QLDIQAFCHQVSRMKMEATVFVEDEAE---I 
consensus 361 . . ... ...... ......*.*.. .   * ....* .... . ... .. .. .... ...*.*. . * 

SEC63 913 TVGSLVTVLVKLTRQTMAEVFEKEQSICAAEEQPAEDGQGETNKNRTKGGWQQKSKGPKKTAKSKKKKPLKKKPTPVLLPQSKQQKQKQANGVVGNEAAV 
XP_952225.1 922  YEGDLVTVEVKLRRNNLKDKELIG  - - - - - - - - - - - - - - - - - - - - - - - - - P IHAPFFPYVKYEQYYILLTFPLNL 
XP_765056.1 922  YEGDLVTVEVRLRRNNLKDKELIG  - - - - - - - - - - - - - - - - - - - - - - - - - PVHAPLFPYVK YEQYYVLLTFPLAL 
XP_628550.1 922  VVGDLGTIEINIDRANLKENEACG  - - - - - - - - - - - - - - - - - - - - - - - - - PVHSPYFPTT KYEEWWIFAVTKGSN 
XP_668030.1 922  VVGDLGTIEINIDRANLKENEACG  - - - - - - - - - - - - - - - - - - - - - - - - - PVHSPYFPTT KYEEWWIFAVTKGSN 
XP_676782.1 917  VKGDVASIYVQIDRTNLKEKEASG  - - - - - - - - - - - - - - - - - - - - - - - - - YI YKGD- HAPYFPQPKFEEWWI IAT 
XP_731267.1 918  VKGDVASIYVQIDRTNLKEKEASG  - - - - - - - - - - - - - - - - - - - - - - - - - YI YKGD- HAPYFPQPKFEEWWI IAT 
XP_792679.1 917  VKGDVASIYVQIDRTNLKEKEASG  - - - - - - - - - - - - - - - - - - - - - - - - - YI YKGD- HAPYFPQPKFEEWWI IAT 
NP_705096.1 918  VKGDVASVYVQIDRSNLKENEAAG  - - - - - - - - - - - - - - - - - - - - - - - - - Y IHAPYFPQPKFEEWWIIATYKND- 
55.m00017 919  VAGDFATCQVTLTRTNLNEGEAAG  - - - - - - - - - - - - - - - - - - - - - - - - - AVHAPLLPMAK YEEWWIFLVDKTES 
consensus 951 . *..... ....* .... .. . ...* * 

FIGURE G7.../ 
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TLISMPYHVCTL 
RYEAFKIHPEDMKLDEDVNP 
KYESFKIHPEDMKLDEDVNP 
GIRQ 
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. ... .... ....... 

IYVHPEDEALDNEPTL 

KDTEEVEL 

GIRQ 
IKRE 
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IKRE 
IKRE 
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SEC63 503 
XP_952225.1 492 
XP_765056.1 492 
XP_628550.1 492 
XP_668030.1 492 
XP_676782.1 487 
XP_731267.1 488 
XP_742674.1 487 
NP_705096.1 488 
55.m00017 489 
consensus 541 

SEC63 593 
XP_952225.1 544 
XP_765056.1 547 
XP_628550.1 517 
XP_668030.1 517 
XP_676782.1 511 
XP_731267.1 512 
XP_742674.1 511 
NP_705096.1 512 
55.m00017 518 
consensus 631 

KEDEEEVSDKGSDSEEEETNRDSQSEKDDGSDRDSDREQDEKQNKDDEAEWQELQQSIQRKERALLETKSKITHPVYSLYFPEEKQEWWWLYIADRK-EQ 
NKDKDSTNHVHTNESKVN---GVVTLDTVDEVKSNDWENNLLLNFSMTSSREAEIVEKMQILAEKVGQNTVCVTAINDSYFGAEFSVLKKFYVNPLNMQK 
NRDKDTSNHVHSNESRVNGVVSQDLFDLVEEVKGKDWENNLLLNFSMTTSREAEVVEKMQILAEKVGQNTICVTAVNDSYFGAEFSVLKKFYVNPLNLQK 

PQII 
PQII 

LS FKSY SP--N E 

 

KFMVDKVGNLTVS 

VDI 
CDSYAGCD 

.. . . . ..* 

GY TRCSSNEKIVD VKIQFLIETP GSIDIS LHLI NDSYEGLD QVVNVS FVAKT I--KE 
GY TRCSSNEKIVD AKIQFLIETP GSIDIS LHLI NDSYEGLD QVVNVS FVAKT I--KE 

DRILKYAH IKNCEKNIEEKL KFVVDKVGNLSI SIYL LSDCYFGC DKK LD 
DRILKYAH IKNCEKNIEEKL IYLL SDCYFGCD KKL DL SF KSYS P--TE 
DRILKHAHIKNCEKIIEEKLQFMVDKVGNLSVS IYLL SDCYFGCD KKL DL SF KAYS P--TE 
DRILKYVHVKNCEKIIEEKLQFLVDKVGNLSVS VFALCDSYFGC DQK PF KAYS K--TE 

ASTG  - - - - - - - - - - - - - - - - - GRILNFVRSKSAERVVEERIQFRVNRVGKQSVTVLAI CTME LE FKAYHP--E E 

FIGURE G7  Protein sequence alignment of the human endoplasmic reticulum membrane type III Hsp40 protein, 
Sec63, and homologous apicomplexan proteins. Accession numbers of the Sec63 proteins: H. sapiens (AAC83375.1), P. 
falciparum (NP_705096.1), C. hominis (XP_668030.1), C. parvum (XP_628550.1), P. berghei (XP_676782.1), P. chabaudi 
(XP_742674.1), P. yoelii (XP_731267.1), T. annulata (XP_952225.1), T. parva (XP_765056.1) and T. gondii (PlasmoDB 
locus 55.m00017). 
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Hsp40 Type 
Apicomplexan 

Type I Type II Type III Type IV 

P. yoelli XP_730359.1, 
XP_724346.1 

XP_728950.1, XP_727981.1, 
XP_726085.1, XP_730944.1, 
XP_727897.1, XP_723708.1 

XP_724808.1, XP_726262.1, XP_731267.1, XP_723904.1, XP_730811.1, 
XP_730442.1, XP_729659.1, XP_729396.1, XP_729337.1, XP_729014.1, 
XP_725782.1, XP_724990.1, XP_724674.1, XP_724439.1, XP_723878.1, 
XP_723695.1, YP_294151.1 

XP_724488.1 

cgd2_3230, CAD98554.1, 
XP_625863.1 

cgd1_2280, XP_627481.1, CAD98666.1, XP_628550.1, XP_628113.1, XP_628029.1, 
XP_627375.1, XP_627186.1, XP_627182.1, XP_626829.1, XP_626673.1, 
XP_626430.1, XP_626267.1, XP_626230.1, XP_626839.1, XP_627223.1, 
XP_626275.1, XP_625506.1 

C. parvum XP_626357.1, 
XP_627269.1 

XP_626276.1 

XP_664887.1, XP_667829.1 

XP_952438.1 

XP_667385.1, XP_667246.1, 
XP_667435.1, XP_667885.1 

XP_954671.1, XP_952090.1, 
XP_953331.1, XP_954119.1 

C. hominis XP_667910.1, 
XP_668107.1 

T. annulata XP_952612.1, 
XP_954074.1 

XP_667991.1, XP_666401.1, XP_668519.1, XP_668107.1, XP_668094.1, 
XP_668014.1, XP_667995.1, XP_667828.1, XP_667820.1, XP_667421.1, 
XP_666859.1, XP_666569.1, XP_666525.1, XP_666306.1, XP_666126.1, 
XP_665120.1, XP_668030.1, XP_665309.1 
XP_955331.1, XP_952494.1, XP_954744.1, XP_952203.1, XP_952078.1, 
XP_952068.1, XP_952363.1, XP_954418.1, XP_953620.1, XP_953068.1, 
XP_952378.1, XP_952302.1, XP_952225.1, XP_952907.1 

XP_766587.1, XP_764847.1 XP_765562.1, XP_765191.1, 
XP_764324.1, XP_766186.1 

T. parva XP_766227.1, 
XP_764665.1 

XP_766250.1, XP_764922.1, XP_764980.1, XP_766673.1, XP_765837.1, 
XP_765214.1, XP_765204.1, XP_765080.1, XP_765056.1, XP_764787.1, 
XP_764037.1, XP_763870.1, XP_762749.1, XP_763339.1 

55.m00016, 
57.m00015 

CAJ20509.1, 52.m01602 T. gondii 25.m01777, 
583.m05418 

20.m03665, 26.m00247, 33.m02195, 37.m00768, 44.m02699, 49.m00059, 
55.m04854, 59.m03598, 59.m06079, 76.m01546, 76.m01596, 80.m02164, 
80.m02203, 80.m02292, 583.m05553, 583.m05701, CAJ20508.1, 20m.03869, 
55.m11052, 20.m05961, 55.m00017, 50.m00025, 583.m00680, 57.m01857, 
162.m00513, 641.m02560 

APPENDIX H 

CLASSIFICATION OF HSP40 PROTEINS FROM THE APICOMPLEXA 

P. falciparum NP_702248.1, 
NP_702750.1 

NP_703333.1, NP_472947.2, 
NP_703357.1, NP_700963.1, 
NP_705450.1, NP_702025.1, 
NP_473047.1, XP_966274.1, 
NP_701478.1 

NP_700851.1, NP_701358.1, NP_473112.2, NP_701376.1, NP_704176.1, 
NP_704316.1, NP_704487.1, NP_700506.1, NP_700532.1, NP_701133.1, 
NP_701239.1, NP_704971.1, NP_705096.1, NP_702589.1, NP_703373.1, 
NP_703578.1, NP_705208.1, NP_704730.1, NP_704740.1, NP_701527.1 

NP_700854.1, NP_700899.1, NP_701354.1, 
NP_701357.1, NP_701901.1, NP_703225.1, 
NP_703336.1, NP_472946.1, NP_473113.2, 
NP_703354.1, NP_701868.1, CAA00077.1, 
NP_701301.1 

P. berghei XP_680440.1, 
XP_679772.1 

XP_677556.1, XP_678015.1, 
XP_675336.1, XP_677966.1, 
BAD99308.1 

XP_680251.1, XP_674936.1, XP_679805.1, XP_679581.1, XP_678174.1, 
XP_676782.1, XP_676168.1, XP_674789.1, 
XP_674078.1, XP_672208.1, XP_678535.1, XP_675745.1 

XP_676696.1, XP_676292.1, XP_673844.1, 
XP_674629.1 

  

P. chabaudi XP_744117.1, 
XP_745900.1 

XP_745867.1, XP_733846.1, 
XP_740487.1, XP_744229.1, 
XP_742984.1, XP_741048.1 

XP_741274.1, XP_743132.1, XP_745623.1, XP_745623.1, XP_743352.1, 
XP_743161.1, XP_742782.1, XP_742674.1, XP_742418.1, XP_742282.1, 
XP_741054.1, XP_739007.1, XP_738064.1, XP_738063.1, XP_733803.1, 
XP_744850.1 

XP_745038.1, XP_743387.1, XP_740905.1 
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1.1 THE CHALLENGES OF PROTEIN FOLDING IN THE CELL 

The biogenesis of proteins in the cell is an intricate process, requiring the folding and translocation 

of nascent proteins emerging from the ribosomes for maturation into functional products. It is 

known that the complete specification for the folding of a protein into tertiary and quaternary 

structure is contained within its primary structure, or amino acid sequence, and that the process 

of protein folding into the native conformation may be spontaneous (ANFINSEN, 1973). However 

the correct folding of proteins in vivo is fraught with challenges owing to the complexity of the 

cellular environment. In particular, macromolecular crowding contributes to the aggregation and 

degradation of improperly folded proteins (ELLIS, 2001; ZIMMERMAN and MINTON, 1993) which in turn 

are associated with the onset of numerous disease states (DOBSON, 2003).  Moreover, it is known 

that protein aggregation and unfolding are promoted by varied conditions of physiological stress. 

Consequently, cells have addressed the need for orchestrated protein folding by evolving 

specialised protein folding machinery comprised predominantly of molecular chaperone proteins 

(FELDMAN and FRYDMAN, 2000; SMITH et al., 1998). While such coordination does not necessarily 

increase the rate of protein folding, it serves to minimise non-productive interactions and 

interference from other cellular components which hinder protein folding. In this context, 

molecular chaperones may be seen as protein folding ‘catalysts’ which lessen non-productive intra-

and inter-molecular interactions by sequestering proteins for the folding process (FINK, 1999;  

THULASIRAMAN et al., 1999). 

1.2 MOLECULAR CHAPERONE PROTEINS ARE FOLDING CATALYSTS 

The term ‘molecular chaperones’ coined by LASKEY et al. (1978) is used to define a class of 

ubiquitous proteins that are responsible for the correct folding and/or refolding of nascent, 

denatured, misfolded or aggregated proteins into functional conformations in the cell (ELLIS, 1987). 

This mediated folding is crucial to the prevention of the unfavourable consequences associated 

with protein misfolding and aggregation in eukaryotic and prokaryotic cells, and viral particles 

(DEUERLING and BUKAU, 2004;  FELDMAN and FRYDMAN, 2000;  YOUNG et al., 2004).  In addition to the 

mediation of correct protein folding in the cytosol, mitochondria and endoplasmic reticulum of the 

cell, molecular chaperones have been implicated in numerous additional and diverse roles including 

protein translocation to distinct subcellular compartments, the assembly and degradation of 

multiprotein complexes, cell signalling, protein activation and the facilitation of proteolytic 

degradation (BECKER and CRAIG, 1994; FINK et al., 2003; SŐTI et al., 2005; YOUNG et al., 2003). The 

essentiality of the ‘protein quality control’ activity of molecular chaperones is emphasised in their 

involvement in the prevention of protein-folding diseases. The corruption of chaperone protein 
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function has been described in the onset of numerous of these diseases, ranging from cancer to 

neurodegenerative disorders (BARRAL et al., 2004; BRODSKY and CHIOSIS, 2006; DOBSON, 2003). 

Chaperone activity is comprised of successive cycles of binding and release of non-native protein 

substrates which are recognised by the exposure of hydrophobic residues. In particular, chaperone 

proteins are known to exhibit both holdase and (re)foldase activity, binding and stabilising proteins 

in a manner that is conducive to folding (FELDMAN and FRYDMAN, 2000). The regulation of this 

activity is achieved by a sub-set of chaperone proteins termed ‘co-chaperones’. In essence, co-

chaperones function by (i) targeting partner chaperone proteins to specific pathways, (ii) mediating 

the specificity of chaperone protein folding activity by serving as substrate selectors, and/or (iii) 

regulating the nucleotide-bound state of chaperone proteins which governs conformation and 

hence activity (BLATCH, 2006; CAPLAN, 2003). Moreover, certain co-chaperones have been shown to 

possess dual chaperone/co-chaperone capabilities, exhibiting the holdase or refoldase activity 

required to facilitate protein folding (KELLEY, 1998;  LU and CYR, 1998a, 2006). 

Based on the ability of molecular chaperones to function both independently and in combination, it 

is proposed that the folding of nascent proteins and the refolding of misfolded proteins in the cell is 

coordinated by the successive involvement of chaperone protein networks (GEORGOPOULOS and 

WELCH, 1993; HENDRICK and HARTL, 1993, 1995).  Consistent with this, certain molecular chaperones 

are designated to the preliminary folding of nascent proteins, while others appear to be employed 

for the processing of later protein folding intermediates and the assembly of higher order protein 

structures (BUCHBERGER et al., 1995; FRYDMAN et al., 1994; HARTL, 1996). It has also been argued that 

protein folding intermediates may be cycled in a less coordinated manner by available chaperone 

proteins in the cytosol (FELDMAN and FRYDMAN, 2000;  YOUNG et al., 2004). Such proteins may include 

heat shock proteins, protein disulfide isomerases and peptidyl prolyl isomerases as reviewed by 

FINK (1999). 

1.3 HEAT SHOCK PROTEINS FUNCTION AS MOLECULAR CHAPERONES 

Heat shock proteins (Hsps) comprise a major portion of the molecular chaperone protein class and 

represent a highly abundant and conserved group of proteins that are responsible for the 

maintenance of cellular viability under varied conditions of cellular stress (GEORGEOPOULOS and 

WELCH, 1993; HENDRICK and HARTL, 1993, 1995; BECKER and CRAIG, 1994).  These proteins were first 

identified by RITOSSA (1962) in Drosophila melanogaster cells exposed to elevated temperatures. 

Hsp expression is upregulated in response to numerous cellular or environmental stress stimuli 

including temperature elevation (heat shock) or decline (cold shock), the deprivation of oxygen, 

water or nutrients, or the accumulation of cytotoxic compounds such as free radicals, antibiotics or 
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heavy metals. The upregulated heat shock proteins function as molecular chaperones by assisting 

in the refolding of misfolded proteins that accumulate in response to the respective stress 

conditions, allowing for the restoration of homeostasis (BECKER and CRAIG, 1994; HENDRICK and 

HARTL, 1995). 

In contrast to the stress-inducible Hsp class of proteins, homologous heat shock cognate (Hsc) 

proteins are constitutively expressed under typical cellular conditions and are proposed to facilitate 

de novo protein folding and general cellular ‘house-keeping’ processes (INGOLIA and CRAIG, 1982). 

The Hsp and Hsc classes are often referred to collectively as heat shock proteins, due to the high 

degree of shared structural and functional features between these classes and the reported dual 

constitutive and stress-inducible upregulation of certain Hsc proteins (BECKER and CRAIG, 1994). 

Differences in the roles of the inducible and constitutive chaperone proteins may be dictated by 

subtle differences in these protein classes. In particular, the role of Hsp proteins is more 

pronounced in the presence of stress stimuli, attributed to differential client binding and co-

chaperone regulation (CALLAHAN et al., 2002; TUTAR et al., 2005). 

Classification of the members of the heat shock protein class is according to average molecular 

weight, with each heat shock protein family designated a term – HspX – where X represents the 

molecular weight in kDa. ATP-dependent high molecular weight heat shock proteins including 

those of the Hsp100 (100 kDa), Hsp90 (90 kDa), Hsp70 (70 kDa) and Hsp60 (60 kDa) families require 

co-chaperone proteins to modulate their ATP-bound state. The majority of general folding 

processes in the cell appear to be mediated by the Hsp70 and Hsp60 classes and their associated 

co-chaperones (DEUERLING and BUKAU, 2004; FINK, 1999). Hsp40 proteins (40 kDa) are known to serve 

as co-chaperones to Hsp70 proteins and are suspected to function as chaperones in their own right 

(LU and CYR, 1998b; ROSSER and CYR, 2006).  In contrast to the large ATP-dependent chaperones, 

members of the small heat shock protein family (sHsp) are in the order of 9-43 kDa in size and 

function as chaperones in an ATP-independent manner (JAKOB et al., 1993). 

Variations exist in the functions of the different Hsp protein families, and evidence suggests that 

particular protein substrates may be directed to particular heat shock protein networks in the cell 

for folding (DEUERLING and BUKAU, 1994).  In general, Hsp100 and sHsps are implicated in 

thermotolerance, the prevention of protein aggregation and the stabilisation of misfolded proteins; 

Hsp90 is known to regulate cell signalling, stabilise misfolded proteins and process more mature 

protein folding intermediates; Hsp70 functions in conjunction with Hsp40 to mediate a wide range 

of chaperone tasks including nascent protein folding, protein translocation and cytoprotection 
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during cellular stress; and Hsp60 proteins are concerned with the folding and refolding of particular 

protein substrates and higher order proteins (SMITH et al., 1998; YOUNG et al., 2003, 2004). 

1.3.1  The Small Heat Shock Proteins – α-Crystallins 

The diverse roles of the ATP-independent small heat shock proteins (sHsps) range from the 

mediation of signal transduction, to cell differentiation, morphological development and the 

inhibition of apoptosis of the cell (DE JONG et al., 1993; GUSEV et al. 2002; JAKOB et al., 1993). Most 

importantly, the sHsps play a major role in thermotolerance, typically functioning in large flexible 

oligomeric complexes which passively bind and stabilise compromised proteins with high affinity 

(HORWITZ, 1992; JAKOB et al., 1993; LELJ-GAROLLA and MAUK, 2005).  Active disaggregation and 

renaturation of the compromised proteins is achieved by subsequent transferral to ATP-dependent 

chaperones, such as Hsp70 as further described in SECTION 1.3.5 (GUSEV et al., 2002 ; MOGK et al., 

2003). The mechanism by which sHsps exhibit chaperone activity and co-operate in synergy with 

other chaperone networks to promote thermotolerance is not entirely understood (GUSEV et al., 

2002). 

Proteins of the sHsp class are characterised by the presence of an 80-100 residue α-crystallin 

domain in the C-terminal region, initially identified in the vertebrate eye lens proteins, αA- and αB-

crystallin (DE JONG et al., 1993; HORWITZ, 1992). The domain is thought to be comprised of flexible 

interacting beta sheets, which participate directly in the oligomerisation of the sHsps (GUSEV et al., 

2002; LELJ-GAROLLA and MAUK, 2005).  Importantly, sHsps of variant sizes are known to form mixed 

oligomers via the α-crystallin domain and may function in unison (GUSEV et al., 2002). Evidence 

suggests that phosphorylation may disrupt sHsp oligomerisation, providing a clue to the regulation 

of the chaperone activity of this heat shock class or to their proposed involvement in cell signalling 

(DE JONG et al., 1993; GUSEV et al., 2002). The N-terminal region of the sHsp class preceding the α-

crystallin domain is highly varied and may be key to the functional specialisation and substrate 

specificities of the diverse sHsp proteins (BASHA et al., 2004;  DE JONG et al., 1993). 

1.3.2  The Hsp100 Proteins – Stress Tolerance Factors 

Molecular chaperones of the Hsp100 or caseinolytic protease (Clp) class are classified in the AAA
+  

superfamily of proteins (ATPases associated with various cellular activities) and may be 

distinguished from other chaperones by their unfoldase and translocase activity. These activities 

are employed in the disassembly and remodelling of higher order protein complexes, the disruption 

of large protein aggregates and the targeting of improperly folded proteins for degradation (MOGK 

et al. 1999; PAK and WICKNER, 1997). SANCHEZ and LINDQUIST (1990) demonstrated that S. cerevisiae 
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cells deficient in Hsp100 were significantly prone to induced heat stress, highlighting the 

importance of this protein class in the promotion of thermotolerance. As described for the sHsp 

class of proteins, Hsp100 chaperones rely on co-operation with more conventional chaperones such 

as Hsp70 to promote protein refolding. In particular, the co-operation of sHsps, Hsp100 and Hsp70 

has been described in the facilitation of protein disaggregation (GLOVER AND LINDQUIST, 1998; 

GOLOUBINOFF et al., 1999; MOGK et al., 2003). The unfoldase activity of Hsp100 appears to be driven 

by ATP hydrolysis by the six-member ring-like subunits comprising the proteins of this class. ATP-

dependent conformational changes in the subdomains are thought to prise protein aggregates or 

protein complex subunits apart (GLOVER and TKACH, 2001) or ‘thread’ them through the central 

cavity formed by the Hsp100 subdomains (LUM et al., 2004). 

1.3.3  The Hsp90 Proteins – Cell Signalling Chaperones 

In addition to demonstrating a general role in protein folding and translocation, the highly 

conserved and abundant Hsp90 proteins may be distinguished from other chaperones by their 

involvement in the regulation of cell differentiation and development, protein trafficking, apoptosis 

and intra- and inter-cellular communication (ALIGUE et al., 1994; YOUNG et al., 2001). In particular, 

Hsp90 proteins are known to be responsible for the activation and regulation of cell signalling 

transduction proteins, such as kinases and steroid receptors (PICARD et al., 1990;  PRATT and TOFT, 

1997, 2003;  XU and LINDQUIST, 1993).  Moreover, the Hsp90 class have been implicated in protein 

quality control tasks in the cell through the targeting of damaged proteins for degradation by the 

proteasome (CONNELL et al., 2001; MCDONOUGH and PATTERSON, 2003). 

Hsp90 proteins are characterised by the presence of three highly conserved domains, including a 25 

kDa nucleotide-binding N-terminal domain, a 35 kDa central domain thought to contribute to the 

ATPase and substrate binding activity of the protein, and a 12 kDa C-terminal domain crucial to 

dimerization and interaction with numerous Hsp90 co-chaperone proteins (MEYER et al., 2003; 

NEMOTO et al., 1995;  PRODROMOU et al., 1997). Hsp90 promotes protein folding in the dimeric form, 

the conformation of which is governed by nucleotide-dependent changes and complex inter- and 

intra-domain communication (RICHTER et al., 2008;  SHIAU et al., 2006).  In the absence of bound 

nucleotide, the Hsp90 dimer adopts an open conformation that may bind and stabilise protein 

substrate in a manner that is not conducive to folding (BUCHNER et al., 1999). This is achieved by the 

presentation of hydrophobic residues from each of the three conserved domains into the large 

interdomain cleft formed by the dimer (SHIAU et al.,  2006). Upon the binding of ATP, transient 

dimerization of the N-terminal and central domains facilitates the clamping of the Hsp90 

monomers into a closed conformation, which may promote subsequent protein folding (ALI et al., 

Introduction  | 6 



2006;  PRODROMOU et al., 2000). Release of the substrate is governed by hydrolysis of the bound ATP 

(PRODROMOU et al., 1997; YOUNG and HARTL, 2000) facilitated by the interaction of the nucleotide-

binding and central-domains (ALI et al., 2006; SHIAU et al., 2006). 

The regulation of Hsp90 activity is proposed to be dependent on various co-chaperone proteins 

which, by the most part, are thought to bind the C-terminus of the chaperone via tetratricopeptide 

repeat (TPR) motifs (YOUNG et al., 1998). These co-chaperones include the Hsp70-Hsp90 organising 

protein, Hop (also referred to as the stress induced phosphoprotein-1; Sti1), protein phosphatase-5 

(PP5), Aha1 (Activator of Hsp90 ATPase activity) and the immunophilins FKBP52, FKBP51/54 and 

cyclophilin 40 (BARENT et al., 1998;  CHEN et al., 1996;  HOFFMANN and HANDSCHUMACHER, 1995;  LOTZ et 

al., 2003;  SILIGARDI et al., 2002).  The immunophilins are known to connect Hsp90 to protein 

trafficking machinery in the cell (PRATT and TOFT, 1997). Hop is known to mediate substrate transfer 

from Hsp70 to Hsp90, by forming a physical link between these two proteins via its 

tetratricopeptide repeat (TPR) domain (CHEN and SMITH, 1998; ODUNUGA et al., 2004; SCHEUFLER et al., 

2000). The co-operation between Hsp90 and Hsp70 is proposed to facilitate the processing of later 

protein folding intermediates and specific client proteins in the cell (FRYDMAN and HÖHFELD, 1997). 

Moreover, the TPR-bearing carboxyl terminus of the Hsc70-interacting protein (CHIP) represents an 

E3 ubiquitin ligase that has been shown to connect Hsp90 to the ubiquitination pathway for the 

designation of proteins for degradation by the proteasome (BALLINGER et al., 1999; CONNELL et al., 

2001; MCDONOUGH and PATTERSON, 2003). Hsp90 has also been shown to be responsible for the 

maintenance of the 26S proteasome, highlighting a crucial role for the chaperone in the 

degradation of damaged proteins in the cell (IMAI et al., 2003). Co-chaperones Cdc37/p50 and p23 

have also been shown to bind Hsp90 and regulate its activity despite the lack of a recognisable TPR 

domain (ROE et al., 2004;  MCLAUGHLIN et al., 2006). In particular, p23 is important in the regulation of 

the ATPase cycle of Hsp90; the co-chaperone is proposed to recognise ATP-bound Hsp90 and 

promote the dissociation of substrate (YOUNG and HARTL, 2000) or stabilise Hsp90 in a multi-

chaperone complex as further discussed in SECTION 1.3.7. 

1.3.4  The Hsp60 Chaperonins 

Members of the Hsp60 protein family, represented by prokaryotic GroEL (VIITANEN et al., 1990) and 

eukaryotic T-complex polypeptide-1 (TCP-1; MCCALLUM et al., 2000) are also referred to as 

chaperonins (ELLIS, 1990). In addition to facilitating general protein folding processes and the 

prevention of the aggregation of partially folded protein intermediates, chaperonins are known to 

assist the unfolding and refolding of improperly folded proteins and the assembly of higher order or 

multidomain protein structures (HOURY et al., 1999). Chaperonins are typically oligomeric and ring- 

Introduction  | 7 



shaped, bearing a central cavity responsible for the binding non-native protein substrates (XU et al., 

1997; XU and SIGLER, 1998). This cavity provides a sequestered environment in which protein folding 

proceeds unimpeded by the interference of external cellular factors (APETRI and HORWICH, 1998). 

The chaperone activity of GroEL is mediated by ATP binding and co-chaperone intervention. The 

binding of substrate to the apical domain of GroEL is alternated by the binding of a 10 kDa co-

chaperone, chaperonin 10 (cpn10) in eukaryotic organisms or the equivalent prokaryotic GroES to 

the same domain (TODD et al., 1994; VIITANEN et al., 1990). The latter is coupled by the binding of ATP 

to the equatorial domain of GroEL. An intermediate domain housed between the apical and 

equatorial domains of GroEL, induces conformational changes to the central cavity on the binding 

of ATP, influencing the hydrophobic nature of the substrate binding site (RANSON et al., 1998). In this 

manner, the binding of ATP and GroES lessens the hydrophobicity and enlarges the central GroEL 

cavity, promoting release of the substrate following the promotion of folding into the native state. 

Studies have demonstrated that the GroEL-GroES chaperone system is essential to the viability of E. 
soli (FAYET et al., 1989). 

1.3.5  The Hsp70 Proteins –Multifunctional ‘House-keeping’ Chaperones 

It is known that at least 15-20 % of nascent proteins are processed by the well conserved ATP-

dependent members of the Hsp70 chaperone machinery, termed DnaK in prokaryotic organisms 

(DEUERLING et al., 1999;  THULASIRAMAN et al., 1999).  DnaK is termed as such due to initial 

implications of the protein in the replication of bacteriophage λ DNA (GEORGOPOULOS and WELCH, 

1993). Under typical eukaryotic cellular conditions, constitutively expressed Hsc70 is responsible for 

the folding of nascent polypeptide chains (BUKAU et al., 2000; HARTL and HAYER-HARTL, 2002), 

quaternary assembly and disassembly (CHAPPELL et al., 1986; CHROMY et al., 2003),  protein 

translocation (JENSEN and JOHNSON, 1999; RYAN and PFANNER, 2002), cell signalling (PRATT and TOFT, 

2003) and the activation of transcriptional and replication factors (HOFFMAN et al., 1992).  In the 

presence of stress stimuli, inducible Hsp70 functions in a similar manner to Hsc70 with enhanced 

affinity for client protein, and enables the refolding of accumulated denatured and misfolded 

proteins (CALLAHAN et al., 2002; HARTL, 1996; MAYER and BUKAU, 1998). In particular, Hsp70 proteins 

are crucial to the maintenance of cellular viability during thermal stress, promoting the disruption 

of protein aggregates that form from intermolecular interactions between exposed hydrophobic 

residues. Moreover, Hsp70 proteins appear to participate in the targeting of compromised proteins 

for degradation (HÖHFELD et al., 2001) through the lysosomal pathway (AGARRABERES and DICE, 2001) 

or the ubiquitination pathway via association with CHIP (BALLINGER et al., 1999;  BERCOVICH et al., 

1997;  HÖHFELD et al., 2006). 
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In contrast to the Hsp60 chaperonins which are capable of encompassing entire proteins, Hsp70 

chaperones recognise and preferentially bind smaller hydrophobic peptide segments, 7-9 amino 

acids in length (FLYNN et al., 1991; GRAGEROV et al., 1994). These differences highlight the synergistic 

co-operation of chaperone networks in the facilitation of protein folding; Hsp70 may promote the 

folding of a protein in the earlier stages of maturation or refolding, while the successive 

involvement of chaperonins or Hsp90 may promote the folding of the protein into its final native 

conformation (BUCHBERGER et al., 1996; BUKAU et al., 2000; GAITANARIS et al.,  1994; HENDRICK and 

HARTL, 1995). Moreover, different Hsp70 proteins exhibit bias in interaction with particular protein 

substrates, and this is thought to be mediated by Hsp40 co-chaperone partners (GRAGEROV and 

GOTTESMAN, 1994; MISSELWITZ et al., 1998).  Substrate bias may be indicative of the functional 

diversification of Hsp70 proteins through evolution (KABANI and MARTINEAU, 2008; MAYER and 

BUKAU, 2005) and is of particular significance in eukaryotic organisms, where certain Hsp70 proteins 

appear to be confined to distinct subcellular compartments for specific protein folding and 

translocation tasks (CRAIG et al., 1994;  GRAGEROV and GOTTESMAN, 1994). 

1.3.5.1 Hsp70 Domain Organisation 

Hsp70 proteins are comprised of two conserved domains, including a 45 kDa N-terminal ATPase 

domain, and a 15-30 kDa substrate binding domain which is linked to a 10 kDa C-terminal region. 

The domain organisation of Hsp70 proteins is schematically represented in FIGURE 1.1A overleaf. 

Importantly, Hsp70 function requires co-operation between the ATPase and substrate binding 

domains as further discussed. The monomeric form of Hsp70 is proposed to favour ATP and 

substrate binding, while the oligomeric form of Hsp70 is proposed to act as a reserve in the cell for 

the monomeric form (GAO et al., 1996). 

1.3.5.1.1 The ATPase Domain 

The ATPase domain is constituted by four subdomains comprising two lobes and an upper and 

lower cleft (FIGURE 1.1B; BORK et al., 1992; FLAHERTY et al., 1990, 1991). The nucleotide binding site of 

the ATPase domain is housed in the upper cleft constituted by subdomains IB and IIB (FLAHERTY et 

al., 1990). The hydrolysis of ATP to ADP in this cleft is known to induce conformational changes 

which regulate the substrate binding capabilities of the substrate binding domain (BUCHBERGER et 

al., 1995; FUNG et al., 1996). The linker region adjoining the ATPase and substrate binding domains 

(FIGURE 1.1A) is thought to be crucial to such interdomain communication (JIANG et al., 2005). 

Consistent with this, the linker region was shown to bring the ATPase domain in close proximity 

with the structural elements of the peptide binding pocket in the partial full length structure of 

bovine Hsc70 (JIANG et al., 2007) and substitution of residues in this region have been shown to 
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factors, as l detailed in SECTION 1.3.5.2.2 (SCHÖNFELD et al., 1995; SONDERMANN et al. , 2001). 
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1.3.5.1.2 The Substrate Binding Domain 

The substrate binding domain is similarly comprised of subdomains, including a hydrophobic 

peptide binding pocket constituted by a sandwich of β-sheets and a flexible α-helical lid structure 

(FIGURE 1.1C, ZHU et al., 1996).  Residues comprising the binding cavity of the β-subdomain have 

been shown to bind and stabilise the backbones and side-chains of exposed hydrophobic residues 

of the substrate in an extended conformation, in a manner that is conducive to folding (FIGURE 1.1C, 

BRODSKY, 1996; RUDIGER et al., 2001; ZHU et al., 1996). The α-helical lid appears to latch the peptide 

into the binding pocket and is also suggested to mediate substrate specificity (FIGURE 1.1C; MAYER et 

al., 2000; ZHU et al., 1996). Ionic interactions between the α- and β-subdomains are proposed to 

mediate entry to the peptide binding pocket (FERNANDEZ-SÁIZ et al. 2006) with dynamic opening and 

closing of the pocket promoted in the ATP and ADP bound states of Hsp70 respectively (FERNANDEZ-

SÁIZ et al. 2006; MAYER et al., 2000). Perplexingly though, interdomain communication between the 

substrate binding and ATPase domains was shown to be preserved in the absence of an α-helical 

subdomain in E. coli DnaK (PELLECCHIA et al., 2000). 

1.3.5.1.3 The C-terminal Region 

The 10 kDa C-terminal region essentially constitutes a part of the substrate-binding domain of 

Hsp70 proteins, but is often referred to as a distinct region as it is known to facilitate interactions 

with other chaperone proteins (DEMAND et al., 1998).  In particular, the C-terminal EEVD motif of 

eukaryotic cytosolic Hsp70 proteins (FIGURE 1.1A) is proposed to mediate interactions with Hsp90 

(via the adaptor protein Hop) and the co-chaperones CHIP and Hsp40 (FIGURE 1.1A; BRINKER et al., 

2002; DEMAND et al., 1998; FREEMAN et al., 1995; LI et al., 2006). The structure of this C-terminal region 

remains to be resolved. 

1.3.5.2 Co-chaperone Regulation of the ATPase Cycle and Chaperone Activity of Hsp70 

The affinity of Hsp70 for protein substrate is governed by ATP binding, hydrolysis and exchange as 

depicted in FIGURE 1.2 overleaf (MCCARTY et al., 1995). The hydrolysis of ATP to ADP and inorganic 

phosphate (Pi) represents the rate limiting step of the ATPase cycle (BURKHOLDER et al., 1994; 

RUSSELL et al., 1999) in the absence of mediation by Hsp40 co-chaperone proteins (SECTION 1.3.5.2.1; 

BANECKI et al., 1996; HENDRICK et al., 1993; SZABO et al., 1994). The subsequent exchange of ADP for 

ATP is in certain circumstances facilitated by nucleotide exchange factors (NEF; SECTION 1.3.5.2.2). 
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FIGURE 1.2  The Hsp40/Nucleotide Exchange Factor-mediated ATPase cycle of Hsp70 protein folding 
activity. Hsp70 folding activity is characterised by repeated cycles of substrate binding and release, as 
follows: (i) Protein substrate (S) is recruited to Hsp70 by the co-chaperone Hsp40, or Hsp70 interacts with 
substrate independently. Hsp40 promotes the ATPase activity of Hsp70, enabling the latter to hydrolyse ATP; 
(ii) In an ADP-bound state, Hsp70 adopts a conformation with increased affinity for protein substrate thereby 
facilitating (iii) folding of the substrate;  (iv) The exchange of Hsp70-bound ADP for ATP is facilitated by a 
nucleotide exchange factor (NEF)*, thereby decreasing the Hsp70 affinity for substrate and allowing the 
release of the folded protein, or protein folding intermediate. Several cycles of Hsp40/NEF-mediated folding 
by Hsp70 are required for folding to continue until completion. In the most likely scenario, the protein folding 
intermediate is transferred to a complementary chaperone system such as the Hsp60/Cpn10 (GroEL/GroES) 
system for the completion of protein folding (GEORGOPOULOS and WELCH, 1993; HARTL, 1996; HENDRICK 
and HARTL, 1993, 1995). It is suggested that Hsp40 and NEFs function at substoichiometric levels to Hsp70 
(LAUFEN et al., 1999;  PIERPAOLI et al., 1998). *Characterised Nucleotide Exchange Factors include GrpE 
(prokaryotes), Snl1, Fes1, Sse1, Sil1 and Sls1 (Saccharomyces cerevisiae), HspBP1, BAG-1, Hsp110 and 
Hsp105α (mammals) (BRODSKY and BRACHER, 2006). The figure was adapted from MAYER and BUKAU (1998) 
and SZABO et al. (1994). 

1.3.5.2.1 Regulation by Hsp40 Co-chaperones 

The Hsp70-Hsp40 interaction represents the most ubiquitous chaperone protein partnership 

(LINDQUIST, 1986; KELLEY and SCHLESINGER, 1982). Evidence suggests that particular Hsp40-Hsp70 

partnerships are dedicated to the folding of specific client protein subsets in distinct subcellular 

compartments (BRODSKY and SCHEKMAN 1993; KELLEY, 1998, 1999;  NGOSUWAN et al., 2003).  The 

number of Hsp40 proteins typically outweighs the number of Hsp70 proteins in any given organism, 

suggesting that Hsp70 is the more promiscuous protein in the partnership and may be regulated by 

numerous Hsp40 co-chaperones (BOTHA et al., 2007; HENNESSY et al., 2005b; QIU et al., 2006). 

The co-chaperone activity of Hsp40 serves two probable purposes, including the targeting of 

substrate to Hsp70 and the stabilisation of substrate-bound Hsp70 in the presence of ATP (FAN et 
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al., 2003;  LAUFEN et al., 1999;  MINAMI et al., 1996; SUH et al., 1999).  This may be achieved through 

interaction with both the substrate-binding and ATPase domains of Hsp70 (AUGER and ROUDIER, 

1997; SUH et al., 1998).  Hsp40 functions by promoting ATP hydrolysis by Hsp70 (SUH et al., 1998) 

enabling the latter to adopt an ADP-bound conformation with increased affinity for substrate 

(FLYNN et al., 1989; GREENE et al., 1998; SUH et al., 1998). Substrate transfer from Hsp40 to Hsp70 is 

proposed to involve the formation of an (ATP.Hsp70)m-substrate-(Hsp40)n  ternary complex 

involving binding to independent segments of the substrate (HAN and CHRISTEN, 2003).  Consistent 

with this, the displacement of a target substrate from the peptide binding domain of Hsp40 by D-

amino peptides was shown to impede refolding of the substrate by the Hsp70/Hsp40/NEF system 

(BISCHOFBERGER et al., 2003). The shared features that exist between the substrate binding domains 

of Hsp40 and Hsp70 proteins suggests that Hsp40 serves as a substrate ‘scanning factor’ for Hsp70 

(MISSELWITZ et al. 1998;  RÜDIGER et al., 2001). Moreover, Hsp40 appears to have a lower substrate 

binding affinity which may promote the transfer of substrate to Hsp70 (RÜDIGER et al., 2001). 

An alternate mechanism for the independent association of Hsp70 with peptide substrate and the 

subsequent docking of Hsp40 has also been hypothesised (PIERPAOLI et al., 1997, 1998; SUH et al., 
1999). This emanates from the enhanced ability of Hsp40 to stimulate Hsp70 ATPase activity in the 

presence of bound substrate in the Hsp70 substrate binding site (BUKAU and HORWICH, 1998; MAYER 

et al., 1999). Moreover, peptide sequences have been shown to stimulate the ATPase activity of 

Hsp70, albeit at insignificant levels in comparison to Hsp40 (JORDAN and MCMACKEN, 1995). 

The significance of the Hsp70-Hsp40 partnership is further emphasized in its role in the regulation 

of the heat shock response. Heat shock protein expression is known to be induced by the 

σ32 subunit of RNA Polymerase in prokaryotes (STRAUS et al., 1987) and the heat shock transcription 

factor (HSF) in eukaryotes (BIENZ and PELHAM, 1987). In both cases, heat shock protein expression 

appears to be regulated by the negative modulation of these transcription factors by Hsp70 and 

Hsp40 (ABRAVAYA et al., 1992; STRAUS et al., 1990; TOMOYASU et al., 2002). As previously discussed, the 

strong propensity of proteins to aggregate and adopt unfavourable conformations in the presence 

of stress stimuli is countered by the binding of Hsp70. This diminishes the amount of unbound 

Hsp70 in the cell, warranting the induction of additional heat shock protein expression. This is 

initiated by the binding of σ
32 

 to hsp gene promoters in prokaryotes or the binding of HSF to heat 

shock elements (HSE) of hsp promoter sites in eukaryotes (GROSSMAN et al., 1987;  PELHAM, 1982). 

Autorepression of further Hsp expression is achieved by the Hsp40-assisted sequestration of 

σ
32

/HSF by Hsp70, and the subsequent targeting of the transcription factor for proteolytic 

degradation (BALER et al., 1992; RODRIGUEZ et al., 2008). 
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1.3.5.2.2 The Facilitation of Nucleotide Exchange 

Nucleotide exchange factors (NEFs) facilitate the release of Hsp70-bound ADP, allowing for 

subsequent binding of the chaperone to ATP with the net effect of nucleotide exchange. This 

decreases Hsp70 affinity for substrate, allowing the release of protein folding intermediates in the 

Hsp70-protein folding cycle (FIGURE 1.2;  LIBEREK et al., 1991;  PIERPAOLI et al., 1997).  In essence, NEFs 

function as nucleotide release factors rather than participating directly in the exchange of bound 

ADP for ATP (BRODSKY and BRACHER, 2006). 

The structure of the prokaryotic nucleotide exchange factor, GrpE, in complex with DnaK has been 

resolved (HARRISON et al., 1997). It is suggested that this co-chaperone binds in dimeric form to the 

IIB subdomain of the Hsp70 ATPase domain (SCHÖNFELD et al., 1995; SONDERMANN et al., 2001) 

inducing a conformational change in the upper cleft that mediates nucleotide binding (FIGURE 1.1B; 

BRODSKY and BRACHER, 2006).  Nucleotide exchange factors in the eukaryotic cytosol differ both 

structurally and functionally from prokaryotic GrpE (BRODSKY and BRACHER, 2006). While eukaryotic 

GrpE homologs have been identified, they appear to be confined to the mitochondria and 

chloroplast (CHOGLAY et al., 2001; NAYLOR et al., 1998). In the mammalian cytosol, nucleotide 

exchange is thought to be facilitated by the Hsp70-binding protein (HspBP1) and BCL2-associated 

athanogene (BAG-1) co-chaperones (BREHMER et al., 2001;  HÖHFELD and JENTSCH 1997).  Consistent 

with this, BAG-1 has been shown to interact with the ATPase domain of cytosolic Hsp70 proteins 

(TAKAYAMA et al., 2001). The interaction of these proteins is mediated by a domain termed the BAG 

domain; additional proteins bearing this domain have been identified and are thought to be 

involved in more specialised mediation of nucleotide exchange (BRODSKY and BRACHER, 2006). These 

include the BAG-1 homologue, Snl1, in the cytoplasm of S. cerevisiae. An additional cytoplasmic 

nucleotide exchange factor in yeast, Fes1, was shown to facilitate nucleotide exchange and inhibit 

the ATPase activity of the Hsp70 protein, Ssa1p (KABANI et al., 2002, 2003). A further two nucleotide 

exchange factors, Sls1 and Sil1, were identified in the lumen of the yeast endoplasmic reticulum, 

and are thought to facilitate nucleotide exchange of the endoplasmic reticulum Hsp70 protein, BiP 

(Binding Protein; BRODSKY and BRACHER, 2006; KABANI et al., 2000).  Similarly, an Sls1-related 

nucleotide exchange factor, BAP (BiP associated protein), was identified in the mammalian 

endoplasmic reticulum and was shown to interact with mammalian BiP (CHUNG et al., 2002). 

1.3.5.2.3 Additional Co-chaperone Regulation in Eukaryotes 

The TPR-containing Hsc70 interacting protein (Hip) represents an additional co-chaperone that is 

responsible for the regulation of eukaryotic Hsc70 (FRYDMAN and HÖHFELD, 1997; HÖHFELD et al., 

1995). Hip is thought to function in oligomeric form by binding the ATPase domain of Hsc70 
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following the activation of ATP hydrolysis by Hsp40. This is thought to maintain Hsc70 in an ADP 

conformation with high affinity for client protein, and may represent the subsequent co-operation 

of Hsc70 with other chaperone systems (DEMAND et al., 1998; HÖHFELD et al., 1995). The interaction 

of Hip with Hsc70 appears to be independent of nucleotide exchange, demonstrating that Hsp70 

activity is not the entirely dependent on the cycling of the ATP- and ADP-bound states (NOLLEN et 

al., 2001). Hip has also been shown to bind to unfolded proteins, highlighting its potential to serve 

as a chaperone protein in its own right (BRUCE and CHURCHICH, 1997). 

1.3.6  The Hsp40 Proteins – Co-chaperones of Hsp70 

1.3.6.1 Hsp40 Domain Organisation and Classification 

Molecular chaperones of the Hsp40 family, termed DnaJ in prokaryotes, exhibit greater structural 

diversity than their Hsp70 counterparts (QIU et al., 2006; WITTUNG-STAFSHEDE et al., 2003) and are 

characterised by the presence of four domains, schematically represented in FIGURE 1.3A. These 

domains include a highly conserved N-terminal J-domain, flanked by a glycine/phenylalanine-rich 

region (GF-region), a cysteine-rich zinc-binding domain and a lesser conserved C-terminal substrate 

binding domain. The categorisation of Hsp40 proteins into types I-III has previously been 

proposed, based on the varied conservation of the four primary domains (FIGURE 1.3A; CHEETHAM 

and CAPLAN, 1998). Notably, the minimum requirement for characterisation as an Hsp40 protein is 

the presence of the signature J-domain (WALSH et al., 2004).  Type I Hsp40 proteins are 

representative of a prototypical Hsp40 bearing all four conserved domains, while type II Hsp40 

proteins lack the zinc-binding domain, and type III Hsp40 proteins exhibit only the signature J-

domain in a position that is not necessarily N-terminal (CHEETHAM and CAPLAN, 1998). Differences in 

domain structure contribute significantly to the specificity of Hsp40 function in vivo (CHEETHAM and 

CAPLAN, 1998; WALSH et al., 2004). 

Type I and II Hsp40 proteins have been implicated in the facilitation of protein folding processes, 

making the functional distinction between these protein classes subtle (KELLEY et al., 1998;  WALSH et 

al., 2004) and yet distinct (FAN et al., 2004; LU AND CYR, 1998b). Type I Hsp40 proteins have been 

shown to exhibit holdase chaperone activity by binding non-native peptide substrates and 

preventing their aggregation (CHAE et al., 2004; LU and CYR, 1998b). In contrast, type II Hsp40 proteins 

have been shown to bind peptide substrate but are incapable of aggregation suppression activity in 

the absence of Hsp70 (CHAE et al., 2004; FAN et al., 2003; FREEMAN and MORIMOTO, 1996; LU AND CYR, 

1998b). 
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FIGURE 1.3  Classification, domain organisation and structure of Hsp40 proteins. (A) Proteins of the Hsp40 
family are characterised by the presence of four domains: a highly conserved N-terminal J-domain, a 
glycine/phenylalanine-rich region (GF-domain), a cysteine-rich zinc-binding domain and a lesser conserved C-
terminal substrate-binding domain. The minimum requirement for Hsp40 characterisation is the presence of 
the signature J-domain (WALSH et al., 2004). The categorisation of Hsp40 proteins has previously been 
described (CHEETHAM and CAPLAN, 1998): type I Hsp40 proteins are representative of a typical Hsp40 bearing 
all four conserved domains, while type II Hsp40 proteins lack the zinc-binding domain, and type III Hsp40 
proteins exhibit only the signature J-domain in a position that is not necessarily N-terminal. The GF-region may 
also be followed by a GM (Glycine/Methionine-rich) in type II Hsp40 proteins. The highly conserved HPD motif 
of the J-domain, the DIF motif of the GF-region and the Cysteine repeat sequences of the zinc-binding domain 
(CXXCXGXG) are indicated. Domains and motifs are not drawn to scale, and are listed from the N to C-terminus 
as indicated. (B) Structure of the J-domain of the prokaryotic Hsp40, E. coli DnaJ (PDB: 1BQ0; HUANG et al., 
1998). Helices I - IV of the domain are indicated. The highly conserved HPD motif in the loop region between 
helices II and III is shown in red. (C) Structure of the zinc-binding domain (yellow) and substrate binding 
domain (orange) of the S. cerevisiae Hsp40, Ydj1 (PDB: 1NLT; LI et al., 2003) with the bound peptide substrate 
‘GWLYEIS’ (red). The two zinc centres of the zinc-binding domain are indicated (I and II) with bound zinc atoms 
shown in blue. The dimerization region of the substrate binding domain is indicated. Co-ordinate files of the 
structures in (B) and (C) were obtained from the Protein Data Bank (PDB; BERMAN et al., 2003) and visualised 
using PyMol (version 0.95; DELANO, 2005). 
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Type III Hsp40 proteins tend to be more structurally and functionally divergent and are thought to 

recruit Hsp70 proteins to more specialised roles (CHEETHAM and CAPLAN, 1998; KELLEY, 1999; WALSH 

et al., 2004). In general, type III Hsp40s lack the ability to bind peptide substrate (WALSH et al., 2004) 

although certain members of this Hsp40 class are known to bear specialised domains for the 

recovery of specific substrates, for subsequent delivery to Hsp70 (CHEETHAM and CAPLAN, 1998). The 

most apparent example includes the co-operation of the type III Hsp40, auxilin, with Hsc70 in 

clathrin uncoating (UNGEWICKELL et al., 1995). The human endoplasmic reticulum type III Hsp40, 

ERdj5 (DnaJC10), has recently been shown to function in the process of endoplasmic reticulum 

associated degradation (ERAD; USHIODA et al., 2008).  In addition to co-operating with the 

endoplasmic reticulum Hsp70 protein, BiP, ERdj5 has been shown to exert disulphide reductase 

activity via its thioredoxin domain to cleave the disulphide bonds of misfolded proteins destined for 

retrograde translocation (CUNNEA et al., 2003;  USHIODA et al., 2008). The co-chaperone ability of type 

III Hsp40 proteins lacking the ability to bind substrate was initially in question (WALSH et al., 2004). 

Recently however, the function of these proteins was placed into context with the discovery that 

the stimulation of Hsp70 ATPase activity represents the minimum requirement for certain roles of 

the Hsp70 chaperones in the cytosol of S. cerevisiae (SAHI and CRAIG, 2007). Although type III Hsp40 

proteins possess only the J-domain of typical Hsp40 proteins, they may be capable of such 

stimulation (refer to SECTION 1.3.6.1.1). 

1.3.6.1.1 The J-domain Defines the Hsp40 Class 

The highly conserved J-domain (FIGURE 1.3B) is crucial to the interactions of Hsp40 co-chaperones 

with Hsp70 partner proteins (MAYER et al., 1999; PELLECHIA et al., 1996; WITTUNG-STAFSHEDE et al., 

2003). Studies have shown that the J-domain alone is sufficient to stimulate the ATPase activity of 

Hsp70 (WALL et al., 1994) through electrostatic interactions with the ATPase domain of Hsp70 

(GREENE et al., 1998). The high degree of J-domain conservation is highlighted in the numerous 

resolved structures of the J-domains of diverse origin, as documented in the Protein Data Bank 

(BERMAN et al., 2003) and summarised in TABLE 1.1. Comprised of approximately seventy amino acid 

residues, the J-domain exhibits four α-helices (I-IV) and is stabilised by an internal core of 

hydrophobic residues. A highly conserved His-Pro-Asp (HPD) tripeptide motif is housed in the loop 

region between helices II and III (FIGURE 1.3B; QIAN et al., 1996) and is known to be indispensable to 

interactions with Hsp70 chaperone partners. The alteration of residues of this motif has 

consistently been shown to result in loss in interaction with Hsp70 (GENEVAUX et al., 2002;  LAUFEN et 

al., 1999; MAYER et al., 1999; TSAI and DOUGLAS, 1996; WITTUNG-STAFSHEDE et al., 2003). 
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TABLE 1.1  Resolved Structures of Hsp40 J-domains of Diverse Origin 
Organism Hsp40 PDB Code 1 Reference 

1BQ0; 1BQZ; 1XBL HUANG et al. (1998);  DnaJ PELLECCHIA et al. (1996) 
E. coli CUPP-VICKERY and VICKERY (1997); 

Hsc20/HscB 1FPO CUPP-VICKERY and VICKERY (2000); 
FÜZERY et al. (2008) 

S. cerevisiae Tim14-Tim16 2GUZ MOKRANJAC et al. (2006) 
DnaJB1 (HDJ1) 1HDJ QIAN et al. (1996) 

 

DnaJB8 2DMX Unpublished 

H. sapiens
3 

 DnaJB9 2CTR Unpublished 
DnaJB12 2CTP Unpublished 

 

DnaJA3 (Tid-1) 2DN9 Unpublished 

 

DnaJC29 (Sacsin) 1IUR Unpublished 

 

DnaJC5 2CTW Unpublished 
Mus musculus DnaJ-like protein 1WJZ Unpublished 

 

DnaJ-like protein 2CUG Unpublished 
Caenorhabditis elegans DnJ-12 2OCH Unpublished 
Murine polyomavirus T antigen 1FAF BERJANSKII et al. (2000) 
Simian Virus 40 T antigen 1GH6 KIM et al. (2001) 

GRUSCHUS et al. (2004); B. taurus Auxilin 1NZ6 JIANG et al. (2003) 

Sis1 2O37 Unpublished 2 

1 

 Protein Data Bank (PDB; BERMAN et al., 2003); 
2 
 Unpublished – currently unpublished structures; 

3 
 The 

nomenclature of the human Hsp40 proteins is as described by HIGHTOWER et al. (2009). 

Additional residues of the J-domain implicated in binding to partner Hsp70s appear to be less 

precisely defined, although residues of helices II and III and the intermediate trans-helix loop 

region are thought to form the primary catalytic interface of the domain (GENEVAUX et al., 2002, 

2003;  PELLECHIA et al., 1996). In certain instances, the presence of the HPD motif and positively 

charged residues on helix II appears to be the minimum requirement for productive J-domain 

based stimulation of Hsp70 ATPase activity (GREENE et al., 1998). Residues Tyr
25 

 and Lys
26 

 of helix II 

of the J-domain of E. coli DnaJ were flagged as candidate catalytic residues comprising the 

interaction surface with DnaK (GENEVAUX et al., 2002). The importance of corresponding residues in 

numerous Hsp40 homologs has been confirmed, indicating the evolutionary conservation of the 

interaction between Hsp70 and Hsp40 (reviewed in HENNESSY et al., 2005b). A conserved KFK motif 

in helix III of the J-domain may also be important to interactions with Hsp70; it is suggested that 

the phenylalanine residue of this motif may interact with and stabilise the histidine residue of the 

HPD motif in the loop region (HENNESSY et al., 2000, 2005a). 

Other residues of the J-domain are gradually being implicated in structural roles, the mediation of 

the interaction with Hsp70 and the enhancement of the specificity of the Hsp70-Hsp40 partnership 

(GARIMELLA et al., 2006; GENEVAUX et al., 2002, 2003; LU and CYR, 1998a; SUH et al., 1999). In particular, 

the residues of helix IV which were previously argued to be dispensable to the co-chaperone 

function of E. coli DnaJ (GENEVAUX et al., 2002) have been implicated in key structural or functional 
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roles in other Hsp40 homologs (GARIMELLA et al., 2006;  HENNESSY et al., 2005a). The helix sports a 

conserved QKRAA pentapeptide motif proposed to play a role in enhancing the specificity of 

interactions with Hsp70 (AUGER and ROUDIER, 1997; HENNESSY et al., 2005b). 

It is generally accepted that the J-domain is tailored to make significant contributions to the affinity 

and specificity of the binding of a specific Hsp40 protein to its partner Hsp70 (GARIMELLA et al., 2006; 

HENNESSY et al., 2005b). This emanates from the fact that not all Hsp40 proteins or their J-domains 

appear to be interchangeable with respect to function and interaction with distinct Hsp70 proteins 

(reviewed in HENNESSY et al., 2005b). Residues implicated in determining the specificity of the Hsp70-

Hsp40 partnership tend to be less conserved (GENEVAUX et al., 2002; GREENE et al., 1998; HENNESSY et 

al., 2000; HENNESSY et al., 2005B; KELLEY, 1998). In particular, the loop regions between the four α-

helices of the J-domain appear to be divergent and may serve a role in mediating Hsp70-Hsp40 

specificity. The auxilin J-domain bears an extended loop region between helices I and II which is 

proposed to mediate the specificity of interaction with Hsc70 in the process of clathrin uncoating 

(JIANG et al.,  2007).  Moreover, the last segment of helix III and the intermediate loop region 

between helices III and IV have been suggested to contribute to the specificity of the J-domain of 

the murine polyomavirus large T antigen (GARIMELLA et al., 2006). 

Helix I of the J-domain is fairly conserved in type I Hsp40s, but becomes divergent in type II and III 

Hsp40s (HENNESSY et al., 2000).  A number of highly conserved hydrophobic residues have been 

identified in helix I and are suggested to be of importance to the functional integrity of the J-

domain (HENNESSY et al., 2005a; NICOLL et al., 2007). Interestingly, substitutions performed on a 

leucine-rich region of helix I of the J-domain of murine polyomavirus large T antigen were shown to 

diminish the replication of the virus in vivo, but did not affect J-domain based interaction of the 

large T antigen with Hsc70. This implies that helix I may mediate a distinct function of the large T 

antigen (LI et al., 2001). 

1.3.6.1.2 The GF Domain May Confer Functional Specificity 

The role of the GF-region, termed according to the prevalence of glycine and phenylalanine 

residues, appears to be somewhat elusive. The domain is thought to be significant in the regulation 

of the substrate-binding capabilities of Hsp70 (MAYER et al., 1999; PELLECCHIA et al., 1996) although it 

does not participate directly in the stimulation of Hsp70 ATPase activity (CHAMBERLAIN and 

BURGOYNE, 1997). The region may facilitate substrate transfer from Hsp40 to Hsp70 or serve to 

stabilise of the Hsp70-substrate complex (BANECKI et al., 1996; GENEVAUX et al., 2002; HAN and 

CHRISTEN, 2003; ROSSER and CYR, 2006).  Furthermore, the involvement of the region in the 
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optimisation of substrate selection by Hsp40 has been proposed (KELLEY, 1999). The GF-region was 

initially thought to act as a linker between the J-domain and the remaining Hsp40 domains, but this 

is disputed by its high degree of sequence conservation. A conserved Asp-Ile-Phe (DIF) motif has 

been identified in the domain and is thought to play a significant structural or functional role, 

possibly in the regulation of the Hsp70 chaperone cycle subsequent to ATP hydrolysis (CAJO et al., 

2006; WALL et al., 1995). 

Differences in the GF-regions of type I and II Hsp40 proteins may contribute to the differences 

observed in the chaperone functions of these Hsp40 classes (FAN et al., 2004;  RAMOS et al., 2008;  

ROSSER and CYR, 2006).  YAN and CRAIG (1999) demonstrated the loss of functionality of the S. 

cerevisiae type II Hsp40 protein, Sis1, when the GF-region of the protein was interchanged with 

that from the corresponding type I Hsp40, Ydj1. In contrast, the functionality of Ydj1 was 

maintained when the GF-region of the type I Hsp40 was replaced with that from Sis1 (YAN and 

CRAIG, 1999).  It was later concluded that the GF-region of Sis1 and type II Hsp40s may serve to 

specify unique cellular functions (ARON et al., 2005; FAN et al., 2004). In particular, the GF-region of 

type II Hsp40 proteins appears to be critical to function and in certain instances, the segment 

flanking the GF-region is proposed to constitute a glycine-methionine (GM)-region which may 

similarly serve to specify function (FAN et al., 2003). This region is thought to mediate the ability of 

Sis1 to function in prion formation in yeast (LOPEZ et al.,  2003). Recently, RAMOS et al. (2008) 

demonstrated an exchange in the functionality of Ydj1 and Sis1 when the zinc-binding domain of 

Ydj1 and the GM-rich region of Sis1 were interchanged. 

1.3.6.1.3 The Zinc-binding Domain Influences Substrate Binding 

The zinc-binding domain found exclusively in type I Hsp40 proteins (FIGURES 1.3A and 1.3C) is 

characterised by the presence of four cysteine-repeat sequences (CXXCXGXG, where X represents 

any amino acid) capable of coordinating the binding of two Zn(II) ions. This implies a possible role 

for the region in the stabilisation of Hsp40 tertiary or quaternary structure (GREENE et al., 1998;  

MARTINEZ-YAMOUT et al., 2000). The two zinc-binding centres of the domain (I and II; FIGURE 1.3B) 

exist in reduced state and are comprised of the two outermost and the two innermost cysteine-

repeat sequences with respect to primary structure. An investigation into the individual roles of 

the two centres revealed that both are responsible for enhanced Hsp40 co-chaperone activity but 

the zinc-binding centre comprised of the two innermost cysteine repeat sequences (zinc centre II) 

is crucial to Hsp70 substrate binding (LINKE et al., 2003). Mounting evidence suggests that the 

presence of the zinc-binding domain may be a prerequisite for substrate binding by the latter C-

terminus (GREENE et al., 1998; HAN and CHRISTEN, 2003; SZABO et al., 1996) or the facilitation of 
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substrate transfer to Hsp70 (BANECKI et al., 1996;  FAN et al., 2005;  LINKE et al., 2003). The zinc-binding 

domain of Ydj1 was previously reported to be crucial to the protein’s role in targeting Hsp70 for 

hormone receptor activation (FLISS et al., 1999). It is more likely that the domain permits substrate 

transfer by mediating productive interactions with Hsp70, as opposed to exhibiting direct 

involvement in substrate binding (ROSSER and CYR, 2006). 

The crystal structure of the zinc- and substrate binding domains of the S. cerevisiae type I Hsp40, 

Ydj1 with the peptide substrate ‘GWLYEIS’ (FIGURE 1.3C) demonstrated the proximity of zinc centre II 

to the antiparallel β-sheets comprising the peptide binding surface of the substrate binding domain 

(LI et al., 2003;  LI and SHA, 2005). Both zinc-binding centres of Ydj1 have been shown to be crucial to 

the transfer of bound substrate to Hsp70, but only zinc-binding centre II was revealed to be 

important to interactions with Hsp70 in the suppression of protein aggregation under conditions of 

heat stress (FAN et al., 2005). 

Contrary to the typical cysteine-repeat motifs of prototypical type I Hsp40 proteins, the human 

endoplasmic reticulum lumenal type I Hsp40, ERdj3, exhibits an uncharacteristic cysteine-repeat 

domain, bearing CXC and CXXC motifs more commonly encountered in thioredoxin and Protein 

Disulphide Isomerase (PDI) related proteins (MARCUS et al., 2007). These motifs were shown to exist 

in oxidised state, promoting the formation of intramolecular disulphide bridges between the 

respective cysteine residues. Disruption of the disulphide bonds was shown to compromise the 

conformation of ERdj3 and its ability to bind protein substrate (MARCUS et al., 2007).  Thus, the 

cysteine-repeat sequences of this zinc-finger like region appear to be important to substrate 

binding capabilities, in line with the function of cysteine-repeat sequences of Hsp40 proteins in 

general. 

1.3.6.1.4 The C-terminal Substrate Binding Domain 

The C-terminal substrate binding domain of Hsp40 co-chaperones is conserved to a lesser degree 

than the first three primary domains and is required to mediate substrate selection and transfer to 

Hsp70 (BANECKI et al., 1996; MINIMANI et al., 1996; LU and CYR, 1998a). Consistent with this, Hsp70 and 

Hsp40 demonstrate a similar affinity for peptides rich in hydrophobic and aromatic residues 

(RUDIGER et al., 1997, 2001). Hsp40 is proposed to bind the side-chains of protein substrates while 

Hsp70 binds both side- and main-chains (RÜDIGER et al., 1997, 2001; ZHU et al., 1996). These 

similarities and differences highlight the involvement of the Hsp40 substrate binding domain in 

initial substrate selection for Hsp70 (BISCHOFBERGER et al., 2003; HAN and CHRISTEN, 2003; RÜDIGER et 

al., 2001). 
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Evidence suggests that the substrate binding domains of type I and II Hsp40s may share crucial yet 

overlapping functions and compensate for each other in vivo (JOHNSON AND CRAIG, 2001).  The 

resolved structures of the substrate binding domains of the S. cerevisiae type I and II Hsp40 

proteins, Ydj1 (FIGURE 1.3C; LI et al., 2003) and Sis1 (SHA et al., 2000) reveal a structurally similar 

peptide binding pocket constituted by β-sheets. This supports the notion that Hsp40 function may 

be specified by the aforementioned central GF- and zinc-binding domains (FAN et al., 2004; LU and 

CYR, 1998b; YAN and CRAIG, 1999). As previously discussed, type I Hsp40s are distinguished from type 

II Hsp40s by their ability to bind and suppress the aggregation of proteins. Studies suggest that this 

chaperone activity is confined to the zinc- and substrate-binding domains, and implicated residues 

have been identified in E. coli DnaJ and S. cerevisiae Ydj1 (GOFFIN and GEORGOPOULOS, 1998; LU and 

CYR, 1998b). The substitution of residues comprising the hydrophobic peptide binding pocket of Ydj1 

was shown to compromise substrate binding and co-operation with Hsp70 in protein refolding in 

vitro (LI and SHA, 2005). Certain type II Hsp40 proteins, such as Sis1, are suggested to exhibit an 

additional substrate binding module termed the C-terminal domain 1 (CTD1) in a region flanking 

the GF/GM-region, corresponding to the position of zinc-binding domain of type I Hsp40s (FAN et 

al., 2003; LEE et al., 2002). Recently, the flexibility of this domain in the human type II Hsp40, DnaJB1, 

was demonstrated and an “anchoring and docking” model was proposed for use of the domain in 

substrate capture and transfer to Hsp70 (HU et al., 2008). 

In addition to being implicated in the capture of protein substrate, the C-terminal domain is 

involved in dimerization which is thought to be imperative to Hsp40 function (BORGES et al., 2005; 

SHA et al., 2000;  SHI et al., 2005). Loss of functionality has been demonstrated following truncation of 

the Hsp40 motif that mediates dimerization (indicated in FIGURE 1.3C; SHA et al., 2000).  WU et al. 

(2005) have demonstrated significant differences in the dimer structures of type I and II Hsp40 

proteins from S. cerevisiae, and have proposed that these differences may account for their distinct 

functions in vivo. In agreement with this, the quaternary structures of human type I and II Hsp40s 

were suggested to confer Hsp40 functional specialisation (BORGES et al., 2005). The dimerization of 

both type I and II Hsp40 proteins sees the substrate binding domains of two monomers come 

together to shape a large intermediate cleft. In type I Hsp40 dimers, the zinc-binding domains have 

been shown to point directly towards each other creating a larger cleft than type II Hsp40 dimers 

(BORGES et al., 2005; SHI et al., 2005; WU et al., 2005).  This cleft may accommodate the unbound 

portion of the protein substrate (SHI et al., 2005) or constitute the site of Hsp70 docking prior to 

substrate transfer (SHA et al., 2000; WU et al., 2005). The latter is consistent with the notion that the 

interaction of Hsp40 with Hsp70 is bipartite (AUGER and ROUDIER, 1997; SUH et al., 1998). The C-

terminal EEVD motif of Hsp70 may serve as an anchor in this interaction; the peptide binding region 
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of the S. cerevisiae type II Hsp40, Sis1, and the human type II Hsp40, DnaJB1 have been shown to 

contact the EEVD motif in partner Hsp70s (FREEMAN et al., 1995; LI et al., 2006).  The Hsp40 C-

terminal residues implicated in this interaction appear to be conserved in type II Hsp40s and semi-

conserved in type I Hsp40s (LI et al., 2006). It has further been suggested that the lid region of the 

Hsp70 substrate binding domain may interact with the upper region of the cleft formed in the Sis1 

dimer (QIAN et al., 2002). 

The substrate binding domain may also implicate certain Hsp40 proteins in membrane interactions 

or the processing of distinct substrates in the cell. The C-terminal end of certain type I Hsp40 

proteins specifies a CAAX-box motif sequence (C-cysteine, A-aliphatic amino acid, X-any amino acid) 

that is known to be farnesylated in vivo (CAPLAN et al., 1992b). This involves the proteolytic cleavage 

of the last three amino acids and the addition of a hydrophobic 15-carbon farnesyl moiety from 

farnesylpyrophosphate to the cysteine residue of the motif by a farnesyltransferase enzyme 

(CLARKE, 1992; FARH et al., 1995). The farnesylation of Ydj1 has been shown to facilitate the 

association of the protein with the endoplasmic reticulum and perinuclear membranes in S. 

cerevisiae consistent with its role in protein translocation across intracellular membranes (BECKER et 

al., 1996; CAPLAN et al., 1992a).  Recently, FLOM et al. (2008) demonstrated that farnesylation of Ydj1 

is required for its role in the maturation of Hsp90 client proteins, through associations with the 

Hsp90/Hsp70 multi-chaperone complex (FLISS et al., 1999; JOHNSON and CRAIG, 2000). 

1.3.7 The Hsp90/Hsp70 Multi-chaperone Complex 

The crucial co-operation between Hsp90 and Hsp70 in the maturation of client proteins in the cell is 

proposed to involve the formation of a dynamic multi-chaperone and co-chaperone complex 

(reviewed by WEGELE et al., 2004). In eukaryotic cells, this complex is essential to the activation of 

steroid receptors and kinases; reconstitution of a functional complex to this effect in vitro showed 

the minimum components to include Hsp90, Hsp70, Hop, Hsp40 and p23 (PRATT and TOFT, 2003). In 

this system, recognition of the client protein is initially achieved by Hsp40 (DITTMAR et al., 1996; 

MURPHY et al., 2003) which recruits Hsp70 to the client protein, and stimulates the chaperone 

protein’s ATPase activity for client processing (CINTRON and TOFT, 2006). The association of the 

Hsp70-Hsp40 partnership to the client may be stabilised by Hip (HÖHFELD et al., 1995). Subsequent 

recruitment of Hsp90 to the client occurs via association with Hsp70, mediated by the adaptor 

protein Hop (ODUNUGA et al., 2004;  SCHEUFLER et al., 2000). The binding of Hsp70 to Hop appears to 

be enhanced by Hsp40 (HERNÁNDEZ et al., 2002). Following this, p23 interacts with Hsp90 in a 

manner that is thought to stabilise the association of the Hsp90-Hop-Hsp70-Hsp40 complex with 

the client (MORISHIMA et al., 2003). ATP-dependent processing of the client is promoted by Hsp90 
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following release of Hsp70 and its associated co-chaperones (MURPHY et al., 2003;  PRATT and TOFT, 

2003). 

1.4 THE HUMAN CEREBRAL MALARIA PARASITE, PLASMODIUM FALCIPARUM 

Malaria illness in humans is prompted by infection with eukaryotic protozoan parasites of the 

Plasmodium genus; in particular, P. falciparum, P. vivax, P. malariae, P. ovale and simian malaria 

parasites such as P. knowlesi (TUTEJA, 2007a; WHITE, 2008).  P. falciparum is the causative agent of 

cerebral malaria, the most acute and fatal form of the illness, distinguished from other forms of 

malaria by the sequestration of parasitized erythrocytes in the cerebral vascular tissue (ADAMS et 

al., 2002). The adhesion of infected erythrocytes to receptors on the endothelial lining of this tissue 

ultimately disrupts the functionality of the blood-brain barrier, underlining the severity of the 

illness (BROWN et al. 1999; SHERMAN et al., 1995). 

The World Health Organisation (WHO) Malaria Report for 2008
1 
 estimated the global incidence of 

human malaria infection in 2006 at 247 million cases of the 3.3 billion people considered to be at 

risk. Of these infections, close to a million resulted in death with 85% of deaths occurring in 

children under five years of age. Moreover, 86% of all infections and 91% of the resultant deaths 

were reported for the African continent. Current approaches to contend with malaria include 

physical avoidance and chemoprophylaxis. Avoidance strategies have had partial success in 

affected areas where chemotherapeutic agents may be limited for infected individuals. However, 

the increasing emergence of resistant Plasmodium strains has rendered certain chemoprophylaxis 

strategies ineffective (TUTEJA, 2007a). Irrespective of this, chemoprophylaxis does not serve as a 

continuous solution for populations residing in high risk malaria areas. A combinatorial approach is 

crucial to the design of future strategies to contend with the global burden of malaria; this includes 

a comprehensive understanding of the biological mechanisms governing the success of the 

Plasmodium parasites, for the identification of novel antimalarial targets (KOOIJ, 2006). 

1.4.1  The Biology and Lifecycle of P. falciparum 

P. falciparum exhibits a complex multihost lifecycle comprised of numerous morphologically 

distinct developmental stages, schematically represented in FIGURE 1.4. The ability of the parasite 

to survive within the Anopheles gambiae mosquito vector and the Homo sapiens host is attributed 

to the complexity of its protein expression mechanisms (KUMAR et al., 2004;  MILITELLO et al., 2004). 

Proteomic analyses of the developmental stages of the parasite’s lifecycle revealed the occurrence 

of stage- and strategy-specific protein expression (FLORENS et al., 2002; KOOIJ et al., 2006). A 

1 http://www.who.int/malaria/wmr2008/  
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host cells (KOOIJ et al., 2006). 
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The considerable resilience of the parasite is highlighted in its ability to demonstrate gene 

expression versatility within the human host (LOVEGROVE et al., 2007) and the occurrence of 

numerous antigenically variable var genes on the P. falciparum genome (SU et al., 1995). In addition 

to strengthening the parasite’s ability to evade the adaptive host immune response, these 

attributes have posed as obstacles to the discovery and development of vaccines and 

contemporary prophylactic and therapeutic agents for malaria. Interestingly, approximately 60% of 

the P. falciparum proteome appears to lack identifiable orthologs in known eukaryotic organisms 

including other Plasmodium and apicomplexan parasites; this suggests that a large portion of the 

biological mechanisms of this parasite may be novel (GARDNER et al., 2002).  Transcriptomic and 

proteomic data imply that at least 60% of the genes encoded on the parasite’s genome are 

expressed during the asexual blood stages with approximately 24% expressed exclusively during 

these stages (BOZDECH et al., 2003;  LE ROCH et al., 2003). Recently, attention has been drawn to the 

importance of the erythrocytic stages of the parasite’s development, as further discussed in 

SECTION 1.4.1.1. 

1.4.1.1 Cell Biology of the P. falciparum-infected Human Erythrocyte 

In essence, the human erythrocyte represents a highly specialized host cell which offers very little 

for the P. falciparum parasite to harness in terms of the fundamental components of a typical 

eukaryotic cell (PASINI et al.,  2006).  During the development of human reticulocytes into 

erythrocytes, the organelles and proteins redundant to the mature erythrocyte are discarded by 

lysosomal degradation and extracellular expulsion. This process sees the loss of the erythrocyte 

nucleus, mitochondria, protein synthesis machinery including the ribosomes, and secretory 

organelles including the endoplasmic reticulum and Golgi apparatus which govern protein 

trafficking (BLANC et al., 2005; FADER et al., 2005). Consequently, the barren eukaryotic cell undergoes 

extensive structural and functional remodelling subsequent to P. falciparum invasion, suited to the 

devices of the parasite. This includes the establishment of parasite processes implicated in the 

development of virulence, the acquisition of nutrients, protein trafficking, protein degradation, 

replication and evasion of the host immune response (PRZYBORSKI and LANZER, 2005).  Such 

modifications are brought about by the export of a range of proteins of parasite origin – collectively 

termed the secretome or exportome – across the parasitophorous vacuole (PV) in which the 

parasite resides and into the erythrocyte cytoplasm (HALDAR et al., 2005; LINGELBACH and PRZYBORSKI, 

2006; TEMPLETON and DEITSCH, 2005; WISER et al., 1999). The development of the parasitophorous 

vacuole occurs during parasite invasion of the erythrocyte; the vacuolar membrane serves as a 

selective semi-permeable barrier between the parasite and the erythrocyte cytoplasm facilitating 

nutrient acquisition and ion exchange (ANSORGE et al., 1996; JOINER, 1991). 
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With the advancement of its intra-erythrocytic development, the parasite generates membranous 

structures termed Maurer’s clefts in the erythrocyte cytoplasm beneath the plasma membrane 

(SPYCHER et al., 2006). These structures are believed to serve as specialized secretory organelles 

crucial to the trafficking of exported parasite proteins to the host cell membrane (PRZYBORSKI et al., 

2003; WICKERT et al., 2004). Modifications of the erythrocyte membrane are of particular importance 

to P. falciparum. The parasite is known to produce and export a series of parasite proteins that 

constitute a cytoadherence complex at the erythrocyte membrane in the proximity of electron 

dense structures termed knobs (SHARMA, 1991). This is known to mediate the adherence of the 

infected erythrocyte to the endothelial lining of the vascular system as previously described, 

thereby averting splenic clearance (CRAIG and SCHERF, 2001). 

The export of proteins to the host cytoplasm is proposed to be dependent on the presence of a 

conserved signal sequence motif termed the Plasmodium export element (PEXEL; MARTI et al., 2004) 

or host targeting signal (HT; HILLER et al., 2004) determined by independent studies. The manner in 

which the motif mediates export into the erythrocyte is not yet entirely understood, however 

recent research has provided insight into its processing in the parasite (BODDEY et al., 2008; CHANG et 

al., 2008). It is also speculated that more than one mode of protein export may be utilised by the 

parasite, as represented in FIGURE 1.5 (GORMLEY et al., 1992; HORROCKS and MUHIA, 2005; VINCENSINI 

et al., 2005). Prior to export, the trafficking of proteins within the parasite may be mediated by the 

traditional secretory pathway; proteins bearing a hydrophobic N-terminal signal sequence are 

thought to be routed via the ER to a Golgi-resembling membranous structure and subsequently to 

the PV (ADISA et al., 2003).  Proteins bearing the PEXEL/HT motif are subsequently routed beyond 

the confines of the vacuolar membrane to erythrocytic locations (COOKE et al., 2004;  RÖMISCH, 2005). 

Notably, the presence of an export signal is only a prediction of actual export, and proteins lacking 

identifiable export signals have also been found to be secreted (BLISNICK et al., 2000; DIXON et al., 

2008; SPIELMANN et al., 2006; SPYCHER et al., 2003). Contrary to the model of the utilisation of the 

traditional secretory pathway, the involvement of a distinct ER-like organelle in the sorting and 

secretion of proteins destined for export to extra-parasitic sites via an ‘alternate secretory pathway’ 

has been put forward (WISER et al., 1997). 

Numerous proteins bearing the PEXEL/HT motif have been identified and thus prospectively 

constitute a part of the exportome; the export status of certain of these proteins has been 

validated experimentally (HILLER et al., 2004;  MARTI et al., 2004;  SARGEANT et al., 2006). Several 

members of the molecular chaperone proteins, and in particular, members of the Hsp40 family are 

predicted to be exported and comprise a significant portion of the exportome (HILLER et al., 2004; 

MARTI et al., 2004; SARGEANT et al. 2006).  This is consistent with the need for the establishment of 
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(BANUMATHY et al. , 2002;  MARTI et al. , 2004;  LINGELBACH and PRZYBORSKI , 2006). 

to the erythrocyte via a vesicular-based transport system to the Maurer’s clefts and subsequently to the 
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vacuolar membrane (NYALWIDHE and LINGELBACH, 2006, RÖMISCH, 2005). Consistent with this, recent 

work has established that protein unfolding is a requirement for the translocation of certain 

exportome proteins across this membrane into the erythrocyte (GEHDE et al., 2009). The presence of 

parasite chaperones in the Maurer’s clefts has also been proposed, consistent with the need for 

compensation for the lack of protein transport machinery in the host erythrocyte (LANZER et al., 

2006; PRZYBORSKI et al., 2003; VINCENSINI et al., 2005). 

In addition to the molecular chaperones, the exportome of the parasite was shown to comprise a 

significant number of protein kinases and phosphatases, in addition to the protein products of 

numerous var, rif (repetitive interspersed family) and stevor (sub-telomeric variable open reading 

frame) genes implicated in cytoadherence (HILLER et al., 2004;  MARTI et al., 2004).  Interestingly, the 

parasite genome appears to encode fewer genes assigned to standard ‘house-keeping’ processes 

such as transport and metabolism, in comparison to that of classical eukaryotic organisms (KOOIJ et 

al., 2006). In contrast, the parasite genome exhibits a significant expansion of the genes encoding 

the molecular chaperones and kinases destined for export to the erythrocyte cytosol (SARGEANT et 

al., 2006).  This is indicative of the significant specialisation for the parasite to the demands of 

intracellular parasitism (reviewed by NYALWIDHE et al., 2003). 

1.4.2  Molecular Chaperones in the Context of Malaria 

Numerous members of the diverse chaperone protein complement of P. falciparum have been 

identified and implicated in cytoprotection of the parasite (BANUMATHY et al., 2003; MATAMBO et al., 

2004; SHARMA, 1992). It is likely that the parasite undergoes significant exposure to oxidative stress 

and heat shock as its lifecycle alternates between the cold-blooded invertebrate vector (25°C at 

ambient temperature) and the warm-blooded human host (37°C), resulting in the coordinated 

upregulation of heat shock protein expression (JOSHI et al., 1992; PAVITHRA et al., 2007). Moreover, 

successive cycles of temperature elevation encountered in the recurrent febrile episodes 

synonymous with malaria (41°C) have been shown to promote heat shock-mediated cytoprotection 

and development of the intra-erythrocytic stages of the parasite (OAKLEY et al., 1997;  PAVITHRA et al., 

2004). In particular, enhanced expression of Hsp40, Hsp70 and Hsp90 proteins has been reported in 

the trophozoite, schizont and merozoite erythrocytic stages of development (OAKLEY et al., 1997; 

SHARMA et al., 1992). These Hsps are thought to be indispensible to the stress response and survival 

of apicomplexan parasites in general (VONLAUFEN et al., 2008). A comparison of the upregulation of 

these proteins in the lifecycle of P. falciparum suggests that they may be most critical in 

development within the human host (PAVITHRA et al., 2007). Heat shock proteins of the parasite 

have also been implicated in the immune response of the human host (KUMAR et al., 1990). 
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Moreover, evidence suggests that the parasite may exploit host chaperones for its devices in the 

intraerythrocytic stages of development; human Hsp90, Hsp70 and Hsp60 are known to be 

recruited in membrane bound complexes in the infected erythrocyte (BANUMATHY et al., 2002). It is 

possible that the exported parasite proteins function in concert with host chaperones to facilitate 

the trafficking and assembly of the cytoadherence complexes at the erythrocyte surface. Consistent 

with this, the association of the host chaperones with the membrane bound complexes appears to 

be ATP-dependent. Furthermore, none of the Hsp90 and Hsp70 homologs of parasitic origin appear 

to be exported to the erythrocyte cytoplasm (BANUMATHY et al., 2002). 

1.4.2.1 Thermotolerance Factors - sHsps and Hsp100 

To date only two small heat shock proteins have been identified in the parasite (PAVITHRA et al., 

2007) including a polyubiquitin protein (PfUB) which is induced in response to heat shock 

associated with the intraerythrocytic phases of the parasite’s development (HORROCKS and 

NEWBOLD, 2000). Notably, serial analysis of gene expression from the P. falciparum genome 

suggests that PfUB may be one of the most highly expressed proteins in the parasite, highlighting a 

pronounced role for this protein (PATANKAR et al., 2001). Four putative Hsp100 proteins have been 

identified including a protein termed Cg4 which may be linked to chloroquine resistance (PAVITHRA 

et al., 2007). 

1.4.2.2 The P. falciparum Hsp90 Proteins and Associated Co-Chaperones 

The induction of cytosolic P. falciparum Hsp90, PfHsp90 (gene accession PF07_0029) has been 

demonstrated in response to the recurrent heat shock associated with the intraerythrocytic stages 

of the parasite’s development (PAVITHRA et al., 2004).  The chaperone is suggested to be 

indispensable to the progression and cytoprotection of the intraerythrocytic stages, and is 

accompanied by PfHsp70-I (SECTION 1.4.2.4) and numerous co-chaperone proteins in multi-

chaperone complexes in the parasite (BANUMATHY et al., 2003; PAVITHRA et al., 2004). This has placed 

PfHsp90 as a prime antimalarial target and has resulted in efforts to identify specific inhibitors of 

this chaperone protein (KUMAR et al., 2007). An identified Hsp90 inhibitor, geldanamycin, has been 

shown to serve as an antimalarial compound and is proposed to act through specific inhibition of 

the ATP-binding capability of PfHsp90 (BANUMATHY et al., 2003) and the ability of the chaperone to 

promote intraerythrocytic parasite growth and development subsequent to the establishment of 

the ring stage (PAVITHRA et al., 2004). Three additional Hsp90 homologs have been identified in P. 

falciparum including the endoplasmic reticulum Hsp90 homolog, Grp94, and two tumor necrosis 

factor receptor-associated protein-1 (Trap-1) related proteins (PAVITHRA et al., 2007). 
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Putative homologs of characterised Hsp90 co-chaperones have similarly been established in the 

parasite (KUMAR et al., 2007), including p23 (Pfp23), PP5 (PfPP5; DOBSON et al., 2001, LINDENTHAL and 

KLINKERT, 2002), Aha1 (PfAha1; LACOUNT et al., 2005) and the cyclophilins FKBP35 (PfFKBP35; 

MONAGHAN and BELL, 2005), FKBP (PfFKBP) and Cyp19 (PfCyp19). PfPP5 has been implicated in the 

PfHsp90 multi-chaperone complex of the parasite (PAVITHRA et al.,  2004)  and co-

immunoprecipitation experiments have demonstrated the interaction between this co-chaperone 

and PfHsp90 (DOBSON et al., 2001). The peptidyl–prolyl cis–trans isomerase and protein aggregation 

suppression activity of PfFKBP35 has been demonstrated in vitro, and the protein is known to be 

inhibited by antimalarial compounds FK506 and rapamycin (MONAGHAN and BELL, 2005). Moreover, 

putative parasite homologs of the Hsp70-Hsp90 adaptor protein, Hop (PfHop) and the E3 ubiquitin 

ligase CHIP (PfCHIP) have been recognised (PAVITHRA et al., 2007). PfHop may mediate interactions 

of PfHsp90 with Hsp70 homologs of the parasite (PfHsp70; described in SECTION 1.4.2.4), while 

PfCHIP may associate with PfHsp90 and PfHsp70 proteins to facilitate the targeting of proteins for 

degradation via the ubiquitination pathway. The interaction of Hsp90 with the protein 

phosphatase, calcineurin, has also been documented (KUMAR et al., 2005) 

1.4.2.3 The P. falciparum Hsp60 Chaperonins 

The parasite genome appears to encode two Hsp60 homologs, including PfHsp60 (SYIN and 

GOLDMAN, 1996) and PfCpn60 (HOLLOWAY et al., 1994), in addition to nine TCP-1 related proteins 

(PAVITHRA et al., 2007). Enhanced transcription of the pfhsp60 gene has been described in response 

to heat shock (SYIN and GOLDMAN, 1996). Irrespective of this, the expression of the protein appears 

to be remain constitutive in all stages of the parasite’s development (DAS et al., 1997; FUJIOKA et al., 

1998). PfHsp60 was shown to localise to the parasite cytoplasm in all stages of development, and to 

the mitochondria in the gametocyte, erythrocytic and exo-erythrocytic stages, suggesting a role for 

the protein in the facilitation of translocation in this organelle (DAS et al., 1997). Moreover, the 

protein was shown to co-precipitate with numerous parasitic proteins including a 70 kDa protein 

suggested to be a PfHsp70 homolog (DAS et al., 1997). This would be consistent with the successive 

co-operation of Hsp70 and Hsp60 in protein folding as previously discussed in SECTION 1.3.5. 

1.4.2.4 The P. falciparum Hsp70 Proteins 

P. falciparum appears to be equipped with six Hsp70 homologs, three of which have been described 

(PETERSON et al., 1988; SHONHAI et al., 2007;  refer to TABLE 2.4, CHAPTER 2).  These homologs have 

been implicated in assorted roles in the parasite, ranging from cytoprotection (MATAMBO et al., 

2004) to the progression of the exo-erythrocytic schizogony (KAISER et al., 2003), the regulation of 
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actin polymerisation (TARDIEUX et al., 1998) and the trafficking of proteins to distinct organelles such 

as the apicoplast (FOTH et al., 2003). 

The most abundant and well characterised of the Hsp70 homologs in the parasite includes the 75 

kDa PfHsp70-I protein, which is upregulated in erythrocytic-stage parasites in response to heat 

shock (BISWAS and SHARMA, 1994; JOSHI et al., 1992). The protein was initially identified as a 75 kDa 

protein termed ‘p75’ on the surface of the merozoite stage of the parasite (ARDESHIR et al., 1987). 

Subsequent work has shown that the protein is among the most abundant proteins produced in P. 

falciparum (LE ROCH et al., 2003; PATANKAR et al. 2001) and localises to the parasite cytosol, nucleus 

(KUMAR et al., 1991) and PV (NYALWIDHE AND LINGELBACH, 2006). PfHsp70-I has been shown to occur 

in complex with PfHsp90, suggesting a related role in the cytoprotection, growth and development 

of the parasite (BANUMATHY et al., 2003; MATAMBO et al., 2004). The immunogenicity of PfHsp70-I 

has been described, and attention has been drawn to its potential to serve as a vaccine candidate 

(QAZI et al. 2005;  SHARMA, 1992). Moreover, the chaperone capabilities of PfHsp70-I have been 

validated experimentally (MATAMBO et al., 2004;  RAMYA et al., 2006;  SHONHAI et al., 2008) and the 

protein has been shown to suppress the thermosensitivity of a DnaK mutant strain of E. coli, 

consistent with its proposed role in cytoprotection (SHONHAI et al., 2005). Interestingly, domain 

swapping experiments have revealed that the substrate binding domain, but not the ATPase 

domain, of PfHsp70-I is functionally equivalent to that of E. coli DnaK (SHONHAI et al., 2005). 

A 72 kDa homolog of the endoplasmic reticulum Hsp70, BiP (termed PfBiP, PfGrp78 or PfHsp70-II) is 

conserved in the Plasmodium genus (DE OLIVEIRA-FERREIRA et al., 1999) and is reported to be 

upregulated in the intra- and exo-erythrocytic stages of P. falciparum in response to heat shock 

(KUMAR and ZHENG, 1992; SHARMA, 1992). Recently, this protein has been implicated in interactions 

with exportome proteins in the stages prior to export (SARIDAKI et al., 2008). Interestingly, both 

PfHsp70-I and PfBiP are thought to undergo phosphorylation during the course of the parasite’s 

intraerythrocytic development (KAPPES et al., 1993). An additional Hsp70 homolog termed PfHsp70-

III has similarly been identified in the asexual blood-stages of the parasite (SHARMA, 1992) and is 

suggested to localise to the mitochondria and PV (NYALWIDHE and LINGELBACH, 2006;  ŠLAPETA and 

KEITHLY, 2004). The outstanding three Hsp70 homologs in the parasite – termed PfHsp70-x, 

PfHsp70-y and PfHsp70-z – remain to be characterised (SHONHAI et al., 2007). 

1.4.2.5 The P. falciparum Hsp40 Proteins 

Initial bioinformatics studies indicate that the P. falciparum genome encodes an expanded Hsp40 

protein complement comprised of at least forty three member proteins. Nineteen of these proteins 
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are predicted to be exported to the host erythrocyte and are implicated in erythrocyte remodelling 

(SARGEANT et al., 2006). The export status of certain of these Hsp40 proteins has been verified 

experimentally (BROWN et al., 1985; COPPEL et al., 1988; HILLER et al., 2004; SARGEANT et al., 2006). An 

analysis of the complete Hsp40 complement of P. falciparum is provided in CHAPTER 2. 

WATANABE (1997) initially identified and described four Hsp40 proteins, termed Pfj1-4, and the 

abundance of corresponding mRNA transcripts in erythrocytic stage parasites. Prior to heat shock, 

Pfj2 (gene accession PF11_0099), Pfj4 (PFL0565w), Pfj3 (PF10_0378) and Pfj1 (PFD0462w) mRNA 

transcripts were found in order of decreasing abundance in the parasite respectively. Following the 

induction of heat shock at 43°C for 2 hours, Pfj2 mRNA was observed to decrease, with a 

considerable increase in the abundance of Pfj3 mRNA and a lesser increase in that of Pfj1 and Pfj4 

(WATANABE, 1997).  The upregulation of Pfj3 production in the parasite in response to heat shock 

was later confirmed (OAKLEY et al., 2007) and the protein was shown to bear an identifiable 

PEXEL/HT motif (SARGEANT et al., 2006).  Recently, the upregulation of Pfj4 production under heat 

shock conditions was also verified (PESCE et al., 2008). 

Hsp40 proteins constituting a part of the exportome were identified prior to the discovery of the 

PEXEL/HT motif. These include the J-domain bearing members of the ring-infected erythrocyte 

surface antigen (RESA) protein family (DA SILVA et al., 1994; FOLEY et al., 1991). These proteins are 

known to be exported to the erythrocyte cell membrane where they interact with components of 

the membrane skeleton, such as spectrin, to facilitate the formation of the knob structures 

implicated in cytoadherence (FOLEY et al., 1991; DA SILVA et al., 1994). Data from the disruption of the 

gene encoding the original RESA protein (PFA0110w) suggests that the protein plays a role in 

supporting resistance against heat shock (SILVA et al., 2005). Intriguingly, the RESA proteins lack the 

crucial HPD motif in the J-domain, and thus the role of this domain remains uncertain. In light of 

this, WATANABE (1997) suggested that the RESA proteins belong to independent subgroups of 

Hsp40-like proteins in contrast to the ‘true’ J-domain bearing proteins Pfj1-4. DA SILVA et al. (1994) 

have suggested a role of the RESA J-domain in the stabilisation of spectrin interactions. OAKLEY et 

al. (2007) identified a PRESAN domain (Plasmodium RESA N-terminal domain) preceding the J-

domain in RESA proteins, suggested to mediate protein-protein interactions. This domain was 

subsequently identified in other exportome proteins (OAKLEY et al.,  2007). The mature parasite-

infected erythrocyte surface antigen (MESA) protein, also referred to as P. falciparum erythrocyte 

membrane protein 2 (PfEMP-2), represents an additional Hsp40 protein in the parasite and similarly 

associates with the erythrocyte membrane skeleton (COPPEL et al., 1988) in the formation of the 
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knobs (SHARMA, 1991).  RESA and MESA represent typical exportome proteins, bearing an 

identifiable PEXEL/HT motif in the N-terminal region preceding the J-domain (SARGEANT et al., 2006). 

The essentiality of the proposed exportome Hsp40 proteins of the parasite was recently explored 

using a gene knockout strategy (MAIER et al., 2008). The genes encoding three Hsp40 proteins could 

not be disrupted potentially implying an essential role for these proteins; these include the Sis1 

homolog encoded by PFA0660w, the Hsp40-like protein encoded by PF11_0034, and the Ring-

infected Erythrocyte Surface Antigen (RESA) related protein encoded by PF11_0509 (MAIER et al., 

2008). Moreover, the Hsp40-like protein encoded by PF10_0381 was found to be essential to the 

formation of the cytoadherence complexes on the erythrocyte surface (MAIER et al., 2008). 

Of the parasite Hsp40 complement, only two type I Hsp40 proteins are apparent, bearing all four 

conserved domains characteristic of a prototypical Hsp40 protein. This includes a typical type I 

Hsp40 identified in this work (termed PfHsp40, encoded by PF14_0359), thought to be crucial to 

the parasite’s protein folding processes by inference. Moreover, Pfj1 identified by WATANABE (1997) 

represents a larger, atypical type I Hsp40 (encoded by PFD0462w), the function of which is 

tentative. Both co-chaperone proteins are predicted to be parasite-resident as they lack a putative 

PEXEL/HT export motif; this suggests potential associations of these proteins with parasite-resident 

Hsp70 homologs such as the most abundant parasite-resident Hsp70 protein, PfHsp70-I. 

Moreover, the possible upregulation of Pfj1 as a consequence of heat shock in infected 

erythrocytes (WATANABE, 1997) suggests that this protein may play a role in the stress response of 

the parasite and associate with other inducible components of the chaperone machinery, such as 

PfHsp70-I. 

1.5 RESEARCH HYPOTHESIS, BROAD OBJECTIVES AND APPROACH 

Knowledge pertaining to the Hsp70-Hsp40 partnerships of the P. falciparum molecular chaperone 

protein system is currently lacking. In addition to six Hsp70 homologs, the P. falciparum genome 

appears to encode forty-three Hsp40 proteins, bringing to light the numerous possible associated 

chaperone partnerships of the parasite. In keeping with the lower proportion of ‘house-keeping’ 

genes encoded on the P. falciparum genome, the existence of only two type I Hsp40 proteins in the 

parasite could represent an inherent weakness in its makeup, considering that type I Hsp40 

proteins represent typical regulators of Hsp70 chaperone activity. Disruption or inhibition of these 

proteins could have severe implications for the viability of the malaria parasite. The attributes, 

activities and interactions of these Hsp40 proteins could thus be valuable in the pursuit of novel 

antimalarial targets. This warrants the biochemical characterisation of these putative co-chaperone 
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proteins, including the elucidation of their interaction with Hsp70 chaperone partner and substrate 

proteins, and their role in the developmental stages of the P. falciparum lifecycle. 

Co-chaperone partners of the most abundant parasite-resident Hsp70 homolog, PfHsp70-I, have 

not been validated in the parasite. It is most likely that PfHsp40 and Pfj1 serve this purpose, 

deduced from the known associations of homologous Hsp70 and Hsp40 proteins in characterised 

organisms, including E. coli DnaK-DnaJ, human HspA1A-DnaJA1 and S. cerevisiae Ssa1-Ydj1. 

Importantly, PfHsp70-I is thought to promote resistance to heat shock and has been implicated in 

association with the PfHsp90 multi-chaperone machinery, highlighting a role in the cytoprotection 

of the malaria parasite (BANUMATHY et al., 2003; SHONHAI et al., 2005). Moreover, the chaperone 

activity of PfHsp70-I has been demonstrated, suggesting the importance of this chaperone to 

general protein folding and processing tasks in the parasite (MATAMBO et al., 2004; SHONHAI et al., 

2008). By inference, co-chaperone partners of PfHsp70-I may be implicated in these indispensable 

tasks in the parasite. 

The research detailed in the dissertation is thus centred about deciphering the type I Hsp40–Hsp70 

partnerships of P. falciparum. In particular, it is hypothesised that: 

PfHsp40 and Pfj1 are responsible for the regulation of the chaperone activity of PfHsp70-I 

The broad research objectives and approach may be summarised as follows (i-vi): 

i. Prediction of the biochemical properties and functions of PfHsp40 and Pfj1 in the P. 
falciparum parasite 

In silico bioinformatics analyses were used to investigate and infer the potential biological 

functions, interactions and localisations of PfHsp40 and Pfj1 relative to PfHsp70-I in P. 

falciparum. To place these proteins into context in the parasite, an analysis was performed 

to identify and explore members of the full Hsp70-Hsp40 complement encoded on the 

parasite’s genome. Details of these analyses are provided in CHAPTER 2. 

ii. Heterologous production and isolation of recombinant PfHsp40 and Pfj1 for subsequent 
characterisation 

Numerous factors including codon bias and the AT-richness of the P. falciparum genome 

are known to pose difficulties to the production and purification of recombinant malarial 

proteins in heterologous expression systems. Synthetic genes encoding PfHsp40 and Pfj1 

were constructed by PCR assembly using the approaches of codon-optimisation and codon-

harmonisation. Approaches to the optimisation of the heterologous production and 
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isolation of PfHsp40 and Pfj1 for subsequent in vitro characterisation are detailed in 

CHAPTER 3. 

iii. Elucidation of the presence and localisation of PfHsp40 and Pfj1 in P. falciparum in the 
intraerythrocytic stages of development 

In view of the importance of chaperone proteins in the intraerythrocytic stages of the 

parasite’s development, localisation studies were employed in cultured P. falciparum-

infected erythrocytes to establish the presence, localisation and potential roles of the type I 

Hsp40 proteins of the parasite relative to PfHsp70-I. These localisation studies are detailed 

in CHAPTER 4. 

iv. Assessment of the co-chaperone abilities of PfHsp40 and Pfj1 in an in vivo 
complementation system 

The in vivo functionality of recombinant PfHsp40 and Pfj1 was assessed in a prokaryotic 

complementation system. Using this heterologous platform, the co-chaperone properties 

of the more atypical Hsp40 protein, Pfj1, were explored by the approach of J-domain 

swapping and rational site-directed mutagenesis. Experiments pertaining to this in vivo 

characterisation are detailed in CHAPTER 5. 

v. Assessment of the co-chaperone regulation of PfHsp70-I activity in vitro 

The ability of the more typical type I Hsp40, PfHsp40, to stimulate the chaperone activity of 

PfHsp70-I was assessed using in vitro Adenosine triphosphatase (ATPase) assays and 

protein aggregation suppression assays using a model thermolabile substrate. The latter 

approach was similarly used to investigate the ability of PfHsp40 to exert holdase 

chaperone activity in its own right. This activity was gauged relative to previously 

characterised co-chaperone proteins of eukaryotic origin. Details of this in vitro 

characterisation are provided in CHAPTER 6. 

vi. Comparison of Hsp70-Hsp40 Partnerships of P. falciparum and human origin 

The activities of PfHsp70-I and PfHsp40 were gauged against an established human Hsp70-

Hsp40 partnership using in the in vitro assays detailed above in (v). The interchangeability 

of human and parasite Hsp70 and Hsp40 proteins was assessed to substantiate the 

potential for host-parasite heterologous chaperone interactions in the P. falciparum-

infected erythrocyte, and to explore the potential conservation of Hsp70-Hsp40 
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mechanisms in the parasite. This provided a platform from which to evaluate the potential 

Hsp70-Hsp40 partnerships of the parasite to serve as specific anti-malarial targets. A model 

system was established using the human and P. falciparum heterologous and homologous 

Hsp70-Hsp40 associations, to screen for small molecular modulators specific to the parasite 

chaperone and co-chaperone proteins. Details of this work are provided in CHAPTER 6. 
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CHAPTER 2: 

BIOINFORMATICS ANALYSIS: 

The Hsp40 Proteins of P. falciparum and other 

Apicomplexan Parasites 
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2.1 INTRODUCTION 

The integration of information technology and molecular biology has resulted in the emergence of 

the field of Bioinformatics, which encompasses statistical, mathematical and computational 

approaches to the organisation and interpretation of biological data in silico.  A fundamental 

application of this field is the prediction of biological function by extrapolation from developed 

algorithms or existing biological knowledge (KANEHISA and BORK, 2003; YANG et al., 2008).  In this 

manner, genome mapping and annotation, protein and DNA sequence alignments, protein structure 

prediction, phylogenetic analyses, the interpretation of gene expression profiles and the 

development of protein interaction networks, may all be used to complement or direct traditional 

experimental approaches to understanding biological processes (SEARLS, 2000). 

The emergence of Bioinformatics was prompted by the exponential increase in data generated by 

numerous genome sequencing projects and the application of novel tools developed for large-scale 

transcriptomic and proteomic analyses (KANEHISA and BORK, 2003).  This has seen the integration of 

vast amounts of bioinformatics data in online public access ‘databanks’ and the development of 

countless computational tools - collectively termed the ‘Resourceome’ - for the interpretation of this 

data (CANNATA et al., 2005; ROOS, 2001). In February 2008, the online nucleotide database, GenBank, 

housed by the National Center for Biotechnology Information (NCBI)
1 
 was reported to hold 

approximately 83 million nucleotide sequence records derived from more than 260 000 organisms 

(BENSON et al., 2008).  GenBank is a constituent of the International Nucleotide Sequence Database 

collaboration (INSD) which amalgamates nucleotide records from the NCBI with two other major 

databases including the DNA DataBank of Japan (DDBJ; SUGAWARA et al., 2008) and that of the 

European Molecular Biology Laboratory (EMBL; FLICEK et al., 2008). 

The sequencing of the P. falciparum genome has been completed (GARDNER et al., 2002); this includes 

14 nuclear chromosomes, a 6 kb mitochondrial genome and a 35 kb circular apicoplast genome. 

Moreover, numerous high-throughput transcriptomic and proteomic studies have provided insight 

into the stage-specific gene expression of the parasite’s lifecycle (FLORENS et al., 2002; LE ROCH et al., 

2003; BOZDECH et al., 2003).  Experimental and in silico data relating to the parasite are continually 

assembled and made available in online resources such as the Plasmodium database, PlasmoDB 

(BAHL et al., 2003; TUTEJA, 2007a). Such efforts have appropriately been dubbed ‘databases towards 

the virtual parasite’ (KOOIJ et al., 2006) and have proven useful in characterising some of the many 

proteins encoded on the P. falciparum genome that are of unknown function (DATE and STOECKERT, 

1 www.ncbi.nlm.nih.gov/GenBank/  
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2006). These efforts have become key elements in the discovery of novel antimalarial drug targets 

(KUMAR et al., 2007). 

Bioinformatic analysis reveals that the genome of P. falciparum encodes a diverse chaperone 

complement including at least forty three members of the Hsp40 family, and six members of the 

Hsp70 family. Nearly half of the Hsp40 proteins of P. falciparum are predicted to contain a PEXEL/HT 

(Plasmodium export element/host targeting signal) sequence motif, and hence, are likely to 

constitute a part of the exportome implicated in the extensive structural and functional remodelling 

of infected erythrocytes. In contrast, none of the Hsp70 proteins bear a recognisable export motif 

and are thus predicted to be parasite-resident (HILLER et al., 2004; MARTI et al., 2004; SARGEANT et al., 

2006). The broad objectives of this study were to draw on available bioinformatics resources to 

investigate the potential functions, localisation and interactions of PfHsp40 and Pfj1 in P. falciparum, 

and to place these proteins into the context of the entire Hsp70-Hsp40 complement of the parasite. 

The classification, sequence similarity and clustering, and possible interactors of the Hsp40 proteins 

of the parasite were critically evaluated, and potential associations with Hsp70 proteins were 

identified. Moreover, parallels were drawn with the Hsp40 chaperone machinery of other 

apicomplexan parasites and the human host for insight into the conserved and divergent functions of 

the P. falciparum Hsp40 proteins. Considering the upregulation of parasite heat shock proteins in the 

intraerythrocytic stages of development (JOSHI et al. 1992), the Hsp70 and Hsp40 proteins referred to 

in this study are discussed specifically in the context of these stages (refer to FIGURE 1.5, CHAPTER 1). 

Specifically, the objectives of this study were to (i-vii): 

i. Infer biological roles and potential localisations of PfHsp40 and Pfj1 from available 
knowledge pertaining to homologous Hsp40 proteins 

ii. Predict the tertiary structures of PfHsp40, Pfj1 and PfHsp70-I and identify conserved 
residues potentially important to the structural and functional integrity of the proteins 

iii. Identify and categorise members of the complete Hsp40 chaperone complement of P. 
falciparum 

iv. Establish protein interactors of the P. falciparum Hsp40 proteins to predict their 
assignment to key biological processes 

v. Assess the phylogenetic clustering of the Hsp40 proteins of P. falciparum 

vi. Identify apicomplexan and human homologs of the P. falciparum Hsp40 proteins, and 
investigate differences and similarities in the Hsp40 complements of these organisms 

vii. Identify Hsp70 homologs of P. falciparum and identify potential Hsp70-Hsp40 
associations in the parasite 
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A. B. 

FIGURE 2.1  Comparison of PfHsp40 and Pfj1 with type I Hsp40 proteins of eukaryotic and prokaryotic origin. 
(A) Unrooted radial tree diagram and (B) percentage protein sequence identity matrix illustrating the similarly 
of PfHsp40 and Pfj1 to previously characterised type I Hsp40 proteins of eukaryotic and prokaryotic origin. 
Eukaryotic proteins: Ydj1 (S. cerevisiae; CAA95937.1) and DnaJA1 (H. sapiens; NP_001530.1). Prokaryotic 
proteins: Agt DnaJ (A. tumefaciens; AAR84666.1) and DnaJ (E. coli; P08622.3). The tree diagram was generated 
using TreeView (version 1.6.6; Page, 1996) based on the multiple protein sequence alignment of the 
respective proteins depicted in FIGURE 2.2. Protein sequences were retrieved from GenBank (BENSON et al., 
2008). Values of percentage protein sequence identity were calculated using BioEdit Sequence Alignment 
Editor (version 7.0.4.1; HALL, 1999). 
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Ydj1 27.0 30.3 - 47.0 32.5 16.0 

DnaJA1 27.5 28.2 47.0 - 35.9 13.7 

PfHsp40 22.4 22.7 32.5 35.9 - 13.5 

Pfj1 17.4 17.8 16.0 13.7 13.5 - 

2.2 INSIGHT FROM MULTIPLE PROTEIN SEQUENCE ALIGNMENTS 

Elements of Hsp40 conservation and divergence were revealed in a comparison of the protein 

sequences of PfHsp40 and Pfj1 with that of well-characterised type I Hsp40 proteins derived from E. 

coli, Agrobacterium tumefaciens, S. cerevisiae and the human (FIGURE 2.1). In comparison to PfHsp40, 

Pfj1 demonstrates a lower degree of protein sequence conservation and appears to be more 

distantly related to the typical type I Hsp40 proteins of eukaryotic origin. This suggests a potential 

divergence in chaperone function. In contrast, PfHsp40 represents a more characteristic eukaryotic 

type I Hsp40 and may be implicated in standard ‘house-keeping’ chaperone roles in the parasite. 

The corresponding protein sequence alignment in FIGURE 2.2 highlights the identification of unique 

and conserved residues, motifs and domains thought to be important for the functionality of the P. 

falciparum type I Hsp40 proteins. Notably, PfHsp40 and Pfj1 bear an N-terminal extension preceding 

the J-domain, but lack a PEXEL/HT motif or signal sequence required for secretion into the 

parasitophorous vacuole or erythrocyte cytosol respectively (HILLER et al., 2004; MARTI et al., 2004; 

NIELSEN et al., 1997). Although this does not exclude the possibility of export, it supports the notion 

that these Hsp40 proteins serve as parasite-resident co-chaperones. PSortII protein localisation 

predictions suggest that Pfj1 may localise to the parasite nucleus, while PfHsp40 may be 

predominantly cytosolic (NAKAI and HORTON, 1999). 
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[DnaJA1] 1  - - - - - - - - - - - - - - - - - - - - - - - - - - - MVKETTYYDVLGVKPNATQEELKKAYRKLALKYHP 
[Ydj1] 1  - - - - - - - - - - - - - - - - - - - - - - - - - - - MVKETKFYDILGVPVTATDVEIKKAYRKCALKYHP 
[Agt_DnaJ] 1  - - - - - - - - - - - - - - - - - - - - - - - - - - - MAKADFYETLGVSKTADEKELKSAFRKLAMKYHP 
[DnaJ] 1  - - - - - - - - - - - - - - - - - - - - - - - - - - - MAKQDYYEILGVSKTAEEREIRKAYKRLAMKYHP 
[PfHsp40] 1  - - - - - - - - - - - - - - - - MFFSSGFPFDSMGGQQARRKREVNNNKFYEVLNLKKNCTTDEVKKAYRKLAIIHHP 
[Pfj1] 1 MLALRILRRKVCSEHFLFERSFFTQSIKGKNGCLVTRYDKNKLLFYYKRNINTSRKCLNQDPYTVLGLSRNATTNDIKKQFRLLAKKYHP 
consensus 1 * * * ** 

[DnaJA1] 36 DKNPNE---GE KFKQISQAYEVLSDAKKREL YDKGGEQAIKEGG  - - AGGGFGSP  - - - - M DIFDMFFGGG  - - - GRMQR 
[Ydj1] 36 DKNPSEE-AAE KFKEASAAYEILSDP EKRDIYDQFGEDGLSGAGGAGG-FPGGGFGFG  - - - - DDIF SQFFGAGG  - - AQRPRG 
[Agt_DnaJ] 35 DKNPDDADSERKFK EINEAYETLKDPQKRAAYDRFGHAAFENGG  - - MGGGGGGFGGGGFANGGFSDIF EDIFGEMMGGGRARRSSGG 
[DnaJ] 35 DRNQGDKEAEAKFK EIKEAYEVLTDSQKRAAYDQYGHAAFEQGG  - - MGGGGFGGG  - - ADFS DIFGDVFGDIFGGGRGRQR--- 
[PfHsp40] 57 DKGGDP----E KFKEISRAYEVLSDE EKRKLYDEYGEEGLENGEQ  - - - - - - - - PADATDLF DFILNAG  - - - - KGK 
[Pfj1] 91 D INPSPD-AKQKMASITAAYELLSDPKKKEF YDKTGMTDDSNYQNHSSNFEGAFSGFGDASFMFTDFAEMF TNMAGGN  - - - - KNT 
consensus 91 

[DnaJA1] 101 
[Ydj1] 110 
[Agt_DnaJ] 120 
[DnaJ] 111 

*... . 

ERRGKNVVHQLSVTLEDLYNGATRKLALQKNVI 
PQRGKDIKHEISASLEELYKGRTAKLALNKQIL 
RERGADLRYNMEITLEEAFTGKTAQIRVPTSIT 
AARGADLRYNMELTLEEAVRGVTKEIRIPTLEECDVCHGSG 

*..... ***.*.* *. ** .* . ... 

CDKCEGRGGKKG-AVEC 
CKECEGRGGKKG-AVKK 
CDVCSGSGAKPGTQPKT 

... . . 

AKPGTQPQTCPTCHGSGQVQMRQGFFA----VQQ-TCPHCQGRGTLIK- 

..* .... 

CPNCRGTGMQIRIHQIGPGMVQQIQSVCMECQGHGERISP 
CTSCNGQGIKFVTRQMGP-MIQRFQTECDVCHGTGDIIDP 
CATCQGSGRVRAAQGFFS----VER-TCPTCHGRGQTIS- 

[PfHsp40] 116 KKRGEDIVSEVKVTLEQLYNGATKKLAISKDII CTNCEGHGGPKD-AKVD CKQCNGRGTKTYMRYHSS-VLHQTEVTCNTCRGKGKIFNE 
[Pfj1] 171 STRGEDIQSEITLKFMEAIKGCEKNIRLNVKVS CNNCNGSGKKPGTNLTI CKVCNGSGIQRMERGPIIIG  - - VP CRNCSGNGQIIN- 
consensus 181 ** .. . ..... . * .. . . . * * * *.. . * *.*.* . * * *.* 

190 

..

[DnaJA1] KDRCKSCNGRKIVREKKILEVHIDKGMKDGQKITFHGEGDQ-EPGLEPGDIIIVLDQKDHAVFTRRGEDLFMCMDIQLVEALCGFQKPIS 
[Ydj1] 198 KDRCKSCNGKKVENERKILEVHVEPGMKDGQRIVFKGEADQ-APDVIPGDVVFIVSERPHKSFKRDGDDLVYEAEIDLLTAIAGGEFALE 
[Agt_DnaJ] 204 -DPCGKCHGQG RVTEERSLSVNIPSGIEDGTRIRLQGEGEAGMRGGPAGDLYIFLSVRPHEFFQRDGADLYCTVPISMTTAALGGTFDVT 
[DnaJ] 195 -DPCNKCHGHG RVERSKTLSVKIPAGVDTGDRIRLAGEGEAGEHGAPAGDLYVQVQVKQHPIFEREGNNLYCEVPINFAMAALGGEIEVP 
[PfHsp40] 204 KDKCANCKGMCVLKTRKIIEVYIPKGAPNKHKIVFNGEADE-KPNVITGNLVVILNEKQHPVFRREGIDLFMNYKISLYESLTGFVAEVT 
[Pfj1] 255 -NPCKHCSGSGVKFQTKNITLDIPPGIKKGMQMRIPNQGHCGYRGGKSGHLFVTINIEPHKIFKWVDDNIYVDVPLTIKQCLLGGLVTVP 
consensus 271 . * * * .. . . . .. *. . .. .... . *.. . . . * .* ... ... . . . .. *. . 

[DnaJA1] 279 TLDNRTIVITSHPGQIVKHGDIKCVLNEGMPIYRRPYEKGRLIIEFKVNFPENGFLSPDKLSLLEKLLP  - - ERKE--VEETDEMDQV 
[Ydj1] 287 HVSGDWLKVGIVPGEVIAPGMRKVIEGKGMPIPKYGG-YGNLIIKFTIKFPENHFTSEENLKKLEEILP  - - PRIVPAIPKKATVDEC 
[Agt_DnaJ] 293 TLDGTKSRVTVP--EGTQPGKQFRLKGKGMPVLRSAQ-TGDLYIQIQIETPQK--LSKRQRELLQEFEQ  - - LSSKENNPESTGFFAR 
[DnaJ] 284 TLDG-RVKLKVP--GETQTGKLFRMRGKGVKSVRGGA-QGDLLCRVVVETPVG--LNERQKQLLQELQESFG-GPTGEHNSPRSKSFFDG 
[PfHsp40] 293 HLDERKILVNCTNSGFIRHGDIREVLDEGMPTYKDPFKKGNLYITFEVEYPMDLIITNENKEVLKILKKQNE-VEKKYDLENSELEVVSC 
[Pfj1] 344 TLNGDMDLLIKP---KTYPNSEKILKGKGPCKVDSHN-NGDLIIKFSLKIPEK--LTPRQVELIEEFNTIELNLPNPQTNVKQKKNIYET 
consensus 361 .... . . . ..* * * .  .. * . . . .. . . 

[DnaJA1] 462 ELVDFDPNQE--RRRHYN--GEAYEDDEHH--PRG-GVQCQTS  - - - - - - - - - - - - - - - - - - - - - -  
[Ydj1] 371 VLADFDPAKY--NRTRASRGGANYDSDEEE--QGGEGVQCASQ  - - - - - - - - - - - - - - - - - - - - - -  
[Agt_DnaJ] 373 MKKFFDG  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
[DnaJ] 367 VKKFFDDLTR  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
[PfHsp40]  382 SPVDKEYIKVRVTKQQQQQQQEAYDDEDHQPEMEGGRVACAQQ 
[Pfj1] 428 KGNINENIFSMNNTYNNMKGPEGETSNTQAKSMKNQNWNNEKSVNNKGTISKDEKKLNMKNNHINEKSNLKNSSHMDTNKNEENMSDDE 
consensus  451 . . . 

[DnaJA1] 
[Ydj1] 
[Agt_DnaJ] 
[DnaJ] 
[PfHsp40] 
[Pfj1] 516 KKKIKKIIPEPPMPHTHKIVNNLESKNSCNIPIPPPPPKSSSKPISENQNISNREHNGVTNNSAKLDNNINMNYSCDPYKNVTQNDLNN 
consensus  541 

[DnaJA1] 
[Ydj1] 
[Agt_DnaJ] 
[DnaJ] 
[PfHsp40] 
[Pfj1] 606 SENNNESDMNTTSTFSFAKKWISDKLKPKN 
consensus  631 

FIGURE 2.2  Protein sequence alignment of PfHsp40, Pfj1 and type I Hsp40 proteins of eukaryotic and 
prokaryotic origin. Protein sequences aligned include that of the H. sapiens Hsp40, DnaJA1 (NP_001530.1), S. 
cerevisiae Hsp40, Ydj1 (CAA95937.1), A. tumefaciens DnaJ (Agt DnaJ; AAR84666.1), E. coli DnaJ (DnaJ; 
P08622.3), and the P. falciparum Hsp40 proteins, PfHsp40 (PF14_0359; NP_702248.1) and Pfj1 (PFD0462w; 
NP_702750.1). The N-terminal extensions of PfHsp40 and Pfj1 are highlighted in red boxes. The highly 
conserved J-domain is indicated in blue with the conserved HPD, KFK and QKRAA motifs indicated in black 
boxes. The GF-region is indicated in green with the conserved DIF motif highlighted in a black box (CAJO et al., 
2006). The zinc-finger motifs of the zinc-binding domain (yellow) are similarly indicated in black boxes. Residues 
indicated in red align to the Ydj1 residues proposed to comprise the interaction surface with non-native 
polypeptide substrates (LI and SHA, 2005). The CAAX-box motifs of PfHsp40, Ydj1 and DnaJA1 are highlighted in 
grey. Conserved identical and similar residues are indicated in the consensus line by the symbols ‘*’ and ‘.’ 
respectively. The alignment was performed using ClustalW (version 1.83; CHENNA et al., 2003). 
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The protein sequence of PfHsp40 reveals a putative C-terminal CAAX-box motif which may implicate 

the protein in intracellular membrane interactions or associations with the Hsp90 multi-chaperone 

complex following post-translational farnesylation (FARH et al., 1995; FLOM et al., 2008).  CAAX-box 

motifs are evident in the related eukaryotic type I Hsp40 proteins of S. cerevisiae (Ydj1) and H. 

sapiens (DnaJA1), and are similarly accompanied by an incomplete fourth cysteine repeat sequence 

in the zinc-binding domain (CXXCXGXC). Loss of Ydj1 function in the absence of farnesylation of the 

CAAX-box motif has been demonstrated (CAPLAN et al., 1992; FLOM et al., 2008) suggesting a related 

critical role for the CAAX-box motif of PfHsp40 (refer to SECTION 1.3.6.1.4, CHAPTER 1). Importantly, 

farnesyltransferase enzymes responsible for CAAX-box farnesylation have been identified in P. 

falciparum, and inhibitors of these enzymes have proven successful as anti-malarial compounds 

(SCHLITZER, 2005).  An additional distinguishing feature of the PfHsp40 C-terminus includes a 

glutamine repeat sequence of unknown function preceding the CAAX-box motif (FIGURE 2.2). 

In line with the proposed divergent function of Pfj1, the protein exhibits an extended C-terminus 

characterised by regions of low complexity that do not align to the characteristic C-termini of more 

typical type I Hsp40 proteins (FIGURE 2.2). These regions are rich in lysine, proline and asparagine 

residues and appear to be predominantly helical in structure based on the CHOU-FASMAN and 

GARNIER-ROBSON methods of secondary structure prediction (CHOU and FASMAN, 1974; GARNIER et al., 

1978, 1996). 

2.3 HOMOLOGY MODELLING 

2.3.1  Modelling of the Domains of PfHsp40 and Pfj1 

Homology modelling was employed in the prediction of the tertiary structure of the J-domains, zinc-

binding domains and substrate-binding domains of Pfj1 and PfHsp40 respectively, shown in FIGURE 

2.3. The homology models were generated using the software package Modeller (version 8.2; FISER 

et al., 2000; MARTI-RENOM et al., 2000; SALI and BLUNDELL, 1993) and the protein modelling server SWISS 

-MODEL (SCHWEDE et al., 2003). Protein structure templates were identified using fold recognitions 

servers 3D-PSSM (version 2.6.0; KELLEY et al., 2000) and GenTHREADER (version 8.1; JONES, 1999) and 

the corresponding co-ordinates were retrieved from the Protein Data Bank (BERMAN et al., 2003). The 

generated homology models do not incorporate portions of the N- and C-termini of PfHsp40 and Pfj1 

that do not align with the specified homology modelling templates, evident in the alignment in 

FIGURE 2.2. The position of the conserved catalytic residues of the HPD motif and the peptide binding 

pocket of these two Hsp40 proteins, lends itself to their potential conserved co-chaperone roles. 
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the homology models were rendered using PyMol (version 0.95; DELANO , 2005). 
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2.3.2  Modelling of the Proposed Hsp70 Partner of PfHsp40 and Pfj1 

The crystal structure of bovine Hsc70 complexed with the J-domain of bovine auxilin has revealed 

Hsp70 residues thought to comprise the interaction surface with partner Hsp40 proteins (JIANG et al., 

2007). An alignment of the protein sequence of PfHsp70-I with bovine Hsc70 (FIGURE 2.4) indicates 

the conservation of corresponding residues in the vicinity of the interdomain interface. The protein 

sequence of the prokaryotic Hsp70, E. coli DnaK was included as a reference in the alignment, to 

highlight residues implicated in interactions with the J-domain of the E. coli Hsp40 protein, DnaJ. 

[PfHsp70-I] 1 MASAKGSKPNLPESNIAIGIDLGTTYSCVGVWRNENVDIIANDQGNRTTPSYVAFT-DTERLIGDAAKNQVARNPENTVFDAKRLIGRKF 
[BtHsc70] 1 --MSKGP  - - - - AVGIDLGTTYSCVGVFQHGKVEIIANDQGNRTTPSYVAFT-DTERLIGDAAKNQVAMNPTNTVFDAKRLIGRRF 
[DnaK] 1 --MGK  - - - - - IIGIDLGTTNSCVAIMDGTTPRVLENAEGDRTTPSIIAYTQDGETLVGQPAKRQAVTNPQNTLFAIKRLIGRRF 
consensus 1 ..*. ..*******.***... .....*..*.*****..*.* *.*.*.*..**.*.. ** **.*..******.* 

Y ND 
[PfHsp70-I] 90 TESSVQSDMKHWPFTVKSGVDEKPMIEVTYQGEKKLFHPEEISSMVLQKMKENAEAFLGKSIKNAVITVPAYFNDSQRQATKDAGTIAGL 
[BtHsc70] 79 DDAVVQSDMKHWPFMVVNDAG-RPKVQVEYKGETKSFYPEEVSSMVLTKMKEIAEAYLGKTVTNAVVTVPAYFNDSQRQATKDAGTIAGL 
[DnaK] 78 QDEEVQRDVSIMPFKIIAADNGDAWVEVK--GQK--MAPPQISAEVLKKMKKTAEDYLGEPVTEAVITVPAYFNDAQRQATKDAGRIAGL 
consensus 91 . **.*....** .. . .. ..* . *... . *...*..** ***. **..**  **.********.*********.**** 

LR  N T I 
[PfHsp70-I] 180 NVMRIINEPTAAAIAYGLHKKGKGEKNILIFDLGGGTFDVSLLTIEDG----IFEVKATAGDTHLGGEDFDNRLVNFCVEDFKRKNRGKD 
[BtHsc70] 168 NVLRIINEPTAAAIAYGLDKKVGAERNVLIFDLGGGTFDVSILTIAAG----IFEVKSTAGDTHLGGEDFDNRMVNHFIAEFKRKHK-KD 
[DnaK] 164 EVKRIINEPTAAALAYGLDK-GTGNRTIAVYDLGGGTFDISIIEIDEVDGEKTFEVLATNGDTHLGGEDFDSRLINYLVEEFK-KDQGID 
consensus 181 .*.**********.****.* .......... ********.*...*... .***..*.***********.*..*. ...**.* ...* 

[PfHsp70-I] 266 LSKNSRALRRLRTQCERAKRTLSSSTQATIEIDSLFEGID----YSVTVSRARFEELCIDYFRDTLIPVEKVLKDAMMDKKSVHEVVLVG 
[BtHsc70] 253 ISENKRAVRRLRTACERAKRTLSSSTQASIEIDSLYEGID----FYTSITRARFEELNADLFRGTLDPVEKALRDAKLDKSQIHDIVLVG 
[DnaK] 252 LRNDPLAMQRLKEAAEKAKIELSSAQQTDVNLPYITADATGPKHMNIKVTRAKLESLVEDLVNRSIEPLKVALQDAGLSVSDIDDVILVG 
consensus 271 .. . .*..**....*.**..*** ...............*  . ....**..*.* *... ...*....*.** .... .....*** 

IL  S V 
[PfHsp70-I] 352 GSTRIPKIQTLIKEFFNGKEACRSINPDEAVAYGAAVQAAILSGDQSNAVQDLLLLDVCSLSLGLETAGGVMTKLIERNTTIPAKKSQIF 
[BtHsc70] 339 GSTRIPKIQKLLQDFFNGKELNKSINPDEAVAYGAAVQAAILSGDKSENVQDLLLLDVTPLSLGIETAGGVMTVLIKRNTTIPTKQTQTF 
[DnaK] 342 GQTRMPMVQKKVAEFF-GKEPRKDVNPDEAVAIGAAVQGGVLTGD----VKDVLLLDVTPLSLGIETMGGVMTTLIAKNTTIPTKHSQVF 
consensus 361 *.**.*..*... .**.*** ...*******.*****...*.** . *.*.*****..****.**.***** ** .*****.*..*.* 

[PfHsp70-I] 442 TTYADNQPGVLIQVYEGERALTKDNNLLGKFHLDGIPPAPRKVPQIEVTFDIDANGILNVTAVEKSTGKQNHITITNDKGRLSQDEIDRM 
[BtHsc70] 429 TTYSDNQPGVLIQVYEGERAMTKDNNLLGKFELTGIPPAPRGVPQIEVTFDIDANGILNVSAVDKSTGKENKITITNDKGRLSKEDIERM 
[DnaK] 427 STAEDNQSAVTIHVLQGERKRAADNKSLGQFNLDGINPAPRGMPQIEVTFDIDADGILHVSAKDKNSGKEQKITIKASSG-LNEDEIQKM 
consensus 451 .*. ***..*.*.*..***....**..**.* *.**.****..***********.***.*.*..*..**...***....*.*. ..*..* 

[PfHsp70-I] 532 VNDAEKYKAEDEENRKRIEARNSLENYCYGVKSSLEDQKIKEKLQPAEIETCMKTITTILEWLEKNQLAGKDEYEAKQKEAESVCAPIMS 
[BtHsc70] 519 VQEAEKYKAEDEKQRDKVSSKNSLESYAFNMKATVEDEKLQGKINDEDKQKILDKCNEIINWLDKNQTAEKEEFEHQQKELEKVCNPIIT 
[DnaK] 516 VRDAEANAEADRKFEELVQTRNQGDHLLHSTRKQVE--EAGDKLPADDKTAIESALTALETALKGE---DKAAIEAKMQELAQVSQKLME 
consensus 541 *..**.....*....... ..*... . . .. ..*. .. .*.. ... .. .. .. .*.... ..*...*....*.. * 

[PfHsp70-I] 622 KIYQDAAGAAGGMPGGMPGGMPGGMPSGMPGGMNFPGGMPGAGMPGNAPAGSGPTVEEVD 
[BtHsc70] 609 KLYQ----SAGGMPGGMPGGMPG  - - - - - - GFPGGGAPPSGGASSGPTIEEVD 
[DnaK] 601 IAQQQ---HAQQQTAGAD---AS  - - - - - - - ANNAKDDDVVDAEFEEVKDKK 
consensus 631 ...* * * .  .... . . ........... 

FIGURE 2.4  Identification of potential Hsp40 interaction residues of PfHsp70-I. Alignment of the protein 
sequences of PfHsp70-I (locus PF08_0054), bovine Hsc70 (B. taurus BtHsc70; NP_776770) and the prokaryotic 
Hsp70, E. coli DnaK (BAA01595). Conserved and semi-conserved residues indicated in red align to residues of 
bovine Hsc70 proposed to mediate interaction with the J-domain of bovine auxilin, a type III Hsp40 (JIANG et 
al., 2007). These residues are either conserved, semi-conserved or not conserved in E. coli DnaK as indicated. 
Conserved residues highlighted in blue correspond to residues of E. coli DnaK suggested to mediate interaction 
with the J-domain of the E. coli type I Hsp40 protein, DnaJ (GÄSSLER et al., 1998; SUH et al., 1998). PfHsp70-I 
aligns with greater similarity to bovine Hsc70; both proteins bear GGMP repeat sequences (grey) in the C-
terminal region, and a C-terminal EEVD motif (black) characteristic of eukaryotic Hsp70 proteins. The EEVD 
motif is suggested to mediate Hsp70 interactions with Hop and Hsp40 partner proteins, and has been shown to 
affect Hsp70 substrate binding and ATPase activity (BRINKER et al., 2002; DEMAND et al., 1998; FREEMAN et 
al., 1995). Conserved identical and similar residues are indicated in the consensus line by the symbols ‘*’ and ‘.’ 
respectively. The alignment was performed using ClustalW (version 1.83; CHENNA et al., 2003). 
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bovine Hsc70 residue corresponding to Ser
398 

 of PfHsp70 -I is thought to exhibit hydrogen bond 
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PfHsp70-I potentially contacts residues in the loop region preceding helix III of Hsp40 partners. Not 

shown in FIGURE 2.5, residues Ile
193 

 and Tyr
384 

 of PfHsp70-I correspond to residues of bovine Hsc70 

that are suggested to induce a chemical shift to the ATPase domain upon the binding of the auxilin J-

domain (JIANG et al., 2007). 

It cannot be excluded that the Hsp40-interaction surface of PfHsp70-I differs to that described for 

the association of bovine Hsc70 with the auxilin J-domain (JIANG et al., 2007). Importantly, auxilin 

represents a type III Hsp40 protein, and an alignment of the lesser-conserved auxilin J-domain with 

that of the proposed type I Hsp40 interactors of PfHsp70-I (not shown) reveals distinct differences in 

residue composition. It is possible that a typical J-domain characteristic of type I Hsp40 proteins may 

interact with different Hsp70 residues. The proposed position of the Hsp40-interaction surface in the 

locality of the Hsp70 interdomain interface has been contrasted by previous studies suggesting that 

the E. coli type I Hsp40, DnaJ, interacts with residues on the lower cleft of the ATPase domain of the 

corresponding Hsp70 protein, DnaK (FIGURE 2.4; GÄSSLER et al., 1998; SUH et al., 1998).  Corresponding 

conserved residues implicated in this interaction were identified in the underside cleft of the ATPase 

domain of PfHsp70-I, including Tyr
161

, Asn
163

, Asp
164

, Glu
230

, Val
231 

 (GÄSSLER et al., 1998), Arg
183

, Asn
186  

and Thr
189 

 (SUH et al., 1998). Notably, residues Met
182

, Ile
228 

 and Ser
398 

 of PfHsp70-I are not conserved 

in the E. coli DnaK sequence, but correspond to residues of the proposed bovine Hsc70-Hsp40 

interaction surface (FIGURE 2.4; JIANG et al., 2007).  Moreover, the complex revealed in the bovine 

Hsc70-auxilin J-domain crystal structure was achieved by disulfide linkage, raising the concern of the 

presence of non-functional or false residue associations in the complex (JIANG et al., 2007). The 

underside cleft of the bovine Hsc70 ATPase domain may serve as a more appropriate docking site for 

the J-domain of auxilin, as shown in silico by GRUSCHUS et al. (2004). Nevertheless, the findings of the 

JIANG et al. (2007) study support suggestions that elements of J-domain conservation, such as the HPD 

motif and Phe residue of the KFK motif, are crucial to interactions with Hsp70 partners in general 

(GENEVAUX et al., 1997, HENNESSY et al., 2000, 2005a,b; TSAI and DOUGLAS, 1996) and these elements 

were identified in both PfHsp40 and Pfj1 (FIGURES 2.2 and 2.3). 

2.4 ANALYSIS OF GENE EXPRESSION 

Genome studies have suggested that the organisation of genes in a eukaryotic genome is not 

random, lending itself to co-ordinated gene co-expression and in certain cases indicating gene co-

functionality (MICHALAK et al., 2008). Mechanisms underlying the regulation of gene expression in P. 

falciparum appear to be complex and multi-factorial (GUNASEKERA et al., 2007) however transcriptomic 

data from gene expression profiles have provided insight into the expression of various proteins 

during the developmental stages of the parasite’s lifecycle (LE ROCH et al., 2003). The gene expression 
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FIGURE 2.6  Gene expression profiles of PfHsp70-I and PfHsp40 during the course of P. falciparum 
development. Stage-specific expression levels of PfHsp70-I (upper panel; PF08_0054) PfHsp40 (middle panel; 
PF14_0359) and a type II Hsp40 identified as a Sis1 homolog (lower panel; PFB0595w) in cultured P. falciparum 
3D7 parasites. Lifecycle stages of the parasite are abbreviated as follows: S – sporozoite, ER – early ring, LR – 
late ring, ET – early trophozoite, LT – late trophozoite, ES – early schizont, LS – late schizont, M – merozoite, 
and G – gametocyte. Parasite cultures were synchronised as specified with sorbitol or temperature, with the 
exception of the sporozoite and gametocyte stages. Lifecycle stages are listed in order of development. The 
data was extracted from a study of P. falciparum gene expression profiling (LE ROCH et al., 2003). The figure 
adapted from that presented in PlasmoDB (BAHL et al., 2003). 

profiles of PfHsp70-I (PF08_0054) and PfHsp40 (PF14_0359) were extracted from the representation 

of this data in the PlasmoDB database (BAHL et al., 2003) as shown in FIGURE 2.6. The expression 

profile of the type II Hsp40 Sis1 homolog encoded by PFB0595w was included as a reference. 

Interestingly, PfHsp70-I (PF08_0054) and PfHsp40 (PF14_0359) appear to follow similar patterns of 

transcriptional upregulation, with the exception of the gametocyte and sporozoite stages of 

development. Absolute expression levels show a steady increase from the early ring stages, with 

most expression proposed to be occurring in the intraerythrocytic trophozoite stages (FIGURE 2.6). 

The expression levels appear to taper off in the schizont stages, with lessened PfHsp40 expression 

anticipated in the merozoite stage. This is suggestive of similar patterns of upregulation in the 

erythrocytic stage parasites and is potentially indicative of the proposed interaction between 

PfHsp70-I and PfHsp40. Notably, the absolute expression levels of PfHsp70-I emphasise that this 

protein is amongst the most abundant produced by the parasite (PATANKAR et al., 2001). A 

corresponding expression profile for gene PFD0462w encoding Pfj1 was unavailable, however 
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transcriptional data derived from a different study indicated that the protein may be consistently 

expressed in the ring, trophozoite and schizont intraerythrocytic stages of development (BOZDECH et 

al., 2003). Moreover, this was initially proposed by WATANABE (1997). Cautiously, it must be noted 

that the protein expression levels depicted in FIGURE 2.6 are based on the assumption that 

transcriptional upregulation is indicative of the upregulation of protein expression. Confirmation of 

the production of PfHsp70-I, PfHsp40 and Pfj1 in the intraerythrocytic stages of P. falciparum 

development is provided in CHAPTER 4. 

The protein encoded by gene PFB0595w has been identified as the only typical parasite-resident type 

II Hsp40 protein in P. falciparum (referred to as PfSis1 in this study; SECTION 2.5.1.2).  PfHsp40 and 

PfSis1 therefore represent the only typical type I and II parasite-resident Hsp40 proteins respectively, 

suggesting implications for these proteins in the facilitation of general protein folding processes in 

the parasite with the highly abundant PfHsp70-I. Consistent with this, the gene expression profile of 

PFB0595w presented in FIGURE 2.6 appears to match that of PF14_0359 (PfHsp40) and similarly 

corresponds to the expression profile of PF08_0054 (PfHsp70-I) in the erythrocytic stage parasites. 

2.5 BIOINFORMATIC ANALYSIS OF THE ENTIRE HSP40 COMPLEMENT OF P. FALCIPARUM 

2.5.1  Identification and Classification of P. falciparum Hsp40 Proteins 

Hsp40 proteins were initially identified from the genome sequence of P. falciparum by a BLAST 

search (Basic Local Alignment Search Tool; ALTSCHUL et al., 1997) using the classical J-domain of E. coli 

DnaJ as a reference (Pfam accession PF00226). The Hsp40 protein complement of the organism was 

determined to be comprised of forty-three member proteins, categorised in TABLE 2.1.  Here, the 

further categorisation of Hsp40 proteins has been proposed, complementary to the classification 

described by CHEETHAM and CAPLAN (1998).  Hsp40 proteins exhibiting variation in the highly 

conserved HPD motif of the J-domain were classed into an independent category (type IV).  It is 

known that the alteration of residues of the HPD motif abolishes interaction with Hsp70 partner 

proteins (GENEVAUX et al., 2001; LAUFEN et al., 1999; MAYER et al., 1999; TSAI and DOUGLAS, 1996; 

WITTUNG-STAFSHEDE et al., 2003), suggesting that the type IV Hsp40 proteins exert their in vivo 

functionality via a different mechanism. In contrast, it has been suggested that Hsp40 proteins that 

exhibit non-conservative substitutions in the HPD motif imitate ‘true’ J-domain proteins resulting in a 

more complex regulation of Hsp70 (WALSH et al., 2004).  Interestingly, the majority of the type IV 

Hsp40 proteins of P. falciparum are predicted to be exported to the erythrocyte cytoplasm (TABLE 

2.1), thus the latter argument could have profound implications for the manner in which these 

proteins potentially interact with host cell proteins during erythrocyte remodelling or associated 

parasite processes. 
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TABLE 2.1  The P. falciparum Hsp40 Protein Complement: Classification, Prediction of Export and Localisation 

Type
1  Locus

2  Protein
3  Protein description3,4 Export / Secretory Signal 

TMD8 Localisation 
PEXEL

5  HT
6  SP

7  PSortII
9  Putative / Other Reference 

I 
PF14_0359 NP_702248.1 DnaJ homolog, PfHsp40 - - - 0 Cytoplasm N.D. 
PFD0462w NP_702750.1 DnaJ homolog, Pfj1 - - - 0 Nucleus Apicoplast 10 

II 

PFA0660w NP_703333.1 DnaJ homolog, Dnj1/Sis1 family + - - 0 Mitochondria iRBC 5, 11 
PFB0090c NP_472947.2 Hypothetical protein + - - 0 Nucleus iRBC 5, 11 
PFE0055c NP_703357.1 Heat shock protein, putative + + - 1 Nucleus Apicoplast, iRBC Maurer’s 

clefts 
5, 6, 10, 
11, 12 

PF11_0099 NP_700963.1 DnaJ homolog Pfj2, similar to PDIa and ERdj5 
protein family 

+ - + 1 Golgi apparatus iRBC, ER, Mitochondria 5, 11 

MAL13P1.277 NP_705450.1 DnaJ-like protein, putative - - - 0 Cytoplasm Mitochondria 13 
PF14_0137 NP_702025.1 Hypothetical protein - - + 5 Plasma membrane Apicoplast 10 
PFB0595w NP_473047.1 Dnj1/Sis1 homolog, PfSis1 - - - 0 Nucleus N.D. 
PFF1415c XP_966274.1 DnaJ protein - - - 0 Extracellular Apicoplast 10 
PFL0565w NP_701478.1 DnaJ homolog Pfj4 - - - 0 Nucleus N.D. 17 

III 

PF10_0378 NP_700851.1 DnaJ homolog Pfj3 + - + 1 Plasma membrane Apicoplast, iRBC, 
Mitochondria 

5, 10, 11, 
13 

PF11_0513 NP_701358.1 Hypothetical protein + - - 0 Nucleus / Cytoplasm iRBC 11 
PFB0920w NP_473112.2 Hypothetical protein with HRPII/III region + + - 2 Nucleus iRBC, Mitochondria 5, 6, 11, 

13 
PFL0055c NP_701376.1 DnaJ protein (RESA-like), putative + - - 1 Nucleus iRBC, Mitochondria 5, 11, 13 
PF07_0103 NP_704176.1 Chaperone protein, putative - - + 0 Cytoplasm Apicoplast 10 
PF08_0032 NP_704316.1 Hypothetical protein, similar to PDIa and ERdj5 - - - 3 Plasma membrane N.D. 
PF08_0115 NP_704487.1 Hypothetical protein - - - 0 Nucleus N.D. 
PF10_0032 NP_700506.1 Hypothetical protein - - - 1 Nucleus N.D. 
PF10_0058 NP_700532.1 Hypothetical protein with Dcp and ZUO1 

regions 
- - - 0 Nucleus Mitochondria, Nucleus 4, 13 

PF11_0273 NP_701133.1 Hypothetical protein - - - 0 Nucleus N.D. 
PF11_0380 NP_701239.1 Hypothetical protein - - - 1 Nucleus / ER N.D. 
PF13_0036 NP_704971.1 DnaJ protein, putative - - - 0 ER N.D. 
PF13_0102 NP_705096.1 DnaJ protein, Sec63 homolog - - - 3 ER ER membrane 4, 14 
PF14_0700 NP_702589.1 Hypothetical protein - - - 0 Nucleus N.D. 

TABLE 2.1.../ 
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III 

PFE0135w NP_703373.1 Hypothetical protein - - - 0 Nucleus N.D. 
PFE1170w NP_703578.1 Hypothetical protein with MRS6 region - - - 2 ER N.D. 
PFF1290c NP_705208.1 Hypothetical protein - - - 0 Mitochondria Apicoplast, Mitochondria 10, 13 
PFI0935w NP_704730.1 DnaJ protein, putative - - + 6 ER N.D. 
PFI0985c NP_704740.1 Chaperone protein - - - 0 ER Mitochondria 13 
PFL0815w NP_701527.1 Putative DNA-binding chaperone with ZUO1 

region 
- - - 0 Nucleus Nucleus, Ribosomes 4 

IV 

PF10_0381 NP_700854.1 Hypothetical protein + - - 1 Nucleus iRBC, Mitochondria 5, 11, 13 
PF11_0034 NP_700899.1 Hypothetical protein + - - 1 ER iRBC, Mitochondria 5, 11, 13 
PF14_0013 NP_701901.1 Hypothetical protein + - - 0 Nucleus iRBC 11 
PFB0085c NP_472946.1 Hypothetical protein + - + 1 Golgi apparatus iRBC, Mitochondria 5, 11, 13 
PFL2550w NP_701868.1 Hypothetical protein + + + 0 Nucleus Apicoplast, iRBC 5, 6, 10, 

11 
PFB0925w NP_473113.2 Hypothetical protein + - + 0 Plasma membrane Apicoplast, iRBC 5, 10, 11 
PFE0040c NP_703354.1 Mature parasite-infected erythrocyte surface 

antigen (MESA or PfEMP2) 
+ + - 0 Nucleus iRBC membrane 5, 6, 11, 

15 
RESA / 
PFA0110w 

CAA00077.1 
/NP_703225.1 

Ring-infected erythrocyte surface antigen, RESA 
/ RESA precursor protein 

+ - - 0 Mitochondria iRBC, Mitochondria 5, 11, 13, 
16 

PFA0675w NP_703336.1 RESA-like protein + - - 0 Nucleus iRBC 11 
PF11_0509 NP_701354.1 RESA protein, putative + - - 0 Nucleus iRBC, Mitochondria 5, 11, 13 
PF11_0512 NP_701357.1 Ring-infected erythrocyte surface antigen 2, 

RESA-2 
+ - - 1 Nucleus iRBC, Mitochondria 5, 11, 13 

PF11_0443 NP_701301.1 Hypothetical protein - - + 2 Cytoplasm Apicoplast 10 
1 CHEETHAM and CAPLAN (1998); 

2 
 BAHL et al. (2003); 

3 
 BENSON et al. (2008); 

4 
 MARCHLER-BAUER and BRYANT (2004); 

5 
 MARTI et al. (2004); 

6 
 HILLER et al. (2004); 

7 
 NIELSEN et al. (1997), NIELSEN and 

KROCH (1998); 
8 
 KROGH et al. (2001); 

9 
 NAKAI and HORTON (1999); 

10 
 ZUEGGE et al. (2001); 

11 
 SARGEANT et al. (2006); 

12 
 VINCENSINI et al. (2005); 

13 
 BENDER et al. (2003); 

14 
 FELDHEIM et al. (1992); 15 

COPPEL et al. (1988); 
16 

 BROWN et al. (1985); 
17 

 PESCE et al. (2008); N.D. – not determined; PEXEL – Protein Export Element; HT – Host-targeting Signal; SP – Signal Peptide; TMD – Transmembrane 
Domain; iRBC – infected red blood cell (erythrocyte); ER – Endoplasmic reticulum. 
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2.5.1.1 Type I Hsp40 Proteins 

The presence of only two identified type I Hsp40 proteins in P. falciparum (TABLE 2.1) contrasts with 

the six reported type I Hsp40 proteins in the human host (QIU et al., 2006). Importantly, the two 

corresponding type I Hsp40 proteins identified in the apicomplexan parasites (TABLE 2.2) appear to be 

homologous to PfHsp40 and Pfj1 respectively, suggesting distinct and crucial roles for these proteins 

in the respective parasitic organisms. An alignment of the homologous protein sequences is provided 

in APPENDIX G1, illustrating Hsp40 domain conservation in relation to the human type I Hsp40, 

DnaJA1. The presence of only two type I Hsp40 proteins may represent an inherent weakness of the 

apicomplexa, considering that this Hsp40 class is crucial to protein folding processes. 

Apicomplexan orthologs of PfHsp40 (PF14_0359; TABLE 2.2) are similarly predicted to be cytosolic and 

may be engaged in the maintenance of standard ‘house-keeping’ co-chaperone processes in the 

respective apicomplexa. As observed for PfHsp40, these homologs exhibit a glutamine repeat 

sequence in the C-terminal domain preceding the conserved CAAX-box motif, in addition to an 

incomplete fourth cysteine-repeat sequence in the zinc-binding domain (APPENDIX G1). 

Apicomplexan homologs of Pfj1 (PFD0462w; TABLE 2.2) similarly exhibit a lengthier N-terminal 

extension and an extended C-terminal domain rich in proline, lysine and asparagine residues. It is 

possible that these proteins exhibit a more specialised role in interaction with Hsp70 partner 

proteins, perhaps in distinct subcellular compartments. 

Interestingly, in the Pfj1 homologs and in the majority of the P. falciparum type II Hsp40 proteins, the 

absence of a conserved DIF motif in the GF region (WALL et al., 1995; CAJO et al., 2006) appears to be 

consistent with the prevalence of Ser residues, comprising a GFS-rich region (APPENDICES H1 and H2). 

An abundance of serine residues has similarly been observed in the GF region of the Drosophila 

Hsp40 protein and related orthologs including human DnaJ136, and is proposed to signify the 

evolutionary specialisation of these proteins (FAYAZI et al., 2006). In contrast, PfHsp40 and its 

homologs exhibit a conserved DIF or DLF motif in the absence of serine residues in the GF region 

(APPENDIX G1). These distinguishing features may represent significant differences in the manner in 

which these different type I Hsp40 proteins facilitate substrate transfer and therefore regulate the 

substrate-binding capabilities of Hsp70 proteins. 

2.5.1.2 Type II Hsp40 Proteins 

Four of the type II Hsp40 proteins of P. falciparum are predicted to be exported to the host 

erythrocyte (TABLE 2.1). Three of these proteins - encoded by PFA0660w, PF130090c and PFE0055c - 

resemble the S. cerevisiae type II Hsp40, Sis1, and exhibit a high degree of sequence identity 
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TABLE 2.2  Apicomplexan Protein Homologs of P. falciparum Hsp40 and Hsp40-like proteins 

Type Export1 
Accession Number Accession Numbers of Identified Apicomplexan Protein Homologs 2,3,4 

Locus
2 

 Protein
3 

 C. hominis C. parvum P. berghei P. chabaudi P. yoelii P. vivax T. annulata T. parva T. gondii 

I - 

NP_702248.1 XP_667910.1 XP_627269.1 XP_679772.1 XP_745900.1 XP_730359.1 Pv084650 XP_954074.1 XP_766227.1 583.m0541 

8 

PFD0462w NP_702750.1 - XP_626357.1 XP_680440.1 XP_744117.1 XP_724346.1 - XP_952612.1 XP_764665.1 CAJ20509.1 

II + 

PFA0660w NP_703333.1 - - - - - - - - - 

PFB0090c NP_472947.2 - - - - - - - - - 

PFE0055c NP_703357.1 - - - - - - - - - 

PF11_0099 NP_700963.1 XP_667246.1 cgd2_3230 BAD99308.1 XP_740487.1 XP_727981.1 Pv091110 XP_953331.1 XP_764324.1 20m.03869 

-

III 

PFF1415c XP_966274.1 XP_667385.1 XP_625863.1 XP_678015.1 XP_723708.1 - XP_954671.1 XP_765562.1 55.m00016 

PFB0595w 

-

PF14_0359 

NP_473047.1 XP_667435.1 - XP_675336.1 XP_745867.1 XP_730944.1 - XP_952090.1 XP_765191.1 57.m00015 

MAL13P1.277 NP_705450.1 - - - - - - - - - 

PF14_0137 NP_702025.1 XP_667991.1 XP_627182.1 XP_677556.1 XP_742984.1 XP_726085.1 Pv085755 - - - 

PFL0565w NP_701478.1 XP_667885.1 CAD98554.1 XP_676696.1 XP_741048.1 XP_728950.1 Pv084600 XP_954119.1 XP_766186.1 - 

+ 

PF10_0378 NP_700851.1 - - - - - - - - - 

PFB0920w NP_473112.2 - - - - - - - - - 

PF11_0513 NP_701358.1 - - - - - - - - - 

PFL0055c NP_701376.1 - - - - - - - - - 

PFE0135w NP_703373.1 - - XP_678174.1 XP_743161.1 XP_724990.1 - - - - 

PF07_0103 NP_704176.1 XP_667828.1 XP_626275.1 XP_678535.1 XP_741054.1 XP_729396.1 Pv096125 XP_952363.1 - 20.m05961 

PF08_0032 NP_704316.1 XP_666525.1 XP_626829.1 - - XP_724808.1 - - - - 

PF10_0032 NP_700506.1 - - - - - - - - - 

PF10_0058 NP_700532.1 - - - - - - - - - 

PF11_0273 NP_701133.1 - - - - - - - - - 

PF11_0380 NP_701239.1 XP_667820.1 XP_626267.1 XP_672208.1 XP_733803.1 XP_726262.1 Pv092455 - - - 

PF13_0036 NP_704971.1 XP_666126.1 XP_625506.1 XP_680251.1 XP_741274.1 XP_730442.1 - - - - 

PF13_0102 NP_705096.1 XP_668030.1 XP_628550.1 XP_676782.1 XP_742674.1 XP_731267.1 - XP_952225.1 XP_765056.1 55.m00017 

PFF1290c NP_705208.1 - - - - - - - - - 

PFE1170w NP_703578.1 XP_668519.1 XP_627223.1 XP_674936.1 XP_743132.1 XP_723904.1 - XP_952494.1 XP_764787.1 50.m00025 

PFI0985c NP_704740.1 - - - - - - - - - 

PFL0815w NP_701527.1 - - XP_679805.1 XP_744850.1 XP_729337.1 - XP_953068.1 XP_764037.1 - 

PF14_0700 NP_702589.1 XP_665120.1 CAD98666.1 - - XP_723878.1 - XP_952907.1 XP_763870.1 - 

PF08_0115 CAD51306.1 - - - - - - - - 583.m00680 

PFI0935w NP_704730.1 XP_668014.1 XP_628113.1 XP_675745.1 XP_743352.1 XP_725782.1 - - - 57.m01857 

TABLE 2.2.../ 
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IV + 

NP_700854.1 - - - - - - - - 

PF11_0034 NP_700899.1 - - - - - - - - 

PFB0925w NP_473113.2 - - - - - - - - 

+

PF10_0381 

PFB0085c NP_472946.1 - - - - - - - - 

PF11_0509 NP_701354.1 - - - - - - - - 

RESA CAA00077.1 - - - - - - - - 

PF11_0512 NP_701357.1 - - - - - - - - 

PFA0675w NP_703336.1 - - - - - - - - 

PF14_0013 NP_701901.1 - - - - - - - - 

PFL2550w NP_701868.1 - - - - - - - - 

PFE0040c NP_703354.1 - - - - - - - - 

- PF11_0443 NP_701301.1 - - - XP_740905.1 - - - - 

1 
MARTI et al. (2004), HILLER et al. (2004); 

2 

 BAHL et al. (2003); 
3 

 BENSON et al. (2008), MARCHLER-BAUER and BRYANT (2004); 
4 

 ALTSCHUL et al. (1997), CHENNA et al. (2003), HEIGES et al. (2006) 
KISSINGER et al. (2003), PENKETT et al. (2006). 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 
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(APPENDIX G2). The export status of PFE0055c
2 
 has been experimentally validated (BHATTACHARJEE et 

al., 2008; HILLER et al., 2004). The essentiality of these proteins was investigated with a gene knockout 

strategy, revealing that only one of the three genes, PFA0660w, could not be disrupted without 

lethality (MAIER et al., 2008). It is not apparent as to which subtle, yet crucial, differences in the 

exported type II Hsp40 proteins govern the differences in their roles in the erythrocyte. Nevertheless 

it is evident that certain co-chaperone processes appear to be more essential to the parasite than 

others, as previously suggested (MAIER et al., 2008, WALSH et al., 2004). The parasite genome appears 

to encode a single parasite-resident Sis1 homolog, PfSis1 (PFB0595w) as discussed in SECTION 2.4. 

The protein aligns with significant identity to PFA0660w, PFB0090c and PFE0055c, but lacks a 

recognisable export motif and N-terminal extension preceding the J-domain (APPENDICES H2 and H6). 

This suggests that the protein may be implicated in general folding and disaggregation processes in 

the parasite, in partnership with an Hsp70 homolog such as PfHsp70-I. 

It is questionable as to whether the fourth putative exportome type II Hsp40 protein, Pfj2 

(PF11_0099) bears a true PEXEL/HT motif for localisation to the erythrocyte cytosol. The protein is 

known to be constitutively expressed in erythrocytic-stage parasites, with a potential decrease in 

production following heat shock (WATANABE, 1997). The proposed PEXEL/HT motif of Pfj2 is not 

positioned in the N-terminal extension preceding the J-domain, but rather overlaps with helix II of 

the J-domain (APPENDIX G2).  Moreover, Pfj2 has a number of apicomplexan homologs, unlike the 

other PEXEL/HT-bearing type II Hsp40 proteins (TABLE 2.2), and an alignment of these homologs 

reveals the similar positioning of a PEXEL/HT-like motif in helix II of the J-domain (APPENDIX G3). This 

argument does not exclude the possibility that these proteins are exported to the erythrocyte, but 

necessitates the experimental validation of export status and the dependence of export, if any, on 

the putative PEXEL/HT motif. SARGEANT et al. (2006) described three type II Hsp40 proteins from 

Plasmodium species other than P. falciparum, with potential PEXEL/HT sequences: Pv1 (Pv11869), 

Pv2 (Pv081840) and Py1 (Py07104). Interestingly, none of these proteins appear to be orthologous to 

any of the PEXEL/HT-containing P. falciparum type II Hsp40 proteins. This implies the potential 

evolution of specialised exportome proteins tailored to the devices of each parasite. 

2.5.1.3 Type III and IV Hsp40 Proteins 

The type III Hsp40 proteins of P. falciparum appear to be far more divergent than the type I and II 

Hsp40 proteins, consistent with the notion that members of the type III Hsp40 proteins exhibit more 

specialized roles in interactions with Hsp70 proteins (KELLEY, 1999; YOUNG et al., 2004). The regions of 

similarity of these type III Hsp40 proteins extend only as far as their J-domains. Four of the type III 

2 For unequivocal comparison of the P. falciparum proteins discussed in this study the unitalicised gene loci have been used 
to denote the corresponding encoded proteins 
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Hsp40 proteins of the parasite are predicted to contain PEXEL/HT motifs, and may therefore be 

exported to the host erythrocyte (TABLE 2.1). This includes Pfj3 (PF10_0378; WATANABE, 1997) which 

is known to be induced upon heat stress (OAKLEY et al., 2007).  Interestingly, only predicted 

exportome type III and IV Hsp40 proteins appear to be upregulated in response to the febrile 

episodes synonymous with malaria (OAKLEY et al., 2007). 

The P. falciparum genome encodes twelve type IV Hp40 proteins, eleven of which are predicted to 

contain a PEXEL/HT sequence for export to extra-parasitic locations. These include four members of 

the ring-infected erythrocyte surface antigen (RESA) protein family, the mature erythrocyte surface 

antigen (MESA) and six hypothetical proteins. As previously discussed in CHAPTER 1, RESA and MESA 

associate and interact with the erythrocyte membrane skeleton (COPPEL et al., 1988; FOLEY et al., 1991; 

DA SILVA et al., 1994). The RESA protein encoded by PFA0110w is suggested to support parasite 

resistance against heat shock (SILVA et al., 2005) while the type IV Hsp40 RESA protein encoded by 

gene PF11_0509 could not be disrupted in gene knockout experiments, highlighting its essentiality to 

the parasite (MAIER et al., 2008).  RESA-2 (PF11_0512) and the RESA-like proteins encoded by 

PFL0055c and PFA0675w may similarly support resistance against heat shock, as suggested by their 

heat inducibility (OAKLEY et al., 2007). 

The identification of putative transmembrane domains in three of the hypothetical exportome type 

IV Hsp40 proteins (TABLE 2.1) may suggest similar interactions with the erythrocyte membrane as 

described for RESA and MESA. Consistent with this, the disruption of gene PF10_0381 revealed 

implications for the encoded type IV Hsp40 in knob formation on the erythrocyte surface (MAIER et 

al., 2008). Moreover, the disruption of the gene encoding the transmembrane domain-bearing type 

IV Hsp40 protein encoded by PF11_0034 proved lethal (MAIER et al., 2008). In agreement with this, 

the heat-inducibility of the protein was demonstrated with the febrile response associated with 

malaria, suggesting an important role in defence against heat shock (OAKLEY et al., 2007). The same 

was reported for the third type IV Hsp40 protein exhibiting a transmembrane domain (PFB0085c; 

OAKLEY et al., 2007). 

The PEXEL/HT-containing protein encoded by the gene designated PFB0925w has been classified as a 

type IV Hsp40 (TABLE 2.1) as it exhibits a semi-conservative HPE motif in place of the typical HPD 

motif of the J-domain. Substitution of the HPD motif for an HPE motif was previously shown to 

abolish the J-domain based interaction of the Agrobacterium tumefaciens DnaJ protein with DnaK 

(HENNESSY et al., 2005a). In contrast, Hsp40 proteins that naturally contain an HPE motif in this 

position are known to interact with a specialized Hsp70 partner; the E. coli Hsp40 protein, DjlC, is 

known to interact with E. coli HscC (reviewed in HENNESSY et al., 2005b). It is therefore possible that 
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FIGURE 2.7  Phylogenetic analysis of the P. falciparum Hsp40 protein complement. The similarly of the 
respective Hsp40 proteins is represented as a tree diagram. Locus numbers are given as retrieved from 
PlasmoDB (BAHL et al., 2003). The prediction of protein export (+) or no export (-) into the human erythrocyte 
cytosol was determined from the presence or absence of a PEXEL/HT motif respectively (HILLER et al., 2004; 
MARTI et al., 2004). Hsp40 classification for each protein (type I – IV) is indicated. The protein sequences were 
aligned using ClustalW (version 1.8.3; CHENNA et al., 2003) and imported into TreeView (version 1.6.6; PAGE, 
1996) for generation of the tree diagram. 

the HPE-containing type IV Hsp40 of P. falciparum may have evolved interactions with a more 

specialised Hsp70 protein, warranting alternate classification as a type III Hsp40. 

2.5.2  Functional Insight From the Clustering of Similar Hsp40 Proteins 

In terms of protein similarity there is a distinct clustering of the putative exportome (PEXEL/HT-

containing) and non-exportome (PEXEL/HT-negative) Hsp40 proteins of P. falciparum (FIGURE 2.7) 

which may be indicative of functional equivalence. WATANABE (1997) was the first to suggest that the 

RESA protein family belongs to an independent Hsp40 subgroups than Pfj1-4 (TABLE 2.1). 
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The clustering of type I and II Hsp40 proteins is consistent with the proposed joint role of these 

classes in protein folding processes (KELLEY et al., 1998; WALSH et al., 2004).  Interestingly, the type II 

Hsp40 proteins encoded by PF14_0137, PF11_0099 and MAL13P1.277 appear to cluster in a sub-

class. This may be attributed to the presence of a degenerate C-terminal substrate-binding domain 

which may functionally distinguish these proteins from the more typical type II Hsp40 proteins. 

The type II Hsp40 protein encoded by PFF1415c bears apparent similarity to the type I Hsp40, 

PfHsp40 (FIGURE 2.7) and significant similarity to the human type I Hsp40, DnaJA2 (TABLE 2.3). The 

protein and its apicomplexan homologs (TABLE 2.2) exhibit a degenerate zinc-binding domain with a 

single putative zinc centre (APPENDIX G4). LINKE et al. (2003) proposed that both zinc centres of a 

typical Hsp40 zinc-binding domain are responsible for enhanced co-chaperone activity, but the 

centre comprised of the two innermost cysteine repeat sequences in terms of primary structure (zinc 

centre II) is crucial to mediating Hsp70 substrate binding. In light of this, PFF1415c and its homologs 

may represent a distinct subclass of type I/II Hsp40 proteins capable of interaction with Hsp70 

through appropriate use of the degenerate zinc-finger like domain. In contrast it may be argued that 

the region represents the atypical cysteine-rich domain of the human type I Hsp40, ERdj3. With this 

in mind, the degenerate cysteine-repeat motifs of PFF1415c may be oxidised and form disulphide 

bridges crucial to structure and function as described for ERdj3 (MARCUS et al., 2007). 

The majority of the predicted PEXEL/HT-containing Hsp40 proteins are categorised into the type III 

and IV Hsp40 classes, consistent with the proposed functional specialisation of these proteins. 

Interestingly, the putative PEXEL/HT-containing type III Hsp40 protein encoded by PFL0055c is 

annotated as a RESA-like protein, indicating that there may be shared features in the J-domains of 

the exported type III and IV Hsp40 proteins in general. Moreover, the apparent clustering of 

PEXEL/HT-containing type III and IV Hsp40 proteins (FIGURE 2.7) may be indicative of these shared 

features. SARGEANT et al. (2006) described certain of the type III Hsp40s (encoded by PFL0055c, 

PF10_0378 and PF130920w) and type IV Hsp40s (RESA and those encoded by PF130085c, PF11_0509 

and PF11_0512) as members of the PHIST (Plasmodium helical interspersed subtelomeric) protein 

family. Members of this family are characterised by the presence of a unique conserved PHIST 

domain of unknown function comprised of four α-helices. 

2.5.3  The Hsp40 Protein Interactome of P. falciparum 

The protein interaction network of P. falciparum has been assessed using a yeast two-hybrid 

approach as previously described (LACOUNT et al., 2005). Notably, the majority of protein interactions 

detected by this study are suggested to be unique to P. falciparum as they appear to lack 

homologous associations, or interologs, in other characterised eukaryotic organisms (DATE and 

Chapter 2  | 58 



FIGURE 2.8  Schematic representation of the predicted P. falciparum Hsp40 protein interaction network. The 
predicted protein-protein interactions involving members of the P. falciparum Hsp40 protein family were 
extracted from a yeast two-hybrid analysis (LACOUNT et al., 2005). Hsp40 proteins are indicated in circles with a 
common name if designated, a locus accession number, and classification according to Hsp40 type (I - IV). 
Members of the Hsp70, Hsp90 and Hip protein families of P. falciparum are indicated in dashed boxes. Potential 
protein interactors are indicated by locus accession number in solid boxes and classified into functional categories 
as indicated by colour: red - cytoskeletal and membrane proteins, blue - the proteasome and proteolytic enzymes, 
yellow - translational machinery, green - transcriptional machinery, turquoise - enzymes involved in cellular 
physiology, grey - DNA repair and replication machinery, and white - unclassified. The association of prey with bait 
proteins in the yeast two-hybrid assays is indicated with directional arrows pointing to the prey for single 
associations (bait → prey), and double headed arrows indicating reciprocal associations (↔). Double circles were 
drawn to indicate self-association of Hsp40 proteins. The abbreviated common names for certain of the P. 
falciparum (Pf) proteins are defined as follows: Pfj2-4 - the Hsp40 proteins described by Watanabe (1997), PfZRF1 - 
a protein similar to the human zuotin-related factor 1, PfBiP - immunoglobulin binding protein or endoplasmic 
reticulum Hsp70 homolog, PfHip - Hsp70-interacting protein homolog, PfHsp90 - heat shock protein 90 homolog, 
PfHsp86 - heat shock protein 86 homolog, MSP-7 - Merozoite Surface Protein-7, CBP - Calcyclin Binding Protein, 
and CLAG - cytoadherence linked asexual protein. The non-Hsp40 RESA-like protein, MAL7P1.7, and its associated 
set of interactors was included because of its similarity to the RESA protein family, and its potential interaction 
with PfHsp70-III. 

STOECKERT, 2006; PAVITHRA et al., 2007; SUTHRAM et al., 2005).  Use of the yeast two-hybrid data 

enabled the construction of a P. falciparum Hsp40 protein interaction network, shown in FIGURE 2.8. 

Analysis of the network suggests (i) that the type III and type IV Hsp40 proteins are either better 

represented as an artefact of the yeast two-hybrid system constraints, or do indeed have a greater 

number of interactions in vivo than the type I and II Hsp40 proteins, and (ii) that a number of the 
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Hsp40 proteins form a network involving direct (Hsp40-Hsp40) and indirect interactions (Hsp40-

interactor-Hsp40) with one another. The potential interactors were categorized broadly into 

cytoskeletal and membrane proteins, transcriptional machinery, DNA repair and replication 

machinery, translational machinery, the proteasome and proteolytic enzymes, and enzymes involved 

in cellular physiology (metabolism and phosphorylation pathways). It is possible that a number of 

the interactors detected represent substrates of the Hsp90, Hsp70 and/or Hsp40 proteins, as 

opposed to partner proteins of the chaperone machinery implicated in the cellular processes 

categorised. The validity and nature of the protein interactions described remains to be assessed 

biochemically. 

The type I and II Hsp40 interactions may be under-represented in the yeast two-hybrid screen, since 

many expected interactions were not detected. This may reflect the transient nature of interactions 

with Hsp70 partner and substrate proteins, as it is possible that such interactions were too transient 

for detection in the yeast two-hybrid system. PfHsp40 (PF14_0359) is the only type I Hsp40 

represented in the interactome, and appears to be networked directly and indirectly to cytoskeletal 

and membrane proteins (FIGURE 2.8). Of particular interest is the proposed direct interaction of the 

C-terminal domain of PfHsp40 with that of PfSis1 (PFB0595w), which similarly exhibits associations 

with cytoskeletal and membrane proteins (FIGURE 2.8; LACOUNT et al., 2005). As previously discussed, 

PfHsp40 and PfSis1 represent the only putative parasite-resident, typical type I and type II Hsp40 

proteins of P. falciparum, and are thus prime candidates for the facilitation of general folding 

processes in the parasite (equivalent to Ydj1 and Sis1 of S. cerevisiae respectively). Consistent with 

the theme of Hsp40-Hsp40 interactions, PFB0595w appears to be indirectly networked to the type III 

Hsp40 proteins encoded by PFL0815w (similar to the human zuotin-related factor 1; ZRF1 or DnaJC2) 

and PF14_0700. PAVITHRA et al. (2007) suggested that PF14_0700 may serve as a co-chaperone in an 

Hsp90-Hsp70 multi-chaperone complex in the parasite, based on its proposed association with 

PfHsp70-I and PfHsp90 (FIGURE 2.8).  PfHsp90 and PfHsp70-I were previously shown to occur in 

complex in the parasite (BANUMATHY et al., 2003). 

The yeast two-hybrid data suggests that PfHsp40 may self-associate via the zinc-finger and C-

terminal substrate binding domains (LACOUNT et al., 2005).  In line with this, these domains 

encompass the region suggested to mediate Hsp40 dimerization (BORGES et al., 2005; SHI et al., 2005; 

WU et al., 2005). Moreover, PfHsp40 is proposed to interact with the hypothetical protein encoded by 

PFF0565c and the lysine-rich C-terminal fragment of the hypothetical mitochondrial protein encoded 

by PFL0130c (not illustrated in FIGURE 2.8; LACOUNT et al., 2005).  Both hypothetical proteins are of 

unknown function but are conserved in the Plasmodium genus (PlasmoDB; BAHL et al., 2003). The 

suggested interaction of these proteins with the C-terminal domain of PfHsp40 suggests that they 
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may represent protein substrates of this chaperone protein. Interestingly, elements of the J-domain 

and GF-region of PfHsp40 were suggested to mediate interactions with the putative protein encoded 

by PFI1610c, resembling a calcyclin binding protein, and Merozoite Surface Protein-7 (MSP-7, 

encoded by PF13_0197). MSP-7 represents a membrane precursor protein that is targeted to the 

membrane of developing merozoite-stage parasites following synthesis and proteolytic processing in 

the schizont stage. The protein is thought to exhibit a role in the invasion of the human erythrocyte 

by the merozoite stage (PACHEBAT et al., 2007) highlighting the importance of elucidating associated 

protein interactions. Perhaps related to the proposed PfHsp40-MSP-7 association, PfHsp70-I was 

initially located on the surface of the merozoite stage of P. falciparum (ARDESHIR et al., 1987). It is 

possible that PfHsp70-I and PfHsp40 co-operate in the processing of MSP-7. Cautiously though, 

interactions proposed to involve the J-domain may represent artefacts of the yeast two-hybrid 

system rather than true associations, and the association of MSP-7 and PfHsp40 need to be 

validated. 

The lesser-conserved type II Hsp40s may be remotely associated with the Hsp40-translation 

machinery network as suggested by the interaction of Pfj4 (PFL0565w) with the translation initiation 

factor, PfGCN20, and the interaction of Pfj2 (PF11_0099) with a putative nucleosome assembly 

protein. Consistent with this, Pfj4 has been shown to localise to the parasite nucleus and its 

association with the PfHsp90/PfHsp70-I multi-chaperone complex has been proposed (PESCE et al., 

2008). 

The MESA and RESA proteins potentially form a major network with cytoskeletal and membrane 

proteins, consistent with their known localisation and function. In particular, the interactions of 

MESA with the cytoadherence linked asexual protein (CLAG; PFC0120w) and the skeleton binding 

protein (PFE0065w) which also interacts with RESA, provide support to its role in cytoadherence. The 

RESA-like protein (MAL7P1.7) is not classified as an Hsp40 protein, but was included in the Hsp40 

interactome analysis due to its potential interaction with the Hsp70 homolog, PfHsp70-III 

(PF11_0351) and indirect interaction with RESA. Since the interaction of this RESA-like protein with 

PfHsp70-III would not be J-domain-based, the protein could represent a substrate of the Hsp70. This 

further highlights the possibility that the other Hsp70 interactions reflected in the interaction 

network represent substrate associations (FIGURE 2.8). 

Also worth mentioning, the Hsp40 protein interactome network derived from the work by LACOUNT 

et al. (2005) is limited to proteins of P. falciparum. In light of the export of parasite proteins to the 

erythrocyte cytosol (SARGEANT et al., 2006) and the potential utilisation of host chaperones for 

parasite processes (BANUMATHY et al., 2002), it would be of interest to apply similar protein 
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FIGURE 2.9  Comparison of the Hsp40 make-up of P. falciparum to that of related apicomplexan parasites. 
The number of identified Hsp40 proteins in P. falciparum contrasted to the human host (H. sapiens), 
mosquito vector (A. gambiae) and specified apicomplexan parasites is represented as a bar graph. 
Classification of the Hsp40 proteins (types I - IV) is indicated. In comparison to its host organisms and to the 
other apicomplexa, P. falciparum exhibits the largest number of Hsp40 proteins, with a larger specialised 
Hsp40 class of type IV Hsp40s. Classification of the human Hsp40 proteins is as described by QIU et al. 
(2006). The Hsp40 proteins of A. gambiae were derived from the genome sequence of the organism 
reported by HOLT et al. (2002). 
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interaction studies to investigate the association of putative exportome proteins with proteins of the 

human erythrocyte proteome (described by PASINI et al., 2006). 

2.5.4  The Conservation of Hsp40 Proteins in the Apicomplexa 

Members of the Hsp40 complements of numerous apicomplexan parasites were identified and 

classified, as presented in FIGURE 2.9. A complete list of identified proteins is provided in APPENDIX H. 

To date, genome sequences have been published for P. falciparum (GARDNER et al., 2002), P. berghei, 

P. chabaudi (HALL et al., 2005), P. yoelii (CARLTON et al., 2002), Cryptosporidium hominis (XU et al., 2004), 

C. parvum (ABRAHAMSEN et al., 2004), Theileria annulata (PAIN et al., 2005) and T. parva (GARDNER et 

al., 2005). Sequencing of the genomes of Toxoplasma gondii and P. vivax is in progress (CARLTON et al., 

2003; KOOIJ et al., 2006).  Each apicomplexan genome investigated appears to encode two type I 

Hsp40 proteins as previously detailed and a fairly consistent number of type III Hsp40 proteins, with 

the exception of T. gondii (FIGURE 2.9).  The presence of type IV Hsp40 proteins appears to be a 

phenomenon, although not unique, in the apicomplexa, with a considerably larger type IV Hsp40 

class in P. falciparum. 

Chapter 2  | 62 



As previously discussed, approximately 60% of the P. falciparum proteome is thought to be novel as 

it does not share significant homology to known proteomes of eukaryotic origin (GARDNER et al., 

2002).  Consistent with this, members of the P. falciparum Hsp40 chaperone machinery were found 

to outnumber those of the human host (H. sapiens; QIU et al., 2006), mosquito host (A. gambiae) and 

other apicomplexa (FIGURE 2.9). Apicomplexan homologs were identified for only nineteen members 

of the P. falciparum Hsp40 protein complement (TABLE 2.2) with an apparent absence of homologs 

for the predicted PEXEL/HT-containing proteins. Interestingly, the number of non-PEXEL/HT Hsp40 

proteins in P. falciparum is approximately equivalent to the total number of Hsp40 proteins 

identified in the other Plasmodium species. The expansion of Hsp40 proteins in P. falciparum and 

the roles of the PEXEL/HT-containing proteins may be of relevance to species-specific attributes of 

this parasite. Interestingly, P. falciparum is distinguished from the other human malarial counterparts 

by its ability to occupy mature erythrocytes in addition to immature reticulocytes (RAYNER et al., 

2005). The appropriateness of comparative analyses between human and rodent malaria models is 

thus questionable, as proposed by KOOIJ et al. (2006). The lack of Hsp40 protein conservation 

between P. falciparum and the less virulent human malarial species P. vivax is also notable (TABLE 2.2) 

although the incomplete status of the sequencing of the P. vivax genome must be considered 

(CARLTON et al., 2003). 

In certain instances, Hsp40 orthologs were identified but categorised into different classes (types I - 

IV). The P. berghei protein designated XP_676696.1 bears an FVD motif in place of the HPD motif of 

the J-domain, and was thus categorised as a type IV Hsp40 (TABLE 2.2) despite its similarity to the P. 

falciparum type II Hsp40, Pfj4 (PFL0565w). Although these proteins may be functionally equivalent, 

the notion that type IV Hsp40 proteins exert their in vivo functionality differently to type I - III Hsp40 

proteins suggests that the role of XP_676696.1 has diverged significantly from the HPD-established 

functions of Pfj4. The induction of Pfj4 expression in erythrocytic-stage P. falciparum parasites 

following heat shock has been described, implying a significant role for Pfj4 in cytoprotection (PESCE 

et al., 2008; WATANABE, 1997). 

An additional subclass of type I/IV Hsp40 proteins was identified in T. gondii, T. annulata and T. 

parva (APPENDIX G5). These proteins exhibit the typical domains of a type I Hsp40 protein, but lack a 

conserved HPD motif in the J-domain. A type I/IV protein was identified in T. gondii (52.m01602) 

bearing a weak GF region and degenerate zinc-binding domain with two cysteine repeat sequences. 

As previously indicated, the presence of a single zinc-binding centre may be sufficient to mediate 

Hsp70 substrate binding (LINKE et al., 2003) but interactions with Hsp70 in the absence of an HPD 

motif are questionable. 
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2.5.5  Functional Insight From Homologous Host Hsp40 Proteins 

Insight into the prospective functions of the P. falciparum Hsp40 proteins was achieved through 

comparison with similar or homologous proteins of the human host. Significantly similar human 

proteins, potentially representing homologs, were identified for twelve members of the P. falciparum 

Hsp40 protein complement as summarised in TABLE 2.3. 

TABLE 2.3  Identified Human Homologs of the P. falciparum Hsp40 Proteins 

P. falciparum Hsp40 Protein Human Homolog
2  

Type Locus
1 

 Protein
2 

 Export
3 

 Name
*  Localisation Description / Function Ref. 

Co-operates with Hsc70 to facilitate 
protein folding; Exhibits potential 
membrane interactions following 

I PF14_0359 NP_702248.1 - DnaJA1 Cytosol farnesylation; Facilitates protein 
import into mitochondria; 

2,5 

Functionally equivalent to DnaJA2 
PFD0462w NP_702750.1 - DnaJA3 Mitochondria Regulates apoptosis signalling 6 
PFA0660w NP_703333.1 + 

Sis1 homolog; expression is induced PFB0090c NP_472947.2 + Cytosol following heat shock 7,8 PFE0055c NP_703357.1 + DnaJB4 

II PFB0595w NP_473047.1 - 
PFF1415c XP_966274.1 - DnaJA2 Cytosol Functionally equivalent to DnaJA1 4 

Facilitates protein folding PFL0565w NP_701478.1 - DnaJB6 Nucleus 4, 9 

PF11_0380 NP_701239.1 - DnaJB12 Membrane Putative type I membrane protein 2 
DnaJC23 Facilitates protein translocation PF13_0102 NP_705096.1 - (SEC63) ER ER membrane 2,4,  10

across 
DnaJC24 III PFE0135w NP_703373.1 - (ZCSL3) - CSL-type zinc finger- protein 3 2 

Regulates translation and the folding DnaJC2 PFL0815w NP_701527.1 - (ZRF1) Ribosomes of peptides emerging from the 
ribosomes 

4, 11 

1 BAHL et al. (2003), 
2 
 Potential human homologs or significantly similar proteins, displaying overall domain conservation or a 

minimum of 30% sequence identity; Benson et al. (2008); MARCHLER-BAUER and BRYANT (2004), 
3 
 Predicted to be exported (+) 

or not exported (-) due to the presence or absence of a PEXEL/HT motif, respectively; HILLER et al. (2004); MARTI et al. (2004), 
4 QIU et al. (2006), 

5 
 TERADA and MORI (2000), 

6 
 SYKEN et al. (1999), 

7 
 HOE et al. (1998), 

8 
 ANCEVSKA-TANEVA et al. (2006), 

9 HANAI and MASHIMA (2003), 
10 

 FELDHEIM et al. (1992), 
11 

 OTTO et al. (2005); * The nomenclature of the Hsp40 homologs is as 
described by HIGHTOWER et al. (2009). 

Proteomic analysis of the human erythrocyte revealed the presence of a single Hsp40 protein, 

DnaJC5, bound to the membrane of this specialised host cell (PASINI et al., 2006).  The significant 

deficiency of Hsp40 proteins in the erythrocyte may shed light on the export of Hsp40 proteins by the 

parasite. The putative exportome type II Hsp40 proteins PFA0660w, PFB0090c and PFE0055c were 

found to be significantly similar to the human type II Hsp40, DnaJB4. Although DnaJB4 is not evident 

in the human erythrocyte, the homologous P. falciparum exportome proteins may be tailored to 

mimic DnaJB4 to establish associated or homologous roles in the infected erythrocyte. The heat-

inducible DnaJB4 protein is predominantly cytosolic, interacting with human Hsp70 to facilitate 

protein folding (HOE et al., 1998; QIU et al., 2006). 

Chapter 2  | 64 



The conservation of the endoplasmic reticulum Hsp40 protein, Sec63 (ERdj2) in the apicomplexa 

(APPENDIX G7) lends itself to the preservation of certain elements of the traditional secretory 

pathway (COOKE et al., 2004; FELDHEIM et al., 1992; RÖMISCH, 2005).  Consistent with this, additional 

core elements of the sec protein translocation complex have been identified in P. falciparum 

including homologs of the α-, β- and γ-subunits of Sec61, and Sec62 (TUTEJA et al., 2007b). Elements 

of both post- and co-translational protein translocation have been identified in P. falciparum.  In 

particular, identified conserved components of the signal recognition particle (SRP) complex and its 

associated receptor required for co-translational translocation in the parasite have been described 

(TUTEJA et al., 2007b). 

Interestingly, apicomplexan homologs of additional endoplasmic reticulum Hsp40 proteins such as 

ERdj1, ERdj3, ERdj4 and ERdj5 were not identified. It is possible that protein folding tasks in the 

parasite endoplasmic reticulum are facilitated by Protein Disulfide Isomerases (PDI) as previously 

described (MAHAJAN et al., 2006). Notably, Pfj2 and its identified apicomplexan homologs (TABLE 2.2) 

bear a PDI-related domain (accession cd02961; MARCHLER-BAUER and BRYANT, 2004) suggesting a role 

for these proteins in chaperone activity in the endoplasmic reticulum. In agreement with this, Pfj2 

exhibits a C-terminal motif, DDEL (APPENDIX G3), similar to the endoplasmic reticulum retention 

motif, KDEL (MUNRO and PELHAM, 1987). The occurrence of this motif appears to be consistent in the 

Pfj2 homologs (APPENDIX G3). PDI-related domains were similarly identified in the P. falciparum type 

III Hsp40 protein encoded by PF08_0032 (TABLE 2.1) and its apicomplexan homologs (TABLE 2.2), and 

in a T. gondii type III Hsp40 protein (37.m00768). These proteins all belong to the same J-domain 

bearing subset of the PDI protein family as ERdj5 (CUNNEA et al., 2003) suggesting functional 

equivalence and co-operation with the endoplasmic reticulum Hsp70, PfBiP (TABLE 2.4). Interestingly, 

apicomplexan homologs of the type III Hsp40, p58
IPK 

 (VAN HUIZEN et al., 2003), or equivalent proteins 

bearing a tetratricopeptide repeat (TPR) domain (BLATCH and LÄSSLE, 1999) were not identified. The 

expression of p58
IPK 

 is thought to be upregulated in the endoplasmic reticulum during stress 

conditions, where the protein is involved in the inhibition of eIF2α signalling to alleviate protein 

aggregation and the accumulation of unfolded proteins (VAN HUIZEN et al., 2003). Moreover, PAVITHRA 

et al. (2007) noted the absence of orthologs of the calcium-dependent endoplasmic reticulum 

chaperones calnexin and calreticulin from the parasite genome. 

In contrast, the translation machinery and the manner in which emerging proteins are folded and 

assembled from the ribosomes in eukaryotic organisms appears to be conserved in the apicomplexa. 

Two type III Hsp40 proteins with similarity to the human zuotin-related factor 1 (ZRF1; DnaJC2) were 

identified in P. falciparum, PFL0815w (TABLE 2.3) and PF10_0058, and other apicomplexa (TABLE 2.2). 
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ZRF1 (equivalent to human DnaJC2) is known to associate with the ribosomes and interact with 

Hsp70 to facilitate the folding of newly translated proteins (OTTO et al., 2005). 

2.5.6 Deciphering the Potential Hsp70-Hsp40 Partnerships of P. falciparum 

Five of the six Hsp70 proteins encoded on the P. falciparum genome appear to be homologous to 

members of the human Hsp70 protein family (SARGEANT et al., 2006; SHONHAI et al., 2007). The human 

homologs, predicted localisations and possible Hsp40 partners of the P. falciparum Hsp70 proteins 

are summarised in TABLE 2.4. 

TABLE 2.4  Putative Localisation, Human Homologs and Potential Hsp40 Partners of P. falciparum Hsp70s 

Locus
1  Protein

2  Human homolog
2  Localisation References Potential partner

1,2  

PF08_0054 PfHsp70-I 
(AAA29626) 

HspA1A 
(Hsp70-1) 

Cytosol 3, 4, 10 NP_702248.1 (PF14_0359) 
Nucleus 4, 10 NP_701478.1 (PFL0565w) 
Maurer’s cleft 5 NP_703357.1 (PFE0055c ) 
PV 6 NP_700851.1 (PF10_0378) 

PFI0875w 
PfBiP (PfGrp78) / 
PfHsp70-II 
(NP_704718) 

HspA5 
(Grp78/BiP) 

ER lumen 3, 4 NP_705096.1 (PF13_0102) 

Maurer’s cleft 5 NP_703357.1 (PFE0055c) 

PF11_0351 
PfHsp70-III 
(NP_701211) HspA9B 

Apicoplast 8 NP_702750.1 (PFD0462w) 
Maurer’s cleft 5 NP_703357.1 (PFE0055c ) 
Mitochondria 3, 7, 12 NP_705208.1 (PFF1290c ) 
PV 6 NP_700851.1 (PF10_0378) 

MAL13P1.540 PfHsp70-y - Apicoplast 8 NP_702750.1 (PFD0462w ) 
ER 3, 9 NP_705096.1 (PF13_0102 ) 

MAL7P1.228 PfHsp70-x HspA6 
(Hsp70B) 

Cytoplasm, 
Nucleus 3, 11 NP_701478.1 (PFL0565w ) 

PF07_0033 PfHsp70-z 
(NP_704032) 

HspA14 
(Hsp70-4) ER, Cytoplasm 3, 11 NP_705096.1 (PF13_0102) 

1 BAHL et al. (2003); 
2 
 BENSON et al. (2008), MARCHLER-BAUER and BRYANT (2004), SHONHAI et al. (2007); 

3 
 NAKAI and 

HORTON (1999); 
4 
 KUMAR et al. (1991); 

5 
 VINCENSINI et al. (2005); 

6 
 NYALWIDHE and LINGELBACH (2006); 

7 
 BENDER et al. 

(2003); 
8 
 FOTH et al. (2003); 

9 
 MUNRO and PELHAM (1987); 

10 
 PESCE et al. (2008); 

11 
 SARGEANT et al. (2006); 

12 
 ŠLAPETA and 

KEITHLY (2004). 

As previously detailed, the production of PfHsp70-I is upregulated in erythrocytic-stage parasites in 

response to heat shock (BISWAS and SHARMA, 1994; JOSHI et al., 1992; KUMAR and ZHENG, 1992). The 

protein is significantly abundant in the parasite and is known to localise to the parasite cytosol and 

nucleus (KUMAR et al., 1991; PESCE et al., 2008), and potentially to the PV (NYALWIDHE AND LINGELBACH, 

2006). The putative parasite-resident, typical type I Hsp40, PfHsp40 (PF14_0359) and type II Hsp40, 

PfSis1 (PFB0595w) may co-operate with PfHsp70-I in general protein folding processes as previously 

suggested. Moreover, PfHsp70-I may be partnered by the additional type I Hsp40, Pfj1 (PFD0462w). 

It is further possible that the ZRF1 homolog, PFL0815w, interacts with PfHsp70-I to facilitate the 

folding of nascent proteins emerging from the ribosomes during translation in the parasite. PfHsp70-

x appears to be closely related to PfHsp70-I and is similarly proposed to localise to the parasite 

cytoplasm (SHONHAI et al., 2007). With this in mind, PfHsp70-x may co-operate with the above-

mentioned Hsp40 proteins similarly to PfHsp70-I. 
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PfBiP and the Hsp70 protein encoded by MAL13P1.540 (TABLE 2.4) exhibit putative C-terminal 

endoplasmic reticulum retention signals (‘SDEL’ and ‘KDEL’, respectively; MUNRO and PELHAM, 1987) 

and are thus predicted to localise to this organelle where they may interact with the Sec63 homolog 

encoded by PF13_0102. The putative endoplasmic reticulum Hsp70 proteins may similarly co-

operate with the PDI-related Hsp40 proteins previously discussed in SECTION 2.5.5 (Pfj2 and the 

protein encoded by PF08_0032). These potential Hsp70-Hsp40 partnerships may facilitate the 

folding and assembly of proteins in the endoplasmic reticulum and mediate subsequent protein 

transport out of the organelle. In particular, the homology of PfBiP to human BiP may implicate the 

protein in multimeric protein complex assembly in the endoplasmic reticulum (KUMAR and ZHENG, 

1992). The P. falciparum interactome did not reveal any direct interactions of PfBiP with any of the 

predicted endoplasmic reticulum Hsp40 proteins (FIGURE 2.8) but indirect interactions were detected 

with the ZRF1-like Hsp40 protein, PFL0815w, via a common interactor (the DNA repair protein 

RAD23; PF10_0114), and the typical type II Hsp40, PfSis1 (PFB0595w) via a common interactor 

(ubiquitin-protein ligase 1; MAL8P1.23). 

PfHsp70-III (PF11_0351) is similarly expressed in the asexual blood stages of P. falciparum (SHARMA, 

1992) and is homologous to the human Hsp70 protein, HspA9B (TABLE 2.4). HspA9B is reported to be 

ubiquitous in the mitochondria, endoplasmic reticulum, cytoplasm and plasma membrane where it 

facilitates the trafficking of proteins, particularly in response to cellular stress. Moreover, the protein 

is proposed to be involved in the processing of antigens (WADHWA et al., 2002) which may suggest a 

similar role for PfHsp70-III in the processing of P. falciparum antigens destined for export to the 

parasite surface or to the host erythrocyte membrane. Consistent with this, PfHsp70-III is proposed 

to exhibit a direct associations with the RESA-like protein (MAL7P1.7), and the 101 kDa malaria 

antigen (referred to as ABRA or MSP-9; PFL1385c). 

A proteomic study revealed the potential localisation of PfHsp70-I, PfBip and PfHsp70-III to the 

Maurer’s clefts (VINCENSINI et al., 2005). Moreover, the study revealed the possible localisation of the 

exportome type II Hsp40 protein, PFE0055c, to these proposed secretory organelles, in agreement 

with experimental validation of the presence of this protein in the erythrocyte cytoplasm 

(BHATTACHARJEE et al., 2008; HILLER et al., 2004; SARGEANT et al., 2006). Consistent with the requirement 

of protein unfolding prior to membrane translocation, the latter protein might co-operate with 

PfHsp70-I, PfBiP and/or PfHsp70-III in facilitating the secretion of exportome proteins from the clefts 

into the erythrocyte cytosol. Contradictory to the findings of VINCENSINI et al. (2005), BANUMATHY et 

al. (2002) were unable to detect PfHsp70-I in the erythrocyte cytoplasm, and it has been suggested 

that PfBiP is restricted to the parasite endoplasmic reticulum (KUMAR et al., 1991; KUMAR and ZHENG, 

1992). Notably, approximately one third of the proteins identified in ghost preparations of the 
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Maurer’s clefts were suspected contaminants of the proteomic study (VINCENSINI et al., 2005). This 

questions the localisation of the aforementioned Hsp70 proteins to the Maurer’s clefts and suggests 

the need for experimental validation. VINCENSINI et al. (2005) proposed that the roles of the heat 

shock proteins found in the Maurer’s clefts may be predicted from the roles that these proteins 

perform in their typical subcellular locations; this might rationalise the need for the presence of 

three distinct Hsp70 proteins in the clefts. In favour of either argument, it may be possible for 

parallels to be drawn between the role of the endoplasmic reticulum and Maurer’s clefts in the 

facilitation of protein secretion; the movement of a protein from the parasite cytosol to a final 

secreted destination in the infected erythrocyte via the Maurer’s clefts could be analogous to the 

movement of a protein from the cytosol to a final secreted destination via the endoplasmic reticulum 

in typical eukaryotic systems (LANZER et al., 2006). 

PfHsp70-I and PfHsp70-III have also been proposed to localise to the PV of blood-stage parasites. To 

date the presence of P. falciparum Hsp40 proteins in the PV has not been reported despite 

chaperone proteins representing over a third of the protein complement experimentally detected in 

the vacuole (NYALWIDHE and LINGELBACH, 2006).  It may be possible that chaperone processes other 

than those of the Hsp70-Hsp40 partnership govern protein translocation across the PV membrane. It 

is known that parasite proteins bearing an N-terminal signal sequence potentially gain entry to the 

PV via a traditional secretory pathway (NYALWIDHE and LINGELBACH, 2006; WICKHAM et al., 2001); 

consequently signal sequence-bearing Hsp40 proteins (TABLE 2.1) may be responsible for the co-

chaperone regulation of PfHsp70-I and PfHsp70-III in the vacuole. Notably, numerous P. falciparum 
proteins lacking a PEXEL/HT and signal sequence were identified in the PV and the Maurer’s clefts 

(NYALWIDHE and LINGELBACH, 2006; VINCENSINI et al., 2005) further emphasising the potential export of 

additional Hsp40 proteins to these compartments, other than those specified in TABLE 2.1. 

2.5.7 A Model for the Recruitment of Chaperone Power in the Erythrocyte Cytoplasm 

Compartmentalisation of the PV has been suggested, implying the separation of PV-transit proteins 

(exportome proteins) from PV-resident proteins and a clear distinction between their roles (COOKE et 

al., 2004).  It is likely that the translocation of exportome proteins across the PV membrane could 

involve a vesicular- or translocon-based transport process as previously suggested (BANNISTER et al., 
2004; LINGELBACH and PRZYBORSKI, 2006).  Proteins homologous to the sec61 translocon machinery 

and associated chaperones such as sec63 and PfBiP have identified in the parasite, but have not been 

detected in the PV. Notably, the involvement of the Sec62-like translocation protein (PF14_0361) in 

this process has been proposed (OAKLEY et al., 2007). It is also possible that the parasite encodes a 

novel translocon system, or one of functional equivalence to the sec61 complex, with the 
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involvement of PV- and erythrocyte-resident chaperones to facilitate the transport of PV-transit 

proteins to the erythrocyte cytosol. This could be mechanistically analogous to retrograde protein 

translocation as is observed for endoplasmic reticulum associated degradation (ERAD), considering 

the potential involvement of Hsp70-Hsp40 chaperone machinery on either side of the membrane 

and the export of proteins into a cytosolic compartment. Consistent with this, it was recently 

reported that the transport of specific exportome proteins across the PV membrane requires protein 

unfolding (GEHDE et al., 2009). Moreover, the transport of model exportome proteins across the PV 

membrane was previously shown to require ATP and protein components of the infected erythrocyte 

(ANSORGE et al., 1996). 

Regardless as to the process and mechanism of protein export, it is anticipated that refolding of 

exportome proteins into functional conformations or transport to distinct subcellular compartments 

will be required subsequent to secretion into the erythrocyte cytosol. The involvement of exported 

parasite chaperone proteins in the assembly of protein complexes in various locations within the 

infected erythrocyte has been proposed (WISER et al., 1999). Moreover, the recruitment of host 

chaperones for the assembly of proteins of parasite origin has been suggested (BANUMATHY et al., 

2002). The deficiency of host Hsp40 chaperone machinery in the mature erythrocyte may account for 

the proposed export of nineteen parasite Hsp40s into the host cell. These proteins may work in 

concert with the host chaperones to permit the assembly of the cytoadherence complexes. In 

accordance with this notion, the substrate specificities of the parasite Hsp40 proteins may be better 

tailored to capture protein substrates of parasitic origin for delivery to human Hsp70 for processing. 

Importantly, none of the Hsp70 proteins of P. falciparum bear a recognisable export motif for 

localisation to the host erythrocyte. Consistent with this, BANUMATHY et al. (2002) failed to detect 

Hsp70 of parasitic origin in the parasitized erythrocyte cytoplasm as previously described. 

A model was devised for chaperone-mediated translocation, folding and assembly of P. falciparum 

exportome proteins in erythrocytic-stage parasites involving the Hsp40 protein complement of the 

parasite. A schematic representation of the proposed model is provided in FIGURE 2.10. It is possible 

that the parasite Hsp70 proteins might remain in the PV and Maurer’s clefts to mediate the 

translocation of exportome proteins into the erythrocyte, while exported parasite Hsp40 proteins 

might capture the secreted exportome proteins as they enter the erythrocyte cytosol and deliver 

them to human Hsp70 (HsHsp70) proteins for folding and assembly. In particular, exported type II 

Hsp40 parasite proteins could be implicated in these general folding and assembly processes. The 

exported type III parasite Hsp40 proteins could be involved in more specialized and regulatory 

processes, such as the assembly and regulation of proteinaceous structures during the remodelling of 

the infected erythrocyte. 
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FIGURE 2.10  Schematic representation of the potential Hsp70-Hsp40 partnerships in the P. falciparum-infected 
erythrocyte. Only organelles and compartments of interest are indicated (erythrocyte membrane and cytosol, Maurer’s 
clefts, parasite nucleus, endoplasmic reticulum (ER), apicoplast, mitochondria, and the parasitophorous vacuole (PV) in 
which the parasite resides). Abbreviations: 40-1 – PfHsp40 (locus PF14_0359), 40-2 - PFE0055c, 40-3 - PFL0565w, 40-4 - 
PF10_0378, 40-5 – Pfj1 (PFD0462w), 40-6 - PFF1290c, 40-7 - PFA0660w, 40-8 - PFB0090c, 40-9 – PfSis1 (PFB0595w), Sec63 
- PF13_0102, RESA - Ring-infected erythrocyte surface antigen proteins (PFA0110w, PFA0675w, PF11_0512, PF11_0509), 
MESA - Mature parasite-infected erythrocyte surface antigen (PFE0040c), III - PEXEL/HT-containing type III Hsp40 proteins 
(refer to TABLE 2.1), IV - PEXEL/HT-containing type IV Hsp40 proteins (refer to TABLE 2.1), 70-1 - PfHsp70-I (PF08_0054), 
BiP - PfBip/PfGrp78 (PFI0875w), 70-3 - PfHsp70-III (PF11_0351), 70-4 - MAL13P1.540, 70-5 - MAL7P1.228, and h70 - 
human Hsp70. In the parasite cytosol, PfHsp70-I might co-operate with the typical type I and II Hsp40s, PfHsp40 
(PF14_0359) and Pfsis1 (PFB0595w) to facilitate general ‘house-keeping’ protein folding processes. Cytosolic PfHsp70-I 
may also interact with the ZRF1-like protein encoded by PFL0815w, to mediate the folding of nascent proteins emerging 
from the ribosomes. In the parasite nucleus, PfHsp70-I and the protein encoded by MAL7P1.228 could be co-chaperoned 
by Pfj4 (PFL0565w). In the parasite endoplasmic reticulum, PfBiP and the Hsp70 protein encoded by MAL13P1.540 may 
interact with the Sec63 homolog (PF13_0102) or PDI-related Hsp40 proteins Pfj2 (PF11_0099) and PF08_0032, thought to 
be functionally equivalent to ERdj5. PfHsp70-III is predicted to localise to the parasite mitochondria and apicoplast where 
it might co-operate with the Hsp40 proteins PFF1290c and Pfj1 (PFD0462w) respectively. PfHsp70-I and PfHsp70-III may 
localise to the PV where they might interact with signal sequence-bearing Hsp40 proteins, such as Pfj3 (PF10_0378) which 
exhibits a putative transmembrane domain. The type II Hsp40 encoded by PFE0055c and the parasite Hsp70 proteins 
PfHsp70-I, PfBiP and PfHsp70-III, have been suggested to localise to the Maurer’s clefts and mediate the translocation of 
exportome proteins into the erythrocyte cytosol. Contradictory data implies that these proteins are not exported from the 
parasite, consequently necessitating experimental validation of their localisation. Proposed Hsp70-Hsp40 controlled 
translocons representing active transport across the Maurer’s clefts and PV membranes are indicated by ‘T’. The 
chaperone machinery potentially involved in protein translocation is indicated either side of each membrane. In the 
erythrocyte cytosol, the parasite type II Hsp40 proteins encoded by PFA0660w, PFB0090c and PFE0055c, might 
functionally mimic human DnaJB4 in interactions with human Hsp70 to facilitate the general folding of exportome 
proteins. Exported type III Hsp40 proteins could be involved in specialized processes using their J-domains for the 
recruitment of human Hsp70 proteins for the assembly and regulation of parasite proteins in the erythrocyte cytosol. The 
type IV Hsp40 protein MESA is known to interact with elements of the erythrocyte cytoskeleton where it is involved in the 
formation of knobs. Members of the RESA protein family similarly associate with the erythrocyte membrane. This 
potentially implicates additional type IV exportome Hsp40 proteins in similar interactions with the erythrocyte membrane. 
It is possible that the exported type IV Hsp40 proteins could modulate the chaperone machinery in the erythrocyte, 
through negative regulation of the manner in which exported type II and III parasite Hsp40 proteins co-operate with host 
chaperone proteins. 
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The exported type II and III Hsp40 proteins might interact closely with the type IV Hsp40 proteins 

such as MESA and RESA, assisting in interactions with the erythrocyte cytoskeleton. One could 

envisage that MESA and RESA with their non-HPD-containing J-domains would rely on the type II 

and/or type III Hsp40 proteins for the recruitment of human Hsp70 for the formation of the 

cytoadherence complexes. Alternatively, the type IV Hsp40s may negatively regulate or modulate 

the type II and III Hsp40 J-domain-based stimulation of the human Hsp70 chaperone activity. 

MOKRANJAC et al. (2006) demonstrated the ability of the non-HPD-containing Hsp40 protein, Tim16, of 

the S. cerevisiae mitochondrial import motor to complex with its HPD-containing counterpart, Tim14 

thereby inhibiting the ability of Tim14 to stimulate the ATPase activity of mitochondrial Hsp70. 

2.6 CONCLUSIONS 

This study has drawn emphasis to the importance of PfHsp40 and Pfj1 as the only type I Hsp40 

proteins of the forty-three member Hsp40 complement of the parasite. The existence of only two 

type I Hsp40s - of which only one is representative of a typical Hsp40 protein - may represent an 

inherent weakness of the parasite and is consistent with the fewer ‘house-keeping’ proteins encoded 

on its genome. Both of these co-chaperone proteins are predicted to be parasite-resident and may 

be implicated in general folding and chaperone processes in the parasite. Consistent with this, the 

conservation of PfHsp40 and Pfj1 in other apicomplexan parasites suggests that these chaperones 

are important to this phylum in general. Co-chaperone roles for PfHsp40 and Pfj1 were inferred 

through comparison with analogous, classical Hsp40 proteins of human, yeast and bacterial origin. 

Placed together with gene expression profiles, this was used to substantiate potential interactions 

with the abundant and putative parasite-resident Hsp70 protein, PfHsp70-I. Based on localisation 

prediction, it is possible that PfHsp40 and Pfj1 interact with PfHsp70-I in the parasite cytosol and 

nucleus respectively, consistent with the previously reported localisation of this Hsp70 homolog. 

Residues potentially important to the proposed Hsp70-Hsp40 interactions were identified in the 

respective partner proteins, providing a basis from which to explore these associations 

experimentally. Importantly, elements of Hsp70 and Hsp40 conservation appear to be conserved in 

these proteins in P. falciparum.  Experimental work pertaining to the proposed interactions is 

detailed in CHAPTERS 4 - 6. 

Overall, the bioinformatics analysis presented in this study suggests that P. falciparum has evolved an 

expanded and highly specialized Hsp40 protein machinery, for the purposes of chaperone-mediated 

translocation, folding, assembly and regulation of both parasite and host proteins in the 

intraerythrocytic stages of development. In addition to the type I, II and III Hsp40 proteins exhibiting 

the signature J-domain, specialized P. falciparum Hsp40 proteins with a J-like domain have been 
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described here and categorized as type IV Hsp40 proteins founded on the absence of a conserved 

HPD motif. The export of these type IV Hsp40 proteins into the human erythrocyte appears to be 

crucial to the parasite’s establishment, growth and survival in this specialised host cell. Interestingly, 

the PEXEL/HT-containing type III and IV putative exportome Hsp40 proteins appear to form a distinct 

subset of Hsp40 proteins in the parasite consistent with their specialised roles. These roles appeared 

to have diverged from the apicomplexa and other Plasmodium species, as suggested by the lack of 

orthologs of these putative exportome Hsp40s. In contrast, a few P. falciparum Hsp40 proteins 

appear to have human and apicomplexan homologs, suggesting implications in fundamental 

biological processes. These include the type I, II and III putative parasite-resident Hsp40 proteins 

classed into a distinct subset from the exportome type III and IV Hsp40s. 

Notably, not all of the Hsp40 proteins of the parasite may be expressed during the intraerythrocytic 

stages of the lifecycle. However, the upregulation of the exported type III and IV Hsp40 proteins has 

previously been described (OAKLEY et al., 2007) and the participation of certain of these proteins in 

erythrocyte remodelling has been validated (DA SILVA et al., 1994; SHARMA, 1991). This has lead to the 

notion that the parasite may use its specialised Hsp40 machinery to harness the chaperone potential 

of Hsp70 proteins of the human host in addition to that of its own chaperone protein complement. 

The elucidation of the proposed heterologous interactions between P. falciparum Hsp40 proteins 

and human chaperones is of fundamental interest and remains to be validated experimentally. 

Related to this, the elucidation of the protein transport mechanisms operating within the parasite, 

and between the parasite and the host at the erythrocytic stage, represents a major challenge in 

malaria research in the near future. The facilitation of protein translocation through the membranes 

of the PV and the Maurer’s clefts into the erythrocyte cytosol may be crucial to the survival of the 

parasite, and the proposed involvement of chaperone proteins in these processes may lead to the 

identification of candidate protein drug targets. Of further importance is the molecular basis of 

heterologous and homologous chaperone-substrate interactions, and particularly those involved in 

the erythrocyte membrane protein rearrangements. An analysis of the putative P. falciparum protein 

interaction network highlighted the significant functional diversity of the Hsp40 proteins in the 

parasite and their involvement with potential protein substrates. Connections were revealed 

predominantly with cytoskeletal and membrane proteins, transcriptional machinery, DNA repair and 

replication machinery, translational machinery, the proteasome and proteolytic enzymes, and 

enzymes involved in cellular physiology. While these associations remain to be validated, they too 

provide new avenues for the identification of novel anti-malarial targets. 
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CHAPTER 3: 

FOUNDATION WORK: 

Approaches to the Production and Isolation of 

Recombinant PfHsp40 and Pfj1 
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3.1 INTRODUCTION 

It is well documented that numerous P. falciparum proteins tend to be recalcitrant to heterologous 

expression for an array of reasons (BIRKHOLTZ et al., 2008; MEHLIN et al., 2006; SATI et al., 2002). Many 

of the parasite’s proteins prove to be aggregation-prone following heterologous production or are 

prematurely truncated due to their significantly larger sizes. This is complicated by the significant 

AT-richness and comparatively rare codon usage of the P. falciparum genome which sees numerous 

codons coupled to minor tRNA species in heterologous expression systems (GARDNER et al., 2002; 

MEHLIN et al., 2006).  Many P. falciparum proteins bear lower-complexity stretches of Asn and Gln 

residues that are prone to trigger aggregation or mistranslation (PIZZI and FRONTALI, 2001; SCHNEIDER 

et al., 2005) in addition to N- and C-terminal extensions that appear to influence protein folding and 

solubility (SATI et al., 2002).  Moreover, the parasite appears to utilise certain unique post-

translational modification patterns which may not be recognised or appropriately processed in 

heterologous systems (CHANG et al.,  2008; GOWDA and DAVIDSON, 1999).  These challenges have 

impeded the characterisation of numerous P. falciparum proteins and in particular, many 

prospective vaccine candidates. 

Approaches to overcome the problem of P. falciparum codon-bias in heterologous expression 

systems have been described (reviewed by BIRKHOLTZ et al., 2008).  Firstly, plasmids encoding rare 

tRNA species may be introduced into the heterologous host organisms to avert translational stalling 

of the target mRNA bearing the corresponding codons. In particular, the RIG plasmid encoding rare 

tRNA species corresponding to Arg (R), Ile (I) and Gly (G) codons (BACA AND HOL, 2000) has been used 

for the successful production of PfHsp70-I in E. coli (MATAMBO et al., 2004).  In a second approach 

termed ‘codon-optimisation’, the codons of the gene of interest may be altered by whole gene 

synthesis to complement the codon preference of the heterologous expression host. More 

specifically, lower frequency codons may be replaced with higher frequency codons corresponding 

to more abundant tRNA species in the heterologous host to avoid tRNA depletion and associated 

truncation of the target protein on expression. The success of this approach has been demonstrated 

in relation to use of the RIG plasmid, and for the expression of numerous P. falciparum vaccine 

candidates in both heterologous prokaryotic and eukaryotic systems (YADAVA and OCKENHOUSE, 2003; 

ZHOU et al., 2004).  Notably however, the success of the described strategies appears to differ for 

each target protein (FLICK et al.,  2004; ZHOU et al., 2004). Contrasted to the approach of codon-

optimisation, a novel strategy termed ‘codon-harmonisation’ attempts to match the codon rhythm 

of the synthetic gene to that of the wildtype gene, for the maintenance of the rate of expression in 

the heterologous system as is encountered in the source organism (ANGOV et al., 2008; HILLIER et al., 
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2005; NICOLL et al., 2005). In this manner, the preservation of rare codons representing translational 

pause sites may theoretically promote the correct co-translational folding of secondary structures 

and domains as they emerge from the ribosome (KOMAR et al., 2008; MARIN et al., 2008). The higher 

incidence of lower frequency codons may thus serve to enhance the solubility of heterologous 

protein products as demonstrated for the 42 kDa subunit of the P. falciparum vaccine candidate, 

Merozoite Surface Protein-1 (MSP-142; ANGOV et al., 2008). 

Previously, only one third of 1000 selected P. falciparum open reading frames were shown to be 

expressible in E. coli in a large scale expression study, with the majority of these proteins 

sequestered in inclusion bodies due to their insolubility (MEHLIN et al., 2006).  This is thought to be 

attributed to the potential toxicity posed by the plasmodial proteins to the heterologous host 

organism (MEHLIN et al., 2006; VEDADI et al., 2007). Notably, the gene encoding PfHsp40 could not be 

expressed in E. coli in the described expression study, potentially attributed to the 71% AT-richness 

of the open reading frame (MEHLIN et al., 2006). Adding to this, the overproduction of Hsp40 proteins 

in prokaryotic heterologous expression systems has consistently been shown to pose toxicity 

problems to the bacterial host resulting in a reduction in cell viability, potentially through the 

disruption of the endogenous Hsp70:Hsp40 ratio (AL-HERRAN and ASHRAF, 1998; NICOLL et al., 2006). 

Placed together, these factors warranted the need for alternative approaches to the heterologous 

expression and production of the P. falciparum Hsp40 proteins, PfHsp40 and Pfj1. In this study, the 

approaches of codon-harmonisation and codon-optimisation were used to design synthetic genes 

encoding PfHsp40 and Pfj1 respectively. Notably, synthesis of the codon-optimised Pfj1 synthetic 

gene was initiated prior to the emergence of the concept of codon-harmonisation. The genes were 

synthesised and cloned into the pQE30 expression vector (Qiagen) for subsequent heterologous 

expression and purification of the respective recombinant proteins for characterisation studies. 

Specifically, the aims of this study were to: 

i. Employ codon-harmonisation and codon-optimisation for the design of synthetic genes 

encoding recombinant PfHsp40 and Pfj1 respectively 

ii. Assemble the PfHsp40 and Pfj1 synthetic genes and clone them into the pQE30 expression 

vector (Qiagen) 

iii. Optimise the heterologous expression of PfHsp40 and Pfj1 in a prokaryotic E. coli expression 

system 

iv. Isolate recombinant PfHsp40 and Pfj1 from the heterologous expression system by Nickel-

affinity chromatography for subsequent in vitro characterisation studies 
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3.2 MATERIALS AND METHODS 

3.2.1  Construction of Expression Plasmids Encoding Recombinant PfHsp40 and Pfj1 

Codon-harmonised PfHsp40 and codon-optimised Pfj1 coding regions were synthesised and cloned 

into the pQE30 expression vector (Qiagen) as further described to constitute plasmids pQPfHsp40 

and pQPfj1 respectively. Expression from the pQE30 plasmid results in fusion with an N-terminal 

hexahistidine-tag (His6) for subsequent purification of the recombinant protein of interest by Nickel 

affinity chromatography and detection by Western analysis with an anti-His antibody. 

3.2.1.1 Codon-Harmonisation, Synthesis and Cloning of the PfHsp40 Synthetic Gene 

Codon-harmonisation of the PfHsp40 coding sequence for heterologous expression in E. coli K12 was 

performed by Dr. Evelina Angov of the Walter Reed Army Institute of Research (WRAIR, Maryland, 

USA) and verified with use of the GeneSplitter software package, kindly provided by the developer, 

Professor Jaco de Ridder (University of Pretoria, South Africa). The algorithm used for the codon-

harmonisation procedure was recently described (ANGOV et al., 2008). The preservation of the codon 

frequency rhythm in the codon-harmonised PfHsp40 coding sequence relative to the wildtype 

sequence is graphically represented in FIGURE 3.1A.  The codon-harmonised PfHsp40 coding 

sequence is provided in APPENDIX C1.  Flanking 5’-BamHI an 3’-HindIII restriction sites were 

engineered into the sequence for subsequent cloning purposes as indicated. 

The codon-harmonised PfHsp40 coding sequence was synthesised by Inqaba Biotechnical Industries 

(South Africa) and inserted into the PCR-Smart cloning vector (Lucigen) to produce plasmid pPCR-

Smart-PfHsp40 (FIGURE 3.1B). The insert was excised from the plasmid with BamHI and HindIII 

restriction enzymes (Fermentas), purified subsequent to agarose gel electrophoresis, and ligated 

into the BamHI/HindIII-digested pQE30 expression vector (Qiagen) as per APPENDICES D2-D5 to 

produce plasmid pQPfHsp40 (FIGURE 3.1C). The ligation product was transformed into E. coli JM109 

(Promega) as per APPENDIX D8.  Plasmid DNA was isolated from the resulting colonies as per 

APPENDIX D1 and verified by restriction digestion analysis as detailed in FIGURE 3.3A. Subsequent DNA 

sequencing was employed to verify the coding sequence as per APPENDIX D6 using the pQE30-

specific sequencing primers detailed in APPENDIX F3. 
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FIGURE 3.1  Construction and cloning of the codon-harmonised PfHsp40 synthetic gene. (A) Graphical 
representation of the codon-harmonisation of the PfHsp40 coding sequence for heterologous expression in E. 
coli. The E. coli K12 codon frequency of the codon-harmonised PfHsp40 sequence is shown in grey relative to 
the P. falciparum codon frequency of the wildtype sequence shown in black. The codons corresponding to 
each amino acid residue of the PfHsp40 protein sequence are aligned in order on the x-axis, with the 
corresponding codon frequency (per thousand) indicated on the y-axis. The rhythm of codon frequency of the 
codon-harmonised sequence demonstrates the preservation of translational pause sites as encountered in the 
wildtype sequence in the source organism. This contrasts the use of higher frequency codons for each amino 
acid residue as is encountered in the approach of codon-optimisation. The codon-harmonised PfHsp40 coding 
sequence was synthesised and inserted into the PCR-Smart vector (Lucigen) to produce (B) plasmid pPCR-
Smart-PfHsp40 (3111 bp). The PfHsp40 insert was excised from the pPCR-Smart-PfHsp40 plasmid with BamH] 

and Hind]]] restriction enzymes and ligated into the pQE30 expression vector (Qiagen) to produce (C) plasmid 
pQPfHsp40 (4700 bp) encoding hexahistidine (His6)-tagged PfHsp40 (49 kDa). Construction of the pQPfHsp40 
plasmid was confirmed by restriction digestion analysis as indicated in FIGURE 3.3 and subsequent DNA 
sequencing. Plasmids pPCR-Smart-PfHsp40 and pQPfHsp40 confer kanamycin (Kan

R
) and ampicillin (Amp

R
) 

resistance respectively as indicated. The plasmid maps were generated with the Vector NTI Advance
TM  

software package (version 10.3; Invitrogen). 
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3.2.1.2 Codon-Optimisation, Synthesis and Cloning of the Pfj1 Synthetic Gene 

3.2.1.2.1 Synthesis of the Pfj1 Coding Sequence by Polymerase Chain Reaction Assembly 

The protocol for polymerase chain reaction (PCR) assembly was adapted from that described by 

STEMMER et al. (1995), comprised of the assembly of overlapping oligonucleotide primers constituting 

the synthetic gene in an initial round of amplification, and subsequent amplification of the 

assembled gene product. Overlapping primers constituting the complete Pfj1 coding sequence were 

designed and codon-optimised for heterologous expression from the assembled product in E. coli 

K12, using DNAWorks (version 2.0; HOOVER and LUBKOWSKI, 2002).  The primer sequences were 

adjusted by hand to include a flanking 5’-BamHI restriction site for cloning purposes, a central SmaI 

site for delineation of the front and back halves of the Pfj1 coding sequence, and a BstBI site 

between the encoded J-domain and GF-region for subsequent J-domain swapping experiments 

(detailed in CHAPTER 5).  Moreover, internal BamHI and PstI sites were removed for subsequent 

cloning purposes. The assembled codon-optimised sequence encoding the complete Pfj1 protein 

(residues 1-672) is detailed in APPENDIX C1, and the corresponding PCR assembly primer sequences 

are detailed in APPENDIX F1. Due to the size of the Pfj1 coding sequence, the front and back halves of 

the Pfj1 synthetic gene (Pfj1-Front and Pfj1-Back) were assembled independently. The synthesis of 

Pfj1-Front was achieved with forward primers 1-21 (Pfj1Fwd_1 to Pfj1Fwd_21), and reverse primers 

29-50 (Pfj1Rev_29 to Pfj1Rev_50), and was performed by Dr. William S. Nicoll (Rhodes University). 

The synthesis of Pfj1-Back was achieved with forward primers 21-50 (Pfj1Fwd_21 to Pfj1Fwd_50) 

and reverse primers 1-29 (Pfj1Rev_1 to Pfj1Rev_29). 

The initial assembly of the respective halves of the Pfj1 coding sequence was achieved in a reaction 

comprised of 10 μl of 20 nM forward primer mix, 10 μl of 20 nM reverse primer mix, 10 μl of 5x 

reaction buffer (6 mM MgSO4, 0.1% (v/v) Triton X-100, 0.1 mg.ml
-1 
 BSA, 10 mM (NH4)2SO4, 10 mM 

KCl, 20 mM Tris-Cl, pH 8.0), 2 μl of 10 mM dNTP mix (Roche Applied Sciences) and sterile distilled 

water to a final volume of 49 μl. After incubation at 95°C for 4 minutes, 1 μl of 3 U.μl
-1 

 Expand High 

Fidelity Taq Polymerase (Roche Applied Sciences) was added to the reaction. Temperature cycling 

was allowed to proceed as follows in a GeneAmp PCR System 9700 (version 3.05; Applied 

Biosystems): one cycle of denaturation (95°C for 1 minute), 25 cycles of denaturation, annealing and 

extension (95°C for 30 seconds, 60°C for 30 seconds, 72°C for 90 seconds) and a final 4°C hold. 

Subsequent amplification of the assembly reaction products was achieved in a reaction comprised of 

1 μl of the initial PCR assembly reaction product, 2 μl of 10 μM 5’-Forward Primer (Pfj1Fwd_1 and 

Pfj1Fwd_21 for Pfj1-Front and -Back respectively; APPENDIX F1), 2 μl of 10 μM 5’-Reverse Primer 

(Pfj1Rev_29 and Pfj1Rev_1 for Pfj1-Front and -Back respectively; APPENDIX F1), 10 μl of 5x reaction 
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buffer (described above), 2 μl of 10 mM dNTP mix, 1 μl of 3 U.μl
-1 
 Expand High Fidelity Taq 

Polymerase and sterile distilled water to a final volume of 50 μl. Temperature cycling was allowed to 

proceed as detailed for the first phase of amplification. Assembly and amplification of the Pfj1 

sequence was verified by 0.8% agarose gel electrophoresis as per APPENDIX D3. 

3.2.1.2.2 Cloning of the pQPfj1 Expression Plasmid 

The strategy for the cloning of plasmid pQPfj1 is summarised in FIGURE 3.2. The amplified front and 

back halves of the Pfj1 coding sequence were purified subsequent to agarose gel electrophoresis 

and ligated into the pGEM-T Easy® cloning vector (Promega) as per the manufacturer’s instructions, 

producing plasmids pGPfj1-Front and pGPfj1-Back respectively (FIGURE 3.2A and 3.2C). The Pfj1-Front 

sequence was excised from plasmid pGPfj1-Front with BamHI (Fermentas) and SmaI (Roche Applied 

Sciences) restriction enzymes, purified subsequent to agarose gel electrophoresis, and ligated into 

the BamHI/SmaI-digested pQE30 expression vector (Qiagen) to produce plasmid pQPfj1-Front 

(FIGURE 3.2B). The Pfj1-Back coding sequence was ligated in the reverse orientation in plasmid 

pGPfj1-Back, therefore requiring re-amplification from the plasmid for the insertion of a 3’-PstI 

restriction site for subsequent cloning into the pQE30 expression vector. The Pfj1-Back sequence 

was re-amplified as per the specifications of the second PCR assembly amplification phase described 

in SECTION 3.2.1.2.1, using 100 ng of plasmid pGPfj1-Back as template DNA and the primers detailed 

in APPENDIX F2. The amplification product was gel purified subsequent to agarose gel electrophoresis, 

and ligated into the pGEM-T Easy® vector to produce pGPfj1-Back-PstI (FIGURE 3.2C). The Pfj1-Back 

sequence was excised from plasmid pGPfj1-Back-PstI with SmaI and PstI (Fermentas) restriction 

enzymes, purified subsequent to agarose gel electrophoresis and ligated into the SmaI/PstI-digested 

pQPfj1-Front plasmid to produce pQPfj1 encoding full length Pfj1 (FIGURE 3.2E). The protocols for 

restriction enzyme digestion, agarose gel electrophoresis, purification and subsequent ligation of the 

plasmid DNA and Pfj1-Front and -Back inserts is provided in APPENDICES D2, D3, D4 and D5 

respectively. Ligation products were transformed into E. coli JM109 (Promega) as per APPENDIX D8. 
Plasmid DNA was isolated from the resulting colonies as per APPENDIX D1 and verified by restriction 

digestion analysis as detailed in FIGURE 3.3. Subsequent DNA sequencing was employed as per 

APPENDIX D6 using the sequencing primers detailed in APPENDIX F3, to determine the presence of 

mutations introduced during the amplification procedures. In particular, the integrity of the re-

amplified Pfj1-Back coding sequence was verified with the use of internal sequencing primers 

(APPENDIX F3). 
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.../FIGURE 3.2  Cloning strategy for the construction of the pQPfj1 plasmid encoding full-length Pfj1. The front 
half of the Pfj1 coding sequence was assembled by PCR assembly with engineered 5’-BamHI and 3’-SmaI 
restriction enzyme recognition sites. Subsequent ligation into the pGEM-T Easy® cloning vector (Promega) 
produced (A) plasmid pGPfj1-Front (3906 bp). The Pfj1-Front insert was excised from this plasmid with BamHI 
and SmaI restriction enzymes, and subsequently inserted into the multiple cloning site of the pQE30 expression 
vector (Qiagen) to produce (B) plasmid pQPfj1-Front (4275 bp). The back half of the Pfj1 coding sequence was 
assembled by PCR assembly with an engineered 5’-SmaI restriction enzyme recognition site. Subsequent 
ligation into the pGEM-T Easy® vector produced (C) plasmid pGPfj1-Back (4251 bp). The Pfj1-Back insert was 
ligated into the pGEM-T Easy® vector in the reverse orientation, therefore subsequent reamplification was 
performed to insert a PstI site on the 3’ end of the coding sequence for subsequent cloning into plasmid 
pQPfj1-Front. The amplification product was re-inserted into the pGEM-T Easy® plasmid to produce (D) plasmid 
pGPfj1-Back-PstI. The Pfj1-Back insert was excised from plasmid pGPfj1Back-PstI with SmaI and PstI restriction 
enzymes and inserted into plasmid pQPfj1-Front to produce (E) plasmid pQPfj1 (5458 bp) encoding 
hexahistidine (His6)-tagged full length Pfj1 (76 kDa). Construction of the plasmids in stages (A) - (E) was 
confirmed by restriction digestion analysis as indicated in FIGURE 3.3 and subsequent DNA sequencing. All of 
the plasmids depicted confer resistance to ampicillin as indicated (Amp

R
). The plasmid maps were generated 

with the Vector NTI Advance
TM 

 software package (version 10.3; Invitrogen). 

3.2.1.2.3 Mutagenesis of the Pfj1 Coding Sequence 

Site-directed mutagenesis was performed by non-PCR based whole plasmid amplification 

(PAPWORTH et al., 1996) to correct a Gly
248 

 to Ser
248 

 mutation (G248S) erroneously introduced into the 

Pfj1-Front coding sequence during PCR assembly and detected by DNA sequencing analysis. 

Complementary mutagenesis primers were designed for the introduction of an S248G mutation into 

the Pfj1 coding sequence (refer to APPENDIX F4). The primers were synthesised by Integrated DNA 

Technologies (IDT, USA). Each mutagenesis reaction was comprised of 100 ng of pQPfj1 parental 

plasmid template, 2.5 µl of Dimethyl sulfoxide (DMSO; Sigma-Aldrich), 10 µl of 25 mM MgCl2, 1 µl of 

10 mM dNTP mix (Roche Applied Sciences), 125 ng of the forward primer, 125 ng of the reverse 

primer, 5 µl of 10x Pfu DNA polymerase buffer (100 mM KCl, 100 mM (NH4)2SO4, 20 mM MgSO4, 1% 

(v/v) Triton X-100, 1 mg.ml
-1 
 BSA, 200 mM Tris-Cl, pH 8.8; Promega), 1 U of Pfu DNA Polymerase 

(Promega) and sterile distilled water to a final volume of 50 μl. Thermal cycling was allowed to 

proceed as follows: one cycle of denaturation (95°C for 30 seconds), 18 cycles of denaturation, 

annealing and extension (95°C for 30 seconds, 52°C for 60 seconds, 68°C for 5 minutes), one cycle of 

final extension (68°C for 7 minutes) and a 4°C hold. Digestion of the parental pQPfj1 plasmid in the 

amplification product was achieved by the addition of 5 U of DpnI restriction endonuclease 

(Stratagene) to the reaction mixture and subsequent incubation at 37°C for 2 hours. Pre- and post-

DpnI samples were retained and analysed by 0.8% agarose gel electrophoresis (as per APPENDIX D3). 

Supercompetent E. coli JM109 cells (Promega) were transformed with the DpnI-treated mutagenesis 

product (as per APPENDIX D8) for subsequent screening purposes. Plasmid DNA was isolated from 

the resulting colonies (APPENDIX D1) and screened for the desired S248G mutation by DNA 
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Media LB 
LB-Lysine (0.1 mg.ml

-1
) 

Selection Pressure 
(Ampicillin) 

50 µg.ml
-1 

 (supplemented 
every hour  post-induction)  
100 µg.ml

-1  

200 µg.ml
-1  

OD259 
Rosetta

TM 
 2 E. coli Strain 3 

Induction 4 

IPTG (1 mM) 
A600 = 0.6-0.8 
A600 < 0.6 

PROTEIN EXPRESSION VARIABLES 1 

2x YT 

26"C (Room Temperature)  
Growth Temperature 2 30"C 

37"C 
50 µg.ml

-1  

BL21 
DH5α 
JM109 

RR1 
XL1-Blue 
XL10-Gold 
Selection absent 

PROTEIN PURIFICATION VARIABLES 
Non-denaturing 

Denaturing Conditions 4 M urea 

Column Washes ATP (10 mM) 
Triton X-100 (1%) 

Centricon® centrifugal 
units (Millipore) 

Protein Concentration 

8 M urea 

Protein Solubilisation N-Sarcosyl (7.5%) 

Column: Culture volume 
Ratio 

1:2000 
1:4000 
1:8000 

PEI (0.1%) 

Ni-NTA Columns Utilised TM Q-Sepharsose Fast Flow 
Imidazole (50-150 mM) 
HEPES (5 mM) 

NaCl (100 mM – 1 M) 
Polyethylene Glycol (PEG) 

A600 > 0.8 
Length of induction time 

1 reviewed by BIRKHOLTZ et al. (2008); SØRENSEN and MORTENSEN (2005); GRÄSLUND et al. (2008); 
2 
 BERWAL et al. 

(2008); 
3 
 sourced as per APPENDIX E ; 4 FLICK et al. (2004). 
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Purification strategies included the use of both non-denaturing and denaturing conditions in the 

absence and presence of urea respectively, solubilisation of the target proteins with 

polyethyleneimine (PEI; Sigma-Aldrich) and N-Sarcosyl (Sigma-Aldrich), and use of a Q-Sepharose 

Fast Flow
TM 

 anion exchange column (Sigma-Aldrich; 100 mM - 1 M NaCl gradient) subsequent to 

Nickel affinity chromatography (TABLE 3.1). The binding of non-target proteins to the Nickel affinity 

columns was overcome with incremented volumes of induced culture relative to the utilised column, 

in addition to washes with varied concentrations of imidazole, HEPES, ATP, Triton X-100 and NaCl as 

indicated. The combination of strategies found to yield optimum quantities of PfHsp40 and Pfj1 is 

further detailed in SECTION 3.2.2.1 and 3.2.2.2. 

3.2.2.1 Expression and Purification of Recombinant PfHsp40 

In brief, recombinant hexahistidine-tagged PfHsp40 (His6-PfHsp40) was expressed from the pQE30-

based pQPfHsp40 plasmid (FIGURE 3.1C) in E. coli XL1-Blue at 26°C in Luria-Bertani media (LB; 1% 

(w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl) supplemented with 200 µg.ml
-1 
 ampicillin. 

Protein expression was induced with 1 mM IPTG in early log phase (A600 < 0.6) in the presence of 

selection pressure, and the cells were harvested 16 hours post-induction. Protein purification was 

performed in batch, under denaturing conditions (4 M urea) in the presence of 0.1 % (v/v) PEI for 

protein solubilisation, 10 mM imidazole, 300 mM NaCl and 10 mM Tris-Cl (pH 8.0). Cell lysis was 

achieved by sonication and treatment with 1 mM lysozyme (freeze-thaw at -20 °C) in the presence of 

proteinase inhibitors (1 mM phenyl methyl sulfonyl fluoride (PMSF), 0.5 µg.ml
-1 
 Pepstatin A and 1 

µg.ml
-1 
 Leupeptin). The cell lysate was cleared by centrifugation (16 000xg, 20 minutes, 4°C). Protein 

in the soluble fraction was allowed to bind a 50% Nickel-nitrilotriacetic acid slurry (Ni-NTA; Qiagen) in 

a ratio of 1:4000 column to culture volume for 4 hours at 4°C with gentle agitation. The beads were 

subsequently washed consecutively with incremented concentrations of imidazole (50, 100 and 150 

mM), 50 mM HEPES, 10 mM ATP and 1% (v/v) Triton X-100 respectively in 300 mM NaCl and 10 mM 

Tris-Cl (pH 8.0). Washes were performed in the absence of urea to permit protein refolding. Bound 

protein was eluted from the beads with 1 M imidazole. The imidazole in the eluted fraction was 

removed by dialysis (5% (v/v) glycerol, 2 mM MgCl2, 0.8 mM DTT, 50 mM NaCl, 50 mM Tris-HCl, pH 

7.4), and the protein was concentrated with Polyethylene Glycol (PEG-3000; Sigma-Aldrich). 

Purification of the recombinant protein was verified by SDS-PAGE analysis as per APPENDIX D10 and 

Western analysis using a mouse monoclonal anti-His (1:5000; GE Healthcare) or mouse anti-penta-

His (1:5000; Qiagen) primary antibody and a horse-radish peroxidase (HRP)-conjugated sheep anti-

mouse secondary antibody (1:5000; GE Healthcare) as per APPENDIX D11. The concentration of the 

purification product was determined by Bradford’s Assay as per APPENDIX D9. 
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3.2.2.2 Expression and Purification of Recombinant Pfj1 

In brief, recombinant hexahistidine-tagged Pfj1 (His6-Pfj1) was expressed from the pQE30-based 

pQPfj1 plasmid (FIGURE 3.2E) in E. coli XL1-Blue at 37°C in 2x Yeast Tryptone media (2x YT; 1.6% (w/v) 

tryptone, 1% (w/v) yeast extract, 0.5% (w/v) NaCl) supplemented with 200 µg.ml
-1 
 ampicillin. 

Protein expression was induced with 1 mM IPTG in mid log phase (A600  of 0.6 - 0.8) in the presence of 

selection pressure, and the cells were harvested 16 hours post-induction. Protein purification was 

performed in batch, under non-denaturing conditions in the presence of 0.1% (v/v) PEI for protein 

solubilisation, 10 mM imidazole, 300 mM NaCl and 10 mM Tris-Cl (pH 8.0). Cell lysis was achieved by 

sonication and treatment with 1 mM lysozyme (freeze-thaw at -20 °C) in the presence of 1 mM 

PMSF. The cell lysate was cleared by centrifugation (16 000xg, 20 minutes, 4°C). Protein in the 

soluble fraction was allowed to bind a 50% Nickel-charged Chelating Sepharose Fast Flow
TM 

 slurry 

(GE Healthcare) in a ratio of 1:4000 column to culture volume for 4 hours at 4°C with gentle 

agitation. The beads were subsequently washed consecutively with incremented concentrations of 

imidazole (50, 100 and 150 mM) in 300 mM NaCl and 10 mM Tris-Cl (pH 8.0). Bound protein was 

eluted from the beads with 1 M imidazole. Purification of the recombinant protein was verified by 

SDS-PAGE analysis as per APPENDIX D10 and Western analysis using a mouse monoclonal anti-His 

primary antibody (1:5000 dilution; GE Healthcare) and an HRP-conjugated sheep anti-mouse 

secondary antibody (1:5000 dilution; GE Healthcare) as per APPENDIX D11. 

3.3 RESULTS AND DISCUSSION 

3.3.1  Construction of the pQPfHsp40 and pQPfj1 Expression Constructs 

Synthesis of the PfHsp40 and Pfj1 synthetic genes and subsequent cloning into the pQE30 expression 

vector was verified by restriction digestion analysis as detailed in FIGURE 3.3 below. Subsequent DNA 

sequencing was employed to confirmed the integrity of the amplified coding regions and assembled 

constructs as previously detailed. An undesired Gly
248 

 to Ser
248 

 mutation was identified in the zinc-

binding domain of the Pfj1-Front coding sequence and subsequently corrected by site-directed 

mutagenesis as discussed in SECTION 3.2.1.2.3.  Correction of the mutation was verified by DNA 

sequencing analysis. 
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). The Pfj1 -Back coding sequence was amplified by PCR assembly ( 1236 bp; 

A. B. 
M 1 2 3 M 1 2 3 4 5 6 7 8 9 10 

FIGURE 3.3 Confirmation of the cloning of the pQPfHsp40 and pQ Pfj1 plasmid s by agarose gel 

  

electrophoresis. (A) Construction of the pQPfHsp40 plasmid. The PfHsp40 coding sequence (1281 bp) was 
excised from the pPCR-Smart- PfHsp40 plasmid with BamHI and HindIII restriction enzymes (1281 bp, 1041 bp, 
740 bp, 20 bp, 15 bp and 14 bp; lane 1 ) and ligated into the Bam HI/Hind III- digested pQE30 vector (3419 bp; 
lane 2 ) to produce plasmid pQPfHsp40. The latter plasmid was verified by digestion with BamHI and HindIII, 
releasing the 1281 bp PfHsp40 insert (3419 bp and 1281 bp; lane 3). The ar row indicates the position of the 

Pfj1- Front coding sequence 
HI and SmaI restriction enzymes (3067 bp and (839 bp) was excised from the pG Pfj1 -Front plasmid with Bam 

PfHsp40 coding sequence (1281 bp). (B) Construction of the pQ Pfj1 plasmid. The 

839 bp; lane 1 ) and inserted into the 
plasmid pQPfj1-Front, which was verified by digestion with 
417 bp; lane 4 

BamHI/SmaI- digested pQE30 plasmid (3436 bp; lane 2 ). This produced 
Bam HI (4275 bp; lane 3 ) and EcoRI (3858 bp and 

lane 5 ) and inserted 
in reverse orientation into the pGEM-T Easy® vector to produce pGPfj1- Back, which was verified by digestion 
with Eco RI (2997 bp, 822 bp and 432 bp; lane 6). The Pfj1- Back coding sequence was re -amplified for insertion 
of a 3’- PstI restriction site (1242 bp; lane 7) and re -inserted into the pGEM -T Easy® vector to produce pG Pfj1-
Back-PstI . The Pfj1- Back coding sequence (1192 bp) was excised from plasmid pG Pfj1- Back-PstI with SmaI and 
PstI (2292 bp, 119 2 bp and 73 bp; lane 8 ) and inserted into the SmaI/PstI- digested pQ Pfj1 -Front plasmid (4262 
bp; lane 9 ) to produce pQ Pfj1 . Insertion of the Pfj1 -Back coding sequence into the latter plasmid was verified 
with digestion with SmaI and PstI (4262 bp and 1196 bp; lane 10). The upper and lower arrows indicate the 
position of the Pfj1- Back (1196 bp) and Pfj1- Front (839 bp) sequences respectively. The corresponding plasmid 
maps for the restriction digestions indicated in the figure are presented in FIGURES 3.1 and 3.2 . The digested 
fragments were resolved by 0.8% agarose gel electrophoresis. Restriction enzymes used were sourced 
commercially as listed in APPENDIX E . In both panels lane M represents a PstI- digested λDNA Marker with the 
corresponding base pair (bp) size markers indicated on the left. All stages of the cloning of the pQPfHsp40 and 
pQPfj1 plasmids were verified by DNA sequencing. 

3.3.2  Expression and Purification of Recombinant PfHsp40 and Pfj1 

3.3.2.1 Isolation of Recombinant PfHsp40 

The production and isolation of recombinant hexahistidine-tagged PfHsp40 proved successful, albeit 

at low levels as represented in FIGURE 3.4. The expression of the protein could be driven from the 

pQPfHsp40 plasmid in E. coli XL1 -Blue with enhanced selection pressure of 200 µg.ml 
-1 

 ampicillin 

(FIGURE 3.4A ). Significant variation was observed in independent E. coli XL 1-Blue [pQPfHsp40] 

colonies in terms of recombinant protein expression levels and time points relative to induction, 

therefore rigorous colony scr eening was employed prior to the isolation procedure described to 

identify colonies successfully producing the protein. 
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-tagged PfHsp40. FIGURE 3.4  Heterologous production and isolation of recombinan t hexahistidine 
E. coli -based pQPfHsp40 plasmid in Recombinant His6-PfHsp40 expression was driven from the pQE30 XL1-Blue 

d with increased selection pressure of 200 was significantly enhance of the recombinant protein Expression 
µg.ml

-1 
 and 100 µg.ml

-1 
 ampicillin, contrasted to 50 µg.ml

-1 
 ampicillin in the growth media . The as indicated 

protein was detected in the The protein could be pellet fraction (P) following sonication. detected in insoluble 

The presence or absence of PEI treatment is indicated by the symbols ‘+’ and ‘ -‘ lysate prior to sonication. 
PfHsp40 protein was detected by Western analysis 

primary antibody, and an HRP 
The His6- respectively. 

(GE Healthcare) 
using a mouse 

-His (Qiagen) -conjugated sheep anti 
monoclonal 

or mouse anti - penta 

(v/v) PEI. Upper panel Stages of the purification process were verified 

secondary antibody (GE Healthcare) .  (B) The protein was successfully purified by Nickel 
chromatography on a Ni- NTA column (Qiagen) under denaturing conditions in the presence of 4 M urea and 
with protein solubilisation with 0.1% 

XL1- Blue [pQPfHsp40] whole cell lysate fraction 16 hours post 2 by 10% SDS : 1 – E. coli -induction, -PAGE. Lanes 
0.1% 

proteins 
Triton X- 

The concentration of recombinant His6-PfHsp40 (49 kDa) eluted from the column with 1 M imidazole. 100, 5 – 

4M urea and 
- NTA column, 3 – Post-sonication 4 – Non-target 

(v/v) 

XL1- Blue [pQPfHsp40] -sonication and treatment with – E. coli 
(v/v) PEI, 

50 - 150 mM imidazole, were removed from the column with 

supernatant fraction post 
supernatant fraction unbound to the Ni 

50 mM HEPES, 10 mM ATP and 1% 
-1 

 as determined by Bradford’s Assay the purified protein was in the range of 0.1 µg.µl - The . Lower panel 
6-PfHsp40 verified as detailed above. (C) 

- 
purification of recombinant His 
Endogenous Hsp70, DnaK, was co 

protein was 
- NTA column under non 6-PfHsp40 from the Ni -purified with recombinant His 

by Western analysis 

ast Flow
TM 

 (Sigma and -Aldrich) column subsequent anion exchange chromatography on a Q-Sepharose F 
elution with a 0.1 Upper panel – 10% SDS -PfHsp40 

Lanes: 1 
- 1 M NaCl gradient. 
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Notably, the use of non-denaturing conditions for the purification of recombinant hexahistidine-

tagged PfHsp40 was found to yield significant contaminating amounts of the endogenous 

prokaryotic Hsp70, DnaK. The contaminant could not be eliminated from the protein preparation by 

subsequent anion exchange chromatography on a Q-Sepharose column with an elution gradient of 

100 mM - 1 M NaCl (FIGURE 3.4C). Consequently, PfHsp40 was purified under denaturing conditions 

in the presence of 4 M urea (FIGURE 3.4B).  It is likely that the co-purification of DnaK under non-

denaturing conditions represented the association of the chaperone protein with PfHsp40 in a 

chaperone-substrate interaction. The recognition of excess amounts of the prokaryotic Hsp40, DnaJ, 

as a substrate by DnaK has previously been described (LAUFEN et al., 1999).  It could therefore be 

argued that PfHsp40 was not appropriately folded despite the use of the approach of codon-

harmonisation. In favour of this argument, expression from the codon-harmonised PfHsp40 

synthetic gene resulted in the production of an insoluble protein product (FIGURE 3.4A). This 

contrasts the described use of codon-harmonisation for the enhanced production and solubility of 

the MSP-142 protein by ANGOV et al. (2008).  Despite this, the observed expression of PfHsp40 from 

the codon-harmonised gene is a marked improvement on the previously reported lack of expression 

of the protein from the wildtype gene in E. coli BL21 (MEHLIN et al., 2006). Notably, expression of the 

codon-harmonised PfHsp40 gene was observed in the E. coli BL21 strain in this study (data not 

shown). 

It could equally be argued that the recombinant PfHsp40 protein was rendered insoluble as a result 

of its potential toxicity to the bacterial expression host. Consistent with this, over-expression of the 

recombinant protein could not be achieved in the prokaryotic system (lane 1, FIGURE 3.4B), 

suggesting the degradation of the protein product or the suppression of translation. Moreover, the 

growth of the E. coli XL1-Blue [pQPfHsp40] culture was observed to be significantly reduced in 

contrast to that of the vector control E. coli XL1-Blue [pQE30] culture, potentially indicating a 

reduction in cell viability in the presence of recombinant PfHsp40. Notably, only low levels of 

PfHsp40 expression could be detected in approximately 5% of E. coli XL1-Blue [pQPfHsp40] colonies 

screened for expression. Despite the posed complications, the solubilisation of the recombinant 

PfHsp40 protein could be promoted by treatment with the ionic reagent, PEI (0.1%; FIGURE 3.4A). PEI 

promotes protein solubilisation during cell lysis by precipitating nucleic acids that would otherwise 

bind to the target protein and promote aggregation. Importantly, the reagent does not disrupt the 

structural or functional integrity of the target protein as previously demonstrated (NUNN et al., 2002; 

SHONHAI et al., 2008; TRABBIC-CARLSON et al.,  2004).  Following purification under non-denaturing 

conditions in the presence of PEI (FIGURE 3.4B), recombinant PfHsp40 was shown to be active in in 

vitro characterisation assays as detailed in CHAPTER 6. 
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Attempts to reproduce and optimise the partial isolation of recombinant Pfj1 depicted in FIGURE 3.5 

were unsuccessful. The protein could therefore not be isolated in sufficient quantity or purity for 

subsequent in vitro characterisation studies. Unfortunately, the utilisation of a eukaryotic expression 

system for the production of Pfj1 was not feasible owing to the codon usage selected for the 

synthetic gene encoding the protein. Due to the lack of purified recombinant Pfj1, alternative 

approaches were employed in the characterisation of the co-chaperone properties of the protein as 

further described in CHAPTER 5. 

3.4 CONCLUSIONS 

As a result of the differences that exist between PfHsp40 and Pfj1, and the multitude of factors 

influencing the success of the heterologous production of P. falciparum and Hsp40 proteins, the 

approaches of codon-harmonisation and -optimisation could not be compared unequivocally in this 

study. In hindsight, it would have been more meaningful to evaluate the effects of these two 

approaches on the production of the same protein product, however, this was beyond the scope of 

this study and remains to be performed in future work. Nevertheless, the approach of codon-

harmonisation was shown to promote the successful heterologous expression of PfHsp40 in a 

prokaryotic expression system. Albeit at low levels, this was previously not attainable from the 

wildtype PfHsp40 gene (MEHLIN et al., 2006). In contrast, the expression of Pfj1 remained a challenge 

despite the employment of codon-optimisation in the design of the corresponding synthetic gene, 

hindering subsequent in vitro characterisation studies. 

The heterologous production of recombinant PfHsp40 and Pfj1 appeared to be complicated by the 

potential toxicity of the proteins to the bacterial host. This has been shown consistently for the 

expression of Hsp40 proteins in heterologous systems (AL-HERRAN and ASHRAF, 1998; NICOLL et al., 

2006).  It is also suggested that P. falciparum proteins of a higher isoelectric point (pI; greater than 

6.0), higher molecular weight (greater than 56 kDa), greater protein disorder or those that lack 

homology to proteins of the heterologous expression system are predisposed to insolubility or lack 

of expression in E. coli prokaryotic expression systems (MEHLIN et al. 2006).  These factors are 

suggested to be more strongly correlated to the lack of expression of certain target proteins than 

codon-bias (MEHLIN et al. 2006). Notably, Pfj1 represents an atypically large Hsp40 protein (76 kDa in 

size in the hexahistidine-tagged recombinant form) that is considerably different to the homologous 

E. coli Hsp40 protein, DnaJ, and exhibits a comparatively high isoelectric point of 9.25. Furthermore, 

Pfj1 exhibits Lys-, Pro- and Asn-rich regions of low complexity that could pose complications to the 

integrity with which the protein is expressed heterologously. In contrast, PfHsp40 represents a 

smaller protein (49 kDa in size in the hexahistidine-tagged recombinant form) that is significantly 
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homologous to E. coli DnaJ, bears fewer regions of lower-complexity and exhibits a comparatively 

lower isoelectric point of 7.05. These differences potentially account for the successful production 

of PfHsp40, and not Pfj1, in the employed expression system. It has also been suggested that mRNA 

levels and stability may be of greater importance in the efficient heterologous expression of certain 

proteins, than the abundance of tRNA species corresponding to the target gene (WU et al., 2004). 

Notably, mRNA stability is of consideration in the approach of codon-harmonisation, but is not 

accounted for in the approach of codon-optimisation. 

A domain approach to the isolation of recombinant Pfj1 may prove more successful than the 

attempts described in this study to express and purify the complete Pfj1 protein. Importantly, the J-

domain of Pfj1 was shown to be expressed from the corresponding codon-optimised coding region 

engineered in this study, in a chimeric protein produced in E. coli as further detailed in CHAPTER 5. It 

is possible that the production of Pfj1 in the heterologous bacterial host may be promoted by the 

trimming of the lower complexity regions of the protein, including the N-terminal leader sequence 

preceding the J-domain and the C-terminal extension following the substrate-binding domain. 

Furthermore, it remains to be determined whether the use of an alternative expression system may 

better promote the production and isolation of recombinant PfHsp40 and Pfj1. In particular, yeast, 

mammalian or baculovirus/insect cell line expression systems may satisfy post-translational 

modification requirements, if any, of the target proteins (as reviewed by BIRKHOLTZ et al., 2008). This 

would require re-synthesis of the genes of interest to complement the codon usage preferences of 

the heterologous systems, and the re-cloning of these genes into suitable expression vectors. The 

use of alternative fusion-tag vector systems, such as those encoding maltose binding protein (MBP)-

or glutathione S-transferase (GST)-fusion proteins, may be more efficient at promoting the solubility 

and expression of the Hsp40 proteins of interest in future studies, and remains to be assessed. 
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CHAPTER 4: 

LOCALISATION STUDIES: 

Elucidation of the Presence and Localisation of PfHsp40 and Pfj1 in 

Intraerythrocytic-Stage P. falciparum Parasites 
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4.1 INTRODUCTION 

The transcriptional upregulation of PfHsp40 and Pfj1 in erythrocytic stage P. falciparum parasites has 

previously been described (BOZDECH et al., 2003; LE ROCH et al., 2003; WATANABE et al., 1997) however it 

has not been determined whether this upregulation translates into the production of these 

respective Hsp40 proteins. This study describes the use of immunofluorescence assays to determine 

the presence and localisation of PfHsp40 and Pfj1 in the asexual intraerythrocytic stages of cultured 

P. falciparum-infected erythrocytes, to provide insight into the roles of these type I Hsp40 proteins in 

the parasite’s biology. Peptide-directed antibodies specific to PfHsp40 and Pfj1 were designed and 

raised for this purpose. In particular, this work was aimed at substantiating the potential for 

interactions of PfHsp40 and Pfj1 with PfHsp70-I. The upregulation and distribution of PfHsp70-I in 

the intraerythrocytic phase of the parasite’s lifecycle has been documented (BISWAS and SHARMA, 

1994; JOSHI et al., 1992; PESCE et al., 2008); this abundant protein has been implicated in protein folding 

and processing tasks in the parasite cytoplasm, nucleus (KUMAR et al., 1991) and parasitophorous 

vacuole (NYALWIDHE and LINGELBACH, 2006) as previously detailed. The possibility that PfHsp40 and 

Pfj1 co-chaperone compartment- or stage-specific tasks of PfHsp70-I was investigated as further 

discussed. 

Similarly, the proposed association of PfHsp40 with the stage-specific Merozoite Surface Protein-7 

(MSP-7; encoded by PF13_0197) was explored in this study. The proposed interaction between 

these two proteins was detected by yeast two-hybrid analysis (LACOUNT et al., 2005; refer to SECTION 

2.5.3; CHAPTER 2) but has not been validated. For this purpose, the distribution of PfHsp40 was 

assessed relative to that of MSP-7 in the developing merozoite stage of the parasite to substantiate 

the potential interaction between these proteins. 

Specifically, the objectives of this study were to (i-vi): 

i. Confirm the presence and distribution of PfHsp70-I in the intraerythrocytic stages of 

P. falciparum development 

ii. Engineer and raise peptide-directed antibodies specific to PfHsp40 and Pfj1 

iii. Confirm the presence of PfHsp40 and Pfj1 in the intraerythrocytic stages of P. falciparum 

development 

iv. Determine the localisation of PfHsp40 and Pfj1 in these stages relative to PfHsp70-I 

v. Assess the effect of induced heat shock on the localisation of PfHsp40 and Pfj1 

vi. Determine the localisation of the putative PfHsp40 interactor protein, MSP-7 relative to 

PfHsp40 
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4.2 MATERIALS AND METHODS 

4.2.1  Parasite Culture 

P. falciparum parasites (strain 3D7) were continually cultured in RPMI 1640 media supplemented 

with 50 mM glucose, 25 mM HEPES, 0.65 mM hypoxanthine, 0.2% (w/v) NaHCO3, 48 μg.ml
-1 

 

gentamicin, 0.5% (w/v) Albumax II and 2-4% (v/v) human type 0
+ 
 erythrocytes, at 37°C under N2  

containing 3% (v/v) CO2  and 4% (v/v) O2.  Cultures were synchronised during the ring stage of 

parasite development with sorbitol as previously described (LAMBROS and VANDERBERG, 1979).  For 

heat shock experiments, subcultures were incubated at 37°C (control) and 43°C (heat shock) 

respectively for 2 hours prior to use. 

4.2.2  Production of P. falciparum and Erythrocyte Lysates 

Production of the P. falciparum-infected erythrocyte lysate fractions is schematically represented in 

FIGURE 4.1A.  P. falciparum-infected erythrocytes were separated from a culture containing 

uninfected erythrocytes by centrifugation with a step-wise Percoll gradient containing 3% (w/v) 

alanine as previously described (GINSBURG et al., 1998). Subsequent to washes in phosphate-buffered 

saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10.3 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4), the parasite-

infected erythrocytes were optionally treated with 0.1 % (w/v) saponin in PBS to enable lysis of the 

erythrocyte membranes. Subsequently, intact parasites were sedimented by centrifugation (2300 xg, 

3 minutes) and excess saponin was removed by washing with PBS. The supernatant of the 

centrifugation step containing the infected erythrocyte cytoplasm was retained. Lysates of 

uninfected erythrocytes and whole P. falciparum-infected erythrocytes were similarly prepared, 

without treatment with saponin. Samples were frozen in liquid nitrogen and lyophilised until further 

use. 

4.2.3 Specifications for Peptide-Directed Antibody Design and Synthesis 

Peptide-directed antibodies specific to PfHsp40 and Pfj1 were designed based on regions on high 

antigenicity in the C-termini of the two proteins. Epitopic regions of the two proteins were selected 

using algorithms determined for peptide antigenicity (HOPP and WOODS, 1981; JAMES and WOLFE, 

1998), surface probability (EMINI et al., 1985), hydropathy (KYTE and DOOLITTLE, 1982) and chain 

flexibility (KARPLUS and SCHULTZ, 1988) as provided in GeneRunner software (version 3.05; Hastings 

Software Inc.). Cross-reactivity of the antibodies was avoided by confirmation of the specificity of 

the selected peptide regions to the target proteins by a BLAST search (ALTSCHUL et al., 1997). 

Synthesis of the antibodies to the predicted epitopes was kindly performed in the laboratory of 
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Professor Richard Zimmerman (Universität des Saarlandes, Germany). The peptides (TABLE 4.1) were 

synthesised with a preceding cysteine residue [C] and subsequently conjugated to haemocyanin. 

TABLE 4.1  Designed Anti-PfHsp40 and Anti-Pfj1 Peptide-Directed Antibody Specifications 
Antibody Target Protein Recognition Region Peptide (N- to  C-  terminus) Source 
Anti-PfHsp40 PfHsp40 Residues 381-395 [ C]SPVDKEYIKVRVTK Rabbit  
Anti-Pfj1 Pfj1 Residues 505-520 [ C]NKNEENMSDDEKKKI Rabbit 

Antibodies were raised in individual rabbits immunised with the respective conjugated peptides. A 

pre-immunisation serum sample was collected and weekly post-immunisation serum samples were 

drawn for 8 weeks subsequent to immunisation. Serum samples were tested for reactivity against 

the target proteins by Western analysis as detailed in SECTION 4.2.4. 

4.2.4  Detection of Proteins in P. falciparum Lysates by Western Analysis 

P. falciparum-infected erythrocyte lysate samples were reconstituted in PBS containing 0.1% (v/v) 

Triton X-100. The protein concentration of the samples was determined by Bradford’s Assay (as per 

APPENDIX D9) to allow for comparable detection of the proteins of interest in the respective fractions. 

The proteins of interest were detected in the reconstituted lysates by Western analysis (APPENDIX 

D11) as follows: PfHsp40 and Pfj1 were detected with the engineered rabbit anti-PfHsp40 and rabbit 

anti-Pfj1 polyclonal antibodies (pAb) respectively (1:5000 dilution; SECTION 4.2.3) and PfHsp70-I was 

detected with rabbit anti-PfHsp70-I pAb (1:5000 dilution). HRP-conjugated goat anti-rabbit pAb 

(1:5000 dilution; GE Healthcare) served as the secondary antibody for this detection. Negative 

controls were prepared using the pre-immunisation sera of the respective antibodies in place of 

primary antibody (1:5000 dilution). Whole cell lysates of E. coli XL1-Blue producing recombinant 

hexahistidine-tagged versions of PfHsp40, Pfj1 and PfHsp70-I from plasmids pQPfHsp40, pQPfj1 

(CHAPTER 3) and pQPfHsp70-I respectively, served as positive controls. PfHsp70-I production was 

driven in E. coli XL1-Blue following a previously described method (SHONHAI et al., 2008). Plasmid 

pQPfHsp70-I (originally termed pQE30/PfHsp70; MATAMBO et al., 2004) and the anti-PfHsp70-I 

antibody were kind gifts from Dr. Addmore Shonhai, Rhodes University (SHONHAI, 2007). 

4.2.5  Detection of Proteins by Immunofluorescence Assays 

Immunofluorescence localisation studies were employed to detect the proteins of interest (PfHsp40, 

Pfj1, PfHsp70-I, MSP-7 and a Maurer’s cleft marker protein, PfSBP-1) in trophozoite- and mixed-stage 

P. falciparum-infected erythrocytes, under non-heat shock and heat shock conditions respectively. 

Glass cover-slips were incubated in 1 mg.ml
-1 
 poly-L-lysine for 15 minutes and subsequently washed 

in PBS. A culture of P. falciparum infected erythrocytes was resuspended in PBS (1:10; pH 7.4) and 30 
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μl aliquots bound to individual poly-L-lysine coated cover-slips by centrifugation (700 rpm, 2 minutes) 

in 1 ml of PBS in 24-well plates. Unbound erythrocytes were removed by subsequent washes with 

PBS. Optional lysis of the erythrocyte membranes was achieved by incubation in 0.25% (w/v) 

saponin for 15 seconds, followed by the removal of excess saponin by repeated rinses with PBS. The 

bound erythrocytes were fixed and permeabilized with ice-cold methanol (-20 °C) for 2 minutes, and 

subsequently washed with PBS. Fixed erythrocytes were incubated in blocking solution (1 mM MgCl2, 

1 mM CaCl2, 50% (v/v) Fetal Calf Serum (FCS), 20 mg.ml
-1 
 Bovine Serum Albumin (BSA) and 0.1% (v/v) 

Tween-20 in PBS) for 30 minutes. Subsequently, samples were incubated for 1 hour in the 

appropriate primary antibody diluted in blocking solution (1:200 rabbit anti-PfHsp40 pAb, 1:200 

rabbit anti-Pfj1 pAb, 1:500 rabbit anti-PfHsp70-I pAb; 1:500 rabbit anti-MSP-7 pAb or 1:250 mouse 

anti-PfSBP-1 pAb). The anti-MSP-7 antibody (KAUTH et al., 2006; WOEHLBIER et al., 2006) and the anti-

PfSBP-1 antibody (BLISNICK et al., 2000) were kind gifts from Professor Herman Bujard (University of 

Heidelberg, Germany) and Dr Jude Przyborski (Philipps University, Germany) respectively. 

Subsequent to several washes in PBS, the samples were incubated in the dark in the appropriate 

secondary antibody, including 1:250 TRITC-conjugated goat anti-rabbit (Invitrogen) or 1:1000 Alexa 

Fluor 488 goat anti-mouse monoclonal antibody (mAb; Invitrogen) diluted in blocking solution. 

Subsequent to several washes of the samples in PBS, the parasite nuclei were stained by brief 

incubation (10 seconds) in 1 μg.ml
-1 
 4’6-diamidino-2-phenylindole (DAPI; Invitrogen) in PBS. The 

samples were rinsed with distilled water and mounted in Permafluor (Beckman Coulter) or 

Faramount (Dako) aqueous mounting media. The cells were viewed by fluorescence microscopy on a 

Nikon Eclipse E600 fluorescence microscope (100x Apochromat objective) and images were captured 

using a Media Cybernetics CoolSNAP-Pro monochrome cooled charged coupled device (CCD) camera. 

In this instance, pseudo-colouring and merging of the captured images was achieved with Adobe® 

Photoshop CS software (version 8.0). Alternatively, the cells were viewed by confocal fluorescence 

microscopy on a Zeiss Meta Laser Scanning Microscopy (LSM) 510 Microscope (62.5x objective) and 

images were captured using the accompanying Zeiss LSM 519 software. Background and non-specific 

fluorescence signal was monitored in control experiments with (i) rabbit pre-immunisation serum 

used in place of primary antibody, and (ii) in the absence of primary antibody. 

4.2.6 Detection of Pfj1 by Immuno-Electron Microscopy 

Pfj1 was detected in cultured P. falciparum erythrocytes by immuno-electron microscopy as further 

described. Cultured P. falciparum-infected erythrocytes were washed in cacodylate buffer (0.1 M 

sodium cacodylate, 0.1 M sucrose, 2 mM CaCl2, 2 mM MgCl2, pH 7.4) and subsequently fixed for 1 

hour in fixative solution (cacodylate buffer containing 4% (w/v) paraformaldehyde and 0.25% (w/v) 
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gluteraldehyde). The fixed erythrocytes were incubated for 1 hour in fixative containing 1% (w/v) 

tannic acid and subsequent incubation for an additional hour in fixative containing 1% (w/v) osmium 

tetroxide. This was followed by subsequent washes in fixative and immobilisation in 2% (w/v) low 

melting-point agarose. The sample was dehydrated in incremented concentrations of ethanol and 

embedded in LR White resin (Electron Microscopy Sciences). Ultrathin sections were cut and 

mounted onto nickel grids. Prior to use, sections were rehydrated in PBS for 10 minutes, and blocked 

for 20 minutes in PBS containing 50 mM glycine. The sections were blocked for an additional 20 

minutes in PBS containing 1% (w/v) BSA and 5% (v/v) goat serum. This was followed by incubation 

with primary antibody (1:1000 rabbit anti-Pfj1 pAb) in PBS supplemented with 0.2% (v/v) goat serum 

and 0.2% (w/v) Aurion BSA (Electron Microscopy Sciences) for 1 hour at room temperature. 

Subsequently the sections were washed with PBS containing 0.2% (v/v) goat serum, 0.2% (w/v) BSA 

and 0.1% (v/v) Tween-20. Incubation with gold-labelled secondary antibody was achieved for 1 hour 

at room temperature (1:25 colloidal gold-conjugated anti-rabbit antibody (GE Healthcare, UK) in PBS 

containing 0.2% (v/v) goat serum and 0.2% (w/v) Aurion BSA). The sections were washed as before 

(0.2% (w/v) BSA, 0.2% (v/v) goat serum, 0.1% (v/v) Tween-20 in PBS) and fixed in 2% (w/v) 

gluteraldehyde in PBS for 10 minutes. Subsequent to repeated washes with distilled water, 

counterstaining of the sections was achieved with uranyl acetate and lead citrate. Samples were 

prepared in duplicate. Non-specific gold labelling was monitored in control sections incubated with 

1:25 gold-labelled secondary antibody in the absence of primary antibody, or with 1:1000 pre-

immunisation serum used in place of primary antibody. Immuno-gold labelling was visualised and 

captured with a JEOL 1200 EX2 Transmission Electron Microscope. 

4.3 RESULTS AND DISCUSSION 

4.3.1  Detection of Chaperone Proteins in P. falciparum-Infected Erythrocyte Lysate 

PfHsp70-I and PfHsp40 were detected in mixed-stage P. falciparum-infected erythrocyte lysate 

fractions by Western analysis as depicted in FIGURE 4.1. PfHsp70-I was detected as a 75 kDa protein 

in the parasite fraction and appeared absent from the erythrocyte cytoplasm fraction of the lysate 

(lanes P and S respectively; FIGURE 4.1). This is consistent with the lack of an identifiable PEXEL/HT 

motif in PfHsp70-I for export to extra-parasitic locations in the infected erythrocyte, and the 

previously described absence of the protein in the erythrocyte cytoplasm (BANUMATHY et al., 2002; 

SARGEANT et al., 2006). Notably, the engineered anti-PfHsp40 antibody detected a specific protein of 

expected size (49 kDa) in the parasite fraction, corresponding to the detection of heterologously-

produced recombinant PfHsp40 in E. coli XL1-Blue [pQPfHsp40] (lanes P and R respectively, FIGURE 

4.1). This identified protein is suggested to represent PfHsp40 specifically detected by the anti- 
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FIGURE 4.1  Detection of PfHsp70 -I, PfHsp40 and Pfj1 in mixed P. falciparum 

- 75 kDa 

- 49 kDa 

- 76 kDa 

-infected erythrocyte -stage 

membranes. I Intact parasites (P; pellet) were isolated from the infected erythrocyte cytoplasm (S; 

additional detection with a mouse anti 
lysate fractions or in E. coli XL1Blue 
antibody as further discussed in the text. 

The detection of Pfj1 in the infected erythrocyte 
-Pfj1 [pQPfj1] lysate was not achieved with use of the engineered anti 

lane H ). -His antibody ( 

in P. falciparum -infected erythrocyte lysate (lane E) by Western analysis with the anti 
able in the parasite fraction 

-PfHsp40 
), and (lane P 

-I, anti -PfHsp70 

PfHsp40 antibody, as it was not detected in the erythrocyte l cytoplasm fraction ( lane S; FIGURE 4.1 ) 

and was not recognised by the pre-immunisation rabbit serum of the engineered antibody. The 

identification of PfHsp40 in lcultured P. falciparum-infected erythrocytes serves to validate the 

predicted gene expression l profile of the protein in the intraerythrocytic stages of the parasite’s 

development ( LE ROCH 

absence of PfHsp40 in the infected 

recognisable PEXEL/HT motif  

).  Moreover, the apparent 

erythrocyte cytoplasm is consistent with the lack of a 

The presence of PfHsp70 -I and 

et al. , 2003; detailed in FIGURE 2. 6, CHAPTER 2 

in the protein ( SARGEANT et al., 2006 ). 

PfHsp40 in the parasite in the intraerythrocytic stages of development supports the notion of the 

proposed interaction between these two proteins. This was further supported by an overlap in the 

localisation patterns of the two proteins , as described in SECTION 4.3.2 . 
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Independent studies have suggested the transcriptional upregulation of Pfj1 in intraerythrocytic 

stage P. falciparum parasites, providing evidence for the potential production of the protein during 

these stages (BOZDECH et al., 2003; WATANABE, 1997).  However, the engineered rabbit anti-Pfj1 

polyclonal antibody (detailed in SECTION 4.2.3) failed to detect an appropriate protein corresponding 

to the anticipated size of Pfj1 (76 kDa) in the P. falciparum-infected erythrocyte lysate (FIGURE 4.1). 

Instead, the anti-Pfj1 antibody detected numerous non-specific proteins in the erythrocyte fraction 

and in the uninfected erythrocyte negative control (data not shown). The detection of these proteins 

was attributed to the reactivity of the pre-immunisation serum of the anti-Pfj1 antibody, as 

determined in the appropriate pre-immunisation negative control. All post-immunisation serum 

samples produced in the engineering of the anti-Pfj1 antibody were tested for reactivity against 

recombinant Pfj1, and yielded similar non-specific results in Western analysis. The open reading 

frame of the Pfj1 gene (PFD0462w) is assumed to be correct based on transcriptional data reported 

by WATANABE (1997).  However, Pfj1 represents a significantly large type I Hsp40, raising the 

possibility that this protein undergoes post-translational splicing in the parasite. This is unlikely to 

account for the inability of the engineered anti-Pfj1 antibody to recognise Pfj1 in parasite-infected 

erythrocyte lysate as the antibody similarly failed to recognise full-length recombinant hexahistidine-

tagged Pfj1 in E. coli XL1-Blue (positive control lane R, FIGURE 4.1). The recombinant protein could be 

detected with an anti-His antibody in the positive control as indicated (lane H, FIGURE 4.1).  Despite 

these findings, the anti-Pfj1 pre-immunisation serum did not react with elements of the erythrocyte 

cytoplasm or of the parasite in subsequent immunofluorescence studies, while the antibody in the 

post-immunisation sera proved specific to the parasite as further discussed in SECTION 4.3.2.3. This 

highlights the important consideration of the existence of differences in the detection of non-native 

and native proteins in Western analysis and immunofluorescence assays respectively. 

4.3.2  Localisation Studies: Immunofluorescence Assays and Immuno-Electron Microscopy 

4.3.2.1 Confirmation of the Localisation of PfHsp70-I in Erythrocytic Stage P. falciparum Parasites 

Previously, PfHsp70-I  was shown to localise to the parasite cytoplasm and nucleus in 

intraerythrocytic stage P. falciparum parasites (KUMAR et al., 1991). In agreement with this, PfHsp70-I 

was identified in the parasite cytoplasm in more than 90% of trophozoite- and schizont-stage 

parasites, in addition to the parasite nucleus in approximately 50% of trophozoite-stage parasites in 

the immunofluorescence assays performed in this study (FIGURE 4.2). Notably, KUMAR et al. (1991) 

described the cytoplasmic distribution of PfHsp70-I as the minor localisation pattern. Interestingly, 

the protein exhibited an apparent cytoplasmic distribution distinct from the nucleus in the 

developing merozoites of the schizont phase (FIGURE 4.2).  Consistent with this apparent shift in 
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FIGURE 4.2  Detection of PfHsp70-I in P. falciparum-infected erythrocytes by immunofluorescence staining. 
The distribution of PfHsp70-I is shown for cultured (A) mixed trophozoite- and schizont-stage and (B and C) 
schizont-stage parasite-infected erythrocytes

1 
 respectively. PfHsp70-I appeared to localise to the parasite 

cytoplasm in all stages of development in addition to the parasite nucleus in certain trophozoite-stage parasites 
(with an approximate incidence of 50%). The detection of PfHsp70-I was achieved with rabbit anti-PfHsp70-I 
pAb and TRITC-conjugated goat anti-rabbit secondary pAb (indicated in red; visualised with a TRITC filter) using 
intact parasite-infected erythrocytes maintained at 37°C prior to immunofluorescence staining (non-heat 
shock). Signal was not detected in the negative controls, with the use of secondary antibody only or with the 
use of pre-immunisation serum as primary antibody. Columns: DAPI – parasite nuclei detected with a UV filter 
(indicated in blue; notably the erythrocytes are anucleate); TRITC - PfHsp70-I localisation; DAPI-TRITC – merged 
image of parasite nuclear staining and PfHsp70-I localisation. Schizonts are indicated by the presence of 
multiple nuclei of the developing merozoites and are denoted with the letter ‘S’. White arrows indicate the 
parasite boundaries in the absence of corresponding phase-contrast images. Immunofluorescence samples 
were viewed on a Zeiss Meta Laser Scanning Microscopy (LSM) 510 Microscope (62.5x objective) and the 
images were captured using the accompanying Zeiss LSM 519 software. Size-bars are indicated in µm in the 
bottom right corner of each frame. 
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localisation, PfHsp70-I was first identified as a 75 kDa protein present on the merozoite surface 

(ARDESHIR et al., 1987).  This merozoite surface localisation was potentially evident in the enlarged 

schizont images presented in FIGURE 4.2B and 4.2C. The localisation of PfHsp70-I to distinct sites in 

the trophozoite and schizont stages of development highlights the numerous possible stage-specific 

roles of this protein in the parasite. Adding to this, FOTH et al. (2008) recently provided evidence for 

the post-translational modification of PfHsp70-I in schizont-stage P. falciparum parasites. 

1 Intraerythrocytic stages of P. falciparum development are represented in FIGURE 1.4, CHAPTER 1 
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Cautiously, it must be noted that in the absence of accompanying phase-contrast images for the 

fluorescence images captured on the Zeiss Meta LSM 510 Microscope, the schizont-stage infections 

illustrated in FIGURE 4.2 may equally be interpreted as multiple trophozoite-stage infections. 

Similarly, the apparent nuclear localisation of PfHsp70-I in the trophozoite-stage parasites remains to 

be confirmed, as the nuclear boundaries are poorly-defined by the DAPI staining in the absence of 

corresponding phase-contrast images. 

PfHsp70-I was previously identified in the parasitophorous vacuole (NYALWIDHE and LINGELBACH, 

2006) however this could not be confirmed in the immunofluorescence assays employed in this 

study. Notably, the size of the vacuolar compartment renders it in indistinguishable from the 

boundaries of the parasite plasma membrane. This putative PfHsp70-I localisation remains to be 

assessed with the use of an appropriate marker protein such as the P. falciparum parasitophorous 

vacuolar protein-1 (PfPV-1; NYALWIDHE and LINGELBACH, 2006) or serine-rich protein (PfSERP; ANSORGE 

et al., 1996; NYALWIDHE et al., 2002). An independent proteomic study proposed the localisation of 

PfHsp70-I to the Maurer’s clefts developed by the parasite in the infected erythrocyte, consistent 

with the proposed role of these secretory organelles in the sorting and processing of exportome 

proteins (VINCENSINI et al., 2005).  Contrary to this, PfHsp70-I was not identified in extra-parasitic 

locations in this study (FIGURE 4.2). Moreover, PfHsp70-I lacks a recognisable PEXEL/HT export motif 

(SARGEANT et al., 2006) and could previously not be identified in the infected erythrocyte cytoplasm 

with an alternative anti-PfHsp70-I antibody (BANUMATHY et al., 2002). Although this does not exclude 

the possibility of the condition-specific export of this protein beyond the confines of the 

parasitophorous vacuole membrane, the proteomic findings of VINCENSINI et al. (2005) are 

questionable. It is most likely that PfHsp70-I serves fundamental chaperone roles within the 

parasite, including the folding of newly translated proteins, the mediation of the appropriate stress 

response of the organism, and the maturation of particular client proteins in co-operation with 

PfHsp90 and numerous associated co-chaperone proteins. Moreover, it is likely that PfHsp70-I 

resides in the parasitophorous vacuole to facilitate the sorting and export of proteins destined for 

extra-parasitic locations. 

The absence of PfHsp70-I from the infected erythrocyte cytoplasm is consistent with the proposed 

recruitment and utilisation of human Hsp70 for the assembly of parasite protein complexes in the 

host cell (BANUMATHY et al., 2002).  Curiously, immunostaining with a mouse anti-human Hsp72/73 

antibody (Stressgen) detected a protein in the parasite cytoplasm of trophozoite- and schizont-stage 

parasites and did not recognise human Hsp70 in the erythrocyte (not shown). The cross-reactivity of 

this antibody with Hsp70 proteins from organisms other than the human has been described, 

suggesting that the observed distribution pattern may represent the detection of an additional 
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cytoplasmic Hsp70 homolog of the parasite, such as PfHsp70-x or PfHsp70-z (TABLE 2.4, CHAPTER 2). 

The protein was not detected in the parasite nucleus and was therefore assumed to represent a 

protein other than PfHsp70-I. The localisation of other Hsp70 homologs of the parasite remains to be 

validated (reviewed by SHONHAI et al., 2007). 

4.3.2.2 Detection of PfHsp40 in P. falciparum-Infected Erythrocytes 

The immunofluorescence assays performed in this study revealed the localisation of PfHsp40 to the 

parasite cytoplasm in trophozoite- and schizont-stage parasites in heat shock and non-heat shock 

conditions, with an incidence of greater than 90% (FIGURE 4.3). This is in keeping with the cytoplasmic 

distribution of analogous type I Hsp40 proteins in eukaryotic organisms, as discussed in CHAPTER 2. 

Moreover, this is consistent with the observed cytoplasmic distribution of PfHsp70-I in this study 

(FIGURE 4.2), suggesting the potential co-localisation of PfHsp40 and PfHsp70-I, and contributing 

additional rationale to the proposed interaction of PfHsp70-I and PfHsp40 in the intraerythrocytic 

stages of P. falciparum development. 

In addition to the major distribution pattern of PfHsp40 in the parasite cytoplasm, the apparent 

detection of the protein in distinct punctate sites in the infected erythrocyte cytoplasm was observed 

(FIGURE 4.3).  These sites were potentially indicative of the Maurer’s clefts as they appeared 

immediately beneath the erythrocyte plasma membrane (fourth column, FIGURE 4.3) and were less 

evident in the emerging trophozoites. In dispute of this putative extra-parasitic localisation, PfHsp40 

does not bear an identifiable export motif for secretion into the erythrocyte cytoplasm. Moreover, 

PfHsp40 was not detected in the erythrocyte cytoplasm in the prior Western analysis study (FIGURE 

4.1), although the identified structures may have been disrupted upon treatment with saponin during 

preparation of the lysate (SPIELMANN et al., 2006). The apparent distribution pattern observed in the 

Maurer’s clefts was determined to be specific to the engineered anti-PfHsp40 antibody, as the 

corresponding pre-immunisation serum did not elicit an immunofluorescence signal in the parasite or 

the infected erythrocyte cytoplasm. The proposed presence of a non-PEXEL/HT Hsp40 protein of the 

parasite, Pfj4, in the Maurer’s clefts of certain parasitized erythrocytes has been reported (PESCE et 

al., 2008).  It is therefore possible that the extra-parasitic distribution observed in this study 

represents the true localisation of PfHsp40 to sites in the erythrocyte cytoplasm, but it may just as 

likely denote the non-specific binding of the anti-PfHsp40 antibody itself to these sites. Notably, the 

anti-PfHsp40 antibody is unlikely to cross-react with exportome Hsp40 proteins such as PFE0055c 

(TABLE 2.1, CHAPTER 2) in the Maurer’s clefts, as the antibody was designed against a highly specific 

portion of the PfHsp40 C-terminus (TABLE 4.1). Despite this, the tendency of antibodies to bind non-

specifically to the Maurer’s clefts has been reported (MAIER et al., 2007; SPIELMANN et al., 2006). 
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is provided in (E). Notably, the presence of multiple nuclei may represent the infection of the erythrocyte with 
more than one parasite in culture, or the schizont stage of as indicated in (A) and (D) parasite development 
respectively. PfHsp40 was detected using rabbit anti -rabbit -conjugated goat anti -PfHsp40 pAb and TRITC 
secondary pAb (indicated in red; visualised with a I TRITC filter). Parasite nuclei were detected with I DAPI staining 
visualised with UV light (indicated in blue). Columns: PHASE – phase-contrast image with black arrows indicating 
the position of the parasites; DAPI PfHsp40 localisation; PHASE-TRITC – merged image – parasite nuclei; TRITC – 
indicating PfHsp40 localisation relative to the phase DAPI-TRITC – merged image indicating -contrast image; 
PfHsp40 localisation relative to the parasite nuclear staining. Fluorescence signal was not detected in the 
negative controls with the use of pre-immunisation serum as primary antibody or the use of secondary antibody 
only. Samples were visualised on a Nikon Eclipse E600 fluorescence microscope (100x Apochromat objective). 
Images were recorded with a coupled Media Cybernetics coolSNAP- Pro monochrome CCD camera, and pseudo - 
coloured using Adobe® frame. each Size bars are indicated Photoshop CS (version 8.0). in µm for 
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FIGURE 4.4  Detection of P. falciparum Skeleton-Binding Protein-1 (PfSBP-1) in P. falciparum-infected 
erythrocytes by immunofluorescence staining. PfSBP-1 was shown to localise to Maurer’s cleft-like 
structures in trophozoite- and schizont-stage parasite-infected erythrocytes (BLISNICK et al.,  2000) as 
illustrated in (A) and (B) respectively. The position of these structures was verified by Z-stack analysis. This 
distribution pattern may also indicate the localisation of PfSBP-1 to the parasitophorous vacuole membrane 
(MAIER et al., 2007). The corresponding distribution of PfHsp40 in trophozoite- and schizont-stage parasites 
from prior immunofluorescence studies is provided in the right-hand column (extracted from FIGURE 4.3). 
Detection of PfSBP-1 was achieved with mouse anti-PfSBP-1 pAb and Alexa Fluor 488 goat anti-mouse mAb. 
The infected cells were maintained at 37°C prior to immunofluorescence staining (non-heat shock) and kept 
intact. Signal was not detected in the appropriate negative controls, with the use of secondary antibody only 
or with the use of pre-immunisation serum as primary antibody. Columns: DAPI – parasite nuclei detected 
with a UV filter (indicated in blue); ALEXA FLUOR 488 – PfSBP-1 localisation; DAPI-ALEXA FLUOR 488 – 
merged image of parasite nuclear staining and PfSBP-1 localisation; PfHsp40 - corresponding PfHsp40 
localisation (extracted from FIGURE 4.3). Immunofluorescence samples were viewed on a Zeiss Meta Laser 
Scanning Microscopy (LSM) 510 Microscope (62.5x objective) and the images were captured using the 
accompanying Zeiss LSM 519 software. Size-bars are indicated in µm in each frame. 
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4.3.2.2.1 Assessment of the Apparent Extra-Parasitic Localisation of PfHsp40 

Subsequent experiments were performed to validate the apparent Maurer’s cleft localisation of 

PfHsp40, using an antibody raised against an appropriate marker protein, the P. falciparum Skeleton 

Binding Protein-1 (PfSBP-1; BLISNICK et al., 2000).  The 48 kDa PfSBP-1 protein is known to span the 

membrane of the Maurer’s clefts, with partial exposure on the erythrocyte cytoplasmic face where it 

interacts with a skeleton protein of the erythrocyte plasma membrane (BLISNICK et al., 2000). PfSBP-1 

has also been reported in the parasitophorous vacuole membrane where it is required for the 

trafficking of the P. falciparum erythrocyte membrane protein 1 (PfEMP1) to the infected erythrocyte 

surface (MAIER et al., 2007). In this study, PfSBP-1 was detected in Maurer’s cleft-like structures and 

potentially also in the parasitophorous vacuole of all trophozoite- and schizont-stage parasites as 

depicted in FIGURE 4.4. The distribution pattern of the protein appeared to be similar to the apparent 

extra-parasitic localisation of PfHsp40 observed in the initial immunofluorescence assays (FIGURE 4.3), 

although the latter appeared to be more punctate and less abundant (FIGURE 4.4). 
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Notably, the apparent distribution of PfHsp40 in the erythrocyte cytoplasm was of high incidence, 

observed in all infected erythrocytes exhibiting a cytoplasmic distribution of the protein in the initial 

triplicate immunofluorescence assays performed (FIGURE 4.3).  Confounding to this, the distribution 

of PfHsp40 appeared to be restricted to the parasite cytoplasm and the apparent extra-parasitic 

localisation of the protein was not observed in independent repeat experiments (data not shown). 

Consequently, it may be considered that PfHsp40 was distributed to the Maurer’s clefts under 

specific cellular conditions present in the cultured parasite-infected erythrocytes used in the initial 

immunofluorescence studies. Consistent with this argument, the only notable difference between 

the independent immunofluorescence studies was the use of different parasitized erythrocyte 

subcultures. In the prior studies, the cultured parasites exhibited slightly accelerated growth rates, 

completing the intraerythrocytic lifecycle in less than 48 hours at 37°C. This accelerated growth could 

have posed significant stress to the parasite, and may account for the possible distribution of 

PfHsp40 and other stress response proteins to the Maurer’s clefts. It may even be argued that the 

‘Maurer’s cleft’ distribution of PfHsp40 appeared to be slightly enhanced under conditions of 

induced heat shock (FIGURE 4.3C). This is highly speculative however, and the only tangible conclusion 

from this study is that the cytoplasmic distribution of PfHsp40 in the parasite represented the major 

localisation pattern of the protein in the intraerythrocytic stages of development. 

4.3.2.2.2 Localisation of the PfHsp40-Interactor Protein, Merozoite Surface Protein-7 

The P. falciparum Merozoite Surface Protein-7 (MSP-7) was identified as a potential interactor 

protein of PfHsp40 in a yeast two-hybrid analysis of the protein interaction network of the parasite 

(LACOUNT et al., 2005; SECTION 2.5.3, CHAPTER 2).  MSP-7 is targeted to the membrane of developing 

merozoite-stage parasites following synthesis and proteolytic splicing of the precursor form of the 

protein in the schizont stage (PACHEBAT et al., 2007). Importantly, MSP-7 has been implicated in the 

invasion of the human erythrocyte by the merozoite stage of P. falciparum (KADEKOPPALA et al., 2008) 

through co-operation with Merozoite Surface Proteins-1 and -6 (MSP-1 and MSP-6) in a multiprotein 

complex (KAUTH et al., 2006).  This highlights a crucial role for MSP-7 in the pathogenesis of the 

parasite (PACHEBAT et al., 2007) and emphasises the importance of elucidating associated protein 

interactions. In this study, the localisation of MSP-7 was assessed in the intra-erythrocytic stages of 

P. falciparum development by immunofluorescence staining as detailed in FIGURE 4.5. The protein 

was consistently detected in the emerging merozoites of the schizont-stage in a predominant surface 

and cytoplasmic distribution consistent with the literature (FIGURE 4.5). This distribution is in line with 

the presence and cytoplasmic distribution of PfHsp40 in the merozoites of the schizont stage as 

presented in FIGURE 4.3. Weak or no immunostaining was observed for MSP-7 in trophozoite-stage 

parasites, consistent with the protein’s gene expression profile predicted by LE ROCH et al. (2003). 

Chapter 4  | 104 



5 µm 5 µm 5 µm 

DAPI TRITC DAPI-TRITC 

FIGURE 4.5  Detection of Merozoite Surface Protein-7 (MSP-7) in mixed-stage P. falciparum-infected 
erythrocytes by immunofluorescence staining. MSP-7 was detected in an apparent surface localisation in 
developing merozoites of the schizont-stage (as indicated by the white arrows) in addition to the merozoite 
cytoplasm. The protein was not strongly detected in trophozoite-stage parasites suggesting that the protein 
was upregulated in the schizont stage. Detection of the protein was achieved with rabbit anti-MSP-7 pAb 
and TRITC-conjugated goat anti-rabbit secondary pAb (indicated in red). The infected cells were maintained 
at 37°C prior to immunofluorescence staining (non-heat shock) and kept intact. Signal was not detected in 
the appropriate negative controls, with the use of secondary antibody only or with the use of pre-
immunisation serum as primary antibody. Columns: DAPI – parasite nuclei detected with a UV filter 
(indicated in blue); TRITC - MSP-7 localisation; DAPI-TRITC – merged image of parasite nuclear staining and 
MSP-7 localisation. Immunofluorescence samples were viewed on a Zeiss Meta Laser Scanning Microscopy 
(LSM) 510 Microscope (62.5x objective) and the images were captured using the accompanying Zeiss LSM 
519 software. Size-bars are indicated in µm in each frame. 

The potential overlap in localisation of MSP-7 and PfHsp40 lends itself to the notion that these 

proteins may exhibit interactions in the intraerythrocytic stages of development. The purpose of the 

proposed association of PfHsp40 with MSP-7 in the parasite is speculative, as discussed in SECTION 

2.5.3, CHAPTER 2. It is possible that PfHsp40 recognises MSP-7 as a client protein, and subsequently 

co-operates with PfHsp70-I in the targeting of the protein to the merozoite surface, or in the 

assembly of the MSP-1-MSP-6-MSP-7 multiprotein merozoite surface complex. Consistent with this 

notion, PfHsp70-I has been identified on the merozoite surface as previously described (ARDESHIR et 

al., 1997) and alluded to in the findings presented in FIGURE 4.2. Notably, the existence and nature of 

the proposed association of PfHsp40 with MSP-7 remains to be validated by protein binding assays. 

4.3.2.3 Detection of Pfj1 in P. falciparum-Infected Erythrocytes 

Pfj1 appeared to localise predominantly to the parasite nucleus in more than 90% of trophozoite-

stage parasites under all conditions investigated in the immunofluorescence assays, evident from the 

overlapping of the immuno- and DAPI staining (fifth column, FIGURE 4.6). This distribution is 

consistent with the predicted nuclear localisation of Pfj1 described in CHAPTER 2 (PSortII prediction; 

NAKAI and HORTON, 1999). In addition, immunofluorescence signal was detected in the cytoplasm of 

all parasites exhibiting the anti-Pfj1 nuclear immunostaining (FIGURE 4.6). It would appear that the 

engineered anti-Pfj1 antibody was more efficient at detecting native Pfj1 in the immunofluorescence 

assays presented in FIGURE 4.6, than denatured Pfj1 in the prior Western analysis described in 

SECTION 4.3.1. The anti-Pfj1 pre-immunisation serum did not elicit an immunofluorescence response 
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in the uninfected or infected erythrocyte ll cells in the negative controls in this study, attributing the 

immunostaining observed in the parasite to the specific binding of the 

immunisation serum in the test l samples . 
antibody in the post- 

Chapter 4  | 106 

A. 

immunofluorescence staining. 
infected erythrocytes, (B) 
for 2 hours prior to staining 

the parasite cytoplasm and nucleus in 

C. 

erythrocytes and (D) intact mature 
at 37°C prior to immuno-fluorescence staining with the exception of (B). Fluorescence staining was detected in 

stages represented 
rabbit secondary pAb (indicated 
staining visualised with UV light 

PHASE – 

were visualised on a Nikon Eclipse E600 fluoresce 

B. 

D. 

FIGURE 4.6 Putative 

TRITC – Pfj1 localisation; 
image; DAPI-TRITC – merged image indicating Pfj1 localisation relative to the parasite nuclear staining. 

(version 8.0). Size bars 

Immunostaining of the nucleus was diminis 

use of secondary antibody only or with the use of pre- immuni 

Media Cybernetics coo 

PHASE-CONTRAST DAPI 

phase-contrast image with black arrows indicating the position of the parasites; DAPI – parasite nuclei; 

2.5 µm 

2.5 µm 

5 µm 

5 µm 

in (C) and (D). 

are indicated in 
lSNAP- Pro monochrome CCD camera, 

PHASE- TRITC 

saponin-treated trophozoite 

detection of Pfj1 in 

(heat shock) 

in red; visualised with a TRITC filter). Parasite nuclei 
(indicated in blue) 

Staining was observed for (A) saponin 

Pfj1 was detected using rabbit anti 

schizont 

2.5 µm 

– merged image indicating Pfj1 localisation relative to the phase 

2.5 µm 

µm in each frame. 

5 µm 

5 µm 

-stage parasite 

hed with an increase in parasite cytoplasmic staining 

, (C) saponin 

the trophozoite 

. Signal was not detected in the negative controls, with the 

nce microscope (100x Apochromat 

TRITC PHASE-TRITC DAPI-TRITC 

mixed-stage 

-stage parasite 
-treated developing 
-infected erythrocytes 

2.5 µm 

2.5 µm 

and 

5 µm 

5 µm 

-stage parasites represented in 

sation serum as primary antibody. 

pseudo-coloured 

P. falciparum 

-Pfj1 

-infected erythrocytes incubated at 43°C 
-treated trophozoite 

pAb and TRITC-conjugated goat anti- 

schizont-stage parasite 
. Infected cells were maintained 

2.5 µm 

2.5 µm 

-infected erythrocytes by 

using 

5 µm 

5 µm 

were detected 

objective) coupled to a 
Adobe® Photoshop CS 

-stage parasite 

(A) and (B) 
in the schizont 

with DAPI 

Columns: 

-contrast 

-infected 

2.5 µm 

2.5 µm 

Images 

5 µm 

5 µm 

- 

. 
- 



overlap in the PfHsp70 

apparent shift of both 

highlights the potential 

may exhibit interactions . 

-I and Pfj1 localisation patterns in the parasite cytoplasm and nucleus, and the 

proteins out of the nucleus in the developing intraerythrocytic parasites 

the notion that these proteins co-localisation of these proteins , and supports 

microscopy (EM) as de picted in FIGURE 4. 7 below . 

A. 

antibody and gold-conjugated anti 
indicated with black arrows. Apparent non 
component of the rabbit serum is indicated 
specific gold labelling. Abbreviations used: 
cytoplasm; MC – Maurer’s 

FIGURE 4.7  Putative d 
immuno- 

MC 

electron microscopy 

N 

P E 

etection of Pfj1 

clefts. Size bars are indicated in 

(EM) 

MC 

. Pfj1 was detected with (A) 1:500 and (B) 1:1000 rabbit anti 
-rabbit secondary antibody. 

in trophozoite 

0.2 µm 

P – 

-specific 
with white arrows 

parasite cytoplasm; 

staining 

-stage 

B. 

µm in 

P. falciparum 

of the Maurer’s cl 
. The secondary antibody did not display non 

each frame. 

Immunostaining in the parasite nucleus is 

N – parasite nucleus; 

-infected human erythrocytes 

MC 

efts 

N 

by the antibody or a 

P 

E – erythrocyte 

- Pfj1 primary 

0.2 µm 

E 

by 

- 

Apparent Pfj1 l l levels in the l nucleus appeared to l lessen in the schizont stage, with lloca lisation to the 

periphery of the parasite l cytoplasm in immature l developing schizonts (FIGURE 4. 6C and 4.6D). 

Notably, the evident shift of the protein from the nucleus in the schizont stage was similarly 

observed for PfHsp70-I (FIGURE 4. 2 ) as described in SECTION 4.3 .2.1. The detection of Pfj1 in the 

intraerythrocytic stages of development is consistent with the previously predicted expression profile 

of the protein based on transcriptomic data (BOZDECH et al. , 2003; WATANABE, 1997 ).  Moreover, the 

The apparent localisation of Pfj1 to the parasite nucleus was further explored with immuno -electron 

An apparent nuclear and cytoplasmic l labelling trend was observed in the test samples in certain 

trophozoite- stage parasite sections when probed w ith the anti - Pfj1 antibody ( FIGURE 4.7). This 

staining was potentially specific as it was not observed in the pre-immunisation negative control , and 
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is in keeping with the distribution of Pfj1 determined by the prior immuno-fluorescence studies. 

Unfortunately, the results from immuno-EM were rendered inconclusive as a result of apparent non-

specific labelling in the Maurer’s clefts. This labelling was attributed to the non-specific binding of 

elements of the rabbit serum as determined in the pre-immunisation negative control, however 

attempts to lessen inconsistent labelling in the test samples with lowered primary antibody 

concentrations yielded the same results (FIGURE 4.7B). 

4.4 CONCLUSIONS 

In summary, this study has confirmed the presence of PfHsp40 and Pfj1 in the P. falciparum parasite 

in the intraerythrocytic stages of development using specific peptide-directed antibodies raised to 

detect these proteins. The identification of these type I Hsp40 proteins in the asexual blood-stages is 

consistent with previously predicted gene expression profiles derived from transcriptional data 

(BOZDECH et al., 2003; LE ROCH et al., 2003) and is in keeping with the importance of chaperone proteins 

in general in this phase of the parasite’s lifecycle. 

PfHsp40 was observed to localise predominantly to the parasite cytoplasm in trophozoite- and 

schizont-stage parasites. This distribution pattern overlaps with that reported for PfHsp70-I in this 

study and prior work (KUMAR et al., 1991). This is potentially indicative of co-localisation, contributing 

rationale to the proposed interaction of PfHsp70-I with PfHsp40 in the parasite cytoplasm. The 

cytoplasmic distribution of PfHsp40 further supports the general ‘house-keeping’ co-chaperone role 

envisaged for the protein and the parallels drawn between PfHsp40 and analogous cytoplasmic type 

I Hsp40 proteins of eukaryotic origin (discussed in CHAPTER 2).  More specifically, it is probable that 

PfHsp40 undergoes farnesylation at the C-terminal CAAX box motif and subsequently associates with 

the cytoplasmic face of the intracellular organellar membranes to facilitate protein translocation. It is 

also likely that PfHsp40 associates with the PfHsp90/PfHsp70-I multi-chaperone complex in the 

parasite cytoplasm to participate in the processing and activation of mature client proteins, as 

previously described for the corresponding S. cerevisiae cytoplasmic CAAX-box type I Hsp40 protein, 

Ydj1 (FLOM et al., 2008). PfHsp40 may also serve stage-specific roles in the P. falciparum parasite, as 

alluded to by the proposed interaction of the co-chaperone protein with MSP-7 (LACOUNT et al., 

2005).  In this study, MSP-7 was shown to exhibit an apparent merozoite surface and cytoplasmic 

localisation. This is consistent with the detection of PfHsp40 in the merozoite cytoplasm. The 

identification of PfHsp70-I in the vicinity of the merozoite surface (ARDESHIR et al., 1987) suggests that 

PfHsp70-I and PfHsp40 may co-operate in the processing of MSP-7 for targeting to the merozoite 

surface, or in the assembly of the MSP-1-MSP-6-MSP-7 multiprotein merozoite surface complex. It 

remains to be determined whether these chaperones can recognise MSP-7 in a chaperone-substrate 
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dependent manner, and whether the PfHsp40-MSP-7 interaction detected by yeast two-hybrid 

analysis represents a true association in vivo. 

In addition to the major cytoplasmic localisation pattern of PfHsp40, it cannot be excluded that the 

protein may be distributed beyond the confines of the vacuolar membrane to sites in the erythrocyte 

cytoplasm. The apparent stage-specific progression of the PfHsp40 distribution pattern observed in 

the infected erythrocyte cytoplasm in this study suggests that the protein may localise to the 

Maurer’s clefts. What is more, the observed extra-parasitic distribution pattern of PfHsp40 appeared 

similar to that of the Maurer’s cleft marker protein, PfSBP-1 in this study, and that of the exportome 

Hsp40 protein PFE0055c, as determined by others (BHATTACHARJEE et al., 2008; HILLER et al., 2004). 

Interestingly, PfSBP-1 lacks an identifiable export motif, highlighting the possible localisation of 

additional PEXEL/HT-negative proteins to these sites. Notably, an apparent extra-parasitic 

distribution has similarly been described for the PEXEL/HT-negative type II Hsp40 protein, Pfj4. 

Cautiously however, it cannot be excluded that the anti-PfHsp40 antibody may be predisposed under 

certain conditions to non-specific binding to the Maurer’s clefts, as previously suggested for other 

antibodies (SPIELMANN et al., 2006). 

Similarly, the localisation patterns of PfHsp70-I and Pfj1 were shown to overlap in this study, with 

distribution to the parasite cytoplasm and nucleus in intraerythrocytic-stage parasites. Both of these 

chaperone proteins were observed to shift out of the nucleus of the developing merozoites, alluding 

to stage-specific roles. The apparent co-localisation of PfHsp70-I and Pfj1 and shift in distribution 

patterns during the progression of the intraerythrocytic stages lends itself to the potential of these 

two proteins to co-operate in an Hsp70-Hsp40 partnership. Cautiously, the results pertaining to the 

localisation of Pfj1 could not be confirmed by Western analysis and remain to be validated in this 

manner. Notably the design of a new, specific peptide-directed anti-Pfj1 antibody was hampered by 

the significant domain and residue conservation of Hsp40 proteins in general, and the identification 

of unique antigenic regions of the Pfj1 protein that are not of low complexity. The transfection of P. 

falciparum parasites with green fluorescent protein (GFP)-fusion constructs may be considered for 

future localisation studies, to complement the immunochemical-based localisation strategies 

described here. Considerations for the use of this technique in future experiments are further 

detailed in CHAPTER 7. 

Interestingly, the localisation patterns of PfHsp40 and Pfj1 appeared to remain constant under 

induced conditions of heat shock. In critique of this, a heat-shock temperature of 43°C is significantly 

higher that the temperature fluctuation range of the febrile incidences of malaria illness (37-41°C) 

and may therefore have reduced the viability of the cultured parasites. Although the exposure of 

Chapter 4  | 109 



parasite-infected erythrocytes to a temperature of 43°C may not have appropriately simulated heat 

shock as it is encountered in vivo, this temperature was selected based on the upregulation of Pfj1 

mRNA at this temperature (WATANABE, 1997). Moreover, the upregulation of PfHsp70-I and a type II 

Hsp40 protein, Pfj4, have been reported at this temperature (PESCE et al., 2008). The upregulation of 

P. falciparum type III and IV Hsp40 proteins at the more appropriate induced temperature of 41°C in 

the intraerythrocytic stages of the parasite has also been described (OAKLEY et al. 2007). It remains to 

be determined whether PfHsp40 or Pfj1 expression is constitutive or upregulated in response to heat 

shock in P. falciparum-infected erythrocytes, as described for PfHsp70-I. 

The findings of this study have supported the notion that PfHsp70-I may forge Hsp70-Hsp40 

partnerships with PfHsp40 and Pfj1 in the trophozoite, schizont and merozoite stages of 

intraerythrocytic P. falciparum development. Immunoprecipitation experiments were employed to 

validate the proposed association of PfHsp70-I and PfHsp40, but proved inconclusive (data not 

shown). PfHsp70-I appeared to co-precipitate with PfHsp40 bound to the anti-PfHsp40 antibody in 

the parasite-infected erythrocyte lysate, however co-precipitation of the protein was similarly 

observed in the pre-immunisation serum negative control. Moreover, PfHsp70-I was observed to 

bind non-specifically to the Protein G Sepharose (Sigma-Aldrich) or Protein A/G PLUS Agarose beads 

(Santa-Cruz Biotechnology) in the absence of bound antibody in the experiment. Irrespective of this, 

a true Hsp70-Hsp40 association may be too transient to capture by immunoprecipitation, and this is 

further complicated by the potential recognition of Hsp40 as a substrate by Hsp70 in this system. 

Further substantiation of the potential for Hsp70-Hsp40 partnerships between PfHsp70-I and 

PfHsp40 and Pfj1 in the P. falciparum parasite was achieved by investigation of the proposed co-

chaperone properties of the type I Hsp40 proteins, as described in CHAPTERS 5 and 6. 
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CHAPTER 5: 

IN VIVO CHARACTERISATION: 

Assessment of the Functionality of PfHsp40 and Pfj1 in an 

In Vivo Prokaryotic Complementation System 
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5.1 INTRODUCTION 

It is known that Hsp40 proteins are not entirely interchangeable with respect to their interaction 

with distinct Hsp70 proteins (KELLEY and GEORGEOPOULOS, 1997; KLUCK et al., 2002; MINAMI et al., 1996; 

PRÖLS et al., 2001; SCHLENSTEDT et al., 1995; SULLIVAN et al., 2000).  Interchangeability is thought to be 

reliant on the interaction of the Hsp40 proteins of interest with homologous or functionally 

equivalent Hsp70 proteins, or their involvement in analogous chaperone processes in the cell 

(DELOCHE et al., 1997; GENEVAUX et al., 2001).  Prior work has demonstrated the functional 

interchangeability of diverse Hsp40 proteins in prokaryotic and eukaryotic complementation 

systems, in E. coli (DELOCHE et al., 1997; GENEVAUX et al., 2002; HENNESSY et al., 2005a; KELLEY and 

GEORGOPOULOS, 1997; NICOLL et al., 2007) and S. cerevisiae respectively (EDKINS et al., 2004; FEWELL et 

al., 2002; SCHLENSTEDT et al., 1995; YAN et al., 2002). The interchangeability of the Hsp40 proteins in 

these studies was assessed in terms of the ability of an exogenously produced Hsp40 protein of 

interest to replace functionally compromised or deficient endogenous Hsp40 proteins in vivo, 

through interaction with the appropriate endogenous Hsp70 proteins or involvement in distinct 

chaperone processes. 

Hsp40 proteins are thought to mediate the specificity of interaction with their more promiscuous 

Hsp70 partner proteins, suggested by the generally larger ratio of Hsp40 proteins relative to Hsp70 

proteins encoded on the genomes of numerous diverse organisms as previously discussed (BOTHA et 

al., 2007; HENNESSY et al., 2000; VOS et al., 2008).  In particular, the J-domain appears to be a major 

determinant of this specificity, as investigated by numerous J-domain swapping experiments 

(reviewed in HENNESSY et al., 2005b).  Coupled to rational mutagenesis, these experiments have 

provided insight into the established sequence-specific and structural elements of the J-domain that 

govern the specificity of interaction with partner Hsp70 proteins (GENEVAUX et al., 2002; HENNESSY et 

al., 2005a). 

This study was aimed at the characterisation of the in vivo functionality of recombinant PfHsp40 and 

Pfj1 in a heterologous system. The approaches of J-domain swapping, rational mutagenesis and 

Hsp40 interchange in a prokaryotic complementation system were employed to identify common 

factors of J-domain based Hsp70-Hsp40 interaction in the prokaryotic and parasitic systems. 

Specifically, the objectives of this study were to (i-iv): 

i. Assess the ability of exogenously produced PfHsp40 and Pfj1 to functionally replace 

endogenous prokaryotic Hsp40 in the E. coli OD259 in vivo complementation system 

(DELOCHE et al., 1997) 
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ii. Conduct domain swapping of the J-domain of a prokaryotic DnaJ protein with the 

atypical J-domain of Pfj1 to produce a Pfj1 J-domain DnaJ chimera protein 

iii. Assess the functionality of the Pfj1 J-domain chimera in the E.  coli OD259 

complementation system to identify common mechanisms of J-domain based interaction 

with Hsp70 

iv. Perform rational mutagenesis on the Pfj1 J-domain to identify important residues and 

motifs governing the functionality of the domain 

5.2 MATERIALS AND METHODS 

5.2.1  In Vivo Complementation Assays 

Functional in vivo complementation assays were performed in the thermosensitive E. coli OD259 

strain (MC4100 dnaJ::Tn10 ΔcbpA::Kan
r 
 Δara714 araD139) as previously described (DELOCHE et al., 

1997; KELLEY and GEORGOPOULOS, 1997). Prior work has demonstrated the ability of the A. tumefaciens 

DnaJ protein (Agt DnaJ; accession AAR84666.1) to functionally replace wildtype E. coli CbpA (curved 

DNA binding protein A; CbpA) and DnaJ in the E. coli OD259 strain at 40°C (HENNESSY et al., 2005a). E. 

coli OD259 cells exogenously producing Agt DnaJ from plasmid pRJ30 therefore served as a positive 

control for the complementation assays (HENNESSY et al., 2005a). Substitution of residue His
33 

 of the 

highly conserved HPD motif in the loop region between helices II and III of the J-domain is known to 

abolish interactions with Hsp70 (HENNESSY et al., 2005a; TSAI and DOUGLAS, 1996) therefore E. coli 

OD259 cells exogenously producing mutant Agt DnaJ-H33Q from plasmid pRJ30-H33Q served as the 

negative control. Moreover, untransformed E. coli OD259 served as an additional negative control to 

demonstrate the thermosensitivity of the strain in the absence of DnaJ and CbpA complementation. 

Competent E. coli OD259 cells were transformed with the appropriate plasmids (as per APPENDIX D8) 

for exogenous production of the recombinant proteins of interest, and grown overnight at 30°C. 

Single colonies were used to inoculate 5 ml of 2x yeast-tryptone media (2x YT; 1.6% tryptone; 1% 

yeast extract, 0.5% NaCl) containing 100 μg.ml
-1 
 ampicillin for plasmid selection and 50 μg.ml

-1  

kanamycin for strain selection. The cultures were grown overnight at 30 °C (200 rpm), subsequently 

diluted 1:100 with 2x YT media (100 μg.ml
-1 
 ampicillin, 50 μg.ml

-1 
 kanamycin) and grown further at 

30°C until an approximate A600  of 2.0 was obtained. Cultures were diluted to an A600  of 0.3 with 2x YT 

media and subsequent 10-fold serial dilutions were performed to a final dilution of 1×10
−8

. Aliquots 

of 3 μl of each dilution were spotted onto three separate 2x YT-agar plates (1.5% agar in 2x YT media) 

containing 50 μM IPTG. These plates were incubated at 30°C, 40°C and 42°C respectively for 12 - 16 

hours to determine the ability of the exogenously produced recombinant proteins (Agt DnaJ, Agt 
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DnaJ-H33Q, PfHsp40 and Pfj1) to functionally replace wild-type DnaJ and CbpA in E. coli OD259, by 

the reversal of the strain’s thermosensitivity. Complementation assays were performed in triplicate. 

5.2.2  Western Analysis for the Detection of Recombinant Proteins in E. coli OD259 

Western analysis was performed on whole cell lysates of transformed E. coli OD259 exogenously 

producing the recombinant proteins of interest. Proteins extracts were resolved by 12% (w/v) SDS-

PAGE and detected by Western analysis (APPENDICES D10 and D11). The hexahistidine-tagged 

recombinant proteins produced from the pQE30-based plasmids were detected with mouse 

monoclonal anti-His primary antibody (GE Healthcare) and horseradish-peroxidase conjugated anti-

mouse secondary antibody (GE Healthcare) using chemiluminescence-based detection (ECL Western 

blotting kit, GE Healthcare). Detection was captured with a Chemidoc chemiluminescence imaging 

system (Bio-Rad). 

5.2.3  Functionality of the Pfj1 J-domain and Identification of Functionally Important Residues 

5.2.3.1 Construction of the Pfj1-J-Agt-DnaJ Chimeric Derivative 

The region encoding the J-domain of the Agt DnaJ protein encoded on plasmid pRJ30 is flanked by 

endonuclease restriction sites, BamHI and BstBI. During the construction of the pQPfj1 plasmid, 

BamHI and BstBI restriction sites were similarly engineered into positions flanking the encoded J-

domain of Pfj1 (detailed in CHAPTER 3; refer to APPENDIX C1). The J-domain of Agt DnaJ encoded on 

the pRJ30 plasmid was thus interchanged with the region encoding the Pfj1 J-domain from plasmid 

pQPfj1, to give rise to plasmid pQJ1Ag (FIGURE 5.1A) encoding the chimeric derivative protein Pfj1-J-

Agt-DnaJ. The chimera comprises residues 60-125 of Pfj1 (the J-domain) fused to residues 71-380 of 

Agt DnaJ (the GF-region, cysteine-rich zinc-binding domain, and C-terminal substrate binding 

domain) as detailed in APPENDIX C2. 

5.2.3.2 Site-directed Mutagenesis of Select Residues of the Pfj1 J-Domain 

Site-directed mutagenesis was performed on selected residues of the Pfj1 J-domain using the Pfj1-J-

Agt-DnaJ chimera encoded on plasmid pQJ1Ag as a platform. Residues of the Pfj1 J-domain that 

were targeted for mutagenesis are depicted in the homology model and schematic diagram of the J-

domain in FIGURE 5.1A and 5.1B respectively. The rationale behind each performed mutation is 

summarised in TABLE 5.1 provided in SECTION 5.3.2.2. 

Complementary mutagenesis primers were designed for (i) introduction of the desired mutation into 

the Pfj1-J-Agt-DnaJ coding sequence in the pQJ1Ag plasmid by non-PCR based whole plasmid 

amplification (PAPWORTH et al.,  1996), and (ii) the simultaneous introduction or elimination of a 
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A. B. 

Residues are numbered according to position in the Pfj1-J-Agt-DnaJ chimeric protein. Th e homology model 
was rendered using Modeller (version 8.2; IFISER et al. , 2000; MARTI -RENOM et al. , 2000; SALI and 
BLUNDELL, 1993) as previously detailed ( FIGURE 2.3, CHAPTER 2 ). The im age of the model was rendered 
using PyMol (version 0.95; DELANO , 2005). (B) Stylised diagram of the Hsp40 J-domain (in black) showing the 
positions of helices I - IV and the highly conserved residues and motifs of the domain (adapted from 
HENNESSY et al. , 2005 a ). Residues indicated in red are the corresponding residues of the J-domain of Pfj1 

Arg
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Lys
45 

 

Lys
62 
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61 
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60 

 

Phe
25  
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46  
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47 

 

Glu
63 
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64 

 

J-domain of Pfj1 targeted for site -directed mutagenesis. (A) Homology model 
mutagenesis indicated in red. 

FIGURE  
of the Pfj1 

5.1 Residues of the 
J-domain of Pfj1 with the residues targeted for site-directed 

- Cl, pH 8.8; Promega), 

4)2SO 4, 20 mM 

1 U of Pfu DNA 

of 10x Pfu DNA polymerase buffer ( 100 mM KCl, 100 mM (NH 

-100, 1 mg.ml  
-1 
 BSA, 200 mM Tris 

endonuclease (Stratagene) 

Pre- and post-DpnI samples were retained and analysed by 0.8% agarose gel electrophoresis ( 

to the reaction mixture and subsequent incubation at 37°C for 2 hours. 

as per 

restriction l endonuclease site for the identification of l successful mutant plasmids by restriction 

digestion analysis (as detailed in FIGURE 5.2) .  The designed mutagenesis primers (detailed in 

APPENDIX F4 ) were synthesised by I Integrated DNA Technologies I(IDT, USA). 

targeted for mutagenesis in the Pfj1-J-Agt- DnaJ chimeric protein. 

Each mutagenesis reaction was comprised of 100 ng of pQJ1Ag parental plasmid template, 2.5 µl of 

DMSO (Sigma-Aldrich) 

(Roche l Applied Sciences 

reverse primer, 5 µl 

MgSO4, 1% Triton X 

, 1 0 µl of 25 mM Mg Cl2 (Roche Applied Sciences) , 1 µl of 10 mM dNTP mix 

), 125 ng of the appropriate forward primer, 125 ng of the appropriate 

Polymerase ( Promega ) and distilled water to a final volume of 50 μl. Temperature cycling was 

allowed to proceed as follows: one cycle of denaturation (95°C for 30 seconds), 18 cycles of 

denaturation, annealing and extension (95°C for 30 seconds, 52°C for 60 seconds, 68°C for 5 

minutes), one cycle of final extension (68°C for 7 minutes) and a 4°C hold. Digestion of the parenta l 

pQJ1Ag plasmid in the amplification product was achieved by the addition of 5 U of DpnI restriction 

APPENDIX D3 ). Supercompetent E. coli JM109 cells (Promega) were transformed with Dpn I-treated 

Chapter  5|  115 

http://mg.ml


F
25 

H
33 P- -D

35 
 I N P. PROTEIN  D  I K K Q R26 L  L A

29 
 K K Y 

A
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50 
 A- -A Y E L L S. PROTEIN  S  P D A K Q  K M46 
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62 
 E F 

B. 

PROTEIN  -  M A K Q D P Y T V L G L S R N A T- T N. 
5’ ATG GCG AAA CAG GAC CCG TAC ACC GTT CTG GGT CTG TCT CGT AAC GCG ACC ACC AAC 
3’ TAC CGC TTT GTC CTG GGC ATG TGG CAA GAC CCA GAC AGA GCA TTG CGC TGG TGG TTG 

F25A R26A H33Q 

5’ GAC ATC AAG AAA CAG TTC CGT CTG CTG GCG AAG AAA TAC CAC CCG GAC ATC AAC CCG 
3’ CTG TAG TTC TTT GTC AAG GCA GAC GAC CGC TTC TTT ATG GTG GGC CTG TAG TTG GGC 

EcoRV(211) BalI(236) EcoRV(256) 

KFA, KMK, KFK 

5’ TCT CCG GAC GCG AAA CAG AAA ATG GCG TCT ATC ACC GCG GCG TAC GAA CTG CTG TCT 
3’ AGA GGC CTG CGC TTT GTC TTT TAC CGC AGA TAG TGG CGC CGC TAG CTT GAC GAC AGA 

NheI(290) SacII(303) 

QKRAA, K62A 

5’ GAC CCG AAG AAG AAA GAA TTC TAC GAC AAA ACC GGG 3’ 
3’ CTG GGC TTC TTC TTT CTT AAG ATG CTG TTT TGG CCC 5’ 

EcoRI(388) 

FIGURE 5.2  Strategy for confirmation of the site-directed mutagenesis of the Pfj1 J-domain by restriction 
digestion analysis. (A) Plasmid map of the parental pQJ1Ag construct (4576 bp in size) indicating the 
restriction sites used for differentiation between mutant and parental pQJ1Ag plasmids in screening 
subsequent to site-directed mutagenesis. The position of the Pfj1 J-domain in the Pfj1-J-Agt-DnaJ chimera 
between the BamHI and BstBI restriction sites is indicated; restriction sites were inserted or removed in this 
region during mutagenesis for screening as further detailed. The parental and mutant pQJ1Ag plasmids confer 
ampicillin resistance to transformed E. coli cells as indicated (Amp

R
; β-lactamase gene). The plasmid map was 

generated with the Vector NTI Advance
TM 

 software package (version 10.3; Invitrogen). (B) The codon-
optimised nucleotide sequence of the Pfj1 J-domain with the translated protein sequence highlighted in grey. 
Residues and motifs targeted for site-directed mutagenesis are indicated and labelled in boxes. Restriction 
.../  

A. 

mutagenesis product (APPENDIX D8) for subsequent screening purposes. Plasmid DNA was isolated 

from the resulting colonies (APPENDIX D1) and analysed by restriction digestion analysis (APPENDIX D2) 

as detailed in FIGURE 5.2. Mutant pQJ1Ag plasmids were verified by DNA sequencing (APPENDIX D6). 
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.../FIGURE 5.2 
sites introduced or removed for mutagenesis screening by restriction digestion analysis are underlined in the 
nucleotide sequence and labelled by position relative to the pQJ1Ag plasmid. With mutation F25A an EcoRV 
restriction site (sequence 5’-GATATC-3’; position 211) was engineered into the pQJ1Ag plasmid by silent 
mutation of residue Asp

20
. A BalI restriction site (sequence 5’-TGGCCA-3’; position 236) was introduced with 

mutation R26A by silent mutation of residue Ala
29
. With mutation H33Q an EcoRV restriction site (sequence 5’-

GATATC-3’; position 256) was engineered into pQJ1Ag by silent mutation of the Asp
35 

 residue. Mutation of the 
KMA motif to KFA, enabled introduction of an NheI restriction site (sequence 5’-GCTAGC-3’; position 290) by 
silent mutation of residues Ala

47 
 and Ser

48
. With mutations KMK and KFK of the KMA motif, the SacII 

restriction site (sequence 5’-CCGCGG-3’; position 303) was eliminated by silent mutation of Thr
50

. Finally, 
mutation K62A and mutation of the KKKEF motif to QKRAA, enabled removal of the EcoRI restriction site 
(sequence ‘ GAATTC’; position 388) by the introduction of Ala

62
. 

5.2.3.3 Assessment of the functionality of the Pfj1 J-domain in E. coli OD259 

The functionality of the Pfj1 J-domain chimera and associated mutant proteins was assessed using 

complementation assays in the E. coli DnaJ deletion strain (dnaJ cbpA OD259), as detailed in SECTION 

5.2.1. 

5.3 RESULTS AND DISCUSSION 

5.3.1  PfHsp40 and Pfj1 were unable to reverse the thermosensitivity of E. coli OD259 

The dnaJ cbpA deficient E. coli OD259 strain is reported to be thermosensitive above temperatures of 

37°C in the absence of functional complementation of DnaJ or CbpA (DELOCHE et al., 1997). This was 

evident in the absence of growth at temperatures of 40°C and 42°C in the in vivo complementation 

assays employed in this study (control panels; FIGURE 5.3). The exogenous production of a 

complementary Hsp40 protein such as Agt DnaJ may reverse the thermosensitivity of this strain, as 

previously reported (HENNESSY et al.,  2005a)  and indicated in the positive control of the 

complementation assay presented in FIGURE 5.3. The substitution of residue His
33 

 (mutation H33Q) 

of the HPD motif appeared to abolish the functionality of the Agt DnaJ protein in the in vivo system 

(negative control; FIGURE 5.3), suggesting that the protein exerted its functionality through specific 

interaction with E. coli DnaK. 

Recombinant PfHsp40 and Pfj1 were unable to suppress the thermosensitivity of the dnaJ cbpA 

deficient E. coli OD259 strain in the in vivo complementation assay, indicated by the lack of growth 

following exogenous production of these recombinant proteins at temperatures of 40°C and above 

(FIGURE 5.3). Importantly, growth was observed at 30°C indicating that the lack of complementation 

at higher temperatures was not attributed to toxicity of the P. falciparum Hsp40 proteins in the E. 

coli strain. 
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The ability of recombinant PfHsp40 and Pfj1 
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The detection of PfHsp40 and Pfj1 in whole cell lysates of E. coli OD259 exogenously producing the 

respective recombinant proteins was achieved ll following significant over-exposure of the probed 
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Western blots. Contrasted to the detection of Agt DnaJ and Agt DnaJ-H33Q in the positive and 

negative controls respectively, PfHsp40 and Pfj1 were expressed at considerably lower levels (FIGURE 

5.3). This remained unchanged with enhanced selection pressure with antibiotic (200 μg.ml
-1  

ampicillin) and pre-induction of protein expression from the pQE30-based plasmids in the culture (1 

mM IPTG). The possibility must be considered that the suppression of the thermosensitivity of the E. 

coli OD259 strain was hindered by insufficient levels of PfHsp40 and Pfj1 protein production in the 

heterologous system for functional replacement of wildtype E. coli DnaJ and CbpA. The heterologous 

expression of comparable amounts of the parasitic Hsp40 proteins in E. coli OD259 remains a 

challenge. Importantly, the functionality of PfHsp40 and Pfj1 could be dependent on their 

appropriate folding in the heterologous system, which may require DnaJ and CbpA. 

Conversely it may be argued that PfHsp40 and Pfj1 exerted their functionality via a different 

mechanism to the prokaryotic prototypes of Hsp40 in the in vivo system, attributed to significant 

differences in functional residues or subtle differences governing specificity for peptide substrate. 

Considering that the highest region of dissimilarity between the parasitic Hsp40 proteins and those 

of prokaryotic origin (E. coli DnaJ and Agt DnaJ) appears to be in the region of the C-terminus 

(evident in the alignment in FIGURE 2.2, CHAPTER 2), it may be considered that the substrate binding 

domains of PfHsp40 and Pfj1 were unable to recognise the protein substrates of E. coli DnaJ and 

successfully transfer them to E. coli DnaK for folding in the prokaryotic system. Subtle differences in 

the other Hsp40 domains may equally be sufficient to account for the lack of functional 

interchangeability of the respective Hsp40 proteins. Such differences may govern the specificity or 

affinity of interaction with partner Hsp70s or represent a divergence in chaperone function. Both 

PfHsp40 and Pfj1 bear N-terminal leader sequences which may target the proteins to subcellular 

compartments in the parasite and provide insight into potential specialised chaperone functions of 

these proteins. Furthermore, it is uncertain as to whether post-translational modification of PfHsp40 

and Pfj1 are required for their functionality. The CAAX-box motif of PfHsp40 may implicate the 

protein in membrane interactions following post-translational farnesylation. Farnesylation of the 

CAAX-box motif of the S. cerevisiae type I Hsp40, Ydj1, was previously shown to be a prerequisite for 

the growth of S. cerevisiae at elevated temperatures (CAPLAN et al., 1992b). This farnesylation has also 

been shown to mediate the role of Ydj1 in protein translocation across intracellular membranes 

(CAPLAN et al., 1992a) and recently, the interaction of Ydj1 with Hsp90 client proteins through 

association with the Hsp90/Hsp70 multi-chaperone complex (FLOM et al., 2008). It is therefore 

possible that the absence of appropriate post-translational farnesylation of PfHsp40 in the E. coli 

OD259 strain may have contributed to the inability of the protein to functionally replace wildtype 

DnaJ and CbpA. Previously, a CAAX-box motif-bearing Hsp40 protein from Trypanosoma cruzi, Tcj2, 
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was shown to functiona lly replace Ydj1 ( EDKINS et al. , 2004 ) in the thermosensitive S. cerevisiae strain 

ydj1 JJ160 (JOHNSON and CRAIG, 2000 ). It would be of interest to assess the ability of PfHsp40 (and 

Pfj1) to ll functionally l replace Ydj1 in this eukaryotic strain. This would require re-synthesis of the 

PfHsp40 and Pfj1 coding regions, which have been l tailored for expression in a prokaryotic system in 

this work as detailed in CHAPTER 3 . 

5.3.2  Functionality of the J-domain of Pfj1 in a Prokaryotic System 

5.3.2.1 The Pfj1-J-Agt- DnaJ Chimera 

As observed for Agt 

expression of the Pfj1 

coli OD259 (FIGURE 5.4 

OD259 

in vivo complementation system , exogenous 

the thermosensitivity of E. 

the potential 

is Functional in E. coli 

DnaJ in the positive control of the 

-J-Agt- DnaJ chimeric protein was able to suppress 

). The functionality of the chimera may have been attributed to 

protein aggregation suppression activity of the protein in the E. coli strain, and/or the ability of the protein aggregation suppression activity of the protein in the E. coli strain, and/or the ability of the 

with chimera to functional ly replace DnaJ and CbpA thro ugh specific interaction E. coli DnaK. chimera to functional ly replace DnaJ and CbpA thro ugh specific interaction with E. coli DnaK. In In 
33 

 of the HPD motif of the Pfj1 J favour of the latter argument, subsequent substitution of residue His 
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chimeric protein in the domain was shown to l abolish l functionality of the Pfj1-J-Agt-DnaJ domain was shown to l abolish l functionality of the Pfj1-J-Agt-DnaJ chimeric protein in the in vivo in vivo 

the functionality of the Pfj1 J- system (discussed in SECTION 5.3.2.3 ).  Importantly, this confirmed system (discussed in SECTION 5.3.2.3 ).  Importantly, this confirmed the functionality of the Pfj1 J- 

and the ability of this domain ions of the Pfj1 in E. coli OD259 domain in E. coli OD259 and the ability of this domain to mediate interact ions of the Pfj1 -J -Agt-DnaJ domain mediate interact to -J -Agt-DnaJ 

with DnaK. chimera chimera with DnaK. 
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The KFK motif of helix III is highly conserved, including KFA Met
46 

Phe46 
Phe

47 
 flanked by positive residues, Lys

46 
 and Lys

48 
 in E. coli 

DnaJ. Phe
47 

 is crucial to J-domain function and is proposed 
to interact with His

33 
 of the HPD motif to stabilise helices 

II and III. The flanking solvent-exposed Lys residues 
potentially interact with Hsp70 or other regions of DnaJ 
(GENEVAUX et al., 1997; HENNESSY et al., 2000). 

KMA motif 
(Helix III) 

The QKRAA motif of helix IV in E. coli DnaJ is proposed to 
K62A Lys

62 
Ala62 

mediate binding to DnaK (AUGER and ROUDIER, 1997) 
 and to control the specificity of interaction with partner 

Hsp70 proteins (GARIMELLA et al., 2006; HENNESSY et al., 
2005a). HENNESSY et al. (2005a) suggest both a structural 
and functional role for helix IV in the J-domain. Significant 
conservation of residues corresponding to residue Lys

62 
 in 

DnaJ-like proteins may implicate the residue in this 
position in general binding to Hsp70 (HENNESSY et al., 
2000). 

KKKEF motif 
(Helix IV) 

KMK Ala
47 

Lys
47  

KFK Met46 

Ala
47  

Phe
46  

Lys
47  

Lys
60  

Lys
61  

QKRAA  Lys
62  

Glu
63  

Phe
64  

Gln
60  

Lys
61  

Arg
62  

Ala
63  

Ala
64  

Notably, the atypical Pfj1 J-domain proved functional in the in vivo complementation system despite 

exhibiting only 17% protein sequence conservation relative to the J-domains of E. coli and Agt DnaJ 

(evident in FIGURE 2.2, CHAPTER 2). The interchangeability of the J-domain of Agt DnaJ with that of 

Pfj1 highlights the possibility that J-domains of prokaryotic and parasitic origin are able to interact 

with Hsp70 partners using a common, conserved mechanism as further discussed. 

5.3.2.2 Site-Directed Mutagenesis of the Pfj1 J-domain of the Pfj1-J-Agt-DnaJ Chimera 

Rationale for the substitutions of the selected residues and motifs of the Pfj1 J-domain of the Pfj1-J-

Agt-DnaJ chimera is summarised in TABLE 5.1. 

TABLE 5.1  Mutagenesis of the J-domain of the Pfj1-J-Agt-DnaJ Chimera: Rationale for Mutations 

Mutation 
Residues 

Site Name 
Targeted Mutation 

Rationale for Mutation 

The partially solvent-exposed side chain of this residue 
potentially constitutes part of the contact surface with 

F25A Phe
25 

Ala
25 

ATPase domain of Hsp70. Mutation of the corresponding 
residue in E. coli DnaJ abolishes J-domain function 
(BERJANSKII et al., 2000; GENEVAUX et al., 2002). 

Helix II 

R26A Arg
26 

Ala
26  

The solvent-exposed side chain of this residue potentially 
constitutes part of the contact surface with the ATPase 
domain of Hsp70. Mutation of the corresponding 
residues in E. coli and A. tumefaciens DnaJ abolishes J-
domain function (BERJANSKII et al., 2000; GENEVAUX et 
al., 1997; HENNESSY et al., 2005a). 

HPD motif in 
loop between 
helices II and 

III 

H33Q His
33 

Gln
33  

Negative Control. The conserved HPD motif is crucial to 
interactions with Hsp70; mutation of these residues is 
known to abolish interaction with Hsp70 (TSAI and 
DOUGLAS, 1996). 
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pQJ1Ag l plasmid (FIGURE 

of the mutations was achieved by restriction digestion analysis 

5.5) as detailed in SECTION 5.2.3.2 
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/...FIGURE 5.5 
4576 bp resulting from digestion at the single EcoRV site on the plasmid; Lane 2 – Undigested pQJ1Ag-H33Q; 
Lane 3 – EcoRV-digested pQJ1Ag-H33Q yielded fragments of 3483 bp and 192 bp resulting from digestion at 
the introduced EcoRV restriction site by mutagenesis. (D) Mutant plasmid pQJ1Ag-KFA exhibits an additional 
NheI site to parental plasmid pQJ1Ag. Lane 1 – NheI-digested pQJ1Ag yielded a linear plasmid of 4576 bp 
resulting from digestion at the single NheI site on the plasmid; Lane 2 – Undigested pQJ1Ag-KFA; Lane 3 – 
NheI-digested pQJ1Ag-KFA yielded two fragments of 3443 bp and 1133 bp respectively resulting from 
additional digestion at the introduced NheI restriction site. (E) Mutant plasmids pQJ1Ag-KMK and pQJ1Ag-
KFK lack the single SacII restriction site exhibited on the parental plasmid pQJ1Ag. Lane 1 – Undigested 
parental pQJ1Ag control; Lane 2 – SacII-digested pQJ1Ag yielded a linear plasmid of 4576 bp resulting from 
digestion at the single SacII restriction site on the plasmid; Lanes 3 and 4 – SacII-digested plasmids pQJ1Ag-
KMK and pQJ1Ag-KFK yielded undigested plasmids resulting from the loss of the SacII restriction site during 
mutagenesis. (F) In contrast to the three EcoRI sites exhibited on the parental pQJ1Ag, plasmids pQJ1Ag-
K62A and pQJ1Ag-QKRAA bear only two EcoRI sites resulting from loss of a single EcoRI site during 
mutagenesis. Lane 1 – Undigested parental pQJ1Ag; Lane 2 – EcoRI digested pQJ1Ag at three EcoRI 
restriction sites resulting in three fragments of 3394 bp, 933 bp and 248 bp respectively; Lanes 3 and 5 - 
Undigested mutant pQJ1Ag-K62A and pQJ1Ag-QKRAA respectively; Lanes 4 and 6 – EcoRI-digested pQJ1Ag-
K62A and pQJ1Ag-QKRAA respectively yielded two fragments of 3394 bp and 1182 bp resulting from loss of 
an EcoRI restriction site. In all panels, lane M represents a PstI-digested λDNA Marker as indicated by the 
size markers. All mutant plasmid constructs detected by restriction digestion analysis were verified by 
subsequent DNA Sequencing. Restriction enzymes were sourced commercially as listed in APPENDIX E. 

5.3.2.3 Functionality of the Pfj1 J-domain Mutants in E. coli OD259 

The functionality of the Pfj1-J-Agt-DnaJ mutant derivatives was assessed using the in vivo functional 

complementation system in E. coli OD259 as previously described (FIGURE 5.6). E. coli OD259 

exogenously producing the parental Pfj1-J-Agt-DnaJ chimeric protein served as the positive control 

(FIGURE 5.6) based on the previously determined functionality of the protein in the in vivo 

complementation system (SECTION 5.3.2.1).  In this study, mutation of residues Phe
25 

 and Arg
26 

 of 

helix II of the J-domain, and mutation of residue His
33 

 of the HPD motif abolished Pfj1 J-domain 

function in the prokaryotic system. Production of the Pfj1-J-Agt-DnaJ-F25A, Pfj1-J-Agt-DnaJ-R26A or 

Pfj1-J-Agt-DnaJ-H33Q mutant proteins failed to suppress the thermosensitivity of E. coli OD259 at 

40°C or 42°C, indicated by the lack of growth of the strain at these temperatures (FIGURE 5.6). E. coli 

OD259 producing the HPD-mutated Pfj1-J-Agt-DnaJ-H33Q chimera thus served as an appropriate 

negative control for the functional complementation assay. Exogenous production of the Pfj1-J-Agt-

KFA mutant chimera resulted in partial suppression of the thermosensitivity of E. coli OD259 such 

that growth was recovered at 40°C but not at 42°C. This indicated that replacement of residue Met
46 

 

with Phe
46 

 in the KMA motif of helix III of the Pfj1 J-domain resulted in partial preservation of the 

functionality of the Pfj1-J-Agt-DnaJ chimera. Interestingly, the thermosensitivity of the strain was 

suppressed at 40°C and 42°C on the production of mutant Pfj1-J-Agt-DnaJ proteins bearing KMK and 

KFK replacements of the KMA motif respectively. Partial suppression of the thermosensitivity of E. 

coli OD259 was observed following production of the Pfj1-J-Agt-DnaJ mutant bearing a K62A 

mutation; residue Lys
62 

 of the K
60

KKEF
65 

 motif of helix IV of the Pfj1 J-domain, corresponds to the 
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FIGURE 5.7  Confirmation of the heterologous production of the Pfj1-J-Agt-DnaJ mutant chimera proteins 
in E. coli OD259. SDS-PAGE (upper panels) and Western analysis (lower panel) of total protein extracts from 
E. coli OD259 [pQJ1Ag] transformants. Proteins were detected by chemiluminescence with mouse 
monoclonal anti-His primary antibody, and horseradish peroxidase (HRP)-conjugated rabbit anti-mouse 
secondary antibody. Detected proteins were N-terminally hexahistidine (His6)-tagged fusion proteins 
resulting from expression from the pQE30 plasmid. The predicted molecular mass of the His6-tagged Pfj1-J-
Agt-DnaJ chimera and associated mutants is approximately 42.2 kDa in size, while that of Agt DnaJ and Agt 
DnaJ-H33Q is approximately 42.4 kDa. Lanes: M – SDS-PAGE Molecular Mass Marker (Bio-Rad), 1 – extract 
containing Pfj1-J-Agt-DnaJ-F25A, 2 – extract containing Pfj1-J-Agt-DnaJ-R26A, 3 – extract containing Pfj1-J-
Agt-DnaJ-H33Q, 4 – extract containing Pfj1-J-Agt-DnaJ-KFA, 5 – extract containing Pfj1-J-Agt-DnaJ-KMK, 6 – 
extract containing Pfj1-J-Agt-DnaJ-KFK, 7 - extract containing Pfj1-J-Agt-DnaJ-K62A, 8 – extract containing 
Pfj1-J-Agt-DnaJ-QKRAA, 9 – extract containing no recombinant protein, 10 – extract containing Agt DnaJ, 11 
– extract containing Agt DnaJ-H33Q, 12 – extract containing parental (unmutated) Pfj1- J-Agt-DnaJ chimera. 

kDa 
200 
116 

97 

45 

66 

31 

M  1 2 3 4 5 6 7 8 9 10 11 12 

5.3.2.4 Expression of the Pfj1-J-Agt-DnaJ Chimera and Mutants in E. coli OD259 

Confirmation of the heterologous expression of the Pfj1-J-Agt-DnaJ chimera and mutant proteins, 

and Agt DnaJ control proteins in the E. coli OD259 strain was achieved by Western analysis, as 

depicted in FIGURE 5.7. 

Due to low levels of protein production in E. coli OD259, the exogenously expressed proteins of 

interest could not be visualized as overproduced proteins by SDS-PAGE analysis (FIGURE 5.7, upper 

panels) but were detected by subsequent Western analysis (FIGURE 5.7, lower panels). This indicated 

that the inability of the Pfj1-J-Agt-DnaJ F25A, R26A, H33Q, K62A and KFA mutants to suppress the 

thermosensitivity of E. coli OD259 was not attributed to a lack of protein production in the 

heterologous system (FIGURE 5.7, lower panel, lanes 2-5 and lane 7).  As anticipated, hexahistidine-

tagged protein was not detected in the negative control, E. coli OD259 (FIGURE 5.7, lower panel, lane 

9). Notably, in Western analysis of independent complementation experiments that gave the 

identical complementation phenotypes, the levels of protein production were observed to differ to 

those presented in FIGURE 5.7 (data not shown). This indicated that the observed complementation 

was not correlated to the degree of recombinant protein production in the E. coli OD259 strain. 
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Further emphasising this, the KMK and KFK mutants of the Pfj1-J-Agt-DnaJ chimera appeared to 

suppress the thermosensitivity of E. coli OD259 despite low levels of protein production. It could be 

argued that this indicates the enhanced functionality of these mutant proteins. 

The variable protein levels detected for those recombinant proteins that were able to suppress the 

thermosensitivity of E. coli OD259 were in the equivalent range of the variable protein levels 

detected for the recombinant proteins unable to suppress thermosensitivity. Importantly, the Pfj1-J-

Agt-DnaJ chimera and mutant proteins were detectable in the range of the Agt DnaJ and Agt DnaJ-

H33Q proteins in the E. coli OD259 lysates (FIGURE 5.7, lower panel, lanes 10 and 11). This contrasts 

to what was observed for the expression of full length Pfj1 and PfHsp40 relative to Agt DnaJ 

expression in the thermosensitive strain (FIGURE 5.3, SECTION 5.3.1) further emphasising that 

insufficient protein production of full length Pfj1 and PfHsp40 in the E. coli OD259 strain rendered 

the corresponding complementation results inconclusive. 

5.3.2.5 The Importance of the Mutated Residues and Motifs of the Pfj1 J-domain 

Mutagenesis studies on Hsp40 proteins typically enable the identification of residues that (i) serve 

structural roles, (ii) are involved in interaction with Hsp70 partners or (iii) increase the specificity of 

the Hsp40/Hsp70 partnership (HENNESSY et al., 2000; TSAI and DOUGLAS, 1996). Mutation of the HPD 

tripeptide motif in the loop region between helices II and III of the J-domain has consistently been 

shown to abolish functional interaction of Hsp40 proteins with partner Hsp70s as previously 

discussed (GENEVAUX et al., 2001, 2002; HENNESSY et al., 2005a,b; LAUFEN et al., 1999; TSAI and DOUGLAS, 

1996).  Moreover, residues of the HPD motif of the J-domain of bovine auxilin have been shown to 

exhibit hydrophobic interactions and side-chain contacts with bovine Hsc70 in complex (JIANG et al., 

2007). Substitution of residue His
33 

 (mutation H33Q) appeared to abolish functionality of the Pfj1 J-

domain in the in vivo complementation assays employed, suggesting that the J-domain exerted its 

functionality through specific interaction with E. coli DnaK. Moreover, this suggests the existence of 

a conserved mechanism of HPD-mediated Hsp70 interaction in P. falciparum, despite the significant 

divergence in conservation of the atypical J-domain of Pfj1. 

Residues Tyr
25 

 and Lys
26 

 of the J-domain of E. coli DnaJ and Agt DnaJ have been implicated as 

candidate catalytic residues potentially comprising the interaction surface with DnaK (GENEVAUX et 

al., 2002; HENNESSY et al., 2005a,b). Structural data from the J-domain of the polyomavirus T antigen 

similarly revealed that residues Tyr
25 

 and Lys
26 

 of the positively charged helix II potentially interact 

with the ATPase domain of DnaK (BERJANSKII et al., 2000). Consistent with these data, mutation of the 

corresponding residues Phe
25 

 and Arg
26 

 of the Pfj1 J-domain disrupted functionality of the Pfj1-J-Agt- 
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DnaJ chimera. This suggests a structural or functional role of these residues in the interaction of the 

Pfj1 J-domain with Hsp70. In particular, substitution of the conserved basic residue at position 26 of 

helix II was found to compromise the functionality of the J-domains of human (Hsj1a), parasitic (P. 

falciparum Pfj1 and Pfj4) and bacterial (E. coli and Agt DnaJ) origin (GENEVAUX et al., 2002; HENNESSY et 

al., 2005A,B; NICOLL et al., 2007). It is possible that this basic residue together with the HPD motif 

comprises the conserved fundamental interaction surface required for J-domain-based interaction of 

Hsp40 with Hsp70 as previously implied (LU and CYR, 1998).  Interestingly, the structure of the J-

domain of bovine auxilin complexed to bovine Hsc70 revealed that J-domain residues comprising the 

interaction interface were derived from the loop region and from helix III; no residues of helix I, II or 

IV were flagged for Hsc70 interaction (JIANG et al., 2007). Nevertheless, this represents the only 

available structural data of J-domain interaction with a eukaryotic Hsc70 thus far. Moreover, auxilin 

is a type III Hsp40 and bears a relatively atypical, non-conserved J-domain relative to the type I and II 

Hsp40 proteins discussed here. 

Previously, mutation of the conserved residue Phe
47 

 of the KFK motif of Helix III of the J-domain was 

shown to abolish the functionality of E. coli DnaJ and S. cerevisiae Ydj1 (GENEVAUX et al., 2002; 

JOHNSON and CRAIG, 2000).  The side-chain of residue Phe
47 

 protrudes into the inter-helical space 

between helices II and III and exhibits proximity to His
33 

 of the highly conserved HPD motif. The 

corresponding residue Phe
47 

 of the Agt DnaJ protein has been proposed to interact with residue His
33 

 

of the HPD motif (HENNESSY et al., 2000) highlighting a potential mechanistic role of this residue in the 

interaction of the J-domain with Hsp70 (LANDRY, 2003). In contrast, it is has been proposed that this 

residue serves a structural role through steric maintenance of the orientation of the J-domain or of 

the loop region comprising the main interaction surface with Hsp70 (GENEVAUX et al., 2002). This 

argument is supported by the results obtained for the KFA substitution (M46F mutation) of the ‘KMA’ 

motif of the Pfj1-J-Agt-DnaJ chimera; functionality of the mutant protein was preserved, albeit at 

reduced levels. It is possible that structural disruption of the Pfj1 J-domain may have resulted from 

insertion of the larger aromatic side-chain of Phe
46 

 into the hydrophobic pocket between helices II 

and III,  resulting in compromised functionality of the mutant chimera and the partial 

complementation result observed. This disruption may have been counteracted by the addition of 

Lys
47 

 in the KFK-mutation (double mutation M47F/A48K), as improved suppression of 

thermosensitivity was observed for E. coli OD259 producing the mutant Pfj1-J-Agt-DnaJ-KFK protein 

(FIGURE 5.6).  Alternatively, the insertion of residue Phe
46 

 may have generated a substantially 

hydrophobic region (Phe
46

, Ala
47

) in helix III of the J-domain, resulting in localized disruption of the 

helical structure.  Subsequent insertion of Lys
47 

 (KFK-mutation) may have alleviated this 

hydrophobicity, thereby producing a more stabilised helical structure and hence, maintaining 
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functionality of the J-domain. Interestingly, single substitution A48K of the Pfj1 J-domain (rendering 

a KMK motif) and substitution F47L of the J-domain of Agt DnaJ (rendering a KLK motif; HENNESSY et 

al., 2005a,b) had no adverse effect on the in vivo functionality of either protein. These observations 

placed together with the demonstrated functionality of the ‘KMA’ motif in the unmutated Pfj1-J-Agt-

DnaJ chimera (SECTION 5.3.2.1), suggest that the minimum requirement for functionality of this helix 

III motif is the conservation of a hydrophobic residue at position 47 (Met
47

, Phe
47 

 or Leu
47

). 

Interestingly, the KFK motif is not conserved in helix III of the type III Hsp40 J-domain of bovine 

auxilin. However, alignment of the sequence of this J-domain with that of E. coli DnaJ (not shown) 

reveals the conservation of residue Phe
891 

 of auxilin, corresponding to the position of the KFK motif. 

This residue of the auxilin J-domain was proposed to exhibit hydrophobic interactions with bovine 

Hsc70 in complex as discussed in SECTION 2.3.2, CHAPTER 2 (JIANG et al., 2007). Closer observation of 

the orientation of this residue in the crystal structure of auxilin (PDB: 1NZ6) similarly reveals 

proximity to the HPD motif in the loop region of the J-domain. This highlights the importance of this 

conserved Phe (or hydrophobic) residue in the J-domain and supports the proposed mechanistic and 

structural roles predicted for this residue in interaction with partner Hsp70s. 

Published structures of J-domains of diverse origin (summarised in TABLE 1.1, CHAPTER 1) have 

revealed the relative mobility of helix IV. Residues of this helix are proposed to serve a primary 

structural or indirect functional role in mediating the specificity of interaction with Hsp70. In 

particular, the conserved QKRAA motif of helix IV in prokaryotic J-domains is proposed to enhance 

the affinity or specificity of interactions with DnaK, and mutation of the conserved residue Arg
63 

 of 

this motif has been shown to result in partial or complete loss of J-domain functionality (GARIMELLA 

et al., 2006; HENNESSY et al., 2005a,b). The findings of AUGER and ROUIDER (1997) suggest that the 

QKRAA motif mediates binding to DnaK by serving as a substrate mimic. In this study, mutation of 

the residue Lys
62 

 (K62A) in the Pfj1 J-domain corresponding to Arg
63 

 t of the prokaryotic QKRAA motif, 

resulted in partial loss of function of the Pfj1-J-Agt-DnaJ chimera in the employed in vivo 

complementation system (FIGURE 5.6). This suggests that the K62A mutation abolished weak or 

indirect interactions with E. coli DnaK. While a basic residue at this position may not be critical for J-

domain-based interactions with Hsp70, it may be important for mediating the affinity or specificity of 

the interaction. Interestingly, functionality of the Pfj1 J-domain in the prokaryotic system was 

maintained on mutation of the KKKEF motif to that of QKRAA encountered in prokaryotic DnaJ. 

Notably, the KKKEF motif of the unmutated Pfj1-J-Agt-DnaJ chimera appeared sufficient for 

interaction with DnaK in the prokaryotic system. It is possible that the QKRAA motif may enhance the 

specificity of interaction with DnaK in the prokaryotic system, while the KKKEF motif of Pfj1 may 
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mediate specificity of binding to partner Hsp70s in P. falciparum. Consistent with this, the conserved 

QKRAA motif of prokaryotic DnaJ proteins differs in human, S. cerevisiae and P. falciparum type I 

Hsp40s (FIGURE 2.2, CHAPTER 2), with the minimum requirement of basic conserved residues in the 

second and third positions of the pentapeptide motif. 

5.4 CONCLUSIONS 

The data from this study suggests that a common mode of J-domain based Hsp70-Hsp40 interaction 

may be conserved in P. falciparum, as has previously been identified for Hsp40 proteins of 

prokaryotic and eukaryotic origin. This was implied by the functionality of the Pfj1 J-domain in 

substitution of the J-domain of Agt DnaJ in the prokaryotic in vivo complementation system, and was 

further substantiated by the indication that Pfj1 may exert its functionality via a conserved HPD-

motif mediated interaction with partner Hsp70s. This in vivo assay system has provided a platform 

from which to explore the co-chaperone properties of Pfj1, which was otherwise not possible due to 

difficulties experienced with the isolation of the full length protein from a heterologous source 

(detailed in CHAPTER 3). 

As previously discussed, J-domains of diverse origin appear to be interchangeable with respect to 

their ability to interact with homologous Hsp70 proteins, or their involvement in similar cellular 

processes. It is therefore possible that the J-domains of Pfj1 and E. coli DnaJ and/or CbpA are 

involved in analogous chaperone processes or interact with homologous Hsp70 proteins. It is known 

that E. coli DnaJ and CbpA interact with DnaK in the prokaryotic system (LIBEREK et al., 1991; UEGECHI 

et al., 1995).  Previously, PfHsp70-I was shown to functionally replace DnaK in a thermosensitive E. 

coli DnaK mutant strain (E. coli dnaK756) indicating the potential functional equivalence of these 

Hsp70 homologs (SHONHAI et al., 2005). The proposed interaction of the Pfj1 J-domain with DnaK in 

the E. coli OD259 strain in this study may thus serve to substantiate similar interactions of the Pfj1 J-

domain with PfHsp70-I in P. falciparum. Importantly, identified Hsp40 interaction residues in DnaK 

appear to be conserved in PfHsp70-I as detailed in CHAPTER 2. Cautiously, it must be noted that this 

study was based on the assumption that the employed in vivo complementation assays were 

designed to probe an interaction between the Pfj1-J-Agt-DnaJ chimera protein and E. coli DnaK. This 

interaction remains to be verified with in vitro protein binding assays, protein refolding and/or 

ATPase assays with purified recombinant forms of the proteins of interest. 

Intriguingly, the Pfj1 J-domain exhibited functionality in the prokaryotic system despite its low level 

of amino acid sequence conservation relative to the J-domains of E. coli DnaJ and Agt DnaJ. Placed in 

context with other J-domain swapping experiments, this suggests the presence of key conserved 

features of the Pfj1 J-domain that are fundamental to the functioning of J-domains in general. The 
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importance of these key features, including specific residues and motifs, was addressed by single and 

multiple amino acid substitution analysis as described. The results suggested that residues of helix II 

(Phe
25

, Arg
26

) placed with the invariant HPD motif may comprise the interaction surface with partner 

Hsp70s. Moreover, the KMK motif of helix III may maintain the structural or functional integrity of 

the Pfj1 J-domain, through potential interactions with the loop region housing the HPD motif of this 

domain. Residue Met
47 

 was identified as an integral hydrophobic component of the KMK motif, 

analogous to Phe
47 

 of the corresponding KFK motif of more typical Hsp40 proteins. While the data 

suggests that this residue primarily serves a structural role, the possibility cannot be excluded that it 

may serve an indirect functional role ensuring that the J-domain is orientated correctly for 

interactions with Hsp70. Mutation of the KKKEF motif of helix IV of the Pfj1 J-domain suggested that 

these residues may be crucial to governing the specificity or affinity of interaction with Hsp70. 

Residue Lys
62 

 of this motif was suggested to exhibit weak or indirect interactions with Hsp70, or 

maintain the structural integrity of helix IV. It is possible that subtle identified differences in the Pfj1 

J-domain may reflect slight differences in affinity or specificity for Hsp70 that were not sufficient to 

exhibit effect in the in vivo complementation assay. Such differences may be explored more 

extensively using quantitative in vitro binding assays. Moreover, the results of the rational 

mutagenesis of the Pfj1 J-domain must be interpreted cautiously as they may represent system-

specific results derived from the prokaryotic in vivo complementation system. 

Functional replacement of E. coli DnaJ and CbpA was not shown for full length PfHsp40 and Pfj1 in 

the in vivo complementation system, potentially attributed to insufficient exogenous protein 

production or lack of functional interchangeability. Use of a eukaryotic complementation system may 

be a more appropriate means of assessing the in vivo functionality of PfHsp40 and Pfj1, envisaging 

that such a system may meet the appropriate post-translational modification and subcellular 

compartmentalisation requirements required for functionality. The proposed use of an S. cerevisiae 

complementation system for these purposes is further described in SECTION 7.2.3, CHAPTER 7. Domain 

swapping experiments and rational mutagenesis of the more conserved J-domain of PfHsp40 may 

also be valuable in substantiating the mechanism of J-domain based Hsp70-Hsp40 interaction in P. 

falciparum. 
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CHAPTER 6: 

IN VITRO CHARACTERISATION: 

Comparison of Hsp70-Hsp40 Interactions of 

P. falciparum and the Human Host 
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6.1 INTRODUCTION 

A functional P. falciparum Hsp70-Hsp40 partnership has previously not been demonstrated 

experimentally. This study describes the use of in vitro assays to assess the ability of purified 

recombinant PfHsp40 to stimulate the chaperone activity of PfHsp70-I. Radioactive single turnover 

and steady state Adenosine triphosphatase (ATPase) assays were performed to demonstrate the 

effect of PfHsp40 on ATP hydrolysis by PfHsp70-I, indicative of the Hsp70 protein folding cycle. 

Similarly, aggregation suppression assays were used to demonstrate the ability of PfHsp40 to 

function independently and in combination with PfHsp70-I to diminish the protein aggregation of a 

model thermolabile substrate. These activities were gauged against an established human Hsp70-

Hsp40 partnership, involving cytosolic Hsp70 and the type II Hsp40 protein, Hsj1a (CHEETHAM et al., 

1994). In addition, the co-chaperone activity of PfHsp40 was contrasted to that of human Hsj1a and a 

‘promiscuous‘ type III Hsp40 protein from S. cerevisiae termed Hlj1 (YOUKER et al., 2004). 

The utilisation of host chaperones by the P. falciparum chaperone machinery in intra-erythrocytic 

stage parasites has been suggested (BANUMATHY et al., 2002). In particular, the proposed exploitation 

of human Hsp70 and the export of numerous members of the parasite’s Hsp40 chaperone machinery 

into the erythrocyte cytosol (SARGEANT et al., 2006) suggests that heterologous interactions may exist 

between the host Hsp70 and parasite Hsp40 molecular chaperones. This has been discussed at 

length in CHAPTER 2. Such interactions have previously not been substantiated experimentally. In 

this study the aforementioned in vitro assays were used to explore the potential for heterologous 

partnerships between the P. falciparum and human Hsp70 and Hsp40 proteins; in particular, the 

association of HsHsp70 with PfHsp40 and PfHsp70-I with Hsj1a respectively. Moreover, this was 

aimed at substantiating the conservation of the mechanism of Hsp70-Hsp40 interaction in P. 

falciparum, proposed in CHAPTER 5. 

Previous work has described established techniques for the assessment of the effect of a range of 

small molecule modulators on the activity of molecular chaperones with implications for prospective 

drug targets (BRODSKY and CHIOSIS, 2006; FEWELL et al., 2004; WRIGHT et al., 2008). This has 

encompassed research on the effect of modulators on the chaperone activity of PfHsp70-I in the 

absence of co-chaperone stimulation. Using this platform, the effect of select compounds on the 

identified human and malaria Hsp70-Hsp40 partnerships was assessed. 

Specifically, the objectives of this study were to (i-v): 

i. Assess the ability of PfHsp40 to serve as a co-chaperone partner of PfHsp70-I 

ii. Gauge the co-chaperone activity of PfHsp40 relative to characterised co-chaperone proteins 
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iii. Draw parallels between the Hsp70-Hsp40 partnerships of P. falciparum and human origin 

iv. Substantiate the potential for heterologous human and P. falciparum Hsp70-Hsp40 
partnerships 

v. Establish a model system for the screening and identification of small molecule modulators 
specific to the homologous and heterologous Hsp70-Hsp40 partnerships of the parasite 
chaperones 

6.2 MATERIALS AND METHODS 

6.2.1  Description and Isolation of Recombinant Proteins 

The recombinant proteins utilised and referred to in this study, are summarised in TABLE 6.1. Protein 

sequences of the respective proteins are provided in fasta format in APPENDIX C2. Heterologous 

production and purification of the proteins is further detailed. 

TABLE 6.1  Description and Classification of the Recombinant Proteins Used for In Vitro Characterisation 

Protein Classification Gene ID Protein Accession Source Organism 

PfHsp40 Hsp40 (Type I) PF14_0359 NP_702248 P. falciparum 
Pfj1 Hsp40 (Type II) PFD0462w NP_702750 P. falciparum 
Hsj1a Hsp40 (Type II) DNAJB2 X63368 H. Sapiens 
Hlj1 Hsp40 (Type III) P48353 NP_013884 S. cerevisiae 
HsHsp70 Hsp70 HSPA1A NP_005336 H. Sapiens 
PfHsp70-I Hsp70 PF08_0054 AAA29626 P. falciparum 

6.2.1.1 Expression and Purification of the P. falciparum Type I Hsp40 protein, PfHsp40 

The heterologous expression and purification of recombinant PfHsp40 is detailed in SECTION 3.3.2.1, 

CHAPTER 3. 

6.2.1.2 Expression and Purification of the Human Type II Hsp40, Hsj1a 

Enhancement of the ATPase and substrate binding activity of HsHsp70 by Hsj1a has been described 

(CHEETHAM et al., 1994). Recombinant hexahistidine-tagged Hsj1a, or His6-Hsj1a, was expressed from 

the pQE30-derived pQHsj1a plasmid (MCNAMARA, 2006) in E. coli XL1-Blue at 37°C in LB media (1% 

tryptone, 0.5% yeast extract, 1% NaCl) supplemented with 100 µg.ml
-1 
 ampicillin. Protein expression 

was induced with 1 mM IPTG (A600  of 0.6-0.8) and the cells were harvested 5 hours post-induction. 

Protein purification was performed under batch and non-denaturing conditions in the presence of 

0.1% PEI, 10 mM imidazole, 300 mM NaCl and 10 mM Tris-Cl (pH 8.0). Cell lysis was achieved by 

sonication and treatment with 1 mM lysozyme (freeze-thaw at -20 °C) in the presence of proteinase 

inhibitors (1 mM PMSF, 0.5 µg.ml
-1 
 Pepstatin A and 1 µg.ml

-1 
 Leupeptin). The cell lysate was cleared 
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by centrifugation (16 000xg, 20 minutes, 4°C). Protein in the soluble fraction was allowed to bind a 

Ni-NTA slurry (1:500 column to culture volume; Qiagen) for 4 hours at 4°C with gentle agitation. The 

beads were subsequently washed with 50, 100 and 150 mM imidazole respectively, followed by the 

elution of bound protein with 1 M imidazole. The imidazole in the eluted fraction was removed by 

dialysis (5% (v/v) glycerol, 2 mM MgCl2, 0.8 mM DTT, 50 mM NaCl, 50 mM Tris-Cl, pH 7.4), and the 

protein was concentrated with Polyethylene Glycol (PEG-3000; Sigma-Aldrich). 

6.2.1.3 Expression and Purification of the S. cerevisiae Type III Hsp40, Hlj1 

The J-domain of the S. cerevisiae transmembrane endoplasmic reticulum type III Hsp40 protein, Hlj1, 

was used as a control for the assessment of co-chaperone activity in the assays detailed in this study. 

Stimulation of Hsp70 ATPase activity by the Hlj1 J-domain has been published; the protocol for the 

purification of recombinant Hlj1 was adapted accordingly (YOUKER et al., 2004). Plasmid pGEX-KG-Hlj1 

encodes an N-terminally tagged glutathione-S-transferase (GST) fusion protein bearing the first 86 

amino acids of the Hlj1 sequence (259 base pairs) comprising the J-domain (APPENDIX C2). The fusion 

protein bears an additional C-terminal hexahistidine tag resulting from subcloning of the Hlj1 coding 

sequence from the pQE60 plasmid. In brief, a culture of E. coli M15 cells transformed with the pGEX-

KG-Hlj1 plasmid was grown to A600  —0.5 at 37°C in LB media containing 50 µg.ml
-1 
 ampicillin. 

Following back dilution (1:1000), the culture was grown at 30°C to A600  —0.15 and induced with 0.2 

mM IPTG. The cells were harvested 7 hours post-induction, and resuspended in Buffer 88 (150 mM 

KOAc, 5mM MgOAc, 250 mM sorbitol, 20 mM HEPES, pH 6.8) containing 1 mM EDTA, 0.1% (v/v) 

Triton X-100 and proteinase inhibitors (1 mM PMSF, 1 µg.ml
-1 
 Leupeptin, 0.5 µg.ml

-1 
 Pepstatin A). 

Post freeze-thaw (-80°C), cell lysis was achieved by sonication and the lysate was cleared by 

centrifugation (16 000xg, 20 minutes, 4°C). The soluble fraction was loaded onto a column of 

glutathione-agarose (Sigma-Aldrich; 3:2000 column to culture volume ratio). Bound protein was 

washed with consecutive washes of Buffer 88 supplemented with 1 mM EDTA and proteinase 

inhibitors, 1 M KCl, and 7 mM ATP respectively. The bound Hlj1 was eluted with 10 mM reduced 

glutathione in the presence of 50 mM Tris-Cl, pH 8.0, and subsequently dialysed (5% glycerol, 2 mM 

MgCl2, 0.8 mM DTT, 50 mM NaCl, 50 mM Tris-Cl, pH 7.4). The dialysed fraction was passed over a Q-

Sepharose Fast Flow
TM 

 anion exchange column (Sigma-Aldrich; 1:500 column to culture volume) 

equilibrated in dialysis buffer. The unbound fraction containing recombinant Hlj1 was concentrated 

by centrifugation (5000 xg; 30 minutes) with Centricon® centrifugal filter units (Millipore). 

6.2.1.4 Expression and Purification of the P. falciparum Hsp70, PfHsp70-I 

Recombinant hexahistidine-tagged PfHsp70-I, or His6-PfHsp70-I, was expressed from the pQE30-

derived pQPfHsp70-I plasmid (originally termed pQE30/PfHsp70; MATAMBO et al., 2004) in E. coli 
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Rosetta
TM 

 2(DE3) (Novagen) at 26°C in LB media supplemented with 50 µg.ml
-1 
 ampicillin and 34 

µg.ml
-1 
 chloramphenicol for plasmid and strain selection respectively. Protein expression was 

induced with 1 mM IPTG (A600  of 0.6 - 0.8), and cells were harvested 5 hours post-induction. 

PfHsp70-I purification was performed under denaturing (8M urea) and non-denaturing (0.1% (v/v) 

PEI) conditions respectively in the presence of 10 mM imidazole, 300 mM NaCl and 10 mM Tris-Cl 

(pH 8.0). Cell lysis was achieved by sonication and treatment with 1 mM lysozyme in the presence of 

proteinase inhibitors (1 mM PMSF, 0.5 µg.ml
-1 
 Pepstatin A and 1 µg.ml

-1 
 Leupeptin). The cell lysate 

was cleared by centrifugation (16 000xg, 20 minutes, 4°C). Protein in the soluble fraction was allowed 

to bind a Ni-NTA column (1:500 column to culture volume), subsequently washed with 10 and 20 mM 

imidazole respectively, and eluted with a 25 - 500 mM imidazole gradient. Washes were performed 

in the absence of urea in the denaturing purification to permit protein refolding. The imidazole in the 

eluted fractions was removed by dialysis (5% (v/v) glycerol, 2 mM MgCl2, 0.8 mM DTT, 50 mM NaCl, 

50 mM Tris-Cl, pH 7.4), and the protein in the dialysed fraction was allowed to bind a Q-Sepharose 

Fast Flow
TM 

 anion exchange column (Sigma-Aldrich; 1:500 column to culture volume) equilibrated in 

dialysis buffer. Bound protein was washed with dialysis buffer and eluted from the column with 200 

mM NaCl. The eluted protein was dialysed as before to eliminate excess NaCl, and concentrated by 

centrifugation as previously detailed. PfHsp70-I purified under non-denaturing and denaturing 

conditions is further denoted as N/PfHsp70-I and D/PfHsp70-I respectively. 

6.2.1.5 Recombinant Human Hsp70, HsHsp70 

Recombinant hexahistidine-tagged human Hsp70, His6-HsHsp70, purified under non-denaturing 

conditions was a kind gift from Dr Michael Klein and Professor Xiaojeng Chen of the Department of 

Molecular and Computational Biology, University of Southern California, United States. 

6.2.2  SDS-PAGE and Western Analysis of the Purified Recombinant Proteins 

Confirmation of the isolation of the recombinant protein products was achieved by 10% (w/v) SDS-

PAGE and subsequent Western analysis as detailed in APPENDIX D11.  The SDS-PAGE gels were 

prepared in duplicate and stained with Coomassie Blue and Silver nitrate respectively. The 

recombinant protein preparations were tested for contaminating DnaK and DnaJ from the 

heterologous expression systems used by Western analysis. Protein concentrations of the 

preparations were determined by Bradford’s Assay (APPENDIX D9). 

6.2.3 Single Turnover and Steady State ATPase Assays 

Single turnover and steady state radioactive ATPase assays were employed to assess the basal and 

co-chaperone stimulated ATPase activity of recombinant HsHsp70 and PfHsp70-I, as schematically 
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FIGURE 6.1 The Hsp40 -stimulated ATPase 
cycle of Hsp70 : single turnover vs. steady 
state ATPase assays. Protein substrate is 
recruited to Hsp70 by the co-chaperone 
Hsp40 promoting the ATPase activity of 
Hsp70 . ATP hydrolysis represents the rate-
limiting step of the ATPase cycle. In the 
ATP-bound state, Hsp70 exhibits low 
affinity for protein substrate and high 
exchange rates. In an ADP-bound state, 
Hsp70 adopts a conformation with 
increased affinity for protein substrate and 
slower exchange rates, thereby facilitating 
folding of the substrate. The exchange of 
Hsp70- bound ADP for ATP is facilitated by 
a nucleotide – exchange factor (NEF), 
thereby decreasing Hsp70 affinity for 

substrate and allowing the release of the protein folding intermediate. Further processing of the su bstrate 
may follow, entailing additional cycles of binding and release. Single turnover ATPase assays were used to 
gauge ATP hydrolysis in the ATP hydrolysis step of the Hsp70 ATPase cycle only. I In contrast, steady state 
ATPase assays were employed to gauge ATP hydrolysis through repetitions of the entire ATPase cycle. 
Notably, ATPase assays were performed in the absence of protein substrate. The figure was adapted from 
SZABO et al. (1994). 

represented in FIGURE 6.1. The protocols for the ATPase assays were adapted from those previously 

described (FEWELL et al ., 2004; IWRIGHT et al., 2008 ). 

6.2.3.1 Single Turnover ATPase Assays 

Hsp70- [α
32 

 P]ATP complex was prepared through the incubation of 25 μg of purified Hsp70 protein 

(purified N/PfHsp70- I or HsHsp70) with 25 μM ATP (Sigma Scientific) and 100µCi of [α
32 

 P]ATP (Perkin - 

Elmer Life Sciences) in single turnover Complex Buffer (STCB; 110 mM Mg OAc, 100 mM KCl, 25 mM 

HEPES, pH 7.5) at 4°C for 30 minutes. Free unbound [α
32 

 P]ATP was eliminated by purification at 4°C 

on an illustra
TM 

 NICK Sephadex G - 50 column ( GE Healthcare ) equilibrated in STCB. Eluted fractions of 

Hsp70- [α
32  

P]ATP complex were dete cted with a Geiger Counter. The fractions were pooled, treated 

with glycerol to a final concentration of 10 % and frozen in aliquots using liquid nitrogen. The 

complex was stored at - 80°C for a period of no longer than 2 weeks prior to use in ATPase assays. 

For each reaction in which the basal or co-chaperone stimulated ATPase activity was determined, a 

25 µL aliquot of Hsp70 -[α
32 

 P]ATP complex was rapidly thawed at 30°C and added to 2.5 µL STCB in a 

50 µL reaction. I In the co -chaperone stimulated reactions, purified Hlj1 (0.55 µM), Hsj1a (0.3 µM) or 

PfHsp40 (0.4 µM) was added to the specified final concentrations respectively 60 seconds after the 

start of the reaction. The reaction was allowed to proceed at 30°C and aliquots of 6 μL were removed 

at selected time points throughout a 10 minute time course. ATP hydrolysis was interrupted in these 

aliquots by treatment with 2 μL of Stop Solution (2 M LiCl, 4 M Formic Acid, 36 mM ATP) and the 
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reduction of the reaction temperature to 4°C. Aliquots of the stopped reactions (2 μL) were spotted 

in duplicate on thin layer chromatography plates and allowed to develop in TLC Buffer (0.5 M LiCl, 1 

M Formic Acid). The [α
32

P]ATP isotope was diluted 1:100 and similarly spotted and developed to 

determine spontaneous hydrolysis. Phosphorimager analysis (Fujifilm Phosphorimager BAS 2500 

coupled to Image Gauge software, version 4.0) was employed in the determination of the percentage 

of ATP hydrolysed to ADP and Pi in each reaction. Curve fits and kinetic analyses were performed on 

the obtained data in KaleidaGraph (version 3.0.4, Synergy Software) and Sigmaplot (version 10.0, 

Systat Software Inc.). Kinetic analyses for the co-chaperone stimulated reactions were performed 

with the 60 second time point corrected to zero. 

6.2.3.2 Steady State ATPase Assays 

Purified recombinant Hsp70 protein (2 µM PfHsp70-I and 2.125 µM HsHsp70 respectively) was 

preincubated in reaction buffer (50 mM NaCl, 2 mM MgCl2, 10 mM DTT, 50 mM HEPES, pH 7.4) for 15 

minutes at 4°C. The reaction was started by the simultaneous addition of 50 µM ATP and 0.01 µCi 

[α
32

P]ATP and allowed to proceed at 30°C over a 30 minute time course. At selected time points, 4 µL 

aliquots of each reaction were removed and added to 2 µL of Stop Solution (2 M LiCl, 4 M Formic 

Acid, 36 mM ATP) at 4°C. The aliquots representing each time point were subjected to thin layer 

chromatography (in duplicate) and analysed for ATP hydrolysis by Phosphorimager analysis as 

previously detailed in the protocol for the single turnover ATPase assays. The data from each time 

point was corrected for spontaneous ATP hydrolysis as observed in a control experiment in the 

absence of chaperone proteins. Co-chaperone stimulation of the basal Hsp70 activity was similarly 

assessed by the addition of 1 µM of the co-chaperone protein of interest (purified recombinant Hlj1, 

Hsj1a and PfHsp40) to the preincubated reaction mixture prior to the addition of ATP. Background 

ATP hydrolysis of the co-chaperone protein preparations was assessed and subtracted accordingly. 

6.2.4  Malate Dehydrogenase Aggregation Suppression Assays 

Aggregation suppression assays were employed to assess the ability of the investigated chaperone 

proteins (recombinant PfHsp70-I, HsHsp70, Hlj1, Hsj1a and PfHsp40) and associated Hsp70-Hsp40 

partnerships to suppress the heat-induced aggregation of L-Malate Dehydrogenase (MDH) at 48°C 

over time. The MDH (0.72 µM; Roche Applied Sciences, Germany) and chaperone protein(s) of 

interest (0.3 µM respectively) were suspended in assay buffer (100 mM NaCl, 50 mM Tris-Cl, pH 7.4) 

pre-equilibrated to 48°C. The accumulation of protein aggregates was monitored by changes in 

Absorbance at 360 nm in a thermo-controlled spectrophotometer (Model 14NT-UV-VIS, Aviv 

Instruments Inc, Lakewood, N.J., USA). As a reference, MDH aggregation was monitored in the 

Chapter 6  | 137 



A. B. 

  

 

  

R1 R2 R3 R4 
p-Biphenyl  c-Hexyl  n-Hexyl  n-Butyl 

FIGURE 6.2  Chemical structures of the small molecule modulators, MAL3-39 and DMT002264. The ability of 
compounds (A) MAL3-39 and (B) DMT002264 to modulate the co-chaperone stimulated and basal ATPase 
activity of HsHsp70 and PfHsp70-I was assessed in single turnover and steady state ATPase assays. MAL3-39 
represents a 15-Deoxyspergualin (DSG) derivative, previously shown to inhibit the stimulation of the ATPase 
activity of Hsp70 by the J-domain containing large T antigen of the simian virus 40 in vitro (FEWELL et al., 
2004). DMT002264 represents a pyrimidinone-peptoid hybrid, or cyclohexylcarboxyaldehyde, derived from an 
additional DSG derivative, MAL3-101. DMT002264 was shown to stimulate the ATPase activity of the yeast 
Hsp70, Ssa1p, 3.2-fold in vitro (WRIGHT et al., 2008). 

absence of chaperone proteins at 48°C over time. Similarly in the absence of MDH, the thermal 

stability of the chaperone proteins under investigation was assessed to ensure accurate monitoring 

of the MDH aggregation in the test experiments. Furthermore, BSA (0.3 µM) was used in a control 

experiment in the absence of chaperone proteins to ensure that the observed MDH aggregation 

suppression was specific to chaperone protein activity, and to further demonstrate the thermal 

instability of MDH in the absence of chaperone protein intervention. Protein concentrations were 

calculated assuming the monomeric form of the relevant proteins. 

6.2.5 Assessment of the Effect of Small Molecule Modulators on Hsp70-Hsp40 Activity 

The homologous and heterologous Hsp70-Hsp40 partnerships established in the ATPase assays 

(SECTION 6.2.3) represented a model system for the identification of small molecule modulators 

specific to interactions of the parasite chaperone proteins. In demonstration of this, two previously-

characterised small molecule modulators of Hsp70, MAL3-39 (FEWELL et al., 2004) and DMT002264 

(WRIGHT et al., 2008) illustrated in FIGURE 6.2, were assessed for their ability to modulate the basal and 

co-chaperone stimulated ATPase activity of HsHsp70 and PfHsp70-I in vitro, using the single turnover 

and steady state assays previously described. 

Single turnover and steady state ATPase assays were conducted as previously detailed with the 

following exceptions. In single turnover assays, the compounds MAL3-39 and DMT002264 were 

prepared in Dimethyl sulfoxide (DMSO) and added to a final concentration of 300 µM respectively at 

the start of each reaction. In steady state assays, preincubation of the assay components prior to the 
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addition of ATP was achieved in the presence of 300 µM of each respective compound prepared in 

DMSO. In all assays, an equal volume of DMSO was added to the reactions not treated with 

compounds. 

6.3 RESULTS AND DISCUSSION 

6.3.1  Purification of Recombinant Proteins 

SDS-PAGE and Western analysis of the purified recombinant proteins used in this study is provided in 

FIGURE 6.3. 

FIGURE 6.3  SDS-PAGE and Western analysis of purified recombinant proteins used for in vitro 
characterisation studies. Lanes: M – Marker (Fermentas Pageruler

TM 
 Protein Ladder), 1 – D/His6-PfHsp70-I (76 

kDa), 2 – N/His6-PfHsp70-I (76 kDa), 3 – His6-HsHsp70 (72 kDa), 4 – GST-Hlj1-His6 (36 kDa), 5 – His6-Hsj1a (32 
kDa), 6 – D/His6-PfHsp40 (49 kDa), 7 – N/His6-PfHsp40 (49 kDa), 8 – E. coli XL1-Blue cell lysate (positive control). 
D/ and /N denote proteins purified under denaturing and non-denaturing conditions respectively. Each lane 
contains 2 µg of purified protein, with the exception of His6–PfHsp40 in lanes 6 and 7. Concentrations of the 
purified recombinant proteins were determined by Bradford’s assay: D/His6-PfHsp70-I - 0.67 µg.μl

-1
; N/His6-

PfHsp70-I - 0.71 µg.μl
-1
; His6-HsHsp70 - 1.8 µg.μl

-1
; GST-Hlj1-His6 - 0.45 µg.μl

-1
; His6-Hsj1a - 0.50 µg.μl

-1
; His6-

PfHsp40 - 0.11 µg.μl
-1
. Upper panel – Coomassie-Blue stain of 10% (w/v) SDS-PAGE analysis. Silver staining was 

also employed (not shown) to assess the presence of co-purified proteins and truncation products as further 
discussed in the text. Panel 2 – Detection of target proteins by Western analysis. His6-PfHsp70-I (lanes 1 and 2) 
was detected with rabbit polyclonal anti-PfHsp70-I, His6-HsHsp70 (lane 3) was detected with rabbit polyclonal 
anti-Hsp72/73 (Upstate Biotechnology), GST-Hlj1-His6 (lane 4) was detected with goat polyclonal anti-GST (GE 
Healthcare), His6-Hsj1a (lane 5) was detected with mouse monoclonal anti-penta-His (Qiagen) and His6-PfHsp40 
(6 and 7) was detected with rabbit polyclonal anti-PfHsp40 (engineered in this research). Secondary antibodies 
used: HRP-conjugated goat anti-rabbit and goat anti-mouse (GE Healthcare) and HRP-conjugated anti-
sheep/goat (Exalpha Biologicals). Panels 3 and 4 – Detection of DnaK and DnaJ contamination in the protein 
purification products by Western analysis: DnaK was detected with rabbit polyclonal anti-Hsp72/73 (Upstate 
Biotechnology) and DnaJ was detected with rabbit polyclonal anti-DnaJ (Stressgen), with HRP-conjugated goat 
anti-rabbit secondary antibody. Contaminating DnaK is evident in the D/His6-PfHsp40 preparation (lane 7). 
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The presence of contaminating DnaK and DnaJ in the protein preparations from the prokaryotic 

heterologous expression systems was ruled out by Western analysis as indicated. Notably, the DnaK-

free denaturing preparation of PfHsp40 (lane 6, FIGURE 6.3) was used in subsequent in vitro ATPase 

assays, and not the DnaK-contaminated non-denaturing preparation of the recombinant protein 

(lane 7, FIGURE 6.3). 

6.3.2 ATPase Assays 

6.3.2.1 Co-chaperone Enhancement of ATP Hydrolysis in Single Turnover 

ATP Hydrolysis typically constitutes the rate-limiting step of the ATPase cycle of Hsp70 proteins 

(BURKHOLDER et al., 1994; RUSSELL et al., 1999). Consequently, enhancement of the Hsp70 ATPase 

activity is achieved by co-chaperone regulation by Hsp40. In single turnover assays this enhancement 

was gauged in the ATP hydrolysis step of the Hsp70 ATPase cycle only. The reaction was initiated by 

the addition of co-chaperone protein to Hsp70-ATP complex, with negligible susceptibility to ATP 

rebinding in the absence of ATP regeneration. In this context, stimulation of the ATPase activity of 

HsHsp70 and PfHsp70-I by Hlj1, Hsj1a and PfHsp40 was demonstrated as detailed in FIGURE 6.4 

overleaf. The fold change in ATP hydrolysis relative to basal activity was derived from the curve fits 

of the illustrated reactions, and is summarised in TABLE 6.2. 

TABLE 6.2  Single Turnover ATP Hydrolysis of Basal and Co-chaperone Stimulated HsHsp70 and 
PfHsp70-I ATPase Activity 

Co-chaperone 

stimulation 

Fold change in ATP hydrolysis 
µM 

HsHsp70 PfHsp70-I 
None (basal) - 

0.55 µM 
[1] 

8.13 

[1]

Hlj1 17.02 
Hsj1a 0.3 µM 12.95 34.51 

PfHsp40 0.4 µM 4.40* 9.47 
* ATP Hydrolysis by HsHsp70 has been corrected with the loss in the corresponding PfHsp70-I activity as a 
reference, refer to FIGURE 6.4C; Basal refers to Hsp70 activity in the absence of co-chaperone stimulation; A 
fold change of [1] in ATP hydrolysis indicates that activity has been adjusted to serve as a reference for co-
chaperone stimulated activity. 

The basal ATPase activity of PfHsp70-I (in the absence of co-chaperone) was gauged to be 2.27 fold 

higher than that of HsHsp70 for the ATP hydrolysis stage of the ATPase cycle (TABLE 6.2).  Moreover, 

PfHsp70-I exhibited significantly higher sensitivity to co-chaperone stimulation with more than 

double the fold increase in ATP hydrolysis relative to HsHsp70 for each respective co-chaperone 

protein. 

Chapter 6  | 140 



A. D. 

B. E. 

C. F. 

FIGURE 6.4.../ 

Chapter 6  | 141 



.../FIGURE 6.4  Co-chaperone stimulation of the ATPase activity of HsHsp70 and PfHsp70-I in single turnover 
assays. Stimulation of the ATPase activity of [α

32
P]ATP-bound HsHsp70 (A-C) and PfHsp70-I (D-F) was observed 

by the addition of 0.55µM Hlj1, 0.3 µM Hsj1a, and 0.4 µM PfHsp40 respectively 60 seconds into the start of the 
reaction. In (C) PfHsp40 stimulation of PfHsp70-I is included as a reference to illustrate the loss of ATPase 
activity and co-chaperone stimulation observed with use of ageing Hsp70-[α

32
P]ATP complex; repetition of this 

experiment is required. The 60 second time points were corrected to zero, and curve fits applied using the 
single exponential equation [ADPt] = [ADPmax](1−e

−kt
), where k represents the rate of ATP hydrolysis per second 

and the amplitude of the reaction is represented as [ADPmax].  The Hsj1a stimulation of HsHsp70 (B) and 
PfHsp70-I ATPase activity (E) was best represented as a two-step exponential process [ADPt] = [ADPmax1](1−e

−k1t
) 

+ [ADP
max2

](1−e
−k2t

). Representative curve fits were generated in Sigmaplot (version 10.0, Systat Software Inc.) 
and verified in KaleidaGraph (version 3.0.4, Synergy Software). 

Interestingly, the stimulation of the ATPase activity of HsHsp70 and PfHsp70-I by Hsj1a was best 

expressed as a two-step exponential process (FIGURE 6.4) potentially highlighting a different 

mechanism of co-chaperone stimulation. Moreover, Hsj1a proved the most efficient co-chaperone at 

stimulating the ATPase activity of both Hsp70 proteins, and this remained unaffected at a lowered 

concentration of 0.3 µM (in relation to 0.4 µM PfHsp40 and 0.55 µM Hlj1). It is possible that this high 

degree of co-chaperone stimulation may not inevitably signify appropriate stimulation of chaperone 

activity in vivo. Consistent with this, the homologous PfHsp70-I-PfHsp40 partnership exhibited the 

least enhancement of PfHsp70-I ATPase activity (TABLE 6.2) and most likely represents appropriate 

stimulation. The enhancement of PfHsp70-I basal ATPase activity in the presence of PfHsp40 

represents the first report of biochemical evidence for a functional interaction between a P. 

falciparum Hsp70 and Hsp40 protein. 

As previously discussed, PfHsp70-I and PfHsp40 are predicted to be parasite-resident proteins, as 

they do not bear an export motif for transport to the cytoplasm of the parasitized erythrocyte (HILLER 

et al.,  2004; MARTI et al.,  2004). Moreover, Hsj1a may not constitute a part of the erythrocyte 

proteome (PASINI et al.,  2006).  The host-parasite heterologous Hsp70-Hsp40 partnerships 

demonstrated in this study (PfHsp70-I-Hsj1a and HsHsp70-PfHsp40) are therefore unlikely to prevail 

in vivo in the P. falciparum-infected erythrocyte. Nevertheless, these partnerships have 

demonstrated the potential for heterologous interactions between chaperone proteins of human 

and parasite origin, and in particular between the exported HPD-bearing P. falciparum Hsp40 

proteins and HsHsp70 in the parasitized erythrocyte. Such partnerships remain to be validated with 

parasite Hsp40 proteins that are known to be exported to the host cell cytosol. Importantly, the 

demonstrated heterologous partnerships have highlighted similarities in the activities of the 

respective chaperone proteins, implying a conserved mechanism in both the human host and the 

parasite. This could have implications for future approaches to the use of the parasite molecular 

chaperone proteins as candidate drug targets. 
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C. FIGURE 6.5  Co-chaperone stimulation of the 
ATPase activity of PfHsp70-I and HsHsp70 in 
steady state assays. The ATPase activity of (A) 
2.125 µM HsHsp70, (B) 2 µM D/PfHsp70-I purified 
under denaturing conditions and (C) 2 µM 
N/PfHsp70-I  purified  under non-denaturing 
conditions was assessed in vitro. Stimulation of the 
activity was achieved in the presence of 1 µM co-
chaperone protein (Hlj1, Hsj1a, or PfHsp40 
respectively) as indicated. The reactions were 
corrected for spontaneous ATP hydrolysis as 
observed in the ATP only control, and the co-
chaperone stimulated reactions were corrected for 
background hydrolysis posed by the introduction 
of the respective co-chaperones. The reactions 
were illustrated with representative single 
exponential curve fits generated in Sigmaplot 
(version 10.0, Systat Software Inc.). 

6.3.2.2 Co-chaperone Enhancement of ATP Hydrolysis in Steady State 

In the steady state ATPase assays employed, ATP hydrolysis was gauged for repetitions of the 

complete ATPase cycle of Hsp70. Enhancement of the ATPase activity of HsHsp70 and PfHsp70-I was 

achieved with co-chaperone stimulation by Hlj1, Hsj1a and PfHsp40 in this context as illustrated in 

FIGURE 6.5. 

TABLE 6.3 summarises the ATPase activity approximated from the 10 minute time points of each 

reaction presented in FIGURE 6.5. Activity was expressed in terms of ATP turnover, indicative of the 

number of ATP molecules hydrolysed per number of Hsp70 molecules per minute. 
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TABLE 6.3  Steady State Turnover of Basal and Co-chaperone Stimulated HsHsp70 and PfHsp70-I 
ATPase Activity 

Hsp70 
Protein 

Co-chaperone 
stimulation 

(1 µM) 

% ATP hydrolysed . 
mg Hsp70

-1 
 ± S.D. 

Turnover number* ± S.D. 
( ATP molecules converted . 
Hsp70 molecules

-1 
 . min

-1
) 

Turnover (mean 
fold change) 

None (basal) 1.45 ( ± 0.405 ) 0.010 ( ± 0.003 ) [1] 
HsHsp70 Hlj1 19.74 (N.D.) 0.138 (N.D.) 13.58 
(2.125 µM) Hsj1a 31.70 (N.D.) 0.222 (N.D.) 21.81 

PfHsp40 34.03 ( ± 1.266 ) 0.238 ( ± 0.009 ) 23.41 
None (basal) 2.00 ( ± 0.426 ) 0.014 ( ± 0.003 ) [1] 

D/PfHsp70-I Hlj1 17.42 ( ± 4.059 ) 0.122 ( ± 0.028 ) 8.71 
(2 µM) Hsj1a 18.80 ( ± 1.032 ) 0.132 ( ± 0.007 ) 9.40 

PfHsp40 14.29 ( ± 2.821 ) 0.100 ( ± 0.020 ) 6.78 
None (basal) 7.75 ( ± 0.768 ) 0.099 ( ± 0.006 ) [1] 

N/PfHsp70-I Hlj1 35.78 ( ± 4.846 ) 0.244 ( ± 0.034 ) 2.46 
(2 µM) Hsj1a 34.95 ( ± 4.057 ) 0.253 ( ± 0.032 ) 2.56 

PfHsp40 36.50 ( ± 2.513 ) 0.256 ( ± 0.018 ) 2.58 
*Turnover values are expressed assuming the monomeric form of the proteins; [1] The fold change in turnover 
in the presence of co-chaperone stimulation is expressed relative to basal Hsp70 activity; Basal refers to basal 
chaperone activity in the absence of co-chaperone stimulation. 

The basal ATPase activity of N/PfHsp70-I was observed to be 3.85 fold higher than the corresponding 

activity of D/PfHsp70-I in the in vitro steady state assays. Moreover, a higher ATP turnover was 

achieved for the co-chaperone stimulated N/PfHsp70-I ATPase activity (TABLE 6.3). This potentially 

implies a loss in PfHsp70-I activity during purification under denaturing conditions, possibly 

attributed to insufficient refolding of the protein following denaturation with urea as previously 

suggested (SHONHAI, 2007). Equally it may be argued that the higher ATPase activity of PfHsp70-I 

purified under non-denaturing conditions was a consequence of pre-stimulation by a contaminant in 

the protein preparation. Silver staining of the non-denaturing and denaturing preparations of 

PfHsp70-I did not reveal significant differences in the co-purification of proteins and truncation 

products in the respective purifications, and the presence of contaminating prokaryotic Hsp40, DnaJ, 

was ruled out by Western analysis (FIGURE 6.3). However the possibility of stimulation by co-purified 

peptide fragments cannot be excluded. Such fragments would be released upon the binding of ATP 

in Hsp70-ATP complex formation, explaining the lower relative N/PfHsp70-I basal ATPase activity 

observed in single turnover (TABLE 6.2).  Consistent with this, the activity of N/PfHsp70-I was shown 

to be 5.34 fold higher than that of HsHsp70 in steady state; considerably higher than what was 

observed in single turnover. Moreover, a lower fold change in N/PfHsp70-I activity was observed in 

the co-chaperone stimulated reactions in steady state, although stimulation was achieved to the 

same order as HsHsp70 with respect to ATP turnover (TABLE 6.3).  In this context, the importance of 

comparing non-denaturing preparations of both recombinant HsHsp70 and PfHsp70-I becomes 

apparent. 
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The ability of PfHsp40 to serve as a co-chaperone of PfHsp70-I was further demonstrated in the 

steady state ATPase assays described in this study. In general, co-chaperone stimulation was shown 

for a 2:1 molar ratio of Hsp70 to Hsp40 in the assays, assuming the monomeric form of the 

respective proteins. The ratio of Hsp70 to Hsp40 in vivo in the P. falciparum parasite and parasitized 

human erythrocyte is as yet unknown, however it has been reported that Hsp40 functions in 

substoichiometric levels to Hsp70 in the prokaryotic system (in a 10:1 ratio of Hsp70 to Hsp40 

respectively; BARDWELL et al., 1986; PIERPAOLI et al., 1998). 

Interestingly, the ‘background’ activity of a DnaK-contaminated non-denaturing preparation of 

PfHsp40 (lane 6, FIGURE 6.3) appeared to be roughly equivalent to the steady state co-chaperone 

stimulated HsHsp70 ATPase activities detailed above in TABLE 6.3 (corresponding data not shown). 

This might be indicative of potential stimulation of the ATPase activity of DnaK by PfHsp40 in the 

steady state reaction. Consistent with this, the observed DnaK-contaminated PfHsp40 activity was 

significantly higher than the background activity of PfHsp40 alone (denaturing preparation) and the 

basal ATPase activity of the Hsp70 proteins described in this study. Based on the assumption that 

PfHsp40 is able to stimulate the chaperone activity of DnaK, the lack of functional interaction 

between these two proteins in the prokaryotic E. coli OD259 complementation system previously 

described, may have been attributed to insufficient production of PfHsp40 in the heterologous 

system (refer to SECTION 5.3.1, CHAPTER 5).  Cautiously though, the stimulation of Hsp70 activity has 

been described in the presence of excess amounts of Hsp40 following the recognition of the co-

chaperone protein as a potential substrate (LAUFEN et al., 1999). 

6.3.3 Protein Aggregation Suppression Activity Assays 

Protein aggregation suppression is achieved by the holdase and refoldase activity of molecular 

chaperone proteins in the cell. More specifically, chaperone proteins recognise and bind to unfolded 

polypeptide substrates in a manner that prevents aggregation, and subsequently facilitates protein 

refolding into the native state. This chaperone activity has been shown in vitro with the use of model 

thermolabile protein substrates (BASHA et al., 2004; GOLOUBINOFF et al., 1999; MOGK et al., 1999). In 

particular, the aggregation suppression activity of PfHsp70-I has been demonstrated in the absence 

of a co-chaperone partner (RAMYA et al., 2006; SHONHAI et al., 2008). This study explored the ability of 

PfHsp40 to enhance the aggregation suppression activity of PfHsp70-I and to exert such activity in its 

own right as a chaperone protein, consistent with its classification as a type I Hsp40 (LU and CYR, 

1998b; WALSH et al., 2004). 

MDH aggregation suppression was observed in the presence of all of the respective chaperone 

proteins and partnerships investigated in this study, to varying degrees as illustrated in FIGURE 6.6. 
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FIGURE 6.6  Suppression of the heat-induced aggregation of MDH by the chaperone activity of recombinant 
PfHsp70-I, HsHsp70, Hsj1a and PfHsp40, acting in Hsp70-Hsp40 combination and independently. The heat-
induced aggregation of 0.72 µM MDH was monitored at 48°C and 360 nm over time. Suppression of MDH 
aggregation was observed in the presence of 0.3 µM Hsp40 (Hsj1a and PfHsp40) and 0.3 µM Hsp70 (HsHsp70 and 
PfHsp70-I), independently and in varied Hsp70-Hsp40 partnerships as represented for (A) the full reaction time 
course and (B) the initial reaction lag phase (0-5 minutes) relative to the full time course (inset). PfHsp70-I purified 
under non-denaturing and denaturing conditions is denoted as N/PfHsp70-I and D/PfHsp70-I respectively. 
Percentage of initial total MDH aggregation observed in the presence of chaperone proteins: BSA control – 
negligible, D/PfHsp70-I – 44.6%, N/PfHsp70-I – 38.2%, HsHsp70 – 44.6%, Hsj1a – 81.6% , PfHsp40 – 64.6%, HsHsp70 
+ Hsj1a – 20.3% , HsHsp70 + PfHsp40 – 33.5%, N/PfHsp70-I + Hsj1a – 33.5%, N/PfHsp70-I + PfHsp40 – 10.4%. No 
aggregation was observed for the chaperone proteins or BSA at 48°C in the absence of MDH (data not shown) 
indicating thermal stability at this temperature. 
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FIGURE 6.7  The percentage of the initial heat-induced MDH aggregation observed in the presence of the 
recombinant purified chaperone proteins. Percentage aggregation was calculated assuming 100% 
aggregation of 0.72 µM MDH in the absence of chaperone proteins at saturation (20-30 minutes into the 
reaction). Chaperone proteins were added to the test experiments at a concentration of 0.3 µM 
respectively. The presence of 0.3 µM BSA had no effect on MDH aggregation (data not shown) attributing 
the suppression of MDH aggregation in the test experiments to chaperone protein activity. 

FIGURE 6.7 illustrates the percentage of MDH aggregation observed in the presence of the respective 

chaperone proteins relative to total aggregation observed with MDH alone. 

PfHsp70-I purified under non-denaturing conditions was shown to be significantly more efficient at 

suppressing the thermal aggregation of MDH than PfHsp70-I purified under denaturing conditions 

and HsHsp70 at sub-stoichiometric amounts relative to MDH in vitro (FIGURE 6.7). This is consistent 

with the argument that PfHsp70-I exhibited enhanced ATPase activity in the single turnover and 

steady state ATPase assays (SECTION 6.3.2.2). Here, a 61.8% decrease in MDH aggregation has been 

shown in the presence of a 2.4-fold molar excess of PfHsp70-I relative to MDH. Previously a 1:2 

molar ratio of MDH to PfHsp70-I was shown to reduce total MDH aggregation by 20% (SHONHAI et al., 

2008). 

Interestingly, both Hsj1a and PfHsp40 were effective at preventing the thermal aggregation of MDH, 

albeit to a lesser degree than observed in the presence of Hsp70 protein (FIGURE 6.7).  This 

emphasises the ability of Hsp40 proteins to function independently as chaperone proteins in 

substrate binding (ROSSER and CYR, 2006) but contrasts previous suggestions that type II Hsp40 

proteins are unable to function independently of Hsp70 in preventing protein aggregation (FAN et al., 

2003).  PfHsp40 proved more effective than Hsj1a at preventing the thermal aggregation of MDH, 
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consistent with its classification as a type I Hsp40; the presence of the zinc-binding domain is 

suggested to enhance chaperone activity through stabilisation of the neighbouring substrate binding 

domain and its interactions with protein substrate (BANECKI et al., 1996; LINKE et al., 2003; SZABO et al., 

1996). It is also possible that differences in certain type I and II Hsp40 substrate binding domains 

govern different affinities or specificities for protein substrate. In line with this, the E. coli type I 

Hsp40, DnaJ, has been shown to suppress the aggregation of denatured rhodanese independently 

and in co-operation with DnaK, while the E. coli type II Hsp40, CbpA, has been shown to function 

with DnaK to this effect, but not independently (CHAE et al., 2004). Interestingly, the ability of CbpA to 

functionally replace DnaJ in vivo has been demonstrated despite these differences (UEGUCHI et al., 

2005). Similarly, the S. cerevisiae type I Hsp40, Ydj1, has been shown to suppress protein aggregation 

(CYR, 1995) while the S. cerevisiae type II Hsp40, Sis1, is thought to lack this ability (LU and CYR, 1998b). 

Moreover, the human type II Hsp40, DnajB1 (Hdj1), may co-operate with Hsp70 but cannot act 

independently to prevent protein aggregation (FREEMAN and MORIMOTO, 1996).  Importantly, 

SCHNAIDER et al. (2000) have demonstrated the ability of the Hsj1a-related human type II Hsp40, 

Hsj1b (DnaJB2 isoform b) to prevent the aggregation of rhodanese. This serves to support the MDH 

aggregation suppression observed in the presence of Hsj1a in this study (FIGURE 6.7). 

As previously detailed, the Hsp70 peptide binding pocket is proposed to bind the backbones and 

side-chains of exposed hydrophobic residues of peptide substrates in a manner that is conducive to 

folding. In contrast, Hsp40 is suggested to bind only the exposed hydrophobic side-chains of 

substrates in a manner that facilitates substrate selection and transfer to Hsp70 (RÜDIGER et al., 1997, 

2001). From the lag phase of the reactions in this study, the Hsp40 proteins appear to exert their 

aggregation suppression activity via a different mechanism to Hsp70, with rapid suppression and 

apparent release of MDH after 2 and 3 minutes into the start of the reaction (FIGURE 6.6B).  In 

contrast, the Hsp70 proteins appeared to demonstrate gradual and improved overall MDH 

aggregation suppression. This is consistent with the notion that Hsp40 proteins function as holdases 

with the ability of delivering client protein to Hsp70 for refolding while Hsp70 proteins bind client 

protein with the ability to exert both holdase and refoldase activity. 

Interestingly, the presence of 0.3 µM Hlj1 appeared to enhance protein aggregation (data not 

shown). The recombinant Hlj1 protein was not observed to aggregate in the absence of MDH 

however, implying that co-aggregation was promoted by illegitimate binding to MDH. Certain type 

III Hsp40s exhibit an inability to bind protein substrate in a legitimate manner, attributed to the lack 

of a conserved Hsp40 substrate binding domain (WALSH et al., 2004). Recombinant Hlj1 thus served as 

a negative control in this experiment, attributing the observed holdase activity of PfHsp40 and Hsj1a 

to action exerted by their substrate binding domains. 
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Notably, PfHsp70-I and HsHsp70 were able to associate with protein substrate independently of co-

chaperone protein, although the presence of equimolar amounts of the latter appeared to enhance 

MDH aggregation suppression. The investigated homologous Hsp70-Hsp40 partnerships were able to 

suppress the aggregation of MDH more effectively than the corresponding heterologous partnerships 

(FIGURES 6.6 and 6.7). More specifically, Hsj1a was shown to function more efficiently in combination 

with HsHsp70 in the prevention of MDH aggregation, and by the same token PfHsp40 was shown to 

function more effectively in combination with PfHsp70-I. These differences suggest that the Hsp70 

and Hsp40 proteins co-operated in partnership to reduce MDH aggregation, as opposed to acting 

collectively as independent chaperones. This is envisaged to have involved the capture of unfolded 

protein substrate by Hsp40 and subsequent delivery to Hsp70 for aggregation prevention and 

refolding as discussed. Hsp40 proteins may only function with select Hsp70 proteins in protein 

aggregation prevention, as implied by the co-operation of Ydj1 with Ssa but not Ssb Hsp70 proteins 

to this effect in S. cerevisiae (CYR, 1995).  Importantly, the co-operation of PfHsp70-I and PfHsp40 in 

the suppression of protein aggregation lends itself as additional evidence for the interaction of these 

proteins in vivo in the P. falciparum parasite. 

The lower efficiency of the demonstrated heterologous partnerships at preventing the thermal 

aggregation of MDH contrasts to what was observed in the ATPase assays. It has been proposed that 

efficient co-chaperone regulation and productive interaction with Hsp70 involves the appropriate 

coupling of ATP hydrolysis stimulation and client protein presentation and transfer (HENNESSY et al., 

2005). It is therefore possible that the high degree of stimulation of PfHsp70-I by Hlj1 and Hsj1a 

observed in single turnover represents inappropriate stimulation of chaperone activity not efficiently 

coupled to substrate capture. Based on this assumption, the in vitro enhancement of Hsp70 

interaction with protein substrate better signifies appropriate co-chaperone regulation. Importantly, 

the treatment of the two processes of co-chaperone regulation as isolated and independent 

processes represents a drawback of the employed in vitro assays. Recently, a more suitable 

fluorescence polarization assay was developed and used in the simultaneous assessment of the ATP 

hydrolysis and substrate binding activity of human Hsp70 (KANG et al., 2008). 

Substrate specificity is of importance in the selection of model thermolabile substrates for the 

characterisation of aggregation suppression activity. BOSHOFF et al. (2008) reported that A. 

tumefaciens DnaJ had no effect on MDH aggregation or on the ability of the corresponding 

prokaryotic Hsp70, DnaK, to bind MDH. In contrast to this, the corresponding E. coli DnaJ has been 

shown to suppress the aggregation of denatured rhodanese (CHAE et al., 2004). This highlights the 

need for an assessment of the detailed heterologous and homologous human and malaria Hsp70-

Hsp40 partnerships with alternative thermolabile substrates, to demonstrate true differences in 
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aggregation suppression activity independent of substrate specificity. With this, the considerable 

diversity in the substrate binding domains of the Hsp40 proteins of P. falciparum becomes an 

important consideration (CHAPTER 2). The potential ability of the exported P. falciparum Hsp40 

proteins to bind and transfer parasite protein substrate to HsHsp70 is of interest and remains to be 

assessed. 

It must also be noted that the aggregation suppression assays described in this study were conducted 

without the removal of endogenous ATP. This may have affected the activity of the respective 

chaperone proteins and partnerships investigated. For unequivocal comparison of the ability of these 

proteins to suppress the thermal aggregation of MDH, the in vitro assays remain to be conducted in 

an ATP-independent manner and in the presence of a known concentration of ATP. 

6.3.4  The Effect of Small Molecule Modulators on Hsp70 ATPase Activity 

The effect of the small molecule modulators DMT002264 and MAL3-39 on the ATPase activity of 

HsHsp70 and PfHsp70-I in single turnover and steady state ATPase assays as illustrated in FIGURE 6.8 

overleaf. From the curve fits for the single turnover assays and the ATP turnover numbers calculated 

from the steady state assays, the fold change in the basal and co-chaperone stimulated ATPase 

activity of HsHsp70 and PfHsp70-I was calculated relative to that observed in the absence of 

compound. The fold change in ATPase activity for each reaction performed in single turnover and 

steady state is presented in TABLE 6.4. 

TABLE 6.4  Effect of Small Molecule Modulators MAL3-39 and DMT002264 on the Basal and Co-chaperone- 
Stimulated ATPase Activity of HsHsp70 and PfHsp70-I in Steady State and Single Turnover 

Small 
molecule 
modulator 

Co-chaperone 
stimulation 

HsHsp70 PfHsp70-I 

Steady state 
Single 

turnover 
Steady state 

Single 
turnover 

Turnover1 Fold 
Change

2  
Fold 

Change
3  Turnover

1  Fold 
Change

2  
Fold 

Change
3  

Basal 0.011 [1] - 0.084 [1] - 
None Hlj1 0.138 [1] [1] 0.284 [1] [1] 

Hsj1a 0.222 [1] [1] 0.232 [1] [1] 
Basal 0.008 0.722 - 0.058 0.691 - 

MAL3-39 Hlj1 0.092 0.667 1.198 0.183 0.644 0.940 
Hsj1a 0.152 0.685 1.146 0.163 0.703 1.071 
Basal 0.018 1.637 - 0.100 1.187 - 

DMT002264 Hlj1 0.167 1.210 1.238 0.255 0.898 0.999 
Hsj1a 0.229 1.030 1.199 0.241 1.039 1.048 

1 Turnover is defined as the number of ATP molecules hydrolysed per enzyme molecules per minute (ATP molecules 
hydrolysed . Hsp70 molecules

-1 
 . min-1 ) derived from the 10 minute time point of each reaction. 

2 
 Fold change in 

turnover in steady state; 
3 
 Fold change in single turnover represents the change in the rate of ATP hydrolysis, derived 

from the slope of curve fit of each reaction; A fold change of [1] indicates that ATPase activity has been adjusted to a 
value of 1.0 to serve as a reference; Basal refers to chaperone activity in the absence of co-chaperone stimulation. 
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A. B. 

C. D. 

FIGURE 6.8  Assessment of the ability of MAL3-39 and DMT002264 to modulate the basal and co-chaperone 
stimulated ATPase activity of HsHsp70 and PfHsp70-I. The effects of the compounds on Hsp70 activity was 
assessed in (A-B) single turnover and (C-D) steady state. In single turnover, co-chaperone stimulation was achieved 
with 0.55 µM Hlj1 and 0.3 µM Hsj1a respectively in the presence of 300 µM of each respective compound. The 
reactions were represented as single exponential curve fits [ADPt] = [ADPmax](1−e

−kt
), except for the Hsj1a-

stimulated Hsp70 ATPase activity which was best represented by the exponential process [ADPt] = [ADPmax1](1−e
−k1t

) 
+ [ADP

max2
](1−e

−k2t
). In steady state assays, the stimulation of 2.125 µM HsHsp70 and 2 µM PfHsp70-I was achieved 

with 1 µM of Hlj1 or Hsj1a in the presence of 300 µM of each respective compound. The reactions were represented 
as single exponential processes. Representative curve fits were generated in Sigmaplot (version 10.0, Systat 
Software Inc.) and verified using KaleidaGraph (version 3.0.4, Synergy Software). In the figure keys “DMT2264” 
denotes compound DMT002264 and “PfHsp70” denotes N/PfHsp70-I. 
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MAL3-39 induced an apparent inhibition of the ATPase activity of both HsHsp70 and PfHsp70-I, 

independently of co-chaperone stimulation in steady state. In line with this, the compound had no 

effect on the co-chaperone stimulation of the ATP hydrolysis step of either Hsp70 protein in single 

turnover. This implies that the compound acted on another stage of the ATPase cycle or interacted 

with HsHsp70 and PfHsp70-I in a manner that did not impact on the ability of either protein to 

hydrolyse ATP or interact with Hsp40. MAL3-39 did not act as a specific modulator of PfHsp70-I 

activity, due to its failure to differentiate between the parasite and human Hsp70 proteins or co-

chaperone stimulation of these proteins. Interestingly, MAL3-39 was previously shown to inhibit 

Hsp70 stimulation by the J-domain containing large T antigen (TAg) of the simian virus 40 (SV40), but 

not of the yeast Hsp40, Ydj1p (FEWELL et al., 2004). This highlights the potential for exploiting varied 

mechanisms of Hsp40 stimulation of Hsp70 for the discovery of more specific small molecule 

modulators. This is of importance considering the proposed conserved mechanism of Hsp70-Hsp40 

interaction in P. falciparum as is encountered in the human host. Importantly, the effect of MAL3-39 

on PfHsp40 stimulation of PfHsp70-I activity remains to be assessed; this study was hindered by 

problems relating to the production and purification of sufficient quantities of PfHsp40. It remains 

to be established whether PfHsp40 exhibits a different mechanism of Hsp70 stimulation to that of its 

human counterparts. Hsj1a appeared to exert its chaperone activity via a different mechanism in the 

single turnover ATPase assays (FIGURE 6.4; SECTION 6.3.2.1) although it would be more valuable to 

compare the activity of PfHsp40 to that of a human type I Hsp40 such as DnaJA1. 

In contrast, DMT002264 showed distinction between HsHsp70 and PfHsp70-I, through mild 

enhancement of the ATPase activity of HsHsp70 in steady state. This enhancement was reduced in 

the presence of co-chaperone regulation; however the compound showed no significant effect in 

single turnover. Enhancement of the ATPase activity of the yeast Hsp70, Ssa1p, by DMT002264 has 

been described (WRIGHT et al., 2008). The distinction between Hsp70 proteins highlights the potential 

for discovering small molecule modulators specific to diminishing the activity of PfHsp70-I only. 

Notably, significantly high concentrations of the test compounds were utilised in this study (300 µM); 

while this serves the purpose of high-throughput screening for the identification of ‘hit’ compounds 

that may subsequently be modified for more effective inhibition, this concentration is not as 

appropriate for the purposes of initial chaperone protein kinetic analyses. In further critique of this 

work, it is questionable as to whether the presence of 50 µM ATP was sufficient to represent 

saturating concentrations in the steady state ATPase assays employed. This concentration was 

utilised for consistency with that previously reported for steady state ATPase assays performed in the 

presence of small molecule modulators (WRIGHT et al., 2008; refer to SECTION 6.3.4). It would be of 
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value to repeat the steady state ATPase assays performed in the absence of test compounds (SECTION 

6.3.2.2) with increased concentrations of the unlabelled ATP in the reactions to verify the determined 

ATP turnover for PfHsp70-I in particular. 

6.4 CONCLUSIONS 

In this study, evidence for a functional Hsp70-Hsp40 interaction of the P. falciparum parasite has 

been demonstrated, with the interaction between PfHsp70-I and PfHsp40. The effect of this 

partnership on the stimulation of the activity of PfHsp70-I was established in the context of ATP 

hydrolysis and interaction with heterologous protein substrate. Placed in context with results from 

the prior localisation studies in CHAPTER 4, the interaction between PfHsp70-I and PfHsp40 

demonstrated in vitro lends itself as evidence for the existence of this chaperone partnership in vivo. 

This established interaction, together with the established human Hsp70-Hsp40 partnership between 

human Hsp70 and Hsj1a, constitutes a platform for the further screening and discovery of small 

molecule modulators specific to the parasite chaperone proteins and interactions. Moreover, the 

potential for heterologous partnerships between the human and parasite chaperone proteins has 

been substantiated, and similarly remains to be assessed in depth. In particular, future work includes 

further substantiation of the partnership between PfHsp70-I and PfHsp40 in the P. falciparum 

parasite, as discussed further in CHAPTER 7. 

It  is well known that P. falciparum undergoes significant exposure to heat shock in the 

intraerythrocytic or fever stages associated with malaria, consequently resulting in the upregulation 

of heat shock protein expression (BISWAS and SHARMA, 1994; OAKLEY et al.,  2007).  The efficient 

chaperone activity of PfHsp70-I contrasted to the HsHsp70 activity in vitro, could represent an 

adaptation to the requirements of a parasitic lifestyle. High protein folding and processing turnover 

could be consistent with the numerous structural and functional changes necessitated by such 

intracellular parasitism as described by NYALWIDHE et al. (2003) and others, underlining the 

appropriateness of the use of the parasite’s heat shock proteins as candidate drug targets. This 

study has demonstrated the potential to screen for small molecule modulators capable of 

differentiating between human and parasite Hsp70 proteins and their co-chaperone regulation by 

homologous Hsp40 partners. This has been demonstrated in the context of two small molecule 

modulators sourced from a library of compounds that remain to be screened in the established 

model parasite and host comparative chaperone systems described here. Importantly, the apparent 

conservation of the Hsp70-Hsp40 mechanism of interaction in P. falciparum raises implications for 

the future screening of small molecule modulators specific to the interactions and activities of the 

parasite chaperone systems. The established PfHsp70-I-PfHsp40 partnership serves as a good basis 
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for such screening, as it has the potential to promote the identification of inhibitors specific to P. 

falciparum substrate binding and substrate transfer. Previously the effect of 15-deoxyspergualin 

(DSG) on the binding of PfHsp70-I to a model substrate was assessed in the absence of co-chaperone 

stimulation (RAMYA et al., 2006). 

As previously discussed in CHAPTER 3, the heterologous expression of many P. falciparum proteins has 

proved challenging for numerous reasons. Approaches to the enhanced heterologous expression and 

folding of target proteins by the co-expression of chaperone proteins have been described (BANEYX 

and PALUMBO, 2003; DE MARCO and DE MARCO, 2004; THOMAS et al., 1997). BOSHOFF et al. (2004) have 

proposed the appropriateness of using homologous chaperone systems for such purposes, given that 

chaperones are evolutionarily paired to their client substrate proteins. The established PfHsp70-I-

PfHsp40 partnership may thus be exploited for the enhancement of the heterologous expression and 

subsequent purification of P. falciparum proteins. This may serve to aid the characterisation of 

malarial proteins flagged as potential vaccine or drug target candidates. 
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CHAPTER 7: 

CONCLUSIONS AND FUTURE PERSPECTIVES 
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7.1 CONCLUDING REMARKS 

7.1.1  Insight into the Co-chaperone Regulation of the P. falciparum Hsp70, PfHsp70-I 

The research detailed in this dissertation has attempted to address the lack of knowledge pertaining 

to the co-chaperone regulation of the highly abundant and potentially cytoprotective P. falciparum 

Hsp70 protein, PfHsp70-I. The characteristic Hsp40 protein, PfHsp40, and the larger, atypical Hsp40 

protein, Pfj1, represent the only two type I Hsp40 proteins of the parasite, and are thus the most 

likely candidates for the accomplishment of this co-chaperone regulation. To motivate for this, the 

co-chaperone properties of PfHsp40 and Pfj1 were elucidated as further discussed. 

7.1.1.1 The Co-chaperone Properties of the Prototypical Type I Hsp40, PfHsp40 

Recombinant PfHsp40 was successfully isolated following production from a codon-harmonized 

synthetic gene in a prokaryotic heterologous expression system. The ability of the protein to co-

chaperone the activity of PfHsp70-I was demonstrated in in vitro assays including single turnover and 

steady state ATPase assays, and protein aggregation suppression assays with a model thermolabile 

substrate. PfHsp40 was able to enhance the ATPase and aggregation suppression activity of PfHsp70-

I in vitro, supporting the potential for interaction between these proteins in vivo. Moreover, PfHsp40 

was shown to demonstrate thermal stability and exhibit aggregation suppression activity in its own 

right, suggesting that this protein may contribute to the cytoprotection of the P. falciparum parasite 

independently and through specific co-operation with PfHsp70-I. In particular, this cytoprotective 

role may be pertinent to the intraerythrocytic stages of P. falciparum development, as suggested for 

other chaperone proteins such as PfHsp90 and PfHsp70-I (BANUMATHY et al., 2003; PAVITHRA et al., 

2004, 2007). Consistent with this, PfHsp40 was detected in the parasite cytoplasm in cultured P. 

falciparum-infected erythrocytes by immunofluorescence staining, validating the gene expression 

profile predicted for the protein from transcriptomic analyses (LE ROCH et al., 2003). This distribution 

was shown to overlap with that of PfHsp70-I in heat shock and non-heat shock conditions, 

contributing additional rationale to the notion that PfHsp70-I and PfHsp40 may co-operate in 

constitutive, stress-related and/or stage-specific protein folding and assembly tasks in vivo. 

Moreover, the cytoplasmic distribution of PfHsp40 is consistent with the parallels drawn between 

this protein and analogous cytoplasmic type I Hsp40 proteins of eukaryotic origin. More specifically, 

PfHsp40 may undergo post-translational farnesylation at the C-terminal CAAX-box motif, allowing the 

protein to associate with the cytosolic face of organellar membranes to facilitate protein 

translocation. This modification may also serve to connect PfHsp40 to the PfHsp90/PfHsp70-I 

complex identified in the parasite (BANUMATHY et al., 2003) as recently described for the analogous 

type I Hsp40, Ydj1 in S. cerevisiae (FLOM et al., 2008).  Placed together with in silico bioinformatics 
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analyses, the findings presented in this work support the notion that PfHsp40 most likely facilitates 

standard ‘house-keeping’ processes in the P. falciparum parasite as a chaperone in its own right and 

as a presumed co-chaperone partner of PfHsp70-I. Importantly, the proposed interaction between 

PfHsp70-I and PfHsp40 represents the most apparent ‘house-keeping’ Hsp70-Hsp40 partnership in 

the P. falciparum parasite, as typified by DnaK-DnaJ in E. coli, Ssa1-Ydj1 in S. cerevisiae, and HspA1A-

DnaJB2 in H. sapiens. 

7.1.1.2 The Co-chaperone Properties of the Atypical Type I Hsp40, Pfj1 

The co-chaperone abilities of the atypical type I Hsp40 protein, Pfj1, were investigated using an in 

vivo prokaryotic complementation system. The functionality of the lesser-conserved J-domain of Pfj1 

was demonstrated by its ability to replace the equivalent domain of A. tumefaciens DnaJ, in 

interactions with DnaK in the thermosensitive dnaJ cbpA E. coli OD259 strain. Considering that the J-

domain defines the Hsp40 protein class and represents the minimum requirement for interaction 

with Hsp70, the functionality of the Pfj1 J-domain in the prokaryotic system served to substantiate 

the co-chaperone abilities of this protein. Importantly, this in vivo assay system provided a platform 

from which to explore the co-chaperone properties of Pfj1, which was otherwise not possible due to 

the recalcitrance of the recombinant Pfj1 protein to heterologous production and isolation. Placed 

together with the previously demonstrated functional equivalence of PfHsp70-I and E. coli DnaK in a 

prokaryotic system (SHONHAI et al.,  2005), the ability of the Pfj1 J-domain to exhibit specific 

interactions with DnaK may suggest its ability to interact with PfHsp70-I by the same token. In line 

with this, rational site-directed mutagenesis studies alluded to the conservation of key elements in 

the Pfj1 J-domain for interaction with Hsp70 partner proteins. More specifically, elements of helix II 

and the invariant HPD-motif appeared to constitute the Hsp70 interaction interface of the J-domain, 

while residues of helix III appeared to uphold the functional or structural integrity of the domain. 

Residues of helix IV of the Pfj1 J-domain appeared to mediate the specificity or affinity of interaction 

with Hsp70. These findings are consistent with analogous studies performed on classical J-domains 

(GENEVAUX et al., 2002; HENNESSY et al., 2005a).  Likewise, multiple protein sequence alignments and 

homology modelling revealed the conservation of Hsp40-interaction residues in PfHsp70-I.  The 

preservation of Hsp70-Hsp40 interaction residues in PfHsp70-I and Pfj1 motivates for a functional 

chaperone partnership between these proteins in the P. falciparum parasite. In further support of 

this proposed partnership, the localisation patterns of PfHsp70-I and Pfj1 were shown to overlap in 

this work, with distribution to the parasite cytoplasm and nucleus in intraerythrocytic-stage parasites 

in heat shock and non-heat shock conditions. The distribution of both proteins was shown to shift 

from the nucleus of the developing merozoite-stage during the intraerythrocytic progression of the 

Conclusions and Future Perspectives  | 157 



parasite’s lifecycle, alluding to more divergent or specialised stage-specific protein folding and 

assembly roles for this prospective Hsp70-Hsp40 partnership. 

7.1.2  Consequences for the Conserved Mechanism of Hsp70-Hsp40 Interaction in P. falciparum 

The findings detailed in this work have provided evidence for the conservation of the prototypical 

mode of J-domain based Hsp40 interaction with Hsp70 in P. falciparum, as previously elucidated for 

characterised Hsp70-Hsp40 associations in other organisms. This was deduced from the functionality 

of the Pfj1 J-domain in substitution of the J-domain of Agt DnaJ in the prokaryotic in vivo 

complementation system described above, and by the observation that Pfj1 exerted its functionality 

by a conserved HPD-motif mediated interaction in this system. The conservation of the mode of 

Hsp70-Hsp40 interaction in the P. falciparum parasite was further alluded to by the functional 

interchangeability of human and parasite Hsp70 and Hsp40 proteins in the in vitro ATPase and 

protein aggregation suppression assays detailed in this work. Specifically, the functional heterologous 

partnerships demonstrated in vitro between PfHsp70-I and the human Hsp40, Hsj1a, and between 

the human Hsp70, HspA1A, and PfHsp40, implied the existence of a common mode of interaction. 

While this deduction substantiates the potential for heterologous partnerships between human 

Hsp70 and the HPD-bearing exportome Hsp40 proteins of the parasite in the infected erythrocyte 

cytoplasm, it also questions the appropriateness of the use of the parasite’s Hsp70-Hsp40 

partnerships as specific anti-malarial targets. Nevertheless, small molecule modulators capable of 

distinguishing between Hsp70 homologs have been identified in this study and others (BRODKY and 

CHIOSIS, 2006; FEWELL et al., 2004). Moreover, the model homologous and heterologous human and 

parasite Hsp70-Hsp40 partnerships established in this study serve as a foundation from which to 

identify small molecule modulators specific to parasite chaperone activity and co-chaperone 

regulation. Notably, PfHsp40 represents the only typical type I Hsp40 protein of P. falciparum, 

making it possible to surmise that the specific inhibition or knockout of this protein would have 

severe consequences for the viability of the parasite. 

On a different note, the significant divergence of the complete Hsp70-Hsp40 network of P. 

falciparum leaves much to be explored in terms of drug discovery. In particular, the parasite appears 

to have evolved a highly diverse and specialised Hsp40 complement of forty-three member proteins, 

which may be sub-divided into the more conserved, parasite-resident proteins and the lesser-

conserved, exportome proteins. The non-HPD bearing exportome Hsp40 proteins appear to be 

unique to P. falciparum, with an apparent absence of homologs in the human host and related 

apicomplexan parasites. Intriguingly, the absence of a conserved HPD motif in these newly 

categorised type IV Hsp40 proteins suggests that they exert their functionality via an alternative 
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mechanism to that of the prototypical J-domain based interaction with Hsp70. This, placed together 

with the proposed participation of these proteins in erythrocyte remodelling, places these proteins 

as prime candidates to serve as novel anti-malarial targets. 

7.2 APPROACHES TO FUTURE WORK 

7.2.1  Hsp70-Hsp40 Protein Interaction Studies 

7.2.1.1 In Vitro Protein-Protein Binding Assays 

Future work is aimed at further substantiating the association of PfHsp70-I with PfHsp40 and Pfj1 

with binding experiments. Attempts to authenticate these partnerships in vivo in P. falciparum with 

immunoprecipitation experiments were unsuccessful in this work as a result of the non-specific 

binding of PfHsp70-I in the appropriate negative controls. This problem was recurrent in in vitro pull-

down assays using recombinant purified PfHsp70-I and PfHsp40. Further complicating to this, the 

non-specific binding of the target proteins in the appropriate negative controls of these assays 

appeared to be unaffected by the presence of absence of ATP. The efforts to detect an association 

between PfHsp70-I and the Hsp40 proteins of interest thus remain to be optimised, and may only 

prove effective if the proposed interactions are not too transient for detection, and are not plagued 

by the recognition of Hsp40 as a substrate by Hsp70 in these systems. Transient ‘on-off’ Hsp70-Hsp40 

associations may be detected more effectively in in vitro protein-protein binding studies using 

available biosensor technology, such as Quartz Crystal Microbalance with Dissipation (QCMD). In this 

manner, the binding kinetics of the proposed Hsp70-Hsp40 associations may be investigated 

simultaneously, for insight into the nature of these proposed partnerships and the manner in which 

they differ to analogous partnerships in other organisms. 

7.2.1.2 In Vivo Protein Interaction Systems 

An alternative approach to the assessment of the ability of PfHsp70-I to interact with PfHsp40 or Pfj1 

involves the use of an in vivo Green Fluorescent Protein (GFP) Fragment Reassembly Trap system, 

developed by MAGLIERY et al. (2005). In this system, the proteins of interest are expressed in E. coli as 

fusion proteins fused to the two respective halves of GFP, which are brought together upon the 

successful interaction of the target proteins to elicit a fluorescent signal. The cloning of the coding 

regions of the PfHsp70-I, PfHsp40 and Pfj1 into the appropriate vectors for this system has been 

initiated. The similar employment of a fluorescence-based protein-protein interaction system in a 

mammalian cell line may also be considered. Alternatively, yeast two-hybrid analyses may be 

employed as described by LACOUNT et al. (2005) to explore the proposed Hsp70-Hsp40 partnerships. 
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7.2.2  Studies in the Homologous System 

7.2.2.1 Assessment of Protein Expression Upregulation in P. falciparum in Response to Heat Shock 

For further substantiation of the potential of PfHsp70-I and the type I Hsp40 proteins of interest to 

interact, it remains to be confirmed whether their corresponding patterns of transcriptional 

upregulation in prior transcriptomic studies (BOZDECH et al., 2003; LE ROCH et al., 2003) translate into 

similar patterns of expression upregulation in synchronised P. falciparum-infected erythrocyte 

cultures and particularly, in response to heat shock. 

7.2.2.2 Alternative Approaches to Localisation Studies 

This work has described the use of immunochemical techniques to assess the presence and 

localisation of PfHsp40 and Pfj1 relative to PfHsp70-I in the intraerythrocytic stages of P. falciparum 

development. Notably, the anti-PfHsp40 and anti-Pfj1 peptide-directed antibodies developed in this 

work were raised in the same organism as that of the anti-PfHsp70-I antibody, therefore it was not 

possible to perform Hsp70-Hsp40 co-localisation studies. Future efforts therefore include the design, 

synthesis and use of alternative antibodies for such co-localisation experiments. Antibodies directed 

against the full length target proteins or the Hsp40 domains downstream of the highly conserved J-

domain may be considered for future experiments. However, this carries the risk of antibody cross-

reactivity considering the high degree of conservation among Hsp40 proteins. This accounts for the 

initial approach of peptide-directed antibody design and synthesis detailed in this work. 

An assessment of the localisation of PfHsp70-I, PfHsp40 and Pfj1 relative to additional established 

Maurer’s cleft and/or parasitophorous vacuole marker proteins also remains to be performed. These 

marker proteins may include the P. falciparum membrane-associated histidine-rich protein-1 

(MAHRP-1; SPYCHER et al., 2003) or members of the P. falciparum two transmembrane Maurer’s cleft 

protein family (PfMC-2TM; SAM-YELLOWE et al., 2004) in the Maurer’s clefts, and P. falciparum serine-

rich protein (PfSERP-1; ANSORGE et al., 1996; NYALWIDHE et al., 2002) or P. falciparum parasitophorous 

vacuole protein (PfPV-1; NYALWIDHE and LINGELBACH, 2006) in the parasitophorous vacuole. 

The transfection of P. falciparum parasites with GFP-fusion constructs encoding the Hsp40 proteins 

of interest represents an independent means of assessing the localisation of the target proteins in 

the malaria parasite. The choice of promoter control for this system may be of critical importance as 

revealed by RUG et al. (2004) for the RESA protein. With this in mind, efforts may be focussed on 

identifying the endogenous promoters of PfHsp40 and Pfj1 from the P. falciparum genome, to drive 

the appropriate expression of these proteins in transfected cells. In critique of this approach to 

localisation studies, GFP represents a relatively large fusion-tag that may inadvertently alter the 
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distribution of the target proteins. Nevertheless, this strategy represents a highly appropriate means 

of validating the localisation results obtained from immunochemical techniques. Moreover, this 

approach may be applied to live cell imaging studies, to provide insight into the potentially dynamic 

roles and distribution patterns of the heat shock proteins of interest in the P. falciparum parasite in 

response to heat shock or other stage- or condition-specific variables. 

7.2.3 In Vivo Complementation Assays in a Thermosensitive S. cerevisiae Strain 

The functionality of PfHsp40 and Pfj1 remain to be assessed in in vivo complementation assays in the 

thermosensitive S. cerevisiae strain ydj1 JJ160 (JOHNSON and CRAIG, 2000). Of particular interest is the 

potential of the CAAX-box bearing PfHsp40 protein to functionally replace the equivalent type I 

Hsp40, Ydj1, in this complementation system. Rational site-directed mutagenesis may be employed 

to explore the functionality of select PfHsp40 and Pfj1 residues if the proteins are found to be 

functional in this eukaryotic system. A domain approach to the assessment of the functionality of the 

Hsp40 proteins in this system may also be considered. Notably, these experiments rely on the re-

design and -synthesis of the coding regions of PfHsp40 and Pfj1 to account for the codon usage 

preference of S. cerevisiae. 

7.2.4 Additional Approaches to the Production and Isolation of Recombinant PfHsp40 and Pfj1 

Future work also includes the use of alternative approaches to the isolation of the recombinant 

Hsp40 proteins of interest, such as: (i) the use of an alternative expression system such as yeast, 

mammalian or baculovirus/insect cell lines, which may satisfy post-translational modification 

requirements if any, (ii) the use of alternative fusion-tag vector systems, such as those encoding 

maltose binding protein (MBP)- or glutathione S-transferase (GST)-fusion proteins, (iii) a domain 

approach to the isolation and characterisation of PfHsp40 and Pfj1. Notably, these approaches may 

rely on the re-design and -synthesis of the coding regions of these proteins to cater for the codon 

usage preference of the heterologous system of choice. In particular, the isolation of recombinant 

Pfj1 is crucial to the elucidation of a partnership with PfHsp70-I in in vitro characterisation assays. 

7.2.5 Applications of the Established PfHsp70-I-PfHsp40 Partnership 

7.2.5.1 Screening of Small Molecule Modulators 

Future prospects include the high throughput screening of a library of small molecule modulators for 

the identification of ‘hit’ compounds capable of specifically modulating the established partnership 

between PfHsp70-I and PfHsp40. In addition to assessing the effect of these modulators on the 

activity of this partnership in in vitro ATPase assays, the effect of these compounds on the 
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aggregation prevention activity of PfHsp70-I and PfHsp40 remains to be determined in in vitro 

protein aggregation suppression assays. 

7.2.5.2 Protein Expression Enhancement in Co-expression Systems 

The established partnership between PfHsp70-I and PfHsp40 may also be exploited in future efforts 

to promote the successful expression and isolation of other P. falciparum proteins in heterologous 

co-expression systems. The design and establishment of an appropriate system for these purposes is 

currently under consideration. 

7.2.6  The Possibility of Other Hsp70-Hsp40 Combinations? 

Notably, the P. falciparum genome encodes only two type I Hsp40 proteins relative to six Hsp70 

homologs. In this work, the focus has been placed on elucidating partnerships between these type I 

Hsp40 proteins and the most abundant and well characterised Hsp70 homolog of the parasite, 

PfHsp70-I. However, it is of importance to establish whether PfHsp40 or Pfj1 may co-operate with 

other Hsp70 homologs such as PfHsp70-x in protein-folding and translocation tasks in the parasite. 

Moreover, Hsp70 partners and roles remain to be established for the remaining 41 members of the 

P. falciparum Hsp40 complement described in this work. In particular, the roles of the putative 

parasite-resident type II Hsp40 protein encoded by PFB0595w (termed PfSis1 in this work) may prove 

crucial to the regulation of Hsp70 activity in the parasite, as predicted for PfHsp40. 
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