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ABSTRACT 

Trypanosomes are protozoans, of which many are parasitic, and possess complex life­

cycles which alternate between mammalian and arthropod hosts. As is the case with most 

organisms, molecular chaperones and heat shock proteins are encoded within the 

genomes of these protozoans. These proteins are an integral part of maintaining the 

structural integrity of proteins during normal and stress conditions. Heat shock protein 40 

(Hsp40) is a co-chaperone of heat shock protein 70 (Hsp70) and in some cases can act as 

a chaperone. These proteins work together to bind non-native polypeptide structures to 

prevent unfolded protein aggregrate formation in times of stress, translocate proteins 

across organelle membranes, and transport unsalvageable proteins to proteolytic 

degradation by the cellular proteasome. Hsp40s are divided into four types based on their 

domain structure. 

Analysis of the nuclear genomes of eight trypanosomatid species revealed that less than 

10 of the approximate 70 Hsp40 sequences per genome were Type I Hsp40s, many of 

which contained putative orthologues in the other seven trypanosomatid genomes. One of 

these Type I Hsp40s from T b. brucei, Trypanosoma brucei DnaJ 2 (Tbj2), was 

functionally characterised in T brucei brucei. RNA interference knockdown of 

expression in T brucei brucei showed that cells deficient in Tbj2 displayed a severe 

inhibition of the growth of the cell population. The levels of the Tbj2 protein population 

in T brucei brucei cells increases after exposure to 42 ·c and the protein was found to 

have a generalized cytoplasmic subcellular localization at 37 ·c. These findings provide 

evidence that Tbj2 is an orthologue of Yeast DnaJ 1 (Y dj 1 ), an essential S. cerevisiae 

protein. 

Hsp40s interact with their partner Hsp70s through their J-domain. The amino acids of the 

J-domain important for a functional interaction with Hsp70 were examined in 

Trypanosoma cruzi DnaJ 2 (Tcj2) (the orthologue of Tbj2) and T cruzi DnaJ protein 3 

(Tcj3) by testing their abi lity to substitute for Y dj 1 in Saccharomyces cerevisae and for 

DnaJ in Escherichia coli. In both systems, the positively charged amino acids of Helix II 
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and III of the J-domain disrupted the functional interaction of these Hsp40s with their 

partner Hsp70s. Substitutions in Helix I and IV of the J-domains of Tcj2 and Tcj3 

produced varied results in the two different systems, possibly suggesting that these 

helices serve to define with which Hsp70s a given Hsp40 can interact. 

The inability of an Hsp40 and an Hsp70 to interact functionally does not necessarily 

mean a total absence of physical interaction between these proteins. The amino acid 

substitution of the histidine in the HPD motif (H34Q) of the J-domain of Tcj2 and Tcj3 

removed the ability of these proteins to interact functionally with S. cerevisiae Hsp70 

(Ssal) in vivo. However, preliminary binding studies using the quartz crystal 

microbalance with dissipation monitoring (QCM-D) show that Tcj2 and Tcj2(H34Q) 

both physically interact with M sativa Hsp70 in vitro. 

This study is the first report to provide evidence that certain trypanosoma! Type I Hsp40s 

are essential proteins. Futhermore, the interaction of these Hsp40s with Hsp70 identified 

important features ofthe functional interface of this chaperone machinery. 
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Kinetoplastids (Domain: Eukaryota; Kingdom: Excavata; Phylum: Euglenoza) are a 

group of free-living and parasitic flagellate protozoa (Simpson et at., 2002). This class of 

organisms has most often been subdivided into the Orders Trypanosomatida and 

Bodonida. However, later classification studies have proposed a new division of the class 

into Prokinetoplastina (consisting of Icthyobodo and Perkinsiella bodonid groups) and 

Metakinetoplastina (containing the remaining three clades of bodonids [Neobodonida, 

Parabodonida and Eubodonida] and the whole of the previous Trypanosomatida) 

(Moreira eta!., 2004). These organisms have a unique mitochondrial DNA architecture 

which is organized into an organelle called the kinetoplast that forms part of the single 

mitochondrion (Donelson et a!., 1999; Simpson et al., 2002). Other distinguishing 

features of some or all kinetoplastids include: 1) complex and energy-consuming 

mitochondrial RNA editing, 2) trans-splicing of all RNA transcripts, 3) the arrangement 

of genes into giant polycistronic clusters; 4) unprecedented modifications of nucleotides, 

6) compartmentalization of glycolysis, 6) evasion of the host cellular immune response 

using a variable surface protein coat, 7) the ability to escape destruction by the immune 

system by migrating out of phagocytic vacuoles (Simpson eta!., 2006; Donelson et a!., 

1999). 

Kinetoplastids are ancient Eukaryotes that have rRNA lineages older than animals, plants 

and fungi (Donelson et al., 1999). It is believed that parasitism evolved on four separate 

occasions within kinetoplastids to produce: I) the Icthyobodo-Perkinsiella clade, 2) Fish 

infecting Cryptobia (trypanoplasma) species, 3) the true Ciyptobia and 4) 

trypanosomatids (Simpson et al., 2006). A disproportionate amount of data has been 

generated for the trypanosomatids as this group contains a number of species that are of 

great importance to human medicine and the economy of developing countries. The most 

notable examples of such trypanosomatids are Trypanosoma cruzi, Trypanosoma brucei 

and various Leishmania species (Simpson et al., 2006). 
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1.2) The Trypanosomatida 

The trypanosomatids are a group of protozoa that are all parasitic. They have been 

classified into nine genera that consist of those that infect only insects and those genera in 

which the parasites cycle between invertebrates and vertebrates or plants (Simpson et al., 

2006). Of particular interest to humanity are the genera that infect humans or domestic 

animals, of which Trypanosoma brucei and Trypanosoma cruzi are two examples. 

T brucei is subdivided into three sub-species: T brucei brucei, T brucei gambiense and 

T brucei rhodesiense. Of these, only T b. gambiense and T. b. rhodesiense can cause 

human disease, but all three are known to cause disease in wild and domestic animals 

(Vanhamme and Pays, 2004). Apolipoprotein L-1 (Apo L-l ) is a tryapanolytic factor 

bound to high density lipoprotein (HDL) particles that is able to kill T. b. brucei, but the 

human infective trypanosomes have mechanisms of resistance (Barrett et al., 2003). The 

T b. rhodesiense serum resistance associated protein (SRA) is a variable surface 

glycoprotein (VSG)-l ike protein that is able to neutralize A poL- l , whi le T b. gambiense 

appears to have resistance by another mechanism. T b. gambiense group I has 

constitutive resistance to human serum, while T b. rhodesiense is reversible if the 

parasites are passaged in animals for a long period (Vanhamme and Pays, 2004). 

Trypanosoma cruzi has been divided into two subgroups. Lineage 1 (T cruzi I) is more 

prevalent in the sylvatic infection cycle (affecting wi ld rather than domestic animals), 

whi le lineage 2 (T cruzi II) is found in the domestic infection cycle between humans and 

domestic anima ls (Barret et al,. 2003; EI-Sayed et al., 2005). Lineage 2 has 5 subgroups 

designated Ila, Ilb, lie, Ild and Ile (El-Sayed et al., 2005). T brucei have been classified 

into the salivaria as their transmission is through the saliva of their insect vector, while 

T cruzi have been classified into the stercoraria as they are transmitted through the vector 

faeces (Barrett et al., 2003). 

1.2.1) Trypanosoma brucei and Human African Trypanosomiasis 

The human infective subspecies of T brucei cause Human African Trypanosomiasis 

(HAT, also known as African Sleeping Sickness). T b. gambiense generates a chronic 

version of Human African Trypanosomiasis in Western and Central Africa, while 

T b. rhodesiense causes a more acute version of the disease in Eastern and Southern 
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Africa. Both organisms cause a fatal infection if left untreated, but T b. rhodesiense 

infection is often fatal within weeks as opposed to years in the case of T b. gambiense 

(Barrett eta!., 2007). 

HAT has two distinct stages: Stage 1 (hemolymphatic) and Stage 2 (encephalitic). The 

site of inoculation may develop a chancre caused by proliferation of parasites in that 

region. The parasites migrate to the draining lymph node and the bloodstream, thus 

initiating the hemolymphatic stage of the disease. Periods of fever occur that last from I 

to 7 days, general malaise, headache, weakness and weight loss include some of the non­

specific symptoms of this stage (Barrett et a/., 2003; Kennedy, 2006). The acute 

T b. rhodesiense infection can lead to fatalities from pancarditis with congestive heart 

failure, pulmonary oedema and pericardia! effusion (Barrett et a/., 2003). During stage 2 

of the infection, the parasites invade the central nervous system (CNS) and other internal 

organs. This happens within a few weeks in T b. rhodesiense and months to years in 

T b. gambiense. Symptoms resulting from CNS invasion have been characterized as 

sleep disturbances as well as psychiatric, motor and sensory abnormalities. The sleep 

disturbances resulted in the name African Sleeping Sickness, due to upset of the circadian 

rythms resulting in nocturnal insomnia and diurnal sleepiness. Demyelination may also 

occur, which may leave permanent damage even if the infection is cured (Barrett et al., 

2003; Kennedy, 2006). 

HAT is endemic to portions of 36 African countries in which it is estimated that 60 

million people are at risk of the disease and approximately 50 000 to 70 000 fatalities 

occur per annum (Kennedy, 2006; Matthews, 2005). The exact number of cases is 

uncertain due to inadequate case reporting in rural areas (Barret eta!., 2003). In the later 

part of the 201
h century, there has been a resurgence of HAT due to a relaxation of vector 

control (Garcia eta!., 2006). In certain provinces of Angola, Congo and southern Sudan, 

it has surpassed the number of deaths attributed to HIV/AIDS (Matthews, 2005). As HAT 

occurs in some of the poorest populations in the world, effective treatment does not exist 

for these diseases due to the financial disincentive for novel drug development and rising 

resistance to current drug treatments (Barrett, 2003; Barrett eta!., 2007). 
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1.2.2) Trypanosoma cruzi and Chagas disease 

Chagas Disease (also known as American Trypanosomiasis) is caused by Trypanosoma 

cruzi, which is endemic to regions of Central and South America (El-Sayed et al. , 2005). 

T. cruzi has two distinct stages of infection designated as the acute and the chronic stages. 

The acute stage occurs 6 to 10 days after infection and can last up to 2 months. 

Inflammation of the site of infection often produces an oedematous swelling called a 

chagoma. Symptoms that occur include general malaise, fever, rash, hepatosplenomegaly, 

lymphadenopathy, facial oedema and changes in heart rhythm. Death can occur due to 

complications such as myocarditis and meningoencephalitis. Parasites are easily 

detectable in the peripheral blood system during the acute stage and the transition to the 

chronic stage is recognised as the reduction of circulating parasites, wh ich makes direct 

parasite diagnosis difficult (Barrett eta!., 2003; Massad, 2008). During the chronic stage 

of infection, patients typically become asymptomatic and approximately three quarters 

remain this way for the rest of their lives. The remaining quarter develop the cardiac, 

nervous and digestive forms of Chagas disease I 0 to 25 years after initial infection. 

Chagas disease affecting the digestive system usually manifests as megaoesophagus and 

megacolon, where these organs swell and lose smooth muscle tone, affecting swallowing 

and causing constipation respectively. The cardiac form of chronic chagas disease is the 

most common form affecting about 94% of all symptomatic cases (Barrett et al. , 2003; 

Teixeira et al., 2006). Estimates of people infected with Trypanosoma cruzi range from 

16 to 18 million, with repotts of 21 000 deaths associated with Chagas disease each year 

(El-Sayed et al., 2005). 

1.2.3) Trypanosomatid Cell Biology 

Trypanosomatids have a number of cellular features that are common to the majority of 

the group studied to date. However, their cellular morphology differs between species 

and according to life cycle stage (Figure 1.1). Promastigotes, trypomastigotes and 

epimastigotes are all spindle shaped cells. However, epimastigotes have the kinetoplast 

situated anterior to the nucleus, while the trypomastigote kinetoplast is situated behind 

the nucleus with the cell flagellum running along the majority of the cell body (De Souza, 

2002). Amastigotes (or spheromastigotes) are almost spherical in shape and only have a 

5 



Chapter 1 :Literature Review 

vestigial flagellum. Promastigotes have a free flagellum that is not attached to the cell 

surface (Clayton et al., 1995). The flagellum of promastigotes and epimastigotes emerges 

from the anterior of the cell, while it emerges from the posterior in trypomastigotes 

(McConville et al., 2002). 

Promastigote Epimastigote Trypomastigote 
Pro cyclic 
trypomastigotc 

I Anterior of cell 

Amastigotc 

I Posterior of cell 

Figure 1.1: Simplified diagrams of different trypanosoma tid life stages to highlight the 
differences in cell morphology. The organelle symbols for each diagram are the same. The cells are 
categorized mainly by the location of the attachment site of the flagellum relative to the nucleus. 
Although the epimastigote, trypomastigote and procyclic trypomastigote are all spindle shaped cells, 
the kinetoplast and flagellar pocket are al l in different locations within the cell. Both trypomastigote 
forms have the majority of the flagellum running along and attached to the side of the cell. The 
promastigote has a free flagellum. The amastigote is almost spherical in shape and only has a vestigial 
flagellum that hardly extends beyond the flagellar pocket. Figure adapted from Clayton et a/., 1995; 
McConville et al., 2002. 

The shape of these various forms is maintained by an array of microtubules that run just 

below the surface of the plasma membrane of the cell (Figure 1.2). The sub-pel licular 

microtubules run along an anterior-posterior axis and have a distinct polarity with 

positive ends at the point of flagellar exit (McConville et al., 2002). They are cross­

linked to each other and attached to the plasma membrane below which they run (Gull, 

I 999). This network of tubules remains intact, even during cell division (Matthews, 

2005). All trypanosomatids have a flage llum which has recently been viewed as a distinct 

organelle (Fridberg et al., 2007). It emerges from a specialized invagination of the cell 

surface called the flagellar pocket located at the anterior or along the side of the cell 
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depending on the cell morphological type (De Souza, 2002). Certain trypanosomatids 

have a free flagellum, but the epimastigote and trypomastigote cell morphologies have at 

least part of the flagellum attached along a specialized linear portion of the cell 

membrane called the flagellar attachment zone (F AZ) (Clayton et a/., 1995). This 

attachment appears to be mediated by desmosomes (De Souza, 2002). In addition to the 

conventional pattern of 9 + 2 microtubules in the flagellar axoneme, a fibrous structure 

called the paraflagellar rod runs along side the axoneme and is thought to play a role in 

cell motility (Land fear and Ignatushchenko, 200 I). The flagellum is anchored into the 

I Anterior 

l Posterior 

Figure 1.2: Tbe generalized ultrastructure of a trypanosoma tid trypomastigote showing the characteristic 
organelles of the group. The cell is shown sectioned along the axis of the flagellum, except for the anterior 
portion of the cell. The anterior portion of the cell shows the arrangement of sub-pellicular microtubules below 
the surface of the plasma membrane that maintain the cellular shape. Note the location of the golgi apparatus 
and the endoplasmic reticulum relative to the flagellar pocket for the secretory pathway. The flagellar basal 
body is connected to the kinetoplast and emerges from the opening of the flagellar pocket. It is attached along 
the length of the cell. Trypanosomatids typically have one mitochondrion that extends through most of the cell 
length. Figure adapted from Clayton et al., 1995; Matthews, 2005; Field and Carrington, 2004; McConville et 
al., 2002; Land fear and Ignatushchenko 200 I. 
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cell below the flagellar pocket by a basal body which is directly attached to the single 

mitochondrion (Clayton et al. , 1995). In addition to motility, the flagellum also plays a 

role in chemotaxis, cell signaling and host cell invasion (Fridberg et al., 2007). The corset 

of subpellicular microtubules acts as an efficient barrier to vesicular transport. Hence all 

vesicular traffic into and out of the trypanosome is restricted to the "flagellar pocket 

region, which is not associated with the dense sub-pellicular microtubule corset (Gull, 

2003; Field and Carrington, 2004). Only four specialized microtubules are associated 

with the flagellar pocket. This compartment is at least partially isolated from the 

extracellular medium by physical interactions between the cellular membrane at the outer 

rim of the flagellar pocket and the flagellar membrane by means of desmosomes (Clayton 

et al., 1995; Land fear and Ignatuschenko, 2001 ). Both secreted and membrane bound 

proteins are delivered to the cell exterior and cell surface through this organelle, which 

represents 0.4 %to 3 % of the total cellular surface (Land fear and lgnatuschenko, 200 1). 

An additional area specialized for endocytosis known as the cytopharynx occurs in some 

trypanosomatid species such as T cruzi (epimastigote and amastigote stages), but is 

absent in T brucei. Cellular location of this organelle is highly variable among various 

trypanosomatid species and cell stages (McConville et al. , 2002). 

Trypanosomatids typically have one mitochondrion per cell, the size and shape of which 

varies according to the morphological cell type (De Souza, 2002). For example, the 

mitochondrion is diminished in size within the bloodstream form of T brucei compared 

to the well developed mitochondrion of procyclic forms (Lukes et al., 2005; Matthews, 

2005). This is due to the Jack of mitochondrial respiration in the bloodstream form as 

energy is generated through glycolysis of host blood glucose in glycosomes. However, 

the procyclic form, not having an abundant energy source, has a more conventional 

mitochondrion activity (Matthews, 2005). A specialized section of the mitochondrion 

called the kinetoplast contains the mitochondrial genomic DNA (referred to as 

Kinetoplast-DNA or kDNA because of its location in the kinetoplast) (Lukes et al., 

2005). This is the characteristic organelle for the Kinetoplastida (Clayton et al., 

1995).The kinetoplast is physically attached to the basal body of the flagellum through a 

structure called the tripartite attachment complex that traverses the mitochondrial 
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membranes (Gull, 2003). The structure of kDNA varies for different trypanosomatids. All 

contain varying circles of DNA that are divided into smaller circles (minicircles) and 

larger circles (maxicircles), which may be catenated into a network or free from each 

other. kDNA may be localized to a single region of the kinetoplast or spread across the 

entire organelle. Most of these minicircles do not supercoil and remain in a covalently 

closed conformation. The maxicircles code subunits for mitochondrial respiratory 

complexes and ribosomal RNA genes, while the minicircles are thought to encode guide 

RNAs (gRNAs) (Lukes et al., 2005). These gRNAs act as templates to post 

transcriptionally modify the maxicicle transcripts (Matthews, 2005). Among other 

proteins associated with the kinetoplast in T cruzi are mitochondrial chaperones (De 

Souza, 2002). 

The single golgi apparatus of trypanosomatids is normally found between the nucleus and 

the flagellar pocket, and is well situated for post translational modification of proteins, 

targeted to the exocytic pathway, that have to move through the flagellar pocket (Clayton 

et al., 1995; McConville et al., 2002). The golgi apparatus ofT brucei bloodstream form 

cells is more elaborate than in the procyclic form, which possibly indicates a decrease in 

glycan processing requirements of the procyclic stage which performs far less 

complicated glycan synthesis (Field and Carrington, 2004). The endoplasmic reticulum of 

trypanosomatids is present throughout the cell, but can be subdivided into various 

subdomains that may differ slightly in function (McConville et al., 2002). The flagellar 

pocket, flagellum, kinetoplast, mitochondrion and nucleus are precisely positioned within 

the cell and these positions may change between the various life cycle stages (Matthews, 

2005). 

1.2.4) Genome structure and RNA processing in T. cruzi and T. brucei 

Trypanosomes are diploid organisms (Berriman et al., 2005; El-Sayed et al. , 2005). The 

nuclear genomes of T brucei and Tcruzi have both been sequenced (El Sayed et al., 

2005; Berriman et al., 2005). In T brucei, the nuclear genome consists of 11 megabase­

sized chromosomes and over 100 mini-chromosomes (~50 kb) and intermediate 

chromosomes (~700kb) (Matthews, 2005; Berriman et al. , 2005). These 
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minichromosomes each contain a number of VSG genes. The T brucei mitochondrial 

genome consists of ~50 copies of the maxicircle DNA and - 10 000 copies of the 

minicircle DNA catenated together into a network (Matthews, 2005). 

The T cruzi kDNA accounts for about 20 to 25% of total DNA in the cell and its 

kinetoplast consists of 20 000 to 30 000 individual minicircles of DNA (De Souza, 2002). 

The genome of T cruzi is estimated to contain 55 megabase pairs of sequence compared 

to the 35 megabase pairs of T brucei (EI-Sayed et al. , 2005). Not all of the 

trypanosomatid genes are expressed in every life cycle stage (Atwood et al., 2005; Jones 

et al. , 2006; Bridges et al., 2008; Ve1tommen et al. , 2008). Gene expression in 

trypanosomatids is mainly regulated at the post-transcriptional level. The open reading 

frames are organised into arrays that are transcribed as polycistronic RNAs that are then 

divided into individual mRNAs by a complex RNA editing system. Differential 

regulation of transcription of certain gene clusters by RNA polymerase II does not appear 

to occur. Few regulatory transcription factors are coded by trypanosomatids and 

transcription appears to be globally downregulated in non-dividing forms. Exceptions to 

this form of gene expression control are the VSG and EP procyclin of T brucei. These 

genes are transcribed by RNA polymerase I from dedicated promoters that appear to be 

developmentally regulated through chromatin mediated silencing (Clayton and Shapira, 

2007). 

1.2.5) Trypanosomatid life cycles 

Trypanosomatid I ife cycles are complex and various distinct forms of the parasites exist 

during their life cycle, which can be identified by their morphology and location. Not all 

of these stages are present in all parasite species (De souza 2002). Both T cruzi and T 

brucei have life cycles that involve stages in hematophagous insects and mammalian 

hosts (Figure 1.3). 

1.2.5.1) Life cycle of Trypansoma cruzi 

T cruzi is transmitted by insects of the family reduviidae (Class: Insecta, Order: 

Hemiptera; Suborder: Heteroptera; Superfamily: Cimicomorpha) such as Triatoma 
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infestans, Rhodnius prolixus and Panstrongylus megistus (De Souza, 2002). These bugs 

ingest a pleiomorphic mixture of bloodstream trypomastigotes and amastigotes from the 

peripheral circulatory system while feeding on a T. cruzi infected mammal. In the reduvid 

stomach, these parasites differentiate to epimastigotes that are able to attach to the midgut 

intestinal cells through hemidesmosomes (De Souza, 2002; Tyler and Engman, 2001 ). 

!Insect stage 
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Figure 1.3: The life cycle of Trypanosoma brucei (green) and Trypattosoma cruzi (blue). Both 
parasites move between invertebrate and mammalian systems during their life cycles. The replicative 
stages (*) of T. brucei are procyclic trypomasitgotes, epimastigotes and bloodstream trypomastigotes, 
while the epimastigotes and amatigotes of T. cruzi are replicative. In the mammalian host, T. cruzi 
amastigotes convert to bloodstream trypomastigotes. Some of these infect other cells and convert directly 
into amastigotes without going through the other life cycle stages. (Adapted from Folgueira and Requena, 
2007; Matthews 2005; McConville et al., 2002). For more details of the individual life cycles please see 
section 1.2.5.1 for the T. cruzi life cycle and section 1.2.5.2 for the T. brucei life cycle. 

The epimastigotes divide repeatedly through binary fission, some of which migrate to the 

rectum of the insect where they attach hydrophobically to the waxy cuticle, where they 

differentiate into metacyclic trypomastigotes. The mature metacyclic trypomastigotes 
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detach from the hindgut wall and are excreted with the faeces (Tyler and Engman, 200 l ). 

Scratching of the irritating bites of the insects leads to contamination of the bite wound, 

micro-abrasions of the skin or mucous membranes with the faecal matter containing the 

metacyclic trypomastigotes (Barrett eta/., 2003). The trypomastigotes invade the cells of 

the mammalian host and transform into amastigotes, which are able to proliferate through 

binary fission. The population of amastigotes then elongate into bloodstream 

trypomastigotes that are released into the intercellular spaces upon rupture of the infected 

cell. The trypomastigotes invade neighbouring cells or invade the blood stream and travel 

to other areas of the mammalian host's body and infect other cells. Host cells do 

sometimes rupture before all amastigotes have transformed into trypomastigotes. Hence, 

amastigotes and bloodstream trypomastigotes can both be ingested by the reduvid vector 

to start a new cycle in the invertebrate host. Unlike Trypanosoma brucei, the T cruzi 

bloodstream trypomastigote is not known to divide in the blood stream of the mammalian 

host (De Souza, 2002). Various intermediate forms have been observed between the 

various stages of differentiation and a number of mechanisms of differentiation have been 

proposed (Tyler and Engman, 2001 ). 

1.2.5.2) Life cycle of Trypanosoma brucei 

Unlike many other major human parasitic trypanosomatids (T. cruzi and Leishmania 

spp.), Trypanosoma brucei along with most other African trypanosomes are extracellular 

throughout their life cycle (Pays et al. , 2004). T. brucei spp. are transmitted to their 

mammalian hosts by infected flies ofthe genus Glossina (Class: Insecta, Order: Diptera; 

Suborder: Brachycera; Superfamily: Hippoboscoidea; Family: Muscidae; Subfamily: 

Glossinidae) commonly known as tsetse flies (Fraumann, 2003). The parasites are 

injected into the bloodstream along with saliva from the parasite-colonized salivary 

glands in the fly. The metacyclic trypomastigotes express the variable surface 

glycoprotein (VSG) that aids in the protection of the parasite against the mammalian host 

immune response (Gull, 2002). Upon entry into the bloodstream, they convert to the 

proliferative long slender bloodstream trypomastigotes. Differentiation into the non­

proliferative stumpy bloodstream trypomastigote is dependent on the population density 

in the bloodstream and is achieved by moving through a number of intermediate forms 
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(Hirumi and Hirumi, 1994). This helps to increase the host survival time and the chances 

of parasite transmission to the vector. Arrest of the stumpy bloodstream forms in the G 1 

phase of the cell cycle also ensures that the majority of the bloodstream population will 

be in the correct cell cycle phase for the successful proliferation of the tsetse midgut 

procyclic forms (Matthews, 2005). In the bloodstream forms, the parasite mitochondrion 

activity is suppressed and the parasite becomes dependent on glycolysis in the glycosome 

to generate energy (Gull, 2002; Matthews, 2005). 

When a tsetse fl y takes a blood meal from an infected mammal, bloodstream form 

trypomastigotes enter the fly midgut and convert to proliferative procyclic 

trypomastigotes. This stage replaces the VSG coat with procyclins that produce a less 

dense surface coat (Roditi and Liniger, 2002). Insects have a more primitive immune 

system, and therefore the constant changing of the surface antigen is not required (Field 

and Carrington, 2004). The mitochondrion becomes structurally more elaborate and plays 

a larger role in energy generation. The kinetoplast also moves further forward from the 

extreme posterior of the cell. The parasites migrate to the proventriculus and then the 

salivary glands of the insect and transform into epimastigotes. Here they attach to the 

wall of the salivary glands by their flagellum and continue to proliferate by binary 

fission, followed by division arrest as they convert to metacyclic trypomastigotes and 

release into the salivary gland lumen. The metacyclic trypomastigotes develop the VSG 

coat ready for survival in the mammalian host (Matthews, 2005; Hirumi & Hirumi 1994). 

T brucei thus shows a distinct adaptation to survive in three different environments: The 

tsetse fly midgut, tsetse fly salivary glands and the mammalian bloodstream (Matthews, 

2005). The epidemiology of both human infective subspecies indicates a use of animal 

reservoirs. However, this is more important in T b. rhodesiense (Barrett et al., 2007). 

1.2.6) Parasite-host interactions 

The most important area of interaction between trypanosomatid parasite and host is the 

surface interface between these two entities. The parasite cell surface is where the 

parasite has to be able to counteract the host immune system and carry out specialized 

tasks for that stage of its life cycle, such as host cell invasion in the case ofT cruzi and 
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Leishmania major. The cellular surface is very different for T cruzi and T brucei, which 

indicates the difference in requirements for their life cycle (McConville et al. , 2002). The 

flagellar pocket also forms part of the cell surface and as the main portal for traffic into 

and out of the parasite (delivering cell surface proteins and secreted proteins), it plays a 

large role in host-parasite interaction (Landfear and Ignatuschenko, 2001). 

The surface of T brucei is dominated by single protein types in both the bloodstream 

forms and the procyclic insect form, that are both anchored to the plasma membrane by 

glycophosphatidylinositol (GPI). In the bloodstream forms, the cell surface is dominated 

by the variable surface glycoprotein (VSG). Approximately l 07 copies of this 58 kDa 

protein are evenly distributed over each bloodstream form cell surface (Berriman et al., 

2005). The VSG population represents ~90% of the surface proteins of the cell, which 

means that this is by far the most prevalent protein in the exocytic pathway (Field and 

Carrington, 2004; Gull, 2003). Other proteins found attached to the cell surface include 

polytopic transporters that are found under the VSG protective coat and type I integral 

membrane proteins. These proteins either have a sporadic distribution across the entire 

cell surface or are restricted to the flagellar pocket. The VSG serves to protect parasites 

from the complement-mediated lysis by the host immune system and shelters other non­

variant surface proteins from the host immune system attack. Large macromolecules are 

excluded by this VSG layer, but small proteins and essential nutrients are still able to 

penetrate the cell membrane (McConville et al., 2002). T brucei contains a large variety 

of VSG encoding genes ( ~ 1000 to 2000 potential sequences) the expression of which can 

be rotated in individual parasites (Berriman et al., 2005; Barry et a!., 2005). In addition, 

the T brucei bloodstream form cells have the ability to recycle VSGs that have been 

bound by antibodies, through the endocytic pathway and then re-export these VSGs to the 

cell surface (Field and Carrington, 2004). Both of these mechanisms assist the parasite in 

establishing a long term infection in the host. 

The predominant surface glycoprotein of the T brucei procyclic stage found in the insect 

vector is procyclin of which two forms exist (GPEET and EP, named after the amino acid 

repeats found within them) (Matthews, 2005). This coat of procyclin (also referred to as 
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the invariant surface glycoprotein) is thought to not display antigenic variation due to a 

more primitive immune system in the tsetse fly (Field and Carrington, 2004). The main 

function of this coat is hypothesized to prevent direct attack on the parasite cell 

membrane by tsetse fly gut hydrolases or the immune system. Procyclins are small, acidic 

and highly glycosylated and there are approximately 5 x l 06 copies per cell (McConville 

et a!. , 2002). 

Major life cycle stages of T. cruzi have a cell surface dominated by two sets of GPI 

linked glycoproteins: mucin-like glycoproteins and trans-sialidase glycoproteins. The 

mucins are modified with 0 -linked glycans. Trans-sialidases transfer sialic acid from host 

cell glycoproteins to the 0-Iinked glycan regions. These host sialic acid groups are 

thought to protect the extracellular parasite against complement-mediated lysis and 

anticarbohydrate antibodies in host blood. Several additional surface proteins are also 

produced to counteract other components of the host complement system. Free GPI 

components are produced in all stages of the T cruzi life cycle and form a densely 

packed layer under the mucin coat (McConville et al., 2002). T cruzi also evades the host 

immune system in certain stages by invading and hiding in host cells, providing a 

possibility of a very close interaction. The invasion of host cells is a complex process 

involving Ca2+ signal transduction in both host cells and parasites that activates a number 

of cellular components for uptake of the parasite by the cell into a parasitophorous 

vacuole, which is then lysed by components secreted by the parasite to release it into the 

cytoplasm (Yoshida, 2006). While inside the host cell, parasites must derive their 

nutrients from the cytoplasm ofthe cell or from material assimilated by the cell. 

1.2.7) Consequences of a complex life cycle 

There are two important factors that result from the parasite life cycle being divided 

between two different hosts. These are important to remember when studying parasite 

molecular biology. The first is that cellular homeostasis is not the same in every life cycle 

stage. For example, in T brucei the rate of endocytosis in the bloodstream form parasites 

is far higher than in the procyclic forms of the parasite. This is possibly due to 

mechanisms of immune evasion like the recycling of VSG (Field and Carrington, 2004). 
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The other factor to remember is that not all genes are expressed in every stage of the life 

cycle. This is clearly illustrated with VSG and procyclin in T brucei. In T cruzi it is 

estimated that only 30% of the genes identified in the annotated genome (El-Sayed et al. , 

2005) are expressed at all stages of the life cycle (Atwood, 2005). 

1.3) Protein folding 

Proteins are one of the most abundant molecules in biology and are responsible for 

controlling most of the chemical processes on which cells depend (Dobson, 2004). The 

central dogma of molecular biology states that DNA is transcribed into mRNA, which 

then gets translated by ribosomes into protein. However, to be functional, most proteins 

need this sequence of amino acids to be folded into their compact three dimensional 

structure. Christian Anfinsen determined that proteins are able to self assemble into their 

native three dimensional state utilizing only their primary structure (i.e. the sequence of 

amino acids) (Anfinsen, 1973). He and his coworkers also developed the hypothesis that 

a protein's native conformation has the lowest Gibb's Free Energy of every potential 

conformation (Anfinsen, 1973). 

Although the mechanism has not been completely elucidated to date, certain theories 

have been proposed to explain aspects of this process. Folding of an unfolded polypeptide 

chain starts with the interaction of a small number of amino acids referred to as a folding 

nucleus. The remainder of the polypeptide then rapidly condenses around this nucleus, 

shielding the hydrophobic residues from the aqueous environment and exposing the 

hydrophilic residues on the surface of the structure (Fersht, 2000). The final native 

structure is then folded by localized conformational changes of this compact folding 

intermediate (Dobson, 2003). This folding process indicates a stochastic search for the 

native conformation as opposed to a systematic sampling of a protein's conformational 

space (Dobson, 2004). Levinthal's Paradox indicated that a systematic search for the 

native conformation of a protein would, in many cases, exceed the life of the organism by 

many orders of magnitude (Zwanzig et al., 1992; Ruddon and Bedows 1997). The 

stochastic conformational search is best conceptualized by linking the Gibb's Free 

Energy of a polypeptide chain to its conformational properties. Correct or native-like 
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interactions of the amino acid side chains in the polypeptide are more stable than non­

native ones and hence lower the free energy of the polypeptide structure. These native­

like bonds restrict the conformational space accessible to the polypeptide chain, thus 

allowing the protein to fold more efficiently. Thus, the energy landscape of a polypeptide 

has been compared to a funnel, where there are multiple pathways a polypeptide can 

follow to its native state in which some are more probable and efficient than others 

(Wolynes et a!. , 1995; Dill and Chan, 1997; Jahn, and Radford, 2005). Proteins larger 

than 100 residues are also able to use this mechanism of folding, but it is hypothesized 

that individual domains of these proteins can fold independently of each other in a 

modular fashion, until they assume their final native conformation in relation to each 

other (Dobson, 2003). 

1.4) Protein aggregation, misfolding and the cellular environment 

Protein folding can go wrong, especially in the larger multi-domain proteins that form a 

greater number of partially folded intermediates. These intermediates may have 

hydrophobic amino acid side chains or unstructured polypeptide backbone segments 

exposed to the aqueous environment that could lead to non-native interactions within a 

protein molecule, which is termed misfolding. These features also drive the interaction of 

these partially folded proteins through hydrophobic forces and inter-chain hydrogen 

bonding. The folding of these aggregated proteins into their functional native state is 

halted and in some cases these aggregates become insoluble and precipitate (Dobson and 

Karplus, 1999; Radford, 2000). To reduce these effects, in vitro protein folding 

experiments utilize very dilute protein concentrations (0.01-0.02 mg/ml) (Goldberger et 

al., 1963; Huth eta!., 1993), which is very low compared to the concentration of proteins 

and other macromolecules within the cellular interior (300-400 mg/ml) (Ellis and Minton, 

2003). It has also been found that in vitro protein refolding reactions yielded active 

protein at too slow a rate to fulfill biological requirements (Anfinsen, 1973; Hartl and 

Hayer-Hartl, 2002), implying that folding needs to take place far faster within the cellular 

environment. However, under optimized in vUro conditions, the renaturation of 

ribonuclease has been shown to take 20 minutes, despite its relatively simple monomeric 

structure (Ruddon and Beddows, 1997). 
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The intracellular environment adds a number of further challenges to the folding process. 

In order to produce many proteins as quickly as possible, cells form polysomes, 

consisting of a number of ribosomes translating the same mRNA sequence into protein at 

the same time. This brings many partially folded polypeptide chains into close contact 

with each other and may result in protein aggregation (Hartl and Hayer-Hartl, 2002). In 

addition, certain polypeptides are co-translationally translocated into other cellular 

compartments such as the Endoplasmic Reticulum (ER) or mitochondria before being 

able to fold correctly (Dobson, 2003). Macromolecular crowding of the intracellular 

environment results in 20 to 30% of the total cellular volume being occupied by 

macromolecules, which affects cellular reaction rates due to the excluded volume effect 

(Ellis, 2001 ). This drives macromolecular compaction in the form of protein 

oligomerisation and association of partially folded or misassembled proteins into 

aggregates (Hat11 and Hayer Hartl, 2002; Minton, 2000). These processes are therefore in 

direct competition with correct protein folding and hence decrease the efficiency of the 

process within the cell (Ruddon and Beddows, 1997). Mature or native proteins can also 

become unfolded due to stresses such as heat or toxic chemicals, resulting in their loss of 

function and potentially the formation of aggregates (Outeiro and Tetzlaff, 2007). 

Large scale failure of proteins to fold correctly or to remam folded, results in the 

malfunctioning of cellular activity and the manifestation of disease (Dobson, 2003). 

These misfolding diseases can be categorized into three general molecular phenotypes: 1) 

protein misfolding that causes loss of protein function, 2) protein misfolding that leads to 

incorrect localization and 3) misfolding that results in toxic folding of proteins (often in 

the form of misassembled/aggregated protein complexes (Thomas et al., 1995). Human 

diseases such as some cancers (Zylicz et al. , 2001) and cystic fibrosis (Loo et al., 1998) 

are examples of diseases caused by protein misfolding and loss of function. Alzheimer's 

disease, Huntington's disease and Parkinson' s disease are examples of disorders caused 

by deposition of misassembled/aggregated protein. In these protein aggregation disorders, 

the protein aggregates are arranged into ordered fibrils referred to as amyloid fibrils 

(Dobson, 2004). The similar structure of these fibrils in amyloid associated disorders has 

been attributed to the protein-protein aggregate interactions being between the 
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polypeptide chain back-bone through hydrogen bonds. The polypeptides are folded into 

P-sheets that are organized perpendicular to the long axis of the fibril (Dobson, 2003). 

Table 1.1 shows examples of the growing number of protein misfolding diseases and 

categorises them according to the type of molecular phenotype they produce. It has, 

however, been recently shown that not all mammalian amyloid structures are cytotoxic 

(Fowler et a!. , 2006). Some researchers therefore prefer to use the term misassembly 

instead of aggregation to describe the non-functional interaction of two polypeptide 

chains in order to avoid confusion (Ellis, 200 I). 

Table 1.1: Examples of misfolding diseases found in humans that result from protein misfolding and toxic 
n d. o l mg. 
Disease Affected Protein Phenotypic effect Site of 

folding 
Misfolding diseases 
a -Antitrypsin deficiency (Pike eta/., A-Antitrypsin Mislocalisation ER 
2002) 
Cancer (Zylicz et al., 2001) P53 Misfolding Cytosol 
Cystic fibrosis (Loo et al., 1998) Cystic fibrosis Misfolding ER 

transmembrane 
conductance regulator 

Familial H.ypercholesterolaemia (Hobbs Low-density lipoprotein Mislocalisation ER 
et al., I 990) Receptor protein 
Marfan Syndrome (Wu et a!., I 995) Fibrillin Misfolding ER 
Osteogenesis lmperfecta (Lamande et Procollagen Misfolding ER 
al., 1995) 
Phenylketoneuria (Gamez eta!., 2000) Phenylalanine hydroxylase Misfolding Cytosol 
Retinitis Pigmentosa (Clarke et al., Rhodopsin Mislocalisation ER 
2000) 
Tay-Sachs (Lau eta/., I 989) ~-Hexosaminidase Mislocalisation ER 

Toxic Folding diseases 
Alzheimer's Disease (Katayama eta/., P-Amyloid Aggregation/misassembly ER 
1999) 
Cataracts (Litt et a/., 1998) a-crystall i ns Aggregation/misassembly Cytosol 
Creutzfeld-Jacob Disease (Masters et a/., Prions Aggregation/misassembly ER 
1979) 
Familial Amyloidosis (Colon and Transthyretin Aggregation/misassembly ER 
Kelley, 1992) 
Huntington's Disease (Carmichael et a!., Huntington Aggregation/misassembly Cytosol 
2000) 
Parkinson's Disease (Auluk et al., 2002) P ARK2, a-synuclein Aggregation/misassembly Cytosol 

Cells have developed a number of complex and integrated systems to regulate the quality 

of protein folding by minimizing populations of potentially damaging misfolded and 

misassembled proteins. The system of interest in this thesis is the system of molecular 

chaperones. 
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1.5) Molecular Chaperones and the cellular stress response 

The term 'Molecular Chaperone' was first proposed by Laskey and his co-workers when 

they described the requirement of nucleoplasmin proteins for the in vitro assembly of 

nucleosomes (Laskey et al., 1978). El lis expanded this concept to a generalized type of 

cellular function that incorporates all proteins that mediate the correct folding and 

oligomeric assembly of other cellular proteins (Ellis, 1987). The molecular chaperone 

concept therefore altered the view of protein folding from self assembly to chaperone 

assisted self assembly (Ellis et al. , 1989; Dobson, 2004), which is required especially for 

longer multi-domain polypeptide chains (Hartl and Hayer-Hartl, 2002). Many of these 

proteins have a highly conserved sequence and are found in most organisms from 

prokaryotes to mammals, which indicates the importance oftheir cellular function (Kiang 

and Tsokos, 1998; Ben-Z vi and Goloubinoff, 2001 ). They also exist in most sub-cellular 

compartments of eukaryotes (Kiang and Tsokos, 1998). It is important to note that there 

are also non-proteinaceous molecular chaperones. Chemical chaperones such as trehalose 

(a disaccharide) help to stabilize non-native proteins in vivo (Singer and Lindquist, 1998). 

Molecular chaperones recognize unfolded polypeptide chains by binding exposed 

hydrophobic residues (Fink 1999; Borges and Ramos, 2005). They therefore do not 

increase the rate of protein folding, but rather increase the efficiency of the folding 

process by minimizing traffic of polypeptides into misfolding and aggregation pathways 

within the cell, and in some cases reversing protein aggregation/misassembly (Dobson, 

2003). They do not offer any steric information for the protein folding process and are not 

part of the final folded macromolecular structure (Hendrik and Hartl, 1993 ). In their 

function of assisted protein fo lding, they are involved in processes as diverse as protein 

translation, unfolding, translocation, degradation and protein aggregate disassembly (Qiu 

et al. , 2006 and Dobson 2004; Fink 1999). 

The discovery of the biological heat shock response by Ritossa through the observation 

of changes in polytene chromosome puffs in Drosophila spp. at different temperatures 

Ritossa, 1962; Ritossa, 1996) led to the discovery of a group of molecular chaperones 

called heat shock proteins (Hsp). Expression of these proteins is now known to be 

20 



Chapter 1 :Literature Review 

increased during vanous cellular stresses including heat, free radicals, amino acid 

analogues, cold shock, virus infection and oxygen or glucose deprivation (Hendrik and 

Hartl, 1993; Lelivelt and Kawula, 1995; Liang and MacRae, 1997; Santoro, 2000). 

However, production of some stress inducible molecular chaperones is not induced by 

every kind of cellular stress (Lelivelt and Kawula, 1995). The majority of molecular 

chaperones are expressed constitutively and are involved in the general cellular 

chaperoning tasks, even if they are stress-inducible (Gething and Sambrook, 1992). 

Constitutively expressed molecular chaperones are referred to as heat shock cognate 

(Hsc) proteins (lngolia and Craig, 1982). Eukaryotic stress inducible Hsp induction is 

controlled by regulatory proteins called heat shock transcription factors (HSF's) which 

bind to heat shock elements (HSE's) (Santoro, 2000; Kiang and Tsokos, 1998). HSE's 

consist of a series of repeats of the sequence 5'- nGAAn - 3' found upstream ofthe stress 

inducible Hsp gene (Santoro, 2000). 

Heat shock proteins have been most commonly classified according to their molecular 

weight in kilodaltons: HsplOO (~100 kDa), Hsp90 (~90 kDa), Hsp70 (~70 kDa), Hsp60 

(~60 kDa), Hsp40 (~40 kDa) and the small heat shock proteins (- 15-30 kDa) (Fink, 

1999; Frydman, 2001; Borges and Ramos, 2005). Table 1.2 shows some examples of 

each chaperone family in both prokaryotes and eukaryotes including their location and 

functions. 

These proteins have also been functionally categorized into holding, folding and 

unfolding chaperones (Stirling et al., 2003). Chaperones that serve a holding function 

bind and stabilize non-native proteins until they are passed on to be folded by other 

chaperones. They do not have an A TPase function to drive energy dependent processes. 

Hsp40s (Mayer et al. , 2000a) .and the small Hsp's (van Montfort et al., 200la) are 

holding chaperones. Hsp40 can prevent protein aggregation/misassembly (Langer et al. , 

1992) and then pass the protein to a selected Hsp70 to be folded (Mayer et al., 2000a). 

Folding chaperones are able to capture and fold non-native proteins in an ATP-dependent 

process. Hsp70 is an example of a folding protein that stabilizes non-native proteins by 

binding to them and then releases them through an A TP dependent conformational 
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Table 1.2: The major famil ies of heat shock proteins and some examples of members in these 
groups as well as their function and cellular localization. (Data from Hendrik and Hartl , 1993; 
Fink, 1999). 

Examples of Location Main functions of the group 
Family protein members 

HsplOO Prokaryote (E. coli) 
Clp Cytosol ATP-dependent proteolysis; protein aggregate 

disaggregation, ol igomer 
Eukaryote Cytosol assembly/disassembly 

Hspl04 
Hsp90 Prokaryote (E. coli) 

HtpG Cytosol A TP-dependent chaperone; prevention of 
protein aggregation and signalling protein 
control. 

Eukaryote 

Hsp90 Cytosol 

Hsp70 Prokaryote (E. coli) Cytosol ATP-dependent chaperone; 

DnaK Stabilisation of polypeptides by binding to 
exposed hydrophobic amino acid regions, 
thus assisting with folding ofmisfolded and 

Eukaryote nascent proteins; translocation of proteins in 

Ssa, Sse (Yeast) 
Cytosol eukaryotes 

Hsc70, Hsp70 Cytosol and 
(Higher eukaryote) nucleus 

Hsp60 Prokaryote (E. coli) A TP-dependent chaperone; Creates an 
(Chaperonins) GroEL Cytosol environment separate from the cytosol to 

promote conditions for stabilisation of 
proteins into the native state; protein 

Eukaryote translocation. 

Hsp60 Mitochondria 

Hsp40 Prokaryote (E. colt) ATP-independent 
DnaJ Cytosol Binds misfolded polypeptides and acts as a 

co-chaperone for Hsp70 and DnaK 

Eukaryote 

Hsp40 Cytosol 

Small Hsps Prokaryote (E. coli) ATP-independent chaperone; prevention of 
IbpA, IbpB Cytosol protein aggregation 

Eukaryote 
Hsp25 Cytosol 

change to allow them to fold correctly (Mayer et al. , 2000a). Unfolding chaperones 

unfold proteins and disassemble protein aggregates using A TP. Hsp I 00 is an example of 

an unfolding chaperone that utilizes A TP dependent conformational changes to free 

individual polypeptides from protein aggregates, which it then passes on to Hsp70 for 
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folding (Glover and Tkach, 2001; Goloubinoff et a!., 1999). Hsp 100 is also involved in 

the disassembly of quarternary polypeptide complexes (Pak and Wickner, 1997). As 

these examples show, the different groups of chaperones often work in a co-ordinated 

manner (sequentially or simultaneously) to maintain the protein integrity and function 

within cells (Stirling et al. , 2003; Hartl and Hayer-Hartl, 2002). 

It is becoming increasingly evident that molecular chaperones are important in every 

stage of the existence and quality-control of a polypeptide. They ensure the correct 

folding of a nascent polypeptide into its functional native state, maintain mature proteins 

in this state and then sort damaged or non-recoverable misfolded/misassembled 

polypeptides for degradation in the ubiquitin proteasome system (Goldberg, 2003; Jahn 

and Radford, 2005; Hohfeld et al., 2001). Estimates indicate that approximately 30% of 

all nascent polypeptides fail to fold correctly and are then degraded in the proteasome 

system (Schubert et al., 2000). Figure 1.4 illustrates the wide variety of states accessible 

to a protein within the cellular environment and the areas in which molecular chaperones 

are known to maintain protein functional integrity within cells. The solid black lines 

indicate how various molecular chaperones work to drive protein folding to a native 

conformation. The dashed lines show how molecular crowding and other factors drive 

proteins away from folding into their native states. The red lines indicate the various 

points at which polypeptides are believed to be targeted to the ubiquitin proteasome 

system for degradation. 
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Figure 1.4: Shows some of the structures that can be formed by polypeptide chains in vivo. The solid black 
arrows show the movement of polypeptides into a more native state driven by various molecular chaperones that 
act in competition with forces that drive protein unfolding, misassembly and aggregation (shown in dashed 
arrows). The red arrows indicate the targeting of non-recoverable non-native polypeptides to the ubiquitin 
proteasome system. Hsp I 00 is given as an example of molecular chaperones used to dismantle protein 
misassemblies. The Hsp70/Hsp40 system is given as an example of chaperones involved in generalized protein 
folding and sorting of proteins for the ubiquitin proteasome pathway. CHIP (carboxy terminus ofHsp70-interacting 
protein) recognizes unfolded proteins through cooperation with Hsp70 and Hsp90 and ubiquitylates them so that 
they are recognized by the proteasome system for degradation. (Adapted from Dobson, 2004; Jahn and Radford, 
2005; Goldberg, 2003). 

Intracellular parasites have evolved ways of exploiting host molecular chaperones for 

their own purposes. Cellular Hsp70s are recruited for virion assembly and genome 

replication (Cripe et al., 1995; Kelley, 1998; Garimella et al., 2006) while others regulate 

the expression of cellular Hsp70s (Phillips et al. , 1991; Aranda et al. , 1996). It has further 

been found that plant closteroviruses have their own (non-cellular) Hsp70s (Agranovsky 

et al.,199I; Karasev et al., 1996; Zhu et al., 1998) that they utilize for cell- to-cell 

movement in infected plants (Peremyslov et al., 1999). The malaria parasite, Plasmodium 

falciparum, has Hsp40s that it exports into the infected red blood cell and are 

hypothesized to interact with host Hsp70s (Botha et al. , 2007). As this thesis focuses on 

the co-chaperone Hsp40 in the Hsp70/Hsp40 molecular chaperone system, only this 

system will be mentioned in detail. 
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1.6) Hsp70/Hsc70 

1.6.1) Introduction 

Hsp70s have an approximate size of 70 kDa (Borges and Ramos, 2005) and exist in two 

main forms, the constitutively expressed form (Hsc70 or Heat shock cognate protein 70) 

which is involved in the cellular house keeping duties, and the stress inducible form 

(Hsp70 or Heat shock protein 70) which is induced under conditions of stress (Ingolia 

and Craig, 1982; Folgueira and Requena, 2007). These are one of the most evolutionary 

conserved protein families across species (Hunt and Morimoto, 1985; Lindquist and 

Craig, 1988). This conservation in the Hsp70 sequence is visible in the functionall y 

conserved nature of Hsp70 across species. This is seen in the ability of a Drosophila spp. 

Hsp70 to protect mammalian cells against heat stress (Pelham, 1984) and human Hsp70 

to functionally complement for rodent Hsp70 in vitro (Li et al., 1991; Li et al. , 1992) and 

in transgenic mice (Angelidis et al. , 1996; Radford et al., 1996). The E. coli genome 

encodes three distinct Hsp70s: DnaK, HscA and HscC. DnaK is by far the best studied of 

the three proteins (Genevaux et al., 2007). The eukaryotic system is more complicated 

(there are 14 Hsp70s coded on the S. cerevisiae genome [James et al., 1997]), where 

every cellular compartment has its own Hsp70, with multiple distinct Hsp70s found in the 

cytoplasm that have specialized functions (Folgueira and Requena, 2007). 

1.6.2) Domain structure of Hsp70 

Hsp70s have a conserved domain structure consisting of a 44 kDa A TPase domain at the 

N-terminus and a 25 kDa domain at the C-terminus (Flaherty eta!. , 1990 and Wang et 

a!., 2000) (Figure 1.5). These two domains are linked by a conserved linker region (Jiang 

et al., 2005; Goloubinoff and De Los Rios, 2007) (Figure 1.6). 

1.6.2.1) The ATPase domain ofHsp70 

A TP hydrolysis is essential for the chaperone activity of all Hsp70s (Mayer and Bukau, 

2005). The A TPase domain consists of two large sub-domains, designated I and II, that 

are both further divided into smaller sub-domains (IA, IB, IIA and IIB) (Figure 1.5B). 

The two large sub-domains are separated from each other by a large cleft in which an 

adenosine nucleotide binding site is located at the base. Two K+ and one Mg2+ ions are 
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bound in complex with this nucleotide and contact all four of the sub-domains (Flaherty 

et a!., 1990). The two large sub-domains can move closer together or further apart 

depending on the nucleotide that is bound (Zhang and Zuiderweg, 2004). The nucleotide 

binding cleft is open at the highest frequency in its nucleotide free state and decreasing 

from nucleotide free > ADP > ADP + inorganic phosphate> ATP (Gassier et al., 200 1). 

A TP hydrolysis is the rate limiting step in the A TPase cycle for most Hsp70s (McCarty et 

al., 1995; Theyssen et al., 1996). Hsp70 homologues have large differences in nucleotide 

dissociation rates, in spite of their almost superimposable structures. There are however, 

subtle differences in the structures that have led to the classification of Hsp70s into three 

subfamilies with E. coli DnaK, E. coli HscA and Human Hsc70 as the archetypal 

members (Gamer et al., 1996). Certain Hsp70s interact with co-chaperone proteins called 

nucleotide exchange factors to stimulate the dissociation of ADP from the A TPase 

domain. Two examples of nucleotide exchange factors are GrpE in E. coli and Bagl 

(Bc12-associated athanogene) in eukaryotes (Brehmer et al., 2001; Kabani et al2003). 

1.6.2.2) The peptide/substrate binding domain of Hsp70 

The peptide binding domain is subdivided into a sandwich of two twisted P-Sheets with 

four anti parallel strands and a lid region consisting of a series of a.-helices (A to E) and a 

structurally unresolved segment at the C-terminus of the protein (Gragerov et al., 1994). 

The substrate binding pocket is embedded in the P-sandwich, with four upward 

protruding loops (Figure l.SC). Loops L1,2 and L3,4 form the inner loops of the peptide 

binding pocket, and are stabilized by L4,5 and Ls,6 which form the outer pair (Zhu et al., 

1996). a.-Helix B contains a flexible hinge structure that allows the movement of the rest 

of the lid structure (helices B-E and the unresolved c-terminal region) from an open state 

to a closed state over the substrate binding cleft. This closed state is secured by two 

hydrogen bonds and a salt bridge that connect it to the substrate binding pocket loops L3,4 

and L5,6 (Mayer and Bukau, 2005). ATP binding is hypothesized to open this lid to allow 

substrate release. 

The optimal binding of the peptide substrate requires the a.-helical lid, the deep 

hydrophobic pocket (located between the loops L1.2 and L3,4) and an arch enclosing the 
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substrate within the binding pocket (Mayer et a/., 2000b; Pellechia et al., 2000; 

Buczynski, 2001; Slepenkov and Witt, 2002). This arch is formed by amino acid side 

chains from M404 (on loop L1•2) and A429 (on loop L3.4) (Mayer et al., 2000b). 

However, of these three components, the hydrophobic pocket is the most important for 

substrate binding (Mayer et al., 2000b). The peptide substrate (sequence NRTLLLTG) 

co-crystallised with the peptide binding domain (Figure l.SC) indicated Hsp70 interacts 

with the peptide substrate in an extended conformation through van der Waals and 

hydrogen bonding (Zhu et al. , 1996). Hydrogen bonds were formed between the 

polypeptide backbone of the substrate binding cavity forming loops (L1,2 and L3,4) and the 

polypeptide backbone of the substrate. This provides a binding specificity for 

polypeptides composed of L-amino acids and not D-amino acids (Ri.idiger et al., 2001). 

Hydrophobic side chains line the substrate binding cavity and interact with the exposed 

hydrophobic side chains (e.g. leucine) of unfolded polypeptides (Zhu et al., 1996). In the 

substrate binding domain structure of DnaK (Figure l.SC) along with a peptide substrate 

bound, the central leucine is shown bound into the hydrophobic pocket, while the two 

flanking leucine residues are shown bound to M404 and A429 that form the hydrophobic 

arch and partially protecting them from the hydrophilic solvent environment (Zhu et al., 

1996). The substrate binding domain constantly opens and closes in the A TP and ADP 

bound conformations of Hsp70, but in the A TP bound conformation the substrate binding 

cavity is more frequently in the open conformation to allow substrate release (Mayer et 

a/., 2000b). E. coli DnaK interacts strongly with peptides containing a large proportion of 

phenylalanine, isoleucine, leucine and valine (Richarme and Kohiyama, 1993; Gragerov 

eta/., 1994). However, 90% of all regions of a polypeptide to which Hsp70 binds contain 

leucines. Such binding sites on an unfolded polypeptide have an average occurrence of 

once every 36 amino acid residues (RUdiger et al. , 1997). 
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Figure 1.5 The domain structure of Hsp70. (A) a schematic view of the domain structure of Hsp70 showing 
the number of amino acids of which each section of E. coli DnaK consists. A 44 kDa ATPase domain at the N­
terminus and a 25 kDa peptide binding domain at the C-terminus, which are connected by a short linker region. 
The peptide binding domain is further subdivided into two subdomains: the P-sandwich domain (amino acids 
389-508) and the a-helical lid domain (amino acids 509-638) that clamps over the hydrophobic substrate binding 
pocket of the P-sandwich domain. (B) A three dimensional representation of the A TPase domain of Bos Taurus 
Hsc70 (3HSCpdb; Flaherty et al., 1990). The structure id divided into two subdomains (I and II), which form 
two the two lobes ofthe structure. These two lobes are further divided into subdomains A and B. The nucleotide 
binding cleft is found between subdomains IB and liB. Buried within this nucleotide binding cleft are 2 K+ 
atoms (purple spheres) and a Zn2

+ atom (grey sphere). ADP is shown bound into the active site as a black stick 
structure (Flaherty eta!., 1990) The N and C termini are indicated with and N and C within a black square. (C) 
A three dimensional representation of the peptide binding domain of E. coli DnaK (IDKX.pdb; Zhu et al., 
1996). The !3-Sandwich subdomain is shown in orange, with the four loops that form the hydrophobic binding 
pocket are labeled (inner lobes L1,2 and L3,4; outer lobes L4,5 and L4,6). The peptide substrate is shown in a 
stick configuration, coloured blue. The lid assembly of the peptide binding domain is coloured green and the 
various helices (A-E) are labeled. The domain 3-dimensional molecular structure images were generated using 
Pymol (DeLano, 2002). 
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1.6.3) Functions of Hsp70 

Hsp70s perform a range of cellular functions which all appear to require the ability of 

Hsp70 to interact with hydrophobic peptide segments of proteins in an A TP controlled 

manner. These functions include: membrane translocation of proteins targeted to other 

cellular compartments and the secretory pathway, folding and assembly of nascent 

proteins, prevention of protein aggregation, refolding of unfolded or aggregated proteins 

and regulation of signal transduction pathways (Mayer and Bukau, 2005; Borges and 

Ramos, 2005). Hsp70 therefore serves standard house-keeping functions in the cell as 

well as protein quality control functions, which become more important during periods of 

cellular stress (Mayer and Bukau, 2005). An example of a general house keeping function 

of Hsp70 is the manipulation of nascent polypeptides. In addition to monitoring the 

correct folding of these proteins, Hsp70 sometimes delays protein folding to the native 

state by shielding hydrophobic residues from the aqueous environment. This is required 

for translocation of certain proteins to other cellular compartments that need to pass 

through membrane pores in an unfolded state (Young et a!., 2003). Other proteins only 

fold correctly if translation is complete before fo lding commences (Leone et a!., 1996), 

and certain proteins are damaging to the cell and are maintained in an unfolded state until 

they are required or inserted into their safe location (Mayer and Bukau, 2005). 

Although protein quality control functions of Hsp70 are also required in the house 

keeping functions of the cell, they are even more important in times of cellular stress. 

Hsp70, along with its co-chaperones, help to prevent protein aggregation and promote the 

refolding of non-native proteins in an A TP dependent manner (see section 1.8.1 

explaining the Hsp70 chaperone cycle) (Mayer and Bukau, 2005). Two mechanisms have 

been proposed to explain the refolding of unfolded polypeptides by Hsp70. The first is 

passive involving repetitive binding and release of substrates to lower the unfolded 

protein concentration to a level that prevents aggregation, allowing the free unfolded 

substrates to fold on their own. In the second proposed mechanism, the multiple bind and 

release cycles of Hsp70 induce a localized unfolding of the misfolded substrate that 

results in the removal of energy barriers preventing correct folding to the native state 

(Mayer and Bukau, 2005). 
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Hsp70 plays a central role in the molecular chaperone system of cells as it is able to 

coordinate the movement of unfolded proteins from one chaperone pathway to another 

(Borges and Ramos, 2005). Figure 1.4 illustrates some of the ways in which Hsp70 

interacts with Hsp I 00, Hsp40 and Hsp90. Hsp 100 interacts w ith Hsp70 in protein 

disaggregation processes and regulation of protein quarternary structure (Pak and 

Wickner, 1997; Glover and Tkach, 200 I). Hsp40 is able to deliver unfolded protein 

substrates to Hsp70 and stimulate its A TP hydrolysis activity that is central to its role as a 

chaperone. Hsp90 works with Hsp70 in signal transduction pathways and targeting of 

proteins to the ubiquitin proteasome system (Goldberg, 2003; Mayer & Bukau, 2005). 

Hsp70 acts with Hsp90 to regulate signaling protein activity and therefore regulate 

sections of cellular s ignal transduction pathways (Mayer and Bukau, 2005). Hsp70 also 

transports nascent polypeptides from ribosomes to Hsp60 for folding (Langer et al. , 1992; 

Frydman et al., 1994). Small Hsps are also known to transfer heat dentured proteins to 

Hsp70 for folding to their native state (Lee and Vierling, 2000; van Montfort et al., 

200 I b). 

A number of Hsp70s and Hsc70s are known to self-associate into dimers and polymers 

(Benhouradj et al., 1996; Chou et al., 2003; Guidon and Hightower, 1986; Kim et al., 

1992; Bhattacharyya et a!., 1995; Schonfeld et al., 1995). Data suggests that the C­

terminal 1 0-kDa lid domain of Hsp70 is important for this association in rat Hsc70 (Chou 

et a!., 2003). Benharoudj et a!., 1996 proposed a model where Hsp70 exists in an 

equilibrium between a polymeric and a monomeric state, which is regulated by the 

associated nucleotides, unfolded protein substrates and co-chaperones. The binding of 

ATP, unfolded polypeptide substrates and nucleotide exchange factors drives the 

equilibrium to the monomeric state, whi le ADP and Hsp40s stabil ize the polymeric form. 

In this way oligomerisation is seen as a mechanism of regulation ofthe Hsp70 chaperone 

activity as Hsp70 is not bound to unfolded substrate in its polymeric form (Benharoudj et 

a!., 1996). 
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1.6.4) Interdomain communication of Hsp70 

During the execution of its cellular functions, the conformational changes of Hsp70 move 

across both the A TPase domain and the peptide binding domain, which results in 

substantial relaying of signals between the two domains (Montgomery et a!., 1999; Jiang 

et al. , 2005; Jiang et al. , 2007). For example, ATP hydrolysis in the A TPase domain is 

known to alter the substrate binding domain conformation and its affinity for unfolded 

protein substrates (Jiang et a!., 2005). 

Hsp40 J-domain 
binding cleft 

Figure 1.6: The structure of Bos taurus Hsc70 excluding part of the lid assembly of the peptide 
binding domain, showing the way in which the ATPase domain and substrate binding domain are 
connected (1 YUW.pdb; Jiang et al., 2005). A conserved linker region (amino acid residues 384-394 
coloured in green) connects the ATPase domain (amino acid residues 1-383 in blue) to the unfolded 
peptide substrate binding domain amino acid residues 395-554, in red). The amino acids involved in the 
hydrophobic interactions between the two domains that are disrupted by the linker region during ATP 
binding are shown in yellow. The site of the binding of the Hsp40 J-domain is also indicated. The 
structure was visualized using PyMol (DeLano, 2002) 

The inter-domain interface of both domains is well conserved and includes the groove 

between the lobes lA and IIA of the A TPase domain (Jiang et al., 2005; Revington eta!., 

2005; Gassier et a!., 1998) and the amino acids 414-417 and helix A of the substrate 

binding domain (Jiang et al., 2005). The amino acids that appear to be specifically 
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involved in inter-domain communication of Bos taurus Hsc70 include: salt bridges 

formed between the two domains are K325/E530, K524/D 152, E218/R426/K526 and 

Rl71/D513, and a hydrophobic cluster formed by 1216, F217, V219, 1515, V519 and 

A522. Five Hydrogen bond interactions also contribute to the interaction (N417 /E 192; 

Q520/N 174, K220/K415, E516/Q376 and R376/F2 1 7) (Jiang et a!., 2005). The linker 

region (Figure 1.6) of Hsp70 is also believed to play an important role in the inter­

domain communication mechanism. A TP-binding produces a conformational change in 

the linker region that results in movement from a solvent-exposed to a partially buried 

state (Rist et al., 2006). The linker is believed to become buried between the two domains 

and disrupting the hydrophobic interaction between the domains, shifting their position 

relative to each other. The interaction of the Hsp40 J-domain with Hsp70 has a marked 

effect on the inter-domain communication in Hsp70 (J iang et al., 2007). See section 

(1.8.2.1) on the interaction ofHsp70 and the J-domain ofHsp40. 

1.7) Hsp40 

Hsp40s are approximately 40 kDa in size and act as co-chaperones of Hsp70 (Fan et al. , 

2003). In addition, some Hsp40s are classed as holding molecular chaperones as they are 

able to bind and prevent the aggregation of unfolded proteins but are unable to fold them 

back to their native state (Stirl ing et al. 2003). Six Hsp40s have been found in the E. coli 

genome (Genevaux et al., 2007) and far more in Eukaryotic systems (20 in S. cerevisiae 

[Walsh et al., 2004] and 49 in humans [Kampinga et al., 2009]). The Hsp40s in 

eukaryotes are localized to various of the cellular compartments (Walsh et al., 2004; Cyr 

et al., 1992). The large number of Hsp40s in eukaryotes relative to the number of Hsp70s 

is indicative of many Hsp40s interacting with the same Hsp70 to fulfill their function 

(Fan et al. , 2005; Walsh et al., 2004). 

1.7.1) Domain structure 

There are a number of protein domains that are commonly found in Hsp40s. Their 

domain structure has allowed them to be divided into four different types (see section 

1.7.2) (Cheetham and Caplan 1998; Fan et al. , 2003). The J-domain is common to all 

Hsp40s and they can contain a combination of the other domains described below. A 
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complete structure for Hsp40 has not been determined, but individual domains have had 

their structures resolved (Figure 1.7). 
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Figure 1.7: The domain structure of an Hsp40. A) A schematic diagram of the generalized domain 
structure of an Hsp40. The J-domain is the signature domain of Hsp40s and is connected to the rest of the 
protein by the glycine/phenylalanine rich region (G/F region). The zinc finger like (Cysteine/Glycine 
repeat) region contains four repeats ofthe motifCxxCxGxG that are involved in coordination oftwo zinc 
atoms and is found between two sections ofthe C-terminal sub-domain I (purple). The C-terminal sub­
domain II (region with vertical grey stripes) is located just before the dimerisation domain which is 
located at the extreme C-terminus. B) The three dimensional structure of the J-domain of E. coli Dnal, 
showing the general features of all Hsp40 J-domains (PDB file Identity no. 1XBL) (Pellechia et al., 
1996). It consists of four a-helices highlighted in yellow (Helix I), dark blue (Helix II), red (helix III) and 
cyan (Helix IV). The HPD motif important for stimulation of the Hsp70 ATPase activity is displayed in 
grey as part of the loop between helices II and III, with the side chains visible. C) Shows the three 
dimensional structure of the C-terminal domains of the yeast type I Hsp40 Y dJ I (PDB file identity: 
INLT) (Li et al., 2003). The Zinc finger like region (amino acids 143-208 in YdJl) is shown in green 
with the two zinc atoms co-ordinated by the domain shown as grey spheres. The cysteine side chains 
involved in binding the zinc atoms are shown in magenta. The C-terminal peptide binding domain is 
divided into two domains shown as blue (amino acids 110-142 and 209-256 in Y dJ I) and orange (amino 
acids 257-337 in YdJl). An unfolded peptide being bound by the C-terminal region is shown in red. The 
complete C-terminal dimerisation domain is not shown in this structure (Li et al., 2003). The C-terminus 
of the J-domain is connected to the N-terminus of the zinc finger like region by the flexible 
Glycine/ Phenylalanine rich region, for which no structure has been determined (Borges et al., 2005). The 
three dimensional structures were produced using the Pymol PDB visualization computer programme 
(Delano, 2002). 
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1.7.1.1) J-domain 

The J-domain is the signature domain of Hsp40s and is known to increase the A TP 

hydrolyzing (ATPase) activity of Hsp70. The approximately 73 amino acid domain has 

long been hypothesized as the major site of interaction between Hsp40s and Hsp70s 

(Hennessy et al. , 2000). The J-domains of various Hsp40s have had their structures 

determined: E. coli DnaJ (Pellechia et a!. , 1996; Huang et a!., 1998), Human DnaJ 

protein 1 (Hdj I) (Qian et a/. , 1996), murine polyomavirus T antigen (PDB id: 1 faf) 

(Berjanskii eta!., 2000), E. coli Hsc20 (PDB id: I fpo) (Cupp-Vickery and Vickery, 2000), 

Simian Virus 40 (SV40) T antigen (PDB id: 1GH6) (Kim et a!., 2001) and Bovine 

Auxilin (PDB id: lnz6) (Jiang et al. , 2003). Other J-domain structures have been resolved 

and published on the PDB database (http://www.pdb.org/) only. The J-domain contains 

four a -helices connected by loop regions (Figure 1.7B). Helices II and III are antiparallel 

relative to each other and a hydrophobic core of amino acids are on the interior faces of 

helices 1, II and III to maintain the structure (Pellechia eta!., 1996). The loop between a­

helices II and III contains a conserved tripeptide motif of Histidine, Proline and Aspartic 

acid (HPD) which is required for the functional interaction of Hsp40 and Hsp70 in many 

cases (Qian et a!., 1996). The HPD motif has been shown to be important in the 

stimulation of the A TPase activity of Hsp70 (Cheetham and Caplan, 1998). The type I 

and type II Hsp40 J-domains are more conserved than the type III Hsp40 J-domain amino 

acid sequence. It has been hypothesized that the more conserved amino acids of the J­

domain could be involved in maintaining structural integrity of the domain or interaction 

with the partner Hsp70. Less conserved residues have been suggested to play a role in the 

specificity of the interaction between the Hsp70 and Hsp40 partners (Hennessy et a!., 

2000; Hennessy et al. , 2005a). 

1.7.1.2) Glycine/Phenylalanine rich region 

The Glycine/Phenylalaninine rich region (G/F region) is an extended, non-structured 

flexible region that has one conserved sequence motif consisting of aspartic acid­

Isoleucine/valine- Phenylalanine triplets referred to as the DIF motif (Wallet al. , 1995). 

This region is believed to reduce local flexibility and allow rapid switching between 

favoured conformations (Pellechia et al., 1996). Any alteration to the DIF motifresults in 

34 



Chapter 1 :Literature Review 

the same phenotype as complete deletion of the G/F region. This motif does not appear to 

be involved in substrate binding or direct stimulation of the A TPase activity of Hsp70, 

despite the fact that amino acid substitutions in the DIF motif slow the steady state 

A TPase cycle of the DnaK/DnaJ/GrpE complex and its chaperone activity (Cajo et a!., 

2006). 

The G/F regions ofType I and Type II Hsp40s are different. The yeast type II Hsp40 Sis1 

G/F region has an addition 10 amino acids (GHAFSNEDAF) that is not found in the type 

I Hsp40 Y dj 1 (Lopez et a!. , 2003). Swapping the Sis 1 G/F region in place of the Y dj 1 

G/F region allows the Y dj 1/Sis 1 chimera to recover from the lethal phenotype of Sis 1 ~. 

but intact Y dj 1 does not. This indicates that the two G/F regions help to specify the 

different functions of type 1 and Type II Hsp40s (Fan et al., 2004). 

1.7.1.3) Cysteine/Glycine repeat region 

This is also known as the zinc finger-like region (ZFLR) and typically consists of four 

repeated Cyteine-X-X-Cysteine-X-Glycine-X-Glycine (CxxCxGxG) motifs, where X is 

any amino acid. The structure of this region has been determined for E. coli DnaJ by 

nuclear magnetic resonance spectroscopy (Martinez-Yam out et al., 2000) and revealed a 

V -shaped groove with an extended ~-hairpin topology that has been found to be 

conserved in Y dj 1 (Figure 1.7C) (Li et a/., 2003). These CxxCxGxG motifs function in 

pairs to bind two zinc atoms that form zinc binding domain (ZBD) I (repeats one and 

four) and ZBD II (repeats two and three). The structure has the potential to undergo 

protein-protein interactions (Martinez-Yam out et a!., 2000); however, it does not seem to 

be essential for peptide substrate binding (Banecki et al., 1996). The ATPase activity of 

DnaK was also not stimulated by the region (Lu and Cyr, 1998a). The ZFLR has been 

shown to be necessary in the cooperation of type I Hsp40 with Hsp70 in protein folding 

reactions (Fan, et al., 2005; Linke et al., 2003). The two zinc binding domains appear to 

have different functions. ZBDII is important in Hsp40 binding to DnaK/Hsp70 to 

suppress thermally induced protein aggregation. Both zinc binding domains were 

required for protein folding (Fan et al., 2005; Linke et al., 2003). It has been proposed 

that the activity of Type I Hsp40s could be partially regulated by the oxidation or 
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reduction of the cysteines of the ZFLR, resulting in bind ing or release of the zinc atoms 

(Choi et al. , 2006). Some eukaryotic type I Hsp40s have a ZFLR region in which a given 

CxxCxGxG repeat has another amino acid substituted for the last glycine (Martinez­

Yamout et al., 2000). Two examples of this phenomenon are the S. cerevisiae Hsp40s 

Ydj1 (Caplan and Douglas, 1991) and Scjl (Blumberg and Silver, 1991). Only one such 

substitution appears to be tolerated by the structure to ZBDI and ZBDIJ respectively 

(Martinez- Yamout, et al., 2000). Instead of a Zinc finger binding region, certain type II 

Hsp40s have what appears to be an extension of the G/F region that is termed the 

glycine/methionine rich region (GIM region) (Cheetham and Caplan, 1998; Fan et al., 

2003). 

1.7.1.4) C-terminal peptide binding region 

Type I and type II Hsp40s both have a peptide binding domain at their C-terminal ends, 

but Type III Hsp40s appear to have a peptide-binding region that is evolved for more 

specialized functions (Cheetham and Caplan, 1998). The structure of the C-terminal 

regions of representative members of both Type I (Y dj 1- 1 NL T; Li et a!., 2003) and type 

II Hsp40s (Sis 1- 1 C3G; Sha et al. , 2000 and Hdj 1- 2QLD; Hu et al. , 2008) have been 

elucidated. The peptide binding fragments of both these protein Hsp40 types have two 

sub-domains. Some researchers have included the zinc finger binding domain of Type I 

Hsp40s as part of the C-terminal binding fragment of these Hsp40s as it is located 

between segments of the first C-terminal sub-domain in the primary amino acid sequence 

(Sha et al., 2000; Li et al., 2003). The C-terminal fragment of Y dj I (Figure 1.7C) sub­

domain I stretches from amino acids 110 to 142 and 209 to 256, with the zinc finger 

binding domain in between (amino acids 143 to 208). The C-terminal sub-domain II is 

located from amino acids 257 to 337 (Li et al., 2003). These two sub-domains have a 

similar structure consisting of a major and a minor ~-sheet connected by a short stretch of 

a-helix. The major ~-sheet of subdomain I consists of the ~-sheets B 1, B6 and B7 and a 

minor ~-sheet of B2 and B5 (Figure 1.7C). In subdomain II the major ~-sheet consists of 

88, B9, B 12 and B 13 and the minor ~-sheet contains B I 0 and B 11. One of the few major 

differences in the structure between these two domains is that domain II contains a larger 

major ~-sheet with an extra antiparallel strand (B8) (Li et al., 2003). The two sub-
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domains (particularly sub-domain l) of the peptide binding region of the S. cerevisiae 

type II Hsp40 Sisl have a similar fold structure with the main difference being the lack of 

the zinc finger like region interrupting sub-domain I in the primary amino acid sequence 

(Hu et al., 2008; Li et al. , 2003). 

Both type 1 and type li Hsp40s have a peptide binding region in their C-terminal domain I 

that binds unfolded polypeptides (Sha et al., 2000; Li et al., 2003). In Y dj 1, the peptide 

substrate forms an anti-parallel P-strand with B2 strand of sub-domain I, binding with 

normal P-sheet hydrogen bond networks with the side chains of the peptide 

n- GWLYEIS - c. Residues in the Ydj l hydrophobic pocket important for binding (Ill6, 

L135, Ll37, L216 and F249). A further hydrophobic pocket region was found on sub­

domain II of Ydjl , but it is thought not to be important in substrate binding as it is 

occupied by P-strand 8 (Li et al., 2003). Hydrophobic residues important in the 

hydrophobic pocket of Sis I are K 199, F20 I and F251 (Lee et al., 2002). 

As the hydrophobic cleft suggests, both Y dj I and Sis 1 select for peptides enriched with 

aromatic and bulky hydrophobic amino acids. However, it appears that Ydj I prefers 

peptide substrates with stretches of 3 to 4 hydrophobic residues, while peptides selected 

for by Sisl have a random distribution of hydrophobic residues (Fan et al., 2004). Type 1 

Hsp40s have a greater affinity for peptides rich in the aromatic amino acids 

phenylalanine, tryptophan and tyrosine, the large hydrophobic amino acids isoleucine and 

leucine and the histidine polar residue. Proline and lysine rich peptides are mostly 

excluded from preferred peptide substrates (RUdiger et al., 2001; Fan et al., 2004). As 

type I Hsp40s bind only the side chains of the substrate peptides, they are able to 

recognize both L- and D- amino acids, which is in contrast to Hsp70 which recognizes 

the peptide backbone and side-chain contacts (RUdiger et al., 2001; Bischofberger et al., 

2003). 

1.7.1.5) Hsp40 Quarternary Structure 

Both Type I and Type II Hsp40s have been shown to dimerise and that this is important 

for their chaperone activity (Borges et al., 2005; Shi et al., 2005; Langer et al., 1992). 
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Experimentation with these dimers has revealed that they maintain their structural 

integrity when exposed to temperatures as high as 50 ·c, while a truncated monomer 

version of HdJ2/Djal (amino acids 1-332) lost substantial structural intergrity with 

temperatures above 38 ·c. Small angle X-ray scattering studies have shown great 

difference in the quarternary structure ofType I and Type II Hsp40s. Type I Hsp40s were 

shown to dimerise into a compact bullet shaped molecule with the N- and C-termini of 

each monomer in mirrored positions. The J-domains of the monomers are in the widest 

part of the bullet shape, while the C-termini are in the narrowest part. The Cys/Gly repeat 

regions form zinc finger motifs that face each other in the respective monomers and are 

hypothesized to keep the two J-domains at an appropriate distance from one another and 

to stabilize the polypeptide binding groove (Borges eta!., 2005). 

The structure of type II Hsp40s such as the human DjB4 (also known as Hdj 1, or Human 

DnaJ I) was interpreted as a more extended U-shaped structure (Figure 1.8B) with only 

the C-termini of the monomers interacting with each other and each monomer bending 

away from the other (Figure 1.8C)(Li eta!., 2003; Li et al., 2006). Both protein classes 

dimerise through a dimerisation motif in the C-terminus of the protein (Sha et a!., 2000; 

Wu et al., 2005). However, the dimerisation mechanism appears to be different as 

possibly indicated by the longer C-terminus of the yeast Type I Hsp40 Y dj 1 (Figure 

l.SA) compared to the yeast Type II Hsp40 Sis! in yeast. Ydj I dimerisation appears to 

occur through two mechanisms. The first involves a hydrophobic cluster of amino acids 

(L274, 1278, L346, L349, 1352, L353, F335, P336 and F340). The second mechanism 

involves the formation of a ~-sheet between the C-terminal dimerisation motif of one 

monomer and the upstream sub-domain of the other monomer (Figure 1.8A(l)) (Wu, et 

al. , 2005). The Type II Hsp40 Sisl has also been found to dimerise using a hydrophobic 

cluster of amino acids (Sha et al. , 2000). The ~-sheet dimerisation mechanism has not 

been found in Type II Hsp40s (Wu et al., 2005). This difference in dimer structure 

between type I and type II Hsp40s has been implicated in differences of substrate 

selection and has distinct ramifications for type I and type II Hsp40 interaction with 

Hsp70 (refer to section 1.7.2) (Borges et al., 2005). However, there do appear to be 
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differences in the interpretation of the structure for the C-terminal domains of Type II 

Hsp40s (Sha et al., 2003; Borges et al. , 2005). 

Figure 1.8: The Type I and Type II Hsp40 dimerisation 
domain. A) Ribbon representation of the dimerisation 
domain ofYdjl (IXAO.pdb; Wu eta/., 2004). (I) Shows 
the extra P-sheet interaction between the Y dj I monomers. 
B) Ribbon representation of the dimerisation of the C­
terminal domains of Type II Hsp40 Sis I (2826.pdb; Li et 
a/., 2006). (I) C-terrninal sub-domain I, (2) C-terrninal sub­
domain II, (3) dimerisation motif. The blue strand shows 
the interaction of the GPTVEEVD C-terminal fragment of 
S. cerevisiae Hsp70 Ssal with C-terminal sub-domain 1 C) 
Ribbon representation of the same molecule as (B), rotated 
90• along the axis of the page surface to show the view 
from the extreme C-terrninus of the molecule. N and C 
indicate the N- and C-terrnini. The PDB file coordinates 
were visualized using Pymol (Delano, 2002). 

1.7.2) Classification of Hsp40 proteins 

The classification of the Hsp40 proteins is based on the structural motifs that they 

possess, in addition to the J-domain (Figure 1.9). Type 1 Hsp40s have an N-terminal J­

domain, in addition to a region rich in glycine and phenylalanine residues (Gly/Phe-rich 

region) and a cysteine/glycine repeat (CxxCxGxG) region. Type II Hsp40s contain an N­

tenninal J-domain and a Gly/Phe-rich region but lack the cysteine repeat region 

(Cheetham and Caplan, 1998). It has been proposed that Type I and Type II Hsp40s serve 

to bind to non-native substrates (Kelley, 1998). Type III Hsp40s appear to be more 

specialized in their function (Kelley, 1998) and contain only the J-domain, which, unlike 

that of the Type I and II Hsp40s can occur anywhere along the protein (Cheetham and 

Caplan, 1998). Type IV Hsp40s have been proposed to be a further classification of 
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Hsp40s in which the HPD motif of the J-domain is partially or completely absent (Botha 

et al., 2007). The other domain structures within the type IV group remain the same as 

the type I, II and III categories. Therefore, it is possible to get type IV Hsp40 that is type 

1-like and another type IV Hsp40 that is type III-like (Botha et al., 2007). Further 

characterization of Hsp40s has shown that Type II Hsp40s have a Glycine/Methionine 

rich region after their Glycine/ Phenylalanine rich region. The C-terminal domains of 

Type I and Type II proteins appear to be similar (Li et al., 2003; Sha et al., 2000) and 

both contain a C-terminal dimerisation domain (Wu eta!., 2004; Sha et a/., 2000). 

N c 
Type I - I~J~I~ I vi 11111111111111111111111111111-

N c 
Type II -;:;:;:;:;:;:~;: Ulllllllllllllllllllllllllll-

N c 
Type Ill ~--~~~~~~~~----------------------------~ 

N C 

Type IV --L...----J. _____________________ _Jj 

II J- Domain D Dimerisation domain 

D Gly/Phe rich region • C terminal Domain 1 

Cysteine repeat region unn C terminal Domain 2 

~ Mutation in the HPD motif for Type IV Hsp40s m Gly/Met rich region 

Figure 1.9: Hsp40 classification. Hsp40s have traditionally been classified according to their similarity to 
E. coli DnaJ. This includes the possession of a J-domain, G/F region and Cys/Giy repeat region (Cheetham 
and Caplan, 1998). Better characterization of the C-terminus of Hsp40s have led to a further level of 
categorization. Type I and II Hsp40s have C-terminal region divided into two subdomains: C-terminal 
domain I (CTDI) and C-terminal domain 2 (CTDII). In Type I Hsp40s the CTDI is interrupted by the 
Cys/Giy repeat region. It has also been found that type II Hsp40s have a Gly/Met rich region after the 
Gly.'Phe rich region (Fan et a!., 2004). A further category of Hsp40 is the Type IV, in which amino acid 
substitutions have occurred in the HPD motif of the J-domain (Botha et al., 2007). 
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Hsp40s are important in a multitude of cellular processes which include: protein 

translocation across membranes, protein degradation, disassembly of multi-protein 

complexes, protection from cellular stress, refolding of denatured proteins, suppression of 

protein aggregation, folding of nascent polypeptides, signal transduction and endocytosis 

(Walsh et al. , 2004; Fink, 1999; Terada et al., 1997; Ngosuwan et al., 2003; Abdul et al., 

2002; Prip-Buus et al., 1996; Cyr et al., 1994; Hartl, 1996; Sondheimer et al., 2006). 

Although most of these functions involve Hsp40 functioning as a co-chaperone of Hsp70, 

it has been discovered that some Hsp40s have an intrinsic chaperone activity of their own 

that appears to be important for the correct functioning of Hsp70 (Wickner et at., 1991; 

Langer et al., 1992; Szabo et al., 1994). However, Hsp40s do not hydrolyse A TP to 

perform their function (Stirling eta!., 2003). 

1.7.3) Hsp40 as chaperone 

Some Hsp40s are defined as having independent chaperone activity as they are able to 

bind non-native polypeptide substrates and prevent their aggregation with other such 

species. This phenomenon was first observed in E. coli DnaJ (Wickner et a!., 1991; 

Langer et al., 1992) and has been subsequently observed in other type I Hsp40s such as 

Y dJl in eukaryotes (Cyr, 1995; Lu and Cyr, l998a). Although Type II Hsp40s have been 

shown to bind unfolded polypeptides through their peptide binding domain (Lee et al., 

2002; Mohler, et al., 2004), data indicates that they do so with less efficiency than Type I 

proteins. Studies have shown that Sis 1 and Hdj-1 are unable to efficiently bind and 

prevent the aggregation of thermally denatured luciferase (Lu and Cyr l998b; Minami et 

a!., 1996; Borges et al., 2005). This could be due to possible substrate selectivity between 

the two protein groups as they have been discovered to bind and select for slightly 

different polypeptide substrates (Fan eta!., 2004) (Section 1.7.1.4). Type III Hsp40s do 

not appear to be capable of suppressing protein aggregation and have not traditionally 

been classed as having an intrinsic molecular chaperone activity (Cheetham and Caplan, 

1998). Hsp40 has been proposed to scan polypeptide substrates for hydrophobic amino 

acid side chains and make the initial contacts with them before targeting them to Hsp70 

(Rudiger et al., 2001 ). Another paper suggested that Hsp40s keep the polypeptide in an 
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elongated form between the two arms of the dimer to enable Hsp70 to bind the 

polypeptide (Li et al., 2006). 

1.7.4) Hsp40 as co-chaperone 

Co-chaperones are proteins that bind to chaperones and assist in their function through 

regulation of their chaperone activity (Caplan, 2003). It is now well known that Hsp40s 

regulate the chaperone activity of Hsp70 through binding and delivering unfolded 

polypeptide substrates to Hsp70, and by stimulating the A TP hydrolysis by Hsp70 which 

results in the stabilizing of the Hsp70/substrate interaction. In addition, specialized 

Hsp40s are localized to different sites within the same cellular compartments and can 

facilitate specific processes of Hsp70 function at different locations. As with the 

chaperone activity of Hsp40s, data on the co-chaperone activity of these proteins 

indicates that Type I Hsp40s are more efficient at cooperating with Hsp70 than type II 

Hsp40s (Terada et al., I997; Lu and Cyr, I998b ). However, the type II Hsp40 Sis I is 

required for S. cerevisae viability while the Type I Hsp40 YdJl causes less severe growth 

defects if it is not expressed (Caplan and Douglas, I991). As Ydjl cannot substitute for 

the absence of Sisl , it is evident that it has other important functions to fulfill (Luke et 

al., 1991). The chaperone specificity of Hsp70 is determined by the Hsp40 co-chaperone 

as it selects which substrates to convey to Hsp70 (Caplan, 2003). Type lii Hsp40s appear 

to have a more specialized co-chaperone roll and may contain specialized domains for 

binding of specific proteins or nucleic acids (Cheetham and Caplan, 1998; Walsh et al., 

2004; Fan et al. , 2003). An example of the different substrate specificities of Type I and 

Type II Hsp40s is demonstrated by the ability of the Type II Hsp40 Sis I to maintain the 

prion state of RNQ+, but the Type I Hsp40 Y dj 1 is unable to do so (Fan et al., 2003). 

1.7.5) Prenylation of Hsp40s and proteins in parasitic systems 

Prenylation of proteins is the post-translational covalent addition of an isoprenoid group 

to these proteins, allowing them to be reversibly anchored into biological lipid 

membranes. These isoprenoids are either 20 carbon (Geranylgeranyl pyrophosphate) or 

15 carbon (Farnesyl pyrophosphate) chains (McTaggart, 2006). Three enzymes, farnesyl 

transferase (FTase), geranylgeranyl transferase I (GGTase I) and geranylgeranyl 
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trasferase II (GGTase II) transfer isoprenoid groups to proteins with a CaaX amino acid 

sequence motif. This motif consists of a conserved cysteine amino acid residue (C), two 

usually aliphatic amino acids (aa) and any amino acid (X). Famesylation or 

geranylgeranylation is determined according to the amino acid in position X and 

according to the sequences upstream of the CaaX box (Magee and Sea bra, 2005). If X is 

a serine, methionine, alanine or glutamine the protein is likely to be farnesylated, while 

leucine or phenylalanine as X normally indicates geranylgeranylation (Kinsella et al., 

1991; Casey et al., 1991; Eastman, et al., 2006). The isoprenoid is added to the thiol of 

the Cysteine. In CaaX boxes at the C-terminus the aaX is cleaved off and the Cysteine 

carboxymethylated. GGTase II transfers two geranylgeranyl groups to one proteins 

ending in CC, CCXX or CXC (Magee and Seabra, 2005). Not all proteins containing a 

CaaX box are prenylated (McTaggart, 2006). The localization of these prenylated 

proteins is determined partly by their being farnesylated or geranylgeranylated (Magee 

and Seabra, 2005). Hsp40s such as Y dJ 1 (Yeast DnaJ 1) from S. cerevisiae and HdJ2 

(Human DnaJ2, also known as DnaJA 1) are farnesylated, which appears to be important 

for their function (Caplan et al., 1992a; Kanazawa et al., 1997, Davis et al., 1998). 

Farnesylation of some Hsp40s is required for their function in peptide binding and 

aggregation suppression (Fiom et al., 2008; Summers et al., 2009). Some proteins ofT 

brucei are known to be prenylated (Yokoyama et al., 1997; Eastman et al., 2006) and 

inhibitors of FTase have been investigated as chemotherapeutic targets for cancer cells 

and protozoan parasitic infections. Both of these cell types are more sensitive to 

farnesylation inhibition than are healthy mammalian cells. The FTase in T brucei shows 

a preference to methionine or glutamine at postion X (Eastman et al., 2006). 

Farnesylation of Type I Hsp40s has been found to be important for the normal growth of 

cells at elevated temperatures (Caplan and Douglas, 1991). Although famesylation of 

Hsp40s appears to be more common, the human Hsj 1 b (also known as DnaJB2) Hsp40 is 

geranylgeranylated (Chapple and Cheetham, 2003). 

1.8) Hsp40/Hsp70 interaction 

The interaction between Hsp40 and Hsp70 is complex and transient (Genevaux et al., 

2007; Bukau and Horwich, 1998; Misselwitz et al., 1999; Jiang et al., 2007). Their 
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interaction is important for the regulation and function of the Hsp40/Hsp70 chaperone 

cycle (Mayer and Bukau, 2005; Genevaux et al., 2007). Although the J-domain ofHsp40 

is known as the site of minimal interaction with Hsp70, other possible sites of interaction 

between Hsp40 and Hsp70 have been proposed. 

1.8.1) Interactions during the Hsp40/Hsp70 chaperone cycle 

Hsp70 fulfills a number of chaperone functions within the cell (See section 1.6.4) for 

damaged and unfolded nascent proteins. It binds proteins displaying areas of non-native 

structure by utilizing the energy derived from A TP hydrolysis. The A TP hydrolysis of 

Hsp70 is regulated by a number of co-chaperones including Hsp40 (Palleros et al., 1993; 

Bukau and Horwich, 1998; Mayer et al., 2000b). The nucleotide bound state of Hsp70 

also determines the affinity and exchange rate for these substrates. A TP bound Hsp70 has 

a low affinity for unfolded protein substrate, while ADP-bound Hsp70 displays high 

affinity for substrates and increases the relative time of contact between Hsp70 and the 

substrate (Genevaux et al., 2007; Mayer and Bukau, 2005). 

Figure 1.10 shows a generalized scheme for the Hsp40/Hsp70 chaperone cycle, 

highlighting the system for Type I and Type II Hsp40s. An Hsp40 dimer first recognizes 

and binds a non-native or unfolded protein, which it then transfers to a complex of Hsp70 

and A TP (Genevaux et al., 2007). Many recent models of Hsp70/Hsp40 interaction 

propose that the Hsp70 moves between the two arms of the U-shaped dimer Hsp40 with 

the Hsp70 substrate binding domain positioned deepest with in the Hsp40 structure (Sha 

et al. , 2000; Li et al., 2008; Genevaux et al., 2007). Through interaction with the Hsp70 

A TPase domain and linker region (Jiang et al. , 2007), the Hsp40 J-domain causes a 

conformational change resulting in ATP hydrolysis to ADP, causing transfer of the 

unfolded polypeptide into the substrate binding pocket of Hsp70 and the closing of the 

Hsp70 substrate binding domain lid . This produces a high affinity and low exchange rates 

for the unfolded protein substrates by Hsp70, producing longer periods of hydrophobic 

patch shielding from the aqueous environment. Hsp40 is released and can screen further 

proteins and interact with more unfolded polypeptides (Fan et al., 2003). At this point 

Hsp70 can transport proteins to sites of translocation across membranes, to sites of 

44 



Chapter 1 :Literature Review 

proteasome degradation or to other chaperones for folding. The ADP nucleotide is 

replaced by A TP through a nucleotide exchange factor (NEF) resulting in a lower affinity 

of Hsp70 for its unfolded protein substrate and the opening of the lid of the substrate 

binding domain. The unfolded protein is therefore released from Hsp70 and given the 

opportunity to refold into its native state. If this unfolded protein does not refold 

correctly, it can aggregate (through hydrophobic patch interaction) with other unfolded 

polypeptides or it can re-enter the chaperone cycle and interact w ith Hsp40 and Hsp70 

(Fan et al. , 2003; Mayer and Bukau, 2005). 

It has become evident that not all Hsp70s require a nucleotide exchange factor to replace 

ADP with A TP and NEF dependence appears to be dependent on structural differences 

w ithin the A TPase domain of individual Hsp70s (Brehmer et al., 2001; Kluck et al., 

2002). Differences in the conformational changes of individual Hsp70s have also been 

reported. In E. coli DnaK, the A TPase and substrate binding domains do not interact in 

the nucleotide free or ADP bound forms, while interaction occurs during the A TP bound 

state (Swain et al., 2007). In contrast, the SBD and A TPase domains of Bos Taurus 

Hsc70 were found to interact during both the A TP and ADP bound states (Jiang et al., 

2007). The ability of the J-domain to stimulate Hsp70 ATPase activity is enhanced by the 

presence of peptides bound in the polypeptide binding site of Hsp70 (Bukau and 

Horwich, 1998). Unfolded peptide binding appears to move the arms of the Hsp40 dimer 

apart, which has been proposed as a mechanism to stretch the polypeptide into a 

completely extended conformation. It has also been proposed that this widening of the 

cleft between the Hsp40 monomers makes space for Hsp70 docking between them (Li et 

al., 2006; Hu et al., 2008). 

This is a generalized cycle for Type I and Type II Hsp40s. Type III Hsp40s do not appear 

to be general chaperones and have evolved to contain peptide binding domains that 

recognize special ised substrates (Cheetham and Caplan, 1998). The eukaryotic 

Hsp70/Hsp40 chaperone cycle appears to use more cochaperones than in prokaryotes. For 

example, Hip (Hsp70 interacting protein) was found to stabilize the Hsp70-ADP complex 

(Hohfeld eta!., 2001). 
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Figure 1.10: A schematic representation of the Hsp70/Hsp40 chaperone cycle. 1) Non-native proteins 
are recognised and bound by Hsp40. Hsp40 is depicted here in its dimer conformation. 2) Hsp40 delivers 
the unfolded polypeptide to Hsp70 and stimulates the A TP hydrolysis by Hsp70 to close the lid of the 
Hsp70 Peptide binding domain, increasing the affinity of Hsp70 for unfolded peptides. 3) Hsp40 is 
released to bind more non-native proteins. 4) Hsp70 maintains a high affinity for substrate until the 
exchange of ADP for A TP (5) in the active site of the A TPase domain, which in some cases requires a 
nucleotide exchange factor. The ADP bound form ofHsp70 has a lower affinity for substrate. This allows 
the non-native protein more time not being bound with Hsp70, allowing it to find its native state. If it does 
not find its native state, this protein could become aggregated or it is rebound by Hsp40/Hsp70 in a new 
cycle. Hsp40 and Hsp70 are recycled (6). Hsp70 has been frequently portrayed with the substrate binding 
domain moving between the arms of the U-shaped Hsp40 dimer, so that the J-domain of Hsp40 can make 
contact with the A TPase domain of Hsp70 (Hu et at., 2008; Li et a/. , 2006; Sha et a/., 2000; Genevaux et 
a!., 2007). (Adapted from Fan et at., 2003; Goloubinoff and De Los Rios, 2007) 
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1.8.2) The sites of interaction between Hsp70/Hsc70 and Hsp40 

1.8.2.1) Interaction between the J-domain and Hsc70/Hsp70 

The crystal structure of the neuronal specific auxilin J-domain bound to Bos Taurus 

Hsc70 has been solved (J iang et al., 2007). The structure showed the J-domain to be 

bound into the cleft between the sub-domains IA and IIA of the Hsc70 A TPase domain. 

The inter-domain linker region and the portion of this cleft closest to the inter-domain 

linker region form the Hsc70 side of the intermolecular interface. The interface on the J­

domain side involves most of the helix III and the C-terminal portion of helix II and the 

loop connecting the two helices (Jiang et al., 2007). 

Evidence suggests that binding of the J-domain alters the Bos Taurus Hsc70 linker region 

conformation inducing an ordering of the structure of most of the linker region and it is 

believed to be directed into a hydrophobic patch on the A TPase domain surface. This 

binding was found to stimulate amino acids Y371 and Il81 (corresponding to DnaK I373 

and Ll77) of the hydrophobic patch to convey the A TPase stimulatory signal within the 

A TPase domain. The signal is then believed to be passed on to E 175 (E 171 for DnaK) 

which is believed to transfer the signal to the nucleotide in the active site. In addition, it 

was found that decoupling of the A TPase domain and substrate binding domain of Hsc70 

is required for the binding of the J-domain and access to the hydrophobic patch by the 

linker. This hydrophobic patch is normally covered by the substrate binding domain and 

is involved in communication of signals between the two domains (Jiang et al., 2007; 

Jiang et al., 2005). It is suggested that the nucleotide bound state of Hsc70 affects the 

interaction between the A TPase domain and the substrate binding domain of Hsc70. The 

two domains are connected in Bos Taurus Hsc70 in the ADP bound form (Jiang et al., 

2007), while DnaK-ADP shows a lack of interaction between the two domains (Swain et 

al., 2007). 

The conformation of the J-domain, and especially the Helixii/111 loop of the structure, 

constantly changes in solution until binding to Hsp70 stablilises the structure (Landry et 

al., 2003).The amino acids of the J-domain important for interaction with the Hsp70 can 

be divided into charged and hydrophobic residues. Hennessy et a!., 2005b summarized 
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the highly conserved charged residues as the positively charged residues in Helix II, the 

negatively charged residues in Helix IV, the KFK motif of Helix III and the QKRAA 

motif of Helix IV (Hennessy et a!., 2005b; Hennessy et al., 2000; Auger and Roudier, 

1997). The hydrophobic residues are believed to be involved in maintaining the structural 

integrity, and hence the function of the J-domain. These have been identified as 

conserved leucines in Helices I and III, an alanine residue in Helix I1I and the aromatic 

residues of Helix I (Hennessy et al., 2005b). The HPD motif is the most well 

characterized region of the J-domain in terms of its necessity for a functional interaction 

with Hsp70 (Hennessy et a!., 2005b; Nicoll et al., 2007; Genevaux et al., 2003). 

Substitution of any one of these amino acids in the tripeptide motif results in the inability 

of the Hsp40 to stimulate the A TPase activity of Hsp70 and functionally interact during 

in vivo studies (Hennessy et al., 2005b; Nicoll et al., 2007) 

1.8.2.2) Additional sites of interaction between Hsp40 and Hsp70 

In addition to the J-domain interaction with Hsp70, there is data that suggests a four 

amino acid motif (EEVD) on the extreme C-terminus of some Hsp70s is involved in the 

regulation of intermolecular interactions of Hsp70 and some Hsp40s and the associated 

function ofthis interaction. Removal ofthis motif inhibited the ability of human Hsp70 to 

refold proteins in coordination with the Hsp40 Hdj 1 (Freeman et al., 1995; Qian et al., 

2002). Li eta!. (2006) solved a crystal structure of a complex between the S. cerevisiae 

Type TI Hsp40 Sisl with the 8 amino acids (G634PTVEEVD641
) from the extreme C­

terminus of the S. cerevisiae Hsp70 Ssal lid domain. The structure showed that the 

peptide formed a P-sheet with the peptide binding domain of Hsp70, suggesting that such 

an interaction may occur between Sis 1 and the full length protein. The peptide formed an 

anti-parallel P-strand with the B2 strand of the minor P-sheet in C-terminal domain 1 of 

Sis!. In addition, hydrophobic interactions (with the Sis 1 peptide binding groove in 

domain 1) and charge-charge interactions occur between the amino acid side chains of 

the Ssa 1 peptide and Sis I (Li et al., 2006). Sequence comparisons of Sis 1 with Hdj 1 and 

other Type II Hsp40s indicate that they could also interact with the EEVD motif of 

Hsp70 (Li et al. , 2006; Hu et al., 2008). The Type I Hsp40 Y dj 1 was found to have a very 

much weakened area of localized positive charge at the site homologous to the site of 
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charge-charge interactions found in Sisl. This could possibly indicate a different 

interaction with Hsp70 and could reflect the divergent functions of Type I and Type II 

Hsp40s (Li et a/., 2006). A model has been proposed to explain the interaction of Sis I 

with the Ssal motif (Li et a!., 2006; Hu eta/., 2008; Qian et al. , 2002). Li et al. (2006) 

suggest that the interaction with the Ssal EEYD motif in close proximity to the peptide 

binding pocket of Sisl allows the motif to break the interaction between Sisl and the 

unfolded substrate and thus facilitate transfer of the substrate to Hsp70. In so doing, 

Hsp70 replaces some ofthe interactions with the Sis I hydrophobic pocket, but with much 

less affinity than the unfolded substrate (Li et al., 2006). 

1.9) Trypanosoma! Hsp40s 

Since the release of the genome sequences for Trypanosoma brucei, Trypanosoma cruzi 

and Leishmania major (Berriman eta/. , 2005; El-Sayed et al., 2005; Ivens et al., 2005), a 

large number of distinct Hsp40s have been found: 65 in T brucei, 67 in T cruzi and 66 in 

L. Major (Folgueira and Requena, 2007). These have yet to be characterized into Types I 

to IV. Fourteen different Hsp70 gene sequences have been found for L. Major, 12 forT 

brucei and 28 for T cruzi. However, 16 of the T cruzi genes are partial sequences 

(Folgueira and Requena, 2007). The other molecular chaperone families of these three 

trypanosomatids are also reviewed in Folguiera and Requena 2007. 

Relative to E. coli (Genevaux et al., 2007) and S. cerevisiae (Walsh et al., 2004) Hsp40s, 

very little work has been done to characterize the Hsp40s of trypanosomatids. Only 

Hsp40s from T cruzi have been studied so far. Tibbetts eta/. (1998) isolated four distinct 

Hsp40 genes and named them Tcj I, Tcj2, Tcj3 and Tcj4 (Tcj - Trypanosoma cruzi J 

protein). Tcj2, Tcj3 and Tcj4 displayed evidence of being Type I Hsp40s. Tcj2 and Tcj4 

also contain a C-terminal CAAX prenylation motif to indicate membrane association 

(Tibbetts et al. , 1998). Tcj2 was also shown to be heat inducible and contained a 

conserved sequence in the upstream untranslated region of the gene that has been found 

in most other heat inducible mRNAs in T cruzi (Tibbets et a/., 1998). A further Hsp40 

(TcDJI) was found to localize to the mitochondrion. Both the mRNA and protein 

populations were found to be greater in the epimastigote forms of the than the metacyclic 
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forms (Carreira et al. , 1998). Salmon et al. 2001 reported another distinct Hsp40 

sequence from T cruzi, which they termed Tcj6. It was found to have a high sequence 

similarity to S. cerevisiae Sis 1 and was discovered to associate with ribosomes and 80S 

monosomes, just like Sis 1 (Salmon et al., 200 I). 

1.10) Problem statement and motivation 

Little work has been published on the trypansomal Hsp40 protein family (Section 1.8; 

Tibbets et al., I 998; Salmon et al., 2001; Edkins et al., 2004, Folgueira and Requena, 

2007) and therefore there is very little known about this protein fami ly. The sequencing 

of a number of trypanosomatid genomes (Berriman et al. , 2005; EI-Sayed et al., 2005; 

Ivens et al., 2005; Peacock et al., 2007) has produced a large amount of sequence data 

that requires complete annotation and functional characterisation. The categorization of 

the Hsp40 sequences in these various trypanosomatid genomes into Types I-IV is still to 

be done. It is possible that some of these trypanosoma! Hsp40 sequences could have 

novel functions in organelles not found in other eukaryotic cells or in the development of 

parasitaemia in the host. 

From a broader perspective, the mechanism of the interaction of Hsp70 with Hsp40 is 

complex and the dynamics and determinants of this interaction are still being elucidated 

for individual systems. There are two categories of molecular determinants that govern 

the ability of proteins to interact functionally: 1) those amino acids necessary and 

sufficient for structural integrity and physical binding of the two proteins and 2) those 

amino acids that are necessary and sufficient for functional (catalytic) stimulation. The 

disruption of the former will disrupt physical binding, and thus functional interaction, 

while the disruption of the latter disrupts functional (catalytic) stimulation, but may not 

affect binding. In E. coli DnaJ (prokaryotic Hsp40) the D35N mutation is known to 

increase binding affinity to DnaK (prokaryotic Hsp70) (Landry, 2003). 

1.11) Hypothesis 

Despite the apparent redundancy, certain trypanosoma! Type I Hsp40s interact 

functionally with Hsp70s and this interaction is essential to growth and survival of 

trypanosomes. 
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1.12) Aims and Objectives 

Chapter 2: 

Bioinformatics analysis of various trypanosoma tid genome projects 

1) The identification of the Type I and Type I-like Hsp40 sequences in the genome 

sequences ofvarious trypanosomatid species. 

2) Identify potential orthologues of the Type I and Type I-like Hsp40s m the 

different trypanosomatid species. 

3) Make in silica predictions for these proteins regarding subcellular localization and 

farnesylation. 

4) Identify putative orthologues of trypanosoma! Type I and Type I-like Hsp40s in 

other organisms (Arabidopsis thaliana, Plasmodium falciparum, Homo sapiens 

and Saccharomyces cerevisiae). 

5) Compare the Type I and Type I-like Hsp40s of different trypanosomatid species 

by multiple sequence alignment. 

Chapter 3 

Investigation of the amino acid residues important for the interaction of selected 

trypanosoma! type I Hsp40s with Hsp70 using an in vivo assay system 

1) Test the ability ofTcj2 (Trypanosoma cruzi J protein 2), Tcj3 (Trypanosoma cruzi 

J protein 3) and mutants of these proteins to functionally substitute for Y dj 1 in a 

eukaryotic system (S. cerevisiae), and to investigate the amino acids important in 

their interaction with Ssal (yeast cytosolic Hsp70). 

2) Examine the ability of a eukaryotic J-domain to functionally replace a prokaryotic 

J-domain in the prokaryotic system (E. coli), and to investigate the amino acids 

important for their interaction with DnaK. 

3) Investigate the effect of prenylation on the in vivo function of Tcj2 using a Y dj 1 

deficientS. cerevisiae system. 
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Chapter 4 

Investigation of the interaction of the T. cruzi type I Hsp40 Tcj2 with Hsp70 using in 

vitro assays 

I) Test the ability of His-Tcj2 to stimulate the A TPase activity of multiple Hsp70s. 

2) Investigate the binding of His-Tcj2 and His-Tcj2(H34Q) to Hsp70s using quartz 

crystal microbalance with dissipation monitoring. 

Chapter 5 

The in vivo characterization of the function and subcellular localization of the 

T. b. brucei type I Hsp40 Tbj2 (Trypanosoma brucei brucei J protein 2) in T. b. brucei 

laboratory culture 

I) Determination ofthe abil ity ofTbj2 to be heat stress inducible. 

2) Determination of the phenotypic effects ofTbj2 deficiency. 

3) Assessment of the subcellular localization ofTbj2 in T b. brucei. 
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Chapter 2: 
Bioinformatic Comparison 

of the Trypanosoma! Type I 
Hsp40s 
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CHAPTER2 
Bioinformatic Comparison of the Trypanosoma! 
Type I Hsp40s 

2.1) Introduction 

As with many other disciplines, the biological sciences have benefited from in silico 

applications. Computers have become integral in the storage, management, analysis and 

interpretation of biological data. An example of this is in genome sequence data storage 

and interpretation. The increased rate of genome sequence data collection has made it 

difficult to manage and draw meaningful conclusions using manual techniques. New 

developments in computing have provided an ideal platform for managing the large 

volumes of data that genome sequences contain (Moore, 2007). In addition, 

characterization of every predicted protein in a genome within the laboratory would be 

extremely costly in terms of time and resources. As many organisms utilize similar 

proteins for the same function, there would be an inherent degree of redundancy in this 

approach. The in silico comparison of the sequence data of different genomes is able to 

predict protein characteristics based on the similarity of amino acid sequences of 

hypothetical proteins with the amino acid sequences of proteins with known functions. 

The development of increasingly sophisticated computer programmes to characterize 

proteins based on their amino acid primary sequence has provided biological scientists 

with an overview of the differences and similarities of organisms and has allowed them to 

prioritise the focus of their research to areas that are likely to provide new knowledge and 

solve important problems. In the case of parasites, such bioinformatics analyses can lead 

to prioritizing the characterization of proteins that are thought to be important for 

pathogenicity or that are absent in the host and therefore potential drug targets. 

Eight trypanosomatid nuclear genomes have recently been sequenced and annotated, or 

are in the process of being annotated. In 2005, the annotated genome sequences for 

T brucei brucei, T cruzi and L. major were published (Berriman et al., 2005; EI-Sayed et 

al., 2005b; Ivens et al., 2005). The annotated nuclear genomes of Leishmania braziliensis 

and Leishmania infantum have also been published (Peacock et al., 2007). The GeneDB 
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database (http://www.genedb.org/; Hertz-Fowler et al., 2004) also contains the nuclear 

genome sequences for Trypanosoma vivax (T. vivax sequencing project (Sanger institute) 

http://www.sanger.ac.uk/Projects/T vivax/), Trypanosoma brucei gambiense (T. b. gambiense 

sequencing (Sanger institute) http://www.sanger.ac.uk/Projects/T b gambiense/) and Trypanosoma 

congolense (T. congolense project (Sanger institute) http://www.sanger.ac.uk/Projects/T congolense.J 

that are in the process of being annotated. T cruzi, L. Major and T brucei were 

discovered to have a highly conserved synteny between their genes, despite a predicted 

divergence of over 200 to 500 million years ago (El-Sayed et a/., 2005b; Ghedin et al., 

2004). The conservation of the synteny between L. major, L. infantum and L. braziliensis 

is even higher (up to 99%). Of the three Leishmania species whose genomes have been 

sequenced, L. major and L. infantum are the most closely related, sharing an average of 

92% identity in their amino acid sequences. The genome of L. braziliensis is less similar 

to that of L. infantum and L. major, showing only a 77% amino acid identity with both 

genomes (Peacock et al., 2007). Table 2.1 shows a comparison of the genome size, 

number of chromosomes and number of genes encoded in the genomes of different 

trypanosomatid species. T brucei brucei has the smallest nuclear genome, whi le T cruzi 

has the largest, with the three Leishmania species each having equal genome sizes and an 

approximate equal number of chromosomes. It has been repotied that over 50% of the 

T cruzi genome consists of repeated sequences (El-Sayed et al., 2005a; Arner et al., 

2007). This may explain why T cruzi has a genome size that is almost double that of the 

other trypanosomatids and contains a third greater number of genes coded by this 

genome. In the trypanosomatid genomes that have been sequenced, a core of 

approximately 6200 genes are found in each (Peacock et al., 2007; El-Sayed et al., 

2005b). Approximately 1700 ofthe genes in T brucei (Berriman et al. , 2005) and 910 in 

L. major (Ivens et al. , 2005) are specific to these organisms when the genomes of 

T cruzi, L. major and T brucei brucei are compared. Comparison of the three 

Leishmania genome sequences (L. major, L. infantum and L. braziliensis) revealed the 

presence of only 78 species-specific genes (Peacock et al., 2007). 
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Table 2.1: a comparison of the genome sizes, number of chromosomes and number of genes coded of 
. 'd vanous trypanosomati genomes. 

T brucei T cruzi L. major L. infantum L. braziliensis 
Chromosome number I I - 28 36 36 35 
(per haploid genome) 
Genome size (Mbp) 25 55 33 32 32 
Number of genes coded 9068 - I2000 8298 8I54 8159 
per haploid g_enome 
(Adapted from El-Sayed et al ., 2005b and Peacock eta/., 2007) 

A large number of Hsp40s have been found in the T cruzi (67), L. major (66) and T 

brucei (65) genomes (Folgueira and Requena, 2007). This number is far greater than the 

number found in S. cerevisiae (22) (Walsh et a!., 2004), E. coli (6) (Genevaux et a!., 

2007) and Homo sapiens (49) (Kampinga et a!., 2009; Qiu et a!., 2006). The 

trypanosomatid Hsp40s identified by Folgueira and Requena (2007) have yet to be 

classified into the different Hsp40 subtypes (I-IV) that are characterized by their amino 

acid sequence and domain compositions. 

Hsp40s are categorized according to certain domains they contain or lack. Type I Hsp40s 

are most highly conserved with regard to E. coli DnaJ and contain a 1- domain located 

near the N-terminus, a Glycine/Phenylalanine rich region and a Zinc finger-like region 

consisting of four repeats ofCxxCxGxG, where xis any amino acid. Type II Hsp40s lack 

a Zinc finger-like region, while Type III Hsp40s only contain a J-domain that may be 

located anywhere within the amino acid sequence (Cheetham and Caplan, 1998). Type IV 

Hsp40s may possess the same domain structure as any ofthe other three categories but do 

not contain a complete HPD motif within the J-domain. There are certain Type IV 

Hsp40s that can therefore be Type !-like, but do not contain a complete HPD tripeptide 

(Botha et a!., 2007). This subgroup of Type IV Hsp40s will hencefotih be referred to as 

Type IV/I Hsp40s. 

Many cellular functions require the reversible localization of certain proteins to 

membranes. This reversible membrane localization is often achieved by the addition of a 

farnesyl ( 15 carbon) or a geranylgeranyl (20 carbon) isoprenoid group through three 

types of enzymes called prenyl transferases (Maurer-Stroh et a!. , 2007). 

Farnesyltransferases and Geranylgeranyl transferase I (GGTase I) both recognize a CaaX 
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motif at the C- terminus of the protein sequence, unlike GGTase II (Section 1.7.5; 

Chapter 1). Recent developments in the understanding of protein prenylation signals 

have provided a greater resolution in the distinction of the type of prenylation that a 

CaaX motif containing protein will receive. Although aliphatic amino acids are generally 

located at the position of the 'a's in the CaaX box, other amino acids are also allowed, 

especially in the position ofthe first 'a' (Maurer-Stroh and Eisenhaber, 2005). The amino 

acid at the 'X' position of the motif is the most important in determining the type of 

isoprenoid that is added. The residue volume and charge properties at this position are 

important for access to the prenyltransferase active site. Leucine and Methionine are 

preferred at the 'X' position for geranylgeranylation, while famesylation tolerates a far 

greater range of amino acids at this position, including these two residues (Roskoski and 

Ritchie, 1998). The final C-terminal portion of the protein sequence is required to be in 

an extended conformation, rather than in a helical or coiled conformation, in order to fit 

into the active site of the prenyl transferases (Reid et al., 2004). 

In addition to the CaaX box itself, physicochemical constraints present in the amino acid 

sequence up to 11 residues upstream from the cysteine of the CaaX box have been found 

to distinguish the type of isoprenoid that is attached to a protein (Maurer-Stroh and 

Eisenhaber, 2005). Maurer-Stroh and Eisenhaber (2005) therefore concluded that the 

prenylation signal is in fact 15 residues long, including the CaaX box and the upstream 

11 amino acids. An in silica predictor has been developed to predict the kind of prenyl 

group a protein will receive based on this 15 amino acid motif (Maurer-Stroh and 

Eisenhaber, 2005). From these advances in prenylation motif recognition, a new 

prenylation prediction computer programme (The Prenylation Prediction Suite [PrePS]) 

has been developed, which is able to distinguish between the farnesylation and 

geranylgeranylation based on the amino acid sequence of a protein alone. The likelihood 

of this programme generating false predictions is estimated at 0.11% for farnesylation 

and 0.02% for geranylgeranylation (Maurer-Stroh and Eisenhaber, 2005). 

The process of protein prenylation has potential medical significance in the treatment of 

certain cancers and the treatment of some parasitic infections (Eastman et a!., 2006; 
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Maurer-Stroh et al., 2003; Gelb et al. , 2003). Protozoan parasites have been shown to 

experience greatly reduced growth, relative to mammalian cells, when the farnesylation 

of their proteins is inhibited. This is due to different substrate specificities between the 

farnesyltransferases of the two groups (Eastman et al., 2006). Farnesyltransferase 

knockdown in T. brucei bloodstream form cells using RNA interference showed a 74% 

decrease in cell proliferation and led to the same cellular deformities that were seen in 

cells treated with farnesyltransferase inhibitors (Gillespie et al., 2007). The application of 

these inhibitors as potential therapeutic agents for the treatment of T. brucei and 

P. falciparum infections is being investigated (Eastman et al., 2006). Some 

farnesyltransferase inhibitors cause death to the T. brucei parasites 48 hours after 

exposure (Yokoyama et al., 1998). The Type I Hsp40 Ydj1 (derived from S. cerevisiae), 

which is localized to the cytoplasm (Caplan and Douglas, 1991 ), require farnesylation in 

order for it to function in the suppression of the effects of heat stress in S. cerevisiae 

(Caplan et al., 1992a). The T. cruzi Type I Hsp40s, Tcj2 and Tcj4 have been found to 

have a C-terminal CaaX motif, strongly suggesting that they undergo farnesylation 

(Tibbetts et al., 1998). Prenylation is known to be part of T. cruzi and Leishmania 

mexicana cellular processes (Yokoyama et a!. , 1998). 

The subcellular localization of a protein can provide clues to its function and assist in the 

identification of functional orthologues in other related species. Many of the signals that 

are responsible for addressing the protein to its correct cellular organelle destination have 

been discovered to be in the form of a peptide in the nascent polypeptide chain (Nakai 

and Horton, 2007). These signal peptides are well conserved among many eukaryotic 

organisms (Alberts et al., 1997). A number of computer programmes have been 

developed to predict the organelle to which a protein is localized based on these signal 

peptides found in the primary amino acid sequence (Guda and Subramaniam, 2005; 

Guda, 2006; Horton et al., 2007; Nakai and Horton, 1999). However, those signals that 

consist of various sections of the primary amino acid sequence coming together once the 

polypeptide has been folded into its three dimensional structure are more difficult to 

predict from the primary amino acid sequence, even when using in silica algorithms 

(Emanuelsson and von Heijne, 2001 ). 
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Despite the conservation of the peptide signals across eukaryotes, there are cases of 

divergence between species. This complicates the prediction of the localization of a 

protein using a generalized in silico method which relies on signal peptides. An example 

of such divergence is the endoplasmic reticulum retention signal. The canonical 

eukaryotic signal peptide for ER retention is - XDEL at the C-terminus, where the amino 

acid at position X is species dependent. This signal is -KDEL in mammals, -HDEL in S. 

cerevisiae and -SDEL in P. falciparum (Bangs et al., 1996; Teasdale and Jackson, 1996; 

Kumar and Zheng, 1992). In trypanosomes, a wide variation in the sequence of the 

retention signal appears to be tolerated. The C-terminal sequences - MDDL and -KQDL 

have been determined as the retention signals of BiP (Bangs et al., 1993) and a protein 

disulphide isomerase (Hsu et al., 1989) in T brucei. In addition, the mammalian signal ­

KDEL also functioned as a valid ER retention signal in T brucei (Bangs et al. , 1996). 

Mitochondrial import appears to be more conserved among all Eukaryotes. Even the 

trypanosomes with their divergent mitochondrion use cleavable N-terminal peptides for 

mitochondrial import (Pena-Daiz et al. , 2004). Two groups of mitochondrial targeting 

signals are thought to be functional in trypanosomes. The first contains a sequence of 15 

to 20 amino acids, which is very similar to those found in other organisms, and a second 

shorter sequence of 7 to 9 amino acids. This second sequence is also found m 

S. cerevisiae, but has been found to work very inefficiently (Hausler et al., 1997). 

Apart from signal peptide identification, three other groups of in silico methods have 

been developed for the prediction of protein subcellular localization. (I) The amino acid 

composition methods rely on differences in the amino acid properties and amino acid 

composition of proteins from different subcellular locations, such as hydrophobicity 

(Feng and Zhang 2001; Cedano et a!., 1997; Cui et al., 2004 ). These methods have a low 

accuracy. (II) Methods based on the identification of keywords in the annotations of 

functions of proteins (Nair and Rost, 2002). This method relies on the consistency of 

descriptions between databases. (Ill) Prediction of localization using phylogenetic 

profiles, domain projection or structural information (Marcotte et al. , 2000; Mott et al., 
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2002, Nair and Rost, 2003). Most contemporary computer programs designed for protein 

subcellular localization prediction use a combination of these various methods. 

The WoLF PSORT protein localization prediction system is able to predict more than 10 

distinct destinations of proteins within a eukaryotic cell (Horton et al. , 2007). It was also 

specifically designed to predict the dual localization of proteins, where proteins shuttle 

between organelles (Horton et al., 2006; Horton et al., 2007). The system was trained on 

three separate protein datasets for fungi , plant and animal proteins. The accuracy of the 

prediction depends on the destination organelle, with the nucleus, mitochondria, cytosol, 

plasma membrane, extracellular and chloroplast destinations estimated at 70% sensitivity 

and specificity. Prediction sensitivity for the golgi and peroxisome are predicted to be 

much lower (Horton et al., 2007). This programme is an extension of and uses features 

from PSORT II (Nakai and Horton, 1999), PSORT (Nakai and Kanehisa, 1992) and 

iPSORT (Bannai et al. , 2002) and uses the same k nearest classifier algorithm as 

PSORTII (Horton et al., 2006). The parameters considered include amino acid 

composition, s ignal peptide identification and orthologue identification with BLAST 

(Horton et al. , 2007; Guda et al. , 2006). 

pT ARGET (Guda, 2006) is able to predict nine different subcellular locations in fungi 

and metazoans but not plants. It does this by targeting proteins based on domains that are 

location specific (using data from the Protein Family (PF AM) database 

[bttp://pfam.wustl.edu; Bateman et al. , 2004]) and differences in the amino acid 

composition of proteins from different locations (Guda and Subramaniam, 2005; Guda, 

2006). If there is no PF AM annotation for a protein sequence or if the PF AM domains 

contained in the sequence are found in multiple locations, prediction of localization is 

based on the amino acid composition alone. Therefore, unlike WoLF PSORT, this system 

is currently unable to correctly predict dual localization of proteins (Guda, 2006). The 

authors of this prediction method, however, claim that there is a predicted maximum false 

positive rate of approximately 4% (Guda and Subramaniam, 2005). 
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As Type I Hsp40s are the focus ofthis thesis, this chapter aims to identify the Type I and 

Type I - like Type IV Hsp40s in the different trypanosomatid genomes that have been 

sequenced. In addition, this chapter intends to identify Hsp40 orthologues in the different 

genomes and identify interesting features and characteristics of these proteins based on 

their primary amino acid sequence. 

2.2) Materials and Methods 

2.2.1) The identification of Hsp40s from various trypanosomatid species whose 

genomes have been sequenced 

In order to find the Hsp40 protein sequences contained within the various trypanosomatid 

genome sequences on the GeneDB database (http://www.genedb.org/; Hertz-Fowler et 

al., 2004 ), the keywords DnaJ and Hsp40 were used to search the database for proteins 

annotated as DnaJ homologues/Hsp40 proteins. In addition the genome databases for the 

various trypanosomatid species on GeneDB were subjected to a BLAST search using the 

Tbj2 (Tb927.2.5160) and Tcj2 (Tc00.1047053511627.110) amino acid sequences. The 

amino acid sequences of the resultant hits were submitted to PROSITE 

(http://au .expasy.org/prosite/ ; Hulo et al., 2007; Sigrist et al., 2002) to identify domains 

in these sequences. PROSITE was chosen to identify the domains instead of a manual 

process, to aid efficiency in dealing with a large family of protein sequences from eight 

different genomes. Only sequences containing a J-domain identified in PROSITE were 

selected as putative Hsp40s. Type I Hsp40s were identified as proteins containing both 

the J-domain and the Zinc finger-Like region (CxxCxGxG repeats) as identified by 

PROSITE. The presence of a glycine/phenylalanine rich region was confirmed by 

inspection. 

2.2.2) The identification of putative Type I Hsp40 orthologues in the different 

trypanosomatid genomes 

Putative homologues of the Type I Hsp40s of the different trypanosomatid species were 

identified by comparison of amino acid sequence simi larities using a phylogenetic 

comparison of the protein sequences. Pairwise alignments using the Clustal W alignment 

package on AlignX (pari of the Vector NTI software suite) were used to confirm that the 
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proteins identified as orthologues in the phylogenetic analysis had the highest percentage 

identity among the Hsp40s of the two species being compared. In addition, the BLAST 

search function on the GeneDB website was used to confirm orthologues. If the most 

similar protein in a genome being searched is the predicted orthologue of the query 

protein, the two proteins are confirmed as being orthologues. Type I proteins of the T 

brucei genome were used as query proteins for the other genomes. L. major was used for 

orthologue prediction of the J4 grouping (please refer to Figure 2.2) as there is no 

orthologous sequence in T. brucei. 

The cladogram for the phlyogenetic comparison was generated by aligning the sequences 

of those proteins identified as Type I or Type I-like Hsp40s in Clustal X (Larkin et al., 

2007). This same programme was used to generate the cladogram, which was then 

visualized using Treeview (Page, 1996). 

2.2.3) Prediction of Prenylation in Type I and Type I - like Hsp40s 

To predict the farnesylation or geranylgeranylation of the various type I Hsp40s, the 

Prenylation Prediction Suite (PrePS) (http://mendel.imp.ac.at/sat/PrePS/; Maurer-Stroh 

and Eisenhaber, 2005) was used. 

2.2.4) Prediction of the subcellular localization of the various Type I and Type !-like 

Hsp40s 

Two online software applications were used to predict the possible subcellular 

localization of the Type I and Type I-like Hsp40s: Target P 

(http://bioapps.rit.albany.edu/pTARGET/; Guda and Subramaniam, 2005; Guda, 2006) 

and WolfPs01t (http://wolfpsott.org/; Horton et al., 2007). 

2.2.5) Homology Modeling of various domains 

2.2.5.1) Template identification 

The J-domain amino acid sequence for each protein to be modeled was submitted to the 

Phyre (http://www.sbg.bio.ic.ac.ukl- phyre/; Bennet-Lovsey et al., 2008; Kelley et a!. , 

2000) and Fugue (http://tardis.nibio.go.jp/fugue/prfsearch.html; Shi eta!. , 2001) servers 
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for identification of the most suitable template structures. Up to five different structural 

templates were selected for modeling of the selected Type I Hsp40 J-domains. Templates 

were chosen based on the similarity of their secondary structure to the predicted 

secondary structure of the target and the percentage identity of the J-domain amino acid 

sequences with the target molecules. 

2.2.5.2) Model Generation 

The selected structural template coordinate tiles were retrieved from the Research 

Colaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (PDB) 

(http://www.pdb.org/pdb/home/home.do). The amino acid sequences of the template 

structures were retrieved in FAST A format from the same database where it was also 

verified that there was structural data for all of the amino acid sequence present in the 

F ASTA file. The template amino acid sequences and the query domain amino acids 

sequence were aligned using the European Bioinformatics Institute (EBI) of the European 

Molecular Biology Laboratory (EMBL) Clusta1W2 world wide web-based alignment 

programme (http://www.ebi.ac.uk/Tools/clustalw2/index.html; Larkin et al., 2007). The 

resultant output sequences (possibly containing gaps) were used as input for the 

generation of a model of the query sequence using the Modeller 9 version 3 (Sali and 

Blundell, 1993; http://www.salilab.org/modeller/) protein homology modeling 

programme. The five templates selected in section 2.2.5.1 were used in the multiple 

template based modeling setting. 

2.2.5.3) Visualisation of modeled structures and generation of figures 

The PDB file generated by Modeller 9v3 was visualized and figures generated using 

Pymol (Delano, 2002). 

2 .2.5.4) Verification of the accuracy of the generated homology model 

The quality of the resultant homology models was assessed firstly by superimposing the 

model structural coordinates onto the template structures using the University of 

California, San Francisco (UCSF) UCSF Chimera (http://www.cgl.ucsf.edu/chimeral; 

Pettersen et a!., 2004) protein structure visualization and analysis programme. In 
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addition, the PROCHECK (Laskowski et al., 1993; Morris et al., 1992; 

http://www.biochem.ucl.ac.uk/- roman/procheck/procheck.html) computer programme 

was used to check the quality of the homology model by plotting phi-psi torsion angles 

and other distorted geometry parameters. The plots produced by PROCHECK included a 

Ramachandran plot of each of the homology models. 

2.2.6) Design of Peptide polyclonal antibodies 

The amino acid sequences of Tbj2, Tbj3 and Tcj3 were examined for potential antigenic 

regions using the protein sequence composite analysis of Generunner (available at: 

http://www.generunner.net/). The composite analysis uses the methods by Eisenberg and 

coworkers (1984), Hopp and Woods (1981), Kyte and Doolittle (1982) and Engelman 

and coworkers (1986) to determine hydrophobic versus hydrophil ic regions of the 

sequence. Other factors that were assessed are chain flexibility (Karplus et al. , 1988) and 

amino acid surface exposure probability (Emini et al., 1985; Janin et al., 1978).The 

Jameson-Wolf Antigenic index (Jameson and Wolf, 1988) is also used by the protein 

composite analysis as an overall measure of antigenicity of a particular portion of the 

amino acid sequence. This method combines the secondary structure prediction methods 

of Chou and Fasman (1978) and Robson-Gamier (Garnier et al., I 978) with results from 

the Hopp-Woods hydropathy, Emini Surface Probability and Karplus-Schultz chain 

flexibility prediction methods to produce an index of antigenicity (Jameson and Wolf, 

1988). The charge density ofthe amino acid sequence is also assessed by Generunner and 

plotted as the average charge of each amino acid at pH 7.0 (calculated from their pKa) 

using a sliding window calculation method. The potential antigenic regions were then 

assessed for their potential in the manufacture of a polyclonal antibody from a peptide 

region that is sufficiently specific to the protein of interest to prevent binding to different 

proteins that may occur in the study. This included BLAST of the peptide against the 

E. coli, S. cerevisjae and T brucej genomes as these were the systems to be used in this 

study. In addition the chosen Tbj2 and Tcj3 peptides were assessed for their antigenic 

suitability by the online antigenicity assessment provided on the Genescript Corporation 

(Piscataway, New Jersey, USA) website (http://www.genscript.comD before being 

ordered through this company. The selected Tbj3 peptide sequence was sent to Prof. 

64 



Chapter 2: Bioinformatics 

Zimmerman (Department of Medical Biochemistry, University of the Saarland Medical 

School, Homburg, Germany) for manufacture and rabbit polyclonal antibody production. 

2.3) Results 

2.3.1) Determination of the number of Hsp40s in various Trypanosomatid species 

genomes that are Type I Hsp40s 

Figure 2.1 shows a graphic representation of the total number of Hsp40s found in the 

genome database of each trypanosomatid species compared to published literature of the 

Hsp40 families of S. cerevisiae (Walsh et al., 2004), H. sapiens (Qiu et al., 2006; 

Kampinga et al., 2009), Arabidopsis thaliana (Miernyk, 2001), Plasmodium falciparum 

(Botha et al., 2007) and E. coli (Genevaux et al., 2007). With the exception of A. 

thaliana, all of the trypanosomatid species were found to have a significantly larger 

number of Hsp40 sequences than the other species (Figure 2.1). T. cruzi has 

approximately double the number of sequences compared to the other trypanosomatid 

species, which can be attributed to 50 % of the T. cruzi genome consisting of copies of 

existing coding sequences (EI-Sayed et al., 2005a; Arner et al. , 2007). Type I Hsp40s 

were identified as the sequences containing a J-domain near the N-terminus of the 

sequence, directly followed by a Gly/Phe rich region and the zinc finger like domain. E. 

coli has by far the fewest Hsp40s in its genome (6 sequences) (Genevaux et al., 2007), 

which is possibly due to the lack of cellular compartmentalization. 

Domains within the sequences identified as Hsp40s in the various genomes were 

identified using PROSITE (http://au.expasy.org/prosite/ ; Hulo et al. , 2007; Sigrist et al., 

2002) and categorized according to their domain composition. The number of Type I and 

Type IV/I proteins identified in each genome are shown graphically in Figure 2.1, with 

the actual number shown in Table 2.2. From Figure 2.1 it is clear that the number of 

Type I Hsp40s, in all of the organisms compared, make up a very small proportion of 

the total number of Hsp40s in each genome. All contain less than I 0 and an average of 
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Figure 2.1: The number of Hsp40 sequences of various trypanosomatid organisms in comparison to the 
number of Hsp40s found in Homo sapiens (Qiu et a/., 2006; Kampinga et al., 2009), Arabidopsis thaliana 
(Miemyk, 200 I), Saccharomyces cerevisiae (Walsh et a/., 2004 ), Plasmodium falciparum (Both a et at., 2007) 
and &cherichia coli (Genevaux et at., 2007). The number of Type I Hsp40s per species is shown in red, while 
the total number of Hsp40s per species is shown in blue. The Type IV proteins that are Type !-like for each 
trypanosomatid species is shown in yellow. The number of Type IV Hsp40s that are type !-like have not been 
detennined for the non-trypanosomatid organisms listed (S. cerevisiae, H. sapiens, A. thaliana, P. falciparum 
and E. coli). No Type !-like Type IV proteins were found for L. braziliensis. The GeneDB accession numbers 
of the protein sequences for the trypanosomatid sequences and the NCB! (http:/.'www.ncbi.nlm.nih.gov. ; 
Sayers et al., 2008) protein accession numbers for S. cerevisiae, H. sapiens, A. thaliana and E. coli are shown 
in Table 2.1. The P. falciparum sequences were derived from the PlasmoDB database 
(http://plasmodb.orgiplasmo.; Baht et at., 2003; Aurrecoechea et al., 2009), while the S. cerevisiae sequences 
were derived from the Saccharomyces Genome Database (www.yeastgenome.org/; Cherry et al., 1998). 

6 Type I Hsp40s per genome. With the exception of L. braziliensis, one to two Type IV/I 

sequences were found in all of the trypanosomatid species contained in this study. 

T brucei brucei and T cruzi both contain two sequences of this category, but it is likely 

that the two T cruzi sequences are duplications. Plasmodiumfalciparum has been shown 

to not have any of this category of Type IV Hsp40s either (Botha et al., 2007). Of the 
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Hsp40s described as Type I for S. cerevisiae (Walsh et al., 2004), Homo sapiens (Qiu et 

al., 2006; Kampinga et al., 2009), A. Thaliana (Miernyk, 2001) and E. coli (Genevaux et 

al., 2007), none could be classified as Type IV/I as they all had an intact HPD tripeptide 

in the J-domain (Appendix 2B, 2C, 2E and 2F). This strongly indicates that these 

organisms do not contain this subtype of Hsp40s as the only difference between Type r 
and Type IV/I Hsp40s is the HPD motif. The GeneDB (http://www.genedb.org/; Hertz­

Fowler et al., 2004) accession numbers for the sequences of the various trypanosomatid 

species and the National Centre for Biotechnology Information (NCBI) sequence 

database (http://www.ncbi.nlm.nih.gov/ ; Sayers et al. , 2008), PlasmoDB 

(http://plasmodb.org/plasmo/; Bah! et al., 2003; Aurrecoechea et al., 2009) and 

Saccharomyces Genome Database (www.yeastgenome.org/; Cherry et al., 1998) 

accession numbers for the non-trypanosomatid species of this study are shown for both 

the Type I and Type IV II sequences in Table 2.2. Certain of the GeneDB trypanosomatid 

sequences did not start w ith a methionine amino acid residue, did not end with a stop 

codon or contained stop codons within the sequence. The latter two may be attributed to 

frame shift events and in the case of internal stop codons, GeneDB obtained the 

sequences by joining two sequences. The sequences containing these anomalies are 

highlighted in green in Table 2.2 and Table 2.3 and are classified as putative 

pseudogenes. They were even found in genomes that have been published (T. cruzi; [El­

Sayed et al., 2005b] and L. braziliensis; [Peacock et al., 2007]). The Type IV/1 accession 

numbers highlighted in blue indicated amino acid sequences for which prosite was not 

able to identify an N-terminal J-domain. These sequences were included as Type IV/ I 

sequences as they had a high sequence identity with other Type IV/I sequences from 

other trypanosomatids and a readily identifiable KDPQ motif instead of the HPD motif 

was visible. Nine Hsp40s were defined as Type l in Arabidopsis thaliana (Miemyk, 

2001 ), but Prosite was unable to identify a Zn finger-like domain in either A63 or A36 

and A36 was annotated by PROSITE as having a C-terminal J-domain. Assuming the 

accession numbers in Miernyk (2001) and NCBI (http://www.ncbi.nlm.nih.gov/ ; Sayers 

et al., 2008) correspond to the same sequence, this would indicate a misannotation. 

However, A63 and A36 were not defined as Type I Hsp40s in this study. 
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PROSITE identified a Diphthamide (DPH) type of zinc-finger in some of the putative 

Hsp40 sequences. However, these were not categorized as type I Hsp40s as they did not 

have the canonical four repeats (CxxCxGxG) of the Type I Hsp40 z inc finger- like region 

and many are truncated to exclude the C-terminal peptide binding domain and 

dimerisation domain associated with Type I Hsp40s. The T brucei sequence 

Tb10.389.1150 and T b. gambiense sequence Tbgamb.32246 are examples of such 

proteins that were excluded from the Type I Hsp40 group for this reason. Likewise, the 

H sapiens DnaTA5 (Qiu et al. , 2006) sequence was identified by PROSITE to contain the 

DPH type zinc-finger like domain. It was therefore not acknowledged as a true Type I 

Hsp40 in this study, even though Qiu et al. (2006) described it as such. 

Table 2.2 (Page 69): Showing a comparison of the number of confirmed Type I Hsp40s and the total 
number of Hsp40s found in the genomes of 8 trypanosomatid species with the same parameters in the 
genomes of Saccharomyces cerevisiae, Homo sapiens, Arabidopsis thaliana, Plasmodium falciparum 
and Escherichia coli. The amino acid sequence accession numbers for the typanosomatids (GeneDB; 
[http://www.genedb.org/; Hertz-Fowler et at., 2004]), S. cerevisiae (Saccharomyces Genome Database 
[www.yeastgenome.org/; Cherry et a/., 1998]), P. falciparum (PiasmoDB; 
[http://plasmodb.org/plasmo/; Bah! eta/., 2003; Aurrecoechea eta/. , 2009]), H. sapiens, A. thaliana and 
E. coli (NCBI; [http://www.ncbi.nlm.nih.gov/; Sayers et a/., 2008]) are also shown. The accession 
numbers representing pseudogene sequences are highlighted in green. Those Type IV /I sequences for 
which PROSITE was unable to find a J-domain are highlighted in blue. 

Notes: 
* many of the number of sequences in the T. cruzi genome are believed to be allelic copies and 

duplicates (Folgueira and Requena, 2007; EI-Sayed eta/., 2005a; Arner eta/., 2007). 

#The number of Type IV /I sequences per species was not mentioned in publications of the Hsp40s of 
these different organisms. However, examination of the Type I Hsp40 sequences identified in these 
publications, no Type IV/I sequences were found (Appendix 2B, 2C, 20, 2E and 2F). 

The Type IV/I accession numbers highlighted in blue indicated amino acid sequences for which prosite 
was not able to identify anN-terminal J-domain, but percentage identity of these sequences with other 
Type IV proteins in which prosite identified a J-domain indicated possible status as a type IV Hsp40. In 
addition, the KDPQ motif that aligns with the HPD of canonical J-domains is also found in these 
sequences, sometimes with some amino acid substitutions in these sequences (LmjF20.0550 - TDPV) 
(Tviv796e07.plk_2- KDPK) (LinJ20_v3.0620- KDPA). The DP of this motif is consistent throughout 
these orthologues (J4 7) (Please refer to alignment in Figure 2.4). 

Qiu eta/., 2006 classifies Homo sapiens genome of having 6 Type I Hsp40s, but DnaJA5 (according to 
the PROSITE annotations) does not have four CxxCxGxG repeats like E. coli DnaJ to which Type I 
Hsp40s are supposed to be most similar. (Please refer to Appendix 2B). 

Miernyk (200 1) defines 9 Hsp40s in the A. thaliana genome as being type I Hsp40s, but PRO SITE 
annotations did not define a ZN-Finger motif in either A63 or A36. In addition, a C-terminal J-domain 
was defined in A36, ruling it out as a Type I Hsp40, the criteria of its definition requiring an N-terminal 
J-domain. (Please refer to Appendix 2E). 
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Table 2 2 c fi : on mne d Type I an d I Type IV I Hso40s per spectes ofkmetoplastids 
Species Number of confirmed Total number of Hsp40 Type I Hsp40s Putative Type 1/IV 

tvne I Hso40s seauences found 
Trypanoyoma brucei brucei 5 63 Tb927.5160 Tb09.211.0330 

Tbl0.70.5440 Tb927.1.1230 
Tb927.3.1430 
Tb09.211.3680 
Tb i i.OI.8480 

Leishmania major 7 66 LmjF27.2400 LmjF20.0550 
LmjF21.0490 
LmjF25.1100 
LmjF32 .3300 
LmjF35.2980 
LmjF04.0940 
LmiF15.1220 

Tryptmoyoma cruz.i 9 (in addition 10 tWO 147. -:' .:uC. ll · 705~< >H 5 1 ~ 1 Tc00.1047053511423.170 
pseudogenes) Tc00.1047053510575.200 Tc00.1047053507949.10 

Tc00.10470535 11025.100 
TcOO.I 047053509233.80 
Tc00.1047053509437.40 
Tc00.1047053510743. 1 00 
Tc00.1047053510659.210 
Tc00.10470535 10243.30 
Tc00.1047053511367.138 
Tc00.1047053511627.110 
L, I 104-v53S'J7 I I:< (I 

T. brucei gambiense 4 63 Tbgamb.42991 Tbgamb.0216 
Tbgamb.231 16 
Tbgamb.2981 
Tbgamb.24631 

Trypanoyom11 congolense 4 73 Congo92c09.ql k_8 congol350g02.qlk_ll 
congo36Sg12.plk_2 .v •'l52CoJI pl ~_ l3 
congol293a06.qlk_ 4 (truncated para Iogue of 
congo541biO.q lk_l congo 1350g02.qlk_ ll ?) 

Leislrmanin infimtum 7 72 LinJ21 V3.0550 
LinJ27= V3.2350 

LinJ20_ V3 0620 

LinJ25_ V3.1140 
LinJ35 V3.3030 
LinJ04= V3.0940 
LinJ32_ V3.3500 
LinJI5 V3.1220 

Tryplllwl·oma viYlL'r 6 68 Tviv ll92b08.plk_5 tviv796e07.p1k_2 
tviv II OOa 12.q I k_O 
tvivl163f03.qlk_15 
tviv1189h03.q lk_1 
tviv623dOI.q lk_23 
Tviv1689c09.olk 6 

L~islunnnia brasiliensis 6 (in addition to one 72 LbrM25 _ V2 .0990 None found 
pseudogene) LbrM32 V2.3590 

LbrM04 = V2.0730 
LbrM27 _ \'2.261 0 
Lbr\1 '1 _' 2.•;:-S; 
LbrM34_ V2.2890 
LbrM15 V2.1170 

Sttccltaromyces cerevisiue 5 22 Ydjl (Yn1064C) Not defined # 
(Walsh el a/., 2004) Xdjl (Ylr090w) 

Scjl (Ymr214w) 
Apjl (Yn1077w) 
Md' l (Yfl016c) 

Homo YllpienY 6 49 DnaJA 1 (NP-00 I 530) Not deftned # 
(Qiu er of .. 2006; Kampinga et DnaJA2 (NP _005871 ) 
a/., 2009) DnaJA2b (AAB69313) 

DnaJA3 (NP _005138) 
DnaJA4 (EAW99!77) 
DnaJA5 (NP 9!9259) 

Arubidopsis thaliuna 9 89 A2 ( AAB86799) (Hdj2) Not defmcd # 
(Miemyk, 200 I ) A3 (AAB49030) 

A24 (CAB80659.1) 
A26 (AAD22362) 
A30(BABII067.1) 
A52 (AAD55483) 
A 54 (BAB02706) 
A63 (AAF07843) 
A36 (CAB86083.1 l 

Plasmodium falciparum 2 43 PFII 0359 Not defmed # 
(Botha et of .. 2007) PFD0462w 

E.coli fGe11evaux et aL, 2007) I 6 DnaJ (NP 414556Yor (P08622) Not defmed # 
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2.3.2) Identification of putative orthologues of Type I and Type 1-like Hsp40s in the 

various trypanosomatids 

Homologues are genes that are related to each other by their descent from a common 

ancestral sequence. Orthologues are homologous genes that are derived from a common 

ancestor and were separated by speciation. They normally retain the same function in 

their respective organisms (Koonin, 2005). Alignment of all the trypanosomatid amino 

acid sequences shown in Table 2.1 and generation of a tree (Figure 2.2) using Clustal X 

(Larkin et al., 2007) showed distinct clustering of the sequences from the different 

trypanosomatid genomes that are the most similar. These clustered sequences also had 

the highest percentage identity in pairwise alignments comparing the sequence identity of 

Hsp40s between two species. The sequences within a cluster are therefore likely to be 

orthologues of one another. Figure 2.2 uses the nomenclature derived by Folgueira and 

Requena (2007) to categorise the sequences of Hsp40s that they found in the genomes of 

T cruzi, T brucei and L. major. Within each cluster, the Leishmania and Trypanosoma! 

derived sequences are consistently found in two separate sub-clusters. This indicates that 

the Leishmania sequences in the main clusters are more related to others of Leishmania 

origin, as are the Trypanosoma! sequences more related to other trypanosoma! sequences 

of the same sequence cluster. 

Table 2.3 shows the orthologues identified according to their sequence similarity for 

each of the trypanosomatid species. The putative pseudogenes are again highlighted in 

green. In this table the sequences are designated as Type I or Type IV II with a green I or 

IV respectively. It is clear from this table that not all of the putative orthologues have 

been categorized into the same group. This is quite possible as the only difference 

between the Type I and Type IV/I group lies within the HPD tripeptide ofthe J-domain. 

Of all the sequences designated as J27, only the T. brucei sequence (GeneDB accession 

number: Tb09.211.0330) is categorized as a Type IV/I protein. All other trypanosomatid 

species appear to have only one Type IV/I sequence, while T. brucei has two. 

Those amino acid sequences identified as 166 by Folgueira and Requena (2007) were 

detected in the analysis by BLAST of the T. cruzi, L. major, T. brucei brucei and other 
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Figure 2.2: Phylogenetic tree showing the clustering of Hsp40 sequences from various trypanosoma tid species. 
The tree ~as generated using the neighbour-joining method of Clustal X (Larkin et a/., 2007). The clustered 
sequences are most similar and based on this they can be called putative orthologues. The clustered sequences are 
named according to the nomenclature used for Folguiera and Requena (2007). The Clustal X output was visualized 
using Treeview (Page, 1996). The sequence accession numbers are colour coded to indicate the source organism 
(Please see the Source Species Key in the figure). The numbers at the nodes represent bootstrap values. 
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trypanosomatid genomes with Tbj2 (Tb927.2.5160) conducted during this study. 

However, annotation by PROSITE indicates that they are unlikely to be Type I or Type 

IV Hsp40s and that they may not even be Hsp40s due to the lack of detection of a J­

domain. A Zinc finger-like region containing the four canonical repeats (CxxCxGxG) is 

found very close to theN-terminus of each of these sequences, thus indicating that if they 

are Hsp40s, they are unlikely to be Type I Hsp40s. However, there is a high sequence 

similarity ofTbj66 (Tb927.7.2070), from the T brucei sequence, to Tbj2 (Tb927.2.5160) 

from the zinc finger-like region to the C-terminus in both sequences. As these sequences 

occur in all of the trypanosomatid species it is unlikely that this would be an annotation 

error in any of the sequence databases. Even if these sequences are not Hsp40s, it is likely 

that they have a legitimate function of substantial importance within each 

trypanosomatid, as they have been reasonably well conserved through the process of 

speciation. 

The T b. gambiense orthologue of Tbj2 (Tbgamb.2166) has a high sequence similarity to 

the C-terminal region of Tbj2 starting from the Zinc finger-like region but does not 

contain a J-domain. This may be due to the fact that the T b. gambiense genome is still 

being annotated or this may be a pattial deletion of the gene that took place during the 

divergence ofT brucei brucei and T brucei gambiense. The same phenomenon is seen in 

the mthologue for Tbj3 (Tbgamb.26876). Both TbgambJ3 and TbgambJ2 therefore have 

a very similar domain structure to that identified for J66 in T. b. gambiense 

(Tbgamb.13956) and the other J66 orthologues. Although these two T b. gambiense 

sequences were predicted as J2 and J3 orthologues, their lack of a J-domain casts serious 

doubt on their status as Hsp40s. 

The clustering of two T cruzi derived sequences into every J-protein group, with the 

exception of 13, J4 and J45, indicates that these sequences are gene duplications within 

the T cruzi genome (Arner et al. , 2007) due to the close similarity of both of these 

sequences to a particular J-protein group. It is also interesting that two of these duplicated 

sequences (Tc00.1047053507801.130 and Tc00.1047053510165.10) are pseudogenes 
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indicating that these duplicated sequences could have lost their function as a result of a 

lack of evolutionary pressure produced by the duplication. 

Only 4 of the 8 trypanosomatid genomes examined had a sequence representative in the 

J4 group. It is interesting to note that those species that have a putative J4 orthologue 

sequence (the three Leishmania species and T cruzi) all have an intracellular stage to 

their life cycle within their mammalian hosts (De Souza, 2002; Maia et a!., 2007). 

GeneDB contains an incomplete version of Tcj4, but previous work by Tibbets and 

coworkers (1998) showed an intact sequence for Tcj4 which is available on the NCBI 

database (http://www.ncbi .nlm.nih.gov/; Sayers et al., 2008) with the accession number 

AAC18897. This indicates that the pseudogene status of Tcj4 was either due to a 

sequencing error or a strain specific variation in the strain used to generate the GeneDB 

sequence. 

T congolense is missing any putative orthologue for J4, J45, JSO and J66, but has two 

sequences associated with J4 7. One of the J4 7 sequences is designated as a pseudo gene. 

The lower number of Type l Hsp40 sequences in T congolense could be due to the 

preliminary nature of the annotation of this genome sequence 

(http://www.genedb.org/genedb/tcongolense/; Hertz-Fowler et a!., 2004) or it could 

indicate a species variation from the other trypanosomatids. L. braziliensis is more 

completely annotated, as is indicated by the publication Peacock et al. (2007), but this 

genome does not appear to have an orthologous sequence for J47. 

These sequences have been categorized into orthologues according to their sequence 

similarities. However, functional orthology implies that they have a similar function 

within the different species. This requires information on the subcellular localization of 

these proteins within the cell. Similar localisation implies a similar function within the 

cell. 
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Table 2.3 (Page 75): The categorization of the Type I and Type IV/I Hsp40 orthologues of the various 
trypanosomatid species. The left hand column contains the Hsp40 nomenclature for the different 
sequences that was adopted by Folguiera and Requena (2007). The amino acid sequences, represented 
by their geneDB (Hertz-Fowler et at., 2004) accession numbers are categorized as Type I or Type IV/I 
with a green I for a Type l Hsp40 and a green 1\ . Due to their high sequence identity with the C­
terminal domains of the Type I Hsp40s, the J66 proteins are included in the table, even though they are 
not identified as Hsp40s because they lack a J-domain. Sequences not containing a J-domain are 
indicated with a red trident (refer to Table 2.3 Key). As with Table 2.2, those sequences designated as 
pseudogenes are highlighted in green. The predicted localization for each of these sequences, as 
determined by pTARGET (http:/.'bioapps.rit.albany.edu/pTARGET/; Guda and Subramaniam, 2005; 
Guda, 2006) and WOLF PSORT (http://wolfpsort.org/; Horton et al., 2007) are shown for each 
sequence (Please refer to Table 2.3 Key). Those sequences that are predicted to be farnesylated, using 
PrePS (http://mendel.imp.ac.at/sat/PrePS/; Maurer-Stroh and Eisenhaber, 2005) are also indicated 
(Please refer to Table 2.3 key). 

Key to Table 2.3: 
# TcOO.I 047053506445.121 sequence does not finish with a stop codon. A more complete version of 
the gene is displayed on the NCBI nucleotide and protein sequence database 
(http://www.ncbi.nlm.nih.gov/; Sayers eta!., 2008) with the accession number: AAC188 97. 
*Sequences that are designat...d as pseudogene · as thl!) contain stop c0dons or do not stan or end with 
the correct start and stop codons. 

0 Nucleus localization prediction 
!! Cytoplasmic localization prediction 
1 Mitochondrial localization prediction 
I: extracellular localization prediction 
P plasma membrane localization prediction 
! Golgi apparatus localization prediction 
I Type I Hsp40s 
IV Type IV Hsp40s that are Type I-like except for lacking an intact HPD motif 
'¥ These proteins contain no N-terminal J-domain (their Zinc Finger motif starts within 

a few amino acids of theN-terminus) 
A proteins that contain a cysteine residue as the 4th last position in the amino acid sequence 

and contain a putative CAAX box, but are not predicted to be famesylated. 
F Predicted Famesylation 

• A single localization indicates a consensus between pTARGET and WOLF PSORT in their 
predictions. 

• When the two localization prediction programmes do not predict the same localization the two 
predictions are separated with a 'I' in the order: 
(pT ARGET prediction I WOLF PSORT prediction) 

• In cases where Wolf PSORT predicts duel localization, the 2 predicted localizations are 
separated by an underscore e.g. !!_ I , which indicates a duel localization to the cytoplasm and 
to the mitochondrion. 
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T. brucei brucei L. major T. cru'd T.b. gambiense T. congolense L. infantum T. vivax L. braziliensis 

J2 Tb927.1.5160 I LmjF27.2400 I Tc00.1047053511627.110 Tbgamb2166 'I' Congo365g 12. p 1 k_2 LinJ27 _ V3.2350 I tviv623d01.q1k_23 I LbrM27 _ V2.2610_1 

ll F Q F I Q F (no J-domain) l ll F ll F n Q F 
Tc00.1047053507801130 (ill n _0 ) F 
I (Q/ 0 ) 

J3 Tb10.70.5440 I LmjF21.0490 I Tc00.1047053511367.1 38 Tbgamb.26876 congo541b10.q1k_1 LinJ21_V3.0550 I tviv1100a12.q1k_O I LbrM21_V2 0550 I 
ll F Q F I .Q A (no J-domain) 'I' I ll Q F ll A ll A 

(ill .E) F 
J4 LmjF15.1220 I # l"c0Cil ii4705J506~·1:'i l 2l LinJ15_V3.1220 I LbrM15_V2.1170 I 

(0 / ll) I F (ll/ 0 ) n 0 
J45 Tb11.01.8480 I LmjF32.3300 I Tc00.1047053511025.100 Tbgamb.42991 I LinJ32_ V3.3500 I tviv1163f03.q1k_15 I LbrM32 V2.3590 I 

( / .E) ( I I .E) I (ll/ l:) ( tl / l:) ( J I 'L) (ll/1:) (fil l:.)-

J46 Tb927.3.1430 I LmjF25.11 00 I Tc00.1047053509233.80 I Tbgamb.2981 I congo1293a06.q1k_ LinJ25 V3.1140 I Tviv1689e09.p1k_6 I LbrM25_ V2.0990 I 
I (fil l:) I 4 I (Q/ l:) ( I I~ ( I P) (I' I 1:.) 

Tc00.1047053509437.40 I 

( I l:) 
JSO Tb09.211 .3680 I LmjF35.2980 I Tc00.1 04 705351 0659.21 0 Tbgamb.24631 I LinJ35_ V3.3030 I tviv1189h03.q1k_1 I LbrM34_ V2.2890 I 

l A 1 1 F I A l A F l A aF 
Tc00.1047053510743.100 

I I A 

J27 Tb09.211.0330 LmjF04.0940 I Tc00.1047053510575.200 Tbgamb.23116 I congo92c09.q 1 k_8 LinJ04_ V3.0940 I Tviv1192b08.p1k_5 I LbrM04_ V2.0730 I 
1\' ll I 1 I • I I 

Tc00.1047053510243.30 I 
(QJ I ) 

J47 Tb927.1.1230 LmjF20.0550 I V Tc00.1 047053507949.10 Tbgamb.0216 congo1350g02.q1 k_ LinJ20_V3.0620 IV tviv796e07.p1k_2 I V 
(Type IV 11 (0 1 It) IV (0 / ' ) IV 11 IV I (0 / ) (0 tn_0 ) 
IV) Tc00.1047053511423.170 congo520e01 plk_13 

IV (0 1 " ) IV (0 / I ) 

ZN finger containing proteins without N-terminal J-domain 

J66 Tb927.7.2070 'I' LmjF22.0080 'I' Tc00.104705351 1807.70 Tbgamb13956 LinJ22_ V3.0009 'I' Tviv777g1 O.plk_16 'I' LbrM22_V2.0080 

ll .1 (ll/ l:) F 'I' (ill l:) A 'I' (ll/ l:) \ (Q/ .E) A 'I' 
rcoo 1047053510165 10 (ll/ll _0 ) (il l ) A 
'l' (lll l:) A A 
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2.3.3) Proposed nomenclature of trypanosoma tid Hsp40s 

Trypanosoma! Hsp40s have traditionally been named according to the first letter of the 

genus and species followed by a J to indicate that it is a DnaJ-Iike protein and a number 

to distinguish the different Hsp40s from the same organism (Tibbets et al., 1998; 

Folgueira and Requena, 2007). Trypanosoma cruzi J-protein 2 has traditionally been 

referred to as Tcj2. Tibbetts and coworkers (1998) used this nomenclature for T cruzi 

Hsp40s and Folgueira and Requena (2007) proposed to maintain this nomenclature for 

L. major and T brucei brucei. In the naming of the Hsp40s of the other species discussed 

in this chapter, it is proposed that this same nomenclature is maintained, with the protein 

numbering outlined by Folguiera and Requena (2007)(Table 2.4) However, to avoid 

confusion between Trypansoma cruzi and Trypanosoma congolense, the initial TcongJ 

should be used for T congolense. Likewise, to avoid confusion between sequences from 

T brucei brucei and T brucei gambiense, TbgambJ will be used for T brucei gambiense. 

Perhaps an extension of this nomenclature should include the distinction made between 

Type I (A), Type II (B) and Type III (C) Hsp40s used by Qiu and coworkers (2006) and 

Kampinga and coworkers (2009). For example TbjA2 to designate that Tbj2 is a Type I 

Hsp40. 

Table 2.4: The proposed nomenclature for trypanosomatid Hsp40s 

Species Hsp40 nomenclature 

Trypanosoma brucei brucei TbJ 

Trypanosoma cruzi TcJ 

Trypanosoma vivax TvivJ 

Trypanosoma congolense TconJ 

Leishmania major LmJ 

Ttypanosoma brucei gambiense TbgambJ 

Leishmania infantum LinJ 

Leishmania braziliensis LbrJ 

2.3.4) Prediction of the sub-cellular localization of Type I Hsp40s and Type 1-like 

Hsp40s 

Owing to the absence of a computer programme designed specifical ly for prediction of 

the trypanosomatid protein subcellular localization, programmes that predict the 

localization of proteins in animal cells were used. Both pTARGET and WOLF PSORT 
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are able to process query sequences using one of three datasets: those from animals, 

plants or fungi. The animal setting was used for these predictions. Table 2.3 shows the 

predicted subcellular localization of each protein next to the accession number with 

coloured symbols (See Table 2.3 KEY). 

All of the sequences that are designated as true Type I Hsp40s in the 12 and J3 groups, 

that are not classified as pseudogenes were all predicted to be localized to the cytoplasm. 

The two sequences shown as orthologues for T b. gambiense in the J2 and J3 families 

may not be Hsp40s due to their lack of a J-domain. The less common J4 family of 

sequences were predicted to have a cytoplasmic or a nuclear localization. The 150 

orthologues were all predicted by both localization prediction programmes to be localized 

to the mitochondrion. The J27 proteins were also all predicted to localize to the 

mitochondrion with the exception of one of the T cruzi gene repeats and the T brucei 

brucei orthologue, which was predicted to be cytoplasmic. Other evidence for the 

functional divergence of Tbj27 from the other J27 proteins is that it is a Type IV/I Hsp40 

while all the other J27 proteins are Type I Hsp40s. All of the sequences predicted as 

mitochondrial contained a stretch of amino acids rich in arginine directly at the N­

terminus, before the start of the J-domain (Please Refer to Appendix 2A for the annotated 

amino acid sequences of Type I and Type IV /I Hsp40s of the different Trypanosomatids). 

The general characteristics of the mitochondrial import signal include it being rich in 

positively charged residues such as arginine (Emanuelsson and von Heine, 2001) and 

often N-terminal (Emanuelsson and von Heine, 2001; Pena-Diaz et al., 2004; Claros and 

Vincens, 1996). This is the subcellular localization destination that is the most accurately 

predicted by most contemporary subcellular localization prediction computer software 

(Sprenger et al., 2006). This is therefore the likely reason for the high level of consensus 

between the localization prediction programmes when a true prediction of mitochondrial 

localization occurs. 

In the 145, 146 and J47 orthologue groups, the predicted localization is less consistent 

between the various member sequences. WOLF PSORT consistently predicts the J45 

group of sequences to have an extracellular localization, while pT ARGET designated half 
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as mitochondrial and half as cytoplasmic. PTARGET on the other hand predicted most of 

the sequences in the J46 group of orthologues to be mitochondrial, while WOLF PSORT 

predicted either mitochondrial or extracellular localization, with the exception of LinJ46 

(LinJ25_ V3.1140) and TvivJ46 (Tviv1689e09.plk_6), which were predicted to be 

localized to the golgi apparatus and plasma membrane respectively. However, pTARGET 

has been found to be better at predicting plasma membrane localization than WOLF 

PSORT (Sprenger et al., 2006), so it is unlikely that TvivJ46 is localized to the plasma 

membrane. Prediction of a protein targeting to the golgi apparatus using the primary 

amino acid sequence is less accurate using contemporary localization prediction 

programmes (Sprenger et al., 2006). It is therefore questionable as to whether WOLF 

PSORT predicted the correct localization. With the exception ofTvivJ47 WOLF PSORT 

predicted a mitochondrial localization for the 147 orthologues, while pTARGET 

predicted either mitochondrial or nuclear localization. TvivJ 47 was predicted to have a 

cytoplasmic and nuclear dual localization. As pT ARGET predicted a nuclear localization 

and does not make provision for dual localizations, it is possible that this protein is 

localized to both the cytoplasm and the nucleus. 

In the 166 sequences, pTARGET consistently predicted a cytoplasmic localization, as it 

did for the other two 166 like proteins, TbgambJ2 (Tbgamb.2166) and TbgamJ3 

(Tbgamb.26876). WOLF PSORT, however, predicted a wider range of localizations for 

the various proteins of this group. 

The predicted localization of the Hsp40s, leads to the possibility of predicting the Hsp70 

partners of each Hsp40 using in silica localization prediction. Table 2.5 Shows the 

predicted T brucei brucei Hsp70/Hsp40 partners based on in silica localization 

prediction. However, it is difficult to determine the Hsp40/Hsp70 partnerships in 

organelles that contain more than one of each of these protein families. It can only be 

concluded that all of the Hsp70 and Hsp40 proteins predicted to localize to a certain 

cellular compartment are potential partners. These wil l need to be confirmed not only 

through subcellular localization experiments, but also through "bait and prey" studies in 

vivo. 
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Table 2.5: The prediction of potential Hsp40/Hsp70 partners for T brucei brucei based on their predicted 
subcellular localization. The Hsp70 localisation prediction (using PTarget 
[httj2"//bioa(2gs rit alban;t edu/12T ARGET!- Guda and Subramaniam 2005· Guda 2006) and WOLF PSORT 

' ' ' ' rhttp://wolfpsort.org/; Horton et al. , 2007]) was derived from Louw, 2009. 

Subcellular Organelle Hsp70 Hsp40 
Cytoplasm Tb11.01.3ll 0 Tbj2(Tb927 .1.5160) 

Tb11.01.3080 Tbj3 (Tb10.70.5440) 
Tb927.7.710 Tbj27(Tb09.211.033)0 * 
Tb10.389.0880 Tbj66(Tb927. 7 .2070) 'I' 

Endoplasmic Reticulum Tbll.02.5500 -
Tb 11.02.5450 

Nucleus Tb927.7.1 030 -
Mitochondrion Tb927.6.3740 Tbj45 (Tb 11 .0 1.8480) 

Tb927.6.3750 Tbj46 (Tb927.3 .1430) 
Tb927.6.3800 Tbj50 (Tb09 .211 .3680) 

Tbj47 Tb927.l.l230 * 
Secreted Tb09.211.1390 Tbj45 (Tb 11.0 1.8480) 

Tb09.160.3090 
*These Hsp40 sequences were 1dent1fied as Type IV Hsp40s that were Type I-Jike. 
'¥ Tbj66 contained all the Type I Hsp40 domains, except the J-domain. 

2.3.5) Prediction of prenylation in trypanosomatid Type I Hsp40s 

Of the sequences predicted to be prenylated (Table 2.3) all were predicted to be 

famesylated. Geranylgeranylation is recognised as being very rare modification for 

Hsp40s (Chapple and Cheetham, 2003). Many of the sequences in Table 2.3 contain a 

putative CaaX box with a cysteine residue at the fourth last amino acid position at their 

C-terminus. However, PrePS (http://mendel.imp.ac.at/sat/PrePS/; Maurer-Stroh and 

Eisenhaber, 2005) did not predict these sequences to be farnesylated. While an average of 

approximately 2 Type 1-like Hsp40 sequences per species was predicted to be 

farnesylated, each species had an average of 2 putative CaaX containing sequences that 

were not predicted to be farnesylated. 

Three of the T. vivax sequences in Table 2.3 contain a putative CaaX sequence, but none 

of them were predicted to be farnesylated. None of the L. major sequences with a 

putative CaaX sequence identified were not predicted to be farnesylated. According to 

the sequences in Table 2.3, the Leishmanias showed a marginally higher rate of predicted 

farnesylation than their Trypanosoma! counterparts. 

All of the orthologues in the J2 group were predicted to be farnesylated, with the 

exception of the T. vivax sequence, while the J3 group contained the second highest 
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number of farnesylation predictions. Of the orthologue groups that contain sequences that 

are predicted to be farnesylated (J2, 13, JSO and 166) the other sequences that are not 

predicted to be farnesylated contain a putative CaaX sequence. This motif was not found 

in the 146, 127 and 147 groups at all. This could mean that farnesylation was a feature that 

was gained or lost by the orthologous sequences of the 12, 13, 150 and 166 groups during 

the process of species divergent evolution. It is also interesting to note that Leishmania 

sequences from 150 were all predicted to be farnesylated, while the trypanosoma! 

sequences were all predicted to not be farnesylated. Tcj4 is the only sequence predicted 

to be farnesylated in the 14 group, while none of the others in this group even possess a 

putative CaaX motif. 

2.3.6) Expression of the various Type I and Type IV Hsp40s in the different life 

cycJe stages of the different trypanosoma tid species 

There is currently limited data for the differential expression of Type I and Type IV/I 

Hsp40s in the life-cycle stages of the trypanosomatid species. All of the Leishmania 

major proteins represented by the sequence accession numbers shown in Table 2.3 have 

been found to be constitutively expressed (Leifso eta/. , 2007). There is more variation in 

the express ion of the different Type I Hsp40s in the different life cycle stages of 

T brucei brucei and Leishmania infantum, for which the data is shown in Table 2.6. The 

data concerning the expression status for the T brucei brucei Type I Hsp40s in the 

procyclic and bloodstream stages is incomplete. Of the 5 Type I Hsp40s in T brucei 

brucei, only Tbj2 is known to be expressed in both the procyclic and the bloodstream 

stages (Vertommen et a!., 2008). It is not known if Tbj46 (Tb927.3.1430), Tbj45 

(Tb11.01.8480) and Tbj47 (Tb927.1.1230) are expressed in the T brucei brucei procyclic 

stages. Only Tbj2 (Jones et al., 2006; Vertommen et al. , 2008) and Tbj66 (Subramaniam 

et al., 2006) have been shown to be expressed in the bloodstream stages. In Leishmania 

infantum, LinJ2 (LinJ27 _ V3.2350) has down regulated expression during the mature 

amastigote stage, while expression of LinJ50 (LinJ35 _ V3.3030) and Lin145 

(LinJ32_ V3.3500) is increased during this same life-cycle stage relative to the 

promastigote stages (Rosenzweig eta/. , 2008). This sparse data appears to indicate that, 

despite the genetic similarities between the trypanosomatids especially between the 
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different Leishmania species, the different species have a very different system of 

regulating the expression of Type I Hsp40 proteins in the different life-cycle stages. 

However, more complete data is required to substantiate this claim before more detailed 

conclusions can be made. 

Table 2.6: The differential expression of Type I and Type IV Hsp40s in the different life-cycle stages of 
T. brucei brucei and L. infantum. The names follow the same nomenclature derived from Folgueira and Requena, 
2007). Tbj - T. brucei brucei J protein. LinJ - Leishmania infantum J protein. The names in blue indicate Type IV/I 
Hsp40s and the names highlighted in red indicate those proteins that lack an N-terminal J-domain, despite their 
sequence identity with other Hsp40s. The expression of T. brucei brucei proteins is divided into expression of the 
proteins in the procyclic stages within the insect and expression in he bloodstream stages within the mammalian host. 
However, the expression of proteins in Leishmania infanrum are divided into expression in the insect vector or the 
amastigote stage inside the mammalian host. 

Name Sequence Expressed in insect stages Expressed in mammalian host stages 
accession no. 

Trp.fJ.anosoma brucei brucei 

Expressed in insect Expressed in Bloodstr ea m stages 
_pro(!ydic stages 

T bj2 Tb927.2.5160 Yes Yes 
(Vertommen et at .. 2008) (Jones et at .. 2006; Vertommen eta/ .. 2008) 

Tbj3 Tb 10.70.5440 Yes No data 
(Vertommen eta/., 2008) 

Tbj45 Tb 11.01.8480 No data No data 

Tbj46 Tb927.3. I 430 No data No data 

Tbj50 Tb09.211.3680 Yes No data 
(Vertommen et a/2008: Jones et 
a/., 2006) 

Tbj27 Tb09 .211.0330 Yes No data 
(Vertommen eta/ .. 2008) 

Tbj47 Tb927.1. 1230 No data Yes 
(Subramaniam et at.. 2006) 

Tbj66 Tb927.7.2070 Yes No data 
(Jones et a/., 2006) 

Leishmania in{jzntum 

Expressed in the insect Expression in the mature amastigotes 
stages in the mammalian host relative to the 

insect stl!ges(Rosenzweig et al., 2008) 
LinJ2 LinJ27 V3.2350 Yes Downregulated expression 
LinJ3 LinJ21 V3.0550 No data No data 

LinJ4 LinJ15 V3.1220 No data No data 
LinJ45 LinJ32 V3.3500 Yes Upregulated expression 

LinJ46 LinJ25 V3.1140 No data No data 
LinJSO LinJ35 V3.3030 Yes Upregulated expression 

LinJ27 LinJ04 V3.0940 No data No data 

LinJ47 LinJ20 V3.0620 No data No data 
LinJ66 LinJ22 V3.0009 No data No data 

Leishmania malor 

All L. major sequences mentioned in this chapter are constitutively expressed (Leifso et al., 2007) 
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2.3.7) Putative orthologues of T. brucei Type I Hsp40s in the Homo sapiens, 

Arabidopsis thaliana, Saccharomyces cerevisiae and Plasmodiumfalciparum genomes 

The T brucei brucei Type I Hsp40 and Type I-like Hsp40 sequences were compared to 

the Type I protein sequences of S. cerevisiae (according to Walsh et al., 2004), 

H sapiens (according to Qiu el al., 2006), P. falciparum (according to Botha eta!., 2007) 

and A. thaliana (according to Miernyk, 2001 ). Although the H sapiens sequence DnaJA5 

and A36 and A63 from A. thaliana have been reported as Type I Hsp40s (Qiu et al. , 

2006; Miernyk, 2001 ), these sequences were excluded from the dataset for the same 

reason outlined in section 2.3.1. The sequences from other trypanosomatid species were 

also excluded to simplify the comparison and the putative orthologues with the non­

trypanosomatid species could be inferred by their 01thology with the T brucei brucei 

sequences. The cladogram generated to compare the similarity of the sequences (Figure 

2.3) showed a general ized clustering of those sequences predicted to be localized to the 

mitochondria or chloroplasts (Figure 2.3A) and those predicted to be localized to the 

cytoplasm (Figure 2.3B). The notable exceptions being Tbj27 in Group A, which is 

localized to the cytoplasm, and A2 and A3 from A. thaliana, which are predicted to be 

localized to the nucleus. With the exception of the S. cerevisiae sequence Apj I and the 

H sapiens sequences DnaJA2 and DnaJA2b, all of the sequences in the group B cluster 

were predicted by PrePS (http://mendel.imp.ac.atlsat/PrePS/ ; Maurer-Stroh and 

Eisenhaber, 2005) to be farnesylated. In addition, DnaJA2 and DnaJA2b both contained a 

putative CaaX box w ith a cysteine at the fourth last position before the C-terminus. 

Assuming that PrePS is conect in its prediction of a lack of farnesylation of these two 

proteins, it could imply a subtle evolutionary divergence from the other sequences of 

group B. The lack of famesylation of DnaJA2 and DnaJA2b could have profound 

implications for the function of these two proteins relative to DnaJA 1 and DnaJA4, 

despite their high level of sequence similarity. Scj 1 from S. cerevisiae showed the most 

divergence from the T brucei brucei sequences as is indicated by its separation into a 

third branch of the cladogram on its own. It is also the only Type I Hsp40 in Figure 2.3 

that is predicted to be localized to the endoplasmic reticulum. 
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DnaJA I (I'P _001530) cytoplasm F 

DnaJA4 (EAW99177) cytoplasm F 

DnaJA2 (:-IP _005871 ) cytoplasm 

DnaJA2b (AAB69313) cytoplasm 

.f\.2 (AAB86799) nucleus F 

A3 (AAB49030) nucleus F 

Figure 2.3: Cladogram displaying the similarities of T. brucei Type I and Type I like Hsp40s with those from 
H. sapie11s (Qiu et a/., 2006), S. cerevisiae (Walsh et at., 2004), A. tltaliana (Miernyk, 2001) and P. falciparum 
(Botha et a/., 2007). S. cerevisiae sequences were obtained from Saccharomyces Genome Database 
(www.yeastgenome.org; Cherry et a/., 1998), P. falciparum sequences were obtained from PlasmoDB 
((ht!Jl://plasmodb.org/plasmo/; Bah! et at., 2003; Aurrecoechea et a!., 2009) and sequences for H. sapiens and A. 
thaliana were obtained from NCB! (http:/. \\ ww.ncbi.nlm.nih.gov/: Sayers et at., 2008). The sequences are colour coded 
according to the organism from which they are derived (Inset Key). The names of the proteins are accompanied by the 
amino acid sequence accession numbers for the respective sequence databases. Predictions of subcellular localization 
using WOLFPSORT (Horton et a/., 2007) and pTarget (Guda and Subramaniam. 2005; Guda. 2006) are also shown. 
Farnesylation prediction using PrePS (http:.'/mendel.imp.ac.au'sat/PrePS/; Maurer-Stroh and Eisenhaber, 2005) for each 
of the sequences uses the same nomenclature as for Table 2.3. F indicates farnesylation, while '\ indicates that the 
protein contains a putative C-terminal CaaX box but is not predicted to be famesylated. *The P. falciparum sequence 
(PFII 0359) was named Hypothetical Protein (HP) after the Botha eta/.. 2007 nomenclature. 
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The large evolutionary distance between the organisms from which the sequences in 

Figure 2.3 are derived, is evident in the fact that these sequences don't cluster very well 

with sequences from other organisms. This is clearly shown by the tendency of the 

T brucei brucei sequences to be clustered as a group partially separated from the other 

sequences (Figure 2.3). This is in direct contrast to Figure 2.2, where sequences from 

different trypanosomatid species tend to cluster as opposed to clustering with sequences 

from the same species. The other organisms being compared in Figure 2.3 also have the 

same tendency to cluster with other sequences derived from the same organism. The four 

Hsp40 sequences from H sapiens that form part of group B in figure 2.3 are shown as 

more related to one another than to sequences from other organisms in this group. The 

same is seen in the clustering of the sequences A2 and A3 from A. thaliana. Tbj2 and 

Tbj3 are shown to be the most simi lar to the P. falciparum protein HP (PF _ 11_0359) in 

Figure 2.3 group B and form a sub-cluster on the cladogram. Likewise, Y dj 1, the 

Human Hsp40s and the A. thaliana sequences of group B form a cluster separate from 

the Tbj2, Tbj3 and HP cluster. The S. cerevisiae sequences in group B show a large 

divergence in their sequences, especially in Y dj 1, which shows more similarity to the 

H sapiens and A. thaliana sequences. 

Despite the evolutionary distances between the source organisms in Figure 2.3, tentative 

orthologues can be predicted using this comparison along with information from pairwise 

sequence alignments. These putative orthologues are displayed in Table 2.7. Pairwise 

alignment of HP (PF _ 11_0359) from P. falciparum with Tbj2 and Tbj3 both resulted in 

approximately 41% identity. Therefore, it is possible to label both Tbj2 and Tbj3 as 

tentative orthologues of HP (PF11_0359). A2 and A3 of A. thaliana are shown as equally 

distant from Tbj2 and Tbj3 in Figure 2.3. Pairwise alignment shows the Tbj2 has a 

higher percentage identity to A3 (40.2%) than A2 (39.8%), while Tbj3 has a slightly 

higher percentage identity to A2 (36.3%) relative to A3 (35.9%). However, these 

differences in the percentage identities could easily be due to slight differences in the 

lengths of the different proteins (Tbj2 is 404 aa long, Tbj3 416aa, A2 419aa and 

A3 420aa). It is therefore prudent to label Tbj2 and Tbj3 as putative orthologues of both 

A2 and A3. The four human Hsp40s in group B were equally difficult to distinguish as 
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orthologues of Tbj2 and Tbj3, with each showing a marginally higher percentage identity 

(-2-3%) to Tbj2 than Tbj3. DnaJA I showed the highest percentage identity with Tbj2 

(44%) and Tbj3 (40%). Tbj2 and Tbj3 are found between Apjl and Ydjl in Figure 2.3 

and this could indicate similar levels of sequence similarity relative to both of these 

S. cerevisiae sequences. However, from pairwise alignments and s ize comparisons, it 

appears that Y dj 1 is most similar to both Tbj proteins. Its length of 409 aa is similar to 

Tbj2 (404aa) and Tbj3 (416aa), while Apjl is significantly longer (528aa). Due to its 

similar length with Tbj2 and Tbj3, Ydjl shows a higher percentage identity (-40%) with 

these sequences than does Apj I (-20%). 

Table 2.7: Putative orthologues of Type I and Type I like Hsp40s in Homo sapiens, Saccharomyces 
cerevisiae, Arabidopsis thaliana and Plasmodium falciparum. The classifications in this table were 
derived from Figure 2.3 

T. brucei S. cerevisiae 1 Homo sapiens A. tflaliana P. falciparum 

12113 Yd'l j DnaJAl A2/A3 PFI 1_0359 ' J 
1 

DnaJA2 
! , DnaJA2b 
I DnaJA4 
I J45- I -

)46 
I 150- I -

J27 I -

J47 
I J27/J47 Md11 * DnaJA3* BAB\1067.1 PFD0462w - -
*pairwise alignment of Mdj I and DnaJA3 with J27 and J47 ofT. brucei brucei did not produce a sequence 
identity close to 40%. It is therefore speculation that these sequences may be orthologues. 

In the group A of Figure 2.3, Tbj50, Tbj46, and Tbj45 are shown to cluster on their own, 

while Tbj27 and Tbj47 appear to be more related to the sequences in group A fro m other 

species. The cladogram shows Pfj 1 (from P. falciparum) and A30 (from A. thaliana) to 

be most related to the two T brucei brucei Type IV /I Hsp40 sequences (Tbj27 and 

Tbj47). It is interesting that Mdjl and DnaJA3, the only S. cerevisiae and human 

sequences in group A respectively, showed greater simi larity to the A. thaliana genes 

predicted to be localized to the chloroplast (A54, A52, A24, A26) than to other sequences 

predicted to be localized to the mitochondria. All ofthese sequences in Group A Figure 

2.3, even Pfjl and A30 had a very low percentage identity to Tbj27 and Tbj47 (-20% or 
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less). This weakens the argument for their status as orthologues, but the fact that they 

have a similar domain structure and are predicted to be localized to the same locations 

adds strength to this argument. It should therefore be noted that the orthologue 

identification for TbJ27 and TbJ47 in the non-trypanosomatid species shown in Table 2.7 

is very speculative. 

2.3.8) Comparison of features of the different Type I and Type IV classifications 

through multiple sequence alignment 

A comparison of the Type I and Type I/IV sequences of all the trypanosomatids was 

prepared using a multiple sequence alignment using the Clustal W algorithm. The Type I 

and Type I/IV sequences from H sapiens, S. cerevisiae, A .thaliana and P. falciparum 

were also included (Figure 2.4 - A PDF copy of the alignment figures is included on a 

CD attached at the back of the thesis). This alignment confirmed the finding of Figure 

2.2 that the trypanosomatid sequences within a particular J group (e.g. J2 consists of 

Tbj2, Tcj2, Lmj2, TvJ2, TconJ2, LinJ2, LbrJ2 and TbgambJ2) have a high level of 

similarity. 

Figure 2.4: (Page 87-90) A multiple sequence alignment of all of the trypanosoma tid Type I and 
Type IV/I Hsp40 sequences compared to the Type I Hsp40s of S. cerevisiae (Yeast), H. sapiens 
(Human) and A. tlwliana. A) displays the alignment from position 0 to 240. B) displays the alignment 
from positions 241 to 480. C) alignment from position 481 to 720. D) alignment from position 741 to 
841. The alignment used a Clustal W algorithm and was produced using Bioedit (Hall, 1999). The 
residues highlighted with a dark background indicate sequence identity with other sequences at the 
position. The lighter (grey) background indicates amino acid similarity at that position between 
sequences highlighted in this way. An electronic version of this figure is attached at the rear of this 
thesis to provide a better resolution. 

86 



J2 

J 

-.-. .... .. ·v~~~ ••v' . .1.3\.1 \'l.C:J.IJ, 
n:co . l 0 <?053SU627 .no (Tc:j2J • 
tviv623d0l .qllt 23 J2, 399 bu• 
congo36SQ12.pli 2 :12, 400 ba .. 

V3 .2350 'J2, J96 l:>uaa, 
. 2610 J2. 396 buea. 

--........ - .......... ----........ • - ---- ----- - ------·---...... --Mit.Cl.AAA-U'!SNT!:LVSF---- ------
- ....... · ·---- • .... - ........ .... - .... ............ ---- ...... - - ·---------MrtARSRlU..~cvt.VLI.-------
- ------ -----·---- ·------- ----- - - ------------- ---·!+ll1'GEFRFACPTLLlF--F---- - --
- - .... ------...... -- .......... - - .............................. • - - .............. --MitGI..AAAAT SN'l'XLVSF- --- - · --
----·---------- ..... - .... • ---• .. --• ------..... --·---.... • MrHVLTSZKSFnOl.FISSfaAF- --- .. ·-
- - _ .... .......... ..................... ·----- --------- ......... ........... .. -Ml'Il.RSRRAAVRCACMLVLV-----·-

- - .............. - ...... - ............... .......... - - .............. --...... --- --.. - -MSCHGCSRTWLFI't'LLRG·..n.-- ...... - .. -

--- - ...... - ---- - - --------- ...... ·-------........ - - - --- --- --KSMHGGSiQOfl.FlTLLRGVL-- - -----
- --.... ----------.. - ..... ---·--............ ---...... --------lo'!!l::::r')'.SSPPFRI. t'i\LS···· --------- -
- - ......... - --- .. .............. -- - ......... - ----- -----........ -- • -·--MElPATLAn..tSVALPC- - .... ------ -
--.... .... ........... --.......... ...... .... - .. ---................ - - • ........ - ..... -----*Y"V1U)PVTLS-'Hl F---.... ----.... -

---------------------------------------------~-!il'rK\o"V'AALLYLVWYA------

----.... ---• • ---....................... ...... ---........ ---..... ---- ...... --ML~SVSS I1flUU..AAAPPT·------- -AA !:AA!'~IS----
----------------------··--------------- -------MFKrt.SAS"'~GAGA·-----·- -SLSAIJI'Gi\SST----
----------------- - -------- ----------------KLi{f"TPPf)(LHRJOrAPA--- ---- - -liJ/AAALPGLS----
- .. --..... ---....... .............. .... ... ........ .. .... - ................... - ..... ----- --HLi\FTPPFMLN1UVfAPA- ............ - .. - -AV AAALPGLS- ........ ---
- ... -- ..... -----....................................... --............... - ....... ---- ..... • - MFRFTSVSS IWllRLAAAPPT·--·-- - - - - AA.TAMANVS-................ .. 

------------------------------------ --------·--MriU"!A~---------- -Vi\J'CSVPC"~--------
-----------------------------------------------MLRYl.SAST~SACA------- ·SLSA.A.JIGAAST----

- ---- ------- -----K<AASC--- --PPAAAALYilVYCPVliLURTTAKUU.AAASAHAVTAGSLCaTl.LSSAA 
----.... - ..... - ............. - -KRQS.Rlt.--- - -RrQRW'YRRAvrPASl..HGG'l SCCNIAFLVRS DLTk-r'PC-----.. --
----• ·-------------MitQSRA---- - -rHQfi.WVnAVYPJ..SLHGCVSCQliJU!.VRSDL 't'AFTPC-------- - • 
-----------.... · .... ·-~ASP------- IEOQY'YiUlJ.IPST'FSLVP&l\H.TrAPCVR.Pttt'VCASGS I ---.... - .. - - -
--- - -------• ......... ·--H:WlGY------IRFIIr.:LUAVTPPFiliRVC!PFiUU'CH.l.:t'SPALSCG- .... • --..... -- - • 
------------------HRQ~SV--···-tt.JUOna:-a--•IAAFAPlTLS!:~IG"ICS'f-------

----..... ----- ............. - ·MKA.SPCJU.AAStu'PAAARU'll..U'GPV!n.LPRTTAMRRL.AAAS'Vl«AtAGSLG!'l'LLSSAA 
------------------~VSYQLAA.IBSTAA.M.LY~'t"t'GA.VMLUR!AALM----MTAt'AGSL-------· 

----..................... - ............... ·-----• .............. ...... -- .... ---.... --- -!oflCITIAIAPPSLL-- - ---·-----
---------------·----·---------!-G..API'.SVR.HCGGN~SGSASVlUGPl!Yar!G.P'IfVPW---------

- .. - ........................... - - ....... ------• .... - ........ --- ........ - .... - ..... - -~QSASAVLt.PLLQR------ - - -
- - .... -- • ..... .... - ..... - ....................... ----------...... ------...... ---~QSA.I.AVLLPLLQR-.... -----• .. - • .... - • HAQSIPRi\H!"b"VVQJCNDR%V--
- - .. -------· ...... - ............................. -----.... - .... - .... - • ---.... • .. - -loftGIAIALAPPSLL---------·- - ........... fVPlti ORRCEli"VIQRGNDR!V- .. 
------------------------....................... --.... ----- --- -~---~!!AVJ;YAK!'-.. ------- -- .... •-LlQQVQ!G'.Qn."\i I (llt.G.NDRQL--
--.... ........... -- .......... • .................... - .......... --.. ------ ----- ---• -lftct AVHS'".JS PFVP- ...... ------
----......... • ------.... - - .............. • ....... -- ........ --- .. - - .......... -- .. - - -~CVAVNSVSPSVP--.... - ---.. --

- · -····-··- -·· ···KIIEQ;IGVLSllCSGVFRHliiiG·-···-·····l!SiU!lh"NlL'IIU!A-·· ·-···· - · ··· 
------• -- - ---~-·---·----- .... - • ----....... - - ·-• ·---• ·--MVIRCSTD!t'!WWIGQ!tSV'HW- - ----• -

- • • • ··- · --·--•• •• --• --•• • --• --•• ---------- -· - ---• --• - - - Y.FAQGSLP· - •• • --• • • • 
-------·KUIQLGSTC:VAQWS!RPQFAVRA"NPSRU.STiUlQNSSSQ'YliCLGASltSSKFSSGSLP~----------

- • -----KIPSN:GIJCVLiU.LSMCLSSSLIQOIAKQXI.i\GVCI GSYIUU.NT'SVGNHANVIGDDSIISQiDJl-• .... - - .. -
- • ......... ---- ..... - • · 19.1.LASPSl.IP$SLCF"A.u.ADCPR··SLSSNFSIJ'SDCCSNFitr"l ~n.------·--· · 
- ...... --.................... - -~CJ.l.IPS IN------- ...... - PAHSI'iUQFPQAU.SntPPrLP-----· ...... - - • 

J-domam 

·-·-·-OOG'o'OPSDI• •••··-
---SGClO?mi- -----

··-• ·-C\GVDP'l"D! --• ...... 
- ·--- OIGlDPmi---- --

~l{l)CI.Gu:ccs---------------- ----->Dt<:<:vDAADI------
~!(;>:oc;LSG<>-·· •• -· --- ---··- - -Grt.G!r-DPSDI ............ .. 

............ ··-· · CiiDADt-DASOl•••···• 
--- --··-CEGOGrKDM'Ol····-- · 
---···Gi:GCGillDA.."'Dl-···· 

----s --CGZOI'GS!SQ-------
--------!WlPGCG",.PLSR------
·---------Nt-~SKDPFIJ\------

····S·· =QFGSISQ·-· · ·· 

............. ·-·--·-·Q::\!QSIFD!TFS·-· • ---
----------------m-~PrFA-···-

---- -------OCQQOQl!MiiSrrs-------

--------------ocasosmrrrs-------
--- ............ - - ---Ja'ia:;GSU.O!FAS ••• ·--• 

•• · - •• · ·Q:O<NQGtrStrTS·-• ··-
---------(lJQCI<li>IT•-------
........... I(;GfG--...Qii..SAZO·-···-· 
............ JC)Qt"Q'''QC~O-------

------~fO-·ASS.UW-----

---------- ·-·I(;GfG-- AHSA.ND··--·--
.. ........... ... _ ......... I(;GFG-...Q.WD······-

------- ------I'GG.FG- -Q.tAl.O·----... 
---------·..:;GrGAG::RSl...ro- -·---· 

-·-----------Gl'GCGn!Prc,;.c.:;.. ... twr 
--·---····---SGP1ii'JI;PFIQ.\GGI.~PT 

-----------·--~Q"NPF~ACNl~PE' 

................... _ ...... .\Si'Gr'NPF"l.QAQ:SNPF 

...................... .. ~Pt:FMPT~llfPT 

-------·· ···s:iPQ"l~FF~A.a:tt:PF 

--- .................... ~QGGFNPFGAGG- - t.'PF 
• • • ··------·•·G:SCSGii'NPFCACG--\iP£ 

• •••• ••• ····CGQYMl<FHFOli;lSMVDB 
• •••• •••• • • · oe>;lYAANl"NI'EI!QQlTYVDR 
- · - .... ---- ··CCQD•.UiTNr:J!QSRFVDH 
--·········G:iQTI.ANTllpe&;~Srii'Vlli 

--······---~VMJ\J'tiE'E~SFNfVDi\ 

-----------GQQV~ri;iQSRIVNi' 

• •• ········· GI:1;1YlWiflll'tBi)SilU'VOK 

------- --·-·----mt500G:iCIDPT---..... -
...... --- ----- ---- - • • • -GQtGDY$- ......... -

•• •• • ••••• •• ·I"ATiQI<J.SGGrPNDQ 
-GASGPr!'S----··· 

reg1on 



J4 

J45 

Xdll (TuatC'ytoplam) 
-'9Jl (Yu.•tl:y~lua) 
M:1J1 (Ye,.tAi.tcchond:ia) 
Sc:)l (Yut~doplamlc:%at.1culun 
$ fllut:CYt2Pl am) 
PAN9.9l77 Dn.tJ1.4. • 426 ban&, 0 
lOP 91 ~259 CNJAS 
lo:P-001530 D:-dJJ.l 
~ -OO!i871 ~aJA2 
MinllJ Or:&J~b 
~ 005131 ~a.JAJ 

"' ..... ,..11.21 
C: MB4g030 (All 
~ QB80,5J.l (A2.4) 
(tl -. AA.D22362 (1\26') 

(:: l B>.Bil067.l (AlO) 
~54.83 {A52) 

.:( ~~~'c.~!.:. 
CTDIA Zinc Finger domain 



J2 

J3 

J46" 

Jso-

J27-

J47-

J66 

iii .. 

;;:;m.o••• ,!f,~ .,:':.~::•;, :~ 
rcoo . lti.c70Sl511H7 .131 Tcjl, 4 
M¥1100112.qlt 0 !'Yj.J, H7 ba 
Q)r-9o5UblO.qlk-1 rc~.n. 211 

~~~=~~;;~.L1~3 . 453 bau 

41 S:)l (Teut!:nc»pJ.aWc:retio:.lu~ 
>- i" -'"'~'1-J.'Yr.• ... "U'"'i"Yfl•"lnP>l' '"'" "'"l..' - -
c .. J fAWU111 Oa.~4 • <H buu, C 

);? JlUSI Daa.JJ.S 

§ I ==~~;;~ :.~:; 
:r :"~~~: ;, ::::~b 

:::~:~ ~~~) 
W;B0 055.1 (AN) 

.\\022362 tA26) 
SU11067 .1 (AJO) 
MD!SUJ (AS2) 
SU.:l'706 (A5<) 
0. \a tal Cor.una\:.t 

··---· 

CTDIB 

--·----•'t!rt ~J 
!""' 

....... 

··---·· ·----· l•n .... ... , 
I IOC• 

-~: 
·:~: LS 

·----11 ~;~ 
··vt ~ 
··LI ~~: 
.... ~~ .. , 

:~.-. 
... , ~ 

. . .;~; !~~ 

_., 
""' ..... im 

:::~~ 

:::~~ ... -Nt 

~~::::::~ 
:m 

-=~: 

"'' 
---It 

c• 
···J.C 

- ~ 

''"' ___ .., 
•"A ~ 

---· i~· --------· 
---· 
---· ;; .... 

----· :t 

>n., 

'~""' --- ICM! 

IPD! f.> D-· 

~::: 
:• 

:-
:• 

~=· 
~=-- ~· · 

-... 
~:-· 
~-

·~=~--
~-----

:!: 

~-

~c---· 

-~-

---· 

:!! 
;:;, ·"''" :- -
--

-~· 

CTDII 

:~ 

::::~~:~~r:::·:It: 1i'!~:::;::::: 

~--::::::::·· 

... 
o ur -~ 

.. ,. 

': ..... ~~;-~ 
... 

-· ··:····::·· ----------

-----------

-···-···!Yl-·· ·-

.... 

~·-······ 

----=-----------

-----------------

------· 

-;:; .... 
---·-· - --·· 

--~- -----tGl 

--- - - --AD 
---······AD ------·--··----·· 
---------SQ 
-- ---- -PG 

--~ 

" "· 
--- ----l tD 

"~•••· ···········IIC ·------· ·---- - -- ---­
·-· 

Dif1 ! CI I;:)CHI V I tail fragment 



J2 
-· --· ·--,-· ' 

t
!tOO.lCUO.!l!lU27.U0 (TeJl), 
~!vU3~l.qUc 23 J2 , 399 bue 
IOOI'l.903,Sql2 . plk 2 J2 , 400 })U• 
Li.nJ27 '13 . 2350 :h , );' buu, 
U:a-H27-V2. . 2610 J2 , 396 bu• • · 
'Jh"!luib"":2l66 J2, 3C2 ba..Ma, 0 c 

u••· 
lnjF21.0C90 Lmjl , HI bau$ , 0 
-:t00. 10<7053Sll361. 13i r ej:l, t 

--····· .._._~----~--------------- -
- ... •""•r• •M•tt::.·•· · - - ·• • --•• • •• --• • • •• • • ·ICSASSTDil:M~'!- • - ------·· •• - ------ ---·I\AHlfROLY1.TVV--·- • • • .... --··· · - • •• • • • • 
·sa.MLCB.l.G!NIOLU.···----------· · ··-·--~~DClODD···---··--·-------··· - · ·A.PQGllr'Ciii\T'C'TW-·-- ---- ------·---
· D\tNLCLT!.SSZDL!P::·····-···------- · ·--- ---tr;STSiiOQFAD:>.OOOD-·•----- -------· ····- -·--G!Q4'Rteal'CAHQ---··---··----···-·-··· -­
·CI'"rrcrYUbl'tiDLD~---·----··---------·-- ·DJUUUIL~tADOD£DM-···----·-········ --~G1.-TCT00--·--····- ······-···· 
·GI'EQY'!'LQ&SBIDL.E.X-------- -·~------·--···&\lUUt•• ·R.DCOG.O····--···--·-···· ----QP?.~T--IGCAQO---------------------­
·~LQ!SBVDL!:!t.··························lA.IUUII•••A:rDOOGD················-····· ----QPRVOt - J<;CAQQ-········-···••··-···· ·· 
· !lltS!!lLAvtYWLDR······· ·····-·· --------- J»mmnJ.'IDCCOOA-----······ · ······· ·· ·-<:Qi!VllTC>.~--···--··-·-····-···· 

- ---··- ------· -------- - ------fiR ctct=--o:ttiJiOtt'W=-- -·- - ------ ---
·a!WELJ\EY!O..AGI:FI'CSCKIII':!XRGC:rA·-~.V.GAGaGRi'AARGRQAB.AE.EDifmVTDCODO- •EQQ-• - • ~r'RA GPQGI"NG~'rV!CAOQ-··- · ·--........................ - - -

·<Qia.tLSDV~SR-········-·····RRSGSQRAliAAW\l\Q>QW;GK)tsC-··•··-·········FI'l ll!GCH·SGiq!'YQCM!r-·--······ ··········-

J3 tvivl100112.q! k. 0 tv;l . <11 ba 
eo~o5Hh10.c;U:) TconJJ , 211 

·G;IkVXLQDPASiWCR-· · - --- ------·RYDVQ-·Fl.PKSQQKSQTPFGFiiGUF-........................ --- ·HSF DSHI:r -~TI.RC\uQ-----• .... ...... ~ .... - --.... .. 

lJ.f!.J21 V3 . 05SO Li.Jl, <53 bue ·QN.n:L-!Z:U:J..AQt~JOIGCAA·-CSRSAGAG~~MAD.D!rmVTODDDD--!OOQYGG(IQYnA ~SIQT'JI.O~-----------------

Ihdi2C V2 . 0.5!0 Lbr3, •57 bl.u• ·Cijwtr.SEYAAA.C~.nc:;co;cao~oACVACI.CSR$1.QCRG~QAY:A:tEllEFilJV'l'DDDCDDREHQQHSGQQYTAA QJP.GI'"SSNlQ'l'VECAQQ------- · ... ................ -. • --
1bqyb"":26116 Ibq&Jj?3 . lli but •(tUSVyUQZTA!J'OR --· ... .... --.... ·BKTA&••'i'P&,~BMBDTR:irtJIPOV-·----- ............. I'GH ran:t;..--OOJ'AHOf"'(Xk •• .... .... .... .. 

jrlS. U20 loj4. f78 buu, 0 -tt:mi.!:RWTLQP8KS------ -----------------b\PSW"'i'r'~!r."!;NNNQP-····-·----·--·--- N:i~M'~tS":-fJ.---------·-···-···· 

J4 ~~~~~0~~~~6~!~!~1(~:;!;.! ==..:--~:~.::::::::::::::::::::::e=~o:::::::=::::: .. ::::: =~=:~~~::::::::::::::::: 
~~4<~5F~•w·~·~••• _.~QQ~~·~ns~~~U'4QP~·~•~·------~--------~aux~·~n~·~~~,m~"MJ~ax~------------~n~·u·~·tu·~·~•~~r..~,~~-----------------------­

u .ol.euo Tbj'-S. JU buu, 
lajFl2. llOO tz:ljtS , 4CO buu, 
Tc:OO . 10,7053.511025,100 i'c:,45, 

J45 'tb~.Cli9l '!bqAtlb(S, JU bu 
ttlvl16Jf03.~1k IS TvJ4S, 394 
tinJJ2 VJ . l!!C"O Lu...us, coo baa 

~
lh:M:3Z-~ . 3310 U.JU. C02 bu 

!27 .3 .1430 '!'b.1U, 383 buu , 
tn.jF2.5. 1100 ~j-'6 , 395 buu, 
1'1:00 .10HOS3509"23J. IO fcj,li, J 

J46 ~. 29!1 '!b9a~6 , 383 bu• 
1vUii•09.pllt_, '!'vi¥J46. 313 ti
00 .10410SJS09.CJ7.40 Tej-46, J 

:tqol2!Jla 06 .q ::A_4 Tco:'\JU, 31 
_ -·.,12_LV!.: ... !!·~.1~.JU, !!!......~..!!. 

:K2S V2 . 0"f0 tb.z:J 46, 395 bu 
1b09.iit.l"O 12))50, 451 bla•a ~~---·-·-·-············-·ALiSKWDS:=:R~Gn·RS..~------Ill'A B:ViQ-·---·--·----·-··-------·-·-··-· 
ln)Fl5. 2980 1A150, 4?8 buea , Nl'VMJtVl.IU~Ln-···-·····-·····-···--(JQ\SLWASQtSOOKSOOG"OOSSMSAGS'IMGSGAOOV ~t'Q---···-----~---------·-----·-· 
teOO . 10470S3510i'43 . 100 Tc:j50 , Ia''Tt.\JMGUt~Qi':.LE.D--··-··· --·--··--·--·---.tKRO::IW"DA~GQ:tltS(i;AGCKc;;t:;.QS$-· ....... Q:J,II, !::VH;)-·-·----- - - - ·---- - --···-· · · · - ···-

J 50 :::.!~:;~;isi:!:t.~~~ !;15~~. ~~~:::::::::::::::::::::::=:~==~~:::::::~: ===:::::::::::::::::::::::::::::::::::: 
tviY1ll9b03 .qU._1 'tvLvJSO, ' '' r:'V"'...ASIIMN!.'MJtUS----------····------------~SOW"....AQQ.P.=FIQOCCSK-~Q----·Q'I'A ECV.!IQ------ ---------- - -----·-·-·····-

J-'1.<' .:.• .Lli1":'c:.'V1"-'3011LJ1]0'-'-'! i"e"'T5"'Q'-''"-""-"""'* a<-lliP<r,lJ.!l!AWil!M""'IF"SJilLEEIQILI ElEF<=~-~--=--:.=....- •• --.. -------o rur was~sa:xsmG?'iiNsav·actEGSlii•QQY CU'Q-------=--.... ----· .... ---=------........... -------
tbrttlC V2. 2890 Lb:J50, 418 bu NrVMiMW.SR!;OLEE----····----- --· - · ........... · - ·()<RSLWAS:l!:SGSrsGCSIXiS&m1.GSTP:=:OOAOQ'Y ZU..rQ- ··-------·····--·--------·-· ........ .. 
lt:l,ro~:Ot40 laj2' , 41'7 baNs , fk.--..c:eRPLHLND:..QtO!-·------- -··-- ·-···-·-··-utGJU'llSWF.U-···--·-----·- ----·---- - ------- - ----------------------------
Tt:OC. l047033510S7S. 200 TCJ2": , FS~LEL:':OPQ~Q!--------·----- ·---------utCRfJ:SWFSS-·------·---------·· -·-- ----------------- -·---- --···-- -------· 
t'c:OO . 104705351020 . 30 'l"Cj21, 4 FSKE:EK!Ll.Lt'DPQMQE- ---------- - --·--------·--UC.:ClYlCSWFSS-···-·--· • ----·· ---- ··--- - - ---·· ---·---- ------------ --··------ ----
'Ibq4Db. 2l116 Tbqa.r:C27. 460 baa r:;.....~~L!l.TDPQLQ!---·-------------- -txG~JtSWrAJO.--·---------·-··--- ------------· - ···-----·-···· ·--·-·--- - ---

J 2 7 TY1vl192b0i , plk S tvivJ21, 451 P.....'V£1'\PLtLtDPQLQ!--- ---------- ·--------UQliUASNF.Sv--- - - ------------- -- - --- - --- -··-----·- - ---------· - ------ --· 
con;oS2c09 .qllt a t'eocJ27 , <O' --------------------------------·--------- ----------------------------------- - ------------ ----------- --------- ----- -
U~O.C Vl .09CO-Li:\J27, C9l bu 

1-tt:nM&<=v:-: en& LS-421 , H l bas 
Jb(l9 ... 2.11 . C330 'l'bj2'7 , lJS bans 

FSlQJIRPlJiLNDAQLOZ-· .. .... ·-~ · · ·-• •• ·-·-· ---- ·UI.:Ci<YRSWFAl'-··--·-·--...... --- • .. ·-.. ---·-...... -----..... - ....... --- ------· --·-• .. • 
l'kl:~ftfl;tiU«JIIOLQ! t:UIJfti :P<SfPM-----------------·-------
D.JtDEKPLIL10P(!LQt--·--·--------·--··--·-JJ:C!U'ItSWFAA---~-----··-------··· - --··-·······--·-··-····--··-······---.... 
Gi\tGVDO-----ItPtA· -- - •• ---· ...... · - - · - ---- - -UVU\FP.h'WLI'Cl'-·-----·---- .... ----............. --- ------·-------.......... ------- - - - - ----
SSAG'rVSii.SQtMASCAJ.··- ------ - ·--- ---------WSYK.OfFKAO···- - - ·-----.......... - · ·-· · - - - ---·--- ......... - -· ·---· ·--- - -- • ------- - ---
N::i..qttO-- · --i?PU----··· --- ---- - --------·- IXQUR2inft'SL-·---··----·- -·----· -----··--··-- - ------ -····--·----~------f

"lb921.1.12lO Tbjn, HO buu , 
llljr20. 0!SO LaJ<1 , 5<5 buu, 
n:Ot .101C705J5:.H23.170 lc)41, 
1t00.1047053S019.9.!0 !'c:j47. 4 

J 4 7 ~::;:,:;~p:9~~;J:;~ ~~· 
1 CXI:'Ig'o520.01.pli_13 1'eor.J47, 29 

lCE~EQ----·trPAS··-- -·-· ----- - --· ............ UQiU"RlOIMTSlr··--··· """ -- ··-• . ........... -- --.......... -- ............ ......... ------ ....... • · ·---- · --
~---ITPTA·- --------------·--·~PGt···· ·--··-·· ··-···---··· ----· - · ·--·-·-·· ····-··· ----- -·· ··­
~!.-----lZPVE·-·------·------------tx."'tQ!'lUDIL'f$XC-·--······-···-----·- --··-----·-----····-·-··---------------

L~~~e;~:!i:!~I;~,~~~; I b.! !Sbt9bt -.::xrm--::: .. .::-=:==...... -- - ··---WPJ'JU!'AnS --- ----- ---------- -- ·-------- ----· ----- -------­
SS;;.GTVSR:;;Qt.Ml.SCAA··-------· .... ----- - -------ucss rtRWJ1iAJ)--- - -------·- ------------ ---- ----- ~- - -----------------·--- --­
- IC'DMA-QZClVSRltit..-··· · · ·-····- ···-·····- - · DHLRQ!I.DIDVE.£0-·-···- ··· ··-···------ ··-il'f~VG-- --crJ.Q-··---------------------

· Q:DOA- IVCrnll!.l:lr- · - · - - - --- .......... • - · -·- -DI!L....::utEL!3!.lXZ:=:D--~---- ·-....... • •• • ..... .. .. - E:iPSVG-·- -C\AQ--· - - - - - ---- ·-·- · - --• .. .. 
· O:DDA- EVCYV'i'R£EI.··--· - ·-~--•• .. ---- • ....... • •DillJUU:Ll:l"""'ED-- ----... ·---• · - • ..... ...... -·-"!":;PSVG----CA.\Q-·--- ---- ----------...... - .. .. 1

1!:)921 ."1. 2010 tb)66 , 328 b.u:u , 
rt:00. 10470S3Sl0165.10 Tcj66, 2 
reO:l.l0 t70S35la07.70 'fejU, J 

J 66 :~nc!:~:~, ~~!.d,~!~.~;;•b .. -AD~DYCWT~Dll--···-···-----------·---· -svt.t!tlno;:E.A!.ttN--·--·-··-----·· · ·-t:.PQTG--- · CA1Q--··--··--· - - · - -·-·--·· -­
· te!>HA· QECY\ .. IW:lr-···········- ·•·····•·om.Jl(I!LINDVUQ-· - - · ···· ····· ·-···· ···ErT~·-CfA<r-··-·••······-····· ·· 

iii 
Ill 

t:V1v771 10. lk 16 tvivJ"66 317 
L!.:'-122 V3 .coot LbJU, l l : bu 

rM22-V2 . 0010 Lb:-JU, 241 b.la: 
X:fjl ('r;u t CyUipl am) 
f9Jl {Yeutcytopl u n) 
MiD (Y.u tnito ebardrl• ) 

::~=:~~====:::::::::::::~~~~:=:::::::.:::::::: == ==~~==~~:::-·:::·-:::::::-:-:::::: --
•AO!.!TG!.YCYVTR!DL-----------------------SILi.l:liiOt.D!.EAEEDK- - - ····----------- ··-&SPOI\G--··o.AQ--·--·---~------------

'-N!'EDDSNLI'Nii:Tl $N- ·-- ----------·-• ·-- - - PR: IRTDDLPr.GIR?O:P-------.... • ·--• • .. -·i 1.QDSAJIQ1tA,..."U.U:CClQ-··--·· · ............ ----------­
SI!!'P.VLSSFY.....AP:.'UlN--·--·---------------EVI!.DODLGOLI~S-~------·---- --- ---~1fiQ.FDZ:~I~~YSSPV5GF:DYDIHCl' 

c» Sej1 (l'e.aa~doplas.:Ucreu.eulu..d 
>- -n:!jl truat.C)topl u o) 

c 
"' E 
;, 
:I: 

tvD!:CVLA.CFDPAJ:YKl-- - - - ---------- ·-• - -TRASJ:::;GJ,.."IYDSD.!:"t!- - ·-·- ---· - ----.... - -· .. -o-;GtG- -\QCA.SQ-·------. --- · - --- · - - - --
ZAW9911? DMJAC , 426 buu , 0 IMDQV!tJCEE'CPtl£-- --·-- ------· • ••• .... • .......... ---(j'N~Q.[R·!A'i'EE.D£--·- - · ............. - - -· -... .. .. ·OOPOI.G--~CQTA--· ----- • • -------- -------
:OP 9192=9 D::.&JI\5 SVPSPJI:G~Pn-------····-·--·--VPAS.PQntSYUScnc:KStFPSRfKLmii.XA..~Ii.UA i'SSSSWSAl'SS~·-·····----····--·-

NP )015:!0 D:a.J.U i}tl)QYUVDFDPNq---- • • - ---------------------!:P.RIUin"·GS.\rEDDE----- - ---··---· • -- ... ·&iPRCG--~QU-·. ~--...... -------......... - -

":!'=i6fl'O~O.!;i.a:~ll'-Onl>""u.:.,.lll~l22_b __________ .c::E!":""'ti.O'-'Q:l':.,.:Urnsou;MRlRG:S!JC~":-"'. :":_"'·:=::::::: .... ::::::::,:::::::~-===: .. :~::::::::: ::::::::!:~:::::::::::::::-.o.:~'-':-':-------
N:' 005!38 0:\aJJ..l 'tA!:OSTO~CVTL-•····------··------~---··'rSSCiGl5THO:SSAG·· -9:A.It.tt.t.AG'"'...DZ!:GFLS!U.XKM F'lS------------------···--- ------·- - ---..... 
Mia6199 (A2) OCE!:Tl't.RtMliiDt!UC--· .... --· ---· ... ~ ..... · ·---• -m.Q~RU. YDVDE£0-·· .......... -----• ·---• ...... - ---SP'"..G.:.a.AVQCJ..OQ--- - -- ....... --·---- --- - - -
M BC903Q (A:!) t::tETl'tJUMUECE.Kit··--------------·--·-·1\Jr;AQAQRD."!DDOOtoD----··- ----·------ ~- ·IIiP"'..c.,.\QK'lQCAQO-··----···-···--·-------

CUII 0659 . 1 IA2 I) UD><SJOIJM.IISM · · --·· -------••• •• ---•• ---••••• •• •••• • ··- · ····--··· - - • •• •• -··-- - •••••••••••••••• •••••••••• - ·-···· •• ---. 
u.o22l' 2 (JJ') WMS~'"r't.ANS'i!il•·--------~----------·-·--------------------·-·- ----- ----- ---·------------------------------· 
SUill 067. 1 (AJO) 1'\KAEQ--- ~tQRr·-· • ·-----• --- - -~ ..... --· · lol"GSSQ-·-· -- - - --- ·-. .. .... ----------- - - · ·-...... .......................... ----· -------- .... ..... --
AAOS5483 (AS2) lASL."'tMSSNf/SR!iWC--- - -· ....... -----·--.. -- ·----IQQPS'l'LS':APSCSK'OOlE.VXI:Da:ZI.&OtmUrnN nttF~--·---··-.... -- - - ........ - ----· ------.. -
au.!~6co!:!~!u, rsSS!'GPTC;-----·---·-----------tsQSK--·---·---·----·--·------ - - --·- ------ ----------·-···---------- ---·-·--

QimerisatiOn tail fragment 



Chapter 2: Bioinformatics 

The J2 and J3 groups show very similar sequences, except that the G/F region of the J3 

sequences is longer by 3 to 4 amino acids (Figure 2.4A) and that they have a longer C­

terminal region subsequent to the dimerisation domain (Figure 2.4D). Notable exceptions 

in these two groups are the TbgambJ2 and TbgambJ3 that are missing part (TbgambJ2) or 

all (TbgambJ3) of the J-domain. TconJ3 is missing the sequence from halfway through its 

C-terminal Domain 11 to the C-terminus of its J3 counterparts (Figure 2.4C). The J4 

sequences are the rarest, showing only 4 examples out of the 8 trypansomatid species 

investigated . Their sequences are very simi lar to J2 and 13, with the exception that they 

have an even longer G/F region than the J3 's (Figure 2.4A) and a disruption of the fourth 

CxxCxGxG repeat of the Zinc finger-like region (Figure 2.4B). Their extreme C­

terminal region, subsequent to the tail end of the dimerisation domain (shown to overlap 

the CTDII of the partner monomer Chapter 1 Figure 1.8) is the same length as the J2 

proteins (Figure 2.4C/D). The 12, J3 and J4 groups all typically have a very short 

sequence (- 5aa) before the start of the J-domain (Figure 2.4A). The exception to this 

general observation being LbrJ4, which has a long N-terminal sequence preceding the ]­

domain. J45, J46, J47, J50 and J27 all have a length of sequence up to 85 amino acids 

long before the start of the J-domain (Figure 2.4A). Although these sequences can differ 

in length substantially (- 30aa) they are likely to contain the N-terminal mitochondrial 

localization sequences responsible for the predicted localization of these sequences to the 

mitochondria. (See Section 2.3.4). All of the trypanosomatid J-groups have a J-domain 

with the exception of J66 that was designated as an Hsp40 by Folgueira and Requena 

(2007). Sequences in this group are missing a J-domain, G/F region and part of their C 

terminal Domain lA (CTDIA). Their status as Hsp40s is therefore questionable. 

TbgambJ2, TbgambJ3 and Tbj27 also lack a J-domain. In general, 12, 13, J4, 145, J46, 

ISO and J27 sequences all contain an HPD motif. This is absent in the J47 sequences 

(Figure 2.4A) as these are designated as Type IllY Hsp40s and have a 

(K/T/A)DP(Q/V/K/ A) motif instead of the HPD motif. The J-domain shows the greatest 

level of sequence conservation in the alignment (Figure 2.4A). 

All of the 12 and J50 sequences and almost all of the J3 and J4 sequences contain a DIF 

motif (Found in the region of position 231/232 in the alignment) in their G/F rich region. 
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This is absent in the other five 1 protein groupings (145, 146, 127, 147 and J66). This 

motif is not a consistent feature in all of the Type I Hsp40s of H sapiens, S. cerevisiae 

and A. thaliana either. One A. thaliana sequence (A30) contains two DIF motifs in the 

GIF rich region. 

The C-terminal domain designations were taken according to the known domain 

boundaries for Y dj 1 (Li et al., 2003) (Last of the Yeast sequences in Figure 2.4) and thus 

it was assumed that the domains are the same for each J-protein group. Assuming that 

these domain designations are correct, 127 and 14 7 both show a C terminal domain I 

section A (CTDIA) that is about two and a half times as long as those in the other 1 

protein groups and 150 shows a slightly longer domain than 12, 13, 14 145 and 146. 

However, 147 and 127 may just have extended G/F rich region. 

The zinc finger-like region is of similar size in all the trypanosomatid proteins aligned 

(Figure 2.4B). The first three CxxCxGxG repeats are conserved in all the tryapanosmatid 

sequences with the exception of Lbr166 which is missing the first cysteine/glycine repeat 

and Lbr147, where the first glycine in the first repeat is replaced with an alanine. Three of 

the four 14 group of sequences (Lm14, Lin14 and Lbr14) have the last glycine of the 

second cysteine/glycine repeat replaced with a lysine. The only trypanosomatid Type 

1/Type IV II sequence without an intact third cysteine/glycine repeat is LbrJ3 in which 

only the last glycine of th is repeat is evident. The cysteine/glycine repeat shows a much 

larger amount of variation between the different 1 protein groupings (12, J3 etc). All the 

sequences of 12, 146 and 166 and most of the sequences in J3 and 145 did not have the 

final glycine of the fourth cysteine/glycine repeat. The last glycine of this repeat is 

present in all the sequences of the 150, 127 and 14 7 groups. The 14 sequences lack most 

of this repeat, with only the first glycine synchronizing with the fourth repeats of the 

other groups. The CxxC is visible, but is -12 amino acids upstream of where it should be 

in relation to the first glycine. The 14 sequences also show an extended sequence between 

the third and fourth cysteine/glycine repeats. 
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The second portion of the C-terminal Domain I (CTDIB), found after the Zn finger-like 

region, is of a similar length in all of the sequences of the alignment (Figure 2.4C). 

Conserved amino acids in the CTDIB are G (position 493) (numbered according to the 

above the alignment in Figure 2.4) and the G(D/N) (position 527/528), which are found 

in almost all sequences, even in the non trypanosmatid sequences in the alignment. 

The structure of the Y dj 1 fragment (amino acids 110 to 337) complexed with a peptide 

substrate (lNLT.pdb; Li et al., 2003) revealed a hydrophobic pocket in CTDl that was 

thought to be involved in peptide substrate binding (Li et al., 2003). These hydrophobic 

amino acids (1116, L135, L l37, L216, V247 and F249- according to the YD11 amino 

acid numbering) were investigated for corresponding hydrophobic residues in the other 

sequences in the alignment (Figure 2.4). Results revealed that although the hydrophobic 

residues are not the same for each sequence, there is a high conservation of hydrophobic 

residues at these positions (Figure 2.4). Position 347 of the alignment, corresponding to 

Y dj I 's Ile 116, showed a conservation of a hydrophobic amino acids for J2, 13, 14, 150, 

J27 and 147. 146 and J45 only showed hydrophobic amino acids at this position for the 

LmJ, LbrJ and the LinJ sequences. J66 showed some sequences with the weakly 

hydrophobic alanine, or a non-hydrophobic residue. Position 367 corresponds to Ll35 of 

Y dj 1 displayed hydrophobic amino acids for all trypanosomatid sequences wit the 

exception of LmJ46, LinJ46 and LbrJ46 that had serine at this position. L 13 7 of Y dj 1 

(position 369) again shows a hydrophobic amino acid for almost all sequences at this 

position, with the exception of most sequences in J66 that had a histidine. L216 of Y dj 1, 

corresponding to position 486 in the alignment, shows less hydrophobic conservation 

among the trypanosomatid sequences. The J47, JSO and J27 families showed a complete 

absence of hydrophobic amino acids at this position, while only some sequences in J45 

contained hydrophobic amino acids at this position. This may just be a manifestation of 

the divergence of these sequences from Y dj L as there are hydrophobic amino acids just to 

the left of this position that could possibly form part of the hydrophobic pocket in these 

sequences. Position 530 (F249 in Y dj 1) shows hydrophobic amino acid conservation in 

all the trypanosomatid sequences except for the TconJ4 7 pseudo gene 

(congo520e0l.plk_l3), which is a partial copy of the full length version 
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(congo 1350g02.q 1 k_ll). All of the S. cerevisae sequences show hydrophobic residues at 

all of these positions, with the exception of Scj I, which is missing a hydrophobic amino 

acid at position 486 in the alignment. The H. sapiens and A. thaliana sequences also 

mostly have hydrophobic amino acids at these positions. 

Wu and coworkers (2005) describe Y dj 1 dimerisation as occurring by two mechanisms. 

The first involves interaction of a number of hydrophobic amino acids of the C- terminal 

domain II (L274 [position 566 on the alignment], 1278 [position 570], L346 [position 

684), L349 [position 687), 1 352 [position 690], L353 [position 691], F335 [position 673], 

P336 [position 674] and F340 [position 640]) between the two monomers. The second is 

suggested to be unique to Type I Hsp40s and consists of a loop with an extra two P-sheets 

that rests over the CTDII of the other monomer. Figure 2.4 C shows that the first potiion 

of the CTDII domain (region 539 to 687 of the alignment Figure 2.4), has an almost 

uniform size across the various sequences, with the exception of the J4 and J47 groups 

which have an extended sequence from position 631 to 654 of the a lignment. The extra 

dimerisation loop and sheet region described by Wu et al. (2005) (Region 350 to 390 

using the Y dj I sequence as a reference) (See section 1.7.1.5; Figure 1.8A) shows a 

significant variation in length. This whole section appears to be absent in the 145 and J46 

sequences, indicating that not all trypanosomatid Type I Hsp40s use the same mechanism 

to dimerise as that described for Y dj 1 (Wu et al., 2005). 

Of the hydrophobic amino acids involved in the first mechanism of dimerisation of Y dj I, 

hydrophobic amino acids are consistently found at the positions corresponding to L274, 

F335, P336 and L349. Positions corresponding to 1278 of Ydj1 show conservation of a 

hydrophobic residue at this position in most trypanosomatid sequences with the exception 

of J27 and J47 . This may be due to the insertion of gaps in the alignment for these two 

sequence families. If these gaps were removed they would mostly have a hydrophobic 

amino acid at this position. Hydrophobic amino acids are seen at positions corresponding 

to 1352 and L353 for all trypanosomatid Type 1-like sequence families except J27 and 

J47. Positions corresponding to F340 and L346 show less conservation of the 

hydrophobic character of these amino acids, but this may be due to a gap insertion in 
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most trypanosomatid sequences just prior to this position. The sequence (containing the 

L274 and 1278 hydrophobic amino acids) at position 566 to 572 is well conserved, with 

the exception of the 127, 147 and 14 sequence families. This corresponds to the First a ­

helix in the CTDII region of Y dJ 1. The second a-helix of the Y dj 1 CTDII region 

(alignment position 677 to 687) shows less sequence conservation across the sequences. 

Other areas of high sequence conservation in CTDIT are 538-HxxFxR-543, L558, 591 -

LD-592 and 627-GMP-629. J27 and J47 show a much lower consensus with the other J 

group sequences in the latter four regions of conserved sequence. 

The C-terminal region (position 688 to 823) of J2, 13 , 14 and J66 have a length most 

similar to Y dj 1, most of the H sapiens sequences and A2 and A3 from A. thaliana. 

Although this C-terminal section of the 150 family is of a similar length to Y dj 1, these 

sequences do not align well with 12, 13, 14 and J66 in this area. The J27 and J47 sequence 

families are significantly truncated in this region relative to Y dj 1. 

2.3.9) Detailed analysis of Tcj2,Tcj3, Tbj2, Tbj3 and their homologues in other 

species 

As the remainder of this thesis deals with the proteins Tcj2, Tcj3, Tbj2 and Tbj3, a 

detailed analysis oftheir characteristics was undertaken. Tbj2 and Tcj2 were shown to be 

orthologues in section 2.3.2, as were Tbj3 and Tcj3. The pairwise alignment ofTcj2/Tbj2 

(74%) and Tcj3/Tbj3 (65%) are therefore not surprisingly very high. However, the 

pairwise alignment of Tcj2 with Tcj3 and Tbj2 with Tbj3 is also high. This finding was 

also recorded for Tcj2 and Tcj3 by Tibbetts and coworkers (1998). All four of these 

trypanosoma! proteins have a similar length, except for a slight lengthening of the 

extreme C-terminus of the two 13 proteins (Figure 2.5 Section 390 to 435 of the 

alignment). In addition, these proteins are all predicted to be localized to the cytoplasm 

(Section 2.3.4; Table 2.3) and are all predicted to be farnesylated (Section 2.3.5; Table 

2.3) and have a very simi Jar domain structure. 
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Figure 2.5: Multiple sequence alignment of Tbj2, Tbj3, Tcj2, Tcj3, Ydj l and DoaJAl. 
The red box indicates the J-domain. The green boxes indicate the Cys.'Giy repealS of the Zn finger-like region. The C terminal domain I 
(CTDI) IS shown with a dark blue box. CTDIA is before the An finger-like region, while CTDIB is after this domain. The C-tennmal 
Domain II (CTDII) is indicated by an orange box. The extra d1mcrisation loop and Jl-sheet associated with some Type I Hsp40s is shown as 
a separate orange box after the more conserved ponion of the CTDII. The C-terminal CaaX box of each sequence is highlighted w1th a light 
blue box. The a-helices are shown as red arrows, while the Jl-sheet regions are indicated with blue arrows. The CTDI, CTDII, a-helices and 
~-sheet regions were designated according to the Ydj I structural data (Li et a/. 2003; Wu et a/., 2005). The ammo acids at positions 
highlighted in purple have been described as pan of the hydrophobic peptide binding pocket in YdJ I (Li et a/., 2003; Li and Sha, 2005). The 
hydrophobic amino acids at positions highlighted in red are indicated as imponant for dimerisation of Ydjl. The ammo acid position 
highlighted in greer is part of the extra dimerisation loop and ~-sheet found to wrap around the CTDII of the other monomer. This amino 
acid interacts with a hydrophobic pocket present on the CTDII of the other monomer (Wu et at., 2005). 
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The multiple sequence alignment in Figure 2.5 reveals the significant sequence similarity 

of the 12 and 13 proteins of T cruzi and T. brucei brucei to Y dj 1 and DnaJA I. All 6 

proteins were revealed to have the domain structure very typical of Type I Hsp40s. They 

all have a highly conserved sequence in their N-terminal J-domains, with the exception of 

portions of the loop regions. The cysteine/glycine repeat region is a well known feature 

of the zinc finger-like domain of Type I Hsp40s (Cheetham and Caplan, I 998). The C­

terminal domain I (CTD I) and portions of the C-terminal domain II (CTD II) are also 

well conserved in the sequences shown in Figure 2.5. This can lead to possible 

inferences about the C-terminal domain three-dimensional structure of the 12, J3 and 

DnaJA 1 proteins from the known structure of the C-terminal domains of Y dj 1 (Li et a!., 

2003). This could possibly help with the determination of surface exposed regions of 

Tbj2, Tbj3 and Tcj3 for the design of an antibody that wou ld detect the protein in its 

native conformation. 

The likely structural similarity of these proteins and the conservation of hydrophobic 

amino acid residues at positions 122, 141 , 143 in CTD IA and 224, and 25 8 in CTD IB 

(Figure 2.5) indicate that these proteins all have a hydrophobic patch similar to Y dj 1 

based on the structural information of the C-terminal domains of Y dj 1 (Li et al. , 2003). 

The three hydrophobic residues in CTD lA show similar properties in terms of spatial 

volume, with leucine, valine or isoluecine at these positions. The hydrophobic residues at 

the aforementioned positions in CTD IB, however, are more divergent in size, containing 

a leucine, isoleucine or phenylalanine. Comparison of the predicted secondary structure 

of Tbj2, Tbj3, Tcj2 and Tcj3 with that of Ydji using the PSIPRED (McGuffin et a!., 

2000; http://bioinf.cs.ucl.ac.uk/psipred/psiform.html) algorithm revealed a very simi lar 

secondary structure shared by all 5 proteins. 
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2.3.10) Generation of Homology models of Tcj2,Tcj3, Ydjl, A. tumefaciens DnaJ, 

Tbj2 

The homology models that were generated for Tcj2, Tbj2, Tcj3, Tbj3, Y dj 1 and 

A. tumefaciens DnaJ (Agt DnaJ) are depicted in Figure 2.6. The potential template 

structures that were identified by Fugue and Phyre (Bennet-Lovsey et al., 2007; Kelley et 

al., 2000; Shi et al., 2001) that were used to generate the models were only selected if 

they were from Type I or Type II Hsp40s (2CTP.pdb and 2037.pdb are from Type II 

Hsp40s while 1 XBL.pdb, 20CH.pdb and 2DN9.pdb are all J-domain structures derived 

from Type I Hsp40s) that have more conserved J-domains between (Hennessy et al., 

2000) and if their amino acid sequences had a high similarity to the target sequence. The 

Ramachandran plots generated by PROCHECK (Laskowski et al., 1993; Morris et al., 

1992; http://www.biochem.ucl.ac.uk/-roman/procheck/procheck.html) all described 

>96% of the amino acids being in the allowable or core regions of the plot for each 

model. The other plots generated for PROCHECK also indicated a high level of accuracy 

for the models (data not shown). In addition, the models superimposed well onto the 

structures of the templates that were used, with only a small amount of divergence in 

position of the loop region between helix II and helix III of the template structures and 

the model. This is not surprising as the loop has been described as being a flexible and 

structural ly dynamic section of the J-domain (Greene et al., 1998; Hennessy et al., 2000). 

In Figure 2.6 lt is clear that all the structures of the modeled J-domains, especially of the 

eukaryotic J-domains, are very similar. This is likely a consequence of the same template 

structures being used for each model, with the exception of the Agt DnaJ model For 

which only the E. coli DnaJ J-domain structure (lXBL.pdb; Pellechia et al., 1996) was 

used as a template. The Tbj2 and Tcj2 structures appear the most similar, which is not 

entirely unexpected as they were found to be orthologue proteins from T brucei brucei 

and T cruzi (Section 2.3.2). It has also been previously reported that the J-domains of 

Type I Hsp40 have the highest level of conservation relative to members of the Type II or 

Type Ill Hsp40 category (Hennessy eta!., 2000). The four helices and the loops between 

them are also of a very similar length to their counterparts in the 6 models shown in 

Figure 2.6, each region differing by a maximum of 1 to 3 amino acids. The most 
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divergent structure is that of Agt DnaJ which is of prokaryotic origin These models 

therefore support the conclusions of Hennessy et al. {2000), that Type I Hsp40 J-domains 

have a high level of conservation. It is therefore likely that these models are a close 

approximation to the actual structure of the J-domains in these proteins. 

Figure 2.6: Homology models generated for the J-domains of T. cruzi Type I Hsp40s Tcj3 and 
Tcj2, T. brucei brucei Type I Hsp40s Tbj3 and Tbj2, the S. cerevisiae Type I Hsp40 Ydjl and A. 
tumefaciens DnaJ (Agt DnaJ). The helices of each model are shown in blue and labeled I to IV. The 
loop regions are shown in red. The HPD motif in the loop between Helix II and III is highlighted in 
green. Multiple templates {lxbl.pdb, 2DN9.pdb, 20CH.pdb, 2037.pdb and 2CTP.pdb) were used to 
generate the Tcj2, Tcj3, Tbj2, Tbj3 and Y dj I homology models using Modeller (Sali and Blundell, 
1993). The crystal structure for E. coli DnaJ (lxbl.pdb, Pellechia et a/. , 1996) was used as a single 
template for the production of a homology model of A. tumefaciens DnaJ. All structures were visualized 
using Pymol (Delano, 2002). 

2.3.11) Design of peptide polyclonal antibodies for Tbj2, Tbj3 and Tcj3 

The Tbj2, Tbj3 and Tcj3 primary amino acid sequences were examined for antigenic 

regions for the synthesis of a peptide to make polyclonal antibodies specific to each 

individual protein. The design of Tcj2 was not included in this section as an existing 

Anti-Tcj2 peptide polyclonal antibody was available from previous work (Edkins et al., 
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2004).To find sections of a protein that have potential antigenic and immunogenic 

potential, a number of generalized antigenic characteristics can be exploited. Regions that 

are surface exposed, have a high level of peptide chain flexibility, contain a high number 

of hydrophilic amino acids and a high charge density are believed to make good antigenic 

regions for the manufacture of antibodies (Jameson and Wolf, 1988; Karplus and Schultz, 

1988; Hopp and Woods, 1981; Emini et al., 1985). The surface exposure ofthe antigenic 

sequence is particularly important if the polyclonal antibody to be manufactured from this 

peptide sequence is to be used to detect non-denatured proteins. 

As hydrophilic amino acid side chains prefer an aqueous environment, regional 

concentrations of these amino acids have a greater probability of being surface exposed. 

The methods by Engelman et al. (1986), Hopp and Woods (1981), Kyte and Doolittle 

(1984) predict the regions of the primary amino acid sequence that are hydrophilic or 

hydrophobic (Figure 2.7, Figure 2.8 and Figure 2.9). However, in each, the method 

used to assign hydrophobic versus hydrophilic status is different. These methods all use a 

sliding window calculation in which the average measurements of a window size of N 

amino acids in the sequence is plotted for a particular position on the graphical output. 

The window is then shifted by one amino acid to the left to obtain the next plotted value. 

Hopp-woods uses vapour free energy of transfer between water and ethanol of the amino 

acids in its prediction of hydropathic and hydrophilic sections of the protein (Hopp and 

Woods, 1981), while the Kyte-Doolittle method uses water vapour free energies of 

transfer for the amino acids in plotting the hydropathy of the primary sequence. Kyle­

Doolittle also uses the preference of amino acids for the inside or outside environments of 

proteins in its calculation (Kyte and Doolittle, 1982). The method by Engelman and 

coworkers (1986) plots the sum of the hydrophobic and hydrophilic characteristics of 

each amino acid. The hydrophilic elements are calculated from the free energy for the 

insertion of charged groups into a membrane lipid bilayer, while the hydrophobic 

elements are determined by the free energy oftransfer from water to oil of the amino acid 

side chains (Engelman et al. , 1986). The hydrophobic moment calculation by Eisenberg 

and coworkers (1984) uses the asymmetrical arrangement of polar and apolar residues in 

the solvent exposed relative to the buried surfaces of a-hel ices and ~-sheets of proteins. 
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The method calculates the hydrophobic moment assuming the primary amino acid 

sequence is all a.-helical or all P-sheet on two separate graphs. Predicted a-helical regions 

correspond to regions with a high hydrophobic moment on the plot assuming a-helical 

structure of the protein, while predicted P-sheet has a high hydrophobic moment on the 

plot assuming a P-sheet structure (Eisenberg et al., 1984). These hydropathy and 

hydrophobic moment plots are useful in the prediction of transmembrane regions, of 

which none were found in Tbj2, Tbj3 or Tcj3. The Emini Surface Probability plot in the 

Generunner protein composite analysis is also able to predict the probability of a regions 

surface exposure from the primary amino acid sequence (Emini et al., 1985). The method 

is based on the calculation by Janin and coworkers (1978) who calculated the solvent 

accessible area of each amino acid side chain in a sample of 28 proteins with a known 

three dimensional structure. Charge density is also a factor in predicting the surface 

exposure of a protein from its amino acid sequence. The Generunner composite analysis 

plots the charge density of a protein sequence based on the pKas of each amino acid at a 

pH of7.0. 

Karplus and Schultz provided a method for predicting peptide chain flexibility, which is a 

known characteristic of some highly antigenic regions of a protein, from the amino acid 

sequence. The plotted flexibility values are produced from a calculation based on the 

assignment of amino acids as flexible or rigid using a sample of 3 1 proteins that have a 

known three dimensional structure (Karplus and Schultz, 1988). The Karplus-Schultz and 

Emini Surface Probability methods both use a version of the sliding window method 

described earlier. The Jameson-Wolf Antigenic Index provides an overall measure of the 

antigenic potential of areas along the amino acid sequence of a protein. It does this by 

combining the Chou-Fasman (Chou and Fasman, 1978) and Gamier-Robson (Gamier et 

al., 1978) secondary structure prediction methods with results from the Hopp-Woods 

hydropathy, Emini Surface Probability and Karplus-Schultz chain flexibility to determine 

an index of antigenic potential (Jameson and Wolf, 1988). Peaks on the plot are predicted 

to have a greater probability of being strongly antigenic. 
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Although reports have been made that, in general, theN-terminal regions of proteins have 

better antigenicity (Jameson and Wolf, 1988), this region was avoided due to the 

presence of conserved features including the J-domain (Hennessy et al., 2000), the 

repeats of the z inc finger-l ike region (Martinez-Yamout et al., 2000) and the DIF motif 

(Wall et al., 1995). This is particularly important for Tbj2 and Tbj3 , due to their high 

sequence identity(~ 46%) and their presence in the same organism, which could lead to 

cross reactivity problems during in vivo or whole cell lysate experiments. Regions of the 

C-terminus were therefore chosen due to the sequence disparity in these regions. 

Likewise, a peptide near the C-terminus was chosen for Tcj3. A peptide of at least 14 

amino acids was used to try to increase its antigenicity and the specificity of the antibody 

produced. 

The composite analysis of the Tbj2 amino acid sequence (Figure 2.7) shows that the 

Goldman, Engelman and Steitz plot (Figure 2.7 A) reveals a largely hydrophilic protein. 

As this method plots the sum of the hydrophilic and hydrophobic components of each 

amino acid in the sequence, the most hydrophilic amino acids correspond to the most 

negative values on the plot. These most hydrophilic regions correspond, with minor 

differences, to the hydrophilic regions of the sequence predicted by the Hopp-Woods and 

Kyte-Doolittle methods (Figure 2.7F and Figure 2.7G respectively). Owing to the more 

conserved nature of the N-terminal region of Type I Hsp40s, the region from amino acid 

250 to amino acid 404 was selected as the preferred region to find an immunogenic 

peptide. Sections of the amino acid sequence that are strongly hydrophilic are categorized 

as having a greater probability of surface exposure and hence immunogenic potential in 

the native structure (Jameson and Wolf, 1988). In the C-terminal half of Tbj2, the most 

hydrophilic regions were predicted to be in the region from 350 aa to 404 aa. This same 

region is shown to have the highest probability of being surface exposed, accord ing to the 

Emini surface probability plot (Figure 2.7H), with the exception of the J-domain (amino 

acids 1 to 75). The Karplus-Schultz plot (Figure 2.7E) predicts that there are regular 

regions of flexibility that is recognised as significant (above the dashed line) along the 

length ofTbj2, including the region containing the peptide that was chosen (Figure 2.7). 

A region of high flexibility with a net negative or positive charge (Figure 2.70) and is 

surface exposed is considered a potentially good immunogenic region (Jameson and 
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Wolf, 1988). Although not as strong as other regions of the protein the selected peptide 

region is indicated by the Jameson-Wolf Antigenic index plot (Figure 2.71) as having a 

good probability of being antigenic and immunogenic. Although the region from amino 

acids 370 to 390 display similar favourable characteristics for an antigenic/immunogenic 

peptide and a slightly higher hydrophilicity prediction, the peptide from amino acids 349 

to 362 was chosen as indirect structural information is available for this region. A 

pairwise alignment of Tbj2 with Y dj l showed that the Tbj2 peptide region 

-LGYPKQEEP APEA T- corresponds to a region of the d imerisation domain of Y dj 1 

(Figure 1.8A). This is the loop region located before the extra P-sheet (designated as (1) 

in the figure that is unique to Type I Hsp40 dimerisation domains relative to Type II 

Hsp40s. This correlation provides evidence that this peptide sequence is indeed surface 

exposed. No such structural data was available for the potential peptide at the 

downstream position. As the peptide region is likely to be a loop region, the Eisenberg 

plots (Figure 2. 7B and Figure 2. 7C) were regarded as less important as they assume the 

protein consists of only a-helix or P-sheet respectively. Heavier weighting was given to 

the probability of surface exposure, flexibility, hydrophi licity, antigenic index and charge 

properties during the selection of the peptide regions. 

BLAST of the selected peptide against the T. brucei brucei genome database in GeneDB 

(http://www.genedb.org/; Hertz-Fowler et al., 2004) revealed no significant amino acid 

similarities other than to the Tbj2 sequence itself. In addition, the proteins designated as 

containing the closest sequences to the peptide were significantly smaller than Tbj2 (44.8 

kDa) and were less than 32 kDa. These could easily be distinguished from Tbj2 on an 

SDS-PAGE gel. 

The composite analysis of the Tbj3 amino acid sequence (Figure 2.8) revealed only one 

obvious region for the peptide to make the Tbj3 peptide based polyclonal antibody 

(amino acids 365-395). It is the region of the C-terminal half of the sequence to show the 

highest surface probability and hydrophilicity and has a strong net positive charge. This 

region also shows a high flexibility according to the Karplus-Schultz plot (Figure 2.8E). 

Pairwise alignment of Tbj3 with Ydj 1 led to a putative correlation in which the forward 

portion of the peptide (369 to 394 aa in Tbj3) is likely to straddle the extra P-sheet found 
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in the dimerisation domain ofType I Hsp40s (Figure 1.8A (1)). The same region (amino 

acids 366 to 395) was chosen as the immunogenic peptide from the Tcj3 amino acid 

sequence (Figure 2.8) analysis. As with the Tbj3 sequence, this region of Tcj3 was the 

only region in the C-terminal half of the protein to have a significantly high surface 

probability prediction, good hydrophilicity properties, and a net positive charge over part 

of the region. The Jameson-Wolf Antigenic index also predicted this region to have good 

antigenic properties. This peptide region ofTcj3 is predicted by pairwise alignment to be 

likely to straddle the same ~-sheet of the dimerisation domain as Tbj3. The similarity of 

the profiles generated in the composite analysis for Tcj3 and Tbj3 add further support to 

their categorization as orthologues. BLAST of theTbj3 peptide in the T brucei brucei 

genome database (http://www.genedb.org/; Hertz-Fowler et al., 2004) and BLAST of the 

Tcj3 peptide in the T cruzi genome database (http://www.genedb.org/; Hertz-Fowler et 

al., 2004). In addition, BLAST of the E. coli (Kl2) genome (Blattner et al., 1997; 

Cummings et al., 2002; http://blast.ncbi.nlm.nih.gov/Blast.cgi) and S. cerevisiae genome 

(Cherry el al., 1998) revealed no significant hits. This indicates the lower probability of 

proteins in these organisms being recognised by the antibodies raised against these 

peptides. The composite analysis plots for Tbj2, Tcj3 and Tbj3 all showed that the only 

other region of these three amino acid sequences that had a comparably high predicted 

surface exposure and hydrophilicity was in the first 1 00 amino acids at the N-terminus. 

This region contains the J-domain of each of the Hsp40s and was predicted to have a 

strong antigenic potential. All three sequences are predicted to have regions of significant 

flexibility and net charge across their whole length. 

All of the selected peptides had a cysteine added to the N-terminal side in order to 

facilitate the cross-linking to a carrier protein, such as limpet keyhole haemocyanin 

(KLH) prior to injection into rabbits, which were used to generate the antisera for all 

three peptides. The Tbj2 and Tcj3 peptides and antibodies were synthesized by the 

Genscript Corporation (http://www.genscript.com/; Piscataway, New Jersey, USA), while 

the Tbj3 peptide and antibody was synthesized by Professor R. Zimmermann's laboratory 

(Department of Medical Biochemistry, University of the Saarland Medical School, 

Homburg, Germany). 
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Figure 2.7: Composite analysis ofTbj2 primary amino acid sequence to determine suitable unique epitope regions for 
the design of a peptide polyclonal antibody specific to Tbj2. 
The analysis was performed using the protein composite analysis function in Generunner (available at: 
htto://www.generunner.net{). (A) The Goldman, Engelman and Steiz method plots hydrophobic regions as positive and 
hydrophilic regions as negative (Engelman eta/., 1986). (B,C) The Eisenberg method was applied to peptide bond angles 
assuming that the protein folded as an a-helix (B) or a ~-sheet (C). This method plots the hydrophobic moment which is a 
measure of the asymmetry in the arrangement of polar and non-polar residues (Eisenberg et a/., 1984). (D) Charge density 
plots the average charge for each amino acid based on the sliding window calculation for each amino acid. Overall positive 
charge is plotted as positive and overall negative charge is plotted as negative. (E) The Karplus-Schultz method measures 
chain flexibility and plots regions of increased flexibility as a peak (Karplus and Schultz, 1988). (F) Hopp-Woods plots the 
average local hydropathy (hydrophilic and hydrophobic regions), with positive plots indicating hydrophilic regions and 
negative plots indicating hydrophobic regions (Hopp and Woods, 1981 ). (G) The Kyte-Doolittle method also plots 
hydropathy (hydrophobicity is positive and hydrophilicity is negative) but using a slightly different calculation (Kyte and 
Doolittle, !984). (H) The Emini surface probability plots the probability of a region of the primary amino acid sequence 
being on the surface of the folded protein is plotted with the peaks indicating the areas that have the greatest likelihood of 
surface exposure (Emini eta!., 1985: Janin eta!., 1978). (I) The Jameson-Wolf Antigenic index uses a combination of the 
data from the methods (E),(F) and (H) along with the secondary structure prediction methods of Chou-Fasman (Chou and 
Fasman, 1978) and Robson Garnier (Garnier et a!., 1978) to plot an antigenicity index in which peaks show the greatest 
antigenic probability (Jameson and Wolf, 1988). The dashed lines on the plots in (B), (C), (D), (E), (H) and (I) indicate a 
threshold above (positive plot) and below (negative plot) which the values are considered significant. The peptide region that 
was selected is shown below the plots with the numbering indicating the position in the amino acid sequence. The cysteine 
coloured in green is not part of the original sequence, but was added to assist the cross-linking of the peptide to the carrier 
protein for antibody manufacture. (In the case of these antibodies, Keyhole Limpet Haemocyanin [KLH] was used as the 
carrier protein (Genscript. http://www.genscript.com/antibody.html). The region on the plots (A-1) highlighted with the black 
rectangle is the region at which the selected peptide is located in the sequence. 
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Figure 2.8: Composite analysis of Tbj3 primary amino acid sequence to determine suitable unique epitope regions for 
the design of a peptide polyclonal antibody specific to Tbj3. 
The analysis was performed using the protein composite analysis function in Generunner (available at: 
http://www.generunner.ne!l). (A) The Goldman. Engelman and Steiz method plots hydrophobic regions as positive and 
hydrophilic regions as negative (Engelman et al., 1986). (B,C) The Eisenberg method was applied to peptide bond angles 
assuming that the protein fo lded as an a-helix (B) or a ~-sheet (C). This method plots the hydrophobic moment which is a 
measure of the asymmetry in the arrangement of polar and non-polar residues (Eisenberg el a/., 1984). (D) Charge density 
plots the average charge for each amino acid based on the sliding window calculation for each amino acid. Overall positive 
charge is plotted as positive and overall negative charge is plotted as negative. (E) The Karplus-Schultz method measures 
chain flexibility and plots regions of increased flexibility as a peak (Karplus and Schultz, I 988). (F) Hopp-Woods plots the 
average local hydropathy (hydrophilic and hydrophobic regions), with positive plots indicating hydrophilic regions and 
negative plots indicating hydrophobic regions (Hopp and Woods, 1981). (G) The Kyte-Doolittle method also plots 
hydropathy (hydrophobicity is positive and hydrophilicity is negative) but using a slightly different calculation (Kyte and 
Doolittle, 1984). (H) The Emini surface probability plots the probability of a region of the primary amino acid sequence 
being on the surface of the folded protein is plotted with the peaks indicat ing the areas that have the greatest likelihood of 
surface exposure (Emini eta/., 1985; Jan in er al., 1978). (I) The Jameson-Wolf Antigenic index uses a combination of the 
data from the methods (E),(F) and (H) along with the secondary structure prediction methods of Chou-Fasman (Chou and 
Fasman, 1978) and Robson Gamier (Gamier et a/., 1978) to plot an antigenicity index in which peaks show the greatest 
antigenic probability (Jameson and Wolf, 1988). The dashed lines on the plots in (B), (C), (D), (E), (H) and (I) indicate a 
threshold above (positive plot) and below (negative plot) which the values are considered significant. The peptide region that 
was selected is shown below the plots with the numbering indicating the position in the amino acid sequence. The cysteine 
coloured in green is not part of the original sequence, but "'as added to assist the cross-linking of the peptide to the carrier 
protein for antibody manufacture. (In the case of these antibodies, Keyhole Limpet Haemocyanin [KLH] was used as the 
carrier protein. The region on the plots (A-I) highlighted with the black rectangle is the region at which the selected peptide 
is located in the sequence. 
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Figure 2.9: Composite analysis of Tcj3 primary amino acid sequence to determine suitable unique epitope regions for 
the design of a peptide polyclonal antibody specific to Tcj3. 
The analysis was performed using the protein composite analysis function in Generunner (available at: 
http://www.generunner.ne!f). (A) The Goldman, Engelman and Steiz method plots hydrophobic regions as positive and 
hydrophilic regions as negative (Engelman et a/., 1986). (B,C) The Eisenberg method was applied to peptide bond angles 
assuming that the protein folded as an a-helix (B) or a P-sheet (C). This method plots the hydrophobic moment which is a 
measure of the asymmetry in the arrangement of polar and non-polar residues (Eisenberg et a/., 1984). (D) Charge density 
plots the average charge for each amino acid based on the sliding window calculation for each amino acid. Overall positive 
charge is plotted as positive and overall negative charge is plotted as negative. (E) The Karplus-Schultz method measures 
chain flexibility and plots regions of increased flexibility as a peak (Karplus and Schultz, 1988). (F) Hopp-Woods plots the 
average local hydropathy (hydrophilic and hydrophobic regions), with positive plots indicating hydrophilic regions and 
negative plots indicating hydrophobic regions (Hopp and Woods, 1981 ). (G) The Kyte-Doolittle method also plots 
hydropathy (hydrophobicity is positive and hydrophilicity is negative) but using a slightly different calculation (Kyte and 
Doolittle, 1984). (H) The Emini surface probability plots the probability of a region of the primary amino acid sequence 
being on the surface of the fo lded protein is plotted with the peaks indicating the areas that have the greatest likelihood of 
surface exposure (Emini eta/., 1985; Janin et a/., 1978). (I) The Jameson-Wolf Antigenic index uses a combination of the 
data from the methods (E),(F) and (H) along with the secondary structure prediction methods of Chou-Fasman (Chou and 
Fasman, 1978) and Robson Gamier (Gamier et a/.. 1978) to plot an antigenicity index in which peaks show the greatest 
antigenic probability (Jameson and Wolf, 1988). The dashed lines on the plots in (B), (C). (0), (E), (H) and (I) indicate a 
threshold above (positive plot) and below (negative plot) which the values are considered significant. The peptide region that 
was selected is shown below the plots with the numbering indicating the position in the amino acid sequence. The cysteine 
coloured in green is not part of the original sequence, but was added to assist the cross-linking of the peptide to the carrier 
protein for antibody manufacture. {In the case of these antibodies, Keyhole Limpet Haemocyanin [KLI-1] was used as the 
carrier protein (Genscript, http://www.genscript.com/antibody.html). The region on the plots (A-1) highlighted with the black 
rectangle is the region at which the selected peptide is located in the sequence. 
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2.4) Discussion 
The non-trypanosomatid organisms compared in Figure 2.1 show that there is a vast 

difference in the possible number of Hsp40s in different organisms. It is tempting to 

hypothesise that the large number of Hsp40s in the trypanosomatids compared in this 

chapter is due to an adaptation for the pathogenicity of these organisms. An example of 

this would be the use of these proteins in protection against the stresses experienced by 

moving between the poikilotherimic insect vector, to the endothermic mammalian host. 

However, P.falciparum is adapted to simi lar stresses and has two thirds ofthe number of 

Hsp40 sequences (Botha et al. , 2007). P. falciparum exports some of the Hsp40 proteins 

into the infected erythrocyte to interact with host Hsp70s and assist in the remodeling of 

the erythrocyte by the parasite (Botha et al., 2007). This is a possible scenario for those 

trypanosomatids that have an intracellular stage to their life-cycle in the mammalian host 

(e.g. T cruzi or L. major), however, this is not likely to be the case for extracellular 

parasites such as T brucei, which has almost the same number of Hsp40s in its genome 

as other trypanosomatids. 

In T brucei, the greatest number of Hsp40s have been categorized into the Type III 

category (data not shown) which is therefore believed to be the main source of Hsp40 

proliferation in trypanosomatids. This is likely to be the case for the other trypanosomatid 

species too, due to the high genetic similarity between them, especially for the 

Leishmanias (El-Sayed eta/., 2005; Peacock et al., 2007). The Type Ill Hsp40s are also 

the ones believed to have more specialized functions (Cheetham and Caplan, 1998; 

Walsh et al., 2004; Fan et al., 2003). It is therefore tempting to speculate that the 

specialization of function in this group is necessary for adaptations in a complex parasite 

life-cycle in functions other than adaptation to temperature stress. 

Another possible explanation for the large number of Hsp40s found in the 

trypanosomatid species is the method used to find them. The assumption used is that all 

sequences with a J-domain (the defining feature of the Hsp40 family) are an Hsp40 and 

that no other proteins use or contain this domain. However, the BLAST of the genome 

databases with Tbj2 and Tcj2 was confirmed by the search of the annotated databases 

using the Keywords Hsp40 and DnaJ, which revealed slightly fewer, but almost the same 
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number as the BLAST search. Folgueira and Requena (2007) found a similar number of 

Hsp40s in the genomes of T. cruzi, T. brucei and L. major. However, it could be 

questioned as to whether some of these are actually Hsp40s. 166, for example does not 

appear to have a 1-domain, despite the sequence identity it shares with the C-terminal 

domains of the 12 protein family. It is therefore safer to refer to these sequences 

(particularly the 166 group) as putative Hsp40s, until function has been determined. 

These sequences were found in the annotated nuclear genomes of a number of 

trypanosomatid species (El-Sayed et al., 2005b; Berriman et al., 2005; Ivens et al., 2005; 

Peacock et a!., 2007). 

The absence of a 1-domain in TbgambJ2 and Tbgamb13 calls into question whether these 

sequences are the functional equivalent of the other J2 and 13 sequence members. Despite 

a high sequence identity with the 12 and 13 sequences from the Zinc finger-like region to 

the C-terminus, they share a more common domain structure with the 166 sequence 

family, which also all lack a 1-domain and possibly a G/F rich region and CTDIA. 

Assuming that this is not a sequencing annotation error, due to the preliminary nature of 

the T. b. gambiense genome sequence, it is surprising that these sequences are so 

different from Tbj2 and Tbj3, considering that T. brucei brucei and T. brucei gambiense 

are subspecies. None of the full length Type I Hsp40s ofT. b. gambiense are predicted to 

localize to the cytoplasm and therefore are unable to perform the J2 or 13 function, 

assuming that the localization predictions are correct. 

The absence of the 1-domain and other N-terminal domains in the 166 protein family, 

Tbgamb12 and Tbgamb13 raises the question as to whether these proteins can still be 

categorized as Hsp40s. The 1-domain has been described as the major area of interaction 

between Hsp40s and Hsp70s (Hennessy et a!., 2005; Hennessy et a!., 2000). It is 

therefore unl ikely that these sequences will have a conventional interaction with and 

regulation of a partner Hsp70. However, assuming the intact nature of the hydrophobic 

peptide binding pocket in CTDI, it may be possible for these sequences to bind non­

native polypeptides as the other Type 1 Hsp40s do in order to suppress protein 

aggregation. This then raises the interesting academic question as to whether an Hsp40 
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requires a J-domain to fulfill all of its functions, especial ly if it can act as a chaperone in 

its own right, as is the case for Type I and Type II Hsp40s. An alternative hypothesis 

regarding these proteins proposes that the C-terminal regions of these proteins and a J­

domain that are transcribed and translated separately interact subsequent to translation as 

and form a functional Hsp40 unit (Bursae and Lithgow, 2007). Some putative Hsp40s 

found in the T brucei brucei genome database (Hertz-Fowler et al., 1999) are short 

sequences that seem to contain only a J-domain. Any one of these may be the other half 

of Tbj66. Possible examples of these J-domain on ly sequences in the T brucei brucei 

genome are Tbll.Ol.Ol35; Tb927.8.7010 and Tb927.5.2880 (protein sequence 

nomenclature according to the GeneDB database (http://www.genedb.org/; Hertz-Fowler 

et al., 2004). 

The exclusive presence of the J4 sequences in those trypansomatids that have an 

intracellular stage to their life-cycle in their mammalian hosts may indicate their 

importance in parasites evolved to be intracellular. Their localization was predicted to be 

cytoplasmic or nuclear. However, was this to the cytoplasm/nucleus of the parasite or the 

host cell? P. falciparum is known to export proteins into the infected erythrocyte using a 

P. falciparum specific export signal. These exported proteins interact with the host cell 

machinery to remodel the cell to the needs of the parasite (Botha et al., 2007). The J4 

proteins could be exported to the host cell, by an unknown signal, for similar adjustment 

to the host cell. 

The prediction of the subcellular localization of a protein from its primary amino acid 

sequence is not always correct (Sprenger et al., 2006). The prediction is very much 

dependent on the programme and the method it uses for the prediction. This is shown by 

the different predictions of localization by WOLF PSORT and pTARGET for some 

sequences. In addition, the use of computer programmes that predict the protein 

localization for animal cells assumes that the targeting signal is the same for each animal 

and its cells. The endoplasmic reticulum retention signal has been found to be very 

different between trypanosomatids and other animal cells such as S. cerevisiae and 

H sapiens (Bangs et al., 1993, Bangs et al., 1996; Teasdale and Jackson, 1996). This is 

110 



Chapter 2: Bioinformatics 

the likely reason that no endoplasmic reticulum retention was predicted for any of the 

Type II Type IV/I sequences. The possibility of different localization and targeting 

mechanisms also exists. One of the T. brucei specific protein targeting domains has been 

found to be important in the localization of proteins to the flagellar pocket (Hill et al., 

1999). In addition, trypanosomatids have certain organelles that are not found in many 

other animal cells such as flagellae and glycosomes that are likely to have different 

targeting signals. The pseudogene sequences have an even greater chance of incorrect 

targeting prediction due to errors in the sequence that could result from frame shifts and 

missing parts of the sequence. 

It is intriguing that so many Type 1/TypeiV/1 proteins should be localized to the 

mitochondrion, while none of the trypanosomatid sequences were predicted to localize to 

the endoplasmic reticulum. This is possibly due to the divergence of the endoplasmic 

reticulum retention signals between trypanosomatids and other animal cells (Bangs et al., 

2006) and may explain the inconsistency in the localization prediction made by WOLF 

PSORT and pTARGET for sequences in the 145, 146 and 147 families. The more 

consistent prediction of mitochondrial localization for the J27 (except Tb127) and 150 

could indicate that these are the true mitochondrial Type 1/Type IV/I Hsp40s in these 

organisms. Even if some of these localization predictions are incorrect it is interesting 

that the localization prediction for a particular group is often the same. 

The High percentage identity found for Tcj2 and Tcj3 (57%) (Tibbetts et al., 1998) and 

Tbj2 and Tbj3 (44%ID) suggest that the J2 and J3 could be paralogues. This is further 

indicated by the clustering of Tbj2 and Tbj3 relative to H sapiens, S. cerevisiae and A. 

thaliana sequences (Figure 2.3). The identification of Y dj 1 as a putative orthologue of 12 

and J3 (Figure 2.3) is further supported by the predicted localization of J2/J3 to the 

cytoplasm (Table 2.3), the predicted farnesylation of these proteins (Table 2.3) and the 

high percentage identity of these trypanosomatid protein families with Y dj 1 (- 40%). 

Y dj 1 is known to have a cytoplasmic subcellular localization (Caplan and Douglas, 1991) 

and is known to be farnesylated (Caplan et a/. , 1992a). Both Y dj 1 (Caplan and Douglas, 

1992; Atencio and Yaffe, 1992) and Tcj2 (Tibbetts et a/., 1998) are stress inducible. As 
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Y dj 1 is better characterized than its trypanosomatid protein orthologues, it is possible to 

make some putative extrapolations about the function and characteristics of the 12113 

proteins. Y dj 1 is involved in the translocation of proteins into the endoplasmic reticulum 

and mitochondria in S. cerevisiae (Caplan and Douglas, 1991; Caplan et al., 1992b; 

Atencio and Yaffe, 1992; Becker et al. , 1996). Deletion of Y dj l produces a severe 

growth defect at all incubation temperatures inS. cerevisiae, even though these cells are 

still viable (Sahi and Craig, 2007; Johnson and Craig, 2000; Caplan and Douglas, 1991 ). 

Data indicates that farnesylation of Y dj 1 is required for the correct function of Y dj 1 at 

elevated temperatures Caplan et a/., 1992a). Farnesylation of Y dj I also allows non­

membrane associated Y dj 1 to interact with cytosolic substrates such as prion proteins and 

suppress their toxicity (Summers et al., 2009). In addition, Y dj 1 is the most abundant 

Hsp40 found in the yeast cytosol (- 119000 molecules per cell). It is by far the most 

abundant cytosolic Type I Hsp40 in S. cerevisiae, with Apj 1 and Xdj 1 measured at 125 

and 1210 molecules per cell, respectively (Ghaemmaghami et a/., 2003; Sahi and Craig, 

2007). Y dJl generates and functions as a homodimer (Wu et al., 2005; Ramos et al., 

2008). It is therefore possible that J2 and 13 would show these simi lar characteristics in 

the trypanosomatid species. 
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CHAPTER3 
Analysis of the amino acids of the Tcj2 and Tcj3 J­
domains important for the interaction with Hsp70 

3.1) Introduction 

Hsp40 is known to regulate the Hsp70 chaperone cycle by physical interaction (Greene et al., 

1998; Hennessy et al., 2005b ). However, not all Hsp40s can form a functional interaction with 

all Hsp70s (Hennessy et al., 2005b; Genevaux et al., 2007). This is clearly illustrated by the 

ability of E. coli DnaJ to stimulate the A TPase activity of mammalian Hsc70, and by the 

inability of the human Hsp40 Hdj 1 to stimulate the A TPase activity of DnaK (Minami et a!., 

1996). In addition, it is known that E. coli DnaK can interact with the Hsp40 proteins DnaJ, 

CbpA and DjlA but not with HscB and other Hsp40s of the E. coli system (Genevaux et al., 

2007). 

Although other areas of interaction are thought to exist, the J-domain appears to be the 

predominant site of functiona l interaction between Hsp40 and Hsp70 (Kelley, 1998; Kelly 

1999; Hennessy et al., 2005b). As is the case for the full length proteins, not all J-domains are 

interchangeable. Dj!C, a Type Ill Hsp40 of E. coli normally interacts with HscC. The J-domain 

of this Hsp40 was unable to functionally replace the J-domain of E. coli DnaJ (Kluck et al., 

2002). Simian virus 40 (SV40) T antigen does not function when its J-domain is substituted for 

the J-domains of E. coli DnaJ or Y dj I (Sullivan et al., 2000). InS. cerevisiae, the J-domains of 

the yeast Hsp40s Sis l (Type II Hsp40) and Mdj 1 (Type I Hsp40) were unable to substitute for 

the J-domain of Sec63 (Type III Hsp40). However, Scj 1 (Type I Hsp40) was able to 

functionally substitute for the J-domain of Sec63 (Schlenstedt et al., 1995). As both Sec63 and 

Scjl are Hsp40s ofthe endoplasmic reticulum, while Sisl and Mdjl are localised to the cytosol 

of S. cerevisiae (Schlenstedt et al. , 1995), this implies that the determinants for the functional 

interaction between Hsp40s and Hsp70s are specialized within some of the subcellular 

compartments of eukaryotes. However, many J-domains can functionally substitute for each 

other. E. coli DnaJ J-domain, for example, can be substituted by that of Mdj 1 (Deloche et al., 

1997), DjiA (Genevaux et al., 2001), Hdj 1 and mammalian papovavirus T antigens (Kelley and 

Georgopoulos, 1997; Berjanskii eta!. , 2000). In addition, simian virus 40 Large T antigen J-
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domain has produced a functional chimera with the C-terminal region of Y dj I (Fewell et al., 

2002). In general it appears that J-domains of Hsp40s that interact with Hsp70s that are 

functionally equivalent are able to substitute for one another (Deloche et al., I997; Genevaux 

eta!. , 2001 ). 

The amino acids important for Hsp40 J-domain interaction with Hsp70 can be subdivided into 

two categories: 1) those amino acids that are important for maintaining the structural integrity 

of the J-domain; and 2) those amino acids that are important for the physical interaction with 

Hsp70 (Hennessy eta!., 2000). Some of those J-domain amino acids that have been implicated 

in the interaction between Hsp70 and Hsp40 are believed to be involved in defining which of 

the Hsp70s the Hsp40 is able to interact with (i.e. defines specificity), while others are believed 

to be involved in more standard contacts between the two molecules (Hennessy et a!., 2005a; 

Hennessy et al., 2005b; Hennessy et al., 2000). A growing amount of literature has identified 

key regions and amino acid residues that are required for a functional interaction with the 

partner Hsp70. It was predicted that Helix II, Helix III and the loop region between these 

helices of Hsp40 form the major surface of interaction between Hsp40 and Hsp70 (Greene et 

al, 1998; Landry et al., 2003; Hennessy et al., 2005b; Garimella et al., 2006). The net positive 

charge of Helix II has been hypothesized to interact with a negatively charged region on the 

A TPase domain of Hsp70 (Greene et al., I998; Gassier et al. , 1998). The most well 

characterized amino acids of Hsp40 required for a functional interaction with Hsp70 are 

located in the HPD tripeptide motif that is conserved among the large majority of Hsp40s 

(100% across the Type I and II proteins in a sample of over 200 Hsp40s)(Hennessy et al., 

2000; Hennessy et al., 2005b). Mutation of these amino acids abolishes the functional 

interaction of Hsp40 and Hsp70. (Wild et al., 1992; Szyperski et al., I994). Mutation of the 

histidine to a glutamine in this motif (I-133 in DnaJ and H34 in Y dj 1) resulted in the disruption 

of Hsp40 function (Kelley and Georgopoulos, 1997; Genevaux et al., 2002 [E. coli DnaJ 

H33Q]; Hennessy et al., 2005a [A. tumefaciens DnaJ H33Q]; Tsai and Douglas, I996 [Y dj I 

H34Q]; Genevaux et al., 2001 [DjlA-DnaJ chimera, H233Q]; Stubdal et al., 1997; Zalvide et 

al., 1998 [Simian virus 40 Large T antigen H42Q]; Fewell eta!., 2002 [Sv40 T-antigen-Ydjl 

chimera H42Q). Likewise mutation of the proline and the aspartic acid of the HPD motif 

results in a lack of functional interaction with Hsp70 (Genevaux et a!., 2002 [P34F and 
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P34/D35 deletion]; Genevaux et al., 2001 DjiA-DnaJ chimera [D235N]; Sullivan et al., 2000; 

Zalvide et al., 1998; Stubdal et al., 1997 [SV40 Large T-Antigen D44N]; Hennessy et al., 

2005a [A. tumefaciens DnaJ D35E]). The HPD motif was also found to be important in the 

stimulation of the A TPase domain of Hsp70 (Tsai and Douglas, 1996 (Y dj 1 ) ; Chamberlain and 

Burgoyne, 1997 (Csp); Yan et al., 2002 [P58IPK]). This conserved region in the Helix II/III 

loop that is essential for functional interaction with Hsp70/DnaK was proposed, by Genevaux 

and co workers, to include HPD(R/K)N based on their experiments with the Hdj 1 and E. coli 

DnaJ J-domains (Genevaux et al., 2002) 

Helix II of the J-domain has a predominantly positively charged solvent exposed face rich in 

lysine amino acids and the sequence of this domain is well conserved between organisms 

(Hennessy et a!., 2000). Amino acids of this helix that have been mapped as important for 

functional interaction with Hsp70 are Y25, K26 in E. coli DnaJ (Genevaux et a!., 2002) and 

R26 in A. tumefaciens DnaJ (Hennessy et a!., 2005a). A synergistic effect was observed with 

the double mutant KR26,27 AA in E. coli DnaJ which produced a greater inability to 

complement than K26 on its own, despite the phenotypically silent mutation of R27 A 

(Genevaux et a!., 2002). Hennessy and colleagues proposed that R26/K26 makes a network of 

interactions with DnaK/Hsp70 (Hennessy et al., 2005a). The same amino acids (Y24, R25, 

R26) showed the same importance in Hdj 1 J-domain-E. coli DnaJ chimera (Genevaux et al., 

2002). SV40 T antigen, a type Ill Hsp40, showed a requirement of other amino acids (L29, 

Y34 that are not equivalent positions to those of E. coli DnaJ) of the Helix II for restoration 

from heat sensitivity. The equivalent residues found to be important in E. coli and 

A. tumefaciens DnaJs were not tested (Fewell eta!. , 2002). 

In contrast to Helix II, Helix III contains an approximately equal number of negatively and 

positively charged amino acids and showed slightly lower sequence conservation, with the 

exception of the KFK tripeptide motif (Hennessy et al., 2000). The phenylalanine of this 

tripeptide is especially well conserved (Hennessy eta!., 2000). Substitution of this amino acid 

(F47) in A. tumefaciens DnaJ to a leucine prevented the proper functioning of this protein 

(Hennessy et al., 2005a). However, the F4 7 A substitution in E. coli DnaJ, F45A in the Hdj 1-

DnaJ chimera and F47L substitution inS. cerevisiae Ydjl removed the ability ofthese Hsp40s 
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to function (Genevaux et al., 2002; Johnson and Craig, 2000). Substitutions of the lysines 

flanking F47; (K48T,K46T) in A. tumefaciens DnaJ (Hennessy et al., 2005a) and E. coli DnaJ 

(Genevaux et a!., 2002) caused little if any detectable effect on the ability of these proteins to 

interact with E. coli DnaK. Other alanine scanning mutations of the Helix III also produced no 

functional difference from the wild type DnaJ (Genevaux et al. , 2002). In contrast, a more 

crucial role for Helix III has been demonstrated for the SV40 and Polyomavirus T-antigens 

(Garimella et al., 2006 and Genevaux et a/., 2003; Fewell et al., 2002). The lysines of the 

KMK motif (in place of the KFK motif), in addition to other amino acids of Helix III, were 

shown to be crucial in large T antigen function (Genevaux et al., 2003; Fewell et al., 2002). 

Garimella and colleagues confitmed that Helix III of the SV40 T antigen is important for its 

interaction with mammalian Hsc70 (Garimella et al., 2006). 

According to structural data, Helix I of the J-domain has a rigid and stable position relative to 

the other helices (Berjanskii et al., 2000; Cupp-Vickery and Vickery, 1997; Huang et al., 1998; 

Pellechia et al., 1996; Qian et al., 1996), and interacts with the back face of the helices II and 

III (Pellechia et a! 1996; Qian et a/., 1996). This helix is therefore believed to have a role in 

maintaining the structural integrity of the J-domain through interaction of conserved 

hydrophobic and aromatic amino acid residues with amino acids in Helix II and III (Hennessy 

et al., 2005a). Substitution of Y7 A and L 1 OA of A. tumefaciens DnaJ resulted in a loss of 

protein function (Hennessy et a!., 2005a). However, substitution of leucine residues to 

methionine, isoleucine and valine in SV40 large T antigen had no effect on its function (Li et 

al., 200 1). This was due to possible differences between the Helix I of the Type I and Type III 

J-domains. 

Helix IV of the J -domain is not as well conserved as the others and is even completely absent 

in some J-domains such as the SV 40 T antigens (Kim eta!., 200 I). Here a longer Helix III and 

extended loop region is thought to substitute for Helix IV (Genevaux et al., 2002). This helix is 

believed to be highly mobile and solvent exposed due to its low level of hydrophobic amino 

acid side chains (Hennessy et al., 2005b). However, its function is not very well understood. 

The QKRAA motif, found to be conserved in many prokaryotic J-domains, makes up the bulk 

of Helix IV in these organisms (Auger and Roudier, 1997). Genevaux et al found that the 
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amino acid residues of Helix IV did not appear to be essential for the functional interaction of 

E. coli DnaJ J-domain with Hsp70 (Genevaux et al. , 2002). However, mutation of residue R63 

to an alanine resulted in a lower ability of A. tumefaciens Dna] to complement for DnaJ 

deficiency in E. coli (Hennessy et al., 2005a). Helix IV of the J-domain has been proposed to 

specify which types ofHsp70s are bound by the Hsp40 (Hennessy et al., 2005b). D59A ofthe 

Helix III/IV loop also disrupted the functional interaction of A. tumefaciens DnaJ with E. coli 

DnaK, but no effect was observed with the conservative substitution D59N (Hennessy et al., 

2005a) or in the double substitution ofTD58,59AA in E. coli DnaJ (Genevaux et al., 2002). 

The structural stabilization of the J-domain helices in their relative positions is likely to be 

important for proper functional interaction of Hsp40 with Hsp70 (Hennessy et al., 2000). 19, 

LIO, Vl2, 121, A53 and L57 have been implicated in the structural stabilization of the E. coli 

DnaJ J-domain by forming a core of hydrophobic residues buried between the helices (Hill et 

al. , 1995; Pellechia et al., 1996; Szyperski et al., 1994). Other conserved residues L57, Ll 0 

and Y7 (Hennessy et al., 2000) have been suggested to be imp01tant in the structural integrity 

of the J-domain and are necessary for proper function of A. tumefaciens DnaJ (Hennessy et al., 

2005a). In A. tumefaciens DnaJ, according to computer homology modeling of A. tumefaciens 

DnaJ, Ll 0 interacts with Helix II amino acids and it is suggested that this is important in 

maintaining the stability of Helix II for its interaction with Hsp70. Y7 projects away from the 

J-domain but it was proposed that it could possibly interact with residues in helices l, II and III 

and possibly L57. L57 is thought to be a key residue in holding Helices II and III together 

(Hennessy et al., 2005a). F47 has also been implicated in a structural role. By interacting with 

the histidine of the HPD motif, it is thought to stabilize helices II and III (Hennessy et al., 

2000). 

An investigation of the amino acids of the J-domain important for the interaction between 

Hsp40 and Hsp70 has not been conducted on trypanosoma! Hsp40s. This chapter makes use of 

alanine scanning mutagenesis to determine if selected amino acids of the Tcj3 and Tcj2 J­

domains that are important for interaction with a partner Hsp70. The amino acids chosen for 

testing (Figure 3.3) are well conserved within J-domains across Hsp40s from different 

organisms and w ithin the Hsp40 types (1 to IV) (Hennessy et al., 2000; chapter 2 section 
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2.3.8 and 2.3.9). Conservation of amino acids in a sequence implies an importance in the 

maintenance of structural and/or functional integrity (Hennessy et al., 2005b). The selected 

amino acids did not only show high levels of conservation within various J-domains, but have 

also been shown to be of functional importance in other Hsp40s (Hennessy et al., 2005a; 

Genevaux et al., 2002). The lack of a readily accessible laboratory culture of Type I Hsp40 

deficient T cruzi or T brucei prompted experiments to be conducted in S. cerevisiae 11160 

(Johnson and Craig, 2000), which is a Y dj 1 deficient strain. The absence of Y dj I within 

S. cerevisiae cells results in a strain that is viable, but sensitive to high temperatures, unlike 

Sis 1 deficiency that causes inviabi lity (Johnson and Craig, 200 I). Y dj I deficient strains grow 

poorly at 30 ·c (which is classed as the optimal growth temperature for S. cerevisiae) and do 

not grow well in liquid media (Caplan and Douglas, 1991; Atencio and Yaffe, 1992; Meacham, 

et al., 1999; Johnson and Craig, 2000). This strain is therefore frequently incubated at 

temperatures between 23 ·c and 25 ·c (Edkins et al., 2004; Johnson and Craig, 2000). The 

importance of prenylation in Tcj2 and the loss of the terminal glycine in its zinc finger like 

region for Tcj2 function was also assessed in S. cerevisiae JJ 160 through amino acid 

substitutions. As was mentioned in chapter 1 (section 1.6.1.3), some Type I Hsp40s lack the 

tenninal glycine in some of the CxxCxGxG repeats. A lysine or arginine has most often been 

found at this position (Martinez-Yamout et al., 2000). Although, the glycines of the ZFLR 

repeats do not seem to be involved in the coordination of the z inc atoms, they do appear to be 

important for the overall structure of the ZFLR and it appears that only one of the glycines per 

Zinc Binding Domain can be substituted and maintain the correct structure of the domain 

(Martinez-Yamout et al. , 2000). 

It was questioned if the same amino acids required for interaction of a type I Hsp40 J-domain 

w ith the S. cerevisiae ( eukaryotic) Hsp70 Ssa 1 would also be required for interaction with 

E. coli DnaK ofthe prokaryotic system. In order to assess this, a DnaJ/CbpA deficient strain of 

E. coli (00 259) (De loche et a!., 1997) was used to test the effect of these same alanine point 

substitutions in the J-domain of Tcj3 on the interaction with DnaK. E. coli 00259 is a DnaJ 

and CbpA deficient strain of E. coli that is sensitive to temperatures above 37 ·c and below 16 

·c. It is therefore often cultured at 30 ·c, unlike the wild type E. coli that grows optimally at 

37 ·c (Deloche et al., 1997; Hennessy et al., 2005a). The use of E. coli and S. cerevisiae 
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reporter systems to assess the importance of various amino acids in the J-domains of 

heterologous organisms has been successful in other studies (Genevaux et al., 2002; Genevaux 

et al., 2003; Fewell et al., 2002). In addition, the culture of these organisms is less complicated 

and potentially less hazardous than T cruzi or T brucei. 

The objectives of this chapter were to: 

I) Test the ability ofTcj2, Tcj3 and mutants of these proteins to functionally substitute for 

Ydjl. 

2) Examine the ability of a eukaryotic J-domain to functionally replace a prokaryotic J­

domain in the prokaryotic system. 

3) Investigate the effect of prenylation on the in vivo function of Tcj2 using a Y dj 1 

deficientS. cerevisiae system. 

3.2) Materials and Methods 

3.2.1) Construction of plasmids used during the course of this study 

3.2.1.1) Construction of pKG6Tcj2 (Figure 3.2) 

Tcj2 was PCR amplified from the original pET28aTcj2 construct kindly supplied by Dr David 

Engman (North Western University Medical School, Chicago USA) using the Expand High 

Fidelity PCR kit (Roche) (Appendix C.1.15), with oligonucleotide primers Tcj2F and Tcj2R 

(Appendix A table A2) with EcoRI and Xhoi restriction endonuclease recognition sites 

attached to the forward and reverse primers respectively. The fragment was ligated into 

pGEM-T Easy (Appendix C.1.14) shuttle vector. Putative pGEM-T Easy-Tcj2 plasmids were 

isolated from E. coli transformants (Appendix C.1.8) and screened by restriction endonuclease 

digestion to release the Tcj2 insert with EcoRI and Xhoi. A bulk digestion of pGEM-T Easy 

Tcj2 was then used to excise the Tcj2 coding sequence with EcoRI and Xhoi, which was 

subsequently resolved on a 1% agarose gel (Appendix C.1.9). The band corresponding to the 

Tcj2 coding sequence was excised and purified from the agarose (Appendix C.1.10). The Tcj2 

fragment was ligated into EcoRI and Xhoi linearised pKG6 (A kind donation from Dr Petra 

Gentz, Department of Biochemistry, Microbiology and Biotechnology, Rhodes University, 

South Africa) that had been treated with shrimp alkaline phosphatase (Roche) (Appendix 

C.l.l2). Putative pKG6Tcj2 plasm ids were isolated from E. coli JM 109 transformants and 
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screened for the Tcj2 insert with EcoRJ and Xhol. The identity and nucleotide sequence of the 

coding region of Tcj2 was confirmed by chain-termination based cycle sequencing (Appendix 

C1.16). 

3.2.1.2) Construction of pKG6Tcj3 (Figure 3.2) 

Tcj3 was cloned into pKG6 in the same manner as Tcj2, but the restriction enzymes BamHI 

and EcoRI were attached to the PCR primers (Tcj3F and Tcj3R) (Appendix A Table A2) and 

the coding sequence was amplified from pET23bTcj3 kindly supplied by Dr David Engman 

(North Western University Medical School, Chicago USA). 

3.2.2) Generation of mutants by site directed mutagenesis 

Point mutations were generated in the J-domains ofTcj2 and Tcj3 according to the protocol for 

rational site directed mutagenesis outlined in Appendix C.l.l6. 

3.2.3) In vivo complementation with Escherichia coli OD259 

3.2.3.1) pQE30Tcj3-Agt expression vector 

This plasmid (Figure3.1) consists of the pQE30 expression vector (Qiagen, USA) containing 

the coding region for the chimera of the Tcj3 J-domain and the remaining domains of 

A. tumefadens Dnal (excluding its J-domain). The Tcj3 J-domain coding region is located 

between the BamHI and BstBI restriction sites, while the coding region for the A. tumefaciens 

DnaJ portion of the chimera is between the BstBI and Hindiii restriction enzyme sites. The 

expression of the chimera is controlled by the Lac promoter and is inducible with IPTG. This 

vector contains an ampicillin resistance selection marker. This plasmid was kindly donated by 

Dr Aileen Boshoff (Dept. of Biochemistry, Microbiology and Biotechnology, Rhodes 

University, South Africa). 
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Figure 3.1: Map of the pQETcj3-Agt prokaryotic expression vector. The Tcj3-J-domain coding 
region, shown in blue, forms a chimera with the coding region for the remaining domains of A. 
tumefaciens Dnal (excluding the J-domain). A His-tag attached to the 5' end allows for easy 
detection of protein by Western blot using anti-His antibodies. The backbone of the plasmid comes 
from pQE30 (Qiagen, USA) expression vector system. A coding sequence for ~-lactamase 

{Ampicillin R) acts as the selective marker for the plasmid. 

3.2.3.2) In vivo complementation of Tcj3-A. tumefaciens DnaJ Chimera (Tcj3-Agt) E. coli 

00259 

E. coli 00259 (MC41 00 araDJ39 t:.ara714 t:.CbpA::kan dnaJ::Tn 1 0-42) (Deloche et al., 

1997) was kindly donated by Dr Olivier Deloche (Departement de Biochemie Medicale, Centre 

Medicale Universitaire, Faculte de Medicine, Universite de Geneve, Geneva, Switzerland). 

This strain of E. coli is temperature sensitive and is unable to grow above 37 ·c and below 

16 ·c. Fresh transformants (for preparation of transformation competent cells, see Appendix 

C .l.l) of E. coli 00259 were inoculated into 5 ml of YT broth containing kanamycin 

(50 f.i.g/ml final concentration) for selection of the DnaJ and CbpA deficient strain (00259) and 

Ampicillin (1 00 J.lg/ml final concentration) selection for the pQE30 expression vector. These 

starter cultures were incubated at 30 ·c with shaking overnight and inoculated into 50 ml YT 

broth containing the same antibiotics and incubated at 30 ·c until the cultures reach an A600 
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of 1.8 to 2 absorbance units. A portion of these cultures was diluted using sterile YT broth to 

an A6oO of 0.2 absorbance units in a final volume of 1 mi. Five 1 0-fold dilutions (1 o·I' 10"2' 1 o· 
3

, 10-4, 10"5) of the culture were made. A 2 fll sample of each of these dilutions was spotted 

onto kanamycin (50 flg/ml), ampicillin (1 00 flg/ml) and IPTG (50 f!M) containing YT agar 

plates in increasing order of dilution. The spots were allowed to dry and the plates sealed with 

parafilm, prior to incubating replicate plates at 15 "C, 30 ·c, 40 ·c and 42 ·c for 12 to 24 

hours. Data was collected by scanning the agar plates on a digital image scanner. 

3.2.3.3) Verification of expression of the various proteins in E. coli OD259 

The cells from 1 ml of the complementation flask culture were harvested by centrifugation. 

The cells were resuspended in a volume of phosphate buffered saline (PBS) (pH 7.4, 137 mm 

NaCl, 2.7 mM KCI, 10 mM Na2HP04, 2 mM KH2P04) to equalize the concentration of cells in 

each culture (the formula: A6oonm10.5 x 150 fll = volume of PBS, was used to determine the 

volume of PBS to add). SDS-PAGE loading buffer (20 f!l) (50 mM Tris-HCI pH 6.8, 25% 

glycerol, 2% SDS 0.001% bromophenol blue) was added to 40 fll of the PBS resuspended 

cells. These samples were boiled in a boiling water bath for 10 minutes and loaded on a 

discontinuous SDS-PAGE gel (Appendix C.1.3). Western blot analysis (Appendix C.1.4) was 

used to detect the His-Tcj3-Agt protein chimera in these E. coli 00259 cultures, using mouse 

anti-his antiserum as the primary antibody (1 :5000) and a horse radish peroxidase conjugated 

goat anti-mouse IgG secondary antibody (1 :5000) (Appendix C.l.S). 

3.2.4) In vivo complementation with Saccharomyces cerevisiae Ydjl deficient strain 

(JJ160) 

S. cerevisiae 11160 (mat o. trpl-1 ura3-lleu2-3,112 his3-11,15 ade2-J canl-100 GAL2+ met2-

L1llys2-L12 ydjl::HJS3) (Johnson and Craig, 2000) was a kind donation of Dr Elizabeth Craig 

(University of Wisconsin Medical School, USA). These cells are able to grow at 23 ·c, but are 

sensitive to higher temperatures. They were used to dete1mine the ability of Tcj2 and Tcj3 to 

complement for the lack of the Type I Hsp40 Y dj 1 in a heterologous eukaryotic system. The 

JJ160 strain was grown in yeast minimal medium (YMM) supplemented with 0.2% Adenine, 

0 .2% Tryptophan, 0.2% Methionine, 1% Leucine and 0.2% Uracil. Omission of Histidine from 
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the growth medium selects for the gene insertion that inactivates the Y dj I gene in S. cerevisiae 

JJ 160, while the carbon source for maintenance of the strain was 2 % glucose. 

3.2.4.1) Vectors for expression ofTcj2 and Tcj3 in Saccharomyces cerevisiae 

The positive control plasmid pRS317-Y dj l (a kind donation of Dr Elizabeth Craig, University 

of Wisconsin Medical School, USA) contains the gene for Y dj 1, thus restoring S. cerevisiae to 

a non-temperature sensitive strain. It contains a gene for synthesizing lysine, allowing 

S. cerevisiae JJ 160 to grow on yeast minimal medium (YMM) lacking the amino acid (See 

section 3.2.4.2). The pKG6Tcj2 and pKG6Tcj3 expression vectors contain the Ura3 gene and 

S. cerevisiae cells containing them were selected on YMM lacking uracil. Expression of Y dj 1, 

Tcj2 and Tcj3 are regulated by the gal promoter which is induced by galactose in the growth 

medium. Therefore, growth of the cells in a medium containing glucose did not induce 

expression ofthe Ydj1 , Tcj3 and Tcj2 coding sequences. 
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Figure 3.2: The plasmid maps of pKG6Tcj2 and pKG6Tcj3. These plasmids contain the coding sequence 
for Tcj2 (cloned into the plasmid with EcoRl and Xhol restriction enzymes) and Tcj3 (cloned into the plasmid 
with BamHI and EcoRl restriction enzymes) respectively. pKG6 is a yeast expression vector that contains the 
coding sequence for Uracil (URA3) which acts as a selective marker in yeast cells. In addition, the plasmid 
can be propagated in prokaryotes and contains a coding sequence for ~-lactamase (Ampicillin R) which acts as 
a selection marker in prokaryotic cells. Expression of Tcj2 and Tcj3 is induced by the presence of galactose in 
the growth medium. 
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3.2.4.2) Generation of transformation competent cells of Saccharomyces cerevisiae JJ160 

and transformation of these cells 

Transformation competent S. cerevisiae JJ 160 were produced using the Frozen-EZ Yeast 

Transformation u™ kit (Zymo Research, USA) as per the manufacturers instructions. A 10 ml 

culture was prepared on YMM [Glucose, HIS-, Ade+, TRP+, MET+, LEV, LYSl by 

incubating with shaking at 23 ·c until an A600 nm of 0.8-1.0 absorbance units. The cells were 

harvested by centrifugation at 500 x g for 5 minutes and resuspended in 10 ml of EZ 1 solution. 

After a second centrifugation of 500 x g for 5 minutes, the cells were resuspended in 1 ml of 

EZ 2 solution and aliqouted into 60 111 aliquots and allowed to freeze gradually in a -80 ·c 
freezer. 

To transform these competent cells, 15 111 of competent cells were added to 300 ng plasmid 

DNA. EZ 3 solution (150 Ill) was then thoroughly mixed with the cells and DNA and the 

mixture was incubated at 23 ·c for 1 hour mixing by brief vortexing every 15 minutes. The 

cells (150 Ill) were spread onto the relevant selective YMM glucose for each plasmid, allowed 

to dry and incubated for 2 to 4 days. 

3.2.4.3) In vivo complementation ofTcj3 and Tcj2 in Saccharomyces cerevisiae (JJ160) 

pRS317-Ydj1 (the control plasmid containing the coding sequence for Ydjl), pKG6Tcj2, 

pKG6Tcj3 and their respective mutations were transformed into S. cerevisiae JJ 160 and 

incubated on glucose yeast minimal medium (YMM) agar plates at 23 ·c for 2 to 4 days. 

Colonies were picked and patched onto fresh glucose YMM agar plates and incubated at 23 ·c 
for 2 to 3 days. These patches were then harvested into 1 ml of liquid YMM and vortex mixed 

until a homogenous suspension was generated. A 1 in 100 dilution of each was measured at 

A6oonm to estimate the volume required to inoculate an equivalent number of cells into 100 ml 

of liquid YMM containing galactose. These cultures were incubated at 23 ·c with shaking until 

they reached mid log phase (A6oonm of 3 to 4 absorbance units). Culture cell densities were 

diluted to an A600 nm of 0.2 absorbance units in a final volume of lml in microcentrifuge 

tubes. Five serial dilutions (10-1, 10-2, 10-3, 10-4
, 10-5) each in a final volume of 1 ml were 

made, and 10 J •. d of each (including the 100 dilution solution) were spotted onto galactose 

YMM agar plates. After the spots had dried, replicate plates were incubated at 23 ·c, 28 ·c, 
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30 ·c, 32 ·c, 34 ·c and 37 ·c for 3 to 5 days. Data was recorded by scanning the plates on a 

digital image scanner. 

3.2.5) Verification of expression of the parasitic Hsp40s and their mutants in S. cerevisiae 

The cell densities of the S. cerevisiae cultures expressing Tcj3, Tcj2 and their mutants were 

equilibrated to an A600nm of 4.0 absorbance units. The cells from 90 ml of each culture were 

harvested by centrifugation and resuspended in 5 ml of 100 mM Tris-S042
- (pH 9.4) with 

I 0 mM OTT prior to incubation in a 30 ·c water bath for 10 minutes with gentle agitation. 

These cells were subsequently separated from the solution by centrifugation at 2000 x g for 5 

minutes at 4 ·c. The cell pellets were resuspended in 2.5 ml of PBS/Sorbitol buffer (155 mM 

NaCI, 25 mM Na-phosphate buffer [pH 7.3], 1.1 M sorbitol). The yeast cell walls were 

removed by addition of 50 ~I (10 mg/ml) zymolyase (100 000 U/g; MP Biomedicals, LLC.) 

and incubated at 30 ·c for 2 hours with gentle agitation. Protease inhibitor cocktail (200 f.ll) 

(Roche complete EDTA-free protease inhibitor cocktail [25 x stock solution made up in 

PBS/Sorbitol buffer]) was also added with the zymolyase. Spheroplasting of the yeast cells was 

confirmed using light microscopy and then Tween 20 (0.2% final concentration) was added to 

the spheroplasts and incubated on ice for 1 hour. Each cell lysate (200 ~I) was added to 40 J..ll 

SDS-PAGE loading buffer (0 .0625 M Tris-HCI pH 6.8, 10% glycerol, 2% SDS, 2% P­
mercaptoethanol, 0.05% Bromophenol blue) and boiled for 10 minutes. The whole cell lysates 

(20 ~I) were resolved on an SDS-PAGE gel (Appendix C.1.3) and blotted onto a nitrocellulose 

membrane (Appendix C.1.4). The anti-Tcj3 peptide polyclonal rabbit antibody (Chapter 2 

section 2.3.11) was used to detect Tcj3 proteins within the lysates (1 :5000 dilution) using the 

chemiluminescent based immunodetection technique (Appendix C.1.5). Tcj2 protein was 

detected in the lysates using anti-Tcj2 peptide polyclonal rabbit antibody (1 :5000 dilution), 

raised from a region of the C-terminus of Tcj2 (Edkins et a!., 2004), also using 

chemiluminescent based immunodetection (Appendix C.1.5). 
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3.3) Results 

3.3.1) Comparison of the Tcj2, Tcj3, Y djl and Agrobacterium tumefaciens J-domains 

Homology models ofthe Tcj2, Tcj3 and Ydjl J-domains were prepared in chapter 2 (Section 

2.3.10). In Figure 3.3 A, B, C and D the predicted positions and orientations of the amino 

acids substituted by alanine or glutamine in the J-domain are shown (Y8A, L 11 A, R27 A, 

H34Q, K37A, F47A, L57A, D59A and R63A in Tcj2. Y8A, LilA, R27A, H34Q, K37A, 

F48A, L58A, D60A and R64A in Tcj3). The amino acids that were chosen for substitution in 

this study all displayed similar locations and orientations relative to the rest of the J-domain in 

all three models, including the crystal structure of E. coli Dnal (Pellechia et al., 1996; 

lXBL.Pdb).The hydrophobic amino acid residue LilA (LIOA in E. coli DnaJ) projects out of 

Helix I towards the rear face of Helices II and III. Y8A, though partially solvent exposed, is 

postulated to make contacts with other residues of Helix I, II III or L57 (Hennessy et al., 

2005a). The selected amino acids of helices II and III and the interhelical loop region (R27 A, 

H34Q, K37A and F47A) all project out of the face ofthe J-domain and are likely to be at least 

partially solvent exposed. F47 A is potentially partially shielded from the aqueous environment 

by the adjacent lysine residues of the KFK motif. The hydrophobic L57 amino acid residue 

projects from Helix III towards Helix II and has been previously suggested to make contacts 

with amino acids of this helix (Hennessy et al., 2005a). In the Helix III/IV loop, aspartic acid 

59 (E. coli numbering) is negatively charged and in the Helix IV, arginine 63 is positively 

charged. Both appear solvent exposed according to the various homology models, but R63 

projects over the helices 1, II and III. 

A comparison of the primary amino acid sequence of the J-domains of Tcj2, Tcj3, Y dj 1, 

A. tumefaciens Dnal and E. coli DnaJ (Figure 3.3E) showed that the amino acids chosen for 

substitution with alanine were completely conserved across these proteins. The E. coli 

sequence has a lysine instead of an arginine at position 26 (position 27 for Tcj2, Tcj3 and 

Ydjl) and an arginine instead of a lysine at position 36 (position 37 for Tcj2, Tcj3 and Ydjl). 

Arginine and lysine are both basic and positively charged amino acids of similar size and 

structure. It is therefore likely that these differences in the E. coli sequence to the other 

sequences should produce minimal difference in the overall structure and function of these ]­

domains. 
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Figure 3.3: Ribbon representations of homology models of the J-domains of Tcj2 (A), Tcj3 (B) and Ydjl (C) and crystal 
structure of E. coli DnaJ (D) (1 XBL.pdb; Pellechia el at., 1996). The amino acids that were mutated in this study are 
highlighted in red and green. All except H34 were mutated to an alanine (H34 was mutated to glutamine). Modeling produced 
using modeler (See chapter 2 section 2.3.1 0) and the model structure was visualized using Pymol (Delano, 2002).E) Alignment 
of the Tcj2, Tcj3, Y dj I. A. tumefaciens DnaJ (Agt) and £. coli DnaJ (£. coli). A consensus sequence is shown below the 
alignment. ·• · indicate 100% identity across the alignment, while·: 'and·.· indicate partial matches across the sequences. The 
amino acids that were mutated in Tcj2 and Tcj3 are indicated with red background shading. The black background shading 
indicates identical amino acids at that position in the various sequences, while grey shading shows amino acids that are similar 
at the same position in the various sequences. The amino acids that form the a-helices I-IV are indicated below the alignment. 
The sequence alignment was produced using Bioedit (Hall, 1999). 
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These sequences showed a high level of sequence identity at the C-terminus of Helix II and N­

terminal side ofthe loop between Helix II and III. Although, Helix II of the J-domain showed a 

low level of identity across all the sequences, a high level of amino acid sequence similarity 

was observed. The sequences of the Helix IV in the ]-domains of eukaryotic origin (Tcj2, Tcj3 

and Ydjl) do not contain the QKRAA motifthat is found in Helix IV of most prokaryotic DnaJ 

proteins (Auger and Roudier, 1997). Instead, the eukaryotic sequences in this alignment had a 

conserved EKR motif. The lysine (K) and arginine (R) are conserved across all sequences, and 

the glutamic acid (E) is similar to glutamine (Q) in terms of size and structure. However, E wi ll 

be negatively charged at pH 7, while Q wi ll be neutral but polar. 

3.3.2) Tcj2 and selected J-domain point mutants can functionally replace Y djl in 

S. cerevisiae 

The fact that Tcj2 and Y dj I are homologues based on their amino acid sequence similarity and 

identity (Chapter 2 section 2.3.7 and 2.3.9), presented the S. cerevisiae Y dj l knockout strain 

(JJ160 [Johnson and Craig, 2000]) as an ideal system to study Tcj2 function in vivo, owing to 

the lack of access to a laboratory colony of T cruzi for such studies. Plasmid expression 

vectors containing Y dj 1, Tcj2 and Tcj2 mutant proteins were transformed into S. cerevisiae 

JJ160 and tested for their ability to substitute for the absence ofYdjl in this yeast strain under 

normal and heat stressed conditions. These experiments were performed three times in order to 

assess the reproducibility of the data. The positive and negative controls for in vivo 

complementation in S. cerevisiae JJl60 (Figure 3.4) use different selective growth media in 

relation to the cells containing the pKG6 expression vector. The Y dj l expression vector as the 

positive control has a lysine selective marker and the JJl60 strain has a histidine selective 

marker, that requires deficiency of these amino acids in the growth medium, while pKG6 

selection requires a uracil deficiency in the growth medium. pKG6-Tcj2 (wild type Tcj2) and 

pKG6 vector alone control could therefore be better respective positive and negative controls 

for this study. Both showed results consistent with those observed in Edkins et al. (2004). 

All S. cerevisiae cultures produced colonies even at the highest dilutions when incubated at 23 

·c with the exception of the JJ160 strain on its own. This could be indicative of the different 

growth medium required for selection of the S. cerevisiae strain without expression vector 
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selection. When incubated at 30 ·c, which is accepted as the optimal growth temperature of S. 

cerevisiae (Johnson and Craig, 2000), the cultures not expressing proteins that are able to 

substitute for Y dj 1 show a decrease in cell viability relative to the cell line in which Y dj l was 

restored (positive control) and the cells expressing Tcj2 wild type. The distinction between the 

ability and inability to functionally substitute for Y dj 1 is a lot clearer at 32 ·c. The various 

proteins were also expressed inS. cerevisiae at 34 ·c and 37 ·c (data not shown), but even the 

positive control was showing signs of failure to maintain cell viability at the higher cell 

dilutions. This showed that even Ydj l was not able to completely rescue the cells from heat 

stress at these temperatures. 
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10·3 
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Figure 3.4: In vivo complementation data showing the ability of Tcj2 and Tcj2 mutants to functionally 
replace Ydjl inS. cerevisiae JJ160. The temperatures used to incubate the yeast cells is indicated to the left of the 
panels. The dilutions of the yeast cultures are indicated to the right of the panels, starting from an A600nm of 0.2 

Absorbance units optical density (I 0°). The expression of these various mutants was analysed using Western 
blotting (WB), with Tcj2 C-terminal peptide polyclonal antibody (I :5000 dilution) as primary antibody (Edkins et 
a/., 2004). The GE Healthcare, Amersham ECL advance kit horse radish peroxidase labeled anti-rabbit IgG ( I :5000 
dilution) was used as secondary antibody. The expression of Y dj I (not detemined [NO]) was not assessed as there 
was no antibody for Ydjl available. Ydjl (Ydjl on the figure) was used as a positive control, while the cells alone 
(JJI60) and vector alone (pKG6) were used as negative controls. Tcj2 wt is the wild type full length Tcj2. Y8A, 
LilA, R27A, H34Q, K37A. F47A, L57A, D59A and R63A indicated the point mutants of the J-domain that were 
used in each column on the figure. Apart from these point mutations. the mutant proteins were identical to Tcj2 wt. 
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Tcj2 Y8A was able to complement for Y dj I deficiency almost as well as the wild type Tcj2, 

but Tcj2 L 11A showed only a partial complementation at 30 ·c, which failed completely at 

32 ·c. Tcj2 R27A (Helix II), Tcj2 H34Q (Loop between Helix II and III) and Tcj2 F47A 

(Helix III) were all unable to complement for Ydj1 deficiency. K37A was able to complement 

at 30 ·c but only showed a partial complementation at 32 ·c. Tcj2 L57 A, Tcj2 D59A and 

Tcj2 R63A all complemented as well as wild type Tcj2. Despite the lack of expression 

confirmation for Tcj2 L57 A , its ability to complement for Y dj 1 as well as wild type Tcj2 

indicates that Tcj2 L57 A was produced, but at undetectable levels. The same can be argued for 

Tcj2 K37 A and its partial complementation, except that the low levels of expression could 

have resulted in the lower ability of this Tcj2 mutant to complement for Y dj 1 deficiency. 

The S. cerevisiae strains that did not complement showed a slightly slower growth rate even at 

23 ·c, which manifested as smaller individual colonies in the dilutions I o-2 and 1 o-3
. The I 0° 

cell culture spot of the negative controls and cultures expressing proteins that do not 

complement for Y dj 1 deficiency still displayed growth even at 32 ·c. This is possibly due to a 

cell density effect, where a high cell density shields cells from the effect of increased 

temperature. Alternatively, a high cell density could allow cells to multiply to a visible patch 

before the adverse effects of temperature stress are manifested in lack of growth. The cell 

density effect has been observed in other studies (Hennessy et al. , 2005a; Genevaux et al., 

2002; Johnson and Craig, 2001 . 

3.3.3) Tcj3 and selected mutants can functionally replace Y dj 1 in S. cerevisiae 

S. cerevisiae JJ160 was also used to study the J-domain of Tcj3, due to the lack of a T cruzi 

laboratory culture and the fact that Tcj3 and Y dj 1 are both type I Hsp40s. Plasmid expression 

vectors containing Y dj 1, Tcj3 wild type and Tcj3 mutant coding sequences were transformed 

into S. cerevisiae JJ 160 to assess their ability to compensate for Y dj 1 deficiency (Figure 3.5). 

These experiments were repeated at least three times to ensure reproducibility of the data. The 

Y dj 1 expressing positive control and the strain alone negative control show similar results to 

Tcj2 and indicate that the JJ160 strain was still functioning correctly. The various incubation 

temperatures show the same trend as for the Tcj2 complementation data (Figure 3.4). All cell 
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cultures were able to survive with an incubation temperature of 23 ·c. The inability to 

complement for Y dj I deficiency becomes evident at the normal S. cerevisiae growth 

temperature of 30 ·c and becomes clearer at 32 ·c. Tcj3 wild type protein was able to 

complement for lack of Y dj 1 even under heat stress, while the vector control (pKG6) showed 

the same result as for the replicate shown in the Tcj2 complementation data (Figure 3.4). 
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Figure 3.5: In vivo complementation data showing the ability ofTcj3 and Tcj3 mutants to functionally replace 
Ydjl in S. cerevisiae JJ160. The temperatures used to incubate the yeast cells are indicated to the left of the panels. The 
dilutions of the yeast cultures are indicated to the right of the panels, starting from an A600nm of 0.2 Absorbance units 

optical density (I 0°). The expression of these various mutants was analysed using Western blotting (WB), with Tcj3 C­
terminal peptide polyclonal antibody (I :5000 dilution) as primary antibody (See chapter 2 section 2.3. 11 for the design of 
the peptide). The GE Healthcare, Amersham ECL advance kit horse radish peroxidase labeled anti-rabbit IgG (I :5000 
dilution) was used as secondary antibody. ··ND'' shows that expression for these particular proteins was not determined. 
The complementation of Y dj I (Y dj I on the figure) was used as a positive control, while the cells alone (JJ 160) and vector 
a lone (pKG6) were used as negative controls. Tcj3 wt is the wild type full length Tcj3. Y8A. LilA, R27A, H34Q, K37A, 
F47 A, L57 A, D59A and R63A indicated the point mutants of the J-domain in Tcj3 that were used in each column on the 
figure. Apart from these mutations, the proteins were the same as Tcj3 wt protein. The alignment compares the J-domains 
ofTcj2. Tcj3 and Ydj I and the amino acids substituted for alanine or glutamine are highlighted in red. ·•· = I 00% identity 
and · .' = partial match across the sequences. The alignment was produced using Bioedit (Hall, 1999). 
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Tcj3 Y8A showed a loss of compensation for a lack of Ydjl, while Tcj3 LilA was able to 

compensate for Ydjl deficiency as was wild type Tcj3. The expression of Tcj3 Y8A was not 

detected using Western blot and could indicate that the lack of complementation is due to a 

lack of expression of the mutant protein. Tcj3 R27 A, Tcj3 H34Q, Tcj3 K37 A and Tcj3 F48A 

were all unable to compensate for Y dj 1 under heat stress. The expression of Tcj3 H34Q was 

not determined and therefore little conclusion can be drawn from its lack of complementation. 

As with all the other mutations, the Tcj3 H34Q mutation was confirmed with restriction 

endonucleases and sequencing (data not shown). The band recognised by anti-Tcj3 in the 

expression confirmation of Tcj3 K37 A was slightly larger than the bands of other Tcj3 proteins 

that were expressed. As was seen in mutations of Helix III C-terminal end and Helix IV of the 

J-domain in Tcj2 (L57 A, D59A and R63A), the same mutations in Tcj3 (L58A, D60A and 

R64A) produced no loss of functional complementation for Y dj 1 deficiency by Tcj3. All three 

of these mutations of Tcj3 were confirmed to be expressed. The complementation experiments 

of Tcj3 and its mutants in S. cerevisiae JJ160 were repeated at least three times to ensure 

reproducibility of the data. 

3.3.4) The Tcj3 J-domain is able to functionally replace Agrobacterium tumefaciens DnaJ 

J domain in a Tcj3-J-Agrobacterium tumefaciens DnaJ chimera. 

The Tcj3 full length protein was unable to complement for the lack of DnaJ and CbpA in 

E. coli 00259 (Data not shown). It was therefore decided to use a chimera of the Tcj3 J­

domain and A. tumefaciens DnaJ (excluding the A. tumefaciens DnaJ J-domain) (Tcj3-Agt) to 

assess the effect of point mutations in the Tcj3 J-domain on the ability of Tcj3-Agt to 

functionally replace E. coli DnaJ and CbpA (Nicoll et al., 2007). 

For this set of experiments, A. tumefaciens DnaJ wild type and the A. tumefaciens DnaJ H33Q 

mutant were used as the positive and negative controls respectively (Figure 3.6). 

A. tumefaciens DnaJ has been shown to complement for the lack of E. coli DnaJ and CbpA, 

while the H33Q mutant of this protein does not (Hennessy et al. , 2005a). The expression of all 

proteins that were tested showed no inhibitory effect on the growth of E. coli OD259 when 

grown at 30 ·c, which is the permissive growth temperature of this E. coli strain (Deloche et 

al., 1997; Hennessy et al., 2005a). Growth of these cells at 40 ·c showed a distinct difference 
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Figure 3.6: In vivo complementation data testing the effect of mutants in the J-domain of Tcj3 on the 
ability of the chimera of Tcj3-J-domain and A. tumefaciens DnaJ C-terminal domains (Tcj3Agt) to 
substitute for DnaJ/CbpA in E. coli OD259. The temperature of incubation of each dilution series is shown 
to the left of the photo panels and the dilution series, starting from an A6oonm of0.2 Absorbance Units (10°) is 

shown on the right. The amino acid substitutions were all in the J-domain of Tcj3Agt. All agar plates used in 
this experiment contained 50 11M IPTG. Expression analysis by Western blot is shown in the lowest panel of 
the figure (WB). The alignment compares the amino acids of the J-domains ofTcj3 and A. tumefaciens DnaJ. 
The amino acids substituted for alanine or glutamine are highlighted in red. '* ' = 100% identity and 
' :' or ' . ' = partial match across the sequences. The alignment was produced using Bioedit (Hall, 1999). 
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between those proteins that are able to complement and those that are not, with the exception 

of Tcj3Agt-Y8A, Tcj3Agt-L58A and Tcj3Agt-R64A, which show partial complementation at 

this temperature. When the cells were incubated at 42 ·c, only the positive control, Tcj3-Agt 

wild type protein, Tcj3-Agt F48A and Tcj3-Agt 060A were able to complement for 

DnaJ/CbpA deficiency. The pattial complementation observed in Tcj3Agt-Y8A, Tcj3Agt­

L58A and Tcj3Agt- R63A suggested that these mutant proteins were partially functional and 

that the substituted amino acids were not critical for the functional interaction with OnaK 

under these stress conditions. However, as the stress increased at 42 ·c, these mutant proeins 

were no longer able to reverse the thermosensitivity of E. coli 00259, suggesting that the 

substituted residues were functionally and/or structurally important at this increased stress 

condition. 

Incubation of the various cultures of E. coli OD259 expressing the test proteins at 15 ·c, 
showed that those cultures that were able to complement at 42 ·c grew better than those that 

were unable to complement at 42 ·c. This possibly indicates a role of the functional 

Hsp40/Hsp70 interaction in suppressing the effects of cold shock in E. coli 00259. Other 

OnaJ/CbpA deficient strains of E. coli have displayed the same phenomenon (Genevaux et al., 

2003; Genevaux et al., 2002). Tcj3-Agt-F48A does not show any growth rate advantage at 

15 ·c, which possibly indicates the slightly lower efficiency of complementation for 

OnaJ/CbpA relative to Tcj3-Agt wild type and Tcj3-Agt 060A. This can also be seen in the 

cell density colonies in the spots of the 42 ·c dilution series of Tcj3-Agt F48A relative to the 

other proteins that complemented for the absence of OnaJ/CbpA. 

Expression of all of the proteins except Tcj3-Agt H34Q was confirmed by Western blot 

(Figure 3.6) using anti-His as the primary antibody in the chemiluminescent detection system. 

This therefore sheds doubt on the ability to conclude whether the Tcj3-Agt H34Q protein does 

not complement in E. coli OD259 due to lack of expression or functional ability. A wealth of 

literature exists concerning the equivalent mutation in other Hsp40s in both eukaryotic and 

prokaryotic systems, all of which fail to complement (Genevaux et al., 2002 [E. coli OnaJ 

H33Q]; Nicoll et a/., 2007 [Pfj 1 H33Q, Pfj4 H33Q, Hsj 1 H33Q]; Hennessy et al., 2005a 

[A. tumefaciens DnaJ H33Q]; Genevaux et al., 2003 [Sv40 T antigen H42Q]). This along with 
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the inability of Tcj2-H34Q to complement in S. cerevisiae (Section 3.3.2) implies that it is 

likely that Tcj3-Agt-H34Q would also not complement even if expression was high enough to 

be detected. The positive and negative controls show a double band pattern that was detected in 

the Western blot. This did not appear to affect the chimera proteins and did not appear to affect 

the ability of the control proteins to complement or not complement in the same way as in 

previous work (Hennessy et al., 2005a). 

3.3.5) Comparison of the eukaryotic and prokaryotic systems 

T able 3.1 shows a comparison of the complementation data for the same mutations in the J­

domains Tcj2 and Tcj3 and published data on A. tumefaciens DnaJ (Hennessy et al., 2005a) 

and E. coli DnaJ (Genevaux et al., 2002). Tcj2Y8A and Tcj3L 11 A are still able to complement 

for Ydj 1 deficiency, while Tcj2Ll lA and Tcj3Y8A are not. K37 A also shows a slight 

difference between Tcj2 and Tcj3 as Tcj2 is marginally able to complement for Y dj 1 

deficiency at 32 "C in S. cerevisiae. 

Table 3.1: A summary of the complementa tion data presented in this chapter compa red to corresponding 
data w ithin A. tumefaciens DnaJ (Hennessy et al., 2005a) and E. coli DnaJ (Genevaux et al., 2002). Yes 
indicates the ability of a mutant protein to complement for the lack of an Hsp40 in that system (S. cerevisiae JJ 160 
or E. coli I-Isp40 knockout strain). No indicates a lack of ability of that protein to complement, while partial 
indicates a partial ability to complement. Those equivalent mutations that do not correspond to the sequence 
numbering and amino acids indicated in the fi rst column are indicated in brackets in the relevant columns 

Protein/ Tcj2 Full length Tcj3 Full length Tcj3-Agt Chimera Agt DnaJ E. coli DnaJ (Genevaux 
mutation/strain (Yeast system) (Yeast System) (Prokaryotic (Prokaryotic system) et al., 2002) Data for 40 

32·c 32 ·c system) 42 ·c (Hennessy et al., ·c 
2005) 

Strain alone No !No !No !No 
Plasmid (-ve) No No - - !No 
control (no 
insert) 
Wt protein Yes !Yes (not as well Yes Yes 
(+ve control) as Tcj2) 

Y8A Yes !No !No !No 
Li l A No Yes !No !No 
R27A No !No No !No (R26A) Partial 

H34Q !No No No No (H33Q) No (H33Q) 

K37A !No (partial) No No No 

F47A !No No (F48A) Yes (F48A) Yes (F47L) No (F47A) 

L57A !Yes Yes (L58A) No (L58A) No 

D59A !Yes Yes (D60A) Yes (D60A) No Yes (58TD59) 

R63A !Yes Yes (R63A) No (R63A) Yes Yes (62KR63) 
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Interestingly, the full length proteins Tcj2, Tcj3 and E. coli Dna] (Genevaux et al., 2002) were 

unable to complement when containing the F47 A mutation, while Tcj3AgtF48A and 

A. tumefaciens DnaJ F4 7L (Hennessy et al., 2005a) were able to complement. Most of the 

differences in the ability of certain mutants to complement for Y dj 1 or DnaJ/CbpA deficiency 

occurred between the prokaryote and eukaryote system, particularly in the region of Helix IV 

of the J-domain. In both full length Tcj2 and Tcj3, the equivalent mutations L57 A, D59A and 

R63A are able to complement for Y dj 1 deficiency in S. cerevisiae. However, of these three 

mutations, only Tcj3-AgtD60ND59A and A. tumefaciens Dna] R63A (Hennessy et al., 2005a) 

were able to complement for DnaJ/CbpA deficiency in E. coli. The double mutations 

TD58,59AA and KR62,63AA both had no effect on the ability of E. coli DnaJ to functionally 

interact with DnaK (Genevaux eta!., 2002). 

3.3.6) The completion of the fourth cysteine/glycine repeat of Tcj2 does not enhance its 

function, while the prevention of prenylation in Tcj2 negatively affects its function 

It was found in chapter 2 (section 2.3.8 and 2.3.9 and Figure 3. 7) that many Type I Hsp40s 

possess only a partial fourth cysteine/glycine repeat. The terminal glycine is often replaced by 

another amino acid, usually a lysine or an arginine (Martinez-Yamout et al., 2000). It was 

hypothesized that the arginine or lysine adds a positive amino acid into an electronegative 

pocket in the structure, possibly enhancing structure or function. It is claimed that the 

substitution of only one glycine in the CxxCxGxG repeats for each zinc binding domain is 

tolerated in order to maintain the zinc binding domain structure (Martinez-Yamout et al. , 

2000). Tcj2 does not have a lysine or an arginine at position 199 (the last glycine in the fourth 

CxxCxGxG repeat), but has a polar amino acid instead. To investigate the possible effect of 

this substitution, the glutamine present at this position in Tcj2 (aa 199) was swapped to the 

glycine found in E. coli/Agt DnaJ. This Tcj2 mutant was tested for its ability to substitute for 

Ydj 1 inS. cerevisiae JJ160. This substitution was found to have no effect on the ability ofTcj2 

to complement for Y dj 1 deficiency in S. cerevisiae (Figure 3.7). Despite the inconclusive 

determination of expression of the Tcj2 Q 1990 mutant protein in S. cerevisiae, the ability of 

the protein to complement for Y dj 1 as well as the wild type Tcj2 suggests that the protein is 

being expressed. 
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Figure 3.7: In vivo complementation data showing the ability ofTcj2 CJ96S and Tcj2 QI99G mutants to functionally replace Ydjl inS. 
cerevisiae JJ160. The temperatures used to incubate the yeast cells are indicated to the left of the panels. The dilutions of the yeast cultures are 
indicated to the right of the panels, starting from an ~nm of 0 .2 Absorbance units (I 0°). The expression of these various mutants was checked 
using Western blotting (WB), with Tcj2 C-terminal peptide polyclonal antibody (I :5000 dilution) as primary aniibody (Edkins eta/., 2004). The 
GE Healthcare, Amersham ECL advance kit horse radish peroxidase labeled anti-rabbit lgG { 1 :5000 dilution) was used as secondary antibody. The 
expression of Ydjl (not detemined [ND)) was not assessed as there was no antibody for Ydjl available.Ydjl (Ydjl on the figure) was used as a 
positive control, while the cells alone (JJ 160) and vector alone (pKG6) were used as negative controls. The comparison of the full-length amino 
acid sequences ofTcj2 and YdJI is shown in the sequence alignment The amino acids substituted for alanine or glutamine are highlighted in red . 
.... = I 00% identity and ·: ' or ·:= partial match across the sequences. The alignment was produced using Bioedit (Hall, 1999). 
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Tcj2 has been shown to have a C-terminal CaaX motif (Chapter 2 section 2.3.9; Tibbets eta!., 

1998). In order to test its importance to the function of Tcj2 in vivo, the cysteine of the motif 

(position 396) was substituted for a serine. This removes the ability to farnesylate the protein, 

as the farnesyl group is bound to the cysteine of the CaaX motif (Caplan et a/., 1992a). The 

complementation data in Figure 3.7 show subtle differences in the ability of C396S and 

Q 199G/C396S mutants to complement for a Jack of Y dj 1 compared to the wild type Tcj2 

protein at 30 ·c and 32 ·c incubation temperatures. This manifests as the smaller size of the 

individual colonies in the higher dilutions (1 o·2 and 10'3) of the mutant spots and indicates the 

slower growth rate of theseS. cerevisiae strains. A more distinct difference only occurred at 34 

·c, where an almost complete lack of growth of cells expressing these mutants was observed. 

The C396S mutation appears to have less effect on Tcj2 function than many of the mutations 

shown in Figure 3.4 Section 3.3.2. 

3.4) Discussion 

As all of the J-domains compared in this chapter are from Type I Hsp40s, it is hardly surprising 

that they have a relatively conserved sequence identity. It has been shown that Type I and Type 

II Hsp40s have a higher level of conservation in their J-domain sequences than in Type Ill J­

domains and the loop regions of Type I J-domains are shorter than in the other Hsp40 types 

(Hennessy et al., 2000). This also confirms why the orientation of the amino acids studied in 

this chapter, are similar in each of the models (Figure 3.3). 

It has been shown in this study and previously (Edkins et al., 2004) that Tcj2 and Tcj3 are able 

to replace Y dj 1 in S. cerevisiae JJ 160 and hence interact with the yeast Ssa Hsp70s in a 

functional manner. It is well known that Ydj 1 partners with the Ssa Hsp70 family (Caplan and 

Douglas, 1991; Caplan et al., 1992b; Atencio and Yaffe, 1992; Becker et al., 1996). The ability 

of Tcj2 and Tcj3 to complement for Y dj 1 indicates that they are located to the same cellu lar 

compartment in S. cerevisiae as Y dj 1. Assuming the localization signals in T cruzi and 

S. cerevisiae are the same, it would indicate that both Tcj2 and Tcj3 have a cytosolic 

localization. The fact that Tcj2 was found to be a T cruzi homologue to Y dj 1 (Based on 

sequence identity- see Chapter 2 section 2.3.7) implies that Tcj2 is likely to be cytosolic as 

has been shown with Y dj 1 (Caplan and Douglas, 1991 ). The Tcj2 and Tcj3 J-domains share 
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60.6% amino acid sequence identity, while the Y dj 1 and Tcj2 J-domains have 70% amino acid 

identity. The J-domains of Y dj I and Tcj3 share 66.2% amino acid identity. 

The cell density effect that allows growth of non-complementing strains at low dilutions has 

also been observed in other studies to varying degrees (Genevaux et al., 2002; Genevaux et al., 

2003; Hennessy et a!., 2005a; Johnson and Craig, 200 I). In this study, the amino acid 

substitutions that abrogated complementation were possibly essential for a functional 

interaction with the partner Hsp70 in the test organism (E. coli or S. cerevisiae). It is also 

possible that these amino acids are important for the structural integrity of the J-domain. Those 

amino acids whose substitution did not affect complementation could have done so in two 

possible scenarios. Firstly, the amino acid at the position of the point mutation has no direct 

role in the functional interaction of the J-domain with Hsp70 or has no deleterious effect on the 

structural integrity of the J-domain. Secondly, the mutations that complement may affect the 

functional interaction with Hsp70 or structural integrity ofthe J-domain, but the effect is small 

enough that the Hsp40 and Hsp70 can still compensate for the mutation and complete their 

function. L57 A, D59A and R63A of both studies of Tcj3 and Tcj2 in S. cerevisiae are 

examples of this. The partial complementation indicates a mutation that affects the functional 

interaction of Hsp40 with Hsp70, but is not as important for that interaction as the mutations 

that cause a total lack of complementation. K37A, Ll1A and Y8A of the Tcj2 study are 

examples of partial complementation. However, their partial effect is possibly due to a low 

level of expression. 

The mutation of the histidine of the HPD motif to glutamine has almost universally eliminated 

Hsp40 functional interaction with its partner Hsp70 (Kelley and Georgopoulos, 1997; 

Genevaux et al., 2002; Hennessy et al., 2005a; Tsai and Douglas, 1996; Genevaux et al., 200 I ; 

Fewell et al., 2002; Stubdal et a!., 1997; Zalvide et al., 1998). Therefore, despite the lack of 

determination of expression of Tcj3H34Q and the lack of confirmation of expression of 

Tcj3Agt-H34Q, it would have been very surprising if the proteins were able to complement for 

Ydj 1 deficiency and DnaJ/CbpA deficiency respectively. 
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The differences in complementation between the Y8A and LilA mutations in Tcj3 and Tcj2 in 

the S. cerevisiae complementation studies is surprising due to the high level of amino acid 

identity between these two proteins and in comparison to Y dj I (Figure 3.3). This could be due 

to the low levels of expression of some of these proteins relative to their counterparts in the 

other protein during the S. cerevisiae complementation studies. It may also be due to subtle 

differences regarding the amino acids of Helix 11, Helix Ill or Helix IV, with which Y8 and 

L 11 of the two proteins interact. These differences could result in different effects on the 

structural robustness of the respective J-domains containing these mutations relative to the wild 

type protein. 

The ability of J-domains to be swapped from prokaryotes and eukaryotes and remain functional 

is a clear indication of the functionally conserved nature of this domain in Type I Hsp40s. In 

addition the conserved nature of most J-domains is indicated by the fact that many Type fi 

(Hdj 1 [Kelley and Georgopoulos, 1997]) and Type III, even of viral origin (SV 40 T antigen 

[Fewell et al., 2002]; mammalian papovavirus (Berjanskii et al., 2000]) have also been 

substituted for Y dj 1 or DnaJ J-domains. However, there are exceptions such as Human ERj 1 

(also known as DnaJCl [Qiu et al., 2006]) whose J-domain was unable to replace 

A. tumefaciens DnaJ J-domain to reverse the thermosensitivity of E. coli 00259 (Nicoll et al., 

2007). In addition, Y dj 1 and E. coli DnaJ J-domains cannot functionally replace the J-domain 

of SV40 T Antigen (Sullivan et al. , 2000). It has been proposed that those Hsp40s whose J­

domains are unable to functionally replace the J-domains of other Hsp40s have become 

specialized for specific functions (Nicoll et al., 2007). The inablilty of Tcj3 to functionally 

replace E. coli DnaJ/CbpA indicates that the remainder of the Hsp40 structure is less 

interchangeable. 

It is intriguing to note that despite the interchangeability of the majority of Hsp40 J-domains 

tested, different amino acids were highlighted as important for the interaction of Tcj3 full 

length protein with Ssal and the Tcj3Agt with DnaK. As amino acids that were substituted in 

this chapter are conserved across all of the J-domains studied (Figure 3.3), this tends to 

indicate that there are subtle differences in the amino acid requirements of Ssa I and DnaK for 

interaction with the J-domains of their partner Hsp40s. Other differences between DnaK and 
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eukaryotic Hsp70s have been observed. For example, the nucleotide binding domain (NBD) 

and substrate binding domain (SBD) of Bos Taurus Hsc70 interact in both the A TP and ADP 

bound state of the NBD (Jiang et al., 2007), while E. coli DnaK has been reported to interact 

only in the A TP bound state (Swain et al., 2007). 

The J-domains of the Type II Hsp40s Pfj4 (Plasmodiumfalciparum J protein 4) and the human 

Hsjl were both able to functionally replace E. coli DnaJ J-domain with a D59A mutation, as 

was the case for R63A in the J-domains of Pfj4 and Pfj I (Nicoll et al., 2007). Therefore there 

does not appear to be a clear distinction between the amino acids required for the interaction of 

J-domains with prokaryotic DnaK or the eukaryotic Hsp70. Another possible explanation for 

the differences in the complementation capability of these mutations could be that the point 

mutations affect other J-domain amino acids in their vicinity (that are not necessarily the same 

for each J-domain) in the 3 dimensional structure of the J-domain. This could result in different 

abilities of J-domains to functionally interact with the same Hsp70 (e.g. DnaK) and 

compensate for certain point mutations. If this is the case, it does lead to certain skepticism 

regarding the determination of amino acids important for structure and function in a J-domain 

using a heterologous in vivo system. It is therefore preferable to use a system as similar to the 

wi ld type system as possible. Data in these heterologous systems should be interpreted 

carefully. 

The ability to complement does not always equate to a lack of interaction. Despite the ability of 

R63A to complement in E. coli DnaJ (Genevaux et al., 2002), R63A displayed a lowered 

interaction with DnaK relative to wild type DnaJ when measured by surface plasmon 

resonance spectroscopy (Laufen et al., 1999). Therefore complementation data does not supply 

all the information with regard to the physical interaction of Hsp40 and Hsp70. It should 

therefore be remembered that in vivo complementation studies take place in a complex cellular 

system and that there may be compensatory factors that can buffer the mutations effect. 

The structure of a stabilized interaction between Hsc70 and the Bovine Auxilin J-domain, 

using disulphide crosslinking of two cysteines substituted for an amino acid in Hsc70 (D876) 

and the Auxilin J-domain (Rl71), has been determined (Jiang et al., 2007). Ofthe amino acids 
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determined to be important for the interaction of Bos taurus auxilin with Hsc70 (H784, 0896, 

F891 , H874, H875; M892; M889; E884; Q885) only H874 and F891 (Jiang et a/. , 2007) 

corresponded to the amino acids examined in this study (corresponding to H34 and F47 in 

Tcj2). Figure 3.8 Shows a multiple sequence alignment comparing Tcj2, Tcj3 , Y dj 1, 

A. tumefaciens DnaJ and E. coli DnaJ J-domains to the J-domain of auxilin. The only amino 

acid residues examined in this study that were proposed by Jiang and coworkers (2007) to be 

important for the physical interaction between Bos taurus Hsc70 and Bos taurus auxilin were 

the F47 and H34. Jiang and colleagues (2007) appear to place more emphasis on the 

importance of the loop between Helix II and Ill and Helix III for the interaction with Hsp70 

than Helix II. This is in contrast to Greene and colleagues ( 1998) who emphasized the 

importance of Helix II and the HPD motif in the interaction of E. coli DnaJ and DnaK (Greene 

et a/., 1998). These differences could possibly be due to Bos taurus au xi! in being a Type III 

Hsp40 (Jiang et al., 2003), while E. coli DnaJ is a Type I Hsp40 (Genevaux et al., 2007). The 

auxilin J-domain structure also has a structure divergent from the J-domain of E. coli DnaJ 

extended loop between Helices I and II and is lacking a Helix IV (Jiang eta/., 2003; Hennessy 

et al. , 2005b; Pellechia et al., 1996). As Tcj3 and Tcj2 are both Type I Hsp40s, it is more likely 

that their J-domains would follow the E. coli DnaJ pattern of interaction with its partner Hsp70. 

10 20 30 

Tcj2 
Tcj3 
Ydjl 
Agt 
E. coli 
Auxilin 

. . : *: . . . .... . : ***: * *:. :: * 
Ill .. 

I II III IV 

7 2 
72 
910 

Figure 3.8: Multiple sequence alignment comparing the J-domains of Tcj2, Tcj3, Ydjl, A. tumefaciens DnaJ, E. 
coli DnaJ and Bos taurus auxilin. The amino acids that were investigated for their importance in the interaction with 
Hsp70 are highlighted in red, while the amino acids proposed by Jiang and colleagues to be important for Bos taurus 
auxilin interaction with its partner Hsc70 are highlighted in green (Jiang et al., 2007). The multiple sequence alignment 
was produced using Bioedit (Hall, 1999). Identical amino acids at a position are indicated with a black background, while 
the grey background indicates similar amino acids. The * below the alignment indicate that amino acids are 100% 
conserved at this position in the alignment. " :" indicates that the amino acids are slightly less conserved at that position, 
while"." indicates even less conservation. The arrows below the figure indicate the Helix locations, with the exception of 
Bos taurus auxilin. 
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Although in vivo complementation does not provide conclusive evidence of physical 

interaction in the case of a failure to complement, data in this chapter indicates that amino 

acids of Helix II (R27A), the Helix II/III loop (H34Q, K37A) and Helix III (F47A) are 

important for the functional interaction of Tcj2 and Tcj3 J-domains with their partner Hsp70s 

in the heterologous complementation systems. According to the homology models of Tcj2 and 

Tcj3 J-domains (Figure 3.3), these amino acids all project forwards from the Helices II and III 

into the aqueous environment and hence are ideally located for physical interaction with 

Hsp70. The data for the R63A/R64A mutation, supports the hypothesis by Hennessy and 

coworkers (2005b; 2000) that Helix IV of the J-domain supports the specificity of interaction 

between Hsp40s and their partner Hsp70, discerning with which Hsp70 an Hsp40 is able to 

interact. 

Due to the positions and orientation of Y8, L 11 and 157 in the homology models in Figure 3.3 

it is most likely that these amino acids would affect functional interaction indirectly through 

disruption of the structural integrity of the J-domain; as was proposed by Hennessy and 

coworkers (2005a). Where complementation is still able to occur to some extent, this indicates 

that the partner Hsp70 is still able to interact with the J-domain to some extent, despite the 

structural disruption. 

A similar effect to the C396S mutation has been observed in the equivalent mutation of Ydj I 

(C406S) (Caplan et al., 1992a; Johnson and Craig, 200 I). However, the lack of 

complementation in the experiments reported by Johnson and Craig occurred at 30 ·c due to 

the experiment being carried out in a yeast strain that was Y dj 1 deficient and contained a 

truncated version ofSisl (amino acids 1-121). The greater temperature sensitivity ofthe yeast 

cells in that experiment could be attributed to the overlapping function of Y dj 1 and Sis 1 

(Johnson and Craig, 2001 ). The fact that Tcj2 has a CaaX motif (Tibbetts et al., 1998) and that 

C396S behaves in a similar way to the Ydjl C406S, which is known to be famesylated, 

suggests that Tcj2 is also prenylated. Hdj2 and Y dj l have both been reported to function in the 

translocation of proteins into the endoplasmic reticulum or mitochondria (Caplan and Douglas, 

1991; Atencio and Yaffe, 1992; Kanazawa et al., 1997). The membrane association provided 

by prenylation could be important for this process and could indicate that Tcj2 is also involved 
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in protein translocation across membranes, due to the likelihood that it is prenylated. Yeast 

cells showed an increase in the amount of membrane associated Ydj1 after heat shock at 37 ·c 
(Caplan et al., 1992a). Hdj2 (DnaJA 1) has also shown a change in the sub-cellular localization 

of the protein from predominantly in the cytoplasm (with small amounts associated with the 

nuclear envelope) to a greater proportion of the protein being associated with the golgi 

apparatus, nuclear membrane and nucleolus during long periods of heat shock (Davis et al. , 

1998). It has been proposed that prenylation of these proteins is at least partially responsible 

for this differential localization and could be due to the stabilizing of farnesyl and membrane 

lipid interactions at higher temperatures (Caplan et al., 1992a; Davis et al. , 1998). This could 

possibly explain why Tcj2 C396S and Y dj 1 C406S are unable to complement for wt Y dj 1 

deficiency in S. cerevisiae during heat stressing temperatures. The role of prenylation during 

heat stress is further supported by the finding that E. coli DnaJ (a prokaryotic homologue of 

Ydjl), produced without a CaaX box prenylation motif, was able to substitute for Ydj 1 m 

S. cerevisiae at growth temperatures of 30 ·c but not 37 ·c (Caplan et al., 1992a). 

Recent data has shown that the Zinc binding domain I is less important for the suppression of 

aggregation function of the Zinc Finger-like Region during heat stress than Zinc binding 

domain 2 (Fan et al. , 2005). Q 199 forms part of the structure of ZBDI and is therefore less 

likely to cause as much disruption to the suppression of aggregation function of Tcj2 that was 

tested through exposing S. cerevisiae JJ 160 expressing Tcj2Q 199G to heat stress. This is a 

possible explanation for no visible effect being observed. However, it is possible that changing 

the glutamine back to the glycine, that many Type I Hsp40s contain at the equivalent position 

of Q 199 ofTcj2 (Martinez-Yam out et al. , 2000), is insufficient to cause a noticeable disruption 

of other zinc finger like region functions such as protein folding and coordination with hsp70 

that require both zinc binding domains (Fan et al. , 2005). It would be interesting to replace 

Q 199 with a strongly negatively charged or small hydrophobic amino acid (i.e. alanine or 

valine) to disrupt the interaction with the electronegative patch, described by Martinez-Yamout 

et al. (2000) and test the ability ofTcj2 to functionally replace Y dj 1 in S. cerevisiae. 
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CHAPTER 4: The in vitro characterization of the 
interaction between Tcj2 and Hsp70 

4.1) Introduction 

It is preferable to study many aspects of proteins while they occupy their natural 

environment (i.e. in vivo) as much as possible. This, however, is not easily achieved due 

to the complicated mix of molecules and macromolecules in the cell, which complicates 

detection. In vitro assays, that utilize simplified systems of molecules, are therefore often 

required as a compromise to enhance the understanding of a given protein. Despite this 

simplification, in vitro assays can be a valuable complement to in vivo work, provided it 

is remembered that this system is not identical to that of the cell. 

Intrinsic to the molecular chaperone function of Hsp70 proteins is their ability to 

hydrolyse A TP (Mayer et al., 2000b) and this characteristic indicates a functional Hsp70 

in vitro. This activity can be monitored by in vitro A TP hydrolysis assays by monitoring 

the amount of inorganic phosphate released from the conversion of A TP to ADP or the 

determination ofthe ratio of ATP to ADP in each solution (Mayer et al., 2003; Mayer et 

al., 2000c). The detection of phosphate is the most common, and may be detected by the 

separation of radio labeled ATP from the 32P released (Biond-Elguindi et al., 1993) or the 

generation of colorimetric complexes with the inorganic phosphate (Chifflet et al. , 1988; 

Lanzetta et al., 1979). Some Hsp40s are able to act as co-chaperones for Hsp70 by 

delivering peptide substrates to them and by stimulating their A TPase activity. This 

stimulation ofthe Hsp70 ATPase domain by Hsp40s can be used as an indirect method to 

detect a functional interaction between Hsp70/Hsp40 and therefore the functional 

integrity of both proteins in vitro. However, the lack of a detected functional interaction 

between Hsp70 and Hsp40 mutants (such as those with a H34Q/H33Q mutation in the J­

domain), through the measurement of the stimulation of Hsp70 ATPase (Chapter 4 

section 4.3.4; Hennessy et al., 2005b; Tsai and Douglas, 1996; Wall et al., 1994) or in 

vivo complementation interactions (Chapter 3; Hennessy et al., 2005a; Genevaux et al., 

2002; Tsai and Douglas, 1996; Stubdal et al., 1997) does not necessarily imply a 

complete lack of physical interaction between a given Hsp40 and its partner Hsp70. 
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The general chaperone cycle of Hsp70 has been outlined (Chapter 1 section 1.8.1). In its 

A TP-bound state, the Hsp70 substrate binding domain is in an open state exhibiting high 

association and dissociation rates for unfolded protein subtrates. In contrast, A TP 

hydrolysis (the ADP-bound state) closes the substrate binding domain and produces low 

association and dissociation rates for unfolded peptide substrates (Schmid et al., 1994; 

Fan et al., 2003). Little work has been done on the in vitro characterization of 

trypanosoma) Hsp70 proteins. The best characterised of these proteins is t he stress 

inducible Trypanosoma cruzi Hsp70 (TcHsp70) (Krautz et al., 1998; Olson et al., 1994; 

Edkins et al., 2004). As it is localized to the cytoplasm it is the most likely partner of 

those T. cruzi Hsp40s, such as Tcj2, that are also predicted to localise to the cytoplasm 

(Chapter 2 section 2.3.4). 

Piezoelectricity is a phenomenon whereby materials generate an electri c potential in 

response to a mechanical stress (Curie and Curie, 1880; Ward and Buttry, 1990). In the 

context of crystal lattices, this occurs when separated but symmetrically distributed 

charges (resulting in an electrically neutral crystal) are sh ifted by mechanical stress, 

causing an imbalance in the charges and therefore an electrical potential. This process can 

be reversed to produce the reverse piezoelectric effect, whereby the appl ication of an 

electric field to a material causes mechanical distortion of that crystal (Ward and Buttry, 

1990). 

The reverse piezoelectric effect has been applied in the quartz crystal microbalance 

(QCM), in which the application of an alternating current produces mechanical 

osci llations within a quartz crystal (Ward and Buttry, 1990). QCM applications most 

commonly make use of a thin circular wafer of AT-cut a-quartz (approximately 0.3mm 

thick and 14mm diameter) sandwiched between two gold electrodes (10 to 300nm thick) 

to produce the quartz crystal resonator. The AT-cut is obtained by cutting the quartz 

wafers at approximately 35" from the z-axis. This results in the movement of the resonant 

oscillations being paralle l to the faces of the circular wafer (also referred to as transverse 

shear or thickness shear mode), when an alternating electric field is applied across these 

faces with the e lectrodes (Ward and Buttry, 1990) (Figure 4.1 ). The piezoelectric strain 
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and vibration of the quartz crystal is effectively restricted to the area between the two 

electrodes in a process referred to as energy trapping. This enables the mounting of the 

crystal at its edges without greatly affecting measurements (Ward and Buttry, 1990). The 

frequency of the quartz crystal oscillation is dependent on the thickness of the circular 

quartz wafer. However, as this remains constant during operation of the oscillator the 

addition of any mass to one of the electrodes of the crystal can be detected as a change in 

the oscillation frequency of the crystal (Sauerbrey, 1959). Sensitivity of certain QCM 

systems has been reported to be as little as I ng/cm2 (Rodahl eta!., 1996). 

c 
Quartz crystal 

__./ / -+ _ Quartz crystal . 

L---------------------~----~ 

Quartz crystal 

Figure 4.1: Quartz crystal resonator structure and graphic description of the thickness shear wave 
oscillation. 
A) The liquid interface side of the Si0 2 coated quartz crystal resonator. B) The opposite side of the quartz crystal 
resonator. C) Schematic representation of the side view of a circular quartz crystal resonator. The quartz crystal 
resonator is sandwiched between two gold electrodes (thick black bars). The application of an alternating current to 
these electrodes generates an electric field producing a mechanical distortion of the quartz crystal. As the alternating 
current switches the polarity of the electrodes, the electric field polarity reverses and mechanically distorts the crystal 
in the opposite direction. 

A number of overtones of the fundamental oscillation frequency can be measured 

simultaneously to increase or decrease the sensitivity of detection (Ward and Buttry, 

1990). The odd overtone numbers (3rd, 51h, 7m, 9th and so on) are the most commonly 

used. The third overtone records a frequency three times the fundamental oscillation 

frequency, while the fifth overtone records a frequency five times the fundamental 

oscillation frequency ofthe crystal resonator (i.e. ifthe fundamental frequency is 5 mHz, 

the third overtone oscillation frequency would be 15 mHz and the 5lh overtone oscillation 

frequency would be 25 mHz) (Hook et al., 2001; Su et al., 2005). 
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The quartz piezoelectric oscillations are known to be stable in a vacuum, air (Rodahl et 

al., 1995) and liquid (Nomura and Hattori, 1980; Nomura and Okuhara, 1982). However, 

the density and viscosity of the medium in which the crystal oscillates is known to 

introduce dissipative losses in the oscillating system.This is due to the shear mode 

oscillation of the crystal inducing a shear wave in the surrounding medium. This damping 

effect is significantly higher for resonator oscillations in liquids relative to gases due to 

an increase in viscosity, which causes frictional losses, within the liquid relative to the 

gas (Rodahl et al., 1995). In a similar manner, the addition of mass to the surface of an 

electrode of the quartz oscillator is able to introduce dissipative losses into the oscillating 

system (Rodahl eta!., 1995; Rodahl et al., 1996). The absolute dissipation losses of an 

oscillating quartz crystal system can be measured by switching off the alternating electric 

current driving the system and measuring the voltage over the crystal during the decay 

oscillations as the stored energy in the system dissipates. The rate of decay determines 

the amount of dissipation in the system. A technique of simultaneous measurement of the 

oscillating frequency and oscillating energy dissipation in the system has been developed 

by Rodahl and coworkers (1995). 

If the only change to a resonator system is the adsorption of a molecular film to the 

surface of the crystal electrode, the change in the frequency and energy dissipation of this 

crystal resonator can be attributed to the adsorption of the molecular film. The amount of 

dissipation attributed to the adsorbed layer can be used to determine the nature of the 

adsorbed layer. A film of small rigid molecules adsorbed to the surface of a quartz 

resonator will result in a lower contribution to the dissipation of oscillation than a film of 

larger molecules or flexible molecules (Hook et al., 1998a; Hook et a!., 1998b ). Protein 

conformational/structural changes can therefore be observed using the dissipation factor 

measurements (Hook et al., 1998b). 

Surface plasmon resonance (SPR) spectroscopy is an optically based technique for 

detection of molecular binding events using changes in the refractive index of thin films 

assembled on a noble-metal surface. In contrast to macromolecular binding studies using 

SPR spectroscopy, the QCM-0 often overestimates the collective mass of these 
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molecules that are bound to the solid surface (Suet a!., 2005; Reimhult et al., 2004). The 

frequency of oscillation shifts obtained using the QCM-D system results from the total 

mass of molecules coupled to the movement of the crystal resonator. This includes the 

mass of the protein and the mass of the water that is in the hydration shell of solvation of 

the protein and water that may be trapped between these biomacromolecules (Hook et al., 

2001; Hook eta!., 2002). In addition, the Sauerbrey relation (Sauerbrey, 1959) is only 

valid for evenly distributed, rigid and thin film layers of adsorbed material (<25 nm 

thickness) such as lipid bilayers (Keller eta!. , 2000). A thicker or viscoelastic film results 

in the change in frequency not being directly proportional to a change in mass of the 

resonator as the oscillation of the resonator is not completely transferred to these layers 

(Ward and Buttry, 1990; Lucklum eta!., 1999; Rodahl et al., 1997; Bandey eta!., I 997). 

Such layers require further modeling using a Voight-based viscoelastic film model to 

determine amounts of mass bound (Voinova eta!., 1999; Bandey et al., 1997). 

In order to conduct measurements of the interaction between two molecules using 

QCM-D, one of these molecules needs to be immobilized onto the sensor crystal surface. 

Although proteins are known to bind directly to solid surfaces at solid-liquid interfaces in 

vitro (Andrade and Hlady, 1986; Norde, 1995; Ozeki et al., 2009; Dolatshahi-Pirouz et 

al., 2008), it is preferable to have proteins soluble in the aqueous liquid medium attached 

to the surface in such a way that most of the protein surface is accessible to its potential 

partner in solution. This can be achieved through the functionalisation of phospholipids 

to attach a nitriloacetic acid (NT A) group, which will allow the binding of a histidine 

tagged prote in through metal chelation in the same principle that is used for histidine 

tagged protein purification (Altin et al., 2001; Dorn et al. , 1998; Kienberger et al., 2001). 

Other functionalized lipid systems that can be used for immobilization are iminodiacetic 

acid (Pack et a!., 1997; Vogel et al., 1997), maleimide thiol (Svedhem et a!. , 2003; Elliot 

et al. , 2000) and biotin streptavidin (Fant et al., 2002; Reviakine et a!., 2001; Larsson et 

al., 2003). An advantage of the metal chelating systems of protein immobilization is that 

they are reversible through the addition of ethylenediamine tetraacetic acid (EDTA) or 

adjusting the pH (Wong eta!. , 1991 ). 

151 



Chapter 4: In vitro characterisation 

Two common ways of producing a supported phospholipid bilayer on a hydrophilic solid 

surface are 1) The Langmuir-Blodgett transfer technique (Naumann et al., 2002) and the 

adsorption and spontaneous rupture of lipid vesicles (Keller and Kasemo, 1998; 

Glasmaster et al. , 2002; Richter et al., 2003; Reimhult et al., 2006). This second method 

is preferable for QCM-D as it allows the lipid layer to be formed on the Si02 coated 

quartz crystal in the flow cell, enabling the observance of the formation of a complete 

lipid bilayer in real time. 

Phospholipid vesicles react very differently to different surfaces. Alkane thiolated gold is 

a hydrophobic surface that allows for the formation of a monolayer of 

phosphatidylcholine lipids with the hydrophobic section of the molecule attached to the 

gold surface. An oxidized gold surface is hydrophilic and results in the binding of intact 

bilipid layer vesicles, while Si02, another hydrophilic surface, results in the formation of 

an intact phospholipid bilayer supported on the Si02 surface (Keller and Kasemo, 1998). 

The formation of a phospholipid bilayer on a Si02 surface involves three stages in which 

(1) intact phospholipid bilayer vesicles are adsorbed to the surface of the Si02, (2) these 

vesicles break open, when a sufficiently high surface coverage is reached, to form 

phospholipid bilayer regions interspersed with intact phospholipid vesicles. (3) a 

complete phospholipid bilayer is spread over the whole surface (Keller and Kasemo, 

1998; Keller et al., 2000; Zhdanov et al., 2000). An alternate mechanism has been 

reported in which the lipid vesicles rupture on contact with the surface irrespective of 

vesicle concentration (Richter et a!., 2003; Dimitrievski et al., 2004). The 

nanotopography of the surface to which the lipid layer is being adsorbed has a significant 

influence on the kinetics and mechanism of lipid bilayer formation (Pfeiffer et al., 2008). 

Some of the factors, other than the surface of adsorption, that affect the formation of the 

supported lipid bilayer are: 1) temperature (Reimhult et al., 2002; Reimhult et al., 2003; 

Seantier et al., 2005), 2) buffer composition, 3) buffer pH and 4) lipid vesicle 

concentration and lipid vesicle constituents. A lower concentration of lipid vesicles is 

required for the formation of a supported phospholipid bilayer (SPB) at temperatures 

close to 30 ·c as opposed to 5 ·c, i.e. the rate of formation of this SPB is increased at the 

higher temperatures (Reimhult et a!., 2002). The presence of salts such as sodium 
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chloride and calcium chloride accelerate the formation of a SPB through the pathway of 

initial intact vesicle adsorption and rupture. The pH of the buffer has the greatest effect 

on the SPB formation by zwitterionic lipids. Below a pH of 7.4, these lipids tend to 

rupture on contact with a Si02 surface, while above this pH a critical density of lipid 

vesicles adsorbed to the surface appears to be required (Seantier et al., 2005). However, a 

buffer pH of approximately 7 is preferable for simulation of in vivo conditions. 

The use of a supported lipid bilayer in these experiments has a number of advantages 

over other protein immobilization strategies. Lipid bilayers are more representative of 

cellular boundaries and are therefore more closely resemble a physiological scenario in 

contrast to solid liquid interfaces that are not covered in a lipid bilayer. A lipid bilayer 

film over a solid surface prevents the spontaneous and irreversible adsorption of proteins 

to these solid surfaces. Proteins soluble in an aqueous medium are known to not adsorb to 

lipid bilayer films (GHismaster et al., 2002). The lipid layer therefore effectively acts as a 

blocking agent to prevent any of the proteins binding non-specifically to the surface of 

the crystal and affecting measurement of the interaction between the proteins in question. 

In addition, the NTA group modified lipids in a lipid bilayer allow the tethering of a 

histidine tagged protein to the crystal surface, while still allowing an almost complete 

surface area of the protein to be exposed to the liquid medium for interaction with 

potential partner proteins. This also allows for the protein to maintain its legitimate 

aqueous environment structure, which is known to distort during adsorption to a solid 

surface (Andrade and Hlady, 1986; Norde, 1995). 

QCMD was used for this study of the interaction between Hsp40 and Hsp70 as we hoped 

to obtain more information regarding the conformational changes associated with the 

interaction between Hsp70 and Hsp40, and SPR was believed to be less capable of 

measuring this. In addition, the protein immobilization strategies available to the QCMD 

system were more representative of the physiological conditions (e.g. tethered to a lipid 

bilayer). It is our hypothesis that less gentle protein immobilization strategies can hinder 

the dynamic interactions between Hsp40and Hsp70. 
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The aims of this chapter were to characterize aspects of the interaction of Tcj2 with 

partner Hsp70 in vitro: 

1) Test the ability of His-Tcj2 to stimulate the A TPase activity of multiple Hsp70s. 

2) Investigate the binding of His-Tcj2 and His-Tcj2(H34Q) to Hsp70s using the 

QCM-D. 

4.2) Materials and Methods 

4.2.1) Heterologous expression of His-Tcj2 and His-Tcj2 mutant proteins for 

purification 

Tcj2 with a (6x)Histidine tag attached to theN-terminus was expressed from pET28aTcj2 

(FIGURE 4.2), in Escherichia coli BL2l(DE3) cells. pET28aTcj2 was a generous gift 

from Dr David M. Engman (Northwestern University Medical School, Chicago, USA). 

Bsa WI ( 6489) 

Xhol (6333) \ 

Tcj2 i 
Bsa WI (5544) \ BsaWI (8o6) 

__ Kanamycin R 
Ndel (5131) 

Nco I (5071) 
pET28aTcj2 

6493 bp 

\ '\ 
~ 

~ --J: .. 
Bsa WI (3925) --~-.... J -...;;_..._ 

Bsa WI (3422) BsaWI (2954) 

Figure 4.2: Plasmid map of the pET28aTcj2 expression vector. 
The Tcj2 and kanamycin resistance gene coding sequences are highlighted with green arrows. The 6x -
histidine tag attached to theN-terminus ofTcj2 is shown in blue. 

154 



Chapter 4: In vitro characterisation 

4.2.2) Site-Directed mutagenesis of His Tcj2 

Site directed mutagenesis of His-Tcj2 in pET28aTcj2 was performed as per Appendix 

C.1.16. Histidine 34 of Tcj2 was mutated to glutamine using the same primers used for 

this mutation in Chapter 3 (Tcj2H34QF and Tcj2H34QR) (Appendix A Table A3). 

4.2.3) Purification of His-Tcj2 and His-Tcj2 mutants 

The pET28aTcj2 expression construct was transformed into E. coli BL21 (DE3) and a 

single colony was inoculated into 25 ml ofYT broth containing 50 j..lg/ml kanamycin and 

incubated at 37 ·c with shaking (180 RPM) overnight. The starter culture was diluted 

1: 10 with YT broth containing the same concentration of kanamycin and incubated at 

30 ·c until the A600 nm was between 0.8 to 1.0 absorbance units. IPTG was then added to 

the culture to a final concentration of 1 mM prior to incubation at 30 ·c w ith shaking for 

6 hours. A further 5 mg kanamycin was added to each 250 ml volume of culture at 2 

hourly intervals to improve selection for cells containing pET28aTcj2 and prevent the 

survival of untransformed cells due to antibiotic resistance factors secreted by other cells 

in the population. 

Two litres of bacterial culture were harvested for each protein purification by means of 

centrifugation in a Beckman JA-1 0 centrifuge tubes centrifuged at 5000 RPM for 15 

minutes at 4 ·c. The cell pellets were resuspended in a total volume of 20 ml of degassed 

lysis buffer ( 40mM Tris-HCI (pH8.0); 1 OOmM NaCI; 1 OmM Imidazole; 0.1% triton X-

100; lysozyme (lj..lg/ml); EDTA free Protease inhibitor cocktail (Roche)) and incubated 

at room temperature for 15 minutes before freezing at -80 ·c overnight. The lysate was 

subsequently thawed at room temperature and the contents of each tube sonicated at 40 

Hz for 30 seconds at 4 ·c before being pelleted for 25 min at 16000 xg in a refrigerated 

(4.C) microcentrifuge (Eppendorf, Germany). The supernatant was collected. 

Purification of the protein from the clarified lysate was achieved using nickel affinity 

purification with the His trap 5ml nickel sepharose columns (HiTrap™ 5ml column, GE 

Healthcare, USA) connected to an FPLC (AKTA-Basic 900, Amersham Biosciences, 

USA). The columns were rinsed with 5 column volumes of distilled water, and then with 
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3 column volumes of lysis buffer (excluding the lysozyme and triton XlOO), all with a 

flow rate of 1 mllmin. The column was disconnected from the FPLC to apply the clarified 

lysate through a syringe connected to a 0.22 J..Lm filter (to prevent clogging of the Histrap 

column) at a flow rate of approximately 1 mllmin. The column was subsequently 

reattached to the FPLC and washed with 10 to 15 column volumes of wash buffer ( 40 

mM Tris-HCl pH 8.0; lOOmM NaCI; 10 mM Imidazole). The column was washed with 

an increasing gradient ofNative Elution buffer (40 mM Tris-HCl pH 8.0; 100 mM NaC1; 

1M imidazole) up to 40 %Native Elution buffer and 60% wash buffer over a period of 1 0 

min. This was done in order to wash off any non-specific binding of proteins weakly 

bound to the nickel on the nickel sepharose. Elution of His-Tcj2 was effected by 

increasing the percentage of Elution buffer in the mixture to 100% over a period of six 

minutes again with a flow rate of 1 mllmin. 

The fractions containing the Eluted protein were identified by placing I 0 J..ll of each 

fraction into individual wells of a 96-well microtitre plate and adding 200 J..ll of Bradfords 

Reagent (Sigma) to each well. After an incubation for 5 minutes at room temperature, the 

absorbance at 595nm was read in a microtitre plate reader (Powerwavex, Biotek 

Instruments Inc., USA) to determine the fractions containing protein. 

4.2.4) Removal of Imidazole from solutions of purified proteins 

The fractions containing protein (approximately 10 ml to 15 ml) were pooled together 

into dialysis tubing (Snakeskin #68100; molecular weight cut off of 10 kDa; Pierce 

Chemical Company, USA) and dialysed against 1 litre of buffer exchange buffer 

(1 OOmM Tris-HCI pH 8.0; 1 OOmM NaCl) with stirring, which was changed 5 times at 

approximately 3 hourly intervals. After this removal of the imidazole the protein solution 

was checked for purity using SDS-PAGE (12% resolving gel and 5 % stacking gel), 

quantified and its degree of aggregation determined. Typical yields of the purified protein 

using this method were 3 mg to 6 mg of protein per 2 litres of cell culture. 
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4.2.5) The cloning, expression and purification of pQETchsp70 

Trypanosoma cruzi Hsp70 (TcHsp70) was amplified by PCR (Appendix C.l.lS) using 

primers Tc70F and Tc70R (Appendix A2) from pET14bTchsp70 (a kind donation from 

Dr David Engman, Northwestern University Medical School, Chicago, USA). The 

product DNA was resolved on an agarose gel (Appendix C.1.9), gel purified (Appendix 

C.l.lO) and ligated into pGEM-T Easy® (Appendix C.1.14). The pGEM-T Easy® 

plasmid containing the Tchsp70 coding sequence was digested with BamHI and Hindlll 

to release the fragment, which was subsequently ligated (Appendix C.l.l3) into pQE30 

using these restriction sites. (pQETchsp70 plasmid map Appendix 4.1). His-Tchsp70 

was expressed in E. coli XL 1 blue (Appendix A2 Table Al) and purified using the same 

method outlined in Section 4.2.3, except that 0.1% Polyethyleneimine was added to the 

lysis buffer. 

4.2.6) Protein Quantification using Bradfords Assay 

Protein solutions were quantified using a variation of the Bradford's Assay (Bradford, 

1976). Protein solutions (I 0 J..Ll) and Bovine Serum Albumin (BSA) standard solutions 

were added to individual wells in a 96-well microtitre plate and 200 ~Li of Bradfords 

Reagent added to each well prior to incubating at room temperature for 5 minutes. The 

absorbance of each well at 595 nm was determined using a microtitre plate reader 

(Powerwavex, B iotek Instruments Inc., USA). The concentration of the purified protein 

solutions was determined by comparing the absorbances9snm for the test solution to the 

regression line produced by the BSA standard curve. Protein absorbance readings were 

performed using 3 to 4 replicates that were averaged before the comparison with the BSA 

standard curve. 

4.2.7) Analysis of the extent of aggregation of purified proteins by means of light 

scattering in a spectrofluorimeter 

Small and large aggregates within the solutions of the purified proteins were detected 

using the light scattering that they produce within a fluorescence spectrophotometer 

(Buchner et al. , 1998). Protein solutions were diluted to 10 ).!g/mL and 2 mL of these 

solutions were used for measurements. These solutions were excited at 360 nm (for the 
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detection of small protein aggregates) and 500 nm (for the detection of large protein 

aggregates). The light emission from the solutions was measured over the spectrum of 

300 nm to 600 nm. A native solution of I 0 f.l,g/mL BSA was used as a negative control, 

while heat denatured (by boiling for 15 minutes) I 0 f!g/mL BSA was used as a positive 

control for the detection of protein aggregates. 

4.2.8) A TPase assay protocol 

The ATPase enzyme reactions were prepared in a final volume of I 000 f.ll containing 

10 mM Hepes (pH7.4), 10 mM MgCh, 20 mM KCI, 0.5 mM DIT. Hsp70s and Hsp40s 

were added to a final concentration of 0.4 J..LM or 0.08 f.l,M. The reactions were 

equilibrated to 37 ·c prior to initiating the ATPase reaction by the addition of ATP to a 

final concentration of 600 f.l,M. Samples (50 f!l) were taken from the reaction at 30 minute 

intervals for 300 minutes after the start of the reaction. These samples were added to 50 

J..LI of 10 % SDS (in phosphate free water) in a flat bottomed microtitre p late to stop the 

reaction at these various time points. Three replicate reactions were set up for each test 

parameter and a sample was taken from each at each time point. A standard curve to 

determine phosphate concentration in the samples was set up using KH2P04. 

The levels of inorganic phosphate in the samples and standard curve was determined 

using a colourimetric based assay adapted from work published by Chifflet and 

coworkers (1988). A 1% solution of ammonium molybdate dissolved in 1M HCl 

solution (50 J..Ll) was added to the microtitre plate wells containing the mixture of the 50 

f.ll sample and 50 J..LI 10% SDS. Ascorbic acid (6%; 50 f!l) in phosphate free water was 

subsequently added, resulting in a blue colour in the presence of inorganic phosphate. 

The absorbance of the solutions in the microtitre plate at 850 nm were determined using a 

microtitre plate reader (Powerwavex, Biotek Instruments Inc., USA) microtitre plate 

reader. The A TPase assay was performed three times, each with a separate batch of 

purified proteins. The A TPase activites for each reaction were reported as the nmol of 

phosphate released per min per mg of Hsp70 (nmol/min/mg of Hsp70). A control 

containing A TP, but no Hsp70 or Hsp40 was used to estimate the amount of phosphate 

released into the reaction solution through spontaneous A TP degradation. In addition, 
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two reactions containing Hsp70 and Hsp40 respectively, excluding ATP were used to 

detect the presence of contaminating phosphate in the system. An Hsp70 deficient control 

(containing Tcj2 and A TP) was used to detect any A TP degradation resulting from Tcj2. 

4.2.9) The determination of the presence of contaminating DnaK in solutions of His­

Tcj2 purified from E. coli BL2l(DE3) [pET28aTcj2] 

His-Tcj2 was expressed in E. coli BL21 [pET28aTcj2], the cells harvested and cell lysate 

produced as described in Section 4.2.3. However, after the clarification of the lysate by 

centrifugation, the supernatant fraction was divided into two equal fractions (fraction A 

and B) and incubated with Ni2+ doped NTA-Sepharose beads (that selectively bind the 

His-tag of the His-Tcj2) for 12 hours at 4 ·c with agitation. The beads were collected by 

centrifugation (1000 xg for 1 minute at 4 ·q. The supernatant was removed and the 

fraction A beads were washed twice with 15 ml of wash buffer with A TP ( 40 mM Tris­

HCl, pH 8.0; 1 OOmM NaCI; 200 mM imidazole; 5 mM A TP) and fraction B was washed 

two times with wash buffer excluding ATP (40 mM Tris-HCI, pH 8.0; 100mM NaCI; 200 

mM imidazole). Two additional washes excluding ATP were performed per fraction. The 

beads were recollected by centrifugation after each wash. His-Tcj2 was eluted from the 

NT A-Sepharose beads by the addition of 3 bead volumes of elution buffer ( 40 mM Tris­

HCl; pH 7.5; 100 mM NaCI; 1 M imidazole). Samples of the various stages of the 

purification were probed for the presence of DnaK using Western blotting and detection 

with an Anti-DnaK antibody. 

4.2.10) Analysis of Hsp40 and Hsp70 interaction using Quartz Crystal Microbalance 

with Dissipation monitoring (QCM-D) 

4.2.10.1) QCM-D machine and crystal specifications 

All measurements were conducted on the E-4 quartz crystal microbalance machine (Q­

sense, Sweden), in which the temperature controlled flow cell was set to 28 ·c. This 

model allows for the simultaneous measurement of the resonance, frequency and 

dissipation factor of four separate quartz crystal resonators. All quartz crystal resonators 

were sourced from Q-sense (Sweden). Their fundamental frequency of oscillation was 

4.95 MHz (+/- 50 kHz), a diameter of 14 mm, thickness of 0.3 mm and an AT cut 

159 



Chapter 4: In vitro characterisation 

orientation. Their electrode layer constituted a 100 nm thick gold coating covered in 50 

nm of Silicon dioxide (catalogue number: QSX303, Q-sense, Sweden). 

4.2.10.2) Quartz Crystal Preparation and conditions for measurement 

The silicon dioxide (Si02) coated sensor crystals were immersed in a 0.4 % SDS solution 

for at least 2 hours and rinsed with Milli-Q water. The crystals were subsequently dried 

under nitrogen gas and subjected to 10 minutes of Ultraviolet light/Ozone treatment using 

the UV/Ozone Procleaner™ (Bioforce Nanosciences, Inc; USA) with the crystal 5 mm 

from the ultraviolet lamp (185 nm and 254 nm). 

4.2.10.3) Preparation of lipid vesicles 

The lyophilized powders of the synthetic lipids 1 ,2-Dioleoyl-sn-Glycero-3-[(N-(5-amino-

1-carboxypentyl)iminodiacetic acid) succinyl] (DOGS-NTA; molecular weight 

760.09 g/mol) and 1-Palmitoyl-2-0leoyl-sn-Giycero-3-Phosphocoline (POPC; molecular 

weight 101 5.40 g/mol), both supplied by Avanti Polar Lipids Incorporated (USA), were 

mixed in a ratio of 5 mol % (DOGS-NTA) to 95 mol % (POPC). This mixture was 

dissolved in chloroform in a glass beaker. The hydrogen was removed by evaporation 

under a nitrogen gas stream for 1 hour. The lipids were redissolved in a degassed buffer 

containing 100 mM Tris-HCI, I 00 mM NaCI (pH 8.0) to a final concentration of 8.5 

mg/ml. The solution was sonicated in a water bath sonicator for twenty to thirty minutes 

to provide the energy required for vesicle formation. The solution was then extruded 

through a 0.2 11M syringe filter. A I :25 dilution with the same buffer was made using a 

portion of the 8.5 mg/ml lipid solution, which was then sonicated. The lipid solutions 

were stored under nitrogen in a light impermeable container at 4 ·c. 

4.2.10.4) Supported Lipid Bilayer preparation, nickel doping and application of the 

His-Tcj2 to the surface of the quartz crysta l 

The diluted lipid solution (section 4.2.10.3) was equilibrated to room temperature and 

degassed in a sonicating water bath. Once the sensor checks in air and milli-Q water were 

completed, buffer (1 00 mM Tris-HCI; 300 mM NaCI; pH8.0) was run through the QCM-

0 flow cell (50 111/min). The lipid solution was applied at the same flow rate until the 
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spontaneous formation of a bilipid layer on the Si02 surface was accomplished. Buffer 

was pumped through the flow cell to remove any unbound lipid away from the flow cell 

until a steady baseline was obtained in the resonance frequency and dissipation values. A 

saturated solution of NiCh in lOOmM Tris-HCl, 300mM NaCl (pH.8.0) (10 mM) was 

passed over the sensor crystal to activate the nitriloacetic acid (NTA) groups of the 

DOGS-NTA in the supported phospholipid bilayer. The unbound Ni2+ was washed out of 

the flow cell with l 00 mM Tris-HCl, 300 mM NaCI (pH8.0), until a stable baseline was 

once more achieved. Purified Tcj2 (~300 mg/ml) or its mutant Tcj2 H34Q (~300 mg/ml) 

was applied to the sensor crystal using the same flow rate. Unbound Tcj2 was washed off 

of the sensor chip with 100 mM Tris-HCI (pH8.0); 300 mM NaCI. All solut ions used in 

the flow cell of the QCM-0 were degassed. 

4.2.10.5) Conditions for the testing of the interaction of Hsp70 with TcJ2 

Varying concentrations of Hsp70 lacking a (His)6 tag, in a degassed solution of 100 mM 

Tris-HCI; 300 mM NaCI; 10 mM ATP, was passed over the immobilized TcJ2. Between 

the application of each different Hsp70 concentration, the flow cell was washed with 100 

mM Tris-HCI (pH8.0); 300 mM NaCI. The same concentration series of BSA contained 

in the same solution was utilized as a negative control. 

4.3) Results 

4.3.1) The native purification of TcHsp70 

Purification ofHis-Tchsp70 produced in E. coli BL21 [pET14bTchsp70] required the use 

of a partial denaturing purification protocol involving the use of urea (8 M) in the lysis 

buffer (Edkins et al., 2004). This raised questions about the proportion of denatured His­

Tchsp70 that regained its native structural conformation after purification. It was 

therefore attempted to purify His-Tchsp70 produced in E. coli XL l blue [pQE30Tchsp70] 

using a native purification protocol (Section 4.2.5). The N-terminal peptide containing 

the (His)6 tag is shorter in Tchsp70 expressed from pQE30Tchsp70 (13 amino acids) 

compared to protein expressed from pET l4bTchsp70 (27 amino acids). It was thought 

that the longer (His)6-tag peptide of proteins from the pET14bTchsp70 expression vector 

may have interfered with the structural or functional integrity of the protein in vitro. 
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However, the solubility of His-TcHsp70 expressed from pQE30Tchsp70 in XL 1 blue was 

still very poor (Figure 4.3). The majority of the His-Tchsp70 was present in the insoluble 

fraction. This could indicate that more polyethyleneimine should have been added to the 
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Figure 4.3: The native purification of His-TcHsp70 from E. coli XLl blue lpQE30Tchsp70). 
The protein was purified using a native purification protocol with 0.1% polyethyleneimine in the lysis 
buffer. Samples were resolved using discontinuous SDS-PAGE (Appendix C.t.3). Soluble protein 
fraction indicates the fraction of the cell lysate that was loaded onto the nickel-doped NT A-sepharose 
matrix. The insoluble fraction is the portion of the lysate that was sedimented during centri fugation of 
the whole cell lysate. The red arrows indicate the purified His-Tchsp70. Samples of Medicago sativa 
Hsp70 and Bos taurus serum albumin were also resolved to confirm a lack of proteolytic activity. The 
molecular weights to the left of the figure are shown in kilodaltons (kDa). 

lysis buffer or possibly that lysis was incomplete, as there appeared to be a higher 

proportion of all proteins in the insoluble fraction relative to the soluble fraction. Despite 

this, there was still sufficient soluble His-TcHsp70 to purify as is shown by samples of 
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the purified His-Tchsp70 eluted from the nickel-doped NTA-bead matrix and the 

dialysed His-Tchsp70 fractions. Yield was approximately 0.5 mg per litre of cell culture. 

Samples of Medicago sativa Hsp70 (purchased from Alpha Biogene International, The 

Netherlands) and Bovine serum albumin (BSA) that were used for subsequent 

experiments in this chapter were also resolved (Figure 4.3). There was little indication of 

protease activity in these samples. 

4.3.2) The native purification of His-Tcj2 and His-Tcj2 H34Q 

His-Tcj2 and His-Tcj2(H34Q) were produced and purified from E. coli BL21 (DE3) 

[pET28aTcj2] and E. coli BL21 (DE3) [pET28aTcj2(H34Q)] respectively. Both of these 

proteins expressed well using the pET28a expression vector and produced very similar 

profiles for samples taken from the soluble fraction of the cell lysate resolved on an SDS­

PAGE gel (Figure 4.4). Likewise, the His-Tcj2 and His-Tcj2(H34Q) samples taken from 

the eluted protein solution and the dialysed protein solution (to remove imidazole from 

the eluted protein solution) produced a similar molecular weight profile of proteins. The 

proportional concentration of proteins of other molecular weight relative to His-Tcj2 and 

His-Tcj2(H34Q) is small. The majority of the contaminating bands are below the 

molecular weights of the purified proteins and are possibly the result of a certain amount 

of proteolytic cleavage of His-Tcj2 and His-Tcj2(H34Q), despite the inclusion of a 

protease inhibitor cocktail in the lysis buffer. A protein of higher molecular weight 

(- 70kDa) than the purified Hsp40 proteins is more prominent in the His-Tcj2 purified 

protein solution, relative to the His-Tcj2(H34Q). This may be DnaK that was shown to be 

co-purified with His-Tcj2 when using the E. coli BL2l(DE3) [pET28aTcj2) (See section 

4.3.5) 
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Figure 4.4: Purification of His-Tcj2 and its mutant protein His-Tcj2(H34Q). 
Samples were resolved using SDS-PAGE (Appendix C.l.3). (A) The Purification ofHis-Tcj2. (B) The 
purification of His-Tcj2(H34Q). The soluble protein represents the fraction of the total cell lysate 
present in the supernatant after the clarification of this lysate through centrifugation at 16 000 xg for 25 
min (section 4.2.3). The middle lanes show samples of the purified protein eluted from the nickel­
doped NT A-bead matrix. The dialysed protein shows the purified proteins subsequent to the removal of 
imidazole using dialysis. The arrows show the bands of the purified proteins. The molecular weights to 
the left of the figures are shown in kilodaltons (kDa). 

4.3.3) Assessment of the aggregated state of the various purified proteins 

In order to confirm the native state of the purified proteins, the level of aggregation was 

detected by fluorescence spectrophotometry. Small aggregates were detected by 

transmitting light (350nm) through the solution and assessing the amount of light 

scattering that occurs by setting detection to scan from 300 nm to 600 nm wavelengths. 

Likewise, larger aggregates were detected by transmitting light (500nm) through the 

solution and again setting detection to scan from 300 to 500nm (Buchner et al. , 1998). A 

solution of the purified protein (I 0 J..lg/ml) in water was used in each case and bovine 

serum albumin (BSA) was used as a control solution (Figure 4.5A, B, C and D). A 

solution of BSA ( 10 J..lg/ml) was heated in boiling water bath for 10 minutes to denature 
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the protein to act as a control for the presence of aggregates in solution (Figure 4.5 A 

and B). Denaturation of the BSA produced a larger proportion of small aggregate 

complexes (Figure 4.5A) relative to large aggregates (Figure 4.5B). By contrast, an 

aliquot of the same solution of BSA that was not heat treated before measurement 

showed almost no detection of light scattering (Figure 4.5C and D). The assumption 

made here was that the non-heat treated BSA solution contained BSA in its completely 

native state, without any aggregates present. In comparison to the non-heat treated BSA 

the purified TcHsp70 (Figure 4.5E and F) used for the A TPase assay detection (Section 

4.3.1), had similar peaks for detection of aggregates at 350 nm and 500 nm. This 

indicated that the majority ofHis-TcHsp70 was likely to be in a non-aggregated state. 

Native and denatured samples (10 Jlg/ml) of His-Tcj2 and His-Tcj2(H34Q) were 

measured for the presence of aggregates (Figure 4.6). Denatured His-Tcj2 (Figure 4.6A 

and B) showed a similar proportion of both large and small aggregates relative to His­

Tcj2(H34Q) (Figure 4.6E and F). However, both of these proteins had a reduced 

proportion of aggregation in their denatured samples (small aggregates: - 2200 units; 

large aggregates: -700 units) relative to the denatured BSA (small aggregates: - 3500 

units; large aggregates: - 1000 units) (Figure 4.5A and B). 

Native samples of His-Tcj2 (Figure 4.6 C and D) and Tcj2(H34Q (Figure 4.6 G and H) 

showed higher levels of aggregation for both large and small aggregates relative to native 

BSA (Figure 4.5 C and D) However, comparison of the data for denatured and native 

samples in Figure 4.6, suggested that the majority of the protein population in both the 

native samples of His-Tcj2 and His-Tcj2(H34Q) was in a non-aggregated state. 
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Figure 4.5: TcHsp70 is largely unaggregated. 
Aggregates were detected through the measurement of light scattering. Denaturation of BSA (I 0 j.lg/ml 
concentration) in a boiling water bath for I 0 minutes was used as a positive control for aggregates. 
Native protein samples of the same concentration were also tested for the scattering of light at 350nm 
(small aggregate detection) and 500nm (large aggregate detection). Light emission was monitored in 
the range of 300nm to 600nm (x-axis). The y-axis indicates the relative amount of light scattering 
observed. (A) Denatured BSA excited at 350 nm. (B) Denatured BSA excited at 500 nm. (C) Native 
BSA excited at 350nm. (D) Native BSA. (E) Native TcHsp70 (F) Native TcHsp70. 
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Figure 4.6: His-Tcj2 and His-Tcj2(H34Q) are largely unaggregated. 
Protein solutions (1 0 J.!g/ml concentration) were denatured in a boiling water bath for 10 minutes. 

Native samples of the same concentration were also tested for the scattering of light at 350nm (small 
aggregate detection) and 500nm (large aggregate detection). Light emission was monitored in the range 
of 300nm to 600nm (x-axis). The y-axis indicates the relative amount of light scattering observed. (A) 
Denatured His-Tcj2 excited at 350 nm. (B) Denatured His-Tcj2 excited at 500 nm. (C) Native His-Tcj2 
excited at 350nm. (D) Native His-Tcj2 excited at 500nm. (E) Denatured His-Tcj2 H34Q. (F) Denatured 
His-Tcj2(H34Q) excited at 500nm. (G) Native His-Tcj2(H34Q) excited at 350nm. (H) Native His­
Tcj2(H34Q) excited at 500nm. 

167 



Chapter 4: In vitro characterisation 

4.3.4) Tcj2 is able to stimulate the ATPase activity of various Hsp70s 

ATPase assays were used to test the ability of His-Tcj2 to interact with various Hsp70 

proteins in a functional manner in vitro. The basal A TPase activity (Hsp70 + A TP 

without substrate or Hsp40 co-chaperone) of untagged Bos taurus brain Hsc70 (0.72 

nmoles of phosphate per minute per mg of protein [nmol/min/mg]) (A kind donation of 

by Dr Michael E. Cheetham, University College London Institute of Opthalmology, 

London, UK) and His-TcHsp70 (0.82 nmol/min/mg) were very similar (Figure 4.7A). 

Addition of His-Tcj2 was able to stimulate the A TPase activity of Bos taurus brain Hsc70 

9.5 fold, compared to the 1.4 Fold stimulation of His-Tchsp70. M sativa Hsp70 

(purchased from Alfa Biogene International, The Netherlands) has a high basal A TPase 

activity (28.9 nmols/min/mg) relative to Bos taurus Hsc70 and His-Tchsp70 (Figure 

4.7A and Figure 4.7B). The ATPase activity of M sativa Hsp70 was stimulated to a 

greater extent (in the presence of A TP) in a solution of 0.08 J..tM Hsp70 and 0.4 11M 

His-Tcj2 (196.6 nmol/min/mg) relative to a solution of 0.4 11M Hsp70 and 0.08 11M His­

Tcj2 (32.6 nmollmin/mg). It would appear as if the extent of stimulation of the ATPase 

activity of M sativa Hsp70 is greater when there is more Hsp40 relative to Hsp70 in an in 

vitro reaction system. This finding assumes that all the His-Tcj2 is native and is not being 

recognised as substrate by the Hsp70. The requirement for very much larger 

concentration of Hsp40 relative to Hsp70 (without unfolded protein substrate) for 

efficient stimulation of Hsp70 A TPase activity has been observed in E. coli Dna] and 

DnaK studies (Laufen et al. , 1999). 

The reason for the difference in A TPase activity stimulation of these different Hsp70s by 

His-Tcj2, particularly the stimulation of B. taurus Hsc70 relative to His-Tchsp70, is not 

immediately apparent. However, it does indicate the capacity for Tcj2 to interact with a 

diverse range of Hsp70s of divergent origins in vitro. The low stimulation of Tchsp70 by 

Tcj2, relative to Bovine Hsc70 and M sativa Hsp70, may indicate appropriate levels of 

stimulation of the A TPase activity as opposed to over stimulation by an inappropriate 

partner Hsp40. 
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Figure 4. 7: Tcj2 is able to stimulate the ATPase activity of Hsp70s from diverse sources. 
(A) The basal ATPase activity (nmol of phosphate released per minute per mg of Hsp70) of Bos taurus 
brain Hsc70 (0.4 f..LM) and His-Tchsp70 (0.4 f..LM) was used to determine the proportion of stimulation of 
this activity generated by His-Tcj2 at the incubation temperature of37"C. All reactions were carried out 
in the presence of 600 f..LM ATP (final concentration). (B) The basal ATPase activity of M sativa Hsp70 
relative to the stimulation of this activity by His-Tcj2 (0.4 f..LM and 0.08 f..LM} . All reactions were carried 
out in the presence of 600 f..LM ATP (final concentration). The error bars indicate standard deviation 
recorded for at least three replicate ATPase assays. 
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4.3.5) DnaK contaminates Tcj2 purified from Escherichia coli BL21 

During the course of the ATPase experiments, the capacity for the control containing 

0.04 )-tM His-Tcj2 and ATP to produce an ATPase activity above the level of background 

ATP decay in the solution was surprising. Due to the absence of an identified A TPase 

domain in the Hsp40 domain structure, it was proposed that this A TPase activity may be 

due to the presence of Escherichia coli DnaK that co purified with His-Tcj2. This was 

tested using Western blot analysis and probing with a DnaK specific antibody and DnaK 

was detected in all samples taken to monitor the purification of His-Tcj2 including the 

final purified His-Tcj2 protein solution. It was attempted to remove contaminating DnaK 

from the purification using A TP (5 mM) in the wash buffers based on a protocol by Rial 

and Ceccarelli (2002) (Figure 4.8). The Escherichia coli BL21 cells expressing His-Tcj2 

from pET28aTcj2 were harvested from a 1 litre culture by centrifugation according to the 

same method outlined in section 4.2.3. The cells were resuspended in 20 ml of lysis 

buffer, which was then divided into two 10 ml fractions. The His-Tcj2 was purified from 

both of these fractions according to the purification method in section 4.2.9, except that 

one fraction (Fraction A) was subjected to a wash with 5 mM ATP, while the other 

fraction (Fraction B) was subjected to a wash without ATP. 
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Figure 4.8: DnaK copurifies with His-Tcj2 when His-Tcj2 is produced in Escherichia coli BL21 
(DE3). 
Cells from I L of cell culture were resuspended in 20 ml of native Lysis buffer (Constituents) to produce 
the whole cell lysate (WL). This was divided into two I 0 ml fractions. Fraction A contained ATP 
(SmM) in the wash buffer for the washing steps (A I and A2), while Fraction B was washed with wash 
buffer that did not contain ATP (B I and 82). A 1- ATP wash I. A2 - ATP wash 2. B 1 - Wash I without 
ATP in the wash buffer. 82 - Wash 2 without ATP in the wash buffer. AE- Eluted ATP washed 
protein. BE - Eluted protein that was not exposed to ATP while bound to the NTA sepharose column. 
These samples (20j.~l) were resolved on an SDS-PAGE gel (upper panel) and blotted onto a 
nitrocellulose membrane for Western analysis (lower panel) (primary antibody I :5000 anti-DnaK; 
secondary antibody: I :5000 ECL advance kit horse radish peroxidase labeled anti-rabbit lgG, GE 
Healthcare, Amersham). The upper red arrow on the right side of the panels indicates the bands of 
purified His-T~j2. The lower red arrow shows the detection ofDnaK by Western blot. 

The whole cell lysate (Figure 4.8WL) showed a large amounts of DnaK contamination 

to the extent that the signal detection on the Western blot (using the Chemidoc gel and 

Western blot documentation system, Biorad) was saturated, producing a light smear 

between 66 kDa and 97 kDa. The first washes of the NT A-bead matrix for both Fraction 

A and B (Figure 4.8 Aland Bl) did not show very different levels ofDnaK removal and 

neither did the second washes (Figure 4.8 A2 and B2). However, the elution fractions 
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showed significantly less DnaK contamination m the A TP washed fraction (Figure 

4.8AE) relative to the fraction that did not have A TP washes (Figure 4.8BE). 

4.3.6) Setup of the QCM-D lipid bilayer and immobilization of Tcj2 onto the Si02 

covered quartz crystal 

In order to investigate the binding of Tcj2 to an Hsp70 it is required that one of these 

partner proteins is immobilized onto the quartz crystal resonator surface. It was decided 

to immobilize Tcj2 as the protein produced from the pET28aTcj2 plasmid already 

contained a (His)6-tag to purify this protein from E. coli BL21 lysates. 

The introduction of lipid vesicle solution (Section 4.2.10.3) into the liquid surrounding 

the quartz crystal resonator led to the adsorption of these vesicles to the Si02 coating of 

the crystal. The binding of the vesicles caused a shift in the oscillation frequency of the 

crystal by approximately 60 Hz to 65 Hz (Figure 4.9.1A and Figure 4.9.2A). As the 

adsorbed vesicles ruptured to form a lipid bilayer on the crystal surface, the buffered 

solution trapped in the centre of the vesicles was decoupled from the reverse piezoelectric 

oscillations of the crystal. This produces a net loss of observed mass bound to the surface 

of the crystal and a frequency shift from between -65 and 60 Hz to -30 Hz and -26 Hz at 

which point the frequency shift stops and levels off. In Figure 4.9.1 , this stable frequency 

is different from the figure quoted in literature of -26 Hz to -28 Hz shift from the start of 

measurement of a clean crystal, when using the same parameters (temperature, pH and 

ionic strength) as outlined for lipid immobilization in these experiments (Reimhult eta!., 

2002; Seantier et a!., 2005; Reimhult et a!., 2003; Richter et a!., 2003; Keller and 

Kasemo, 1998). The lipid immobilization data (Figure 4.9.2) shows greater similarity to 

this frequency sh ift observed in this li terature. This could be due to different lipids of 

different molecular mass being used in these experiments. It could also possibly be due to 

an older or damaged crystal used for the experiment shown in Figure 4.9.1 relative to 

that in Figure 4.9.2, where the nanotopography of the crystal may have altered the 

binding of the lipid bilayer. Alternatively there may be some unruptured vesicles on the 

surface ofthe crystal. A subsequent wash with buffer not containing lipid vesicles (Stable 

frequency/dissipation measurements between Figure 4.9A and B [Figure4.9 AlB 
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interface]) produced no change in the frequency suggesting that all mass was bound to 

the surface in a stable manner. 

The dissipation factor measurements for the lipid immobilization mirrors the shift in 

frequency. The adsorption oflipid vesicles to the surface of the crystal causes an increase 

in the dissipation factor suggesting that the vesicle layer has a high viscoelatsticity and is 

flexible and extends into the liquid medium (Figure 4.9.1A and Figure 4.9.2A). As the 

lipid vesicles rupture and form a supported lipid bilayer the dissipation factor decreases 

as the lipid layer is more compact and rigid on the crystal surface than the intact vesicles. 

As was observed for the frequency shift involving the lipid immobilization, the data 

shown in Figure 4.9.2 more closely follows the results reported in literature than the data 

in Figure 4.9.1 (Reimhult et al., 2002; Seantier et al. , 2005; Reimhult et al., 2003; 

Richter et al., 2003; Keller and Kasemo, 1998). GUismaster and coworkers (2002) 

reported a very different frequency and dissipation shift relative to other literature with 

measurements using egg phosphatidylcholine (EggPC), which is the same lipid mixture 

used by many other studies using the third overtone of the resonator oscillations 

(Reimhult et al., 2002; Seantier et al. , 2005; Reimhult et al., 2003; Richter et al., 2003; 

Keller and Kasemo, 1998). 

The resultant supported phospholipid bilayer (SPB) was washed with buffer (100 mM 

Tris-HCI; 300 mM NaCI; pH8.0) (Figure 4.9.1(A/B interface) and Figure 4.9.2(AIB 

interface)) to remove any unbound lipid vesicles from the flow cell. The frequency and 

the dissipation factor both remained constant through this wash. The NT A groups of the 

DOGS-NTA lipids were doped with Ni2+ ions by passing a 40mM NiS04 solution over 

the lipid layer (Figure 4.9.1B and Figure 4.9.2B). This solution produced a significant 

decrease in the resonance frequency of the crystal. Most of this frequency decrease was 

reversed when the excess nickel solution was washed offwith buffer. A slight decrease in 

resonance frequency (~5Hz) was maintained (Figure 4.9.2) relative to the SPB layer on 

its own, while Figure 4.9.1 showed an additional loss of mass after the washing away the 

nickel solution was observed. This suggests that instead of Ni2+ ions binding to the NT A 

groups of the DOGS-NT A in Figure 4.9.1, part of the SPB was removed. However, 
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despite this, (His)6-tagged Tcj2 was able to bind to both SPB layers (Figure 4.9.1C and 

4.9.2C.). It is possible that some of the lipid vesicles did not rupture on contact with the 

Si02 surface (Figure 4.9.1) . This might explain why the lipid layer formed a stable 

frequency oscillation at -32 Hz as opposed to the --26 Hz of Figure 4.9.2 and lipid 

immobilization data in the literature (Seantier et a!., 2005). The ionic strength of the 

NiS04 solution may have destabilized any adsorbed lipid vesicles and caused them to 

rupture releasing their water molecules and hence recording a loss of mass, despite the 

binding of Nickel. The importance of ionic strength (with Ca2+ and Na+) of buffer 

solutions in the destabilization of lipid vesicles, causing them to rupture and form a lipid 

monolayer on a solid surface has previously been reported (Seantier et a!., 2005). The 

dissipation of the system increased with the addition of the nickel solution (Figure 

4.9.1B and Figure 4.9.2B). This could have been the result of an increase in the viscosity 

of the buffer medium containing NiS04. A higher baseline compared to the undoped SPB 

even after the NiS04 solution was washed from the flow cell was observed in Figure 

4.9.2. This post wash change in the dissipation baseline is less evident in the data shown 

in Figure 4.9.1. The data displayed in Figure 4.9 therefore show the two scenarios that 

were encountered during the construction and nickel doping of the SPB, with the data 

shown in Figure 4.9.1 more closely replicating data reported in the literature. 

The binding of His-Tcj2 produced a strong oscillation frequency decrease in both Figure 

4.9.1 (C) and 4.9.2 (C), accompanied with a strong increase in the dissipation factor of 

the system. The increase in dissipation is to be expected as the (His)6-tagged proteins are 

bound to the SPB through a flexible N-terminal peptide that contains the (His)6-tag. A 

complicating factor in the immobilization of the Tcj2 is that no stable baseline was 

reached even after approximately two hours of exposure to the protein solution (- 250 to 

300 J..lg/ml) (Figure 4.9.2C), which is the equivalent of 6 ml of protein solution. It would 

have been anticipated that the frequency and dissipation shifts would have leveled to a 

stable baseline after all the NT A sites were occupied by a histidine tagged protein. It is 

unclear as to why this was not observed. It is possible that the lipid ratio was not 100% 

correct. The lyophilized lipid powders are extremely hygroscopic and become sticky 
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when hydrated, complicating accurate weight measurements of these compounds. More 

DOGS-NT A would mean more binding sites available for His-Tcj2. 

When the flow cell was washed ofTcj2 solution with buffer (1 00 mM Tris-HCl; 300 mM 

NaCl; pH8.0) (Figure 4.9.1D and Figure 4.9.2D), a slow loss of mass coupled to the 

motion of the resonator was noticeable, particularly in Figure 4.9.1. This could have 

been caused by: 

1) Detachment of nickel doped NTA bound His-Tcj2. 

2) Detachment ofTcj2 interacting with the immobilized film in a non- His tag-NTA 

interaction. Tcj2 is predicted to dimerise (Chapter 2 section 2.3.9). 

3) DnaK copurified from the E. coli BL21 [pET28aTcj2] system was slowly 

detaching from His-Tcj2 with which it was copurified (Section 4.3.5). 

4) Part of the lipid scaffolding was detaching, either due to delayed vesicle rupture 

or lifting of a portion of the SPB. 

The introduction of 10 mM A TP with 2 ).lM Human Hsp70 (His-tag deficient) (in 100 

mM Tris-HCl; 300 mM NaCl; pH8.0) (Figure 4.9.1E) caused a decrease in resonance 

frequency and an increase in the dissipation. Washing of the Hsp70/ATP solution 

resulted in a substantial increase in frequency (mass loss) of ~ 12 Hz and more rapid 

stabilization of the frequency baseline, with a slower drift (Figure 4.9.1F). This suggests 

that the Hsp70 or the A TP had an effect on the baseline stabilization. As it is known that 

DnaK contaminates His-Tcj2 purified from E. coli BL21 (pET28aTcj2] and A TP is 

known to assist with the removal ofthis DnaK contamination (Chapter 4 section 4.3.2), 

the ATP may be causing DnaK to release from its interaction with His-Tcj2. The His­

Tcj2 immobilised onto the lipid layer in Figure 4.9.2 was stored at 4 ·c for a substantially 

longer time before use compared to the His-Tcj2 in Figure 4.9.1. This may suggest that 

the DnaK naturally detached from its interaction with His-Tcj2 in the older protein 

solution. 
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Figure 4.9: The immobilization of Tcj2 onto the quartz crystal sensor. 

" 
0 " " " " " " .. 

" " , 
" ,, 
" .. .. 
11 

Sl 

(I) and (2) show the immobilization ofHis-Tcj2 onto a Si02 coated quartz crystal resonator, representing the two 
scenarios observed during the construction of the nickel doped supported phospholipids bilayer. The data presented 
in (I) more closely represents data reported in the literature. The frequency change (l:l/) is recorded in blue (left 
axis) and the change in the dissipation factor (t:J.D) is recorded in red versus Time (hours) (x-axis). Measurements 
are shown for the third overtone of the crystal resonance. {A) The application of the lipid bilayer onto the Si02 

coated crystal. (B) N? .. (40 mM NiS04) doping of the NTA groups of the DOGS-NT A lipids. (C) The application 
ofTcj2 protein [(I) 281 Jlg/ml; (2) 3 10 Jlg/ml) to the system. As the Tcj2 proteins bind to the NTA groups by their 
His-tag, they add mass to the crystal sensor. Between each of these steps a wash with a buffered solution ( I OOmM 
Tris-HCI (pH8.0); 300mM NaCI) was perfo1med until a stable baseline was achieved. (D) wash step with the same 
buffer to remove any unbound Tcj2. Note the loss of mass as the wash step continues. (E) Introduction of 2JlM 
Human Hsp70 + I 0 mM ATP (in the buffered solution used for the washes. (F) wash with I 00 mM Tris-HCI (pH 
8.0); 300mM NaCI). Note the decreased loss of mass and stabilization of the baseline after the addition of A TP. 
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4.3.7) M. sativa (Alfalfa) Hsp70 interacts with Tcj2 and T cj2 H34Q in vitro 

In an attempt to compare the interaction Tcj2 and Tcj2(H34Q) with a partner Hsp70, His­

Tcj2 and His-Tcj2(H34Q) were immobilized onto two separate Si02 coated quartz crystal 

resonators. Tcj2 and its mutant were chosen to be the immobilized proteins of this 

protein-protein interaction study as they contained a (His)6-tag used in their purification. 

M sativa Hsp70 was used in these experiments as it did not contain a histidine tag which 

could have produced false binding signals with the NTA lipid layer. In addition, this 

Hsp70 was more easily available commercially from its natural source than Human 

Hsp70 and is claimed to possess human Hsp70-like properties (Alfa Biogene 

International B. V.; http://www.alfabiogene.de/HSP70 page l.pdf). The buffer containing 

100 mM Tris-HCl; 300 mM NaCl and a pH of 8.0 was used as the baseline liquid 

medium in these measurements, with various additives (Lipid vesicles, NiS04 , A TP and 

proteins). 

The immobilization of the supported phospholipid bilayer and nickel doping did not give 

the same measurements for each crystal. The SPB formation and Ni2+ doping on the 

crystal for immobilization of His-Tcj2 (Figure 4.10.1A) was similar to that shown in 

Figure 4.9.1 , while the SPB formation on the His-Tcj2(H34Q) crystal (Figure 4.10.2A) 

was more similar to that shown in Figure 4.9.2. Despite these differences in the SPB 

measurements, both His-Tcj2 and His-Tcj2(H34Q) produced a strong decrease in the 

resonance frequency of their respective crystals suggesting that they bound to the NT A 

groups of the SPB. However, the frequency change produced by the immobilization of 

His-Tcj2 was approximately 2.8 times that for His-Tcj2(H34Q) over the same time 

interval, suggesting that more His-Tcj2 was bound to the lipid NTA s ites relative to His­

Tcj2(H34Q). As was the case in Section 4.3.6, saturation of binding does not appear to 

have been reached. The immobilization of His-Tcj2 generated approximately 2.5 times 

the shift in the dissipation factor relative to the immobilization of His-Tcj2(H34Q) 

(Figure 4.11.1 A and Figure 4.11.2 A). 

Flushing of the flow cells with buffer (100 mM Tris-HCl; 300 mM NaCl; pH8.0) 

produced the same slow drifting frequency due to loss of mass observed in Figure 4.9.1. 
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Therefore, three washes with 60 mM ATP solution (in 100 mM Tris-HCI; 300 mM NaCl; 

pH8.0) were used (Figure 4.10.1B and Figure 4.10.2B), which allowed for the partial, 

but not complete stabilization of the frequency and dissipation measurements (Figure 

4.10B and Figure 4.11B). The residual baseline frequency shift appears to be more 

pronounced in the His-Tcj2(H34Q) system (Figure 4.10.2). 

Attempts at studying the interaction of His-Tcj2 with Human Hsp70, using QCM-D 

showed no detectable difference in the frequency shift produced by passing 0.1 11M, 0.2 

11M, 0.4 11M, 0.6 11M and 0.9 11M of Human Hsp70 (Histidine tag deficient) (contained in 

100 mM Tris-HCI; 300 mM NaCI; 10 mM ATP; pH8.0) over immobilized His-Tcj2 

(Data not shown). A dilution series of 2~-LM, 4 11M, 6 11M, 8 11M and 5 11M M sativa 

Hsp70 (histidine tag deficient) (in I 00 mM Tris-HCI; 300 mM NaCJ; 10 mM A TP; 

pH8.0) was therefore chosen for this study (Figure 4.10.1C and Figure 4.10.2C). This 

dilution series produced a dose response in which a different frequency shift was 

generated proportional to the concentration of theM. sativa Hsp70. The addition of the 

same dilution series of bovine serum albumin (BSA) in the same buffer containing 

1 0 mM A TP produced the same frequency shift response in each BSA concentration 

(Figure 4.10.1D and Figure 4.10.2D). A protein deficient control was also used (0 11M; 

Figure 4.10.1D and Figure 4.10.2D) in which the other solution constituents remained 

the same as for the dilution series of Hsp70 and BSA (1 00 mM Tris-HCI; 300 mM NaCI; 

lO mM A TP; pH8.0), excluding the addition of any protein to the cell. This control 

suggested that the frequency and dissipation sh ifts observed for the addition of BSA was 

completely attributable to the I 0 mM A TP in the solution, as it produced the same 

frequency shift as the BSA dilution series .. This further supports the interpretation that 

BSA did not bind to the quartz crystal or to its immobilized constituents. The apparent 

loss of mass in the 8 11M BSA measurement in Figure 4.10.2D was potentially due to a 

gas bubble becoming introduced into the flow cell. After the removal of the 8 11M BSA, 

the baseline settled approximately 2.5 Hz higher than it was previously. This change 

could be factored into subsequent data analysis. TheM sativa Hsp70 dilution series dose 

response in the presence of I 0 mM A TP suggests that it interacted with both His-Tcj2 
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and His-Tcj2(H34Q), relative to the lack of interaction observed with BSA solutions. 

This apparent interaction between His-Tcj2/His-Tcj2(H34Q) and Hsp70 appears to be 
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Figure 4.10: Change in resonance frequency of the Quartz Crystal Sensor in relation to time measured at the third 
overtone. 
I) shows Tcj2 immobilised on the crystal and M. sativa Hsp70 passed over. 2) Tcj2 (H34Q) immobilized and M. sativa 
Hsp70 passed over. Change in frequency (/1j), in Hz, is shown on the Y -axis versus time on the X-axis. (A) indicates the 
lipid immobilization, Ni2

" doping of the NTA groups and the immobilization of Tcj2rfcj2 (H34Q). (B) A series of 3 ATP 
washes (60mM ATP) to remove any co-purified DnaK. There is a substantial loss of mass after the ATP washes, 
indicating a loss of material (possibly DnaK). These washes stabilize the baseline and minimize the leakage of mass from 
the crystal sensor surface. (C) A number of concentrations of M. sativa Hsp70 (in 10 mM ATP, IOOmM Tris-HCI (pH 
8.0); 300mM NaCl). (D) The same concentrations of BSA were applied in the same solution constituents as for the Hsp70 
as a no binding control. (E) 2 JlM of M. sativa Hsp70 was applied without A TP in the solution (I OOmM Tris-HCl (pH 8.0); 
300 mM NaCl). (F) Differing concentrations of ATP were applied to the system. 
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transient. The change in frequency and dissipation upon introduction of Hsp70 to the 

flow cell reverses during the wash step and returns to the original baseline frequency. The 

lack of permanent interaction of either Hsp70 or BSA with the resonator system provides 

evidence that the crystal surface is completely covered by the SPB, or at least that any 

gaps in the layer are equally inaccessible to both proteins. This is likely to be so as Hsp70 

(-70 kDa) and BSA (- 66k0a) are of a very similar molecular size in kilodaltons (Section 

4.3.1). 

Varying concentrations of ATP (in I 00 mM Tris-HCl; 300 mM NaCI; pH8.0) were 

passed over the crystal and resulted in a dose response causing an increase in frequency 

shift with increase in ATP concentration (Figure 4.10F and 4.11F). It is therefore 

important to maintain the same concentration of A TP in all the protein solutions tested 

for interaction with the immobilized proteins in the presence of A TP. This was done for 

the data shown in Figure 4.10 and Figure 4.11. 

The addition of a 2 JlM solution of M sativa Hsp70 without A TP to both flow cell 

systems produced a substantially different shift in frequency relative to the 2 j.!M solution 

ofHsp70 with 10 mM ATP (Figure 4.10.1E and Figure 4.10.2E). The His-Tcj2 system 

showed a frequency shift of approximately 30 Hz for the Hsp70 and A TP solution 

relative to a shift of approximately 50 Hz for the Hsp70 solution lacking ATP. In 

contrast, the A TP containing Hsp70 solution (2 j.!M) produced an approximate 20 Hz 

shift from the baseline frequency in the His-Tcj2(H34Q) system, relative to an 

approximate I 0 Hz shift in the A TP deficient Hsp70 solution (2 JlM). However, as A TP 

appears to produce a frequency change, a better comparison may be to examine the 2 JlM 

Hsp70 + l 0 mM A TP response, subtracted from the 10 mM A TP alone response relative 

to the 2 JlM Hsp70 excluding A TP response. This nonnalization produces a shift in 

frequency of9.9 Hz (Hsp70 + 10 mM ATP) relative to I 0 Hz (Hsp70 excluding A TP) for 

the His-Tcj2(H34Q) study and 24.2 Hz (Hsp70 + 1 OmM A TP) relative to 48.5 Hz (Hsp70 

excluding A TP). This suggests that there is very little difference in the responses 

generated by the presence or absence of A TP for the Tcj2(H34Q) study. T heTcj2 study 

showed an almost 50% increase in the frequency shift response during exposure to Hsp70 
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without ATP relative to Hsp70 +A TP. The dissipation data shows a similar trend for this 

comparison. 

Qualitative analysis of the change in dissipation data (Figure 4.11) did not supply any 

conclusive information regarding conformational changes of M sativa Hsp70 or of His­

Tcj2/His-Tcj2(H34Q) upon their interaction/exposure to one another. The tethered status 

of His-Tcj2/His-Tcj2(H34Q) generates a large dissipative effect in the system. The 

further increase in dissipation in a dose dependent manner during exposure to M sativa 

Hsp70, relative to the lack of such a dose response during exposure to BSA appears to 

confirm the interpretation of the frequency shift data. The Hsp70 interacts with His­

Tcj2/His-Tcj2(H34Q) and causes a further increase dissipation due to the increased 

coupled protein mass. However, the increase in dissipation associated with exposure of 

the BSA dilution series appears to be due to changes in the viscosity of the medium rather 

than due to the physical binding of BSA to Tcj2. Further viscoelastic modeling of this 

data would be required to determine any possible changes in the conformation of any of 

the proteins. 

A difference in the shape of the frequency shift spikes resulting from the addition of M 

sativa Hsp70 was observed for the His-Tcj2 (Figure 4.10.1C) relative to the His­

Tcj2(H34Q) (Figure 4.10.2C) data. However, this appears to be due to differences in the 

crystal used in the experiment as the same difference was observed when differing 

concentrations ofBSA were added to the respective systems. This same phenomenon was 

observed in the measurements of the dissipation of the two systems (Figure 4.11.1 and 

Figure 4.11.2), but to a lesser extent. The application of A TP solutions (excluding 

protein) (Figure 4.10.1B and F; Figure 4.10.2B and F) did not show this difference in 

the frequency shift spike to the same extent as the addition of the protein containing 

solutions (M sativa Hsp70 and BSA). 
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Figure 4.11: Change in the rate of resonance energy dissipation frequency of the Quartz Crystal Sensor in relation to 
time measured at the third overtone. 
The change in dissipation measurements that were taken simultaneously with the change in resonance frequency data 
displayed in Figure 4.10. I) shows the dissipation measurements for Tcj2 wild type immobilized onto the crystal sensor. 2) 
shows the measurements for Tcj2 H34Q immobilized onto the crystal sensor. Change in the dissipation factor (W), in Hz, is 
shown on the Y -axis versus time on the X-axis. (A) indicates the lipid immobilization, N? ... doping of the NTA groups and 
the immobilization of Tcj2!fcj2 (H34Q). (B) A series of 3 A TP washes (60mM A TP) to remove any co-purified Dna.K. 
There is a substantial loss of mass after the A TP wa~hes, indicating a loss of material (possibly Dna.K). These washes 
stabilize the baseline and minimize the leakage of mass from the crystal sensor surface. (C) A number of concentrations of 
M. sativa Hsp70 (in I 0 mM ATP, I OOmM Tris-HCI (pH 8.0); 300mM NaCI). (D) The same concentrations of BSA were 
applied in the same solution constituents as for the Hsp70 as a no binding control. (E) 2 JJM of M. sativa Hsp70 was applied 
without ATP in the solution ( I OOmM Tris-HCI (pH 8.0); 300 mM NaCI). (F) Differing concentrations of ATP were applied 
to the svstem. 
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4.3.8) Comparison of the binding of M. sativa to His-Tcj2 and His-Tcj2(H34Q) in the 

presence of A TP 

The different amounts of His-Tcj2 and His-Tcj2(H34Q) immobilized on their respective 

crystal resonators makes it difficult to compare the binding of Hsp70 to this protein and 

its mutant. An attempt was made to normalize the amount of Hsp40 bound in both 

systems using the following assumptions: 

I) His-Tcj2 and His-Tcj2(H34Q) are of the same molecular size, structure and have 

the same hydration shell. In addition their binding to the nickel-doped NTA 

groups of the supported lipid bilayer is the same. 

2) There are the same number of accessible NTA groups in both of the supported 

phospholipid bilayers on their respective crystals. 

The total frequency shift from the start of His-Tcj2/His-Tcj2(H34Q) binding until the 

stabilization of the frequency after the A TP washes (Figure 4.10.1B and Figure 

4.10.2B) was measured. This was approximately 265 Hz for His-Tcj2 (Figure 4.10.1) 

and approximately 95 Hz for His-Tcj2(H34Q) (Figure 4.10.2). The frequency shift was 

therefore 2.8 times greater for His-Tcj2 than for His-Tcj2(H34Q), implying that 2.8 times 

the amount of His-Tcj2 was bound (provided the above assumptions are valid). The 

frequency shift produced by each concentration of M sativa Hsp70 and BSA in the 

presence of ATP (Figure 4.10.1C and D; Figure 4.10.2C and D) was measured. The 

frequency shifts measured for the binding of M sativa Hsp70 to His-Tcj2 were then 

divided by 2.8 to account for the different amounts ofHis-Tcj2 and His-Tcj2(H34Q) that 

were bound. The resulting values were plotted as change in frequency (Hz) versus protein 

concentration (Figure 4.12). The plot of the unadjusted frequency shifts for M Sativa 

Hsp70 binding to His-Tcj2 has a gradient more than double that of the plot for M Sativa 

Hsp70 binding His-Tcj2(H34Q). However, the plot of the normalized frequency shift of 

M sativa Hsp70 binding His-Tcj2 has a similar gradient to that of Hsp70 binding His­

Tcj2(H34Q). This would suggest that both His-Tcj2 and His-Tcj2(H34Q) have a similar 

affinity for M sativa Hsp70 in vitro. The plots for the different concentrations of BSA 

passed through both systems revealed gradients of almost zero, suggesting that no 

significant amount of BSA bound to the SPB or the immobilized Hsp40s. However, no 
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accurate deduction of affinities can be made without the elimination of the variables 

associated with using two different resonators and different lipid bilayers. Alternatively, a 

ratio of the frequency and dissipation measurements could be taken and plotted against 

the dilution series protein concentration. The resultant gradients for the Hsp70 dilution 

series in both cases were very similar to that shown in Figure 4.12. 
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Figure 4.12: The comparison of the interaction of M. sativa Hsp70 and Bovine serum albumin 
(BSA) to surface immobilized His-Tcj2 and His-Tcj2(H34Q) protein films measured with the 
QCM-D. 
The different amounts of His-Tcj2 and His-Tcj2(H34Q) that were immobilized onto their respective quartz crystal 
resonators was different. Therefore an attempt was made to normalize the shift in frequency caused by the M. 
sativa Hsp70 between the two systems (See text). His-Tcj2 + M. sativa Hsp70 diluition series. His-Tcj2(H34Q) + 
M. sativa Hsp70 dilution series. , - Hi~-Tcj2 - BSA dilution series. 
His-Tcj2(H34Q) BSA dilution series. The lines represent a regression plot of each data series and the 
accompanying equation and R2 values are displayed. 

4.4) Discussion 

4.4.1) In vitro ATPase assays 

The basal ATPase activity for His-Tchsp70 that is reported in this chapter is vastly 

different from activities for this protein reported in the literature. GST-Tchsp70 had an 

A TPase activity of 520 nmol/min/mg (Olson et a!., 1994), while His-Tchsp70 was 
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reported to have a basal ATPase activity of 40 nmol/min/mg (Edkins et al., 2004). This 

may suggest that the longer (His)6-tag associated peptide of the His-Tchsp70 purified 

from E. coli BL21 [pET14bTchsp70) relative to His-Tchsp70 purified from E. coli 

XLl blue[pQETchsp70) was able to interact with the substrate binding domain of His­

Tchsp70 and stimulate an increased level of ATPase activity. The fold stimulation by 

His-Tcj2 (1.4 fold) is also lower than the 1.5 fold reported by Edkins and coworkers 

(2004). The basal A TPase activity of Bos taurus Hsc70 has reported as 0.2 nmollmin/mg 

(Minami et al. , 1996) to 1.08 nmol/min/mg (Chamberlain and Burgoyne, 1997). The 

basal A TPase activity of this protein was calculated as 0.72 nmol/min/mg, correlates 

closely with the data in the literature. The fold stimulation by His-Tcj2 (9.5 fold) also fits 

in the middle of the range of fold stimulation reported by a number of other Hsp40s (8-

fold by DnaJ and GrpE, 6-fold by Hsp40 [Minami et al., 1996) and 13 fold by Cspl 

[Chamberlain and Burgoyne, I 997]). Although the basal ATPase activity of M sativa 

Hsp70 was higher than the other Hsp70s in the study, these results were consistent with 

those obtained by others (38 nmol/min/mg; Louw et al. 20 I 0) . The ability of His-Tcj2 to 

stimulate the A TPase activity of all three of the Hsp70s tested, suggests that it is a 

functional protein in vitro. 

4.4.2) The immobilization of His-Tcj2/His-Tcj2(H34Q) onto the surface of the 

quartz crystal resonator 

Possible reasons for the differences in the lipid immobilization measurements (Figure 

4.9) could be due to the age of the crystals. The data produced in Figure 4.9.1 was 

measured on an older crystal than Figure 4.9.2. In addition, this older crystal could have 

been etched in the cleaning procedures it had been subjected to and nanotopography is 

known to affect layer immobi lization (Pfeiffer et al., 2008). This older crystal may also 

have been dirtier, and crystal cleanliness is known to affect the quality of the supported 

lipid bilayer that is formed (GHismaster et al. , 2002). This may have left some vesicles 

intact on the crystal surface. 

The A TP washes only partially stabilized the baseline for the frequency and dissipation 

measurements, which could indicate that the number of washes should be increased to 
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five or six. As Tcj2 is thought to dimerise (Chapter 2 section 2.3.9), it is possible that 

the immobilized His-Tcj2 and His-Tcj2(H34Q) were dimers, where one or both 

monomers were tethered to the lipid bilayer. However, the H34Q mutation is unlikely to 

affect dimersiation, due to the active domains being in the C-terminal portion of the 

protein relative to theN-terminal J-domain containing H34/Q34. 

4.4.3) The measurement of the interaction between His-Tcj2/His-Tcj2(H34Q) with 

M. sativa Hsp70 

To the best of the authors knowledge, this chapter presents the first work showing an 

interaction between a full length Hsp70 and a full length Hsp40 in vitro using the 

QCM-D system and it should be highlighted that this work constitutes a preliminary 

study, that leaves many question unanswered. 

Previous in vitro studies of the interaction of Hsp70 with Hsp40 were conducted using 

surface plasmon resonance spectroscopy, where prokaryotic DnaK mutant protein 

interaction with wild type DnaJ immobilized onto the chip surface was studied (Mayer et 

a!., 1999; Gassier et af., 1998; Sugimoto et al., 2007; Acebron et al., 2008). Other studies 

involved the characterization of the interaction of wild type DnaK with immobilized 

mutant DnaJ proteins (Mayer et al. , 1999; Suh et al., 1999). 

Mayer and coworkers ( 1999) reported that a functional DnaJ protein is necessary for an 

interaction with Hsp70. They showed that there was no binding between DnaK and DnaJ 

H33Q. In contrast, data in this chapter tentatively shows the interaction of Alfalfa Hsp70 

with His-Tcj2(H34Q) and His-Tcj2 in the presence of saturating levels of A TP. However, 

there are differences between the prokaryotic and eukaryotic Hsp40/Hsp70 systems, 

which may make them difficult to compare directly (e.g. the greater requirement for a 

nucleotide exchange factor in prokaryotic systems, Alberti et al., 2003). The similar 

incremental dose response of both His-Tcj2 and its mutant for their interaction with M 

sativa Hsp70 indicates that they may have similar affinities for M sativa Hsp70. 

Therefore, the H34Q mutation may not affect the physical interaction of Hsp70 and Tcj2 

at all, and that it is rather the positively charged residues of Helix II and Helix III of the J-
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domain that are responsible for this physical interaction as was suggested by Gassier and 

coworkers (1998). Equivalent mutations in other Hsp40s have disrupted the ability of the 

Hsp40 to stimulate the A TPase activity of an Hsp70. Also, we have shown that the H34Q 

mutation disrupts the ability of Tcj2 to substitute for Ydj 1 in vivo (Chapter 3). Taken 

together these data suggest that whi le mutations of the HPD motif (Such as H34Q in 

Tcj2/Tcj3) disrupt functional interaction of an Hsp40 with an Hsp70, they do not 

necessarily disrupt physical binding. 

Unfortunately the experiments presented here can ' t rule out the possibility that His-Tcj2 

and His-Tcj2H34Q are being recognised as an unfolded substrate by M sativa Hsp70 as 

was suggested for the interaction between E. coli DnaJ and DnaK (Mayer et al., 1999). 

There is therefore a need for confirmation that the proteins used were close a 100% 

native state. This could have been better achieved using circular dichroism which detects 

the secondary structure content of a protein solution and therefore is a more definitive 

measure of protein native state than light scattering. 

The 2 ~-tM M sativa Hsp70 without ATP passed over the immobilized His-Tcj2 and His­

Tcj2(H34Q) showed an interaction. It has been shown that DnaK does not interact with 

DnaJ in the presence of ADP (Mayer et al., 1999; Suh et al., 1999). ADP bound Hsp70 is 

reported to have an increased affinity for unfolded substrates, so it is surprising that the 

absence of nucleotide shows a higher affinity than DnaK/DnaJ in the presence of ADP, 

unless the DnaK is not recognizing DnaJ as substrate. For a more complete comparison 

of the effect of a lack of A TP or ADP in the system, a complete dilution series of 

M sativa Hsp70 like the one performed in the presence of A TP would be required. The 

accompanying control dilution series with BSA would also be required. 

The transience of the interaction between Hsp70 and Hsp40 make detection more 

complicated. This is especially the case when measurements are conducted with unfolded 

protein substrates or with A TP/ADP in the solution that alters the frequency/dissipation 

due to their effect on the solution viscosity. 
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The different amounts of His-Tcj2 and His-Tcj2(H34Q) bound to their respective quartz 

resonators makes it difficult to make a direct comparison regarding their affinity for 

M sativa Hsp70. The attempt at normalization in section 4.3.9 is not ideal. Therefore 

voight viscoelastic modeling is required for estimation of the amount of His-Tcj2 and 

His-Tcj2(H34Q) bound to their respective crystals. This will allow more accurate 

comparison of the binding of the two proteins to Hsp70 and will also provide more 

information for the calculation of preliminary binding kinetics. 
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CHAPTERS 
The in vivo characterisation of Tbj2 in the 
proliferative bloodstream stage Trypanosoma brucei 
brucei 

5.1) Introduction 

The characterization of a protein in vivo is preferable to in vitro characterization as this 

studies the protein in its natural cellular environment. However, it can often be difficult to 

study the workings of a protein in the complexity of the cellular environment and its 

incompatibility with in vitro assay detection systems. In addition, it is preferable to study 

a protein in the organ ism from which it originates (the homologous system) as opposed to 

a different organism (heterologous system). This reduces the chance of misinterpretation 

of signals such as sub-cellular localization signals or other differences in the cellular 

environment of the protein under study relative to its natural cellular environment. 

Procyclic T1ypanosoma brucei brucei has been cultivated in vitro in continuous culture in 

the laboratory since the early 1900's (Hirumi and Hirumi, 1989). However, bloodstream 

form cells were only successfully cultured continuously in vitro in 1977 (Hirumi et al. , 

1977; Hirumi and Hirumi, 1994). This early in vitro culture of bloodstream form cells 

required the presence of mammalian feeder cells. The ability to culture bloodstream form 

cells without these feeder cells was first reported by Baltz et al. (1985) and Duszenko et 

a!. (1985) and required only a 10% mammalian serum content in the culture medium. 

These protocols have since been modified (Hirumi and Hirumi, 1989; Hirumi and 

Hirumi, 1994). Culture of the proliferative bloodstream form cells in the laboratory is 

further complicated by the population growth arrest and differentiation of cells to the 

non-proliferative short stumpy forms (Vasella and Boshart, 1996). A density sensing 

mechanism utilizing a factor referred to as stumpy induction factor (SIF) and cyclic AMP 

(cAMP) has been implicated in this phenomenon ofbloodstream form population control 

(Vasella et al., 1997; Reuner et al., 1997). Bloodstream form populations cultured in vitro 

therefore need to be maintained below a threshold cell density (2x 106 cells/ml) in order to 

prevent the irreversible differentiation to the non-proliferative stumpy form. 
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RNA interference (RNAi) is a cellular reaction to the presence of double stranded RNA 

(dsRNA), in which mRNA with a sequence identical to one of the strands of a dsRNA 

molecule is degraded. The net result is cessation of translation of that particular gene 

transcript (Hannon, 2002). Discovery of this phenomemon was credited to Fire, Mello 

and coworkers (I 998) for their observation of the phenomenon in Caenorhabditis elegans 

(Fire et al., 1998). It has been proposed that this mechanism was developed in certain 

organisms for pathogen resistance (e.g. double stranded RNA viruses) or for the 

regulation of certain endogenous genes (Hannon, 2002). This natural phenomenon can be 

used to study gene function in a RNAi compliant-species, by introducing double stranded 

RNA sequences of which one strand is identical to the gene sequence intended to be 

silenced (Hannon, 2002). Such an RNAi system is present in T brucei (Uilu et al., 2004; 

Clayton et al., 2005) and has been interpreted as a constitutive process to protect the 

genome against retroposon transcripts (Djikeng et al., 2001; Patrick et a/., 2008). 

Methods that have been used to induce RNA interference in T brucei include: 1) 

Electroporation of dsRNA or 2) the transcription of dsRNAs from a nucleotide construct 

integrated into the host genome (Tschudi eta/., 2003; Ullu eta!., 2004; Ngo eta!., 1998; 

LaCount and Donelson, 2001 ). The latter has been achieved by 1) transcription of dsRNA 

using opposing T7 polymerase promoters and 2) the production of a hairpin dsRNA 

structure by cloning the target sequence in tandem in the forward and reverse orientations 

(Uilu eta!., 2004; Tschudi et al., 2003). Each of these has their own separate advantages. 

The introduction of synthetic dsRNA into T brucei by electroporation produces only a 

transient RNAi response and does not require cloning manipulations (Ngo et a!., 1998). 

The in situ genetic construct producing dsRNA can be designed to be inducible (Alibu et 

a!. , 2005) and hence more versatile than homologous recombination gene knockout 

which is complicated in a diploid organism. The construct producing the hairpin version 

of dsRNA is complicated to produce, invo lving insertion of the target sequence in 

forward and reverse orientation (LaCount and Donelson, 2001), while the opposing T7 

promoter system is easier to clone and therefore more suited to high throughput analysis 

such as whole chromosome analysis. However, the opposing T7 promoter system is 

known to produce dsRNA even under non-induction conditions, which could be 
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problematic for essential genes (Wang et al., 2000). This is due to the tet repressor not 

completely shutting down T7 polymerase production in this geneti c system (Wirtz et al., 

1999). More recent RNAi genetic constructs for T brucei make use of a ribosomal 

promoter thus eliminating the need to conduct experiments in a strain that expresses the 

T7 promoter and the problems of T7 polymerase toxicity at high expression levels 

(Alsford et al., 2005; Alsford and Horn, 2008). 

The sequencing of trypanosomatid genomes (El-Sayed et a!., 2005b; Berriman et al., 

2005; Ivens eta!., 2005; Peacock et al., 2007) has produced a large amount of nucleotide 

and sequence information, without any corresponding functional information for many of 

these ORF's. The apparent absence of RNAi in L. major and T cruzi (DaRocha et al. , 

2004; Robinson and Beverly, 2003) and the overlap of a large proportion of the genes in 

these three organisms (El-Sayed et al., 2005b) identifies T brucei as the starting 

candidate organism for functional studies of trypanosomatid proteins, from which 

inferences about orthologues in the other trypanosomatids can be made. A large scale 

functional analysis has already been carried out on the ORF's of T bruce brucei 

chromosome I (Subramaniam et al., 2006) and there are countless other examples of 

T brucei brucei protein characterization using RNA interference (Wang et al., 2000; 

Alsford et al., 2005; Motyka and Englund, 2004). T. brucei is therefore the best suited of 

L. major, T cruzi and T brucei to study trypanosomatid Hsp40 function by si lencing 

their expression using RNAi. 

In the proliferative life-cycle stages ofT. brucei brucei, cell division differs significantly 

from many other eukaryotic cells. This is due to the differences in cell physiology 

relative to some eukaryotic cells. The T brucei mitochondrion contain a concatenated 

network of circular chromosomes that are organised into a disk-like structure near the 

flagellar basal body called the kinetoplast (Robinson and Gull, 1991). The cells contain a 

subpellicular corset of microtubules that are thought to have a result in a mechanistically 

different process of cytokinesis (Hammarton, 2007). In addition to the nucleus, T brucei 

also has a number of single copy organelles (mitochondrion, golgi apparatus and the 
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basal body/flagellar complex) all of which need to be duplicated correctly to produce 

viable progeny in the cell division process (Hammarton et al. , 2007). 

The generalized description of the cell division cycle in eukaryotic cells is divided into 

four phases. The DNA replication phase (S-phase) separates two gap phases (G 1 before 

and G2 after), which display a lack of apparent nuclear activity. Mitosis (the division of 

the replicated chromosomes into two separate nuclei) and cytokinesis (the division of the 

cytoplasm) are then initiated (Woodward and Gull, 1990; Alberts et al., 1997). The start 

of the T brucei cell cycle is defined as the maturation of the pro basal body which allows 

the formation of a new flagellum (which continues to grow until cytokinesis occurs), 

followed by replication of the golgi apparatus (Hammarton, 2007). The need to replicate 

the extensive mitochondrial genome prior to cell division led to the description of two S­

phases in T brucei. The kinetoplast S-phase (Sk) and the nuclear S-Phase (Sn). Sk starts 

immediately prior to Sn, defined as the start of the S-phase in most cell division cycles 

(Woodward and Gull, 1990). Sk is completed before Sn and after its own G2 phase, the 

kinetoplast divides during the nuclear G2 phase. This produces a cell with two 

kinetoplasts and one nucleus (1N:2K). Most other eukaryotic cells studied to date have 

multiple mitochondria and show continuous mitochondrial genome replication at all 

stages of the cell division cycle (Guttes et al., 1967; Braun and Evans, 1969; Meyer and 

Simpson, 1968; Schultz and Nass, 1969). Mitosis occurs at the end of the nuclear G2 

phase and proceeds without chromosome condensation or nuclear envelope breakdown 

(Hammarton et al. , 2007; Galanti et al., 1998; Alsford and Horn 2004). Cytokinesis in T 

brucei occurs after the completion of nuclear DNA segregation and results in a 2N:2K 

state. The process is mechanistically very different to the actomyosin ring constriction 

mechanism observed in other eukaryotic cells (Hammarton, 2007). T brucei cytokinesis 

is initiated with a cleavage furrow at the anterior end beginning at the site of attachment 

of the new flagellum to the cell body. Furrow ingression is unidirectional and is believed 

to include the modification of the microtubules in the subpellicular corset (Hammarton et 

al., 2007). Abscission occurs along the flagellar axis of the dividing cell and appears to 

require an active flagellum for completion of the separation ofthe daughter cells (Ralston 

et al., 2006; Broadhead et al. , 2006). 

193 



Chapter 5: In vivo characterisation ofTbj2 

In addition, the duration of the T brucei brucei cell division cycle differs from 8.5 hours 

in the procyclic cell forms to 6 hours in the bloodstream form (Hammarton et al., 2007). 

The cell cycle is also not universal across trypanosomatid species. In T cruzi and 

Leishmania, the timetable of cell cycle events do not follow all of the same events 

outlined for T brucei. Leishmania is known to divide the nucleus before the kinetoplast 

(Cosgrove and Skeene, 1970; Hammarton et al., 2007), while in T cruzi flagellar 

elongation and flagellar pocket division occurs much later than in T brucei (El ias et al., 

2007). The T brucei cell cycle has also been found to have some novel regulatory 

checkpoints relative to the mammalian system, though many overlap (McKean, 2003; 

Hammarton et al., 2003; Ploubidou et al., 1999). There is also evidence that not all of 

these checkpoints are present in each T. brucei life-cycle stage (Hammarton et al., 2003). 

The cell cycle of T cruzi, T. brucei and L. major also display significant differences 

relative to one another (Ploubidou et al. , 1999; Hammarton et al., 2007). 

Cells of T. brucei brucd population, that are asynchronous in terms of their position in 

the cell cycle, can be categorized into various positions in the cell cycle by the use of 

monoclonal antibodies to specific organelles (e.g. golgi apparatus or mitochondrion) and 

the fluorescent staining of their nucleic acids (with e.g. DAPI ( 4,6-Diamidino-2-

phenylindole)) (Woodward and Gull, 1990; Sherwin and Gull, 1989). The extensive 

kinetoplast genome and its replication during the cell cycle provides a novel and 

commonly used cytological marker for the identification of certain cell division stages 

(Woodward and Gull, 1990; Ploubidou et al., 1999; Hammarton et al., 2003 and Siegel et 

a!., 2008). Cells in GO (non-dividing) or G 1 (prior to nucleic acid replication) contain one 

nucleus and one kinetoplast (lN:lK). Cells in the G2 (gap phase after nucleic acid 

synthesis) have one nucleus and two kinetoplasts (1 N:2K) (Woodward and Gull, 1990; 

Siegel et a!., 2008). Subsequent to mitosis and prior to cytokinesis cells have 2 nuclei and 

2 kinetoplasts (2N:2K) (Sherwin and Gull, 1989; Woodward and Gull, 1990; Hammarton 

et al., 2007). Differences in the ratio of lN:lK, 1N:2K and 2N:2K between cell 

populations can indicate a cell cycle arrest in one of them. An example is, the knockdown 

of expression of the variable surface glycoprotein in bloodstream form parasites results in 
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an accumulation of 2N:2K cells in a population of cells, indicating a cell division arrest 

prior to cytokinesis (Sheader et al., 2005). 

The heat shock or stress response is a mechanism, found in most organisms, to deal with 

physiological and env ironmental stresses. This is achieved by an increase in expression 

of heat shock proteins (and others) and a decrease in activity of certain genes expressed 

during normal cellular activity (Lindquist and Craig, 1988; Morimoto, 1998; Morimoto, 

2008). The transcriptional regulation of expression of heat shock proteins in most 

eukaryotic cell s is controlled primarily by a proteins called Heat Shock transcription 

Factors (HSFs) (Morano and Thiele, 1999; Pirkkala et al. , 200 l; Anckar and Sistonen, 

2007). Under non-stress conditions the HSF is loosely bound to heat shock proteins, 

inhibiting their transcription stimulatory role. Under stress conditions, the available heat 

shock protein population is increasingly scavenged to bind the growing number of 

misfolded/unfolded proteins. The HSF's are released from the heat shock protein 

interaction and allowed to produce homo-oligomers, which are imported into the nucleus. 

In the nucleus the heat shock factors bind to the Heat Shock Elements (HSEs) (consisting 

of multiple contiguous inverted repeats of the sequence nGAAn) in the promoter regions 

of the stress-inducible heat shock protein genes and increase the transcription levels 

(Westerheide and Morimoto, 2005). As more heat shock proteins unbound by unfolded 

substrate proteins become available, HSFs become reassociated with these heat shock 

proteins and are unable to enter the nucleus to stimulate transcription of more heat shock 

proteins (Prahlad and Morimoto 2008; Westerheide and Morimoto, 2005). Small 

molecules are also known to have an effect on the regulation of expression of heat shock 

proteins (Westerheide and Morimoto, 2005). Different organs/systems in multicellular 

organisms have been known to react differently to different stresses (Prahlad and 

morimoto, 2008). 

Some trypanosomated molecular chaperone proteins and cochaperones are known to 

increase expression during stress conditions. Hsp70 mRNA transcript (Engman et al., 

1995) and protein (Requena et al., 1992) populations are known to increase in T. cruzi 

during heat stress. In T. brucei brucei, Hsp70s are also known to be stress inducible (Lee 
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et al., 1990) and putative heat shock elements have been detected upstream of some 

Hsp70 genes (Lee and Van der Ploeg, 1990). Of the T. cruzi Hsp40s examined 

experimentally in epimastigotes (Tcj l, Tcj2, Tcj3, Tcj4 and Tcj6), only Tcj2 (Type I 

Hsp40) and Tcj6 (Type II Hsp40) have displayed a significant increase in their mRNA 

transcript population, while information about the protein population of Tcj2 remains 

unknown (Tibbetts et al., 1998; Salmon et al., 200 1). The mRNA transcripts ofTcj2, and 

of most other heat-inducible mRNAs in T. cruzi, contain direct repeats of the 

trinucleotide UUA in their 3' untranslated region (UTR) (Tibbetts eta!. , 1998; Sullivan et 

a!. , 1994). Total protein synthesis is known to decline in T. cruzi under conditions of heat 

stress (Alcina et al., 1988), while the spliced-leader RNA silencing in T. brucei during 

stress conditions ind icates that it has a similar characteristic (Lustig et al., 2007). 

The objectives of the experiments in this chapter were to characterize the function of 

Tbj2 in vivo in T. b. brucei by: 

1) Determination of the ability ofTbj2 to be heat stress inducible. 

2) Determination of the phenotypic effects ofTbj2 deficiency. 

3) Assessment of the subcel lular localization ofTbj2. 

5.2) Materials and Methods 

5.2.1) RNA interference target sequence design 

The double stranded RNA interference target sequences to Tbj2 were designed using the 

RNAit computer software programme (Redmond et al., 2003; 

http://trypanofan.path.cam.ac.uklsoftware/RNAit.html) to analyse the nucleotide 

sequence ofTbj2 posted on the GeneDB database (www.genedb.org; Hertz-Fowler et al., 

1999). RNAit enables the rapid generation of PCR primers for potential RNA 

interference targets in a segment of the T. brucei brucei genome sequence. RNAit screens 

these targets for their suitability based on their ability to cause RNAi knockdown in genes 

other than the target coding sequence. Two sets of primers were chosen for 2 individual 

RNAi targets (Appendix 5.2), two in the coding sequence of Tbj2 and one in the 

downstream untranslated region (UTR) of Tbj2. 
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5.2.2) Cloning of RNA interference constructs 

The Tbj2 nucleotide coding sequence was amplified from T brucei brucei Lister 427 

genomic DNA (Kindly donated by Dr David Horn, London School of Hygiene and 

Tropical Medicine, UK), using PCR (Appendix C.1.15) primers Tbj2EcoRI,BamH!, 

Nde!For3 and Tbj2Hindfii,Xhoi,SaliREV (Appendix A2 Table A2) designed from the 

Tbj2 nucleotide sequence deposited on the T brucei brucei genome sequence database on 

GeneDB (www.genedb.org; Hertz-Fowler et al., 1999) The PCR product was purified 

from a band resolved on an agarose gel (Appendix C.1.9) and cloned into pGEMT -Easy 

(Appendix C.1.14). The constructs were confirmed by sequencing. The internal RNAi 

targets were amplified from pGEM-T EasyTbj2 by PCR (Appendix C.l.l5), using the 

primers (Tbj2RNAi2FOR, Tbj2RNAi2REV; Appendix A2 Table A2) designed with 

RNAit (Redmond et al., 2003). The UTR target was amplified from T brucei brucei 

Lister 427 genomic DNA, using Tbj2UTRdFOR and Tbj2UTRdREV (Appendix A2 

Table A2) designed from RNAit (Redmond et al., 2003) (Section 5.2.1). The PCR 

products were purified after resolution on an agarose gel (Appendix C.l.lO), which 

revealed them to have the anticipated size in bp. p2T7Tablue (Alibu et al., 2005; Kindly 

donated by Dr David Horn, London School of Tropical Hygiene and Medicine, London, 

UK) was digested with Earn I 105 I restriction endonuclease. This released a LacZ stuffer 

DNA sequence located between 2 opposing T7 promoters. This digest produces A/T 

overhangs in p2T7Tablue that are similar to those found in pGEM-T Easy. The PCR 

products ofthe RNA interference targets were ligated (Appendix C.1.13) into p2T7TaBiue 

and clones were screened by Xhoi and BamH! digest and nucleotide sequencing. Plasmid 

maps of the resultant plasmids are displayed in Figure 5.1. 

5.2.3) Trypanosoma brucei brucei laboratory strains and culture media 

Other than the Heat shock/stress inducibility experiments (section 5.3.1) and the 

subcellular localization experiments (section 5.3.4), the T brucei brucei .S.ingle Marker 

Jlloodstream form (SMB, T7RNAP::TETR::NEO) (Wirtz et al., 1999) cell line was used. 

These cells express the phage T7 RNA polymerase and the tetracycline-repressor, using 

neomycin phosphotransferase as a single selectable marker for both of these genetic 

modifications. This cell line is a genetic modification of T brucei brucei Lister 427 
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bloodstream form cells (Wirtz et a!., 1999). Wild type Lister 427 T. brucei brucei 

bloodstream form cells were used for the heat shock/stress inducibility experiments. 
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Figure 5.1: Plasmid map of p2T7tablueTbj2RNAi(2) and p2T7Tablu<UTRd. The plasmids are derived 
from the insertion of selected target sequences from Tbj2 (Tb927.2.5 160) into the p2T7TAblue vector (Alibu eta/., 
2005; Subrarnaniarn et a/., 2006). The RNAi target (shown in red) was inserted between the two opposing T7 
promoters that would lead to the generation of forward and reverse RNA transcripts that anneal subsequent to 
transcription. The Tet operator downstream of each T7 promoter makes the RNAi system inducible with 
tetracycline. The T7 terminators prevent transcription into the remainder of the plasmid. An ampicillin resistance 
gene (Amp R) acts as a selectable marker for manipulations in £. coli. Hygromycin resistance (Hyg) acts as a 
selectable marker in T brucei brucei. Linearisation within the rONA spacer provides a location for integration into 
the host genome by homologous recombination. p2T7tablueTbj2RNAi(2) produced double stranded RNA 
homologous to a sequence inside the Tbj2 coding sequence, while p2nTablu•uTRd produced double stranded RNA 
homologous to a portion of the downstream untranslated region of the Tbj2 gene. 

5.2.4) Trypanosoma brucei brucei laboratory culture 

The cells were cultured in HMI-9 medium (Appendix 5.1) (Hirumi and Hirumi 1989; 

Hirumi and Hirumi, 1994) containing 10% Foetal Bovine Serum (heat inactivated at 56 

·c). The medium was prewarmed to 37 ·c prior to the addition of cells and incubated at 

3 7 ·c with a 5% C02 atmosphere with a starting density of 1 x 105 cells/ml for 24 hours. 

Cell densities were assessed using a haemocytometer. T brucei brucei bloodstream form 

cultures were maintained below 2xl 06 cells/ml by transferring a small volume of the 
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population into fresh medium. This is necessary as the bloodstream form cells secrete a 

factor which inhibits cell division at high population densities (Reuner et al. , 1997; 

Vasella et al., 1997). All cell manipulations involving open containers were performed 

using a sterile flow hood system. 

5.2.5) Testing the induction of Tbj2/Tbj3 expression by heat stress 

Lister T brucei brucei 427 proliferative bloodstream stage cells were incubated at 37 ·c, 
5% C02 for 22 hours and then heat shocked for 1 hour at 42 ·c. The control was 

maintained at 37 ·c for this time. The lack of a second C02 incubator led to the sealing of 

the flasks to prevent differences in C02 exposure from affecting the experiment. 

5.2.5.1) Preparation of total Protein and total RNA extracts 

A 75 ml culture was prepared for each individual clone and incubated at 37 ·c (5% C02) 

and grown to a density of - 1 xI 06 cells/mi. 25 ml of each culture were harvested by 

centrifugation at 1000 xg for 10 minutes. The supernatant was removed and the cell 

pellets were resuspended in 5 ml PBS (10 mM Na2HP04; 2 mM KH2P0 4; 137 mM NaCl; 

2.7 mM KCl). The resuspended cells were collected by repeating the centrifugation with 

the same force and duration. The supernatant was removed completely and the cells were 

resuspended in SDS-PAGE sample preparation buffer (0.0625 M Tris-HCl pH 6.8, 10% 

glycerol, 2% SDS, 5 % ~-mercaptoethanol, 0.05% Bromophenol blue) to yield 500 000 

cells/i-Ll. Samples were stored at -20 ·c until gel analysis. 

5.2.5.2) Analysis of Tbj2 protein levels in different T. brucei brucei clones 

Equal numbers of total cell extracts (5x106 cells per sample) in SDS-PAGE loading 

buffer were resolved on a discontinuous SDS-PAGE gel (Appendix C.1.3) and blotted 

on to a membrane for Western Blot analysis (Appendix C.1.4). Anti - Tbj2 ( 1:4000 

dilution; design described in chapter 2 section 2.3.11) was used as primary antibody and 

goat anti-rabbit IgG conjugated to horse raddish peroxidase (1 :5000 dilution) was used as 

the secondary antibody. 
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5.2.5.3) Preparation of total RNA extracts 

The remaining 50 ml of each culture were collected with centrifugation at I 000 xg for 10 

minutes. The cells were washed with 10 ml of PBS (10 mM Na2HP04; 2 mM KH2P04; 

137 mM NaCI; 2.7 mM KCI) and transferred to a 15 ml falcon tube and the cells 

collected with the same centrifugation parameters. The supernatant was completely 

removed and the cells resuspended in I ml of PBS (I 0 mM Na2HP04; 2 mM KH2P04; 

137 mM NaCI; 2.7 mM KCI) and transferred to 1.5 ml microcentrifuge tubes. The cells 

were collected with I 0 000 RPM centrifugation for 5 minutes in a microcentrifuge, after 

which the supernatant was removed and the pellets were stored at -80 ·c until the total 

RNA was extracted for Northern blotting. Total RNA was extracted from the cell pellets 

using a total RNA extraction kit (for extraction from mammalian cells) (Qiagen, USA). 

RNA concentrations were quantified using the Genequant (Pharmacia B iotech, GE 

Healthcare, USA) spectrophotometer and volumes for I )lg of RNA per sample were 

calculated. These concentrations were confirmed using a conventional agarose gel, to 

ensure equal amounts of RNA per sample that was compared. 

5.2.5.4) Northern Blot to assess Tbj2 and Tbj3 mRNA levels 

5.2.5.4.1) Denaturing RNA agarose gel electrophoresis 

Equal quantities of total RNA extracts (6 )lg) from the individual clonal cell lines of 

T brucei brucei were resolved using a 1.5% denaturing agarose gel (in 20 mM MOPS, 2 

mM NaCH3COOH; 1 mM EDTA; 1.2% formaldehyde). 11 )ll oftotal RNA extract (0.55 

)lg/ )ll) was added to 3 )ll formaldehyde and 10 )ll formam ide and incubated at 65 ·c for 

10 minutes. After an incubation on ice for 10 minutes, the condensate was collected by a 

short centrifugation in the microfuge (2 to 3 seconds) and 2 )ll of 1 Ox Formaldehyde gel 

loading buffer (50% glycerol; I 0 mM EDT A; 0.25% Bromophenol blue; 5 )lg ethidium 

bromide) was added to each. The gel was prerun for 5 minutes (5V/cm) submerged in 1x 

Mops-Acetate-EDTA buffer (20 mM MOPS, 2 mM NaCH3COOH; l mM EDTA). 

Samples were loaded and resolved at 5 V/cm until the bromophenol blue had migrated 

approximately 8 em. 
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5.2.5.4.2) Northern Blot onto membrane 

The resolved RNA was transferred from the formaldehyde-containing agarose gel to a 

nylon membrane using the capillary transfer technique. The gel was rinsed in 

Diethylpyrocarbonate (DEPC) treated water and soaked for 20 minutes in at least 5 gel 

volumes of0.05 N NaOH. The gel was transferred to 10 gel volumes of20x SSC (3.0 M 

NaCl; 0.3 M NaCH3COOH, pH7.4) for 40 minutes. Excess gel area was trimmed away 

and placed on a piece of thick blotting paper (Soaked in 20x SSC). This was then placed 

on an elevated support in a dish, which was filled with transfer buffer (3.0 M NaCl; 0.3 

M NaCH3COOH, pH7.4) until just below the top of the support, ensuring that the ends of 

the blotting paper were resting in the transfer buffer reservoir. A nylon membrane, 1 mm 

larger than the gel (in both dimensions) was wet by laying on the surface of deionised 

H20 and soaked in 1 Ox SSC for 5 minutes. The membrane was carefully positioned on 

top of the gel and all bubbles are removed, after which 2 pieces of blotting buffer 

(Soaked in 1 Ox SSC) were layered over the membrane. A stack of paper towels (5-8 em 

high) was placed over the blotting paper and weighted down with a -400g weight. After 

upward transfer was completed, the capillary transfer system was dismantled the 

membrane was removed and excess transfer buffer was allowed to drain away. The RNA 

was fixed to the membrane by irradiation at 254 nm for 1 minute 45 seconds at 1.4 J/cm2
. 

The gel was stained in 0.5 ).lg/ml ethidium bromide; 0.1 M ammonium acetate for 45 

minutes and photographed under ultraviolet light to confirm the RNA transfer. 

5.2.5.4.3) Probe hybridisation and detection 

The membrane was incubated for two hours at 68 ·c in - 15 rnl of prehybridisation 

solution (6x SSC; 2x Denhardts solution; 0.1% SDS; lOO ).lg/ml single stranded DNA). 

Denhardts solution: 1 % w/v Ficoll; 1 % W/V polyvinylpyrrolidone; 1% w/v Bovine 

Serum Albumin. The double-stranded 32P-labelled DNA probes were denatured by 

heating at I 00 ·c for 5 minutes, followed by rapid chilling on ice. The probe was added 

directly to the prehybridisation solution and incubated at 65 ·c for 12 to 16 hours. The 

membrane was washed in 0.2x SSC, 0.25 % SDS for 45 minutes, followed by a second 

wash of 30 minutes all at 65 ·c. The membrane was dried on blotting paper and detection 

was produced using a phosphorimager/autoradiograph. A full length PCR derived 
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sequence (using primers J3NGFPF and J3NGFPR) ofTbj3 and a partial sequence ofTbj2 

(digestion of the PCR derived full length Tbj2 (primers J2NGFPF and J2NGFPR) with 

Clal restriction endonuclease) were used as the radiolabelled probes for the detection of 

the respective mRNAs. The Tbj2 sequence (891 bp to 1215 bp) was used to prevent 

hybridization to the dsRNA derived section of Tbj2. This may have significantly 

increased background signal on the Northern blot. 

5.2.6) RNA interference in Trypanosoma brucei brucei 

5.2.6.1) Preparation and Transfection of plasmid vectors into T. brucei brucei cells 

Approximately 2.5x l 07 to 4x 107 cells were required per transfection. Cell s were 

harvested from an overnight culture ( ~ 1 x 106 cells/ml) by centrifugation at 1000 xg for 10 

minutes in sterile falcon tubes. The cells were resuspended in a total of 15 ml of PBS (1 0 

mM Na2HP04; 2 mM KH2P04; 137 mM NaCJ; 2.7 mM KCl), transferred to a 15 ml 

falcon tube and collected by centrifugation at 1000 xg for 10 minutes. The supernatant 

was removed until approximately 1 ml remained. The cells were resuspended and 

transferred to a 1.5 ml microcentrifuge tube and the cells were collected by a 

centrifugation at 7000 RPM for 20 seconds. All of the supernatant was removed and the 

cells were resuspended in Amaxa transfection sol uti on ( 100 )ll per transfection) (Human 

T cell nucleofection kit, Amaxa Biosystems, USA). An aliqout of cells (1 00 )ll) were 

mixed with 5 )lg linearised plasmid DNA and transferred to a 2mm gap electroporation 

cuvette, ensuring that the solution was at the bottom of the cuvette. One pulse (1.4 kV, 25 

)lF) was administered, after which 1 ml of HMI-9 medium was mixed with the cells in 

order to facilitate their extraction from the cuvette. The contents of the cuvette were 

transferred to 36 ml of HMI-9 medium and incubated at 37 oc (5% C02) for 6 hours. A 

mixture of the relevant antibiotics (Hygromycin B, 2.5 )lg/ml and 0418 (Neomycin 2 

)lg/ml) was then added and subsequent to mixing, 1.5 ml of the culture were transferred 

to separate wells in steri le 24-well culture plates. These were incubated at 37 ·c (5% 

C02) for 6 days and positive wells were visible as having dense populations of swimming 

(living) cells. At least 2 clones for each plasmid construct were picked for further 

analysis. 
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5.2. 7) Assessment of knockdown of expression 

Knockdown was assessed at the level of protein and mRNA, by using Western blotting 

and Northern blotting respectively. Total protein extracts and total RNA extracts were 

prepared as described in sections 5.2.5.1. T. brucei brucei SMB (Wirtz et al., 1999) cell 

lines were prepared at lxl05 cells/ml with tetracycline (l~tg/ml) added to induce RNAi 

and duplicate cultures in which RNAi was not induced to serve as a negative control. 

5.2.8) Testing of the phenotype of Tbj2 knockdown 

5.2.8.1) Growth Curve assay 

To determine if the knock down of Tbj2 has an effect on the growth rate of T. brucei 

brucei, the growth of the cell cultures were monitored for 72 hours (3 days). SMB wild 

type cells and two separate clones containing p2T7RNAi(2) were used. As in other 

experiments, neomycin and hygromycin B was used to maintain selective pressure on the 

SMB cell strain and p2T7 clones respectively. The two separate RNAi construct 

containing clones were split into two cultures in which one had RNA interference 

induced by the addition of tetracycline (1 ~g/ml final concentration) and one without 

RNAi induced. Each culture was produced in triplicate to ensure the reproducibility of 

results. Cells from starter cultures were diluted to 1 x 1 05 cells/ml in 10 ml volumes and 

incubated at 3TC for 24 hours. The cell densities of each culture were assessed using a 

haemocytometer, after which a pmtion of these cultures was used to produce fresh 1 x 1 05 

cells/ml cultures that were incubated for a further 24 hours. Cell density was again 

assessed and the process was repeated for the following 24 hours. The dilution of the 

cultures after 24 hours is necessary as the bloodstream form cells produce a factor that 

induces cell cycle arrest at high cell densities (above 2x I 06 cells/ml) (Reuner et al., 1997; 

Vasella eta!., 1997). 

5.2.8.2) Determination of the effect of Tbj2 knockdown on the cell cycle of T. brucei 

brucei proliferative bloodstream form cells 

Approximately lxl06 cells were collected by centrifugation at 1000 xg for 10 minutes 

and the supernatant removed until 100 ~I remained, in wh ich the cells were resuspended 

and transferred to a 1.5 ml microcentrifuge tube and collected using the same 
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centrifugation parameters. The supernatant was poured off until approximately one drop 

remained, in which the cells were resuspended. Formaldehyde solution (lml) (1% in 

PBS) was added to each pellet and mixed by inverting the tubes four times and incubated 

at 4 ·c for no more than 7 days. The cells were collected by microcentrifugation (1 0 000 

RPM for 30 seconds) and the supernatant removed. The cells were washed by 

resuspending in two consecutive volumes of 1 ml chilled PBS and I wash with 0.5 ml of 

chilled BSA (1% in H20). Each wash was followed by a recollection of the cells with 

microcentrifugation and careful removal of the supernatant. The cells were resuspended 

in 30 J.ll of BSA (1 % in H20) cell suspension and 5 J.ll of each cell line were applied to 

different wells in a twelve well microscope slide and allowed to dry at 37 ·c up to 3 

hours or unti l fixed. A mixture of alkaline glycerol and DAPI (4,6-Diamidino-2-

phenylindole) stain with Vectashield mounting medium (Vector Laboratories Inc., USA, 

#H-1200) (5J.ll) was added to each well and a coverslip was applied and sealed with nail 

varnish. 200 cells per well were observed under a fluorescence microscope and assessed 

for their possession of 1 nucleus: I kinetoplast ( l N: lK), 1N:2K or 2N:2K to indicate their 

position in the cell division cycle. 

5.2.9) In vivo localization of Tbj2 using Green Fluorescent Protein Fusions 

5.2.9.1) The construction of pRPaGFPTbj2 

To determine the sub-cellular localization ofTbj2 in proliferative bloodstream form cells, 

a fusion protein with GFP at the N-terminus ofTbj2 was constructed. The Tbj2 CDS was 

PCR amplified (Appendix C.l.l5) from pGEM-T EasyTbj2 (1) (section 5.2.2), using 

primers j2NGFPF and j2NGFPR (Appendix A2 Table A2) with an annealing 

temperature of 55 ·c. The resultant PCR product was purified from an agarose gel 

(Appendix C.l.lO) and cloned into pGEM-T Easy. The resultant pGEM-T EasyTbj2(2) 

clone was digested with Xbal and BamHI (New England Biolabs, USA) and the resulting 

- 1200 bp fragment was purified from an agarose gel and ligated (Appendix C.1.13) into 

pRPaGFP (A kind donation of Dr David Horn, London School of Hygiene and Tropical 

Medicine, London, United Kingdom) (Alsford et al., 2005; Alsford and Horn, 2008) 

which had been digested with the same two enzymes and purified from an agarose gel. 

The resulting plasmid construct, pRPaGFPTbj2 (Figure 5.2) was verified by restriction 
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digest analysis with BamHI/Xbal , Estell , Earl and Sphi and sequencing to ensure that the 

GFP-Tbj2 fusion is in the same reading frame. 
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Figure 5.2: Plasmid map of pRPaGFPTbj2 fusion protein expression vector. GFP is fused to theN­
terminus of Tbj2 and is controlled by a rRNA promomter. The plasm ids are linearised with Noll prior 
to transfection and integrate into a non-transcribed rONA spacer of the trypanosoma! genome through 
homologous recombination (Alibu et a/., 2005). Successful integration of this plasmid into the host 
genome is selected through the Hygromycin selectable marker. The Ampicillin resistance selectable 
marker was used for plasmid construct manipulations in Escherichia coli laboratory strains. 

5.2.9.2) Determination of the sub-cellular localization of Tbj2 

T brucei brucei Lister 427 proliferative bloodstream form cells were transfected with 

pRPaGFPTbj2 as per section 5.2.6.1. The cells were immobilized onto a glass 

microscope slide and stained with DAPI stain as per section 5.2.8.2. These cells were 

then observed under a fluorescence microscope with excitation at different wavelengths 

of light to view GFP or DAPI fluorescence. 
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5.3) Results 

5.3.1) Tbj2 is heat inducible 

The induction of Tbj2 expression under heat stress was assessed by incubating wild type 

T .brucei brucei SMB cells overnight at 37 ·c for 22 hours and then exposing them to 

heat shock for 1.5 hours at 42 ·c. Both protein (Figure 5.3A) and mRNA (Figure 5.3B) 

levels were assessed for Tbj2. As Tbj3 is possibly a paralogue of Tbj2 and is also 

predicted to localize to the cytoplasm (See Chapter 2), it was considered interesting to 

monitor the expression of Tbj3 in parallel with Tbj2. However, due to the absence of a 

reliable and specific antibody against Tbj3, only the Tbj3 mRNA levels were studied 

(Figure 5.3B). 

37'C 42 ·c 

3TC 42·c 
GTbj2 

Tbj3 

Kb 

2 

Coomassfe stained gel 

Figure 5.3: Tbj2 is heat inducible. (A) Total celllysates ofT. brucei SMB cells (5 million cells/lane) 
heat shocked at 42 ·cor 37 ·c for 1.5 hours after incubation at 37 ·c for 22 hours. Tbj2 was probed 
with anti-Tbj2 peptide polyclonal antibodies (Upper panel). A duplicated SDS-PAGE gel (lower panel) 
was used to ensure that equal amounts of material were loaded in each lane. (B) Northern blot analysis 
to assess mRNA levels in the same total celllysates from heat shocked (42 "C) and non- heat shocked 
(37 "C) cell cultures as shown in (A). Tbj2 - indicates the Northern blot probed with the Tbj2 probe 
and Tbj3 - indicates the Northern blot probed with the Tbj3 probe. An ethidium bromide stained 
agarose gel of the RNA samples was run to ensure equal amounts of RNA were from each sample were 
used for the Northern blots (data not shown). 
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The amount of Tbj2 protein in the total cell lysates increased significantly after heat 

shock (Figure 5.3A) indicating that Tbj2 is heat stress inducible. The control incubated at 

37 CC also shows that Tbj2 is expressed in the cell under normal culture conditions, 

indicating constitutive expression in b loodstream form cells. Tbj2 therefore appears to be 

required for monitoring protein quality control of cells under non-stress conditions. The 

Northern blot detection of Tbj2 mRNA (Figure 5.3B upper panel) showed that the 

induction ofTbj2 expression by heat shock at 42 oc also results in a greater population of 

Tbj2 mRNA transcripts. The Northern blot detection of Tbj3 mRNA (Figure 5.3B 

middle panel) also indicates an increase in the Tbj3 mRNA transcript population during 

heat stress. However an increase in the mRNA transcript level does not necessarily 

equate to a greater amount of protein being produced, which is dependent on the half life 

of this particular protein under given cellular conditions. Therefore Western blot analysis 

of Tbj3 would be required to determine if the protein population is increased during 

stress. 

Two putative nGAAn heat shock elements were observed upstream of the Tbj2 coding 

sequence (145bp and 180bp upstream of Tbj2 ORF start) derived from the T brucei 

brucei genome database (Hertz-Fowler et al. , 1999). However, these do not seem to be as 

extensive as the ones upstream of some of the Hsp70 sequences in T brucei (Lee and 

Van der Ploeg, 1990). The presence of these putative heat shock elements complements 

nicely with the heat stress inducible expression of Tbj2 shown in Figure 5.3. In addition 

to these putative HSE sequences, I 0 TT A (UUA repeats on RNA) were detected between 

251 bp and 286 bp downstream of Tbj2. This could possibly correspond to the UUA 

repeats found on mRNA transcripts downstream of many stress inducible heat shock 

protein ORF's in T cruzi (Tibbetts et al., 1998; Sullivan et al., 1994). Until recently 

GeneDB had annotated a hypothetical protein (Tb927.2.5170) 122 bp downstream of 

Tbj2 ORF stop, preventing the identification of these putative features until now 

(Appendix 5.2). The nGAAn or UAA repeats were not clearly identified upstream or 

downstream of Tbj3. T brucei Type I Hsp40s do not appear to be found in a gene cluster 

(GeneDB database, Hertz-Fowler et al., 1999) as has been found for many Hsp70s 

(Louw, 2009). 
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5.3.2) Assessment of Tbj2 knockdown by RNA interference 

Two RNAi target sequences were chosen and produced for the determination of the 

phenotype of Tbj2 knockdown (Figure 5.4). One of these, RNAi target 2 (RNAi (2)) 

(position 271bp to 598bp) were within the coding sequence of Tbj2. The second was 

targeted to the downstream untranslated region (UTR) of Tbj2. The downstream UTR 

was also targeted to explore the feasibility of using T brucei brucei as an in vivo 

complementation system for studying T brucei brucei Hsp40/Hsp70 protein-protein 

interactions, similar to the systems inS. cerevisiae and E. coli used in chapter 3. 

1215bp 

Tb927 2 5150 Tbj2 

RNAi(2) 

Tbj2 location: Chromosome 2 of T.brucei 
lntragenic target RNAi: 327 bp (bp 271 to 598 of Tbj2 CDS) 
Downstream UTR Target -RNAiUTR(d): 101 bp 

Tb927 2.5170 I 
RNAiUTR 

Figure 5.4: Scaled schematic diagram showing Tbj2 (GeneDB accession number Tb927.2.5160), 
the intergenic regions and portions of the flanking genes (GeneDB accession numbers 
Tb927.2.5150 and Tb927.2.5170). The location of the dsRNA targets and their sizes are also indicated. 

Initial analysis of RNAi knockdown by detection of Tbj2 protein levels in two 

independent clones for each plasmid revealed that RNAi (2) produced the strongest 

reduction in expression of Tbj2 (Figure 5.5). The UTR RNAi target produced a less 

complete knockdown of Tbj2 (Data not shown). This low signal could possibly be due to 

the short length of this target sequence due to the short downstream UTR that was 

annotated for Tbj2 at the time. An RNAi target of 400bp to 600bp is considered optimal 

for RNAi in T brucei brucei. 

RNAi(2) was chosen as the RNAi target to use for further characterization of the 

knockdown of Tbj2, due to its very strong knockdown effect in all clones tested. Figure 

5.5A shows a Western Blot detection of Tbj2 for both RNAi(2) clones in both the RNAi 
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uninduced and RNAi induced states. In comparison to the SMB wild type cells, the cell 

populations containing the RNAi(2) construct in which RNAi was not induced appear to 

cause a certain level of Tbj2 knockdown. This is likely due to the tet repressor not 

completely preventing transcription of the T7 polymerase and the RNAi(2) dsRNA 

(Wirtz et al., 1999). The SDS-PAGE gel depicted below the Western Blot image (Figure 

S.SA) shows that the loading of the total protein extracts was approximately equal. 

Although the first RNAi(2) cell population that had RNAi induced (11) appears to show a 

sl ightly lower amount of protein, this is not great enough to correspond to the reduction 

in Tbj2 expression. 

As Tbj3 is thought to be a paralogue of Tbj2 (See Chapter 2), it was considered 

interesting to monitor the effect ofTbj2 knockdown on the expression of Tbj3. However, 

problems with the anti-Tbj3 antibody prevented analysis ofTbj3 expression at the protein 

level. Northern blot detection of the Tbj2 mRNA levels (Figure S.SB) showed almost 

complete removal ofTbj2 transcripts from the cell populations in which RNAi(2) dsRNA 

transcription was induced. Corresponding with the Tbj2 protein detection in Figure S.SA, 

Tbj2 mRNA populations (Figure S.SB) showed a reduction in Tbj2 mRNA in the 

RNAi(2) containing cell populations in which dsRNA production was not induced in 

comparison to the T brucei bruce; SMB wild type cell population. The Tbj3 mRNA 

population appears to increase in proportion to the decrease in the Tbj2 mRNA 

population, with the highest levels in the cell populations in which RNAi(2) dsRNA 

production has been induced. This could indicate that Tbj3 expression was increased in 

an attempt to compensate for the scarcity of Tbj2 in the cell populations in which Tbj2 

expression was knocked down. Alternatively, Tbj2 knockdown of expression could 

produce a state of stress in the cells and result in a generalized increase in the production 

of all of the T. brucei brucei stress inducible molecular chaperone fam ily. A denaturing 

agarose gel (Figure S.SB lowest panel) is also shown to indicate that the amount of total 

RNA loaded for each lane is equal. 
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Figure 5.5: RNAi knockdown of Tbj2 was assessed at the protein level by means of a Western 
Blot probed with Anti Tbj2 peptide polyclonal Antibody (panel A) and a SDS-PAGE gel is 
shown below it to show that similar levels of protein were loaded into each Jane. RNAi induced 
knockdown of mRNA levels was assessed through Northern Analysis (panel B) Tbj2- Northern blot 
probed with Tbj2 DNA probe and Tbj3- Northern blot probed with Tbj3 DNA probe. An ethidium 
bromide stained Agarose gel of the RNA samples was run to ensure equal amounts of RNA were 
from each sample were used for the northern blots (data not shown). WT- Wild Type SMB T. brucei 
cells; U 1- uninduced RNAi knockdown of Tbj2 replicate I; I 1- Induced RNAi knockdown of Tbj2 
replicate 1; U2 - uninduced knockdown of Tbj2 replicate 2; Induced RNAi knockdown of Tbj2 in 
replicate 2). 

5.3.3) The phenotypic effects of Tbj2 knockdown 

5.3.3.1) Effect of Tbj2 on cell population growth 

Preparation of total protein and total RNA extracts to confirm knockdown of Tbj2 

expression, revealed that induction of dsRNA production resulted in a very much reduced 

population growth. This finding was further characterized by growth curve studies 

(Figure 5.6). The growth of Tbj2 deficient and Tbj2 containing T brucei brucei SMB 

cell lines was monitored for 3 days. As T. brucei stops dividing at a cell density of 

-2x 106 cells/ml, the cell populations required dilution every 24 hours. This accounts for 

the drop in cell population at 24 hour intervals. Induction of RNAi mediated knockdown 

of Tbj2 produced a severe growth defect in T brucei brucei, resulting in slower 

population growth within the first 24 hours subsequent to RNAi induction and an almost 
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complete stop to cell division in the subsequent 2 days. One of the cell populations in 

which RNAi was induced (the second p2T7TablueRNAi(2) clonal population (clone 2 in 

Figure 5.6)) appeared to recover some of its capacity for growth on the third day. It is 

unclear as to whether this is selection for cells in the population that are able to shut 

down their RNA interference machinery or whether some other form of compensation for 

Tbj2 deficiency has been activated. This phenomenon has been observed in the 

knockdown of expression of other proteins in T brucei brucei (Alsford et a!. , 2005 

GeneDB: [Tbl0.6kl5.3240); Subramaniam et a/., 2006, 

http://trypanofan.path.cam.ac.uk/trypanofan/allCompleted/) and therefore possibly 

indicates partial downregulation of the RNAi machinery in these cell populations. 

The two clonal populations ofT brucei brucei containing p2T7TAblueRNAi(2) (population 

1 and 2) in which dsRNA transcription was not induced showed a slightly slower growth 

rate than the wild type SMB cell line, most notable in the first 24 hours. It is possible that 

this is due to the slightly " leaky" nature of the T7 promoters in the p2T7 Tablue construct, 

which would result in the production of a small amount of dsRNA target (in the absence 

of tetracycline inducer) that would result in the partial silencing of Tbj2 in this cell line. 

This recovery that is observed in the growth of these p2T7TablueRNAi(2) containing cell 

populations could be due to an increase in the production of other chaperones to 

compensate for the reduced levels of Tbj2. Alternatively, the half life of Tbj2 protein in 

the cell or translation from the remaining mRNA could possibly be adjusted to 

compensate for the smaller Tbj2 mRNA population. This indicates that the T brucei 

brucei cells are able to compensate for an approximate 50% reduction in the amount of 

Tbj2 (see Figure 5.5), but are unable to continue dividing if there is almost no Tbj2 

present. Controls involving the addition of tetracycline to untransfected T brucei brucei 

SMB cells and transfection of a vector excluding a dsRNA insert were not included as it 

is well accepted that the vector and the tetracycline do not affect T brucei brucei growth 

(Horn, Pers. Comm., July 2007). 
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Figure 5.6: Growth curve of T. brucei wt SMB cells (Wirtz et al., 1999) and two independent 
RNAi clones to the intragenic target (RNAi(2)) (induced with tetracycline and uninduced). The 
Y -axis units are x I 05 cells/mi. Note the almost complete halt in cell division, after 24 hours, of the 
cells in which RNAi knockdown ofTbj2 was induced. Standard deviation bars indicating the variation 
between replicates are included for each data point. 

It is important to consider that the knockdown of Tbj2 within these cells could result in 

the normal culture temperature of 37 ·c being a stress temperature, and hence inhibit the 

growth of the cells at this temperature. This phenomenon has been observed in 

S. cerevisiae cells in which Y dj I (the homologue of Tbj2) has been knocked out by 

homologous recombination (Caplan and Douglas, 1991 ; Atencio and Yaffe, 1992; 

Meacham et a/. , 1999; Johnson and Craig, 2000). Y dj I knockouts of S. cerevisiae are 

unable to grow at the normal culture temperature of 30 ·c but grow at 23 ·c to 24 ·c 
(Caplan and Douglas, 1991; Chapter 3). It is therefore possible that Tbj2 deficient cells 

are unable to grow normally at 37 ·c, but would be able to grow easily at temperatures 

lower than approximately 30 ·c. 
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In an attempt to characterise this temperature sensitive phenotype, cell cultures were 

subjected to various temperatures (37 ·c, 42 ·c, 27 ·q . However, due to insufficient C02 

incubators essential for culturing of bloodstream form T. brucei, exposure to the various 

temperatures was limited to a maximum of 4 hours before replacement at 37 ·c. RNAi 

was not induced in these experiments due to the severe growth defect observed in 

samples where Tbj2 was completely knocked down. The leaky expression ofthe dsRNA 

fragments against Tbj2 were thought to be significant enough to produce a marked 

difference in growth compared to wild type cells at these various temperatures. Results 

from these experiments proved to be inconclusive and possibly require prolonged 

exposure the various temperatures to see a conclusive effect, and perhaps in conjunction 

with the complete knockdown ofTbj2 with induction ofRNAi. 

5.3.3.2) The effect of Tbj2 Knockdown on the cell cycle 

The number of kinetoplasts and nuclei present in a T. brucei brucei cell can be used as 

markers to determine the stage of the cell cycle. Differences in the proportions of cells, 

among different populations, containing lNl K, 1 N2K or 2N2K could indicate problems 

in the cell division cycle of one of the cell populations. Comparison of the proportion of 

cells with these different numbers of nuclei and kinetoplasts (Figure 5.7) did not reveal 

significant differences between SMB wt cells and heat shocked T. brucei brucei Lister 

427 cell populations. Tbj2 knockdown showed a slight increase in the proportion of cells 

in the lN: lK state and a slightly lower number of cells in the 1N:2K state. This could 

possibly indicate slightly fewer cells have entered the cell division cycle in Tbj2 deficient 

cells, possibly due to misfolded protein and protein aggregation stress. However, this 

difference could be classed as insignificant as the standard deviation indicator bars 

overlap. The RNAi knockdown samples were taken 24 hours post dsRNA induction of 

transcription. It would be interesting to see if there was any change to the proportion of 

cells in the different stages of cell cycle division if further samples had been taken at 48 

hours post RNAi induction, as this was where a complete lack of growth was observed in 

the growth curve data (Figure 5. 7). 
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Figure 5.7: The effect of Tbj2 knockdown on the cell cycle of proliferative bloodstream form T. 
brucei brucei. The percentage of cells counted that contain IN: 1 K, 1 N:2K and 2N:2K were compared 
between T. brucei brucei SMB (Wirtz et al., 1999), heat shocked T. brucei brucei Lister 427 cells and a 
Tbj2 knockdown cell line of SMB cells. The standard deviation between the 3 replicates for each value 
is shown. 

The lack of difference between the proportions of cells in the different stages of division 

between the T b. brucei SMB wild type cells and the heat shock treated cells is 

surprising. If general protein synthesis is likely to decline due to silencing of the mRNA 

spliced-leader sequence (Lustig eta/. , 2007), then this should decrease the ability of cells 

to increase their size and divide. The cells were only exposed to heat stress of 42 OC for 

1.5 hours, which may not be long enough to register the effect on the cell division within 

the population. The heat stress may have caused the dividing cells ( 1 N2K and 2N2K) to 

arrest their division, but this would only be detectable if the stress was maintained for a 

longer period of time. It would be interesting to see the effect on the cell division cycle 

within the population if the cells were exposed to a higher stress temperature for the same 

length oftime, or incubated at the same stress temperature for a longer period of time. 
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5.3.4) The in vivo subcellular localization of Tbj2 in proliferative bloodstream form 

T. brucei brucei 

An important determinant 111 the cellular function of a protein is its subcellular 

localization. This determines in which cellular compartment a protein will be present and 

therefore which protein partners it will have to perform its function. Initial studies of the 

Tbj2 subcellular localization using immunofluorescent antibody staining resulted in the 

antibodies nonspecifically binding to the flagellar complex (Data not shown), which did 

not correspond to the in silico predictions of Chapter 2 or to the predicted orthologues 

such as Y dj 1 (Caplan and Douglas, 1991; Caplan et al. , 1992a) (See Chapter 2). As it is 

known that many antibodies bind non-specifically to components of the flagellar 

assembly (David Horn, Pers. Comm; 2007), a green fluorescent protein (GFP)-Tbj2 

fusion protein was therefore created to confirm Tbj2 cellular localization. AnN-terminal 

fusion was chosen as the C-terminus of Tbj2 was known to have a CAAX prenylation 

motif (www.geneDB.org; Hertz-Fowler et al., 1999). There was no known localization 

signal at theN-terminus ofTbj2. 

The micrographs in Figure 5.8 show that GFP-Tbj2 had a generalized cytoplasmic 

subcellular localization in the T brucei brucei Lister 427 cells transfected with the 

pRPaTbj2GFP nucleotide construct. This localization does not appear to extend to the 

nucleus as there is a darker patch at the position where the nucleus is mapped to be 

through correlation with the DAPI stained image. This is especially visible in 

micrograph set B in Figure 5.8. The composite of the GFP-Tbj2 and DAPI images 

(Figure 5.8 A4, B4 and C4) show the nucleus as a shade of orange, which could be 

misinterpreted as the presence of some GFP-Tbj2 in the nucleus. However, these images 

were produced using a fluorescence microscope without confocal abilities. Therefore the 

image most probably shows a section of cytoplasm over the nucleus which is on top of 

another section of cytoplasm. 
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Figure 5.8: Fluorescence light micrographs showing the localization of GFP-Tbj2 in T. brucei brucei. 
AI ,BI and Cl are phase contrast images. A2, 82 and C2 are DAPI images showing the position of the nucleus 
and kinetoplast. A3, 8 3, and C3 show the localization ofGFP-Tbj2. A4, B4 and C4 show a composite ofthe 
corresponding 2 and 3 images of each set. Scale bars indicate 5 Jlm. 

There does not appear to be any difference in the localization of GFP-Tbj2 at particular 

times ofthe T brucei brucei proliferative bloodstream form cell cycle. Panel set B shows 

a cell in the 1 N :2K position, while panel set C shows a cell in 1 N: 1 K position in the cell 

division cycle. The cell in the extreme bottom right hand side of the photos in panel set 

A may be in the 2N :2K state, but this is not clear enough to confirm. It may just be two 

lN:lK cells in close proximity. 

216 



Chapter 5: In vivo characterisation of Tbj2 

5.4) Discussion 

Tbj2 is known to be expressed in both the procyclic and the bloodstream life cycle stages 

under normal culture conditions for these different stages (Vertommen et al., 2008; Jones 

et al., 2006). This indicates an important cellular function for Tbj2 even under non-stress 

conditions. Previous work on the heat stress induction of trypanosomatid heat shock 

proteins focused on mRNA and not protein (Tibbetts et al., 1998; Engman et al., 1995; 

Lee et al., 1990). This study is therefore one of the first to observe the increase in the 

cellular protein population of a T brucei Hsp40 after exposure to heat stress. Tcj6, a 

Type II Hsp40 in T. cruzi, has been shown to increase its protein population by two-fold 

subsequent to heat stress (Salmon et al., 2001 ). The Tbj2 orthologue in T cruzi, Tcj2, 

(see Chapter 2, section 2.3.2) has been shown to have increased mRNA transcript 

populations subsequent to heat stress, and the putative Tbj2 orthologue in S. cerevisiae, 

Y dj 1, is known to be heat stress inducible at the protein level (Caplan and Douglas, 

1992). This adds evidence to a similar function for these proteins. It is interesting that 

another putative Tbj2/Tbj3 orthologue in H. sapiens, Hdj2 also known as DnaJA 1 

(Kampinga et al., 2009), was not stress inducible with regard to its mRNA transcript or 

protein populations (Davis et al., 1998). 

The increase in the mRNA population of Tbj3 could be caused by a number of 

possibilities: I) Tbj3 mRNA increases to produce more Tbj3 in an attempt to take over 

the function of Tbj2. 2) Alternatively, the increase in Tbj3 mRNA could be a 

manifestation of the generalized increase in stabi lity of the mRNA transcripts of heat 

shock proteins that has been proposed in trypanosomatids under stress conditions 

(Salmon et al., 200 I; Argaman et al., 1994). This increase in stress could be due to the 

lack of Tbj2 in the cell and hence possibly more misfolded polypeptides. The inability of 

Tbj3 to rescue the severe growth defect produced by Tbj2 knockdown indicates that there 

is a large gap in the functional redundancy of these two proteins despite their predicted 

similar subcellular localization (See Chapter 2, section 2.3.4), their high percentage 

amino acid identity (44%) and their similar domain structure. It is therefore likely that 

Tbj3 mRNA is being increased due to a generalized stress response. In the future, the 

217 



Chapter 5: In vivo characterisation ofTbj2 

possibility of partial functional redundancy of Tbj2ffbj3 could be further tested by 

knockdown of Tbj2 and Tbj3 expression in the same clonal population. 

RNA interference has already been conducted on other Hsp40s (Subramaniam et al., 

2006; http://trypanofan.path.cam.ac.ukltrypanofan/main/), and knockdown of expression 

of a Type IV/I Hsp40 Tbj47 (Tb927. 1.1 230) was shown to cause reduced growth rate of 

T b. brucei. Nevertheless, this is the first study to report the knockdown of a T brucei 

Type I Hsp40, and to show that this Hsp40, Tbj2, was essential for the growth of the 

parasite. 

The use of a UTR as a target for RNAi knockdown has been reported previously 

(Rusconi eta!., 2005) and could possibly have been useful to develop a strain ofT brucei 

for the in vivo complementation of Tbj2 in its homologous in vivo system. This would 

have been beneficial as Chapter 3 highlights the disadvantages of using a heterologous 

in vivo complementation system. The reduced effectiveness of the UTR dsRNA target 

could have been due to its short length (l 0 l bp) that was chosen due to the previous 

annotation of an ORF (Tb927 .2.5170) 122 bp downstream of Tbj2 on GeneDB (Hertz­

Fowler et a!., 1999). It would be interesting to see the effectiveness of a longer UTR 

based dsRNA target. 

The growth curve data indicated that Tbj2 was essential for cell population growth of 

bloodstream form T b. brucei at normal culture temperature of 37 ·c. However, this 

could have been due to direct involvement of Tbj2 in the mechanism of cell cycle 

division, or because the shut down of cell division caused protein misfolding/aggregation 

stress. The comparison of the proportion of cells in various cell division cycle stages 

between T b. brucei SMB wild type and Tbj2 deficient T b. brucei SMB cells revealed 

no difference after a period of 24 hours (Figure 5.7). However, the real growth 

deficiency was detected after 24 hours. Deficiency of Y dj I (a putative S. cerevisae 

orthologue ofTbj2) results in a temperature sensitive phenotype inS. cerevisiae, which is 

sti ll able to grow at temperatures lower than the normal culture temperature of 30 ·c at a 

reduced growth rate (Caplan et al. , 1992a; Johnson and Craig, 2000; Caplan and Douglas, 
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1991). This implies that Ydj I is not directly involved in the cell division mechanism of 

S. cerevisiae. Extrapolation of this on to Tbj2 would imply that Tbj2 is involved in 

protein structural quality control in the cell and that lower culture temperatures may 

decrease the rate of protein misfolding/aggregation, thus allowing other chaperones to 

compensate well enough for the absence of Tbj2. This compensation does not appear to 

be possible at normal growth temperatures. Tbj2 deficient T b. brucei may therefore be 

able to divide properly at lower incubation temperatures. A limited attempt was made to 

test this over a four hour period at 37 ·c, 42 ·c and 27 ·c, but no conclusive result was 

observed. An obvious future experiment would be to incubate Tbj2 deficient cells at 

various temperatures for 24 hours or longer to determine if T b. brucei is able to grow at 

temperatures below its conventional culture temperature even if it is at a reduced growth 

rate. 

A lthough not all the available cell cycle markers (Robinson and Gull, 1991; Woodward 

and Gull, 1990) were utilized to detect a possible cell cycle arrest, it is possible that a 

change in the proportion of cells in the 1N 1K:1 N2K and 2N2K stages of cell division 

would indicate a cell division problem. It is likely that cell division arrest was not 

observed due to the utilization of cells that were exposed to heat stress for a short length 

of time and the populations in which RNAi was induced, had only had dsRNA induced 

for 24 hours. Lack of growth was only properly observed after 48 hours. 

Cytoplasmic localization of GFP-Tbj2 is in agreement with the in silico predicted 

local ization for Tbj2 generated in Chapter 2 section 2.3.4. The predicted yeast 

orthologue of Tbj2 (Y dj 1) is known to have a generalized cytoplasmic localization under 

normal culture conditions (Caplan and Douglas, 1991; Caplan et a!., 1992a). The H 

sapiens Hdj2 (also known as DnaJA 1 [Kampinga et al. , 2009]), another putative 

orthologue of Tbj2, also has a general cytoplasmic localization (Davis et al., 1998). An 

interesting feature of both Y dj I and DnaJA 1 is that their subcellular localization changes 

during heat stress (Caplan et a!., 1992a; Davis et a!. , 1998). Y dj 1 moves from a 

generalized cytoplasmic localization under normal conditions to association with the 

cytoplasmic face of the nuclear envelope and associated endoplasmic reticulum 
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membranes (Caplan et al., 1992a), while DnaJAl becomes associated with the golgi 

complex, perinuclear envelope and the nucleolus upon heat stress (Davis et al. , 1998). 

There has been debate as to whether this is due to membrane association through the 

farnesyl moiety attached to the CaaX box signal (Davis et al., 1998; Caplan et al., 

1992a). lt would be interesting to determine if Tbj2 or other Type I Hsp40s of T. b. 

brucei alter their subcellular localization after cellular exposure to heat stress. 

It would have been preferable to use antibodies for the determination of the subcellular 

localization of Tbj2 as a GFP fusion operates on the assumption that the fusion does not 

mask any localization signal on the Tbj2 sequence. Tbj2 was annotated in GeneDB as 

having a tetrapeptide (MQAR) preceding the highly conserved sequence that it has in 

common with its orthologues (MVKET ..... ) (See Chapter 2 section 2.3.9 Alignment 

Figure 2.5). This did not correspond to any known localization signal in trypanosomes or 

other eukaryotes. Utilisation of a C-terminal Tbj2-GFP fusion in tandem to the GFP-Tbj2 

N-terminal fusion would help to confirm this. It is possible that this MQAR tetrapeptide 

is a misannotation of the Tbj2 ORF. 

Tbj2 is known to be expressed in both the procyclic (insect stages) and the bloodstream 

stages ofT b. brucei (Vertommen et al., 2008; Jones et al., 2006). However, given the 

differences in cell physiology and environment between the relative stages, it may be 

difficult to predict whether the protein would behave in exactly the same way in the 

insect stages compared to the bloodstream form. Investigation of the Tbj2 deficient 

phenotype, the reaction of Tbj2 to heat stress and its subcellular localization is required 

for insect stage cells. In addition, it would be interesting to similarly characterize all of 

the Type I Hsp40 proteins in T b. brucei and this is likely to clarify the relative function 

ofTbj2 and Tbj3. 
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CHAPTER6 
Final Conclusions and Future Work 

Chapter 2: Bioinformatic comparison of the Tryanosomal Type I 

Hsp40s 

Comparison of the Trypanosomatid species Hsp40 families with those of other organisms 

showed that the number of these proteins per species can differ greatly. The eight 

trypanosomatid species examined had approximately the same number of Hsp40s 

encoded on their nuclear genome, with the exception ofT cruzi, whose genome contains 

a number of gene duplications. Many of the findings and predictions made from the in 

silica analysis of the trypanosoma! Type I Hsp40s need to be confirmed experimentally 

in vivo and in vitro. In silica analysis is useful in processing large amounts of 

genome/protein sequence information, but there are limitations to this system. An 

example is the prediction of the subcellular localization of the trypanosoma! Type I 

Hsp40s. The use of an in silica subcellular localization prediction tool not specific for 

trypanosoma! systems could mean that localization signals of the trypanosome system are 

not recognised by the programme and false predictions are made. The in silica 

characterization of genome information allows the researcher to more effectively 

prioritise which proteins or genes should be characterised experimentally. A future study 

involving this approach would be to identify the trypanosoma! Hsp40s without a 

homologue in the human genome. These could possibly have a novel function in the 

trypanosome life cycle of this parasite that may have medical significance. In conjunction 

with this, the complete categorization of the trypanosoma! Hsp40 families into Type II, 

Type III and Type IV Hsp40s still needs to be completed. 

The hypothesis that the J66 protein family (and TbgambJ2/TbgambJ3) is the C-terminal 

section of an Hsp40 that interacts with a separately transcribed and translated J-domain 

makes this group of Hsp40s of fundamental interest to molecular chaperone research. 

Examples of these fractured Hsp40s have been identified (Bursae and Lithgow, 2007) 

Many pathogens are being implicated in the remodeling of the behaviour and/or 
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physiology of their host. Toxoplasma gondii is reported to change the behaviour of 

infected rhodents so that they are more easily eaten by cats (Berdoy et al., 2000). 

Plasmodiumfalciparum is known to alter the physiology ofthe erythrocytes that it infects 

using exported molecular chaperones (Maier et al., 2009). It is tempting to hypothesise 

that some trypanosomes might be shown to do the same thing in subsequent years. The J4 

Type I Hsp40 group was found to have orthologues in those trypanosomatids that had an 

intracellular life cycle stage. Characterisation of this particular Type 1 Hsp40 family may 

reveal important details of the intracellular stage for these parasites. 

Chapter 3: Analysis of the amino acids of the Tcj2 and Tcj3 J-domains important 

for the interaction with Hsp70 

The in vivo complementation data in chapter 3 supports the hypothesis that Hsp40s 

interact with their partner Hsp70 through the J-domain to produce a functional 

interaction. Despite the use of different J-domains, certain mutations (R27A, H34Q and 

K37 A) consistently abrogated the ability of the Hsp40 to interact functionally with 

Hsp70. This may suggest that certain aspects of the interaction between the two proteins 

is evolutionarily conserved from prokaryotic systems to eukaryotic systems. These 

include the need for the histidine of the HPD motif and the positively charged residues in 

Helix II and Helix III for functional interaction with Hsp70. It should be highlighted that 

all the Hsp40s in these experiments were Type I Hsp40s (both those tested, Tcj2 and 

Tcj3, and those substituted, A. tumefaciens DnaJ and Y dj 1 ). Differences in the ability of 

the Helix IV mutation, R63A, to functionally interact with DnaK/Ssa 1, supports the 

hypothesis proposed by Hennessy and coworkers (2005b) that Helix IV is involved in 

defining with which Hsp70 a given Hsp40 can interact. These differences also highlight 

the potential problems associated with conducting in vivo functional substitution assays 

with a protein in a non-homologous system. Additionally, such assays take place in the 

complex mixture of the cell, where there could be factors (e.g. other chaperone proteins) 

that mask the effect of a mutation in a particular protein and its ability to functionally 

interact with other proteins. These assays do not give conclusive information about the 

binding kinetics or affinity of interaction of these proteins. Farnesylation appears to be 

important for the in vivo function of Tcj2 and implies that membrane association is 
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integral in its function. Farnesylation has been shown to be important for the function for 

a number of proteins and inhibitors of this process have been investigated as possible 

means to treat cancers, malaria and trypanosomiasis (Kraus et al., 2009; Eastman et al., 

2006). 

As a future experiment, it would be interesting to determine the ability of Tcj3-Agt or 

full-length A. tumefaciens DnaJ to functionally substitute for Y dj 1 in S. cerevisiae. In 

vitro binding studies using QCM-D and SPR could be used to determine how many of the 

positively charged residues of Helix II and Helix Ill of the J-domain are necessary to 

maintain a physical interaction with a partner Hsp70 and how the kinetics of this physical 

interaction are affected. 

Chapter 4: The in vitro characterization of the interaction between Tcj2 and 

Hsp70 

The interaction between Hsp70 and Hsp40 is a complex process, involving not only the 

proteins themselves, but also the presence of nucleotides (ATP/ADP) and unfolded 

peptide substrate. In addition it has been speculated that there are multiple contact points 

between the two proteins (Davis et al., 1999; Mayer et al., 1999; Suh et al., 1999). The 

transient nature of the interaction between Hsp40 and Hsp70 adds a further complication 

to this study. Therefore to elucidate the process of the binding kinetics of these two 

proteins, multiple aspects need to be examined. Although the data in Chapter 4 suggested 

that His-Tcj2/His-Tcj2(H34Q) interact with M sativa Hsp70 in the presence and absence 

of 10 mM A TP, there is sti ll speculation as to whether this Hsp40 and its mutant are 

recognised as substrate by M sativa Hsp70. This could possibly be determined (in 

addition to circular dichroism studies) by conducting competitive binding studies 

between His-Tcj2 and a peptide (e.g. cr32 [Mayer et al., 1999]) for the interaction with 

M sativa Hsp70. Competition between these two molecules for interaction with Hsp70 

could indicate that His-Tcj2 is being recognised as substrate, as was concluded for E. coli 

DnaJ by Mayer and coworkers (1999). However, the recognition of part of the Hsp40 as 

substrate by Hsp70 has been postulated as an integral function for this protein (Hennessy 

et al., 2005b; Suh et al., 1999). It has also been proposed that Hsp40s containing a 
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peptide binding cleft in their C-terminal domain I recognize part of Hsp70 as substrate. 

This is thought to enable the transferal of unfolded proteins from Hsp40 to Hsp70 (Li et 

a!., 2009). 

In addition to studying the interaction between His-Tcj2/His-Tcj2(H34Q) with Hsp70 in 

the presence of ATP, studies should be done in the absence of ATP, presence of ADP and 

in the presence of unfolded protein substrates to deliver a more complete picture of the 

binding kinetics of His-Tcj2/His-Tcj2(H34Q) with M. Sativa Hsp70. Each of these 

should be done as a dilution series of varying concentrations of Hsp70 and accompanied 

by the corresponding dilution series of BSA. The use of non-hydrolysable ATP (A TPyS) 

could compensate for the effect that A TP has on the viscosity in the no A TP studies. In 

addition, it should be ascertained as to whether His-Tcj2(H34Q) is able to functionally 

interact with M sativa Hsp70 to stimulate its A TPase activity. It is likely that it would 

not be able to, as functional interaction between Tcj2(H34Q) did not occur during in vivo 

complementation studies in S. cerevisiae (Chapter 3). 

The QCM-0 binding assay for Hsp70/Hsp40 interaction studies has a number of 

problems that need to be addressed in future work. It is required that as many variables as 

possible are removed from the comparison of the interaction of His-Tcj2 and its mutants 

with Hsp70. This could possibly be done by immobilizing the Hsp70 onto the lipid 

bilayer and passing the Hsp40s over. However, this would require the use of a His-tagged 

Hsp70 and His-tag deficient Hsp40s. This would also confirm that the results obtained 

from the other system are not an artifact of the system. Perhaps an alternative method of 

immobilization of Hsp40/Hsp70 to confirm results could be used. For example, Hsp40 

specific antibodies could be immobilized onto the crystal, BSA used to adsorb and thus 

block any spaces between the antibodies on the crystal surface before binding Hsp40. 

Hsp70 could then be passed over and binding to Hsp40 assessed. However, this is 

assuming that all proteins in the system are native, and that antibody binding does not 

compromise the ability of a target protein to function. 
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The use of Voight viscoelastic modeling is necessary to estimate the amount of protein 

immobilized onto the lipid-NT A sites and then the amount of protein bound to these 

proteins. QCM-D shows great potential for protein-protein interaction studies. However, 

it is becoming apparent that a multi-technique approach to these studies may be 

preferable. QCM-D and Surface Plasmon Resonance spectroscopy are viewed as 

complementary techniques giving slightly different information about the molecules 

involved in the binding. Both measurements should perhaps be used to determine the true 

kinetics of the binding events (Reimhult et al., 2004; Suet al., 2005). The supported lipid 

bilayer formation can be performed using SPR (Ohlsson et al., 1995) and therefore the 

QCM-D studies can be replicated on the SPR to provide slightly different information. 

These binding studies should be done with a dilution series of the protein being passed 

over the immobilized protein in the presence and absence of A TP, and in the presence of 

ADP, to examine the interaction between these two proteins through the course of the 

Hsp70 chaperone cycle. 

Chapter 5: The in vivo characterization of Tbj2 in the proliferative bloodstream 

stage of Trypanosoma brucei brucei 

The in vivo characterization of Tbj2 indicated that this protein was expressed under 

homeostatic conditions in T b. brucei, but the expression of Tbj2 was induced after a 

short exposure to heat stress. Tbj2 deficiency leads to a severe growth defect of 

bloodstream form cells at 37 ·c. Tbj2 shows a generalized cytoplasmic localization in 

T b. brucei bloodstream stage cells at normal incubation temperatures of 37 ·c. These 

findings, along with the knowledge that Tbj2 is expressed in both the insect and the 

bloodstream stages ofT b. brucei (Yertommen et al. , 2008; Jones et al., 2006), indicates 

that Tbj2 has an important function for the parasite. However, assessment of the effect of 

knockdown of expression of Tbj2 in the insect stage of the parasite have the same effects 

as for the bloodstream stages. Much of the data collected in this chapter adds supp01ting 

evidence for the classification of Tbj2 as an orthologue of Y dj 1, as the this yeast Type I 

Hsp40 has many of the same functional characteristics in vivo in the S. cerevisiae system. 
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Many of the possible future experiments for the characterization of Tbj2 in vivo have 

been proposed in the discussion of Chapter 5. However, an important future experiment 

in the in vivo characterization of Tbj2 would be to test the thermosensitivity of T b. 

brucei populations in which Tbj2 expression has been knocked down. Using a broader 

perspective, RNA interference cou ld be used to test the function of all the Hsp40s in T b. 

brucei in both the bloodstream and procyclic stages. Tentative extrapolations of function 

could then be made about Hsp40s in other trypanosomatid species that have been 

identified as orthologues of T b. brucei proteins. This is especially pertinent to those 

trypanosomatid species reported to be non-RNAi compatible. Hsp40s are a large protein 

family in the trypanosomatid species and it is therefore necessary to prioritise which 

proteins should be studied. Those Hsp40s that do not have a clear orthologue in the 

human host or in other organisms may have a trypanosome specific function that may be 

involved in the development of parasitaemia in the host. Alternatively, a study of the 

function of Tbj66 may be interesting due to the lack of a J-domain in its sequence. In 

addition to the functional characterization by phenotypic screening of Hsp40 knockdown 

in T b. brucei, subcellular localization studies could be performed to confirm the 

tentative predictions made in chapter 2. It would also be pertinent to investigate the in 

vivo function ofthe Hsp70 family in T b. brucei, thereby enabling the elucidation of their 

partnerships with the Hsp40 proteins. 
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APPENDICES: 

Appendix AI: Laboratory organisms and strains used in this thesis 

T bl a eAl: G enotypes o f h t e vanous orgamsrns an d d. h' h . strams use m t ts t ests. 
Ort~anism Strain Genotype 
E. coli OD2S9 MC4100 araD/39 !:!.ara714 !:!.cbpA::kan dnaJ::Tn i 0-42 
E. coli BL21 hsds gal (A.clts8S7 indl Sam7 ninS /acUVS-T7 gene/) 
E. coli DHSa sup£44 AlacU I69 (<1>80 LacZ !:!.M IS) hsdR17 recA I endAl gyrA96 thi-

Ire/A I 
E. coli JM109 recAI sup£44 endAihsdRI7gyrA96 relA l thi 1::!.(/ac-proAB) F'[TraD36 

proAB+ lacfo lacZ !:!.MIS] 
E. coli XLlblue sup£44 hsdR17 recA I endA I gyrA46 thi rei A I lac· F' [proAB+ lacfo 

lacZ !:!.MIS Tn I 0 (let') 1 
S. cerevisiae JJI60 mat a trpl-1 uraJ-1 /eu2-3, 112 his3-11,15 ade2-l canl-100 GAL2+ 

met2-L1 lly_s2-L12 ydjl::HIS3 
T. brucei brucei SMB (SMB, T7RNAP::TETR::NEO) 
T. brucei brucei Lister 427 Wild Type Laboratory strain 
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Table A2:PCR primers 

~arne Sequence (5 ' -3') 

Tcj2F (EcoRJ) GAATTCAAGATGGTTAAGGAGACTAAGTTT 

Tcj2R (Xhol) CTCGAGCTACTGTTGCGTACAAGT 

Tcj3F (BamHl) GGATCCGAGAAGATGGTAAAGGAAACAGAG 

Tcj3 R (EcoRI) GAATCCAAGCTTTTATCTCCGCCGGGCCGC 

Tbj2PCREcoRl,Ba GAATTCGGATCCCATATGGTGAAAGAAACAAAATA 
mHI,Nde I For3 c 

Tbj 2HindiiiXh AAGCTTCTCGAGGTCGACCTATTGCTGCGTACACG 
oiSaliREV 
Tbj3REFOR(Eco GAATTCGGATCCCATATGGTCAAGGAGACAGAG 
RIBamHINdei) 
Tbj3REREV(Hin AAGCTTCTCGAGGTCGACCTACTGTTGAGTACACT 
diiiXhoiSali) G 
Tbj2RNAiFOR TGTGGAGAAAAGGAGACGC 

Tbj2RNAiREV GCAACTCTGGCACTTATGC 

Tbj2RNAi2FOR TTTCCAGTTTCTTTGGTGGG 

Tbj2RNAi2REV TGCAACTCTGGCACTTATGC 

Tbj2UTRf TAATTCCAAGCATGAAAAGG 

Tbj2UTR GAAGTAAAAGGTTCGCATTG 

J2NGFPF GATCTCTAGAGTGAAAGAAACAAAATACTACG 

J2NGFPR GATCGGATCCCTATTGCTGCGTACACGTTG 

Tc70F GGATCCACGATGACGTACGAGGGAGC 

Tc70R GTGGAGGAAGTGGACTGAGAATTCAAGCTT 

Appendices 

Use Tm 
("C) 

PCR product cloning 63.3 
ofTcj2 
PCR product cloning 60.6 
ofTcj2 
PCR product cloning 70.6 
ofTcj2 
PCR product cloning 82.6 
ofTcj2 
PCR product cloning 59.3 
of Tcj2 

PCR product cloning 67.0 
ofTbj2 
PCR Product cloning 62.2 
ofTb.i3 
PCR Product cloning 64.8 
ofTb.i3 
C loning RNAi 54.8 
fragment I into 
p2T7TABiue 

Cloning RNAi 54.3 
fragment I into 
p2T7TABiue 

Cloning RNAi 53.2 
fragment 2 into 
p2T7TABiue 

Cloning 55.8 
RNAifragment 2 into 
p2T7TA81ue 

Cloning UTR d RNAi 52.5 
fragment into 
p2T7TAB1ue 

Cloning UTRd RNAi 52.2 
fragment into 
p2T7TABiue 

PCR cloning ofTbj2 53 
into pRPaGFP 
PCR cloning ofTbj2 59 
into pRPaGFP 
Cloning pQETchsp70 65.6 
C loning pQETchsp70 63.9 

Names of primers that contain restnction enzyme names had those restriction enzyme 
recognition sequences included for the possibility of sub-cloning into a number of vectors 
from pGEM-T Easy 
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Table A3: Mutagenesis primers 

Name of Primer Sequence (5'-3') J\.futation Tm 
detection (RE ·c 
enzyme} 

Tcj2Y 8AFor GTTAAGGAGACTAAATTTCGGGACTCTCTGGGTG Apoi 62.0 

Tcj2Y8ARev CACCCAGAGAGTCCCGAAATTTAGTCTCCTTAAC Apol 62.0 
Tcj2L II AFor GTTTTACGACTCTGCCGGTGTTTCCCCAGATG BsrFI 64.8 
Tcj2LI I ARev CATCTGGGGAAACACCGGCAGAGTCGTAAAAC BsrFI 64.8 
Tcj2R27AF GAAATCAAAAGGGCGTACGCGAGGCTTGCTTTGAAG BsiW I 69.0 
Tcj2R27AR CTTCAAAGCAAGCCTCGCGTACGCCCTTTTGATTTC BsiW I 69.0 
Tcj2H34QF GCTTGCTTTGAAGTACCAACCGGATAAGAATAAGGATC BsaWI 65.0 
Tcj2H 34QR GATCCTTATTCTTATCCGGTTGGTACTTCAAAGCAAGC BsaW I 65.0 
Tcj2K37AFor CTTTGAAGTACCACCCTGATGCGAATAAGGATCCCG Msl I 64 .7 
Tcj2K37 ARev CGGGATCCTTATTCGCATCAGGGTGGTACTTCAAAG Msl r 64.7 
Tcj2F47AFor GGTTCACAGGAGAAGGCCAAGGAGGTTTCCG EcoTl4J 66.4 
Tcj2F47 A Rev CGGAAACCTCCTTGGCCTTCTCCTGTGAACC EcoTJ4l 66.4 
Tcj2L57 AFor GCCTATGAATGCGCATCAGACCCTGAAAAGC Fsp l 64.2 
Tcj2L57 ARev GCTTTTCAGGGTCTGATGCGCATTCATAGGC Fspi 64.2 
Tcj2D59AFor CTTATGAATGCCTTTCAGCTCCGGAAAAGCGCACG Bse AI 67.2 
Tcj2D59ARev CGTGCGCTTTTCCGGAGCTGAAAGGCATTCATAAG Bse AI 67.2 
Tcj2R63AFor CTTTCAGATCCGGAGAAGGCGACGCGTTACGACCAATTTG BsiYI 67.5 
Tcj2R63ARev CAAATTGGTCGTAACGCGTCGCCTTCTCCGGATCTGAAAG BsiY I 67.5 
Tcj2(C396S)For GGGCACACAGGAGCAACTAGTACGCAACAGTAG 65.4 
Tcj2(C396S)Rev CTACTGTTGCGTACTAGTTGCTCCTGTGTGCCC 65.4 
Tcj2(Q 199G)For GACAGTTGCCGTGGCCAGGGGATCAAGAAGG Ball 68.2 
Tcj2{Q l 99G)Rev CCTTCTTGATCCCCTGGCCACGGCAACTGTC Ball 68.2 
TCJ2S64TFor CCCTGAAAAGCGCACGCGGTACGACC 67.3 
TCJ2S64TRev GGTCGTACCGCGTGCGCTTTTCAGGG 67.3 
Tcj3Y8AF GGAAACAGAGTATGCAGAGATCTTAGGCCTAGAAGC Bglii 62.9 
Tcj3Y8AR CCTTTGTCTCATACGTCTCTAGAATTCGGATCTTCG Bglii 62.9 
Tcj3LIJ AF GTATTACGAGATTGCCGGCCTAGAAGCG Nae l 62.2 
Tcj3L I IAR CATAATGCTCTAACGGCCGGATCTTCGC Nae i 62.2 
Tcj3R27AF GACATCAAGAGGGCATATGCGCGCTTGGGCCTGAAGTATC BssHII 68.8 
Tcj3R27AR CTGTAGTTCTCCCGTATACGCGCGAACCCGGACTTCATAG BssHII 68.8 
Tcj3H34QF CTTGGCCTGAAGTATCAACCGGACAAGAACCCC BsaWI 65.8 
Tcj3H34QR GAACCGGACTTCATAGTTGGCCTGTTCTTGGGG BsaWI 65.8 
Tcj3K37AF CTGAAGTATCATCCAGACGCGAACCCCGGAGACCAGGAGGC Ace Ill 70.6 
Tcj3K37AR GACTTCATAGTAGGTCTGCGCTTGGGGCCTCTGGTCCTCCG Ace III 70.6 
Tcj3F48AF GCGGAAATGGCCAAGCGGATCGGTCATG Bal l 66.9 
Tcj3F48AR CGCCTTTACCGGTTCGCCTAGCCAGTAC Bali 66.9 
Tcj3L58AF CATGCATACGAGATAGCTAGCGACGAAGAGAAG Nhe l 62.1 
Tcj3L58AR GTACGTATGCTCTATCGATCGCTGCTTCTCTTC Nhe I 62. 1 
Tcj3D60AF GCATACGAGATTCTGAGCGCTGAAGAGAAGC Aor5iHi 63 .2 
Tcj3D60AR CGTATGCTCTAAGACTCGCGACTTCTCTTCG Aor51Hl 63.2 
Tcj3R64AF GTGACGAAGAGAAGGCGCGCATTTACGACCAGC BssHII 67.5 
Tcj3R64AR CACTGCTTCTCTTCCGCGCGTAAATGCTGGTCG BssHII 67.5 

Mutagenesis pn mers were labeled accordmg to the target protem (e.g. Tcj3), followed by 
the original amino acid at position number, which was changed to (e.g. Y8A). The For R 
designates 'Forward' or ' Reverse' primers. 
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Table A4: DNA Sequencing Primers 

Name Sequence Use 
pQE30For CCC GAA AAG TGC CAC CTG Sequencing pQE30 vectors 
pQE30Rev GTT CTG AGG TCA TTA CTG G Sequencing pQE30 vectors 
pUCF CGC CAG GGT TTT CCC AGT CAC GAC Sequencing pGEM vectors 
pUCR TCA CAC AGG AAA CAG CTA TGA C Sequencing pGEM vectors 
Tcj2F (EcoRl) GAATTCAAGATGGTTAAGGAGACTAAGTTT Tcj2 J-domain mutagenesis 

sequencing confirmation 
Tcj3F (Bam HI) GGATCCGAGAAGATGGTAAAGGAAACAGAG Tcj3 J-domain mutagenesis 

sequencing confirmation 

Appendix B: Recipes 
Yeast-Tryptone (YT) Broth growth medium 
Tryptone 16 giL 
Yeast Extract 1 Og/L 
N~l 5g/L 
Make up tolL with water and autoclave (121 "C and 119 kPa for 20 minutes) 

Yeast-Tryptone (YT) Agar 
Same recipe as for YT broth, except add 15g bacteriological agar per litre of broth. 
Autclave the solution (121 ·c and 119 kPa for 20 minutes) 

RFl 250 ml(pH 5.8) (Store at 4 oC) 
(100 mM KCl , 50 mM MnCiz, 30mM CH3COOK, 10mM CaCh, 15% glycerol) 

• 2.45 g or 7.5 ml of IM CH3COOK and pH to 5.8 with HCI or acetic acid 
• Add 37.5ml glycerol and make up to a final volume of202.5 ml and Autoclave 

(121 OC, 119 kPa for 15 to 20 minutes). 

Subsequent to autoclaving, add the following autoclaved stocks: 
• 25 mi1M KCI 
• 12.5 ml 1M MnCb 
• 2.5 ml I M CaCl2 

RF2 150 ml (pH 6.8) (Store at 4 oC) 
(10 mM MOPS buffer pH 6.8, 10 mM KCl, 75 mM CaCiz, 15% glycerol) 

• 0.313 g or 1 ml 1M MOPS (pH to 6.8 with KOH) 
• Add 22.5 ml glycerol 
• Make up to 150 ml with distilled water and autoclave (121 oc, 119 kPa for 15 to 

20 minutes. 

Subsequent to autoclaving, add the following autoclaved stocks: 
• 1.5 ml1M KCI 
• 11.25 ml 1M CaCI2 
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C.l.l)Manufacture of Transformation competent cells through Chemical treatment: 
A fresh colony of a pure culture of Escherichia coli (XL 1 blue, JM 109, BL21 or 00259) 
was inoculated into 5 mL of YT broth and incubated at the relevant temperature for the 
strain (37 ·c except for E. coli 00259 which requires a growth temperature of 30 ·c, due 
to its temperature sensitivity) with shaking for 12 to 16 hours. Four flasks each of 100 
mL YT broth were inoculated with 1.5 mL, 1 mL, 0. 7 mL and 0.3 mL of the overnight 
culture and incubate with shaking until the 1.5 mL culture reaches an A600 of 0.6 to 0.8 
absorbance units. The flasks should be equilibrated to the incubation temperature prior to 
inoculation. The contents of the four flasks was pooled and the cells were harvested using 
sterile 250 mL (Beckman JA 14 rotor compatible) centrifuge tubes by centrifuging for 10 
minutes at 5000 RPM at 4 ·c. The pellets were resuspended in RF1 (pH 5.8, 100 mM 
KCl, 50 mM MnCh, 30mM CH3COOK, 1 OmM CaCh, 15% glycerol (Appendix B) 
solution and incubated them on ice for 20 minutes. The cells were separated from the 
solution by centrifugation for I 0 minutes at 5000 RPM at 4 ·c in a Beckman JA 14 rotor. 
Resuspend the pellets in a total of 4 mL of RF2 (I 0 mM MOPS buffer pH 6.8, 10 mM 
KCI, 75 mM CaCb, 15% glycerol. Appendix B) solution. The cell suspension was 
aliquoted and stored at -80 ·c. 

C.1.2) Transformation of competent cells with plasmid DNA 
Competent cells (80 to 100 ~Ll) were mixed with 450 to 600 ng of Plasmid DNA and 
incubated on ice for 30 minutes. The reactions were then heat shocked at 42 ·c for 45 
seconds and cooled on ice for 4 minutes. 1 ml of YT-broth was added to each reaction 
and incubated at 3 7 ·c for 1 hour. Variable amounts of the cells (1 00 Jll of the solution 
or all of the cells resuspended in 100 )ll of YT -broth after centrifugation) were plated 
onto YT-Agar plates containing the appropriate antibiotic. Plates were incubated at 37 ·c 
for 12 to 16 hours. E. coli 00259 was heat shocked at 37 ·c due to its temperature 
sensitivity and agar plates from the transformation were incubated at 30 ·c. 

C.1.3) Discontinuous sodium dodecyl sulphate (SDS) polyacrylamide gel 
electrophoresis for resolution of proteins: 
The Biorad Mini-PROTEAN 3 system was used to run a modification of the 
discontinuous SDS-PAGE method used by Laemmli (1970). Gels were cast using a 12% 
resolving gel (0.375 M Tris, pH 8.8, 0.1 % SDS, 12 % Acrylamide/0.32 % Bis­
Acrylamide, 0.1 % APS, 0.2 % TEMED) and 4 %stacking gels (0. 125 M Tris, pH 6.8, 
0.1 % SDS, 4 % acry1amide/O.I % Bis-Acrylamide, 0.2% APS, 0.4 % TEMED). The 
ammonium persulphate (APS) solution must be made fresh and the N,N,N'N'­
tetramethyleethylenediamine (TEMED) initiates polymerization of the mixtures into gel. 
Protein samples for SDS-PAGE were mixed in a ratio of 1 part sample buffer (0.0625 M 
Tris-HCI pH 6.8, I 0% glycerol, 2% SDS, 5 % P-mercaptoethanol, 0.05% Bromophenol 
blue) to 4 parts protein solution and boiled at 95 ·c for 10 minutes. The samples were 
resolved with SDS-PAGE running buffer (25 mM Tris-HCl, pH8.3, 192 mM glycine and 
0.1 % SDS) for 1 to 2 hours at 150 V Gels were stained in Coomassie stain (40 % 
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Methanol, 2 % acetic acid, 0.25 % Coomassie blue R) and destained in Coomassie 
destain solution ( 40% Methanol, 2 % acetic acid). 

C.1.4) Western Blotting of Proteins 
Proteins resolved on a Discontinuous SDS-PAGE gel were transferred onto nitrocellulose 
as described by Towbin et al. (1979). A Biorad wet transfer apparatus was used with a 
freshly prepared methanol based transfer buffer (25 mM Tris, I92 mM glycine, 20 % 
methanol) stored at 4 ·c. The membrane and nitrocellulose sandwich were arranged 
between 2 pieces of Whatman 3MM filter paper on either side, so that the gel is on the 
negative side of the circuit and the membrane on the positive side. The transfer 
conditions were 100 V for 1 hour at 4 ·c. Transfer of the protein to the membrane was 
confirmed by Ponceau S stain (0.5 % Ponceau S, 1 % glacial acetic acid) for 5 minutes 
and destaining was performed with distilled water until the protein bands were visible. 

C.l.S) Chemiluminescent-based immunodetection of proteins 
After Ponceau S destaining, the membrane was washed in Tris buffered saline (TBS; 20 
mM Tris, I40 mM NaCl; pH 7.4). The membrane was subsequently incubated in 
blocking solution (2 % block powder, in Amersham-ECL western blot detection kit, in 
TBS-tween) overnight at 4 ·c. TBS-tween consists of TBS with 0.1% (v/v) Tween 20 
added. The membrane was washed briefly in TBS-Tween and then incubated in blocking 
solution containing the primary antibody (antibody dilution was determined for each 
individual antibody, normally 1 :5000) for I to two hours with agitation at room 
temperature. The membrane was washed in two brief washes of TBS-tween and again in 
TBS-Tween for 15 minutes (4 mllcm2 of membrane). After a further three washes in 
TBS-Tween, each of 5 minutes long, the membrane was incubated with the secondary 
antibody (anti-rabbit or anti-mouse, depending on the source of the primary antibody, 
I :5000 dilution) in blocking solution for 1 to 2 hours with agitation at room temperature. 
The wash steps were then repeated as after the primary antibody incubation. The 
Amersham-ECL western blot chemiluminescent detection kit was used in conjunction 
with the Chemidoc gel documentation system (Biorad). Ten exposures were taken over 
the space of20 minutes, starting at 30 s. 

C.1.6) DNA Sequencing to confirm site-directed mutagenesis and plasmid clone 
identity: 
DNA for sequencing was prepared using either the Qiagen Miniprep Kit (Qiagen, USA) 
or the High Pure Plasmid Isolation kit (Roche) (Appendix C.l.8). Didedeoxy terminator 
DNA sequencing was performed using the ABI BigDye V3.1 Terminator cycle 
sequencing kit (Applied Biosystems, USA). Oligonucleotide primers used for cycle 
sequencing was dependent on the plasmid being sequenced (please refer Appendix A2 
for a list of primers). 

Plasmid DNA (300 ng to 500 ng) was mixed with 3.2 pmol of the appropriate sequencing 
primer and 8 J..l.l of B igDye. The reaction was made to a total of 20 f.ll with disti lied water. 
The thermal cycling protocol used 25 cycles of: 96 ·c for I 0 seconds, X ·c (dependent 
on individual primer T m) for 5 seconds and 60 ·c for 4 minutes. The polymerized 
products were purified using Zymogen DNA Cleanup and concentrator kit (Zymo 
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Research, USA) (Appendix C.1.7) to remove unincorporated dye terminators and 
proteinaceous components of the cycle sequencing reaction. The DNA was dried in a 
vacuum centrifuge and the different length strands resolved using the 3100 ABI Genetic 
Analyser. Sequence information was analysed using Vector NTI (Invitrogen, USA). 

C.1.7) Zymogen DNA Cleanup and Concentrator Kit (Zymo, USA) 
This was done according to the instruction manual within the kit and was used to purify 
the polymerized DNA strands produced during cycle sequencing. 40 ~I of DNA binding 
buffer were added to the 20 ~I cycle sequencing reaction This was loaded onto a Zymo­
Spin column and centrifuged for 30 s at 16 000 x g in a microcentrifuge. The flow 
through was discarded and the column was washed with two 200 ~I volumes of wash 
buffer. Each of these wash volumes was passed through the spin column by 
centrifugation at 16 000 x g for 30 s. A further centrifugation at 16 000 x g for 30 s was 
used to remove any remaining wash buffer. The DNA was eluted with 10 ~I of distilled 
water and collected into a clean microcentrifuge tube by centrifugation at 16 000 x g for 
30 s. 

C.l.S) Preparation of plasmid DNA 
Plasmid DNA was isolated from Escherichia coli cells using either the Qiagen Miniprep 
Kit (Qiagen, USA) or the High Pure Plasmid Isolation Kit (Roche). Both of these kits are 
modifications of the alkaline lysis method described by Birnboim and Doly, I 979). 
Plasmid DNA was isolated from E. coli XLlblue, JM109 and DH5o. using these 
protocols. Cells containing the plasmid of interest were propagated in a 5 ml solution of 
YT-broth (contain ing the relevant selective antibiotic) for 16 to 18 hours. The harvested 
cells were resuspended in 250 ~I buffer P 1 (Qiagen, USA) or Suspension Buffer (Roche; 
50 mM Tris-HCI, 10 mM EDTA, 0.1 mg/ml; pH 8.0). 250 ~I of Buffer P2 (Qiagen) or 
lysis buffer (Roche; 0.2 M NaOH and l % SDS) was mixed with the suspended cells and 
allowed to stand for a minute. 350 ~I Buffer P3 (Qiagen) or Binding Buffer (Roche; 4 M 
guanidine hydrocholoride; 0.5 M potassium acetate; pH 4.2) was mixed into the solution 
by inversion and incubated on ice for 5 minutes. Solutions were centrifuged for 10 
minutes at 16 000 x g and the supernatant applied to a Qiaprep spin column (Qiagen) or 
to High Pure Filter Spin Column assembly and centrifuged for 1 minute at 16 000 x g. the 
flow through was discarded and washed with 500 ~~ buffer PB (Qiagen) or Wash Buffer 
1 (Roche; 5 M guanidine hydrochloride, 20 mM Tris-HCI (pH 6.6), 33% EtOH) that was 
washed through the spin columns by centrifuging at 16 000 x g for 1 minute. 750 ~I 
buffer PE (Qiagen) or Wash Buffer 2 (Roche; 20 mM NaCI, 2 mM Tris-HCI pH 7.5, 20 
% EtOH) and centrifuged as for the first wash step. The columns were then centrifuged 
for an additional minute at I 6 000 x g to remove any traces of the wash buffers. The 
Filter sections of the spin columns were then inserted into clean microcentrifuge tubes 
and eluted by application 40 ~I Tris-EDTA (TE) buffer (1 00 mM Tris-HCI pH 8.0, I 0 
mM EDTA) or distilled water to the filter for one minute and collecting the DNA 
solution by centrifugation at 16 000 x g for one minute. 

C.1.9) Resolving of DNA using Agarose gel electrophoresis 
Agarose (0.8 % to I % (w/v) Molecular Grade) was dissolved in Tris-Acetate-EDTA 
(TAE) buffer (pH 8.0; 40 mM Tris-Acetate, 1 mM EDTA) by heating. The solution was 

235 



Appendices 

allowed to cool and then ethidium bromide (0.3 j.tg/ml final concentration) was added and 
the solution was allowed to set in a casting mould. DNA loading buffer (6x loading 
buffer; 0.25 % bromophenol blue, 30 % glycerol), was added to DNA solutions in a ratio 
of 1:10. Lambda (A.) Phage genomic DNA restricted w ith Pst I restriction enzyme was 
used as a molecular weight marker. Gels were immersed in 1 x TAE buffer and, after the 
samples were loaded, they were run at 60 V (25 mAmps) until the tracking dye indicated 
that the DNA bands should be sufficiently resolved. DNA in the gel was visualized using 
ultra-violet light in the Chemidoc Gel documentation system (Biorad). 

C. 1.10) Purification of DNA fragments from Agarose gels 
Restricted fragments were separated on an agarose gel excluding ethidium bromide in 
duplicate adjacent Janes. The gel was cut along the axis between these two gels and one 
half was stained in an ethidium bromide so lution (4 j.tg/ml ethidium bromide in water) for 
30 minutes. The gel was washed in distilled water for a minute with agitation. The band 
of interest was located on an ultraviolet transilluminator and a clean scalpel used to cut 
above and below the fragment. The transilluminator was switched off and the unstained 
gel segment was aligned next to the stained segment. The incisions around the gel 
fragment were extrapolated onto the unstained segment to cut out the DNA fragment of 
interest in the unstained gel, thus avoiding damaging ultraviolet light exposure. GFX™ 
PCR DNA and Gel Purification kit, GE healthcare.The eluted DNA was precipitated by 
the addition sodium acetate (3 M) and 100 % ice cold ethanol in a ratio of 1 volume 
DNA: 2 volumes 100 % ethanol: 0.2 volumes sodium acetate. This was mixed by 
inverting the containing tubes and incubated at -20 ·c for at least 2 hours. The DNA 
precipitate was collected by centrifugation at 16 000 x g for 40 minutes at 4 ·c. The 
pellet was washed in 700 ~tl ice cold 70 % ethanol and centrifuged for a further 8 minutes 
at 16 000 x g before discarding the 70 % ethanol. The pellet was air dried for 30 minutes 
and resuspended in TE buffer (100 mM Tris-HCI pH 8.0, 10 mM EDTA) overnight 
before use. 

C.l.ll) Restriction endonuclease digestion of plasmid DNA 
Plasmid DNA prepared as described in Appendix C.1.8. 300 ng was mixed with 2 j.tl of 
the appropriate 10 x restriction endonuclease buffer and 2 Units of the relevant enzyme. 
The reaction volume was made up to 20 j.tl with distilled water. After incubation for four 
hours at the relevant temperature, the resultant DNA fragments were resolved on an 
agarose gel (Appendix 1.9). 

C.l.l2) Alkaline Phosphatase treatement of restricted DNA fragments 
The plasmid vector to undergo alkaline phosphatase treatment was cut w ith the 
appropriate restriction enzymes (Appendix C.l.ll). Shrimp Alkaline Phosphatase 
(Roche, Germany) was used to prevent recircularisation of the vector during ligation 
reactions. The restriction enzyme was heat inactivated at 65 ·c for 15 minutes. 6 j.tl of 
dephosphorylation buffer (1 0 x; 0.5 M Tris-HCI, 50 mM MgCh, pH 8.5), 6 j.tl of distilled 
water, 2 Units of enzyme and 60 j.tl of DNA solution (600 ng) were mixed and incubated 
at 37 ·c for 15 minutes. The enzyme was subsequently heat inactivated at 65 ·c for 15 
minutes. The solution was cooled to 37 ·c and a further 2 U of shrimp alkaline 
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phosphatase was added and incubated for 15 minutes at 37 ·c before heat inactivation at 
65 ·c for 15 minutes. This DNA was used for ligation with other DNA fragments. 

C.1.13) Ligation of DNA fragments during plasmid modification 
Ligation reactions were set up in a molar ratio of 3 insert fragments to 1 vector fragment. 
This varied depending on the relative sizes of the fragments. Vector DNA (150 ng) was 
mixed with an appropriate amount of inse1t DNA, 1 ~-tl of ligation buffer ( lOx; 300 mM 
Tris-HCI pH 7.8; 100 mM MgCh, 100 mM DTT, 10 mM ATP) and 1 Unit of ligase 
enzyme (Promega, USA) was made to a final volume of 10 ~-tl. The reaction was mixed 
and incubated at 4 ·c overnight. A portion of the reaction (15 %) was used to transform 
E. coli DH5a. and the resultant colonies were screened for the correctly assembled 
plasmid. 

C.1.14) Ligation of PCR products into pGEM-T Easy 
PCR products were gel purified to eliminate any trace non-specific products of incorrect 
length (Appendix C. l.lO). pGEM-T Easy (25 ng) was mixed with 50 ng PCR product, I 
x final concentration ligation buffer (2x; 60 mM Tris-HCI pH 7.8, 20 mM MgC12, 20 
mM OTT, 2 mM ATP, 10% polyethylene glycol) and 1.5 U of T4 DNA ligase were 
mixed to a final volume of 5 ~-tl. Reactions were incubated at 4 ·c overnight before being 
transformed into E. coli DH5a. or E. coli JM 109. Selection of colonies was based on 
blue/white screening with X-gal and IPTG in the YT-Agar plates along with antibiotics 
for selection of plasmid retention. Plasmids were then isolated from selected colonies 
(Appendix C.1.8) and constructs checked by restriction digestion (Appendix C.l.ll) 
and sequencing (Appendix C.1.6). 

C.l.lS) PCR Amplification of DNA 
In a 50 111 reaction: 
200 ~-tM of each dNTP 
5 ~-tl 10 X reaction buffer (containing 15 mM MgCI2)(Roche) 
1 to 100 ng template DNA 
300 nMol of each primer 
I U of Expand High Fidelity PCR enzyme mix (Roche) 

Th ermocvc er react1on con d . . 1t10ns: 
Stage of cycle: Temperature 
Stage 1 95 ·c for 2 minutes 
Stage 2 step I 95 ·c for 30seconds 
Stage 2 step 2 X ·c for 40 seconds 
Stage 2 step 2 72 ·c for 45 seconds 
Stage 3 72 ·c for 5 minutes 
Xis the average of the primer Tm's. 

C.1.16) Site-Directed mutagenesis 

Number of cycles 
I cycle 

25 cycles 

1 cycle 

Site directed mutagenesis was performed using a 50 ~-tl reaction in a 0.2 ml PCR tube. 
Reaction constituents were 100 ng of template DNA, 125 ng forward mutagenesis primer, 
125ng reverse mutagenesis primer, 200 ~-tM final concentration for each dNTP, 5 mM 
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final concentration of extra MgCI2 , 5% final concentration of DMSO, 5 J..ll Pfu DNA 
polymerase buffer (Promega, USA) and 3 units of Pfo DNA Polymerase enzyme. 

Reaction conditions for thermocycler: 

Step Number of Cycles Temperature Time 

Denaturation I 95 · c 30 seconds 

Denaturation 95 · c 30 seconds 

Annealing 18 x · c * 60 seconds 

Extension 68 · c 5 minutes 

Final Extension** I 68 · c 7 min 

* this is dependent on the annealing temperature of the mutagenesis primers, however 
approximately 55 · c was found to be best for these reactions. 
** Final extension permits the completion of copies that were left unfinished by previous 
extension periods. 

The reactions were then treated with I 0 U Dpn I restriction endonuclease for I hour at 3 7 
·c to shred the methylated (template) DNA. Prior to the addition of Dpnl, 10 J..ll of the 
reaction was removed for comparison with the Dpnl treated reaction. Resolution of I 0 J..ll 
of the before and after Dpnl treatment on a 0.8% agarose gel indicates if the reaction has 
worked. I .5 J..ll of the Dpni treated reaction was then transformed into E. coli 
JM109/DH5a. competent cells (Appendix C.l.l). A sample of the resultant colonies on 
YT-agar was randomly selected and the plasmids isolated according to Appendix C.1.8. 
These plasmids were screened for a restriction enzyme recognition site that the successfu l 
mutagenesis introduces and further confirmation was produced by DNA sequencing 
(Appendix C.1.6) of the mutated area. 
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Appendices: Chapter 2: 

Appendix 2A: Type I Hsp40s of the different Trypanosoma tid . 
species 

The J-domains of each sequence is highlighted in yellow and the Zn finger-like region is 
highlighted in The CaaX box is highlighted in The HPD motif is underlined in 
every sequence if one was located. Type 1/ IV sequences have a KDPQ motif instead of 
the HPD motif. 

Trypanosoma brucei Type I Hsp40s: 
>Tbj2 (Tb927.2.5160) I I30J2 . 30ichaperone prote in Dna J , 
putativeiTr ypanosoma bruceilchr 21 I !Man ual 
MQARMVKETK YYDALGVPPN ASEDDIKRAY RKLALKYHPD KNKEPGANEK FKEVSVAYEC 
LSDVEKRRRY DQFGEKGVES EGVGIDPSDI FSSFFGGRRA RGEAKPKDIV HQQPVPLETF 
YN 

KV FDVVVEKGMQ HGDSVTFQGE GDQIPGVRLS 
GDIII ILDEK PHPVFTRKGD HLLIHHKISL AEALTGFTMN IKHLDERAIS IRSTNVIDPQ 
KLWSVSREGM PIPGTGGTER GDLVIKFDVV YPSAQSLSGD GIEPLRRILG YPKQEEPAPE 
ATEHTLAVTY VDLDREARRR RTAANDDDDD AGQHVHTGAT 1111 

>Tbj3 (Tb10.70.5440) I I !chaperone protein DNAJ, putativeiTrypanosoma 
bruceilchr 101 I !Manual 
MVKETEYYEL LGVAVDATEN DIKRAYRRLA LRYHPDKNPD NAEAAEMFKQ ISHAYEVLSD 
EDKRKLYDQH GKDGLSGGGD EGEFDASDIF SMFFGGGRRQ RGERKPRDLV HELAVSLEDM 
YN • ....,. , - •·- • I • ' t 

KV LEVPIERGMK ADDAIRFEGE GDEVLGVRLK 
GDVLIILAEK PHDVFRRVGD HLI MNYRITL QEALCGFELP VQHLDKRMLL IKI PAGQVID 
PEAGWVVHRE GMPLPNTGGI ERGNLIIHFE VEYPTKLSSR QIDLIADAFH VSEGFPHVGG 
QKVVLRDETA RRQRRNTASA RQAQQRRSRD TRGFDNPDVF SMGFGGGQTA HQIIII 

>J46 (Tb927.3.1430) I I !chaperone protein DnaJ, putativeiTrypanosoma 
bruceilchr 31 I !Manual 
MRCTMSSPLF RLTRLSVVIT IAFFRNVHAE EEDDYYRVLG LDAEHEDVSE RDIKSAWRKL 
SKKHHPDVAG ESQRVMYQRI QRAYEVLGDR RRRKIYDILG TEGLKKYEKP QEQGRHQSIF 
DTFFSFIGGE SGGNADRGSD EELMLLVTLE DMY '':_ ~ ·: ; ;-,_~:. -- , · ~r- / . r , 

ss 
VS IDIEQGTP NGYKMTYEME ADQQPNKMPG DLIFTIVTIP HPEFARMSSG KEGVPDDLST 
AVELTLKEAL LGFNKTLKHL DGRVLSLVET GVTKFGQIRK YAGEGMPRHH VPSERGNLLV 
LYTVELPKIL TEEQRKAI ER ALD 

>JSO (Tb09.211.3680) I I !chaperone protein DNAJ, putativeiTrypanosoma 
bruceilchr 9 1 I !Manual 
MLRFTSVSSI WRRLAAAPPT AATAAFANVS KRQSSSNKDY YKILGVSQSA SQSDIKKAYR 
KRALETHPDQ GGNKEDFAEV AEAYECLSNE EKRRIYDQYG SEAAANMNAG GGMGGFGGRS 
AEDIFAEFFK GGMGGFGGNR SAGPPQVPPL EVTLRMTLEE VY 

SVSIDIPAGV PPDVTLVVRG EGGTMPEAEP GDLHVHVEVE EHNVFKRRGN 
DLVVERDVTL SEALLEFDLS LKTLDGRSIT VKSPKSSVLQ PNSVLRVAGE GMPNSSGGNG 
DLYIVTKLKL PRTLTDQQKE AVKKAFGEPK KKDPDSGSDK TVTASVLRGG VREMEEALHS 
NWDSERGGGS QQGNGRRRSG RKQHTAEIIIII 
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>J45 (Tbll.01.8480) I I !chaperone protein DNAJ, putativeiTrypanosoma 
bruceilchr 11 1 I !Manual 
lllllliiiiiiiiiiiiiiiiiiiiCLGFAPV VHSHDDSGDG ADEIDYYAVL GLTPEATDRE 
VRQRFRELSR KYHPDVSSGG DAREMFSRIT RANEVLSDKK KRRMYDMRGE EGLRQLKRLE 
AESGGEQFGS ISQLFRHHAA RRLRGKNTEA TLHLPLDVVY T ~ ... · . '" . ~ - ' ' ,, , .,~. 

DIDAGMPEGH VLSFEMEADE SPDTIPGDLL LSVQTKKHPR FSRRANDVDL 
DMTLVVTLKE ALLGFQRRVE HLDGSEFFVN ETGITQYGSV LKVPGKGMPR HNVPSEFGDL 
YVKVLFEMPD MLTKEQREEL AEHL 

Leishmania major Type I Hsp40s 
>LmJ2 (LrnjF27.2400) I I lheat shock protein DnaJ, putative i Leishmania 
majorlchr 27 1 I !Manual 
MVKETGYYNA LGLSPDASED LKYHPDKNTE 

KDAVEMQGGG FGGGSRPRGE 

MVEKGMHRGD SVTFSGEGDQ IPGVKLSGDI 
IIILDQKPHQ TFIRKGDHLF LEQTISLAEA LTGFSLNITQ LDGRELAISS TAGTIIDPAN 
MYSVSREGMP VAHTGGMERG DLIIRFQVVF PKTLRQGCVP ELRKMLGYPQ QPPAKDGAEQ 
YTLQESHIDL EKEARRNAYD DDGDQPRVQT AGIIII 

>LmJ3 (LmjF21.0490) I I IDNAJ protein, putativeiLeishmania major lchr 
21111 Manual 
MVRETELYEV LNVSVEANEH EIKRSYRRLA LKYHPDKNTG DEAAADMFKK VSNAYEVLSD 
PEKRKVYDKY GKEGLERGTG EGGGFHDATD IFSMFFGGGA RERGEPKPKD IVHELEVKLD 

SVLEVHIGRG ASKSDHFTFI GEGNQEPGIR 
LSGDVLIFLR VRPHPVFHRI NDHLMMRCSI TLQEALCGFE VPIEHLDGRQ LVIKASPGQV 
VHSDSAWSVY NEGMPVKGTG GLQKGKLFIY FDVEWPETLP REQIDKIVTA FNVPEKPGKL 
GGHVVELREY KAAGKFKSGK NEKRGGTAGS RSAGAGRGRE AARGRQAHAE EDEFEDVTDD 
DDDEQQQYFR AGPQGFNGNT QTVEIIII 

>LmJ46 (LmjF25.1100) I I IDNAJ-like protein iLeishmania majorlchr 
25111 Manual 
MRGRRTTRVV AALLVLVWVA ALVAEVPVHM AGAADPRDED AKAVNAVLRL PEDDFYAVLG 
LGEAREDATE RDIKNAFRRL SKKYHPDVAT GDQDSYRLVY QRVQRAYEVL GDRRKRKIYD 

PVFHRSGNDL YANVSITLKE ALLGFKKTLA HLDGHNVELH 
HHVPSERGDL YITYNVLLPE ALTAEQRALF QEHFA 

VRIAGEGMPR 

>LmJ45 (LmjF32.3300) I I ! chaperone protein DNAJ, putativeiLeishmania 
major lchr 321 I !Manual 
MTIARSRRAT VRRTCVLVLL LLCVALSSRA FFDFGGGHRA DAPSAEVTHA QEVDYYMVLQ 
LEDKREEATE KDIRQQFRRL SRLYHPDVAK TEEDKAKYSQ VNRAYEVLSD KRKRKVYDMR 

IDRSKDTPGG GVNPLSRLFG MRVDDGLRGS DMKLEAKVDL 

TVTLELEPGM EEGHVLKFEM EAEESPDRLP GDLLVHVHTL 
PHPVFSRRRN QIDLDTSLTL TLQEALVGFD RNITHLDGVE QVRVQRLDTV SPYGTVLRLP 
GKGMPKMNVA SERGDLYVRL QYNMPAQLTE EQRKLVDMLL 
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>LmJSO (LmjF35 .2980 ) I I !chaperone protein DNAJ, putativeiLeishmania 
major lchr 351 I !Manual 
MFRYLSASTA RRAGAWGAGA SLSAAPGASS TFCSSTNPAR LYSSGNKDYY KMLGVDRNSD 
LKDIKKAYRK RALETHPDQG GNKEEFAEVA EAYEVLSNPE KRKVYDQYGS EAATNPNMGG 
AGMGGFGTGG RSAEDI FAEF FRGGMGGMGG FGDMFGGGPG LEVRTRLTLE 

QDVTIEIPAG VPSNVTLVVR GEGGTIPGAP 
PADMHLHIEL TPHRVFQRRG NDLIVNKDVT LQEALLGLHM PLRLLDGRTV NVETSADQIL 
KPEGVIKVTG EGLPGTSGER GDVYIFTHLK MPNKLSDEQK AHIKKAFGTP GKDADASPGN 
TVRARVLRES REQLEEQKRS LWASQESGGH SGGGGGSSRR SAGSTHGSGA QQVEIIII 

>Lmj27 (LmjF0 4 .0940 ) I I !chaperone protein DNAJ, putativeiLeishmania 
majorlchr 4 1 I !Manual 
MKAASCPPAA ARLYRVYGPV 
AHSAMGGSTA LLQHRRWQSG 
PTAAEDFAEA KQAYETLSDP 

HLLPRTTAMR 
GGSKKDLYSV 
QKRSMYDMTG 
FSFNDFEEIF 

RLAAASAMAV TAGSLGETLL SSAAVSAGGA 
LGVARNSTPE QIKSAYKKRA KALHPDVNPS 
NASAAGGFGG FGAGGNPFAA 

YIEISVEDDP VFHREGSDIH VITPITLSCA VLGGTVRVPT LTGEVETRVP 
LRGRGVHRPN HNKTGDFYIH FAVMLPKELT EEQKKAIADF AKDERPLHLN 
YRSWFAT 

>LmJ4 (LmjF15.1220) I I !hypothetical protein, unknown 
functioniLeishmania majorlchr 15 lj 1Manual 
MVKETGLYDE LGISPDATEP QIRSAYRRKA LQYHPDKNSG DPAAAEKFKK VAEAYEILSD 
AERRKQYDTF GRNGPGGAAG GSGGVPGGGF GSSFGPGTDP MDIFSSFFGF ASGGGPGASR 

SGTRKPDPLP 
RGVVVDEKMI KVSIEPGTED SDALNYVGQG DELPGFGAVG DVLVVIEQLP HPHYHRLNST 
DLLLSNCRVP LGCLFRDAFS I PIELLDGRV LRLATPLREG NVPHFLFDSQ HVFVVDGEGM 
PLKGRKGGGA AADANHDDSG AADDVAYRKK GKLYLCVNVV FPSSLTPAQV DIIAKALGGD 
HERDPAATGE DAGRVVTLQP HHSPAPSWYT VDTEGNAWYQ PNGPATAKKK RKATSTTA 

Trypanosoma cruzi Type I Hsp40s 
>Tcj4 (Tc 0 0 . 1 047053 506445.121) 
MVVDTSLYDE LGILPSAATD EIRTAYRRLA LKYHPDKNGG DARAAEKFKK VAEAYEILSD 

PSAANFPFGN FGVSTGGGSA GGPPSARKPP 

AGTVECVKEL LLEVDPGTDN 
EARFRFHGEG DEMPPPYQEP GDIIITTKAL PHPHYRRISK NDLLLLNCVV PLESVFQKDF 
FIPIEHLDGR ILKIFPAEGT CAKMNILEPL FPHCLYSVAN KGMPIRGDPQ GRQGKLFVRI 
HIVYPRALNV SQLTLLEEAF RYRLPDMTEP PQGKFVCLNY YSGNSAPSQK ASSKWGKEEQ 
QGAKRNSNSR VSTSSST-
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>Tcj27 (Tc00.1047053510575.20 0) I I I chaperone DnaJ protein, 
tative oma cruzi chr unknown84 ITIGRI !Auto 

RFLVRSDLTA FTPCIAAAAD LTGLGVSRRF 
SSTNAKKDLY SVLGVARNAS QEDIKSAYKK KAKQLHPDVN PNPRAAEDFA DVKQAFDVLS 

TGNSGAADRF GSGPGFNPFA QAGGENPFAG SQQ'~~,,v~rr 

IHFKLRLSFL 

RNGPPGNLYV EITVDEHPVF HREGCDIHVI 
TPISLATAVL GGTVRVPTLT GEVETKVPVG TQQGDKLVLR GRGVHRPNQN KTGDFFI HFA 
VLLPKSLTEK QKSLIAEFSK EEKPLELTDP QMQELKGRYK SWFSS 

PS51257 Prokaryotic membrane lipoprotein lipid attachment 

>Tcj45 (TcOO . 1047053511025 . 100) I ll chaperone DnaJ protein , 
putative iTrypanosoma cruzilchr unknown8S ITIGRI !Auto 
MMITGEFRFA CPTLLIFFLL YVVYFAVPTA AFGGRGRAGA RAPAEEEEEV DYYAVLGLTE 
NATEKEVRQK FRELSRKYHP DVAKTEEAKA MYGKINRANE VLTDKKKRRM YDMRGEEGLR 

LFGMGSGGNL RGSDSQSTLH 

DIE QGIPEGHKVT FEMESDESPD LVPGDLIMAV LTKPHPRFSR 
RPNGLDLDMS LTVTLKEALL GFERRVEHLD GTEFLVEATG VTPYGEVLKV RGKGMPRHHM 
PSEKGDLYVK VMFELPSFLT EAQRKEIEEH F 

>Tcj46 (TcOO .1047053509233 . 80) Il l heat shock protein DnaJ , 
putativeiTr ypanosoma cruz ilchr unknown80 ITIGRI !Auto 
MSCHGGSHTW LFFFLLRGVL LLLLLLPLDA GEEVVVVAAA AKSAPKVEEE DFYEVLGLGK 
ERDDASERDI KSAWRKLSKK HHPDLAGESQ REVYQRIQRA YEVLGDRKKR KVYDILGLDG 

RFTRSDNDLT VTVVLTLKEA 
HVPSERGDLH VIFEVEVPSL 

FS LVLLVPLEDV 

HVLTYELEAD QQPNQVPGDV LFTVVTASHP 
LDGHVVELEQ SGVTQHGERR KI AGEGMPKH 
RAFG 

>Tc j 46 (Tc00 . 1047053509437 . 40) I I lheat shock protein DnaJ , 
putative iTrypanosoma cruzilchr unknown80 ITIGRI !Auto 
MSWHGGSHKW LFFFLLRGVL LLLLLLPLEA GEVVVVAAAK SAPKVEEEDF YEVLGLGKER 
DDASERDIKS VYQRIQRAYE VLGDRKKRKV YDILGIDGVK 

DRGKNEDLVL LVPLEDVY 

EQGIPDGHVL TYELEADQQP NQVPGDVLFT VVTASHPRFT 
RSDNDLTVTV VLTLKEALLG FSKSLTHLDG HLVELEQSGV TQHGERRKIA GEGMPKHHVP 
SERGDLHIIF EVEVPSLLTK AQKEALERAF G 

>TcjSO (Tc00 . 1047053510743 . 100) I I !chaperone DnaJ prote in , 
putativeiTrypanosoma cruzilchr unknown84ITIGR I !Auto 
MLRFTPPFML WRRWAPAAVA AALPGLSLRL SSSEKDYYKI LGVSRTASVS DIKKAYRKRA 

YECLSNEEKR RVYDQYGSEA AANMNAANGM GGFGAHSAND 
EVK LRMTLEEIYK 

VTLVVRGEGG TMPDAEPGDL HVHVEVAPHK IFTRRGDDLL 
MKKEISLSEA LLGTQFSVKM LDGRHVTVKV PHENVLRPDS VLKVSGEGMP SADGGRGDLY 
VITHLKMPAK LTAQQREAII QAFGKPNEEK HTSADKTTTA RVMREGAQEL EDAMRDQWDA 
QEGGGFRSGA GGHGRGRQSS QQAE .. 
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>Tcj50 (Tc00.1047053510659.210) I I I chaperone DnaJ protein, 
putativeJTrypanosoma cruzilchr unknown84JTIGRI JAuto 

Appendices 

MLRFTPPFML WRRWAPAAVA AALPGLSLRL SSSEKDYYKI LGVSRTASVS DIKKAYRKRA 
LETHPDQGGK KEEFAEVAEA YECLSNEEKR RVYDQYGSEA AANMNAANGM GGFGAHSAND 
IFAEFFKSRM GGFGDDMRRG P EVK LRMTLEEIYK 

IDIPPGVPSN VTLVVRGEGG TLPDAEPGDL HVHVEVAPHK IFTRRGDDLL 
MKKEISLSEA LLGTQFSVKM LDGRHVTVKV PHENVLRPDS VLKVSGEGMP SADGGRGDLY 
VI THLKMPAK LTAQQREAII QAFGKPNEEK HTSADKTTTA RVMRESAQEL EDAMRDQWDA 
QEGGGFRSGA GGQGRGRQSS QQAEIIII 

>Tcj2 (Tc00.1047053507801.130) I I Jheat shock protein DnaJ (pseudogene), 
putativeJTrypanosoma cruziJ chr unknown74JTIGR I !Auto 
MVKETKFYDS LGVSPDASVD EIKRAYRRLA LKYHPDKNKE PGSQEKFKEV SVAYECLSDP 

EKGVEMESGG FGGSRARGEP KPKDIVHELP 

*IF RGKRYASWRQ CDISGRR*PN PRSPTLR*YH 
YHL*TKTTSC FYA*RGSSCH GTHHLFGGGA HGVHIEHKAS GRP*CFNYIY WRC*SLQTVV 
CEQGGYAYSQ HWWRRTRRPC C*VSRRLPKC PESAV**NFR SA*DSSLSST AVSASFCYAV 
PFVRNEH*S* EGS*ASSTDR WR**RRCTTR AHWRDLYATV V 
This CDS is annotated as pseudo. This is because, either: 
The CDS translation contains stop codons 
The CDS is frameshifted and the translation presented has been obtained by the inclusion of a join(s) 
Protein doesn't end with a stop codon 
Protein contains stop codons inside the peptide sequence Send to GeneDB omniBLAST Send to GeneDB 
BLAST Send to BLAST at NCBI 

>Tcj27 (Tc00.1047053510243.30) I I !chaperone DnaJ protein, 
putative Trypanosoma cruziJchr unknown83 JTI GRI !Auto 
.............................. •GNL RFLVRSDLTA FTPCIAAAAG LTGFGVSRRF 

SVLGVARNAS QEDIKSAYKK KAKQLHPDVN PNPRAAEDFA DVKQAFDVLS 
TGNSGAADKF GSGPGFNPFA QAGGENPFAG ANPFGGANPF SSAAGGHGFS 
MSGAGKDKTR IHFKLRLSFL 

PKGVDNKERL KVSGKGEAGV RNGPPGNLYV EITVDEHPVF HREGCDIHVI 
TPISLATAVL GGTVRVPTLT GEVETKVPVG TQQGDKLVLR GRGVHRPNQN KTGDFFIHFA 
VLLPKSLTEK QKSLIAEFSK EEKPLELTDP QMQELKGRYK SWFSS 

PS51257 Prokaryotic membrane lipoprotein lipid attachment site profile : 

>Tcj3 (Tc00.1047053511367.138) I I !chaperone DnaJ protein, 
putative JTrypanosoma cruzilchr unknown86JTIGRI !Auto 
MVKETEYYEI LGLEAEATEH DIKRAYRRLA LKYHPDKNPG DQEAAEMFKR IGHAYEILSD 

GKAGLEGGSM DEGGLDAADI FSMFFGGGRR PRGERKPRDL VHEMRVSLED 

ILEVHIEKGM KHQDVVRFDG EGNEVVGVRL 
KGDVLIILAQ KPHDVFRRVG NHLIMNYTI N LQEALCGFEL PVQHLDKRLR LI TI PCGQVI 
DPGAAWVVRG EGMPLPNTGG LDRGNLVIHF EVEYPTRLSA QQLKSIAKAL GVTESFPRVT 
GQKLTLSDVS QRQSRRRSGS QRANAAARRR QMQMAGGMDE EGFTAFHGGH SGAQTVQIII 

I 
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>Tcj2 (TcOO .1047053511627 .110) Ill heat shock protein DnaJ, 
putativeiTrypanosoma cruzilchr unknown87ITIGR I !Auto 

Appendices 

MVKETKFYDS LGVSPDASVD EIKRAYRRLA LKYHPDKNKD PGSQEKFKEV SVAYECLSDP 
E FGGSRARGEP KPKDIVHELP 

FEIF VEKGMHRGDN ATFRGEGDQI PGVRLSGDII 
IIFEQKPHPV FTRKGDHLVM ERTISLAEAL TGFTLNIKHL DDRDVSITST GVVDPSKLWC 
VSREGMPIPN TGGVERGDLV VKFHVVYPSA QSLQSNEISD LRKILHYPPQ QSPPPSAMLC 
HLSETNIDLE KEAKRRRQTG GDDDDDAPQG HTGATIIII 

Trypanosoma brucei gambiense Type I Hsp40s 

>TbgambJ45 (Tbgamb.42991) I I !chaperone protein DNAJ, 

ipjultlaltlilvlei iiTirlypllalnl ol sl ol ml allbl rl ul cllei gambienselchr 111 I !Manual 
• LGFAPV VHSHDDSGDG ADEI DYYAVL GLTPEATDRE 

DMTLVVTLKE 
YVKVLFEMPD 

DAREMFSRIT RANEVLSDKK 

HLDGSEFFVN 
AEHL 

HNVPSEFGDL 

PS51257 Prokaryotic membrane lipoprotein lipid attachment site profile : 

>TbgambJ27 (Tbgamb.23116) I I !chaperone protein DNAJ , 
putativeiTrypanosoma brucei gambiense lchr 91 I !Manual 
MRQRSPLFQQ YVRRAIPSTF SLVPSRHFTA PGVRPNTVCA SGSIICTAVV SAGLGVSRRF 
SATNAKKDLY SVLGVARNAT QEEIKSAYKK KAKQLHPDVN PSPRAAEDFA DVKQAFDVLS 
DPQKRSMYDM TGNSGAADKF GAGPGFNPFA QAGGENPFGA GANPFAGAAG GQGFSFNDFE 

P EPGADIHFKL RLS 

QTLPVPKGVD NKERLKVSGK GEAGVRNGPP GNLYVEISVD EHPVFHREGC DIHVITPITL 
ATAVLGGAVR VPTLTGEVET KVPVGTQQGD KLVLRGRGVH RPNQNKTGDF FIHFAVLLPK 
SLTEKQKNLI ADFAKDEKPL ELTDPQLQEL KGRYKSWFAA 

>TbgambJ46 (Tbgamb.2981) I I !chaperone protein DnaJ, 
putative iTrypanosoma brucei gambiense lchr 31 I !Manual 
MRCTMSSPPF RLTRLSVVIT IAFFRNVHAE EEDDYYRVLG LDAEHEDVSE RDIKSAWRKL 
SKKHHPDVAG ESQRVMYQRI QRAYEVLGDR 
DTFFSFIGGE SGGNADRGSD EELMLLVTLE 

VSIDIEQGTP NGYKMTYEME ADQQPNKMPG DLIFTIVTIP HPEFARMSSG KEGVPDDLST 
AVELTLKEAL LGFNKTLKHL DGRVLSLVET GVTKFGQIRK YAGEGMPRHH VPSERGNLLV 
LYTVELPKIL TEEQRKAIER ALD 

>TbgambJ50 (Tbgamb.24631) I I I chaperone protein DNAJ, 
putativeiTrypanosoma brucei gambiense lchr 91 I !Manual 
MFRFTSVSSI WRRLAAAPPT AATAAFANVS KRLSSSNKDY YKILGVSQSA SQSDIKKAYR 
KRALETHPDQ GGNKEDFAEV AEAYECLSNE EKRRIYDQYG SEAAANMNAG GGMGGFGGRS 

EGGTMPEAEP 
DLVVERDVTL SEALLEFDLS LKTLDGRSIT VKSPKSSVLQ PNSVLRVAGE GMPNSSGGNG 
DLYIVTKLKL PRTLTDQQKE AVKKAFGEPK KKDSDSGSDK TVTASVLRGG VREMEEALHS 
NWDSERGGGS QQGNGRRRSG RKQHTAEIIIII 
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Trypanosoma vivax Type I Hsp40s 
>TvivJ27 (Tviv1192b08 . plk_ S) I I \chaperone protein DNAJ, 
putative \Trypanosoma vivax\chr unknown\ I \Manual 

Appendices 

MRRRGVLPFH GFARAVTPPF IHRVCEPFRR FGHATSPALS CGYTAATAHA PLRCPKRFSA 
TNSKKDLYST LGVSRNATQE EIKSAYKKKA KQLHPDVNPN PRAAEDFADV 
QKRSMYDMTG NSGAADKFGA GPGFNPFAQA GGENPFGAGG 
FQKMSGAGKD KTRKPQGPEP GADIHFKLRL SF 

LPVPKGVDNK ERLKVSGKGE AGVRNGPPGN LYVEISVDEH SVFHREGCDI HVITPVTLAT 
AVLGGTVRVP TLTGEVETKV PVGTQQGDKL VLRGRGVHRP NQNKTGDFFI HFAILLPKSL 
TEQQKSLIAE FAKDEKPLEL TDPQLQELKN RYKSWFSV 

>TvivJ3 (tvivl100a12.qlk_ O) \ I \DNAJ protein, putativejTrypanos oma 
v ivaxjchr 10\ I \Manual 
MVKETEYYDL LGVPPDASEN DIKRAYRRLA LRYHPDKNPG DENAADMFKK IGQAYEILSD 

AAFFGGSRRP RGERKPKDLV HELRVSLEDM 

LEVHIERGAK HEDVLRFEGE GDEIPGMRLK 
GDVLIILDEK PHDVFRRAGN HLIMNYRITL QEALCGFELP VQQLDKRMLL VKVPSGQVVD 
PEVAWVLHHE GMPLANTGGC EKGNLIIHFE VDFPSKLSER MINQIAEAFN LPSKFPPVAG 
QKVKLQDPNS RRKRRVDVQR APESQQHSQT PFGFHGTEFM SFDSHGSGGQ TARIIII 

>TvivJ45 (tviv1163f03 . qlk_ l5) I I \ chaperone protein DNAJ, 
putativ e\Trypanosoma vivaxjchr 11\ I \Manual 
MTHVLTSEKS FTMHFISSFH AFPVPIGWFL FLCSAMLSTL VAGDDQRQEE MEEIDYYAVL 

IRQKFRELSR KYHPDVARTA EAREMFTKIS RANEVLSDKK KRRMYDMRGE 
IFSQLFSMRN TFRVPLETVY 

DVEAGI PEGH TVTFEMEADE SPDLIPGDFL LHVRTQPHDR 
FSRRENGVDL DTTLTVTLKE ALLGFERSFP HLDGKEFTVR AEGVTPYGTV LKLSGKGMPR 
HHVPSERGDL YVKVLFDMPA FLTDSQRKEL EEHL 

>TvivJ SO (tviv1189h03 . qlk_ l) I I \chaperone protein DNAJ, 
putative \Tr ypanosoma vivaxjchr 9 \ \ \Manual 
MFRFTATMGM RRRCCANVRP CSVPGVAMRF SSEGKDYYKI LGVSQSASPS EIKKAYRKRA 
LETHPDQGGN KEDFAEVAEA YECLSNEDRR RVYDQYGSEA ASNMNAGGNM GGFGGRTAED 
IFAEFFKGGM GGFGGETRRG LNLTLEEVYK 

IDVPAGVPPD VTLVVRGEGG TMPEAQPGDL HVHIQVASHE TFKRRGNDLL 
VKKKITLSEA LLGFHLTLKM LDGRSICVEA PKEAVLQPSS VLKVPNEGMP DAHGGRGDLY 
I LTRLKLPRK LTEAQRNAI K QAFGDSKEGS TDTSGKTVTA SVMNETVDEL ESTMASQWEA 
QQRGGFTQDG GSKRGKRRQQ TAEIIII 

>TvivJ2 (tviv623d01 . qlk_ 23) I I \ chaperone protein DnaJ , 
putative \Trypanosoma vivaxjchr 2 \ I \Manual 
MVKETKYYDA LGVPPSASED DIKRAYRRLA LKYHPDKNKE PGANEKFKEV SVAYECLSDP 

VEKGMQRGDH 
I IFDEKPHPV FTRKGDHLIL EHPISLSEAL TGFVLNIKHL 
VSREGMPVPH TGGVERGDLI VKFKVMYPAA QSLPNEDAVT 
GLTESS I DLE KLKSTRQQFA DDDDDDGHQT HTGATIIII 
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>TvivJ46 (Tvivl689e09.plk_6) I I !heat shock protein DnaJ, 
putativeiTrypanosoma vivaxlchr unknown ! I !Manual 

Appendices 

MRPATLAKAI SVALPCLLAT LAWRMAAAEA DEEDYYSVLG LGKEREEANE RDIKSAWRKL 
ESNRKRYQRI QQAYEVLGDR RKRKIYDILG VEGVKDFDKT RERKGRGGSL 
S EELPLVVPLE 

ISIDIEQGTP NGHKLTYELE GDQRPGIVPG DVIFTVSTAP HPQFRRTSDG ASDKADDLAT 
TLTLTLKEAL LGFNRTIKHL DGRAVELSES GVTKYGETRR VKGEGMPRHH VPSERGDLLV 
TYLVMLPKTL TRSQREAVER ALG 

Trypanosoma congolense Type I Hsp40s 
Protein doesn't end with a stop codon Send to GeneDB omniBLAST Send to GeneDB 
BLAST Send to BLAST at NCBI 
>TconJ27 (congo92c09.qlk_ 8) I I !chaperone protein DNAJ, 
putative iTrypanosoma congolenselchr 9 1 I !Manual 
MRQRSVLLRH HMKRLAAFAP FTLSERQCIV EKRCIGVCST GSSAASCAAL 
AKKDLYSVLG VARNATQEEI KTAYKKKAKQ 

GAADRFGSGP GFNPFAQAGG 

VPKGVDNKER LKVSGKGEAG VRNGPPGNLY VEISVDDHPV FHREGCDIHV 
LGGTVRVPTL TGEVETKVPV GTQQGDKLVL RGRGVHRPNQ NKTGDL 

>TconJ2 (congo365gl2.plk_2) I I !chaperone protein DnaJ, 
putativeiTrypanosoma congolenselchr 21 I !Manual 
MVKETKYYDA LGVSPDASED DIKRAYRKLA LKYHPDKNKE PGANEKFKEV SVAYECLSDP 

EKGVEADGVG IDPTDIFSSF -· IIFDEKPHHM FTRKGDHLLM EHTISLAEAL TGFTINIKHL DVIDPQKLWS 
VSREGMPVPR TGGIEKGDLV IKFHVVYPTA GSLPASSVTP SEPHPDATVC 
TVAENTIDLD KEAKRRRVAT ADDDEDMGQH AHTGATIIII 

>TconJ46 (congo1293a06 . qlk_4) I I I chaperone protein DnaJ, 
putativeiTrypanosoma congolenselchr 3 1 I !Manual 
MWVVRDPVTL SAWIFISVTL AITVVGGDEE EDFYEILGLE KEREDASERD IKSSWRKLSK 
KHHPDLAGES QRVRYQRIQR AYEVLGDRRK RKIYDILGVE GLKKYERPDE GQRMNQGIFS 
TFFSFVGGSG TLLVPLEDMY 

DIEQGTPDKH KLTYELEADQ KPNQVPGDIV FTITTLPHPR FVRVSSGKPD KPDGLATTVE 
LTLREALLGF NKTLEHLDGR VLSLTETGIT KHGAVRRYAG EGMPRHHVPS ERGSLRVVYE 
VHLPTSLTEE QRRVIEQALG 

Protein doesn't end with a stop codon Send to GeneDB omniBLAST Send to GeneDB 
BLAST Send to BLAST at NCBI 
>TconJ3 (congo541blO.qlk_l) I I !chaperone protein DNAJ, 
putative i Trypanosoma congolense l chr 10 1 I !Manual 
MVKETEYYEL LGVAVDASEN DIKRAYRRLA LRYHPDKNPG NEEAADMFKK IGHAYETLSD 
TEKRHIYDQH GKDGLSGSGG DADFDASDIF SMFFGGGRRP RGERKPKDLV HELAISLEDM 

LEVVIERGMK ADDALRFEGE GDEIAGMRLK 
GDVLIIIAEK PHDMFRRVGS HLIMNYRITL QEALCGCELP L 
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Leishmania infantum Type I Hsp40s 
>LinJ3 (LinJ2l_ V3.0550 ) I I !DNAJ protein, putativejLeishmania 
infantum !chr 211 I !Auto 
MVRETELYEV LNVSVEADEH EIKRSYRRLA LKYHPDKNTG DEAAADMFKK VSNAYEVLSD 

GKEGLERGAG EGGGFHDATD IFSMFFGGGA RERGEPKPKD IVHELEVKLD 

SVLEVHI DRG ASKSDHFTFT GEGNQEPGIR 
LSGDVLIFLS VRPHPVFHRI NDHLMMRCPI TLQEALCGFE VPIEHLDGRQ LVIKASPGQV 
VHSDSAWSVY NEGMPVKGTG GLQKGKLFIY FDVEWPETLP REQIDKIVTA LNVPEKPGKL 
GGHVVELTEY KAAGKFKGGK NGKRGGAAGS RSAGAGRGRG AARSRQAHAE EDEFEDVTDD 
DDDEQQQYGG QQYFRAGPQG FNGSTQTVEIIIII 

>LinJ2 (LinJ27_ V3.2350) I I !heat shock protein DnaJ, putative !Leishmania 
infantum jchr 271 I jAuto 
MVKETGYYNA LGVSPDASED EIKRAYRKLA SVAYECLSDP 

KDAVEMQGGG VDPSDIFASF 

IIILDQKPHQ AFIRKGDHLF LEQTISLAEA LTGFSLNITQ 
MYSVSREGMP VAHTGGMERG DLIIRFKVVF PKTLRQGCVP 
YTLQESHIDL EKEARRNAYD DDGDQPRVQT AGIIII 

TAGTIIDPAN 
QPPFKDGAEQ 

>LinJJ46 (LinJ25_ V3.1140) I I jDNAJ- like protein jLeishmania infantum jchr 
2SII !Auto 
MRGRHITRVV AALLVLVWVA AFVAEVPVHM AGAADPRDED AKAVDAVLRL PEDDFYAVLG 

RDIKNAFRRL SKKYHPDVAT GDQDSYRLVY QRVQRAYEIL GDRRKRKIYD 
MELLMVVPLE 

EGHVLTYELE ADQAPGQVPG DVLLTVVSAP 
HPVFHRSGND LYANVSITLK EALLGFKKTF THLDGHNVEL HWDGVMQNTQ QVRIAGEGMP 
RHHVPSERGD LYITYNVLLP AALTVEQRAL FQEHFA 

>LinJSO (LinJ35_V3.3030) I I !chaperone protein DNAJ, putativejLeishmania 
infantumjchr 351 I !Auto 
MLRYLSASTA RRACAWSAGA SLSAAPGAAS TFCSSTTPAR LYSSGNKDYY KMLGVDRNAD 

RALETHPDQG GNKEEFAEVA EAYEVLSNPE KRKVYDQYGS EAATNPSMGG 
RSAEDIFAEF FRGGMGGMGG 

QDVTIEIPAG 
PADMHLHVEL SPHRVFQRRG NDLIVNKDVT LQEALLGLHM NVETSADQIL 
KPEGVIKVTG EGLPGTSGER GDVYIFTHLK MPNKLSDEQK AHIKKAFGKP EKDADASPGN 
TVRARVLRES REQLEEQKRS LWASQESGGY SGGGGGNSRR PAGSTHGSGA QQVEIIII 

>LinJ27 (LinJ04_V3.0940) I I !chaperone protein DNAJ, putativejLeishmania 
infantumjchr 4 j I !Auto 
MKASPCRLAA SRPPAAARLY RAYGPVHLLP RTTAMRRLAA ASVMMATAGS LGETLLSSAA 
VSAGGAAHSA TGGSTALLQH RRWQSGGGSK KDLYSVLGVA RNATPEQIKS AYKKRAKALH 
PDVNPSPTAA EDFAEAKQAY ETLSDPQKRS LYDMTGNASA AGGFGGPGGT GGGFNPFGAG 
GNPFAAGGNP F DFEEIFQKMS NSGKDKTRKP QGPEPGADIH 
YKLVLSFLDA 

VQTLPVPK GVDNKERLKV TGKGEAGVRN 
GPPGNLYIEI SVEDDPVFHR EGSDIHVITP ITLSTAVLGG TARVPTLTGE VETRVPVGTQ 
QGDKLVLRGR GVHRPNHNKT GDFYIHFAVM LPKELTEEQK KAIADFSKDE RPLHLNDAQL 
QELKGRYRSW FAT 
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>LinJ45 (LinJ32_V3.3500) I I !chaperone protein DNAJ, putativejLeishmania 
infantumjchr 32 j I jAuto 
MTILHSRRAA VRCACMLVLV LLCVALSSRA FFDFGGGRRA DAPSAEVHHA QEVDYYKVLQ 
LEDKREEATE KDIRQQFRRL SRLY~AK VNRAYEVLSD KRKRKVYDMR 

PHPVFSRRRN QLDLDTSLTL TLQEALVGFD RNITHLDGVE QVRVQRLDTV SPYGTVLRLP 
GKGMPKMNVA SERGDLYVRL QYDMPAQLTE EQRKLVEMLL 

>LinJJ4 (LinJ15_V3.1220) I I jhypothetical protein, unknown 
functionjLeishmania infantumjchr lSI I jAuto 
MVKETDLYDE LGISPDATEP QIRSAYRRKA LQYHPDKNSG DPAAAEKFKK VAEAYEILSD 
AERRKQYDTF GRNGLGSAAG GSGGVPGGGF GSSFGAGIDP MDIFSSFFGF ASGGGPGASR 

FI 
SGTHKPDPLP 

RGVVVEEKMI KVSIEPGTED SDALHYVGQG DELPGFDAVG DVLVVIEQLP HPYYRRVNST 
DLLLSNCRVP LGCLFRDAFS IPIELLDGRV VRLATPLRDG NVPHFLFDSQ HVFVVDNEGM 
PLKERKRGGA AADANHDGSE AAEGVAHRKK GKLYLCIDVV FPSSLTPAQV DIITKALGGS 
HERDPAATGG DAGRVVTLQS HRGPAPSWYT VDAEGNAWYQ PNALPTAKKK RKATSTAE 

Leishmania braziliensis Type I Hsp40s 
>LbrJ46 (LbrM25_V2.0990) I I jDNAJ- like proteinjLeishmania 
braziliensisjchr 251 I jManual 
MLGPRTTRVV VALLVLAWVV TLLAEVPLVA ADAADPRDED VKAVNALLQL PEDDFYALLG 

RDIKNAFRRL SKKYHPDVAT GDQDSYRLVY QRVQRAYGVL GDRRKRKVYD 
DTNGERGKDM ELLMVVPLED 

SVDIEEGLPE GHVLTYELEA DQTPGQVPGD VLVTVVSAPH 
PLFRRSGNDL YANVSITLKE ALLGFEKTLA HLDGHEVELH WDGVIQNTQQ VRITGEGMPR 
HHVPSERGDL YITYNVVLPS ELTAEQRAFF QEHFA 
>LbrJ45 (LbrM32_V2.3590) I I !chaperone protein DNAJ, putativejLeishmania 
braziliensisjchr 321 I !Manual 
MVSTVVCSHR AVVRCACALA LLLVCVALNS NAFFDFGGGH HTDASKAQVR RGPEVDYYKV 
LQLEGKREEV TEKDIRQQFR RLSRLYHPDV AKTEEDKAKY SQVNRAYEVL SDKRKRKIYD 
MRGEQGLAQL EELDRTKGSP GGGMNPLAQL FGMRADNGLR GPDMELEAKV DLAKL 

GMTENSVLKF EMEAEESPDR LPGDVVVRVH 
THPHPVFSRR RNQLDLDTSL TLTLKEALVG FDRNITHLDG EEQVRVYRRD AVSPYGTVLR 
LPGKGMPKLH VPSERGDLYV RLQYDLPARL TKEQKELVEK LL 

>LbrJ27 (LbrM04_V2 . 0730) I I !chaperone protein DNAJ, putativejLeishmania 
braziliensislchr 4 1 I !Manual 
MNAVSYQLAA FHSTAAARLY RTYGAVHLLP 
HRRWQSSGGS KKDLYSVLGV ARNATPEQIK 
YETLSDSQKR SMYDMTGNAS AASGFGGSGS 

GQGGFSFNDFIIIIIIIIIIII!I~III 
VQTLPVPKGV 

RTAALRRMTA TAGSLGAAHS AMGGSMVLLQ 
SAYKKRAKAL HPDVNPSPTA AEDFAEAKQA 
GFNPFGAGGN PFAAGGNPFA NMGNANHSGG 
PEPGADIHYK LVLRFLDAVN 

SDIHVITPIT LSTAVLGGTV RVPTLTGEVE TRVPVGTQQG DKLVLRGRGV HRPNHNKTGD 
FYIHFAVMLP KELTEEQKKA VADFAKDEKP LDLNDAQLQE LKGRYRSWFA A 
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>LbrJ2 (LbrM27_V2 . 2610) I I Jheat shock protein DnaJ, putativeJLeishmania 
braziliensisJchr 27J I JManual 
MVKETGYYNA LGVSPDAGED EIKRAYRKLA LKYHPDKNTE PGAQEKFKEV SVAYECLSDP 
E FGGGGRPRGE PKPKDIVHEL 

VVEKGMHRGD SVTFSGEGDQ IPSVKLSGDI 
IIILDQKPHP NFIRKGNHLL MEHTISLAEA LTGFSLNITQ LDGRELAVSS SAGTVIDPAT 
MYSVNREGMP VAHTGGMERG DLILHFRVVF PKTLRPTAVP ELRKMLGYPQ QPPTKDGAEM 
HTLQESHVDL EKEARRNAYD DDGDQPRVQT AGIIII 

>LbrJ3 (LbrM2l_V2.0550) J J JDNAJ protein, putative JLeishmania 
braziliensisJchr 21 1 I !Manual 
MVRETELYEV LNVSVDADEH EIKRSYRRLA LKYHPDKNTG DEAAADMFKK VSNAYEVLSD 

EGGGFHDATD IFSMFFGGGA RERGEPKPKD IVHELEVTLD 

CRGKRAAREK SVLEVHIDRG TSKSDHFTFT GEGNQEPGIR 
LSGDVLIFLS NDHLMIRCPI TLQEALCGFD VPIEHLDGRE LIIKASPGQV 
VHGDSAWSVY NEGMPVKGTG GLQKGKLFVY FDVQWPETLP RVQIDKIVTA LNVPEKPNKL 
GGQVVELSEY RAAGKFKGGK KGMRAGVAGA GSRSAGAGRG REAARGRQAY AEEDEFEDVT 
DDDGDDREHQ QHSGQQYFRA GPRGFSSNTQ TVEIIII 
*CONTAINS STOP CODONS 

>LbrJSO (LbrM34_V2.2890) I I Jchaperone protein DNAJ, putativeJLeishmania 
braziliensisJchr 34J I !Manual 
MLRQLSALAT RRACAFSASA SVLTGSTASS TFCSTTTPVR LYSSGNKDYY KTLGVDRNSD 
LKEIKKAYRK RALETHPDQG GNKEEFAEVA EAYEVLSNPE KRKVYDQYGS EAATNPNMGG 
PGMSGFGAGG RSAEDIFAEF FRGGMGGMGG FGDMFGGGPG LEVRTRLTLE 

QDVTIEIPAG VPSNVTLVVR GEGGTIPGAP 
PADMHLHVEL SPHRLFQRRG NDLIVNKDVT LQEALLGLHM PLKLLDGRTV NVETTADQVL 
KPEGVIKITG EGLPGTSGER GDIYIFTHLK MPNKLNEDQK ENIKSAFGAP GRDASASPGN 
TVRARVMRES REQLEEQKRS LWASQESGSY SGGSGGSSRR SAGSTPGGGA QQVEIIII 

>LbrJ4 (LbrM15_V2.1170) I I !hypothetical protein, unknown 
functionJLeishmania braziliensisJchr 15J I JManual 
MNNLLLPPPP PSPSFHTTPN PFSSPSPVPA RLLFGCVACI LSKHCVEGLD EIHTHTRTRR 
PPLSSLPRIR LRRRCPPTPP PLTPVAILQL GQMVKETVLY DELGISPDAT EQQIRSAYRS 
KALQYHPDKN NGDLAAAEKF KKVSEAYEIL SDADRRKQYD TFGRNGPGGA AGGSGGFPGG 
FGHGFGPGMD PMDIFSSFFG FPAGGGPGKS SF I 

LSGTLPRGVV EEEKKMKVTI APGTEDSDAL NYPGQGDELP 
GFDAAGDILI VVVQLPHPHY HRLNSTDLLL SNCRLPLWSL FRDAFSIPVE LLDGRVVRLA 
SPLREDNVPH FLFDSHHVFV VENEGMPLKA QTKGGAAADE SGDGSGSAAG AAHLKKGKLY 
VCINVVFPHS LTPAQMDAIT KVLGGSGECD RDAIAGDADS VVTLQPHHGP APSWHRVDAE 
GNAWYKPRTA AAAKRKKPTR AA 
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Type IV Hsp40s of various Trypanosomatid species 

Trypanosoma brucei Type IV /I Hsp40 proteins 
>Tbj27 (Tb09.211.0330) I I ! chaperone protein DNAJ, putative jTrypanosoma 
bruceijchr 9 j I !Manual 
MYDMTGNSGA ADKFGAGPGF NPFAQAGGEN PFGAGANPFA GAAGGQGFSF NDFEEIFQKM 
SGAGKDKTRK HFKLRLSFLE 

KGVDNKERLK VSGKGEAGVR NGPPGNLYVE ISVDEHPVFH REGCDIHVIT PITLATAVLG 
GAVRVPTLTG EVETKVPVGT QQGDKLVLRG RGVHRPNQNK TGDFFIHFAV LLPKSLTEKQ 
KNLIADFAKD EKPLELTDPQ LQELKGRYKS WFAA 

>Tbj47 (Tb927 . 1.1230) I I !chaperone protein DNAJ, putativejTrypanosoma 
brucei 
I chr liiiManual (Tbj47) 
MRGITLALAP PSLLFVPKIQ RRCFNVIQRG NDREVDSLFA LLGFAGDNEA HRIRRTRAEL 
RQGFMREAMK LKDPQNDKSD AAKLEKLREA YQLLSNDRFR VQYAAHHYAS PDASLHLLVD 
GGQVAANFNP EHQSFNFVDH AISRAAMSPS SRSSSDKQRS FSDFTGQYNS VIGNTGCSTD 
ARPYNAPEAR AAINGAGINF MLRISFDESV 

TVQVPVDIRP 
GTTNMTACRL RGMGHDGVRG GVAGDLIVTV LVQEHRVFHR DGLDLHMVLP I TLSTALLGG 
MVSVPLLHGP FCTRVPPCVR NGQQIRLSGR GVTLDGSGVL TNAEEGIDTD SSASKQEQQQ 
RGDLYIHLLV VIPKGEELTG AQRSALEQFV VEQDGNGAEG VDDITPTALK RRFRHWLPGT 

Leishmania major Type IV II Hsp40s 
>LmJ47 (LmjF20.0550) I I !chaperone protein DNAJ-like proteinjLeishmania 
majorjchr 201 I !Manual 
MLAPRSVRWC GGNRRSSGSA SVRVGPHVRT TGPWVPWHTL LYQRRCFQVI QRGHDRPQES 
LYNKLGFAKD TEARLVRRST TELRQALLRR VEALTDPVND PADKKRLSEL KNAYTHLQDD 
RFRTNYASHY YASNDARLHV LCDGGQVAAN FNPEHQQFTY VDHAIDREST RSGVGGCLPT 
GKAGGSASCS GPSGRSEVPT AEALGDAFRN ATGVGESAGG TTSSSATAYK AADAAGALNG 
TDITHLLRVT 

VSVPAGTLSN SLFRLRHQGH 
DGVRGGHAGD LLLTVLVSEH RYFYRSPERS HELHAMLPLP LSVALLGGRV KVPTLNGFGT 
VHVPPCVRSG EVLPLNVYGV PDATNRASAA AAAPHTILYH ALVMIPKGDA LSGRQKAALQ 
LYEAHHSYPS ATAAEVEAVG RPRTFGAEAS QQQTLSSSAG TVSREQLMAS CAALKSSYKH 
WFHAD 

Trypanosoma cruzi Type IV II Hsp40s 
>Tcj47 (Tc00.1047053511423.170) I I !chaperone DnaJ protein, 
putativejTrypanosoma cruzijchr unknown6ljTIGR j jAuto 
MRQSASAVLL PLLQRHAQSI PRRHFNVIQR GNDREVESLF ALLGFGKESE VERVRRTRDE 
LRQGYLREAM KLKDPQRNAK RARYASHHCV SPDATLHVHV 
DGGQKAANFN PEHQSFEFVD 

SSTP INFML RISFDES 
SVPIDVRPGT 

TTMTVRRFRG KGHDGVRGGN AGDLIVTVLV QEHRLFHRDG IDLHMVLPIP LSVALLGGVV 
SVPTLHGAQT LRIPPCVRNG QRLTMDGQGV CLDGESDAAE KNNLEACEGL ANPKQQHCQQ 
QRRRGHLYVH LLVVIPRREE LTGAQRCALE SFAAEGEGGI NQENGEREEQ ETPASLKQRF 
RHWMTSL 
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>Tcj47 (TcOO .1047053507949 .10} Ill chaperone DnaJ protein, 
putativeiTrypanosoma cruzilchr unknown75ITIGRI !Auto 

Appendices 

MRQSALAVLL PLLQRHAQSI PRRHFNVIQR GNDREVESLF ALLGFGKESE VERVHRTRDE 
LRQGYLREAM KLKDPQRNAK DAAKLADLRR AYTLLSDDQF RARYASHHCV SPDATLHVHV 
DGGQTAANFN PEHQSFEFVD HAISFSSSSL LSSCAQRSFG DFTGPFQSAT GVYSSPADAH 
PYQPRESSTP QNGNGINFML 

SVPIDVRPGT 
TTMTVRRFRG KGHDGVRGGN AGDLIVTVLV QEHRLFHRDG IDLHMVLPIP LSVALLGGVV 
SVPTLHGAQT LRIPPCVRNG QRLTMDGQGV CLDGESDAAE KNELEACEGS ANPKQQHCQQ 
QRRRGHLYVH LLVVIPRGEE LTGAQRCALE SFAAEGEGGI NQENGEKGEQ ETPASLKQRF 
RHWMTSL 

Trypanosoma brucei gambiense Type IV II Hsp40s 
>TbgambJ47 (Tbgamb.0216} I I !chaperone protein DNAJ, 
putativeiTrypanosoma brucei gambienselchr 11 I !Manual 
MRGIALALAP PSLLFVPKIQ RRCFNVIQRG NDREVDSLFA LLGFAGDNEA HRIRRTRAEL 
RQGFMREAMK LKDPQNDKSD AAKLEKLREA YRLLSNDRFR VQYAAHHYAS PDASLHLLVD 
GGQVAANFNP EHQSFNFVDH SRSSSDKQRS FSDFTGQYNS VIGNTGCSTD 
ARPYNAPEAR AAINGASINF 

TVQVPVDIRP 
GTTNMTACRL RGMGHDGVRG GVAGDLIVTV LVQEHRVFHR DGLDLHMVLP ITLSTALLGG 
MVSVPLLHGP FCTRVPPCVR NGQQIRLSGR GVTLDGSGVL TNAEEGIDAD SSASKQEQQQ 
RGDLYIHLLV VIPKGEELTG AQRSALEQFV VEQDGNGAEG VDDITPTALK RRFRHWLPGT 

Trypanosoma vivax Type IV II Hsp40s 
>TvivJ47 (tviv796e07.p1k_ 2} I I !chaperone protein DNAJ, 
putativeiTrypanosoma vivaxlchr 11 I !Manual 
MRYCHAVEYA HTLIQQVQKR QFNVIQRGND RQLDSLFTLL GFGKDSEARR AQRSRSELRQ 
GFIHEAMKLK DPKNSVEDAA KMAKLCEAYK LLSDDRFRSQ YASHHYASPD AMLHVRVDGG 
QVAANFNPEH QSFEFVNHAL V GATSEFTEVR 

LNGSNVNFTL 
SVPVDVRPGT 

TSMTVRRIRG KGHDGARGGA SGDLVVTVLV QEHRLFHRDG MNLHLVMPIP LSVALLGGVV 
NVPLLDGQYP MRVPPCVRSG QHIVLVGKGV CPDNSACTFK VSSAEGDAEN YKEQQQVTAE 
KRGDLYVHLL VVIPRGDELT GAQRCALEAF MVKRDCDHEA AQQEITPVEL KKQFRHWLTS 
KC 

Trypanosoma congolense Type IV II Hsp40s 
Protein doesn't end with a stop codon Send to GeneDB omniBLAST Send to GeneDB 
BLAST Send to BLAST at NCB! 
>TconJ47 (congo520e01.plk_ 13} I I I !Trypanosoma congolenselchr 11 I !Manual 
MRCFAVNSVS PFVPLLPNAQ RRFFNVIQRG NDREVKSLFA LLGFDKDSES HRVHRTRAEL 

LTDPQHNKED ASKAAKLKKA YELLSNDRFR AQYAAFHYAS PDASLHLLVD 
EHQSFRFVDH ALSGAAVSSS QRS FSDFT 
SPVSGASINF 
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>TconJ47 {congo1350g02.qlk_ll ) I I !chaperone protein DNAJ, 
putativeiTrypanosoma congolenseichr 11 I !Manual 
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MRCVAVNSVS PSVPLLPNVQ RRFFNVIQRG NDREVKSLFA LLGFDKDSES HRVHRTRAEL 
RQGFMREAMK LADPQHNKED ASKAAKLKKA YELLSNDRFR AQYAAFHYAS PDASLHLLVD 
GGQVAANFNP EHQSFRFVDH ALSGARVSSS QRSSLKEQRS FSD VVGAVGTSAD 
AKPYDAREAR SPVNGASINF MLRI SFDESV 

TVHVPVDVRP 
GTTSMTVYRL RGKGNDGTRG GAAGDLIVTV LVQEHRIFHR DGLDLHMVLP ISISTALLGG 
VVPVPLPHAA CSVRVPPCAR NGQQIRLAGK GVGLDGSRPA VVGDDGGGTG NSPHGSTRSG 
CGDLYVHLLV VIPKGEELTG RQRCVIEKFV ECAESNESDT SDEATPASLK ERFRHWFES 

No HPD - probably a Type IV 

Leishmania infantum Type IV II Hsp40s 
>LinJ47 {LinJ20_V3 . 0620) I I !chaperone protein DNAJ - like 
protein iLeishmania infantumlchr 201 I !Auto 
MLAPRSVRWC GGNRRSSGSA SVGVGPHVRT TGPWMPWHTL LYQRRCFQVI QRGHDRPQES 
LYNKLGFAKD TEARLVRRST TELRQALLRR VEELKDPAND PADKKRLSEL KDAYTRLQDD 
CFRTNYASHY YASNDARLHV LCDGGQVAAN FNPEHQQFTY VDHAIDREST GSGVGRCLPT 
GKAGGSALSS GPPGRSEVPT AEALGDAFRN ATGVGESASG ATSSNATAYK AADAAGALNG 

VSVPAGTLSN SLFRLRHQGH 
DGVRGGHAGD LLLTVLVSEH RYFYRSPERS HELHAMLPLP LSVALLGGRV NVPTLNGFGT 
VHVPPCVRSG EVLPLDVYGA PDATNRASAA AAAPHTILYH ALVMIPKGDA LSGRQKAALQ 
LYEAHHSYPS ATAAEVEAVG RSRTFGAEAS QQQAPASSAG TVSREQLMAS CAALKSSYTH 
WFHAD 

Leishmania braziliensis Type IV II Hsp40s 
None found 

Other Hsp40s containing Zinc Finger motif, but no N-terminal 
J-domain: 
Trypanosoma brucei brucei 
>Tbj66 {Tb927 . 7 . 2 070) I I !heat shock protein DnaJ, putativeiTrypanosoma 
bruceilchr 71 I !Manual 
MFAFSDHMDD VFNAFFSGGD MFSGGDMFSG P KDTVHGLPVT 

SSLTVVVEPG MEHREQIVFH GEGSYQPAAD AAGDIVIVLE 
QMKDDRFERE GDDLLYTHTI SLAESLCGFQ LVLTHLDGRQ LVVRRERGEI TRPGERKVVL 
GEGMPIRGRK GKFGDLVIKF AVSFPERIEE AQVEILRQAL PAPRSVDLSH CDMAQECYVS 
RKELDHLRQE LENDVEEQET TSY 

Trypanosoma cruzi 
Protein doesn't start with a start codon Send to GeneDB omniBLAST Send to GeneDB 
BLAST Send to BLAST at NCBI 
>Tcj66 {Tc 00 . 1047053510165 . 1 0) 
putative i Trypanosoma cruzi chr 

YALP 

DnaJ, 
Auto -·[II- FLTVPVE RGMRHHDEVV 

FRGEGSCDPY TGEPGDIVIV LEQMKDERFV REEDDLHMNH TITLAESLCG FQFVFKHLDG 
RELIVRRERG EITQPGEVKV VLGEGMPRRQ RPGQHGDLVI KFNVTFPNRL ESSQVDALRK 
ALPPPKSVDL HQCDDAEVCY VTREELDHLR RELEEEAKEE DEGPSVGIIIII 
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>Tcj66 (TcOO .1047053511807. 70) Ill heat shock protein DnaJ, 
putativeJTrypanosoma cruziJchr unknown87JTIGRJ JAuto 
MFGFSDEVGS MINAFFGGMP DGLHHVGGRR YALP 

llilil~iMI 

REEDDLHMNH TITLAESLCG FQFVFKHLDG RELIVRRERG 
RPGQHGDLVI KFNVTFPNRL ESSQVDALRK ALPPPKSVDL HQCDDAEVCY 
RELEEEAKEE DEGPSVGIIIII 

Leishmania major 

Appendices 

>LmJ66 (LmjF22.0080) I I Jheat shock protein DnaJ, putativeJLeishmania 
majorJchr 221 I JManual 
MFGGGMDDML NAMLNGGMAS RSRRGRDAAY ALPVTLEDLY 

SVQVVVEKGM AHRQRITFPR MANEELGVER AGDFVVVIQQ 
VKHNVFTRDD CDLHMQHHLS LAEALCGFQF KFTHLDGREL VVRQARGTIT KPGDVKCVIG 
EGMPVHKQAN KFGNLIIEFN VKYPDRIEAE QLQLLREALP PPKSVDVAAD NEASDVCYVT 
REDLSVLEEE IKKDEEAEEE NEGPQTGIIIII 

Trypanosoma brucei gambiense 
>TbgambJ3 (Tbgamb.26876) I I Jchaperone 
putative oma brucei 

DNAJ, 

VLEVPIERGM KADDAIRFEG 
KGDVLIILAE KPHDVFRRVG DHLIMNYRIT LQEALCGFEL PVQHLDKRML LIKIPAGQVI 
DPEAGWVVHR EGMPLPNTSG IERGNLIIHF EVEYPTKLSS RQIDLIADAF HVSEGFPHVG 
GQKVVLRDET ARRQRRNTAS ARQAQQRRSR DTRGFDNPDV FGMGFGGGQT AHQIIII 

>TbgambJ66 (Tbgamb.13956) I I Jheat shock protein DnaJ, 
putativeJTrypanosoma brucei gambiense Jchr 7J I JManual 
MFAFSDHMDD VFNAFFSGGD MFSGGGGRGR RRQPKDAVHG LPVTLKDLYN 

SLTVV VKPGMEHREQ IVFHGEGSYQ PAADAAGDIV IVLEQMKDDR 
FEREGDDLLY THTISLAESL CGFQLVLTHL DGRQLVVRRE RGEITRPGER KVVLGEGMPI 
RGRKGKFGDL VIKFAVSFPE RIEEAQVEIL RQALPAPRSV NLSHCDMAQE CYVSRKELDH 
LRQELENDVE EQETTSVGIIIII 

>TbgambJ2 (Tbgamb.2166) I I Jchaperone protein DnaJ, putativeJTrypanosoma 
brucei gambienseJchr 2J I !Manual 
MWRKRRRYDQ FGEKGVESEG VGIDPSDIFS PVPLETFYN 

VVVEKGMQHG DSVTFQGEGD QIPGVRLSGD 
IIIILDEKPH PVFTRKGDHL LIHHKISLAE ALTGFTMNIK HLDERAISIR STNVIDPQKL 
WSVSREGMPI PGTGGTERGD LVIKFDVVYP SAQSLSGDGI EPLRRILGYP KQEEPAPEAT 
EHTLAVTYVD LDREARRRRT AANDDDDDAG QHVHTGATIIIII 
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Trypanosoma vivax 
>TvivJ66 (tviv777glO . plk_ l6) I I jheat shock protein DnaJ, 
putativejTrypanosoma vivaxJchr 7J I !Manual 
MFGFPDDMVN MLFEGMGGFT DSMLGRHARR PRATTHALPV TLRD 

P GMENEEKIFF PGEEGGDSDD VVIVLKQVKD EMFERRGADL 
HYIHTLTLAE ALCGFQFVLE HLDHRQLVVR RERGELTKHV DIKIVAGEGM PVHRRPGVFG 
DLIIEFRVAF PSTIEPPLVE VLRRTLPGPK SVDTCKYENA EECYVTRVEM DSLRSMLAAE 
AKESEREENP GFTIIII 

Leishmania infantum 
>LinJ66 (LinJ22_ V3.0009) I I Jheat shock protein DnaJ, 
putativeJLeishmania infantumJchr 221 I jAuto 

MFGGGMDDML NAMLNGGMGGIJIIIi~~i[~RISIRiRIGIRIDIAAIIYCiALIIPIVTIILIEDIILY~ 
SVQVVVEKGM AHRQRITFPR MADEELGVER AGDFVVVLQQ 

VKHDVFTRED CDLHMQRHLS LAEALCGFQF KFTHLDGREL VVRQARGTI T KPGDVKCVIG 
EGMPLHKQAN RFGNLIIEFN VKYPDRIEAG QLQLLREALP PPKSVDVAAD NEAGDVCYVT 
REDLSVLEEE IKKDEEAEEE NEGPQTG-

Leishmania braziliensis 
>LbrJ66 (LbrM22_ V2 . 0080) I l l heat 

VQ 
VIVERGMAHR QRITFPRMAD EEVGVERTGD FVVALQQVKH DIFTRDDCDL HMRHHLSLAE 
ALCGFQFKFT HLDGRELVVR QARGTITKPG DVKCVIGEGM PVHRQPSKFG NLVI EFEVTY 
PDRIESAQLQ LLREALPPPK SVRATADEET GEVCYVTRED LSILEEEIKK DEEAEEDNES 
PQHGIIII 

Appendix 2B: Homo sapiens Type I Hsp40s according to Qiu et al., 
2006. Sequences obtained from NCBI (http://www.ncbi.nlm.nih.gov/; 
Sayers et al., 2008). 
NCBI full content search of Type I Human Hsp40s 

>DnaJAl (NP_ 001530) 
MVKETTYYDV LGVKPNATQE ELKKAYRKLA LKYHPDKNPN EGEKFKQISQ AYEVLSDAKK 
RELYDKGGEQ AIKEGGAGGG FGSPMDIFDM FFGGGGRMQR ERRGKNVVHQ LSVTLEDLYN 

HIDKGMKDGQ KITFHGEGDQ EPGLEPGDII 
I VLDQKDHAV FTRRGEDLFM CMDIQLVEAL CGFQKPISTL DNRTIVITSH PGQIVKHGDI 
KCVLNEGMPI YRRPYEKGRL I IEFKVNFPE NGFLSPDKLS LLEKLLPERK EVEETDEMDQ 
VELVDFDPNQ ERRRHYNGEA YEDDEHHPRG GVQIIII 

>DnaJA2 (NP_ 005871) 
MANVADTKLY DILGVPPGAS PNAGDKFKEI SFAYEVLSNP 

E RRGEDMMHPL 

ITFTGEADQA 
PGVEPGDIVL LLQEKEHEVF QRDGNDLHMT YKIGLVEALC GFQFTFKHLD GRQIVVKYPP 
GKVI EPGCVR VVRGEGMPQY RNPFEKGDLY IKFDVQFPEN NWI NPDKLSE LEDLLPSRPE 
VPNIIGETEE VELQEFDSTR GSGGGQRREA YNDSSDEESS SHHGPGVQ-
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>DnaJA2b (AAB69313) 
MANVADTKLY DILGVPAGAS ENELKKAYRK LAKEYHPDKN PQMQETNFKE ISFAYEVLSN 
PEKRELYDRY GRRRGEDMMH 
PLKVSLEDLY 

VHVDKGMKHG QRITFTGEAD 
QAPEWNPETL FFLLPGEKNM EVFQRDGNDL HMTYKIGLVE ALCGFQFTLS HLDGRQIVVK 
YPPGKVIEPG CVRVVRGEGM PQYRNPFEKG GLYIKFDVQF PENNWINPDK LSELEDLLPS 
RPEVPNIIGE TEEVELQEFD STRGSGGGQR REAYNDSSDE ESSSHHGPGV Q-

>DnaJA3 (NP _ 00513 8) 
MAARCSTRWL LVWGTPRLP AISGRGARPP REGVVGAWLS RKLSVPAFAS SLTSCGPRAL 
LTLRPGVSLT GTKHYPFICT ASFHTSAPLA KEDYYQILGV PRNASQKEIK 
HPDTNKDDPK AKEKFSQLAE AYEVLSDEVK RKQYDAYGSA G 
DPEELFRKIF GEFSSSSFGD YFMELTFNQA 

PVPA GVEDGQTVRM PVGKREIFIT FRVQKSPVFR RDGADIHSDL FISIAQALLG 
GTARAQGLYE TINVTIPPGT QTDQKIRMGG KGIPRINSYG YGDHYIHIKI RVPKRLTSRQ 
QSLILSYAED ETDVEGTVNG VTLTSSGGST MDSSAGSKAR REAGEDEEGF LSKLKKMFTS 

>DnaJA4 (NP_ 061072 ) 
MVKETQYYDI LKCHPDKNPD EGEKFKLISQ AYEVLSDPKK 

MFFGGGGRMA RERRGKNVVH 

IE VHVEKGMKDG QKILFHGEGD QEPELEPGDV 
IIVLDQKDHS VFQRRGHDLI MKMKIQLSEA LCGFKKTIKT LDNRILVITS KAGEVIKHGD 
LRCVRDEGMP IYKAPLEKGI LIIQFLVIFP EKHWLSLEKL PQLEALLPPR QKVRITDDMD 
QVELKEFCPN EQNWRQHREA YEEDEDGPQA GVQ-

>DnaJA4 (EAW99177) (Extra -30 aa at n terminus compared to >NP_ 061072 
DnaJ A4 ) 
MARGGSQSWS SGESDGQPKE QTPEKPRHKM VKETQYYDIL IKKAYRKLAL 
KYHPDKNPDE GEKFKLISQA YEVLSDPKKR 
FFGGGGRMAR ERRGKNVVHQ LSVTLEDLYN 

HVEKGMKDGQ KILFHGEGDQ EPELEPGDVI IVLDQKDHSV FQRRGHDLIM 
CGFKKTIKTL DNRILVITSK AGEVIKHGDL RCVRDEGMPI YKAPLEKGIL IIQFLVI FPE 
KHWLSLEKLP QLEALLPPRQ KVRITDDMDQ VELKEFCPNE QNWRQHREAY EEDEDGPQAG 

VQ-

>DnaJAS (NP_ 919259) (NOT A TYPE 
MKCHYEALGV RRDASEEELK KAYRKLALKW 
ERAWYDNHRE ALLKGGFDGE YQDDSLDLLR 
EELESVLEEE VDDFPTFGDS QSDYDTVVHP 
KRAMEKENKK IRDKARKEKN ELVRQLVAFI 
QQKLKQAKLV EQYREQSWMT MANLEKELQE 
DSDEAEDAEL 
IDENPLDDNS EEEMEDAPKQ KLSKKQKKKK 
ERRDGESEHK CAKMLLENRQ NYDDNFNVNG 
SVTEIIKPCD DPKSEAKSVP KPKGKKTKDM 
KLFDHLKATG HARAPSSSSL NSATSSQSKK 

I according to my definition) 
HPDKNLDNAA EAAEQFKLIQ AAYDVLSDPQ 
YFTVTCYSGY GDDEKGFYTV YRNVFEMIAK 
FYAYWQSFCT QKNFAWKEEY DTRQASNRWE 
RKRDKRVQAH RKLVEEQNAE KARKAEEMRR 
MEARYEKEFG DGSDENEMEE HELKDEEDGK 

RE MVALLKQQLE EEEENFSRPQ 
QKPAQDVPGK DSYLPAAHFQ MAWGKKCVLG 
PGEGVKVDPE DTNLNQDSAK ELEDSPQENV 
KKPVRVPAEP QTMSVLISCT TCHSEFPSRN 
EKRKNR 
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Appendix 2C: Saccharomyces cerevisiae Type I Hsp40s according to 
Walsh et al., 2004. Sequences were obtained from the Saccharomyces 
Genome Database (www.yeastgenome.org/; Cherry et al., 1998). 

>Xdjl{YeastCytoplasm) 
MSGSDRGDRLYDVLGVTRDATVQEIKTAYRKLALKHHPDKYVDQDSKEVNEIKFKEITAA 
YEILSDPEKKSHYDLYGDDNGAASSGGANGFGDEDFMNFFNNFFNNGSHDGNNFPGEYDA 
YEEGNSTSSKDIDIDI 

EIITVNVAPGHHFNDVITVKGMADEEIDKTTCGDLKFHLTEKQENLEQKQIFLKNFDDGA 
GEDLYTSITI SLSEALTGFEKFLTKTFDDRLLTLSVKPGRVVRPGDTIKIANEGWPILDN 
PHGRCGDLYVFVHIEFPPDNWFNEKSELLAIKTNLPSSSSCASHATVNTEDDSNLTNNET 
ISNFRIIHTDDLPEGIRPFKPEAQDSAHQKARSSYIIII 

>ApJl{YeastCytoplasm) 
MQQNTSLYDSLNVTAAASTSEIKKAYRNAALKYHPDKNNHTEESKRKFQEICQAYEILKD 
NRLRALYDQYGTTDEVLIQEQQAQAQRQQAGPFSSSSNFDTEAMSFPDLSPGDLFAQFFN 
SSATPSSNGSKSSFNFSFNNSSTPSFSFVNGSGVNNLYSSSAKYNSNDEDHHLDRGPDIK 

OPir.~~~Hl~OT,TVLTGEGDEV 

ISTKGGGHEKVIPGDVVITILRLKDPNFQVINYSNLICKKCKIDFMTSLCGGVVYIEGHP 
SGKLIKLDIIPGEILKPGCFKTVEDMGMPKFINGVRSGFGHLYVKFDVTYPERLEPENAK 
KIQNILANDKYIKAERSTMETADSDCYCDLEKSYDSVEEHVLSSFEAPNLNNEVIEDDDL 
GDLINERDSRKRNNRRFDESNINNNNETKRNKYSSPVSGFYDHDINGY 

>MdJl{Yeastmitochondria) 
MAFQQGVLSRCSGVFRHHVGHSRHINNILYRHAIAFASIAPRIPKSSFHTSAIRNNEAFK 
DPYDTLGLKKSATGAEIKKAYYKLAKKYHPDINKEPDAEKKFHDLQNAYEILSDETKRQQ 
YDQFGPAAFGGGGAAGGAGGGSGSPFGSQFHDFSGFTSAGGSPFGGINFEDLFGAAFGGG 
GRGSGGASRSS 

I TVDLPHGLQDGDVVRIPGQGSYPDIAVEADLKDSVKLSRGDILVRIRVDKDPNFSIKNK 
YDIWYDKEIPITTAALGGTVTIPTVEGQKIRIKVAPGTQYNQVIS IPNMGVPKTSTI RGD 
MKVQYKIVVKKPQSLAEKCLWEALADVTNDDMAKKTMQPGTAAGTAINEEILKKQKQEEE 
KHAKKDDDNTLKRLENFITNTFRKIKGDKKN 

>Scjl{YeastEndoplasmicreticulum) 
MVIRCSTDKTWWIGQKSVHWLAKRSRTMIPKLYIHLILSLLLLPLILAQDYYAILEIDKD 
ATEKEIKSAYRQLSKKYHPDKNAGSEEAHQKFIEVGEAYDVLSDPEKKKIYDQFGADAVK 
NGGGGGGPGGPGAGGFHDPFDIFERMFoc•r.~rr.r. 

KGPDFDAGDLVI 
EFKEKDTENMGYRRRGDNLYRTEVLSAAEALYGGWQRTIEFLDENKPVKLSRPAHVVVSN 
GEVEVVKGFGMPKGSKGYGDLYIDYVVVMPKTFKSGQNMLIIII 
1111 ENDOPLASMIC RETICULUM RETENTION SIGNAL 

>Ydjl{YeastCytoplasm) 
MVKETKFYDI LGVPVTATDV EIKKAYRKCA LKYHPDKNPS EEAAEKFKEA SAAYEILSDP 

LEVHV EPGMKDGQRI 
DVIPGDVVFI VSERPHKSFK RDGDDLVYEA EIDLLTAIAG GEFALEHVSG 
EVIAPGMRKV I EGKGMPIPK YGGYGNLIIK FTIKFPENHF TSEENLKKLE EILPPRIVPA 
IPKKATVDEC VLADFDPAKY NRTRASRGGA NYDSDEEEQG GEGVQ .. 
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Appendix 2D: Plasmodium falciparum Type I Hsp40s according to Botha et 
al., 2007. Sequences were obtained from PlasmoDB 
(http://plasmodb.org/plasmo/; Bahl et al., 2003; Aurrecoechea et al., 2009). 
>PfJl (PF11_0359) 
MFFSSGFPFDSMGGQQARRKREVNNNKFYEVLNLKKNCTTDEVKKAYRKLAIIHHPDKGG 
DPEKFKEISRAYEVLSDE ILNAGKGKKKRGE 
DI 

EADEKPNVITGNLVVILNEKQHPVFRREGIDLFMNYKISLYESLTGFVAEVTHLDERKIL 
VNCTNSGFIRHGDIREVLDEGMPTYKDPFKKGNLYITFEVEYPMDLIITNENKEVLKILK 

SELEVVSCSPVDKEYIKVRVTKQQQQQQQEAYDDEDHQPEMEGGRVA 

> Hypothetical P.falciparum protein (PFD0462w) 
MLALRILRRKVCSEHFLFERSFFTQSIKGKNGCLVTRYDKNKLLFYYKRNINTSRKCLNQDPYTVLGLSR 
NATTNDIKKQFRLLAKKYHPDINPSPDAKQKMASITAAYELLSDPKKKEFYDKTGMTDD SSNFE 
GAFSGFGDASFM EITLKFMEAI 

TLDIPPGI 
KKGMQMRIPNQGHCGYRGGKSGHLFVTINIEPHKIFKWVDDNIYVDVPLTIKQCLLGGLVTVPTLNGDMD 
LLIKPKTYPNSEKILKGKGPCKVDSHNNGDLIIKFSLKIPEKLTPRQVELI EEFNTI ELNLPNPQTNVKQ 
KKNIYETKGNINENIFSMNNTYNNMKGPEGETSNTQAKSMKNQNWNNEKSVNNKGTISKDEKKLNMKNNH 
INEKSNLKNSSHMDTNKNEENMSDDEKKKIKKIIPEPPMPHTHKIVNNLESKNSCNIPIPPPPPKSSSKP 
ISENQNISNREHNGVTNNSAKLDNNINMNYSCDPYKNVTQNDLNNNDNIKNKI YKDNTNISNHHIFKNDN 
INQQQFHCADNSSENNNESDMNTTSTFSFAKKWISDKLKPKN 

Appendix 2E: Arabidopsis thaliana Type I Hsp40 sequences according to 
Miernyk 2001. Sequences were obtained from NCBI 
(http://www.ncbi.nlm.nih.gov/; Sayers et al., 2008). 
A Thaliana Type I Hsp40s: 
>AAB86799 (A2) 419 aa (Nt ace L36113) 
1 MFGRGPSRKS DNTKFYEILG VPKTAAPEDL KKAYKKAAIK NHPDKGGDPE KFKELAQAYE 

61 VLSDPEKREI YDQYGEDALK EGMGGGGGGH DPFDIFSSFF~GiSiGG~H~P~FGiSjH~~~~~~iii 
121 DVVHPLKVSL II 

KVLEVNVEKG MQHNQKITFS 
241 GQADEAPDTV TGDIVFVIQQ KEHPKFKRKG EDLFVEHTIS LTEALCGFQF VLTHLDKRQL 
301 LIKSKPGEVV KPDSYKAISD EGMPIYQSPF MKGKLYIHFT VEFPESLSPD QTKAIEAVLP 
361 KPTKAAISDM EIDDCEETTL HDVNIEDEMK RKAQAQREAY DVDEEDHPGG AHRVQIIII 

> AAB49030 (A3) 420 aa (Nt ace U22340) 
1 MFGRGPSKKS DNTKFYEILG VPKSASPEDL KKAYKKAAIK NHPDKGGDPE KFKELAQAYE 
61 VLSDPEKREI 
121 VVHPLKVSLE 

VLEVNVEKGM QHSQKITFEG 
241 QADEAPDTVT GDIVFVLQQK EHPQFKRKGE DLFVEHTLSL TEALCGFQFV LTHLDGRSLL 
301 IKSNPGEVVK PDSYKAISDE GMPIYQRPFM KGKLYIHFTV EFPDSLSPDQ TKALEAVLPK 
361 PSTAQLSDME IDECEETTLH DVNIEDEMRR KAQAQREAYD DDDEDDDHPG GAQRVQIIII 

>CAB80659.1 (A24) Ace AL161596 
MFAQGSLPFLSLTGVSPNTHSRRGARFTVRADTDFYSVLGVSKNATKAEIKSAYRKLA 
RSYHPDVNKDAGAEDKFKEISNAYEILSDDEKRSLYDRYGEAGVKGAGMGGMGDYSNP 

DPVLKRDDTNILYTCKISYVDAILGTTLKVPTVDGEVDLKVPAGTQPSTTLVMAKKGV 
PVLNKSKMRGDQLVRVQVEIPKRLSKEEKMLVEELADMSKNKVANSRR 
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>AAD22362 (A26) 442 aa (AC006592) 
1 MAIIQLGSTC VAQWSIRPQF AVRAYYPSRI ESTRHQNSSS QVNCLGASKS 
61 LSMTGMSRNM HPPRRGSRFT VRADADYYSV LGVSKNATKA EIKSAYRKLA 
121 PGAEEKFKEI SNAYEVLSDD EKKSLYDRYG EAGLKGAAGF GNGDFSNPFD 
181 GGMGRGSRSR AVDGQDEYYT LILNFKEAVF 

301 AGVDSGSRLR VRGEGNAGKR GGSPGDLFVV IEVIPDPILK RDDTNILYTC 
361 TTLKVPTVDG TVDLKVPAGT QPSTTLVMAK KGVPVLNKSN MRGDQLVRVQ 
421 EKKLIEELAD MSKNKTANST SR 

> BAB11067.1 (A30) ACC AB017064 
MVPSNGAKVLRLLSRRCLSSSLIQDLANQKLRGVCIGSYRRLNTSVGNHANVIGDYAS 
KSGHDRKWINFGGFNTNFGSTRSFHGTGSSFMSAKDYYSVLGVSKNAQEGEIKKAYYG 
LAKKLHPDMNKDDPEAETKFQEVSKAYEILKDKEKRDLYDQVGHEAFEQNASGGFPND 

FNGDIFNMYRQD 

GSDIHVDAVLSVTQHLFWTSGAVSAILGGTIQVPTLTGDVVVKVRPGTQPGHKVVLRN 
KGIRARKSTKFGDQYVHFNVSIPANITQRQRELLEEFSKAEQGEYEQRTATGSSQ 

SMFSHGSLPF 
RNYHPDVNKD 
LFDSLFEGFG 

KISYIDAILG 
VEIPKRLSKE 

> AADS5483 (A52) 499 aa (AC0 09322) 
1 MAALASPSLI PSSLCFAAAA DGPRSLSSNF SAFSDGGSNF RYHKSFLSLS SSSSSSTPYR 
61 NRRGRSLVVF ATSGDYYATL GVSKSANNKE IKAAYRRLAR GATEKFKEIS 
121 AAYEVLSDEQ KRALYDQYGE 
181 FGRTRRSRVT KGEDLRYDIT LELSEAI 

IKVK IPPGVSAGSI LRVAGEGDSG PRGGPPGDLY VYLDVEDVRG IERDGINLLS 
361 TLSISYLDAI LGAVVKVKTV EGDTELQIPP GTQPGDVLVL AKKGVPKLNR PSIRGDHLFT 
421 VKVSVPNQIS AGERELLEEL ASLKDTSSNR SRTRAKPQQP STLSTAPSGS ENKKDEVKEE 
481 NEEPEQENYL WNNIKEFAG 

>BAB02706 (A54) 438 aa (AB019230) 
1 MAAMARCALI PSINPAHSFR HQFPQPNASF YLPPTLPIFS RVRRFGISGG YRRRVITMAA 
61 GTDHYSTLNV NRNATLQEIK SSYRKLARKY HPDMNKNPGA EDKFKQISAA YEVLSDEEKR 
121 SAYDRFGEAG MGFDFMNKRS 
181 LDLDIRYDLR 

GVSDRATMRI 
301 QGEGNMDKRS GRAGDLFIVL QVDEKRGIRR EGLNLYSNIN IDFTDAILGA TTKVETVEGS 
361 MDLRIPPGTQ PGDTVKLPRK GVPDTDRPSI RGDHCFVVKI SIPKKLSERE RKLVEEFSSL 
421 RRSSSSTGPT GTMLSQSN 

>AAF0784 3 (A63 ) 572 aa (AC010871) 
1 MVRTRLAISV VLVSTLLLLN VKAKSVDPYK VLGVSKDAKQ REIQKAFHKQ SLKYHPDKNK 
61 DKGAQEKFAE INNAYEILSD EEKRKNYDLY GDEKGQPGFD SGFPGGNGGY SYSSSGGGFN 
121 FGGPGGWQNM GGGGGSKSFS FSFGGPSESS FGFGMDDIFS MFSGGSSKGK EQFGGFGSSS 
1 81 NAESKSKSST VAAIKTINSQ VYKKDVVDQG MTWLLLSYLP SQRGSQYHES IIEEVAESLQ 
241 GALKVGRLNC ETESSLCKQL GIVPRRAPRM FVYSYTSSGK ATLAEYTEEL VAKKVKSFCQ 
301 EHLPRFSKKI DLNTFDVSAV SSQKTPKVLL LSTKKDTPVI WRVLSGLYNG RFVFYNTEVH 
361 DTSDPKIQKL GVDKFPAIVG WLSNGEKQVL KTGITVKNLK SAVQELGKLL EGLEKKNKKV 
421 SSKSQAGQAP NESSEKIPLL SRPNFDSICG ENTPVCIIGA FRSSNGKEKL QSIMSKVSQK 
481 SLSRRQASTT GSQDTVSYSL LDATKQSAFL SSLDKSEFKT SSDKLLIAYK PRRGKFATFK 
541 GDMTIEEVEK FVAAVLNGDI QFTKTRQKPQ IK 

>CAB86083 . 1 AL163002 (A36) 
MDLFRVWSGMDFLAWRGMAYTLLLLNFVFACQLLLLQPLVSALDGQSVDAAELFERASQSIKVKRYSDA 
LDDLNAAIEADPALSEAYFKRASVLRHFCRYEDSENSYQKYLEFKSGDSNAEKELSQLHQAKSALETAS 
TLYESKDIAKALEFVDKVVLVFSPACSKAKLLKVKLLMVSKDYSGAISETGYILKEDENNLEALLLRGR 
AYYYLADHDIAQRHYQKGLRLDPEHSELKKAYFGLKKLLKKTKSAEDNANKGKLRVSAEEYKEAIALDP 
EHTANNVHLYLGLCKVSVRLGRGKDGLNSCNEALNIDAELIEALHQRGEAKLLLEDWEGAVEDLKQAAQ 
NSQDMEIHESLGKAEKALKMSKRKDWYKILGISRTASISEIKKAYKKLALQWHPDKNVGNREEAENKFR 
EI AAAYEILGDDDKRARFDRGEDLEDMGGGGGGGYNPFHGGGGGGQQYTFHFEGGFPGGGGGFGGFGF 
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Appendix 2F: Escherichia Coli (K12) DnaJ Sequence 
> NP 414556 
MAKQDYYEIL GVSKTAEERE KYHPDRNQGD KEAEAKFKEI 
QKRAAYDQYG SDIFGDVFGD I 
MELTLEEAVR 

TLSVKIPAGV DTGDRIRLAG EGEAGEHGAP 
AGDLYVQVQV KQHPIFEREG NNLYCEVPIN FAMAALGGEI EVPTLDGRVK LKVPGETQTG 
KLFRMRGKGV KSVRGGAQGD LLCRVVVETP VGLNERQKQL LQELQES FGG PTGEHNSPRS 
KSFFDGVKKF FDDLTR 

Appendix: Chapter 4: 
Appendix 4.1: Plasmid map of pQE Tchsp70 

ApaLI (5072) 

Ampicillin R 

/ 
ApaLJ (3328) 

pQ E30Tchsp 7 0 
5396 bp 

) 
NCJ). (2796) 

P•t! ( 110 7) 

Tchsp70 CDS+ His Tag 
~:::::=::.._ 

ApaLI (1154) 

ApaLI (1475) 

---...:ApaLI (1969) 

~,::~~:·" 
Smai(20 SO) 

Eco RI (2117) 

Hindill (2123) 

Figure A4.I.: Plasmid map of pQE30Tcbsp70. The Tchsp70 coding sequence was ligated into the 
pQE30 vector using BamHI and Hindlll. Tchsp70 produced from this expression vector has a 
Histidine tag at the N-terminus. There are only 3 amino acids between the Histidine tag and the start 
of the Tchsp70 coding sequence and this Histidine tag containing peptide adds a total of 13 extra 
amino acids to the N-terminus of Tchsp70. In contrast the pET I 4bTchsp70 vector used in Edkins et 
al. (2004) had a total of 27 amino acids added to the N-terminus of Tchsp70 and 17 amino acids 
between the N-terminus and the Histidine tag. The ampicill in resistance gene of pQE30 acts as a 
selectable marker in the E. coli system. 
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Appendix: Chapter 5: 
Appendix 5.1: Modified HMI-9 culture medium for T. brucei (Hirumi and 

Hirumi, 1994) 

Per 5 I itres: 

IX lscoves Modified Dulbeccos Media 

0.05 mM Bathocuproine disulphonic acid 

1.50 mM L-cysteine 

1.00 mM hypoxanthine! 

1.00 mM sodium pyruvate 

0.16 mM thymidine 

15.12g NaHC03 

71.5 J..LI of 2-mercaptoethanol 

5 ml Penicillin/Streptomycin (5mg/ml) 

Adjust pH to 7.5 and filter sterilize into 500ml aliquots and store at 4T. 

Add 10% Foetal bovine serum (heat inactivated) prior to using the medium. 

!Hypoxanthine - Dissolve 0.4g of Sodium Hydroxide in 1 OOml of H20, then add 1.36g 

Hypoxanthine (0 .1 M). (50ml of this concentration per 5 litres of medium). 
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Appendix 5.2: dsRNA target sequences for Tbj2 RNAi knockdown 

Primers for Tbj2 RNAi target PCR: 

Intragenic RNAi (2)F: TTTCCAGTTTCTTIGGTGG 

Intragenic RNAi (2)R: TGCAACTCTGGCACTT A TGC 

UTR (d)F: TAATTCCAAGCATGAAAAGG 

UTR ( d)R: GAAGT AAAAGGTTCGCA TTG 

9361 gatgactgcg agaagaaggt ggtcgaggag 
9421 tctgatgagg atgtgagcct gtttaggcgg 
9481 aatctgtgtg actcagtcgg 
9541 atatgcggct ttgtgtttcg 

t c 

Figure A5.2: Primers shown on the Tbj2 sequence 

gtgatggatg ttgttgtctc ttgcggagct 
caacttgggg ttatatagat ggaaactttt 
gtgctttttc gtgctaattt ttagttgagc 
ggtttctggc gtgttgcgtt ggttttcc 
tttttttt tccttt 

The Tbj2 (Tb927.2.5160) CDS is highlighted in Blue, and the downstream gene (Tb927.2.5170) is 
highlighted in purple. The primers used for amplifying the RNAi dsRNA target sequences are 
highlighted in red. The fragments resulting from amplification are underlined in black. 
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