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Abstract 
Murine stress-inducible protein 1 (mSTI 1) is a co-chaperone that is homologous with 

the human heat shock protein 70 (Hsp70)lheat shock protein 90 (Hsp90)-organizing 

protein (Hop). The two proteins are homologues of the highly conserved stress­

inducible protein 1 (STIl) family of co-chaperones. The STIl proteins interact 

directly and simultaneously at some stage, with Hsp70 and Hsp90 in the formation of 

the hetero-multi-chaperone complexes that facilitate the folding of signal transducing 

kinases and functional maturation of steroid hormone receptors. The interactions of 

mSTII with both Hsp70 and Hsp90 is mediated by a versatile structural protein­

protein interaction motif, the tetratricopeptide repeat (TPR). The TPR motif is a 

degenerate 34-amino acid sequence a-helical structural motif found in a significant 

number of functionally unrelated proteins. This study was aimed at characterizing the 

structural and functional determinants in the TPR domains of mSTIl responsible for 

binding to and discriminating between Hsp70 and Hsp90. Guided by data from Hop's 

crystal structures and amino acid sequence alignment analyses, various biochemical 

techniques were used to both qualitatively and quantitatively characterize the contacts 

necessary for the N-terminal TPR domain (TPRl) of mSTIl to bind to the C-terminal 

EEVD motif of heat shock cognate protein 70 (Hsc70) and to discriminate between 

Hsc70 and Hsp90. Substitutions in the first TPR motif of Lys8 or Asn l2 did not affect 

binding of mSTIl to Hsc70, while double substitution of these residues abrogated 

binding. A substitution in the second TPR motif of Asn43 lowered but did not abrogate 

binding. Similarly, a deletion in the second TPR motif coupled with a substitution of 

Lys8 or Asn l2 reduced but did not abrogate binding. Steady state fluorescence and 

circular dichroism spectroscopies revealed that the double substitution of Lys8 and 

Asn l2 resulted in perturbations of inter-domain interactions in mST~l. Together these 

results suggest that mSTII-Hsc70 interaction requires a network of electrostatic 

interactions not only between charged residues in the TPRI domain of mSTIl and the 

EEVD motif of Hsc70, but also outside the TPRI domain. It is proposed that the 

electrostatic interactions in the first TPR motif collectively made by Lys8 and Asnl2 

define part of the minimum interactions required for successful mSTII-Hsc70 

interaction. In the first central TPR domain (TPR1A), single substitution of Lys301 

was sufficient to abrogate the mSTII-Hsp90 interaction. Using a truncated derivative 
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of mSTIl incapable of binding to Hsp90, residues predicted by crystallographic data 

to determine Hsp70 binding specificity were substituted in the TPRI domain. The 

modified protein had reduced binding to Hsc70, but showed significant binding 

capacity for Hsp90. In contrast, topologically equivalent substitutions on a truncated 

derivative of mSTII incapable of binding to Hsc70 did not confer Hsc70 specificity 

on the TPR2A domain. These data suggest that binding ofHsc70 to the TPRI domain 

is more specific than binding of Hsp90 to the TPR2A domain. In addition, residues C­

terminal of helix A in the second TPR motif of mSTII were shown to be important in 

determining specific binding to Hsc70. Binding assays using surface plasmon 

resonance spectroscopy showed that the affinities of binding of mSTIl to Hsc70 and 

Hsp90 were 2 flM and 1.5 flM respectively. Preliminary in vivo studies revealed 

differences in the dynamics of binding of endogenous and exogenous recombinant 

mSTIl with Hsc70 and Hsp90. The outcome of this study poses serious implications 

for the mechanisms ofmSTII interactions with Hsc70 and Hsp90 in the cell. 
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Chapter One 

Introduction and Literature Review 

1.1 Protein folding in the cell 

1.1.1 Protein folding in vitro and in vivo 

The observation by Christian Anfisen (1973) of reversible denaturation and 

renaturation of ribonuclease in vitro provided the first clue that the information for 

folding a protein into its native three-dimensional conformation lies in its amino acid 

sequence. The native state is the thermodynamically most stable conformation of a 

polypeptide. To reach the native state, the unfolded polypeptide proceeds via one or 

more pathways in which rapid formation of compact folding intermediates restricts 

the conformational space available to a polypeptide (Dill and Chan, 1997; Jaenicke, 

1998). It therefore appears that removal of hydrophobic core of the folded protein is a 

major driving force for formation of folding intermediates (Frydman, 200 I). Most in 

vitro studies have used small, single-domain proteins that undergo co-operative and 

reversible folding reactions, e.g. glutathione-S-transferase (GST), bamase, lysozyme 

e.Lc. In these experiments, a pure protein is unfolded or denatured with chemical 

reagents such as 8 M urea or 6 M guanidinium hydrochloride. The reaction is then 

rapidly diluted into aqueous solution, where the protein refolds spontaneously. 

This refolding takes place in two phases. First, a very rapid formation of secondary 

structure such as a -helices and p- sheets, and folding of these structures to form a 

compact shape, which is presumed to be driven by hydrophobic collapse, so that most 

of the interior of the protein is occupied by hydrophobic amino acids, which have a 

low affinity for water. The second phase is slower; the secondary structure elements 

interact with each other to form the native tertiary structure. These in vitro reaction 

models are manageable systems, as the folding reaction is not complicated by off­

pathway side reactions such as aggregation. In nature, proteins fold in a cellular 

environment that may be substantially different from that of in vitro folding 

experiments that are usually done at very high dilutions and low temperatures 

(Frydman, 200 I). The homogeneous environment of in vitro experiments does not 

mimic the heterogeneous environment in the cell. The interior of a cell is a very 

crowded and dynamic environment; the effective protein concentration inside a 
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typical cell has been estimated to be as high as 300 mg/ml (Zimmermann and Trach, 

1991). Because of its high concentration of proteins and other macromolecules, the 

interior of a cell no longer behaves as an ideal fluid. This macromolecular crowding 

gives rise to excluded volume effects, thus promoting such reactions like aggregation 

of proteins (Zimmermann and Minton, 1993; Minton, 2000). Another major 

difference between refolding of a chemically denatured protein and folding as it 

occurs in the cell is that in vivo, newly synthesized polypeptides enter the cytosol 

vectorially because the N-terminus is synthesized before the C-terminus. Although the 

N-terminus of a translating polypeptide is available for folding before the rest of the 

polypeptide, stable folding of a folding unit or domain cannot occur until it is 

completely synthesized (Jaenicke, 1991). Protein synthesis is considerably slower 

than formation of collapsed intermediates, which could bury hydrophobic 

aggregation-prone stretches of the nascent chains away from the solution (Frydman, 

2001). 

Another distinctive feature of the cellular milieu is its high degree of 

compartmentalization. Whereas small molecules (:'0500 Daltons) diffuse freely in the 

cytosol , diffusion of larger macromolecules, including proteins, is greatly retarded 

(Frydman, 200 I). This implies that most cellular processes are highly 

compartmentalized and spatially organized. In conclusion, the efficiency of folding in 

vivo often exceeds that in vitro to avoid misfolding and aggregation of proteins. 

The cell is equipped with several structurally unrelated classes of proteins to ensure 

correct protein folding. First, there are enzymes that catalyse specific folding steps, 

the protein disulphide isomerases (PDIs) and cis-trans prolyl isomerases. These 

enzymes accelerate intrinsically slow steps in the folding of some proteins, namely 

the rearrangement of disulphide bonds in secretory proteins and the cis-trans 

isomerization of peptide bonds preceding proline residues, respectively (Schmid, 

1993 ; Freedman, 1994). Second, there are proteins that bind to and stabilize otherwise 

unstable conformers of other proteins, and by controlled binding and release, facilitate 

its correct fate in vivo, be it folding, oligomeric assembly, transport to a particular 

subcellular compartment, or disposal by degradation (Hendrick and Hartl , 1993). In 

addition, this set of proteins, prevents potential aggregation or misfolding of newly 
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synthesized or translating proteins. This second class of proteins is generally referred 

to as "molecular chaperones" and discussed in section 1.2. 

1.1.2 Protein folding and diseases 

In order to function, a protein must fold into a speCific conformation following 

synthesis on the ribosome. The folding process is therefore a second stage of the 

translation of genetic information into biological activity. The failure of proteins to 

fold correctly, or the subsequent misfolding of correctly folded proteins could be 

lethal to the cell. The misfolding of protein can be caused by many factors such as 

mutation in the DNA so that the amino acid sequence differs from normal, lack of an 

enzyme or chaperone needed to fold a protein, correctly folded protein becoming 

misfolded by accumulated damage due to oxidation or other chemical reactions, and 

interaction with other misfolded proteins. The misfolding of a protein can be lethal to 

the cell in many ways (Ellis, 2002). For instance, a protein could be non-functional, in 

short supply, or unable to be translocated to the right subcellular organelle. 

Finally, protein aggregates have damaging effect on the cell (Thomas, 1995; Shaw, 

1995). A number of diseases, both in human and other organisms, have recently been 

shown to be due to incorrect protein folding. These disorders include the amyloidal 

diseases, such as Alzheimer's disease (Walsh et ai., 2002), bovine spongiform 

encephalopathy (BSE, mad cow disease), primary systemic amyloidoisis, and type II 

diabetes (Sunde, 1999). These diseases are disorders of protein folding in which 

proteins and peptides take up an incorrect, fibrillar structure (Terry et ai. , 1993; 

Hamilton et ai. , 1993; Serpell et ai., 1995; Kelly, 1996; Blake and Serpell, 1996; 

Wetzel, 1996; Kelly, 1997; Bucciantini et ai., 2002). Other protein folding related 

diseases include onset neurodegenerative diseases e.g. Huntington's disease, caused 

by expansion of a translated CAG repeat that encodes glutamine in the respective 

gene products (Zoghbi and Botas, 2002). Cystic fibrosis is an autosomal recessive 

disease caused by mutations in the gene coding for the cystic fibrosis transmembrane 

conductance regulator (CFTR). It is therefore extremely important that the cell 

ensures the correct folding of polypeptides, prevents aggregation of proteins and 

refolds or degrades as soon as possible misfolded proteins. 
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1.2 Molecular chaperones and Heat shock proteins 

1.2.1 Historical background 

In 1962, Ritossa reported the effects of temperature on the puffing patterns of the 

salivary glands chromosome of Drosophila busckii. He observed that temperature 

shocks induced well-defined variations in the puffing patterns of the same set of 

bands, and that chemicals such as 2, 4-dinitrophenol and sodium salicylate could 

induce the same puffing patterns. In 1978, Laskey et al observed that the nucleosome 

subunits of chromatin were assembled from histones and DNA by the abundant acidic 

nuclear protein nucleoplasmin and described the protein as a molecular chaperone. In 

1980, Hightower reported the induction of some acidic polypeptides, with molecular 

weights ranging from 23 to 110 kDa, in cultured chick embryos exposed to puromycin 

and the arginine analogue, canavanine. The proteins were divided into two groups 

based on their level of inducibility. The major ones were the 88, 72, 71 and 23 kDa 

proteins while the minors comprised of the 110, 50, 38 and 30 kDa proteins . . In 1987, 

Ellis first proposed the words "molecular chaperones" to describe the class of cellular 

proteins whose function is to ensure that the folding of certain other polypeptide 

chains and their assembly into oligomeric structures occur correctly. 

1.2.2 Definition and properties of molecular chaperones 

By definition, molecular chaperones are a large group of structurally unrelated protein 

families whose role is to minimise non· specific protein aggregation by stabilizing 

unfolded proteins, ensure proper folding of nascent proteins, maturation, assembly 

and disassembly of proteins and/or their translocation across membranes or for 

degradation. Therefore their main role is to prevent inappropriate association or 

aggregation of exposed hydrophobic surfaces and direct their substrates into 

productive folding, transport or degradation pathways. They exist as large gene 

families with functional homologues in different subcellular locations including the 

nucleus, cytosol, endoplasmic reticulum, and mitochondria (Morimoto et al., 1994). 

The general properties of molecular chaperones are itemised in Table 1.1. 
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Table 1.1: Families of Molecular Chaperones 

Chaperone family Functions 

Small heat shock proteins (Hsp2S) Protect cell against stress and prevent aggregation 
during heat shock. 

Heat shock protein 60 (Hsp60) e.g. Facilitate folding of polypeptides to the native 
Cpn60, GroEL state in an ATP-dependent manner. 
Heat shock protein 70 (Hsp70) e.g. DnaK., They are A TPases involved in stabilization of 
Bip hydrophobic regions III extended polypeptide 

segments, membrane translocation and regulation 
of the heat response. 

Heat shock protein 90 (Hsp90) They are ATPases involved III binding, 
stabilization,maturation and regulation of steroid 
hormone receptors and signal transducing protein 
kinases. 

Heat shock protein 100 (Hsp 1 00) (Clp) They are A TPases involved in thermotolerance, 
proteolysis and disaggregation and 
resolubilization of protein aggregates. 

Calnexin and calreticulin Involved in glycoprotein folding and maturation 
in the endoplasmic reticulum in cooperation 
with glucosyltransferase, and in quality controL 

Protein disulphide isomerases (PDIs) and Catalyse specific steps in the folding process. 
cis/trans prolyl isomerases 

1.2.3 Major Heat shock proteins 

Heat shock proteins (Hsps) are a large family of molecular chaperones whose 

synthesis is sharply and dramatically induced at high temperatures. The various Hsps 

are referred to on the basis of their mode of induction, and apparent molecular mass 

on sodium dodecyl sulphate (SDS) polyacrylamide gels (Kaufmann, 1990). Other 

stress stimuli that could lead to over-expression of Hsps include : nutrient deprivation, 

hypoxia, exposure of tissues to uncouplers of oxidative phosphorylation, inhibitors of 

electron transport, amino acid analogues, enzyme inhibitors and heavy metal ions 

(Georgopoulos, 1992). The induction of Hsps upon exposure to environmental, 

chemical or oxidative stress is a common feature of all organisms from archabacteria 

to eubacteria, plants, yeasts, invertebrates and vertebrates (Bonnefoy et al. , 1994). 

Even though the concentrations of Hsps increase after heat stress or general cell 

stress, they are essential for cell growth under normal conditions (Morimoto et al., 

1994). Heat shock proteins prevent accumulation of stress-damaged proteins in two 
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ways: some restore the native structures of misfolded proteins; others facilitate the 

degradation of damaged proteins by presenting them for proteolytic . degradation 

(Boguski et al. , 1990). 

Although sequence homologies between Hsp counterparts of different organisms are 

high, there is no obvious sequence homology between Hsps of different families 

(Jindal, 1996). The ability to recognise non-native conformations of proteins is a 

common feature among the Hsps. Majority of the Hsps recognise hydrophobic regions 

that are exposed on the surfaces of the unfolded proteins, either nascent or denatured, 

and facilitate refolding by secluding such proteins, thereby preventing aggregation 

(Beckmann et al., 1992). 

1.2.3.1 Heat shock protein 70 (Hsp70) 

The 70 kDa heat shock proteins constitute a large family of highly conserved 

chaperones that assist folding processes including de novo folding of proteins, 

prevention of aggregation and refolding of stress denatured proteins, disaggregation 

of protein aggregates, translocation and control of activity and stability of regulatory 

proteins and degradation of unfolded proteins (Bukau and Horwich, 1998; Mayer el 

al. , 2001; Hartl and Hayer-Hartl, 2002). There are two major cytosolic forms of 

Hsp70, the constitutive heat shock cognate protein 70 (Hsc70) and the stress-inducible 

heat shock protein 70 (Hsp70) (Hartl, 1996). Hsp70 is present in multiple 

compartments of most cells (Gething and Sambrook, 1992; Craig et al. , 1993). In 

humans, the Hsp70 multi-gene family includes the cytosolic and nuclear localized 

Hsc70 and Hsp70, endoplasmic reticulum localized Grp78 (Bip) and mitochondrial 

mtHsp75 (Bhattacharya et al. , 1995; Moro et al. , 2002). The protein has been widely 

studied and extensively characterized in Escherichia coli (E. coli) (DnaK). The Hsp70 

chaperones are composed of two domains. The more highly conserved N-terminal 

ATPase domain of 45 kDa (Rudiger et al., 1997), which binds to and hydrolyses A TP 

and the more variable C-terminal domain that is further divided into a polypeptide­

binding subdomain - 15 kDa (Wang et al. , 1993) and a C-terminal subdomain of 10 

kDa with binding sites for certain co-chaperones, e.g. stress-inducible protein I 

(STII) (Chen and Smith, 1998). 
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The crystal structures of bovine and human Hsc70 ATPase domains (Figure 1.1) have 

been determined (Flaherty et al., 1990; Siriam et al., 1997). Also, the ATPase domain 

of DnaK in complex with its dimeric cofactor GrpE has been determined (Harrison et 

al., 1997). Zhu et al (1996) crystallized and determined the structure of the substrate­

binding domain of DnaK in complex with a substrate peptide, NRLLL TO (Figure 

1.1). The structural similarity of hATPase (human) and bATPase (bovine) and the 

sequence similarity within the Hsp70 chaperone family (>50% amino acid identity) 

suggest a universal mechanism of ATP hydrolysis among all Hsp70 molecular 

chaperones (Siriam et al., 1997). The Hsp70 chaperones exhibit a high binding 

affinity for ATP and a weak ATPase activity. However, ADP binds to Hsc70 with 5-

fold higher affinity than does A TP. Through a cycle of ATP binding, hydrolysis, and 

nucleotide exchange, denatured proteins are alternately bound to HscIHsp70 and 

released to effect protein folding (Hartl, 1996). 

In the ATP-bound state, Hsp70 binds and releases substrates rapidly, whereas the 

ADP-bound form binds and releases slowly. In DnaK, cycling between its different 

nucleotide-bound states is regulated by two co factors , DnaJ and GrpE (Harrison et al., 

1997; Bukau and Horwich, 1998). The 41 kDa DnaJ protein is itself a chaperone, 

which can bind to unfolded polypeptides and prevent their aggregation (Langer et al. , 

1992; Szabo et al., 1996). DnaJ binds to DnaK and stimulates its ATPase hydrolysis, 

generating the ADP-bound state of DnaK, which interacts stably with the polypeptide 

substrate (Liberek et al., 1991 ; Laufen et al. , 1999; Suh et ai, 1999). The 23 kDa 

GrpE protein acts as a nucleotide exchange factor; it binds to the ATPase domain of 

DnaK and, by distorting the nucleotide-binding pocket, induces the release of bound 

ADP (Harrison et al., 1997). Re-binding of ATP triggers dissociation of the DnaK­

substrate complex and the protein is ready for another round of ATPase cycle. 

One exception to this generally accepted view is HscC, the E. coli member of a novel 

subfamily of specialized Hsp70 chaperones (Kluck et al., 2002). HscC has a higher 

ATPase activity than DnaK, which is not affected by the nucleotide exchange factor, 

GrpE. in addition, its ATPase activity is stimulated 8-fold by Dj I C, a DnaJ protein 

with putative transmembrane domain but not by other DnaJ proteins (Kluck et al., 

2002). HscC has been shown not to have a general chaperone activity (Kluck et at., 

2002). 
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Figure 1.1: Ribbon representations of the N-terminal ATPase and the C-terminal substrate­
binding domains of heat shock protein 70 
A: Bovine Hsc70 ATPase domain in complex with adenosine 5' diphosphate (POB code: 3HSC; 
Flaherty ef aI. , 1990) and B: OnaK substrate binding domain with a substrate peptide NRLLL TO (POB 
code: IDKX; Zhu ef aI. , 1996). Figures were drawn with MOLSCRIPT (Kraulis, 1991) 

1.2.3.2 Heat shock protein 90 (Hsp90) 

The 90 kDa heat shock protein is one of the most abundant cytosolic proteins In 

eukaryotes, constituting up to 2% of the cellular protein even when the cell is not 

under stress (Buchner, 1999). Its expression level increases up to ten folds in response 

to stress (Yonehara et aI. , 1996; Buchner, 1999). Hsp90 is necessary for viability in 

yeast (Picard et at" 1990; Parsell and Lindquist, 1993), and for proper folding, 

processing, and function of proteins involved in several transduction pathways. Hsp90 

is distinguished from other chaperones in that most of its known substrates are signal 

transduction proteins such as steroid receptors (SHRs) e.g. glucocorticoid receptor 

(GR) and progesterone receptor (PR), the Raf serine kinases, cyclin-dependent kinase 

4 (cdk4) and other cell cycle kinases (Chen et at., 1996; Dittmar et at., 1996; 1997a; 

1997b; Buchner, 1999; Young et at., 2001; Basso et at., 2002). Other Hsp90 

substrates include kinases , p53 , luciferase, tubulin, nitric oxide synthase, ~­

galactosidase, and tumor necrosis factor (Buchner, 1999). Rutherford and Lindquist 

(1998) reported that that in Drosophila, when Hsp90 is mutated or pharmacologically 

impaired, phenotypic variation affecting nearly any adult structure was produced, with 

specific variants depending on the genetic background and occurring both in 

laboratory strains and in wild populations . This implies that Hsp90 acts as a capacitor 

8 



to buffer genetic morphological variations (Queitsch et al., 2002). The highly 

. conserved Hsp90 chaperone family includes the Hsp90 of the eukaryotic cytosol (both 

Hsp90a and Hsp90~, corresponding to major and minor isoforms), Hsp86 and Hsp84 

In mIce, Hsp83 in Drosophila, Hsc82 · and Hsp82 in yeast, HtpG in the bacterial 

cytosol, 

c 

Figure 1.2: Ribbon representation of the N-terminal ATPase domain of Human 
Hsp90. 
The figure was drawn with MOLSCRIPT (Kraulis, 1991) using the co-ordinates of 
the human Hsp90 ATPase domain (PDB code: lAMW). 

Grp94/gp96 in the ER and Hsp75/TRAPI in the mitochondrial matrix (Czar el al., 

1997; Buchner, 1999; Argon and Simen, 1999; Felts et al. , 2000; Thomas and 

Baneyx, 2000; Young et al., 2001 ; Basso el al., 2002). Hsp90 is a constitutive 

elongated homodimer with its main intersubunit contacts within the C-terminal 190 

residues (Nemoto el al., 1995) . Electron microscopy and antibody studies suggest that 

the C-terminal parts of the protein meet in the middle and that the N-terminal domains 

point in opposite directions (Maruya et aI. , 1999). The three-dimensional structures of 

N-terminal fragments of both yeast and human Hsp90 (Figure 1.2) have been solved 

by X-ray crystallography (Prodromou et al., 1997a; 1997b; Stebbins et al., 1997). The 

N-terminal domain consists of an eight-stranded anti parallel ~-sheet and nine a­

helices, forming an aI~ sandwich (F igure 1.2) . The highly conserved 25 kDa N­

terminal domain of Hsp90 is the binding· site for ATP and for geldanamycin. 
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Geldanamycin inhibits the ATPase activity of Hsp90 by competitively binding to the 

nucleotide-binding cleft (Whitesell et aZ., 1994; Panaretou et aZ., 1998). A charged 

sequence of about 36 amino acids separates the N-tenninal domain from the 

conserved but flexible 35 kDa middle domain and the 12 kDa C-terminal domain. 

Both N- and C-terminal domains have been implicated in binding of substrate 

polypeptides (Young et aZ., 1997; Scheibel et aZ. , 1998; 1999). The ATPase cycle of 

Hsp90 has not been fully elucidated. The A TP-bound state of Hsp90 binds stably to 

the substrate polypeptides. A TP binding is believed to induce inter-subunit contacts 

between the N-terminal nucleotide-binding domains in the homodimer to form a so­

called "molecular clamp" to which the substrate binds (Dutta and Inouye, 2000; 

Prodromou et aZ., 2000). The release of substrate is achieved by A TP hydrolysis, 

which causes a series of conformational changes in the protein or opens the N­

terminal clamp (Young and Hartl, 2000). The turnover rate of the enzyme is mainly 

controlled by intermolecular interactions between the N terminal domains (Richter et 

aZ. , 2002). 

Recently, it has been proposed based on experimental evidence that a second A TP­

binding site exists in the C-terminal domain of Hsp90 (Csaba et aZ., 2002). The 

protein, p23 , seems to playa key role in regulating the ATPase cycle of Hsp90 by 

binding to the A TP-bound state of Hsp90, hence enhancing substrate release (Young 

and Hartl, 2000; Sullivan et aZ. , 2002). Other proteins that regulate the chaperoning 

activity of Hsp90 include cell division control protein 37 (Cdc37), Caenorhabditis 

eZegans UNC45, Hsp70IHsp90 organising protein (Hop), the FK506/rapamycin 

binding proteins (FKBP51 and FKBP52), cyclophilin-40 (CyP40), protein 

phosphatase 5 (PP5), translocator outer membrane protein 70 (Tom70), cyclophilin 

~even suppressor (Cns I), aryl hydrocarbon receptor-interacting protein (~IP), C­

terminus of Hsc70-interacting protein (CHIP) e.t.c. Most of these so-called co­

chaperones contain a protein motif called the tetratricopeptide repeat motif, which is 

discussed in detail in section 1.7. 
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1.3 Cooperation among different chaperone systems 

Many newly translated or translocated proteins interact with more than one class of 

chaperone (reviewed in Frydman, 2001). There is ample compelling evidence which 

show that distinct chaperone systems cooperate to form defined chaperone pathways. 

The first indication that different chaperone systems might cooperate in a folding 

reaction was provided by studies on the import of proteins into the mitochondria 

(Hohfeld and Hartl, 1994). Firefly luciferase imported into mitochondria interacts 

sequentially with Hsp70 and then Hsp60 (Heyrovska et ai., 1998). This mechanism 

involves transient interaction of the unfolded trans locating polypeptide with 

mitochondrial Hsp70 and the chaperonins. How is the polypeptide transferred 

between the chaperone players? There are two schools of thought. 

First, the cooperation of different chaperones might involve the release of a 

previously chaperone-bound polypeptide into the cellular milieu in a non-native 

conformation that is recognised by another chaperone system. Second, the 

cooperating chaperones might interact physically and form a multi-functional 

chaperone complex, which could mediate the folding of the polypeptide substrate 

without its exposure to the surrounding cytosol (Frydman and Hohfeld, 1997). 

Experimental evidence seems to support the latter model (Frydman et ai., 1994;' 

Frydman and Hartl, 1996). For example, analysis of the transit of newly made 

polypeptides through E. coli chaperones indicated that overexpression of GroEL 

increases the flux of substrates through DnaK if GroEL is downstream of DnaK in the 

folding pathway (Teter et ai, 1999). Also, in eukaryotes, TCP-I ring complex protein 

(TriC), and Hsp70 associate in vivo and this suggests that the proteins co-operate 

functionally (Feldman et ai. , 1999). In view of these examples, it appears that in the 

cell, polypeptides are transferred from holding chaperones e.g. Hsp70, which prevent 

aggregation, to the chaperones that recognise more compact structures such as the 

chaperonins or the Hsp90 system (reviewed in Frydman, 2001). 

1.3.1 Hsp90-dependent activation of steroid hormone receptor 

Extensive studies have been done on the Hsp70/Hsp90-dependent multichaperone 

complex involved in the folding of steroid hormone receptors (Pratt, 1990; Smith and 

Toft, 1993; Pratt, 1993; Pratt and Toft, 1997; Pratt, 1998; reviewed in Buchner, 1999; 
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Caplan, 1999; Cheung and Smith, 2000; Pearl and Prodromou, 2000; Young et ai., 

2001; Frydman, 2001). Steroid hormone receptors must associate with Hsp90 to adopt 

the conformation competent for hormone binding (reviewed in Caplan, 1999; Cheung 

and Smith, 2000; Young et ai., 2001). Genetic evidence and in vitro reconstitution 

experiments indicate that Hsp90 function requires its sequential interaction with 

different subsets of cofactors some of which are chaperone themselves, e.g. Hsp70 

and Hsp40 (Johnson and Toft, 1994; Kimura et ai., 1995; Dey et aI., 1996; Dittmar 

and Pratt, 1997; Johnson et ai., 1998; Morishima et ai., 2000; Johnson and Craig, 

2000). In their review, Cheung and Smith (2000) reported that the assembly pathway 

for steroid receptor-chaperone complexes could involve at least 10 chaperone 

components. Five of these proteins are obligatory in vitro for maturation of hormone 

binding ability by GR. Three of the obligatory chaperones are the constitutively 

expressed isoforms ofHsp70, Hsp40 and Hsp90. 

In addition, two co-chaperones are required for minimal in vitro hormone-binding 

assays; the Hsp90-binding protein p23 and the Hsp70IHsp90 organising protein (Hop; 

also known as p60 or extendin in mammals and STn in yeast), which acts as an 

adaptor in bringing Hsp70 and Hsp90 together in the mUltichaperone complex 

(Prapapanich et ai. , 1996; Chen et ai., 1996; Chen and Smith, 1998). In addition, 

Hsp70-interacting protein (Hip) (Hohfeld et ai., 1995; Hohfeld and Frydman, 1997) 

and BCL-2 binding athanogene-l protein (BAG-I) (Takayama et ai., 1995) have been 

identified as part of the complex in vivo, but their roles are not essential in vitro 

(Prapapanich et ai. , 1998; Kanelakis et ai, 1999; Cheung and Smith, 2000). In 

addition, there are four additional proteins that have been recovered in native receptor 

complexes but which are not essential in minimal in vitro hormone-binding assays; 

these are FKBP51 , FKBP52, CyP40 and PP5 (Cheung and Smith, 2000). 

Mechanistically, ATP is required for assembly of receptor complexes, especially in 

the formation of the Hsp70-dependent early complex and Hsp90-dependent 

intermediate complex (Figure 1.3) (reviewed in Cheung and Smith, 2000; Frydman, 

200 I). In complete reticulocyte lysate, free receptor initially associates with Hsp40 

and Hsp 70 in an A TP -dependent manner. Recent experimental evidence showed that 

the actual first step is the binding of the receptor to Hsp40 (Hernandez et ai., 2002) . 

This step occurs rapidly and does not require A TP (Hernandez et ai., 2002). Hsp40 
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then transfers the PR or OR substrate to Hsp70 and stimulates Hsp70-ATP hydrolysis 

to generate the ADP-bound form of Hsp70 necessary for both Hop and Hip to bind. In 

vivo, a steroid hormone receptor may enter the maturation pathway through a 

cotranslational or posttranslational interaction with Hsp70, which may induce 

conformational changes of the receptor molecule necessary for its subsequent 

interaction by Hsp90. Substrate transfer from Hsp70 to Hsp90 is facilitated by the 

action of Hop. Since Hop binds independently to Hsp90, it may form a pre-existing 

complex with the ADP-form of Hsp90 (Figure 1.3). It then functions as an adaptor in 

binding Hsp70 to promote the formation of an Hsp70-Hop-Hsp90 complex, thus 

mediating the transfer of the receptor to Hsp90 (reviewed in Cheung and Smith, 2000; 

Frydman, 2001). Hop's interaction with both Hsp70 and Hsp90 is mediated by a 

structural protein-protein interaction motif, the tetratricopeptide repeat (Das et al., 

1998; Young et al., 1998; Liu et al., 1999; van der Spuy et al. , 2000; Scheufler et al., 

2000; Brinker et aI., 2001). 

At the final stage of receptor maturation, Hsp90 becomes directly associated with the 

receptor ligand-binding domain in the presence of an additional set of proteins 

comprising p23 and different peptidylpropyl isomerases (Figure 1.3) (reviewed in 

Cheung and Smith, 2000). Even though the functions of the Hsp90-associated 

peptidylpropyl isomerases have not been fully elucidated, they may induce additional 

conformational changes of the receptor molecule at this stage (Prapapanich et al., 

1996; Ratajczak and Carrello, 1996). In like manner, the interactions of the 

immunophilins, Hip, and CyP40 with either Hsp70 or Hsp90 are mediated by their 

TPR motifs. Tyrosine kinases, such as src, also recruit an additional cofactor, Cdc37 

(Kimura, 1997). Recently, it has been shown using yeast extracts that Cdc37 and STII 

interact both physically and genetically (Abbas-Terki et al., 2002), though the 

function of this interaction in vivo is not clear. In the functionally matured receptor 

complex, Hsp90~associated Hop has been replaced by one of the imrnunophilins 

(reviewed in Cheung and Smith, 2000). The p23 associates with Hsp90 only in its 

ATP-bound state (Orenert et aI. , 1999; Sullivan et al., 2002) and stimulates the 

release of the receptor from Hsp90 upon A TP hydrolysis (Young and Hartl, 2000; 

Sullivan et al., 2002). 
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Figure 1.3: Schematic representation of the chaperone-mediated assembly and functional 
maturation of the steroid hormone receptor. 
The early complex is an Hsp40-mediated association of Hsp70 with the steroid receptor. The 
intennediate complex contains Hsp70, Hip, Hsp90 and Hop. Hop brings Hsp70 and Hsp90 together. 
The mature complex contains Hsp90, p23 and immunophilins. The mature complex is capable of 
binding to steroid honnone. Hormone-binding incompetent steroid receptor is represented as broken 
circle. The mature, hormone-binding competent steroid receptor is shown as solid circle. 

1.4 Stress-inducible protein 1 family of co-chaperones 

In 1989, Nicolet and Craig first reported the presence of a stress-inducible gene in the 

yeast, Saccharomyces cerevisiae and designated it as STIl, for stress inducible. They 

observed that cells carrying a disruption mutation of the STII (ySTIl for yeast STIl) 

gene grew normally at 30°C but showed impaired growth at higher and lower 

temperatures. Overexpression of the gene resulted in substantial trans-activation of 

SSA4 promoter-reporter gene fusions, indicating that STII might play a role in 

mediating the heat shock response of some Hsp70 genes. The STII open reading 

frame of approximately 2 kilobases (kb) was predicted to encode a 66-kilodalton 

14 



(kDa) protein. The presence of isoforms of the STII protein, with different isoelectric 

points indicated the possibility of post-translational modification(s) of the protein. 

STII was found to be responsive to a number of different stresses. For instance, an 

increase in temperature from 23°C to 39°C or addition of the amino acid analogue 

canavanine both resulted in a 10-fold increase in the levels of STII mRNA in yeast 

(Nicolet and Craig, 1989). Also, a 6-fold increase in STII mRNA level was detected 

as the cells progressed into the stationary phase of the cell cycle. In vivo analysis 

showed that deletion of STI I in yeast resulted in the impairment of the glucocorticoid 

receptor hormonal response and the activity of Hsp90 substrate, v-Src (Chang et al., 

1997). Overexpression of ySTII has been reported to confer resistance to quinoline 

ring-containing antimalarial drugs in yeasts (Delling et al., 1998). 

The human stress-inducible protein 1 (hSTI1, also known as p60 or Hop) was 

identified from SV 40-transformed MRC-5 fibroblasts and shares 42 % homology with 

the yeast STll (Honore et al., 1992). The human homologue of STII co-migrated 

with the isoelectric focusing sample spot protein number 3521 , and hence designated 

IEF SSP 3521. The 2.1 kb cDNA fragment was found to encode a protein of 543 

amino acids and a molecular mass of 62.2 kDa. In normal MRC-5 fibroblasts, two 

charge variants of'IEF SSP 3521 were detected. In SV40-transformed MRC-5 

fibroblasts however, up to five charge variants were detected of which the acidic 

forms were phosphorylated. This phosphorylation indicated a potential mechanism of 

regulation of IEF SSP 3521 within the cell. Increase in temperature from 37°C to 

42°C led to approximately 2-fold increase in the levels of IEF SSP 3521 protein in 

SV 40-transformed MRC-5 fibroblasts and human embryonic fibroblasts (Celis et al., 

1990) compared to the untransformed cells. However, the levels of IEF SSP 3521 

mRNA were increased several folds in SV40-transformed MRC-5 fibroblast cells. 

Immuno-fluorescence analysis localized hSTIl in the nucleus of transformed MRC-5 

cells, whereas the same protein was found in the Golgi apparatus and small vesicles i.n 

normal cells (Honore et al., 1992). 

Blatch et al (1997) isolated STII homologue from mouse M27 Lewis lung carcinoma 

eDNA expression library, and termed it mSTIl, for mouse STII. This protein showed 

97 % amino acid identity to hSTll, 42 % identity to ySTII, 44 % identity to Glycine 

max STIl (gmSTII), and 32 % identity to Leishmania donovanii STIl (ImSTIl) 
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(Blatch et ai., 1997). The predicted open reading frame encoded a protein of 543 

amino acids with a molecular size of approximately 63 kDa. Elevated temperature 

significantly increased the levels of mSTIl transcript, but had no effect on the steady­

state levels of mSTIl protein in NIH3T3 mouse fibroblast whole cell extracts (LassIe 

et ai., 1997). In addition, increased temperature altered the isoform composition of 

mSTIl favouring a more acidic isoform (phosphorylated) and the appearance of a 

basic isoform of the protein (LassIe et ai., 1997). Hence the heat stress mediated a 

post-translational modification of the protein. Using immuno-fluorescence, LassIe et 

ai (1997) localized mSTII predominantly in the cytoplasm with a sub-population in 

the nucleus. Recently, Zanata et ai (2002) reported that mSTIl was a prion-binding 

protein that associated with the cell membrane. In addition, they showed that prion 

proteins (PrPC
) interaction with either the full-length mSTIl or its prion-binding 

domain (residues 230 - 245) induced neuroprotective signals that rescued cells from 

apoptosis in mice. 

Other homologues have been identified in human, mouse, rat, yeast, plants and 

several parasites (See Figure 1.4 for a sequence alignment of STU homologues and 

Appendix C for a list of homologues of STU). An essential homologue of STll was 

identified in yeast and shown to bind to both Hsp90 and the CyP40 homologue, 

cyclophilin seven suppressor 1 (Cpr7) (Dolinski et ai. , 1998). Using Iysates from 

chick, human, rat, rabbit and Xenopus tissues, Smith et ai (1993) showed that STII 

co-purified with both Hsp90 and Hsp70. A major structural feature found in STU 

proteins is the tetratricopeptide repeat (TPR) motif. 
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Figure 1.4: Sequence alignment of STH homologues. 
m, Mus musculus (AAC53267.1); m, Rallus norvegicus (CAA7535L1); cg, Cricetulus griseus (AAB94760. 1); h, Homo sapiens (AAA58682.1); dm, Drosophila melanogaster 
(AAC 12945 .1); at, Arabidopsis thaliana (CAB45987.1); gm, Glycine max (S56658); ac, Achantamoeba castellanii (AAB49720); sc, Saccharomyces cerfNisiae (CAA60743.1); 
sp, Schizosaccharomyces pombe (CAB3991 0.1); tc, Trypanosoma cruz; (AAC97378. 1); 1m, Leishmania major (AAB37318). A highly conserved block of amino acids is shown 
in grey background. Residues in black background are involved in the interaction of STII proteins with Hsp70 and Hsp90. A strictly conserved tryptophan residue is indicated by 
asterisk (*). Dashed lines represent the extent of each TPR motif comprising two a-helices, based on the crystal structures ofhSTll (Hop) (Scheufler, et al. , 2000). The alignment 
was generated using CLUSTAL W (Thompson ef aI., 1994) 
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1.5 The Tetratricopeptide repeat motif 

1.5.1 Tetratricopeptide repeat-containing proteins 

Sikorski et al (1990) first reported the tetratricopeptide repeat (TPR) motif, when a 

database search for amino acid sequences similar to the Saccharomyces cerevisiae 

Cdc2 gene revealed statistically significant similarities to the products of five genes: 

nuc2+ from Schizosaccharornyces porn be, birnA from Aspergillus nidulans, and 

Cdc 16, SK13 and Ssn6 from Saccharomyces cerevisiae. Further analysis revealed that 

the TPR motif is a degenerate 34 amino acid sequence occurring in multiple copies in 

proteins and form scaffolds to mediate a variety of different protein-protein 

interactions (Sikorski et al., 1990; Das et al. , 1998; Blatch and Lassie, 1999). Most 

TPR-containing proteins are associated with mUlti-protein complexes (Blatch and 

Lassie, 1999). 

Majority of the TPR-containing proteins participate in cell cycle control, transcription, 

protein translocation, phosphate turnover, signal transduction, and protein folding. 

TPR -containing proteins are found in bacteria, cyanobacteria, yeast and other fungi, 

insects, plants, and animals, and in various subcellular locations, such as the cytosol , 

nucleus, mitochondria, chloroplasts, and peroxisomes (Lamb et al., 1995; Blatch and 

Lassie, 1999). The number of TPR motifs varies in different proteins, and there is no 

preferential positioning along the primary sequence of the protein (Blatch and Lassie, 

1999). Studies have shown that while the TPR motif may be sufficient for protein­

protein interactions in some proteins (Liu et al., 1999), others may require the 

participation of other structural regions such as the J domain (Gale et al., 1996) and 

the SH2-binding domain (Malek et al., 1996), or binding groups (Ratajczak and 

Carrello, 1996; Irmer and Hohfeld, 1997). 

va!! der Spuy et al (2000) have classified TPR proteins involved in chaperone-co­

chaperone interactions into two different groups: class I which does not require 

extensive TPR flanking regions in interacting with heat shock proteins e.g. murine 

STIl (mSTII ; Blatch et al. , 1997), colon cancer antigen 7 (NY-CO-7; Scanlan el al. , 

1998), tetratricopeptide repeat domain 1 (TPR1 ; Murthy el al., 1996), human small 

glutamine-rich protein (hSGT; Kordes et at., 1998); and class II which requires 

extensive TPR flanking regions (more than 20 amino acid residues) e.g. 
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imrnunophilins, Hsc70-interacting protein (Hip; Hohfeld et al., 1995) and Protein 

phosphatase S (PPS; Chen et al., 1994). Apart from molecular chaperone complexes, 

other complexes that involve TPR proteins include: the anaphase-promoting complex 

(Imiger et ai., 1995), transcription repression complex (Tzamarias and Struhl, 1995), 

nucleotide excision repair (NER) complex (Nakatsu et al., 2000), and protein import 

complex (Dodt et al., 1995). Among the Hsp70- interacting TPR proteins are, ySTIl 

(Nicolet and Craig, 1989), hSTII (Honore et ai., 1992), mSTII (Blatch et al., 1997), 

SGT (Kordes et al., 1998), TPR1, TPR2, (Murthy et al., 1996), NY-CO-7 (Scanlan et 

al., 1998), CHIP (Ballinger et ai., 1999), and Hip (Hohfeld et al., 1995). TPR proteins 

that interact with Hsp90 include the immunophilins, PPS (Chen et ai., 1994), mSTII 

(Blatch et al., 1997), and hSTIl (Honore et al., 1992). 

1.5.2 Primary structure of the TPR motif 

The TPR is a degenerate 34-amino acid repeat motif often found in tandem arrays, 

although one or more repeats separated from such arrays do occur (Lamb et al, . 

1995). In general, comparison of TPR motifs from various proteins reveals a defined 

conservation of some amino acids in terms of size, hydrophobicity and spacing 

especially at positions 4 (WILIF), 7 (LlIIM), 8 (GIAlS), 11112 (YILIF) , 20 (NS/E), 24 

(FIYIL), 27(AlS/L), and 32 (P/K/E) (Figure 1.5) (Sikorski et ai., 1990; Goebl and ' 

Yanagida, . 1991 ; Das et al., 1998; Blatch and Uissle, 1999). Sequence conservation is 

limited to the so-called TPR consensus residues in functionally diverse TPR motifs 

and in particular at positions 8, 20, 24 and 27. However, comparison of functionally 

equivalent TPR motifs reveals conservation outside the signature residues and this 

suggests functional specialisation of the motif (Blatch and Lassie, 1999). For instance, 

alignment of the TPR motifs responsible for mediating interactions with Hsp70 (e.g. 

those found in Hop, TPR1 , hSGT and NY-CO-7), revealed anumber of small, 

hydrophobic, and charged residues that are conserved outside the eight consensus 

residues (Figure I.S). Furthermore, it was proposed that some of these residues, 

especially the charged ones, were potentially important in mediating interactions of 

the TPR-containing proteins with Hsp90 Blatch and Lassie, 1999). 
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Figure 1.5: Sequence alignment of the first tetratricopeptide repeat motifs of Hsp70-binding 
proteins. 
TPRl; (Tetratricopeptide repeat I; NP _003305), hSGT; (human small glutamine-rich protein; 
NP _003012), NY-CO-7; (colon cancer antigen 7; AACI8038), Hop; (Hsp701Hsp90 organising protein; 
AAA58682.1). The TPR consensus residues are shown in black background. The boxed and grey 
residues represent conserved charged and hydrophobic residues respectively, outside the consensus. 
The broken lines represent the extent of helices A and B of the TPR motif. 

1.5.3 Secondary and tertiary structures of the TPR motif 

Circular dichroism, limited proteolysis of the repeats, and model fitting indicated that 

TPR motifs are approximately 50 % a-helical structures connected by protease­

sensitive hinges (Hirano et al., 1990). Crystallographic studies have confirmed earlier 

propositions that each TPR motif forms two a -helical domains A and B, in which 

domain A spans the consensus residues 4, 7, 8, 10 and 11 while domain B spans the 

consensus residues 20, 24 and 27 (Das et al., 1998; Lapouge et ai, 2000; Scheufler et 

al., 2000). Analysis of the PP5 TPR motif has provided an explanation for the 

consensus sequence pattern of small and large hydrophobic residues (Das et al., 

1998). The small hydrophobic residues 8, 20 and 27 are located at the position of 

closest contact between the A and B a- helices of a TPR. The large hydrophobic 

residues occupy positions 4, 11 and 24 and form the interfaces between adjacent a­

helices. Position 32 is commonly a hinge-inducing proline residue. Thus the 

consensus residues may be critical for structural integrity of the TPR domain by 

ensuring correct intra and inter-helix packing (Figure 1.6, A and B). 

Recently however, an unusual TPR motif conformation has been reported in peroxin 

PEX5 from Trypanosoma brucei in which the two helices form a single continuous 

helix rather than the generally accepted anti parallel helix hairpin (Kumar et al., 200 I). 

In PP5 N-terminal domain (Das et al., 1998), the three TPR motifs are structurally 

identical and each is composed of a pair of antiparallel a-helices, A and B. The 
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packing of the helices within a tandem array of TPR motifs occurs such that the 

sequentially adjacent a-helices are antiparallel and each a-helix shares two immediate 

neighbours. The amphipathic a-helices are related by an angle of 24° and bundled 

together to form a globular domain with an amphipathic groove or channel on one 

face (Das et al., 1998). The inner surface of the groove is formed mainly by the side 

chains of the amino acids in the helix A of each TPR motif, while the outer part is 

formed by amino acids from both helices A and B (Figure 1.6C). Das et al (1998) 

have proposed that tandem TPR motifs fold into a right-handed super-helical structure 

with a helical repeat of approximately seven TPR motifs, a pitch of 60 A and a width 

of 42 A. Five to six TPR motifs could accommodate an a-helix of a target protein. 

TPRs come in many different ways that form distinct sequence subfamilies. These 

subfamilies include repeats in kinesin light chains (Ginhart and Goldstein, 1996), 

SNAP secretory proteins (Ordway et al., 1994), clathrin heavy chains, and. bacterial 

aspartyl-phosphate phosphatases (Andrade et al., 2000). In depth studies of helical 

repeats showed that repeat families, such as HAT repeats (Preker and Keller, 1998), 

protein famesyl transferase a.-subunit repeats (Boguski et al., 1992) and Sel-l repeats 

are distantly homologous to the TPR motif (Andrade et al., 2000). Other protein 

interaction motifs that resemble the TPR have been reported such as the paired 

amphipathic helix (PAH) motif (Wang and Stillman, 1993), the helix-loop-helix 

(HLH) (Murre et al., 1998) and the PPR motif (Small and Peeters, 2000). 
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Figure 1.6: Ribbon representations of the TPR domains of Hop. 
A and B: Side view and end-on view respectively. of the first TPR motif of the N-tenninal TPRI domain 
of Hop to show the positions and roles of the TPR consensus residues in the intra- and inter helix packing. 
C: View parallel to the helical axis of the first central TPR2A domain of Hop showing the inner surface of 
the TPR groove fonned by helices A (blue) of the motifs. The residues are labeled using the single letter 
code, and the numbering refers to the position of the residues in Hop primary sequence. The figures were 
drawn using MOLSCRIPT (Kraulis, 1991). 

1.6 Mechanism of TPR-mediated protein-protein 

interactions 

Experimental evidence suggest that charged residues, especially basic residues, that 

project into the groove of the TPR domains of proteins that interact with Hsp70 and/or 

Hsp90, (e .g. PPS, Hop/mSTIl , CyP40), may be critical for binding to these molecular 

chaperones (Russell et al., 1999; Scheufler et al., 2000; Brinker et al., 2002; Ward et 

ai, 2002). These charged residues form part of a binding groove and appear to be 

highly conserved among the different Hsp70/Hsp90 interacting proteins (Russell et 
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al., 1999; Bell and Poland, 2000; Brinker et al., 2002; Ward et aI., 2002). In other 

complexes of TPR-containing proteins, there are slight modifications to this 'binding 

groove' model, such as in the Rac.GTP/p67phox complex (Lapouge et al., 2000). The 

p67phox TPR fragment contains nine a-helices, eight of which form four motifs. Each 

repeat folds into two anti parallel a-helices, which pack together in a similar manner to 

that of the TPR domain structures of Hop and PP5 (Das et al., 1998; Scheufler et al., 

2000). There is a C-terminal helix (helix C) that packs against helix A of the fourth 

TPR motif. The nine-helical bundle exhibits the canonical right-handed super-helical 

twist generating a groove on the A helix face of the TPR domain. Interestingly, the 18 

ordered residues C-terminal to helix C in an extended conformation occupy this 

groove. In addition, the inside of the groove is hydrophobic and formation of the 

intramolecular complex with the p67phox TPR C terminus buries 2742 A of solvent­

accessible surface, 75 % of which is contributed by non-polar side chains. Notably, 

the binding surface presented by p67phox TPR to Rac is confined to one face of the 

TPR domain and is created by the ~-hairpin insertion (an insertion of 20 amino acids 

between the third and fourth repeats that form two short anti parallel ~ strands and a 

310 helical tum) and the loops that connect TPRI with TPR2, and TPR2 with TPR3. 

No part ofRac appears to dock in the TPR groove ofp67phoX TPR. 

Similar observations have been reported in the TPR-mediated interaction of the 

repressor proteins, Ssn6 and Tupl (Gounalaki et al. , 2000). Using random 

mutagenesis and molecular modeling, Gounalaki et al (2000) showed that the 

interaction of Ssn6, via its TPR domain, with Tup 1 protein is mainly hydrophobic and 

that no specific residue is responsible for direct binding to Tup 1 via electrostatic 

interactions. They further concluded that the interaction of Ssn6 with Tup I does not 

seem to be performed via the "authentic" groove created by the three tandemly 

arranged TPRs of Ssn6. 

The crystal structures of the N-terminal TPR domain (TPR1) of Hop in complex with 

the C-terminal heptapeptide of Hsp70 and the central TPR domain (TPR2A) in 

complex with the C-terminal pentapeptide of Hsp90 have been determined (Scheufler 

et al., 2000) (See section 1.6.1 for details on Hop's TPR structures). The structures 

predict that binding involves a network of electrostatic interactions between basic 
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amino acid residues in the N-terminal and central terminal TPR domains of Hop and 

the C-terminal EEVD motifs of Hsp70 and Hsp90, respectively. 

Although there are exceptions, the hypothesis that binding of EEVD-containing 

proteins to their TPR-containing partners involves mainly electrostatic interactions 

and that specificity is largely determined by hydrophobic contacts seems to be 

generally accepted. All evidence so far presented do suggest that, (i) TPR domains are 

more versatile in their mechanisms of interactions with partner proteins, (ii) the 

structural integrity of the TPR domain is critical in all the models so far described, 

(iii) the groove is not always empty and (iv) the interaction interface may differ as 

well as the residues involved, from protein to protein. TPR assemblies show multiple 

modes ofligand binding and do not appear to possess a single "super-site". 

1.7 Murine stress-inducible protein 1 

Murine stress-inducible protein 1 (mSTll; Blatch et al., 1997) is a member of the 

heat-inducible STH family of co-chaperones (See section 1.4 for details). Secondary 

structure predictions indicated that mSTII might be composed mainly of a -helices 

and random coils. This prediction has been confirmed by the crystal structures of Hop 

with which mSTIl shares 97 % amino acid identity (Scheufler et al., 2000). 

Biochemical characterization of mSTII suggested that the 6 x histidine tagged 

recombinant mSTII, (His)6-mSTII, existed as both a monomer and a dimer (van der 

Spuy et al., 2001). 

Studies on the interaction of (His)6-mSTll with Hsc70 using gel filtration detected 

species of molecular mass consistent with a dimeric STH species or a I: 1 complex of 

STII and Hsc70 (van der Spuy et al., 2001). Similar results were obtained for the 

yeast STII homologue that binds to dimeric Hsp82 as a dimer and induces a 

conformational change in Hsp82 (Prodromou et al., 1999). LassIe et al (1997) showed 

that heat shock causes changes in the isoform composition of mSTI!. In vitro studies 

showed that casein kinase II (CKII) and Cdc2 kinase phosphorylated mSTIl at 

positions S 189 and Tl98 respectively (Figure 1.7) (Longshaw et al. , 2000). There are 

implications that mSTII has one or two putative nuclear localization signals (NLS) of 

the bipartite type (Figure 1.7) (LassIe et al., 1997; Longshaw et al., 2000). Statistical 

analysis and homology modeling showed that mSTH and Hop are almost identical; 
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henceforth these two homologous proteins are discussed together under the name 

Hop/mSTII. 

1.7.1 Structures of the TPR domains of Hop/mSTIl 

Hop/mSTIl has nine TPR motifs arranged into three domains, each comprising three 

motifs. The N-terminal TPR domain (TPRI) spans amino acid residues 4 to 119; the 

central domain (TPR2A) spans residues 225 to 347, and the C-terminal domain 

(TPR2B) spans residues 360 to 475. Scheufler et al (2000) crystallized and solved the 

structures of TPRI and TPR2A domains of Hop in complexes with the C-terminal 

heptapeptide of Hsp70 and the C-terminal pentapeptide of Hsp90 respectively. Both 

TPR domains form a meander of seven a-helices that are arranged in a head to tail 

manner similar to that of the peptide-free TPR domain of PP5 (Das et al., 1998). 

TPR2A domain contains an insertion of about seven residues between repeats two and 

three resulting in the elongation of helices B2 and A3 by one turn each. In both 

structures, helix C, which is positioned C-terminal to the three TPR consensus motifs, 

appears to be an integral part of the TPR domain. The TPR meanders form cradle­

shaped grooves that accommodate the pep tides in an extended conformation. The 

bound peptides only make contact with side-chains of the helices A of the TPR 

domains that line the inner surfaces of the cradles. The extended conformations of the 

peptides allows for the display of a maximized surface for binding to the TPR 

domains and thus facilitates the specific recognition of short amino acid stretches with 

sufficient affinity. 

1.7.2 Hop/mSTIl binds to Hsp70 and Hsp90 via its N-terminal and 

central TPR domains respectively 

Mutational analysis and crystal structures showed that Hop/mST! I binds C-terminal 

EEVD motif of Hsp70 and Hsp90 by its N-terminal il,nd central TPR domains 

respectively (Chen et al. , 1996; LassIe et al. , 1997; Chen and Smith, 1998; van der 

Spuy et al. , 2000; Scheufler et al., 2000). It has been shown in the yeast STIl that the 

N-terminal TPR domain also binds Hspl04 (Abbas-Terki et al., 2001). Mutations of 

two highly conserved C-terminal motifs in Hop/mST!l , DPEV and DP AM, caused 

significant disruption in its ability to bind to Hsp70 whereas these mutations did not 

affect binding to Hsp90 (Chen and Smith, 1998). The effect was thought to be due to 
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perturbations of inter-domain interactions in Hop/mSTII necessary for a complete and 

tight interaction with Hsp70. Hop/mSTII competes with CyP40 and FKBP52 to bind 

to Hsp90 and in addition prevents the ATP-dependent conversion of ADP-Hsp90 to 

p23-binding form (Owens-Grillo et al., 1996; Chang et al., 1997; Johnson et al., 

1998). Hop/mSTII was initially thought to act as an ADPI A TP exchange factor for 

Hsc70 (Gross and Hessefort, 1996) but latter experimental evidence showed that the 

protein bound to the ADP-bound Hsp70 and did not act as a nucleotide exchange 

factor (Johnson et aI., 199.8). 

1.7.3 General binding of Hop/mSTIl TPR domains to Hsp70 and 

Hsp90 is mediated by electrostatic interactions 

The crystal structures of Hop's TPR domains showed that all electrostatic contacts 

between the TPR domains and the target pep tides occur in the regions of the EEVD 

motif (Scheufler et al., 2000). The structures identify three kinds of hydrogen-bonding 

interactions, which mediate peptide binding to both TPR domains. First, hydrogen 

bonds between the side chains of charged residues in the TPR domain and the peptide 

backbone. Second, hydrogen bonds between the side chains of charged residues in the 

TPR domain and the peptide side chains. Third, hydrogen bonds between the side 

chains of charged residues in the TPR domain and the main-chain carboxylate of the 

C-terminal aspartic acid in the peptide ligands. The electrostatic interactions between 

the TPR domains and the C-terminal aspartate (Asp 0) form a two-carboxylate clamp 

that is considered necessary for binding of Hop to Hsp70 and Hsp90. Residues in the 

TPRI domain predicted to be involved in forming this clamp include LysB, Asnl2, 

Asn4l , Lys7l, and Arg77 while the topologically equivalent residues in the TPR2A 

domain are Lys229, Asn233, Asn264, Lys30 1, and Arg30S (Figures are shown in Chapter 

Two). The amino acid residues that form the two-carboxylate clamp are highly 

conserved in TPR-containing proteins that bind to the C-terminal EEVD motif of 

Hsp70 and Hsp90 (Liu et al. , 1999; Scheufler et al., 2000) (Figures are shown in 

Chapter Two). 
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1.7.4 Hydrophobic interactions determine the specificity of binding 

of Hop/mSTIl TPR domains to Hsp70 and Hsp90 

Crystal structures predict that discrimination between the C-terrnini of the two 

molecular chaperones depends largely on hydrophobic and van der Waals interactions 

between residues in Hop's TPR domains and residues upstream of the EEVD motif. 

For example, Ala46, Ala49 and Lys5o, all in helix A of the second TPR motif (helix 2A) 

in TPRI of Hop make hydrophobic contacts with Ile -4 immediately upstream of the 

EEVD in Hsp70 while Ty~36 and Glu271 in helix A of the first TPR motif (helix I A) 

and helix A ofthe second TPR motif (helix 2A) ofTPR2A, respectively, make critical 

hydrophobic contacts with Met -4 upstream of the EEVD motif in Hsp90 (Figures are 

shown in Chapter Two). Pro -6 which is further upstream of the EEVD motif in 

Hsp70 exits in a hydrophobic cavity formed by Glu83 and Phe84 of helix A of the third 

TPR motif (helix 3A) in TPRl. Val -I in the EEVD motif of Hsp70 makes 

hydrophobic contacts with Asnl2 and Leul5 in helix IA and with Asn43 in helix 2A of 

TPRl. In the TPR2A complex, Val -I in the EEVD motif ofHsp90 is in hydrophobic 

contacts with Asn233 , Asn264 and Ala267 . 

1.7.5 Hop/mSTIl TPR domains prefer hydrophobic residues in 

positions - 4 and - 6 of their respective peptide ligands 

Recently, the sequence motifs for the binding ofTPRl and TPR2A domains of Hop to 

their respective peptides were defined by alanine scarming of the C-terminal 

octapeptides of Hsp70 and Hsp90 and by screening of combinatorial peptide libraries 

(Brinker el al., 2002). In both cases, Asp 0 and Val -I of the EEVD motifs were 

identified as general anchor residues, thus confirming the predictions from the crystal 

structures. The' highly conserved glutamate residues were found to be critical in 

binding Hsp90 by TPR2A whereas they did not contribute appreciably to the 

interaction of Hsp70 with TPRI . Rather, TPRI preferred hydrophobic amino acids in 

these positions. In addition, the TPR domains displayed a high tendency to interact 

preferentially with hydrophobic aliphatic and aromatic side chains in positions -4 and 

-6 of their respective ligands, lie -4 in Hsp70 and Met -4 in Hsp90 (Brinker el al., 

2002). 
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TPR1-lA TPRI-IB TPRl-2A 

51 KGDYQKAYEDGCKTVDLKPDWGKGYSRKAAALEFLNRFE~LK 

TPRl-2B TPRl - 3A TPRl-3B 

101 HEANNLQLKEGLQNMEARLAERKFMNPFNLPNLYQKLENDPRTRSLLSDP 

151 ~LIEQLQNKPSDLGTKLQDPRVMTTLSVLLGVDLGSMDEEEEJ>$.?;m: 

201 !###iiKKEPKPEPMEEDLPENKKQALKEKELGNDAYKKKDFDKALKHYDR 
TPR2A-lA TPR2A-IB 

251 AKELDPTNMTYITNQAAVHFEKGDYNKCRELCEKAIEVGRENREDYRQIA 
TPR2A-2A TPR2A-2B 

30 1 KAYARIGNSYFKEEKYKDAIHFYN~!;it~P..YLKKCQ~KILKEQE 
TPR2A-3A TPR2A-3B 

351 ~YINPDLALEEKNKGNECFQKGDYPQAMKHYTEAIKRNPRDAKLYSNR 
TPR2B-IA TPR2B-IB TPR2B-2A 

401 AACYTKLLEFQLALKDCEECIQLEPTFIKGYTRKAAALEAMKDYTKAMDV 
TPR2B-2B TPR2B-3A TPR2B-

451 YQKALDLD~GYQRCMMAQYNRHP.~PEVQQIMS 
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501 DPAMRLILEQMQKDPQALSEHLKNPVIAQKIQKLMDVGLIAIR* 
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Hsp70-binding 
domain 

TPR1 119 225 

Hsp90-binding 
domain 

___ C 

543 

TPR2A 347 360 TPR2B 475 

Figure 1.7: Primary structure of mSTII showing some structural features 
A: Amino acid sequence of mSTl!. Dashed line represents the extent of each TPR a-helix based on the 
structures of Hop (Scheufler el al. , 2000). TPR I, TPR2A and TPR2B represent N-terminal, central and 
C-terminal TPR domains respectively. Each TPR helix is named by a number and a letter showing its 
position within the motif. A highly conserved stretch of residues in STII homologues (residues 37 -
47) is shown in black background. A polyproline stretch (residues 199 - 205) is shown in black 
background and italics. Potential nuclear localization signals are shown in grey background. Solid 
boxes represent potential casein kinase II (ckIl) phosphorylation sites while dashed boxes represent 
potential cell division control (cdc) protein 2 phosphorylation sites. B: Organization of TPR motifs in 
mSTII. Each closed box represents a TPR motif comprising two a-helices. Each TPR domain is 
composed of three TPR motifs and an additional helix C at the C-terminal oflhe domain (Scheufler et 
al., 2000). Solid line and numbering represent the extent of each TPR domain. 
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1.8 Research Hypothesis 

The relevance of the individual amino acids in the C-tenninal peptides of Hsc70 

(PTIEEVD) and Hsp90 (MEEVD) to the Hsp70-Hop-Hsp90 complex, and in 

particular the Hsp90-Hop complex, has been characterised (Brinker et aZ., 2002). 

However, the relative significance of the individual amino acids in the TPRI domain 

groove to general binding and specificity of the Hsc70-Hop complex are yet to be 

experimentally characterised. This study was designed to address these issues based 

on the following broad hypothesis that: 'The mechanism by which the co-chaperone 

mSTIl binds to Hsc70 and Hsp90 involves a network of electrostatic interactions 

between mainly charged amino acid residues and that TPR domains discriminate 

between Hsc70 and Hsp90 by hydrophobic interactions.' Specific objectives 

emanating from this broad hypothesis are 

1. To test the predictions from the crystal structures that the general binding of 

Hsc70 and Hsp90 to the TPRI and TPR2A domains of Hop each iI!volves a 

network of electrostatic interactions between residues in the TPR grooves and 

the C-tenninal peptides of the chaperones. 

ll. To test the predictions from the crystal structures that Hop TPR domains 

discriminate between Hsc70 and Hsp90 via hydrophobic interactions between 

the side chains of residues in the TPR grooves and the C-tenninal peptides of 

the chaperones. 

ll. To characterize the binding of Hop to Hsc70 and Hsp90 in vivo. 

For this study, the murine homologue ofSTII, mSTIl, was used. 
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Chapter Two 

Characterization of the electrostatic interactions 

required for successful mSTIl binding to Hsc70 

and Hsp90 

2.1 Introduction 

Experimental evidence and crystal structures suggest that conserved basic residues 

that project into the grooves of the TPR domains of proteins that interact with Hsp70 

and Hsp90 are important for binding to these molecular chaperones (Russell et al., 

1999; Scheufler et al., 2000). The crystal structures of TPRI and TPR2A domains of 

Hop in complexes with the C-terminal peptides of Hsp70 and Hsp90 (Figures 2.1 and 

2.2) predict that binding involves a network of electrostatic interactions between 

charged amino acid residues in the TPR domains and the C-terminal EEVD motifs of 

the molecular chaperones (Scheufler et al. , 2000). Recently, it has been shown that 

while Asp 0 and Val -I act as general anchor residues, the highly conserved 

glutamates of the. EEVD motif, which appear to be critical in Hsp90 binding by 

TPR2A, do not contribute appreciably to the interaction ofHsp70 with TPRI (Brinker 

et al., 2002). It was therefore hypothesized that the general binding of Hsp70 and 

Hsp90 to their respective TPR domains in mSTII occur by a similar but not identical 

mechanism. The objective of this study was to experimentally test the predictions 

from the crystal structures and to test the hypothesis above by characterizing the 

contacts between the TPR grooves of mSTIl and the EEVD residues of Hsp70 and 

Hsp90 using site-directed mutagenesis and protein binding assays . The following 

amino acids were substituted in mSTIl by alanine: LysB, Asn l2, Asn43 , Lys73, Lys229, 

and Lys301. The modified mSTII proteins were tested for their ability to bind to 

Hsc70. 
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2.2 Experimental Procedures 

2.2.1 Generation and analysis of modified plasmids 

Modified plasmids were generated from either pGEX3X2000 or pQE30-2000, which 

contain the cDNAs coding for unmodified full-length gluathione-S-transferase-mSTIl 

fusion protein, (GST-543), or 6 x histidine-tagged mSTII, (Hisk543, respectively. 

Silent mutations were engineered in oligonucleotide primers to create restriction sites 

for screening purposes except where the desired codon changes automatically 

generated or deleted restriction sites (Table 2.1). All mutations were carried out by 

site-directed mutagenesis based on double-stranded whole plasmid linear 

amplification, using the Stratagene QuikChange mutagenesis protocols (Stratagene, 

La Jolla, U.S.A), with modifications necessary to optimise the reaction (Table AI, 

Appendix A). The plasmid pGEX3X2000(t.37-47) (encoding GST fusion protein in 

which residues 37-47 have been deleted, GST-543(t.37-47)) was generated before this 

study (van der Spuy et ai., 2000). Plasmids were used to transform competent 

Escherichia coli (E. coli) XLI Blue cells (Appendix A, sections Al and A.2). 

Plasmids were isolated after transformation based on alkaline lysis of bacterial cells 

either by conventional method (Bimboim, 1983) or by using commercially available 

kits (Appendix A, sections AA and A.5). Mutations were confirmed both by 

restriction enzyme analysis (Appendix A, section A7) and by automated DNA 

sequencing (Appendix A, section A.12), using the ABI PRISM 3100 Genetic 

Analyser (PE Biosystems, Foster City, U.S.A). 
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Table 2.1: 

Modified plasmid 

pGEX3X2000 
(K8A) 
pGEX3X2000 
(N12A) 
pGEX3X2000 
(K8A, NI2A) 
pGEX3X2000 
(N43A) 
pGEX3X2000 
(1'>37-47, K8A) 
pGEX3X2000 
(1'>37-47, NI2A) 
pGEX3X2000 
(K30IA) 

Generation of modified plasmids from pGEX3X2000 used for 
general binding studies 

Codon Forward primers used for mutagenesis Diagnostic 
changes restriction 

endonuclease 

aag : geg gtgaatgagetageggagaaggge Nhel 

aat: gee getaaaggagaagggegeeaaggeeetgagtge Nor 1 

aag: geg gaatgagetageggagaagggegeeaaggeeetgag Nhe I, Nor 1 
aat: gee 
aat: get gtgetetaeagegetegetetgeag Eco 47 III 

aag : geg gtgaatgagetageggagaaggge Nhe 1 

aat: gee getaaaggagaagggegeeaaggeeetgagtge Narl 

caa : cgc geagategeegeegettatgeeeg Hind 1II 
age: ege 

2.2.2 Heterologous production and purification of recombinant 

GST -mSTIl fusion proteins for general binding studies 

Generally, before large-scale production of recombinant protein, the solubility of the 

protein was determined using a small-scale culture as described in Appendix A, 

section A.13. Over-production of recombinant GST -mSTIl fusion proteins was 

induced in E. coli XLI Blue cells carrying pGEX3X derived plasmid constructs with 

isopropyl-l-thio-~-D-galactopyranoside (IPTG). The over-produced GST-mSTIl 

proteins were purified using S-hexyl glutathione agarose affinity chromatography as 

described in Appendix A, section A.14. Protein content was determined using the 

Folin-phenol reagent as described by Lowry et ai (1951). 

2.2.3 Glutathione agarose pull down assays 

S-hexyl glutathione agarose affinity of the GST-mSTII proteins was used to 

characterize their interaction with Hsc70 and/or Hsp90 (Apendix A, section A.18) 

using a protocol that has been optimised previously (van der Spuy et ai., 2000). 

Generally, the assays were carried out at room temperature and 137 mM NaCI 

concentration except where otherwise stated. Briefly, GST-rnSTIl fusion proteins 

were coupled to glutathione agarose beads after which binding was allowed to occur 
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with either Hsc70 from crude extracts of NIH3T3 mouse fibroblasts or purified 

Hsp90. Lysates from NIH3T3 mouse fibroblasts were used because previous study 

showed that the use of purified Hsc70 resulted in high background binding of Hsc70 

to GST (van der Spuy et at., 2000). The beads were washed extensively to remove 

unbound proteins and the proteins were resolved by electrophoresis on a 0.1 % 

sodium dodecyl sulphate (SDS), 12 % polyacrylamide gel (PAGE) (Appendix A, 

sections A.14 and A.19). After transferring onto nitrocellulose membrane, co­

precipitation of Hsc70 and/or Hsp90 with the GST -mSTIl fusion proteins was 

revealed by chemiluminescence-based immunodetection using the monoclonal 

primary antibodies HS147 (Sigma) and H9010 (kind gift from Drs Toft and Smith) 

specific for Hsc70IHsp70 and Hsp90 respectively (AppendixA, sections A.20 and 

A.21). 

2.2.4 Bioinformatic analysis and homology modeling 

Co-ordinates used to draw Figures 2.1 B and 2.2B were generated by the computer 

software programme WHAT IF (Vriend, 1990), using the crystal structures of the 

TPRI (PDB code: lELW, Scheufler et at., 2000) and TPR2A (PDB code: lELR, 

Scheufler et at., 2000) domains of Hop as templates. Both figures 2.1 and 2.2 were 

visualised and drawn with the computer software programme MOLSCRIPT (Kraulis, 

1991). All protein sequence alignments were generated using the computer software 

programme, PepTools (Wishart, et at., 1997). 

2.2.5 Biophysical analysis of (Hisk543 and (Hisk543(K8A, N12A) 

proteins 

The plasmid pQE30-2000(K8A, NI2A) was generated from pQE30-2000 containing 

the cDNA coding for the full length (Hisktagged mSTIl protein. Over-production 

and purification of the protein was done as described in Appendix A, section A.1S. 

Steady-state fluorescence and circular dichroism spectroscopies were used to 

determine the conformational stability of the modified protein using the unmodified 

(His)6-S43 as control (with technical assistance from Dr Judith Hornby). Fluorescence 

emission spectra and other fluorescence measurements were made at 2SoC in 20 mM 

sodium phosphate, 1 mM EDTA, pH 7.S. The intrinsic fluorescence of the lone 

trytophan (excitation at 29S nm) in mSTII was measured for 2 IlM protein between 
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300 and 400 nm in a Perkin-Elmer fluorescence spectrophotometer. Circular 

dichroism measurements were made using 8 J.1M of each protein sample in a J as co J-

710 spectropolarimeter. Ellipticity values were collected (average of 10 runs) in both 

the near-UV (350-250 nm) and far-UV (250-200 nm) regions. 

2.3 Results 

2.3.1 Bioinformatic analysis and homology modeling of mSTIl 

TPRdomains 

In Figures 2.IA and 2.2A, basic amino residues shown in sticks are predicted to make 

electrostatic interactions with the C-terminal aspartate (DO) in both Hsp70 and Hsp90, 

forming a so-called two-carboxylate clamp. Homology modeling, using co-ordinates 

generated from Hop, revealed that the structures of the N-terminal and the central 

TPR domains ofmSTn are similar to that of Hop (Figures 2.1B and 2.2B). This was 

not unexpected since the homologues share 97 % amino acid identity (Blatch et al., 

1997). A sequence alignment of Hsp70-interacting TPR domains of STI! homologues 

was constructed (Figure 2.3, first alignment). The alignment revealed that the charged 

residues in the TPRI domains predicted to form the so-called two-carboxylate clamp 

with the EEVD motif of Hsp70 are strictly conserved among homologous STn 

proteins. Figure 2.4 (first alignment) reveals that a similar trend occurs in the Hsp90-

binding TPR2A domains of STll homologues except at position equivalent to LyslOI 

in Hop. In another alignment (Figure 2.3, second alignment), the same basic residues 

in the Hsp70-binding TPR domains of non-homologous Hsp70-interacting proteins 

were compared. Conservation of the basic TPR groove residues was found to be less 

strict in these proteins, especially at positions equivalent to Lys71 and Arg77 in Hop. 

Similarly, conservation of these residues was much less strict in the TPR2A of non­

homologous Hsp90-interacting proteins (Figure 2.4, second alignment). 

2.3.2 Modified pGEX3X derived pIasmids were successfully 

generated 

Complementary mutagenic oligonucleotide primers were used to amplify the entire 

pGEX3X2000 plasmid to generate the following modified plasmids: 

pGEX3X2000(K8A), pGEX3X2000(N!2A), pGEX3X2000(K8A, N!2A), 
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A 

B 

Hsp70 C-terminal GPTIEEVD 
peptide 

Figure 2.1: Hop N-terminal TPR domain in complex with the C-terminal Hsp70 heptapeptide. 
A: Ribbon representation of the crystal structure of the N-tenninal TPR domain (TPRI; PDB code 
I ELW, Scheufler, et ai., 2000) of Hop in complex with the C-tenninal heptapeptide of Hsp70. B: . 
Ribbon representation of the N-tenninal TPR domain of mSTlI modeled on the crystal structure of 
Hop. TPR domains are shown as ribbons, peptides as rods and amino acid residues as sticks. The TPR 
residue is labeled by the single lener code and a number that relates to its position in the primary amino 
acid sequence. Nand C indicate N- and C-tenninal ends of the polypeptides respectively. The co­
ordinates of figure 2.1 B were generated using WHAT IF (Vriend, 1990), and both figures were drawn 
with MOLSCRIPT (Kraulis, 1991). 
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A 

B 

Hsp90 C-tenninal 
MEEVD peptide 

Figure 2.2: Hop central TPR domain in complex with the C-terminal Hsp90 penta peptide. 
A: Ribbon representation of the crystal structure of the central TPR domain (TPR2A; PDB code IELR, 
Scheufler et al., 2000) of Hop in complex with the C-tenninal pentapeptide of Hsp90. B: Ribbon 
representation of the central TPR domain of mST! 1 modeled on the crystal structure of Hop. TPR 
domains are shown as ribbons, peptides as rods and amino acid residues as sticks, The TPR residue is 
labeled' by the single letter code and a number that relates to its position in the primary amino acid 
sequence. Nand C indicate N- and C-tenninal ends of the polypeptide respectively. The co-ordinates 
for figure 2.2B were generated using WHAT IF (Vriend, 1990) and both figures were drawn with 
MOLSCRlPT (Kraulis, 1991). 
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Hsc70-binding TPRI domains of STl l homologues 

cnSTIl KALSAGNIDDALQCYSEAIKLOPQ NHVLYS RSAA -- - AKKGOYQKAYEOGCKTVDLKPDW KAAA-LEfLNRfEEAKRTYEEGLKHEAN------ 104 
mSTIl KALSAGNIOOALQCYSEAIKLDPQ NHVLY SAA ---AKKGOYQKAYEDGCKTVOLKPDW KAAA-LEfLNRfEEAKRTYEEGLKIIE:AN------ 104 
egSTIl , KALSAGNIOOALQCYSEAIKLOPQ NHVLYS RSAA ---AKKGDYQKAYEDGCKTVDLKPDW KAAA-LEfLNRtEEAKRTYEEGLKHEAN------ 1D4 
hSTI , KALSVGNIOOALQCYSEAIKLDPH NHVLYS RSAA - --AKKGDYQKAYEDGCKTVDLKPDW KAAA-LEFLNRfEEAKRTY£EGLKHEAN------ 104 
gmSTIl 2 FSAGOfAAAVRHLSOAIALSPS NHVLYS RSAA LPPELRGGPSRR-Q- --KTVDLKPOW LGAAHLGLRRHRDASPPTKPAS-NSNPD---- -- 101 
atSTll 2 FSSGDYATAITHFTEAINLSPT NHILYS SAS - --ASLHR'fEEALSDAKKTIELKPDWS LGAA-FIGLSKfDEAVDSYKKGLEIDPS------ 102 
ImSTII 2 EEfSAGRYVEAVNYFSKAIQLDEQ NSVLYS RSAC ---AAMQKYKDALOOAOKCISIKPNW RGAA-LHGMRRYDDAIAAYEKGLKVDPS------ 102 
teSTIl 3 ~EfSSGRYKEAAEFFSQAINLDPS NHVLYS RSAC --AALHQYPNALQDAEKCVSIKPD KGAA-LHGLRRYETA-AAYNKGLSLDPS------ 102 
aeSTIl 5 ~SAGDfKAAVEHYTNAIQHDPQ NHV LYS RSAA ---ASLKDYOQALADGEKTVELKPDWS KGAA-LCYLGRYAOAKAAYAAGLEVEPT------ 105 
dmSTIl , !ALSAEKFOEAVAAYTEAIALDDQ NHVLYS RSAA ---AKAGKFQEALEDAEKT IQLNPTW GYS KGAAA-AGLNOFMKAFEAYNEGLKYDPT------ 104 
spSTIl 2 FSKKDYKTAIDYFTQAIGLDER NH ILYS RSAC ---ASEKDYADALKDATKCTELKPDW GWS KGAA-LHGLGDLDAARSAYEEGLKHDAN- ---- - 102 
seSTIl 5 fTAKDYDKAIELFTKAIEVS ET -- -TSLKKFSDA.LNDANECVKINPSWS GYN LGAAHL-GLGDLDEAESNYKKALELDAS------ 106 

Helix lA Helix 18 Helix 2A Helix 28 Helix 3A Helix 38 

TPR domains of Hsc70-interacting proteins 

HYC07 2' 
CHIP 2. 
hSTIl , 
mSTIl , 
hSGT 91 
TPR1 11' 
TPR2 18 
Hip 11' 

R-LFVGRKyPEAAACYGRAITRNP-- ---LVA?YY RALCYLKMQQHEQALADCRRALELOGQS 
R-LFVGRKYP~CYGRAITRNP-----LVAVYYT RALCYLKMOQHEQALADCRRALELDGQS 
KALSVG- NIDDA.LQCYSEAIKLDP-- ---HNHVLYS RSAAYAKKGDYQKAYEDGCKTVDLKPDW 
KALSAG-NIDDALQCYSEAIKLDP-- - --QNHVLYS RSAAYAKKGDYQKAYEDGCKTVDLKPDW 

EGlEQMKVE-NFEAAVHFyGKAIELNP---- -ANAVYF RAAAYSKLGNYAGAVQDCERAICIDPAYSi 
EQFKKG-DYIEAESSYSRALEMCPSCFQKER$ILf RAAARMKQDKKEMAINDCSKAIQLNPSYl 
-AYYAKKDyNEAYNyYTKAIDMCP-----KNA$Yy RAATLMMLGRrREALGDAQQSVRLDDS 
EA.LNDG-ELQKAlDLFTDA I KLNP- ----RLAlLY RASVFVKLQKPNAAIRDCDRAlEINPD& 
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Figure 2.3: Multiple sequence alignments of Hsc70-interacting TPRI domains of stress-inducible protein 1 homologues and other Hsp70-interacting proteins. 
Residues that are predicted to form a two-carboxylate clamp with the C-terminal aspartate in Hsp70 are shaded in black while asterisk (*) indicates positions of residues 
predicted to determine specificity of binding. A highly conserved region in the second TPR motif is shown in unfilled box. Hsp70-binding TPRI domains of STIl 
homologues: m; (Ral/us norvegicus, CAA75351.l), m; (Mus musculus, AAC53267.1), cg; (Cricetulus griseus, AAB94760.1), h; (Homo sapiens, AAA58682.1), tc; 
(Trypanosoma cruzi, AAC97378.1 ), ac; (Achantamoeba castel/anii, AAB49720), at; (Arabidopsis thaliana, CAB45987.1), gm; (Glycine max, S56658), dm; (Drosophila 
melanogaster, AACI2945.1), 1m; (Leishmania major, AAB3 731 8), sp; (Schizosaccharomyces pombe, CAB3991O.1), sc; (Saccharomyces cerevisiae, CAA60743.1). Hsp70-
interacting TPR domains of other proteins: NY-CO-7; (colon cancer antigen 7, AAC I8038), CHIP; (carboxyl terminus of Hsc70-interacting protein, AAK61242), hSTII; 
(human STIl or Hop, AAA58682.1), mSTII; (murine STIl or extend in, AAC53267 .1), hSGT; (human small glutamine-rich protein, NP _003012), TPR I; (tetratricopeptide 
repeat domain I, NP _ 003305), TPR2; (tetratricopeptide repeat domain 2, NP _003306), and Hip; (Hsc70-interacting protein, P50502). Dashed lines represent the extent of 
each TPR helix, based on the crystal structures ofhSTl1 (Hop) (Scheufler et al., 2000). Each TPR helix is named by a number and an alphabet showing its position within the 
motif. The sequence alignments were generated using PepTools (Wishart et al., 1997). 
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Figure 2.4: Multiple sequence alignments of Hsp90-interacting TPR2A domains of stress-inducible protein 1 homologues and other Hsp90-interacting proteins. 
Residues that are predicted to form a two-carboxylate clamp with the terminal aspartate in Hsp90 are shaded in black while asterisk (*) indicates positions of residues predicted to 
determine specificity of binding. Hsp90-binding TPR2A domains of STII homologues: m; (Mus musculus, AAC53267.1), m; (Rattus norvegicus, CAA 75351.1), cg; (Cricetulus grisells, 
AAB94760 .1), h; (Homo sapiens, AAA58682 .1), at; (Arabidopsis thaliana, CAB45987.1), gm; (Glycine max, S56658), tc; (Trypanosoma crllzi, AAC97378.1), 1m; (Leishmania major, 
AAB3 73 18), ac; (Achantamoeba castelianii, AAB49720), dm; (Drosophila melanogaster, AACI2945 .1), sc; (Saccharomyces cerevisiae, CAA60743.1), sp; (Schizosaccharomyces 
pombe, CAB3991 0.1). Hsp90-interacting domains of other proteins: mSTI I; (murine STII or extendin, AAC53267.1), hSTJI; (human STiI or Hop, AAA58682.1), FKBP51; (Hsp90-
binding immunophilin, QI3451), FKBP52; (Hsp90-binding immunophilin, Q02790), CyP40; (Cyclophilin-40, Q08752), PP5; (Protein phosphatase 5, NP _006238). Dashed lines 
represent the extent of each TPR helix, based on the crystal structures ofhSTII (Hop) (Scheufler et ai. , 2000). Each TPR helix is named by a number and an alphabet showing its position 
within the motif The sequence alignments were generated using PepTools (Wishart e( ai., 1997). 
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pGEX3X2000CN43A), pGEX3X2000(t.37-47, K8A), pGEX3X2000(t.37-47, NI2A), 

and pGEX3X2000(K301A). The linear amplification products were digested with 

Dpn 1 after which 15 ~l was resolved on a I % agarose gel stained with ethidium 

bromide. Generally, the putative mutants were observed to resolve as linearized bands 

corresponding to the size of the parental plasmid, pGEX3X2000. 1 ~l of the 

amplification product was used to transform E. coli XLI Blue. Modified plasmids 

isolated from E. coli harbouring them were digested with their respective diagnostic 

restriction endonucleases (Table 2.1) to confirm mutations engineered therein. In 

addition, mutations were confirmed by automated DNA sequencing. 

2.3.2.1 Analysis of pGEX3X2000(K8A) and pGEX3X2000(N12A) 

modified plasm ids 

pGEX3X2000(K8A) was generated from pGEX3X2000 by inserting a double base 

pair change (Table 2.1), which introduced a unique Nhe I site. DNA fragments 

resulting from the digestion of pGEX3X2000(K8A) with Nhe I were resolved on a I 

% agarose gel (Figure 2.5A). As expected, digestion with Nhe I linearized the 

modified plasmid pGEX3X2000(K8A) running at approximately 7000 bp, whereas 

the parental plasmid still remained undigested (Figure 2.5A, lanes 4 and 5). Both 

parental and modified plasmids were digested with Pst I, each releasing two 

fragments of equal sizes, to verify the size of the modified plasmid (Figure 2.5A, 

lanes 8 and 9). 

A complete codon change (aat to gcc) in pGEX3X2000 generated the plasmid 

pGEX3X2000CN 12A) with the introduction of a second Nar I site using a pair of 

complimentary primers (Table 2.1). Both the parental and modified plasmids were 

digested with Nar I to confirm the mutations. The restricted DNA fragments were 

resolved on a 1 % agarose gel. The parental plasmid was linearized with Nar I 

yielding a fragment of approximately 7000 bp, while the modified plasmid yielded 

two expected fragments of 5362 bp and 1655 bp in size (Figure 2.5B, lanes 6 and 7). 

It was observed that Nar I did not cut to completion as revealed by the uncut band in 

lane 6 ahd the linearized 7000 bp fragment in lane 7 of Figure 2.5B. Both parental and 

modified plasmids were further digested with Pst I, each releasing two fragments of 

equal sizes, to verify the size of the modified plasmid. 
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Figure 2.5 : Diagnostic restriction endonuclease digestion of pGE3X2000(K8A) and 
pGEX3X2000(N12A) plasmids. 
A: Ethidium bromide stain of I % agarose gel and restriction map of Nhe I-digested 
pGEX3X2000(K8A). Lane I, Pst I-digested Lambda DNA molecular weight standards. Lanes 2 and 3, 
undigested pGEX3X2000 and pGEX3X2000(K8A) respectively. Lanes 4 and 5, Nhe I-digested 
pGEX3X2000 and pGEX3X2000(K8A) respectively. Lanes 6 and 7, Hind Ill-linearized pGEX3X2000 
and pGEX3X2000(K8A) respectively. Lanes 8 and 9. PSI I-digested pGEX3X2000 and 
pGEX3X2000(K8A) respectively. B: Ethidium bromide stain of I % agarose gel and restriction map 
of Nar I-digested pGEX3X2000(N 12A). Lane 1. PsI I-digested Lambda DNA molecular weight 
standards. Lanes 2 and 3, undigested pGEX3X2000 and pGEX3X2000(NI2A) respectively. Lanes 4 
and 5, Hind III-linearized pGEX3X2000 and pGEX3X2000(N I2A) respectively. Lanes 6 and 7, Nar 1-
digested pGEX3X2000 and pGEX3X2000(NI2A) respectively. Lanes 8 and 9, PSI I-digested 
pGEX3X2000 and pGEX3X2000(NI2A) respectively. bp indicates DNA sizes in base pairs. 

2.3.2.2 Analysis of pGEX3X2000(K8A, N12A) modified plasmid 

Mutagenic oligonucleotide primers were used to introduce a double base pair change 

and a complete codon change (Table 2.1) into pGEX3X2000, to generate the plasmid 

pGEX3X2000(K8A, N12A). These mutations introduced both a unique Nhe I site and 

an additional Nar I site into the plasmid. Restriction endonuclease digestion, using 

both Nhe I and Nar 1 in separate reactions , was used to verify these mutations. Nhe I 

digestion of the modified plasmid yielded an expected linearized fragment of 

approximately 7000 bp, while the parental plasmid was undigested by Nhe I (Figure 
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2.6, lanes 6 and 7). As expected. Nar I digestion linearized pGEX3X2000 while it 

yielded two fragments of 5362 bp and 1655 bp in size for pGEX3X2000(K8A, 

N 12A). BamH I digestion of both plasm ids each generated equivalent fragment 

profiles of two DNA bands (Figure 2.6. lanes 10 and 11) . 
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Figure 2.6: Diagnostic restriction endonuclease digestion ofpGEX3X2000(K8A. N12A) plasmid. 
EthidiuITI bromide stain of 1 % agarose ge l and restriction map of Nhe I and Nar I-digested 
pGEX3X2000(K8A, NI2A). Lane I, PsI I-digested Lambda DNA molecular weight standards. Lanes 2 
and 3, undigested and Hind III-linearized pGEX3X2000 respectively. Lanes 4 and 5, undigested and 
Hind III-linearized pGEX3X2000(K8A, N 12A) respectively. Lanes 6 and 7, Nile I-digested 
pGEX3X2000 and pGEX3X2000(K8A, N I2A) respectively. Lanes 8 and 9, Nar I-digested 
pGEX3X2000 and pGEX3X2000(K8A, N I2 A) respectively. Lanes 10 and II , BamH I-digested 
pGEX3X2000 and pGEX3X2000(K8A, 12A) respectively. bp indicates DNA sizes in base pairs. 

2,3.2.3 Analysis ofpGEX3X2000(A37-47, K8A) and pGEX3X2000(A37-47, 

N12A) modified plasm ids 

The plasmid pGEX3X2000(L'.37-47) was previously generated as described by van 

der Spuy et at (2000). pGEX3X2000(L'.37-47, K8A) and pGEX3X2000(L'.37-47, 

NI2A) were obtained from pGEX3X2000(L'.37-47) by doing the same mutations 

described in sections 2.3 .2.1 respectively. Deletion of residues 37 to 47 from the 

cDNA encoding mSTIl resulted in a slight reduction of the size of the pGEX3X2000 

plasmid from 7017 bp to 6982 bp . Hence digestion of pGEX3X2000(L'.37-47, K8A) 

with Nhe I yielded a single fragment of approximately 7000 bp (Figure 2.7 A, lane 7) 

while pGEX3X2000(L'.37-47) remained undigested. Pvu I digestion of both 

pGEX3X2000(L'.37-47) and pGEX3X2000(L'.37-47, K8A) yielded similar fragment 

patterns (Figure 2.7 A, lanes 8 and 9), suggesting that the size of the modified plasmid 
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was correct. While Nar I linearized pGEX3X2000(Ll37-47) to yield a fragment of 

approximately 7000 hp, it partially digested pGEX3X2000(Ll37-47, NI2A) into two 

expected fragments of 5329 bp and 1655 bp (Figure 2.78. lanes 8 and 9). Similarly, 

Pvu I digestion of both pGEX3X2000(Ll37-47) and pGEX3X2000(Ll37-47, NI2A) 

yielded fragments of equal sizes (Figure 27B, lanes 10 and II), thus confirming the 

correct size of the modified plasmid. 
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Figure 2,7: Diagnostic restriction endonuclease digestion of pGEX3X2000(1\37-47, K8A) and 
pGEX3X2000(1\37-47, N12A) plasmids, 
A: Ethidium bromide stain of I % agarose gel and restriction map of Nhe I -digested 
pGEX3X2000(l'.37-47, K8A). Lane I , PSI I-digested Lambda DNA molecular weight standards. Lanes 
2 and 3, undigested pGEX3X2000(l'.37-47) and pGEX3X2000(l'.37-47, K8A) respectively. Lanes 4 
and 5, Hind Ill-linearized pGEX3X2000(l'.37-47) and pGEX3X2000(l'.37-47, K8A) respectively. 
Lanes 6 and 7, Nhe I-digested pGEX3X2000(l'.37-47) and pGEX3X2000(l'.37-47, K8A) respectively. 
Lanes 8 and 9, Pvu I-digested pGEX3X2000(l'.37-47) and pGEX3X2000(l'.37-47, K8A) respectively. 
B: Ethidium bromide stain of I % agarose gel and restriction map of Nar I-digested 
pGEX3X2000(l'.37-47, NI2A). Lane I, PSI I-digested Lambda DNA molecular weight standards. 
Lanes 2 and 3, undigested pGEX3X2000(l'.37-47) and pGEX3X2000(l'.37-47, N I2A) respectively. 
Lanes 4 and 5, Hind III-linearized pGEX3X2000(l'.37-47) and pGEX3X2000(l'.37-47, N I2A) 
respectively. Lanes 6 and 7, Nhe I-digested pGEX3X2000(l'.37-47) and pGEX3X2000(l'.37-47, NI2A) 
respectively. Lanes 8 and 9, Nar I-digested pGEX3X2000(l'.37-47) and pGEX3X2000(l'.37-47, NI2A) 
respectively. Lanes 10 and I I, Pvu I-digested pGEX3X2000(l'.37-47) and pGEX3X2000(l'.37-47, 
NI2A) respectively. bp indicates DNA sizes in base pairs. Red arc represents the coding region of 
GST-mSTII. 
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2.3.2.4 Analysis of pGEX3X2000(N.BA) and pGEX3X2000(K30IA) 

modified plasmids 

To generate pGEX3X2000(N43A) plasmid. a double base pair change (Table 2.1) was 

made in pGEX3X2000. yielding an additional Eco 47 III site. To distinguish between 

the parental plasmid and the modified plasmid_ small scale preparations of both 

plasmids were digested with Eco 47 III (Figure 2.8A) 
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Figure 2.8: Diagnostic restriction endonuclease digestion of pGEX3X2000(N43A) and 
pGEX3X2000(K301A) plasmids. 
A: Ethidium bromide stain of 1 % agarose gel and restriction map of Eco 47 Ill-digested 
pGEX3X2000(N43A). Lane 1, PSI I-digested Lambda DNA molecular weight standards. Lanes 2 and 
3, undigested pGEX3X2000 and pGEX3X2000(N43Aj respectively. Lanes 4 and 5, Hind Ill-linearized 
pGEX3X2000 and pGEX3X2000(N43A) respectively. Lanes 6 and 7, Eco 47 Ill-digested 
pGEX3X2000(N43A) and pGEX3X2000 respectively. Lanes 8 and 9, BantH I-digested pGEX3X2000 
and pGEX3X2000(N43A) respectively. B: Ethidium bromide stain of 1 % agarose gel and restriction 
map of Hind III-digested pGEX3X2000(K30IA). Lane 1, PSI I-digested Lambda DNA molecular 
weight standards. Lanes 2 and 3, undigested pGEX3X2000 and pGEX3X2000(K30 IA) respectively. 
Lanes 4 and 5, Hind llI-linearized pGEX3X2000 and pGEX3X2000(K30 1 A) respectively. Lanes 6 and 
7, BantH I-digested pGE3X2000 and pGEX3X2000(K30IA) respectively. bp indicates DNA sizes in 
base pairs. 
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As expected, the enzyme cut the parental plasmid once to generate a linear fragment 

of approximately 7000 bp, whereas digestion of the modified plasmid yielded two 

fragments of 6092 bp and 925 bp (Figure 2.8A, lanes 6 and 7). Comparison of the 

BamH I digestion products of both plasmids showed that the modified plasmid was of 

the right size (Figure 2.8A, lanes 8 and 9). A double codon mutation in pGEX3X2000 

(Table 2.1) yielded the modified plasmid pGEX3X2000(K301A) and resulted in the 

loss of the only Hind III restriction site in the parental plasmid. Thus, Hind III could 

not digest the modified plasmid whereas it linearized the parental plasmid (Figure 

2.8B, lanes 4 and 5). 

2.3.3 Heterologous production and purification of GST -543 protein 

and its derivatives 

GST-mSTIl and its derivatives were heterologously over-produced in E. coli XLI 

Blue cells carrying pGEX3X derived plasmid constructs (Figure 2.9A) using IPTG, 

and the proteins were purified by S-hexyl glutathione agarose affinity 

chromatography. Generally, optimal expression was observed 5 hours after induction. 

Much of the protein was recovered in the soluble fractions after clarification of the 

extracts of the induced cells in the presence of PM SF. A significant amount of protein 

was eluted from the agarose beads compared to the clarified E. coli XLI Blue cell 

extracts. Thus, the proteins were highly enriched for by glutathione agarose affinity 

chromatography. Aliquots of the purified proteins were resolved on a 0.1 % SDS-12 

% PAGE gel to determine subunit molecular weight and to estimate levels of purity. 

In some cases, proteins were filtered to remove aggregates before using them for 

binding assays. Significant amounts of proteins corresponding to the expected 

molecular masses were visible on the gel, with a purity of at least 85 % (Figure 2.9B). 
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Figure 2.9: Purification of CST and CST'IlISTIt fusion proteins by glutathione agarose affinity 
chromatography. 
A: Schematic representations of GST'mSTII derivatives showing the GST tag (large solid bars), 
mSTIJ sequence (large open bars), TPR motifs (small open bars). The nwnbering refers to amino acid 
positions in mST! I. Extent of each TPR domain is represented on the grid. B: Coomassie·stained SDS· 
PAGE gels ofGST and GST·mSTIJ fusion proteins recovered after purification by glutathione agarose 
affinity chromatography. Marker: Protein molecular mass standards in kiloDaltons (kDa). 

2.3.4 Interactions of GST -543 protein and its mutant derivatives 

with Hsc70 and Hsp90 

Basic residues in the TPRI domain of mSTIl predicted to make electrostatic 

interactions with the C·terminal aspartate in Hsp70 were substituted for by alanine by 

charged·to-alanine scanning mutagenesis. Single mutants generated included GST-

543(K8A), GST·543(N12A), GST-543(N43A), GST·543(K30IA), GST-543(t..37-47, 
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K8A), and GST-543(6.37-47, NI2A); and the only double mutant was GST-543(K8A, 

NI2A). GST-543(K73A), GST-543(R77A), GST-543(K229A) and GST-543(N233A) 

could not be produced successfully, possibly due to deleterious structural effects of 

the amino acid substitutions on the protein. The various GST fusion proteins were 

tested for their ability to bind to either Hsc70 from NIH3T3 mouse fibroblast cell 

extracts or to purified Hsp90. After transferring onto nitrocellulose paper, the 

presence of Hsc70 or Hsp90 binding to the GST-mSTIl fusion proteins was revealed 

by chemiluminescence-based immunodetection using antibodies specific for 

Hsc70IHsp70 or Hsp90. Previously published data indicated that the use of purified 

Hsc70 for the pull down assays resulted in high level of non-specific binding of 

Hsc70 to GST and non-Hsc70 binding GST-mSTIl derivatives (van der Spuy et al., 

2000). GST-543(K30IA) was tested for its ability to bind to purified Hsp90. 

2.3.4.1 K8A or N12A single substitution in the TPRI domain of mSTIl 

did not affect its specific binding to Hsc70 significantly. 

Results showed that GST-543(K8A) and GST-543(N12A) modified proteins were 

able to interact with native Hsc70 from the lysates of NIH3T3 mouse fibroblast cells 

at levels comparable to that of the unmodified protein (Figure 2.10). GST alone did 

not interact with Hsc70 to a detectable level (Figure 2.10). Therefore single mutation 

of Lys8 or Asn12 in mSTIl had no major effect on its specific binding to Hsc70. It 

should be noted that both Lys8 and Asn 12 are located in the helix A (helix I A) of the 

first TPR motif in mSTII. 

Hsc70 

Figure 2.10: GST-543(K8A) and GST-543(NI2A) modified proteins were able to interact with 
native Hsc70. 
Autoradiogram of chemiluminescence-based immunodetection of native Hsc70 from N1H3T3 mouse 
fibroblast cell extracts after binding to GST-mSTII fusion proteins indicated above each lane. 543 is 
equivalent to GST-543. Information in brackets indicate substitutions carried out in the proteins. 
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2.3.4.2 The interactions of GST -543, GST -543(K8A) and GST -543(N12A) 

with native Hsc70 were specific 

Doing binding assays at increasing ionic concentrations confirmed the specificity of 

the interaction of Hsc70 with GST-mSTII proteins. The interaction of GST-543 

appeared to be specific as binding of the unmodified protein was found to decrease 

with increasing ionic concentrations (Figure 2.11A). The binding of GST-543(K8A), 

and GST-543(N12A) followed the same pattern at increasing ionic concentrations, 

though with higher sensitivity to salt (Figure 2.11, B and C, respectively). These 

results provided evidence that the binding of Hsc70 to the GST -mSTIl derivatives 

was specific and not the recognition of misfolded proteins by Hsc70 molecular 

chaperone. 

A 

543 

B 
Hsc70 

• 
543(K8A) . 

c 
Hsc70 . _ . -

543(N12A) 

Figure 2.11: The interactions of GST-543, GST-543(K8A) and GST-543(N12A) proteins with 
native Hsc70 were specific. 
Autoradiograms of chemiluminescence-based immunodetection of native Hsc70 from NIH3T3 mouse 
fibroblast cell extracts after binding with GST-543 (A), GST-543(K8A) (B) and GST-543(N12A) (C), 
in the presence of increasing concentrations ofNaCI (137 mM to 600 mM). 543 is equivalent to GST-
543. Information in brackets indicate substitutions carried out in the proteins. 
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2.3.4.3 K8A, N12A double substitutions in the TPRI domain of mSTIl 

abrogated its binding to Hsc70 while N43A substitution lowered 

but did not abrogate binding 

Having shown that the single mutation of Lys8 or Asnl2 in mSTIl had no significant 

effect on its interaction with Hsc70, the effect of a double substitution of these amino 

acid residues was tested. Whereas GST-543, GST-543(K8A) and GST-543(N12A) 

were able to bind to Hsc70 as expected, the double mutant was found not to interact 

with Hsc70 at detectable level (Figure 2.12) It appeared therefore that double 

substitution of Lys8 and Asnl2 in helix A of the first TPR motif in mSTIl was required 

to cause an abrogation of its interaction with Hsc70. GST-543(N43A) modified 

protein was able to bind to Hsc70 but at a very reduced level (Figure 2.12). Hence, 

mutation of Asn43 in helix A of the second TPR motif resulted in a significant 

decrease in the affinity of mSTIl for Hsc70 but not abrogation of interaction. As an 

additional negative control, a modified fusion protein, GST-543(Y27A), which has 

been shown not to bind to Hsc70 (van der Spuy et al., 2000) was used. As expected, 

GST alone did not bind to Hsc70. 

~ ::: 
~ ~ ~ ~ ~ ~" tV t-; !"l 

~ 
~ ~ ~ B ? ;: ~ ¥ ¥ ¥ ¥ ":l G ~ ":l ":l ":l ":l 

Hsc70 

Figure 2.12: GST-543(K8A, NI2A) protein did not interact with native Hsp70 while GST-
543(N43A) bound only at low levels. 
Autoradiogram of chemiluminescence·based immunodetection of native Hsc70 from NIH3T3 mouse 
fibroblast cell extracts after binding to GST-mSTII proteins indicated above each lane. 543 is 
equivalent to GST-543. Information in brackets indicate substitutions carried out in the proteins. 
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2.3.4.4 A37-47, K8A or A37-47, N12A mutations in the TPRI domain of 

mSTIl significantly lowered but did not abrogate its specific 

binding to Hsc70 

K8A or NI2A mutation was introduced into GST-543(~37-47) to generate GST-

543(A37-47, K8A) or GST-543(~37-47, NI2A) proteins respectively. Results of pull 

down assays showed that these proteins were able to bind to native Hsc70 with similar 

affinity compared to GST-543(~37-47), all at relatively low levels (Figure 2.13 A and 

B). It was therefore concluded that partial deletion of the highly conserved helix A of 

the second TPR motif in mSTII coupled with K8A or N12A mutation was not 

sufficient to cause abrogation of its interaction with Hsc70. 

A 

Blc70 - -
B 

Iltt70 '-' -
Figure 2.13: GST-543(A36-47, K8A) and GST-543(A37-47, NI2A) proteins were able to interact 
with Hsc70 only at low levels 
Autoradiograms of chemiluminescence-based immunodetection of native Hsc70 from NIH3T3 mouse 
fibroblast cell extracts after binding to GST-mSTII fusion proteins indicated above each lane. A: 
Effect of (l>.37-47, K8A) mutations in mSTII on its interaction with Hsc70. B: Effect of (l>.37-47, 
NI2A) mutations in mSTII on its interaction with Hsc70. 543 is equivalent to GST-543. Information in 
brackets indicate mutations carried out in the proteins. (l>.37-47) represents the deletion of residues 37 
to 47 in mSTI!. 

2.3.4.5 K301A single substitution in the TPR2A domain of mSTIl was 

sufficient to abrogate its binding to Hsp90 

The ability of GST-543, GST-C334, GST-543(K301A) and GST to interact with 

Hsp90 was tested using purified rat aHsp90. GST-543 and GST-C334 were found to 
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bind to Hsp90 at comparable levels (Figure 2.14). Interestingly, GST-543(K301A) 

was unable to bind to Hsp90 at detectable level (Figure 2.14). No detectable 

background binding of GST to purified Hsp90 was observed (Figure 2.14). Thus, it 

seemed that single mutation of LYSJOI to alanine in the TPR2A domain of mSTn was 

sufficient to abrogate its interaction with Hsp90. 

Figure 2.14: GST-543(KJOIA) protein was not able to interact with Hsp90 
Autoradiogram of chemiluminescence-based immunodetection of purified Hsp90 after binding to GST­
mSTII proteins indicated above each lane. 543 and C334 are equivalent to GST-543 and GST-C334 
respectively. Infonnation in brackets indicate substitutions carried out in the proteins. 

2_3-5 K8A, N12A double substitutions disrupted interactions of 

TPRI with other domains in mSTIl 

Steady-state fluorescence and circular dichroism spectroscopies were used to analyse 

the effects of the double K8A and NI2A mutations on both the secondary (far- and 

near-UV) and tertiary structures (steady-state fluorescence) of mSTII using the 

(Hisk tagged variant of the modified protein, (His)6-543(K8A, NI2A). The intrinsic 

fluorescence of the lone tryptophan in mSTn (Trp71) was monitored. This trytophan 

is located in helix B of the second TPR motif, a position in relatively close proximity 

to the regions of the mutations, and therefore could serve effectively as a local probe 

of the tertiary structure of TPR I domain. The fluorescence profile of the wild type 

protein, (Hisk543, showed a characteristic peak at 345 nm (Figure 2.15), indicative 

of a partially buried residue. Completely exposed residues give a wavelength peak in 

the vicinity of 357 nm. The fluorescence profile of the (Hisk543(K8A, NI2A) 

mutant revealed an identical peak wavelength at 345 nm with a slight increase in 

intensity (Figure 2.15). This indicated a similar environment surrounding the 
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tryptophan residue in both proteins and suggested that there was no significant change 

in the tertiary structure of the TPR domain due to the double mutations. 
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Figure 2.15: K8A, N12A double substitutions did not cause any significant change in the tertiary 
structure of the TPRI domain in mSTIl. 
Steady-state fluorescence using the lone tryptophan (Trp71) in (His).-543 (open circles) and (His).-543 
(KSA, N12A) (closed circles). (His).-543 is equivalent to (His),-tagged full-length mSTIl protein. 

However, both far- and near-UV circular dichroisms revealed an apparent loss of 

helical content in the (Hisk543 (K8A, NI2A) variant protein, to about 25 %. This 

was illustrated by the decrease in ellipticity observed in the spectra of the double 

mutant protein (Figure 2.16). These data suggested that K8A, N12A double 

substitutions had disrupted interactions outside the TPRI domain. 
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Figure 2.16: Far- and near-UV circular dichroisms revealed an apparent loss of helical content in 
the (His)o-543 (K8A, N12A) modified protein. 
Far-UV circular dichroism spectra of (His),-543 (open circles) and (His).-543(KSA, N 12A) (closed 
circles) in 20 mM sodium phosphate buffer, pH 7.5 . Spectra are an average of 10 runs. The insert 
describes the near-UV dichroism spectra of (His).-543 (open circles) and (His), -543(KSA, N12A) 
(closed circles) in the same buffer. The horizontal line in both figures represents buffer control. 
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2.4 Discussions 

Prior to the generation of crystal structures of the TPR domains of Hop, hypotheses 

were based on sequence alignments and the crystal structure of the only TPR domain 

in protein phosphatase 5 (Das et al. , 1998). Using mutational analysis, the Hsp70 and 

Hsp90 interacting domains of Hop and mSTIl were mapped to the N- terminal and 

central TPR domains respectively (Chen et al., 1997; Lassie et al., 1997; van der Spuy 

et al., 2000). In addition, it has been shown that the amino acid residues I to 109 in 

the N-terminal TPR domain in mSTIl , without extensive flankin'g regions are 

necessary and sufficient for its interaction with Hsc70 (van der Spuy et al., 2000). 

Furthermore, previous data suggested that the TPR consensus residue Tyr27 in the first 

TPR motif of mSTIl might playa crucial structural role by holding charged residues 

in the first TPR motif in proper position for interaction with complementary charged 

groups in Hsc70 (van der Spuy et al., 2000). 

The crystal structures of the TPR domains of Hop in complexes with C-terminal 

Hsp70 heptapeptide and Hsp90 pentapeptide (Scheufler et al., 2000) corroborated 

previous data in predicting that certain basic residues protruding into the TPR groove 

were required for TPR domain-mediated interaction of Hop with both Hsp70 and 

Hsp90 (Das et al., 1998; Russell et al., 1999; Scheufler et al., 2000). Among the 

residues in the TPR1 domain of Hop predicted to be required for the formation of the 

so-called two-carboxylate clamp with the C-terminal aspartate in Hsp70 are Lsl, 

Asnl2, Asn4l , Lys7l and Arg77 (Scheufler et al., 2000). In the TPR2A domain, the 

topologically equivalent residues are Lys229, Asn2ll Asn264, LyslO I and Argl05 

(Scheufler et al. , 2000). 

Multiple sequence alignment revealed that these charged residues are strictly 

conserved among homologous SIll proteins. In another alignment, the same basic 

residues were compared in the Hsc70-binding TPR domains of non-homologous 

Hsc70-interacting proteins of colon cancer antigen 7 (NY-CO-7; Liu et al. , 1999), 

carboxyl terminus of Hsc70-interacting protein (CHIP; Ballinger et al. , 1999), Hop 

(Honore et al. , 1992), mSTll (Blatch et al. , 1997), human small glutamine-rich 

protein (hSGT; Liu et ai., 1999), tetratricopeptide repeat domain 1 (IPRI; Liu et ai., 

1999), tetratricopeptide repeat domain 2 (TPR2; Liu et ai. , 1999) and Hsc70-
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interacting protein (Hip; Hohfeld et al., 1995). Conservation was found to be less 

strict in these proteins, especially at positions equivalent to Lys7J and Arg 77 in Hop. 

Except for Hip, all these proteins interact with Hsc70 via its C-terminal EEVD motif. 

Similar trends of conservation were observed from multiple sequence alignments of 

TPR2A domains except that in non-homologous Hsp90-binding proteins, residues at 

positions equivalent to Asn2JJ and Asn264 in Hop were less conserved. 

Based on sequence alignments of the TPR domains of various Hsp70- and/or Hsp90-

interacting proteins and Hop's crystal structures, it was hypothesized that these basic 

residues in the TPRI and TPR2A domains of mSTn formed a network of electrostatic 

interactions with the C-terminal aspartate (Asp 0) in Hsp70 and Hsp90 respectively; 

and that these interactions were necessary for the general binding of these molecular 

chaperones to mSTr I. To test this hypothesis, a charged-to-alanine scanning 

mutagenesis of these residues in both TPR domains was done. The results showed that 

K8A or N12A single mutation in the TPRI domain of mSTn did not affect its 

interaction with native Hsc70 significantly. It could not be ascertained whether the 

observed higher sensitivity of the two mutants to increase in salt concentration was 

significant or not. Overall, this result was in line with our hypothesis that a network of 

electrostatic interactions was involved in the general binding of mSTII to Hsp70. The' 

side chains of Lys8 and Asnl2 were proposed to form direct hydrogen bonds with the 

C-terminal main chain carboxylate of aspartate in Hsp70 (Scheufler, et al., 2000). It 

required a double knockout of Lys8 and Asnl2 to sufficiently abrogate interaction of 

mSTIl with Hsc70. This result suggested that the collective electrostatic contacts 

made by Lys8 and Asn l2 in the TPRI domain of mSTn are necessary for successful 

binding to Hs(::70. A highly sensitive and quantitative approach, surface plasmon 

resonance spectroscopy, was used to quantitate the affinities of the interactions, as 

discussed in latter chapters. 

On the other hand, single mutation of LYSJOI in the TPR2A domain of mSTIl was 

sufficient to cause an abrogation of its interaction with Hsp90. From the crystal 

structure, TPR2A donates one hydrogen bond to the side chain of Asp 0 via LysJO I 

(Scheufler et al., 2000). Based on the data from this study, it seems that a higher level 

of complexity may be involved in the interaction of TPRI domain with Hsp70 than in 
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the interaction of TPR2A with Hsp90. Effects of mutations of topologically 

equivalent residues such as Lys73 and Lys301 would have provided a more appropriate 

comparison of data. Recently, the sequence motifs for TPRI and TPR2A binding 

were defined by alanine scanning of the C-terminal octapeptides of Hsp70 and Hsp90 

and by screening of combinatorial peptide libraries (Brinker et al., 2002). It was 

concluded that the formation of the Hsp70-Hop complex depended not only on 

recognition of the C-terminal Hsp70 heptapeptide but also on additional contacts 

between Hsp70 and Hop (Brinker e/ al., 2002). In addition to this, the interaction of 

TPR2A with the C-terminal pentapeptide was identified as the core and sufficient 

contact for successful binding of Hop to Hsp90. 

Results from steady state fluorescence spectroscopy suggested that there was no 

significant disruption in the overall tertiary structure of the TPRI domain. However, 

data from circular dichroism spectroscopy indicated that these mutations caused 

apparent loss of helicity in the protein. It could not be deduced from the CD data 

exactly what part of the protein was affected. mSTlllHop is very rich in helical 

structures, and has a unique arrangement of these secondary structures across its entire 

length. In fact, secondary structure predictions suggested that mSTI I was composed 

mainly of a-helices and coils with no tendency to form ~ sheets. The crystal structures 

in part, confirmed these predictions. One may conclude that the overall loss of helical 

content was not localized; rather it was a cumulative effect within the entire protein. 

On the other hand, one may conclude that some perturbations occurred in specific 

domains of the protein outside the TPRI domain that make contact with TPRI, 

resulting in the loss of helical content. Hence, the observed abrogation of binding to 

Hsc70 due to the double substitution might have occurred primarily as a result of loss 

of important electrostatic contacts with the TPR domain and secondarily as a result of 

disruption of contacts with other .domains required for complete and tight interaction 

with Hsc70. 

Support for this hypothesis comes from earlier observations that mutation of the C­

terminal DPEV motif of Hop or its DP AM to AP A V and AP AM respectively caused 

a reduction in Hop' s ability to bind to Hsc70 (Chen and Smith, 1998). This is a very 

interesting phenomenon since truncation of this region in Hop caused only a partial 
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loss of Hsp70 binding (Chen et at., 1996). In a helix-rich protein such as mSTIl, it is 

most likely that this C-terrninal region of the protein folds into a helical structure. Of 

interest however, is the observation that binding of Hop to Hsp90 was unaffected by 

mutations in this region of the protein (Chen and Smith, 1998). 

Mutation of Asn43 to alanine significantly lowered but did not abrogate mSTI1-Hsc70 

interaction. Asn43 occurs within helix A of the second TPR motif (helix 2A), a region 

that is highly conserved in homologous STII TPR domains. Deletion of this highly 

conserved block of amino acid residues coupled with the mutation of Lys8 or Asn12 to 

alanine significantly lowered but did not abrogate binding of mSTIl to Hsc70. This 

result is consistent with and extends earlier report that removal of the highly 

conserved part of helix 2A lowered but did not abolish binding of mSTI I to Hsc70 

(van der Spuy et at., 2000). It is possible that there was a shift of the helices to 

compensate for the partial deletion of helix 2A. The side chain carbonyl of Asn43 

makes a direct hydrogen bond contact with the backbone amide of Asp 0 of Hsc70, 

and an indirect contact with the side chain carboxylate of the same residue that is 

mediated by a tightly bound water molecule. The interactions of Asn43 and other helix 

2A residues appear not to be as important for Hsc70 binding as the electrostatic 

contacts made collectively by Lys8 and Asn12 with Asp O. These results, which are 

partially consistent with crystallographic predictions for the Hop-Hsp70 peptide 

complex, further provide evidence that a network of electrostatic interactions was 

necessary for the binding of mSTIl to Hsc70. 

Therefore we conclude that the collective electrostatic contacts made by Lys8 and 

Asn 12 in the TPRI domain of niSTIl define part of the minimum critical contacts 

necessary for successful binding to Hsc70, but for complete and tight ligand binding 

other contacts outside the TPR domain are required. 
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Chapter Three 

Characterization of the interactions involved in 

determining specificity of binding of mSTIl to 

Hsc70 and Hsp90 

3.1 Introduction 

There IS ample experimental evidence that demonstrate the involvement of 

hydrophobic contacts in TPR-mediated protein-protein interactions (Gounalaki et al., 

2000; Scheufler et al., 2000 and Brinker et al., 2002). Data from Hop' s crystal 

structures in complexes with C-terminal peptides of Hsp70 and Hsp90 suggested that 

discrimination between the C-termini of the two molecular chaperones depended 

largely on hydrophobic and van der Waals interactions between residues in Hop's 

TPR domains and residues upstream of the EEVD motif (Scheufler et al. , 2000). For 

example, Ala46, Ala49 and Lysso, all in helix A of the second TPR motif (helix 2A) in 

TPRI of Hop make hydrophobic contacts with the isoleucine (He -4) of the IEEVD 

sequence in Hsp70 while Tyr236 and Glu27J in helix A of the first TPR motif (helix 

lA) and helix A of the second TPR motif (helix 2A) of TPR2A, respectively, make 

important hydrophobic contacts with the methionine (Met -4) of the MEEVD 

sequence in Hsp90. Pro -6 which is further upstream of the EEVD motif in Hsp70 

exists in a hydrophobic cavity formed by Glu83 and Phe84 of helix A of the third TPR 

motif (helix 3A) in TPRI. Val -1 in the EEVD motif of Hsp70 makes hydrophobic 

contacts with Asn'2 and Leu 's in helix lA and with Asn43 in helix 2A ofTPRl. In the 

TPR2A complex, Val -I in the EEVD motif of Hsp90 is in hydrophobic contacts with 

Asn233, Asn264 and Ala267 

Based on the predictions from the three-dimensional structure of the TPR domains of 

Hop in complex with their respective peptides (Scheufler et al., 2000), topologically 

equivalent residues involved in specificity determination were identified in TPRI 

versus TPR2A, that differed greatly in the nature of their contacts with residues 

upstream of the EEVD motif of their respective Hsps. It was observed that Tyr236
, 
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Phe270 and Glu27l in TPR2A were significantly different from but topologically 

equivalent to Leu's, Ala49 and LyssO respectively, in TPRI (Figure 3.1). It was 

reasoned that by doing simple amino acid substitutions of LJSY, A49F, KSOE, and 

Y236L, F270A, E271K, it would be possible to swap the binding specificity ofTPRI 

and TPR2A domains respectively. Theoretically, these substitutions should allow 

TPRI to accommodate Met -4 ofHsp90 and TPR2A to accommodate Ile -4 of Hsc70, 

respectively. Therefore, the hypothesis proposed was firstly, that LJSY, A49F and 

KSOE substitutions in TPRI domain of mSTIl would result in loss of ability to bind 

Hsc70 and gain of capacity to bind Hsp90 and secondly, that Y236L, F270A, and 

E27lK substitutions in TPR2A would result in loss of ability to bind Hsp90 and gain 

of capacity to bind Hsc70. In the first part of the hypothesis, single, double and triple 

mutants were generated using a C-terminal truncated mSTIl protein, GST -N217 (with 

TPR2A and TPR2B domains removed) as follows: GST-N217(LJSY), GST­

N2l7(A49F, KSOE), and GST-N2l7(LJSY, A49F, KSOE). In addition, a triple mutant 

of the full-length GST-S43 protein, GST-S43(LJSY, A49F, FSOE) was generated. 

These modified proteins were tested for their ability to bind both Hsc70 and Hsp90. 

Conversely, an N-terminal truncated mutant protein GST-C334, incapable of binding 

to Hsc70, was used to generate the following modified proteins: GST-C334(Y236L), 

GST-C334(F270A, E27IK), and GST-C334(Y236L, F270A, E271K) and the proteins 

were also tested for their ability to bind to both Hsp90 and Hsc70. 

3.2 Experimental procedures 

3.2.1 Generation and analysis of modified plasmids 

For this study, modified plasmids were generated from the parental plasmid, 

pGEX3X2000. The plasmids pGEX3Xl400 (encoding mutant GST-S43 with TPRI 

domain removed) and pGEX3X700 (encoding mutant GST-S43 with TPR2A and 

TPR2B domains removed) were generated prior to this study (LassIe et al. , 1997). 

Mutations were carried out and confirmed as described in section 2.2.1. To obtain 

pGEX3X700(LlSY, A49F, KSOE) and pGEX3X2000(LJSY, A49F, KSOE), either the 

single mutant or double mutant was first generated and then used as template for the 

triple mutant. Similar procedure was used to generate pGEX3XI400(Y236L, F270A, 

E271K) (Table 3.1). 
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Table 3.1: Generation of modified plasmids used for specificity studies 

Modified plasmid Codon Forward primers used for Diagnostic 
change(s) mutagenesis restriction 

endonuclease 
pGEX3X700 ctg: tat gaagggcaataaagcctatagtgctgggaac Dra II 
(LlSY) aag: aaa 
pGEX3X700 gcc : ttc caatcgctctgcggcctacttcgagaaaggagac PSll 
(A49F, K50E) aag : gag 

gca: gcg 
pGEX3X700 As in rows 2 As in rows 2 and 3 above As in rows 2 
(Ll5Y, A49F, K50E) and 3 above and 3 above 
pGEX3X2000 As in rows 2 As in rows 2 and 3 above As in rows 2 
(Ll5Y, A49F, K50E) and 3 above and 3 above 
pGEX3Xl400 tac : ctt ggaaatgatgcccttaagaagaaag Aft II 
(Y236L) 
pGEX3Xl400 m : gct gctgtgcatgctaagaagggcgac ApaL I 
(F270A, E271K) gag: aag 

cae: cat 
pGEX3X1400 As in rows 6 As in rows 6 and 7 above As in rows 
(Y236L, F270A, E271K) and 7 above and 7 above 

3.2.2 Heterologous production and purification of recombinant 

GST -N217, GST -C334 and their modified derivatives 

6 

As described in section 2.2.2, solubility of proteins was determined before large scale 

production and purification. Similar procedures were used as described in section 

2.2.2. 

3.2.3 Glutathione agarose pull down assays 

In separate reactions, equal final concentrations of GST-N217, GST-C334 and their 

modified derivatives were adsorbed onto GSH beads before adding either cytosolic 

fractions of NIH3T3 cells or purified Hsp90. Binding was allowed to occur for 2 

hours at 4°C before the beads were washed extensively to remove unbound proteins. 

Further steps were as described in section 2.2.3. 

3.2.4 Bioinformatic analysis and homology modeling 

All protein sequence alignments were generated using PepTools (Wishart et al., 

1997). The co-ordinates used to draw figures 3.lB and 3.2B were generated using 

WHAT IF (Vriend, 1990). Both figures 3.1 and 3.2 were visualised and drawn with 

MOLSCRIPT (Kraulis, 1991). 
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3.3 Results 

3.3.1 The TPRI and TPR2B domains of Hop/mSTIl have similar 

specificity determinants 

Figures 3.1 A and B show the amino acid residues in the TPRI domain of mSTIIlHop 

that are predicted by crystal structures to be important in determining specificity of 

binding of Hop to Hsp70. Similarly, Figures 3.2 A and B show topologically 

equivalent residues in the TPR2A that are predicted by crystal structures to be 

important in determining specificity of binding of Hop to Hsp90. Multiple sequence 

alignment (Figure 3.3) revealed that the residues that determine specificity of binding 

ofTPRI domain in mSTIl to Hsc70 are conserved in TPR2B domain. This suggests 

that TPR2B may be a second Hsc70-binding domain in Hop/mSTIl. Recent 

quantitative analysis of Hsp70-Hop-Hsp90 interactions revealed that TPR2B domain 

had a very low affinity for Hsp70, whereas it did not interact at all with Hsp90 

(Brinker et al., 2002). Other evidence in support of this observation comes from 

binding and dissociation data that revealed complex multiphasic binding curves for 

the interaction of Hop with Hsc70, whereas with Hsp90, it was monophasic (Brinker 

et al., 2002). Multiphasic binding curves imply conformationai flexibility of the 

interacting molecules and the existence of high- and low-affinity binding sites. Put 

together, the evidence mentioned above, and other results from this study that are 

discussed later (Chapter 4), suggest that Hop/mSTIl possesses two Hsp70-binding 

sites, a high affinity site (TPRI domain) and a low affinity site (TPR2B domain). 

However, this claim is yet to be experimentally verified. 
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A 

B 

Hsp70 C-tenninal 
GPTIEEVD peptide 

Figure 3.1: Hop N-terminal TPR domain in complex with the C-terminal Hsp70 heptapeptide 
showing residues predicted to detcrmine specificity of binding. 
A: Ribbon representation of the crystal structure of the N-terminal (TPRI; PDB code IELW, Scheufler 
el al., 2000) domain of Hop in complex with the C-terminal heptapeptide of Hsp70. B: Ribbon 
representation of the N-terminal TPR domain ofmSTIi modeled on the crystal structure of Hop. 
TPR domains are shown as ribbons, peptides as rods and amino acid residues as sticks. The TPR 
residue is labeled by the single letter code and a number that relates to its position in the primary amino 
acid sequence. Nand C indicate N-terminal and C-terminal ends of the polypeptide respectively. 
Residues shown are predicted to make hydrophobic contacts with Isoleucine -4 (I -4), and that these 
contacts are critical in determining specificity of binding. The co-ordinates for mSTIi model were 
generated using WHAT IF (Vriend, 1990), and both figures were drawn with MOLSCRIPT (Kraulis, 
1991). 
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Figure 3.2: Hop central TPR domain in complex with the C-terminal Hsp90 pentapeptide 
showing residues predicted to determine specificity of binding. 
A: Ribbon representation of the crystal structure of Ihe central TPR (TPR2A; PDB code I.ELR, 
Scheufler ef al., 2000) domain of Hop in complex with the C-terminal pentapeptide ofHsp90. 
B: Ribbon representation of the central TPR domain of mST! I modeled on the crystal structure of Hop. 
TPR domains are shown as ribbons, peptides as rods and amino acid residues as sticks. The TPR 
residue is labeled by the single letter code and a number that relates to its position in the primary amino 
acid sequence. Nand C indicate N-terminal and C-terminal ends of the polypeptide respectively. 
Residues shown are predicted to make hydrophobic contacts with Methionine -5 (M -5), and that these 
contacts are critical in determining specificity of binding. The co-ordinates for mSTII model were 
generated using WHAT IF (Vriend, 1990), and both figures were drawn with MOL SCRIPT (Kraulis, 
1991 ). 
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TPRl 4 
TPR2A 225 
TPR2B 360 

* * * ** ** 
VNELEKGIKALSAGNIDDALQCYSEAIKLDPQNHVLYSIRSAAYAKKGDYQKAYEDGCKTVDL----KPDWG--fGYliliKAAALEFLNRFEEAKRTYEEGL-KHEAN---­
ALKE ELG DAYKKK DFDKALKHYDRAKE LDPTNMTYIT QAAVHFEKGDYNKCRELCEKAIEVGRENREDYRQI Y IGNSYFKEEKYKDAIHFYNKSLAEHRTP---­
ALEE KG ECFQKGDYPQAMKHYTEAIKRNPRDAKLYS RAACYTKLLEFQLALKDCEECIQL----EPTFI--- GYT LEAMKDYTKAMDVYQKALDLDSSC----

Figure 3.3: Multiple sequence alignment of the TPRl, TPR2A and TPR2B domains of mSTIl. 
Residues that are predicted to form a two-carboxylate clamp with the terminal aspartate in Hsp70 are shaded in black while asterisk (*) indicates positions of residues 
predicted to determine specificity of binding. TPRI; N-terminal TPR domain of mSTll , TPR2A; first central TPR domain ofmSTll, and TPR2B; C-terminal TPR domain of 
mSTII. The alignment was generated using PepTools (Wishart el al., 1997). 
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3.3.2 pGEX3X700 and pGEX3X1400 modified pJasmids were 

successfully generated 

Complementary mutagenic oligonucleotide primers were used to amplify the plasmids 

pGEX3X700 and pGEX3X1400 to generate the following modified plasmids, 

pGEX3X700(LlSY), pGEX3X700(A49F, KSOE), pGEX3X700(LlSY, A49F, KSOE) , 

pGEX3XI400(Y236L), pGEX3X1400(F270A, E271K) and pGEX3XI400(Y236L, 

F270A, E27IK). The modified plasmid pGEX3X2000(LlSY, A49F, KSOE) was 

generated from pGEX3X2000. The linear amplification products were digested with 

Dpn I after which 15 f.1l was resolved on a 1 % agarose gel stained with ethidium 

bromide. 1 f.1l of the amplification product was used to transform E. coli XLI Blue. 

Modified plasm ids isolated from E. coli harbouring them were digested with their 

respective diagnostic restriction endonucleases to confirm mutations engineered 

therein. In addition, automated DNA sequencing using primers confirmed the 

mutations. 

3.3.2.1 Analysis of pGEX3X700(L1Sy) and pGEX3X700(A49F, KSOE) 

plasmids 

pGEX3X700(LlSY) modified plasmid was generated from the parental plasmid, 

pGEX3X700, by a single codon change (Table 3.1). A silent mutation of "aag" codon 

to "aaa" resulted in the deletion of a Dra II site (Table 3.1). Small scale DNA 

preparations of both parental and modified plasmids were digested with Dra II to 

confirm mutations. Digestion of the unmutated plasmid yielded three fragments while 

the modified plasmid yielded only two fragments due to the loss of a Dra II site 

(Figure 3.4A, lanes 6 and 7). BamH I digestion of both plasmids confirmed that their 

sizes were the same (Figure 3.4A, lanes 8 and 9). To generate the plasmid 

pGEX3X700(A49F, KSOE), two codon changes were made in pGEX3X700 (Table 

3.1). An additional single base change (Table 3.1) resulted in the loss of a Pst I site, 

and this was used for diagnostic purpose. Digestion of pGEX3X700 with Pst I was 

expected to release four fragments. As shown in Figure 3.4B (lane 6), two small 

fragments could not be retained in a I % agarose gel, however the other two 

fragments were visible. In the pGEX3X700(A49F, KSOE) plasmid, the loss of a Pst I 

site yielded a larger fragment of 493 bp, which could be seen visibly on the gel 
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(Figure 3.4B, lane 7) Similarly, BamH I digestion was used to confirm the sizes of 

the two plasmids (Figure 3.4B. lanes 8 and 9) 
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Figure 3.4: Diagnostic restriction endonuclease digestion of pGEX3X700(L15Y) and 
pGEX3X700(A49F, KSOE) plasmids. 
A: Ethidium bromide stain of a I % agarose gel and restriction map of Dra II·digested 
pGEX3X700(Ll5Y). Lane I. PSI I-digested Lambda DNA molecular weight standards. Lanes 2 and 3, 
undigested pGEX3X700 and pGEX3X700(L 15Y) respectively. Lanes 4 and 5, Hind Ill-digested 
pGEX3X700 and pGEX3X700(LI5Y) respectively. Lanes 6 and 7, Dra II-digested pGEX3X700 and 
pGEX3X700(Ll5Y) respectively. Lanes 8 and 9, BamH I-digested pGEX3X700 and 
pGEX3X700(L 15Y) respectively. B: Ethidium bromide stain of a I % agarose gel and restriction map 
of PSI I-digested pGEX3X700(A49F, KSOE). Lane I , I'SI I-digested Lambda DNA molecular weight 
standards. Lanes 2 and 3, undigested pGEX3X700 and pGEX3X700(A49F, KSOE) respectively. Lanes 
4 and 5, Hind Ill-digested pGEX3X700 and pGEX3X700(A49F, KSOE) respectively. Lanes 6 and 7, 
PSI I-digested pGEX3X700 and pGEX3X700(A49F, K50E) respectively. Lanes 8 and 9, BamH 1-
digested pGEX3X700 and pGEX3X700(A49F, K50E) respectively. bp indicates DNA sizes in base 
pairs. 

3.3.2.2 Analysis of pGEX3X700(LlSY, A49F, KSOE) plasmid 

To generate the plasmid, pGEX3X700(L15Y, A49F, K50E) , previously confirmed 

modified plasmid pGEX3X700(LI5Y) was entirely amplified using complementary 

primers containing the mutations A49F and K50E. All the mutations were confirmed 

as described in section 3.3 .2.1 (Figure 3.5, laries 6 and 7, 8 and 9, 10 and 11). 
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Figure 3.5: Diagnostic restriction endonuclease digestion of pGEX3X700(Ll5Y. A49F. K50E) 
plasmid. 
Ethidium bromide stain of a I % agarose gel and restriction map of PSI I and Ora fI-digested 
pGEX3X700(LlSY, A49F, KSOE). Lane I. PSI I-digested Lambda DNA molecular weight standards: 
Lanes 2 and 3, undigested pGEX3X700 and pGEX3X700(LlSY, A49F, K50E) respectively. Lanes 4 
and S. Nco I-linearized pGEX3X700 and pGEX3X700(Ll5 Y, A49F, K50E) respectively. Lanes 6 and 
7, PsI I-digested pGEX3X700 and pGEX3X700(Ll5Y. A49F, K50E) respectively. Lanes 8 and 9, Dra 
II-digested pGEX3X700 and pGEX3X700(Ll5Y, A49F, K50E) respectively. Lanes 10 and II , BamH 
I-digested pGEX3X700 and pGEX3X700(Ll5Y, A49F, K50E) respectively. bp indicates DNA sizes in 
base pairs. 

3.3.2.3 Analysis of pGEX3X1400(Y236L) and pGEX3X1400(F270A, 

E271K) plasm ids 

Changing a " tac" codon to "ctt" In the template plasmid DNA, pGEX3X1400, 

introduced a unique Aft II site and formation of a modified plasmid, 

pGEX3XI400(Y236L) (Table 3.1). Hence, while Aft II does not cut the parental 

plasmid, it linearizes the modified plasmid (Figure 3.6A, lanes 6 and 7). To generate 

the plasmid pGEX3XI400(F270A, E27 IK), two codon changes and a base pair 

change were made as described in Table 3.1. The single base pair change resulted in 

the loss of an ApaL I restriction site . Digestion of pGEX3XI400 with ApaL I should 

yield five fragments of 1776 bp, 1339 bp, 1246 bp, 1118 bp and 910 bp while 

pGEX I400(F270A, E271K) should yield four fragments of2894 bp, 1339 bp, 1246, 

bp and 910 bp (Figure 3,6B, lanes 6 and 7). However, ApaL I did not cut the plasmids 

to completion, hence the presence of an additional fragment running close to 4 kb in 

lane 6 and another fragment of approximately 2140 bp in lane 7, However, the 

mutations were further confirmed by automated DNA sequencing, 
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Figure 3.6: Diagnostic restriction endonuclease digestion of pG EX3XI400(Y236L) and 
pGEX3XI400(F270A, E271 K) plasmids. 
A: Ethidium bromide stain of a I % agarose gel and restriction map of Afl II-digested 
pGEX3X I400(Y236L). Lane I. PSI I-digested Lambda DNA molecular weight standards. Lanes 2 and 
3. undigested pGEX3XI400 and pGEX3XI400(Y236L) respectively. Lanes 4 and 5, Hind 111-
linearized pGEX3XI400 and pGEX3XI400(Y236L) respectively. Lanes 6 and 7, Afl II-digested 
pGEX3XI400 and pGEX3XI400(Y236L) respectively. B: Ethidium bromide stain of a I % agarose 
gel and restrict ion map of Apaf. I-digested pGEX3XI400(F270A. E27 IK). Lane I , PSI I-digested 
Lambda DNA molecular weight standards. Lanes 2 and 3, undigested pGEX3XI400 and 
pG EX3XI400(F270A, E27IK) respectively. Lanes 4 and 5, Hind Ill-linearized pGEX3X I400 and 
pGEX3X I400(F270A, E27IK) respectively. Lanes 6 and 7, ApaL [·digested pGEX3XI400 and 
pGEX3X I400(F270A. E271K) respectively. bp indicates DNA sizes in base pairs. 

3.3.2.4 Analysis of pGEX3X1400(Y236L, F270A, E271K) modified 

plasmid 

To generate the plasmid, pGEX3XI400(Y236L, F270A, E27 IK), previously 

confirmed modified plasmid pGEX3XI400(F270A, E271 K) was entirely amplified 

using complementary primers containing the mutation Y236L. All the mutations were 

confirmed as described in section 3.3 .2.3 using Aft Il (Figure 3.7, lanes 6 and 7) and 

ApaL I (Figure 3.7, lanes 8 and 9). Again, ApaL I did not cut the plasmids to 

completion. 
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Figure 3.7: Diagnostic restriction endonuclease digestion of pG EX3XI400(Y236L, F270A, 
E271K) plasmid . 
Ethidium bromide stain of a I % agarose gel and restriction map of Afl II and ApaL I-digested 
pGEX3X I400(Y236L. F270A. E27IK). Lane I . PsI I-digested Lambda DNA molecular standards. 
Lanes 2 and 3. undigested pGEX3X I400 and pGEX3X I400(Y236L, F270A. E27 1K) respectively. 
Lanes 4 and 5, Hind Ill-linearized pGEX3XI400 and pGEX3X1400(Y236L, F270A, E271 K) 
respectively. Lanes 6 and 7, Afl II-digested pGEX3XI400 and pGEX3X I400(Y236L, F270A, E27 1K) 
respectively. Lanes 8 and 9, ApaL I-digested pGEX3X I400 and pGEX3X1400(Y236L, F270A, · 
E271K) respectively. 

3.3.3 Heterologous production and purification of GST-N217, GST-

C334 proteins and their derivatives for specificity studies 

GST -N2 17, GST -C334 and their derivatives were heterologously over-produced in E. 

coli XLI Blue cells harbouring pGEX3X derived plasmid constructs using IPTG, and 

the proteins were purified by S-hexyl glutathione agarose affinity chromatography. 

Significant amounts of the proteins were recovered from the beads by elution with 

reduced glutathione solution. Aliquots of the purified proteins were resolved on a 0.1 

% SDS- 12 % PAGE gel to determine subunit molecular weight and to estimate levels 

of purity. Significant amounts of proteins corresponding to the expected molecular 

masses were visible on the gel (Figures 3.8). 

3.3.4 Interactions of GST-N217, GST-C334 proteins and their mutant 

derivatives with Hsc70 and Hsp90 

Topologically equivalent residues involved in specificity determination were 

identified in TPRI domain versus TPR2A domain that differed greatly in the nature of 

their contacts with residues upstream of the EEVD motif of their respective Hsps. 

Using site-directed mutagenesis, these residues were swapped between the domains . 

The following modified proteins were generated: GST-N217(LJSY), GST­

N2l7(A49F, KSOE), GST-N2l7(LJSY, A49F, KSOE), GST-C334(Y236L), GST-
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C334(F270A, E271K) and GST-C334(Y236L, F270A, E27IK). The proteins were 

then tested for their ability to bind to either Hsc70 or Hsp90 as described in Appendix 

A. section A.1 9. 

l!~':,:~ =r_-----------., 
.... 1 -

l l . ~ -

Figure 3.8: Purification of GST-mSTII fusion proteins by glutathione agarose affinity 
chromatography. 
Coomassie-stained SDS-PAGE gel of GST-mSTII fusion proteins recovered after purification by 
glutathione agarose affmity chromatography. Marker: Protein molecular weight standards in 
kiloDaltons (kDa). 

3.3.4.1 Double substitution of Ala~9 and Lysso to Phe and Glu, 

respectively, significantly lowered the affinity ofTPRI 

domain for Hsc70 

Using the C-terminal truncated mutant protein GST -N217 (with TPR2A and TPR2B 

domains removed), double and triple modified derivatives were generated as follows: 

GST-N217(LlSY), GST-N217(A49F, KSOE), and GST-N217(LlSY, A49F, KSOE). 

These modified proteins were tested for their ability to bind both Hsc70 and Hsp90. In 

the Hsc70 co-precipitation assays , GST-N217 was found to associate with Hsc70 at 

levels that compared favourably with the full-length protein, GST-S43 (Figure 3.9, 

lanes 1 and 3) . As expected, both GST-S43(Y27A) and GST did not bind to Hsc70 

(Figure 3.9, lanes 2 and 4). The single mutant GST-N217(LlSY) bound to Hsc70 at a 

slightly lower level compared to GST-N217, while binding affinity was significantly 

lowered using the double mutant GST-N217(A49F, KSOE) (Figure 3.9, lanes 5 and 6). 

No binding to Hsc70 was observed in the triple mutants GST-N217(LlSY, A49F, 

K50E) and GST-S43(LlSY, A49F, KSOE) (Figure 3.9, lanes 7 and 8). It appeared that 
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double substitution of Ala49 and Lyssa in mSTII drastically reduced binding to Hsc70 

while triple substitution of Leu IS, Ala49 and Lyssa abolished binding. 

Hsc70 .... - _.-
Figure 3.9: N217(A49F, K50E) and N217(L\5Y, A49F, K50E) were unable to bind to Hsc70. 
Autoradiogram of chemiluminescence-based immunodetection of native Hsc70 from NIH3T3 mouse 
fibroblast cell extracts after binding to GST-mSTI I fusion proteins indicated above each lane. 543 and 
N217 are equivalent to GST-543 and GST-N217 respectively. Information in brackets indicate 
substitutions carried out in the proteins. 

3.3-4.2 Hsp90-binding capacity was engineered on the Hsp70-binding 

TPRI domain of mSTIl 

After pull down assays with Hsc70, the next step was to test whether the mutants in 

section 3.3.4.1 could interact with Hsp90. In this experiment, purified Hsp90 was 

used instead of cell Iysates. As expected, full-length unmodified protein, GST-543 , 

and N-terminal truncated protein GST-C334 (with TPRI domain deleted) bound to 

purified Hsp90 at equivalent levels (Figure 3.10, lanes 3 and 5). The C-terminal 

truncated protein, GST-N217, its mutant derivative, GST-N217(LJ5Y), and GST 

alone did not bind to Hsp90 (Figure 3.10, lanes 4,6 and 8). The double mutant GST­

N217(A49F, K50E) was found to bind to Hsp90 at levels comparable to both GST-

543 and GST-C334 (Figure 3.10, lanes 3, 5 and 7). No Hsp90-binding was observed 

with the triple mutant GST-N217(LJ5Y, A49F, K50E) (Figure 3.10, lane 9). Put 

together, these results suggested that double substitution of Ala49 and Lyssa by Phe 

and Glu respectively, was sufficient to confer the ability to bind Hsp90 on the Hsc70-

binding TPR I domain of mSTI 1. 

3.3.4.3 Y236L, F270A or E271K substitution in the TPR2A domain of 

mSTIl abrogated binding to Hsp90. 

The N-terminal truncated mutant protein, GST-C334, incapable of binding to Hsc70 

was used to generate the following modified proteins: GST-C334(Y236L), GST-

69 



C334(F270A, E271K), and GST-C334(Y236L, F270A, E271K) ; the proteins were 

tested for their abi lity to bind to Hsp90. Both GST -543 and GST -C334 were found to 

A 
"" $ 

200 

116.2 
97.4 - - Hsp90 

66.2 

45 -
31 -

21.5 

B - - Hsp90 

Figure 3.10: GST-N217(A49F, KSOE) successfully bound to Hsp90. 
A: Coomassie·stained SDS-PAGE gel of co-precipitation assays showing differential binding of 
various mutant derivatives of GST·mSTII to purified Hsp90. B: Autoradiogram of 
chemiluminescence-based immunodetection of purified Hsp90 after binding to GST-mSTII proteins. 
Lane I , purified Hsp90. Lanes 2-9, co-precipitating GST-mSTII proteins with Hsp90. 543, N217 and 
C334 are equivalent to GST-543, GST-N217 and GST-C334 respectively. Information in brackets 
indicate substitutions carried out in the proteins. Marker: Protein molecular weight standards in 
kiloDaltons (kDa). 

bind Hsp90 as expected (F igure 3.11 , lanes 1 and 6). As expected, GST did not bind 

to Hsp90 (Figure 3.11 , lane 2). The single, double and triple mutant proteins, GST­

C334(Y236L), GST-C334(F270A, E27 IK), and GST-C334(Y236L, F270A, E27IK), 

respectively, lost their ability to bind to Hsp90 (Figure 3.11 , lanes 3, 4 and 5). These 

results suggested that these mutations, either single or mUltiple, abrogated binding of 

mSTil to Hsp90. 
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Hsp90 

Figure 3.11 :GST-C334 modified proteins could not bind to Hsp90. 
Autoradiogram of chemiluminescence-based immunodetection of purified Hsp90 after co-precipitation 
with GST-mSTII proteins indicated above each lane. 543 and C334 are equivalent to GST-543 and 
GST-C334 respectively. Information in brackets indicate substitutions carried out in the proteins. 

3.3.4.4 Hsc70-binding capacity could not be engineered onto the TPR2A 

domain of mSTIl 

Next, the proteins (section 3.3.4.3), were tested for their ability to bind to native 

Hsc70 from the Iysates ofNIH3T3 mouse fibroblast cells. GST-S43 was found to bind 

to Hsc70 successfully while GST did not (Figure 3.12, lanes I and 2). Neither GST­

C334 nor any of its derivatives was able to bind to Hsc70 (Figure 3.12, lanes 3-6). 

Hence, engineering Hsc70-binding capacity on TPR2A was not possible by simple 

swapping of topologically equivalent residues. 

Figure 3.12: GST-C334 protein and its derivatives could not bind to Hsc70 
Autoradiogram of chemiluminescence-based immunodetection of native Hsc70 from NIH3T3 mouse 
fibroblast extracts after co-precipitation with GST-mSTI! fusion proteins indicated above each lane. 
543 and C334 are equivalent to GST-543 and GST-C334 respectively. Information in brackets indicate 
substitutions carried out in the proteins. 

71 



3.4 Discussions 

The crystal structures of the Hop TPR domains in complex with Hsc70 and Hsp90 

peptides predict that certain residues in Hop make hydrophobic and van der Waals 

contacts with residues in the peptides, and that these interactions are used to 

discriminate between the C-termini of Hsc70 and Hsp90. Based on these data and 

sequence alignments, it was hypothesized that by doing LJSY, A49F and KSOE 

substitutions, TPRl could be engineered to accommodate the Met -4 upstream of the 

Hsp90 C-terminal EEVD motif and hence bind Hsp90 with high affinity. Conversely, 

by doing Y236L, F270A, and E27lK substitutions in TPR2A, it was hypothesized 

that this domain could be engineered to bind to Hsc70. For the first hypothesis, a C­

terminal truncated GST fusion derivative of mSTIl, (GST-N2l7), that lacks the 

Hsp90-binding TPR domain, was used. As expected, the LJSY substitution alone only 

slightly lowered the affinity of mSTIl for Hsc70. From the crystal structure, Figure 

3.IA, it is obvious that the hydrophobic pocket accommodating the C-terminal 

isoleucine in Hsp70 (I -4) is mainly formed by the side chains/groups of Lys50 and 

Ala49 It appears that Leu l5 does not contribute significantly to these hydrophobic and 

lor van der Waals interactions since its side groups and those of I -4 may not be in 

sufficiently close proximity. On the other hand, GST-N2l7(LJSY) did not bind to 

Hsp90. This observation may be due to the fact that substituting Tyr for Leu did not 

provide enough hydrophobic contacts for the modified mSTIl to interact successfulJy 

with Hsp90. The substitution could not be regarded as "disruptive" since both amino 

acids are bulky and the modified protein was found to express quite readily. 

Interestingly, the double mutant GST-N2l7(A49F, KSOE) bound to Hsc70 with low 

affinity. The close proximity of both Lys50 and Ala49 to I -4 implies that the side 

chains/groups of these amino acids collectively form strong hydrophobic and/or van 

der Waals interactions that are important in determining the specificity of interaction 

of Hop with Hsp70. It is proposed that mutations of these residues will severely 

disrupt the specific interaction of Hop with Hsp70. Support for this proposition comes 

from data that showed that partial deletion of helix 2A (residues 37 to 47) coupled 

with K8A substitution was not sufficient to abrogate binding of Hop to Hsc70 (see 

section 2.3.4.5). The effect of single mutation of Lys50 or Ala49 on the interaction of 

Hop with Hsc70 could have been investigated to further verify this hypothesis. 
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Conversely, the modified protein, GST-N2I 7(A49F, K50E), successfully bound to 

Hsp90 at an affinity even higher than that of the full-length unmodified protein as 

indicated by SPR spectroscopy (Chapter 4). This result suggests that the double 

mutations provide sufficient amount of hydropho bic contacts for the modified protein 

to interact successfully with Hsp90. Therefore, substitution of Ala49 and Lys50 to Phe 

and Glu, respectively, in mSTIl resulted in severe loss of affinity for Hsc70 but gain 

of affinity for Hsp90. Furthermore, these data provide evidence that hydrophobic 

contacts in the second TPR motif of TPR 1 domains are important in determining 

specificity of mSTIl interaction with Hsc70. Surprisingly, the triple mutant GST­

N217(LJ5Y, A49F, K50E) lost the ability to bind to both Hsc70 and Hsp90. While 

Leu15 may be involved in specificity, its proximity to Lys8 and Asn12 may suggest that 

any changes in this region will disturb the two-carboxylate clamp sufficiently to cause 

the triple mutant GST-N217(LJ5Y, A49F, K50E) to lose its capacity to bind to 

Hsp90. 

For the second hypothesis, an N-terminal truncated GST fusion derivative of mSTIl, 

(GST-C334), that lacks the Hsc70-binding TPRI domain was used. All the three 

modified proteins GST-C334(Y236L), GST-C334(F270A, E271K) and GST-C334 

(Y236L, F270A, E271K) could not bind to either Hsc70 or Hsp90. From the crystal 

structure, Figure 3.2A, it appears that the side chain of Met -5 is in close proximity to 

Tyr236 and Glu271 while Phe270 may not be within reacting distance from Met -5. One 

can conclude therefore that the side chains/groups of these two residues contribute 

significantly to the hydrophobic contacts made with Met -5. In the Hop-Hsp90 

specific interaction, it seems that helix I A of TPR2A is contributing significantly to 

the network of hydrophobic contacts compared to helix lA in TPRI domain (LeuI5) 

for Hop-Hsc70 interaction. The obvious similarity between the two domains is the 

significance of the topologically equivalent residues Lys50 and Glu271 . Interestingly, 

these residues are highly charged and opposite in charge. Again, the effect of single 

mutation of Glu271 or Phe270 on the interaction of Hop with Hsp90 could have been 

investigated. Results from these experiments could have provided insight into the 

significance of each of these residues to the network of hydrophobic contacts. 

Together, these results do suggest that binding of Hsc70 to mSTII or Hop is more 

specific than the binding of Hsp90. In conclusion, firstly, evidence has been provided 
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to show that hydrophobic contacts in the second TPR motif (Ala49 and Lysso) ofTPR! 

may be more important than other regions of this domain in determining specificity of 

mSTIl interaction with Hsc70. Secondly, Hsp90 binding capacity has been 

successfully engineered on the Hsc70-binding TPR! domain of mSTI! by doing 

simple amino acid substitution without elaborate domain swapping. 

74 



4.1 

Chapter Four 

Quantitation of the affinities of binding of 

mSTIl proteins to Hsc70 and Hsp90 using 

surface plasmon resonance spectroscopy 

Introduction 

Results from pull down assays using glutathione affinity chromatography suggested 

that the basic TPR groove residues of the TPRI domain of mSTIl contributed 

differentially to the Hsc70-mSTIl interaction (Chapters 2 and 3). One limitation of 

protein pull down methods, including the GST affinity pull down assay, is that they 

detect only relatively high affinity (micromolar concentrations) protein iI)teractions. 

Furthermore, inconsistent binding affinities (KD) have been reported for Hsp70-Hop­

Hsp90 interactions (Mayr et al. , 2000; Brinker et ai, 2002; Hernandez et al. , 2002). 

Therefore, the objective of this study was to use a more sensitive and quantitative 

technique to detect protein interactions undetectable by the GST affinity pull down 

assays and to collect kinetic data for specific interactions of Hsc70 or Hsp90 with 

mSTIl and its modified derivatives. 

The Biacore surface plasmon resonance (SPR) spectroscopy system was used to 

analyse biomolecular interactions. The system allows for collection of real time 

kinetic data independent of the properties of the sample. Continuous gathering of 

information in the form of the sensorgram provides information on all steps in multi­

step analysis. No labelling of the sample is required and there is minimal loss of 

sample ' during the analytical process. Analysis can be performed on tissue culture 

media or bacterial broth with minimal purification of the analyte stream. One of the ' 

disadvantages is the effect of mass transport of molecules, which may give results that 

inaccurately depict the kinetics of the interaction. Also, during the regeneration step, 

when analyte bound to the immobilized ligand is removed, it is possible to denature 

the ligand. In some cases, immobilization of the ligand, especially proteins could 
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generate steric effect on its interaction with the analyte. Non-specific binding to the 

surface of the chip is reduced by the use of inert molecules such as dextran. 

4.2 Experimental procedures 

In this experiment, purified proteins were dialysed to exchange the Tris-HCI buffer 

used to prepare glutathione elution buffer for PBS, before using them for SPR 

spectroscopy studies. Biomolecular interactions in real time were monitored using the 

Biacore X apparatus machine (Biacore, Uppsala, Sweden). All experiments were 

performed at 25°C in buffer A (PBS containing 0.005% P20 surfactant; Biacore, 

Uppsala, Sweden). GST and GST-mSTII fusion proteins (ligands) were bound in 

separate flow cells to anti-GST antibody (Biacore, Uppsala, Sweden) immobilized on 

a sensor chip to give approximately the same number of response units. Increasing 

concentrations of purified Hsc70 (kind gift from Dr Mike Cheetam) or Hsp90 (kind 

gift from Dr David Smith) were passed over the bound proteins, and interactions were 

monitored for a period of time. For competition experiments, a mixture of full-length 

Hsc70 and Hsp90 (analytes) was pre-incubated at 25°C before passing it over the 

immobilised GST-mSTII proteins. Background binding to GST was subtracted from 

each signal to account for non-specific binding to GST (See Appendix A, section 

A.23 for details on Biacore SPR). 

4.3 Results 

4.3.1 Quantitation of the affinities of binding of mSTIl proteins to 

Hsc70 and Hsp90 

To determine the contribution of each individual amino acid residue to the binding of 

Hsc70 by mSTJI, surface plasmon resonance spectroscopy was used to monitor 

bimolecular interactions. Concentration-dependent SPR signals' were recorded for 

specific protein interactions, and thermodynamic dissociation constants (KD values) 

were determined and taken as apparent affinities of binding. The KD of binding of the 

full-length unmodified mSTII to full-length Hsc70 was calculated to be 

approximately 2 ~M (Figure 4.1 A). The value compares favourably with KD values 

reported in literature (2 ~M, Brinker et al., 2002), and (1.3 ~M, Hernandez et al. , 

2002). For GST-543(K8A) modified protein, the KD was calculated to be 

approximately 3 ~M (Figure 4.IB). 
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Figure 4.1: Binding curves of the interactions of GST-543 protein and its derivatives with Hsc70 
using surface plasmon resonance spectroscopy. 
Increasing concentrations of purified Hsc70 were passed over GST-mSTII proteins immobilized on a 
sensor chip CMS. A: GST-S43 interaction with Hsc70; KD was calculated to be 2 ~M. B: GST-S43 
(K8A) interaction with Hsc70; KD was calculated to be 3 ~M. C: GST-S43(K8A, NI2A) interaction 
with Hsc70. D: GST-S43(N43A) interaction with Hsc70. E: GST-N2I 7(A49F, KSOE) interaction with 
Hsc70. F: Relative binding response curves ofGST-S43 and its modified derivatives to Hsc70. 
Concentration of Hsc70 used was 8 ~ M. 

Compared to the unmodified full-length mSTIl , the kinetics of the interactions of the 

GST-543(K8A, N12A), GST-543(N43A) and GST-N217(A49F, K50E) modified 

proteins with full-length Hsc70 was different (Figures 4.1C, 4.1D and 4.1E 

respectively). The binding curves could not be perfectly fitted to a 1: 1 Langmuir 
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binding model. It was notable that the effect of the buffer on the kinetics of binding to 

Hsc70 was more pronounced in the modified proteins compared to the unmodified 

full-length protein. In addition, the modified proteins displayed reduced response to 

Hsc70 binding when compared to the unmodified protein (Figure 4.IF). 

In the Hsp90 binding assays, the unmodified full-length mSTIl, (GST-S43) displayed 

kinetics similar to its interaction with Hsc70 (Figure 4.2A); the KD was calculated to 

be approximately 1.5 J.lM. Again, similar KD value for Hop-Hsp90 binding has been 

reported in literature (Brinker et al. , 2002). However, a number of investigators have 

reported higher binding affinity for Hop interaction with full-length Hsp90 (90 nM, 

Hernandez et al., 2002), and (32 nM, Mayr et al., 2000). A very interesting 

observation was the higher affinity of the GST-N217 (A49F, KSOE) modified protein; 

KD of 0.15 J.lM, (150 nM) compared to the full-length unmodified protein (Figure 

4.2B). Interestingly, even in the presence of Hsc70, GST-N217(A49F, KSOE) protein 

was still able to bind to Hsp90 with the same affinity (Figure 4.2C). It is clear from 

these results that mutation of any of the residues in the TPRI domain of mSTIl that 

form the so-called two-carboxylate clamp disrupted its interaction with Hsc70 and 

that the individual amino acid residues contribute differentially to the network of 

electrostatic contacts. In addition, double mutation of A49F and KSOE in the TPRI 

domain of mSTIl was found to confer increased Hsp90-binding affinity on the 

protein. 
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Figure 4.2: Binding curves of the interactions of 
GST-543 protein and its derivatives with Hsp90 
using surface plasmon resonance spectroscopy. 
Increas ing concentrations of purified Hsp90 were 
passed over GST-mSTII proteins immobilized on a 
sensor chip CM5. A: GST-543 interaction with 
Hsp90; Ko was calculated to be 1.5 11M. B: GST­
N2l 7(A49F, K50E) interaction with Hsp90; Ko was 
calculated to be 0.15 11M. C: Relative binding 
response curves of GST-543 and its modified 
derivatives to Hsp90 . Concentration of Hsp90 used 
was 5 11M. 
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4.4 Discussions 

Quantitative analysis using SPR spectroscopy revealed that mutations, either single or 

double, in the TPR1 domain of mSTII affected the kinetics of its binding to either 

Hsc70 or Hsp90. In general, interactions of the modified mSTII proteins with either 

Hsc70 or Hsp90, exhibited monophasic binding and dissociation curves. Monophasic 

binding curve implies that the interacting species are monovalent. Interestingly, 

similar binding curves have been reported in which isolated TPR domains were used 

in binding studies with either fragments of Hsp70IHsp90 or full-length Hsp70IHsp90 

(Brinker et al., 2002). On the contrary, interactions between unmodified full-length 

mSTII and full-length Hsc70 and/or Hsp90 displayed multiphasic kinetics. This kind 

of kinetics suggests confonnational rearrangement or flexibility of the interacting 

proteins and possibly the existence of high- and low-affinity states in dynamic 

equilibrium. 

Though there exist some discrepancies in the affinities reported for the binding of 

Hop to Hsp90, all the figures do suggest that Hop binds to Hsp90 with a higher 

affinity than to Hsc70 (Mayr et al. , 2000; Brinker et al. , 2002; Hernandez et al., 

2002). Support for this data comes from observation that majority of the Hop in rabbit 

reticulocyte lysate is bound to Hsp90 (Silverstein et al., 1999; Murphy et al., 2001). It 

is interesting to note that in this study a higher affinity of binding (150 nM) of the 

modified protein GST-N217(A49F, KSOE) to Hsp90 was obtained compared to the 

full-length protein. This value does not differ significantly from the value reported by 

Hernandez et al (2002), 90 nM, for the interaction of full-length Hop with full-length 

Hsp90. In their study, they calculated the binding affinity of Hop to Hsp90 in the 

presence of the full complement of Hsp70-Hsp40 chaperoning system. In our study, a 

direct binding of Hop to Hsp90 without other competing partner proteins was 

monitored. The' fonner seems to be a more appropri'lte approach to obtaining accurate 

affinity values, not only because it is dynamic but also because it "mimics" the in vivo 

situation. In addition, other data obtained in this study, which are discussed in Chapter 

5 of this thesis, do suggest that a dynamic equilibrium exists in the sequential 

interaction of Hop with Hsc70 and Hsp90 in vivo. 
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Many investigators have reported data suggesting the existence of high- and low­

affinity binding sites in the interactions of Hop with both Hsc70 and Hsp90. These 

data were explained in terms of Hop interacting with Hsc70 and/or Hsp90 at more 

than one site, or in terms of conformational rearrangement in one or both of the 

interacting proteins (Brinker et ai., 2002; Hernandez et ai., 2002). For instance, it has 

been reported that Hsp90 reduces the number of Hsp70 binding sites on the Hop 

dimer (Hernandez et ai., 2002). 

Data from sequence alignments revealed that the residues that determine specificity of 

binding of TPRI domain in mSTIllHop to Hsp70 show high homology to the 

topologically equivalent residues in the TPR2B domain, suggesting that this region of 

the protein might be a second Hsp70-binding TPR domain. Recently, using SPR 

spectroscopy, it was shown that whereas TPR2B domain of Hop bound Hsp70 with a 

very low affinity, it did not interact with Hsp90 at all (Brinker et ai., 2002). Results of 

competition assays using 35S_Met Hsp70 and 35S_Met Hsp90 suggested that the 

binding of Hsp90 to Hop increased the affinity of Hop to bind to Hsp70 but not vice 

versa (Hernandez et ai., 2002). Furthermore, they predicted that in the cell, all of Hop 

might be in a complex with Hsp90, more so since Hsp90 is more abundant than Hop 

(Hernandez et ai. , 2000). Therefore, it seems logical to think that the only species of · 

Hop that Hsp70 may interact with is a pre-existing Hsp90-Hop complex. However, 

data from this and other studies (Brinker et ai., 2002; Hernandez et ai. , 2002) did 

indicate 'that Hsp70 could interact with Hop in the absence of Hsp90, though with 

much lower affinity. 

Putting all these data together, one can predict that the TPR2B domain of mSTIl /Hop 

binds to Hsp70 in its ATP-bound state with low affinity whereas TPRI domain 

interacts more tightly with the ADP-bound Hsp70. If the predominant form of Hsp70 

in the cell is Hsp70-ATP as predicted (Hernandez et ai., 2002), then the proposed 

interaction of Hsp70-ATP with TPR2B of mSTI1IHop could be part of a cytoplasmic 

retention mechanism for Hsp70 in the cell. In the presence of the progesterone 

receptor substrate, Hsp40 will stimulate Hsp70 's ATP hydrolysis to generate ADP­

bound Hsp70 while the binding of Hsp90 to TPR2A of Hop will cause a 

conformational rearrangement which will result in the opening of TPRI domain for a 

tight binding of Hsp70. 
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Evidence to support these predictions comes from observation that ATP influences 

the interaction of Hsp70 with Hop but not of Hsp90 with Hop (Hernandez et al. , 

2002). They observed that at high concentrations of A TP and no Hsp40, the binding 

of Hsp70 to Hop was decreased. This inhibitory effect of A TP was reversed when 

Hsp40 was present, presumably through ATP hydrolysis to produce Hsp70-ADP. 

However these predictions must be confirmed experimentally. Evidently, there is a 

need to do more experiments to be able to clearly define the role of TPR2B domain. 

For example, the TPR2B domain could be used as bait in yeast two-hybrid system to 

identify TPR2B-interacting proteins. It is possible that TPR2B domain interacts with 

an entirely different protein. 
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5.1 

Chapter 5 

Characterization of the binding of mSTIl to 

Hsc70 and Hsp90 in vivo 

Introduction 

Chang et al (1997) provided the first evidence to show the direct interaction of STI I 

and Hsp90 in vivo. Combined mutations in Saccharomyces cerevisiae that eliminated 

STll or reduced intracellular concentrations of Hsp90 were found to greatly reduce or 

eliminate growth at normal temperatures. In a semi in vivo experiment, Lassie et al 

(\ 997) used a set of GST -STll fusion proteins comprising different parts of mSTll to 

pull down STll-interacting proteins from metabolically labelled M27 cell extracts. 

They found proteins of 70 and 90 kDa binding to the GST fusion protein that 

contained the complete mSTII sequence. Using fusion proteins representing discrete 

regions of the mSTn proteins, they found differential binding of the 70 and 90 kDa 

proteins to the N- and C-terminal domains ofmSTII respectively. 

Using complementation experiments, Dolinski et al (1998) showed that cyclophilin 

seven suppressor (Cns I) encoded an essential Stil homologue in Saccharomyces 

cerevisiae that suppressed cyclophilin 40 mutations and interacted with Hsp90. Using 

a yeast two-hybrid system with Hsc70 or its C-terminal 30-kDa domain as bait, Liu et 

al (1999) isolated several proteins interacting with Hsc70, including Hop. In addition, 

they demonstrated by both in vitro .and in vivo experiments that the TPR domains of 

these proteins were necessary and sufficient for mediating their interactions with 

Hsc70. All these data show that STn does interact with both Hsp90 '!lld Hsc70 in 

vivo. 

The objective of this study therefore, was to characterize in vivo the interactions of 

unmodified mSTII and its modified derivatives, especially N217(A49F, KSOE), with 

Hsp90 and Hsc70. For these experiments, pCEP4 mammalian plasmids (See 

Appendix B, Figure B.3 for plasmid map) carrying cDNAs encoding (Hisl6-tagged 

mSTll proteins were used to transiently transfect NIH3T3 mouse fibroblast cells. 
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Complexes containing (Hisktagged mSTIl proteins were co-precipitated from cell 

lysates using nickel-chelating sepharose beads (Arnersham Pharmacia Biotech, 

Uppsala, Sweden). After transferring onto nitrocellulose membranes, (Hisktagged 

mSTll proteins, Hsc70 or Hsp90 was immunodetected using specific antibodies. 

5.2 Experimental procedures 

5.2.1 Insertion of cDNAs encoding (Hish-tagged mSTIl proteins 

into pCEP4 mammalian plasmid 

Oligonucleotide primers were designed to amplify cDNAs encoding (Hisktagged 

full-length mSTIl, (Hisk543, C-terminal deletion modified mSTIl protein, (Hisk 

N217, and N-terminal deletion modified protein, (His)6-C334, with and without 

mutations. The forward primers were designed to include, from the 5' end, a Kpn I 

restriction site, a eukaryotic Kozak sequence, and a (His)6 tag coding sequence. The 

reverse primers contained, at the 5' end, a stop codon, and terminates with an Xho I 

restriction site. Polymerase chain reaction (PCR) was carried out as described in 

Appendix A, section A.I0. PCR products were resolved on a 1 % agarose gel. The 

band of interest was carefully excised from the gel and the DNA purified using the 

GFX Gel Band purification kit (Amersham Pharmacia Biotech, Uppsala, Sweden). 

The purified cDNA was ligated into the pGEMT cloning vector (See Appendix B, 

Figure B.2 for plasmid map) as described in Appendix A, section A.l1. The ligation 

product was used to transform E. coli XLI Blue cells. 

Plasmid DNA was isolated from the E. coli cells harbouring plasmids. Thereafter, the 

pGEMT clone was digested with Kpn I and Xho I restriction endonucleases to release 

the cDNA insert. The cDNA insert was purified from agarose gel, and finally ligated 

into pCEP4 mammalian expression vector, which had been previously digested with 

Kpn I and Xho I restriction endonucleases. Plasmid DNA preparations of the pCEP4 

clones were digested with Kpn I and Xho I restriction endonucleases to confirm the 

sizes of the cDNA inserts. In addition, mutations were further confirmed by 

automated DNA sequencing. 
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Table 5.1 : Design of primers for peR amplification of mSTIl cDNAs from 
pGEX3X plasmids 

Restriction endonuclease sites are indicated in bold letters, Kozak sequences are underlined, and (His), 
tag sequences are in italics. 

Name of Forward primer Reverse primer 
insert 
His·2000, s· ggtacc~gacatca/catcatca/calggaatggagcaggtgaatgag 3' 5' ctcgagttatcattatcaccgaangcgatgag 3' 
encoding full-

I, .. " " mSTlI 
His-70O, 5' ggtacc~acatcatca/catca/catggaatggagcaggtgaatgag 3' 5' ctcgagttatcagatcncttccattgg 3' 
encod ing N217 
protein 
His-1400, 5' ggtacc~gacaicatcatca/catcatgaacccaagccagaaccaatg 3' 5' ctcgagttatcattatcaccgaattgcgatgag 3' 
encoding C334 
prote in 

5.2.2 Transfection of NIH3T3 mouse fibroblast cells with pCEP4 

plasmids carrying mSTIl cDNAs 

Ultra-pure pCEP4 plasmids carrying mSTll cDNAs were prepared using the QIAprep 

Spin Miniprep kit (QIAGEN, Hilden, Germany). The plasmid DNA preparations were 

then used to transiently transfect actively growing cultures of NIH3T3 mouse 

fibroblast cells by calcium phosphate mediation (See Appendix A, section A.17). As 

controls, pCEP4 vector and pBCMGNeo-mSTIl-EGFP plasmids (encoding EGFP­

tagged mSTIl , from Vicky Longshaw) were used in separate transfections. The cells 

were harvested 48 hours after transfection and lysed. In this study, only three pCEP4 

clones were used for transfection: pCEP4His-2000 (encoding (Hisk543), pCEP4His-

700 (encoding (HiskN217), and pCEP4His-700(A49F, K50E) (encoding (His)6-

N217(A49F, K50E)). 

5.2.3 Detection of Hsc70-mSTIl-Hsp90 complexes using 

immobilized metal ion affinity chromatography 

For each transfection event, cells were pooled from ten 75-cm2 tissue culture flasks 

and lysed in 2 ml of lysis buffer (See Appendix A, section A.16 for details on lysis). 

The lysates were clarified by centrifugation at 12,000 x g for 30 minutes at 4°C. 500 

fll of the clarified lysate was removed before adding 500 fll of 50 % slurry of 

chelating sepharose beads, previously charged with NiS04 (nickel SUlphate). Binding 

to the nickel chelating sepharose beads continued for 3 hours after which the beads 

were washed extensively with ample amounts of ice-cold PBS to remove unbound 

proteins. The beads were then resuspended in 100 fll of SDS-PAGE sample buffer and 
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heated for 5 minutes at 95°C. The mixture was centrifuged briefly to pellet the beads 

before loading 25 III of the supernatant on a 0.1 % SDS-IO % PAGE gel (See 

Appendix A, section A.19 for details). After transferring onto nitrocellulose 

membranes, (Hisl6-tagged mSTIl proteins, Hsc70 or Hsp90 was immunodetected 

using specific antibodies (See Appendix A, sections A.20 and A.21 for details). 

5.3 Results 

5.3.1 (HiskmSTIl encoding cDNAs were successfully ligated into 

pCEP4 mammalian expression vector. 

PCR amplification of the cDNAs encoding various (Hisktagged mSTIl proteins was 

successful. DNA bands, of the correct sizes were obtained (see section 5.2.2), with 

little or no contaminating non-specific DNA bands. Nonetheless, before ligating into 

pGEMT cloning vector, correct bands were excised from low-temperature agarose 

gels and purified. Insert DNA of the right sizes were successfully cloned into pCEP4 

mammalian expression vector (results not shown). 

5.3.2 (Hisktagged mSTIl proteins were successfully expressed 

transiently in NIH3T3 mouse fibroblast cells. 

The presence of (Hisktagged mSTIl proteins in the Iysates of transiently transfected 

NIH3T3 cells was revealed by immunodetection using anti-(His)6 antibody, prior to 

chelating with nickel sepharose. Bands corresponding to (Hisk543 (- 64 kDa), 

(Hisl6-N217 (- 27 kDa) , and (HiskN217(A49F, K50E) (- 27 kDa) were observed 

(Figure 5.1). Additional bands observed could be due to cross-reactivity of the 

primary antibody with other proteins. 
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64 kD ...... -_. 
• - .... 27kD. 

Figure 5.1: Transient expression of (His).-tagged mSTII proteins in NIH3T3 mouse fibroblast 
cells. 
Autoradiogram of chemiluminescence·based immunodetection of (His).-543 (- 64 kDa), (His).-N217 
(- 27 kDa) and (His).-N217(A49F, K50E) (- 27 kDa) proteins encoded by the respective pCEP4 
plasmids indicated above each lane, after their expression in NIH3T3 mouse fibroblast cells. Controls 
used were pCEP4 plasmid vector and pBCMGNeo-mSTII-EGFP mammalian plasmid, which encodes 
full-length EGFP-tagged mST! I (EGFP-543). 543 and N217 represent full-length and C-terrninal 
truncated mSTIl proteins respectively. EGFP: enhanced green fluorescent protein. 

5.3.3 (HiskN217 and (HiskN217(A49F, K50E) proteins interacted 

with both Hsc70 and Hsp90 in vivo. 

Chemiluminescence-based immunodetection analysis revealed that all the three 

mST!1 proteins, (HiskS43, (HiskN2l7 and (HiskN2l7(A49F, KSOE) were able to 

bind to Hsc70 in vivo (Figure S.2A). The strong binding of (His)6-N217(A49F, KSOE) 

to Hsc70 in vivo was however unexpected since in vitro binding assays revealed that 

this modified mSTIl protein had a very low capacity to bind to native Hsc70 from the 

lysates of NIH3T3 mouse fibroblast cells (see Figure 3.9). Similarly, all the three 

proteins were found in complex with Hsp90 in vivo (Figure S .2B). While the strong 

interactions .of (HiskS43 and (HiskN2I 7(A49F, KSOE) with native Hsp90 

corroborated results obtained from in vitro binding assays, binding of (HiskN217 to 

Hsp90 was contrary to in vitro results (see Figure 3.10). Transfection with both 

pCEP4 vector and pBCMGNeo-mSTIl-EGFP plasmids produced no 

chemiluminescence detection with anti-(His)6 antibody, suggesting that there was no 

background reactivity with the antibody. 
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A 

Hsc70 ';::31 

B 

Hsp90 _ """" -.. -
Figure 5.2: (His),-S43, (His),-N217 and (His),-N217(A49F, KSOE) proteins interacted with both 
Hsc70 and Hsp90 in vivo. 
A: Autoradiogram of chemiluminescence-based immunodetection of Hsc70 in complex with mSTIl 
proteins indicated above each lane, after their expression in NIH3T3 mouse fibroblast cells. B: 
Autoradiogram of chemiluminescence-based immunodetection of Hsp90 in complex with mST!! 
proteins indicated above each lane, after their expression in NIH3T3 mouse fibroblast cells. 543 and 
N2l7 represent full-length and C-terminal truncated mSTIl proteins respectively. EGFP: enhanced 
green fluorescent protein. 

5.4 Discussions 

The objectives of this study were to (i) verify the in vitro binding assay results and (ii) 

further characterize the interactions of mSTIl protein and its various derivatives with 

Hsc70 and Hsp90 in vivo. To eliminate the possibility of endogenous glutathione-S­

transferase enzyme interference with protein-protein interactions, the mSTIl proteins 

were tagged with a small tag, 6 x histidine, (Hisk The pCEP4 mammalian expression 

vectors carrying cDNAs of various mSTII protein derivatives were used to transiently 

transfect NIH3T3 cells. Complexes containing (Hisktagged mSTIl proteins were 

precipitated from the celllysates using nickel-chelating sepharose, and the presence of 

Hsc70 and/or Hsp90 in the co-precipitating complexes was detected using specific 

antibodies against these chaperones. The most interesting findings were the fact that 

(HiskN217 and (HiskN217(A49F, K50E) were able to interact significantly with 

Hsp90 and Hsc70, respectively. The GST-tagged N217 protein was found not to bind 

to Hsp90 in vitro, since the Hsp90-binding TPR2A had been deleted. Similarly, 
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results from in vitro binding assays indicated that GST-N217(A49F, K50E) had very 

low capacity to bind to Hsc70, whereas it was able to bind to Hsp90 very strongly. It 

seemed therefore that there was involvement of endogenous Hsc70-mSTIl-Hsp90 

complex in the interactions. There are many possible explanations for this 

phenomenon. First, N217 interacts directly with Hsc70, which in turn interacts also 

directly with Hsp90. Some investigators have reported that purified Hsp70 and Hsp90 

interact directly with each other to form weak Hsp90-Hsp70 complexes. (Murphy et 

at., 2001 and Morishima et al., 2001). Whether this direct interaction between Hsp70 

and Hsp90 occurs in the cell, and its stoichiometry, is yet to be experimentally 

investigated. 

A second explanation is the mediation of endogenous mSTIl in bringing Hsc70 and 

Hsp90 together in close proximity. In this case, N217 displaces endogenous mSTIl to 

bind to Hsc70, while Hsp90 maintains a weak interaction with Hsc70. Similarly, 

complex formed between N217(A49F, KSOE) and Hsp90 in vivo could co-precipitate 

with Hsc70 either by direct Hsc70-Hsp90 interaction or by Hop mediated interaction 

of Hsc70 with Hsp90. Since N217(A49F, K50E) interacts very strongly with Hsp90, 

it is possible for the complex to precipitate more Hsc70/Hsp70 compared to the 

control N217. The other possibility is that N217 or N217(A49F, K50E) may dimerise 

with full-length mSTI 1 in complex with both Hsc70 and Hsp90. This is only a 

speculation since the dimerization of mSTIl /Hop in vivo and the domains(s) involved, 

has not been shown experimentally. 

Intriguing however is the fact that in in vitro binding assays, GST-N217 did not show 

any detectable interaction with Hsp90 (See Chapter Three, Figure 3.10), neither did 

GST-S43(Y27 A) (See Chapter 3, Figure 3.9) show any detectable interaction with 

Hsc70. One explanation for this is that, in vitro, exogenous recombinant mSTII is 

unable to displace native mSTIl from the pre-existing complexes with Hsc70 or 

Hsp90 in the cell lysates. Therefore, it is only capable of binding to free Hsc70 or 

Hsp90 in the lysates. Whereas endogenously expressed recombinant mSTIl not only 

binds to free Hsc70 and Hsp90, it seems to be able to compete with and probably 

displace native mSTll from complexes with Hsc70 and/or Hsp90. A better negative 

control for this in vivo experiment would be an mSTll protein derivative incapable of 

binding to both Hsc70 and Hsp90. Finally, it is possible that a mutant in vivo might be 
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III a more native state because of better chaperoning or the influence of post­

translational modifications such as phosphorylation. Also, the in vivo complexes may 

contain more proteins that help keep everything together. 
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Chapter Six 

Summary and Conclusions 
The STII co-chaperones are associated with the dynamic Hsp70lHsp90-dependent 

multi-chaperone complexes involved in the folding and functional maturation of some 

specific target substrates such as the steroid hormone receptors and cell cycle kinases. 

While STII has no measurable chaperone activity in vitro, it is important for the 

assembly of glucocorticoid receptor-chaperone complexes in vivo . In this study, a 

combination of techniques was used to characterize both qualitatively and 

quantitatively the contacts necessary for the N-terminal TPR domain of mSTIl to 

bind to Hsc70. In vitro binding assays revealed that basic residues especially Lys8 and 

Asn 12 in the helix A of the first TPR motif in mSTIl are important in mediating its 

interaction with Hsc70. 

While single mutation of either of these residues did not affect interaction of mSTIl 

significantly, double substitution abrogated binding. This suggests that a network of 

electrostatic interactions is involved in the mSTIl-Hsc70 complex formation. On the 

other hand, mutations of any of the charged residues in helix A of the second TPR 

motif, could not abrogate binding of mSTIl to Hsc70. Binding assay results showed 

that mSTII without the C-terminus was able to bind sufficiently with Hsc70. 

Combined results from steady state fluorescence and circular dichroism spectroscopy 

studies suggested the double substitution of Lys8 and Asn 12 might have disrupted 

contacts made by TPRI domain with other parts of mSTII. Putting all these data 

together, it is therefore proposed that an additional domain exits in mSTIl, possibly at 

the C-terminus, which together with TPRI domain is required for the complete 

binding of Hsc70 (Figure 6.1) (Odunuga et al., 2003). 

This model proposes two possible mechanisms for the binding of Hop to Hsc70. First, 

Hsc70 makes contacts with both the TPRI domain and the proposed C-terminal 

domain (C domain) without any direct contacts between TPRI and C domains 

themselves (Figure 6.1 , pathway A). Second, TPRI makes direct contacts with C 

domain, which together bind Hsc70 (Figure 6.1, pathway B). Data from this study 

support the latter hypothesis. While TPRI domain alone can bind successfully to 
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Hsc70, C domain may not. But both domains are required for a complete and 

functional binding of Hop/mSTII to Hsc70. In addition to the above, it is further 

proposed that TPR2B binds to Hsp70, possibly in its ATP bound form. Possible 

experiments that could be carried out to test these hypotheses will include mutation of 

residues within the loop region between TPR2B and C domain. Mutations in this loop 

region will affect the interactions between TPRI and C domains. In addition, further 

mutations other than those already done within the C domain of Hop/mSTII , 

especially in identified motifs such as DPEV and DPAM (Chen and Smith, 1998) will 

be necessary to determine their effects on the proposed contacts between the TPRI 

and C domains. The two domains can be isolated either by tryptic digestion or 

recombinant expression, and direct binding assays can be carried out in the presence 

and absence of Hsp70. Also, interaction between TPRI and C domains can be 

monitored using fluorescence resonance energy transfer. 

Figure 6.1 :Proposed models for the interaction of Hop/mSTII with Hsp70 and Hsp90. 
I: TPRI domain; 2A: TPR2A; 2B: TPR2B; C: Proposed C-terminal domain. 
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In the second part of the study, interactions predicted by the crystal structures to 

mediate mSTI 1 discrimination between Hsp70 and Hsp90 were characterized by a 

combination of site-directed mutagenesis, in vitro binding assays and surface plasmon 

resonance spectroscopy. Results from these experiments revealed that while Hsp90-

binding capacity could be engineered on the Hsp70-binding N-terminal TPR domain 

of mSTIl, the reverse was not possible. In addition, this study reveals the importance 

of residues C-terminal of helix A of the second TPR motif in TPRl, in determining 

specificity of binding ofmSTIl to Hsp70 (Odunuga et al., 2003). 

In vivo characterization of these interactions was attempted. Histidine-tagged mSTII 

proteins were for the first time successfully expressed in cultured mouse fibroblasts 

using mammalian expression vector. One of the outcomes of the in vivo study was 

revealing the differences in the dynamics of interactions between Hop/mSTIl and 

pre-existing complexes in in vivo and in vitro experiments. This study indicates that 

purified exogenous recombinant mSTIl cannot displace native mSTIl from 

complexes with Hsc70 and/or Hsp90 in cell lysates, rather it binds free Hsc70 and 

Hsp90. Whereas endogenously expressed recombinant mSTII can compete with and 

displace native mSTIl from complexes with Hsc70 and/or Hsp90. 

The experiments on the in vivo characterization of the TPR-mediated interactions of 

mSTII /Hop need to be extended further to determine the effects of substitutions of 

other residues within both TPRI and TPR2A domains. Other functional studies can be 

done by using the modified mSTIl proteins in receptor complex reconstitution 

experiments. Additional experiments are needed to identify proteins that specifically 

interact with TPR2B. 
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Appendix A 

General Experimental Procedures 

A.I Preparation of competent bacterial cells 

Escherichia coli (E. coli)(XLI Blue) cells carefully picked from a fresh Luria Broth 

(LB) agar plate containing 100 flglml ampicillin, were grown overnight in LB broth 

containing 100 flglml ampicillin with shaking at 37°C. The culture was diluted 1 :200 

into 50 ml LB broth containing 100 flglml ampicillin and grown with shaking at 37°C 

to early log phase; about 3 hours (absorbance = OJ - 0.6). The cells were collected by 

centrifugation at 5,000 x g for 5 minutes at 4°C. In all further steps, the cells were 

kept on ice. The cells were resuspended in 50 ml (I x culture volume) of ice-cold 0.1 

M MgCh and left on ice for 2 minutes. The cells were pelleted as before and gently 

resuspended in 25 ml (1/2 x culture volume) of ice-cold 0.1 M CaCh and allowed to 

stand on ice for 2-3 hours. Finally, the cells were collected as before, resuspended in 5 

ml (1/10 x culture volume) of ice-cold 0.1 M CaCh and immediately stored in 30 % 

glycerol (ratio 1: 1) at -70°C in suitable aliquots. 

A.2 Transformation' of competent bacterial cells 

Transformation was done using E. coli (XLI Blue) bacterial cells. Competent bacterial 

cells were prepared as described in section A.!, Epicurean E. coli (XLI Blue) super­

competent cells were purchased from Stratagene. Frozen competent or super­

competent bacterial cells were thawed on ice and aliquoted into prechilled 1.5-ml 

Falcon tubes. To each 100 fll aliquot of competent cells (or 50 fll of super-competent 

cells) was added 2 fll of I : 1 0 dilution of ~-mercaptoethanol , the mixture was swirled 

gently and incubated for 10 minutes with gentle swirling every two minutes. To each 

transformation reaction was added 100 ng of DNA (or 1 to 5 fll of whole plasmid 

amplification products) and the reaction mixture swirled gently. 0.1 ng of pUCl8 was 

used as control plasmid to calculate competence and transformation efficiency. All 

tubes were allowed to stand on ice for 30 minutes. The cells were heat-shocked at 

42°C for 2 minutes (for competent cells) or 45 seconds (for super-competent cells). 
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The tubes were immediately transferred onto ice and allowed to stand for another 2 

minutes (cold shock). Pre-warmed LB broth was then added to the I ml mark and the 

reaction incubated for 30 - 60 minutes at 37°C to allow for the expression of the 

ampicillin resistance gene. Afterwards, the cells were collected by centrifugation at 

12,000 x g for 1 minute in a microcentrifuge; 900 III of the supernatant was carefully 

removed, and the cells resuspended in the remaining 100 Ill. The transformed cells 

were then plated out onto LB-ampicillin agar plates and incubated at 37°C for > 16 

hours. 

A.3 Calculation of Transformation Efficiency (TE) 

N = number of colony forming units (cfu) per 100 III oftransformation reaction 

10 x N cfu per 1000 III (1 ml) of transformation reaction 

10 x N cfu per 100 ng of DNA 

10 x 10 x N per 1000 ng (1 Ilg) of DNA 

With the super-competent cells, transformation with pUC 18 control plasmid yielded 

>250 colonies giving a transformation efficiency> 108 cfulllg DNA. 

A.4 Small-scale preparation of plasmid DNA 

A.4.1 Conventional miniprepping by alkaline lysis 

E. coli (XLI Blue) cells transformed with the plasmid of interest were carefully picked 

from a single colony on a fresh LB-ampicillin agar plate and grown overnight in 4 ml 

of LB-ampicillin broth at 37°C with shaking. I ml of the overnight culture was put 

into a 1.5-ml Falcon tube and centrifuged at 12,000 x g for 1 minute in a 

microcentrifuge. The cell pellets were resuspended in 100 III of solution I 

(Resuspension buffer: 50 mM glucose, 25 mM Tris-HCI, 10 mM EDTA, pH 8.0) and 

incubated at room temperature for 5 minutes. Into the mixture was added 200 III of 

solution II (Lysis buffer: 0.2 M NaOH, 1 % SDS) and allowed to stand for 2 minutes · 

on ice. ISO III of solution III (Neutralisation buffer: 3 M potassium acetate, pH 5.0) 

was added and the mixture was further incubated on ice for 5 minutes. After 

incubation, the mixture was centrifuged for 10 minutes at 12,000 x g at room 

temperature. The supernatant was carefully collected into a new 1.5-ml tube and the 

DNA was precipitated by adding I volume of isopropanol , incubating at room 

temperature for 2 minutes and centrifuging at 12,000 x g for 20 minutes at 4°C. The 
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pellet was washed by gentle inversion in 200 fll of room temperature 70 % ethanol 

and centrifuging as above for 1 minute. The DNA was allowed to dry slightly before 

resuspending in appropriate volume of Tris-EDTA (TE buffer; 10 mM Tris-HCI, 1 

mM EDTA, pH 8.0). To further remove contaminating salts, after isopropanol 

precipitation, the DNA pellet was resuspended in 400 fll of TE buffer and one tenth 

volume of 3 M sodium acetate solution (PH 5.2) and precipitated with 2 volumes of 

ice-cold absolute ethanol at _20°C for 30 minutes. The DNA precipitant was then 

collected by centrifugation at 12,000 x g for 20 minutes before washing with 70 % 

ethanol. The plasmid DNA was stored at -20°C. Alternatively, extra-pure plasmid 

DNA was isolated using the High Pure Plasmid Isolation Kit for mini preparations 

(Roche Diagnostics, Hilden, Germany) or the QIAprep Spin Miniprep kit, (QIAGEN 

Hilden, Germany). Manufacturers protocols were followed. 

A.S Large-Scale preparation of plasmid DNA 

Extra-pure plasmid DNA was isolated in large scale using the QIAGEN Plasmid Maxi 

Kit (QIAGEN, Hilden, Germany), according to manufacturer's protocols. 

A.6 Determination of DNA purity and concentration 

DNA absorbance spectrum was scanned between 220 and 300 nm and the purity 

calculated according to the formula: 

Absorbance at 260 nm 

Absorbance at 280 nm 

A value ~2 was taken as indication of 100 % DNA purity. 

Plasmid DNA concentration was calculated as follows: 

1.0 Absorbance unit of double stranded DNA at 260 nm = 50 flg/nrl 

Therefore DNA concentration (flg/ml) = Absorbance unit at 260 nm x 50 flg/ml x 

dilution factor 
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A.7 Restriction endonuclease digestion of double-stranded 

DNA 

For each single and double digestion, the following protocol was used: 

Reagents 

Sterile de-ionised H20 

lOx Restriction buffer 

ds DNA (100 - 500 ng) 

Volume (J.!l) 

16 

02 

02 

Adding 2 units of restriction endonuclease started the reaction. The mixture was 

incubated for at least 2 hours at the recommended temperature for the enzyme and the 

reaction stopped by the addition of 4 J.!l of 6 x DNA gel loading buffer (0.25 % 

bromophenol blue and 30 % glycerol). For double digestion, restriction endonuclease 

enzyme that required low ionic strength buffer or low temperature was first used to 

digest the DNA before adding high ionic strength buffer or incubating at higher 

temperature. For bulk digestion, 2 J.!g of DNA and 20 - 40 units of enzyme were used. 

Lambda DNA molecular weight marker was prepared by digesting Lambda DNA 

with Pst I as follows : 

Reagents 

Sterile de-ionised H20 

lOx Restriction buffer 

Lambda DNA (10 ug) 

Volume (J.!I) 

160 

20 

20 

Adding 20 - 40 units of Pst I initiated reaction. The reaction was allowed to occur 

overnight to ensure that the DNA was properly cut, and stopped by adding 40 J.!l of 6 

x DNA gel loading buffer. The digestion products were analysed on a I % agarose 

gel. 

A.8 Agarose gel electrophoresis 

For a I % gel, I g agarose was suspended in Tris-Borate-EDTA (TBE; 0.045 M Tris­

base, 0.045 M Borate, 0.001 M EDTA, pH 8.3) buffer to a total volume of 100 ml. 

The agarose was melted in a microwave oven for 30 to 60 seconds and allowed to 

cool down to about 55°C. 5 J.!l of 10 mglml ethidium bromide was added to give a 

final concentration of 0.5 J.!glml before the agarose was poured into the gel casting 
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platform. A comb was inserted at one end of the gel platform. After hardening, the 

comb was carefully removed to avoid tearing of the sample wells. The gel casting 

platform was lowered into an electrophoretic tank and TBE added to a depth of about 

3 mm above the gel. All air bubbles trapped in the wells were carefully removed 

before loading the DNA samples with a pipetteman. The leads were set such that the 

DNA would move towards the anode. A voltage of 100 V was applied and the 

samples were allowed to run to 75 % of the length of the gel. The DNA was 

visualised and photographed by placing on an ultraviolet (UV) light source. 

A.9 Oligonucleotide-directed mutagenesis 

Oligonucleotide-directed mutagenesis was done by non-PCR based double-stranded 

whole plasmid linear amplification using complementary mutagenic oligonucleotide 

primers. The QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, USA) 

was used. The following reagents were put into thin-walled 0.2-ml PCR tubes. 

Control Reaction 

Reagent 

Sterile de-ionised H20 

lOx Reaction buffer 

dNTPs mix (10 mM each) 

Primer #1 (100 ng/l-tl) 

Primer #2 (100 ng/f.tl) 

pWhiteScript plasmid DNA (5 ng/f.ll) 

PfuTurbo DNA polymerase (2.5 U/f.ll) 

Total volume 

Test Reaction 

Reagent 

Sterile de-ionised H20 

lOx Reaction buffer 

dNTPs mix (10 mM each) 

Forward primer (250 nglf.l\) 

Reverse primer (250 nglf.ll ) 

Volume (f.ll) 

38.5 

5 

1 

1.25 

1.25 

2 

50 

Volume (f.ll) 

32 

5 

1 

5 

5 
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Template DNA (100 ng/lll) 

PfuTurbo DNA polymerase (2.5 Villi) 

Total volume 

2 

1 

50 

The reaction was not overlaid with mineral oil since the temperature cycler block was 

sealed. The reactions were cycled using the cycling parameters outlined in Table A.I 

below. 

Table A.I: Cycling parameters for the QuikChange site-directed mutagenesis 
protocol 

Segment No of Cycles Temperature Time 

I I 95"C 30 seconds 

2 18 95"C 30 seconds 

52uC 1 minute 

68"C 2 minuteslkilobase of plasmid length 

3 I 78"C I minutelkilobase of plasmid length 

After cycling, the reaction was removed and allowed to cool doWn to 4°C. To digest 

the contaminating parental plasmid DNA, I III of Dpn I (10 units) was added, after 

which the mixture was incubated at 37°C for 1 to 2 hours. The final products were 

analysed on a 1 % agarose gel using 15 III of mutagenesis products and 5 III of 6 x 

DNA gel loading buffer. 

A.10 Polymerase chain reaction (peR) 

Polymerase chain reaction was done using the Expand High Fidelity PCR System 

(Roche Diagnostics, Hilden, Germany). A 50-Ill reaction volume was set up as shown 

in the protocol. below. 

Reagents 

Master Mix I 

Sterile de-ionised H20 

dNTPs mix (10 mM each) 

Forward primer (300 nM) 

Reverse primer (300 nM) 

Volume (Ill) 

21 

1 

1 

1 
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Template DNA (500 ng) 

Master Mix 2 

Sterile de-ionised H20 

lOx Reaction buffer containing 15 mM MgCh 

Expand High Fidelity Enzyme mix 

Total volume 

1 

19 

5 

1 

50 

DNA amplification was done using the cycling parameters in Table A.2. 

Table A.2: Cycling parameters for Polymerase Chain Reaction 

Segment No of Cycles Temperature Time 

I 1 94uC 2 minutes 

2 25 94uC 0.5 minute 

55uC 1 minute 

nuc 2 minuteslkilobase of plasmid length 

nuc 10 minutes 

The PCR products were analysed on a I % agarose gel using 5 j.ll of mutagenesis 

products and I j.ll of 6 x DNA gel loading buffer. 

A.ll DNA ligation 

Ligation reaction was set up as follows: 

Reagents 

Sterile de-ionised H20 

lOx Ligase buffer 

Vector DNA (100 ng/j.ll) 

Insert DNA 

T4 DNA Ligase (I Weiss Unitlj.ll) 

Total volume 

Volume (j.ll) 

X 

I 

1 

X 

1 

10 

The amount of insert used was calculated based on a molar ratio of 3: I (insert : 

vector) using the formula below. 

ng of vector x kilobase size of insert 
kilo base size of vector 

x 1 
1 
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The reaction was incubated either at room temperature for 3-5 hours or at 4°C 

overnight. After ligation, 1 III of the reaction mixture was used to transfonn E. coli 

(XLI Blue) as described in section A.2. 

A.12 Automated DNA sequencing 

DNA sequencing was done using the ABI 3100 Genetic Analyser, which is based on 

capillary electrophoresis. Extra-pure DNA samples were obtained using the QIAprep 

Spin Miniprep kit. The DNA was resuspended in sterilised ultra-pure water to reduce 

salt contamination that might interfere with sequencing. Reactions for thennocycling 

were prepared by mixing 200 - 500 ng of double stranded plasmid DNA, 3.2 pmol 

primer and the volume made up to 12 III with sterile de-ionised water. To the mixture 

was added 8 III of BigDye V3.0 tenninator Cycle Sequencing System (P E 

Biosystems, Foster City, U.S.A) before amplification was carried out using the 

parameters below. 

\. Rapid thennal ramp to 96°C 

2. 96°C for 10 seconds 

3. Rapid thennal ramp to 50°C 

4. 50°C for 5 seconds 

5. Rapid thennal ramp to 60°C 

6. 60°C for 4 minutes 

7. Rapid thennal ramp to 4°C and hold until ready to clean. 

To clean up the DNA after cycling, BNA Clean and Concentrator-5 columns (Zymo 

Research, California, U.S.A) was used, following manufacturer's instructions. The 

samples were dried either in an incubator or in a vacuum drier before sequencing. 

A.13 Determination of solubility of target recombinant 

protein(s) 

Generally, before large-scale production of recombinant proteins, the solubilities of 

the proteins were detennined in a small-scale culture. A 10 ml LB-ampicillin culture 

of freshly picked colony of E. coli XLI Blue cells carrying pGEX3X derived plasmid 

construct encoding the protein of interest was grown overnight at 37°C with vigorous 

shaking. The culture was used to inoculate (\:10 dilution) a 50 ml fresh LB-ampicillin 

medium, and the culture was allowed to grow for 2 - 3 hours until the cells reached 
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the log phase (00600 = 0.5 - 0.7). A 1 ml sample of the culture was aliquoted before 

inducing with isopropyl-I-thio-~-O-galactopyranoside (IPTG) and served as 

uninduced sample. The culture was grown for another 4 hours before a second I ml 

sample was taken which served as induced sample. Each 1 ml sample taken was 

centrifuged, and the cell pellets resuspended in 50 j.11 of phosphate-buffered saline 

(PBS; 137 mM NaCI; 2.7 mM KCl; 10 mM Na2HP04; and 2 mM KH2P04; pH 7.4) 

and 50 j.11 of SOS-PAGE sample buffer (100 mM Tris, pH 6.8; 5 % ~­

mercaptoethanol; 4 % SOS; 0.2 % Bromophenol blue; and 20 % glycerol). The 

remaining cells were harvested by centrifugation at 5000 x g for 5 minutes and 

resuspended in 5 ml ice-cold PBS. The cells were lysed by sonication using 3 x 30 

seconds bursts with 30 seconds pause at 200-300 W, on ice. The lysate was 

centrifuged at 12,000 x g for 20 - 30 minutes at 4°C. The supernatant was carefully 

decanted and served as crude extract A containing the soluble proteins. The pellets 

were resuspended in 5 ml PBS and regarded as crude extract B con~aining the 

insoluble proteins and cell debris. To 50 j.11 each of crude extracts A and B was added 

50 j.11 of SOS sample buffer. All the samples were heated at 95°C for 3 - 5 minutes 

before resolving on SOS-PAGE gel. 

A.14 Large-scale heterologous production and purification of 

recombinant GST fusion mSTIl proteins 

A 200 ml LB-ampicillin culture of freshly picked colony of E. coli XLI Blue cells 

carrying pGEX3X derived plasmid constructs was grown overnight at 37°C with 

vigorous shaking. The culture was used to inoculate (I: 1 0 dilution) aiL fresh LB­

ampicillin medium, and the culture was allowed to grow for 2 - 3 hours until the cells 

reached the log phase (00600 = 0.5 - 0.7). Over-production of recombinant GST 

fusion proteins was induced for 5 - 6 hours at 37°C with I mM IPTG. The cells were 

harvested 5000 x g for 5 minutes and lysed by mild sonication in one-hundredth­

culture volume of ice-cold PBS containing phenylmethylsulphonyl fluoride (PMSF; 1 

mM final concentration). The sonicate was incubated, with gentle agitation, for 30 -

60 minutes at room temperature after the addition of Triton X-IOO to 1 % final 

concentration. The extracts were clarified by centrifugation at 12,000 x g for 20 - 30 

minutes at 4°C. 
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The overexpressed GST -mSTIl proteins were purified using S-hexyl glutathione 

agarose affinity chromatography. Aliquots of clarified extracts were added to 50 % 

(w/v) slurry of glutathione agarose beads (2 ml bed volume per 100 ml of extract) 

previously equilibrated ,with PBS. Binding was allowed to occur for I h at 4°C with 

gentle rocking. Afterwards, the beads were washed extensively with ice-cold PBS by 

centrifugation at 500 x g for 5 minutes at 4°C. To the sedimented matrix was added 

glutathione elution buffer (10 mM reduced glutathione in 50 mM Tris-HCI, pH 8.0; 

50 fl.l per 100 fl.l glutathione agarose used). The matrix was resuspended gently in the 

elution buffer and incubated for 10 minutes at room temperature to elute the bound 

proteins. Eluted proteins were resolved by electrophoresis on a 12 % sodium dodecyl 

sulphate (SDS) polyacrylamide gel. 

A.IS Large-scale heterologous production and purification of 

recombinant (Hisktagged mSTIl proteins 

Heterologous production of (Hisktagged mSTII proteins in exponentially growing E. 

coli cells was induced by I mM IPTG. The E. coli cells were treated and lysed as 

described in section A.14 above. The clarified lysate was loaded onto a nickel­

chelating sepharose resin column. Washing of the column was done using a buffer 

containing 50 mM Na2HP04, pH 7.5, 20 mM imidazole, and I mM PMSF. The 

protein was eluted with a linear gradient of 20 - 300 mM imidazole. The imidazole 

ligand was removed from the protein by gel filtration in a Sephadex G-25 column. 

Buffer exchange was achieved by loading the purified protein onto a hydroxyapatite 

column previously equilibrated with 20 mM K2HP04, pH 7.5 and eluting with a linear 

gradient of 20 - 300 mM K2HP04. The homogeneity of the protein was assessed by 

SDS-PAGE and SEC-HPLC using a LKB model 2150. 

A.I6 Culture and lysis of NIH3T3 mouse fibroblast cells 

NIH3T3 mouse fibroblast cells (Highveld Biological, Lyndhurst, South Africa) were 

cultured in complete DMEM (Dulbecco ' s modified Eagle 's medium supplemented 

with 10 % foetal calf serum and I % penicillin (100 U/ml)/streptomycin (100 fl.glml) 

solution), at 37°C and 5 % CO2 in humidified incubator until they reached 80 - 100 % 

confluency. The cells were harvested by trypsinization followed by three washes with 

room temperature PBS. The harvested cells were resuspended in appropriate volume 
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of lysis buffer (50 mM Tris-HCI; ISO mM NaCl; 0.02 % sodium azide; 100 f.lg/ml 

PMSF; I f.lg/ml Aprotinin; and I % Triton X-100) and incubated at 4°C for 10 

minutes to allow lysis to occur. The lysate was centrifuged at 12,000 x g for 30 

minutes at 4°C, and the supernatant used immediately. 

A.I7 Transfection of NIH3T3 mouse fibroblast cells 

Prior to transfection, exponentially growing NIH3T3 mouse fibroblasts were 

harvested by trypsinization and re-plated in 60-mm tissue culture dishes in complete 

DMEM. The cultures were incubated for 24 hours to a confluency of 40 - 60 %, at 

37°C and 5 % C02 in a humidified incubator. The medium was changed 1 hour before 

transfection. Calcium phosphate-mediated transfection of the cells was done using the 

CellPhect Transfection kit (Amersham Biosciences, Buckinghamshire, England). 

Approximately 3 f.lg of DNA was dissolved in 120 f.ll of sterile de-ionised water 

before mixing with 120 f.ll of Buffer A. The mixture was vortexed briefly and 

incubated for 10 minutes at room temperature. To the mixture was added 240 f.ll of 

Buffer B, followed by vortexing for several seconds and incubation for IS at room 

temperature, to allow precipitates to form. The calcium phosphate-DNA precipitate 

was added to the cell culture and mixed properly with the medium. Incubation was 

continued for another 12 hours to allow the cell to take up the precipitate. The cells 

were washed twice with ordinary DMEM to remove any remaining precipitate after 

which 1.5 ml of IS % (v/v) glycerol in I x HEPES-buffered saline (140 mM NaCl; 

1.5 mM Na2HP042H20; and 50 mM HEPES) was added and followed by another 

incubation for 3 minutes at room temperature. The cells were rinsed with ordinary 

DMEM; 3 ml of complete DMEM was added and incubation was continued for 48 -

72 hours before harvesting. 

A.IS Glutathione affinity pull down assays 

In separate I ml reactions, GST-mSTIl fusion proteins were added to 100 f.ll of 50 % 

slurry of glutathione agarose beads to a final concentration of 0.3 f.lM. Binding was 

allowed to occur for 1 h at 4°C after which unbound fusion protein was removed by 

washing three times in ice-cold PBS. Hsc70 binding assays were conducted by 

incubating the coupled agarose beads with 250 f.lg of crude extracts ofNIH3T3 mouse 

fibroblast cells (see section A.16) and making up to 1 ml with ice-cold PBS. In Hsp90 

119 



binding assays, purified rat or chicken Hsp90 (kind gifts from Dr Csaba Soti and Dr 

David Smith respectively) rather than extract proteins was added to a final 

concentration of 0.025 ~M. After incubation for 2 hours at 4°C, the beads were 

collected and washed extensively in ice-cold PBS to remove non-specifically bound 

extract proteins. The bound proteins were solubilised in 50 ~I of SDS sample buffer 

and 30 ~I was analysed on a 0.1 % SDS- 12 % PAGE (see section A.19). After 

transferring onto nitrocellulose membrane (see section A.20), co-precipitation of 

Hsc70 or Hsp90 with the GST-mSTII fusion proteins was revealed by 

immunodetection and chemiluminescent autoradiography (see section A.21) using the 

mouse monoclonal primary antibodies H5147 and H9010 specific for Hsc70 and 

Hsp90, respectively. 

A.19 Sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) 

Proteins were resolved on a 0.1 % SDS- 10 or 12 % PAGE gel in a discontinuous 

buffer, according to Laemmli (1970) using a Bio-Rad Mini-Protean 3 electrophoresis 

system (Bio-Rad Laboratories, Hercules, U.S.A). The resolving and stacking gels 

were prepared as shown in Table A.3. The gels were allowed to stand for about 30 

minutes for polymerisation to occur after which they were clamped in a frame and 

transferred into a buffer tank. Previously, protein samples were mixed with 2 x SDS­

PAGE sample buffer in I : I ratio and boiled for 3 - 5 minutes at 95°C. 25 ~I of the 

denatured protein samples were carefully loaded into the wells. The Bio-Rad 

premixed wide-range protein molecular weight marker was loaded as standards. 

Electrophoresis was carried out in I x Tris-glycine electrophoresis buffer (25 mM 

Tris, pH 8.3; 250 mM glycine; and 0.1 % (w/v) SDS) at 150 volts for 1 hour. The 

resolved proteins were visualized by staining the gel with Coomassie Brilliant Blue 

solution (0.25 % Coomassie Brilliant Blue (R250); 50 % methanol; 7.5 % acetic acid) 

for 2 - 3 hours, and destaining in a solution containing 20 % methanol and 7.5 % 

acetic acid. 
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Table A.3: Solutions for preparing stacking and resolving gels for Tris-glycine 
SDS-PAGE 

Reagents (ml) 5 % Stacking gel 10 % Resolving gel 12 % Resolving gel 

Distilled H2O 4.1 5.9 4.9 

30 % Acrylamide 1.0 5.0 6.0 

mix 

1.5 M Tris (PH 8.8) - 3.8 3.8 

1.0 M Tris (pH 6.8) 0.75 - -

10 % SDS 0.06 0.15 0.15 

10 % Ammonium 0.06 0.15 0.15 

persulphate 

TEMED 0.006 0.006 0.006 

Total volume 6ml 15 ml 15 ml 

A.20 Western blotting analysis of proteins 

Western transfer of proteins was done using the Bio-Rad Mini Trans-Blot Cell (Bio­

Rad Laboratories, Hercules, U.S.A). After electrophoresis, the SDS-PAGE gel was 

removed from the glass plates and the stacker was cut off. The gel, together with 2 

pieces of 3 mm Whatman filter papers, 2 Scotchbrite fibre pads and nitrocellulose 

paper (Hybond-C extra, ECL; Amersham, Buckinghamshire, England) were pre­

equilibrated in the transfer buffer (25 mM Tris; 192 mM glycine; and 20 % methanol) 

for 30 minutes. The gel was aligned on the filter paper placed on a Scotchbrite pad, 

and air bubbles were expelled. Next, the nitrocellulose was carefully aligned on the 

gel, followed by the other filter paper. The other Scotchbrite pad was laid on the filter 

paper to complete the sandwich. The sandwich was inserted into clamps with the 

nitrocellulose facing the clear panel (anode) and the gel facing the black panel 

(cathode). Transfer was allowed to occur for I hour at 100 volts while using a 

magnetic stirrer to stir the buffer continuously. Cooling was achieved by inserting a 

heat trap into the buffer. To visualise the proteins, the membrane was stained with 

Ponceau S stain (0.5 % Ponceau S; and I % glacial acetic acid) for 3 - 5 minutes, and 

destained by washing with distilled water. 
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A.21 Chemiluminescence-based immunodetection of proteins 

The BM chemiluminescence Western blotting kit (mouse/rabbit) from Roche 

Diagnostics Hilden, Germany, was used to detect proteins with peroxidase (POD)­

labelled secondary antibodies and the chemiluminescent substrate luminol on Western 

blots. Ponceau S-stained nitrocellulose membrane was washed with distilled water 

followed by ample washes in Tris-buffered saline (TBS) (50 mM Tris, pH 7.4; and 

150 mM NaCl). The membrane was blocked with blocking solution (5 % non-fat milk 

in TBS) either for 1 hour with shaking or overnight with no shaking at 4°C. Blocking 

was followed by incubation of membrane for 1 hour, in the primary antibody 

appropriately diluted in blocking solution. Next, the membrane was washed twice in 

TBS-Tween (TBST; 0.1 % Tween 20 in TBS) for 10 minutes each, and twice in 

blocking solution for 10 minutes each. The membrane was then incubated In 

secondary antibody (anti-mouse IgG-POD/anti-rabbit IgG-POD) diluted 1 :6000 In 

blocking solution, for 30 - 60 minutes with rocking. Washing was done four times in 

large volumes ofTBST 15 minutes each before chemiluminescent detection. 

A.22 Spectroscopic measurements 

Fluorescence emission spectra and other fluorescence measurements were made at 

25°C in 20 mM sodium phosphate, 1 mM EDTA, pH 7.5. The intrinsic fluorescence 

of the lone tryptophan (excitation at 295 nm) in mSTIl was measured for 2 JlM 

protein between 300 and 400 nm in a Perkin-Elmer fluorescence spectrophotometer 

(27). Circular dichroism measurements were made using 8 JlM of each protein sample 

in a Jasco J-710 spetropolarimeter. Ellipticity values were collected (average of 10 

runs) in both the near-UV (350-250 nm) and far-UV (250-200 nm) regions. 

A.23 Binding studies using the Biacore Surface Plasmon 

Resonance Spectroscopy-based real time analysis 

Biomolecular interactions in real time were monitored using the Biacore X apparatus 

machine (Biacore, Uppsala, Sweden). All experiments were performed at 25°C in 

buffer A (PBS containing 0.005 % P20 surfactant (Biacore, Uppsala, Sweden). 

Monoclonal goat anti-GST antibody was covalently attached to carboxy-methlylated 

dextran on a research grade sensor chip CM5 via amine coupling according to 

manufacturer's protocol (Biacore, Uppsala, Sweden). As a reference, GST was bound 
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to the immobilised antibody on the chip by diluting 0.2 mglml recombinant GST, 

(Biacore, Uppsala, Sweden) in buffer A, and loading 5 - 10 fll of the solution into the 

first flow-cell at a flow-rate of 5 fll/min, to give approximately 700 response units 

(RU). GST-mSTII fusion protein was immobilised on the chip in the second flow-cell 

to give approximately the same number of response units as the recombinant GST. 

The chip was equilibrated with buffer A before injecting solutions containing 

increasing concentrations of purified Hsc70 or Hsp90 (analyte) over the bound 

proteins at a flow-rate of 10 fll/min. For competition experiments, a mixture of full­

length Hsc70 and Hsp90 (8 flM and 5 flM respectively) was pre-incubated at 25°C 

before passing it over the immobilised mSTIl proteins. Washing of chip was 

programmed to occur two minutes after injection of analyte. Anti-GST sensor chip 

was regenerated by injecting 10 fll of Biacore regeneration buffer (10 mM glycine, pH 

2.2) into both flow-cells at a flow-rate of 5 fll/min and washing with buffer A. 

Background binding to GST was subtracted from each signal to account for non­

specific binding to GST. Data were analysed using the BrA evaluation software 

version 2.2.4 (Biacore, Uppsala, Sweden). 

A.24 Dialysis of purified proteins 

Purified proteins were dialysed to exchange the Tris-HCI buffer used to prepare 

glutathione elution buffer with PBS, before using them for SPR studies. Dialysis 

membrane was equilibrated two rimes in 10 ml of solution containing 5 mM EDTA 

and 0.1 M NaHCO) to inhibit protease activities. The equilibrated membranes were 

then washed two times in 10 ml each of ultra-pure water. After washing, 500 fll of 

purified protein was introduced into the membranes, and the membrane was clipped at 

both ends. The protein was thereafter dialysed against 500 ml of ice-cold PBS for two 

hours at 4°C with gentle agitation. The PBS buffer was changed and the dialysis 

continued for another 3 hours. After dialysis, the protein mixture was centrifuged at 

14,000 x g for 10 minutes to remove any precipitate. 
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Appendix B 

Vector Plasmid Maps 

Ptac 

Glutathione-S­
transferase 

8amHI (935) 
Aval (940) 

~~===Xmal (940) 
Smal (942) 

pGEX3X 
4952 bp 

Figure B.1: Map ofpGEX3X expression plasmid vector 

Eco RI (945) 

Ampr 

Pst I (1906) 

The figure was drawn using Vector NT! Advance computer software. 
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Apal (15) 
atll (21) 

I (27) 
ZI (32) 

1(38) 
1(44) 
ZI (44) 
II (50) 

EcoRI (53) 
.:::JIJ"" (65) 

oRI (71) 
I (78) 

~~===~.~ZI (78) 
1(89) 
I (91) 

1(98) 

pGEMT-Easy 
3015 bp 

I (110) 
BstXI (119) 
Nsil (128) 

Figure 8.2: Map ofpGEMT-Easy cloning plasmid vector 
The figure was drawn using Vector NTI Advance computer software. 
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Bam HI (407) 

Eco RV (9804) Nhe 1(436) 

Stu I (5670) 

Hindlll (442) 

"-__ ",,,~§;;;;;;~N;h~e I (448) 
~ Pvull (455) 

Kpn l (462) 

pCEP4 
10380 bp 

L_- Hygromycin 

Nrul (3 180) 

Cia I (5523) 
Ampicillin 

Figure B.3: Map ofpCEP4 mammalian expression plasmid vector 
The figure was drawn using Vector NT! Advance computer software. 
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Appendix C 

Sequences of the Stress-inducible protein 1 

homologues 

>giI5803181IrefINP_D06810.11 stress-in duced-phosphoprotein 1 
(Hsp70/Hsp90-organizinq prote in) ; transformation-sensitive, similar to 
saccbar~ces cerevisiae STIl [Hamo s apiens] Honore at al. , 1992 

MEQVNELKEKGNKALSVGNIDDALQCYSEAIKLDPHNHVLYSNRSAAYAKKGDYQKAYEDGCKTVDLKPD 
WGRGYSRKAAALEFLNRFEEAKRTYEEGLKHEANNPQLKEGLQNMEARLAERKFMNPFNMPNLYQKLESD 
PRTRTLLSDPTYRELIEQLRNKPSDLGTKLQDPRIMTTLSVLLGVDLGSMDEEEEIATPPPPPPPKKETK 
PEPMEEDLPENKKQALKEKELGNDAYKKKDFDTALKHYDKAKELDPTNMTYITNQAAVYFEKGDYNKCRE 
LCEKAIEVGRENREDYRQIAKAYARIGNSYFKEEKYKDAIHFYNKSLAEHRTPDVLKKCQQAEKILKEQE 
RLAYINPDLALEEKNKGNECFQKGDYPQAMKHYTEAIKRNPKDAKLYSNRAACYTKLLEFQLALKDCEEC 
IQLEPTFIKGYTRKAAALEAMKDYTKAMDVYQKALDLDSSCKEAADGYQRCMMAQYNRHDSPEDVKRRAM 
ADPEVQQIMSDPAMRLILEQMQKDPQALSEHLKNPVIAQKIQKLMDVGLIAIR 

>qiI6324601IrefINP_014670.11 Heat shock p rotei n also induced by 
canavanine and entry i n to stationary phase; Stilp [Saccharomyces 
cerevisiae} Goffeau et a~. , 1996 

MSLTADEYKQQGNAAFTAKDYDKAIELFTKAIEVSETPNHVLYSNRSACYTSLKKFSDALNDANECVKIN 
PSWSKGYNRLGAAHLGLGDLDEAESNYKKALELDASNKAAKEGLDQVHRTQQARQAQPDLGLTQLFADPN 
LIENLKKNPKTSEMMKDPQLVAKLIGYKQNPQAIGQDLFTDPRLMTlMATLMGVDLNMDDINQSNSMPKE 
PETSKSTEQKKDAEPQSDSTTSKENSSKAPQKEESKESEPMEVDEDDSKIEADKEKAEGNKFYKARQFDE 
AIEHYNKAWELHKDITYLNNRAAAEYEKGEYETAISTLNDAVEQGREMRADYKVISKSFARIGNAYHKLG 
DLKKTIEYYQKSLTEHRTADILTKLRNAEKELKKAEAEAYVNPEKAEEARLEGKEYFTKSDWPNAVKAYT 
EMIKRAPEDARGYSNRAAALAKLMSFPEAIADCNKAIEKDPNFVRAYIRKATAQIAVKEYASALETLDAA 
RTKDAEVNNGSSAREIDQLYYKASQQRFQPGTSNETPEETYQRAMKDPEVAAIMQDPVMQSILQQAQQNP 
AALQEHMKNPEVFKKIQTLIAAGIIRTGR 

>qi I2349103 6IgblEAA2267 0. 11 stress-induced protein sti1-li ke protei n 
{P~asmodium yoe~ii yoeli i ] Carlton et al . , 2002 

MINKEEAQRLKELGNKCFQEGKFEDSVKYFSDAIKNDPSDHVLYSNLSGAYSSLGRFYEALESANKCINI 
KNDWPKGYIRKACAEHGLRQLDNSEKTYLEGLKLDPNNKSLKDGLEKVRKDKEMENMEYINHINNI IN ND 
AKLKSYKEENSNYPIELLNTIKAINANPMNIRFILSSCNPKISEGVEKFFGIKFNDEASYEAERERQRKK 
EEEEKKEKERKMKEEEKKKNRTPEEILGEEHKLKGNDFYKQKKFEEALKEYDEAIKVNPNDIMYYYNKAA 
VYLEMKSYEKCIETCIYAIENRYNFKAEFSQVAKVYNRLAIGYINIKNYDKAIEAYRKSLVEDNNRATRN 
AL KELERKKEKEEREAYIDPVKAEEHKNKGNEFFKNNDFPNAKKEYDEAIRRNPNDAKLYSNRAAALTKL 
IEYPSALEDVMKAIELDPKFVKAYSRKGNLHFFMKDYYKAIQAYNKGLELDPNNKECIEGYQRCVYKIDE 
MSKSEKVDEEQIKKSMADPEIQQIISDPQFQIILQKINENPNSISEYIKDPKIFNGLQKLlAAGILTVR 

>gi I548993Isp I P28591] Protease inhib itor precursor (SLPI ) 
(Trypsin i nhi b i t o r STIll (SILA- 3) (Streptomyces coe~ico~or) Strickler e t 
al ., 1992 

MRNTARWAATLGLTATAVCGPLAGASLASPATAPASLYAPSALVLTVGHGESAATAA~LRAVTLTCAPTA 

SGTHPAAAAACAELRAAHGDPSALAAEDSVMCTREYAPVVVTVDGVWQGRRLSYERTFANECVKNAGSAS 
VFTF 

>giI22788769Iref INP_69048l.11 stress-i nduced protein STl1 {He~iothis 

zea virus 1] Cheng et a~ . I 200 2 

MASSASSHMSFNIIEYGTPQIKMDLPRLKNPRTSAENPYGTEPHKPFFDYQELMARKVAEVGVDTDVELA 
DTDNTDIERQRNRAKRASLESDSDADSDYSGIKVDGEQLLRKAAKCVTEHNRKRGILDATDSESEAKRRR 
QVDDEMENFKFLNEHVFNKLDNITKKAQAESSQEEPSVPVRRSRPQTPHHKRKPKVQSRRDDSQDASDED 
DECNNRELSRNSFNRSVNSGRGSGGKGSRASEANSRSSSRVSSRASSRANSRSSSRASSRGGNRSDDEAE 
EEDDEVNNEGNGENANTEVNANESNVDGSNVDGSNVNDVDYESNTIVENVGVEGDFNKENLAPSGKESNI 
ETVALGSAKSNIDVYNFDEDDNASVKSGTSASQSRKSKTKSTIAVGKNLDDRLKSLQLNLELTDANKGNS 
TKGGSLLNANGSAKNSVKNGSAKGGSVKGGS'.-NSKVNNSNSKSASKSKANNSSSEKTIKPKVAKPTPT PV 
PTKTLASNSQSNNQTSNNQTSSQSNNQNSQSSQSNESTSNDSSSNNSSSNSQSTVVNVNAQSNDNTQSNN 
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NTQSNVQSNVQVNDQI DTQANDQINTQSNTQSNTQPNTQSSTAPTKRPTLINHANTKVSDRMHELKLKMN 
PPRRTDEATILAIERAALTCKQCNKTYKTARNLSKHTCKPKKSAAPKRGKKRTSSESSACSEPENKSEAP 
EKKRKLPSTPLGVPVPLTSNSADKQALYDEFKVVEPGFKHMHKLNAI DTHKHPIELHETYACKVSELAYA 
QYHNETNCTAAEFKRETANVRQSLS KQIASIQNQLKDKSMDKELSGKLKLRI KFLRAYKQMKLAEYSYTC 
PKLKMFSKKMERI FTGNRVDSKGSLPNKITNADVQNAISSIGKMQVDDGDLTCIARSLENYITLITLSVL 
ATMVN KRSCRVTRANIASVLALQYAMNHDKESYPMPEHGTI KTPSDGKLNVI ICRNVLDLNNITSVDQVM 
DVLMDEFNGELKNLWVKFLFYFKPSSDYFKVIKEFYI KYlMAS YMALCRMEEKRASGKPSNFRQCMAIVI 
NNCTWFPFKDYANHTDVNLDRQADDLFEQCDVKRSTSSAGTKRKANRAT KEVPSKRQRCDSSDNESVASR 
SPSPVKSAPVQSSLANKAMANKVMASAPMASTPLANKPTTPAVTKPKRDDMIEGGYFPMSRVVKIRRLEQ 
RRMEANAANRGNLNSNTNSNLNSNPNSNSNPTPTNNTDS NTNSAKSTNNTDTTNNTTNNTNPTNNANSTN 
TTNPTNNNSSNPSNSAPKKRTSNGSRKSSASSKI DPSRIKSRELIENDDFSSDEN 

>giI22655105IgbIAAM98143 . 11 stress-induced protein sti1-1ik e protei n 
[Arabidopsis tha~iana ] Tripp et a~ ., 2002 Direc t submission 

MAEEAKSKGNAAFSSGDYATAITHFTEAINLSPTNHILYSNRSAS YASLHRYEEALSDAKKTIELKPDWS 
KGYSRLGAA FIGLSKFDEAVDSYKKGLEIDPSNEMLKSGLADASRSRVSSKSNPFVDAFQGKEMWEKLTA 
DPGTRVYLEQDDFVKTMKEIQRNPNNLNLYMKDKRVMKALGVLLNVKFGGSSGEDTEMKEADERKEPEPE 
MEPMELTEEERQKKERKEKALKEKGEGNVAYKKKDFGRAVEHYTKAMELDDEDISYLTNRAAVYLEMGKY 
EECIEDCDKAVERGRELRSDFKMIARALTRKGSALVKMARCSKDFEPAIETFQKALTEHRNPDTLKKLND 
AEKVKKELEQQEYFDPTIAEEERKKGNGFFKEQKYPEAVKHYSEAIKRNPNDVRAYSNRAACYTKLGALP 
EGLKDAEKCIELDPSFTKGYSRKGAIQFFMKEYDKAMETYQEGLKHDPKNQEFLDGVRRCVEQINKASRG 
DLTPEELKERQAKAMQDPEVQNILSDPVMRQVKAVASIVF 

>gi 12009512 91gblAAM07 995.11 TraN (Providencia rettgeril Boltner et a~ ., 

2002 

MKPTLFTRVLAGILSITMACLPLHGVAADVQRQSGLSGQQEGKQLLQNWTMPALNGNTLSVPNGSGNESI 
NLQELFPGMDQGSLDVLTGVYGSDASMNQLGTQRQESMASENGATGEAFRSLQQIKDRSRPDMVNDPLWA 
LT DAVQTDPNLLTQSFPGCESQGEGSPNYQQCDRLNTAVNSCTI THDYTAGIIEHVSGPMNLRSCGEGCL 
EVWIGRIGDNYWSGRCKVFEQAITLKVVNPDAITSAVLEYAKWDDYMQVWLGDQKVWSGPNNNFPPETAG 
RCELSTSWERNPNTDLTAKLKAVEPGLEVPVKIRVSVTGSGEGYARIKVRFDPTKVVMNDSWSPQSCIEQ 
AADIPAKFSDYSIQCTDQPSSTNGCTVVNGVSVCESYFVPSPVAGISPLCRRVQVSVDDESYKGIENEAC 
QVLEANPSCGFMSSECAETNDKGECIRFTDTYDCGLQTSDPKCVVSNLMPSSFEACEPTHTITPFTETKY 
VPDYQVCEKISTLTQCQLERRVSAETHQQSWSIELGCFSSETLSFVPQHSSTMQTGNATLRVFDNQNTEI 
KITESPSKANGWKTTLSLTGNKETVTETKPSIKYPEMTCPKGTLVGSLCKVVNGSIISWHEPQEVTRSKC 
ESGWNKVDFDTCSREVQKCLAPAKLSASLAFSGKYLEQDVVHQSSDPGIDQCLMQTDQFTAVQWQCLDTG 
TKRIDGLTVGSGELANLGSLYPAVVSSPAHLTSRGSSDGLGLSCWRARATYNASTAHPEFNMGSSDSWVD 
ASGNTQTIVNNGQNTTTNMCAELEQNPACQYVRTECTEGGAGHEGFCYIQSLVYDCGQSVEVQNARMETQ 
YNCEGPVRCMGTDCLEPE~IKQANFAEAAAMLNAAQFMTNDMSCTGADGQDNVECTVFKGNAGQCKKAVG 

GIVDCCEKPSGVSLSDYITMIVAVNKLDTAVMAMNPSSAIYGSWNTLREPITSTWSAVKEPFVSAWDSLM 
GAGPSTAAGAGAEQAATGFMQVLTNKTAEWVGTTFGSGAQSALFSNVGGAVGADGVVSGGNFALGGAAGA 
VLSTVMTAYMIYSVTMILIQLIWKCEQSEFEMNAKRVLKSCHYVGSYCKSKFLGACVEKRQSYCCFTSPL 
SRIIQEQVRPQLGLGWGSAKSPNCEGLTASQLNQVDWSQVNLDEWIGILSITGNLPEVPSLDLERLTGSG 
STLNVDGNRQSAADRAIERLNGMDAQKLRQEATEEISGNN 

>giI152345 491reflNP_192977.11 stress-induced prot ein sti 1 -like protein ; 
protein id: At4g124 00.1 [Arabidopsis thaliana) Town et a~. , 20 02 Direct 
submiss i on 

MAEEAKSKGNAAFSSGDYATAITHFTEAINLSPTNHILYSNRSASYASLHRYEEALSDAKKTIELKPDWS 
KGYSRLGAAFIGLSKFDEAVDSYKKGLEIDPSNEMLKSGLADASRSRVSSKSNPFVDAFQGKEMWEKLTA 
DPGTRVYLEQDDFVKTMKEIQRNPNNLNLYMKDKRVMKALGVLLNVKFGGSSGEDTEMKEADERKEPEPE 
MEPMELTEEERQKKERKEKALKEKGEGNVAYKKKDFGRAVEHYTKAMELDDEDISYLTNRAAVYLEMGKY 
EECIEDCDKAVERGRELRSDFKMIARALTRKGSALVKMARCSKDFEPAIETFQKALTEHRNPDTLKKLND 
AEKVKKELEQQEYFDPTIAEEEREKGNGFFKEQKYPEAVKHYSEAIKRNPNDVRAYSNRAACYTKLGALP 
EGLKDAEKCIELDPSFTKGYSRKGAIQFFMKEYDKAMETYQEGLKHDPKNQEFLDGVRRCVEQINKASRG 
DLTPEELKERQAKAMQDPEVQNILSDPVMRQVLVDFQENPKAAQEHMKNPMVMNKIQKLVSAGIVQVR 

>qi l 18 5 953 401ref1XP 093065 . 11 similar to Stress-induced-phosphopro tein 
1 (STI1) (Hsp70/Hsp90-organizing pro te i n) (Transf ormat ion-sensiti ve 
protei n IEF SSP 3521) [Hamo sapiens] NCBI Annota t ion Pro ject 2 002, 
Direc t submission 

MTYITNQAAVYFEKGDYNKCWELCEKSIEVGRENREDYLQIAKVCARIGNSYFKEEKYKDAIHFYNKSLA 
EHRTPDVLKKCQQAEKILKEQERLAYINPDLALEEKNKGNECFQKGDYPHAMKHYTEAIKRNPKDAKLYS 
NRAACYTKLLDSSWHSRTVKNGYTRKAVALEAMKDYTKVMDVYRKALDPDSSCKEAADGYQRCMMAQYNR 
HHSPEDVKRRAMADPEVQQIMSDIAMHLILEQMQKDPPGTQRTLKESCNRKEDPEADGCGSDCNSTMTCP 
SPLPFALMRKEERGPRQAARSGRESRGREGLTSLYLYPSRLENVASLQMLETLFSVFRNATAAPFSTIPI 
SLGFSDPLELVPGAQGLLSVPCYGSYSIIEIT I KELLAVCESSQERLRILYTKIFDVPEKMPKNATYRRP 
IFDDFRVAK 
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>giI21779939Igbl~7586 . 1IAF506290 1 stress-induced phosphoprotein 
STIli XSTII [Xenopus laevisJ Goto et a~., 2002 Direct submission 

MEAANALKEKGNKALSAGNLDEAVKCYTEAIKLDPKNHVLYSNRSAAYAKKKEFTKALEDGSKTVELKAD 
WGKGYSRKAAALEFLNRFEEAKKTYEEGLRHEPTNAQLKEGLQNMEARLAEKKFMNPFNSPNLFQKLESD 
PRTRALLSDPSYKELIEQLRNKPSDLGTKLQDPRVMTTLSVLLGVELGNVDEEEEDTP5PAPSQPKKETK 
PEPMEEDLPENKKRAQKEKELGNEAYKKKDFETALKHYGQARELDPANMTYITNQAAVYFEMGDYSKCRE 
LCEKAIEVGRENREDYRLIAKAYARIGNSYFKEEKNKEAIQFFNKSLAEHRTPEVLKKCQQAEKILKEQE 
RVAYINPDLALEAKNKGNESFQKGDYPQAMKHYSEAIKRNPNDAKLYSNRAACYTKLLEFLLAVKDCEEC 
IRLEPSFIKGYTRKAAALEAMKDFTKAMDAYQKAMELDSTSKEATDGYQRCMMSQYNRNDNPEDVKRRAM 
ADPEVQQIMSDPAMRLILEQMQKDPQALSDHLKNPVIAQKIQKLMDVGLIAIR 

>gi1126439071sp1Q9USI5JHeat shock protein stil homolog (Schizosacchar~ces 

pombe) Wood et a~., 2002 

MAEELKAKGNAAFSKKDYKTAIDYFTQAIGLDERNHILYSNRSACYASEKDYADALKDATKCTELKPDWA 
KGWSRKGAALHGLGDLDAARSAYEEGLKHDANNAQLLNGLKSVEAAQTQAASGAGGFNPFAKLGSQLSDP 
KFMEKLASNPETASLLADSAFMAKLQKIQQNPGSlMAELNDPRMMKVIGMLMGIDINMNAGEGAAEEQEK 
KEEFAPSSSTPSADSAKPETTNPPPQPQASEPMEEDKTAEELEEAATKEALKKKADQEKQIGNENYKKRN 
FPVAIEQYKKAWDTYKDITYLNNLAAAYFEADQLDDCIKTCEDAIEQGRELRADFKLIAKALGRLGTTYQ 
KRGDLVKAIDYYQRSLTEHRTPDILSRLKDAEKSKELQDREAYIDPDKAEESRVKGNEL FKSGDFANAIK 
EYTEMTKRAPSDPRGFGNRAAAYLKVMAPAECIRDCNKAIELDPNFAKAYVRKAQALFMLKDYNKCIDAC 
NEASEVDRREPNTGKNLREIESQLSKCMSAMASQRQNETEEETMARIQKDPEVLGILQDPAMQAILGQAR 
ENPAALMEHMKNPTVKSKIEKLIASGVIRLG 

>giI15967134IqbIAAA91253.21 Hypothetical protein ZK328.7 [Caenorhabditis 
elegans) Waters t on, 1998 

MDSESDDNPNDPEDRKKWGHKDVEHWRAVSNVHYYAREGYFGTAILVCDGRLATIKDPALAILKGVCLTL 
LGKIPDAIRHLETFVTDNDVALGALHALKWAHASAFNPDNKSIVEIETEISTRARNEKTPYTSYATASEV 
LYFAGEYQKSKQMLDIARKRATEKHAKHYCLLGWIELALGKKQKSTQELFEKAGGQEYPDGNIGRCKILE 
GHHSAPEMKVAANELAISTIHFLPGHIEKAKASIMMKDWRGVMDCIMNADQPEGSNPYIEVLRTVHGICY 
AGEVSMLKRTLQLLLKSLDENEATNHVLYARITKLLVSISGRDEKILRHARDFLTRALKISRKPDYVALS 
MRIAFGLGGAKEVSTLSQELVALDCEDSYAVLSSVVSMLMISRVSDARAQFDILPSAHPKLLESPLYYLI 
ASVLAKQSKDKSFENFRQHIENLVEMLRNQLQSFPFGLDYLSLFSSDLLYSAVEQCFDFYPLVPIKAPDD 
CMKLTAKTLQMIYDVAPGLAHCTLQLARNSYLCSNTNAAEKWIEKVLDKDDSLADAHILRAELILDRGGK 
ITDADDALVTGLNFNFKLRETSLYHLIKSKTFKKRNENDEAIKTLKMALQIPRKEPSKNLFQPKESADTH 
KISVQLELIDTLQHMKRIQEAETTMTDALAEWAGQPEQDQLVIAQAQLYLTKGHVERALGILKKIQPGQS 
NFHLSRIKMAEIYLEEKKDKRMFAACYRELLKVEATPGSYSLLGDAFMKVQEPEDAINFYEQALKMQSKD 
VQLAEKIGEAYVMAHLYSKAVNFYESSMNIYKDKNMRLKLANLLLKLRNFEKCEKVLRAPFERDPEPVGT 
ETIQTYIQFLLLLAECHEMMDNVPEAMNDFEKAKSLHSRIQDKTLTAALKKEGARICNLQAELLYRRREF 
SQAVDICKQALAYHETDLKANLLLSKIFKEENKWTLVLQPCQTVIQVDPHNDEANSILADFYYIRSEAAH 
ASTSYTTLLNTNPQHWHALSRVVELFCRNGEQNAAEKHLDRAKEVNPRCVTESGYNVCRGRFEWYTGDQN 
EALRYYSRTKDSAAGWREKALYYMIDICLNPDNEIIIDENSVENPETTKI IYLVSELWKKLVNSKNLPNI 
TSIYSENFQSTDRFLLAQNFIRMHTTDKSAIQAALDEFNRMAFNADRSQVTNVGAVFGVARGHVLLKQVQ 
KAKTVLKMVNGRVWNFDDSDYLEKCWLMLADIYINQNKNDQAVTFL DLVFKYNCNCLKAFELYGYMREKE 
QKYVEAYKMYEKA~TKERNPGFGYKLAFTYLKAKRLFACIETCQKVLDLNPQYPKIKKEIHDKAKALI 

RT 

>giJ465507 lsplP33313lCyclophilin seven suppressor 1 (STIl 
stress-inducible protein homolog) (Saccharomyces cerevisiae) Baur et a~., 
1993 

MSSVNANGGYTKPQKYVPGPGDPELPPQLSEFKDKTSDEILKEMNRMPFFMTKLDETDGAGGENVELEAL 
KALAYEGEPHEIAENFKKQGNELYKAKRFKDARELYSKGLAVECEDKSINESLYANRAACELELKNYRRC 
IEDCSKALTINPKNVKCYYRTSKAFFQLNKLEEAKSAATFANQRIDPENKSILNMLSVIDRKEQELKAKE 
EKQQREAQERENKKIMLESAMTLRNITNIKTHSPVELLNEGKIRLEDPMDFESQLIYPALIMYPTQDEFD 
FVGEVSELTTVQELVDLVLEGPQERFKKEGKENFTPKKVLVFMETKAGGLIKAGKKLTFHDILKKESPDV 
PLFDNALKIYIVPKVESEGWISKWDKQKALERRSV 

>gi1143894311ref1NP 058017 . 1 1 stress-induced phosphoprotein Ii IEF SSP 
3521; Hsp70/Hsp90 o;ganizing p r oteini stress-inducible protein [MUs 
muscu~usl Blatch et a~ ., 1997 

MEQVNELKEKGNKALSAGNIDDALQCYSEAIKLDPQNHVLYSNRSAAYAKKGDYQKAYEDGCKTVDLKPD 
WGKGYSRKAAALEFLNRFEEAKRTYEEGLKHEANNLQLKEGLQNMEARLAERKFMNPFNLPNLYQKLEND 
PRTRSLLSDPTYRELIEQLQNKPSDLGTKLQDPRVMTTLSVLLGVDLGSMDEEEEAATPPPPPPPKKEPK 
PEPMEEDLPENKKQALKEKELGNDAYKKKDFDKALKHYDRAKELDPTNMTYITNQAAVHFEKGDYNKCRE 
LCEKAIEVGRENREDYRQIAKAYARIGNSYfKEEKYKDAIHFYNKSLAEHRTPDVLKKCQQAEKILKEQE 
RLAYINPDLALEEKNKGNECFQKGDYPQAMKHYTEAIKRNPRDAKLYSNRAACYTKLLEFQLALKDCEEC 
IQLEPTFIKGYTRKAAALEAMKDYTKAMDVYQKALDLDSSCKEAADGYQRCMMAQYNRHDSPEDVKRRAM 
ADPEVQQIMSDPAM RLILEQMQKDP QALSEHLKNPVIAQKIQKLMDVGLIAIR 
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>gi j 17473522IgbIAAL38384 . 11 Atlg12270/F5011_1 [Arabldopsis tha~iana] 
Cheuk et a~ ., 2001, Direct submission 

MAEEAKAKGNAAFSSGDFTTAINHFTEAIALAPTNHVLFSNRSAAHASLHQYAEALSDAKETIKLKPYWP 
KGYSRLGAAHLGLNQFELAVTAYKKGLDVDPTNEALKSGLADAEASVARSRAAPNPFGDAFQGPEMWTKL 
TSDPSTRGFLQQPDFVNMMQEIQKNPSSLNLYLKDQRVMQSLGVLLNVKFRPPPPQGDEAEV PESDMGQS 
SSNEPEVEKKREPEPEPEPEVTEEKEKKERKEKAKKEKELGNAAYKKKDFETAIQHYSTAIEIDDEDISY 
LTNRAAVYLEMGKYNEC IEDCNKAVERGRELRSDYKMVARALTRKGTALTKMAKCSKDYEPAIEAFQKAL 
TEHRNPDTLKRLNDAERAKKEWEQKQYFDPKLGDEEREKGNDFFKEQKYPEAIKHYTEAIKRNPNDHKAY 
SNRAASYTKLGAMPEGLKDAEKCIELDPTFSKGYSRKAAVQFFLKEYDNAMETYQAGLEHDPSNQELLDG 
VKRCVQQINKANRGDLTPEELKERQAKGMQDPEIQNILTDPVMRQVLSDLQENPSAAQKHMQNPMVMNKI 
QKLISAGIVQMK 

>qi121298441pirj 1856658 stress-induced protein stil - soybean [G~ycine 
max] Hernandez et a~., 1995 

MAEEAKAKGNAAFSAGDFAAAVRHLSDAIALSPSNHVLYSNRSAATLPPELRGGPSRRQKTVDLKPDWPK 
AYSRLGAAHLGLRRHRDASPPTKPASNSNPDNAALKSGLADAQAAASRPPPTSPFATAFSGPDMWARSPP 
TPPHVQPPGPRVRQDHAGHPEGPQQVQPAFEYQRVMHAIGVLLNVKIQTPNHDENDHDADDDVSEDEVVS 
QPEPEHEPEAAVEVAEEEEEEEKETRDRKGQAQKEKEAGNAAYKKKDFETAIGHYSKALELDDEDISYLT 
NRAAVYLEMGKFEDCIKDCEKAVERGKELRSDYKMIARALTRKGTALAKMAKCSKDFEPAIEIFQKALTE 
NRNPDTLKKLNEAEKAKKELEQQEYFDPKLADEAREKGNELFKQQKYPEATKHYTEAIKRNPKDAKAYSN 
RAACYTKLGAMPEGLKDAEKCIELDPTFSKGYTRKGAVQFSMKEYDKALETYREGL KHDPNNQELLDGIR 
RCVEQINKASRGDFTPEELKERQAKAMQDPEIQSILQDPVMTQVLTDFQENPRAAEEHVKNPMVMNKTQN 
VTVPGCQMR 

>qi1835531pirl jA32567 stress-induced protein BTl! - yeast (Saccharomyces 
cerevisiae) Nicolet and Craig, 1989 

MSLTADEYKQQGNAAFTAK DYDKAIELFTKAIEVSETPNHVLYSNRSACYTSLKKFSDALNDANECVKIN 
PSWSKGYNRLGAAHLGLGDLDEAESNYKKALELDASNKAAKEGLDQVHRTQQARQAQPDLGLTQLFADPN 
LIENLKKNPKTSEMMKDPQLVAKLIGYKQNPQAIGQDLFTDPRLMTlMATLMGVDLNMDDINQSNSMPKE 
PETSKSTEQKKDAEPQSDSTTSKENSSKAPQKEESKESEPMEVDEDDSKIEADKEKAEGNKFYKARQFDE 
AIEHYNKAWELHKDITYLNNRAAAEYEKGEYETAISTLNDAVEQGREMRADYKVISKSFARIGNAYHKLG 
DLKKTIEYYQKSLTEHRTADILTKLRNAEKELKKAEAEAYVNPEKAEEARLEGKEYFTKSDWPNAVKAYT 
EMIKRAPEDARGYSNRAAALAKLMSFPEAIAOCNKAIEKDPNFVRAYIRKATAQIAVKEYASALETLDAA 
RTKDAEVNNGSSAREIDQLYYKASQQRFQPGTSNETPEETYQRAMKDPEVAAIMQDPVMQSILQQAQQNP 
AALQEHMKNPEVFKKIQTLlAAGIIRTGR 

>gij4780091pi rj IC48583 stress-inducible protein STI1 homolog - Leishmania 
donovani Joshi at a1 ., 1993 

MESMGKYDEAQKAFQKALQLSPGNEEVMDKLHTVNTKVRERNEKTKSQQCKTPEEAKQLGNSFFKDGKYD 
QAAEFYTRAIELQTEPVKEKAVYYTNRAACHQQTHMYSLMVDDCNAAIEIDPANVKAYLRRGIAYEGMEK 
WKLALEDYTKAQSISPGVAGASQGILRCQRVLRN 

>qiI1708299 Isp!Q081681 58 KD PHOSPHOPROTEIN (HEAT SHOCK-RELATED 
PROTEIN) P~asmodium berghei uparanukraw et a1, 1993 

MDIEKIEDLKKFVASCEENPSILLKPELSFFKDFIESFGGKIKKDKMGYEKMKSEDSTEEKSDEEEEDEE 
EEEEEEEDDDPEKLELIKEEAVECPPLAPIIEGELSEEQIEEICKLKEEAVDLVENKKYEEALEKYNKII 
SFGNPSAMIYTKRASILLNLKRPKACIRDCTEALNLNVDSANAYKlRAKAYRYLGKWEFAHADMEQGQKI 
DYDENLWDMQKLIQEKYKKIYEKRRYKINKEEEKQRLKREKELKKKLAAKKKAEKMYKENNKRENYDSDS 
SDSSYSEPDFSGDfPGGMPGGMPGMPGGMGGMGGMPGMPGGFPGMPGGMPGGMPGGMGGMPGMPGGMPGG 
MGGMPGMPGGMPDLNSPEMKELFNNPQFFQMMQNMMSNPDLINKYASDPKYKNIFENLKNSDLGGMMGEK . 
PKP 

>giI2745838IgbjAAB94760.11 Hsp70/Hsp90 organizing protein; hop [Cricetu~us 
griseus] Heine et a~ ., 1999 

MEQVNELKEKGNKALSAGNIDDALQCYSEAIKLDPQNHVLYSNRSAAYAKKGDYQKAYEDGCKTVDLKPD 
WGKGYSRKAAALEFLNRFEEAKRTYEEGLKHEANNLQLKEGLQNMEARLAERKFMNPFNLPNLYQKLEND 
PRTRTLL~DPTYRELIEQLRNKPSDLGTKIQDPRIMTTLSVLLGVDLGSMDEEEEAATPPPPPPSKKEAK 

PEPMEEDLPENKKQALKEKEMGNEAYKKKDFDMALKHYDRAKELDPTNMTYITNQAAVHFEKGDYNKCRE 
LCEKAIEVGRENREDYRQIAKAYARIGNSYFKEERYKDAIHFYNKSLAEHRTPDVLKKCQQAEKILKEQE 
RLAYINPDLALEEKNKGNECFQKGDYPQAMKHYTEAIKRNPKDAKLYSNRAACYTKLLEFQLALKDCEEC 
IQLEPTFIKGYTRKAAALEAMKDYTKAMDVYQKALELDSSCKEAADGYQRCMMAQYNRHDSPEDVKRRAM 
ADPEVQQIMSDPAMRLILEQMQKDPQALSEHLKNPVIAQKIQKLMDVGLIAIR 
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>giI40384 61IgbIAAC97378.11 TcSTll [Trypanosoma oruzi] ~nning et a~., 
1998 Direct submission 

MDATELKNRGNQEFSSGRYKEAAEFFSQAINLDPSNHVLYSNRSACHAALHQYPNALQDAEKCVSIKPDW 
VKGYVRKGAALHGLRRYETAAAYNKGLSLDPSSAACTEGlAAVEKDKVASRMQNPFANVFGPDAIGKIQA 
HPKLSLFLLQPDYVRMIDEVMKDPSSVQKYLKDQRFMATFMVLSGLELPEDEDEEEEKVRRQQQKQKEKE 
MKEEQEKKKAAATELSPEAKEALRKKEEGNALYKQRKFDEALQKYQEALSKDSTNTVYLLNITAVIFEKG 
EYAACVEKCEEALEHGRENRCDYTVLAKLMTREALCLQRLKRFDEAIALFKKALVEHRNPDTLAKLTACE 
KEKEKFEIEAYLDPEIALQKKEEGNTFFKSDKFPEAVEAYTEAIKRNPDEHTTYSNRAAAYLKLGAYSQA 
LADAEKCISLKPEFVKAHARRGHAFFWTKQYNKALQAYDEGLKHDKENAECKEGRMRTLMKIQEWLLATL 
PTEMKWQNAPWQIQRLLLSCRTAICSWYWVRCSGTPHASKNTCGIRRLPQRSTPLFLLESFALESKREAK 
QAMIR 

>giI2511703IembICAA75351.11 p60 protein (Rattus norvegicus] Hehfeld, 
1997 

MEQVNELKEKGNKALSAGNIDDALQCYSEAIKLDPQNHVLYSNRSAAYAKKGDYQKAYEDGCKTVDLKPD 
WGKGYSRKAAALEFLNRFEEAKRTYEEGLKHEANNLQLKEGLQNMEARLAERKFMNPFNLPNLYQKLEND 
PRTRTLLSDPTYRELIEQLQNKPSDLGTKLQDPRVMTTLSVLLGVDLGSMDEEEEAATPPPPPPPKKEAK 
PEPMEEDLPENKKQALKEKELGNDAYKKKDFDKALKHYDKAKELDPTNMTYITNQAAVHFEKGDYNKCRE 
LCEKAIEVGRENREDYRQIAKAYARIGNSYFKEERYKDAIHFYNKSLAEHRTPDVLKKCQQAEKILKEQE 
RLAYINPDLALEEKNKGNECFQKGDYPQAMKHYTEAIKRNPRDAKLYSNRAACYTKLLEFQLALKDCEEC 
IQLEPTFIKGYTRKAAALEAMKDYTKAMDVYQKALDLDSSCKEAADGYQRCMMAQYNRHDSPEDVKRRAM 
ADPEVQQIMSDPAMRLILEQMQKDPQALSEHLKNPVIAQKIQKLMDVGLIAIR 

>gil 18902811gb1AAB49720.11 transformation-sensitive protein homolog 
[Acanthamoeba oastellanii] Xu and Zot, 1997 Direct submission 

MADIALEEKNKGNAAMSAGDFKAAVEHYTNAIQHDPQNHVLYSNRSAAYASLKDYDQALADGEKTVELKP 
DWSKGYSRKGAALCYLGRYADAKAAYAAGLEVEPTNEQLKQALQEAEEQEQASGGGPDIGNVFGQMLQGD 
IWTKLRQSDLTRAYLDDPAFVSLLSRLQKNPNELPMYIQSDPRIANVFAVILGISQKPPGAETQEPAQQP 
KKEEPKKEEKPKAEEKPKEPEPELPTEKKQALEEKELGNQAYKKKDFDTAIVHYKKAFELDPDNMTYLTN 
LAAVYMEQKNYEECVNTCTEAIEVGRRVFADYKLISRAFHRKGNAYMKMEKYAEAIDSYNRALTEHRNPD 
SLNALRKAEQLKKESEEKNYVNPEISQQEKEKGNDCFRNAQYPDAIKHYTEAIRRNPTDHVLYSNRAACY 
MKLGRVPMAVKDCDKAIELSPTFVKAYTRKGHCQFFMKQYHKCLETYEQGLKVEPNNEELNEGLRRTMEA 
INKRQEGSSKAEDKEAMAAAASDPEIQKTLGDPMMKKVLSELGTNPAAVQSYMKDPVIMNNIQKLIAAGI 
IKVK 
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Appendix D 

Table D.I: Sequence Statistics for Murine stress-

inducible protein I (mSTIl) 

Molecular Weight (Daltons) 62584.24 
Number of Amino Acids 543 
Mean Amino Acid Weight (Daltons) 115.3 
Average Hydrophobicity -9.5 
Ratio of Hydrophilicity to Hydrophobicity 1.97 
Percentage of Hydrophilic Amino Acids 58.2 
Percentage of Hydrophobic Amino Acids 41.8 
Ratio of%Hydrophilic to %Hydrophobic 1.39 
Number of Basic Amino Acids 90 
Number of Acidic Amino Acids 93 
Estimated pI for Protein 7.00 
Total Linear Charge Density 0.34 
Polar Area of Extended Chain (AngsA2) 39595.4 
Non-Polar Area of Extended Chain (AngsA2) 59484.5 
Total Area of Extended Chain (AngsA2) 99079.9 
Polar ASA of Folded Protein (AngsA2) 8477.2 
Non-Polar ASA of Folded Protein (AngsA2) 11276.2 
ASA of Folded Protein (AngsA2) 19753.4 
Ratio of Folded to Extended Area 0.21 
Buried Polar Area of Folded Protein (AngsA2) 25422.5 
Buried Non-Polar Area of FP (AngsA2) 44307.8 
Buried Charge Area ofFP (AngsA2) 2905.4 
Total Buried Surface (AngsA2) 72635.7 
Number of Buried Amino Acids 233 
Packing Volume (est) (AngsA3) 76123.0 
Packing Volume (act) (AngsA3) 73324.1 
Interior Volume of Protein (AngsA3) 28214.2 
Exterior Volume of Protein (AngsA3) 45109.9 
Partial Specific volume (mVg) 0.720 
Fisher Vo lume Ratio (act) 1.6 
Fisher Volume Ratio (idealized) 0.5 
Proteifl Solubility 2.7 
Est. Radius of Folded Protein (Angs) 31.6 
RMS End-to-End Dist. of Ext. Chain (Angs) 244.4 
Radius of Gyration of Ext. Chain (Angs) 99.8 
Solv. Free Energy of Folding (kcaVmol) -521.5 
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Appendix E 

Table E.l: Oligonucleotide Primers 

Name of Oligo Oligo sequence TmUC 
K8A(FWD) 5'GTGAA TGAGCTAGCGGAGAAGGGC 63.4 
K8A(REV) 5 , GCCCTTCTCCGCTAGCTCA TTCAC 63.4 
pGEX3X2000N12AF 5' GCTAAAGGAGAAGGGCGCCAAGGCCCTGAGTGC 73.2 
pGEX3X2000N12AR 5'GCACTCAGGGCCTTGGCGCCCTTCTCCTTTAGC 73.2 
pGEXKN812FWD 5'GAA TGAGCTAGCGGAGAAGGGCGCCAAGGCCCTGAG 74.4 
pGEXKN812REV 5'CTCAGGGCCTTGGCGCCCTTCTCCGCT AGCTCA TTC 74.4 
pGEXN43AFWD 5'GTGCTCTACAGCGCTCGCTCTGCAG 66.8 
pGEXN43AREV 5'CTGCAGAGCGAGCGCTGTAGAGCAC 66.8 
pGEX301AF 5' GCAGATCGCCGCCGCTT A TGCCCG 69.9 
pGEX301AR 5'CGGGCA TAAGCGGCGGCGATCTGC 69.9 
PGEXLl5YFWD 5'GAAGGGCAATAAAGCCTATAGTGCTGGGAAC 64.3 
PGEXL15YREV 5'GTTCCCAGCACTATAGGCTTTATTGCCCTTC 64.3 
PGEXA49FK50EF 5'CAA TCGCTCTGCGGCCTACTTCGAGAAAGGAGAC 69.1 
PGEXA49FK50ER 5'GTCTCCTTTCTCGAAGTAGGCCGCAGAGCGA TTG 69.1 
Y/Lfwd 5'GGAAA TGATGCCCTT AAGAAGAAAG 55.9 
Y/Lrev 5 'CTTTCTTCTT AAGGGCATCA TTTCC 55.9 
FE/AKfwd 5' GCTGTGCATGCTAAGAAGGGCGAC 64.0 
FE/AKrev 5' GTCGCCCTTCTTAGCATGCACAGC 64.0 
pCEP4-2000F 5'GGTACCAGAATGGGACATCATCATCATCATCATGGAA 71.7 

TGGAGCAGGTGAATGAG 
pCEP4-2000R 5' CTCGAGTT A TCA TT ATCACCGAA TTGCGA TGAG 62.3 
pCEP4-1400F 5'GGTACCAGAATGGGACATCATCATCATCATCATGAAC 72.1 , 

CCAAGCCAGAACCAATG 
pCEP4-700R 5'CTCGAGTT ATCAGA TCTTCTTCCA TTGG 58 .6 
EBVrev 5' GTGGTTTGTCCAAACTCATC 52.7 
PCEPfwd 5' AGCAGAGCTCGTTTAGTGAACCG 60.6 
PGEXK8EFWD 5'GGTGAA TGAGCTCGAGGAGAAGGGC 64.5 
PGEXK8EREV 5'GCCCTTCTCCTCGAGCTCA TTCACC 64.5 
PGEXN12EFWD 5'GGAGAAGGGCGAGAAAGCCCTGAGTG 66.3 
PGEXN12EREV 5 'CACTCAGGGCTTTCTCGCCCTTCTCC 66.3 
pGEXK73AFWD 5'CTGACTGGGGCGCCGGTT A TTCAAG 65.3 
pGEXK73AREV 5 'CTTGAAT AACCGGCGCCCCAGTCAG 65.3 
pGEXR77AFWD 5 'GGTT A TTCAGCAAAAGCGGCCGCCCTTG 67.9 
pGEXR77AREV 5 'CAAGGGCGGCCGCTTTTGCTGAA T AACC 67.9 
pGEX229AF 5'CACTGAAAGAGGCGGAGCTCGGAAA TGA TGC 67.7 
pGEX229AR 5' GCATCATTTCCGAGCTCCGCCTCTTTCAGTG 67.7 
pGEX233AF 5'GAGAAGGAGCTCGGAGCAGATGCCTACAAG 66.7 
pGEX233AR 5' CTTGT AGGCATCTGCTCCGAGCTCCTTCTC 66.7 
pGEXKNAF 5 ' CACTGAAAGAGGCGGAGCTCGGAGCTGA TGCCT AC 71.6 
pGEXKNAR 5' GT AGGCATCAGCTCCGAGCTCCGCCTCTTTCAGTG 71.6 


