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ABSTRACT 

The Hsp70 family protein members are involved in many diverse processes that are 

essential for cell survival. The Hsp70 cochaperones control and specify Hsp70 

interactions by modifying Hsp70 activity and linking Hsp70 proteins to specific cellular 

processes. Understanding the mechanistic details of how cochaperones co-opt Hsp70 for 

specific functions in a cell may provide insight into the workings of specific cellular 

functions as well as a broader understanding of how multifunctional proteins are 

regulated. 

HspBPl is an Hsp70 cochaperone that binds to the ATPase domain of Hsp70 and 

inhibits its ATPase activity. The purpose of these studies was to gain a basic 

understanding of the Hsp70/HspBPl interaction. The first goal was to define the 

structural domains of HspBPl and explore the secondary structure of those domains. The 

next goal was to determine if HspBPl's ability to bind to Hsp70 and inhibit its activity 

segregated to its distinct protein domains. Finally, the effects of HspBPl association on 

Hsp70 structure were investigated. 

It was determined from these studies that although HspBPl is encoded by seven 

exons, it has only two structural domains as determined by limited proteolysis. Domain 

I, amino acids 1-83, is largely unstructured. Domain II, amino acids 84-359 is predicted 

to be 43% helical using circular dichroism. It was also shown that domain II is sufficient 

for binding to the Hsp70 ATPase domain and inhibiting luciferase renaturation although 

domain I was required for full activity. These studies also describe a novel activity for 



HspBPl, the ability to change the conformation of the ATPase domain. Only domain II 

of HspBPl is required to bring about this conformational change. 

The studies presented here are the first to examine HspBPl's structure and determine 

how its structural domains interact with Hsp70. Prior to these studies, no structural 

information had been reported for an HspBPl family member. This information, along 

with the discovery that HspBPl can alter the conformation of the ATPase domain of 

Hsp70 will bring us closer to understanding this protein family's role in Hsp70 

regulation. 
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CHAPTER 1 

INTRODUCTION 

One of the rewarding challenges of this dissertation subject has been to envision how 

a cell might adapt a very simple mechanism for a multiplicity of tasks. The cell takes 

care of many simultaneous processes in its complex internal environment. Nevertheless, 

these processes are kept distinct and specific. To the human mind the easiest way to do 

this is to create a unique "machine" for each process. Similarly, it is also easier for the 

human mind to grasp a one protein, one function view of biochemistry. This does not 

appear to be nature's favored solution. The iterative evolutionary process that we have 

come to accept as creating fianctional diversity in organisms is much more prone to take a 

working unit and adapt it to many processes than to create de novo solutions to its 

environmental challenges. 

HSP70 

The study of Hsp70 presents a wonderfully rich example of the use of one protein in 

many complex and diverse processes. The Hsp70 family is important in cellular 

housekeeping functions such as protein folding (both co- and post-translational proteins), 

protein translocation and signal transduction (Fewell et al., 2001; Hartl and Hayer-Hartl, 

2002; Nollen and Morimoto, 2002). Hsp70 is also involved in the assembly and 

disassembly of protein complexes and controls the activity of regulatory proteins such as 

the steroid hormone receptors (Mayer et al., 2002; Pratt and Toft, 1997; Smith et al., 

1998). The Hsp70 family is also a key player in sensing and responding to stress 

(Morimoto, 2002; Parsell and Lindquist, 1994). 
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To accomplish such a diverse group of tasks one might envision Hsp70 as a Rube 

Goldberg type of machine, w^ith a large number of "working parts". In actuality it 

appears to be quite simple. The members of the Hsp70 family of proteins have two 

protein domains: an amino terminal ATPase domain, and a carboxy terminal substrate 

binding domain (Chappell et al., 1987; Milarski and Morimoto, 1989). The kinetics of 

the binding and release of substrate, a short hydrophobic sequence, by the substrate 

binding domain is controlled by the binding and hydrolysis of ATP by the ATPase 

domain as shown in the model in Figure 1-1. When ATP is bound to the ATPase domain 

the substrate binding domain has a low affinity for substrate and a high exchange rate. 

When ADP is bound, the substrate binding domain has a high affinity for substrates and a 

low exchange rate (Mayer et al., 2002). 

How then can such a simple mechanism accomplish such a wide variety of tasks? 

Although this question is far from being answered, a few distinct strategies are becoming 

clear (Mayer et al., 2002). One strategy is the development of functionally distinct 

Hsp70's. One use of this strategy is to develop compartmentally distinct Hsp70's such as 

BiP, the Hsp70 homologue present in the ER. Another strategy is the cooperation of 

Hsp70 with other chaperones to form chaperone complexes with distinct activities. A 

good example of this is the cooperative interactions of Hsp70 and Hsp90 in renaturing 

proteins (Schumaker et al., 1996) and the maturation of the steroid receptor (Pratt and 

Toft, 1997). 

Lastly, we come to the strategy that is central to this dissertation, that is the use of 

cochaperones to modify the activity of Hsp70. HspBPl, the subject of this dissertation, is 
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ATPase 
Domain 

Substrate 
Binding 
Domain 

Figure 1-1. A Model of the ATPase Cycle of Hsp70. The ATP binding domain of 
Hsp70 is represented in light gray and the substrate binding domain in dark gray. The 
substrate is a gray hatched box labeled S. At the top of the figure ATP is bound and the 
substrate binding domain has a low affinity for the substrate and a high exchange rate. At 
the bottom of the figure ATP has been hydrolyzed to ADP and the substrate binding 
domain has a high affinity for substrate and a low exchange rate. ADP and Pi are then 
released from the ATPase domain allowing rebinding of ATP and the release of the 
substrate (Mayer et al., 2002). 
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a mammalian, Hsp70 cochaperone. Cochaperones can loosely be defined as proteins that 

assist chaperones in performing their functions. The Hsp70 cochaperone activities can be 

broken down into two distinct mechanisms. One mechanism is for the cochaperone to 

bind to Hsp70 and modify HspVO action by changing the kinetics of ATP hydrolysis or 

substrate binding. The other mechanism is for cochaperones to bind to other cellular 

components, providing a physical link that is thought to coordinate Hsp70 action to a 

specific cellular process. A given cochaperone may utilize one or both of these 

mechanisms. 

Hsp70 Cochaperones 

This section details the Hsp70 cochaperone families, their reported interactions and 

effects on Hsp70. A list of Hsp70 cochaperones is given in Table 1-1, along with 

information about them. Figure 1-2 shows how these cochaperones are thought to 

influence the chaperone cycle. A brief discussion of each cochaperone listed is in the 

following sections. Although HspBPl is a mammalian cochaperone, some information 

about prokaryote cochaperones has been included in this section. The study of 

cochaperones in prokaryotes has provided a conceptual framework for thinking about 

cochaperone interactions with Hsp70, even though the situation in eukaryotes appears to 

be much more complex. To simplify this discussion the term Hsp70 will be used in a 

general sense in this dissertation to denote the Hsp70 family member instead of using any 

of the organism specific homologs of Hsp70. 
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Table 1-1 

Hsp70 Cochaperones 

Cochaperone Organisms Binding 
Area on 
Hsp70 

Interaction 
domain 

Functional 
Conse
quence 

Process 

DnaJ (Hsp40) Prokaryotes 
and 
Eukaryotes 

ATPase 
Domain 

J domain Increases 
Nucleotide 
Hydrolysis 

Almost all 

GrpE Prokaryotes 
and 
Prokaryote 
derived 
organelles. 

ATPase 
Domain 

Nucleotide 
Exchange 

All 

Bag Eukaryotes ATPase 
Domain 

Bag Domain Nucleotide 
Dissociation 
(Exchange?) 

Diverse 

Hip Eukaryotes ATPase 
Domain 

TPR Stabilizes 
ADP bound 
state 
Prevents 
substrate 
release 

Steroid 
Hormone 
receptor 
response 

Hop Eukaryotes Substrate 
binding 
domain 

TPR Unclear 
Links 
Hsp70 to 
Hsp90 

Heat shock 
response, 
steroid 
hormone 
receptor 
response 

Chip Eukaryotes Substrate 
binding 
domain 

TPR Inhibits 
ATPase 
activity 

Proteolysis 

HspBPl Eukaryotes ATPase 
Domain 

Nucleotide 
dissociation 
(Exchange?) 

Unknown 
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Bagl? 
HspBPl? 

ADP + Pi 
DnaJ/Hsp40 

GrpE 
Bagl 
HspBPl 

h CHIP 

Hip 

Figure 1-2. A model of the Hsp70 ATPase cycle with the possible sites of 
cochaperone regulation. The ATP binding domain of Hsp70 is represented in light gray 
and the substrate binding domain in dark gray. The substrate is represented by a gray 
hatched box labeled S. At the top of the figure ATP is bound and the substrate binding 
domain has a low affinity for the substrate and a high exchange rate. At the bottom of the 
figure ATP has been hydrolyzed to ADP and the substrate binding domain has a high 
affinity for substrate and a low exchange rate. Cochaperone names are in unfilled boxes 
at the step of the cycle where they are thought to regulate HspVO. An arrow from the box 
indicates a positive influence on the step in the reaction cycle. A line ending in a bar 
indicates a negative effect on the step in the reaction cycle. For references and specifics, 
see text. Bagl and HspBPl are shown at the top of the cycle removing ATP with a ? 
mark. Although this action has been shown in vitro for both cochaperones, it is not 
known if they inhibit this step in vivo. 
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The Hsp40 cochaperones, also called DnaJ-like proteins, are required for almost all 

Hsp70 chaperone activities. Hsp40 proteins stimulate hydrolysis of ATP by their Hsp70 

homologue which in turn allows stable binding of Hsp70 to substrate. This has an 

important effect on HspVO kinetics since ATP hydrolysis is the rate limiting step for most 

Hsp70s. The Hsp40 proteins tightly couple the hydrolysis of ATP to the binding of 

substrate by Hsp70. The mechanism of this is not clear. The Hsp40 proteins bind to their 

Hsp70 counterpart through a conserved J domain found in all DnaJ homologues. They 

also transiently bind to the substrate. Whether Hsp40 and Hsp70 both bind to the 

substrate simultaneously or Hsp40 hands off the substrate to Hsp70 is still under 

investigation (Laufen et al., 1999; Mayer et al., 2002). 

Although all the Hsp40 or DnaJ-like proteins contain a J domain, an individual cell or 

organism will have many different Hsp40 proteins that have a variety of compartmental 

and process specificities. Studies in S. cerevisiae have shown that the individual Hsp40s 

have distinct differences in their ability to interact with the different Hsp70s in a cell. It 

is thought that the formation of specific Hsp70/Hsp40 pairs may be a mechanism for 

directing Hsp70 to a specific cellular process (Cyr et al., 1994; Lu and Cyr, 1998). 

Another cochaperone, GrpE, is only found in prokaryotes. Nevertheless it is of 

interest for this dissertation because it is the canonical nucleotide exchange factor, and as 

will be explained in the next section, HspBPl has been proposed to be a eukaryotic 

counterpart to it. GrpE promotes nucleotide exchange by facilitating the dissociation of 

ADP by actively opening the cleft of the ATPase domain to release ADP. This results in 
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what is called an open conformation of the ATPase domain of Hsp70 which in turn 

promotes rebinding of ATP which is present in excess (Harrison et al., 1997). GrpE has 

also been shown to stimulate the release of ATP. No GrpE homologues have been found 

in eukaryote cytosol although they are present in the prokaryote derived organelles of 

eukaryotes. This has fiieled speculation that a nucleotide exchange factor is not 

necessary for the eukaryotic homologues of Hsp70. There is support for this in the fact 

that the dissociation rate of nucleotide from eukaryotic Hsp70 family proteins is higher 

than from DnaK, their bacterial counterpart (Brehmer et al., 2001). Interestingly GrpE 

has not been found to interact with other proteins besides Hsp70. It seems to be required 

globally for Hsp70 action and does not tie Hsp70 action to specific substrates. 

The literature on the Bag proteins is large and conflicted. The most well studied 

family member is Bag-1. Bag proteins have been proposed to act as nucleotide exchange 

factors or alternatively as inhibitors of Hsp70 action. This is similar to what has been 

proposed for HspBPl, as will be described shortly. Experimentally, the relative 

concentration of Bag-1 to Hsp70, as well as the concentrations of other factors such as Pi, 

has been shown to be important in determining Bag-1 's effects on Hsp70 (Gassier et al., 

2001). Unlike GrpE, Bag-1 only dissociates ADP (Brehmer et al., 2001). Although 

cellular concentration of the Bag proteins are low, multiple Bag proteins have been found 

with interaction domains that bind them to components of a variety of cellular processes. 

Examples of proteins that the interaction domains of Bag proteins have linked them to 

are: steroid receptors, the transcription factor c-Jun, anti-apoptotic factor Bcl-2 and the 

protein kinase Raf. Several Bag proteins also have ubiquitin homology domains that are 



thought to contact the proteasome (Mayer et al., 2002). This has led to the hypothesis 

that unhke GrpE, which acts globally as a nucleotide exchange factor, Bag proteins may 

locally facilitate nucleotide dissociation in conjunction with a specific cellular process. 

Although there are differences in how GrpE and Bag-1 function, their association with 

Hsp70 results in a similar conformation change of the ATPase domain. The co-crystal 

structure of the Bag domain of Bagl with Hsp70 is remarkably similar to the co-crystal 

of GrpE with its Hsp70 counterpart (Harrison et al., 1997; Sondermann et al., 2001). 

Binding of GrpE or the Bag domain to its Hsp70 counterpart results in release of 

nucleotide and formation of the "open" complex of the Hsp70 ATPase domain. 

Bag family proteins have also been shown to modulate the action of nuclear receptors. 

Again the effects of the Bag proteins are unclear and they have been shown to both 

inhibit and enhance the functions of the receptors (Cato and Mink, 2001). Bag-1 in 

conjunction with CHIP is also hypothesized to promote degradation of the steroid 

receptor complex as will be discussed in the CHIP section below (Hohfeld et al., 2001). 

Another cochaperone. Hip (Heat shock interacting protein) was identified using the 

yeast two-hybrid system to identify proteins that interact with the Hsp70 ATPase domain 

(Hohfeld et al., 1995). As shown in Table 1-1, Hip has a tetratricopeptide repeat domain, 

or TPR domain, which is important for its binding to Hsp70 (Prapapanich et al., 1996b). 

It has been shown that one Hip molecule binds to two Hsp70 molecules. This binding is 

preferentially to the ADP conformation of the ATPase domain and Hip appears to 

stabilize the ADP bound conformation (Hohfeld et al., 1995). Stabilizing the ADP 

conformation of Hsp70 results in a more stable interaction of Hsp70 with its substrate and 
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may be important for transfer of Hsp70 substrates to other chaperones or chaperonins (a 

group of large double-ring complexes that promote protein folding (Cowen and Lewis, 

2002)). Hip has been shown to stimulate the refolding of luciferase but only when used 

in great excess (Mayer et al., 2002). Hip was also isolated from Hsp70 complexes with 

the steroid receptor and has been proposed to act as a stabilizer of that complex (Frydman 

and Hohfeld, 1997; Prapapanich et al., 1996a). 

Hop (Heat shock organizing protein) is thought to link Hsp70 to another chaperone, 

Hsp90 (Chen and Smith, 1998; Johnson et al., 1998; Smith et al., 1993b). Hop binds to 

the chaperones using its TPR domains. The two TPR domains of Hop show specific 

binding to the EEVD motifs in the substrate binding domains of Hsp70 and Hsp90. This 

has been demonstrated by determining the crystal structures of the TPR domains with 

peptides containing the respective EEVD motifs from Hsp70 and Hsp90 (Scheufler et al., 

2000). Hop is a component of the steroid hormone receptor complex, where it may use 

this ability to link Hsp70 and Hsp90, acting mainly as a scaffold. Although Hop has been 

shown to enhance the maturation of the steroid receptor complex it is not essential for 

this process (Morishima et al., 2000). 

CHIP (Carboxyl terminus Hsp70 interacting protein) was isolated by looking for a 

novel protein that contained a TPR domain. CHIP contains three tandem TPR domains, 

which can bind Hsp70 or Hsp90. The binding of CHIP to Hsp70 decreases the ATPase 

activity of Hsp70 without affecting the release of nucleotide. In the luciferase refolding 

assay CHIP decreased luciferase refolding 65% establishing CHIP as a negative regulator 

of Hsp70 (Ballinger et al., 1999). The binding of CHIP to Hsp90 causes the release of 
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p23 from the steroid hormone binding complex and preventing its maturation to a form 

that can bind steroid hormone receptor (Connell et al., 2000). CHIP was also shown to 

contain a carboxyl terminal U-box and to possess intrinsic ubiquitin ligase activity (Jiang 

et al., 2001). 

These studies led to the hypothesis that CHIP functions with Hsp70 to block folding 

of aberrant proteins and target them for degradation. This was supported by two sets of 

experiments. One showed that CHIP targets immature CFTR (cystic-fibrosis 

transmembrane conductance regulator) for ubiquitination and degradation (Meacham et 

al., 2000). The other showed that addition of CHIP to the glucocorticoid receptor 

complex not only blocks its ability to bind steroid, it also induces ubiquitination of the 

receptor, leading to its degradation. The emerging picture from these studies with CHIP 

is that Hsp70 via its cochaperones takes an active part in the targeting of proteins for 

degradation (Connell et al., 2000). Hsp70's proposed role in this process is as a sensor of 

the protein's normative state (McClellan and Frydman, 2001). 

One model of how HspTO might shift from a protein folding to a protein degrading 

machine involves the binding of distinct sets of Hsp70 cochaperones (Hohfeld et al., 

2001). When Hip and Hop are bound to Hsp70 protein folding is promoted. Hip 

stabilizes substrate binding and Hop recruits Hsp90, which is necessary for optimal 

folding. Hsp70 turns to degrading its protein substrates when Bag-1 and CHIP are 

bound. Bag-1 negatively regulates the ATPase domain to block folding and recruits the 

proteasome. CHIP mediates ubiquitination of the substrate. Although this model unifies 

current ideas about how these cochaperones interact with Hsp70 it sheds no light on how 



the cofactors may interact to shift from one state to another. The competition of cofactors 

for HspVO binding is still largely unexplored. 

HspBPl 

HspBPl was identified as a human Hsp70 ATPase domain binding partner using the 

yeast two-hybrid system with a human heart cDNA library (Raynes and Guerriero, 1998). 

The HspBPl protein sequence did not contain any recognizable protein domains. 

Northern blot analysis showed only one transcript for HspBPl. The HspBPl transcript 

was present in variable amounts in all tissues tested with the highest amount in heart and 

skeletal muscle. A polyclonal antibody was made to HspBPl and it was shown that a 

protein of the predicted size was expressed in a human lung carcinoma. To confirm the 

results of the two-hybrid assay, HspBPl was shown to bind to full-length Hsp70 in a 

tissue homogenate and to specifically bind to the ATPase fragment that was used for the 

two-hybrid assay. 

HspBPl has been shown to inhibit the Hsp40 stimulated ATPase activity of Hsp70. 

For these assays ^^S-ATP was added to different combinations of Hsp70, Hsp40 and 

HspBPl and the conversion of ATP to ADP in the mixture measured over time. There 

was a slight increase in hydrolysis of ATP when HspBPl was added to Hsp70 alone, 

presumably from residual DnaK in the protein preparation. Addition of Hsp40 to Hsp70 

produced the expected increase, approximately 3 fold, in hydrolysis of ATP. When 

HspBPl was added to Hsp70 plus Hsp40 the amount of hydrolysis decreased by 

approximately one third from its stimulated value. 



HspBPl was also shown to decrease the amount of nucleotide bound to Hsp70. These 

experiments were done in a similar fashion to the ATPase activity assays except that 

samples were removed under steady state conditions and only the nucleotide bound to the 

protein mixture was measured. Addition of HspBPl to Hsp70 alone or Hsp70 plus 

Hsp40 decreased the amount of total nucleotide bound. This decrease was reflected by a 

loss of both ATP and ADP (Raynes and Guerriero, 1998). 

Just recently, HspBPl has also been shown to act as a nucleotide exchange factor 

(Kabani et al., 2002b). To show this ^'S-ATP was bound to Hsc70 before HspBPl was 

added. Addition of HspBPl stimulated the dissociation of ATP and ADP (produced by 

hydrolysis) from Hsc70. HspBPl's ability to inhibit ATP hydrolysis may seem at first to 

be contrary to what one would expect of a nucleotide exchange factor. One explanation 

for this phenomenon could be that inhibition of hydrolysis occurs when the nucleotide 

exchange factor extracts nucleotide at such a high rate that no hydrolysis can take place. 

In support of this, two well characterized nucleotide exchange factors GrpE and Bag-1 

have both been shown to act as either positive or negative regulators of ATP hydrolysis 

depending on whether they are present at high or low concentrations respectively 

(Gassier et al., 2001; Pierpaoli et al., 1998). At this time HspBPl has not been shown to 

positively regulate Hsp70. 

HspBPl has been shown to inhibit the renaturation of luciferase in reticulocyte lysate 

and in a defined system (Raynes and Guerriero, 1998). The renaturation of luciferase is a 

well-characterized process involving several chaperones and cochaperones (Murphy et 

al., 2001). Since Hsp40 stimulated Hsp70 ATPase activity has been shown to be 
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essential for this process and is inhibited by HspBPl, assays to ascertain the effect of 

HspBPl addition were undertaken. The results showed that HspBPl inhibited luciferase 

renaturation with a half maximal inhibition at 2 jxM HspBPl (Raynes and Guerriero, 

1998). Although the stoichiometry of this interaction was not determined at the time, 

similar assays were performed for this dissertation and it was determined that a 4 fold 

molar excess of HspBPl to Hsp70 was needed for 50% inhibition (our unpublished data). 

The molar ratio of HspBPl to HspVO in reticulocyte lysate before addition of 

recombinant HspBPl was determined to be 0.12. In the original study the inhibitory 

activity of HspBPl was recapitulated in a defined system as well to show that HspBPl's 

effect was direct and not achieved through interaction with some as yet undiscovered 

component (Raynes and Guerriero, 1998). 

Initial comparison of the HspBPl protein sequence with sequences in protein 

databases produced no matches with proteins of known function and suggested that 

homologues might exist only in vertebrates (Raynes and Guerriero, 1998). It now seems 

more likely, based on sequence homology and functional assays, that there are 

homologues of HspBPl in all eukaryotes. These homologs have two distinct cellular 

distributions with one set restricted to the ER and the other, like HspBPl (our 

unpublished data), found in the cytosol and nucleus. 

To date three HspBPl homologues have been recognized and studied. They are slslp, 

in the ER of the yeast Y. lipolytica (Boisrame et al., 1998) and S. cerevisiae (yOL031C) 

(Kabani et al., 2000), also called sillp (Tyson and Stirling, 2000), feslp (yBRlOlcp) in 

the nucleus and cytosol of S. cerevisiae (Kabani et al., 2002a), and BAP (BiP associated 



protein) a human ER protein (Chung et al., 2002). The protein sequence homology of 

these proteins to HspBPl is low. For example, feslp has 25% identity to HspBPl and 

38% similarity (Kabani et al., 2002a), BAP has 29% homology to HspBPl (Chung et al., 

2002). Alignments of HspBPl to feslp and BAP are shown in Figure 1-3. Much more 

convincing is the fact that the three homologs exhibit similar activities. They all bind to 

an Hsp70 homolog and cause subsequent nucleotide release. Furthermore, HspBPl has 

also been shown to promote nucleotide dissociation from the yeast Hsp70 homolog ssalp 

in a similar fashion to feslp (Kabani et al., 2002b). GST-feslp on the other hand was 

only weakly active at dissociating bound nucleotide from Hsc70 and inhibiting Hsp70 

mediated refolding ((Kabani et al., 2002b) and Chapter 4). 

Although the homologs function similarly they do exhibit some interesting differences 

in their effects on Hsp70 activity. Whereas the ER homologs slslp and BAP increase the 

ATPase activity of their Hsp70 homologs, the cytosolic factors HspBPl and feslp inhibit 

the ATPase activity. As discussed above for HspBPl, this may be concentration 

dependent and could indicate that the cytosolic homologues are better at dissociating 

nucleotide from their Hsp70 counterpart. 

Another possible explanation is that the ER factors are only able to dissociate ADP 

from Hsp70 and the cytosolic factors can dissociate either ATP or ADP. Both the ER 

homologs have been shown to prefer binding to an ADP conformation of Hsp70 by 

direct testing of binding to Hsp70 mutants that are permanently in the ADP conformation 

(Chung et al., 2002; Kabani et al., 2000). GST-feslp coimmunoprecipitates more ssalp 

when it is preincubated with ADP than when it is preincubated with ATP but clearly 
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HspBPl/feslp 

HSPBPl 85 GQREEVEQMKSCLRVLSQPMPPTAGEAEQAADQQEREGALELLADLCENMDNAADFCQLS 
G + + M K + V + P  D + + A +  L  E N + D N A  +  L  

FESl 37 GGPDDPTLMKESMAVIMNP EVDLETKLVAFDNFEMLIENLDNANNIENLK 

HSPBPl 145 GMHLLVGRYLEAGAAGLRWRAAQLIGTCSQNVAAIQEQVLGL-GALRKLLRLL-DRDACD 
L+ ++ LR A +IGT QN Q + LR L+ + D+ 

FESl 87 LWEPLLDVLVQTKDEELRAAALSIIGTAVQNNLDSQNNFMKYDNGLRSLIEIASDKTKPL 

HSPBPl 203 TVRVKALFAISCLVREQEAGLLQELRLDGFSVLMRAMQQQVQKLKVK 
VR KA +A+S L+R + +F +L+G + + K K+K 

FESl 147 DVRTKAFYALSNLIRNHKDISEKFFKLNGLDCIAPVLSDNTAKPKLK 

HspBPl/BAP 

HspBPl 118 

BAP 200 

QEREGALELLADLCENMDNAADFCQLS 
+E+ AL L MDNA D 
EEKIAALFDLEYYVHQMDNAQDLLS FG 

HspBPl 14 5 GMHLLVGRYLEAGAAGLRWRAAQLIGTCSQNVAAIQEQVLGLGALRKLLRLLDRDACD 
G+ +++ L + ++ AA ++G + +Q++ GAL+KLL +L + 

BAP 233 GLQVVING-LNSTEPLVKEYAAFVLGAAFSSNPKVQVEAIEGGALQKLLVILATEQPL 

HspBPl 203 TVRVKALFAISCLVREQEAGLLQFLRLDGFSVLMR AMQQQ-VQKLKVKS AFLLQNLL 
T + K LFA+ L+R QFL+L G VL +Q++ + L V+ LL +L+ 

BAP 282 TAKKKVLFALCSLLRHFPYAQRQFLKLGGLQVLRT LVQEKGTEVLAVRV VTLLYDLV 

Figure 1-3. Alignment of HspBPl with homologs feslp and BAPl. These results 
were taken from a BLASTP search using HspBPl as the query (www.ncbi.nlm.nih.gov). 
Pairwise BLAST alignments produced fewer matches. Only aligned areas are shown. 
The line between the two sequence lines shows the predicted alignment with the amino 
acid symbol given for identical amino acids and a + representing similar amino acids. 
These alignments suggest a 25% identity for feslp and HspBPl and a 29% identity for 
BAP and HspBPl. The protein lengths are 359 amino acids for HspBPl, 290 for feslp 
and 461 for BAPl. 

http://www.ncbi.nlm.nih.gov
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binds to both (Kabani et al., 2002a). The presence of the nucleotide in the Hsp70/feslp 

complex was not confirmed however, so it is possible that feslp prefers to bind to Hsp70 

with no nucleotide bound. The preferred Hsp70 binding conformation has not been 

directly tested for HspBPl. 

HspBPl and the HspBPl homologues have all been proposed to be mammalian 

equivalents of GrpE, acting as compartmentally specific nucleotide exchange factors. As 

for involvement in specific cellular processes, genetic studies of the yeast homologue 

slslp have shown it to be involved with co-translational translocation of secreted proteins 

into the ER (Boisrame et al., 1996; Boisrame et al., 1998; Tyson and Stirling, 2000) and 

ER-associated degradation (Kabani et al., 2000). The homolog that has a similar cellular 

distribution to HspBPl, feslp, is thought to have a non-essential role in translation. A 

deletion of Fes 1 causes a temperature sensitive phenotype and also sensitivity to 

cycloheximide at normal temperatures. Fesl deletion also slows the incorporation of ^^S-

methionine-cysteine into proteins at high temperatures. GFP-feslp has been found in 

association with polysomes. Also, in the Fesl deletion mutant, there is a slight increase 

in SOS ribosomes relative to polysomes at permissive temperatures which is more 

pronounced at high temperatures. Unfortunately, all of these phenotypes could be the 

result of a slower growth phenotype and the growth characteristics of this strain were not 

reported. 

Another interesting phenotype of the Fesl deletion was its ability to partially rescue 

ydjl-151 thermosensitivity. Ydjl is a yeast homologue of DnaJ or Hsp40 and the ydhl-

151 mutant is temperature and cycloheximide sensitive. The double mutant Afesl ydjl-



151 was less temperature and cycloheximide sensitive than either single mutants. This 

implies an antagonistic relationship between the two proteins which is similar to what 

was seen in the in vitro ATPase assays (Kabani et al., 2002a). 

The members of this emerging family of Hsp70 cochaperones have low sequence 

identity. Consequently, no signature motif for Hsp70 interaction has been found. The 

studies presented here are the first to examine the structure of an HspBPl family member 

and determine how its structural domains interact with Hsp70. In Chapter 3, studies are 

presented that determine the structural domains of HspBPl and explore the secondary 

structure of those domains. The results indicate that HspBPl has two structural domains. 

Domain I is approximately one quarter of the protein and is largely unstructured. 

Domain II is a large structured domain that makes up three quarters of the protein. 43% 

of domain II consists of a-helices. 

The studies in chapter 4 take the domain structure deduced in Chapter 3 and evaluate 

which parts of the HspBPl structure are responsible for the activities of HspBPl. In 

Chapter 4 the results show that domain II is sufficient for all the activities of HspBPl that 

were tested, but domain I is required for full activity. Chapter 5 continues these studies 

by looking at the effect of HspBPl association on the structure of the ATPase domain of 

HspTO. The results presented in Chapter 5 show that HspBPl association changes the 

conformation of the ATPase domain and that only domain II of HspBPl is necessary to 

bring about this change. 

These results suggest that unlike some of the other cochaperones that have discreet 

linear motifs for Hsp70 interaction, HspBPl and its family members may utilize a 



common tertiary protein fold. This would explain their low sequence identity and lack of 

large areas of homology. The studies presented here provide the groundwork for 

crystallographic studies that are necessary to understand these issues more fully. 

The fact that HspBPl transcripts were found in all tissues tested and homologues have 

been found in multiple compartments of the cell suggests the HspBPl family may have a 

role in regulating Hsp70 that has not been fully appreciated. The details of the 

interactions of HspBPl and Hsp70 presented here are a part of understanding this larger 

issue. As with most studies in a new area of investigation the results presented here bring 

up many questions and suggest many avenues for further study. These will be discussed 

in the final chapter, Chapter 6, Summary and Future Directions. 



35 

CHAPTER 2 

MATERIAL AND METHODS 

Construction of Mutants 

The construction of the pET28a-HspBPl full-length vector that was used to express 

and purify recombinant His6-HspBPl was described previously (Raynes and Guerriero, 

1998). Debbie Raynes constructed all of the cDNA's for the mutants in these studies as 

will be described here in brief To construct the HspBPl mutants, new stop and start sites 

were engineered using PCR mutagenesis. One mutagenic primer (to add the ATG or stop 

codon) and an internal primer were used. The PCR product was then subcloned into 

pCR2.1 (Invitrogen Corp., Carlsbad, CA) and sequenced (Genomic Analysis Technology 

Core, University of Arizona). This cassette was then inserted into the pET28a-HspBPl 

full-length vector using Ndel and a unique internal restriction site spanned by the PCR 

fragment to create a new start site or an internal restriction site and EcoRI (from pCR2.1 

vector) to create a stop. 

To construct the vector for the Hsp70 ATPase domain, the full-length human Hsp70 

clone, pH2.3 (kindly provided by R.I. Morimoto) (Chappell et al., 1987; Hunt and 

Morimoto, 1985) was subcloned into pBS+ (Stratagene Corp., La Jolla, CA) and 

subjected to site directed mutagenesis to remove an internal Ncol site and create a new 

Ncol site at the initiation codon. It was then shuttled through pBR328 and subcloned into 

pET3d (a gift from William Studier). This construct, pET3d-Hsp70, was then subjected 

to PCR using the T7 primer from the vector and a mutagenic primer to add a stop codon 

following amino acid 382. The resulting PCR fragment was subcloned into pCRZ.l and 



sequenced. After the sequence was verified, the fragment was subcloned into pET28a 

(Novagen, Inc., Madison, WI) with Ncol and EcoRI to remove the Hise tag from the 

vector. 

Expression and Purification of Recombinant Proteins 

Recombinant HspBPl and the HspBPl truncation mutants all contain amino terminal 

His6 tags. These proteins were expressed and purified as previously described for 

HspBPl (Raynes and Guerriero, 1998). Trace amounts of residual DnaK were removed 

from purified HspBPl and the truncation mutants using an ATP-agarose column or by 

washing the TALON (BD Biosciences Clontech, Palo Alto, CA) resin bound HspBPl 

with 25 mis of 5 mM ATP, 5mM MgCl 2 in wash buffer. The Hsp70 ATPase domain 

was expressed in E. coli and purified on ATP agarose as previously described for Hsp70 

(Guerriero et al., 1989). 

Limited Proteolvsis 

Assays were performed at room temperature with selected enzymes at a molar ratio of 

1:250 (protease: protein) for a single protein and 1:125 when two proteins were combined 

so that the molar concentration of the protease remained relatively constant. The reaction 

mixtures were stopped with a protease inhibitor, incubated briefly on ice and either snap 

frozen in liquid nitrogen for mass spectrometric analysis or prepared for other procedures 

by adding SDS sample buffer and heating to 95°C for 5 min. Preincubation conditions 

were 15 min. at 37°C followed by 10 min. at room temperature. All procedures used 

gave the same results as monitored by Coomassie stained gels. There were differences in 

the procedures for the data presented. For Edmund degradation and Figures 3-3 and 3-5, 
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12 |iM HspBPl was used in buffer A (0.5 M NaCl, 5mM imidazole, and 20 mM tris-HCl 

pH 8.0) with CaCl 2 (0.1 or 0.0 IM) added to stabilize the proteases. For Edmund 

degration the protease inhibitor was an agarose immobilized trypsin inhibitor that was 

pelleted and removed before the sample was heated. For Fig. 3-3 and 3-5, the protease 

inhibitor aprotinin was used. For other analyses, proteins were used at a concentration of 

24 |iM, the reactions were carried out in buffer B (10 mM tris-HCl pH 7.5, 10 mM NaCl 

and 5 mM DTT) and the protease inhibitor PMSF (1.1 mM) was used. Limited 

proteolysis on full-length Hsp70 and HspBPl using trypsin was performed according to a 

previously published protocol (Bimston et al., 1998). 

Protein Identification and Analvsis 

Western blot analysis was performed as previously described (Raynes and Guerriero, 

1998). Primary antibodies used were anti-HspBPl (BD Biosciences Pharmigen, San 

Diego, CA), anti-Hsp70/Hsc70 SPA820 (StressGen, Victoria, British Columbia, Canada) 

for detection of full-length Hsp70, anti-Hsp70/Hsc70 SPA 812 for detection of the 

Hsp70ATPase domain and anti-His6 antibody (BD Biosciences Clontech, Palo Alto, CA). 

Samples for Edman degradation were run on a 12.5% SDS PAGE gel, transferred to 

Immobilon-P PVDF membrane (Millipore, Billerica, MA.), and stained with Coomassie 

Brilliant Blue R to visualize the protein bands. The protein bands were excised and 

submitted for analysis to the Laboratory for Protein Sequencing and Analysis at the 

University of Arizona Department of Chemistry. Samples were submitted to 5 cycles of 

degradation using an ABI 477A system. 
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Mass spectrometric analysis was performed by the Mass Spectrometry Facility, at the 

University of Arizona, Department of Chemistry. Masses were initially acquired using a 

Bruker Reflex III MALDI/TOF instrument. For subsequent analyses, ESI-LC/MS using 

a Finnigan LCQ (Thermo Finnigan, San Jose, CA) was employed. This system used a 

Ci8 column with a gradient going from 95% buffer C (2% acetonitrile, 0.1% 

trifluoroacetic acid, 98% H2O) and 5% buffer D (90% acetonitrile, 0.1% trifluoroacetic 

acid, 10% H 2O) to 5% buffer C and 95% buffer D over 30 min. The software used to 

analyze the observed masses was Xcaliber (Thermo Finnigan, San Jose, CA). To assign 

the observed masses to specific proteolytic fragments, the software program MS-Digest 

(Baker, P.R. and Clauser, K.R., http://prospector.ucsf.edu) was used. All protein 

assigrmients were within the observed tolerances of the instrumentation used. 

Circular Dichroism 

CD spectra of Hisg tagged recombinant HspBPl and recombinant M84-359 were 

acquired using an AVIV 60DS (V4.lt) spectropolarimeter at 15° C. The proteins were 

first exposed to 5 mM DTT in buffer A for 24 hours and then dialyzed into 5 mM 

phosphate buffer pH 7.5 over 48 hours in the cold. The samples were then diluted to 

approximately 10 |iM. After analysis the concentration of protein in the samples was 

determined more accurately using the absorbance at 280 and the molar extinction 

coefficients. The final concentrations were 13.7 |iM for HspBPl and 12.6 |xM for M84-

359. Spectrum were acquired using 0.5 nm steps from 200 rmi to 260 nm and a 1 mm 

path length. Each data set represents three repetitions. A separate spectra was generated 

for the buffer alone and this was subtracted from the protein spectra. The a-helical 

http://prospector.ucsf.edu


• • • . • 2 1 content was predicted using the mean residual ellipticity ([0] in degrees cm dmol" 

residue"') at 222 nm according to the standard equation (Chen and Yang, 1971), 

Fraction of a-helical content=([0]222+234O)/3O,OOO 

The fraction was then multiplied by 100 and expressed as percent a-helical content. 

Renaturation of Luciferase 

Assays to measure the renaturation of luciferase in rabbit reticulocyte lysate were 

done as previously described (Raynes and Guerriero, 1998). The denatured luciferase 

was added to reticulocyte lysate in the presence or absence of increasing amounts of full-

length HspBPl or truncation mutant. At 90 min. 3 aliquots of each sample were removed 

and assayed for luciferase activity. Activities were compared to luciferase renatured in 

the absence of added protein. All mutants were tested at least twice. 

Hsp70 Binding to HspBPl and Tnmcation Mutants 

One nmole of truncated or full-length HspBPl was added to 20 |il of a 50% slurry of 

TALON resin and buffer A. After a 15 min. incubation on ice the resin was pelleted and 

the supernatant removed. To the resulting resin pellet, 50 |j.l of reticulocyte lysate 

containing an ATP regenerating system (Schumaker et al., 1994) was added. After a 90 

min. incubation on ice with frequent gentle mixing, the resin pellet was quickly washed 4 

times with ice cold buffer C (10 mM tris HCl pH 7.9, ImM MgCl 2, 50 mM KCl, 7.5 mM 

imidazole and 0.2% Tween). After the last wash the pellet was taken to dryness, SDS 

sample buffer was added and the sample was heated to 95°C for 5 min. The samples 

were then western blotted as described above. 
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ATPase Binding to HspBPl and Truncation Mutants 

Incubation of test proteins with the TALON resin, incubation conditions and washing 

steps are all as described above for binding of full-length Hsp70. S labeled ATPase 

domain was prepared using the TNT T7 Quick Coupled Transcription/Translation System 

(Promega, Madison, WI) and S methionine (Amersham Biosciences Corp., Piscataway, 

-3 c 
N.J.). The resulting S labeled ATPase domain was diluted (1:2.67) with reticulocyte 

lysate containing an ATP regenerating system and 50 fil of this mixture was incubated 

with the TALON resin and test protein. The results were monitored using 

autoradiography. 



CHAPTER 3 

DEFINING HSPBPl STRUCTURAL DOMAINS 

Introduction 

These studies were embarked upon to first discern the domain structure of HspBPl, 

and then determine the secondary structure of full-length HspBPl and each domain. 

Prior to this study nothing was known about HspBPl protein structure outside of its 

primary protein sequence. HspBPl contained none of the known Hsp70 interaction 

domains and had little resemblance to known proteins or protein motifs (Mayer et al., 

2002). Previous attempts by others to crystallize the full-length protein had not been 

successful. These studies are the first description of a novel Hsp70 binding protein and 

possibly a novel protein structure. The information gained by these studies was used in 

further experiments (Chapter 4) to assign the functions of HspBPl to its structural 

domains and to define a portion of HspBPl that contained important functional elements 

and could be crystallized. 

The experiments detailed in this chapter show that the HspBPl is encoded by 7 exons 

and is made up of two structural domains. HspBPl was also predicted to contain several 

regions with some similarity to armadillo repeats. The armadillo repeat motif was first 

identified in the armadillo protein which is involved in segment polarity in drosophila. 

Since then this protein motif has been identified in the vertebrate homologs of armadillo, 

B-catenin and plakoglobin, as well as in other proteins of diverse functions (APC, SRPl, 

pl20, smgGDS, etc.) (Peifer et al., 1994). The armadillo repeat motif is approximately 

40 amino acids long and it is usually found in multiple copies. This motif has been 
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implicated in protein-protein interactions but no common target for these interactions has 

been identified. The three dimensional structure of a protease resistant fragment of the 

human ortholog of armadillo, f3-catenin has been determined (Huber et al., 1997). This 

protein has 12 armadillo repeats that form super-helix of helices. This arrangement, in P-

catenin, creates a long positively charged groove that has been proposed to interact with 

acidic binding partners. A diagram of three armadillo repeats from P-catenin is shown in 

Figure 3-1. 

If, as predicted, HspBPl has three armadillo repeats, that would result in 33% of the 

protein being made up of a-helices. Structural predictions of HspBPl secondary 

structure using circular dichroism estimate that HspBPl, with a 20 amino acid His6 tag, is 

composed of 35% a-helix. Domain II, which encompasses three quarters of the protein, 

is the stable highly structured domain and is predicted to have 43% alpha helical content. 

Domain I is predicted to be mainly random coil. Preliminary attempts to crystallize 

domain II were successfiil, although a structural quality crystal has not yet been 

produced. 

Results 

Structural Predictions 

As a starting point for our studies, we constructed a model of HspBPl using the exon 

boundaries, as deduced from the genomic sequence, to divide the protein sequence into 

domains. This model of HspBPl (Fig. 3-2 A.), was constructed from information on the 

human genomic sequence (National Center for Biotechnology, 
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1 2 3 

N-terminal end of helix 

(3 C-terminal end of helix 

Figure 3-1, Diagram of three armadillo repeats. Each armadillo repeat is composed 

of three helices. The arrows represent the direction of the amino acid chain. Helices that 

are perpendicular to the page are diagrammed as circles. The end and points of arrows on 

top of a circle indicate that the chain is leaving or entering the helix on the side of the 

helix that is visible. If the point or end of the arrow is just touching the circle it is leaving 

or entering the side of the helix that is not visible. This figure is based on the data from 

P-catenin (Ruber et al., 1997). 
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http://www.ncbi.nlm.nih.gov/ ) and revealed that the HspBPl protein is made from 7 

exons. I also performed preliminary analyses of the protein structure using various 

protein motif prediction programs. The only matches to known motifs were a similarity 

to armadillo repeats in three segments. The boundaries of these regions varied with the 

prediction program used. Fig. 3-2 B shows the placement of these predicted regions as 

defined in a recent publication (Chung et al., 2002). No alignment of the armadillo 

repeats with the protein sequence was given in this publication. Repetition of the 

alignment of HspBPl with the program specified by this paper did not give alignments 

above the accepted threshold. Figure 3-2 C gives an alignment produced using the NCBI 

Conserved Domain Program. The E value for this alignment was 0.006 and the program 

notes state that false positives should be very rare for E value of less than 0.01. It should 

be noted that this alignment is to a long consensus sequence that is based on karyopherin 

alpha. HspBPl in a protein blast has a 21% identity to drosophila karyopherin alpha. In 

part D of this figure the sequences from Figure 3-2 C were realigned to show the repeat 

structure. The seed sequence shows the repeat structure quite well but HspBPl has no 

evident repeat structure for this area. 

Experimental Determination of HspBPl Tertiary Structure 

In order to experimentally define the structural domains of HspBPl and test the model 

that arose from the genomic sequence, I used limited proteolysis to probe HspBPl higher 

order structure. Recombinant HspBPl was subjected to proteolysis under mild 

conditions with three different proteases; trypsin, chymotrypsin, and proteinase K. All 

three proteases produced essentially the same results (Fig. 3-3). A diagram of the 
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Figure 3-2. Models of HspBPl predicted protein structure. The domains are 
indicated by roman numerals on the models. The numbering underneath each model 
indicates the last amino acid before the division marked above it. A, a domain is defined 
as the part of the protein encoded by a single exon. B, a model showing protein motif 
predictions for HspBPl (Chung et al., 2002). The crosshatched areas have similarity to 
armadillo repeats. Each armadillo repeat is approximately 40 amino acids in length. C, 
HspBPl was aligned with a model sequence for Armadillo/beta-catenin-like repeats using 
NCBI Conserved Domain search. The model sequence and the HspBPl sequence are 
indicated at the beginning of the line by a M and a B respectively. A gap was added after 
amino acid 19 and the alignment for 1-19 of the consensus sequence was performed by 
hand. A plus symbol represents an amino acid similarity between the two sequences and 
the amino acid letter denotes an identity. The alignment model represents three 
consecutive copies of the 40 amino acid repeat. Using this alignment HspBPl is 23% 
identical to the consensus sequence. D, the model sequence used in A. was realigned to 
show the repeat structure. HspBPl was aligned in the same fashion and showed no 
repeat structure. The alignment was tried with and without the gapped amino acid with 
the same results. 
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A 

I II in IV V VI VII 

70 138 213 265 298 335 359 

B 

179 218 261 303 359 

C. Alignment to Model Sequence 

M 1 EAVIQAGGLPALVSLLSSS-DENVQREAAWALSNLSAGNNDNIQAVVEAGGLPALVQLL 58 
E V+ G L L LL + V+ +A +A+S + L + + G L+ + 

B181 EQVLGLGALRKLLRLLDRDACDTVRVKALFAISCLVREQEAGLLQFLRLDGFSVLMRAM 239 

M 59 KSEDEEVVKAALWALRNLAAGPEDNKLIVLEAGGVPKLVNLLDSSNEDIQKNATGALSNLAS 120 
+ + + + +  + + L + N L  G  + + K  +  G V  + L V  L +  +  +  + +  G A L  + L  +  

B24 0 QQQVQKLKVKSAFLLQNLLVGHPEHKGTLCSMGMVQQLVALVRTEHSPFHEHVLGALCSLVT 301 

D. Alignment of Repeats 

Model sequence 
Identities V AGG P LV LL S E A AL NL G N 

1 EAVIQAGGLPALVSLLSSSDENVQREAAWALSNLSAGNNDNI 4 2 
4 3 QAVVEAGGLPALVQLLKSEDEEVVKAALWALRNLAAGPEDNK 84 
85 LIVLEAGGVPKLVNLLDSSNEDIQKNATGALSNLAS 120 

HspBPl 
Identities L L 

181 EQVLGLGALRKLLRLLDRDCDTVRVKALFAISCLVREQEAGL 222 
223 LQFLRLDGFSVLMRAMQQQVQKLKVKSAFLLQNLLVGHPEHK 2 64 
2 65 GTLCSMGMVQQLVALVRTEHSPFHEHVLGALCSLVT 301 
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Figure 3-3. Comparison of proteolysis with 3 different enzymes. Each panel A-C is a 
limited proteolysis time course with a different enzyme. The proteases used are: panel A, 
chymotrypsin, panel B, trypsin, and panel C, proteinase K. The first six lanes are samples 
taken at different times (as noted above) during the proteolysis reaction. The next lane 
labeled C is a control that has all the components of the reaction except HspBPl. The 
final lane, labeled as B is HspBPl without protease. Panel Z) is an endpoint sample for 
each protease taken at 60 min for chymotrypsin (CT) and trypsin (T) and 30 min. for 
proteinase K (PK). 



chymotrypsin and trypsin cleavage sites in HspBPl is shown in Figure 3-4. The 

proteases rapidly (~5 min.) cleaved HspBPl to a stable fragment that has an apparent loss 

of 10 kDa from the parent protein. This protected fragment was stable for up to an hour 

in the presence of chymotrypsin and trypsin, and for 30 min. when proteinase K was 

used. Further degradation produced no discernible fragments. These results suggest that 

HspBPl has one structured domain of about 30 kDa. 

Several analytical techniques were used to determine the boundaries of the stable 

proteolytic fragment. For most of the analyses shown here, having a well-defined cut site 

was advantageous, so chymotrypsin was used to generate the fragment. As a first step, 

western blot analysis, with an antibody recognizing the Hise tag on the amino terminus, 

showed that the amino terminus was not preserved in the stable fragment as shown in Fig. 

3-5 B. Western blot analysis with the HspBPl antibody, a monoclonal raised against the 

most carboxy third of HspBPl, indicated that this epitope was preserved in the stable 

fragment (Fig 3-5 C). These analyses indicate that proteolysis has produced a new amino 

terminus but does not rule out proteolysis at the carboxy terminus. These assays were 

repeated with other proteases with the same results (data not shown). 

To identify the stable proteolytic fragment we employed Edman degradation and mass 

spectrometry to analyze samples of HspBPl digested for 60 min. with chymotrypsin. 

These analyses indicate that the stable proteolytic fragment encompasses amino acids 84 

to 359. Five rounds of Edman degradation on the digested fragment produced the amino 

acid sequence RGQRE, which corresponds to amino acids 84-88 of the HspBPl sequence 

(see Fig. 3-6). This is at a predicted chymotrypsin cleavage site. Having identified the 
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1 11 21 31 41 
MGSSHHHHHH SSGLVPRGSH MSDEGSRGSR LPLALPPASQ GCSSGGGGGG 

51 61 71 81 91 
SSAGGSGNSR PPRNLQGLLQ MAITAGSEEP DPPPEPMSEE RRQWLQEAMS 

101 111 121 131 141 
AAFRGQREEV 

"Jr 
EQMKSCLRVL SQPMPPTAGE AEQAADQQER EGALE^ADL 

151 161 171 181 191 
CENMDNAADF CQLSGMH^V GRYLEAGAAG LRWRAAQLIG TCSQNVAAIQ 

201 211 221 231 241 
EQVLGLGALR KI^R^DRDA CDTVRVKALF AISCLVREQE AG^Q^RLD 

251 261 271 281 291 
GFSVLMRAMQ QQVQKLKVKS AFLLQNLLVG HPEHKGTLCS MGMVQQLVAL 

301 311 321 331 341 
VRTEHSPFHE HVLGALCSLV TDFPQGVREC REPELGLEEL LRHRCQLLQQ 

351 361 371 
HEEYQEELEF CEKLLQTCFS SPADDSMDR 

Figure 3-4. Map of the proteolytic sites on (His6)HspBPl. The underlined amino 
acids are at recognition sites for chymotrypsin. Amino acids in bold are at recognition 
sites for trypsin. The proteinase K sites were too numerous to mark. Proteinase K 
preferentially cleaves C-terminal to aliphatic, aromatic or hydrophobic amino acids. A 
star under amino acid 103 denotes the chymotrypsin cut site at the beginning of the stable 
proteolytic domain. Subtract 20 (for the Hise tag) from the amino acid numbers given for 
the HspBPl amino acid numbers. This map was generated using the software program 
MS-Digest (Baker, P.R. and Claisser, K. R., http://prospector.ucsf.edu). 

http://prospector.ucsf.edu
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Figure 3-5. Limited proteolysis time course. A, a Coomassie-stained gel of a protease 
digestion with chymotrypsin. B, a western blot using an antibody to the His6 tag. C, a 
western blot using an antibody to HspBPl. The controls are: BP I, All components of the 
reaction except the enzyme, and En, all the components of the reaction except HspBPl. 



HspBPI Amino Acid Sequence 

1 11 21 31 41 
MSDEGSRGSR LPLALPPASQ GCSSGGGGGG SSAGGSGNSR PPRNLQGLLQ 

51 61 71 81 91 

MAITAGSEEP DPPPEEMSEE RRQWLQEAMS AAEiRGQREfev EQMKSCLRVL 

101 111 121 131 141 
SQPMPPTAGE AEQAADQQER EGALELLADL CENMDNAADF CQLSGMHLLV 
151 161 171 181 191 

GRYLEAGAAG LRWRAAQLIG TCSQNVAAIQ EQVLGLGALR KLLRLLDRDA 
201 211 221 231 241 
CDTVRVKALF AISCLVREQE AGLLQFLRLD GF SVLMRAMQ QQVQKLKVKS 

251 261 271 281 291 

AFLLQNLLVG HPEHKGTLCS MGMVQQLVAL VRTEHSPFHE HVLGALCSLV 
301 311 321 331 341 
TDFPQGVREC REPELGLEEL LRHRCQLLQQ HEEYQEELEF CEkLLQTCF^ 
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CEkLLQTCF^ 

[SPADDSMDRI 

• - Amino terminal amino acids determined by Edman Degradation 

[. J -Carboxy terminal amino acids determined by MALDI-TOF 
-spectrometry of trypsin digests 

Figure 3-6. The results of analysis of the stable proteolytic fragment by Edmund 
degradation and MALDI-TOF of tryptic digests. 
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amino terminus of the stable domain we then attempted to use MALDI-TOF MS of a 

tryptic digest of the stable fragment to identify it. Although we were able to confirm that 

a fragment corresponding to the carboxy terminus was present (see Fig. 3-6) we found 

that this method of analysis was not suitable for positively identifying the entire stable 

domain. Control samples of HspBPl that had not been subjected to proteolysis did not 

contain any tryptic fragments from the critical amino terminal region. This suggested 

that they were difficult to volatilize, ionize or both. We were subsequently able to 

confirm the identity of the stable fragment using ESI-LC/MS. ESI-LC/MS of the 60 

minute time point predicts a mass of 30,918 kDa, which corresponds to a fragment of 

amino acids 84-359 (predicted mass of 30,925 kDa). The spectra for domain II is shown 

in Fig. 3-7. To further test that this region was indeed stable to proteolysis a recombinant 

truncated version of HspBPl, M84-359, that had only the stable structured domain with 

an amino His6 tag, was expressed, purified and subjected to proteolysis by chymotrypsin. 

After 60 min. of exposure of M84-359 to chymotrypsin, only a small piece, presumably 

the His6 tag was removed (Fig. 3-8), further confirming that this part of HspBpl is 

impervious to proteolysis. No other proteases were tested. 

From these analyses a new domain model of HspBPl was constructed with 2 domains. 

In this model the proteolytically stable structural domain is domain II and the portion of 

HspBPl removed by proteolysis is domain I. From this point on we will refer to the 

domains as determined experimentally unless specified and domain I will refer to amino 

acids 1-83 and domain II will refer to amino acids 84-359. 
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Figure 3-7. Mass spectrometry (ESI-LC/MS) of the stable proteolytic fragment. 
The mass ion train for the major proteolytic fragment after 60 min. digestion of HspBPl 
with chymotrypsin. The assigned positive charges are listed above the ions. The inset is 
a deconvolution of the data to give a major peak at 30,918 Daltons, which corresponds to 
amino acids 84-359 of HspBP 1. The minor peak to the right in the inset is at 31072 
(+54) and was not identified. 
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Figure 3-8. Limited proteolysis of recombinant Hiss tagged domain II of HspBPl 
(M84-359) with chymotrypsin. A, is a. Coomassie stained gel of the limited proteolysis 
time course. B, is a western with an antibody to HspBPl. 



Experimental Determination of HspBPl Secondary Structure 

Circular dichroism (CD) was used to analyze the a-helical content of HspBP 1 and the 

recombinant version of the stable proteolytic fragment, M84-359 (Fig. 3-9). Analysis of 

these data resulted in a predicted secondary structure (including amino terminal His6 tags) 

for HspBPl (41.5 kDa.) that consists of 35% a-helix and for the stable proteolytic 

fragment, M84-359 (33.2 kDa), that is 43% a-helix. This suggests that most of the 

helical content of HspBPl is in domain II. 

Discussion 

To initiate these studies we constructed a model of predicted protein domains for 

HspBPl using the human genomic sequence. The HspBPl protein is encoded by 7 

exons. This may seem surprising since HspBPl interacts with a heat shock protein 

(Hsp70) and one of the early observations about heat shock proteins was that they are 

intronless. Since heat shock is known to disrupt the splicing apparatus, the absence of 

introns is thought to be a mechanism for preferentially expressing heat shock proteins 

during heat stress (Parsell and Lindquist, 1994). Although some of the inducible heat 

shock proteins are intronless, many chaperones and cochaperones do not meet this 

criterion. For example the coding region of Hsp70 cochaperone Bagl is made up of 7 

exons also. It is not known at this time if HspBPl has a role in responding to heat stress 

but these results, along with the indications that it is a negative regulator of Hsp70, 

suggest that it may not. 

To experimentally define the areas of stable structure we used the technique of limited 

proteolysis. This technique relies on the fact that for areas to be susceptible to limited 
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Figure 3-9. Circular dichroism of full-length HspBPl and domain II. Mean residual 
ellipticity [0] in deg. cm^ dmol"' residue"', for Hise tagged HspBPl and M84-359 (which 
encompasses domain II). • HspBPl; • M84-359. 



proteolysis they must not only have a proteolytic site in their primary sequence, but that 

site must be in an area that is both flexible and accessible. Thus the higher order 

structure of the protein, not the primary sequence, determines the areas of proteolytic 

susceptibility (Hubbard, 1998). Proteins in their native state are subjected to digestion by 

proteases under non-denaturing conditions. Parts of the protein that are not digested are 

considered to be stable structural units or protein domains. This technique has also 

proven useful in the past for generating suitable protein fragments for crystallization 

(Sondermann et al., 2001). 

Two protein domains were defined using limited proteolysis. The domains were 

defined as domain I, amino acids 1-83, and domain II, amino acids 84-359. Since 

chymotrypsin was used to generate the proteolytic fragments the division of the domains 

is at a chymotrypsin proteolytic site. In reality this may not exactly define the end of 

domain I, but should be within 13 amino acids of the actual site since the next 

chymotrypsin site is 13 amino acids away. Chymotrypsin was used in these experiments 

to generate precise, predictable fragments, which simplified fragment analysis. 

For determining the secondary structure we used circular dichroism. This technique is 

suitable for determining the secondary structure of proteins in solution. It was also 

advantageous since it requires only small amounts of the protein for analysis. The 

instrumentation available to us was not suitable for accurate determinations at low 

wavelengths, which are necessary for a complete analysis. Fortunately HspBPl has a 

rather high amount of a-helical structure, which is predominantly determined by the 

absorbance at 222 nm, which could be determined accurately with the equipment used. 



No determination of the amount of (i-sheet or random coil was possible. Although the 

secondary structure of domain I was not determined directly it was inferred to be mainly 

random coil from its susceptibility to proteolysis and from subtracting the secondary 

structure of domain II from domain I. 

Protein motif prediction programs predict that HspBPl has areas that are similar to 

armadillo repeats, which have a high helical content. The armadillo repeat motif is 

described as a super-helix of helices. We were skeptical of this prediction since the 

number of repeats is very low for this type of protein. Also, although HspBPl matches to 

a long 120 amino acid consensus sequence, there is no discemable repeated structure in 

HspBPl. This prediction, though, does fit well with our experimental data on HspBPl 

secondary and tertiary structure. The predicted armadillo repeat regions are all in domain 

II. Armadillo repeats pack very tightly to form single domains that are impervious to 

proteolysis under native conditions (Huber et al., 1997). Also the number of amino acids 

involved in this predicted a-helical section of HspBPl is 119, which is 33% of the 

residues of HspBPl and 43% of domain II. This fits the predictions for helical content 

from our circular dichroism studies, which were 35% and 43% respectively. 

The models of HspBPl developed by these studies were important for the rational 

design of mutants to study the assignment of HspBPl function to its structural domains as 

will be discussed in the next chapter. These studies have also produced a crystallizable 

portion of HspBPl, namely domain II. It is hoped that eventually this will result in a 

crystal structure that will reveal more about the protein structure of HspBPl. 
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CHAPTER 4 

ASSIGNMENT OF HSPBPl FUNCTION TO ITS STRUCTURAL DOMAINS 

Introduction 

Presented in this chapter are experiments directed at assigning the activities of 

HspBPl to its structural domains as determined in Chapter 3. To this end the activities of 

five truncation mutants were tested for three previously reported activities of HspBPl. 

These activities were: the ability to inhibit the Hsp70 dependent renaturation of luciferase 

in reticulocyte lysate, the ability to bind full length Hsp70, and the ability to bind to the 

ATPase domain of Hsp70. The yeast homolog of HspBPl, feslp, was examined in the 

luciferase renaturation assay to determine if the conserved structural elements in Feslp 

were sufficient to inhibit this Hsp70 dependent process. 

The results of the studies presented here show that domain II of HspBPl is sufficient 

to perform all three of the previously noted activities of HspBPl but domain I is required 

for full activity in all three assays. These results suggest that the Hsp70 inhibitory 

activity of HspBPl resides in domain II and that domain I of HspBPl increases the 

potency of this activity by increasing the binding of HspBPl to the ATPase domain of 

Hsp70. 

The yeast homolog of HspBPl, feslp, showed weak activity in the luciferase 

renaturation assay. This suggests that the structural elements that are conserved between 

feslp and HspBPl are not sufficient for inhibiting mammalian Hsp70. These results are 

supported by data from our collaborators that shows that although HspBPl effectively 



interacts with both the human and yeast homologs of Hsp70, feslp is inefficient at 

interacting with the human HspVO (Kabani et al., 2002b). 

Results 

Mutant Expression and Purification 

For these experiments cDNAs for truncation mutants of HspBPl were first 

constructed, then the proteins were expressed and purified. A schematic showing all the 

mutants and their relationship to the domain models for HspBPl is shown in Fig. 4-1 A 

and B, along with a Coomassie stained gel of the expressed proteins in Fig. 4-1 C. One 

of the truncation mutants. Ml-138 was truncated at the carboxy terminus of HspBPl at 

amino acid 138. This mutant fiilly encompasses domain I. The other four mutants are 

truncated from the amino terminus and are as follows; M51-359 starting at amino acid 

51, M70-359 starting at amino acid 70 which begins with the first amino acid encoded by 

exon 1, the aforementioned M84-359 which is domain II only, and M301-359 which 

starts at amino acid 301. 

Full-length HspBPl and all the HspBPl mutants were expressed with an amino 

terminal tag that was used for purification and for selectively precipitating the proteins in 

some assays. All the results in this manuscript refer to the His6 tagged proteins unless 

specified. An example of the expression and purification of one of the mutants, M84-359 

is given in Fig. 4-2. All of the mutants followed this same purification procedure except 

Ml-138 which underwent further purification procedures to remove a contaminant (Fig. 

4-3). Some of the calculated properties of HspBPl and the truncation mutants are listed 

in Table 4-1. 
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Figure 4-1. HspBPl Truncation Mutants. Domain models of HspBPl. The roman 
numerals indicate the domain number. The numbers underneath the model indicate the 
last amino acid before the division marked above them. B, Diagram of HspBP 1 
truncation mutants. C, Coomassie stained 10-20% gradient gel with 1 p,g of each protein. 
Lane 1, HspBPl, lane 2, M51-359, lane J, M70-359, lane 4, M84-359, lane 5, M301-
359, and lane 6, Ml-138. 



Luciferase Renaturation Assays 

The results of the luciferase renaturation assays are shown in Fig. 4-4. The amino 

truncation mutants M51-359, M70-359 and M84-359 all demonstrated the ability to 

inhibit luciferase renaturation, but none of the mutants was as potent as HspBPl. In 

order to determine if the ability to inhibit renaturation was in the amino portion of 

HspBPl that was being removed in these mutants. Ml-138 was tested. It had no activity 

indicating that this part of HspBPl alone was not capable of inhibition of luciferase 

renaturation. The other mutant, M301-359, had no activity as well. One explanation for 

these findings could be that the placement of the Hisg tag on the amino terminus of the 

mutants was affecting their function. The removal of the Hise tag from the stable 

proteolytic domain M84-359 produced no change in its activity in these assays (Fig. 4-5). 

The bicinchoninic acid method of protein determination used for these assays relies on 

the presence of four amino acids for detection (cysteine, cystine, tyrosine and 

tryptophan). Since the amino acid composition is different for each mutant this may 

cause a bias in the determination of the concentration. Therefore an alternative method 

for measuring the protein concentration, using the molar extinction coefficient and the 

absorbance at 280 nm in urea, was also tested and produced the same ranking of the 

protein potencies in these assays (data not shown). 

Hsp70 Binding 

The same panel of mutants was then tested for their ability to bind endogenous Hsp70 

in reticulocyte lysate. The mutants were immobilized by means of their Hise tags on 

TALON resin and incubated with reticulocyte lysate containing an ATP regenerating 
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Figure 4-2. An example of expression and purifleation of recombinant proteins. A, 
Coomassie stained PAGE gel of an expression time course for M83-359. After the 0 time 
point was taken 1 mM IPTG was added. T is the total bacterial sample. S is the 
supernatant after centrifugation at 15,000 x g for 5 min. B, Purification of M83-359 
using TALON resin. Lane 1, total bacterial sample, lane 2, supernatant after 
centrifugation at 15,000 x g for 20 min. lane 3, pellet is the pellet after centrifugation, 
lane 4, the supernatant after 1 hour incubation with TALON resin, lane 5, flow through 
of eluant from microcon concentrator, lane 6, concentrated eluant with 1 |j,g of purified 
protein loaded, and lane 7, 5 |j.g of purified protein. 
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Figure 4-3. Purification of Ml-138. Ml-138 was purified on TALON resin in the same 
manner as the other recombinant proteins, as shown in the first panel. The last lane of 
this panel shows a large amount of a contaminating protein, labeled as band 2, and a 
small amount of DnaK that copurifies with Ml-138. As shown in the second panel, band 
2 was removed by multiple 10-fold concentration steps using a 30,000 kDa. molecular 
weight cut off, ultrafiltration device. The first lane shows a 10-fold concentration of the 
eluant from the first panel. This fraction was then diluted with 9 volumes of buffer A 
plus 5 mM DTT and concentrated again. The second lane, flow thru is a sample of the 9 
volumes that pass through the concentrator. Lane 3 is the concentrate from this step. 
This process was repeated and the results are in lane 4 and 5. The third panel shows 
DnaK was removed. The concentrate from the last ultrafiltration step was dialyzed to 
remove DTT and 5 mM ATP and 5 mM MgCb were added. This mixture was repurified 
over a TALON column as shown in the third panel. The final material in the last lane is 
greatly enriched for Ml-138. 
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Figure 4-4. Inhibition of luciferase renaturation by full-length and truncation 
mutants of HspBPl. Curves represent the average of two separate experiments in which 
each point was an average of a triplicate determination. Error bars represent the standard 
deviation between the two experiments. Activities were compared to a control that was 
luciferase renatured with buffer alone. •, HspBPl; • M51-359; • M70-359; • M84-
359; A M301-359; O Ml-138. 



Name pi M.W. Ext. Coeff. # Residues 
HspBPl 5.88 41,466 14,720 379 
M51-359 5.60 36,760 14,300 328 
M70-359 6.34 34,795 14,300 309 
M84-359 6.23 33,219 8,610 295 
M301-359 5.76 9,250 1,400 78 
M1-138 5.11 16,600 5,780 158 

Table 4-1. Characteristics of recombinant proteins. All proteins have an amino 
terminal Hise tag. Truncation mutants are named with M for mutant followed by the 
amino acids of HspBPl that they include. The abbreviations used are as follows: pi is 
isoelectric point; M.W. is the molecular weight in Daltons; Ext. Coeff. is the molar 
extinction coefficient in M"', cm"'; and # Residues, is the number of residues in the 
expressed protein. 
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Figure 4-5. Effect of Hise on the inhibition of luciferase renaturation. The His6 tags 
were removed enzymatically from HspBPl and the truncation mutant M84-359. The 
proteins were then repurified and tested for activity. 



system. Three sets of assay conditions were tried as shown in Fig. 4-6. The last set (Fig 

4-6 C) is the set that has been reported (McLellan et al., 2003). The assay was first 

performed at room temperature to recapitulate the results of the luciferase renaturation 

assay (Fig. 4-6 A and B). It was later repeated at 4" C, which is standard for in vitro 

binding assays (Fig. 4-6 C). The initial assays also used buffer A to recapitulate the 

binding assays done in the original HspBPl publication (Raynes and Guerriero, 1998). 

This buffer uses 0.5 M NaCl, which is very high for this type of assay and may disrupt 

binding. Buffer B has lower salt, a small amount of detergent and some imidazole to 

wash off bound heme from the reticulocyte lysate. The main difference between the three 

s e t s  o f  c o n d i t i o n s  i s  s e e n  i n  l a n e  7 ,  t h e  b i n d i n g  t o  M l - 1 3 8 .  T h e  H s p 7 0  b i n d i n g  t o  M l -

138 is higher relative to the other mutants at room temperature when washed with high 

salt in the absence of detergent. The reasons for these differences were not pursued and 

the standard conditions for this type of assay, as shown in Fig. 4-6 C, were reported 

(McLellan et al., 2003). 

The Hsp70 binding ability of the mutants correlates with the results of the luciferase 

renaturation assay. M301-359, which showed no activity in the luciferase renaturation 

assay, showed no binding of Hsp70. Ml-138, which also had no activity in the luciferase 

renaturation assay, had weak binding of Hsp70. None of the mutants bound as much 

Hsp70 as full-length HspBPl. As the amino terminus was truncated the binding of 

Hsp70 fell dramatically. 
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Figure 4-6. Binding of HspBPl to Hsp70 in reticulocyte lysate. Western blots using 
an antibody that recognizes Hsp70/Hsc70 and three different sets of conditions. Hsp70 
was precipitated from reticulocyte lysate by proteins (20|j,M) immobilized to TALON 
resin by means of their Hise tags. Incubations were performed for 90 min. at room 
temperature (R. T.) or 4° C as noted. Washes were with ice cold buffer A (0.5 M NaCl, 5 
mM imidazole, and 20 mM tris-HCl pH 8.0) or buffer B (10 mM tris HCl pH 7.9, 1 mM 
MgCl 2, 50 mM KCl, 7.5 mM imidazole and 0.2% Tween). The protein added to the 
lysate is listed above the lane and is the same for all three panels. 
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Hsp70 ATPase Domain Binding 

The mutants were also tested to see if they were binding to the ATPase domain of 

Hsp70 to rule out their binding as substrates, even though this should have been 

prevented by ample amounts of ATP and an ATP regenerating system in the lysate. For 

these assays the ATPase domain of Hsp70 was transcribed and translated in reticulocyte 

lysate using labeled methionine. Again three sets of conditions were tried as shown 

in Fig. 4-7. The main difference between the conditions was that the assays done at room 

temperature showed proteolysis of the bound ATPase domain. Buffer A also removed 

more of the binding of the Hsp70 ATPase domain from M70-359 and M84-359. As 

before the third set of conditions (4° C in buffer B) reflected the conventional method for 

doing this type of assay and these results were reported (McLellan et al., 2003). The 

change in the mobility of the ATPase domain seen in the lane with exogenous HspBPl 

added is because the two proteins are approximately the same molecular weight. Since 

these assays were performed in reticulocyte lysate, the ATPase domain is competing 

with endogenous Hsp70 for binding to HspBPl or the truncation mutants. Thus a protein 

that binds Hsp70 well may display less ATPase domain binding. 

In comparing Fig. 4-6 and 4-7, it may be noted that the mutants that demonstrated 

Hsp70 binding also bind the ATPase domain with the exception of Ml-138. Ml-138 

showed weak binding of flill-length Hsp70 and no binding of the ATPase domain. 

M301-359, which showed no ability to bind Hsp70, also does not bind the ATPase 

domain. 
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Figure 4-7. Binding of HspBPl to the Hsp70 ATPase domain in reticulocyte lysate. 
Autoradiograms of ^ S labeled ATPase domain under three different sets of conditions. 

labeled ATPase domain was precipitated from reticulocyte lysate by proteins (20 p,M) 
immobilized to TALON resin by means of their His6 tags. Incubations were performed 
for 90 min. at room temperature (R. T.) or 4° C as noted. Washes were with ice cold 
buffer A (0.5 M NaCl, 5 mM imidazole, and 20 mM tris-HCl pH 8.0) or buffer B (10 mM 
tris HCl pH 7.9, 1 mM MgCl 2, 50 mM KCl, 7.5 mM imidazole and 0.2% Tween). The 
exogenous protein added is listed above the lanes and is the same for all three panels. 
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Luciferase Renaturation Assays with Feslp 

Fesip, the S. cerevisiae homolog of HspBPl, was also tested to see if it could inhibit 

the renaturation of luciferase in reticulocyte lysate. Because only a limited amount of 

this protein was available, the highest concentration tested was 20 |xM. The results are 

shown in Fig. 4-9. In this assay feslp showed only a weak ability to inhibit luciferase 

renaturation. 

Discussion 

Domain II of HspBPl is sufficient to carry out all of the previously noted activities for 

HspBPI namely, inhibition of renaturation of luciferase, binding to Hsp70, and binding 

to the ATPase domain of Hsp70 in reticulocyte lysate. A carboxy terminal truncation 

mutant containing all of domain I and 65 additional amino acids from domain II shows 

no ability to inhibit luciferase renaturation and only weakly binds to Hsp70 suggesting 

that domain I is not sufficient for these activities. Domain II is less active than full-

length HspBPl in the inhibition of renaturation of luciferase and binding to Hsp70. This 

suggests that domain I promotes a tighter association of Hsp70 with HspBPl. We tested 

two other amino terminal truncations that contained domain II and additional amino acids 

from domain I. The assays performed with these mutants show that the addition of 

amino acids from domain I to domain II improves the activity of the protein. 

A hypothesis consistent with our data is that domain I binds to Hsp70 with a low 

affinity which increases HspBPl's affinity for the ATPase domain of Hsp70. An 

alternative hypothesis is that domain I interacts with another protein to increase 

HspBPl's binding to Hsp70. This could be by displacing another protein from Hsp70 or 
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Figure 4-8. Inhibition of luciferase renaturation by Feslp. 20 |aM of GST-Feslp or 
His6-HspBPl was added to reticulocyte lysate incubated for 90 min. at room temperature 
as previously described. Data represents the means and standard deviations for three 
independent determinations. The statistical significance was calculated using a two 
tailed, unpaired. Students T-test. * indicates a p value of less than 0.05. ** indicates a p 
value of less than 0.001. 
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by binding to one that is already present. Both Hip and Bag proteins interact with the 

ATPase domain and it would be interesting to see how their interactions are coordinated 

with HspBPl binding. 

Another issue that was not investigated with these mutants is how the different 

structural domains affect the cellular localization and possible binding partners of 

HspBPl. It may be that domain I or other parts of the protein are important for targeting 

HspBPl to part of the cell where it is active or alternatively for binding HspBPl to 

another protein. Since one of the critical issues in evaluating a cochaperone is to 

determine interaction partners and cellular distribution, these studies may be illuminating 

in discerning the cellular role of HspBPl. 

The HspBPl homolog, feslp, only weakly inhibited the renaturation of luciferase in 

reticulocyte lysate. This suggests that the sequence similarity is not sufficient for feslp 

to interact productively with mammalian HspVO. This hypothesis is supported by other 

experiments performed by our collaborators on this project, that showed that although 

HspBPl could strip nucleotide effectively from both the mammalian and S. cerevisiae 

Hsp70 homologs, feslp was only effective at stripping nucleotide from the S. cerevisiae 

homolog of Hsp70 (Kabani et al., 2002b). 

Altematively Feslp may lack the ability to inhibit refolding even in an S. cerevisiae 

system. Previously reported refolding studies using yeast cytosol from wild type or Afesl 

strains failed to detect a difference when an excess of feslp was added (data not shown 

(Kabani et al., 2002a)). These results are difficult to assess because the data were not 

shown. Specifically, no information was reported on controls that would confirm that 
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adequate renaturation was taking place to effectively detect inhibition of refolding. If 

feslp were able to strip the nucleotide from ssalp in a luciferase refolding assay to the 

extent that it has been demonstrated in vitro, then one would expect it to be as potent an 

inhibitor of 5". cerevisiae refolding as HspBPl is of the mammalian refolding machinery. 



CHAPTER 5 

EFFECTS OF HSPBPl INTERACTION ON HSP70 STRUCTURE 

Introduction 

At the time that we initiated these studies it had been established that HspBPl inhibited 

the ATPase activity of HspVO and its ability to refold luciferase in reticulocyte lysate but 

the mechanism of this inhibition was not known. The goal of these studies was to see if 

interaction with HspBPI changed the structure of Hsp70 and the constituents of the 

Hsp70 complex in reticulocyte lysate. The results presented in this section establish that 

HspBPI association with the Hsp70 ATPase domain changes the conformation of the 

ATPase domain. Only domain II of HspBPI is necessary to bring about this change. 

HspBPI also changes the conformation of full-length Hsp70. Preliminary results also 

indicate that HspBPI might alter Hsp70 associated proteins in reticulocyte lysate but 

more experiments are necessary to confirm this. 

For many of the experiments discussed in this section, a recombinant Hsp70 ATPase 

domain was used. The ATPase domain of Hsp70 has a tertiary structure that is similar to 

the ATPase domains of actin and hexokinase. It is made up of two lobes of similar size 

that are designated as domains I and II. These domains are further subdivided into 

subdomains A and B with subdomains lA and IIA being at the base of the cleft where the 

domains are joined and IB and IIB residing at the top of the cleft (Flaherty et al., 1990; 

Mayer et al., 2002). To facilitate visualizing the ATPase domain and the changes that 

take place in this domain afler association with HspBPI a model of the ATPase domain 

will be presented in Figure 5-8. 
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Results 

Interaction of HspBPl with the ATPase Domain of Hsp70 

The first set of experiments presented here shows that association with HspBPl 

renders the Hsp70 ATPase domain susceptible to limited proteolysis. Limited proteolysis 

of HspBPl and the Hsp70 ATPase domain was performed to assess the interaction of the 

two proteins. As previously reported the Hsp70 ATPase domain alone was not digested 

by a 60 min. treatment with chymotrypsin ((Chappell et al., 1987) and Fig. 5-1 A). After 

preincubation of the ATPase domain with HspBPl, the ATPase domain becomes 

susceptible to proteolysis. The first evidence of this was the appearance of a new band on 

Coomassie stained gels, of limited proteolysis reactions with the two proteins together, 

that was not apparent when either of the proteins was subjected to limited proteolysis on 

its own. The new band is indicated by c in Fig. 5-1 C, and is not visible in Fig 5-1 A, the 

limited proteolysis of the ATPase domain alone, or Fig. 5-1 B, the limited proteolysis of 

HspBPl alone. 

Western blot analysis of these samples, as shown in Fig. 5-2, indicates that 

preincubation of the Hsp70 ATPase domain with HspBPl renders it susceptible to 

proteolysis in more than one area. This can best be observed by comparing Fig. 5-2 A, 

limited proteolysis of the ATPase domain alone, to Fig. 5-2 C, the ATPase domain 

preincubated with HspBPl. New antibody reactive bands appear in region b and c as 

indicated in the figures. There is also a faint band in region b in the undigested 

preparation of the ATPase domain that is a trace contaminant. This band is not visible in 

the Coomassie stained gel in Fig. 5-1 A and was not present in all the preparations of the 
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Figure 5-1. Proteolysis of HspBPl and the ATPase domain of Hsp70. Coomassie 
stained gels of proteolysis time courses. Equal molar amounts of the two proteins were 
used. A, is the ATPase domain alone. B, is HspBPl alone. C, is the ATPase domain and 
HspBPl preincubated together before proteolysis. For all three panels the lanes are as 
follows: lanel, immediately after addition of protease, lam 2, 1 min. after addition, lane 
3, 5 min., lane 4, \5 min. lane 5, 30 min., lane 6, 45 min., lane 7, 60 min. and lane 8 is 
the protein or proteins of interest with no protease added. 
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Figure 5-2. Western blots of limited proteolysis time courses for HspBPl and the 
ATPase domain of Hsp70. A, is a Western of the ATPase domain alone with a 
polyclonal antibody to Hsp70. B, is a western blot of HspBPl alone with an antibody to 
HspBPl. C, is a western blot of the ATPase domain and HspBPl preincubated together 
before proteolysis using an antibody to Hsp70. D, is a western blot of the same samples 
as in C with an antibody to HspBPl. For all three panels the lanes are as follows: lanel, 
immediately after addition of protease, lane 2, 1 min. after addition, lane 3, 5 min., lane 
4, \5 min. lane 5, 30 min., lane 6, 45 min., lane 7, 60 min. and lane 8 is the protein or 
proteins of interest with no protease added. 



ATPase domain. The presence of the Hsp70 also appears to slow down the proteolysis of 

HspBPl, as can be seen by comparing Fig. 5-2 B to Fig. 5-2 D, but does not change the 

proteolytic sites. In both cases the proteolytic product is a band in region b. Possible 

chymotrypsin proteolytic sites in the Hsp70 ATPase domain are shown in Fig. 5-3. 

The alteration in susceptibility of the Hsp70 ATPase domain to proteolysis after 

HspBPl preincubation appeared to be quite robust and was unchanged by the numerous 

conditions that were tried. Preincubation on ice or at room temperature did not change 

the outcome of proteolysis as assessed by Coomassie-stained gels of samples after 60 

min. of digestion as is shown in Fig. 5-4 A. The additions of 3 mM MgCl2, 50 mM KCl, 

or 0.5 mM ATP (either to the ATPase domain prior to HspBPl addition or at the time of 

addition) to the proteolysis mixture were tried without effect as shown in Fig. 5-4 B. 

In order to identify the new proteolytic sites on the Hsp70 ATPase domain, mass 

spectrometry was employed. For these analyses, limited proteolysis reactions after 5 and 

60 min. of proteolysis were used. Two techniques, MALDI-TOF and ESI-LC/MS, were 

used for these analyses. These techniques were chosen because they employ soft 

ionization conditions, which does not further fragment the proteolytic pieces. Neither of 

the techniques used was entirely satisfactory, as will be discussed, but together they 

provided adequate data to identify the proteolytic fragments. 

An example of the data obtained using MALDI-TOF is given in Fig. 5-5. Fig. 5-5 

shows the mid-mass range of a MALDI-TOF spectrum of a mixture of HspBPl and the 

Hsp70 ATPase domain after 60 min. of proteolysis. The mid-mass calibrant for this 
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MAKAAAIGID LGTTYSCVGV FQHGKVEIIA NDQGNRTTPS YVAFTDTERL IGDAAKNQVA LNPQNTVFDA KRLIGRKFGD 

81 91 101 111 121 131 141 151 

PVVQSDMKHW PFQVINDGDK PKVQVSYKGE TKAFYPEEIS SMVLTKMKEI AEAYLGYPVT NAVITVPAYF NDSQRQATKD 

161 171 181 191 201 211 221 231 

AGVIAGLNVL RIINEPTAAA lAYGLDRTGK GERNVLIFDL GGGTFDVSIL TIDDGIFEVK ATAGDTHLGG EDFDNRLVNH 

241 251 261 271 281 291 301 311 

FVEEFKRKHK KDISQNKRAV RRLRTACERA KRTLSSSTKA SLEIDS^EG ID^TSITRA RFEELCSD^ RSTLEPVEKA 

321 331 341 351 361 371 381 

LRDAKLDKAQ IHDLVLVGGS TRIPKVQKLL QDFFNGRDLN KSINPDEAVA YGAAVQAAIL MG 

Figure 5-3. Chymotrypsin proteolytic sites in the ATPase domain 
acids recognized by the chymotrypsin enzyme are underlined. 

ofHspTO. Amino 
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Figure 5-4. Testing of different proteolysis conditions for the Hsp70 ATPase 
domain preincubated with HspBPl. Coomassie stained gels (^, 15% and 5, 12.5%)) of 
samples after 60 min. of limited proteolysis with chymotrypsin. A, three different sets of 
conditions for preincubation of HspBPl and the ATPase domain of Hsp70 were tried. 
The conditions were, lane 1, 4° C for 25 min., lane 2, room temperature for 25 min., and 
lane i, 15 min. at 30° C followed by 10 min. at room temperature. B, samples were 
preincubated for 15 min. at 30° C followed by 10 min. at room temperature before 
proteolysis by chymotrypsin. Lane 1, Hsp70 ATPase domain was preincubated for 5 
min. at 30°C with 0.5 mM ATP and 3 mM MgCl2 before HspBPl was added. For all 
other lanes additions were made at the start of the preincubation period. The additions 
were lane 2, 0.5mM ATP and 3 mM MgC^, lane 3, 0.5 mM ATP, 3 mM MgCb, and 2 
mM DTT , lane 4, 0.5 mM ATP, 3 mM MgCh, 50 mM KCl and 2 mM DTT, lane 5, 2 
mM DTT, lane 6, 3 mM MgC12, and lane 7 no additions. The last two lanes are the 
purified proteins, lane 8, the Hsp70 ATPase domain, and lane 9, HspBPl. 
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Figure 5-5. Representative MALDI-TOF spectra. The mid-mass portion of the 

MALDI-TOF spectrum of the Hsp70 ATPase domain preincubated with HspBPl and 

then proteolyzed with chymotrypsin for 60 min. The full spectra and the assignment of 

masses to specific proteolytic fragments are given in Table 3. The peak height in these 

spectra is not correlated with protein abundance. 



spectrum was carbonic anhydrase (M.W. 12,000). In order to accurately determine the 

higher mass peptides, another spectrum was generated using bovine serum albumin 

(M.W. 66,000) as the external calibrant. The full data from this analysis are given in 

Table 5-1. 

The accuracy using the MALDI-TOF data was sufficient for identifying the 

proteolytic fragments in the intermediate mass range. At higher masses the accuracy, 

although still quite good, was not sufficient. The higher mass data did, however, provide 

a good way to confirm the ESI-LC/MS data. 

The results of the ESI-LC/MS experiments were adequate but not optimal because the 

LC was not optimized for good peak separation. As seen in the UV tracings of the LC 

separation. Fig. 5-6, the separation technique was adequate for separating HspBPl and 

the Hsp70 ATPase domain but as will be shown, it did not separate the proteolytic 

products from their parent compounds well. Optimally discreet new peaks would arise 

after proteolysis of the mixture of HspBPl and the ATPase domain. The new peaks 

could then be analyzed separately as well as quantified since their UV signal would be 

proportional to the peak height. Instead the new protein fragments, even though they 

were smaller, eluted close to the parent compounds. To get around this the spectra of the 

limited proteolysis products of the ATPase domain alone and of HspBPl alone were 

closely compared with the spectra of the mixture. As seen in Fig. 5-7, the total ion 

current tracings for one set of 60 min. samples, many of the peaks for the mixture (Fig. 5-

7 C) contained multiple protein fragments. 
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Table 5-1 
MS analysis ofproteolytic fragments from chymotrypsin digestion of HspBPl 

preincubated with the Hsp70 ATPase domain. 
Listed are the observed fragments from MALDI-TOF analysis of a sample after 60 min. 
of digestion. For the assignment of the proteolytic fragment, A indicates the Hsp70 
ATPase domain followed by the corresponding amino acid numbers, and B indicates 
HspBPl. The results of ESI-LC/MS analysis performed on the same sample are given to 
provided confirmation and higher accuracy determination of larger masses. The columns 
to the right indicate which other 60 min. samples contained the same proteolytic 
fragment. A is the HSP70 ATPase domain alone, B is HspBPl alone and C is M84-359 
alone. AC is the Hsp70 ATPase domain preincubated with M84-359. 

Other Samples 

MALDI-TOF ESI-LC/MS Containing Ion 

Assignment MOBS z%Error MOBS %Error A B C  AC 
A 108-183 8234 1 -0.02 8236 -0.02 X 
A 9279 1 X 
A 93-183 9905 1 -0.06 
A 79-183 11534 1 -0.02 11531 -0.04 
A 74-183 12133 1 -0.04 12134 -0.03 
A 69-183 12718 1 -0.03 12716 -0.05 X 
A 184-371 21146 1 -0.01 21144 -0.02 X 
A 184-371 21138 2 -0.05 
B 104-379 30878 1 -0.15 30918 -0.02 X X X 
B 94-379 31734 1 -0.08 
A 69-371 33745 1 -0.37 
B 34-379 37787 1 -0.34 37906 -0.03 
A 2-382 41770 1 -0.28 41885 -0.01 X X 

Additional peptides observed by LCQ analysis after the Hsp70 ATPase domain 
preincubated with HspBPl was digested with chymotrypsin for only 5 minutes. 

ESI-LC/MS 
Assignment Mobs %Error 
B 2-103 10425 -0.02 
A 2-183 19780 0 
A 74-382 34246 -0.01 
A 69-382 34823 -0.03 
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Figure 5-6. Representative UV chromatograms. UV chromatograms from ESI-
LC/MS experiments on limited proteolysis samples after 60 minutes of proteolysis. A, is 
the Hsp70 ATPase domain alone. B, is HspBPl alone. AB, is the Hsp70 ATPase domain 
preincubated with HspBPl. Note a slight carryover of A into B. 
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Figure 5-7. Total ion chromatograms from three separate ESI-LC/MS runs of 
limited proteolysis reactions after 60 min. Specific ions were identified and their 
approximate positions are given in each panel. A, the ATPase domain alone, B, HspBPl 
alone and C, the Hsp70 domain preincubated with HspBPl. Note that B contains a trace 
of the major component fi-om This was identified as carryover fi-om the first run to the 
second. 
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Also noted in these analyses was a strong UV peak at 16 min. in the HspBPl samples 

that had been subjected to proteolysis for 60 min. This was identified as amino acids 14-

74 of HspBPl. There are three chymotrypsin sites in this region clustered at amino acids 

55, 58 and 59 that appear not to be used. Reexamination of proteolysis of this section 

with other proteases did not preserve this large piece. This agrees with the data presented 

in Chapter 1 that suggests that it is not a large structured area. 

The software program Protein Prospector was used to predict protein fragments within 

a specific mass range, but often there were multiple candidates. In these cases a 

hypothesis was generated and this was tested using the data from both the MALDl-TOF 

experiments and ESl-LC/MS after 60 min., and the ESl-LC/MS experiment at 5 min. 

Eventually a solution was reached which satisfactorily explained the majority of the data. 

At this point the original scans were reanalyzed with the purpose of testing the working 

hypothesis. 

A summary is given in Table 5-1, where the masses are assigned from a MALDl-TOF 

scan of a sample of HspBPl preincubated with the Hsp70 ATPase domain and subjected 

to limited proteolysis. ESI-LC/MS samples that contain the same observed ions are also 

given. The band labeled c in Fig. 5-1, and Fig. 5-2, was identified as amino acids 184-

371 of the ATPase domain at 60 min. with a contribution from 2-183 of the ATPase 

domain at earlier time points (see 5 min. data). The area labeled b in the same figures is 

made up of many fragments. In the 5 min. sample, fragments of the ATPase domain 

were identified that would be in region c, consisting of amino acids 74-382 of the ATPase 

domain and 69-382 of the ATPase domain. In the 60 min. sample a fragment of the 



ATPase domain consisting of amino acids 69-371 would also be in region c. There are 

probably other fragments in this area that were not detected due to low abundance and the 

high signal strength of coeluting parent compound and other fragments. 

It can also be observed in Table 5-1 that the accuracy of the ESl-LC/MS data is much 

better than the MALDI-TOF data for the larger protein fragments as mentioned earlier. 

This is due to the multiply charged nature of the ions produced by ESI. The mass 

spectrometer detects mass divided by charge so the higher the charge the lower the actual 

mass detected and the error. 

To summarize these results, the areas of the ATPase domain that were susceptible to 

proteolysis after interacting with HspBPl were determined to be concentrated mainly in 

subdomain 1, but also include the carboxy terminus. A model illustrating this is shown in 

Fig. 5-8. As mentioned previously, the protected fragment left after proteolysis for 60 

min. (indicated by c in Figures 5-1 and 5-2) was identified as amino acids 184-371 of the 

ATPase domain. This protected fragment encompasses the carboxy terminal half of the 

ATPase domain with the exception of the last 11 amino acids. These results indicate that 

the association of the Hsp70 ATPase domain with HspBPl significantly changes the 

conformation of the ATPase domain. 

Interaction of Domain II of HspBPl with the ATPase Domain of Hsp70 

Domain II alone is capable of rendering the Hsp70 ATPase domain susceptible to 

limited proteolysis as shown in Figure 5-9. Limited proteolysis experiments were 

performed after preincubating M84-359 with the Hsp70 ATPase domain. The results, 

shown in Figure 5-9, are similar to the results when full-length HspBPl was employed 
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Figure 5-8. A model of Hsc70 ATPase domain with sites susceptible to limited 
proteolysis after HspBPl preincubation. This model was generated using the Insight II 
program and PDB INGJ (Flaherty et al., 1994), a crystal structure of the Hsc70 ATPase 
domain from Bos taurus. The amino terminus is designated by an N and the carboxy 
terminus is designated by a C. The subdomains of the HspVO ATPase are designated as 
I A, II A, IB and IIB. The chymotrypsin recognition sites are indicated with a side chain 
and amino acid number. In the central cavity the positions of ATP and a magnesium ion 
are indicated to show the relevant binding areas. 5'-Adenylyl-imido-triphosphate was 
used to generate this structure. 
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Figure 5-9. Limited proteolysis of the Hsp70 ATPase domain preincubated with 
M84-359. A, a Coomassie stained gel of a timed course of limited proteolysis with 
chymotrypsin. These samples were used for two westerns, B, with and Hsp70 antibody 
and C, with an antibody to HspBPl. The lanes are the same for all three panels, lanes 1-7 
are a time course of 0, 1, 5, 15, 30, 45, and 60 min. as labeled on top. Also in each panel 
for comparison purposes lane 8, labeled AD, is the Hsp70 ATPase domain after 60 min. 
of proteolysis with chymotrypsin and lane 9, labeled M, is M84-359 after 60 min. 
proteolysis with chymotrypsin. 



(note the appearance of bands indicated by b and c in Figures 5-1 C and 5-9 A). ESI-

LC/MS of a 60 min. sample produced a similar pattern of Hsp70 ATPase fragments, as is 

shown in the last column of Table 5-1. These results indicate that domain II is sufficient 

to alter the conformation of the Hsp70 ATPase domain. 

Interaction of HspBPl with Full-Length Hsp70 

Full-length Hsp70 is also more susceptible to proteolysis after preincubation with 

HspBPl, as shown in Figure 5-10. Limited proteolysis of Hsp70 was performed as 

previously described (Bimston et al., 1998; Freeman et al., 1995) with trypsin at 37° C. 

Samples of the reaction were taken at 1, 5, 10, and 20 min. after protease addition and 

were analyzed by western blot using either monoclonal 5A5, which recognizes an epitope 

in the ATPase domain (located between residues 124 and 264), or 3 A3 which recognizes 

an epitope in the substrate binding domain (located between residues 503-524). In the 

absence of HspBPl and ATP, the ATPase domain can be separated from the substrate 

binding domain by proteolysis producing the approximately 45 kDa. band seen in Fig. 5-

10 A after 10 and 20 min. of proteolysis. Addition of ATP to Hsp70 before proteolysis 

improves its stability, as has been shown previously (Freeman et al., 1995), and much 

less proteolysis is evident. Addition of HspBPl increases the proteolysis of Hsp70 with 

or without ATP present as can be noted by the decrease in the amount of the 70 kDa. 

band by 20 min. in all cases. The proteolysis with HspBPl present does not result in the 

removal of the ATPase domain as a separate entity as in the case of Hsp70 without ATP 

present. This suggests that the increased susceptibility is not just due to the inability to 
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Figure 5-10. Limited proteolysis of full-length Hsp70 after preincubation with 
(+HspBPl) or without (-HspBPl) HspBPl. Limited proteolysis was performed with 
trypsin at 37° C for 1, 5, 10 or 20 minutes as noted above the lanes. The reactions were 
performed with or without 2 mM ATP as noted above the panel. To visualize the protein 
bands westerns were performed with a monoclonal antibody which recognizes the 
ATPase domain of Hsp70 in^, or an antibody to the substrate binding domain in B. The 
cut panels in B indicate that 2 different exposures were necessary to show all the bands 
present. The top of the panel is a shorter exposure. 



bind and hydrolyze ATP in the presence of HspBPl. These data also supports the 

previous 

conclusions that there is a conformation change in the ATPase domain of Hsp70 that 

results from its interaction with HspBP 1. 

Effects of HspBPl on Hsp70 Complex Formation 

The ability of HspBPl to affect HspTO's interactions with other chaperones in 

reticulocyte lysate was tested. Hsp70 was immunoprecipitated from reticulocyte lysate in 

the presence or absence of HspBPl using a monoclonal antibody, BB70, which has 

previously been shown to coimmunoprecipitate Hsp90 and Hsp40 (Smith et al., 1993a). 

As seen in Figure 5-11 all three chaperones are present in the reticulocyte lysate 

(condition 5) and all three precipitate with the Hsp70 antibody when no protein or M301-

359 is added to the reticulocyte lysate (conditions 1 and 2 respectively). When HspBPl 

or M84-359 is added to the reticulocyte lysate less of all three chaperones is seen 

(conditions 3 and 4 respectively). 

Discussion 

We have used limited proteolysis to show that the ATPase domain of Hsp70 changes 

its conformation in response to HspBPl exposure. These results are summarized in 

Figure 5-8. After exposure to HspBPl, the Hsp70 ATPase domain becomes susceptible 

to proteolysis at five sites in subdomain IB, one site in subdomain lA and at the carboxy 

terminus. This leaves a protected fragment of the ATPase domain, after 60 min. of 

proteolysis that consists of almost the entire subdomain II. 
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Figure 5-11. Coimmunoprecipitation of Hsp70, Hsp90, Hsp40 complex from 
reticulocyte lysate. A monoclonal antibody raised against the Hsp70/Hsp90 complex 
was used to immunoprecipitate Hsp70 from 40 fxls of reticulocyte lysate in the presense 
or absense of 20 |J.M HspBPl or HspBPl truncation mutants. The proteins added are 
condition 1, no protein, condition 2, M301-359, condition 3, HspBPl, and condition 4, 
M84-359. Two sets of immunoprecipitations were run so that normal variation could be 
assessed. Condition 5 is 1 |j,l of reticulocyte lysate. 



The initial hypothesis was that the conformation change seen after HspBPl was added 

to the ATPase domain, would be the same as the conformation change seen with Bagl 

binding since Bagl also acts as an inhibitor of Hsp70 at high concentrations. Also while 

this analysis was being done it was reported that HspBPl dissociates ATP, consistent 

with it acting like Bag-1. Binding of the Bag domain of Bagl to Hsc70 promotes an 

outward rotation of subdomain IIB of the Hsp70 ATPase domain. To achieve this 

conformation subdomain IIB rotates about two hinges at Leu 228 and Leu 309 

(Sondermann et al., 2001). These hinges both appear to be at points that would be 

susceptible to limited proteolysis by chymotrypsin. No proteolysis was seen at these 

points after HspBPl association. Also the co-crystal of Bagl with the ATPase domain of 

Hsp70 shows no deviation in the area around amino acids 69-79 where we saw 

proteolysis (Sondermann et al., 2001). Unfortunately, neither the presence of new sites 

nor the absence of expected sites disproves the original hypothesis. As for the absence of 

expected sites, first there are no reports in the literature of limited proteolysis of the 

ATPase domain after binding of the Bag domain and although predictions can be made 

about which sites will be susceptible to the protease it is still empirical. Due to other 

factors, such as accessibility to the protease, the hinge regions may not be susceptible to 

proteolysis. Secondly, the method that was employed here does not exclude the 

possibility that other conformational changes in the ATPase domain take place. For 

example, the physical association of HspBPl with regions undergoing a conformational 

change could protect regions of the ATPase domain from proteolysis. As for the 

presence of sites not seen to change in the cocrystal of Bag-1 with the Hsc70 ATPase 



domain, they may represent an intermediate conformation not appreciated using the 

crystallographic technique. Also there appears to be a large deviation in the ATPase 

domain in the region of amino acid 183 after Bag domain binding in my viewing of the 

crystal structure, although it is not noted in the report. A deviation in this area would be 

consistent with some of the results presented here. More structural data such as a co-

crystal structure will be necessary to answer these questions. It will be interesting to see 

if the conformational changes brought about by HspBPl association are different from 

the open conformation seen with Bagl and GrpE binding. 

To try and investigate this further, two attempts were made using NMR to assess the 

changes to the ATPase domain upon HspBPl association. Both full-length HspBPl and 

M84-359 resulted in a dramatic conformational change of the ATPase domain that was 

too extreme to identify in the short time before it fell out of solution (Eric Zweiderweg, 

personal communication). The solubility problems may be the result of the high 

concentrations used in the assays. 

The fact that domain II could also change the conformation of the Hsp70 ATPase 

domain supports the functional findings presented in Chapter 4. Domain II of HspBPl is 

capable of all the functions tested for HspBPl. It also supports the hypothesis that the 

fiinction of domain I may be to improve the association of HspBPl to Hsp70. 

Another possible consequence of cochaperone interaction, modifying association of 

Hsp70 with other proteins, was investigated. The preliminary results presented here 

suggest that HspBPl might decrease the amount of Hsp70 in complex with Hsp90 and 

Hsp40. This could be because less of the complex exists or that HspBPl blocks the 
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epitope on Hsp70 for BB70 binding. The epitope for BB70 binding has not been 

reported. There is an Hsp90 antibody that immunoprecipitates this complex, D7a (Smith 

et al., 1993a), and it would be interesting to see if results with this antibody would be the 

same as the results presented here. 



CHAPTER 6 

SUMMARY AND FUTURE DIRECTIONS 

HspBPl is a member of an emerging family of proteins that modulate Hsp70 activity 

(Kabani et al., 2002a). To date nothing has been known about its protein structure. The 

work reported here shows that HspBPl has two structural domains as defined by limited 

proteolysis. In regards to the previously reported activities of HspBPl, inhibition of 

Hsp70 renaturation of luciferase and Hsp70 binding, the full-length protein is required for 

full activity but domain II is sufficient for much activity in both assays. Also presented 

here is a novel activity for HspBPl, that is the ability to change the conformation of the 

ATPase domain of Hsp70. For this activity HspBPl is modular and domain II is 

sufficient. 

As a starting point for these studies we constructed a model of HspBPl using human 

genomic information. Seven exons make up the mRNA for HspBPl's coding region. 

The model that we have developed using limited proteolysis shows that HspBPl has two 

structural domains. Domain I encompasses the first 83 amino acids (-10 kDa) and 

domain II, amino acids 84-359 (~30kDa). Domain I is susceptible to limited proteolysis 

and thus predicted to consist mainly of random coil. Domain II, with an amino terminal 

Hise tag, is predicted to be 43% helical by circular dichroism and is impervious to 

proteolysis under native conditions. 

We have also used limited proteolysis to show that the ATPase domain of Hsp70 and 

full length Hsp70 change conformation in response to HspBPl exposure. After exposure 

to HspBPl, the Hsp70 ATPase domain becomes susceptible to proteolysis at five sites in 
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subdomain IB, one site in subdomain lA and at the carboxy terminus. This leaves a 

protected fragment of the ATPase domain, after 60 min. of proteolysis that consists of 

almost the entire subdomain 11. The sites of proteolysis on full-length Hsp70 were not 

identified. Owing to the limitations of limited proteolysis, we were not able to determine 

if the conformation change of the ATPase domain is novel or is the same as that brought 

about by binding to the Bag domain of Bag-1 or GrpE. We must wait for more definitive 

structural information before that can be determined. 

Domain II of HspBPl is sufficient to carry out all the activities of HspBPl that we 

tested for, namely, inhibition of renaturation of luciferase and binding to Hsp70 in 

reticulocyte lysate, and alteration of the conformation of the Hsp70 ATPase domain. A 

carboxy terminal truncation mutant containing all of domain I and 65 additional amino 

acids from domain II shows no ability to inhibit luciferase renaturation and only weakly 

binds to HspVO suggesting that domain I is not sufficient for these activities. Domain II 

is less active than full-length HspBPl in the inhibition of renaturation of luciferase and 

binding to Hsp70. This suggests that domain I promotes a tighter association of Hsp70 

with HspBPl. Two other amino terminal truncations were tested that contained domain 

II and additional amino acids from domain I. The assays performed with these mutants 

shows that addition of amino acids from domain I to domain II improves the activity of 

the protein. The hypothesis most consistent with our data is that domain I binds to Hsp70 

with a low affinity which increases HspBPl's affinity for the ATPase domain of Hsp70. 

Further structural studies are needed to understand these issues fully. 
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The results presented here suggest that the protein elements of HspBPl that interact 

with Hsp70 do not form a linear discreet protein motif such as the TPR domains found in 

cochaperones Hip, Hop, and CHIP. This is supported by the low sequence identity 

between the HspBPl family members and by the absence of blocks of conserved amino 

acids in their sequences. It is intriguing to speculate that the tertiary structure of domain 

II of HspBPl may be a novel protein folding motif that has evolved independently of 

other cochaperones to interact with Hsp70. The studies presented here have produced a 

crystallizable portion of HspBPl, domain II that retains much of the activity of the full-

length protein. Although conditions have not yet been found to generate crystals that are 

suitable for structural analysis, this is a promising starting point to eventually determining 

the crystal structure of this domain. 

The fact that homologues of HspBPl have been discovered in more than one 

compartment of the cell suggests that HspBPl protein family members may have a 

previously unappreciated role in Hsp70 regulation. It is not clear at this time what that 

role might be. The experiments in Chapter 5 show that HspBPl significantly changes the 

conformation of Hsp70. Further experiments are necessary to determine the significance 

of this conformational change. The crystal structure of HspBPl with the Hsp70 ATPase 

domain would be very illuminating in this regard. The studies presented here show that a 

co-crystal of the Hsp70 ATPase domain with domain II of HspBPl would suffice as well. 

This may be helpful information since domain II is easier to produce and purify than the 

full-length protein. These studies also show that the interaction of these two entities is 

preserved under numerous conditions. 
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As was presented in the introduction, it is unclear how HspBPl functions in the 

ATPase cycle. This is also shown in the models presented in Figure 6-1. The difference 

between these models is whether HspBPl affects the dissociation and/or association of 

ATP. In this regard, it would be informative to know the rate constants for the different 

steps in the ATPase cycle when HspBPl and physiological concentrations of Pi are 

present. Fluorescent analogs of ATP and ADP that change their fluorescent properties 

when bound to Hsp70 have been developed and used to determine the binding constants 

for each step of the Hsp70 ATPase cycle (Theyson et al., 1996). The effects of the 

nucleotide exchange factors GrpE and Bag-1 on the ATPase cycle have been evaluated 

using these analogs(Brehmer et al., 2001). Similar studies on HspBPl may prove quite 

informative. 

Before formation of a co-crystal of HspBPl and the ATPase domain of Hsp70 is 

attempted there are several key questions that need to be answered, such as what is the 

stoichiometry of the HspBPl/Hsp70 interaction and what conformation of Hsp70 does 

HspBPl prefer to bind to? The stoichiometry could be determined using gel filtration or 

analytical ultracentrifugation. The Hsp70 conformational specificity of cochaperones has 

been determined in many different ways. BAP, the human ER homolog of HspBPl, was 

determined to preferentially bind to the ADP form of Hsp70 using the two-hybrid and co-

IP's with conformational mutant of the of Hsp70 (Chung et al., 2002). For feslp co-IP's 

were performed using either Hsp70 preincubated with either ADP or ATP (Kabani et al., 

2002a) and showed that feslp bound Hsp70 under both conditions but bound more if 

ADP was present. Both of these approaches fail to exclude the fact that a cochaperone 
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Model 1. HspBPl as an Activator of the Hsp70 Chaperone Cycle 

ATP 

ADP + Pi 

HspBPl 

'Si P 

. iDnaJ/Hsp^ 

Model 2. HspBPl as an Inhibitor of the Chaperone Cycle. 

HspBPl 

ADP+Pi 
PnaJ/Hsp4Q 

HspBPl 

Figure 6-1. Models for HspBPl Regulation of the Hsp70 Chaperone Cycle. The 
ATP binding domain of Hsp70 is represented in light gray and the substrate binding 
domain in dark gray. The substrate is represented by a gray hatched box labeled S. In 
Model 1 HspBPl is acting like the canonical nucleotide exchange factor GrpE. In this 
case HspBPl removes ADP facilitating the chaperone cycle. In model 2 HspBPl 
removes both ATP and ADP as it has been shown to do in vivo. This would have the 
effect of inhibiting the cycle. 
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may bind preferentially to Hsp70 with no nucleotide bound. For GrpE this question was 

approached in a different fashion (Schonfeld et al., 1995). Analytical ultracentrifugation 

was performed of mixtures of Hsp70, GrpE and various nucleotides, cochaperones and 

ions. This type of approach along with the use of the fluorescent nucleotides mentioned 

previously would perhaps be more informative. Complexes of Hsp70 and HspBPl could 

be isolated and the presence of bound nucleotide determined. 

For the interaction studies done in Chapter 5 it was not determined if the conformation 

change in the ATPase domain was taking place when HspBPl was bound to the ATPase 

domain or after it had been exposed to HspBPl. This would be interesting to determine. 

Separation of bound and unbound Hsp70 ATPase domain before proteolysis would 

achieve this result. This could be done by gel filtration or analytical ultracentrifugation. 

Another interesting line of study would be to see how HspBPl competes for Hsp70 

binding with other Hsp70 cochaperones, especially the Bag proteins and Hip since they 

both bind to the ATPase domain. This type of study has been done with Hip and Hap46, 

a Bag family member, using co-immunoprecipitations of Hsp70 after addition of the 

different factors (Gebauer et al., 1997). These studies showed that Hip and Hap46 

compete for binding to Hsp70. Since then it has been shown that the Bag domain 

contacts the ATPase domain of Hsp70 in subdomains IB and IIB (Sondermann et al., 

2001). The binding site for Hip on the ATPase domain has not been determined. 

Finally, some preliminary studies were done to look at the cellular distribution of 

HspBPl. It was found in the cytosol and the nucleus. In the cytosol it was seen 

associated with actin fibers and well as with what appeared to be the ER. It would be 
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very interesting to investigate the cellular distribution of the HspBPl truncation mutants. 

This could be done using by transfecting cells with tagged versions of the truncation 

mutants and looking for where they localize. It may be that parts of the HspBPl protein 

are important for localizing HspBPl to specific structures in the cell. 

It would also be interesting to determine what other binding partners HspBPl has in a 

cell in order to get a better sense of the cellular processes that HspBPl is involved in. 

The yeast proteome interaction data base suggests some interesting interacting partners 

for the S. cerevisiae homolog of HspBPl, feslp. One possible way of determining 

HspBPl binding partners is by immunoprecipitating HspBPl from cells and identifying 

other proteins that coprecipitate with it. If an interacting protein was identified then the 

truncation mutants could be used to identify the HspBPl binding site for the interacting 

protein. 
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