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Solution structures and conformational dynamics of the  

molecular chaperone Hsp90 

 

Kristin A. Krukenberg 

Laboratory of Dr. David A. Agard 

 

 The molecular chaperone Hsp90 is an essential eukaryotic protein making up 1-

2% of all cytosolic proteins. Hsp90 is vital for the maturation and maintenance of a wide 

variety of substrate proteins largely involved in signaling and regulatory processes. Many 

of these substrates have been implicated in cancer and other diseases making Hsp90 an 

attractive target for therapeutics. Hsp90 depends upon its intrinsic ATPase activity for 

function. Crystal structures of the bacterial Hsp90 homolog, HtpG, and the yeast Hsp90 

homolog reveal large domain rearrangements between the nucleotide-free and the 

nucleotide-bound forms. Using small angle X-ray scattering and newly developed 

molecular modeling techniques, I investigated the solution states of HtpG. In solution, 

nucleotide-free HtpG adopts a more extended conformation than observed in the crystal, 

and upon the addition of AMPPNP, HtpG is in equilibrium between this open state and a 

closed state that is in good agreement with the yeast AMPPNP crystal structure. For apo 

HtpG, I also identified a two-state pH-dependent conformational equilibrium between the 

open, extended state and a U-shaped state resembling the crystal structure of the ER 

homolog Grp94. Through mutagenesis I successfully modulated the conformational 

equilibrium at neutral pH and showed that the conformations are functionally distinct in 

the context of a citrate synthase aggregation assay. These studies provide a unique view 
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of HtpG conformational dynamics and a new model for the role of nucleotide in effecting 

conformational change. They also provide the first linkage between a specific 

conformation and chaperone function. The conformations of the eukaryotic homologs 

have been less well characterized, especially in the absence of nucleotide. To better 

define the similarities and differences between the prokaryotic and eukaryotic proteins, I 

studied the solution states of cytosolic yeast and human Hsp90 as well as the mouse 

endoplasmic reticulum homolog, Grp94. I showed that all three proteins adopt an 

extended, chair-like conformation distinct from the extended conformation observed for 

the bacterial Hsp90. Ultimately Hsp90 must be studied in the context of client proteins. 

To this end, I worked to develop in vitro assays for the Hsp90-dependent activation of the 

tyrosine kinase c-src.   
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Introduction 

 

Background 

 Hsp90 is an essential eukaryotic protein making up 1-2% of all cytosolic proteins, 

and it is a member of the class of proteins known as molecular chaperones. Molecular 

chaperones are required for maintaining the correctly folded state of proteins within the 

cell. Hsp60 (GroEL) and Hsp70 (DnaK) represent two well studied members of this class 

of proteins. Both Hsp60 and Hsp70 interact with nascent polypeptide chains and promote 

their folding by interacting with hydrophobic surfaces on substrate protein (Gomez-

Puertas et al. 2004; Kurt et al. 2006; Rudiger et al. 1997; Weissman et al. 1995). Once 

substrates are bound, the chaperone undergoes subsequent rounds of ATP hydrolysis 

causing conformational changes within the chaperone (Young et al. 2004). These 

conformational changes lead to the release of the substrate either into the cytosol by 

Hsp70 or into the lumen of the Hsp60 folding machine where proper folding can occur 

(Walter et al. 2002). 

 Similar to Hsp70 and Hsp60, Hsp90 binds and hydrolyzes ATP and is believed to 

interact with hydrophobic surfaces on substrate (client) proteins. Unlike other 

chaperones, Hsp90 appears to act largely at later stages of the folding pathway interacting 

with clients that are largely folded (McLaughlin et al. 2002). The interaction with Hsp90 

induces subtle conformational rearrangements within the client protein facilitating the 

binding of ligands or partner proteins (Richter et al. 2001a; Young et al. 2001; Zhao et al. 

2005). Hsp90 interacts with clients that are found primarily in signaling and regulatory 

processes including steroid hormone receptors, kinases, and transcription factors (Caplan 
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et al. 2007; Pearl et al. 2006; Picard 2006; Richter et al. 2001a). For a complete list of the 

currently identified Hsp90 client proteins see 

http://www.picard.ch/downloads/Hsp90interactors.pdf. Many of Hsp90’s client proteins, 

including p53, Cdk4, c-src and v-src, are oncogenic or otherwise required for cell 

proliferation, making Hsp90 an attractive target for anti-cancer therapeutics (Neckers 

2007). Inhibition of Hsp90 with small molecules such as geldanamycin and its 

derivatives has been shown to be antitumorigenic, and several of these compounds are 

currently in clinical trials (Chiosis et al. 2003; Neckers et al. 2003; Solit et al. 2008; 

Workman 2004b). Hsp90 has also been implicated in other diseases including Alzheimers 

(Dickey et al. 2008) and vascular disease (Shah et al. 1999). 

 While the molecular mechanisms of Hsp70 and Hsp60 are well characterized, the 

conformational changes and determinants of substrate recognition associated with Hsp90 

function remain unclear. For Hsp70 and Hsp60, unstructured states of the substrate are 

stabilized upon binding; only upon release can folding occur. Thus in the bound state, the 

substrate protein adapts its conformation to the binding surfaces for these chaperones 

(Bukau et al. 1998). By contrast, Hsp90 substrates have already achieved a partially 

folded or almost fully folded conformation before they interact with Hsp90 (Jakob et al. 

1995; McLaughlin et al. 2002) suggesting that Hsp90 must adapt its conformation to 

match each substrate or that different conformations recognize different substrates. The 

exact nature of the conformations of Hsp90 and their function has become an area of 

intense study in recent years, and much progress has been made in understanding the 

conformational dynamics of Hsp90. 
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Architecture of Hsp90 

 

Figure 1: Hsp90 exists as a homodimer with three domains per monomer 
The crystal structure of the bacterial homolog, HtpG (PDB code 2IOQ), is shown as both 
a cartoon representation and a surface representation. The domains of one monomer are 
colored blue (NTD), green (MD), and brown (CTD). The other monomer is colored grey. 
The NTD binds nucleotide and contains a variable charged loop (red) and the conserved 
lid region (purple) which is adjacent to the nucleotide binding pocket. The middle domain 
contains the conserved catalytic loop (cyan) which is essential for ATP hydrolysis. The 
CTD provides the constitutive dimer interface. 
 

 Hsp90 is highly conserved from bacteria to eukaryotes with ~50% sequence 

similarity between E. coli and humans. In humans, Hsp90 exists mainly as four isoforms 

with two cytosolic forms (Hsp90α, Hsp90β), a mitochondrial version (Trap1) and a form 

in the endoplasmic reticulum (Grp94).  All versions of Hsp90 exist as an obligate dimer 

consisting of three domains per monomer (Figure 1). The C-terminal domain (CTD, 

brown) is the site of dimerization, the middle domain (MD, green) has been implicated in 

client binding, and ATP binds to the N-terminal domain (NTD, blue) (Pearl et al. 2006). 

The nucleotide binding pocket in the NTD is the most conserved aspect of Hsp90 across 

species, and has been identified as related to the GHKL superfamily of ATPases, which 

include MutL and DNA gyrase (Bergerat et al. 1997; Dunbrack et al. 1997). Other 

important conserved structural features include the lid (Figure 1, purple), a helix-loop-

helix motif adjacent to the nucleotide binding pocket (Prodromou et al. 1997; Stebbins et 
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al. 1997), and the catalytic loop (Figure 1, cyan), a region between the NTD and MD that 

is essential for catalysis (Meyer et al. 2003). 

 Despite the high similarity, there are important differences in the overall domain 

organization of the different Hsp90s (Figure 2). A repetitive charged region (Figure 1, 

red) that varies in length is present at the C-terminal end of the NTD in yeast and 

cytosolic higher eukaryotic Hsp90s as well as in Grp94. This region was originally 

believed to be a flexible tether between the two domains, but crystal structures have 

shown structured elements on either side of this charged region that are part of the NTD 

leaving only a few amino acids as the linker between the NTD and MD (Ali et al. 2006; 

Huai et al. 2005; Shiau et al. 2006; Soldano et al. 2003). The yeast and cytosolic higher 

eukaryotic proteins also have a C-terminal MEEVD peptide that is important in the  

 

Figure 2: Domain architecture for different Hsp90 homologs 
The domains are colored with the N-terminal domain (NTD) in blue, the middle domain 
(MD) in green, and the C-terminal domain (CTD) in brown. 
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binding of co-chaperones. Co-chaperones are helper proteins that form complexes with 

Hsp90 and are thought to function in client protein loading and in regulating the ATPase 

cycle of Hsp90. Many co-chaperones also function independently of Hsp90 as 

chaperones or have other functions in the cell. The co-chaperones Hsp70, Hop and 

FKBP52, amount others, contain TPR-domains that bind Hsp90 via the C-terminal 

MEEVD. Currently no co-chaperones have been identified for Trap1, Grp94 or the 

bacterial Hsp90 (HtpG), suggesting that they have evolved alternate methods for 

controlling the chaperone cycle. 

  

Local structural changes in the NTD due to nucleotide binding 

 The ATPase activity of Hsp90 is essential for function. The ATP binding pocket 

of Hsp90 is unique to the GHKL superfamily of proteins and is characterized as a 

Bergerat fold (Dutta et al. 2000). Because of the similarity of the ATPase domain to 

proteins such as MutL where ATPase activity is linked to large structural changes in the 

protein, it was hypothesized that nucleotide binding correlates to conformational 

rearrangements in Hsp90. Crystal structures of the isolated NTD have shown that binding 

of nucleotide elicits local structural changes around the nucleotide binding site. The 

largest changes occur in the lid (residues 94-124, Hsp82 numbering, Figure 1, purple) 

which consists of a helix-loop-helix positioned near the binding pocket and these motions 

are correlated with larger conformational changes in the rest of the protein. Crystal 

structures have revealed that the lid is highly variable in its orientation, and molecular 

dynamics simulations with the human NTD confirm that the most significant changes 

upon nucleotide binding involve the lid (Colombo et al. 2008). In one orientation seen in  
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Figure 3: Variation in the N-terminal domain of Hsp90 occurs mostly in the lid 
All structures are of the N-terminal domain of Hsp90 with the lid highlighted in red or 
blue. A) Two conformations of the isolated hHsp90 NTD (1YER and 1YES). In one 
conformation (blue) loop 2 (L2) extends into the nucleotide binding pocket. Large 
motions in the lid can also be seen in B) the NTD from the full length yeast structure 
(2CG9), and C) the isolated NTD of Grp94 bound to ADP (1TBW). D) Three additional 
lid conformations are observed in crystals of HtpG (2IOR, 2IOQ, and 2IOP).  
 

cytosolic human Hsp90 (hHsp90) loop 2 (L2, Figure 3A, blue) is displaced by more than 

9Å into the nucleotide binding pocket potentially blocking the binding of ligand 

(Stebbins et al. 1997). In an alternate crystal form of the hHsp90 NTD and in crystal 

structures of the isolated yeast (yHsp90) NTD, L2 is moved away from the binding 

pocket allowing nucleotide to bind (Figure 3A, red) (Prodromou et al. 1997; Stebbins et 

al. 1997). A dramatically different arrangement for the lid is seen in the yHsp90 full-

length structure with the non-hydrolyzable AMPPNP bound (Ali et al. 2006). In this 
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conformation the lid now covers the nucleotide binding pocket trapping the bound 

AMPPNP (Figure 3B). 

 The structural variability of the lid is even more pronounced in the bacterial 

homolog HtpG. In structures of the isolated NM domain the lid of HtpG (residues 96-

126) is largely disordered (Huai et al. 2005). From the portion of the lid that is ordered in 

the crystal structure it can be seen that the addition of ADP causes H3 and H4 to partially 

unwind. Molecular dynamics simulations also show a loss of lid structure for hHsp90 

when ATP is bound. The lid loses α-helical content and gains flexibility as a 

consequence of interactions with the nucleotide (Colombo et al. 2008). This is in contrast 

to other GHKL family members such as MutL where the lid becomes more ordered in the 

presence of nucleotide (Ban et al. 1999). Two additional lid positions are seen in different 

crystals of ADP-bound HtpG (Figure 3D) (Shiau et al. 2006).  

 Rearrangements in the lid region lead to larger conformational rearrangements in 

the protein. The lid conformation observed in the yHsp90 full-length structure exposes a 

hydrophobic patch that is buried in the other lid conformations. The hydrophobic patch is 

involved in the NTD dimerization of yHsp90 as seen for other GHKL family members. 

The endoplasmic reticulum homolog, Grp94, has a unique 5 amino acid insertion in the 

lid (residues 182-186) leading to a structural rearrangement of the lid in response to 

nucleotide that is different from other Hsp90 homologs (Figure 3C). Although the lid 

position is unique in nucleotide-bound Grp94, this conformation also leads to the 

exposure of a large predominantly non-polar surface (Immormino et al. 2004) as seen in 

AMPPNP-bound yHsp90. The hydrophobic surface may also serve as an interaction site 

for NTD dimerization in Grp94. In the absence of nucleotide the isolated NTD of Grp94 
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overlays very well with the yeast and human conformations shown in Figure 3A (blue) 

(Dollins et al. 2005). In the full-length Grp94 structure bound to nucleotide the lid 

becomes disordered (Dollins et al. 2007). 

 Other conformational rearrangements have also been proposed as resulting from 

rearrangements in the lid. The full length structure of apo HtpG supports this idea. In this 

structure the lid adopts a unique position orthogonal to the NTD β-sheet as opposed to 

parallel to the β-sheet as seen in other structures (Figure 3) (Shiau et al. 2006).  This lid 

conformation precludes ATP binding by positioning residue F123 where the base and 

sugar of the nucleotide would be positioned blocking access to the binding pocket. If the 

lid is positioned as seen in the ADP-bound form of HtpG, steric clashes occur between 

the NTD and MD in the apo structure suggesting that the binding of nucleotide must 

cause the lid to become disordered or the rearrangement of the NTD in relation to the 

MD. Simulations also show that local conformational changes in the lid region are 

coupled to larger conformational changes. While the lid becomes more flexible upon the 

binding of ATP, Essential Dynamics analysis of the simulations shows that the rest of the 

NTD becomes more constrained. Covariance analysis of the simulations also shows that 

the ATP-bound NTD has a more extensive and stronger interaction network spanning the 

entire NTD (Colombo et al. 2008). 

 

Global conformational changes in the full-length protein due to nucleotide 

 Nucleotide plays an important role in the conformational dynamics of Hsp90 as 

seen by the local structural changes that occur in the NTD. Due to the similarity of the 

ATPase domain to the GHKL superfamily, a similar conformational cycle for Hsp90, 
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MutL, and DNA Gyrase was originally proposed. MutL and DNA Gyrase undergo NTD 

dimerization functioning as a molecular clamp (Dutta et al. 2000). In Hsp90, motions of 

the lid upon nucleotide binding revealing exposed hydrophobic surfaces and the tendency 

of the NTD to crystallize as a dimer indicate that Hsp90 functions as a molecular clamp 

similarly to other GHKL family members. An early EM study using antibody decorated 

Hsp90 showed the presence of closed O shaped particles after heat treatment indicating 

that both the NTDs and CTDs were dimerized. A smaller number of these particles were 

also observed in the presence of ATP or ATPγS supporting the hypothesis that nucleotide 

binding causes NTD dimerization in the full-length protein (Maruya et al. 1999). 

 Structural studies of the full-length protein demonstrate that NTD dimerization 

occurs across species and that nucleotide binding causes a clamp like motion of Hsp90. 

The crystal structure of full-length apo HtpG shows an open V-like conformation of the 

protein with only the CTDs dimerized (Figure 4) (Shiau et al. 2006). A closed 

conformation has been observed for yHsp90 (Figure 4) in the presence of the AMPPPNP 

and the co-chaperone p23, which binds the NTDs stabilizing the closed conformation 

(Ali et al. 2006). In the presence of ADP, an even more compact structure was observed 

for HtpG (Figure 4) (Shiau et al. 2006). Because the crystal structures were derived from 

different organisms, the generalizability of the chaperone cycle across species was 

unclear. Also, the AMPPNP-bound state was crystallized in the presence of a co-

chaperone, and it was unknown if this state was accessible through nucleotide binding 

alone. A recent negative-stain EM study reveals that all three states are accessible to  
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Figure 4: Full-length structures of Hsp90  
The NTD is shown in blue, the MD in green and the CTD in brown. The second 
monomer of the biological dimer is shown in grey. In all structures exposed hydrophobic 
surfaces are highlighted in purple. A) Surface representations of the apo and ADP HtpG 
structure (Shiau et al. 2006); 2IOQ and 2IOP) and the yeast AMPPNP-bound structure 
(Ali et al. 2006). B) Surface representations of the apo HtpG solution state (Krukenberg 
et al. 2008) and the Grp94 crystal structure (Dollins et al. 2007). 
 

HtpG, yHsp90, and hHsp90 suggesting that the conformational cycle is conserved from 

bacteria to humans (Southworth et al. 2008). 

 An interesting aspect of these structures is the presentation of hydrophobic 

surfaces within the dimer (Figure 3, purple surfaces, residues 8-23, 326-342, 368-384, 

and 586-612; Hsp82 numbering). In the apo conformation hydrophobic patches line the 

inside of the cleft, presenting possible interaction sites for client proteins (Shiau et al. 

2006). In the AMPPNP-bound state these surfaces are less well exposed but still 

accessible on the outer edges of the dimer cleft (Ali et al. 2006). Finally, in the ADP-
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bound state the hydrophobic surfaces are buried in the core of the protein suggesting a 

means for client protein release (Shiau et al. 2006).  

 These structures illustrate the amazing flexibility of Hsp90 with the NTD moving 

by ~50Å between each states. A small angle X-ray scattering (SAXS) study of the 

bacterial protein suggests additional flexibility for the apo state. In solution, apo HtpG 

exists in an even more open and extended structure than seen in the crystal structure 

(Figure 4) (Krukenberg et al. 2008). SAXS and cryo-EM reconstructions of apo yHsp90, 

hHsp90 and pig Hsp90 are also more extended than the apo crystal structure but are 

distinct from the bacterial solution structure (Bron et al. 2008); Krukenberg et al., 

submitted). An additional conformation intermediate to the open apo and closed 

AMPPNP-bound states observed in other homologs is observed in the full-length crystal 

structure of nucleotide bound Grp94 (Figure 4) (Dollins et al. 2007). Cross-linking 

experiments have also shown additional flexibility for Grp94 (Chu et al. 2006). Of the 

known structures, the observed cross-links are only compatible with the compact ADP 

crystal state. While the crystal structures correspond to remarkably large changes in 

Hsp90’s conformation, the structure within the individual domains remains largely 

conserved apart from specific elements such as the NTD lid. The flexibility of Hsp90 

comes mainly from rigid body motions centered at the NM (between the NTD and MD) 

and MC (between the MD and CTD) interfaces.  

 The structures of Hsp90 taken together suggest a nucleotide-dependent 

conformational cycle (Figure 5).  In this cycle, Hsp90 begins in an open state with a 

variable open angle. The addition of ATP then causes a conformational shift to a more 

closed state. The Grp94 crystal structure may represent an intermediate between the  
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Figure 5: A proposed  nucleotide-dependent conformational cycle  
In this cycle, the binding of ATP shifts the conformation from an open structure (1) to a 
NTD-dimerized closed structure (3). The Grp94 crystal structure (2) may represent and 
intermediate along this path or non-catalytic conformation. The hydrolysis of ADP causes 
a further compaction of the protein (4) and the release of nucleotide restarts the 
conformational cycle. 
 

extended and closed states, or the Grp94 state may be a catalytically inactive state. The 

cycle continues with the hydrolysis of ATP and the conversion to a more compact state 

where all hydrophobic surfaces are now buried, thus releasing client proteins/co-

chaperones. The compact state would then open and return to the extended conformation 

to begin the cycle again. While the evidence points to a conserved conformational cycle 

between the HtpG, yHsp90, and hHsp90, the degree of conservation with other homologs 

including Grp94 and Trap1 remains an open question. 
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The role of conformation in regulating the ATPase cycle of Hsp90 

 

The ATPase cycles of cytosolic yeast and human Hsp90 

 While the crystal structures provide a convincing picture of the Hsp90 

conformational cycle and its dependence on nucleotide, many questions remain about the 

molecular mechanism of Hsp90 and the connections between conformation and ATPase 

activity. All Hsp90 homologs studied so far have ATPase activity and this activity is 

essential for the functioning of Hsp90 in the cell. The ATPase activity varies between 

homologs, but overall this activity is low especially in comparison to other known 

enzymes (Table 1). The precise regulation of the ATPase rate is also essential. Mutant 

Hsp90 with either a faster (T22I) or slower (T101I) ATPase rate result in temperature 

sensitive growth phenotypes and are unable to fully activate glucorticoid receptor (GR) in 

vivo (Nathan et al. 1995; Prodromou et al. 2000). Using biochemical and structural 

studies, the pathways involved in the hydrolysis of ATP as well as key structural factors 

involved in the regulation of the cycle are beginning to be understood.  

 

Table 1: Kinetic parameters of ATP hydrolysis for homologs of Hsp90 at 25˚C 

Homolog Km (μM) ATPase rate (s-1) 

hHsp90a 190 0.0009 

yHsp90 b 100 0.0015 

HtpG c,f 250 0.011 

Trap1 d 15.4 0.0027 

Grp94 e 92 0.006 

Parameters were taken from the following a) McLaughlin et al., 2004 b) Weikl et al., 
2000 c) Graf et al., 2009 d) Leskovar et al., 2008 e) Frey et al., 2007 f) measured at 30˚C 
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 From the crystal structures of the isolated NTD and the full-length protein, it is 

clear that local conformational changes in the lid region as well as global changes leading 

to NTD dimerization occur in the presence of nucleotide. The structural studies alone do 

not reveal the role of conformation in regulating the ATPase cycle. Thorough 

biochemical characterization of the kinetic cycle of yHsp90 shows that NTD dimerization 

is required for attaining the correct catalytic conformation and this conformational 

change determines the rate of hydrolysis. Mutant yHsp90 that lacks the C-terminal 

dimerization domain has a significantly impaired ATPase rate (Prodromou et al. 2000; 

Richter et al. 2001b) supporting a role for NTD dimerization in the hydrolysis of ATP. 

This was confirmed with an Hsp90 heterodimer containing only one NTD. The 

heterodimer has one third the ATPase rate of the wild-type (WT) protein (Richter et al. 

2001b). This data together with results showing a conformational change upon ATP 

binding as the rate-limiting step (Hessling et al. 2009; Weikl et al. 2000) suggest that 

NTD dimerization is the rate-limiting step. A recent FRET study reveals that upon ATP 

binding a slow transition occurs to an intermediate open state possibly characterized by 

local motions in the lid. NTD dimerization then occurs in a second slow transition to 

another intermediate state. A final conformational change to the catalytically active state 

occurs and ATP is then rapidly hydrolyzed (Hessling et al. 2009). The structures of the 

intermediate states have yet to be determined and it will be interesting to see if the Grp94 

structure captures the open intermediate as proposed in Figure 5.  

 Further biochemical studies of yHsp90 have dissected the regions of the NTD that 

are important for controlling the ATPase rate. The N-terminus and the lid regulate the 

rate of NTD dimerzation and therefore the rate of ATP hydrolysis. Removal of the lid 
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abolishes all ATPase activity, but, surprisingly, a heterodimer lacking the lid on only one 

NTD (lidless) has a substantially increased ATPase rate (Richter et al. 2006). Structural 

studies reveal that this increase in activity is due to an increase in NTD dimerization in 

the heterodimer (Hessling et al. 2009; Richter et al. 2006). The increased dimerization 

promoted by the lidless heterodimer is dependent upon the first 24 amino acids of the N-

terminus. In the closed yeast AMPPNP structure these residues form the dimerization 

interface. When these 24 amino acids are deleted from the lidless NTD, the ATPase 

activity of the heterodimer is inhibited (Richter et al. 2006) confirming that the N-

terminus is also essential for NTD dimerization. 

 Initial biochemical studies of hHsp90 suggested that the human protein had a 

substantially different hydrolysis mechanism without dimerization of the NTDs. Recent 

structural and biochemical studies have shown that the molecular mechanism of 

hydrolysis is largely conserved between yHsp90 and hHsp90 although important 

differences in the regulation of the cycle exist. A mechanism that depends upon NTD 

dimerization predicts a degree of cooperativity between the two NTDs, but initial kinetic 

studies of hHsp90 indicated that the two ATP binding sites do not interact cooperatively 

(McLaughlin et al. 2004). The dimerization of the NTDs and the structure of the lid in the 

closed state also suggest that ATP is trapped in the binding pocket during hydrolysis. 

Nucleotide exchange studies have confirmed this hypothesis for yHsp90 (Weikl et al. 

2000), but in hHsp90 ATP can freely exchange throughout the hydrolysis cycle (Richter 

et al. 2008) bringing into question the conserved nature of the ATPase cycle.  

 A negative-stain EM comparison of yHsp90 and hHsp90 in the presence of 

nucleotide demonstrate that both homologs populate the closed conformation as seen in 
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the AMPPNP-bound yeast structure (Southworth et al. 2008). Recent biochemical studies 

provide additional evidence that the ATPase mechanisms are indeed conserved between 

yHsp90 and hHsp90. Like yHsp90, C-terminal dimerization and the presence of both 

NTDs is required for the ATPase activiy of hHsp90 (Richter et al. 2008; Vaughan et al. 

2009). Removal of the lid in hHsp90 also leads to a complete lose of activity in the 

homodimer, while the heterodimer between the lidless mutant and WT shows a strong 

increase in the ATPase activity (Richter et al. 2008). As expected for a mechanism 

requiring NTD dimerization, point mutations that increase NTD dimerization also show 

an increase in ATPase activity for both yeast and human Hsp90 (Vaughan et al. 2009). 

Another piece of evidence supporting a conserved mechanism is that hHsp90 populates at 

least one intermediate conformations between the open and closed states observed by EM 

and the rate-limiting step for hydrolysis is a conformational change upon the binding of 

nucleotide (McLaughlin et al. 2004).  

 The observed differences for yHsp90 and hHsp90 lie in the regulation of the cycle 

instead of in the underlying mechanism. hHsp90 has a higher activation energy leading to 

a more transient closed state than the yeast protein (Richter et al. 2008). Negative-stain 

EM analysis of hHsp90 supports this idea. Unlike yHsp90 the closed AMPPNP-bound 

state of hHsp90 can only be seen by EM in the presence of very low levels of cross-linker 

(Southworth et al. 2008). The transient nature of the closed state would also explain 

hHsp90’s inability to trap ATP during the hydrolysis cycle and the lack of cooperativity 

between the two ATP binding sites.  
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The ATPase cycles of HtpG, Grp94, and Trap1 

 The ATPase cycle of the bacterial HtpG has been less well characterized, but it 

appears that it shares the same hydrolysis mechanism as both yHsp90 and hHsp90. HtpG 

progresses from a similar open to closed state in the presence of nucleotide as is seen for 

both yHsp90 and hHsp90 (Krukenberg et al. 2008; Southworth et al. 2008). Also, 

hydrogen-deuterium exchange mass spectrometry (HX-MS) experiments have 

demonstrated that an intermediate conformation exists before the closed state and the 

conversion from the intermediate to closed state is the rate-limiting step in the hydrolysis 

reaction. Like yHsp90, HtpG traps the nucleotide during the cycle (Graf et al. 2009) 

suggesting that the closed state is less transient than observed for hHsp90. This is 

supported by negative-stain EM and SAXS experiments where the closed state is readily 

observable in the presence of AMPPNP (Krukenberg et al. 2008; Southworth et al. 2008). 

 It is less clear whether or not the ER homolog, Grp94, or the mitochondrial 

homolog, Trap1 follow the same pathway as other Hsp90s. For Grp94, ATP binding 

proceeds via a one-step mechanism unlike other homologs, and it is unclear if NTD 

dimerization occurs. The rate-limiting step is either hydrolysis or a conformational 

change prior to hydrolysis, and ATP is not trapped by Grp94 during hydrolysis (Frey et 

al. 2007). It remains to be seen if this is because a closed state does not occur or because 

the state is transient as seen with hHsp90. For Trap1, hydrolysis or a conformational 

change is also rate-limiting, and like Grp94 nucleotide is not trapped during hydrolysis. 

Based on tryptophan fluorescence binding of ATP to Trap1 is a two-step process 

(Leskovar et al. 2008). While similarities do exist between Grp94, Trap1, and other 
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homologs, more studies will be required to determine the mechanism of ATP hydrolysis 

for Grp94 and Trap1. 

 

The importance of dimerization 

 NTD dimerization is a required aspect of Hsp90’s function, and it is essential to 

understand the implications of dimerization on the molecular mechanism of Hsp90. 

Residues in the MD near the interface with the NTD (the catalytic loop, Hsp82 residues 

375-388) are essential for the hydrolysis of ATP (Meyer et al. 2003), and NTD 

dimerization serves to orient the catalytic loop so that hydrolysis can occur. The 

importance of the middle domain in catalysis was first shown using truncation mutants of 

Hsp90. Cross-linked NTDs exhibit 100 fold lower ATPase activity than WT (Wegele et 

al. 2003), but Hsp90 missing only the CTD retains WT ATPase activity as long as the 

two monomer are connected by a cross-linker (Wegele et al. 2003) demonstrating that the 

NTD and MD are sufficient for catalysis. The CTD participates in hydrolysis mainly as a 

platform for dimerization facilitating the additional dimerization of the NTDs. Catalysis 

at both NTDs is not required for full activity as a heterodimer containing one WT NTD 

and one NTD that is unable to bind ATP is fully active (Richter et al. 2001b) supporting 

the hypothesis that NTD dimerization establishes the catalytically active NM 

conformation.  

 Recent evidence confirms that interactions between the two monomers are 

required for attaining the catalytic conformation and this conformation may be distinct 

from the conformation seen in the yeast AMPPNP-bound crystal structure. An interaction 

network between the NTD of one monomer and the MD catalytic loop of the other 
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monomer has been described (Figure 6) (Cunningham et al. 2008). By examining the 

ATPase activity of a series of yHsp90 heterodimers, it was shown that the loop 

containing T22, V23, and Y24 (Hsp82 numbering) forms a hydrophobic network with 

residues L376, L378, and R380 (part of the MD catalytic loop) of the opposing monomer. 

Disruption of this network through mutatgenesis leads to a loss in ATPase activity. R380, 

has previously been shown to be essential for the ATPase activity of yHsp90 (Meyer et 

al. 2003). In the AMPPNP-bound structure of yHsp90 R380 is the only residue 

contacting the γ-phosphate, and the hydrophobic network may serve to stabilize this 

interaction. MD simulations confirmed the importance of these hydrophobic contacts by 

showing the stabilization of the interaction network in the presence of ATP. In the  

 

Figure 6: A hydrophobic interaction network is formed between the MD catalytic 
loop and the NTD of opposing monomers 
The NTD is shown in blue, the MD in green and the CTD in brown. ATP and the 
residues involved in the interaction network are shown as spheres with residues from the 
NTD shown in dark purple and residues from the MD shown in lavender. In the expanded 
view, the second monomer is shown in beige. 
 



 20

simulation, the NTD loop moves from its original position in the closed AMPPNP-bound 

crystal structure and inserts itself into a groove at the NM interface in the presence of 

ATP forming a tightly packed network with a conformation distinct from the crystal 

structure. Formation of this network also requires the γ-phosphate of ATP confirming the 

importance of its interaction with R380. When the simulations are done in the presence of 

ADP the hydrophobic network is lost (Morra et al. 2009). The involvement of the middle 

domain in the binding of nucleotide is further supported by HX-MS data showing 

increased protection of the MD catalytic loop upon the addition of ATP (Graf et al. 

2009). This protection could be accounted for by residues 22-24 packing against the 

arginine containing loop in the opposite monomer (Figure 6). 

 Both the biochemical evidence and the simulations suggest that the inter-protamer 

hydrophobic network serves to stabilize the hydrolysis competent state, and in the 

simulations this conformation is different then the one seen in the yeast AMPPNP-bound 

crystal structure. The biochemical studies also support an alternative catalytic 

conformation. A mutation on the examined NTD loop, T22F, causes an increase in the 

ATPase activity of yHsp90 but a phenylalanine at this position causes steric clashes 

within the yeast AMPPNP-bound crystal state (Cunningham et al. 2008). The alternate 

conformation observed in the simulations optimally accommodates the T22F mutation 

(Morra et al. 2009). 

 Interaction networks are not limited to the NTD and MD of Hsp90. Dimerization 

at CTD facilitates the NTD dimerization required for hydrolysis, and the large 

conformational changes converting Hsp90 from the open state to the closed catalytic state 

require significant rearrangements at the MC interface. The MD rotates by 80˚ between 
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the apo HtpG crystal state and the yeast AMPPNP-bound crystal state. For dimerization 

to occur nucleotide binding must propagate a signal over the entire length of the 

protomer. MD simulations of full-length Hsp90 using correlation matrix analysis 

demonstrate a correlation between motions in both the NTD and CTD upon the addition 

of nucleotide (Morra et al. 2009). The same study also calculated the communication 

propensity between pairs of residues and found an increase in communication efficiency 

between residues in the NTD and CTD in the presence of nucleotide. Interestingly, while  

 

Figure 7: Molecular dynamics simulations show different long range 
communication networks between the NTD and CTD in the presence of ATP or 
ADP 
Residues that participate in long-range communication are shown on the yeast AMPPNP-
bound crystal structure. The NTD is shown in blue, the MD in beige, and the CTD in 
green with the second monomer shown in grey. Long-range interactions observed only in 
the presence of ATP are shown in purple. Interactions seen only in the presence of ADP 
are shown in orange. Interactions observed with both ATP and ADP are shown in dark 
grey. 
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both ATP- and ADP-bound Hsp90 show residues communicating over a distance of 80Å, 

each nucleotide activates a different set of communicating residues between the NTD and 

CTD as shown in Figure 7.  

 

Hsp90 exists in a dynamic equilibrium between conformational states 

 As discussed, the structures of Hsp90 suggest a deterministic mechanism for the 

role of ATP in the conformational cycle (Figure 5) much like has been demonstrated for 

other chaperones such as Hsp70 and GroEL. The crystal structures, however, present 

only static representations of the conformation of Hsp90 under different conditions. 

Additional experiments that examine the structure of Hsp90 in solution or that capture the 

dynamics of the protein show that unlike many other ATPases, Hsp90 is stochastic in 

nature. Instead of nucleotide binding/hydrolysis determining the conformation, Hsp90 

exists in a dynamic equilibrium between different conformational states, and nucleotide 

binding/hydrolysis shifts the equilibrium between the already existing conformations.  

 MD simulations of the NTD showed that over long time scales the lid 

spontaneously converts from the nucleotide free conformation to the nucleotide bound 

conformation (Colombo et al. 2008) suggesting that a continuum of conformations may 

exist and nucleotide serves to stabilize one conformation over another. MD simulations 

with the full-length protein also show that apo Hs90 has a larger degree of global 

flexibility than either the ATP or ADP bound states, and the motions of the apo protein 

are less ordered than in either nucleotide bound state (Morra et al. 2009). In both MD 

studies the addition of ATP causes the largest decrease in global flexibility and the largest 

increase in the interaction network across the protein for the ligands tested providing 
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corroboration that nucleotide preferentially stabilizes one state over the other states 

sampled by the apo protein.  

 Kinetic studies provided the first biochemical evidence that Hsp90 exists as a 

mixture of states in the presence of nucleotide and the relative amounts of different 

conformations is homolog specific. Analysis of the yHsp90 ATPase cycle shows that 

upon ATP binding approximately 80% of the molecules shift to a closed state (Weikl et 

al. 2000). The mitochondrial Trap1 is also predominantly (70%) in a closed state in the 

presence of ATP (Leskovar et al. 2008). In sharp contrast, Grp94 remains largely in the 

open state (97%) in the presence of nucleotide (Frey et al. 2007). Negative-stain EM 

provided structural evidence that bound to AMPPNP, yHsp90 is largely in the closed 

conformation seen in the yeast AMPPNP-bound crystal structure but a small population 

of the open conformation is also present with saturating nucleotide. AMPPNP-bound 

hHsp90 remains largely in the open state and the closed state can only be observed in the 

presence of low levels of cross-linker (Southworth et al. 2008). Interestingly, bacterial 

HtpG has tuned the nucleotide response so that maximal levels of both the open and 

closed conformations are present even with saturating amounts of nucleotide 

(Krukenberg et al. 2008; Southworth et al. 2008).   

 Homolog specific differences seen in the conformational equilibria may shed light 

upon the differences in ATPase activity that have been reported. At 37˚C yHsp90 has the 

highest ATPase activity, HtpG has a moderate level of activity, and hHsp90 has the 

lowest activity (C. Cunningham, personal communication). The relative ATPase rates 

correlate well with the proportion of the closed state observed in solution. For yHsp90, 

the conformational equilibria in the presence of nucleotide can be shifted completely to 
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the closed state by deleting the first eight amino acids (Δ8-Hsp90) (Mickler et al. 2009). 

The ATPase activity of this mutant is doubled in comparison to WT further supporting 

the hypothesis that differences in ATPase rates relate to the conformational equilibria in 

the presence of nucleotide.  

 Due to these results, the emerging picture of Hsp90’s conformational cycle must 

include a dynamic equilibrium between the open and closed states in the presence of 

nucleotide. Recent experiments indicate that the cycle is even more complex. As 

mentioned, FRET studies of yHsp90 describe two intermediate states between the 

previously described open and closed states. Based on calculations of the energy barriers 

between the states, all states are also accessible in the absence of nucleotide. The role of 

nucleotide is not to determine conformation but to lower the energy barriers between the 

states (Hessling et al. 2009; Mickler et al. 2009). Cryo-EM and SAXS data for the pig 

Hsp90 protein (Bron et al. 2008) reveal two open conformations for the apo protein. One 

conformation results in a structure with the same opening angle as the HtpG apo crystal 

structure but with the NTDs in a more extended conformation forming a V-like structure. 

In the second conformation the NTDs rotate away from one another giving a structure 

described as a ‘flying seagull’ because of the resulting bend in the NM domains of the 

protein. HtpG also has at least two apo conformations in solution. SAXS studies 

identified an extended conformation shown in Figure 4 (Krukenberg et al. 2008) and a 

conformation almost identical to the Grp94 crystal structure (Krukenberg et al, 

submitted). Though the exact conformations for the apo states may not be conserved, the 

dynamic equilibria between apo conformations or nucleotide-bound conformations are 

conserved from bacteria to humans. In vivo equilibria between nucleotide-free and 
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nucleotide-bound states must also be taken into account because of the relatively weak 

affinity of ATP for Hsp90. 

  

The role of co-chaperones in regulating the conformational cycle of Hsp90 

 While nucleotide provides one means for influencing the conformation of Hs90, 

protein binding partners of Hsp90 also influence its conformational dynamics. yHsp90 

and hHsp90 are found in large heterocomplexes with other proteins known as co-

chaperones. Co-chaperones are essential for the correct function and regulation of Hsp90 

in vivo, and an ever growing number have been discovered (Table 2). Co-chaperones also 

provide a potential method for the recognition of different client proteins by Hsp90. A  

 

Table 2: Partial list of Hsp90 associated co-chaperones  

Protein Function 

Aha1 stimulates ATPase activity* 

p50 blocks ATPase activity and is thought to be kinase specific* 

Cpr6 TPR-containing and peptidy-prolyl-isomerase (Johnson et al. 2007) 

FKBP52 TPR-containing and peptidy-prolyl-isomerase (Riggs et al. 2003) 

GCUNC-45 TPR-containing that blocks progression of cycle (Chadli et al. 2006) 

Hop TPR-containing and scaffolds Hsp70-Hsp90 interaction* 

Hsp70 recruits substrates to Hsp90* 

NudC CHORD-domain containing (Te et al. 2007) 

p23 blocks ATPase activity and traps client proteins in complex with Hsp90* 

PP5 TPR-containing and phosphatase* 

Sse1 part of Hsp90 complex in budding yeast (Liu et al. 1999) 

Tah1 TPR-containing (Zhao et al. 2005) 

For a list of additional co-chaperones see 
http://www.picard.ch/downloads/Hsp90interactors.pdf 
*References can be found in the text. 
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minimal set of necessary co-chaperones has been established for the progesterone 

receptor (PR), the glucocorticoid receptor (GR), and the kinase Chk1 providing 

information about the role of different co-chaperones and about the specific requirements 

among client proteins. In vitro, GR requires the fewest number of co-chaperones (only 

Hsp70 and Hop) in addition to Hsp90 for the reconstitution of steroid binding activity 

(Arlander et al. 2006; Dittmar et al. 1997; Kosano et al. 1998). For the in vitro 

reconstitution of PR, Hsp70, Hsp40, Hop and p23 are required in addition to Hsp90 

(Kosano et al., 1998). The kinase Chk1 also requires Hsp90, Hsp70, Hsp40, and Hop for 

maximal activation, but unlike PR the kinase specific co-chaperone p50 is also required 

and p23 is not (Arlander et al., 2006).  

 The reconstituted systems also reveal the formation of specific heterocomplexes 

at different stages throughout the chaperone cycle (Figure 8). Both Chk1 and PR bind 

Hsp40 to begin the cycle. Hsp40 brings the client into complex with Hsp70. The initial 

Hsp90 complex then forms with Hop mediating the interaction between Hsp70 and 

Hsp90 allowing the client protein to be transferred to Hsp90. In the case of Chk1 this 

initial complex also includes p50. Hsp70 dissociates from the intermediate complexes 

and the late-stage complexes form. For Chk1, this complex includes the kinase, Hsp90, 

and p50. The steroid hormone receptors are in complex with Hsp90 and p23 at this stage. 

Activated client proteins are then released from the Hsp90 complex (Felts et al. 2007; 

Hernandez et al. 2002; Kosano et al. 1998; Smith 1993). The diagrams in Figure 8 detail 

the minimal systems required for activation, but numerous other co-chaperones have been 

identified and are believed to play important roles in the regulation of the chaperone 

cycle in vivo (Table 2). While some co-chaperones such as Hsp70 and Hsp40 are required 
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for client recruitment, other co-chaperones regulate both the ATPase activity and the 

conformational dynamics of Hsp90. 

 

Figure 8: Proposed chaperone cycles for the activation of the progesterone receptor 
and the Chk1 kinase 
The progesterone receptor (PR) or Chk1 are first bound by Hsp40 followed by 
recruitment to Hsp70. Next, a complex with Hsp90, Hop, and Hsp70 forms. This 
intermediate complex also includes the kinase-specific p50 in the case of Chk1. The 
mature complex is then formed when Hsp70 and Hop dissociate. The mature complex for 
PR requires the binding of the additional factor, p23. 
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p23 arrests the ATPase cycle of Hsp90 

 Since it was first identified in complex with Hsp90 and unactivated PR (Smith et 

al. 1990), p23 has been shown to bind Hsp90 directly and this binding is greatly 

enhanced by the presence of ATP (Grenert et al. 1999; Johnson et al. 1995; Sullivan et al. 

1997). ADP inhibits complex formation and the addition of an ATPase disrupts the 

p23:Hsp90 complex (Johnson & Toft, 1995; Sullivan et al., 1997) suggesting that p23 

stabilizes the ATP bound form of Hsp90 and hydrolysis of ATP subsequently releases 

p23 from the complex. 

 p23 binds directly to the NTD of Hsp90 although contacts are also made with 

Hsp90’s MD (Ali et al. 2006; Martinez-Yamout et al. 2006). The complex promotes or 

stabilizes the closed conformation and leads to the inhibition of the ATPase activity. 

Inhibition has been observed for both yHsp90 and hHsp90 (McLaughlin et al. 2002; 

McLaughlin et al. 2006; Richter et al. 2004; Siligardi et al. 2004). Crystallization of the 

full-length yeast protein bound to residues 1-134 of  p23 (the complete protein is 160 

residues) provides structural evidence that p23 binds to the NTD dimerized form of 

Hsp90 (Figure 9) (Ali et al. 2006). Studies of mutant Hsp90 further support this idea.  In 

yeast, p23 cross-links to Hsp90 constructs that dimerize at the CTD and not to 

monomeric versions of Hsp90 (Prodromou et al. 2000). For the human proteins, p23 also 

displays a substantially reduced binding affinity for monomeric Hsp90 (McLaughlin et al. 

2006) suggesting that NTD dimerization by Hsp90 significantly increases the affinity of 

p23. Hsp90 mutants that increase NTD dimerization, A107N and Δ8-Hsp90, have 

increased affinity for p23 (Richter et al. 2004; Siligardi et al. 2004). On the other hand, 

mutants that decrease the ability of Hsp90’s NTDs to dimerize, T101I and F349A, 
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Figure 9: Crystal structure of the p23:Hsp90 complex 
A) Residues 1-134 of yeast p23 were crystallized in complex with the full-length yeast 
Hsp90 (PDB code, 2CG9). The two monomers of Hsp90 are shown in brown and green 
while p23 is shown in red. B) An expanded view of the ATP binding pocket shows that 
the active site lid (shown in light blue) folds over the bound nucleotide when p23 is 
present. This conformation blocks access in and out of the ATP binding pocket. 
 

interact more weakly with p23 (Siligardi et al. 2004). As expected, truncation of the NTD 

domain so that dimerization no longer occurs abolishes the binding of p23 (Richter et al. 

2004). 

 The data evokes a model where p23 traps Hsp90 in an N-terminally dimerized 

state with the functional consequence of inhibiting the ATPase activity of Hsp90. As 

determined by kinetic studies, p23 uses a mixed inhibition mechanism, and the binding of 

p23 increases the Km for AMPPNP binding to Hsp90. If the p23:Hsp90 complex cannot 

bind AMPPNP once it is formed, the increase in Hsp90’s affinity for AMPPNP in the 

presence of p23 would result from the relatively higher affinity of p23 for the AMPPNP-
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bound Hsp90 rather than Hsp90 alone (McLaughlin et al. 2006). The motion of the lid 

over the nucleotide binding pocket when p23 binds (Figure 9) blocks access to the 

nucleotide binding pocket supporting this model. Though the exact mechanism of 

inhibition remains unclear, one hypothesis is that p23 traps Hsp90 in a pre-hydrolysis 

state. The crystal structure is unable to provide any insight into the mechanism of 

inhibition, but as suggested by the biochemical and computational evidence discussed 

above, the crystal structure may represent a catalytically inactive state and p23 may 

therefore prevent the necessary conformational rearrangements required for hydrolysis.  

 The trapping of Hsp90 in the closed state and the inhibition of the ATPase activity 

has the functional consequence of trapping client proteins in a complex with Hsp90 and 

p23. This has been observed for both GR and PR (Dittmar et al. 1997; Kosano et al. 

1998). p23 may serve as a molecular timer for the activation of client proteins, and once 

clients are activated p23 is released, hydrolysis occurs, and client proteins dissociate. 

Either the slow hydrolysis of ATP in the presence of p23 or the dynamic dissociation of 

p23 allowing hydrolysis to occur could lead to dissociation of the p23:Hsp90 complex. 

There is evidence for both of these models suggesting that the actual mechanism may be 

a combination of both models. For yeast, Δ8-Hsp90 (increased ATPase activity) still 

hydrolyzes ATP even at saturating levels of bound p23 (Richter et al. 2004). Complete 

inhibition of hHsp90’s ATPase was observed in the presence of p23 but the binding of 

other co-chaperones may displace p23 and overcome inhibition (McLaughlin et al. 2006). 

In the absence of other co-chaperones stochastic fluctuations in the p23:Hsp90 complex 

could allow hydrolysis to occur and the chaperone cycle to continue. Experiments where 

chicken Hsp90 in complex with p23 is quickly replaced by rabbit Hsp90 when incubated 
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with rabbit reticulocyte lysate support this idea (Johnson et al. 1995). Also, the half-life 

(T1/2) of the human p23:Hsp90 complex is 40 seconds at 37˚C whereas the T1/2 of 

hydrolysis is 7 minutes (McLaughlin et al. 2006) providing additional corroboration for 

the dynamic nature of the p23:Hsp90 complex. 

 

Hop traps Hsp90 early in the conformational cycle 

 Unlike p23, the co-chaperone Hop functions early in the chaperone cycle. Hop is 

a TPR domain containing protein that binds as a dimer to the C-terminal MEEVD of 

Hsp90. Through this interaction, Hop facilitates the transfer of substrate from Hsp70 to 

Hsp90 (Wegele et al. 2006). Though the main interaction between Hop and Hsp90 is 

mediated by the C-terminus of Hsp90 other regions of Hsp90 are involved in the 

interaction. The affinity of Hop for Hsp90 decreases with increasing truncations of 

Hsp90’s N-terminus (Richter et al. 2003) suggesting that Hop’s interaction with Hsp90 

spans the entire monomer. On the contrary, a recent structural study of Hop indicated that 

the MD and CTD of Hsp90 is sufficient to recapitulate WT Hop binding (Onuoha et al. 

2008). Further structural studies will be required to reconcile this apparently conflicting 

evidence. 

 Hop binds Hsp90 in both the absence and presence of nucleotide although a small 

decrease in binding in the presence of ATP has been reported (Grenert et al. 1999). Like 

p23, Hop inhibits the ATPase activity of Hsp90, but unlike p23 this inhibition is strictly 

noncompetitive (Onuoha et al. 2008; Prodromou et al. 1999; Richter et al. 2003; Siligardi 

et al. 2004). Whereas p23 stabilizes Hsp90 in the closed conformation, Hop stabilizes 

Hsp90 in the open state. Initial studies with Hop and p23 show that Hsp90 preincubated 
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with Hop no longer binds p23, but when Hop and p23 are incubated with Hsp90 that has 

been pre-incubated with AMPPNP, p23 binds Hsp90 in the absence of Hop (Johnson et 

al. 1998). This data supports the conclusion that Hop and p23 recognize/stabilize 

different conformations of Hsp90 and once Hsp90 has significantly populated the closed 

state the affinity for p23 is much higher than the affinity for Hop. This also confirms the 

hypothesis that Hop locks Hsp90 in the open conformation and prevents conversion to 

the closed state.  

 The increased binding of Hop to Hsp90 mutants that promote the closed state 

further corroborates the hypothesis that Hop binds to Hsp90 in the open state. The N-

terminal truncation Δ8-Hs90, which has increased NTD dimerization, is barely inhibited 

by Hop (Richter et al. 2003). Hop also shows reduced affinity for the A107N (increased 

NTD dimerization) mutant in the presence of AMPPNP (Onuoha et al. 2008) although 

Hop is still able to inhibit the ATPase activity of this mutant (Siligardi et al. 2004). The 

T101I mutant which has a reduced ability to achieve the closed state binds Hop with 

equal affinity to wild-type (Onuoha et al. 2008). As with p23, the inhibition of Hop can 

be reversed by the addition of other co-chaperones that presumable disrupt the binding of 

Hop to Hsp90. Both the co-chaperones Cpr6 and PP5 have been shown to reverse the 

inhibition of Hop providing a mechanism for the progression of the chaperone cycle 

(Prodromou et al. 1999). 

 All of this data points to a mechanism of inhibition where Hop bind Hsp90 in the 

open state and blocks the conversion to the closed state. A recent FRET study provides 

structural evidence that this is true. In the presence of ATP and Hop, the conformational 

transition for Hsp90 from the open to the closed state no longer occurs (Hessling et al. 
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2009). While Hop undoubtly stabilizes an open conformation of Hsp90, it is also likely 

that Hop binding in and of itself causes a conformational change in Hsp90 increasing the 

inhibitory potential of Hop. In a study of the thermodynamic properties of the Hop:Hsp90 

complex, it was shown that the binding of Hop is characterized by a large enthalpic 

contribution that is offset by an unfavorable change in entropy. This thermodynamic 

signature is characteristic of a conformational change upon binding (Prodromou et al. 

1999). A SAXS study of the Hop:Hsp90 complex also suggests a conformational change 

upon complex formation. The radius of gyrations (Rg) for Hsp90 and Hop alone are 62.2 

and 55.2 Å respectively with corresponding maximum interatomic distances (Dmax) of 

207 and 193 Å. The Hop:Hsp90 complex has an Rg of 61.5 Å and a Dmax of 204 Å 

(Onuoha et al. 2008). This decrease in the overall size of the complex compared to Hsp90 

alone is indicative of a conformational change. 

 

p50, a kinase specific co-chaperone, also traps Hsp90 in an open conformation 

 The co-chaperone p50 also inhibits the ATPase activity and affects the 

conformational dynamics of Hsp90, but its mechanism differs from both Hop and p23. 

p50 is a kinase specific co-chaperone and is thought to assist in the transfer of kinases to 

Hsp90 (Grammatikakis et al. 1999; Lee et al. 2002; Stepanova et al. 1996). Domain 

mapping has shown that p50’s N-terminal domain is critical for binding kinases and the 

middle and C-terminal domains interact with Hsp90 (Grammatikakis et al. 1999; Roe et 

al. 2004; Shao et al. 2003). p50 binds as a dimer to Hsp90 and while this interaction 

occurs largely at the NTD of Hsp90 and requires the charged loop, deletion of the CTD 

leads to a lose in affinity between Hsp90 and p50 (Roe et al. 2004; Siligardi et al. 2002; 
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Zhang et al. 2004). Biochemical studies also suggest that p50 may initially bind Hsp90 as 

a monomer because the KD for dimerization (80 uM) is less than the KD for complex 

formation (4 uM) (Zhang et al. 2004). 

 

Figure 10: Crystal structure of p50 bound to Hsp90 
A) In the crystals the C-terminal region of p50 (red) and the NTD of Hsp90 (blue) form a 
heterotetramer with p50 forming a dimer between the two NTD domains of Hsp90. B) 
p50 binding is incompatible with the dimerized NTDs of the Hsp90 closed state. The two 
NTDs of Hsp90 are shown in blue and beige and they are shown in the configuration seen 
in the yeast AMPPNP-bound crystal state. Docking of the p50:Hsp90 crystal dimer onto 
one NTD of the closed state reveals steric clashes between p50 (red) and the second 
Hsp90 NTD (beige). C) The p50:Hsp90 heterotetramer from A is aligned with the two 
NTDs from the apo bacterial crystal structure suggesting a mechanism for blocking the 
closure of Hsp90. One monomer of the apo structure is shown in green and the other in 
beige. For p50 to bind to this structure, the NTDs of the apo state would have to move as 
seen by the blue Hsp90 NTDs. 
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 The crystal structure of the C-terminal region of p50 (residues 148-348) bound to 

the NTD of Hsp90 indicates a mechanism for the inhibition of Hsp90’s ATPase activity. 

R167 of p50 points into the nucleotide binding pocket of Hsp90 and forms a hydrogen 

bond with the catalytic glutamate of Hsp90 (E33). Nucleotide is still binds, but the 

catalytic water is no longer coordinated for hydrolysis (Roe et al. 2004). The crystal 

structure also reveals another means of inhibition where p50 blocks the conversion of 

Hsp90 from the open to the closed state. In the crystal, p50 forms a dimer between the 

two NTDs of Hsp90 potentially blocking Hsp90’s transition to the closed state (Figure 

10A). When the p50:Hsp90 dimer is docked onto one NTD of the yHsp90 AMPPNP-

bound crystal structure, p50 sterically clashes with the second Hsp90 NTD (Figure 10B).  

p50 may therefore block the formation of the closed state, and be unable to bind once the 

closed state has formed. Biochemical studies confirm the preference of p50 for the open 

conformation of Hsp90. Work done in vivo using a yeast 2-hybrid system to measure the 

interaction between p50 and Hsp90 demonstrates that the T22I mutant (facilitates the 

closed state) binds less well to p50 while T101I (deficient in NTD dimerization) has a 

strengthened interaction with p50 (Millson et al. 2004). 

 Examination of the p50:Hsp90 complex in the context of the apo HtpG structure 

also suggests a mechanism for blocking the closed state and supports p50’s preferential 

binding of the open state. When docked onto the apo crystal form of HtpG, the p50 dimer 

fits perfectly into the cleft of the Hsp90 dimer trapping Hsp90 in an open conformation  

(Figure 10C). Interestingly, for p50 to bind to the apo conformation a structural 

rearrangement must occur between the NTD and MD of Hsp90. Solution studies of the 

p50:Hsp90 complex also indicate that complex formation causes a conformational change 
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in Hsp90. As measured by SAXS, both the Rg and Dmax of hHsp90 decrease when p50 

binds. The Rg and Dmax shift from 64.6 and 219 Å respectively for Hsp90 alone to 62.7 

and 200 Å in the presence of p50 (Zhang et al. 2004). HX-MS shows changes in the 

protection of hHsp90 in the presence of p50 consistent with a conformational change. 

Two peptides (77-85 and 221-235, Hsp90β numbering) in the NTD of hHsp90 that were 

not perturbed in the p50:Hsp90 crystal structure show increased protection in the 

presence of p50. Increased protection in a middle domain peptide adjacent to the NTD 

also occurs when p50 binds. The stabilization pattern observed is consistent with an 

increased interaction between the NTD and MD in the presence of p50 but this 

interaction is incompatible with the NM domain orientation in the apo crystal structure 

(Phillips et al. 2007) implying that p50 binding causes a rearrangement of the Hsp90 NM 

domain.  

 

Aha1 activates the ATPase of Hsp90 

 Unlike the other co-chaperones discussed, Aha1 stimulates the ATPase activity of 

Hsp90 (Lotz et al. 2003; Meyer et al. 2004; Panaretou et al. 2002). Initial studies using 

difference circular dichroism suggest that Aha1 binds to Hsp90 simultaneously with 

either Hop or p23 (Panaretou et al. 2002). More recent studies using gel filtration and 

NMR show that Aha1 competes with both Hop and p23 for binding to Hsp90 (Harst et al. 

2005; Martinez-Yamout et al. 2006). These studies also indicate that Aha1 acts at 

multiple stages of the chaperone cycle to disrupt inhibition by other co-chaperones. Aha1 

may displace Hop from early complexes and p23 from mature complexes stimulating the 

ATPase activity and allowing for the progression of the chaperone cycle. 
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 Aha1 binds mainly to the MD domain of Hsp90 and this interaction is mediated 

by the N-terminal portion of Aha1 (N-Aha1) (Lotz et al. 2003; Meyer et al. 2004; 

Siligardi et al. 2004).  N-Aha1 has been crystallized in complex with the MD of Hsp90 

(Meyer et al. 2004) providing the precise positioning of Aha1 on Hsp90. When aligned 

with either the closed crystal structure or the open crystal structure, Aha1 binds to Hsp90 

at the edge of the dimer cleft approximately 90˚ from the dimer interface (Figure 11).  

 Aha1 acts on Hsp90 after lid-closure and NTD dimerization in order to stimulate 

the ATPase activity. The stimulation effect of Aha1 is greatly diminished when 

heterodimers between full-length Hsp90 and Hsp90 lacking the NTD are formed (Richter 

et al. 2008). Aha1 also has a minimal effect on the Hsp90 mutants T22I and A107N 

 

Figure 11: Aha1 binds Hsp90 on the edge of the cleft 
By docking the N-Aha1:MD-Hsp90 complex on the full length apo (A) and ATP (B) 
crystal structures, the approximate orientation of Aha1 can be determined. Aha1 is 
colored in grey while one monomer of Hsp90 is green and the other monomer is beige. 
 

which are already activated through increased NTD dimerization. On the other hand, the 

open state stabilized T101I mutant has a similar fold activation by Aha1 as wild-type 

Hsp90 (Siligardi et al. 2004). 
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 Aha1 promotes or stabilizes a conformation of Hsp90’s MD catalytic loop leading 

to stimulation of the ATPase activity of Hsp90 (Figure 12). In the full-length apo crystal 

structure, the catalytic loop is positioned so that R380, part of the hydrophobic interaction 

network dscuss above, makes contacts with the rest of the MD and is removed from 

contacts with the NTD (Figure 12B). In the closed AMPPNP-bound crystal state, the loop 

has less α-helical structure causing R380 to orient towards the NTD where it contacts 

ATP (Figure 12C and Figure 6). Even though in the Aha1:Hsp90 complex parts of the 

catalytic loop are disordered, the orientation is much more consistent with the loop 

conformation found in the closed state (Figure 12). Interestingly, the R380A mutant, 

which has a decreased ATPase rate, is not activated by Aha1 (Meyer et al. 2003) 

implying that R380 is critical in the Aha1 mediated activation of Hsp90. The importance 

of the catalytic loop in Aha1 mediated activation is further highlighted by the  

 

Figure 12: Aha1 binding to Hsp90 causes a rearrangement in the MD catalytic loop 
A) N-Aha1 (grey) was crystallized in complex with the MD of Hsp90 (green). The 
catalytic loop, shown in red, is partially disordered in the crystal structure. B) The 
catalytic loop in the apo full length structure (beige) has more α-helical structure than in 
the Aha1:Hsp90 complex, and the catalytically required R380 (shown in sticks) forms 
contacts with the MD in the apo structure. C) In the closed AMPPNP-bound crystal 
structure the catalytic loop, shown in purple, orients R380 towards the NTD where it 
interacts with the γ-phosphate of ATP. The loop structure in the Aha1:Hsp90 complex is 
closely related to the loop structure in the closed state. 
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insensitivity of the Hsp90 E381K (located on the catalytic loop) mutant to activation, 

even though the mutation alone has very little affect on the ATPase activity (Meyer et al. 

2003). All of the evidence suggests that Aha1 promotes or stabilizes a conformation of 

Hsp90 that occurs after NTD dimerization and has increased interactions between the 

MD and NTD. Data showing that the Hsp90 F349A mutant, located at the NM interface 

and potentially involved in interdomain communication, is hypersensitive toAha1 also 

supports this conclusion (Meyer et al. 2003; Siligardi et al. 2004). 

 Though it is clear from these studies that NTD dimerization and rearrangement of 

the NM domain is important for Aha1’s effect on Hsp90, it is not clear if Aha1 simply 

stabilizes the catalytic conformation once it forms or if binding of Aha1 results in a 

conformational change in Hsp90 leading to catalysis. A recent FRET study suggests that 

Aha1 directly induces structural changes in yHsp90. Aha1 binding results in the rapid 

acceleration of conformational changes between the NTD and MD similar to the 

acceleration seen in the lidless Hsp90 mutant, which shows increased NTD dimerization. 

The FRET results also suggest that Aha1 binding allows Hsp90 to bypass the first 

conformational intermediate after nucleotide binding causing an accumulation of the 

second NTD dimerized intermediate instead (Hessling et al. 2009). Given the dynamic 

nature of Hsp90, it most likely samples all of the states along the kinetic pathway and the 

binding of Aha1 serves to shift the equilibrium towards the catalytically active 

conformation thus increasing the ATPase activity of Hsp90.  
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 Alternate methods for controlling the conformational cycle of Hsp90 

 As illustrated above, co-chaperones provide an elegant layer of regulation for the 

conformational cycle of Hsp90, and this regulation is essential for the proper function of 

cytosolic yeast and human Hsp90. Bacterial HtpG and the ER homolog Grp94, however, 

have no known co-chaperones. Given the importance of this additional level of regulation 

for the cytosolic yeast and human proteins, it is highly possible that HtpG and Grp94 

have developed alternative means of regulation that extend beyond the effects of 

nucleotide binding.  While this regulation has yet to be well defined for HtpG or Grp94, a 

few possible mechanisms have been suggested. 

 Recent work demonstrates a role for pH in controlling the conformation of HtpG 

(Krukenberg et al., submitted). SAXS studies at varied pH reveal that apo HtpG exists in 

predominantly two conformational states, and the equilibrium between these two states is 

optimized so that maximal levels of both conformations are present at physiological pH. 

pH shifts in either direction drastically alter the relative populations of the two 

conformations. The use of pH to control the conformation of Hsp90 appears to be a 

uniquely bacterial trait. In vivo bacteria may use the pH equilibrium as a sensor to 

modulate HtpG’s conformation in times of metabolic stress. It is also possible that the 

finely tuned conformational equilibrium serves only to optimize the levels of both 

conformations in the absence of c-ochaperones, and each conformation binds a specific 

subset of client proteins. 

 An alternative mechanism for controlling conformation involving Ca2+ binding 

has been suggested for Grp94. Because the ER functions as a Ca2+ storage organelle, the 

role of Ca2+ in the function of Grp94 has been investigated, and studies defined Grp94 as 
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a Ca2+ binding protein (Macer et al. 1988; Van et al. 1989). A surface plasmon resonance 

study suggests that Ca2+ binding alters the conformation of Grp94 (Ying et al. 2006), and 

a study investigating the effect of Ca2+ on peptide binding to Grp94 concluded that the 

divalent cation causes a conformational change in Grp94 promoting the binding of 

peptide (Biswas et al. 2007). More direct structural studies will be required to determine 

the exact nature and extent of these conformational changes. 

 

The relationship between client protein binding and Hsp90 conformation 

 It is possible that client proteins also affect the conformation of Hsp90. While the 

exact nature of the interaction between client proteins and Hsp90 remains largely a 

mystery there is emerging evidence to support this idea. Some of the first evidence for 

client proteins altering the conformation of Hsp90 came from studies investigating the 

stability of the p50:Hsp90 complex. Complexes formed by only Hsp90 and p50 are 

sensitive to high salt concentrations. When a kinase is added, the complex becomes salt 

resistant (Hartson et al. 2000). Kinase binding may cause a structural rearrangement in 

Hsp90, Cdc37 or both conferring salt resistance on the complex. The potential for client 

binding to change Hsp90’s conformation is not a trait unique to kinases. The ligand 

binding domain of GR stimulates the ATPase rate of hHsp90 (McLaughlin et al. 2002) 

suggesting that GR shifts the population of human Hsp90 towards the closed catalytic 

state. This correlates well with data suggesting that hHsp90 has such a low basal ATPase 

rate because it does not significantly populate the closed state. The fact that Hop inhibits 

the stimulated rate but has little effect on the basal rate (McLaughlin et al. 2002) also 

supports this conclusion. p23 much more dramatically inhibits hHsp90 in the presence of 
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GR (McLaughlin et al. 2002) than in the absence. If GR does shift hHsp90 to a closed 

state, the increased inhibition by p23 may be due to the increased affinity of p23 for the 

closed conformation. 

 This most direct evidence for client binding influencing the conformation of 

Hsp90 comes from a 3D reconstruction of the p50:Hsp90:Cdk4 complex from negative-

stain EM (Vaughan et al. 2006). The reconstruction shows an asymmetric complex with 

two Hsp90 monomers, one p50 monomer, and one Cdk4 kinase monomer. The Hsp90 

dimer is in a conformation similar to the closed AMPPNP-bound state except the NTDs 

are not dimerized. One NTD hinges backwards away from the other and p50 binds 

between the two NTDs. Cdk4 interacts with the outer edge of the complex. The kinase 

contacts the Hsp90 MD with what appears to be the C-lobe, and the N-lobe contacts one 

Hsp90 NTD and p50. Previous studies, discussed above, indicate that p50 binds as a 

dimer to Hsp90 and this complex is locked in a conformation more closely related to the 

apo crystal structure. To reconcile these results, it has been suggested that the kinase 

initially binds a dimer of p50 and this complex is recruited to Hsp90 forming a symmetric 

complex. A structural rearrangement then occurs displacing one p50 monomer and 

leading to the asymmetric complex observed by EM (Figure13) (Vaughan et al. 2006). 

More studies will be required to test this hypothetical pathway and to determine the 

individual effects of p50 and Cdk4 on the conformation of Hsp90. While both p50 and 

Cdk4 may influence Hsp90’s conformation, most likely there is a synergistic effect on 

Hsp90’s dynamics when both are bound. 
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Figure 13: Proposed model for Hsp90:p50:Cdk4 complex formation 
Initially the kinase Cdk4 binds to a dimer of p50. This complex is then recruited to a 
dimer of Hsp90 to form a symmetric complex. A conformational rearrangement the 
occurs and one monomer of p50 is displaced leading to the asymmetric complex 
observed by EM. 
 

The effect of phosphorylation and acetylation on the conformational dynamics of Hsp90 

 Apart from co-chaperones and client proteins, post-translational modifications 

may provide additional levels of regulation for the dynamics of Hsp90. While it is clear 

that acetylation and phosphorylation are important aspects of Hsp90’s in vivo function, 

the precise role of these modifications in the chaperone cycle is not well understood. 

Hyperactylation of Hsp90 disrupts the binding of both client proteins and co-chaperones 

(Kekatpure et al. 2009; Kovacs et al. 2005; Scroggins et al. 2007; Yu et al. 2002). 

Regulation of Hsp90’s acetylation status occurs primarily through HDAC6 which binds 

directly to Hsp90 (Kekatpure et al. 2009), and inhibition of HDAC6 leads to the 

hyperacetylation of Hsp90 (Yu et al. 2002). Hsp90 contains a least two acetylation sites 

and one site as been mapped to K294 (Hsp82 numbering) at the junction of the NTD and 

MD (Scroggins et al. 2007). Given the location of this site, acetylation may lead to 

conformational changes in the NM domain disrupting the binding of clients and co-
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chaperones alike. Structural analysis of the acetylated protein will be required in order to 

investigate this possibility. 

 Phosphorylation also plays an important role in the function of Hsp90 and may be 

involved in conformational dynamics. As with acetylation, increased phosphorylation 

negatively regulates Hsp90’s interaction with client proteins (Adinolfi et al. 2003; Ogiso 

et al. 2004; Wandinger et al. 2006). The phosphatase PP5 directly associates with Hsp90 

via a TPR-domain, and PP5 directly dephosphorylates Hsp90 (Wandinger et al. 2006). 

Evidence suggests that phosphorylation may be more complex with differing roles on 

Hsp90 function depending on the client protein involved. Phosphorylation at S225 and 

S254 in  Hsp90 causes a decreased affinity for the aryl hydrocarbon receptor (AhR) 

(Ogiso et al. 2004). In another example, c-src directly phosphorylates Hsp90 on Y300 

and unlike other clients this phosphorylation is required for the binding of eNOS to 

Hsp90 (Duval et al. 2007). Further studies will be required to determine the effect of 

phosphorylation on the conformation of Hsp90. 

  

Small molecules also shift the conformation of Hsp90 

 As discussed, the conformational dynamics of Hsp90 are essential for proper 

function. Also, multiple layers of regulation affect the conformation suggesting that small 

molecule inhibitors of Hsp90’s conformational dynamics may be potent inhibitors of 

chaperone function providing important therapeutics for Hsp90 related diseases. 

Currently, the majority of small molecule Hsp90 inhibitors compete for binding with 

ATP and were not designed to influence the conformation of Hsp90. There are, however, 

indications that some of these inhibitors function not only by blocking the binding of 
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nucleotide but also by shifting the conformation of Hsp90 to a state that is incapable of 

client protein binding. 

 As would be expected for small molecules occupying the nucleotide binding 

pocket, inhibitor binding causes local changes in the lid of Hsp90 (Immormino et al. 

2004; Stebbins et al. 1997). Binding of the inhibitor geldanamycin (GA) leads to a lid 

conformation of Hsp90 (Stebbins et al. 1997) similar to the conformation seen in the 

isolated apo hHsp90 NTD (Figure 3A, red). This conformation is unlike the lid state seen 

in the nucleotide bound complexes where hydrophobic surfaces are accessible for NTD 

dimerization. As is seen for nucleotide bound Hsp90, the local changes in the NTD 

induced by the inhibitor most likely correlate with changes in the global structure of the 

Hsp90 dimer. The GA-bound lid conformation suggests that GA and nucleotide have 

very different effects on the overall structure of Hsp90. 

 In vivo, the binding of GA to Hsp90 leads to the destabilization and degradation 

of client proteins (Mimnaugh et al. 1996; Schulte et al. 1995; Whitesell et al. 1994). In 

most cases the destabilization is due to the disruption of Hsp90:client complexes as 

observed for the kinases v-src and bcr-abl (An et al. 2000). GA also disrupts the binding 

of p23 (An et al. 2000; Sullivan et al. 1997) further suggesting that the inhibitor alters the 

normal conformation of Hsp90. The disruption of the p23:Hsp90 complex indicates that 

GA prefers to bind Hsp90 in an open state. This claim is further substantiated by 

evidence showing that preformed p23:Hsp90 complexes are less inhibitable than free 

Hsp90. GA also increases the presence of Hop and Hsp70 in pull-downs of Hsp90 (An et 

al. 2000; Sullivan et al. 1997). Though GA binds to an open conformation of Hsp90, this 

conformation is distinct from the conformation of apo Hsp90. As measured by SAXS, 
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GA causes a decrease in the Rg of Hsp90 (Zhang et al. 2004). In HX-MS experiments, 

DMAG, a derivative of GA, and radicicol, an inhibitor similar to GA, cause changes in 

the protection of amide protons in all three domains of Hsp90 (Phillips et al. 2007). 

Radicicol also increases the protease sensitivity of Hsp90 as compared to the apo protein 

(Nishiya et al. 2009). 

 Other small molecule inhibitors that function via alternative mechanisms appear 

to also cause global conformational changes within Hsp90. Novobiocin is a small 

molecule inhibitor that binds to the CTD of Hsp90 (Marcu et al. 2000a; Marcu et al. 

2000b; Soti et al. 2002). Like GA and radicicol, novobiocin inhibits the formation of 

Hsp90 complexes with client or p23, but unlike GA it also reduces the affinity of Hsp90 

for TPR-containing co-chaperones that bind to the CTD (Allan et al. 2006; Yun et al. 

2004).  The disruption of these Hsp90 complexes suggests that novobiocin causes 

structural rearrangements within Hsp90 that are distinct from the changes seen with GA. 

Epigallocatechin gallate (ECGG) the active ingredient found in green tea also directly 

binds to Hsp90 and acts as an AhR antagonist. As opposed to disrupting the interaction of 

Hsp90 with AhR, ECGG functions by stabilizing the interaction between Hsp90 and AhR 

(Palermo et al. 2005). All of these compounds suggest that influencing the conformation 

of Hsp90 with small molecules is a viable strategy for the development of future 

therapeutics. 
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Specific Aims 

 The goal of this thesis is to gain a mechanistic understanding of Hsp90. 

Specifically, it addresses the following questions: 

• What is the conformation of bacterial HtpG in solution? 

• How does nucleotide influence the solution state of HtpG? 

• Do other mechanisms apart from nucleotide binding exist to control the 

conformation of HtpG? 

• How conserved are the solution states of Hsp90 from prokaryotes to 

eukaryotes? 

• What is the molecular mechanism for the Hsp90 dependent activation of 

the tyrosine kinase c-src? 
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Chapter 1: A novel conformation of E. coli Hsp90 in solution: insights 

into the conformational dynamics of Hsp90 

 

Preface 

 Crystal structures of the bacterial full-length Hsp90 in the absence of nucleotide 

and bound to ADP, as well as the structure of yeast Hsp90 bound to AMPPNP have been 

solved. These structures show large conformational rearrangements between the 

nucleotide-free and nucleotide bound states suggesting an inherent flexibility of Hsp90. 

They also suggest a conformational cycle correlated with the ATPase activity of Hsp90. 

Given the large differences in conformation seen in the crystal structures, I hypothesized 

that Hsp90 accesses other conformations in solution. I also sought to investigate the 

presence of an AMPPNP state in bacteria. I investigated these hypotheses in the context 

of the bacterial Hsp90 using a combination of small angle X-ray scattering and molecular 

modeling.  

 A paper describing the solution states of E. coli Hsp90, HtpG, reprinted here was 

published in Structure (2008) 16:755-765, © Elsevier Ltd. Friedrich Förster, who appears 

as second author on the paper, developed the comprehensive modeling program within 

the IMP framework. Luke Rice, the third author, provided advice and assistance for the 

initial SAXS data collection. He also contributed with many helpful discussions 

throughout the project. David Agard wrote the PRFIT software, and both he and Andrej 

Sali served as advisors on the project. I am responsible for all of the data in this chapter, 

and I provided feedback in the development of the analysis software. I appear as first 

author of the paper. 
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Synopsis 

 Hsp90, an essential eukaryotic chaperone, depends upon its intrinsic ATPase 

activity for function. Crystal structures of the bacterial Hsp90 homolog, HtpG, and the 

yeast Hsp90 reveal large domain rearrangements between the nucleotide-free and the 

nucleotide-bound forms. Using small-angle x-ray scattering and newly developed 

molecular modeling methods, we describe the solution structure of HtpG and demonstrate 

how it differs from known Hsp90 conformations. In addition to this novel HtpG 

conformation, we demonstrate that under physiologically-relevant conditions, multiple 

conformations co-exist in equilibrium. In solution, nucleotide-free HtpG adopts a more 

extended conformation than observed in the crystal, and upon the addition of AMPPNP, 

HtpG is in equilibrium between this open state and a closed state that is in good 

agreement with the yeast AMPPNP crystal structure. These studies provide a unique view 

of Hsp90 conformational dynamics and provide a new model for the role of nucleotide in 

effecting conformational change.  
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Background 

 Hsp90, an essential eukaryotic protein, is a member of the molecular chaperone 

protein family that facilitates protein folding within the cell. Like the well-studied Hsp70 

and GroEL chaperones, Hsp90 interacts with substrate proteins, known as client proteins, 

in an ATP-dependent manner (Young et al. 2004). ATP binding and hydrolysis facilitates 

conformational changes in the chaperone that are required for client protein activation 

(Feltham et al. 2000; Grantcharova et al. 2001; Mayer et al. 2005; Richter et al. 2001a; 

Young et al. 2004; Young et al. 2001). Unlike Hsp70 and GroEL, however, Hsp90 

appears to interact with client proteins at late stages along the protein folding pathway 

when the client proteins are in near-native state conformations (Freeman et al. 2002; 

Picard 2002; Pratt et al. 2003; Richter et al. 2001a; Young et al. 2001; Zhao et al. 2005). 

Hsp90 is believed to induce subtle conformational changes within its client proteins, 

promoting the binding and release of ligands or the interaction with partner proteins. 

Hsp90 binding also serves to protect some client proteins from ubiquitinylation and 

subsequent degradation (Caplan et al. 2007; Whitesell et al. 2005). In eukaryotes, Hsp90 

interacts with a broad array of client proteins that are dominated by signaling and 

regulatory proteins. These client proteins include serine/threonine and tyrosine kinases, 

steroid hormone nuclear receptors, transcriptions factors, and tumor suppressor proteins 

(Caplan et al. 2007; Pearl et al. 2006; Picard 2006; Richter et al. 2001a). Many of 

Hsp90’s client proteins, including Cdk4 and v-src, are oncogenic or otherwise required 

for cell proliferation, making Hsp90 an attractive target for anti-cancer therapeutics 

(Neckers 2007). Inhibition of Hsp90 with small molecules such as geldanamycin and it 
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derivatives has been shown to be antitumorigenic, and several of these compounds are 

currently in clinical trials (Chiosis et al. 2003; Neckers et al. 2003; Workman 2004a). 

 Given the significant differences in the interactions with client proteins, it is 

probable that Hsp90 has an underlying mechanism distinct from either Hsp70 or GroEL. 

Even though nucleotide binding and hydrolysis are required for the function of all three 

molecular chaperones, the relatively subtle structural transformations effected by Hsp90 

on native-like client proteins may require a different mechanism for coupling ATP to 

chaperone conformational state. Moreover, Hsp90 is a constitutive dimer, and crystal 

structures show that in the nucleotide-free (apo) state, each of the three domains within 

each protomer (N-terminal (NTD), middle (MD), C-terminal (CTD)) expose hydrophobic 

surfaces that likely serve for client protein binding (Shiau et al. 2006). Recent crystal 

structures show that binding of nucleotide to the NTD induces remarkably distinct 

conformational states that decrease (AMPPNP; (Ali et al. 2006) or completely bury 

(ADP; (Shiau et al. 2006) the exposed hydrophobic patches. These conformational 

changes presumably act to alter client protein structure and to modulate client protein 

binding. Although localized changes in the active site lid (residues 100-126), and the src 

loop (residues 281-296) are the origin of these vastly different conformational states, the 

overall changes are well described by rigid body domain rearrangements about flexible 

linkers separating the domains (Shiau et al. 2006). 

 Although the crystal structures suggest a conformational pathway that is related to 

chaperone function, these structures are unlikely to describe all of the steps required for 

chaperone function. As was noted by Shiau and colleagues (Shiau et al. 2006), the 

nucleotide-free state of Hsp90 is incompatible with nucleotide binding and thus the need 
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for an intermediate structure was proposed. Recently, the full-length structure of the ER 

homolog, Grp94, was solved (Dollins et al. 2007), showing a previously unknown 

conformation. While the Grp94 NTD-MD conformation is virtually the same as the apo 

bacterial Hsp90 (HtpG; (Huai et al. 2005; Shiau et al. 2006), the overall conformation is 

more closed than HtpG, and more open than the AMPPNP bound yeast structure. 

Therefore, it may represent an intermediate state along the chaperone cycle. Other 

unknown intermediates may also exist at other steps along the chaperone functional 

cycle. Moreover, it is unclear whether the conformations observed in the crystals 

predominate in solution. To address these and related questions, we have investigated the 

structural properties of the E. coli homolog HtpG in solution using small angle X-ray 

scattering (SAXS). SAXS has previously been used to study human Hsp90. Using the 

radius of gyration (Rg) calculated from SAXS data, Zhang et al. showed a compaction of 

Hsp90 upon the addition of the inhibitor geldanamycin (Zhang et al. 2004). To gain more 

detailed structural information from the SAXS data, we have developed new robust 

molecular modeling methods that use the known structures as the starting point for rigid 

body refinement. From this analysis, we found novel conformations of HtpG in solution, 

and determined that a set of conformations can exist in equilibrium under physiologically 

relevant conditions. These results provide important new insights into the role of 

nucleotide in modulating Hsp90 conformation and have implications for substrate 

binding, the molecular mechanism of substrate activation, and the regulation of Hsp90. 
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Results 

Scattering data for apo and AMPPNP bound HtpG 

 To investigate the effect of nucleotide on the solution conformation of HtpG, we 

collected SAXS data for apo HtpG and HtpG in the presence of a saturating concentration 

of the non-hydrolyzable ATP analog, AMPPNP. The scattering intensity, I(Q), was 

measured for scattering angles (Q=4πsinθ /λ) from 0.01 to 0.3Å-1 (Figure 1.1). The 

scattering data indicates that the apo and AMPPNP bound conformations in solution are 

distinct from one another (R=35.1% (R is analogous to the crystallographic R-factor, see 

Materials and Methods)). The radii of gyration (Rg) for both apo HtpG and HtpG 

AMPPNP were calculated from the scattering data using the Guinier approximation. Apo 

HtpG has an Rg of 51.7Å, and HtpG-AMPPNP has an Rg of 47.5Å. The differences 

between the two conformations are even more apparent when comparing the interatomic 

distance distribution functions (P(r)) that can be directly computed from the I(Q) data by 

Fourier transform. The P(r) function provides a histogram of the interatomic distances 

found within the molecule giving information on shape as well as maximum size. As seen 

in Figure 1.1B, the distance distribution for HtpG-AMPPNP is narrower and has a 

smaller maximum interatomic distance. These differences indicate that the HtpG-

AMPPNP bound state is considerably more compact than the apo state, which is 

qualitatively consistent with the known structures. 
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Figure 1.1: Experimental SAXS data for apo and AMPPNP-HtpG 
A) Averaged and scaled solvent-subtracted scattering curves (I(Q)) for full-length HtpG 
without nucleotide (black) and in the presence of saturating concentrations (10mM 
AMPPNP, purple). B) Interatomic distance distribution functions (P(r)) calculated from 
the scattering data shown in panel A (black and purple for apo- and AMPPNP-HtpG, 
respectively). The P(r) curves are normalized to have equivalent areas under the curve. In 
solution, apo-HtpG is significantly expanded compared to the AMPPNP state. 
 

Analysis of the apo state of HtpG in solution reveals a novel conformation of Hsp90. 

 Even though the SAXS Rg values are generally consistent with the known 

structures, further investigation reveals that the observed P(r) data for apo HtpG deviates 

significantly from the P(r) function calculated from the apo crystal structure (R=26.2%, 

Figure 1.2). The solution conformation is also quite distinct from the apo Grp94 crystal 

structure (data not shown). In solution, apo HtpG has an Rg of 51.7Å, which is 

significantly larger than that calculated from the atomic coordinates of either apo HtpG 

(44.3Å), apo Grp94 (39.8Å), or a modeled AMPPNP HtpG (40.0Å, Figure 1.2A).  While 

the location of P(r) peaks at ~40Å and ~80Å is consistent between the apo crystal 

structure and the solution conformation, suggesting the preservation of local structure, the 

solution conformation includes many interatomic distances larger than those seen in the 
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crystal structure (Figure 1.2B). Both the Rg and the P(r) function demonstrate that HtpG 

is considerably more extended in solution than in either the apo or AMPPNP-bound 

crystal structures.   

 Initial attempts at calculating a molecular envelope for HtpG in solution using 

established ab initio methods (Svergun et al. 2001) failed to give a reproducible result 

even using perfect model data (data not shown). This may be a  general problem of large, 

extended structures like the apo HtpG conformation. Since the crystal structures indicated 

that Hsp90 conformational rearrangements are well described by rigid-body domain 

movements (Shiau et al. 2006), we used rigid body refinement of the known crystal 

structures to better model the SAXS data. 

The simplest model for achieving the larger interatomic distances seen in the 

experimental data is to allow the two arms of the HtpG dimer to open and become more  

extended (Figure 1.3A). Examination of the apo crystal structure indicates that the 

interface between the MD and CTD is small, burying only 320 Å2 of surface area. Also, 

the two domains are connected by a long, flexible linker that could readily allow for such 

conformational flexibility (Shiau et al. 2006). The plausibility of this region as a source 

of conformational flexibility is further enhanced by the observation that while otherwise 

quite similar, apo Grp94 pivots about a similar point to produce a narrower open angle 

(Dollins et al. 2007). Finally, within the apo HtpG crystal, NTDs and MDs of different 

dimers interact, which could easily restrain the opening angle within the crystal (Shiau et 

al. 2006). 
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Figure 1.2: Comparing apo HtpG scattering data to the apo HtpG crystal structure 
A) Crystal structure for apo HtpG (Shiau et al. 2006)  and the homology model for 
AMPPNP-HtpG based upon the yeast AMPPNP bound crystal structure (Ali et al. 2006). 
The homology model was created by aligning the domains of HtpG to those of the yeast 
crystal structure. The NTD is shown in blue, the MD in green and the CTD in brown. The 
second monomer is shown in grey. B) Normalized P(r) curves calculated from the apo 
crystal structure (red) and the AMPPNP-HtpG homology model (blue) compared to the 
normalized experimental P(r) for apo HtpG (black). Neither the apo nor AMPPNP crystal 
structures match the experimental SAXS data. 
 

In solution, the HtpG dimer is much more open than in the crystal. 

 Using the simplest possible model to investigate the effect of the HtpG dimer 

opening angle on the fit to the SAXS data, we treated the dimer as three rigid bodies 

(Figure 1.3A). The dimerization interface between the two CTDs was held constant, and 

the configuration of the NTD relative to the MD was also kept fixed. Only the orientation 

of the combined NTD and MD (NM domain) relative to the dimerization domain was 

allowed to vary. A pivot point was set between the CTD and the MD along the flexible 

linker connecting the two domains and the rigid bodies were allowed to rotate along 

either a defined axis or via a general rotation. The rotation axis was determined by a 

comparison of the apo and AMPPNP-bound crystal structures. Using software developed 

in the Agard lab (PRFIT), a grid search was performed by rotating the NM domains in a 
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two-fold symmetric manner about either the defined or general axis. Optionally, the axis 

orientation could be searched or refined in a least-squares manner. At each step, the P(r) 

model with the best fit to the experimental P(r) data (R = 4.40%) has each monomer 

rotated by ~25˚ relative to the apo crystal structure to create a considerably more open 

model (Figure 1.3). While this model accounts for the majority of the differences seen 

between the crystal structure and the experimental data, significant deviations are still 

 

Figure 1.3: Modeling the apo scattering data by altering the opening angle of the 
apo crystal structure 
A) Schematic showing the setup for the rigid body refinement protocol. The apo crystal 
structure is treated as three rigid bodies with the CTD dimerization domain’s orientation 
fixed. The orientations of the NM domains were then allowed to vary while maintaining 
the two-fold symmetry of the dimer. B) Normalized P(r) showing the fit of the best model 
(red) to the apo experimental data (black). C) The best fitting model (R = 3.03%) 
resulting from the rigid body refinement described in panel A. The opening angle 
between the monomers is ~75˚ in the apo crystal structure and expands to ~120˚ in the 
model, providing a greatly improved estimate of the structure of HtpG in solution. 
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present (Figure 1.3B). These differences are highly reliable and contain real information 

about the solution conformation of HtpG and cannot be accounted for by refining the 

rotations and translations of the combined NM domain. This observation suggests that 

there may also be conformational changes within the NM domain.  

 

The apo NM domain of HtpG adopts a more extended conformation than that seen in the 

crystal structure. 

 To test for alterations in the relative orientations of the NTD and MD in solution, 

we expressed and purified a truncation mutant of HtpG (residues 1-495, NM). This 

allowed us to directly examine the solution conformation of the isolated NM domain. We 

collected SAXS data in the absence of nucleotide from a Q of 0.009 to 0.3Å-1 with no  

signs of aggregation, and the calculated Rg was 30.9Å. This value contrasts with the 

predicted Rg of 27.7Å for the apo crystal structure, suggesting that even the isolated NM 

domain is more extended in solution than in the crystal. This conclusion is supported by 

comparison of the experimental (Figure 1.4; black) and predicted P(r) curve (blue) for the 

apo crystal structure. The Grp94 NM domain configuration is essentially identical to the 

HtpG NM domain from the apo crystal structure and thus produces an equivalent result 

(data not shown). There are three other known configurations of the NM domain (Ali et 

al. 2006; Huai et al. 2005; Shiau et al. 2006), and these were also compared to the 

experimental SAXS data. Although the AMPPNP modeled structure provides the closest 

fit (green, R=4.06%), none of the known conformations accurately describes the 

experimental data (Figure 1.4).   
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 To explore if there were other NM domain arrangements that would better fit the 

experimental SAXS data, rigid body modeling was again performed, this time treating the 

NM domain as two separate but linked rigid bodies; the rigid NTD (residues 8-228) and 

MD (residues 232-493) were connected by flexible residues (residues 229-231). New 

software, built within the well-established IMP protein-modeling framework (Forster et 

al. 2008; Sali et al. 1993) was developed to more completely search the conformational 

space available to the NM domain. This methodology minimized a score S, which 

consisted of terms that account for the fit of the model I(Q) to the experimental data, 

stereochemistry of the linker atoms, volume clashes,  

 

 

Figure 1.4: Comparison of crystallographically-observed NM domain structures to 
that observed in solution by SAXS 
Volume representations of each of the four known NM domain configurations are shown 
with silhouettes representing the full-length structure that complements each 
configuration. The normalized P(r) curve for each structure (apo R=11.9%, AMPPNP 
R=4.06%, ADP extended R=7.64%, ADP compact R=48.8%) is shown in the 
corresponding color, and the experimental P(r) for NMHtpG is shown in black. While 
none of the calculated curves completely match the experimental data, the extended 
AMPPNP structure is best. 
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and the statistical potential DOPE which seeks to provide well-packed interfaces 

(Materials and Methods). Optimization started from an initial model, which was obtained 

from the apo full-length crystal structure by a random rotation and translation of the MD 

around a pivot point at residue 230, keeping the NTD fixed. This randomly generated 

initial model was optimized through 50 rounds of a biased Monte-Carlo, simulated 

annealing algorithm; at each step, the model is randomly perturbed by approximately 3Å, 

locally optimized using quasi-Newton minimization and then accepted or rejected using 

the Metropolis criterion based on the total S score. The quasi-Newton minimization was 

required to efficiently produce physically realistic conformations. This entire process was 

repeated 500 times, resulting in 500 optimized models that covered a broad range of 

possible HtpG conformations largely consistent with the given input information. Initial 

modeling attempts returned unrealistic results with the N-terminal domain rotated about 

an axis that extends along the long axis of the middle domain. This rotation is 

inconsistent with any of the known structures and seemed to arise from the cylindrical 

nature of the MD at low resolution.  

 To better restrain the search, we aligned the middle domains of the known NM 

domain crystal structures and compared the rotations of the N-terminal domain. A second 

pivot point was found between residues 51 and 332. In subsequent modeling runs, these 

two residues were restrained to remain within 10Å of one another to prevent the 

unrealistic rotations of the N-terminal domain that we previously observed. This entire 

process was repeated to create 1000 models; the top 10% of the solutions were then 

clustered using pairwise root-mean squared deviations of corresponding Cα atoms 

(CαRMSD). Hierarchical clustering demonstrates that the top solutions fall into 3 well-



 61

populated groups, each with a mean RMSD of 2.6-2.9Å (Figure 1.5A). The top solution 

from each cluster gives a comparable and excellent fit to the experimental data, 

comparable to the quality of the fit in the unrestrained calculation (Figure 1.5B; green 

R=2.42%, red R=1.61%, gold R=1.71%) When aligning the solutions by the secondary 

structure of the middle domain, the solutions have significantly different orientations of 

the N-terminal domain (Figure 1.5C). However when the molecular envelopes are 

aligned, it can be seen that each solution occupies a similar volume (Figure 1.5D). The 

 

Figure 1.5: Modeling the SAXS data for the NMHtpG 
A) Clustering of the solutions from one modeling run of the NM domain data yields three 
well-populated groups. B) P(r) curves for the top model from each cluster as compared to 
the experimental data shown in black. All the top models fit the experimental data. C) 
Structure of the top models whose P(r) functions are shown in the corresponding color in 
B. D) Alignment of the volumes of the models shown in panel C reveals they all have the 
same molecular volume. The differences result from rotations about the nearly cylindrical 
MD. 
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modeled volume was also consistent with ab initio bead models from the program 

GASBOR (Svergun et al. 2001); data not shown). Given the low resolution of SAXS 

data, the different solutions are essentially identical and effectively represent different 

rotations of the nearly cylindrical MD about its axis. Notably, only these three rotations 

about the MD cylindrical axis were observed, presumably indicating that they were the 

only conformations allowed due to steric interactions between the domains. When 

aligned by their middle domains, there appears to be a simple rotational progression in 

NTD orientation going from apo crystal structure to our NM solution model to the 

AMPPNP state, perhaps defining a conformational trajectory (Figure A1.1, Appendix 1). 

This suggests that our NM solution models represent an intermediate between the two 

previously seen states. 

 

Modeling the full-length apo HtpG solution state discriminates between the different 

models for the NM domain. 

 We are unable to differentiate the three top NM domain models because their 

shapes are indistinguishable at the resolution of the SAXS data. However, we reasoned 

that the solutions could be differentiated when in the context of the full-length model. 

When each of these models is grafted onto the full-length HtpG structure, the NTDs are 

oriented uniquely with respect to the CTD. The differences between the NM domain 

models are therefore accentuated in the context of the full-length models and should thus 

be distinguishable. The middle domains of the NM domain models were aligned with the 

middle domains of the apo crystal structure and the crystal structure NTD was replaced 

with the NTD from each of the NM domain models. Because the AMPPNP NM domain 
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has a reasonable fit to the NM domain solution P(r) (Figure 1.4, green), we included it in 

the analysis, creating four new apo models. The initial fitting was done using the PRFIT 

program keeping the middle domains aligned for the four models. A clear preference was 

demonstrated for one model (Figure 1.6A, green, R=4.18%), and the AMPPNP NM 

domain scored much worse (Figure 1.6A, blue, R=9.64%).  

 The four models were further refined using the same minimization procedure as 

used for the NM domain modeling, this time focusing on motions about the MD-CTD 

interface. For each model, 1000 conformations were optimized, scored, and clustered. 

The resulting clusters had a mean Cα RMSD for the entire dimer of 7 to 10Å indicating 

that the conformations within each cluster do not deviate significantly from one another. 

We examined the top solution from each cluster and found that they occupied a similar 

volume, adding confidence in the solutions (Figure A1.2, Appendix 1). In the modeling, 

the two-fold symmetry of the dimer was restrained, but not rigidly enforced, allowing 

each solution to be slightly asymmetrical. The symmetry pairs for each monomer drawn 

from the top solution of each cluster were made and the symmetric models were rescored. 

This process was repeated for each of the four models, and the top solution for each NM 

domain configuration was compared (Figure 1.6B, C). All of the models show a more 

open and extended structure with a larger cleft between the two monomers as seen in the 

initial model and a more elongated NM domain (Figure 1.6D). Because the NM domain 

models and the AMPPNP NM domain occupy similar volumes there is some ambiguity 

in the positioning of the NM domain relative to the CTD. However, difference plots 

(Figure 1.6C) demonstrate that one solution (Figure 1.6D) scored better than the others.  

This NM domain configuration also scored the best in the initial PRFIT modeling (Figure   
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Figure 1.6: Modeling the full-length apo SAXS data using different NM domain 
configurations 
A) P(r) curves were calculated for each of the full-length apo models using PRFIT. The 
middle domain of each model was kept aligned according to the secondary structure. The 
P(r) curves for the full-length apo models were compared to the experimental full-length 
apo SAXS data (black ). Each color represents a different NM domain configuration 
calculated from the NM domain experimental SAXS data, as shown in Figure 1.5. Blue 
( ) represents the full-length model using the AMPPNP-bound NM domain. B) The apo 
models in panel A were further refined using the rigid body modeling procedure 
implemented in IMP. Each model is shown in the same color as in panel A. C) Residuals 
of the four different models as compared to the experimental full-length apo SAXS data 
reveals that one model (green curve) fits significantly better than the others (R=2.6%). D) 
Structure of the best fitting model. The marked rotations show the transformations 
required to go from the apo crystal structure to the SAXS model. 
 

1.6A), suggesting that it was the best choice for the positioning of the NM domain. 

 Finally, to ascertain how well defined is the predicted structure, we allowed small 

rotations (up to ±10°) of the arms of the dimer along each of the three primary axis x, y, 
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and z and the resulting conformations were rescored against the experimental data. The 

solution conformation appears to be well defined, as small deviations in conformation 

along any of the three axes cause the fit to the experimental data to rapidly fall off 

(Figure A1.3, Appendix 1), and as was already demonstrated, variations in the NM 

domain are also not tolerated by the data.  

 

SAXS analysis of HtpG-AMPPNP reveals a mixture of two populations in solution 

 After demonstrating that the apo solution structure varied significantly from the 

crystal structure, it was important to determine if the same was true for the AMPPNP 

bound form of HtpG. Not only was the crystal structure from a different species (yeast), 

but it was also in complex with the yeast p23 cochaperone (Ali et al. 2006). To control 

for differences in sequence between the two proteins, we created a homology model by 

aligning the HtpG domains with the domains of the yeast protein structure (Figure 1.2A). 

The P(r) function calculated from the homology model was compared to the experimental 

P(r) recorded with saturating concentrations of AMPPNP (Figure 1.7A). The predicted Rg 

for the crystal structure of 40.1Å is significantly smaller than that actually observed 

(47.5Å), suggesting that the solution structure is less compact than the crystal. As in the 

case of the apo protein, the P(r) functions overlay well between 0 and 20Å indicating that 

the structure within the individual domains remains relatively unchanged. Once again 

rigid body modeling was used to fit the AMPPNP SAXS data. However, in this case rigid 

body modeling was unable to fit the experimental data well (data not shown).   

 A striking feature of the HtpG-AMPPNP SAXS data in comparison to the crystal 

structure is that the position of the peak in the two P(r) functions lines up perfectly 
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(Figure 1.7A). The differences between the two curves lie at larger distances where a 

second population of distances appears in the solution data. This suggests that the HtpG-

AMPPNP SAXS data corresponds to a mixture of populations. One population similar to 

the crystal structure could account for the peak, and a second more extended population 

could account for the larger distances. By reexamining the distance distribution of the apo 

solution model, it became apparent that the shape of the distance distribution function at 

larger distances in the HtpG-AMPPNP data looked similar to that from the apo solution 

structure. The simplest model was therefore that the HtpG-AMPPNP SAXS data 

represented a mixture of two populations, one corresponding to the known AMPPNP 

bound structure and the other corresponding to the apo solution conformation. We 

calculated linear combinations of the P(r) curves derived from the AMPPNP bound  

 

 

 
Figure 1.7: Modeling the HtpG:AMPPNP scattering data 
A) Normalized P(r) for the AMPPNP-HtpG homology model shown in Figure 1.2A (red) 
compared to the experimental P(r) for AMPPNP-HtpG (black). B) Modeling the 
HtpG:AMPPNP experimental data (black) using a linear combination (red) of 44.5% of 
the AMPPNP-bound model in Figure 1.2A and 55.5% of the apo solution structure 
shown in Figure 1.6. Even with saturating nucleotide, there is an equilibrium between 
open and closed states. 
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model (Figure 1.2B) and the apo HtpG SAXS data and compared them to the HtpG-

AMPPNP SAXS data. An excellent fit (R= 1.03%) is obtained using a mixture of 46% 

AMPPNP crystal conformation and 54% of the full-length apo solution data (Figure 

1.7B). 

 

Discussion 

 Determining structures from SAXS data is an underdetermined problem. That is, 

multiple solutions potentially have similar fits to the experimental data. Our newly 

developed modeling methods were designed to fully explore this possibility. Our 

Metropolis Monte Carlo simulated annealing optimization strategy allows a very large 

number of possible configurations to be thoroughly explored and the inclusion of pseudo 

energy terms, such as the DOPE potential, provides additional restraints to help pick the 

optimal solution. The resultant models were clustered based on both structural deviations 

and quality, resulting in a small number of discrete solutions. As seen in the case of the 

NM data, several different domain configurations were discovered that gave similar fits 

to the experimental data. To the resolution of the SAXS data, these different 

configurations, which are easily distinguishable by the positioning of secondary structure 

elements, occupy essentially indistinguishable volumes. In the case of HtpG, this 

ambiguity was greatly reduced by placing these models in the context of the full-length 

structures where the single best solution could then be selected. Similarly, although the 

modeled AMPPNP NM structure also provides a reasonable fit to the NM SAXS data, it 

requires a very large rotation (80°) about the MD vertical axis to fit the full-length 

solution data and gave a worse fit at multiple stages of the optimization process. 
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Together, this suggests that our modeled conformation is the most appropriate choice. 

The full-length solution also appears to be well determined in terms of the positioning of 

the middle domain relative to the C-terminal domain. A small rotation of the arms in the 

x, y, or z directions causes large changes in the fit to the experimental data, suggesting 

that the full-length structure is well defined by the SAXS data.  

 Our SAXS data and modeling reveal that rigid body motions about junctions in 

both domain interfaces are required to accurately describe the apo HtpG solution 

structure. In the crystal, apo HtpG dimers form long, interlocking fibrils (Shiau et al. 

2006) that apparently dictate the opening angle of the dimer cleft. By contrast, in 

solution, the HtpG dimer preferentially adopts a more extended conformation that is quite 

different from any of the crystal structures. This extension may have an impact on the 

size of client proteins that can be recognized. Extensive modeling studies exploring linear 

combinations of conformations (data not shown) suggest that a well-defined 

conformation dominates in solution. However, given that rather weak crystal packing 

forces can significantly distort this angle, it seems likely that Hsp90 is able to alter its 

opening angle to accommodate the diverse sizes and shapes of its protein substrates 

(Figure 1.8A, B).  

 In the SAXS solution conformation, the orientation of the N-terminal domain with 

respect to the middle domain is also different from any of the observed crystal structure 

conformations (apo, AMPPNP, ADP extended, ADP compact). The solution data 

indicates an arrangement where the NTD is rotated away from the MD by 40˚ in 

comparison to the apo crystal structure. This difference may have consequences for the 

ability of the NTD to bind nucleotide. The arrangement of the N-terminal and middle 
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domains in the apo crystal structure is incompatible with nucleotide binding. Gln 122 and 

Phe 123 from a conserved structural element known as “the active site lid” (residues 100-

126) are positioned to directly block nucleotide binding in the apo structure. Nucleotide 

binding requires that this lid region be reorganized, however this reorganization would 

lead to steric clashes between the NTD and the MD (Shiau et al. 2006) that can only be 

relieved by repositioning the NTD. The more extended NTD-MD conformation seen in 

both the free NTD-MD fragment and the intact apo HtpG in solution could accommodate 

the necessary repositioning of the lid, allowing nucleotide to bind. Whether the more 

closed NTD-MD configuration seen in the crystal is physiologically relevant, for example 

by being in equilibrium with the conformation determined here, will need to be explored.  

 In the presence of saturating concentrations of AMPPNP, HtpG can adopt the 

same conformation as observed in the crystal structure of the yeast ortholog when 

complexed with the cochaperone p23. Despite their evolutionary distance, this similarity 

provides further evidence for the common structural and mechanistic behavior of the 

prokaryotic and eukaryotic Hsp90s. The prevailing model of the Hsp90 chaperone cycle 

posits that Hsp90 progresses through a series of nucleotide dependent conformations in a 

step-wise mechanism, in a similar manner as Hsp70 or GroEL. Our analysis of the 

solution scattering data from HtpG shows that the mechanistic cycle of Hsp90 is not a 

deterministic process. Instead, the chaperone cycle of Hsp90 is better understood as a 

largely stochastic process in which AMPPNP biases, but does not uniquely determine, the 

conformational equilibrium between our newly determined HtpG open-extended state 

and the closed AMPPNP bound state seen in the crystal structure of full-length yeast 

Hsp90 bound to AMPPNP (Figure 1.8C). While the open-closed equilibrium described 



 70

 

Figure 1.8: Implications for the discussed results on the function of Hsp90 
A, B) Potential substrate binding modes of Hsp90. Panel A shows the extended solution 
structure that could bind large substrates on the order of 130Å. Panel B shows the 
Progesterone receptor ligand-binding domain (1SQN; (Madauss et al. 2004) docked to 
the crystal structure of Hsp90, demonstrating how Hsp90 may bind smaller client 
proteins. As proposed by (Fang et al. 2006), the CTD amphipathic helix could readily 
displace the ligand-gated helix12 of the receptor. C) Model for the effects of ATP on 
Hsp90 conformation: In the unliganded state HtpG is in an open state that is relatively 
flat and has a large cleft that is accessible for client protein binding. Once ATP is bound, 
an equilibrium is established between the open state and a compact closed state. 
 

 here was observed for the bacterial homolog, reports from Frey et al. suggest that this 

equilibrium is important for other Hsp90 homologs as well (Frey et al. 2007). Using 

kinetic studies, they report that 97% of Grp94 is found in an open state when ATP is 

bound, and for yeast Hsp90 only 20% is found in the open state upon the binding of ATP 

(Frey et al. 2007). Previous SAXS studies on human Hsp90 have shown that the binding 

of ATP causes no significant change in the Rg of the protein (Zhang et al. 2004), 

suggesting that like Grp94, the ATP-dependent equilibrium for the human Hsp90 lies 

mainly in the direction of the open state. It seems likely that these differences represent 



 71

species-specific optimizations in regulating a single common chaperone cycle for Hsp90, 

and the origins of these differences warrant further study.  

 While this work focuses on the apo and ATP states of HtpG, the ADP-bound state 

is also of interest. Initial SAXS experiments have been carried out for HtpG in the 

presence of ADP and minimal differences between apo HtpG and ADP-bound HtpG are 

observed (Figure A1.4, Appendix 1). While this contrasts with the observation of a 

compact ADP state presented by Shiau et al., negative stain EM data clearly shows that 

this state exists and is well populated under the EM conditions  (Shiau et al. 2006; 

Southworth et al. 2008). Thus, we think the most parsimonious conclusion is that the 

compact state is an accessible conformation for HtpG and perhaps all Hsp90s, but that its 

population depends on conditions such as protein concentration, salt, pH, etc., and 

therefore it is a poorly populated transient state in our SAXS experiments. Further work 

to better characterize the requirements for the formation of the ADP compact state is 

ongoing. 

 The discovery of a dynamic equilibrium between an open state and a closed state, 

both of which are bound to AMPPNP, has important implications for the mechanism of 

Hsp90 action. First, it places limitations on the amount of energy available from ATP 

binding that could be utilized to drive substrate activation. Secondly, it suggests that ATP 

hydrolysis and subsequent release of ADP or Pi could be the energetically most 

demanding steps in the cycle, much as in myosin (White et al. 1976), and these steps 

could be coupled to client protein release.  Additionally, the binding of client proteins to 

Hsp90 may affect the equilibrium between the two conformations, favoring or 

disfavoring the closed state, thereby altering the rates of ATP hydrolysis. Cytosolic 
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eukaryotic Hsp90s are known to require a number of cochaperones for correct in vivo 

function. By contrast, no Hsp90 cochaperones, which could preferentially stabilize 

particular conformational states, have been discovered in prokaryotes. Thus while 

eukaryotes could utilize cochaperone binding to alter the Hsp90 conformational 

equilibrium, prokaryotic Hsp90s might rely solely on the dynamic equilibrium for 

function, and thus be less efficient than their eukaryotic orthologs.  

 These insights into the mechanism of Hsp90 highlight the importance of studying 

the structure and dynamics of Hsp90 in solution. Not only have we been able to identify 

novel conformations of the bacterial Hsp90, but we have determined that the binding of 

nucleotide affects conformation differently then previously thought. Using 

crystallography studies alone, it would have been extremely difficult to dissect the role of 

a conformational equilibrium as part of the chaperone cycle. Similar solution studies can 

now be conducted to investigate the potential of other intermediate conformations in the 

cycle and to further investigate the dynamics of the currently known conformations. 

These results also provide critical insights into the energetics of substrate activation and 

are an important step in better understanding the molecular mechanism of Hsp90. 

 

Materials and Methods 

Protein Expression and Purification 

 Full-length HtpG (residues 1-624) was cloned into pET29b (Invitrogen) and the 

HtpG truncation mutant, NMHtpG (residues 1-495) was cloned into pET151 using the 

TOPO cloning system (Invitrogen). Both constructs were expressed in E. coli using 

BL21(DE3) cells (Invitrogen). The full-length protein was purified by successive passage 
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over DE52 (Whatman), monoQ and gel filtration (Amersham Biosciences) columns with 

a final buffer of 20mM Tris pH 7.5, 100mM NaCl. NMHtpG was first passed over Ni-

NTA agarose and the collected peak was cleaved with TEV overnight. The cleaved 

protein was then purified by gel filtration (Amersham Biosciences) into a final buffer of 

20 mM Tris pH 7.5 and 100 mM NaCl. The purified proteins were collected and 

concentrated using 10 kD molecular weight cutoff Amicon Ultra spin concentrators 

(Millipore). Using a desalting column (GE Healthcare) the samples were exchanged into 

50 mM Tris pH 7.5 or pH 9, 50 mM KCl, 10 mM MgCl2, and 1 mM DTT. Using 

Millipore Ultrafree®-0.5 Centrifugal Filter Units, samples were concentrated to between 

10 and 30mg/ml as estimated by absorbance at 280 nm. The A260 nm/A280 nm ratio was 

measured as < 0.6 giving confidence that no nucleotide was present in the purified 

sample. Samples were split into three aliquots with 10 mM AMPPNP added to one 

aliquot and 10mM ADP added to another. Samples were then flash frozen in liquid 

nitrogen and stored at -80˚C. Samples with AMPPNP were kept at pH 7.5 whereas 

samples with no nucleotide or ADP were used at both pH 7.5 and pH 9. Other 

measurements, including negative stain electron microscopy (D. Southworth, 

unpublished data), suggest that the apo and ADP sample is more homogenous at pH 9. 

 

SAXS data collection 

 Initial SAXS measurements were collected at beamline 4-2 at the Stanford 

Synchrotron Radiation Laboratory (SSRL) and at the BioCAT beamline (18-ID) at the 

Advanced Photon Source (APS). Data reported here was collected at SSRL beamline 4-2 

and at the SIBYLS beamline (12.3.1) at the Advanced Light Source (ALS). To minimize 
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aggregation, samples were spun in a table top microcentrifuge for 5 minutes immediately 

before data collection. Data was then collected at 25˚C at 2.5, 5 and 10mg/ml. At the 

ALS, samples were exposed for 7 and 70 seconds at a detector distance of 1.6m. At 

SSRL, samples were exposed for five 30 second exposures at a detector distance of 2.5m. 

The data was collected on a Mar165CCD detector, and the detector channels were 

converted to Q = 4πsinθ/λ  where 2θ is the scattering angle and λ is the wavelength, using 

a silver behenate sample as a calibration standard. The data was circularly averaged over 

the detector and normalized by the incident beam intensity. 

 

SAXS data analysis 

 The raw scattering data, I(Q), were scaled and the buffers were subtracted. 

Variations were seen in the amplitude of the high Q data for data sets that should be 

identical. To correct for this variation, data from multiple concentrations were linearly 

extrapolated to the buffer background signal. The experimental buffers were then scaled 

to match the calculated buffer background signal. This correction was only necessary for 

precise comparison to molecular models and did not affect the overall shape of either the 

scattering curves or the interatomic distance profiles (P(r)). Individual scattering curves 

for a given nucleotide condition collected at different concentrations and over different 

scattering angle ranges were scaled and merged to yield a single low-noise average 

scattering curve. The radii of gyration (Rg) were initially calculated from the Guinier plot 

as implemented in the program PRIMUS (Konarev et al. 2003). The interatomic distance 

distribution functions (P(r)) were then calculated using the program GNOM (Svergun 

1992). Dmax was determined by constraining rmax to zero and then varying rmax between 
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160 and 190Å. The rmax that yielded an Rg that best matched the Rg calculated from the 

Guinier plot and had the highest “total estimate” was chosen as Dmax. 

Molecular modeling of the scattering data 

 Two strategies were employed for modeling: a rigid body grid search/least 

squares refinement method (PRFIT) and a more comprehensive modeling strategy 

developed within IMP (Sali et al. 1993). In PRFIT, an exhaustive rotational grid search 

could be made about defined axes (derived from comparison of crystal structures) 

separating the NTD and MD domains and/or the MD and CTD domains. Alternatively 

completely arbitrary rotations could be made about a pivot point separating either set of 

domains. For the modeling described here, strict two-fold dimer symmetry was enforced. 

To simplify the calculations, the shape of all atoms was assumed to be identical, while 

the electron content was based on the solvent-corrected electron scattering factors for 

each atom type (Fraser et al. 1978). For each conformation, the calculated Pcalc(r) was 

scaled and compared to the experimentally derived Pobs(r) using an R factor metric 

similar to that routinely used in X-ray crystallography (R= Σ⏐| Pobs(r) | - |Pcalc(r)|⏐ / Σ 

|Pobs(r)|). Optionally, at each grid step or at the end, the rotations and/or translations about 

the pivot point could be refined by several cycles of least-squares minimization. 

Additionally, linear combinations of either adjustable or rigid models (total of 3 

simultaneous search angles) could be combined at each grid step using a completely 

deterministic linear least-squares scaling procedure. 

 The more extensive simultaneous rotation/translation optimization strategy 

protocol was implemented in IMP to minimize a combined score S (described in more 

detail in (Förster et al, in preparation)). In brief, the score S of a given model, consisted of 
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the sum of several individual scores: S = SSAXS + Sstereo + Sclash + SDOPE + Ssym, where 

SSAXS measures the violation of SAXS data, I(Q), Sstereo accounts for stereochemistry 

according to the CHARMM force-field(MacKerell et al. 1998), Sclash measures steric 

clashes, SDOPE, is a statistical potential meant to describe the quality of the domain 

interface(Shen et al. 2006), and Ssym is used to enforce an approximate two-fold symmetry 

by ensuring that the differences in pair-wise distances within symmetric subunits were 

small. Similar to previous approaches to modeling based on SAXS data (Svergun 1999), 

we chose SSAXS essentially as the squared deviation between the experimental SAXS data 

and the calculated SAXS spectrum of the model. To calculate the SAXS spectrum of the 

model, we use the Debye model (Debye 1915) because it enabled us to use gradient-

based optimization algorithms. 

 To sample different minima of S, many independent optimizations were carried 

out starting from different random initial configurations. For the modeling of the NTD-

MD construct, 500 initial configurations were obtained from the apo crystal structure 

(Shiau et al. 2006) by rotating the MD around an arbitrary axis by an angle of 0-360º and 

allowing for a random translation of up to 10Å. Based on the known crystal structures 

(Ali et al. 2006; Huai et al. 2005; Shiau et al. 2006), residues 229-231 were defined as a 

flexible linker. For the full-length HtpG model, 1000 initial configurations were obtained 

by rotations of the NTD-MD domain around residue 493. Random orientations were 

chosen within a maximum angular range of ±50º. In addition, a random translation of less 

than 5Å was applied. The two-fold symmetry was maintained for the initial 

configurations. Residues 494-500, which are not resolved in the crystal structures, were 

defined as flexible linkers. 
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 The optimization protocol was a biased Monte Carlo minimization: first, each 

model was optimized using a quasi-Newton optimization. Next, the model was iteratively 

perturbed and subsequently optimized. The model was accepted as the input for the next 

iteration according to the Metropolis criterion. 50 refinement iterations were carried out 

for each model, exponentially decreasing the temperature at each iteration. For the final 

25 interations, SDOPE was added to the score S. The 10 % best-scoring models according 

to SSAXS were retained for hierarchical clustering based on the pair-wise C� RMSD for all 

pairs of the models (MATLAB, The Mathworks, Inc.).  As a threshold for the clustering 

we chose 4Å for the NTD-MD construct and 14 Å for the full-length HtpG models. 
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Postscript 

Do other homologs exhibit a conformational equilibrium in the presence of nucleotide? 

 The sequence of HtpG is highly similar to eukaryotic Hsp90 sequences and the 

domain structures of yeast Hsp90 and HtpG are also conserved. There are, however, 

important differences between the bacterial and eukaryotic proteins. For example, no co-

chaperones have been identified for HtpG. The conformational equilibrium described in 

this chapter may be a functional consequence of the lack of co-chaperones. In yeast, the 

closed AMPPNP-bound structure was crystallized in the presence of the co-chaperone 

p23 suggesting that eukaryotes rely on co-chaperones for stabilizing specific 

conformations of Hsp90. To fully understand the molecular mechanism of Hsp90 it is 

important to establish the role of conformational equilibria in other Hsp90 homologs. In 

answer to this question, Daniel Southworth has studied the conformation of cytosolic 

yeast and human Hsp90 by negative-stain EM (Southworth et al. 2008). He found that 

yeast and human Hsp90 also access the closed state in the presence of AMPPNP, and the 

closed state exists in a conformational equilibrium with an open, extended state. 

Interestingly the relative populations of the two conformations vary among homologs 

largely explaining the observed differences in ATPase activity. With AMPPNP, yeast 

Hsp90 populates the closed state to the greatest extent (80%) and has the highest ATPase 

activity at 37˚C.  Human Hsp90, with the lowest ATPase activity, populates the closed 

state only transiently. It is observed only in the presence of low levels of the cross-linker 

glutaraldehyde. Finally, as shown by SAXS and confirmed by EM, HtpG has an 

intermediate amount of the closed state and an intermediate level of ATPase activity. 
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 In the future, it will be essential to understand the consequences of the varied 

ATPase levels in terms of in vivo function and the activation of client proteins. Are the 

levels of the closed conformation and therefore the ATPase rates tuned differently 

because of the specific client proteins that the homologs encounter, or do other organism-

specific regulatory mechanisms exist? To answer these questions, more in vitro and in 

vivo functional assays of Hsp90 will need to be developed and clients of HtpG will have 

to be identified. 

 

What is the effect of client protein binding on the conformation of HtpG? 

 In this chapter I suggest that the open, extended conformation binds to larger 

client proteins while the apo crystal structure is relevant in the binding of smaller clients 

such as steroid hormone receptors. The SAXS data was best fit by one well-defined 

conformation of the apo state suggesting that the resting state of HtpG is the open, 

extended conformation and client protein binding may shift the conformation of HtpG 

upon binding. As discussed (see Introduction), there is some limited evidence that client 

binding alters the conformation of Hsp90, but more structural evidence is required to 

fully answer this question. These studies would be greatly facilitated by the formation of 

Hsp90:client protein complexes. Current efforts to isolate these complexes have proved 

difficult because of the apparent transient nature of the complexes (see Chapter 4). Also, 

most Hsp90:client complexes have been isolated from mammalian cell culture suggesting 

that other proteins or post-translational modifications are required to stabilize the 

complex. Daniel Southworth has successfully isolated Hsp90:co-chaperone complexes by 

incorporating cysteines into both the co-chaperone and Hsp90 and stabilizing the 
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complex with disulfide bonds (unpublished data). This approach may also prove 

beneficial for isolating Hsp90:client protein complexes. The structures of these 

complexes could then be studies by SAXS, EM, and/or crystallography.  
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Chapter 2: pH dependent conformational changes in the bacterial 

Hsp90 reveal a Grp94-like conformation at pH6 that is highly active for 

suppression of citrate synthase aggregation 

 

Preface 

 While optimizing conditions for collecting HtpG SAXS data, an interesting 

phenomenon was observed. The scattering data showed a clear transition from the 

extended state described in the previous chapter to a more compact state as a result of 

changing the pH. A role for pH in shifting the conformation of HtpG was also observed 

by negative stain EM. The conformational variation with pH presented a new way of 

analyzing alternate conformations of HtpG. I collected scattering data for HtpG at varied 

pH and used the molecular modeling techniques described in the previous chapter to 

analyze the conformations of HtpG. I also investigated the molecular mechanism for the 

pH-dependent conformational changes using site-directed mutatgenesis. 

 A paper describing this work has been accepted for publication in the Journal of 

Molecular Biology. Daniel Southworth the second author on the paper collected and 

analyzed the electron microscopy data. Timothy Street collected the citrate synthase data, 

and both Daniel and Timothy helped with useful discussions throughout the project. 

David Agard wrote the PRFIT software and supervised the work. I am responsible for the 

collection of all of the scattering data and for the majority of the data analysis. I am the 

first author on the paper.  
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Synopsis 

 The molecular chaperone Hsp90 depends upon large conformational 

rearrangements for its function. One driving force for these rearrangements is the 

intrinsic ATPase activity of Hsp90, as seen with other chaperones. However, unlike other 

chaperones, structural and kinetic studies have shown that the ATPase cycle of Hsp90 is 

not conformationally deterministic. That is, rather than dictating the conformational state, 

ATP binding and hydrolysis shifts the equilibrium between a pre-existing set of 

conformational states in an organism-dependent manner. While many conformations of 

Hsp90 have been described, little is known about how they relate to chaperone function. 

In this study, we show that the conformational equilibrium of the bacterial Hsp90 (HtpG) 

can be shifted with pH. Using small angle x-ray scattering we identify a two-state pH-

dependent conformational equilibrium for apo HtpG. Our structural modeling reveals that 

this equilibrium is between the previously observed extended state and a second state that 

is strikingly similar to the recently solved Grp94 crystal structure. In the presence of the 

non-hydrolyzable AMPPNP, a third state, identical to the solved ‘ATP’ structure from 

yeast Hsp90, is populated. Electron microscopy confirmed the observed conformational 

equilibria. We also identify key histidine residues that control this pH-dependent 

equilibrium, and by mutagenesis we successfully modulate the conformational 

equilibrium at neutral pH. Using these mutations, we show that the Grp94-like state 

provides stronger aggregation protection compared to the extended apo conformation, in 

the context of a citrate synthase aggregation assay. These studies provide a more detailed 

view of HtpG’s conformational dynamics and provide the first linkage between a specific 

conformation and chaperone function. 
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Background 

 Hsp90 is a member of the diverse class of proteins known as molecular 

chaperones. Molecular chaperones are required in order to maintain the correctly folded 

state of other proteins in the cell. This is generally accomplished by the recognition of 

hydrophobic surfaces on the client protein and then repeated rounds of ATP hydrolysis-

dependent conformational changes by the chaperone, facilitating substrate folding 

(Young et al. 2004). Two well-studied members of this class, Hsp70 (DnaK) and Hsp60 

(GroEL), interact with nascent polypeptide chains and promote their folding (Kurt et al. 

2006; Weissman et al. 1995). In addition to the stress response role in preventing 

aggregation (Jakob et al. 1995), Hsp90 under unstressed conditions appears to act at later 

stages of the protein folding pathway and interacts with client proteins in their near-

native states. Hsp90 induces subtle conformational changes that promote the binding and 

release of ligands or the interaction with partner proteins(Richter et al. 2001a; Young et 

al. 2001; Zhao et al. 2005). Hsp90’s client proteins include serine/threonine and tyrosine 

kinases, steroid hormone nuclear receptors, transcription factors, and tumor suppressor 

proteins(Caplan et al. 2007; Pearl et al. 2006; Picard 2006; Richter et al. 2001a). Many of 

Hsp90’s client proteins, including Cdk4, c-src and v-src, are oncogenic or otherwise 

required for cell proliferation, making Hsp90 an attractive target for anti-cancer 

therapeutics (Neckers 2007). Inhibition of Hsp90 with small molecules such as 

geldanamycin and its derivatives has been shown to be antitumorigenic, and several of 

these compounds are currently in clinical trials (Chiosis et al. 2003; Neckers et al. 2003; 

Solit et al. 2008; Workman 2004b). 
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 While the molecular mechanisms of Hsp70 and Hsp60 are well characterized, the 

conformational changes and determinants of substrate recognition associated with Hsp90 

function remain unclear. For Hsp70 and Hsp60, client protein binding stabilizes the 

unstructured states; only upon release (either into solution or the lumen of the Hsp60 

cavity) can folding occur. Thus in the bound state, the client protein adapts its 

conformation to the binding surfaces for these chaperones (Bukau et al. 1998). By 

contrast, Hsp90 substrates have already achieved a partially folded or almost fully folded 

conformation before they interact with Hsp90 (McLaughlin et al. 2002) suggesting that 

Hsp90 must adapt its conformation to match each substrate or that different 

conformations recognize different substrates. This issue is particularly pronounced for the 

bacterial Hsp90, HtpG, for which there are no know cochaperones to improve the 

efficiency of client protein recruitment. 

 Hsp90 exists as an obligate dimer and the crystal structure of the nucleotide-free 

(apo) state reveals exposed hydrophobic surfaces on each of the three domains within a 

protomer (N-terminal (NTD), middle (MD), C-terminal (CTD)) that likely serve for 

client protein binding (Shiau et al. 2006). Other crystal structures show that binding of 

nucleotide to the NTD induces remarkably distinct conformational states that decrease 

(the non-hydrolyzable ATP-analog, AMPPNP; (Ali et al. 2006) or completely bury 

(ADP; (Shiau et al. 2006) the exposed hydrophobic patches. These conformational 

changes represent unexpectedly large changes where the NTD moves by approximately 

50Å between each state (Figure 1). These rearrangements presumably act to alter client 

protein structure and to modulate client protein binding. Although localized changes in 

the active site lid (Prodromou et al. 1997; Stebbins et al. 1997) (residues 100-126), and  
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Figure 2.1: Previously solved structures demonstrating the conformational 
flexibility of Hsp90 
Apo and ADP forms were crystallized using HtpG(Shiau et al. 2006), ATP was 
crystallized in yeast(Ali et al. 2006), Grp94 is the crystal structure of the canine 
mitochondrial homolog(Dollins et al. 2007), and the SAXS model is from solution 
studies of apo HtpG(Krukenberg et al. 2008), The NTD is colored in blue, the MD in 
green, and the CTD in gold. Hydrophobic patches on the surface are highlighted in 
purple. 
 

the src loop (Meyer et al. 2003) (residues 281-296) occur upon nucleotide binding, these 

vastly different conformational states are well described by rigid body rearrangements of 

the domains about flexible linkers. A crystal structure of the full-length ER homolog, 

Grp94, has recently been solved (Dollins et al. 2007) revealing a state that appears to be 

intermediate between the apo open state and the closed ATP state (Figure 2.1). This 

structure further highlights the conformational flexibility of Hsp90s. 

 While the crystal structures provide important and essential information into the 

structure of Hsp90, they present only a static picture of Hsp90. It is, however, known that 

Hsp90 is a highly dynamic molecule and therefore static representations are insufficient 
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for gaining a complete understanding of the molecular mechanism of Hsp90. In order to 

examine the solution structure of Hsp90 and its flexibility, we have employed small angle 

x-ray scattering (SAXS). SAXS defines the three-dimensional shape of a protein by 

providing low-resolution (10-30Å) data for the solution state of the protein. SAXS can 

also elucidate the conformations of multiple populations in solution.(Krukenberg et al. 

2008; Putnam et al. 2007) Our previous small angle x-ray scattering (SAXS) study of the 

bacterial homolog, HtpG, revealed that the dominant solution conformation in the 

absence of nucleotide is a more open and extended structure (extended state) than that 

observed in the crystal structures (Figure 2.1). The SAXS data was highly reproducible 

making it possible to determine even subtle rearrangements in domain structure. It was 

also demonstrated that upon the addition of AMPPNP, HtpG did not shift completely to 

the previously crystallized ‘ATP’ state (closed state). Instead, an equilibrium between the 

two states was established (Krukenberg et al. 2008). Kinetic studies (Frey et al. 2007) and 

EM single particle studies of the yeast and human proteins (Southworth et al. 2008) 

further demonstrated the generality of complex conformational equilibria for all Hsp90s. 

While conformational equilibria appear to be a conserved aspect of Hsp90’s function, the 

positioning of these equilibria and the response to nucleotide appear to be extremely 

species specific. In humans, the equilibrium is heavily biased towards the extended state 

even in the presence of ATP, whereas in yeast, the equilibrium is shifted predominantly 

towards the closed state with the addition of nucleotide (Southworth et al. 2008). Notably 

the prokaryotic Hsp90 seems poised to equally sample the extended and closed states in 

the presence of ATP. 
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As described here, HtpG displays an even broader range of conformational states 

than previously anticipated. By varying the pH and examining the solution conformation 

with SAXS, we show that at low pH a previously unknown HtpG conformation, closely 

resembling the reported crystal structure of Grp94, dominates in solution. In the absence 

of nucleotide, a two-state equilibrium, with a pH midpoint around pH 7.2, exists between 

the extended state and the Grp94-like conformation described here.  Through 

mutagenesis and SAXS we have mapped the residues responsible for the pH effects. 

Importantly, we also demonstrate a functional difference between these two apo 

conformations where the Grp94-like conformation is the active state in a citrate synthase 

chaperoning assay. These results provide the first direct evidence for distinct functional 

behaviors of different apo conformations. 

 

Results 

pH causes the solution structure of HtpG to shift from an extended state to a more 

compact state 

 Our previous SAXS study of HtpG revealed a more open and extended structure 

in solution than observed in the crystal (Krukenberg et al. 2008). This model was 

determined at pH 9 given that both the SAXS data and EM studies had suggested that 

HtpG was more homogenous at pH 9. However at physiological pH, both SAXS and EM 

studies indicate that HtpG is conformationally heterogeneous (Krukenberg et al. 2008; 

Southworth et al. 2008). These results suggest that varying the pH could be an effective 

and important tool for investigating the conformational dynamics of HtpG in solution.  
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Figure 2.2: Scattering data for apo HtpG shows a more compact conformation at 
low pH 
A) Averaged and scaled solvent-subtracted scattering curves (I(Q)) at varied pH (pH 6, 
purple; pH 6.5, gold; pH 7, green; pH 7.5, red; pH 8, blue; pH 9, grey). B) Interatomic 
distance distribution functions (P(r)) calculated from the scattering data shown in panel 
A. The pH conditions are colored the same as in (a). The P(r) curves are normalized to 
have equivalent areas under the curve, and the solid vertical line marks an interatomic 
distance of 54Å. C) Two-state pH titration curve fitting values for P(r) at 54Å. Data was 
fit with a standard two-state binding model, y=Δ(y)/(1+10(pH-pKa))+minimum(y) giving a 
pKa of 7.2. 
 

 Indeed, SAXS measurements show dramatic changes between pH 6 and 9. The 

scattering intensity, I(Q), was measured for scattering angles (Q=4πsinθ /λ) from 0.01 to 
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0.3Å-1 (Figure 2.2A), and the I(Q) data was then converted to the interatomic distance 

distribution function, P(r), by Fourier transform (Figure 2.2B). The scattering curves for 

each pH represent the average of multiple curves (See Materials and Methods) and the 

differences seen between the pH conditions are very robust especially for low Q where 

the largest differences are seen between the different pH conditions (average error of 2% 

for Q=0.06-0.12). The I(Q) data was then converted to the interatomic distance 

distribution function, P(r), by Fourier transform (Figure 2.2B). The P(r) function provides 

a distribution of the interatomic distances found within the molecule giving information 

on shape as well as maximum end-to-end distance and provides a particularly sensitive 

indicator of conformational changes.  Both the I(Q) and the P(r) functions for HtpG at the 

different pHs demonstrate a clear transition to a more compact state as the pH of the 

solution is lowered. HtpG at pH 6 has a radius of gyration, Rg, of 46.3Å as 

compared to an Rg of 55.7Å for HtpG at pH 9. To clearly analyze the pH dependence of 

the conformational transition, P(r) at 54Å can be plotted versus pH (Figure 2.2C). The 

transition is well fit by a two-state pH titration curve resulting in a pKa of 7.2. The 

resulting titration curve is the same when you use the P(r) values at 50Å or 126Å (data 

not shown). That the data is best fit with a two state model indicates that two distinct 

conformations are present in solution.  

 The pKa of 7.2 immediately suggests the involvement of histidine in the 

conformational change. Fitting the titration data with a multiple binding site model shows 

that 1-2 histidines are required for the transition between the two populations (Figure 

A2.1, Appendix 2). There are 14 histidines present in one monomer of HtpG. To narrow 

down the list of candidates, we focused on the domain interfaces. As was previously 
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noted, the differences in the various conformations of Hsp90 result from large domain 

rearrangements, where the origins of these motions lie at the NM interface (between the 

NTD and MD) or at the MC interface (between the MD and CTD). There are 8 histidines 

clustered at the NM interface and 3 clustered at the MC interface. To isolate which 

interface is relevant for the pH dependent conformational changes, the effect of pH on a 

monomeric truncation mutant containing only the NTD and MD was analyzed by SAXS. 

Scattering data was collected for the truncation mutant (NMHtpG, residues 1-495) for Q 

= 0.009-0.3 at pH 6, 7, 8, and 9. No significant differences were seen for the scattering 

data at different pHs (Figure A2.2, Appendix 2). The slight differences seen in the pH 6 

curve (purple) are due to aggregation in the sample and do not result from actual 

conformational differences in the monomer. These results indicate that the pH dependent 

conformational changes are localized to the MC domain interface.  

 

Modeling of the scattering data reveals the presence of a second Grp94-like population  

 From the P(r) data collected in this study and the pH titration analysis, it appears 

that a two state conformational equilibrium exists with one state, at high pH, represented 

by the previously described extended conformation (Figure 2.3A). If this hypothesis is 

true, the SAXS data collected at the other pH values should be fit by a linear combination 

of the previous model and a new model that represents the low pH state. To maximally 

use the information from all of the SAXS data, we decided to simultaneously fit all of the 

pH data as a linear combination of two conformations. To do so, we modified a 

previously developed rigid body modeling program PRFIT, that was used to fit the SAXS 

data of HtpG at high pH.(Krukenberg et al. 2008) In the modified version, rigid body  
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Figure 2.3: Modeling of the apo HtpG SAXS data reveals a second population of a 
more compact conformation  
A) Surface representations of the low pH state and the previously determined extended 
conformation (Krukenberg et al. 2008). B) Representative fit of the model (blue) to the 
experimental data (black) at pH 7.5. The model has an R-factor of 2.07% and depicts a 
linear combination of 81% extended model and 19% low pH model. C, D) Single particle 
negative stain EM analaysis of WT HtpG at (C) pH 7.5 and at (D) pH 5.5. Reference free 
averages of WT HtpG at pH 5.5 are compared to 2-D projections of the low pH model. 
The number of single particle images included in each average is listed. Scale bars are 
equal to 250Å. The single particle boxes are equal to 300Å across for the reference free 
averages and 250Å across for the 2-D projections. 
  
 
refinement was performed on the low pH conformation while the extended state (the 

previously determined pH 9 state) was held fixed. 

 In order to model the low pH state, we treated the NM domains as rigid bodies 

that pivot around the MC interfaces given that the NM domain does not exhibit pH-

dependent conformational changes. We also maintained two-fold dimer symmetry. 

Residue 500 on the flexible linker between the MD and CTD was defined as the hinge 
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point, and conformational space was systematically searched at defined angles about a 

general rotation axis as described in our previous work.(Krukenberg et al. 2008) We 

found that -70 to 70 degrees sufficiently covered the conformational space accessible to 

the HtpG dimer. At each refinement step, the best scoring linear combination for each pH 

condition was calculated, and the combination with the best overall R-factor for the six 

pH conditions was chosen as the best model (Figure 2.3A, B).  

 The P(r) data for each of the six pHs is very well fit by a linear combination of the 

extended, high pH state and the more closed compact low pH state (Table 2.1, and Figure 

A2.3, Appendix 2). The low pH model was also confirmed using negative stain EM 

(Figure 2.3C, D). Negative stain EM images were collected for HtpG at pH 5.5 and pH 

7.5. From examination of the 2-D images a significantly larger population of more 

compact particles is clearly present at low pH compared to neutral pH. High pH (pH 9)  

was also tested and extended particles predominated (data not shown). In order to better 

compare our compact, low pH SAXS model to the EM data we collected ~1,000 single  

particles and generated reference free class averages. Class averages were not generated  
 
 
Table 2.1: Populations of extended and low pH (Grp94-like) state for WT HtpG at 
varied pH 
 

pH % extended state % low pH (Grp94-like) state R-factor (%) 

6 41 59 5.52 

6.5 38 62 2.57 

7 54 46 3.17 

7.5 81 19 2.07 

8 95 5 2.80 

9 100 0 3.12 
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for the neutral pH particle given the heterogeneity of the particles. Reference free 

alignments of the more compact particles were then compared to 2-D projections of the 

low pH SAXS model. Remarkably, when the averages are aligned to 2-D projections of 

our SAXS model the conformations appear nearly identical, confirming the structure of 

this compact state and establishing the accuracy of our SAXS modeling methods (Figure 

2.3D).  

The low pH SAXS model is surprisingly reminiscent of the Grp94 crystal 

structure (Figure 2.4). While the Grp94 crystal structure and the low pH model (Grp94-

like state) have similar open angles, the Grp94-like state has a more pronounced U shape 

while the Grp94 crystal structure more closely resembles a V shape. This difference is a 

result of rotations of both the MD and NTD of the Grp94-like state as depicted in Figure 

2.4B. While the two structures are similar the combinations with the low pH model fit the 

data best (Figure 2.4C). Linear combinations of the Grp94 crystal structure and the 

extended state gave higher R-factors overall ( pH 6, 6.14; pH 6.5, 4.74; pH 7, 2.62; pH 

7.5, 2.34; pH 8, 4.16) than mixtures with the low-pH model ( pH 6, 5.52; pH 6.5, 2.57; 

pH 7, 3.17; pH 7.5, 2.07; pH 8, 2.8). 

 

The AMPPNP-bound conformation of HtpG is dependent on pH. 

 From previous SAXS and EM studies it is clear that nucleotide binding also 

significantly influences the conformational equilibrium of HtpG. The addition of 

AMPPNP at pH 8 shifts the conformation of HtpG from the apo state to an approximately 

40:60 equilibrium between the apo state and the closed ATP state identified 
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Figure 2.4: The low pH, Grp94-like, HtpG state closely resembles the Grp94 crystal 
structure  
A) Top-down and side views of the Grp94 crystal structure and the Grp94-like HtpG 
model. B) Cartoon representation of the Grp94-like model depicting the rotations 
necessary to transform this state into the Grp94 crystal state. Rotations were calculated 
with the program LSQMAN (Kleywegt 1996). C) Representative fits to the SAXS data at 
pH 8 (black) using a linear combination including the low pH Grp94-like model (blue) or 
the Grp94 crystal structure (brown). The fit is better, especially at large distances, using 
the low pH Grp94-like model. 
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crystallographically (Krukenberg et al. 2008; Southworth et al. 2008). Given the 

importance of pH in influencing the conformational equilibrium for apo HtpG, we sought 

to assess the effect of pH on the conformational equilibrium of the AMPPNP-bound state. 

 Scattering data was collected from pH 6 to 9 for HtpG in the presence of 

saturating levels of AMPPNP. As can be seen in Figure 2.5A, there also exists a pH 

dependent conformational shift in the presence of nucleotide. Contrasting with the apo 

data, we were unable to fit the AMPPNP data with a simple two state titration model, 

suggesting that a third conformation may exist. To better define the source of the 

conformational equilibrium in the presence of AMPNP we examined the structure of the 

NM domain. SAXS data for NMHtpG in the presence of AMPPNP supports the presence 

of the AMPPNP-bound crystal state as an additional conformation in solution. At low 

pH, the NM domain scattering matches the single NTD-MD conformation found in the 

low and high pH apo states, while at high pH, the NMHtpG data is indicates that the 

structure of the AMPPNP-bound NM domain matches that seen in the full-length yeast 

crystal structure. The best fit was achieved with a mixture of monomeric and dimeric 

forms of the AMPPNP-bound NM domain (R-factor 3.5% with 74% dimer and 26% 

monomer, Figure A2.4, Appendix 2). A DAMMIN (Svergun 1999) reconstruction also 

indicated the presence of the AMPPNP dimer at high pH (data not shown). This is the 

first observation of an NM dimer and may help explain the residual ATPase activity for 

the isolated NM domain. To test for the yeast crystal state in full-length HtpG, each pH 

state was fit with a linear combination of three conformations, the two apo states 

(extended and Grp94-like) described above and the ATP state (closed) as seen in the  

yeast crystal structure (Table 2.2, Figure A2.5, Appendix 2). The three conformations  
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Figure 2.5: The conformation of AMPPNP-bound HtpG is also affected by pH  
A) P(r) functions for HtpG in the presence of 10mM AMPPNP (pH 6, purple; pH 6.5, 
gold; pH 7, green; pH 7.5, red; pH 8, blue; pH 9, grey). B) Relative populations of the 
closed state (pink), the Grp94-like state (black) and the extended state (blue) in the 
presence of 10mM AMPPNP as compared to C) the relative populations of apo HtpG. 
The Grp94-like state appears to be stabilized in the presence of AMPPNP. 
 
 
were sufficient to provide good fits to the AMPPNP data, suggesting that at physiologic 

pH in the presence of AMPPNP, HtpG is in equilibrium between these three states.  

 In the presence of AMPPNP, the amount of each conformation varies 

significantly with pH as seen in Figure 2.5B. The dominant states are represented by the 

Grp94-like state and the closed state. Interestingly, the Grp94-like state is greatly 



 97

stabilized relative to the extended state by the presence of AMPPNP especially around 

pH 7.5 (Figure 2.5B, C). The lack of the closed state at low pH is not, however, 

indicative of differential AMPPNP binding. Using a standard tryptophan fluorescence 

assay (Csermely et al. 1993) we confirmed that the binding of AMPPNP is independent 

of pH (data not shown). This leads to the question of what the roles of each of these 

conformations are in the functional cycle of HtpG. 

 
Table 2.2: Populations of extended, Grp94-like, and closed state for HtpG:AMPPNP 
at varied pH 
 

pH % extended state % Grp94-like state % closed state R-factor (%)

6 40 60 0 6.91 

6.5 39 56 5 3.80 

7 25 57 18 2.45 

7.5 10 54 36 2.87 

8 0 40 60 2.26 

9 0 0 100 3.15 

 

Mutations at H446 shift the conformation of HtpG independently of pH 

 Given that the titration analysis of the apo conformational change suggests the 

involvement of 1-2 histidine residues, it is reasonable to assume that a histidine could be 

mutated to shift the conformation of apo HtpG regardless of pH. As previously discussed, 

histidines (H446, H530, H574) located at the MC interface (Figure 2.6A), are the most 

likely candidates for the responsible titratable group. We systematically mutated these 

groups to lysines to mimic the protonated state of the histidine expected at low pH. To 

insure that the mutations did not disrupt the dimerization interface, the molecular weight 

of each mutant was determined using multi-angle light scattering. Both the H446K and 
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Figure 2.6: H446 is primarily responsible for the observed pH dependent 
conformational equilibrium  
A) Cartoon depicting the location of histidine residues at the MC interface. The histidines 
are represented as red spheres with the NTD in blue, the MD in green, and the CTD in 
gold. B-C) SAXS profiles for B)  H446K and C) H446E  (pH 6, gold; pH 9, purple) 
compared to WT (pH 6, black; pH 9, blue). D) ATPase activity of wild type, H446K, and 
H446E HtpG. ATPase activity was measured using radioactively labeled ATP as 
described previously (Cunningham et al. 2008). 
 
 
H530K mutants formed dimers, whereas the H574K mutant was a monomer in solution 

(data not shown). Residue H574 was therefore not further pursued. The mutants were 

also examined by CD spectroscopy and no differences were seen between H446K, 
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H530K and wild-type (WT) HtpG (data not shown) indicating that the overall secondary 

structure is unchanged.  

 The SAXS profiles for the H446K and H530K mutations were initially collected 

at pH 6 and 9, and the resulting P(r)s were compared to the P(r)s for the wild-type 

protein. The H446K mutation significantly shifts the conformational equilibrium towards 

the low pH state at both pH 6 and pH 9 (Figure 2.6B). This shift is consistent with the 

pH-dependence seen in the wild-type protein. The H530K mutation, on the other hand, 

shifts the conformational equilibrium towards the high pH state (Figure A2.6A, Appendix 

2). We also examined H530K in the context of a non-titratable, yet polar, mutation of 

H446 (H530K/H446Q). This showed a complete shift to the high-pH extended state 

(Figure A2.6A, Appendix 2).  

 Because the H446K mutation is consistent with the dominant pH effect seen for 

the wild-type protein while H530K behaves in an opposite manner, we focused on 

residue 446 for further analysis. Modeling of the H446K scattering data shows that the 

solution state is a combination of ~80% of the low pH state and ~20% of the high pH 

state regardless of pH (Figure 2.7B). Residue 446 was then mutated to glutamic acid 

(H446E) and the conformation shifted completely to the extended state as predicted 

(Figure 2.6C and 3.7B). In the presence of AMPPNP, both H446K and H446E are still 

able to populate the closed ATP state (data not shown), suggesting that both the extended 

and Grp94-like states are able to convert to the closed state. Both mutations are also able 

to turn over ATP in an ATPase assay, however their overall activity is ~1/3 that of wild-

type HtpG (Figure 2.6D).  
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Figure 2.7: H446K shifts the conformation to the Grp94-like state at neutral pH 
whereas H446E shifts the population to the extended conformation 
A) Single particle negative stain EM of H446K at pH 7.5 shows more compact particles 
that are identical to the 2-D projections of the Grp94-like model. The number of single 
particle images included in each average is listed. The scale bar is equal to 250Å, and the 
single particle boxes are 250Å across. B) Relative populations of the Grp94-like state 
(black) and the extended state (blue) for H446K (solid) and H446E (dashed). 
 

 H446Q was made as a non-titratable mutation that should be able to act as either a 

hydrogen bond donor or acceptor. As such, we expected it to remove any pH dependence 

resulting from residue 446. Surprisingly, this mutant appears to be almost identical to the 

WT protein in terms of its pH dependence (Figure A2.6B, Appendix 2) suggesting that 

another residue must be involved (Figure 2.7B). Since, as discussed above, mutation of 

the only other relevant histidine residue (H530) produced an effect opposite to that 

observed with the wild type protein, this result appears paradoxical. Examination of the 

relevant crystal structures shows that H530 resides in a highly polar/charged environment 

in both the extended and Grp94-like states; hence the H530K mutation could result in 

interactions with neighboring groups that are quite distinct from those that interact with 

the wild-type histidine. Thus while H530 undoubtedly contributes to the overall pH 

effects seen in the wild-type protein, the complexity of the local environment makes it 

difficult to probe its contributions in a straightforward manner. 
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 By contrast, our SAXS data indicate that H446E and H446K shift the 

conformation in a way consistent with the wild-type protein behavior. Given the potential 

importance of these mutations for testing the functional role of different HtpG 

conformations without having to shift the pH from neutrality, we sought confirmation of 

the SAXS results by negative-stain electron microscopy. As expected, the H446K mutant 

HtpG particles incubated at pH 7.5 were predominantly in a more compact state identical 

to wild type HtpG at low pH. Conversely, H446E particles at pH 7.5 were more extended 

and similar to wild type HtpG at high pH. Reference free alignments of the H446K 

particles match remarkably well to 2-D projections of the Grp94-like model, confirming 

that the compact structure seen for H446K is the same structure as seen in the WT HtpG 

at low pH (Figure 2.7A). 

 

The different conformations have distinct functional roles in suppressing the aggregation 

of citrate synthase 

 Since it has been postulated that client proteins first bind to the apo state, of key 

importance is determining whether or not the two conformations are functionally distinct. 

To test this, we used the well-established citrate synthase (CS) aggregation assay. It has 

been shown that at 43˚C CS aggregates in solution, and that this aggregation can be 

suppressed by adding Hsp90(Buchner et al. 1998). This suppression of aggregation does 

not depend on nucleotide (Jakob et al. 1995; Scheibel et al. 1998).  

 The CS assay emphasizes the importance of mutations that alter the conformation 

of Hsp90 while maintaining a constant pH. Changes in the pH of the system cause the 

aggregation behavior of CS to vary greatly (data not shown). As expected, the addition of 
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HtpG at pH 7.5 greatly reduces CS aggregation (Figure 2.8). We tested both the H446K 

(Grp94-like conformation) and the H446E (extended conformation) mutants at pH 7.5 for 

their ability to prevent CS aggregation. As shown in Figure 9, H446K, the Grp94-like 

conformation, is considerably more effective than the WT protein in preventing the 

aggregation of CS whereas, H446E, the extended conformation, has little effect on the 

aggregation of CS. Moreover, WT activity corresponds to the fraction of the low pH state 

normally present at pH 7.5. Wild-type HtpG shows a slight aggregation over 18 minutes 

at 43˚C but this aggregation is negligible compared to CS. Both of the mutants displayed 

no aggregation after 18 minutes at 43˚C (Figure A2.7, Appendix 2). This data indicates 

that there are significant functional differences between the two conformations of HtpG. 

 

 

Figure 2.8: H446K, the Grp94-like state, most efficiently blocks the aggregation of 
citrate synthase (CS) 
CS was incubated at 43˚C by itself (red) or in the presence of WT or mutant HtpG (CS 
with WT HtpG, green; CS with H446K, black; CS with H446E, blue), and aggregation 
was measured by light scattering. 
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Discussion 

It is becoming more and more apparent that structural dynamics play an important 

role in the function of Hsp90, and understanding the conformational ensemble is 

imperative for better defining its molecular mechanism. Large conformational changes 

occur throughout the ATPase hydrolysis cycle, and previous structural studies, as well as 

kinetic studies have shown that the conformational state is not rigorously determined by 

the bound nucleotide, but instead that nucleotide binding results in a conformational 

equilibrium between apo and nucleotide states (Frey et al. 2007; Krukenberg et al. 2008; 

Southworth et al. 2008). Conformational equilibria have been shown as functionally 

important in other systems as well. For example, NMR studies have revealed that the 

proto-oncogene Ras exists in a conformational equilibrium that can be shifted with point 

mutations. The equilibrium shift then promotes interactions with effector proteins leading 

to an increase in oncogenic potential (Spoerner et al. 2004). In another example, single 

molecule FRET studies revealed that even in the absence of substrate, adenylate kinase 

exists in both the open and closed state. Notably, the closed state, previously thought to 

exist only in the presence of substrate, is favored (Hanson et al. 2007). These examples 

also support the realization that the functional pathway of Hsp90 must be considered as a 

stochastic process rather than as a deterministic ATP machine as has been observed for 

other chaperones.  

Here, both SAXS and single particle EM have revealed an unanticipated solution 

conformation of apo HtpG that exists in a pH-dependent two-state conformational 

equilibrium with the previously described extended apo state. Interestingly, the apparent 

pKa for the conformational transition between the extended state and the Grp94-like state 
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is 7.2 suggesting that under physiological conditions the system is optimized for 

maximum levels of both conformations. By using a linear combination of two structures 

together with rigid body modeling, we were able to dissect out the two populations of 

HtpG and discover that the low pH conformation of HtpG is remarkably similar to the 

recent Grp94 crystal structure. While the exact rotation of the middle and N-terminal 

domains differs between our low pH structure and Grp94, the overall architecture is 

surprisingly similar. Although our SAXS data is very well fit with a two state model, it is 

likely that a third state, the closed ATP state, is present as well. Recent single particle EM 

studies have directly observed the presence of the closed state under apo conditions 

(Southworth et al. 2008). The closed state has also been identified under apo conditions 

for yeast by single-molecule FRET, and analysis of the energy barriers suggests that all 

states observed in the presence of nucleotide are accessible in the absence of nucleotide 

(Mickler et al. 2009). If this state represents less than 5-10% of the total population, its 

effect on the SAXS modeling would be negligible. Therefore, the apo state of HtpG is 

most likely represented by the extended state, the Grp94-like state, and a small amount of 

the closed state. The conformational equilibrium of HtpG persists in the presence of 

saturating AMPPNP with the closed state now being significantly populated. The 

AMPPNP-bound equilibrium can also be shifted with pH with the Grp94-like 

conformation most populated at low pH and with the closed state most populated at high 

pH.  

Given that the Grp94-like state has both conformational features of the extended 

(NTD-MD angle) and closed states (MD-CTD angle), it is possible that the low pH 

Grp94-like state (G) represents an intermediate step along the pathway proceeding from 
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the extended model (E) to the closed model (C) (1). Alternatively, the Grp94-like state 

could be off-pathway (2) or the Grp94-like and extended states could be combined in a 

three-way pathway with the closed state (3). Typically, kinetics measurements are used to 

determine the connectivity of a particular pathway. However it seemed that similar 

information should be extractible from the pH equilibrium data. We know from the 

mutant HtpG SAXS data in the presence of AMPPNP that both the extended and the 

Gpr94-like states can convert to the closed state suggesting that pathway (3) is the 

relevant pathway. Given that the only structural changes required for the transformation 

from the extended to the Grp94-like state occurs at the MC interface, we assumed that 

this pH-dependent equilibrium is unaffected by the addition of AMPPNP. With this 

assumption, we modeled the pathways using standard kinetic equations and confirmed 

that only a model allowing all three states to interconvert (3) can recapitulate the steady-

state levels observed in the presence of AMPPNP. The modeling indicates that the 

conversion from the extended to Grp94-like state and the extended to closed state both 

have a similar pKa, whereas the conversion from the Grp94-like state to the closed state 

is independent of pH. This suggests that the main role of pH is to shift the equilibrium for 

the MC domain conformation. Because the Grp94-like state is stabilized in the presence 

of AMPPNP, the dominant pathway from the extended state to the ATP-state most likely 

goes through the Grp94-like state, despite the fact that all three species can interconvert. 

E G 

C 

E G C (1)

G E C (2)

(3)
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A recent hydrogen exchange study of HtpG further supports this idea with the 

demonstration of an intermediate state between the ‘relaxed’ apo state and the ‘tense’ 

ATP state (Graf et al. 2009).  

 Using the histidine mutations H446K and H446E, we probed the functional role 

of the two apo conformations. Using a citrate synthase aggregation assay, we demonstrate 

that, at least for this substrate protein, the different apo conformations of HtpG are 

functionally quite distinct. The Grp94-like conformation is very efficient at preventing 

aggregation whereas the extended conformation has little or no effect. This result was 

surprising, in that we anticipated the extended conformation to be better able to 

accommodate the large (50kD), dimeric citrate synthase. The wild type protein showed 

an intermediate ability to suppress aggregation as expected for being a nearly 1:1 mixture 

of the two conformations. Since chaperone binding via exposed hydrophobic residues on 

citrate synthase is likely to be the main requirement for blocking aggregation, the 

observed behavior suggests that the Grp94-like conformation presents hydrophobic 

surfaces that are better aligned to those exposed on citrate synthase. Previous work has 

shown that Hsp90 interacts with structured unfolding intermediates of CS (Jakob et al. 

1995), and that this interaction only required the MC domain of Hsp90 (Scheibel et al. 

1998). This correlates well with the results presented here showing that a change in only 

MC orientation of HtpG affects the interaction with CS. 

 One possible mechanism for the interaction is that a locally unfolded region of CS 

prone to aggregation could interact deep in the cleft of the Grp94-like structure binding to 

the hydrophobic surfaces on both MD arms of HtpG and the amphipathic α-helices in the 

CTD. The close juxtaposition of MD and CTD hydrophobic surfaces would not occur in 
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the extended HtpG state. In the wild-type protein where the two conformations are in 

equilibrium, the citrate synthase would be able to bind to only half of the HtpG present 

accounting for the intermediate level of activity that is seen as compared to the two 

mutants. When the population is already shifted in favor of the Grp94-like structure 

(H446K), binding and aggregation prevention are most efficient. By contrast, the H446E 

mutation is unable to prevent citrate synthase aggregation because it is unable to convert 

to the Grp94-like state even in the presence of citrate synthase. The inability of CS to 

shift the conformational equilibrium of HtpG also suggests that the interaction is weak 

and transitory. It is also possible that the CS/HtpG interaction is mediated by local 

changes in HtpG that occur between the two apo states. In order to distinguish these and 

other possible modes of interaction, more detailed structural studies of the interaction of 

HtpG with CS will be required. 

Comparison of the analogous residue to H446 in the Grp94 structure (F554) 

provides insight into the molecular basis of the conformational switch. In Grp94, F554 is 

nicely packed in a hydrophobic pocket comprised of residues that are conserved in HtpG 

as hydrophobic. The one non-conserved residue contacting F554 is a serine (S725) in 

Grp94 and a glutamate (E604) in HtpG. This residue could explain the preference of 

HtpG for the Grp94-like state only when the histidine is either protonated at low pH or 

replaced with a lysine. Both of these would be able to form a favorable electrostatic 

interaction with E604 whereas the H446E mutation would be expected to clash with 

E604 shifting the population towards the extended state as is observed. 

The use of a histidine to modulate the conformation of Hsp90 appears to be a 

uniquely bacterial trait. The histidines involved in HtpG are not conserved in higher 
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organisms. The similarity of the functionally active apo HtpG state to the Grp94 

structure, however, suggests that Grp94 may utilize the same structural pathway as other 

Hsp90 homologs, and that the different structural states are conserved from bacteria to 

higher eukaryotes. Given the evidence that the extended, ATP and ADP states are 

structurally conserved from bacteria to higher eukaryotes, it is probable that the new 

intermediate Grp94-like conformation found here is also important in higher eukaryotes. 

Recent FRET studies have shown that yeast Hsp90 has at least two intermediate states 

between the already described open apo state and closed ATP state (Hessling et al. 2009; 

Mickler et al. 2009). One possibility is that one of the intermediate states in yeast is 

related to the Grp94-like state described here, but this hypothesis will require further 

characterization of the yeast solution structure. 

Our previous work (Krukenberg et al. 2008; Southworth et al. 2008) and the 

FRET studies demonstrate that nucleotide shifts the conformational equilibrium as 

opposed to explicitly determining the conformational state of Hsp90. An important 

difference between eukaryotes and prokaryotes may be the other factors that determine 

the conformational equilibrium. One hypothesis is that the equilibrium in eukaryotes has 

evolved to be controlled by client/cochaperone binding instead of pH. Bacteria may rely 

more heavily on the finely tuned conformational equilibrium to optimize the levels of 

both conformations because of the lack of cochaperones. It is also possible that the HtpG 

pH equilibrium acts as a sensor to tune chaperone response in times of metabolic stress. 

Identification of HtpG client proteins will assist in the development of in vivo HtpG 

functional assays and provide information as to the types of client proteins that interact 

with each conformational state.  
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 The functional differences of the different apo states observed here may also be 

relevant to other homologs. The question remains as to the generalizability of the 

preferential binding of the Grp94-like structure to client proteins.  One possibility is that 

different substrates are recognized by different conformations of Hsp90, and this 

structural diversity is therefore one mechanism by which Hsp90 recognizes such a broad 

set of substrate proteins. All of these questions will require further studies of the yeast 

and human proteins and their interactions with client proteins. The results discussed here 

with HtpG provide critical insights into the mechanism of substrate activation and the 

differences in regulation between different species, and these results are an important step 

in better understanding the chaperone cycle of Hsp90. 

 

Materials and Methods 

Protein Expression and Purification 

 Full-length HtpG (residues 1-624) was cloned into pET29b (Invitrogen) and the 

HtpG truncation mutant, NMHtpG (residues 1-495) was cloned into pET151 using the 

TOPO cloning system (Invitrogen). Point mutations were made using PCR and 30-35 

nucleotide primers encoding for the mutated amino acid. Parental DNA was digested 

with Dpn1 after the completed reaction, and the resulting plasmid was transformed into 

TOP10 (Invitrogen) cells. All mutations were confirmed by sequencing of the appropriate 

regions. All constructs were expressed in E. coli using BL21(DE3) cells (Invitrogen). The 

full-length WT protein was purified by successive passage over DE52 (Whatman), 

monoQ and gel filtration (Amersham Biosciences) columns with a final buffer of 20mM 

Tris pH 7.5, 100mM NaCl. NMHtpG and the point mutations were first passed over Ni-
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NTA agarose and the collected peak was cleaved with TEV overnight. The cleaved 

protein was then purified by gel filtration (Amersham Biosciences) into a final buffer of 

20 mM Tris pH 7.5 and 100 mM NaCl. All proteins ran as a single monodisperse peak on 

gel filtration. CD spectroscopy of the proteins at 20uM in 50mM Tris pH 8, 50 mM KCl, 

and 10 mM MgCl2 showed no difference in 2° structure between the different constructs. 

The purified proteins were collected and concentrated using 10 kD molecular weight 

cutoff Amicon Ultra spin concentrators (Millipore). Using a desalting column (GE 

Healthcare) the samples were exchanged into 50 mM buffer (MES pH 6, Bis-tris pH 6.5, 

or Tris pH 7, 7.5, 8, or 9), 50 mM KCl, 10 mM MgCl2, and 1 mM DTT. Using Millipore 

Ultrafree®-0.5 Centrifugal Filter Units, samples were concentrated to between 10 and 

30mg/ml as estimated by absorbance at 280 nm. The A260 nm/A280 nm ratio was measured 

as < 0.6 giving confidence that no nucleotide was present in the purified sample. Samples 

were split into two aliquots with 10 mM AMPPNP added to one aliquot. Samples were 

then flash frozen in liquid nitrogen and stored at -80˚C.  

  

SAXS data collection 

 Initial SAXS measurements were collected at beamline 4-2 at the Stanford 

Synchrotron Radiation Laboratory (SSRL) and at the BioCAT beamline (18-ID) at the 

Advanced Photon Source (APS). Data reported here was collected at SSRL beamline 4-2 

and at the SIBYLS beamline (12.3.1) at the Advanced Light Source (ALS). To minimize 

aggregation, samples were spun in a table top microcentrifuge for 5 minutes immediately 

before data collection. Data was then collected at 25˚C at 2.5, 5 and 10mg/ml. At the 

ALS, samples were exposed for 7 and 70 seconds at a detector distance of 1.6m. At 
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SSRL, samples were exposed for five 30 second exposures at a detector distance of 2.5m. 

The data was collected on a Mar165CCD detector, and the detector channels were 

converted to Q = 4πsinθ/λ, where 2θ is the scattering angle and λ is the wavelength, 

using a silver behenate sample as a calibration standard. The data was circularly averaged 

over the detector and normalized by the incident beam intensity. 

 

SAXS data analysis 

 The raw scattering data, I(Q), were scaled and the buffers were subtracted. 

Variations were seen in the amplitude of the high Q data for data sets that should be 

identical. To correct for this variation, data from multiple concentrations were linearly 

extrapolated to the buffer background signal. The experimental buffers were then scaled 

to match the calculated buffer background signal. This correction was only necessary for 

precise comparison to molecular models and did not affect the overall shape of either the 

scattering curves or the interatomic distance profiles (P(r)). Individual scattering curves 

for a given nucleotide condition collected at different concentrations and over different 

scattering angle ranges were scaled and merged to yield a single low-noise average 

scattering curve. The radii of gyration (Rg) were initially calculated from the Guinier plot 

as implemented in the program PRIMUS (Konarev et al. 2003). The interatomic distance 

distribution functions (P(r)) were then calculated using the program GNOM (Svergun 

1992). Dmax was determined by constraining rmax to zero and then varying rmax between 

150 and 200Å. Dmax was chosen as the rmax where the P(r) smoothly approached zero 

based upon perceptual criteria. The overall shape of the P(r) function was very robust for 
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Dmax ± 10Å. The molecular modeling of the scattering data was then done using the in 

house software PRFIT as previously described (Krukenberg et al. 2008). 

 

Electron Microscopy 

 HtpG protein was negatively stained with uranyl format on thin carbon layered 

(40-50 Å thick) 400 mesh copper grids (Pelco) as described (Ohi et al. 2004; Southworth 

et al. 2008). Prior to staining, wildtype and H446K HtpG (200 nM) were incubated at 37° 

for 10 minutes in either 20 mM Tris pH 7.5 or 20 mM MES pH 5.5 and 50 mM KCl. 

Samples were imaged using a Tecnai G2 Spirit TEM (FEI) operated at 120 keV. 

Micrograph images were recorded using a 4k x 4k CCD camera (Gatan) at 68,000x 

magnification with 2.21 Å pixel size. 

 Two-dimensional single particle analysis was carried out using the EMAN 

software package (Ludtke et al. 1999). Reference-free class averages were determined 

using starnrclasses from a set of 811 and 1109 single particles (collected from 9 and 20 

micrographs, respectively) for wildtype (pH 5.5, Figure 3D) and H446K (pH 7.5, Figure 

7A) respectively. This method involves a k-means clustering analysis where the particles 

are separated into a given number of classes and no other information, such as the SAXS 

models, were used for alignment or as a reference to generate the image. This was critical 

for generating unbiased averages that were not influenced by known structures. Between 

1 and 5% of the total particles collected were aligned in each of the average images. This 

was expected given the apparent random orientation of the particles on the grid. The class 

averages (27 and 22, respectively) were then low-pass filtered (25 Å) and aligned and 
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rotated (using classesbymra and align2d) to 2-D projections of the low-pH HtpG SAXS 

model for qualitative comparison.   

 

Citrate Synthase Assay 

Citrate synthase aggregation was monitored with a Jobin Yvon FluoroMax-3 

fluorescence spectrophotomer with a temperature controlled jacket and automatic stirring. 

The excitation and emission wavelengths were both set to 500 nm with slit widths of 2 

nm. Citrate synthase was purchased from Sigma and prepared for thermal aggregation as 

described in (Buchner et al. 1998) HtpG and variants at 300 nM dimer were incubated for 

5 minutes at 43 °C, 40 mM HEPES pH 7.5 before rapidly diluting CS 1:100 to a final 

concentration of 75 nM dimer and monitoring the resulting light scattering. 
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Postscript 

Do specific clients interact with each apo conformation? 

 An interesting explanation for the presence of two apo HtpG conformations at 

physiological pH is that specific client proteins interact with each conformation providing 

a mechanism for distinguishing between different classes of client proteins. The H446K 

and H446E mutations provide excellent tools for addressing this question. In the citrate 

synthase assay the Grp94-like conformation inhibits aggregation and the open, extended 

conformation does not suggesting that CS preferentially binds to the Grp94-like 

conformation. Using other in vitro Hsp90 functional assays, the efficacy of the H446K 

and H446E mutants as compared to WT could be tested. Two such assays are the 

denatured firefly luciferase refolding assay (Schneider et al. 1996) and the insulin 

aggregation assay (Scheibel et al. 1998). As more client proteins are identified for HtpG 

and tested for their interaction with the two apo conformations, a pattern may emerge 

correlating the type of client protein (based on size, structure or function) and the 

conformation of HtpG.  

  

How does CS interact with Hsp90? 

 As described in this chapter CS does not appear to bind tightly to Hsp90 or to 

affect Hsp90’s conformation. The exact nature of the interaction with Hsp90 is of 

interest. Currently very little is known about the interaction of client proteins with Hsp90 

and any information in this area will greatly aid in our understanding of Hs90’s function. 

Using surface plasmon resonance (SPR) the interaction between Hsp90 and CS could be 

further characterized and the binding constant and stoichiometry determined. 
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Incorporated cysteines in HtpG and CS or non-specific cross-linkers could stabilize the 

complex allowing for future SAXS, EM, and/or crystallography studies.  

 

Can similar conformations be accessed by eukaryotic Hsp90? 

 The pH dependent equilibrium appears to be a uniquely bacterial trait, but the apo 

conformations described in this chapter may still be relevant in eukaryotes. Eukaryotes 

may regulate the presence of these same conformations via an alternate mechanism such 

as co-chaperone binding. This question has been addressed with SAXS studies of the 

eukaryotic proteins and is described in the next chapter. 
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Chapter 3: Grp94, the endoplasmic reticulum Hsp90, has a similar 

solution conformation to cytosolic Hsp90 in the absence of nucleotide 

 

Preface 

 The work described in the Chapters 1 and 2 shows that HtpG is more extended 

than the apo HtpG crystal structure, and apo HtpG exists in at least two different 

conformations in solution. The apo conformations of eukaryotic Hsp90s have been less 

well characterized. Because of the already elucidated differences between Hsp90 

homologs, especially differences in conformational equilibria in the presence of 

nucleotide, it is essential to have a better understanding of the structures of the different 

cytosolic and organelle Hsp90 apo forms and the conformational equilibria that may exist 

in the absence of nucleotide. We therefore collected SAXS data for cytosolic yeast and 

human Hsp90 and the endoplasmic reticulum homolog, Grp94. I then used our previously 

developed molecular modeling methods to determine the apo conformations of each 

homolog. Data was also collected and analyzed for the proteins in the presence of 

AMPPNP. 

  A paper describing this work has been submitted for publication. Ulrike Böttcher 

the second author on the paper collected the Grp94 scattering data. Daniel Southworth the 

third author collected the electron microscopy data and the human scattering data. Both 

Ulrike and Daniel provided many useful discussions throughout the project. David Agard 

wrote the PRFIT software and supervised the work. I am responsible for the collection of 

the yeast scattering data and for the vast majority of the data analysis. I am the first 

author on the paper. 
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Synopsis 

 The molecular chaperone, Hsp90, is an essential eukaryotic protein that assists in 

the maturation and activation of client proteins. Hsp90 function depends upon the binding 

and hydrolysis of ATP, which causes large conformational rearrangements in the 

chaperone. Hsp90 is highly conserved from bacteria to eukaryotes, and similar 

nucleotide-dependent conformations have been demonstrated for the bacterial, yeast and 

human proteins. There are, however, important species-specific differences in the ability 

of nucleotide to shift the conformation from one state to another. While the role of 

nucleotide in conformation has been well studied for the cytosolic yeast and human 

proteins, the conformations found in the absence of nucleotide are less well understood. 

In contrast to cytosolic Hsp90, crystal structures of the endoplasmic reticulum homolog, 

Grp94, show the same conformation in the presence of both ADP and AMPPNP. This 

conformation differs from the yeast AMPPNP-bound crystal state, suggesting that Grp94 

may have a different conformational cycle. In this study, we use small angle X-ray 

scattering (SAXS) and rigid body modeling to study the nucleotide free states of 

cytosolic yeast and human Hsp90s, as well as mouse Grp94. We show that all three 

proteins adopt an extended, chair-like conformation distinct from the extended 

conformation observed for the bacterial Hsp90. For Grp94, we also show that nucleotide 

causes a small shift towards the crystal state although the extended state persists as the 

major population. These results provide the first evidence that Grp94 shares a 

conformational state with other Hsp90 homologs. 
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Background 

 The essential eukaryotic protein, Hsp90, is a member of the large class of proteins 

known as molecular chaperones. Molecular chaperones are required for maintaining the 

correctly folded state of proteins within the cell. For many chaperones this function is 

accomplished by recognition of hydrophobic surfaces on the substrate protein and 

subsequent rounds of ATP hydrolysis dependent binding and release (Young et al. 2004). 

Hsp60 (GroEL) and Hsp70 (DnaK), two well-studied members of this class, function 

early in the protein folding pathway by interacting with nascent polypeptide chains and 

promoting their folding (Kurt et al. 2006; Weissman et al. 1995). In contrast, Hsp90 

appears to act largely at later stages of the folding pathway interacting with substrates 

(clients) that are largely folded (McLaughlin et al. 2002). The interaction with Hsp90 

facilitates the binding of ligands or partner proteins to the client proteins (Brown et al. 

2007; Pratt et al. 2003). Despite this understanding of Hsp90’s function, the nature of the 

interaction with client proteins remains elusive. 

 Hsp90 is highly conserved from bacteria to eukaryotes. While client proteins are 

just beginning to be identified for the bacterial Hsp90 (HtpG), a large and growing set 

have been discovered for the eukaryotic Hsp90s including steroid hormone receptors, 

protein kinases, nitric oxide synthase, and telomerase (Richter et al. 2001a; Zhao et al. 

2005). Many of these substrates are oncogenic and small molecule inhibitors of Hsp90 

that disrupt its interaction with these oncoproteins are showing promise as novel 

chemotherapeutics (Chiosis et al. 2003; Li et al. 2009; Solit et al. 2008). 

 Hsp90 is an obligate dimer consisting of three domains per monomer. The C-

terminal domain (CTD) is the site of dimerization, the middle domain (MD) has been 
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implicated in client binding, and ATP binds to the N-terminal domain (NTD) (Pearl et al. 

2006). Crystal structures of Hsp90 from different organisms have demonstrated the large 

conformational range of Hsp90 with an open, nucleotide-free (apo) form (bacteria), a 

closed NTD dimerized state in the presence of the non-hydrolyzable ATP analog, 

AMPPNP (yeast), and an even more compact state when ADP is bound (bacteria) (Ali et 

al. 2006; Shiau et al. 2006). These structures suggest a nucleotide-driven conformational 

cycle important for Hsp90 function. Negative-stain EM analysis has confirmed the 

presence of all three conformational states for the bacterial (HtpG),  the yeast (Hsc82), 

and the cytosolic human (Hsp90α) Hsp90s indicating a common pathway for Hsp90 

function in different organisms (Southworth et al. 2008).  

 Structural and biochemical studies have shown that the conformational cycle is 

more complex and less deterministic than previously thought. In solution, these different 

states exist in equilibrium with one another and nucleotide acts to shift the equilibrium 

rather than specifically determining the conformation (Graf et al. 2009; Krukenberg et al. 

2008; Mickler et al. 2009; Southworth et al. 2008). While the conformational states 

appear to be a conserved aspect of Hsp90’s function, the positioning of the 

conformational equilibria between the states and the response to nucleotide appear to be 

extremely homolog specific. Based on a recent EM study (Southworth et al. 2008), 

Hsp90α has an equilibrium that is heavily biased towards the open state even in the 

presence of AMPPNP, whereas the equilibrium for Hsc82 is shifted predominantly 

towards the closed state with the addition of AMPPNP. HtpG is positioned to maintain 

maximum levels of both conformations in the presence of AMPPNP (Southworth et al. 

2008). Because of the differences in the conformational equilibrium seen in the presence 
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of nucleotide, it is reasonable to assume that differences also exist for the apo 

conformational states. The differing effects of nucleotide may arise from differences in 

the apo conformations, but this possibility has yet to be examined.  

 Less is known about the conformational dynamics of the endoplasmic reticulum 

(ER) homolog, Grp94. Grp94’s distinct set of client proteins are found mainly as part of 

the secretory pathway or as trans-membrane proteins (Melnick et al. 1994; Randow et al. 

2001), and many of these client proteins contain disulfide bonds. Grp94 also has a unique 

insertion of 5 residues in the active site lid (Immormino et al. 2004), a flexible region 

adjacent to the nucleotide binding pocket, suggesting that its response to nucleotide may 

be different from other Hsp90s. The crystal structure of Grp94 bound to either ADP or 

AMPPPNP shows a distinct conformation that is intermediate to the open apo and closed 

AMPPNP-bound states observed in other homologs (Dollins et al. 2007).  This structure 

further supports the hypothesis that Grp94 has a unique conformational cycle as 

compared to other Hsp90s. Kinetic studies have demonstrated that Grp94 favors an open 

state in the presence of nucleotide much like human Hsp90α (Frey et al. 2007), but it is 

unclear how this ‘open’ state relates to the apo states of other homologs. 

 While the nucleotide bound states have been extensively characterized for several 

Hsp90 homologs and show strong conservation across species, there is less data available 

for the structures of the apo forms of Hsp90. Our previous small angle X-ray scattering 

(SAXS) study of apo HtpG (Krukenberg et al. 2008)  revealed a more extended 

conformation in solution than in the crystal structure (Figure 3.1A). A recent SAXS and 

cryo-EM study of pig Hsp90 also showed a solution structure different from the known 

apo HtpG crystal structure (Bron et al. 2008). The pig Hsp90 study also demonstrated the  
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presence of two apo conformations in solution and provided molecular envelopes for both 

conformations. Both conformations are distinct from the HtpG solution structure 

indicating that the apo structures are not conserved between bacteria and higher 

eukaryotes. Although the SAXS/cryo-EM study provides an important look at the apo 

structure of a eukaryotic Hsp90, the resultant surface representations yield only limited 

information about the orientation of individual domains and the relative amounts of the 

two populations were not quantified.  

As a result of the already elucidated differences between Hsp90 homologs, 

especially differences in conformational equilibria in the presence of nucleotide, it is 

essential to have a better understanding of the structures of the different cytosolic and 

organelle Hsp90 apo forms and the conformational equilibria that may exist in the 

absence of nucleotide. To address this, we have used SAXS and rigid body modeling to 

investigate the domain orientations of the apo states of yeast Hsc82, human cytosolic 

Hsp90α and the mouse ER Grp94. Our method also allows for the deconvolution of 

multiple populations found in solution. We show that the apo states of the eukaryotic 

homologs are all primarily populated by a similar extended state distinct from the 

bacterial extended state. We also examine the nucleotide bound state of Grp94. This 

study provides the first evidence that Grp94, despite its differences, populates a 

conformation similar to cytosolic Hsp90 and indicates that nucleotide only subtly shifts 

the equilibrium towards more closed states. 
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Figure 3.1: Human Hsp90α and yeast Hsc82 in solution have an extended 
conformation distinct from the bacterial HtpG structure  
A) Two previously described conformations of apo HtpG.(Krukenberg et al. 2008; Shiau 
et al. 2006) B) Comparison of the P(r) functions for apo Hsc82 (black) and apo 
Hsp90α (purple). C) Hsc82 (black) and Hsp90α (purple) have a larger Dmax than either 
known apo bacterial Hsp90 solution state (high pH,(Krukenberg et al. 2008) blue; low pH 
(Krukenberg, et al., submitted), orange). The human and yeast proteins also display a 
distinctive shape to their P(r) curves. 
 

Results 

In solution, apo Hsc82 and Hsp90α are in a conformation distinct from HtpG 

 Previous SAXS and EM studies have shown an extended conformation for apo 

Hsp90 in solution (Bron et al. 2008; Krukenberg et al. 2008; Southworth et al. 2008). The 
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SAXS model for HtpG shows a conformation where a rigid body rotation about the MD-

CTD domain interface opens the NTD-MD domain angle by about 30° compared to the 

crystal structure creating a larger cleft between the two monomers. The NTD is also 

rotated away from the MD to create a more open and extended conformation (Figure 

3.1A) (Krukenberg et al. 2008). Negative-stain EM images of yeast and human Hsp90 

also show an open conformation in the absence of nucleotide (Southworth et al. 2008). 

Recent cryo-EM and SAXS reconstructions of pig Hsp90 (Bron et al. 2008)  show an 

extended conformation distinct from HtpG. The differences between the pig and bacterial 

structures suggest a broader array of open conformations across species than expected. 

Given its different kinetics and equilibria, the apo Hsc82 (yeast) conformation may also 

be significantly different from either HtpG or pig Hsp90, but its structure remains largely 

uncharacterized. 

 To investigate the differences between cytosolic human and yeast Hsp90, we 

collected SAXS data for both yeast Hsc82 and human Hsp90α in the absence of 

nucleotide and used rigid body modeling to develop atomic models of the apo states. 

Crystallographic studies have revealed that the underlying domain structure is highly 

conserved; the variability seen between Hsp90 homologues and between different 

nucleotide states is largely in the quaternary arrangement of the domains. By using rigid 

body refinement, we take advantage of these known structures to better position the 

domains with respect to one another. This method provides more information about the 

resulting conformations than possible with the standard ab initio modeling methods or the 

existing EM reconstructions. Moreover, the precision of the SAXS data also allows for 

the deconvolution of resultant distance distribution functions into a linear combination of 
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co-existing conformations. While, the cryo-EM images of pig Hsp90 revealed two 

distinct conformations, the relative amounts of the two populations were not determined. 

The SAXS methodology we have developed allows for the quantification of separate 

populations in solution, and with the variation in relative populations seen in the presence 

of nucleotide, this analysis is especially important for a complete understanding of 

Hsp90. 

The SAXS scattering data (I(Q)) was collected for Q = 0.008-0.3 (Q=4πsinθ 

/λ) and then converted to the distance distribution function (P(r)) by Fourier transform. 

The P(r) function provides a histogram of the interatomic distances found within the 

molecule giving information on shape as well as maximum end-to-end distance, and it is 

particularly sensitive to changes in the solution state of the protein. As seen in Figure 1B, 

Hsc82 and Hsp90α have quite similar P(r) functions. The Hsp90α P(r) also compares well 

to the previously shown P(r) for pig Hsp90 (Bron et al. 2008). Hsc82 does populate a 

small number of larger distances as seen by a maximum distance of 220Å as compared to 

200Å for Hsp90α. Hsc82 also has a less pronounced shoulder at 35Å. Overall, the shapes 

of the curves indicate a very similar solution structure or set of structures. Apo HtpG 

exists in a pH dependent conformational equilibrium between an open extended state and 

a more closed state (Krukenberg et al., submitted). As shown in Figure 1C, the P(r) 

curves make it very clear that neither HtpG apo conformation matches the solution 

conformations seen for Hsc82 or Hsp90α. In general the eukaryotic Hsp90s contain many 

larger interatomic distances suggesting a larger opening angle for eukaryotic Hsp90s. The 

shape of the peaks for Hsc82 and Hsp90α are also distinct from HtpG implying that other 

conformational differences exist between the homologs (Figure 1B).  
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Cytosolic yeast and human Hsp90 are predominantly in an extended chair-shaped 

conformation 

 Even though the crystal structures of Hsp90 have vastly different overall shapes, 

the structures within each domain are maintained between the different structures. This 

suggests that the dynamic motions of Hsp90 can be accurately modeled using rigid body 

motions of the domains. The known structures therefore provide a large number of 

possibilities for domain-domain configurations, greatly facilitating the modeling of the 

yeast and human data. Also, in these structures the NM interface (between the NTD and 

MD) is generally more tightly packed than the MC interface (between the MD and CTD) 

suggesting that most of the flexibility originates at the MC interface and the NM interface 

may be characterized by discreet conformations. To understand the structural origins of 

the yeast and human apo Hsp90 P(r) curves, we systematically varied rotations about 

either the NM interface or the MC interface, comparing calculated P(r) curves with those 

experimentally observed. Since variations at the MC interface have the largest effect, we 

began our search by treating the NM domains as rigid bodies that pivot about the MC 

interface. This is also in keeping with EM studies which indicate that the largest 

differences in conformation occur at the MC interface. Given that numerous NM 

configurations have already been solved, we initially used the previously described NM 

domain configurations from the yeast AMPPNP-bound crystal state (Ali et al. 2006), the 

HtpG solution state (Krukenberg et al. 2008), the apo HtpG crystal state, and the 

extended ADP-bound HtpG crystal state (Shiau et al. 2006). These conformations 

provided a good sampling of the conformational space accessible to the NM domain. 

Using the library of NM configurations, residue 530 (Hsc82 numbering) on the flexible 
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linker connecting the MD to the CTD was chosen as the hinge point and conformational 

space was systematically and exhaustively searched at regular angles about a general 

rotation axis while maintaining two-fold symmetry between the two monomers 

(Krukenberg et al. 2008). At the end of the grid search, the rotations and translations 

about the pivot point were further refined by several cycles of least-squares minimization. 

Regardless of the starting MC angle, the extended NM domain, seen in the tetramer form 

of the full-length HtpG crystal bound to ADP, consistently gave a better fit to the 

scattering data for both Hsc82 and Hsp90α than the other NM domains (Figure A3.1, 

Appendix 3 and data not shown). That the fully extended NM domain is correct for both 

Hsc82 and Hsp90α suggests that any differences between the two homologs occur largely 

at the MC interface. 

 While the fits were tolerable, the remaining disagreements indicate that the model 

does not fully explain the experimental data. Using the extended NM domain, the MC 

interface was further refined. Additional refinement of the NM angles did little to 

improve the fits. Throughout the rounds of refinement, we observed a tendency of the 

NM domains to translate away from the CTD disrupting the MC interface. All attempts to 

restrain the translations resulted in worse fits (eg. R= 12% without translation and ~8% if 

translations are allowed, Figure A3.2, Appendix 3). Examination of the models showed 

that a rotation of the two CTDs by ~ 45° about the symmetry axis could restore contacts 

between the MD and CTD. In the crystal structure, the MC interface is quite small and 

linked by a long, highly mobile tether suggesting that significant CTD rotation is 

possible. While the exact rotation is not known, this new CTD orientation is much more 

consistent with ab initio models (Figure 3.3A), supporting the key structural  
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Figure 3.2: Hsc82 and Hsp90α are best modeled with similar extended 
conformations and a small population of tetramer  
A) The Hsc82 solution data (black) is fit with a mixture of two populations (green). The 
mixture is 93% of the shown open, extended model and 7% of the shown tetramer (R = 
5.9%). The tetramer is the crystallographic tetramer found in the apo bacterial 
structure.(Shiau et al. 2006) B) Hsp90α solution data (black) is fit with a mixture of 90% 
of the shown open, extended model and 10% of the tetramer shown in panel A (R = 
5.7%). The extended model for Hsp90α has a 15˚ rotation of the NM domains towards 
each other as compared to the Hsc82 model. One monomer is depicted in green and the 
other in brown. In the tetramer, the second biological dimer is shown in grey. 
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interpretations of the scattering data. The ab initio model shown in Figure 3.3 is an 

average of 20 Gasbor (Svergun et al. 2001) reconstructions. An average model from 20 

DAMMIN (Svergun 1999) reconstructions is nearly equivalent (data not shown), 

indicating the robustness of the solution.  

Even with the CTD reconfiguration, the best fits for Hsc82 and Hsp90α still show 

significant deviation from the experimental data (Figure A3.3, Appendix 3; Hsc82, R = 

8.1%; Hsp90α, R = 8.9%). Noting that the previous EM study of pig Hsp90 showed two 

conformations (Bron et al. 2008), we tested for the presence of an additional 

conformation by fitting our data with a linear combination of two conformations. The 

open extended state was further refined about residue 530 while the second conformation, 

represented by a known structure, was held fixed. At each refinement step the best linear 

combination of the two states was determined. For the fixed structure, all known crystal 

structures were tested as well as the bacterial apo SAXS structure, and the two 

crystallographic tetramers observed for HtpG (see Materials and Methods).The best open 

extended state resulting from the single population searches was also held fixed while a 

second population of the extended state was further refined. The best fits were obtained 

with a linear combination of an extended chair-like conformation (having a slightly 

smaller opening angle than found in the single population searches) and a small 

population of the crystallographic apo tetramer as seen in the HtpG crystal structure 

(Figure 3.2; Hsc82, R = 5.9%; Hsp90α, R = 5.7%). The independently derived extended 

structure for Hsp90α is remarkably similar to the conformation found for Hsc82. The 

only difference between the two conformations is a small rotation (15˚) of the Hsp90α 

NM domains towards the CTD. The extended conformation also correlates well with the 
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Figure 3.3: The apo yeast structure is distinct from the extended bacterial solution 
state  
A) When conformational space is searched only by rotations and translations about the 
hinge point, the resulting model loses the MC interace (blue). Rotation of the CTDs 
around the two-fold axis by ~45˚ (pink) restores the MD/CTD connection and better fits 
the Gasbor density (mesh). B) In the yeast structure the NTD is maximally extended by a 
~90˚ rotation away from the MD. The NM domains are also rotated away from one 
another by ~180˚ as shown. These rotations cause a bend in the arms of the yeast protein 
not seen in HtpG (denoted by the dashed white lines). A rotation of the CTD (shown by 
the red arrow) causes a change in the point of contact between the MD and CTD leading 
to an angular chair-like structure. 
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previously described ‘flying seagull’ SAXS volume for pig Hsp90 (Bron et al. 2008). 

 A comparison of the yeast open model with the extended state of bacterial Hsp90 

shows the yeast protein in a much more extended conformation than the bacterial protein 

(Figure 3.3B). The NTD of the yeast structure, which is equivalent to the extended HtpG 

ADP NM crystal structure (Shiau et al. 2006), is rotated away from the middle domain by 

~90˚ as compared to the bacterial structure. The NM domains of the yeast structure were 

then rotated away from one another by ~180˚ while the opening angle remained nearly 

the same as in the bacterial structure. These two rotations result in a conformation where 

the arms of the dimer are bent when viewed from the side as opposed to the linear 

arrangement seen in bacteria (indicated by dashed white line in Figure 3.3B). Another 

striking difference is that the yeast dimerization domain (CTD) must be rotated ~45˚ 

from the bacterial position (marked by the red arrows in Figure 3.3B) causing the NM 

domain to contact the CTD at a different position. Because of the large domain 

rearrangements that occur between the bacterial and yeast structures, repacking of the 

MC interface in yeast probably occurs. At the low resolution of the SAXS data these 

changes at the MC interface are undetectable. The net result is that the NM domains of 

the yeast protein are stretched much further apart forming a more angular structure. 

Overall, the bacterial protein is more linear in its conformation. 

 Though the amount of tetramer (Hsc82, 7%; Hsp90α, 10%), is small, this addition 

significantly improves the fit to the data (Figure 3.2 and Figure A3.2, Appendix 3). The 

data can be fit nearly equivalently within a range of 5-10% apo tetramer. Adding in either 

more or less apo tetramer does, however, significantly compromise the fit to the 

experimental data (Figure 3.4). The presence of a tetramer was also confirmed by size-
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exclusion chromatography and multi-angle light scattering for Hsp90α. Small amounts of 

cross-linker (0.1% glutaraldehyde) were required to stably form the tetramer under these 

conditions (data not shown). This level of cross-linker stabilizes transient complexes 

without significantly building up higher-order structures. This result further underscores 

the sensitivity of the SAXS data to subtle changes in solution state. The biological dimers 

that form the apo tetramer are similar to the second conformation observed by cryo-EM 

for pig Hsp90.(Bron et al. 2008) The only difference between the two structures is that 

the NTD is more extended in the cryo-EM reconstruction than in the crystal structure. 

This conformation may be more prone to self-association given the MC angle and the 

high concentration conditions of SAXS. The lower concentrations required for EM, 

would shift the equilibrium towards the dimer form as was reported. 

 

 

Figure 3.4: The apo Hsc82 data is well fit by a continuum of apo tetramer between 
5-10%  
The effect of differing amounts of apo tetramer on the quality of the fit to the 
experimental data is shown. 
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Grp94 populates a similar extended conformation in the absence of nucleotide 

 The extent to which the conformational cycle of the ER homolog, Grp94, differs 

from other cytosolic homologs remains an open question. Recent crystal structures in the 

presence of ADP or the non-hydrolyzable AMPPNP, revealed a unique V-shaped 

conformation that is more closed than the previously described apo states but that lacks 

NTD dimerization as seen in the yeast AMPPMP structure (Dollins et al. 2007). In the 

Grp94 crystal, the NTD-MD conformation is virtually identical to that found in the apo 

HtpG structure, but the MD-CTD angle is markedly smaller for Grp94 and closely 

approximates that for the low pH state of apo HtpG found in solution (Krukenberg, et al., 

submitted). It is of significant interest to know how the solution structure of Grp94 

compares to the cytosolic yeast and human proteins and whether or not Grp94 has a 

different conformational cycle than other Hsp90s. In order to answer these questions, 

scattering data was collected for Grp94 in the absence of nucleotide. 

 To begin our analysis of the Grp94 SAXS data, we compared the experimental 

data to the P(r) predicted from the Grp94 crystal structure and our apo eukaryotic Hsp90 

data (shown here as Hsc82). The three P(r) curves are significantly different from one 

another as seen in Figure 3.5A. While all have peaks around 55Å, Grp94 in solution has a 

much greater number of larger interatomic distances than the Grp94 crystal structure and 

fewer large distances than the yeast apo state in solution. This difference is also reflected 

in very different values of Dmax: 180Å for Grp94 in solution compared to 110Å for the 

Grp94 crystal state and 220Å for Hsc82 in solution. While the larger Grp94 distances are 

reminiscent of those for Hsc82 and Hsp90α, the data suggest that Grp94 on average  



 133

 

 

Figure 3.5: The apo Grp94 solution data is a mixture of primarily an extended state 
with small amounts of apo tetramer and a closed state  
A) The apo Grp94 solution data (gold) is different from both the Hsc82 data (black) and 
the Grp94 crystal state(Dollins et al. 2007) (red). B) The Grp94 data (gold) is fit by a 
mixture of 77% extended, 10% apo tetramer and 13% Grp94 crystal state (green, R = 
3.9%). The extended model is shown in Figure 6. C) The data (gold) is fit by varied 
amounts of each population with the two endpoints represented by the data in Figure 5B 
and 77% extended and 23% apo tetramer (green, R = 2.8%). D) The data (gold) can be 
equally well fit using the yeast ‘ATP’ crystal state(Ali et al. 2006) instead of the Grp94 
crystal state. In green is the fit using 77% extended, 10% tetramer, and 13% yeast ‘ATP’ 
state (R = 4.1%). 
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populates a somewhat more compact conformation or set of conformations than its 

cytosolic homologs. 

 To test this hypothesis, rigid body modeling was conducted in the same way as 

described above. Based on preliminary negative-stain EM studies with Grp94, we also 

included a third population represented by the Grp94 crystal structure when modeling the 

Grp94 data. As seen for Hsc82 and Hsp90α, the Grp94 data are well fit with an open 

state with the same extended NM domain (Figure 3.5B, R = 3.9%). The open state 

observed for Grp94 is unexpectedly similar to the open states observed for both Hsc82 

and Hsp90α (Figure 3.6). While the MC open angles of the three structures are the same, 

the arms of the Grp94 state are not as extended as either Hsp90α or Hsc82. As compared 

to Hsc82, the arms of the Grp94 extended state are rotated towards each other by 20˚. The 

Grp94 solution state also includes 10% apo tetramer and 13% Grp94 crystal structure 

(Figure 3.5B). As with the Hsc82 and Hsp90α, the data is also well fit with varied ratios 

of the minor conformations.  The best fits to the data are found within the range of 10-

23% apo tetramer with the fraction of Grp94 crystal structure varying from 13-0% 

respectively. Representative fits of the two end points on the continuum are shown in 

Figure 3.5 (B and C). The larger population of the more compact states (tetramer or 

crystal structure) is responsible for the intermediate P(r) profile observed in Figure 5A.  

Negative stain EM confirmed that Grp94 is predominantly in an extended 

conformation in solution (Figure 3.7). A few particles similar to a closed state also appear 

(Figure 3.7, arrows). Because the P(r) profiles of the Grp94 and yeast AMPPNP crystal 

structures are highly similar, we tested the yeast AMPPNP structure as the third 

population instead of the Grp94 crystal structure. Both crystal structures gave nearly  
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Figure 3.6: Apo yeast Hsc82, human Hsp90α, and mouse Grp94 are distinct from 
bacterial HtpG in solution 
The side view shown in the left column demonstrates a similar open angle for all 
homologs, while the eukaryotic homologs have a more distinctive bend in the NM 
domains. The second view is a 90˚ rotation of the first, and this top-down view shows 
that the Hsc82, Hsp90α, and Grp94 structures share the same CTD rotation and extended 
NM domain as compared to HtpG. These differences give the eukaryotic structures a 
chair-like shape instead of the linear structure seen for HtpG. 
 

identical fits to the experimental data as seen in Figure 3.5D (R = 4.1% with the yeast 

AMPPNP structure) suggesting that the two structures are indistinguishable in solution at 

these low levels. Based upon the negative-stain EM images, we believe that the closed 

state is more likely represented by the Grp94 crystal structure, but given the small 
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number of closed particles this assignment remains ambiguous. Another possibility is that 

Grp94 is sampling both the Grp94 crystal state and the yeast AMPPNP crystal state 

simultaneously. 

 Since the ER functions as a Ca2+ storage organelle and Grp94 has been reported 

as a Ca2+ binding protein (Macer et al. 1988; Van et al. 1989), we also tested the effect of 

Ca2+ on Grp94 conformation. SAXS data revealed that, under our conditions, Ca2+ has a 

negligible effect on the conformational equilibrium (data not shown).   

 

Figure 3.7: Negative-stain EM also shows that apo Grp94 is largely populated by an 
open extended state  
A smaller population of a closed conformation is also present and indicated by the 
arrows. 
 
 
Nucleotide has a minimal role on the solution conformation of Grp94 

 Like cytosolic yeast and human Hsp90s, Grp94 requires ATP for function. In 

order to compare the effect of nucleotide on each homolog, we collected SAXS data for 

Hsc82, Hsp90α, and Grp94 in the presence of 10 mM AMPPNP. It has been previously 

demonstrated that ATP shifts the conformation of yeast Hsc82 to the closed state and  
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Figure 3.8: AMPPNP has the largest effect on the conformation of Hsc82  
A) AMPPNP-bound Hsc82 (orange) is significantly more compact than apo Hsc82 
(black). AMPPNP-bound Hsp90α (blue) is highly similar to apo Hsp90α (purple) and is 
best fit with the same mixture as apo Hsp90α. B) AMPPNP-bound Hsc82 (orange) is best 
fit by a mixture (green) of 39% extended state, 56% yeast ‘ATP’ crystal state, and 5% 
apo tetramer (R = 5.4%). C) A comparison of apo Grp94 (gold) and AMPPNP-bound 
Grp94 (purple). D) AMPPNP-bound Grp94 (purple) is fit with a mixture (green) of 58% 
extended state, 24% Grp94 crystal state, and 18% apo tetramer (R = 3.3%). 
 

human Hsp90 remains largely in the open state in the presence of nucleotide,(Southworth 

et al. 2008) and our solution data confirms this observation (Figure 8A). Further analysis 

of the yeast Hsc82 AMPPNP data (Figure 3.8B) shows that under the SAXS conditions, 
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the data is fit with 39% extended state, 56% yeast ‘ATP’ crystal state, and 5% tetramer 

(R = 5.4%). As with the apo data, a continuum of 5-10% tetramer is equally compatible 

with the observed scattering data (data not shown). 

 For Grp94, the presence of 10 mM AMPPNP causes a small shift in the P(r) curve 

(Figure 3.8C). This change in P(r) correlates with a small shift in the conformational 

equilibrium towards the closed state.  Scattering data for Grp94 in the presence of 

AMPPNP is fit by a combination of 58% extended, 18% apo tetramer, and 24% of the 

Grp94 crystal structure (Figure 3.8D, R = 3.3%). AMPPNP-bound Grp94 data is well fit 

with 10-18% tetramer and 27-24% Grp94 crystal structure respectively. As with the apo 

Grp94 data, the fits are recapitulated when using the yeast AMPPNP structure instead of 

the Grp94 crystal structure (Figure A3.3, Appendix 3) and are marginally better with the 

yeast structure (R = 2.0%). Though the amounts of the different populations are variable, 

it is clear that slightly more of either the Grp94 or yeast AMPPNP crystal state is present 

when nucleotide is bound. Data collected in the presence of ADP is essentially 

indistinguishable from the AMPPNP data (data not shown).  

 

Discussion 

 In this study we have used SAXS to characterize the apo conformations of yeast 

Hsc82 and ER Grp94 and compare them to human Hsp90α. Grp94 has long been thought 

to function in a unique manner as compared to the cytosolic homologs, but the differing 

responses of the cytosolic Hsp90s to nucleotide suggest that the apo conformations may 

be varied even among closely related homologs. Surprisingly, we have shown that all 

three homologs exist in a highly similar extended conformation in the absence of 
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nucleotide, and that this conformation is quite distinct from the extended apo bacterial 

conformation (Figure 3.6). All of the proteins from bacteria to humans have a similar 

open angle forming the cleft of the dimer, but a twist of the dimerization domain about 

the two-fold axis and a rotation of the NM domains away from the plane of symmetry 

result in the arms of the eukaryotic proteins being stretched much further apart from one 

another in a chair-like conformation. For the eukaryotic Hsp90s, an additional rotation of 

the NTD away from the MD results in an even larger arm extension. This extended 

conformation differs from the more linear configuration of the bacterial protein and could 

potentially allow for a larger interaction platform for client proteins. The eukaryotic 

structures obtained here are in good agreement with the ‘flying seagull’ form observed 

for pig apo Hsp90 (Bron et al. 2008).  

 While Hsp90α, Hsc82, and Grp94 all have comparable extended conformations, 

there are subtle differences between the structures. All three structures share the same 

NM domain configuration, whereas the angle between the MD and CTD differs slightly 

for each protein. Hsc82 has the most extended conformation with the largest angle 

between the MD and CTD. Hsp90α is somewhat less extended with the NM domains 

rotated towards the CTD by 15°, and Grp94 represents the least extended conformation 

with the NM domain rotated 20° towards the CTD as compared to the Hsc82 structure. 

The differences between the conformations indicate that the structures of the different 

homologs may have been optimized for interaction with their specific client proteins.  

 The SAXS data presented here also indicates that apo Hsc82, Hsp90α, and Grp94 

all exist in equilibrium between the extended state and a small population of an alternate 

conformation best represented by the crystallographic apo HtpG tetramer.  Given their 
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exposed hydrophobic interfaces, it is not surprising that tetramers can form at high 

concentration. All attempts to model the data using another dimer conformation failed to 

produce the correct shape observed around the P(r) peak. While we also tried the ADP 

tetramer observed in the HtpG crystallographic asymmetric unit, the fits were much 

better using a small amount of the crystallographic packing conformation seen in apo 

HtpG. The biological dimer within this tetramer is in good agreement with the second 

less populated dimer population seen in the cryo-EM images of pig Hsp90 (Bron et al. 

2008). The higher concentrations of the SAXS samples may promote the tetramer 

formation, whereas the dimer is observed under the lower concentration EM conditions. 

Accordingly, the tetramer appears transient at lower concentrations but can be trapped 

with low levels of glutaraldehyde and observed by size-exclusion chromatography.  

 Unlike cytosolic yeast and human Hsp90, apo Grp94 also populates at low level a 

third, more closed, conformation represented by either the known Grp94 ADP/AMPPNP 

crystal structures or the yeast AMPPNP crystal structure. Our EM data support this 

conclusion. Interestingly, an early EM study of Grp94 using rotary shadowing also 

described both an extended and compact conformation for Grp94 (Wearsch et al. 1996). 

Because the P(r) curves calculated from these crystal structures are so similar to one 

another, SAXS data cannot be used to distinguish between them at the low levels 

observed. Analysis of the EM images does, however, suggest that the Grp94 crystal 

structure is more relevant although the presence of both closed states cannot be ruled out 

as a possibility. 

 In previous studies, it has been shown that Ca2+ influences the binding of peptides 

to Grp94 (Biswas et al. 2007). Therefore, we tested the ability of Ca2+ to affect the 
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confirmation of Grp94. Under the conditions reported here, Ca2+ does not affect the 

conformation of Grp94. Unlike Ca2+, AMPPNP and ADP do have a slight affect on the 

conformational equilibria, favoring a slightly larger population of the more closed yeast 

AMPPNP or Grp94 crystal structures. Although AMPPNP stabilizes the compact state to 

some extent, the equilibrium remains solidly in favor of the extended state. Though 

unexpected, this observation is in strong agreement with a previous kinetic analysis of 

Grp94 showing Grp94 to be 97% in an open state in the presence of nucleotide (Frey et 

al. 2007). 

 It is especially interesting that Grp94 is able to populate an extended 

conformation comparable to the cytosolic Hsp90s. Only a few substrates of Grp94 have 

been demonstrated. Most of these substrates are cell-surface proteins or secreted proteins, 

and given the conditions of the ER many of these substrates contain disulfide bonds. This 

sets Grp94 client proteins apart from the Hsp90 client proteins found in the cytosol. Also, 

both Hsc82 and Hsp90α require cochaperones for function. These helper proteins are 

thought to assist in the loading of client proteins and in the regulation of the chaperone 

cycle, but unlike its cytosolic homologs, Grp94 has no known cochaperones. This data in 

combination with the alternative conformation seen in the crystal structure of Grp94 

suggest a unique conformational and functional cycle for Grp94. The data presented here 

suggests that Grp94 may utilize some conformations similar to the cytosolic Hsp90s, but 

the regulation of these conformations may be very different. This idea is further 

supported by recent SAXS data demonstrating the ability of HtpG to populate a Grp94-

like conformation (Krukenberg, et al., submitted) at low pH. Overall, the data supports a 

broader set of similarities between the eukaryotic proteins with important differences, 
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such as the extent to which ATP shifts the equilibrium to a closed state, still existing 

between homologs. For the future it will be quite important to elucidate the structural 

basis for the observed equilibrium differences and to correlate these with the functional 

properties of the different homologs of Hsp90. 

 

Materials and Methods 

Protein Expression and Purification 

 Full-length Hsc82 and Hsp90α were purified as described previously 

(Cunningham et al. 2008; Southworth et al. 2008). Truncated Grp94 (Δ1-55) was PCR 

amplified from cDNA of mouse Grp94 (ATCC) and subsequently cloned into the 

pET151/D-TOPO (Invitrogen), which includes a TEV-cleavable N-terminal His tag. 

Grp94 was purified from induced E.coli BL21(DE3) cells (Invitrogen) using Ni2+-NTA 

resin (Qiagen). His tags were removed by cleavage with TEV protease. Uncleaved 

protein was removed via a second Ni-NTA affinity column. The protein was further 

purified by anion exchange (MonoQ) and size exclusion chromatography on a Superdex 

S200 column (GE Healthcare). Protein was concentrated in 50 mM Tris, pH 8, 50 mM 

KCl using Ultrafree Biomax concentrators (Millipore) to a final concentration of 10 

mg/ml based on UV280 absorption. Protein was flash-frozen in liquid nitrogen and stored 

at -80 °C. Analytical size exclusion chromatography was performed to confirm the 

stability of Grp94 after storage at -80C. The measured ATPase rates for all homologs 

were comparable to published rates (Dollins et al. 2007; McLaughlin et al. 2004; 

Prodromou et al. 2000). 
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SAXS data collection 

 SAXS data was collected at SSRL beamline 4-2 and at the SIBYLS beamline 

(12.3.1) at the Advanced Light Source (ALS) as previously described (Krukenberg et al. 

2008). Data was collected for protein in 50mM Tris pH 8, 50mM KCl, 10mM MgCl2, 

1mM DTT, and ± 10mM AMPPNP. For Grp94, data was also collected for samples with 

10mM ADP or 10mM CaCl2. Other Grp94 samples contained CaCl2 in the absence of 

MgCl2 or no divalent cations. The full-length Grp94 was tested but no differences were 

seen between the full-length protein and the construct without the ER signal sequence. 

 

SAXS data analysis 

 The buffer subtracted scattering data, I(Q), were scaled and merged using the 

program PRIMUS (Konarev et al. 2003). The interatomic distance distribution functions 

(P(r)) were then calculated using the program GNOM (Svergun 1992). Dmax was 

determined by constraining rmax to zero and then varying rmax. Dmax was chosen as the rmax 

where the P(r) smoothly approached zero based upon perceptual criteria. Initial ab initio 

models were also calculated using the software Gasbor and DAMMIN (Svergun 1999; 

Svergun et al. 2001). Using each program, 20 reconstructions were calculated and then 

averaged using the DAMAVER software package (Volkov et al. 2003). Molecular 

modeling of the scattering data was then done using the in house software PRFIT as 

previously described (Krukenberg et al. 2008). Initial rounds of refinement resulted in 

models where the MD no longer contacted the CTD. This was corrected for by rotating 

the two CTDs as a single body about the two-fold axis until contact was restored with the 

MD. To test for the presence of a second population in solution, the modeled structure 
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was refined in the presence of a second fixed structure. After each round of refinement, 

the optimal linear combination of the two structures was determined. For the fixed 

population we tested the yeast ‘ATP’ crystal structure (PDB code, 2CG9; (Ali et al. 2006) 

the compact HtpG ADP crystal structure (2IOP(Shiau et al. 2006) the low (Krukenberg et 

al., submitted) and high pH HtpG solution states (Krukenberg et al. 2008),  the Grp94 

crystal structure (2IOV;(Dollins et al. 2007) the crystallographic apo tetramer (2IOQ), 

and the crystallographic ADP teteramer (2IOP; (Shiau et al. 2006) The quality of all fits 

were measured with an R-factor metric similar to the one used in X-ray crystallography 

(R= Σ⏐| Pobs(r) | - |Pcalc(r)|⏐ / Σ |Pobs(r)|). 

 

Electron Microscopy 

 Grp94 protein was negatively stained with uranyl format on thin carbon layered 

(40-50 Å thick) 400 mesh copper grids (Pelco) as previously described (Ohi et al. 2004; 

Southworth et al. 2008). Grp94 samples (200 nM) in 50 mM Tris pH 8.0, 50 mM KCl, 10 

mM MgCl2, and 1 mM DTT were imaged using a Tecnai G2 Spirit TEM (FEI) operated 

at 120 keV. Micrograph images were recorded using a 4k x 4k CCD camera (Gatan) at 

50,000x magnification with 2.2 Å pixel size.  
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Postscript 

Does Grp94 populate the yeast AMPPNP-bound crystal state, the Grp94 crystal state or 

both? 

 The extent of functional conservation between Grp94 and other eukaryotic 

homologs remains an open question. The similar nature of the extended states discussed 

in this chapter suggests that the conformational cycles of the homologs are more 

conserved than originally anticipated. From the SAXS analysis of Grp94 presented in this 

chapter, it was not possible to distinguish between the presence of the yeast AMPPNP-

bound crystal state or the Grp94 crystal state; the P(r) curves for the two crystal states are 

too similar. Better characterization of the closed state will assist in further defining the 

similarities and differences between the homologs. More extensive negative-stain EM 

analysis of Grp94 could address this question. The two closed states have unique 2D 

projections that could be used to classify single particles in the EM images. Comparison 

to 2D projections could be used to quantify the percentage of each closed state that is 

present under different conditions. This technique was used to successfully quantify the 

amounts of the open and closed states present for AMPPNP-bound yeast (Southworth et 

al. 2008). The functional relevance of the Grp94 crystal state and the extended SAXS 

conformation will also require further investigation. As proposed for HtpG (Chapter 2), 

the two conformations may bind different client proteins. To address this question, the 

conditions where Grp94 crystal state is the major population will need to be determined. 

The binding and activation of different client proteins could then be compared for 

conditions where either the extended state or the Grp94 crystal state is the predominant 

conformation. 
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How are the eukaryotic conformations regulated? 

 As described in Chapter 2, bacteria controls the apo conformation of Hsp90 by a 

pH-dependent mechanism and the conformational equilibrium is such that both apo 

conformations are populated at equivalent levels. For yeast and human Hsp90, the apo 

states are predominantly in an extended chair-like conformation. The presence of small 

amounts of the apo tetramer indicates that multiple apo conformations are also relevant 

for the eukaryotic Hsp90s, but it is not clear how the relative amounts of these 

conformations are regulated. Co-chaperones potentially play a large role in determining 

the conformation of Hsp90 in eukaryotes. As discussed in the Introduction, there is 

mounting evidence supporting the role of co-chaperones in establishing the conformation 

of Hsp90. Further structural and biochemical studies characterizing the interactions 

between co-chaperones and Hsp90 will be required to fully answer this question. 

 Post-translational modifications of Hsp90 may provide another means of 

controlling the conformation of Hsp90. Both acetylation and phosphorylation play 

important roles in the regulation of Hsp90 in vivo and sites of modification are beginning 

to be mapped (see Introduction). SAXS studies of phosphorylated or acetylated Hsp90 

would reveal any large structural consequences of these modifications. 

  

What is the origin of the structural differences between the eukaryotic and bacterial apo 

structures? 

 The apo structures of HtpG are significantly different from the apo structures of 

the yeast and human proteins. These differences may have important implications in 

client binding or chaperone function. The sequences between prokaryotic and eukaryotic 
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Hsp90 are highly conserved with HtpG and human Hsp90α being 34% identical and 52% 

similar. A comparison of the prokaryotic and eukaryotic sequences could provide insight 

into the origins of the species specific differences in conformation. Christian 

Cunningham in the lab is currently constructing chimeras of the cytosolic yeast and 

human proteins to understand which regions of the protein are responsible for the 

increased ATPase activity in yeast. The same approached could be used for the bacterial 

and eukaryotic proteins. Chimeras could then be screened by SAXS using the high-

throughput SAXS collection set-up at ALS beamline 12.3.1 providing information about 

the relationship between sequence and structure. 
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Chapter 4: Developing in vitro assays for the activation of the tyrosine 

kinase c-src by Hsp90 

 

Preface 

 The previous chapters provide valuable information about the structure and 

conformational dynamics of Hsp90, and the greater understanding of the basic properties 

of Hsp90 paves the way for investigating the role of Hsp90 in activating client proteins. 

An important subset of Hsp90 client proteins are tyrosine kinases. Currently no in vitro 

systems have been developed for studying the role of Hsp90 in the activation of tyrosine 

kinases. In order to develop such assays, I investigated the role of Hsp90 in the activation 

of the tyrosine kinase, c-src using assays that measure either the autophosphorylation of 

c-src or c-src’s ability to phosphorylate substrate peptide. I also examined the binding of 

recombinant c-src and Hsp90 in vitro. 
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Background 

 Hsp90 interacts with a wide range of client proteins in the cell. These client 

proteins include serine/threonine and tyrosine kinase. One important member of this class 

of clients is the cytoplasmic tyrosine kinase c-src. c-Src is the cellular homolog of the 

Rous Sarcoma virus oncogene v-src and is involved in the control of cell growth and 

cellular architecture (Bjorge et al. 2000; Xu et al. 1999). c-Src has also been described as 

a proto-oncogene and is important for cancer cell growth and metastasis (Irby et al. 

2000). c-Src consists of three domains, an SH2 domain, an SH3 domain, and the kinase 

domain where substrate binds and is phosphorylated (Figure 4.1). In vivo activation of c-

src requires two events. First, Y527 is desphosphorylated disrupting the interaction with 

the SH2 domain. Y419 is then autophosphorylated restructuring the activation loop and 

allowing access to the peptide binding pocket (Figure 4.1) (Bjorge et al. 2000). 

Activation also requires Hsp90. Using an in vivo assay expressing c-src in yeast the effect 

of Hsp90 on the activity of c-src was examined. Yeast contains no src homolog and has a 

very low background level of tyrosine phoshorylated proteins facilitating the 

measurement of c-src’s activity. In this system, reduced levels of Hsp90 result in reduced 

c-src activity (Xu et al. 1999). In the same study it was also demonstrated that c-src 

requires Hsp90 in order to be a substrate for Csk, a regulatory kinase of src. 

 Currently, all studies on the interaction of c-src with Hsp90 have been done in 

vivo. I was interested in developing an in vitro system where the requirements of Hsp90’s 

interaction with c-src could be dissected biochemically. An in vitro system would also 

provide tools for studying the role of conformation in the activation of c-src and would 

pave the way for structurally characterizing the Hsp90/c-src complex. In order to develop 
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Figure 4.1: Crystal structure of c-src show two distinct conformations 
c-Src consists of three domains, the kinases domain (blue), the SH2 domain (green) and 
the SH3 domain (gold). For activation to occur Y527 is dephosphorylated disrupting the 
interaction with the SH2 domain and causing a large conformational rearrangement. 
Y419 is the phosphorylated leading to a conformational change in the activation loop 
allowing substrates to bind. Bound substrate in shown in the active conformation by a 
stick representation. Crystal structures were solved by Xu et al. (inactive) and Cowan-
Jacob et al. (active) (Cowan-Jacob et al. 2005; Xu et al. 1997). 
 

an in vitro assay of c-src activation, I examined the role of Hsp90 in the 

autophosphorylation of c-src and in the phosphorylation of substrate peptide by c-src. I 

also examined the binding of recombinantly expressed c-src and Hsp90, but under the 

conditions tried I was unable to form stable complexes. I have shown that Hsp90 is able 

to stimulate both the autophosporylation and the substrate phosphorylation of c-src in 

vitro, but further work is required to better characterize these systems and test their 

applicability for studying Hsp90 function.   

  

Results 

The role of Hsp90 in the autophosphorylation of the tyrosine kinase c-src 

 c-Src activation requires the autophosphorylation of Y416, and Hsp90 may play a 

role in this step. c-Src expressed in bacteria is not observably phosphorylated at Y416 

(Seeliger et al. 2007), and phosphorylation at this residue may provide an excellent 



 152

readout for Hsp90’s activation of c-src. To address this possibility I tested the affect of 

Hsp90 on the autophosphorylation of c-src in vitro. 

 Hsp90 was incubated with the kinase domain of c-src in the presence of ATP. The 

proteins were then separated by SDS-PAGE and transferred to nitrocellulose. A western 

blot was performed using a monoclonal antibody specific for phospho-Y416 c-src. No 

phosphorylation was observed in the absence of Hsp90 whereas phosphorylation was 

clearly visible for c-src incubated with Hsp90. The increased autophosphorylation was 

prevented by the presence of the Hsp90 specific inhibitor geldanamycin (GA) (Figure 

4.2). Other Hsp90 homologs were tested, and HtpG activates c-src to a lesser extent than 

either cytosolic human homolog (Figure 4.3). To test the specificity of Hsp90 in the 

activation of c-src the chaperones Hsp70 and p50 were also tested. Both were able to 

activate c-src although less efficiently than either of the cytosolic human Hsp90 

homologs. 

 

Figure 4.2: Hsp90 activates the autophosphorylation of c-src 
30 nM c-src in the presence of 780 nM Hsp90 shows significant autophosphorylation 
after 30 minutes by western blot. 200 uM geldanamycin (GA) completely inhibits the 
activated autophosphorylation. A monoclonal antibody specific for phospo-Y416 c-src 
was used. 
 

 In vivo Hsp90 must cycle ATP in order to correctly function. To test for the 

dependence of Hsp90 on ATP in the c-src autophophorylation assay, mutants of both 

Hsp90α and Hsc82 deficient in ATP binding or hydrolysis were tested. The Hsc82 E33A 
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Figure 4.3: Both cytosolic human Hsp90s activate c-src autophosphorylation 
Both cytosolic human homologs and the bacterial homolog HtpG were tested at 780 nM 
for their ability to activate c-src autophosphorylation. All caused activation although 
HtpG activated c-src to a lesser extent. The co-chaperones Hsp70 and p50 were tested at 
the same levels and both show reduced c-src activation as compared to human Hsp90.  
 

mutant binds ATP but cannot hydrolyze it, while the D79N mutant is unable to bind 

ATP. The human Hsp90α R400A mutant is also deficient in ATP hydrolysis. All three 

mutations were able to stimulate c-src’s autophosphorylation to the same extent as the 

wild-type protein (Figure 4.4) showing that the activation is not dependent on Hsp90’s 

ATPase activity.  

 

Figure 4.4: Activation of c-src does not depend on Hsp90 binding or hydrolyzing 
ATP 
The autophosphorylation of c-src was measured in the presence of human Hsp90α, yeast 
Hsc82, and mutants deficient in ATP binding and hydrolysis. E33A and R400A bind 
ATP but do not hydrolyze it, and D79N does not bind ATP. All proteins tested were 
equally able to activate c-src. 
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The effect of Hsp90 on the ability of c-src to phosphorylate a substrate peptide 

 Another possible readout for the activation of c-src is the phosphorylation of a 

substrate peptide. As previously described, c-src will radioactively label a substrate 

peptide when incubated with ATP-γ-32P (Blair et al. 2007; Seeliger et al. 2005). The 

labeled substrate is bound to a phosphocellulose filter paper and the unused ATP is 

washed away. The level of phosphorylation is measured using a phosphoimager plate and 

scanner. Purified c-src is not very stable and peptide phosphorylation assays are typically 

done in the presence of 1 mg/ml BSA in order to produce robust results. To observe any 

effect by Hsp90, BSA was eliminated from the reaction. As seen in Figure 4.5A, the 

addition of BSA masks any effect of Hsp90 on the activation of c-src, and only a small 

effect is observed with Hsp90 alone. The concentration of Hsp90 was also varied from 0-

200 nM while the concentration of c-src was maintained at 2 nM (Figure 4.5B). A large 

excess of Hsp90 is required for significant activation of c-src.  

 Because 1 mg/ml (15 μM) of BSA activates c-src 5-fold (Figure 4.5A) it was 

important to test the ability of BSA to activate c-src at concentrations similar to those 

used for Hsp90. Peptide phosphorylation by c-src was therefore tested in the presence of 

either 200 nM Hsp90 or 200 nM BSA. As shown in Figure 4.6 both proteins are equally 

effective at activating c-src. It is possible that Hsp90 is functioning in a more specific 

manner than would be expected for BSA, but the barrier for activation may be very small. 

Only a tiny amount of Hsp90 may be required to initially stabilize c-src and overcome the 

activation barrier. Once a small population of c-src is active the rest would quickly be 

auto-activated independently of Hsp90. If this is true, it would explain why no difference 

is seen between BSA and Hsp90. Limiting c-src’s ability for self-activation may increase 
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the dependence on Hsp90 separating the specific effect of Hsp90 from the non-specific 

effect of BSA. To tune the auto-activation of c-src, small amounts of calf intestinal 

phosphatase (CIP) were added to the reaction. As seen in Figure 4.6, the addition of CIP 

does not differentiate between the effects of Hsp90 or BSA. 

 

 

Figure 4.5: Hsp90 activates c-src peptide phosphorylation in the absence of BSA in a 
dose-dependent manner 
A) Kinase activation measured as the extent of peptide phosporylation over time was 
measured in the presence (solid bars) and absence (stripped bars) of BSA. Hsp90 
activates c-src 2-fold in the absence of BSA. B) The degree of peptide phosphorylation 
over time (kinase activation) plotted as a function of Hsp90 concentration. c-Src was used 
at a concentration of 2 nM. A significant excess of Hsp90 is required for the activation. 
Error bars represent three independent experiments conducted on the same day. 
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 Figure 4.6: Hsp90 and BSA activate c-src equivalently. 
Peptide phosphorylation by 2 nM c-src was tested in the presence of 200 nM Hsp90 
(solid bars) or 200 nM BSA (stripped bars). Small amount of the phosphatase CIP were 
also added in an effort to tune the auto-activation of c-src. 1 unit of CIP is sufficient to 
dephosphorylate 1 μmole of phosphorylated peptide. No difference is seen between 
Hsp90 and BSA.  
 

Binding of c-src to Hsp90 

 The binding of c-src to Hsp90 has been previously reported (Hutchison et al. 

1992; Koga et al. 2006). Hsp90 binds to c-src when either Hsp90 or c-src is 

immunoprecipitated from mouse or human cell culture. Because I am working with 

recombinantly expressed chicken c-src and human Hsp90, I tested the binding of the two 

proteins in vitro. Pull-downs were performed by binding His-tagged Hsp90 or c-src to 

TALON beads. The second protein was then incubated with the bound protein and the 

beads were washed. The beads were then eluted with SDS and the reactions were 

analyzed by SDS-PAGE and western blot. No binding between Hsp90 and c-src was 

observed (data not shown). Rabbit reticulocyte lysate was added to the reactions in case 
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other factors are necessary to promote complex formation. Once again no binding was 

observed (data not shown). 

 Surface plasmon resonance (SPR) was also used to measure the binding of 

recombinantly expressed c-src to recombinantly expressed human Hsp90. His-tagged 

Hsp90 or c-src was immobilized using either an NTA conjugated chip or an anti-His 

antibody conjugated chip. High background binding was observed for non-His-tagged 

Hsp90. In the buffers tested (See materials and methods), no interaction between Hsp90 

and c-src was observed (data not shown). 

  

Discussion 

 Understanding the specifics of how Hsp90 interacts with and activates client 

proteins is essential for defining the molecular mechanism of Hsp90 and this aspect of 

Hsp90 function remains largely unknown. In vitro assays exist for the steroid hormone 

receptors PR and GR and for the serine/threonine kinase Chk1 (Arlander et al. 2006; 

Dittmar et al. 1997; Kosano et al. 1998), but no in vitro assays exist for tyrosine kinases.  

I tested the affect of Hsp90 on c-src autophosphorylation and peptide phosphorylation in 

an effort to develop and in vitro assay of c-src activation. The results of the 

autophosphorylation assay suggest that this is a passive chaperone assay. Hsp90 does not 

require the binding or hydrolysis of ATP in order to activate c-src in this assay. Hsp70 

and p50 were also able to activate c-src but not to the same extent as Hsp90 indicating 

that Hsp90 may play a specific role in the activation. Though the assay does not require 

Hsp90 to hydrolyze ATP, it may still be a useful assay for studying the interaction of 

Hsp90 with c-src. Mutations in suggested client binding regions of Hsp90 may disrupt the 
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activation of c-src providing insight into the mechanism of client recognition by Hsp90. 

Overall, the usefulness of the autophosphorylation assay will be greatly improved with a 

more sensitive and quantitative readout of phosphorylation. The use of radioactive ATP 

may provide the additional sensitivity that is required. 

 I also investigated the role of Hsp90 in stimulating peptide phosphorylation by c-

src. Hsp90 does activate c-src in the peptide phosphorylation assay but BSA is equally 

able to stimulate the activity of c-src. This result brings into question the specificity of the 

Hsp90 effect. Once a small amount of c-src is activated by Hsp90 or BSA the rest of the 

population may be quickly activated by other molecules of c-src. This efficient 

propogation of the activation signal may mask any specific effects of Hsp90 when 

compared to BSA. Small amounts of phosphatase were added in an attempt to increase 

the Hsp90 dependence of c-src activation. In the presence of phosphatase the effects of 

BSA and Hsp90 remained equivalent. The mutation of Y416 to phenylalanine may be 

another means of increasing the Hsp90 dependence of c-src. Y416F c-src is active in 

vitro (Cooper et al. 1988) but the loss of the phosphorylation site may reduce the auto-

activation to such an extent that the effects of Hsp90 are more apparent. 

 The ability of Hsp90 to activate c-src in both assays indicates that Hsp90 is 

interacting with c-src. This has been confirmed by immunoprecipitation of Hsp90 and c-

src from mammalian cell culture (Hutchison et al. 1992; Koga et al. 2006). To more fully 

characterize the interaction between Hsp90 and c-src, I investigated the in vitro binding 

of recombinantly purified c-src and Hsp90. No interaction was observed by pull-downs 

or SPR suggesting that the interaction is transient and other factors are required to 

stabilize the complex. Co-chaperones such as the kinase specific p50 may be required to 
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stabilize the c-src:Hsp90 complex. Post-translational modifications of either Hsp90 or c-

src that do not occur in the recombinantly expressed proteins may also be required, and 

these possibilities will require further investigation. Once the requirements for a stable 

complex have been determined the interaction can be dissected providing information 

about the sites of binding and the structural aspects of c-src that Hsp90 recognizes. 

 

Materials and Methods 

Protein purification 

 cDNA for the kinase domain of chicken c-src (residues 251-533) was expressed 

and purified as previously described (Blair et al. 2007; Seeliger et al. 2005). The protein 

was stored in 50 mM Tris pH 8, 100 mM NaCl, 5% Glycerol, and 1 mM DTT. Human 

Hsp90α and Hsc82 were purified as previously described (Cunningham et al. 2008; 

Southworth et al. 2008). Hsp70 protein was a gift from D. Southworth. p50 plasmid DNA 

containing a thrombin cleavable GST tag (vector, pGEX-4T) was transformed into BL21 

(DE3) cells (Invitrogen). Cells were grown at 37˚C to an OD600 of 0.5 and induced with 1 

mM IPTG and left at 16˚C overnight. Cells were harvested, resuspended in 50 mM Tris 

pH 7.5, 150 mM NaCl, 1 mM DTT, and a protease inhibitor cocktail (Roche). Cells were 

lysed at 15,000 psi and the cell debris was pelleted at 35,000 x g for 30 min. The cell 

lysate was passed over glutathione sepharose resin and the collected protein was cleaved 

with thrombin at room temperature overnight. The cleaved protein was then purified by 

successive passage over monoQ and gel filtration columns (GE Healthsciencs) with a 

final buffer of 20mM Tris pH 7.5, 100mM NaCl. All proteins were flash frozen in liquid 

nitrogen and stored at -80˚C. 
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Autophosphorylation assay 

 The autophosphorylation assay was adapted from the method described by 

Seeliger and colleagues (Seeliger et al. 2007). 30 nM c-src was incubated at 30˚C with 

780 nM chaperone in a buffer of 50 mM Tris pH 7.5, 10 mM MgCl2, 2 mM DTT. 

Geldanamycin, dissolved in DMSO, was added to a final concentration of 200 μM and an 

equivalent amount of DMSO was added to each reaction. ATP was added to a final 

concentration of 1 mM to start the reaction. Aliquots were taken at 0, 10, and 30 minutes 

and diluted 2-fold with SDS loading buffer to stop the reaction. For each timepoint 10 μl 

were run on an SDS-PAGE gel.  The separated proteins were then transferred to 

nitrocellulose and a western blot was performed using a phospho-src family (Y416) 

antibody (Cell Signaling #2101) followed by an α-rabbit-HRP conjugated secondary 

antibody. The blot was developed with the West Pico Kit (Pierce). 

 

Peptide phosphorylation assay 

 The peptide phosphorylation assay was adapted from the work of Blair et al. 

(Blair et al. 2007). 2 nM c-src was incubated with 50 μM substrate peptide 

(LEEIYGEFKKK) and 0-200 nM human Hsp90α in 50 mM Tris pH 8, 10 mM MgCl2, ± 

1 mg/ml BSA. To start the reaction, unlabeled ATP to a final concentration of 1 mM and 

ATP-γ-32P to a final concentration of 17 nM (5 μCi) was added. The reactions were 

incubated with shaking at 30˚C. At 5, 15, 30, and 60 minutes 5 μL were spotted on 

phosphocellulose filter paper (P81, Whatman). Filter papers were washed three times in 

0.5% phosphoric acid, one time in acetone, and allowed to dry before exposing on a 

phosphoimager plate for 2-5 hours. The average intensity for each spot was calculated 
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with the software ImageQuant and plotted versus time. The slope of the line represents 

the relative rate of phosphorylation. Assays were also performed in buffer containing 50 

mM Tris 8, 50 mM KCl, 2 mM MgCl2, and 1 mM DTT 

 

Binding assays 

 Pull-down experiments were performed with TALON Dynabeads (Dynal 

Biotech). His-tagged Hsp90 or c-src were incubated with the TALON beads and buffer 

containing the other protein, ± rabbit reticulocyte lysate, and ± ATP. The four following 

buffer systems were tried i) 50 mM Tris pH 8, 10 mM MgCl2, and 2 mM DTT, ii) 20 mM 

Tris pH 7.5, 50 mM KCl, 20 mM MoO4, and 10% glycerol (0.005% Tween and 10 mM 

imidazole were added for the wash) iii) 20 mM Tris pH 7.5, 270 mM sucrose, 50 mM 

KCl, 4 mM EDTA, 1 mM DTT and 0.01% Tween, and iv) 20 mM, 100 mM NaCl (300 

mM for wash) and 0.5% non-idet P-40. Beads were incubate at 30˚C for 30 min. or 4˚C 

for 1 hour (buffer condition iv), washed, and stripped with SDS loading buffer. Samples 

were then analyzed by western blot with an Hsp90 antibody (Cell signaling, #4874). 

 Surface plasmon resonance experiments were conducted on a Biacore 1000 

instrument. His-tagged Hsp90 or c-src was bound to an NTA conjugated chip or an anti-

His antibody conjugated chip. Varying concentrations of the other protein were then 

flowed over the chip. Buffers tested included i) 10 mM Hepes pH 7.4, 150 mM NaCl and 

0.05% surfactant, ii) 50 mM Tris pH 8 and 50 mM KCl, and iii) 25 mM Tris 8, 25 mM 

NaCl and 0.005% Tween. Binding was also tested in the presence of ATP.  
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Postscript 

Is v-src a better in vitro substrate for Hsp90? 

 v-Src, the oncogenic c-src homolog from the Raus Sarcoma virus, differs from c-

src by eight amino acids and a small C-terminal substitution. v-Src has increased kinase 

activity compared to c-src and decreased levels of Hsp90 in vivo have a larger effect on 

the activation of v-src than c-src (Xu et al. 1999). Immunoprecipitations of v-src and c-

src with Hsp90 also suggest that Hsp90 binds v-src more tightly than c-src (Hutchison et 

al. 1992). If v-Src does bind Hsp90 more tightly it may be possible to form a stable 

complex of Hsp90 and v-src using recombinant proteins making v-src a better candidate 

for in vitro studies with Hsp90. Once a stable complex is formed the binding site on 

Hsp90 could be identified through mutagenesis of candidate hydrophobic surfaces. The 

binding of Hsp90 could also be done in the presence of different v-src inhibitors. Some 

kinase inhibitors are known to affect the conformation of the kinase (Liu et al. 2006). The 

drug imatinib locks bcr-abl and c-src in an inactive conformation (Seeliger et al. 2007). 

Investigating the affects of different src inhibitors on the binding of src to Hsp90 may 

provide new insight into the conformations of the kinase that are recognized by Hsp90.  

 

Why is v-src more Hsp90-dependent than c-src? 

 Because of the incredibly high sequence conservation between v- and c-src, it is 

surprising that there is such a marked difference between the two proteins’ dependence 

on Hsp90. Site-directed mutagenesis of either c-src or v-src to the sequence of the other 

homolog may provide additional information about the requirements for Hsp90-

dependence. The eight amino acid substitutions and the C-terminal substitution found in 
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v-src could be incorporated individually and in various combinations into c-src. The 

interaction between Hsp90 and the mutated c-src could then be monitored either through 

an activation or binding assay. The systematic analysis of the effects of each of the 

mutations on src’s structure, activity and interaction with Hsp90 will better define the 

requirements for interaction with Hsp90 and further our understanding of the role of 

Hsp90 in the activation of tyrosine kinases.  
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Chapter 5: Conclusions and Future Directions 

 

 Throughout this work, I have shown that structural dynamics play an important 

role in the function of Hsp90, and understanding the complete conformational ensemble 

is imperative for defining Hsp90s molecular mechanism. Large conformational changes 

occur throughout the ATPase hydrolysis cycle, and the conformational state is not 

rigorously determined by the bound nucleotide. Instead nucleotide binding shifts a 

conformational equilibrium between states that are also sampled in the absence of 

nucleotide. I have characterized the solution states of HtpG using small angle X-ray 

scattering (SAXS) and shown that HtpG exists in a minimum of three conformational 

states. In the absence of nucleotide the primary conformations are an open extended 

conformation and a closed Grp94-like conformation. In the presence of saturating levels 

of AMPPNP a third conformation matching the yeast AMPPNP-bound crystal structure is 

also populated. In vivo, HtpG will also simultaneously sample nucleotide bound and 

unbound states due to the weak interaction with ATP.  

 The relative populations of the two apo conformations are controlled by the pH of 

the system and the protonation state of two histidines in the MC interface, and the 

conformational equilibrium can be biased by mutations at H446. The H446K mutation 

shifts the population towards the Grp94-like state, whereas the H446E mutation shifts the 

population towards the extended state. These mutations provide excellent tools for 

probing the functional relevance of each of the conformations, and initial characterization 

of the mutants with the model substrate, citrate synthase, demonstrates that the Grp94-

like conformation is better able to suppress the aggregation of citrate synthase. HtpG may 
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use different conformations for distinguishing between client proteins, but future studies 

with other client proteins will be required to answer this question.  

 Conformational equilibria are also an important part of the eukaryotic chaperone 

cycle. Eukaryotic Hsp90s exist mainly as an open extended conformation, but small 

amounts of a second population, which tetramerizes under SAXS conditions, is also 

present. A second apo conformation for pig Hsp90 has been described by cryo-EM (Bron 

et al. 2008), and kinetic studies confirm the presence of two open states for yeast Hsp90 

(Hessling et al. 2009; Mickler et al. 2009). In the presence of nucleotide, SAXS data 

shows that yeast Hsp90 is in equilibrium between the open states and the closed yeast 

AMPPNP-bound crystal structure. Negative-stain EM confirms the conformational 

equilibrium for yeast and also demonstrates that the closed state is transiently populated 

by the human protein as well (Southworth et al. 2008).  

 All of the data indicates that the underlying conformational dynamics of Hsp90 

are conserved from bacteria to humans. The species specific differences that are 

observed, especially in ATPase rates, result from differences in the regulation of these 

dynamics. The use of pH to control the conformational equilibria is a uniquely bacterial 

trait. For the cytosolic eukaryotic Hsp90s, co-chaperones regulate the conformational 

state of Hsp90 by shifting the equilibrium and the finely tuned regulation is essential for 

proper chaperone function (Hessling et al. 2009; Onuoha et al. 2008; Phillips et al. 2007). 

Other levels of regulation may exist in the form of post-translational modifications such 

as phosphorylation and acetylation , but the exact nature of these effects is poorly 

understood. Other modifications will also require investigation to determine their 

importance in the regulation of Hsp90. Disrupting the conformational dynamics of Hsp90 



 167

provides an attractive target for new therapeutics for the treatment of cancer and 

potentially vascular disease and Alzheimer’s. Inhibitors currently in clinical trials show 

signs of altering the conformation of Hsp90 and thereby disrupting the binding of client 

proteins. 

 While a much clearer picture of the mechanism of Hsp90 has emerged, many 

outstanding questions still exist and require investigation. To begin with, the exact nature 

of the interaction of client proteins with Hsp90 is largely uncharacterized, and it is 

essential to understand how client protein binding affects the conformation of Hsp90. It is 

also important to understand how Hsp90’s conformational changes relate to the activation 

of client proteins. Another open question is the origin of the energy required for 

remodeling of the client protein. Because the ATPase activity is low and not strongly 

coupled to the conformational changes that occur, it is unclear where the force originates 

from to drive the conformational changes in Hsp90 and any consequent changes that 

occur in the client protein. Also, important differences exist between different homologs 

and each homolog has uniquely determined the relative amounts of each conformation 

present under different conditions. Understanding how the equilibria are established and 

the functional consequences for shifting the equilibria will provide critical information 

about the molecular mechanism of Hsp90. Ultimately, a more detailed understanding of 

Hsp90, its dynamics and interactions, will pave the way for the development of more 

targeted therapeutics. 
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Appendix 1: Supplemental Material for Chapter 1  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1.1: The modeled NM domain represents a structure intermediate between 
the apo crystal structure and the AMPPNP bound crystal structure. 
The NM domains from the apo crystal structure (blue), the AMPPNP homology model 
(brown), and the best fitting NM domain model (green) aligned by their middle domains. 
 

Figure A1.2: Clustering of the models for the full-length apo HtpG SAXS data 
A) Clustering of the top 10% of the best scoring models created for fitting the apo HtpG 
SAXS data. The structures represent the top scoring model from each cluster, 
respectively. B) Two views of the alignment of the volumes of the four top models. 

A

90º

B
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Figure A1.3: Effects of small motions on the fit of the model to the full-length apo 
HtpG scattering data 
Plot of the degree of rotation of the arms of the HtpG dimer versus the fit to the 
experimental data. The arms of the open model were rotated by small degrees in the 
direction of x, y, and z and the fit of the new model calculated from the distance 
distribution functions. The final optimum is well determined.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1.4: Comparing Apo and ADP-bound HtpG by SAXS 
A) Averaged and scaled solvent-subtracted scattering curves (I(Q)) for full length HtpG 
in the absence of nucleotide (black) and in the presence of saturating amounts of ADP 
(10 mM ADP, red). B) Interatomic distance distribution functions (P(r)) calculated from 
the scattering data shown in panel A (black and red for apo and ADP-HtpG, 
respectively). The P(r) curves are normalized to have equivalent areas under the curve. 
 
 

A B
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Appendix 2: Supplemental Material for Chapter 2 

 
 

Figure A2.1: The pH dependence is due to 1-2 titratable groups  
Binding plot of the pH titration data presented in Fig 1. Data was fit with a standard 
multiple binding site model, y=Δ(y)*xn/(KD+xn)+minimun(y), giving the number of 
titratible groups (n) as 1-2. 
 
 

 
 
Figure A2.2: pH has no effect on the apo NM domain  
P(r) for NMHtpG at pH 6 (purple), pH 7 (green), pH 8 (blue), and pH 9 (grey). The slight 
variation at pH 6 is due to aggregation of the sample. 
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Figure A2.3: All of the apo pH data is well fit with a linear combination of the 
extended state and the Grp94-like state 
Fits (blue) of the linear combinations from Table 1 are compared to the experimental data 
(black) for apo HtpG at all six pH values. 

 
 
Figure A2.4: Modeling of the AMPPNP-bound NMHtpG scattering data 
A) The P(r) function for pH 6 of apo NMHtpG (red) aligns well with the AMPPNP-
bound NMHtpG (black). B) AMPPNP-bound NMHtpG at pH 9 (black) is best fit by a 
linear combination (red) of 74% ATP crystal dimer and 26% ATP crystal monomer. The 
combination has an R-factor of 3.5%. 
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Figure A2.5: The AMPPNP data for all pHs is well fit with a linear combination of 
the extended state, the Grp94-like state, and the closed state  
Fits (blue) of the linear combinations from Table 2 are compared to the experimental data 
(black) for AMPPNP-bound HtpG at all six pH values. 
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Figure A2.6: H530 also plays a role in the pH-dependence of WT HtpG  
For all P(r) functions the curves are colored as follows: mutant pH 6, gold; mutant pH 9, 
purple; WT pH 6, black; WT pH 9, blue. A) H530K shifts the conformational equilibrium 
towards the high pH extended state. Some residual pH dependence is still observed for 
the mutant B) H446Q is wild-type in its pH dependence suggesting the involvement of a 
second residue, most likely H530. C) The H446Q/H530K shifts the population 
completely to the extended state. 
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Figure A2.7: Wild type and mutant HtpG show minimal or no aggregation  
Wild type HtpG at 300 nM dimer (green) shows minimal aggregation at 43ºC over 18 
minutes as compared to 75 nM CS dimer (red). Both H446K (black) and H446E (blue) 
show virtually no aggregation under the same conditions. 
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Appendix 3: Supplemental Material for Chapter 3 

 

 
Figure A3.1: A maximally extended NM domain gives the best fit to the apo yeast 
Hsc82 scattering data  
The full-length yeast scattering data (black) was modeled using each of the NM domains 
depicted while allowing the MC interface to vary. R-factors for each fit are as follows: 
apo crystal NM (brown), 15%; SAXS apo NM (blue), 10%; ATP NM (green), 7.6%; 
extended ADP NM (red), 5.6%.  
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Figure A3.2: An extended model alone does not recapitulate the scattering data for 
Hsc82 or Hsp90α  
A) The scattering data for Hsc82 is shown in black with the best fit attained using only 
one conformation shown in green (R = 8.1%). B) The Hsp90α data (black) is also not 
well fit by a single extended model (green, R = 8.9%). For the models in both A and B 
translations about the CTD were allowed leading to a rotation of the CTD as shown in 
Figure 3A. C) The best fit attained for the yeast data with no translations (green) and 
therefore no CTD rotation does not fit the data as well (R = 12%).  
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Figure A3.3: AMPPNP-bound Grp94 can also be fit using the yeast ‘ATP’ crystal 
structure  
AMPPNP-bound Grp94 (gold) is fit by varied amounts of the apo tetramer and yeast 
‘ATP’ state as seen by the two endpoints shown here. A) The scattering data is fit with a 
mixture (green) of 58% extended state, 23% yeast ‘ATP’ crystal structure, 19% apo 
tetramer (R = 2.4%) or B) 62% extended state, 28% yeast ‘ATP’ structure, 10% apo 
tetramer (R = 2.0%). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 200

Appendix 4: Using the environmentally sensitive dye, bis-ANS to 

monitor nucleotide binding to HtpG 

 

Synopsis 

 The crystal structures of HtpG revealed large conformational rearrangements in 

the presence of nucleotide. Another interesting observation from these structures is the 

change in exposed hydrophobic surface area that occurrs between the different forms. 

The apo form has numerous hydrophobic surfaces lining the inside of the cleft formed by 

the two monomers, and these surfaces have been implicated in the binding of client 

proteins. In the ADP-bound form, these surfaces are buried in the core of the protein, 

suggesting a means for client-protein release. In order to further investigate the change in 

exposure of hydrophobic surfaces under different conditions, I examined the binding of 

the fluorescent dye bis-ANS to HtpG. Bis-ANS is an environmentally sensitive 

fluorophore that shows an increase in fluorescence when bound to a hydrophobic surface 

on a protein. Initial experiments suggested that bis-ANS provided a readout for 

conformational changes in HtpG. Subsequent experiments revealed that the small 

differences in the presence of nucleotide were difficult to reproduce. It also became 

apparent that bis-ANS competes for binding with nucleotide. The nucleotide-dependent 

differences appear to be a result of differential binding affinities for bis-ANS and HtpG in 

the presence of nucleotide and the difference are not necessarily the result of large 

conformational changes in HtpG. 
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Results 

 1,1’-bis(4-anilino-5-napthalenesulfonic acid) or bis-ANS is a fluorescent probe 

used for studying the modulation of hydrophobic surfaces in proteins (Seale et al. 1998). 

Bis-ANS fluorescence is quenched in aqueous environments demonstrating a weak 

maximum signal around 550 nm. When bis-ANS binds a hydrophobic surface the 

fluorescence intensity increases sharply and the maximum shifts to approximately 500nm 

(Seale et al. 1998). Bis-ANS has been used to probe the conformational state of GroEL 

(Seale et al. 1998), DnaK (Shi et al. 1994), and the ER Hsp90 homolog Grp94 

(Wassenberg et al. 2000). In Grp94, bis-ANS binding induced an active conformation 

that appears to be the same as the heat shock induced conformation (Wassenberg et al. 

2000). The crystal structures of Hsp90 reveal large changes in exposed hydrophobic 

surfaces as a function of nucleotide state. I hypothesized that bis-ANS may bind to these 

surfaces and report on conformational changes in the presence of nucleotide. I therefore 

tested the effects of nucleotide on the binding of bis-ANS to the bacterial HtpG.  

 Bis-ANS, purchased from Sigma, was resuspended in DMSO at a concentration 

of 5 mM. For the assay, bis-ANS was further diluted with water to 500 μM. 1 μM HtpG 

was then incubated with 5 μM bis-ANS in a buffer containing 50 mM Hepes pH 7.5, 20 

mM MgCl2, and 0.1% octyl β-D-glucopyranoside (β-OG). Samples were incubated for 

30 minutes at room temperature and the fluorescence was measured on a JY Horiba 

Fluoro-Max 3 fluorometer while exciting the samples at 393 nm. As expected, bis-ANS 

binds HtpG resulting in a large increase in fluorescence (Figure A4.1A). By varying the 

amount of HtpG a KD of 13 μM was measured (data not shown). The observed 

fluorescence is due to binding at the NTD of HtpG (Figure A4.1B). Using truncation  
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Figure A4.1: Bis-ANS binds to the NTD of HtpG. 
A) Bis-ANS in the presence of HtpG (blue) shows a large increase in fluorescence 
compared to bis-ANS alone (red). B) The same increase in bis-ANS fluorescence is seen 
in the presence of full-length HtpG (red) and the isolated NTD (residues 1-231, purple). 
No change in fluorescence is seen in the presence of the MD (230-495, green) or the 
CTD (511-624, black). 
 
 

 

Figure A4.2: Nucleotide causes a decrease in bis-ANS binding. 
The effect of varied amounts of AMP (purple), AMPPNP (black), ATP (red), and ADP 
(green) on the binding of bis-ANS to HtpG were tested. The overall change in 
fluorescence is nucleotide-dependent at high nucleotide (5 mM) suggesting that different 
nucleotides induce different conformations of HtpG. Data fit with the single binding site 
model y = ΔFmax*[HtpG] / (KD+[HtpG]. 

A B 
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mutants of HtpG, bis-ANS binding was observed only in the presence of the full-length 

protein or the isolated NTD. 

 The effects of different nucleotides were also tested. AMP, AMPPNP, ATP, and 

ADP were included in the assay at concentrations ranging from 0 to 5 mM and all 

nucleotides resulted in a concentration dependent decrease in fluorescence. Interestingly, 

different nucleotides led to different plateau values when fit with a single binding site 

model suggesting that bis-ANS is reporting on different conformations of HtpG (Figure 

A4.2).  MgCl2 is required for the nucleotide dependent decrease in fluorescence and the 

detergent β-OG is required for the nucleotide-dependent differences in plateau values 

(data not shown). Overall, the data is not very reproducible. Large differences were 

observed for the same experiments conducted on different days and the nucleotide-

dependent differences were not always observed. Varied pH (7, 8, and 9) and temperature 

(0, 25, and 37˚C) were tested and no clear differences were observed. The nucleotide 

effect appeared slightly more robust at 0˚C but the results remained highly variable. 

 One reason for the high variability may be that the experimental concentrations of 

bis-ANS or HtpG are too close to the KD. Higher concentrations of HtpG were tested in 

the presence and absence of 10 mM ADP. ADP was chosen because it shows the largest 

effect on the binding of bis-ANS (Figure A4.2). As seen in Figure A4.3A, HtpG alone 

and in the presence of ADP have the same maximal fluorescence when fit with a single 

site binding model. ADP instead affects the KD for bis-ANS binding. In the absence of 

ADP the KD is 3 μM and in the presence of ADP it is 8 μM. This data indicates that 

nucleotide and bis-ANS are competing for the same binding site. Experiments using 

higher concentrations of nucleotide confirm this hypothesis (Figure A4.3B). The 
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differences between AMP, ATP, and AMPPNP become less apparent as the nucleotide 

concentration is increased suggesting that the differences observed in Figure A4.2 are due 

to the variable affinity of bis-ANS for HtpG in the presence of different nucleotides. 

 

 
 
Figure A4.3: Bis-ANS and nucleotide compete for binding to HtpG. 
A) 5 μM ANS was incubated with varying concentrations of HtpG in the presence 
(green) and absence (gold) of 10 mM ADP. The data was fit with a one site binding 
model (y = Fmax*[HtpG] / (KD+[HtpG]). With no ADP the Fmax is 5.4x105 and the KD is 
3 μM. With ADP the Fmax is 5.2x105 and the KD is 8 μM. B) 5 μM ANS was incubated 
with 1 μM HtpG and 0-20 mM AMP (purple), ATP (red), or AMPPNP (black). At high 
concentrations of nucleotide no significant difference is observed in fluorescence 
between the different nucleotides. 
 
 

 The data indicates that bis-ANS binds in the nucleotide binding pocket of HtpG. 

In Grp94, bis-ANS binding was mapped to the nucleotide binding pocket (Wassenberg et 

al. 2000). Bis-ANS and Grp94 were cross-linked by irradiating with 366 nm light. The 

protein was subsequently trypsinized and the fluorescent fragment was purified and 

sequenced. To identify the bis-ANS binding site in HtpG the same procedure was 

followed for cross-linking. The trypsinized peptides were then analyzed by mass 

A B 
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spectrometry. Unfortunately the efficiency of the cross-linking reaction was very low 

making identification of the labeled peptide very difficult. 

 

Conclusions 

 The environmentally sensitive fluorophore bis-ANS binds to HtpG with the 

characteristic increase in fluorescence. The binding of nucleotide to HtpG in the presence 

of bis-ANS can be followed by a concentration dependent decrease in fluorescence. Bis-

ANS binds to the NTD of HtpG, presumably in the nucleotide binding pocket. This assay 

could be used to monitor the binding of other small molecules to the nucleotide binding 

pocket. It may also be worth testing other environmentally sensitive fluorophores such as 

Nile Red for their binding to Hsp90. A dye that binds to other hydrophobic sites on the 

protein could be used to monitor the exposure of hydrophobic surfaces on the protein 

thereby reporting on the conformation of Hsp90. 






