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Enzymatic and Structural Studies of the Molecular Chaperone Hsp90

Christian N. Cunningham

Laboratory of David A. Agard

 Heat Shock Protein 90 (Hsp90) is an essential molecular chaperone that 

makes up 1-2% of all cytosolic proteins under normal conditions and increases to 

4-6% under stress.  Unlike other members of the chaperone family, Hsp90 

interacts in the later stages of protein folding promoting subtle rearrangements 

and client protein activation.  Although no substrates have been confirmed to 

date for the bacterial homolog, the eukaryotic homologs have been shown to 

interact with a wide variety of proteins including kinases, steroid hormone 

receptors, nitric oxide synthase, and telomerase.  Given the critical nature of the 

proteins listed, Hsp90 has been the focus of several cancer studies and become 

an attractive target for therapeutics.  Crystal structures of the bacterial and yeast 

Hsp90 homologs provided the first major insight into the role of nucleotide and 

the dramatic conformational changes that Hsp90 undergoes during its nucleotide 

cycle.  Electron microscopy and SAXS studies further examined these 

conformational changes and revealed that unlike other chaperones, Hsp90 does 

not undergo discrete nucleotide driven conformational changes but rather 

displays a dynamic conformational equilibrium of multiple states that is then 

shifted towards one state or another by nucleotide.  Using ATP hydrolysis and 

mutational analysis I investigated the interplay  between ATP binding and 
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hydrolysis on the closed conformation of Hsp90.  Residues of both monomers 

were shown to participate in a cross-monomer hydrophobic interaction network 

that synergistically stabilizes a hydrolysis competent conformation providing the 

first explanation for structural cooperativity and the importance of dimer 

formation.  While investigating these interactions I was also able to clarify  the role 

of the Middle Domain arginine by showing that it is directly involved in stabilizing 

the closed state of Hsp90 and not involved in the catalysis of ATP as previously 

thought.  All of these studies were built upon the successes of solving crystal 

structures of Hsp90 homologs in the apo and nucleotide bound states.  A large 

portion of my work was also focused on utilizing other homologs, nucleotide 

analogs, small molecules, co-chaperones and substrates to attempt to crystallize 

a novel conformation of Hsp90 that might reveal new insights into its chaperoning 

mechanism.  
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Chapter 1: Intra- and Inter-monomer Interactions are Required to 

Synergistically Facilitate ATP Hydrolysis in Hsp90 

Preface

 Truncation studies on Hsp90 have shown that N-terminal dimerization is 

absolutely required for ATP hydrolysis to proceed at wild-type rates, however, 

kinetic measurements also showed no cooperativity between the two active sites 

on Hsp90.  This chapter is focused on trying to understand the contradiction 

between the observed structural cooperativity of the N-terminal domains and the 

lack of enzymatic cooperativity with ATP hydrolysis.  Using the Hsp82/Sba1/

AMP-PNP structure as a model for the active conformation of Hsp90, I probed 

the intra- and inter-monomer interactions observed between the N-terminal 

domain of one monomer and the Middle Domain of the opposite monomer and 

measured the effects on ATP hydrolysis and the conformation of Hsp90.

 A paper describing this work, reprinted here, was published in the Journal 

of Biological Chemistry (2008) 283(30): 21170-8, (c)ASBMB.  Kristin Krukenberg, 

who appears as second author, performed the SAXS measurements on the cis 

and trans Hsc82 mutants.  I am responsible for all of the other data in this 

chapter.  I appear as first author.
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Abstract  

 Nucleotide dependent conformational changes of the constitutively dimeric 

molecular chaperone Hsp90 are integral to its molecular mechanism.  Recent 

full-length crystal structures of Hsp90 homologs reveal large-scale quaternary 

domain rearrangements upon the addition of nucleotides.  While previous work 

has shown the importance of C-terminal domain dimerization for efficient ATP 

hydrolysis, which should imply cooperativity, other studies suggest that the two 

ATPases function independently.  Using the crystal structures as a guide, we 

examined the role of intra- and inter-monomer interactions in stabilizing the 

ATPase activity of a single active site within an intact dimer. This was 

accomplished by creating heterodimers that allow us to differentially mutate each 

monomer probing the context in which particular residues are important for ATP 

hydrolysis.  While the ATPase activity of each monomer can function 

independently, we found that the activity of one monomer could be inhibited by 

the mutation of hydrophobic residues on the trans N-terminal domain (opposite 

monomer).  Furthermore, these trans interactions are synergistically  mediated by 

a loop on the cis middle domain. This loop  contains hydrophobic residues as well 

as a critical arginine that provides a direct linkage to the γ-phosphate of bound 

ATP.  Small-angle x-ray scattering demonstrates that deleterious mutations block 

domain closure in the presence of AMPPNP, providing a direct linkage between 

structural changes and functional consequences. Together these data indicate 

that both the cis- and trans-monomer and intra- and inter-domain interactions 
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cooperatively  stabilize the active conformation of each active site and help 

explain the importance of dimer formation. 

Introduction

Hsp90 plays a central role in the activation and folding of a wide variety of 

critical proteins including kinases, steroid hormone receptors, nitric oxide 

synthase, and telomerase as well as being involved in important processes such 

as mitochondrial import (1-6).  Hsp90 is a constitutive dimer where each ~90kDa 

monomer consists of three domains: the N-terminal domain (NTD) which confers 

nucleotide binding, the middle domain (MD) which is necessary for ATP 

hydrolysis, and the C-terminal domain (CTD) which is required for dimerization 

(7).  While the exact mechanism of how Hsp90 interacts with its substrate 

proteins (client proteins) remains unclear, the structure of the full-length apo 

protein from E. coli reveals that each domain contributes hydrophobic elements 

into a large central cleft, and these elements are likely to be involved in client 

recognition (8). Dramatic domain rearrangements occur in response to ATP (9) 

and ADP (8) binding and are thought to drive client protein remodeling and 

release (Figure 1).  Inhibition of Hsp90ʼs ATPase by  either mutation or small 

molecule inhibitors results in the degradation of client proteins quaternary, 

demonstrating the central importance of the ATPase to the chaperoneʼs function 

(10-12).
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Hsp90 is a relatively slow ATPase with activities ranging from 0.1 - 1.2 min-1 

across prokaryotic and eukaryotic homologs (13,14). The NTD alone provides all 

of the structural requirements for nucleotide binding, including a catalytic 

glutamate, which activates the attacking water in the hydrolysis reaction (15).  

Figure 1: Nucleotide dependent conformational changes of Hsp90  
Previous crystallographic studies show the conformational equilibrium of Hsp90 
is biased by nucleotide binding and results in large changes in quaternary 
structure. However, the structural requirements for activating the ATPase activity 
remain elusive.  The apo structure was taken from the full length structure of the 
bacterial homolog, htpG (PDB: 2IOQ).  The ATP bound Hsp90 was taken from 
the Hsp82/AMPPNP/Sba1 full length structure (PDB: 2CG9); Sba1 was removed 
to emphasize the conformational changes in Hsp90 alone.   The ADP bound 
structure is modeled from the ADP bound htpG full length structure (PDB: 2IOP) 
(8).  The domain architecture highlighting the NTD, MD, and CTD is outlined in 
black on one monomer to emphasize the domain rearrangements.
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However, when isolated, the NTD has very  low activity  (14) suggesting that other 

parts of the molecule are required for hydrolysis, similar to Hsp90 super-family 

members MutL and GyrB (16).  Some of these determinants come from the 

middle domain (17) and others arise only in the context of the full-length 

structure. Removal of the constitutive C-terminal dimerization domain reduces 

the ATPase activity 6-10 fold depending on the homolog (14,18). Replacing this 

domain with a disulfide bridge between the two monomers rescues activity, 

clearly  demonstrating the requirement of dimerization for efficient ATP hydrolysis 

(19). Additionally, structural and biochemical data indicate that ATP binding leads 

to the transient association of the NTDs (13).  Given the multiple domain 

interactions and dimer requirements, it has been quite surprising that kinetic data 

provides no evidence for cooperativity in either nucleotide binding or hydrolysis 

(18).

The structural determinants beyond the NTD that are required for ATPase 

activation are largely unknown.  Mutation of several MD residues (Arg376, 

Gln380 in yeast Hsc82) has been shown to affect ATPase activity (17). The 

recently solved full-length structure of the yeast Hsp90 (Hsp82) in complex with 

Sba1 and AMPPNP (9) most likely  represents a pre-hydrolysis state (as Sba1 

binding inhibits ATP hydrolysis (20)), however it has proven a useful guide for 

understanding these mutations. For example, it shows that the Arg380 (Arg376 in 

Hsc82) side chain is within 3Å of the γ-phosphate of the AMPPNP bound to the 

same monomer, suggesting its role in the completion of the active site. 

5



Our work is focused on discovering the key  intra- and inter-domain as well as 

the intra- and inter-monomer interactions required to create a complete and 

functional ATPase active site (Figure 1).  Towards this end, we have developed a 

heterodimeric ATPase assay that allows us to both assess the importance of a 

particular residue to the Hsp90 ATP cycle and, for the first time, to determine 

whether its role is via an intra- or inter-monomer interaction.  We show that the 

MD loop containing Arg376 interacts synergistically  with a region of the NTD on 

the opposite monomer as well as the active site on the same NTD. Additionally, 

small angle x-ray scattering (SAXS) of the mutants is used to provide a direct 

linkage between functional and structural consequences of mutation. Together 

these data indicate the necessity  of cooperative intra- and inter-domain and intra- 

and inter-monomer interactions and provides a clear structural rationale for the 

functional role of dimerization. It further suggests that there is a distinct NTD-MD 

conformation required for catalysis that must be somewhat different from the 

crystal structure. 

Experimental Methods

Materials – Geldanamycin was purchased from Sigma.

Hsc82 Constructs – The yeast HSC82 gene was cloned from a yeast cosmid 

containing the HSC82 gene (ATCC).  Polymerase chain reaction (PCR) was used 

to isolate the gene that was subsequently cloned into the Invitrogen vector 

pET151/D-TOPO, which includes a TEV cleavable N-terminal His tag.  Site-

6



directed mutagenesis was performed by PCR using 20 nucleotide primers 

encoding for the mutated amino acid.  Parental DNA was then digested using 

Dpn1 after the completed reaction and the resulting plasmid was transformed 

into DH5α (Stratagene) cells.  All mutations were confirmed by sequencing of the 

appropriate regions.

Hsc82 Purification – Protein was purified from induced E. coli cultures using Ni-

NTA affinity resin (Qiagen), followed by  anion exchange and size exclusion 

chromatography on a Superdex S200 column (GE Healthcare).  Protein was 

concentrated in 10mM Tris pH 7.5, 100mM NaCl using Ultrafree Biomax 

concentrators (Millipore) to a final concentration of 1-5 mg/ml based on UV280 

absorption.  Protein was flash frozen in liquid nitrogen and stored at -80°C until 

use.  If needed, His tags were removed by cleavage with TEV protease and 

uncleaved protein was removed via a Ni-NTA column.

Mass Spectrometry – Hsc82 with and without its N-terminal His tag were diluted 

to 1mg/ml from their stock concentrations.  Based on the tagged:untagged ratios 

desired, each protein was mixed and equilibrated at 30°C  for 30 minutes after 

which the proteins were set on ice.  Sinapinic acid at 10 mg/ml in 60% 

acetonitrile, 0.3% trifluoroacetic acid was used as the matrix.  Protein and matrix 

were mixed in either a 1:1, 1:2, or 1:3 ratio and spotted onto a MALDI plate.  A 

Voyager-DE STR (Applied Biosystems) Mass Spectrometer was used to analyze 

the mass ratios and to determine the relative amount of heterodimer formed.
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ATPase Activity – This assay was adapted from Felts, S., et al (21).  2uM protein 

was used in each assay with 1mM ATP and 0.8pM [32Pγ]ATP (6000 Ci/mmol) in 

solution.  For the assays using geldanamycin as a control, a final concentration 

of 200uM was used.  20 minute time points were taken over the course of an 

hour with the samples shaking and incubating at 37°C.  Separation of Pi from 

ATP was performed using the thin layer chromatography method described (21).  

Visualization of the radiolabeled spots was performed on a Typhoon Imager (GE 

Healthcare) and quantification was performed using the program ImageQuant 

(GE Healthcare).  The amount of ATP hydrolyzed at each time point was 

calculated by taking the ratio of Pi to ATP in solution.  This ratio was then 

multiplied by the total amount of ATP added to the reaction and normalized by the 

total protein in solution.  A linear fit of the time points gave the rate for each 

reaction.

Heterodimer Assay – The total protein concentration in each reaction was kept at 

2uM.  Depending on the ratio desired, homodimers of the appropriate constructs 

were mixed together and incubated at 30°C for 30 minutes and put on ice.  The 

ATPase activity was then measured using the assay mentioned above.  

Predicted inter- and intra-monomer rates were calculated by  accounting for 

the activity  contributions of each population in solution.  To calculate the activity 

contributions of the two homodimers present in solution, we used a least squares 

fitting of the heterodimer activities measured and extrapolated the individual 
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contributions (MATLAB) taking into account the fraction of each population in 

solution.  Predicted activities were then calculated using the following equations 

given either an inter- or intra-monomer interaction:

Inter-monomer (trans) activity= 

αA11 +  βA22  +  0.5*γ (A12 + Awt)

Intra-monomer (cis) activity = 

αA11 +  βA22  +  0.5*γ (A11 + A22)

where α, β, γ represent the fraction homodimer 1, homodimer 2, and heterodimer 

in solution and A11, A22, A12 and Awt represent the intrinsic ATPase activities of the 

homodimer 1, homodimer 2, the hereodimer and wild-type proteins, respectively.  

α, β, and γ were calculated using the binomial theorem to simulate an equilibrium 

of mixing between two homodimers that have the same dimerization affinity.  In 

the case of the inter-monomer interaction there are two contributions to the 

heterodimer activity: the activity of the double mutant (A12) and the WT ATPase 

activity  (Awt).  With respect to an intra-monomer interaction, the two activity 

contributions arise from the activities of each of the original single mutations, A11 

and A22.  The heterodimer activity  in each equation is multiplied by 0.5 since A11 

and A22 are dimer activities. 

The predicted activity curves were calculated using MATLAB and graphed in 

Kaleidagraph.  We determined if our residue of interest was involved in an inter- 
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or intramonomer interaction by comparing the profiles of our experimentally 

measured heterodimers over a variety  of concentrations to our predicted 

activities.

SAXS Data Collection and Data Analysis - Data reported here was collected at 

the Advanced Light Source (ALS) beamline 12.3.1 and the Stanford Synchrotron 

Radiation Laboratory  (SSRL) beamline 4.2. To minimize aggregation, samples 

were spun in a table top microcentrifuge for 5 minutes before data collection. 

SAXS data was collected at 25˚C at 2-5 mg/ml. At the ALS, the samples were 

exposed for 6 and 60 seconds at a detector distance of 1.6m. At SSRL samples 

were exposed for ten 30 second exposures at a detector distance of 2.5m. 

Scattering data was recorded on a Mar165CCD detector.  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.  The raw scattering data were scaled and the buffers were subtracted. 

Individual scattering curves were then merged to provide the final averaged 

scattering curve. The interatomic distance distribution functions (P(r)) were then 

calculated using the program GNOM (22). Dmax was determined by constraining 

rmin to equal zero and then varying rmax between 150 and 250Å. Rmax was then 

chosen so that the P(r) curve smoothly approached zero at the upper limit. Small 

changes in rmax (±10Å) did not affect the overall shape of the P(r) curve. Radii of 

gyration were calculated from the P(r).  Comparable results were obtained from 
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the scattering curves using the Guinier approximation as implemented in the 

program PRIMUS (23), however the calculated uncertainties were larger due to 

limitations in the low angle data.

Results

Characterization of Heterodimers in Solution

To dissect the intra- versus inter-monomer roles of specific residues with 

respect to the overall ATPase activity  of Hsc82, it was necessary to create 

asymmetric dimers harboring different mutations on each monomer (Figure 2).  

Because the KD for subunit dimerization is in the nM range (7), heterodimers can 

be formed simply by mixing homodimers containing different point mutations (14).  

By placing a mutation in one monomer that abolishes ATP hydrolysis without 

blocking nucleotide binding (E33A) (15), the role of a test mutation in the other 

monomer can be assayed by the effect of increasing proportions of the test 

mutation on the ATPase rate. First, test mutations are chosen that will alter 

ATPase rates within homodimeric Hsc82. If the test mutation functions by altering 

interactions with the active site on its own subunit (an intra-monomer or “cis” 

interaction) then the activity of its own active site will be compromised by the 

mutation. If however, the test mutation alters interactions with the active site on 

the opposite subunit (an inter-monomer or “trans” interaction), which is already 

compromised by the E33A mutation, then it will not have a deleterious effect and 

its own active site should be fully functional (Figure 2). We can calculate the 
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Figure 2: Schematic of the heterodimer assay  
Differentially mutated inactive homodimers are mixed together to form 
heterodimers.  If the two residues mutated interact in an inter-monomer 
interaction, a WT active site would form and ATP hydrolysis would occur.  If the 
residues interact in an intra-monomer interaction, no activity would be measured.
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predicted hydrolysis rate of any mixture of the two homodimer concentrations 

using standard equilibrium measurements and homodimer activities (See 

Materials and Methods).  The hydrolysis rate of differentially mixed dimers can 

then be measured and compared to our predicted rates, allowing us to determine 

the role of the test residue independent of the level of its residual activity.

 Although it has previously been shown that Hsc82 heterodimers could form 

(14), in our hands proof of heterodimer formation upon mixing in vitro was shown 

both physically and enzymatically. Using differentially tagged constructs of Hsc82 

as indicators (Supplementary Figure 1), tagged and untagged Hsc82 were mixed 

in either a 3:1, 1:1, or 1:3 ratio (untagged:tagged) and incubated at 30°C for an 

hour.  MALDI-TOF was then used to probe the relative abundance of each dimer 

species in each of the reactions.  As expected, three peaks are seen in the 

spectrum of the 1:1 ratio reaction corresponding to each of the pure homodimers 

and a peak between them representing the formation of heterodimer.  When the 

untagged homodimer is in threefold excess, only two peaks are seen 

corresponding to the excess untagged homodimer and the heterodimer.  The 

converse result was obtained when the tagged homodimer was in excess.  While 

equilibrium calculations predict a small amount of the minor homodimer to be 

present in solution (12.5%), this species could not be observed in the experiment 

due to limited sensitivity  when working with intact proteins of this size in a 

conventional MALDI instrument. 

To confirm that the heterodimers still possessed the ability  to hydrolyze ATP, a 

fixed concentration of wild-type Hsc82 was incubated with increasing amounts of 
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the catalytically  dead E33A mutant (E33 is required to coordinate the hydrolytic 

water).  Activity levels of the two homodimers are shown in Figure 3B.  ATP 

hydrolysis rates were unaffected by  the amount of added inactive mutant 

(Supplementary Figure 2).  When combined with the mass spectrometric data, 

these results show that under our conditions, heterodimers can be formed in 

solution and are fully able to hydrolyze ATP even though one of the monomers is 

catalytically dead. This confirms the independent activation of the individual NTD 

ATPases. In contrast, the removal of one of the NTDs reduces, but does not 

abolish, ATP activity  (14) in the context of heterodimers, demonstrating the 

structural requirement of having both NTDs present in the dimer to fully activate 

each ATPase.

Influence of the Middle Domain on Hsc82ʼs ATPase Activity

Investigation of the apo and AMPPNP structures shows a group  of residues 

(T22, V23, Y24, L372, L374, & R376) that come together from distant parts of the 

apo structure to form an interacting cluster in the ATP state (Figure 3A). Arg 376 

(Arg 380 in Hsp82) was previously shown to be important for hydrolysis, making 

this entire cluster an attractive starting point for dissecting inter- and intra-

monomer interactions. Unlike the E33A mutation, the homomeric R376A mutant 

significantly reduces, but does not abolish ATPase activity  when compared to the 

E33A mutation previously described (Figure 3B).
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As a first test of our assay we wanted to biochemically  confirm that Arg 376 

affects the ATPase of its own NTD, as suggested by the Hsp82/ATP/Sba1 

structure. To do this, the mutant, R376A, was tested in our heterodimer assay in 

Figure 3: Hydrolysis rates for hydrophobic mutants and the contribution of 
the middle domain arginine  
(A) Five hydrophobic residues from both monomers come together and interact 
only in the ATP bound closed state. One monomer is illustrated in brown while 
the other monomer is shown in green. Two of the five residues lie on the same 
loop as Arg376 which has been previously been implicated in stabilizing the γ-
phosphate of ATP.  (B) Hydrolysis rates of each mutant used in this study.  All 
rates have been normalized to the WT hydrolysis rate.  (C) Heterodimer assay 
with R376A and E33A monomers.  Ratios between the two homodimers were 
varied while the total protein concentration was kept constant.  Predicted inter- 
(black) and intra- monomer (grey) interaction activities are shown with solid lines, 
and the closed circles represent the experimental data.
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conjunction with the catalytically  dead E33A mutation. Separately expressed and 

purified R376A and E33A were mixed in defined ratios while keeping the total 

protein concentration constant; after a period of incubation their ATP hydrolysis 

rates were measured (Figure 3C).  Using the behaviors of the individual mutants 

as homodimers (Figure 3B) the expected activity as a function of the mixture 

percentages can be readily predicted (Figure 3C, trans=black, cis=gray; see also 

Methods). From this it is clear that Arg 376 has a required interaction with the 

NTD active site on the same monomer.  Interestingly, we see no trans-like 

characteristics in this data demonstrating that there is no catalytic cooperativity 

between the two NTDs, analogous to what was shown with Human Hsp90 (18).

Contribution of hydrophobic interactions to complete active site formation

As discussed above, the Hsp82/ATP/Sba1 structure revealed a cluster of 

interacting hydrophobic and polar amino acids derived from the NTD and MD 

domains that come together in the ATP state to form both inter- and intra-

monomer interactions (Figure 3A). The residues involved in this interaction are 

Thr 22, Val 23, and Tyr 24 from the NTD of one monomer and Leu 372 and Leu 

374 from the MD of the other.  Since the two leucines are located on the same 

loop and pack against Arg 376 (above), and make cross-monomer interactions in 

the ATP but not apo states (data not shown), this entire cluster seems 

appropriate for investigation.

To test if these residues are involved in the hydrolysis of ATP, we 

systematically  mutated each residue to alanine and measured the ATPase 
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activity  (Figure 3B). All constructs were tested in the presence of the Hsp90 

family specific inhibitor, geldanamycin, to confirm that the activity  measured in 

these experiments was from Hsc82 and not from any contaminating ATPase 

activity  (data not shown).  Interestingly, as a homodimer, T22A showed no 

significant loss in activity when measured at 37°C (data not shown), however, it 

has been previously shown that T22I is a temperature sensitive mutation 

resulting in increased ATPase activity  at elevated temperatures (24).  To probe 

the importance of enhancing hydrophobicity  at this site, we constructed the T22F 

mutation and saw a threefold increase in activity proving that the hydrophobic 

nature of this interaction is important for its ATPase activity.  Interestingly when 

this mutation is modeled in the Hsp82/Sba1/AMPPNP crystal structure (data not 

shown), steric clashes are observed suggesting that the actual hydrolysis 

competent structure must be somewhat different from the solved crystal 

structure.

As homodimers, V23A and Y24A both showed a significant loss of activity, 

while the L372A and L374A mutations had little effect (data not shown). Given 

the experience with Thr 22, we also explored the impact of polar mutations, 

changing Leu to either Asn or Asp.  Both mutations had very pronounced effects, 

indicating the importance of hydrophobic residues in this network. 
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In order to determine the impact of these residues with respect to the two 

monomers and their ATP active sites, we again measured each residue in our 

heterodimer assay in conjunction with the catalytically dead E33A mutation.  Both 

V23A and Y24A show a clear increase in ATP hydrolysis, strongly supporting a 

Figure 4:  Heterodimer assay on the hydrophobic residues  
Heterodimeric analysis of (A) V23A, (B) Y24A, (C) T22F, (D) L372D, and (E) 
L374N.  The T22F heterodimer assay has very small error bars that are occluded 
by the point size.  Predicted inter- (black) and intra- monomer (grey) interaction 
activities are shown with lines, and the experimental data is represented by 
closed circles.  All of the residues that originate from the MD result in a cis-like 
interaction (L372D and L374N) whereas most of the residues originating from the 
NTD (V23A, Y24A, and T22F) result in a trans-like interaction with Tyr 24 
showing evidence of being involved in both cis and trans.
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trans interaction (Figures 4A, B).  We also note that the Y24A heterodimer data 

appears to reside between the cis and trans predictions suggesting it plays a role 

in the hydrolysis of both monomers.  T22F showed a small, but reproducible 

curvature in the mixture plots (Figure 4C), demonstrating that it too participates in 

a trans interaction. Together, these results implicate this NTD region as providing 

interactions required for hydrolysis of the opposite monomer to proceed.  As 

shown in Figures 4D and E, both leucine mutations interact in cis to the E33A 

mutation suggesting that the role of these residues is to bridge the network 

between the N-terminal residues on the opposite monomer and the arginine that 

has been shown to interact with the γ-phosphate of ATP.

The hydrophobic interaction network affects the conformational equilibrium of 

Hsc82

Given the evidence that the hydrophobic network affected the ATPase activity 

of Hsp90 and was shown to act in a cross-monomer interaction, we wanted to 

test whether or not these mutations had an effect on the conformational 

equilibrium of Hsc82 by preventing the stabilization of N-terminal dimerization 

when ATP is present.  To directly assess the consequences of mutation on the 

solution structure of Hsc82, we used small angle x-ray scattering (SAXS) to 

probe the interatomic distance distribution in the presence and absence of the 

non-hydrolyzable ATP analog, AMPPNP.  

Upon addition of AMPPNP at saturating concentrations we see a reproducible 

shift in the distance distribution to smaller distances when compared to the apo 
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state indicating that a more closed and compact conformation is being stabilized, 

analogous to what is seen in the AMPPNP bound crystal structure (Figure 5A, 

Table 1). In the presence of AMPPNP, the observed solution structure is not quite 

as compact as the crystal structure (radii of gyration 47Å vs 41Å, respectively), 

however whether this represents an equilibrium between open and closed states 

or an altered conformation will require further analysis.    Representative 

mutations affecting the network in both cis (L374N) and trans (V23A) were then 

tested by SAXS.  For both mutations, the radii of gyration indicated a slight 

expansion in the apo state.  However, in sharp contrast to the wild type enzyme, 

addition of AMPPNP caused little or no change in the interatomic distances, P(r), 

and radii of gyration when compared to the apo state (Figure 5B, C, Table 1).   

This data suggests that the network of interactions probed here is responsible for 

maintaining the conformational equilibrium of Hsc82 by stabilizing the closed 

state when nucleotide is present, and perhaps altering the open-closed 
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Figure 5: SAXS analysis on cis and trans mutants  
SAXS analysis was utilized to determine the effect of these mutations on the 
conformational equilibrium of Hsp90.  (A) WT Hsc82 in the absence (black line) 
and presence (red line) of saturating amounts (10mM) of AMPPNP shows two 
distinct distance distribution functions with the nucleotide bound state showing a 
much narrower set of distances very  similar to what is seen when the distance 
distribution function is calculated from the AMPPNP bound crystal structure (blue 
line).  (B) V23A and (C) L374N (apo = black line, AMPPNP = red line) show a 
loss of an effect when AMPPNP is in solution.  However (D) T22F (apo = black 
line, AMPPNP = red line), with its increased ATP hydrolysis, shows a similar 
profile to that of the WT distribution in the presence of nucleotide (grey dashed 
line).
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equilibrium in the absence of nucleotide.  It also provides a mechanistic 

understanding for the loss of activity that is observed when these residues are 

mutated.

Given its unique ability  to increase ATP hydrolysis, we also examined the 

SAXS behavior of the T22F mutation.  Although both states are slightly expanded 

compared to the native state, T22F shows a response to AMPPNP binding 

comparable to the WT protein (Figure 5D). This indicates that despite predictions 

from the crystal structure, the addition of a larger hydrophobic group  still allows 

the closed state to be reached, in complete agreement with the observed ATPase 

activity  of this mutant. Taken all together, the SAXS data confirms that the intra- 

and inter-subunit network of hydrophobic residues is directly involved in the 

stabilization of the closed state.  

The Middle and N-terminal domains act synergistically

Although all of the residues tested show effects on the ATPase activity of 

Hsc82 via either inter- or intra-monomer interactions, and simultaneously alter 

the open and closed equilibrium, whether these residues act cooperatively to 

stabilize the hydrolysis competent conformation of Hsc82 is unknown.  To 

determine this we systematically made the homomeric double mutations (using 

the wild type E33) and measured the hydrolysis rates.  If two residues interact in 

the same process, such as stabilizing the catalytic transition state, we expect to 

see an additive effect on the loss of activity when both residues are mutated 
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(Figure 6A).  However, if the residues are involved in separate processes (e.g. 

one involved in hydrolysis and the other in stabilizing a conformational state), 

then only one step  will be rate limiting. As a consequence, the combined 

mutation will not have an additive effect (Figure 6B).  Instead, the observed rate 

will only  reflect the rate of the mutation involved in the rate-limiting step  of the 

reaction; the other mutation will be silent.  To address this directly, we tested 

T22F, V23A, Y24A, and L374N each in the context of the R376A mutation and 

measured their ATP hydrolysis rates (Table 2).  For each of the four double 

mutants tested, we observed a marked decrease in the ATPase rates 

corresponding to a nearly perfect additive effect. Thus despite their close 

proximity, these residues cannot be functioning primarily to position Arg376 for 

better interaction with the ATP γ-phosphate. Instead, the reaction transition state 

for each active site is synergistically stabilized by residues from its own MD as 

well as those from the opposite NTD. 

Given the synergy observed between the two monomers we wanted to further 

dissect the role of a key NTD-MD interaction by investigating it in isolation from 

possible trans effects. Towards this end, we measured the activity  of a 

constitutively  monomeric NTD-MD truncation mutant (N599) in the presence and 

absence of the R376A mutant.  We confirmed, as previously reported (14) that 

the WT N599 truncation mutant showed a substantial decrease in activity due to 

the loss of dimerization.  However, when Arg 376 is mutated in this construct we 

see a nearly complete loss of activity  (Table 2).  This further decrease in activity 
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suggests that the arginine, and in turn the entire networkʼs role, is to help 

stabilize a catalytically competent NTD-MD conformation.

Discussion

Figure 6: Synergy schematized in energy diagram format 
(A) Two residues involved in one process should have an additive effect on the 
reduction of activity.  The WT energetic barrier will be raised by individual point 
mutants labeled A*  and B*.  If the residues are synergistic, the double mutant will 
show an additive increase in the activation barrier (dashed line).  (B) Two 
residues not involved in the same process will exhibit the activity of the mutation 
in the rate-limiting process.  The WT energetic landscape (black line) will be 
modulated differently by individual point mutants labeled A*  and B*.  The double 
mutant will show an energy landscape (dashed line) that reflects both 
modulations, however the activity  seen will only be dependent on the mutation 
involved in the rate-limiting step.
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ATP hydrolysis plays a critical role in Hsp90 function, ultimately  providing the 

energy required to drive large-scale conformational changes in Hsp90 and to 

remodel and/or release substrate client proteins. Thus developing a high-

resolution understanding of the linkage between conformational change and 

ATPase activity is a fundamental prerequisite for deciphering Hsp90 function.  

Although nucleotide hydrolysis is intrinsically an activity  of the NTD and MD 

domains, it is greatly stimulated via CTD-mediated dimerization. In a mechanism 

analogous to other GHKL family members it was argued that NTD dimerization 

was required. The recently  solved structure of Hsp82 in the presence of 

AMPPNP and the Sba1 cochaperone (8), confirmed the NTD dimerization and 

also gave the first structural understanding of why the MD is required for ATP 

hydrolysis by showing that Arg 380 (Arg 376 in Hsc82) is directed towards and 

interacts with the γ-phosphate of the bound AMPPNP. However despite the 

obvious NTD dimerization seen in the crystal structure, kinetic data had 

suggested that the two ATPase active sites function independently (18).

To better understand the functional importance of dimerization, we focused on 

exploring the role of inter-domain and inter-monomer interactions in stabilizing 

the ATP hydrolysis competent conformation of Hsc82. Because the residues 

investigated in this study are conserved among family members, the results 

obtained from Hsc82 should be directly applicable to the entire family. Using a 

novel heterodimeric assay, we identified Thr 22, Val 23, and Tyr 24 in the NTD as 

playing a role in the hydrolysis rate of the opposite monomer and MD residues 

Leu 372, Leu 374, and Arg 376 as being important for the ATPase activity of the 
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same monomer.  Through double mutations, these intra- and inter-subunit 

interactions appear to work not via Arg 376, but in parallel with it, to cooperatively 

stabilize the same hydrolysis competent state (Figure 7A). Significantly, our 

SAXS measurements indicate that mutations that alter the cis-trans interaction 

network also alter the hydrodynamic radius, suggesting that the two are causally 

linked.  Destabilizing the network leads to a loss of AMPPNP-induced domain 

closure, which in turn leads to a loss of ATPase activity.

The functional importance of this interaction network was also confirmed by 

the increase in activity  observed when Thr22 was substituted with Phe.  Although 

the crystal structure predicts that a Phe could not be accommodated at this site, 

both the functional and SAXS data clearly indicate that T22F is compatible with a 

closed state. While we initially imagined that it enhanced ATPase activity by 

shifting the open-closed equilibrium in favor of the active, closed state, the SAXS 

data suggests that both in the presence and absence of nucleotide, T22F slightly 

prefers a more open state. From this, it would be necessary to infer that the T22F 

closed state is even more catalytically active than initially appreciated. 

We propose a model where stabilization of the ATP hydrolysis transition state 

of Hsp90 requires that a very specific NTD-MD conformation be obtained. 

Nucleotide binding and the cis interactions uncovered in this work act to directly 

stabilize this conformation.  While obviously important, from our data it appears 

that NTD dimerization works largely in an indirect manner to reinforce the cis 

interactions that stabilize the active conformation of the opposite monomer. This 
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model proposes that the functional role of the closed state and NTD dimerization 

is not to activate hydrolysis per se, but to preferentially  stabilize the catalytically 

correct NTD-MD conformation. In support of this, the N559 truncation mutant 

Figure 7: Model for the ATPase activation of Hsp90
(A)  Residues (shown with spheres) acting in trans are shaded blue and those 
interacting in cis are shaded red.  Tyr 24 is shown in purple to indicate its 
contribution both in cis and in trans as observed in the data.  Arg 376 can be 
seen interacting with the bound ATP molecule (shown in cyan) on the same 
monomer.  (B) Only upon nucleotide binding and formation of the hydrophobic 
cross monomer network can the catalytically  active NTD-MD conformation be 
stabilized and the Arg 376 correctly  oriented at the γ-phosphate of ATP.  The 
black arrow denotes the N-terminal dimerization region coming together.  The 
blue  and red arrows represent the trans and cis interactions required for 
stabilization of N-terminal dimerization respectively.
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data indicates that cis stabilization interactions play an important role even in the 

isolated monomer. 

This work confirms the lack of catalytic cooperativity previously observed (18): 

the ATP binding and hydrolysis of one monomer does not depend on the ability  of 

the other monomer to bind or hydrolyze ATP. By contrast, our data shows a clear 

structural cooperativity between the two monomers, where the inter-domain and 

inter-subunit interactions synergistically stabilize the active closed conformation.  

One possible explanation for this difference in cooperativity is that perhaps the 

catalytically active state is not symmetric as is generally thought, but rather 

asymmetric where one ATP active site is correctly  oriented allowing hydrolysis to 

proceed and the other site unable to hydrolyze ATP. An asymmetric dimerization 

would still require structural cooperativity  to orient one active site correctly, but 

would not be cooperative with respect to ATP hydrolysis since only one site at a 

time would be functional.  Notably, an asymmetric conformation has been 

observed by single particle electron microscopic studies on a yeast hsp90/

Cdc37/Cdk4 complex (25). Although the data presented here and all previously 

reported kinetic data fit with an asymmetric model, a more formal structural 

investigation is necessary to confirm such a hypothesis.

Co-chaperones play an important role in both client protein recruitment and in 

modulating the Hsp90 ATP cycle (26-30). By comparing the HtpG apo state and 

the Hsp82 AMPPNP-bound state, a movement of the MD loop  by ~7Å is 

observed from a retracted position in the apo state to an extended conformation 

interacting with the opposite NTD.  In contrast, no movement is seen in the NTD 
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region containing residues 22-24 when the two states are compared. This 

supports a previous proposal suggesting that binding the co-chaperone Aha1 

activates Hsp90 hydrolysis via alterations of the MD loop discussed here (31).  

Although based on crystallization of the Aha1 NTD with an isolated Hsp90 MD, it 

is clear from the present work that interactions of this loop  with its own NTD and 

the trans NTD are vitally important, and that even subtle changes could have 

significant effects on the hydrolysis rate.  By contrast, while the crystal structure 

of Sba1 bound to Hsp90 has been tremendously important, the mechanism of 

Sba1ʼs inhibitory  effects on the ATP hydrolysis rate (20,32) have yet to be 

understood.  Our data on the T22F mutant and its modeling provide the first 

direct evidence that an alternate conformation may be more relevant for ATP 

hydrolysis than the one seen in the crystal structure.   Further experiments aimed 

at understanding the effects of the interactions between Hsp90 and its co-

chaperones on its conformational stabilization and activation are required.
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Table 1: Radii of gyration of Hsc82 homomeric mutations as determined by 
SAXS

apo AMPPNP
WT 64.8 ± 0.1 Å 46.5 ± 0.1 Å

L374N 64.6 ± 0.1 Å 66.0 ± 0.2 Å

V23A 70.2 ± 0.2 Å 70.2 ± 0.3 Å

T22F 68.1 ± 0.3 Å 51.1 ± 0.1 Å

Hsp82 xtal 41 Å
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Table 2:  ATP hydrolysis rates of both single, double, and truncation mutants of 
Hsc82

Protein Activity
(pmol ATP hydrolyzed/pmol 82/min)

Fold Reduction
(with respect to WT)

Hsc82 1.2 ± 0.04 1

T22F 3.14 ± 0.02 0.38

V23A 0.25 ± 0.08 4.8

Y24A 0.39 ± 0.05 4.8

L372D 0.04 ± 0.02 60

L374N 0.18 ± 0.02 3

R376A 0.18 ± 0.02 6.7

T22F/R376A 0.75 ± 0.07 1.6

V23A/R376A 0.06 ± 0.008 20

Y24A/R376A 0.05 ± 0.03 24

L374N/R376A 0.05 ± 0.004 24

N599 0.18 ± 0.02 6.7

N599 R376A 0.05 ± 0.01 24
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Supplementary Figure 1: Mass spectrometry confirmation of heterodimer 
formation in solution  
Panels i and ii show the 6kD difference between the untagged and the tagged 
homodimers, respectively.  When the two homodimers are mixed 1:1 both 
homodimers as well as a third peak in the middle representing heterodimer are 
observed (panel iv).  If there is three times the amount of untagged protein 
compared to tagged, two peaks are seen representing the homodimer in excess 
and the heterodimer (panel iii).  This process can be reversed if the tagged 
homodimer is added in excess (panel v).
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Supplementary Figure 2:  Correlating measured activity with the presence 
of heterodimers  
A constant amount of WT Hsc82 was mixed with varying amounts of the 
catalytically dead, E33A.  Activities were measured of the mixed species and 
compared to their homodimeric counterparts.  The percent heterodimer and 
homodimer in solution was calculated with Berkeley Madonna using the starting 
concentrations of each reaction.
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Postscript

What does the hydrolysis competent conformation of Hsp90 look like?

 Although we have a structure of Hsp82 bound to AMP-PNP in the closed 

state, our results suggest that the interaction network investigated in this study 

actually  have a different conformation than observed in the crystal structure. 

Crystallographic studies of wild-type Hsc82 in the presence of only AMP-PNP 

have been problematic due to conformational heterogeneity.  However the 

Hsc82•T22F mutant appears to be a better option for crystallographic studies 

since it has a hyperactive ATPase suggesting the closed conformation is much 

more stable than the wold-type protein.  A few crystal trials were performed with 

this mutant, but it was not extensively tested in our screens.

 Another potential avenue is to attempt to solve the structure of htpG with 

AMP-PNP bound in the close state.  Since there are no co-chaperones known to 

interact with htpG and the fact that most of the residues appear to behave 

similarly this would be an interesting structure to compare with the known Hsp82/

Sba1/AMP-PNP bound structure.
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Chapter 2:  The Role of the Middle Domain Arginine in Hsp90

Preface

 While working on the project described in Chapter 1 it appeared that the 

Middle Domain arginine did not act as a catalytic residue as previously described 

in several publications.  After my work on examining the inter- and intra- 

monomer interactions was completed I decided to focus on understanding the 

role of the Middle Domain arginine in the context of ATP hydrolysis and the 

conformational cycle of Hsp90 using both enzymatic and structural techniques.  

This study was performed on three homologs (human Hsp90 alpha; yeast Hsc82; 

and bacterial htpG) and the results were compared and contrasted to determine 

if the actions of the arginine are universal for ATP hydrolysis and closed 

conformational stabilization.  At the time of this writing most of the manuscript is 

complete except for missing electron microscopy data on the wild-type and 

mutant human Hsp90 homolog; this has been indicated in the results section.

 This work will be submitted for publication to the Journal of Biological 

Chemistry and will have myself and Dan Southworth as co-authors.  I provided all 

of the initial ideas and experimental guidance and performed all biochemical 

data.  Dan provided all of the electron microscopy data on all three homologs.  

Kristin Krukenberg, the third author, provided the SAXS data and analysis on the 

bacterial and yeast Hsp90 homologs.
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Introduction

 Hsp90 is a member of the molecular chaperone family of proteins that 

facilitate protein folding in the cell.  Well-characterized chaperones including 

Hsp60 (GroEL/ES) and Hsp70 (DnaK) promote protein folding by discrete cycles 

of ATP-hydrolysis driven binding and release of nascent polypeptides and 

exposed hydrophobic residues thereby preventing aggregation. (1) However, 

unlike those family members, Hsp90 acts much later in the folding process 

interacting with a specific set of client proteins in a near-native state conformation 

and is believed to induce subtle conformational rearrangements that allow ligand 

binding, protein activation, or complex formation to occur. (2-7) In eukaryotes 

these client proteins include many signaling and regulatory proteins such as 

serine/threonine and tyrosine kinases, telomerase, steroid hormone receptors 

and tumor suppressor proteins which has made Hsp90 an attractive target for 

anticancer therapeutics. (8-11) Although ATP hydrolysis has been shown to be 

absolutely required for the chaperone function of Hsp90 it is unknown how the 

energy from ATP binding and hydrolysis contributes to conformational changes 

and client activation.

 Hsp90 is a constitutive dimer where each ~90kDa monomer consists of 

three domains: the N-terminal domain (NTD) which confers nucleotide binding, 

the middle domain (MD) which is necessary for ATP hydrolysis, and the C-

terminal domain (CTD) which is required for dimerization.  Full length crystal 

structures of the bacterial and yeast Hsp90 homologs show that upon binding of 

nucleotide Hsp90 undergoes dramatic conformational changes that effect the 
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exposure of several hydrophobic patches that appear down the central cleft of 

the dimer. (Figure 1a) (12,13) 

Figure 1a:  Conformational cycle of Hsp90
Previous crystallographic studies show that the conformational equilibrium of 
Hsp90 is biased by nucleotide binding and results in large changes in quaternary 
structure. The catalytic glutamate (blue) and Middle Domain arginine (red) are 
highlighted in each structure showing them only coming together in the ATP 
bound closed state.
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 Structural studies on the N-terminal and Middle domains of Hsp90 

revealed a high degree of architectural similarity to the GHKL family of proteins, 

which include MutL and GyrB, and early attempts at trying to understand the 

mechanism of ATP hydrolysis of Hsp90 were derived from this homology. (14-16) 

Sequence alignments between this family  of proteins and Hsp90 provided an 

initial set of residues in the N-terminal Domain that appeared to be involved in 

the binding and hydrolysis of ATP.  In corroboration with this. truncation and 

enzymatic studies on the full length protein concluded that the N-terminal domain 

of Hsp90 provides all of the structural requirements for nucleotide binding and 

also includes a conserved catalytic glutamate residue which activates the 

attacking water in the ATP hydrolysis reaction. (17) (Figure 1b) However, when 

the N-terminal domain is isolated a 10 fold reduction in ATP hydrolysis is 

observed indicating that this domain alone is not sufficient for ATP hydrolysis. (5) 

Figure 1b:  Close up of the ATP binding pocket  
The catalytic glutamate (red) and Middle Domain arginine (blue) are oriented to 
allow ATP hydrolysis to proceed when ATP is bound.
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 Using the GHKL family  as a model, the Middle Domain residue, Arginine 

380 of Hsp82, was shown to have a significant role in ATP hydrolysis (similar to 

Lys 307 of MutL and Lys33 of GyrB) with the mutation of this residue resulting in 

a decrease in ATP hydrolysis in vitro and a loss of viability in vivo.  The crystal 

structure of Hsp82 in complex with AMP-PNP and the co-chaperone Sba1 gave 

the first insight into the role of this arginine revealing this residue to be the only 

residue to interact with the gamma-phosphate of ATP in the closed state.  (12) 

(Figure 1b) This arginine was also shown to be involved synergistically with a 

network of residues from both monomers to stabilize a hydrolysis competent 

conformation of Hsp90. (18)

 Unlike other GHKL family members structural and biochemical studies  on 

Hsp90 and its homologs have shown that nucleotide binding does not trigger a 

discrete conformational change but rather shifts the equilibrium of states towards 

one conformation over another. (19-21) Although it has been shown that the 

conformational equilibria between the various Hsp90 homologs can be quite 

different, kinetic studies have shown that the basic mechanism of hydrolysis is 

conserved between the homologs tested and that N-terminal dimerization is 

required and the rate limiting step. (19,22,23) In light of this recent work we 

wanted to further investigate the role of the arginine in order to address if it is 

catalytically required for hydrolysis, involved in the conformational equilibrium, 

and if its function conserved across the human, yeast, and bacterial Hsp90 

homologs.
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Experimental Methods

Hsc82 Constructs – The yeast HSC82 gene was cloned from a yeast cosmid 

containing the HSC82 gene (ATCC).  Polymerase chain reaction (PCR) was used 

to isolate the gene that was subsequently cloned into the Invitrogen vector 

pET151/D-TOPO, which includes a TEV cleavable N-terminal His tag.  Site-

directed mutagenesis was performed by PCR using 20 nucleotide primers 

encoding for the mutated amino acid.  Parental DNA was then digested using 

Dpn1 after the completed reaction and the resulting plasmid was transformed 

into DH5α (Stratagene) cells.  All mutations were confirmed by sequencing of the 

appropriate regions.

Hsc82 Purification – Protein was purified from induced E. coli cultures using Ni-

NTA affinity resin (Qiagen), followed by  anion exchange and size exclusion 

chromatography on a Superdex S200 column (GE Healthcare).  Protein was 

concentrated in 10mM Tris pH 7.5, 100mM NaCl using Ultrafree Biomax 

concentrators (Millipore) to a final concentration of 1-5 mg/ml based on UV280 

absorption.  Protein was flash frozen in liquid nitrogen and stored at -80°C until 

use.  If needed, His tags were removed by cleavage with TEV protease and 

uncleaved protein was removed via a Ni-NTA column.

ATPase Activity – This assay was adapted from Felts, S., et al (21).  2uM protein 

was used in each assay with 1mM ATP and 0.8pM [32Pγ]ATP (6000 Ci/mmol) in 

solution.  For the assays using geldanamycin as a control, a final concentration 
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of 200uM was used.  20 minute time points were taken over the course of an 

hour with the samples shaking and incubating at 37°C.  Separation of Pi from 

ATP was performed using the thin layer chromatography method described (21).  

Visualization of the radiolabeled spots was performed on a Typhoon Imager (GE 

Healthcare) and quantification was performed using the program ImageQuant 

(GE Healthcare).  The amount of ATP hydrolyzed at each time point was 

calculated by taking the ratio of Pi to ATP in solution.  This ratio was then 

multiplied by the total amount of ATP added to the reaction and normalized by the 

total protein in solution.  A linear fit of the time points gave the rate for each 

reaction.

SAXS Data Collection and Data Analysis - Data reported here was collected at 

the Advanced Light Source (ALS) beamline 12.3.1 and the Stanford Synchrotron 

Radiation Laboratory  (SSRL) beamline 4.2. To minimize aggregation, samples 

were spun in a table top microcentrifuge for 5 minutes before data collection. 

SAXS data was collected at 25˚C at 2-5 mg/ml. At the ALS, the samples were 

exposed for 6 and 60 seconds at a detector distance of 1.6m. At SSRL samples 

were exposed for ten 30 second exposures at a detector distance of 2.5m. 

Scattering data was recorded on a Mar165CCD detector.  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.  The raw scattering data were scaled and the buffers were subtracted. 
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Individual scattering curves were then merged to provide the final averaged 

scattering curve. The interatomic distance distribution functions (P(r)) were then 

calculated using the program GNOM (22). Dmax was determined by constraining 

rmin to equal zero and then varying rmax between 150 and 250Å. Rmax was then 

chosen so that the P(r) curve smoothly approached zero at the upper limit. Small 

changes in rmax (±10Å) did not affect the overall shape of the P(r) curve. Radii of 

gyration were calculated from the P(r).  Comparable results were obtained from 

the scattering curves using the Guinier approximation as implemented in the 

program PRIMUS (23), however the calculated uncertainties were larger due to 

limitations in the low angle data.

Electron Microscopy Negative Stain - HtpG and Hsc82 proteins were negatively 

stained with uranyl formate (pH 5.5–6.0) on thin carbon-layered (40–50 Å thick) 

400 mesh copper grids (Pelco).  Before staining, protein samples were typically 

incubated for 20 min at 150 nM with or without 5 mM AMPPNP (Sigma-Aldrich) at 

37C for HtpG and 30C for Hsc82 in an incubation buffer containing 20 mM Tris 

(pH 8.0), 20 mM KCl, 5 mM MgCl2 and 1 mM DTT.

Negative-stained samples were imaged using a Tecnai T20 and G2 Spirit TEMs 

(FEI) operated at 120 keV. Data used in the final 3D reconstructions were 

collected from a single source. Micrograph images were recorded using a 4k x 4k 

CCD camera (Gatan) at 67,000x and 68,000x magnification with 2.25Å and 

2.21Å pixel size for the T20 and T12 microscopes, respectively. 
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Results

Hydrolysis rates of the Middle Domain arginine show a non-catalytic role in ATP 

hydrolysis

 As a first analysis into the role that the Middle Domain arginine plays in 

the mechanism of Hsp90 we mutated the arginine to an alanine in both the yeast 

(Hsc82) and bacterial (htpG) homologs and tested their ATP hydrolysis rates.  

Hydrolysis rates were calculated by measuring radioactive inorganic phosphate 

release from ATP over the course of one hour.  When the hydrolysis rates of the 

arginine mutants were measured a decrease was observed in both species with 

Hsc82•R376A showing a six-fold reduction and htpG•R336A showing a two-fold 

reduction when compared to their respective wild-type constructs. (Figure 1c) 

Interestingly, the rate differences between these two homologous mutants is 

quite substantial and was unexpected given the high sequence conservation 

observed in this region and the fact that this residue had been previously 

described as catalytic in nature.

 To examine the relevance of our arginine rate differences, we measured 

the ATP hydrolysis rates of each homolog with the known catalytic glutamate 

mutated to an alanine: Hsc82•E33A and htpG•E32A.  As previously  shown, these 

two mutants exhibited very similar phenotypes in both homologs with almost no 

ATP hydrolysis measured above baseline. (Figure 1c) With such a large 

discrepancy between the hydrolysis rates of the arginine and the glutamate 

mutations observed with both homologs it became apparent that although the 
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arginine appears to play a role in ATP hydrolysis it doesnʼt appear to be affecting 

the kcat of the cycle.

Figure 1c:  ATP Hydrolysis Rates of Yeast and Bacteria Mutants
Yeast Hsc82 and bacterial htpG were mutated and assayed for ATP hydrolysis.  
Although the Middle Domain arginine shows a substantial defect in ATP 
hydrolysis the differences in activities observed between the mutant homologs 
suggest that it is not involved in catalysis when compared to the catalytic 
glutamate mutation.
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Electron microscopy reveals the Middle Domain arginine stabilizes the closed 

state of Hsp90

 With the biochemical evidence suggesting that the Middle Domain 

arginine may not be involved in catalysis but still important for hydrolysis, we 

hypothesized that this residue is involved in directly stabilizing a hydrolysis 

competent conformation of Hsp90.  If this is the case we expect that in the 

presence of nucleotide the arginine mutant will not be able to form the closed, 

nucleotide bound state observed previously. (24)  To determine if this is the case, 

we used negative stain electron microscopy on both wild-type and mutant htpG 

and Hsc82 in the presence and absence of the non-hydrolyzable ATP analog, 

AMP-PNP.  

 In the absence of nucleotide, htpG shows a variety  of open angles 

between the two monomers similar to what was observed in previous electron 

microscopy and SAXS studies performed by our lab. (19,20)  With the addition of 

AMP-PNP almost all of the molecules form the closed state with the N-terminal 

Domains dimerized together very similar to what is seen in the 

Hsp82:Sba1:AMPPNP crystal structure. (12) When the bacterial arginine mutant  

(htpG•R336A) was tested in the same manner, under apo conditions this mutant 

looked identical to the wild-type apo state, however, upon the addition of 5mM 

AMP-PNP the closed conformation could not resolved.  (Figure 2)  T h e s a m e 

assay was perform on the yeast Hsp90 homolog, Hsc82, and its arginine mutant 

(Hsc82•R376A).  A similar conformational defect was observed with this homolog 

as was in the bacterial homolog providing the first conclusive evidence that the 

49



Middle Domain arginine plays a substantial role in the stabilization of the closed 

state of Hsp90.  It should be noted that conformationally  the two homologous 

arginine mutations in Hsc82 and htpG displayed very similar conformational 

phenotypes even though biochemically  their effects on ATP hydrolysis are 

substantially different. 

Figure 2:  Electron Microscopy of Yeast and Bacterial Hsp90
To test if the Middle Domain arginine is involved in stabilizing the closed 
conformation of Hsp90 electron microscopy was used to observe the 
conformational equilibrium of the bacterial and yeast homologs and their 
mutants.  The closed conformation could not be observed in the presence of 
AMP-PNP in both arginine mutant homologs.
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Solution scattering confirms the Middle Domain arginineʼs role in conformational 

stabilization

 To confirm that these mutants were defective in solution and not an artifact 

of the stain or grid from electron microscopy we performed small angle x-ray 

scattering (SAXS) on the Hsc82 and htpG wild type and mutant constructs in the 

presence and absence of AMP-PNP.  In both wild-type homologs, the apo state 

shows a broad distribution of distances in the P(r) curves representing the 

dynamic range of motions and angles that Hsp90 undergoes in the apo state. 

(Figure 3) With the addition of AMP-PNP, the SAXS curves exhibit a much more 

narrow range of distances in their P(r) curves with a peak forming around 55Å 

indicating a much more closed compact state of Hsp90 similar to what was 

observed in the negative stain images.  

 When the P(r) curves were measured for the arginine mutants of both 

homologs a similar apo profile was observed when compared to their respective 

wild-type counterparts. (Figure 3) However, upon nucleotide addition neither 

mutant displayed a shift similar to what was observed in the wild-type proteins 

indicating that the closed state is not being formed in solution, confirming the 

results observed in the electron microscope.

The role of the Middle Domain arginine is conserved in the human Hsp90 

homolog

 Since the bacterial and yeast mutants appear to be functioning in the 

same manner, we wanted to focus on the human homolog to determine how 
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universal this mechanism among other Hsp90 homologs.  Human Hsp90 has an 

incredibly  low basal hydrolysis rate compared to the yeast and bacterial 

homologs owing, in part, to a substantially different conformational equilibrium. 

(19,22) This equilibrium is seen clearly in SAXS measurements with wild-type 

human Hsp90-alpha in the presence and absence of nucleotide showing no 

difference in their respective P(r) curves (Figure 4a) but a large distance 

distribution very similar to the yeast and bacterial apo measurements. (Figure 3)

Figure 3:  SAXS Analysis on the Middle Domain Arginine Mutants
Small-angle X-ray scattering was used to confirm that the conformational defect 
observed using electron microscopy is similar to what is observed in solution.  
Apo curves for the mutants and wild-type proteins are in black; AMP-PNP bound 
curves are colored red.
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 Although the hydrolysis rate of Hsp90-alpha is incredibly  low, we wanted 

to determine if the arginine mutation also had a similar effect on the hydrolysis 

activity.  To measure these rates we had to perform an extended time course 

ATPase assay in the presence of twice the concentration of nucleotide to obtain 

activity  levels that were well above baseline noise.  Wild-type Hsp90-alpha ATP 

hydrolysis was measured in this assay at 3x10-3 (sec-1) which is very similar to 

previously published results. (24) (Figure 4b) The human arginine mutant was 

then measured under the same conditions and displayed about a two-fold 

decrease in activity when compared to the wild-type protein.  Although the 

activities are substantially lower in the human protein than the other two 

homologs measured, it appears that the Middle Domain arginine does have an 

effect on ATP hydrolysis. 

 To confirm that the rate difference observed in the human arginine mutant 

is due to a conformational deformation similar to the yeast and bacterial 

homologs we again turned to negative stain electron microscopy.  At the time of 

this writing, early data confirms that the human Middle Domain arginine does 

appear to prevent closed state from being stabilized in the presence of AMP-

PNP but these results are too preliminary to be published at this time.  
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Figures 4a and 4b:  Human SAXS and ATP Hydrolysis Measurements
Unlike other Hsp90 homologs tested, the conformational equilibrium of Human 
Hsp90 is shifted almost completely in favor of the open state even in the 
presence of saturating amounts of AMPPNP. (4a; right)  This equilibrium is 
reflected in the low hydrolysis rate measured with the wild-type protein.  
However, upon mutation of the Middle Domain arginine a loss of hydrolysis can 
be measured suggesting the arginine mechanism is similar to both the yeast and 
the bacterial homologs. (4b; left)
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Discussion

 ATP hydrolysis and the conformational changes that result from this 

catalytic cycle are central to the function of Hsp90 by providing the energy to 

bind, remodel, and release substrate client proteins.  Understanding the 

fundamental roles of the residues involved in this process and their linkage 

between conformational change and ATPase activity is a prerequisite for 

deciphering Hsp90 function and mechanism.  Although structural work has 

shown that all homologs of Hsp90 appear to undergo similar conformational 

changes in the presence of nucleotide, there are substantial differences in the 

conformational equilibria among the homologs.  Mutations made in yeast Hsp82 

that either subtly enhanced or decreased ATP hydrolysis, therefore affecting the 

conformational equilibrium, showed substantial growth defects indicating that the 

conformational equilibrium is directly  correlated to the specific function of each 

homolog in vivo. (25)

 To better understand how conformation and ATP hydrolysis compliment 

each other and to determine if there is a universal mechanism among Hsp90 

homologs despite the above mentioned differences, we focused on exploring the 

role of the Middle Domain arginine in the bacterial, yeast, and human Hsp90 

homologs.  The Middle Domain arginine has previously been implicated in the 

catalytic cycle of Hsp90 due to itʼs conservation among the family and the fact 

that when mutated, ATP hydrolysis is decreased.  However, our work shows that 

upon closer examination the Middle Domain arginine does not appear to have as 

large of an effect on the ATPase activity as the extensively  studied catalytic 

55



glutamate which shows a complete reduction of ATP hydrolysis across all 

homologs tested in this study.  Although mutation of the Middle Domain arginine 

does lead to a decrease in ATP hydrolysis it is quite striking to see that that 

effects on hydrolysis were varied among the homologs as opposed to what was 

observed with the glutamate mutation.  These initial observations led us to 

believe that the Middle Domain arginine does indeed playing a role in ATP 

hydrolysis, however, that role is not catalytic.  To support our claims we used 

electron microscopy and SAXS to show that when the Middle Domain arginine is 

deleted in any of the three homologs a conformational deformation is observed 

where the closed state is no longer able to be stabilized in the presence of non-

hydrolyzable nucleotide.   Given the inherent rate differences observed when 

the arginine is mutated in the three different homologs, the fact that the 

conformational deformation was the same in each case indicates that the role of 

this arginine as a conformational stabilizer and nucleotide sensor is universal in 

this class of chaperones.   This data also further solidifies the fact that ATP 

hydrolysis is directly  correlated with the formation of the closed state and any 

mutation or effect that destabilizes this conformation will have a substantial effect 

on ATP hydrolysis and therefore itʼs chaperoning function in vivo. (Figure 5)
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Figure 5: Model
Unlike the catalytic glutamate, the Middle Domain arginine is directly involved in 
the stabilization of the closed state in the presence of AMP-PNP.  When mutated, 
the conformational equilibrium looks identical to the observed apo state.
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Postscript

 The majority of the work presented in this chapter is focused on trying to 

clarify the role of the Middle Domain arginine in the context of ATP hydrolysis and 

the conformational cycle of Hsp90.  Interestingly although the arginine mutations 

appear to affect each homolog a little differently, the mechanism of action is 

universal among the three homologs and given the large differences between 

them these ideas can be applied universal across the entire family.  One can 

hypothesize that the differences observed between the three homologs is a direct 

result of the known differences in their conformational equilibria and the co-

chaperones/client proteins that they interact with.  As mentioned at the end of 

Chapter 1, crystal structures of the bacterial and human homologs in the 

presence of AMP-PNP will give us new insight into how similar and different 

these homologs are in the activation of their respective ATPases.  
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Chapter 3:  Crystallographic Studies of Hsp90

Preface

 This chapter describes six years of work focused on trying to obtain a 

novel crystal structure of Hsp90 and its homologs in the apo state or in complex 

with small molecules, nucleotides, and co-chaperones.  None of the projects 

described here was successful enough to warrant a publication but the work is 

extensive and provides a framework where future and hopefully more successful 

studies can proceed from which.

 I have separated each of the major projects into separate sections with 

descriptions of the experiments and where progress was left.  Appendix 2 

provides a full summary table of the relevant crystal hits and relevant statistics 

from any data that was collected on the crystals.  I am responsible for all of the 

data collected in this chapter.  Carol Cho, a rotation student of mine, did assist on 

the crystal growth and data collection in Section B.
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Section A: Radicicol

Introduction

 Radicicol is an antitumor antibiotic which has been shown to revert the 

tumor phenotype of src (26) and ras (27,28) transformed cell lines and disrupt 

mitogenic signaling via Ras- and Raf-1-dependent signal transduction pathways 

(29).  The actions of this family of drugs had originally been attributed to the 

direct inhibition of kinases involved in these pathways, however, upon further 

investigation it was shown that these drugs affected the folding and activation of 

these kinases by binding and inhibiting Hsp90 (30-32).  

 Radicicol binds in the N-terminal ATPase domain of Hsp90 with nanomolar 

affinity  and prevents the hydrolysis of ATP which is essential for Hsp90 function 

in vivo (14). Although the physiological effects of Radicicol is similar to antibiotics 

of the ansamycin family including Geldanamycin and Herbamycin-A, it has a very 

different structure and binding affinity indicating that the ATP binding pocket of 

Hsp90 can accommodate a variety of nucleotide mimics (Figure 1).

Figure 1:  Molecular structure of Radicicol
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 The focus of this project is to obtain a crystal structure of the bacterial 

homolog of Hsp90 (htpG) in the closed state using Radicicol as a stabilizing 

agent. With the dynamic conformational equilibrium observed with Hsp90, the 

closed state has proven to be quite elusive.  Previous success in stabilizing the 

closed state has been shown by using p23, a yeast Hsp90 co-chaperone, in 

complex with Hsp82 (12).  Although there is no evidence to support Radicicol 

stabilizing the closed state of Hsp90, the fact that it binds in the active site and 

inhibits hydrolysis suggests it may perform a role similar to ATP.

Results 

 As a first attempt at co-crystallizing htpG with Radicicol a standard screen 

using the Mosquito high-throughput drop  setter with the Nextal screens Classics, 

Anions and PEGs was performed.  This was a coarse search over a small set of 

conditions to see if any initial hits would be observed in novel conditions that did 

not also support the growth of the apo-state crystals.  Several interesting hits 

were observed using Isopropanol and PEG 4000 at pHs 5.6 and 7.5 (Appendix 2) 

however the crystals exhibited frayed ends indicating multiple crystals nucleating 

from the same point (Figure 2).
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 While doing some work on co-crystallizing htpG with ADP•AlF3 (Section C 

ii) I decided to test the conditions that showed initial hits in those screens with 

Radicicol since the conditions were similar.  Interestingly, I saw a brand new 

crystal form with near perfect edges that appeared very promising (Figure 3) 

using 20-30% MPD, 10% PEG 4000 0.1M tri-Sodium Citrate pH 5.6 and MgCl2 

as an additive.  Although promising, these crystals were fairly small measuring 

about 20μm x 50μm.  

Figure 2:  htpG•Radicicol Initial Hit
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 Initial diffraction at the Advanced Light Source beamline 8.3.1 showed 

diffraction to 8.5Å, and although fairly low resolution, I collected several data sets 

to index and phase.  The final data set was indexed with space group  F222 with 

a brand new unit cell of dimensions not indicative of htpG being in the apo state 

(Table 1).  

Table 1: htpG • Radicicol Indexing 
Results

Table 1: htpG • Radicicol Indexing 
Results

Resolution 40 - 8.5Å

Rsym 0.05

Space Group F222

a 169.16

b 178.44

c 268.49

Figure 3:  htpG•Radicicol Hits from ADP•AlF3 screens
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Table 1: htpG • Radicicol Indexing 
Results

Table 1: htpG • Radicicol Indexing 
Results

α = β = γ 90

 Using several search models of Hsp90 including the apo and ADP states 

and the AMPPNP bound Hsc82 structure with Phaser (33)  I could not obtain a 

Molecular Replacement solution.  With the limitations at 8.3.1 in beam size I tried 

to increase the size of the crystals using seeding, ratio screening, and using 

larger drops for crystal formation but none of these techniques gave any larger 

crystals. 

 Even though a molecular replacement solution could not be found I 

calculated the Matthewʼs Coefficient and discovered the crystals to have a 62.3% 

solvent content.  With an incredibly high solvent content one can imagine that the 

low resolution being observed with these crystals can be attributed to variations 

in structure across the lattice with such a flexible protein and available space to 

move.  At this point, my  strategy for higher resolution became solely focused on 

dehydrating these crystals using dehydration agents such as PEG 400 and 

glycerol as well as attempting to do limited dehydration experiments at the 

Advanced Light Source beamline 12.3.1. (34) Unfortunately, both techniques only 

destroyed the crystals and therefore did not improve diffraction.

 As a last resort I froze over 100 crystals and shipped them to the micro-

beamline IDD23 at the Advanced Photon Source at Argonne National Lab.  The 

advantages of this beamline over 8.3.1 and the 8.2 beamlines at the ALS is an 
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increased flux at 1013 photons/second that is focused to 7μm providing a much 

higher signal/noise ratio which will help  increase the resolution with such small 

crystals.  This setup also allows for multiple data sets to be collected on one 

crystal at 10μm separations down the long axis of the crystal.  From 112 crystals 

shot I was able to merge 5 separate data sets to obtain one complete data set 

with an increased resolution to 7.2Å.

Table 2: APS Microbeamline Final 
Dataset Indexing Results

Table 2: APS Microbeamline Final 
Dataset Indexing Results

Resolution 40 - 7.2Å

Rsym 0.10

Space Group F222

a 173.877

b 180.176

c 264.94

α = β = γ 90

Total Reflections 77,160

 This new data set was phased using Phaser with two copies of a 

monomer from the Hsc82•AMPPNP crystal structure as a search model to reveal 

a new asymmetric unit not observed previously (Figure 4).  Instead of two 

biologically  relevant dimers interacting cleft-to-cleft forming fibers as seen with 

the apo structure, the Radicicol bound htpG shows alternating dimers interacting 

through the back side of the Middle Domains in an alternating fashion.
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 Interestingly the N-terminal Domains are not dimerized which is what we 

were expecting if Radicicol was going to stabilize the closed state.  Instead, the 

open angle of the dimer appears to be dictated by the crystal packing at some 

arbitrary angle that is smaller than what we observe with the apo crystal 

structure.

 Refinement of this structure was initially tricky given the low resolution 

data set however recent work done by Axel Brungerʼs lab (35,36)  had created 

new tools for working with low resolution data sets.  One major tool that aided the 

refinement was the use of Bsharp at a value of -350.  In combination with rigid 

Figure 4:  Initial solution from Phaser of the htpG•Racidcicol crystals.  The 
asymmetric unit consisted of one monomer from a green colored Hsp90 and a 
second monomer of a blue colored Hsp90.  With symmetry drawn, minimal 
crystal contacts can be observed between the dimers.
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Figure 5:  2Fo - Fc maps of htpG •Radicicol.  Although the density is quite good 
in the N-terminal and most of the Middle domains of Hsp90, it degrades 
substantially at the Middle-C interface and can not be resolved at the C-terminal 
domain.
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body modeling and some B-factor refinement I was able to produce an R of 

34.6% and Rfree of 37.6% - two of the lowest values seen with data of this 

resolution in the Protein Data Bank (37).

 Density maps were calculated from the phases and decent density was 

observed for both monomers in the N-terminal Domain and the N-terminal portion 

of the Middle Domain.  However, at about halfway down the Middle Domain the 

density starts breaking up substantially until it is almost unresolvable in the C-

terminal Domains (Figure 5).  This effect is clearly seen in one monomer whereas 

the other appears to have density for most of the Middle Domain suggesting that 

the Middle/C-terminal Domain interface angle is wrong.  Density for the lid region 

of the N-terminal Domain is also missing, but from previous crystal structures of 

that domain in the presence of drugs and nucleotides this was expected.

 Rigid body refinement using the NM as one body  and the CTD as a 

separate body failed to produce large enough changes to the Middle-C angle to 

improve the density in that area.  Molecular replacement was also retried using 

individual domains instead of intact monomers to attempt to get an unbiased 

solution but Phaser could never resolve where the C-terminal domains were to 

be located that made sense biologically.

 It should be noted that due to the resolution limits of this data set, density 

for Radicicol in the ATP binding pocket could never be fully resolved.  The fact 

that the lid appears to be disordered and that these crystals only grow in the 

presence of high amounts of Radicicol are the reasons we believe the drug to be 

bound.

70



Discussion & Future

 Obtaining an atomic resolution structure of htpG in the closed state would 

fill a massive gap in our knowledge of how Hsp90 functions.  To date, the only 

closed state of Hsp90 is the yeast homolog Hsp82 bound in complex with the co-

chaperone p23 (12).  Although an important step forward, p23 has been shown to 

inhibit the ATP hydrolysis activity of Hsp90 (38) and therefore this structure does 

not give us much insight into the active conformation of Hsp90 and the 

interactions required for hydrolysis to proceed.

 The Radicicol bound structure shows a novel conformation not seen 

before in our previous crystallographic studies.  The open angle between the two 

monomers is much smaller than observed with the apo state solved previously 

Figure 6:  htpG•Radicicol crystal structure aligned using one C-terminal domain 
against the pH 6.0 htpG SAXS model.  The open angles between the two 
structures are very similar with some differences arising in the angles between 
the Middle and C-terminal domains.
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however the angle is very similar to what was observed with htpG at low pH in 

SAXS studies (Figure 6).  In corroboration of this, it turns out that these crystals 

could only  be grown in the narrow pH range of 5.6 - 6.0.  Although the monomer 

angles are similar there does appear to be a substantial deviation in the Middle-C 

terminal domain angles but this might be attributed to poor modeling given the 

lack of density in that region.    

 As mentioned previously, this crystal structure is not complete and 

currently remains with most of the density  still missing from the lower half of the 

protein with barely any visible density for the C-terminal Domain.  Crystal size, 

water content, and the overall fragility of these crystals appear to be the limiting 

factors in preventing a higher resolution data set to be collected.  The flexibility of 

htpG and the fact that there are relatively  few crystal contacts between the 

dimers indicate that dehydration or other solvent reducing techniques would be 

the most promising avenues for increasing resolution.  The APS micro-beamline 

was absolutely crucial in solving the phases and any future efforts with crystals of 

this size should be limited to using a setup of this kind.

Section B: Novobiocin and KU-1

i.  Novobiocin

 Novobiocin (Figure 7) is a member of the coumarin family of antibiotics 

which are a class of small molecules that have been shown to inhibit bacterial 

DNA Gyrase B.  Given the close homology between Gyrase B and Hsp90, 
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Novobiocin was tested with Hsp90 as a potential cancer therapeutic (39,40).  Pull 

downs and drug/nucleotide competition experiments showed that Novobiocin 

was interacting with the C-terminal Domain and not the N-terminal Domain 

nucleotide binding pocket as seen with Geldanamycin and Radicicol (41).  This 

was the first evidence of a small molecule interacting with Hsp90 and inhibiting 

itʼs activity without being bound in the nucleotide pocket.  The goal of this project 

was to solve a crystal structure of Hsp90 or one of itʼs domains in complex with 

Novobiocin to understand how this drug effects the conformation and activity of 

Hsp90.

Figure 7:  Molecular structure of Novobiocin
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 To begin our investigation of Novobiocin and itʼs interaction with Hsp90, 

we wanted to test whether or not it had any effect on the ATPase activity  of htpG.  

Using a NADPH-reduction ATP regeneration assay (Appendix 2) ATP hydrolysis 

rates were measured in the presence of increasing amounts of Novobiocin.  A 

clear inhibition of ATP hydrolysis was observed and the Ki was measured to be 

~475uM which is roughly equal to the binding affinity of ATP (Figure 8).  With this 

evidence, if Novobiocin does, indeed, not bind in the N-terminal domain as 

previously discussed, Novobiocin will represent the first allosteric effector of 

Hsp90.

Figure 8:  ATPase activity of htpG in the presence of varying concentrations of 
Novobiocin.  A standard Michaelis-Menton equation was fit to the data to obtain 
a Ki of ~475uM.
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 Given the difficulties of full-length htpG crystallization, I decided to focus 

on the C-terminal domain - where Novobiocin has been shown to bind - as an 

initial starting point for these studies.  With the Ki of Novobiocin in mind, 

htpG•C511 was screened with 1.5mM Novobiocin and 100mM Molybdate as 

additives using Crystal Screen 1 and 2 from Hampton Research.  An initial hit 

was found with 0.2M Ammonium Sulfate, 0.1M Sodium Acetate pH 4.5, and 30% 

PEG 2000 MME.  This hit was screened using several 24 well plates with 

conditions varying from the initial hit to produce enough crystals to be shot at the 

synchrotron.



Table 3: htpG•C511 + Novobiocin 
Indexing Results

Table 3: htpG•C511 + Novobiocin 
Indexing Results

Resolution 50 - 3.44Å

Space Group F222

a 98.284

b 153.327

c 171.639

α = β = γ 90

 A full data set was collected to 3.44Å and molecular replacement was 

used to solve the phases of this data set using the htpG C-terminal Domain 

structure (PDB: 1SF8) as the search model (42).  The resulting solution 

contained 3 molecules in the asymmetric unit which allowed me to use NCS in 

conjunction with standard CNS protocols (43) to obtain an R of 36.1% and Rfree of 
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37.6%.  Upon close inspection there was no extra density seen that could have 

been Novobiocin indicating that the small molecule was not bound in this 

structure.

 As a next step, the C-terminal domain of human Hsp90-beta and full 

length htpG were also both screened with Novobiocin and Molybdate as 

additives with no successful hits coming out of the initial screens.  I also 

attempted to remove the C-terminal tail of Hsp90-beta (Hsp90-beta No Tail) with 

the idea that the tail region would prevent crystals from forming, however, that 

protein was never able to be stabilized in solution post purification and screening 

could not be performed.  

 As an alternative technique to co-crystallization, I attempted to soak high 

concentrations of Novobiocin with apo N-terminal Domain crystals of Hsp90-

alpha and htpG C-terminal domain crystals.  At this point I had decided to use 

both the N and C-terminal domains due to some competition evidence in the lab 

that was suggesting that Novobiocin may be interacting with the N-terminal 

domain as well (data not shown).  The C-terminal Domain crystals did not react 

well to this technique and almost all of them fractured upon drug addition, 

however, the N-terminal Domain crystals were able to be soaked in high 

concentrations of Novobiocin for up  to 15 minutes in a non-covered drop without 

visible fractures.  Soaked Novobiocin/N-terminal Domain crystals were taken to 

the Advanced Light Source and a full data set was collected to 2.0Å.  
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Figure 9:  (Top) Calculated Fo-Fc maps of the entire N-terminal Domain show 
mainly  missing waters that are missing from the model.  (Bottom) A close up of 
the active site shows what look to be a string of waters in the pocket, but no drug 
present.
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Table 4: Hsp90-alpha/Novo Indexing 
Results

Table 4: Hsp90-alpha/Novo Indexing 
Results

Resolution 50 - 2.0Å

Space Group

a 65.307

b 88.871

c 99.917

α = β = γ 90



 The phases were solved using Phaser and the apo-NTD structure of 

Human Hsp90-alpha as a search model.  The structure was refined using CNS 

resulting in an R of 23.1% and Rfree of 26.1%.  Calculated Fo - Fc maps did not 

show any missing density of the size of Novobiocin in the solved structure 

indicating there was no drug bound (Figure 9).

 The biggest obstacle that could not be overcome with this study was the 

fact that although an effect is clearly seen in the presence of Novobiocin on the 

activity  of Hsp90, the binding affinity is just too poor for these crystallographic 

studies.  Partial occupancy of small molecules in crystal structures will result in 

the observation of a lack of density and the assumption that no drug is bound.

ii. KU-1

 A higher affinity  Novobiocin analog, KU-1, was developed in the lab  of 

Brian Blagg at Kansas State University and shipped over to the lab for structural 
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studies.  KU-1 was shown to have similar effects as Novobiocin with client protein 

degradation observed in cell lysates where KU-1 had been added (44).

 As per our previous study with Novobiocin, we wanted to measure the 

effects of KU-1 on the ATP hydrolysis rate of htpG and determine the Ki for the 

compound.  Similar to our Novobiocin experiments we observed a marked 

decrease in ATP hydrolysis upon addition of KU-1 in varying amounts (Figure 

10), however, the Ki was measured to be 25uM, almost 20 fold tighter than what 

was observed for Novobiocin and ATP.

Figure 10:  ATPase activity of htpG in the presence of varying concentrations of 
KU-1.  A standard Michaelis-Menton equation was fit to the data to obtain a Ki of 
~25uM.
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 Several different methodologies were used to try and obtain co-crystals of 

htpG and its domains with KU-1.  Initial screening was performed with both the 

N-terminal Domain and the C-terminal Domain of htpG with no unique hits found 

in the initial screens performed on both proteins.  Although KU-1 is a Novobiocin 

analog and therefore should be interacting only with the C-terminal Domain, 

competition assays performed (data not shown) suggested there was affinity  for 

the N-terminal Domain as well indicating a potential for binding which might be 

hindering these structural studies.

iii. Future

 The future for this class of drugs remains an interesting lead for drug 

discovery and other assay development given the allosteric nature of these 

compounds, although structural studies seem to more difficult than previously 

imagined.  With the robotic setup now currently available a more high throughput 

approach should be taken with these drugs and more crystals screened to find 

the appropriate conditions required to obtain the co-crystal structure.

Section C: Nucleotides and analogs

i. AMP-PNP/AMP-PCP

 The Pearl lab  solved the first structure of Hsp82 in complex with AMP-

PNP and p23 showing Hsp90 in the closed state with the N-terminal domains 

dimerized (12).  This structure provided the foundation for the enzymatic studies 

that guided the first part of my graduate work, however as previously noted, the 
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p23 bound state has been shown to be a hydrolysis incompetent state and 

therefore not indicative of the actually catalytically competent state of Hsp90.  To 

understand the differences between this inactive state and a catalytically active 

state, I turned to the bacterial homolog, htpG, which has no known co-

chaperones and therefore should be able to access itʼs hydrolysis competent 

state in a stable way without the use of a co-chaperone.

 To summarize this project, I had found a few conditions involved Sodium 

Malonate and tri-Sodium Citrate (Appendix 2) that showed initial hits for co-

crystals of htpG with AMP-PNP.  These crystals were large and showed some 

edges, but also had crystalline like characteristics that suggested a large water 

content (Figure 11).  At least twenty trays were created to screen for better 

crystals using variations on the initial hit recipe, additive screens, and detergent 

screens.  Four synchrotron trips later and a data set collected to 6.5Å was all I 

could obtain.

Figure 11:  htpG•AMP-PNP bound crystals
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Table 5: htpG/AMP-PNP Indexing 
Results

Table 5: htpG/AMP-PNP Indexing 
Results

Resolution 50 - 6.5Å

Rsym 0.053

Space Group P6122

a 104.458

b 104.458

c 560.2

α = β 90

γ 120



 For this specific data set molecular replacement using Phaser was 

actually  a little difficult as I was focused on searching for the biological dimer in 

the asymmetric unit instead of considering the fact that the biological dimer might 

be formed through crystallographic symmetry.  Once this was realized, a solution 

was quickly found using two copies of one monomer of the apo structure solved 

previously in the lab (Figure 12) (13).

 Of course, the resulting structure was an exact replica of the apo structure 

that they had solved.  I attempted to solve 4 other structures in different but 

similar conditions with no success.  At this point in time, SAXS studies in the lab 

were showing that even with AMP-PNP present there is not a 100% shift in the 

conformational equilibrium of htpG to the closed state.  This seems to be the 

plaguing problem with these conditions and crystals - even though AMP-PNP is 
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present at high concentrations the binding energy is not able to overcome the 

stabilization energy that the apo state provides in the crystal lattice and hence 

why I could only solve the same state over and over again in those conditions.

 As a final attempt at obtaining an AMP-PNP bound structure I wanted to 

try using AMP-PCP which although very  similar to AMP-PNP had shown different 

binding kinetics in an ANS binding assay performed in the lab  (data not shown).  

Four 96 well screens were tested with 4mM AMP-PCP in solution with no 

success.  However it is interesting to note that the initial hits discovered in this 

screen were not found in the conditions that reproducibly gave apo and AMP-

PNP hits suggesting htpG is in a different equilibrium or conformation in the 

presence of AMP-PCP.

ii. ADP•AlF3

Figure 12:  Asymmetric unit of htpG•AMP-PNP crystals.  It turns out that this 
conformation is identical to the apo htpG structure solved previously in the lab.
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 In my continuing quest to obtain a crystal structure of htpG in a 

catalytically active conformation I decided to attempt to work with an ATP 

transition state analog, ADP•AlF3.  This additive has been shown to mimic a post 

hydrolysis ATP just before inorganic phosphate is released from the active site.  

Although a little far fetched since I couldnʼt obtain a structure using the more 

stable nucleotide mimics, I figured why not try.

 There are many recipes in the literature to create ADP•AlF3 in solution and 

I tried one that had shown success for other researchers in the area.  The final 

additives used in the initial screening with htpG were 5mM ADP, 10mM MgCl2, 

10mM AlCl3, and 100mM NaF.  Several hits were seen from these screens in 

conditions that differed substantially from the AMP-PNP and AMP-PCP crystal 

trials tried previously.  Unfortunately after several trays I could never get any 

wells that didnʼt have at least millions of miniscule crystals present.  Seeding was 

tried to reduce the nucleation in wells to no avail.  However, temperature and 

slow nucleator additives such as glycerol of ethylene glycol were not tried and 

might produce better results.

iii. Future

 Nucleotides and their analogs were a large focus of my  structural work on 

Hsp90 given the extensive work I did focusing on the hydrolysis competent 

conformation of Hsp90 in my enzymatic studies (Chapter 1).  This project, 

although showing some progress, was hindered mainly in part due to Hsp90s 

incredible conformational equilibrium.  Looking back, and given the completed 
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SAXS work describing the conformational equilibrium in great details by Kristin, 

htpG, although easy to crystallize in the apo state, was probably not the best 

choice for these studies since even in the presence of nucleotide it only exhibits 

a 60:40 shift towards the closed state.  However, Hsc82, which shows the 

greatest shift towards the closed state upon nucleotide addition, still couldnʼt form 

crystals without the addition of a co-chaperone present indicating the difficulty  in 

getting crystals of this conformation to form.  

 I believe that future work should revolve around high affinity small 

molecules and possible cross-linking/cysteine studies to help stabilize the closed 

state.  Electron Microscopy work using these techniques on the human homolog 

of Hsp90 has been incredibly successful in aiding structure solving and these 

techniques should translate well to crystallographic studies if done in a 

straightforward and systematic way.

Section D: Hsp90 Homologs

 Most of our labʼs successes structurally in the Hsp90 field began when our 

work was focused on the bacterial Hsp90 homolog, htpG.  htpG appears to be a 

much more simplified version of its eukaryotic counterparts with no known co-

chaperones required for its chaperone activities.  This is contrasted by the fact 

that, to date, there are no conclusively proven substrates that interact with htpG - 

although there are a few, which will be discussed later that have been 

hypothesized to be potential substrates.
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 With the significant progress that was made by shifting to the bacterial 

Hsp90 homolog, my idea was to expand to other homologs that might be more 

amenable to structural studies and to focus on those homologs where substrates 

have been discovered with the hope of obtaining the first co-crystal structure of 

Hsp90 in complex with a client protein.

i. Synechococcus sp. htpG

 The Synechococcus sp. Hps90 homolog (sshtpG) was brought in as part 

of a collaborative effort with Hitoshi Nakamotoʼs laboratory (45,46).  Using a high 

temperature in vivo assay on this cyanobacteria lacking sshtpG they found a 

unique and distinctive phenotype where the phycobilisomes, the primary light 

harvesting antennae for these organisms, were being improperly  organized (data 

not published).  Through further investigation it appeared that the linker peptide 

which connects the phycobiliproteins to one another to create the phycobilisome 

was not properly  folded suggesting this could be a potential substrate of sshtpG 

in these organisms.  This interaction was measured in vitro by showing a 

prevention of linker peptide aggregation at elevated temperature upon the 

addition of sshtpG (data not shown).

 Full crystal screens were performed on this protein with and without 

nucleotide on the Mosquito high-throughput drop dispenser but no initial hits 

were seen in the over 1,000 conditions tested.  sshtpG with Radicicol as an 

additive was also screened against 800 conditions to no avail.  At this point all 

work was stopped on this protein, however future trials could include the use of 

86



alternate temperatures, higher protein concentrations, and a protein:precipitant 

ratio screen.

ii.  Myxococcus xanthus & Thermobifida fusca htpG

 Using the amino acid sequence of htpG as a starting point I used BLAST 

to attempt to find other homologs of htpG in other prokaryotic species.  My 

search found two new homologs of htpG: one from the mesophile, Myxococcus 

xanthus (MXhtpG), and the other from the thermophile, Thermobifida fusca 

(TFhtpG).  The T. fusca Hsp90 homolog is of particular interest since the 

organism lives at 55C which might suggest that this homolog will be more stable 

at lower temperatures and potentially  have a much different and preferential 

conformational equilibrium for structural studies than the other homologs we 

have been working on.  M. xanthus is also an interesting organism to discover an 

Hsp90 homolog as it is known to have an extensive signaling network that more 

closely  resembles eukaryotes than it does prokaryotes (47).  With the signaling 

functions of Hsp90 in eukaryotes this homolog might represent a hybrid between 

htpG and the yeast and human homologs.

 Both genes were isolated from the genomic DNA of their respective 

organism and then sent to GeneArt for codon and transcription optimization in E. 

coli.  Using the standard htpG growth, induction, and purification protocols 

(Appendix 1), I was able to successfully purify large quantities of MXhtpG for 

crystallization studies.  On the other hand, the TFhtpG was never able to be 

purified successfully.  It appeared that all of the protein went into inclusion bodies 
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upon induction.  No extensive work was done to test other induction protocols or 

attempt an inclusion body purification due to the amount of other projects going 

on at the same time.

 MXhtpG was screened against 1,000 different conditions alone and in the 

presence of AMP-PNP and ADP.  From this screen there was one very promising 

hit with MXhtpG and AMP-PNP in the condition containing 0.2M Mg Acetate, 

0.1M Na Cacodylate pH 6.5, and 10% PEG 8000 (Appendix 2).  The crystals that 

appeared in this condition were long, thin needles that were incredibly  fragile to 

handle (Figure 13).  Several 24 well plates screening around the initial hit were 

set up with the goal to find crystals that would be larger and more amenable to 

manipulation however no new crystal forms were found with either the variations 

or using colder temperatures and nucleation preventative agents like ethylene 

glycol and glycerol.

Figure 13:  MXhtpG•AMP-PNP initial hit
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 Both of these homologs are incredibly promising in terms of future 

structural and biochemical studies.  Trying to understand the dynamics and 

structures of these homologs will be crucial in aiding our understanding how 

Hsp90 functions in higher eukaryotic organisms where the biology is inherently 

more complex.  Although the structural studies presented here were limited, and 

somewhat hasty, a more thorough approach to these homologs does appear to 

be promising.

Section E:  Current Projects

 There are a few projects that are currently ongoing as I write this chapter.  

The two projects most relevant to discussion are structural studies involving the 

yeast co-chaperone, Cpr7, and the bacterial ribosomal protein, L2.

i.  Cpr7

 Cpr7 is a yeast homolog of the human cyclophilin CyP-40 (45% similarity) 

that is a TPR binding co-chaperone with peptidyl-prolyl isomerase activity (48).  

Previous work has shown that a deletion of Cpr7 results in a significant 

impairment in the cell division rate which interestingly is not the case with Cpr6, a 

homologous protein also found in yeast (49).  Removal of the isomerase activity 

is not required to sustain growth or glucocortocoid receptor activity and its 

binding to Hsp90 has been shown to be mutually exclusive with FKBP52 (50).  

Cpr7 mutant strains have also shown a hypersensitivity to Geldanamycin 
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suggesting an interaction with Hsp90 in vivo.  Several large scale systems 

biology studies have confirmed this interaction both genetically  and physically 

(51).  With the evidence presented thus far it seemed appropriate to attempt to 

obtain a co-crystal structure of Hsc82 with Cpr7 especially since Cpr7 appears to 

interact with the TPR binding motif at the end of the C-terminal Domain of Hsp90.

 Cpr7 was cloned into a pET151D vector and purified in high concentration 

from E. coli using a standard Nickel, MonoQ, and S200 gel filtration column 

purification protocol.  Non his-tagged Hsc82 was mixed in vitro with purified his-

tagged Hsc82 at varying concentrations.  5ul of Nickel-NTA resin was added to 

each tube and a pull down was performed with Cpr7 as the bait and Hsc82 as 

the prey.  A western, using a purchased Hsc82 antibody, was developed and 

displayed a clear interaction between the two proteins confirming the in vivo work 

done previously in other labs (Figure 14).
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 Although the pull down displayed a clear interaction between Hsc82 and 

Cpr7 it does not indicate the strength or the stoichiometry of the interaction.  To 

obtain this data, mixtures of varying ratios of Hsc82 and Cpr7 were injected into 

an analytical gel filtration system with a multi-angle static light scattering system 

at the end of it.  Together these two machines will separate out complexes from 

the individual components and provide precision molecular weight data for each 

component.  When the complexes were injected, I did observe a large shift in the 

Hsc82 peak compared to the Hsc82 alone chromatogram suggesting a high 

molecular weight component in solution (Figure 15).  Upon calculation the 

molecular weight was almost 400kD indicating some higher order complex or 

aggregation occurring in solution.  Although this experiment really didnʼt provide 

any new information it did solidify the conclusion that Hsc82 and Cpr7 are indeed 

Figure 14:  Pull down results with Hsc82 and Cpr7 with an antibody against 
Hsc82.
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interacting in some way in vitro  - but that this interaction needed to be reinforced 

in order for structural studies to be successful.

 Upon suggestion from Dan Southworthʼs work with HOP and FKBP52, I 

decided to engineer two cysteines on the MEEVD sequence of Hsc82 and two 

cysteines in the TPR binding motif of Cpr7 (data not published).  The Cpr7 

mutagenesis was guided by  using structural and sequence homology between 

Cpr7 and CyP40 with HOP.  The Hsc82 mutations were done analogously  to the 

human Hsp90 alpha that Dan had completed.

 Upon making the 4 single mutants, I pairwise incubated each Cpr7 mutant 

with an Hsc82 mutant in the presence of hydrogen peroxide to create an 

oxidative environment for disulfide bond formation.  These mixtures were then 

Figure 15:  Light Scattering/Chromatography results with Hsc82 and Cpr7.  Cpr7 
(purple) and Hsc82 (red) individual curves show clear molecular weights of 50kD 
and 160kD respectively.  When mixed in a 2:1 Cpr7:Hsc82 ratio a third peak of 
~400kD appears indicating some type of large complex or aggregation.
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injected into an analytical gel filtration column and tested for complex formation 

using an SDS-PAGE gel.  Interestingly, none of the combinations of mutants 

were able to form a stable complex indicating that disulfides were not being 

formed between the two proteins (data not shown).  This is most likely due to an 

incorrect positioning of the cysteine mutants on Cpr7.  Since there is no structure 

of Cpr7, it is nearly impossible to figure out where to accurately place the 

cysteines with more precision than using the homology  method already used.  

Given the amount of work it would take to scan the region for disulfide formation, 

progress on trying to create a more stable complex of Hsc82 with Cpr7 was 

halted and initial screening was started on the wild type proteins.

 For the initial screens 900 conditions were tested against Hsc82:Cpr7 in a 

near 1:1 ratio (dimer:monomer) without nucleotide present.  The final 

concentration in the drops for each species was ~30uM.  Observations of all nine 

trays showed very little precipitation overall indicating the need to increase the 

protein concentration to help  nucleation begin.  A second round of initial screens 

was done at twice the concentration with 1,000 conditions screened against the 

1:1 complex in the presence and absence of AMP-PNP.  However, upon 

observation of these trays there was still not much precipitation seen across the 

trays.  Hsc82 is limited by protein concentration currently, with the most 

concentrated prep  being 15mg/ml.  This protein concentration appears to be too 

low for nucleation, however, at the time of this writing I am working on increasing 

the concentration of Hsc82 in these crystal trays and focusing on doing more 

diverse screening with other nucleotide analogs.
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ii.  Bacterial Ribosomal Protein L2

 Bacterial Ribosomal Protein L2 is a highly conserved protein found in all 

three kingdoms of life (52).  It forms contacts to almost every domain of the large 

subunit rRNA in ribosomes and participates in an intersubunit bridge with the 

small subunit rRNA (Figure 16).

 Work by Masasuke Yoshidaʼs lab in Japan showed a preliminary 

interaction between L2 and htpG in vivo (data not published).  The Yoshida lab 

cloned the DNA of the L2 protein and inserted it into a standard pET expression 

vector for in vitro testing with WT htpG.  In addition to a full length construct, they 

also created N-terminal and C-terminal truncation mutants divided at residue 

Figure 16:  Bacterial ribosome showing the location of L2 with respect to the 
entire molecule.
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120.  My goal for this project is to attempt to solve a stable crystal structure 

between htpG and the Ribosomal protein, L2.

 As a first attempt, I wanted to focus on the full length L2 protein with htpG.  

The purification of L2 from bacteria is not trivial and requires an inclusion body 

prep and refolding of the protein using dialysis over 1-2 days (see appendix).  

After the purification was successful I did attempt to do an analytical gel filtration 

run to see if I could for a complex by mixture alone, but there were no clear 

results indicating formation.  Regardless, I ran a standard 1,000 condition screen 

against the htpG:L2 complex in a 1:1 and 1:2 ratio and observed substantial 

precipitation in most trays but no nucleation or crystal formation.

 Looking at the structure of the L2 protein it was clear why the full length 

protein is unstable.  L2 consists of a fairly large globular domain in the middle 

with the N and C  terminal ends reaching into the ribosome with very  little 

structure.  With this in mind, I decided to make an L2 Middle construct that 

removed both N and C  terminal extensions in the hopes of preserving only  the 

globular part of the protein that htpG could theoretically interact with.  The 

designed construct contained amino acids 66-183 from the original L2 protein 

and unfortunately could never be refolded from the denatured state after it was 

guanidine dissolved from inclusion bodies.

 Moving forward I decided to go back and try the individual truncation 

proteins that the Yoshida lab had created.  My initial thoughts against this were 

focused around the fact that residue 120 appeared to be a fairly arbitrary  cut 

point when looking at the structure.  However, the two truncations have proven to 
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be much more stable in solution than the full length protein and the L2 Middle 

truncation I had made myself.

 I set up two sets of trays: one with the N-terminal truncation and one with 

the C-terminal truncation.  These two trays were screened against our standard 

library  of crystallography conditions and observed over the course of 2 months.  

During that time, a few crystal hits were found with the C-terminal truncation and 

none were found with the N-terminal truncation.  Interestingly, this coincided 

nicely  with some new data out of the Yoshida Lab that showed preliminary in vitro 

interaction data between htpG and this C-terminal fragment (data not shown).  

The two conditions that came out of this screen were: 0.05M Calcium Acetate; 

0.1M Sodium Cacodylate pH 6.0; 25% MPD and 0.1M Sodium Acetate pH 4.6; 

0.6M Sodium Fluoride.

 These conditions are still being worked on at the time of the writing of this 

chapter.  The issue that I am currently dealing with is getting a good purification 

of the C-terminal fragment from the Yoshida Lab.  The protein that was used in 

these initial screens were sent to us from their lab so we are currently in the 

troubleshooting phase with their purification protocols.
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Postscript

 Although a substantial part of my thesis work was focused on obtaining a 

crystal structure of any Hsp90 in any possible way - it appears that I might leave 

graduate school with out this ever being fulfilled.  But fear not, the most recent 

two projects, specifically  the Cpr7 and the L2 complexes appear to have some 

hope left in them.  Further screening of these two complexes with additives, 

ratios, and other methods I wrote previously should help  in obtaining at least a 

low resolution structure.

 Resolution seems to be the biggest hinderance with the structural studies 

that I have been able to pursue in the last six years.  The conformational 

heterogeneity  of Hsp90 appears to be the biggest factor in preventing high 

resolution structures from being obtained.  I did spend some time working on 

dehydration techniques to get around this, but none of them appeared to be 

substantially beneficial in this specific case.

 The only piece of advice I can give other than what I have stated above is 

to be persistent.  Low resolution solution techniques have been substantially 

developed over the years and a low resolution structure can be as informative as 

a high resolution structure at this stage in our knowledge of Hsp90 and how it 

interacts with clients and co-chaperones.
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Chapter 4:  Mechanistic Studies of Sansalvamide A Peptide: A Potential 

Allosteric Modulator of Hsp90

Preface

 Using small molecules to modulate the activity and conformation of Hsp90 

has been on of the central goals of my thesis.  The work presented here is a 

result of a collaboration between our lab  and Shelli McAlpineʼs laboratory at San 

Diego State University.  Her lab  discovered and created a novel inhibitor of 

Hsp90, San A-amide, which has been shown to modulate C-terminal client 

proteins of Hsp90 while binding to the N-M domain.

 At the time of this writing, a paper describing the effects and the binding of 

San A-amide has been submitted for publication to the   (JACS).  Robert Vasko 

and Rodrigo Rodriguez are joint first authors on this paper and were my direct 

collaborators in this work.  Vasko and Rodriguez are responsible for the synthesis 

and initial lysate pull-downs using San A-amide.  Veronica Ardi, the third author, 

was responsible for the client protein pull-down assays.  I appear as second 

author on the paper and contributed all of the Hsc82 binding data and enzymatic 

results for this publication.
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Abstract

 Here in we show that San A-amide is a structurally unique molecule that 

appears to allosterically  modulate C-terminal client proteins of Hsp90, while 

binding to the N-M domain. We show that San A-amide specifically inhibits client 

proteins that bind to the C-terminus, while having no effect on a client protein that 

binds to the middle domain. Thus, San A-amide influences a particular subset of 

cancer-related pathways by appearing to allosterically  disrupt binding of Hsp90 to 

C-terminal client proteins, while binding at the interface of the N-M domain. This 

unique mechanism suggests that San A-amide is a promising lead in the 

development of new cancer therapies.
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 There are serious limitations on molecules currently available to treat 

drug-resistant colon cancer.  The natural product Sansalvamide A and 

Sansalvamide A peptide (San A-amide) derivatives (Figure 1) possess unusual 

structures that share no homology to known anti-cancer agents and they inhibit 

growth of drug-resistant colon (HCT-116) cancer cell lines. (53,54)  Our work 

focuses on designing new San A-amide derivatives that inhibit growth of drug 

resistant cancers.  These scaffolds represent innovative structures that are 

structurally unique from current drugs on the market.  To date, no mechanistic 

studies have explained the cytotoxicity of San A-amide in mammalian cells. (55)  

In vitro binding assays against viral encoded topoisomerase 1 (topo 1) suggested 

this may be a possible mechanism of San A-amide, however, studies using 

mammalian topo 1 indicated that this was not the mechanism of action.  Herein 

Figure 1: The natural product Sansalvamide A, the derivative Sansalvamide A-
amide (San A-amide) compound (1), and biotinylated San A-amide (San A- 
amide-Biotin). 
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we show that San A-amide binds to heat shock protein 90 (Hsp90) and in doing 

so, it blocks the binding of Hsp90 to a client protein and a co-chaperone that are 

known to bind at the C-termini of Hsp90: inositol hexakisphosphate kinase-2 

(IP6K2) and FKBP52, but does not affect a classic N-terminal client, Her-2.  

Further we show that our molecule binds to the N-Middle domain of Hsp90, 

suggesting that San A-amide inhibits binding via an allosteric mechanism.

 In order to investigate the mechanism of action for San A-amide, we 

employed pull-down assays using a biotinylated derivative, which allowed us to 

identify potential oncogenic protein target(s) that bound to this molecule.  Our 

SAR data indicated that position 4 is not critical for cytotoxicity, (53,54) and thus it 

represented a logical location for the incorporation of a biotinylated linker into 

these molecules.  San A-amide-Biotin was synthesized and used in pull-down 

assays with HCT-116 colon cancer cells (Figure 1).

 The biotinylated compound was incubated with cancer cell lysate, 

whereupon neutravidin bound agarose beads were added to immobilize the 

compound along with bound target protein(s).  The beads were washed to 

remove non-specifically  bound proteins followed by elution of San A-amide-Biotin 

with SDS-PAGE sample buffer.  The eluted proteins were run on an SDS-PAGE 

gel and visualized with Coomassie blue.  The most prominent protein bound to 

San A-amide-Biotin was visualized as a band at 90 kDa. Subsequent sequencing 

of this protein was performed using a nano-LC/MS/MS followed by searching the 

NCBInr Eukaryotic database.  The primary band on the gel was identified as the 

molecular chaperone Hsp90 (Figure 2).  Comparison of the band at 90 kDa in 
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lane 2 to the negative control (lane 3, the PEGylated biotin linker alone) showed 

that we specifically  pulled down Hsp90 using San A-amide.  Thus, San A-amide 

binds to a well-established oncogenic protein, Hsp90.

 Hsp90 has over 100 identified client proteins, most of which are involved 

in signaling (56,57) and are up-regulated in the majority of cancers. Inhibiting the 

function of Hsp90 affects multiple oncogenic substrates including those involved 

in cancer cell growth. (58-60)  Given that the efficacy of target-specific anti-

cancer drugs may decrease or even be lost over time due to the high epigenetic 

variation within cancer cells, inhibiting a protein that affects numerous cancer-

related pathways, such as Hsp90, can be an effective and efficient means of 

treating drug-resistant cancers. (58-60)

 There are currently  two classes of inhibitors of Hsp90: the N-terminal 

inhibitors [e.g. 17-allylamino, 17-demethoxygeldanamycin (17-AAG)] that all 

target the ATP pocket, and a relatively  weak C-terminal inhibitor, novobiocin.   

(44,61)  The N-terminal domain is the binding site for all Hsp90 compounds 

currently in clinical trials.  Some client proteins bind to the C-terminus of Hsp90 

Figure 2:  HCT-116 colon cancer cells,  10% SDS-page gel of bands isolated 
during pull-down assays. Lane 1 = MW marker 100 and 75 kDa, 2 = San A-
amide-Biotin, 3 = negative control (PEGlayted biotin linker), 4 and 5 = protein 
input for lanes 2 and 3 respectively. 
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and are not inhibited by N-terminal inhibitors.  One example is the apoptosis 

inducing inositol hexakisphosphate kinase-2 (IP6K2).  Inhibiting the interaction 

between IP6K2 and Hsp90 elicits programmed cell death; (61) thus, disrupting 

this interaction may provide an approach to new chemotherapeutics.  TPR-

containing co-chaperones such as FKBP52 also bind to the Hsp90 C-terminus 

and are involved in apoptotic pathways. (62)

 Suspecting that the biological affects of San A-amide result from Hsp90 

inhibition, we directly probed the effect of the peptide on the binding of the N-

terminal client Her2, (63) the C-terminal client IP6K2, and the C-terminal 

cochaperone FKBP52 to Hsp90 in vitro.  Native Hsp90 was purified from HeLa 

cells (Stressgen), and we used recombinant 6x-histidine-tagged IP6K2 (His-

IP6K2), and recombinant GST-tagged Her2 and FKBP52 (R&D Systems and 

Abnova respectively).   San A-amide strongly inhibits the binding of the C-

terminal interacting protein, IP6K2, to Hsp90 and the co-chaperone FKBP52, but 

has no effect on the binding of the N-terminal client, Her2 (Figure 3).  In contrast, 

17-AAG, a drug currently  being evaluated in clinical trials and known to bind to 

the N-terminal domain, did not affect the binding of IP6K2 (61) and FKBP52, but 

did affect the binding of Her2 to Hsp90 (supplementary data).  Importantly, our 

data indicates that San A-amide is effective at concentrations around 1uM 

whereas novobiocin inhibits IP6K2 binding with an EC50 of ~100µM. (61)  Thus, 

San A-amide appears to be a remarkably potent C-terminal Hsp90 inhibitor 

compared to current C-terminal inhibitors.
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 In addition to biochemical assays, we performed cell based-assays and 

compared the effect of cell survival in the presence of San A-amide in HEK 293 

cell lines (control) and IP6K2 over expressed (K2-O/E).  Tet-inducible Myc-IP6K2 

constructs were created for IP6K2 over expression.  The control and K2-O/E 

were treated with San A-amide for 48 hours at 25 μM and viability  was 

determined using a CCK-8  assay.  When no drug is present, IP6K2 over-

expression only moderately affects cell survival, (Figure 4a, 3% change, compare 

white bar set at 100% to grey bar, 97%).  However, in the presence of 25 μM San 

A-amide, cell survival is substantially decreased in cells that over-express IP6K2 

compared to wild type cells (~ 9 fold drop, 3% versus 27% change).  Thus, San 

Figure 3: San A amide inhibits C-terminal binding to Hsp90. In an in vitro pull 
down binding assay, San A-amide inhibits binding of both the IP6K2 client (EC50 
= ~1.4 µM) and the FKBP52 (EC50 = 1.0 µM) co-chaperone to Hsp90. Her2 
binding to Hsp90 is not affected.
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A-amide induces cell death, at least in part, through the Hsp90-IP6K2 pathway 

(note: 17-AAG did not affect these pathways). (61)

 To determine the binding site of San A-amide, pull downs were performed 

against the N-terminal, middle, C-terminal and N-middle domains of the yeast 

variant of Hsp90 (Hsc82, Figure 4b).  The Hsp90 domains were expressed in 

His-fusion vectors and purified.  Pull-down assays with San A-amide-Biotin were 

run, and not surprisingly, San A-amide has a high affinity  to full length Hsp90 

(figure 3b, lane 6).  As expected there was only  a barely detectable interaction of 

San A-amide with the N-terminal domain.  Surprisingly, San A-amide has no 

affinity  for the C-terminal domain (lane 4), but has optimal affinity  for the N-

middle construct (lane 5) and partial affinity for the middle domain (lane 3). 

 Although San A-amide binds to the N-M domain of Hsp90, its inability to 

inhibit Her2 from binding to Hsp90 indicates that the Hsp90 binding site of San A-

amide is distinct from that of Her2.  Moreover, unlike 17-AAG, which strongly 

inhibits the Hsp90 ATPase activity, (64) San A-amide either has no affect or mildly 

stimulates ATP hydrolysis (figure S6).  Since the macrocycle does not interact 

directly with the C-terminal domain it likely  works by altering the Hsp90 

conformational equilibrium affecting binding via an allosteric mechanism.  The 

fact that this mechanism is distinct from 17-AAG suggests that San A-amide may 

influence a unique subset of cancer-related pathways by selectively  disrupting 

binding of multiple client proteins and co-chaperones of Hsp90.  Thus, in addition 

to providing a valuable tool to study Hsp90-IP6K2 and Hsp90-FKBP52 

interactions, San A-amide offers a potentially efficient means of targeting drug-
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resistant cancers.  This intriguing specificity will be evaluated as a potential 

cancer therapy.  San A-amideʼs ability  to inhibit other Hsp90-client protein 

interactions both in-vitro and in-vivo are under investigation. 

106



Figure 4: (Top) Cytotoxicity of San-A amide in IP6K2 over expressed cell line 
(K2-O/E) compared to WT control (Con). (Bottom) San A-amide pull down of 
Hsc82 (Yeast variant of Hsp90) full length and domains, where N= N-terminal 
domain, M= middle domain, C= C-terminal domain, N-M = N-terminal and Middle 
domain combined.
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Supplementary Material

Biological Methods

Protein Pull Down Methods for cell based assays

Protein pull down was carried out following a standard batch purification method 

in 1.5ml micro centrifuge tubes. San A-amide-Biotin (4.655x10-7 moles) was pre-

dissolved in 16.5µl of dimethyl sulfoxide (DMSO) to which 5.4 mg of crude 

cellular protein from the lysates of HCT-116 cells was added in 313.5 µl of lysis 

cocktail (500 mM Tris, 150 mM NaCl, 500 mM EDTA, 1% NP-40) to give a final 

5% DMSO concentration. Samples were incubated for 42 hours at 4οC. San A-

amide-Biotin was immobilized by addition of 300 µl of NeutrAvidinTM resin slurry 

and incubated for 2 hours at 4οC followed by 2 hours at room temperature 

(Figure S1). The unbound proteins were removed by washing 10 times with 300 

µl of wash buffer (20mM Tris pH 7.4, 150mM NaCl, 1% Triton X-100) at 10 

minutes each at 4οC. After wash buffer removal, the biotinylated molecule along 

with bound protein complex was eluted from the NeutrAvidinTM resin by boiling in 

100 µl of 4x SDS-PAGE sample buffer for 15 min. Elution was ran on a 10% 

SDS-PAGE gel and visualized with GelCodeTM blue commassie staining reagent.  

The prominent protein gel band(s) were analyzed by Nano-LC/MS/MS analysis 

(Scripps Mass Spec facility), and comparison of peptide fragmentation results 

were screened against the NCBInr Eukaryotic database, identifying Hsp90 with 

an excellent expectancy  value. Above experimental protocol was followed in 
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tandem with NHS-PEGlyated Biotin linker to serve as the negative control. 

Protein Pull Down Methods for domains

To verify  that San A-amide is binding to Hsp90 and specific domains (Figure 4), 

we performed a pull down assay with Hsp90 from E. coli (HtpG) and yeast 

(Hsc82) (Figure S2 lanes 2 and 3 respectively). 100 µl of NeutrAvidinTM resin, 

washed with 20mM Tris 7.5 100mM NaCl and 1.5%NP-40,  was incubated with 

9.3 µmol of San A-amide-Biotin for 1 hour at room temperature.  After 3 washes, 

15-25µM of protein containing specific regions of Hsp90 (i.e. N, M, C, and NM 

domains, or full length from yeast or E. coli) was added to 10 µL of drug bound 

beads and incubated for 1-2 hours at RT.  After 3 washes, proteins were eluted 

with 20ul sample buffer, ran on a SDS-PAGE gel, and visualized with 

SimplyBlueTM commassie staining reagent.

Figure S1: San A-Amide-Biotin Pull-Down Strategy
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His-IP6K2 Protein Purification

pTrcHis plasmid inserted with inositol hexakisophosphate kinase 2 (IP6K2) gene 

was a kind gift from Professor Solomon Snyder (Johnʼs Hopkins University). Two 

hundred eighty ng of plasmid was transformed into BL21(DE3) Escherichia coli 

by heat shock. Positive transformants were selected on Luria broth (LB) plates 

with 100 µg per ml ampicillin (amp). Five colonies were picked and grown in 5 ml 

LB with 100 µg per ml amp with shaking at 37°C for 6 hr as a starter culture. The 

starter culture was then poured into 100 ml LB with 100 µg per ml amp  and 

shaken overnight in a 1 L flask. 400 ml of additional LB with 100 µg per ml amp 

was added to the 1 L flask and shaken an additional 4 hr at 37°C with 1 mM 

isopropyl-beta-D-thiogalactopyranoside (IPTG) to induce protein expression. 

Cells were then pelleted via centrifugation at 4200 x g for 20 min at 4°C. Cell 

pellet was re-suspended with 10 ml of sonication buffer (500 mM Na2HPO4, 100 

Figure S2: San A-amide-Biotin binds to E. coli HtpG and yeast Hsc82. Lane 1 = 
Ladder, 2 = HtpG, 3 = Hsc82.
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mM NaCl, 10 mM Tris-HCl pH 8.0) and split into 2, 5 ml batches in 15 ml conical 

tubes. Suspensions were sonicated for 45 s, 3 times on ice with 5 min on ice in 

between each sonication. The sonicated suspension was recombined and spun 

down at 10,000 x g for 15 min at 4°C. The cell lysate was separated from the 

pelleted debris and placed into a separate 15 ml conical tube with 1% (v/v) triton 

x-100. 800 µl of Talon metal affinity resin slurry  (cat# 635501) was washed 3 

times with sonication buffer. The 800 µl of re-suspended slurry was then added to 

the cell lysate and rotated at 4°C for 30min. The beads were then pelleted and 

washed two times, 5 ml each with wash buffer 1 (500 mM NaCl, 0.1% triton 

X-100, 10% glycerol, 20 mM Tris-HCl, pH 8.0) at 4°C with rotation, followed by 

two washes, 1 ml each with wash buffer 2  (100 mM NaCl, 10% glycerol, 20 mM 

Tris-HCl, pH 8.0) at 4°C with rotation. Target protein was eluted with 500 µl 

elution buffer 1 (300 mM NaCl, 50 mM sodium phosphate, 150 mM imidazole, pH 

7.0) at 4°C  for 30 min with rotating, followed by two repeats of 500 ul elution 

buffer 2 (300 mM NaCl, 50 mM sodium phosphate, 300 mM imidazole, pH 7.0) at 

4°C for 30 min with rotating. Fractions were analyzed on SDS–PAGE and stained 

with coomassie blue. All three elutionʼs were collected and dialyzed against 1 X 

PBS pH 7.4, 3 times, 1 L each at 4°C  using 8,000 MWCO dialysis membrane 

Spectra/Por (cat# 132650) . His-IP6K2 was identified as the main protein by 

western blot (Sigma-Aldrich anti poly-His mouse primary antibody cat# H1029; 

Santa Cruz Biotechnology anti-IP6K2 goat primary antibody cat# SC-10425). 

Target protein was further purified via gel filtration chromatography using 

Superdex 75, 1660 column with a flow rate of 1 ml per minute with 1 L PBS at pH 

113



7.4. Fractions were collected in 2 ml volume each. Fractions with target protein 

were collected and concentrated using a Amicon 50 ml centrifugal concentrator 

(cat# 4305). Final protein product was stored in PBS pH 7.4 with 10% glyercol at 

-80 °C for future applications.

Cell culture

Stable tetracycline inducible Myc-IP6K2 Hek293 cell line was a kind gift from 

Professor Solomon Snyder. Cells were propagated in sub-confluent monolayers 

in treated tissue culture dishes in a 5% CO2 humidified incubator. Cells were 

grown in Gibco Dulbecco's Modified Eagle's Medium. cat# 11965-092 with 10% 

fetal bovine serum and 1% penicillin streptomycin. Cells did not exceed over 30 

passages for experiments.

Tetracycline Inducible Hek293 Cell Based Experiments

Cells were seeded from a sub-confluent monolayer at 2000 cells per well in 

Falcon 96 well plates cat# 353072. Two different conditions with 6 well repeats 

each were carried out, tetracycline induced and non-induced. Induced cells were 

incubated with 1ug/ml tetracycline in a vehicle of 50% ethanol (v/v) to give a final 

0.5% ethanol concentration. Non induced cells were treated with vehicle alone. 

Induced and non-induced cells were further incubated for 24 hours. After 24 

hours induced and non-induced cells were treated with compound in a vehicle of 

1% DMSO, whereby the no drug condition was treated with only 1% DMSO. After 

treatment cells were further incubated for 48 hours. Dojindoʼs Cell Counting Kit-8 
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(CCK-8) cat# CK04 was used to determine cell survival. After 48 hours of drug 

treatment, 20ul of CCK-8 solution was added to each well, and the cells were 

incubated for another 4 hours. After incubation, absorbance was measured at 

450nM. The above procedure was also followed using media alone with no cells 

to serve as blanks for background absorbance with 2 well repeats for each 

condition. After absorbance values were read, background was subtracted from 

the raw data. Data was averaged for each condition and compared statistically. 

The no drug condition without induction served as 100% survival. Paired student 

T-tests were used to determine significance. Error was calculated and reported 

as standard error of the mean.

Hsp90-Client Proteins binding assay in-vitro

Binding assays were done in a final volume of 100 µl consisting of binding buffer 

(20 mM Tris-HCl, 150 mM NaCl, 1% (v/v) triton x-100, pH 7.4) and 100 nM (final 

concentration) of human native protein Hsp90 (Stressgen, cat# SPP-770D). After 

5 min of rotation at room temperature, Sansalvamide A 1 or 17-AAG was added 

to the tubes with Hsp90 and binding buffer at 0.5, 2, 10, and 50 uM with 5% 

DMSO (final concentrations). One tube served as a negative control was 

incubated with 5% DMSO (final concentration) alone. All reactions were rotated 

for 1 hr at RT before 50 nM (final concentration) of His-IP6K2, His-Her2 (R&D 

Systems, cat#1129-ER-050), or GST-FKBP52 (Abnova, cat#H00002288-P01) 

was added to each tube and allowed to mix an additional 1 hr at RT. 300 µl slurry 

of Talon metal affinity resin (cat# 635501) or Immobilized GST (Pierce, 
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cat#20211) was prepared by washing 3 times with binding buffer; 40 ul of slurry 

was then added to each tube and allowed to rotate at RT for 30min. Beads were 

then washed 3 times with 400 µl of wash buffer (20 mM Tris-HCl, 300 mM NaCl, 

1% (v/v) triton X-100) for 15 min each at 4°C. The beads were then centrifuged at 

5,000 x g for 2 min, and supernatant was discarded. The beads were then boiled 

in 20 µl of 4X laemmli's buffer for 15 min at 100°C. Samples were centrifuged at 

10,000 x g for 5 min. 20 µl of supernatant from each sample was then run on a 

10% SDS-PAGE gel, transferred to PVDF and Western blot for Hsp90 (Stressgen 

rabbit polyclonal anti-Hsp90 antibody, cat#SPA-836), IP6K2 (Santa Cruz 

Biotechnology goat anti-IP6K2 antibody, cat#SC-10425), Her2 (MBL International 

Corp.  rabbit polyclonal anti-Her2 antibody, cat#JM-7762-5), or FKBP52 (Abcam 

rabbit polyclonal anti-FKBP52 antibody, cat#ab2926) . Blots were scanned and 

analyzed via Image J. The respective ratio of Hsp90 to client protein was 

converted to a percent of Hsp90 bound to client protein (example, Figure S3), 

whereby the negative control (no San A1) served as 100% bound. 
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Figure S3: Hsp90 binding to His-IP6K2 in presence of increasing concentration 
of SanA1.
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Figure S4: Inhibition of FKBP52 binding to Hsp90 by San A-amide. EC50 = 1.00 
µM
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Figure S5: Inhibition of Her2 binding to Hsp90 by San A-amide.
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ATPase Activity

2 µM of Hsc82 was used in each assay with 1 mM ATP and 0.8 pM [ -32P]ATP 

(6000 Ci/mmol) in solution. San A-amide was used at a final concentration of 250 

µM. 20-min time points were taken over the course of an hour with the samples 

shaking and incubating at 37 °C. Separation of Pi from ATP was performed using 

the thin layer chromatography method. Visualization of the radio labeled spots 

was performed on a Typhoon Imager (GE Healthcare), and quantification was 

performed using the program ImageQuant (GE Healthcare). The amount of ATP 

hydrolyzed at each time point was calculated by taking the ratio of Pi to ATP in 

solution. This ratio was then multiplied by the total amount of ATP added to the 

reaction and normalized by the total protein in solution. A linear fit of the time 

points gave the rate for each reaction (JBC 2008, 283(30):21170-8). 

Figure S6:  17AAG inhibits Her2 binding to Hsp90 (EC50 = ~0.66 µM) FKBP 
binding to Hsp90 is not affected
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Figure S7: San A-amide does not affect ATPase activity of Hsc82. 
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Postscript

Where does San A-amide bind in the N-M Domain?

 The binding data presented in this study shows that San A-amide binds 

tightly to the NM domain of Hsc82.  Previous work on this compound also 

showed the same binding location with the htpG NM domain as well (data not 

shown).  The question that remains is exactly where in the NM does the drug 

bind Hsp90.  The individual N-terminal and Middle Domains both show slight 

binding to the drug, but it is really the presence of both domains where we see 

the most efficient binding.

 Crystallographic studies with the NM domains and San A-amide appear to 

the most straightforward route in answering this question.  Fortunately, there has 

already been crystal structures of both the htpG and Hsc82 NM domains which 

should provide starting conditions for co-crystallization or drug soaking 

experiments.  The conformation that is stabilized by San A-amide may also 

provide some insight into the allosteric nature that was observed.

Future

 Future work focused on understanding how this drug modulates Hsp90 

function in vivo and in in vitro substrate assays are pertinent.  With ATP 

hydrolysis not affected by binding, this drug may be an invaluable tool aimed at 

distinguishing the conformational effects of Hsp90 on client proteins from itʼs 

ATP hydrolysis activities.  
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Chapter 5:  Understanding the Determinants of the Conformational 

Equilibrium in Hsp90 Homologs

Preface

 This chapter describes the work that I began at the very end of my 

graduate career examining the structural basis for the conformational equilibrium 

differences observed between the yeast and human Hsp90 homologs.  My 

strategy was very simple: to create chimeras between these two proteins and 

measure ATP hydrolysis.  If any  of the chimeras showed an increase in activity 

over wild-type human hydrolysis it was concluded that the region exchanged 

between the two proteins is directly  involved in stabilizing the closed state of 

Hsp90 and therefore is a determinant of the conformational equilibrium.  Once 

the regions responsible for the equilibrium differences are discovered these 

proteins will then be brought in vivo and tested for viability  and substrate 

interactions.

 I am responsible for all of the work done in this chapter.  Ulrike Boettcher 

will be taking over the second half of this project and performing all of the 

necessary in vivo experiments to finish this project.  The work contained in this 

chapter summarizes all of the work that has been completed by the time of this 

writing.  This will be published as a joint paper between myself and Boettcher at 

a future date.
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Introduction

 The ATPase activity of Hsp90 is essential for chaperone function in vivo 

and is conserved across all family members that are known and tested. (17,25)  

Unlike other ATPases in the cell, the hydrolysis rate of Hsp90 is incredibly  slow 

hydrolyzing ATP on the minute timescale. (19,65) Although the individual family 

members show a high degree of similarity, the basal hydrolysis rates of the 

homologs are surprisingly different with human Hsp90 (Hsp90 alpha) having the 

slowest rate (~0.2 min-1), yeast Hsp90 (hsc82) having the fastest rate measured 

(~1.4 min-1), and bacterial Hsp90 (htpG) having a rate in between those two 

(~0.5 min-1). (Figure 1)  

Figure 1:  Hsp90 Homolog Hydrolysis Rates  
ATP hydrolysis rates of htpG (red), Hsc82 (blue), and Hsp90 alpha (green).  
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 Work by Dan Southworth in our lab has shown that the observed rate 

differences can be directly  correlated to the conformational equilibria observed 

between the open and closed states of each protein. (19)  Unlike other  

molecular chaperones, Hsp90 does not undergo discrete conformational steps in 

the presence of nucleotide but rather exists in a conformational equilibrium 

between multiple conformations that is influenced by nucleotide. (20,21) (Figure 

2)  For instance, Human Hsp90, with the lowest measured hydrolysis rate, does 

not form the closed state in the presence of high concentrations of AMP-PNP 

without aide from cross-linker, co-chaperones, or substrates.  On the other hand, 

yeast Hsp90, with the highest hydrolysis rate, shows a substantial percentage of 

molecules forming the closed state in the presence of high concentrations of 

AMP-PNP.  Bacterial htpG appears to split the differences showing a near 50:50 

(open:close) mixture in apo conditions and a 40:60 (open:close) ration in the 

presence of saturating nucleotide.

 The differences observed in hydrolysis and conformational equilibria 

between the homologs is quite outstanding given the high degree of sequence 

and structural homology.  Early studies on the hydrolysis cycles of Hsp90 

suggest that these rates and equilibria exist not as a random chance, but rather 

that each Hsp90 homolog has been evolutionarily tuned for its specific functions 

in their respective organism. (25)  By making subtle mutations that both enhance 

and decrease the ATP hydrolysis of Hsp82 their lab  was able to show a 

significant growth defect was observed underscoring the importance of the rate 

of ATP turnover, and therefore conformational equilibrium, for Hsp90 function in 
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vivo.  Given this importance I wanted to investigate the origin of the differences 

observed among the homologs by creating chimeras between the yeast and 

human Hsp90 homologs and testing their ATPase activities.

 As an initial approach I decided to focus on the yeast and human 

homologs since they are close in sequence yet differ the most in their rates and 

conformational equilibria.  If we can narrow down the specific regions of these 

molecules that are involved in dictating their rates and equilibria we will be able 

Figure 2:  Conformational Equilibria of Hsp90 Homologs
Electron microscopy was used to calculate the percent of molecules in the open 
(dark gray) and closed (light gray) conformation in the presence of ATP.  Yeast 
Hsp90 showed the highest percent of molecules forming the closed state in the 
presence of ATP with Human Hsp90 showing almost no effect.  Bacterial Hsp90 
resided in the middle with a 60-40 shift towards the closed conformation.
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to ask more focused questions related to substrate interaction and how the ATP 

cycle is coupled to its chaperoning activity.
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Results

 To determine what structural regions are important in dictating the 

conformational equilibrium and ATP hydrolysis rate of Hsp90 I decided to create 

chimeras of the human Hsp90 alpha and yeast Hsc82 proteins and measure their 

ATPase activities in vitro.  To create the chimeras, predetermined yeast 

sequences were cloned into a human Hsp90 alpha backbone and then 

expressed and purified from E. coli. (Appendix B)  Since human Hsp90 has a 

very  low ATP hydrolysis rate and yeast Hsc82 has a high ATPase rate I am 

looking for the chimeras to show an increase of hydrolysis over the measured 

human wild-type rates if they  contain a region of structure that is involved in 

stabilizing the closed state and therefore directly affecting the conformational 

equilibrium.

 As a coarse grained attempt at narrowing down the region of importance I 

decided to make domain chimeras between the two homologs.  Hsc82 was 

divided into three domains: the N-terminal Domain and charged linker (residues 1 

- 264); the Middle Domain (residues 265 - 525); and the C-terminal Domain 

(residues 526 - 674).  The Hsc82 domains were then inserted into the respective 

Human Hsp90 backbone at the following domain sequences: the N-terminal 

Domain and charged linker (residues 1 - 288); the Middle Domain (residues 289 - 

556); and the C-terminal Domain (residues 557 - 724). (Figure 3)

  The ATP hydrolysis rate of each domain chimera was measured in 

a radioactive ATPase assay (Appendix B) and compared to the wild-type human 
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Hsp90 alpha and yeast Hsc82 rates.  Strikingly, the N-terminal Domain chimera 

showed a substantial increase in activity  over the wild-type human rate that is 

roughly equal to the activity  of the yeast protein.  On the other hand, the Middle 

Domain and C-terminal Domain chimeras showed no activity at all suggesting 

that the alignment between the two domains is most likely incorrect and therefore 

preventing wild-type human hydrolysis from occurring. (Table 1)  Together these 

results show that the N-terminal Domain is responsible for nearly all of the rate 

and conformational equilibrium differences observed between the yeast and 

human Hsp90 homologs.  This is very similar to what has been previously 

reported with chimeras of yeast Hsp82 and the mitochondrial Hsp90 homolog, 

Grp94.  (66)

 In order to narrow down the region of the N-terminal Domain I performed a 

sequence alignment between the yeast and human N-terminal domains.  The N-

terminal domain of Hsp90 is highly homologous across all homologs with only 

two main regions of variation between the yeast and human proteins:  yeast 

residues 48 - 80 (human 62 - 94); and yeast residues 159 - 263 (human 172 - 

Figure 3: Domain Chimeras
Domain chimeras were created by inserting yeast sequences (blue) into a human 
backbone (gray).  Domain truncations for each of the homologs are above with 
the resulting three domain chimeras below.
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288).  I made a chimera replacing the human regions with the yeast sequence 

and saw no substantial increase in activity when compared to their wild-type 

counterparts. (Figure 4; Table 1)

Table 1:  Chimera ATPase Activities

Construct Activity (min-1)

Hsc82 1.2

Hsp90 alpha 0.2

NTD Chimera 1.4

MD Chimera 0.01

CTD Chimera 0.01

NTD Chimera 1 0.1

NTD Chimera 2 0.01

NTD Chimera 3 0.1

NTD Chimera 4 1.9

NTD Chimera 5 0.01

NTD Chimera 6 0.5

NTD Chimera 7 0.06
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 With no increase in hydrolysis measured in the non-homologous regions 

of the N-terminal domain I systematically exchanged regions of the human 

protein with regions of the yeast protein using the non-homologous regions 

identified previously as start and end points (NTD Chimeras 3, 4, 5, and 7). 

(Figure 5)  None of the chimeras measured displayed an increase in ATP 

hydrolysis except for NTD-Chimera 4 which showed a nearly 10-fold increase in 

activity  over human wild-type rates and a 35% increase over the NTD Chimera.  

Interestingly  this chimera is only  62 amino acids different from the NTD Chimera 

and includes the “strap” which has been shown to do a strand exchange with the 

opposite monomer when Hsp90 is in the nucleotide bound closed state. (12) 

(Figure 6; top) 

Figure 4:  Yeast and Human Sequence Similarity
The top  diagram shows the region of difference (light gray) between the yeast 
and human Hsp90 homologs.  Two NTD Chimeras were created (bottom) 
inserting the two major divergent sequences of yeast into the human construct.

Figure 5: NTD Chimera Mutants
Diagrams of the individual NTD Chimeras made.  Yeast sequence (blue) was 
inserted into the Human framework (gray).
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 Although NTD Chimera 4 displayed a large increase in activity and 

reduced the area of the N-terminal Domain by  62 amino acids it was 

hypothesized that we could still narrow down the region responsible for the 

observed effects.  As a last attempt at reducing this region further I decided to 

make one last chimera that combined both of the non-homologous regions (NTD 

Chimera 1 and NTD Chimera 2) to see if these two regions might explain the 

equilibrium differences as a pair.  NTD Chimera 6 was cloned, purified and ATP 

hydrolysis was measured and shown to have about a 40% increase over wild-

Figure 6:  Chimera Mapping on Yeast Structure
Chimeric sequences (red) of NTD chimera 4 and 6 are shown mapped onto the 
N-terminal Domain (left) and the full length Hsp82 structure (1CG9; right).  The 
two N-terminal domains of each chimera are rotated 180 degrees with respect to 
one another; the left structure shows the nucleotide binding pocket and the right 
structure shows the back side of the NTD.
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type human Hsp90.  When these two regions are mapped on the structure of the 

human Hsp90 NTD they form a beta-sheet which becomes the back side of the 

nucleotide binding pocket. (Figure 6; bottom)  It is interesting to observe this 

region having such a substantial effect on ATP hydrolysis since it is not directly 

involved in N-terminal dimerization or nucleotide binding.

 Comparison in vivo studies between the NTD Chimera, NTD Chimera 4, 

and NTD Chimera 6 to examine the in vivo biological and substrate effects are 

pending at the time of this writing.

133



Discussion

 The motive behind this project was to find the structural region between 

the yeast and human homologs that account for the substantial differences 

observed in their conformational equilibria.  Unlike other molecular chaperones 

nucleotide does not induce discrete conformational states in Hsp90 but rather 

shifts an equilibrium of conformations towards one state over another.  It is this 

equilibria that directly influences the ATP hydrolysis rate of Hsp90 and that has 

been shown to be highly  variable, yet universal, between the bacterial, yeast, and 

human homologs studied in our lab.  If we can narrow down the regions of Hsp90 

that is responsible for this rate and conformational variability observed among the 

homologs we will be able to ask more specific questions related to specific 

homolog functions in vivo and, perhaps more importantly, the requirements for 

specific substrate interactions.

 To begin this work I focused on the human and the yeast homologs 

because they showed the largest differences in their ATP hydrolysis and 

conformational equilibrium.  Whole domain chimeras were made between these 

two homologs with regions of the yeast sequence inserted into the respective 

regions of the human construct.  ATP hydrolysis was measured for these three 

domain chimeras and it was found that the NTD Chimera showed a substantial 

increase in activity  while the Middle Domain and C-terminal Domain Chimeras 

showed a loss of activity when compared to the wild-type human hydrolysis rate.  

This first result  showed that the N-terminal region of Hsp90 is directly 

responsible for the ATP hydrolysis rates measured and the conformational 
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equilibria observed among the Hsp90 homologs.  The loss of activity  in the 

Middle Domain and C-terminal domain chimeras can be attributed to a possible 

misalignment of the domains with respect to the full length structure.  A 

misalignment of the Middle Domain loop  studied in Chapters 1 and 2 would 

cause a loss of activity  (18) as would a change in the linker region between the 

Middle and C-terminal domain which has been studied extensively using SAXS in 

the lab. (20)

 As a brute force attempt to narrow the region further in the N-terminal 

Domain that is responsible for these differences I created a large set of chimeras 

that were based around two non-homologous regions between the yeast and 

human homologs.  Of the chimeras tested in this region two of them showed an 

increase in activity (NTD Chimeras 4 and 6).  NTD Chimera 6 contains residues 

80 - 263 of the yeast sequence and NTD Chimera 8 contains both non-

homologous regions of the yeast and human NTDs.  The large difference in the 

rate increase observed between the two chimeras suggests that there are 

multiple regions of the N-terminal Domain that contribute to the conformational 

equilibrium but that a majority of the contribution come surprisingly from a beta 

sheet on the back of the N-terminal domain. (Figure 6)

 It is difficult at this point to try and pinpoint reasons for why the region 

identified in Chimera 6 is so important for ATP hydrolysis given how far away it is 

from the N-terminal dimerization interface and the opening of the nucleotide 

pocket.  The differences in sequence between the yeast and human proteins in 

this region are hypothesized to be important for different co-chaperone and 
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substrate binding in the separate organisms.  It now appears that this region may 

also now have an impact on the dynamics of N-terminal Domain movement 

through its conformational cycle.  Future in vivo based experiments mentioned 

previously will aide in teasing apart the role for these regions and the 

consequences of each species conformational equilibrium in general.

 At this point no further chimeras were created to narrow down the regions 

responsible for the observed conformational equilibrium differences between the 

yeast and human homologs.  There was an eighth NTD Chimera that I attempted 

to create replacing human residues 94 - 172 with yeast residues 80 - 159 but the 

cloning and purification of this construct never succeeded.  However, NTD 

Chimeras 5 and 7 incorporated that region with each of the non-homologous 

regions of NTD Chimera 1 and 2 and neither of those constructs showed an 

increase in activity suggesting that this region may not have a substantial effect 

on the conformational equilibrium.
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Postscript

 This project is not complete at this point but rather will be taken up by 

Ulrike Boettcher, a postdoc in the lab, who will look into the effects of these 

chimeras in vivo to observe the impacts of these chimeras on the viability  of cells 

and the effects of substrate interactions.  She will be using a combination 

strategy incorporating both an EMAP analysis as well as other established in vivo 

substrate interaction assays.  Using these assays we can begin to separate out 

the effects of conformation and ATP hydrolysis in the chaperone mechanism of 

Hsp90.  It will also be very interesting to see if certain classes of client proteins 

are directly effected by these equilibrium changes compared to other classes 

where no effect is seen at all.
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Appendix A: Crystallization Trials

Construct Additive Condition Notes Resolut
ion

Result

htpG•C511 1mM 
Novobiocin

0.2M 
Ammonium 
Sulfate
0.1M Hepes 
7.5
30-40% PEG 
2000MME

Crystals 
incredibly fragile; 
18- starting 
conc.; Molybdate 
was tried as 
additive; 0.01M 
CaCl2 also tried 
as additive

4Å Structure 
solved - no 
drug bound

Hsp90Beta•
C553

1mM 
Novobiocin

0.2M 
Ammonium 
Sulfate
0.1M Sodium 
Acetate 
trihydrate pH 
4.6
30% PEG 
2000MME

3 concentrations 
tried (56-, 37.5- 
and 19-); 
Molybdate was 
tried as additive

7Å Data could 
not be 
indexed

Hsp90Beta•
CTD-No Tail

with and 
without 
1mM 
Novobiocin

0.2M 
Ammonium 
Sulfate
0.1M Hepes 
7.5
30-40% PEG 
2000MME

Protein 
aggregated with 
every condition

N/A All work 
stopped 
with this 
construct

htpG 5mM 
Novobiocin
;
10mM 
Molybdate

Classics, 
AmSO4, 
PEGs, PEGs 
II, Anions, 
Classics Lite, 
Cations, MPD, 
Cryos Nextal 
Screens

No hits seen 
outside of the 
standard htpG 
apo crystal hits

N/A N/A

Hsp90a•NTD 5mM KU-1 0.2M Mg 
Acetate
0.1M Hepes 
7.5
20% PEG 
3350

45- protein stock; 
4˚C setup

1-2Å Structure 
solved - no 
drug bound

htpG•C511 5mM KU-1 Hamptons, 
Wizards, LMP, 
PEGs Screen

46- protein stock; 
No hits

N/A N/A
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Construct Additive Condition Notes Resolut
ion

Result

Hsp90a•NTD KU-1 
Soaking

0.2M Mg 
Acetate
0.1M Hepes 
7.5
20% PEG 
3350

45- protein stock; 
4˚C setup

1-2Å No Drug 
Found

htpG•C511 KU-1 
Soaking

1M Na 
Malonate
0.1M Tris 8.0
0.9% Triton 
X100

46- protein stock; 
4˚C for 2 days 
with RT growth

1-2Å No Drug 
Found

htpG 500uM 
Radicicol

20% 
Isopropanol
20% PEG 
4000
0.1M Hepes 
7.5

20- Protein N/A No 
diffraction 
seen from 
these 
crystals

htpG 500uM 
Radicicol

15 - 20% MPD
10% PEG 
4000
0.1M tri-
Sodium Citrate 
pH 5.6

20- Protein; 
Several Additives 
tried - MgCl2 
was the best.

7.2Å Structure 
solved with 
limited 
density - 
see Section 
A of 
Chapter 3

htpG 500uM 
Geldanam
ycin

10% 
Isopropanol
20% PEG 
4000
0.1M Hepes 
7.5

20- Protein N/A No 
diffraction 
seen from 
these 
crystals

htpG 2mM 
AMPPNP; 
2mM 
MgCl2

1.2 - 1.4M Na 
Malonate; 
0.1M Tris 8.5

20- Protein N/A Only apo 
crystals 
seen

htpG 5mM 
AMPPNP; 
5mM 
MgCl2

1.2 - 1.4M Na 
Malonate; 
0.1M Tris 8.5

20- Protein N/A Only apo 
crystals 
seen
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Construct Additive Condition Notes Resolut
ion

Result

htpG 5mM 
AMPPNP; 
5mM 
MgCl2

1.2M tri-
Sodium 
Citrate; 
0.1M Hepes 
7.5 or MES 6.5

20- Protein;  
Additives 
screened

6.5Å Apo 
structure 
solved.  
Nucleotide 
presence 
unconfirmed 
due to 
resolution 
limits

htpG 5mM ADP
10mM 
MgCl2
10mM 
AlCl3
100mM 
NaF

4 conditions 
found - see 
text

20- Protein N/A Crystal 
showers - 
could not 
decrease 
nucleation

htpG 5mM ADP
10mM 
MgCl2
10mM 
AlCl3
100mM 
NaF

0.2M Na/K 
Tartrate 
Tetrahydrate
25% PEG 
3350
0.1M Hepes 
8.5

20- Protein 10Å In house 
generator; 
no data set 
collected

Cyanobacteri
al Hsp90

AmSO4, 
Classics, 
Classics Lite, 
Anions, 
Cations, 
PEGs, Cryos, 
MPD Nextal 
screens

No hits seen N/A N/A

Cyanobacteri
al Hsp90

500uM 
Radicicol

AmSO4, 
Classics, 
Classics Lite, 
Anions, 
Cations, 
PEGs, Cryos, 
MPD Nextal 
screens

No hits seen.  
Should try 4˚C 
growth

N/A N/A

141



Construct Additive Condition Notes Resolut
ion

Result

Hsp90a ∆254 500uM 
Radicicol

AmSO4, 
Classics, 
Classics Lite, 
Anions, 
Cations, 
PEGs, Cryos, 
MPD Nextal 
screens

No hits seen. N/A N/A

M. xanthus 
Hsp90

Apo
10mM 
AMPPNP
10mM 
ADP

AmSO4, 
Classics, 
Classics Lite, 
Anions, 
Cations, 
PEGs, Cryos, 
MPD Nextal 
screens

10- first tried with 
nothing.  

N/A N/A

M. xanthus 
Hsp90

10mM 
AMPPNP

0.2M Mg 
Acetate
pH 6.5 -7.5
8-12% PEG 
8000

Increased to 20- 
with needles in 
the AMPPNP 
drops. Seeding 
attempted to 
reduce 
nucleation 

N/A Crystals too 
fragile for 
looping.  
Could not 
get them to 
nucleate 
less.
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Appendix B: Protocols
For all of my crystallization studies the His tag was kept on and not TEV cleaved.  
The reasons for this are threefold: It made the purification shorter; The ATPase 
function was not changed with or without the presence of the His tag; Seth and 
Andy believe that the His tag may have improved their crystallization success.

htpG/Hsc82 Purification

Expression
1-6L is inoculated with 1:100 O/N culture.  Grow to OD 0.6 - 0.8, 37°C ~4 hours.  
Induce with 1mM IPTG and induce O/N.  Some mutants do require a 16°C O/N 
induction.

Lysis
Harvest cells and resuspend in Lysis buffer 50-100mL total + protease inhibitor.  
Lyse cells using Emulsiflex @ 15,000PSI with at least 4 run-throughs.  Pellet 
lystate at 35,000xg for 30 minutes.

Purification
1.  Ni-NTA column
Batch bind with 5ml resin per prep for 1-2hrs at 4°C
Lysis buffer, 2 CV
Wash Buffer, 4 CV
Elution Buffer, 2CV

2.  Mono Q 10/100 Ion Exchange
Dilute NiNTA elution to 50ml total volume in MQ Buffer A
Load column at 4ml/min
Wash 4 CV with MQ Buffer A
Elute 10 - 50% MQ Buffer B in 8-10 CV

3.  Size exclusion with Superdex 16/60 or 26/60 depending on volume of elution
16/60: Load 5 ml into column and run with Gel Filtration buffer
26/60: Load 13ml into column and run with Gel Filtration buffer

4.  Run gel on fractions and concentrate.  Free aliquots, store -80°C

Buffers

Lysis Buffer
50mM Tris 7.5
500mM NaCl
10% Glycerol
1% Tween-20
20mM Imidazole
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Wash Buffer
50mM Tris 7.5
500mM NaCl
20mM Imidazole
Elution Buffer
20mM Tris 7.5
100mM NaCl
250mM Imidazole

MQ Buffer A
20mM Tris 7.5

MQ Buffer B
20mM Tris 7.5
1M NaCal

Gel Filtration Buffer
20mM Tris 7.5
100mM NaCl
10% Glycerol
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Human Hsp90alpha/Chimera Purification

Plasmid
Full-length human Hsp90α cloned into pET 151 (Invitrogen) (Ampr) containing N-
terminal 6x His-tag, V5 epitope and TEV cleavage site, expressed in BL21 DE3 
E. coli strain.

Expression
1-2 L LB (~10 mg protein/L) inoculated with 1:100 o/n culture. Grow to O.D. 
0.6-0.8, 37° ~4hrs. Induce with 1mM IPTG, switch to 16° and grow o/n.

Lysis
Harvest cells and resuspend in Lysis buffer ~20 ml per 1L pellet. Lyse cells using 
Emulsiflex (preferred). Pellet debris – 25,000xg for 50 min.

Purification
1.) Ni2+ NTA column. 
Batch bind with ~2 ml resin per 1 L culture 2 hrs, hr 4° 
Wash Buffer, 4 col vol.
Buffer A, 1-2 Col. Vol.
Run gradient, 100% B in 4-5 col vol. Or, batch elute in 2 col vol.

2.) Dialyze O/N in:
20 mM Tris 8.0
20 mM KCl
6 mM BME
10% glycerol
*TEV cleavage can be performed during this step – 5-10 μg TEV protease per 
mg of protein.

3.) Mono Q 10/100 Ion Exchange column.
Filter sample, load at a low flow rate ~1-2ml/min
Wash 4 col vol.
Elute 0-100% B in 8-10 col. vol.
Full-length Hsp90 elutes towards the end of the gradient: ~80-90% B

4.) Size exclusion with Superdex 16/60 S-200
Concentrate sample to 5 ml and filter before loading. 
Full-length dimer elutes at 56 ml.

5.) Dialyze o/n into Storage Buffer and concentrate to appropriate volume. 
Freeze aliquots, store -80°.

Buffers

Lysis Buffer
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20 mM Tris pH 8.0
500 mM KCl
6 mM βME
2 mM Imidazole pH 8.0
10% Glycerol
Protease Inhibitors
(1 tablet Complete inhibitor cocktail)

Ni+ Column
Buffer A (Binding) Buffer B (Wash) Buffer C (Elution)
20 mM Tris pH 8.0 20 mM Tris pH 8.0 20 mM Tris pH 8.0
500 mM KCl 1 M KCl 500 mM KCl
6 mM βME 6 mM βME 6 mM βME
2 mM Imidazole 2 mM Imidazole 250 mM Imidazole
 1 mM ATP/Mg2+

 0.1% Tween

Mono Q Ion Exchange
Buffer A Buffer B
20 mM Tris pH 8.0 20 mM Tris pH 8.0
20 mM KCl 500 mM KCl
6 mM βME 6 mM βME

Gel Filtration
20 mM Tris 7.5
500 mM KCl
6 mM βME

Storage Buffer
20 mM Tris 7.5 (or Hepes 7.5)
50 mM KCl
6 mM βME
10 % Glycerol
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Hsp90a-NTD Purification

Induce with 1mM IPTG at OD 0.8 - 1.0; Grow at 30C for 4-6 hours

Pellet cells @ 10,000xg for 10min

Resuspend in 50ml Lysis Buffer

Lyse with Emulsiflex at 15,000PSI - 4 total cycles

Centrifuge lysate at 50,000xg for 1 hour

Load supernatant on 5ml NiNTA Resin

Wash with 10CV of Lysis Buffer; 10CV of Wash Buffer; Elute with Elution Buffer

Add TEV (1:200 protein) to eluate and dialyze against wash buffer O/N @ 4C

Add dialyzed protein to 1mL NiNTA resin that is equilibrates with 20CV of wash 
buffer

Add eluant to S75 Gel Filtration and run with GF Buffer.  1.6ml fraction sizes are 
generally used

Concentrate protein and freeze at -80C

Buffers

Lysis Buffer
50mM Tris pH 8.0
500mM NaCl
20mM Imidazole
10% Glycerol
1% Tween-20
1 Roche Protease Pellet

Wash Buffer
50mM Tris pH 8.0
500mM NaCl
20mM Imidazole

Elution Buffer
50mM Tris pH 8.0
500mM NaCl
250mM Imidazole
10% Glycerol
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Gel Filtration Buffer
25mM Hepes pH 7.5
100mM NaCl
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L2 Purifiction

Full Length WT & His-Tagged
L2, His-tagged L2 were expressed as inclusion body and His-tagged domain 
mutants were expressed to supernatant in the BL21(DE3)pLysS. 

L2 was induced with 1 mM IPTG and cultured for 3h at 37ºC

Collected cells (wt L2 8.5g) were suspended in buffer TM (20 mM Tris-HCl pH 7.5 
and 10 mM MgCl2) added with 1 mM PMSF, and disrupted by sonication

Pellet was collected by centrifugation at 5,000g for 10 min and suspended twice 
with 1% TritonX-100

Suspended white pellet was centrifuged again and suspended with dH20

Centrifuged pellet was solubilized with 20 mM Tris-HCl pH7.5 and 6 M guanidine 
hydrochloride (60 mL)

Supernatant was separated by centrifugation. 

Wild-type L2 was dialyzed against 2L of buffer TM containing 0.2 mM EDTA, 400 
mM NaCl and 1 mM DTT for overnight at 4ºC and subsequently dialyzed against 
buffer TM containing 0.2 mM EDTA, 20 mM KCl and 1 mM DTT for overnight at 
4ºC. A lot of white suspended solids appeared during dialysis.

Supernatant was separated by centrifugation and loaded onto SP-Sepharose 
(GE Healthcare) equilibrated with buffer TM containing 0.2 mM EDTA and 1 mM 
DTT

WT L2 was eluted with a linear gradient of 0.1 to 1 M KCl

L2 fractions were concentrated by Ultrafree-10 and added with 20% glycerol

Purified L2 was frozen by liquid nitrogen and stored at -80ºC. ~75 mg protein was 
purified
 
His-tagged L2 in guanidine hydrochloride was loaded on 5ml Ni-NTA resin and
equilibrated with 20 mM Tris-HCl pH7.5 and 6 M Urea, and eluted with this buffer
containing 250mM imidazole.

Eluted His-tagged L2 fraction was dialyzed twice against 20 mM HEPES-NaOH 
pH7.5, 10 mM MgCl2, 0.2 mM EDTA, 400 mM KCl and 1 mM DTT for overnight 
at 4ºC. 

Purified His-tagged L2 were stored as wild-type L2.

149



His Tagged Domain Mutants
Induced with 1mM IPTG and cultured for 16h at 25ºC

Collected cells were suspended in buffer TM containing 300mM NH4Cl, 1mM 
DTT and 1mM PMSF, disrupted by sonication and cleared by ultracentrifugation 
at 40,000 rpm for 30 min

Cell lysate were loaded on Ni-IMAC(Bio-Rad) equilibrated with buffer TM 
containing 300mM NH4Cl, 1mM DTT, and eluted with buffer containing 100mM 
imidazole

Eluted fractions were dialyzed against 20mM HEPES-NaOH pH7.5, 10mM 
MgCl2, 0.2mM EDTA, 400mM KCl and 1mM DTT for 16h at 4ºC

Purified His tagged L2 domain mutants were stored as wild-type L2.
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ATPase Assay with 32P

Final Reaction
40mM Tris pH 7.5
100mM KCl
10mM MgCl2
1mM ATP
14uM ATP-γ-32P
2uM htpG Monomer

10x Buffer
400mM Tris pH 7.5
1M KCl
100mM MgCl2

1.  Make 1ml of 10X Buffer
 400uL1M Tris pH 7.5
 333ul 3M KCl
 50ul  2M MgCl2
 217ul H20

2.  Make 2x ATP Mix
 9ul 10x Buffer
 18ul 10mM ATP
 1.5ul 1.7uM ATP-γ-32P
 61.5ulH20

3.  Incubate 2x ATP Mix at 37C for 2 min

4.  Setup Reaction   GA Control   Control
2.5ul 10x Buffer   2.5ul  10x Buffer  2.5ul 10x Buffer
10ul 10uM htpG   10ul  10uM htpG  --
1ul DMSO   1ul  10mM GA  1ul DMSO
11.5ulH2O    11.5ulH2O   21.5ulH2O

Incubate at 37C for 2 min

Add 25ul 2x ATP Mix, keeping the reaction at 37C; time = 0

5.  At t=5, 20, 40, 60 remove 5uL and add to 5uL 25mM EDTA to quench the 
reaction.

6.  After final timepoint has been quenched, spot 1ul of each on PEI cellulose 
TLC plates
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7.  Develop for ~20min; Mobile phase: 0.5M LiCl, 2N Formic Acid; Develop on 
Phosphoimager plate for ~1hr and image on Typhoon Imager.
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Appendix C: Constructs

Construct 
Name

Source Vector Marker Comments Location

bovine eNOS 
WT

Bovine Bovine eNOS DNA-1

CTD 
Chimera

Yeast/
Human

pET151D Carb C-terminal Domain 
Chimera

DNA-2

Cpr6 Yeast GeneArt Carb Cpr6 GeneArt Optimized 
Gene

DNA-2

Cpr6 Yeast pQE80 Carb Cpr6 Nhis DNA-2

Cpr7 293C Yeast pQE80 Carb Cpr7 293C Nhis DNA-3

Cpr7 304C Yeast pQE80 Carb Cpr7 304C Nhis DNA-3

Cpr7 Yeast GeneArt Carb Cpr7 GeneArt Optimized 
Gene

DNA-2

Cpr7 Yeast pQE80 Carb Cpr7 Nhis DNA-2

P29 FKBP12 Human FKBP12 DNA-1

FKBP Human Kan FKBP52 DNA-1

FKBP52 Full 
Length

Human pET151D Carb FKBP52 Full Length Nhis DNA-2

FKBP52 
Trunc

Human pET151D Carb FKBP52 Truncation from 
D. Southworth

DNA-1

FRB Human Kan FRB DNA-1

P28 FRB Human FRB DNA-1

TF90 
Geneart

T. 
fusca

pET151D Carb Gene Art TF90 Nhis DNA-2

T. fusca 
Genomic 
DNA

T. 
fusca

Genomic DNA DNA-1

P. Furiosus 
Genomic 
DNA

P. 
furiosis

Genomic DNA DNA-2

pMT GFP-
Mob2

Fly pMT GFP from Matt Trammell DNA-1

HOP TPR2A Human pET151D Carb HOP DNA-1

pRS313 
Hsc82

Yeast pRS313 Hsc82 DNA-2

c82 706C Yeast pET151D Carb Hsc82 706C Nhis DNA-3
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Construct 
Name

Source Vector Marker Comments Location

c82 CTD Yeast pET151D Carb Hsc82 C-terminal Domain 
Nhis

DNA-2

Hsc82 D79N Yeast pET151D Carb Hsc82 D79N Nhis DNA-2

c82 delta 
220-255

Yeast pET151D Carb Hsc82 delta 220-255 Nhis DNA-2

Nhis Hsc82 
E33A

Yeast pET151D Carb Hsc82 E33A Nhis DNA-1

Hsc82 E33A/
R376A

Yeast pET151D Carb Hsc82 E33A/R376A Nhis DNA-1

c82 F660A Yeast pET151D Carb Hsc82 F660A Nhis DNA-1

c82 JJ Yeast Carb Hsc82 from Jill Johnson’s 
Lab

DNA-1

c82 I664A Yeast pET151D Carb Hsc82 I664A Nhis DNA-1

c82 I668A Yeast pET151D Carb Hsc82 I668 Nhis DNA-2

c82 L372A Yeast pET151D Carb Hsc82 L372A Nhis DNA-2

c82 L372D Yeast pET151D Carb Hsc82 L372D Nhis DNA-1

c82 L372D Yeast pET151D Carb Hsc82 L372D Nhis DNA-2

c82 L372D/
R376A

Yeast pET151D Carb Hsc82 L372D/R376A Nhis DNA-1

c82 L372N Yeast pET151D Carb Hsc82 L372N Nhis DNA-1

c82 L374A Yeast pET151D Carb Hsc82 L374A Nhis DNA-2

c82 L374D Yeast pET151D Carb Hsc82 L374D Nhis DNA-1

c82 L374D/
R376A

Yeast pET151D Carb Hsc82 L374D/R376A Nhis DNA-1

c82 L374N Yeast pET151D Carb Hsc82 L374N Nhis DNA-1

c82 L374N/
R376A

Yeast pET151D Carb Hsc82 L374N/R376A Nhis DNA-2

c82 L672A Yeast pET151D Carb Hsc82 L672A Nhis DNA-1

c82 M701C Yeast pET151D Carb Hsc82 M701C DNA-3

Hsc82 272C Yeast pET151D Carb Hsc82 MC DNA-2

c82 MC Yeast pQE80 Carb Hsc82 MC DNA-3

Hsc82 MD 
273-560

Yeast pET151D Carb Hsc82 MD 273-560 DNA-3

c82 MD Yeast pQE80 Carb Hsc82 Middle Domain 
Nhis

DNA-2
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Construct 
Name

Source Vector Marker Comments Location

pet29b c82 
N599

Yeast pET29b Kan Hsc82 N599 Chis DNA-1

Hsc82 topo Yeast pET151D Carb Hsc82 Nhis DNA-1

Hsc82 Yeast pET151D Carb Hsc82 Nhis DNA-2

Hsc82 Yeast pET151D Carb Hsc82 Nhis DNA-3

pET29b c82 
N599

Yeast pET29b Kan Hsc82 NM Chis DNA-1

c82 N599 
Chis E33A

Yeast pET29b Kan Hsc82 NM E33A Chis DNA-1

c82 N599 
E33A

Yeast pET151D Carb Hsc82 NM E33A Nhis DNA-1

N599 L374N/
R376A

Yeast pET29b Kan Hsc82 NM L374N Chis DNA-2

c82 N599 
Chis R376A

Yeast pET29b Kan Hsc82 NM R376A DNA-1

c82 N599 
Chis R376A

Yeast pET29b Kan Hsc82 NM R376A Chis DNA-1

c82 N599 
R376A

Yeast pET151D Carb Hsc82 NM R376A Nhis DNA-1

c82 NTD Yeast pET151D Carb Hsc82 NTD Nhis DNA-3

c82 Q380A Yeast pET151D Carb Hsc82 Q380A Nhis DNA-2

c82 R376A Yeast pET151D Carb Hsc82 R376A Nhis DNA-2

c82 T22A Yeast pET151D Carb Hsc82 T22A Nhis DNA-2

Hsc82 T22f 
delta 
221-255

Yeast pET151D Carb Hsc82 T22F delta 
221-255

DNA-2

c82 T22F Yeast pET151D Carb Hsc82 T22F Nhis DNA-2

Hsc82 T22F/
R376A

Yeast pET151D Carb Hsc82 T22F/R376A Nhis DNA-2

c82 T22I Yeast pET151D Carb Hsc82 T22I DNA-1

c82 T22N Yeast pET151D Carb Hsc82 T22N Nhis DNA-2

c82 V23A Yeast pET151D Carb Hsc82 V23A Nhis DNA-2

c82 V23A/
L374H

Yeast pET151D Carb Hsc82 V23A/L374H Nhis DNA-2

c82 V23A/
R376A

Yeast pET151D Carb Hsc82 V23A/R376A DNA-1
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Construct 
Name

Source Vector Marker Comments Location

c82 V23H/
L374H/
R376A

E. coli pET151D Carb Hsc82 V23H/L374H/
R376A Nhis

DNA-2

c82 Y24A Yeast pET151D Carb Hsc82 Y24A Nhis DNA-2

Y24A/R376A 
c82

Yeast pEt151D Carb Hsc82 Y24A/R376A DNA-1

c82 L654A Yeast pET151D Carb Hsc82-L654A Nhis DNA-1

Hsc82 
Q380A

Yeast pET151D Carb Hsc82-Q340A DNA-1

Hsp90alpha-
CHis

Human Carb Hsp90 alpha DNA-1

Hsp90a 
pEt29b

Human pET29b Kan Hsp90 alpha DNA-1

pQE80 
Hsp90 C553

Human pQE80 Carb Hsp90 alpha CTD DNA-1

a90 delta 
281

Human pET151D Carb Hsp90 alpha delta linker 
281

DNA-1

90a Human pET151D Carb Hsp90 alpha Nhis DNA-1

Hsp90a Human pET151D Carb Hsp90 alpha Nhis DNA-3

pKOS 
227-126 
HisNTD 
alpha

Human pKOS Hsp90 alpha NTD; Kosan DNA-1

HsHsp90a 
His BRS 
Kosan

Human pKOS Carb Hsp90 alpha with 
Biotinylation sequence

DNA-1

pKOS 405 
61E

Human pKOS Carb Hsp90a C-terminal His & 
BRS

DNA-1

Hsp90a Toft Human Carb Hsp90a from Toft Lab DNA-1

a90 delta251 Human pET151D Carb Hsp90alpha with Pearl 
Linker deleted

DNA-1

pKOS 220-26 
aNTD

Human pKOS Carb Hsp90alpha-NTD DNA-1

htpG topo E. coli pET151D Carb htpG DNA-1

pET29b htpG E. coli pET29B Kan htpG DNA-1

HG-topo E. coli pET151D Carb htpG DNA-1
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Construct 
Name

Source Vector Marker Comments Location

pET29b htpG E. coli pET29b Kan htpG DNA-1

Nhis htpG 
BRS 524C

E. coli pET151D Carb htpG 524C Nhis Cterm 
BRS

DNA-1

htpG C511 E. coli pQE80 Carb htpG CTD DNA-1

pBAD htpG-
GFP

E. coli pBAD Carb htpG Cterm GFP DNA-2

htpG D79N E. coli pET151D Carb htpG D79N Nhis DNA-2

htpG GFP Yeast pET151D Carb htpG GFP DNA-2

htpG H255C E. coli pET151D Carb htpG H255C DNA-1

446K E. coli pET151D Carb htpG H446K Nhis DNA-3

htpG K199A E. coli pET151D Carb htpG K199A Nhis DNA-1

Nhis htpG 
K524C

E. coli pET151D Carb htpG K24C Nhis DNA-1

htpG BRS 
K514C

E. coli pAC6 Carb htpG K514C Nhis Cterm 
BRS

DNA-1

htpG L25A E. coli pET151D Carb htpG L25A Nhis DNA-2

HG L332D E. coli pET151D Carb htpG L332D Nhis DNA-2

HG L332N E. coli pET151D Carb htpG L332N Nhis DNA-2

htpG N27C E. coli pET151D Carb htpG N27C Nhis DNA-2

Nhis htpG 
BRS N27C

E. coli pAC6 Carb htpG N27C Nhis Cterm 
BRS

DNA-2

htpG N470C E. coli pET151D Carb htpG N470C DNA-1

htpG N517 
H255A

E. coli pET151D Carb htpG N517 H255A; NM 
construct with mutation

DNA-1

Nhis htpG 
BRS

E. coli pET151D Carb htpG Nhis DNA-2

Nhis htpG 
BRS

E. coli pAC6 Carb htpG Nhis Cterm BRS DNA-2

htpG GFP E. coli pET151D Carb htpG Nhis Cterm GFP DNA-2

HG-top E34A E. coli pET151D Carb htpG Nhis E34A DNA-1

htpG N517 E. coli pET151D Carb htpG NM 1-517 DNA-1

htpG N209 E. coli pQE80 Carb htpG NTD 1-209 DNA-1

htpG R336A 
Chis

E. coli pET29b Kan htpG R336A Chis DNA-2

HG R336A E. coli pET151D Carb htpG R336A Nhis DNA-2
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Construct 
Name

Source Vector Marker Comments Location

htpG R336A/
Q340A

E. coli pET29B Kan htpG R336A/Q340A DNA-1

htpG R336A/
R346A

E. coli pET29b Kan htpG R336A/R346A Chis DNA-2

htpG R336A/
R346A

E. coli pET29b Kan htpG R336A/R346A Chis DNA-2

HG R336D E. coli pET151D Carb htpG R336D Nhis DNA-2

HG R336F E. coli pET151D Carb htpG R336F Nhis DNA-2

HG Chis 
R346A

E. coli pET29b Kan htpG R346A Chis DNA-1

HG S198C E. coli pET151D Carb htpG S198C Nhis DNA-2

HG S198C 
BRS

E. coli pAC6 Carb htpG S198C Nhis Cterm 
BRS

DNA-2

HG S23F E. coli pET151D Carb htpG S23F Nhis DNA-2

HG-topo 
T607C

E. coli pET151D Carb htpG T607C DNA-1

c82 V23H/
L374H

E. coli pET151D Carb htpG V23H/L374H Nhis DNA-2

HG V334D E. coli pET151D Carb htpG V334D Nhis DNA-2

htpG Y25A E. coli pET151D Carb htpG Y25A Nhis DNA-2

htpG-Chis E. coli pET29B Kan htpG-Chis DNA-1

HG E34A E. coli pET29B Kan htpG-E34A DNA-1

htpG-Chis 
F550Amb

E. coli pET29B Kan htpG-F550Amber Codon 
mutation

DNA-1

pet29 gtagc E. coli pET29B Kan htpG-gtagc - Rotation 
Project

DNA-1

htpG H255A E. coli pET151D Carb htpG-H255A DNA-1

HG-top 
K294A

E. coli pET151D Carb htpG-K294A DNA-1

HG-top 
K299A

E. coli pET151D Carb htpG-K299A DNA-1

HG topo 
Q340A

E. coli pET151D Carb htpG-Q340A DNA-1

htpG-Chis 
R336A

E. coli htpG-R336A DNA-1
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Construct 
Name

Source Vector Marker Comments Location

hip iNOS 
pcWON

Human pcWON iNOS DNA-1

IP6K2 His 
htpG pDUET

Human
/
Bacteri
a

pDUET Carb IP6K2 His htpg no tag DNA-2

IP6K2 Human pET151D Carb IP6K2 Nhis DNA-2

IP6K2 His 
Hsc82 
pDUET

Human
/Yeast

pDUET Carb IPSK2 His & Hsc82 no tag DNA-2

pET L2 C 
domain Chis

E. coli pET Carb L2 CDomain Chis DNA-3

pET L2 C-His E. coli pET Carb L2 Chis DNA-3

L2 Middle E. coli pET151D Carb L2 Middle Domain DNA-3

p2H GAL/
CG121 CyC

Yeast Carb Lindquist Lab DNA-2

Yeast p2A/
GRGZ

Yeast Carb Lindquist Lab DNA-2

D5x26y Yeast Carb Lindquist Lab DNA-2

M. xanthus 
Genomic 
DNA

M. 
xanthu
s

M. xanthus Genomic DNA DNA-1

MD Chimera Yeast/
Human

pET151D Carb Middle Domain Chimera DNA-2

M. xanthus 
htpG

M. 
xanthu
s

pET151D Carb MX htpG Nhis DNA-2

Nhis htpG 
BRS

E. coli pAC6 Carb Nhis htpG C-terminal BRS DNA-1

NTD 
Chimera 1

Human
/Yeast

pET151D Carb NTD Chimera 1 DNA-3

NTD 
Chimera 2

Human
/Yeast

pET151D Carb NTD Chimera 2 DNA-3

NTD 
Chimera 3

Human
/Yeast

pQE80 Carb NTD Chimera 3 DNA-3

NTD 
Chimera 4

Human
/Yeast

pQE80 Carb NTD Chimera 4 DNA-3
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Construct 
Name

Source Vector Marker Comments Location

NTD 
Chimera 5

Human
/Yeast

pQE80 Carb NTD Chimera 5 DNA-3

NTD 
Chimera 7

Human
/Yeast

pET151D Carb NTD Chimera 7 DNA-3

NTD 
Chimera 8

Human
/Yeast

pQE80 Carb NTD Chimera 8 DNA-3

P. 
Falciparum 
Hsp90

GeneAr
t

GeneArt Carb P. falciparum Hsp90 
Optimized Gene

DNA-2

PF90 P. 
Falcipa
rum

pET151D Carb PF90 Nhis DNA-2

Linker 
Peptide

Synech
ococus

Carb Phycobilisome Linker 
Peptide from Hitoshi 
Nakamoto Lab

DNA-1

Sba1 Yeast pET151D Carb Sba1 Nhis DNA-2

Sti1 N222 
delta DPEV 
R465E

Yeast Sti1 N222 delta DPEV 
R465E from Jill Johnson 
Lab

DNA-2

T. fusca 
Hsp90

GeneAr
t

GeneArt Carb T. fusca Hsp90 Optimized 
Gene

DNA-2

Nhis TEV Virus pET151D Carb TEV Nhis DNA-2

TF90 T. 
fusca

pET151D Carb TFHsp90 Nhis DNA-2

pAC6 Vector Synthe
tic

pAC6 Vector DNA-1

pAC4 Vector Synthe
tic

pAC4 Vector DNA-1

pET29b Synthe
tic

pET29b Kan Vector DNA-1

pKAT6 Synthe
tic

pKAT6 Carb Vector DNA-1

pBAD18 Synthe
tic

pBAD18 Carb Vector DNA-2

pBAD24 Synthe
tic

pBAD24 Carb Vector DNA-2

pIOM14 E. coli pIOM14 Kan Vector DNA-2

pIOM15 E. coli pIOM15 Kan Vector DNA-2
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Construct 
Name

Source Vector Marker Comments Location

pIOM17 E. coli pIOM17 Kan Vector DNA-2

pDUET Synthe
tic

pDUET Carb Vector DNA-2

pAC5 Synthe
tic

pAC5 Carb Vector DNA-2

YDR533C Yeast GeneArt Carb YDR533C GeneArt 
Optimized Gene

DNA-2

YDR533C Yeast pQE80 Carb YDR533C Nhis DNA-2
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