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2 Summary 

Hsp90 is a molecular chaperone modulating the activity of hundreds of client 

proteins, many of which are important cellular effector proteins. This activation 

process is regulated on several levels: by ATP hydrolysis, various specific Hsp90 co-

chaperones as well as posttranslational modifications. In this context, 

phosphorylation of Hsp90 is of particular importance as there is a conserved 

phosphatase Ppt1, which specifically associates with Hsp90 and dephosphorylates it 

(Wandinger et al., 2006). Little is known about how Ppt1-dependent phosphorylation 

sites affect Hsp90 activity.  

The combination of SILAC and MS analysis allowed identifying ten in vivo 

phosphorylation sites of Hsp90 distributed in the M- and the C-domain of Hsp90 and 

determining a subset regulated by Ppt1. Further experiments revealed that the ten 

residues constitute the major phospho-acceptor sites in yeast Hsp90. Despite a 

highly conserved protein sequence, the phosphorylation pattern of yeast and human 

Hsp90 is not conserved. This is probably because many known human kinases 

evolved after the divergence of higher eukaryotes from yeast. Thus, Hsp90 

phosphorylation may be an evolutionary mechanism to allow organism-specific 

functional variations and provide an adaptation to various environmental conditions. 

By employing alanine and glutamate substitutions of the identified sites (mimicking 

non-phosphorylated and phosphorylated states, respectively), the functional 

consequences of phosphorylation were assessed. The analysis revealed that four 

phosphorylation sites were active, whereas six exhibited no effects on Hsp90 

chaperone activity. This finding shows that there are ‘silent’ phosphorylation events 

without functional importance, except that they might enhance the solubility of the 

protein (Lienhard, 2008). In general, the active phosphorylation sites down regulate 

the Hsp90 machinery. In particular, one site (S485) disrupted the essential 

chaperone properties of Hsp90, whereas three other negatively affect Hsp90 activity 

in vivo including reduced client protein activation, hypersensitivity to Hsp90 inhibition 

and disruption of DNA repair processes.  
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Several biophysical techniques have been employed to determine the molecular 

mechanisms of the active phospho-sites such as intermolecular FRET and analytical 

ultracentrifugation combined with fluorescence detection. This analysis revealed that 

sites located in distant regions of Hsp90 protein affect the ATPase activity, co-

chaperone binding and conformational transitions in Hsp90. Thus, phosphorylation of 

Hsp90 allows the manipulation of the conformational cycle at distinct steps by 

targeting switch points for the communication between remote regions within Hsp90.  

 

  



Dissertation  Joanna Soroka 

‐ 7 ‐ 
 

3 Zusammenfassung 

Das molekulare Chaperon Hsp90 ist an der Regulation der Aktivität von hunderten 

Substratproteinen beteiligt, welche zum Großteil eine wichtige Rolle als 

Effektorproteine in der Zelle spielen. Diese Aktivierung kann auf verschiedene Weise 

reguliert werden: durch ATP-Hydrolyse, durch Bindung Hsp90-spezifischer Co-

Chaperone, sowie durch verschiedene Arten posttranslationaler Modifikationen. Bei 

letzteren spielt die Phosphorylierung von Hsp90 eine entscheidende Rolle, da die 

konservierte Phosphatase Ppt1 spezifisch am Hsp90 bindet und das Protein 

dephosphoryliert (Wandinger et al., 2006). Bisher ist jedoch wenig darüber bekannt, 

wie die Ppt1-spezifischen Phosphorylierungsstellen die Aktivität von Hsp90 

beeinflussen. 

Durch die Kombination von SILAC und MS Analysen konnten in vivo zehn 

Phosphorylierungsstellen innerhalb der M- und C-Domänen von Hsp90 identifiziert 

werden, wovon zwei durch Ppt1 reguliert werden. Weitere Untersuchungen zeigten, 

dass diese zehn Aminosäurereste die Hauptakzeptorstellen für die Phosphorylierung 

von Hsp90 in der Hefe darstellen. Trotz einer stark konservierten 

Aminosäuresequenz zeigte das Phosphorylierungsmuster des Hsp90 aus der Hefe 

und des humanen Hsp90 keine Übereinstimmung. Dies lässt sich dadurch erklären, 

dass die meisten bekannten humanen Proteinkinasen nach der evolutionären 

Trennung von Hefe und höheren Eukaryoten in ihrer Spezifität weiter evolvierten.  

Um den Einfluss der Phosphorylierungsstellen auf die Funktion von Hefe Hsp90 zu 

untersuchen, wurden diese durch Alanin oder Glutamat substituiert, wodurch der 

nicht-phosphorylierte und phosphorylierte Status nachgahmt wurde. Vier der zehn 

untersuchten Phosphorylierungsstellen waren „aktiv“, wohingegen die weiteren sechs 

keinen Einfluss auf die Aktivität von Hsp90 hatten. Dies zeigt, dass es `stille` 

Phosphorylierungen gibt, die wahrscheinlich nur zur Löslichkeit des Proteins 

beitragen (Lienhard, 2008). Im Allgemeinen  führt eine Phosphorylierung der aktiven 

Stellen zur einer Verlangsamung der Hsp90 Maschinerie. Nur die Phosphorylierung 

an S485 zerstört die essenziellen Chaperoneigenschaften von Hsp90. Drei weitere 

Phosphorylierungen beeinflussen in vivo die Aktivität von Hsp90 negativ. Dies äußert 

sich auch in einer verminderten Aktivierung der Substratproteine, in einer 
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Überempfindlichkeit von Hsp90 gegenüber Inhibierung, sowie in einer gestörten 

DNA-Reparatur. 

Um die molekularen Mechanismen der aktiven Phosphorylierungsstellen zu 

bestimmen, wurden verschiedene biophysikalische Methoden angewandt, wie z.B. 

intermolekulare FRET-Experimente und analytische Ultrazentrifugation gekoppelt mit 

Fluoreszenzdetektion. Diese Analysen zeigen, dass auch weit von der ATPase 

Domäne entfernte Phosphorylierungsstellen des Hsp90 Proteins dessen ATPase 

Aktivität, sowie die Bindung von Co-Chaperonen und Konformationsänderungen von 

Hsp90 negativ beeinflussen. Zusammengefasst  zeigen die vorgelegten Ergebnisse, 

dass die Phosphorylierung von Hsp90 die Manipulation des Konformationszyklus an 

bestimmten Schritten ermöglicht, indem sie an Schaltpunkten für die Kommunikation 

in Hsp90 angreift.   

 



Dissertation  Joanna Soroka 

‐ 9 ‐ 
 

4 Introduction 

4.1 The molecular chaperone Hsp90 

Hsp90 is an abundant and highly conserved molecular chaperone found in all 

kingdoms except for archea (Figure 1) (Large et al., 2009). It is involved in the 

activation, stabilization or conformational maturation of hundreds of client proteins in 

eukaryotes (McClellan et al., 2007; Picard, 2002; Pratt and Toft, 1997; Zhao et al., 

2005). These are important players in numerous cellular processes including gene 

expression, signal transduction and cell cycle regulation. These diverse cellular 

functions and the fact that several Hsp90 client proteins are essential components in 

signal transduction pathways require a strict regulation of this chaperone machinery. 

Consequently, attempts to discover specific Hsp90 inhibitors as novel anti-cancer 

therapeutics, which allow interfering with the proliferation of cancer cells, are actively 

pursued (Neckers, 2007; Whitesell and Lindquist, 2005). In cancer cells, Hsp90 plays 

a crucial role in buffering oncogenic mutations and protecting a large set of over-

expressed oncoproteins from their degradation. Consequently, Hsp90 helps to 

stabilize tumorogenic cells. Therefore, cancer cells are often considered to be 

‘addicted’ to Hsp90 (Bagatell and Whitesell, 2004; Sangster et al., 2004). In normal 

cells, Hsp90 is also involved in evolutionary processes such as increasing the 

inherent genetic heterogeneity. This is achieved by buffering mutations that occur 

during normal morphological evolution (Jarosz and Lindquist, 2010; Queitsch et al., 

2002; Rutherford and Lindquist, 1998). 
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Figure 1. Evolution of Hsp90 protein family 
Hsp90 family is highly conserved and present in all kingdoms of life except for archea. Several Hsp90 
subfamilies can be distinguished: cytosolic Hsp90, endoplasmic reticulum Hsp90 (Grp94), chloroplast 
Hsp90 (Hsp90C), mitochondrial Hsp90 (TRAP), and bacterial Hsp90 (HtpG). The scale bar represents 
the genetic distance. Adopted from (Taipale et al., 2010).   

4.2 The Hsp90 and Hsp70 chaperone machinery  

Hsp90 is an important player in protein folding. Under physiological conditions it 

seems that Hsp90 does not assist general de novo folding processes, but its clients 

are already partly structured and may even adopt native-like conformations (Picard, 

2002). To recruit and assemble with client proteins, eukaryotic Hsp90 collaborates 

with the Hsp70 system and a number of the accessory proteins termed ‘co-

chaperones’ forming large dynamic multi-protein complexes (Pratt and Toft, 2003; 

Smith et al., 1993). Protein turnover is an essential cellular process needed for health 
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and survival. Thus, not only correct folding, but also degradation of misfolded 

proteins is critical for cellular homeostasis. To balance between folding and 

degradation, the Hsp70/Hsp90 machinery cooperates with the ubiquitin-proteosome 

system mediated by the Hsp90 co-chaperone CHIP directing misfolded proteins for 

degradation (Gamerdinger et al., 2009; Pratt et al., 2006; Pratt et al., 2010). Binding 

of CHIP to the chaperone complexes leads to the ubiquitination and ultimately 

degradation of the client proteins as well as the chaperones (Kundrat and Regan, 

2010). Thus, CHIP functions as the quality control regulator of the folding pathway. 

4.3 Hsp90 homologues and its localization in the cell 

Hsp90 is present in nearly every compartment of the eukaryotic cell while it is most 

abundant in the cytosol. Two cytosolic Hsp90 isoforms exist: an inducible Hsp90α 

and a constitutive Hsp90β form (Hsp82 and Hsc82, respectively in yeast) (Csermely 

et al., 1998). A small pool of the cytosolic Hsp90 is also translocated to the nucleus. It 

is thought that Hsp90 is co-transported to the nucleus when associated with the client 

as the chaperone itself does not have a nuclear localization sequence (Pratt, 1993). 

Hsp90 can be also transported outside of the cell. Recently, a pool of Hsp90 has 

been identified at the cell surface of various cell types indicating diverse extracellular 

chaperoning activity (Sidera and Patsavoudi, 2008; Trepel et al., 2010). Particularly in 

cancer, extracellular Hsp90α was shown to be involved in cancer cell invasion 

(Eustace et al., 2004). Extracellular Hsp90α was also shown to be associated with 

wound healing (Li et al., 2007).  Plants contain several copies of cytosolic Hsp90 

which play a protective role against deleterious effects of environmental fluctuations 

and pathogens (Krishna and Gloor, 2001; Meiri and Breiman, 2009; Sangster and 

Queitsch, 2005). In addition, compartment-specific Hsp90 homologues are present in 

mitochondria (TRAP1), chloroplasts (Hsp90C) and the endoplasmic reticulum 

(Grp94) (Figure 2) (Felts et al., 2000; Shiu et al., 1977).  
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4.4 Hsp90 structure and conformational changes 

Hsp90 is a flexible dimeric protein where each of the protomers contains an N-

terminal domain (N-domain) responsible for binding and hydrolysis of ATP 

(Prodromou et al., 1997), connected in eukaryotes by a charged linked of variable 

length (Hainzl et al., 2009; Tsutsumi et al., 2009) to the middle domain (M-domain) - 

a binding site for many client proteins and co-chaperones (Fontana et al., 2002; 

Meyer et al., 2004; Retzlaff et al., 2010; Vaughan et al., 2006). Finally, the C-terminal 

dimerization domain (C-domain) possesses the MEEVD motif involved in interactions 

with co-chaperones via their TPR domains (Millson et al., 2008; Scheufler et al., 

2000).  

 

Figure 3. Hsp90 structures 
Crystal structures of full length Hsp90 from E. coli (HtpG) in the open conformation (left, PDB 2IOQ) 
and nucleotide-bound yeast Hsp90 in the closed conformation (right, PDB 2CG9). The N-domain is 
depicted in yellow, the M-domain in green and the C-domain in blue.  

Recently, crystal structures of both Escherichia coli (Huai et al., 2005; Shiau et al., 

2006) and Saccharomyces cerevisiae (Ali et al., 2006) Hsp90s have been solved 

showing that different Hsp90 conformations exist and providing valuable snapshots 

of the conformational cycle (Figure 3). Not only the structural organization, but also 

the mechanism of the ATPase cycle, necessary for Hsp90 chaperone activity, is 

conserved (Richter et al., 2008). To define the molecular mechanism, a combination 

of various biophysical techiques has been applied. This allowed dissecting the 

ATPase cycle in detail and determining the rate-limiting steps (Figure 4) (Hessling et 

al., 2009; Mickler et al., 2009). In the apo state, Hsp90 is present predominantly in an 

open V-shaped conformation. Upon binding of ATP, a segment in the N-domain 
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Like other proteins belonging to so called the  GHKL (gyrase–Hsp90–histidine 

kinase–MutL) ATPase family, Hsp90 is a 'split' ATPase that requires repositioning of 

motifs in both the M- and the N-domains to form the active ATPase site (Dutta and 

Inouye, 2000). Although Hsp90 chaperone function relies on the ATPase activity, the 

speed of the ATPase cycle, controlled by the conformational transitions, is slow. 

Importantly, all Hsp90 proteins can hydrolyze ATP but the hydrolysis rates 

significantly vary among different species. Hsp90 from yeast hydrolyzes one ATP 

molecule per 1-2 min (Panaretou et al., 1998; Scheibel et al., 1998). Grp94 has an 

ATP turnover rate comparable with or even higher than that of the cytosolic Hsp90 

from yeast. The ATP hydrolysis by human Hsp90 is ten-fold slower than that of its 

yeast homologue, while HtpG and TRAP1 show an intermediate hydrolysis rates 

(Graf et al., 2009; McLaughlin et al., 2002; Richter et al., 2008; Frey et al., 2007; 

Leskovar et al., 2008). These differences arise from a higher conformational flexibility 

of yeast Hsp90 compared to its human or bacterial representatives. 

The structural movements are not only restricted to nucleotide binding and can be 

detected also in the absence of nucleotide indicating that these rearrangements 

occur spontaneously. It has been proposed that Hsp90 fluctuates among different 

dynamic states and binding of ATP shifts this equilibrium towards more compact 

conformation (Mickler et al., 2009; Southworth and Agard, 2008). No structural data, 

however are available that would confirm whether these states are indeed structurally 

identical. Furthermore, analysis of the C-terminal dimerization revealed that the C- 

and the N-domains move in an anti-correlated way (Ratzke et al., 2010). Thus, 

communication between spatially distant regions within Hsp90 seems to play an 

important role in regulating the conformational cycle.  

4.5 Hsp90 co-chaperones 

Co-chaperones are important regulators of the Hsp90 conformational cycle and 

influence processing of client proteins. Up to date, over twenty co-chaperones have 

been identified to associate with eukaryotic Hsp90 in a conformation-specific manner 

and influence the chaperone cycle in various ways. Some can affect the ATPase 

cycle as activators or inhibitors, other specifically deliver clients to the Hsp90 folding 

machinery (Panaretou et al., 2002; Richter et al., 2003; Richter et al., 2004; Roe et 
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proteins such as steroid hormone receptors (Wegele et al., 2006). In yeast, Hop/Sti1 

is dispensable for viability, but causes synthetic lethality when knocked out with the 

Hsp40/Ydj1 or p23/Sba1 genes (Flom et al., 2006). The list of cellular functions of 

Hop/Sti1 is increasing. These include activation of progesterone receptor (Kosano et 

al., 1998) or phenotypic stability (mediated by a complex of Hop/Sti1, Hsp90 and the 

protein Piwi) (Gangaraju et al., 2011). 

4.5.2 Cdc37 

Another co-chaperone that is involved is client delivery and inhibits the ATPase 

activity of Hsp90 is Cdc37 (Vaughan et al., 2006; Gaiser et al., 2010). In the context 

of Hsp90 chaperone machinery, Cdc37 mediates recruitment of client kinases. 

Cdc37-kinase interaction is mediated via its N-terminal domain. Cdc37-Hsp90 

interaction and the molecular mechanism of the Hsp90 ATPase arrest are now also 

known in structural details. The C-terminal region of Cdc37 binds between the N-

domains of Hsp90 and interacts with the ATP-lid. This physically prevents the N-

terminal dimerization of Hsp90 (Roe et al., 2004). Next, the insertion of the Cdc37 

R167 side chain into the nucleotide binding pocket and the interaction with the 

catalytically important E33 of Hsp90 arrests ATP hydrolysis. It still remains unsolved 

how exactly the client kinase is transferred from Cdc37 to Hsp90 and whether this 

process requires any conformational transitions in the client protein. Since kinases 

control fundamental cellular processes, Cdc37 is absolutely essential for cell viability 

both in yeast (Gerber et al., 1995) and higher eukaryotic organisms, like Drosophila 

(Cutforth and Rubin, 1994) or Caenorhabditis elegans (Kamath et al., 2003). 

Moreover, Cdc37 displays Hsp90-independent activities and can function as a 

molecular chaperone on its own (Kimura et al., 1997). It has been also shown to 

directly interact with other components of Hsp90 chaperone machinery, including 

Hop/Sti1 (Abbas-Terki et al., 2002).  

4.5.3 p23/Sba1 

Unlike the two co-chaperones described above, p23/Sba1 is not associated with 

client protein transfer, but rather with its maturation process. Like Cdc37, p23/Sba1 
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possesses intrinsic chaperone activity mediated by its unstructured C-terminal tail 

(Weikl et al., 1999; Weaver et al., 2000). Binding of p23/Sba1 to Hsp90 is 

conformation-specific and occurs at the later stages of the conformational cycle when 

Hsp90 adopts the N-terminally dimerized closed form (Grenert et al., 1999). 

Structural studies revealed that the interaction involves predominantly the N-domain 

and, to minor extent, the M-domain of Hsp90 (Ali et al., 2006).  

During the chaperone cycle p23/Sba1 appears to stabilize Hsp90-client complex 

(Morishima et al., 2003). A good example in this context is the maturation of steroid 

hormone receptors (Johnson and Toft, 1994; Smith et al., 1993). This process 

requires the stabilization of the N-terminal dimerization in Hsp90 by p23/Sba1, which 

locks Hsp90 in the closed conformation (Johnson and Toft, 1995). Structural studies 

showed that at the same time p23/Sba1 stabilizes the active conformation of the 

catalytic loop in the M-domain of Hsp90 (Ali et al., 2006). Thus, ATP is hydrolyzed, 

albeit slower. This explains why p23/Sba1 slows down ATP hydrolysis but not fully 

inhibits it. Return of Hsp90 to its open conformation induces p23/Sba1 dissociation 

and release of the client protein (McLaughlin et al., 2006; Obermann et al., 1998). 

Hence, p23/Sba1-mediated stabilization of Hsp90-client protein heterocomplex 

regulates the time a particular client is associated with Hsp90 (Morishima et al., 

2003). Expression of p23/Sba1 is not required for cell survival and p23/Sba1 

disruption in yeast has a modest effect on growth at both physiological and elevated 

temperature (Fang et al., 1998). In mice, p23/Sba1 is necessary for perinatal survival 

(Grad et al., 2006). p23/Sba1 has also additional function not related to Hsp90. 

p23/Sba1 was shown to modulate the activity of receptors in the nucleus and to 

participate in the disassembly of different transcription complexes allowing the cell to 

respond dynamically both to environmental stimuli and to intracellular needs on a 

transcriptional level (Freeman and Yamamoto, 2002; Echtenkamp et al., 2011).  

4.5.4  Aha1 

Co-chaperones can also accelerate Hsp90 ATP hydrolysis. This activation is 

mediated by Aha1. Structural studies revealed that both the M- and the N-domains of 

Hsp90 bind Aha1 (Lotz et al., 2003; Retzlaff et al., 2010). In the recently proposed 

asymmetric activation mechanism one Aha1 molecule fully stimulates the ATPase 
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activity of the dimeric Hsp90 (Retzlaff et al., 2010). Aha1 promotes conformational 

changes that result in the association of the N-domains and the formation of the 

closed state. Thus, Aha1 accelerates the progression of the ATPase cycle by 

bypassing the first intermediate I1 and helps to adopt I2 state (Figure 4) (Hessling et 

al., 2009). Although the Aha1 knockout is not deleterious, simultaneous deletion of 

the genes encoding Aha1 and its homolog Hch1 in yeast impaired activation of 

Hsp90-dependent clients (Lotz et al., 2003). Recent findings revealed a critical role of 

Aha1 in cystic fibrosis. Depletion of Aha1 can reverse defects in folding and 

trafficking of mutant cystic fibrosis transmembrane conductance regulator (CFTR) 

associated with cystic fibrosis (Wang et al., 2006). This suggests that Aha1 may be a 

potent therapeutic target for treatment of misfolding diseases. 

4.5.5 Pp5/Ppt1 

Interestingly, one of Hsp90’s co-chaperones is the protein phosphatase Pp5/Ppt1. 

Ppt1 possesses a TPR domain which exhibits both regulatory and targeting functions 

(Andreeva and Kutuzov, 1999; Becker et al., 1994; Chen et al., 1996; Chinkers, 

2001). Ppt1 is maintained inactive and the enzymatic activity is suppressed by the 

TPR domain stabilized by the C-terminal αJ domain, which together restrict access to 

the catalytic site (Figure 6) (Kang et al., 2001; Sinclair et al., 1999; Swingle et al., 

2004). Binding to Hsp90 via the TPR domain activates the phosphatase. Ppt1 was 

shown to be associated with Hsp90 both in vivo and in vitro and to mediate 

dephosphorylation of Hsp90 and the co-chaperone Cdc37 (Vaughan et al., 2008; 

Wandinger et al., 2006). Ppt1 is present both in the cytoplasm and the nucleus, and 

thus may function in multiple subcellular compartments (Chen et al., 1994). Using 

genetic microarray studies in yeast it was shown that Ppt1 levels may be regulated 

depending on the environmental fluctuations (Gasch et al., 2000). Decreased 

phosphatase levels were detected under stress conditions such as metabolic, 

oxidative, osmotic and thermal stress, while Ppt1 expression was enhanced in cells 

approaching the stationary phase, cultivated in zinc-deficient medium or exposed to 

alpha factor.  

Ppt1 is not essential for yeast viability and deletion of ppt1 causes neither growth 

defects nor visible phenotype even under a variety of stress conditions (Chen et al., 
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possess a TPR domain, which anchors them to the C-terminus of Hsp90. Their role 

in the Hsp90 chaperone cycle is still to be determined. It is plausible that PPIases are 

recruited by specific clients. However, several studies indicate that their function goes 

beyond only loading of a client, as their incorporation into steroid hormone receptors 

takes place after the client is associated with Hsp90 (Smith et al., 1995; Smith and 

Toft, 2008). Another co-chaperone with the TPR domain is Sgt1. However, its binding 

to Hsp90 is somehow unusual. Although it contains a TPR domain, it associates to 

the N-terminal domain of Hsp90 via its CS domain (Kadota et al., 2008), which 

structurally resembles p23/Sba1. Unlike p23/Sba1, binding of Sgt1 does not affect 

the ATPase activity of Hsp90. Sgt1 and Hsp90 can form a ternary complex with the 

co-chaperone Rar1. This interaction is mediated via a CHORD domain of Rar1 

(Zhang et al., 2010). Functionally, this heterocomplex modulates the innate immunity 

response in plants and mammals (Austin et al., 2002). Hsp90 also assembles in 

ternary complexes with the co-chaperones Tah1 and Pih1. Tah1 binds to Hsp90 with 

its TPR domain, while its C-terminus serves as the anchoring region for Pih1. The 

interaction with the Hsp90-Tah1 complex helps to stabilize the intrinsically unstable 

Pih1 (Zhao et al., 2008). While Tah1 alone is a weak activator of the Hsp90 ATPase 

activity, the Tah1-Pih1 complex inhibits the ATP hydrolysis of Hsp90 (Eckert et al., 

2010; Millson et al., 2008). Thus, the effect of individual co-chaperones may depend 

on other components of the Hsp90 chaperone complex. Further specific Hsp90 

functions are mediated by its association with certain co-chaperones, which include 

mitochondrial/chloroplast protein import (Tom70/Toc64) (Young et al., 2003; Qbadou 

et al., 2006), nuclear migration (NudC) (Zhu et al., 2010) or the aforementioned 

Hsp90/Hsp70-dependent protein degradation (CHIP).  

The above examples show that co-chaperones provide a strict regulation of the 

Hsp90 chaperone cycle at different conformational stages and their large variety 

allows Hsp90 assisting various cellular processes.  

4.6 The chaperone cycle of Hsp90 

To promote maturation of client proteins, Hsp90 collaborates with a cohort of co-

chaperones, which deliver clients and drive its conformational cycle (Riggs et al., 

2003; Vaughan et al., 2006). The best studied example is the activation of steroid 
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hormone receptors (SHRs), which strongly depends on the Hsp90 chaperone 

machinery (Figure 7) (Picard et al., 1990; Smith et al., 1993). Activation of SHRs 

involves the formation of several distinct complexes comprising Hsp90 and different 

sets of co-chaperones in a multistep process. The progression of the cycle occurs in 

a sequential manner and ultimately leads to the release of a mature client. First, the 

unfolded substrate is recognized by Hsp70 and together with Hsp40 they form the 

‘early complex’ (Cintron and Toft, 2006; Smith et al., 1992). The transfer of the client 

receptor from Hsp70 to Hsp90 occurs via the adaptor protein Hop/Sti1 in the 

’intermediate complex’ (Chen and Smith, 1998; Wegele et al., 2006). In the next 

stage, other co-chaperone components are recruited to the Hsp90 chaperone 

machinery, like PPIases and p23/Sba1 and the ‘late complex’ is formed (McLaughlin 

et al., 2006; Smith, 1993). Apparently a client protein is not required for these multi-

protein complexes to be assembled.  

 

Figure 7. Hsp70-Hsp90 chaperone cycle 
Hsp90 collaborates with the Hsp70 chaperone machinery in promoting maturation of client proteins. 
First, the client is bound in the early complex which involves Hsp70 and Hsp40. The client protein is 
transferred to the Hsp90 machinery via the adaptor protein Hop/Sti1 in the intermediate complex. 
Binding of ATP leads to conformational changes which induce Hop/Sti1 dissociation and promote 
recruitment of p23/Sba1. This leads to the formation of the late complex. Both in the intermediate and 
the late complex, Hsp90 can associate with PPIases or other TPR co-chaperones. Upon hydrolysis of 
ATP, p23/Sba1 and the folded client are released and Hsp90 returns to the open state which 
completes the chaperone cycle. 
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To uncover how the progression from one complex to another occurs, distinct 

biophysical methods have been applied (Li et al., 2011). This allowed dissecting a 

sequence of events during the chaperone cycle. Based on the results from previous 

studies, dimeric Hsp90 binds in its open conformation to one Hop/Sti1, which inhibits 

its ATPase activity. The second TPR-acceptor site is free and can anchor a PPIase 

forming an asymmetric Hsp90 intermediate complex. Binding of ATP induces 

conformational rearrangements that result in Hsp90 closure by dimerization of the N-

domains followed by a recruitment of p23/Sba1. The structural transitions in Hsp90 

weakens the association with Hop/Sti1 and results in its dissociation. This binding 

site can now be occupied by a PPIase or a TPR co-chaperone leading to the 

assembly of the final complex. Subsequent ATP hydrolysis triggers dissociation of 

p23/Sba1, PPIase and folding of the client protein is completed. 

4.7 Posttranslational modifications of Hsp90 

Hsp90 is subjected to a number of posttranslational modifications including 

phosphorylation, acetylation, nitrosylation, oxidation and ubiquitination that alter its 

chaperone activity in various ways. Transient posttranslational modifications can 

regulate Hsp90 functions by modifying its enzymatic activity, cellular location or 

dynamic interactions with other components of the chaperone cycle. This precise 

fine-tuning of Hsp90 permits adjusting its chaperone activity to cellular needs. Up to 

date, it was possible to map a number of modified sites and for some of them the 

mechanism of their action has been elucidated (Figure 8).  
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Figure 8. Posttranslational modifications of Hsp90 
Hsp90 is modified by several posttranslational modifications including most prominent phosphorylation 
(red), acetylation (magenta) and nitrosylation (orange). Several functionally important modification 
sites throughout Hsp90 protein have been identified to influence its chaperone activity. The Hsp90 N-
domain is depicted in yellow, the M-domain in green and the C-domain in blue. The numbering 
corresponds to yeast Hsp90, human Hsp90α or β, as indicated. 

4.7.1 Phosphorylation 

Hsp90 is most frequently modified by phosphorylation at multiple sites distributed 

throughout the dimeric protein. Serine residues are the major phospho-acceptor 

sites, though modifications of threonines and tyrosines were also reported (Scroggins 

and Neckers, 2007). Hsp90 phosphorylation levels are modulated by environmental 

conditions and the physiological state of the cell. Hsp90 phosphorylation appears to 

have also a species-specific pattern. Under heat stress, the turnover of Hsp90 

phosphate groups is decreased in yeast and increased in HeLa cells (Legagneux et 

al., 1991; Mollapour et al., 2010b). Generally, hyper-phosphorylated Hsp90 interacts 

weaker with its client proteins and deletion of its specific phosphatase Ppt1 in S. 

cerevisiae leads to a reduced chaperone activity (Wandinger et al., 2006). 

Phosphorylation seems to be a general mechanism to down-regulate Hsp90 activity 

globally as maturation of different classes of clients such as kinases or SHRs was 

affected by this modification. Studies on the assembly of the C-terminal globular head 

of the reovirus attachment protein σ1 (Zhao et al., 2001) revealed that Hsp90 

phosphorylation promotes a release of the chaperone from its client and therefore 
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dynamic phosphorylation/dephosphorylation is a mechanism that can modulate 

Hsp90-client interaction. Although most of the studies collectively demonstrated that 

phosphorylation negatively affects Hsp90 activity, recent reports suggest also 

stimulatory effects of Hsp90 phosphorylation. Phosphorylation of Hsp90β on Y301 by 

c-Src kinase enhances Hsp90 association with eNOS. This leads to an increased 

eNOS activity and promotes NO release from endothelial cells (Duval et al., 2007). 

Apoptotic processes also depend on Hsp90 phosphorylation (Kurokawa et al., 2008). 

In leukemic cells, constitutive phosphorylation of Hsp90β at S226 and S255 is 

suppressed. Dephosphorylated Hsp90 interacts stronger with apoptotic peptidase 

activating factor 1 (APAF1) and thus prevents cytochrome c-induced Apaf-1 

oligomerization and apoptosome assembly.  

In yeast, Hsp90 is phosphorylated at two important residues in the N-domain 

(Mollapour et al., 2010a; Mollapour et al., 2011b). Phosphorylation at Y24 was shown 

to be cell-cycle associated and to mediate Hsp90 translocation from the nucleus to 

the cytoplasm, where its polyubiquitination and subsequent degradation takes place. 

Hence, phosphorylation may be considered as a mechanism to regulate Hsp90 levels 

in a cell-cycle dependent fashion. The tyrosine kinase responsible for 

phosphorylating this tyrosine residue is Wee1/Swe1. Functionally, phosphorylation of 

Y24 affected the Hsp90 ATPase activity and its ability to chaperone a selected group 

of clients, comprised primarily of protein kinases. Another phosphorylation site 

identified in the N-domain is T22. Modification of this site diminished association with 

specific clients and co-chaperones, however over-expression of the co-chaperone 

Aha1 could correct these defects. Since both phospho-sites are important 

determinants of Hsp90 drug sensitivity, these observations might provide novel 

strategies to increase drug sensitivity (Mollapour et al., 2011a). 

Cellular secretion of Hsp90 is controlled by phosphorylation. Here, modification of 

T90 in Hsp90α by protein kinase A (PKA) plays an important role. This finding has a 

particular importance as Hsp90 secretion is involved in wound healing and is 

correlated with cancer metastasis (Eustace et al., 2004; Li et al., 2007). Furthermore, 

isoform-specific Hsp90 phospho-species exist. DNA-dependent protein kinase (DNA-

PK) mediates phosphorylation of Hsp90α at two unique threonine residues (T5 and 

T7), which are not present in the β isoform (Lees-Miller and Anderson, 1989a). 
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Similarly, non-ubiquitous calmodulin kinase Pnck phosphorylates Hsp90α in an 

isoform-specific way (Deb et al., 2011). 

Distinct Hsp90 functions can be altered by phosphorylation. These include binding to 

co-chaperones and client proteins, translocation, degradation etc. The examples 

described here indicate that phosphorylation may act as a modulator of the 

conformational cycle. Interestingly, Hsp90 is responsible for activation of many 

kinases that in turn phosphorylate this chaperone, including CKII, Wee1/Swe1, Src, 

Raf1 or Cdk4 (Miyata, 2009; Mollapour et al., 2010a) which could serve as a 

feedback loop to regulate the phosphorylation status of Hsp90.  

4.7.2 Acetylation 

Hsp90 can be also modified by acetylation which is the second, most commonly 

occurring modification, after phosphorylation. First reports on Hsp90 acetylation 

came from studies performed by Yu and co-workers who found that specific inhibition 

of HDAC deacetylase activity caused Hsp90 hyper-acetylation and consequently 

affected ATP binding and destabilized interaction with several client proteins 

including key oncogenic proteins (Bali et al., 2005; de Zoeten et al., 2011; Kovacs et 

al., 2005). Although numerous studies focused on the effects of HADC6 inhibition, 

other HDACs can target Hsp90 in different cellular compartments. For instance, 

HDAC1 acts on Hsp90 in the nucleus (Zhou et al., 2008). Several Hsp90 lysine 

residues were identified to be modified by acetylation in human cells. Their 

substitutions with glutamine impaired association with co-chaperones, negatively 

affected ATPase activity and chaperoning action in vivo. Thus, hyper-acetylation 

leads to loss of Hsp90 protective function in the cell. 

Neckers and colleagues identified one Hsp90 acetylation site and determined its 

relevance using a mutagenesis approach in vivo and in vitro. Their study 

demonstrated that the acetylation state of K294 (hHsp90α) is a key regulator of 

Hsp90 function both in yeast and man with consequence for co-chaperone binding 

and maturation of client proteins (Scroggins et al., 2007). Importantly, these studies 

revealed a connection between Hsp90 acetylation and various cellular processes like 

cell signaling or nuclear transport suggesting a general role of this modification.  
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4.7.3 Nitrosylation 

NO-mediated S-nitrosylation of Hsp90 has also been observed. Hsp90 is modified at 

C597 in human Hsp90α causing an inhibition of the ATPase activity and a decrease 

in its chaperone function. Furthermore, Hsp90 nitrosylation was correlated with a 

reduced association with eNOS in endothelial cells (Garcia-Cardena et al., 1998; 

Martinez-Ruiz et al., 2005). In a current model, S-nitrosylation decreases Hsp90 

chaperone capacity and provides a feedback mechanism to inhibit further activation 

of eNOS. Retzlaff and colleagues (Retzlaff et al., 2009) investigated the molecular 

mechanism of C597 modification and showed that this cysteine residue located in a 

conformational switch region propagates inter-domain communication between the 

N- and the C-domain in the Hsp90 dimer.  

4.7.4 Oxidation 

Hsp90 has been shown to be modified under oxidative stress conditions, which 

induce formation of reactive oxygen species and decrease the intracellular 

glutathione pool. Ultimately, this resulted in thiol oxidation of Hsp90  and enhanced 

degradation of Hsp90-dependent clients, such as Raf1, Cdk4 or Akt1 implying that 

under oxidative stress, the Hsp90 chaperone function is impaired (Chen et al., 2008). 

Oxidative stress also caused lipid peroxidation, promoting the formation of thiol-

reactive aldehydes that modified Hsp90 at cysteine residues. Functionally, Hsp90 

oxidation negatively affected refolding of client proteins (Carbone et al., 2004; 

Carbone et al., 2005).  

4.7.5 Ubiquitination 

Ubiquitination is another posttranslational modification that is linked to Hsp90 

function. Increased Hsp90 ubiquitination has been observed after photodynamic 

signal transduction inhibitor hypericin treatment (Blank et al., 2003). This inhibited 

Hsp90 chaperone function and induced increased degradation of Hsp90-specific 

clients. A recent study from Neckers and colleagues demonstrated that Swe1-

mediated phosphorylation of Hsp90 promotes its ubiquitination and targets Hsp90 for 
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degradation (Mollapour et al., 2010a). This is a good example, when different 

posttranslational modifications act in a cooperative manner.   
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5 Objectives 

The primary objective of this work was to identify in vivo phosphorylation sites in 

yeast Hsp90 and assess a specific function of the phosphatase Ppt1. This should be 

achieved by applying a combination of SILAC and MS analysis. In the next step, 

phospho-mimicking mutants would be engineered to test their effects both in vivo and 

in vitro using various biophysical methods and determine their mechanisms of action. 

Hsp90 has been known as a phospho-protein and numerous phosphorylation sites 

for human Hsp90 have been identified so far (Lees-Miller and Anderson, 1989a; 

Lees-Miller and Anderson, 1989b). However, little is known about yeast Hsp90 

phosphorylation. It had been shown that Hsp90 has its own phosphatase, Ppt1, and 

its deletion leads to down-regulation of Hsp90-dependent client maturation 

(Wandinger et al., 2006). In this context, two important phosphorylation sites in the N-

domain (T22 and Y24) of yeast Hsp90 have been identified recently (Mollapour et al., 

2010a; Mollapour et al., 2011b). Though, how Hsp90 is globally regulated by 

phosphorylation in yeast was not clear. Understanding the molecular mechanisms of 

phospho-regulation would add new insight into this complex chaperone machinery. 

To identify Hsp90 phosphorylation sites and their regulation by Ppt1 in vivo, a 

combination of SILAC and MS approaches should be applied in collaboration with Dr. 

Henrik Daub from the MPI of Biochemistry in Martinsried. This strategy should allow 

confident phospho-peptide identification, phospho-site localization and enable 

quantitative comparisons. In the next step, the MS analysis should be applied to test 

the phosphorylation sites in human HeLa cell line in order to compare the Hsp90 

phosphorylation pattern in different organisms. These experiments would help to 

understand whether, despite its highly conserved protein sequence, Hsp90 phospho-

regulation has universal or species-specific nature. 

To determine the role of the identified phosphorylation sites, the identified phospho-

sites were replaced by alanines (the mimic of the dephosphorylated state) or 

glutamates (the mimic of a constitutively phosphorylated state). To test for in vivo 

effects, the phospho-variants should be expressed in yeast as the sole Hsp90 and 

their influence on the maturation of model Hsp90 clients, Hsp90 inhibition or DNA 

damage response was to be tested. Determination of the molecular mechanisms was 
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possible by applying a number of biophysical techniques such as FRET, aUC, or 

standard protein analysis methods such as CD, cross-linking or ATPase assays. 

Together, the experiments aimed at answering the question how phosphorylation 

affects the enzymatic and chaperone activity of Hsp90, its conformation and the 

interaction and regulation by co-chaperones. This should allow elucidating molecular 

mechanisms underlying phospho-regulation and assign a specific role for Ppt1. 
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All sites were found on singly phosphorylated peptides shared by the two yeast 

Hsp90 variants Hsp82 and Hsc82. As an example, fragmentation spectra of peptides 

harboring the phosphorylation sites S379 and T533 are shown in Figure 9. In several 

SILAC screens in total ten different phosphorylation sites (S282, S297, S334, S379, 

S450, S456, S485, T533, S602, S604) were identified which were distributed in the 

M- and the C-domain (Figure 10), consistent with recent phospho-proteomic studies 

(Albuquerque et al., 2008; Holt et al., 2009).  

 

 

Figure 10. Identification of yeast Hsp90 phosphorylation sites 
Schematic domain organization of Hsp90 indicating the identified phosphorylation sites in the structure 
of yeast Hsp90 in the closed conformation (Ali et al., 2006) (PDB 2CG9). In the two boxes on the right 
a segment of Hsp90 is shown in the open and closed conformation, respectively. The open structure is 
from the yeast M-C domain crystal structure (PDB 2CGE). The phosphorylation sites are marked in 
red.  

In yeast, the Ser/Thr phosphatase Ppt1 is physically associated with Hsp90 and 

mediates its dephosphorylation in vivo (Wandinger et al., 2006). To identify the 

Hsp90 phosphorylation sites specifically regulated by Ppt1, Hsp90 phosphorylation 

patterns in wt and ppt1-deletion yeast cells after SILAC treatment were compared. 

With this approach, a marked increase in the phosphorylation of S485 and S604 in 

Ppt1-deficient yeast cells was observed demonstrating that these two residues in the 

M- and the C-domain are regulated by Ppt1 in vivo (Table 1). 
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Hsp90  
phospho-site 

Exp.1 ration 
Δppt1/wt 

yeast 

Exp.2 ration 
Δppt1/wt 

yeast 

Exp.3 ration 
Δppt1/wt 

yeast 

Exp.4 ration 
Δppt1/wt 

yeast 

Average 
ration 

Δppt1/wt 
yeast 

S282 1.25 1.23 1.33 1.27 1.27 ± 0.05
S297 1.50 1.09  1.26 1.28 ± 0.21
S334 1.07 1.77   1.42 ± 0.49
S379 1.24  1.18 1.03 1.15 ± 0.11
S450 1.53  1.29 0.98 1.26 ± 0.27
S456 1.13 1.49  0.96 1.20 ± 0.27
S485 2.81 2.95 5.34 4.71 3.95 ± 1.27
T533 n.d. 
S602 n.d. 
S604 1.90 3.16 10.54 9.98 6.39 ± 4.50

Table 1. Quantitative analysis of yeast Hsp90 phosphorylation sites 
MS identification of Hsp90 phospho-sites and SILAC-based quantification in wt versus Ppt1-deficient 
yeast cells. In experiments 1 and 3 wt cells were labeled with Arg0/Lys0 and ∆ppt1 cells were encoded 
with Arg10/Lys8, whereas a reciprocal SILAC scheme was used in experiments 2 and 4. The ratios 
shown represent the respective phospho-site ratios normalized for Hsp90 protein abundance. 

6.1.2 Conservation of Hsp90 phospho-regulation 

Hsp90 was phosphorylated predominantly on serine residues and only one threonine 

was found to be a phospho-acceptor site in this study. A comparison of Hsp90 

sequences from different species shows a strong conservation of the identified amino 

acids or a replacement by negatively charged ‘phospho-mimetic’ residues (Figure 

11).  
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Intriguingly, unlike in yeast Hsp90, the majority of the phospho-sites known for 

human Hsp90 are located in the N–domain and the linker region (Lees-Miller and 

Anderson, 1989a; Lees-Miller and Anderson, 1989b; Lei et al., 2007; Ogiso et al., 

2004; Rose et al., 1987). Of note, human and yeast Hsp90s share over 60% of 

sequence identity. To interrogate whether the identified phosphorylation sites are 

conserved between man and yeast, phosphorylation of human Hsp90 was tested in 

HeLa cells using mass spectrometry (Table 2). These experiments revealed two 

phosphorylation sites shared between both human isoforms (S226, S255 and S231, 

S263 in human Hsp90β and α, respectively), previously reported in the literature 

(Figure 8) (Kurokawa et al., 2008; Lees-Miller and Anderson, 1989b). Importantly, 

none of these two sites was detected at the corresponding positions in yeast Hsp90. 

Of note, this analysis was limited to one human cell line and one growth condition 

only. Since phosphorylation can be cell-type-dependent and different cells may 

harbor unique Hsp90 phosphorylation sites, a detailed investigation of other large-

scale phospho-proteomic studies was performed. This revealed that these two sites 

identified in HeLa cells were present in all studies analyzed indicating their general 

function. Further literature inspection showed that out of all phospho-sites identified in 

human Hsp90 only two sites S297 and S379 (T317/T309 and S399/S391 in human 

Hsp90α/Hsp90β, respectively) were reported to be common phospho-sites. Thus, the 

Hsp90 phosphorylation pattern in yeast and man is not conserved. 

6.1.3 Regulation of Hsp90 phosphorylation by CKII  

The notion of rather different phosphorylation characteristics of yeast and human 

Hsp90 was further reinforced by distinct in vitro phosphorylation patterns, which were 

recorded in MS analysis of recombinant proteins phosphorylated by CKII. To this 

point, Hsp90 from man and yeast were phosphorylated in vitro using CKII in the 

presence of ATP and the proteins were subjected to MS analysis. To monitor 

phosphate incorporation radioactively labeled ATP was used (Figure 12). For yeast 

Hsp90, sites were detected predominantly in the M- and the C-domain consistent 

with the in vivo inspection (Table 2). The majority of the Hsp90 sites identified by 

SILAC screens could be phosphorylated by CKII in vitro suggesting that CKII is a 

potential kinase regulating Hsp90 phosphorylation status in yeast. Nevertheless, a 

few sites remain (S297, S450, T533), which may be targeted by different kinases.  
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In vitro phosphorylation analysis of human Hsp90s revealed that only one site (S615 

in human Hsp90β corresponding to S602 in yeast) was common in both organisms. 

In summary, this data confirmed the notion that yeast and human Hsp90 proteins are 

differentially targeted by phosphorylation. 

6.1.4 Quantitative analysis of Hsp90 phosphorylation in yeast 

To estimate which fraction of total Hsp90 phosphorylation in yeast the ten identified 

sites represent, 2D gel electrophoresis was exploited. All ten sites were 

simultaneously substituted by alanines or glutamates (All-A10 and All-E10 Hsp90, 

respectively). These two Hsp90 variants were expressed in yeast and tested for their 

in vivo function. The mutant Hsp90s were introduced in a yeast strain in which both 

genomic hsp90 isoforms were replaced by a plasmid-borne form of Hsp90 (Nathan 

and Lindquist, 1995). Expression of the All-E10 mutant caused lethality, whereas 

cells expressing All-A10 were viable (data not shown and Figure 13A and B).  

Figure 13. Quantitative analysis of yeast Hsp90 phosphorylation 
(A) Growth of wt and All-A10 Hsp90-expressing yeast cells at 30 °C. (B) Immunoblot analysis of 
Hsp90 levels in yeast cells expressing only wt or All-A10 Hsp90. (C-D) Hsp90 protein levels and 
Hsp90 phosphorylation levels in wt and All-A10 Hsp90-expressing yeast cells. The proteins were 
separated on 2D gels and detected by Hsp90- and phospho-serine-specific antibodies. (E) The signal 
intensity of the spots was quantified using ImageJ and the data are displayed as a percentage of the 
wt cell. 

Inspection of Hsp90 protein and phosphorylation levels in wt versus All-A10-

expressing cells revealed several important details. While protein levels were 

unchanged, blotting with a phospho-serine-specific antibody demonstrated strongly 
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reduced phosphorylation in All-A10 compared to the wt cells (Figure 13C-E). Unlike 
in cells carrying All-A10 Hsp90, in wt yeast several phosphorylated Hsp90 isoforms 

were observed (Figure 13D). These data reveals that the ten phosphorylation sites 

identified by MS screens constitute a predominant fraction of Hsp90 phosphorylation 

occurring in yeast.  

6.2 Analysis of globally phospho-mimicking Hsp90 variants 

6.2.1 Thermotolerance and chaperone function in vivo  

Having identified various phosphorylation sites in yeast Hsp90, eight out of the ten 

identified amino acids (S282, S297, S379, S450, S456, T533, S602, S604) were 

simultaneously replaced by alanines (All-A8) or glutamates (All-E8) to mimic the 

globally unphosphorylated and phosphorylated state of Hsp90, respectively. This 

phospho-site selection was based on the finding that phosphorylation of S334 was 

detected in only one experiment and therefore not included in further analysis and 

the mutation S485E was lethal.  

The All-A8 and All-E8 mutants were viable at 30 °C showing that they support the 

essential function of Hsp90 (Figure 14A). To further investigate the role of the mutant 

proteins, cell growth at higher temperatures was monitored (Figure 14A and B). Cells 

expressing wt Hsp90 grew up to 39.5 °C. All-A8 and All-E8 Hsp90 showed a slightly 

decreased maximum growth temperature. Furthermore, All-E8 grew poorly over the 

entire temperature range. Yeast cells harboring the All-E8 mutation of Hsp90 

exhibited a rough cell surface in comparison to the rather smooth surface of wt 

Hsp90 and All-A8-expressing cells (Figure 14D). Notably, Hsp90 protein levels were 

comparable for wt and the variants (Figure 14C).  
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Figure 14. Effects of All-A8 and All-E8 mutations on yeast Hsp90 functions in vivo 
(A) Wt, All-A8 or All-E8 Hsp90-expressing yeast cells were grown at 30 °C. Cultures were adjusted to 
the same cell density (107 cells/mL), spotted in 5-fold serial dilutions and incubated for 2 days at the 
indicated temperatures. (B) Yeast strains with both genomic copies of hsp90 deleted but carrying 
either wt, All-A8 or All-E8 yeast Hsp90 variants were tested for their temperature-sensitive 
phenotypes. Cells adjusted to the same cell density (107 cells/mL) were spotted on selective media 
and incubated for 30 h in a temperature gradient. (C) Immunoblot analysis of yeast cells expressing 
wt, All-A8 or All-E8 Hsp90 variants as the sole Hsp90. Yeast cells were grown at 30 °C. Cell lysates 
were tested for Hsp90 expression using a rabbit anit-Hsp90 antiserum. (D) Scanning electron 
micrographic images of wt, All-A8 or All-E8 Hsp90-expressing yeast cells incubated at 30 °C (scale 
bar, 1 µm). 

6.2.2 Client protein maturation in vivo   

In addition to the general effects of Hsp90 on the viability of yeast cells, the effect on 

specific Hsp90 client proteins was examined in vivo. These included firefly luciferase 

(FFL) (Nathan et al., 1997), glucocorticoid receptor (GR) (Pratt et al., 1996) and viral 

Src kinase (v-Src kinase) (Nathan and Lindquist, 1995) (Figure 15). Yeast cells 

expressing either wt, All-A8 or All-E8 were transformed with a plasmid for expression 

of the respective client gene. In cells expressing All-E8, FFL activity was reduced to ~ 

75% of the wt activity. No changes in FFL activity were detected for cells expressing 

All-A8 Hsp90. To test GR activity, a hormone-dependent reporter assay was used 

(Nathan and Lindquist, 1995). Expression of All-E8, but not All-A8, resulted in a 

markedly decreased GR activity of ~ 50% showing that All-E8 is impaired in 
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maintaining the receptor in a transcriptionally competent state. v-Src activity, as 

detected with an antibody specific for phospho-tyrosines, was comparable in the wt 

and All-A8 Hsp90 strains, but it was reduced to ~ 20% in All-E8.  Moreover, in sharp 

contrast to wt or All-A8 yeast cells, expression of v-Src did not cause lethality in All-

E8-expressing yeast. To test if All-E8 Hsp90 impairs general protein folding 

processes, maturation of the green fluorescent protein (eGFP), whose folding is 

Hsp90-independent (Coxon and Bestor, 1995; Wandinger et al., 2006), was 

analyzed. eGFP activity was unaltered in All-A8 and All-E8-expressing cells 

confirming that the decreased activation of the client proteins in the presence of All-

E8 is specific to changes in Hsp90 potential. Thus, phospho-mimicking mutations 

negatively regulate Hsp90 chaperone activity in vivo.  

 

Figure 15. Client protein maturation of globally phospho-mimicking mutants 
Processing of Hsp90-specific substrates by wt (black bars) All-A8 (gray bars) and All-E8 (white bars) 
Hsp90 variants expressed in yeast. These yeast cells were co-transformed with plasmids for the 
constitutive expression of FFL, GR, galactose-inducible expression of v-Src or eGFP as a control. The 
phosphorylation activity of v-Src was analyzed by Western blot with a phospho-tyrosine antibody 
(4G10). As a control, PGK was used. Yeast cells expressing v-Src under the control of the galactose 
promoter were spotted on glucose or galactose-containing selective media. 

6.2.3 ATPase activity and modulation by co-chaperones  

The modified client protein maturation described above suggests that the phospho-

mimetic mutations influence the structural and/or biochemical properties of Hsp90. To 

test these, the All-A8 and All-E8 proteins were recombinantly expressed in E. coli and 

purified. CD spectroscopy revealed that their secondary and tertiary structures, as 

well as the stability of the proteins are identical to wt Hsp90 (Figure 16, Table 3 and 

data not shown). Furthermore, both variants formed functional dimers, as probed by 

SEC-HPLC and analytical ultracentrifugation (aUC) (data not shown). 



Dissertation  Joanna Soroka 

‐ 41 ‐ 
 

 
Figure 16. Far-UV CD Spectra of Hsp90 phospho-mutants 
CD spectra of 0.1 mg/mL wt (■), All-A8 (∇) and All-E8 (○) were recorded at 30 °C in 5 mM sodium 
phosphate buffer, pH 7.5. 

 Melting Temperature (°C) 
wt Hsp90 65 ± 0.4 

All-A8 62 ± 0.5 
All-E8 68 ± 0.8 

Table 3. Melting Temperatures of wt, All-A8 and All-E8 Hsp90 variants 
Temperature transition of 0.1 mg/mL Hsp90 variants was monitored at wavelength 205 nm in 5 mM 
sodium phosphate buffer, pH 7.5. To determine the transition midpoints the forward transitions were fit 
to a Bolzmann equation. 

Since the ATPase activity of Hsp90 can be regulated by posttranslational 

modifications (Mollapour et al., 2010a; Mollapour et al., 2011b; Retzlaff et al., 2009), 

the effect of the phospho-mimicking mutations on the catalytic activity of Hsp90 was 

determined (Table 4). All-A8 had an ATPase activity corresponding to that of the wt 

protein. However, All-E8 showed a decreased turnover rate of 0.22 min-1. The 

apparent KM values for ATP were not altered, indicating that nucleotide binding is not 

regulated by phosphorylation states.  
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ATPase Activity 
Construct kcat at 30 °C (min-1) KM at 30 °C (µM) 
wt Hsp90 0.55 ± 0.03 373 ± 24 
All-A10 0.20 ± 0.01 320 ± 93 
All-A8 0.47 ± 0.06 308 ± 39 
All-E8 0.22 ± 0.03 324 ± 49 
S282E 0.52 ± 0.12 350 ± 40 
S297E 0.69 ± 0.12 323 ± 67 
S334E 0.56 ± 0.04 312 ± 52 
S379E 0.19 ± 0.03 325 ±61 
S450E 0.55 ± 0.12 353 ± 20 
S456E 0.51 ± 0.12 408 ± 57 
S485E 0.24 ± 0.06 345 ± 99 
S485Y 0.22 ± 0.10 347 ± 57 
S485A 0.22 ± 0.09 370 ± 85 
T533E 0.47 ± 0.09 398 ± 10 
S602E 0.28 ± 0.03 377 ± 46 
S604E 0.35 ± 0.06 310 ± 40 

Table 4. Comparison of kcat and KM values 
ATPase assays were performed using a regenerative ATPase assay in buffer containing 40 mM 
HEPES/KOH pH 7.5, 150 mM KCl, 5 mM MgCl2 at 30 °C in triplicates at a protein concentration of 2 
µM and 0-4 mM ATP. The KM and kcat values were determined as described in Materials and methods. 

Since the rate-limiting step in the ATPase of Hsp90 is the conformational transition 

leading to the hydrolysis-active state (Richter et al., 2008), it is plausible that these 

steps were affected by phosphorylation. To test this, the binding of those co-

chaperones which interact with specific conformations of Hsp90, was assessed. First, 

the effect of Hop/Sti1, an inhibitor of the Hsp90 ATPase stabilizing the open 

conformation of Hsp90, was tested (Prodromou et al., 1999; Richter et al., 2003). 

Hop/Sti1 inhibited the All-A8 and All-E8 variants similar to the wt protein and with 

comparable KD values (Figure 17A). Thus, the inhibitory effect of Hop/Sti1 is not 

affected by mutations which mimic global phosphorylation states. Aha1 is an Hsp90 

ATPase activator accelerating rate limiting conformational changes (Hessling et al., 

2009; Koulov et al., 2010; Retzlaff et al., 2010). Aha1 stimulation of the intrinsic 

ATPase activity was less pronounced in both the All-A8 and All-E8 variants 

compared to wt Hsp90 (Table 5).  

A further inhibitory co-chaperone of Hsp90, which targets the ATP-bound closed 

conformation and reduces the ATP hydrolysis rate, is p23/Sba1 (Sullivan et al., 

2002). Binding of p23/Sba1 to Hsp90 was monitored by SPR with p23/Sba1 attached 

to the sensor chip. In the presence of the non-hydrolysable ATP analogue AMP-PNP, 

which populates an N-terminally dimerized Hsp90 species, p23/Sba1 binding to All-
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E8, but not All-A8, was diminished (Figure 17B). Taken together, these findings 

demonstrate that the functions of co-chaperones influencing conformations at later 

stages of the chaperone cycle are specifically impaired by Hsp90 phosphorylation, 

while Hop/Sti1 binding and its inhibitory potential appear to be unaffected by 

phosphorylation.    

Effect of Aha1 
Construct kcat at 30 °C (min-1) KD at 30 °C (µM) Stimulation factor 
Wt-Hsp90 9.3 ± 1.5 1.3 ± 0.3 16.9 

All-A10 3.3 ± 0.3 1.9 ± 0.4 16.5 
All-A8 4.2 ± 0.3 0.93 ± 0.1 8.9 
All-E8 1.3 ± 0.3 0.94 ± 0.2 5.9 
S282E 7.5 ± 2.1 0.6 ± 0.2 14.4 
S297E 11.5 ± 3.9 0.9 ± 0.4 16.7 
S334E 9.8 ± 1.2 1.2 ± 0.2 17.5 
S379E 1.3 ± 0.3 1.0 ± 0.1 6.8 
S450E 11.6 ± 2.7 1.1 ± 0.3 21.1 
S456E 7.9 ± 1.8 1.4 ± 0.3 15.5 
S485E 0.82 ± 0.9 1.6 ± 0.5 3.3 
S485Y 5.6 ± 1.6 > 17 25 
S485A 13.2 ± 0.8 4.2 ± 0.6 60 
T533E 7.0 ± 1.5 0.9 ± 0.2 14.9 
S602E 8.0 ± 1.8 3.1 ± 0.6 28.6 
S604E 7.6 ± 0.9 2.5 ± 0.3 20 

Table 5. Stimulatory effect of Aha1 for wt and Hsp90 phospho-mutants 
Aha1 stimulation was measured in 40 mM HEPES/KOH pH 7.5, 20 mM KCl, 5 mM MgCl2, and 2 mM 
ATP at 30 °C in a regenerative ATPase assay. Hsp90 concentration was 1 µM. Different 
concentrations of Aha1 were used to obtain the binding affinities for the stimulated ATPase turnover 
rates. 

 

Figure 17.  Effects of the co-chaperones Hop/Sti1 and p23/Sba1 
(A) Effects of Hop/Sti1 on the ATPase activity of Hsp90 mutants. Hsp90 wt (■), All-A8 (∇) and All-E8 
(●) at the concentration of 2.5 µM were incubated with 0-7 µM Sti1 in the presence of 2 mM ATP. The 
individual activities of wt and the variants were set to 100%. (B) Binding of p23/Sba1 to wt, All-A8 and 
All-E8 variants was tested by SPR. AMP-PNP concentration was 2 mM and Hsp90 concentration was 
1 µM. 
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6.3 Analysis of the individual phosphorylation sites 

6.3.1 Cell viability and effect on yeast growth  

The simultaneous mutation of the phospho-sites in the Hsp90 variants All-A8 and All-

E8 provided an overview of the global impact of phosphorylation in vivo and in vitro. 

To assess the effects of individual phospho-sites on Hsp90 function in detail, single 

phospho-site mutants were introduced into yeast as the only source of Hsp90. Most 

of the variants tested supported growth of yeast cells similar to wt Hsp90 (data not 

shown). However, three mutants (S379E, S485E and S604E) behaved differently. 

The most profound effects were observed for the Ppt1-regulated site S485 where the 

glutamate substitution was unable to support yeast viability (Figure 18A). The lethality 

suggests a strong influence of S485 phosphorylation on the essential aspects of the 

Hsp90 chaperone machinery. Previous studies identified S485 as an important site 

and its mutation to tyrosine has been described (Fang et al., 1998; Hawle et al., 

2006). Although S485E was not functional in vivo, the tyrosine exchange was able to 

sustain growth, but cells were sensitive to elevated temperatures (Figure 18B). 

Similarly, expression of S379E resulted in a slow growth and ts phenotype. Cells 

expressing S604E exhibited growth properties similar to wt under physiological 

conditions but increased sensitivity was observed at higher temperatures. Unlike the 

Ppt1-regulated S604 phospho-mimicking variant, the S602E mutant behaved like wt, 

despite these two sites reside in close proximity, suggesting an important role of 

S604 under non-permissive conditions.  
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Figure 18. Effects of Hsp90 single phospho-site mutations on yeast growth 
(A) Viability of Hsp90 mutants at position S485. The S485E mutation is lethal for yeast cells, whereas 
S485A and S485Y support growth. (B) Yeast cells with both genomic copies of hsp90 deleted but 
carrying either wt or Hsp90 phospho-mutants were tested for their temperature sensitivity. Cultures 
were adjusted to the same cell density (107 cells/mL), spotted in 5-fold serial dilutions and incubated at 
the indicated temperatures.   

6.3.2 Client protein maturation in vivo 

In a next step, the influence of individual phospho-mimicking variants on the activity 

of Hsp90-specific client proteins was examined in vivo. Again, the Hsp90 model 

clients FFL, GR and v-Src kinase were utilized. Most variants tested supported the 

activation of client proteins similar to wt Hsp90 (data not shown). Mutation of S604E 

only minimally affected FFL and v-Src activation and the S602E variant showed wt-

like client activation (Figure 19A and B). For S379E, GR and FFL maturation was 

significantly diminished and v-Src drastically decreased. Similarly, S485Y impaired 

activation of all three clients but the strongest influence was observed for GR. 

Importantly, Hsp90 protein levels were not altered (Figure 19C). As the alanine 

mutants did not alter Hsp90 chaperone function (data not shown), the effects can be 

specifically attributed to the influence of phosphorylation. Thus, phosphorylation of 

S379 and S485 has a general impact on Hsp90 chaperone function.  
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Figure 19. In vivo chaperone function of Hsp90 single phospho-site variants 
(A) Influence of Hsp90 phospho-mutants on the activation of the client proteins FFL (gray) and GR 
(white). Data represent a percentage of the activity observed in wt Hsp90-expressing cells. (B) Effect 
of Hsp90 phospho-mutants on the activity of v-Src. v-Src activity was analyzed by Western blot with a 
phospho-tyrosine antibody (4G10). As a control PGK was used. Yeast cells expressing v-Src under 
control of galactose promoter were spotted on the glucose or galactose-containing selective media. 
(C) Immunoblot analysis of yeast cells expressing wt and Hsp90 phospho-variants. Cell lysates were 
tested for Hsp90 expression using a rabbit anti-Hsp90 antiserum. 

6.3.3 Sensitivity to Hsp90 inhibition and DNA repair processes  

It has been recently shown that Hsp90 phosphorylation contributes to inhibitor 

sensitivity (Mollapour et al., 2010a; Mollapour et al., 2011b). To test this possibility, in 

vivo effects of the Hsp90-specific inhibitor radicicol (RD) was tested in yeast cells 

expressing the phospho-sites mutants. Upon RD treatment, the silent sites did not 

show any effects (data not shown), however growth of yeast expressing the ‘active’ 

phospho-sites S379E, S485Y and S604E was affected. The sensitivity for the 

inhibitor was unaltered in the S602E variant in respect to wt cells (Figure 20A). 
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Figure 20. Resistance to Hsp90 inhibition and DNA repair processes in Hsp90 phospho-
mutants 
(A) Resistance of Hsp90 phospho-mutants to RD treatment. Yeast cells expressing Hsp90 phospho-
mutants were incubated in media lacking or supplemented with RD at the indicated concentrations 
overnight at 30 °C, spotted on selective media and incubated at 30 °C. (B) DNA repair activity of 
Hsp90 phospho-mutants. Yeast cells expressing Hsp90 phospho-mutants spotted on selective media 
were exposed to UV light (40 and 80 J/m2) and then incubated at 30 °C.    

Hsp90 action has been associated with nuclear processes such as transcription, 

DNA repair activity or telomere DNA length maintenance (Echtenkamp et al., 2011; 

Toogun et al., 2008). An independent study showed that phosphorylation may also 

affect Hsp90 shuttling between the nucleus and the cytoplasm (Mollapour et al., 

2010a). To determine how the active phospho-sites contribute to the DNA damage 

response, yeast cells expressing Hsp90 phospho-mutants were subjected to UV 

irradiation. The survival of cells after irradiation was affected in S379E and S485Y 

(Figure 20B). Growth defects were also observed in S604E, but not in the S602E 

variant. Importantly, no changes compared to wt were detected in alanine mutants, 

which mimic the constitutively dephosphorylated state confirming the specificity of 

these effects (data not shown). These observations show that S379, S485 and S604 

alter inhibitor potency and interfere with the endogenous DNA repair activity.   
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6.3.4 ATPase activity  

To gain insight into the functional consequences of Hsp90 phosphorylation, the effect 

of the all single-site mutations on the Hsp90 ATPase activity was determined (Table 

4). Four active phospho-mutants, S379E, S485E, S602E and S604E showed 

decreased ATP hydrolysis rates. These included the two sites specifically regulated 

by Ppt1 confirming relevance of this phosphatase in Hsp90 phospho-regulation. The 

enzymatic defects of glutamate substitutions were compensated when the sites were 

mutated to alanine, the mimic of a dephosphorylated state. The only exception was 

S485. Reduced ATPase rates were detected in both alanine and tyrosine 

substitutions of this serine residue indicating the functional importance and structural 

sensitivity of this region. Binding of ATP, as judged by the KM values, was not 

disturbed in both alanine and glutamate substitutions. Thus, the active Hsp90 

phospho-mutants with defects in growth exhibit also defects in the inherent ATPase 

activities.  

6.3.5 Co-chaperones regulation of the Hsp90 conformational cycle  

6.3.5.1 Hop/Sti1 

Since conformational changes accompanying ATP hydrolysis by Hsp90 are strictly 

regulated by co-chaperones, it could be reasoned that the ATPase cycle might be 

distinctly affected in Hsp90 phospho-mutants with diminished ATPase activity. First, 

the effect of Hop/Sti1, an inhibitor of the Hsp90 ATPase stabilizing the open 

conformation of Hsp90 (Prodromou et al., 1999; Richter et al., 2003), was assessed. 

Hop/Sti1 inhibited the ATPase activity of the individual active phospho-mimetic 

mutants similar to the wt protein (Figure 21). Thus, the inhibitory effect of Hop/Sti1 is 

not affected by phospho-site mutations.  
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Figure 21. Inhibition of the ATPase activity mediated by Hop/Sti1  
ATPase assays were performed in the presence of 2.5 µM Hsp90 variants and 7 µM Hop/Sti1. The 
individual Hsp90 activity was set to 100% and indicated as ‘reference activity’. 

6.3.5.2 Aha1 

Aha1 is an Hsp90 ATPase activator accelerating rate-limiting conformational changes 

leading to the closed conformation of Hsp90 (Hessling et al., 2009; Koulov et al., 

2010; Retzlaff et al., 2010). The ATPase experiments in the presence of Aha1 gave 

strikingly different results for individual active phospho-sites (Table 5, Figure 22A). 

While the ATPase activities of the S602E and S604E proteins were activated to a 

similar degree as the wt protein, S485E was susceptible to Aha1 stimulation up to the 

level of the non-stimulated wild-type protein and S485Y could restore activation by 

Aha1. Furthermore, mutation at the positions S485, S602 and S604 reduced the 

affinity for Aha1. In addition, Aha1-mediated stimulation was significantly reduced in 

S379E. This indicates that either Aha1 binding or the closing reaction induced by 

Aha1 are affected by the active phospho-site mutations. The effects observed for the 

phospho-mimicking mutants suggest that phosphorylation at the active sites S379, 

S485, S602 and S604 may influence the conformational dynamics of Hsp90. 

The inability of the co-chaperone Aha1 to regulate the ATPase cycle of the active 

phospho-site mutants may be an intrinsic property of the respective mutations 

affecting the co-chaperone activation mechanism or it could be a consequence of 

conformational alterations resulting in altered interaction. To solve this conundrum, 

the ability of co-chaperones to bind to Hsp90 mutants was examined. First, complex 

formation between Aha1 and Hsp90 variants was assessed using analytical 

ultracentrifugation (aUC) (Li et al., 2011). None of the mutations completely 
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abrogated interaction with Aha1, albeit differences in binding properties were 

observed. Interestingly, S379E interacted with Aha1 comparable to the wt protein 

(Figure 22B). The S485 mutants exhibited slightly reduced binding capacity and the 

complex sedimented slower than that involving wt Hsp90. When the interaction of 

Aha1 with S602E and S604E Hsp90 was examined, reduced s values in complex 

with Aha1 were observed. Additionally, the fraction of Hsp90 associated with Aha1 

was diminished. These results show that the phospho-sites can affect the mechanism 

of ATPase stimulation without affecting association with Aha1 (S379E), modulate 

binding of Aha1 and still retain significant stimulation potential (S602E and S604E) or 

affect both binding and activation (S485E and S485Y). 

 

Figure 22. Regulation of the Hsp90 ATPase activity and association with Aha1 
(A) Stimulation of the ATPase activity by Aha1. Data represent the ‘fold’ increase of the Hsp90 
ATPase activity (1 µM) in the presence of Aha1 (10 µM) versus to activity of the same Hsp90 variant in 
the absence of this co-chaperone. (B) Analysis of the interaction of Aha1 with Hsp90 phospho-
variants. Complex formation between Aha1 and Hsp90 phospho-mutants was monitored by 
fluorescence using aUC in the presence of 1 µM Alexa Fluor488-labeled Aha1 and 3 µM Hsp90 
phospho-mutants.  

6.3.5.3 p23/Sba1 

A further inhibitory co-chaperone of Hsp90, which targets the ATP-bound closed 

conformation and reduces the ATP hydrolysis rate at a late stage of the cycle, is 

p23/Sba1. To analyze the impact of Hsp90 phosphorylation on the interaction with 

p23/Sba1 SPR spectroscopy was used. p23/Sba1 was immobilized and its 

interaction with Hsp90 mutants was probed in the presence of the non-hydrolysable 

ATP analogue AMP-PNP. S485 variants completely abrogated the association with 

p23/Sba1 (Figure 23A). Compared to wt Hsp90, binding was about half for the 
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S379E mutant and for the C-domain mutants, S602E and S604E, it was comparable 

to that of the wt protein. Overall, the influence on the association with p23/Sba1 is not 

uniformly affected by the S379, S485, S602 and S604 phospho-mimicking variants of 

Hsp90. Thus, the different conformational states recognized by the co-chaperones 

are altered by the active phospho-site mutants suggesting that phosphorylation may 

influence the conformational dynamics of Hsp90.  

p23/Sba1 is a weak inhibitor of the ATPase activity. Further effects of the active 

phospho-sites on the p23/Sba1-mediated ATPase arrest were detected. p23/Sba1 

inhibited the basal ATPase activity of wt Hsp90 and both C-domain phospho-mutants 

(S602E and S604E) to approximately 60% of its initial value (Figure 23B). 

Suppression of the ATPase activity was partly compromised in the S379E variant. 

The S485E and Y mutations completely abolished p23/Sba1-mediated ATPase 

arrest. 

 

Figure 23. Binding and regulation of the ATPase activity by p23/Sba1 
(A) Binding of Hsp90 phospho-mutants to p23/Sba1. Interaction of Hsp90 phospho-mutants with 
p23/Sba1 was determined by SPR analysis. AMP-PNP concentration was 2 mM and Hsp90 
concentration was 1 µM. (B) Effects of the co-chaperone p23/Sba1 on the ATPase activity of Hsp90 
phospho-mutants. 2.5 µM Hsp90 phospho-variants were incubated with 35 µM p23/Sba1. Data are 
expressed as the percentage of the ATPase activity in the presence of p23/Sba1 versus the ATPase 
activity without p23/Sba1.  

In summary, the functions of co-chaperones influencing conformations at later stages 

of the chaperone cycle are specifically down-regulated in the active Hsp90 phospho- 

mutants, while the inhibitory potential of Hop/Sti1 appears to be unaffected. It is 

noteworthy that neither of the phospho-sites exhibiting compromised co-chaperone 

regulation localizes to the ATP binding N-domain nor is located at the known 

interaction interfaces with the co-chaperones Aha1 and p23/Sba1. This strongly 
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This process can be monitored as a change in the s value of the sedimenting protein 

(Hessling et al., 2009). Upon addition of AMP-PNP, the sedimentation velocity of 

S485 mutants was significantly decreased compared to wt protein indicating that 

AMP-PNP was not effective in inducing structural transitions to the fully closed 

conformation (Table 6).  

Hsp90 variant s value (S) 
w/o nucleotide AMP-PNP ATPγS 

wt Hsp90 6.1 6.9 6.8 
S379E 6.1 6.3 6.7 
S485Y 5.2 5.4 5.4 
S485E 5.4 5.4 5.6 
S602E 6.1 6.9 n.d. 
S604E 6.1 6.8 n.d. 

Table 6. s values for wt and Hsp90 phospho-mutants (6 µM) in the presence and absence of 
nucleotides 

Unexpectedly, the S485 mutants showed also a reduced sedimentation coefficient in 

the absence of nucleotide. As the sedimentation coefficient depends on the 

molecular weight and molecular shape of the molecule, thus either dissociation of the 

dimers or changes in the open conformation of S485 mutants could contribute to 

these effects. The titration experiment revealed no changes in the s values in S485 

mutants at several protein concentrations tested implying that the monomer-dimer 

equilibrium was not affected by the mutations (Table 7).  

 s value (S) 
 2 µM 6µM 18 µM 

S485E 5.2 5.2 5.4 
S485Y 5.2 5.3 5.4 

Table 7. s values for S485 variants at different protein concentrations 
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Figure 25. Analysis of the interaction of Aha1 with S485 variants 
Complex formation between Aha1 and Hsp90 phospho-mutants was monitored by fluorescence using 
aUC in the presence of 1 µM Alexa Fluor-labeled Aha1 and 7 µM wt (red), 0.75 µM wt (black), 7 µM 
S485Y (green) 1.5 µM S485Y (yellow), 7 µM S485E (magenta), 1.5 µM S485E (blue).   

In agreement with this notion is the finding that the complex of Aha1 with S485 

mutants sedimented slower than that with wt Hsp90 (Figure 25). This can be 

explained by alterations of the complex shape, which seems to result in differences in 

the stimulation of the Hsp90 ATPase. To exclude any perturbations in the C-domain 

dimerization properties, a cross-linking experiment was performed. Similar ratios of 

Hsp90 in the monomeric and dimeric forms were found for wt and S485 mutants 

confirming that the C-domain contacts and the ability to exchange subunits are not 

altered by S485 mutations (Figure 26).  

 
Figure 26. Dimerization properties of S485 mutants  
Ability to form dimers by S485 mutants was assessed by a cross-linking of wt Hsp90 (WT), S485E (E) 
and S485Y (Y) mutants. Cross-linked Hsp90 variants form both monomeric and dimeric forms. As a 
control, Hsp90 variants in the absence of cross-linker were loaded corresponding to the monomeric 
species.  

The cross-linking and aUC experiments consistently showed that the primary 

dimerization interface was unaltered in S485 variants. Collectively, the different 

sedimentation behavior and reduced stimulatory effect of the lidless mutant imply that 

S485 mutants adopt a more open, elongated shape in the apo state. The proposed 

model of altered open conformations of S485 mutants and their inability to form 

nucleotide-induced N-terminal contacts are also in line with an impaired p23/Sba1 
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and Aha1 binding described above (Figure 22 and 23). This shows that S485 

phosphorylation contributes to the communication between remote regions in Hsp90. 

6.4.2 S379 phospho-site impairs the active site formation 

The S379E mutant showed impaired lidless-Hsp90 stimulation (Figure 24). aUC 

experiments further revealed that upon addition of AMP-PNP, the shift of the S379E-

Hsp90 peak to higher s values was significantly reduced indicating that the formation 

of the N-contacts is impaired (Table  6). Importantly, sedimentation of S379E was not 

affected when the nucleotide was absent. This shows that at least the open 

conformations of S379E and wt Hsp90 are similar. To investigate in more detail 

whether the S379 and S485 mutants act by comparable mechanisms, the slowly 

hydrolyzing ATP analogue ATPγS was used. Addition of ATPγS induced 

conformational transitions in S379E similar to wt Hsp90 revealing that the S379E 

mutant can sense different types of nucleotide (Table 6). ATPγS also restored the 

ability of the S379E mutant to interact with p23/Sba1 like wt Hsp90 (data not shown).  

The kinetics of conformational changes between the N- and the M-domains were 

monitored by fluorescence resonance energy transfer (FRET) (Hessling et al., 2009). 

After equilibrating donor- and acceptor-labeled Hsp90 with nucleotides, the FRET 

complex was chased by addition of unlabeled wt Hsp90 (Figure 27A). If nucleotide 

was omitted or ATP was used, the wt Hsp90 FRET complex dissociated rapidly, 

since the open state was populated. However, when the complex was preincubated 

in the presence of ATPγS or AMP-PNP, a very slow or no chase, respectively, was 

detected. Different effects were observed for the S379E mutant (Figure 27B). For the 

S379E FRET complex, a slower chase with unlabeled wt Hsp90 was observed when 

ATP or ATPγS was added, consistent with the slower ATP hydrolysis of this mutant. 

In line with aUC, in the presence of AMP-PNP, the S379E FRET complex could still 

dissociate. This confirms the observation that in the presence of this nucleotide 

S379E does not achieve a fully closed conformation. 
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Figure 27. FRET analysis of the N-terminal dimerization 
Donor- and acceptor-labeled (A) wt Hsp90 or (B) S379E were preincubated to enable formation of 
heterodimers. 2 mM of ATPγS (green), AMP-PNP (yellow) or ATP (red) were added or the 
heterodimers were preincubated in the absence of nucleotide (black). The chase reaction was initiated 
by addition of an excess of unlabeled wt Hsp90. 

It appears that the late steps of the conformational cycle are altered by the S379E 

variant, in particular the active site formation after the nucleotide is bound. As S485 

mutations interfere with conformational rearrangements independent of the 

nucleotide used, S485 mutants disrupt the conformational flexibility of Hsp90 in a 

more global way. Hence, both phospho-site mutants affect structural transitions, 

albeit by different molecular mechanisms. 

6.4.3 Inter-subunit communication in the phospho-sites S602/S604  

Both the C-domain phospho-site mutants S602E and S604E had no influence on the 

nucleotide-induced N-domain association and could be strongly stimulated by the 

lidless-Hsp90 variant (Table 6, Figure 24). However, these mutants exhibited indirect 

effects on the ATPase activity and activation by Aha1 suggesting that the 

phosphorylation in the C-domain either altered the primary dimerization sites or inter-

domain communication processes. Since the dimerization properties were similar for 

wt and the C-domain phospho-site mutants, the first hypothesis was excluded (data 

not shown). This suggested that the mechanism of ATPase activation by Aha1 was 

impaired. In the Aha1 binding study, the fractions of S602E and S604E found in a 

complex with Aha1 was decreased confirming that phosphorylation in the C-domain 

contributes to the altered interaction (Figure 22B). To further test this, a titration 

experiment was performed. This study revealed increasing amounts of Aha1 in the wt 
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Hsp90 protein complexes at 7.5 S (Figure 28). When the same experiment was 

performed with the S602E mutant, two effects were obvious. First, the affinity was 

reduced compared to wt Hsp90 by at least a factor of three. Further, even at a high 

concentration of S602E Hsp90, the protein complex fraction never sedimented at 7.5 

S, but consistently at 6.4 S. This can only be explained by alterations of the complex 

shape and by a failure of Aha1 to induce the ATPase-stimulated conformation in this 

mutant.  

 

Figure 28. Influence of S602E mutation on Aha1 binding 
1 µM Alexa Fluor-labeled Aha1 was mixed with 7 µM wt (red), 0.75 µM wt (black), 7 µM S602E 
(green), 5 µM S602E (gray), 3 µM S602E (magenta), 1.5 µM S602E (yellow), 0.75 µM S602E (blue) 
Hsp90.  

Aha1 binding to Hsp90 is known to involve the N-terminal and the M-domain of 

Hsp90, but not the C-terminus (Retzlaff et al., 2010). It was therefore enigmatic how 

the C-domain mutations affect the association with Aha1. Given the effects of the 

mutation on the ATP turnover rate, it is plausible that these effects are coupled and 

thus the alterations in the C-domain of Hsp90 induced by the mutations may affect 

the domain organization in a way that the ATPase rate is reduced and the potential of 

Aha1 to stimulate the ATPase rate is affected. In order to support this notion, the 

ability of Aha1 to induce the closing reaction (as it had been shown for wt Hsp90) 

was tested in the C-domain mutant S602E. To study the effects of Aha1 on the 

subunit exchange of the Hsp90 dimer, the stability of each of the Aha1-Hsp90 FRET 

complexes was tested by a chase with an excess of unlabeled wt or S602E (Figure 

29A). The disassembly of the FRET complex was monitored by a decrease in the 

Hsp90 acceptor fluorescence. To determine the apparent half-life of the reaction, 

data were analyzed by single exponentials (Figure 29B). The half-life for subunit 

exchange was unaltered in both wt and the S602E mutant when Aha1 was absent, 

confirming unaltered primary dimerization contacts. Upon addition of Aha1, the half-
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life of the Hsp90 subunit exchange reaction in S602E mutant was decreased 6-fold 

compared to its half-life of wt Hsp90. Thus, Aha1 failed to stabilize the Hsp90 dimer 

in the S602E mutant. In summary, phosphorylation affects Hsp90 by different 

mechanisms. Depending on the site, the nucleotide-dependent N-terminal 

association or C-terminal conformational properties can be modulated. 

Figure 29. FRET analysis of conformational transitions induced by Aha1 
(A) Subunit exchange of 100 nM Hsp90 heterodimers in the absence or presence of Aha1 upon 
addition of 2 µM unlabeled wt or S602E Hsp90. The normalized decrease of Hsp90 acceptor 
fluorescence over time is shown for wt Hsp90 (green), S602E (yellow), wt Hsp90 in complex with Aha1 
(black) and S602E in complex with Aha1 (red). (B) The apparent half-life of subunit exchange (t1/2) is 
estimated using equation 3 in Materials and Methods. 
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7 Discussion 

Hsp90 is a highly regulated molecular chaperone which modulates the activity of 

hundreds of clients, many of which are important regulatory proteins (McClellan et al., 

2007). Thus Hsp90 can be seen as a hub for the conformational regulation of 

proteins in the eukaryotic cell (Whitesell and Lindquist, 2005). Hsp90 function is 

modified by phosphorylation on multiple sites and it has been proposed that cycling 

of phosphorylation and dephosphorylation might be coupled to the binding and 

release of client proteins (Zhao et al., 2001). Though it has been known for long time 

that Hsp90 is a phospho-protein (Lees-Miller and Anderson, 1989a), it remained 

unclear how global control of Hsp90 function is achieved by phosphorylation. The 

starting point for this study was the analysis of a phosphatase (Pp5/Ppt1) which has 

a TPR domain via which it specifically associates with the C-terminal end of Hsp90. 

Though its deletion had a negative impact on Hsp90-dependent activity in yeast 

(Wandinger et al., 2006), the mechanism of phospho-regulation was unsolved. 

7.1 Yeast Hsp90 phosphorylation and specific role of Ppt1 

To identify yeast Hsp90 phosphorylation sites, a SILAC approach in combination with 

mass spectrometry was applied. This analysis revealed in total ten sites modified in 

vivo. Seven of these phosphorylation sites are in the M-domain and three are located 

in a flexible loop in the C-domain. This is in line with the observation that phospho-

sites are more frequently located in flexible regions and the functional consequences 

of phosphorylation often depend on the flexibility of the phosphorylated sequence 

(Gnad et al., 2009). Prior bioinformatics analyses also revealed that serine and 

threonine phosphorylation sites tend to occur on fast evolving loops and hinge 

regions (Gnad et al., 2010).  

This analysis did not cover all possible phosphorylation events in yeast Hsp90. In 

particular, no modifications in the N-domain were detected, although recent reports 

described two important phospho-sites Y24 and T22 in this region (Mollapour et al., 

2010a; Mollapour et al., 2011b). These sites were also not identified in any previous 
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MS study (Albuquerque et al., 2008; Holt et al., 2009). It is conceivable that the 

phospho-Y24 and T22-containing tryptic peptides from yeast Hsp90 have either weak 

ionization properties and/or are of low abundance which would preclude their 

detection by LC-ESI-MS approaches.  

Importantly, the quantitative analysis revealed that the ten identified sites constitute a 

major fraction of Hsp90 phosphorylation in yeast under non-stress conditions. It was 

also possible to address a direct role of Ppt1. Two sites (S485/S604) were 

specifically dephosphorylated by this phosphatase confirming its importance in the 

Hsp90 chaperone cycle. In vitro phosphorylation studies further suggest that one of 

the potential kinase regulating the phosphorylation status of these sites is CKII. This 

would point to a general rather than client-specific regulation mechanism in vivo. 

It seems that the phosphorylation patterns in yeast and man are quite different, 

although the majority of yeast phospho-sites are conserved residues also in the 

human proteins. Experiments presented here suggest that conserved Ser/Thr 

residues are differentially targeted for phosphorylation in yeast and man. This 

observation is in accordance with the notion that yeast phosphorylation sites show 

low conservation with respect to higher eukaryotes (Gnad et al., 2010). This is due to 

the fact that many of the known human kinases evolved after the divergence of 

higher eukaryotes from yeast. Therefore, there are a number of specific kinases 

present in yeast and not in higher eukaryotes and vice versa. In higher organisms, 

phosphorylation is involved in a wide range of important cellular processes such as 

cellular signaling and cell-cell communication. This explains the low phospho-site 

conservation between the multicellular and single cell organisms (Gnad et al., 2010). 

These findings point to a considerable functional diversity of Hsp90 mediated by 

phosphorylation in different organisms allowing adjusting its chaperone function to a 

specific clientele and cellular environment. 

7.2 Global Hsp90 phosphorylation 

To determine the effects of the identified phosphorylation sites on Hsp90 activity, 

glutamate and alanine mutations mimicking phosphorylated and non-phosphorylated 

states, respectively, were engineered. The combined phospho-mimicking mutation of 

all the identified sites was lethal (All-E10). Furthermore, a phosphorylation-mimicking 
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variant (All-E8) where most of the identified sites were modified (except for S334 and 

S485) resulted in significantly impaired ATPase activity of Hsp90 and changes in its 

co-chaperone interactions. A weaker association with co-chaperones, whose binding 

is restricted to the closed conformation of Hsp90 was observed suggesting that 

phosphorylation affects later stages of the ATPase cycle. Underlying these effects 

are phosphorylation-induced alterations in the conformational dynamics leading to a 

reduced chaperone activity towards its client proteins. In contrast, the combined 

alanine variant (All-A8) exhibited only a minor influence on Hsp90-dependent 

functions in vivo. Thus, the effects observed for the All-E8 variant reflect the effects of 

phosphorylation, and do not derive just from the mutation of these sites. 

7.3 Effects of the individual phosphorylation sites 

Inspection of the individual phosphorylation sites revealed that four of the ten 

positions influence the properties of Hsp90 in vivo and/or in vitro 

(S379/S485/S602/S604). In general, cells expressing the active phospho-mutants 

were hypersensitive to elevated temperatures, impaired Hsp90 inhibition and showed 

defects in DNA repair pathways. This indicates that phosphorylation-mediated 

regulation of Hsp90 chaperone function is not only restricted to its cytoplasmic pool, 

but may also involve nuclear processes. These effects collectively show that various 

aspects of the Hsp90 chaperone machinery are affected by these important 

phosphorylation events. For the remaining six identified phospho-sites no specific 

functions could be attributed. It could well be that they are a part of non-functional 

phosphorylation occurring in the cell which only enhances the solubility of the protein 

without affecting the enzymatic activity (Lienhard, 2008). This does not eliminate the 

possibility, however, that these phospho-sites are potentially involved in other cellular 

processes including protein translocation, degradation, cell apoptosis, etc which were 

not a scope of this study. Thus, these sites may have other yet undiscovered 

functions. 
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7.4 Enzymatic activity and conformational cycle  

In all active phospho-site mutants, decreased ATP hydrolysis rates were observed. 

Hsp90 acts via an ‘active’ ATP-dependent mechanism and its ATPase activity is 

absolutely essential for its chaperone function in vivo. The dynamics of ATP binding 

and hydrolysis coupled with large conformational shifts regulates the interaction with 

client proteins and is correlated with the cycling of Hsp90 complexes in vivo. This 

high degree of conformational flexibility has to be strictly fine-tuned to promote client 

maturation. It appears that too long or too short association with the Hsp90 

chaperone machinery is deleterious as both increased and decreased ATP hydrolysis 

rates negatively impact client activation. It is also possible that certain clients need a 

fast Hsp90 ATPase cycle for their folding, while other clients, whose folding pathways 

are more complex, require a slower ATPase cycle to productively associate with 

Hsp90. In this study, phospho-mimicking mutants affected the intrinsic ATPase 

activity by different molecular mechanisms. Hence, Hsp90 phosphorylation could 

serve as the timing mechanism of the client activation process by regulating various 

aspects of the conformational cycle.  

Under non-stress conditions, only 5% of Hsp90 wt activity is sufficient for yeast 

growth (Borkovich et al., 1989). This would suggest that the chaperoning capacity of 

Hsp90 largely exceeds its cellular requirements. What could be the reason for 

keeping such a high Hsp90 protein levels without any obvious need? This abundant 

chaperone reservoir seems to be critical for a quick response to environmental 

perturbations. Under non-permissive conditions, the chaperone reservoir can be 

readily used to sustain proteostasis. It is possible that reversible phosphorylation 

attenuates a pool of Hsp90 allowing its rapid activation according to cellular 

demands. The finding that Ppt1 dephosphorylates Hsp90 at two active phospho-sites 

and its phosphatase activity is regulated by stress stimuli further supports this 

hypothesis (Gasch et al., 2000).  

It has been estimated that around 20% of all yeast proteins are influenced by Hsp90, 

which makes Hsp90 a highly connected protein in the yeast genome (Breitkreutz et 

al., 2008). However, the great unknown remains how Hsp90 associates with and 

mediates client protein folding. Biochemical studies revealed that in the open 

conformation, Hsp90 exposes hydrophobic regions that promote association with the 
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unfolded client. ATP binding is accompanied by conformational changes to the state 

with a low affinity to the client. Phosphorylation-based structural alterations in Hsp90 

detected in this study may impact the accessible hydrophobic surfaces and influence 

binding and/or dissociation with certain client proteins. For two phosphorylation sites, 

S379 and S485, client-specific effects were observed indicating that phosphorylation 

could specifically direct Hsp90 to certain cellular pathways. 

7.5 Hsp90 phosphorylation and client protein activation 

It seems there is not one general mechanism of Hsp90 phospho-regulation. Instead, 

individual sites may target different aspects of the conformational cycle and with 

different consequences. This is in line with the observation that phosphorylation 

completely attenuates (S485) or partly decreases Hsp90 activity (S379), becomes 

important only under certain environmental conditions (S604) or is non-functional. It 

is highly unlikely that the regulation of Hsp90 activity is uniform for such a diverse 

Hsp90 clientele. Various clients require specific co-chaperones for their delivery to 

the Hsp90 system and co-chaperones can recognize different conformational states 

of Hsp90. Finally, both clients and co-chaperones were shown to promote 

conformational transitions providing directionality to the Hsp90 chaperone cycle. It 

can be envisioned that by affecting important aspects of the conformational cycle, 

phosphorylation can influence the equilibrium between the different conformational 

states, thus adjusting the structural shifts to the need of the particular client.  

The results presented here predict that phosphorylation provides additional and/or 

parallel level of regulation of distinct stages of the chaperone cycle and activation of 

specific Hsp90 clients in vivo. Consequently, this quick and reversible protein 

modification would enable Hsp90 to adjust its activity to environmental requirements. 

Of note, the Hsp90 mutants analyzed in this study mimic constitutively 

phosphorylated or non phosphorylated states. In fact, the dynamics of 

phosphorylation may be critical and influence binding and release of Hsp90 clients. 

Thus, the effects of Hsp90 phosphorylation/dephosphorylation in vivo, which depend 

on the interplay between kinases and phosphatases, could directly affect the 

activation of specific clients. Although it is still to be verified if Hsp90 phosphorylation 

influences its chaperone function in a similar manner as the phospho-mimicking 
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mutations, these results suggest that phosphorylation can selectively regulate the 

interaction of Hsp90 with its clientele. 

7.6 Mechanisms of the active Hsp90 phosphorylation sites 

7.6.1 Phospho-site S379 

S379E sustained viability but was defective in chaperoning Hsp90-specific clients 

with most prominent effects observed for v-Src activation. This could indicate that 

S379 phosphorylation is specifically involved in kinase maturation. This variant was 

susceptible to DNA damage showing that not only cytoplasmic, but also nuclear 

processes are affected by this phospho-mimicking mutation. The finding that S379E 

showed decreased resistance to the Hsp90 inhibitor RD suggests that the 

phosphorylation status may contribute to drug sensitivity in vivo. How the S379E 

mutant causes a substantial drop in catalytic activity and modulation by co-

chaperones has not yet been determined, but it is likely that S379E disturbs the 

conformational cycle at the stage of the ATPase active site formation and contributes 

to the altered M-N domain interactions. Structurally, S379 is located in the M-domain 

catalytic loop (amino acids 370-390) harboring key residues that are essential for 

ATP hydrolysis (Ali et al., 2006). The assembly of the active site requires correct 

positioning of the middle segment catalytic residue R380, which interacts with the γ-

phosphate of the nucleotide to promote ATP hydrolysis reaction. S379 

phosphorylation would affect this interaction locally, most probably by the 

electrostatic interference with R380. This would prevent the formation of the 

catalytically active conformation of R380 and consequently severely impact ATP 

hydrolysis, as observed. Thus phospho-mimicking mutation S379E will likely 

influence the conformational transitions at the late stage of the formation of the 

closed active conformation when the catalytic site is formed (Figure 30). 

7.6.2 Phospho-site S485 

The MS data identified S485 as a Ppt1 target. Cells harbouring the phospho-

mimicking mutant S485E were not viable, thus it was not possible to determine the 
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consequences of this mutation in vivo. This suggested that the key aspects of the 

Hsp90 chaperone activity were disturbed by the mutation. It was however possible to 

query the influence of a tyrosine substitution, whose functional importance was 

already uncovered by prior mutagenesis studies (Fang et al., 1998; Hawle et al., 

2006). In vivo inspection revealed that GR maturation was most sensitive to S485Y. 

Furthermore, this variant impaired DNA repair processes and increased yeast 

sensitivity again RD treatment. Both the E and Y mutants had reduced ATPase 

activities and affected association with co-chaperones. However, there is no 

quantitative correlation between the reduction of the ATP hydrolysis rates and the 

effects of the S485 variants in vivo. The interaction of E and Y mutations with 

p23/Sba1 was lost and with Aha1 it was moderately reduced. Although the binding 

with Aha1 was uniformly reduced by S485 variants, the degree to which Aha1 could 

stimulate their inherent ATPase activity varied significantly between the mutations. 

For S485E, the Aha1 activation was significantly compromised while for S485Y it was 

only partly reduced. This could explain the different effects of the E and Y mutations 

on cell viability. The co-chaperone binding study suggested an influence of these 

variants on the Hsp90 conformational dynamics. The impaired activity of the S485 

mutants results from an increased stability of the open conformation and an inability 

to undergo structural compaction in the presence of nucleotides (Figure 30). Thus, 

the functionally important phospho-site S485 located in a region distant from the 

catalytic site is involved in signal propagation and inter-domain communication 

pathways in Hsp90 dimer. 

7.6.3 Phospho-sites S602 and S604 

The two active phosphorylation sites S602 and Ppt1-regulated S604 were identified 

in the C-domain. Cells expressing the phospho-mimicking variants showed no visible 

effect on yeast growth and client protein activation under normal temperatures 

implying no alterations in the general chaperone function mediated by Hsp90. It 

appears however that in particularly S604 serves as a switch point allowing 

regulating Hsp90 action under non-permissive conditions, such as elevated 

temperatures, Hsp90 inhibition or DNA damage caused by UV treatment. This shows 

how certain ‘silent’ phosphorylation sites may be activated by environmental 

fluctuations acting as molecular sensors. Phospho-mimicking variants mildly affected 
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the ATPase activity and had no impact on the nucleotide-driven conformational cycle. 

Nevertheless, certain conformational transitions, specifically facilitated by Aha1 

necessary to achieve ATPase competence, were influenced by the C-domain 

phospho-site mutations (Figure 30). Under non-optimum conditions, when Hsp90 

levels become limiting, Aha1 increases the efficiency of the Hsp90 system. These 

steps are apparently influenced by the C-domain phosphorylation. This explains why 

S604 phosphorylation becomes critical only under certain circumstances. Structural 

analysis of the M-C domain revealed that the two phospho-sites reside in the surface-

exposed C-domain flexible loop (Ali et al., 2006). The exact position of these two 

sites in the closed conformation of the full length Hsp90 is yet unknown as the region 

containing these two sites is not resolved (Ali et al., 2006). The C-domain phospho-

sites represent a conformational switch region that propagates long-range 

communication and transmits structural information along the dimeric Hsp90 protein. 

The data presented here reveal that phosphorylation can modulate Hsp90 function in 

a number of ways: the modifications can regulate the enzymatic activity by 

influencing the conformational transitions either locally or globally, alter co-chaperone 

interaction and/or their mechanism of action thereby regulating distinct facets of the 

chaperone cycle. The fact that Ppt1 activity is associated with the regulation of the 

two active phosphorylation sites shows important contribution of this phosphatase to 

the Hsp90 phospho-regulation.  
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Figure 30. Mechanism of the Hsp90 phospho-regulation 
The four phosphorylation sites acting on the conformational dynamics of Hsp90 employ different 
mechanisms to regulate Hsp90 function. Phosphorylation at S379, located in a catalytic loop involved 
in ATP hydrolysis, affects conformational rearrangements during the ATPase cycle by interfering with 
the formation of the active site. Mutation of S485 located in a contact region between the C-terminal 
and the M-domain modulates conformational flexibility essential in the communication within dimeric 
Hsp90. Modification of S602 and S604 in the C-terminal domain influences the inter-subunit 
communication required for efficient ATP hydrolysis. 

7.7 Different Hsp90 phosphorylation scenarios 

Although in this study several phosphorylation sites were identified, the data do not 

provide information about Hsp90 phosphorylation pattern in yeast. It is not sure 

whether certain phosphorylations are highly abundant and others are restricted to 

only a small subpopulation of Hsp90. It can be anticipated that Hsp90 occurs in 

different phospho-isoforms (i.e. small fraction of Hsp90 highly phosphorylated versus 

larger fraction of Hsp90 pool with only few phosphorylation sites being modified). 

Thus, the strong inhibitory influence of S379 and S485 phosphorylation discovered in 

this study can be limited to only a small amount of Hsp90 molecules in the cell. It 
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8 Materials and Methods 

8.1 E. coli strains 

Strain Genotype Origin 
E. coli DH10B F-araD 139∆(ara leu) 

7697∆lacX74 galU galK 
mcrA ∆(mrr- hsdRMS-
mcrBC) rpsL decR 380 
∆lacZ ∆M15 endA1 nupG 
recA1 

Berthesda Research 
Laboratories (Berthesda, 
USA) 

E. coli XL1 Blue recA1 endA1 gyrA96 thi-1 
hsdR17 supE44 relA1 lac 
[F'proAB lacIqZDM15 
Tn10 (TetR)] 

Stratagene (La Jolla, USA)

E. coli BL21 (DE3) Codon 
Plus 

F-ompT hsdSB (rB
-mB

-) gal 
endA The [argU ileY leuW 
CamR] 

Stratagene (La Jolla, USA)
 

8.2 S. cerevisiae strains 

Strain Genotype Origin 
YAL6B MATa; his3∆ leu2∆ 

met15∆ ura3∆ 
lys1::KanMX6 
arg4::KanMX4 

Henrik Daub 

YAL6B-∆ppt1 MATa; his3∆ leu2∆ 
met15∆ ura3∆ 
lys1::KanMX6 
arg4::KanMX4  
YGR123c:: NatMX4 

Sebastian Wandinger 

ECU82α MATα; can1-100 ade2-1 
his3-11,15 
leu2-3,12 trp1-1 ura3-1 
hsc82::LEU2 hsp82::LEU2 
(pKAT6) 

Debbie Nathan 
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8.3 Plasmids 

Name  Vector Cloning 
site 

Origin 

Wt-Hsp90 pET28b NdeI/SalI GeneArt (Regensburg, Germany) 
S282E-Hsp90 pET28b NdeI/BamHI This work 
S297E-Hsp90 pET28b NdeI/BamHI This work 
S334E-Hsp90 pET28b NdeI/BamHI This work 
S379E-Hsp90 pET28b NdeI/BamHI This work 
S450E-Hsp90 pET28b NdeI/BamHI This work 
S456E-Hsp90 pET28b NdeI/BamHI This work 
S485E-Hsp90 pET28b NdeI/BamHI This work 
S485Y-Hsp90 pET28b NdeI/BamHI This work 
S485A-Hsp90 pET28b NdeI/BamHI This work 
T533E-Hsp90 pET28b NdeI/BamHI This work 
S602E-Hsp90 pET28b NdeI/BamHI This work 
S604E-Hsp90 pET28b NdeI/BamHI This work 
All-A10-Hsp90 pET28b NdeI/SalI This work 
All-E10-Hsp90 pET28b NdeI/SalI This work 
All-A8-Hsp90 pET28b NdeI/SalI This work 
All-E8-Hsp90 pET28b NdeI/SalI This work 
Lidless-Hsp90 pET28b  Klaus Richter (TUM) 
D61C-Hsp90 pET28b  Martin Hessling (TUM) 
Q385C-Hsp90 pET28b  Martin Hessling (TUM) 
D61C_S379E-Hsp90 pET28b NdeI/BamHI This work 
Q385C_S379E-
Hsp90 

pET28b NdeI/BamHI This work 

D61C_S602E-Hsp90 pET28b NdeI/BamHI This work 
Aha1 pET28b  Klaus Richter (TUM) 
Sti1 pET28b  Andreas Schmidt (TUM) 
Sba1 pET28b  Martin Hessling (TUM) 
Wt-Hsp90 P423GPD BamHI/SalI GeneArt (Regensburg, Germany) 
S282E-Hsp90 P423GPD BamHI/SalI This work 
S297E-Hsp90 P423GPD BamHI/SalI This work 
S334E-Hsp90 P423GPD BamHI/SalI This work 
S379E-Hsp90 P423GPD BamHI/SalI This work 
S450E-Hsp90 P423GPD BamHI/SalI This work 
S456E-Hsp90 P423GPD BamHI/SalI This work 
S485E-Hsp90 P423GPD BamHI/SalI This work 
S485Y-Hsp90 P423GPD BamHI/SalI This work 
S485A-Hsp90 P423GPD BamHI/SalI This work 
T533E-Hsp90 P423GPD BamHI/SalI This work 
S602E-Hsp90 P423GPD BamHI/SalI This work 
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S604E-Hsp90 P423GPD BamHI/SalI This work 
All-A10-Hsp90 P423GPD BamHI/SalI This work 
All-E10-Hsp90 P423GPD BamHI/SalI This work 
All-A8-Hsp90 P423GPD BamHI/SalI This work 
All-E8-Hsp90 P423GPD BamHI/SalI This work 

8.4 Chemicals 

Name Origin 
Acrylamide solution (38% with 2% 
bisacrylamide) 

Roth (Karlsruhe, Germany) 

Adenosyl-imidodiphosphate (AMP-PNP) Roche (Mannheim, Germany) 
Adenosine 5′-O-(3-thiotriphosphate) 
ATPγS 

Roche (Mannheim, Germany) 

Adenosine-5´-diphosphate (ADP), 
disodium salt 

Roche (Mannheim, Germany) 

Adenosine-5´-triphosphate (ATP), 
disodium salt 

Roche (Mannheim, Germany) 

[32P]ATP  Hartmann Analytics (Darmstadt, 
Germany) 

Agarose, ultra pure Roth (Karlsruhe, Germany) 
Albumin from bovine serum  Sigma (St. Louis, USA) 
Ammoniumperoxodisulfate (APS) Roche (Mannheim, Germany) 
Ammoniumsulfate  Merck (Darmstadt, Germany) 
Ampicillin Roth (Karlsruhe, Germany) 
Bacto Agar Difco (Detroit, USA) 
Bacto Peptone Difco (Detroit, USA) 
Bacto Trypthone Difco (Detroit, USA) 
Bacto Yeast Extract Difco (Detroit, USA) 
Bromephenolblue S Serva (Heidelberg, Germany) 
CHAPS Sigma (St. Louis, USA) 
Complete Protease Inhibitor Cocktail 
Tablets 

Roche (Mannheim, Germany) 

Coomassie Brilliant Blue R-250 Serva (Heidelberg, Germany) 
Coomassie Protein Assay Reagent Pierce (Rockford, USA) 
Desoxynucleotidetriphosphates (dNTPs) Roche (Mannheim, Germany) 
5,5’ Dithio-bis-Nitrobenzoic acid (DTNB) Sigma (St. Louis, USA) 
1,4-Dithiothreithol (DTT) Roth (Karlsruhe, Germany) 
Ethanol, p.a. Roth (Karlsruhe, Germany) 
Ethylendiamintetraacidic acid (EDTA) Merck (Darmstadt, Germany) 
Ethidiumbromide Sigma (St. Louis, USA) 
Glutaraldehyd, 25% in water Serva (Heidelberg, Germany) 
Glycerol, 99 % ICN, (Costa Mesa, USA) 
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Guanidine hydrochloride, p.a. ICN, (Costa Mesa, USA) 
N-(2-Hydroxyethyl)-piperazine-N'-2- 
Ethanesulfonic acid (HEPES) 

ICN, (Costa Mesa, USA) 

Isopropanol Roth (Karlsruhe, Germany) 
Isopropyl-β-D-thiogalaktopyranosid 
(IPTG) 

Roth (Karlsruhe, Germany) 

Kanamycin Roth (Karlsruhe, Germany) 
β-Mercaptoethanol, pure Merck (Darmstadt, Germany) 
Nourseothricin Werner Bioagents (Jena, Germany) 
Pharmalyte 3 – 10 GE Healthcare (Freiburg, Germany) 
Phosphatase inhibitor cocktail 1 Sigma (St. Louis, USA) 
Phosphatase inhibitor cocktail 2 Sigma (St. Louis, USA) 
Salmon sperm DNA Sigma (St. Louis, USA) 
Serdolit MB-1 Serva (Heidelberg, Germany) 
Sodiumdodecylsulfate (SDS) Roth (Karlsruhe, Germany) 
Sodium fluoride Sigma (St. Louis, USA) 
Sodium orthovanadate Sigma (St. Louis, USA) 
N,N,N',N'-Tetramethylethylendiamin 
(TEMED) 

Roth (Karlsruhe, Germany) 

Thiourea Sigma (St. Louis, USA) 
Tris-(hydroxymethyl)-aminomethan (Tris) ICN, (Costa Mesa, USA) 
Urea, p.a.  Roth (Karlsruhe, Germany) 
Polyoxyethylen-sorbitan-monolaurat 
(Tween-20) 

Merck (Darmstadt, Germany) 

Yeast Nitrogene Base Difco (Detroit ,USA) 

All other reagents were from Merck (Darmstadt, Germany) except of fluorescence 

labels and were of grade p.a. if not stated otherwise. For the preparation of buffers 

double distillate water was used. 

8.5 Fluorescence label 

Name Origin 
Atto 488 maleimide AttoTec (Germany) 
Atto 550 maleimide AttoTec (Germany) 
Alexa Fluor-488 succinimidyl ester  Invitrogen (Karlsruhe, Germany) 
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8.6 Markers and kits 

Name Origin 
BiaCore amine coupling kit  BiaCore Inc. (Uppsala, Sweden) 
Roti-Mark prestained (SDS-PAGE and 
Western blot) 

Roth (Karlsruhe, Germany) 

ECL+ plus Western Blotting Detection 
System 

Amersham Pharmacia (Uppsala, 
Sweden) 

1 kb DNA ladder molecular weight 
standard 

New England Biolabs (Beverly, USA) 

Wizard® Plus SV Mini-Preps DNA 
purification kit 

Promega (Madison, USA) 
 

High Pure PCR Product Purification Kit Promega (Madison, USA) 
High-Range-molecular weight marker 
(HMW for SDS-PAGE) 

BioRad (Munich, Germany) 
 

Low-Range-molecular weight marker 
(LMW for SDS-PAGE) 

BioRad (Munich, Germany) 
 

Luciferase assay reagent Promega (Madison, USA) 
Tropix Galacto-LightPlus Kit Applied Biosystems (Foster City, USA) 

8.7 Proteins and antibodies 

Name  Origin 
Alkaline phosphatase Roche (Mannheim, Germany) 
Apyrase Sigma (St. Louis, USA) 
Casein kinase II Roche (Mannheim, Germany) 
Amino acids for SILAC labeling  Cambridge Isotope Laboratories 

(Andover, USA) and Sigma-Isotec 
(Miamisburg, USA) 

Polynucleotide kinase PNK Roche (Mannheim, Germany) 
Pfu DNA polymerase  Roche (Mannheim, Germany) 
Pfu-Turbo DNA polymerase Roche (Mannheim, Germany) 
Restriction enzymes New England Biolabs (Beverly, USA) 
T4-Ligase Promega (Madison, USA) 
Monoclonal IgG-POD conjugate against 
rabbit-IgG (sheep) 

Sigma (St. Louis, USA) 

Monoclonal IgG-POD conjugate against 
mouse-IgG (sheep) 

Sigma (St. Louis, USA) 
 

Polyclonal serum against Hsp90 (rabbit) Pineda (Berlin, Germany) 
Polyclonal serum against Ppt1 (rabbit) Pineda (Berlin, Germany) 
human Hsp90-specific antibody sc-
13119  

Santa Cruz Biotechnology (Santa Cruz, 
USA) 
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phospho-tyrosine specific antibody 4G10 Upstate (Hamburg, Germany) 
phospho-serine antibody Q5 Qiagen (Valencia, CA, USA) 
phosphoglycerate kinase antibody 22C5 Invitrogen (Karlsruhe, Germany) 

8.8 Chromatography material 

Name Origin 
HiLoad FF Ni-NTA (5 mL) GE Healthcare (Freiburg, Germany) 
Resource‐Q (6 mL) GE Healthcare (Freiburg, Germany) 
Superdex 75 Prep Grade (26/60) GE Healthcare (Freiburg, Germany) 
Superdex 200 Prep Grade (26/60) GE Healthcare (Freiburg, Germany) 
Superdex 200 10/300GL (HPLC) GE Healthcare (Freiburg, Germany) 

8.9 Buffers 

Molecular biology   
TAE (50x) 2 M Tris/acetate pH 8.0 
 50 mM EDTA pH 8.0 
BJ (10x) 50% (v/v) Glycerol 
 10 mM EDTA pH 8.0 
 0.2% (w/v) Bromphenolblue 
 0.2% (w/v) Xylencyanol 
1 % Agarose‐Solution:  1 g Agarose 
 100 mL TAE (1x) 
 1 µL Ethidiumbromide‐Solution 
Solution A 13 mL 3 M NaAc (pH 5.5) 
 100 mL 1 M CaCl2 
 25 mL 2.8 M MnCl2 
 862 mL H2O 
Solution A + Glycerol 69 mL Glycerol (87%) 
 331 mL Solution A 
Protein chemical buffers   
SDS running buffer (10x) 250 mM Tris/HCl pH 6.8 
 2 M Glycine 
 1% (w/v) SDS 
Laemmli sample buffer 
(5x) 

312.5 mM Tris/HCl pH 6.8 
10% (w/v) SDS 

 50% (v/v) Glycerol 
 2.5% (v/v) β-mercaptoethanol 
 0.05% (w/v) bromphenolblue 
separating gel buffer (4x) 250 mM Tris/HCl pH 8.8 
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 0.8% (w/v) SDS 
stacking gel buffer (2x) 250 mM Tris/HCl pH 6.8 
 0.4% (w/v) SDS 
Fairbanks A 2.5 g Coomassie Brilliant Blue 

R-250 
 250 mL Ethanol 
 80 mL Acetic acid 
 adjust to 1 L H2O 
Fairbanks D 250 mL Ethanol 
 80 mL Acetic acid 
 adjust to 1 L  H2O 
Western Blotting 
Transfer Buffer 

36 g Glycine 
7.6 g Tris 
500 mL Methanol 

 adjust to 2.5 L H2O 
PBS-T 5.84 g NaCl 
 11.5 g Na2HPO4 
 2.96 g NaH2PO4 
 adjust to 1 L H2O 
 1 mL Tween‐20 
Buffers for protein purification  
Ni-NTA buffer A 40 mM Sodium Phosphate pH 7.5 
 150 mM KCl 
 6 mM  Imidazol 
Ni-NTA buffer B 40 mM Sodium Phosphate pH 7.5 
 150 mM KCl 
 300 mM  Imidazol 
Resource-Q buffer A 40 mM HEPES/KOH pH 7.5 
 20 mM KCl 
 1 mM DTT 
 1 mM EDTA 
Resource-Q buffer B 40 mM HEPES/KOH pH 7.5 
 1 M KCl 
 1 mM DTT 
 1 mM EDTA 
GF buffer 40 mM HEPES/KOH pH 7.5 
 300 mM KCl 
 1 mM DTT 
 1 mM EDTA 
Dialysis buffer 40 mM HEPES/KOH pH 7.5 
 20 mM KCl 
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8.10 Equipment and programs 

Equipment  
Absorption Spectrophotometers  
Varian Cary 50 Bio UV-VIS- 
Spectrophotometer 

Varian (Darmstadt, Germany) 
 

Circular dichroism spectropolarimeter  
Jasco J715 with PTC 343 Peltier 
temperature device 

Jasco (Groß-Umstadt, Germany) 
 

Fluorescence Spectrophotometer  
Spex FluoroMaxIII spectrofluorimeter 
(with autopolarizers) with temperature 
adjustable cuvette holder 

Jobin Yvon (Munich, Germany) 

Surface plasmon resonance instrument 
BiaCore X BiaCore (Uppsala, Sweden) 
Analytical ultracentrifuge  
XL‐I equipped with absorbance and 
interference detection systems 

BeckmanCoulter (Krefeld, Germany) 

XL‐A equipped with absorbance and 
fluorescence detection systems 

BeckmanCoulter (Krefeld, Germany) and 
AVIV Biomedical (Lakewood, USA) 

Chromatography devices  
ÄKTA FPLC GE Healthcare (Freiburg, Germany) 
Super-loop 150 mL GE Healthcare (Freiburg, Germany) 
HPLC devices  
Shimadzu HPLC system equipped with 
autosampler 

Shimadzu (Munich, Germany) 
 

Gel electrophoresis and blotting devices 
Hoefer Mighty Small II GE Healthcare (Freiburg, Germany) 
Fast Blot B44 Apparatus  Biometra (Göttingen, Germany) 
Power amplifier  
LKB-GPS 200/400  Amersham (Uppsala, Sweden) 
EPS 3500, 301 and EPS 1001 GE Healthcare (Freiburg, Germany) 
Analytical Balance  
BP 121 S  Satorius (Göttingen, Germany) 
BL 310  Satorius (Göttingen, Germany) 
Centrifuges  
Rotina 46 R Centrifuge Hettich (Tuttlingen, Germany) 
Eppendorf-Centrifuge 5415 C Eppendorf (Hamburg, Germany) 
Avanti J25, JA-10 and JA-25.50 Rotor  Beckmann (Vienna, Austria) 
Plate reader  
Genios SpectraFluor plus Tecan (Creilsheim, Germany) 
Phosphoimager  
Typhoon 9200 and Storage Amersham (Uppsala, Sweden) 
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Phosphoscreen 
Additional Equipment  
Cell disruption machine Basic Z Constant Systems (Warwick, England) 
Eppendorf-Thermomixer Eppendorf (Hamburg, Germany) 
Ice machine  Ziegra (Isernhagen, Germany) 
Magnetic stirrer Heidolph MR2000 Heidolph (Kehlheim, Germany) 
Metal thermo block TB 1 Biometra (Göttingen, Germany) 
Mixer Mill MM 400 Retsch (Haan, Germany) 
pH-Meter  WTW (Weilheim, Germany) 
Thermocycler MWG MWG, Ebersberg, Germany 
Incubator  New Brunswick Scientific (Nürtingen, 

Germany) 
Water bath Haake F6-K Haake (Karlsruhe, Germany) 
Centricon 10/30 microconcentrators Millipore (Bedford, USA) 
Dialysis tubes Spectra/Por (6-8 kDa) Spectrum (Houston, USA) 
Cuvettes Zefa (Munich, Germany) 
Computer Programs and Web Tools  
Adobe CS Adobe Systems (San Jose, USA) 
Microsoft Office 2007 Microsoft (Unterschleißheim, Germany) 
Origin 8 OriginLab (Nothhampton, USA) 
ClustalW sequence alignment http://www.genome.jp/tools/clustalw/ 
PhosphoSitePlus http://www.phosphosite.org/ 
ProtParamTool ExPasy (http://www.expasy.ch) 
Reference Manager 12 ISI (Philadelphia, USA) 
ImageJ NIH (Bethesda, USA) 

8.11 Media 

Media  
Media for E. coli growth   
LB0  
LB powder 20 g/L 
Bacto Agar (for plates) 20 g/L 
Antibiotic concentrations used for E. coli growth:  
Ampicillin 100 µg/mL 
Kanamycin 35 µg/mL 
Chloramphenicol 35 µg/mL 
Media for yeast growth   
YPD  
Yeast Extract 5 g 
Bacto Pepton 10 g 
Glucose 20 g 
H2O  adjust to 1 L 
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Bacto Agar (for plates) 20 g 
CSM  
YNB 6.7 g 
Selektive-Amino acid-Mix 1.0 g 
Glucose 20 g 
1 M NaOH 1 mL 
H2O adjust to 1 L 
Bacto Agar (for plates) 20 g 
Selective amino acid mix  
Adenine 0.5 g 
Alanine 2.0 g 
Arginine 2.0 g 
Asparagine 2.0 g 
Aspartate 2.0 g 
Cysteine 2.0 g 
Glutamine 2.0 g 
Glutamate 2.0 g 
Glycine 2.0 g 
Histidine 2.0 g 
Inositole 2.0 g 
Isoleucine 2.0 g 
Leucine 10.0 g 
Lysine 2.0 g 
Methionine 2.0 g 
Phenylalanine 2.0 g 
Proline 2.0 g 
Serine 2.0 g 
Threonine 2.0 g 
Tryptophane 2.0 g 
Uracil 2.0 g 
Valine 2.0 g 

8.12 Molecular methods 

8.12.1   Cultivation and storage of E. coli  

E. coli cells were incubated at 37 °C either on LB plates or in LB liquid media. To 

select cells harboring the corresponding resistance genes either on the plasmid or in 

the genome, strains were selected by supplementing medium with appropriate 

antibiotics. Liquid cultures were inoculated 1:100 with fresh overnight cultures or by 

transferring single colony from a plate. Growth of E. coli cells was monitored 
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photometrically at 600 nm where OD600 of 1 equals approximately 8x108 cells/mL 

(Sambrook et al., 1989). For long‐term storage, 300 µL 50% glycerol were added to 

700 µL of an exponentially growing bacterial culture, shock-frozen in liquid nitrogen 

and stored at -80 °C. 

8.12.2   Cultivation and storage of S. cerevisiae  

S. cerevisiae was cultivated at 30 °C if not indicated otherwise, either on YPD, on 

CSM plates or in liquid media. Strains were selected by omission of the appropriate 

amino acids or nucleotides in the media or by addition of an antibiotic (120 µg/mL 

Nourseothricin). Small liquid cultures were inoculated by transferring a single colony 

from a plate and larger liquid cultures were inoculated with stationary overnight 

cultures. Growth of yeast cells was monitored photometrically at 600 nm, where 

OD600 of 1 equals approximately 2x107 cells/mL (Sambrook et al., 1989). For 

long‐term storage, 300 µL 50 % glycerol were added to 700 µL of an exponentially 

growing yeast culture, shock-frozen in liquid nitrogen and stored at -80 °C. 

8.12.3   PCR amplification 

PCR was used to selectively amplify the desired DNA fragment from coding regions 

of plasmids and/or to subclone the DNA fragments in various other plasmids. Pfu 

polymerase was used with the buffer containing MgCl2 and the reaction was 

performed as stated below. PCR products were analyzed by a 1% agarose gel 

electrophoresis supplemented with 0.001% ethidiumbromide solution. 

Amplification of DNA fragments 

Standard reaction mix: 
sterile H2O     84 µL 

dNTPs (10 mM)    2 µL 

Pfu polymerase (3 U/µL)    1 µL 

Each primer (100 pmol/µL)  1 µL 

Pfu 10x buffer     10 µL 

Template DNA    1µL  



Dissertation  Joanna Soroka 

‐ 80 ‐ 
 

Standard reaction protocol: 
1 melting     95 °C     2 min 

Repeat 2-4 25x 

2 melting     95 °C     1 min 

3 annealing      52-55 °C    1 min 

4 elongation      72 °C     6 min 

5 elongation of short ends   72 °C     10 min 

6 storage      4 °C     forever 

Site-directed mutagenesis 

Cloning of Hsp90 single phospho-site variants was performed using wt Hsp90-

pET28b or wt Hsp90-p423GPD as templates. Pfu-Turbo polymerase was used with 

the buffer containing MgCl2 and the reaction was performed as stated below. To 

introduce specific mutation, primer carrying the corresponding modified codon was 

used to amplify the entire plasmid. PCR products were analyzed by a 1% agarose gel 

electrophoresis supplemented with 0.001% ethidiumbromide solution. 

Standard reaction protocol: 
sterile H2O     42 µL 

dNTPs (10 mM)    1 µL 

Pfu-Turbo polymerase (2.5 U/µL)  1 µL 

Each primer (10 pmol/µL)   1 µL 

Pfu 10x buffer     5 µL 

Template DNA    1µL 

Standard reaction protocol: 
1 melting     95 °C     2 min 

Repeat 2-4 35x 

2 melting      95 °C     1 min 

3 annealing      52-55 °C    1 min 

4 elongation      68 °C     12 min 

5 storage      4 °C     forever 
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8.12.4   Purification and storage of DNA  

Amplified DNA was purified with the Wizard Plus SV Miniprep DNA kit. DNA was 

stored at -20 °C in sterile H2O. 

8.12.5   DNA digestion, phosphorylation, dephosphorylation and ligation 

DNA was digested, dephosphorylated and ligated using the following protocols. 

DNA digestion protocol: 
sterile H2O       4 µL 

Buffer 10x       5 µL 

DNA       40 µL 

Restriction enzyme (10 U/µL)   1 µL 

Mixture with each restriction enzyme was incubated at 37 °C for 4 h. 

DNA dephosphorylation 
After digestion with restriction enzymes, the vector DNA was treated with alkaline 

phosphatase to prevent its religation. To this end, 10 µl of 10x reaction buffer and 2 

µl of alkaline phosphatase (1 U/µL) were added to 88 µL of a cut vector DNA and the 

mixture was incubated at 37 °C for 2 h.  

DNA ligation protocol: 
sterile H2O       7 µL 

Ligase (3 U/µL)     1 µL 

Ligase buffer 10x     2 µL 

Digested PCR products (insert)   7 µL 

Digested plasmid DNA (vector)    3 µL 

Mixture was incubated at 4 °C overnight. 

DNA phosphorylation 

After site-directed mutagenesis, PCR products were phosphorylated by PNK 

according to the protocol below: 

DNA phosphorylation protocol: 
DNA        23 µL 

ATP (100 mM)      3 µL 
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Ligase buffer 10x      3 µL 

PNK (10 U/µL)     1 µL 

The mixture was incubated at 37 °C for 2 h.  

8.12.6   Sequencing of DNA  

All constructs were sequenced to confirm their correct sequence. Purified plasmid 

DNA was sent to GATC Biotech (Konstanz, Germany) for sequencing. 

8.12.7   Preparation of chemical competent E. coli cells  

Competent E. coli cells were prepared according to the protocol provided by 

(Sambrook et al., 1989). To 100 mL of fresh E. coli liquid cultures with OD600 between 

0.5 and 1, 2 mL of 1M MgCl2 was added and the cells were incubated for 10 min at 

37 °C with agitation. The cells were next incubated for 1 h on ice, harvested by 

centrifugation at 4500 rpm for 5 min, resuspended in Solution A and incubated for 1 h 

on ice. The cell were again harvested by centrifugation and resuspended in 2 mL of 

Solution B, aliquoted and stored at -80 °C. 

8.12.8   Transformation of E. coli cells 

To 50 µL of chemical competent E. coli cells 1 µL of plasmid DNA was added. The 

mixture was first incubated on ice for 5 min, followed by a heat step at 42 °C for 60 

sec. Subsequently, the cells were incubated on ice for 5 min. After addition of 800 µL 

of LB0, the cells were incubated at 37 °C for 30 min in a shaking incubator. The cells 

were harvested by centrifugation at 14000 rpm for 1 min, the supernatant was 

discarded, cell pellet was resuspended in the remaining media and plated on the 

respective selection plates followed by incubation at 37 °C. 

8.12.9   Transformation of S. cerevisiae 

Yeast cultures were grown overnight at 30 °C to saturation. 1 mL of the cell culture 

was spun down, supernatant was decanted and the cells were left in 100 µL 

remaining media. 2µL of DNA carrier at the concentration of 10 mg/mL and 1 µL of a 
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plasmid DNA were added to the mixture and resuspended. Next, 0.5 mL of the plate 

mixture and 20 µL of 1 M DTT were added, the mixture was again resuspended and 

incubated at RT for 8-12 h. The cells were-heat stressed for 10 min at 42 °C, spun 

down for 1 min at 14000 rpm, the supernatant was decanted, cell pellet was 

resuspended in the remaining media, plated on the respective selective plates and 

incubated at 30 °C. 

Plate mix: 
Sterile 45% PEG     90 mL 

1 M LiOAc      10 mL 

1 M Tris/HCl (pH 7.5)    1 mL 

0.5 M EDTA      0.2 mL 

8.12.10   Metabolic yeast cell labeling and Hsp90 precipitation 

YAL6B yeast cells that either expressed or were deficient for Ppt1, were differentially 

labeled with either 100 µg/mL of normal L-arginine (Arg0) and L-lysine (Lys0) or the 

isotopic variants L-arginine-U-13C6-15N4 (Arg10) and L-lysine-U-13C6-15N2 (Lys8) or L-

lysine-U-13C6 (Lys6). Wt and ∆ppt1 YAL6B cells were grown for 17 h at 30 °C for full 

metabolic incorporation of the labeled arginine and lysine. Cells were harvested by 

centrifugation for 5 min at 4500 rpm at 4 °C, resuspended in the lysis buffer (40 mM 

HEPES/KOH pH 7.5, 150 mM KCl, 2 mM EDTA, 2 mM EGTA, 20 mM NaF, 5 mM 

Na3VO4, protease inhibitor cocktail with AEBSF, aprotinin, leupeptin, E-64/EDTA, 

phosphatase inhibitor cocktail 1, phosphatase inhibitor cocktail 2) and lysed. To 

identify phosphorylation sites regulated by Ppt1 activity, the lysates from cells 

expressing Ppt1 and cells deficient for Ppt1 were separated. The lysis buffer was 

additionally supplemented with 100 nM MEEVD-containing peptide and 100 nM 

okadaic acid to prevent Ppt1 association with Hsp90 and inhibit its phosphatase 

activity, respectively. In total, four biological replicate experiments were performed 

that included two with reciprocal SILAC encoding to quantify the effect of cellular 

Ppt1 deficiency on yeast Hsp90 phosphorylation. The total protein concentration was 

determined by a Bradford assay prior to immunoprecipitation. Hsp90 was isolated 

from 400 µL lysates by immunoprecipitation for 3 h at 4 °C on a rotating wheel using 

40 µL polyclonal anti-Hsp90 antiserum and 60 µL protein A Sepharose (GE 
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Bioscience, Munich, Germany). The mixture was washed three times with 750 µL 

buffer containing 40 mM HEPES/KOH pH 7.5, 150 mM KCl. 

8.13 Protein chemical methods 

8.13.1   SDS polyacrylamid gel electrophoresis 

SDS-PAGE was performed according to the protocol provided by Laemmli (Laemmli, 

1970).  

12.5% Separation gel:  
40% Acrylamide (40% w/v, Acrylamide/Bisacrylamide 38:2)   3.125 mL 

4 x SDS-Buffer (0.8% SDS, 1.5 M Tris/HCl, pH 8.8)    2.5 mL 

H2O           4.375 mL 

5% Stacking gel:  
40% Acrylamide (40% w/v, Acrylamide/Bisacrylamide 38:2)   0.625 mL 

2 x SDS-Buffer (0.4% SDS, 0.25 M Tris/HCl, pH 6.8)    2.5 mL 

H2O           1.875 mL 

Addition of TEMED and APS induced the polymerization of the solution. 

Electrophoresis was performed at a constant current of 35 mA per gel for 45 min. 

Gels were stained with Coomassie according to the protocol provided by Fairbanks 

(Fairbanks et al., 1971). Protein solution was mixed with 5x Laemmli buffer and 

cooked at 95 °C for 5 min prior loading on the gel. The molecular weight of the 

analyzed proteins was compared with LMW or HMW marker standards.  

8.13.2   2D gel electrophoresis 

Sample preparation and 2D gel electrophoresis were performed as described 

(Hiniker and Bardwell, 2004). To 1 mL overnight yeast cultures 400 µL of 50% TCA 

was added, the mixture was incubated on ice for 1 h, harvested by centrifugation at 

14000 rpm for 45 min at 4 °C at and the supernatant was decanted. Cell pellet was 

resuspended in 500 µL acetone, vortexed, harvested by centrifugation for 5 min at 4 

°C at 14000 rpm and again the supernatant was decanted. Cell pellet was let dry on 

the bench for 15 min. 1 mL of 2D-lysis buffer was added and the mixture was 
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incubated with agitation at 1000 rpm, at 20 °C for 1 h. 450 µL of the sample was 

applied to pH gradient 4-7 strips (Imobiline DryStrip pH 4 – 7, GE Healthcare) 

followed by separation on 10% gel by SDS-PAGE. Protein spots corresponding to 

Hsp90 were excised from 2D gels, digested with trypsin, and identified by Maldi 

ToF/ToF MS. Hsp90 was detected by Western blot using Hsp90- and phospho-

serine-specific antibodies and both Hsp90 protein and phosphorylation levels were 

quantified by ImageJ. 2D-PAGE and staining was performed by Bettina Richter. 

2D-lysis buffer:  
7 M  Urea 

2 M  Thiourea 

65 mM DTT 

32,5 mM CHAPS 

1 % (w/v) Serdolit MB-1 

2 % (v/v) Pharmalyte 3-10 

8.13.3   Western blotting 

Proteins were first separated on a gel by SDS-PAGE and subsequently 

electrophoretically transferred on a nitrocellulose membrane in a Semi-Dry blotting 

apparatus (Biometra, Göttingen, Germany) at a constant current of 75 mA per SDS-

PAGE gel for 1 h. After the transfer, membranes were incubated in a PBS-T buffer 

supplemented with 5% milk powder with agitation at 4 °C overnight to block free 

binding sites. The primary antibody was diluted in PBS-T buffer supplemented with 

5% milk powder (dilution depended on the individual antibody) and incubated for 1 h 

at RT. The membrane was washed 3x for 20 min with PBS-T buffer and incubated for 

1 h with a peroxidase-conjugated secondary antibody (dilution 1:40000) at RT 

followed by three washing steps with PBS-T buffer, 20 min each. Detection was 

performed with the ECL detection kit according to the protocol provided by supplier.  

8.13.4   Protein expression and purification 

All recombinant proteins were expressed in E.coli BL21 (DE3) codon plus cells from 

pET28b vector. The expression was performed in 10 L LB medium supplemented 

with an antibiotic. Flasks were inoculated with fresh overnight cultures with 1:100 
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dilutions. Cells were grown at 37 °C and growth was monitored at OD600. When the 

OD600 reached 0.6-0.8 the protein expression was induced by addition of 1 mM IPTG 

for 4 h at 37 °C. Cells where harvested by centrifugation for 10 min at 8000 rpm at 8 

°C (JA 10 rotor), resuspended in the Ni-NTA buffer A supplemented with protease 

inhibitor mix HP and lysed using a cell disruption apparatus (Basic Z Constant 

System) at a pressure of 1.8 kbar. The lysate was centrifuged for 45 min at 18000 

rpm at 8 °C (JA 25.50 rotor) and the supernatant was applied on the 5 mL HisTrap 

FastFlow Ni-NTA affinity chromatography column. Hsp90 variants and co-

chaperones were purified using the following purification steps: Ni-NTA affinity 

chromatography followed by Resource-Q anion exchange chromatography and finally 

Superdex200 or Superdex75 pre-grade size exclusion chromatography. Proteins 

were dialyzed against 40 mM HEPES/KOH pH 7.5, 20 mM KCl, concentrated to 5-20 

mg/mL and stored at -80 °C.  

8.13.5   Protein concentration determination by Bradford assay 

The Bradford assay is a colorimetric protein assay used to determine the protein 

concentration. The assay is based on the observation that the absorbance maximum 

of the dye Coomassie Brilliant Blue G-250 shifts from 465 nm (red form) to 595 nm 

(blue form) upon binding of a chromophore to particularly basic and aromatic amino 

acids in proteins (Bradford, 1976). To this end, the commercially available 

chromophore solution (Coomassie Protein Assay Reagent, Pierce, Rockford, USA) 

was first diluted 1:1 with water. 995 or 990 µL of the solution was mixed with 5 or 10 

µL of protein solution, respectively, incubated for 5 min at RT and the absorption at 

595 nm was measured. The standard curve was calculated on a BSA standard. 

8.13.6   Protein labeling 

Hsp90 variants were labeled at the engineered cysteine residues using Atto-488 or 

Atto-550 maleimide (AttoTec, Germany).Proteins were first incubated with 0.1 M DTT 

on ice for 2 h and separated from DTT by SEC-HPLC on a Superdex 200 10/300 in 

buffer containing 40 mM HEPES/KOH pH 7.5, 150 mM KCl. Hsp90 cysteine labeling 

was achieved by incubating the protein with the label at RT for 1 h followed by 

quenching the reaction by the addition of an excess of DTT. Protein was again 
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separated from the label and DTT by SEC-HPLC. Aha1 was labeled with Alexa Fluor-

488 succinimidyl ester according to the protocol provided by the manufacturer. The 

labeling efficiency was determined using UV spectroscopy and the extinction 

coefficients provided by the manufacturer. 

8.13.7   MS analysis  

The MS experiments were performed in collaboration with Dr. Henrik Daub from the 

MPI of Biochemistry in Martinsried. Immunoprecipitated Hsp90 was eluted with buffer 

containing 7 M urea, 2 M thio-urea and 50 mM HEPES/KOH, pH 7.5 for 10 min at 37 

°C on a shaker and subjected to in-solution digestion as described elsewhere (Olsen 

et al., 2006). Briefly, Hsp90 protein samples were supplemented with 1% n-

octylglucoside, reduced, alkylated and then sequentially digested with 1.15 µg Lys-C 

(Wako, Neuss, Germany) for 4 h and by trypsin (sequencing grade, Promega, 

Mannheim, Germany) overnight. Phosphorylated peptides were purified by two 

consecutive incubations with 2.5 µg TiO2 beads (GL Sciences Inc., Mainz, Germany) 

and analysed by liquid chromatography (LC)-MS analysis on LTQ-Orbitrap and LTQ-

Orbitrap-Velos instruments (Thermo Fisher Scientific, Schwerte, Germany)  as 

described previously (Daub et al., 2008; Olsen et al., 2006). For quantitative yeast 

Hsp90 analysis, 20% of the peptide sample were removed prior to phospho-peptide 

enrichment and then desalted by StageTip extraction for parallel assessment of yeast 

Hsp90 protein abundance by LC-MS analysis (Rappsilber et al., 2007). Raw MS data 

were processed using the software MaxQuant (v. 1.0.13.13) (Cox and Mann, 2008). 

MS data were searched against an in-house curated decoy yeast ORF SGD 

database (6,719 entries) (Gnad et al., 2009). MaxQuant searches were performed 

using previously described settings and filtering criteria (Schreiber et al., 2010). 

Identified peptides were automatically quantified and phosphorylation sites assigned 

by posttranslational modification (PTM) score-based localization in MaxQuant (Cox 

and Mann, 2008; Olsen et al., 2006). For phosphorylation site analysis, only class I 

sites with a localization probability of at least 0.75 (Olsen et al., 2006) were 

considered. Phosphorylation site assignments were further verified by manual 

inspection of MS/MS spectra. Yeast Hsp90 phosphorylation site ratios were 

computed by MaxQuant based on the identified and quantified phospho-peptides. 

Moreover, ratios were further normalized for Hsp82 and Hsc82 abundance based on 
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the quantification of unique non-phosphorylated peptides detected in StageTip-

purified peptide samples.  

8.13.8   Cross-linking experiment  

Cross-linking was performed using 7 µg of wt Hsp90 or S485 mutants in a buffer 

containing 40 mM HEPES/KOH pH 7.5, 150 mM KCl, 5 mM MgCl2. Hsp90 variants 

were preincubated for 15 min at RT. Cross-linking was initiated by addition of 2 µL 

2.5% glutardialdehyde to a 15 µL final reaction volume and incubated for 3 min. The 

reaction was stopped by addition of 10 µL of 1 M Tris (pH 8.0). Samples were 

separated on a 4–12% (w/v) Tris–glycine precast polyacrylamide gel (Invitrogen, 

Karlsruhe, Germany) and visualized by Coomassie staining. 

8.13.9   In vitro phosphorylation with CKII 

6 µM Hsp90 in 200 µl final reaction volume was incubated in 20 mM Tris/HCl pH 7.8, 

130 mM KCl, 10 mM MgCl2 in the presence of 20 µL CKII (4 µmol Pi in 20 min at 37 

°C) and 100 µM ATP for 3 h at 37 °C. As a control, 0.4 µM radioactively labeled ATP 

was added and Hsp90 phosphorylation was visualized by autoradiography using a 

Typhoon 9200 Variable Mode Imager (GE Bioscience, Munich, Germany). 

8.13.10   Analytical ultracentrifugation 

Experiments were performed in a Beckman XL instrument (Beckman Coulter, Brea, 

USA) equipped with either a fluorescence detection system (Aviv Biomedical, 

Lakewood, NJ) or with a standard interferometer attached to a UV/VIS detection 

system (Beckman Coulter, Brea, USA). Runs were performed at 35000 rpm for the 

analysis of conformational states in a standard buffer (40 mM HEPES/KOH pH 7.5, 

150 mM KCl, 5 mM MgCl2). To determine conformational changes in Hsp90 

phospho-variants, the protein concentration was 0.5 mg/mL and nucleotides were 

added as indicated. Generally, the observed s values matched well with those 

determined with the UV-detection system. In cases were 2 mM nucleotides were 

present, the interference optics was used. Boundary analysis was performed 
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according to the dc/dt method (Stafford W.F., 1992). Data was fit to a Gaussian 

function in Origin. 

To determine the affinity of Hsp90 to Aha1, Alexa Fluor-488-labeled Aha1 was used. 

Sedimentation properties were monitored by the fluorescence detection system. Data 

analysis was performed using a dc/dt approach. The resulting differentials of the 

sedimentation boundary were fitted using bi-Gaussian functions. This allowed 

determining s values of the uncomplexed and complexed proportion of the co-factors. 

The resulting s values and the amplitudes were used to estimate the binding affinity 

and the ability of the corresponding Hsp90 mutants to undergo conformational 

changes. 

8.14 Spectroscopic methods 

8.14.1   Absorption spectroscopy (UV‐VIS) 

Proteins in solution absorb UV light with maximum absorbance at around 280 and 

200 nm. Amino acids containing aromatic side chains contribute to the absorbance at 

280 nm, while the peptide bond to the absorbance at 190-230 nm.  

 λmax εmax (M-1 cm-1) 
tryptophan 280 5700 
tyrosine 274 1400 
phenylalanine 257 200 
disulphide bond 250 300 

The protein concentration in solution can be determined directly from its absorbance 

at 280 nm according to the Lambert–Beer law: 

Equation 1:    clA **ε=  

where A is absorbance, c is the protein concentration (M), l is the path length in cm, 

and ε (M-1 cm-1) is the molar extinction coefficient which was calculated based on its 

amino acid composition using the program ProtParam. 

 (http://web.expasy.org/protparam/). 

All UV absorption experiments were performed in UV Quartz cuvettes with a 

thickness of 1 cm in a final volume of 150 µL. All proteins were diluted to A between 
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0.5 and 1 to ensure the linearity of Lambert-Beer’s law. Spectra were recorded from 

220 to 400 nm and were buffer-corrected. 

8.14.2   Circular dichroism spectroscopy 

Circular dichroism (CD) spectroscopy measures the difference in the absorption of 

left and right circularly polarized light by optically active molecules. Proteins consist of 

a large number of optically active amino acids and form a secondary structure. CD 

spectroscopy in the far-UV (190-250 nm) allows determining the secondary structure 

of a protein. Within this region the chromophore is the peptide bond and the signal 

arises when it is placed in a regular, folded environment. α‐helix exhibits two 

characteristic minima at 222 and 208 nm and β‐sheet at 218 nm. Certain aspects of 

protein tertiary structure can be determined by the CD spectrum in the near-UV (250-

350 nm). Within this region the chromophores are the aromatic amino acids and 

disulfide bonds and the CD signal depends on the asymmetric environment within the 

native structure of the protein. Signals in the region from 250-270 nm correspond to 

phenylalanines, 270-290 nm to tyrosines, and 280-300 nm to tryptophans. Disulfide 

bonds give rise to broad weak signals throughout the near-UV spectrum.  

All recorded spectra were buffer-corrected and normalized to the mean residual 

weight ellipticity θMRW using the following equation:  

Equation 2:    
aa

MRW Ncl **
100*θθ =  

Where θ is the ellipticity (mdeg), l cell length (cm), c concentration (mM) and Naa is 

the number of amino acids. 

The experiments were performed with the following conditions: 

Parameter Far-UV 
Wavelength (nm) 260-190  
Scan speed (nm/min)  20 
Band width (nm)  1  
Path length (cm)  0.1 
Concentration (mg/mL)  0.1 
Response time (s) 8 
Data pitch (s)  0.2  
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Temperature (°C) 30  
Accumulations  10 

To assess the thermal stability, 0.1 mg/mL protein samples were heated with 20 °C/h 

in a 1 mm Quartz cuvette followed by monitoring changes in the CD signal at 205 nm. 

The midpoint of the equation was determined by a Boltzmann fit. 

8.14.3   Fluorescence spectroscopy 

After excitation, the electronic state of the molecule changes from the ground state to 

one of the excited electronic states. The excited electronic state is usually the first 

excited singlet state, S1. Fluorescence occurs when electrons go back from a singlet 

excited state to the ground state. Proteins contain three aromatic amino acid residues 

with the delocalized π‐electron ring systems (tryptophan, tyrosine, phenylalanine) 

which contribute to their intrinsic fluorescence.  

FRET measurements  

For FRET measurements fluorophores were attached to the cysteine residues of 

Hsp90 proteins following maleimide chemistry. The excitation and emission 

parameters of the dyes are listed below: 

 Excitation wavelength 
(nm) 

Emission wavelength 
(nm) 

εmax
 

(M-1 cm-1) 
Atto-488 501 523 90000 
Atto-550 554 576 120000 

The experiments were performed as described elsewhere (Hessling et al., 2009). To 

probe the conformational changes induced by nucleotide, heterodimers containing 

100 nM M-domain donor- and 100 nM N-domain acceptor-labeled Hsp90 were 

preincubated at 20 °C in the buffer containing 40 mM HEPES/KOH pH 7.5, 150 mM 

KCl, 5 mM MgCl2 in the presence of 2 mM AMP-PNP, ATPγS, ATP or without 

nucleotide. After the addition of 2 µM unmodified wt Hsp90, the decrease in the 

FRET signal was recorded. 

To test the conformational rearrangements induced by Aha1 binding, 100 nM of N-

domain donor-labeled S602E or wt Hsp90 were incubated at 20 °C for 15 min with 

100 nM N-domain acceptor-labeled S602E or wt Hsp90, respectively, and the change 
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in FRET signal was recorded. 15 µM Aha1 was added to the mixed Hsp90 

heterodimers and the effect on FRET efficiencies was monitored. To determine 

subunit exchange in the Hsp90 dimer in the presence and absence of Aha1, 2 µM 

unlabeled Hsp90 wt or S602E, respectively, were added to the solution and the 

reduction of the FRET signal was measured. The qualitative apparent half-life time of 

the subunit exchange was estimated using equation 3:  

Equation 3:    ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+=

2/1
0

)2ln(*exp*
t

xAyy  

where y0 is the offset, A the amplitude of fluorescence change, t1/2 is the apparent 

half-life time of the reaction. 

8.14.4   Surface Plasmon Resonance  

Surface plasmon resonance (SPR) spectroscopy can be applied to analyze protein-

protein interaction. SPR is an optical technique that allows measuring label-free 

binding of two molecules in real time where one is mobile (analyte) and the other one 

is fixed on a thin gold film (ligand). The SPR effect is sensitive to binding of analyte 

because the associated increase in mass causes a proportional increase in refractive 

index, which is observed as a shift in the resonance angle.  

In this work, proteins were immobilized by an amine-coupling reaction on a sensor 

chip. Experiments were performed as described before (Hainzl et al., 2004). For all 

SPR measurements, p23/Sba1 was coupled to the CM5 sensor chip (BiaCore, 

Uppsala, Sweden). p23/Sba1 coupling gave a signal of 750 RU. The instrument was 

equilibrated at 25 °C. The running buffer contained 40 mM HEPES/KOH pH 7.5, 

150 mM KCl, 5 mM MgCl2 and 2 mM AMP-PNP or ATPγS. 50 µL of protein was 

injected with the flow rate of 20 µL/min. Data analysis for direct binding was 

performed as described earlier (Richter et al., 2004).  
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8.15 Activity test for proteins in vitro 

8.15.1   Regenerative ATPase assay  

To determine the ATPase activity, a spectrophotometric assay based on an 

enzymatic ATP regeneration system was used (Richter et al., 2001). This assay uses 

a coupled‐enzymatic approach that rapidly converts produced ADP to ATP in the 

presence of phosphoenolpyruvate, pyruvate kinase, NADH and lactate 

dehydrogenase. The ATPase activity is determined by the NADH consumption 

monitored by absorbance spectroscopy at 340 nm. The hydrolysis rates were 

calculated using the differential molar extinction coefficient of NADH and NAD+ of 

6200 cm‐1M‐1 at 340 nm. 

Equation 4:   
ATPase

spec

c
Mcm

d

mv
*

*
16200* ⎟

⎠
⎞

⎜
⎝
⎛−

=  

m is the slope of the resulting lines, d is the thickness of the cuvette in cm and cATPase 

is the concentration of the respective ATPase in µM. 

The assay buffer was 40 mM HEPES/KOH, pH 7.5, 150 mM KCl, 5 mM MgCl2, the 

temperature was 30 °C. The experiments were performed in 200 µl final reaction 

volume. The reaction mix included 75 µL of 2x Premix, assay buffer, protein, ATP. 2 

µM of Hsp90 wt or variants were used in the presence of 0 to 4 mM ATP. The 

reaction was inhibited by adding 50 µM radicicol (Sigma, St Louis, USA).  

2x Premix: 
Assay buffer      4156 µL 

100 mM Phosphoenolpyruvate   240 µL 

50 mM NADH     48 µL 

Pyruvate kinase suspension   12 µL 

Lactate dehydrogenase suspension  44 µL 

The KM and kcat values were derived from the ATPase activities using standard 

Michaelis-Menten kinetics according to equation 5:  
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Equation 5:      
xK

xkv
M

catspec +
= *  

where x is the concentration of ATP in the assay.  

To investigate the influence of co-chaperones, 1 or 2.5 µM Hsp90 was preincubated 

with different concentrations of Aha1 or Hop/Sti1 and p23/Sba1, respectively, at 30 

°C and 2 mM ATP. To enhance the binding affinity between Aha1 and Hsp90, the 

assay buffer contained 20 mM KCl, whereas for Hop/Sti1 and p23/Sba1 the assay 

buffer contained 150 mM KCl. Data for Aha1 activation were fitted according to 

equation 6:  

Equation 6:     0
0max *)( V
xK
xVVv

D
spec +

+
−

=  

where x is the concentration of Aha1 in the assay and KD is the apparent binding 

affinity. Data for Sti1 inhibition were fitted as described before (Li et al., 2011). 

For heterodimer formation, 1 µM Hsp90 and 10 µM lidless-Hsp90 were mixed and 

preincubated at 30 °C for 20 min in standard assay buffer before 2 mM ATP was 

added (Richter et al., 2006). 

8.16 Activity assays for proteins in vivo  

8.16.1   5’FOA shuffling 

To test the in vivo functionality of Hsp90 phospho-mutants, a plasmid shuffling 

approach was applied, as described previously (Nathan and Lindquist, 1995). A 

yeast strain deficient for both genomic copies of hsp90 was used that contains a 

plasmid coding for hsp90 under the control of a constitutive glyceraldehyde-3-

phosphate dehydrogenase gene promoter (GPD promotor). This plasmid also carries 

an URA selection marker, which enables a selection for cells that had lost the wt 

Hsp90 plasmid in the medium supplemented with 5’FOA.  
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8.16.2   Nuclear Hsp90 chaperone activity assay  

Exponentially growing yeast cells expressing Hsp90 phospho-mutants were adjusted 

to an OD600 of 0.5 (corresponding to 107 cells/mL), spotted in 1:5 dilution series on 

selective media, exposed to UV light (40 and 80 J/m2) at RT and incubated at 30 °C.  

8.16.3   Hsp90 inhibitor assay 

Yeast cells expressing Hsp90 phospho-mutants were incubated overnight in liquid 

media supplemented with the indicated concentrations of radicicol. Cells were 

adjusted to an OD600 of 0.5 (corresponding to 107 cells/mL), spotted in 1:5 dilution 

series into selective media and incubated at 30 °C.  

8.16.4   v-Src activity assay 

To analyze v-Src activity in yeast cells, the phospho-tyrosine activity of the 

heterologously-expressed v-Src was assessed by Western blot (Nathan and 

Lindquist, 1995). Yeast cells were transformed with v-Src expression plasmid (URA 

marker). Due to v-Src toxicity, its expression was under the control of the galactose-

inducible promoter. Cells were first grown in the glucose-containing media overnight, 

then transferred to the raffinose-containing media and incubated overnight. Finally, 

yeast cells were incubated in the galactose-containing media for 6 h at 30 °C to 

induce v-Src expression. Cells were harvested by centrifugation at 14000 rpm for 5 

min, lysed using glass beads in the buffer containing 40 mM HEPES/KOH pH 7.5, 

150 mM KCl at 4 °C. Protein concentration was determined by Bradford assay and 

normalized. Samples were analyzed by Western blot with monoclonal phospho-

tyrosine antibody 4G10 (dilution 1:1000, incubation overnight at 4 °C) followed by 

incubation with POD-conjugated α-mouse IgG (dilution 1:40000, incubation for 1 h at 

RT) according to the standard protocol. Growth of wt and the Hsp90 phospho-

variants was examined on the glucose- and galactose-containing media. 
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8.16.5   GR activity assay 

To analyze GR activity, GR receptor assay was employed. Cells were transformed 

with plasmid for constitutive expression of GR and β-galactosidase under the control 

of GR response element (ADE marker). To analyze GR expression, cells were grown 

in the glucose-containing media. To induce the expression of β-galactosidase, cells 

were incubated with 20 µM desoxycorticosterone (DOC) for 6 h at 30 °C. Cells were 

harvested by centrifugation at 14000 rpm for 5 min, lysed using glass beads in the 

buffer containing 40 mM HEPES/KOH pH 7.5, 150 mM KCl, at 4 °C. β-galactosidase 

activity was assessed by Galacto-LightPlus Kit and the activity was normalized for 

protein concentration determined by Bradford assay. As a control, β-galactosidase 

background activity in the cells without the induction was measured. 

8.16.6   Luciferase activity assay 

To determine luciferase activity, yeast cells were transformed with plasmid for 

constitutive expression of FFL (URA marker). FFL expression was assessed by 

incubating yeast cells at 30 °C for 6 h. Cells were harvested by centrifugation at 

14000 rpm for 5 min, lysed in buffer A using glass beads. Next, 100 µL of the lysate 

was mixed with 100 µL buffer B and the luminescence was immediately measured in 

a plate reader. The activity was normalized for protein concentration determined by 

Bradford assay. 

Buffer A: 
40 mM HEPES/KOH, pH 7.5 

100 mM KCl 

5 mM MgCl2 

Buffer B: 
Buffer A supplemented with 2 mM ATP and 0.2 mM luciferin. 

8.16.7 eGFP activity assay 

To compare protein biosynthesis and protein folding in the yeast cells, eGFP activity 

was measured. Cells were transformed with plasmid for constitutive expression of 
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eGFP and its expression was assessed by incubating yeast cells at 30 °C for 6 h. 

Cells were harvested by centrifugation at 14000 rpm for 5 min, lysed in the buffer A 

(see 8.16.6) using glass beads. To enable eGFP chromophore oxidation, lysates 

were incubated at 4 °C for 1 h with agitation. After second centrifugation step, the 

lysates were normalized for the protein concentration and the fluorescence intensity 

was measured. The activity was normalized for protein concentration determined by 

Bradford assay. 

8.17 Scanning Electron Microscopy  

Electron microscopy study of yeast cells was performed with JOEL 5900 LV 

Microscope (JEOL, Eching, Germany). Yeast cells were prepared and analyzed as 

described (Haslbeck et al., 2004).  
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9 Abbreviations 

A - Ampere 

Å - Angström = 0.1 nm (10-10m) 

All-A - Hsp90 variant with the identified phosphorylation sites simultaneously mutated 

to alanine 

All-E - Hsp90 variant with the identified phosphorylation sites simultaneously mutated 

to glutamate 

AMP-PNP – Adenosine 5'-(β,γ-imidodiphosphate) 

APS - ammoniumpersulfate 

ATPγS - Adenosine 5′-O-(3-thiotriphosphate) 

 [γ-32P]ATP - Adenosine 5'-triphosphate (γ-32P)  

aUC - analytical ultracentrifugation 

BSA - bovine serum albumin 

CD - circular dichroism 

CKII – casein kinase 2  

Da - dalton 

DOC – desoxycorticosterone 

E. coli - Escherichia coli 

FFL – firefly luciferase 

g - gram 

GFP - green fluorescent protein  

GR - glucocorticoid receptor 

h – hour 

Hsp - heat shock protein 

kDa – kilo Dalton 

λ - wavelength 

Lidless-Hsp90 - Hsp90 variant with a deletion of amino acids 98 - 121 corresponding 

to the ATP lid  

min - minute 

mL - milliliter 

mM - millimolar 

µM – micromolar 

nm – nanometer 
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OD - optical density 

PAGE - polyacrylamide gel electrophoresis 

PGK – phosphoglycerate kinase 

pH - potentia hydrogenii 

PNK – polynucleotide kinase 

PPIase - peptidylprolyl isomerase 

RD – radicicol 

RT – room temperature 

rpm - rounds per minute 

UV - ultraviolet 

S. cerevisiae - Saccharomyces cerevisiae 

SDS - sodium dodecylsulfate 

SEM - scanning electron microscopy 

SHR - steroid hormone receptor 

SILAC - stable isotope labeling with amino acids in cell culture 

SPR – surface plasmon resonance 

TPR domain - tetratricopeptide repeat domain 

v-Src kinase - viral Src kinase 

v/v - volume per volume 

w/v - weight per volume 

w/o - without 

wt - wild type 
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