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General Introduction



Hsp90 molecular chaperone - functional analysis.

Heat shock protein 90 (Hsp90) belongs to 
a large family of heat shock proteins whose 
synthesis is elevated  during stress conditions, 
including heat shock. Heat shock proteins are 
divided into a number of subfamilies including 
Hsp100, Hsp90, Hsp70, Hsp40 and small heat 
shock proteins with the molecular weight  of 
around 20 kDa. At stress conditions heat shock 
proteins protect other proteins from heat inac-
tivation   and dissociate protein aggregates. At 
non stress conditions heat shock proteins are 
involved in several important housekeeping 
functions, such as protein folding, degrada-
tion and translocation. Heat shock proteins are 
important for quality control of other proteins. 
Most heat shock proteins, including Hsp90 
exert molecular chaperone activities - the pro-
mote the folding process through cycles of sub-
strate binding and release that are regulated by 
their ATPase activity and by cofactor proteins 
(Hartl and Hayer-Hartl, 2002). The following 
introduction will focus on the members of the 
Hsp90 family.

As many of the chaperones, Hsp90 is in-
duced by the stress conditions in a HSF1 (Heat 
Shock Factor 1) dependent manner. Promoter 
regions of the cytosolic forms of Hsp90 contain 
HSE (Heat Shock Elements) regulated by the 
active, oligomeric form of HSF1 formed upon 
stress conditions. However, despite its name 
Hsp90 is one of the most abundant constitu-
tively expressed stress protein in the cytosol 
of eukaryotic cells. This highly evolutionarily 
conserved molecular chaperone is responsible 
for quality control of the protein folding. In con-
trast to other components of the cellular chap-
erone network such as Hsp70 family proteins, 
Hsp90 rather functions in the post-translational 
maturation and maintenance of functional state 

of numerous conformationaly labile client pro-
teins. The ATP-ase activity of Hsp90 drives the 
chaperone cycle and directs binding, the induc-
tion of the active conformation and release of 
its client proteins. Most of Hsp90 client pro-
teins are involved in signaling pathways that 
are necessary for cell proliferation, cell cycle 
regulation, steroid hormone responsiveness, 
signal transduction and apoptosis. Moreover, 
Hsp90 plays an important role in cancer cells 
and in the progression of numerous viral infec-
tions, therefore being an attractive therapeutic 
target. 

At the moment of writing over 4500 works 
regarding Hsp90 were listed in PubMed index, 
and the list  continues to grow, making the 
Hsp90 chaperone one of the most studied pro-
teins ever. Despite intensive research, the exact 
mechanisms of action and regulation of Hsp90 
activity still remains unsolved.

Hsp90 family

Four Hsp90 family members were de-
scribed in human cells. They include two cyto-
solic forms* Hsp90α and Hsp90β, Grp94, pres-
ent in endoplasmic reticulum and chaperone 
TRAP1 present in mitochondrial matrix. The 
existence of a third cytosolic form, referred to 
as Hsp90∆N was postulated, but recently pub-
lished results of our group prove Hsp90∆N to 
be an artifact of a particular cell line culture 
(Zurawska et al., 2008).

Two cytosolic isoforms of Hsp90 share 
very high homology at the amino acid level 
(Figure 1), with most of the residues identified 
as crucial for the ATP-hydrolysis, interactions 
with co-chaperones and client proteins, and for 
conformational changes being identical. Hsp90α 

*According to the latest recommendations, the cytosolic isoforms of Hsp90 are due to be reffered to as HSP90AA1 and 
HSP90AB1 (Hsp90α and Hsp90β, respectively).
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isoform has been detected as a dimer in cell 
lysates and in in vitro studies, whereas the 
Hsp90β isoform is present both as a monomer 
and dimer. (Minami et al., 1991, Nemoto and 
Sato, 1998) Oligomeric forms of Hsp90 has 
also been identified. Significantly, Hsp90 does 
not form heterodimers between the isoforms. 
(Moullintraffort et al., 2010)

Together, both cytosolic isoforms of Hsp90 
consist of up to 2 % of the total soluble pro-
teins under physiological conditions (Lai et 
al., 1984)  It is noteworthy, that the exact ratio 

of isoforms varies significantly between tis-
sues and cell lines analysed (McDowell et al., 
2009; Nollen et al., 2002)., with the Hsp90β 
isoform generally being more abundant, than 
Hsp90α, with the sole exception of the brain 
tissue (Garnier et al., 2001). Both isoforms are 
expressed at basal levels in cells, but under 
stress conditions their expression is upregu-
lated to a different degree, with Hsp90α being  
the more ‘inducible’ isoform (Barnier et al., 
1987; Krone and Sass, 1994). Isoforms show 
also distinct affinity to the inhibitor, geldana-

Fig 1. Clustered alignment of human Hsp90α, Hsp90β and Grp94 amino acid sequences. 
(ClustalW2 http://www.ebi.ac.uk/Tools/clustalw2/)
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mycin, approximately 3-times higher in case 
of alpha isoform (Gooljarsingh et al., 2006), as 
well as the different ATP-ase turnover rate with 
Hsp90α being more potent ATP-ase (Richter et 
al., 2002).

Little is known about the specific role of the 
isoforms. Studies of the mouse embryos proved 
Hsp90β to be indispensable for the survival of 
the embryos at the stage of placental labyrinth 
formation (Voss et al., 2000). Isoform specific-
ity of HSp90 has been also demonstrated  in 
context of assembly and presentation of MHC 
I and MHC II complexes (Houlihan et al., 
2009). Recent studies show that the GCUNC45 
co-chaperone shows isoform specificity and 
interacts with Hsp90β isoform (Chadli et al., 
2008). Scarcity of reports addressing the is-
sue of isoform specificity, might be explained 
by the lack of specific and convenient tools to 
study activity of particular isoform within the 
cellular environment. Very high homology of 
the nucleotide sequence, together high level of 
Hsp90 in cells and a long protein half-life, ren-
der the approach based on specific knockdown 
of either isoform very difficult. 

GRP94, also known as gp96, is the endo-
plasmic reticulum (ER) paralog of the cytoso-
lic Hsp90. GRP94 is involved in maturation of 
cell surface proteins. Among the client proteins 
of GRP94 are IgGs, integrins, and Toll-like 

receptors (Melnick et al., 1994; Randow and 
Seed, 2001; Yang et al., 2007), pointing at the 
importance of GRP94 for the functioning of 
the immune system. GRP94 knockout mouse 
embryos die in early gestation (Stoilova et al., 
2000). Up to date, no co-chaperones modu-
lating GRP94  have been identified. Interest-
ingly, despite relatively high homology to the 
cytosolic isoforms of Hsp90 (Fig. 1), GRP94 
lacks the C-terminal MEEVD tetratricopeptide 
(TPR) motif, being an important interface for 
the interactions of Hsp90 with the co–chaper-
ones. 

TRAP1 (TNF receptor associated protein) 
has been described as the fourth member of hu-
man Hsp90, present in the mitochondrial matrix 
(Song et al., 1995; Chen et al., 1996; Felts et 
al., 2000). TRAP1 is involved in the mediation 
of apoptosis and stress response, up-regulation 
of the TRAP1 might contribute to a drug-resis-
tance and inhibition of apoptosis in colorectal 
and prostate cancer  (Costantino et al., 2010; 
Leav et al., 2010). Recently published report 
also points at the importance of TRAP1 in the 
prevention of hypoxia induced damage in car-
diomyocytes (Xiang et al., 2010). In neural tis-
sue TRAP1 plays an important role in media-
tion of TNF-alpha signaling, cell adhesion and 
synaptic morphology (Kubota et al., 2009). 

Fig 2. Domain structure of yeast Hsp90 protomer  (Ali et al., 2006, modified)
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STruCTure 

Hsp90 is conserved among the eukaryotes 
from yeast to mammals. The amino acid se-
quence of human Hsp90 shares 60% similar-
ity with the yeast homologue Hsc82. Structural 
studies are based mostly on the yeast proteins, 
however known structures of the Hsp90 family 
members suggest that general structural basis 
are highly conserved and shared among Hsp90 
proteins in all species. Hsp90s belong to the 
GHKL proteins family, including also bacte-
rial DNA gyrase, Histidine kinase, and MutL. 
GHKL proteins function as dimers, have ATP 
binding pocket in N-terminal domain and  
possess ATPase activity (Dutta and Inouye, 
2000). 

Each of the subunits of Hsp90 dimer con-
sists of three functional domains: N-terminal 
domain responsible for the nucleotide and co-
chaperone binding, a middle domain involved 
in client protein and co-chaperone binding 
and C-terminal dimerization domain with the 
MEEVD motif recognized by the TPR bind-
ing proteins (absent in grp94). N-terminal 
domain is linked to the middle domain with 
non-conserved, charged linker (Prodromou et 
al., 1996; Vaughan et al., 2006). In the yeast 
Hsc82, a Hsp90 family member, the N-domain 
includes residues 1-230, M-domain residues 
from 240 to 550, and C-domain 550-709. If not 
stated otherwise, in the introduction part resi-
due numbers will be referred to according to 
the yeast protein.  Schematic overview of the 
domain structure of Hsp90 monomer is shown 
in Fig. 2.

Up to date no crystal structure of full length 
human Hsp90 has been described. Most com-
plete structures of the eukaryotic Hsp90 family 
members are yeast Hsp90 devoid of the dis-
pensable charged-linker connecting N and M 
domains, co-crystalized with Sba1 cochaper-
one and AMP-PNP, slowly-hydrolysable ATP 
analogue (Ali et al., 2006) and canine Grp94 
(Dollins et al., 2007).  

N-domain of Hsp90 in a form of functional 
dimer is involved in ATP binding, as well as 
the interactions with co-chaperones (Ali et 
al., 2006). Core of the N-domain is a β-sheet 
structure forming the basis for the ATP-bind-

ing pocket. Aminoacids 94 to 125 form a 
“lid” structure  that undergoes conformational 
change upon nucleotide binding and promotes 
N-domains dimerization within the Hsp90 di-
mer (Prodromou et al., 2000). Crucial amino 
acid residues important for the ATP binding 
and hydrolysis are highly conserved among 
the species. Asp79 has been identified as a sole 
residue to directly interact with the nucleotide. 
Mutation of this residue abolishes nucleotide 
binding (Obermann et al., 1998). Glu33 is not 
directly involved in nucleotide binding, but 
mutation to alanine disrupts ATP hydrolysis 
(Obermann et al., 1998; Grenert et al., 1999). 
Several residues located in N-domain were 
described to influence ATP hydrolysis rate – 
including Thr22 and Ala107. Changing those 
residues to isoleucin and asparagine respec-
tively, increases ATP-ase turnover, supposedly 
by promoting N-domains  dimerization within 
the Hsp90 dimer (Prodromou et al., 2000). N-
domains of both monomers form a structure of-
ten referred to as a “molecular clamp” (Prodro-
mou et al., 1987, Pearl et al., 2006), the cycle 
of closing and opening of the clamp is coupled 
with the ATP binding and hydrolysis, as well as 
the client protein recruitment and release.

Middle domain of the Hsp90 consists of 
two subdomains. The main function of the 
M-domain is client protein binding, but some 
highly conserved residues, such as Arg380 and 
Glu381 are also involved in ATP-ase catalytic 
activity of the protein (Meyer et al., 2003).

A patch of hydrophobic amino acids located 
in the middle of the M-domain (residues 325-
335) is considered as a platform for binding 
of client proteins, such as  Akt kinase (Sato et 
al. 2000). Some co-chaperones, such as Aha1 
were also described to bind the M-domain 
(Lotz et al., 2003; Meyer et al., 2004).

Main role of the C-terminal domain of 
Hsp90 is dimerization. As it was shown for the 
E.coli homolog of Hsp90, HptG protein, C-
domain consists of a number of α helices form-
ing a highly hydrophobic surface (Harris et al., 
2004). The C-terminal part of the C-domain 
is also important for the binding of tetratrico-
peptide repeat (TPR)-domain co-chaperones 
such as immunophilins Cyp40, FKBP51/54, 
FKBP52 and Hop (Young et al., 1997; Chen et 
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al., 1998; Ratajczak and Carrello 1996; Carello 
et al., 1999).

CellulAr FunCTionS AnD ClienT 
proTeinS oF HSp90

Hsp90 mediates folding of a set of substrate 
proteins, often reffered to as “client proteins”. 
Hsp90 clients are thought to interact with the 
chaperone in a nearly native state at the late 
stage of de novo folding, the chaperone can also 
take part in reactivation of inactive proteins 
under stress conditions, such as heat shock or 
hypoxia (Walerych et al., 2009). To date, over 
200 client proteins have been identified, but the 
list continues to grow. Most up-to-date list is 
to be found on the website published and up-
dated by Picard laboratory  (http://www.picard.
ch/downloads/Hsp90interactors.pdf ). What is 
significant, no common sequence or structural 
features have been identified for Hsp90 clients, 
the broad variety includes proteins as structur-
ally and functionally different as telomerase 
(Holt et al., 1999), the actin organizer N-WASP 
(Park et al., 2005), and nitric oxide synthase 

(García-Cardeña et al., 1998) as well as a range 
of hormone receptors such as glucocorticoid re-
ceptor, progesterone receptor, estrogen recep-
tor and androgen receptor (reviewed in: Pratt 
and Toft, 2003). A bona-fide client of Hsp90 
machinery is mutant as well as wild type p53 
protein (Sepehmia et al., 1996; Blagosklonny 
et al., 1996, King et al., 2001). Interactome of 
Hsp90 also includes a long list of protein ki-
nases, such as Cdk4, PKB/Akt, Raf-1, ErbB2, 
Met, Plk and Fak, to name a few (reviewed 
in: Pearl, 2005). The last subset of substrates 
suggests the importance of Hsp90 in modulat-
ing signaling pathways (Richter and Buchner, 
2001). Therefore Hsp90 has to be considered 
as an important housekeeping protein, required 
for proper cell cycle control and response to 
environmental signals and stresses.

CHAperone ACTiviTy oF HSp90

One of the proposed mechanisms of Hsp90 
chaperone action, describes Hsp90 as an unfol-
dase. The action involves the following steps: 
Hsp90 chaperone binds to partially unfolded 

Fig 3. Schematic overview of Hsp90 ATp-ase cycle and its regulation by co-chaperones. 
(Mayer et al., 2009, modified).
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proteins, unfolds them and following ATP hy-
drolysis releases them, therefore enabling de 
novo folding to gain proper conformation, in 
the case where the protein is not able to achieve 
the proper conformation, the cycle is repeated 
(Wawrzynow et al., 2007; Gutkowska et al., 
2010). Hsp90 chaperone activity is linked to an 
ATP-driven conformational change within the 
N-terminal domain, therefore we will focus on 
the ATP-ase hydrolysis cycle as the most im-
portant factor in Hsp90 activity. 

ATp-ase cycle

Studies of the Hsp90 Atp-ase cycle are 
based mainly on the yeast protein Hsc82 and 
the bacterial analogue from E.coli HtpG pro-
tein. ATP binding site is localized in the N-ter-
minal domain of Hsp90. ATP-ase activity of the 
Hsp90 is rather slow, with yeast Hsp90 hydro-
lyzing one molecule of ATP every 1 or 2 min 
(Panaretou et al., 1998. Scheibel et al., 1998) 
and human Hsp90 hydrolyzing one molecule 
of ATP every 20 min (0.04 min–1) (McLaugh-
lin et al., 2002). Complex conformational rear-
rangements of Hsp90 are coupled to the ATP 
binding and hydrolysis. C-terminal dimeriza-
tion is required for efficient ATP hydrolysis in 
Hsp90 (Obermann et al., 1998; Weikl et al., 
2000). Upon ATP binding, involving Asp79 
residue directly interacting with the nucleotide 
(Obermann et al., 1998), a versatile “lid” lo-
calized in the the N-domain of Hsp90 changes 
its position and covers the ATP binding pocket. 
It is followed by the release of the N-terminal 

segment of the N-domain and its binding to the 
N-domain of the second subunit of the dimer, 
stabilizing transient dimerization of the N-do-
mains  (Prodromou et al., 2000; Richter et al., 
2002; 2006). These N-terminal rearrangements 
lead to further conformational changes within 
the Hsp90 dimer leading to a twist in which N- 
and M-domains associate (Richter et al., 2008). 
The association of N- and M-domains aligns 
the catalytic residues from the N- and middle 
domains of the protein, including Glu33 and 
Arg380 together with Glu381  and results in 
ATP hydrolysis (Obermann et al., 1998; Meyer 
et al., 2003). Schematic overwiev of the ATP 
hydrolysis cycle and conformational changes 
coupled is given in Fig. 3. 

Co-chaperones regulate Hsp90 ATp-ase ac-
tivity cycle

For cytosolic Hsp90, ATP hydrolysis in-
volves the recruitment of several co-chaper-
ones, including p23, Aha1, and p50/cdc37, 
that stabilize the structure of Hsp90 dimer 
and regulate different conformational states. 
Aha1 (for Activator of Hsp90 ATP-ase) is the 
sole cochaperone described so far to stimulate 
the ATP-ase activity (Panaretou et al., 2002). 
Aha1 was originally described to interact with 
the M-domain of Hsp90, to stimulate ATP-ase 
activity by stabilizing the structure of Hsp90 
(Lotz, et al., 2003; Meyer et al., 2003; 2004). 
Early studies of interactions between Aha1 and 
Hsp90 were based mostly on single domains 
(Hawle et al., 2006). More recent in vitro stud-

Fig 4. proposed model of the wild-type p53 chaperoning by Hsp90 (Gutkowska et al., 2010, modified).
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ies based on full length yeast proteins suggest 
more elaborate mechanism of interaction in-
volving the interaction of full length Aha1 with 
M and N domains of Hsp90 (Retzlaff et al., 
2010).

Other co-chaperones, namely p23 (Sba1), 
p50 (cdc37), Hop (Sti1) are negative regulators 
of the ATP-ase activity, slowing the hydrolysis 
to enable efficient chaperoning of the substrates 
(Siligardi et al., 2004; Harst et al., 2005). It has 
been demonstrated that Aha1 competes with 
p23, p50 and Hop in Hsp90 binding, whereas 
it can bind simultaneously with cyclophilins 
binding (Harst et al., 2005). This might sug-
gest that chaperoning of the different subsets of 
client proteins require different co-chaperones 
working first of all as specific factors and mod-
ulators of ATP-ase activity.

interactions with client proteins within the 
ATp-ase cycle

Little is known about the interaction with 
client proteins within the ATP-ase cycle of 
Hsp90.  Studies of this subject in living cells are 
very limited, however in immunoprecipitation 
experiments most of the client proteins were 
co-immunoprecipitated with the ATP-bound  
Hsp90. (Gano and Simon, 2010; also Klejman, 
unpublished data). Studies of p53 chaperon-

ing by Hsp90 in reconstituted in vitro system 
demonstrates that, in case of some substrates, 
such as the wild type p53, ATP binding, but 
not hydrolysis is sufficient for dissociation of 
p53 from the Hsp90 complex triggering spon-
taneous refolding of p53 protein (Fig. 4). ATP 
hydrolysis seems to be required for the Hsp90 
recycling only (Gutkowska et al., 2010).

inhibitors of Hsp90 ATp-ase

Bergerat ATP-binding fold of Hsp90 ATP 
binding site  is topologically remote from the 
common ATP kinase binding sites so it is prom-
ising target for the specific inhibition(Dutta and 
Innuye, 2000). Two naturally occurring, potent 
Hsp90 ATP-ase inhibitors were discovered, 
geldanamycin and radicicol (Whitesell et al., 
1994; Sharma et al., 1998; Schute et al., 1998). 
Geldanamycin is a benzoquinone ansamycin 
that was first isolated from Streptomyces hy-
groscopicus (DeBoer et al., 1970), whereas 
radicicol is a  macrocyclic lactone antibiotic, 
has been isolated from the fungus Monospori-
um bonorden over 50 years ago (Delmotte and 
Delmotte-Plaque, 1953). Both substances com-
pete for the binding with adenosine nucleotide 
and inhibit Hsp90 ATP-ase activity (Roe et al., 
1999). It is noteworthy, that neither structurally 
resembles the ATP or ADP (Fig. 5). 

Studies of co-crystal structures of the yeast 
Hsp90 N-terminal domain with geldanamycin 
or  radicicol show that the drugs bind to the 
ATP-pocket with Kd = 1.2 μM and Kd = 19 
nM, respectively, both retaining C-shaped con-
formation similar to ADP  (Roe et al., 1999). 
Reports of human Hsp90 in vitro interactions 
with inhibitors  are very limited. Studies of the 
purified recombinant human Hsp90 using ITC 
(isothermal titration calorimetry) show that the 
radicicol binds to full length human Hsp90 with 
Kd =  0.6 nM and Kd = 3,0 nM for the α and β 
isoform, respectively (Gutkowska, 2008).

Given the fact, that the inhibitors have rela-
tively high affinity to the Hsp90 ATP binding 
site, and specifically target the Hsp90 ATP-
pocket, blocking ATP hydrolysis, a lot of at-
tention has been put into the study of them. 
Geldanamycin itself has been precluded from 
the in vivo studies due to its severe hepatotox-

Fig 5. Structure and binding of Hsp90 inhibitors and 
ADp to the Hsp90 (yanin,  2010, modified)
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icity, associated with the benzoquinone ring, 
relatively metabolic and chemical unstability 
as well as very low solubility in aqueous me-
dia resulting in formulations requiring DMSO 
(for a review: Taldone et al., 2009). Substantial 
effort has been made to modify its structure 
to improve safety, potency and water solubil-
ity, which resulted in synthesis of 17-AAG 
(17-allylamino, 17-demethoxygeldanamycin) 
(Schulte and Neckers, 1998) and, further on 
17_DMAG (17-(Dimethylaminoethylamino)-
17-demethoxygeldanamycin) (Jez et al., 2003). 
Both geldanamycin synthetic analogues are 
currently being tested in clinical trials. 

Hsp90 co-chaperones 

Except for the co-chaperones implied in 
the regulation of the ATP-ase cycle of Hsp90, 
a number of small co-chaperones interact with 
Hsp90 to form an elaborate chaperone machin-
ery and mediate the interactions with client 
proteins and the Hsp70 chaperone system. 

An important group of the Hsp90 co-
chaperones are the TPR proteins binding to 
the MEEVD motif in C-terminal domain of 
Hsp90 and mediating the interactions with 
steroid receptors, including glucocorticoid re-
ceptor. Those proteins known under the com-
mon name of immunophilins, include Cyp40, 
FKBP51/54, FKBP52 and PP5 a serine/threo-
nine protein phosphatase (reviewed in: Pratt 
and Toft, 1997; Ratajczak et al., 2003).

Co-chaperones of Hsp90 include Sgt1, in-
volved in kinetochore assembly, and chaperon-
ing of Polo proteins (Martins et al., 2009) and 
CHORD (cysteine- and histidine-rich domains) 
proteins, such as melusin, involved in signal 
transduction in cardiomyocytes (Sbroggiò et 
al.,  2008) and Chp-1 of yet unknown precise 
function (Branaccio et al., 2003).

Studies of Hsp90 activity in human cells 
suggest that a large number of client proteins 
might be chaperoned in intimate cooperation 
with Hsp70-Hsp40 chaperone system operat-
ing within the so-called chaperone network. 
The interaction is mediated by the Hsp orga-
nizing protein – Hop a co-chaperone of ap-
proximately 60 kDa. In vivo studies on human 
cell lines and in vitro studies of reconstituted 

models in the context of wild type p53 and 
its oncogenic mutant R175S chaperoning by 
the Hsp90 and Hsp70-Hsp40  chaperone ma-
chinery provide strong evidence for the close 
co-operation between those systems (King et 
al, 2001; Walerych et al., 2009). In case of 
the R175S mutant multichaperone complex 
is formed, consisting of Hsp40, Hsp70, Hop, 
Hsp90 chaperones. Geldanamycin renders dis-
sociation of Hsp90, but the rest of the complex 
remains stable (King et al., 2001).

postranslational modifications

Recent development of high throughput 
proteomic techniques enabled to identify nu-
merous postranslational modifications in pro-
teins. (Choudhary et al., 2009; Norris et al., 
2009; Smith et al., 2009).Reversible postrans-
lational modifications, such as  acetylation, 
phosphorylation and ubiquitination seem to be 
a widespread phenomenon, and plays pivotal 
role in regulation of activity and protein-pro-
tein interactions. Hsp90 is no exception. Sev-
eral phosphorylation sites in Hsp90 have been 
identified, including Ser225 and Ser254 of hu-
man Hsp90β important for the AhR complex 
formation in hepatitis B virus life cycle (Ogiso 
et al., 2004) and hyperphosphorylation of ser-
ine and threonine residues has been shown to 
negatively regulate Hsp90 function (Zhao  et 
al., 2001).

The activity of Hsp90 is also regulated by 
the ubiquitinylation. Recent studies demon-
strate poliubiquitinylation of Hsp90 by CHIP 
E3 ligase targeting it to the proteasome for 
degradation. (Blank et al., 2003). Recent in vit-
ro studies enabled to identify 13 ubiquitinated 
lysine residues on Hsp90 including: Lys107, 
Lys 204, Lys 219, Lys 275, Lys 284, Lys 347, 
Lys 399, Lys 477, Lys 481, Lys 538, Lys 550, 
Lys 607, and Lys 623 (Kundrat and Regan, 
2010). 

Reversible acetylation has been impli-
cated as a major regulatory posttranslational 
modification of Hsp90. Hsp90 hyperacetyla-
tion affecting its chaperone activity  has been 
detected in cells treated with various histone 
deacetylase inhibitors (Bali et al., 2005). Re-
cent studies identified HDAC6 as a key Hsp90 
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deacetylase, however studies point at the exis-
tence of more deacetylases responsible for the 
regulation of Hsp90 status  (Bali  et al., 2005; 
Kovacs et al., 2005; Murphy et al., 2005). To-
gether seven lysine residues were identified as 
actual acetylation sites in human Hsp90α Lys 
69, Lys100, Lys292, Lys327, Lys478, Lys546, 
and Lys558 (Yang et al., 2008). Previous stud-
ies demonstrated also that Lys294 in Hsp90α 
(Lys287 in Hsp90β) is important for the main-
tenance of Hsp90 interactions with client pro-
teins, including mutant p53, receptor tyrosine 
kinase ErbB2, and androgen receptor (AR) as 
well as the co-chaperones p23 and p50 (Scrog-
gins et al., 2007).

Very recently, nitrozylation of the Hsp90 
was demonstarted to be required for dimeriza-
tion of the C domains and therefore for the 
regulation of Hsp90 activity (Retzlaff et al., 
2009).

HSp90 in CAnCer...

Hsp 90 is often referred to as the cancer 
chaperone (Whitesell and Lindquist, 2005, 
Neckers, 2007). The essential role of Hsp90 in 
malignant transformation was described for the 
first time is an example of  chaperoning of on-
cogenic mutants of V-Src kinase (Whitesell et 
al., 1994). Among the client proteins of Hsp90 
are numerous mutated kinases clients, of an 
exaggerated conformational instability – the 
list of kinases include  Cdk4 (Stepanowa et al., 
1994), Akt (Sato et al., 2000), Raf-1 (Schulte 
et al., 1995). Hsp90 binds stably to the mu-
tated tumor suppressor protein p53 being a 
very common genetic defect found in cancers. 
Mutations in the p53 gene often result in the 
expression of a protein with an altered con-
formation and impaired cell-cycle-checkpoint 
activity. p53 mutants exert high affinity to the 
chaperone machinery that prevent their deg-
radation, subsequentely accumulating within 
the tumor cells. Mutated p53 does not function 
as a tumor suppressor but interferes with the 
anti-oncogenic function of wild type protein, 
exerting a dominant negative effect – as a re-
sult apoptosis in tumor cells is blocked, and 
in some instances transactivation of the tumor 
promoting genes is triggered (Sepehrnia et al., 

1996; Blagosklonny et al., 1996;  Walerych et 
al., 2004;  Muller et al., 2004).  Despite its role 
in suppressing the apoptosis and chaperoning 
of the malignant tumor kinases, Hsp90 is also 
implicated to function in other aspect of onco-
genesis, namely the activation of extracellular 
matrix metalloproteinases, therefore playing 
important role in cancer metastasis and inva-
sion (Eustace et al., 2004).

 
... AnD DiSeASe

There is accumulating evidence underlin-
ing the importance of Hsp90 for the progress 
of various diseases including numerous viral 
infections. Hsp90 is involved in folding and 
stabilization of NS3 protein of hepatitis C virus 
(Ujino et al., 2009) and, together with FKBP8 
co-chaperone in replication of HCV RNA via 
interaction with viral protein NS5A (Oka-
moto et al., 2006). The inhibition of Hsp90 
with geldanamycin or disrupting the interac-
tion between FKBP8 and NS5A inhibits viral 
replication (Nakagawa et al., 2007; Okamoto 
et al., 2008) suggesting that the Hsp90 and its 
co-chaperone machinery might be a potential 
target in therapy of the HCV infections. Hsp90 
has also been described as an importan factor 
in the maintenance of appopriate activity by 
the  reverse transcriptase of hepatitis B virus 
(Hu et al., 2004).

Hsp90 chaperone is also implicated in cys-
tic fibrosis transmembrane conductance regula-
tor (CFTR) folding. Downregulation of Hsp90 
ATP-ase activity by Aha1 partial knockdown  
has been demonstrated to rescue misfolding 
of the CFTR carrying ∆F508 mutation and 
contribute to the maintenance of proteostasis 
(Wang et al., 2006; Koulov et al., 2010). 

HSp90 inHibiTorS in CliniCAl Tri-
als 

The proposed mechanism of inhibitor action 
is realtively simple, but has a major impact on 
cell metabolism. Partially folded mutant pro-
teins are bound by the Hsp90, those proteins 
include various oncogens. Mechanism of in-
hibitors action involves dissociation of Hsp90 
from the complex with proteins, and therefore 
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abolishes proper folding of those proteins, tar-
geting them for degradation (Yanin, 2010).

Given the important role of Hsp90 in vari-
ous malignancies and disease, it is not surpris-
ing that the Hsp90 inhibitors focus attention, 
not only as potential potent anti cancer agents. 

Since the discovery of inhibition of Hsp90 
by the geldanamycin (Whitesell et al., 1994), 
Hsp90 attracted great attention as a potential 
target in cancer therapy. Intensive research has 
been conducted in the field of Hsp90 inhibi-
tors, leading to the discovery of other naturally 
occurring inhibitors such as radicicol (Sharma 
et al., 1998; Schute et al., 1998) as well as the 
invention of new inhibitors based on the struc-
tural studies. Although there are numerous in-
hibitors described, and so far the list includes 
over 100 compounds (reviewed in: Yanin, 
2010), the first in class drug is without any 
doubt 17-AAG (17-allylamino-17-demethoxy-
geldanamycin) known as a tanespimycin, and 
its modified version. 17-AAG entered the clini-
cal trials in 1999, and as of the late 2009, 40 
clinical trials were completed and 23 are still 
undergoing with some entering phase II and 
phase III. Currently conducted clinical trials 
include monotherapy and combination therapy 
with 17-AAG (reviewed in: Kim at al., 2009). 
Also purine and 4,5-diaryisoxazole resorcinol 
inhibitors whose interaction is based on that 
of radicicol, are tested in phase I clinical trials 
(Prodromou, 2009).

Although there are some promising re-
sults, and some of the therapies are advanced 
in the last phases of clinical research, most of 
the clinical trials were abandoned or finished 
due to observed high cytotoxic unspecific ef-
fects (Yanin, 2010). A major drawback of the 
geldanamycin and its derivative 17-AAG is 
very low water solubility, rendering adminis-
tration of the drug at appropriate concentra-
tions very difficult. Therefore, drugs of modi-
fied structure increasing water solubility are 
tested such as 17-DMAG. Resistance to some 
ansamycin drugs, was reported in some cell 
lines, suggesting that the  tumor tissue might 
develop the resistance during the therapy. Qui-
none-featuring ansamycins are subjected to a 
reductive activation by a NAD(P)H/ quinone 
oxidoreductase (NQO1) (for review see: 
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Ross, 2004) The mechanism of resistance 
is related to the NQO1 oxidoredyctase repres-
sion (Gaspar et al., 2009). Moreover, increased 
toxicity of some ansamycins described in he-
patic cells, has been also attributed  to this ef-
fect (Lang et al., 2007).

Yet, another alternative strategy targeting 
Hsp90 activity has been recently proposed. 
Studies of the ATP-ase cycle and co-chaperones 
activity contributed to the better understanding 
of the regulatory role of co-chaperones such as 
Aha1 and p50/cdc37 in Hsp90 chaperone ac-
tivity. p50/cdc37 is a co-chaperone associated 
predominantly with kinase-clients of Hsp90, 
including kinases promoting malignant trans-
formation. siRNA-mediated knockdown of 
p50 triggered proteasomal degradation of cli-
ent proteins and inhibited the proliferation of 
cancer cells (Smith et al., 2008; Smith and 
Workman, 2009). Downregulation of Aha1 in 
turn, has been described as a factor helping to 
overcome misfolding of the mutated CFTR in 
cystic fibrosis (Wang et al., 2006; Koulov et 
al., 2010).

Promising results of the in vivo studies of 
co-chaperone knockdown prompted research-
ers to seek for the therapeutic targets among 
the Hsp90 co-chaperones. The major advan-
tage of such an approach is the possibility of 
controlling Hsp90 activity in the malignancy 
without interfering with the houskeeping func-
tions of Hsp90. 

SCope oF THe THeSiS

This thesis presents studies on the human 
Hsp90 molecular chaperone. The aim was to 
contribute to the better understanding of the 
regulation of Hsp90 activity. 

This thesis focuses on the interactions of 
Hsp90 molecular chaperone with small co-
chaperone Aha1, and their impact of the Hsp90 
activity both in the living cells and in vitro. 
Studies of  the Hsp90 mutants with increased 
affinity to Aha1 revealed a novel mechanism of 
the inhibitor resistance of Hsp90 in vivo related 
to the increased ATP-ase turnover in vitro. The 
results are described in Chapter 1, with some 
additional data, regarding the interactions of 
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Mutations that increase Hsp90 ATPase activity in vitro 
result in resistance to Hsp90 inhibitors in vivo. 

AbSTrACT

Hsp90 inhibitors are currently tested in clinical trials as anticancer agents. We investi-
gated whether inhibitor resistance may arise as a result of a point mutation in Hsp90. We 
used yeast cells that expressed human Hsp90β to select inhibitor-resistant mutants from the 
randomly mutagenized library. Single amino acid substitution, i123T, in a selected mutant 
was sufficient to confer inhibitor resistance. Transfection of human cells with the HSp90β 
i123T and the corresponding HSp90α i128T yielded cell lines resistant to inhibitors of the 
Hsp90 ATpase. unexpectedly, mutations did not result in diminished inhibitor binding in 
vitro. Similarly resistant cells were obtained after transfection with previously described 
A116n and T31i mutants of HSp90β that cause increase in ATpase activity in vitro. in-
hibitor-resistant phenotypes of the i123T and A116n mutants depended on their increased 
affinity for Aha1, whereas T31i mutation did not result in increased Aha1 binding. These 
results show possible scenario by which resistance may arise in patients treated with Hsp90 
inhibitors. Additionally, our results show that each isoform of Hsp90 can alone sustain cel-
lular functions. 

Abbreviations: 17-AAG, 17-(Allylamino)-17-demethoxygeldanamycin; Hsp90, heat shock 
protein 90; yHsp90, S.cerevisiae Hsp90; hHsp90, human Hsp90; RNAi, interfering RNA; ITC, 
isothermal titration calorimetry

Keywords: Hsp90; geldanamycin; 17-AAG; radicicol; inhibitor; Aha1; ATPase

inTroDuCTion

Heat shock protein 90 (Hsp90) is a highly 
conserved molecular chaperone essential for 
the viability of eukaryotic cells (for review 
see: Wandinger et al, 2008; Pearl et al.,2008). 
Hsp90 machinery is required for proper con-
formation, activation and function of hundreds 
of client proteins involved in virtually all cel-
lular processes. 

Human genome contains two genes that en-
code highly homologous cytoplasmic isoforms 
of Hsp90, α and β (hHsp90α, hHsp90β). These 
isoforms exist in a cytoplasm as homodim-
ers. To date, only few examples of substrates 

specifically regulated by one of the Hsp90 
isoforms exist in literature, such as hHsp90β-
dependent regulation of cell differentiation by 
c-IAP1 and progesterone receptor maturation 
by GCUNC-45 (Chadli et al.,2008; Didelot et 
al.,2008) hHsp90α, but not hHsp90β, chap-
erones proteolytic intermediates in the MHC 
Class I antigen processing pathway (Kunisawa 
et al.,2006).An enhanced interaction of the 
hHsp90α with various substrates during heat 
shock was also reported (Taherian et al.,2008). 
Little is known about effects of deletion or in-
activation of one of the cytoplasmic hHsp90 
isoforms. Disruption of both alleles of HSP90β 
does not seem to be detrimental for viability 
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of chicken DT40 cells (Shinozaki et al.,2006). 
However, HSP90β knockout in mice resulted 
in lethality in embryonic development indi-
cating necessity of this protein for the proper 
formation of placental labyrinth (Voss et 
al.,2000). There are no data on the effects of 
Hsp90α inactivation other than results of short-
term cultures made with isoform-specific small 
interfering RNA (siRNA). In particular, mouse 
HSP90α knock-out was never reported, prob-
ably due to the fact that oocytes express almost 
exclusively this isoform (Metchat et al.,2009).

Hsp90 ATPase activity is essential for its 
chaperoning action (reviewed in Wandinger 
et al.,2008). The most notable structural rear-
rangement in the N-terminal domain that oc-
curs upon ATP binding is movement and re-
modeling of the structure known as the “lid” 
consisting of amino acids 94-125 in yeast 
yHsp90 (103-135 in hHsp90β) (Prodromou et 
al.,2000). This change leads to N-domains di-
merization, structure compaction and ATPase 
activation. These changes are believed to be di-
rectly responsible for the maintenance of com-
petent state of substrates. Several cochaperones 
were shown to interact with Hsp90 depending 
on its ATP-binding status and modulate its 
ATPase activity. Sba1/p23 interacts with the 
ATP-bound N-domain of Hsp90 and stabilizes 
compacted conformation, thus inhibiting AT-
Pase activity (Richter et al.,2004;  McLaugh-
lin et al.,2006). In contrast to p23, Aha1 is the 
only co-chaperone that upon binding to Hsp90 
stimulates ATPase activity by rearrangement of 
the active site (Lotz et al.,2003; Panaretou et 
al.,2002; Meyer et al.,2004).

 Two natural compounds, radicicol and 
geldanamycin, and their chemically modi-
fied analogues such as 17-(Allylamino)-17-
demethoxygeldanamycin (17-AAG) were iden-
tified as inhibitors of the Hsp90 that compete 
with ATP for the binding site in the N-terminal 
domain (Smith et al.,1995; Sharma et al.,1998; 
Schulte et al.,1998; Roe et al.,1999). Hsp90 
has become an attractive target for anticancer 
therapy, due to its general function in main-
taining various pathways perturbed in cancer 
progression, such as growth signaling, apop-
tosis, angiogenesis and metastasis (for review 
see Neckers, 2007). ATP competing inhibitors 

Fig. 1. Growth of yeast and human cells that express 
different mutants of hHsp90 on media supplemented 
with Hsp90 inhibitors. 
(A) yeast strains that express indicated forms of hHsp90 
and C. elegans daf-21 as a sole source of this protein were 
grown on YPD with different concentrations of radicicol 
for 4 days. Growth was measured on 96-well plates as 
OD600. Plot presents representative results of one of the 
three independent experiments. (B) Growth of HEK293 
cells transfected with indicated mutants of hHSP90 cul-
tured on media with 1μM 17-AAG was measured using 
luciferase-based assay. Results were plotted in arbitrary lu-
minometric units. (C) Growth of HEK293 cells transfected 
with indicated mutants of hHSP90 in 17-AAG was mea-
sured as in (B).  Results in (B) and (C) represent mean and 
SD values from three independent experiments

are currently tested in clinical trials (Pearl et 
al.,2008). 
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Fig. 2. expression of the hHsp90α i128T and hHsp90β 
i123T mutants in HeK293 cells. (A) Exogenous Flag-
HA-tagged hHsp90 was detected with anti-HA antibody 
in protein extracts from the cells before and after selection 
with 1μM 17-AAG . (B) Cells transfected with hHsp90β 
I123T and selected on 1μM 17-AAG were grown on 
media with increased concentrations of 1μM 17-AAG. 
Anti-Hsp90 was used to detect exogenous, tagged 
hHsp90β I123T (upper band) and endogenous hHsp90β 
(lower band). Lane C represents transfected cells before 
17-AAG selection.

Here we present novel hHsp90 mutants 
that render human and yeast cells resistant to 
Hsp90 inhibitors. We show that the resistance 
depends on the increased ATPase turnover due 
to enhanced interaction with Aha1. 

reSulTS

Selection of the radicicol-resistant Hsp90 
mutants

We used an error-prone Taq polymerase 
to introduce random mutations into hHSP90β 
coding sequence. Amplification yielded a 
population of hHSP90β alleles containing a 
single nucleotide substitution every 50-60bp. 
We created a library of these PCR products in 
a yeast vector under the promoter of the glyc-
eraldehyde-3-phosphate dehydrogenase gene. 
To select for the radicicol-resistant mutants, 

Fig. 3. Mutant and wild-type Hsp90 bind geldanamy-
cin with similar affinity. 
Geldanamycin immobilized on agarose beads was used to 
pull-down purified wild-type hHsp90α, hHsp90α I128T or 
C. elegans daf-21.

we transformed the library into a yeast strain 
which carried the deletion of yHSC82 and yH-
SP82 genes and a plasmid with hHSP90β gene. 
One of these transformants was able to grow 
in liquid YPD medium in the presence of 5µM 
radicicol. Plasmid isolated from radicicol resis-
tant yeast carried hHSP90β gene that contained 
multiple single amino acid substitutions (Sup-
pl. Fig. 1). To find the mutations responsible 
for the radicicol-resistant phenotype, we intro-
duced these mutations separately in the human 
hHSP90β ORF cloned in a yeast expression 
vector. Tests of the resulting plasmids dem-
onstrated that substitution of the single amino 
acid, I123T, is sufficient to confer the radicicol 
resistant phenotype on yeast, whereas growth 
of the control strain transformed with plasmid 
that carried wild type hHSP90β was complete-
ly inhibited, despite similar expression level of 
both proteins (Suppl. Figure 2A). It was shown 
previously that yeast cells expressing daf-21, 
the C.elegans homolog of Hsp90, were able to 
grow in the presence of the Hsp90 inhibitors 
(Piper et al.,2003). Yeast that expressed I123T 
mutant of hHsp90β or hHSP90α I128T mutant 
that corresponds to I123T in hHsp90β demon-
strated equal or greater resistance to radicicol 
when compared to daf-21 (Fig. 1A). Similar 
results were obtained for geldanamycin and 
17-AAG, however, due to the low sensitivity 
of yeast to these drugs the effect was less pro-
nounced (Suppl. Figure 3).

Selection and growth of the inhibitor-resis-
tant human cells

Transfection of the HEK293 cells with plas-
mids containing hHSP90α I128T and hHSP90β 
I123T mutants, followed by selection with 17-
AAG allowed us to establish cell lines that were 
able to grow continuously in media supple-
mented with 1µM 17-AAG. Similarly treated 
cells transfected with plasmids carrying wild-
type hHSP90 genes or plasmid pcDNA3.1 did 
not acquire inhibitor resistance and died after 
8 – 10 days of culture (Fig. 1B and Suppl. Fig. 
4A). This transformation and selection process 
was repeated 9 times at different occasions, 
always resulting in resistance after transfor-
mation with mutants, whereas transformation 
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with wild type Hsp90’s never yielded 17-AAG 
resistant cells. Growth rate of the cells resistant 
to 17-AAG cultured in a presence of this inhib-
itor and cells transfected with control plasmid 
grown without inhibitor were nearly identical, 
indicating that either isoform of hHsp90 is able 
to perform all chaperone functions essential for 
growth of HEK293 cells (Suppl. Fig. 4B). The 
IC50 of the hHSP90β I123T and  hHSP90α 

Fig. 4. isothermal titration calorimetry of wild-type and i128T mutant of Hsp90α with 17-AAG, radicicol, and 
aha1. 
All experiments were performed at 25ºC. Errors shown in the table are standard deviations or uncertainties of the fit of 
the data, whichever is greater. (A) ITC curve of 17-AAG (∆) or radicicol (■) binding to wild-type Hsp90α. (B) ITC curve 
of 17-AAG (∆) or radicicol (■) binding to mutant Hsp90αI128T. (C) ITC curves of Aha1 binding to wild-type Hsp90α in 
the absence (■) or presence (∆) of 20 µM 17-AAG. (D) ITC curves of Aha1 binding to I128T mutant in the absence (■) 
or presence (∆) of 20 µM 17-AAG.

I128T transfectants was in 5 µM, compared to 
0.5 µM for the cells transfected with wild type 
hHsp90 α and β (Fig. 1C). We observed simi-
lar difference in resistance of the mutated and 
wild type transfectants to other inhibitors of 
Hsp90 – 17-DMAG and radicicol (Suppl. Fig. 
5). Expression of the exogenous wild type and 
mutant hHsp90 after transfection was similar 
(Suppl. Fig.2B). We observed moderate and 
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Table 1. Dissociation constant of 17-AAG, radicicol 
and Aha1 binding to wild type Hsp90α and i128T mu-
tant, obtained by isothermal titration calorimetry.

sometimes dramatic increase in the expression 
of exogenous Hsp90 after exposure to 17-AAG 
depending on the initial transfection efficiency 
and whether transfectants were pre-selected for 
the G418 resistance (Fig 2a, Suppl. Fig.2B). 
This, together with substantial cell death 3-8 
days after beginning of selection, suggests that 
during selection on 1µM 17-AAG only cells 
with highest expression of the mutated Hsp90 
proteins survived. The exogenous Hsp90 in 
cells after selection reached levels equal to or 
higher than that of the endogenous protein (Fig. 
2B, Suppl. Fig 2B). Further increase of the 17-
AAG concentration did not result in additional 
increase in the Hsp90 mutant production (Fig. 
2B). This observation shows that cells do not 
benefit from increasing of the Hsp90 synthesis 
beyond level sufficient to acquire initial resis-
tance to inhibitor. 

inhibitor-resistant mutants bind 17-AAG 
and radicicol

We hypothesized that decreased affinity for 
radicicol and geldanamycin might be respon-
sible for resistance to inhibition of the Hsp90 
mutants. Therefore we tested binding of the 
wild-type hHsp90α and hHsp90α I128T to 
geldanamycin immobilized on agarose beads. 
We compared these proteins with daf-21, C. 
elegans homolog of Hsp90, that does not bind 
geldanamycin (David et al.,2003). We did 
not detect any daf-21 binding, whereas both 
hHSP90α proteins demonstrated similar inter-
action with geldanamycin (Fig. 3). 

Fig. 5. Hsp90 mutants in the “lid” structure interact 
strongly with Aha1. (A-B) HEK293 cells transfected with 
Flag-HA-tagged mutant and wild-type forms of hHsp90 
were cultured for 24 hours before immunoprecipitation 
with or without 1µM 17-AAG. hHsp90. Flag-HA-hHsp90 
was precipitated using anti-FLAG antibodies immobilized 
on agarose beads. Aha1 and hHsp90 eluted from beads 
were detected with anti-Aha1 and anti-HA antibodies re-
spectively.

We have used hHsp90alpha I128T, but not 
hHsp90beta I123T, mutant in all in vitro expre-
riments since the expression of the latter in E. 
coli was very poor. 

We also measured the binding of 17-AAG 
and radicicol to wild-type and I128T mutant of 
hHsp90α by isothermal titration calorimetry 
(ITC). Titration curves are shown in Figure 4 
A-B and the values of dissociation constant 
(Kd) are listed in Table 1. Wild-type protein 
showed a slightly stronger binding of 17-AAG 
(Kd ~ 0.3 µM) compared to I128T mutant (Kd 
~ 1.0 µM). However, there was no detectable 
difference in radicicol binding to wild type and 
mutant protein (Kd ~0.5 nm for both proteins). 
It is unlikely that small difference in 17-AAG 
binding between two proteins contributes sub-
stantially to the inhibitor-resistant phenotype 
of the mutants.

17-AAG resistant alleles of Hsp90 have in-
creased affinity for Aha1

A pull-down assay of the Hsp90 mutants 
with immobilized geldanamycin and calori-
metric measurements excluded decreased in-
hibitor binding as a likely explanation of their 
resistance to inhibition. In a search for an al-
ternative explanation, we used coimmunopre-
cipitation to compare binding of cochaperones 
to the wild-type and mutated hHsp90. Results 
presented on Fig. 5a demonstrate that hHsp90α 
I128T and hHsp90β I123T mutants bind Aha1 
protein much stronger than wild-type hHsp90α 
or hHsp90β. This suggests that stimulation of 
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Fig. 6. inhibitor-resistance of i123T and A116n mutants depends on Aha1. 
Cells that expressed indicated mutants of Hsp90β were transfected with Aha1-specific siRNA (Aha1 RNAi) and non-
specific siRNA (NS RNAi). (A) expression of Aha1 in cells transfected with control and Aha1-specific siRNA 48h after 
transfection. (B) growth curves of transfectants cultured with and without 1µM 17-AAG. Growth curves were plotted in 
arbitrary luminometric units. Error bars represent standard deviation calculated from 3 independent experiments.
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fig. 7. Computational modeling of the 
v114T mutation in the yHsp82 struc-
ture. (A) 
in a model based on the complex of 
HSP90 N-domain with ADP loop con-
taining V114T (residues 97-121 in 
green) is ordered (contains α-helix). (B) 
binding of ATP causes large movement 
of 97-121 loop (in green) and this loop 
stays disordered. The catalytic loop 377-
381 (orange) protrudes to the space oc-
cupied previously by loop 97-121.

ATPase activity of the mutants by Aha1 bind-
ing most likely resulted in a decreased sensi-
tivity to competitive inhibitors of the Hsp90 
ATPase such as radicicol and 17-AAG in vivo. 
We noticed also that both wild-type and mu-
tant hHsp90α had higher affinity for Aha1 than 
hHsp90β. 

We also studied the interaction of Aha1 with 
the wild-type and mutant form of hHsp90α  by 
ITC in the absence or presence of 17-AAG. 
The ITC curves showed a striking difference 
in Aha1 binding to the wild-type hHsp90 (Fig. 
4C) and I128T mutant (Fig. 4D). Wild-type 
protein bound Aha1 with the Kd of ~3 µM, 
while the Kd obtained for mutant protein was 
~0.02 µM (Table 1), showing more than 100 
times higher affinity of Aha1 for Hsp90 mutant 
compared to wild-type. The presence or ab-
sence of 17-AAG had essentially no effect on 
Aha1 binding to hHsp90 proteins (Fig. 4C-D).

Stimulation of the ATpase activity results in 
the inhibitor-resistance of hHsp90

Two mutations that increased ATPase ac-
tivity of the yHsp82, T22I and A107N (T31I 
and A116N in the hHsp90β sequence, respec-
tively), were reported before (Prodromou et 
a., 2000). Transfection of HEK293 cells with 
plasmids carrying T31I or A116N mutants 
yielded cells that grew in a presence of 1µM 
17-AAG with IC50 values similar or great-
er to IC50 for hHsp90β I123T and hHsp90α 
I128T transfectants (Fig. 1C). Results of the 
co-immunoprecipitation presented on Fig. 5B 
demonstrate that A116N mutation caused the 
increased affinity for Aha1. In contrast, T31I 
mutation located on the opposite surface of the 
Hsp90 N-terminal domain did not cause the in-
crease in Aha1 binding. These results point at 

the importance of the “lid” structure, contain-
ing amino acids 116 and 123, for the interac-
tion with Aha1. When we transfected cells with 
anti-Aha1 siRNA, we observed marked de-
crease in Aha1 expression up to 48 hours after 
transfection. Decreased level of Aha1 expres-
sion in the A116N and I123T transfectants re-
sulted in slower growth that was not worsened 
further by the addition of 17-AAG (Fig. 6). We 
noticed similar effect of Aha1 silencing in the 
cells transfected with the wild-type hHsp90β. 
However, cells carrying mutation T31I were 
less sensitive to the decreased expression of 
Aha1. These results underscore the differences 
between “Aha1-dependent” A116N and I123T 
mutants and “Aha1-independent” T31I mutant. 
The A116N mutation was previously predicted 
to stabilize closed “lid” conformation by inter-
action of the aspartate with residues within the 
N-terminal domain (Prodromou et a., 2000). 
We have used molecular modeling to explain 
augmented Aha1 binding by I123T mutant. 
Based on our model, we predicted that a closed 
conformation of the I123T mutant (corre-
sponding to V114T in yHsp82) is stabilized by 
interaction of threonine114 with arginine 346 
located in the middle domain (R366 and R358 
in hHsp90 α and β respectively). On the other 
hand, such mutation destabilizes hydrophobic 
interactions of V114 with the loop 22-26 in the 
open conformation of the lid (Fig. 7A-B). 

ATpase activity of the HSp90α inhibitor-
resistant mutant is strongly stimulated by 
Aha1 in vitro.

We measured ATPase activity of the puri-
fied wild-type and I128T mutant of hHsp90α. 
Both proteins demonstrated similar ATPase 
activity in the absence of Aha1 (Fig. 8). How-
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Fig. 8. Stimulation of the ATpase activity of hHsp90α 
and hHsp90α i128T with Aha1. 
Constant amount of the purified hHsp90 was mixed with 
Aha1 at different molar ratios and incubated for 30 min at 
20ºC. After that time, the reaction was initiated by addi-
tion of ATP-γ P33. Error bars represent standard deviation 
calculated from 3 independent experiments.

ever, upon addition of Aha1, the rate of ATP 
hydrolysis by the hHsp90α I128T increased at 
lower Aha1 concentration. At equimolar con-
centration of Aha1 ATPase activity of hHsp90α 
I128T mutant was 3-fold higher compared to 
wild-type hHsp90α. 

DiSCuSSion

Yeast was previously used as a model sys-
tem to assay properties of different Hsp90 pro-
teins (Piper et al.,2003; MacLean et al.,2005). 
We used this system to select for the hHsp90 
inhibitor-resistant mutants from a library 
of plasmids with randomly mutagenized 
hHSP90β genes. We identified mutation I123T 
that is sufficient for the inhibitor-resistance in 
yeasts. This mutation is localized in a highly 
conserved region of the N-terminal domain, 
known as the “lid” (Prodromou et al.,2000). 
Mutants hHsp90α I128T and hHsp90β I123T 
introduced into HEK293 human cells allowed 
us to select cell lines that were 17-AAG re-
sistant, whereas  introduction of the wild type 
alleles into the cells, therefore increasing the 
wild type protein level, does not protect the 
HEK293 cells against the inhibitors. Our ex-
periments provide for the first time evidence 
that point mutations in Hsp90 may induce re-
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sistance to 17-AAG in human cells. Hsp90 is 
a potential attractive target for an anti-cancer 
therapy and the ATPase inhibitors attract a 
lot of attention (Neckers, 2007; Jayanthan et 
al.,2008; Barginear et al.,2008).Selection of 
the cells that acquired resistance to inhibitors 
of oncogenic kinases is a well known problem 
in therapy (Shah and Sawyers,2003; Engelman 
and Jänne,2008; Antonescu et al.,2005). Our 
results indicate that similar process may lead 
to mutational alterations of Hsp90 resulting in 
acquired resistance to ATPase inhibitors. So 
far no mutations in genes encoding Hsp90 in 
human cells were identified that would alter 
Hsp90 activity. However, predicted wide use 
of Hsp90 inhibitors as anti-cancer drugs may 
favor selection of such mutations. Such scenar-
io is further supported by our results indicating 
that inhibitor tolerance could be in principle 
induced by whole class of mutations increas-
ing ATPase activity, irrespectively of the exact 
localization of these mutations in HSP90 pro-
tein.

Decreased expression or activity of NQO1 
oxidoreductase was reported previously as a 
mechanism of the acquired resistance for 17-
AAG and 17-DMAG (Guo et al.,2005). The 
involvement of other oxidoreductases was also 
postulated (Douglas et al.,2008). To exclude 
that inhibitor resistance of our cells depends 
on the oxidoreductase activity we tested them 
for resistance for radicicol. Unlike 17-AAG 
and 17-DMAG, toxicity of radicicol does not 
depend on the reduction to hydroquinone. Re-
sistance of our cell lines to radicicol proved 
that this phenotype was not NQO1 dependent. 
We observed inhibitor resistance only in cul-
tures transfected with mutated hHsp90s and 
never in cultures transfected with the wild type 
hHsp90s. Therefore we concluded that these 
mutations are sufficient to cause resistance and 
no mutations or changes in expression of other 
genes are involved.

One naturally occurring geldanamycin-re-
sistant Hsp90 homologue, C. elegans daf-21, 
was previously described and it was shown that 
this protein was unable to bind geldanamycin 
(David et al.,2003). Amino acids changed in 
the inhibitor-resistant human Hsp90s are con-
served in daf-21, indicating that the mechanism 



of their resistance may not involve decreased 
affinity to geldanamycin. In pull-down in vit-
ro experiments I128T mutant and wild-type 
hHsp90α bound geldanamycin equally well. 
Moreover, ITC measurements of 17-AAG and 
radicicol binding also did not show dramatic 
changes in the affinity of hHsp90α I128T for 
the inhibitor. Relatively small, 3-fold increase 
in Kd of the I128T mutant may contribute to 
the resistance phenotype, but it is unlikely to 
explain more than 10-fold increase in the resis-
tance observed in vivo.

Binding of Aha1 to both hHsp90β I123T 
and hHsp90α I128T was dramatically in-
creased. We found that hHsp90β A116N mu-
tation, previously reported to increase ATPase 
activity in vitro, also resulted in an increased 
affinity for Aha1 in vivo. Unambiguous results 
were obtained from ITC assays, which showed 
that I128T mutation increased the affinity of 
hHsp90α for Aha1 over 100 times.

Results of the ATPase activity assays re-
flected increased Aha1 binding to hHsp90α 
I128T mutant compared to wild-type. Both 
proteins hydrolyzed ATP at a similar rate when 
Aha1 was not present. However, upon addition 
of Aha1 ATPase activity of the I128T mutant 
increased at lower Aha1 concentrations and 
reached higher maximal level. Our findings 
that a strong Aha1 binding by hHsp90 may 
protect it from ATPase inhibitors complement 
earlier report that decreased Aha1 expression 
causes hyper sensitivity to 17-AAG (Holmes 
et al.,2008). Our results suggest that changes in 
Aha1 expression level may affect effectiveness 
of the Hsp90 ATPase inhibitors in treatment of 
particular tumors.

Aha1 was reported as a cochaperone that 
binds to the middle domain of Hsp90 and 
stimulates ATPase activity by moving arginine 
380 (yHsp82) closer to the catalytic site (Lotz 
et al.,2003; Meyer et al.,2004). However, af-
finity of Aha1 for the full-length Hsp90 is 
almost 6 times higher than for the middle do-
main, suggesting that interaction involves also 
N-terminal or C-terminal domain of Hsp90 
(Meyer et al.,2004). Our results provide for 
the first time evidence that sequences located 
in the N-terminal part of hHsp90β, in particu-
lar amino acids 116 and 123, are important for 

the Aha1-Hsp90 interaction. These residues lie 
within the “lid” structure (amino acids 108-139 
in hHsp90α and 103-134 in hHsp90β), which 
is predicted to undergo structural remodeling 
upon ATP binding and hydrolysis (Prodromou 
et al.,2000). According to our model T123 
(T128) may stabilize “lid” in a closed confor-
mation by interaction with R358 (R366) in the 
middle domain. This interaction may increase 
stability of the Hsp90-Aha1 complex by pro-
moting conformational change that naturally 
occurs upon Aha1 binding. Isoleucine 123 is 
involved in Hsp90- p23 complex formation 
and mutation of this residue could affect func-
tion of p23 (Ali et al.,2006). However, we did 
not see obvious negative influence of the I123T 
mutation on the growth of the cells that could 
be attributed to the decreased p23-Hsp90 affin-
ity. Moreover, I123T mutation did not affect 
p23 binding to Hsp90 in the coimmunoprecipi-
tation experiment (result not shown). Therefore 
we concluded that the effect of I123T substitu-
tion is most likely restricted to Hsp90-Aha1 
interaction.

To test whether an increased ATPase ac-
tivity is sufficient for the inhibitor-resistance 
we studied properties of two mutations that in 
yHsp90 constitutively increased rate of ATP 
hydrolysis in vitro (Prodromou et al.,2000). 
These mutants carried T22I and A107N sub-
stitutions. Transfections of the human cells 
with corresponding hHsp90β mutants (T31I 
and A116N) yielded cells that grew continu-
ously on 17-AAG but only A116N mutation 
increased Hsp90-Aha1 binding, whereas T31I 
mutant demonstrated wild-type affinity for 
Aha1. Similar 17-AAG growth phenotypes of 
A116N and T31I mutants despite differences 
in their ability to bind Aha1 support conclusion 
that high ATPase activity and not cochaperone 
binding is crucial for the inhibitor resistance. 
These observations, together with results of 
the geldanamycin-binding assay, strongly sug-
gest that increased rate of ATP hydrolysis is 
sufficient for the cells to acquire resistance to 
the whole class of the ATPase competitive in-
hibitors, even if affinity of these inhibitors to 
ATP-binding site is not diminished. Our results 
complement also previous report that located 
in the lid segment yHsp90 T101I mutation, that 
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causes severe decrease of the ATPase activity 
and decreased expression of Aha1, results in the 
radicicol and geldanamycin sensitive pheno-
type (Piper et al.,2003; Holmes et al.,2008)..

It was shown before that the other Hsp90 
cochaperone, HOP/Sti1, contributes to the in-
hibitor resistance in yeast (Piper et al.,2003) 
most likely due to the decreased binding affin-
ity of inhibitor to Hsp90-Sti1 complex, com-
pared to Hsp90 alone (Prodromou et al.,1999). 
Recently published results proved that Sba1/
p23 has also protective effect against inhibitors 
of Hsp90 (Forofanov et al.,2008). Sba1 binds 
to the N-terminal domain of Hsp90 and de-
creases rate of ATP hydrolysis, resulting in the 
stabilization of the ATP-bound form of Hsp90 
(McLaughlin et al.,2006). An interaction of 
Sba1 with Hsp90 also decreases Hsp90 affinity 
for ATPase inhibitors  (Forofanov et al.,2008). 
Therefore, Aha1, Sti1 and Sba1 binding to 
Hsp90 can reverse effects of Hsp90 inhibitors, 
but the mechanism of action of each cochaper-
one is different.

In the cells transfected with hHsp90α I128T 
or hHsp90β I123T only these proteins remain 
active when activity of the endogenous Hsp90α 
and β is blocked by 17-AAG present in the me-
dium. In all respects, most of the Hsp90 chap-
eroning activity in these cells is provided by 
sole isoform of Hsp90. Therefore, our results 
proved that neither hHsp90 isoform is essen-
tial for the viability of HEK293 cells, even in 
cultures lasting for several weeks. Coenorhab-
ditis and Drosophila genomes that contain only 
one copy of Hsp90 show that existence of two 
Hsp90 genes is clearly not necessary in animal 
cells. The coexistence of the two Hsp90 genes 
in human cells may therefore indicate that, in 
addition to the common Hsp90-chaperoning 
activities performed by both proteins, each of 
them has a unique set of substrates. Few ex-
amples of such isoform-specific substrates or 
cochaperones were already reported (Chadli et 
al.,2008; Didelot et al.,2008).

A radicicol-resistant mutant of the S. cere-
visiae Hsp90, designed basing on the structural 
information on Hsp90 from the radicicol-resis-
tant yeast H. fuscoatra was recently reported 
(Prodromou et al.,2009). This work demon-
strated that replacing amino acids crucial for 
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radicicol binding results in resistance to this 
inhibitor but not to geldanamycin. In contrast, 
we demonstrated that mutations of amino acids 
not involved directly in binding of ATP or in-
hibitor may confer resistance to two different 
types of inhibitors: radicicol and 17-AAG.

In conclusion, we demonstrated for the first 
time that various single amino acid substitu-
tions can result in Hsp90 resistance to known 
inhibitors. We provided genetic and biochemi-
cal evidence that the “lid” region located in N-
terminal domain of Hsp90 is crucial for inter-
action with Aha1 in addition to the described 
Aha1 binding site in the middle domain of 
Hsp90. Our results suggest also that the ex-
pression level of Aha1 in a cancer cells may be 
a valuable prediction factor for the efficiency 
of the Hsp90 inhibitors in therapy. 

MeTHoDS

yeast strains

HSP82 and HSC82 genes were replaced 
with a G418 resistance marker in the haploid 
strains SEY6210 and SEY6211 (Robinson et 
al.,1988) as described previously (Brachmann 
et al.,1998). These strains were mated and the 
resulting diploid was transformed with plasmid 
expressing hHSP90β and URA3 genes. Trans-
formants were subjected to sporulation and 
random spore dissection (Ausbell et al.,1999). 
The haploid strain BY516 that carried dele-
tions of both yeast HSP90 genes was selected 
based on its inability to lose plasmid assayed 
by grow on 5-FOA containing media (Aus-
bell et al.,1999). Deletions in this strain were 
confirmed by PCR with HSC82 and HSP82 
specific primers. Strain BY516 was used to 
construct strain BY517 by transformation with 
plasmid pB549 (p423TDH3-hHSP90β) fol-
lowed by selection for HIS+ ura- phenotype. 
Yeast strains that expressed different alleles of 
C. elegans or human Hsp90 as a sole source 
of this protein were obtained by transformation 
of strain BY517 with plasmids obtained by 
cloning different forms of Hsp90 into plasmid 
p416TDH3. Transformants were selected for 
the histidine prototrophy and loss of the HIS3 
marker.



The library of the mutagenized hHSP90β 
alleles was used to transform strain BY516. 
Transformants were selected on media lack-
ing histidine. Transformed colonies were col-
lected in pools, each containing about 1000 
clones, ten pools in total. Pools were tested for 
the radicicol resistance in liquid YPD medium 
supplemented with 5µM radicicol. Only one 
pool grew up to saturation whereas growth of 
the remaining nine pools was completely in-
hibited. Radicicol-resistant clones were colo-
ny-purified and used to isolate plasmids con-
taining mutated alleles of hHSP90β.

plasmids

Yeast TDH3 promoter was amplified by 
PCR from the yeast genomic DNA and used to 
replace GAL1 promoter in plasmids p416GAL1 
and p423GAL1 (Mumberg et al.,1995). The re-
sulting plasmids, p416TDH3 and p423TDH3, 
were used for expression of the human and C. 
elegans HSP90 genes in yeasts. For expression 
in human cells, wild-type and mutant alleles 
of hHSP90α and hHSP90β (I128T and I123T 
respectively) with N-terminal FLAG and HA 
tags were cloned into the pcDNA3.1(+) vector. 
Sequences of the PCR primers used to generate 
inserts and detailed information on plasmids 
generated for this study are provided in Sup-
plementary Tables 1 and 2. Random mutations 
were introduced into hHSP90β sequence dur-
ing PCR amplification with Taq polymerase. 
To increase mutation rate, product of the first 
amplification was used as a template in the 
next PCR reaction. Re-amplification was re-
peated four times. Product of the fourth round 
of the amplification was cloned in p423TDH3 
vector, yielding a library of about 10000 inde-
pendent clones. Site-directed mutagenesis was 
performed by PCR with mutagenic primers.

Cell line experiments

Plasmids carrying wild-type and various 
mutants of the hHSP90α and hHSP90β were 
transfected into human cell lines using Lipo-
fectamine 2000 (Invitrogen) according to man-
ufacturer’s instructions. Transfectants were 
selected in the IMDM supplemented with 10% 

FCS and 1 mg/ml G418. This initial selection 
was followed by the selection where G418 was 
replaced with 1µM 17-AAG. Growth of the 
human cell lines was monitored using CellTi-
ter-Glo luminescent assay (Promega). Growth 
of the yeast strains carrying wild-type and 
mutant hHSP90 was monitored by the optical 
density at 600nm. For Aha1 knockdown cells 
were transfected with Silencer Select siRNA 
(Applied Biosystems/Ambion, cat. no. s20802, 
s20903) according to the manufacturer’s in-
structions. Radicicol,17-AAG and 17-DMAG 
were purchased from Sigma. Measurements 
for the growth curves and IC50 were performed 
using CellTiter-Glo reagent (Promega) accord-
ing to the manufacturers protocol.

protein expression and purification for 
geldanamycin binding and ATpase assays

Human wild-type and I128T mutant of 
hHSP90α and C. elegans daf-21 were cloned 
in vector pTYB4 (New England Biolabs). 
Expression of the proteins was carried out in 
E.coli BL21 strain. Proteins were purified by 
an affinity chromatography according to the 
New England Biolabs recommendations, fol-
lowed by the chromatography on heparin and 
mono-Q sepharose. Human AHA1 was cloned 
in pET28 vector (Novagen) to obtain C-ter-
minal His-tagged fusion and was purified by 
chromatography on Talon resin (Invitrogen).

In vitro assays

Geldanamycin immobilized on agarose 
beads was prepared according to Whitesell et 
al.,1994. Geldanamycin-beads were incubated 
with purified Hsp90 proteins in buffer contain-
ing 100mM NaCl, 20mM Tris pH 7.5, 1% BSA 
and 0.1% Triton X100 and washed four times 
with the same buffer. Bound proteins were 
eluted with SDS-loading buffer and visualized 
by western blotting with an anti-Hsp90 anti-
body. ATPase activity was measured by direct 
hydrolysis of the ATP γ-P33. Reaction was per-
formed in a buffer containing 25mM Hepes-
KOH pH 7.5, 25mM KCl, 5mM MgCl2, 1mM 
ATP and 1μM ATP γ-P33. Samples containing 
Hsp90 protein at the 10µM concentration and 
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Aha1 (when indicated) were incubated at 37° 
for 2 h. Produced radioactive phosphate was 
separated from the substrate by the TLC chro-
matography, radioactivity was assessed using 
Storm Phosphoimager (Amersham Biosc.) and 
quantified with ImageQuant 5 software. Activ-
ity of the non specific ATPases contaminating 
Hsp90 preparations was measured under the 
same conditions with addition of the 200 µM 
radicicol. Obtained values as well as the value 
of nonspecific ATPases contamination of Aha1 
preparation were used to correct measured 
Hsp90 activities.

Western blot and Co-immunoprecipitation

FLAG- specific antibody covalently linked 
to agarose beads (Sigma) was used to pre-
cipitate FLAG-HA tagged exogenous hHsp90 
protein. Western blot with anti-HA antibody 
was used to confirm that equal amounts of the 
precipitated hHsp90 were loaded on the gel 
in each case. Aha1 was detected using Aha1-
specific ab56721 antibody  (Abcam), GAPDH 
with sc-32233 antibody (Santa Cruz).  hHsp90 
was detected with SPA 846 antibody (Stress-
gen). To detect specific isoforms SPS 771 anti-
body for hHsp90α (Stressgen) and PA 012 for 
hHsp90β (Affinity Bioreagents) were used. 

modelling

Computational studies were carried out on 
the structure of single N-domain of the yHSP90 
(Protein Data Bank code 1AM1, 2.0 Å resolu-
tion) and on the structure containing all three 
domains (N, M and C) of the yHSP90 (PDB 
code 2CG9, 3.1 Å resolution). In both struc-
tures the loop containing V114 (residues 97-
121) is clearly visible and temperature factors 
for atoms in this loop are within range 15-50 
for 1AM1 structure in within range 70-75 for 
2CG9 structure. YASARA software v. 9.1.25 
(YASARA Biosciences) using Yamber3 force-
field (modification of Amber 99 forcefield) was 
used for protein visualization and modification 
(mutation V114T). Subsequent optimization 
was performed only for the part of protein 
structure containing amino acids within 1.0 nm 
around modified residue. 
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isothermal titration calorimetry

ITC experiments were carried out on VP-
ITC isothermal titration calorimeter (Microcal 
Inc., MA, USA) with the active cell volume 
of 1.4315 ml. The concentration of wild-type 
or mutant Hsp90α and hHSP90β were trans-
fected into human cell line protein in the cell 
was 6-10 µM while the syringe contained 60-
100 µM of 17-AAG, radicicol or Aha1. For the 
titrations of Hsp90 with Aha1 in the presence 
of 17-AAG, 20 µM of 17-AAG was added to 
both, the cell and the syringe, to saturate the 
Hsp90 binding sites. Stock solutions of 17-
AAG or radicicol were prepared in DMSO at 
10-50 mM concentration and stored at -20°C. 
The ITC buffer contained 20 mM HEPES, pH 
7.5, 25 mM NaCl, and up to 1% DMSO. Most 
titrations were carried out at 25 °C, using 25 
injections of 10 µl each, injected at 200 sec-
ond intervals. All experiments were repeated at 
least twice. Radicicol was purchased from A. 
G. Scientific, Inc, 17-AAG and geldanamycin 
were purchased from Sigma.

protein preparation for iTC

Human wild-type and I128T mutant of 
hHSP90α and hHSP90β were transfected into 
human cell line were inserted into pET-15 
vector (Novagen). Proteins with N-terminal 
His6-tag were expressed in Escherichia coli 
strain BL21 (DE3) and purified as previously 
described (Cikotiene et al.,2009). Purified pro-
teins were dialyzed against the storage buffer: 
20 mM TRIS, pH 7.5, 50 mM Na2SO4 and 1mM 
DTT and stored at -80ºC. Human AHA1 was 
cloned in pET-28 vector (Novagen) to obtain 
the C-terminal His6-tag fusion. Protein was ex-
pressed in Escherichia coli strain BL21 (DE3) 
and purified using a Ni-IDA affinity column 
(Amersham Biosciences), followed by an an-
ion exchange chromatography on Q-sepharose 
(Amersham Biosciences). Protein was stored 
at -80ºC in a buffer containing 20 mM HEPES, 
pH 7.5, 0.5M NaCl and 1mM DTT. For ITC 
experiments proteins were dialyzed against 
ITC buffer and/or concentrated using Micro-
con filter devices (Milipore) and resuspended 
in the ITC buffer.
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SuppleMenTAry DATA

suppl. fig. 1
Sequence of the radicicol-resistant clone selected in yeast from the library of plasmids containing mutagenized 
hHsp90β gene. Substituted amino acids marked in black. Mutation I123T, that confers resistance, marked with arrow.
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suppl. fig. 2 
(A) Expression of the wild type and mutant forms of hH-
sp90 α and β in yeast strains in which endogenous Hsp90 
genes were deleted and replaced with plasmids that express 
indicated hHsp90 genes. Lysates were made from the equal 
number of the yeast cells (as measured by OD600) and 
equal load of the protein was verified by Ponceau staining. 
Blot was probed with antibody SPA 846 that detects both 
hHsp90 isoforms. SEY6210 indicates control made with 
wild type yeast strain. (B) – Lysates from the HEK293 
cells transfected with the indicated alleles of hHsp90 were 
probed for expression of the endogenous and exogenous 
Hsp90. Lysates were made 2 days after transfection (be-
fore selection on 17-AAG) and after 14 days of selection 
with 17-AAG. Anti HA antibody detected exogenous, HA-
tagged Hsp90, SPA771 and PA012 antibodies detected 
hHsp90α and hHsp90β, respectively. Due to the proximity 
of the epitope to the N-terminal FLAG-HA tag, SPS771 
antibody recognizes only endogenous hHsp90α. SPA 846 
antibody was used to detect both isoforms simultaneously.
suppl. fig. 3
Growth inhibition of the yeast strains that carry indicated 
variants of Hsp90 cloned in p416TDH3 plasmid as a sole 
source of this protein. Cells were cultured at the increasing 
concentrations of geldanamycin (A) and 17-AAG (B).

Suppl. Fig. 4
Selection and growth of the 17-AAG resistant cells. (A) 
HEK293 cells were transfected with the plasmids carry-
ing wild type and mutant Hsp90 genes or pcDNA3.1 vec-
tor. Transfectants were grown in 1µM 17-AAG. Growth 
of the transfectants was compared to non-transfected cells 
(control). (B) α I128 and β I123T - 17-AAG resistant cells  
selected in (a) were grown in media containing 1µM 17-
AAG; control - HEK293 cells transfected with pcDNA3.1 
and selected for G418 resistance grown in media without 
17-AAG; αWT and βWT – cells transfected wit plasmids 
containing wild type Hsp90 α and β grown in 1µM 17-
AAG.
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Suppl. Fig. 5
Growth of the HEK293 cells transfected with plasmids that carried indicated versions of hHsp90 was compared to cells 
transfected with plasmid pcDNA3.1 (control). Medium was supplemented with increasing concentrations of 17-DMAG 
(A) or radicicol (B). Transfected cells were cultured on 1µM 17-DMAG (C) and 6µM radicicol (D). Symbols used to 
mark plots are identical on all panels.
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Supplementary Table 2  primers used to construct plasmids listed in Table 1 
Number sequence 

1 GCGACTAGTATGCCTGAGGAAGTGCACCATGG 
2 GCGCCCGGGCTAATCGACTTCTTCCATGCGAGACGC 
3 TTTTCTTGAAACGCTACAGAACCAATAGAAAAATAGAATCATTCTGAAATAGATTGTACTGAGAGTGCAC 
4 CTTTCAGCTTTTTCTTCGTCTGTTTCTTCCAATTCGAAATCTTTAGTAATCTGTGCGGTATTTCACACCG 
5 CGTAAGTGACATGAACACATGC 
6 GTCACCCAAGATATCCTTCAAGG 
7 CGCACTAGTATGGAGGAAACCCAGACCCAAG 
8 CGGCCCGGGTTAGTCTACTTCTTCCATGCGTGATG 
9 GCGGTCGACTTAATCGACCTCCTCCATGCG 

10 GGCGGATCCATGTCCGAGAACGCCGAAAC 
11 GCGCCATGGCCGAGAACGCCGAAACC 
12 GCGCCCGGGGTCGACCTCCTCCATGCG 
13 GCTGGCCATGGCCAAGTGGGGTGAG 
14 GCGCTCGAGAAATAAGCGTGCGCCATAGC 
15 GCAGCGAGCTCATATGCCTGAGGAAGTGCAC 
16 ATGTCTGCACCAGCCTGAGGAGCCTCCATGAATGCTT 
17 AAGCATTCATGGAGGCTCCTCAGGCTGGTGCAGACAT 
18 AAAGCGTTCATGGAAGCTCCGCAGGCTGGTGCAGATATC 
19 GATATCTGCACCAGCCTGCGGAGCTTCCATGAACGCTTT 
20 GGCGGATCCATGGAGGAAACCCAGACCC 
21 CTGGCCAATCATAGAGGTATCTGCACCAGCCTG 
22 CAGGCTGGTGCAGATACCTCTATGATTGGCCAG 
23 TGCCCAATCATGGAGGTGTCTGCACCAGCCT 
24 AGGCTGGTGCAGACACCTCCATGATTGGGCA 
25 CGAGCCATGGAGGAAACCCAGACCC 
26 CGGCCCGGGGTCTACTTCTTCCATGCGTGATGTG 
27 TACTAAAGCATTCATGGAGAATCTTCAGGCTGGTGCAGACA 
28 TGTCTGCACCAGCCTGAAGATTCTCCATGAATGCTTTAGTA 
29 CATGTCCCTCATCATCAATATCTTCTATTCCAACAAGGAGAT 
30 ATCTCCTTGTTGGAATAGAAGATATTGATGATGAGGGACATG 
31 CGCGAGCTCCTAACTTTATTTAGTCAAAAAATTAG 
32 GCGACTAGTTTGTTTGTTTATGTGTGTTTATTC 
33 GCTCGGATCCACCATGGACTACAAAGACGATGACGACAAGGACTACGACATCCCCACCACCGCCAGCCTGG 
34 CCACCACCGCCAGCCTGGAGGTGCTGTTCCAGGGCCCCGAGCTGAAGACCGCCGCCTACCCCTACGACGT 
35 CGCCGCCTACCCCTACGACGTGCCCGACTACGCCGAATTCGCCCCTGAGGAAACCCAGACCCAAGACC 
36 GGCCCTCTAGACTCGACTTAGTCTACTTCTTCCATGCGTGATG
37 CGCCGCCTACCCCTACGACGTGCCCGACTACGCCGAATTCGCCCCTGAGGAAGTGCACCATGGAGAGG 
38 GGGCCCTCTAGACTCGACTTAGTCTACTTCTTCCATGCGAGAC 

44

Supplementary Table 1. Plasmids used in this study 
 
Name  Gene Vector restriction sites used for 

cloning /mutagenesis  
primers no.a 

p423TDH3 TDH3promoter,CYC1 terminator p423GAL1 SacI, SpeI 31, 32 
p416TDH3 TDH3promoter,CYC1 terminator p416GAL1 SacI, SpeI 31, 32 
pB547 HSP90α p423TDH3 SpeI, SmaI 7, 8 
pB549 HSP90β p423TDH3 SpeI, SmaI 1, 2 
pB561 daf-21 p423TDH3 BamHI, SalI 9, 10 
pB563 daf-21 pET28b(+) NdeI, BamHI pHS508b 

pB580 HSP90β p416TDH3 SpeI, SmaI 1,2 
pB588 HSP90β I123T pB580 mutagenesis 23,24 
pB592 HSP90α p416TDH3 SpeI, SmaI 7,8 
pB593 HSP90α I128T pB592 mutagenesis 21, 22 
pB596 FLAG-HA-HSP90α  pCDNA3.1(+) BamHI, XbaI 33, 34, 35, 36 
pB597 FLAG-HA-HSP90β  pCDNA3.1(+) BamHI, XbaI 33, 34, 37, 38  
pB594 FLAG-HA HSP90β I123T pB597 mutagenesis 23,24 
pB595 FLAG-HA HSP90α I128T pB596 mutagenesis 21, 22 
pB598 daf-21 pCDNA3.1(+) BamHI, XbaI 9, 10 
pB608 HSP90α I128T pB526 mutagenesis 21, 22 
pB616 daf-21 pTYB4 NcoI, SmaI 11, 12 
pB526 HSP90α pTYB4 NcoI, SmaI 25, 26 
pB627 AHA1 pET28b(+) NcoI, XhoI 13, 14 
pB633 FLAG-HA HSP90 β A116N pB597 mutagenesis 27, 28 
pB634 FLAG-HA HSP90 β T31I pB597 mutagenesis 29, 30 
     
a numbers refer to primers listed in Table 3 
b plasmid used as a source of insert 
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Studies of the Aha1-Hsp90 interactions within the ATP-ase 
cycle of Hsp90
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inTroDuCTion

Client protein folding and activation by 
the Hsp90 chaperone involves the close co-
operation of elaborate chaperone machinery, 
consisting of a number of proteins called co-
chaperones that bind to Hsp90. Cochaperones 
not only maintain client protein binding and 
release, but also modulate Hsp90 ATPase ac-
tivity. The crucial role in latter is attributed 
to Aha1 cochaperone (for Activator of Hsp90 
ATPase). At least four co-chaperones directly 
influence Hsp90 ATP-ase, namely p23 (Sba1), 
p50 (cdc37), Hop (Sti1) and Aha1(AHSA1), 
with three first being negative regulators of 
the activity (Siligardi et al., 2004; Harst et al., 
2005), and Aha1 the only one to stimulate it. 
Moreover it has been demonstrated that Aha1 
competes with p23, p50 and Hop for Hsp90 
binding, whereas it can bind simultaneously 
with cyclophilins forming a complex with the 
C-terminal domain with the TPR (tertatrico-
peptide) motif. (Harst et al., 2005). In vitro 
studies demonstrate that Aha1 co-chaperone 
significantly increases eukaryotic Hsp90 AT-
Pase activity  Aha1 expression is up-regulated 
under heat shock conditions and upon geldana-
mycin treatment (Panaretou et al., 2002, Hol-
mes et al. 2008). Knockdown of Aha1 has also 
been described to attribute to the increased 
sensitivity of cells to Hsp90 inhibitors,  such 
as 17-AAG (17-(Allylamino)-17-demethoxy-

geldanamycin) (Holmes et al. 2008). 
Until very recently, published results re-

garding mechanism of interaction between 
Aha1 and Hsp90 were limited to a few stud-
ies of yeast proteins or domains (Hawle et al., 
2006). Aha1 was suggested to interact with the 
M-domain of Hsp90, and this interaction was 
considered to be sufficient to efficiently stimu-
late ATP-ase activity of Hsp90 in an efficient 
way. (Lotz et al., 2003; Meyer et al., 2003; 
2004). More recent in vitro studies based on 
yeast proteins suggests a more elaborate mech-
anism of interaction involving interaction of 
Aha1 – C-terminal domain with the N-domain 
of Hsp90 (Retzlaff et al., 2010). 

Aha1 emerges also as an attractive and 
promising therapeutic target, partial knock-
down of Aha1 has been recently described to 
rescue misfolding of the cystic fibrosis trans-
membrane conductance regulator (CFTR) and 
maintain proteostasis (Wang et al. 2006, Skatch 
et al., 2006; Koulov, et al. 2010). 

The importance of Aha1 as a key regula-
tor of Hsp90 activity, underlines the necessity 
of a detailed studies of Aha1/Hsp90 interaction 
in human cells, also in the context of cancer 
and disease. In this study we investigate in-
teractions between human Aha1 and Hsp90 
in living cells, focusing on aspects of isoform 
specificity, ATP-dependence and sensitivity to 
Hsp90 inhibitors. We also investigate ATP-ase 
activity of Hsp90 mutants showing increased 

Studies of the Aha1-Hsp90 interactions within the 
ATP-ase cycle of Hsp90

ABSTRACT
aha1 co-chaperone is an important factor involved in the activation of the ATp-ase activ-
ity of Hsp90 chaperone. in order to study the mechanism of interaction we established the 
FreT system and performed a series of co-immunoprecipitation experiments with both 
Hsp90 isoforms and Hsp90α  mutants D93n, e46A and 1123T. We demonstrate that the 
binding of Aha1 to the Hsp90 is nucleotide dependent, and sensitive to Hsp90 inhibitors, 
such as 17-AAG. We also demonstrate that the mutations in n-terminal part of Hsp90 affect 
the aha1 binding in vivo and Aha1 dependent activation of Hsp90 ATp-ase in vitro.
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Fig 1. Aha1 and Hsp90 show cytoplasmic distribution and co-localize in HeK293 cells.
(a) HEK293 cells were immunostained for Hsp90, (b) Aha1 and (C) DAPI to show the colocalization (D) of both 
proteins.

A B

C D

Hsp90 (SPA-846; anti-rabbit-TRITC) aha1 (ab56721; anti-mouse-FITC)

Dapi overlay

affinity to Aha1.We also employ life imaging 
and microscopic techniques such as FRAP pre-
viously used for the studies of interactions of 
other co-chaperones (ie. p23) to study Aha1 in 
the cellular environment (Picard, 2005).

 
reSulTS 

FreT (Försters resonance energy Trans-
fer) measurement is an efficient tool to study 
the Aha1-Hsp90 interactions in cell line ex-
perimental setup. 

Aha1 co-chaperone has been described as an 
activator of the Hsp90 ATP-ase (Panaretou et 
al., 2002; Richter et al., 2008). This process 

implies physical interaction of both proteins 
leading to the conformational changes that fa-
cilitate ATP hydrolysis.  (Hessling et al, 2009) 
We wanted to establish a system to study the 
interactions between those proteins in cells. In 
immunofluorescence studies Aha1 shows co-
localization with Hsp90, being evenly distrib-
uted across the cytoplasm (Fig. 1). We wanted 
to establish an experimental setup in order to 
check if the tagging of both proteins with XFP 
fluorescent terminal tags will enable FRET. We 
performed a series of experiments on HEK293 
cells transfected with various combinations 
of vectors encoding proteins tagged on N- or 
C- termini (Fig. 2A). No energy transfer was 
observed when C-terminally tagged Aha1 was 
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Fig. 2. Hsp90-Aha1 FreT efficiency 
depends on fluorescent tag local-
ization within both molecules and 
donor:acceptor molar ratio. HEK293 
cells were transfected with vectors en-
coding Aha1 and Hsp90 with XFP tag 
on C or N termini. Measurements were 
done 24h upon transfection with spectro-
fluorometer. s (a) FRET efficiency was 
measured for CFP-Aha1:YFP-Hsp90α; 
CFP-Aha1:Hsp90α-YFP; Aha1-CFP: 
YFP-Hsp90α and Aha1-CFP: Hsp90α-
YFP pair  CFP-Hsp90α:YFP-Aha1 and 
CFP-Aha1:YFP:Hsp90α (b) FRET ef-
ficiency was measured for the cells 
transfected with different molar ratios of 
donor:acceptor encoding plasmids. (C)  
Actual level of tagged protein expres-
sion for the CFP-Hsp90α:YFP-Aha1 and 
CFP-Aha1:YFP:Hsp90α in molar ratio of 
donor to acceptor 1:4 was monitored by 
immunoblotting.
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introduced into the cells, suggesting that tag-
ging might disrupt the interaction between 
Aha1 and Hsp90. FRET efficiency was higher 
when both interactors were tagged at the N-
terminus. To optimize the FRET efficiency and 
confirm the specificity of interaction we also 
performed a series of experiments, using vari-
ous donor:acceptor ratio and swapping the en-
ergy donor and acceptor between both proteins 
(Fig. 2B). Having established optimal condi-
tions and protein ratios, to further confirm the 
specificity of interaction and exclude possible 
artifacts, we performed measurements with 
confocal system on single cells (Fig. 3 and Fig. 
4). 

Aha1 interacts with both isoforms of Hsp90, 
and this interaction is prone to the 17-AAG 
inhibition of Hsp90. 

The question of isoform specificity of Aha1 
binding to Hsp90 has not been studied in de-
tails. As Aha1 is involved in the ATP-ase cycle 
of Hsp90, we also hypothesized that Hsp90 
inhibitors might affect the interaction between 
Aha1 and Hsp90. To address both questions 
we performed co-immunoprecipitation of the 
wild-type Hsp90 alpha and beta isoforms from 
the HEK 293 cells, in presence or absence of 
17-AAG (Fig. 5A). This interaction is inhibit-
ed by the Hsp90 inhibitors, and the interaction 
between Hsp90β and Aha1 is more sensitive 
to the inhibitor. To some extent these observa-
tions were confirmed by the FRET measure-
ment (Fig. 5B). To test the influence of 17-
AAG on Hsp90/Aha1 interaction in living cells 
we also employed the FRAP measurement. 
FRAP method has been successfully used to 
study interactions between Hsp90 and small 
co-chaperone p23 (Picard, 2005) in an indirect 
way. FRAP of YFP-Aha1 was measured before 
and after administration of the drug, showing 
significant increase of fluorescence recovery 
speed upon 17-AAG treatment. We performed  
an analysis of the diffusion curve. The curve 
fits to one-phase exponential association mod-
el. This result suggests that the inhibitor might 
render Aha1 dissociation from the Hsp90, in 
result enabling faster diffusion of the protein 
(Fig. 5C). Together, those results demonstrate 

that the Aha1 interaction is sensitive to the 17-
AAG, however in the case of either isoform, 
we can observe different sensitivity to the in-
hibitor.

ATp binding to Hsp90 promotes interaction 
between aha1 and Hsp90.

Radicicol, geldanamycin (GA) and it de-
rivatives such as  17-AAG and 17-DMAG are 
the Hsp90 inhibitors that block the ATP bind-
ing site. GA derivatives are being tested as  
potential anti-cancer agents  (Workman, 2003; 
Isaacs, et al.,  2003). As Aha1 was described as 
a factor involved in ATP-ase cycle of Hsp90, 
and its binding to the Hsp90 is sensitive to the 
inhibitor such as 17-AAG, we hypothesized 
that ATP binding might be a step responsible 
for the modulation of Aha1 binding to Hsp90, 
Hsp90 mutants that do not bind or do not hydro-
lyze the ATP have been previously described 
(Obermann et al.,  1998). We hypothesized 
that the mutations of Hsp90 that influence ATP 
binding and hydrolysis might also affect Aha1 
co-chaperone binding.  In order to test this hy-
pothesis we introduced tagged Hsp90 alpha 
mutants E46A (binding but not hydrolyzing 
ATP) and  D93N (ATP binding abolished) to 
HEK293 cells, and immunoprecipitated them 
using the tag. This experiment confirmed our 
speculations, proving that Aha1 binds prefer-
ably to the ATP-bound Hsp90 mutant E46A, 
rather than to the wild type or D93N mutant, 
which does not bind ATP (Fig. 6). 

Hsp90α i128T mutant is more prone to dose 
dependent Aha1 activation than the wild-
type protein, and in presence of Aha1 is 
more resistant to the inhibition with radici-
col in in vitro studies. 

In the previous chapter Hsp90 mutants in 
the N-terminal domain were described, that in-
crease affinity to Aha1 co-chaperone in vivo, 
and promote cell growth under the constant 
presence of 17-AAG in concentration toxic for 
the wild-type cells. We proposed that the cell 
resistance to the drug is due to the increased 
activity of the ATP-ase, promoted by Aha1.  
Here we investigate the effect of Aha1 activa-
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Dpre 63.21
Dpost 82.70
Apre 123.12
Apost 59.90
FRETeff 23.57

A B C

D E F

A B C

D E F Dpre 43.25
Dpost 45.04
Apre 140.63
Apost 44.07
FRETeff 3.98

Fig 3. FreT of CFp-yFp fusion protein measured on confocal microscope. 
HEK293 cells were transfected with a pECFP-EYFP fusion vector. Measurements were done 24h upon transfection with 
Leica confocal software. Fluorescence intesity was measured for donor before (a)  and after (b) acceptor photobleaching, 
acceptor before (D)  and after (e) photobleaching. FRET efficiency was measured (C). Values are shown in table (f).

Fig 4. FreT of CFp-Hsp90a and yFp-Aha1 proteins measured on confocal microscope. 
HEK293 cells were transfected with a pECFP-C1-Aha1 and pEYFP-C1-Hsp90a vectors, at the 1:4 molar ratio. Measure-
ments were done 24h upon transfection with Leica confocal software. Fluorescence intesity was measured for donor 
before (a)  and after (b) acceptor photobleaching, acceptor before (D)  and after (e) photobleaching. FRET efficiency 
was measured (C). Values are shown in table (f).
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Fig 5. Aha1 chaperone interacts with 
both isoforms of Hsp90. This interac-
tion is affected by the 17-AAG. 
(a) HEK 293 cells were transfected with 
FLAG-HA-Hsp90 α and β. FLAG tag 
was used to co-immunoprecipitate Aha1. 
(b) HEK 293 cells were transfected 
with pECFP-C1-AHA1 and pEYFP-C1-
Hsp90α and pEYFP-C1-Hsp90ß vectors 
in molar ratio 1:3 for the optimal FRET 
efficiency. 24 h after transfection FRET 
efficiency was measured. HEK293 cells 
were transfected with pEYFP-C1-Aha1 
vector. 24h after transfection, (C) FRAP 
analysis was performed. Upon first mea-
surement cell culture medium was supple-
mented with 1 μM 17-AAG. After 2h cells 
FRAP was measured again to assess the 
17-AAG level.
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Fig 6. Aha1 chaperone interaction with 
Hsp90 is ATp dependent. 
HEK 293 cells were transfected with 
FLAG-HA-Hsp90α mutants D93N, E46A 
and wt as a control. FLAG tag was used 
to co-immunoprecipitate Aha1 (a). 

observe in vivo, might play a protective role 
against the Hsp90 inhibitors, possibly affecting 
the inhibitor binding in in vitro studies. 

DiSCuSSion
 
FRET measurement is a very useful meth-

od to study interactions between molecules, in-
cluding protein-protein interactions. In Hsp90 
studies this method has been successfully em-
ployed to investigate conformational changes 
taking place in the ATP-ase cycle of the recom-
binant protein in vitro (Hessling et al., 2009, 
Retzlaff et al., 2009). However not a lot of 
complex studies of interactions between human 
Hsp90 and co-chaperones were made follow-
ing this approach in in vivo systems (Picard, 
2005). Here we demonstrate that FRET is a 
good method to study the interactions between 
Hsp90 and activator of the Hsp90 ATP-ase, 
small co-chaperone, Aha1 protein in cellu-
lar environment as well as in the living cells.  
However, several constrains apply, especially 
in the context of the in vivo FRET  studies. 
Studies of the interaction in the cellular envi-
ronment involve tagging of the proteins with 
fluorescent tags, in the case of our study the 
YFP and CFP proteins. Moreover high over-
expression of the recombinant proteins, may 
disrupt the cell homeostasis and natural molar 
balance between the two proteins studied, be-
ing specific for the certain cell type, tissue and 
cell line (McDowell et al., 2009; Nollan et al., 

tion on ATP-ase activity of the mutant and wild 
type Hsp90 in vitro. We tested the ATP-ase ac-
tivity of recombinant Hsp90α wt and Hsp90α 
I128T in the presence of increasing Aha1 con-
centration. Both proteins are activated by Aha1 
in a dose dependent manner, with the highest 
activation at the equimolar ratio, suggesting 
that two Aha1 molecules bind to the dimer of 
Hsp90 functional as an ATP-ase (Fig. 7A). Fur-
ther increase of Aha1 does not result in stron-
ger activation (data not shown). Moreover the 
mutant protein shows not only higher intrinsic 
ATP-ase activity, but also a stronger response 
to the increasing Aha1 concentration, with 30-
fold activation at the equimolar concentration 
of Aha1 compared to the 15-fold in case of 
wild-type protein (Fig. 7B). 

We also tested the effect of Aha1 binding 
on the ATP-ase activity in presence of the spe-
cific Hsp90 inhibitor, radicicol. In the absence 
of Aha1 both wild-type and mutant proteins are 
sensitive to the inhibitor, however in the pres-
ence of equimolar concentration of Aha1, we 
can observe significant differences in response 
to the inhibitor. The difference in overall ac-
tivation fold, while compared to the previous 
experiment has to be accounted to different 
protein preparations. In wild-type protein the 
activity is decreased in a dramatic way, where-
as in the mutant, we observed only a negligible 
decrease under the same concentration of the 
inhibitor (Fig. 8). This suggests, that the strong 
interaction between Aha1 and Hsp90 that we 
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fig 7. Hsp90α i128T mutant shows 
higher ATp-ase activity and is more 
prone to Aha1 activation that the wild 
type protein, in in vitro ATp-ase activ-
ity assay. 
(a) ATP-ase activity of recombinant 
Hsp90α wt and I128T mutant was mea-
sured, in Aha1 gradient. (b) Specific 
ATP-ase hydrolysis rate was measured 
and activation fold assessed. 

2002). The abovementioned drawbacks of the 
method might account for some differences be-
tween the FRET and co-immunoprecipitation 
results we observe in our study of isoform af-
finity.

We demonstrate that  Aha1 interacts with 
both isoforms of human Hsp90 in a similar 
manner, and this interaction is sensitive to the 
inhibitors of Hsp90. Different sensitivity to 
inhibitors might be a result of a different di-
merization status of the Hsp90 isoforms. It was 
demonstrated that the Hsp90α is more likely to 
form the dimers than its counterpart (Nemoto et 
al., 1995; 1998). ATP hydrolysis is performed 
by Hsp90 dimer, with both subunits involved 
and coordinating hydrolysis (Richter et al., 
2001). Very recently published reports point at 

the role of transient dimerization of the N do-
mains of the yeast Hsp90 for Aha1 binding – the 
co-chaperone preferably binds to the Hsp90 in 
form referred to as a closed dimer, dimerization 
of the N domains is affected by the inhibitor 
binding, and this might actually account for the 
inhibitory effect of the 17-AAG. It is known, 
that the ATP binding promotes closing of the 
N-termini of both subunits in a Hsp90 dimer 
(Prodromou et al., 2000; Richter et al., 2002; 
Retzlaff et al., 2010). Using Hsp90 mutants 
known to have the ATP-ase activity affected, 
described by (Obermann et al., 1998), we were 
able to demonstrate that the ATP-bound state of 
the Hsp90 dimer binds Aha1 in a more efficient 
way. The same was shown for the antagonist of 
Aha1, the p23 chaperone, being negative regu-



lator of the Hsp90 ATP-ase (McLaughlin et al., 
2002, Sullivan et al., 2003; Picard, 2005). In 
case of the Hsp90 mutant E46A employed in 
our study, we can observe stabilization of the 
transient complex of Aha1 and Hsp90, as the 
mutant is able to bind ATP, but cannot proceed 
with the hydrolysis and release of the nucle-
otide. In contrast, mutant D93N of Hsp90 can-
not bind the ATP, and therefore maintains no 
spatial conformation preferred by Aha1 (Ret-
zlaff et al., 2010). However we can see some 
weak binding in the co-immunoprecipitation 
experiments, which can be explained by the 
presence of endogenous protein in immuno-
precipitated Hsp90 dimers. The presence of tag 
may account for the formation of heterodimers 
between tagged exogenous protein (including 

Fig 8. in presence of Aha1 radicicol 
inhibits ATp-ase activity of Hsp90α wt 
but not i128T mutant. 
ATP-ase activity of recombinant Hsp90α 
wt and I128T mutant in presence of  Aha1 
and/or inhibitor. Specific ATP-ase hydro-
lysis rate was measured for Hsp90α wt 
(a) and Hsp90α I128T (b). 

mutants) and endogenous protein in favour of 
homodimers of the tagged protein, even if the 
level of tagged protein is altered. To a lesser 
extent this also applies to a XFP-tagged Hsp90, 
however in case of the latter, the level of com-
petition in forming heterodimers between 
endogenous and exogenous protein depends 
rather on transfection efficiency and the actual 
ratio of the proteins in the cell. In case of the 
wild-type Hsp90 we observe decreased Aha1 
binding, compared to the Hsp90 mutant E46A, 
this could be explained by transient character 
of the interaction, weakened by the depletion 
of the ATP, as the co-immunoprecipitation was 
performed in absence of the ATP regeneration 
system, enabling the maintainance of a stable 
level of the ATP.
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We proved that the FRAP method  is a 
valuable tool to study interactions of Aha1 and 
Hsp90. Our FRAP results also confirm sensi-
tivity of Aha1 interaction with Hsp90 to the 
17-AAG. However, our studies suggest that the 
mechanism of this interaction is less complex, 
than the p23/Hsp90 interactions described ear-
lier (Picard, 2005; Picard et al., 2006), as the 
curves fit one-phase association model, sug-
gesting direct interaction. 

Until very recently little was known about 
the interaction of Aha1 with Hsp90. The data 
was limited to the studies of interactions be-
tween single domains of Aha1 (Meyer et al., 
2004) with Hsp90, suggesting the M-domain 
of a Hsp90 as a sole interface for Aha1 bind-
ing (Lotz et al., 2003). The mutation of I128T 
of Hsp90α (I123T in Hsp90β) is localized in a 
hydrophobic patch of the Hsp90, suggested to 
be the region of p23 binding (Ali et al., 2006). 
In chapter 1 we proposed a novel model for the 
Aha1 interaction with Hsp90, supported by the 
co-immunoprecipitation studies and ITC anal-
ysis, involving full length Aha1, and pointing 
at the N-domain of Hsp90 as a part of the inter-
face in Aha1/Hsp90 interaction. Our findings 
are supported by recently published results 
(Retzlaff et al., 2010). We believe that Aha1 
binding to the N-terminus of Hsp90 plays a 
pivotal role in the stabilization of the closed-
dimer conformation of Hsp90, and the muta-
tion increasing the Aha1 binding, might shift 
the balance of the conformational status of 
Hsp90 towards the form with lower affinity to 
the inhibitors. In our experiments, we observed 
a high level of ATP-ase stimulation by Aha1, in 
Aha1-Hsp90 ratio close to the equimolar. This 
result argues with the data recently published 
for the yeast Hsp90, where the maximum of 
activation is achieved when the single mol-
ecule of Aha1 binds to a dimer of Hsp90, and 
further increase in Aha1 level, does not result 
in increased activity of the ATP-ase. (Retzlaff 
et al., 2010). We cannot exclude the possibility 
that the effect observed is due of lack of kinetic 
stability of Hsp90-Aha1 interaction. Some of 
the differences in activation of ATP-ase activ-
ity by Aha1 might be also result in a dramatic 
differences between intrinsic ATP-ase activ-
ity between human and yeast Hsp90  (Richter 

et al., 2008), however more detailed studies 
should be perfomed to clarify this.

We confirmed that Aha1 binds to both 
Hsp90 isoforms in an ATP dependent manner, 
the interaction appears to be transient, and is 
sensitive to the Hsp90 inhibitors. Also, we dem-
onstrated that the N-terminal domain of Hsp90 
is involved in the interaction with Aha1, and 
increased affinity for Aha1 results in a altered 
ATP-ase activity. We also proved the FRET 
and FRAP methods as useful tools to study the 
interactions between Aha1 and Hsp90. 

MeTHoDS

Cells and cell culture reagents

All experiments were performed on hu-
man embryonic kidney cells HEK293 obtained 
from ATCC. Cells were grown with Iscove’s 
Modified Dulbecco Medium (IMDM), supple-
mented with 10% FCS and penicillin-strepto-
mycin solution (Sigma). Cells were transfected 
using Lipofectaimne2000 reagent (Invitrogen) 
according to the manufacturer’s protocol.

Western blot and immunoprecipitation

FLAG- specific antibody covalently linked 
to agarose beads (Sigma) was used to precipi-
tate FLAG-HA tagged exogenous Hsp90 pro-
tein from cell extract. 

Co-immunoprecipitation of FLAG-HA-
Hsp90 was performed in buffer contain-
ing: 150mM KCl, 10mM MgCl, 5% glyc-
erol, 25mM Hepes-KOH pH=7,6, 2mM DTT, 
0,05% NP-40 supplemented with phosphatase 
inhibitors and Complete™ Protease Inhibitors 
(Roche).

FLAG-HA tagged Hsp90 was detected using 
anti-HA(12CA5) antibody ab16918 and Aha1 
was detected using Aha1-specific ab56721 
antibody  (Abcam). Total Hsp90 was detected 
with SPA- 846 antibody and HOP (STIP1) with 
SRA-1500 antibody (Stressgen). GAPDH with 
sc-32233 antibody and XFP tagged proteins 
were detected with anti-GFP(1A5) antibody 
sc-101536 (Santa Cruz Biotechnology).  



plasmids

For expression in human cell lines wild-
type HSP90α and HSP90β and mutant 
(Hsp90αI128T,  Hsp90αE46A, Hsp90αD93N, 
Hsp90βI123T) allele were cloned into pcD-
NA3.1(+) vector with N-terminal FLAG-HA 
tags. 

 For human AHA1 cloning, total mRNA 
was isolated from HeLa cells using RNeasy Kit 
(Qiagen), cDNA synthesis was performed with 
specific reverse primer using RevertAid first 
strand cDNA synthesis kit (Fermentas) accord-
ing to the manufacturer’s protocol. AHSA1 gene 
ORF was amplified with primers containing 
restriction sites (aha1fw 5’ CTAGGATCCAT-
GGCCAAGTGGGGTGAG 3’ and aha1rev 5’ 
CGTGAATTCCTAAAATAAGCGTGCGC-
CATAG 3’) and cloned into pcDNA 3.1 (+) vec-
tor using BamHI and EcorI sites and subcloned 
to pECFP-C1, pEYFP-C1 and pECFP-N1 and 
pEYFP-N1 (Clonetech). For cloning into two 
latter insert was amplified without the stop 
codon with primers (aha1fw_ecoRI 5’ AGC-
GAATTCCCATGGCCAAGTGGGGTGAGG 
3’ and aha1rev-ns-ecoRI 5’ CGCGT-GAAT-
TCCTGAAATAAGCGTGCGCCATAG 3’), 
using EcoRI site.  For confocal imaging and 
FRET experiments pECFP-EYFP fusion  vec-
tor, and pEYFP-N1-Hsp90α, pEYFP-C1-
Hsp90α, pECFP-N1-Hsp90α, pECFP-C1-
Hsp90α were used. 

immunofluorescence imaging

Immunofluorescence imaging of HEK293 
cells was performed with Leica Confocal Sys-
tem. Aha1 was stained ab56721 antibody (Ab-
cam) with anti-mouse FITC conjugated 2nd 
antibodies (Sigma) and  Hsp90 with SPA-846 
antibody (Stressgen) with anti-rabbit TRITC 
conjugated 2nd antibodies (Sigma). Nuclei 
were stained with DAPI  (Sigma).

FreT experiments

FRET For the FRET experiments cells were 
transfected with plasmids carrying fluorescent-
ly tagged proteins  Measurements were per-
formed 48 hours after transfection. Cells were 

stained with 10µM Hoechst 33342 (Sigma) for 
30 minutes. Upon staining cells were trypsyn-
ized, washed with PBS, and suspended in ice-
cold PBS. Measurements were performed using 
spectroflourimeter (Shimadzu RF-5301PC). 
Emission spectra were read for the following 
excitation wavelengths: 435nm (excitation slit: 
5nm, emission slit 10 nm, spectral range: 450-
650),  505nm (excitation slit: 3nm, emission 
slit 5nm, spectral range: 515-650), 340nm (ex-
citation slit: 5nm, emission slit 5 nm, spectral 
range: 370-600). Absolute FRET values were 
calculated from the equations listed in supple-
mentary data, and referred to the FRET values 
of control CFP-YFP fusion protein.

Confocal FRET For FRET experiments 
cells were seeded in Labtec Chambers (Nunc) 
and transfected with pECFP-C1-Aha1 and 
pEYFP-C1-Hsp90α vectors or pEYFP-ECFP 
fusion vector as a positive control. 24h after 
transfection, FRET analysis was performed us-
ing Leica Confocal System with Leica Confo-
cal Software v.2.61.(Leica).

FrAp experiments

For FRAP experiments cells were seeded in 
Labtec Chambers (Nunc) and transfected with 
pECFP-C1-Aha1 vector. 24h after transfection, 
cell culture media were replaced with fresh 
medium supplemented with 1µM 17-AAG or 
DMSO. After 30 minutes of incubation at 37°C 
FRAP analysis was performed using Leica DM 
IRE/TCS SP2 confocal microscope equipped 
with full environment control. with Leica Con-
focal Software v.2.61 (Leica). Imaging was 
performed at 32x256 pixels, 5% 514 nm laser 
power and bleaching (circle of 2 μm diameter) 
with one pass at 100% power of both 488 and 
514 nm laser lines. Beam expander was set to 1 
and pinhole diameter to 3 AU. 5 pre-bleaching 
frames, 1 bleach frame and 60 post-bleaching 
frames were acquired in bidirectional “fly” 
mode. At least 10 cells for each experimental 
variant were imaged. Fluorescence intensity 
in the bleached region was corrected for total 
specimen bleaching. Curve fitting to one-phase 
exponential association model [Y=Ymax*(1-
exp(-K*X)), where K stands for ascend rate 
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constant] was performed using GraphPadPrism 
4.0 (GraphPad Software Inc.).

protein purification for in vitro assays

HSP90α and HSP90α I128T mutant were 
cloned in vector pTYB4 (New England Bio-
labs) with the N-terminal intein tag. Expres-
sion of the proteins was carried out in E.coli 
BL21 strain. Proteins were purified by an affin-
ity chromatography with chitin resin according 
to the New England Biolabs recommendations, 
followed by the chromatography on heparin 
and mono-Q sepharose. Human AHSA1 was 
cloned in pET28 vector (Novagen) to obtain 
C-terminal His-tagged fusion and was purified 
by chromatography on Talon resin (Invitrogen) 
according to the manufacturers protocol.

ATp hydrolysis assay

ATPase activity was measured by direct hy-
drolysis of the ATP γ-P33. Reaction was per-
formed in a buffer containing 25mM Hepes-
KOH pH 7.5, 25mM KCl, 5mM MgCl2, 1mM 
ATP and 1μM ATP γ-P33. Samples containing 
Hsp90 protein at the 10µM concentration and 
Aha1 (when indicated) were incubated at 37° 
for 2 h. Produced radioactive phosphate was 
separated from the ATP and ADP by the TLC 
chromatography, radioactivity was assessed us-
ing Storm Phosphoimager (Amersham Biosc.) 
and quantified with ImageQuant 5 software. 
Activity of the non specific ATPases contami-
nating Hsp90 preparations was measured un-
der the same conditions with addition of the 
200 µM radicicol. Obtained values as well as 
the value of nonspecific ATPases contamina-
tion of Aha1 preparation were used to correct 
measured Hsp90 activities.
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SuppleMenTAry DATA 

FreT efficiency calculations

A) Cell number normalization
Normalization was carried using the measure-
ment of Hoechst 33342 fluorescence. Total 
fluorescence for the measured spectrum was 
summed up. The lowest value in each set of 
samples was used as a reference. For each 
sample CFP and YFP spectra were trans-
formed following the formula:

f’(x) = f(x)*a/b

where:
f(x) – initial value of fluorescence at the wavelength of 
x nm
f’(x) – normalized value of fluorescence at the wave-
length of  x nm
a – value of fluorescence for Hoechst 33342 of the sample 
with lowest cell number
b – value of a fluorescence for Hoechst 33342 in a given 
sample

b) background subtraction
Fluorescence of the untransfected cells was 
subtracted from the spectra following the 
formula:

f’(x) = f(x)-g(x)

where:
f(x) –value of fluorescence at the wavelength of x nm 
calculated from A
f’(x) – normalized value of fluorescence at the wave-
length of  x nm after background subtraction
g(x) - value of fluorescence at the wavelength of x nm for 
the untransfected cells

C) Correction for the yFp cross excitation
YFP emission values for each sample were 
corrected for the fluorescence of the control 
cells, upon excitation with the optimal values 
for the CFP, following the formula:
 

f’(x)=f(x)-g(527)/h(527)*k(x)

where:
f(x) –value of CFP fluorescence at the wavelength of x 
nm calculated from B
f’(x) – normalized value of fluorescence at the wave-
length of  x nm after correction for the YFP cross excita-
tion

g(527) –value of YFP fluorescence of the given sample at 
the wavelength of 527 nm (YFP emission peak)
h(527) –value of YFP fluorescence of the control at the 
wavelength of 527 nm (YFP emission peak)
k(x) - value of CFP fluorescence at the wavelength of x 
nm

D) equalization of the spectra
Fluorescence spectra were leveled down to 0 
at the wavelength 600nm

f’(x)=f(x)-f(600)

where:
f(x) –value of CFP fluorescence at the wavelength of x 
nm calculated from C
f(600) - value of CFP fluorescence at the wavelength of 
600 nm
f’(x) – normalized value of fluorescence after spectra 
equalization

e) normalization for CFp
Spectra were normalized for the CFP fluores-
cence intensity, assuming that the maximal 
value of the fluorescence in arbitrary units is 
equal to 1.

f’(x) = f(x)/max(f(470-480))

where:
f(x) –value of CFP fluorescence at the wavelength of x 
nm calculated from D
max(f(470-480)) – the highest value of CFP fluorescence 
within range 470-480 nm

f’(x) –value of fluorescence after CFP normalization

F) Calculation of FreT efficiency 

FRET efficiency was calculated in  arbitrary 
units. YFP fluorescence at 527 nm (maxi-
mal emmision for YFP) was referred to the 
value of the fluorescence of the control (CFP 
transfected cells) at 527 nm , following the 
formula: 

F=f(527)-g(527)

where:
F- FRET efficiency in arbitrary units
f(527) –value of CFP fluorescence at the wavelength of 
527 nm calculated from E
f(527) –value of CFP fluorescence of the control at the 
wavelength of 527 nm
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CHAPTER 2

Effect of Hsp90 inhibitors on breast cancer cells 
invasion

Jakub Urbański, Marcin Klejman, unpublished results.
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inTroDuCTion 

Hsp90 is a highly conserved molecular 
chaperone. Two cytosolic isoforms of Hsp90, 
Hsp90α and Hsp90β has been described. The 
actual level of both isoforms varies depend-
ing on the tissue or cell line, but both isoforms 
constitute up to 2% of the total soluble pro-
teins in cytoplasm. In recent studies Hsp90 at-
tracts attention as a potential target in cancer 
therapy(Whitesell et al., 2005; Barginear et al. 
2008; Neckers, 2007; Tsutsumi et al., 2009). 
Numerous client proteins of Hsp90 include 
signaling protein kinases v-Src, Raf1, Met and 
Akt (Schulte, 1998; Webb, et al., 2000; Bla-
gosklonny, 2002; Basso et al., 2002).

Specific and potent inhibitors of Hsp90 
targeting the ATP-binding site and therefore 
disrupting chaperone fuctions, such as radi-
ciol, geldanamycin and its derivatives, were 
identified and are being tested in phase I and 
II clinical trials. (Workman, 2003; Isaacs et al., 
2003)

Matrix metalloproteinases such as MMP2 
and MMP9 play an important role in cancer 
cell invasion, acting not only as key enzymes 
responsible for ECM (extra-cellular matrix) 
breakdown, but also important activators other 
proteins involved in metastasis (Nabeshima et 
al., 2002 ). Generally, increased secretion and 
activity of one or several MMPs contributes to 
the high metastatic potential of the cells, and is 
frequently associated with malignant progres-

sion. (Johansson et al. 2000) Elevated levels of 
MMP-2 have been reported in various human 
malignancies including breast, oral, gastric 
and pancreatic cancers (Algayer et al., 1998; 
Ellenrieder et al., 2000; Shimada et al., 2000; 
Hanemaaijer et al., 2000). MMP-2, a type IV 
collagenase plays a critical role in tumor cell 
invasion by facilitating the degradation of 
basement membrane type IV collagen, and is 
also involved in the process of angiogenesis 
(Haas et al., 1999). Recently, a link between 
the extracellular Hsp90 and MMPs activation 
has been suggested that extracellular Hsp90 
is responsible for the proper activation of the 
MMP2 (Eustace et al., 2004). 

Here we investigate the effect of Hsp90 
inhibition with geldanamycin derivative, 17-
AAG (17-(Allylamino)-17-demethoxygeldan-
amycin), on various aspects of invasion of 
breast cancer cell line MDA-MB 231, includ-
ing extracellular MMP2 and MMP9 activity. 

The idea of extracellular presence of Hsp90 
has been neglected for the long time. Reports 
of extracellular Hsp90 were scarce and, to our 
knowledge, up to now no detailed study fo-
cused on Hsp90 secretion as naturally occur-
ring and biologically relevant phenomenon was 
published. Presence of Hsp90 on cell surface 
and conditioned medium has been reported in 
several studies (Becker et al., 2004; Sidera et 
al., 2004). As Hsp90 was reported as a part of 

The effect of Hsp90 inhibitors on breast cancer cells      
invasion

AbSTrACT
An important role in cancer was attributed to Hsp90,  and the molecular chaperone is 
often reffered to as ‘cancer chaperone’. inhibitors of Hsp90 are being tested in clinical tri-
als as potent anti-cancer agents. Here, we investigate the effect of inhibition of Hsp90 with 
17-AAG (17-(Allylamino)-17-demethoxygeldanamycin), on various aspects of invasion of 
breast cancer cell line MDA-Mb 231, including adhesion, invasion, and migration, pointing 
at the important role of Hsp90β isoform. We demonstrate that Hsp90 is secreted to the ex-
tracellular matrix in exosomes, but does not influence activity of MMp2 and MMp9 metal-
loproteases, known to be involved in metastasis.
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Fig 1. 17-AAG treatment seriously affects matrigel 
and collagen i invasion of MDA-Mb 231 cells. 
MDA-MB 231 cells were seeded in Transwell insert 
coated with matrigel or collagen I, supplemented with 17-
AAG or DMSO. (A) After 24h membranes were fixed and 
stained with DAPI. (B-C)Six representative fields of view 
at 10x magnification were counted to assess the number 
of cells bound to the membrane. (D) Cell vialibity was 
assessed using crystal violet after 24 hours of 17-AAG 
treatment.

exosomal cargo (Hegmans et al., 2004; Clay-
ton et al., 2005), we wanted to establish if the 
exosomal pathway is responsible for the Hsp90 
secretion, and if vesicular bodies secreted by 
the MDA-MB 231 cells contain Hsp90. 

As the specific and important role in inva-

sion process was attributed to Hsp90α isoform, 
by some authors (Eustace. B., et al., 2004), we 
also aimed at the developement of experimen-
tal setup for efficient studies of Hsp90 isoform 
specificty in cellular environment. 
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Fig 2 1. 17-AAG treatment does not influence global 
activity of gelatinases secreted by the MDA-Mb 231 
cells and does not affect cell viability after 24h. 
MDA-MB 231 cells were seeded in 24-well plate, and af-
ter 6h  treated with various concentrations of 17-AAG or 
DMSO. After 24h cells conditioned media were collected. 
Matrix metalloproteinases were immunoprecipitated from 
the media with gelatin-agarose beads, and subjected to 
zymographic analysis on 8% SDS-PAGE under semi-
denaturating conditions. (A) Zymogram was developed 
upon 72h of incubation. (B) Media were incubated in 
FITC-gelatin coated wells. After 96h realtive fluorescence 
of the released FITC was measured with spectrofluorom-
eter. (C) Global gelatinase activity was also measured  
using fluorogenic substrate upon gelatin-IP, (D) as well 
as the global activity of active and total MMPs, pre- and 
post activation with APMA respectively. (E) MDA-MB 
231 cells were embedded in IMDM medium solidified 
with collagen I in presence of 17-AAG. After 40 h total 
volume of the released medium was measured. 
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reSulTS

17-AAG treatment inhibits MDA-Mb 231 
cells invasion through the collagen i and 
matrigel matrix. 

Geldanamycin was previously reported as 
a factor strongly inhibiting the invasion of the 
cancer cells (Eustace et al., 2004). We investi-
gated the effect of geldanamycin derivative 17-
AAG (17-(Allylamino)-17-demethoxygeldan-
amycin) inhibition of Hsp90 on the invasion 
of MDA-MB 231 cells. To assess the invasion 
rate we employed a modified Boyden chamber 
assay, with collagen I or matrigel as a substitute 
for ECM. Three dimensional experimental set-
up enables to study the invasion and haptotaxis 
of the cells. We observed a dramatic decrease 
of the invasion upon Hsp90 inhibition even at 
the low concentration of 17-AAG, markedly in 
collagen I invasion (Fig. 1 A-C). In the pres-
ence of 1µM 17-AAG, the invasion was almost 
completely inhibited. Inhibitor concentrations 
used in the experimental setup, do not affect 
the proliferation of the cells within the time-
frame of the experiment (Fig. 1D). 

Cancer cell invasion is a very complex pro-
cess, with a number of steps involved, includ-
ing adhesion to the extracellular matrix (ECM), 
degradation of the ECM by the proteolytic en-
zymes and migration (haptotaxis). Following 
the invasion experiments, we decided to deter-
mine which of the abovementioned processes 
are affected due to the inhibition of Hsp90, 
resulting in the decreased invasiveness of the 
MDA-MB 231 cancer cells.

Activity of extracellular gelatinases does not 
change upon Hsp90 inhibition. 

Degradation of ECM is an important part 
of metastasis and cancer cell invasion. Crucial 
part of ECM degradation, but also proteolytic 
activation of important factors involved in tu-
mor progression is performed by the matrix 
metalloproteinases (MMPs), a family of prote-
olytic enzymes secreted by the cell. It has been 
previously reported that the gelatinase MMP2, 
an enzyme involved in matrigel and collagen 
degradation is a client protein of Hsp90 (Eu-

stace et. al., 2004), and the activity of the lat-
ter is required for proper activation of the pro-
tease. Therefore we wanted to investigate the 
effect of Hsp90 inhibition on level and activity 
of the extracellular MMPs, focusing on the ge-
latinases such as MMP2 and MMP9.

Upon 24 hours of  treatment with vari-
ous concentrations of Hsp90 inhibitors, con-
ditioned cell culture media were subjected to 
analysis. Active forms of gelatinases were im-
munoprecipitated from the media. Interestingly, 
gelatin-zymography of the immunoprecipitates 
does not show any significant differences in the 
level of either gelatinase upon inhibitor treat-
ment (Fig. 2A). The zymography is a method 
that enables approximate rather than the accu-
rate quantitative analysis, we also performed 
a series of experiments using FITC-labelled 
collagen I as a substrate (Fig. 2B) but no dif-
ferences in FITC level, released due to MMPs 
activity in conditioned media upon 17-AAG 
treatment were observed. Activity of the ge-
latinases in conditioned medium was measured 
– gelatinases were immunoprecipitated from 
the media with gelatin-agarose beads - gelati-
nase activity was measured using fluorogenic 
substrate (Fig. 2C), showing no differences in 
the level of gelatinase activity upon Hsp90 in-
hibition. In order to estimate the total activity 
of MMPs in conditioned media we also per-
formed a differential analysis of media pre and 
post activation of total mettaloproteinases with 
the unspecific activator APMA was performed 
in order to estimate the level of active MMPs 
in media in pool of the total MMPs secreted. 
(Fig. 2D). No significant differences were ob-
served in the level of active MMPs in medium, 
however, we detected a decrease in the level of 
total MMPs secreted in medium, inactive prior 
to the APMA activation.  Proteolytic activity 
of the cells cultivated in three-dimensional cul-
ture embedded in collagen I was also assessed 
as a model of direct ECM degradation by the 
cancer cells. Cells were embedded in collagen 
I solidified medium. Measurement of the vol-
ume of culture medium depolymerysed due to 
the collagenolytic activity of the cells was used 
as an indirect way of extracellular MMPs ac-
tivity assessment. (Fig. 2E) The overall results 
of the MMPs activity assays performed show 
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no differences between cells treated with 17-
AAG and control, regardless of the inhibitor 
concentration used, within the range of 0,1 to 
1,0 µM. 

Having excluded the inhibition of MMPs 
activity by Hsp90 inhibitors as a primary fac-
tor contributing to the diminished invasiveness 
of the MDA-MB 231 cells, we moved forward 
to the studies of other important steps involved 
in cancer cell migration.

17-AAG treatment impairs cell motility in 
scratch assay

Cell motility is an important factor having 
great impact on the invasion speed and effi-
ciency.

In order to test the effect of Hsp90 inhibitors 
on cancer cell motility we performed scratch 
assay with two highly invasive cell lines MDA-
MB 231 and HT1080. In our experiments the 
migration of  cells was impaired even with the 

Fig 3. 17-AAG treatment affects migration of MDA-
Mb 231 cells in scratch assay. 
MDA-MB 231 cells were seeded in 24-well plate, and 
after 12h (t=0) scratched with pipette tip. Growth medium 
was replaced with serum free medium supplemented with 
17-AAG or DMSO. (A) Scratch area was measured at t0 
and t=24 to assess the migration speed (B).

17-AAG concentration

cell line 0 µm 0,1 µM 1,0 µM

MDA-MB 231 100,0 ± 1,2 % 66,4 ± 4,0 % 54,2 ± 3,7 %

HT1080 63,8 ± 4,3 % 50,1 ± 1,45 % 20,9 ± 3,7 %
Table 1. Migration rate of MDA-Mb 231 and HT1080 in scratch assay after 24h.

%
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Fig 4. 17-AAG affects MDA-Mb 231 cell adhesion to 
the various media.
MDA-MB 231 cells were suspended in serum free 
DMEM medium supplemented with 17-AAG or DMSO. 
(A) Cells were seeded on plates coated with matrigel, 
collagen I or uncoated. After 90 minutes of incubation, 
bound cells were fixed, stained with crystal violet and 
counted.

17-AAG concentration

medium cell line 0 µm 0,1 µM 1,0 µM

collagen i
HT1080 100,0 % 86,9 ± 12,5 % 49,0 ± 3,7 %

MCF7 55,0 ± 2,9 % 39,4 ± 0,3 % 4,1 ± 0,4 %

matrigel
HT1080 100,0 % 100,0 % 59,9 ± 13,6 %

MCF7 91,9 ± 3,0 % 70,6 ± 3,5 % 3,8 ± 0,1 %

plastic
HT1080 86,0 ± 5,2 % 62,5 ± 11,0 % 51,0 ± 0,4 %

MCF7 100,0 % 71,4 ± 10,3 % 4,0 ± 0,1 %
Table 2. Adhesion rate of HT1080 and MCF7 cells to the various media after 90 minutes.

concentration of 17-AAG and radicicol (data 
not shown) as low as 100nM (Fig. 3). Further 
increase of the inhibitor concentration to 1µM 
augmented this effect, which was confirmed 
also in case of HT1080 cells (Table 1). 

exposure to 17-AAG affects cancer cell ad-
hesion and spreading

We also investigated the adhesion of the 
cells to various media, including matrigel and 
collagen I used in the invasion assay. Cells 
treated with various concentrations of Hsp90 
inhibitor were seeded on surfaces coated with 
matrigel, collagen I and fibronectin. In the 
case of MDA-MB 231 cells the effect of 17-
AAG within the timeframe of the experiment 
is strongly pronounced with the higher dose 
of the inhibitor (Fig. 4). Adhesion of either of 
three cell lines tested was impaired in presence 
of 17-AAG, with a very prominent inhibitory 
effect in case of the non-invasive MCF7 cells, 
and to a lesser extent pronounced in case of 
HT1080 and MDA-MB 231.(Table 2). We also 
investigated long lasting effect of the 17-AAG 
exposure upon the adhesion. In normal condi-

tions adhesion is followed by the pseudopodia 
formation and changes of the cell shape, the 
process we can collectively refer to as cell 
spreading. Cells, initially round, become more 
elongated and flattened, also some protrusions 
are formed such as pseudopodia, due to the cy-
toskeleton rearrangements. We measured the 
cell perimeter and cell area at 3 hours and 24 
hours upon seeding to determine the parameter 
of “roundness” being an indicator of the cell 
spreading progress (Fig. 5A). In cells treated 
with the 17-AAG we observed a reduced cell 
area, indicating impaired spreading (Fig. 5B). 
Also the cells treated with 17-AAG appeared 
to be more round, with more regular shape and 
lesser number of protrusions, compared to the 
control (Fig. 5C), suggesting that Hsp90 inhi-
bition results in some disruptions in cytoskel-
eton reorganization. 

Hsp90 is present in exosomal fraction

Hsp90 has been reported to be present 
outside the cell. The data regarding extracel-
lular Hsp90 are scarce and no mechanism of 
secretion was proposed. Hsp90 molecule lacks 
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Fig 5. 17-AAG  affects MDA-Mb 231 cell spreading 
upon adhesion to the collagen i.
MDA-MB 231 cells were suspended in serum free DMEM 
medium supplemented with 17-AAG or DMSO. Cells 
were seeded on glass slip covers, coated with collagen I. 
(A) At t=3 and t=24, cells were fixed an visualized under 
light microscope at 20X magnification. Average (B) cell 
area and (C) cell shape - “roundness” were measured and 
analysed with MetaMorph software. 

Fig 6. Sucrose gradient analysis of exosomes prepara-
tion from the MDA-Mb 231 cells reveals homogenous 
density of the exosomes. Hsp90 is enriched in fraction 
containing exosomes. 
(a) Sucrose gradients are highly reproducible. Typical 
exosome density varies between 1,13-1,19 g*ml-1 (green 
dotted area on graph). (b) Fractions of the sucrose gradi-
ent were resolved on a SDS-PAGE gradient gel 8-15%, 
transferred to the nitrocellulose membrane, stained with 
Ponceau S and (C).immunoblotted for Hsp90.
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Fig 7. evaluation of shrnA specificity and efficiency.
MDA-MB 231 cells were transfected with pSilencer 2.1 
U6 hygro vectors. 48h upon transfection cells were ly-
sed. (A,b) Cell extracts were immunobloted for Hsp90α, 
Hsp90β and GAPDH. Transfected cells were selected for 
hygromycin resistance. After 14 days hygromycin resistant 
cells were lysed . (C)Cell extracts were immunobloted for 
Hsp90α, Hsp90β, Hsp70 and GAPDH.

canonical peptide export sequence, suggest-
ing that other mechanisms are involved in its 
transport. As other cytosolic chaperones were 
detected in proteomic screens of the exosomes 
preparations, we wanted to check if Hsp90 is 
present on exosomes secreted by the cancer 
cells MDA-MB 231. No data on exosomes se-
creted by this particular cell line was available 
- we performed large scale isolation of the exo-
somes and sucrose gradient analysis in order to 
characterize the exosomes density. Exosomes 
isolated from the MDA-MB 231 cells condi-
tioned medium have approximate density of 
1,14g*ml-1 (Fig. 6 A-B). Hsp90 was detected 
in exosomes enriched fraction of the density 
gradient, suggesting that Hsp90 is exported by 
means of exocytosis (Fig. 6C)..

The prominent role of Hsp90α in cancer 
progression and metastasis has been suggested 
by some authors (Eustace et. al., 2004),. To ad-
dress the issue of isoform specificity of Hsp90 
we wanted to study the effect of single isoform 
knockdown in cell lines. To study the long last-

ing effect of knockdown, we designed a se-
ries of shRNA vectors carrying the resistance 
marker, enabling selection of the stably trans-
fected cell line. To address we created a series 
of vectors encoding shRNA targeting both iso-
forms of Hsp90 in a specific manner. However, 
we were not able to achieve specific silencing 
of the Hsp90 in transient and either in stable 
transfection in MDA-MB 231 cells (Fig. 7) and 
other cell lines (data not shown). Therefore we 
decided to switch to another system, based on 
chemical silencing of the Hsp90, and mutants 
of Hsp90 resistant to inhibitors, this system is 
described in Chapter 1 of this work. We trans-
fected the MDA-MB 231 cells with FLAG-HA 
tagged mutants of Hsp90 (I128T and I123T, 
for alpha and beta isoforms respectively), and 
carried selection with 1 µM17-AAG, as a se-
lection antibiotic, in order to establish stably 
transfected cell lines. To our surprise, cells ex-
pressing Hsp90 alpha I128T as a sole source of 
Hsp90 activity, were not able to grow under the 
pressure of antibiotic and died, whereas Hsp90 
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Fig 8. 17-AAG does not affect migration of MDA-Mb 
231 cells stably transfected with Hsp90 beta i123T 
mutant in scratch assay. 
MDA-MB 231 cells and MDA-MB 231 cells stably trans-
fected with Hsp90β I123T mutant were seeded in 24-well 
plate, and after 12h (t0) scratched with pipette tip. Growth 
medium was replaced with serum free medium supple-
mented with 17-AAG or DMSO. (A) Scratch area was 
measured at t=0 and t=18 to assess the migration speed.

beta I123T transfected cells, despite the 17-
AAG presence in culture medium performed 
equally well as a control, untransfected cells, 
not subjected to the antibiotic. Moreover, in 
Hsp90 beta I123T transfected cells 17-AAG 
shown no inhibitory effect on cell motility in 
scratch assay. (Fig. 8). This suggests that in 
this particular cell line, activity of Hsp90 alpha 
isoform might be redundant, and it is Hsp90 
beta to perform all functions essential for cell 
migration, alternatively lower level of Hsp90α 
expression was not enough to support cell vi-
ability (data not shown).

DiSCuSSion

Geldanamycin derivatives, such as 17-
AAG and 17-DMAG are tested in clinical tri-
als as promising therapeutics in cancer therapy, 
as they inhibit the invasion, migration and me-
tastasis of the cancer cells. (Workman, 2003; 
Isaacs et al., 2003) A major drawback of the 
Hsp90 inhibitors is cytotoxic effect – Hsp90 
as one of the major cytosolic chaperones is in-
dispensable for the proper function of all cells, 
with the cancer cell being no exception (Neck-
ers 2007; Tsutsumi et al., 2009) for it acts as a 
chaperone for a number of proteins involved 
in cancer progression. Increased susceptibility 
of the Hsp90 to the inhibitors was described in 
cancer cells (Kamal et al., 2003). Although this 
data is very promising from the clinical point of 
view, rendering Hsp90 inhibitors as potent an-
ti-cancer agents specifically targeting tumors, 
the results do not find strong support in further 
research, and were even recently questioned 
by some authors (Diehl et al. 2009). An expla-

nation of the diverse sensitivity of the various 
cancer cells to the Hsp90 inhibitors, might be a 
different level and ratio of the Hsp90 isoforms 
in the cell, as well as varied expression levels 
of co-chaperones regulating the ATP-ase ac-
tivity of Hsp90, ie. Aha1, p23 (Nollan et al., 
2002; Forafonov et al., 2008; Holmes et al., 
2008; McDowell et al., 2009).

Complex study of the gelatinase activity, 
of the cells and conditioned cell culture media 
enabled us to exclude any direct links between 
Hsp90 and its inhibition and activation and se-
cretion of the gelatinases, MMP2 and MMP9. 
However we observed a decrease in secretion 
of total MMP’s suggesting that the Hsp90 in-
hibition leads to the disregulation of secretion 
of other proteases. Despite numerous pub-
lished recently thorough studies of MMP2 and 
MMP9 activity in context of cancer cell inva-
sion, published recently (ie. Overall and Dean, 
2006, Nascimento et al., 2010), to our knowl-
edge no further reports on Hsp90 links with the 
level and activity of extracellular MMP2 and 
MMP9 has been published in context of MDA-
MB 231 and other cell lines. In contrast, Hsp90 
alpha was associated with MMP2 as a target of 
proteolytic cleavage (Overall and Dean, 2006). 
We cannot exclude the possibility that the dif-
ference is a result of the differences between 
cell lines used for the experiments, but in our 
opinion it is highly unlikely that it accounts 
for such significant differences. Therefore, in 
our opinion this raises some doubt some of the 
results regarding the MMP’s published by Eu-
stace et al. 2004 is fully justified.  

We provide strong evidence, that adminis-
tration of Hsp90 inhibitors such as 17-AAG, 
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affects cancer cell invasion, and our results 
point at the inhibition at the early stage, namely 
adhesion and spreading, as well as the motility. 
Based on the published reports of inhibitory 
effects of Hsp90 inhibitors on cancer cell me-
tastasis and invasion, it is difficult to point at a 
single, universal mechanism of action. Inhibi-
tory effect of 17-AAG administration has been 
described for non-small lung carcinoma, hepat-
ic carcinoma, breast cancer and other tumors 
(Nguyen et al. 2000; Koga et al., 2007; 2009).. 
Various metabolic and signaling pathways 
seems to be inhibited or impaired by the inhibi-
tion of Hsp90 activity, and the exact explanation 
for the decreased invasiveness highly depends 
on the cancer cell line, its origin and metastatic 
status. Cell adhesion, spreading and migration 
require hierarchical and coordinate signaling 
events that converge, amongst the other pro-
cesses on actin remodeling. Actin-driven cell 
motility is crucial for ensuring endothelial cell 
migration. One of the most important proteins 
involved in those processes is focal adhesion 
kinase – FAK. FAK is a nonreceptor protein 
kinase that is found in integrin-enriched focal 
contacts (Guan et al., 1991, Owen et al., 1999; 
Hanks et al., 2003) FAK is activated by the 
sequential phosphorylation of the serine and 
tyrosine residues including Ser 722, Ser732 
and Tyr407. Signaling events downstream of 
FAK are strongly implicated in cell motility 
and survival (Bianchi et al. 2005; Boeuf, Le et 
al., 2006). Recently published reports point at 
the decreased FAK phosphorylation and there-
fore disrupted signaling upon treatment with 
Hsp90 inhibitors (Sharp et al., 2007) leading in 
consequence to the tumor growth suppression 
(Schwock et al., 2009). Our results provide a 
background for the further biochemical studies 
needed to fully understand the mechanism un-
derlying Hsp90 importance for the metastasis. 
However, the involvement of the FAK kinase, 
responsible for signaling in adhesion, spread-
ing and actin dependent motility, perfectly fits 
as an explanation of the inhibitory effect of 17-
AAG that we observed in our study. Therefore, 
the analysis of FAK phosphorylation status in 
context of MDA-MB 231 cells and 17-AAG 
treatment would be a valuable addition to the 
results presented in this chapter. 

The idea of extracellular presence of Hsp90 
has been neglected for a long time. Hsp90 was 
detected on cell surface and in conditioned me-
dium (Becker et al., 2004; Sidera et al., 2004), 
however as neither isoform possesses canoni-
cal export sequence, it is difficult to explain 
presence of the protein outside of the cell. This 
suggests that secretion of the Hsp90 involves 
more complex mechanisms. The chaperone ac-
tivity of Hsp90 is ATP-dependent, therefore its 
function would be impaired in the extracellular 
environment, where the ATP level is generally 
lower than in cytosol (Traut, 1994). The exo-
somal model of secretion of Hsp90 to a large 
extent answers both concerns, as the exosomes 
might function not only as a carrier, but also 
exosomal lumen might provide a microen-
vironment for the Hsp90 chaperone activity. 
Hsp90 has been reported to interact with pro-
teins involved in regulation of the vesicular 
transport ie. GDI-dependent recycling of Rab 
small GTP-ases, therefore it might be involved 
in sorting of the exosomal cargo (Chen et al., 
2006). Hsp90 is also known to assist the as-
sembly and presentation of MHC I and MHC II 
(Rajagopal et al., 2006; Callahan et al., 2008; 
Houlihan et al., 2009), known to be secreted 
via exosomal pathway (Segura et al., 2005). 
To date Hsp90 has been reported as a part of 
exosomal proteome in several proteomic stud-
ies (Hegmans et al., 2004; Yu et al., 2006). 
Induction of the Hsp’s, including Hsp70 and 
Hsp90 was observed in exosomes secreted by 
B-lymphocytes upon the heat shock (Clayton 
et al., 2005). We characterized the density of 
exosomes secreted by the MDA-MB 231 cells 
and detected exosomal fraction enriched in 
Hsp90. Our results support the idea of the exo-
somal origin of extracellular Hsp90. 

The exact mechanisms of secretory path-
way regulation still remains unknown, how-
ever recently published data, underlines the 
role of the Hsp90 phosphorylation at Thr90 by 
the protein kinase A and binding of the TPR 
proteins to the C-terminal MEEVD motif as an 
important factor governing this process (Wang 
et al., 2009). 

Reports on isoform specificity of Hsp90 
are very limited (Chadli et al., 2008; Houlihan 
et al., 2009). Studies of the single isoform are 
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hampered by the lack of efficient tools. Pub-
lished reports of use of small interference RNA 
to knockdown the Hsp90, focus in most cases 
on general Hsp90 level, disregarding the iso-
form issue, or prove the low isoform specific-
ity, low efficiency and even off-side effects of 
the siRNA designed to knockdown specific 
isoforms (Kunisawa et. al., 2006; Houlihan 
et al., 2009). To date no convincing data on 
isoform specific silencing of Hsp90 has been 
published. There are numerous reasons for that 
- both isoforms of Hsp90 are among the most 
abundant cytosolic proteins, accounting for 
up to 2 percent of the total soluble proteins in 
some cell lines. High level of cellular Hsp90, 
taken together with relatively short lifespan 
of the RNAi species in the cell environment 
makes efficient silencing highly unlikely. Nu-
cleotide sequences of HSP90AA1 and HSP90-
AB1 genes share a high level of homology and 
very high similarity, limiting isoform specific 
target sequences for small interfering RNA 
to a few small clusters of nucleotides within 
both sequences. In theory, generation of stably 
transfected cell lines should enable us to deal 
with major drawbacks of RNAi – low stability, 
relatively short lifespan of RNAi species, and 
low transfection efficiency that might result in 
a background from untransfected cells in some 
of the experiments. Our results however, prove 
this approach to be difficult to achieve the 
goal, even despite high specificity of silenc-
ing predicted in silico. We propose an alternate 
approach to the issue of isoform specificity, 
involving method based on specific chemi-
cal knockdown of either isoform. In Chapter 
1 we described the mutants of Hsp90 resistant 
to the inhibitors. Using those mutants we were 
able to select the stably transfected cell lines 
expressing drug resistant allele of the Hsp90, 
in the presence of 17-AAG and other Hsp90 
inhibitors (such as 17-DMAG and radicicol) 
being a sole or major source of the Hsp90 ac-
tivity in the cells. We demonstrate, that Hsp90α 
activity is not sufficient to promote the survival 
and growth of MDA-MB 231 cells, whereas 
the Hsp90β can substitute for those essential 
functions. Alternatively, due to the differences 
between cell lines the relative level of mutant 
isoform expression in MDA-MB 231 cells was 

lower than in case of the HEK293 cells, and 
therefore not sufficient to support cell viability. 
This observations need further confirmation, 
however our results shed some light on the iso-
form specific functions of Hsp90 in the context 
of some aspects of cancer.

MeTHoDS

Cells and cell culture reagents

Cell lines, namely HT-1080 fibrosarcoma 
cells, MDA-MB 231 adenocarcinoma cells 
and MCF7 mammary gland ductal carcinoma, 
were obtained from ATCC.

Cells were grown with Iscove’s Modified 
Dulbecco Medium (IMDM), supplemented 
with 10% FCS and penicillin-streptomycin 
solution (Sigma). Cell were incubated at 5% 
CO2. For some experiments medium was re-
placed with serum free IMDM. Radicicol, 
geldanamycin and 17-AAG were obtained 
from Sigma. Cell viability was assessed using 
MTT assay and/or trypan blue staining. Cells 
were transfected using Lipofectaimne2000 re-
agent (Invitrogen) according to the manufac-
turer’s protocol.

Cell adhesion, migration and invasion as-
says

Adhesion - for the adhesion assay, cells 
were trypsynized, washed with PBS and resus-
pended in serum free medium, supplemented 
with 0,1 or 1,0 µM 17-AAG or DMSO as a 
control. 5x104 cells per well were seeded in 
24-well plates coated with matrigel (BD Bio-
sciences), collagen I at 10µg/ml concentration 
or plastic. Collagen I was isolated from rat tail 
tendons, according to the protocol described by 
Chandrakasan et al., 1976. After 90 minutes of 
incubation at 37 °C, plates were gently washed 
with PBS, cells were fixed with methanol and 
stained with crystal violet (Sigma). Six random 
fields of view were counted to assess the cell 
number.

Migration - for migration assay cells were 
seeded in 24 well plates, at confluence 70-80%, 
scratch was made across the well with pipette 
tip, cells were washed with PBS, medium was 
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replaced with serum free medium, supplement-
ed with 0,1 or 1µM 17-AAG or DMSO as a 
control. Picture of marked area was taken at 
t=0 and t=24, area of the scratch was measured 
with image.

Invasion - for the invasion assay, cells were 
trypsynized, washed with PBS and resuspend-
ed in serum free medium, supplemented with 
0,1 or 1µM 17-AAG or DMSO as a control. 
2,5x104 cells were seeded in the upper cham-
ber of Transwell insert (Costar) of a pore size 
8µm, membrane coated with 100µl of 1µg/µl 
of Matrigel or collagen I. Lower well was filled 
with medium supplemented with 10% FCS and 
respective antibiotic concentration. After 24h 
membranes were washed, fixed with methanol 
and stained with DAPI (Sigma). Six represen-
tative fields of view at 10x magnification were 
counted to assess the number of cells bound to 
the membrane.

The cell perimeter and area were measured 
using Metamorph computational software (Mo-
lecular Devices). For each assessment at least 
100 measurements from different experiments 
were performed. “Roundness” parameter (RD) 
was calculated from the formula:

rD= ra/rp, by definition 0<rD≤1 

where:
rp= p/2Π, (rp – hypothetical cell radius 

calculated from the actual cell perimeter, P – 
cell perimeter)

and
ra=√A/Π, (ra – hypothetical cell radius cal-

culated from the actual cell area, A – cell area)

Roundness parameter defines the shape of 
the cell. Values equal or close to 1 stand for 
the round shape, whereas lower values are pro-
portional to all changes in shape, ie. extension 
of the cell body and formation of membrane 
protrusions like pseudopodia and invadopodia. 

MMp’S activity assays

Sample preparation- cells were seeded in 
plates. Upon cell attachment the medium was 
replaced with serum free medium supplement-
ed with the appropriate concentration of Hsp90 

inhibitors or DMSO. Conditioned cell culture 
medium (serum free) was collected after 24 or 
48 h, and subjected to low speed centrifugation 
in order to remove dead cells, and cell debris. 
Samples were direcetly subjected to analysis or 
frozen in -80° C. For immunoprecipitation of 
gelatinases media were incubated for 2h at 4° 
C with 2% gelatin-agarose beads (Sigma). For 
activation of MMP’s 1mM p-Aminophenyl-
mercuric acetate APMA (Sigma) was used. 

Zymography - samples were loaded on 8% 
polyacrylamide, 0,1% porcine gelatin (Sigma) 
gel, and resolved under semi-denaturing condi-
tions. After electrophoresis gel was washed in 
2,5% Triton-X100 for 30 min. and incubated 
for 48h in zymography buffer (50 mM Tris-
HCl pH 7.5, 10mM CaCl2, 1µM ZnCl2, 0,02% 
Brij 35, 150mM NaCl). Gels were stained with 
Coomasie Brillant Blue.

FITC collagen - collagen I was labeled with 
fluorescein isothiocyanate (FITC) (Sigma) ac-
cording to the protocol modified after Chuang 
et al. 2004 Briefly, FITC was added (final con-
centration of 0.2 mg/ml to collagen acidic solu-
tion 20 mg/mL and incubated for 2 hours. The 
FITC-collagen was dialyzed against PBS for 2 
days at 4°C in darkness.

24-well plates were coated with gelatin 0,1 
% porcine gelatin with 0,01 % FITC-labelled 
collagen I. Excess substrate was washed with 
PBS. Samples at 500 µl volume were incu-
bated for 96h at 37 °C in Parafilm-sealed 24-
well plates. Relative fluorescence of media was 
measured with spectrofluorimeter (Shimadzu 
RF-5301PC).

Fluorescent substrate – samples were in-
cubated with sythetic internally quenched 
fluorescent substrate e Mca-Pro-Leu-Gly-Leu-
Dpa-Ala-Arg (MD Biosciences) at final con-
centration of 0,8µM, in 96 well plate at 37 °C. 
Fluorescence measurements were done at 520 
nm, after 18h, using Infinite® M1000 plate 
reader with i-control™ software (Tecan).

Collagen embedding 

Cells were trypsynized, washed with PBS 
and resuspended in serum free medium, sup-
plemented with 17-AAG or DMSO as a con-
trol. Medium without cells was used as a con-
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trol. Collagen I acidic solution was mixed with 
10x concentrated IMDM. Collagen solution 
was mixed with cell suspension to achieve final 
concentration of 5mg/ml and 17-AAG concen-
tration of 0,1 or 1µM. 500µl of cell suspension, 
containing 5x104 cells per well was plated in 
24-well plate. Upon 1h incubation at 37 °C, 
solidified medium was covered wit 200µl of 
serum free IMDM. Plates were incubated at 37 
°C for 40h. Total volume of the released me-
dium was measured.

exosomes purification and density analysis

For exosomes isolation cells were grown 
with IMDM medium supplemented with 10% 
FCS - deprived of exosomes by ultracentrifu-
gation (15h at 120.000g). Exosomes were puri-
fied from conditioned medium according to the 
standard protocol as described (Théry et al., 
2006), with minor modifications. For sucrose 
gradient analysis preparation was made from 
100ml of conditioned medium, collected from 
10 culture dishes of 10cm. Exosomes prepa-
rations were subjected to the density gradient 
analysis in linear 10-70 % sucrose gradient. 
Both methods are described in details in Suppl. 
Fig. 1.

plasmids for shrnA silencing of Hsp90

pSilencer 2.1 U6 hygro (Ambion) vec-
tor system was chosen to establish stably 
transfected mammalian cell lines with Hsp90 
knockdown. shRNA encoding sequences were 
subcloned to pExtra vector (ExpressON), to 
enable conditional knockdown under control 
of tetracycline inducible promoter. Target se-
quences were designed with siSearch (http://
sisearch.cgb.ki.se) and Ambion (www.ambion.
com) algorithms, to match following criteria:

U or A at position 1
C or G at position 19
A+U richness between positions 1 to 7
A or U at position 10
U at position 17
lack of prolonged runs of G+C

All hits were BLAST-ed against full hu-
man genome sequence - all hits of homology 
≥13/21 to any known sequence were excluded. 
3 sequences were chosen for each isoform of 
Hsp90. Three unique target sequences of high-
est specificity were used for each isoform of 
Hsp90. Oligonucleotides for annealing of spe-
cific inserts were synthesized by Sigma Proli-
go. Target sites and clustered alignment of the 
nucleotited sequences of both Hsp90 isoforms 
and details of shRNA design are described in 
Suppl. Fig.2 and Suppl. Table 1.

plasmids for mutant Hsp90 expression in 
human cells

For expression in human cells, wild-type 
and mutant alleles of hHSP90α and hHSP90β 
(I128T and I123T respectively) with N-termi-
nal FLAG and HA tags were cloned into the 
pcDNA3.1(+) vector. 

Western blot

Total Hsp90 was detected with SPA- 846 
antibody (Stressgen). To detect specific iso-
forms SPA-840 antibody for Hsp90α (Stress-
gen) and PA-012 for Hsp90β (Affinity Biore-
agents) were used. GAPDH was detected with 
sc-32233 antibody (Santa Cruz).
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Suppl. Fig. 1. Schematic overview of the exosome purification from the conditioned cell culture media of the 
MDA-Mb 231 cells. 
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Suppl. Fig. 2. Clustered alignment of nucleotide sequence of human Hsp90AA1 (Hsp90α) and Hsp90Ab1 
(Hsp90β) orFs. In silico analysis of nucleotide sequences encoding ORFs of Hsp90α and Hsp90β was performed with 
CLONE software. All differences in sequences are marked in orange. 

target gene construct  nucleotide position Hsp90AA1:Hsp90AB1 
homology

Hsp90AA1
a1 291-311 21/16

a2 301-321 21/15

a3 118-138 21/13

Hsp90AB1
b1 190-210 0/21

b2 297-317 15/21

b3 301-321 15/21

Suppl. Table 1. Target sequences for the shrnA chosen for the pSilencer 2.1 u6 hygro system. 
Target sequences of highest isoform specificity were chosen from the results of in silico screen. 
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CHAPTER 3

Reversible acetylation of Hsp90 regulates its chaper-
one function in in vitro studies.
Jakub urbański, unpublished results.



Reversible acetylation of Hsp90 regulates its chaper-
one function in in vitro studies.

inTroDuCTion

Heat-shock protein 90 (Hsp90) is an ubiq-
uitous, evolutionarily conserved molecular 
chaperone crucial for maintenance of the 
stability and function of a number of client 
proteins, including proteins involved in cel-
lular signaling, vesicular transport, transcrip-
tion factors such as p53 (King et al., 2001; 
Walerych et al., 2009) and signaling kinases 
that promote cancer cell growth and survival, 
ie. v-Src, Raf1, Met and Akt (Schulte 1998; 
Webb et al., 2000; Blagosklonny et al., 2002; 
Basso et al., 2002).. Hsp90 chaperone activity 
is dependent on ATP binding and hydrolysis. 
Nucleotide exchange and ATP hydrolysis drive 
the Hsp90 chaperone machine to bind and re-
lease client proteins. This cycle is governed 
and regulated by co-chaperones, such as p23, 
Hop and Aha1.  (Siligardi et al., 2004; Harst et 
al., 2005). Recently published results, suggest 
that posttranslational modifications may also 
be implicated in the regulation of Hsp90 ac-
tivity. Several phosphorylation sites in Hsp90 
have been identified (Ogiso et al., 2004) and 
hyperphosphorylation of serine and threonine 
residues has been shown to negatively regulate 
Hsp90 function (Zhao et al., 2001). 

Recent studies describing acetylome pro-
vide an insight into acetylation as a widespread 
phenomenon (Choudhary et al., 2009). Revers-
ible protein acetylation seems to be one of the 
most important post-translational modifications 

directly regulating protein activity (Norris et 
al., 2009). Reversible acetylation has also been 
implicated as a regulatory posttranslational 
modification of Hsp90. Hsp90 hyperacety-
lation has been detected in cells treated with 
various histone deacetylase inhibitors, and the 
chaperone activity of hyperacetylated Hsp90 is 
impaired (Bali et al., 2005). HDAC6 has been 
recently identified as an Hsp90 deacetylase 
(Bali et al., 2005; Kovacs et al., 2005; Murphy 
et al., 2005), though it is probably just one of 
the enzymes responsible for this action, as in 
the initial report identifying Hsp90 hyperacety-
lation FK228 inhibitor which does not inhibit 
HDAC6, was used to inhibit deacetylase activ-
ity (Blagosklonny et al., 2002). Downregula-
tion of HDAC6, leading to the hyperacetylation 
of Hsp90 has been described to disrupt Hsp90 
function and in leukemia cells and androgen 
receptor nuclear localization in prostate cancer 
(Bali et al., 2005; Rao et al., 2008; Ai et al., 
2009). Little is known about acetyltransferas-
es responsible for Hsp90 acetylation, though 
very recently, p300 protein was described as 
an acetyltransferase responsible for acetylating 
Hsp90 in vitro, however  these results were not 
yet confirmed in vivo  (Yang et al.,  2008). 

Several putative acetylation sites within 
Hsp90 sequence were suggested, and seven 
residues were identified as actual acetylation 
sites  (Yang, et al.,  2008), playing important 

AbSTrACT
reversible acetylation of the proteins attracts attention as an important factor implied in 
the regulation of their activity and protein-protein interactions. Several acetylation sites 
were identified within the aminoacid sequence of the Hsp90 molecular chaperone. Here the 
recombinant purified allele of Hsp90 carrying mutations mimicking acetylation and deacty-
lation of the lys287 were used to investigate the impact of the acetylation status on the ATp 
hydrolysis, Aha1 dependant ATp-ase activation and chaperoning of wild type p53.
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role in regulation of Hsp90 activity. Lysine 294 
in Hsp90α (K287 in Hsp90β) has been shown 
to be involved in maintenance of interactions 
between Hsp90 and several proteins, including 
co-chaperones p23 and p50, mutant p53  recep-
tor tyrosine kinase ErbB2, and androgen recep-
tor (AR). In the case of all abovementioned pro-
teins, mutations mimicking hyperacetylation 
of Hsp90 at K294 diminished or completely 
abolished binding in co-immunoprecipitation 
experiments. (Scroggins et al., 2007),

One of the Hsp90 client proteins is p53 tu-
mor suppressor protein. p53 is a transcription 
factor to initiate the transcription of genes in-
ducing apoptosis, cell growth arrest and DNA 
repair. Stability of the p53 and its ability of 
binding promoter sequences is often impaired 
in cancer cells. Mutations in the p53 gene are 
among the most common genetic disorders in 
human cancer, including breast, colon, lung 
and liver cancer (Zylicz et al., 2001). As Hsp90 
largely contributes to a proper folding of p53 
we were interested in investigating the effect 
of reversible acetylation of Hsp90, and its pos-
sible regulatory effect on p53. 

reSulTS

point mutation at K287 does not change in 
vitro ATp-ase activity of Hsp90β nor the af-
finity to Aha1 co-chaperone.  

Purified recombinant proteins were used 
to assess the in vitro ATP-ase activity of 
Hsp90β upon introduction of point mutations 
K287Q and K287R mimicking acetylation 
and deacetylation, respectively. Proteins were 

overexpressed in bacterial cells and purified re-
combinant variants of Hsp90. To ensure high 
level of dimerization of Hsp90 an additional 
step of purification involving gel-filtration was 
performed. For the in vitro experiments dimeric 
fraction of the Hsp90 preparation was used. 

In ATP-ase hydrolysis assay no differences 
in basic ATP-ase activity of Hsp90β mutants 
K287Q and K287R were detected compared 
to the wild-type recombinant protein. We also 
performed an assay to check the activation of 
Hsp90β by Aha1 co-chaperone. Again we did 
not observe any significant influence of intro-
duction of point mutation at K287 on the level 
of activation by Aha1. The activation fold was 
identical in case of the wild type Hsp90 and 
mutant proteins. (Fig. 1A). This results suggest 
that changes in status of the K287 residue do 
not affect the ATP-ase activity of Hsp90 and do 
not influence the ability of Hsp90 to bind Aha1 
co-chaperone.

In vitro chaperoning of the wild type p53 
by Hsp90 variants depends on  ATp and is 
influenced by the acetylation status of K287 
residue.
  

To answer the question whether the acetyla-
tion status of K287 of Hsp90β has an impact 
of the in vitro WT p53 activity at the physi-
ological temperature, an EMSA assay of p53 
binding to a p21/WAF1 promoter sequence 
was performed. E42A mutant of Hsp90β, 
which could bind but not hydrolyze ATP was 
included to check if ATP binding is sufficient 
for the wild-type p53 chaperoning (for details 
see Gutkowska et al., 2010).  p53 was able to 

Fig 1. Mutations mimicking acetylation and deacetyla-
tion of Hsp90β at the K287 do not affect ATp-ase activ-
ity of Hsp90 nor influence ATp-ase activation by Aha1 
co-chaperone. 
(a) Specific ATP hydrolysis rate was measured for purified 
recombinant Hsp90b, wild type and mutants K287Q and 
K287R, in absence and presence of Aha1 co-chaperone at 
equimolar concentration.
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Fig 2. Acetylation of Hsp90β at the 
K287 affects ATp-dependent chaper-
one activity of the protein in eMSA 
assay. 
(a) Heat inactivated p53 recombinant 
protein was incubated with Hsp90β wt 
and mutants E46A, K287R, K287Q in 
presence of different ATP concentrations 
in order to assess chaperone activ-
ity in p53 refolding. p53 bound to the 
radiolabeled p21 promoter sequence was 
resolved on gel and visualised.

90

bind the p21/WAF1 promoter derived sequence 
in the absence of the Hsp90, at a temperature  
of 4°C (Fig. 2, lane 3). After 1h incubation at 
37°C, binding of p53 to the promoter sequence 
was weaker (Fig. 2, lanes 1-2) unless Hsp90β 
and 7mM ATP was present (Fig. 2, lanes 4-5). 
Similarly Hsp90β mutants E42A, and K287R 
mimicking deacetylation of lysine at the posi-
tion 287 were sufficient to allow chaperoning 
of the binding of p53 to the promoter-derived 
sequence (Fig. 2, lanes 6-7, and 8-9, respec-
tively). In case of  E42A,  mutant even the low 
molar concentration of ATP (1mM) promoted 
chaperoning. In contrast, in presence of the 
Hsp90β K287Q p53 binding to the promoter 
sequence, was completely abolished regardless 
of the ATP concentration (Fig. 2, lanes 10-11). 
This data suggest that the in vitro rescue of p53 
activity from thermal inactivation by Hsp90β 
is dependent not only on the ATP binding to 
Hsp90β, but also acetylation status of Hsp90. 
Moreover, no additional supershift was ob-
served upon addition of Hsp90β, suggesting 
that p53 complex with Hsp90β dissociates 
upon p53 binding to the promoter (for details 
see Walerych et al., 2009).

DiSCuSSion

Reversible acetylation emerges as an im-
portant factor in regulation of the protein ac-
tivity (Choudhary et al., 2009). Among several 
acetylation sites within Hsp90 sequence de-
scribed recently (Yang et al.,  2008), lysine at 
the position of 294 or 287 (in human Hsp90α 

and Hsp90β isoforms, respectively) due to its 
localization might be highly involved in inter-
actions with client proteins. The residue lies 
within highly immunogenic region of Hsp90 
in the middle (M) domain of Hsp90, being an 
exposed interface for the protein-protein inter-
actions (Nemoto et al., 1997)   and is highly 
conserved among the eukaryotes (Scroggins et 
al., 2007). A crystal structure of yeast Hsp90 
in complex with Sba1 (yeast homolog of p23 
co-chaperone), up to date the only full length 
eukaryotic Hsp90 structure published (Ali et 
al., 2006) suggest that the residue might be in-
volved in interaction with p23 co-chaperone. 
p23 is know to bind to the M-domain of Hsp90 
(Richter et al., 2004). Experimental results 
reveal that hyperacetylation of Hsp90, due to 
inhibition of deacetylases and introduction of 
mutants mimicking acetylation such as K→Q 
or  K→A at the abovementioned residue af-
fect p23 binding. (Scroggins et al., 2007). No 
convincing experimental data exists however 
for the Aha1, co-chaperone, that competes 
with p23 for Hsp90 binding, and was also de-
scribed to interact with M-domain of Hsp90. 
(Meyer et al., 2004). The results of  ATP-ase 
assay strongly suggest that in vitro the interac-
tion of Hsp90 with Aha1 is insensitive to the 
mutational changes at the K287 residue, as the 
stimulation of Hsp90 ATP-ase activity remains 
unaffected compared to the wild-type protein. 
Presented data demonstrate that highly purified 
recombinant mutants of Hsp90 retain ability to 
bind and hydrolyze ATP.



Effect of the Hsp90 acetylation status 
on p53 binding was previously described in 
context of mutant p53. Mutations mimicking 
acetylation at K294 in Hsp90α (K294A and 
K294Q) were previously described to abolish 
binding of Hsp90 to endogenous mutant p53 in 
co-immunoprecipitation experiments in SkBr3 
cells (Scroggins et al., 2007). Presented in vitro 
results support the hypothesis that acetylation 
of Hsp90β at K287 abolishes interaction with 
p53, disabling chaperoning of the transcription 
factor, as the presence of Hsp90β at K287Q 
mutant does not rescue p53 binding to the pro-
moter sequence, as it is in case of the wild-type 
Hsp90β and Hsp90β at K287R mutant. There-
fore, the reversible acetylation of Hsp90 might 
be an important step in regulation of the activ-
ity of Hsp90 client proteins, such as p53. The 
maintenance of interactions of Hsp90 with cli-
ent proteins depends not only on ATP-ase cycle 
and nucleotide binding, co-chaperone binding 
but also posttranslational modifications.

MeTHoDS

plasmids 

Site directed mutagenesis was performed 
on pBAD24-Hsp90β vector to introduce point 
mutations K287Q and K287R in Hsp90β. Fol-
lowing primer pairs were used: K287Qfw 5’ 
GATCAGGAAGAACTAAACCAGACCA-
AGCC 3’ K287Qrev 5’ GGCTTGGTCTG-
GTTTAGTTCTTCCTGATC 3’ and  K287Rfw 
5’ GATCAGGAAGAACTAAACAGGACCA-
AGCC  3’ and K287Rrev 5’ CTTGGTCCT-
GTTTAGTTCTTCCTGATC 3’,  respectively. 

protein purification for in vitro assays

Wild-type Hsp90β and mutants 
Hsp90βK287Q and Hsp90βK287R were puri-
fied according to the protocol described in Wal-
erych et al., 2009, with minor modifications  
Basicaly: Hsp90 proteins were overexpressed 
from pBAD24-Hsp90βK287Q and  pBAD24-
Hsp90βK287R vector in TOP-10 E.coli strain 
at 20°C  for 12 hours after induction with 10g/l 
of arabinose. Cells were harvested by centrifu-
gation at 8,000g for 10 min and frozen in liquid 

nitrogen. Bacteria pellet was sonicated in lysis 
buffer (150mM KCl, 50mM Tris-HCl pH 8.0, 
10% glycerol, 1mM PMSF, 1mM EDTA, 2 mM 
DTT, containing protease inhibitors Complete 
(Roche) ). The cell lysate was sonicated for 
5 minutes in 10 cycles (30s pulse 67W-1min 
30s pause) on ice.  Afterwards the suspension 
was centrifuged at 100 000 g for 1 hour at 4°C. 
Ammonium sulfate (till 30% of saturation) 
was added slowly with stirring to the cleared 
supernatant and the precipitate was separated 
by centrifugation at 100 000g for 1 hour at 4°C. 
The pellet was discarded and the supernatant 
was applied onto a Butyl- Sepharose (Amer-
sham) column equilibrated with buffer A (50 
mM Tris-HCl pH 7.6, 30% Ammonium sul-
fate, 2mM DTT).  The protein which bound 
to the column was eluted via gradient of de-
creasing ionic strength and increasing glycerol 
concentration. The fractions containing Hsp90 
beta protein were pooled and loaded onto a 
Hydroxyapatite (BioRad) column equilibrated 
with buffer A’ (50mM HEPES pH 7,6, 1,2M 
KCl,  2 mM DTT). Bound proteins were eluted 
with a 0-500 mM gradient of potassium phos-
phate (pH 7.2). Peak fractions were pooled, 
dialyzed against buffer A’’ (25 mM HEPES pH 
7.6, 25mM KCl, 10% glycerol, 2mM DTT) and 
applied onto Rescue Q6 FPLC (Amersham) 
colums. The bound proteins were eluted by 
means of ionic strength gradient (from 50 mM 
to 600 mM KCl). Fraction containing Hsp90 
beta protein were pooled, dialyzed to a buffer 
(25mM HEPES pH 7.6, 10% glycerol) and fro-
zen. (for schematic overview of the purifica-
tion procedure with modifications, refer to the 
Suppl. Fig. 1)

For purification of pure dimeric fraction, 
samples were dialyzed to buffer (150mM KCl, 
25mM HEPES pH 7.6, 10% glycerol) and 
loaded on HPLC Superose 6 column for gel-
filtration. Peak corresponding.to a molecular 
size of ca. 180 kDa containing dimeric Hsp90 
protein was collected, frozen in liquid nitrogen 
and kept at -80ºC for further experiments.  

Human AHA1 was cloned in pET28 vec-
tor (Novagen) to obtain C-terminal His-tagged 
fusion and was purified by chromatography on 
Talon resin (Invitrogen) according to the man-
ufacturers protocol.
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ATp hydrolysis assay

ATP-ase activity was measured by direct 
hydrolysis of the ATP γ-P33. Reaction was per-
formed in a buffer containing 25mM Hepes-
KOH pH 7.5, 25mM KCl, 5mM MgCl2, 1mM 
ATP and 1pM ATP γ-P33. Samples containing 
Hsp90 protein at the 10µM concentration and 
Aha1 (when indicated) were incubated at 37° 
for 2 h. Produced radioactive phosphate was 
separated from the ATP and ADP by the TLC 
chromatography, radioactivity was assessed us-
ing Storm Phosphoimager (Amersham Biosc.) 
and quantified with ImageQuant 5 software. 
Activity of the non-specific ATPases contami-
nating Hsp90 preparations was measured un-
der the same conditions with addition of the 
200 µM radicicol. Obtained values as well as 
the value of nonspecific ATP-ases contamina-
tion of Aha1 preparation were used to correct 
measured Hsp90 activities.

In vitro p53 DnA-binding assay

The p53 EMSA (gel-shift assay) was per-
formed as described in Walerych et. al, 2004. 
with the minor modifications. Basically: 50 ng 
of human recombinant p53 was diluted in the 
final volume of 5 μl of EMSA buffer: 25mM 
HEPES (pH 7.5), 5% glycerol, 100mM KCl, 
10mM MgCl2 and 3mM DTT. Samples were 
supplemented with up to 5 μg of Hsp90 and 
ATP to a final concentration of 0–7 mM. Such 
10-μl samples were then incubated at 4 or 37 
°C for 1 h in a thermocycler. The activation 
step followed that included addition of 15 μl 
of mixture containing: 1× EMSA buffer, 0.2 
Mdpm of 32P-labeled p21 sequence (below), 
1 μg of nonspecific 44-bp dsDNA (sequence 
below), and 100 ng of the antibody pAb421 
(Ab-1; Oncogene). 20-μl samples with the spe-
cific p21 DNA were afterward incubated for 
5–10 min at room temperature, loaded onto a 
4% native polyacrylamide Tris borate gel and 
electrophoresed at 15 mA for 2 h at 4 °C. Gels 
were dried, exposed overnight and scanned with 
Storm Phosphoimager (Amersham Biosc.) and 
quantified with ImageQuant 5 software. 

Sequences used in EMSA: p21 promoter-
derived sequences, 5′-TGGCCATCAGGAAC

ATGTCCCAACATGTTGAGCTCTGGCA-3′ 
and 5′-TGCCAGAGCTCAACATGTTGGG
ACATGTTCCTGATGGCCA-3′; nonspecific 
44-bp DNA, 5′-GCTTCGAGATGTTCCGAG
AGGCGAATGAGGCCTTGGAACTCAAG-
3′ and 5′-CTTGAGTTCCAAGGCCTCATTC
GCCTCTCGGAACATCTCGAAGC-3′. 

Sequences were annealed to form double-
stranded DNA in a thermocycler using the fol-
lowing program: 5 min 94 °C, 5 min. 50 °C, 
4 °C. Presence of the dsDNA was tested with 
a 16% polyacrylamide Tris borate gel electro-
phoresis. Sequences used in the EMSA assay 
were labeled with the T4 polynucleotide kinase 
(PNK; Fermentas) as described in the produc-
er’s manual. 
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Suppl. Fig 1. Schematic overview of recombinant Hsp90 beta purication procedure
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General disscussion

In recent years Hsp90 is the focus of ever-
growing attention. There are multiple reasons 
for it, but without any doubt the most impor-
tant one is well documented involvement of 
Hsp90 in cancer and disease, which makes it 
a ‘black sheep’ of the vast family of molecu-
lar chaperones (Whitesell and Lindquist, 2005, 
Neckers, 2007). The specific role in chap-
eroning of cancer has to be attributed to the 
relatively unspecific mechanism of action. In 
contrast to the other chaperones such as Hsp70 
family members or ER chaperones that are 
involved in de novo protein synthesis, Hsp90 
assists post-translational maturation and func-
tional state maintenance of a number of differ-
ent substrates.Hsp90’s clientele consist mainly 
of conformationally labile proteins. Classical 
client of the Hsp90 is p53 tumor suppressor 
protein, both in wild type and mutated form.
(Blagosklonny et al., 1996, King et al., 2001) 
Oncogenic mutants of some of the kinases, 
are often found in cancer (reviewed in: Pearl, 
2005). The substrates also include a wide array 
of steroid hormone receptors such as hormone 
receptors (reviewed in: Pratt and Toft, 2003), as 
well as telomerase  (Holt et al., 1999). What is 
significant, Hsp90 substrates do not share com-
mon sequence nor structural features. Upon 
binding to the Hsp90, misfolded or partially 
unfolded proteins, are unfolded and released 
to enable de novo folding, and achieving the 
proper conformation. Substrates are released 
upon ATP hydrolysis by Hsp90  (Wawrzynow 
et al., 2007; Gutkowska et al., 2010). 

Both, interactions with substrates and the 
ATP-ase cycle are modulated by a numerous 
co-chaperones, ie. p50/cdc37, Hop, Aha1 and 
p23 (ie. Smith and Workman 2009; Meyer et 
al., 2004; Panaretou et al. 2002; Harst et al., 
2005; Woo et al., 2009) Understanding of the 
complex system of interactions between those 

proteins is crucial for the design of approaches 
targeting Hsp90 or its co-chaperones in cancer 
therapy. The prominent role of Hsp90 in the 
disease underline the neccessity for the better 
understanding of the mechanisms behind the 
cycle of ATP hydrolysis and interactions with 
co-chaperones, as well as, interactions with 
the protein substrates within the frames of the 
abovementioned two. Studies are limited most-
ly to the in vitro experiments with recombinant 
yeast proteins, and rarely include substrates. 
Available data regarding ATP-ase cycle of hu-
man Hsp90, and interactions between human 
Hsp90 and co-chaperones playing regulatory 
role in the cycle in living cells are limited to 
several studies. 

Although successful attempts to reconsti-
tute multichaperone complexes in vitro were 
described in context of p53 chaperoning (King 
et al., 2001, Walerych et al., 2004; 2009), we 
have to be aware of the numerous limitations of 
such an approach. Due to the dynamic nature 
of multichaperone complex, reconstitution of 
the multiple steps of the chaperoning event is 
difficult. Another problem is post-translational 
modifications, as there is growing evidence 
that reversible phosphorylation, acetylation, 
nitrozylation and ubiquitinylation of Hsp90 
play an important role in the regulation of its 
activity and interactions with co-chaperones 
and substrates (Ogiso et al., 2004, Bali et al., 
2005, Scroggins et al., 2007, Retzlaff et al., 
2009, Kundrat and Regan, 2010).

Aha1 - a key regulator of Hsp90 ATp-ase 
activity

In the first part of this work we focus on the 
ATP-ase cycle of Hsp90 and interactions with 
Aha1 co-chaperone, as an important aspect of 
understanding the chaperone cycle of Hsp90. 
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For the first time, employing several alternate 
experimental approaches we demonstrate that 
the interaction between Aha1 and Hsp90 is 
ATP dependent, and prone to the inhibition by 
Hsp90 inhibitor 17-AAG. Moreover we show, 
that the residues in the N-terminal domain of 
Hsp90 are also involved in the interaction with 
Aha1 and play a crucial role in activation of 
Hsp90 ATP-ase. Previous studies described 
the M-domain of Hsp90 as a single domain 
to interact with Aha1 and this interaction was 
considered as a sufficient for the stabilization 
of the ‘molecular clamp’ transient dimerization 
of the N-terminal domains of the Hsp90 sub-
units within the functional dimer, required for 
the efficient ATP hydrolysis (Lotz, G.P., et al., 
2003; Meyer, P., et al., 2003; 2004). However 
we have to take into account, that most of the 
studies were based not on full length proteins, 
but isolated domains of the yeast Aha1 and 
Hsp90 (Hawle, P., et al., 2006). There is grow-
ing evidence, that Hsp90 both C and N –ter-
minal domains of Aha1 are involved and play 
an equally important role in the activation of 
the ATP-hydrolysis. We describe Hsp90 novel 
mutant I123T of an increased affinity to Aha1, 
according to our model the mutation may sta-
bilize “lid” in a closed conformation by inter-
action of the residue with R358 residue in the 
middle domain of Hsp90. The interaction con-
tributes to the increased stability of the Hsp90-
Aha1 complex. Our results find support in the 
recent studies of the yeast Hsp90 and Aha1 in 
in vitro system using multidimensional NMR 
techniques, where the Aha1 sequentially binds 
to the M and N domains of Hsp90, stabiliz-
ing dimerization of the N domains within the 
Hsp90 dimer (Retzlaff,  et al., 2010).

Based on the studies of various Hsp90 mu-
tants we also show that a single amino acid 
substitution might contribute to the 17-AAG 
resistant phenotype. The exact mechanism be-
hind it still remains unsolved, but we demon-
strate that the expression of Hsp90 mutants of 
increased ATP-ase activity in vitro (Prodromou 
et al., 2000) in cell line results in dramatic in-
crease of the tolerance towards Hsp90 inhibi-
tors, such as radiciol, 17-AAG and 17-DMAG. 
In the case of A116N and I123T mutants, this 
in vivo  resistance is dependant on Aha1 co-

chapereone, whereas in the case of the T31I it 
remains Aha1 independent. These findings are 
very important from the clinical point of view, 
as the Hsp90 inhibitors, attract a lot of atten-
tion as potential anti-cancer agents, and some 
of them such as 17-AAG already entered phase 
III of clinical trials (reviewed in: Yanin, 2010) 
Our results raise the possibility, that prolonged 
treatment with Hsp90 inhibitors may lead 
to the selection of cancer cells with acquired 
resistance to the treatment. Although no such 
mutants have been described to date, resistance 
to ansamycin drugs, was reported in some cell 
lines (Gaspar et al., 2009).

extracellular Hsp90

There is growing evidence of the extracel-
lular presence of Hsp90 (Eustace et al., 2004; 
Yang et al., 2008; Wang et al., 2009), this idea 
is no longer neglected. However, to date no 
mechanism of secretion was proposed. Lack of 
canonical motifs targeting protein for secretion 
within aminoacid sequence of Hsp90 suggests 
existence of non-conventional model of secre-
tion. Based on our experimental results we pro-
pose a novel secretory pathway for the Hsp90 
involving exosomal pathway. This model also 
answers a concern regarding low ATP level in 
the extracellular environment, as the exosome 
lumen might provide a convenient microenvi-
ronment for the Hsp90 activity or the Hsp90 
acts as a “passive chaperone” preventing pro-
tein aggregation. Our preliminary results re-
quire further investigation, as the questions re-
lated to regulatory mechanism of secretion yet 
remain to be answered. Recently a prominent 
role of the C-terminal EEVD peptide binding 
TPR proteins was proposed, as regulatory fac-
tor. Also posttranslational modifications such 
as phospohorylation and acetylation are likely 
to be implied in this process, suggesting that 
the Hsp90 secretion highly depends on spe-
cific interactions with other factors Yang et al., 
2008; Wang et al., 2009). 

The understanding of the mechanism of 
Hsp90 secretion has an important implications 
in anti-cancer therapy. A pivotal role in the ac-
tivation of factors involved in metastasis was 
attributed to the extracellular Hsp90α isoform 
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by some authors (Eustace et al., 2004; Yang et 
al., 2008). Our results do not confirm any direct 
influence of inhibition of Hsp90 on activity of 
extracellular matrix metalloproteinases, but we 
confirm the inhibitory effect of 17-AAG on 
breast cancer cells adhesion, motility and in-
vasion. Extracellular Hsp90 has been recently 
described to possess an activity promoting cell 
motility of keratinocytes in wound healing 
in ahypoxia-inducible factor-1alpha (HIF-1-
alpha) dependent manner (Li et al., 2007). Our 
results suggest that in a particular case of the 
MDA-MB 231 cancer cell line, the effect of 
Hsp90 inhibitors has to be attributed rather to 
the inhibition of signaling pathways triggering 
focal adhesions formation, and cytoskeletal re-
arrangement. We hypothesize that the Hsp90 
inhibition leads to the  disruption of the FAK 
kinase dependant signaling, described earlier 
to be implicated in cell motility (Bianchi et al. 
2005; Boeuf, Le et al., 2006). 

isoform specificity

Two cytosolic isoforms of Hsp90 exist, 
Hsp90α and Hsp90β, with the first being more 
inducible during stress condition, and the lat-
ter expressed rather constitutively, and to a 
lesser extent induced by heat shock or other 
stress. Total cellular level of Hsp90, as well 
as the molar ratio between the isoforms varies 
highly between the tissues and cell lines (Mc-
Dowell et al., 2009; Nollen et al., 2002), for 
instance in the brain tissue or oocytes almost 
exclusively Hsp90α is expressed (Garnier et 
al., 2001).  Different oligomerization status 
of isoforms, together with diverse expression 
pattern and different tissue specificty suggest 
that isoform specific functions might exist. 
However  due to numerous factors studies of 
the isoform specificity are very limited. Very 
high homology of the nucleotide sequence of 
the sytosolic isoforms of Hsp90, taken together 
with a very high level of the protein even in 
non-stress condition, renders all attempts of ef-
fective and specific silencing using shRNa or 
RNAi techniques virtually impossible. Gener-
ally published studies regarding isoform speci-
ficity (ie. in context of Major Histocompatibil-
ity Complexes assembly, or interactions with 

GCUNC45) base on the limited knockdown 
of one of the isoforms (Houlihan et al., 2009; 
Chadli et al., 2008). Our aims to develop sys-
tem based on the stable transfection with shR-
NA encoding vectors, rendered no promising 
results mostly due to off-side effects. However, 
based on the mutant allele of Hsp90 exerting 
higher resistance to 17-AAG and radicicol in 
in vivo conditions we managed to develop an 
unique system basing on the chemical knock-
down of the endogenous Hsp90. Stable trans-
fection with drug resistant mutants enables to 
select cells expressing either isoform of Hsp90 
– upon treatment with 17-AAG mutated al-
lele remains major source of Hsp90 activity 
in the cell. Despite several drawbacks, such 
as induction of the Hsp70 with treatment with 
17-AAG the method enables us to study the 
isoform specificity. We employed this method 
to study breast cancer cells MDA-MB 231, to 
demonstrate that the Hsp90α activity, though 
described as important factor in metastasis 
(Eustace et al., 2004; Yang et al., 2008) is not 
sufficient to promote cell survival in absence of 
Hsp90β activity, whereas the Hsp90β isoform 
can perform all functions essential for prolifera-
tion of the cells and migration. Our preliminary 
results prove the system to be an efficient tool 
to study isoform specificity issues in context of 
the cellular environment, and the system might 
prove to be an useful alternative to the RNAi 
knockdown to broaden our knowledge of the 
specific roles of Hsp90α and Hsp90β.

reversible acetylation and its role in regula-
tion of Hsp90 activity

As reversible posttranslational protein 
modification recently attract growing attention, 
as being crucial for the regulation of activity 
and protein-protein interactions (Choudhary 
et al., 2009; Norris et al., 2009; Smith et al., 
2009). Acetylation of Hsp90 has been im-
plied to play also an important role in tumor 
cell invasion (Yang et al., 2008). We wanted 
to study effect of acetylation status of Hsp90 
on interaction with the model substrate, p53. 
Based on the purified recombinant proteins we 
demonstrate that mutations mimicking acetyla-
tion or deacetylation of K287 do not influence 
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in vitro ATP-ase activity, and its activation by 
Aha1 co-chaperone in recombinant human 
Hsp90β, but affect chaperoning of the recom-
binant wildtype p53 in an ATP-dependent man-
ner. This result find support in published data 
regarding the acetylation of Hsp90 (Scroggins 
et al., 2007).

In conclusion, the data presented in this 
thesis not only contributes to a better under-
standing of the interactions between Hsp90 
and Aha1 co-chaperone and its impact on the 
ATP-hydrolysis, but also describe a novel 
mechanism of Hsp90 resistance to the inhibi-
tors, that might be of a great significance for 
the further studies regarding therapeutic ap-
proach based on Hsp90 inhibition. We also 
propose an unique approach to study isoform 
specific issues in the cellular environment, pro-
viding evidence of the different requirements 
for the isoform specific activity in particular 
cell lines.

We also demonstrate that in case of the 
breast cancer cell line MDA-MB 231 anti-in-
vasive effect of 17-AAG has to be attributed 
to inhibition of the signalling pathways rather 
than, global changes of the MMP2 and MMP9 
activity. We provide substantial evidence for 
the existence of exosomal secretory pathway 
of Hsp90, contributing to the better under-
standing the role and function of the Hsp90 in 
extracellular environment.

Based on the in vitro approach we also 
demonstrate that acetylation status of the K287 
residue located in the M-domain of Hsp90 
might influence the interaction with protein 
substrate, wild type p53.
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SuMMAry 

One of the most important aspects of the 
molecular  chaperone Hsp90’s activity is the 
ATP-ase cycle. The cycle of ATP hydrolysis 
is an important part of the recy cling of Hsp90 
and drives its conformational changes.  Co-
chaperones regulate this ATP-hydrolysis as 
well as the interactions with substrate proteins. 
The Aha1  co-chaperone has been described in 
human cells to activate  the relatively weak in-
trinsic ATP-ase activity of Hsp90. This thesis 
describes our investigations into the mecha-
nism of interaction between Aha1 and  Hsp90. 
We demonstrate that the binding of Aha1 
to  Hsp90 is dependent on adenosine nucle-
otide binding,  and in physiological conditions 
is prone to inhi bition with the specific inhibi-
tor of Hsp90, 17-AAG.  Using high through-
put screening of random mutants of  Hsp90 
in yeast we isolated a novel mutant of Hsp90  
with increased affinity to Aha1. Mapping the 
interaction, we for the first time confirm the  
hypothesis of a more elaborate mechanism of 
interac tion between Aha1 and the N-domain 
of Hsp90, crucial for  the efficient stimulation 
of Hsp90 ATP-ase activity. 

This thesis also describes a novel mecha-
nism for the inhibitor  resistance of Hsp90. The 
in vivo resistance is related  to the increased in 
vitro ATP-ase activity of Hsp90,  and depen-
dent  on Aha1 in case of the novel mutant we 
described. 

Due to its involvement in chaperoning of 
malignant  states Hsp90 is a subject of intensive 
research. A  prominent role in cancer progres-
sion has been attributed to extracellular, secret-
ed Hsp90. Studying the role of  Hsp90 in breast 
cancer cell invasion we demonstrated  that the 
inhibitory effect of anti Hsp90 drugs is not  re-
lated to inhibition of the activation of extracel-
lular gelatinases , but is rather linked to the de-
regulation of  signaling pathways involved in 
formation of focal  adhesions. We postulate an 
exosomal pathway as  a mechanism of Hsp90 
secretion. Using the inhibitor resistant allele of 
Hsp90 we study isoform specificity of Hsp90, 
and demonstrate  that the Hsp90α activity 

alone is not sufficient to promote survival of 
the MDA-MB 231 cancer cell line.  We also 
investigated the effect of the post-translational  
modification of reversible acetylation of Hsp90 
on the interaction with a model substrate, the 
p53 tumor suppres sor. Reconstitution of the 
system using purified  recombinant proteins 
we establish a role for the acetylation status of 
Hsp90 on the rescue of binding of WT p53 to 
the specific promoter  sequences. 

Taken together this thesis provides valu-
able insight into the  understanding of the 
mechanism of action and regu lation of the 
molecular chaperone Hsp90, concerning its 
ATP-ase cycle, its interactions with co-chaper-
one and  substrate proteins, as well as its post-
translational modifications. 
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SAMenvATTinG

Een van de belangrijkste aspecten van 
de activiteit van het moleculaire chaperonne 
Hsp90 is de ATP-ase cyclus. De ATP-hydro-
lyse-cyclus is een belangrijk onderdeel van de 
recycling van Hsp90 en drijft de conformation-
ele veranderingen in het eiwit. De cyclus wordt 
gereguleerd door cochaperonnes, die ook de 
interactie met substraateiwitten reguleren. Het 
Aha1 cochaperonne activeert de relatief zwak-
ke intrinsieke ATP-ase activiteit van Hsp90 in 
humane cellen. Dit proefschrift beschrijft het 
mechanisme van de interactie tussen Aha1 en 
Hsp90 en toont aan dat binding van Aha1 aan 
Hsp90 afhankelijk is van adenosine-nucle-
otide-binding en onder fysiologische condi-
ties vatbaar voor remming door een Hsp90-
specifieke remmer, 17-AAG. Door middel van 
high-throughput-screening van random Hsp90-
mutanten in gist is een nieuwe Hsp90-mutant 
geïsoleerd met verhoogde affiniteit voor Aha1. 
Door deze interactie in kaart te brengen konden 
we de hypothese bevestigen dat Aha1 bindt aan 
het N-terminale domein van Hsp90 en dat dit 
cruciaal is voor de efficiënte stimulering van 
Hsp90 ATP-ase-activiteit.

Tevens beschrijft dit proefschrift een nieuw 
mechanisme voor de resistentie van Hsp90 
tegen remmers. De in vivo resistentie is gere-
lateerd aan een toegenomen in vitro ATP-ase 
activiteit van Hsp90, en in het geval van de 
nieuwgevonden mutant is deze afhankelijk van 
Aha1.

Hsp90 wordt intensief bestudeerd vanwege 
de rol in het chaperonneren van maligne pro-
cessen. Extracellulair Hsp90 wordt een promi-
nente rol in kankerprogressie toegedacht. Voor 
dit proefschrift bestudeerden we de rol van 
Hsp90 in borstkankercelinvasie en vonden dat 
het remmende effect van anti-Hsp90 drugs niet 
ontstaat door remming van de extracellulaire 
gelatinase-activiteit, maar wel door deregulatie 
van signaaltransductiepaden betrokken bij de 
vorming van zogenaamde focal adhesions. 
We postuleren dat secretie van Hsp90 via exo-
somen verloopt. Met behulp van het Hsp90-
allel dat resistent is tegen remming zijn de         
α- en ß-isovormen van Hsp90 bestudeerd en is 

aangetoond dat Hsp90α  activiteit alleen niet 
voldoende is om de MDA-MB 231 kankercel-
lijn te laten overleven. We hebben het effect 
onderzocht van de posttranslationele modifi-
catie van reversibele acetylering van Hsp90 op 
de interactie met een modelsubstraat, de p53 
tumorsuppressor. Reconstitutie met gezuiverde 
recombinante eiwitten laat zien dat de acety-
leringsstatus van Hsp90 invloed heeft op de 
functie van wildtype p53, de binding aan een 
specifieke promotorsequentie.

Samenvattend biedt dit proefschrift waarde-
volle informatie voor het begrijpen van het 
werkingsmechanisme en de regulatie van het 
moleculaire chaperonne Hsp90, met betrek-
king tot zowel de ATP-ase cyclus, de interac-
ties met cochaperonnes en substraateiwitten, 
als de post-translationele modificaties.
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STreSZCZenie

Cykl hydrolizy ATP jest niezwykle istotnym 
elementem cyklu białka Hsp90, regulującym 
jego zmiany konformacyjne. Hydroliza ATP 
przez białko opiekuńcze regulowana jest za 
pośrednictwem interakcji z białkami pomoc-
niczymi oraz substratami białkowymi. Małe 
białko opiekuńcze Aha1 zostało opisane 
jako aktywator aktywności hydrolitycznej 
białka opiekuńczego Hsp90 w ludzkich lin-
iach komórkowych. W niniejszej rozprawa 
opisane zostały wyniki eksperymentów 
mających na celu określenie mechanizmu in-
terakcji małego białka opiekuńczego Aha1 z 
białkiem opiekuńczym Hsp90. Demonstru-
jemy, że związanie się białka Aha1 do  białka 
Hsp90 jest zależne od wiązania nukleotydy ad-
enozynowego i, w warunkach fizjologicznych 
wrażliwe na działanie specyficznego inhibi-
tora białka Hsp90, 17-AAG.  Wykorzystując 
wysokoprzepustową selekcję przypadkowych 
mutantów białka Hsp90 w komórkach drożdży, 
wyizolowaliśmy nową, nieopisaną dotąd w lit-
eraturze, zmutowaną formę Hsp90 , kodującą 
białko o zwiększonym powinowactwie do 
małego białka opiekuńczego Aha1. Dzięki 
zmapowaniu interakcji, dostarczyliśmy jako 
pierwsi dowody na istnienie bardziej złożonego 
mechanizmu interakcji między białkiem Aha1 
i N-końcową domeną białka Hsp90, mającego 
kluczowe znaczenie dla wydajnej stymulacji 
aktywności hydrolitycznej ATP białka Hsp90. 

Niniejsza praca opisuje również nowy 
mechanizm oporności białka Hsp90 na in-
hibitory. Obserwowana w warunkach in 
vivo oporność białka Hsp90, przekłada się 
na zwiększoną hydrolizę ATP w warunkach 
in vitro. Co więcej zarówno obserwowana 
oporność, jak i zwiększona hydroliza zależne 
są od małego białka opiekuńczego Aha1. 

Ze względu na zaangażowanie w liczne pro-
cesy chorobotwórcze, w ostatnich latach białko 
Hsp90 stało się obiektem intensywnych badań. 
Niezwykle ważna rola w procesie nowot-
worzenia przypisywana jest wydzielanemu do 
przestrzeni zewnątrzkomórkowej białku Hsp90. 
Prowadzone przez nasz zespół badania nad rolą 
białka Hsp90 w inwazyjności komórek raka 

piersi dowodzą, że obserwowany efekt inhibi-
cyjny substancji blokujących aktywność białka 
Hsp90, wydaje się nie być związany z regulacją 
aktywacji zewnątrzkomórkowych żelatynaz, 
lecz co bardziej prawdopodobne z zaburzeni-
em regulacji wewnątrzkomórkowych ścieżek 
przekazywania sygnału zaangażowanych w 
tworzenie punktów adhezyjnych.  Postulu-
jemy także ścieżkę egzocytozy jako mecha-
nizm sekrecji białka Hsp90. Dzięki zastoso-
waniu odpornych na działanie inhibitorów 
alleli Hsp90 jesteśmy w stanie prowadzić ba-
dania dotyczące specyficzności izoform białka 
Hsp90. Demonstrujemy, że aktywność samej 
izoformy Hsp90α nie jest wystarczająca by 
zapewnić przeżycie komórkom nowotworow-
ym linii MDA-MB 231.

  Przeprowadziliśmy także bada-
nia dotyczące wpływu modyfikacji post-
translacyjnej,w postaci odwracalnej acetylacji 
białka Hsp90 na jego interakcję z modelowym 
substratem białkowym, supresorem nowot-
worowym, białkiem p53. Odtworzenie układu 
z użyciem oczyszczonych, rekombinowanych 
białkem umożliwiło pokazanie roli statusu 
acetylacji białka Hsp90 na przywrócenie 
zdolności do wiązania dzikiego, częściowo 
zdenaturowanego białka p53 do specyficznych 
sekwencji promotorowych.

Reasumując, niniejsza rozprawa 
stanowi istotny przyczynek do zrozumienia 
mechanizmów działania i regulacji białka 
opiekuńczego Hsp90, w kontekście cyklu hy-
drolizy ATP, interakcji z białkami pomocnic-
zymi i substratami białkowymi, a także mody-
fikacji post-translacyjnych. 
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