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ABSTRACT

Heat shock proteins are a group of proteins that play key roles in
thermoregulation, signal transduction, cell cycle control, development and
transcriptional regulation through their diverse functions in protein folding/refolding,
protein translocation/shuttling, protein activity via stabilization and/or maturation to
functionally-competent conformation and protein turnover.

In this study, the role of heat shock proteins in tumor necrosis factor-induced
nuclear factor-kappaB signaling pathway was investigated. Endogenous heat shock
protein 90 levels were found to increase significantly in a time-dependent manner
starting from 15 minutes of tumor necrosis factor treatment in HeLa cell line, as shown
by immunoblotting. Endogenous heat shock protein 70 levels were found to be
unaffected by tumor necrosis factor in these cells. Accordingly, electrophoretic mobility
shift assay results showed significantly impaired nuclear factor-kappaB activation in
presence of the specific heat shock protein 90 inhibitor geldanamycin. These results
indicate that heat shock protein 90 plays an important role in this signaling pathway.

To further search for any possible protein-protein interactions between
components of this pathway and heat shock protein 90, transfection of HeLa cells was
optimized with green fluorescent protein with 95% efficiency. Immunoprecipitation of
endogenous heat shock protein 90 and transfected inhibitor-kappaB kinase alpha were
also optimized with high efficiency as a prerequisite to co-immunoprecipitation assay.
Work is in progress to show the interaction between these proteins by co-
immunoprecipitation and to make use of this assay to search for any possible cross-talk
between divergent downstream pathways of tumor necrosis factor signaling that might
occur via heat shock protein 90.



OZET

Is1 soku proteinleri; protein katlanmast ve yeniden katlanmasinda,
translokasyonu ve transportunda , islevsel konformasyonda stabilizasyonu ile
aktivitesinde ve yeniden doniisimiinde sahip oldugu c¢esitli fonksiyonlarla
termoregiilasyon, sinyal iletimi, hiicre boliinmesi kontrolii, gelisim ve transkripsiyonel
regililasyonda anahtar roller oynayan bir grup proteindir.

Bu ¢alismada 1s1 soku proteinlerinin tiimor nekroz faktorii tarafindan indiiklenen
kappa-B niiklear faktorii sinyal iletim yolu {izerindeki rolii arastirilmistir.
Immiinoblotlama yéntemi ile HeLa hiicre ici 1s1 soku proteini 90 seviyesinin, timor
nekroz faktorii uygulamasi ile 15 dakikadan baslayarak zamana bagimli olarak onemli
derecede artis gosterdigi saptanmistir. Hiicre i¢i 1s1 soku proteini 70 seviyesinde timor
nekroz faktorii uygulamasi ile herhangi bir degisiklik gozlemlenmemistir. Bununla
beraber, elektroforetik hareketliligi geciktirme metodu, spesifik 1s1 soku proteini 90
inhibitorii geldanamisin varliginda, kappa-B niiklear faktorii aktivasyonunda onemli
derecede diislis oldugunu gostermistir. Bu sonuglar 1s1 soku proteini 90’1 bu sinyal
iletim yolunda 6nemli bir rolil olduguna isaret etmektedir.

Is1 soku proteini 90 ile bu sinyal yolunda gorev alan proteinler arasinda
muhtemel olabilecek interaksiyonlari arastirmak i¢in HeLa hiicresi transfeksiyonu yesil
floresans proteini  kullanilarak %95 verimlilikle optimize edilmistir.  Ikili
immiino¢okeltme i¢in gerekli olan hiicre i¢i 1s1 soku proteini 90’1n ve transfekte edilmis
kappaB inhibitorii alfa kinazin immunog¢dkeltme ile eldeleri de yiiksek verimlilikle
optimize edilmistir. Ikili immiino¢dkeltme ile bu proteinlerin interaksiyonunun
gosterilmesi ve bu metodun, tiimor nekroz faktorii sinyal yolunun birbirinden ayrilan alt
sinyal yollar1 arasinda gerceklesen iletisimde 1s1 soku proteini 90’1 muhtemel roliinii
arastirmak icin kullanilmasi ¢calismalar1 halen devam etmektedir.
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1. INTRODUCTION

Heat shock proteins (hsps) are a group of proteins that have been implicated in
various biological functions including response to heat shock [1] (known as heat shock
response-HSR), oxidative stress, chemotherapeutic agents, UV irradiation [2] and
cytokine cytotoxicity [3-5]. Under normal conditions, these proteins are constitutively
expressed and play important roles in cell function that includes: (1) proper folding of
the nascent polypeptides during translation (protein folding quality control in cytosol,
endoplasmic reticulum and mitochondria), (2) facilitating protein translocation across
various cellular compartments, (3) modulating protein activity by changing protein
conformation, (4) promoting multiprotein complex assembly/disassembly, (5) refolding
of misfolded proteins, (6) preventing protein aggregation and (7) targeting degradation
of unstable proteins that can not be refolded productively [6, 7]. Under protein-
damaging stress conditions, these proteins display essential roles in protecting cells
from potentially lethal effects of cytotoxicity caused by misfolded/denatured proteins
and/or protein aggregation, referred as “cytoprotective properties” of hsps [8]. It has
been suggested that in accordance with their roles under normal and stress conditions,
hsps may also play a crucial role in signal transduction by promoting folding or
assembly/disassembly of signaling molecules as well as stabilizing active/inactive
protein conformations [9].

Indeed, hsps are found to be overexpressed in various cancer cell lines and have
been suggested as contributing factors in tumorigenesis due to their effect on protein
conformation [10], as will be discussed later in detail. Oncogenic transformation is
known to be the outcome of series of acquired mutations that lead to uncontrolled cell
proliferation and suppressed cell death (apoptosis). Elevated hsp expression level is also
shown to protect cells against apoptosis under protein-damaging conditions. Given their
dual roles as determinants of protein conformation and stress condition, hsps are

suggested to play key roles both in cell proliferation and apoptosis.



Three major members of hsp family include hsp90, hsp70 and hsp27. The
canonical role of these proteins is either to (re)fold unfolded/heat-damaged/misfolded
proteins to their native state or to target them for degradation if they are not refolded
productively [11]. Following exposure to high temperature, cells restore back to their
normal growth conditions and levels of cellular hsps remain elevated as an adaptational
response to any possible subsequent stress condition. This phenomenon is known as
“induced thermotolerance” [12]. The ultimate cell fate is dependent on the relative
levels of hsps and damaged proteins. If hsps can handle the stress condition and can
efficiently refold damaged proteins, with the aid of other survival signals, cells can
escape apoptosis. At this stage, hsps help cells further to maintain survival by their
antiapoptotic properties, as will be discussed later. However, if the amount of damaged
proteins exceeds the refolding capacity of hsps present in the cell, with other apoptotic
signals dominating over survival signals, decision to die is made. At this stage, it is not
known whether the high level of hsps facilitates cell death. What is known is cell death
can be triggered even under conditions in which as little as 5% of the total cellular
protein content has undergone aggregation [13]. This striking example highlights the
importance of hsps in determination of the cellular fate. In fact, it has recently been
suggested that hsps might act as another checkpoint to prevent inappropriate early
activation of apoptosis by their chaperoning ability to stabilize different conformational

states-that is independent of their ability to refold misfolded/stress-damaged proteins.

1.1. Heat Shock Protein 70 (HSP70)

1.1.1. Structure, Function and Regulation by Co-Chaperones

Hsp70 is the most studied member of the chaperone family, responsible for
productive folding of the unfolded polypeptides to their native state as well as refolding
of the denatured proteins [14]. (Re)folding of substrate proteins to their native state is
efficiently carried out by hsp70 via interactions between the substrate binding domain
of hsp70 and the hydrophobic exposed stretches of the polypeptide substrates. Hsp70
intervention blocks any potential hydrophobic-hydrophobic interaction that might occur

between these exposed aminoacids, preventing protein misfolding and irreversible



protein aggregation [6, 15]. The process of substrate binding and release is driven by
ATPase activity of hsp70 and is essentially co-chaperone-dependent [16].

The ATPase domain (aminoacid residues 1-386) of the chaperone is localized to
a 44 kDa N-terminal region, whereas the 18 kDa C-terminal region constitutes the
substrate/peptide-binding domain (aminoacids 384-537). The 44 kDa ATPase domain
consists of four subdomains forming two lobes with a deep cleft in-between as
characterized by X-ray crystallography. The 18 kDa peptide binding domain consists of
two four-stranded antiparallel B-sheets and a single o-helix, as determined by
multidimensional nuclear magnetic resonance. The remaining 10 kDa C-terminal region
of the protein (aminoacids 537-638) has an unknown function. C-terminus of the
chaperone ends with four aminoacid sequence, EEVD, which is highly-conserved in all
eukaryotic hsp70s. [17] (Figure 1.1)

The 44 kDa ATPase domain exerts an allosteric control over the 18 kDa peptide-
binding domain: Only ADP-bound form of the chaperone induces the right
conformational change in the C-terminal peptide-binding domain, opening the lid for
the client protein to bind. A subsequent nucleotide exchange in the deep N-terminal
cleft of the chaperone results in ATP binding in lieu of ADP, causing substrate release
and the closure of the C-terminal lid. A new round of substrate binding will require

ATP hydrolysis and the conformational change induced upon this hydrolysis [16-19].
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Figure 1.1 Molecular structure of hsp70. (modified from [17])
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Figure 1.2 Schematic representation of the domain structure and co-chaperone
binding sites of hsp70. (modified from [20])

Hsp70 activity is modulated by regulatory co-chaperones like C-terminus
binding Hsp40 (Hdj-1), Hop and CHIP and N-terminus binding Hip and Bagl (Figure
1.2). Hsp40 (Hdj-1) stimulates the ATPase activity when bound to C-terminal region of
hsp70 and thus stabilizes the substrate-bound form [21, 22]. Hop and CHIP also bind to
C-terminus and are both tetratricopeptide repeat (TPR) domain-containing proteins.
Hop (hsp70-hsp90 organizing protein) couples hsp70 to hsp90 via association through
the C-terminus of hsp90. Hop binding inhibits the ATPase activity of hsp90, stabilizing
its interaction with client proteins [23, 24]. CHIP (C-terminus of hsp70-interacting
protein) inhibits hsp40-stimulated ATPase activity of hsp70 and reduces its ability to
refold denatured proteins [25]. Binding of these TPR containing co-chaperones to hsp70
requires the highly conserved C-terminal EEVD sequence. Deletion or single aminoacid
substitution in this sequence leads to significant impairment in hsp70 substrate binding
and completely destroys its refolding activity, thereby deregulating protection against
heat shock. Hip and Bagl are the only co-chaperones that bind to N-terminal ATPase
domain of hsp70 and they directly compete to modulate hsp70 chaperone activity [26].
Hip (Hsp70-interacting protein) binding increases chaperone activity by stabilizing
ADP-bound form [27], whereas Bagl (Bcl-2 associated athanogene protein) acts as a
negative regulator of hsp70 and inhibits its chaperone activity, accelerating nucleotide
exchange in the N-terminal cleft that causes premature release of the unfolded protein
substrate [28-31]. (Figure 1.3)

The significance of co-chaperones in regulating hsp70 activity in living cells has
seriously been questioned on the basis of information provided from endogenous
protein levels and stoichiometric analyses. The levels of Hip and Bagl are well below
hsp70 (approximately 1% of hsp70) and Bagl affects hsp70 activity in a 1:1 molar ratio.
This indicates that only a very limited amount of cellular hsp70 is influenced by a
certain co-chaperone and in fact co-chaperones are unlikely to be the essential

components of hsp70. [20]
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Figure 1.3 Switch between protein folding and protein degradation mediated by
hsp70 is co-chaperone-dependent. Hip and Hop link hsp70 to folding machinery,
whereas Bagl and CHIP link hsp70 to degradation machinery, which will be discussed
later under hsp90. (pep., peptide-binding domain of hsp70; ubl, ubiquitin-like domain;
U, U-box) (adopted from [32])

Among all hsp70 co-chaperones, Bagl has proven to be the most interesting one
due to its additional involvement in apoptosis and signal transduction. Bagl was
initially identified as a Bcl-2-associated protein, playing role in Bcl-2 mediated
inhibition of apoptosis [33]. Later, Bagl has been shown to activate the serine/threonine
MAP3Kinase Rafl, which is implicated in cell growth, via direct interaction [34].
Interestingly, hsp70 acts as an inhibitory factor for this interaction, sequestering all
available Bagl (Figure 1.10 and Figure 1.23). As will be discussed later, suppression of
cell growth and division by hsps has possibly evolved as an adaptational response to
stress-induced cellular damage since at these critical times, cells prefer to concentrate

on reparation of damage rather than proliferate.(for review on Bag family proteins, see

[35D)

1.1.2. Hsp70 and Stress-Induced Apoptosis

Initially, hsps were thought to exert their cytoprotective effects only by
suppression of heat-induced protein inactivation. Hsp70 overexpression protects cells
from adverse effects of protein-damaging stresses [36]. Heat-induced inactivation of
firefly luciferase is prevented and its reactivation following recovery from heat shock is

enhanced by overexpression of hsp70 in mammalian cells. The ability of hsp70 to



protect firefly luciferase during heat shock even increased with the coexpression of co-
chaperones hsp40 or Hip [26]. Although it is not clear how co-chaperones contribute to
the cytoprotection provided by hsp70, it is suggested that their relative sufficient
abundance is indispensable for activation of the full heat resistance. Overexpression of
hsp70 alone in cells results in reduced resistance to heat shock when compared to
thermotolerant cells that have been preconditioned by heat shock [36].

To investigate the individual contribution of hsp70 domains to the overall
cytoprotective property of hsp70 under heat stress, mutational studies have been
conducted with deleted proteins. Even though cells overexpressed with ATPase domain-
deleted form of hsp70 show some level of heat resistance, they are much less effective
in doing so than the full-length protein [37]. The case is similar with the heat-induced
nuclear protein aggregation: ATPase-deleted hsp70 still reduces protein aggregation, yet
less effectively than the full length protein [38]. The finding that ATPase-deleted form
can still achieve some protection from heat stress has led to the suggestion that binding
to misfolded proteins (with the still intact C-terminal peptide-binding domain) without
refolding them is sufficient to provide resistance. Later, this suggestion has been
questioned and to some extent supported by a new speculation brought up due to the
nature of deletion mutant experiments. In this particular case, dominant-negative effect
resulting from overexpression of ATPase-deleted hsp70 does not only refer to loss-of-
function of chaperoning ability. Overexpressed ATPase-deleted protein saturates all
endogenous C-terminus binding co-chaperones hsp40 and Hop, possibly causing a
perturbation in the regulation of hsp70-mediated protein binding [19]. Thus,
coexpression of such co-chaperones together with ATPase-deleted protein could best
support the hypothesis of “insignificance of chaperoning ability of hsp70 in heat
resistance or suppression of protein aggregation”. As mentioned above in the example
of firefly luciferase, the exact role of co-chaperones in cytoprotection by hsps is not
well-understood. Hence, this intriguing hypothesis has yet to be tested.

Subsequent studies have revealed that cytoprotective effects of hsps are not only
restricted to suppression of heat-induced protein inactivation. The finding that
thermotolerant cells are resistant to stress-induced apoptosis [39] has opened up a new
area of research for better understanding specific roles of hsps in suppression of
apoptotic death. Pioneering studies came in 1997, reporting overexpression of hsp70
alone can prevent stress-induced apoptosis [40, 41] . Suppression of apoptosis by hsp70

is blocked in heat-shocked cells when the ATPase domain is deleted, emphasizing the



necessity of chaperoning function of hsp70 in this process [42]. Likewise, deletion or
substitution of the four highly-conserved C-terminal EEVD sequence leads to impaired
suppression of apoptosis by hsp70, as a consequence of failure to block caspase
(cysteinly aspartate-specific proteases) activation [42].

Hsp70 is implicated in inhibition of apoptosis at multiple points [43]: upstream
and downstream of cytochrome c release from mitochondria as well as upstream and
downstream of caspase activation (Figure 1.4). Apoptotic events taking place at
mitochondria and downstream of mitochondria, including caspase 9 and caspase 3, will
be discussed in this section; whereas events taking place upstream of mitochondria
including protein kinase signaling pathways such as ASK1—SEK1/MKK4 or MKK7—
SAPK/JNK and Ras—Rafl—MEKI1/2—ERK1/2 and death receptor signaling
pathways such as Fas/CD95 and TNFRI1, including caspase 8 and caspase 10, will be
discussed in the following sections.

Overexpression of hsp70 in cells prevents proteolytic processing of initiator
caspase 9 and executioner caspase 3, inhibiting their maturation into active cleaved
caspases [40, 44]. This indicates antiapoptotic activity of hsp70 to be acting upstream of
caspases. An in vitro study performed with purified hsp70 also showed that hsp70 was
unable to prevent cleavage of poly(ADP-ribose) polymerase (PARP) by active caspase
3 [40]. (PARP, a nuclear DNA repair enzyme activated by DNA strand breaks, is a
target of caspase 3 in the course of apoptosis) On the other hand, studies done with
overexpressed active caspase 3 in cells revealed that hsp70 coexpression was sufficient
to provide cytoprotection and maintain viability in these cells, indicating the
involvement of hsp70 downstream of caspase 3, as well [45]. This is supported by the
observation that hsp70 prevents cleavage of a caspase 3 target, focal adhesion Kkinase
(FAK) via direct interaction with the target protein [46].

To investigate whether chaperoning function of hsp70 plays a role in the
inhibition of pro-caspase processing, studies with ATPase domain-deleted protein have
been conducted. The in vitro experiments performed by addition of ATPase-deleted
hsp70 to cell free extracts showed that caspase 3 processing could be prevented as
effectively as in the case with the full length protein [47]. However, as mentioned
above, this appears to be insufficient for protection of cells from heat-induced apoptosis
[42]. ATPase-deleted hsp70 can not rescue cells from apoptosis. These two findings
together suggest that ATPase domain of hsp70 should have a different role in an

alternative pathway independent of caspase 3 for suppression of apoptosis. This role



might be related with the executioner caspase 6, which is processed by caspase 9, as
caspase 3. Chaperoning function of hsp70 alone might be the contributory factor for the
inhibition of pro-caspase 6 processing by activated caspase 9, thereby providing another
checkpoint for suppression of apoptosis, independently of caspase 3. This possibility
has yet to be tested.

The influence of hsp70 can also be observed one step upstream of caspase 3
activation-that is namely “apoptosome formation™. Li et al. [47] have found that hsp70
overexpression does not prevent cytochrome ¢ release from mitochondria but prevents
caspase 3 activation, indicating that hsp70 is required for inhibiton of apoptosis at some
point downstream of cytochrome c release and upstream of caspase 3 activation. The
point in-between harbors a well-characterized complex in the course of apoptosis called
“apoptosome”, which is formed by ATP-dependent oligomerization of Apaf-1
(apoptotic protease-activating factor-1) upon cytochrome c binding, followed by
recruitment of pro-caspase 9 [48]. This promotes the auto-processing of pro-caspase 9
into active cleaved caspase 9 [49]. [50, 51]

Soon, several other studies have been reported in support of the finding that
hsp70 exerts its antiapoptotic effect via inhibition of apoptosome formation [52], by
directly interacting with Apaf-1 through its ATPase domain and preventing the
recruitment of pro-caspase 9 to the apoptosome [53]. This might be achieved by hsp70,
either by inhibition of Apaf-1 oligomerization [52] or by hindrance of oligomerized
Apaf-1 CARD domains that are responsible for pro-caspase 9 recruitment [53]. Beere et
al. also showed that chaperoning activity of hsp70 is required for the inhibition of
apoptosome formation. Mutation in C-terminal EEVD sequence of hsp70 restores
functionally competent apoptosome formation and pro-caspase 9 processing in vitro

[53]. (Figure 1.4)
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Figure 1.4 Suppression of stress-induced apoptosis by heat shock proteins.
Dotted lines indicate interactions that have been demonstrated in vitro. (adopted from

[19])

Antiapoptotic effects of hsp70 can be observed upstream of apoptosome
formation, as well (Figure 1.4). In contradiction to the study by Li et al. [47] mentioned
above, Mosser et al. have reported that overexpression of hsp70 prevents cytochrome c
release from mitochondria [42]. Even though the precise mechanism of cytochrome ¢
release remains unclear, this process is known to be regulated by the antagonistic
members of Bcl-2 family [54]. This family includes pro-apoptotic proteins like Bax,
Bak, Bid, Bad, Bik, Bim and anti-apoptotic proteins like Bcl-2 and Bcl-x;.
Homo/heterodimers formed between these proteins on the outer mitochondrial
membrane determine the fate of mitochondrial transmembrane potential [55]. A pro-
apoptotic signal dominating over an anti-apoptotic one results in generation of pores
through the mitochondrial membrane, followed by loss of transmembrane potential and
release of cytochrome c into cytosol. [50, 51, 56]

Bax has been shown to translocate to mitochondria to promote cytochrome c
release in response to heat shock [57]. Hsp70 prevents this translocation, adding one
more to its antiapoptotic effects [19]. Inhibition of Bax translocation is mediated by
ATPase domain of hsp70, requiring the chaperoning activity. ATPase-deleted protein is
unable to prevent Bax translocation and subsequent cytochrome c release. A supporting

report [58] on inhibiton of Bax translocation to mitochondria by hsp70 indicates



cooperation of hsp70 with its co-chaperone hsp40 (hdj-1), further emphasizing
chaperoning and ATPase activities of hsp70 in this process. (Figure 1.4)

Cytochrome ¢ is not the only apoptogenic/pro-apoptotic factor released from
mitochondria into cytosol upon permeabilization of the outer mitochondrial membrane.
The others include Smac/Diablo [59], EndoG, HtrA2/Omi, and AIF (apoptosis inducing
factor) [56]. Among these, AIF is the most interesting and controversial one. When this
factor was first discovered by Susin et al. [60] in 1999, it has been defined as a caspase-
independent pro-apoptotic factor that translocates into nucleus to induce chromatin
condensation and DNA degradation. Hsp70 directly binds to AIF after it is released
from mitochondria and prevents its nuclear import [61], thereby neutralizing its death-
inducing effect in apaf-1-null cells [62]. Only peptide-binding domain of hsp70 is
required for interaction with AIF and for inhibition of AIF-induced apoptosis. ATPase
domain of hsp70 is not needed [62]. However, recent studies tend to disprove the
aforesaid notion of AIF as a caspase-independent apoptosis inducer, indicating that
release of AIF from mitochondria does require caspase activation [63, 64]. This finding
brings up the probability that hsp70 might indirectly inhibit the release of AIF from
mitochondria via prevention of caspase activation [65]. This possibility has yet to be

tested. [66, 67] (Figure 1.6)

1.1.3. Hsp70 and Stress-Activated Protein Kinase Signaling

Antiapoptotic properties of hsp70 are not only limited to suppression of cell
death at or downstream of mitochondrial stage. Upstream of mitochondria, well-known
signaling cascades comprised of members of the serine/threonine protein kinase family,
namely MAPKs (mitogen-activated protein Kinases), are activated by inflammatory
cytokines or growth factors, as well as in response to various cellular stresses including
heat shock, oxidative stress or UV irradiation [68]. Among them, SAPK/JNK (stress-
activated protein Kkinase/c-jun N-terminal Kinase) signaling pathway is one of the most
related ones with hsps.

Hsp70 functions at multiple points as an antiapoptotic factor in the SAPK/JNK
signaling cascade, which is implicated in apoptosis, as well as in cell growth and
differentiation. Here, for my purposes, only pro-apoptotic effects of this pathway will be

considered.
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Membrane proximal kinases, MAP3Ks, of this pathway are known as MEKK1/4
or ASK1 (apoptosis signal-regulating Kkinase 1) [69, 70]. MEKK1/4 is activated by
small GTPases of the Rho family, Rac and cdc42, in response to cellular stresses
mentioned above. The other MAP3K, ASKI1, can be directly activated in response to
oxidative stress/reactive oxygen species (ROS) (see “TNF-induced activation of JNK”).
However, there is an alternative death receptor Fas/CD95-induced pathway that can
activate ASK1, as well. This alternative pathway and its association with hsp70 will be
discussed in the next section. [71]

Activated MEKK1/4 and ASKI1 phosphorylate and activate the MAP2Ks
SEK1/MKK4 or MKK7, which in turn phosphorylate and activate the MAPKSs
SAPK/INK [71] (Figure 1.5). It is noteworthy to mention here that JNK activation via
TNF-RI1 associated factor 2, TRAF2, is also possible upon TNF treatment. However,
the consequence of TNF-induced JNK activation for TNF-mediated cellular responses
is poorly understood, as will be discussed in the next section.

Pro-apoptotic effect of JNK signaling was first demonstrated in 1996 by two
independent groups. Overexpression of a dominant-negative kinase mutant of
SEK1/MKK4 or a phosphorylation-site mutated c-jun was found to block stress-induced
apoptosis. Subsequent studies have implicated JNK in the release of cytochrome c [72]
and Smac/Diablo [73] from mitochondria, as a consequence of JNK phosphorylation of
Bcl-2 family members Bcl-2 [74, 75], Bcl-xp [76], Bad [77] and Bim [78].
Phosphorylation neutralizes the anti-apoptotic activity of Bcl-2 and Bcl-x; whereas it
enhances the pro-apoptotic activity of Bad and Bim. Two extra targets of JNK
phosphorylation are c-Myc [79] and p53 [80], both of which have been implicated in
cytochrome c¢ release from mitochondria [81, 82]. Under stress conditions,
phosphorylation of the well-known tumor suppressor p53 by JNK prevents its
ubiquitination and degradation, thereby promotes its stabilization and accumulation
[80]. Elevated p53 levels exert a pro-apoptotic effect in cells via activation of Bax

translocation to mitochondria [83]. (Figure 1.5)
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Figure 1.5 Inhibition of stress-activated protein kinase (SAPK/JNK) signaling
by hsp70. Dotted lines indicate interactions that have been demonstrated in vitro.
(adopted from [19])

JNK activation is potently inhibited by hsp70 in stressed cells through a variety
of mechanisms. Heat shock activates JNK surprisingly without an increase in
SEK1/MKK4 activity. The contributory factor for JNK activation, other than the basal
level of SEK1/MKK4 activity, is a special JNK phosphatase. Heat shock inactivates this
very heat-sensitive phosphatase, leading to its aggregation [84]. This shuts down the
regulatory dephosphorylation of JNK by its phosphatase, causing accumulation of pro-
apoptotic phosphorylated active JNK in cells [85]. However, overexpression of hsp70
prevents heat-induced inactivation of the JNK phosphatase, restoring the levels of
dephosphorylated inactive JNK, which in turn helps suppression of heat-induced
apoptosis [85]. Alternatively, hsp70 has also been shown to inhibit JNK activation by
directly interacting with JNK and preventing its phosphorylation by SEK1/MKK4 [86].
Hsp70 overexpression blocked JNK activation and suppressed apoptosis, but had no
effect on MEKK1 or SEK1/MKK4 activity both in UV-treated cells and in cells
expressing constitutively active forms of MEKKI1 or cdc42 [87]. The peptide-binding
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domain of Hsp70 is required for binding to JNK-not the ATPase domain [88]. (Figure
1.5)

Another mechanism by which hsp70 ensures prevention of JNK activation
operates upstream of JNK. The MAP3K of the pathway, ASK1 (see above), is inhibited
by hsp70 via direct interaction [89]. In contrast to its interaction with JNK, ASKI1
binding and kinase inhibition requires ATPase domain of Hsp70-not the peptide-
binding domain. Cells expressing a constitutively active form of ASK1 were able to
escape apoptosis with coexpression of the hsp70 ATPase domain alone. (Figure 1.5)

Here, it is important to note that the inhibitory effect of hsp70 on JNK activation
is withdrawn when hsp70 is stably expressed in cells. (All of the reports up to here have
been based on transient inducible overexpression of hsp70). Apart from apoptosis, JNK
signaling also constitutes an essential part of cell growth and proliferation, as mentioned
in the beginning of this section, via RTK (receptor tyrosine kinase)-mediated Ras
activation. Prolonged inhibition of JNK by constitutive high-level expression of hsp70
is incompatible with cell growth. Therefore, the reason why JNK activation is re-
established in stably hsp70-expressing cell lines may be attributed to adaptation of cells
to grow even in the presence of high levels of hsp70. [19]

General simplified overview of heat shock protein effect on apoptosis:
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Figure 1.6 Simplified overview of regulation of apoptosis by heat shock
proteins. (modified from [90]) (for two comprehensive reviews on heat shock proteins
in the regulation of apoptosis, see [91] and [92])

1.1.4. Hsp70 and Death Receptor (DR) Signaling

Fas/Apo-1/CD95 and TNF-R1 are two most studied death domain-containing

members of the tumor necrosis factor receptor (TNFR) superfamily.

1.1.4.1. Fas/CD95-Induced Apoptosis

Fas-induced apoptosis is initiated with Fas ligand (FasL)-stimulated
trimerization of Fas, which triggers the formation of a death-inducing signaling
complex (DISC). DISC contains the adaptor protein Fas-associated death domain
protein (FADD) [93] and initiator caspases 8 [94] and 10. FasL-induced assembly of
FADD and caspases 8 and 10 on Fas results in autoproteolytic processing of these
caspases by induced proximity. Consequentially, cleaved active caspase 8 promotes
apoptosis via two parallel cascades [95]: either it directly cleaves and activates
executioner caspase 3 or it cleaves the pro-apoptotic Bcl-2 family protein, Bid [96].
Truncated Bid (tBid) then translocates to mitochondria, inducing cytochrome c¢ [97]
(and Smac/Diablo [59]) release in a Bax/Bak-dependent manner [98, 99], which
sequentially drives the formation of apoptosome and activates caspase 9 and 3, as
mentioned before [48, 49]. Fas-DISC is negatively regulated by FADD-like interleukin-
1B-converting enzyme (FLICE)-like inhibitory protein, FLIP, which integrates into
DISC to prevent autoproteolytic processing of caspase 8. [50, 100] (Figure 1.6 and
Figure 1.7)

Although Fas-induced apoptosis characteristically involves FADD and caspase
8, an alternative pathway integrates Daxx in lieu of FADD as the adaptor protein, which
leads to activation of ASKI1, the MAP3K of SAPK/INK pathway [101]. In this case,
ASKI1 leads to activation of JNK and therefore apoptosis [102], via the other MAP2K,
MKK7—not MKK4/SEK1 (see above). As mentioned in the previous section, this
ASK1-induced apoptosis is essentially through mitochondria-dependent (neutralization

of Bcl-2, etc.) caspase activation [70]. However, even though the mechanism is not well
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understood, a kinase-independent function of ASK1 has been reported in caspase-
independent cell death, as well [103]. As a negative regulator of ASK1 via direct
interaction and inhibition [89], hsp70 appears to suppress both caspase-dependent and
caspase-independent [104] cell deaths mediated by Fas—Daxx—ASKI1 pathway. In
support of the involvement of hsp70 in caspase-independent cell death, Nylandsted et
al. [105] have reported that depletion of hsp70 by antisense technology activates a form
of cell death, characterized by morphology consistent with apoptosis, which is
remarkably not sensitive to caspase inhibitors or antagonizing effects of Bcl-2 and Bcl-
xi. (Figure 1.6)

Some other studies seem to contradict the above findings, demonstrating that
overexpression of hsp70 does not protect cells from Fas-induced apoptosis [106]. Tran
et al. [107] showed that exposure to a mild heat stress sensitized cells to Fas-mediated
apoptosis, which was not due to altered JNK or ERK activities. Surprisingly, hsp70
induction following heat shock could not rescue cells from being sensitized to Fas-
mediated apoptosis. Rather, sensitization was due to heat-induced downregulation of
FLIP [107], which promoted caspase 8 cleavage without triggering cell death (caspases
9 and 3 were not cleaved). This is in accordance with the previous report that although it
inhibits apoptosome formation, hsp70 does not prevent Fas-mediated apoptosis [53].
Discrepancies observed in regard to hsp70 role in Fas-induced cell death may be due to

different downstream pathways employed by Fas/CD95 to promote apoptosis.
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Figure 1.7 Comparison of TNF-R1 and Fas/CD95 signaling. Dark blue bold lines
indicate the default pathways, which are survival for TNF-R1 and apoptosis for Fas/
CD95. (adopted from [108])

1.1.4.2. TNF-Induced Apoptosis

TNF-R1-mediated apoptosis is even more complicated and less understood than
Fas-mediated apoptosis. TNF, a homotrimer primarily produced by activated
macrophages [109], binds to extracellular domains of preassembled TNF-R1 complexes
[110], driving their rapid trimerization, which in turn causes the release of the inhibitory
protein silencer of death domain (SODD) [111] from TNF-R1’s intracellular death
domain [112]. Then, the adaptor protein TNF receptor-associated death domain
(TRADD) is recruited to TNF-R1 by homophilic interactions of the death domains
[113]. Subsequently, TNF-R1-bound TRADD recruits both the adaptor protein TRAF2
[114] and the death domain containing serine-threonine kinase RIP (receptor-interacting
protein [115, 116]), all of which assemble together “Complex I”’. Complex I triggers the
NF-«B survival pathway via recruitment of the IKK (Inhibitor kB kinase) complex
[117], whereas JNK is activated via TRAF2-mediated [118, 119] activation of
MAP3Ks, ASK1 [120] and MEKK1 [121, 122]. [123, 124]

Nuclear factor-kB (NF-kB) plays an important role in the regulation of TNF-R1-
mediated apoptosis [125], by transcriptionally activating its antiapoptotic target genes
such as cIAPs [126, 127] and FLIP [128, 129]. FLIP, as mentioned before, blocks
autoproteolytic processing of caspase 8; whereas cIAPs (inhibitors of apoptosis) act as
E3 ubiquitin ligases, targeting caspases 3, 7 and 9 for proteasomal degradation [130-
132]. cIAP1 and cIAP2 are recruited to TNF-R1 by TRAF2 as a part of Complex I
[133]. Following stimulation by TNF, some components of Complex [ are
posttranslationally modified by yet an unknown mechanism. This modification causes
dissociation of TRADD-RIP-TRAF2 from TNF-RI1. The liberated death domain of
TRADD now binds to FADD in cytosol [114], which recruits caspase 8 and 10,
resulting in the formation of an intracellular DISC, “Complex II”. Signaling cascade
leading to apoptosis after the formation of DISC is the same as mentioned above in
Fas/CD95-induced apoptosis. (Apoptogenic factor Smac/Diablo released from
mitochondria can antagonize the caspase inhibitors cIAPs [134, 135] and block their

association with TRAF2.) (Figure 1.7 and Figure 1.8)
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Figure 1.8 Survival and death pathways triggered by Complex I and Complex II
of TNF signaling, respectively. (adopted from [136])

In TNF-R1 signaling, decision to die or to survive is made by cytosolic levels of
cIAPs and FLIP, though effect of FLIP appears to be more pronounced than cIAPs. If
NF-«B activation triggered by Complex I is successful, cellular levels of FLIP will
sufficiently increase to block caspase 8 activation in Complex II and cells will survive.
If Complex I-triggered NF-xB activation is not productive; FLIP levels will decrease,
resulting in continuous caspase 8 activity and cells will die. [137]

While NF-kB signaling negatively regulates apoptosis, ongoing apoptosis in turn
interferes with the activation of NF-kB. Several important components of this pathway
such as RIP [138, 139], IKKP [140], Akt as well as NF-kB subunits p50 and p65
themselves [141, 142] are cleaved by caspase 8 and caspase 3. Moreover, cleaved
protein fragments released into cytosol act in a dominant-negative fashion towards their
intact counterparts, further interrupting NF-xB signaling. However, as a general in vivo
characterization, it can be concluded that NF-kB activation dominates over apoptosis
induction in TNF-R1 signaling, whereas apoptosis induction is dominant over NF-xB
activation in Fas/CD95 signaling (Figure 1.7). In other words, TNF-R1 is an NF-kB-
inducing receptor, while Fas/CD95 is a death-inducing receptor [143].
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It is noteworthy to mention here as a footnote that antiapoptotic effects of TNF-
R1 signaling are not only limited to NF-kB-driven transcriptional activation. TNF-
induced Akt/PKB pathway provides alternative means to suppress apoptosis in an NF-

kB-independent way. (see “Akt/PKB signaling pathway” below)

1.1.4.3. TNF-Induced Activation of JNK

As mentioned above, TNF-R1 signaling is also coupled to JNK pathway via the
adaptor protein TRAF2 [118, 119], which is an important component of “Complex I”.
TRAF2 binds and activates the MAP3Ks, MEKK1 [121, 122] and/or ASK1 [120, 144],
both of which in turn can phosphorylate and activate the MAP2K, MKK7 [145, 146] ;
resulting in JNK activation. (see the other MAP2K, MKK4/SEK1 in “hsp70 and SAPK
signaling” section). (Figure 1.9)

A second TRAF2-dependent JNK activation is based on the accumulation of
ROS in response to TNF. Upon TNF stimulation, ROS is released from mitochondria to
cytosol in a TRAF2-dependent way that is yet poorly understood [147]. To some extent,
these species account for the cytotoxic effects of TNF signaling, against which
thioredoxin (Trx) acts as a protective agent. Trx, which contains a redox-active center
composed of two cysteine residues, is oxidized to Trx-S, in presence of ROS by a
disulfide bridge formed between these two residues. However, under reducing
conditions, Trx exits in its Trx-(SH), form and functions as an inhibitor of ASK1 via
direct interaction [148]. Therefore, TNF-induced generation of ROS leads to oxidation
of Trx, release of ASK1 from inhibitory Trx-ASK1 complexes and subsequent
formation of TRAF2-ASK1 complexes that are finally capable of activating JNK.
Actually, TNF-induced ASK1 activation and interaction of TRAF2 with ASK1 require
prior dissociation of thioredoxin from ASK1 [149, 150]. (Figure 1.9)

Cellular consequences of TNF-induced TRAF2-mediated JNK activation are
poorly understood. There are contradictory reports on the role of JNK in TNF-induced
apoptosis, implicating JNK with both pro-apoptotic [pro] [151] and anti-apoptotic [anti]
abilities:

Mouse embryonic fibroblasts (MEFs) deficient in INK (JNKI-/-, JNK2-/-) show
increased sensitivity to TNF-induced apoptosis [anti] [152], whereas MEFs deficient in
ASK1 are protected against TNF-induced cell death [pro] [153]. TRAF2 knockout
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MEFs, which have considerably active NF-kB signaling yet impaired JNK activation,
display increased sensitivity to TNF-induced apoptosis [anti]. However, in presence of
JNK inhibitor, MEFs this time deficient in p65 subunit of NF-xB again display
enhanced sensitivity to TNF-induced apoptosis [anti]. Finally, cells deficient in NF-kB
signaling demonstrate increased sensitivity to TNF-induced apoptosis under constitutive
JNK activation [pro] [154]. It seems TNF activates JNK first transiently for regulation
of cell survival [155], but then induces prolonged activation of JNK [pro] under
apoptotic conditions in absence of NF-kB activity [156]. However, re-establishment of
NF-«B activation limits the duration of JNK activation by inhibiting JNK pathway [157,
158] possibly via NF-kB-dependent expression of genes A20, Gadd45p [159, 160],
XIAP (X-chromosome-linked IAP) [161]. [162-164] (Figure 1.9)

In a recent report by Deng et al. [165], siRNA-mediated knockdown of MKK?7
has been shown to prevent TNF-induced caspase 8 processing and apoptosis in p63-
deficient MEFs or HeLa cells that express a mutant form of [-kB [pro]. According to the
study, TNF induces a MKK7-(and JNK-)dependent cleavage of the pro-apoptotic Bcl-2
family protein Bid via a unique processing that differs from the previously identified
[96] processing of Bid by caspase 8 (tBid). The novel cleaved product, jBid,
translocates to the mitochondria, selectively inducing the release of Smac but not of
cytochrome c¢. How jBid promotes caspase 8 processing via Smac remains to be
resolved. (PS: It is not through antagonizing effect of Smac on cIAPs [134], because
cIAPs have been shown to fail interacting with caspase 8. Remarkably, overexpression
of cIAPs does not protect from TNF-induced apoptosis, whereas overexpression of

FLIP does.[137] -see above-) (Figure 1.9)
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Figure 1.9 TNF-induced activation of JNK and regulation by NF-xB-
dependent gene expression. (modified from [143])

Although the first report, indicating the ability of hsp70 overexpression to
prevent TNF-stimulated cell death, was published more than a decade ago [4], there
have been very few reports on regulation of TNF-induced apoptosis by heat shock
proteins, since then. One such study by Gabai et al. [166] has demonstrated that hsp70
suppresses TNF-induced apoptosis via inhibition of JNK, which in turn inhibits Bid
cleavage and subsequent events of the mitochondrial apoptotic pathway, including
release of cytochrome c, activation of caspase 3, and cleavage of PARP. In this report,
Bid cleavage and activation are not found to be associated with caspase 8 activity. A
chaperone-defective mutant of hsp70 (hsp70AEEVD) is also effective in preventing
both TNF-induced JNK activation and JNK-induced Bid cleavage. As being a negative
regulator of ASK1 [89], it is tempting to speculate that hsp70 can also prevent TNF-
induced JNK-mediated apoptosis via directly interacting and inhibiting ASK1. This
possibility has yet to be studied.

Last, but not least; hsp70 has been reported in suppression of TNF-R1 death
pathway downstream of caspase 3 activation. Cytosolic phospholipase A, (cPLA;), an
enzyme catalyzing the release of arachidonic acid from the sn-2 position of
phospholipids, is one of the caspase-activated mediators of TNF-induced cell death
[167]. Hsp70 inhibits activation of the cPLA,, emphasizing its antiapoptotic effect in

late-caspase dependent events, as well [168]. Given their diverse functions in preventing
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apoptosis, the molecular basis of how heat shock proteins regulate TNF-induced
apoptosis remains to be resolved by future studies. (see also “TNF-induced NF-xB

signaling pathway”)

1.1.5. Hsp70 and Ras/Raf-1 Signaling Pathway

The “classical” Ras—Raf-1—MEK1/2—ERK1/2 signaling is one of the most
studied MAPK signaling pathways, which has mainly been implicated in cell growth,
proliferation and differentiation. A wide variety of extracellular signals (growth factors,
etc.) activate membrane-bound receptors such as receptor tyrosine kinases (RTKs),
integrins or ion channels; transducing the signal to the small GTPase protein, Ras, via a
set of adaptors (Shc, GRB2-growth factor receptor bound protein 2-, etc.) linking the
receptors to guanine nucleotide exchange factors (Sos-son of sevenless-, etc). Activated
GTP-bound Ras recruits the serine/threonine kinase Raf-1 to the membrane, where Raf-
1 is activated by a group of activating proteins in a process that is poorly understood.
Activated Raf-1, a MAP3K itself, phosphorylates and activates MAP2Ks, MEK1/2;
which in turn phosphorylates and activates the MAPKs, ERK1/2 (extracellular signal-
regulated kinase 1/2). [169, 170] (Figure 1.10)

In addition to SAPK/JINK pathway, the classical Ras/Raf-1 pathway has also
been implicated to get activated by heat shock. Prevention of ERK1 activation during
heat shock increases heat sensitivity, whereas overexpression of wild type ERKI1
protects cells from stress [171]. Increased MEK 1/2 activation as well as impaired ERK
phosphatases, MKP1/3 (MAPK phosphatase 1/3), accounts for the increase in ERK1
activity during heat shock. Surprisingly, overexpression of hsp70 causes a decrease in
ERK activity, which could otherwise help hsp70 protect cells from stress. This is due to
an ability of hsp70 to prevent heat-induced inactivation of ERK phosphatases MKP1
and MKP3 [172]. (An identical regulation by hsp70 on JNK phosphatase has been
mentioned before [85].) A chaperone-defective mutant of hsp70 (hsp70AEEVD) is
unable to protect these phosphatases from heat-induced aggregation. (Figure 1.10)
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Figure 1.10 Regulation of Ras/Raf-1 signaling by hsp70-Bagl. Dotted lines
indicate interactions that have been demonstrated in vitro. (adopted from [19])

As mentioned before at the end of “hsp70 co-chaperones” part; Bagl, the
negative-regulator of hsp70 [28, 30, 31], is able to activate Raf-1 via direct interaction
that occurs between the C-terminal domain of Bagl and the catalytic kinase domain of
Raf-1 [34]. The activation is essentially Ras-independent: Raf-1 activation by Bagl
circumvents the effects of overexpression of a dominant-negative form of Ras.
Interestingly, Raf-1 interaction domain on Bagl overlaps with that of hsp70, which
creates a competition between these two proteins for binding to Bagl. Purified hsp70
added onto preformed Raf-1-Bagl complexes sequesters all available Bagl, displacing
Raf-1 from Bagl and consequentially results in impaired Bag-1 activated Raf-1 kinase
activity [173]. This implies another inhibitory effect of hsp70 on cell growth and
proliferation and explains why in stably-transfected cell lines hsp70 exerts a negative
effect on cell growth [174]. (Figure 1.10 and Figure 1.23)

Last, but not least; hsp70 has been found to interact with Mos, a germ cell-
specific MAP3K that plays an essential role during meiotic divisions of oocytes.
Mutations in the key serine 3 residue of Mos inhibits kinase activity and association

with its target protein, MEK 1. The same mutation also disrupts hsp70 binding to Mos,
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suggesting a similar way of competition between hsp70 and MEK1 for interacting with
Mos, as in the case of hsp70 and Raf-1 mentioned above. [175]

The above-mentioned three repressive effects of hsp70 on cell growth and
proliferation suggest an evolutionary adaptation of cells to arrest cell cycle progression
in response to heat stress, saving cells enough time to repair heat-induced damage and
eliminate lethal effects of cytotoxicity prior to a new round of cell division. (For an

excellent review on “cell cycle regulation by chaperones”, see [176])
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Figure 1.11 The late chaperone network of the eukaryotic cytosol. (adopted
from [177])

23



1.2. Heat Shock Protein 90 (HSP90)

1.2.1. Structure and Function

Unlike hsp70, eukaryotic cytosolic hsp90 does not function in either folding of
nascent unfolded polypeptide chains, or in refolding of heat-denatured proteins to their
native states [6, 14]. Under protein-damaging stress conditions, hsp90 seems to be
responsible only for maintenance of partially denatured proteins in a “folding-
competent” state [178], transferring them to hsp70/hsp40 chaperone complex, which
carries out the refolding process [179]. No role for hsp90 in refolding heat-damaged
proteins in vivo has been demonstrated so far, although overexpression of hsp90 has
been reported to produce some level of induced thermotolerance [180].

Under normal conditions, hsp90 functions in a unique manner that distinguishes
it from other chaperones: Hsp90 binds to substrate proteins at intermediate folding
states, holding and stabilizing them in functionally-competent conformations as well as
preventing their degradation [179]. This role of hsp90 is vital for the proper activation
of components of the signal transduction including steroid hormone receptors [181,
182] and a growing list of protein kinases [183], only some of which will be discussed
later [184]. (see “Hsp90 and signal transduction™)

Like hsp70, hsp90-cycle of substrate binding and release is driven by ATPase
activity of hsp90 [185-187]; but in a more complicated manner than that of hsp70, this
cycle is operated by a multichaperone machinery that requires hsp70 itself [188] and
several other co-chaperones (Figure 1.17). As mentioned above, hsp90 recognizes
substrate proteins at intermediate stages of folding [178], placing hsp90 after hsp70-
which binds to unfolded nascent polypeptides. Therefore, the two major chaperones,
hsp70 and hsp90, cooperate in folding of certain client proteins in eukaryotic cytosol

[188-190]. [177] (Figure 1.11)
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Figure 1.12 Schematic representation of the domain structure and co-chaperone
binding sites of hsp90. (modified from [20])

Hsp90 is constitutively expressed in cells and is one of the most abundant
proteins, constituting 1-2% of the total cellular protein content [191]. The highly
conserved 25 kDa N-terminal domain consists of 8-stranded B-sheet structure with a-
helices on each side. At the center, a deep cleft between these two secondary structures
forms the binding site for ATP/ADP [192] (Figure 1.13) and for the hsp90-specific
antitumor drug-geldanamycin (GA) [193, 194] (Figure 1.20). Hsp90 is a low-affinity
ATP-binding protein [191]. GA replaces the nucleotide in the cleft with an affinity
much greater than either ATP or ADP, inhibiting hsp90 ATPase activity even in

nanomolar concentrations (in tumor cells-see below-). The TPR-unrelated hsp90 co-

chaperone, p23. binds to the N-terminal domain of hsp90, as well (Figure 1.12).

Figure 1.13 N-terminal domain of yeast hsp90 complexed with ADP. A
secondary structure cartoon of the crystal structure of the N-terminal hsp90 domain
(ending at residue 215), complexed with ADP [192]. (adopted from [195])
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Figure 1.14 Diagram displaying the molecular interactions of the N-terminal
domain of hsp90 with ADP. (yellow and orange spheres are water molecules, whereas
green one is the magnesium ion, essential for the binding of ADP) (adopted from [195])

A highly charged linker/hinge region with an unknown function separates N-
terminal domain from the middle domain. However, this region has been suggested to
play a role in regulation of hsp90 association with its client proteins [196]. The
structurally flexible 35 kDa middle region (Figure 1.15) has been found to interact with
the hsp90 co-chaperones p50/cdc37 and the recently discovered Ahal (Figure 1.12).

Catalytic
loop
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Figure 1.15 Cartoon structure of the hsp90 middle domain (residues 273-525).
(adopted from [195])

The 12 kDa C-terminal domain is required for dimerization, since hsp90 is
constitutively present as a homodimer in eukaryotic cytosol [197, 198]. As in hsp70, the

TPR-domain containing co-chaperones, Hop and CHIP, recognize and bind to C-

terminal domain of hsp90 [199] (Figure 1.12). And likewise, the C-terminal region of
hsp90 ends with the highly-conserved sequence, MEEVD. Additionally, it has recently
been discovered that this region harbors a second ATP-binding site, which is only
exposed upon nucleotide binding to the N-terminal ATP-binding site [200]. However,
the functional importance of this second site for substrate-binding and release cycle of
hsp90 has not been demonstrated yet. Unlike hsp70, hsp90 does not seem to possess a
consensus substrate recognition domain. Both N- and C-terminal domains of hsp90

have been implicated in binding of substrate proteins [201, 202]. [203]

Figure 1.16 Model of N-terminally dimerized hsp90 (residues 2-525)
constructed from its structural fragments. The ‘inner’ faces of the jaws in the Hsp90

molecular clamp are suggested to provide client protein-binding site(s). (adopted from
[195])
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1.2.2. Molecular Mechanism of Hsp90 Multichaperone Complex Function
and Regulation by Co-Chaperones

As mentioned briefly above, hsp90 acts in succession to hsp70 in the
multichaperone complex, also referred as the “super-chaperone machine” [204] (Figure
1.11). The machine cycles between two major conformations: ADP-bound (open) and
ATP-bound (closed) [185-187] (Figure 1.17). An unfolded hsp90 client protein first

associates with the hsp70/hsp40 chaperone complex and gets partially folded here [188-
190].
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Figure 1.17 Activation of steroid hormone receptor (SHR) by hsp90. Ahal is not
shown as part of the ‘closed’ complex since its presence in SHR complexes has not
been confirmed. (Imm., Immunophilins) (adopted from [195])

Then the bilateral co-chaperone Hop (hsps organizing protein) links hsp70 to
hsp90, transferring the client protein to hsp90 [23, 205]. The bridging of hsp70 to hsp90
by Hop occurs via the common C-terminal TPR protein-binding domains of the
chaperones. Hop also acts as an inhibitor of hsp90 ATPase activity, preventing access to
the N-terminal ATP-binding domain of hsp90 [206]. At this point, the multichaperone is
in its ADP-bound (open) conformation. By inhibiting hsp90 ATPase activity, Hop
ensures the complete transfer of the client protein to hsp90, which could otherwise
adopt the closed conformation prematurely upon ATP binding without the substrate
protein having been loaded. [207, 208] (Figure 1.17)

After the substrate transfer is complete, ATP obtains access to the N-terminal
ATP-binding site of hsp90, by an as yet unknown mechanism. Exchange of ADP with
ATP in hsp90 causes dissociation of Hop and hsp70 from hsp90, and induces a
conformational change [209]. At this point, hsp90 adopts the ATP-bound (closed)
conformation in which N-termini of the hsp90 subunits transiently dimerize to close the
molecular clamp of the homodimer [210, 211] (Figure 1.18). This closed conformation
stably binds the substrate protein and recruits another set of hsp90 co-chaperones,
including p23 [212] and certain immunophilins [213] or p50/cdc37 [214] (Figure 1.17).
This temporary state is responsible for stabilization of the activation-competent states of
the substrate protein kinases in several signal transduction pathways, as will be
discussed in the next section. The co-chaperone p50/cdc37 has a unique role in
determining substrate specificity of hsp90 in favor of such kinases that depend on hsp90

for maturation to their activation-competent states [214-217] (Figure 1.11).
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Figure 1.18 Rate limiting step of hsp90 multichaperone complex. Upon ATP
binding, N-terminal domains of hsp90 subunits associate (closed conformation), which
subsequently triggers ATP hydrolysis, suggesting N-terminal dimerization is the rate
limiting step of ATP turnover. (adopted from [195])

The co-chaperone p23 [218] specifically recognizes the ATP-bound form of
hsp90 and stabilizes this ATP-and substrate protein-bound transient state [219].
However, once ATP hydrolysis occurs, p23 stimulates ATP hydrolysis-dependent
dissociation of substrate protein [220]. Dimerization of the ATP-binding domains
produces the rate limiting step of ATP turnover in the multichaperone complex [210],
accelerating inherent ATPase activity of hsp90 at this point (Figure 1.18 and Figure
1.19). A conformational change follows ATP hydrolysis, opening up the molecular
clamp and releasing the substrate protein as well as the co-chaperones [185]. A new
round of substrate binding starts upon recruitment of the other set of co-chaperones that
prefer to associate with the ADP-bound (open) conformation of hsp90. (Figure 1.17)

Recently, a new hsp90 co-chaperone has been identified and named as Aha-1
(activator of hsp90 ATPase-1). Ahal binding stimulates the inherent ATPase activity of
hsp90 [221] (Figure 1.18 and Figure 1.19). There are apparently many more of them to
be identified. The increasing number of co-chaperones inevitably implies a way of
competition between them to bind to hsp90, suggesting the presence of another factor
that specifies the priority of these interactions. Therefore, it has been proposed that co-
chaperones might have a role in determining substrate specificity of hsp90 and in

targeting hsp90 to specific substrate proteins [20]. (Figure 1.11)
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Figure 1.19 Rate limiting step of ATP turnover. Ahal binds to the middle
domain (M), promoting the ‘closed’ state and is required for full Hsp90 ATPase
activity. (adopted from [195])

1.2.3. Hsp90 and Signal Transduction

A growing list of signal transduction proteins is being identified to depend on
hsp90 for in vivo maturation and/or activation. These signaling proteins are typically
large and found in multisubunits, requiring stabilization by other proteins for their
proper function. It has been suggested that the need for structural flexibility to undergo
different regulatory conformations in the course of signal transduction events might
inherently necessitate a lesser stability for these proteins, thereby making them perfect
substrates for hsp90.

Additionally, overexpression of hsp90 has been demonstrated in a wide variety
of malignancies including breast, prostate, colon, lung, melanoma, leukemia, ovarian
and cervical. As known, oncogenic transformation occurs via a process of acquired
mutations in two sets of genes: proto-oncogenes and tumor suppressor genes. The
corresponding mutant proteins exert their effects in cells, which result in either
unrestrained cell proliferation or suppressed cell death (apoptosis). Overexpression of
hsp90 in malignancies has been explained as an adaptive response of tumor cells (see

“HSF-1” below) to sustain these two deregulated cellular events: accumulating
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oncogenic mutations create an increasing demand for chaperone activity in tumor cells
because mutated protein variants possess less than optimal folding characteristics. Thus,
to maintain functionality in their less stable oncogenic forms, these proteins require
stabilization in their active conformations by hsp90 chaperone. [222, 223]

Indeed, hsp90 client proteins are indicated in diverse cellular functions, most of
which contribute to oncogenesis as well, including [183, 191, 224]:

1) protein kinases such as Akt/PKB, PDK1; MAP3Ks Raf-1, mutated B-Raf, Mos ;

Bcer-Abl; src and related tyrosine kinases Ick, fes, fgr, yes, fps; growth factor receptors
(RTKs) EGFR, VEGFR, PDGFR, HER-2, IGFR, insulin receptor; FAK; casein kinase
(CK-II); heme-regulated elF-2 kinase, calmodulin regulated eEF-2 kinase; dsRNA-
dependent kinase PKR; MAPKs MEK, MOK, MAK; tropomyosin-related kinase trkB;
receptor-interacting protein (RIP) and IKK; and cell cycle progression kinases Cdk4,
Cdk6, Weel, Swel, Polo mitotic kinase;

2) transcription factors such as mutated p53; heat shock factor-1 (HSF-1); steroid

hormone receptors such as estrogen, androgen, progesterone, glucocorticoid receptors;
and hypoxia-inducible factor-1o (HIF-1a);

3) others: Apaf-1; SV-40 large T antigen; proteasome; G protein subunits;
endothelial nitric oxide synthase (eNOS); actin, tubulin; and telomerase (h-TERT).

1.2.3.1. Geldanamycin and Proteasome-Mediated Degradation of Hsp90
Client Proteins

The collection of hsp90 client proteins listed above would not have been
possible without the discovery of hsp90-specific benzoquinone ansamycin drug,
geldanamycin (GA) (Figure 1.22). Geldanamycin was initially discovered as naturally
occurring antibiotics in the fermentation broth of Streptomyces hygroscopicus [225].
First report of GA effect in carcinogenesis was regression of v-Src induced
transformation following inactivation of v-src by GA [226]. At that time, GA was
thought to inhibit src and was regarded as a specific src inhibitor. However, affinity
purification experiments conducted later with immobilized GA revealed that GA binds
to and inhibits hsp90 [227], which subsequently leads to degradation of hsp90 client

proteins in a proteasome-dependent manner.
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Figure 1.20 A secondary structure cartoon of the crystal structure of the N-
terminal hsp90 domain (ending at residue 215), complexed with geldanamycin [193].

(adopted from [195])

Lys08

Asng2 )

Phelid4
T Leus3

'H.“C::igseuﬂi
AspT3

(RANER

.f =
" Lew173

Figure 1.21 Diagram displaying the molecular interactions of the N-terminal
domain of hsp90 with geldanamycin. (yellow and orange spheres are water molecules)

(adopted from [195])
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As also mentioned before, crystallography studies [193] demonstrated that
geldanamycin binds tightly to the N-terminal ATP-binding pocket of hsp90 [194]
(Figure 1.20). GA locks the multichaperone complex of hsp90-Hop-hsp70 in its
substrate-bound (open) conformation, mimicking ADP-bound state of the complex (see
above). Having a much higher affinity for hsp90 than either ATP or ADP [191], GA
replaces ADP in this conformation, blocking exchange of ADP with ATP and the
subsequent ATP hydrolysis-dependent dissociation of substrate proteins from the
complex [228]. Therefore, GA binding causes a prolonged residence of yet
premature/unstable substrate proteins on hsp90-Hop-hsp70 complex, which at this point
seems to recruit specific ubiquitinating enzymes, targeting substrate proteins to the
proteasome where they are degraded.

Hsp90 association with proteasome has been known for a long time [229], but
only recently the missing link between these two has been discovered: The TPR-domain
containing co-chaperone CHIP, which recognizes C-termini of both hsp70 and hsp90,
has been shown to possess an E3 ubiquitin ligase activity [230] and to associate with the
19S subunit of the proteasome [231]. Consistently, overexpression of CHIP has been
shown to promote ubiquitination and proteasome-mediated degradation of some hsp90
client proteins, including glucocorticoid receptor [231], HER-2 [232] and mutant p53
[233]. Similary, another co-chaperone of hsp70, Bagl, has been also found to associate
with 26S proteasome via its ubiquitin-like domain [234], providing additional link
between the hsp70 chaperone system and the proteasome. (Figure 1.3)

Compound R
GA CH,0
17-AAG  CH,=CH-CH,-NH

Figure 1.22 Chemical structures of GA and 17-AAG. (modified from [235])

Directing hsp90 client proteins, most of which are implicated in various

oncogenic signal transduction pathways (see below), for degradation by only inhibiting

34



the ATPase activity of hsp90; geldanamycin has proved to be a potent anti-tumor drug
in vitro. However, in clinical studies, GA has come out to be too toxic for cells. Soon, a
less toxic but equally effective drug, 17-allylamino-geldanamycin (17-AAG) has been
developed, which only differs from GA at the 17 position [236] (Figure 1.22). 17-AAG
is currently in clinical trials, ready to enter Phase II trials after having completed Phase I
trials successfully [237, 238].

Inhibition of hsp90 by 17-AAG has several unique advantages as a therapeutic
target [239]:

1) Drugs targeting only a specific protein in a single oncogenic pathway can
readily be circumvented by tumor cells, which are capable of activating an alternative
pathway to sustain cell proliferation. As listed above, many oncogenic proteins rely on
hsp90 for stabilization and functionality, making hsp90 inhibition a target for multiple
pathways simultaneously.

2) Hsp90 is overexpressed in tumor cells progressively with the newly mutated
oncoproteins as an adaptive response of tumor cells, yet poorly understood. (see “HSF-
1” below) Therefore, inhibition of hsp90 proves to be a dynamic target for the ever-
increasing accumulation of mutated oncoproteins in tumor cells.

3) Drugs targeting specific oncogenic proteins implement their effects only
reversibly, with target proteins becoming fully active again immediately after
withdrawal of inhibitory drugs. However, with hsp90-specific drugs, the real target
proteins-the client oncoproteins of hsp90- are affected indirectly and irreversibly. The
reversible inhibition of hsp90 by 17-AAG promotes an irreversible effect on the hsp90
client oncoproteins: proteasome-mediated degradation to amino acids. This saves an
additional 12-24 hours for synthesis of new oncoproteins, during when tumor cells can
be forced to undergo apoptosis by other supplementary drugs.

4) Even though hsp90 is abundantly expressed both in normal and tumor cells,
17-AAG selectively targets hsp90 in tumor cells, which displays a 20 to 200 times
higher binding affinity for 17-AAG than does hsp90 in normal cells [240]. The
increased affinity of 17-AAG for hsp90 in tumor cells is attributed to co-chaperone-
induced conformational changes in the ATP-binding site of hsp90. As mentioned
before, hsp90 operates in a multichaperone complex that is loaded with hsp70 and other
co-chaperones in a cyclic manner driven by its ATPase activity (Figure 1.17). Due to
their increased requirement for hsp90 action, tumor cells have all their hsp90 assembled

in multichaperone complexes with high ATPase activities, whereas hsp90 in normal
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cells is mostly in an inactive, uncomplexed form with low binding affinity for ATP
[240]. (recall that hsp90 alone is a low-affinity ATP-binding protein.) This explains
why 17-AAG, an ATP-binding site-binding inhibitor of hsp90, displays a therapeutic
selectivity for tumor cells. Consistently, this also accounts for the reason why 17-AAG
works at micromolar concentrations with purified recombinant hsp90, whereas it is

efficacious in tumor cells even at nanomolar concentrations.

1.2.3.2. Signaling Pathways Associated with Hsp90

As explained in detail above, many oncogenic signaling proteins depend on
hsp90 for conformational maturation to activation-competent states. Some of them are

discussed as follows:

1.2.3.2.1. Ras/Raf-1 Signaling Pathway

Ras/Raf-1 signaling pathway is one of the first oncogenic pathways that has
been found to associate with hsp90. (The pathway has been described in hsp70 section
before [169, 170].) Hsp90 interacts with and stabilizes the well-known proto-oncogene
Raf-1. Prolonged exposure of mammalian cells to GA suppresses Ras—Raf-
I—MEK—ERK signaling pathway by disrupting hsp90-Raf-1 complexes and
subsequently leading to degradation of Raf-1 [241-243]. By contrast, short exposure to
GA leads to Raf-1 activation, indicating that transient release of hsp90 is essential for
activation. Duration-dependent effect of GA on Raf-1 suggests that hsp90 is required
for maturation and stabilization of Raf-1, holding it in an activation-competent, yet
inactive state [20]. (Figure 1.23)

The proper activation of Raf-1 by either Ras or Bagl requires dissociation of
hsp90 for induction of the right conformation for Raf-1 to recruit Ras or Bagl. As
mentioned before, sequestration of Bagl by hsp70 exerts an inhibitory effect on Ras-

independent Raf-1 activation. [34, 173]
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Figure 1.23 A model for chaperone and co-chaperone interactions of Raf-1, describing
its maturation, activation and inactivation. (adopted from [20])

Hsp90 interaction with Raf-1 also requires the “kinase-specific” hsp90 co-
chaperone p50/cdc37. Expression of a mutant cdc37 that can no longer bind to hsp90,
has been shown to inhibit activation of Raf-1 by Ras, indicating that p50/cdc37 action in
concert with hsp90 is essential for Raf-1 function [244].

Aside from its stabilizing effect on Raf-1, hsp90 has also been suggested to have
a role in translocation/recruitment of Raf-1 from cytosol to Ras-bound plasma

membrane sites. [20]

1.2.3.2.2. Akt/PKB Signaling Pathway

The other important cell proliferation and survival pathway associated with
hsp90 is PI3K—PDK1—Akt/PKB signaling pathway: In response to a wide variety of
extracellular stimuli (growth factors, etc.); membrane-bound receptors such as receptor
tyrosine kinases (RTKs), integrins, cytokine receptors (IL-6 receptor family) and G-
protein coupled receptors (GPCRs) activate phosphoinositide 3-kinase, PI3K, which in
turn phosphorylates and converts the plasma membrane lipid phosphatidylinositol-4,5-
biphosphate [PI(4,5)P;] to phosphatidylinositol-3,4,5-triphosphate  [PI(3,4,5)P3].
PI(3,4,5)P; serves as a plasma membrane docking site for proteins that harbor PH
(pleckstrin-homoloy) domains, including Akt/PKB (protein kinase B) and its upstream
activator PDK1 (phosphoinositide-dependent kinase-1). Association with PI(3,4,5)P; at
the membrane brings these two proteins into proximity, accelerating phosphorylation of

Akt/PKB by PDK1. [245]
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Phosphatases PTEN (phosphatase-and-tension homologue deleted on
chromosome ten) and PP2A (protein phosphatase 2A), are known to act as negative
regulators of PI3K—PDKI1—Akt/PKB pathway. The tumor suppressor PTEN
dephosphorylates PI(3,4,5)P; back to PI(4,5)P,, reversing PI3K action; whereas PP2A
dephosphorylates and inactivates Akt, reversing PDK1 action. [245]

Acting as a potent proto-oncogene, phosphorylated active Akt promotes cell
proliferation, cell cycle progression and cell survival through inhibitory phosphorylation
of many target proteins, some of which include FKHR-L1 (forkhead-related
transcription factor), Bad, GSK-3 (glycogen synthase kinase 3) and some CKIs (cyclin-
dependent kinase inhibitors). [245]

Phosphorylation of FKHR-L1 by Akt leads to its sequestration by cytosolic 14-
3-3 proteins and blocks its translocation to the nucleus, thereby preventing
transcriptional activation of its pro-apoptotic target genes, FasL. and Bim. Likewise,
phosphorylation of pro-apoptotic Bad by Akt promotes its sequestration by 14-3-3
proteins, which blocks Bad translocation to the mitochondria [246, 247]. Both of the
above-mentioned effects can also be referred as antiapoptotic effects of Akt/PKB.

Phosphorylation by Akt also inhibits GSK3, which is a constitutively active
kinase in unstimulated cells responsible for inactivation/proteasome-mediated
degradation of proteins like glycogen synthase, eI[F2B (eukaryotic initiation factor 2B),
cyclin D and c-Myc. Therefore, Akt is also implicated in protein synthesis as well as
cell cycle progression through inactivation of GSK3 (see also below for GSK3 and
Cyclin D). mTOR (mammalian target of rapamycin) and p70 S6K, which play role in
cell growth and protein synthesis, are the other downstream components of this

pathway, phosphorylated and activated by Akt and PDK1, respectively. [245]

1.2.3.2.2.1. Akt/PKB and TNF-Induced NF-xB Signaling Pathway

The components of Akt/PKB pathway are implicated in TNF-induced NF-kB
(p50/p65) activation, as well. As explained briefly in “hsp70 and DR signaling” section,
TNF-induced NF-«kB pathway is essentially anti-apoptotic with its NF-kB-driven
transcriptional activation of cIAPs [126, 127] and FLIP [128, 129] (Figure 1.8).
Akt/PKB signaling has been found to ensure its anti-apoptotic, pro-survival effect by

upregulation of NF-kB upon TNF induction via several distinct ways [248]:
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Akt, in part, phosphorylates and targets IkB for degradation, releasing NF-«xB for
nuclear translocation [249]. Additionally; in response to TNF, Akt can directly
phosphorylate and activate IKKa, thereby leading to NF-kB activation [250-252].
Furthermore, upon TNF stimulation, Akt increases transactivation potential of the NF-
kB subunit p65 via an [IKKa-dependent manner [253-255], which is a required step for
full NF-kB activity. Indeed, impairment of TNF-induced NF-kB activation by inhibitors
of the upstream kinase PI3K occurs in a cell type-specific manner [256]: In response to
PI3K inhibitors; cell lines, in which the ratio of IKKa to IKKp is high, show more
susceptibility to impairment of NF-kB DNA binding; whereas those with higher levels
of IKKpB remain unaffected. Even though the upstream linkers have yet to be
determined, this pathway of NF-kB activation can be summarized as follows:

TNF—TNFR 1—(TRAF2?)—PI3K—(PDK 1)—Akt/PKB—IKKa . [249] (Figure 1.24)
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Figure 1.24 TNF-induced NF-kB activation and cross-talk with Akt/PKB
pathway. (modified from [143])

In agreement with the above-mentioned role of Akt in TNF-induced NF-xB
activation, PTEN, the natural biological inhibitor of Akt activity, blocks TNF-induced
transcription of NF-kB-dependent genes [257] only by inhibiting the transactivation
potential of the p65 subunit [258]. In other words, PTEN blocks the ability of TNF to
stimulate the transactivation domain of p65. IkB degradation, p65 translocation to
nucleus and NF-«xB DNA binding are not affected by PTEN expression [258]. Thus,
expression of the tumor suppressor PTEN inhibits the anti-apoptotic transcription factor

NF-kB, sensitizing cells to TNF-induced apoptosis [258]. Interestingly, it has recently
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been shown that NF-kB does the same to PTEN: The p65 subunit down-regulates
transcription of PTEN via sequestration of transcriptional coactivators CBP/p300 away
from PTEN promoter [259]. Thus, NF-kB-mediated suppression of PTEN adds one
more to its anti-apoptotic abilities in the context of TNF-induced apoptosis. Below, the

negative regulatory loop between PTEN and NF-kB under TNF is shown (Figure 1.25)

TNF This also describes a positive feedback loop, in
/ which TNF-induced Akt activation of NF-«kB
NF-xB further stimulates Akt via repression of PTEN
{ J_ /‘\. to ensure its continuous activation.
PTEN
Apoptosis

Figure 1.25 Negative regulatory loop between NF-kB and PTEN involved in the
modulation of TNF-induced apoptosis. (adopted from [259])

Akt phosphorylation of IKKa does not seem to be the only way for TNF-
induced NF-kB activation by PI3K—PDKI1—Akt pathway. NF-«B is alternatively
activated by another component of this pathway, the atypical protein kinase C (PKC)
isozyme, PKCC, which is normally another kinase substrate of PDK1 [260]. Upon TNF-
stimulation, an adaptor protein called p62 links RIP to PKC( [261], which in turn
phosphorylates and activates IKKPB [262]. IKK[p activation is followed by IkB
degradation and release of NF-kB for nuclear translocation. For full NF-xB activation,
PKC{ also phosphorylates and transactivates the p65 subunit [254, 263]. It is
noteworthy to mention here that this signaling cascade of nuclear factor kB (NF-«kB)
activation, TNF—TNFR1—TRADD—RIP—p62—PKC{—IKKf, is essentially
TRAF2-independent. (Figure 1.24)

Finally, the anti-apoptotic abilities of TNF-stimulated Akt/PKB pathway are not
only limited to NF-xB upregulation. In consistency with its anti-apoptotic properties in
response to other stimuli mentioned in the first part, Akt can phosphorylate, and inactive

the pro-apoptotic protein Bad under TNF-stimulation, as well [264]. (Figure 1.6)
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1.2.3.2.2.2. Hsp90 and Akt/PKB Pathway

Having finished describing diverse roles of Akt in promoting cell survival and
proliferation, I will now discuss the contribution of hsp90 to this pathway. Being a
potent proto-oncogene, Akt depends on hsp90 for its stability and activity [265, 266].
Hsp90, with its “kinase-specific” co-chaperone p50/cdc37 [214], holds Akt in an active
conformation that facilitates its phosphorylation by PDK 1. Moreover, hsp90 association
protects Akt from PP2A-mediated dephosphorylation and inactivation. Consistently,
inhibition of hsp90 by GA causes a rapid decrease in both Akt activity and protein level.
(Figure 1.6)

In breast and prostate cancer cell lines that overexpress the receptor tyrosine
kinase HER-2, 17-AAG inhibits phosphorylation of Akt prior to the loss of Akt protein
levels [267]. This might be due to hsp90-dependent effects on the upstream activators
HER-2 and PDK1 [268]. In fact, HER-2 is an hsp90 client protein [269] and is one of
the most sensitive ones to 17-AAG or GA [270] (see the list of hsp90 client proteins).
17-AAG has been reported to cause cell cycle (G1) arrest that is associated with loss of
cyclin D protein levels in HER-2 overexpressing breast cancer cells [267], in

consistency with the following cascade [245]. (Figure 1.26)

HER-2 —PI3K — PDK1—>Akt/PKB — GSK3—] Cyclin D

T T T

GA GA? GA

Figure 1.26 Inhibitory effects of geldanamycin (GA) at different stages through
Akt/PKB signaling.

Disruption of Akt activity by GA abolishes all anti-apoptotic, pro-survival
effects of this pathway and sensitizes cells to the pro-apoptotic effects of the anti-tumor
agent taxol [271]. GA-induced degradation of Akt can also promote apoptosis via Bax-
dependent release of cytochrome ¢ and Smac/Diablo from mitochondria [272]. It has
recently been reported that Akt—hsp90 complex can phosphorylate and inhibit the pro-
apoptotic kinase ASK 1, providing protection from stress-induced apoptosis [273, 274].
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1.2.3.2.3. Apoptosis and Apaf-1

Another anti-apoptotic ability of hsp90 is implicated in inhibition of apoptosome
formation, in the same manner as hsp70. Apaf-1 is one of the client proteins of hsp90
(see the list of hsp90 client proteins). Hsp90 binds to Apaf-1 and blocks cytochrome
¢/ATP-mediated oligomerization of Apaf-1 [275]. (Figure 1.6)

1.2.3.2.4. Heat Shock Factor-1 (HSF-1)

Another client protein of hsp90 is worthwhile mentioning here: heat shock
factor-1 (HSF-1). HSF-1 is the major transcription factor that is responsible for the
transcriptional activation of heat shock genes for the regulation of the heat shock
response (HSR). In unstressed cells, HSF-1 exits in a monomeric non-DNA binding
form. However, in response to protein-damaging stress conditions, HSF-1 forms
homotrimers that acquire sequence-specific DNA binding ability for HSEs (heat shock
elements) located in promoter regions of HSF-1-inducible genes. However, DNA
binding of HSF-1 is not sufficient for transcriptional induction of these genes. Full
HSF-1 transcriptional activity requires regulation of HSF-1 by several kinases:
phosphorylation by GSK3 and JNK inhibits HSF-1 activity, whereas phosphorylation
by CaMK-II (Ca™/calmodulin-dependent kinase II) increases this activity [276, 277].
(Recall that hsp70 inhibits SAPK/JNK activation by several means under stress
conditions, which have been described before [85, 86] (Figure 1.5), suggesting a
positive feedback mechanism employed by hsps to ensure their continuous
transcriptional expression by HSF-1 under such conditions.)

Monomeric inactive form of HSF-1 is a client protein for hsp90 under non-stress
conditions [278]. Sequestration of the monomeric HSF-1 by hsp90 prevents
inappropriate activation of the heat shock response under normal conditions. However,
under stress conditions, cytosolic levels of misfolded proteins increase and
accumulating misfolded proteins start to compete with HSF-1 for binding to hsp90.
After a sufficient amount of HSF-1 is displaced from hsp90 by misfolded proteins,
trimerization and transactivation of HSF-1 occurs, readily initiating the heat shock

response. [279]
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Even though the molecular basis of hsp upregulation in response to heat shock
can be explained as above through HSF-1 transcriptional activity, the molecular
mechanisms responsible for hsp overexpression in tumor cells are still poorly
understood. It is not known whether HSF-1 is present in an active trimeric form in
tumor cells. There are very few reports on the role of HSF-1 transcriptional activity in
hsp upregulation in the context of tumorigenesis. One such study [280] on prostate
adenocarcinoma cells indicates elevated basal levels of hsp27 to be in significant
correlation with elevated HSF-1 protein levels. However, constitutive levels of hsp70
and hsp90 are not found to be significantly altered by elevated HSF-1 levels. The case is
similar for retinoblastoma cells [281].

As mentioned before (see “hsp90 and signal transduction” above), hsp
overexpression is thought to be an adaptive response of tumor cells to keep their
increasing amount of oncogenic proteins in either active or activation-competent
conformations. It has been suggested that elevated hsp expression levels can either be
achieved by an increase in basal heat shock promoter activity via introduction of new
mutations in transcription machinery or by a direct increase in activated HSF-1 protein
levels [19]. The exact molecular details of hsp overexpression in a wide variety of
tumor cells has yet to be resolved, but it seems likely that this may be tumor-specific: in
a different carcinoma cell line, hsp90 overexpression has been found to be associated

with gene amplification and not related with HSF-1 levels or activity [282].

1.2.3.2.5. TNF-Induced NF-kB Signaling Pathway

Several different aspects of TNF signaling have been described in the text before
(see “hsp70 and Death Receptor Signaling” for TNF-induced apoptosis and TNF-
induced JNK activation. see “Akt/PKB signaling pathway” for an alternative way of
TNF-induced NF-kB activation.). In this section, the remaining aspect of TNF
signaling, the canonical TNF-induced NF-«kB activation will be discussed.

TNF is primarily produced as a type II transmembrane protein, assembled in a
stable homotrimer [109]. This membrane-integrated form is processed via a proteolytic
cleavage by the metalloprotease TNF alpha converting enzyme (TACE) to produce the
soluble homotrimeric cytokine [283], sTNF, which predominantly binds to
constitutively expressed TNF-R1 [110] complexes of a neighboring cell. Upon ligand-
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stimulation, preassembled (via their intracellular death domains [112]) aggregates of
TNF-R1 rapidly reorganize in trimers, initiating TNF signaling (see “hsp70 and DR
signaling”). [284]

TNF is mainly produced by macrophages. A broad variety of other cells,
including lymphoid cells, mast cells, endothelial cells, fibroblasts and neuronal cells can
produce TNF, as well. TNF can be considered as a major pro-inflammatory cytokine,
with an optional capacity to induce apoptosis. In response to lipopolysaccharide (LPS)
and other bacterial pathogens, sTNF is massively produced and released; launching the
innate immune response by triggering local expression of chemokines, cytokines and
promoting adhesion and activation of leukocytes at the sites of infection. At a later
phase, TNF also facilitates transition from innate to acquired immunity by enhancing
antigen presentation and T cell co-stimulation. [285-288]

Aside from its role in the inflammatory response, TNF signaling displays a
unique functional duality, being strongly engaged both in tissue regeneration/expansion
and destruction. Impaired or sustained activation of TNF signaling has been implicated
in the pathogenesis of a wide range of human diseases, including sepsis, diabetes,
cancer, transplant rejection and autoimmune diseases such as multiple sclerosis,
rheumatoid arthritis and inflammatory bovine disease (Crohn’s disease) [143, 287, 289].
(Figure 1.27)
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Figure 1.27 The main physiological (indicated in green) and pathological
(indicated in blue) effects linked to members of the TNF superfamily. (adopted from
[290])

TNF signaling cascade from TNF-R1 complex to TRAF2 and RIP recruitment
(the formation of “Complex I”’) has been described before [114, 115] (Figure 1.8).
Although the mechanism for the recruitment of the IKK complex to Complex I is not
completely understood, TRAF2 is known to be sufficient for this process [117], while
RIP is necessary for the activation of the IKK complex [291] (see “Discussion” for the
recent findings on this issue). Since RIP itself is dispensable for IKK activation, it has
been suggested that there might be other kinases responsible for the activation of IKK in
a RIP-dependent manner. A RIP interacting MAP3K, MEKK3, may provide the
missing link between RIP and the IKK complex; but it is very likely that some other
kinases are also taking part in this process (Figure 1.24). MEKK3-deficient MEFs show
strongly reduced NF-kB activation in response to TNF [292]. Furthermore, MEKK1 has
been found to be interacting with TRAF2 and RIP after TNF stimulation in human
HEK293 cells. MEKK1 also gets activated by TNF in a RIP-dependent manner in
human T cell line Jurkat [293].

The IKK complex consists of two catalytic subunits, IKKa and IKKp (IKK1 and
IKK2 [294-297]) and a regulatory subunit, NF-kB essential modulator (NEMO or IKKYy
[298]). The canonical IKK pathway is normally triggered in response to microbial or
viral infection and exposure to pro-inflammatory cytokines (TNF, IL-1). Once
activated, IKK complex phosphorylates NF-kB-bound IkBs at two conserved serine
residues in the IkB N-terminal regulatory domain [299] (Figure 1.28). This marks kB
for recognition by E3 ubiquitin ligase, targeting IkB for proteasome-dependent
degradation and liberating NF-kB dimers for translocation to the nucleus [300]. kB
phosphorylation depends mainly on IKKf subunit of the IKK complex [253, 301].
(Figure 1.24 and Figure 1.29)

In mammalian cells, there are five members of NF-kB (nuclear factor-kB)/Rel
(reticuloendotheliosis) family, belonging to two groups: those that are synthesized in
their mature forms and those that require proteolytic processing to become mature. The
first group consists of RelA/p65, c-Rel and RelB. The second group includes NF-
kB1/p105, which is constitutively processed to produce the mature p50; and NF-
«B2/p100, which is inducibly processed to produce the mature p52. These two groups
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dimerize—p50/p65 heterodimer is the main one [302]. All NF-kB family members share
the conserved Rel homology domain (RHD), which mediates their dimerization, DNA
binding, nuclear localization and interaction with the inhibitory IkB proteins. C-
terminus of RHD contains nuclear localization signal (NLS), which is masked upon kB
binding. All IxBs contain 6-7 ankyrin repeats that mediate this binding. The isoforms
IxBa, Ik and Ixe possess two conserved serine residues at N-terminal regulatory
domain, which are the sites of phosphorylation by the IKK complex. Lysine residues,
which are targets for polyubiquitination, are also present in the N-terminal regulatory
domain of these IkBs. Therefore, in unstimulated cells, NF-kB dimers are retained in
cytosol as a complex with IkB proteins; whereas upon TNF- or IL-1-(and a variety of
other inducers) stimulation, IkBs are targeted for proteasome-mediated degradation,

releasing NF-kB dimers for nuclear translocation. [303, 304] (Figure 1.28)
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Figure 1.28 Schematic representation of the domain structures of NF-xB/Rel
family and IkB proteins. (LZ, leucine-zipper region; GRR, glycine-rich region; SS, two
conserved serine residues; arrows point proteolytic processing) (adopted from [304])

Like IxBs, p100 and p105 have ankyrin repeats within their C-terminal domains,
which prevent their nuclear translocation. Ubiquitin-dependent proteolytic processing
removes this region, resulting in products, p52 and p50 respectively, that contain RHD
but lack transcription-modulating domains (Figure 1.28). For full NF-xB activation,
transcription-modulating region at the very C-terminal domain is indispensable. This
accounts for the reason why p65 subunit of NF-xB (p50/p65) is the transactivation

subunit for this heterodimer. As mentioned several times in the text before [253-255,
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263], nuclear translocation of p50/p65 heterodimer is not sufficient for its full
transcriptional activity. Transactivation of p65 by phosphorylation at serines 529 and
536 is required. This can be accomplished by constitutively active protein kinases like
casein kinase II (CKII) [305] and by several other kinases mentioned in Figure 1.29.
[306, 307]. [288, 304] (see also Figure 1.24)

PKAC
CKIl
GSK3
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IKK172
PKCE
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Figure 1.29 Regulation of transcriptional activity of NF-kB and negative feedback
mechanism operated by IkBa. p5S0-p50-HDAC1 complexes have histone-deacetylase
activity and therefore repress transcription, whereas p50-p65-CBP/HAT complexes
have histone-acetylase activity and activate transcription. Futhermore, HDAC3 might
help to switch off NF-kB activity by deacetylating p65 and enhancing the binding
affinity between p65-p50 and IkBa. (CBP, CREB-binding protein; HDAC, histone
deacetylase; HAT, histone acetyltransferase; P, phosphate group; A, acetyl group)
(modified from [288])

NF-«B contributes to the induction of five classes of genes: 1. Negative
feedback: IxkBa [308], IxBa and A20 [309] have been identified as NF-kB-inducible
genes that are required for repression of continual TNF-induced NF-kB activation after
the initial stimulation (Figure 1.29). Of these, A20 appears to be TNF-selective, capable
of interacting with TRAF2 [310] as well as NEMO [311]. 2. Immunity [288], 3. Anti-
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apoptosis [126-129, 158, 159, 312-314], 4. Proliferation [315, 316], 5. Metastasis-
Angiogenesis [317, 318] (Figure 1.30)

Aside from its most studied function, regulation of the inflammatory response
and immunity, NF-kB also contributes to tumorigenesis via promotion of cell
proliferation, inhibition of apoptosis and induction of metastasis and angiogenesis.

(refer to Figure 1.30)
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Figure 1.30 Five classes of NF-xB-driven target genes. (modified from [304])
Hsp90 is implicated in TNF-induced NF-kB activation at two steps: RIP [319]

and the IKK complex [320]. Refer to “Discussion” for detailed description of the role of
hsp90 in this pathway.
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2. PURPOSE

Given their diverse functions in protein folding/refolding, protein
translocation/shuttling, protein activity via stabilization and/or maturation to
functionally-competent conformation and protein turnover; heat shock proteins play key
roles in thermoregulation, signal transduction, cell cycle control, development and
transcriptional regulation.

TNF signaling is a very unique signal transduction pathway that has mainly been
implicated in inflammatory response and immunity, yet with optional functions in both
cell survival and cell death (apoptosis). This study aims to investigate the role of heat
shock proteins in TNF-induced NF-«B pathway for short-term purposes. For long-term
purposes, the study aims to search for any possible cross-talk between divergent

downstream pathways of TNF signaling that might occur via heat shock proteins.
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3. MATERIALS

3.1. Chemicals and Media

Acrylamide / Bisacrylamide (30%)
Acrylamide / Bisacrylamide (40%)
Agarose low EEO

Ampicillin-Na salt

APS (for electrophoresis)

Boric acid

Bromophenol Blue (electrophoresis grade)
BSA (blot-qualified)

Coomassie Brilliant Blue
Developer solution

DMSO (tissue-culture grade)

DTT

EDTA

Ethanol

Ethidium bromide

FCS /FBS

Fixer solution

Glycerol

Glycine

HCl

HEPES

Isopropanol (2-propanol)

Kanamycin-sulfate

50

Sigma, Germany
Bio-Rad, USA
AppliChem, Germany
Serva, Germany

Sigma, Germany
Riedel-de Haen, Germany
AppliChem, Germany
Promega, USA

Merck, Germany

Agfa, USA

Sigma, Germany

Fluka, Germany

Sigma, Germany

Merck, Germany

Merck, Germany
Biological Industries, Israel
Agfa, USA

Riedel-de Haen, Germany
Amresco, USA

Merck, Germany

Fluka, Germany
Riedel-de Haen, Germany
AppliChem, Germany



KCl1

KOH

LB Agar

LB Broth

L-glutamine

Liquid Nitrogen

MEM
2-Mercaptoethanol
Methanol

MgCl,.6H,O

NaCl

NaHCO;

NaOH

Non-fat dry milk

NP-40 (IGEPAL CA-630)
NP-40 (IGEPAL CA-630)
PBS (10X)

PBS (1X)

Penicillin / Streptomycin
PMSF

RPMI-1640

SDS

TEMED

Tris base

Trypsin / EDTA (1X)

Tween-20™

Fluka, Germany

Riedel-de Haen, Germany
Sigma, Germany

Sigma, Germany

Merck, Germany
Karbogaz, Turkey

Sigma, Germany

Fluka, Germany

Merck, Germany

Riedel-de Haen, Germany
Riedel-de Haen, Germany
Riedel-de Haen, Germany
Merck, Germany

Pinar, Turkey

Sigma, USA

Calbiochem, Germany
Sigma, Germany
Biological Industries, Israel
Sigma, Germany

Sigma, Germany
Biological Industries, Israel
Amresco, USA

Sigma, Germany

Amresco, USA

Biological Industries, Israel

Merck, Germany



3.2. Kits

ECL Advance™ Western Blotting Detection Kit Amersham Biosciences, UK
PureYield™ Plasmid MidiPrep Kit Promega, USA

QIAGEN® Plasmid Midi Kit (100) Qiagen, Germany
SuperSignal® West Dura extended duration Pierce, USA

substrate detection kit

3.3. Antibodies

Anti-FLAG M2 antibody, mouse monoclonal Sigma, Germany
Anti-hsp70 antibody, mouse monoclonal Abcam, UK
Anti-hsp90 antibody, mouse monoclonal Abcam, UK
Anti-mouse antibody HRP-linked, (from sheep) Amersham Biosciences, UK
Anti-p50 subunit antibody, goat polyclonal Santa Cruz Biotechnology, USA
Anti-B-actin antibody, mouse monoclonal Abcam, UK

3.4. Enzymes

Restriction endonucleases (Spe 1, Nae 1, Xba 1, Hind 111, ~ Promega, USA
Pst 1, Xho 1, Sph 1)

T4 polynucleotide kinase Promega, USA

52



3.5. Cells

HelLa, human cervix carcinoma cell line

TOP10 E.coli strain, one-shot ready competent

3.6. Vectors

pMAX-GFP
pRK7-FLAG-IKKa

3.7. Others

Adenosine 5-[y->*P]-triphosphate

Biomax 18X24, Intensifying Screen 24X30 Cassettes
Biomax MS Film

Bradford reagent

Complete™ protease inhibitor cocktail tablet
DNA loading dye (6X)

Electroporation cuvettes, 4 mm

Flat gel-loading tips

Fugene 6" transfection reagent

G-25 Sephadex Quick Spin Column
Geldanamycin (GA)

GeneRuler™ 1 kb DNA ladder
GeneRuler™ 100 bp DNA ladder

HUKUK, Turkey

Invitrogen, Germany

Amaxa Biosystems, USA

provided kindly by Nesrin Ozoren
from University of Michigan, USA

Izotop, Hungary
Kodak, USA

Kodak, USA
Bio-Rad, USA
Roche, Germany
Fermentas, Germany
BTX, USA

Rainin, USA

Roche, Germany
Roche, Germany
Sigma, Germany
Fermentas, Germany

Fermentas, Germany

Hybond-P membrane (PVDF)
Hyperfilm ECL

Amersham Biosciences, UK

Amersham Biosciences, UK
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Interleukin-1p (human, recombinant)
Interleukin-1p (rat, recombinant)

Laemmli 2X Sample Buffer

Milk diluent blocking solution

NF-«B consensus oligonucleotide

Plastic wrap

poly dI-dC—poly dI-dC

Prestained protein molecular weight marker
Protein G Sepharose™ 4 Fast Flow

T4 Kinase Buffer (10X)

Tumor necrosis factor-a (human, recombinant)

Tumor necrosis factor-a (human, recombinant)

3.8. Equipment

Biosource, USA

Sigma, Germany

Sigma, Germany

K&P Laboratories, USA
Promega, USA

Dia, Turkey

Sigma, Germany
Fermentas, Germany
Amersham Biosciences, UK
Promega, USA

Sigma, Germany

Biosource, USA

Autoclave: Hirayama, Hiclave HV-110, JAPAN
Certoclav, CV-EL-12L, AUSTRIA
Balance: Sartorius; BP211D, BP221S, BP610, GERMAY
Shimadzu, EB-3200, JAPAN
Blot Module: Novex, X-Cell ™ Blot, Invitrogen, USA
Centrifuge: Kendro Lab. Prod., Heraeus 3L, GERMANY

Hitachi, Sorvall RC5C Plus, USA
Eppendorf; 5415D, 5415R, GERMANY

Deepfreezer: -80°C, Kendro Lab.Prod., Heraeus, GERMANY
-20°C, Bosch, TURKEY
Distilled Water: Millipore, Elix-S, FRANCE
Millipore, MilliQ Academic, FRANCE
Electroporator: BTX, ECM 630, USA
Electrophoresis: Bio-Rad Inc., Mini-Protean, USA

Biogen Inc., DNA electrophoresis, USA
Scie-Plas, Vertical Slab Gel System, UK
Gel Documentation: Uvitec, UVIdoc, Biolab, UK
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Gel Dryer:
Hemacytometer:
Ice Machine:

Incubator:

Laminar Flow:

Magnetic Stirrer / Heater:

Microscope:
Microwave Oven:

pH Meter:
Pipette:

Power Supply:

Radiactive-proof Waste Bin:

Radiation Monitor:
Refrigerator:

Rotator:

Shaker:

Spectrophotometer:

Tissue-Cell Culture Products:

Vortex Mixer:
Water-bath:

Bio-Rad Inc,, UV-Transilluminator, USA

E-C Apparatus Corp., EC355, USA

Marienfeld, Superior, GERMANY

Scotsman Inc., AF20, USA

Binder, CO, Incubator, GERMANY

Memmert; Modell 300, Modell 600, GERMANY
Kendro Lab. Prod., Heraeus, HeraSafe HS12,
GERMANY

VELP Scientifica, ITALY

Olympus, CK40-F200, JAPAN

Olympus, IX70, Phase-Contrast Fluorescence, JAPAN
Bosch, TURKEY

Fisherbrand, Hydrus 300, UK

Eppendorf, Research, GERMANY

Mettler Toledo, Volumate, USA

Gilson, Pipetman, FRANCE

Pipetus-Akku, Hirschmann Laborgerate, GERMANY
Wealtec, Elite 300, USA

Bio-Rad Inc., PowerPac 300, GERMANY
Scie-Plus, UK

TAEK, TURKEY

+4°C, Bosch, TURKEY

Lab-Line Multitube Rotator, USA

Labquake, Barnstead Thermolyne Corp., USA
IKA, Orbital Shaker KS 260 basic, USA

New Brunswick Sci., Innova'™ 4330, USA
Bio-Rad Inc,, Microplate reader Model 680, USA
Shimadzu, UV-3150, JAPAN

TPP, SWITZERLAND

Velp Scientifica, 2x°, ITALY

Eppendorf, Thermomixer Comfort, GERMANY
Huber, Polystat ccl, GERMANY
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4. METHODS

4.1 Cell Culture

Human cervix carcinoma cell line, HeLa, is obtained from HUKUK (Ankara,
Turkey). Cells are cultured in Eagle’s minimum essential medium (MEM) containing
all 0,2 um filter-sterilized fetal calf serum (10% FCS) and penicillin/streptomycin (2%
P/S) plus additives L-glutamine and sodium bicarbonate (NaHCOs3) in a humidified
atmosphere with 5% CO, at 37°C. Penicillin/streptomycin final concentrations are 100
U/ml and 100 pg/ml, respectively. Since L-glutamine is an unstable amino acid,
medium is freshly supplemented with L-glutamine just prior to use to a final
concentration of 2 mM (0.292 g/L). For optimum pH requirement of mammalian cells
(7.2-7.4), pH of the medium is adjusted with additional NaHCO3, which is missing by
1.85 g/L in the particular MEM used.

When cells are grown to confluency, subculturing to new passage numbers is
done with filter-sterilized 1X trypsin/EDTA solution. As soon as cells are detached in
37°C incubator, medium containing serum is added to inhibit further trypsin activity
that might damage cells. Cells are counted with a hemacytometer by the following
formula:

cells/ml = average count per square X dilution factor X 10 .
and equal volumes of cell suspension are passaged to new flasks or dishes in

appropriate seeding densities.

4.1.1. Cryopreservation

For long-term storage; cells are cryopreserved as follows: Cells at log-phase

growth (at 50-75% confluency) are trypsinized, spinned down at 450x g for 3 min and
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washed with sterile 1X PBS. Cell pellets are resuspended in freezing medium, which
contains 10% tissue culture-grade sterile DMSO, as cryoprotective agent, in FCS alone.
Cells in freezing medium are transferred to cryovials, with each vial containing 10°-10’
cells/ml, equivalent to the seeding density of a 25 cm” flask for HeLa cells. It is
essential cells are frozen gradually: initially at -20°C for 15-30 min, then at -80°C for 1
hr to overnight, finally in liquid nitrogen for months to years.

When cryopreserved cells are needed, they are thawed rapidly and washed off
residual DMSO with normal growth medium (+10% FCS) before seeded in a 25 cm®
flask.

4.2. Cell Treatments

Cells at 90% confluency are starved for 12 hours before treatments for
synchronization in starvation medium, MEM with 0,2% FCS plus additives as
mentioned above. Then, starved cells are treated with TNF or IL-1 in a time-dependent
manner for 15 min, 30 min, 1 hr, 2 hr and 4 hours at a constant final concentration of 20
ng/ml. (6 pl of stock 10 pg/ml TNF or IL-1 onto 60mm dishes containing 3 ml
starvation medium and 4 pl of stock 10 ug/ml TNF or IL-1 onto 6-well plates containing
2 ml starvation medium) Starvation prior to treatments is done only with cells, total
extracts of which are to be used for the aim of heat shock protein expression profiling or
with cells, nuclear extracts of which are to be used for EMSA experiments. Starvation
prior to transfection experiments for the aim of immunoprecipitation is not found to be
necessary.

Where mentioned (in EMSA experiments), starved cells are pretreated with
hsp90-specific inhibitor geldanamycin (GA, Sigma) at a final concentration of 0.5 uM
(0.56 pl of stock 1 mg/ml GA in DMSO onto 6-well plates containing 2 ml starvation
medium) for 15 hours, prior to TNF or IL-1 treatments and the subsequent nuclear

protein extraction.
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4.3. Total Protein Extraction

After cells are treated as described above, medium is sucked out immediately.
Cells, approximately 3-4x10° at 90-95% confluency in 60mm dishes, are washed with
cold 1X PBS, then scraped off the surface of dishes in 1 ml PBS and transferred to 1.5
ml microcentrifuge tubes. Then, cells are spinned down by cold (4°C) centrifugation at
13200 rpm for 30 sec. Pellets are resuspended in 200 pl total lysis buffer (cold), which
contains 150 mM NaCl, 1% NP-40 (non-ionic detergent), 50 mM Tris (pH 8.0) and
freshly added 1 mM PMSF and one Complete™ protease inhibitor tablet (one tablet is
for 50 ml total extraction buffer, yielding 1 mM EDTA and sufficient amounts of
diverse protease inhibitors including chymostatin, pepstatin, leupeptin, antipain,
aprotinin, bestatin etc.). Cell resuspension is briefly vortexed and kept on ice at least for
30 min, followed by cold centrifugation at 13200 rpm for 10 min. Supernatants contain

total protein extracts, which are immediately frozen and stored at -80°C.

4.4. Cytoplasmic/Nuclear Differential Protein Extraction

After cells are treated as described above, medium is sucked out immediately.
Cells, approximately 1-2x10° at 90-95% confluency in 6-well plates, are washed with
cold 1X PBS, then scraped off the surface of plates in 1 ml PBS and transferred to 1.5
ml microcentrifuge tubes. Then, cells are spinned down by cold (4°C) centrifugation at
13200 rpm for 30 sec. Pellets are resuspended in 120 pl hypotonic Tampon 1 (T1)
solution (cold), which contains 10 mM HEPES-KOH (pH 7.9), 2 mM MgCl,.6H,0, 0.1
mM EDTA, 10 mM KCIl, 1% NP-40, and freshly added ImM DTT, 0.5 mM PMSF and
Complete™ protease inhibitors. Resuspended cells are kept on ice for at least 20 min,
then briefly vortexed, followed by cold centrifugation at 13200 rpm for 1 min.
Supernatants contain cytoplasmic proteins extracted. After supernatants are transferred
to new microtubes and placed at -80°C, protocol is carried on with the remaining pellets

for nuclear lysis. Pellets are resuspended in 20 pl saline Tampon II (T2) solution (cold),
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which contains 50 mM HEPES-KOH (pH 7.9), 2 mM MgCl,.6H,0, 0.1 mM EDTA, 50
mM KCl, 400 mM NaCl, 10% (v/v) glycerol, and freshly added 1 mM DTT, 0.5 mM
PMSF and Complete™ protease inhibitors. Resuspensions are kept on ice for at least 20
min, followed by cold centrifugation at 13200 rpm for 20 min. Supernatants contain

nuclear protein extracts, which are immediately frozen and stored at -80°C.

4.5. Protein Concentration Determination

Protein concentrations in nuclear and total cell extracts are determined by
Bradford reagent from Bio-Rad company. Bovine serum albumin (BSA) is used as the
standard protein. 0, 2, 4, 6, 8, 10 ul’s of 1 mg/ml BSA are taken into one set of tubes,
corresponding to 0, 2, 4, 6, 8, 10 ug’s of protein, respectively. And into the other set, 2
ul’s of protein extract from the unknown samples are taken. 500 pl of (1:6) diluted
Bradford reagent is added to both sets of tubes sequentially. As quickly as possible,
tubes are mixed by inverting several times, and a volume of 300 pl from every tube is
transferred into wells of a 96-well plate. Absorbances are spectrophotometrically
measured at 595 nm by a Bio-Rad microplate reader with the first standard set as blank.
The standard curve is generated by plotting Asgs values of BSA (y-axis) versus protein
amounts of BSA (x-axis). It is essential the curve is linear with R*-value (correlation
coefficient) very close to 1. Protein concentrations in the unknown samples are
determined by extrapolating their Asos values against the standard curve. For every new

assay, a new standard curve is generated.

4.6. Immunoblotting

4.6.1. SDS-PAGE

For both endogenous heat shock protein and overexpressed FLAG-IKKa
immunoblots, 30 pg/well total protein extracts are resolved on denaturing (SDS)-

discontinuous PAGE, as follows: Bio-Rad Mini Protean SDS-PAGE gel apparatus (for
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Imm gel) is assembled according to the manufacturer’s instructions. First, 10%
separating gel (pH 8.8) is poured; which contains, with the order of addition during
preparation, 2.05 ml ddH,0, 1.25 ml of 1.5 M Tris-HCI (pH 8.8), 25 pul of 20% (w/v)
SDS, 1.65 ml of 30% / 0.8% (w/v) acrylamide / bisacrylamide, 25 pl of 10% (w/v) APS
and 2.5 ul TEMED. After separating gel polymerizes, 4% stacking gel (pH 6.8) is
poured; which contains, again with the order of addition, 1.54 ml ddH,O, 0.625 ml of
0.5 M Tris-HCI (pH 6.8), 12.5 ul of 20% (w/v) SDS, 0.335 ml of 30% / 0.8% (w/v)
acrylamide / bisacrylamide, 12.5 pl of 10% (w/v) APS and 2.5 pl TEMED. (note that
recipe is for only one gel). Finally, the comb (for Imm gel) is inserted gently for the
generation of wells into which protein samples are to be loaded.

While stacking gel polymerizes, protein samples are prepared, as follows: to the
volume corresponding to 30 ug of total protein extract, exactly the same volume of 2X
Laemmli sample buffer (Sigma) is added, and mixture is boiled at exactly 95°C for 3
min. Then, protein samples as well as a pre-stained protein molecular weight marker (5-
7 wl) are loaded into wells in 1X running buffer, diluted from 10X running buffer that
contains 30.3 g Tris base, 144.1 g glycine and 10 g SDS in 1 liter dH,O. Proteins are
run through the stacking gel at 80-100 V for half an hour, and through the separating gel
at 150-180 V for an hour, until the bromophenol blue dye has migrated to the bottom of
the gel. When finished, protocol is carried on with blotting of SDS-polyacrylamide gel

by wet transfer method.

4.6.2. Wet Transfer

Novex XCell II blotting apparatus is assembled according to the manufacturer’s
instructions. Briefly, PVDF membrane is pre-wetted in methanol for 30 sec, then rinsed
with dH,O and equilibrated in transfer buffer, which contains 1.45 g Tris base (final: 12
mM), 7.2 g glycine (final: 96 mM), 200 ml methanol (final: 20%) in 1 liter, for several
minutes. In the meantime, SDS-polyacrylamide gel is taken out of the gel apparatus and
lifted off the glass plate on a pre-soaked Whatman filter paper. PVDF membrane is
carefully positioned on the facing side of the gel, without any air bubble trapped in-
between. Finally, another pre-soaked filter paper is placed on top of the membrane.
Then, the gel-membrane assembly is sandwiched between three pre-soaked blotting

pads on both sides, which are altogether placed in the blotting module so that the gel is
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closest to the cathode plate (—). The module is then fixed in the tank that is filled only
half-way to the top with transfer buffer, whereas the space between the two plates of the
module is filled with transfer buffer all the way almost to the top. Transfer is carried out

at 25 V overnight at cold room.

4.6.3. Antibody Incubations

On the following day, PVDF membrane is taken out of the blotting module and
incubated in blocking solution, which contains 5% (w/v) non-fat dry milk and 0.2%
Tween-20 in 1XPBS, for 2 hours at cold room. Then, membrane is very briefly washed
with PBS-T (0.2% Tween-20 in 1XPBS) for 10 sec. Membrane incubations in diluted
primary antibody solutions (at 1:2000 dilution) are done for 2 hrs at cold room. Primary
antibody dilutions are typically prepared in 10 ml solutions (*), which contain 8 ml
ddH,O, 1 ml PBS-T, 1 ml milk diluent blocking solution plus 5 pl of mouse monoclonal
antibodies; anti-hsp90 (Abcam, 0.2 mg/ml; final: 0.1 pg/ml), anti-hsp70 (Abcam, stock
concentration unknown) or anti-B-actin (Abcam, for the loading control, again stock
concentration unknown). After primary antibody incubation, membrane is vigorously
washed with PBS-T twice at room temperature (RT), each wash lasting for at least 10
min (2X10 min). Then, membrane is incubated in diluted secondary antibody solution
(at 1:5000 dilution) for 1.5 hr at cold room. Secondary antibody dilution is prepared in
10 ml solution, which contains 8 ml ddH,O, 1 ml PBS-T, 1 ml milk diluent blocking
solution plus 2 pul of anti-mouse HRP-conjugated antibody. Then, membrane is
vigorously washed with PBS-T three times at RT, each wash lasting for at least 10 min

(3X10 min).

4.6.4. Detection

Finally, detection is done by enhanced chemiluminescence (ECL). Membrane is
incubated in a mixture, freshly prepared by adding equal volumes (1:1) of Detection
Reagent 1 (stable peroxide solution) and Detection Reagent 2 (luminol/enhancer
solution), in a dark room for 5 to 20 min until protein bands on the membrane start

glowing (Amersham Biosciences). As quickly as possible, membrane is covered with
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plastic wrap on both sides, without any bubble trapped inside. Covered membrane is
placed in a film cassette, with the protein side facing up. Very carefully and rapidly, a
sensitive ECL film (Hyperfilm-ECL, Amersham) is positioned on top of the covered
membrane and film is exposed for a period of time that is inversely dependent on the
intensity of the light emission. Immediately, film is developed in a developer solution,

then fixed in a fixer solution and finally rinsed with tap water.

(*) Anti-FLAG M2 primary antibody is prepared at 1:3333 dilution in 5 ml
solution, which contains 4 ml ddH,0, 0.5 ml PBS-T, 0.5 ml milk diluent blocking
solution plus 1.5 pl of mouse monoclonal anti-FLAG M2 antibody (Sigma, 4 mg/ml;
final: 1.2 pg/ml). Furthermore, both primary and secondary antibody incubations are

done for 1.5 hr at room temperature (RT) -not at cold room- with this antibody.

4.7. Immunoprecipitation

600-800 pg of total cell lysates are taken into 1.5 ml microcentrifuge tubes (see
“total protein extraction”). Exactly 1 ug of capture antibody (anti-hsp90, anti-hsp70 or
anti-FLAG M2, all mouse monoclonal and of isotype IgG,) is added to the lysates. The
volume in the tubes is completed to 600 ml with total lysis buffer (cold). Then, tubes
with caps sealed are mixed gently on rocking platform for 1.5 hr at cold room.

In the meantime, Protein G covalently coupled to sepharose beads are washed
for equilibration (the constant F. portion of mouse IgG; binds more strongly to Protein
G than to Protein A): A sufficient volume (approx. 180-200 ul for six IP tubes) of
Protein G Sepharose suspension (50% slurry) is taken into a microcentrifuge tube.
Sepharose beads are washed in 1 ml (cold) total lysis buffer added, and then centrifuged
at 13200 rpm for 30 sec at 4°C. Supernatant is carefully removed, without disturbing the
bead pellet at the bottom. Washing is repeated once more, but this time supernatant is
completely removed with a flat gel-loading tip. Finally, beads are resuspended in (cold)
total lysis buffer so that beads and the buffer together make up the same volume as in
the beginning.

To microcentrifuge tubes containing lysate/antibody mixtures, equal volumes of
washed Protein G Sepharose (50% slurry) suspensions are added. It is essential bead

pellet levels at the bottom of the tubes are almost the same (approx. 15-20 pl level).
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Then, tubes with caps sealed again are mixed gently on rocking platform for another 2
hrs at cold room. To collect the sepharose beads, which now carry the immuno-
complexes of bait protein and the capture antibody, tubes are cold-centrifuged at 13200
rpm for 30 sec. Supernatant is completely removed with flat gel-loading tips, without
any loss of sepharose beads. Beads are washed five times with 500 pl (cold) total lysis
buffer. Between each wash, tubes are cold-centrifuged at 13200 rpm for 30 sec and
supernatants are completely discarded with flat gel-loading tips.

After the last wash, bead pellets (immunocomplexes) are resuspended in 20-25
ul 1X Laemmli sample buffer. Then, tubes with caps tightly sealed are boiled at exactly
95°C for 5-7 min to dissociate the complexes. Finally, tubes are centrifuged at 13200
rpm for 1 min at room temperature. Supernatants are loaded on a 10% SDS-

polyacrylamide gel, which is followed by immunoblotting, as described before.

PS: The positive control of immunoprecipitation experiment is done by a subsequent
immunoblotting with the same primary antibody that has been used as the capture
antibody in immunoprecipitation. A protein-protein interaction can be revealed if a
different primary antibody recognizing a different protein is used in this
immunoblotting, a technique known as ‘“co-immunoprecipitation”. (also see

“Discussion’)

4.8. Electrophoretic Mobility Shift Assay

Electrophoretic mobility shift assay (EMSA) is based on reduced electrophoretic
mobilities of protein/DNA (radioactively labeled probe) complexes through a non-
denaturing polyacrylamide gel compared to unbound (free) labeled DNA probes.

4.8.1. Preparation of Radiolabeled Oligonucleotide Probe

As the first part of the experiment, double-stranded NF-kB consensus

oligonucleotide with 5-OH blunt ends(*) is radioactively (*’P) labeled in a T4

polynucleotide kinase (Promega) reaction. The reaction mix is assembled in 50 pl total,
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which contains 10.25 pl ddH,O, 15 pl NF-kB oligonucleotide (1.75 pmol/pl, final:
26.25 pmol), 5 ul T4 kinase buffer (10X, final: 1X), 15.75 ul [y-PJATP (3000
Ci/mmol, 10 mCi/ml; final: 52.5 pmol, 170 pCi) and 4 ul T4 polynucleotide kinase (5
u/pl, final: 20 units). The mix is incubated in a 37°C waterbath for 10 min.

In the meantime, a G-25 Sephadex column (Roche) to be used for the
purification of radioactively labeled oligonucleotide probes out of T4 kinase reaction
mix, is washed completely off its buffer first by gravitation, then by centrifugation twice
at 3500 rpm (1650x g) for 2 min. Then, 50 pl total mix is carefully applied to the center
of the column in an upright position. After the column is placed in a new collection
tube, the assembly is centrifuged at 2300 rpm (1100x g) for 4 min. For optimum
recovery of the labeled DNA probe, it is essential the eluate after centrifugation is
approximately 50 pl again. (If less, the assembly is centrifuged once more at 3500 rpm
for 4 min.) Now, the eluate in the collection tube contains purified **P-labeled NF-kB

consensus oligonucleotide.

(*) The sequence of double-stranded NF-kB consensus oligonucleotide is:

5"—AGT TGA GGG GAC TTT CCC AGG C—3’

4.8.2. Binding Reaction

The second part of the experiment is the binding reaction of NF-kB in nuclear
extracts (see “nuclear protein extraction”) onto ““P-labeled consensus oligonucleotide
probes; in other words, the formation of the specific protein/DNA complexes. The
binding reaction mix is assembled in 20 pl total, which contains (with the order of
addition) ddH,O", 4 pl binding buffer (5X: 100 mM HEPES-KOH, pH 7.9; 5 mM
EDTA, pH 7.9; 25% (v/v) glycerol; 25 mM MgCl,.6H,0; 0.5 M KCI and freshly added
10 mM DTT; final: 1X), 1 ul NP-40 (2%, final: 0.1%), 3.45 ul glycerol (87%; final:
20%, together with glycerol coming in from 5X binding buffer), 1 ul BSA (1 mg/ml,
final:1 pg), 1.5 pl poly dI-dC—poly dI-dC?(1 mg/ml, final: 1.5 pg), 5-8 pl nuclear
protein extract (the volume corresponding to 5 pg protein) and 1 ul **P-labeled NF-xB
oligonucleotide probe®(taken from 1:20 dilution of column-purified 50 pl eluate®,

final: ~0.2 ng). After addition of the labeled probe, binding reaction is allowed to

proceed for exactly 30 min at room temperature.
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M Total volume of the mix is completed to 20 pl with ddH,O.

@ For control of NF-kB binding specificity, two sets of competition experiments are
performed: In one set; 5, 10 and 20-fold molar excesses of poly dI-dC—poly dI-dC are
added to the binding reaction mix, as a non-specific competitor oligonucleotide;
whereas in the other set, 5, 10 and 20-fold molar excesses of unlabeled NF-xB
consensus oligonucleotide are added to the binding reaction mix, as a specific
competitor oligonucleotide.

For control of NF-kB identity on labeled consensus probes, “supershift” experiment
is performed: 1.5 pl anti-p50 subunit antibody (Santa Cruz, 2 mg/ml; final: 0.15 pg/ul)
is added to the binding reaction mix after nuclear protein extract addition, followed by
incubation at RT for 30 min. Then, with addition of the labeled probe, mixture is

incubated for another 30 min at RT.

® The calculation that gives a ~0.2 ng/ul concentration of labeled oligonucleotide at
1:20 dilution of column-purified eluate depends on the assumption that both T4
polynucleotide kinase reaction and G-25 Sephadex column purification work with 80%

efficiency. (Molecular weight of labeled NF-xB oligonucleotide: ~13842 g/mol)

4.8.3. Vertical Gel Electrophoresis

The third part of the experiment is the separation of protein/DNA complexes by
non-denaturing polyacrylamide gel electrophoresis. Vertical slab gel apparatus (Scie-
Plas) is assembled according to the manufacturer’s instructions. 6% non-denaturing
polyacrylamide gel is cast; which contains, with the order of addition, 24 ml dH,O, 10
ml of 1X TBE (1X: 89 mM Tris base, 89 mM boric acid, 2 mM EDTA; diluted from
10X TBE that contains 108 g Tris base, 55 g boric acid and 40 ml of 0.5 M EDTA (pH
8.0) in 1 liter dH,0), 6 ml 40% / 1% (w/v) acrylamide / bisacrylamide, 280 pul of 10%
(w/v) APS and 36 ul TEMED. The comb is inserted carefully, and gel is left to
polymerize for 45 min. Then, gel is pre-run in 0.25X TBE running buffer (cold) at 180
V for at least 30 min. In the meantime; 3 ul EMSA loading dye (30% (v/v) glycerol,
0.25% (w/v) bromophenol blue plus HEPES till it gets dark blue) is added to the
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binding reaction mixes, which have just completed their 30 min period of incubations at
RT. Then, mixtures of protein/DNA complexes are loaded on the gel and run at 300 V
for 3 hrs until the bromophenol blue dye has migrated about three-fourths of the

distance down the gel.

4.8.4. Detection

Finally, run gel is taken out of the apparatus and lifted off the glass plate on two
pre-soaked Whatman filter papers. The facing side of the gel is covered with plastic
wrap, and the gel is dried in a gel drier under vacuum at 80°C for 45 min—1 hr. The
dried gel is placed in a film cassette with an intensifying screen (Kodak BioMax,
24X30cm). Then, an X-ray film (Kodak BioMax MS) is positioned carefully on top of
the gel in a dark room. Dried gel is exposed at -80°C for a period of time that is
dependent on the radioisotope (*’P) activity at the date the experiment is conducted.
Following autoradiography, the X-ray film is developed in a developer solution, then

fixed in a fixer solution and finally rinsed with tap water in a dark room.

4.9. Transfection of HeLa Cells by Electroporation

Approximately 6-7x10° HeLa cells at 75-80% confluency in a 100mm dish are
trypsinized and spinned down at 450x g for 3 min. Then, cells are washed twice with
sterile 1XPBS. After the second wash, cell pellet is resuspended in 300 pl serum-free
RPMI-1640 medium at room temperature.

Separately, to a 1.5 ml microcentrifuge tube, exactly 10 pg plasmid DNA to be
transfected is added at RT (here, pMAX-GFP or pRK7-FLAG-IKKa. Midi-prepared
plasmid DNAs are used). It is essential the concentration of the purified plasmid DNA
lies between 0.5-2 pg/ul. Then, resuspended cells are transferred onto the plasmid DNA
in the tube. Cells and DNA in the tube are gently mixed by tapping, without introducing
any air bubbles. The mix is subsequently transferred to an electroporation cuvette (4mm
gap, BTX-Cuvettes Plus) at RT. The cuvette is pulsed only once in Electrocell
Manipulator (ECM 630-BTX) with the parameters set at 300 V, 500 uF and 725 Q.
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After the pulse, the cuvette is maintained at RT for a minute. Then, 700 pl serum-free
RPMI-1640 is gently added to the cuvette at RT. Finally, 1 ml cell mixture is transferred
with a sterile Pasteur pipette and is plated in a 60mm dish, containing 2 ml normal
growth medium (MEM+10% FCS, etc.).

pMAX-GFP-transfected cells are incubated in a 37°C/5% CO; incubator and
expression of GFP is visualized under inverted fluorescence microscope (Olympus
IX70 Phase Contrast) 36 hours post-transfection (excitation: 450nm, emission: 510nm).

pRK7-FLAG-IKKa-transfected cells are incubated in a 37°C/5% CO, incubator
for 32 hrs before lysed for total protein extraction. Medium is changed with 3 ml fresh
normal growth medium 25 hours post-transfection. Starting from 28 hours post-

transfection, TNF treatments are done, as described before.

4.10. Transformation

25 ng DNA (here, pMAX-GFP or pRK7-FLAG-IKKa) is added onto ice-thawed
50 ul competent E.coli strain, TOP10 (one-shot ready from Invitrogen), on ice. Tube is
gently mixed once and incubated on ice for 30 min. After ice incubation, cells are heat-
shocked at exactly 42°C for exactly 90 sec in a waterbath. Then, the tube is immediately
transferred on ice for 5 min. 1 ml of prewarmed (37°C) LB liquid (broth) without any
antibiotics is slowly added to the tube and cells are incubated in the waterbath set at
37°C for 1 hr without shaking. Finally, 200 ul of transformed cells are spread onto LB-
agar plates containing the appropriate selection antibiotic (kanamycin at 50 pg/ml for
pPMAX-GFP, ampicillin at 100 pg/ml for pRK7-FLAG-IKKa). Plates are incubated at

37°C for 12-16 hours for transformed colonies to appear.

4.11. Midi-Preparation of Plasmid DNA and Restriction Endonuclease Digestions

Following transformation, 30 ml LB broth containing the appropriate selection
antibiotic (kanamycin at 50 pg/ml for pMAX-GFP, ampicillin at 100 pg/ml for pRK7-
FLAG-IKKa) is inoculated with a single transformant colony. After growth at 37°C for
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16-18 hours with vigorous shaking (270-300 rpm), plasmid DNAs are prepared
according to the manufacturer’s instructions (QIAGEN Plasmid Midi Kit 100
Purification Handbook).

Following plasmid midi-preparation, quality and quantity/concentration of the
plasmid DNA are checked by agarose gel electrophoresis (1% agarose gel in 0.5X TBE)
and spectrophotometry (absorbance at 260 nm with A,¢0/Axg ratio close to 1.8).

As a further confirmation for the identities of the plasmid DNAs used in this
study (pMAX-GFP and pRK7-FLAG-IKKa), diagnostic restriction endonuclease
digestions are performed in a 37°C waterbath for 2-3 hours with the following enzymes;
Spe 1, Nae 1, Xba 1, Hind 111, Pst 1, Xho 1, Sph 1, according to the manufacturer’s

instructions (Promega) (http://www.promega.com/techserv/apps/cloning/cloning1.htm).

Digested DNA fragments are run on an agarose gel electrophoresis (1% in 0.5X TBE)
and base pairs corresponding to the bands observed are approximately determined with

the help of high range and low range DNA markers.
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5. RESULTS

5.1. Endogenous Hsp90 and Hsp70 Profiles

Endogenous hsp90 protein levels in untreated and TNF-treated HeLa cells were
checked by immunoblotting. TNF treatments were done in a time-dependent manner
starting from 15 min up to 4 hrs, at 20ng/ml final concentration. Immunoblotting of
total protein extracts with specific anti-hsp90 antibody (at 1:2000 dilution and 0.1 pg/ml
concentration) demonstrated that hsp90 is upregulated in response to TNF in HelLa
cells. Endogenous hsp90 protein levels were found to increase significantly starting
from 15 min of TNF stimulation in comparison to those from untreated (control) cells.
(Figure 5.1) Equal protein loading was confirmed by immunoblotting the same

membrane with anti-f-actin antibody at 1:2000 dilution.

KDA . . s . s wusse.  1B: hsp90

42 kD2 — > e = e |B: -actin

C 15 30° 1° 2° 4  (TNF)

Figure 5.1 Endogenous hsp90 protein levels under time-dependent TNF
stimulation (20 ng/ml) (IB: hsp90). Equal protein loading was checked by IB: B-actin.

Similarly, endogenous hsp70 protein levels in untreated and TNF-treated HeLa
cells were checked by immunoblotting with specific anti-hsp70 antibody at 1:2000
dilution. Contrary to hsp90, hsp70 does not appear to be upregulated in response to TNF

in HeLa cells. Endogenous hsp70 protein levels were not found to be affected
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significantly under TNF stimulation in comparison to those from unstimulated (control)
cells. (Figure 5.2) Equal protein loading was checked by immunoblotting the same

membrane with anti-f-actin antibody at 1:2000 dilution.

TOKDA e s i s wse @ [B: hsp70

KDL e 4 o " o= o> |B: p-actin

C 157 30° 1° 2° 4 (TINF)

Figure 5.2 Endogenous hsp70 protein levels under time-dependent TNF
stimulation (20 ng/ml) (IB: hsp70). Equal protein loading was checked by IB: B-actin.

Likewise, IL-1 stimulation did not cause any change in endogenous hsp70
protein levels in HeLa cells. HeLa cells were treated with IL-1 in a time-dependent
manner starting from 15 min up to 4 hrs, at a final concentration of 20 ng/ml.
Immunoblotting of total protein extracts with specific anti-hsp70 antibody at 1:2000
dilution revealed that IL-1 stimulation did not have any significant effect on hsp70

protein levels. (Compare with the control lane in Figure 5.3).

7T0kDa__ s 4 4B 4 &85 @ 1B: hsp70
C 1530 1 2° 4 (IL-1)

Figure 5.3 Endogenous hsp70 protein levels under time-dependent IL-1
stimulation (20 ng/ml). (IB: hsp70)
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5.2. Analysis of NF-kB Activation

5.2.1. Control of NF-kB Binding Specificity and Identity

Heat shock protein expression profiling results shown above clearly demonstrate
that hsp90, not hsp70, is upregulated in response to TNF in HeLa cells, suggesting a
possible involvement of hsp90 at some level in TNF signaling. To further investigate
the role hsp90 in TNF signaling; NF-kB activation, the predominant outcome of TNF
signaling, was decided to be analyzed by electrophoretic mobility shift assay (EMSA) in
presence of the hsp90-specific inhibitor geldanamycin (GA). However, prior to GA
experiments, a series of control experiments were performed to ensure NF-«xB binding
specificity and identity for the subsequent electrophoretic mobility shift assays.

For control of NF-kB binding specificity to radiolabeled consensus
oligonucleotides, two sets of competition experiments were carried out with nuclear
protein extracts of HeLa cells that were only treated with TNF for 30 min. In addition to
its previously described contents (see “Methods”); one set of binding reaction mixes
included 5, 10 and 20-fold molar excesses of the non-specific competitor DNA, poly dI-
dC—vpoly dI-dC; whereas the other set included 5, 10 and 20-fold molar excesses of the
specific competitor DNA, unlabeled NF-kB consensus oligonucleotide. Increasing
concentrations of the specific competitor DNA resulted in a decrease in the intensity of
the control TNF-30 min band, which is much sharper than that observed with the
increasing concentrations of the non-specific competitor DNA. (Compare lane 3 with
lanes 4-6 and with lanes 7-9 in Figure 5.4) These two sets of competition experiments
clearly demonstrated sequence-specific DNA binding of NF-kB in nuclear extracts.

For control of the identity of NF-«B bound to radiolabeled consensus
oligonucleotides, anti-p50 subunit antibody was added to the binding reaction mix just
after addition of the nuclear protein extracts of TNF-treated (30 min) HeLa cells.
Antibody/protein immunocomplexes were allowed to form at RT for 30 min. Then,
following the addition of **P-labeled NF-kB consensus oligonucleotide, mixture was

incubated for another 30 min at RT, this time for the formation of specific protein/DNA
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complexes. Usually, addition of NF-kB antibody to the binding reaction mix is expected
to produce a more slowly migrating complex that is larger in molecular weight than the
original protein/DNA complex, a phenomenon known as “supershift”. However, here,
pre-incubation of nuclear extracts with NF-kB antibody did not result in any further
shift in the position of the complex, compared to the position of the control TNF-30 min
band. On the contrary, this application resulted in almost complete loss of protein/DNA
complex formation, a plausible reason of which will be discussed in the next section.

(Compare lane 3 with lane 11 in Figure 5.4)
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Figure 5.4 Two sets of control experiments, confirming NF-xB binding specificity and
identity in EMSA. All lanes, except lane 1 and lane 10, contain nuclear extracts of

samples treated with TNF for 30 min. (no TNF stimulation for lane 2) (« indicate the
positions of specific NF-kB complexes, whereas * indicate non-specific complexes and
¢indicate free oligonucleotide probes)

5.2.2. Effect of Geldanamycin on TNF/IL-1-Induced NF-kB Activation

After the binding specificity and the identity of NF-kB were established for
EMSA, GA experiments were performed to investigate the role of hsp90 in TNF-
induced NF-kB binding and activation. HelLa cells were pretreated with GA at a
constant final concentration of 0.5 uM for 15 hrs. Then, cells were stimulated with TNF
at the same concentration, 20 ng/ml, and for the same durations mentioned above.
During TNF treatments, GA was still present in the starvation medium. Nuclear protein
extracts were incubated with **P-labeled NF-kB consensus oligonucleotide that was
used as an autoradiography probe for EMSA. Nuclear extracts of cells pretreated with
GA showed significantly lesser amounts of NF-kB-bound DNA complexes in
comparison to those of cells treated only with TNF, as revealed by EMSA. In the
absence of GA pretreatment, TNF-induced NF-«xB activation was detected starting from
15 min of TNF stimulation up to 4 hrs. However, GA pretreatment resulted in severe
impairment of NF-«B binding to radiolabeled consensus oligonucleotides, suggesting
that inhibition of hsp90 by GA blocks TNF-induced activation of NF-kB in HeLa cells.
(Figure 5.5)

A1 11 AL

C 157 307 17 22 4 C 1573071 2" 4
L TNF only — I TNF+GA-pretreated —

Figure 5.5 Effect of geldanamycin pretreatment (at 0.5 uM for 15 hrs) on TNF-
induced NF-«kB activation. (« indicate the positions of specific NF-kB complexes)
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Consistently, the results were similar for the case of IL-1 stimulation, as well.
HeLa cells were either left untreated or treated with 0.5 uM GA for 15 hrs, before they
were all stimulated with IL-1 at 20 ng/ml for the indicated time periods mentioned
above. Electrophoretic mobility shift assays performed by incubating nuclear protein
extracts with *?P-labeled NF-kB consensus oligonucleotides showed significantly
reduced NF-«kB binding to radiolabeled probes for GA pretreated samples, when
compared to IL-1-only treated samples. In the absence of GA pretreatment, IL-1-
induced NF-kB activation was detectable starting from 15 min of IL-1 stimulation up to
4 hrs. However, GA pretreatment ended up with abrogation of NF-kB binding to
radiolabeled consensus oligonucleotides, suggesting that inhibition of hsp90 activity by

GA prevents IL-1-induced activation of NF-kB in HeLa cells. (Figure 5.6)

¥ " ’ ‘ «
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Figure 5.6 Effect of geldanamycin pretreatment (at 0.5 uM for 15 hrs) on IL-1-
induced NF-kB activation. (« indicate the positions of specific NF-kB-p65 and p50
subunits-complexes)

5.3. High Efficient HeLLa Transfection

After identification of hsp90 involvement in TNF/IL-1-induced NF-xB
activation, next step was to investigate for hsp90-interacting proteins in TNF and IL-1
signaling pathways. For this aim, protein-protein interactions of hsp90 with several
components (receptors, kinases, adaptors, etc.) of these two pathways were decided to

be analyzed by co-immunoprecipitation (co-IP) assays.
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Since kinases are of minute amounts in cells, an efficient transfection protocol
was a pre-requisite for successful co-IP assays to ensure sufficient immunoprecipitation
of tagged protein kinases. Therefore, transfection of HeLa cells was optimized first, by
using pMAX-GFP vector. Cells were transfected via electroporation with this
plasmid(*), then were visualized for GFP expression, 36 hrs post-transfection under
fluorescence microscope (excitation: 450nm, emission: 510nm). Approximately 95% of
attached, viable HeLa cells that survived the electropulse were expressing GFP, proving
the optimized transfection protocol to be a highly efficient one. (Compare the two
images taken from the same region below: Figure 5.7 was taken under fluorescent light

with appropriate filters and Figure 5.8 was taken under visible light.)

Figure 5.7 View of GFP-transfected HeLa cells under fluorescence microscope. (100X
magnification; excitation: 450nm, emission: 510nm)
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Figure 5.8 View taken from the same region as Figure 5.7 under visible light.

After optimization of transfection with GFP, HeLa cells were transfected with
pRK7-FLAG-IKKa vector(*) in the same manner, except that the number of cells to be
transfected was increased up to 6-7x10° cells/cuvette. Following transfection, cells were
treated with TNF at 20 ng/ml final concentration in a time-dependent manner, starting
from 28 hrs post-transfection, as described before. Transfected FLAG-IKKa protein
expression levels were checked by immunoblotting of total protein extracts with
specific anti-FLAG M2 antibody at 1:3333 dilution and 1.2 pg/ml final concentration.
Immunoblotting result showed sufficient amounts of FLAG-IKKa protein expressed in

transfectant cells, confirming the efficiency of transfection. (Figure 5.9)
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Figure 5.9 FLAG-IKKa levels, confirmation of the efficiency of
transfection (IB: FLAG).

(*) Plasmid DNAs to be transfected (pMAX-GFP and pRK7-FLAG-IKKa) were midi-
prepared and checked by agarose gel electrophoresis and spectrophotometry. Diagnostic
restriction endonuclease digestions were performed beforehand for confirmation of the

identities of the vectors (data not shown).

5.4. Analysis of Protein-Protein Interaction

To check applicability of anti-FLAG M2 antibody for immunoprecipitation
assay and as a control for the subsequent co-IP assay, FLAG-IKKa was
immunoprecipitated and immunoblotted with the same anti-FLAG M2 antibody: After
transfections and TNF treatments were done as described above, FLAG-IKKa protein
was immunoprecipitated out of total protein extracts by 1 pg anti-FLAG M2 antibody
(mouse monoclonal IgG). Immunocomplexes formed were dissociated by boiling in
Laemmli sample buffer at 95°C and were resolved on a 10% SDS-polyacrylamide gel.
Subsequent immunoblotting analysis with the same anti-FLAG M2 antibody (at 1.2
ug/ml concentration) demonstrated that the antibody works for IP as well and sufficient
amounts of transfected FLAG-IKKo were able to be immunoprecipitated by this
method. (Figure 5.10)
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Figure 5.10 Immunoprecipitation of FLAG-IKKa from TNF-stimulated
transfectant cells. (IP: FLAG, IB: FLAG)

As an alternative control for the subsequent co-IP assay and also to check
applicability of the antibody for IP assay, endogenous hsp90 was immunoprecipitated
and immunoblotted with the same anti-hsp90 antibody: After cells were treated with
TNF or IL-1, as described before; endogenous hsp90 was immunoprecipitated out of
total protein extracts by 1 ug anti-hsp90 antibody (mouse monoclonal IgG;). After
immunocomplexes formed were dissociated as mentioned above, immunoblotting
analysis was performed by the same anti-hsp90 antibody (at 0.1 pg/ml concentration).
Results demonstrated that the antibody works for IP as well and sufficient amounts of
endogenous hsp90 were able to be immunoprecipitated by this method. (Figure 5.11 and
Figure 5.12)

Figure 5.11 Immunoprecipitation of endogenous hsp90 from TNF-stimulated
cells. (IP: hsp90, 1B: hsp90)
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Figure 5.12 Immunoprecipitation of endogenous hsp90 from IL-1-stimulated
cells. (IP: hsp90, IB: hsp90)

Finally, co-IP assay was performed by immunoprecipitation of transfected
FLAG-IKKa protein from total protein extracts with 1 pg anti-FLAG M2 antibody,
followed by immunoblotting of dissociated immune complexes with 0.1 pg/ml anti-
hsp90 antibody. Result of co-IP assay demonstrated that the bait FLAG-IKKa protein
was unable to precipitate endogenous hsp90, several possible reasons of which will be

discussed in the next section. (Figure 5.13)

Figure 5.13 Co-immunoprecipitation of FLAG-IKKa and hsp90 from TNF-stimulated
transfectant cells. (IP: FLAG, IB: hsp90)
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6. DISCUSSION

Hsp90, one of the most abundant cytosolic proteins in eukaryotic cells, plays key
roles in stabilization, activation, maturation (to functionally-competent states) and
trafficking of proteins involved in signal transduction, cell cycle control, development
and transcriptional regulation. As shown in this study, TNF/IL-1-induced NF-xB
activation is one of these signaling events that highly depend on hsp90 activity.

Endogenous hsp90, not hsp70, is found to be upregulated in response to TNF in
HeLa cells. Even though hsp upregulation has been previously reported in a wide
variety of tumor cells, the molecular mechanisms behind are yet poorly understood (see
“HSF-1" under section 1.2.3.2.4.). Given that hsp90 is not an NF-kB target gene [321]
and HSF-1 status in HeLa cell line is not known, the question how hsp90 is upregulated
under TNF induction in HeLa cells remains to be answered by future studies.

Pretreatment of Hela cells with geldanamycin (GA), the specific inhibitor of
hsp90 ATPase activity, blocks NF-kB binding and activation in response to TNF or IL-
1, as demonstrated by electrophoretic mobility shift assays. To confirm that the
signaling pathway by which TNF/IL-1 induces NF-kB activation is blocked by GA,
protein level and phosphorylation status of IkBa could have been analyzed by
immunoblotting and in vitro kinase assay, respectively. Since IKK-mediated
phosphorylation-dependent degradation of IxkBa is essential for TNF/IL-1-induced NF-
kB activation, immunoblotting of total protein extracts with specific anti-IkBa antibody
would be expected to result in no decrease in [kBa levels for GA-pretreated samples. In
other words; in presence of GA, IxkBa would be protected from TNF/IL-1-induced
degradation. Consistently, in vitro phosphorylation of exogenous GST-IkBa by IKK,
immunoprecipitated from GA-pretreated TNF/IL-1-stimulated cells, would be expected
to be completely abolished.

Competition experiments performed with increasing concentrations of unlabeled

specific and non-specific competitor oligonucleotides clearly identified sequence-
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specific DNA binding of NF-xB protein. NF-kB binding specificity could have been
displayed more certainly with increasing concentrations of specific unlabeled mutated
oligonucleotides, which only differ from consensus NF-kB oligonucleotides by one or
two nucleotides in the binding site that is known to disrupt function and binding.
Unfortunately, we did not have such mutated oligonucleotides in our laboratory.

Interestingly, control of NF-kB identity experiment, done by pre-incubation of
nuclear protein extracts with anti-p50 subunit antibody, did not result in a “supershift”
of protein/DNA complexes. Instead, this application caused loss of protein/DNA
complex formation, almost completely abolishing the shifted bands. This was very
likely due to interference of antibody binding with the DNA binding site of NF-xB
protein. Antibodies raised against DNA binding domains of proteins intervene in
formation of protein/DNA complexes, resulting in complete loss of binding; a
phenomenon known as “blockshift”. Yet, this was still sufficient to prove NF-«xB
identity on radiolabeled consensus oligonucleotides. Supplementary experiments with
different anti-p50 and anti-p65 antibodies recognizing different epitopes on NF-kB
could have been useful, but unfortunately we did not have such antibodies in our
laboratory. Finally, an additional control for electrophoretic mobility shift assays with
GA-pretreated and —untreated TNF/IL-1-stimulated samples could have been performed
with an unrelated transcription factor known to be unaffected by TNF/IL-1 or GA.

Among the other parameters that had to be carefully optimized for successful
EMSA experiments, were ionic strength of the binding reaction buffer (low-stringent
buffers can lead to non-specific protein-DNA interactions, whereas high-stringent
buffers can even disrupt specific protein/DNA complexes), amount of **P-labeled NF-
kB oligonucleotide probe in the reaction mixes (too much of labeled probe can cause
high background in X-ray films during autoradiography), percentage of glycerol in the
binding reaction mixes (low percentages of glycerol leads to trapping of labeled probes
in the wells of the non-denaturing gel), temperature and duration of the binding reaction
(longer periods of incubations or incubations at lower temperatures other than RT
results in massive amounts of non-specific protein/DNA complexes, in the particular
case of NF-kB binding; whereas incubations at higher temperatures reduce in vitro
stability of protein/DNA complexes) and period of exposure of *’P radioisotope in a
cassette with an intensifying screen.

After EMSA experiments, as a requirement for the subsequent co-

immunoprecipitation assays, a highly-efficient transfection protocol was established for
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HeLa cells via eletroporation. Initial transfection experiments were performed by a
cationic lipid-based non-liposomal transfection reagent called FuGENE 6™ (Roche)
according to the manufacturer’s instructions. However, efficiency of transfection with
this reagent was very low for HeLa cells (data not shown). In agreement with this
finding, Roche frankly announced inefficiency of their product for transfection-resistant
cell lines such as HeLa and Jurkat, and introduced a new product called “X-tremeGENE
Q27 for transfection of these cell lines.

That was the reason why I focused on electroporation for efficient transfection
of HeLa cells. Strength of the applied electric field that depends on the parameters such
as voltage, capacitance and resistance (which substantially influence cell viability after
the electropulse); number of cells per cuvette; ionic strength and volume of the
electroporation medium; temperature; amount, concentration and purity of the plasmid
DNA to be transfected; inclusion of some additives such as DMSO or FuGENE 6 in the
electroporation medium were among the parameters that had to be carefully optimized
for efficient transfection of HeLa cells. Following transfection, incubation time of cells
was optimized for sufficient transient expression of transfected protein, prior to total
protein extraction for the IP/co-IP assay.

It is noteworthy to mention here several superiorities of electroporation over
lipid-based transfection reagents: transfection via electroporation is much more efficient
(approximately 95%), more effective, much cheaper and has a wider area of
applications (siRNA, single-stranded oligonucleotides, etc) in comparison to lipid-based
systems. Furthermore, cytotoxicity caused by prolonged exposure of cells to lipid-based
reagents is not an issue for electroporation.

After establishment of the high-efficient transfection protocol, protein
expression levels were checked by immunoblotting of total protein extracts for the
transfected protein. (IB: FLAG, for FLAG-IKKa) Expression levels were quite high and
appropriate for the subsequent IP experiments. Alternatively, in vivo expression levels
of transfected protein could have been checked by immunofluorescence, using anti-
FLAG M2 as the primary antibody and fluorochrome (eg. FITC)-conjugated anti-mouse
as the secondary antibody.

As a control for co-IP experiment, immunoprecipitations of endogenous hsp90
and overexpressed FLAG-IKKa were performed separately. Amount and volume of the
total protein extract to start with, amounts of the capture antibodies and Protein G

sepharose beads, number of washes and washing conditions (incomplete removal of
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supernatants between each wash may result in high-background of non-specific
proteins) were among the parameters that had to be carefully optimized. Pre-clearing of
total protein extract with Protein G sepharose matrix did not have any effect on IP
efficiency, thus was omitted in the following assays. Absence of non-specific
interactions between Protein G sepharose matrix and the proteins in total extracts might
be due to relatively inert nature of the matrix.

Following IP assay, dissociated immune complexes were resolved on SDS-
polyacrylamide gel and immunoblotted with the same antibodies that had been used as
capture antibodies during immunoprecipitation. Ideally, primary antibody of
immunoblotting must be raised in a different species than the one in which capture
antibody of immunoprecipitation is raised. Otherwise, light and heavy chains of the
immunoglobulin used in IP appear in IB as 25 kDa and 50 kDa bands, respectively;
obscuring other proteins with similar molecular weights. Fortunately, this was not an
issue in the particular cases of hsp90 and IKKa that are 90 kDa and ~85 kDa proteins,
respectively. This explains why heavy chains and sometimes light chains of
immunoglobulins were observed in IP-followed by-IB results shown in the previous
section.

Co-immunoprecipitation assay done in this study did not reveal FLAG-IKKa to
be an hsp90-interacting protein. (IP: FLAG, IB: hsp90) However, a previous study by
Chen et al. [320] demonstrated that hsp90 and its “kinase-specific” co-chaperone
p50/cdc37 associates stoichiometrically with the IKK complex, directly interacting with
the IKKo and IKKP kinase domains. They also showed that disruption of this
interaction by geldanamycin (GA) abolishes TNF-induced recruitment of the IKK
complex to TNF-R1 and prevents activation of IKK kinase activity, which may account
for the reason why TNF-induced NF-«B activation is blocked in presence of GA, as also
shown in this study. (Figure V.4) (see below)

There may be several reasons for the failure of the co-IP assay: First of them
would be insufficient expression levels of the proteins of interest in vivo. However, this
possibility was ruled out in this study, because high protein expression levels of both
hsp90 and FLAG-IKKa were confirmed with IB before the co-IP assay. Moreover,
individual IP assays were optimized so as to give sufficient amounts of
immunoprecipitated proteins for each case, without any significant background.
Consistently, co-IP assay done showed no background at all. Therefore, one possibility

for the loss of hsp90-IKKa interaction in our case might be due to high stringency of
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the buffer used during co-IP. Milder buffers may yield higher backgrounds, whereas
high-stringent  buffers can dissociate the interacting proteins from the
immunoprecipitated complex in co-IP assays. Therefore, this finding suggests that
hsp90-IKKa interaction is rather a weak interaction because it could not survive the
stringency of the total lysis buffer used in this study (medium-stringent). Hsp90
interactions are actually weak for the most of the time (personal communication with
Csaba Soti), in consistency with the above finding. For the future studies, less-stringent
conditions during both cell lysis (eg. total protein extraction by quick steps of freezing-
thawing in a mild lysis buffer) and co-immunoprecipitation (eg. formation of
immunocomplexes and subsequent washing steps in a low-stringent buffer) as well as
longer incubations of total protein extracts with the capture antibody and Protein G
Sepharose (eg. overnight incubations at cold room) are recommended as possible
solutions.

Alternatively, failure of detecting an interaction between hsp90 and FLAG-
IKKo might be due to hindrance of the hsp90-interacting domain of IKKa by the
capture antibody (anti-FLAG M2) during the co-IP assay. If this is the case, C-terminal
FLAG-tagged IKKa can be used instead of the present N-terminal FLAG-tagged IKKa
to invert the protein and make it readily accessible for hsp90. Reciprocal-co-IP could be
another effective solution to address this problem. (IP: hsp90, IB: FLAG)

As control for specificity of the co-IP assay, an antibody directed against an
unrelated protein can be added to the total protein extracts in a different microcentrifuge
tube. It is essential this control IgG is from the same species and of the same type as the
actual capture antibody. (eg. mouse monoclonal as anti-FLAG M2) Additionally,
negative controls for co-IP should be included, in which untransfected or empty vector-
transfected (mock) cells will be assayed for protein-protein interaction together with the
actual transfectant cells. After interaction of hsp90 with wild type FLAG-IKKa is
successfully demonstrated, specificity of this interaction should further be confirmed by
loss of interaction if cells are to be transfected with a mutant (dominant-negative) form
of FLAG-IKK .

It is noteworthy to mention here that any interaction shown by co-IP assay does
not necessarily mean a direct interaction between proteins of interest. The possibility of
involvement of bridging factor(s) can not be ruled out unless the interaction is
demonstrated between purified proteins in vitro. To make things worse, all of these may

not necessarily mean the interaction is taking place in vivo. Therefore, for confirmation
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of an interaction identified by co-IP assay, co-localization of the interacting proteins
should be demonstrated in vivo, by using confocal microscopy.

One last limitation of co-IP assay would derive from the cliché objection that
systems in which proteins are overexpressed do not truly reflect the actual situation in
vivo. Co-immunoprecipitation of endogenous proteins from untransfected cell lines
could bypass overexpression of proteins, promote more native subcellular localizations
and post-translational modifications and eliminate foreign tag sequences (eg. FLAG,
HA, myc etc). However, for most applications co-IP of endogenous proteins is
practically not possible due to insufficient levels of expression for both proteins of
interest and/or lack of high-quality capture antibodies (utilization of ordinary antibodies
may result in a high background when endogenous proteins are co-IPed; which also
accounts for the reason why IPs are preferentially performed with antibodies directed
against the foreign tags of overexpressed proteins).

In fact, in the particular case of hsp90, search for hsp90-interacting proteins
could have been facilitated by the help of GA before trying out co-immunoprecipitation
experiments. As mentioned before, hsp90 functions mainly by stabilizing components
of signal transduction, protecting them from proteasome-mediated degradation.
However, GA locks the hsp90 multichaperone complex in mimicry of ADP-bound
conformation, targeting the bound client proteins for degradation. Therefore, to search
for hsp90-interacting proteins in TNF signaling, cells could have been pretreated with
increasing concentrations or durations of GA prior to stimulation with TNF. Then
protein expression levels of components of the signaling pathway could have been
checked by immunoblotting. GA-sensitive proteins, which display decreasing levels of
expression with increasing concentrations or durations of GA, would be the putative
hsp90-interacting proteins. For confirmation of GA effect on protein stability, half-lives
of these proteins could have been examined in absence and presence of GA by
[**S]methionine pulse-chase analysis. Then, at this point, co-IP assays could have been
performed for confirmation of hsp90 interaction, as described before.

One study done in such an experimental order by Lewis et al. [319] has revealed
RIP as an hsp90-interacting protein—the first component of TNF signaling pathway that
has ever been shown to interact with hsp90. According to this study, GA pretreatment
causes rapid degradation of RIP, resulting in TNF-induced assembly of TNF-R1
complex lacking RIP. Since RIP is known to be a required factor for activation of the

IKK complex; destabilizing effect of GA on RIP leads to loss of IKK activation, as
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demonstrated by in vitro kinase assays where phosphorylation of GST-IkBa by IKK,
immunoprecipitated from GA-pretreated TNF-stimulated cells, is abolished. This may
account for another reason why GA blocks TNF-induced NF-kB activation (Figure
V.5), the outcome of which has been shown as enhanced sensitization of cells to TNF-
induced apoptosis in the same study. Actually, the reason why Chen et al. [320] could
not observe any IKK activity in presence of GA can be attributed to destabilizing effect
of GA on RIP (see above).

Interestingly, Chen et al. [320] also reported that GA abolishes TNF-induced
recruitment of the IKK(PB) complex to TNF-RI1. In GA-treated cells, TNF-dependent
recruitment of IKKf, hsp90 and RIP to TNF-R1 is fully abrogated; whereas recruitment
of TRAF2 and TRADD to TNF-R1 does not seem to be affected. As being a GA-
sensitive protein [319], defective recruitment of RIP to TNF-R1 is very likely due to its
rapid degradation in presence of GA. However, the observation that GA abolishes IKKf3
recruitment to TNF-R1, even though IKKp is not a GA-sensitive protein, suggests a
new role for hsp90, as discussed below.

Traditionally, TRAF2 alone has been known to be sufficient for TNF-induced
recruitment of the IKK complex to TNF-R1 signaling complex (TNF-R1-TRADD),
without any requirement for RIP in the process. However, in presence of GA,
recruitment of TRAF2 and TRADD to TNF-R1 has not been sufficient for shuttling of
IKKp to the membrane despite its abundance in the cytosol. The observation that GA
does not affect TRAF2 or TRADD recruitment to TNF-R1 is in agreement with the
previous observation by Lewis et al. [319] that neither TRAF2 nor TNF-R1 is GA-
sensitive.

These findings together suggest an emerging new role for hsp90 in trafficking of
the IKK complex from cytosol to TNF-R1 complex at plasma membrane. Interacting
both with RIP [319] and the IKK(a,p) complex [320], hsp90 may serve as a bridging
factor between the upstream components of TNF signaling. Since TRAF2 is
indispensable for recruitment of the IKK complex to TNF-R1 complex, while RIP is
dispensable; it is tempting to presume the whole process as the following: In
unstimulated cells, TRAF2 interacts with hsp90, which also can interact with the IKK
complex. Upon TNF stimulation, the IKK complex is recruited to TRADD of TNF-R1
complex at the plasma membrane via hsp90-bound TRAF2. Hsp90, now in the vicinity
of the membrane, recruits RIP onto TNF-R1 complex via direct interaction, which in

turn triggers the activation of the proximal IKK complex.
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In the above scenario, interaction of hsp90 with TRAF2 is the only one that has
not been demonstrated yet. The finding that TRAF2 protein levels remain unaffected in
presence of GA may sound rather discouraging in the search for such an interaction.
However, GA-mediated degradation of hsp90 client proteins does not seem to be a
generic rule. In other words, it seems possible for a protein to interact with hsp90 and
stay still stable in presence of GA: Although the IKK(a,) complex has been shown to
interact with hsp90 by Chen et al., GA treatment has had no apparent effect on IKK
protein(a,B,y) levels in HeLa cells [320]; whereas a recent study by Broemer et al. [322]
has demonstrated significant depletion of IKK proteins(o,) under GA treatment in
lymphoma cells. These findings suggest that hsp90 effect on the stability of its client
proteins may be cell type-specific.

The exact mechanisms of recruitment of the IKK complex to the plasma
membrane and its subsequent activation are yet poorly understood. However, it is
becoming more evident that hsp90 plays a key role in both cases. A similar role for
hsp90 has been proposed for trafficking of Raf-1 to membrane-bound Ras, and the
subsequent activation of Raf-1 before. Apart from hsp90, there may be other, yet
unidentified, accessory proteins, either GA-sensitive or GA-tolerant (TRAF2?), taking
part in shuttling of the IKK complex to TNF-R1. Moreover; once recruited, activation
of the IKK complex may be dependent on an hsp90-mediated conformational
stabilization and maintenance of the functionally-competent state, which is readily
recognized by RIP-dependent upstream activator kinases, such as MEKK3 or

MEKK1(?). These possibilities have yet to be tested by future studies.
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7. CONCLUSION

The main outcomes of this study can be summarized as follows:

1) Endogenous heat shock protein 90 levels increase significantly in a time-
dependent manner starting from 15 minutes of TNF treatment in HeLa cell line.

2) Endogenous heat shock protein 70 levels do not get affected in response to
TNF in HeLa cell line.

3) Inhibition of hsp90 ATPase function by its specific inhibitor, geldanamycin,
causes significant impairment in TNF-induced NF-«B activation in HeLa cell line.

4) Any possible protein-protein interactions between components of TNF-
induced NF-kB signaling and hsp90 can be readily searched for based on the
transfection and immunoprecipitation optimizations accomplished in this work.

Future studies will aim to search for any possible involvement of hsp90 in the
cross-talk between divergent downstream pathways of TNF signaling. Understanding
the exact molecular mechanisms of the interplay between TNF-mediated apoptosis, NF-
kB, JNK and Akt/PKB signaling pathways will help interpret how a specific outcome of

TNF signaling is achieved in distinct biological contexts.
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