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1. Introduction

1.1.Literature Review: Historical Overview of

Molecular Chaperones in the Nucleus

1.1.1. Molecular Chaperones

Molecular chaperones are group of proteins that aid protein folding, oligomeric
complex assembly or protein maturation through stabilization of the metastable states
(Ellis 1987). They are connected to degradation pathways for effective removal of
permanently denatured proteins (Baker 1984, Hayes 1996). Under adverse conditions,
typically higher temperatures, cellular levels of molecular chaperones rapidly increase to
prevent stress-induced protein malformations (Lindquist 1988, Morimoto 1993). Protein
aggregates formed due to impaired protein homeostasis can lead to inexorable diseases
such as Parkinson’s, Alzheimer's and Huntington’s (Dobson 1999, Ebrahimi-Fakhari
2011, Gammazza 2016, Reis 2017). Molecular chaperones are hence central proteostatic
regulators and important targets for design of therapeutics strategies. Three main
conserved and essential chaperones, CCT (TRIC), Hsp90 and Hsp70, are known. Since
their identification and classification, about three decades ago (Ellis 1987, Hemmingsen
1988, McAlister 1979, Bardwell 1984), molecular chaperones have been viewed as
cytosolic machineries. While it is true that initial protein genesis requires considerable
folding assistance, post-synthetic constant monitoring of the overall protein structural and
hence functional states is of great importance for the heathy proteome (Balchin 2016).
Any cellular compartment can be equally affected by aberrations in protein quality control
system. Biopsies of the patients affected by the above mentioned disease have shown

that nuclear protein aggregates are common (Metuzals 1988, Hackam 1999). However,



very little attention has been devoted to molecular chaperones-mediated proteostasis in

the nucleus.

1.1.2. CCT

CCT (chaperoning containing TCP1) or TRIC (TCP1-ring complex) is a 1 MDa
complex comprised of two identical 8-subunit rings stacked onto each other to form a
hollow sphere (Frydman 1992, Gao 1992, Rommelaere 1993). Paralogous subunits
contain an equatorial ATP binding domain and apical substrate recognition domain (Kim
1994, Spiess 2004). ATP-driven closure of the apical domain facilitates encapsulation of
the substrate, whose proper folding is mediated inside the chamber (Reissmann 2007,
Bigotti 2008). The most famous CCT clients are polymeric complexes such as actin
filaments and microtubules (Frydman 1992, Yaffe 1992, Gao 1992). Bacterial CCT
homolog, 14-subunit GroEL complex, does not have a built-in lid but separate subunit
GroES, which is together with ATP required for GroEL-mediated folding (Martin 1991,
Xue 1997, Horwich 2007). Three to two decades ago, GroEL/ES used to be dominant
model in protein folding/chaperone field, which rendered it to be best characterized

system.

From the discovery of GroEL/ES to chaperone definition.

Hsp60 chaperonins were discovered during the attempts to identify host factors that
supported the life cycle of bacteriophages. GroE gene was needed for the correct phage
morphogenetic protein cleavage and head assembly, and hence, bacteria devoid of groE
gene were not supportive of bacteriophage A infection (Sternberg 1973, Georgopoulos
1973). In the case of T5 phages, the effect of groE gene was exerted on the tail assembly
(Zweig 1973). Furthermore, another smaller gene with the same A phage head phenotype
was discovered and the two genes were renamed groEL (65 kDa) and groES (15 kDa)
(Tilly 1981). At the time, it was unclear whether the two proteins, essential for Escherichia

coli viability (Fayet 1989), were part of the same complex or the proteins work on different



steps of the same pathway during phage morphogenesis. Yet, already these initial studies
anticipated pivotal roles of GroEL/ES in protein complex assembly (Sternberg 1973,
Georgopoulos 1973, Zweig 1973). Similarly, Rubisco binding protein, plant GroEL
homolog, was later shown to assist the assembly of the Rubisco enzyme (Barraclough
1980, Hemmingsen 1988), the most abundant protein complex on earth (Ellis 1979).
GroEL/ES and Rubisco binding protein were proposed to be classified and re-named
‘chaperonins’ (Hemmingsen 1988), given their properties that were by large in agreement
with what was defined for molecular chaperones: ubiquitous cellular proteins preventing
aggregation and supporting folding or assembly of other proteins without being a
constituent of the final protein structure or complex (Laskey 1978, Pelham 1986, Ellis
1987). Diminutive form in the name ‘chaperonin’, with respect to the ‘chaperone’, stems
from the fact that the complexes displayed greater evolutionary, as well as structural and

functional, ties to the endosymbiotic complexes (Hemmingsen 1988).

Early findings connect GroEL/ES to DNA processes.

Some of the earliest GroEL/ES findings suggested a strong involvement in DNA
processes such as transcription and replication. At about the same time when groE gene
was being discovered and analyzed within the context of A phage, ATPase enzyme co-
purifying with bacterial RNA polymerase was isolated and characterized (Ishihama 1976).
It was not directly woven to the GroEL/ES, yet analysis of the biochemical properties and
electron micrographs from the current perspective unequivocally show that the ATPase
was GroEL. Furthermore, utilization of the temperature sensitive GroES strain revealed
that bacterial DNA and RNA synthesis were defective at non-permissive temperature
(Wada 1983). In an unrelated study by Takeda and Hirota (1982), a DNA fragment whose
expression can suppress bacterial dnaA(Ts) gene mutation — a product essential for DNA
replication — was further characterized to be groEL gene (Jenkins 1986). Similarly,
GroEL/ES was shown to be able to both protect RNA polymerase from heat inactivation
and to reconstitute the activity of heat-inactivated RNA polymerase (Ziemienowicz 1993).
Moreover, w-less RNA polymerase, which renders bacterial cells less viable with slow

growth phenotype, was more prone to GroEL association (Mukherjee 1999). Absence of



both w and GroEL led to irreversible RNA polymerase defects — RNAP could not

associate with o’%, RNAP initiation factor, to form a functional holoenzyme.

Identification of tailless locus led to the discovery of TCP1 (eukaryotic

GroEL).

Discovery of eukaryotic GroEL/ES followed a different route. ‘T complex polypeptide
1" (TCP1), conserved between mouse, human, fruit fly and essential in budding yeast
(Willison 1986, Willison 1987, Ursic 1988, Ursic 1991) was proposed to be the
mammalian equivalent of the bacterial GroEL (Ellis 1990, Gupta 1990). The ‘T’ stems
from the experiments in 1927 by Dobrovolskaia-Zavadskaia, where a ‘tailless’ phenotype
resulted from deletions on the murine chromosome 17, regarded as one of the first known
mammalian developmental mutations (Artzt 2012). The studies on taillessness
complexities were further dissected by Dunn and Glueckshon-Schoenheimer (1939-
1963), yet, it took about 6 decades to clone and analyze the ‘t complex’ location — referred
to the region of about 100 gene loci at the time (Herman 1987, Lyon 1988, Herman 1990).
Tcpl gene within the t complex was identified during analysis of murine testicular
polypeptides as it was shown that its expression was tightly associated with
spermatogenesis (Silver 1979, Silver 1986). T complex in general contained a number of
genes whose function was not known (Willison 1986, Rappold 1987, Schimenti 1988).
However, given that the location was known for the expression of a few testis specific
genes that caused transmission ratio disorder (TRD), which is the preferential
transmission of a specific allele to the offspring of heterozygotes, the role of Tcpl in TRD
was postulated (Silver 1981, Lyon 1984, Lyon 1986). Positing its more generalized roles,
indirect immunofluorescence staining revealed the presence of the Tcpl protein in all cell
types tested (Willison 1989). Moreover, Tcpl was reported to be spread through the
cytosol in the form of 1 MDa hetero-oligomeric particle (Lewis 1992). Numerous studies
followed up in parallel providing structural and mechanistic properties of the salient Tcpl
model — Tcpl ring complex (TRIiC) or chaperonin containing TCP1 (CCT) — the

chaperonin renamed after its shape and origin.



TCP1 or CCT chaperonin structural and client-oriented characterization.

Similar to yet distinct from Hsp60 chaperone protein complex, it was elucidated that
TCP1 complex is composed of related subunits organized into a ring and stacked onto
each other to form a double toroid structure (Frydman 1992, Yaffe 1992, Gao 1992,
Horwich 1993, Rommelaere 1993). Assortment of distinct subunits to form a substrate-
recognizing cavity was proposed to be necessary for the recognition of diverse clients
(reviewed in Dunn 2001). CCT was initially shown to mediate proper folding and
maturation of actin and tubulin (Frydman 1992, Yaffe 1992, Gao 1992, Horwich 1993,
Rommelaere 1993) and commonly held belief was that CCT chaperonin mostly supported
maturation of cytoskeletal proteins. Furthermore, luciferase (Frydman 1992), G a-
transducing, a protein important for retinal photo-transduction (Farr 1997), other
cytoskeletal proteins such as myosin (Srikakulam 1999) and VHL tumor suppressor
protein (Feldman 1999) were all revealed as structurally and functionally dependent on
CCT. It was shown that many polypeptides are assisted by CCT cotranslationally
(McCallum 2000) and the client repertoire of CCT was assessed to be ~9-15 % of the
mammalian proteome (Thulasiraman 1999).

CCT’s nuclear presence was mentioned.

The earliest reported CCT immunofluorescent staining might have indicated its
presence in the nucleus (Lewis 1992), even though this was not pursued. CCT nuclear
localizations were later mentioned in different contexts. Related proteins to TCP1, TRiC-
P5 in Raji cells and hNMP238 in human leukocytes, were reported to be present in the
nuclear matrix (Joly 1994, Gerner 1999) as well as certain subunits of the CCT complex
(aand y) according to a study in P19 embryonal carcinoma cell lines (Roobol 1998). TCP1
isoforms accumulated in the nuclear matrix during apoptotic chromatin condensation in
HeLa (Gerner 2002) and CCT associated with both constitutive and facultative
heterochromatin as observed during murine spermatogenesis (Soues 2003). Despite

these observations, the mechanistic insights of CCT within a nuclear realm were scarce.



First links between CCT and nuclear macromolecular complexes — histone

deacetylases.

The functional link between CCT chaperonin and nuclear proteins started with studies
characterizing subunit compositions of chromatin regulators. Histone deacetylases, Set3
complex (Set3C) and Rpd3 Large complex (Rpd3L), were the first to be mentioned.
Pijnappel 2001 found via tandem affinity purification that CCT associates with Set3C
through the Hos2 subunit. The combination of mass spectrometry and tandem affinity
purification was confirmative with these studies — Hos2 subunit pulled down seven of eight
chaperonin subunits (Shevchenko 2002). Similarly, while characterizing the composition
of the Rpd3 Small (Rpd3S) and Rdp3L histone deacetylases, all eight members of the
CCT ring complex were detected via another mass spectrometric preparations,
multidimensional protein identification technology (MudPIT) (Carrozza 2005). Further
redefinition of the extended histone deacetylase complex Rpd3L, that included both
Set3C and Hos2, and CCT’s prominent co-occurrence among the complex subunits, lead
to anticipation of the specific activity of the chaperonin in relation to the deacetylases
(Shevchenko 2008). However, it was unclear whether the interactions were limited to
cytosol and mirrored classical chaperone post-translational folding needs, or whether they
happened in the nucleus to meet more specialized requirements. It was shown that
priming of human histone deacetylase 3 (HDAC3), a Set3C yeast homolog, with CCT was
essential for HDAC3 proper folding and activation (Guenther 2002), but again, the
process was not compartmentalized. Perhaps functions of CCT, as a chaperone that
assembles protein complexes rather than mediating immature protein folding, could be

extended into modulation of defined protein complex activities in the nucleus.

Current CCT’s nuclear interactome rooster encompasses crucial chromatin

regulators.

In the past decade, the high throughput mass spectrometric studies on
Saccharomyces cerevisiae proteome were further extending the CCT client roster and
gene ontology tools allowed for associations of the annotated genes within the term
nucleus. It was suggested that CCT interacts with transcriptionally important components,

such as TAF5, a subunit of TFIID general transcription factor, members of CCR4-NOT
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transcriptional complex, and pertinent SAGA histone acetyltransferase complex (Ho
2002). Finally, the known CCT physical and genetic interaction networks encompassed
numerous chromatin regulators such as SWR1, SWI/SNF, Setl methyltransferase
complex (Set1C), type Il histone deacetylase complex (HDAC) and ASTRA (Dekker 2008,
Shevchenko 2008). On the whole, the yeast data base currently records 377 physical and
genetic hits of the CCT complex, 48 % of which are located within the nucleus. They
involve crucial chromatin regulators, yet the roles of CCT within chromatin field remain

unexplored.

Summary.

The discovery of bacterial GroEL/ES is tied to the A phage life cycle studies, in which
its essentiality in bacteriophage head assembly was identified. The plant homolog was
shown to assist assembly of rubisco, the most abundant protein on earth. The
characteristics of GroEL/ES-like complexes were in agreement with what was defined
under molecular chaperones, protein folding machineries, and their classification
“chaperonins” was proposed. Identification of the CCT’s subunit gene, TCP1, stems from
the studies motivated to characterize the locus that rendered tailless animals. After
several postulations about TCP1’s specific roles, it was elucidated that CCT or TRIC,
bacterial GroEL/ES homolog, is a barrel-shaped molecular chaperone spread throughout
the cytosol in various cell types. Traditionally, CCT is known as cytosolic chaperonin
which mediates assembly of oligomeric complexes, amongst which actin and tubulin are
prominent clients. CCT was observed in nucleus in various cell lines but this did not
receive much attention. Drawing a parallel line to bacteria, early observations indicated
that GroEL/ES associated with bacterial RNA polymerase and it was essential for
bacterial DNA replication. Current CCT interactome map suggests strong ties between

CCT and nuclear events, but this field remains largely understudied.
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1.1.3. Hsp90

Hsp90 molecular chaperones was named after its molecular weight (Aushburner
1979). Hsp90 is a homodimer with protomers connected via C-terminal domains to form
a V shape (Nemoto 1995, Prodromou 1997), in which ATP binding domains are located
within N-termini (Prodromou 1997). ATP is coupled to the closure of the protomers’ N-
termini and concomitant hydrolysis reinforces conformational changes that are
communicated over to the rest of the chaperone, likely to mediate folding of certain
substrates (Prodromou 2000, Wegele 2004, Richter 2006, Wandinger 2008). Hsp90
clamp-like open/close cycle and substrate choice are dynamically regulated by numerous
co-chaperones (Buchner 1999, Hartl 2011, Li 2012). Hsp90 is needed downstream in the
folding pathway to assist protein maturation and activation (Nathan 1995, Nathan 1997).
It interacts with about 10% of the proteome, as estimated from the genome wide studies
in Saccharomyces cerevisiae (Zhao 2005). Some of its most prominent clients are signal

transducers, which are via Hsp90 kept in an activatable state (Pratt 1997, Picard 1990).

Hsp90 was identified as a cytosolic heat shock protein with mitigated nuclear

connections.

The discovery of Hsp90 roots back to the use of a heat shock as a model to study
environmentally triggered gene expression controls. Distinctive puffing of salivary gland
chromosomes in Drosophila was microscopically trackable upon heat shock and
structural changes were suspected to lead to synthetic changes to coordinate the
adaptation (Ritossa 1962, Gross 1957, Pellin 1959). Heat-induced appearance of puffs
was correlated with protein and RNA synthesis as distinctive protein pools, as well as
localized RNA synthesis, were observed (Tissieres 1974). Pointing out Hsp90 in fruit fly
at this stage was missed, but in similar budding yeast experiments that explored the
alteration of protein patterns at elevated temperatures, Hsp90 was brought up for the first
time as a drastically upregulated protein (McAlister 1979). It was speculated that products
generated under stress conditions were meant to ease adaptation to the change. Due to

Hsp90’s pronounced co-occurrence with DNA-binding pool in vitro, tested via DNA-

12



cellulose assay — an introduced tool to investigate the potential of proteins to associate
with DNA (Alberts 1968), its regulatory function was anticipated to be tied to DNA
(McAlister 1979). Hsp90’s heat-shock-triggered nuclear localization was acknowledged
in series of cell lines such as chicken embryo fibroblasts, mouse neuroblastoma and
fibroblasts, rat hepatoma, human cervical carcinoma cells and gingival fibroblasts (Collier
1986, van Bergen 1987, Berbers 1988, Akner 1992). Hsp90 was associated with both
hetero- and euchromatin (van Bergen 1987). However, because Hsp90 was viewed as
an abundant cytosolic, stress-associated protein, its nuclear roles under regular

conditions might have been neglected.

The discovery of Hsp90 within hormone receptor field.

A branch independent of heat shock, studies exploring physiology of hormone stimuli,
demonstrate that Hsp90 was in hands for discovery for quite some time, but it remained
a ‘hidden’ constituent of the undefined hormone receptor complex. Inadvertently, Hsp90
was at one point suspected to be a transcription factor itself. In retrospect, it was
appreciated earlier that hormones in sera co-exist with proteins (Haussler 1936). Further
investigations quantified that two thirds of estrogen in blood, cells or sera are complexed
with proteins to form so called ‘estro-proteins’ (Szego 1946, Roberts 1946) and attempts
were made to isolate a soluble factor, meanwhile denoted ‘receptor’, that binds hormone
estradiol (Jensen 1962, Toft 1966). Concealed Hsp90 came across in two ways:
molecular weight (MW) estimated for the hormone receptor was larger than what is known
today, and upon increase of the hormone concentration, density gradient (in terms of S)
of the receptor complex would decline — nowadays equivalent to the release of the
receptor from Hsp90. Similarly, chemical crosslinking of the progesterone receptor
complex revealed constituents comprising higher molecular weight receptor complex
(Birnbaumer 1978). Closer inspections of the results from today’s perspective suggests
that one of the contributing components in the crosslinked product was Hsp90. In general,
varying density gradients in the course of characterizing biochemical properties of the
hormone receptors were an intricate topic and it was alluded that numerous structural
states existed. Within further advances in purification and characterization of the

progesterone receptor, 90 kDa phosphoprotein was avidly detected in molybdate-
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stabilized 8S progesterone receptor complex, which corresponded to hormone-binding
fractions (Puri 1982, Renoir 1982). It was believed that higher molecular weight receptor
complex, including 90 kDa protein, resembled a hormone binding form found in the crude
cytosol. Postulations about 90 kDa protein’s hormone-binding abilities were in conflict
with an observation that incubation of the receptor complex with progesterone prior to
affinity column led to the loss of the 90 kDa component (Baulieu 1983). In subsequent
reports, 90 kDa protein was finally shown to be non-progesterone binding subunit of the
hormone-receptor complex (Joab 1984, Renoir 1984), and also common structural
constituent of numerous non-transformed hormone-receptors’ complexes (Joab 1984).
Studies in the following year identified 90 kDa protein to actually be Hsp90 associating
with the steroid receptor prior to its transformation (Sanchez 1985, Catelli 1985), as well
as intermediate subunit of the non-transformed Rous sarcoma virus complex (Schuh
1985). Interaction of the receptors with Hsp90 has been substantiated as essential to
poise receptor for ligand binding (Pratt 1997, Picard 1990). It has been believed that
Hsp90 release from the ligand-bound receptor complex allowed for the receptor binding
to its response element and thus optimized transcriptional activity. However, another
study proposed that Hsp90-progesterone receptor were in a steady state
assembly/disassembly circuit regardless of the ligand (Smith 1993). With ligand binding,
Hsp90 occluded progesterone receptor from interacting with other chaperones and
allowed for the activation pathway (Smith 1993).

Hsp90 was postulated to affect hormone receptors in the nucleus as well.

Early attempts to define locations of the non-transformed hormone-receptor complex
(complex that includes Hsp90, which is 8S for progesterone receptor and 9.5S for
estrogen receptor) could not exclude its nuclear presence (Gorski 1968, Mester 1977).
However, the picture about formation and residence of the receptor complex in the
cytoplasm was adopted over the years. Calling for the revision of this model, 90 kDa non-
progesterone-binding component of the progesterone receptor complex was found both
in cytoplasm and nucleus according to the immunohistological data of chicken oviducts
(Gasc 1984). The nuclear localization of the untransformed hetero-oligomeric form of

steroid hormone receptor was confirmed via immunological detection in rabbit uterus cells

14



as well (Gasc 1990). However, not all nuclear Hsp90 was to be assigned to the 8S
progesterone complex, as revealed by the substantial Hsp90 amounts in the nuclear
extracts from the animal cells not treated with progesterone. Besides conventional steroid
receptors, dioxin receptor, structurally and functional similar to steroid receptors, was in
an 8S form, which likewise involves Hsp90 association, detected in nuclear extracts
(Wilhelmsson 1990). Furthermore, it was posited that 8S receptor complexes themselves
were also in part contributing to the nuclear localization of Hsp90. Human glucocorticoid
receptor (GR) devoid of nuclear localization signal (NLS) was still detectable in the
nucleus in the presence of Hsp90 carrying NLS, exemplifying thereby Hsp90’s transport

in the nucleus in the form of 8S complex (Kang 1994).

Hsp90 regulates hormone receptors’ DNA binding, release and re-activation.

Hsp90 was shown to release ligand-bound dioxin receptor complex for its succeeding
DNA interaction, similarly as in the case of progesterone receptor (Wilhelmsson 1990). It
could be interpreted that remotely Hsp90 pre-prepared receptors for their DNA binding.
In subsequent studies, Hsp90’s capacity to modulate receptors’ DNA binding was raised
on a more elaborated level — it was shown that Hsp90 affected liganded receptor after its
DNA interaction. Hsp90 was able to specifically dissociate ER from its cognate DNA and
did not simply reform Hsp90-ER complex as a result of inherent ER-DNA off-rate (Sabbah
1996). Importantly, such ER was able to rebind the cognate DNA sequence. Similarly,
increase of Hsp90/GR ratio in the nucleus, after priming the receptor with ligand, led to
the decreased GR-DNA interaction (Kang 1999). The authors mentioned the possibility
about competition between Hsp90 and DNA over the receptor, however, Hsp90 rebound
GR only after hormone levels were saturated and GR was in its DNA-activated form.
Furthermore, as both binding of the hormone to the unliganded GR and release of GR
from the chromatin were inhibited by geldanamycin, an Hsp90 inhibitor, the role of Hsp90
in chromatin recycling was proposed (Liu 1999). In corroboration, Hsp90 was shown to
physically associate with GR-containing regulatory complex at the GR genomic response
element with an ability to disassemble the complex, and thereby affect transcriptional
response (Freeman 2002). Thus, Hsp90 was pronounced to modify the hormone receptor

and associated transcription in a more intricate way than just initial poising of the receptor.
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Nuclear Hsp90 in Drosophila melanogaster: colocalization with

ribonucleoproteins (RNP) movements.

In fly experiments, blocked splicing of mMRNA transcripts at elevated temperature was
rescued by the pre-made heat shock proteins, linking thereby RNA processing to the
chaperones (Yost 1986). Localization-wise, Hsp90 was observed within extra- and
perichromosomal ribonucleoprotein (RNP) fibrils, besides at the periphery of compact
chromatin and in the nucleolus (Carabajal 1990, Vasquez-Nin 1992). Hsp90'’s presence
was especially prominent in heat shock-induced puffs of flies’ salivary glands
chromosomes, specifically puff 93D (Morcillo 1993), which is an ‘RNA-rich’ puff. The
general inhibition of transcription and not protein synthesis repressed Hsp90’s co-
occurrence within the chromosome sites 93D, indicating a tie between RNA genesis and
Hsp90. 93D heat-shock or hsrw locus’ importance was familiar from earlier as its
depletion led to lethality — only 20% of the sterile embryos made it to the pupal stage
(Mohler 1984). Combination of heterozygosity for hsp83 locus and nullosomy for hsrw
locus was further detrimental, rendering no viable pupae, suggesting a strong
physiological connection between 93D and Hsp90 (Lakhotia 1996b). 93D heat-shock puff
was described to be different compared to other puffs as it led to accumulation of various
unpolyadenylated RNA transcripts that stem from the same non-coding locus (hsrw
transcripts) (Spradling 1977, Garbe 1986, Fini 1989, Lakhotia 1996a). The prominence
of both non-coding hsrw transcripts and Hsp90 within the puff anticipated a functional link
(Lakhotia 1996b). Hsrw transcripts have an essential role in controlling organization and
migration of heterogeneous nuclear ribonucleoproteins (hnRNP) (Prasanth 2000), and a
parallel co-occurrence of Hsp90’s can be observed. Namely, omega speckles, small
gatherings of hsrw transcripts and hnRNP proximal to numerous chromosomal locations,
were after a brief heat shock organized into larger and fewer speckles, which after longer
heat shock (40 min) eventually all migrated into 93D puff (Prasanth 2000). Similarly,
Hsp90 showed weaker nuclear associated with perichromatin RNP fibrils, and following
heat shock, it relocalized to 93D resembling puffing pattern, with maximum signal about
30 min after the temperature shift (Morcillo 1993, Carabajal 1990, Vazguez-Nin 1992).
Mobilization of hnRNP within a puff could be viewed as a protective phase under adverse
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conditions and it is not clear whether Hsp90 could be involved in hsrw-dependent
dynamic movement of hnRNP to the puff, or Hsp90 solely supports the puff milieu from
the protein folding perspective — Hsp90 was already shown to support biogenesis of RNP
(Boulon 2008). Alternatively, hsrw has genetic connection with Ras and JNK signaling
pathways (Ray 1998, Mallik 2009), both of which are prominent Hsp90 targets. All in all,
Hsp90 seemed to be both physically and genetically tied to the coding and non-coding
RNA transcript.

Hsp90 controls chromatin regulators and chromatin status locally and globally.

Hsp90’s link to DNA events ascended beyond hormone receptor clients. A clearer
overview of Hsp90’s potential functional domains in the nucleus was attained from high-
throughput approaches that revealed numerous Hsp90 interactors involved in crucial
chromatin processes. Perhaps the most prominent example was discovery of two novel
Hsp90 cofactors Tahl and Pihl, which simultaneously co-purified Rvbl and Rvb2
helicases in stoichiometric amounts in yeast (Zhao 2005). Since Rvb1/2 are constitutive
subunits of Ino80 and SWR-C chromatin remodeling complexes, a direct link between
Hsp90 and chromatin physiology was provided. Additionally, Hsp90’s interactors were
also transcription factors, chromatin modifiers, components of mediator complex, and
other regulators of gene expression (Zhao 2005). Follow-up studies substantiated that
Hsp90 intervened in transcriptional and chromatin events via affecting target chromatin
regulators. In fruit fly, inhibition of Hsp90 lead to depletion of chromatin regulator Trithorax
from its homeotic gene response elements resulting in the inactivation of the
transcriptional state (Tariq 2009). Another histone modifier in colorectal carcinoma cells,
SMYD3, required Hsp90 for its histone methyltransferase activities at the subset of genes
to control their expression (Hamamoto 2004). In general, Hsp90 was reported to
colocalize with regulatory genomic regions close to transcription start site in fruit fly
(Sawarkar 2012), the most important DNA element in terms of transcriptional regulation,
and it is likely that many more promoter-specific, Hsp90-dependent targets will be
identified. Unifying transcriptional and chromatin changes, GAL1 promoter nucleosome
removal in yeast was delayed in strains with compromised Hsp90, which was followed by

impaired transcriptional activation (Floer 2008) — the same site was subject to increased

17



hypersensitivity upon short Hsp90 depletion (Echtenkamp 2016). Taking a look at other
promoters, 63% of the yeast 5’ regions (=150 bp within the start codon) correlated with
chromatin changes upon Hsp90 inactivation (Echtenkamp 2016). A mechanism was
proposed that by directly impeding excessive RSC chromatin remodeling action, Hsp90
prevented creation of intrusive open chromatin regions genome-wide. In summary, Hsp90
affected functionalities of the proteins specialized for DNA processes on multiple levels,

delivering differential chromatin states.

Hsp90 regulates reverse transcriptases and reverse transcriptase-derived DNA

elements.

Among the enzymes directly acting on nucleic acids, reverse transcriptases were
presented to have direct functional dependencies on Hsp90. Hsp90 was shown to
facilitate hepatitis B viral RNP formation, as reverse transcriptase priming to the RNA
pregenome for productive viral DNA synthesis was impaired in the absence of Hsp90 in
rabbit reticulocytes (Hu 1996). The fact that Hsp90 was needed to maintain this functional
state, and that it remained encapsulated within virus, postulated its potential need for the
polymerase operation post viral assembly (Hu 1997, Hu 2000). Similarly in eukaryotes,
Hsp90 associated with active telomerase, reverse transcriptase specialized for extension
of chromosome ends, and supported assembly of telomerase components — reverse
transcriptase catalytic core and RNA template (Holt 1999). Hsp90 was further shown to
be needed for telomerase-DNA association and telomere extension, as well as for the
efficient transition between telomere extending and precluding complexes (Toogun 2008,
DeZwaan 2009). Thus, Hsp90 was shown to be an essential regulator of telomere
genesis and homeostasis. Taking a further look on genomic elements that result from the
reverse transcription, retrotransposons, a correlation with Hsp90-dependent chromatin
changes can be seen. Retrotransposons are genomic sequences that, due to self-
replicating potential, can reverse transcribe themselves using RNP intermediate and
insert back into the genome (Baltimore 1970). More than 50% of known yeast
retrotransposon (retrieved from Saccharomyces genome data base) are located within
regions that experienced chromatin changes upon Hsp90 depletion (Echtenkamp 2016).

It could be anticipated that Hsp90 has strong regulatory ties to the reverse transcriptase-
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derived, fortuitous DNA sequences, either during their initial formation or throughout their
maintenance. In support of this notion, Hsp90’s ability to repress transcription of
transposable elements, moving DNA sequences, was demonstrated in fruit fly and mouse
(Specchia 2010, Hummel 2017). In these instances, Hsp90 activity was required for the
genesis of the silencing machinery, comprised of piwi-interacting RNAs, or for recruitment
of the chromatin repressive machinery — histone modifiers (Specchia 2010, Hummel
2017). In the later work, an evolutionary role of Hsp90 in buffering physical manifestations
was extended to the regulation of non-coding DNA elements, in addition to previously

described protein-coding genes (Rutherford 1988, Hummel 2017).

Hsp90 has DNA repair roles.

The presence of dsDNA was prerequisite for Hsp90 phosphorylation induced by
various animal extracts (Walker 1985). The phosphorylation was shown to be catalyzed
by DNA-activatable protein kinases (Lees-Miller 1989), an important DNA repair protein.
This discovery can be viewed as an opening clue for Hsp90 importance in the process of
DNA repair. It is known nowadays that phosphorylated Hsp90 accumulates within DNA
double strand breaks foci to maintain repair kinetics — compromised Hsp90 activity led to
defective repair (Quanz 2012). It was observed in tumorigenic cell lines that
implementation of 17-AAG Hsp90 inhibitor correlated with reduce levels of the repair
proteins engaged at the site of radiation-induced DNA damage (Russel 2003). Because
detected factors were Hsp90 clients, the role of Hsp90 in radiation-response was
proposed and inhibition of Hsp90 was further confirmed to lead to elevated radiosensitivity
in array of different tumor cell lines (Bull 2004, Matsumoto 2005, Dote 2006). Currently,
the contributing pathways and concomitant mechanistic insights of double strand break
repair in relation to Hsp90 in mammalian cells are under intense examination. In yeast,
Hsp90 could connect to the DNA repair process via Ssl2, a DNA helicase which is a part
of RNA polymerase holoenzyme and an important incision factor for nucleotide excision
repair (Flom 2005). Mutant alleles in SSL2 combined with mutant alleles in HSP82 and
HSC82 were shown to lead to synthetic growth defects. Deletion of STI1, an Hsp90 co-
chaperone, or strains with either Hsp90 mutant alleles behaved similarly to SSL2 deletion

mutant — they displayed sensitivity to UV radiation. Furthermore, Ssl2 co-
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immunoprecipitated with Hsp90 and Stil, suggesting that they are part of the same

complex.

Bacterial Hsp90 homolog, HtpG, connects to DnaA replication factor.

Unlike CCT and Hsp70, Hsp90’s bacterial homolog, HtpG, is not essential (Bardwell
1988) and its importance within DNA processes is poorly examined. Interaction between
HtpG and DnaA, an initiator of bacterial chromosomal DNA replication, has been
identified in bacterial two-hybrid assay, and then confirmed with in vitro pull-down assays
and chemical cross-linking (Grudniak 2015). The extent to which HtpG is able to intervene
within DNA replication or sole DnaA stabilization in vivo is not known. However, it was
noted that HtpG is far less abundant than DnaA in vivo and its overexpression, which
physiologically happens only under stress conditions, was necessary to detect DnaA-

HtpG interaction.

Summary.

Hsp90, named after its molecular weight, was identified as an abundant cytosolic
protein whose levels significantly increased upon heat shock. Independently of these
experiments, Hsp90 was shown to be a constituent of the cytosolic version of the hormone
receptor complex. The elucidation of the Hsp90-regulated hormone receptor’s functional
cycle revealed the necessity for Hsp90’s in the nucleus. Hsp90 was needed both before
receptor-ligand binding for transactivation, and after receptor’s DNA interaction — these
findings led to the first proposals of homeostatic-like role of Hsp90 in the nuclear recycling.
In retrospect, even though the earliest Hsp90’s immunostainings pointed out its presence
in the nucleus, this was not brought into the foreground. Nowadays, Hsp90 is known to
control the activities of numerous local and global chromatin regulators and concomitant
chromatin and transcriptional changes. Hsp90 readily colocalizes with RNPs, directly
regulates reverse transcriptases in a conserved fashion and has an important role in DNA
repair. Despite still being biased to cytosolic realms, Hsp90 is overall an important nuclear

regulator.
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1.1.4. P23

P23 molecular chaperone was named after its molecular weight (~ 24 kDa) or more
precisely, after its electrophoretic mobility (~ 23 kDa) (Smith 2000). This small chaperone
is traditionally viewed as Hsp90 co-chaperone due to its ability to stabilize the nucleotide-
bound state of complex Hsp90 ATPase functional cycle (Sullivan 2002). It reinforces
maturation of Hsp90 client proteins (Felts 2003). However, p23 is known to display
chaperoning activities in the absence of Hsp90 (Bose 1996, Freeman 1996). P23 consists
of globular B-sandwich domain and flexible C-terminal tail (Weaver 2000) important for its
chaperoning functions (Weikl 1999). Similarly to Hsp90, p23 is associated with the

regulation of hormone receptors (Felts 2003).

P23 was identified within hormone receptor field.

P23 was detected for the first time as a 23 kDa protein band co-immunopurifying with
progesterone receptor (Smith 1990), similarly to Hsp90. As p23 was released from the
receptor upon hormone addition, and hence receptor activation, the initial postulations
about condition-specific p23 roles related to the intracellular hormone receptor function
were proposed. P23 was further shown to be an important precursor for proper maturation

of the progesterone receptor (Johnson 1994).

P23 targeted chromatin regulators, mostly transcription factors, in a highly

selective manner.

Unlike for the other chaperones, the nuclear implications of p23 were straightforward,
as it was elucidated to directly modulate transcriptional response. P23 exhibited
enhancing or inhibiting effects on different steroid receptors transcription activation
activities (Knoblauch 1999, Freeman 2000). Furthermore, p23-dependent modulation
was observed not only to be receptor selective but also context specific. Since p23-
receptor interaction was altered in the presence of a response element or agonist, it was

speculated that allosteric or contextual situation changed p23 preference to target the
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receptors (Freeman 2000). The concept was raised that p23 was able to distinguish
‘experienced’ versus naive receptors. This appealing concept was applied on a model
outside steroid hormone physiology — it was shown that both HSF1 and GCNS5 existed in
at least two functional settings — one of which was not affected by p23 (Zelin 2012).
Namely, it was shown that correct sequence of events, such as p23-dictated release of
transcription factor HSF1 from its heat shock response element (HSE) followed by HSF1
acetylation by the prominent GCN5 histone acetyltransferase, was imperative for non-
fortuitous transcriptional response. GCNS5 acetylation itself was inhibited by p23 as pre-
incubation with p23 without HSF1-HSE abolished its acetylation abilities. However,
prerequisite for HSF1 acetylation by GCN5 to maintain hyperacetylated and DNA-free
HSF1, was p23-dependent dissociation of HSF1 from its HSE. Hence, in this scenario
p23 might have not affected acetylated HSF1 and acetylation-competent GCNS5, in favor

of proposed model.

P23 globally modulated chromatin landscape.

On the scale of global chromatin changes, it was shown that p23 deletion led to
increased chromosome instability (Ouspensky 1999), suggesting that p23 effector
functions could span larger chromosomal fragments. The magnitude of intracellular
receptor transactivation control could potentially contribute to this effect, especially since
p23 alone was able to disengage DNA association of entire receptor-mediated
transcriptional regulatory complex (Freeman 2002), what likely affected local chromatin
directly or indirectly. However, p23 interactome map revealed numerous other crucial
chromatin regulators (Echtenkamp 2011) that could account for more pronounced
chromatin changes. A generalized picture about chromatin status upon p23 depletion was
acquired using DNase | high throughput sequencing (DNasel-Seq) (Zelin 2012). DNasel
cleavage density delivered information about local chromatin openness (Crawford 2006,
Boyle 2008, John 2011). While the genome in sha1A strain did experience some loss of
open locations compared to the wild type, the average increase of chromatin openness
was more conspicuous (Zelin 2012). Importantly, implementation of DNasel-Seq in
conjunction with digital genomic footprinting in yeast allowed for global monitoring of

transcription factor occupancy at the single nucleotide resolution level (Hesselberth 2009,
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Zelin 2012). Increase of the open chromatin was correlated with the surge of detected
transcription factors binding sites. In corroboration, p23 did foster the off rate of
transcription factor such as Mcm1 in vitro (Zelin 2011). On the whole, the data confirmed
p23’s potential to disengage DNA-protein binding abilities that thereby likely contributed
to altered hypersensitive sites. For the first time it was shown that a molecular chaperone

is able to globally affect chromatin status and transcription factor-DNA occupancy.

P23 as a hallmark of nuclear homeostasis.

Transcription factors alone are good candidates for DNA-binding proteins that
nucleate chromatin changes and many well-studied and representative p23 clients are
transcription factors. More pronounced chromatin perturbations are carried out by
chromatin remodelers, such as RSC, which is able to alter nucleosomal structure and
positioning, controlling the openness of underlying DNA (Clapier 2009). P23 was shown
to interact with RSC according to the high-throughput map (Echtenkamp 2011).
Functionally, p23 was shown to be able to disengage 1 MDa chromatin remodeler RSC
both from DNA and nucleosome, whereby in the later case it also fostered completion of
the remodeling reaction (Echtenkamp 2016). The findings here did not only explain prior
excessively altered chromatin upon p23 depletion, but they also raised the awareness
about nuclear proteostasis. The hypothesis was posited earlier that molecular chaperone
are able to mediate recycling of the steroid hormone receptors in the nucleus (Knoblauch
1999, Liu 1999, Freeman 2000, DeFranco 2000, Freeman 2001), influencing thereby the
functional protein pools. In conjunction with p23-dependent chromatin changes, it was
shown that p23 readily controlled nuclear homeostasis both by fostering kinetics of the
chromatin changes, as well as the availability of the functional proteins that modulate

such changes (Echtenkamp 2016).

Summary.

P23, initially viewed as an Hsp90 co-chaperone, was identified in the context of
steroid hormone receptors. Very soon after its discovery, p23 was shown to render
complex yet rather specific modulatory effects on diverse steroid receptors, interfering in

the transcriptional outcome. P23 has been the first chaperone shown to actively modulate

23



chromatin landscape, both through interfering with DNA-transcription factor occupancy,
as well as chromatin remodeler-DNA or -nucleosome occupancy and remodeling. On the
example of p23, it was sown that molecular chaperones elevate functionality of nuclear
proteins, mediating thereby nuclear protein homeostasis.
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1.1.5. Hsp70

Hsp70 molecular chaperone was named after its molecular weight, comparable to
Hsp90 (Aushburner 1979). It consists of N-terminal ATPase, middle substrate binding
region and C-terminal flexible lid that, upon ATP hydrolysis (N-terminally bound ADP),
stabilizes the substrate to the middle domain (Flaherty 1990, Zhu 1996, Mayer 2010).
ATP-driven conformational switches of Hsp70 convert misfolded substrate into unfolded
intermediate and with the nucleotide exchange, substrate is released to refold
spontaneously or it re-binds to Hsp70 (Sharma 2010). Hsp70 is famous for its association
with the ribosome nascent chain and de novo protein folding assistance (Nelson 1992,
Frydman 1994). Before entire polypeptide is synthesized and correctly folded, shorts
segments emerging from the ribosome are endangered by potential aggregation. Hsp70
dynamically associates and protects these domains, mediates complete folding or it
passes proteins to downstream CCT or Hsp90 machineries for further folding optimization
(Hartl 2011).

DnakK, bacterial Hsp70, was discovered to be crucial regulator of bacteriophage

DNA replication initiation.

The discovery of DnaK, bacterial Hsp70 homolog, parallels with the screens
identifying GroEL/ES. It stems from the motivations to map the genes in Escherichia coli
strains whose mutation inhibited bacteriophage A DNA replication and thereby interfered
with the A life cycle progression. While some of the mutations fell within location of
nowadays known dnaB gene, bacterial DNA helicase, others were within the region of
dnaK gene (Georgopoulos 1971, Georgopoulos 1977, Saito 1978, Yochem 1978).
Mutations in dnaK were not only detrimental for A phage DNA replication but also affected
host DNA metabolism, positing additional host dependencies on this protein. Utilization
of the temperature sensitive dnaK mutant further revealed that both bacterial DNA
replication and transcription were defective under the conditions of compromised DnaK
activity (Itikawa 1979). At first, even though it could not be demonstrated that DnaK had

DNA binding abilities per se, it was postulated that all enzymatic activities including ATP
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hydrolysis and DNA replication resided in DnaK, as shown via in vitro A replication system
(Zylicz 1984). In the following years, DnaK was shown to be required for the initiation of
A DNA replication — it was one of the six pertinent proteins engaged at A origin of
replication oriA (Dodson 1986). This macromolecular complex in the presence of ATP
caused local unwinding of DNA to form a prepriming initiation state, as noticed by the
existence of a different nucleoprotein structure at oriA, according to the electron
micrographs. The studies on the complex in conjunction with previous extensive reports
about oriA mechanisms clarified sequential association and dissociation stages of the
involved components prior to productive DNA replication. The first stages encompassed
preprimosomal complex formation — bacteriophage-encoded protein A O recognized
unique oriA and through its interaction with A P, which associated with host DnaB, localize
DnaB to the oriA (LeBowitz 1985, Dodson 1985). DnaK together with DnaJ (Hsp40) and
Ssb (single stranded DNA-binding protein) were needed at later steps to release high
affinity A P protein from the preprimosome and allow for restoration of DnaB helicase
activity (Liberek 1988, Dodson 1989). Hence, DnaK was a constituent of the final, rate-
limiting step of bacteriophage DNA replicon.

DnaK was augmented for effective chromosomal DNA replication under

adverse conditions.

Regarding bacterial origin of replication oriC, chromosomal DNA replication initiation
was also affected in the DnaK temperature sensitive strain at elevated temperature
(Sakakibara 1987, Ohki 1989). Furthermore, in vitro systems augmented that bacterial
DNA synthesis was considerably reduced when using extracts isolated from the strains
mutated in dnaK gene, and it was recovered once purified DnaA or DnaK were
supplemented (Malki 1991). At elevated temperatures, the residual replication potential
was completely obliterated, emphasizing the replication role of DnaK under the stress
conditions, particularly higher temperatures. DnaK was shown to restore DnaA replication
activity in ATP-dependent manner by releasing it from phospholipids (Hwang 1990).
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DnaK regulated transcription of heat shock genes via modulating Eoc®?

holoenzyme formation.

It was known from earlier that the synthesis of DnaK increased at higher temperatures
(Pedersen 1978, Herendeen 1979), and mutations in DnaK rendered bacteria
thermosensitive (Paek 1987, Bukau 1989). DnaK and Hsp70 were shown to be
homologous in 1984 (Bardwell 1984), which substantiated that DnaK was a heat shock
protein. Further connecting heat shock and DNA processes, DnaK was revealed to play
an important role in modulating bacterial transcription of heat shock genes. It was initially
observed that purified bacterial RNA polymerase preparations contained DnaK (Skelly
1988), and further studies presented DnaK’s ability to protect RNAP from the heat, as
well as to reactivate heat-inactivated RNAP in an ATP-dependent manner (Skowyra
1990). Similarly to the phage replication findings, it was speculated that DnaK aided
RNAP to transition between active and inactive states (Skowyra 1990). However, other
lines of evidences proposed different aspects, nowadays foundations of DnaK-mediated
regulation. Bacterial strain with dnaK mutations failed to efficiently discontinue the heat
shock response upon cessation of adverse temperature conditions, which was also
correlated with high levels of, at the time uncharacterized product of the htpR gene, 02
(Tilly 1983). Thus, DnaK was proposed to be direct or indirect negative regulator of the
heat shock response. The crucial role of DnaK and other chaperones, such as DnaJ and
GrpE, in controlling heat shock response was further shown to be their ability to maintain
stability and synthesis of 032 (Straus 1990). DnaK physically interacted with 032 preventing
its association with RNAP to form Eo3? holoenzyme complex at the promoters of heat
shock genes and to initiate transcription (Liberek 1992, Gamer 1992). As all DnaK, DnaJ
and GrpE were shown to associate with 032, individual contribution of the chaperones
were further dissected. Three chaperones conveyed an ATP-dep