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1 Introduction

1.1 Protein folding

Proteins are the major components of every living cell. To fulfill their function, they
have to acquire a precise three-dimensional conformation - the native state (Hartl et al.,
2011). The process in which a polypeptide chain gains its native structure is termed
protein folding.

In the 1960s Christian B. Anfinsen showed that the sequence of amino acids contains
all the information needed for the three-dimensional structure of a protein (Anfinsen,
1973). Subsequent in vitro experiments have confirmed for many proteins that they fold
into the biological active state without assistance (cf. Jaenicke 1987). Nevertheless, the
ground-breaking work by Anfinsen left the question, how a protein folds into its native
state, unanswered. Assuming that a protein, after being fully synthesized by the ribo-
some, would randomly screen all possible conformations until it reaches the native state
and also taking temporal restrictions into account, C. Levinthal reasoned that the time
required for protein folding based on a random search would exceed the lifetime of the
universe (Levinthal, 1968).

Although some newly synthesized proteins are able to acquire their native state in vivo
without any further help, many proteins are prone to misfolding (Kim et al., 2013).
Whereas unassisted folding might be true for small proteins, folding of larger proteins is
often inefficient (Brockwell and Radford, 2007). This is further exacerbated by excluded
volume effects in the highly crowded cytosol of living cells (approx. 400 g/L proteins
and other macromolecules in E. coli) termed molecular crowding (Ellis, 2001; Hartl and
Hayer-Hartl, 2002), which leads to exposure of hydrophobic surfaces and subsequently to
challenges such as protein misfolding and aggregation (Taipale et al., 2010). Moreover,
due to the large number of possible conformations (>100° for a 100 amino acid protein)
a protein can adopt, protein folding is inherently error prone (Balchin et al., 2016).

Due to this large number of possible conformations, protein folding is highly complex



Energy

and heterogenous and relies on the cooperation of many weak, noncovalent interactions.
Especially, hydrophobic forces are driving chain collapse and the packing of non-polar

and hydrophobic amino acids within the interior of a folding protein (Kim et al., 2013).

It is thought that polypeptide chains sample various conformations in a funnel-shaped

folding energy landscape rather than following a single pathway (Figure 1).
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Figure 1: Energy landscape of protein folding and aggregation. Proteins travel on a
free energy landscape toward the thermodynamically favorable native state; molecular chaper-
ones lower the free energy barriers for kinetically trapped intermediates and prevent aberrant

intramolecular protein interactions and protein aggregation (figure from Kim et al. 2013, An-
nual Review of Biochemistry)

This energy landscape is thought to be rugged (Brockwell and Radford, 2007) for many

proteins and, on the route to the native state, proteins may end up in kinetically trapped



folding intermediates or misfolded states. Thus, proteins have to cross these kinetic
barriers. Intermediates can accumulate for example at slow folding steps, e.g. prolyl-
isomerization and disulfide bond formation, which can be overcome by prolyl isomerases
and protein disulfide isomerases (Braakman and Hebert, 2013; Schmidpeter and Schmid,
2015). Additionally, exposure of hydrophobic patches and unstructured regions in par-
tially folded proteins can lead to accumulation of folding intermediates and aggregation.
Although, most aggregates are amorphous, some of them are able to form amyloid fibrils,
consisting of perpendicular running B-sheets (Balchin et al., 2016). Interestingly, 15-30%
of the mammalian proteome is thought to be at least partially unstructured and some
proteins form toxic aggregates associated with diseases like Alzheimer’s or Parkinson’s
(Dunker et al., 2008; Balchin et al., 2016).

In the cell, protein misfolding and aggregation is prevented by a remarkable class of
proteins - the molecular chaperones - which are found in all branches of life. They bind,
stabilize and help unfolded proteins to acquire their native state, but they are not part
of the final structure (Hartl and Hayer-Hartl, 2009).

The first hints for chaperone-assisted protein folding resulted from the Hsp60 depen-
dence of an imported mitochondrial protein to reach its native state (Cheng et al., 1989;
Ostermann et al., 1989; Horwich et al., 1990) and since then many other molecular chap-
erones have been discovered. As many of them were found under heat stress conditions,
they were termed heat shock proteins (Hsp) (Georgopoulos and Welch, 1993; Richter
et al., 2010), despite the fact that many of them are also constitutively expressed under

normal conditions.

As mentioned above, since abnormal protein folding and aggregation is a major threat
to every cell, all organisms have developed a substantial set of control mechanisms to
ensure protein homeostasis. Molecular chaperones are at the core of this repertoire
(Taipale et al., 2010). Not only do they help newly synthesized proteins in folding
(Hartl and Hayer-Hartl, 2009; Finka et al., 2016), but also assemble and disassemble
macromolecular complexes (Ellis, 2007) and help in refolding of aberrant proteins as
well as breaking up protein aggregates (Doyle et al., 2007). Additionally, they cooperate
with the ubiquitin-proteasome system (McClellan et al., 2005) and autophagy (Balchin
et al., 2016) to clear misfolded proteins by degradation.



1.2 Chaperone networks and chaperone cooperation

In vivo protein folding starts already during vectorial translation at the ribosome from
the N- to the C-terminus of a protein. The earliest contribution to protein folding is
already made in the ribosomal exit tunnel and by the ribosome surface itself (Wilson
and Beckmann, 2011; Kosolapov and Deutsch, 2009; O’Brien et al., 2011; Nilsson et al.,
2015; Holtkamp et al., 2015; Kaiser et al., 2011).
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Figure 2: Chaperone network in the bacterial and the eukaryotic cytosol. A) Cy-

tosolic chaperone network in bacteria; B) Cytosolic chaperone network in eukarya (figure from
Balchin et al. 2016; Science, used with permission from The American Association for the
Advancement of Science)

In bacteria, the first chaperone to interact with a nascent chain is the ribosome interact-
ing chaperone trigger factor (TF, Figure 2A) (Kramer et al., 2002; Ferbitz et al., 2004,
Merz et al., 2008). The release of the protein from TF is ATP(adenosine triphosphate)-
independent and leads to protein folding or transfer to the bacterial Hsp70 DnaK (Kim
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et al., 2013). In eukaryotes, ribosome-associated complex (RAC)and nascent chain as-
sociated complex (NAC) have a role similar to TF (Figure 2B), although they are struc-
turally different. RAC, in yeast, consists of the Hsp70 Sszl and the Hsp40 co-chaperone
zuotin (Zuol) (Kim et al., 2013; Gautschi et al., 2002, 2001; Peisker et al., 2008) and
cooperates with the ribosome-Hsp70 Ssb1/Ssb2 (Rakwalska and Rospert, 2004; Koplin
et al., 2010).

NAC is a heterodimer consisting of a and 3 subunits (Egdl and Egd2 in yeast) and
associates with the ribosome (Preissler and Deuerling, 2012; Wegrzyn et al., 2006; Pech
et al., 2010). Its function is at least to some extent redundant with Ssb and, moreover,
RAC/Ssb/NAC may be involved in ribosome biogenesis (Koplin et al., 2010).

The classical cytosolic Hsp70 chaperone system is a central protein folding hub in both
bacteria and eukaryotes and contributes to protein folding downstream of protein syn-
thesis by the ribosome and the ribosome-associated chaperones (Figure 2A&B). Hsp70s
(DnaK in bacteria, Ssal-4 in yeast and Hsc70 in metazoans and mammalian cells) act
on nascent chains as well as newly synthesized proteins, but they do not directly inter-
act with the ribosome (Hartl et al., 2011; Calloni et al., 2012). They are regulated by
co-chaperones from the Hsp40 family (also J proteins; e.g. DnalJ in bacteria, various J
proteins in yeast an mammals) and nucleotide exchange factors (NEFs) (Kampinga and
Craig, 2010).

In addition to ATP-dependent folding and refolding, the Hsp70-Hsp40 system also con-
tributes to transfer to downstream chaperone systems (see Figure 2 A and B), namely
the chaperonins (GroEL in bacteria and TRiC/CCT in eukaryotes, respectively), and
the Hsp90 system (Hsp90 in eukaryotes and HtpG in bacteria, respectively).

1.3 Chaperone classes and mechanisms

Molecular chaperones are classified based on sequence homology and molecular weight
into five classes: (1) Hsp70s, (2) chaperonins (Hsp60s), (3) small heat shock proteins
(sHsps), (4) Hsp100s and (5) Hsp90s (Walter and Buchner, 2002).

Hsp70s, Hsp90s, Hsp100s and chaperonins promote protein folding in an ATP-dependent
manner and functionally cooperate with ATP-independent chaperones, so called holdases,
like the sHsps (Hartl et al., 2011; Haslbeck et al., 2005a). The general ATP-dependent
mechanism for chaperone function of Hsp70 is depicted in Figure 3 and is also referred

to as kinetic partitioning. Here, ATP-dependent cycles of substrate binding and release
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promote folding and rebinding of not fully folded proteins prevents aggregation (Balchin
et al., 2016; Hartl et al., 2011).

Aggregate

Unfolded

% Collapse
——

Native

ADP +P,
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Figure 3: Chaperone action by kinetic partitioning. ATP-dependent chaperones switch
from an high affinity to a low affinity state depending on the nucleotide bound to them; (figure
from Balchin et al., 2016 Science, used with permission from The American Association for the
Advancement of Science)
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1.3.1 Hsp70: structure, reaction cycle and regulation

Hsp70 is one of the most highly conserved chaperones. The prokaryotic DnaK shares
about 60% sequence identity with eukaryotic Hsp70 proteins. Under physiological con-
ditions, Hsp70s are involved in de novo protein folding and under stress conditions they
prevent aggregation and unfolding of proteins (Richter et al., 2010). Moreover, they can
even refold aggregated proteins (Mayer and Bukau, 2005; Finka et al., 2016).

Hsp70 chaperones consist of a N-terminal nucleotide binding domain (NBD) and a C-
terminal substrate binding domain (SBD) which are connected by a hydrophobic linker.
The NBD shows an actin-like fold and consists of two lobes which again consist of two
subdomains. The nucleotide binding site lies between the two lobes (Bukau and Hor-
wich, 1998; Zuiderweg et al., 2013). The SBD consists of a B-sandwich-fold domain and
a o-helical lid domain (Figure 4a, left). The SBD recognizes 5-7 hydrophobic residues
flanked by charged amino acids (Bukau and Horwich, 1998). ATP binding leads to con-
formational changes in the NBD which are allosterically coupled to the SBD and lead to
the binding of the lid and the linker to the NBD (Figure 4a, right) (Kityk et al., 2012;
Zhuravleva and Gierasch, 2011, 2015). Upon ATP hydrolysis the lid gets freed from
the NBD which leads to closing of the SBD (Bertelsen et al., 2009). The ATP-bound
state shows high on and off rates for substrates, in contrast to the ADP (adenosine
diphosphate)-bound closed state in which on and off rates are low (Bukau and Horwich,
1998; Mayer, 2010).

In addition to Hsp70 regulation by ATP hydrolysis and substrate binding, Hsp70 func-
tion is also modulated by co-chaperones. In particular, Hsp40s and nucleotide exchange
factors regulate the Hsp70 reaction cycle (Mayer, 2010; Hartl and Hayer-Hartl, 2009).
Hsp40 proteins contain a J domain that binds the NBD and the linker region and stimu-
late ATP hydrolysis, thereby promoting stable Hsp70-substrate complexes (Mayer, 2010;
Hartl and Hayer-Hartl, 2009). Nucleotide exchange factors (NEFs) exchange ADP to
ATP and thereby promote substrate release (Figure 3 and 4b).

13
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Figure 4: Structure and reaction cycle of Hsp70. a) Closed ADP-bound high substrate
affinity state (left) and ATP-bound low substrate affinity state of Hsp70 (right); b) Chaperone
cycle of Hsp70: Substrates are bound by Hsp40 and transferred to Hsp70; ATP hydrolysis leads
to the closed high affinity Hsp70-substrate complex and release of Hsp40. NEFs exchange ADP
to ATP which causes substrate release and Hsp70 is ready to fold the next substrate. (figure
from Kim et al. 2013, Annual Review of Biochemistry)

1.3.2 Chaperonins

Chaperonins (Hsp60) are ring-shaped chaperones (Richter et al., 2010; Balchin et al.,
2016). They form multisubunit cylindrical complexes that enclose nonnative proteins in
a central cavity for protein folding. Chaperonins are divided into group I and group II
chaperonins. Group I chaperonins are found in bacteria (GroEL), mitochondria (Hsp60)
and chloroplasts (Cpn60), whereas group II chaperonins are found in archea (thermo-
some) and eukaryotes (CCT/TRiC) (Horwich et al., 2006; Balchin et al., 2016; Hayer-
Hartl et al., 2016; Richter et al., 2010; Grallert and Buchner, 2001).

Both classes consist of 7-9 subunits of around 60 kDa each, that form ring structure

14



complexes of about 1 MDa (Balchin et al., 2016).

The GroEL-GroES system from FEscherichia coli is the best studied group I chaperonin
(Hartl and Hayer-Hartl, 2009; Horwich and Fenton, 2009; Hartl et al., 2011). GroES
(Hspl0 in mitochondria) is a 10 kDa protein that functions as a co-factor for GroEL.
GroEL forms a cylinder of two heptameric rings (Richter et al., 2010). Each subunit
comprises of an equatorial ATPase domain, a hinge domain and a apical domain (Saibil
et al., 2013).The apical domain forms the entrance to the central cavity and is required
for substrate binding. Two heptameric rings of GroEL (14 subunits total) form two se-
quentially acting folding chambers, regulated allosterically by ATP binding (Clare et al.,
2012; Gruber and Horovitz, 2016). ATP and GroES bind to the substrate bound ring
(Figure 5). This leads to encapsulating of the nonnative protein in the GroEL cavity.
GroES forms the cap structure of this nanocage which can contain proteins of a size
up to 60 kDa for the time it takes GroEL to hydrolyze ATP to ADP (Gupta et al.,
2014; Balchin et al., 2016). ATP binding to the opposite ring leads to ADP dissociation,
and the release of GroES and the folded protein. For incompletely folded or misfolded
proteins rebinding and unfolding followed by another cycle of encapsuling and folding is
possible (Lin et al., 2008; Sharma et al., 2008).

Whether the chaperone mechanism of chaperonins is strictly sequential or sometimes
parallel, with both folding cavities capped by GroES simultaneously, is still under de-
bate (Sparrer et al., 1997; Taguchi, 2015; Gruber and Horovitz, 2016; Hayer-Hartl et al.,
2016).

Encapsulating of the substrate has the advantage that disruption of protein folding by
upstream chaperones or by aggregation can be avoided (Balchin et al., 2016). In ad-
dition to passive prevention of aggregation (Horwich and Fenton, 2009; Brinker et al.,
2001), GroEL-GroES can also contribute to folding acceleration (Sparrer et al., 1997;
Beissinger et al., 1999; Brinker et al., 2001; Tang et al., 2006; Chakraborty et al., 2010).

Group IT chaperonins (CCT/TRiC in eukaryotes) consist of 8 paralogous subunits per
ring (Frydman, 2001; Mutioz et al., 2011; Douglas et al., 2011). They differ from group
I chaperonins especially in their apical domains. Group II chaperonins contain finger-
like protrusions that form an iris-like, built-in lid that replaces GroES (Hartl et al.,
2011). Thus, they can cycle between an open and closed conformation without the
requirement of a co-factor. Interestingly, the iris-like lid does not seal completely which

allows domain-wise folding of proteins (Riiffmann et al., 2012). Moreover, their subunits

15
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Figure 5: Chaperonin-dependent protein folding. Partially folded substrates get trans-
fered (often from Hsp70) to GroEL. ATP and GroES bind and a nanocage for protein folding
is formed. ATP hydrolysis and subsequent ATP binding to the opposite GroEL ring leads to
ADP and GroES dissociation and the release of the folded substrate. (figure from Hartl et al.
2011, Nature, used with permission from Nature Publishing Group)

differ in ATP affinity suggesting conformational changes to be sequential (Reissmann
et al., 2012; Rivenzon-Segal et al., 2005).

1.3.3 Small Heat Shock Proteins

sHsps are the most widespread and most poorly conserved family of molecular chaper-
ones (Richter et al., 2010). Their major role is to prevent and control protein aggregation
(Horwitz, 1992; Jakob and Buchner, 1994). They show a high degree of heterogeneity in
sequence and size (Haslbeck et al., 2005a), yet, all of them have a conserved o-crystallin
domain as a common feature. Often they form large oligomers of 24 subunits and more
(Van Montfort et al., 2001).

In contrast to many other cytosolic chaperones, sHsps are ATP-independent chaperones,
also referred to as holdases. Notably, also in contrast to other chaperones, sHsps are able
to bind several substrate molecules at a time (Haslbeck et al., 1999; Lee et al., 1997).
Moreover, stable substrate binding to sHsps is believed to keep misfolded proteins in a

refolding-competent state (Ehrnsperger et al., 1997; Kampinga et al., 1994; Lee et al.,

16



1997; McHaourab et al., 2009).

sHsps are activated by various triggers like temperature (Franzmann et al., 2008; Haslbeck
et al., 1999; Lee et al., 1995), redox state (Kumsta and Jakob, 2009), post translational
modifications (Aquilina et al., 2004; Peschek et al., 2013; Rogalla et al., 1999) and
pH (Fleckenstein et al., 2015). These triggers control the equilibrium distribution of
oligomers which, in turn, correlates with chaperone activity (Fleckenstein et al., 2015).
Moreover, they are believed to serve as storage place for unfolded proteins (Richter et al.,
2010), but are also part of aggregates and cooperate with Hsp70 and Hsp100 in refold-
ing of aggregated and misfolded proteins (Haslbeck et al., 2005b; Cashikar et al., 2005;
Liberek et al., 2008). The proposed chaperone action of sHsps is summarized in Figure
6.

Acilvallon
Inactlvatlon

Low- High-
affinity affinity
state state

N/

sHsp—-substrate
complex

sHsp

I] ADP + Pi
N

Figure 6: sHsp prevent protein aggregation. An external trigger leads to sHsp activation.
Binding of unfolded proteins to sHsps prevents aggregate formation and protein refolding can be
achieved by the help of ATP-dependent chaperones. (figure from Haslbeck et al. 2005a, Nature
Structural and Molecular Biology, used with permission from Nature Publishing Group)
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1.3.4 Hsp100

Hsp100 chaperones belong to a conserved family of AAA-+-ATPases (Beyer, 1997; Neuwald
et al., 1999). Hspl00s form a hexameric ring and also function as unfolding component
of certain proteases (Jeng et al., 2015; Sauer and Baker, 2011; Alexopoulos et al., 2012).
The discovery that yeast Hspl04 functions in protein disaggregation (Parsell et al.,
1994), in contrast to protein degradation, established the Hspl00s as a new family of
ATP-dependent molecular chaperones (Jeng et al., 2015; Richter et al., 2010). Other
members of the family were soon discoverd in bacteria (ClpB) and plants (Hsp101) (Jeng
et al., 2015). In general, Hsp100s are thought to pull misfolded or aggregated proteins
through their central pore in an unfolded state, so that they get the ability to refold.
Depending on their number of AAA+ domains per monomer, Hsp100s are divided into
two groups: Class 1 contains two AAA-+ domains per monomer, class 2 Hsp100s have
one AAA+ domain (Richter et al., 2010).

Interaction of |-domain protein,

.|Hsp70 and aggregate
\:\:ding of substrate

- (o

P

Large aggregate

J-domain
protein (Hsp40)

Unfelding and translocation
~ (] of substrate by Hsp104

Hsp104

Refolded
substrate

Figure 7: Hspl100s contribute to refolding of aggregated proteins. Hsp104 is recruited
to protein aggregates by Hs70-Hsp40. The substrate gets unfolded and pulled through the cen-
tral pore of Hspl04 in an ATP-dependent manner. Unfolded substrates can refold afterwards.
(figure from Doyle et al. 2013, Nature Reviews Molecular Cell Biology, used with permission

from Nature Publishing Group)

The functionally active species of yeast Hspl04 is the homohexamer (Lee et al., 2003,
2007, 2010; Carroni et al., 2014). To recover functional proteins from aggregates, yeast
Hsp104 needs the help of Hsp70 and Hsp40 (Glover and Lindquist, 1998), whereas bac-
terial ClpB requires the assistance of DnaK, DnaJ and GrpE (Motohashi et al., 1999;
Goloubinoff et al., 1999; Zolkiewski, 1999)(Figure 7). Hsp70 targets Hsp104 to both,
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amorphous and ordered aggregates (Doyle et al., 2013; Tipton et al., 2008; Winkler
et al.,, 2012) and Hspl04 then uses an ATP-driven power stroke to extract proteins
from aggregates and unfolds misfolded proteins by threading them through its cental
pore (Figure 7) (Jeng et al., 2015; Lum et al., 2004). The unfolded proteins are then be-

lieved to fold spontaneously or to be substrates for other chaperones (Doyle et al., 2013).

It is noteworthy, that some higher eukaryotes like nematods, arthropodes and mammals
lack cytosolic Hspl00 class 1 porteins. In contrast to TRiC/CCT that seems to act
mechanistically similar to GroEL-GroES, these organisms don’t seem to have a related
protein complex with disaggregation acitivity (Richter et al., 2010), but for the human
and nematode Hsp70 system it was reported that they can fullfil a similar function in
concert with J proteins (Nillegoda et al., 2015).

1.4 The molecular chaperone Hsp90

The molecular chaperone Hsp90 is - already under unstressed conditions - one of the
most abundant proteins in a cell, comprising 1-2% of a cell’s protein content (Welch and
Feramisco, 1982; Lai et al., 1984). Hsp90 is evolutionary conserved and is responsible for
the folding, activation and assembly of Hsp90-dependent proteins, termed clients (Pearl
et al., 2008; Pratt et al., 2008). In the yeast Saccharomyces cerevisiae, high-throughput
studies suggest that a vast number of the proteome is Hsp90-dependent (Hartson and
Matts, 2012). The growing list of client proteins
(http://www.picard.ch/downloads/Hsp90interactors.pdf) is quite diverse and contains
many different protein classes like kinases, transcription factors, signalling molecules and
many other protein classes involved in a broad range of biological processes (Zhao et al.,
2005; McClellan et al., 2007).

Hsp90 is found in eukaryotes and eubacteria, but only in eukaryotes it is essential under
normal conditions (Borkovich et al., 1989; Pratt and Toft, 2003). Whereas prokaryotes
carry only a non-essential form of Hsp90 (HtpG), eukaryotes contain multiple forms of
Hsp90 including two cytosolic variants (Hsp90a and Hsp90S in mammals and Hsp82
and Hsc82 in yeast, respectively) (Sreedhar et al., 2004).

Moreover, there are different Hp90 isoforms expressed in different cellular compartments:
Grp94 in the endoplasmic reticulum (ER), TRAP1 in mitochondria and Hsp90C in
plastids (Johnson, 2012; Stankiewicz and Mayer, 2012; Taipale et al., 2010; Mayer and
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Le Breton, 2015).

1.4.1 Structure of Hsp90

Hsp90 forms homodimers and the dimerization is essential in vivo (Mayer and Le Bre-
ton, 2015; Wayne and Bolon, 2007). Each protomer consists of three highly conserved
domains: The N-terminal ATP-binding domain, the middle domain and the C-terminal
dimerization domain (Prodromou et al., 1997a). The N-terminal domain (NTD, N-
domain) and the middle domain (MD, M-domain) are connected by an unstructured,
charged linker important for the in vivo function of Hsp90. The C-terminal domain
(CTD, C-domain) contains an MEEVD-motif important for the binding of tetratricore-
peat (TPR)-containing co-chaperones (Wandinger et al., 2008; Hainzl et al., 2009; Tsut-
sumi et al., 2009, 2012). Hsp90 dimerization is promoted by the C-terminal domain
leading to a V-shaped (open) conformation (Shiau et al., 2006). During folding of
its client proteins, Hsp90 undergoes various ATP-driven conformational changes. ATP
binding induces a shift from the open to the closed conformation (Figure 8) in which
the N-terminal domains dimerize and the middle domains are reorientated to support
efficient ATP-hydrolysis (Ali et al., 2006). Several intermediates of the Hsp90 and HptG
chaperone cycle have been identified and some Hsp90 co-chaperones target these inter-
mediate states (Graf et al., 2009; Mayer et al., 2009; Mickler et al., 2009; Hessling et al.,
2009; Krukenberg et al., 2008; Dollins et al., 2007).

Although crystal structures from bacterial, yeast and mammalian Hsp90s in apo, ADP
and AMP-PNP (adenylyl imidotriphosphat) bound state, despite being in different con-
formational states, seem to be symmetric (Ali et al., 2006; Dollins et al., 2007; Shiau
et al., 2006), also asymmetric states may be important for Hsp90 function (Mayer and
Le Breton, 2015). For example, the structure of TRAP1 from Danio rerio in complex
with ATP analoga shows asymmetry in the closed state (Lavery et al., 2014). Since the
only other crystal structure of Hsp90 in the closed state contained also two molecules
of Sbal/p23 per Hsp90 dimer (Ali et al., 2006), which influence the conformation of the
MD and the CTD (Graf et al., 2014; Karagoz et al., 2011), asymmetric states might be
a more general feature of Hsp90 than thought previously (Mayer and Le Breton, 2015).
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open conformation closed conformation

yeast Hsp90

ADP, Pi

Figure 8: Hsp90 shifts from an open to a closed conformation (and back). ATP
binding leads to N-domain dimerization and structural rearrangements to shift Hsp90 from
an V-shaped open conformation to a closed conformation. ATP hydrolysis leads to N-domain
dissociation and Hsp90 switches back to the open conformation (figure from Li et al. 2012,
Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, used with permission from
Elsevier)

1.4.2 ATP-binding and hydrolysis

Hsp90 belongs to the GHKL (gyrase, HSP90, histidine kinase and MutL) superfamily
of ATPases (Taipale et al., 2010; Pearl and Prodromou, 2006).

The nucleotide binding site is located in the NTD of Hsp90 and shows an o- and [>-
sandwich motif (Figure 9). Hsp90 has a quite low ATP affinity (Kp ~ 400 uM) and
shows intrinsically low (yeast Hsp90 one ATP molecule per 1-2 min, human Hsp90 ten-
fold slower) ATPase activity (Prodromou et al., 1997a; Stebbins et al., 1997; Prodromou
et al., 1997b; Panaretou et al., 1998; Scheibel et al., 1997; Weikl et al., 2000; Young and
Hartl, 2000; McLaughlin et al., 2002; Wayne and Bolon, 2007; Richter et al., 2008).

In the apo state, Hsp90 adopts an open V-shaped conformation. Binding of ATP, in
order to acquire the catalytically active state, triggers Hsp90’s ATP lid, consisting of
several conserved amino acid residues in the NTD, to close over the ATP-bound, but not
ADP-bound, nucleotide binding pocket, leading to the first intermediate (I1) state. Con-
comitant structural rearragements induce a closed state, where the N-domains dimerize
and associate with the middle domains (12). In this state, ATP hydrolysis takes place.

Moreover, a catalytic loop from the middle domain containing a catalytic Arg residue

21



is involved in ATP hydrolysis. After hydrolysis, the N-domains dissociate, ADP and P;
(orthophosphate) is released and Hsp90 returns to the open conformation. (Li et al.,
2012; Taipale et al., 2010; Meyer et al., 2003; Prodromou et al., 2000; Richter et al.,
2002; Hessling et al., 2009; Prodromou, 2012).

Figure 9: N-terminal domain of Hsp90 The N-terminal domain of Hsp90 (orange) binds
and hydrolyses ATP (red). pdb-code: 2CG9

The ATPase activity of Hsp90 has been reported to be essential in vivo (Obermann
et al., 1998; Panaretou et al., 1998; Mishra and Bolon, 2014), but our recent results have
challenged this observation suggesting that the ability to bind ATP is sufficient for in
vivo function (Zierer, Tippel, Schopf, Buchner; unpublished).

1.4.3 Regulation by co-chaperones

During the Hsp90 chaperone cycle, various helper proteins — named co-chaperones —
interact with Hsp90. They regulate its ATPase activity, conformational state and are
recruited to specific subsets of Hsp90 clients (Chen and Smith, 1998; Prodromou et al.,
1999; Panaretou et al., 2002; Richter et al., 2004; Roe et al., 2004). Some of them
contain TPR domains that recognize the C-terminal MEEVD pentapeptide in Hsp90

via a conserved clamp domain (Figure 10). TPR domains consist of 34 amino acid
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repeats which form two anti-parallel a-helices separated by a turn. Three helix-turn-
helix motifs stack on each other, forming a superhelical groove, which interacts with the
very C-terminus of Hsp90 (Li et al., 2012; Das et al., 1998; Scheufler et al., 2000).

Figure 10: Structure of TPR2A from HOP. Crystal structure of the TPR2A domain of
HOP (orange) in complex with the Hsp90 peptide MEEVD (red). pdb-code: 1ELR

a. Hop/Stit

Figure 11: Association of Hsp90 with various co-chaperones. a) Hop/Stil, b)p23/Sbal,
c¢) Cde37, d)Ahal, e)PPlase, f)Pp5/Pptl (figure modified from Li et al. 2012, Biochimica et
Biophysica Acta (BBA) - Molecular Cell Research, used with permission from Elsevier)

In the following, a selection of well characterized Hsp90 co-chaperones is described in

more detail. Note, that Cnsl, the major topic of this thesis, is described in an extra
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section at the end of the introduction.

Stil/Hop

Stil/Hop binds Hsp90 in the open conformation (Figure 11a) and inhibits the ATPase
activity (Prodromou et al., 1999; Johnson et al., 1998; Richter et al., 2003; Li et al.,
2011). It contains three TPR domains and two DP domains which allow simultanous
binding and modulation of Hsp90 and Hsp70 which facilitates client protein transfer
(Chen and Smith, 1998; Wegele et al., 2003, 2006; Schmid et al., 2012).

Stil /Hop is a monomeric protein and binding of one Stil molecule per Hsp90 dimer is
sufficient to inhibit Hsp90’s ATPase activity (Yi et al., 2010; Li et al., 2011). Stil/Hop
is also regulated by posttranslational modifications, e.g. S-nitrosylation is involved in
maturation of cystic fibrosis transmembrane conductance regulator (CFTR) (Marozkina
et al., 2010) and, moreover, Stil is subject to regulation by phosphorylation (Rohl et al.,
2015).

Sbal/p23

Sbal/p23 binds specifically to the closed conformation (Figure 11b) of Hsp90 (Chadli
et al., 2000; Grenert et al., 1999). The binding site is predominantly at the N-terminal
domain (Ali et al., 2006; Prodromou et al., 2000). Sbal partially inhibits the ATPase
activity of Hsp90 (Richter et al., 2004; McLaughlin et al., 2006) and was found in
steroid hormone receptor complexes with Hsp90 (Johnson and Toft, 1994). Addition-
ally, p23/Sbal has an unstructured C-terminal tail, which is important for its intrinsic
chaperone activity (Weikl et al., 1999; Weaver et al., 2000).

Cdc37

Another co-chaperone that inhibits the ATPase activity of Hsp90 is Cdc37. This is
achieved by preventing lid closure and the association of the Hsp90-N domains (Figure
11c) (Gaiser et al., 2010; Siligardi et al., 2002). Early studies on the oncoprotein v-Src
(viral Src kinase) identified Cdc37 as part of the Hsp90-kinase complex (Dey et al., 1996;
Brugge, 1986). Later, it was shown to specifically facilitate the maturation of kinases
(MacLean and Picard, 2003; Mandal et al., 2007; Taipale et al., 2014, 2013, 2012; Boczek
et al., 2015; Verba et al., 2016).
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In S. cerevisiae deletion of CDC37 is lethal, highlighting its importance as an Hsp90
co-chaperone (Breter et al., 1983).

Ahal and Hchl

Ahal (Figure 11d) was shown to be a potent accelerator of Hsp90’s ATP turnover
(Panaretou et al., 2002; Meyer et al., 2004). Although the double deletion of AHA1 and
its homologue HCH1 are not lethal in yeast (Mayer et al., 2002), maturation of clients
like v-Src or hormone receptors is severely affected in double knock-out cells (Lotz et al.,
2003).

Ahal binds both, the Hsp90 M- and N-domain and accelerates the ATPase cycle by
supporting closing of the N-domains in an asymmetric manner (Lotz et al., 2003; Retzlaff
et al., 2010; Hessling et al., 2009). Ahal seems to bypass the I1 state of Hsp90, moving
directly to 12 (Hessling et al., 2009). Moreover, Ahal is required for the controlled exit of
Stil from the Hsp90 chaperone cycle (Li et al., 2013). Human Ahal furthermore seems
to be regulated by phosphorylation (Dunn et al., 2015).

Interestingly, like Hop (see above), Ahal is also involved in maturation of CFTR, making

it a theurapeutic target for cystic fibrosis (Wang et al., 2006).

PPIlases

Work on steroid hormone receptors identified peptidyl-prolyl-isomerases (PPlases) as
TPR-~containing co-chaperones of Hsp90. Examples for mammalian proteins are Fkbpb52,
Fkbp51 and Cyp40 (Johnson and Toft, 1994; Pirkl and Buchner, 2001; Peattie et al.,
1992; Ratajczak et al., 2009). In addition to their TPR domain(s) for Hsp90 interaction
(Figure 11e), they contain a PPlase domain which catalyzes the cis/trans isomerization
of peptide bonds prior to proline residues (Fanghénel and Fischer, 2004).

In S. cerevisiae, Cpr6 and Cpr7 are the two known members of TPR-containing peptidyl-
prolyl-isomerases that are Hsp90 co-chaperones (Duina et al. 1996a; Duina et al. 1996b).
They bind Hsp90 via a TPR motif (Figure 11e) and additionally harbour intrinsic chap-
erone activity (Bose et al., 1996; Freeman et al., 1996; Mayr et al., 2000). Although,
Cpr6 was shown to form mixed complexes with Hsp90 and Stil (Li et al., 2011), the
specific role of PPIases in client maturation is not understood. Due to the overlapping
function of Cpr7 with Cnsl, the major topic of this thesis, more details on this PPlase

are presented below (section 1.4.7).
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Pptl/PP5

The protein phosphatase Ppt1 also binds Hsp90 via its N-terminal TPR domain (Figure
11f). The phosphatase activity is intrinsically inhibited and becomes active after binding
to Hsp90 (Kang et al., 2001). Pptl specifically catalyzes the dephosphorylation of Hsp90
and Cdc37 (Wandinger et al., 2006; Vaughan et al., 2008) and the Hsp90 phosphoryla-
tion status was shown to be important for client maturation and Hsp90 conformational
switching (Wandinger et al., 2006; Soroka et al., 2012).

1.4.4 Hsp90 regulation by post-translational modification

In addition to the regulation of Hsp90 by co-chaperones, post-translational modifications
(PTMs) add a further layer to the complexity of the Hsp90 chaperone cycle. In the

following, a short overview of Hsp90’s PTMs and some selected examples are given.

Phosphorylation

The most frequent PTM of Hsp90 is phosphorylation (Li et al., 2012). Serines, thre-
onines as well as tyrosines were reported to be phosphorylated (Scroggins and Neckers,
2007a). Hyperphosphorylation of Hsp90 in the absence of Pptl leads to decreased client
activation in yeast and affects conformational switching (Wandinger et al., 2006; Soroka
et al., 2012). Neckers and co-workers showed that Weel /Swel phosphorylates a specific
tyrosine residue in the N-domain of Hsp90 in a cell cycle dependent manner and that
this phosphorylation affects geldanamycin binding and the sensitivity of cancer cells to
Hsp90-inhibitor-induced apoptosis (Mollapour et al., 2010).

Furthermore, CKII dependent phosphorylation of threonine 22 in Hsp90’s N-domain
was reported to modulate ATPase activity, client activation and co-chaperone interac-
tions and this modification was shown to alter drug sensitivity (Mollapour et al. 2011a,
Mollapour et al. 2011b).

Acetylation

Hsp90 is also subject to acetylation. p300 was reported to acetylate Hsp90, whereas
HDACG6 appears to be an Hsp90 deacetylase (Yang et al., 2008; Kovacs et al., 2005).

Blocking HDACG6 activity was shown to compromise interaction with clients and acety-
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lation seems to be a key regulator in yeast and man, influencing co-chaperone binding
and client maturation (Kovacs et al., 2005; Bali et al., 2005 Scroggins et al., 2007b;
de Zoeten et al., 2011).

SUMOylation

One of the most recent discovered Hsp90 PTMs is SUMOylation (Mollapour et al., 2014).
In general, protein SUMOylation modifies the activity of the target protein by altering
its conformation, localization, or interaction with co-factors (Flotho and Melchior, 2013,
Mayer and Le Breton, 2015).

In yeast Hsp90, K178 is SUMOylated in an asymmetric manner and supports the recruit-
ment of the ATPase activator Ahal and, interestingly, the binding of Hsp90 inhibitors
(Mollapour et al., 2014).

Other PTMs and complexity of PTMs

In addition to the above mentioned PTMs, also S-nitrosylation and methylation of Hsp90
were reported (reviewed in Li et al. 2012). The complexity of all posttranslational
modifications currently known exceeds the capacities for analysis. For example 3x10%2
and 7x10* different variants of Hsp90a and Hsp903, respectively, are possible, which is
more than the number of Hsp90 molecules in the human body (ca. 10*')(Mayer and Le
Breton, 2015). This suggests, that not all possible modifications and their combinations

have relevance in vivo.

1.4.5 The Hsp90 chaperone cycle

During the maturation of client proteins, Hsp90 functions in concert with a vast number
of co-chaperones which are crucial to drive the chaperone cycle of Hsp90 client protein
interactions (Li et al., 2012). Maturation of several client proteins involves cooperation
of the Hsp90 system with Hsp70. Stil serves as an adaptor and connects Hsp90 with
Hsp70 (Johnson et al., 1998; Wegele et al., 2006; Schmid et al., 2012).

Research on the assembly of Hsp90 with steroid hormone receptors has shown that sev-
eral distinct Hsp90-co-chaperone complexes are formed during the maturation processes
(Pratt and Toft, 1997; Smith, 1993; Johnson and Toft, 1994; Smith et al., 1992). A new
model for the Hsp90 chaperone cycle emerges from recent studies (Li et al., 2011, 2013).
One Stil binds to Hsp90 and blocks the ATPase reaction. The client protein is first
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bound to Hsp70/Hsp40 and then transfered to Hsp90. Stil serves as an adaptor in this
process. The second TPR acceptor site of Hsp90 is occupied by a PPlase forming an
asymmetric complex. Binding of ATP and Sbal/p23 releases Stil /Hop and Hsp70 and
the late complex is formed. Then ATP is hydrolyzed and the PPIase, Sbal/p23 and the

mature client are released (Figure 12).

Late Complex

Figure 12: Model of the Hsp90 chaperone cycle. Hop/Stil acts as an adaptor between
the Hsp70-Hsp40-substrate-complex and Hsp90, leading to the formation of an asymmetric
complex. After substrate transfer Hsp70 and Hop/Stil get released and the closed complex
is formed. After ATP hydrolysis the folded substrate and the remaining co-chaperones get
released (figure from Li et al. 2012, Biochimica et Biophysica Acta (BBA) - Molecular Cell

Research, used with permission from Elsevier)

1.4.6 Hsp90 client proteins

In order to be classified as a Hsp90 client, a protein has to fulfill two critera. First, it
must physically interact with Hsp90 and, second, inhibition of Hsp90 must lower the
client’s activity (Taipale et al., 2010).

In contrast to Hsp70, Hsp90 clients don’t seem to share structural features or sequence

28



motifs and their intrinsic thermodynamic (in)stability seems rather to be the important
criterion. Therefore, interaction half-life increases with increased unfolding propensity
(Taipale et al., 2012). Thus, Hsp90 is thought to act at late stages in protein folding
(Mayer and Le Breton, 2015).

In yeast, approx. 20% of the proteome (BIOGRID database) seems to be influenced by
Hsp90 (Taipale et al., 2010; Oughtred et al., 2016). This is in contrast with the view that
Hsp90 has a limitied client spectrum, but given the fact, that Hsp90 clients often are at
central regulatory nodes, genetic interactions often capture an entire biological process
rather that a specific genetic interaction. Moreover, physical interaction partners do
not only contain co-chaperones and bona fide clients, but also proteins that don’t need

Hsp90 for their function (Taipale et al., 2010), for example due to unspecific interactions.

Glucocorticoid receptor (GR)

GR was one of the earliest characterized Hsp90 clients (Joab et al., 1984; Schuh et al.,
1985; Sanchez et al., 1985). It requires Hsp40, Hsp70, HOP, Hsp90 and p23 as the
minimal chaperone machine (Morishima et al., 2000). Two studies used the ligand
binding domain (LBD) of GR for detailed investigations on client chaperoning by Hsp90
(Lorenz et al., 2014; Kirschke et al., 2014). Due to the intrinsic instability of GR-LBD
(Seitz et al., 2010; Bledsoe et al., 2002), the researchers had to introduce either stabilizing
mutations or fuse it to maltose binding protein. Interestingly, the GR-LBD slowed down
the transition of yeast Hsp90 from the open to the closed state, decreasing the ATPase
activity. This adds another layer of complexity to the Hsp90 chaperone cycle, suggesting
that not only co-chaperones, but also clients themselves modulate Hsp90. (Lorenz et al.,
2014). One interesting aspect of GR regulation by chaperones is that incubation of GR
with Hsp70, Hsp40 and ATP seems to lead to a loss of hormone binding capacity, which
is restored by the addition of Hsp90, HOP and p23 (Kirschke et al., 2014).
Interestingly, GR stays with Hsp90 even after activation and travels with it to the nucleus
(Pratt et al., 1999; Harrell et al., 2004).

Kinases

The largest coherent group of Hsp90 clients is kinases (Taipale et al., 2012). Indeed,
Hsp90 was first found in complex with viral Src kinase (Brugge et al., 1981; Schuh et al.,
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1985; Brugge, 1986), which is now known to be one of the most stringent Hsp90 clients,
but also other kinases like Cdk4, BRAF or ERBB2 are Hsp90 clients (Taipale et al.,

2010).

During the last few years, it was shown that kinase maturation by Hsp90 is strongly

dependent on the co-chaperone Cde37 (MacLean and Picard, 2003; Mandal et al., 2007;

Taipale et al., 2014, 2013, 2012; Boczek et al.,

Other clients

In addition to the two well characterized client

2015; Verba et al., 2016).

groups kinases and steroid hormone recep-

tors (see above), many other client proteins were reported (see Figure 13 for an overview).

These include for example mitochondrial proteins, myosin, viral proteins, eNOS, TERT,

HSF1, but also the intrinsically disordered protein Tau (reviewed in Taipale et al. 2010;
Mayer and Le Breton 2015), as well as E3 ligases (Taipale et al., 2012).

Signal transduction
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Figure 13: Overview of Hsp90 clients (figure from Taipale et al. 2010, Nature Reviews
Molecular Cell Biology, used with permission from Nature Publishing Group)
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1.4.7 The co-chaperones Cnsl/TTC4 and Cpr7

1 83 189 385

Figure 14: The interaction of Cnsl with Hsp90. A) Cnsl interacts with Hsp90 via its
C-terminal domain. B) Domain architecture of Cnsl.

In yeast, only three Hsp90 co-chaperones are essential. Cdc37, Sgt1l and the TPR con-
taining co-chaperone Cnsl, the major topic of this thesis (Figure 14A). It is known, that
Cdc37 functions in kinase maturation (see above) and Sgtl was shown to facilitate kine-
tochor assemby by linking Hsp90 to Skpl (Kitagawa et al., 1999; Catlett and Kaplan,
2006) as well as being involved in regulation of adenylat cyclase (Dubacq et al., 2002;
Flom et al., 2012), wheras the essential function of Cnsl remains unclear.

Cnsl consists of an N-terminal uncharacterized domain, a central TPR domain and a
C-terminal domain with unknown function (Figure 14B). It was found to be an allel-
specific suppressor of Hsp90 mutations in yeast (Nathan et al., 1999). The lethality
of a CNS1 deletion can not be suppressed by overexpression of other TPR containing
co-chaperones (Dolinski et al., 1998), but overexpression of CNS1 can cure the growth
defect of a cpr7 deletion mutant. Therefore, it is thought, that Cnsl and Cpr7 have
a similar function in vivo (Marsh et al., 1998; Tesic et al., 2003). In addition, Cnsl
overexpression can restore nucleotide-dependent binding of Cpr6 to Hsp90 in a cpr7
deletion strain (Zuehlke and Johnson, 2012). Moreover, Cnsl and Cpr7 were reported
to be involved in prion propagation (Kumar et al., 2015; Moosavi et al., 2010; Lancaster
et al., 2013) as well as being interactors of the intact ribosome (Tenge et al., 2015).
Furthermore, it was shown that a thermo-sensitive c¢ns! mutant shows a specific growth
defect in a double mutant with a form of Hsp90 lacking the C-terminal MEEVD motif.
Additionally, it was reported that the viability of yeast cells is not affected by deletion
of Cnsl’s C-terminal domain (Tesic et al., 2003). Besides binding to Hsp90, Cnsl also
binds to Hsp70/Ssal and stimulates its ATPase activity, whereas the ATPase activity
of Hsp90 is not affected (Hainzl et al., 2004).
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In higher eukaryotes, homologues of Cnsl were found, e.g. the Drosophila protein Dpit47
was shown to be a nuclear Hsp90 co-chaperone that interacts with DNA polymerase «
(Crevel et al., 2001). The human orthologue TTC4 was identified through its localisa-
tion to a genomic region associated with breast cancer (Su et al., 1999). It was shown to
localize to the cytoplasm and the nucleus and that its nuclear transport depends on the
cell cycle (Dmitriev et al., 2007, 2009). Furthermore, it is known that TTC4 interacts
with CDC6 which might link Hsp90 to DNA replication (Crevel et al., 2008).

Except for the above-mentioned bits and pieces, the precise function(s) of Cnsl/TTC4
and whether its essential function is Hsp90- or Hsp70-dependent remain(s) still enig-

matic.
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2 Objective and Significance

This PhD thesis focuses on the characterization of the essential co-chaperone Cnsl, both
in viwo and in vitro.

In the first part, plasmid shuffling will be used to determine the in vivo function of the
single Cnsl domains. Moreover, this method will help to identify a minimal construct
required for cell viability as well as whether Cnsl’s essential function is dependent on
Hsp90 or Hsp70. Based on these results, several constructs will be selected for further
in vitro analyses.

After purification, binding of Cnsl and mutant constructs thereof will be tested for
Hsp90 interaction using analytical ultracentrifugation. In addition, these constructs will
be investigated on their effect on the Hsp90 ATPase activity using a regenerative system
based ATPase assay.

Moreover, the structure of Cnsl will be characterized in more detail. This part of the
project will implicate CD spectroscopy, protein crystallography, small angle X-ray scat-
tering and NMR spectroscopy.

Furthermore, multi-copy-suppressor and synthetic genetic array screens will help to iden-
tify genetic interactors of c¢ns! mutants and will contribute to a broader understanding
of the in vivo function of Cnsl. These assays will be combined with in vivo pull-down
assays to identify Cnsl-interacting proteins in the cell. Findings from these experiments
will then be investigated in more detail on their in vivo relevance.

In addition to Cnsl, its human orthologue TTC4 will be characterized. This will be
achieved by using 5-FOA shuffling to determine a possible functional replacement of
Cnsl by TTC4 in yeast cells and in wvitro analysis using aUC, ATPase assays and CD

spectroscopy as well as protein crystallography.
In summary, the results of this work will not only contribute to a better understanding

of the co-chaperone Cnsl in general, but will also provide significant insights into the

biochemistry and biology of the Hsp90 chaperone machine.
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3 Materials and Methods

3.1 Materials

3.1.1 Chemicals

Table 1: Chemicals used in this study

2-propanol
NH,CI1

5’-fluoroorotic acid (5-FOA)

B-mercaptoethanol
Acetic acid
Acrylamid/Bis solution 38:2 (40% w/v)

Adenine

Adenosin-5’-diphosphate (ADP) disodium
salt

Adenosin-5’-triphosphate (ATP) disodium
salt

Adenylyl Tmidodiphosphat (AMP-PNP)

Agar Agar
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Roth, Karlsruhe, Germany
Cortecnet,
Voisins-Le-Bretonneux,
France

Thermo Fisher, Walham,
USA

Sigma, St. Louis, USA
Roth, Karlsruhe, Germany
Serva, Heidelberg,
Germany

Sigma, St. Louis, USA
Roche, Mannheim,
Germany

Roche, Mannheim,
Germany

Roche, Mannheim,
Germany

Serva, Heidelberg,

Germany



Chemicals used in this study (continued)

Agarose

Alanine

Ammonium persulfate (APS)
Ammonium suflate 14-18 hydrate
Ampicilin sodium salt

Arginine

Asparagine

Aspartic acid

Bacto-pepton

Bacto-trypton

Biotin
CaCl,
CoCl,
Coomassie Brilliant Blue G-250

Coomassie Brilliant Blue R-250

CUCIQ
Desoxynucleotide triphosphates (ANTPs)

Deoxyribonucleic acid, single stranded from
salmon testes (ssDNA)

Dimethyl sulfoxide (DMSO)

Dithiothreitol (DTT)

Doxycycline

Ethanol

Ethylenediaminetetraactetic acid (EDTA)
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Serva, Heidelberg,
Germany

Sigma, St. Louis, USA
Roth, Karlsruhe, Germany
Sigma, St. Louis, USA
Roth, Karlsruhe, Germany
Sigma, St. Louis, USA
Sigma, St. Louis, USA
Sigma, St. Louis, USA
BD Biosciences, Franklin
Lakes, USA

BD Biosciences, Franklin
Lakes, USA

Sigma, St. Louis, Germany
Sigma, St. Louis, USA
Sigma, St. Louis, USA
Serva, Heidelberg,
Germany

Serva, Heidelberg,
Germany

Sigma, St. Louis, USA
Roche, Mannheim,

Germany

Sigma, St. Louis, USA

Sigma, St. Louis, USA
Roth, Karlsruhe, Germany
Sigma, St. Louis, USA
Sigma, St. Louis, USA
Merck, Darmstadt,

Germany



Chemicals used in this study (continued)

FGCI?)

Galactose

Geneticin (G418)

Glucose

Glutamic acid
Glutamine

Glycerol

Glycine

H3BO3

Histidine

Hygromycin B (HygB)
Imidazole

Isoleucine

Isopropyl B-D-1-thiogalaktopyranoside
(IPTG)
KoHPO43.H,O

KH,PO,

Kanamycin sulfate

LB medium

Leucine
Lithium acetate
Lysin
Methionine
MgCl,7.H50
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Merck, Darmstadt,
Germany

Merck, Darmstadt,
Germany

Sigma, St. Louis, USA
Merck, Darmstadt,
Germany

Sigma, St. Louis, USA
Sigma, St. Louis, USA
Roth, Karlsruhe, Germany
Sigma, St. Louis, USA
Sigma, St. Louis, USA
Sigma, St. Louis, USA
Sigma, St. Louis, USA
Sigma, St. Louis, USA
Sigma, St. Louis, USA
Serva, Heidelberg,
Germany

Merck, Darmstadt,
Germany

Merck, Darmstadt,
Germany

Roth, Karlsruhe, Germany
Serva, Heidelberg,
Germany

Sigma, St. Louis, USA
Roth, Karlsruhe, Germany
Sigma, St. Louis, USA
Sigma, St. Louis, USA
Merck, Darmstadt,

Germany



Chemicals used in this study (continued)

MgSO,.7TH,0

Milk powder

MnCl,

Molybdic acid
N-(2-Hydroxyethyl)-piperazine-N “-2-
ethanesulfonic acid

(HEPES)

Na,HPO,4.2H>0

NaH2P04 QHQO

NH,Cl

Niacinamide

Nicotine amide dinucleotide (NADH)

NiSOy4
Nourseothricin (clonNAT)

NP-40
Ortho-phorphoric acid
Peptone

Phenylalanine

Phenylmethylsulfonyl fluoride (PMSF)
Phosphoenolpyruvate (PEP)
Polyethylene glycol (PEG) 3350
Potassium chloride

Proline
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Merck, Darmstadt,

Germany

Roth, Karlsruhe, Germany

Sigma, St. Louis, USA
Sigma, St. Louis, USA

Roth, Karlsruhe, Germany

Merck, Darmstadt,
Germany

Merck, Darmstadt,
Germany

Merck, Darmstadt,
Germany

MP Biomedicals, Santa
Ana, USA

Roche, Mannheim,
Germany

Sigma, St.Louis, USA
Jena Bioscience, Jena,
Germany

Sigma, St. Louis, USA

Roth, Karlsruhe, Germany

BD Biosciences, Franklin
Lakes, USA

Sigma, St. Louis, USA
Sigma, St. Louis, USA
Sigma, St. Louis, USA
Sigma, St. Louis, USA

Roth, Karlsruhe, Germany

Sigma, St. Louis, USA



Chemicals used in this study (continued)

Protease inhibitor Mix FY, G, HP, M

Pyridoxin

Riboflavin

Selenomethionine
Serine

Sodium chloride

Sodium dodecylsulfate (SDS)

Thiamine

Tetramethylethylenediamine (TEMED)
Threonine
Tris-(2-carboxyethyl)phosphine (TCEP)
Tris-(hydroxymethyl)-aminomethane
(TRIS)

Tryptophane

Uracil

Valine

Yeast Extract (Servabacter)

Yeast Nitrogen Base (YNB) -amino acids

YNB - amino acids -ammonium sulfate

ZDCIQ
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Serva, Heidelberg,
Germany

Merck, Darmstadt,
Germany

Merck, Darmstadt,
Germany

Carbosynth, Compton, UK
Sigma, St. Louis, USA
Merck, Darmstadt,
Germany

Serva, Heidelberg,
Germany

Merck, Darmstadt,
Germany

Roth, Karsruhe, Germany
Sigma, St. Louis, USA
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany

Sigma, St. Louis, USA
Sigma, St. Louis, USA
Sigma, St. Louis, USA
Serva, Heidelberg,
Germany

BD Biosciences, Franklin
Lakes, USA

BD Biosciences, Franklin
Lakes, USA

Merck, Darmstadt,

Germany



3.1.2 Enzymes, standards and kits

Table 2: Enzymes, standards and kits used in this study

1 kb DNA ladder
ATTO488

Dnase |

Go-Taq DNA Polymerase
Immersol 518F
MEEVD peptide

Lactate dehydrogenase (LDH)

peqGOLD Protein Marker IV
Pyruvate kinase (PK)

Q5 High-Fidelity DNA Polymerase
Restriction enzymes & buffers

T4 DNA Polymerase

Vent Polymerase

Wizard Miniprep kit

Wizard PCR product purification and gel
extraction kit

Stain G

Zymolyase 100T

Peqlab, Erlangen, Germany
Atto tec, Siegen, Germany
AppliChem PanReac,
Darmstadt, Germany
NEB, Ipswich, USA

Zeiss, Jena, Germany
Biomatik corporation,
Cambridge, Ontario
Canada

Roche, Mannheim,
Germany

Peqlab, Erlangen, Germany
Roche, Mannheim,
Germany

NEB, Ipswich, USA

NEB, Ipswich, USA

NEB, Ipswich, USA

NEB, Ipswich, USA
Promega, Madison, USA
Promega, Madison, USA

Serva, Heidelberg,
Germany

AMS Biotechnology,
Abingdon, UK

3.1.3 Chromatography columns

All chromatography columns used for protein purification are listed in Table 3.
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Table 3: Chromatography columns used in this study

HiPrep 26/10 Desalting column  GE Healthcare, Freiburg, Germany

HisTrap FF 5 mL GE Healthcare, Freiburg, Germany
Hydroxy apatite column Biorad, Miinchen, Germany

Resource-Q; Source 15 (6 mL) GE Healthcare, Freiburg, Germany
Superdex 75 Prep Grade GE Healthcare, Freiburg, Germany
Superdex 200 Prep Grade GE Healthcare, Freiburg, Germany

3.1.4 Consumables

Table 4: Consumables used in this study

Amicon Ultra Centrifugal filter units Merck Millipore, Darm-
stadt, Germany

Glass beads Roth, Karlsruhe, Germany

GFP-Trap agarose beads Chromotek,  Martinsried,
Germany

PD-10 columns GE Healthcare, Freiburg,
Germany

PE tubes (50/15 ml) Greiner & Sohne, Nurtin-
gen, Germany

TG PRIME gradient gels Serva, Heidelberg, Germany

3.1.5 Equipment

Table 5: Equipment used in this study

Centrifuges
Avanti J25 Beckman Coulter, Brea,
USA
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Equipment used in this study

Avanti J26 XP Beckman Coulter, Brea,
USA

Centrifuge 5418 Eppendorf, Hamburg, Ger-
many

JA10 rotor Beckman Coulter, Brea,
USA

JA25.50 rotor Beckman Coulter, Brea,
USA

Universal 320R Hettich Lab, Tuttlingen,
Germany

XL-1 Beckman Coulter, Brea,
USA

Equipment for protein purification

Akta FPLC system Amersham, Uppsala, Swe-
den

Super loop, 150 ml Amersham, Uppsala, Swe-
den

Microscopy

Zeiss Axiovert 200 Zeiss, Jena, Germany

Zeiss Plan- NEOFLUAR 63x.1.25 oil 440461 Zeiss, Jena, Germany
objective

Zeiss FluoArc Zeiss, Jena, Germany
Hamamatsu 4792-95 Digital Camera Hamamatsu, Herrsching am

Ammersee, Germany

Spectrophotometer

Cary 50 Varian, Palo Alto, USA

Cary 100 Varian, Palo Alto, USA

Huber Compatible Control Peter Huber Kéltemaschi-
nenbau GmbH, Offenburg,
Germany

Jascro 715 JASCO, Easton, USA

Jasco PTC-384WI JASCO, Easton, USA)
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Equipment used in this study

Peqlab ND-1000
Ultrospec 1100pro

further equipment

AVIV fluorescence detector

Basic Z cell disruptor

Tube rotator

T100 Termal cycler

Thermomixer comfort

Peqlab, Erlangen, Germany
Amersham Biosciences, Up-

psala, Sweden

Aviv biomedical Inc., Lake-
wood, USA

Constant Systems, War-
wick, UK

VWR, Darmstadt, Ger-
many

Biorad, Hercules, USA
Eppendorf, Hamburg, Ger-

many

3.1.6 Software

Table 6: Software used in this study

Adobe Creative Suite 4
Microsoft Office
mCoffee

NEBuilder

Origin 9.0

ProtParam

Pymol

SedView

Adobe Inc., San Jose, USA
Microsoft, Redmond, USA
http://tcoffee.crg.cat/
http://nebuilder.neb.com/
http://www.originlab.de/
web.expasy.org/protparam /
https://www.pymol.org/
(Hayes and Stafford, 2010)

Serial Cloner 2.6
Simple PCI 5.3
Spell Database
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3.2 Bacteria and cloning techniques

3.2.1 Bacterial strains

Bacterial strains used for cloning (XL-1), plasmid amplification (Machl) and protein
expression (BL21) are listed in Table 7.

Table 7: Bacterial strains used in this study

E. coli strain

genotype

source

BL21 (DE3) Codon
Plus

F- ompT hsdSg (rg~ mp) gal
endA argU ileY leuW Cam®

Stratagene, LaJolla, USA

Mach-1 F- ¢80(lacZ)AM15  AlacX74 Invitrogen, Groningen,
hsdR(rx= mg")  ArecA1398 Netherlands
endAl tonA

XL-1 Blue endA1l gyrA96(nal®) thi-1 recAl Stratagene, LaJolla, USA

relAl lac glnV44 F’[ ::Tnl0
proAB+  lacl®  A(lacZ)M15]
hSde?(I‘K_ mKﬂ

3.2.2 Media for growing bacteria

Table 8: Media and antibiotics used for growing bacteria

LB,

20 g LB powder per 1 LL

2xYT (1 L) 10 g NaCl

10 g Yeast extract
16 g Peptone

Agar 20 g agar per 1 L (for plates)
Antibiotics

Kanamycin 50 pg/mL

Ampicillin 100 pg/mL
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3.2.3 Plasmid preparation from FE. col:

Plasmids from FE. coli were isolated from 5 mL overnight cultures in LB medium con-
taining the required antibiotics. The preparation was performed using the WIZARD

Plus SV mini-prep kit following the manufacturer’s protocol.

3.2.4 Restriction digest of plasmids

Plasmids were digested using restriction enzymes and buffers from NEB (Ipswich, USA).
Typically, 1 ng plasmid DNA was digested over night at 37°C in CutSmart buffer follow-
ing the manufacturers instructions. When available, HF variants of restriction enzymes
were used. Digested plasmids were then purified using the Wizard PCR product purifi-
cation and gel extraction kit (Promega, Madison, USA).

3.2.5 Agarose gel electrophoresis

DNA was separated on 1%(w/v) agarose gels in 1xXTAE buffer (40 mM TRIS acetate,
1 mM EDTA, pH 8.0) containing 1 pL./100 mL Stain G (Serva, Heidelberg, Germany).
Electrophoresis was carried out in 1xXTAE as running buffer at a constant current of 120
V using a Electrophoresis Power Supply EPS-601 (Amersham Pharmacia Biotech, Up-
psala, Sweden). Bands were detected under UV light (BioDoc II, Biometra, Gottingen,
Germany).

1 kb DNA ladder (Peglab) was used as a standard.

3.2.6 SLIC cloning

Sequence and Ligation Independent Cloning (SLIC) is a simple and time-saving method
for cloning (Jeong et al., 2012). Basically, the sequence of interest is amplified with
primers containing 15-20 base pairs (bp) homology up- and down-stream to the inser-
tion site on the cut target vector. In the absence of nucleotides T4 DNA Polymerase
acts as a 3’-5” exonuclease and is here used to produce sticky ends on the vector and the
insert to be cloned. The resulting constructs can then be directly transformed into F.
coli cells which carry out the ligation between the insert and the vector.

The method used here was modified from (Jeong et al., 2012). All primers were de-
signed by using the NEBuilder Assembly tool (http://nebuilder.neb.com/). PCRs were
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carried-out using Q5 DNA Polymerase (NEB, Ipswich, USA). Tables 9 and 10 show the
PCR reaction mix and the general PCR cycling settings, respectively.

PCR products were run on 1% agarose gels and purified using the Wizard PCR product
purification and gel extraction kit (Promega, Madison, USA).

SLIC was also used to generate fusion proteins (chimera, GFP-tagged proteins) using a
strategy where each insert overlaps on the one end with one end of the vector sequence
and at the other end with the other insert.

Table 9: PCR reaction mix for SLIC cloning using Q5 DNA Polymerase

32.6 1l H,0

1 pL template (100 ng/uL)
10 pL 5X Q5 Reaction Buffer
1 pL dNTPs (10 mM)

2.5 nL primer 1 (10 pM)

2.5 nL primer 2 (10 pM)

0.4 pL Q5 DNA Polymerase

Table 10: Temperature programm for SLIC cloning using Q5 DNA Polymerase

step temperature [°C] time
initial denaturation 98 30 sec
35 Cycles 98 10 sec
50-72 20 sec
72 20-30 sec/kb
final extention 72 2 min
hold 4

Table 11 shows the reaction setup of a typical SLIC reaction. T4 DNA Polymerase was
added last and the mix was incubated for exactly 2.5 min at room temperature followed

by stopping the reaction by chilling the samples 10 min on ice. Between 2 and 5 pL were
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then directly used for E. coli transformation. Single colonies were then grown in liquid
culture, plasmids were preped as described in 3.2.3 and positive clones were confirmed

by sequencing.

Table 11: SLIC reaction setup

x L (100 ng) vector DNA

1 uL NEB buffer 2.1
2-fold molar excess insert DNA

to total of 10 pL H,0O

0.4 pL T4 DNA Polymerase

3.2.7 Transformation of E. coli

E. coli strains described in Section 3.2.1 were made competent as described in Hanahan
(1983) and transformed using a simplified method from the mentioned reference. In
brief, 1 pLL plasmid DNA for re-transformations or 2-5 pL. of cloning reactions where
mixed with 100 pLL competent cells and incubated for 15 min on ice. Then the cells were
heat shocked at 42°C for 1 min, again cooled on ice for 2 minutes and recovered at 37°C
in 1 ml pre-warmed LBy medium for 1 h. Finally, the cells were plated on LB agar plates
containing the proper antibiotic for plasmid selection. For re-transformations 100 pL of
the cell suspension was plated, for cloning cells were spun down briefly, the pellet was
resuspended in 100 pLL LBy and all cells were plated onto selective plates. Plates were
incubated at 37°C for 1-2 days.

3.2.8 Plasmid sequencing

All obtained plasmids were confirmed by sequencing at GATC Biotech (Konstanz, Ger-

many) using appropriate primers.

3.2.9 Protein expression

Proteins where expressed from plasmids (see Table 12) in E. coli BL21 (DE3) Codon
Plus.

Cnsl, its variants as well as TTC4 were expressed as follows: 50 mL over-night cultures
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in LB + 50 pg/ml kanamycin were used to inoculate 2 L of LB + 50 pg/ml kanamycin
and were grown to ODggo=0.8 at 37°C. Cell cultures were shifted to 25°C and protein
expression was induced using 1 mM IPTG. Cells were harvested 4 h after induction and
proteins were purified as described in section 3.4.7.

For expression of Hsp90, 50 mL over-night culture in LB + 50 pg/ml kanamycin were
used to inoculate 2 L of 2xYT + 50 pg/ml kanamycin and cells were grown to ODggo=0.8
at 37°C. Expression was induced by adding 1 mM IPTG (final concentration) and cells
were kept at 37°C for 4 h. Finally, cells were harvested by centrifugation and proteins
were purified as described in 3.4.8.

Typically, 8 L expression culture was grown for Hsp90 expression and 4 L for Cnsl

expression, respectively.

Table 12: Plasmid used for protein expression

plasmid source

pET28-yHsp90 K. Richter
pET28-SUMO-CNS1™* this study
pET28-SUMO-CNS151-38 this study
pET28-SUMO-CNS136-385 this study
pET28-SUMO-CNS11-190 this study
pET28-SUMO-CNS11-82 this study
pET28-SUMO-CNS1169-385 this study
pET28-SUMO-CNS136-205 this study
pET28-SUMO-CNS170-220 this study
pET28-SUMO-CNS1%21-385 this study
pET28-SUMO-CNS11-220 this study
pET28-SUMO-CNS136-220 this study
pET28-SUMO-CNS1-821-2213%  thig study
pET28-SUMO-TTC4 this study
pET28-SUMO-CNSIN/TTC4 this study
pET28-SUMO-TTC4217-387 this study
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3.2.10 Selenomethionine (SeMet) labeling for protein

crystallization

For protein crystallization experiments, proteins were selenomethionine-labeled using a
modified protocol published previously (Van Duyne et al., 1993).

The exact media components used for SeMet labeling are described in Table 13.

5 ml pre-culture LB + 50 pg/mL kanamycine were inoculated in the morning. 100
mL pre-culture in minimal medium were then inoculated with 1 mL of the LB starting
culture and grown over night at 37°C. 50 mL of this preculture were used to inoculate 2 LL
of minimal medium and the cells were grown to and ODgyo=0.8. Then, 0.5 g/L feed-back
inhibition mix was added, cultures were shifted to 25°C and after 15 min expression was
induced with 1 mM IPTG (final concentration). Cells were harvested 4 h after induction

and proteins purified as described below.

Table 13: Media components for SeMet labeling

M9 medium per 1 L 6g Na,HPO,
pH="7.3 3g KH,;PO,
autoclaved 05¢g NaCl
add (sterile filtered) 10 ml 0.1 g/L NH,Cl1

2 mL 1 M MgSO4

20 mL 20% glucose

1 mL 1000x vitamins

10 mL 100x trace elements
1 L 100x trace elements 5 g EDTA
pH=7.0 08¢g FeClg
sterile filtered 0.05 g ZnCl,

001g CuCl,

001g CoCly

0.0l g H,BO;

1.6 g MnCl,

some Niy, SOy

some molybdic acid
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Media components for SeMet labeling

500 ml 1000x vitamins 05¢g riboflavin
sterile filtered 05¢g niacinamide
0.5¢g pyridoxine  monohy-
drate
05¢g thiamine
feedback inhibition mix 1g lysine
lg threonine
lg phenylalanine
05¢g leucine
05¢g isoleucine
05g L(+)-
selenomethionine

3.2.11 Labeling of proteins for NMR (nuclear magnetic

resonance) spectroscopy

For °N-labeling of proteins, E.coli expression strains were inoculated in the morning
in 5 mL LB + 50pg/ml kanamycin. 100 mL '°N-containing M9 medium + 50 pg/ml
kanamycin was then inoculated with 1 mL of the starting culture in the evening and cells
were grown over night at 37°C. 50 mL were then used to inoculate 1 L N-containing
M9 medium + 50pg/ml kanamycin. Cells were grown to ODggo=0.8, shifted to 25°C
and protein expression was induced with 1 mM IPTG. Cells were harvested 4 h after

induction and proteins purified as described below.

Table 14: Media components for ?N-labeling

M9 medium per 1 L 6g Nay,POy
pH=7.3 3g KH,PO,
autoclaved 05g NaCl
add (sterile filtered) 10 mL 20% glucose
10 mL 0.1 g/ml *'NH,Cl1
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Media components for ’N-labeling

1 mL 1 M MgSO,
0.3 mL CaCl,
1 mL 1 mg/mL ThiamineHCl
10 mL trace elements (100x)
1 ml 1 mg/ml biotin
1 L 100x trace elements 5 g EDTA
pH=7.5 08 ¢g FeCl;
sterile filtered 0.084 g ZnCl,
0.01g CuCl,
0.01lg CoCl,
00l g H3BO;
1.6 g MnCl,

3.2.12 Cell disruption for protein purification from FE.col:

For subsequent protein purification, E. coli cells were lysed using a cell disruptor. Pellets
were resuspended in Buffer A (approx. 5 mL/g cells) from the first chromatography step
and protease inhibitors and DNAse I were added. Cells were lysed using a Basic Z model

cell disruption system at 1.8 kbar at 8°C.

3.3 Yeast methods

3.3.1 Yeast gene and protein nomenclature

Wild-type genes are written in uppercase, italic letters (e.g. YFG1, your favorite gene
1). Mutant genes are written in lowercase, italic letters (e.g. yfgl, your favorite gene 1
mutant). yfgIA indicates, that the entire open reading frame of a gene of interest was

deleted (deletion mutant). Yfgl is used for proteins.

3.3.2 Yeast strains

All yeast strains used in this study are listed in Table 15.
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Table 15: Yeast strains used in this study

strain
BY4741
R1158

tet07-CNS1

Y8205

Y8205 cpr7A (bait)

Y8205 tet07-CNS1 (bait)

stilA

ahalA
heh1A
cproA
cpr7A
tah1A

genotype

MATa his3A1 leu2A0 met15A0 ura3A0
MATa URAS3::CMV-tTA his3A1 leu2A0
met15A0

MATa pCNS1::kanR-tet07-TATA
URA3::CMV-tTA his3A1 leu2A0 met15A0
MAT«a can1A::STE2pr-Sp-his
lypIA::STESpr-Sp-LEU2 his3A1 leu2A0
ura3A0

MAT« canlA::STE2pr-Sp-hisb
lypIA::STESpr-Sp-LEU2 his3A1 leu2A0
uraSA0 cpr7A::matMX

MAT«a pCNSI1::natR-tet07-TATA
URAS3::CMV-tTA canlA::STE2pr-Sp-hisd
lypIA::STESpr-Sp-LEU2 his3A1 leu2A0
BY4741 stilA::kanMX

BY4741 ahalA::kanMX

BY4741 hch1A::kanMX

BY4741 cproéA::kanMX

BY4741 cpr7A::kanMX

BY4741 tah1A::kanMX

source

EUROSCARF, Frankfurt, Germany
Dharmacon, Lafayette, USA

Dharmacon, Lafayette, USA

C. Boone

this study

this study

EUROSCARF, Frankfurt, Germany
EUROSCARF, Frankfurt, Germany
EUROSCARF, Frankfurt, Germany
EUROSCARF, Frankfurt, Germany
EUROSCARF, Frankfurt, Germany
EUROSCARF, Frankfurt, Germany



¢S

Yeast strains used in this study

pih1A

cdc37-DAmP

pptIA

sbalA

ens1A |CNS1] (Cnsl
shuffling)

hsp82A hsc82A |HSPS2]
(Hsp90 shuffling)

cnsl-1

BY4741 pth1A::kanMX

BY4741 cde37-DAmP::kanMX

BY4741 ppt1A::kanMX

BY4741 sbalA::kanMX

MATa hisSA1 leu2A0 met15A0 ura3A0
[p426-GPD-CNS1™|

MAT« hisSA1 leu2A0 ura3A0 lys2A0
arg4A::kanMX hsc82A::kanMX
hsp82A::natMX [pKAT-HSC82-URA3|
BY4741 cns1-1::kanMX

EUROSCAREF, Frankfurt, Germany
Dharmacon, Lafayette, USA
EUROSCARF, Frankfurt, Germany
EUROSCARF, Frankfurt, Germany
L. Mitschke

this study

C. Boone



3.3.3 Yeast cell cultivation and media

Yeast cells were grown in culture sizes ranging from 5 mL to 1 L depending on the
experiment. Growth was monitored by measuring ODgo on a Ammersham Biosciences
Ultrospec 1100pro (GE healthcare, Freiburg, Germany). The media and inhibitors used
are listed in Table 16 and 17, respectively.

Table 16: Yeast media

YPD Yeast extract 10 g/L
Pepton 20 g/L
Glucose 20 g/L

SD YNB -AA 6.7 g/L
amino acid drop-out mix lg/L
Glucose 20g/L

Table 17: Yeast antibiotics and inhibitors

5- FOA 1g/L
G418 200 mg/L
clonNAT 200 mg/L
Doxycycline 10 mg/L
Hygromycin B 300 mg/L

Table 18 lists the general composition of the amino acid mix used in this study. In
drop-out mixes, one or multiple components were left out depending on the auxotrophic

selection properties required.

Table 18: Amino acid drop-out mix

adenine 05¢g leucine 10 g
alanine 2g lysine 2g
arginine 2g methionine 2g

93



Amino acid drop-out mix

asparagine 2g
aspartic acid 2 g

glutamic acid 2 g

glutamine 2g
glycine 2g
histidine 2g
isoleucine 2g

Plates additionally contained 20 g/L agar.

The media used in the SGA screens are described in Tong and Boone (2006).

3.3.4 Yeast plasmids

Table 19: Yeast plasmids used in this study

phenylalanine

proline
serine
threonine
tryptophane
uracil

valine

plasmid

p425-GPD
p425-GPD-CNS1™
p425-GPD-CNS11-200
p425-GPD-CNS11+-190
p425-GPD-CNS11-185
p425-GPD-CNS1169-385
p425-GPD-CNS136-385
p425-GPD-CNS141-385
p425-GPD-CNS146-385
p425-GPD-CNS1°1-385
p425-GPD-CNS136-205
p425-GPD-CNS136-200
p425-GPD-CNS136-19
p425-GPD-CNS11-82
p425-GPD-CNS11-220
p425-GPD-CNS1191-385

o4

source

Addgene, Cambridge, USA

this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study



Yeast plasmids used in this study

p425-GPD-CNS11-821-169-385
p425-GPD-CNS1 1821
p425-GPD-CNS ] 1-821-191-385
p425-GPD-CNS] 1-82-L-191-220
p425-GPD-CNS1221-3%
p425-GPD-CNS11-821-221-385
p425-GPD-TTC4
p425-GPD-Cns1N-/TTC4
p425-GPD-HSC82
p425-GPD-HSC82-1-82
p425-GPD-1-82-HSC82
p425-GPD-SSA1
p425-GPD-SSA1-1-82

YSC5103 genome tiling library

pGP564
pRS315-RPS2-yeGFP
pAJ907 (RPL25-eGFP)
p425-GPD-STI1
p425-GPD-STI1TPR!
p425-GPD-STI1TPR2A
p425-GPD-STI1TPR2B
p425-GPD-CNS11-8%TPR1
p425-GPD-CNS11-82-TPR2A
p425-GPD-CNS11-82-TPR2B
p425-GPD-CNS1Wt-GFP
p425-GPD-CNS11-190-GFP
p425-GPD-CNS11-82-GFP
p425-GPD-CNS1°1-385-GFP
p425-GPD-CNS1169-385-GFP
p425-GPD-CNS16FP
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3.3.5 Yeast transformation

Yeast transformation was carried out following a modified protocol described previously
(Gietz and Woods, 2002). In brief, cells were grown over night in 5 ml YPD medium and
reinoculated into 50 ml YPD to a starting ODggo=0.15. After two cell divisions (approx.
4.5 h) cells were harvested by centrifugation at 500 g, washed with 25 mL sterile H5O,
washed again with 1 ml 0.1 M lithium acetate (LiAc) and finally resuspended in 0.5 mL
0.1 M LiAc. For one single transformation reaction 50 pL of the cell suspension were
spun down briefly at 500 g, the supernatant was discarded and the transformation mix
described in Table 20 was added.

Table 20: Yeast transformation mix

volume component

240 nL 50% PEG3350 (w/v)

36 nL 1 M LiAc

10 pL ssDNA (10 mg/mL)

x ul plasmid DNA or PCR reaction product

74-x llL H2 O

For plasmid transformations 1-5 ng plasmid DNA and for PCR-derived linear DNA con-
structs for chromosomal integration 50 nl of a PCR reaction were used. The transfor-
mation mixes were then vortexed thoroughly and incubated at 30°C for 30 min followed
by another 30 min of heat shock at 42°C. Plasmid transformations were spun down for
30 s at 500 g, the supernatant was discarded, 1 mL sterile water was added and, after
resuspension of the cells, 200 nL. were plated onto selective plates.

For chromosomal integration and selection of antibiotic resistances, transformed cells
were spun down, resuspended in 1 mL YPD and recovered at 30°C for 2-6 h. Finally,
cells were harvested at 500 g, resuspended in 200 pL. YPD and plated onto selective
plates.

Plates were then incubated for 2-4 days at 30°C or as indicated.
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3.3.6 Plasmid preparation from S. cerevisiae

Plasmids from S. cerevisiae were isolated from cell grown over night in 5 mL liquid
cultures under selective conditions. Cells were harvested by centrifugation and resus-
pended in cell resuspension solution from the WIZARD Plus SV mini-prep kit. After
resuspension 100 U/mL zymolyase was added followed by an incubation step at 37°C
for 1-2 h. All subsequent steps were carried out as described in the WIZARD Plus SV
mini-prep kit manual.

Since plasmid preparation from S. cerevisiae leads to very low yields, the obtained plas-

mids were retransformed into E. coli Machl for amplification.

3.3.7 Multi-copy-suppressor screening

Multi-copy-suppressor screening was carried out using the yeast strain containing the
cnsl-1 temperature-sensitive mutation and a commercially available plasmid library
(YSC5103, Yeast Genomic Tiling Collection Assay Ready DNA, Dharmacon, Lafayette,
USA). The strain was transformed with 3 ng of the library and plated onto selective
plates. Plates were incubated over night at 25°C to allow the cells to recover and shifted
to the non-permissive temperature (37°C) after 24 h. The transformants were then
grown for another 3 days. 2 plates were kept at 25°C to determine the total number
of transformants. Colonies that grew faster than the background at 37°C were then
re-streaked to a fresh plate and grown again for 48 h at 37°C to confirm the phenotype.

Finally, plasmids were isolated and sequenced.

3.3.8 Synthetic genetic array screening

Synthetic genetic array analysis was carried out as described previously (Tong and
Boone, 2006, 2007). Y8205 was used as a starting strain.

For the cpr7A screen, CPR7 was knocked out in Y8205 using a natMX resistance cas-
sette. The genotype of the resulting strain was confirmed by colony PCR and used for
the SGA screen.

For the tet07-CNS1 screen, a strain bearing the CNSI gene under the control of the
tet07 promoter (Mnaimneh et al., 2004) was crossed with Y8205. The kanMX resistance
cassette was replaced by natMX using the swapping method (Tong and Boone, 2007).
The resulting strain was sporulated and finally selected on -Arg -Lys -Leu +Can +Thia
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+Lys +clonNAT to select the haploid MAT« tet07-CNS1 starting strain.

SGA screening was carried out at the Max-Planck-Institut fiir Biochemie in the lab of
Stefan Jentsch by Jochen Rech. The scoring of the cpr7 screen was done by compar-
ing the single mutant selection step (-His-Arg-Lys-+Can-+Thia+G418) with the double
mutant selection step (-His-Arg-Lys+Can+Thia+G418+clonNAT). The double mutants
were considered synthetic lethal when no growth was observed, or synthetic sick when
the growth rate was reduced.

The tet07-CNS1 screen was scored by comparing the growth of the double mutants (se-
lected on -His-Arg-Lys+Can+ Thia+G418+clonNAT) with growth on 10 pg/mL doxy-
cycline containing YPD plates to repress CNS1 expression.

Both screens were carried out as technical duplicates and genetic interaction was only

scored as true when the phenotype was observed twice.

3.3.9 Microscopy

Yeast microscopy experiments were performed on a Zeiss Axiovert 200 with a Zeiss
Plan-NEOFLUAR 63x.1.25 oil 440461 objective and a FluoArc system (Zeiss, Jena,
Germany) using either DIC or GFP filters. Images were recorded using a Hamamatsu
4792-95 Digital Camera (Hamamatsu, Herrsching am Ammersee, Germany) and the
program Simple PCI 5.3 (Compix Inc., Cranberry Township, USA).

Immersion oil (Immersol 518F) was purchased from Zeiss (Jena, Germany).

3.3.10 Ribosome fractionation

Ribosome fraction was carried out at the Max-Planck-Institut fiir Biochemie (Martin-
sried, Germany) with the help of Timm Hassemer in the lab of Ulrich Hartl. The method
described below was modified from Choe et al. (2016).

Yeast cultures were grown to ODgyp=0.8-1 and 160 ODgg units were harvested by cen-
trifugation. Whole cell lysates were prepared in 10 mM Tris-HCI pH 7.5, 100 mM Na(Cl,
30 mM MgCly, 1 mM DTT and protease inhibitor-cocktail (Roche) with glass beads
using a FastPrep-24 homogenizer (MP Biomedicals).

30 ODgs4 units of lysate were layered on a continuous 7-47% sucrose gradient prepared in
40 mM Tris-Acetate pH 7.0, 50 mM NH,CI, 12 mM MgCly, 1 mM DTT. Gradients were
centrifuged for two hours at 40,000 rpm and 4°C using a SW41 rotor (Beckman) and
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fractionated using a piston gradient fractionator coupled to an Asss,m spectrophotometer

(Biocomp) for recording ribosome profiles.

3.3.11 GFP-Trap

Yeast cells carrying GFP-tagged variants of Cnsl on a plasmid (p425-GPD) were grown
in 50 mL SD medium to an ODgy=0.8 and 40 ODggo units were harvested by centrifuga-
tion. Cells were lysed in 0.5 mL lysis buffer (50 mM TRIS 100 mM NaCl 1.5 mM MgCl,
0.15% NP-40 containing protease inhibitor HP and PMSF) by glass bead disruption and
the lysate was cleared by centrifugation at 15,000 g for 2 min. For Immunoprecipita-
tion 25 pLb GFP-Trap beads (ChromoTek, Martinsried, Germany) were equilibrated by
washing them three times with lysis buffer. Next, the cell lysate was added to the beads,
followed by a 1 h incubation step at 4°C on an overhead shaker. The beads were washed
three times with lysis buffer to get rid of unspecific interactions, the proteins were eluted
by boiling in 30 nL. Laemmli buffer, finally separated by SDS-PAGE and visualized by

colloidal coomassie staining.

3.3.12 Yeast spot assays

Cells were grown over-night at 30°C in 5 mLL YPD medium. Then, 10 ODggo units were
harvested by centrifugation, washed once with sterile water and resuspended in 1 mL
sterile water to yield a ODgyp=10 cell suspension. The cell suspension was then diluted
in 96 well plates to a starting ODggo=1 and several 10-fold dilutions were prepared (e.g.
ODgoo=1; ODgpo=0.1; ODgpp=0.01; ...). Finally, 5 pLi of the diluted cell suspensions

were spotted onto plates as indicated.

3.4 Protein purification

3.4.1 Immobilized metal ion affinity chromatography

Immobilized metal ion affinity chromatography is a widely used chromatographic method
in protein purification. It is based on the specific and reversible interaction of a tagged
protein with a matrix bound partner. Ni** ions can be immobilized using nitrile triacetic
acid (NTA) as an anchor to attach it to the column material. NiNTA columns show high

specificity toward the Hisg-tag, which can be fused to the protein of interest. Elution
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is achieved by competition with high levels of free imidazole (the functional group of
histidine), which is added to the elution buffer and is competing with the His side chains
of the Hisg-tag.

NiNTA purification was performed using HisTrap FF column (GE Healthcare, Freiburg,

Germany).

3.4.2 Ion exchange chromatography

Ion exchange chromatography is based on the interaction between differently charged
molecules. Proteins carry due to their charged side chains positive and negative charges.
This makes binding to a column material with opposite charge possible. The overall
charge of a protein is dependent on the amino acid composition, which determines its
isoelectric point (pl), and the pH in the buffer. Thus, the column material and the pH
of the buffer are selected depending on the amino acid composition of the protein.
Elution is normally performed by gradually increasing the salt concentration in the
buffer.

Ion exchange chromatography purification was performed using Resource () 6ml columns
(GE Healthcare, Freiburg, Germany).

3.4.3 Size exclusion chromatography

Size exclusion chromatography (SEC) is used to separate proteins based on their hy-
drodynamic radius. The column matrix consists of micro-granules with defined particle
and pore sizes. Proteins, which have a bigger radius than the pore size, are not able to
diffuse into the particles and therefore elute first. Smaller proteins, however, are able
to enter the particles and it takes them longer to get across the column. The smaller
the hydrodynamic radius of a protein is, the longer it takes to get through the column.
Furthermore, SEC can be used to separate different oligomeric states of a protein, to
get a protein in its monodisperse form.

SEC was performed using Superdex 75 Prep Grade and Superdex 200 Prep Grade
columns (GE Healthcare, Freiburg, Germany).
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3.4.4 Buffer exchange using a desalting column

Desalting columns can be used for quick buffer exchange. The method is similar to SEC,
although the pore size of the column material is so small that proteins can not enter
the particles whereas buffer components of the original buffer can and therefore elute
separated from the protein. HiPrep 26,/10 Desalting columns (GE Healthcare, Freiburg,

Germany) were used in this study.

3.4.5 Buffers used for protein purification from E. col:

Table 21 lists the buffers used for protein purification form E. coli. For Hsp90 purification
there was additionally 1 mM EDTA in the IEC buffers. All buffers used for Cnsl
purification additionally contained 1 mM DTT.

Table 21: Buffers used for protein purification

NiNTA Buffer A 40 mM K,HPO,/KH,PO, pH 8.0
300 mM KCl
20 mM imidazole
Buffer B 40 mM K,HPO,/KH,PO, pH 8.0
300 mM KCl
500 mM imidazole
IEC Buffer A 40 mM K,HPO,/KH,PO, pH 8.0
10 mM KCl
Buffer B 40 mM koHPO4/KH,PO, pH 8.0
1 M KCI
HAT Buffer A 40 mM K,HPO,/KH,PO, pH 8.0

Buffer B 500 mM K;HPO,/KH,PO, pH 8.0

SEC Buffer 40 mM HEPES/KOH, pH 7.5
150 mM KCl
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3.4.6 Protein concentration

In order to concentrate protein solutions, ultrafiltration across a membrane with defined
molecular weight cut-off was used. With this method the volume of a protein solution
can be reduced and the proteins are concentrated above the membrane. Depending on
the volume, Amicon Ultra-15, Ultra~-4 or Ultra-0.5 Filter Units were used with various
molecular weight cut-offs (3 kD, 10 kD and 30 kD) depending on the molecular weight
of the protein.

3.4.7 Purification of SUMO-tagged proteins from E. coli

All protein purification steps were carried out at 4°C.

SUMO-tagged Cnsl and TTC4 were expressed as described in 3.2.9. Pellets were then
dissolved in NiNTA Buffer A and DNAse I, Protease inhibitor HP and PMSF (2 mM
final concentration) were added. Cells were disrupted as described in 3.2.12 and lysates
were cleared by centrifugation at 40,000 g at 4°C in a JA25.50 rotor. Then, lysates were
loaded on a His-Trap FF column and subsequently washed with 10 column volumes
buffer A, followed by washing with 10 column volumns 3% NiNTA buffer B and eluted
with 100% NiNTA buffer B. Protease inhibitor G (Serva) was immediately added to the
elution fractions to prevent protein degradation by metalloproteases. Fractions were run
over a HiPrep 26/10 Desalting column equilibrated with SEC buffer and the SUMO-tag
was cleaved off over night by adding His-tagged SUMO protease (in house preparation).
The His-SUMO tag and the protease were then removed by running the sample again
over the His-Trap FF column. The collected flow-through was concentrated and run
on a gel filtration column equilibrated in SEC buffer. Purity was finally checked by
SDS-PAGE.

For the TTC4 constructs, additional ion exchange chromatography was necessary. After
the first Ni-column, the elution fractions were run over a HiPrep 26/10 Desalting column
equilibrated in IEC buffer A and the fractions containing the target protein were loaded
on a Resource QQ column. After washing with 10 column volumes IEC buffer A, bound
proteins were eluted over a gradient from 0-50% IEC buffer B over 200 mL. Fractions
were again run over a HiPrep 26/10 Desalting column equilibrated with SEC buffer and
the SUMO-tag was cleaved as described above. All subsequent steps were carried out

as described for Cnsl.
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3.4.8 Purification of yeast Hsp90 from FE. col:

All protein purification steps were carried out at 4°C.

His-tagged yHsp90 was expressed as described in 3.2.9. Pellets were then resuspended
in NiNTA Buffer A and DNAse I, Protease inhibitor HP and PMSF (2 mM final concen-
tration) were added. Cells were disrupted as described in 3.2.12 and lysates were cleared
by centrifugation at 40,000 g at 4°C in a JA25.50 rotor. Then, lysates were loaded on
a His-Trap FF column and subsequently washed with 10 column volumes buffer A, fol-
lowed by washing with 10 column volumns 3% NiNTA buffer B and eluted with 100%
NiNTA buffer B.

Elution fractions were filled up to 150 mL with IEC Buffer A and run-over a Resource
Q column. After washing with 20 column volums IEC Buffer A, bound proteins were
eluted over a gradient from 0-50% IEC buffer B over 200 mL. The fractions containing
full length Hsp90 were then filled up to 150 mL HAT Buffer A, loaded onto a HAT
column, washed with 10 column volumes HAT buffer A and eluted over a gradient from
0-100% HAT buffer B over 200 mL. Hsp90 containing fractions were concentrated and
run over a SEC column equilibrated with SEC buffer. Purity was checked by SDS-PAGE.

3.5 Protein analytics, activity assays and structural

characterization

3.5.1 SDS-PAGE

Sodium duodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed
to analyze protein purifications and co-immunoprecipitations. Proteins were either sep-
arated on self-made gels (7 x 9 x 0.075 cm, stacking gel:<3% acrylamide, 125 mM
TRIS-HCI pH 8.6, 0.2% SDS; resolving gel: 10-15% acrylamide, 375 mM TRIS-HCI pH
8.8, 0.2% SDS) or commercially available 8-16% gradient gels (Serva TG Prime, Heidel-
berg, Germany).

Samples were mixed with Laemmli loading buffer, heated at 95°C for 5 minutes and
loaded onto the gels. peqGOLD Protein-Marker IV (Peqlab, Erlangen, Germany) was
used as a marker.

Proteins were separated using a constant current of 30 mA per gel (self-made gels) or
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according to the manufacturers protocol (pre-cast gels) using a Electrophoresis Power

Supply EPS-601 (Amersham Pharmacia Biotech, Uppsala, Sweden).

3.5.2 Coomassie staining of SDS-PAGE gels

After SDS-PAGE gels were stained using two different methods.

Fairbanks staining

Protein purification gels were stained with a simplified version of a method described
before (Fairbanks et al., 1971). In brief, gels were stained with Fairbanks A solution
(25% (v/v) Isopropanol, 10% (v/v) acetic acid, 0.05% Coomassie Blue R) and destained
with Fairbanks D solution (10% (v/v) acetic acid). Solutions were heated up in a mi-

crowave to reduce incubation times.

Colloidal coomassie staining

Colloidal coomassie staining shows higher sensitivity than the method described above.
Therefore, a method that is able detect even small amounts of proteins (Dyballa and
Metzger, 2009) was used in immunoprecipitation experiments.

In brief, gels were washed three times with deionized water, stained overnight with
solution A (0.02% (w/v) CBB G-250, 5% (w/v) aluminum sulfate-(14-18)-hydrate, 10%
(v/v) ethanol, 2% (v/v) orthophosphoric acid) and destained with solution B (10% (v/v)
ethanol, 2% (v/v) orthophosphoric acid) for 1 h.

3.5.3 Fluorescence labeling of proteins

Cnsl was randomly labeled using ATTO488 (ATTO-TEC, Siegen, Germany) on lysine
residues as recommended by the manufacturer. The reaction was carried out in 40 mM
HEPES/KOH pH 7.5, 50 mM KCI, 5 mM MgCls. 5 mg/ml protein were labeled with a
1:1 stoichiometry protein:label for 2 h on ice.

The reaction was quenched with a molar excess of TRIS (1 M pH 8.0). Excess label
was removed by running the protein over a PD-10 Desalting Column (GE Healthcare,
Freiburg, Germany) equilibrated in 40 mM HEPES/KOH pH 7.5, 150 mM KCI, 5 mM
MgCly, and 1 mM DTT. The degree of labeling was finally calculated following the

manufacturer’s protocol.
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3.5.4 Analytical ultracentrifugation

Analytical ultracentrifugation (aUC) measurements were performed by Daniel Rutz
(Lehrstuhl fiir Biotechnologie, Technische Universitat Miinchen).

For Hsp90 interaction studies, 500 nM randomly labeled Cnsl (*Cnsl) was used. Experi-
ments were conducted with a ProteomLab Beckman XIL-A centrifuge (Beckman Coulter,
Brea, California) equipped with an AVIV fluorescence detection system (Aviv biomed-
ical Inc., Lakewood, USA). Hsp90, Cnsl variants, co-chaperones and nucleotides were
added as indicated in the Results Section. 40 mM HEPES/KOH pH 7.5, 50 mM KCI, 5
mM MgCl; was used as a measurement buffer.

Data were analyzed using SedView (Hayes and Stafford, 2010) and manual data analysis

was performed using Origin 9.0.

3.5.5 ATPase assays using an ATP-regenerating system

The ATPase assay used in this study is based on a regenerative, coupled enzymatic test
(Ngrby, 1988; Ali et al., 1993), in which ATP after hydrolysis to ADP and orthophos-
phate is regenerated by consumption of NADH. ATP is synthesized by pyruvate kinase
(PK) which uses phosphoenol pyruvate (PEP) as substrate. The resulting pyruvate is
reduced by lactate dehydrogenase (LDH) to lactate. NADH is used as a co-substrate in
this reaction and consumption of NADH to NAD+ can be monitored spectroscopically
at a wavelength of 340 nm.

Reactions were performed in 50 mM HEPES/KOH pH=7.5, 5 mM MgCl,, 2 mM PEP,
0.2 mM NADH, 0.4 U PK and 2 U LDH. 150 pL of this mix were filled up to 200 pL
with 50 pL of buffer containing the ATPase (and other proteins as indicated).

Assays were performed on a Cary 50 Bio UV /Vis spectrometer (Varian, Palo Alto, USA)
at 30°C. Using Origin 9.0 the slope of the decrease of the progression curve was used to

calculate the hydrolysis rates.

3.5.6 UV /VIS spectroscopy

Absorption of electromagnetic radiation is dependent on transfer of n-electrons to an
excited, high-energy state.
Proteins absorb between 180 to 300 nm. Disulfide bonds are responsible for absorption

at 250 nm, peptide bonds for absorption at around 190 nm and the aromatic amino
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acids absorb between 250 and 300 nm (Table 22) .

Table 22: Absorbants in UV /VIS spectroscopy

amino acid Amax IN NI €max I M tcm™
tryptophane 280 5600

tyrosine 274 1400
phenylalanine 257 200

disulide bridge 250 300

peptide bond 190 ~ 7000

Protein concentrations were determined by UV /VIS spectroscopy. ProtParam was used
to calculate molar extinction coefficients and concentrations were calculated using the

Lambert-Beer-equation:

A=excx*xd

A... absorption at 280 nm
... molar extiction coeflicient
d... thickness of the cuvette

c... concentration in mol/L

3.5.7 CD spectroscopy

Circular dichroism (CD) is the characteristic of optically active molecules to absorb left
or right circularly-polarized light of the same wavelength with different intensity. The
optical activity of proteins is dependent on asymmetric carbon atoms and/or aromatic
amino acids. Proteins show circular dichroism, because they consist of a large number
of optically active amino acids and additionally form asymmetric secondary structures.
The ellipticity © (in degrees) is the quantitive measure for circular dichroism. The molar
ellipticity is the correlation of the ellipticity, the molecular weight and the amino acid

composition of a given protein.
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o %100 M
MW = cxd* Nag

Omrw ... molar ellipticity

©... measured ellipticity in [mdeg|
M ... molecular weight in [kD]

C ... protein concentration [mg/ml]|
d ... path lengths of the cuvette

N ... number of amino acids

Proteins display characteristic CD signals in the far-UV region (170-250 nm).

Two adjacent minima (208 and 222 nm) result form o-helices, a minimum at 218 nm is
characteristic for the presence of 3-sheets. Disordered proteins show very low ellipticity
above 210 nm and a minimum at around 195 nm. Therefore, CD spectroscopy is a well
suited method to characterize the general folding status of a given protein.

CD spectra were recorded on a JASCO J-715 CD spectrometer in combination with a
JASCO PTC-384WI peltier element (JASCO, Easton, USA) and a Huber Compatible
Control water bath (Peter Huber Kéltemaschinenbau GmbH, Offenburg, Germany).
Measurement settings are shown in Table 23. 25 mM NaH;PO,, 100 mM NaCl, 1 mM
TCEP pH 7.5 was used as measurement buffer.

Table 23: CD spectroscopy settings

parameter setting
starting wavelength 260 nm
end wavelength 200 nm
resolution 0.1 nm
accumulations 10
scanning speed 50 nm/min
cuvette thickness 0.1 cm
temperature 20°C
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3.5.8 Protein crystallization

Protein crystallization experiments were performed in cooperation with Dr. Eva Huber,
Astrid Koénig and Prof. Dr. Michael Groll (Lehrstuhl fiir Biochemie, Technische Uni-
versitdt Miinchen).

TPR constructs were prepared in 10 mM TRIS/HCI1 pH7.5, 10 mM TCEP and a 1.3-fold
excess of MEEVD (15 mM stock in 100 mM TRIS pH 7.5) was added (modified from
Schmid et al. (2012)).

Crystallization of Cnsl domains
TPR construct (36-220)

Sitting drop vapour diffusion experiments were performed with protein (60 mg/mL)

supplemented with 1.3-fold excess of MEEVD peptide. Equal volumes of protein and
reservoir solutions were mixed and stored at 20 °C. After a few days one single crys-
tal grown in the presence of 0.2 M ammonium sulfate, 0.1 M Tris pH 8.5, 25% (v/v)
PEG3350 was identified. It was soaked with a 1:1 (v/v) mixture of reservoir and 50%
(v/v) PEG400 and super-cooled in liquid nitrogen. Albeit its small size, the crystal
diffracted to a resolution of about 3.2 A. However, indexing and space group determi-
nation by XDS (Kabsch, 2010) as well as reproduction of the crystal failed so far.

TPR construct (70-220)
The TPR-domain of CNS1 was crystallized by the sitting and hanging drop vapour

diffusion method by mixing equal volumes of protein (100 mg/mL, supplemented with
MEEVD peptide) and reservoir solution (0.2 M MgCly, 0.1 M Bis-Tris pH 5.5-6.1, 22-
25% (v/v) PEG3350). Crystals were cryoprotected by the addition of PEG400 (final
concentration of 25% (v/v)) and diffraction data were collected to a resolution of 2.0 A.
X-ray intensities were evaluated with XDS (Kabsch, 2010). The unit cell axes together
with the crystal symmetry indicate that the asymmetric unit contains 6-7 molecules.
For phasing, crystals were soaked with PtCl,; (Hampton heavy atom screen) and anoma-
lous diffraction data were collected at A= 1.07122 Ato 3.5 A, which could be indexed in
space group P622 but with a smaller unit cell compared to the non-derivatized crystal.
According to the Matthew’s coefficient, the asymmetric unit contains only one molecule
of the TPR-domain. However, experimental phasing did not yield interpretable electron

density maps so far.
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C-terminal domain (221-385)

Selenomethionine-labelled protein was concentrated to 15 mg/mL and mixed with equal

volume of reservoir solutions in sitting drop vapour diffusion crystal plates. Crystals
grew from buffer conditions containing 0.1 M Hepes PH 7.5, 10% (v/v) isopropanol and
20% (v/v) PEG4000 and were cryoprotected by the addition of PEG400 to a final con-
centration of 25% (v/v). Anomalous data were recorded at the peak wavelength of Se
(A= 0.9794 A) and evaluated with the program package XDS (Kabsch, 2010). SHELXD
(Schneider and Sheldrick, 2002) identifies 10 Se sites, which were further refined by
SHARP (de La Fortelle and Bricogne, 1997) . Solvent flattening with SOLOMON (Cow-
tan and Main, 1996) resulted in an interpretable electron density map, which was traced
with COOT (Emsley et al., 2010). The model was completed by cyclic refinement and
model building steps followed by final TLS refinement with REFMAC5 (Vagin et al.,
2004).

Crystallization of TTC4

C-terminal domain (217-387)

Crystals of TTC4 were grown at 20°C using the sitting drop vapor diffusion method.

Drops contained equal volumes of protein (15 mg/mL) and reservoir solutions (1.4 M
Na/K phosphate pH 8.2). Crystals were cryoprotected by the addition of a 1:1 (v/v) mix-
ture of mother liquor and 60% (v/v) glycerol. Diffraction datasets were recorded at the
beamline ID30B, European Synchrotron Radiation Facility (ESRF), Grenoble, France.
X-ray intensities were analyzed with the program package XDS (Kabsch, 2010) and
structure determination was performed by Patterson search calculations with PHASER
(McCoy et al., 2007) using the coordinates of the CNS1-C-domain as a search model.
Cyclic refinement and model building steps were performed with REFMAC5 (Vagin
et al., 2004) and COOT (Emsley et al., 2010). TLS refinements finally yielded excellent
values for Repys, Riree, T.m.s.d. bond and angle values as well as good stereochemistry
from the Ramachandran Plot (see Table 25 in Results Section).

3.5.9 Small angle X-ray scattering (SAXS)

SAXS experiments were performed in cooperation with Assoz. Prof. Mag. Dr.rer.nat.
Tobias Madl (Technische Universitdt Miinchen). SAXS data for solutions of full-length
Cnsl, Cnsl 1-220, Cnsl A69, Cnsl 70-220, Cnsl 36-220, Cnsl 221-384, Hsp90 and Cns1-
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Hsp90 complexes were recorded on an in-house SAXS instrument (SAXSess mc?, Anton
Paar, Graz, Austria) equipped with a Kratky camera, a sealed X-ray tube source and a
two-dimensional Princeton Instruments P1eSCX:4300 (Roper Scientific) CCD detector.
The scattering patterns were measured with 90-minutes exposure times (540 frames,
each 10 seconds) for several solute concentrations in the range from 1.3 to 5.0 mg/ml.
Radiation damage was excluded based on a comparison of individual frames of the 90-
minute exposures, where no changes were detected. A range of momentum transfer of
0.012 < s < 0.63 A-1 was covered (s = 4nsin(9) /), where 20is the scattering angle and
A= 1.542 Ais the X-ray wavelength).

All SAXS data were analyzed with the package ATSAS (version 2.5). The data were
processed with the SAXSQuant software (version 3.9), and desmeared using the pro-
grams GNOM and GIFT (Svergun, 1992). The forward scattering, 1(0), the radius of
gyration, R, the maximum dimension, Dyax, and the inter-atomic distance distribu-
tion functions, (P(R)), were computed with the program GNOM. The masses of the
solutes were evaluated by comparison of the forward scattering intensity with that of
a human serum albumin reference solution (molecular mass 69 kDa) and using Porod’s
law. To generate ab initio shape models, a total number of 50 models were calculated
using the program DAMMIF (Franke and Svergun, 2009) and aligned, and averaged us-
ing the program DAMCLUST. The structures of Cnsl were modelled using the program
CORAL (Petoukhov et al., 2012). Input was the crystal structure of the C-terminal
Cnsl domain, a homology model of the TPR domain (swissmodel, template: 4j8f). The
N-terminal 54 residues and 5 residues connecting the TPR and the C-terminal domain
were kept flexible. A total of 50 structures were calculated, and the best structures
based on the fit to the experimental data selected to prepare the figures. The ab initio
shape models were aligned with the SAXS-based rigid body model using the program
SUPCOMB (Kozin and Svergun, 2001).

3.5.10 NMR

NMR experiments and data analysis was carried out by Dr. Lee Freiburger in the lab
of Prof. Dr. Michael Sattler and Materials and Methods were kindly provided by Dr.
Abraham Lopez (Lehrstuhl fiir Biomolekulare NMR-Spektroskopie, Technische Univer-
sitdt Miinchen, Germany).

Two and three-dimensional NMR experiments were performed at 303 °K in Bruker 600
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and 900 MHz spectrometers equipped with a TCI cryoprobe. Experiments were recorded
using uniformly °N-labeled samples of Cnsl constructs at a concentration of 1 mM in
PBS buffer (4 mM KH,PO,, 16 mM Nay,H2PO,4,115 mM NaCl, pH=7.4, 1 mM TCEP)
containing 10% D,O. 'H-*N HSQC experiments comprised 256 and 1024 complex points
(F1, F2), with 16 scans per increment. Water suppression was achieved by watergate
flip-back scheme. °N-edited NOESY experiments comprised 260, 88, 1024 complex
points (F1, F2, F3), with 16 scans per increment. Spectra were processed with Top-
spin software (Bruker Corp., Karlsruhe, Germany) and analyzed with CcpNmr Analysis
software (Vranken et al., 2005).
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4 Results

4.1 Identification of the essential Cnsl domains using
5’-FOA shuffling

Hsp90 is regulated by a cohort of co-chaperones. Most of them are dispensable in yeast
under normal growth conditions, but three of them (Sgtl, Cdc37 and Cnsl) are essen-
tial (see introduction). Sgtl is known to be involved in kinetochor assembly (Kitagawa
et al., 1999; Catlett and Kaplan, 2006) and Cdc37 is crucial for kinase maturation (see

introduction), but the essential role of Cnsl in vivo remains enigmatic.

®

cns1*

NI

-LEU
5-FOA

<U RA3>
CNST

cns1:kanMX

URA3:
< ) viable vs. invialbe
'CNST

Figure 15: 5-FOA shuffling to test cnsl mutants in vivo (experimental setup
overview). The genomic copy of CNS1 is replaced by a kanMX cassette. To maintain viability,
wildtype CNS1 is provided from a plasmid containing a URAS marker. cnsl variants can be
introduced on a second plasmid. Restreaking to plates containing 5-FOA leads to the loss of
the URAS plasmid and functionality of the cns! mutants can be scored by monitoring growth.

In order to gain a better understanding of the single Cnsl domains in vivo, a Cnsl-
shuffling mutant (cnsi A [CNS1-URAS|) strain was constructed in the lab previously
(Mitschke, 2012, PhD thesis). This mutant contains a genomic disruption of the CNS1
gene. In addition, the wildtype coding sequence of CNST is provided on a plasmid con-
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taining also a URAS& marker. Now, a second plasmid containing a cns! mutant can be
introduced by plasmid transformation and selected using a second auxotrophy marker
(e.g. LEU2). The URA3 gene product catalyzes the reaction from 5-FOA to 5-FU,
which is toxic for yeast cells. Thus, the cells need to loose the URAS and CNS1 wildtype
containing plasmid after restreaking onto plates containing 5-FOA. If the second plas-
mid contains a cns! mutant that is able to provide the essential function, the cells are
viable, although they might already show a growth defect, when the essential function
is not fully provided. If the second plasmid contains an inviable mutant, no growth is

observed (Figure 15).

4.1.1 The C-terminal domain of Cnsl is dispensable for cell
viability

It was already known, that the amino acids C-terminal of the TPR domain are dis-
pensable for growth (Tesic et al., 2003). Data from previous work in the lab suggested
that also the largest part of the amino acids N-terminal of the TPR domain can be
deleted (Mitschke, 2012, PhD thesis; Hainzl, 2008; PhD thesis), but these results were
not reproducible (data not shown). Therefore, several truncation mutants lacking the
C-terminal segment of Cnsl as well as a plasmid expressing only amino acids 169-385
under control of the strong GPD promoter were cloned (Figure 16A). Plasmids contain-
ing these variants did not affect cell growth on -Ura-Leu plates (Figure 16B), but when
restreaked onto 5-FOA plates , as expected, only Cns1™*, Cns1'2° Cns119°, Cns1!-18
supported growth, whereas the empty vector negative control and the C-terminal con-

struct (Cns1'9%-3%5) did not, even when the cells were incubated for six days (Figure 16C
and D).

Tesic et al. (2003) had shown that the amino acids 1-212 of Cns1 are sufficient to support
growth. The viability of the Cns1"!8% mutant now provides evidence, that even a further
truncation is possible (Figure 16B and C) and that the last few residues of the TPR

(amino acids 186-189) domain are not necessary to support growth at 30°C.
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A B -Ura-Leu
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1-200
1-190
1-185

169-385

C

5‘-FOA (3 days)

1-190

1-185

wt oo empty

Figure 16: The C-terminal domain of Cnsl is dispensable in vivo A) Schematic
overview of truncation mutants of Cnsl lacking the C-terminal domain. B)ecnsi A [CNS1-
URA3| strain expressing variants from A) on a p425-GPD vector grown on -Ura-Leu plates.
Cells were grown at 30°C for three days. C and D) strains from B were restreaked onto plates
containing 5-FOA and incubated at 30°C for 3 days and 6 days, respectively. Cnsl1™® and
empty vector were used as positive and negative controls, respectively.
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4.1.2 Deletion of the first 35 amino acids does not affect in vivo

function of Cnsl

Next, in order to get a better understanding of the in vivo function of the Cnsl N-
terminal segment, several N-terminal truncation mutants were cloned (Figure 17A) and
tested using the 5-FOA shuffling assay. Again, none of the overexpressed mutants
affected cell growth on -Ura-Leu plates (Figure 17B).

Surprisingly, the deletion of the first 35 amino acids (Cns13¢-3%5), did not have any no-
ticeable effect on Cnsl function in vivo, but a further truncation of five amino acids
(Cns1#-38%) dramatically reduced the growth of yeast cells on plates containing 5-FOA.
Moreover, Cns1%6-38 and Cns1°!-3%% expressing cells did not show any growth even after

six days of incubation (Figure 17C and D).

To investigate the requirement of the first 35 amino acids in the absence of the C-terminal
domain, a number of constructs containing Cnsl variants truncated form both, the N-
and the C-terminus were tested (Figure 18A). Interestingly, Cns136-2%5 Cns1352% and
Cns136-19 expressing strains showed only poor growth on plates containing 5-FOA after
three days (Figure 18C) compared to the mutant lacking only the first 35 amino acids
(Figure 17C), but the cells were still viable after six days (Figure 18D). Therefore, one
can conclude, that the C-terminal domain is important for full in vivo function of Cnsl

when the first 35 amino acids are missing.
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A B -Ura-Leu

51-385

wt

36-385
41-385

46-385

51-385

5-FOA (3 days) 5-FOA (6 days)

empty 36-385

Figure 17: Amino acids N-terminal of the TPR domain contain the essential func-
tion of Cnsl in vivo. A) Schematic overview of truncation mutants of Cns1 lacking a varying
number of amino acids from the N-terminus. B)ens? A [CNS1-URA3| strain expressing mutant
versions from A) on a p425-GPD vector grown on -Ura-Leu plates. Cells were grown at 30°C
for three days. C and D) strains from B were restreaked onto plates containing 5-FOA and
incubated at 30°C for 3 days and 6 days, respectively. Cns1"* and empty vector were used as
positive and negative controls, respectively.
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Figure 18: Shuffling of TPR and TTC4 mutants A) Schematic overview of truncation
mutants of Cns1 lacking amino acids from N- and C-terminus and domain architecture of TTC4
and a CnsIN/TTC4 chimera mutant. B)cns! A [CNS1-URA3| strain expressing variants from
A) on a p425-GPD vector grown on -Ura-Leu plates. Cells were grown at 30°C for three days.
C and D) strains from B were restreaked onto plates containing 5-FOA and incubated at 30°C
for 3 days and 6 days, respectively. Cns1™* and empty vector were used as positive and negative
controls, respectively.
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4.2 Cnsl and its human orthologue TTC4 differ in

their N-terminal domain

During the course of this work, in a high-throughput study, TTC4, the putative human
orthologue of Cnsl, was reported to complement a cns! yeast mutant in vivo (Kachroo
et al., 2015). The domain architecture of TTC4 is shown in Figure 18A. Like Cnsl, it
contains a N-terminal domain, a TPR domain and a C-terminal domain. As shown in
Figure 18C and D, TTC4 was not able to overcome the lethality of a cns! deletion using
the 5-FOA shuffling assay.

Protein sequence alignment of Cnsl and TTC4 revealed a strong sequence conservation
in the TPR region, whereas the amino acids N-terminal and C-terminal of the TPR

domain are less conserved (Figure 19).

BAD AvGIGOOD

Cns1 : 53

TTC4 : 54

cons : b2

Cns1 1 75
TTC4 1 -- --- - 69
cons 1IN - - S - . e I . s
Cns1 76 - - 148
TTC4 70 144
cons 150
Cns1 222
TTC4 218
cons 225
Cns1 283
TTC4 292
cons 300
Cns1l 356
TTC4 363
cons 375
Cnsl

TTC4

cons

Figure 19: Sequence alignment of Cnsl and TTC4 Protein sequences of Cnsl from S.
cerevisiae and TTC4 from H. sapiens were aligned using mCoffee (http://tcoffee.crg.cat/)

TTC4 was reported to interact with Hsp90 (Crevel et al., 2008), and it is likely, that
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this interaction is mediated by TTC4’s TPR domain. Given the fact, that the results
obtained so far suggest, that the essential function of Cnsl is encoded by the amino
acids N-terminal of the TPR domain, one can reason that a chimera of the first 82
residues from Cnsl and TTC4 starting from the TPR (amino acid 79) might be able
to overcome the lethality of a CNSI deletion. TTC4’s TPR domain would here act
as a hub to mediate Cnsl N-domain/Hsp90 interaction. Strikingly, CnsIN/TTC4 did
not only suppress the lethality of cnsf A, but also the mutant grew much better than
Cns1302% Cns1362% and Cns1?%1%° (Figure 18C and D).

4.3 The essential function of Cnsl1 is associated with

Hsp90, not Hsp70

It is already known, that a point mutant at the beginning of the Cnsl’s TPR do-
main (G90D) interferes with stable Hsp90 interaction in vivo and shows a temperature-
sensitive growth defect as well as synthetic lethality with an Hsp90 allel lacking the
C-terminal MEEVD motif (Tesic et al., 2003). The authors therefore speculated, that
Cnsl’s essential function is dependent on Hsp90, but so far, no mutant completely lack-
ing the TPR domain was tested.

Strikingly, Cns1!-82

was able to support growth in the 5-FOA shuffling assay, although
the cells grew extremely poorly and growth was only visible after 5 days (Figure 20A-
D). Comparison of this result with the mutants Cns1'-?% Cns1'1%° Cns1'1% which
provided almost wildtype-like growth, leads to the assumption that the TPR domain
of Cnsl is dispensable for the essential in wvivo function, but its presence is strongly
supporting growth.

Cnsl binds both, Hsp90 and Hsp70 in vitro via its TPR domain (Hainzl et al., 2004).

Therefore, it is difficult to discriminate whether the improved growth of Cns1!-1%

11—82

com-
pared to Cns
The Hsp90/Hsp70 co-chaperone Stil contains three TPR domains with different interac-

is dependent on its ability to interact with Hsp90, Hsp70 or even both.

tion preferences for Hsp90 and Hsp70, respectively (Schmid et al., 2012; Scheufler et al.,
2000). TPR1 binds only Hsp70, TPR2A only Hsp90 and TPR2B is able to bind both.
As expected, Stil as well as as TPR1 were not able to suppress the lethality of a strain
lacking CNS1. Fusion of the first 82 residues from Cnsl to TPR1 (Cns1!8*TPRL) showed

a growth rate comparable to Cns11-? (Figure 20A-D). Also constructs containing only
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TPR2A and TPR2B were not able to suppress the cns? A lethality. Strikingly, fusion
of the first 82 amino acids of Cnsl to TPR2A or TPR2B, improved growth of the cells
and colonies were already visible after three days (Figure 20A and Figure 21A-C).

Although, no construct tested so far showed a growth defect in the cnsi A [CNS1-URAS3|
strain on -Ura-Leu control plates, one can not exclude a possible negative effect of the
mutants on cell growth, since the shuffling strains also over-expresses wildtype Cnsl from
the GPD promoter, which in turn might compete with the mutants in vivo. Therefore,
the wildtype strain BY4741 was transformed with plamids expressing several trunca-
tion variants of Cnsl (Figure 21D). Compared to the empty vector control, expression
of Cns1™, Cns1'1%, Cns1!®? and Cns1'%%-3%° had no effect on the growth of BY4741.
Interestingly, the Cns1%1-3% construct showed a strong dominant negative effect on cell
growth that was reversed by deletion of the C-terminal domain (Cns1°19). Again,
theses findings underline the importance of of Cnsl’s N-terminal segment for its in vivo
function and, moreover, they suggest a cooparative mechanism between N-, TPR- and

C-domain in vivo.
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1-82-TPR1

1-82-TPR2B

D 5-FOA (3 days) C 5-FOA (5 days)
Stil 1-82

Figure 20: Cnsl N-domain fusion to TPR1 from Stil does not improve growth A)
Schematic overview of Stil’s domain architecture and Cnsl chimera mutants with single Stil
TPR domains. B)ensi A [CNS1-URA3| strain expressing variants from A) on a p425-GPD
vector grown on -Ura-Leu plates. Cells were grown at 30°C for three days. C and D) strains
from B were restreaked onto plates containing 5-FOA and incubated at 30°C for 3 days and
5 days, respectively. Cns1™' and empty vector were used as positive and negative controls,
respectively.
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A -Ura-Leu B 5‘-FOA (3 days)

TPR2A

C 5-FOA (5 days) D

1-82-
TPR2A TPR2A

Figure 21: Cnsl N-domain fusion to Hsp90 binding TPR domains improves growth
A)ens1 A [CNS1-URA3]| strain expressing variants from Figure 20A on a p425-GPD vector
grown on -Ura-Leu plates. Cells were grown at 30°C for three days. B and C) strains from A
were restreaked onto plates containing 5’-FOA and incubated at 30°C for 3 days and 5 days,
respectively. Cns1% and empty vector were used as positive and negative controls, respectively.
D) Overexpression of Cnsl truncation variants in BY4741. -Leu plates were incubated at 30°C
for 2 days.
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Although the results obtained with the fusion proteins of the Cnsl N-domain with the
three TPR domains from Stil suggest a genetic interaction between Cnsl and Hsp90,
but not Hsp70, the observed effects could still be "off-target" effects.

Therefore, a direct fusion of the first 82 residues from Cnsl to Hsp90 and Hsp70, re-
spectively, could provide helpful insights into the effect of the Cnsl N-domain on these
two chaperones. As expected, expression of Hsc82 or Ssal under the control of the
GPD promoter was not able to suppress the lethality of cns? A. Strikingly, the Hsc82-
1-82 chimera (Cnsl N-terminal segment fused to the C-terminus of Hsp90) supported
growth already after three days of incubation on 5-FOA plates, whereas the Ssal-1-
82 chimera did not (Figure 22A-C). Note, that the Cns!®? and the Ssal-1-82 chimera
showed comparable (slow) growth after five days (data not shown), indicating that the
Cnsl N-domain is functional when fused to Ssal, albeit it is not improving growth of the
cnsIA strain. Interestingly, it seems that the position of the fusion to Hsp90 is not of
importance, since fusion to the N-terminus of Hsp90 (1-82-Hsc82) shows a comparable
growth rate to Hsc82-1-82 (Figure 22A-C). Moreover, both constructs are able to serve
as the single source of Hsp90 in a Hsp90-shuffling mutant, indicating, that the chimera

do not compromise general Hsp90 function (Figure 23).
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Hsc82-1-82

B -Ura-Leu C 5‘-FOA (3 days)

1-82

Hsc82

Hsc82-1-82 1-82-Hsc82 Hsc82-1.82  1-82-Hsc82

Figure 22: Direct fusion of the Cnsl N-domain to Hsp90 improves growth A)
Schematic overview of the domain architecture of Hsp90 (Hsc82), Hsp70 (Ssal) and chimera
proteins between Cnsl’s N-terminal domain and Hsp90 and Hsp70. B)ensi A [CNS1-URA3|
strain expressing variants from A) on a p425-GPD vector grown on -Ura-Leu plates. Cells were
grown at 30°C for three days. C) strains from B were restreaked onto plates containing 5-FOA
and incubated at 30°C for 3 days. Cns1™' and empty vector were used as positive and negative
controls, respectively.
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Hsc82-1-82 1 82-Hsc82 Hsc82-1-82 il P1-82-Hscs2

Figure 23: Cnsl/Hsc82 chimera can serve as the single source of Hsp90 in yeast
hsc82A hsp82A strain A) A hsc82A hsp82A double deletion strain carrying HSP82 on a
URAS3 plasmid was transformed with Hsp90- and Hsp90-chimera plasmids described in Figure
23A. Cells were grown at 30°C for 2 days. B) Strains from A) were restreaked onto 5-FOA-
containing plates and grown for 3 day at 30°C. Hsc82 wildtype and empty vector were used as
positive and negative controls, respectively.
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4.4 TTC4 is able to replace Cnsl at lower

temperatures

Since the replacement of Cnsl by TTC4 was not successful so far, this question was read-
dressed by carrying out the 5-FOA shuffling assay at lower temperatures. Again, TTC4
was not able to replace Cnsl at 30°C. Cns1™, Cns1}!%° Cns1'®? and CnsIN/TTC4
served as positive controls in this assay, whereas empty vector was used as negative con-
trol. Interestingly, Cns!"®? showed an increased growth rate at 23°C compared to 30°C.
Strikingly, TTC4 was able to suppress the lethality of cns! A at 23°C (Figure 24A and
B). These data indicate, that the essential function of Cnsl is conserved from yeast to
man and confirms data presented in a recent high-throughput study (Kachroo et al.,
2015).

A 5-FOA (5 days) 30°C B 5-FOA (5 days) 23°C

Figure 24: TTC4 can replace Cnsl at reduced temperature. cns!A [CNS1-URA3|
strain expressing Cnsl variants, TTC4 and the CnsIN/TTC4 chimera from p425-GPD as in-

dicated grown on 5-FOA containing plates for 5 days at 30°C (A) and 23°C (B). Cns1™* and
empty vector were used as positive and negative controls, respectively
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4.5 Cnsl binds to Hsp90 independent of nucleotides
and does not stimulate its ATPase activity in

vitro

The in vivo analysis of the single Cnsl domains using the 5-FOA shuffling method
provides a good starting point for subsequent in vitro analyses. Especially, the chimera
proteins of the Cnsl N-domain with the TPR domains from Stil, Hsp90 and Hsp70
suggest that Cnsl functions in concert with Hsp90. Therefore, the focus of the in wvitro

analysis is on this chaperone.

First, Cnsl interaction with Hsp90 was probed using analytical ultracentrifugation
(aUC). Since Cys-labeling led to strong protein aggregation and the labeled protein did
not bind Hsp90 in aUC experiments (data not shown), random labeling of Lys residues
was used. It is noteworthy, that a labeling efficiency of over 2 prevents binding of Cnsl
to Hsp90. Therefore, the protein was labeled only to a degree of approx. 0.7 to maintain

Hsp90 binding in wvitro.

e *Cnsi

e +Hsp82

e + Hsp82/ATP
e+ Hsp82/ADP

® + Hsp82/AMP-PNP

+10 pM yHsp90

= *Cns1
1.2 e +1puM yHsp90 1.04
4 +2.5 uM yHsp90
v +5 M yHsp90 o
* 2
A ",
u

0.8

norm. dc/dt
o
o

o
~
L

o
N

\

R
-
8

S in Svedberg units S* in Svedberg units

Figure 25: Binding of Cnsl to Hsp90 in presence and absence of nucleotides Analyti-
cal ultracentrifugation was performed with ATTO488-1abeled Cnsl, sedimentation was detected
by the fluorescence optical system. Data were analysed using SedView and fitted according to
the Gauss equation. A) 500nM ATTO488-labeled Cnsl was incubated with increasing amounts
of yHsp90 as indicated and analyzed by aUC. B) 500 nM *Cnsl, 10 pM yHsp90 and 2 mM
nucleotides as indicated were mixed and analyzed by aUC.

500 nM of labeled Cnsl (*Cnsl) was mixed with increasing amounts of Hsp90 (Figure

25A). *Cnsl alone showed a maximum at around 3S, which fits to the size of an approx.
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45 kD protein and also shows, that Cnsl is a monomer in solution. Addition of Hsp90
led to the appearance of a second peak around 6S, indicating complex formation between
Hsp90 and Cnsl. Moreover, addition of 5 pM Hsp90 led to a strong 6S peak, that only
increased slightly when 10 pM Hsp90 were added, indicating the binding reaction being

saturated.

Moreover, no additional peaks at higher Svedberg values could be observed. This finding
suggests, that only one Cnsl molecule per Hsp90 dimer is bound at a time.

Some co-chaperones like Stil and Sbal preferentially bind to the open or closed con-
formation of Hsp90, respectivly (see introduction). Therefore, Cnsl binding to Hsp90
without nucleotide and in the presence of ATP, ADP and AMP-PNP was tested. As
shown in Figure 25B, Cnsl binds to all Hsp90 nucleotide states tested. The slight shift
from about 6S to 7S in the presence of AMP-PNP is due to the faster sedimentation of
Hsp90 in the closed state (Li et al., 2013).

These results indicate, that binding of Cnsl to Hsp90 is independent of nucleotides, and
confirm previous results (Lars Mitschke, PhD thesis).

Next, the effect of different Cnsl mutants on the ATPase activity of Hsp90 was in-
vestigated in more detail (Figure 26). CnsI1™ did not alter the ATPase activity of
Hsp90, confirming the results obtained by Hainzl et al. (2004). Also the viable mu-
tants Cns13938° Cns1''*° Cns1'® and Cns1362% as well as TTC4 and the chimera
CnsIN/TTC4 did not alter Hsp90’s ATPase activity. In addition, also the dominant
negative Cns1°-385 mutant did not affect the Hsp90 ATPase, indicating that the growth
defect of the mutant is not due to inhibiting Hsp90 function in general. Interestingly,
although very high concentrations of Cnsl were used in this assay (15pM), no effect on
the Hsp90 ATPase could be observed. GR-LBD and Stil were used as positive controls
for ATPase inhibition (Richter et al., 2003; Lorenz et al., 2014), whereas Ahal was used
as a positive control for ATPase stimulation (Lotz et al., 2003). All three proteins al-
ready have an effect at 5-fold lower doses (3uM used here).

Taking the low abundance of Cnsl in vivo into account (Ghaemmaghami et al., 2003),

it is unlikely, that the co-chaperone regulates Hsp90’s ATPase in the cell.
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Figure 26: Influence of Cnsl and Cnsl truncation mutants on the ATPase activity
of Hsp90 ATPase assays were carried out using a ATP-regenerating system. 3 pM yHsp90
were incubated with Cnsl constructs (15pM), TTC4 constructs (15 ptM) or GR-LBD, Ahal
and Stil (3 pM) as controls as indicated. Assays were performed at 30°C and were started by

the addition of ATP to a final concentration of 500 pM. Purified GR-LBD, Ahal and Stil were
kind gifts from Daniel Rutz.

4.6 Cnsl binds Hsp90 via its TPR domain

Cnsl is known to stably interact with Hsp90’s C-terminal MEEVD motif via its TPR
domain (Tesic et al., 2003; Hainzl et al., 2004). As shown in Figure 25A, Cnsl forms a
complex with Hsp90 in a concentration-dependent manner. To test the ability of Cnsl
mutants to bind Hsp90, a competitive binding assay was established to address this
question. Again, a complex between *Cnsl and Hsp90 was formed in wvitro. Addition
of purified, unlabeled Cnsl constructs should lead to a disruption of the *Cns1-Hsp90
complex, if there was competition for Hsp90 binding. This hypothesis was confirmed
by adding a 20-fold molar excess of unlabeled Cns1™* over labeled Cnsl protein to the
preformed *Cns1-Hsp90 complex, which led to a strong disruption of the 6S peak and
an increase of the 3S peak, representing the free monomer of labeled Cnsl (Figure 27A).
Next, the Cnsl truncation versions Cns1'™1%, Cns1'%2, Cns136-38% Cns151-385 Cng1169-385
and 3529 were tested. As expected, only the constructs that contained the entire TPR
domain of Cnsl were able to disrupt a preformed *Cns1-Hsp90 complex (Figure 27A and
B). Interestingly, disruption of the complex by the dominant negative mutant Cns151-3

11-190

was more pronounced than the disruption by Cns , suggesting, that the ability to
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bind Hsp90 alone does not correlate with in vivo function of the protein. This is further
underlined by the finding that Cns1'"®? and Cns1'%-3% showed opposite effects in the
5-FOA shuffling assay, although they are not able to disrupt a *Cns1-Hsp90 complex
m vitro.

Additionally, also TTC4 and the chimera Cns1N/TTC4 were investigated using the aUC
competition assay. As shown in Figure 27B, both TTC4 and Cns1N/TTC4 were able to
disrupt the *Cns1-Hsp90 complex, although to a decreased degree compared to Cns1%*.
Thus, again the viability of Cns1N/TTC4 compared to the inviability of TTC4 observed
in the 5’-FOA shuffling assay at 30°C does not correlate with the ability to bind Hsp90

m vitro.
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Figure 27: Binding of Cnsl truncation mutants to yHsp90 Analytical ultracentrifu-
gation was performed with ATTO488-labeled Cnsl, sedimentation was detected by the fluo-
rescence optical system. Data were analysed using SedView and fitted according to the Gauss
equation. A) 500nM *Cnsl was incubated with 10 pM yHsp90, and unlabeled Cnsl variants
(10 pM) were added as indicated. B) 500nM *Cnsl was incubated with 10 pM yHsp90 and
unlabeled Cnsl variants and TTC4 constructs (10 pM) were added as indicated. In both panels
*Cnsl, *Cnsl+yHsp90 and *Cnsl+yHsp90-+Cns1™ are shown as controls for better clarity.

4.7 The minimal Cns1!%2 construct is partially

disordered n vitro

To get a deeper insight into the structural properties of Cnsl and mutants thereof,

CD spectroscopy was performed to get an overview of their general folding properties.
Cns1™, Cns1'19 Cns136-3%5 Cns136-205 Cns1%138% and Cns1'99-3%5 all showed correct

folding (Figure 28A). Moreover, no difference between TTC4 and CnsIN/TTC4 could
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be observed using CD spectroscopy (Figure 28B), indicating, that there is also no gen-
eral folding defect of the proteins that would correlate with the in vivo function. Also
temperature stability of the purified constructs did not correlate with n vivo function
(data not shown). Interestingly, the minimal viable construct Cns1'-*? showed proper-
ties of an unstructured protein (Figure 28A), with low ellipticity above 210 nm and a
minimum at around 200 nm. Therefore, it is tempting to speculate, that the essential

domain of Cnsl might at least to some extent lack secondary structure.

A —wt B —TTC4
——51-385

—— Cns1N/TTC4
30000 - —1-190 15000 4
— 1-82
— 36-205
1 10000 -
20000 — 35-385
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=
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wavelenghth [nm] wavelenghth [nm]

Figure 28: CD spectra of Cnsl and TTC4 constructs. CD spectra were recorded
from 260 to 200 nm with 10 accumulations at 20°C. A) Cnsl and truncation mutants of Cnsl
were analyzed using CD spectroscopy. B) TTC4 and the chimera mutant Cns1N/TTC4 were
analyzed by CD spectroscopy.

4.8 Crystallization of Cnsl and TTC4

To further extend the insight into the structural properties of Cnsl, protein crystal-
lization experiments were performed in cooperation with Astrid Koénig, Dr. Eva Hu-
ber and Prof. Dr. Michael Groll (Lehrstuhl fiir Biochemie, Technische Universitét
Miinchen). Several constructs were tested and protein concentrations up to 120 mg/mL
were used. Four constructs yielded diffracting protein crystals (Figure 29), namely
Cns136-220 " Cns170-220 Cns1?21-3% and the C-terminal domain of TTC4 (TTC4%17-387)
(Figure 29).

Unfortunately, the only crystal of a construct that is also expected to fulfill Cns1’s in vivo

136—220)

function (Cns , was not reproducible and it was not possible to solve the structure

so far, since indexing and space group determination by XDS failed, although the crystal
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diffracted to a resolution of about 3.2 A (data not shown). Moreover, it was also not

possible to solve the structure of native Cns17%22° due to phasing problems. After heavy

metal soakings the crystals showed only limited resolution (Table 24). SeMet labeling

of this construct was not possible due to the absence of methionine residues.

Table 24: X-ray data collection and refinement statistics for Cns

170-220

Cns170-220 Cns170-220 Pt
Crystal parameters
Space group P622 P622

(Screws unknown) (Screws unknown)
Cell constants a= 1184 A a= 69.3 A

b= 118.4 A b=69.3 A

c— 265.5 A c— 130.6 A
CPs / AU® probably 6-7 1
Data collection
Beam line ID29, ESRF X06SA, SLS
Wavelength (A) 0.972385 1.07122
Resolution range (A)P 45-2.0 44-3.5

(2.1-2.0) (3.6-3.5)
No. oberservations 411062 15267
No. unique reflections © T4779* 43687
Completeness (%) 99.8 (99.7) 99.7 (98.3)
Rinerge (%)™ ¢ 8.9 (63.0) 7.6 (75.9)
I/(I) 11.4 (3.0) 6.6 (1.5)

2l Asymmetric unit

[Pl The values in parentheses for resolution range, completeness, Rumerge and I/o(I)

correspond to the highest resolution shell

] Data reduction was carried out with XS and from a single crystal. * Friedel

pairs were treated as identical reflections.

individual reflections

# Friedel pairs were treated as

[ Ryperge (1) = ShaXy | I(hkl); - <I(hkl)> | / Sy 3 I(hkl);, where I(hkl); is the j*

measurement of the intensity of reflection hkl and <I(hkl)> is the average intensity
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Figure 29: Protein crystals of Cnsl and TTC4 A) Protein crystal of Cns170-220 B)
Cns121:385 and C) TTCA2T-37

The structure of the Cnsl C-domain has been solved in the lab before (Otmar Hainzl,
PhD thesis). The construct used in the previous work was slightly different from the
construct used in this thesis (Cns12!%-3%° compared to Cns1?21-3%%) and, unfortunately,
the original measurement data were not available anymore. Using SeMet labeling and
protein crystallization trials, reproduction of protein crystals of the Cnsl C-domain and
structure determination were successful (Table 25, Figure 30A). Note, that the struc-
ture was basically the same for this work and the previously solved structure (data not

1221-385 crystals grew very fast (overnight), crystallization of the C-

shown). Since Cns
terminal domain of Cnsl’s human orthologue TTC4 was attempted.

Like Cns1?21-3%5 crystals, TTC4%17387 crystals grew overnight. Strikingly, using the
Cns1221-385 structure as a search model, it was possible to solve the structure of
TTC421387 already indicating a high similarity between the two structures (Figure
30B). Comparison of the two structures reveals a central core of the domain consisting
of several tightly packed [>-sheets surrounded by three to four o-helices. Although the
precise in vivo function of both C-terminal domains is unclear so far, the growth defects
observed for mutants lacking amino acids from the N-terminus and the C-terminal do-
main of Cnsl (e.g. Cns132%%) suggests an important contribution to the proper in vivo

function of the full-length protein by the crystallized domains.

93



Table 25: X-ray data collection and refinement statistics for Cns1221-38 and TTC4217-387

Cns1221-385 SeMet ~ TT(C4217-387
Crystal parameters
Space group P2:2:24 C2
Cell constants a—44.9 A a—44.9 A
b= 81.6 A h=81.6 A
c=100.6 A c=100.6 A
CPs / AU® 2 1
Data collection
Beam line X06DA, SLS ID30B, ESRF
Wavelength (A) 0.97939 0.97856
Resolution range (A)P 40-2.1 45-1.65
(2.2-2.1) (1.75-1.65)
No. oberservations 283690 60396
No. unique reflections © 416617 2042*
Completeness (%)P 100.0 (100.0) 97.7 (97.9)
Rinerge (%)™ ¢ 8.2 (51.0) 4.4 (57.7)
I/o(I)P 15.7 (3.5) 12.8 (1.9)
Refinement (REFMACS5)
Resolution range (A) 15-2.1 15-1.65
No. refl. working set 21074 19400
No. refl. test set 1109 1021
No. non hydrogen 2765 1354
Solvent (H,0) 89 96
Ruork/Riree (%)° 27.2/28.8 16.76,/19.66
r.m.s.d. bond (A)/(°)f 0.005/1.221 0.004/1.136
Average B-factor (A?) 38.8 43.0
Ramachandran Plot (%) 97.6/1.2/1.2 93.3/0.7/0.0

[ Asymmetric unit
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X-ray data collection and refinement statistics for Cns1221-3%5 and TTC4217-387

bl The values in parentheses for resolution range, completeness, Rmerge and 1/o(I)

correspond to the highest resolution shell

[l Data reduction was carried out with XS and from a single crystal. # Friedel

pairs were treated as individual reflections. * Friedel pairs were treated as
identical reflections.

[ Ryperge (1) = ShaXj | I(hkl); - <I(hkl)> | / Byg B I(hkl);, where I(hkl); is the j*®
measurement of the intensity of reflection hkl and <I(hkl)> is the average intensity
[l R = S | [Fobs| ~|Feale| |/Znk1 |Fobs|, where Reee is calculated without a sigma
cut off for a randomly chosen 5% of reflections, which were not used for structure

refinement, and Ryork is calculated for the remaining reflections

[fl Deviations from ideal bond legths/angles

le] Number of residues in favoured region / allowed region / outlier region

Figure 30: Crystal structures of the C-terminal domains of Cnsl and TTC4 A)
Ribbon model of the crystal structure of Cns1221-385. B) Ribbon model of the crystal structure
of TTC4217-387,
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4.9 SAXS reveals partial disorder in the Cnsl

N-terminal domain

Since protein crystallization and structure determination so far was only successful for
Cns1221-385  SAXS measurements in cooperation with Assoz. Prof. Mag. Dr.rer.nat.
Tobias Madl (Technische Universitdt Miinchen and Medizinische Universitat Graz) were
performed. The crystal structure of the C-terminal domain of Cnsl starts at amino acid
221. Therefore, amino acid 220 was used as a domain barrier for SAXS measurements.

For further in vivo and in wvitro analysis of the used constructs see also section 4.15.

For Cns1™, two maxima could be observed in the SAXS radial density distribution P(R).
This indicates that Cnsl consists of two major folded domains and that a fixed domain
orientation is likely (Figure 31A). The first maximum corresponds approx. to the Rg of
the isolated domains and the second maximum is related to the distance between the

centers of mass of the two domains.

Analysis of the C-terminal domain construct Cns1?21-3% led to a single maximum (Figure
31B) confirming the single domain architecture of this construct in the crystal structure.
Also the Cns1!?% construct showed a single maximum in SAXS analysis (Figure 31A),
but, in addition, a tail (80-110 A) characteristic for disordered regions was observed.

136220 construct indicating a loss of the disor-

Interestingly, this tail is lost in the Cns
dered region, which is even more exacerbated in Cns17%?%, Interestingly, comparison of
Cns136220 with Cns179220 reveals a fine structure at R~ 55A, indicating that the amino
acids adjacent to the TPR domain might be structured (Figure 31A and C).

Next, Cnsl-Hsp90 complexes were analysed using SAXS. The total molecular mass in-
creases up to a 1:1 molar ratio (1 molecule Cnsl per dimer Hsp90), and is not further
increased by excess Cnsl (2:1 and 3:1 ratio per Hsp90 dimer), indicating, that one
molecule Cnsl binds per Hsp90 dimer (Figure 31D). These data confirm the results ob-
tained by aUC.

Finally, an ab initio model of Cns™ was calculated using the program DAMMIF (50
runs, cluster analysis) (Franke and Svergun, 2009). The models were converged to a

1221—385

single density and the results are presented in Figure 31E. The Cns crystal struc-

ture and a calculated model of the TPR domain (starting at amino acid 55) using the
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Figure 31: Structural analysis of Cnsl and its domains by SAXS A) SAXS radial
density distributions measurements of Cns1"* and Cnsl truncation mutants. B) SAXS mea-
surement of Cns1?21-3%%. C) Magnification of Cns136229 and Cns17%220 from A). D) SAXS
analysis Cns1™' in complex with yHsp90. Ratios indicate Hsp90(dimer):Cnsl(monomer) E)
Ab initio model of Cns1™' shown with the crystal structure of the Cnsl C-terminal domain
Cns1221-385 and a calculated model of the TPR domain.
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program CORAL (Petoukhov et al., 2012) were fitted into their putative positions. The
first 54 residues and 5 residues connecting the TPR and the C-terminal domain were
kept flexible and modeled by dummy atoms. Interestingly, also the ab initio calculated

model suggests a fixed domain orientation.

4.10 ’N-NMR experiments reveal partial disorder in

the essential Cnsl N-domain

As already described in this work, CD and SAXS data suggest an at least partial dis-
order in Cnsl’s first 82 amino acids, which contain the essential residues for in vivo
function of the protein. To get in-depth insight into this putative disordered region,
NMR spectroscopy was performed in cooperation with Dr. Lee Freiburger and Prof. Dr.
Michael Sattler (Lehrstuhl fiir Biomolekulare NMR-Spektroskopie, Technische Univer-
sitdt Miinchen).

SAXS analysis of Cns1!2?0 revealed a putative disordered region that disappeared in
Cns136-220, Therefore, uniformely °N-labeled variants of these two constructs were used
for further analysis by NMR.

'H, "N HSQC NMR spectra of Cns13%229 showed well-dispersed peaks, indicating this
construct is structured (Figure 32, red). For Cns1!'?% a large number of sharp, addi-
tional peaks appeared in the center (*H frequencies 8-8.5 ppm) of the spectrum (Figure
32, black), indicative for a disordered region. Taken together, the results obtained by CD
spectroscopy, SAXS and NMR strongly support the idea, that the essential N-terminal

domain of Cnsl is at least partially unfolded.
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Figure 32: 'H, 15N HSQC NMR spectra of Cns1'-220 and Cns136-220,  Uniformly

15N-labeld constructs of Cns1!-22° (black) and Cns135-229 (red) were analyzed using NMR spec-
troscopy.
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4.11 Cpr7 is a the only multi copy suppressor of a
temperature-sensitive cnsl mutant identified in

a genome-wide screen

Although 5-FOA shuffling led to the identification of the minimal Cnsl domain re-
quired for the in vivo function of the protein, the question why deletion of CNS1 is
lethal, remained unanswered. Tesic et al. (2003) already identified Cpr7 as a multi-
copy-suppressor of a temperature-sensitive cnsi allel (¢nsi-1). Since it is not clear,
whether there are any other multi-copy-suppressors of this mutant, a new screen was
carried out, using a commercially available library (Dharmacon) that contains almost
the entire yeast genome on ~1,500 plasmids (5-7 genes under their endogenous promoter
per plasmid; 97% on the physical level and approximately 95% on the functional level).
For screening, the cnsi-1 mutant strain was tranformed with the plasmid library or an
empty vector as control, plated onto -Leu plates for plasmid selection and incubated
for 24 h at 25°C to allow the cells to recover and to express the genes encoded on the
plasmids. 2 plates from the library transformation were kept at 25°C to determine the
transformation efficiency, whereas the rest of the library and the vector transformants
were shifted to 37°C to screen for suppressors. Since there was some background growth
even at the non-permissive temperature, only colonies that grew faster than the back-
ground and faster than the empty vector control were considered as suppressors. These
colonies were restreaked onto -Leu plates and incubated at 37°C for 48 h to confirm
the phenotype. Finally, plasmids were preped from yeast, retransformed into E. coli for
plasmid amplification and sequenced.

The screen yielded ~4,500 transformants, covering the library approximately three times.
The plasmids identified as multi copy suppressors of the cnsi-1 mutation are listed in
Table 26. As expected, plasmids containing CNSI! and CPR7 were identified, indicat-
ing that the screen was successful. Unfortunately, no other suppressor gene could be
identified using this screening method. Also when the screen was repeated only CNS1
and CPR7 containing plasmids were recovered (data not shown).

As proof of principle and to further confirm the suppressor effect of Cpr7, one of the
identified plasmids was freshly retransformed into the c¢nsi-1 strain and tested at 25°C,

30°C and 37°C. Emtpy vector served as control.
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Table 26: Suppressor plasmids recovered from the MCS screen

plasmid inserts

YJR030C GEA1 CPR7 [RAV1]| [PET191]*

[RIB7|& RPB5 CNS1 SLI15 ICS2 AMNI1 [YBR159W|*
YJR030C GEA1 CPR7 [RAV1] [PET191]*

YJR030C GEA1 CPR7 [RAV1]| [PET191]*

YJR030C GEA1 CPR7 [RAV1| [PET191]*

[GEA1|* CPRT7 RAV1 PET191 [RAD26]*

[GEA1]* CPR7 RAV1 PET191 [RAD26]*

YJR030C GEA1 CPR7 [RAV1| [PET191]*

[GEA1[* CPR7 RAV1 PET191 [RAD26]*

© 0 N O Tt s W N

As expected, the plasmid was able to cure the growth defect of the c¢nsi-1 mutant strain
at the non-permissive temperature (Figure 33). Taken together, data from Tesic et al.
(2003) and this study suggest, that, besides CNSI wildtype sequence, only a single

multi-copy-suppressor of the ¢nsl-1 mutation exits, which is CPR7.

cnsl-1

Figure 33: Multi copy suppression of the temperature-sensitive phenotype of the
cns1-1 strain by high copy CPR7 Cells were spotted in 10-fold serial dilutions and
incubated at 25°C, 30°C and 37°C as indicated. Empty vector was used as a control, plasmid
5 from the screen was used for CPR7 overexpression.
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4.12 Synthetic Genetic Array (SGA) screening of
cpr7A and a strain containing CNS1 under a

doxycycline-regulateable promoter

The SGA technology is a versatile tool for large scale screening of yeast double mu-
tants (Tong and Boone, 2006, 2007). Since it is already known, that Cnsl and Cpr7
have overlapping functions in vivo (Marsh et al., 1998; Tesic et al., 2003), a robot-based
screen using a C'PR7 deletion strain and a strain carrying CNS1 under the doxycycline-
regulatable tet07 promoter (tet07-CNS1; Mnaimneh et al., 2004) as baits was carried
out. The screens described here were performed in cooperation with Jochen Rech and
Prof. Dr. Stefan Jentsch (Max-Planck-Institut fiir Biochemie, Martinsried).

Figure 34 gives an overview over the method used. In brief, a query mutant is crossed
with the entire deletion collection of non-essential genes in a robot-based screen. After
sporulation, haploid, single mutant and double mutant selection, the obtained double
mutants can be scored as synthetically lethal, synthetic sick, neutral or positive genetic
interactors. Note, that in the tet07-CNSI screen, after double mutant selection, cells
were replica-plated onto plates containing 10 pg/mL doxycycline to repress CNS1 ex-
pression, before scoring could be carried out.

Synthetic lethal and synthetic sick interactors of cpr7A are listed in Table 27 and 28,
respectively.

In the cnsi screen, only one synthetic sick interactor (get2A) could be identified. This
might be due to the only weak growth response of CNS1 repression upon doxycycline

treatment.
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natR
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deletion libray
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haploid
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Figure 34: Overview over a typical SGA screen A bait/query mutant is systematically
crossed with the entire yeast deletion collection. Diploids are selected and sporulated. After
haploid, single mutant and double mutant selection steps, synthetic genetic interaction is scored.
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Table 27: Synthetic lethal interactors of cpr7A

gene

negative genetic interaction with cpr7Ain

other studies

cesl
cogd
cog8
csg2
get?2
giml
hrd1
sacl
tlg2
vpsdHl
vpso3

Costanzo et al., 2010
Costanzo et al., 2010

Costanzo et al., 2010
Tong et al., 2004

Beltrao et al., 2009
Costanzo et al., 2010
Costanzo et al., 2010

Kiktev et al., 2012

Dixon et al., 2008
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Table 28: Synthetic sick interactors of cpr7A

gene negative genetic interaction with cpr7Ain

other studies

aco2

atf2

avtl

bem1

cax4

ccwl2

cdcb0

cdhl

csfl

ctf4

ctrl

did4

dlt1

ggcl

gim3 Tong et al., 2004
gis3

glyl

gupl

gypl Costanzo et al., 2010

Dixon et al., 2008

Tong et al., 2004

Lafourcade et al., 2004
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Synthetic sick interactors of cpr7A

hghl
hsc82
hst3
ilvl
irs4
isa2
Itvl
mdm10
mnnl0
mrpll7
mrpl4
mtcl
mtcd
mtc6
npl3
paclO
pepl2
pfkl
pho85
posb
rad50
rcyl

Costanzo et al., 2010
Costanzo et al., 2010

Costanzo et al., 2010

Collins et al., 2007

Moehle et al., 2012
Tong et al., 2004

Duina et al., 1998

Duina et al., 1996a

Bali et al., 2003



L0T

Synthetic sick interactors of cpr7A

rgpl
ricl
rpl39
rpn4
rpo4l
rrgl
rud3
scs’
shpl
sif2
sit1l
snf6
snf7
snf8
sod1
spe2
sps4
stil
swfl
tefd
thi4
tpd3

Collins et al., 2007

Costanzo et al., 2010
Costanzo et al., 2010

Costanzo et al., 2010
Costanzo et al., 2010

Costanzo et al., 2010

Dixon et al., 2008

Moosavi et al., 2010

Duina et al., 1996a

Flom et al., 2005
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Synthetic sick interactors of cpr7A

trs8H

vam10
vmal
vma2l Finnigan et al., 2011
vma22
vmab

vma’

vpsl6

vps20

vps2H

vpsH2

whi?2
YBR196C-A
ydjl Costanzo et al., 2010
yel045¢
yglO81w
yjl175w
ykl118w
yl1020c
ymel
ynl198¢c
yor302w
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Synthetic sick interactors of cpr7A

yor33lc
ypl260w
yprilodw

ypt6

Collins et al., 2007

Dixon et al., 2008



4.13 Identification of physical interactors of Cnsl in
VIV0

As described above, SGA screening is a suitable method to identify synthetic genetic
interactors on the whole genome level. A drawback is that it does not always identify
direct targets or physical interactors of a query mutant, but is likely to identify path-
ways which lie up-stream, down-stream or in parallel to the process the query mutant is
acting on. Hence, it is crucial to identify physical interactors in vivo.

Therefore, pull-down assays of selected GFP-tagged Cnsl variants (Figure 35A) using
anti-GFP agarose beads (ChromoTek) were performed. The constructs were selected
due to their behaviour in the shuffling assays, upon overexpression and wn vitro Hsp90
binding. Cns1™" and Cns1*!*° support growth in vivo and bind Hsp90 in vitro, Cns1'-82
is the minimal construct that renders cells viable, but does not bind Hsp90 in wvitro,
Cns1°%3% is inviable in the shuffling assay, its overexpression shows a dominant nega-
tive effect in wildtype yeast, but it is able to bind Hsp90 in vitro. Cns1'%-3% is inviable
in the shuffling assay and does not bind Hsp90 in vitro.

All constructs were cloned into p425-GPD as C-terminal GFP fusions (Cns1"*GFP
Cns1190-GFP - Cpg 1-82-GFP - Cpg]51-385-GFP - (g 169-385-GFP A vector only expressing
GFP was used as control (Figure 35A). The plasmids were transformed into BY4741,
cells were grown to mid-log phase, harvasted and pull-down experiments were carried
out as described in Materials and Methods.

The GFP control showed only little background (Figure 35B), indicating that the con-

ditions used are specific. As expected, the TPR-containing constructs Cnsl1V+GFF

Cns]1-190-GFP 151-385-GFP were able to interact with Hsp90 in the pull-down assay

and Cns
(Figure 35B) as confirmed by mass spectrometry (data not shown). In addition, many
other bands appeared in the pull-downs with Cnsl constructs containing the C-terminal
domain. Analysis by mass spectrometry identified proteins from both the large and the
small ribosomal subunit (data not shown). These data are in agreement with findings
published during the course of this work (Tenge et al., 2015), in which Cnsl was reported

to interact with the intact ribosome via its C-terminal domain.

110



—_
o
(V8]

189 385

A

wt-GFP

1-190-GFP
1-82-GFP
51-385-GFP

169-385-GFP

()
=
o

N
0
»
o
O
s

'51-385

o |

GFP

s
4 ikt
il

S

| . o
-8 = #7
: = g

=8 /
..“;;Q/

Figure 35: Pull-down of GFP-tagged Cnsl variants A) Schematic overview over GFP-
tagged Cnsl variants. B) Constructs from A) were expressed from a p425-GPD plasmid in
BY4741 and pull-down experiments were carried out using anti-GFP agarose beads. GFP was
used as a control. Contrast was increased using Adobe Photoshop applying a linear filter.
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Interestingly, Cns1'™19%GFP and Cns1!'-82GFP were not stably interacting with the ribo-

Cns1-190-GFP interacted with Hsp90, confirming the data obtained by

some and only
aUC, that the TPR domain is important for Hsp90 interaction. Although additional
bands appeared in both pull-downs, none of them was a specific interactor but degrada-
tion products of the GFP-fusion proteins as identified by mass spectrometry (data not

shown).

4.14 A putative role for Cnsl in ribosome biogenesis

Analysis of CNS1 expression data using the SPELL database
(http://spell.yeastgenome.org; 3rd Aug 2016) revealed a strong enrichment of GO terms
associated with ribosome biogenesis (top 10 GO terms: nucleolus, ribosome biogene-
sis, ribonucleoprotein complex biogenesis, rRNA processing, rRNA metabolic process,
preribosome, ncRNA processing, ncRNA metabolic process, nuclear lumen, RNA pro-
cessing).

Interestingly, the cnsl-1 mutant and cpr7A strain were reported to be hypersensitive
to the translation inhibitor hygromycin B (Tenge et al., 2015; Albanése et al., 2006). In
order to test whether this sensitivity of the cnsi-1 mutant strain was allel-specific or
a more general phenotype of cells impaired in Cnsl function, hygromycin B sensitivity
of the tet07-CNSI strain was tested. As shown in Figure 36, only the combinaion of
sublethal doses of doxycycline and hygromycin B led to a strong growth defect in the
tet07-CNS1 strains, whereas the isogenic wildtype R1158 remained unaffected, suggest-
ing that hygB sensitivity is a general phenotype of c¢ns! mutants.

2,5 pg/ml +20 pg/ml +2,5 pg/ml Dox
YPD Dox HygB + 20 pg/ml HygB

R1158 ...@ak ...
tet07-CNS1 | X | (X ¥

Figure 36: Hygromycin B sensitivity of the tet07- CNS1 mutant tet07-CNS! and the
isogenic wildtype R1158 were spotted onto YPD plates and plates containing doxycyclin and /or
hygromycin B at indicated concentrations. Plates were incubated at 30°C for 2 days.

Although Cnsl is able to bind to the ribosome via its C-terminal domain and cns! mu-

tants show hygromycin B sensitivity, a general role for Cnsl in translation is unlikely
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due to the protein’s low abundance in the cell.

Given the fact, that Cnsl is strongly co-regulated with genes involved in ribosome bio-
genesis and binds the ribosome via its C-terminal domain, a possible role of Cnsl1 in this
process was investigated in more detail.

Ribosome biogenesis is a complex process in which over 200 assembly factors and 76
small nucleolar RNAs are involved (reviewed in Woolford and Baserga (2013)). In gen-
eral, ribosome biogenesis starts in the nucleuolus and precursors are transported under
constant processing via the nucleus to the cytoplasm, where the final maturation steps
take place (Woolford and Baserga (2013)).

One widely used method is to monitor the localization of GFP-tagged proteins from the
large and small ribosomal subunit, respectively. A block in ribosome biogenesis leads to
a retention of these proteins in the nucleus depending on the subunit affacted. The ad-
vantage of this method is, that not only nuclear biogenesis defects, but also cytoplasmic
ribosome biogenesis defects can be observed due to failure of biogenesis factor recycling
to the nucleus (Bécam et al., 2001; Senger et al., 2001; Kallstrom et al., 2003; Hedges
et al., 2005; West et al., 2005; Demoinet et al., 2007; Meyer et al., 2007; Pertschy et al.,
2007; Lo et al., 2010).

Therefore, Rpl25-GFP (Hurt et al., 1999; Hedges et al., 2005) and Rps2-GFP (Milkereit
et al., 2003) were used in combination with the cnsi-1 temperature-sensitive mutant to
investigate putative defects in ribosome biogenesis. Although different timepoints after
the shift to the non-permissive temperature and even short recovery at the permissive
temperature were tested, there was no change in Rpl25-GFP and Rps2-GFP localiza-
tion at the permissive temperature (25°C, data not shown) and neither was there at the
nonpermissive temperature (37°C, Figure 37).

Another method to investigate ribosome function is ribosome fractionation on a sucrose
gradient. This analysis can provide valuable insight into the translational status of
a cell (Esposito et al., 2010), but can also be used to investigate ribosome biogenesis
(Ripmaster et al., 1993).

For example, the appearance of half-mers or 80S and larger peaks with a slight shoulder,
indicates 40S subunits awaiting 60S subunit joining and therefore are indicators for
defects in 60S ribosome biogenesis (e.g. West et al., 2005). Increase of 60S subunits and
loss of 40S subunits are hallmarks of defects in 40S biogenesis (e.g. Loar et al., 2004).
Performing the experiments in the absence of cycloheximide allows the analysis of the

rate of polysome run-off, which indicates whether or not elongation is altered (Esposito
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Figure 37: Localization of Rpl25-GFP and Rps2-GFP in wildtype and cnsi1-1
BY4741 and cnsi-1 expressing Rpl25-GFP and Rps2-GFP, respectively, were pre-grown at
25°C before they were shifted to 37°C for 6h. Pictures were taken using DIC and GFP filters.

et al., 2010; Anand et al., 2003). Moreover, defects in translation initiation lead to a
loss of polysomes and accumulation of the 808 fraction (Nielsen et al., 2004).
Ribosome fractionation was carried out in cooperation with Timm Hassemer in the lab
of Prof. Dr. Ulrich Hartl (Max-Planck-Institut fiir Biochemie, Martinsried). Wildtype
yeast grown at 25°C was used as a control. The temperature-sensitive cnsi-1 strain
was either grown at the permissive temperature (25°C) or shifted to the non-permissive
temperature (37°C) for 6h. Interestingyl, the cnsi-1 mutant showed a decrease of the
80S monosome peak of around 50% already under permissive conditions compared to
wildtype. In addition, the polysome fraction was decreased slightly (Figure 38). The
40S and 60S fractions did not seem to be affected. Surprisingly, the ribosome profile of
the cnsi-1 strain grown at the non-permissive temperature did not show any difference
compared to the mutant strain under permissive conditions. There was no effect on
polysome run-off, 40S, 60S or 80S accumulation and no halfmers were observed. Note,
that the experiment was carried out in the absence of cycloheximide, so in general
polysome run-off is possible.

Taken together, since neither Rpl25-GFP and Rps2-GFP localization were affected, nor
the polysome profile changed in the c¢nsi-1 mutant, it is unlikely that translation in

general or ribosome biogenesis are affected by Cnsl.
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Figure 38: Ribosome fractionation of wildtype and cnsi1-1 BY4741 and cnsI-1 were
grown at 25°C or at the non-permissive temperature (37°C). Lysates were fractionated on 7-47%
sucrose gradients and ribosome profiles were recorded at 254 nm.

4.15 Cooperative co-chaperone function of the Cnsl

N- and C-terminal domains in the absence of a

TPR domain

Due to the fact that a Cnsl construct lacking the first 35 amino acids and the entire C-
terminal domain (Cns136-2%) showed a strong growth defect in 5-FOA shuffling assays,
it is tempting to speculate that there could be a functional cooperation between the N-
terminal and C-terminal domains of the co-chaperone. In addition, although Cnsl does
not seem to play a major role in ribosome biogenesis or translation, the targeting to the
ribosome via its C-terminal domain might still be of importance, when the N-terminal
segment is shortened.

Therefore, the constructs already used for the SAXS measurements and protein crys-
tallization (Cns1'™?2 and Cns1?2'3%5) were cloned into p425-GPD (Figure 39A). As
expected cells expressing Cns1??° as the single source of Cnsl were viable, whereas
Cns1?21-38%5 was not able to support growth (Figure 39B-C). Next, the first 82 amino
acids of Cnsl, which represent a minimal construct for in wvivo function, were con-

nected to several constructs lacking the N-terminal segment and the TPR domain using

115



a (GAAAA);s-linker (Figure 39A). Cells only expressing the C-terminal domain con-
structs Cns1'91-3% and Cns??!-3%° were inviable, whereas cells expressing Cns1!-%%% (L...
linker) showed only poor growth comparable to Cnsl1!®? (see earlier results). Strik-
ingly, the constructs where the Cnsl N-domain was linked to the C-domain via the
(GAAAA)s-linker (Cnsl1!8%L-169-385 © Cpg] 1821191385 5 Cng]182-1-221-385) showed an
increased growth rate compared to Cns1¥*Y. Moreover the Cns1!-8%1-191-220 copstruct

11-82L indicating that the cooperation between

did not improve growth compared to Cns
N- and C-terminal segments is depending on Cns1'%? and Cns1?2!-3%%, the construct of

which the crystal structure was determined (Figure 39).

Based on the results above, Cns1!??°, Cns1?2!-3%% the constructs used for SAXS and
NMR measurements Cns13229 and the linker construct Cns182221-385 were purified.
CD spectroscopy revealed normal folding for all constructs (Figure 40A). Interestingly,
Cns11-82-1-221-385 ghowed a slightly stronger signal below 205 nm compared to Cns1221-3%5,
probably indicating an increase of disordered regions (likely resulting from the linker and
the Cnsl N-domain).

To investigate in wvitro interaction of these constructs with Hsp90, the previously es-
tablished competitive binding assay using aUC was performed. As expected, the TPR
containing constructs Cns1¥(positive control), Cns1'?* and Cns13622% were able to
disrupt a preformed *Cnsl-Hsp90 complex to about the same extent. In line with the
previously obtained results for Cns119%-3%° Cns1221-3%° was not able to disrupt the com-
plex. Interestingly, also the linker construct Cns1821-221-385 fajled to do so (Figure 40B).
Thus, one can conclude that stable binding of Cnsl to Hsp90 in wvitro is not detrimental

for the protein to be functional in wvivo.

4.16 Integration of Cnsl into the Hsp90

(co-)chaperone cycle

Hsp90 is regulated by many different co-chaperones (see introduction) and it is known,
that it is able to form heterotrimeric complexes with them during the progression of the
chaperone cycle (Li et al., 2011, 2013). For this reason, whether Cnsl was able to form
heterotrimeric complexes with other co-chaperones in wvitro, is crucial to understand its

role in the chaperone cycle. To address this question, a *Cns1-Hsp90 complex was formed
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Figure 39: Cooperative co-chaperone function of the Cnsl N- and C-terminal do-
mains in the absence of a TPR domain A) Schematic overview of Cnsl truncation mutants
and Cnsl domain mutants which are connected by a flexible linker B)ens!I A [CNS1-URA3|
strain expressing variants from A) on a p425-GPD vector grown on -Ura-Leu plates. Cells were
grown at 30°C for three days. C and D) strains from B were restreaked onto plates containing
5-FOA and incubated at 30°C for 3 days and 6 days, respectively. Cns1" and empty vector
were used as positive and negative controls, respectively.
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Figure 40: In wvitro characterization of Cnsl truncation- and linker-mutants. A)
CD spectra of Cnsl truncation and Cnsl linker mutants were recorded from 260 to 200
nm with 10 accumulations at 20°C. B) 500 nM *Cnsl was incubated with 10 pM yHsp90,
and unlabeled Cnsl variants (10 pM) were added as indicated. *Cnsl, *Cnsl+yHsp90 and

*Cnsl-+yHsp90+Cns1™ are shown as controls for better clarity.

in vitro and a 20-fold excess of co-chaperones was added. As shown before Cns1™® was
able to disrupt the complex. Moreover, all tested co-chaperones known to bind Hsp90
at the NTD or MD (Sgt1, Sbal, Ahal and Hchl) were able to form heterotrimeric com-
plexes with *Cnsl and Hsp90 (Figure 41). The TPR containing co-chaperones Cpr6,
Stil and Pptl completely disrupted the preformed *Cns1-Hsp90 complex, whereas Cpr7,
which is known to have overlapping function with Cnsl in wvivo, only partly disrupted
the complex and additionally led to the appearance of a peak at around 7.5S, indicating
the formation of a heterotrimeric complex. Whether these effects are due to different
binding affinities of the various TPR domains to Hsp90 needs further clarification using
titration assays.

In a currently ongoing Master thesis, the tet07-CNS1 bait strain used in the SGA screen,
was used in a more direct genetic interaction screen using random spore analysis (Tong
and Boone, 2006) with the Hsp90 co-chaperone knock-out strains and a cdc37-DAmP
mutant. Note, that a sgt/-DAmP mutant strain could not be included due to technical
reasons. Interestingly, the tet07-CNS1 strain only showed a negative genetic interac-
tion with ¢pr7A upon downregulation of CNSI expression by adding doxycycline, but
no other Hsp90 co-chaperone (Figure 42). These data also confirm the synthetic lethal
phenotype of a ¢nsi-1 cpr7A double mutant (Tesic et al., 2003).

The combination of the in wvitro data with the random spore analysis based investiga-

118



*Cns1 B 1.2

*Cns1

L] L]
10 ® +Hsp82 e +Hsp82
1 o ® +Hsp82/Cns1 e +Hsp82/Cns1
¥y o+ Hsp82/Cpr6 1.0 o +Hsp82/Ahat
0.8 e +Hsp82/Cpr7 o + HSpBZ/H(‘:h1
: e+ Hsp82/Sgt1 0.8 e+ Hsp82/Sti1
5 e +Hsp82/Shat 5 e+ Hsp82/Ppt1
806 3 o6
€ g0
204 204l
0.2+ 0.2
0.0 0.0
0 2 4 6 8 10 12 0 2 4 6 8 10 12
S* in Svedberg units S* in Svedberg units

Figure 41: Heterotrimeric complex formation of Cnsl, Hsp90 and other Hsp90 co-
chaperones A and B) 500 nM *Cns1 was incubated with 10 pM yHsp90, and unlabeled Hsp90
co-chaperones (10 pM) were added as indicated. In both panels *Cnsl, *Cnsl+yHsp90 and

*Cnsl+yHsp90+Cns1™ are shown as controls for better clarity. Purified Hsp90 co-chaperones
were kind gifts of Sandrine Stiegler and Priyanka Sahasrabudhe.

BY4741 tet07-CNS1

Figure 42: Genetic interaction of tet07-CNS1 with Hsp90-co-chaperone mutant
strains. BY4741 and Hsp90 co-chaperone mutant strains (left) or tet07-CNS1 and double
mutants with Hsp90 co-chaperone mutants as indicated (right), were spotted in 10-fold serial
dilutions onto YPD plates containing 10 ng/mL doxycyclin. Plates were incubated at 30°C for
2 days (experiment carried out by Christopher Dodt, supervised master student)
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tion of double mutants leads to the conclusion, that, although, several combinations of
heterotrimeric complexes containing *Cnsl, Hsp90 and an additional co-chaperone are
possible in wvitro, their role in vivo might be of less importance. The only exception to
this seems to be Cpr7, which is a multi-copy-suppressor of the ¢nsi-1 mutant strain (this
study and Tesic et al. (2003)). cpr7A shows a negative genetic interaction phenotype
in cns! cpr7A double mutants (this study and Tesic et al. (2003)) and is able to form a
heterotrimeric *Cns1-Hsp90-Cpr7 complex in wvitro, highlighting the importance of the

genetic interactions.
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5 Discussion

5.1 Functional characterization of Cnsl and its

domains zn vivo

In this thesis, 5-FOA shuffling was successfully used to identify serveral Cnsl trunca-
tion mutants with various effects on their in vivo function and in vitro interaction with
Hsp90. Deletion of the C-terminal domain has only a mild effect on cell viability, con-
firming already published results (Tesic et al., 2003). Moreover, it could be shown that
even the last few amino acids of the TPR domain (Cns1!-!%%) are dispensable in vivo. In
addition, evidence is provided, that the deletion of the first 35 amino acids (Cns136-38%)
has no effect on cell growth, whereas the deletion of the first 40 amino acids (Cns141-3%%)
leads to a strong growth defect. Interestingly, the truncation mutants Cns146-3% and
Cns1°1-385 were not viable at all.

Mutants, in which Cnsl was lacking amino acids from the N-terminal segment and the
entire C-terminal domain (Cns13%-20° Cns136-290 Cns136-195) showed all a strong growth
defect compared to Cns136-385. These data suggest, that both, the N-terminal and the
C-terminal domain, are important for full in wvivo function of Cns1™. This idea is
further underlined by the finding that Cns1°!"385 overexpression results in a dominant
negative effect on wildtype yeast, that is not observed when the construct is lacking

the C-terminal domain (Cns1°1%%) or when the C-terminal domain alone is expressed

(CHS]. 169—385) .

Cnsl was already known to bind Hsp90 and Hsp70 in vitro (Hainzl et al., 2004), but
whether its essential in vivo function was dependent on Hsp90 or Hsp70 was not clear.
Strikingly, further analysis of the N-terminal domain completely lacking the Cns1-TPR
domain using 5-FOA shuffling revealed, that the first 82 amino acids of Cns1 (Cns1!-82)

are sufficient to support growth of a cnsIA strain, but the resulting mutants grew ex-
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tremly poorly and it took them several days to form colonies.

Since the TPR domains of Stil/HOP are known to specifically bind Hsp90 or Hsp70
(Scheufler et al., 2000; Schmid et al., 2012), respectively, with TPR1 binding Hsp70,
TPR2A binding Hsp90 and TPR2B binding both, chimera mutants between Cns1!-2
and the three Stil TPR domains were cloned. Remarkably, the fusion to the Hsp70-
binding domain TPR1 (Cns1'-8TPRL) " did not increase the growth rate compared to
Cns1'82, but the Cns1!-8*TPR2A and Cns11-82TPR2B chimera showed an increased growth
rate. These findings strongly suggested, that the essential in vivo function of Cnsl is

1%2 was also fused directly to

dependent on Hsp90. To further confirm this effect, Cns
Hsp90 and Hsp70, respectively. Strikingly, only the direct fusion to Hsp90 increased the
growth rate of the cnsIA strain compared to Cns1'®2. These findings further support
the idea, that the essential Cnsl function is Hsp90-dependent in vivo. Interestingly, Tesic
et al. (2003) showed a negative genetic interaction between a temperature-sensitive cns1
mutant and a Hsp90 mutant lacking the C-terminal MEEVD motif, providing further

evidence for the Hsp90-dependence of Cnsl function.

TTC4, the human orthologue of Cnsl, was also studied using 5’-FOA shuffling. In initial
experiments, TTC4 was not able to fulfill Cnsl’s essential function in vive. Compar-
ison of Cnsl and TTC4 by sequence alignment revealed a strong conservation of the
amino acids encoding the TPR domain but more variability outside the TPR domain.
Remarkably, a chimera where the N-domain of Cnsl was fused to the TPR domain of
TTC4, supported full growth of the resulting mutant. Moreover, it could be shown,
that TTC4 is able to overcome the deletion of CNS1 at lower temperatures. In a recent
high-throughput study (Kachroo et al., 2015), it was also reported, that TTC4 was able
to suppress cnsl mutants, but the authors did not use a complete deletion of cnsi, but
repressible-promoter and temperature-sensitive mutants. Thus, one can conclude that
Cnsl/TTC4 is conserved from yeast to man, although both proteins are slightly different

in their N-terminal domain.
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5.2 In vitro interaction of Cnsl and its domains with

Hsp90

5-FOA shuffling gave a good starting point for in-depth in wvitro analysis of Cnsl and
selected truncation mutants therof. Since the shuffling results strongly support the idea
that Cnsl’s essential function is connected to Hsp90, the focus of the in wvitro analysis
was on this chaperone. None of the tested mutants had an effect on Hsp90’s ATPase,
confirming data published previously (Hainzl et al., 2004). Even the dominant-negative
Cns1°1-38 construct did not have an effect, indicating that the mutant is not having a
general negative effect on Hsp90 function. Moreover, Cnsl binding to Hsp90 was in-
dependent of nucleotides, suggesting, that Cnsl does not influence the classic Hsp90
chaperone cycle.

aUC revealed that only mutants containing the entire TPR domain were able to disrupt
a preformed *Cns1-Hsp90 complex. This data provide evidence, that stable Hsp90-Cns1
interaction is achieved by the co-chaperone’s TPR domain. The obtained data also go
in line with results published previously (Tesic et al., 2003; Hainzl et al., 2004).
Strikingly, the ability to stably interact with Hsp90 in wvitro, does not correlate with
in vivo functionality of the single domains (Table 29). For example, Cns1'®? confers

151-385

viabilty, but is not binding Hsp90 in wvitro and Cns is inviable in the shuffling as-

say, leads to a dominant-negative effect when overexpressed in wildtype yeast, but binds

1 169-385

Hsp90 in wvitro. The C-terminal domain construct Cns is inviable in the shuffling

assay, but does not lead to a dominant-negative effect upon overexpression and is not

1119 containing the Cnsl N-domain and

able to bind Hsp90 in vitro. Interestingly, Cns
the TPR domain, shows a good growth rate in the shuffling assay and is able to bind
Hsp90 in wvitro. This result, in combination with the findings from the shuffling assays
(enhanced growth rate of Cnsl!-82TPR2A - (Cng]1-82-TPR2B - (Opg1-82-Hse82 - (g HscB2-1-82
CnsIN/TTC4), provides evidence, that stable interaction of the N-terminal segment of
Cnsl with Hsp90 (under normal conditions mediated via a TPR domain) is important
for the in wvivo function. Since all shuffling constructs are expressed from the strong
GPD-promoter, it is for example possible that in vivo Hsp90 and Cns1'®? act on the
same client protein due to the high abundace of both proteins under the selected exper-

imental conditions.
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Table 29: Summary of shuffling and aUC results

construct viability Hsp90 binding
Cns1™ 4+ +++
Cns11-190

Cns1™* +++ +
Cns1182 + -
Cns136-3%5 +++ 4+
Cns151-385 _ N
Cns]169-385 _ }
TTC4 ~ +
CnsIN/TTC4 +++ +
Cns136-205 4 4
Cns11-220 +++ ++
Cns]221-385 _ )
Cns]1-82-1-221-385 4t _

The importance of the Cnsl N-domain interaction with Hsp90 is further supported by
analysis of TTC4. TTC4 was only able to confer viability in the shuffling assay at lower
temperatures, whereas the chimera mutant Cns1N/TTC4 showed almost wildtype-like
growth at 30°C. Interestingly, CnsIN/TTC4, showed a similar affinity for Hsp90 com-
pared to TTC4, and both proteins were folded, as confirmed by CD spectroscopy. Thus,
again, the ability to stably interact with Hsp90 in wvitro does not fully correlate with in

vivo function.

5.3 Structural characterization of Cnsl

All Cnsl constructs used showed correct folding as determined by CD spectroscopy ex-
cept for Cns1®2, the minimal construct required for cell viability.

The C-terminal domain of Cnsl was crystallized successfully before (Otmar Hainzl, PhD
thesis), but the original data were not available in the lab anymore. Recrystallization of

SeMet-labeled Cns1221-385 was successful, and showed the same structure as described in
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the original work. Moreover, crystallization of TTC4’s C-terminal domain was also suc-
cessful. Strikingly, both constructs show a high structural similarity, underlined by the
fact that the structure of Cns1221-3%% could be used to solve the structure of TTC4217-387,
The in vivo function of these structures is so far not clear, but there is evidence, that
Cnsl interacts with the intact ribosome via its C-terminal domain (Tenge et al., 2015
and see below). Due to the fact that both structures are very similar, and that Cnsl
and TTC4 are conserved from yeast to man, one can speculate that the function of their
C-terminal domains might be similar.

Crystallization of several Cnsl-TPR-domain constructs was successful, but structure
determination was not successful so far. Alternatively, NMR spectroscopy may help to
solve the structure of the TPR domain and the essential residues adjacent to the TPR
domain (see below).

To get a general idea of Cnsl’s structural properties, SAXS measurements were carried
out. These experiments suggested a two folded domain architecture for Cns1™*. In-
terestingly, SAXS provided evidence for an unstructured tail in the construct Cns1'-2%0,
indicating a disordered region in the protein’s structure. Strikingly, this tail was reduced
in Cns1%6-22 uncovering a fine structure at around 60 A (indicating a folded region), and
absent in Cns17%22° suggesting, that the disordered region lies in the N-terminal region
of Cnsl, confirming the initial results obtained by CD spectroscopy.

Moreover, these data were confirmed by NMR spectroscopy. 'H, N HSQC NMR mea-
surements gave well resolved spectra for Cns13%229 characteristic for a folded protein,
whereas for Cns1??° a large number of sharp, additional peaks appeared in the center
of the spectrum, indicating that the first 35 amino acids lack structure in this construct.
Since NMR spectroscopy led to well resolved spectra for Cns1?? and Cns13%-22% which
contain the essential N-terminal residues in addition to the TPR domain, structure de-
termination of one of these constructs by NMR is a powerful approach to get an in-depth
insight into the structural properties of the essential part of Cnsl.

In summary, structural analysis of Cnsl revealed, that the essential N-terminal segment
of the protein is at least partly disordered. It is so far unclear what the exact function
of the disordered region might be. The co-chaperone Shal /p23, for example, contains a
C-terminal disordered region, which is important for its chaperone function independent
of Hsp90 (Weikl et al., 1999; Forafonov et al., 2008). However, using an in vitro assay,

Cnsl showed no chaperone activity on its own (Hainzl et al., 2004).

125



5.4 High-throughput screenings to uncover genetic

interactors of cns1 and cpr7A mutants

Cnsl was originally identified as a multi-copy-suppressor of the slow growth phenotype of
a cpr7A strain and a temperature-sensitive Hsp90 mutant (Dolinski et al., 1998; Marsh
et al., 1998; Nathan et al., 1999). Moreover, Tesic et al. (2003) reported, that Cpr7 over-
expression suppressed the growth defect of the temperature-sensitive cnsi-1 mutant.

Since it was not clear whether there are other multi-copy-suppressors of the c¢nsf-1 mu-
tant, that might have been missed in the previous publication, a new screen was carried
out. Although the screen covered the used library approximately three times, no suppres-
sor of the temperature-sensitive growth defect of ¢nsi-1 other than CPR7 or CNS1 could
be identified. Therefore, one can conclude, that there is only one multi-copy-suppressor
of the cnsi-1 mutant, which is CPR7. cnsi-1 carries a G90D mutation at the beginning
of the TPR domain, which weakens Cns1-Hsp90 interaction in vivo (Tesic et al., 2003).
Therefore, it is interesting, that another Hsp90 interacting protein is able to carry out
Cnsl’s essential function. Maybe the construction of further ts-mutations, ideally in the
essential N-terminal segment, might be useful for further multi-copy-suppressor screens,
to find additional suppressors, e.g. putative client proteins that might interact with the

N-terminal domain.

In addition to the multi-copy-suppressor screen, two SGA screens were carried out. In
the first screen, a tet07-CNS1 mutant was used as a bait. This screen resulted in only
one hit, get2A. The reason for the low yield of genetic interactors is the slow response
of the bait mutant to the addition of doxycycline. The cells manage to divide several
times before the growth rate due to Cnsl depletion gets decreased. In SGA screens, the
cells might simply be able to make enough division to reach stationary phase and are
then missed in the data analysis.

Future screens, therefore, should be using the cnsi-1 mutant or a ¢nsl/-DAmP strain as
bait.

Since Cpr7 is known to have overlapping functions with Cnsl in vivo (see above), cpr7A

was used as bait strain in the second screen. Due to their overlapping function, overlap-

ping genetic interactors are expected. Several hits have been reported before (listed in
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Table 27 and 28), but many of them were new. The screen included genes from the Hsp90
machinery (hsc82A, stilA), the Hsp70 machinery (ydjIA) as well as genes associated
with translation (rpglA, tef4A, rpl39A, hghlA) and as largest group, vesicular trans-
port (tlg2A, get2A, saclA, vps51A, cog8A, vpsd3A, cogbA, pepl2A, gyplA, tsr85A,
swfIA, didjA, caxf, rud3A, yptoA, cdc50A, qupl, vps20A, riclA, vps25A, mtclA,
vps52A, vps16A, mnnl0A,...). Interestingly, there was also negative genetic interaction
with three genes encoding subunits of the GimC /prefoldin chaperone machine (gimIA,
pacl0A and gim3A), a multi-subunit chaperone required for proper folding of tubulin
(Geissler et al., 1998).

The negative genetic interaction between cpr7A and stilIA and hsp90 mutants was re-
ported previously (Duina et al., 1996a; Flom et al., 2005; Zuehlke and Johnson, 2012;
Duina et al., 1998). Interestingly, there was also negative genetic interaction with ydjIA,
which was also reported previously (Costanzo et al., 2010). Since it is known, that Stil
acts as a central hub to connect Hsp70 with Hsp90 (Wegele et al., 2006), future studies
will have to address the details of these interaction in more detail. One possible expla-
nation is, that mutation of STI1 or YDJI reduces overall client transfer to the Hsp90
machinery, including Cpr7 and Cns1 substrates, and therefore shows a synthetic growth
defect with epr7A.

Also the genetic interaction with the chaperone prefoldin is of interest, how it is con-
nected to the Hsp90 machinery is to date unclear.

Interestingly, most negative genetic interactors are involved in vesicular transport, al-
though they are not part of a specific complex or step in trafficking, but rather distributed
over many different trafficking stages. Hsp90 was reported to interact genetically and
physically with genes and proteins involved in trafficking previously (McClellan et al.,
2007; Zhao et al., 2005), but whether Cpr7 or Cnsl are specific co-chaperones for these
processes is unknown. Table 30 lists the most abundant GO term hits (10 proteins per
term threshold) obtained by processing the hits from Table 28 and 27 using Yeastmine

(yeastmine.yeastgenome.org).

Future studies, using for example GFP-tagged marker proteins to monitor vesicular
transport and cpr7A and cns! mutants will have to address a possbile involvement of
Cnsl and/or Cpr7 in this process in more detail. Moreover, if vesicular transport is
influenced by the two co-chaperones, it will be important to identify whether they act

at a specific step or whether they have a more global role in this process. Still, it is
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possible that the genetic interactions presented here, are caused by inhibiting processes

upstream or downstream by mutating cpr7 or cnsi.

Table 30: Most abundant GO terms identified in the cpr7A SGA screen

GO term number of proteins
transport 40
protein localization 28
establishment of protein localization 26
protein transport 25
vesicle-mediated transport 21
vacuolar transport 19
endosomal transport 12

A possible role in ribosome biogenesis/translation is discussed in more detail below.

5.5 The role of Cnsl in ribosome biogenesis and/or

translation

Cnsl interacts with the intact ribosome via its C-terminal domain (this study; Tenge
et al., 2015). In addition, Cpr7 was reported to interact with the ribosome as well (Tenge
et al., 2015). The expression of CNS1 is strongly co-regulated with genes involved in
ribosome biogenesis. Moreover, cnsl mutants and cpr7A are sensitive to hygromycin
B treatment (this study; Tenge et al., 2015; Albanése et al., 2006), an inhibitor of pro-
tein translation. Due to the low abundance of Cnsl in the cell (Ghaemmaghami et al.,
2003), a general involvement in translation or co-translational folding is unlikely, since
ribosomes are in large excess over the co-chaperone.

A possible involvement of Cnsl in ribosome biogenesis was investigated using two differ-
ent approaches. First, the cellular localiziation of Rpl25-GFP and Rps2-GFP was used
as a readout for impaired large and small ribosome subunit biogenesis defects, but no

changes in protein localization could be observed. In addition, ribosome fractionation
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was carried out. Again, no classical ribosome biogenesis defects were observed for the
cnsl-1 mutant (no effect on 40S and 60S accumulation, no half-mer formation). The
mutant showed a reduced amount of the 80S monosome peak already at the permissive
temperature, but the effect was not more pronounced at the non-permissive temperature.
The observed polysome profile (reduced 80S) is, interestingly, pheno-copying an effect of
a ssb1Assb2A double deletion strain (Koplin et al., 2010). Ssb1/2 is a complex involved
in co-translational folding. Therefore, it might be worth to investigate a role of Cnsl
in co-translational folding in more detail, by e.g. performing aggregate isolation from
yeast (Koplin et al., 2010). Although a general role for Cnsl in cotranslational folding is
unlikely due to its low abundace, it is worth to mention, that cpr7A pheno-copies many
(co)-chaperone mutants involved in general folding (Ssa-family, Ssb-family, RAC, TRiC,
GimC/prefoldin), but not mutants involved in the heat shock response (cproA, stilA,
hsp82A, hsp104A,...) (Albanése et al., 2006).

Interestingly, stable interaction with the ribosome is not required for cell viability, since
only Cnsl constructs containing the C-terminal domain were able to bind the ribosome
in GFP-pull-down assays. Cns1''%-GFP and Cns1'-%>GFP did not interact with the ri-

135195 showed a strong

bosome in these assays, but it is important to mention that Cns
growth defect in the shuffling assay, suggesting an important role for the C-terminal
domain (and therefore ribosome binding) when the function of the N-terminal domain
is somewhat compromised.

get2A, a subunit of the GET complex, responsible for the insertion of tail-anchored
proteins into the ER membrane (Schuldiner et al., 2008), was the only hit found in the
tet07-CNS1 SGA screen and was as well found in the epr7A screen. Interestingly, get2A
was also reported as being hygromycin B sensitive in the same study (Schuldiner et al.,
2008), as well as pep12A and tlg2A, two tail-anchored proteins, which were also found
as negative genetic interactors of the cpr7A strain, but, so far, the connection between
translation inhibition, vesicular trafficking and the Hsp90 machinery is not clear.

One possible explanation for the discrepancy between the genetic and the physical inter-
actions is, that vesicular trafficking (in particular the secretory pathway) and ribosome
biogenesis are connected by a feedback mechanism (Mizuta and Warner, 1994; Marion
et al., 2004), in which a block in the secretory pathway down-regulates ribosomal gene
transcription via the transcription factor Sfpl. It is also important to mention that
many ribosome biogenesis factors are essential and therefore not included in the SGA

analysis.
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5.6 Cooperative co-chaperone function of Cnsl’s N-

and C-terminal domains

As mentioned before, Cns13%!% showed a strong growth defect in the shuffling assay,
indicating a possible cooperative in vivo function of Cnsl’s N- and C-terminal seg-
ments. Strikingly, a fusion protein between the N-terminal and the C-terminal domain
(Cns1182L-221-38%) improved growth compared to Cns1'™%L. Moreover, this construct
was not able to disrupt a *Cns1-Hsp90 complex in vitro, confirming the effects described
previously, that stable Hsp90 binding n wvitro, does not fully correlate with protein func-
tion in vivo. Given the fact that the first 82 residues encode the essential function of the
protein, whereas the C-terminal domain mediates ribosome binding, one can speculate,
that the C-terminal domain might act as a targeting factor to the ribosome, where the
N-terminal domain might fulfill its essential function in concert with Hsp90, which is
recruited by Cnsl’s TPR domain. This model is further supported by the finding, that
the Cns1%1-3% construct leads to a dominant-negative effect in wildtype yeast, although
it is able to bind the ribosome as well as Hsp90, perhaps leading to a block in client

maturation in the absence of the N-terminal domain.

5.7 The role of Cnsl in the Hsp90 (co)-chaperone cycle

During the progression of the reaction cycle, Hsp90 is able to form mixed complexes with
various co-chaperones, some in a nucleotide-dependent way (Li et al., 2011, 2013). How
Cnsl is integrated into the Hsp90 (co)-chaperone cycle, was not clear so far. Since Cnsl
binds Hsp90 independent of the presence of nucleotides, it is unlikely, that Cnsl targets
a specific conformation of Hsp90. Moreover, none of the tested Cnsl constructs affected
Hsp90’s ATPase activity, indicating, that Cnsl is not a general modulator of the Hsp90
(co)-chaperone cycle. Interestingly, although many different heterotrimeric complexes
could be formed in witro, only the *Cnsl-Hsp90-Cpr7 complex seems to have relevance
i vivo, since only negative genetic interaction between tet07-CNSI and cpr7A was ob-

served in the presence of doxycycline, but with no other Hsp90 co-chaperone mutant.
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Figure 43: Model of the Cnsl domain architecture and function. Cnsl and Cpr7 both
bind Hsp90 via their TPR domains. Although they are able to bind Hsp90 in vitro at the same
time, it is also possible, that the reaction cycle works as a cascade, with sequential binding and
release of the two co-chaperones.

Thus, one can conclude, also taking results published previously into account (Tesic
et al., 2003; Tenge et al., 2015; Zuehlke and Johnson, 2012), that Cnsl and Cpr?7, in
concert with Hsp90, form a chaperone/co-chaperone machine on their own. Additional
in vitro analyses, to further characterize mixed complexes of Cns1l, Hsp90 and Cpr7, will
be required to completely understand the nature of this chaperone machine. Moreover,
in vivo pull-down assays could show whether the complexes observed in vitro also exist
in vivo. It will be also important to see, whether Cnsl and Cpr7 are associating with
Hsp90 preferentially in a heterotrimeric complex, or whether they interact with Hsp90

sequentially (Figure 43).
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6 Summary and Outlook

In this thesis, the essential co-chaperone Cnsl was characterized by the combination of
a broad range of in vivo and n vitro methods.

In-depth in vivo analysis revealed that the essential function of Cnsl is encoded by its
N-terminal domain and CD spectroscopy, SAXS and NMR revealed, that this domain
is partly disordered.

Moreover, it was shown that Cnsl’s TPR domain is essential for stably binding Hsp90.
Although, crystallization of this domain was successful, structure determination failed
so far. Since the spectra obtained by NMR spectroscopy of a uniformly *N-labeled TPR
domain construct are promising, this method will be useful in future studies to solve the
structure of Cnsl’s TPR domain.

In addition, it was shown, that the C-terminal domain is important for the in vivo func-
tion of Cnsl. Crystallization and structure determination of it was successful. It was
also possible to solve the structure of the C-terminal domain of the human orthologue

TTC4, which shows a strong similarity to the C-domain of Cnsl.

Although, a role for Cnsl in ribosome biogenesis was tested, its role in this process
is unclear so far. Northern Blot analysis of rRNA maturation intermediates might be
useful to further characterize a role for Cnsl in the process in more detail.

Figure 44 summarizes the domain architecture, folding properties and in vivo function
of Cnsl.

Genetic and biochemical analyses revealed a strong connection between Cnsl, Cpr7 and
Hsp90, but no other Hsp90 co-chaperones, suggesting that the three might form a chap-
erone machine independent of the so far characterized Hsp90 co-chaperone cycle. Future
in vitro studies will have to address, whether the observed Cns1-Hsp90-Cpr7 complex is
relevant in vivo or whether Cnsl and Cpr7 prefer to interact sequentially with Hsp90.
Moreover, triple mutants (e.g. tet07-CNSI cpr7A + another Hsp90 co-chaperone) will
be helpful to further characterize the core Cnsl1-Cpr7-Hsp90 machine. Additionally, this
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Figure 44: Model of Cnsl domain architecture and function. The partly disordered
N-terminal region is essential in vivo. Cnsl binds Hsp90 via its central TPR domain, whereas
the C-terminal domain is required for ribosome interaction.

approach can be extended to other chaperone classes of the cytosol (e.g. GimC /prefoldin,
CCT/TRIiC, Ssa-familiy, Ssb-family, RAC, NAC, etc.) to get a global understanding of
the Cnsl-chaperone interaction network in the cell.

Since the biggest group of negative genetic interactors in the cpr7A SGA screen are
known to contribute to vesicular trafficking, monitoring GFP-mutants of marker pro-
teins, which are known to mislocalize upon blocking intracellular trafficking, will be a
useful approach to confirm or disprove a possible involvement of Cpr7 and/or Cnsl in

this process.

In summary, the essential domain of Cnsl was identified and characterized in vivo. In
addition, it was shown, that the C-terminal domain of Cnsl is important for full in vivo
function, possibly by acting as a targeting factor to the ribosome. Moreover, it could
be proven, that Cnsl’s essential function is connected to Hsp90, with which it interacts
via its TPR domain. Finally, a model for a new Hsp90 co-chaperone machine, acting
independently of the so far characterized Hsp90 chaperone cycle, emerges from genetic

and biochemical interaction data, consisting of Cpr7, Hsp90 and Cnsl (Figure 43).
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7 Abbreviations

Table 31: Abbreviations

5-FOA 5-fluoroorotic acid

A ampere

Aoy absorption at 280 nm

ADP adenosine diphosphate

APS ammoniumpersulfate

ATP adenosine triphosphate
ATPase ATP hydrolase

aUC analytical ultracentrifugation
CD circular dichroism

clonNAT nourseothricin

CTD carboxy terminal domain

Da dalton

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

dNTP deoxynucleoside triphosphate
Dox doxycyclin

DTT dithiothreitol

E. coly Escherichia coli

EDTA ethylenediamine-tetraacetic acid
€ molar extinction coefficient
ER endoplasmic reticulum
FPLC fast protein liquid chromatography
g gram

G418 geneticin
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Abbreviations

GHKL
GR

HAT
HEPES

LBD
LDH
LiAc

M9
MD
min
NAC
NAD(H)
NBD
NEF
NHS
NiNTA
NMR
NTD

gyrase, hsp90, histidine kinase, mutL,
glucocorticoid receptor

hours

hydroxyapatite
N-(2-hydroxyethyle)-piperazine-N “-2-
ethanesulfonic acid

heat shock protein

hygromycine B

intermediate state 1

intermediate state 2

ion exchange chromatography
isopropyl-3-D-thiogalactopyranosid
unimolecular rate constant
dissociation constant

liter

wavelength

lysogeny broth without antibiotics
ligand binding domain

lactate dehydrogenase

lithium acetate

molar

minimal medium

middle domain

minutes

nascent chain associated complex
nicotinamide adenine dinucleotide
nucleotide binding domain
nucleotide exchange factor
N-hydroxysuccinimide

nickel nitrilotriacetic acid

nuclear magnetic resonance

N-terminal domain
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Abbreviations

PK
PMSF
PPlase
PTM
RAC
RNA
Rpm
RT

s

S. cerevisiae
SAXS
SBD
SDS
SEC
SeMet
sHSp
SLIC
ssDNA
TAE
TCEP
TEMED
TF
TPR
TRIS

optical density

polyacrylamide gel electrophoresis
polymerase chain reaction
polyethylene glycol
phosphoenolpyruvate

potentia hydrogenii
orthophosphate

isoelectric point

pyruvate kinase
phenylmethylsulfonyl fluoride
pepdidyl-prolyl-isomerase

post translational modification
ribosome associated complex
ribonucleic acid

rounds per minute

room temperature

second

Saccharomyces cerevisiae
small angle X-ray scattering
substrate binding domain
sodium dodecyl sulfate

size exclusion chromatography
selenomethionine

small heat shock protein
sequence and ligation independent cloning
single strand DNA

TRIS acetate EDTA
tris(2-carboxyethyl)phosphine
N, N, NN "-tetramethylethylenediamine
trigger factor
tetratricopeptide repeat

trihydroxymethylaminomethan-hydrochloride
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Abbreviations

[OAY%

VIS

vSrc

YNB
YPD
YT

ultraviolet

volt

visual

viral Src kinase

weight per volume

yeast nitrogen base

yeast extract peptone dextrose

yeast extract tryptone
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