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Abstract

Proteins within the cellular environment are constantly challenged by
environmental stress conditions that threaten their structure and function,
and increase the risk of forming potentially toxic protein aggregates. Sudden
exposure of cells to increased levels of reactive oxygen species (ROS)
beyond the limits of the cellular detoxification machinery causes a rapid and
significant drop in intracellular ATP-levels disturbing the cellular
proteostasis network. This mostly ATP-dependent chaperone system
becomes inactive under these conditions, making ROS-mediated protein
unfolding and aggregation a potentially very challenging problem for
organisms. Here we demonstrate that the yeast protein Get3, involved in
ATP-dependent targeting of tail-anchored (TA) proteins under non-stress
conditions, turns into an effective ATP-independent general chaperone
under oxidative stress conditions. The process of Get3’s activation as
chaperone is reminiscent of Hsp33, the prokaryotic paradigm for a redox-
regulated chaperone. It involves disulfide bond formation, zinc release and
the conversion of Get3 into distinct, higher oligomeric structures which adopt
an ATP-independent chaperone holdase function. Most importantly, the
substantial structural rearrangements that expose binding sides for unfolded
protein upon oxidation are fully reversible. Restoration of non-stress
conditions return Get3 into an ATP-binding targeting factor for tail-anchored
proteins. Unfolded substrates bound to chaperone active Get3 are then
released and transferred to the ATP-dependent folding machinery for their
refolding. Mutational studies revealed that Get3’s chaperone activity is
functionally distinct from and likely mutually exclusive with its targeting
function. Indeed, in vivo complementation studies demonstrated that the
oxidative stress sensitive phenotype that has long been observed for yeast
cells lacking functional Get3 is specifically due to the absence of Get3’s
chaperone function. Our results provide convincing evidence that Get3
moonlights as a redox regulated chaperone in the proteostasis network of
eukaryotic cells, effectively protecting proteins against oxidative damage

and allowing their refolding upon return to non-stress conditions.
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Introduction

1 Introduction

1.1 Protein homeostasis - A life-long challenge

From the moment a nascent polypeptide chain emerges from the ribosome
until it adopts its fully folded and functional state, a protein is constantly
challenged by various intracellular and extracellular stressors. Particularly
reactive oxygen species (ROS), such as superoxide radicals (O2-),
hydrogen peroxide (H202) or hydroxyl radicals (OH-), which are constantly
generated during normal aerobic metabolism (e.g. by the respiratory chain)
can cause significant cellular damage including the unfolding and
aggregation of essential proteins (Drose & Brandt 2012, Imlay 2013). Many
human diseases, including Alzheimer, Huntington, and diabetes as well as
the aging process itself are directly connected to this oxidative stress-
mediated macromolecular damage (Broadley & Hartl 2009, Maritim et al
2003, Romano et al 2010).

The cellular proteostasis network, which consists of many different
chaperones, folding catalysts and proteolytic components maintains
proteome stability and functionality during non-stress and stress conditions
(Bukau et al 2006, Roth & Balch 2011). A specific set of molecular
chaperones are considered “foldases” since they facilitate the folding of
nascent polypeptide chains, bind unfolding proteins to prevent aggregate
formation and refold them once the stress has subsided. This group of
chaperones is comprised of members of the heat shock protein (Hsp) family,
including Hsp90 (E. coli HtpG), Hsp60 (E. coli GroEl), Hsp70 (E. coli DnaK)
and Hspl00 (E. coli ClpB). They all utilize ATP binding and hydrolysis to
support folding of newly synthesized polypeptides and/or refolding of
damaged or even aggregated proteins (Figure 1.1) (Bukau et al 2006, Hartl
2011, Liberek et al 2008). The second arm of the proteostasis network
consists of ATP-dependent proteases that degrade irreversibly damaged
proteins (Jung & Grune 2013, Jung et al 2013). The expression of molecular
chaperones and proteases is under heat shock control and can be induced

by the accumulation of protein-unfolding intermediates (Nonaka et al 2006,
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Verghese et al 2012).

Transcriptional regulation and the synthesis of new chaperones, however,
require time and energy, thus delaying the response towards fast-acting
protein unfolding conditions, such as severe oxidative stress. Moreover,
accumulation of ROS causes a massive decrease in cellular ATP levels,
which limits the function of existing ATP-dependent chaperones and impairs
the synthesis of new chaperones (Colussi et al 2000, Osorio et al 2003,
Winter et al 2005). Therefore, as a first line of defense to combat sudden
oxidative stress, organisms employ redox-regulated chaperones, which use
structurally or functionally important redox-sensitive cysteines to sense the
oxidants (Antelmann & Helmann 2011, Groitl & Jakob 2014). Reversible
oxidation of these cysteines causes a rapid change in structure and function
of these proteins, turning them into active ATP-independent chaperones
that prevent the accumulation of protein aggregates. In prokaryotes, one of
these redox-regulated chaperones is Hsp33 (Jakob et al 1999). The Hsp33
protein becomes specifically activated by hypochlorous acid (HOCI) stress,
a physiological antimicrobial that causes widespread protein unfolding and
aggregation (Winter et al 2008). HOCI stress is also involved in the
activation of the redox-regulated chaperone function of RidA (E. coli).
However, its reversible activation involves a novel mechanism, HOCI
treatment of RidA mediates the N-chlorination of its positively charged
residues, which leads to an increased surface hydrophobicity and hence
promotes its binding to unfolded cytosolic proteins (Muller et al 2014). Other
members of ATP-independent chaperones are activated by various distinct
stresses, e.g., small heat shock proteins (sHsps) like prokaryotic IbpA/lbpB
(E. coli) or the eukaryotic Hsp26 (yeast) become active under heat stress
conditions, whereas HdeA in E. coli is activated by acid stress (Haslbeck et
al 2005a, Matuszewska et al 2009, Tapley et al 2009). All these stress-
activated chaperones bind unfolding client proteins and keep them in

solution until the stress levels off.
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1.2 Molecular chaperones and protein homeostasis

Molecular chaperones maintain functionality of the cell by assisting the
folding, assembly and disassembly of polypeptide chains (Bukau et al
2006). They do not accelerate folding and typically dissociate from the client
once folding is completed. The binding of chaperones to folding
intermediates, especialy to hydrophobic segments, reduces the
concentration of aggregation-sensitive early folding intermediates and thus
prevents their aggregation (Hartl et al 2011, Jahn & Radford 2008). Under
stress conditions that cause widespread protein unfolding (e.g., heat shock),
cells react with the heat shock response by highly up-regulating the
expression of molecular chaperones (Ellis 2006, Verghese et al 2012).
Chaperones are divided into at least two functional categories; ATP-
dependent chaperone foldases and ATP-independent, often stress-

activated chaperone holdases (Figure 1.1).

1.2.1 Expression of molecular chaperones is controlled by the

heat shock response

The expression levels of most molecular chaperones are tightly controlled,
allowing the cell to cope with the constant challenges that endanger the
proteome and maintain fitness. Environmental changes or reduced access
to nutrients, however, can rapidly impair proteostasis and overwhelm the
chaperone network. Especially bacteria must withstand countless
environmental insults, like the acidic environment of the stomach or ROS
produced by the cells of the innate host defense, to survive within and infect
their hosts (Klebanoff 2005, Lin et al 1995).

Stress-induced protein  unfolding conditions in E. coli trigger the
transcriptionally regulated heat shock response (HSR). The main player of
the bacterial HSR is the heat shock sigma factor sigma 32 (0%?), which
controls expression of most molecular chaperones and proteases in the cell
(Nonaka et al 2006). Under non-stress conditions, 032 degradation is
constantly mediated by the DnaK/J/E and GroEL/ES chaperones (Guisbert
et al 2004). Upon shift to higher temperatures, the unfolding proteins titrate

3
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Figure 1. 1: A complex chaperone network maintains the proteostasisin the cell
Schematicillustration of the multi chaperone network that promotes protein folding,
maintains protein function and prevents protein aggregationinthe cell. The large class
of ATP-dependent chaperones (green shaded area) that can be found in different
compartments of the cell utilize ATP to undergo cycles of structural rearrangements
coupledto protein bindingand folding. The heat shock protein70 (Hsp70) system that is
composed of Hsp40 (orange) and the multi-domain protein Hsp70 (blue, yellow, green)
bind to new unfolded polypeptide chainsemerging from the ribosome and mediate their
partial or native folding. Partially folded proteins are then recognized by Hsp90 that
mediates their folding into the native structure. Cytosolic Hsp60 (chaperonin), a huge
multi-subunit complex shown in blue, mediates the folding of unfolded or partially
folded proteinintermediatesto native structure.Substrate can undergo multiple rounds
of folding at the respective chaperone system to reach the native protein’s structure.
Misfolded or partially aggregated proteins can be “recycled” via the Hsp100 system, it
actively promotesunfolding or disaggregation of proteins. Successfully unfolded protein
can undergo anew round of folding whereas irreversibly aggregated proteins are triaged
for degradation. Stress-induced protein unfolding conditions (black flash) deplete ATP
levels in the cell, thus shutting down the ATP-dependent chaperone network. ATP-
independent chaperones (in the red shaded area) are now activated by heat induced
unfolding, oxidation of the redox-switches which mediate structural rearrangements
(Stress-Chaperones) or dynamic oligomerization processes (small (s)Hsp) that uncover
mostly hydrophobicsubstrate binding sites. They interact with partially folded substrate
and preventits aggregation. Upon return to non-stress conditions and to recovering ATP-
levels, substrate is transferred to ATP-dependent chaperones for refolding or
degradation.
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free chaperones and the g3?protein becomes stabilized (Guisbert et al 2004,
Nakahigashi et al 1999). The induction of 032 synthesis is further controlled
by the secondary structure ofits mMRNA which serves as a thermosensor. At
high temperatures, the mRNA melts and facilitates ribosome binding,
resulting in enhanced 032 biosynthesis (Morita et al 1999). The cellular ratio
between free DnaK/J/E and GroEL/ES chaperones and 032 allows a tight
feedback regulation (Guisbert et al 2004, Matsui et al 2008).

In eukaryotes, the HSR is also a highly conserved transcriptional cascade,
triggered by the heat shock factor (HSF). Encounter of thermal and other
environmental stresses result in the expression of cytoprotective genes as
well as genes inducing cell cycle arrest (Morano et al 2012, Rowley et al
1993, Verghese et al 2012). Inactive under non-stress conditions, HSF1
undergoes rapid oligomerization and phosphorylation under heat stress
conditions turning it into an active transcriptional regulator(Goodson &
Sarge 1995, Holmberg et al 2001). In the active form, HSF1 binds to heat
shock elements (HSES) in the promotor region of heat shock genes (Akerfelt
et al 2010, Sakurai & Takemori 2007) . Similar to prokaryotes, HSF1 activity
is controlled by chaperones. Under non-stress conditions, the Hsp70 and
Hsp90 chaperone systems repress HSF1 activity. These chaperones are
titrated away by unfolding proteins, and set HSF1 free to oligomerize and
activate as transcription factor (Matsumoto et al 2005, Voellmy & Boellmann
2007).

1.2.2 ATP-dependent chaperones

ATP-dependent chaperones are mainly involved in the folding of newly
synthesized polypeptide chains and assembly of subunits to multi-protein
complexes. They can be found in the cytosol of prokaryotes or in various
compartments in the eukaryotic cell. Here, they utilize rounds of ATP binding
and hydrolysis to undergo cycles of structural rearrangements which are
coupled to protein binding and release, thereby supporting the folding of
their substrates (Ellis 2006, Hartl et al 2011, Young et al 2004).
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1.2.2.1 Hsp70 chaperone folding machinery

The Hsp70 chaperone family comprises a universal class of proteins that
play a central role in protein folding and proteostasis across all species.
Hsp70 (DnaK in E. coli) together with its co-chaperone Hsp40 (Dnald) is
involved in quality control of newly made and preexisting polypeptide chains
(Bukau et al 2006, Mayer 2013). Multiple homologues of this protein are
present in most living organisms. The ATP-dependent chaperone foldase
DnaK preferably binds to exposed short hydrophobic, unstructured regions
of newly synthesized polypeptides or unfolded client proteins thus
preventing their misfolding and promoting their correct folding (Daugaard et
al 2007, Reichmann et al 2012, Rudiger et al 1997). Apart from protein
folding during biogenesis, members of the Hsp70 family play roles in
mitochondrial import, protein degradation and protein refolding after stress
(Daugaard et al 2007, Petrucelli et al 2004, Young et al 2003, Zolkiewski et
al 2012).

Hsp70 proteins consist of two major domains, an N-terminal nucleotide
binding domain (NBD) and a C-terminal substrate binding domain (SBD)
connected via a highly conserved linker segment (Bertelsen et al 2009,
Kumar et al 2011, Mayer 2013). The transient interaction with substrates is
regulated by ATP binding and hydrolysis in the NBD (Mayer 2013). The
flexible linker domain allows allosteric coupling between the NBD and SBD
and hence links nucleotide turnover to client protein-binding (Kumar et al
2011, Vogel et al 2006). In the ATP-bound open conformation, the overall
affinity to substrate is low, while in the nucleotide-free or ADP bound closed
conformation, Hsp70 exhibits high affinity for its substrates (Figure 1.2)
(Bertelsen et al 2009, Mayer 2013, Mayer et al 2001). Crystallization studies
on Hsp70 in complex with bound peptide revealed the substrate binding
pocket in a closed conformation. It consists of a B-sandwich covered by an
a-helical lid, forming a hydrophobic cleft of ~5 residues as illustrated in
Figure 1.2 (Bertelsen et al 2009, Popp et al 2005, Zhu et al 1996). The
repeated cycles of substrate binding and release ensure proper client

folding and prevent unfolded substrate from aggregating.
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Figure 1. 2: The Hsp70 chaperone cycle
Schematic representation of the heat shock protein 70 (Hsp70) cycle (modified from
Mayer 2013). Hsp70 chaperones (DnaK in E. coli) consist of three domains, the
nucleotide-binding domain (NBD) shown in blue, the substrate-binding domain
composed of a B-sandwich subdomain (SBDb)in greenand a a-helical subdomain (SBDa)
in yellow. ATP-bound Hsp70 is in the “open” conformation and only weakly interacts
with unfolded substrates (red). The Hsp40 (Dnal) co-chaperone recruits unfolded
substrate to Hsp70 and stimulates its ATP hydrolysis, which induces a conformational
change and stabilizes substrate binding in the SBD. In the ADP-bound “closed”
conformation the substrate is trapped in a binding pocket between SBDb and SBDa,
allowing parts of the substrate to fold. A nucleotide exchange factor (NEF) stimulates
nucleotide exchange in Hsp70 and hence returns it to the low-affinity ATP-bound
conformation triggering substrate release. The substrate can now refold to the native
conformation orbind again to Hsp70 and undergo arepeated cycle of folding.

The intrinsic ATPase activity of Hsp70 (<0.1 s™1) that couples the substrate
binding-release cycle is too slow to compete with the fast aggregation of
protein substrates (Chang et al 2008, Schroder et al 1993). To facilitate this
process, Hsp70 interacts with co-chaperones, particularly the J-protein
Hsp40 (E. coli DnaJ) and nucleotide exchange factors (NEFs) like the GroP-
like gene E (GrpE) in prokaryotes or BAG1, which is one of many NEFs in
eukaryotes (Bracher & Verghese 2015, Greene et al 1998). The interaction
of Hsp40 with Hsp70’s NBD stimulates the ATP to ADP conversion,
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stabilizing the substrate-bound form and locking bound substrate inthe SBD
(Ahmad et al 2011, Greene et al 1998, Suzuki et al 2010). Thus, J-proteins
play a critical role in regulating the Hsp70 chaperone cycle in the cell.

The Hsp40 family (~40 kDa) is characterized by the presence of a highly
conserved J-domain (~70 amino acids), which mediates the interaction with
Hsp70 (Kampinga & Craig 2010, Mayer et al 1999, Rajan & D'Silva 2009).
J-proteins serve as holdases. They prevent aggregation of unfolded
substrate and deliver client proteins to the open Hsp70 substrate cleft
(Figure 1.2) (Kampinga & Craig 2010, Mayer 2013, Schroder et al 1993).
The number of J-proteins in a cell often exceeds the number of Hsp70
proteins, suggesting additional potentially Hsp70-independent functions.
Humans, for instance have 11 Hsp70s, but 41 J-proteins (Hageman &
Kampinga 2009). Although the C-terminal domains among various members
of the Hsp40 family are highly variable, they are all able to interact with
Hsp70. The current model suggests that the greater number of J-proteins
and their variability confers client specificity, connecting Hsp70 and its
multiple J-protein partners to various physiological functions inthe cell (Fan
et al 2004, Kampinga & Craig 2010, Rajan & D'Silva 2009).

The nucleotide exchange factor GrpE (~21 kDa) in E. coli accelerates the
nucleotide exchange of DnaK (Hsp70) (Bracher & Verghese 2015, Harrison
2003). Binding of GrpE lowers DnaK’s affinity for ADP (~200-fold)
(Packschies et al 1997). This allows the rebinding of ATP and returns DnaK
to the low-affinity binding state, which triggers substrate release (Figure 1.2)
(Brehmer et al 2004, Mally & Witt 2001). ATP rebinding leads to dissociation
of GrpE from DnaK, thus initiating a new chaperone cycle (Brehmer et al
2004). There are several different NEFs in higher eukaryotes; however, their
exact functions still need to be investigated (Bracher & Verghese 2015).
Notably, eukaryotic Hsp40/70 refolds substrate in the absence of a NEF in
vitro (Haslbeck et al 2005b, Lee & Vierling 2000).

1.2.2.2 The Hsp60, Hsp90 and Hsp100 chaperone network

Folding of complex multimeric proteins requires a specialized class of
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chaperones, so called chaperonins (Hsp60), which form large oligomeric
structures, which provide an insulated folding cage that minimizes entropy
and maximizes folding potential to facilitate the folding of complex three-
dimensional protein structures towards their native state (Figure 1.1)
(Spiess et al 2004). These oligomeric complexes of ~800 kDa are composed
of two heptameric or octameric (cis and trans) rings of identical or closely
related rotationally symmetric subunits in prokaryotes (GroEL, Hsp60) or
eukaryotes (TriC), respectively (Horwich et al 2007, Pereira et al 2010, Xu
et al 1997). Chaperonins are divided into two structurally similar subgroups
(Horwich et al 2007); group | chaperonins are found in the cytosol of
prokaryotes (GroEL) or in eukaryotic organelles such as chloroplasts or
mitochondria (Hsp60). Group Il chaperonins are found in the eukaryotic
(TRIC) or archeal cytosol. Both subgroups undergo fairly similar ATP-driven
reaction cycles, and undergo large conformational changes that bury the
hydrophobic substrate-interaction sites, thus allowing unfolded substrate to
enter the central cage-like structure of the chaperonin (Figure 1.1) (Horwich
et al 2006, Pereira et al 2010, Spiess et al 2004). ATP-binding to the cis ring
in GroEL simultaneously allows substrate to enter the folding cage and
GroES binding to enclose the compartment (Horwich et al 2006). ATP-
hydrolysis sets the timer for folding of the polypeptide. Upon binding ATP to
the trans ring GroES dissociates and folded substrate is released form the
folding cage (Rye et al 1999). In TRIC mediated folding additional partner
proteins ensure that only folded proteins exit the folding compartment
(Spiess et al 2004). Substrates can undergo multiple rounds of folding to
reach the native folded state. The exact mechanism by which the

chaperonins promote protein folding is focus of intense research.

The two groups of chaperonins differ in the mechanism by which substrates
are encapsulated. While group | chaperonins employ the co-chaperone
GroES (11 kDa), which forms a dome-shaped heptameric “lid”, group Il
chaperonins utilize flexible a-helical extensions that act as a substrate-
binding site and cover the folding cage (Hunt et al 1996, Llorca et al 1999).
Moreover, TRIiC, with the assistance of upstream chaperones, can bind co-

translationally to nascent chains as they emerge from the ribosomes
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(Siegers et al 2008).

Another class of highly conserved ATP-dependent chaperones is the Hsp90
family, which consists of ~90 kDa chaperones that can be found in the
cytosol, the endoplasmic reticuum (ER) and the mitochondrial matrix,
accounting for 1-2% of all cellular proteins (Finka & Goloubinoff 2013,
Wandinger et al 2008). Unlike Hsp60 or Hsp70, Hsp90 does not bind
nascent polypeptide chains but assists proteins at a later stage of folding
(Figure 1.1) (Jakob et al 1995, Young et al 2004). In eukaryotic cells, Hsp90
is essential; it assists in the folding of protein kinases and transcription
factors. Moreover, it facilitates steroid hormone receptor maturation, and
hence it is involved in signaling (Dittmar & Pratt 1997, Miyata & Yahara
1995, Tao & Zheng 2011). All Hsp90 family members form a constitutive
homodimer connected through its C-terminal dimerization domain, followed
by a conserved and structurally flexible middle domain that connects to the
N-terminal ATPase domain (Ali etal 2006, Didenko et al 2012). ATP binding
induces closing of the “molecular clamp” like structure of the N-terminal
domain, which is essential for ATP hydrolysis and fosters the formation of a
potential substrate binding site in the middle domain (Blacklock & Verkhivker
2014, Krukenberg et al 2009, Shiau et al 2006). In the ATP-bound state,
Hsp90 binds to substrate and releases it upon ATP hydrolysis (Pearl et al
2008). Cytosolic Hsp90 in eukaryotes interacts with a variety of co-
chaperones, which form a multi-chaperone complex and regulate Hsp90’s
activity (Wandinger et al 2008, Zuehlke & Johnson 2010).

Stress conditions can impair and overload the classic folding chaperones.
This results in the accumulation of misfolded proteins and irreversible
protein aggregates. A specialized class of chaperones, i.e. Hsp100 is able
to dissolve misfolded or aggregated protein upon return to non-stress
conditions in an ATP-dependent manner, and restore protein homeostasis
(Doyle & Wickner 2009). Hsp100’s like E. coli ClpB or yeast Hsp104 are
members of the AAA+ superfamily of ATPases, which are associated with
various cellular activities such as metal chelation and DNA repair (Fodje et

al 2001, Gribun et al 2008). They typically function in a hexameric ring
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arrangement with a central channel (Figure 1.1), stabilized by ATP binding
to the N-terminal domain of each Hsp100 monomer (Doyle et al 2013, Lee
et al 2010, Lee et al 2003). A current model is that Hsp104/ClpB together
with the Hsp70/DnaK chaperone system act synergistically to extract of
unfolded polypeptides from aggregates and promote their subsequent
refolding (Haslbeck et al 2005b, Schlieker et al 2004, Zolkiewski et al 2012).
However, itis yet not clear how the labor is divided between the two systems
(Doyle & Wickner 2009). Another subset of Hsp100’s (E. coli ClpX together
with ClIpP) is involved in proteasomal degradation of insoluble protein
aggregates to prevent the nucleation of inactive complexes (Sauer et al
2004).

1.2.3 ATP-independent chaperones

Most ATP-independent chaperones work as chaperone holdases and lack
refolding activity. They are strongly induced by a variety of different protein
unfolding stress conditions but also function constitutively in multiple cell
types and organisms. For some ATP-independent chaperones in
eukaryotes like human aB-crystallin or yeast Hsp26, it has been shown that
increased temperature directly induces conformational changes promoting
chaperone activity (Haslbeck et al 2005a). Another subset of stress-induced
chaperones utilizes changes in ROS levels to undergo structural
rearrangement that activate their chaperone holdase activity, allowing
instant response to ROS stress (Jakob et al 1999, Kumsta & Jakob 2009).
These chaperone holdases bind tightly to their client proteins and often
depend on ATP-dependent foldases for client refolding once stress
conditions subside. In most cases, activation of these chaperones is
triggered by stress-induced unfolding, which exposes an otherwise buried
client binding site (Basha et al 2012, Graf et al 2004, Reichmann et al 2012).

1.2.3.1 Small heat shock proteins fight protein aggregates

The family of small heat shock proteins (sHsp) forms a very diverse group
of chaperones that play an important role in maintaining protein quality in all

kingdoms of life. They vary strongly in sequence, structure and size, but
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rarely exceed ~40 kDa. sHsps form highly dynamic oligomers <600 kDa,
that continuously dissociate into smaller units that can re-associate again.
One common feature of sHps’s is the presence of a conserved a-crystallin
domain of ~90 amino acids (Basha et al 2012, Haslbeck & Vierling 2015,
White et al 2006) flanked by the N-terminal region and a C-terminal
extension (Haslbeck et al 2005a, Sun & MacRae 2005). Structural analysis
revealed that the a-crystallin domain consists of two anti-parallel sheets of
three and four B-strands, respectively connected by a short inter-domain
loop, forming a B-sandwich (Delbecq & Klevit 2013, Van Montfort et al 2001).
Although low in sequence identity, the formation of a B-sandwich is an
evolutionarily conserved hallmark of the sHsp (Basha et al 2012, Kriehuber
et al 2010, Poulain et al 2010). The a-crystallin domain can form a dimer
mediated by the formation of an inter-subunit composite B-sheet (Bagneris
et al 2009). Dimeric sHsp is the smallest unit. to form higher oligomeric
complexes, extensions of the N-terminal regions intertwine to form pairs of
a knot-like structure stabilized by hydrophobic interactions (Basha et al
2012). Concurrently, a conserved IW/L-X-IV/IL motif in the C-terminal
extension anchors itself in a hydrophobic groove of a neighboring
chaperone dimer (Jehle et al 2011, Poulain et al 2010).

Unlike ATP-dependent chaperones, sHsp do not promote folding. They form
a first line of defense under stress conditions by tightly binding unfolding
substrates and keeping them soluble until the stress subsides. However,
sHsps are not able to rescue already aggregated proteins or interact with
native substrate proteins (Poulain et al 2010). Intriguingly, while some sHsp
oligomers dissociate into stable dimers at elevated temperature to bind
unfolded substrate, others retain the oligomeric structure that comprises the
chaperone active species (Haslbeck et al 2005a, Haslbeck et al 1999,
Stengel et al 2010). However, heat-induced oligomer dissociation,
accompanied by uncovering of hydrophobic residues that increase surface
hydrophobicity and expose a substrate binding sites is thought to be the
major activation mechanism of sHsps (Haslbeck et al 2004, Haslbeck et al
2005a, Plater et al 1996). Smaller activated sHsp units can again re-

associate either to a chaperone-active oligomer or when already occupied
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with substrate to an oligomeric substrate complex, which was observed for
yeast sHsp26 (Franzmann et al 2005, Stengel et al 2010, Stromer et al
2003). Refolding of substrates bound to sHsp requires the presence of ATP-
dependent chaperones. In yeast, for instance, the Hsp70 system either
alone or in combination with the disaggregase Hsp104 promotes the release
and refolding of substrate bound to sHsp26 (Haslbeck et al 2005b). This
chaperone cycle allows organisms to rapidly react to protein unfolding
conditions and stabilize their proteome without the need for energy-

consuming new protein synthesis.

Crosslinking studies showed that substrates interact with the N-terminal
domain of sHsps, suggesting that the hydrophobic patches in the flexible N-
terminal domain might represent the substrate binding site in sHsp (Jaya et
al 2009, Patel et al 2014). Hydrogen-deuterium exchange experiments
indicate that this region completely lacks stable secondary structure,
suggesting that the N-terminal domain might be intrinsically disordered
(Cheng et al 2008, Jaya et al 2009, Wintrode et al 2003). Recently, a new
model in which ATP-independent chaperones use internal disorder that
allows large flexibility in substrate recognition to bind general unfolded
substrate was proposed (Reichmann et al 2012), suggesting that sHsps
might use their intrinsically disordered regions to bind substrate in a manner

akin to conditionally disordered chaperones.

1.2.3.2 Conditionally disordered chaperone

Unfolding coupled to an increase in chaperone activity is a common feature
among conditionally disordered chaperones. These chaperones are fully
folded and chaperone-inactive under non-stress conditions, but rapidly
adopt a partially disordered conformation when exposed to distinct stress
conditions (Bardwell & Jakob 2012). The disordered regions seem to be
essential in the binding of aggregation-prone client proteins and allow an
increased flexibility in client binding (Reichmann et al 2012). This new
chaperone category includes yeast Hsp26, bacterial Hsp33 and the more
recently discovered HdeA (Haslbeck et al 2005a, Reichmann et al 2012,

Tapley et al 2009). While sHsps use heat-induced structural changes to
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expose their disordered regions for substrate binding, E. coli HdeA
(9.7 kDa), a periplasmic chaperone, senses a drastic decrease in the pH of
the environment to partially unfold into its chaperone active form
(Franzmann et al 2005, Stromer et al 2003, Tapley et al 2009). HdeA,
chaperone-inactive and dimeric at neutral pH, when exposed to acidic
environment (e.g. in the human stomach (pH <3)) becomes partially
unfolded and dissociates into chaperone-active monomers (Tapley et al
2009). In this partially disordered conformation, it can adopt various
conformations to bind a broad range of substrates (Tapley et al 2010, Tapley
et al 2009). Another chaperone whose redox-mediated activation is
accompanied by substantial unfolding is Hsp33. Its extensive
characterization was the cornerstone for the establishment of the class of

conditionally disordered chaperones (Reichmann et al 2012).

1.2.3.3 Oxidative stress challenges the proteostasis network

Oxidative stress conditions that cause protein unfolding add several layers
of complexity to the proteostasis machinery. Oxidants are very fast acting,
whereas transcriptional regulation and synthesis of new chaperones require
a certain response time. Moreover, many of the proteins involved in
transcription and translation process are oxidation-sensitive themselves,
and become transiently inactivated by oxidants or protein unfolding
conditions (Brandes et al 2009, Maret 2006, Winter et al 2005). An additional
challenge is the substantial drop in cellular ATP levels caused by oxidative
stress (Colussi et al 2000). This further limits the ATP-dependent chaperone
and protease network (Winter et al 2005). In eukaryotes it is thought that
oxidative inactivation of the central player of glycolysis, glyceraldehyde
dehydrogenase (GAPDH), together with the oxidative modification of other
energy-generating systems causes the drop in ATP levels (Cotgreave et al
2002, Le Moan et al 2006, Leichert et al 2008). Recent studies in E. coli,
however, demonstrated that the decline in ATP levels upon HOCI-stress is
caused by the active re-routing of ATP into long chains of inorganic
phosphate (Gray et al 2014). This raised the question as to the mechanism

by which cells defend themselves against the very sudden exposure to
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highly proteotoxic oxidants such as HOCI or OH-. Eukaryotic and prokaryotic
cells employ a subset of stress-specific ATP-independent chaperones that
are regulated on the protein level and allow an instant stress-response.
These chaperones, which are inactive under non-stress conditions, directly
sense protein unfolding conditions, and rapidly react with an increase intheir
chaperone function (Graumann et al 2001, Tapley et al 2009). A major part
of the current knowledge about ATP-independent and stress-induced
chaperones derived from studies of the bacterial stress-response. Due to
their “infective” lifestyle, these microorganisms constantly fight
environmental stresses and hence developed a variety of efficient stress-
inducible chaperones. In addition, some bacterial compartments such as the
periplasm are devoid of ATP, thus requiring a set of ATP-independent
chaperones, which are subjects of recent studies(Lennon et al 2015, Quan
et al 2011, Tapley et al 2009).

1.2.3.4 The redox-regulated chaperone holdase Hsp33

Hsp33, a 33 kDa heat shock protein, is highly conserved in bacteria and
some eukaryotic parasites such as Leishmania. It is constitutively expressed
under non-stress conditions (Chuang & Blattner 1993, Jakob et al 1999).
The presence of four absolutely conserved cysteine residues involved in
metal binding at the C-terminus of the protein was a unique feature among
all known Hsps. Due to the extensive work of the Jakob Lab during the past
two decades, this zinc-coordinating cysteine motif was characterized as a
universal posttranslational redox switch in proteins, connecting increased
ROS levels to functional changes in proteins (Graf et al 2004, Groitl & Jakob
2014, libert et al 2007, Jakob et al 2000). Chaperone-inactive Hsp33
coordinates zinc via four thiol groups, which upon oxidation-induced
disulfide bond formation and zinc release, turn Hsp33 into a potent
chaperone holdase (Graumann et al 2001, llbert et al 2007, Jakob et al
2000). Activation of Hsp33 requires a combination of oxidative stress
and increased  protein  unfolding that can be induced by
elevated temperatures or bile salts (Cremers et al 2014, Cremers et al 2010,

Graumann et al 2001). Bacteria encounter these stress conditions
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Figure 1. 3: Mechanism of Hsp33’s chaperone activation

In its inactive form E. coli Hsp33 is a reduced and tightly folded monomer (combined
from Protein Data Bank ID: 117F and 1XJH). The redox-sensing domain within the C-
terminus (yellow) consists of four absolutely conserved cysteine thiols coordinating a
zincion with high affinity. A flexible linker region (green) covers parts of the N-terminal
domain (blue) and connects the C-terminal domain to it. Consecutive oxidation of the
for thiols groups accompanied by protein unfolding conditions (e.g. heat) leads to the
formation of a two disulfide bonds, zincrelease, dimerization and unfolding of the C-
terminal domainand linker region, presenting the hydrophobic surface of the N-terminal
platform. In the chaperone-active dimeric form (modified from Protein Data Bank ID:
117F), Hsp33 uses a combination of its partly disordered C-terminal domain and linker
region together with the hydrophobicsurface of the N-terminal domainto bind unfolded
client protein. Hypochlorous acid (HOCI) induces protein unfolding and oxidative
conditions simultaneously and is therefore a fast activator of Hsp33's chaperone -active
form.

during fever or when passing through the gastrointestinal tract (Cremers et
al 2014). Moreover, another fast activator of Hsp33 is HOCI,
which simultaneously causes protein unfolding and strongly oxidative
conditions (Winter et al 2008). HOCI is produced by cells of the innate
immune response to kill bacteria (Miller & Britigan 1997) or used as the

active component of general disinfectants such as bleach.

Hsp33 consists of two domains, a compactly folded N-terminal domain
(blue) and a C-terminal redox-sensing domain (yellow), connected by a
flexible linker region (Figure 1.3, green). As shown in Figure 1.3, under

reducing non-stress conditions the four absolutely conserved cysteines of
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the C-terminal domain arranged in a C232-X-C234-Xn-C265-XY-C268 motif are
engaged in the tetrahedral coordination of one Zn2* ion (red sphere),
stabilizing the C-terminal domain (Graf et al 2004, Janda et al 2004). The
highly charged ~52 amino acid linker region, folded in three a-helices,
covers the largely hydrophobic four-stranded p-sheet platform of the N-

terminal domain (Figure 1.3) (Janda et al 2004, Vijayalakshmi et al 2001).

Under oxidative stress conditions, the distal cysteines Cys26s/Cys268 engage
in disulfide bond formation, release the zinc ion and induce unfolding of the
C-terminal domain, which further destabilizes the upstream linker region and
converts itinto a thermolabile folding sensor (llbert et al 2007, Vijayalakshmi
et al 2001). To activate this dynamic chaperone-inactive oxidation
intermediate, a second stressor, namely protein unfolding conditions (e.g.
elevated temperatures or bile salt), is required to shift the equilibrium of the
linker region towards the fully unfolded conformation. Now, the proximal
cysteines Cys232 and Cys234 are available for oxidation, forming a second
disulfide bond, accompanied by unfolding of the linker region (Graf et al
2004, Graumann et al 2001, libert et al 2007). Kinetically fast oxidants (e.g.
HOCI), however, rapidly form the second disulfide bond even in the absence
of conditions leading to protein unfolding (Winter et al 2008). In the unfolded
conformation, two oxidized Hsp33’'s dimerize and thus form a highly active

chaperone (Figure 1.3).

Unfolding of the linker region exposes a hydrophobic surface in the N-
terminal platform. It was assumed that this area serves as a binding site for
unfolded client proteins under stress conditions (llbert et al 2007). A more
recent study now showed that oxidized, chaperone-active Hsp33 uses its
own disordered linker region to interact with early protein-unfolding
intermediates (Reichmann et al 2012). These results strongly suggest that
apart from the N-terminal platform, the flexible linker region is involved in
substrate binding. Indeed, a new study using unnatural amino acids
incorporated into Hsp33 to enable in vivo crosslinking and fluorine-19
nuclear magnetic resonance (*°F NMR) spectroscopy, revealed a composite

client-binding site that consists of polar residues from the flexible linker

17



Introduction

ATP)
Native /_\ k,
DnaK ADP

protein Hsp33 (inactive)

DnaJ

GrpE
AN .
l ) \

No stress
¢ A
Stress

SRV

Early unfolding

¢ L Hsp33 (active)
intermediate \__/ Chaperone-substrate

complex

Aggregates

Figure 1. 4: Hsp33's redox-mediated chaperone function

Oxidative stress can induce substantial structural changes in proteins, causing protein
unfolding and aggregation. Bacteria employ the inducible molecular chaperone Hsp33
to sequester unfolding intermediates and prevent accumulation of toxic protein
aggregates. Under non-stress conditions, the C-terminal redox-sensing domain (yellow)
and flexible linker region (green) of chaperoneinactive Hsp33 are well folded, harboring
a zincion coordinated by four reduced cysteine residues. Upon exposure to oxidative
stress, protein unfolding conditions,and depleted ATP levels, Hsp33 undergoes oxidative
disulfide bond formation, zincrelease and massive structural rearrangements, including
significant unfolding of the C-terminal redox-sensing domain and flexible linker region,
turning into chaperone active Hsp33. In this partially intrinsically disordered
conformation, Hsp33 is able to tightly bind early unfolding protein intermediates and
preventtheiraggregation.Upon returnto non-stress refolding conditions, Hsp33’s thiols
become reduced. However, full inactivation of the chaperone functions requires the
interaction with the DnaK/Dnal/GrpE system, which receives the client protein and
promotes full inactivation of Hsp33. The KJE system uses the now recovered ATP levels
to refold the client proteins to their native structure.

region as well as nonpolar residues from the N-terminal B-sheet platform
surface of Hsp33 (Groitl et al 2016).

Hsp33 uses an intriguing activation mechanism that requires substantial

unfolding of its secondary structure to gain chaperone function. Protein
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unfolding was previously thought to be detrimental for the function of most
proteins. However, Hsp33 utilizes unfolding to activate a specific function,
making it the founding member of a new category of so-called conditionally
disordered chaperones (Bardwell & Jakob 2012, Jakob et al 2014,
Reichmann et al 2012).

The oxidative activation of Hsp33’s chaperone function is fully reversible.
Upon return to non-stress reducing and protein refolding conditions,
oxidized Hsp33 dimers are reduced by the cellular glutaredoxin and
thioredoxin system yet remain bound to their client proteins (Hoffmann et al
2004). Only when ATP levels are restored, ATP-dependent chaperone
foldases composed of the bacterial DnaK/DnaJ/GrpE (Hsp70) system
mediate the release of Hsp33’s client proteins and its full inactivation
(Hoffmann et al 2004, Reichmann et al 2012). Subsequently, the KJE

system supports the refolding of client proteins to the native state.

No Hsp33 homologues are known in higher eukaryotes. Recent evidence
now suggests that the highly conserved eukaryotic Get3 ATPase moonlights
as a redox-regulated chaperone under ATP-depleting stress conditions,
such as oxidative stress (Powis et al 2013b, Voth et al 2014).

1.2.3.5 Peroxiredoxins exert a redox-dependent dual function

Peroxiredoxins (Prxs) are conserved through all kingdoms of life. They
detoxify ROS and reactive nitrogen species and are involved in H20:2
signaling and protein oxidation (Poole et al 2011, Rhee & Woo 2011). In
eukaryotes, cytosolic peroxiredoxins (Prxs) have been studied extensively
in regard to their role in maintaining the redox balance in cells. More
recently, however, a second function for 2-Cys-Prxs as molecular

chaperones has been reported (Jang et al 2004, Rhee et al 2005).

2-Cys Prxs, like the bacterial AhpC or yeast cPrxl are obligate homodimers
of two inverted subunits. They utilize their peroxidatic cysteine (Cp) to
directly react with peroxides forming a sulfenic acid and H20 in this process.
The resolving cysteine (Cr) of the other subunit reacts with the oxidized Cp

and forms an intermolecular disulfide bond (Hirotsu et al 1999, Schroder et

19



Introduction

al 2000). Subsequently, this disulfide bond is reduced by oxidoreductases,
such as thioredoxin (Chae et al 1994). Oxidation of Cp cysteine, which is
located in the first turn of helix a2, induces the unfolding of the helix, a
process that is required to form the intermolecular disulfide bond between
Cr and Cp cysteines (Wood et al 2003a, Wood et al 2003b).

In vitro studies with 2-Cys-Prxs form yeast (cPrxl) revealed that
overoxidation of the active cysteine Cp inactivates cPrx's peroxidase
function and induces the formation of high molecular weight (HMW)
oligomers that prevent protein aggregation in an ATP-independent fashion
(Jang et al 2004). Furthermore, the formation of HMW oligomers was shown
to be fully reversible upon removal of H202 in vivo (Jang et al 2004). Other
activation mechanisms for the functional switch from peroxidases to
chaperones have been reported as well, including phosphorylation or
exposure to low pH (Angelucci et al 2013, Jang et al 2006, Saccoccia et al
2012). A more recent study revealed that the mitochondrial tryparedoxin-
peroxidase mTXNPx from the protozoan parasite Leishmania
infantum is activated as a chaperone holdase by temperature-mediated
rearrangements within its reduced decameric structure (Taxiera etal. 2014).
This study further reported that heat-unfolded substrates bound to mTXNPx
are transferred to the prokaryotic Hsp70 chaperone foldase system for
refolding (Teixeira et al 2015). This finding suggests that peroxidases in
general could be a component of the cellular chaperone network maintaining

protein homeostasis under stress conditions.

1.3 The GET pathway is involved in the biogenesis of tail-
anchored (TA)-Proteins

Membranes of the endomembrane system of yeast and other eukaryotic
cells contain integral membrane proteins, of which ~3-5% display the
topology of so-called tail-anchored (TA)-proteins (Beilharz et al 2003,
Kalbfleisch et al 2007, Kriechbaumer et al 2009). These proteins are post-
translationally inserted into the membrane via a hydrophobic C-terminal
transmembrane domain, hence the name. Members of the conserved

Guided Entry of Tail-anchored proteins (GET)-system (Getl-5) target and
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guide TA-proteins after their synthesis at the ribosome to the endoplasmic
reticulum (ER) membrane (Borgese et al 2003, Rabu et al 2009, Shao &
Hegde 2011). There, the TA proteins serve many essential cellular
functions, including the regulation of apoptosis (e.g., Bcl-2/ Bcl-XL),
mediation of intracellular trafficking (SNAREs) and facilitation of organelle

biogenesis and secretion (Schuldiner et al 2008).

In addition to the GET-system, a small subset of TA-proteins such as
synaptobrevin 2 (Syb2) appear to be also targeted to the ER-membrane by
the GTP-dependent signal recognition particle (SRP) (Abell et al 2004).
Moreover, members of the Hsp70 family (Hsc70) seem to recognize the TA
sequence and mediate the insertion of specific TA-proteins, such as
Sec61f3, into yeast membranes (Abell et al 2007, Rabu et al 2008). Most
likely these mechanisms are closely intertwined. The dominant factor for TA-
protein insertion, however, is thought to be the GET system with its central
player Get3 (Schuldiner et al 2008, Simpson et al 2010).

1.3.1 The conserved Get3 ATPase shuttles TA-proteins

The conserved cytosolic Get3 ATPase in Saccharomyces cerevisiae
(TRC40 in mammalian systems) is the central player of the GET pathway
(Figure 1.5 and Figure 1.6). The Get3 dimer shuttles between a cytosolic
multiprotein complex that receives the TA precursor proteins from the
ribosome, and a transmembrane Getl/Get2 receptor complex at the ER-
membrane, where the TA protein precursors are released and integrated
into the lipid bilayer (Figure 1.5) (Mariappan et al 2010, Mateja et al 2009,
Rome et al 2014, Stefer et al 2011). This cycle is associated with
conformational changes in Get3, induced by substrate binding and ATP
hydrolysis, allowing Get3 to bind and protect the hydrophobic a-helical
transmembrane domain (TMD) of TA-proteins (Bozkurt et al 2009, Mateja et
al 2015, Mateja et al 2009).

Yeast Get3 is a highly conserved 39 kDa P-loop ATPase and belongs to the
signal recognition particle MinD and BioD (SIMIBI)-type nucleoside

triphosphate-binding proteins, comprised of dimeric ATPases as well as
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Figure 1. 5: GET pathway mediated TA-proteininsertion

Cytosolic Get3 receives tail-anchored (TA) precursor proteins from the ribosome via a
multiprotein complex consisting of Sgt2 and Get4/5. Get3 binds the hydrophobic
transmembrane domain (TMD, brown) of the TA-protein viaits helical subdomain (HSD,
blue). ATP binding to Get3’s ATPase domain (green) induces the closed conformation
forming a hydrophobic pocket that shields the TMD of the TA-protein. The
transmembrane Getl1/2 receptors localized in the membrane of the endoplasmic
reticulum (ER) membrane recruit Get3 to the ER membrane, stimulate the release of
Get3's TA-protein cargo and mediate its insertion into the lipid bilayer of the ER
membrane. In this process, Get3 releases ADP, binds ATP and dissociates from the
Getl/2 receptorinits open conformation ready foranew round of TA-shuttling.

GTPases, known as SIMIBI ‘twins' (Bange & Sinning 2013). It has high
sequence similarity to the catalytic subunit of E. coli arsenical resistance
factor ArsA (Figure 1.6) (Shen et al 2003b, Zhou et al 2000). Get3’s
mammalian homolog TRC40/ASNAL1 is closely associated with TA protein
biogenesis as well (Colombo et al 2016, Vilardi et al 2014). Up-regulation of
ASNAL1 has been observed in tuberculosis, breast and ovarian cancers yet
the reason for this induction is unknown (Hemmingsson et al 2009a, Kurdi-
Haidar et al 1998, Mistry et al 2007). Importantly, whereas mutations in
components of the GET system result in embryonic lethality in higher
eukaryotes (Mukhopadhyay et al 2006), yeast cells survive their absence
(Metz et al 2006b, Shen et al 2003b). Nevertheless, deletion of the GET3
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gene in yeast leads to several, seemingly unrelated phenotypes, such as
hygromycin sensitivity, copper sensitivity, heat sensitivity and the inability to
grow on iron-limiting media (Metz et al 2006b, Schuldiner et al 2008, Shen
et al 2003b). However, itis unclear whether these different phenotypes are
all related to the reduced integration of specific TA proteins into the ER
membrane or are caused by the absence of a potentially second role of Get3
in maintaining metal homeostasis and/or mediating oxidative stress

resistance.

Zinc binding stabilizes Get3’s dimeric architecture and supports its ATPase
function, which directly correlates with its ability to bind TA-protein. Four
highly  conserved cysteine residues in the Get3 monomer
(Cys 240/242/285/288) form a CVC and a CXYC motif (Figure 1.6), the latter
one contributes to the stabilization of the Get3 dimer by zinc coordination
(Figure 1.7). Mutation of the zinc-coordinating cysteine pair abolishes Get3’s
dimerization, and fails to rescue the severe growth defect of a get3 deletion
strain under various stress conditions (Metz et al 2006b). The zinc ion forms
a hinge in dimeric Get3 that enables the open-to-closed transition, which is
tightly controlled by ATP binding and hydrolysis. In the nucleotide free state,
Get3’'s ATPase domain (Figure 7, light blue) is in an open conformation
(Mateja et al 2009). ATP binding induces the switch to a closed conformation
in Get3 (Hu et al 2009). ATP hydrolysis and interaction with the Getl/2
receptor releases the TMD of the TA-client into the lipid bilayer of the ER
membrane (Figure 1.5) (Rome et al 2013, Sinning et al 2011, Stefer et al
2011). The a-helical subdomain (HSD, blue) of Get3 is enriched in
hydrophobic amino acids and characterized by an unusually high frequency
of methionine residues (Mateja et al 2009). These residues are shielded in
the open conformation. Yet, upon ATP binding to the ATPase domain, these
residues form a large hydrophobic pocket, which accommodates the
hydrophobic TMD of TA-proteins (Mateja et al 2015). A TRC40-insert in
Get3’s HSD, which is conserved in all eukaryotic Get3 homologues (Figure
1.6), forms a lid that shields the TMD in the hydrophobic pocket (Mateja et
al 2009).
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Figure 1. 7 Structure of S. cerevisiae Get3 dimer

Crystal structure of S. cerevisiae Get3 dimerinanucleotidefreestate isshown(Huetal,,
2009) (Protein DataBank ID: 3H84). Get3’s ATPase domainis coloredingreen and the in
hydrophobicamino acids enriched helicalsubdomain is shown in blue. Cysteine residues
are shownin red. A zincion (magenta) is coordinated by the CXYC motif (upper dashed
circle), whereasthe CVC motifis in close vicinity to the ATP-binding site (lower dashed
circle). Two conserved cysteine pairs are presentin each Get3 monomer. The molecular
surface drawing of the structure was mad by Pymol (The PyMOL Molecular Graphics
System, Version 1.5.0.4 Schrédinger, LLC).

1.3.2 Get3 exhibits a general in vitro and in vivo chaperone

function

The cysteine arrangement in Get3 is highly reminiscent of the oxidation
sensitive zinc-binding motif found in Hsp33. Moreover, aerobically purified
Get3 was found to function as an ATP-independent general chaperone in
vitro, protecting unfolding proteins against aggregation in a manner akin to

oxidized, chaperone-active Hsp33 (Powis et al 2013b). Finally, in vivo
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studies demonstrated that Get3 co-localizes with unfolding proteins and
chaperones of the Hsp70 and Hspl00 family in distinct foci during ATP-
depleting stress conditions in yeast (Powis et al 2013b). In light of these
results, previous studies that showed an unexpected sensitivity of a get3
deletion strain towards various stresses, like copper or heat (Schuldiner et
al 2008, Shen et al 2003b) required reassessment, since they suggested
that Get3 might exert a second function as general chaperone, and might

be the long-sought redox regulated chaperone of eukaryotic cells.

1.4 Objective

Redox-sensing and redox-regulation are crucial features that allow cells to
respond and adapt to environmental changes. Aim of this thesis was to
investigate whether yeast Get3 serves as a redox-regulated chaperone in
eukaryotes. This potentially dual function would make Get3 an excellent
model protein to answer fundamental questions regarding redox regulation
and chaperone function in higher eukaryotes. To answer these questions,
we utilized the knowledge and techniques established for the
characterization of the redox-regulated chaperone Hsp33. The first question
to address was whether Get3 utilizes its conserved zinc-coordinating
cysteine motif to sense oxidants similar to Hsp33. Since cysteine oxidation
in Hsp33 is known to induce massive structural rearrangements, we
investigated how cysteine oxidation impacts Get3’s structure and function
and to what extent this mechanism is reversible. The second question that
we wanted to address concerned the in vivo role of Get3, which required us
to separate TA-protein targeting from general chaperone function. Finally,
we investigated Get3’s crosstalk to other chaperones in the cell. By
investigating these aspects, we gained valuable information about the role
of Get3’s chaperone function in the cell, and uncovered a potential highly

dynamic redox-regulated chaperone networks in eukaryotic cells.
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2 Material and Methods

All chemicals used in this study for buffer preparation are obtained from
Thermo Scientific, Invitrogen, MP Biomedicals, Roche or Sigma Aldrich.
Vendors for all other chemicals, enzymes or equipment are marked in the
text.

2.1 Strains and Plasmids

2.1.1 E. coli and S. cerevisiae (yeast) strains

Strain Genotype Background Ref.*
E. coliBI21 F- ompT gal dcm lon Novagen
DE3 hsdSB(rB- mB-) A(DES3 [lacl
lacUV5-7 gene 1ind1 sam7
nin5]
BY4741 MATa his3A1 leu2A0 S288C 1
met15A0 ura3A0
get3 MATa his3Al leu2A0 BY4741 2
met15A0 ura3A0
ydI100c::KanR
getl/get2/get3 | MATa his3A1 leu2A0 BY4741 3
metl5A0 ura3A0 getl::KanR,
get2::NatR, get3::PhleoR

2.1.2 Plasmids
Name Description Marker | Marker Ref.*
(Yeast) | (E. coli)

pJ488 pQES80-10His-ZZ-Get3 Amp 4
pAA1349 | pQE80-10His-ZZ-Get3ps7e Amp 5
pAD1474 | pet280 Get3i93D Kan 6
pG307 p416Met25-Get3WT Ura Amp 5
pG309 p416Met25-Get3P57E Ura Amp 5
ppG310 p416Met25-GFP-Get3WT Ura Amp 5
pG308 p416Met25-GFP-Get3P>7E Ura Amp 5
pAA1307 | p415Met25-mCherry-Sed5 Leu Amp 5
pX1157 | p413Met25-GFP-Sed5 His Amp 5
pAF1558 | p416Met25-Get3!193D Ura Amp Vilardi F.
pAF1559 | p416Met25-GFP-Get3193P Ura Amp Vilardi F.

*1(Brachmann et al 1998); 2(Jonikas et al 2009); 3(Schuldiner et al 2008); 4(Metz
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et al 2006b); 5(Powis et al 2013b); 6(Mateja et al 2009)

2.2 Molecular methods

2.2.1 Plasmid construction

For p416Met25-Get3"193D  the coding sequence of Get319P was amplified
by PCR from pLAC33-Get3193D (Mateja et al 2009) using the primers 5'-
TATGATACTAGTATGGATTTAACCGTGGAA-3' and 5'- ATCATACTCGA-
GCTATTCCTTATCTTCTAA-3' containing Spel and Xhol restriction sites,
respectively. For p416Met25-GFP-Get3193P, a Spel/BamHI fragment was
originated from p416Met25-Get31930 and ligated to p416Met25-GFP-
Get3WT previously digested with the same restriction endonucleases.

2.2.2 Polymerase chain reaction (PCR)

PCR was carried out to amplify DNA fragments encoding protein sequences
of interest. 100 ng template DNA were mixed with 200 uM deoxynucleotides
(dNTPs, NEB), 1 uM oligonucleotide primers, 2 units of phusion DNA
polymerase (NEB) in 50 ul of 1-fold phusion high fidelity buffer (NEB). The
reaction mixture was then transferred to a thermal cycler (Veriti) and PCR

reaction was carried out with the following program:

1) Initial denaturation at 98°C for 30 sec
2) Melting temperature at 90°C for 10 sec
3) Annealing temperature* at 50°C for 30 sec
4) Polymerization at 72°C for 45 sec
> Repeat step 2 to 5 for 30 cycles
5) Final Extension at 72°C for 5 min
6) Hold at 4°C
*Adjust annealing temperature to primer with the lowest melting

temperature

DNA fragments generated by PCR were purified using a PCR product

purification kit (Roche) according to the manufacturer’s instructions.
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2.2.3 DNA digest and ligation

Plasmid DNA or DNA fragments were digested with one or multiple
restriction enzymes (Fermentas). Respectively, 2 pg plasmid DNA or 6-8 ug
DNA fragments were incubated with 2 or 6-8 units of restriction enzyme in
buffer according to the manufacturer's instructions. The reaction mix was
incubated for at least 60 min at 37°C. Subsequently, 1 unit of calf intestinal
alkaline phosphatase (CIAP, NEB) was added to the reaction mix and the
incubation at 37°C was continued for 30 min. Digested DNA fragments and
linearized plasmid DNA were separated by agarose gel electrophoresis and

purified subsequently.

To ligate the digested DNA fragment and linearized plasmid, 100 ng of
linearized plasmid and a 5-fold molar excess of the fragment were
supplemented with 1 unit of T4-DNA ligase (NEB) and 1-fold ligation buffer
(NEB) in a volume of 30 pl. The reaction mixture was incubated for 16 h at

18°C and for 10 min at 65°C to heat inactivated the ligase.

2.2.4 Agarose gel electrophoresis

Digested DNA fragments or linearized plasmids DNA were analyzed or
purified via agarose gel electrophoresis. 1% (w/v) agarose (MP
Biomedicals) was dissolved in 150 ml Tris-acetate-EDTA (TAE) buffer
(40 mM Tris, 20 mM acetic acid, 1 mM EDTA pH 8.0) at 95°C for 3 min,
10 pl SafeView (Applied Biological Materials) were added and the solution
was kept for 45 min at room temperature (RT) to solidify. DNA samples were
mixed with 1-fold gel loading dye (Fisher) and loaded onto the agarose gel.
Agarose gel electrophoresis was performed by following the manufacturer’s
specifications (BioRad) in TAE buffer. Subsequently, the gels were analyzed
under ultra violet (UV) light at 365 nm and bands containing DNA fragments
were excised. DNA-containing agarose pieces were purified using a PCR
product purification kit (Roche) according to the manufacturer's instructions.
DNA concentrations were determined spectroscopically using a NanoDrop
2000 UV-Vis Spectrophotometer.
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2.2.5 Transformation of E. coli for storage or DNA amplification

Plasmid DNA encoding protein of interest was transformed into electro-
competent DHb5alpha, or electrocompetent BL21 Rosetta2(DE3)/pLysS
(Novagen) E.coli cells for plasmid DNA amplification or for protein
expression, respectively. Briefly, to generate electrocompetent cells, 100 pl
of an overnight culture containing either DH5alpha or BL21 cells were
diluted into 5 ml fresh LB-media (10 g/l tryptone, 5 g/l yeast extract,
0.5 g/ NaCl) and incubated at 37°C under constant agitation to mid-log
phase (~2 h). Then, 1 ml aliquots were pelleted (16,000 x g, 4°C) for 1 min
and resuspended in 1ml ice-cold distilled water. Subsequently, this
procedure was repeated for a total of three rinse cycles. The final cell pellet
was resuspended in ~100 pul of ice-cold water on ice, the plasmid DNA was
added and the mixture was transferred into a precooled electroporation
cuvette. The electroporation was carried out in a Gene Pulser
electroporation unit (BioRad) according to the manufacturer’s instructions.
Cells were then recovered from the electroporation cuvette, dissolved in
1 ml of SOC medium (20 g/l tryptone, 5 g/l yeast extract, 0.5 g/l NaCl,
2.5 mM KCI, 10 mM MgClz, 20 mM glucose), incubated at 37°C for 60 min
and plated onto LB agar plates (10 g/l tryptone, 5 g/l yeast extract,

0.5 g/l NaCl, 15 g/l agar), containing selective antibiotics.

LB-medium containing selective antibiotic was inoculated with single
colonies of the respective transformed E.coli cells and cultured at 37°C
overnight (~16 h). For a permanent glycerol stock, 0.5 ml of the culture was
transferred to a microfuge tube containing 60% glycerol and frozen at -80°C.
For plasmid DNA purification, cells were harvested by centrifugation and
plasmid DNA was extracted with either the NucleoSpin Plasmid kit for a
small scale plasmid purification or with the NucleoBond Xtra Midi
(Macherey-Nagel) for large scale plasmid purifications according to the

manufacturer’'s instructions.
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2.3 Protein biochemistry

2.3.1 Protein SDS-PAGE

To separate proteins by sodium dodecyl sulfate-polyacrylamid gel
electrophoresis (SDS-PAGE), pre-casted 12% gels were used (TGX-gel,
BioRad). Alternatively, custom-made 12% SDS-polyacrylamid gels were
prepared. Therefore, a separation (8.0 ml 30% Acrylamide (w/v), 5 ml1.5 M
Tris pH 8.8, 0.2 ml 10% SDS (w/v), 0.2 ml ammonium persulfate, 6.6 ml
H20, 12 ul TEMED) and a stacking gel (1.7 ml 30% Acrylamide (w/v), 5 ml
1 M Tris pH 6.8, 0.1 ml 10% SDS (w/v), 0.1 ml ammonium persulfate, 10 pl
TEMED) were poured. Protein samples were supplemented with 1/5 of their
volume of 5x Laemmli buffer (300 mM Tris, 60% glycerol, 10% SDS, 0.05%
bromphenol blue). Optionally, 125 mM B-mercaptoethanol was added to
establish reducing conditions. Pelleted samples were supplemented
analogously with 1x Laemmli buffer (60 mM Tris, 12.5% glycerol, 2% SDS,
0.01% bromphenol blue, 125 mM [(B-mercaptoethanol). Samples dissolved
in reducing buffer were boiled at 95°C for 5 min; nonreduced samples were
directly loaded onto the SDS-PAGE. Gel electrophoresis was performed by
following the manufacturer's specifications (BioRad) in SDS running buffer
(25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.0). Proteins were visualized
by Coomassie blue (Wong et al 2000) or silver staining (Nesterenko et al
1994).

2.3.2 Western blotting

Proteins separated by SDS-PAGE were then blotted onto a nitrocellulose
membrane (GE Healtcare) using a wet blotting TE22 Mighty Small Transfer
Tank (GE Healtcare) filled with transfer buffer (25 mM Tris, 192 mM Glycine,
pH 8.3) following the manufacturer's specifications. The membrane was
stained with Ponceau to visualize the protein bands. Subsequently,
membranes were incubated with 5 % milk powder (w/v) dissolved in TBS
(25 mM Tris*HCI pH 7.4, 135 mM NaCl, 3 mM KCI, 0.02% NP-40) buffer for
1 h to block free binding sites. Primary mouse monoclonal antibody against

the cytosolic enzyme Pgkl (Molecular Probes) was used as a loading control
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or a guinea pig serum against Get3 (Metz et al 2006a) diluted 1:1,000 in 5 %
TBS-milk were added and incubated under agitation for 3 h at room
temperature (RT). The membrane was briefly washed with TBS buffer
(3x5 min), and incubated with the secondary anti-mouse (Li-COR, 680RD)
or anti-guinea pig (Li-COR, 800CW) antibody diluted 1:10,000 in 5 % TBS-
milk for 2 h. Detection of the secondary antibody was carried out with an
Odyssey LICOR (LICOR, Germany) imaging system according to the

manufacturer’'s specifications.

2.3.3 Spin-down assay

To separate the soluble and the insoluble aggregated fraction in a sample,
the aggregated insoluble protein was pelleted by centrifugation (30 min, RT,
16,000 x g). Subsequently, the soluble fraction inthe supernatant (SN) was
separated from the insoluble fraction in the pellet (P). Both fractions were
filed up to the same volume with a final concentration of 1x Laemmli buffer
and the pellet was dissolved by vortexing. Then, the fractions were analyzed
on reducing SDS-PAGE as previously described. Soluble samples with low
protein concentrations were TCA precipitated to adjust the concentrate prior
to SDS-PAGE.

2.3.4 Trichloroacetic acid (TCA)-precipitation

For TCA precipitation of proteins, the final TCA concentration in the sample
was adjusted to 10% (v/v) by adding ice cold 50% viv TCA to the sample.
The samples were vortexed and incubated for 30 min on ice. Supernatant
and the pellet containing the precipitated proteins were separated by
centrifugation (30 min, 4°C, 16,000 x g). The pellet was washed twice with
200 pl pure ice cold acetone, air dried at room temperature and processed

as described above.

2.4 Protein purification

2.4.1 Purification of wild-type Get3 and Get3 mutant variants

Get3 wild-type (wt) and the D57E mutant variant were expressed in E. coli
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BL21 Rosetta2(DE3)/pLysS from a pQES8O0 derivative as a fusion of two Z
domains (lgG-binding domain of protein A) to Get3 (Metz et al 2006b) and
an N-terminal 6xHis tag in front of the Z domain. In addition, the vector
contains a tobacco etch virus (TEV) protease cleavage site between the Z
domain and the polylinker. The Get3 1193D mutant variant was expressed
from a pet280 vector (kind gift of Robert Keenan) containing a TEV protease
cleavage site between the N-terminal 6xHis tag and a polylinker. Overnight
cultures of cells were diluted 1:100 into standard LB media, after cells
reached an Aeoo of ~0.7, protein expression was induced with 0.4 mM IPTG
and cells were cultivated for another 4 h at 30°C. Then the cells were
pelleted and resuspended in extraction buffer (50 mM Tris, 50 mM NacCl, 2
mM MgAc, 1 mM imidazole, 2 mM DTT, pH 7.5), supplemented with one
tablet of complete EDTA-free protease inhibitor (Roche) and 1 mM
phenylmethane sulfonyl fluoride (PMSF, Sigma Aldrich). Cells were lysed
using a commercial French press (Thermo, 3 x 1,300 psi). The cell lysate
was cleared by centrifugation (45,000 x g, 45 min at 4°C), subsequently, the
supernatant was filtered (filter membrane pore size of 0.8 uM, Thermo
Scientific) and loaded on a nickel-NTA column (QIAGEN) equilibrated with
extraction buffer. The resin was washed respectively with extraction buffer
containing 4 mM MgATP, 0.5 M NaCl and extraction buffer alone. Bound
protein was eluted with extraction buffer supplemented with 0.5 M
imidazole. Fractions containing Get3 were pooled and buffer-exchanged to
low-salt buffer A (50 mM Tris, 20 mM NaCl, pH 7.5) using Zeba desalting
columns (Thermo Scientific). For further purification the protein was loaded
on an anion-exchange chromatography column (Q-sepharose HP, GE
Healthcare) equilibrated with low-salt buffer A. Bound protein was eluted
with a 60 ml gradient from low-salt buffer A to high-salt buffer B (50 mM Tris,
0.5 M NaCl, pH 7.5). Get3-containing fractions were pooled and the purified
protein was simultaneously cleaved with 6xHis-tagged TEV protease at a
TEV:Get3 ratio of 1:100 and dialyzed for 20 h at 4°C against cleavage buffer
(50 mM Tris, 50 mM NaCl, pH 7.5) containing 05 mM DTT and
0.5 mM EDTA. Uncleaved Get3, the His-tagged Z domain and the 6xHis-
tagged TEV protease were removed by subsequent passage over a nickel-

NTA column. Purified Get3 was concentrated to 100 uM and stored in
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50 mM Tris, 50 mM NaCl, 2 mM MgAc, pH 7.5 at -80°C. The efficiency of
cleavage was quantified by SDS-PAGE and was >95%. Get3 concentrations

were determined spectroscopically using a Jasco spectrophotometer V-550.

2.4.2 Determination of protein concentration

Get3 concentrations were determined spectroscopically using a Jasco
spectrophotometer V-550. The acquired spectra was buffer-corrected and
the extinction coefficient of €280nm=19,940 M-icm! was used to calculate the
concentration of wt Get3t and mutant variants. Unless otherwise mentioned,
wt Get3 and the mutant variants were treated in the same way for all

subsequent measurements and are collectively referred to as Get3.

2.4.3 Proteins used during this study

TEV protease purified by Ken Wan for lab use was stored at -80°C. Bacterial
DnaK, DnaJ and GrpE were previously purified by Claudia Cremers and
Filipa Teixeira and stored in a lab stock at -80°C. Yeast Ydjl and human
HSPA1A, stored at -80°C, were a kind gift of Eric Tse, University of
Michigan, Ann Arbor, Southworth Lab.

2.5 Preparation of modified Get3

2.5.1 Reduction and oxidation of Get3

To obtain a homogeneous stock solution of reduced or oxidized Get3,
purified Get3 in storage buffer (50 mM Tris, 50 mM NaCl, 5 mM MgAc,
pH 7.5) was supplemented with 5 mM dithiothreitol (DTT) and incubated for
1 h at 30°C and mild shaking (300 rpm). Later, to obtain “fully” reduced and
chaperone-inactive protein, purified Get3 was diluted down to 5 puM in
40 mM HEPES-KOH (pH 7.5) and incubated with 5 mM DTT, 0.5 mM MgATP
and 5uM ZnCl2 for 6 h at 30°C, shaking (300 rpm). Subsequently, the
protein was dia-filtrated using a amicon centrifugal filter unit (EMD Millipore)
with 40 mM HEPES-KOH (pH 7.5), therefore the protein was concentrated
and diluted 1:10 in HEPES-KOH buffer for at least two consecutive times, to
dilute out the MgATP. All samples were applied to a Zeba spin column
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(Thermo Scientific) or Micro Spin 30 (Bio-Rad) column equilibrated with
40 mM HEPES-KOH (pH 7.5) to remove the reductants. Reduced Get3 was
either directly used for further assays, stored at - 80°C, or oxidized.

For oxidation, Get3red was incubated with either 2 mM H202/50 uM CuCl:2 for
4 or 10 min (maximum 240 min), or with various concentrations of CuClz
between mixing time and 240 min (as indicated in the figure legend), or with
2 mM Hz202 for a maximum of 240 min at 37°C and mild shaking (300 rpm).
Atindicated time points the protein was tested directly for chaperone activity
(stated in the figure legend) e.g. activation kinetics shown in Figure 3.1.3.
For the majority of the subsequent assays, Get3red was oxidized with 2 mM
H202/50 pM CuCl2 for 10 min and the oxidants were removed as described
above for the removal of the reductant. To remove copper in the experiment
shown in Figure 3.1.4, the protein was incubated with 5 mM TPEN (10 min at
30°C) before loading it onto the spin column. Oxidized Get3 was either used
for further assays or stored at -80°C. When needed, Get3 was concentrated
using amicon centrifugal filter units with a molecular cut-off of 30 kDa (EMD

Millipore).

2.5.2 Inactivation of the Get3,x chaperone

For the inactivation experiments Get3 was oxidized for 4 min
(2 mM H202/50 pM CuClz), the oxidants were removed and Get3ox was
diluted to a concentration of 5puM in 40 mM HEPES-KOH (pH 7.5).
Subsequently, the protein was incubated with 5 mM DTT for up to 6 h at
30°C, shaking (300 rpm) in the absence or presence of 2 mM MgATP and
5 UM ZnCl2. The re-reduced and inactivated protein was either directly used
for chaperone activity measurements or buffer exchanged to remove the
reductants and the other components as described above (stated in the

figure legend).
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2.6 Activity Measurements of Get3

2.6.1 Chaperone activity measurements

To analyze the chaperone activity, the influence of Get3 on the aggregation
of thermally unfolding luciferase (Promega) or chemically denatured citrate
synthase (Sigma Aldrich) was tested. 12 pM citrate synthase (CS) or
alternatively luciferase were denatured in 40 mM HEPES, 6 M guanidine
hydrochloride (Gdn-HCI), pH 7.5 overnight at RT. To initiate protein
aggregation, chemically denatured CS or luciferase were diluted to a final
concentration of 0.075 pM into 40 mM HEPES, pH 7.5 at 30°C under
continuous stirring. The maximum light scattering signal was reached after
240 sec of CS incubation and was set to 0% chaperone activity. To
determine the effect of Get3 on the CS or luciferase aggregation, Get3 was
diluted at various concentrations (indicated in the figure legends) into the
buffer and light scattering was monitored after addition of chemically
denatured substrate. For thermal unfolding measurements 12 puM luciferase
was freshly prepared in 40 mM MOPS, 50 mM KCI, pH 7.5 and diluted to a
final concentration of 0.1 pM into 40 mM MOPS, 50 mM KCI, pH 7.5 at 43°C
to initiate protein aggregation. Where indicated a combination of 5 mM DTT,
2 mM MgATP and 5 uM ZnCl2 was added after ~900 sec of aggregation.
Light scattering signal for all aggregation measurements was monitored in
a Hitachi F4500 fluorescence spectrophotometer equipped with a
temperature-controlled cuvette holder and stirrer. Aem/Aex were set to
360 nm, excitation/ emission slit widths were set to 2.5 nm and the

photomultiplier (PMT) voltage was set to 700 V.

2.6.2 Standard curve for Get3’s chaperone activity

To determine the linear range of the chaperone assays | analyzed the
influence of increasing amounts of fully oxidized Get3 on the light scattering
signal of CS (Figure 2.1). This was essential to interpret the activation and

inactivation of Get3 kinetically. The influence of Get3ox on CS light scattering
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Figure 2. 1: Standard curve for the chaperone activity of Get3,,

Light scattering of 75 nM chemically denatured citrate synthase (CS) upon dilution into
bufferinthe absence or presence of increasing amountsof oxidized Get3 was measured.
The light scattering signals after 240 sec were plotted against the concentration of
Get3ox (solid circle) and the exponential decay was fitted (dashed line). The parameters
were used to determine the percentactivity of Get3in subsequent experiments.

followed an exponential decay, which was fitted according to equation 1:
f =210.95+ 661.81 x e(-3:58")

with f being the measured light scattering signal and x reflecting the
concentration of active Get3. In case not stated differently in the figure
legend, the same parameters were used to determine the percent activity
for Get3 in subsequent experiments.

2.6.3 Activation and inactivation kinetics of Get3

Get3 was incubated with the respective oxidants or reductants as described
previously. To monitor the activation and inactivation kinetics, at defined
time points, aliquots were taken and diluted to a final concentration 0.3 uM
Get3 (MW =0.01 mg/ml) into assay buffer, which corresponds to a 4:1
molar excess of Get3 to CS (MW = 0.004 mg/ml). Chaperone activity
measurements were monitored as described. The maximum of the light

scattering signal reached with 0.3 pM Get3 was calculated using
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equation 1. Activation and inactivation kinetics were performed at least in
triplicates (as stated in the figure legend). The data points were fitted
(SigmaPlot V13) to an exponential function with a double exponential fit for
H202/Cu?* and Cu?* activation, respectively (equation 2), or a single

exponential fit for H2O2 activation using equation 3:
Equation 2 f=y0+ax(1—elb®) 4 cx (1 —el-dm)
Equation 3 f=y0+ax(1—el-b)

with f being the relative chaperone activity and x reflecting the time of
incubation. y0 is the basal chaperone activity of Get3red, a and c reflect the
maximal chaperone activity for the 1t and 2"d phase of the kinetic. b and d
are the rate constants for the 15t and 2" phase of the activation kinetic,
respectively. Since equation 3 describes a single exponential fit, it only
consists of parameters y0, a and b. The halftimes (tu2) for the activation of

Get3 were obtained from the rate constant using equation 4:

In(2)
tij2 = bord

with b and d being the rate constants for the 15t or 2"d phase of the kinetic.

For the inactivation kinetics shown for the chaperone activity in
Figure 3.1.10 B and the relative refolding in Figure 3.1.11 B the data points
were fitted (SigmaPlot V13) to an exponential decay function. A single
exponential fit with two parameters was used for the chaperone activity
(equation 5) and a single exponential fit with three parameters for the

relative refolding according to equation 6:
Equation 5 f =axel-b)
Equation 6 f =y0+a*el-b)

with f being the relative chaperone activity or relative refolding at 222 nm
and x reflecting the time of incubation. yO is the basal relative refolding of
inactivated Get3ox. b is the rate constants for the inactivation/refolding

kinetic. The halftimes (tu2) for the inactivation and refolding were calculated
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from the rate constant b according to equation 4.

2.6.4 Chaperone-mediated reactivation of thermally unfolded

luciferase

To test the effect of Get3red and Get3ox on the reactivation of luciferase,
0.1 pM of luciferase was incubated either alone or in the presence of a 1:1
molar ratio of either Get3red or Get3ox in 40 mM mM MOPS, 50 mM KClI,
pH 7.5 for 15 min at 43°C. 2 mM DTT were present in the luciferase alone
and luciferase plus Get3red samples. 0.1 uM of luciferase inactivated in the
presence of either 2 yM DnaK, 0.4 uM DnaJ and 2 yM GrpE or 2 uM Ydj1
and 1 yM HSPA1A served as control. The reaction was cooled down to 25°C
and after 10 min, the samples were supplemented with 2 mM MgATP and
0.1 mg/ml BSA. Where indicated up to 5 mM DTT and either 2 uM DnaK,
0.4 uM DnaJ and 2 uM GrpE or 2 uM Ydj1 and 1 uM HSPA1A were added.
At defined time points, aliquots were taken to measure luciferase activity by
luminescence (Herbst et al 1997) using a FLUOstar Omega microplate
reader (BMG Labteck).

2.6.5 ATPase activity assay

Get3’'s ATPase activity was monitored with an NADH-coupled ATPase
assay in a 96-well BMG FLUOstar Omega microplate reader (Kiianitsa et al
2003). The regeneration system consisting of phosphoenolpyruvate (PEP)
and pyruvate kinase (PK) metabolizes one molecule of PEP to pyruvate by
converting ADP, generated through ATP hydrolysis, back to ATP. Pyruvate
is then reduced to lactate by lactate dehydrogenase (LDH) concomitantly
with the oxidation of one NADH molecule (Norby 1988). Hence, the
decrease of NADH absorbance at 340 nm that is coupled to the rate of
steady state ATP hydrolysis was monitored in real time. The assay premix
consists of 1 mM PEP, 0.5 mM NADH, 12 U PK and 22 U LDH in assay
buffer (100 mM HEPES, 10 mM MgCl2, 20% Glycerol, pH 7.0) was added to
each well. Subsequently, reduced or oxidized Get3 was diluted to a final
concentration of 2 mM (0.08 mg) or 4 mM (0.16 mg) into the premix. Premix

without Get3 was used as a blank. The reaction was initiated by adding
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2 mM ATP. The relative ATPase activity was shown as stated in the figure

legend.

2.7 Biochemical analysis of Get3

2.7.1 Determination of Get3’s redox state

To determine the number of reduced cysteine thiols in the various Get3
forms, Ellman’s assay was used (Riddles et al 1983). Free thiols react with
2,4-dinitro-5-thiobenzoate (DTNB, Ellman’'s reagent) and cause the
stoichiometric cleavage of the disulfide bond to 2-nitro-5-thiobenzoate
(NTB), causing the ionization to the yellow NTB? dianion. Briefly, modified
Get3 protein was diluted to a final concentration of 1 uM into 40 mM KH2POa4
buffer pH 7.5, consisting of 0.17 mg/ml DTNB and 6 M Gdn-HCI, to denature
the protein and to expose all cysteines to the Ellman’s reagent. The buffer
alone was used as blank. Protein samples and the blank were incubated for
10 min at RT in the dark before the absorbance of the suspension was
measured in a Jasco spectrophotometer V-550. The amount of accessible
thiols was calculated using the extinction coefficient of 13,800 M1 cm-? for
released NTB, that equals free thiol groups, according to equation 7:

€ =13800 M1 cm?

c A412 blank — A412 sample M = molarity
ys =

ex M protein*1
| =path length in cm?

2.7.2 Zinc Determination

The cysteine-coordinated zinc in Get3 was determined using the
PAR/PCMB assay (Jakob et al 2000). Briefly, the assay is based on the
complex formation of free zinc and other divalent cations like copper with
the dye 4-(2-pyridylazo) resorcinol (PAR, Sigma), which upon complex
formation with e.g. zinc results in an intense red color (€soonm of PAR2(Zn) =
66,000 M-1cm1). To analyze the amount of free zinc and other surface

bound divalent cation, the prepared protein was incubated with 100 uM PAR
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in 40 mM metal free KH2PO4 pH 7.5. Addition of 30 uM of the mercury
derivative para-chloromercuribenzoic acid (PCMB, ICN Biomedicals) led to
the formation of mercaptide bonds with thiols, inducing the release of
cysteine bound zinc (Jakob et al 2000). Free zinc is immediately complexed
by PAR and the changes in absorbance due to the formation of the red
PAR2(Zn) complex were monitored at a wavelength of 500 nm in a Jasco
spectrophotometer V-550. The amount of released zinc was calculated from

a calibration curve for defined concentrations of zinc.

2.7.3 Analysis for metal content by inductively coupled plasma

mass spectrometry (ICP)

For ICP analysis, all samples were purified twice using Micro Spin 30
columns, equilibrated with metal-free 50 mM Tris, 50 mM NaCl, pH 7.5
buffer. The ICP analysis was performed in the Keck Elemental

Geochemistry Laboratory by Ted Huston (University of Michigan).

2.8 Monitoring structural changes in Get3

2.8.1 Circular dichroism (CD) spectroscopy

To determine changes in the secondary structure of Get3, far-Uv CD
spectroscopy was used (Greenfield 2006). In brief, the secondary structure
can be monitored due to the unequal absorption of left and right circularly
polarized light. Structural elements like alpha-helices and beta-sheets have
different characteristic CD spectra; hence any changes in these structural

elements can be monitored.

For the CD measurement reduced, oxidized or inactivated Get3 was diluted
to a final concentration of 5 uM in 20 mM KH2PO4, pH 7.5. The far-UV CD
spectrum was measured using a Jasco-J810 spectropolarimeter in a quartz
cell with 1 mm path lengths at 20°C. The CD spectra were cumulative
recorded (5x for protein, 3x for buffer) between 260-190 nm, buffer corrected

and the molar ellipticity was calculated according to equation 8:
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0 = mdeg

Ox m m = relative molecular mass

molar ellipticity = “%1x10
cxlx

¢ = concentration in mg/l

| = path length in deg= cm? =

dmole™?

2.8.2 Bis-ANS spectroscopy

To test for the presence of hydrophobic surfaces in Get3, the fluorescence
probe 3,3’-Dianilino-1,1’-binaphthyl-5,5’-disulfonic acid (bis-ANS, Molecular
Probes) was used as previously described (Graf et al 2004). Reduced,
oxidized or inactivated Get3 was diluted to a final concentration of 3 uM into
20 mM KH2POs4, pH 7.5 buffer containing 10 puM bis-ANS at 30°C. Aex was
set to 370 nm and the emission spectra was cumulatively recorded (5x for
protein, 3x for buffer) from 400 to 600 nm (/Aex/Aem slits 2.5/5 nm, Pmt 700 V)
using a Hitachi F4500 fluorescence spectrophotometer. All spectra were

buffer corrected.

2.9 Purification of various Get3 species and Get3-
substrate complex by size-exclusion chromatography

(SEC)

2.9.1 Analytical gel filtration

To monitor the oligomerization state of Get3 and its substrate binding,
analytical gel filtration was performed. Gel filtration is a standard
chromatographic method to separate molecules in solution by their size
(Wilton et al 2004). Get3red or Get3ox was applied onto a Superdex 200
10/300 GL column (GE Healthcare), equilibrated with 40 mM HEPES,
140 mM NaCl, pH 7.5, and eluted with the same buffer at a flow-rate of
0.5 ml/min using an Akta-FPLC system (GE Healthcare). The column void

volume was determined to be 8.15 ml (Blue Dextran 2,000 kDa) and the
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standards (GE Healthcare) eluted at 9.79 ml (ferritin 440 kDa), 11.4 ml
(aldolase 158 kDa), 13.22 ml (canalbumin 73 kDa), 14.61 ml (ovalbumin
43 kDa) and 16.94 ml (ribonuclease A 13.7 kDa), respectively. Get3red or
Get3ox were loaded at concentrations of ~50 uM and ~80 uM respectively.
Individual fractions of the gel filtration run were collected, pooled and tested
for chaperone activity as described. To purify the Get3ox tetramer the protein
was loaded at concentrations as high as ~500 uM and fractions as small as

200 pl containing the Get3ox tetramer were collected.

2.9.2 Formation of Get3tet-substrate-complexes

To test complex formation between purified Get3tet and substrate, increasing
amounts of Get3 (up to 1.2 uM) were incubated with 0.15 uM luciferase in
complex buffer (40 mM HEPES, 50 mM KCI, pH 7.5), while the temperature
was gradually increased from 25°C up to 43°C over the time course of
22 min. Subsequently, the complexes were concentrated with amicon spin
concentrator units (Millipore), applied onto a Superdex 200 gel filtration
column, equilibrated with complex buffer, and eluted with the same buffer.
To purify large quantities of Get3tt-Luciferase complex, the complex was
formed at an 8:1 molar ratio of Get3 to luciferase in complex buffer as
described above. The complex-containing mixture was concentrated and
processed as outlined in Figure 2.2. To obtain a highly resolved separation
of the complex-containing mixture, the concentrated complex was applied
onto a micro-preparative Superose6 PC 3.2 (Amersham Pharmacia Biotech)
column equilibrated with complex buffer and eluted with the same buffer at

a flow-rate of 0.05 ml/min.

2.9.3 SEC-MALS analysis

To determine the average molecular weight (MW) of Get3 samples we
utiized a WTC-050S5 SEC column (Wyatt Technology Corporation) for
separation with an Akta micro (GE Healthcare) equipped with a DAWN
HELEOS II multi-angle light scattering (MALS) detector and Optilab rEX
differential refractive index detector using ASTRA VI software (Wyatt
Technology Corporation). The Get3red, Get3tet and Get3tet-Luciferase
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Figure 2. 2: Formation and purification of the Get3,..-Luciferase complex

1) The Get3.-Luciferase complex was formed at an 8:1 molar ratio of Get3 (1.2 uM) to
luciferase (0.15uM) in 16 ml complex buffer (40mM HEPES, 50mM KCI, pH 7.5) three
times. Each batch was respectively concentrated down to 0.1 ml and centrifuged for
30 min at 16,000 x g to remove aggregates. 2) The three batches of complex were then
consecutively applied onto a Superose 6 PC column to separate complexes of various
sizes and molar Get3 to luciferase ratios and eluted with complex buffer. The indicated
fraction (light gray bar) in the Superose 6 PC elution profile was collected for each run,
combined and concentrated downto 0.05 ml. 3) Subsequently, the concentrated fraction
was run through a size exclusion column connected to a multi-angle light scattering
detector (SEC-MALS run) equilibrated with complex buffer, the indicated fraction (light
gray bar) was collected and 4) analyzed on a negative stainelectron microscopy (EM) grid
generating ~80 micrographimages of the Get3tet-Luciferase complex forsingle partide
analysis.

complex (Get3tet-luc) were run through the SEC-MALS column equilibrated
with either 40 mM HEPES, 140 mM NaCl, pH 7.5 for the Get3red/Get3tet
analysis or with 40mM HEPES, 50mM KCI, pH 7.5 for the complex analysis
and purification. Indicated fractions were collected and the Mw was
calculated from Raleigh ratio based on the static light scattering and

corresponding protein concentration of a selected peak.
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2.10 Negative-stain EM imaging and analysis

2.10.1 Preparation of negative stain EM grids and imaging

To visualize tetrameric Get3 alone and in complex with substrate, negative-
stain electron microscopy (EM) was conducted (Ohi et al 2004). Therefore,
indicated fractions collected in the SEC-MALS elution were diluted to
~150 nM and stained with 0.75% uranyl formate (pH 5.5-6.0) on thin carbon-
layered 400 mesh copper grids (Pelco). Samples were then imaged under
low dose conditions using a G2 Spirit TEM (FEI) operated at 120 keV.
Micrographs were taken at 52,000x magnification with 2.16 A per pixel using
a 4k x 4k CCD camera (Gatan).

2.10.2 Analysis of single particles

Single particles were selected using E2boxer in EMAN2 (Tang et al 2007)
and totaled 39,285 for Get3tet, 7,731 for Get3red and 17,230 for Get3tet-luc.
Reference free 2D classification and analysis of Get3 was performed using
SPIDER (Frank et al 1996, Radermacher et al 1987) and generated 400
classes for Get3tet, 100 classes for Get3red and 150 classes for Get3tet-luc.

2.10.3 Refinement of the 3D model

3D refinement for Get3tet was performed using RELION (Scheres 2012) by
first running ‘3D classification’ on the entire data set, binned two-fold, using
a sphere as an initial model and no imposed symmetry (Figure 2.3 A). The
resulting model was used for an additional 3D classification involving 20
rounds with 3 classes and two-fold symmetry imposed, using the entire un-
binned dataset. The best model, based on similarity to the reference-free
2D averages (Figure 3.1. 16), was subjected to additional refinement, using
‘3D Refine’ with two-fold symmetry and converged after 9-rounds,
calculated to be 19 A by the ‘gold-standard’ Fourier shell correlation
procedure (Figure 2.3 B) (Scheres 2012). Additional symmetries were
tested, however only the two-fold remained consistent with the asymmetric

model and the 2D averages (data not shown).
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Figure 2. 3: 3D reconstruction of the Get3,.;

(A) 3D reconstruction method for the Get3tet. (B) Gold-standard Fourier Shell
Correlation (FSC) curve of the final refinement showing a 19A resolution at an FSC=0.5
criterion, performed using RELION (Scheres 2012).

2.11 Hydrogen/Deuterium exchange experiments

combined with mass spectrometry

2.11.1 Peptide fragment optimization and MS analysis

Pepsin digestion conditions for Get3 were optimized as previously described

and the resulting peptide fragments were analyzed by mass
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spectroscopy (MS) (Marsh et al 2013). Briefly, Get3red and Get3ox were
digested in the presence of various concentrations of guanidium-
hydrochloride containing quench buffer (0.8 % formic acid, 16.6 % v/v
glycerol) in the presence or absence of 100 mM of the reducing agent tris(2-
carboxyethyl)phosphine (TCEP). The resulting peptides were subjected to
liquid chromatography (LC)-MS analysis and selected MS spectra were
shown in Figure 3.1. 7. A greater than 99.8% peptide coverage map for Get3
was obtained using quench buffer containing 1 M Gdn-HCI and 100 mM
TCEP.

2.11.2 Deuterium-hydrogen exchange

The H/D exchange experiments were initiated by diluting 45 ul of reduced
Get3red (~36 UM) or Get3ox (~32 uM) with 135 ul of D20 buffer (8.3 mM Tris,
50 mM NacCl, in D20, pDreap 7.2) at 0°C. At 10, 30, 100, 300, 1000, 3000,
and 10000 sec, 24 pl of the reaction were removed and quenched by adding
36 pl of optimized quench buffer (1.0 M Gdn-HCI, 100 mM TECP, 0.8 %
formic acid, 16.6 % viv glycerol) at 0°C. The quenched samples were
incubated on ice for 5 min, and then frozen at -80°C. In addition, non-
deuterated control samples (incubated in non-deuterated D20 buffer) and
equilibrium-deuterated back exchange control samples (incubated in D20
buffer containing 0.5% formic acid overnight at 25°C) were prepared. All

samples were subsequently digested and analyzed by mass spectrometry.

2.11.3 Data analysis

The deuteration level for each peptide was calculated according to

equation 9:
Deuteration (%) = C(P)-C(N)) / (C(F)-C(N)) x C(N) x MaxD x 100

where C(P), C(N) and C(F) are the centroid values of partially deuterated
peptide, non-deuterated peptide, and fully deuterated peptide at each time
point. MaxD isthe maximum deuterium incorporation for each peptide. It is
calculated as the number of amino acids in the peptide minus 2 minus any

proline that is present beyond position 2 of the peptide.
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2.12 Microbiological methods

2.12.1 Yeast transformation

Yeast strains and plasmids used in this study are listed in chapter 2.1. For
yeast transformation a modified protocol for the lithium method was used
(to et al 1983). Briefly, 3 ml of an overnight culture of a yeast strain grown
in YPAD media (10 g/l Bacto yeast extract, 20 g/l Bacto peptone, 20 g/l
Glucose, 40 mg/l adenine sulfate) was pelleted and washed with double-
distiled H20. The cell pellet was resuspended in 1.4 ml transformation
buffer (10 mM Tris pH 7.5, 1 mM EDTA, 100 mM LiAc, 35% PEG (v/v))
containing 18 pl carrier DNA and 0.5 pg of plasmid DNA. The mixture was
vortexed extensively, incubated at RT for 1 h and heat-shocked at 42°C for
15 min. The transformation buffer was removed by centrifugation and the
cells were spread on synthetic complete (SC) agar plates (6.7 g/l Bacto-
yeast nitrogen base w/o amino acids, 20 g/l Glucose, 2 g/l dropout mix,
20 g/l Bacto Agar) missing the plasmid specific amino acid for selection of

transformed cells.

2.12.2 Growth conditions for yeast

Cells were grown in Hartwells Complete (HC) medium (Burke et al 2000)
and experiments were performed at mid-log phase (optical density (OD)soo
of 0.4 - 0.8). To determine the sensitivity of yeast strains, overnight cultures
were diluted in HC medium to an ODseoo of 0.4. Subsequently serial dilutions
(1:5 dilutions in each step) of each culture were spotted on HC agar plates
in the absence or presence of either 1.5 mM H202 or 1 mM CuSO4 and

grown for 2-3 days at the indicated temperatures.

2.12.3 Live Cell Fluorescence microscopy

Images of yeast cells were acquired on a Delta Vision RT (Applied
Precision) microscope using a 100x/0.35-1.5 Uplan Apo objective and
specific band pass filter sets for GFP or mCherry. The images were acquired

using a Coolsnap HQ (Photometrics) camera. Image processing was
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performed using ImageJ (http://rsbweb.nih.goViij/). Pixel fluorescence
intensity of at least 40 cells per sample was quantified as described in
(Jonikas et al 2009, Vilardi et al 2014) wusing Knime software

(www.knime.org/knime).

2.12.4 Analysis of Get3 expression levels

1 ml of mid-log phase yeast culture was pelleted by low speed centrifugation
(5 min at 1,000 x g), resuspended in fresh 0.1 M NaOH and incubated for
ten minutes at room temperature. Cells were recovered by centrifugation,
dissolved in 1x reducing Laemmli buffer and boiled for 5 min at 95°C. 10 pl
of sample per lane were separated by SDS-PAGE and analyzed by

immunoblot as previously described.

Alternatively, for Get3 expression levels shown in Figure 3.1.1, 20 ml of mid-
log phase yeast culture (synchronized OD when comparing expression
levels of different strains) was pelleted (5 min at 1,000 x g) and resuspended
in 200 pl lysis buffer (20 mM Hepes pH 7.5, 100 mM NaCl) supplemented
with 1 mM PMSF in 1.5 ml Eppendorf tubes. At least 200 pl of glass beads
(0.5 mm diameter, Biospec) were added to the cell-suspension. The tubes
were then vortexed for 5 min at (1400 rpm) with 5 min breaks in between for
a total of 15 min at 4°C. The beads and intact cells were removed by low
speed centrifugation (1 min at 1,000 x g). The “cleared” lysate was diluted
1:10 in 1x reducing Laemmli buffer and boiled for 5 min at 95°C. 10 pl of
sample per lane were separated by SDS-PAGE and analyzed by

immunoblot as previously described.
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3 Results

3.1 The protein targeting factor Get3 functions as ATP-

independent chaperone under oxidative stress conditions

Previous studies conducted in yeast suggested a second function for the
TA-protein targeting factor Get3 as an ATP-independent chaperone
holdase. Get3 has a copper-sensitive phenotype in vivo, is able to
chaperone soluble proteins in vitro and, under conditions of energy
depletion, colocalizes with other chaperones to sites of protein aggregates
(Metz et al 2006b, Powis et al 2013b). Furthermore, there is a striking
similarity between Get3’s highly conserved cysteine motif and the redox
sensitive cysteine motif found in the redox-regulated chaperone heat-shock
protein 33 (Hsp33), which is capable of forming disulfide bonds (Graf et al
2004). Surprisingly, in 2009 Suloway et al. crystallized disulfide-linked Get3
dimers. Taken together, these findings raised the possibility that Get3
similar to Hsp33 might serve as a redox-controlled chaperone that protects
proteins against oxidative stress-induced protein aggregation. Under these
stress conditions, ATP-independent chaperones are particularly crucial

since reactive oxygen species (ROS) cause a severe and rapid decrease in

Most of the results in the chapter 3.1 were published in: Voth W, Schick M, Gates S,
Li S, Vilardi F, Gostimskaya I, Southworth DR, Schwappach B, Jakob U. The protein
targeting factor Get3 functions as ATP-independent chaperone under oxidative
stress conditions. Mol Cell 2014;56:116—27. Some results were obtained under my
supervision by an undergraduate student, M. Schick, or in close collaboration with
scientists participating in the study: Copper chelating experiments in Figure 3.1.4,
initial inactivation experiments for Figure 3.1.10, CD experiments in Figure 3.1.11 and
bis-ANS measurements in Figure 3.1.12 A were performed by Schick M under the
supervision of Voth W. Furthermore, most of the micrographs taken and particles
picked in Figure 3.1.15, all of the class averages, refinement processes and 3D
modeling in Figure 3.1.16 by Gates S (Southworth Laboratory, University of
Michigan). Mass spectrometry runs in Figure 3.1.7 and Figure 3.1.17, HD/EX
experiments in Figure 3.1.18 — 19 were performed by Li S (University of California
San Diego School of Medicine) and analyzed by Voth W. In vivo experiments and
microscopy in Figure 3.1.22 — 24 were performed by Vilardi F (Schwappach
Laboratory, Universitatsmedizin Goéttingen). The manuscript was written by Voth W,
Southworth DR, Schwappach B and Jakob U.
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cellular ATP-levels, thereby incapacitating ATP-dependent chaperones
(Shenton & Grant 2003, Winter et al 2005).

3.1.1 Get3 — A redox-regulated chaperone in eukaryotes

To test whether sensitivity of get3 cells towards various oxidative stresses
in vivo (Schuldiner et al 2008, Shen et al 2003b) is connected to Get3’s
cysteines, | conducted survival assays with different Get3 cysteine mutants.
Under normal growth conditions the get3 deletion mutants that were
transformed with either an empty construct or various Get3 mutant variants
lacking up to five cysteines showed no visible growth defect
(Figure 3.1.1 A). However, in agreement with previous findings, exposure of
get3 cells to oxidative stress conditions, such as induced by heat shock or
copper and hydrogen peroxide stress led to severe growth defects that were
completely reversed when wild-type Get3 was expressed from a plasmid.
The mutant variant of Get3 C36T, C85T, C317T (ACCC) lacking the three
non-conserved cysteines, rescued the get3 phenotype to the same extent
as wild-type Get3 (Figure 3.1.1 A). In contrast, expression of either Get3
C36T, C85T, C240T, C242T, C317T (ACVC) or Get3 C36T, C85T, C285T,
C288T, C317T (ACXYC) mutant variants, which each lack one of the
conserved cysteine pairs and the non-conserved cysteines, exhibited
growth defects under both copper stress and heat shock conditions
(Figure 3.1.1 A). Notably, mutations of the zinc-coordinating cysteines
(Cys 285/288) led to decreased expression levels of Get3 ACXYC in the cell
(Figure 3.1.1 B). This result might explain the very severe growth defect
under stress conditions. These findings suggest that at least some of Get3’s
conserved cysteines are essential for the oxidative stress survival of yeast
cells, and might form the basis of a redox-regulated switch altering Get3’s

function.

To test if Get3’s previously observed general chaperone activity was indeed
redox-regulated, | purified wild-type Get3 under reducing conditions.
Additional incubation of purified Get3 with reducing agent (5 mM DTT)
ensured a fully reduced protein (Get3red). Subsequently, | tested Get3 for its

ability to prevent the aggregation of chemically or thermally unfolding client
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Figure 3.1. 1: Get3’s conserved cysteines are essential for yeast cell survival under
oxidative stress conditions

(A) get3 cells were transformed with an empty construct or with constructs containing
the coding sequence of wild-type or mutant variants of Get3. Serial dilutions were then
spotted on control plates containing 1.5 MM H,0, or 1 mM of CuSO,. Subsequently the
plates were incubated at the indicated temperatures. (B) get3 cells were transformed
with constructs containing the coding sequence of wild-type or mutant Get3 variants.
Cellswere lysed by bead beatingand the lysates were separated by reducing SDS-PAGE
and analyzed by immunoblot using a Get3 specificserum. Lysis by beat beatingleads to
a typical partial degradation product (2) of full-length Get3 (1), most likely due to the
activation of vacuolar proteases, resultingin a characteristicdouble band when analyzed
by immunoblotting. The ponceau S stained blot was used as loading control. Full
descriptions forthe abbreviated cysteine mutantsis shown.

proteins, such as citrate synthase (CS) and luciferase, commonly used in
vitro chaperone client proteins. For the chemical aggregation assays, client
proteins (CS or luciferase) are denatured in 6 M guanidine hydrochloride
(Gdn-HCI) overnight, and diluted into buffer leading to the rapid formation of
aggregates that can be monitored by light scattering (Figure 3.1.2 A and B,
control). In contrast, thermal unfolding and aggregation of the thermally

instable luciferase or citrate synthase is a rather slow process and induced
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Figure 3.1. 2: Get3 exhibits chaperone activity when oxidized
(A) Effect of an 8-fold molar excess of Get3,4 or Get3,, on the light scattering of 75 nM
chemically denatured citrate synthase (CS) upon dilution into buffer. Light scattering
signal of aggregating CS measured in the absence of added chaperonesis shown as
control. (B) After 240 sec samples were pelleted by centrifugation. Subsequently the
soluble fractionin the supernatant (SN) and the insoluble fraction in the pellet (P) were
analyzed onreducing SDS-PAGE. (C) Influence of Get3,4 or Get3,, on the light scattering
of chemically denatured luciferase (Get3:luciferase ratio 8:1) or thermally unfolding
luciferase at43°C(Get3:luciferaseratio 1:1) upon dilution into 40 mM MOPS, 50 mM KCI.
pH 7.5 buffer. Light scattering of aggregating luciferase measured in the absence of
added chaperonesisshown (control).

by incubation of the enzymes at heat shock temperatures (i.e., 43°C). As

shown in Figure 3.1.2, an eight-fold molar excess of Get3red over CS had

only a minor effect on the aggregation behavior of chemically unfolding CS.

In contrast, Get3red incubated with the oxidant hydrogen peroxide (H202) and

Cu?* resulted in a highly chaperone active protein (Get3ox) that almost

completely inhibited the CS aggregation at an 8:1 molar ratio of Get3ox to

CS (Figure 3.1.2 A). Samples tested in the light scattering assay were

53



Results

100 A

- []
® HZOZICu2+
2+
Hojcu| cur | HoO, A Cu
Phase | R? 0.99 0.99 0.99 [ H202

| t 0.04s 0.1 min 9.4 min
I t,, 51s |52.5min

Relative chaperone activity [%]

50 100 150 200
Time [min]

Figure 3.1. 3: ROS-mediated activation of Get3’s chaperone function

The chaperone activity of 0.3 uM Get3,.4 before and at defined time points after
incubationineither2mMH,0,/50 uM Cu?*(circles), 50 um Cu?*(triangles) or2mM H,0,
(squares) at 37°C was determined by analyzing the influence of Get3 on the aggregation
of 0.075 uM chemically denatured CS. The light scattering signal of aggregated CSinthe
absence of added chaperones was setto 0% chaperone activity, while the light s cattering
signal in the presence of fully oxidized Get3was setto 100%. For details, see the material
and methods part. Insert: The data points were fitted to an exponential function using
double exponential fitting for H,0,/Cu?*and Cu?* or single exponential fitting for H,0, in
SigmaPlot V13. The halftimes for the activation of Get3 were obtained from the fit (see
methods part for details). At least 3-6 replicates for H,0,/Cu? and Cu?* activation were
performed and the standard error (SE) is shown.

subsequently analyzed for their solubility using spin down assays. CS
diluted into buffer containing oxidized Get3 remained completely soluble,
whereas CS diluted into buffer containing reduced Get3 was almost
exclusively found in the insoluble fraction very similar to CS diluted into
buffer without any chaperones (Figure 3.1.2 B). | obtained comparable
results when | tested the influence of Get3red and Get3ox on chemically
unfolding luciferase or thermally unfolding luciferase (Figure 3.1.2 C). In all
cases, Get3ox showed a significantly higher chaperone activity compared to
Get3red. These results suggest that incubation of Get3 with hydroxyl-
producing oxidants converts reduced chaperone-inactive Get3 into a

general molecular chaperone for unfolding soluble proteins.
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Consistent with previous studies on the redox regulated chaperone Hsp33
(Graumann et al 2001, Pecci et al 1997), activation of Get3’s chaperone
function with the hydroxyl-radical producing mixture of H202 and Cu?* was
very rapid and went to completion within minutes of the incubation at 37°C
(Tv2 <1 min) (Figure 3.1.3, black circles). In contrast, incubation of Get3red
with H202 in the absence of copper yielded a much lower chaperone
activation, and slower activation kinetics (Tw2 ~9.5 min) (Figure 3.1.3, black
squares). Surprisingly, incubation of Get3red with 50 uM Cu?* in the absence
of H202 also activated the chaperone function of Get3. The displayed kinetics
suggested an extremely fast initial activation (Phase |, T2 < 6 sec), followed
by a slower activation phase (Phase Il, Tv2 < ~50 min) (Figure 3.1.3, black
triangles). Since get3 mutants show sensitivity towards copper in vivo we
explored the possibility that copper might be a direct activator of Get3’s
chaperone function. We thus tested whether increasing concentrations of
Cu?* can activate Get3’s chaperone activity more efficiently. Indeed, at the
highest Cu2* concentrations tested (200 uM and 400 pM), full activation of
Get3’s chaperone activity was achieved within the mixing time of the
experiment (Figure 3.1.4 A). To test whether it is Cu?* binding that leads to
the activation of Get3, we utilized the strong Cu?*-chelator
tetrakis(2pyridylmethyl) ethylene-diamine (TPEN) to remove all copper. We
therefor incubated Get3 probes activated with 200 uM Cu?* (green bars) and
400 puM Cu?* (red bars) with TPEN immediately before testing Get3’s
chaperone activity (Figure 3.1.4 B). In parallel, we performed metal analysis
of the probes using inductively coupled plasma mass spectrometry (ICP),
which confirmed that TCEP effectively removed nearly all the Cu?*
(Figure 3.1.4 B, remaining Cu?*). The chaperone assay revealed no
difference in the chaperone activity of Get3 upon removal of copper (Figure
3.1.4 B). These experiments indicate that the activation of Get3’s chaperone
function is not triggered by copper binding but is likely due to oxidative
modification of Get3. In agreement with this result, we found that Get3
activated with Cu?* under anaerobic conditions exhibited no difference in
oxidation state and chaperone activity compared to Get3 activated with Cu2*
under aerobic conditions (Figure 3.1.6, compare light gray and dark gray

bars).
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Figure 3.1. 4: Copper activates Get3's chaperone function through oxidation

(A) The chaperone function of 0.3 UM Get3,4 before and 4 min after addition of
increasing concentrations of copper at 37°C was analyzed in the chaperone assay with
chemically denatured CS as previously described. (B) Get3,.4 activated for 4 minin the
presence of 200 uM (green bars) or400 uM CuCl, (red bars) was eitherincubated with a
100-fold excess of the strong copper chelator TPEN for 10 min or left untreated. The
samples were then loaded onto gelfiltration columns equilibrated with metal-free buffer
and subsequently tested for their remaining copper content by inductively coupled
plasma mass spectrometry (ICP) analysis. The same samples were tested for their
chaperone activity in the CS chaperone assay as described above. At least 3 replicates
were performed and the SEis shown.

In previous studies, Get3’s ability to hydrolyze ATP was shown to be directly
connected to its TA-protein shuttling function (Rome et al 2013). Therefore,
we investigated whether Get3’'s ATPase function is also connected to its
chaperone activity. To test whether oxidation affects the ATPase activity of
Get3, | compared the ATPase activity of oxidized and reduced Get3. |
observed that the ATPase activity of chaperone-active Get3ox is decreased
to less than 20% compared to Get3red (Figure 3.1.5 B, light gray bars),
suggesting that oxidation of Get3 leads to conformational changes that
affect ATP hydrolysis. These findings are fully consistent with previous
results, which showed that Get3’s chaperone function is not affected by the
presence of ATP and that under ATP-depleting conditions in vivo, Get3
colocalizes with protein aggregates (Powis et al 2013b). To further test

whether Get3’s ATPase function influences its oxidative activation as a
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chaperone, | analyzed the chaperone function ofthe ATPase-deficient Get3
D57E mutant variant, which was shown to have a five-fold lower affinity for
Mg?* and a drastically reduced ATPase activity in ArsA, the prokaryotic
homologue of Get3 (Figure 1.6) (Zhou et al 2000). The mutant variant, which
had negligible ATPase activity in the reduced or oxidized state, was indeed
fully chaperone-active when oxidized and showed chaperone activity similar
to oxidized wild-type Get3 (Figure 3.1.5, compare light and dark gray bars).
These results suggest that ATP-hydrolysis is neither required for the
oxidative activation of Get3 nor for its general chaperone function. In
conclusion, these data indicate that Get3 rapidly converts into a potent ATP-

independent chaperone when exposed to oxidative stress conditions in

vitro.
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Figure 3.1. 5: Chaperone activity of oxidized Get3is ATP-independent

(A) The relative ATPase activity of reduced and oxidized wild-type Get3 (light gray bars)
and the ATPase deficient Get3 D57E mutant (dark gray bars) is shown. (B) The same
samples were tested for their relative chaperone activity in the CS chaperone assay as
described above. A four-fold excess of Get3to CS was used forthe chaperone assays. At
least 3-6 replicates were performed and the SEis shown.

3.1.2 Mechanism of Get3’s activation process

Mixtures of hydrogen peroxide and copper produce highly reactive hydroxyl
radicals that rapidly oxidize cysteine thiols. Cu?*, on the other hand, is

known to directly catalyze the auto-oxidation of cysteine thiols with biphasic
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Figure 3.1. 6: Get3’s chaperone function is activated through thiol oxidation

(A) Get3,.s wasincubatedinthe presence of either 2mMH,0,/50 uM Cu?* or 50 uM Cu?*
at 37°C for 4 h underaerobic(light gray bars) and anaerobic(dark gray bars) conditions.
The oxidants were removed by gel filtration and subsequently the number of cysteine
thiolsinreduced and oxidized Get3was determined under denaturing conditions u sing
the Ellman’s assay. Get3,q alone incubated in the absence of oxidants at 37°C for 4 h
served as control to exclude air oxidation. (B) Subsequently, the samples treated with
50 um Cu?* underaerobic(light gray bars)and anaerobic (dark gray bars) conditions were
tested for their chaperone activity. Get3 oxidized aerobically with 2 mM H,0,/50 uM
Cu?*served as control. 3-6 replicates were performed and the SE is shown.

kinetics (Kachur et al 1999) similar to the ones that | observed in the copper
induced activation process of Get3 (Figure 3.1.3, black triangles). To test
whether Get3’s cysteines are indeed oxidized upon treatment with
H202/Cu?* or Cu?*, | monitored the thiol oxidation state using the Ellman’s
reagent (Riddles et al 1983). In parallel, I incubated Get3red under anaerobic
conditions to test whether air oxidation is involved in Cu?* mediated Get3
activation. In order to determine cysteine thiols, the protein was denatured in
6 M Gdn-HCI prior to the incubation with Ellman’s reagent. As expected,
denatured Get3red incubated with the Ellman’s reagent revealed the seven
cysteines (Figure 3.1.6 A) that are present in yeast Get3. In contrast, the two
fully chaperone-active species, Get3 treated with either 2 mM H202/50 uM
Cu?* for 10 min (Get3ox) or with 50 pM Cu?* for less than 240 min (Get3cuz2+)

under aerobic conditions revealed only about three reduced cysteines,
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suggesting the presence of four oxidized thiols (Figure 3.1.6 A). In agreement
with our theory, Get3red treated with 50 uM Cu2* under aerobic and anaerobic
conditions behaved similar and showed about 3-4 reduced cysteines and no
significant difference in chaperone activity (Figure 3.1.6 A and B). My data
suggest the formation of two disulfide bonds in Get3ox, whose formation either
precedes or parallels the activation of Get3 as ATP-independent chaperone.
Extended incubation of proteins with oxidants can add additional
modifications to various amino acid side chains beyond thiol oxidation and
therefore alter protein function (Pattison & Davies 2006, Reis et al 2011,
Storkey et al 2014). Hence, we avoided copper oxidized Get3 and
conducted all following experiments with H202/Cu?* oxidized Get3 that turns

fully chaperone active inless than 10 min (Figure 3.1.3, Get3ox, black circles).

The formation of four modified cysteines in Get3ox in vitro is consistent with
the observation that at least four cysteines in yeast Get3 are important for
cell survival (Figure 3.1.1 A), suggesting that the conserved cysteines
(Cys 240/242/285/288) might be indeed the in vivo and in vitro targets for
oxidants. In order to identify and characterize the four modified cysteines in
more detail, we carried out mass spectrometry (MS) analysis of Get3ox.
Therefore, we first tested the proteolytic stability of the two Get3 forms. 30 sec
of pepsin treatment in the presence of 1 M Gdn-HCI was sufficient to fully
digest Get3red into numerous fragments. Incubation of disulfide-bonded Get3ox
with pepsin in the presence of 1 M Gdn-HC| and 100 mM of the strong thiol
reductant tris(2-carboxyethyl)phosphine (TCEP), showed a similar digestion
pattern (Figure 3.1.7, right panel), indicating that oxidation does not cause
irreversible protein modifications. In contrast, pepsin digest of Get3ox in the
absence of reducing agents revealed striking differences, with a near-
absence of proteolytic cleavage in the regions surrounding both pairs of
conserved cysteines as well as the non-conserved Cys 317 (Figure 3.1.7, left
panel). In agreement with our hypothesis that the conserved cysteines are
involved in disulfide bond formation, these findings suggest that disulfide
bond formation prevents pepsin from accessing its target sites
(Figure 3.1.7 A, red arrow). We manually inspected the MS spectra for Get3ox
(+/- TCEP) and identified two additional peptides, which harbor the conserved
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Figure 3.1. 7: Oxidation mediated disulfide bond formationin Get3

(A) Pepsindigest of Get3,, quenched with 1 M guanidine hydrochloride (Gdn-HCl) in the
absence or presence of the reducing agent TCEP revealed differencesin the patterns of
proteolytic cleavage surrounding the two pairs of conserved cysteines (red arrows).
Quenching of Get3,.inthe presence of 100 mM TCEP reconstituted the cleavage pattem
of Get3,,q shownin Figure 3.1.18 (B) Mass spectrometry (MS) spectra for Get3 peptides
containing the CVC and CXYC-motif digested with pepsinin the presence or absence of
100 mM TCEP. The calculated mass of the first monoisotopic peaks (red arrow) in both
peptides shows a mass increase of ~ 2 Da upon addition of the reducing agent TCEP,
consistent with the reduction of one disulfide bond. Pepsin digest and MS analysis were
carried out by Li S (University of California).

cysteine pairs (CVC and CXYC) in their oxidized, disulfide-bonded state. The

calculated mass of the first monoisotopic peak in both peptides showed a

mass increase of ~2 DA upon addition of the reducing agent TCEP,

consistent with the reduction of one disulfide bond.

(Figure 3.1.7 B,
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Figure 3.1. 8: Oxidation mediated zinc release in Get3

(A) The absorbance of PAR containingbuffer was monitoredat 500 nm and either Get3,4
(black trace) or Get3,, (red trace) were added after ~30 sec (protein). Increased
absorbance reflects the reaction of PAR with surface bound metals on the protein.
Subsequent addition of PCMB elicited complete release of cysteine coordinated zinc
indicated by an increased absorbance. (B) The precise amount of zinc associated with
reduced and oxidized Get3was determined by ICP analysis (light gray bars). The amount
of released zinc from the protein samples tested in the PAR/PCMB assay in A was
calculated based on the increase in absorbance upon PCMB addition from a calibration
curve for defined concentrations of zinc (dark gray bars). At least 3 replicates were

performed and the SE is shown.

red arrow). This result indicates that the four conserved cysteines are
involved in two intramolecular disulfide bonds, connecting the next neighbor

cysteines with each other.

In reduced Get3, the two cysteine thiols of the C-X-Y-C motif contribute to
dimer formation via zinc coordination (Mateja et al 2009). To test if zinc is still
present when Get3 is oxidized, we performed ICP analysis on reduced and
oxidized Get3. For the reduced form of Get3, we detected the expected 0.9
zinc equivalents per Get3 dimer. In contrast, oxidized Get3 only contained
about 0.2 equivalents of zinc (Figure 3.1.8 B, light gray bars). To discriminate
between high affinity cysteine-coordinated and low affinity surface-bound zinc
in Get3, we used the 4-(2-pyridylazo)resorcinol/ parachloromercuribenzoic
acid (PAR/PCMB) assay (llbert et al 2007, Jakob et al 2000). Complex
formation of PAR with divalent cations such as Fe?*, Ni®* or Zn?* can be
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Figure 3.1. 9: Oxidation of Get3’s thiolsis fullyreversible

(A) Analysis of Get3,.4, Get3,, and Get3,, treated with 5 mM dithiothreitol (DTT) at 30°C
for 30 min on nonreducing SDS-PAGE. (B) Get3,, was treated with 5 mM DTT at 30°C for
5 min and 30 min respectively. The reductant was removed by gel filtration and the
number of cysteine thiols was determined using the Ellman’s assay as previously
described. Get3,.s and Get3,, served as controls. 3replicates were performed and the SE
isshown.

monitored at a wavelength of 500 nm (Asoo). Get3red or Get3ox added to the
PAR containing buffer increased the Asoo signal (Figure 3.1.8 A, protein),
indicating that PAR reacts with loosely surface bound metals. When PCMB,
which forms mercaptide bonds with cysteines, was added to the mixture, ~1
zinc equivalent per Get3red dimer was released consistent with the results
obtained from the ICP analysis (Figure 3.1.8 A and B, compare light and dark
gray bars). No increase in PAR signal was observed upon addition of
PCMB to Get3ox (Figure 3.1.8 A and B), suggesting that Get3red released its
cysteine-coordinated zinc upon oxidation. Notably, Get3ox shows a
higher content of surface bound metals, which suggests that the zinc that
was released upon oxidation may remain attached to the protein’s surface.
From these experiments we concluded that Get3’s activation as an ATP-

independent chaperone involves thiol oxidation and concomitant
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release of zinc.

Next, | analyzed reduced and oxidized Get3 on nonreducing SDS-PAGE.
Get3red showed the expected monomeric migration behavior, whereas Get3ox
monomer migrated slightly faster, consistent with the presence of one or more
intramolecular disulfide bonds (Figure 3.1.9). In addition, however, the Get3ox
preparation revealed the presence of dimers and higher oligomers,
suggesting the formation of intermolecular disulfide bonds. Addition of
reducing agent to oxidized Get3 recovered the monomeric migration behavior
observed for Get3red on SDS-PAGE (Figure 3.1.9, Get3ox—red) indicating that
the higher oligomers were indeed mediated via disulfide bonds. The absence
of proteolytic cleavage in the regions surrounding Cys 317 in Get3ox
(Figure 3.1.7, red arrow in left panel) may suggest the formation of an
additional intermolecular disulfide bond. To obtain clear results on the
disulfide connectivities in Get3ox, quantitative MS analysis needs to be

performed.

3.1.3 Activation of Get3’s chaperone function is a fully reversible

process in vitro

Reversibility is a major aspect of every posttranslational regulation event.
To test whether the activation of Get3’s chaperone function and the
inactivation of Get3’s ATPase activity are reversible processes in vitro, | first
oxidized and activated Get3red for 4 min with H202/Cu?*, which is the minimal
incubation time to reach full chaperone activity upon treatment (Figure 3.1.3,
black circles). After removal of the oxidants by gel filtration, | added DTT
and Zn to reduce any reversible thiol modifications and to reconstitute the
zinc binding site. | found that incubation with DTT alone rapidly re-reduced
the cysteines in Get3ox. After only 5 min of DTT treatment, six cysteines
were detectable and within 30 min of incubation all seven cysteines thiols
were reduced (Figure 3.1.9. B, Get3oxyred 530 min). Despite the rapid re-
reduction of the cysteines, however, not even a 6-hour incubation with DTT
and zinc at 30°C caused any inactivation of Get3’s chaperone function
(Figure 3.1.10 A). These results were highly reminiscent of oxidized Hsp33,

whose inactivation was found to be very slow even though the reduction of
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Figure 3.1. 10: Activation of Get3’s chaperone function is a reversible process

(A) 5 uM of chaperone-active wild-type Get3,, (control) was incubated in the presence
of 5 mM DTT alone or with various combinations of 5 mM DTT, 5 uM zinc and 2 mM
MgATP for 6 h at 30°C. The reductants were removed via gel filtration and the various
Get3 preparations were tested fortheirability to prevent the aggregation of chemically
denatured CS as outlined in Figure 3.1.2. Subsequently the chaperone-inactivated
Get3oysreq (tATP/DTT/Zn) was incubated with 2mM H,0, and 50 mM Cu?* for 10 min and
assayed for its chaperone function as described, revealing that Get3 can undergo
multiple rounds of oxidation and reduction processes. (B) Get3,, was incubated in the
presence of 5 mM DTT, 5 uM zincand 2 mM MgATP for 6 h at 30°C. At indicated time
points the chaperone activity was tested as described in Figure 3.1.3. The signal of
aggregated CS in the absence of added chaperones was set to 0% chaperone activity,
while the signal of Get3,, immediately assayed upon addition of the reductants was set
to 100%. The data points were fitted with SigmaPlot to an exponential decay function
using a single exponential fit and the halftime was calculated to be ~2 h (see methods
part for details). Atleast 3—6 replicates were performed and the SEis shown.

its disulfide bonds occurred very rapidly (Hoffmann et al 2004). Hence, we
reasoned that similar to Hsp33, Get3 might undergo conformational
rearrangements triggered by cysteine oxidation and oligomerization.
Therefore, upon re-reduction the re-organization of the structural changes

might become rate-limiting in the inactivation process of oxidized Get3.

To visualize the secondary structure of Get3red and Get3ox, we therefore

conducted far-UV-circular dichroism (CD) spectroscopy experiments. The

64



Results

A B

S

i — 1004

< 204 S,

o

£ E g0

© o

o N

I ™

Q 10' ' J

S = 60

= 2

> 3 40

g o — 3 *

Q_ —_

= 2 20 o

- ©

2 -101 Get3 g

= 200 220 240 260 0 1 2 _3 4 5 6
Wavelength [nm] Time [h]

Figure 3.1. 11: Oxidized Get3 undergoes reversible structural rearrangements

(A) Analysis of Get3's secondary structure using far-UV circular dichroism (CD)
spectroscopy. Get3,.4 (black trace), Get3,, (red trace) and Get3,,.q (green trace) were
freshly prepared according to Figure 3.1.10 A and analyzed directly. (B) Recovery of
Get3,, structure upon addition of 5mM DTT, 5 uM zinc and 2 mM MgATP. At indicated
time points the reductants were removed via gel filtration and changes in the molar
ellipticity were recorded at 222 nm using a CD spectropolarimeter. Changes were
expressed relative to Get3,.s.and the data points were fitted (SigmaPlot) to a single
exponential decay fit, the halftime was calculated to be ~1h.

CD spectra of reduced Get3 confirmed the predominantly alpha-helical
structure of Get3, revealing two minima at 208/222 nm and a maximum at
190 nm (Figure 3.1.11 A, black trace). Analysis of the CD spectra of oxidized
Get3 revealed major changes, indicative of extensive conformational
rearrangements. We observed a substantial loss in a-helical content shown
by the decreased signal at ~190 nm and the accumulation of random-coil
structure reflected in the increase at ~ 220 nm (Figure 3.1.11 A, red trace).
In addition, we incubated the protein with bis(4-anilino-5-
napththalenesulfonic acid (bis-ANS), a fluorescent sensor molecule of
hydrophobic surfaces. Subsequent measurements of the fluorescence
intensity revealed a much higher signal for Get3ox compared to Get3red.
(Figure 3.1.12 A, black and red trace). These results indicate that the

structural rearrangements in Get3ox were accompanied by the exposure of
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Figure 3.1. 12: Oxidation reversibly alters Get3’s protein characteristics

(A) Measurements of Get3’s surface hydrophobicity with bis-ANS fluorescence
spectroscopy. Get3, (black trace), Get3,, (redtrace) and Get3,,5q (greentrace)were
prepared according to Figure 3.1.10 A and analyzed subsequently. (B) The ATPase
activity of Get3,, and Get3,,5.q relative to untreated Get3,,q is shown. At least 3

replicates were performed and the SE is shown. Freshly prepared Get3, (black trace),
Get3,, (redtrace) and Get3,,q (greentrace)were used.

hydrophobic surfaces, a hallmark of active chaperones.

Since Get3’s ATP-binding site is located in close vicinity to one of the two
highly conserved cysteine pairs that undergo disulfide bond formation in
Get3ox (Figure 1.7, CVC motif), we reasoned that Mg-ATP binding might
stabilize the reduced conformation and therefore accelerate the refolding to
the reduced conformation and hence the inactivation of Get3’s chaperone
function. Indeed, full inactivation of Get3ox was achieved when MgATP was
added to the DTT/Zn mixture (Figure 3.1.10 A and B). These results have
physiological significance since restoration of cellular ATP levels indicates
a cell's return to pre-stress conditions. Consistent with these results,
analysis of the secondary structure of Get3 revealed an almost complete
reversal of the structural rearrangements, concomitant with a decrease in
surface hydrophobicity in Get3ox upon its incubation in MgATP, DTT and
Zn?* (Figure 3.1.11 A and Figure 3.1.12 A, compare red and green traces).

It is of note that the recovery of Get3’s secondary structure slightly precedes
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Figure 3.1. 13: Fullyinactivated Get3,., shows no chaperone activity
Get3 treated with5mM DTT at 30°C for 1h (Get3,q) and Get3 diluted to a concentration
of 5uM, incubated in the presence of 5mM DTT, 0.5 mM MgATP and 5 uM ZnCl,
(Get3,.q+, red trace) were tested for their influence on the light scattering of 100 nM
thermally unfolding luciferase at 43°C (Get3:luciferase ratio 1:1). Reductants were
removed by gel filtration prior to the assay as described in the material and methods
part. Light scattering of aggregating luciferase measured in the absence of added
chaperones(control) andinthe presence of Get3,, (+Get3,,) is shown.

the inactivation of its chaperone activity (Figure 3.1.10 B and
Figure 3.1.11 B). Subsequent ATPase activity measurements revealed that
re-reduced Get3 regained its ATPase activity (Figure 3.1.12 B, green bar).
My results therefore demonstrate that Get3’s oxidative activation as an ATP-
independent chaperone is a fully reversible process in vitro, allowing Get3
to undergo multiple rounds of oxidative activation as molecular chaperone
(Figure 3.1.10 A, +H202/Cu?).

When we previously tested reduced and oxidized Get3 for their chaperone
activity, we observed that Get3red exhibited considerable chaperone activity
in the thermal and chemical aggregation assay conducted with
luciferase (Figure 3.1.2 C). We reasoned at that point that reduced Get3
was potentially destabilized by high temperatures and therefore might
unfold, leading to increased chaperone activity. However, when | now

applied our established inactivation protocol (i.e., incubation with 0.5 mM
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Figure 3.1. 14: Identification of smallest chaperone-active Get3,, unit

(A) Get3,y (dashed line) and Get3,, (solid line) were analyzed on size exclusion
chromatography (Superdex 200 10/300 GL column). Indicated peak fractions (gray
shaded areas) containing various oligomeric states of Get3,,were collected(fractions |-
IV) and (B) subsequently analyzed for their ability to prevent the aggregation of
chemically denatured CS (dark gray bars) as described in Figure 3.1.2. A second batch of
Get3,, was loaded onsize exclusion chromatography and asmallerfraction indicated as
MALS in A (dashed bar) was tested for its chaperone activity (B, light gray bar).
Chaperone activity of Get3,, was set to 100%. Inset: analysis of Get3, (lane 1) and

Get3,, (lane 2) on nonreducing SDS-PAGE.

MgATP, 5 mM DTT and 5 uM ZnCl2) on purified Get3, | obtained close to
fully inactive Get3 (Figure 3.1.13). These results indicate that Get3 purified
under reducing conditions was presumably partially unfolded and hence not

fully inactivated as a general chaperone upon incubation with DTT only.

3.1.4 The minimal unit of chaperone-active Get3 is the oxidized

tetramer

Previous analysis of oxidized Get3 on nonreducing SDS-PAGE indicated
the additional presence of Get3 dimers and higher oligomers (Figure 3.1.9).
To further characterize the higher oligomeric species, | separated the Get3ox
preparation using a size exclusion chromatography. | found that the highest
oligomeric species eluted with a molecular weight corresponding to a
~400 kDa protein, indicating a 10-fold increase in size compared to Get3ox

monomers that eluted at ~40 kDa (Figure 3.1.14 A, compare shaded areas
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Figure 3.1. 15: The smallest chaperone-active Get3,, unit is a tetramer

Get3,4 and the Get3,, sub-fraction of fraction Il (indicated as MALS in Figure 3.1.14)
were analyzed by SEC-MALS and calculated to be approximately 80 kDa and 160 kDa,
respectively. Thissizes are consistent with a Get3,.y dimerand a Get3,, tetramer. Areas
shadedinlight gray were latter analyzed on negative stain electron microscopy (EM).

IV and I). To investigate whether oligomerization correlates with the
chaperone function of Get3ox, | collected individual peak fractions and
subsequently determined their  respective chaperone activity
(Figure 3.1.14 A, shaded areas I-IV). Oligomeric species of Get3ox
(fractions Il and V) exhibited the highest specific chaperone activity,
whereas fractions harboring species that eluted at the same time as the
reduced Get3 dimer showed only negligible chaperone activity
(Figure 3.1.14 B). These results are consistent with findings on other
chaperones, such as Leishmania peroxiredoxin or human Hsp27, which
both undergo oligomerization processes to become chaperone active
(Rogalla et al 1999, Teixeira et al 2015).

To test the stability of oxidized Get3’s oligomers and to identify the smallest
fully chaperone active unit, | collected smaller aliquots within fraction Il
(Figure 3.1.14 A, shaded area lll). Next, | re-chromatographed each of them
on a second size exclusion column connected to a static light scattering

instrument for molecular weight determination (SEC-MALS) and tested their

69



Results

¢ vt t]e SR
'3!:- n f\‘(’

ﬂﬂﬂﬂﬂlﬂl
rliieirisiep ke inisiviaier

Figure 3.1. 16: Get3 oligomersimaged on negative-stain EM grids

(A) Peak fractions of SEC-MALS elution for the Get3,, tetramerand Get3,.q were collected
(Figure 3.1.15, light gray shaded areas) and analyzed by negative-stain electron
microscopy (EM). Representative micrograph images of selected Get3,, (left panel) and
Get3,eq (right panel) particles are shown. Scale barequals200 A and the box size is 260 A.
(B) Complete set of reference-free class averages for Get3,, tetramer, generated using
SPIDER (Frank et al 1996). Most of the imagingand all analysis were carried out by Gates
S (Southworth Laboratory, University of Michigan).

chaperone activity in parallel. The smallest chaperone-active Get3ox unit
found within fraction Il (Figure 3.1.14 A and B, MALS) eluted in the SEC-
MALS run as a broad single peak with an average molecular weight of about
160 kDa (Figure 3.1.15, gray shaded area for Get3m maLs run), suggestive of
a Get3 tetramer. These results indicate that oxidized Get3 consists of stable
oligomeric complexes in which a Get3 tetrameric form is likely to represent

the minimal chaperone-active arrangement. Of note, the Get3m maLs elution
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revealed a shoulder, indicating the presence of some larger oligomers in
this fraction as well. As shown in Figure 3.1.15, the reduced Get3 sample
eluted with an average molecular weight of 80 kDa, consistent with the

formation of a Get3 dimer under these conditions.

Next, we conducted negative-stain electron microscopy (EM) on the peak
fraction following SEC-MALS elution (Figure 3.1.15, shaded area 160 kDa
and 80 kDa) to visualize the architecture of the Get3ox tetramer in
comparison to the reduced Get3 dimer. Representative micrograph images
of single Get3ox particles appear larger and in a different arrangement
compared to images showing Get3red particles (Figure 3.1.16 A). We then
collected single particle data sets from more than 100 micrographs and
generated 2D reference-free projection averages for Get3ox. A closer look
at the overall set of 2D averages revealed the additional presence of larger
elongated complexes, suggestive of higher oligomeric states
(Figure 3.1.16 B). However, the smaller more compact form of the complex
clearly predominated (Figure 3.1.16 B). We therefore filtered out all the
larger oligomeric states in the refinement process. The refined 2D
reference-free projection averages for Get3ox show a globular arrangement
with two defined lobes that form a ‘W shape in some views
(Figure 3.1.17 A, RF Avg.). Notably, the arrangement we observed is
different than the 2012 by Suloway et al. crystallized tetramer of the
archaeal Get3 homologue, which forms an elongated ‘dumbbell’ like shape.
In contrast to the oxidized Get3 tetramer, reduced dimeric Get3 clearly
shows a small ‘U’ shaped arrangement (Figure 3.1.17 B, RF Avg.), which
matches very well with 2D projections and corresponding 3D views of the
published Get3 crystal structure (Hu et al 2009) (Figure 3.1.17 B). A
comparison of the two 2D projection images clearly reveals that Get3ox is
larger than Get3red. Moreover, Get3ox contains two lobes that are consistent
with two Get3 dimers connected in a tetrameric complex (Figure 3.1.17 A
and B, Proj.).

In order to further characterize Get3’s tetrameric architecture, a 3D

reconstruction method described in great detail in the material and methods
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Figure 3.1. 17: 3D modeling of the Get3,, tetramer based on negative-stain EM data

Distinct fractions of the SEC-MALS elution in Figure 3.1.15 (gray shaded area) were
collectedand used to determine negative-stain EM 2D reference-free class averages of
(A) Get3,, and (B) Get3,y using SPIDER (Frank et al 1996) (upper panel). Matching
projections and correspondingimages of the (A) Get3,, 3D model and (B) Get3,.q dimer
crystal structure (Protein Data Bank ID: 3H84) are shown (Hu et al 2009) (middle and
lower panel). The number of single particlesisshown for each average and the scale bars
equal 100 A. (C) Final 3D model of the Get3,, tetramer complex, filtered to 19 A.
Dimensionsare indicatedin A. The analysisand 3D modeling were performed by Gates

S (Southworth Laboratory, University of Michigan).
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part (chapter 2.10.3) was performed. The final reconstruction resulted in a
3D structure for tetrameric Get3ox with a resolution of 19 A. The complex of
70to 120 A consists of two oval-shaped domains connected along one side,
forming a 40 A cleft between the two domains (Figure 3.1.17 C). An
important control for 3D reconstructions is the back-projection of the final
model into 2D projections, that should not differ from the initial 2D reference-
free projection averages. Indeed, the reference-free averages agreed with
the 2D back-projections of the model (Figure 3.1.17 A, compare RF Avg.
and Proj.), supporting our 3D tetramer arrangement. Our approach to fit the
crystal structures of the Get3red dimer into the tetrameric Get3ox model
failed. However, the dimensions of each oval domain in our 3D model for
the tetramer are consistent with the size of one dimer. In conclusion, the
SEC-MALS runs and structural reconstruction from EM images revealed
that the minimal chaperone-active unit of oxidized Get3 is a distinct
tetrameric complex. Moreover, compared to previously characterized
structures of the reduced Get3, the identified complex is clearly in a different

conformation and arrangement.

3.1.5 Oxidative activation of Get3 causes massive structural

rearrangements

Our previous spectroscopic studies suggested that Get3’s oxidative
activation process is accompanied by substantial structural rearrangements.
To investigate these structural changes in more detail, we decided to
conduct hydrogen—deuterium (H/D) exchange experiments of oxidized and
reduced Get3. This state-of-the-art technique combines kinetic H/D
exchange experiments with mass spectrometry, hence allowing us to
monitor the structural changes in a protein with a resolution close to the
amino acid level (Englander 2000, Kan et al 2013). Briefly, proteins of
interest are incubated in deuterated buffer, which leads to the exchange of
amide protons with “heavy” deuterium. At defined time points, the exchange
reaction is quenched by a sudden shift to pH 2.5. Subsequently, the protein
is incubated with pepsin in the presence of 1 M Gdn-HCI, which allows

efficient digest of the protein. Next, the resulting peptides are analyzed by
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Figure 3.1. 18: Coverage map for pepsin digested Get3

Reduced Get3 was digest with pepsin and upon quenching with 1 M Gdn-HCl the
digested protein was analyzed by MS. Resulting peptides are mapped on Get3’s protein
sequence. Pepsin digest of Get3,, quenched with 1 M Gdn-HCI in the presence of
100 mM TCEP was similarto the cleavage pattern of the Get3,.4 digest (see Figure 3.1.7).
Pepsindigestand MS analysis were carried out by Li S (University of California).

MS/MS, which allows a direct comparison of mass differences within single
peptides. To determine the protein coverage, we first tested the proteolytic
sensitivity of reduced Get3. We found that a 30 sec treatment with pepsin in
1 M Gdn/HCI was sufficient to digest Get3red into numerous, often
overlapping fragments that covered ~99.8% of the entire Get3 sequence
(Figure 3.1.18). Pepsin digest of oxidized, disulfide bonded Get3 in the
presence of 1 M Gdn-HCI and 100 mM TCEP resulted in a very similar
pattern indicating that oxidation does not introduce irreversible modifications
in Get3 (Figure 3.1.7 A). We then performed our H/D exchange reaction with
either Get3ox or Get3red, and subsequently conducted the pH quench and
pepsin digest in the presence of TCEP. This method, which was established
by 2010 by Zhang et al., avoids differences in pepsin coverage of oxidized

and reduced proteins, and hence enabled us to directly compare the mass
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Figure 3.1. 19: Differencesin deuteriumincorporation between Get3,.,and Get3,,
Deuteriumincorporationinto peptides of Get3,.q and Get3,, after quenchingand pepsin
digestinthe presence of 100mMTCEP. The deuterationlevelwas calculated as described
in the experimental procedures and mapped on the yeast Get3 protein sequence. Data
was provided by Li S (University of California).

differences in individual Get3 peptides over time (Zhang et al 2010).

Analysis of the mass differences for all peptides allowed us to map the
degree of deuterium incorporation over time on the Get3 sequence
(Figure 3.1.19, reduced and oxidized Get3). Buried, folded or otherwise
slowly exchanging regions within Get3 are labeled in blue, whereas less
folded, more solvent exposed and more rapidly exchanging regions are
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Figure 3.1. 20: Get3 undergoes massive conformational rearrangements upon
oxidation

(A) Incorporation of deuteriumafter select times of hydrogen-deuterium (H/D) exchange
into Get3,, versus Get3,.. Quenchingand pepsin digest was performed in the presence
of 100 mM TCEP. The deuteration level was calculated as described in the experimental
procedures. (B) Direct comparison of the deuterium incorporation overtime into select
Get3 peptides (indicated as yellow, blue and green shading in A and B) prepared from
either Get3,. (blue trace) or Get3,, (red trace). Data was provided by Li S (University of
California) and analyzed by Voth W.

shaded in red. Reduced Get3 appears to be significanty more protected
against amide proton exchange, indicated by the substantial amount of blue
to yellow shaded regions. In contrast, Get3ox is dominated by yellow to red
shaded regions, indicating a fast incorporation of deuterium presumably due
to more unfolded and/or solvent exposed regions (Figure 3.1.19, reduced
and oxidized Get3). Subtraction of deuterium incorporation rates for Get3red
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from Get3ox peptides revealed astounding differences between the two Get3
forms (Voth et al 2014). As indicated by the predominant red shading in
Figure 3.1.20, almost every region in Get3ox showed a faster exchange rate
with deuterium than the corresponding region in Get3red. These findings are
in fully agreement with my previous CD data and indicate oxidation-induced
partial unfolding of Get3’s structure and/or increase in dynamic properties
of the protein. Get3’s activation is very similar to other recently identified
stress-specific chaperones, like Hsp33 and HdeA, whose activation seems
to be triggered by significant protein unfolding (Reichmann et al 2012,
Tapley et al 2009).

Next, we projected the differences in deuterium incorporation between
Get3ox and Get3red after 100 s of H/D exchange onto Get3’s known crystal
structure (Hu et al 2009) to further visualize the massive structural
rearrangements (Figure 3.1.21). As shown in Figure 3.1.21, most of the very
crucial changes upon oxidation occur in Get3d’s ATPase subdomain,
including the two conserved cysteine pairs (Cys 242/244), as well as
in the Switch | domain, a major component of the ATPase site (Figure 1.6),
whose previous mutation led to drastically reduced ATPase activity in
Get3 (Powis et al 2013b). These results suggest that the formation of
intramolecular disulfide bonds (shown in Figure 3.1.7) leads to a substantial
unfolding of Get3’s ATPase subdomain. These results are consistent with
the finding of oxidation-induced Iloss in Get3’s ATPase activity
(Figure 3.1.5 B), which could be attributed to the unfolding of the Switch |
domain (Figure 3.1.20 and Figure 3.1.21, yellow). To our big surprise, the
only region in Get3ox that showed a slower exchange with deuterium than
the corresponding region in Get3red involved residues 184 - 201 of the
alpha-helical subdomain in the Get3 homodimer (Figure 3.1.20 and
Figure 3.1.21, blue). This region is thought to form a composite hydrophobic
binding site for TA-proteins (Mateja et al 2009). Indeed, very recently
published crystallization data show the transmembrane domain of a TA-
protein occupied in the hydrophobic groove within Get3’s helical subdomain
(Mateja et al 2015). Overall, we found strong evidence that oxidative

activation of Get3 causes major conformational rearrangements, leading to
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Figure 3.1. 21: Conformational rearrangements mapped on Get3’s structure
Differences in deuterium incorporation between Get3,, and Get3,. after 100 s of H/D
exchange were mapped on the crystal structure of reduced Get3 (Protein DataBank ID:
3H84). Locations of peptides shown in Figure 3.1. 20 A and B is indicated using color-
coded dotted circles. The molecular surface drawing of the structure was mad by Pymol
(The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrédinger, LLC). Data was
provided by Li S (University of California)and analyzed by Voth W.
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the exposure of new binding sites for unfolding proteins while masking the

binding site for TA-proteins.

3.1.6 Dissecting the two Get3 functions in vivo

Our structural analysis revealed that under oxidative stress conditions Get3
potentially unmasks new binding sites for unfolding proteins while burying
its binding site for TA-proteins. These results suggested two independent
and hence separable protein functions for Get3. Mateja et al. published 2009
a series of Get3 mutant variants, which had apparently lost their TA-protein
binding capacity. Briefly, these mutants no longer co-immunoprecipitated
with the TA-protein Sec61. Yet, the mutants displayed wild-type-like ATPase
activity, indicating that the mutants were likely properly folded. | therefore
decided to purify one of the mutant proteins (Get3 1193D), whose | to D
mutation was in the center of the proposed TA binding site (Figure 3.1.20 A
and B and Figure 3.1.21, blue). We hypothesized, that this mutant protein,
which is impaired in TA-protein binding, would still work as a redox-active
chaperone and hence should complement get3 phenotypes that require
Get3’s redox-regulated chaperone function but not the TA-protein targeting
function.

| purified the Get3 193D mutant variant according to the wild-type Get3
purification protocol and subsequently tested its ability to prevent protein
aggregation in vitro. As shown in Figure 3.1.22 A and B, analysis of Get3
[193D’s chaperone function indeed indicated redox-regulated chaperone
activity very similar to wild-type Get3. Increasing concentrations of oxidized
Get3 1193D prevented the aggregation of CS, whereas reduced Get3 193D
showed only minor chaperone activity at higher concentrations
(Figure 3.1.22 A and B). Next, we tested the Get3 1193D mutant variant for
its ability to rescue the oxidative stress phenotypes of the get3 strain (Figure
3.1.1 A). Indeed, our complementation assays showed that the mutant
protein was able to fully rescue the growth defect of the deletion strain
similar to wild-type Get3 (Figure 3.1.23 A). These results suggested that
under oxidative stress conditions, Get3 [193D’s chaperone function

becomes essential for cell survival. In addition, we also tested the ATPase-
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Figure 3.1. 22: Get3’'s chaperone activity is independent of its TA protein targeting
functionin vitro

(A) Increasing concentrations of oxidized wild-type Get3 and the TA-binding defident
mutant Get3 1193D and in (B) indicated concentrations of reduced wild-type Get3 and
Get3 1193D were tested for their influence on the aggregation behavior of chemically
denatured CS upondilutioninto buffer (see Figure 3.1.2 for details). Chaperone activity
of wild-type Get3,, was set to 100% At least 3 replicates were performed and the SE is
shown.

deficient Get3 D57E mutant variant and found that it too partially
complements the get3 phenotype (Figure 3.1.23 A). These results are
consistent with the observation that the chaperone function of Get3 is
independent of ATP hydrolysis (Figure 3.1.5 A and B). However, it cannot
be excluded that very low residual ATPase activity contributes to the growth
rescue under oxidative stress conditions. To further segregate whether
Get3’s in vivo chaperone function or any residual activity in TA-protein
targeting contributes to the growth rescue under stress conditions, we tested
the mutant proteins for a potential dominant negative effect in a strain
background that not only lacks Get3 but also the Getl/Get2 receptor
complex. It has been previously shown that overexpressing of wild-type
Get3 is toxic in this strain background (Figure 3.1.23 B), presumably
because Get3-bound TA-proteins can no longer be delivered to the ER-
membrane (Schuldiner et al 2008). In agreement with our hypothesis that

the Get3 1193D mutant variant is no longer capable of binding TA-proteins,
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Figure 3.1. 23: Get3rescues yeast cells underoxidative stress condition independent of
its TA-protein targeting

(A) get3 cellsand (B) get1/get2/get3cells were transformed with an empty construct or
with constructs containing the coding sequence of wild-type or mutant variants of Get3,
respectively. Serial dilutions were then spotted on control plates at 30°C or plates
containing 1 mM of CuSO, at 37°C. Wild-type (BY4741) cells served as control. (C) The
same cells were grown over night, lysed by alkaline lysis and analyzed by immunoblot
using a Get3 specific serum. Pgkl was used as loading control. Survival assays and

immunoblotting was carried out by Vilardi F (Schwappach Laboratory,
Universitatsmedizin Gottingen).

we did not observe any dominant negative effect when we expressed the
Get3 1193D mutant protein in these strain (Figure 3.1.23 B). In contrast,

expression of the ATPase deficient Get3 D57E mutant showed the expected
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toxic effect, suggesting that it is still able to bind and sequester TA proteins.
Surprisingly, however, we did not find any rescue effect upon copper stress
conditions in the getl/get2/get3 strain background upon expression of the
Get3 1193D mutant protein (Figure 3.1.23 B and C). These results suggest
a possible involvement of the GET receptor in regulating the chaperone
activity of Get3.

To further strengthen our conclusions that the Get3 1193D mutant variant is
no longer involved in TA-protein shutting, we directly tested it in a well-
established TA-targeting assay (Jonikas et al 2009). In this assay, we
utiized the GFP-tagged TA-protein Sed5, whose insertion into the ER
membrane is dependent on the GET pathway, and hence is no longer
properly targeted in a get3 deletion strain. We used this strain and co-
expressed either an empty plasmid control (mock) or plasmids containing
wild-type Get3, the ATPase-deficient Get3 D57E variant or the Get3 193D
mutant (Figure 3.1.24 A). We found that expression of wild-type Get3
properly targeted Sed5 to the ER, allowing subsequent trafficking to the
Golgi, as indicated by the presence of multiple puncta (Figure 3.1.24 A,
Get3"?). In contrast, get3 cells expressing either of the two mutants showed
a much higher cytosolic background with only a few detectable puncta.
Location of Sed5 in these cells appeared much more similar to its location
in get3 cells expressing the empty control plasmid (Figure 3.1.24 A,
compare Mock, Get3P5E and Get319D), Our results are consistent

with other reports, in which GFP-Sed5 was mistargeted and moved to

deposition sites for aggregated proteins (Battle et al 2010, Kohl et al 2011,
Vilardi et al 2014). A final quantitative analysis of our fluorescence
microscopy data confirmed that GFP-Sed5 mistargeting observed in cells
expressing either Get3 D57E or 1193D was indeed comparable to the strain
lacking Get3. Correctly targeted GFP-Sed5 showed a lower average
fluorescence intensity due to the low cytosolic background and had a
characteristic shoulder reflecting a higher abundance of very bright pixels
found in punctate Golgi structures (Jonikas et al 2009, Vilardi et al 2014)
(Figure 3.1.24 B, Get3"!). Mistargeted GFP-Sed5 on the other hand is
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Figure 3.1. 24: Get31193D is deficientin TA-proteintargetingin vivo

(A) get3 cells expressing GFP-tagged Sed5 were transformed with an empty construct
(Mock = yellow) or with constructs containing the coding sequence of wild-type Get3
(green) or the Get3 D57E (blue) and Get3 1193D (purple) mutant variants. Subcellular
localization of GFP-Sed5 was recorded by fluorescence microscopy. (B) At least 40 cells
per strain were analyzed to determine the distribution of fluorescence across bins of
different pixel fluorescence intensity. Traces are color coded as indicated in A. Imaging
and analysis were carried out by Vilardi F (Schwappach Laboratory, Universitdtsmedizin
Gottingen).

reflected by higher average fluorescence intensity and the absence of bright
pixels (Figure 3.1.24 B). Our results are fully consistent with the observation
that Get3 protein with an altered hydrophobic groove is incapable of TA-
protein targeting or sequestration (Mateja et al 2009). In summary, we
present strong evidence that TA-protein targeting activity of get3 can be
segregated from its redox-dependent chaperone activity, which appears to
be responsible for yeast cell survival under copper-induced oxidative stress

conditions.

3.1.7 Get3 colocalizes with unfolding proteins during oxidative

stress in vivo

In an attempt to visualize Get3’s redox-dependent chaperone activity in vivo,
we conducted colocalization studies using Get3-GFP and Cherry-Sed5.
Under non-stress conditions, Get3 is diffusely distributed in the cytosol

whereas the TA-protein is localized to its previously observed distinct Golgi
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get3

Control 37°C + CuSO,

get1/get2/get3
37°C + CusSO

Figure 3.1. 25: Get3 accumulates at deposition sites of mistargeted Sed5 under stress
conditions

(A) Yeast cell with get3or(B) getl/get2/get3deletions respectively expressing mCherry-
tagged Sed5 in combination with GFP-tagged Get3 (wild-type or mutant Get3 1193D
variants) were grown under control conditions (30°C) or in presence of 1 mM CuSO, at
37°C for 4 Subcellular distribution of mCherry-Sed5 and GFP-Get3 was recorded by
fluorescence microscopy. Imaging was carried out by Vilardi F (Schwappach Laboratory,
Universitatsmedizin Gottingen).
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foci (Figure 3.1.25 A, control panel). However, upon exposure of yeast cells
to copper stress, Get3-GFP moves to foci which only partially overlap with
foci formed by Cherry-Sed5 (Figure 3.1.25 A, right panel). These Get3-GFP
foci are reminiscent of previously observed stress-induced co-deposition
sites of Get3, aggregated proteins and other chaperones (Powis et al
2013b). A similar redistribution upon exposure to oxidative stress was found
for the TA-binding deficient Get3 1193D mutant. This very intriguing finding
supports the hypothesis that the recruitment of Get3 to stress foci occurs
through oxidative activation of its ATP-independent chaperone function and
not through TA-protein binding.

Next, we analyzed the Get3-GFP localization in the receptor-deficient
getl/get2/get3 deletion strain to further confirm our conclusions. In this
strain background, TA-proteins presumably can no longer be released from
Get3 and inserted into the membrane. Indeed, when we imaged wild-type
Get3 in this strain background, it appeared to not be freely diffusible but
colocalized with Cherry-Sed5 into distinct foci even under non-stress
conditions (Figure 3.1.25 B, control panel). These findings are consistent
with the previously shown dominant negative effect of wild-type Get3
expression in a strain that lacks the receptor complex (Schuldiner et al 2008)
(Figure 3.1.23 B). In agreement with our observation that the Get3 193D
mutant variant no longer binds/inserts TA-proteins, we did not observe a
major colocalization of Get3 1193D-GFP with Cherry-Sed5 in the strain
lacking the ER receptor proteins (Figure 3.1.25 B, control panel). However,
once we challenged the cells with copper stress, Get3 1193D-GFP re-
localized into distinct stress foci. Notably, the colocalization of the
Get3 D57E mutant variant with Cherry-Sed5 into foci under non-stress
conditions was not affected by the absence of the GET receptor nor by the
presence of copper or a combination of both (Figure 3.1.25 A and B,
compare both panels). As suggested by Powis et al., the reduced ability of
Get3 D57E to hydrolyze ATP might directly lead to the deposition of Get3
into stress foci or even trap it there (Powis et al 2013b). Altogether, our in
vivo results demonstrate that Get3 exhibits a TA-binding-independent

secondary function when challenged by oxidative stress conditions. Hence,
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we can conclude that Get3 plays an important role in protecting yeast cells
during protein unfolding and ATP-depletion stress conditions by turning into
a potent general chaperone as summarized in a model of Get3's dual

function in Figure 4.2, which is based on our in vivo and in vitro results.
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3.2 The ATP-independent chaperone Get3 protects

soluble protein under oxidative stress condition in yeast

In previous studies we established yeast Get3 as a novel ATP-independent
chaperone, whose “holdase” function is rapidly activated under oxidative
stress conditions. This stress-specific activation allows oxidized Get3 to
protect cells against stress-induced protein aggregation. We found that
oxidized Get3 binds both chemically and thermally unfolding substrates and
keeps them in solution (Voth et al 2014). This raised the question, however,
as to how Get3’'s substrates are processed upon return to non-stress
conditions. We knew from studies with the bacterial Get3 analogue heat-
shock protein 33 (Hsp33), that this chaperone holdase transfers its
substrates to the folding system composed of DnaK/DnaJ/GrpE for refolding
once non-stress conditions are restored (Hoffmann et al 2004, Winter et al
2005). We did observe that Get3 reversibly moves to stress foci, and
colocalizes with other chaperones, e.g. members of the DnaK family in
oxidatively stressed cells, suggesting that Get3 too could interact with other
foldases to refold its bound clients (Powis et al 2013b, Voth et al 2014).

3.2.1 Oxidized Get3 maintains its substrate in afolding competent

conformation under oxidative-stress conditions

First, | investigated the fate of Get3ox-bound substrate upon return to non-
stress condition. We had previously established that re-reduction of Get3ox
with DTT alone is not sufficient to inactivate its chaperone function. Instead,
inactivation of Get3ox required a combination of ATP, DTT and Zn2*.
This reversed the massive structural rearrangements in oxidized Get3 and
returned the protein to an ATPase-active TA-binding protein (Figure 3.1.10-
12). To test whether inactivation of Get3ox is sufficient to release the bound

Some results in the chapter 3.2 were obtained in close collaboration with scientists
participating in the study: Gates S (Southworth Laboratory, University of Michigan)
took all of the micrographs, picked all particles and generated all class averages
shown in Figure 3.2.8 and provide the images to me.
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Figure 3.2. 1: Reduction of chaperone active Get3,, in complex with substrate is not
sufficientto cause substrate release

Influence of Get3,4 or Get3,, on the light scattering of 0.1 uM thermally unfolding
luciferase at 43°C (Get3:luciferase ratio 1:1) upon dilution into buffer was monitored for
1200 sec (black traces). Light scattering of aggregating luciferase measured in the
absence of added chaperonesisshown (control). Atthe time pointindicated by the red
arrow (~900 sec),2 mM ATP,5 mM DTT and 5 uM Zn?* were added to all reactions and
the incubation was continued for 1200 sec at 43°C (red traces).

client proteins, |incubated Get3ox and thermally unfolding luciferase at 43°C
using a 1:1 molar ratio of Get3ox to luciferase. This ratio is sufficient to almost
completely prevent the aggregation of luciferase (Figure 3.2.1). We now
reasoned that any substrate release from Get3ox during the incubation at
43°C would cause luciferase to aggregate further, thereby increasing the
light scattering signal. | therefore formed the complex for 900 sec at 43°C,
and then added 2 mM ATP, 5mM DTT and 5 uM Zn?* to the Get3ox-
luciferase complex to trigger the inactivation of Get3. Subsequent light
scattering measurements revealed only a slight increase in the signal,
suggesting the release of only small amounts of luciferase (Figure 3.2.1 A).
Addition of ATP, DTT and Zn?* to thermally aggregated luciferase alone or
in the presence of Get3red had no effect. These results suggested that
inactivation of oxidized Get3’s chaperone function alone is not sufficient to

completely release chaperone bound substrates.

To investigate whether Get3 has the ability to release its bound client

proteins in a folding competent state upon return to non-stress conditions,
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Figure 3.2. 2: Substrate binding and transfer ability of Get3 is redox-dependent

(A) Luciferase (0.1 uM) alone (whitetriangle) orin the presence of a stoichiometric molar
ratio of Get3,, (red diamonds)was incubatedfor 15 min at 43°C. The samples were then
cooled to 25°C and after 10 min supplemented with 5mM DTT, 2 mM MgATP and
0.1 mg/ml BSA (black arrow). Whereindicated, a 20:4:20:1 ratio of DnaK:DnaJ:GrpE (KJE)
systemto luciferase was added. Luciferase inactivated alone orin the presence of Get3,,
supplemented with DTT/ATP in the absence of KJE were monitored (inset, w hitecircles).
At the indicated time points aliquots were taken and luciferase activity was assayed.
(B) 0.1 uM of Luciferase alone (white triangle) orin the presence of stoichiometric molar
ratios of either Get3,, (red diamonds) or Get3,.4 (black circles) was incubated for 30 min
at 39°C to slow down the inactivation. Atthe indicated time points aliquots were taken
and luciferase activity was assayed. Luciferase prepared at room temperature prior to
the inactivation was tested and set to 100% activity. However, since luciferase loses
almost 50% of its activity uponincubation at room temperature, itis not possible to fully
recover (100%) its activity. Atleast 3 replicates were performed and the SEis shown.

we monitored the effect of Get3ox on the activity of luciferase exposed to
thermal unfolding conditions. We therefore incubated luciferase alone orin
the presence of chaperone-active Get3ox at a 1:1 molar ratio at 43°C and
assayed luciferase activity at defined time points. Over the time course of
the incubation, luciferase activity decreased drastically. After 15 min of
incubation, the activity was below 1%. Surprisingly, the presence of Get3ox
even further accelerated the inactivation of luciferase (Figure 3.2.2 A,
compare white triangle and red diamonds), suggesting that Get3ox binding
directly enhanced the unfolding of luciferase. Subsequently, | shifted the

temperature to 25°C and monitored luciferase activity upon addition of
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DTT/ATP, expecting that any slow release of folding competent luciferase
should lead to its refolding and hence to the recovery of luciferase activity.
However, no significant luciferase reactivation was observed
(Figure 3.2.2 A inset, red diamonds), indicating that Get3ox is not able to
release its substrates in a refolding-competent conformation. This result is
in agreement with other ATP-independent stress-specific chaperones such
as bacterial Hsp33 or mitochondrial peroxiredoxin (Prx) from Leishmania
infantum, which are unable to refold their client proteins and instead transfer
them to ATP-dependent folding systems, such as the heat-shock protein 40
(Hsp40) and Hsp70 system (Hoffmann et al 2004, Teixeira et al 2015). To
test whether upon reduction, Get3ox also transfers its clients to the bacterial
DnaK/DnaJ/GrpE (KJE) system, which is homologous to the eukaryotic
Hsp40/70 systems (Daugaard et al 2007), we added the bacterial KJE
system immediately upon the shift to 25°C in the presence of DTT/ATP (ATP
is also needed for the DnaK-function). We found that addition of the KJE
system to the Get3ox:luciferase complex in the presence of DTT/ATP
resulted in a substantial increase in luciferase activity while addition of KJE
to luciferase inactivated in the absence of Get3ox showed no significant
luciferase reactivation (Figure 3.2.2 A, compare red diamonds and white

triangles).

To analyze the apparently stimulating influence of Get3ox on the unfolding
of luciferase in more detail, we incubated Iluciferase at 39°C, which
significantly slowed down the inactivation process (Figure 3.2.2 B). As
expected, inactive Get3red showed no detectable influence on the
inactivation kinetics of luciferase (Figure 3.2.1 B). In contrast, however, the
presence of Get3ox substantially accelerated the inactivation of luciferase
compared to the inactivation kinetics of luciferase incubated in the absence
of additional proteins (Figure 3.2.2 B). These results suggest a very tight
binding between chaperone active Get3 and early unfolding intermediates
of luciferase, which shifts the equilibrium between folded and unfolding
substrate towards the unfolded state, and hence increases the rate of
unfolding. Similar results have previously been observed with other

chaperones, such as GroEL (Walter et al 1996).
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Figure 3.2. 3: Get3,, maintains luciferase in a refolding competent state

(A) Luciferase (0.1 uM) was incubated in the presence of stoichiometric molarratios of
either Get3,, (red diamonds) or Get3,.4 in the presence of 2mM DTT (black circles) for
15 min at 43°C. All samples were cooled to 25°C and after 10 min supplemented with
2 mM MgATP, 0.1 mg/ml BSA and up to 5 mM DTT (black arrow) to restore non-stress
conditions and the KJE system (to Get3,, and Get3,.y samples) as described in
Figure 3.2.2 to refold luciferase. At indicated time points aliquots were taken and
luciferase activity was tested. Luciferase inactivated in the presence of the KJE system
(white squares) served as a control for maximal refolding of luciferase. (B) 0.1 uM
luciferase was inactivated in the presence of 2 mM DTT and in the absence of any
chaperone system (Luc, light gray bars), in the presence of a 20:4:20:1 ratio of
DnaK:Dnal:GrpE (KJE) system to luciferase (white bars), or in the presence of either
Get3,y and 2 mM DTT (black bars) or Get3,, (red bars) at 43°C for 15 min. Subsequently,
the temperature was shifted to 25°C for 10 min, and 2 mM MgATP and 0.1 mg/ml BSA
were added to all samples. Additionally, all samplesexcept those that already contained
the KJE system were supplemented with the KJE systemat previously described ratios or
withupto5 mM DTT, or with acombination of both. After 120 min of incubation at 25°C
luciferase activity was assayed. Luciferase prepared at room temperature prior to the
inactivation was tested and set to 100% activity. 3—6 replicates were performed and the
SE is shown.

In the next set of experiments, | directly compared the substrate transfer
ability of Get3red and Get3ox. Therefore, luciferase was inactivated in the
presence of Get3red or Get3ox at 43°C. As before, we shifted the temperature
to 25°C and added the bacterial KJE system and ATP. It is of note that the
inactivation with Get3red was carried out in the presence of 2 mM DTT to
ensure reducing conditions, making the additional supplementation with

DTT during the non-stress incubation obsolete. Importantly, presence of
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DTT had no significant influence on the kinetics of luciferase inactivation
(data not shown). Upon measuring the activity of luciferase upon incubation
at non-stress temperatures, we found that presence of Get3red had no
influence on luciferase refolding (Figure 3.2.3 A and B). These results
confirmed our previous conclusion that Get3red is unable to form stable
complexes with unfolded clients and hence is not able to prevent their
unfolding/aggregation. In contrast, Get3ox tightly binds to unfolding clients,
maintains them in a folding-competent conformation and upon return to non-
stress conditions, transfers them to ATP-dependent chaperone foldases for
refolding (Figure 3.2.3 A and B). Interestingly, addition of KJE to Get3ox in
the absence of DTT showed only a minor luciferase reactivation
(Figure 3.2.3 B), indicating that the release of the tightly bound substrate is
redox dependent.

To confirm that Get3ox transfers clients also to its eukaryotic partner
proteins, we conducted the same experiments but used yeast Hsp40 (YdJ1)
and human Hsp70 (HSPA1A) to support luciferase refolding. Unlike the
prokaryotic DnaK/DnaJ/GrpE-system, the eukaryotic Hsp40/70 system
does not require a nucleotide exchange factor (i.e., GrpE). Furthermore, the
components are interchangeable between species, hence human Hsp70 is
compatible with yeast Hsp40 and vice versa without major loss of activity
(Lee & Vierling 2000). First, | tested the refolding capacity of Ydjl and
HSPA1A according to previously performed refolding studies (Haslbeck et
al 2005b). Therefore, |inactivated 0.1 uM luciferase alone or inthe presence
of 1 uM human Hsp70 and 2 pM yeast Ydj1 (1:10:20 ratio) and initiated the
refolding of luciferase by shifting the temperature to 25°C and the addition
of ATP. Luciferase activity measurements revealed that the combination of
HSPA1A and Ydjl reactivated up to 25% of luciferase within three hours of
incubation. In contrast, we observed less than 4% reactivation when
luciferase was inactivated in the absence of any chaperones
(Figure 3.2.4 B, compare light gray and white bars). These results were
consistent with previous reports that refolding of luciferase in the presence
of the eukaryotic Hsp40/70 systems requires extended incubation times of
at least three hours (Haslbeck et al 2005b, Lee & Vierling 2000). Next, |
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Figure 3.2. 4: Get3's substrate transfer to eukaryotic Hsp40/70 is redox dependent
(A) 0.1 uM luciferase was inactivated in the presence of stoichiometric molar ratios of
either Get3,, (red diamonds) or Get3,. in the presence of 2mM DTT (black circles) for
15 min at 43°C. After a cool-down to 25°C for 10 min all samples were supplemented
with 2 mM MgATP, 0.1 mg/mL BSA and up to 5 mM DTT (black arrow). In addition, a
20:10:1 ratio of the Ydj1:HSPA1A (Hsp40/70) system to luciferase was added to the
Get3,q and Get3,, samples. At indicated time points aliquots were collected and
luciferase activity was measured. Luciferase inactivated in the presence of the Hsp40/70
system (whitesquares)served as a control. (B) Luciferase (0.1 uM) was inactivated in the
absence of any chaperone system (Luc, light gray bars), in the presence of a 20:10:1 ratio
of the Ydj1:HSPA1A (Hsp40/70, dark gray bars) system to luciferase, or in the presence
of either Get3,. (black bars) or Get3,, (red bars) at 43°C for 15 min. The temperature
was shifted to 25°C for 10 min,and 2 mM MgATP and 0.1 mg/mLBSA were added to all
samples. Additionally, all samples except those that already contained the Hsp40/70
system were supplemented with the Hsp40/70 system at previously indicated ratios or
withupto5 mM DTT, or with acombination of both. After 180 min of incubation at 25°C
luciferase activity was assayed. Luciferase prepared at room temperature prior to the
inactivation was tested and set to 100% activity. 3—6 replicates were performed and the
SE is shown.

tested Get3red and Get3ox for their substrate transfer ability to HSPA1A/Yd]1.
Therefore, | inactivated luciferase in the presence of either Get3red or Get3ox
and induced refolding similar to our previous experiments. Addition of the
Hsp40/70 system and DTT to pre-formed Get3ox:luciferase complexes
resulted in a substantial increase in luciferase reactivation (Figure 3.2.4 A
and B, red diamonds and bars). In contrast, luciferase inactivated in the

presence of Get3red showed significantly less recovery of ~6% (Figure 3.2.4
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A and B, black circles and bars), which was similar to luciferase incubated
alone (Figure 3.2.4 B, white bar). These results are consistent with the
refolding assays conducted in the presence of the KJE system, and
confirmed that Get3ox in contrast to Get3red maintains its client protein in a
folding competent conformation under stress condition and can transfer its
clients to ATP-dependent chaperone systems of different species.
Furthermore, my results are consistent with the observation that Get3
colocalizes with members of the Hsp70 family under stress conditions
(Powis et al 2013b), suggesting that Get3 might also interact with the Hsp70

system in living cells.

3.2.2 Visualizing the Get3tet — luciferase complex

In previous studies, we analyzed the oligomerization process of Get3 upon
oxidation and identified a Get3ox tetramer (Get3tet) as the smallest
chaperone-active species (Figure 3.1. 14 — 15) (Voth et al 2014). To further
characterize and potentially visualize the Get3tet-substrate complexes by
EM, | prepared a homogeneous mixture of Get3tet-luciferase complexes,
avoiding the presence of any unbound Iuciferase that might form
aggregates. First, | purified Get3tet in large quanties as previously
described in chapter 3.8. Then, | tested various molar ratios of Get3 to
luciferase for complex formation. Increasing concentrations of Get3 (up to
1.2 uM) were incubated with 0.15 uM luciferase in 40 mM HEPES, 50 mM
KCI, pH 7.5 buffer at 20°C. Then, | gradually increased the temperature up
to 43°C to induce complex formation. The individual samples were
centrifuged at full speed for 30 min to separate the soluble supernatant (i.e.,
Get3-luciferase complexes) from the insoluble pellet (i.e. luciferase
aggregates), and the fractions were analyzed on reducing SDS-PAGE. As
shown in Figure 3.2.5 A, only in the presence of the highest Get3tet
concentrations, luciferase was kept completely soluble during the thermal
incubation. We therefore prepared complexes using a molar ratio of Get3 to
luciferase of 8:1 and 4:1, and analyzed them by analytical size exclusion
chromatography (Superdex200). The elution profile for the Get3tet-luciferase
complex (8:1 ratio) revealed a peak at 11.6 ml that was shifted by 0.5 ml
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Figure 3.2. 5: The oxidized Get3,..forms a stable complex with luciferase

(A) 0.15 uM luciferase (Luc) alone or in combination with indicated concentrations of
purified Get3,; (Get3) was incubated in 40mM HEPES, 50mM KCI, pH 7.5 buffer at
gradually increasing temperatures, rising from 25°C up to 43°C over the time course of
22 min. Subsequently, the samples were pelleted by centrifugation and the soluble
fractioninthe supernatant (SN)and the insolublefractionin the pellet (P) were analyzed
on reducing SDS-PAGE. Get3,incubated alone servedas control. (B) Get3,. alone (solid
line) or Get3-luciferase complexes formed with a molar ratio of Get3 to luciferase of
4:1 (long dashed line) and 8:1 (short dashed line) were analyzed on size exclusion
chromatography (Superdex200 10/300 GL column).

compared to the peak of Get3tet alone (Figure 3.2.5 B). This shift in elution
corresponds to a size increase of ~45 kDa, suggestive of complex formation
with luciferase (~60 kDa). Consistent with the supernatant-pellet
fractionation result, Get3tet-luciferase complexes that were formed at the
lower molecular ratio (4:1) revealed the additional presence of partially
aggregated protein in the wvoid wolume of the column (=8 ml)
(Figure 3.2.5 B). It is of note, that the Get3 to luciferase ratio necessary to
keep luciferase soluble and prevent aggregation was substantially higher
(8:1) in these experiments as compared to our previous studies shown in
Figure 3.2.1. Unlike thermal aggregation assays which are conducted in a
cuvette under permanent stirring conditions, the formation of large quantities
of complexes in a test tube requires higher concentrations of chaperone to
avoid aggregation of luciferase and ensure a homogeneous complex
formation (see material and methods part for details (Figure 2.2)). Our

results were in agreement with our hypothesis that one Get3 tetramer (molar
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Figure 3.2. 6: Purification of a homogeneous Get3,..-luciferase complex

(A) Get3-luciferase complex(Get3i..u, dashed line)formedatamolarratio of Get3 to
luciferase of 8:1 was purified on a highly resolving size exclusion chromatography
(Suprosebpc column). Indicated fractions (gray shaded areas) containing higher
oligomers with various molar Get3to luciferase ratios were collected (fractions |-VIl)and
(B) subsequently analyzed on reducing SDS-PAGE. Get3,. alone (solid line) served as
control. Luciferase (Luc) and Get3, (Get3) separated by SDS-Page are indicated. Loading
control (Load) of Get3.luciferase complex before separation on the gel filtration
columnisshown.

Get3 to luciferase ratio of 4:1) binds to one luciferase. Alternatively, itis also
possible that two tetramers bind and shield one luciferase molecule within
their respective clefts. To ensure the homogeneity of the complex, we
therefore continued with a complex formed at a molar ratio of Get3ox to
luciferase of 8:1. The preformed Get3tet-luciferase complexes were then
applied onto a micro-preparative size exclusion column (Suprose6pc) to
further purify the complex. As indicated in Figure 3.2.6 A, the complex
eluted as a broad single peak at about 1.5 ml. The peak was shifted
compared to the peak of Get3tet alone, indicating complex formation and
confirming our previous test runs (Figure 3.2.5 B). Individual fractions of the
peak were then collected and analyzed by SDS-PAGE. We found that the
fractions that eluted earlier contained a much higher luciferase to Get3tet
ratio than later eluting fractions (Figure 3.2.6 A and B, indicated fractions
within shaded area on gel). These results indicate that the Get3-luciferase
complexes likely vary in the molar Get3 to luciferase ratio. To increase the

homogeneity of the complexes, | collected fractions I — IV and re-
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Figure 3.2. 7: The Get3,.-luciferase complex forms oligomers of various sizes

(A) Get3,.; and various Get3..... Sub-fractions of the elution shownin Figure 3.2.6 A (ll,
Il and IV) were analyzed by SEC-MALS and (B) calculated to be approximately 160 kDa,
580 kDa, 390 kDaand 245 kDainsize, respectively. This sizes are consistent witha Get3
and Get3-luciferase complexes of various sizes and molar ratios. The areas shaded in
light gray were latter analyzed on negative stain electron microscopy (EM). (C) Freshly
prepared Get3,.-luciferase complex (1), sub-fractions IV of the elution shownin Figure
3.2.6 A (2) and a sub-fraction of the MALS elution (blue curve, light gray shaded area)
shownin A (3) were analyzed on reducing SDS-Page. Molar Get3to luciferase ratioswere
calculated using a Get3/luciferase standard of variousconcentrations and corresponded
for (1) to an 8:1, for (2) to an 8:1 andfor (3) to an 9:1 ratio, respectively.

chromatographed them using a size exclusion column connected to a static
light scattering instrument for molecular weight determination (SEC-MALS).
Whereas fractions Il and Il eluted as broad peaks at about 7.4 ml (580 kDa)
and 8 ml (390 kDa), the proteins of fraction IV eluted as a sharp peak at
about 8.3 ml which corresponds to a molecular weight of about 245 kDa
(Figure 3.2.7 A and B, gray shaded are under blue curve). Since the average
molecular weight for Get3tt alone was calculated to be 160 kDa and
luciferase has a molecular weight of 60 kDa, this result suggests the fraction
IV contains complexes between Get3 tetramers and one partially unfolded
and potentially elongated luciferase molecule. Subsequent analysis of the
peak fractions of this MALS run (Figure 3.2.7 A, shaded area under blue

curve) on reducing SDS-PAGE, revealed a Get3 to luciferase ratios of about
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9:1 (Figure 3.2.7 C). This results suggest the presence of a single Get3tet-

luciferase complex contaminated with empty Get3tet.

We next conducted negative-stain EM on the peak fraction of the SEC-
MALS elution (Figure 3.2.7, shaded area 245 kDa and 160 kDa) to visualize
the architecture of the Get3tet-luciferase complex in comparison to Get3tet
complexes alone. As shown in representative micrograph images, we found
that Get3tet-luciferase complexes appear larger compared to images of
empty Get3tet particles (Figure 3.2.8 A). In order to visualize the complex in
more detail, single particle data sets from more than 90 micrographs were
collected and analyzed for common features, generating 2D reference-free
projection averages. For the Get3tet-luciferase complex, the 2D averages
presented in Figure 3.2.8 B show a globular arrangement with some
additional density in the middle of the two lobes that form a characteristic
‘W’ shape in tetrameric Get3 (Figure 3.1.17 A) (Voth et al. 2014). A subset
of particles showed characteristic features of empty Get3tet, confirming that
our fraction contained empty Get3 tetramers in addition to the Get3tet-
substrate complexes (Figure 3.2.8 B, compare 2D averages for Get3tt and
Get3tet-Luc). We aligned the reference-free 2D averages of Get3tet-luciferase
complex with the ones previously constructed from empty Get3tet, and found
that the Get3-luciferase complexes indeed contain an additional density in
the middle of the two ‘W’ shaped lobes (Figure 3.2.8 C). Unfortunately, the
heterogeneity in our samples together with the limited number of particles
per micrograph that correspond to a single Get3tet-luciferase complex, has
made a 3D reconstruction not possible at this time. We will either have to

expand our data or conduct Cryo-EM to obtain reliable 3D structures.

In summary, our in vitro results revealed that depending on its oxidation
state Get3 shows low or high affinity for unfolded substrate. Once oxidized
Get3 binds it substrate and maintains it in a refolding competent state. Only
upon the recovery of reducing conditions, Get3 transfers its substrate to
ATP-dependent foldases, which mediate the refolding, suggesting that Get3
is part of the cellular proteostasis network (Figure 4.2). We further

demonstrated complex formation of Get3 with unfolded substrate in vitro,

98



Results

tet+Luc

Get3

Get3,,

B
BERIRR AR EE

drfefofefulefr
rlvfelefv]v]v(ER
2ltfsiv]ely

C

Figure 3.2. 8: Get3,.-luciferase complex formationis detectible on negative stain EM
(A) Peak fractions of the SEC-MALS elution for Get3..; and Get3.-luciferase complex
were collected (Figure 3.2.7 A, light gray shaded areas) and analyzed by negative-stain
electron microscopy (EM). Representative micrograph images of selected Get3,. (left
panel) and Get3.uc (right panel) particles are shown. (B) A subset of reference-free
class averages for Get3, alone and Get3,....c cOmplex generatedusing SPIDER is shown
(Frank et al 1996). Class averages in the Get3..... dataset similar to the averages for
Get3,. alone are indicated(*) (C) A subset of reference-free Get3....c averagesis aligned
with averages for Get3, alone, showing similar views. The scale bar equals 100 A and
the box size is 260 A. Imaging and analysis were carried out by Gates S (Southworth
Laboratory, University of Michigan).
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however, itremains yet a subject of speculation, how the substrate is bound

within the oxidized and partially disordered Get3 tetramer.
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4 Discussion

Living an aerobic life style is overall highly beneficial since it ensures
efficient energy production. However, it comes with some undesired
consequences. The respiratory chain and other enzymatic reactions in the
cell constantly convert some of the oxygen into ROS, which are toxic when
present at high concentrations. Therefore, dedicated antioxidant
machineries are necessary for removing ROS. The delicate balance
between ROS production and detoxification is disturbed, however, when
metabolic rates change or when cells encounter external stressors such
additional oxidants, or elevated temperatures, which not only cause protein

unfolding but also lead to additional intracellular ROS accumulation.

The cellular chaperone machinery, which consists primarily of ATP-
dependent chaperones such as the Hsp60, 70 and 90 system, maintains
protein homeostasis under most known stress conditions. Yet, this network
of proteostasis factors is inefficient in compartments that lack ATP (i.e.,
bacterial periplasm) or when cells experience oxidative stress, which leads
to a dramatic decrease inintracellular ATP levels and impairs the biogenesis
of new chaperones (Colussi et al 2000, Gray et al 2014, Winter et al 2005).
To functionally complement for these chaperone systems, organisms
evolved a subset of posttranslationally regulated, ATP-independent
chaperones, which prevent the accumulation of toxic protein aggregates
(Figure 1.1). Bacteria, who regularly encounter environmental insults due to
their parasitic lifestyle, developed a range of different stress-specific
chaperones that are only chaperone-active when exposed to specific stress
conditions, such as HOCI (Hsp33) or acid stress (HdeA) (Tapley et al 2009,
Winter et al 2008). Over the last years, these prokaryotic stress-inducible
chaperones have been extensively studied and found to constitute a crucial
part of the proteostasis network. Our work on Get3 now extends the concept
of stress-specific chaperones into eukaryotes, where only very few
examples, such as the yeast peroxiredoxin cPrxl (Jang et al 2004) have
been suggested to be posttranslationally activated as molecular

chaperones.
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4.1 Get3, a protein with a dual function as TA-protein

targeting factor and general chaperone

Get3 exhibits no significant chaperone activity under reducing non-stress
conditions, and shares this feature with other known redox-regulated
chaperones, such as bacterial Hsp33 (Graumann et al 2001). Instead,
reduced Get3 functions as the central player of the GET pathway in yeast,
mediating the post-translational insertion of TA-proteins into the ER-
membrane (Schuldiner et al 2008, Simpson et al 2010, Wang et al 2010).
Under these non-stress conditions, Get3 cycles between a nucleotide free
open conformation with low affinity for TA-proteins and a closed, high affinity
conformation upon binding of Mg-ATP (Mateja et al 2009). In the closed
state, two Get3 monomers form a composite hydrophobic pocket in their a-
helical subdomains (Figure 1.7), which appears to accommodate the
hydrophobic transmembrane domain of TA-proteins (Mateja et al 2015,
Mateja et al 2009). The subdomain is enriched in methionines similar to the
hydrophobic binding region of the signal recognition particle (SRP), and
features a 20-residue insert that shields the hydrophobic pocket (TRC40-
insert, Figure 1.6) unique to and conserved in eukaryotic Get3 homologues
(Mateja et al 2009). Interestingly, the a-helical subdomain of Get3’s
prokaryotic homologue ArsA, an arsenic resistance factor, is substantially
different from Get3. It misses the typical TRC40-insert and is less
hydrophobic (Shen et al 2003b, Zhou et al 2000). This observation strongly

suggests different molecular functions for Get3/TRC40 and ArsA.

Deletion of the mammalian Get3 homologous TRC40 or its partners is
embryonically lethal (Favaloro et al 2008, Mukhopadhyay et al 2006,
Stefanovic & Hegde 2007). Although get3 deletion in yeast is not lethal, the
mutants show a severe defect in a number of seemingly unrelated
processes, including copper resistance (Metz et al 2006a, Shen et al 2003a),
was originally attributed to a general defect in stress response due to the
broad scope of TA-proteins in various cellular functions (Schuldiner et al
2008). In particular, SNARE TA-proteins, which play a key role in vesicular

trafficking, are involved in metal transport and sequestration and were
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Figure 4. 1: Get3's dual functionin yeast cells

Under non-stress conditions: Get3 functions as the main cytosolic component of the
Guided Entry of Tail-anchored proteins (GET)-system, which supports insertion of TA-
proteinsintothe ER membrane. Homodimeric Get3 is stabilized by zinc coordination in
its reduced form (magenta sphere). Binding of the transmembrane domain (brawn) of
TA-clients to the composite binding site in Get3 (indicated in blue), and subsequent
release on the ER membrane is regulated by ATP-binding and hydrolysis (domain
indicated in green). Other cytosolicand membrane proteins involved in this process are
not shown for reasons of simplicity. Upon exposure to oxidative stress conditions:
Cellular ATP levels are depleted, Get3’s cysteines become oxidized (markedinred) and
zincis released. Oxidation causes major conformational rearrangements, which appear
to bury the TA-binding site on Get3 and turn Get3 into an ATP-independent, highly
chaperone-active tetramer. Oxidized Get3 binds unfolding proteins and prevents their
irreversible aggregation, protecting cells against oxidative stress. Upon return to non-
stress condition and restorationof normal cellular ATP levels, Get3returnsintoitsinitial
dimerstructure and presumably releases its substrate forrefolding or degradation.

thought to be responsible for the phenotype (Chen et al 2001, Rees et al
2004). Our results now demonstrate that the copper sensitive phenotype of
a get3 deletion strain is in fact not due to a defect in TA-targeting but due to
the lack of a second function of Get3 as oxidative stress-activated, ATP-

independent general chaperone (Figure 4.1).

We utilized a Get3 variant, which was defective in TA-protein targeting yet
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fully chaperone-active, and demonstrated that this mutant protein is fully
able to complement the copper sensitive phenotype of a get3 deletion strain.
These results unambiguously demonstrated that this phenotype is caused
by the loss of the Get3 chaperone function and not by impaired TA-protein

targeting.

We now propose that the chaperone function of Get3 protects cells against
protein unfolding during oxidative stress conditions, either induced by
exposure to exogenous ROS or endogenously elicited by ATP depletion,
which causes a loss invacuolar ATPase activity, leading to chronic oxidative
stress (Milgrom et al 2007). We found that upon oxidative challenge, both
wild-type Get3 and the TA-protein targeting deficient Get3 variant
specifically accumulated in stress foci. These stress foci are highly similar
to the Get3-containing foci that were previously observed under ATP-
depletion conditions, and appear to constitute deposition sites for unfolded
proteins and members of the Hsp70 and Hspl00 chaperone family (Powis
et al 2013a). According to our in vitro refolding assays, which showed that
Get3 is able to transfer its bound client proteins to ATP-dependent Hsp70
chaperones once non-stress conditions are restored, these results support
the idea that oxidized Get3 serves as an integrated member of the cellular
chaperone network. Our findings are also fully consistent with previous
results on the global analysis of protein expression levels in yeast, where
Get3’s abundance (~17,300 molecules) matched well with the abundance
of other molecular chaperones, including Hsp104 (~32,800 molecules) and
was ten times higher than that of other members of the GET pathway, such
as Getl (~2,250 molecules) (Ghaemmaghami et al 2003).

Our discovery that Get3 has two distinct functions in vivo is also in excellent
agreement with previous findings in Caenorhabditis elegans (Hemmingsson
et al 2010). In these studies, deletion of the Get3 homologue ASNA-1 was
found to cause two unrelated phenotypes, a severe growth defect and
increased sensitivity to the anti-cancer drug cisplatin, which is known

to cause oxidative stress (Marullo et al 2013, Tsutsumishita et al 1998).
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Intriguingly, while  expression of wild-type @ ASNA-1  rescued
both phenotypes, a ASNA-1C2855/C288S mytant variant, which lacks two of the
conserved, redox sensitive cysteines rescued the growth defect but not the
cisplatin-sensitivity (Hemmingsson et al 2010). Also consistent with these
results was the finding that TRC40 is massively overexpressed in breast
cancer cells, in the human ovarian cancer cell line 2008 and in the human
melanoma sub-line of cisplatin-resistant T289/DDP cells (Hemmingsson et
al 2009a, Hemmingsson et al 2009b, Kurdi-Haidar et al 1998). Similar to
ASNA-1 deletion in worms, down-regulation of TRC40 in 2008 and T289
cells increases the cisplatin sensitivity in those cancer cell lines
(Hemmingsson et al 2009a, Hemmingsson et al 2009b). These results
strongly suggest that it is the redox-regulated chaperone function of ASNA-
1/TRC40, which protects Caenorhabditis elegans and potentially cancer
cells against cisplatin-mediated oxidative damage, and further indicate that
ASNA/TRC40 works likely as a dual-function protein also in higher

eukaryotes.

4.2 Aredox switch motif controls Get3’s dual function

Hsp33, which is highly conserved in bacteria and some unicellular
eukaryotic parasites, has no known homologues in higher eukaryotes. This
has raised the question as to which protein(s) take over Hsp33’s functions
as redox-regulated chaperone inthe eukaryotic context. We now found Get3
to fulfill this role. Although there is no sequence homology between Hsp33
and Get3, many analogies can be found between the two proteins; they
coordinate zinc via a conserved CXYC-motif, release zinc upon oxidative
disulfide bond formation, and undergo partial unfolding events that result in
an alternative structure able to act as a molecular chaperone. Reactive
cysteines in redox-sensitive proteins are typically characterized by low pKa
values, which allow them to be deprotonated and exhibit higher reactivity
under physiological pH conditions. At least one of Get3’s cysteines

(Cys 285) that coordinate zinc is predicted (Dolinsky et al 2004) to have an
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unusually low pKa of ~5 at pH 7*. This situation is very similar in Hsp33,
where one of the four zinc binding cysteines shows a pKa of ~5 at pH 7**.
We assume that like demonstrated for Hsp33, disulfide bond formation
coupled to zinc release is responsible for destabilizing the domain fold in
Get3 and the cause for the major unfolding events that are observed in Get3.
Particularly unfolding of Get3’s a-helical ATPase domain would explain the
loss of ATPase activity. Newly exposed hydrophobic residues as
demonstrated by ANS binding (Figure 3.1.12) will likely serve as novel
interaction sites for unfolded substrate as suggested for Hsp33 or HdeA
(Groitl et al 2016, lbert et al 2007, Tapley et al 2009). More detailed
structural studies are necessary to define the exact disulfide bond
connectivity in oxidized Get3, and to assess the role that intramolecular
versus intermolecular disulfide bonds play in Get3ox. Segregation of the two
conserved cysteine pairs in Get3 is technically challenging since deletion of
either cysteine pair drastically decreases the expression and solubility of the
protein. Plants, however, contain three Get3 homologues AT1, AT3 and
AT5, which are located in the cytosol, chloroplast and mitochondria,
respectively. Noteworthy, these three proteins differ primarily in the
distribution of their cysteine pairs. Whereas cytosolic AT1 is missing the
zinc-coordinating Cys 285/288 cysteine pair, AT3 and AT5 lack the
Cys 240/242 pair (Figure 1.6). Preliminary studies suggest that AT1 exerts
TA-protein targeting function while AT3/5 might be involved in heat
sensitivity (personal correspondence with Prof. Blanche Schwappach).
Since TA-proteins are only present in the outer membrane of mitochondria
and chloroplast (Pedrazzini 2009), it is conceivable that AT3 and AT5 have
evolved to exclusively function as chaperones inthose compartments. Thus,
the naturally evolved Get3 plant homologues will be subjects of further
studies and will likely allow us to segregate the function of the two conserved

cysteine pairs.

* Calculated with Protein Data Bank ID: 3H84
** Calculated with Protein Data Bank ID: 1XJH

Calculation for both pKa's performed with PDB2PQR Version 2.0.0 (Dolinsky et al
2004)
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Reversible disulfide bond formation accompanied with structural
rearrangements is a common regulatory mechanism among various redox-
activated proteins, such as the transcriptional regulator of oxidative stress
specific genes Yapl in yeast or OxyR in E. coli. In Yapl, disulfide bond
formation alters the access to the nuclear export signal motif, leading to
increased nuclear localization, DNA binding and hence antioxidant gene
expression (Kuge et al 2001, Kuge et al 1997). Oxidation of OxyR causes
structural rearrangements in its regulatory domain and oligomerization,
which support proper DNA binding and antioxidant gene expression (Choi
et al 2001). In Get3, the structural rearrangements that accompany disulfide
bond formation impair its ATPase activity, and mark the switch to an ATP-
independent chaperone. Most importantly, the structural changes bury the
alpha-helical subdomain responsible for TA-protein binding, and promote
formation of higher Get3 oligomers. None of the known Get3 structures,
including the tetramer formed by the archaeal Get3 homologue (Suloway et
al 2012) match the structure of Get3 that we identified by EM. So far,
however, Get3 was always crystallized under reducing, zinc coordinating
conditions. My attempts to crystallize oxidized Get3 were not successful so
far. Presumably the high heterogeneity of oligomeric Get3 and the dynamic
nature of Get3’s intrinsically disordered regions inhibit the nucleation
process under the tested conditions. Antibodies can be employed to
stabilize the fold of disordered proteins, as recently demonstrated for a
disordered tau fragment (involved in Alzheimer’s disease) in complex with a
monoclonal antibody (Skrabana et al 2012). Hence, future crystallization
approaches will involve the addition of Get3 antibodies to oligomeric Get3,

which might stabilize its structure and promote the nucleation process.

Reversibility is a major aspect of redox-regulation. Upon restoration of
reducing conditions and energy levels, the stress-induced holdase function
of chaperones needs to be inactivated to support release and refolding of
the bound client proteins. In agreement with that model, we found that the
structural rearrangements and functional changes observed for Get3 upon
oxidation are fully reversible, allowing Get3 to return to its ATPase

dependent functions. These findings are consistent with in vivo data, which
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revealed that Get3 once colocalized with chaperones of the Hsp70 family
and Hspl104 at deposition sites for aggregated proteins, can be chased out
of these foci upon restoration of energy levels (Powis et al 2013a). Thus,
our current working model assumes that after the stress subsides, Get3
transfers its bound substrate to the protein folding or recycling network of
the cell, and then reassumes its role in protein targeting. Interestingly, while
reduction of oxidized Get3 occurred within minutes in vitro, the inactivation
of the chaperone function was very slow. Similar observations have
previously been made for the inactivation of Hsp33 (Hoffmann et al 2004,
Winter et al 2008). Since presence of Mg-ATP accelerates the conversion
of Get3 to the more structured, chaperone-inactive form, we conclude that
the availability of ATP in the cell rather than the end of the oxidative
challenge may serve as the physiological cue that switches the Get3

chaperone off and returns the protein to the TA-protein targeting function.

4.3 Reversible unfolding and oligomerization exposes

client binding sites in chaperone active Get3

The significant structural rearrangements that accompany Get3’s oxidation
process appear to bury parts of the TA-protein binding site (including the
TRC40-insert, Figure 1.6 and Figure 3.1.20). This result likely excludes the
possibility that the helical subdomain serves a dual function as both TA-
binding and soluble client binding site, and raises the question as to where
oxidized Get3 binds unfolding substrates. Chaperone-active Get3ox shares
two major characteristics with other ATP-independent chaperones, such as
the small Hsps (sHsps), cPrxl from yeast and mTXNPx from Leishmania
infantum (Jang et al 2004, Rogalla et al 1999, Teixeira et al 2015); it contains
intrinsically disordered regions and forms higher-order oligomers (Richter et
al 2010, Sudnitsyna et al 2012). Chaperone active Get3 tetramers, once in
complex with substrates, appear to be highly dynamic and are found to bind
substrates at various molar ratios. This is similar to sHsps which form highly
heterogenic complexes with unfolded substrate (Stengel et al 2010). This
heterogeneity might explain the challenges that we encountered in

visualizing the chaperone-substrate complexes by EM and might require
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repeated attempts using Cryo-EM.

The loss of protein structure to gain chaperone function is a fairly recently
established new paradigm and has been shown for bacterial Hsp33, HdeA
and small heat shock proteins (Jaya et al 2009, Reichmann et al 2012,
Tapley et al 2009). The oxidation-induced decrease in the amount of
secondary structure elements in Get3 are very similar to the unfolding
events previously observed with Hsp33, and highly suggestive of protein
unfolding. It will now remain to be seen whether the unfolded regions in Get3
contribute directly to client binding, as has been observed for Hsp33
(Reichmann et al 2012), or whether they primarily serve to increase the

surface hydrophobicity in Get3.

4.4 Get3 functions as part of a chaperone network

ATP-independent members of the cellular chaperone network require the
presence of ATP-dependent foldases for substrate refolding (Hoffmann et
al 2004, Lee & Vierling 2000, Teixeira et al 2015). Oxidized Get3, like
chaperone-active Hsp33, remains in its high affinity state for unfolded
substrate even beyond the restoration of reducing conditions, potentially
allowing ATP-dependent chaperones time to reactivate their chaperone
function (Figure 4.1) (Hoffmann et al 2004, Winter et al 2005). Upon
availability of the Hsp70 folding system, substrates are released and
subsequently refolded. The exact mechanism by which the Hsp70/40
system receives Get3’s substrate proteins is a subject of speculation. It is
feasible that Get3 releases its substrate very slowly allowing refolding by
the Hsp70 system. However, we cannot exclude that the Hsp70 system
directly accelerates the dissociation of reduced Get3-substrate complex by

potentially supporting Get3’s structural refolding (Figure 4.1).

In the context of the GET pathway in yeast, reduced Get3 forms complexes
with cytosolic Get4 and Get5 further connecting it to Sgt2, which is thought
to initially recognize and bind the TMD of TA-proteins and hand it over to
Get3 (Wang et al 2010). At the ER-membrane, Get3 then interacts with the

Getl and Get2 receptor, which mediates the insertion of the TMD into the
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lipid bilayer (Sinning et al 2011, Stefer et al 2011). It remains unclear how
the interaction with the cytosolic components Get4 and Get5 or the ER
membrane receptors impact Get3’s capacity to be converted to a molecular
chaperone by oxidation, unfolded substrate release or the return to Get3’s
TA-targeting function. Getl, with its cytosolic coiled-coil domain, is thought
to disrupt substrate binding in the TA-protein targeting active Get3 by
penetrating the nucleotide binding domain, hence inducing conformational
changes that lead to the open Get3 conformation (Stefer et al 2011). Thus,
a possible involvement of Getl in the inactivation of chaperone active Get3
or in the processing of its unfolded substrate is conceivable and needs to
be evaluated in the future. Similarly, future experiments are needed to
investigate whether Get3’s ATPase activity potentially plays a role in its
functional conversion and/or links its chaperone activity to other proteostatic

mechanisms in vivo.

There are many genetic links connecting the GET pathway with major
chaperone proteostasis networks (Schuldiner et al 2008). Up to know,
however, these links have mainly been interpreted in light of Get3’s function
as a TA-protein targeting protein, which, if defective, leads to mistargeting
or aggregation of TA proteins and hence affects proteostasis. However, in
the context of our recent discovery that Get3 functions as a molecular
chaperone specifically activated upon oxidative stress conditions, some of
these interpretations need to be revisited. With our findings, we present
evidence for a highly dynamic redox-regulated chaperone networks in
eukaryotes (Figure 4.1 and Figure 4.2). It remains the subject of future
studies to reveal how the Get3 chaperone is integrated into the cellular

network that safeguards proteostasis.
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Figure 4. 2: Redox-regulated Get3is part of the proteostasis network

The cytosolicGet3dimerunder reducing non-stressconditions, coordinates one zincion
(magenta sphere) with two reduced cysteine pairs (black stars) from each monomer.
Reduced Get3 shuttles TA-proteins in an ATP-dependent manner and shows a low
affinity for general unfolded substrate. Upon exposure to oxidative stress and ATP-
depleting conditionstwo cysteine pairsin each Get3monomer become oxidized, leading
to disulfide bonds formation (red stars), zinc release and major conformational
rearrangements in Get3’s ATPase domain (indicated in green). The structural changes
potentially expose new binding sites for early protein unfolding intermediates, while
burying the TA-binding site in the helical subdomain (blue), which now presumably
serves as an oligomerization interface. The chaperone holdase active Get3 tetramer in
its high affinity binding state tightly binds early unfolding protein intermediates and
hence prevents their irreversible aggregation in an ATP-independent manner. Upon
return to non-stress condition, Get3’s cysteines are quickly reduced (black stars)
disturbing the oligomerization state. Reduced Get3, however, remainschaperone active,
holding on to its substrate. Upon recovery of cellular ATP levels, the ATP-dependent
Hsp70 foldase system (KJE in prokaryotes) becomes available. Now, it either actively
releases substrate from Get3 orreceivesslowlyreleased substrate, while Get3in an ATP-
dependent manner gradually folds back to its dimeric structure. Substrate proteins are
thenrefolded by the Hsp70 system.
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7 Appendix

7.1 Abbreviation

2D two-dimensional

3D three-dimensional
ADP adenosine diphosphate
ATP adenosine triphosphate
Amp Ampicillin

BSA bovine serum albumin
°C degree Celsius

CD circular dichroism
Cu®* copper(ll) ion
C-terminal carboxyl-terminal

Cys cysteine

DNA deoxyribonucleic acid
DTT dithiothreitol

E. coli Escherichia coli

EDTA ethylenediaminetetraacetic acid
EM electron microscope
Xg times gravity

g gram
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Gdn-HCI

His

Hsp

H202

H20

Kan

kDa

Leu

MgATP

min

MS

N-terminal
NADH
O2-

ODsoo

guanidine hydrochloride
hour

histidine

heat shock protein
hydrogen peroxide
water

Kanamycin

kilo Dalton

liter

leucine

milli

molar

magnesium ATP
minute

micro

mass spectroscopy
nano

amino-terminal

nicotinamide adenine dinucleotide (phosphate)

superoxide radicals

optical density at 600 nm
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OH-

PAR

PCMB

PEG

PMSF

ROS

RT

SBD

SDS

TCA

TCEP

TMD

Trp

Ura

uv

viv

wiv

hydroxyl radicals
4-(2-pyridylazo) resorcinol
para-chloromercurybenzoic acid
polyethylene glycol
phenylmethane sulfonyl fluoride
reactive oxygen species

room temperature

substrate binding domain
sodium dodecyl sulfate
Trichloroacetic acid
tris(2-carboxyethyl)phosphine
transmembrane domain
tryptophan

uracil

ultraviolet

volume per volume

weight per volume
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