The Texas Medical Center Library

Digital Commons@TMC

The University of Texas MD Anderson Cancer : .
Center UTHealth Graduate School of The University of Texas MD Anderson Cancer

Biomedical Sciences Dissertations and Theses Center UTHeaIt%gﬁgg?(;[ngSccfi\gﬁ(l:g;‘
(Open Access)

5-2019

Thiol-based Misfolding: Linking Redox Balance to Cytosolic
Proteostasis

Ford Amy

Follow this and additional works at: https://digitalcommons.library.tmc.edu/utgsbs_dissertations

6‘ Part of the Biology Commons, Cell Biology Commons, Laboratory and Basic Science Research
Commons, Molecular Biology Commons, Molecular Genetics Commons, and the Other Microbiology

Commons

Recommended Citation

Amy, Ford, "Thiol-based Misfolding: Linking Redox Balance to Cytosolic Proteostasis" (2019). The
University of Texas MD Anderson Cancer Center UTHealth Graduate School of Biomedical Sciences
Dissertations and Theses (Open Access). 928.
https://digitalcommons.library.tmc.edu/utgsbs_dissertations/928

This Dissertation (PhD) is brought to you for free and

open access by the The University of Texas MD Anderson

Cancer Center UTHealth Graduate School of Biomedical

Sciences at DigitalCommons@TMC. It has been

accepted for inclusion in The University of Texas MD

Anderson Cancer Center UTHealth Graduate School of

Biomedical Sciences Dissertations and Theses (Open The

Access) by an authorized administrator of ‘/
DigitalCommons@TMC. For more information, please -HI—MCELJ@RAR[Y
contact digitalcommons@library.tmc.edu.


https://digitalcommons.library.tmc.edu/
https://digitalcommons.library.tmc.edu/utgsbs_dissertations
https://digitalcommons.library.tmc.edu/utgsbs_dissertations
https://digitalcommons.library.tmc.edu/utgsbs_dissertations
https://digitalcommons.library.tmc.edu/utgsbs_dissertations
https://digitalcommons.library.tmc.edu/uthgsbs
https://digitalcommons.library.tmc.edu/uthgsbs
https://digitalcommons.library.tmc.edu/uthgsbs
https://digitalcommons.library.tmc.edu/utgsbs_dissertations?utm_source=digitalcommons.library.tmc.edu%2Futgsbs_dissertations%2F928&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/41?utm_source=digitalcommons.library.tmc.edu%2Futgsbs_dissertations%2F928&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/10?utm_source=digitalcommons.library.tmc.edu%2Futgsbs_dissertations%2F928&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/812?utm_source=digitalcommons.library.tmc.edu%2Futgsbs_dissertations%2F928&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/812?utm_source=digitalcommons.library.tmc.edu%2Futgsbs_dissertations%2F928&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/5?utm_source=digitalcommons.library.tmc.edu%2Futgsbs_dissertations%2F928&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/31?utm_source=digitalcommons.library.tmc.edu%2Futgsbs_dissertations%2F928&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/54?utm_source=digitalcommons.library.tmc.edu%2Futgsbs_dissertations%2F928&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/54?utm_source=digitalcommons.library.tmc.edu%2Futgsbs_dissertations%2F928&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.library.tmc.edu/utgsbs_dissertations/928?utm_source=digitalcommons.library.tmc.edu%2Futgsbs_dissertations%2F928&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@library.tmc.edu

THIOL-BASED MISFOLDING: LINKING REDOX BALANCE TO CYTOSOLIC

PROTEOSTASIS

by
Amy Eileen Ford, B.S.

APPROVED:

Kevin A. Morano, Ph.D.

Advisory Professor

Theresa M. Koehler, Ph.D.

Ambro van Hoof, Ph.D.

Vasanthi Jayaraman, Ph.D.

Catherine Denicourt, Ph.D.

APPROVED:

Dean, The University of Texas

MD Anderson Cancer Center UTHealth Graduate School of Biomedical Sciences



Thiol-based Misfolding: Linking Redox Balance to Cytosolic Proteostasis

A

DISSERTATION

presented to the Faculty of
The University of Texas
MD Anderson Cancer Center UTHealth
Graduate School of Biomedical Science
in Partial Fulfillment
of the Requirements
for the Degree of

DOCTOR OF PHILOSOPHY

by
Amy Eileen Ford, B.S.
Houston, TX

May, 2019



Thiol-based Misfolding: Linking Redox Balance to Cytosolic Proteostasis

Amy Eileen Ford, B.S.

Advisory Professor: Kevin A. Morano, Ph.D

The eukaryotic cytosolic proteome is vulnerable to changes in proteostatic and redox
balance caused by temperature, pH, oxidants and xenobiotics. Cysteine-containing proteins are
especially at risk as the thiol side chain is subject to oxidation, adduction and chelation by thiol-
reactive compounds. All of these thiol-modifiers have been demonstrated to induce the heat
shock response and recruit protein chaperones to sites of presumed protein aggregation in the
budding yeast Saccharomyces cerevisiae. However, endogenous targets of thiol stress toxicity
responsible for these outcomes are largely unknown. Furthermore, | hypothesize proteins
identified as redox-active are prone to misfolding and aggregation by thiol-specific stress.
Perhaps these redox-sensitive proteins are those unknown targets. My work has determined that
changes in cytosolic redox balance via thiol-specific stresses including cadmium, diamide, and
glucose starvation are proteotoxic by monitoring aggregation of an endogenous redox-sensitive
model protein. Emerging from the ribosome, newly synthesized cysteine-containing peptides are
in a reduced state. Exposure to thiol-specific stress results in the modification of protein thiols by
covalent interactions and oxidation. These non-native modifications to proteins result in an
inability to properly fold, leading to the formation of protein aggregates. The thiol-reactive stress
and subsequent aggregation is sensed by the cytoplasmic protein quality control network that
activates stress responses and recruits chaperones such as Hspl04 and Tsal. These
chaperones assist in clearing existing aggregates and preventing further damage. Above all,
protein aggregation as a result of exposure to thiol-specific stress extends to human cells, thus

establishing a conserved mechanism and model for redox-associated proteostasis.
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Chapter I: Introduction

Note: Sections of this chapter were derived from a book chapter authored by Amy Eileen Ford.
Ford, A.E. and Morano, K.A. Thiol-Based Redox Signaling: Impacts On Molecular Chaperones
And Cellular Proteostasis. Asea, A., Kaur, P., eds. Heat Shock Proteins in Signaling Pathways,
series eds. A Asea, SK Calderwood. Dordrecht, The Netherlands: Springer Nature. Vol. 17,

2019 (in press).



The Protein Quality Control System

Protein homeostasis and proper protein folding are essential for cellular function.
Molecular chaperones assist proteins in folding and prevent non-native conformations that lead
to misfolding and aggregation (Verghese et al. 2012). Protein folding and stability are influenced
the local microenvironment, which is in turn impacted by extracellular conditions such as
temperature, pH, nutrient status or the presence of proteotoxic xenobiotics. Molecular
chaperones, protein degradation systems, and response pathways are all components of the
protein quality control system (PQC) that maintains protein homeostasis (“proteostasis”).

The predominant protein folding machines consist of Hsp70-associated and Hsp90-
associated chaperones. Hsp70 class chaperones utilize ATP and co-chaperones to carry protein
substrates from “cradle to grave” through a cycle of substrate binding and release. Co-
chaperones consist of J-domain-containing chaperones such as the yeast Ydj1 and nucleotide
exchange factors (NEF) such as the Hsp110 family of proteins. J-domain containing chaperones
bind protein substrates and facilitate their transfer to Hsp70. NEFs enhance the intrinsic ATPase
activity of Hsp70 and exchange ATP for ADP allowing rapid cycling. Additionally, Hsp110 can
function as a “holdase” by binding protein substrates alone or in concert with Hsp70 (Polier et
al., 2010). This added function is potentially important during cellular stress or human disease
states (Hahn et al., 2004; Garcia et al., 2017). Together, not only does the Hsp70/Hsp40/Hsp110
system aid in nascent protein folding, but acts as a disaggregase to unfold insoluble protein
aggregates (Kaimal et al., 2017). The Hsp90 system functions similarly to Hsp70 by aiding in
protein folding in concert with co-chaperones; however, Hsp90 interacts with specific “client”
proteins, including kinases, receptors, and transcription factors, to aid in protein maturation and
assembly of macromolecular complexes (Rohl et al. 2013). In addition to the Hsp70 and Hsp90
folding systems, cells employ small heat shock proteins (SHSP) that function as multimers to bind
and intercalate within protein aggregates. This class includes the yeast SsHSPs Hsp42 and Hsp26
as well as an atypical chaperone Tsal. The yeast ATP-dependent disaggregase Hsp104 also

plays a role in aggregation. Hsp104 functions as a homo-decamer to disaggregate protein
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aggregates by threading peptide chains through its central channel to remove from the insoluble
aggregate (Verghese et al., 2012). The newly disaggregated peptide is either degraded or re-
solubilized. In mammalian cells, the Hsp70/Hsp110/Hsp40 system acts as the sole disaggregase
as there is no Hsp104 homolog (Torrente and Shorter, 2013).

Chaperones and other stress-related proteins have been shown to localize into distinct
stress foci in response to different stimuli. These non-membranous compartments include the
general quality control bodies cytosolic Q-body (QB), juxtanuclear/intranuclear body
(JUNQ/INQ), stress granules (SG), processing bodies (P-body, PB), and the insoluble protein
deposit (IPOD) (Chen et al., 2011). All have been studied primarily in yeast and have been
implicated to include protein aggregates either through recruitment or nucleation. The QB and
JUNQ/INQ are dynamic compartments that shuttle general toxic misfolded protein between the
cytosol and nucleus for protective sequestration and degradation by the proteosome (Escusa-
Toret et al., 2013; Miller et al., 2015). Chaperones associated with these compartments are the
disaggregases Hspl104 and Hsp70/Hsp40/Hsp110 system as well as the sHSPs Hsp42 and
Btn2. QB are assembled and dissolved by these chaperones. Coordinated movement throughout
the cytosol and integration into the JUNQ/INQ is achieved through association with the ER and
chaperone activity. The IPOD contrasts morphologically as it forms a large structure adjacent to
the vacuole (Chen et al., 2011). Unlike the other quality control bodies, the IPOD specifically
houses insoluble protein such as amyloid-like and structurally-ordered aggregates that are not
readily dissolved by the coordinated action of Hsp104 and the proteasome.

SG and PB are induced by specific stress stimuli that inhibit translation, including nutrient
starvation and pH changes, and are composed of protein and RNA (Kshirsagar and Parker, 2004;
Buchan et al., 2008). Unlike the QB and JUNQ/INQ, protein aggregates are not the main
constituents, but rather soluble protein sequestered as a protection mechanism (Wallace et al.,
2015a). Namely, these bodies allow controlled mRNA processing, including degradation, and
sequestration of translation-associated proteins (Decker and Parker, 2012). One mechanism for

formation of these assemblies is through pH-dependent phase transitioning from liquid to gel-like
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droplets via negatively charged amino acid clusters and amyloid-like domains such as in the
prion Sup35 (Munder et al., 2016; Franzmann et al., 2018).

With the aid of chaperones, misfolded and aggregated proteins are either degraded or
re-introduced into the soluble protein pool. The eukaryotic proteasome is a specialized protein
degradation machine that has ubiquitin (Ub)-dependent and Ub-independent conformations
(reviewed by Bhattacharyya et al., 2014). Both conformations function as part of the protein
quality control network to maintain proteostasis by degrading normal and aberrant proteins. The
Ub-dependent 26S proteasome contains the evolutionarily conserved 20S proteolytic core and
a 19S regulatory subunit that utilizes ATP and the Ub-machinery to degrade protein substrates.
In contrast, the Ub-independent 20S proteasome lacks both the 19S regulatory subunit and
requirement for ATP. The core particle consists of two outer alpha rings that regulate proteasome
activity and two inner beta rings that utilize caspase-like, trypsin-like, and chymotrypsin-like
activity to degrade substrates (Coux et al., 1996; Groll et al., 1997). The regulatory patrticle acts
as an ATPase that recognizes, unfolds and translocates ubiquitinated substrates into the core
for degradation. At sites such as QB and JUNQ/INQ, chaperones and Ub machinery are recruited
to mark and transport misfolded protein to the proteasome for degradation (Miller et al., 2015).

In the eukaryotic cytosol, there are multiple transcriptional responses that are activated
by a multitude of stressors. For example, the general environmental stress response is regulated
by the transcription factor (TF) Msn2/4 and is activated by a variety of stresses such as heat and
starvation (Verghese et al., 2012). In contrast, the oxidative stress response (OSR) controlled by
Yapl is primarily activated by oxidative stress (OS). The relationship between OS and protein
folding is well established in the endoplasmic reticulum (ER) and imbalance activates the
unfolded protein response (UPR). On the other hand, this relationship in the cytosol, specifically,
is unclear and remains to be further investigated. The response to misfolded proteins in the
cytosol is known as the Heat Shock Response (HSR) and, as the name suggests, has been
studied extensively in response to heat shock (HS). The HSR is primarily modulated by the TF

Hsfl. In yeast, Hsfl exists as a trimer bound to heat shock elements (HSE) located upstream of
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heat shock induced genes and is repressed directly by molecular chaperones including Hsp70
via regions within the amino and carboxy termini (Zheng et al., 2016). Upon cellular stress such
as heat, proteins misfold and begin to aggregate. Protein misfolding is sensed by chaperones
including Hsp70, resulting in titration away from Hsfl and transcription of heat shock genes. In
contrast to yeast, mammalian Hsfl exists primarily as a Hsp90-repressed monomer that
trimerizes and localizes to the nucleus to activate stress genes following proteotoxic stress;
though, Hsp70 has been shown to interact with Hsfl in a potentially regulatory manner (Abravaya
et al., 1992; Bharadwaj et al., 1999; Grunwald et al., 2014). Although these compartmentalized
responses control distinct transcriptional programs, the different stress response pathways
occasionally converge to co-regulate expression of the same stress genes, indicating crosstalk
between different cellular stresses and the responses they elicit (Liu and Thiele, 1996; Sugiyama

et al., 2000; Chen et al., 2009; Solis et al., 2016).

Redox Balance and Thiol Reactivity

A distinguishing feature of eukaryotes is the presence of membrane-bound organelles
that allow for the compartmentalization of protein folding into two distinct redox environments:
oxidizing in the ER and mitochondrial inner membrane space and reducing in the cytosol (L6pez-
Mirabal and Winther, 2008). Mechanisms to preserve redox balance include the thioredoxin and
glutathione systems and other antioxidant enzymes such as superoxide dismutase (Sod1). The
primary components consist of thioredoxin and glutaredoxin and their cognate reductases that
either function in a distinct compartment or are shared between redox compartments.
Thioredoxin-dependent peroxiredoxins including Tsal/2 and Ahpl provide additional antioxidant
function in maintaining a reduced cytosol. Both redox systems utilize reducing equivalents
NADH+ and glutathione to detoxify ROS and isomerize or reduce protein disulfides important for
protein folding via dithiol CxxC motifs.

Cysteine-containing proteins are especially vulnerable to alterations in redox chemistry

as they are maintained in an oxidized state in the ER and reduced in the cytosol. Cysteines are
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one of the least abundant residues, but is highly conserved among protein homologues across
species due to its irreplaceable functionality as the only amino acid with a highly reactive thiol
group (Poole, 2015). Cysteine residues are most often buried and clustered within the protein
structure, which is characteristic of metal binding and redox centers. Although rare, solvent
exposed cysteines often indicate a role in redox sensing (Wang et al., 2012, 2014). Reactivity of
the thiol group depends on the accessibility and the protonation state (pKa), which is influenced
by microenvironmental conditions such as pH and neighboring residues (Poole, 2015). For
example, distribution of cysteines at amino-termini of a-helices and hydrogen bonding lower pKa
values and increase the chance of deprotonation, thus, enhancing reactivity. These chemical
and functional properties allow for rapid and reversible redox regulation of protein activity to
sense and control diverse cellular states and processes.

Reactive oxygen species (ROS) produced as a byproduct of aerobic metabolism and
exposure to oxidants and highly toxic xenobiotics have the potential to modify reactive thiols
(Figure 1.1, modified from West et al., 2012). Oxidants such as hydrogen peroxide (H.O) and
diamide can react with a number of amino acids including methionine, histidine, phenylalanine,
and tyrosine; however, cysteine residues are the most susceptible to oxidation due to their lower
pKa value (West et al., 2012; Poole, 2015). Following initial formation of sulfenic acid, the
modified thiol can either be further oxidized into sulfinic or sulfonic acid or form a disulfide bond
with a nearby free thiol (e.g. intramolecular Cys or glutathione). Like oxidants, cysteines are also
susceptible to modification by organic electrophiles such as diethyl maleate (DEM) and diethyl
acetylenedicarboxylate (DAD), which form thiol adducts and induce intermolecular cross-links
between proteins (Zhang et al., 1995; Sanchez-Gémez et al., 2010).

The highly toxic heavy metal cadmium ion (Cd?*") and metalloid-anion arsenite are
widespread naturally-occurring and industrially-produced environmental contaminants (Moulis,
2010). The toxic metals enter cells through non-selective or promiscuous cation transporters
such as DMT1, which are biologically used for the import of metal ions. Following uptake, these

transition metals can target proteins in multiple ways by: covalently binding free thiols, displacing
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essential metal ions such as zinc, iron, and copper, and catalyzing oxidation through the
generation of ROS, all of which interfere with the biological activity of proteins resulting in cell
damage and death (Tamas et al., 2014). For cadmium in particular, a minimum concentration of
0.1 puM CdCl; is cytotoxic (Limaye and Shaikh, 1999). Furthermore, cadmium interference
impacts a wide variety of signaling pathways that utilize ion sensing to transduce signals from
the cell membrane and throughout the cell (Moulis, 2010). Acute resistance to cadmium exposure
is primarily through downregulation of cation transporters, though cells eventually undergo
apoptosis. Adaption following long term exposure has been observed through the down

regulation of apoptosis resulting in a quiescent state.
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Figure 1.1 Conditions affecting protein thiols. Protein thiols can be modified through
oxidation, metal chelation, and electrophilic adduction. Examples of thiol compounds that
induce each modification are boxed.



Multiple studies have investigated the in vivo redox state of thiol-containing proteins. In
2006, Le Moan and colleagues used thiol-trapping and mass spectrometry techniques with two
thiol-specific reagents to purify and quantify oxidized protein thiols (Le Moan et al., 2006). The
majority of oxidized protein thiols were cytoplasmic and functioned in carbohydrate and amino
acid metabolism. Another study by Brandes and colleagues applied a mass spectrometry-based
redox technique called OxICAT to quantify the steady state oxidation levels of approximately 400
protein thiols in S. cerevisiae and determine peroxide sensitivity (Brandes et al., 2011). Analysis
revealed that the majority of the proteome is reduced confirming that the yeast cytosol is
maintained as a reducing environment. Proteins found to be significantly oxidized include those
with known disulfide bonds (Sod1), those involved in disulfide exchange (thioredoxin reductase),
glycolytic enzymes (GAPDH), and many not identified previously to contain oxidative thiols.
Analysis of peroxide-treated cells identified 41 different proteins with stable hydrogen peroxide-
mediated oxidation (disulfides or sulfenic). In agreement with the study conducted by Le Moan
and coworkers, the majority are located and function within the cytoplasm. This study went even
further and analyzed the oxidized thiol location within the protein secondary structure and its
accessibility revealing the majority of cysteines are buried within the protein tertiary structure
(Brandes et al., 2011). In a more recent study, Brandes and colleagues determined the redox
status of cysteine-containing proteins and why oxidation occurred in postmitotic aging cells using
the same redox technique (Brandes et al., 2013). Chronologically aged yeast undergo redox
collapse in part due to a drop in reducing equivalents, resulting in oxidation of the proteome.
Together, these studies found that cytoplasmic protein thiols are sensitive to oxidative stress and
function in a variety of essential cellular processes—redox systems, energy metabolism, protein

folding, and translation.



Redox Regulation of PQC

The chemical and functional properties of cysteines allow for rapid and reversible redox
regulation of protein activity to sense and control diverse cellular states and processes.
Furthermore, modifications by ROS and oxidants are known to play biological roles in sensing
and regulation of activity of redox enzymes and transcriptional programs. Although xenobiotics
are not involved in normal, steady state redox regulation, exposure could mimic endogenously
found modifications and induce similar downstream signaling. It is well established that in the
cytosol, oxidative stress (OS) is sensed through the Yapl TF identified in yeast (Figure 1.2A)
(Harshman et al., 1988; Morano et al., 2012). Yapl contains six cysteine residues and under
normal growth conditions these residues are in a reduced state which allows binding to trans-
regulator Crm1 and nuclear export (Kuge et al. 1998, Yan et al. 1998). In oxidizing conditions via
oxidants or loss of key thioredoxin system components, Yapl undergoes oxidative protein folding
with the help of glutathione peroxidase Gpx3 and the Yapl binding protein Ypbl preventing Crm1
binding and nuclear export (Delaunay et al., 2002; Veal et al., 2003; Wood et al., 2004). Yapl
can then activate the oxidative stress response (OSR) by inducing transcription of OS response

genes.
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Figure 1.2 Redox regulation of stress responses in the eukaryotic model budding yeast.
(A) Yapl-mediated redox regulation of the Oxidative Stress Response (OSR). Following
oxidative or thiol-reactive stress, Yapl undergoes oxidative re-arrangement through
interactions with Gpx3 and Ypb1l allowing translocation into the nucleus and transcription of
stress-protective genes. (B) Redox regulation of the ER Unfolded Protein Response (UPR).
Redox sensing through the Hsp70 BiP and its co-chaperone Sill as well as unfolded peptides
triggers the UPR through Ire1-mediated activation of Hacl. (C) Proposed mechanism of redox
regulation of the Heat Shock Response (HSR) following oxidative or thiol-reactive stress.
Modification of the Hsp70 Ssal cysteines in the nucleotide-binding domain (NBD) decreases
Ssal interaction with Hsfl activating domains leading to de-repression of the HSR and
protection of redox sensitive substrates.
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Unlike the OSR, the mechanism of Hsfl activation following oxidation of the reducing
environment is not entirely clear. Human Hsfl contains two conserved cysteines in the DNA
binding domain that form a reversible disulfide bond upon exposure to HS and OS (Ahn and
Thiele, 2003). The authors found that C35 and C105 disulfide bond formation activates Hsfl
trimerization, nuclear localization, and target gene expression, indicating a direct sensing
mechanism. This redox regulation of nuclear import is similar to what has been shown for the
OSR TF Yapl. No known direct redox regulation has been identified for the yeast Hsf1 homolog
as it lacks any cysteines, necessitating a partner protein(s) capable of sensing OS, possibly Ssal
(see below). Transcript profiling experiments conducted in yeast have demonstrated that thiol-
reactive compounds induce both the HSR and OSR, implying evolutionary pressure to mobilize
the PQC network in response to these environmental insults (Trott et al., 2008; Wang et al.,
2012).

Redox regulation of molecular chaperones has also been implicated in protein quality
control and stress responses. Within the ER, the response to redox imbalance is well
characterized and known as the unfolded protein response (UPR) (Figure 1.2B), which consists
of multiple pathways extensively studied in yeast and mammalian cells (Walter and Ron, 2011).
As proteins destined for secretion are synthesized across the ER membrane, the oxidative
environment along with oxidoreductases and chaperones enable the formation of disulfide bonds
necessary for proper protein folding. A switch to a reducing environment prevents disulfide bond
formation resulting in protein misfolding and activation of the UPR. The ER-resident Hsp70
regulates UPR activation by binding directly to misfolded or unfolded polypeptides and
downstream activators. Recent studies have found the Hsp70 Bip/Hsp78 and a nucleotide
exchange factor Sill as a redox regulated pair to rapidly sense, respond, and recover from
changes in the ER redox state (Xu et al., 2016; Siegenthaler et al., 2017). Following redox stress,

BiP is oxidized in the nucleotide binding pocket resulting in loss of ATPase activity and a
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functional switch to aggregation prevention exclusively. BiP oxidation was found to be reversible
by Sil1 via an oxidoreductase-like motif.

A study from the Morano lab found that two of the three cysteine residues of the yeast
cytosolic Hsp70 Ssal can be modified by an organic electrophile in vitro and are required for
Hsf1 activation of the HSR in response to thiol compounds (Wang et al., 2012). Interestingly, the
cysteines are not required for activation of the HSR when exposed to HS suggesting alternative
mechanisms to regulate Ssal function in response to different stresses. The precise role the
cysteines play in modulating the Ssal-Hsfl regulatory circuit remains to be established. Taken
with what has been recently shown of the role of Ssal in Hsfl regulation, one could speculate
oxidation of the cysteine residues may result in Hsfl de-repression due inactivation of one of
Hsp70 functions (addressed above, Figure 1.2C). Thiol-mediated regulation of chaperones and
the HSR is further supported by redox inactivation of Hsp90 chaperone activity suggesting a
potential role for Hsfl de-repression (Shen, et al. 2008, Beck et al. 2009). All in all, cytosolic
Hsp70 may be a sensor for redox stress similar to the ER-specific Hsp70 BiP/Grp and
mammalian Hsp90. Additionally, the novel antioxidant Tsal functionally switches to a molecular
chaperone under hyperoxidative conditions. The peroxiredoxin is part of the Trx-fold superfamily
of antioxidant proteins and forms dimers and small multimers localized throughout the cytosol
(Jang et al. 2004). In hyperoxidative conditions, Tsal Cys residues are oxidized resulting in
multimerization and a functional switch to a molecular chaperone. These large multimers localize
to sites of aggregation in vivo in response to both HS and OS conditions and potentially prevent
further protein aggregation (Weids and Grant 2014).

In addition to chaperones, studies have shown redox regulation of the proteasome and
its two conformations. During OS, there is a preferential switch to primarily utilize Ub-independent
proteasomal degradation of damaged proteins. Evidence suggests this is due to the increased
sensitivity of the 19S regulatory subunit and Ub machinery to OS-induced modifications, such as
glutathionylation, as compared to the 20S core (Jahngen-Hodge et al., 1997; Reinheckel et al.,

1998). The majority of modifications lead to decreased activity. For example, the regulatory
13



subunits Rpnl and Rpn2, which allow translocation of Ub-substrates into the 20S core, undergo
glutathionylation following exposure to OS resulting in inhibition of 26S proteasome function
(Zmijewski et al., 2009). On the other hand, a study has shown that glutathionylation of C76 and
C221 of the 20S a5 subunit increased proteasomal activity by triggering and maintaining the core
in an open conformation (Silva et al., 2012). Again, this evidence of redox regulation suggests
that the Ub-independent machine is preferentially activated for degradation of oxidized proteins
whereas the Ub-dependent iteration is inactivated. Furthermore, in human cells, the majority of
oxidized proteins are not ubiquitinated with the exception of the molecular chaperones Hsp70,
Hsp90, and Hsp60, which is a late consequence of OS; while the purpose of chaperone
ubiquitination is unclear, it may help maintain appropriate chaperone levels and facilitate
recovery from OS (Kéastle et al., 2012).

Although there is some evidence regarding the impact of thiol stress on the PCQ
machinery, little is known about how redox buffering contributes to protein folding in the cytosol.
Previous studies from our lab began investigating the connection between OS and protein folding
in the cytosol using S. cerevisiae as a model (Trott et al., 2008; Wang et al., 2012). Using an
HSE-lacZ reporter fusion as a proxy for the activation of the HSR by Hsfl (Morano and Thiele
1999), thiol-reactive compounds were found to induce the HSR suggesting potential endogenous
protein misfolding in response to the unfavorable oxidative environment in addition to direct
effects on Ssal. Other studies focused specifically on the metals arsenic and cadmium show
both to inhibit refolding of chemically denatured proteins in vitro and induce protein aggregation
in live cells via the recruitment of Hsp104 to cytoplasmic foci (Sharma, et al. 2008, Jacobson et
al. 2012, 2017). The metal ions are most likely forming polydentate rather than monodentate
complexes with unfolded polypeptides inducing their aggregation either through metal
complexation or hydrophobic interactions with neighboring unfolded peptides (Tamas et al.,
2014). Whether HS-induced protein aggregation can be considered a thiol-stress is uncertain
and requires ongoing investigation. Yeast lacking antioxidant enzymes such as superoxide

dismutase are sensitive to HS while overexpression can provide protection (Davidson et al.,
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1996). Furthermore, prolonged heat stress increases the production of ROS generating primarily
protein carbonyls at lysine, arginine, proline, and threonine residues (Berlett and Stadtman, 1997;
Dalle-Donne et al., 2003; Verghese et al., 2012). These carbonyl derivatives have the potential

to react with cysteine sulfydryls, thus, generating thiol-reactive stress.

Impacts on Human Health

Impairment of proteostasis, including the PQC machinery, stress response, and the
accumulation of protein aggregates, is linked to diverse human diseases including diabetes,
cancers, and, most notably, neurodegenerative disorders such as Alzheimer’s, Parkinson’s and
amyotrophic lateral sclerosis (ALS) diseases (Hipp et al., 2014; Valastyan and Lindquist, 2014;
Duennwald, 2015). Notably, the majority of these proteopathies are linked to age. In addition to
PQC machinery malfunction and aggregation of known proteins, oxidative stress (OS) and metal
dyshomeostasis have been implicated, suggesting that disruption of redox balance and,
therefore, redox regulation, as a contributing factor to these diseases. Increased production of
ROS in cancer cells due to “hypermetabolism” has been well established as a main pathological
characteristic (Wang et al., 2019). The increasing generation of ROS is utilized as a sensor to
alter metabolism via redox signaling and promote cell proliferation and survival. Additionally,
oxidative damage via ROS-induced protein carbonylation has been observed in patients with the
neurodegenerative disorder ALS (Matschke et al., 2019). This finding extends to other known
neuro-proteopathies (discussed below) perhaps due to neurons high susceptibility to OS and its
damage as result of high energy production and decreased levels of glutathione.

Metal toxicity and metal dyshomeostasis contribute to onset and pathology of the age-
related neurodegenerative diseases Parkinson’s and Alzheimer’s (AD) by inducing oxidative
stress and disrupting neurotransmission (Caudle et al., 2012; Greenough et al., 2013). In AD, the
formation of extraneuronal aggregate plaques of the amyloid-beta (AB) metalloprotein is a
hallmark of disease progression (Greenough et al. 2013). Additionally, these AB plaques contain

a high level of metal ions. A proposed mechanism of AB oligomer neurotoxicity is the binding of
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metal ions induces aggregation and ROS production. This supports that maintaining the redox
balance is important for normal cell function and disease states associated with impaired protein

homeostasis.

Outstanding Questions

To better understand proteotoxicity caused by thiol-reactive stress disruption of redox
balance, | sought to identify endogenous yeast proteins whose folding and/or stability is
negatively impacted by different modes of thiol stress resulting in protein aggregation. The
majority of studies in the field utilize chaperones as proxies for endogenous protein aggregation.
Though useful in monitoring proteostasis, this doesn’t provide insight into the number or stress-
specificity of endogenous protein targets. Proteomic studies using mass spectrometry-based
identification of aggregated proteins in response to HS has provided targets to characterize;
however, the connection between redox-sensitive proteins and stress-induced protein
aggregation has yet to be made. Following identification of endogenous redox-active and folding-
sensitive model, | aim to establish a redox-influenced mechanism of protein aggregation through
modification of cysteine thiols. This will drive home the relationship between thiol-reactivity and
protein misfolding and aggregation. Investigation into the dynamics of molecular chaperones and
redox systems with redox-sensitive protein aggregates will give insights into their role in
formation and potential clearance. Finally, | aimed to determine whether thiol-stress
proteotoxicity established in yeast was conserved in human cells. Additionally, | aimed to provide
insight into how folding proteopathies may arise by examining how thiol stress impacts disease-

associated alleles of the model protein established in yeast.

16



Chapter Il: Materials and Methods

Note: This chapter was derived from work published by Amy Eileen Ford.
Ford, A. E., Denicourt, C., and Morano, K. A. (2019). Thiol stress-dependent aggregation of the
glycolytic enzyme triose phosphate isomerase in yeast and human cells. Mol. Biol. Cell,

30(5):554-565.
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Strains and Plasmids

Yeast — All yeast genomic GFP-protein fusion strains used in this study were obtained
from the genomic GFP-protein fusion library (Table 2.1, Invitrogen, Howson et al., 2005). To
construct cysteine substitution mutants of Tpil (C41A, C126A, and C41A C126A), the pTPI1-
TPI-GFP::HISMX6 sequence was amplified using PCR from genomic DNA of the Tpil-GFP
strain and cloned using homologous recombination into the yeast expression vector pRS416.
Cysteine substitution to alanine mutations were introduced into the p416TPI-tpil-GFP vector
using the QuickChange Lightning Site-directed Mutagenesis kit and protocol (Agilent). Mutants
were verified by DNA sequencing. To construct mutant alleles of Tpil associated with TPI
Deficiency, tpil gene fragments coding for the amino acid substitutions C41Y, G122R, or 1170V
were synthesized (Genewiz) and amplified by plasmids given with homology to tpil and
GFP::HISMX6. Using PCR overlap techniques, mutant tpil-GFP::HISMX6 products were
generated. All mutant tpil-GFP::HISMX6 alleles were amplified from plasmids by PCR and
inserted into the BY4741 (MATa his3A0 leu2A0 met15A0 ura3A0) parent strain using
homologous recombination. Integration of mutants was confirmed by DNA sequencing. Yeast
expression vectors used in this study are the following: p416TEF-GFP, pSSA3-lacZ (Wang et
al.,, 2012a), p416TEF-mTagBFP2, and p416TEF-tpil-mTagBFP2 (Table 2.2). The GFP and
mTagBFP2 fluorescent protein tags were amplified from the pFA6a-link-yomTagBFP2 (Addgene,
Lee et al., 2013) and p416CUP1-GFP (Abrams et al., 2014) plasmids by PCR and cloned into
the p416TEF vector. All plasmids were constructed using standard restriction enzyme-based
cloning methods. The following mammalian expression vectors were used in this study: pCMV-
EGFP-C1 and pCMV-EYFP-N1 (Clontech), pCMV-Hsp70-EYFP (Kim et al., 2002), pCMV-
EGFP-hTPI, pHSE-Luc (Clontech), and pCMV-RL (Clontech) (Table 2.2). The pCMV-EGFP-
hTPI plasmid was constructed by amplifying the human TPI coding sequence (hTPI) from
prepared cDNA (HelLa) and cloning into the pCMV-EGFP-C1 vector. All plasmid constructs were

verified by enzyme digestion and DNA sequencing.
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Human cells — The human cell lines HEK293 (transformed human embryonic kidney
cells, ATCC) and HCT116 (human colorectal carcinoma cells, ATCC) were used in this study
(Table 2.1). Cells were seeded at 150,000-250,000 cells/well in 6-well tissue culture-treated
plates and incubated and incubated at 37° C with 5% CO2 in Dulbecco's modified Eagle's
medium (DMEM) high glucose (Hyclone) supplemented with 5% fetal bovine serum (FBS,
Hyclone) and penicillin-streptomycin. At 50% confluence, cells were transfected with the desired
expression vector using JetPrime transfection reagent according to the manufacturer’s optimized

protocol for each cell line (Polyplus Transfection).
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Table 2.1 Strains and Cell Types

strain and genotype

source

yeast

BY4741 MATa ura3A leu24 his3A metl5A

Open Biosystems

BY4741 Tpil-GFP::HIS3MX6 Invitrogen
BY4741 Eftl-GFP::HIS3MX6 Invitrogen
BY4741 Ald6-GFP::HIS3MX6 Invitrogen
BY4741 Enol-GFP::HIS3MX6 Invitrogen
BY4741 Fbal-GFP::HIS3MX6 Invitrogen
BY4741 Pdcl-GFP::HIS3MX6 Invitrogen
BY4741 Pgkl1l-GFP::HIS3MX6 Invitrogen
BY4741 Rpl37A-GFP::HIS3MX6 Invitrogen
BY4741 Sod1-GFP::HIS3MX6 Invitrogen
BY4741 Tdh3-GFP::HIS3MX6 Invitrogen
BY4741 Tsal-GFP::HIS3MX6 Invitrogen
BY4741 Hspl104-GFP::HIS3MX6 Invitrogen
BY4741 Hsp42-GFP::HIS3MX6 Invitrogen
BY4741 Edc3-GFP::HIS3MX6 Invitrogen
BY4741 Publ1l-GFP::HIS3MX6 Invitrogen
BY4741 Tpil C41A-GFP::HIS3MX6 this study
BY4741 Tpil C126A-GFP::HIS3MX6 this study
BY4741 Tpil C41A C126A-GFP::HIS3MX6 this study
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BY4741 Sup35-GFP::HIS3MX6

Invitrogen

BY4741 Tpil-GFP::HIS3MX®6, trr1A::URA3 this study
BY4741 Tpil C41Y-GFP::HIS3MX6 this study
BY4741 Tpil G122R-GFP::HIS3MX6 this study
BY4741 Tpil 1170V-GFP::HIS3MX6 this study
human cell lines

HEK293 (transformed human embryonic kidney cells) ATCC
HCT116 (human colorectal carcinoma cells) ATCC
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Table 2.2 Plasmids

plasmid

source

p416TEF-GFP

this study

pSSA3-lacz Wang et al. 2012
p416TEF-Tpil-mTagBFP2 this study
p416TEF-mTagBFP2 this study
pCMV-N1-hHsp70-YFP Kim et al. 2002
pCMV-N1-YFP Clontech
pCMV-C1-GFP-hTPI this study
pCMV-C1-GFP Clontech
pPHSE-Luc Clontech
pCMV-RL Clontech

22




Cell Growth Conditions and Treatments

Yeast — All strains used were grown in YPD (1% yeast extract, 2% peptone, 2% glucose)
liquid growth medium at 30°C with aeration to logarithmic phase (ODsoo 0.4-0.8). For thiol-stress
treatment, strains were incubated with 2.5 mM diamide (dia), 2 mM hydrogen peroxide (H202),
or 500 pM diethyl maleate (DEM) for 1 h. For cadmium specific treatments, strains were
incubated with CdCl; (25-1,000 uM) for 0-3 h. For HS, strains were incubated in a 42°C water
bath for 15 min. For cycloheximide chase experiment, strains were incubated with 0.1 mg/mL
cycloheximide for 15 min prior to addition of 100 uM CdCl; or 2 mM dia for 1 h or 42°C HS for 15
min. For glucose starvation/chronological aging, cells were incubated in a 30°C shaking incubator
for 4 days and supplemented with 2% dextrose on day 4 for 1 hr. For pH manipulation
experiment, stains were grown to logarithmic phase in YPD rich medium, washed, and
resuspended in pH 5.0 phosphate buffer. After resuspension, 2 mM 2,4-dinitrophenol (DNP) was
added and cells were incubated at 30°C for 1 h. After DNP exposure, cells were washed and
resuspended in YPD medium to recover for 1 h at 30°C. For yeast spot assays, serial dilutions
of each strain were made (101-10°) and plated on YPD medium using a 96-well plate and metal
pronged grid. Plates were incubated at 30°C and then imaged after 3 days. For liquid growth
assays, strains used were grown in YPD-rich medium to logarithmic phase (ODesoo ~0.6) and
normalized to an ODsoo Of 0.5. Absorbance at 600 nm was measured over 16 h in 15 min intervals
using a 96-well format in a plate reader (BioTek Synergy Mx). The ODsgo at each time point was
calculated by subtracting the absorbance of the medium alone from each sample.

Human cells — The HEK293 and HCT116 cell lines were seeded at 150,000-250,000
cells/well in 6-well tissue culture-treated plates and incubated in standard growth medium
(DMEM high glucose, 5% FBS, and penicillin-streptomycin) at 37°C 5% CO.. For heat shock
treatment, 60%-80% confluent plates were incubated on a metal plated shelf at 43°C 5% CO- for
1 h. For cadmium treatment, 60%-80% confluent plates were incubated at 37°C 5% CO, with 50

KM CdCl, for 6 h.
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Protein Expression

Yeast — Cell lysates were obtained by lysing 6 OD units of cells using the glass bead
cell lysis procedure (Abrams et al., 2014). The protein concentration of protein was determined
by the Bradford assay (Bio-Rad) in a microplate reader (Synergy Mx, Biotek). Protein samples
were boiled in SDS-PAGE sample loading buffer and stored at -20°C. Equal protein
concentrations of each sample were loaded onto 12% bis-acrylamide/SDS gel and separated by
gel electrophoresis. Separated protein samples were transferred to a PVDF membrane and
blotted with monoclonal a-GFP (Roche) to detect the GFP fusion protein. a-PGK (Invitrogen) was
used as a loading control.

Human cell lines — HEK293 and HCT116 cell lines expressing the desired vectors were
detached from dishes using trypsin, washed with PBS, and lysed in RIPA buffer (10 mM Tris-HCI
[pH 8.0], 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NacCl,
and PIC) for 15 min on ice. Lysate were cleared by centrifugation at 15,000 rpm at 4°C for 10
min. The concentration of protein was calculated with the BCA assay (Bio-Rad). Equal
concentrations of each sample were loaded onto 12% bis-acrylamide/SDS gel and separated by
gel electrophoresis. Separated protein samples were transferred to a PVDF membrane and
blotted with monoclonal a-GFP (Roche) to detect the FP fusion protein. a-GAPDH (Santa Cruz

Biotechnology) was used as a loading control.

Fluorescence Microscopy

Yeast Live Cell Imaging — For all experiments, live cells were wet mounted onto glass
slides and imaged immediately using an Olympus IX81 microscope at 100X magnification with
FITC filters to detect GFP and a standard UV/DAPI filter to detect BFP2.

Fixed Human Cell Imaging — HEK293 and HCT116 cell lines were seeded onto glass
coverslips in tissue culture-treated 6-well plates. The following day cells were transfected with
desired expression vectors. On day 3, cells were exposed to the conditions described above,

fixed onto coverslips using 4% paraformaldehyde in PBS, incubated with Hoescht/DAPI stain for
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nuclear DNA detection, and mounted onto glass slides using VectaShield mounting medium. For
each cell type and experimental growth condition, slides were imaged at 63X magnification in
multiple Z-planes using a Ziess Axioskop40 microscope. Appropriate filter sets were used as

above.

Cryo-lysis and Differential Centrifugation

This method of cell lysis and fractionation was adapted from Wallace et al., 2015.
Approximately 18 OD units of cells were incubated in YPD medium, with or without 750 uM CdCly,
for 1 h at 30uC. Treated cells were collected, washed, re-suspended in 100 pL of lysis buffer (20
mM Tris-HCI [pH 7.9], 0.5 mM EDTA, 10% glycerol, 50 mM NacCl, and protease inhibitor cocktail
(PIC), and flash frozen in liquid nitrogen. Glass beads were added to frozen cell pellets and
switched from vortex to dry ice for 1 min intervals six times. Following lysis, 200 uL of lysis buffer
was added to each sample, the samples were then thawed on ice, and cellular debris was
separated from the cell lysate by slow spinning at 3,000 x g at 4°C for 30 s.

Extracted total protein lysate was separated into soluble and insoluble fractions by
ultracentrifugation at 100,000 x g at 4°C for 20 min. The supernatant (soluble) fraction was
transferred to a new microcentrifuge tube. The insoluble fraction pellets were washed with lysis
buffer, centrifuged again at 100,000 x g 4°C for 20 min, and decanted. Washed pellets were
sonicated in 50 pL of insoluble protein buffer (8 M urea, 20 mM Tris-HCI [pH 7.4], 150 mM NacCl,
2 mM EDTA, 2% SDS, and PIC) for 10 min in an ambient-temperature water bath sonicator and
centrifuged at 20,000 x g at ambient temperature for 5 min. Both soluble and insoluble fractions

were boiled in SDS-PAGE sample loading buffer and stored at -20°C.

B-glo Assay
BY4741 strain expressing the pSSA3-lacZ plasmid were grown to exponential phase
(ODggo 0.4-0.8) in liquid YPD medium and incubated in the following conditions for 1 h at 30°C:

no treatment, 100 uM CdClz, 50 uM dithiothreitol (DTT), 50 uM DDT + 100 uM CdCl;, or 2.5 mM
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dia. After treatment, 50 uL of each are added to 50 uL of B-glo reagent (Promega) set up in a
solid white 96-well plate and [-galactosidase activity is measured by luminescence in a

microplate reader (Biotek Synergy Mx) using suggested protocol.

gRT-PCR

HEK?293 and HCT116 cells were seeded at 150,000-250,000 cells/well in 6-well tissue
culture-treated plates containing standard growth medium. At 50%-70% confluence, cells were
incubated in the growth conditions described above. All treatments were recovered for 6 hr at
37°C 5% CO.. Following treatment, cells were detached from the dish using trypsin, washed with
PBS, and frozen on dry ice. Frozen cell pellets were stored at -80°C until processing.

RNA was extracted from treated cell pellets using the TRIZOL reagent (Thermo Fisher).
The RNA concentration was calculated using absorbance at 260 nm (peak), 280 nm (ratio), and
320 nm (reference) determined using a nanodrop plate reader (Synergy Mx, Biotek), and 10-20
Hg of each sample was treated with Turbo DNAse (Invitrogen). Following DNase treatment, RNA
was purified by phenol/chloroform extraction, the concentration was calculated as before, and 1
png of RNA was converted to cDNA using the iScript cDNA synthesis kit and protocol (Bio-Rad).
MRNA expression of the Hsfl-induced genes HSPA1A (HSP70) and DNAJ1A (HSP40) were
measured by quantitative, real-time PCR using iTaq Universal SYBR Green Supermix (Bio-Rad)
and calculated using standard methods (Nolan et al., 2006). mMRNA expression of GAPDH was

used as a normalization control.

Dual-luciferase Reporter Assay

On day 1, HEK293 and HCT116 cells were seeded at 70,000/40,000 cells/well in 24-well
tissue culture-treated plates containing standard growth medium. On day 2, cells were
transfected with 0.025/0.05 pg of pCMV-RL and 0.25/0.5 pg of pHSE-Luc (FFL) using JetPrime
transfection reagent according to the manufacturer’s protocol (Polyplus Transfection). On day 3,

cells were incubated in the growth conditions described above. All treatments were recovered
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for 6 h at 37°C 5% CO.. Following treatment, cells were lysed by rocking at ambient temperature
for 15 min using lysis buffer from Dual-Luciferase Reporter kit (Promega). Cell lysate was clarified
using a short spin and stored at -80°C.

To measure luciferase activity, 20 yL of lysate from each cell type and condition was
added to a 96-well plate and luminescence was read following addition of assay reagents
(Promega) using a plate reader and dispenser apparatus (BioRad Synergy Mx). FFL activity was

guantitated by normalizing to RL activity.

Statistical Analysis

Statistical significance was determined using an unpaired Student’s t-test with Welch’s

correction performed using QuickCalcs and Prism (version 7.0c, GraphPad Software, Inc.).
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Chapter llI: Identification of Redox Sensitive, Aggregation Prone Proteins

Note: This chapter was derived from work published by Amy Eileen Ford.
Ford, A. E., Denicourt, C., and Morano, K. A. (2019). Thiol stress-dependent aggregation of the
glycolytic enzyme triose phosphate isomerase in yeast and human cells. Mol. Biol. Cell,

30(5):554-565.
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Introduction

Proteomic studies investigating the redox status of proteins found that the oxidation state
of Cys-containing proteins increased when exposed to an oxidative environment through
environmental or genetic means (Brandes et al., 2011; Brandes et al., 2013; Le Moan et al.,
2006). Each of these studies found that cytoplasmic protein thiols are most sensitive to oxidative
stress and function in a variety of essential cellular processes—redox systems, energy
metabolism, protein folding, and translation. However, it remains unclear whether redox status
directly impacts endogenous protein folding and stability. Yanyu Wang, a previous graduate
student in the Morano Laboratory, began investigating the connection between OS and protein
folding in the cytosol using S. cerevisiae as a model (Wang et al. 2012). Using an HSE-lacZ
reporter fusion as a proxy for the activation of the HSR by Hsfl (Morano and Thiele 1999), thiol-
reactive compounds, including cadmium, hydrogen peroxide, and diethyl maleate, were found to
induce the HSR suggesting potential endogenous protein misfolding in response to the
unfavorable folding environment. Each of the thiol-modifiers activated the HSR to varying
degrees. In particular, the heavy metal cadmium (Cd) resulted in the strongest response with a
ten-fold Hsfl induction compared to hydrogen peroxide at only four-fold (Wang et al., 2012).
Furthermore, the authors found the two solvent exposed cysteines of Ssal played a role in this
thiol stress-mediated Hsfl activation, albeit through an unknown mechanism. Therefore, we
hypothesized changes in cytosolic redox balance via thiol-specific stress are proteotoxic resulting
in endogenous protein misfolding and aggregation.

Visualization of protein misfolding and aggregation in live cells by fluorescence
microscopy through the use of fluorescent protein tags is a widely used and established method
in the field (Jacobson et al., 2012; Miller et al., 2015). In this chapter, | utilized the commercially
available yeast genomic ORF-GFP collection (Howson et al., 2005) to screen a selection of redox
sensitive proteins for aggregation in response to thiol-reactive stresses that induce the HSR.
Additionally, | developed an alternative method to visualize aggregation via differential

centrifugation and Western blot analysis.
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Results
Identification of thiol stress-sensitive, aggregation-prone proteins

Given the recognized propensity of thiol compounds to interact with reactive thiol groups,
we took advantage of previously published studies that identified S. cerevisiae proteins with
reactive cysteine residues (Le Moan et al., 2006; Brandes et al., 2011, 2013). To focus our study,
I limited my selections to abundant, nuclear/cytoplasmic proteins to facilitate surveillance via
fluorescence microscopy. In addition to ten candidates, | included the peroxiredoxin Tsal,
previously shown to localize to cytoplasmic foci upon thiol oxidative stress (e.g., H202) and a
strain bearing GFP alone (Jang et al., 2004; Weids and Grant, 2014). Strains were visualized by
live cell fluorescence microscopy following treatment with the following thiol-reactive compounds
for 1 h: 100 uM CdCl,, 2 mM H;0,, and 500 uM DEM (Figure 3.1, 3.2A,B). As expected, Tsal-
GFP formed multiple small foci following cadmium and hydrogen peroxide treatment, confirming
that the concentration of each is perceived as a cellular thiol stress (Weids and Grant, 2014). In
contrast, the translation factor Eft1-GFP and eight other candidates exhibited a diffuse
distribution with no significant change of localization pattern upon thiol stress treatment.
However, the glycolytic enzyme triose phosphate isomerase (Tpil-GFP) exhibited approximately
80% foci formation following cadmium treatment in the cells observed. Though it appears Tdh3
and Pdcl form foci, the two structures—one small cytoplasmic focus and one larger, potentially
nuclear focus—are present in non-stress conditions and this pattern is unchanged following
cadmium exposure. Neither the control Tsal-GFP nor any of the nine candidates were observed
to respond to DEM treatment. Importantly, GFP alone did not form foci, indicating that the
fluorescent protein tag itself does not aggregate in the presence of thiol-stress and is unlikely to
confer aggregation to Tpil (Figure 3.2A,B). In short, | have identified Tpil as a candidate model

endogenous protein that is aggregation sensitive to the thiol stress cadmium.
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Figure 5.3 Simultaneous temporal co-localization of Tsal-GFP and Tpil-BFP2
aggregates. (A) Exponentially grown cells co-expressing Tsal-GFP (green) and Tpil-BFP2
(false-colored red) on a plasmid were exposed to 750 uM CdCl, for 1 h and visualized at 15

min intervals by live cell fluorescence microscopy. (B) Quantitation of the mean percentage
of total cells with foci from (A) at each time point (n=3). (C) Quantitation of the relative
percentage of cells from (A) with 1, 2, 3, or 4+ co-localized foci per cell following Cd exposure
at the indicated timepoints (n=3). A minimum of 100 cells were counted per biological
replicate. Error bars indicate standard deviation (SD).
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Role of the Thioredoxin System

To further examine whether absence of a functional thioredoxin system induced
endogenous protein aggregation, | made a deletion of TRRL1 (trr1A) in the Tpil-GFP, Tsal-GFP,
and Hsp104-GFP strains and visualized localization in optimal growth conditions by fluorescence
microscopy (Figure 5.4). Similar to wildtype, Tpil-GFP remained diffuse throughout the cytosol
forming no foci indicating no aggregation. The chaperones Tsal-GFP and Hspl04-GFP
appeared to from foci in the trr1A background suggesting possible disruption in proteostasis,

though this was not quantitated.
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trr1A

WT

Figure 5.4 Loss of TRR1 results in foci formation of Tsal-GFP and Hspl104-GFP.
Exponentially grown WT and trr1A cells bearing Tpil-GFP, Tsal-GFP, or Hsp104-GFP were
incubated in optimal growth conditions and visualized by live cell fluorescence microscopy.
Representative images are shown. Scale bar, 10 um.
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Discussion

Altogether, these data strongly support a model that Tpil forms QB-type aggregates with
the chaperones Hspl104, Tsal, and Hsp42 that are independent of other known stress-inducible
protein structures. Moreover, both Hspl04 and Tsal are recruited into additional foci
independent of Tpil, consistent with cadmium causing general proteotoxic stress. In contrast to
thiol-reactive stress, acidic pH may induce SG or PB as it was shown to drive aggregation of Tpil
(Chapter 1V). It would be interesting to determine if SG or PB markers, Edc3 or Publ, would be
recruited following formation of Tpil aggregates rather than immediately as seen with cadmium
and QB.

Preliminary results reveal little new evidence for the role of the thioredoxin system in
maintaining proteostasis; alas, the connection between the redox system and PQC is
inconclusive. Perhaps with loss of the thioredoxin reductase, Tpil is more folding-sensitive to
additional stress such as peroxide, HS, or cadmium. On the other hand, thiol reduction and,
therefore, folding may depend more on the peroxiredoxin Tsal rather than thioredoxin. Deletion
of thioredoxin or its reductase activates stress responses including the HSR and OSR priming
cells with high levels of Tsal. Furthermore, deletion of the enzyme/chaperone was shown to

activate the HSR as well (Sara Peffer, unpublished).
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Chapter VI: Conservation of Redox-associated Proteostasis

Note: This chapter was derived from work published by Amy Eileen Ford.
Ford, A. E., Denicourt, C., and Morano, K. A. (2019). Thiol stress-dependent aggregation of the
glycolytic enzyme triose phosphate isomerase in yeast and human cells. Mol. Biol. Cell,
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Introduction

Tpil is an important glycolytic enzyme responsible for converting dihydroxyacetone-1-
phosphate to glyceraldehyde-3-phosphate and is conserved from single cell yeast to metazoans.
In yeast, proper function is determined by growth on glucose medium or sensitivity to lithium (Shi
et al., 2005). Although the structure and primary function of Tpil is conserved (53% identity, 68%
similarity), the number of cysteines is not. Human TPI (hTPI) has an additional three cysteines
that have the potential to be modified by Cd. Despite these differences in TPI, | hypothesize
cadmium proteotoxicity is conserved.

In humans, compound heterozygous mutations in this enzyme can cause a rare disease
called TPI Deficiency as a result of loss of function (Olah et al., 2002). This disease is
characterized by hemolytic anemia and progressive neurodegeneration leading to death in early
childhood. TPI deficiency is rare most likely due to a high occurrence of embryonic lethality. A
study in 2004 investigated the mechanism of loss of function by characterizing mutations found
in patients with the disease in the budding yeast model (Ralser et al., 2006). Although these
mutations could complement {piTA null phenotypes, the authors observed some changes in
catalytic activity and dimer formation. This led the authors to conclude the mutations conferred
altered folding conformations that prevent proper dimer formation leading to loss of function.
Based on these studies, | hypothesized these mutations might render TPI folding sensitive and
aggregation prone.

In this chapter, | determine conservation of redox-associated proteostasis by applying the
model | have established in yeast to human cells. | also investigate the mechanism of disease of

TPI Deficiency by integrating mutations found in patients into haploid S. cerevisiae.
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Results
Thiol-stress Proteotoxicity Conservation

Together with previous work, our findings suggest that cadmium is a potent proteotoxic
agent in budding yeast, with particular affinity for nascent polypeptides. To extend these findings
to humans, where cadmium is considered a deadly poison, we sought to monitor chaperone
dynamics in human cells, utilizing HEK293 and HCT116 cell lines. We obtained a previously
characterized carboxyl-terminal YFP fusion to the human stress-inducible Hsp70 (HSPA1A)
shown to localize to protein aggregates (Kim et al., 2002). Plasmids expressing Hsp70-YFP or
YFP alone were transfected into cells and expression assessed by Western blot and
fluorescence microscopy. Western blot analysis validated similar expression levels in both cell
lines (Figure 6.1A). In non-stress conditions, Hsp70-YFP was localized diffusely throughout the
cytosol and mostly excluded from the nucleus as judged by DAPI staining (Figure 6.1B, E). |
noted a consistent low level of both YFP and Hsp70-YFP foci (~1-5) in the absence of stress,
likely attributable to the transient overexpression system utilized, and therefore chose to quantify
aggregation only in cells exhibiting >5 foci. Following exposure to 50 UM CdCl; for 6 h, distribution
of YFP alone remained unchanged, while Hsp70-YFP formed multiple foci per cell in both cell
lines, consistent with Hsp70 localizing to thiol-stress induced protein aggregates. These findings
establish that cadmium is a proteotoxic agent in human cells as it is in yeast.

Next, | was interested in determining whether the Tpil folding sensitivity we observed in
budding yeast was conserved between yeast and humans. | constructed an amino-terminal GFP
fusion to the human homolog (hTPI) produced from a mammalian constitutive expression vector.
GFP-hTPI and GFP alone were transfected into HEK293 and HCT116 cell lines and expression
confirmed by Western blot and fluorescence microscopy (Figure 6.1C-E). While GFP alone
remained diffuse in both non-stress and cadmium stress conditions, GFP-hTPI formed a large
number of aggregates per cell indicating that human TPI, like the yeast homolog, is highly

susceptible to cadmium-induced aggregation.
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Figure 6.1 Cd proteotoxicity is conserved between yeast and human cells. (A,D)
Western blot analysis of HEK293 and HCT116 cells expressing either Hsp70-YFP/GFP-hTPI
or YFP/GFP alone. a-GFP was used to detect Hsp70-YFP and YFP and a-GAPDH was used
as a loading control. (B,E) HEK293 and HCT116 cells expressing Hsp70-YFP/GFP-hTPI or
YFP/GFP alone were incubated at 37°C with (Cd) or without (NS) 50 uM CdCl, for 6 h.

Following incubation, cells were fixed, stained with DAPI, and visualized by fluorescence
microscopy. Representative images of each cell type for each condition are shown as
indicated. Scale bar; 50 um. (C,F) Quantitation of the mean percentage of cells with >5 foci
per cell (n=3). A minimum of 100 cells were counted per biological replicate. Error bars
indicate standard deviation (SD). *, p<0.05, **, p<0.001, ***, p<0.0001.
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To ensure the conditions used in our study induce the HSR as we have previously shown
in yeast, we measured gene expression by gRT-PCR of two stress induced genes DNAJ1B
(Hsp40) and HSPA1A (Hsp70) in both HEK293 and HCT116 cell lines following exposure to HS
and Cd (Figure 6.2A). Following a 6 h exposure and 6 h recovery from 50 uM CdCl., expression
of the stress-related genes in both cell lines was induced similarly to a standard HS treatment at
43°C for 1 h. In addition to measuring mRNA expression, | observed cadmium induction of the
HSR in HCT116 cells using a dual-luciferase reporter system for measuring Hsfl activation
(Figure 6.2B). All together, these experiments indicate thiol-reactive stress disrupts proteostasis

in human cells comparatively to what I have shown in the model eukaryote yeast.

78



>

HSPA1A DNAJB1

100 Bl NS
[ Cd
BN HS

80+
60+

40

relative expression
(normalized to NS)

HEK293 HCT116 HEK293 HCT116

100~
80+
60+
404
20+

fold change
(normalized to NS)

*

0-

Figure 6.2 Cd induces the HSR in human cells. (A) Mean mRNA expression quantitated
by qRT-PCR of HSPA1A (Hsp70) and DNAJB1 (Hsp40) from HEK293 and HCT116 cells
incubated in the following conditions: 37°C (NS), 43°C for 1 h with 6 h recovery at 37°C (HS),
and 50 uM CdCl, at 37°C for 6 h followed by recovery in medium lacking CdCl, for 6 h at 37°C
(Cd). Error bars indicate standard deviation (SD). ns, not significant, *, p<0.05, **, p<0.001.
(B) HCT116 cells expressing pHSE-FFL and pCMV-RL were incubated in the same conditions
as (A) and mean FFL activity was quantitated by normalizing to RL activity determined by a
dual-luciferase assay. Error bars indicate standard deviation (SD). *, p<0.05.
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Understanding the Mechanism Behind Human TPI Deficiency

Here, | applied the mutations found in patients with TPI Deficiency to the yeast model and
focused directly on protein folding versus function as this was to be determined previously
unaffected (Ralser et al., 2006). To determine whether these mutations render Tpil aggregation
prone or hypersensitive to stress, | made single amino acid substitutions in the genomic Tpil-
GFP fusion background previously generated (C41Y, G122R, and 1170V) (Figure 6.3A) and
visualized their localization in non-stress and stress conditions compared to wildtype by
fluorescence microscopy (Figure 6.3B). In non-stress conditions, all mutants are observed
diffuse throughout the cytosol indicating no inherent folding defect. When exposed to a low
concentration of 50 uM CdCl,, Tpil-GFP mutants formed foci to a level comparable to wildtype.
Additionally, exposure to a mild HS of 33°C for 15 min resulted in no foci formation suggesting
no increased sensitivity to HS. Together, these data indicate each mutation alone is not folding

sensitive or at least not more so than wildtype.
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Figure 6.3 TPI Deficiency-associated mutations do not result in aggregation. (A) Ribbon
structure of the yeast Tpil homodimer with each amino acid mutation indicated in at least one
monomer (PDB: 1YPI). (B) Location of engineered amino acid substitutions in chromosomal
TPI1-GFP allele. Red star (*) indicates mutation. (C) Exponentially grown cells bearing Tpil-
GFP WT, C41Y, G122R, or 1170V were incubated in non-stress conditions (NS), in the
presence of 50 pM CdCl, for 1 h (Cd), or 15 min at 33°C (HS) and visualized by live cell

fluorescence microscopy. Representative images shown. Scale bar; 10 um.



Discussion

Here, | have found that thiol stress proteotoxicity, specifically cadmium, is conserved
between yeast and human cells through the observation that human Hsp70 localizes to foci
following stress and this extends to my model protein Tpil first identified in yeast. Although thiol-
stress folding sensitivity is conserved, | did not find further evidence for TPI Deficiency mutant
folding defects; thus, the mechanism of disease remains elusive. There might be differences in
folding sensitivity between the yeast and human homologs or at least in cases when only one
allele is present. It would be interesting to determine if stresses that did not induce aggregation
of the yeast Tpil homolog, such H,O, and DEM, would impact aggregation of human TPI based
on this folding sensitivity difference. This is supported by studies showing differences in minimum
cadmium cell toxicity between human cells and yeast. In cardiomyocytes 0.1 uM CdCl; is
cytotoxic (Limaye and Shaikh, 1999) whereas in yeast, 50 uM of CdCl, was shown as cytotoxic
(Wu et al., 2016). Nevertheless, my data and others support that disruption of TPI structure

through thiol modification or mutation has the potential to negatively impact protein folding.
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Chapter VII: Discussion and Future Directions
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Summary

The eukaryotic cytosolic proteome is vulnerable to changes in proteostatic and redox
balance caused by temperature, pH, oxidants and xenobiotics. Cysteine-containing proteins are
especially at risk because the thiol side chain is subject to oxidation, adduction and chelation by
thiol-reactive compounds. All of these thiol-modifiers have been demonstrated to induce the heat
shock response and recruit protein chaperones to sites of presumed protein aggregation in the
budding yeast Saccharomyces cerevisiae. However, endogenous targets of thiol stress toxicity
responsible for these outcomes are largely unknown. My work has determined that changes in
cytosolic redox balance via thiol-specific stresses, including cadmium, diamide, and glucose
starvation are proteotoxic (Figure 7.1). Emerging from the ribosome, newly synthesized
cysteine-containing peptides are in a reduced state. Exposure to thiol-specific stress, including
xenobiotics like cadmium and the loss of the reducing power of redox systems, results in the
modification of protein thiols by covalent interactions and oxidation. These non-native
modifications to proteins result in an inability to properly fold, leading to the formation of protein
aggregates. The thiol-reactive stress and subsequent aggregation is sensed by the cytoplasmic
protein quality control network that activates stress responses and recruits chaperones such as
Hspl04 and Tsal. These chaperones assist in clearing existing aggregates and preventing
further damage. Above all, protein aggregation as a result of exposure to thiol-specific stress
extends to human cells; thus, establishing a conserved mechanism and model for redox-

associated proteostasis.
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Figure 7.1 Model for redox-associated protein homeostasis
A cysteine-containing polypeptide (dash line) is synthesized from ribosome (gray) with

reduced (SH) and redox active (S) thiols. Thiol-reactive stress modifies (X) the thiols inducing
aggregation. To adapt and prevent further protein aggregation, stress responses
(OSR/maroon and HSR/pink) are activated increasing chaperone and detoxifying enzyme
levels. Q-body associated (Hsp104/blue and Hsp42/orange) and thiol-dependent (Tsal/red)
chaperones are recruited to sites of aggregation to sequester and disassemble aggregate for
degradation by the proteasome (purple). The thioredoxin system (green) reduces modified
protein thiols to prevent aggregation. C, cytoplasm and N, nucleus.
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Identification of Redox-sensitive, Aggregation Prone Proteins

My study’s generalizability to other cysteine-containing proteins and the overall proteome
is limited because of the identification of only one target using a small fluorescence-based screen
of 10 candidates. Following an initial screen, we identified the glycolytic enzyme Tpil as folding-
sensitive to thiol-reactive stress. Although the other potential candidates contained cysteines and
were identified as redox active, they did not exhibit any visible folding defects. For example, the
translation elongation factor Eftl did not aggregate in response to 100 uM CdCl; or other thiol-
stresses tested despite being identified as redox active and containing a total of seven cysteines
located both buried and exposed within the folded, native structure. This was surprising.
Therefore, | hypothesize cysteine containing proteins are differentially affected by thiol-specific
stress.

Potential characteristics that may govern sensitivity are location of cysteine residues in
the N-terminal region, functional domains, and solvent accessible or disordered regions as well
as the number of cysteines in these regions. In fact, failure to detect aggregation of other
candidates might be due to general folding sensitivity or stability. Aggregation may be dose
dependent and require a more severe level of stress to misfold and form aggregates. It would be
interesting to examine candidates during HS or chronological age as their mechanism of action
is proposed as less direct. These functional and structural properties will give insight into why
some cysteine-containing proteins are susceptible to misfolding by thiol-specific stress and
others are not.

When considering the role of thiol sensitivity, it is important to distinguish between
cysteine modification as a programmed regulatory signal versus accidental consequence. As per
mentioned in the Introduction, redox-dependent cysteine modification is utilized to regulate
various components of the PQC machinery such as the Hsp70 chaperone function in regulating
the UPR and HSR stress responses. Unlike the Hsp70 regulatable cysteines, Tpi1’s two
cysteines are buried within the protein 3D structure rather than solvent exposed. Although

decreased metabolism and growth is advantageous during stress, this striking difference in
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cysteine accessibility suggests Tpil thiol sensitivity is most likely an accidental consequence to
thiol stress or redox imbalance.

By using a more proteomic approach in future studies, my screen’s sensitivity and target
pool can be enhanced. This method will allow comparisons between proteomic studies that are
focused exclusively on either stress-induced protein aggregation or thiol reactivity. Utilizing this
an advantage, future studies can better identify candidates based on known folding sensitivity to
non-redox associated stress. A proteome wide screen will not only complement the proteomic
studies identifying redox active proteins, but also identify which of those redox active proteins
are physiologically relevant. To conduct this screen, one could isolate thiol stress induced protein
aggregates via the method | have developed (Chapter Ill) and identify protein content by simple
unlabeled or iTRAQ-labeled mass spectrometry of the insoluble fractions of both non-stress and
thiol-stress conditions. Not only would this enable one to discern any significant fold change

differences but compare the functional and structural properties discussed above.

Thiol-dependent Aggregation

We determined via cysteine-mutagenesis that cadmium-induced aggregation of Tpil is
thiol-dependent. The presence of a single cysteine enables cadmium to cause protein misfolding
and aggregation, though, only when in the unfolded state like during synthesis. This suggests
that cadmium directly interacts with cysteines from multiple peptide chains, forming a bidentate
complex. From here, complexation of cadmium molecules that are bound to nascent chains or
that interact with hydrophobic patches in neighboring peptides will promote aggregation that is
visible by fluorescence. Although diamide was not tested on Tpil cysteine mutants, | predict the
mechanism would be similar and require the presence of at least one cysteine to cause
aggregation through direct modification. Diamide has the potential to generate higher ordered
oxidative forms such as disulfides due to its potency as a thiol-specific oxidant (Kosower and
Kosower, 1995). Disulfide bonds are more stable than sulfenic acid mono-oxidation increasing

the propensity for the protein to misfold and aggregate.
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When comparing cadmium or diamide to another form of thiol-reactive stress addressed
here—glucose starvation—the mechanism of action is hypothesized to be more indirect.
Depletion of glucose over time results in a loss of reducing equivalents (e.g. NADPH) that are
used to power the redox systems (Brandes et al., 2013). An inability to maintain a reducing
cytosol leads to oxidation of protein thiols. These modifications are able to persist allowing higher
ordered oxidation such as disulfide bonds, sulfinic or sulfonic acids, which promotes misfolding
and aggregation. It will be interesting to determine whether other known thiol modifiers, such as
peroxide or organic electrophiles, can induce protein aggregation; it will also be useful to
distinguish the differences in the mechanisms of action using thiol modification capture methods
in combination with the aggregate detection methods used in this study.

Unlike the thiol-specific modifiers addressed above, HS induced thiol-dependent
aggregation is surprising and the mechanism unclear. Typically, HS induces protein carbonyls
through the generation of ROS at other amino acids such as arginine and threonine (Berlett and
Stadtman, 1997; Dalle-Donne et al., 2003; Verghese et al., 2012); however, | found HS-induced
aggregation of Tpil was cysteine-dependent. It is possible carbonyl derivatives react with the
sulfydryl group of cysteines to induce Tpil aggregation. To test this, HS-induced Tpil-GFP
aggregates can be isolated using the cryo-lysis following by differential centrifugation method |
developed and probed for carbonylation using a carbonyl moiety specific antibody (Levine, 2002).
It would be interesting if isolation of aggregates from Tpil-GFP C41A C126A showed a loss of
carbonyl detection. Furthermore, HS-generated ROS may overload the thioredoxin system
blocking maintenance of redox balance. A prolonged oxidative environment would allow stable
oxidation and, therefore, protein aggregation. On the other hand, it is possible HS simply causes
thermal denaturing of folded Tpil allowing modification of its cysteines via the homeostatic level
of oxidative potential in the cell. However, | showed HS-induced aggregation of TPil is abolished
with cycloheximide pre-treatment excluding this as the likely scenario. Thiol-dependent

aggregation of Tpil in response to HS is most likely less direct.
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Role of PQC and Redox Systems

It is possible that cadmium indirectly negatively impacts folding by interacting with
molecular chaperones, as has been shown with oxidation of the bacterial and human Hsp70
(Winter et al., 2005). However, if the case, | would have observed aggregation of Tpil regardless
of the presence or absence of its cysteines. It has been shown by measuring the activity of the
protein relative to cadmium concentration that cadmium interferes with spontaneous refolding of
chemically denatured proteins in vitro (Sharma et al. 2008). Importantly, inhibition could only be
attenuated with the addition of ATP-dependent chaperones such as the E.coli Hsp70 system
DnaK/DnaJ/GrpE and not glutathione. Interestingly, | found DTT, another reducing agent like
glutathione, to only slightly reduce cadmium activation of the HSR. Together, these data suggest
chaperone availability is more important than reducing power. Perhaps overexpression of
chaperones can prevent cadmium-induced aggregation of Tpil through either sequestering
cadmium or “holdase” protection. Conversely, inhibition of chaperone function through
mutagenesis or chemical inhibitors may produce hypersensitivity. For instance, Hsp70 cysteine
mutagenesis within the nucleotide binding domain lead to constitutive activation of the HSR
suggesting thiol-stress might inactivate Hsp70 functions (Wang et al., 2012a; Zheng et al., 2016).
Both experiments would enhance our understanding of the molecular chaperone role in
maintaining proteostasis during redox imbalance.

In addition to sequestering or inactivating chaperones, cadmium may interfere with the
cytoplasmic thioredoxin system preventing the maintenance of the reducing environment
required to maintain cysteines in their reduced state. | have shown deletion of thioredoxin
reductase had no impact on Tpil folding, but did induce foci formation of the chaperones Hsp104
and Tsal. It would be interesting to determine if loss of TRR1 or the thioredoxin-dependent
chaperone TSAL increases Tpil folding sensitivity to cadmium or other thiol-stress exposure
such as hydrogen peroxide, which was not visible by fluorescence microscopy in a wildtype

background.
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While proteotoxic stress clearly induces the misfolding of nascent proteins and their
subsequent terminal aggregation via hydrophobic interactions, recently a subset of these
structures has been found to include mature, folded polypeptides that reversibly localize together
as a stress adaptation (Wallace et al., 2015a; Saad et al., 2017). These assemblies are often pH
driven and associated with stress granules (Munder et al., 2016; Franzmann et al., 2018). These
reversible aggregates have gel-like properties consisting of stretches of negatively charged
amino acids and amyloid-like domains such as in the prion forming protein Sup35. | have shown
Tpil forms foci similarly to Sup35 following acidification by sorbic acid or DNP. However, foci
formation of Tpil was not impacted by the absence of either or both its cysteines indicating it is
not a thiol-related process. This data is further supported by the observation that cadmium does
not induce stress granule formation and no co-localization was observed with Tpil aggregates.
Although an interesting finding, the property of Tpil that enables this pH-dependent foci
formation is unknown as Tpil contains no obvious amyloid- or prion-like region. Rather, thiol-
stress induced Tpil aggregates recruit chaperones involved in general protein quality control
(Escusa-Toret et al., 2013; Miller et al., 2015). Typically, this aspect of PQC is thought to deal
with terminally misfolded protein. Tpil is assembled into Q-bodies by Hsp104, Hsp42, and Tsal
sequestering the thiol-dependent misfolded protein into multiple, dispersed cytoplasmic
aggregates. Here, they are most likely trafficked between the cytosol and nuclear JUNQ/INQ
compartment with inevitable degradation.

After examining the formation dynamics, we found that cadmium-induced Tpil
aggregates had cleared, albeit through an undetermined mechanism. In general, cytoplasmic
protein aggregates can either be re-solubilized with the assistance of chaperones or degraded
via the eukaryotic proteasome (Chen et al., 2011). In addition, clearance may be observed
through the elimination of aggregates from daughter cells and retention in mother cells following
cell division (Zhou et al., 2011, 2014). Newly synthesized proteins are particularly susceptible to
heat-induced misfolding and aggregation and have been shown to be degraded rapidly upon

heat stress (Medicherla and Goldberg, 2008). There is evidence that, unlike nascent
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polypeptides, heat induced aggregation of fully folded proteins results in complete disaggregation
and refolding (Wallace et al., 2015).

A study focused on the metalloid arsenite and the chaperone Hspl04 found that
clearance of aggregates is carried out by chaperone-assisted proteosomal degradation
(Jacobson et al., 2012). Again, the authors found this to be true for cadmium in a later study
(Jacobson et al., 2017). Co-localization analysis indicated chaperones involved in Q-body and
JUNQ/INQ formation are immediately recruited to the site of Tpil aggregate formation. It is
reasonable to surmise on the basis of previous studies and co-localization data presented here
that cadmium-induced Tpil aggregates are degraded via the proteasome and this is a
chaperone-mediated process. Using chemical inhibitors and single-cell monitoring over time,
chaperone function involvement in formation and the precise mode of clearance could be
specifically determined. Whether or not clearance can further be attributed to cellular division
and retention in mother cells may depend on Cd uptake and reactivity kinetics. To start,
aggregate formation can be monitored in mother and daughter cells by separating the two

populations.

Human Conservation and Protein Folding Disease

Many of these proteins identified as redox-active and/or aggregation prone have human
protein homologs that could be implicated in protein misfolding diseases. Indeed, compound
heterozygous mutations in Tpil are associated with the rare human disease TPI Deficiency (Olah
et al., 2002). Previous structural and functional studies have found these mutations most likely
alter the folding structure causing an inability to properly form the active homodimer conformation
leading to loss of function and lethality (Ralser et al., 2006). Although my work did not provide
additional evidence for mutation-based folding defects, | have found Tpil to be folding-sensitive
to stress that impacts structural integrity and prevents folding: a parallel scenario to mutation-
caused changes. That is to say the mutation of cysteine 41 to tyrosine mimics thiol modification.

Furthermore, stress, including redox-dependent modification of cysteines, might exacerbate
91



folding instability caused by mutations. However, it is possible mutation of cysteines might be an
evolutionary adaption to prevent accidental modification during stress.

Additionally, there might be differences in folding sensitivity between the yeast and
human homologs or at least in cases when only one allele is present. Human TPI is potentially
more sensitive to changes that might affect the overall protein structure and folding. Perhaps, the
model in yeast is oversimplified necessitating the need to lean towards replicating compound
mutations as seen in humans. To do so, one could create diploid yeast with homo and hetero
alleles of each mutation identified in human patients including C41Y, G122R, 1170V, and E104D.
The presence of two mutated alleles may increase severity of the observed phenotype found by
Ralser et al. Furthermore, it will be interesting to examine the other mutations in concert with
E104D or homozygous E104D as this mutation causes the most severe form of the disease. This
will provide a better understanding of folding sensitivity and mechanism of disease.

Though | was not nearly as comprehensive in my analysis in human cells as in yeast, |
have established cadmium is proteotoxic in human cells and human TPI is folding sensitive to
the heavy metal. As stated in Chapter 6, the human TPl homolog has an additional three
cysteines that have the potential to be modified by thiol-reactive stress. If the model holds true, |
predict all cysteines must be absent in order to abrogate cadmium-induced aggregation.
Furthermore, | showed in yeast that the chaperones Hspl104 and Tsal co-localize with Tpil
aggregates. The hHsp70-YFP has been shown previously to localize to human disease related
aggregates (Kim et al., 2002). Based on this evidence, | expect Hsp70 would co-localize with
hTPI aggregates. This could be determined by co-immunofluorescence of GFP-hTPI aggregates
and a specific antibody to the inducible Hsp70. Following these analyses, | can definitively

declare my model for redox-associated proteostasis is conserved.

Conclusions
Together, my work establishes a model for endogenous thiol-dependent protein

misfolding and aggregation that can apply to future studies. Future studies addressed above will
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further develop the model and provide insights into potential protein folding diseases such as TPI
Deficiency. Overall, my research solidifies the link between redox buffering and proteostasis as

a conserved eukaryotic cooperative protein quality control system.

93



Bibliography

Abrams, J. L., and Morano, K. A. (2013). Coupled assays for monitoring protein refolding in

Saccharomyces cerevisiae. J. Vis. Exp., €50432.

Abrams, J. L., Verghese, J., Gibney, P. A., and Morano, K. A. (2014). Hierarchical functional
specificity of cytosolic heat shock protein 70 (Hsp70) nucleotide exchange factors in yeast. J.

Biol. Chem. 289, 13155-13167.

Abravaya, K., Myers, M. P., Murphy, S. P., and Morimoto, R. . (1992). The human heat shock
protein hsp70 interacts with HSF, the transcription factor that regulates heat shock gene

expression. Genes Dev. 6, 1153-1164.

Ahn, S.-G., and Thiele, D. J. (2003). Redox regulation of mammalian heat shock factor 1 is

essential for Hsp gene activation and protection from stress. Genes Dev. 17, 516-528.

Berlett, B. S., and Stadtman, E. R. (1997). Protein oxidation in aging, disease, and oxidative

stress. J. Biol. Chem. 272, 20313-20316.

Bharadwaj, S., Ali, A., and Ovsenek, N. (1999). Multiple components of the HSP90 chaperone

complex function in regulation of heat shock factor 1 In vivo. Mol. Cell. Biol. 19, 8033—-8041.

Bhattacharyya, S., Yu, H., Mim, C., and Matouschek, A. (2014). Regulated protein turnover:

Snapshots of the proteasome in action. Nat. Rev. Mol. Cell Biol. 15, 122-133.

Brandes, N., Reichmann, D., Tienson, H., Leichert, L. I., and Jakob, U. (2011). Using
guantitative redox proteomics to dissect the yeast redoxome. J. Biol. Chem. 286, 41893—

41903.

Brandes, N., Tienson, H., Lindemann, A., Vitvitsky, V., Reichmann, D., Banerjee, R., and

Jakob, U. (2013). Time line of redox events in aging postmitotic cells. Elife 2.

Buchan, J. R., Muhlrad, D., and Parker, R. (2008). P bodies promote stress granule assembly

94



in Saccharomyces cerevisiae. J. Cell Biol. 183, 441-455.

Caudle, W. M., Guillot, T. S., Lazo, C., and Miller, G. W. (2012). Parkinson’s disease and the

environment: Beyond pesticides. Neurotoxicology 33, 585.

Chen, B., Retzlaff, M., Roos, T., and Frydman, J. (2011). Cellular strategies of protein quality

control. Cold Spring Harb. Perspect. Biol. 3, a004374.

Chen, T., Li, F., and Chen, B.-S. (2009). Cross-talks of sensory transcription networks in

response to various environmental stresses. Interdiscip. Sci. Comput. Life Sci. 1, 46-54.

Compagno, C., Brambilla, L., Capitanio, D., Boschi, F., Maria Ranzi, B., and Porro, D. (2001).
Alterations of the glucose metabolism in a triose phosphate isomerase-negative

Saccharomyces cerevisiae mutant. Yeast 18, 663—670.

Coux, O., Tanaka, K., and Goldberg, A. L. (1996). Structure and Functions of the 20S and 26S

Proteasomes. Annu. Rev. Biochem. 65, 801-847.

Dalle-Donne, I., Giustarini, D., Colombo, R., Rossi, R., and Milzani, A. (2003). Protein

carbonylation in human diseases. Trends Mol. Med. 9, 169-176.

Davidson, J. F., Whyte, B., Bissinger, P. H., and Schiestl, R. H. (1996). Oxidative stress is
involved in heat-induced cell death in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. U. S.

A. 93, 5116-5121.

Decker, C. J., and Parker, R. (2012). P-bodies and stress granules: possible roles in the control

of translation and mRNA degradation. Cold Spring Harb. Perspect. Biol. 4, a012286.

Delaunay, A., Pflieger, D., Barrault, M.-B., Vinh, J., and Toledano, M. B. (2002). A Thiol
Peroxidase Is an H202 Receptor and Redox-Transducer in Gene Activation. Cell 111, 471—

481.

Dnyanesh A. Limaye and Zahir A. Shaikh (1999). Cytotoxicity of Cadmium and Characteristics

of Its Transport in Cardiomyocytes. Toxicol. Appl. Pharmacol. 154, 59—-66.

95



Duennwald, M. L. (2015). Cellular stress responses in protein misfolding diseases. Futur. Sci.

OA 1, FSOA42.

Escusa-Toret, S., Vonk, W. I. M., and Frydman, J. (2013). Spatial sequestration of misfolded
proteins by a dynamic chaperone pathway enhances cellular fitness during stress. Nat. Cell

Biol. 15, 1231-1243.

Franzmann, T. M. et al. (2018). Phase separation of a yeast prion protein promotes cellular

fitness. Science 359, eaao5654.

Garcia, V. M., Nillegoda, N. B., Bukau, B., and Morano, K. A. (2017). Substrate binding by the
yeast Hsp110 nucleotide exchange factor and molecular chaperone Ssel is not obligate for its

biological activities. Mol. Biol. Cell 28, 2066—2075.

Greenough, M. A., Camakaris, J., and Bush, A. I. (2013). Metal dyshomeostasis and oxidative

stress in Alzheimera€™s disease.

Groll, M., Ditzel, L., Lowe, J., Stock, D., Bochtler, M., Bartunik, H. D., and Huber, R. (1997).

Structure of 20S proteasome from yeast at 2.4A resolution. Nature 386, 463—-471.

Grunwald, M. S., Pires, A. S., Zanotto-Filho, A., Gasparotto, J., Gelain, D. P., Dematrtini, D. R.,
Schdéler, C. M., de Bittencourt, P. |. H., Moreira, J. C. F., and Moreira, J. C. F. (2014). The
oxidation of HSP70 is associated with functional impairment and lack of stimulatory capacity.

Cell Stress Chaperones 19, 913-925.

Hahn, J., Hu, Z., Thiele, D. J., and lyer, V. R. (2004). Genome-Wide Analysis of the Biology of

Stress Responses through Heat Shock Transcription Factor. Mol. Cell. Biol. 24, 5249-5256.

Hanzén, S. et al. (2016). Lifespan Control by Redox-Dependent Recruitment of Chaperones to

Misfolded Proteins. Cell 166, 140-151.

Harshman, K. D., Moye-Rowley, W. S., and Parker, C. S. (1988). Transcriptional activation by

the SV40 AP-1 recognition element in yeast is mediated by a factor similar to AP-1 that is

96



distinct from GCN4. Cell 53, 321-330.

Hipp, M. S., Park, S.-H., and Hartl, F. U. (2014). Proteostasis impairment in protein-misfolding

and -aggregation diseases. Trends Cell Biol. 24, 506-514.

Howson, R., Huh, W.-K., Ghaemmaghami, S., Falvo, J. V, Bower, K., Belle, A., Dephoure, N.,
Wykoff, D. D., Weissman, J. S., and O’'Shea, E. K. (2005). Construction, verification and
experimental use of two epitope-tagged collections of budding yeast strains. Comp. Funct.

Genomics 6, 2-16.

Ibstedt, S., Sideri, T. C., Grant, C. M., and Tamas, M. J. (2014). Global analysis of protein
aggregation in yeast during physiological conditions and arsenite stress. Biol. Open 3, 913—

923.

Jacobson, T. et al. (2017). Cadmium Causes Misfolding and Aggregation of Cytosolic Proteins

in Yeast. Mol. Cell. Biol. 37, e00490-16.

Jacobson, T., Navarrete, C., Sharma, S. K., Sideri, T. C., Ibstedt, S., Priya, S., Grant, C. M.,
Christen, P., Goloubinoff, P., and Tamas, M. J. (2012). Arsenite interferes with protein folding

and triggers formation of protein aggregates in yeast. J. Cell Sci. 125, 5073-5083.

Jahngen-Hodge, J., Obin, M. S., Gong, X., Shang, F., Nowell, T. R., Gong, J., Abasi, H.,
Blumberg, J., and Taylor, A. (1997). Regulation of ubiquitin-conjugating enzymes by

glutathione following oxidative stress. J. Biol. Chem. 272, 28218—-28226.

Jang, H. H. et al. (2004). Two enzymes in one: Two yeast peroxiredoxins display oxidative
stress-dependent switching from a peroxidase to a molecular chaperone function. Cell 117,

625-635.

Johnson, J. L. (2012). Evolution and function of diverse Hsp90 homologs and cochaperone

proteins. Biochim. Biophys. Acta - Mol. Cell Res. 1823, 607-613.

Kaimal, J. M., Kandasamy, G., Gasser, F., and Andréasson, C. (2017). Coordinated Hsp110

97



and Hsp104 Activities Power Protein Disaggregation in Saccharomyces cerevisiae. Mol. Cell.

Biol. 37.

Kastle, M., Reeg, S., Rogowska-Wrzesinska, A., and Grune, T. (2012). Chaperones, but not
oxidized proteins, are ubiquitinated after oxidative stress. Free Radic. Biol. Med. 53, 1468—

1477.

Kim, S., Nollen, E. A. A., Kitagawa, K., Bindokas, V. P., and Morimoto, R. I. (2002).

Polyglutamine protein aggregates are dynamic. Nat. Cell Biol. 4, 826-831.

Kosower, N. S., and Kosower, E. M. (1995). Diamide: An oxidant probe for thiols. Methods

Enzymol. 251, 123-133.

Kshirsagar, M., and Parker, R. (2004). Identification of Edc3p as an enhancer of mMRNA

decapping in Saccharomyces cerevisiae. Genetics 166, 729—-739.

Lee, S., Lim, W. A., and Thorn, K. S. (2013). Improved blue, green, and red fluorescent protein

tagging vectors for S. cerevisiae. PLoS One 8, e67902.

Levine, R. L. (2002). Carbonyl modified proteins in cellular regulation, aging, and disease. Free

Radic. Biol. Med. 32, 790-796.

Liu, X. D., and Thiele, D. J. (1996). Oxidative stress induced heat shock factor phosphorylation

and HSF-dependent activation of yeast metallothionein gene transcription. Genes Dev. 10,

592-603.

Lolis, E., Alber, T., Davenport, R. C., Rose, D., Hartman, F. C., and Petsko, G. A. (1990).

Structure of yeast triosephosphate isomerase at 1.9-A resolution. Biochemistry 29, 6609-6618.

Lépez-Mirabal, H. R., and Winther, J. R. (2008). Redox characteristics of the eukaryotic

cytosol. Biochim. Biophys. Acta - Mol. Cell Res. 1783, 629-640.

Matschke, V., Theiss, C., and Matschke, J. (2019). Oxidative stress: the lowest common

denominator of multiple diseases. Neural Regen. Res. 14, 238-241.

98



Medicherla, B., and Goldberg, A. L. (2008). Heat shock and oxygen radicals stimulate ubiquitin-

dependent degradation mainly of newly synthesized proteins. J. Cell Biol. 182, 663—673.

Miller, S. B. M. et al. (2015). Compartment-specific aggregases direct distinct nuclear and

cytoplasmic aggregate deposition. EMBO J. 34, 778-797.

Le Moan, N., Clement, G., Le Maout, S., Tacnet, F., and Toledano, M. B. (2006a). The
Saccharomyces cerevisiae proteome of oxidized protein thiols: contrasted functions for the

thioredoxin and glutathione pathways. J. Biol. Chem. 281, 10420-10430.

Le Moan, N., Clement, G., Le Maout, S., Tacnet, F., and Toledano, M. B. (2006b). The
Saccharomyces cerevisiae proteome of oxidized protein thiols: Contrasted functions for the

thioredoxin and glutathione pathways. J. Biol. Chem. 281, 10420-10430.

Morano, K. A., Grant, C. M., and Moye-Rowley, W. S. (2012). The response to heat shock and

oxidative stress in saccharomyces cerevisiae. Genetics 190, 1157-1195.

Moulis, J.-M., and Moulis, J.-M. (2010). Cellular mechanisms of cadmium toxicity related to the

homeostasis of essential metals. Biometals 23, 877-896.

Muller, F. L., Lustgarten, M. S., Jang, Y., Richardson, A., and Van Remmen, H. (2007). Trends

in oxidative aging theories. Free Radic. Biol. Med. 43, 477-503.

Munder, M. C. et al. (2016). A pH-driven transition of the cytoplasm from a fluid- to a solid-like

state promotes entry into dormancy. Elife 5.

Nolan, T., Hands, R. E., and Bustin, S. A. (2006). Quantification of mMRNA using real-time RT-

PCR. Nat. Protoc. 1, 1559-1582.

Olah, J., Orosz, F., Keserl, G. M., Kovéri, Z., Kovacs, J., Hollan, S., and Ovadi, J. (2002).
Triosephosphate isomerase deficiency: a neurodegenerative misfolding disease. Biochem.

Soc. Trans. 30, 30-38.

Polier, S., Hartl, F. U., and Bracher, A. (2010). Interaction of the Hsp110 Molecular Chaperones

99



from S. cerevisiae with Substrate Protein. J. Mol. Biol. 401, 696—707.

Poole, L. B. (2015). The basics of thiols and cysteines in redox biology and chemistry. Free

Radic. Biol. Med. 80, 148-157.

Ralser, M., Heeren, G., Breitenbach, M., Lehrach, H., and Krobitsch, S. (2006). Triose
phosphate isomerase deficiency is caused by altered dimerization-not catalytic inactivity-of the

mutant enzymes. PLoS One 1, e30.

Reinheckel, T., Sitte, N., Ullrich, O., Kuckelkorn, U., Davies, K. J., and Grune, T. (1998).
Comparative resistance of the 20S and 26S proteasome to oxidative stress. Biochem. J. 335,

637-642.

Saad, S., Cereghetti, G., Feng, Y., Picotti, P., Peter, M., and Dechant, R. (2017). Reversible
protein aggregation is a protective mechanism to ensure cell cycle restart after stress. Nat. Cell

Biol. 19, 1202-1213.

Sanchez-Gomez, F. J., Diez-Dacal, B., Pajares, M. a, Llorca, O., and Pérez-Sala, D. (2010).
Cyclopentenone prostaglandins with dienone structure promote cross-linking of the

chemoresistance-inducing enzyme glutathione transferase P1-1. Mol. Pharmacol. 78, 723-733.

Shi, Y., Vaden, D. L., Ju, S., Ding, D., Geiger, J. H., and Greenberg, M. L. (2005). Genetic
perturbation of glycolysis results in inhibition of de novo inositol biosynthesis. J. Biol. Chem.

280, 41805—-41810.

Siegenthaler, K. D., Pareja, K. A., Wang, J., and Sevier, C. S. (2017). An unexpected role for
the yeast nucleotide exchange factor Sill as a reductant acting on the molecular chaperone

BiP. Elife 6, e24141.

Silva, G. M. et al. (2012). Redox Control of 20S Proteasome Gating. Antioxid. Redox Signal.

16, 1183-1194.

Solis, E. J., Pandey, J. P., Zheng, X., Jin, D. X., Gupta, P. B., Airoldi, E. M., Pincus, D., and

100



Denic, V. (2016). Defining the Essential Function of Yeast Hsfl Reveals a Compact

Transcriptional Program for Maintaining Eukaryotic Proteostasis. Mol. Cell 63, 60-71.

Sugiyama, K., Izawa, S., and Inoue, Y. (2000). The Yaplp-dependent induction of glutathione
synthesis in heat shock response of Saccharomyces cerevisiae. J Biol Chem 275, 15535-

15540.

Tamas, M. J., Sharma, S. K., Ibstedt, S., Jacobson, T., and Christen, P. (2014). Heavy metals

and metalloids as a cause for protein misfolding and aggregation. Biomolecules 4, 252—-267.

Torrente, M. P., and Shorter, J. (2013). The metazoan protein disaggregase and amyloid
depolymerase system: Hsp110, Hsp70, Hsp40, and small heat shock proteins. Prion 7, 457—

463.

Trott, A., West, J. D., Klai¢, L., Westerheide, S. D., Silverman, R. B., Morimoto, R. I., and
Morano, K. A. (2008a). Activation of heat shock and antioxidant responses by the natural
product celastrol: transcriptional signatures of a thiol-targeted molecule. Mol. Biol. Cell 19,

1104-1112.

Trott, A., West, J. D., Klai¢, L., Westerheide, S. D., Silverman, R. B., Morimoto, R. I., and
Morano, K. A. (2008b). Activation of heat shock and antioxidant responses by the natural
product celastrol: transcriptional signatures of a thiol-targeted molecule. Mol. Biol. Cell 19,

1104-1112.

Valastyan, J. S., and Lindquist, S. (2014). Mechanisms of protein-folding diseases at a glance.

Dis. Model. Mech. 7, 9-14.

Veal, E. A., Ross, S. J., Malakasi, P., Peacock, E., and Morgan, B. A. (2003). Ybpl is required
for the hydrogen peroxide-induced oxidation of the Yap1l transcription factor. J. Biol. Chem.

278, 30896—-30904.

Verghese, J., Abrams, J., Wang, Y., and Morano, K. A. (2012). Biology of the heat shock

response and protein chaperones: budding yeast (Saccharomyces cerevisiae) as a model
101



system. Microbiol. Mol. Biol. Rev. 76, 115-158.

Wallace, E. W. J. et al. (2015a). Reversible, Specific, Active Aggregates of Endogenous

Proteins Assemble upon Heat Stress. Cell 162, 1286—1298.

Wallace, E. W. J. et al. (2015b). Reversible, Specific, Active Aggregates of Endogenous

Proteins Assemble upon Heat Stress. Cell 162, 1286-1298.

Walter, P., and Ron, D. (2011). The Unfolded Protein Response: From Stress Pathway to

Homeostatic Regulation. Science (80-. ). 334, 1081-1086.

Wang, J., Pareja, K. A., Kaiser, C. A., and Sevier, C. S. (2014). Redox signaling via the
molecular chaperone BiP protects cells against endoplasmic reticulum-derived oxidative stress.

Elife 3, e03496.

Wang, K., Jiang, J., Lei, Y., Zhou, S., Wei, Y., and Huang, C. (2019). Targeting Metabolic-

Redox Circuits for Cancer Therapy. Trends Biochem. Sci. xx.

Wang, Y., Gibney, P. A., West, J. D., and Morano, K. A. (2012a). The yeast Hsp70 Ssal is a
sensor for activation of the heat shock response by thiol-reactive compounds. Mol. Biol. Cell

23, 3290-3298.

Wang, Y., Gibney, P. A., West, J. D., and Morano, K. A. (2012b). The yeast Hsp70 Ssal is a
sensor for activation of the heat shock response by thiol-reactive compounds. Mol. Biol. Cell

23, 3290-3298.

Weids, A. J., and Grant, C. M. (2014a). The yeast peroxiredoxin Tsal protects against protein-

aggregate-induced oxidative stress. J. Cell Sci. 127, 1327-1335.

Weids, A. J., and Grant, C. M. (2014b). The yeast peroxiredoxin Tsal protects against protein-

aggregate-induced oxidative stress. J. Cell Sci. 127, 1327-1335.

West, J. D., Stamm, C. E., Brown, H. A., Justice, S. L., and Morano, K. A. (2011). Enhanced

toxicity of the protein cross-linkers divinyl sulfone and diethyl acetylenedicarboxylate in

102



comparison to related monofunctional electrophiles. Chem. Res. Toxicol. 24, 1457-14509.

West, J. D., Wang, Y., and Morano, K. A. (2012). Small molecule activators of the heat shock
response: Chemical properties, molecular targets, and therapeutic promise. Chem. Res.

Toxicol. 25, 2036—-2053.

Winter, J., Linke, K., Jatzek, A., and Jakob, U. (2005). Severe oxidative stress causes
inactivation of DnaK and activation of the redox-regulated chaperone Hsp33. Mol. Cell 17, 381—

392.

Wood, M. J., Storz, G., and Tjandra, N. (2004). Structural basis for redox regulation of Yap1l

transcription factor localization. Nature 430, 917-921.

Wu, L., Chen, Y., Gao, H., Yin, J., and Huang, L. (2016). Cadmium-induced cell killing in
Sacharomyces cerevisiae involves increases in intracellular NO levels. FEMS Microbiol. Lett.

363, 32.

Xu, M., Marsh, H. M., and Sevier, C. S. (2016). A Conserved Cysteine within the ATPase
Domain of the Endoplasmic Reticulum Chaperone BiP is Necessary for a Complete

Complement of BiP Activities. J. Mol. Biol. 428, 4168—4184.

Zhang, Y. S., Kolm, R. H., Mannervik, B., and Talalay, P. (1995). Reversible Conjugation of
Isothiocyanates with Glutathione Catalyzed by Human Glutathione Transferases. Biochem.

Biophys. Res. Commun. 206, 748-755.

Zheng, X., Krakowiak, J., Patel, N., Beyzavi, A., Ezike, J., Khalil, A. S., and Pincus, D. (2016).
Dynamic control of Hsfl during heat shock by a chaperone switch and phosphorylation. Elife 5,

€18638.

Zhou, C., Slaughter, B. D., Unruh, J. R., Eldakak, A., Rubinstein, B., and Li, R. (2011). Motility
and segregation of Hsp104-associated protein aggregates in budding yeast. Cell 147, 1186—

1196.

103



Zhou, C., Slaughter, B. D., Unruh, J. R., Guo, F., Yu, Z., Mickey, K., Narkar, A., Ross, R. T.,
McClain, M., and Li, R. (2014). Organelle-Based Aggregation and Retention of Damaged

Proteins in Asymmetrically Dividing Cells. Cell 159, 530-542.

Zmijewski, J. W., Banerjee, S., and Abraham, E. (2009). S-glutathionylation of the Rpn2

regulatory subunit inhibits 26 S proteasomal function. J. Biol. Chem. 284, 22213-22221.

104



Vita

Amy Eileen Ford was awarded a bachelor's in science in Biology at the University of North Texas
(UNT) in Denton. Ms. Ford completed a Howard Hughes Medical Institute Undergraduate
Research Internship at UNT and a Molecular Basis of Infectious Diseases research training
program at University of Texas Health Science Center McGovern Medical School. Ms. Ford is
pursuing a doctoral degree in Microbiology and Molecular Genetics at the MD Anderson Cancer
Center UTHealth Graduate School of Biomedical Sciences. Ms. Ford has received multiple travel
awards to present at professional conferences, including a Gordon Research Conference. Ms.
Ford has authored a chapter in Heat Shock Proteins in Signaling Pathways textbook and has a
research publication in Molecular Biology of the Cell. She is a member of the American Society
of Microbiology. Married to Darrell Ford, Ms. Ford is a dog-lover, adopting playful and
mischievous Moose, a chocolate Labrador. Ms. Ford enjoys game nights with friends, jigsaw

puzzles and cooking.

105



