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ABSTRACT

Around 200 million people are exposed to high levels of arsenic through
contaminated soil and, consequently, contaminated food and drinking water.
Arsenic exposure is associated with several malignancies, from different types
of cancer to neurodegenerative disorders. At a cellular level, arsenic exerts its
toxicity by affecting a variety of protein functions. Arsenic increases
production of reactive oxygen species, interferes with protein function and
cellular pathways, and induces aggregation of newly synthesized
polypeptides. This thesis focusses on arsenite-induced protein aggregation
and aims to provide new insights on how cells regulate the formation and
degradation of protein aggregates and the role of protein quality control
systems in this process, using Saccharomyces cerevisiae as a model organism.
A genome-wide study revealed that protein aggregation induced by arsenite
can be influenced by a series of different cellular processes. Particularly, strict
transcriptional and translational control is essential to alleviate protein
aggregation and sensitivity during arsenite stress. A systematic evaluation of
protein quality control and protein degradation systems revealed that co-
translational folding aids in mitigating protein aggregation. Furthermore, the
protein aggregates formed in the presence of arsenite are polyubiquitinated
and mainly degraded by the ubiquitin-proteasome system, while
disaggregation by Hsp104 and the autophagy pathway play minor roles. Our
data also suggest that arsenite influences aggregate structure making it less
accessible for chaperone-mediated disaggregation. In summary, our findings
reveal that an interplay between different quality control systems is crucial to
maintain proteostasis during arsenic stress.
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SAMMANFATTNING

Omkring 200 miljoner manniskor exponeras mot hoga halter av arsenik
genom férorenad jord och, foljaktligen, fororenad mat och dricksvatten.
Langvarig exponering mot arsenik ar forknippad med flera sjukdomar sasom
olika typer av cancer och neurodegenerativa sjukdomar. Pa cellniva paverkar
arsenik en mangd olika cellfunktioner. Arsenik ©kar produktionen av
syreradikaler, stor proteinfunktioner och cellulara processer och inducerar
aggregering av nybildade proteiner. Denna avhandling fokuserar pa arsenik-
inducerad proteinaggregering och syftar till att ge nya insikter om hur celler
reglerar bildning och nedbrytning av proteinaggregat samt vilken roll cellens
olika kvalitetskontrollsystem spelar for proteinhomeostas, med jast som
modellorganism. Vara resultat visar att korrekt kontroll av genuttryck och
proteinsyntes kravs for att minska proteinaggregering vid arsenikexponering.
Aven cellens proteinveckningssystem &r viktiga for att upprétthdlla
proteinhomeostas i narvaro av arsenik. Vidare visar vi att arsenik-inducerade
proteinaggregat huvudsakligen bryts ned via ubiquitin-proteasomsystemet,
medan autofagi och disaggregeringschaperoner spelar en mindre viktig roll.
Vi visar dven att arsenik kan paverka proteinaggregatens struktur vilket
hindrar effektiv inbindning av chaperoner till dessa. Sammantaget visar vara
resultat att ett samspel mellan olika kvalitetskontrollsystem ar avgérande for
att uppratthalla proteinhomeostas under arsenikexponering.
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AIM OF THE THESIS

Arsenic is a non-essential metalloid present in the Earth’s crust. Chronic
exposure to arsenic has been linked to a series of disorders, ranging from
neuropathologies to various forms of cancer. The combination of arsenic’s
abundance in the environment, its toxicity and the availability for human
exposure, makes arsenic the most dangerous naturally-occurring substance.
Thus, it is crucial to better understand arsenic toxicity.

Arsenic is known to interfere with several cellular processes and functions.
One of these effects, induction of protein aggregation, has also been
associated with several neurodegenerative disorders. While it was previously
known that arsenic induces widespread aggregation in Saccharomyces
cerevisiae in a concentration-dependent manner, much is still unknown
regarding the regulation of aggregate formation and aggregate clearance.
This thesis compiles three distinct papers that aim to answer these
unanswered questions.

In paper I, a genome-wide imaging screen was performed in search of cellular
processes and functions implicated in proteostasis during arsenite, As(lll),
stress. Proteins involved in both transcriptional and translational control were
identified having crucial roles in regulating As(lll)-induced aggregation and
follow-up experiments addressed how impairment of these systems
influenced protein aggregation caused by the metalloid.

In paper Il, we sought to understand how selected protein quality control
systems contribute to proteostasis under As(lll) exposure and their
importance to alleviate As(lll)-induced protein aggregation and toxicity.

Lastly, in paper Illl, we explored which protein degradation mechanisms
mediate the degradation of As(lll)-induced protein aggregates. In addition,
we investigated the effects of As(lll) on chaperone binding and activity.
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INTRODUCTION

1. PROTEIN SYNTHESIS AND FOLDING

Proteostasis, the perfect balance between protein synthesis, folding and
degradation, is of paramount importance for proper cell function (Figure 1).
An imbalance in this chain of cellular processes leads to an accumulation of
protein aggregates which, when the cell is unable to degrade or resolubilize
said aggregates, causes cell death. Several human disorders have been
associated with protein aggregation, mostly neurodegenerative disorders,
such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral
sclerosis, amongst others.

Protein synthesis is performed based on mRNA by ribosomes in the cytoplasm
or at the ER surface, in a process termed translation. In eukaryotes, the 80S
eukaryotic ribosome is composed of two subunits, the 40S small subunit and
the 60S large subunit. Succinctly, translation can be divided into four steps:
initiation, elongation, termination, and ribosome recycling. Translation
initiation begins with the identification of the start codon by the 43S
preinitiation complex on the small subunit. After joining the small and large
subunits, elongation commences by sequentially adding amino acids,
supplied by tRNA molecules, to the polypeptide chain. Once the end of the
stop codon is reached, translation is terminated, the ribosomes are recycled
after dissociation of the two subunits and all the translational components
are recovered for reuse in later rounds of translation (Deuerling et al., 2019;
Dever and Green, 2012; Hinnebusch, 2011; Jackson et al., 2010; Pestova et
al., 2001; Schmeing and Ramakrishnan, 2009; Shoemaker and Green, 2011;
Zhouravleva et al., 1995).
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Figure 1| Proteostasis is the balance between protein synthesis, folding, refolding and
degradation. During synthesis, an unfolded polypeptide is folded into its native conformation.
The polypeptide can misfold when proper folding is not achieved and, if not refolded, the
protein can form protein aggregates or amyloid fibrils. In yeast cells, aggregated proteins can
be disaggregated by the Hspl04 chaperone. Distinct degradation pathways, UPS and
autophagy, are responsible for the degradation of misfolded or aggregated proteins, as well
as degradation of folded proteins that are no longer viable or necessary. When the
degradation pathways are overwhelmed, cells store the misfolded or aggregated proteins in
spatial control compartments. (Created with BioRender.com)

Since proteins are the basis of almost every biological process, a correct
folding and a stable three-dimensional structure are necessary for proper
cellular function. In vivo, proteins start folding on the ribosome during protein
synthesis, i.e., co-translationally. There is a factor-binding platform around
the ribosomal tunnel exit where various ribosome-associated factors bind to
act on nascent peptides and aid on protein folding. However, folding of one
third of newly synthesize proteins occurs in specific compartments, such as
the mitochondria or the endoplasmic reticulum (ER) (Cabrita et al., 2010;
Deuerling et al., 2019; Dobson, 2003; Hartl and Hayer-Hartl, 2009; Komar,
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2018). Studies have shown that folding proceeds from the N-terminal to the
C-terminal end of the protein, resulting in sequential folding of distinct
regions of the nascent polypeptide (Hartl and Hayer-Hartl, 2009; Komar,
2018; Kramer et al., 2009). The folding process passes through intermediate
structures and ends with a defined functional structure, known as the ‘native
fold’ or ‘native state’, which corresponds to the protein’s lowest energy state.
The different structures formed along the folding process are stabilized by
hydrogen bonds between carbonyl and amide groups (Cabrita et al., 2010;
Dobson, 2003).

Any protein that aids in the conformational folding and unfolding of another
protein is termed as a molecular chaperone. Chaperones can either interact
with nascent chains as they emerge from the ribosomal tunnel or by guiding
the folding process at later stages (Cabrita et al., 2010; Dobson, 2003).
Eukaryotes present two different chaperone networks: one to aid in
translation and folding, also known as chaperones linked to protein synthesis
(CLIPS) and another to aid in protein rescue after stress. The CLIPS network in
yeast includes the nascent polypeptide associated complex (NAC), the SSB-
ribosome associated complex (SSB-RAC), the Prefoldin complex, the TriC/CCT
complex, and the Ssel and Ssal chaperones, amongst others (Albanése et al.,
2006).

1.1 The Nascent polypeptide Associated Complex

The NAC was firstly identified by Wiedmann and colleagues as a complex
bound to ribosomal nascent chains (Wiedmann et al., 1994). In yeast, NAC is
a highly stable complex composed of three proteins: Egd2 (a-NAC), and Egd1
(B1-NAC) or Btt1 (Bs-NAC). While all proteins interact with the nascent chain,
only the B-subunits bind to the ribosome. Ribosome binding is essential for
the entire NAC complex to interact with the nascent chains (Beatrix et al.,
2000; Reimann et al., 1999; Wegrzyn et al., 2006).
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Initially, NAC was thought to be only a negative regulator for protein
translocation to the ER and to the mitochondria (George et al., 1998; Lauring
et al., 1995a; Lauring et al., 1995b; Powers and Walter, 1996; Wiedmann and
Prehn, 1999). However, since then, NAC was shown to be one of the first
cytosolic factors that nascent chains encounter upon exit of the ribosomal
tunnel, responsible for creating a protective environment and impeding
premature degradation of newly formed polypeptides. It binds to a broad
array of substrates, such as unfolded, folded or intrinsically disordered
proteins. NAC gives aggregation-prone proteins the chance for proper folding
before degradation (Duttler et al., 2013; Martin et al., 2018; Wang et al.,
1995). Furthermore, upon proteostasis imbalance, the complex dissociates
from the ribosome, binds to protein aggregates and assists in the clearance
of aggregated proteins, preventing accumulation of protein aggregates.
Additionally, release of NAC from the ribosome decreases the levels of
translating ribosomes, probably in an attempt to prevent further synthesis of
aggregation-prone proteins (Alamo et al., 2011; Kirstein-Miles et al., 2013;
Koplin et al., 2010). Interestingly, in the absence of NAC together with the
heat shock protein (HSP) 70 chaperones SSB, the levels of insoluble proteins
increase, but not when only NAC is absent. Among the protein aggregates
formed in the absence of NAC and SSB are ribosomal proteins and ribosomal
biogenesis factors, indicating that NAC and SSB have a role in ribosomal
biogenesis (Koplin et al., 2010).

1.2 The Hsp70, Hsp40 and Hsp110 chaperones

The role of Hsp70, Hsp40 and Hsp110 chaperones in protein folding has been
extensively studied. The Hsp70 chaperones interact with polypeptides via
their C-terminal substrate-binding domain, depending on the ATP binding
state. Initially, Hsp40 co-chaperones interact with the polypeptide, recruiting
them to an ATP-bound Hsp70 (which presents an open conformation) and
stimulating ATP hydrolysis, altering the Hsp70 conformation into a closed
state and ensnaring the polypeptide. This way, Hsp70 binds to unfolded
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polypeptides and prevents misfolding and aggregation. Hsp110 chaperones,
acting as Nucleotide Exchange Factors (NEF), exchange the ADP bound to the
Hsp70 for an ATP, opening the Hsp70 substrate-binding domain and releasing
the substrate. The polypeptide is now free to fold properly; when accurate
folding is not achieved or folding does not occur fast enough, the process
restarts (Figure 2). Hsp70 chaperones have a broad range of substrates, from
nascent polypeptides to folding intermediates and misfolded proteins. In S.
cerevisiae there are several Hsp70-Hsp40 chaperone systems, such as the
SSB-RAC complex and the SSA proteins (Beckmann et al., 1990; Buchberger et
al., 1994; Gething and Sambrook, 1992; Lewis and Pelham, 1985; McCarty et
al., 1995).

Polypeptide
O ATP
p
Hsp110
Hsp70
ADP
Hsp40

Figure 2| The Hsp70, Hsp40 and Hsp110 cycle. Initially, an Hsp40 chaperone interacts with
the unfolded polypeptide and directs the polypeptide to an ATP-bound Hsp70, which presents
an open conformation. The Hsp40 stimulates ATP hydrolysis, inducing a conformational
change in Hsp70, which adapts a closed conformation and entraps the polypeptide,
preventing misfolding. The Hsp110 NEF returns the Hsp70 to its open conformation by
exchanging the ADP for an ATP molecule. The polypeptide is now free for folding; if folding is
not achieved, the cycle resumes. (Created with BioRender.com)
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The SSB-Ribosome Associated Complex

The SSB-RAC in S. cerevisiae is composed of the Ssbl and Ssb2 Hsp70
chaperones (from now on named as SSB), and the Zuo1 and Ssz1 chaperones.
SSB was first discovered to be associated with translating ribosomes and
nascent peptide chains, followed by identification of Zuol as a ribosome-
associated Hsp40. The Hsp70 Ssz1 was then identified as a Zuol co-chaperone
and as a component of the RAC heterodimer (Gautschi et al., 2001; Nelson et
al., 1992; Pfund et al., 1998; Yan et al., 1998).

RAC binds to ribosomes via Zuol at three different contact sites: one on the
40S ribosomal subunit and the other two on the 60S subunit, near the exit
tunnel (Gautschi et al., 2001; Leidig et al., 2013; Zhang et al., 2014). RAC
binding to both ribosomal subunits limits peptide elongation during
translation (Zhang et al., 2014). Meanwhile, SSB binding to the ribosome,
which is dependent on Zuol, promotes faster translation (Doring et al., 2017;
Gautschi et al.,, 2001; Yan et al.,, 1998). Furthermore, deletion of SSB
decreases the number of translating ribosomes (Nelson et al., 1992). Taken
together, these studies implicate the SSB-RAC in translational control.

SSB-RAC also aids in co-translational protein folding. RAC binds initially to
nascent chains, followed by transfer of the nascent polypeptide from Zuo1l to
SSB (Nelson et al., 1992; Pfund et al., 1998; Zhang et al., 2020). Ssz1 then
facilitates Zuo1l in stimulating the ATPase activity of SSB, enforcing binding of
SSB to the nascent chains (Gautschi et al., 2002; Huang et al., 2005; Hundley
et al., 2002). Wilmund and colleagues found that absence of SSB-RAC leads to
widespread aggregation of newly synthesized peptides, and that the complex
has a wide range of substrates, but prefers aggregation prone, hydrophobic
or intrinsically disordered proteins. Furthermore, in the absence of Zuo1l, co-
translational misfolding enhances, consolidating the hypothesis that the SSB-
RAC aids in protein folding (Amor et al., 2015; Willmund et al., 2013).

Besides arole in folding, SSB-RAC has also been linked to protein translocation
to both the mitochondria and the ER (Acosta-Sampson et al., 2017; Déring et
al., 2017; Gautschi et al., 2001).

10
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SSA chaperones

The cytosolic SSA Hsp70 chaperone family in yeast consists of four
functionally similar SSA proteins (Ssal-4), where at least one SSA protein is
required for cell viability (Werner-Washburne et al., 1987). SSA chaperones
have been shown to aid in the folding of newly synthesized polypeptides with
the help of the Hsp110 Ssel (Crombie et al., 1994; Jung et al., 2000; Kim et
al., 1998; Melville et al., 2003; Roberts et al., 2004; Yam et al., 2005). Although
functionally similar, each SSA chaperone has distinct roles in protein folding
and refolding (Andersson et al., 2021; Hasin et al., 2014). Besides folding, SSA
proteins are also involved in protein translocation to the ER and the
mitochondria, protein delivery to the proteasome, as well as in ubiquitin-
dependent degradation of short-lived proteins (Deshaies et al., 1988; Lee do
et al., 2016; Ngosuwan et al., 2003; Park et al., 2007).

1.3 The TriC/CCT chaperonin and the Prefoldin co-chaperones

TriC/CCT is a chaperonin assembled in a two-ringed barrel structure
containing eight individual subunits, creating a central cavity. TriC/CCT acts
together with the Prefoldin multi-subunit co-chaperone complex, and both
are required for the folding of newly synthesized actin, tubulin and other
folding substrates, such as huntingtin and a-synuclein (Behrends et al., 2006;
Brehme et al., 2014; Grantham et al., 2002; Nollen et al., 2004; Shahmoradian
et al., 2013; Sot et al., 2017; Sternlicht et al.,, 1993; Tam et al.,, 2006).
Furthermore, TriC/CCT has also been implicated in the assembly of mTOR by
aiding in the folding of two proteins involved in the complex (Cuéllar et al.,
2019). Prefoldin is responsible for transferring target polypeptides to
TriC/CCT for proper folding (Siegers et al., 1999; Vainberg et al., 1998). The
polypeptide chains bind to TriC/CCT and folding occurs inside the central
cavity via an ATP-driven reaction cycle that alternates the conformational
states until the polypeptide chain has acquired its tertiary structure (Anfinsen,
1973; Martin et al., 1993). Besides binding to the target polypeptide, Prefoldin
also associates with TriC/CCT and aligns the Prefoldin and TriC/CCT substrate

11
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binding chambers and, consequently, enhancing the yield and rate of the
folding process and preventing premature release of the protein from
TriC/CCT (Gestaut et al., 2019; Siegers et al., 1999).

1.4 Hsp90 chaperones

Hsp90 chaperones interact with different substrates, from viral proteins to
actin and tubulin (Nishida et al., 1986; Oppermann et al., 1981; Sanchez et al.,
1987; Sanchez et al., 1988; Shaknovich et al., 1992; Xu and Lindquist, 1993).
This interaction occurs during or immediately after protein synthesis via the
disordered regions of Hsp90 (Pursell et al., 2012). The chaperones are capable
of suppressing protein aggregation by binding to early unfolded
intermediates, mediating folding and preventing unproductive molecular
interactions (Jakob et al., 1995; Schneider et al., 1996; Shue and Kohtz, 1994,
Wiech et al., 1992). Furthermore, Hsp90 has been shown to also dissociate
protein aggregates and aid in folding (Miyata and Yahara, 1992). Hsp90 is
necessary for a variety of cellular functions, such as cellular transport,
secretory pathway, cell cycle, cytokinesis and meiosis; however, this Hsp90
requirement for different functions might be rooted in its role during folding
and assembly of multi-subunit complexes (Johnson and Toft, 1995; McClellan
et al., 2007).

S. cerevisiae possesses two Hsp90 chaperones: Hsc82, which is constitutively
expressed, and Hsp82 which is stress inducible. Despite a 97% sequence
similarity between the two isoforms and the identical interactomes, Hsp82
has higher stability and refolding rate (Girstmair et al., 2019).

1.5 Small heat shock proteins
As the name suggests, small heat shock proteins (sHSP) have a low molecular

mass of 15 to 30kDa. These chaperones bind to denaturing proteins and
either prevent protein aggregation or promote refolding in an ATP-

12
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independent manner (Jakob et al., 1993). When folding is not achieved, sHSPs
deliver the polypeptides to one of the degradation systems (Vendredy et al.,
2020).

sHSPs are sensitive to changes in the cellular environment, such as
temperature and pH changes, phosphorylation, oxidative stress and metals.
The complex formation between the sHSPs and their substrate is dependent
on several factors such as the sHSP itself, the substrate, the type of aggregate
or the presence and type of stress (Janowska et al., 2019). The same substrate
can be complexed with different sHSPs through distinct mechanisms,
however, the ability of the sHSP to delay aggregation or induce refolding
depends on the strength of the complex formed (Mymrikov et al., 2017).

Yeast cells possess two sHSPs: Hsp26 and Hsp42. Hsp26 suppresses
aggregation of its substrates and, for proper chaperone function, it
disassembles into dimers when under heat shock (Haslbeck et al., 1999).
Hsp42, on the other hand, does not require stress, as it is active under all
conditions. In the presence of heat shock, both sHSPs supress aggregation of
one-third of all cytosolic proteins (Haslbeck et al., 2004).

1.6 Ribosome Stalling and Ribosomal Quality Control

The presence of faulty mRNAs that stall ribosomes during translation
elongation is a common source for defective proteins. Ribosomes tend to stall
due to translation of an mRNA molecule past its open reading frame (ORF)
into the 3’-untranslated region (UTR), leading to translation of the poly(A) tail
or due to translation of twelve consecutive basic residues. Indeed, Dimitrova
and colleagues propose that positively charged side chains interact with the
ribosome tunnel (Crowder et al., 2015; Dimitrova et al., 2009; Ito-Harashima
et al., 2007).

Stalling of ribosomes can be toxic because ribosomal subunits need to be
recycled and the aberrant proteins formed from stalled ribosomes are usually

13
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misfolded and, consequently, often form toxic aggregates (Defenouillére and
Fromont-Racine, 2017).

In S. cerevisiae, the E3 ubiquitin ligase Hel2 (also known as “RQC-trigger factor
1; Rqtl), identifies stalled ribosomes and induces two quality control
pathways:

(i) No-go decay, where stalled mRNAs are endonucleolytic cleaved
and posteriorly degraded (Doma and Parker, 2006);

(ii) Ribosomal Quality Control (RQC), where the stalled polypeptides
are ubiquitinated and degraded via the proteasome (Figure 3).

In fact, Hel2 mutants fail to trigger RQC and only initiate an alternative NGD
(Ikeuchi et al., 2019).

Together with Ubc4, an E2 ubiquitin-conjugating enzyme, Hel2 mediates K63-
linked poly-ubiquitination of the ribosomal protein uS10. This ubiquitination
triggers the RQC trigger complex (RTC), responsible for the splicing of the
ribosomal subunits, in a still unknown mechanism. The RTC is composed of
SIh1/Rqgt2, an RNA helicase-family protein; Cue3/Rqt3 ubiquitin-binding
protein and Rqt4 (lkeuchi et al., 2019; Matsuo et al., 2017). The ubiquitin-
binding activity of Cue3 and the ATPase activity of SIh1 is crucial to elicit RQC
(Matsuo et al., 2017).

After the RTC recognizes the stalled ribosomes, the Hbs1-Dom34 protein
complex induces ribosome splitting into large and small subunits together
with the ATPase Rlil. Hbs1 is a GTPase with homology to translation release
factors, while Dom34 adopts a conformation that mimics tRNA structure. GTP
hydrolysis by Hbs1, together with a conformational change in Dom34, recruits
Rli1, whose ATPase activity stimulates ribosome dissociation (Shoemaker et
al., 2010; Shoemaker and Green, 2011; Tsuboi et al., 2012).

14
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Figure 3| Ribosomal collisions trigger the RQC for degradation of the stalled polypeptide in
S. cerevisiae. (1) Ribosomes can stall and collide for a variety of reasons during translation
rounds. (2) Hel2 recognizes the stalled ribosomes and mediates K63-linked polyubiquitination
of the small ribosomal subunit together with Ubc4. RTC then triggers the start of RQC. (3)
Hbs1, Dom34 and RIi1 stimulate ribosome dissociation. (4) Both the mRNA and the small
ribosomal subunit are degraded. (5) Ltn1 binds to the large ribosomal subunit, stabilized by
Rqc2, and poly-ubiquitinates the nascent polypeptide. Ltn1 and Rqcl recruit the Cdc48 ATPase
and its cofactors. (6) Cdc48, together with Ufd1 and Npl4, hydrolysis ATP, creating a force
capable of extracting the polypeptide from the ribosomal tunnel. The polypeptide is then
degraded via UPS. (Created with BioRender.com)

Following ribosomal dissociation, the RQC complex, composed of Ltn1, Rqcl
and Rqc2, binds to the 60S subunit of the ribosome. Ltn1, an E3 ubiquitin
ligase, poly-ubiquitinates the defective nascent peptide. Rqc2 (also known as
Tae2) stabilizes the binding of Ltn1 to the 60s subunit and adds a CAT tail to
the nascent polypeptide. The CAT tail addition acts as a fail-safe mechanism
for efficient ubiquitination by Ltn1, since it extracts the lysine residues that
might be sequestered in the ribosomal tunnel (Bengtson and Joazeiro, 2010;
Brandman et al., 2012; Matsuo et al., 2017; Osuna et al., 2017). It is worth
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noting that Defenouillére et al. have demonstrated that ubiquitination of the
nascent polypeptide might start on the stalled 80S ribosome and continues
on to the 60S subunit after ribosome splitting (Defenouillere et al., 2013).
Recently, a link between the SSB-RAC system and Ltn1 was found. SSB-RAC
promotes Ltn1-dependent ubiquitination and facilitates the binding of Ltnl
to ribosomes (Ghosh and Shcherbik, 2020). Importantly, recent studies
revealed that addition of CAT tails to the stalled polypeptide can direct the
peptide for proteasomal degradation off the ribosome (Sitron and Brandman,
2019).

Ltn1 and Rqgcl recruit the Cdc48 ATPase and its cofactors, Ufdl and Npl4,
which hydrolyze ATP creating a mechanical force capable of extracting the
poly-ubiquitinated peptide from the ribosomal exit tunnel. The RQC
components deliver the defective peptide to the proteasome for degradation
(Defenouillere and Fromont-Racine, 2017).

1.7 The Ccr4-Not complex in translational control

Besides involvement in transcriptional control, the yeast Ccr4-Not complex
also plays a role in translational control. Albert et al. first discovered that Not4
is an E3 ubiquitin ligase (Albert et al., 2002). Not4 is associated with ribosomes
carrying nascent peptides and mRNA; it interacts with Ecm29, a protein
responsible for proteasome stability, and ubiquitinates the small ribosomal
proteins Rsp7A and Rsp7B (Dimitrova et al., 2009; Panasenko and Collart,
2011; Preissler et al., 2015). The proteasome is defective in the absence of a
functional Not4 (Halter et al., 2014).

Deletion of NOT4, together with LTN1 deletion, enhances ribosome stalling
and production of arrest products thus releasing truncated polypeptides that
escape quality control by Ltn1 and Not4. During stalling, Not4 is required for
translational repression at the mRNA level (Preissler et al., 2015). The Not4
subunit is also necessary for degradation of translational arrest products via
the proteasomal pathway, as deletion of NOT4 leads to an accumulation of
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polyubiquitinated proteins and overall protein aggregation (Dimitrova et al.,
2009; Halter et al., 2014; Panasenko and Collart, 2011; Panasenko and Collart,
2012). Both deletion of NOT2 and NOT5 also induced an increase in protein
aggregation (Panasenko and Collart, 2012).

Two other subunits of the Ccr4-Not complex, Ccr4 and Cafl, can also interact
with the proteasome. Moreover, together with Not4, the three subunits can
bind to ubiquitin conjugates and lead certain ubiquitin-dependent
proteasomal substrates to degradation by the 26S proteasome (Kandasamy
etal., 2021).
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2. PROTEIN AGGREGATION

Due to the high complexity of protein folding, protein misfolding is expected.
Both folding intermediates and misfolded proteins have exposed
hydrophobic amino acids and unstructured polypeptide backbone regions
that, otherwise, would be buried in the native structure (Eichner et al., 2011;
Hartl et al.,, 2011; Hartl and Hayer-Hartl, 2009; Tyedmers et al.,, 2010).
Hydrophobic forces between exposed regions causes misfolding of proteins,
which can later lead to protein aggregation. By definition, a protein aggregate
is any association of two or more non-native proteins, which can occur due to
a variety of factors, such as ageing, environmental stress, mutations, or
chemical modifications (Hipp et al., 2014; Tyedmers et al., 2010; Weids et al.,
2016).

Protein aggregates can be classified based on their structure. Since
aggregation is a step-by-step process, it is possible that the same proteins
acquire different structures before its final aggregated form (Vetri and
Fodera, 2015):

> Amorphous aggregates do not have a defined structure and are often
the result of non-specific interactions;

> Oligomers are small round-shape aggregates formed by a small
number of unfolded proteins. Oligomer intermediates are usually
formed in the pathway for amyloid fibrillation and are hypothesized
to be more toxic that amyloid fibrils (Zamotin et al., 2006);

> Amyloid fibrils have a highly organized hydrogen-bound structure,
with a B-strand across the long fibril axis that allows for the
aggregates to linger for long periods of time (Sunde and Blake, 1997);

> Protofibrils are thin structures rich in B-sheet structures. It is
hypothesized that protofibrils are only an intermediate structure
before fibril formation (Modler et al., 2003);

> Spherulites have a spherical amyloid-like structure and usually form
at low pH and high temperatures (Smith et al., 2012);
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> Protein particulates also present a spherical structure, but are
smaller than spherulites (Krebs et al., 2007).

Interestingly, the same protein can aggregate in different morphologies,
implying that the final structure of a protein aggregate does not depend on
the protein sequence alone (Dobson, 2003; Hartl and Hayer-Hartl, 2009; Hipp
et al., 2014).

21 Phase separation

Although phase separation and protein aggregation are completely distinct
processes, improper phase separation and liquid-to-solid transition might
give rise to protein aggregation.

Dispersed protein bound-RNA in the cytoplasm or nucleoplasm coalesce into
a concentrated state, creating a membrane-less droplet or ribonuclearprotein
(RNP) granule, by liquid-liquid phase separation (LLPS). RNP granules, which
encompasses the nucleolus, stress granules (SGs) and processing bodies
(PBs), are characterized by having a higher protein concentration than the
surrounding environment. In fact, granule assembly occurs promptly once
protein saturation is reached. Proteins present in RNP granules often contain
intrinsically disordered regions with specific amino acid types that can
facilitate phase separation (Aguzzi and Altmeyer, 2016; Alberti and Dormann,
2019; Babinchak and Surewicz, 2020; Nedelsky and Taylor, 2019; Wang et al.,
2018).

Heat-induced misfolded proteins in the nucleus are often assembled into
liquid-like granules by LLPS, preventing protein aggregation and enabling
refolding (Frottin et al., 2019). Besides, a connection between phase
separation and protein aggregation has been observed in several
neurodegenerative disorder-associated proteins. Distinct studies on FUS,
TDP43 and Htt, have demonstrated assembly of granules containing these
proteins by LLPS, followed by protein aggregation when phase-separation or
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liquid-to-solid transition is impaired (Conicella et al., 2016; Murakami et al.,
2015; Patel et al., 2015; Peskett et al., 2018).

Stress granules and processing bodies

Proteins that coalesce with non-translated mRNAs can form two types of
granules: PBs and SGs. Both types of foci are formed due to an accumulation
of mMRNA molecules stalled in translation initiation (Buchan and Parker, 2009).
PBs are cytoplasmic foci containing messenger RNP complexes (mRNPs),
mRNA degradation intermediates, mRNA decay factors, translational
repressors, and might contain translation initiation factors (Brengues and
Parker, 2007; Cougot et al., 2004; Sheth and Parker, 2003). However, mRNA
molecules present in PBs can return to translation when nutrients are
provided, indicating that PBs are not where degradation of mRNA occurs but
only a storage for mRNA and mRNA decay factors (Brengues et al., 2005;
Sheth and Parker, 2003). SGs and PBs share several protein components and
harbor the same species of mMRNA, however, SGs do not contain mRNA decay
factors, unlike PBs. SGs contain mRNPs, RNA-binding proteins, 40S ribosomal
subunits and translation initiation factors (Buchan and Parker, 2009; Gallardo
et al., 2021; Kedersha et al., 2005).

Both the assembly and the composition of SGs is influenced by different
stresses (Grousl et al., 2009). Although some stresses induce formation of PBs
and not SGs, SGs form from pre-existing PBs, where mRNA is transferred from
the PBs to the SGs. The mRNA molecules are within the SGs only for a moment
and then reenter the process of translation (Buchan et al., 2008; Mollet et al.,
2008). The formation of SGs decreases the amount of its components
dispersed in the cytosol, probably preventing mRNA degradation, promoting
easy assembly of translation initiation complexes and translation of specific
MRNA molecules that are important in stress conditions (Buchan et al., 2008).
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3. PROTEIN DISAGGREGATION AND DEGRADATION

To counteract the toxic effects of protein misfolding and aggregation and
maintain a balance between protein synthesis and degradation, cells use
several protein quality control (PQC) mechanisms. These include: (i)
chaperones that aid during refolding or disaggregation; (ii) spatial
sequestration of misfolded and aggregated proteins into intracellular
deposition sites; (iii) degradation pathways like the ubiquitin-proteasome
system (UPS) and autophagy (Cuervo, 2004; Glover and Lindquist, 1998; Hill
etal., 2017).

3.1 The Hsp104 disaggregase

Hsp104 is a non-metazoan cytosolic chaperone from the Hspl00 family.
Hsp100 chaperones protect cells from extreme stress conditions, such as high
temperatures (Parsell et al.,, 1991). Initially thought to be only a stress
tolerance factor (Parsell et al., 1994a; Sanchez and Lindquist, 1990; Sanchez
et al.,, 1992), Hsp104 was later found to resolubilize protein aggregates
(Parsell et al., 1994b). Parsell and colleagues attributed this disaggregase
function as the reason for Hsp104 thermotolerance activity. This was shown
by deletion of HSP104, which caused an increase in heat-induced protein
aggregates (Parsell et al., 1994b). Hsp104 does not act alone, the Ydj1 Hsp40
first associates with protein aggregates and recruits the Ssal Hsp70 which, in
turn, recruits Hsp104 (Glover and Lindquist, 1998). Hsp104 forms a hexameric
ring structure and disaggregates protein aggregates using an
unfolding/threading mechanism in the axial channel of the chaperone that
requires ATP hydrolysis (Lee et al., 2003; Lum et al., 2004; Parsell et al.,
1994a).
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3.2 Spatial quality control compartments

Misfolded proteins can be sequestered to spatial control compartments as an
intergenerational protection and degradation strategy. Kaganovich et al.
discovered two spatial control compartments in yeast cells, the Insoluble
Protein Deposit (IPOD) and the Juxtanuclear Quality control compartment
(JUNQ) (Kaganovich et al., 2008). Initially, the JUNQ was thought to be located
in an indentation of the nucleus; however, a later study revealed that this
compartment was localized inside the nucleus, hence the redefinition to
Intranuclear Quality control compartment (INQ) (Miller et al., 2015b). INQ
functions as a deposit for both cytosolic and misfolded proteins and is highly
dynamic, with a rapid exchange of proteins between the compartment and
the cytosol. The INQ forms first upon stress and is enriched for proteasomes,
suggesting that it might be the preferred control compartment for misfolded
proteins. The IPOD, on the other hand, is localized next to the vacuole and
forms later and remains longer after stress; it has little to no exchange of
proteins with the cytosol, indicating that it harbors terminally insoluble
proteins (Kaganovich et al., 2008; Miller et al., 2015a; Miller et al., 2015b).
The misfolded proteins are sorted into the two compartments based on their
ubiquitination state and solubility. Kaganovich and colleagues showed that
only ubiquitinated misfolded proteins are directed to the INQ. Furthermore,
they showed that blocking ubiquitination reduced solubility of the misfolded
protein, supporting the hypothesis that the IPOD harbors insoluble proteins.
Importantly, proteins localized to the INQ can be refolded by the Hsp104
chaperone, while the proteins deposited in the IPOD are terminally
sequestered (Kaganovich et al., 2008).

This spatial control seems to prevent daughter cells from inheriting
aggregated proteins from the mother cell. In fact, a study by Spokoini and
colleagues revealed that misfolded proteins originally aggregate in
proteostatic stress foci and then develop into inclusions prior to the budding
event, being retained in the mother cell (Spokoini et al., 2012).
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33 ER-associated degradation

As mentioned before, one-third of all proteins are folded in compartments,
such as the ER. Newly synthesized proteins enter the ER lumen through the
translocon, where chaperones aid in protein folding and assembly of
multiprotein complexes. Once the native conformation is achieved, the
proteins are released from the ER. However, when the proteins fail to acquire
a native conformation in the ER, they become substrates for ER-associated
degradation (ERAD) (Ruggiano et al., 2014).

Proteins present in the ER must pass through two checkpoints. The first
checkpoint, specific for ER membrane proteins, examines the cytoplasmic
domain of the membrane proteins; the second checkpoint, for both
membrane and soluble proteins, examines the domains localized in the ER
lumen. Proteins that fail to pass one or both checkpoints are targeted for
ERAD (Vashist and Ng, 2004). Misfolded or unfolded polypeptides are
recognized by the ERAD system through recognition factors, which are part
of the E3 ligase complex present in the ER membrane. Furthermore, certain
post-translational modifications (PTM) can also target proteins for ERAD, such
as O-mannosylation (Goder and Melero, 2011; Xu et al., 2013).

Following recognition, the substrate is retrotranslocated, i.e., transported
across the ER membrane into the cytoplasm, where it is ubiquitinated by a
membrane-associated E3 ligase. With the help of the Cdc48 ATPase complex,
the substrate is extracted from the membrane in an ATP-dependent manner,
released into the cytosol and then subjected to the UPS for protein
degradation (Carvalho et al., 2006; Ruggiano et al., 2014; Xie and Ng, 2010).

3.4 The ubiquitin-proteasome system

The UPS is the primary system for degradation and removal of defective or
aggregated proteins in eukaryotic cells. Succinctly, proteins are
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polyubiquitinated with K48-linked chains and transported into the 26S
proteasome for degradation (Figure 4).

Ubiquitination is a PTM essential for protein degradation. Free ubiquitin is
activated by an E1 ubiquitin-activating enzyme in an ATP-dependent manner
and then transferred to an E2 ubiquitin-conjugating enzyme. The E2 enzyme
associates with an E3 ubiquitin ligase and transfers the ubiquitin molecule.
The E3 ligase may or may not be bound to a substrate protein before the
ubiquitin transfer (Weissman, 2001). The ubiquitination process differs
depending on the E3 enzyme: RING (really interesting new gene) E3 enzymes
promote direct transfer of the ubiquitin from an E2 to the substrate, while
HECT (homologous to the E6AP carboxyl-terminus) E3 enzymes form an
intermediate with ubiquitin prior to the transfer to the substrate (Zheng and
Shabek, 2017). A protein can be ubiquitinated at a lysine residue in a
ubiquitin-binding domain or at the amino terminus (Breitschopf et al., 1998).

Ubiquitin can be added to the protein as a single ubiquitin molecule, termed
monoubiquitination, or in a ubiquitin chain. A fourth ubiquitin enzyme, E4,
was found to aid in the formation of ubiquitin chains. In the absence of E4,
ubiquitin chains are only comprised of a few ubiquitin molecules, which is
insufficient for targeting to the proteasome (Koegl et al., 1999) .

Ubiquitin contains seven lysine residues (K6, K11, K27, K29, K33, K48 and
K63), but only four ubiquitin lysines can form ubiquitin-ubiquitin linkages
(K11, K29, K48 and K63). Chains formed from different lysine residues have
different roles; for example, while K48 chains target proteins for proteolytic
degradation, K63 chains are important for DNA repair, endocytosis and
vacuolar degradation (Hicke, 2001; Spence et al., 1995; Weissman, 2001).
Interestingly, a recent study revealed that branched K48/K63-linked ubiquitin
chains can target a protein for proteasomal degradation (Ohtake et al., 2018).

Most ubiquitinated proteins have K48-linked chains and are recognized by the
26S proteasome, the main protease in eukaryotic cells. Ubiquitinated
proteins are targeted to the proteasome by interacting with ubiquitin
receptors, either intrinsic or transiently bound (Bard et al., 2018).
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Figure 4| Addition of K48-linked ubiquitin chains, targets proteins for proteasomal
degradation. (1) E1 ubiquitin-activating enzymes activate ubiquitin using ATP. 2) E1 then
transfers the ubiquitin molecule to an E2 ubiquitin-conjugating enzyme. (3) Simultaneously,
an E3 ubiquitin-ligase may bind to a substrate protein. () The E2 enzyme associates with a
RING E3 ligase and transfers the ubiquitin molecule to the target protein (a), or with a HECT
E3 ligase, which forms an intermediate with ubiquitin prior to transferring the ubiquitin to the
substrate protein. (5) An E4 ubiquitin enzyme forms ubiquitin chains. (6) If the ubiquitin chain
is K48-linked, the protein is delivered to the proteasome for degradation. (Created with

BioRender.com)
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While monoubiquitination is not enough to target the protein for
proteasomal degradation, proteins that lack an ubiquitin chain can still be
targeted for degradation when in association with an ubiquitinated partner,
which acts as a proteasome adaptor (Prakash et al., 2009).

The 26S proteasome is composed of the 20S core particle (CP) and the 19S
regulatory particle (RP). The proteolytic active sites localize within the barrel-
shaped 20S CP, which is gated by 19S RP in one or both sides of the CP. The
ATPases present in the RP trigger the opening of the gate upon ATP binding,
allowing entrance of ubiquitinated proteins into the degradation chamber in
the CP for proteolytic cleavage. The ATPases are also responsible for
disrupting higher-order structures via ATP hydrolysis, unfolding the substrate
prior to entrance in the CP (Glickman et al., 1998; Groll et al., 2000; Rabl et
al.,, 2008; Smith et al., 2007; Tian et al., 2011). Furthermore, the 19S RP
contains deubiquitinases that, as the name suggests, remove ubiquitin chains
from the substrates for recycling of ubiquitin molecules (Glickman et al.,
1998).

The proteasome has a large range of substrates, however, all proteasomal
substrates must possess a targeting signal (the ubiquitin chain) or
ubiquitinated partner, and an unstructured region. Proteolytic cleavage at the
CP begins at the unstructured region of the protein, which serves as an
initiation site for degradation, and the other regions are digested sequentially
(Prakash et al., 2004; Takeuchi et al., 2007).

3.5 Autophagy

Autophagy comprises different processes that degrade a range of intracellular
constituents by the action of vacuolar/lysosomal enzymes. Autophagic bodies
were found to carry misfolded and unfolded proteins, mitochondria, rough
ER, ribosomes, cytosolic enzymes, and lipid and glycogen granules (Baba et
al., 1994; Takeshige et al., 1992). Autophagy can be classified depending on
the process or the substrates being degraded, with macroautophagy and
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microautophagy being the two main autophagic processes (Figure 5).
Additionally, in a process similar to autophagy, yeast cells deliver vacuolar
enzymes from the cytoplasm to the vacuole via the cytoplasm to the vacuole
targeting pathway (CVT) (Baba et al., 1997).

Briefly, during macroautophagy, the elements to be degraded are engulfed
by a double membrane, forming an autophagosome. The autophagosome
outer membrane fuses with the vacuolar/lysosomal membrane, and the
autophagic body, composed of the substrates surrounded by the
autophagosome inner membrane, enters the vacuolar/lysosomal lumen. The
autophagic body membrane is then disintegrated, allowing
vacuolar/lysosomal enzymes to degrade the substrates (Baba et al., 1995;
Baba et al., 1994; Fengsrud et al., 2000; Takeshige et al., 1992). The cellular
elements to be degraded can also be engulfed by the lysosomal/vacuolar
membrane directly, without the formation of an autophagosome, in a process
termed microautophagy (Cuervo, 2004; Miiller et al., 2000).

Figure 5| Proteins can be degraded via macro- and microautophagy. @ During
macroautophagy, the substrates are engulfed by a double membrane, forming the
autophagosome. @ The autophagosome then fuses its outer membrane with the vacuolar
membrane (in yeast) or the lysosomal membrane (in animal cells), while the inner membrane
is dissolved. The substrates are now degraded in the vacuolar/lysosomal lumen. @ During
microautophagy, there is no formation of autophagosomes; instead, the substrates are
directly engulfed by the vacuolar/lysosomal membrane. (Created with BioRender.com)
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As mentioned before, autophagy can be categorized based on the
degradation substrates. Pexophagy is the autophagic degradation of
peroxisomes (Sakai et al., 1998), while mitophagy is the autophagic
degradation of mitochondria (Kanki and Klionsky, 2008). Portions of the
nucleus can also be degraded by piecemeal microautophagy of the nucleus,
where portions of the nucleus are released into the vacuole, via nucleus-
vacuole junctions, for degradation (Roberts et al., 2003). Studies in human
cell lines have revealed an autophagic degradation of insoluble cytoplasmic
protein aggregates, termed aggrephagy; a portion of the rough ER, free of
ribosomes, engulfs the protein aggregates and delivers the aggregates to the
lysosome for degradation (Park et al., 2020). In addition, autophagy efficiently
degrades misfolded or aggregated proteins that are resistant to ERAD (Houck
et al., 2014).
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4. HEAVY METALS AND ARSENIC

Heavy metals are metallic elements with an increased density when
compared to water and are found naturally in the Earth’s crust. The heavy
metal element group includes both metalloids and transition metals.

Some heavy metals are essential to the human body, such as zinc, copper,
manganese, cobalt, and iron: insufficient intake of these metals may lead to
deficiency diseases and syndromes. However, these metals can be toxic at
high concentrations. On the other hand, some heavy metals, like mercury,
arsenic, cadmium, and lead, are xenobiotic and deleterious to the human
health if accumulated in the body. Heavy metals have been shown to
accumulate in the liver, kidneys, heart, and brain, and to perturb the normal
function of these organs. At a cellular level, heavy metals affect organelles
and cellular components, such as the membrane, ER, mitochondria,
lysosome, nuclei and many enzymes involved in, for example, damage repair,
metabolism and detoxification (Lentini et al.,, 2017; Rehman et al., 2018;
Tamas et al., 2014; Tchounwou et al., 2012; Wang and Shi, 2001).

Arsenic is classified as a metalloid since it shares properties with metals and
non-metals. It is considered to be the most hazardous substance due to its
abundance in the environment, its toxicity, and the potential for human
exposure (Hettick et al., 2015; Martinez et al., 2011; Rehman et al., 2018;
Wysocki and Tamas, 2010). Arsenic can occur in four different valence states:
As(0), metallic arsenic; As(lll), known as arsenite and considered the most
toxic state, and more rapidly absorbed; As(V), known as arsenate; and, lastly,
arsine gas (Vahter, 2002).

4.1 Arsenic exposure
Arsenic occurs naturally in the atmosphere, soils, rocks, and natural waters.

In water, arsenic is mostly found in inorganic form as oxyanions of As(lll) and
As(V). Despite the fact that arsenic exposure is mainly due to natural sources,
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part of the human exposure also results from anthropogenic activities. In the
past, arsenic has been used as a pesticide in agriculture, wood preservation,
as an additive to livestock feed and as a drug to treat several diseases (Basu
et al., 2013; Smedley and Kinniburgh, 2002).

Humans are exposed to arsenic mainly through drinking contaminated water
and consumption of contaminated food. The latest data from the World
Health QOrganization (WHO) reveals that almost 200 million people in 50
countries drink water containing arsenic at levels above the guideline value
(10pg/L), with more than 45 million people belonging to developing Asian
countries drinking water with 50ug/L of arsenic (Brammer and Ravenscroft,
2009; WHO, 2018).

At the moment, the WHO considers the arsenic contamination of
groundwater in Bangladesh “the largest mass poisoning of a population in
history”. Around 28% of the public water wells that service the population
exhibit arsenic concentrations that exceed the recommended values. It is
estimated that between 35 to 77 million Bangladeshis are exposed to arsenic-
contaminated drinking-water, which corresponds to 28% - 62% of the entire
population of Bangladesh (Joseph et al., 2015; Smith et al., 2000). Several
arsenic contamination episodes have occurred over time in different
countries: Argentina, Australia, Bulgaria, Canada, Chile, China, England,
Germany, Ghana, Greece, Hungary, India, Japan, Mexico, New Zealand,
Philippines, Poland, Scotland, Spain, Sri Lanka, Sweden, Taiwan, Thailand,
USA, and Vietnam (reviewed in Mandal and Suzuki, 2002).

4.2 Cellular effects of arsenic
Arsenic causes a series of effects at the cellular level, from production of
reactive oxygen species (ROS) to protein aggregation.

ROS are the product of a reaction between electrons and oxygen and its main
sources are cellular respiration and metabolic processes. ROS are involved in
several cellular functions, such as host defense, cell signaling and biosynthetic
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processes. However, at high concentrations, ROS and reactive nitrogen
species (RNS) such as superoxide anion (O;7), hydrogen peroxide (H20,),
hydroxyl radical (‘OH) and nitric oxide (NO), react with proteins, lipids, nucleic
acids and carbohydrates, altering their functions or even leading to their
destruction (Brieger et al., 2012; Droge, 2002; Shi et al., 2004). Interaction of
ROS with DNA can lead to DNA oxidation and, consequently, can cause
mutations and gene expression changes (Wiseman and Halliwell, 1996), while
interaction with proteins may lead to protein aggregation (Brieger et al.,
2012).

In distinct model organisms, As(l1l) has been shown to induce ROS production
and disrupt the redox equilibrium (Du et al., 2007; Liu et al., 2001; Menezes
et al., 2008; Samikkannu et al., 2003; Shi et al., 2004; Wu et al., 2013).
Generation of free radicals such as O™ and ‘OH occurs during reduction of
pentavalent arsenic to trivalent arsenic. In addition, all arsenic forms release
iron from ferritin, inducing iron-dependent formation of ROS (Ahmad et al.,
2000; Kitchin and Wallace, 2008). O, is the primary species formed under
As(Ill) stress, due to activation of the NADH oxidase in the mitochondria,
which later promotes a cascade of production of other ROS, mostly H,0, and
‘OH (Shi et al., 2004). In fact, arsenic treated cells increase their rate of oxygen
consumption, implying enhanced metabolism and production of ROS
(Barchowsky et al., 1999).

The imbalance in the redox equilibrium arising from As(lll) exposure is
accompanied by peroxidation of several cellular structures, leading to
suppression of metabolic activity and, consequently, apoptosis (Du et al.,
2007; Samokhvalov et al., 2003; Wang et al., 1996). Indeed, hydrogen
peroxide is a mediator in cytochrome c release to the cytosol, degradation of
PARP and activation of the CPP32 protease, all hallmarks of apoptosis (Chen
et al., 1998).

Indirect activation of Met4 by As(lll) in yeast leads to the biosynthesis of the
antioxidant glutathione (GSH). It is worth noting that, besides having
antioxidant properties, GSH is also involved in detoxification of As(lll) (Yen et
al., 2005). Studies in yeast revealed an upregulation of the sulfate assimilation
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and GSH biosynthesis pathways in the presence of As(lll), indicating an
increase in antioxidant defenses (Haugen et al., 2004; Thorsen et al., 2007).
Furthermore, deletion mutants of genes involved in protection against
oxidative stress are sensitive to As(lll), confirming that oxidative stress is an
important toxicity process involved in As(lll)-induced cell death (Vujcic et al.,
2007).

This surge in ROS production and oxidative stress stemming from arsenic
exposure has been linked to chromosomal and DNA damage in distinct
cellular models. Formation of micronuclei, a hallmark of chromosome
instability, is observed in cells exposed to As(lll) as an aftermath of oxidative
stress (Gurr et al., 1998; Lynn et al., 1998; Wang et al., 1997). Chromosome
breaks were observed in cells treated with both As(V) and As(lIl) (Nakamuro
and Sayato, 1981). Besides, ROS production also induces DNA strand breaks,
fragmentation and deletions, NAD depletion and poly(ADP-ribosylation); with
the later implicated in DNA repair, apoptosis and signal transduction (Du et
al., 2007; Lee-Chen et al., 1993; Litwin et al., 2013; Lynn et al., 2000; Lynn et
al., 1998; Wang and Shi, 2001).

Alternatively, DNA damage accumulates under As(lll) stress due to the ability
of As(lll) to inhibit DNA repair. Specifically, As(Ill) inhibits the incision and
ligation steps of the nucleotide excision repair and the incorporation of dNTPs
into the damaged DNA (Hartwig et al., 1997; Lee-Chen et al., 1993; Li and
Rossman, 1989; Lynn et al., 1997; Takahashi et al., 2000). A yeast deletion
collection screen performed in the presence of As(lll) oxide revealed that
deletion of DNA repair genes decreased cell growth (Dilda et al.,, 2008),
suggesting that DNA repair is required in this condition. However, in another
genome-wide screen performed, deletion mutants of genes involved in DNA
repair were not found to be sensitive to As(lll) (Thorsen et al., 2009).

Activation of the DNA damage checkpoint leads to phosphorylation of Rad53,
which, in turn, can lead to cycle arrest via the Mecl/Rad53 pathway
(Paulovich and Hartwell, 1995). As(lll) stress promotes Rad53
phosphorylation, confirming that As(lll) causes DNA damage in yeast cells.
Besides activation of the Mec1/Rad53 pathway, the Met4/Met32 can also
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lead to cell cycle arrest; indeed, As(lll) was also shown to activate Met4 by
blocking ubiquitination (Yen et al., 2005). Indeed, yeast triggers G1 and G2
checkpoint delays in the presence of As(lll) via the Hogl pathway (Migdal et
al., 2008). Additionally, cell division is impaired in As(lll) conditions due to
interaction between As(lll) and B-tubulin, which disrupts tubulin
polymerization. Cell division interference can lead to aneuploidy, polyploidy
and mitotic arrest (Hoffman and Lan, 1992; Kitchin and Wallace, 2008; Menzel
et al., 1999; Pan et al., 2010; Zhang et al., 2007).

Besides tubulin, As(lll) has also been shown to interact with several other
proteins namely actin, pyruvate kinase, pyruvic acid dehydrogenase, the
transcription factor Yap8, thioredoxin reductase, PML-RARa oncoprotein,
PARP-1, estrogen receptor-a, arsenic methyltransferase and keap-1 (Kitchin
and Wallace, 2008; Kumar et al., 2015; Lallemand-Breitenbach et al., 2008; Lu
et al., 2007; Zhang et al., 2007; Zhang et al., 2010). However, As(lll) does not
always interfere with the function of the protein it is bound to, as shown by
Zhang et al., who proposes that the function of the protein is only altered if
As(lll) can cause conformational changes or block active sites (Zhang et al.,
2007). Besides direct interaction, As(lll) can also interfere with protein
function by inducing protein oxidation (Samikkannu et al., 2003).

Binding of As(lll) to unfolded reduced proteins interferes with the folding
pathway and induces fibril formation. It is worth noting that the principal
target of As(lll) seems to be the target unfolded protein, and not the
enzymatic machinery behind folding (Ramadan et al., 2009). However, As(lIl)
was shown to inhibit chaperones involved in protein folding, namely CCT (Pan
et al., 2010). A proteome-wide analysis of protein aggregation performed on
S. cerevisiae under arsenite stress revealed that proteins that aggregate
during arsenite stress were involved in protein synthesis, folding, translation,
metabolism, and the unfolded protein response. Interestingly, the proteins
that aggregated due to As(lll) were characterized by high translation rates as
well as extensive physical interactions. Most aggregation prone proteins were
substrates of ribosome-associated Hsp70 chaperones (Ibstedt et al., 2014).
Our group found that As(lll) triggers protein aggregation in a concentration-
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dependent manner, by interfering with the folding of only newly-synthesized
proteins (Figure 6). Furthermore, As(lll)-induced protein aggregates can act
as seeds and promote the aggregation of other proteins even when As(lll) is
no longer present (Jacobson et al., 2012).

+CHX +CHX
Bright field j. 'O ' o Cj 3)
\ - ( . - OO o \.Q
0.1mM As(lll) 0.5mM As(lll)

Figure 6| As(lll) only induces aggregation of newly-synthesized polypeptides. As(lll) induces
protein aggregation, as visualized through Hsp104-GFP, in Saccharomyces cerevisiae. When
cells are treated with the translation inhibitor cycloheximide (CHX), As(lll)-induced protein
aggregation is abolished, indicating that only newly-synthesized polypeptides aggregate
during As(lIl) stress in yeast. (Jacobson et al., 2012)

Besides widespread misfolding of unfolded polypeptides, As(lll) also triggers
the formation of SGs and PBs (Frydryskova et al., 2020; Ibstedt et al., 2014;
Kedersha et al.,, 1999). Interestingly, although As(lll) did not change
ubiquitination levels of SGs’ proteins, As(V)-induced SGs are devoid of poly-
ubiquitinated proteins (Markmiller et al., 2019; Mateju et al., 2017).

To counteract the effect of As(Ill) on protein aggregation, yeast cells enhance
their proteasomal activity, as well as enhance expression of the disaggregase
Hsp104 and other chaperones (Jacobson et al., 2012; Sanchez et al., 1992;
Thorsen et al., 2007). In fact, cells where proteasomal activity is diminished
are more sensitive to As(lll) (Di and Tamas, 2007; Haugen et al., 2004; Thorsen
et al., 2009). Meanwhile, to prevent aggregation, the expression of proteins
known to aggregate due to As(lll) is downregulated (Ibstedt et al., 2014).
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In addition to proteins involved in folding and proteolysis, the expression of
several other proteins is also altered in the presence of As(lll). Genes whose
expression is upregulated encode protein involved in metal ion transport and
homeostasis, response and detox of ROS, RNA polymerase Il transcription,
energy production, stress response, and sulfur metabolism/GSH biosynthesis,
among others. Meanwhile, downregulated genes encode proteins that
participate in protein biosynthesis, target and transport, ribosome biogenesis
and assembly, and transcription elongation and termination, amongst others
(Jin et al., 2008; Thorsen et al., 2007).

4.3 Arsenic-linked complications in humans

Humans can be exposed to As(lll) via contaminated ground water and,
consequently, contaminated food. Acute exposure to arsenic leads to a
variety of symptoms, starting with burning lips, dry mouth, and dysphagia
culminating in vomiting and diarrhea (Civantos et al., 1995).

Continuous exposure to arsenic-containing waters has led to thousands of
cases of skin lesions, such as hyperkeratosis, melanosis, and
hypopigmentation, in people of varying ages. Skin lesions induced by arsenic
can progress to malignancies, such as squamous cell carcinoma, basal-cell
carcinoma, and Bowen'’s disease (Kadono et al., 2002; Tseng, 1977).

Both inhalation and dermal exposure to arsenic cause lung cancer and non-
melanoma skin cancers, respectively (Hettick et al., 2015). In the lungs,
arsenic has been shown to be both cytotoxic and genotoxic to human lung
cells (Xie et al., 2014). Different studies have implicated arsenic in other
cancers, such as bladder, kidney, liver, and prostate cancer. The
carcinogenicity of arsenic is most likely due to the ability of arsenic to induce
chromosomal and DNA damage, inhibit DNA repair, stimulate angiogenesis,
and to disrupt cell cycle (Singh et al., 2011; Xie et al., 2014). It is estimated
that 1in 10 Bangladeshi dies from arsenic-related cancers (Joseph et al., 2015;
Smith et al., 2000).
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Arsenic is known to cause several cardiovascular disorders, such as
atherosclerosis, ischemic heart diseases, ventricular arrhythmias, and
hypertension. Arsenic phosphorylates myosin light-chain kinase, which leads
to vasoconstriction of the blood vessels, and increases the synthesis of
mediators of blood vessel inflammation (Bunderson et al., 2004; Chen et al.,
2007; Cifuentes et al., 2009; Lee et al., 2005). Another vascular disorder,
known as Blackfoot disease, has been associated with arsenic. This disorder
is characterized by arterial occlusion in the lower extremities, followed by
ulceration, gangrene and posterior amputation, either spontaneous or
surgical (Engel et al., 1994; Tseng, 2005).

Diabetes mellitus is also linked to arsenic exposure. In pancreatic cells, insulin
production, secretion and activity are reduced in the presence of arsenic
(Diaz-Villasefor et al., 2006; Izquierdo-Vega et al., 2006). Arsenite inhibits
insulin-stimulated glucose uptake in adipocytes by suppressing insulin-
dependent phosphorylation of protein kinase B and reduces the production
of an insulin-responsive glucose transporter (Paul et al., 2007; Walton et al.,
2004). Lastly, sodium arsenite impairs adipocytic differentiation and
adipogenic signaling, which has been linked to insulin resistant and type Il
diabetes (Guilherme et al., 2008; Wauson et al., 2002).

At a neurological level, arsenic can induce apoptosis of cerebral neurons via
different pathways, such as p38 mitogen-activated kinase, the JNK3 pathway
or through mitochondrial impairment and production of ROS (Bashir et al.,
2006; Kaler et al., 2013; Namgung and Xia, 2001; Prakash et al., 2016; Singh
et al., 2011). Destabilization of cytoskeletal framework occurs during chronic
arsenic exposure, causing degeneration and morphological changes in axons
and impairing the peripheral nervous system (Vahidnia et al., 2008). The
metabolism of various neurotransmitters is altered during long exposure to
arsenite. Production of dopamine, acetylcholine, GABA, and glutamate are
increased, while synthesis of norepinephrine, epinephrine and serotonin is
reduced (Shila et al., 2005; Yadav et al., 2011). Several studies have correlated
arsenic exposure with compromised cognitive development, particularly
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learning and memory loss (Baum et al., 2010; Chin-Chan et al., 2015; O'Bryant
et al., 2011; Rosado et al., 2007; Tyler and Allan, 2014).

Since arsenic induces protein aggregation, it is unsurprising that the metalloid
is linked to neurodegenerative disorders, such as Alzheimer’s and Parkinson’s
disease. In neurodegenerative disorders, arsenic’s impact on protein
aggregation is amplified by the declining efficiency of chaperones and
proteolytic mechanisms that occurs with age (Hinault et al., 2011). High
concentration of arsenic in both topsoil and pesticides correlates with a
prevalence of Alzheimer’s and Parkinson’s disease (Dani, 2010; Elbaz et al.,
2009).

Alzheimer’s disease is characterized by aggregation of distinct proteins, such
as amyloid precursor protein (APP), whose cleavage leads to B-amyloid
formation, and tau protein. Sodium arsenite enhances transcription of APP,
but does not increase levels of B-amyloid, suggesting an inhibition of the y-
cleavage step. However, dimethylarsinic species enhanced production of B-
amyloid, indicating a differential effect on B-amyloid depending on inorganic
or methylated arsenic (Dewiji et al., 1995; Gong and O’Bryant, 2010; Zarazua
et al., 2011). Regarding tau, arsenic induces hyperphosphorylation of several
amino acids, as observed in pathological conditions (Giasson et al., 2002;
Gong and O’Bryant, 2010).

Parkinson’s disease is characterized by an accumulation of Lewy bodies,
composed of aSyn. Arsenic promotes aggregation of aSyn in human cells,
mice, and yeast. In vitro analysis has revealed that As(lll) influences the fiber
pitch of aSyn and is incorporated into the fibers. Arsenic also hindered
autophagic flux and consequent clearance of aSyn aggregates in yeast,
aggravating aSyn toxicity (Cholanians et al., 2016; Lin et al., 2007; Lorentzon
et al.,, 2021).
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4.4 Arsenic as a therapeutic agent

Throughout history, different forms of arsenic have been used to treat a range
of diseases, such as eczema, psoriasis, asthma, heartburn, rheumatism,
malaria, sleeping sickness, amongst others (Hoonjan et al., 2018; Soignet et
al., 1998; Waxman and Anderson, 2001; Zhu et al., 2017). Arsenic trioxide has
shown potential as an anti-cancer drug in gastric cancer, malignant
melanoma, pancreatic carcinoma, and hepatocellular carcinoma cell lines
(Ding et al., 2015). More specifically, arsenic trioxide inhibits mammalian
thioredoxin reductase, allowing for thioredoxin system-mediated apoptosis
(Lu et al., 2007). In tumors were p53 is mutated, arsenic trioxide induces
degradation of mutated p53 through the proteasome (Yan et al., 2011).

Arsenic trioxide is currently used as an effective drug against acute
promyelocytic leukemia and can be administered in patients either
intravenously or orally (Shen et al., 1997; Soignet et al., 1998; Zhu et al.,
2019). Furthermore, arsenic-containing Qinghuang Powder has proved
efficient in treating myelodysplastic syndrome, a blood disorder that can later
develop into acute promyelocytic leukemia (Zhu et al.,, 2017). Acute
promyelocytic leukemia is characterized by a PML/RARa fusion protein,
capable of blocking the expression of genes involved in myeloid cells
differentiation through interaction with RARa. The fusion protein further
hinders the normal function of both PML and RARa and inhibits apoptosis.
Arsenic trioxide interacts with cysteine-rich PML and induces SUMOylation of
the fusion protein. A SUMO-dependent ubiquitin ligase adds K48-linked
chains to PML, leading to proteasomal degradation of PML/RARa (Hai et al.,
2019; Lallemand-Breitenbach et al., 2008; Yousefnia, 2021; Zhang et al.,
2010). Additionally, arsenic trioxide-induced apoptosis in an acute
promyelocytic leukemia cell line, is caused by production of ROS (Chen et al.,
1996; Gurr et al., 1999).
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5. SACCHAROMYCES CEREVISIAE AS A CELLULAR MODEL FOR THE
STUDY OF ARSENITE TOXICITY AND DETOXIFICATION
MECHANISMS

Saccharomyces cerevisiae is a single-cell eukaryote with membrane-bound
organelles, such as the nucleus, mitochondria, and the endomembrane
system (Duina et al., 2014). The unique features of the budding yeast granted
its establishment as a robust model organism in biology. S. cerevisiae is non-
pathogenic, inexpensive due to its short division time and simple growth
conditions, and has high amenability for genetic manipulation (Duina et al.,
2014; Mattiazzi et al., 2012; Menezes et al., 2015). Moreover, the budding
yeast shares fundamental aspects with mammalian and human cells, namely
the mechanisms of protein folding, quality control and degradation, the
components involved in the secretory pathway and vesicular trafficking,
mitochondrial dysfunction and oxidative stress, and cell death and survival
mechanisms, allowing for extrapolation with higher organisms (Menezes et
al., 2015). S. cerevisiae was the first organism to have its genome completely
sequenced (Goffeau et al., 1996). Around 60% of the budding yeast genes
display sequence homology to a human orthologue and, of human disease-
related genes, over 30% have a homologue in yeast, making it possible to use
budding yeast as a cellular model to study human diseases (Foury, 1997;
Menezes et al., 2015).

In this work, we use the budding yeast, Saccharomyces cerevisiae, as a cellular
model to study the cellular effects of arsenite and the cellular responses to
this stress. S. cerevisiae has different mechanisms of uptake and
detoxification depending on the oxidation state of arsenic (Figure 7),
explained further.

5.1 The ACR cluster

The ACR cluster, composed of ACR1/YAPS8, ACR2 and ACR3, was identified in
a yeast genomic library overexpression screen, conferring resistance to

41



Proteostasis during arsenite stress in Saccharomyces cerevisiae

arsenic compounds. The first member of the identified cluster, ACR1/YAPS8
encodes a positive transcriptional regulator of both ACR2 and ACR3
(Bobrowicz et al., 1997). Yap8 associates with the promoter shared between
ACR2 and ACR3 in both normal and stress conditions (Bobrowicz et al., 1997,
Wysocki et al., 2004). As(lll) binds to cysteine residues in Yap8 and induces
conformational changes, leading to its activation (Kumar et al., 2015). A
deletion mutant of YAP8 is hypersensitive to both arsenate and arsenite,
indicating that it is involved in the resistance to both arsenic valence states.
Further studies revealed that the main function of Yap8 is to control
expression of both ACR2 and ACR3 as a positive transcription factor, and its
activation is dependent on arsenic (Bobrowicz et al., 1997; Menezes et al.,
2004; Wysocki et al., 1997; Wysocki et al., 2004).

As(lll)

O__ ]

As(llN)

As(IlN)

OAS(GS):}

Figure 7 | As(lll) and As(V) uptake and detoxification mechanisms in Saccharomyces
cerevisiae. As(V) can enter the cell via phosphate transporters, while As(lll) enters the cell via
Fpsl or hexose transporters. Inside the cell, As(V) is reduced to As(lll) by Acr2. During
detoxification, As(Ill) is either exported outside the cell by Acr3, or sequestered into the
vacuole after conjugation with GSH. Additionally, GSH can be exported to the extracellular

medium, where it chelates extracellular As(lll), impeding its entry in the cell. (Created with
BioRender.com)
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Meanwhile, ACR2 encodes an arsenate reductase that reduces As(V) to As(lIl).
Since deletion of ACR2 conferred sensitivity to As(V) only, and not As(lll), a
role in As(lll) detoxification was discarded. Later, Acr2 was found to exhibit
arsenate-reductase activity, which corroborated the notion that Acr2 was not
involved in As(lll) detoxification but, instead, reduced As(V) into the more
toxic form, As(lll) (Bobrowicz et al., 1997; Mukhopadhyay and Rosen, 1998).
Interestingly, GSH and glutaredoxins have been associated with reduction of
As(V), as GSH has been shown to reduce As(V) via GSH oxidation (Csanaky and
Gregus, 2005; Delnomdedieu et al.,, 1994). Besides, Acr2 uses GSH and
glutaredoxin as a hydrogen donor and forms complexes with GSH (Rosen,
2002).

In yeast, after reduction of As(V), As(lll) can be exported outside the cell by
the Acr3 metalloid/H* antiporter (Maciaszczyk-Dziubinska et al., 2011).
Corroborating the role of Acr3 as an arsenite exporter, disruption of ACR3
leads to an accumulation of As(lll) inside the cell and increases cell sensitivity
(Ghosh et al., 1999). As expected, overexpression of ACR3 confers resistance
to As(lll) but not to As(V). However, overexpression of both ACR2 and ACR3
confers resistance to both As(lll) and As(V) (Bobrowicz et al., 1997).

5.2 Uptake of arsenate by phosphate transporters

As(V) is a chemical analogue of inorganic phosphate, thus it can enter the cell
via phosphate transporters. Bun-ya et al. revealed that the phosphate
transporters Pho84 and Pho87 can import As(V) into the cell. Indeed, deletion
of PHO84 and PHO87 increased As(V) tolerance (Bun-ya et al., 1996). On the
other hand, overexpression of PHO84 enhanced As(V) uptake, confirming
Pho84 as an important phosphate transporter for As(V) (Shen et al., 2012).
Furthermore, disruption of PHO86, which encodes a protein involved in
Pho84 trafficking, and PHOS88, that encodes a membrane protein similar to
Pho86, did not affect cell viability. Even double deletion of PHO86/PHO87 and
PHO86/PHO88 had no effect in cell viability. Yet, a triple deletion mutant of
PHO86, PHO87 and PHO88 showed arsenate resistance similar to the single
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deletion mutant of PHO84. Disruption of PHO86 and PHO88 lead to reduced
uptake of As(V), confirming that Pho86 and Pho88 are required for As(V)
uptake (Yompakdee et al., 1996a; Yompakdee et al., 1996b).

53 Uptake of arsenite by aquaglyceroporins

Studies in different model organisms have shown that As(lll) is transported
into the cell by aquaglyceroporins when in its most common form, As(OH)s,
which resembles glycerol. Aquaglyceroporins, together with aquaporins, are
part of the major intrinsic proteins, a family of membrane proteins known as
diffusion facilitators of water and other small solutes, such as glycerol (Bienert
et al., 2007).

In yeast, Fps1 was first identified as a glycerol transporter, whose main role is
to export, rather than import glycerol (Tamas et al., 1999). Later, Fpsl was
shown to be an important transporter of As(lll) into the cell, as deletion of
FPS1 induced As(lIl) tolerance as a consequence of reduced uptake of As(lll)
(Wysocki et al., 2001). Furthermore, Fps1 can also mediate the efflux of As(ll1)
down the concentration gradient when the intracellular concentration
exceeds the extracellular concentration (Maciaszczyk-Dziubinska et al., 2010).
Indeed, overexpression of FPS1 enhances accumulation of As(lll) inside the
cell, but also increases export of As(lll) (Shah et al., 2010).

Opening and closing of the Fps1 channel is dependent on mitogen-activated
protein kinase Hogl, Acr3 and the valence state of arsenic. Hogl is activated
by methylarsenite, a product of As(lll) metabolism, which inhibits the
phosphatases that normally maintain Hogl in its inactive state, increasing
Hogl phosphorylation levels. Active Hogl closes the Fpsl channel, blocking
import of As(lll) to the cell. Contrarily, activation of Hogl by As(V), which
occurs through a different mechanism, does not close the Fpsl channel,
allowing the efflux of the As(lll) resultant from reduction of As(V) (Lee and
Levin, 2018; Sotelo and Rodriguez-Gabriel, 2006).
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Additionally, four cysteine residues of Hogl are arsenylated in the presence
of both As(V) and As(lll). Arsenylated Hogl prevents phosphorylation of the
Fps1 regulator Rgc2 by an Acr3 loop that interacts with Rgc2, maintaining the
channel open. However, this is only advantageous for cells exposed to As(V).
Interestingly, in the presence of methylarsenite, three cysteine residues
within the Acr3 loop are methylarsenylated, relieving the arsenylated Hog1-
induced blocking of Fpsl closure (Lee and Levin, 2022). Accordingly, As(ll1)-
induced Hogl phosphorylation triggers an upregulation of Acr3 (Sotelo and
Rodriguez-Gabriel, 2006). Moreover, cells with impaired Hog1 have elevated
intracellular As(lll) levels and are sensitive to metalloids, while cells with
enhanced Hog1 activity present increased tolerance (Thorsen et al., 2006).

5.4 Uptake of arsenite by hexose permeases

Three molecules of As(OH)s can form a ring structure similar to hexose sugars,
thus it is not surprising that As(lll) can be imported into the cell via hexose
permeases. Liu and colleagues demonstrated that As(lll) is transported into
yeast cells via Hxt7 and Hxt9. As(lll) and other hexose sugars compete for
transport via these hexose permeases, as glucose can inhibit As(lll) uptake
and, conversely, As(lll) can also inhibit the uptake of glucose (Liu et al., 2004).
Deletion of all hexose permeases reduces the uptake of As(lll), while
overexpression of HXT7 increases As(lll) accumulation in the cell (Liu et al.,
2004; Shah et al., 2010).

5.5 Chelation and sequestration of As(III) into the vacuole

To counteract the effects of As(lll) in the cell, As(lll) can also be chelated and
sequestered to the vacuole. As(lll) forms a complex with GSH, As(GS)s,
spontaneously in normal conditions. GSH can conjugate with a variety of
lipophilic compounds by the action of glutathione S-transferases (Grant,
2001). GSH binds to cysteine residues of proteins via disulfide bonds in a
process termed S-glutathionylation (Pompella et al., 2003).
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As(111) enhances production of GSH by stimulating the sulfur pathway. Indeed,
cysteines can be obtained from methionines via the transsulfuration
pathway, and later used for GSH synthesis (Lu, 2013; Thorsen et al., 2007).
Production of GSH starts with formation of y-glutamylcysteine from
glutamate and cysteine by y-glutamylcysteine synthetase, Gshl. GSH
synthetase then produces GSH from y-glutamylcysteine and glycine (Lu,
2013).

Ycfl (yeast cadmium factor 1), a MgATP-dependent vacuolar GSH S-conjugate
pump, has a wide range of substrate specificity and transports the As(GS)s3
conjugates into the vacuole (Delnomdedieu et al., 1994; Ghosh et al., 1999; Li
et al., 1996). The importance of Ycfl under arsenic stress was confirmed by
disruption of YCF1, which leads to cell sensitivity to both As(lll) and As(V)
(Ghosh et al., 1999). This sequestration into the vacuole protects other
proteins and cellular components against As(lll). For example, binding of GSH
to As(lll) protects against interactions with nascent chains and arsenite-
induced ubiquitination of proteins (Habib et al., 2007; Talemi et al., 2014).
However, Talemi et al. revealed that As(lll) is capable of leaving the vacuole
by an unknown export mechanism (Talemi et al., 2014).

Expression of both YCF1 and GSH1 is regulated by the transcription factor
Yap1 (Grant, 2001; Wemmie et al., 1994; Wu and Moye-Rowley, 1994). Yap1
stimulates the expression of several genes in the presence of As(lll), namely
genes that encode proteins involved in GSH synthesis and the YCF1 gene
(Grant, 2001; Haugen et al., 2004; Thorsen et al., 2007). As mentioned before,
yeast cells exposed to As(lll) increase expression of genes in the GSH
biosynthesis pathway (Jin et al., 2008; Thorsen et al., 2007).

Besides Ycfl and Acr3, there are other transport systems in S. cerevisiae that
contribute to detoxification of As(lIl). GSH can be exported outside the cell by
different transporters and then chelate extracellular As(lll). Since As(GS)s
cannot enter yeast cells, extracellular GSH inhibits As(lll) uptake (Thorsen et
al., 2012).
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MAIN FINDINGS

Paper |

GENOME-WIDE IMAGING SCREEN UNCOVERS MOLECULAR DETERMINANTS
OF ARSENITE-INDUCED PROTEIN AGGREGATION AND TOXICITY

To uncover cellular processes and functions that influence As(lll)-induced
protein aggregation, we performed a genome-wide imaging screen. The
screen was based on the synthetic genetic array technique, where the yeast
single deletion collection was mated with a strain containing an Hsp104-GFP
fusion protein, allowing for detection of protein aggregates. The resulting
mutants were exposed to As(lll) and the percentage of cells with protein
aggregates was scored. Two sets of hits were obtained: 202 deletion mutants
had enhanced aggregation, while 198 deletion mutants had decreased
aggregation when compared to wild type cells after As(lll) exposure.

The main findings of this paper are:

a) There are several cellular processes and functions that influence
protein aggregation under As(lll) stress.

b) Although a stable transcriptional control is required for the
management of As(lll)-induced protein aggregates, these protein
aggregates are not a result of transcriptional errors.

c) Accurate transcriptional control is required to mitigate protein
aggregation in As(lll) stress.

d) Transcription levels correlate with global translation levels and,
consequently, protein aggregation in the presence of As(lll).

e) Inthe presence of As(lll), cells reduced global translation as means to
mitigate protein aggregation.
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Paper II

RIBOSOMAL AND NON-RIBOSOMAL PROTEIN QUALITY CONTROL DURING ARSENITE
STRESS IN SACCHAROMYCES CEREVISIAE

To maintain proteostasis, cell impose a series of protein quality control
systems to aid in folding and degradation of proteins. Since As(lll) interferes
with proteostasis, we sought to uncover the significance of different protein
quality control systems. The importance of different co-translational folding
systems, molecular chaperones, ribosomal quality control system, and
ubiquitin ligases was studied in the presence of As(ll).

This study showed that:

a) Loss of the ribosome-associated folding system SSB-RAC leads to
decreased protein aggregation and As(lll) resistance, likely due to low
global protein translational levels.

b) Protein aggregates formed in the presence of As(lll) are not due to
increased ribosome stalling or impairment in RQC.

c) Although the Prefoldin complex is involved in maintaining protein
homeostasis during As(lll) stress, impairment of TRiC/CCT does not
have an effect on As(lll)-induced protein aggregation.

d) As(lll)-induced protein aggregates have both K48- and K63-linked
ubiquitin chains, and K63-linked chains are important for the
clearance of aggregates and growth in the presence of As(lll).
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Paper III

DIFFERENTIAL CONTRIBUTIONS OF THE PROTEASOME, AUTOPHAGY, AND
CHAPERONES TO THE CLEARANCE OF ARSENITE-INDUCED PROTEIN AGGREGATES IN
YEAST

Degradation of protein aggregates is crucial to maintain protein homeostasis.
In this paper we investigated the contribution of different PQC pathways in
clearing As(lll)-induced protein aggregates, namely the ubiquitin proteasome
system, autophagy, vacuolar degradation pathway, and disaggregating
chaperones.

This paper revealed that:

a) The UPS is the major protein degradation system for clearance of
As(lll)-induced aggregates.

b) Although not as important, autophagy and the vacuolar pathways
contribute to the clearance of aggregates formed due to As(lll).

c) Chaperone disaggregation activity contributes to clearance of As(lll)-
induced aggregates.

d) A(lll) impairs chaperone binding to protein aggregates by, most likely,
interfering with the substrate.
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DISCUSSION AND CONCLUDING REMARKS

At a cellular level, As(lll) exposure interferes with a range of functions and
processes. Our group has previously shown that As(lll) induces aggregation of
newly-synthesized polypeptides in S. cerevisiae, impairing cell growth
(Jacobson et al., 2012). Nonetheless, to better understand how As(lIl) exerts
its toxicity through protein aggregation, a deeper knowledge of how As(lll)
affects protein homeostasis was vital.

This thesis focuses on elucidating how protein folding and aggregation are
regulated under As(lll) stress, which protein quality control systems are
required to maintain proteostasis in the presence of As(lll), and how As(llI)-
induced protein aggregates are cleared.

In paper |, a genome-wide imaging study was performed to identify genes,
and consequently cellular functions, important to maintain proteostasisin the
presence of As(lll). The imaging screen revealed two distinct set of mutants
with either enhanced or reduced aggregation induced by As(lll), in
comparison with wild-type cells. Both sets comprised different cellular
processes, suggesting that protein aggregation during As(lll) stress is
regulated by a variety of cellular machineries. Genes involved in
transcriptional control were identified in both sets of mutants; more
specifically, deletion of positive regulators of transcription led to reduced
aggregation and increased resistance to As(lll), whereas loss of negative
transcriptional regulators led to enhanced aggregation and increased
sensitivity to As(lll). In fact, dysregulation of transcription was found to be
linked to deviations in translational levels, explaining the changes in protein
aggregation. Additionally, the imaging screen also revealed that deletion of
genes encoding proteins involved in ribosome biogenesis decreased protein
aggregation, supporting that translation levels regulate protein aggregation
under As(lll) stress. Moreover, cells were shown to decrease global
translational levels in the presence of As(lll), potentially as a protective
mechanism. Ultimately, proper transcriptional and translational control are
required to maintain proteostasis in the presence of As(lll).
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Maintaining proteostasis requires a balance between protein synthesis,
folding and degradation. In fact, the screen performed in paper I revealed
that deletion of genes that encode proteins involved in protein folding altered
protein aggregation levels under As(lll) stress. In papers Il and Ill, the
contribution of different protein folding and clearance systems was evaluated
during As(lll) stress.

Unexpectedly, paper Il revealed that impairment of co-translational folding
systems decreased protein aggregation and increased resistance to As(lll);
however, a decrease in global translation levels was also observed upon
impairment of ribosomal folding systems, corroborating the importance of
translational control during As(lll) stress, as stated in paper I. In contrast, non-
ribosomal chaperone systems appear to contribute primarily to aggregate
clearance. These results imply that networks that mediate folding co-
translationally are more important to maintain protein homeostasis in the
presence of As(lll), than non-ribosomal chaperone systems.

The ubiquitin-proteasome system was identified as the major degradation
pathway for As(lll)-induced protein aggregates in paper lll. In fact, the paper
shows that proteins that aggregate during As(lll) stress are marked with K48-
linked ubiquitin chains, targeting the proteins for proteasomal degradation.
Meanwhile, in paper Il, we revealed that K63-linked ubiquitin chains are also
required for degradation of proteins that aggregate in the presence of As(lll).
Interestingly, recent studies revealed that branched ubiquitin chains
containing both K48 and K63 linkages can play a role in proteasomal
degradation (Ohtake et al., 2018). The requirement of K48- and K63-linked
ubiquitin chains for degradation of protein aggregates, corroborates the
major role of the ubiquitin-proteasome pathway during degradation of As(lll)-
induced protein aggregates.

Additionally, paper Illl also revealed that autophagy and the vacuolar
degradation pathway contribute to the degradation of As(lll)-induced protein
aggregates, but to a lesser extent than the UPS. The disaggregase Hsp104, as
well as its co-chaperones, are also required for degradation of protein
aggregates formed in the presence of As(lll). Although, As(lll) was shown to
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impair the binding of chaperones to protein aggregates, it does not alter
chaperone activity.

The findings in this thesis give new insights on the regulation of protein
aggregation, through transcriptional, translational and protein folding
control, as well as on the clearance of protein aggregates in the presence of
As(lll). Besides transcription, translation, folding and protein degradation,
several other cellular mechanisms were identified in the screen as important
for the regulation of As(lll)-induced protein aggregation. In conclusion, an
interplay of distinct cellular mechanisms is required to maintain protein
homeostasis during As(lll) stress in S. cerevisiae.
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