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1. INTRODUCTION

1. Cellular proteostasis system 

Proteins, versatile and complex macromolecules involved in nearly every biological process, are

considered to be a crucial factotum of every cell. Their engagement in cellular functions ranges

from transport, signaling, movement to regulation, and catalysis of chemical reactions. In order

for the cell to function properly, it relies on the constant precise quality control mechanisms to

effectively regulate and maintain the stability of all cellular proteins, referred to as the proteome.

The  maintenance  of  the  proteome  stability  is  commonly  known  as  protein  homeostasis  or

proteostasis, and it is considered to be inseparably linked to lifelong health and survival of the

cell. However, numerous intrinsic and environmental conditions pose a threat to the integrity of

the proteome. Harsh intracellular conditions, such as macromolecular crowding, formation of

reactive oxygen species (ROS), and constant emergence of partially folded nascent polypeptide

chains  that  have  the  propensity  to  aggregate,  continuously  expose  proteins  to  damage  and,

consequently,  challenge  the  maintenance  of  proteostasis  (Milardi  & Rizzarelli,  2011).  These

challenges,  under  optimal  conditions,  are  surmounted  by  an  elaborate  system of  fine-tuned

mechanisms comprised  of  intertwined  cellular  machinery  networks,  some of  which  include:

biosynthesis, folding, assembly/disassembly, trafficking and clearance (Morimoto, 2008).

1.1 The proteostasis network

Eukaryotic  cells  of  higher  mammals,  such  as  humans,  express  more  than  10,000  different

proteins at any moment (Klaips, Jayaraj, & Hartl,  2018). Given that cellular proteome is not

permanently established, as it adjusts to adapt to various intrinsic and extrinsic conditions, it puts

a  strain  on  sustaining  its  functional  integrity.  This  proteome  cohesion,  the  proteostasis,  is

achieved by continuously maintaining the balance between folding, misfolding and, ultimately,

degradation or aggregation of the cellular proteins. The system accountable for maintaining the

balance is collectively known as the proteostasis network (PN) (Sala et al., 2017).

Whilst proteostasis is ultimately governed by a number of modulating mechanisms, the PN can

be partitioned into four prominent assemblies (Figure 1), intricately reciprocated by the network

of molecular chaperones:

• protein biogenesis
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• protein folding and conformational maintenance

• degradation of damaged proteins

• sequestration of damaged proteins (Klaips et al., 2018; Sampaio-Marques, Ludovico, &

Ludovico, 2018)

Figure  1| Representation  of  proteostasis  network  in  the  cell  (adapted  from  Voisine,
Søndergaard Pedersen, & Morimoto, 2010).

1.2 Protein biogenesis

In the cell, mRNA-directed protein synthesis takes place on organelles known as ribosomes from

the  genetic  information  encoded  within  the  nucleic  acid.  Eukaryotic  ribosome  is  an  80S

macromolecular assembly consisting of 2 subunits; the 40S small and 60S large subunit. Both

subunits are built from 80 ribosomal proteins and 4 RNA chains (Yusupova & Yusupov, 2017).

The  protein  synthesis  starts  at  the  peptidyl  transferase  center  (PTC)  located  on  the  large
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ribosomal subunit. It is a site of peptide bond formation, where the PTC catalyzes the covalent

bond formation between the amino acids (Polacek, Norbert & Mankin, 2005). As the polypeptide

chain  is  being  elongated,  it  extends  through  a  nascent  peptide  exit  tunnel  (NPET)  which

originates at PTC and traverses the large subunit  (Klepacki et al., 2011; Lu & Deutsch, 2005).

This tunnel is 100Å long, with a diameter between 10 and 20Å which allows for the formation of

α-helical structure within the ribosome (Zhang & Rospert, 2013). Since proteins are unable to

attain their native structure within the ribosome, the efficient folding ensues after the polypeptide

synthesis. 

1.3 Protein folding 

The proper function for most proteins relies upon a correct fold into a native three-dimensional

structure that is unique for each protein. Even though some parts of proteins can, in principle, be

folded co-translationally while the nascent polypeptide chain is still attached to the ribosome, the

majority  of  proteins  attain  their  most  thermodynamically-stable  native  conformation  in  the

cytosol, endoplasmic reticulum (ER) or the mitochondria (Dobson, 2004). 

It  has  been  thought  previously  that  the  folding  process  involves  obligatory  steps  in  the

intermediate  folded  states,  however  it  is  now  clear  that  it  is  a  stochastic  search  of  the

conformations attainable by the proteins (Dobson, 2003). The energy surface, or ‘landscape’ of

protein  folding  can  be  represented  by  a  funnel,  which  the  newly  synthesized  polypeptide

backbone enters (Dobson, 2003). In the descending trajectory of the funnel, the proteins fold into

energetically favorable conformation, resulting in the overall lessening in energy and increase in

entropy (Figure 2) (Dobson, 2004). 

Although small polypeptide chains can obtain correct conformation within few milliseconds, the

unaided  biosynthesis  of  large  complex  proteins  can  take  up  to  several  hours,  leaving  their

hydrophobic side chain exposed to interact with the crowded cellular environment, making them

prone to aggregation (Hartl et al., 2011; Milardi & Rizzarelli, 2011; Svetlov, 2005). In order to

avoid  that,  protective  assistance  that  results  in  expedited  protein  folding  is  adopted.  This

assistance partly consists of molecular chaperones. 
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Figure 2| The energy landscape of protein folding. Funnel-view depicting the protein folding
process as the proteins fold into their native structure, reaching the most favorable state of low
energy. Given that the native conformation is more stable than the denatured one, this stochastic
search mechanism effectively attains the lowest energy structure  (adapted from Dobson, 2004;
Dobson, Šali, & Karplus, 1998). 

1.4 Assisted protein folding

Thousands of different proteins are synthesized in a cell each minute, and they all require to

attain  a  correct  native  conformation  in  order  to  function  properly.  Since  protein  folding  is

typically not a spontaneous process, most proteins call for a robust molecular chaperone network

to  safeguard  efficient  fold  (Hartl  &  Hayer-Hartl,  2002).  The  modus  operandi  of  molecular

chaperones  is  to  bind  to  the  exposed  hydrophobic  area  of  the  unfolded  protein,  thereby

preventing the non-productive folding step, without remaining a constituent in the final protein

configuration (Deuerling & Bukau, 2004). The binding of the chaperone physically prevents the

intramolecular  misfolding,  as  well  as  the  intermolecular  aggregation  (Hartl  &  Hayer-Hartl,

2002).  Figure  3  depicts  the  folding  progression  of  the  polypeptide  chains,  and  all  possible

conformations  they  can  attain  during  the,  commonly  named,  folding  funnel  process.  The

roughness of the energy landscape indicates transient kinetically trapped conformations in local

energy minimum, with energy barriers between conformational states  (Onuchic et  al.,  1996).
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These  low-energy  traps  need  to  be  overcome  to  resume  the  favorable  folding  path,  and  it

generally requires chaperone activity (adapted from Hartl et al., 2011). 

Figure  3| Progression  of  polypeptide  chains.  Folding  funnel  diagram  that  illustrates  all
attainable  conformations  in  the  energy  landscape.  These  include  unfolded,  transient
intermediates, partially folded, and aggregated states. It also shows the energy barriers which can
be overcome by the assistance of molecular chaperones (Hartl et al., 2011).

1.5 Chaperones 

The elaborate system of molecular chaperones consists of highly conserved specialized proteins

that regulate folding and assembly of other proteins. They stabilize the protein by forming a non-

covalent bond with hydrophobic residues and facilitate the folding process without altering the

biologically  active  conformation.  Chaperones  were  originally  named  “Heat  shock  proteins

(HSP)” based on their abundant expression ensuing heat shock conditions, and were classified

according to the molecular weight of their monomers; HSP100, HSP90, HSP70, HSP60, and

small  HSP (sHSPs).  Aside  from their  involvement  in  the protein  folding  process,  molecular

chaperones have a pivotal role in miscellaneous aspects of proteome maintenance comprising of
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assembly  and  disassembly,  translocation,  as  well  as  aggregate  degradation  and  refolding

(Alderson,  Kim,  &  Markley,  2016).  In  accordance  with  that,  chaperones  can  be  further

categorized  based  on  their  interactions  with  the  client  proteins  as  ‘holdase’,  ‘foldase’  or

‘disaggregase’ (Tiroli-Cepeda & Ramos, 2011). Holdases (HSP40, sHSPs) are a collection of

chaperones  that  bind  and  ‘hold’ the  unfolded  or  partially  folded  proteins,  stabilizing  it  and

preventing aggregation. They are ATP-independent, and their substrates are typically delivered to

foldases.  Foldases  (HSP90,  HSP70  and  HSP60)  are  ATP-driven  and  they  actively  refold

unfolded proteins. Disaggregases (HSP100) also rely on ATP hydrolysis to rescue aggregated

proteins by breaking them up into smaller polypeptides which can then be transferred to holdase

and/or foldase ensuing refolding (Kumar et al., 2015). There is a total of 63 different chaperone

families identified in Saccharomyces cerevisiae, 50 of which are charted in the Figure 4 below,

due to clustering of functionally identical ones. 

Figure 4| Representation of 50 chaperone families recognized in Saccharomyces cerevisiae.
This chart illustrates subcellular formulation of chaperones, their molecular weight, types and
names (adapted from Gong et al., 2009). 
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1.5.1 HSP70 system

Highly  conserved  family  of  chaperones,  HSP70,  are  key  organizers  of  folding  and  protein

homeostasis control in the cell. They are abundant, comprising 1-2% of the cellular proteome,

and are situated in various subcellular compartments (Figure 3.) (Tiroli-Cepeda & Ramos, 2011).

The expression of genes in general can be constitutive, meaning that they are transcribed at a

constant  level,  or  induced  in  response  to  environmental  conditions,  such  as  heat  shock.

Constitutive forms of HSP70 (HSC70) are localized to  cytoplasm and nucleus,  while stress-

inducible forms are found in mitochondria, ER, lysosomes, as well as cytosol and nucleus (Hartl

et al., 2011). The family of HSP70 chaperones is involved in numerous cellular processes besides

folding, some of which include refolding, translocation, assembly and disassembly. 

HSP70 chaperone contains  2  domains:  nucleotide  binding domain  (NBD) located  at  the  N-

terminus, and the substrate binding domain (SBD) located at the C-terminus  (Tiroli-Cepeda &

Ramos, 2011). The NBD is a 45 kDa ATPase consisting of two subdomains that encompass the

ATP-binding  site.  The  SBD  is  a  25  kDa  domain,  involved  in  recognition  of  the  partially

folded/unfolded client proteins. These client proteins are identified by the 5-residue motif found

in the exposed hydrophobic regions that would be otherwise enclosed within the native protein

fold (Fernández-Fernández & Valpuesta, 2018). This peptide binding domain is composed of two

subdomains  that  have  two  distinct  activity  conformations  –  open  and  closed.  The  open

conformation is activated with the binding of ATP, and it is induced in low affinity for client

proteins, while the ATP hydrolysis closes the conformation, enabling entrapment of the substrate

with high affinity (Fernández-Fernández & Valpuesta, 2018). These conformational changes, and

the overall activity of the HSP70 chaperone is achieved by the allosteric coupling of the two

domains. 

The generally low basal process of the ATP hydrolysis is strongly amplified by the action of

HSP40 (DnaJ) co-chaperone, the most important co-chaperone of HSP70. It is also involved in

client protein targeting, and substantial change domain configuration (Alderson et al., 2016).

1.5.2 HSP90

HSP90  is  an  essential  ATP-dependent  molecular  chaperone  involved  in  various  signaling

pathways, such as signal transduction, telomere maintenance, apoptosis, cell cycle controls, as

well  as  the  conformational  maintenance.  Numerous  signal-transduction  molecules,  such  as
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kinases,  are  transferred  from HSP70 to  HSP90 for  finalization  of  protein  folding,  and they,

together with the contribution of co-chaperones, such as tetratricopeptide repeat (TPR), form a

dynamic multichaperone machine.  This highly conserved chaperone is  a  pivotal  regulator  of

proteostasis, maintaining the homeostasis in both physiological and stress conditions (Schopf et

al., 2017). 

HSP90 chaperone is encoded for by two distinct genes: HSP82 and HSC82 in budding yeast, and

Hspα and  Hspβ  (also  named  Hsp90AA1 and  Hsp90AB1) in  humans  (Schopf  et  al.,  2017;

Synoradzki & Bieganowski, 2015). This cytosolic chaperone operates as a dimer, consisting of a

highly conserved ATP-binding N-terminal (30 kDa), substrate interactive C-terminal (20 kDa),

and a flexible middle domain (35 kDa) that is involved in substrate binding (Hartl et al., 2011;

Tiroli-Cepeda & Ramos, 2011).  The structural rearrangement of the HSP90 domains functions

much like the described HSP70 conformational change upon ATP binding/hydrolysis. Binding of

ATP  leads  to  compaction  of  monomers,  while  its  hydrolysis  causes  the  HSP90  domain

disjunction (Hartl et al., 2011). 

1.5.3 HSP100

Cells subjected to overwhelming amounts of stress are prone to protein aggregate formation, as

the chaperone network becomes overloaded. These cytotoxic agglomerations can be rescued by

HSP100 chaperone family, most notably HSP104 acting as a disaggregase. 

It  is  a  member  of  the  AAA+  (ATPase  associated)  superfamily,  as  it  contains  structurally

conserved ~230 amino acid ATP-binding domain. Its functional form is a hexameric ring that

forms  a  central  tunnel  through  which  aggregated  protein  substrates  are  translocated  for

disentanglement. Energy from ATP hydrolysis is used to extract entangled single polypeptide

chain  that  will  be  further  subjected  to  refolding  or  degradation.  HSP104  chaperone  strictly

requires interaction with the HSP70 family, and their cooperation is essential for survival under

stress conditions (Doyle et al., 2013; Mogk et al., 2018). 
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1.5.4 Noteworthy compartmentalized molecular chaperones

• Cytosolic Tcp1  

Tailless complex polypeptide 1 (Tcp1), also referred to as T-complex 1, is an essential cytosolic

chaperone  belonging  to  the  group  II  chaperonin  family.  It  is  involved  in  protein  assembly,

particularly of cytoskeletal proteins tubulin and actin (Ursic et al., 1994).

• Ribosome bound NAC  

Nascent polypeptide-associated complex (NAC) is a heterodimeric protein that interacts  with

short nascent chain emerging from the ribosome exit tunnel. Located in the cytosol, it  is the

initial chaperone that associates with the polypeptide, protecting ~300 of its amino acid residues

against damaging proteolytic processes. By doing so, polypeptide chain is prevented to (mis)fold

prematurely. It consists of three subunits: alpha, beta1 and beta3, which are encoded by genes

EDG2,  EDG1 and  BTT1 respectively  (Bukau  et  al.,  2000;  Klaips  et  al.,  2018;  Preissler  &

Deuerling, 2012). 

• Mitochondrial Ssc1  

Belonging to the HSP70 family, stress-seventy subfamily C 1 (Ssc1) chaperone is involved in

mitochondrial  protein  dynamics.  Its  primary  roles  include  translocation  of  protein  into  the

mitochondria and their subsequent folding (Verghese et al., 2012). 

• Endoplasmic reticulum Lhs1  

Lumen  HSP seventy  1  (Lhs1)  is  an  atypical  member  of  the  HSP70  family  of  molecular

chaperones, as it functions as a ‘holdase’ chaperone. It is located in the lumen of ER, and it is

involved  in  protein  translocation  into  ER,  as  well  as  a  critical  contributor  for  reduction  of

thermal aggregation (Verghese et al., 2012).

1.5.5 sHSPs

Small heat shock proteins, or sHSPs, belong to the family of copious ubiquitous proteins that act

as  one  of  primary  defense  mechanism against  proteotoxicity  in  stressful  conditions  (Tiroli-

Cepeda & Ramos, 2011; Ungelenk et al., 2016). sHSPs family contains chaperones with masses

varying from 12 to 43 kDa, with two most studied chaperones Hsp26 and Hsp42 (Verghese et al.,
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2012). Both of these sHSPs help preventing the aggregation by binding to misfolded proteins to

form  soluble  complexes,  or  help  promote  aggregation  by  binding  to  small  aggregates  and

forming visible protein aggregates termed Q-bodies. It has been suggested that Hsp26 and Hsp42

prevent the formation of tight insoluble aggregates by sequestering partially unfolded proteins or

emerging protein aggregates. Based on this mechanism of action, sHSPs are thought to act as

both ‘holdases’ and ‘aggregases’ as they suppress aggregation and sequester protein aggregates

assisting in their solubilization (Figure 5) (Ungelenk et al., 2016). 

Figure 5| Proposed mechanism of action for Hsp26 and Hsp42 (adapted from Ungelenk et al., 
2016). 

1.6 Degradation

Terminally  misfolded  proteins,  either  ones  that  failed  to  attain  native  state  in  due  time  or

damaged proteins unable to refold, are eliminated by the processes of proteolytic degradation

(Klaips et al., 2018). Two prominent proteolytic degradation systems that contribute to cellular

homeostasis are ubiquitin proteasome system and autophagic/lysosomal system. 
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• The ubiquitin proteasome system (UPS)  

One of  the main  degradation  pathways involved in  the  regulation  of  protein  quality  control

(PQC), UPS, consists of two main elements: the targeting and marking by the ubiquitination

process and the degradation process at the proteasome. 

Ubiquitination is the process of marking substrates destined for destruction by the proteasome. It

involves the covalent bonding of a small heat-stable protein, ubiquitin, to misfolded substrate.

Ubiquitin  proteins  have  a  propensity  to  self-conjugate,  which  results  in  the  formation  of

polyubiquitin chains (B. Chen et al., 2011; Koga et al., 2011). These chains are recognized by the

19S regulatory cap of the proteasome, where the substrates are deubiquitinated and partially

unfolded into nascent polypeptide chains. These nascent polypeptides can then be passed to the

20S  proteolytic  subunit  of  the  proteasome  for  degradation  (Ciechanover  &  Kwon,  2017;

Sampaio-Marques et al., 2018). 

The UPS process is also pivotal to the PQC in the ER, as it is involved in the degradation of

misfolded proteins in the ER lumen (Sala et al., 2017). If the ER-associated degradation (ERAD)

process fails, the autophagic/lysosomal system is activated (B. Chen et al., 2011; Ciechanover &

Kwon, 2017). 

• Autophagic/lysosomal system  

In contrast to the UPS, which mediates degradation of small short-lived proteins, autophagy is a

major  degradation  system  for  insoluble  long-lived  proteins  and  protein  aggregates.  This

degradation process involves the formation of autophagosome, a double membrane vesicle that

encapsulates the targeted clients, followed by its fusion to the vacuole (or lysosome in higher

eukaryotes).  The misfolded proteins  transported  by  the  autophagosome are  released  into  the

lumen of the vacuole for degradation by resident vacuolar hydrolases  (Reggiori & Klionsky,

2013). 

1.7 Sequestration of damaged proteins

When all aforementioned protective measures fail, spatial PQC provides the last line of defense

for protein homeostasis regulation in the form of protein sequestration into aggregates. This facet

of diverse processes of proteostasis was recently recognized due to the unexpected systematic

distribution of damaged and aggregated proteins within the cell. Irreparable protein aggregates
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tend to fuse into larger complexes referred to as inclusions (Hill et al., 2017). These inclusions

frequently accumulate in two distinct PQC compartments:

• Juxta nuclear quality control site (JUNQ) 

• dynamic region exhibiting a rapid turnover of damaged proteins

• abundant in 26S proteasomes and disaggregating molecular chaperones

• proximal to perinuclear ER zone implicated in ERAD

• targeted by ubiquitinated proteins

• preferred spatial control site for damaged proteins (Hill et al., 2017; 
Kaganovich, Kopito, & Frydman, 2008)

• Peripheral, vacuole-associated insoluble protein deposit (IPOD)

• substantially less dynamics

• proximal to pre-autophagosomal structure

• targeted by non-ubiquitinated proteins

• spatial control site utilized in stress conditions or when JUNQ is overwhelmed

(Hill et al., 2017; Rothe et al., 2018).

Recognition and clearance of inclusions from either of the spatial protective site requires the

assistance of molecular chaperones, particularly HSP70s, HSP42, HSP90, and HSP104. 

It was shown that the spatial sequestration of aggregated proteins not only limits their toxicity,

but also ensures the retention of damaged proteins within the mother yeast cell, thus granting the

succeeding generations to be damage-free. 

1.8 Preservation of cellular proteostasis

Protein homeostasis relies on balance maintenance between folded and misfolded proteins. Life

at optimal physiological conditions generates the continuous supply of misfolded and damaged

proteins  to  the  PN via  inefficient  translation,  improper  folding  and translocation,  or  others,

scantily perturbing the balance (Chen et al., 2011). It is, however, the suboptimal settings that are

severely endangering the protein homeostasis. Those include, but are not limited to:

• environmental stressors – temperature fluctuation, nutrient deprivation

• metabolic  stressors  –  oxidative  stress,  mitochondrial  dysregulation,  increase  in

protein biogenesis

• genetic diseases

• cancer
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• aging (Voisine, Søndergaard Pedersen, & Morimoto, 2010; Chen et al., 2011; Wang &

Kaufman, 2016).
In order to ameliorate the impact of stress conditions and restore the homeostasis, cells retaliate

by activating  prompt  and potent  stress  responses  pathways  which  elevate  the  expression  of

proteostasis  network  constituents.  Two well  characterized  response mechanisms are  the  heat

shock response (HSR) and the unfolded protein response (UPR). 

1.8.1 Heat shock response 

HSR, a highly conserved defense mechanism, is  activated seconds after  stress exposure that

resulted in disruption of proteostasis. It is the main pathway responsible for regulation of protein

damage in cytosol and nucleus.  The HSR is indirectly activated by the mechanism of stress

detection in form of misfolded proteins. Its major regulator, the transcription factor heat shock

factor 1 (HSF-1), is retained inactive under nonstress conditions by being bound to the HSP90

molecular  chaperone.  Upon detection  of  unbalanced  levels  of  misfolded proteins,  HSP90 is

dissociated  from HSF-  1  and  is  recruited  to  assist  in  unfolding  and  refolding  of  denatured

polypeptides.  As  it  is  no  longer  repressed,  HSF-1  transcription  factor  is  activated  by

trimerization, and translocated to the nucleus, where it activates the expression of HSR genes

(Buchberger et al., 2010; Jovaisaite et al., 2014; Kyriakakis et al., 2015).

1.8.2 Unfolded protein response

UPR is responsible for detection of accumulated damaged proteins in the ER – referred to as

UPRER,  and the mitochondria – referred to as UPRmt.  UPRER  is activated by the induction of

signal transduction cascade commenced by the oligomerization of the transmembrane protein

inositol requiring enzyme-1 (IRE-1). The oligomerization of IRE-1 ultimately leads to activation

of gene expression involved in export and degradation of denatured proteins  (Jovaisaite et al.,

2014). UPRmt  has been observed in mammalian cells and nematodes as a protective mechanism

of protein homeostasis in the organelle (Haynes & Ron, 2010). 
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1.9 Failure to preserve cellular proteostasis

Despite the elaborate machinery of proteostasis network and the potent nature of cellular stress

responses,  the  perpetual  accumulation  of  aberrant  proteins  inevitably  overwhelms  the

constituents of the PN, ultimately leading to the collapse of proteostasis. The proteostasis decline

in turn leads to proteotoxicity and cellular dysfunction incurred by agglomeration of protein

aggregates. As depicted in Figure 6, accumulation of aberrant proteins in the cells caused by

intrinsic or extrinsic stressors, mutation or aging, disrupts the proteostasis network machinery as

the  misfolded  proteins  compete  for  available  chaperones.  The  decline  in  proteostasis

consequently leads to a further increase in misfolded proteins, propelling a malicious cycle that

progressively aggravates cellular health resulting in absolute collapse of proteostasis (Hipp et al.,

2014; Radwan et al., 2017). 

Figure 6| Illustration of cycle of progressive augmentation. A malicious cycle that leads to 
collapse of proteostasis and, ultimately, cellular dysfunction and death (adapted from Hipp et al., 
2014). 

Inability to reestablish proteostasis has been shown to be the hallmark of aging and the cause of

many protein conformational diseases associated with deposition of misfolded proteins. 
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1.10 Aging

Aging could be defined as a progressive functional deterioration brought on by the accumulation

of cellular damage that culminates in death.  Due to  the complex and multifaceted nature of

aging, it has been difficult to develop a singular adequately unified theory to explain this process,

which led to formulation of several theories describing particular concepts pertaining to aging.

These theories can be categorized into two groups:

• programmed aging 

◦ assumes  that  aging  process  follows  biological  timetable  which is  genetically

controlled, and it regulates systems accountable for homeostasis and defense response

maintenance

• damage or error aging

◦ assumes that accumulation of damage induced by different stressors as the cause of

aging  includes  oxidative  stress  aging  theory,  somatic  DNA damage  theory,  and

telomere shortening (Oliveira et al., 2016). 

The functional decline occurs on cellular as well as molecular level, not precluding proteins. The

fact that proteins are no exception to this is of great importance, given that agglomeration of

toxic  aggregates  and  the  loss  of  proteostasis  are,  almost  universally,  considered  to  be  the

distinguishing features of aging. In addition to proteostasis collapse and accumulation of aberrant

proteins, mitochondrial dysfunction is also commonly associated with aging, and all of these

age-related features are thought to be, in part, instigated by the increased generation of ROS.

This gave rise to two aging theories most relevant to our research, and the following review will

be focused on them. 

1.10.1 Free-radical theory of aging

Generation  of  ROS  is  an  inevitable  fundamental  by-product  of  metabolism  and  aerobic

respiration, therefore, life itself. Primary source is the mitochondrial electron transport chain that

may leak electron to the surrounding oxygen, reducing it to form the primary free radical in

mammalian cells - superoxide anion (O2
-). Increased production of ROS, in stress conditions or

aging, may cause extensive damage to cellular macromolecules, such as DNA, lipids, and most

importantly, proteins. The oxidative modification of proteins, most abundant macromolecules in

the  cells,  alters  their  secondary  and  tertiary  structures,  rendering  them  dysfunctional  or
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nonfunctional,  and  can  be  reversible  and  irreversible.  Reversible  oxidation  mainly  impacts

methionine and cysteine, which are the sulfur-containing amino acids. These modifications can

be recovered by cellular antioxidant defense systems, such as glutathione (GSH), vitamins, and

other small molecules (Korovila et al., 2017). The irreversible protein oxidation is accountable

for majority of free radical-mediated damage, which may result in formation of toxic protein

aggregates if not promptly degraded. The most prevalent type of irreversible protein oxidation is

protein carbonylation (Figure 7). Direct oxidation of amino acid side chains of lysine, threonine,

proline and arginine results in carbonyl derivatives which may be used as a marker for protein

oxidation. It is this accumulation of proteins damaged by irreversible protein oxidation behind

the conjecture of the free-radical theory of aging. Proposed by Harman, the theory suggests that

progressive oxidative damage to the macromolecules overwhelms the proteolytic systems, and

such extensive build-up leads to cellular dysfunction, aging and age-related neurodegenerative

diseases (Harman, 1956). 

Figure  7| Depiction  of  protein  carbonylation.  Although  irreversibly  damaged  proteins  are
marked for degradation by proteolytic systems, heavily carbonylated proteins form aggregates of
high molecular weights inaccessible to proteases. This leads to a decline in cellular function,
which in turn results in senescence and conformational diseases. (adapted from Nystrom, 2005).

1.10.2 Conformational diseases

As  mentioned  previously,  the  loss  of  proteostasis  and  accumulation  of  aberrant  protein

aggregates is a universal indicator of aging that is exacerbated with progression of time. This is
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also recognized as a basis of many diseases referred to as protein conformational diseases that

encompass  more than 40 disorders  (Gidalevitz  et  al.,  2011;  Surguchev & Surguchov,  2010).

Although apparently completely unrelated, many diseases, such as Alzheimer’s disease, cystic

fibrosis, diabetes and cancer, can all be classified under the same category of conformational

maladies. At the origin of these diseases is a common feature that proteins either fail to fold

correctly or fail to remain correctly folded leading to formation of distinct intra- or extracellular

proteinaceous  inclusions  devoid  of  α-helices  that  contain  high  ratio  of  post-translational

modifications  (Surguchev & Surguchov, 2010; Vendruscolo et al., 2011; Yerbury et al., 2016).

These diseases can be divided into two categories:

• neurodegenerative diseases

◦ Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, amyothropic lateral

sclerosis (ALS), supranuclear palsy, and others

• non-neurodegenerative diseases

◦ cystic fibrosis, type II diabetes, cancer, and even schizophrenia  (Bader et al., 2012;

Chiti & Dobson, 2006; Leliveld et al., 2008). 

Understanding the underlying processes of proteostatic mechanism and its improvement could

aid in prevention or alleviation of aforementioned diseases and even aging, and many of these

could be studied using a simple single-celled organism – baker’s yeast. 

1.11 Yeast as an eukaryotic model organism 

Almost  33  years  ago,  Botstein  and  Fink  postulated  whether  yeast,  eukaryotic  single-celled

microorganism,  could  be  the  ideal  model  organism  for  various  research  sectors  (Botstein,

Chervitz, & Cherry, 1997). Today, due to myriad advantages of yeast, that speculation has been

transformed into a verifiable truth, as it came to be the most studied eukaryotic organism. Some

of these advantages include the ease of culturing, highly versatile DNA transformation system,

and the facility of genetic manipulation (Sherman, 1998).

On the premise that many basic components of the cell cycle mechanism have been conserved, it

has been a paradigm to successfully study rudimentary processes in yeast and, consequently,

understand complex processes  in  higher  organisms  (Gershon & Gershon, 2000).  Out  of two
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species that have been widely used in research, Schizosaccharomyces pombe and Saccharomyces

cerevisiae, the latter, used for this study, will be reviewed in greater detail.

1.12 Saccharomyces cerevisiae – the budding yeast

Yeast species that has been utilized since ancient times to  convert  sugar rich substrates into

diverse palatable alcoholic beverages was given a fairly descriptive name – “Saccharo-myces”

meaning “the sugar mold” and “cerevisiae” translating to “of beer” (Salari & Salari, 2017). It has

also  acquired  colloquial  names  for  the  application  of  byproducts  of  fermentation  process:

“baker’s yeast” as carbon dioxide is used in baking for bread leavening, and “brewer’s yeast” for

the ethanol used in brewing. In the scientific community, however, Saccharomyces cerevisiae is

commonly referred to as the “budding yeast”, derived from the process of cellular division where

the daughter cell resembles a bud (Figure 8).

Figure 8| Depiction of Saccharomyces cerevisiae (adapted from Mauricio Valerio-Santiago, 
2011). 

1.12.1 General overview

S. cerevisiae  is a round to ovaloid eukaryotic unicellular organism belonging to the Kingdom

Fungi, phylum Ascomyota, commonly located on the exterior of plants. Substantial risk of severe

environmental changes precipitated by such habitat consequently led to an adaptation strategy in
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form of  a  robust  cell  wall.  It  consists  of  two layers:  the protective lattice of mannoproteins

located on the outside, and the elastic and resilient layer of glucan polymers alongside chitin

located on the inside (Levin, 2005). The cell wall accounts for 30% of dry weight of the cell, and

it conserves the cell shape essential for the budding process (Lesage & Bussey, 2006). 

It naturally occurs in 2 ploidities - haploids which mate to produce diploids, and diploids which

undergo  meiosis  to  produce  haploids  (Salari  &  Salari,  2017).  Haploid  cells  display  gender

differentiation, as they exist in 2 mating types – type a and type α. Difference between the two

types is the form of pheromone produced, pheromone a or α, to attract the opposite mating type.

Both haploid and diploid yeast cells are also able to reproduce by asymmetrical budding during

which a ‘mother’ cell produces a considerably smaller ‘daughter’ cell. 

1.12.2 Growth phases 

Cellular growth  is a highly regulated process which  can generally be split into quite distinct

phases,  and yeast cells are no different.  When inoculated in nutrient rich medium, yeast cells

exhibit disparate phases of growth (Figure 9)

• lag phase – initial adaptive phase in which cells are biochemically active, but not

dividing, and are attuning to the new environment;

• exponential  phase –  the  phase  of  rapid  proliferation  in  which  cells  undergo

fermentative growth consuming glucose or galactose and producing ethanol;

• post-diauxic phase – occurs after depletion of glucose carbon source and, if no

other nutrient is limited, the cells switch from fermentative to respiratory-based

growth on ethanol. This switch is referred to as the ‘diauxic shift’;

• stationary phase - phase entered upon complete nutrient exhaustion, cells are 

arrested in quiescent non-proliferating state (Busti et al., 2010; Stahl et al., 2004). 
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Figure 9| Graphical representation of S. cerevisiae’s growth phases (adapted from Busti et al.,
2010).

1.12.2.1 Lag phase 

This growth phase is considered to be crucial for optimal utilization of consecutive fermentative

growth. After the transfer to sugar rich media, yeast cells remain dormant as they adjust to their

new  environment  by  eliciting  metabolic  changes.  These  metabolic  changes  are  induced  by

substantial  modifications  of  gene  expression,  most  notably  those  of  translational  machinery,

RNA and protein synthesis and processing, as well as DNA synthesis and repair (Brejning et al.,

2003). 

1.12.2.2 Exponential phase

Rapid  proliferation  phase  is,  almost  unequivocally,  considered  the  true  uniform  interval  of

growth  with  exceptionally  steady  pattern  of  gene  expression.  S.  cerevisiae  is,  somewhat

surprisingly,  said  to  be  a  negative  Pasteur  effect  yeast,  meaning  that  it  favors  fermentative

glucose metabolism over respiration in abundance of oxygen  (Lloyd et al., 1983). This is also

known as the Crabtree effect, or Warburg effect in mammalian cells, in which occurrence of

energy-inefficient fermentation at high oxygen and glucose levels takes place (Alteriis & Carten,

2018). 
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1.12.2.3 Diauxic shift

As the availability of the glucose in the medium decreases,  yeast cells  undergo fundamental

reorganization  of  the  cellular  machinery,  placing  a  transient  halt  on  proliferation.  This  brief

growth arrest,  at  which  cells  switch  from fermentative  to  a  fully  respiratory  metabolism,  is

referred to as the diauxic shift.  It allows for aerobic catabolism of evolved ethanol that was

accumulated  during  the  exponential  growth  phase.  This  switch  is  achieved  by a  substantial

change  in  all  levels  of  cellular  processes,  most  notably  induction  of  respiration  metabolism

genes, and an almost complete destruction of translational machinery (Brauer et al., 2005; Derisi

et al., 1997; Fuge et al., 1994; Stahl et al., 2004). 

1.12.2.4 Post-diauxic phase

The cell division resumption, following the diauxic shift lag period, is the onset of post-diauxic

growth phase. This slow growth rate can last for several days, until the complete expenditure of

ethanol, when the cells enter stationary growth phase. 

1.12.2.5 Stationary phase

With the depletion of a critical nutrient, yeast cells enter a quiescent state where cellular division

truly  ceases.  This  is  followed  by  numerous  biochemical,  physiological  and  morphological

changes, such as accumulation of glycogen and trehalose, thickened cell wall, accumulation of

carbohydrates, chromosome condensation, and increased resilience to stress. This stage is the

ultimate survival phase in starvation conditions. 

1.12.3 Nutritional physiology

Harsh environmental conditions and fluctuating nutrient availability call for rapid intracellular

responses that will allow organisms to adapt in order to thrive and survive. To conform to the

ever-changing  content  of  nutrients,  the  yeast  Saccharomyces  cerevisiae  has  evolved  several

nutrient-sensing and nutrient-controlling pathways. These coordinated mechanisms enable yeast

cells to either arrest growth and enter quiescent stationary phase upon sensing nutrient depletion,

or to transition quickly to the proliferating state taking advantage of accessible nutrients. The

presence  of  nutrients  dictates  the  growth rate  of  yeast  cells  and impacts  their  transcription,

translation, metabolism and cellular development (Broach, 2012). 
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1.12.3.1 Glucose sensing pathways

Yeast are able to utilize a wide variety of nutrients and obtain energy either by fermentation of

sugars,  such as glucose,  galactose,  maltose and sucrose,  or by oxidation of fermentation by-

products, such as ethanol, lactate or glycerol (Zaman, Lippman, Zhao, & Broach, 2008). Glucose

is,  however,  their  preferred  source  of  carbon  and  energy,  and is  consumed  first  due  to  the

regulation of nutrient metabolism (Smets et al., 2010). Not only is glucose used for energy, it is

also  a  key molecule  in  many signaling  pathways involved in  regulation  of  gene  expression

(Zaman et al., 2008). Those signaling pathways consist of glucose sensing, import and transport

of glucose, and repression or induction of genes involved in metabolism.

1.12.3.2 Sensing and import of glucose

Extracellular levels of glucose are sensed by the glucose sensors Snf3 and Rgt2 located in the

cell  membrane.  Seemingly  no  longer  able  to  import  glucose,  these  receptors  produce  an

intracellular signal brought on by conformational changes upon glucose binding. It is thought

that  Snf3  is  a  high-affinity  glucose  sensor,  meaning  that  it  is  induced  by  low  levels  of

extracellular  glucose,  and  its  transcription  is  repressed  in  high  glucose  concentrations.  On

contrary, Rtg2 is a low-affinity sensor, expressed in conditions of high levels of extracellular

glucose  (Johnston, 1999).  The regulation of transcriptional activity by these receptors enables

yeast to attune glucose import in response to its extracellular concentrations (Kayikci & Nielsen,

2015).

Glucose import in the yeast cells is performed by facilitated diffusion through transmembrane

proteins  known as the hexose transporters. S.  cerevisiae  has at  least  20 hexose transporters,

encoded by the  HXT genes,  with  varying affinity  for  glucose  (Busti  et  al.,  2010;  Ozcan &

Johnston, 1999). Low-affinity transporters, such as Hxt1, Hxt3 and Hxt4, permit growth in high

glucose concentrations, and their transcription is induced by the intracellular signal generated by

the Rgt2 sensor. On the other hand, high-affinity transporters, such as Hxt2, Hxt6 and Hxt7, are

expressed when glucose is scarce, with concentrations below 0.1% (Figure 10). The signal for

induction of high-affinity transporter genes is generated by the Snf3 sensor (Ozcan & Johnston,

1999). 
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1.12.3.4 Glucose induction and repression

Glucose can act as a positive or negative regulator of transcriptional activity as its  presence

determines expression or repression of particular genes. As mentioned previously, in the presence

of glucose, availability signal is mediated by transmembrane sensors Snf3 and Rgt2, and glucose

is imported via hexose transporters (Figure 10). This glucose induction leads to activation of

SCFGrr1 protein complex, which in turn inhibits the Rgt1 transcriptional repressor. Inhibition of

Rgt1 induces the expression of  HXT genes allowing greater glucose transport  and utilization

(Johnston,  1999).  Presence  of  glucose  also  leads  to  inactivation  of  Snf1  kinase,  whose

inactivation leads to repression of genes involved in metabolism of alternative carbon sources, a

process known as glucose repression (Smets et al., 2010). 

Figure  10| Illustration  of  glucose  induction  and  repression  mechanism  (adapted  from
Johnston, 1999).

Central  component  of  the  glucose  repression  pathway  is  a  serine/threonine  protein  kinase

Sucrose non-fermenting 1 (Snf1), a highly conserved homologue of mammalian AMP-activated

protein kinase (AMPK). Snf1 is a heterotrimer complex containing the Snf1 catalytic α-subunit,

one of Sip1, Sip2, Gal83 β-subunits and the Snf4 γ-subunit  (Busti et al.,  2010; Nayak et al.,
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2006). The catalytic α-subunit  is composed out of catalytic domain (KD) and the regulatory

domain (RD) (Gancedo, 1998). 

In the high glucose conditions, when glucose repression is in effect, Snf1 kinase is kept inactive

by the auto-inhibited conformational change brought on by binding of the KD and RD domains

of the Snf1 α-subunit (Figure 11) (Busti et al., 2010). 

The  activated  state  of  Snf1  kinase,  in  response  to  glucose  depletion,  is  attained  under  two

conditions:

• KD activation loop of Snf1 α-subunit is phosphorylated at a conserved threonine

residue (T210)

• Snf4, with support of Sip1, Sip2 or  Gal83,  interacts  with the RD of  Snf1 α-

subunit (Figure 11).

Figure 11| Regulation of Snf1 in response to glucose availability  (adapted from  Johnston,

1999).

Snf1 alters the transcriptional activity of genes primarily by modulating its downstream target –

the  transcriptional  repressor  Mig1  (Busti  et  al.,  2010;  Johnston,  1999).  When  glucose  is

available, Mig1 is localized in the nucleus, where it binds to the promoter of glucose-repressed

genes  inhibiting  their  expression  (Figure  12).  Upon  glucose  depletion,  activated  Snf1

phosphorylates Mig1 inhibiting its repressor function. Mig1, consequently, translocates into the

cytoplasm causing the removal of glucose repression from several genes (Johnston, 1999; Smets

et al., 2010). 

24



INTRODUCTION
Once glucose becomes available, Snf1 protein kinase is inactivated via rapid dephosphorylation

by  protein  phosphatase  1  (PP1)  complex  comprised  of  Glc7  catalytic  subunit  and  Reg1

regulatory subunit (Figure 12). As a result, Snf4 interaction with the regulatory domain of Snf1

α-subunit is inhibited, preventing its activation. 

Figure 12| Depiction of Mig1 mode of action in response to glucose availability (adapted from
Gancedo, 1998). 

1.12.3.5 cAMP/PKA pathway

cAMP/PKA pathway  is  a  major  signaling  pathway  positively  activated  by  the  extracellular

glucose detection. It is involved in large number of cellular physiology scenarios, coordinating

stress response, cell growth, proliferation and development (Busti et al., 2010). Protein kinase A

(PKA) is  heterotetramer  essential  for  yeast  viability  (Smets  et  al.,  2010).  It  is  a  conserved

serine/threonine kinase composed out of 2 catalytic and 2 regulatory domains (Busti et al., 2010).

It is activated upon import and phosphorylation of glucose due to the rapid increase in cyclic

AMP (cAMP). cAMP binds to the regulatory subunit of PKA leading to the dissociation and

activation of the catalytic subunit of PKA. Activation of the PKA pathway has been associated

with decreased stress response and increased mRNA stability (Rolland et al., 2002). 

1.12.3.6 Target of Rapamycin (TOR) pathway

Target of Rapamycin (TOR) was identified while pursuing targets of the macrolide antifungal

drug rapamycin, hence its name. It is a Ser/Thr protein kinase, highly conserved in eukaryotes

from yeast to humans (Inoue & Nomura, 2018). It is also a central component of a nutritionally
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controlled pathway that regulates transcriptional activity, lipid and protein synthesis, ribosome

biogenesis,  autophagy,  aging,  metabolism,  stress  response,  cell  cycle  and  cellular  growth in

response to availability and quality of nutrients in the environment. Unlike most eukaryotes that

contain a single protein, yeast cells have 2 closely related ones – Tor1 and Tor2  (Smets et al.,

2010). Both kinases are 282 kDa in size, and share 64% similarity to each other. They are also

founding members of the phosphatidyl/inositol kinase-related protein kinase (PIKK) family as

they contain a conserved lipid kinase motif (Ikai et al., 2011; Loewith & Hall, 2011). Tor1 and

Tor2 kinases form two functionally and structurally distinct dimeric complexes referred to as

TOR complex 1 (TORC1) and TOR complex 2 (TORC2). 

1.12.3.6.1 TORC1

TORC1 regulates transient aspects of cellular growth primarily in response to the abundance and

quality  of  nitrogen  source  in  the  environment.  It  is  associated  with  mediation  of  essential

functions of TOR mentioned previously. The dimeric complex is composed out of Kog1, Tco89

and Lst8 subunits  and either  Tor1 or  Tor2 (Figure  13).  It  is  thought  to  be localized  on the

vacuolar membrane, a main storage organelle of diverse metabolic compounds (Loewith & Hall,

2011). 

While TORC1 is active, in response to abundance of amino acids, catabolic cellular processes,

such as autophagy are inhibited, while anabolic processes, such as protein and lipid synthesis, are

induced (Inoue & Nomura, 2018). Activated TORC1 regulates aforementioned cellular processes

mainly via Sch9 protein kinase. Sch9 is one of the most distinguished downstream targets and

the major component of TORC1 pathway, and it requires TORC1-mediated phosphorylation for

activation (Loewith & Hall, 2011). 
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Figure 13| Structure of TORC1 (adapted from Loewith & Hall, 2011).

1.12.3.6.2 TORC2

Unlike  TORC1,  TORC2  is  not  inhibited  by  rapamycin,  and  is  thus  considerably  less

characterized. So far, it is understood that TORC2 is involved in mediation of spatial cellular

elements, such as cell wall  integrity regulation and control of actin cytoskeleton polarization

(Ikai et al., 2011; Smets et al., 2010). TORC1 dimer contains only TOR2 together with Avo1,

Avo2, Avo3, Tsc11, Lst8, Bit61 and Slm2 subunits (Figure 14). Its localization has so far been

confirmed to the plasma membrane, and its major downstream target has been identified to be

Ypk protein kinase (Loewith & Hall, 2011). 

Figure 14| Structure of TORC2 (adapted from Loewith & Hall, 2011). 

One of the most intriguing function of TOR, or more precisely TORC1, is its implication in the

regulation of lifespan, and the plausible potential for the extension of human life expectancy. 
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1.12.3.7 Convergence of nutrient sensing mechanisms

It was shown that all of these nutrient sensing pathways intersect and even regulate each other in

order  to  survive  or  thrive  according to  nutrient  availability  (Figure  15)  (De Virgilio,  2012).

Although  the  cross-communication  between  signaling  pathways  remains  yet  to  be  fully

elucidated, there are some recorded findings illuminating the entire concept. PKA and TORC1

were shown to antagonize each other, TORC1 activation prevents the activation of Snf1 and

nuclear accumulation of PKA (Figure 15) (Orlova et al., 2006; Ramachandran & Herman, 2011;

Soulard et al., 2010). 

Figure 15| Convergence of nutrient-sensing pathways (adapted from De Virgilio, 2012). 

1.12.4 S. cerevisiae as a model organism for aging

That S. cerevisiae is not spared of the aging process was demonstrated by Barton in 1950, as it

became evident that yeast  cells  have a finite  replicative potential  (Barton,  1950).  Process of

aging is chaperoned by the characteristic age-associated morphological changes that include the

thickening of the cell wall and the enlargement of the cell, as well as phenotypical changes, such

as: ROS accumulation, DNA fragmentation, aggregation of damaged and carbonylated proteins.

Additionally, many of these processes are greatly relevant in human aging. The extent of genes

evolutionary conserved from yeast to humans, particularly of molecular mechanism underlying

the aging processes, were shown to be invaluable. Ever since the first aging study over 60 years
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ago, research on this simple unicellular eukaryote has been unprecedented for understanding the

fundamental aspects of aging. One of the most riveting prospects of using  S. cerevisiae  is the

existence of two distinct paradigms: mitotic and post-mitotic aging. This provides an exceptional

opportunity  to  juxtapose  aging  processes  of  both  dividing  and  non-dividing  cells.  The  two

models of aging in yeast are commonly referred to as the replicative (budding) lifespan and the

chronological (stationary) lifespan (Figure 16). Although the two models were considered to be

completely  distinct  at  first,  it  is  now  evident  that  they  do  partially  overlap,  particularly  in

underling  aging processes  such as  TOR pathway,  calorie  restriction,  etc.  Furthermore,  aging

processes common for both lifespan assays are highly conserved in higher eukaryotes, and it is

anticipated that pathways shared by both chronological and replicative lifespan will elucidate

aging process in humans  (Janssens & Veenhoff, 2016, 2016; Kaeberlein et al., 2007; Longo et

al., 2012; Oliveira et al., 2016; Zimmermann et al., 2018). 

Figure  16| Illustration  of  replicative  and  chronological  lifespan  in  yeast.  (adapted  from
Oliveira et al., 2016)
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1.12.5 Replicative lifespan measurement

This particular assessment  of aging,  replicative lifespan (RLS),  is  defined by the number of

daughter cells produced by a mother cell prior to senescence. Due to the asymmetric division,

daughter cells can be easily distinguished from the mother cell, predominantly by difference in

size and thickness of their cell wall. Earliest aging research performed on yeast, published over

60 years ago, was analyzed using the replicative lifespan assay and it, to this day, remains by far

the most frequently used lifespan measuring assay (Barton, 1950; Minois et al., 2004; Mortimer

& Johnston, 1959). 

The  fundamental  methodology  for  RLS  analysis  is  conducted  using  a  microscope  with  an

integrated micromanipulator device. This device contains a fiber glass needle that is controlled

by a  joystick  that  translates  fine  hand movements  into  precise  and fine-tuned motions.  The

needle is used to carefully remove daughter cells from the mothers, thus enabling an accurate

interpretation of the replicative lifespan. 

1.12.6 Chronological lifespan measurements

Chronological lifespan (CLS) is defined by the length of time a non-dividing mother cell can

survive  in  a  nutrient  deficient  medium.  CLS  was  developed  as  a  contrasting  method  that

complements RLS by granting insights into post-mitotic aging. This assay is conducted either

during the stationary phase, or more commonly, during the post-diauxic phase of growth (Longo

& Fabrizio, 2002; Longo et al., 2012). 

The fundamental methodology for CLS analysis is conducted by assessing colony-forming units

(CFU) of yeast over time as a measure of viability. Cells are grown to reach stationary or post-

diauxic  phase,  and samples  are  continually  plated on rich  media,  until  99.9% of  population

becomes nonviable (Fabrizio & Longo, 2003; Postnikoff & Harkness, 2014). 

1.12.7 Hallmarks of aging in yeast 

To accurately study longevity in yeast S. cerevisiae,  the ability to asses and recognize aging is

paramount. Although the onset of aging is not as apparent as in humans, yeast cells do exhibit

particular characteristics that facilitate the identification of aging. These characteristics can be

partitioned  into  conspicuous  morphological  and  the  inconspicuous  cellular  and  molecular

alterations upon aging. 
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M  orphological and physiological change  s  

Most striking and  apparent developments of aging are the changes of cellular appearance and

these characteristics will, together with other not as discernible ones, be discussed further on. 

• Enlargement of the cell and the thickening of the cell wall 

It was shown that the cell size reflects lifespan potential in S. cerevisiae, and the size of mother

cells  increases  with  each  bud,  from the  initial  slight  size  discrepancy  between  mother  and

daughter  cells,  to  remarkably  large  mother  cells  as  they  age.  Cell  wall  thickening  is  also

observed with aging mother cells. 

• Loss of asymmetry

Asymmetric division is a process which warrants the production of healthy and damage-free

daughter cells by mother cell retaining the, so called, aging determinants. These determinants

include,  in  part,  damaged  and  aggregated  proteins,  dysfunctional  mitochondria,

extrachromosomal ribosomal DNA circles (ERC) (Higuchi-Sanabria et al., 2015). It was shown,

however, that the control of damage inheritance fails with age as mother cells are unable to keep

aging determinants contained (Figure 17). 

 

Figure  17| Depiction  of  comparison  of  symmetric  division  in  old  vs  young  yeast  cells
(adapted from Hill et al., 2017) 
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Loss of asymmetry leads to premature aging of the daughter cells which are often very large and

unable to separate from the mother (Bitterman et al., 2003). 

• Accumulation of bud scars

Each daughter cell, or bud, that separates from the mother cell leaves a permanent ring-shaped

structure referred to as the bud scar. Their accumulation can be used as a marker to determine the

number of daughters produced by the mother cell, and hence the replicative lifespan. 

• Nucleolar fragmentation

Yeast cells manifest aging related genomic instability in form of ERCs, which are tandem repeat

circles of DNA from the ribosomal DNA region formed by homologous recombination. These

circles were found to accumulate with replicative age and are thought to reduce lifespan of yeast

cells by overloading the replication machinery (Janssens & Veenhoff, 2016).

Cellular and molecular changes

There have been nine distinct features of aging identified, all of which constitute commonalities

in  molecular  and cellular  aging across  different  organisms  (López-Otín  et  al.,  2013).  These

hallmarks of aging include genomic instability, telomere attrition, epigenetic alterations, loss of

proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem

cell exhaustion, and altered intercellular communication (López-Otín et al., 2013). 

1.12.8 Longevity regulation in yeast

Research on yeast aging and the regulation of longevity has implicated several key factors which

contributed to the extension of lifespan, some of which will be briefly discussed further on. 

• Lifespan extension by calorie restriction (CR) 

The mechanism of  lifespan  extension  by CR is  considered  to  be  evolutionary  conserved  in

multiple model organisms ranging from yeast to mammals. In yeast, CR is accomplished by

decreasing the available glucose in the media from 2% to 0.5% or lower (Mei & Brenner, 2015).

The resulting increase in lifespan has been, in part, attributed to respiration being favored over

fermentation  in  limiting  glucose  environment,  and  the  increase  in  Sir2,  which  is  a  histone

deacetylase showed to reduce the formation of ERCs (Bitterman et al., 2003; Kaeberlein et al.,

2007). The exact mechanism underlying the lifespan extension remains to be fully elucidated. 

• Lifespan extension by decrease of TOR activity
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It was shown that decreased activity of TOR, or more precisely TORC1, increases both RLS and

CLS in yeast. Interestingly, the same mechanism was implicated in lifespan extension of other

organisms, such as flies, worms and mice,  suggesting an evolutionary conserved function of

TOR (Kaeberlein et al., 2007). Also, deletion of a gene encoding for Sch9 protein kinase was

shown to extend lifespan in yeast, worms and mice (Kaeberlein, 2010). It has been proposed that

inhibition  of  TOR and  Sch9  is  involved  in  underlying  CLS extension  of  calorie  restriction

mechanism. 
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2. MATERIALS AND METHODS

2.1 Materials

2.1.1. Reagents

Reagents used for this study are listed in the table below together with their respective suppliers.

Table 1. Reagents 

Name Source

Acetic acid Kemika (Zagreb, Croatia)

Acrylamide solution 40% Sigma Aldrich (St. Louis, USA)

Agar Becton, Dickinson and Company (BD) 
(New Jersey, USA)

Agarose Invitrogen (CA, USA)

Albumin Fraction V, protease-free BSA Roth (Karlsruhe, Germany)

Antimycin Sigma Aldrich (St. Louis, USA)

ATP Sigma Aldrich (St. Louis, USA)

BactoTM Peptone Becton, Dickinson and Company (BD) 
(New Jersey, USA)

BactoTM Tryptone BD (New Jersey, USA)

BactoTM Yeast Extract BD (New Jersey, USA)

Bradford reagent Sigma Aldrich (St. Louis, USA)

Bovine Serum Albumin (BSA) Roth (Karlsruhe, Germany)

Bromophenol Blue Sigma Aldrich (St. Louis, USA)

CCCP Fluka (St. Louis, USA)

Coomassie Brilliant-Blue Sigma Aldrich (St. Louis, USA)

D-(+)-Glucose, anhydrous p.a. Kemika (Zagreb, Croatia)

D-Sorbitol Sigma Aldrich (St. Louis, USA)

Dextrose Sigma Aldrich (St. Louis, USA)

Digitonin Merck (New Jersey, USA)

Dimethylsulfoxide (DMSO) Roth (Karlsruhe, Germany)

dNTP mix NEB (MA, USA)

Ethylenediaminetetraacetic acid (EDTA) Fluka (Munich, Germany)

Ethanol Kemika (Zagreb, Croatia)
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Ethidium bromide Sigma Aldrich (St. Louis, USA)

FCCP Sigma Aldrich (St. Louis, USA)

Film UltraCruz, Autoradiography, Blue, 5x7 SantaCruz (Texas, USA)

Formaldehyde Kemika (Zagreb, Croatia)

Geldanamycin Roth (Karlsruhe, Germany)

Glucose Kemika (Zagreb, Croatia)

Glycerol Kemika (Zagreb, Croatia)

Glycine Roth (Karlsruhe, Germany)

Hygromycine B Life Technologies (CA, USA)

H2O Nuclease-free Thermo Fisher Scientific Inc (MA, USA)

H2SO4 Sigma Aldrich (St. Louis, USA)

Isopropanol Sigma Aldrich (St. Louis, USA)

Lithium acetate (LiAc) Sigma Aldrich (St. Louis, USA)

Luminol reagent A and B Santa Cruz Biotechnology (Texas, USA)

Milk powder Roth (Karlsruhe, Germany)

Minimal SD agar base Clontech (Mountainview, USA)

Minimal SD base Clontech (Mountainview, USA)

Methanol Sigma Aldrich (St. Louis, USA)

Nitrocellulose membrane Thermo Fisher Scientific Inc (MA, United 
States)

PEG Kemika (Zagreb, Croatia)

PMSF (phenylmethanesulfonyluoride) Sigma Aldrich (St. Louis, USA)

Ponceau S Sigma Aldrich (St. Louis, USA)

Potassium acetate Kemika (Zagreb, Croatia)

Precision Plus Kaleidoscope, 5pk Bio-Rad (Hercules, USA)

Protease inhibitor coctail Thermo Fisher Scientific Inc (MA, United 
States)

Sodium dodecyl sulfate (SDS) Thermo Fisher Scientific Inc (MA, United 
States)

SYBR green Bio-Rad (Hercules, USA)

N,N,N ́,N ́-Tetramethylethylendiamine (TEMED) Acros Organic/Fischer scientific ( New 
Hampshire, USA)

Torin Invitrogen (Carlsbad, USA)

Tris Sigma Aldrich (St. Louis, USA)

Triton X-100 Sigma Aldrich (St. Louis, USA)
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Tween-20 Sigma Aldrich (St. Louis, USA)

Polyoxyethylen-Sorbitan-monolaurat (Tween) Roth (Karlsruhe, Germany)

Uracil DO supplement Clontech (Mountainview, USA)

YPD Medium Clontech (Mountainview, USA)

Zymolyase (2000U) Zymo Research (Freiburg, Germany)

β-mercaptoethanol Sigma Aldrich (St. Louis, USA)

2,4-Dinitrophenylhydrazine Sigma Aldrich (St. Louis, USA)

3-Fluoracetic acid Sigma Aldrich (St. Louis, USA)

3, 3’, 5, 5’-Tetramethylbenzidine (TMB) Sigma Aldrich (St. Louis, USA)

2.1.2. Buffers

All buffers and solutions used in this study are listed in the table below.

Table 2. Buffers and solutions

Name Component Concentration

Agarose gel solution Agarose 1%

TAE buffer -

Blocking buffer Milk powder (or BSA) 5% (1%)

PBST -

BN-PAGE loading dye Brilliant blue G-250 5%

6-aminohexanoic acid 500 mM

Bis-Tris methane 100 mM, pH 7.0

Coomassie destaining solution Methanol 30%

Acetic acid 10%

Coomassie staining solution Coomassie Brilliant Blue 0.25%

Methanol 40%

Acetic acid 10%

Complex IV staining solution KPi 50 mM, pH 7.4

Diaminobenzidine 0.5 mg/mL

Reduced cytochrome c 1 mg/mL

Complex V staining solution Tris/HCl 5 mM, pH 8.3

Glycine 220 mM
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ATP 8 mM

MgSO4 14 mM

Pb(NO3)2 0.2%

Digitonin buffer Digitonin

Tris/HCl 20 mM, pH 7.4

EDTA 5 mM

NaCl 100 mM

Glycerol 10%

PMSF 1 mg/mL

DNP derivatization solution 
(concentrated)

DNPH 0.02 g

3-Fluoracetic acid 1 mL

DNP derivatization solution 
(diluted)

DNP derivatization solution 
(concentrated)

6 μL

PBS (1×) 10 mL, pH 6.0-6.5

Fixation buffer Sorbitol 1.2 M

Potassium phosphate diabasic 0.1 M, pH 7.5

Laemmli sample buffer SDS 10%

Glycerol 20%

β-mercaptoethanol 10 mM

Bromophenol blue 0.05%

Phosphate buffer saline (PBS) NaCl 137 mM

KCl 2.7 mM

Na2HPO4 10 mM

KH2PO4/HCl 1.8 mM, pH 7.4

PBS Tween (PBST) PBS 1X

Tween-20 0.1%

RNA loading buffer Sucrose 10%

Deionized formamide 90%

Bromophenol blue 0.05%

Xylene cyanol 0.05%

SDS-PAGE resolving gel Acrylamide 7.5%

SDS 0.1%
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APS 0.1%

TEMED 0.05%

Tris.HCl 386 mM, pH 8.8

SDS-PAGE stacking gel Acrylamide 4%

SDS 0.1%

APS 0.1%

TEMED 0.05%

Tris.HCl 80 mM, pH 6.8

SDS running buffer Tris/HCl 25 mM, pH 6.8

Glycine 200 mM

SDS 0.1%

Spheroplast lysis buffer Sorbitol 0.6 M

Tris-Hcl 10 mM, pH 7.4

PMSF 1 mM

TAE buffer EDTA 2 mM

Tris/acetic acid 40 mM, pH 8.0

TE buffer (50x) EDTA 50 mM

Tris/HCl 500 mM, pH 8.0

TE-SDS buffer TE buffer (50×) 200 mL

SDS 10%

Tris-Buffered Saline (TBS) NaCl 150 mM

Tris/HCl 50 mM, pH 7.5

TBST (TBS and Tween-20) NaCl 150 mM

Tween-20 0.05%

Tris/HCl 50 mM, pH 7.5

Zymolyase buffer Zymolyase 50-60 U

Protease inhibitor 1:100

Wash buffer I PBS (1×)

Wash buffer II PBS (1×) 50:50

96% ethanol

Wash buffer III PBS (1×)

Tween 0.1%
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2.1.3. Kits

Kits used in this study are listed in the table below together with their respective suppliers

Table 3. Kits

Name Source

Click-iT® L-azidohomoalaine (AHA) Kit Invitrogen (Carlsbad, USA)

iScriptTM cDNA Synthesis Kit BioRad (Hercules, USA)

iTaqTM Universal SYBR Green Supermix
BioRad (Hercules, USA)

NADP/NADPH Quantification Kit Sigma (St. Louis, USA)

NucleoSpin RNA Extraction kit Machery-Nagel (Duren, Germany)

Quick LigationTM Kit New England Biolabs (Ipswich, USA)

RNeasy Mini Kit Qiagen (Venlo, Netherlands)

Wizard® SV Gel and PCR Clean-Up System Promega (Fitchburg, USA)

Wizard®  SV  Minipreps  DNA  Purification

System

Promega (Fitchburg, USA)

2.1.4. Antibodies

All primary and secondary antibodies used in this study are listed in the tables 4 and 5 below.

Table 4. Primary antibodies

Antibody Source Dilution

Anti-DNP Sigma-Aldrich (Taufkirchen, Germany) 1:5000

Anti-6X His tag Abcam (Cambridge, UK) 1:10000

Anti-phosphoSch9 Rabbit Courtesy of Robbie Loewith 1:2500

Anti-Sch9 Rabbit pAb Abcam (Cambridge, UK) 1:2500

Anti-Ssc1 Rabbit mAb Courtesy of Sven Dennerlein 1:5000

Anti-Tcp1 Rabbit pAb Abcam, (Cambridge, UK) 1:1000
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Table 5. Secondary antibodies

Antibody Source Dilution

Goat anti-Rabbit IgG (H+L) 
Alexa Fluor 488

Thermo Fisher Scientific (Darmstadt, Germany) 1:2000

Goat anti-Rabbit HRP Jackson ImmunoResearch (Pennsylvania, USA) 1:5000

2.1.6. Oligonucleotides

Primers used for qPCR analysis and cloning are listed in the tables 6 and 7 respectively.

Table 6. Oligonucleotides used for qPCR

Primer Sequence (5’→ 3’)- Forward Sequence (5’→ 3’)-Reverse 

ACO1 GCTAATAACTGGCCATTGGATGTCA AAGGTTTCTAATTGGCCATCACGT
T

ATP1 ATGTTGGCTCGTACTGCTGCTATTC GCAATACCATCACCGACTGCAAG

ATP20 ATGCTAAGCAGGATCCAAAATTATAC
CA

TCTGTAGGCTTTAGAGCAAAGTT
TAGG

ATP6 ATGTTTAATTTATTAAATACATATATT
ACATCACCATTA

TAAATAGCTTCTTGTGAAATTAAT
CATCTTGAAC

CIT1 F ATGTCAGCGATATTATCAACAACTAG
CAA

GGTTTTACCGTGTTCTTTCTTGAA
TTTTTTA

COB ATGGCATTTAGAAAATCAAATGTGTA
TTTAAGTT

TATGCACATCTCTTATAATATGTTC
AACAGA

COX1 ATGGTACAAAGATGATTATATTCAAC
AAATGC

ATTAAAGCAGGCATTACTAAGAA
GAAAATCA

COX2 ATGTTAGATTTATTAAGATTACAATTA
ACAACATTCAT

GTCCATGTTTAATATATTTATATGC
AATAGGATT

COX3 ATGACACATTTAGAAAGAAGTAGAC
ATCAAC

TATGTAGCTTCAGCTACAATATCT
CTAAATC

COX4 ATGCTTTCACTACGTCAATCTATAAG
ATTTTT

TCTAACCTAGCTAAACCAGTTTCT
TGAT

CYC1  ACTGAATTCAAGGCCGGTTCTG TGTTATTTTCGTCCCACAACACGT
TTT T

DER1 ATGGATGCTGTAATACTGAATCTC ATGCTGGATAAATTTATCTGGTAT

ENO2 ATGGCTGTCTCTAAAGTTTACGCTAG TTGGTCCCTAACATCTAGGTTGGC
C
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FUM1 ATGTTGAGATTTACCAATTGTAGTTG
CAAG

AGGCAATGGCATTCTTTCACGAG
C

IDH1 GCTTAACAGAACAATTGCTAAGAG GTTGATGATTTCATTCGTGAAGTC

IDH2 TGTAAAGCAACCTTCAATCGGAAGA GAATGGTCGTTAATCCGTTGACA
AA

HRD1 ATGGTGCCAGAAAATAGAAGGA ATGCTGGATAAATTTATCTGGTAT

HSP26 ATGTCATTTAACAGTCCATTTTTTG TTAGTTACCCCACGATTCTTGA

HSP42 ATGAGT2TTTTATCAACCATCCCTAT TCAATTTTCTACCGTAGGGTTGA

HSP60 ATGTTGAGATCATCCGTTGTTC TTACATCATACCTGGCATTCCT

HSP15 TGTCTCTCAAATTGGTGATGGTCAA TCTTTGGGGCTAAAGTAGTGGTG
GT

KAR2 GTTTTTCAACAGACTAAGCGCT CTACAATTCGTCGTGTTCGAAA

MCX1 ATGTTGAAATCTGCAAGCCAAAA TTATGTTAACGTTCTCTTGGGAA

MDH1 ATGTTGTCAAGAGTAGCTAAACGTG
C

CTCTTCTGGAGTAAACCCCTTGA
C

PDA1 CTTTCAACATGGCCAAATTATGGAA CACCAGTCCTTAGCAAACTTGGA
TG

PDI1 ATGAAGTTTTCTGCTGGTGCCG TTACAATTCATCGTGAATGGCATC

PGI1 ATGTCTGAACCAGCTCAAAAGAAAC
AAAA

ATGTCTGAACCAGCTCAAAAGAA
ACAAAA

PIM1 ATGCTAAGAACAAGAACCACAAAG
ACC

TTCAATTGATGCTGGAACTCTTGC
CA

POT1 GGTAAGGGTGAATCGAAGAGGAAG
A

AGTTCAAATCAGCCCTCAAAGGT
TC

POX1 GTTGGGTGATTATACTGAAATTTGG CCTTTGTAATTTCATCGGAAATAT
G

PYK1 ATGTCTAGATTAGAAAGATTGACCT
CATTAAA

TACAATTCTTCGGACTTTCTGGCG
TT

SEC62 ATGTCAGCCGTAGGTCCAG GGCTTTTTCATTGATGGCTTTC

SOD1 ATGGTTCAAGCAGTCGCAGTGTTAA
A

TTGAAAGGATTGAAGTGAGGACC
AG

SOD2 ATGTTCGCGAAAACAGCAGCTGC ATTGGTCAACAGCAGTGTTGAAT
CC

SSA1 ATGTCAAAAGCTGTCGGTATTG TTAATCAACTTCTTCAACGGTTG

TDH1 ATGATCAGAATTGCTATTAACGGTTT
CG

AGGTAGCGATCTTGACACCATCA
AT

UBC6 ATGTCTAGGGCTAAGAGAATTAT TCACTTCAACAATTCCTCGATG
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Table 7. Oligonucleotides used for cloning

Primer Sequence (5’→ 3’)- Forward Sequence (5’→ 3’)-Reverse 

Snf1 upstream 
flanking region

GCGGCGTGGATGCAAAAG
GAT

TATGTCGACCTGTGTTTGTGTTGT
TG

Snf1 downstream 
flanking region

TATGAGCTCTGGTGGAAC
GTAAAAGAA

TTCTGGCAGCATGATTTGATATCG
G

2.1.7. Media

Media formulation used in this study is listed in the table below. 

Table 8. Media composition

Medium Composition

LB medium 0.5% yeast extract, 1% tryptone, 1% NaCl

LB cryo storage medium 0.5% yeast extract, 1% tryptone, 1% NaCl, 15% glycerol

YPEG medium 1% yeast extract, 2% peptone, 3% ethanol, 3% glycerol

YPEG medium 1% yeast extract, 2% peptone, 3% ethanol, 3% glycerol, 2.5% 
agar

YPD medium 1% yeast extract, 2% peptone, 2% glucose

YPD agar medium 1% yeast extract, 2% peptone, 2% glucose, 2.5% agar

YPD cryo storage medium 1% yeast extract, 2% peptone, 2% glucose, 30% glycerol
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2.1.8. Plasmids and fluorophores

All plasmids and fluorophores used in this study are listed in the table 9 and 10, respectively. 

Table 9. Plasmids

Vector Accession Purpose Source

pBG1805 YDR 212W Overexpression of Tcp1 cytoplasmic 
molecular chaperone

Dharmacon, Thermo 
Scientific (Darmstadt, 
Germany)

pBG1805 YHR 193C Overexpression of Egd2 cytoplasmic 
molecular chaperone

Dharmacon, Thermo 
Scientific (Darmstadt, 
Germany)

pBG1805 YJR045C Overexpression of Ssc1 mitochondrial 
molecular chaperone

Dharmacon, Thermo 
Scientific (Darmstadt, 
Germany)

pBG1805 YKL073W Overexpression of Lhs1 ER molecular 
chaperone

Dharmacon, Thermo 
Scientific (Darmstadt, 
Germany)

pUG35 MitoLoc Imaging the mitochondrial network 
morphology and membrane potential

(Vowinckel et al., 2015)

pYES2 Empty vector control Dharmacon, Thermo 
Scientific (Darmstadt, 
Germany)

Table 10. Fluorophores

Fluorophore Excitation wavelength Emission wavelength Source

Green Fluorescent 
Protein (GFP)

458 nm 505-530 nm Thermo Fisher 
Scientific Inc (MA, 
USA)

2’,7’-
dichlorofluorescein 
diacetate (H2DCFDA)

492-495 nm 517-527 nm Sigma (St. Louis, 
USA)

3, 3’-
dihexyloxacarbocyani
ne iodide (DiOC6(3))

482 nm 504 nm Sigma (St. Louis, 
USA)

10-N Nonyl acridine 
orange (NAO)

495 nm 519 nm Sigma (St. Louis, 
USA)
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2.1.10. Consumables and laboratory equipment

All consumables and the laboratory equipment used in this study is listed in the table below.

Table 11. Laboratory materials and equipment 

Instrument Manufacturer

Biophotometer Eppendorf (Hamburg, Germany)

Centrifuge 5415R Eppendorf (Hamburg, Germany)

Centrifuge 5810R Eppendorf (Hamburg, Germany)

FACScaliburTM BD Biosciences (Hamburg, Germany)

Mini-proteanTM Tetra Vertical Electrophoresis Gel Bio-Rad (Hercules, USA)

Mini Trans-Blot®Cell Bio-Rad (Hercules, USA)

Multichannel pipette Eppendorf (Hamburg, Germany)

Nanodrop ND-1000 Thermo Fisher Scientific Inc (MA, USA)

Oxygraph Hansatech (Norfolk, UK)

Pipette gun accu-jet pro BrandTech Scientific Inc.

Pipetman pipette Gilson (WI, USA)

Pipetman multichannel pipette Gilson (WI, USA)

QuantStudio 6 Flex Real-Time PCR System Thermo Fisher Scientific Inc (MA, USA)

Spinning disk confocal microscope Perkin Elmer (MA, USA)

SporePlay Dissection microscope Singer Instruments (Somerset, UK)

SunriseTM Absorbance Microplate Reader Tecan (Mannedorf, Switzerland)

SYNERGYM1 microplate reader BioTek (VT, USA)

Vortex 2 IKA (Staufen, Germany)

2.1.11. Software and databases

Software and databases used for analysis of this study are listed in the table below. 

Table 12. Software

Name Company Origin

DeSeq2 package within the 
Bioconductor software 
development project

(Huber et al., 2015; Love et al., 
2014)
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EasyqpcR (Le Pape, 2013)

GraphPad Prism 6 & 7 GraphPad Software Inc. California, USA

ImageJ NIH Maryland, USA

Mendeley Mendeley Ltd London, UK

Microsoft Office Microsoft Corporation Washington, USA

Python HTSeq 0.6.0. EMBL Heidelberg Heidelberg, Germany

R statistical package R Core Team, 2012

STAR 2.3.0e TreeStar Oregon, USA

Ubuntu Canonical Ltd. London, UK

Table 13. Databases

Database Source

BLAST http://blast.ncbi.nlm.nih.gov/Blast.cgi 

SacCer3 reference genome https://www.ncbi.nlm.nih.gov/assembly/
GCF_000146045.2/ 

Saccharomyces gene database http://www.yeastgenome.org 

2.1.12. Strains

Strains and their respective genotypes are listed in the table below.

Table 14. Yeast Strains

Strain Genotype Source

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Thermo Fisher Scientific 
Inc (MA, USA)

LHS1Δ MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
lhs1Δ::KanMX

Thermo Fisher Scientific 
Inc (MA, USA)

SSC1Δ MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
ssc1Δ::KanMX

Thermo Fisher Scientific 
Inc (MA, USA)

EGD2Δ MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
egd2Δ::KanMX

Thermo Fisher Scientific 
Inc (MA, USA)

COA3Δ MATa pep4-3 his4-580 ura3-52 leu2-3,112; 
coa3Δ::HISMX6

This study

LHS1ΔHSF1Δ MATa his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0lhs1Δ::KanMX

Thermo Fisher Scientific 
Inc (MA, USA)

SSC1ΔHSF1Δ MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Thermo Fisher Scientific 
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ssc1Δ::KanMX Inc (MA, USA)

EGD2ΔHSF1Δ MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
egd2Δ::KanMX

Thermo Fisher Scientific 
Inc (MA, USA)

Petite yeast (Goldring et al., 1971)

Table 15. Bacterial strains 

E. coli strains used for cloning and plasmid expression listed in Table 15.

Strain Genotype Source

XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 
relA1 lac [F ́ proAB lacI q ZΔM15 Tn10 
(Tet r )]

Stratgene (CA, USA)

DH5α fhuA2 lac(del)U169 phoA glnV44 Φ80' 
lacZ(del)M15 gyrA96 recA1 relA1 endA1 
thi-1 hsdR17

Thermo Fisher Scientific 
Inc (MA, USA)

2.2. METHODS

2.2.1 Yeast culture

2.2.1.1 Cultivation and growth conditions

Yeast cells were grown in liquid rich media or on synthetic minimal media supplemented with

uracil dropout medium for selective growth of an auxotropic yeast strain. Cells were incubated in

liquid media or plates at 30°C. 

All experiments were performed on yeast cells from mid-log phase, optical density at 600 nm

(OD600) of 0.5-0.6, unless stated otherwise. Before every experiment, the yeast cultures were

grown to stationary phase, were then diluted 100× and allowed to grow until mid-log phase. 

2.2.1.2 Growth rate analysis

Yeast strains were grown overnight at 30ºC in their respective growth media, and were diluted to

~0.1  OD  600  units/mL.  Their  relative  cell  number  was  measured  at  600  nm using a

Biophotometer every 30 min until stationary phase was reached. Obtained results were charted in

growth curve.
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Figure 18 | Representative growth curve. Points at which the cells were harvested are noted by 
arrows (Perić et al., 2017). 

2.2.1.3 Replicative lifespan measurements

Replicative  lifespan  (RLS)  was  performed  by  micromanipulation,  using  a  micromanipulator

device incorporated into a microscope (Singer Instruments). Experiments were performed at 30

°C, i.e., both the incubator and the room in which the micromanipulations were performed were

kept at the mentioned temperatures. For this experiment, yeast cells were individually placed into

a designated spot on an agar plate, approximately 90 cells total; 30 cells per plate. These cells

were discarded once they have produced a bud, leaving their virgin daughter cells for the RLS

assessment.  The  daughters  produced  by  the  mother  cells  were  carefully  separated  from the

mothers using the microdissection needle on the micromanipulator, and were then discarded on

designated  areas  of  the  plate.  Each  separation  was  noted  and  counted  towards  the  RLS

measurement. These mother cells were monitored constantly over several days until senescence

was reached, that is, until all those cells stopped budding. 

Additionally, upon understanding that RLS measurement in most other laboratories in the world

is evaluated during the day, with the plates being kept at +4 °C overnight, decision was made to

test the effect it has on the lifespan of yeast. The results are depicted in the Figure 19 below.

Consequently, our control measurements might not fully align with the literature-based ones, if
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the measurements were without constant surveillance. 

Figure 19| Representation of RLS measurement (Perić et al., 2017). 

2.2.1.4 Chronological lifespan measurements

Chronological lifespan (CLS) was performed on a stationary phase culture. After centrifugation

at 4000×g for 5 min, the cells were resuspended in sterile deionized water and incubated at 30 ˚C

with shaking. The survival of the non-dividing cells was evaluated by plating the serially diluted

cells onto YPD plates every 3 days. 

2.2.1.5 Yeast cell fixation 

Five  mL of 37% formaldehyde was added to 45 mL of exponentially grown culture, and was

incubated  for  45  min  at  room temperature  following  thorough  mixing.  After  the  incubation

period, the cells were pelleted by centrifugation at 1600 rpm for 4 min, and then washed twice

with 1 mL ice-cold fixation buffer.  The washed pellet was resuspended in 1mL fixation buffer

that contained 2.5 µL zymolyase, and it was incubated for 1 h at 30 °C. After the spheroplasting

process, samples were pelleted at 400 rpm for 5 min, and rinsed twice with ice-cold fixation

buffer. For permeabilization, the cells were resuspended in 1 mL 70% ethanol, and stored at 4°C

overnight. 
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2.2.2 Molecular biology

2.2.2.1 DNA extraction

The extraction of DNA was performed using a modified version of the method described by

Powell & Diacetis (2007). A streak of cells was taken from an agar plate and transferred to an 1.5

mL plastic tube containing 660 µL of 50TE-SDS buffer which contained 200 mL of 50TE buffer

with 10% SDS solution, and was filtered through 0.45  µM filter. Samples were then vortexed

and incubated at 65 ºC for 5 min, inverted and re-incubated for further 5 min. 340 µL of 5 M

potassium acetate was added and samples were placed at 4 ºC until the proteins had coagulated.

Once coagulated,  the sample was centrifuged at  13,000 rpm for  10 min and 600  µL of the

supernatant was transferred to a new tube. 600 µL of isopropanol was then added and the tube

was mixed by inversion and incubated at room temperature for 10 min. After incubation the

sample was centrifuged at 10,000 rpm for 10 min and the aqueous phase was discarded. The

DNA pellet was then rinsed in 100 µL of 95% ethanol at -20 ºC and flush spun. The ethanol was

then removed by pipette and the pellet was allowed to dry by placing the tube inverted onto

absorbent paper. Once dry, the pellet was resuspended in 60 µL TE 1× by rubbing the tube across

a rough surface, and incubated at 65 ºC for 5 min. Once prepared, DNA was stored at -20 ºC.

2.2.2.2 Plasmid extraction from S. cerevisiae

Plasmid extraction from yeast was performed following a previously described protocol (Singh 

& Weil, 2002) by using a kit for isolation of plasmid DNA (Wizard® SV miniprep – Promega). 

2.2.2.3 Plasmid extraction from E. coli

10 mL of the overnight culture was used for the extraction, and it was performed following a

standard procedure for miniprep kit as above. 

2.2.2.4 Chaperone inactivation procedure

Inactivating mutations were introduced using the intact plasmid containing active chaperones

(Gething & Sambrook, 1992). The domain architecture scheme was developed using BLAST
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with  default  parameters  (Boratyn  et  al.,  2012).  The  inactivating  mutations  in  each  studied

chaperone were as follows:

• Ssc1  chaperone  was  inactivated  by  deletion  of  C-terminal  domain  required  for  its

translocation function (Blamowska et al., 2010)

Figure 20| Schematic presentation of Ssc1 chaperone inactivation

• Lhs1 chaperone was inactivated by introduction of point mutation at aspartate 26 into

alanine by site directed mutagenesis, which nulled its ATP-binding capacity (de Keyzer et

al., 2009)

Figure 21| Schematic presentation of Lhs1 chaperone inactivation

• Egd2 chaperone was inactivated by deletion of its NAC domain (amino acids 17-72) (Ott 

et al., 2015)

Figure 22| Schematic presentation of Egd2 chaperone inactivation
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• Tcp1  chaperone  was  inactivated  by  deletion  of  a  portion  from  its  ATP-magnesium

binding site (LGPV motif, amino acids 44-47), which nulled its ATP-binding capacity

(Brackley & Grantham, 2009)

Figure 23| Schematic presentation of Tcp1 chaperone inactivation

Cloning was performed in E. coli XL1 Blue (Stratagene).

2.2.2.4 PCR: polymerase chain reaction

PCR was performed for deletion and verification of deleted YDR477W (SNF1) gene. Gene was

deleted and replaced with a  Hygromycin B resistance cassette  (pAG32 plasmid -  Addgene).

Primers used are in the Table 7. 

Phusion Hot Start II High-Fidelity PCR master mix (Thermo Fisher Scientific) was used. The

final volume of the PCR mixture was 50 μL per reaction: 

51



MATERIALS AND METHODS
Table 16. PCR conditions and compositions

Components Concentration Volume used (μl)

Template DNA 100 ng/ μL 4

10X PCR buffer without MgCl2 1× 10

Forward primer 25 μM 2

Reverse primer 25 μM 2

Taq DNA polymerase 1.25 U 0.5

10 mM dNTP’s 2.5 mM 4

MgCl2 2 mM 4

Nuclease free water 23.5

Table 17. PCR program used

Cycle Temperature Reaction Time

25 cycles

94 ºC 4 min

95 ºC 30 sec

52 ºC 1 min

72 ºC 1 min

1 cycle 72 ºC 1 min 30 sec

- 4 ºC Hold

PCR products were visualized in a 1% agarose gel. TAE (1×) buffer was used as running buffer

at 100 V for 35 min, and the DNA was stained with 0.5 mg/mL ethidium bromide. 
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2.2.2.5 Enzymatic manipulation of DNA

Homologous recombination was used to construct a disruption in the YDR477W (SNF1) gene,

following the general scheme described in the Figure 24. A complete list of primers used in this

experiment can be found in the Table 7. HphMX4; hygromycin resistance marker, was PCR-

amplified from pAG32 (Goldstein & Cusker, 1999) (PCR3 mixture), while approximately 500

bp upstream and downstream of the SNF1 gene were amplified separately (PCR1 and PCR2

mixtures).  The  primers  used  for  the  aforementioned  amplifications  had  5’  and  3’  ends

overlapping the primers  used for  HphMX4 amplification,  which was achieved by restriction

digestion.  The procedure  was  done following a  protocol  provided by the  kit  (New England

BioLabs® Inc), and the reaction mixture can be seen in the Table 18. The purified digested

samples (Wizard® SV Gel and PCR Clean-Up kit, Promega) were ligated following a protocol

provided by the kit (New England BioLabs® Inc), and the reaction mixture can be seen in Table

19. Transformations (see method 2.2.2.6 for transformation procedure) were plated on YPD plus

hygromycin 100 μg/mL. The integration of the deletion was confirmed via PCR. 

Table 18. Restriction digestion reaction

Components Concentration Volume used (μL)

NEB CutSmart buffer 1× 2

BSA 100 μg/ μL 2

SacI/SalI 10,000 U 1

PCR product 1 μg -

Nuclease free water - Up to 20 μL total 

volume
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Table 19. Ligation reaction

Components Concentration Volume used (μL)

T4 DNA Ligase Buffer 10× 2

PCR1

1:1PCR2

PCR3 Equimolar to PCR1 and 2

T4 DNA Ligase 1× 1

Nuclease free water - Up to 20 μL total 

volume

Figure 24| Representation of homologous recombination (Gardner & Jaspersen, 2014). 
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2.2.2.6 Yeast transformation experiments

Yeast transformation experiments were performed following a previously described protocol for

high-efficiency transformation using the lithium acetate – PEG method (Gietz & Schiestl, 2008).

Briefly, 50 mL log phase of culture was needed for 10 transformations. Cells were pelleted and

thoroughly washed with sterile  water.  360  μL of  the transformation mix was added to each

transformation microcentrifuge tube, and vortexed thoroughly. Negative control tube was always

included. Transformation tubes were left overnight at the room temperature. The following day, 1

mL of YPD medium was added to each transformation reaction, incubated for 2-3 hr at 30 ºC to

ensure good expression. 2, 20 and 200  μL of the transformation mixture was plated onto the

selective  plates.  Cells  were  plated  less  densely  as  plating  density  negatively  affects

transformation efficiency. Plates were incubated at 30 ºC for 3-4 days. 

2.2.2.7 Metabolic labeling of nascent proteins with L-AHA 

The detection of  newly synthesized proteins is  done by using Click-iT® L-azidohomoalaine

(AHA) kit (Invitrogen). AHA is a methionine amino acid analog that contains a modification, an

azido moiety that can be incorporated into proteins during their synthesis, rendering it applicable

for  the  nascent  protein  detection.  The  experiment  was  performed  following  the  procedure

provided by the kit. 

2.2.3 RNA methods

2.2.3.1 Preparation of yeast RNA extract 

RNA was extracted using the NucleoSpin RNA extraction kit (Machery&Nagel) and RNeasy

Mini kit (Qiagen). When using the NucleoSpin RNA extraction kit, the protocol for up to 3 x 108

yeast cells was followed. When using the RNeasy Mini kit, the protocol for enzymatic lysis was

followed. Both protocols were provided with the extraction kits. 

Extracted RNA was checked for purity and quality on 1% agarose gel. Samples were mixed in

equal volumes with the sample loading buffer, and boiled at 65 ºC for 5 min. Agarose gel was

loaded with the denatured RNA samples, and run at 100 V for 1 hr. The gel was stained with 0.5

μg/mL ethidium bromide and observed for RNA integrity under UV light. 
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2.2.3.2 Quantitative real-time PCR

cDNA was reversely transcribed using iScriptTM cDNA Synthesis  Kit  from 1000 ng of total

RNA.  The concentration  of  RNA was  measured  using  NanoDrop.  The resulting  cDNA was

diluted 100×, out of which 1 μL was mixed with 0.2 μL (25 μM) forward, 0.2 μL (25 μM)

reverse primer,  and 3.6 μL SYBRgreen in each well  of 384 well  plate.  The reaction for the

quantitative real-time PCR was run on a QuantFlexStudio 6 using 40 cycles, after which the

melting curves for each well were determined. qPCR differential expression was estimated from

three replicates using the EasyqpcR package by first removing the cycle threshold (Ct) values

over 1 standard deviation from the mean Ct for each gene/strain combination (Le Pape, 2013).

UBC6 gene was used as a reference gene for normalization, as its expression levels were found

to be stable throughout the samples. 

2.2.3.3 RNA Sequencing and analysis

RNA  sequencing  was  performed  using  the  Next  Generation  Sequencing  (NGS)  Illumina

platform. 50bp single-end reads sequenced for differential expression analysis  were mapped to

the SacCer3 reference genome using the open source software package aligner STAR. 

2.2.3.4 Feature counting

Feature (“raw read”) counts were obtained using the htseq-count tool version 0.6.0. of the Python

HTSeq package (Anders et al., 2015), using the parameters: -a 10 –s no.

2.2.3.5 Differential expression analysis

Feature reads were analyzed for the detection of differentially expressed genes using the DeSeq2

package (Love et al., 2014) within the Bioconductor software development project (Huber et al.,

2015) under R statistical package. The outliers were detected and filtered out with the principal

component  analysis  (PCA) on regularized  logarithm (rlog)  transformed and normalized  data

(Figure 25).
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Figure  25| Principle  component  analysis-based filtering of  RNASeq replicates:  First  two
principal component coordinates were used to identify outlier replicates and gave (A) PCA plot
before removal of outliers, and (B) PCA plot after removal of outliers (Perić et al., 2017).

2.2.4 Protein extraction and analysis

2.2.4.1 Preparation of yeast protein extracts

Cells were grown to mid-log phase, and were centrifuged for 5 min at 3000 rpm. The pellets

were resuspended with 10 mL 1× phosphate buffer saline (PBS) and centrifuged for 5min at
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3000 rpm. This step was repeated one more time in order to efficiently remove any growth media

as it inactivates zymolyase. The pellets were then resuspended in zymolyase buffer and were

shaken at 100 rpm on 37 ºC for 1 hr. The volume of zymolyase directly depended on the size of

the pellet,  since it  was of great importance that the volume was enough for the pellet  to be

completely resuspended, but it was usually between 500 μL and 1 mL. Very important to note

that the resuspended pellets had to be shaken very gently but thoroughly, as the spheroplasts can

be easily damaged, releasing the proteins. After 1 hr, the tubes were centrifuged at 3000 rpm.

Supernatant  was  discarded.  From  here  all  work  was  done  on  ice.  The  cell  pellets  were

resuspended in spheroplast lysis buffer at 1 mL of buffer per 0.5 g of cell pellet. The cells were

vigorously vortexed for about 30 sec, and left on ice for 30 min, with occasional vortexing. After

30 min,  cells  were  vortexed  again  for  2  min,  and  centrifuged  at  maximum speed  until  the

supernatant was clear. 

2.2.4.2 Protein concentration measurement

The concentration of the extracted yeast proteins was measured, following the protocol described

by Bradford  (Bradford, 1976). For these measurements, 96 well plate was used. The standard

curve was constructed by measuring the absorbance of applying several Bovine Serum Albumine

(BSA) solutions, with the concentrations ranging from 0 – 0.05 mg/mL. Water was used as a

blank. 200 μL of Bradford reagent was added to 1 μL of sample (three replicates) and absorbance

was  measured  at  570  nm  using  Tecan  Sunrise  Absorbance  Microplate  Reader  after  1  hr

incubation at room temperature with shaking. 

2.2.4.3 Protein carbonylation measurement

Extracted proteins were diluted in PBS to a final concentration of 10 μg/mL. 100 μL of diluted

proteins was added to each well. The plate was covered with an adhesive plastic and incubated

either at 4 ˚C overnight or at 37 ˚C for 1 h. Plate was then washed three times with 200 μL wash

buffer I per well. 200 mL of DNP derivation solution was added in each well, and the plate was

incubated for 45 min in the dark. Plate was then washed three times with 200 μL of wash buffer

II per well, and three times with 200 μL of wash buffer I per well. The remaining protein binding

sites in the coated wells were blocked in 250 µL blocking buffer. The plate was incubated for

90min at room temperature with shaking. Plate was washed three times with 300 µL of wash

buffer III per well. 100 µL of diluted anti-DNP primary antibody was added to each well. The
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plate was incubated for 120 min at room temperature with shaking. Plate was then washed with

200 μL of wash buffer III per well. 100 µL of diluted Goat HRP secondary antibody was added

to each well. The plate was incubated for  60 min at room temperature with shaking, and then

washed with 200 μL of  wash buffer III  per well. 100 μL of TMB solution was added to each

well, and was incubated until the color development stopped. Reaction was stopped by adding

100 μL of Stop solution (0.3 M H2SO4) to each well. The absorbance was read at 450 nm using

the Tecan Sunrise plate reader.

2.2.4.4 SDS - PAGE and Western Blotting

Proteins were extracted following the procedure previously described (2.2.4.1). 

25 μg of protein was mixed with Laemmli sample buffer, heated to 95 ºC for 5 min, and allowed

to cool  before loading them onto two 7.5% SDS – polyacrylamide gels.  The gels  were run

simultaneously at 50 mA in a vertical electrophoresis chamber with 1× SDS Running buffer. One

gel was stained with the Coomassie Brilliant Blue stain for 20 min with shaking, and destained

using  the  destaining  solution  overnight.  Second  gel  was  transferred  onto  a  nitrocellulose

membrane at 200 mA for 1 h using a transfer chamber. The membrane was briefly stained with

Ponceau stain,  a  reversible  protein staining  dye used  to  determine  the  transfer  efficacy,  and

destained using ddH2O. Blocking of the membrane was performed for 1 h in 5% milk in PBS and

Tween-20  (PBST),  or  in  5%  BSA  in  Tris-Buffered  Saline  and  tween-20  (TBST)  when

determining phosphorylated proteins. The membrane was then incubated with primary antibody

diluted in the blocking buffer. The incubation was performed for 1 hr at room temperature, after

which  the  membranes  were  meticulously  washed  with  PBST,  or  TBST  for  detection  of

phosphorylated  proteins.  Secondary  antibody  was  diluted  in  the  blocking  buffer,  and  the

incubation of the membranes was carried out overnight at 4 ºC. The detection of the proteins was

achieved by incubating the membranes in Luminol reagent A and B according to the supplier’s

recommendation. The visualization was performed using FujiFilm developer. Protein amount in

a band of interest was quantified by using ImageJ software: intensity of the band was normalized

to the total protein amount, i.e. the intensity of the entire lane of the Coomassie-stained gel.

Detailed use of antibodies for determination of each protein is listed in the Table 4.
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2.2.5 Mitochondrial methods

2.2.5.1 Isolation of mitochondria 

Mitochondria were isolated using the following procedure.

500 mL of stationary culture was pelleted, and rinsed with 5 mL of 10 mM EDTA. The pellet

was  resuspended  in  2  mL  Ice-cold  Sorbitol  Buffer  A  supplemented  with  0.3%  β-

mercaptoethanol. 50 U of zymolyase was added, and the samples were incubated at 37 °C for 1

h, after which the spheroplasts were harvested with centrifugation at 1,800 rpm for 15 min at 4

°C. The supernatant was discarded,  and the pellet  was resuspended gently in 5 mL ice-cold

Sorbitol Buffer A and centrifuged at 2,500 rpm for 5 min at 4 °C. Supernatant was transferred to

a new tube, and centrifuged 15,000 rpm for 15 min at 4 °C. Pellet was resuspended in 1.5 mL

ice-cold  Buffer  B,  and  centrifuged  again  at  800  rpm  for  5  min  at  4  °C.  Supernatant  was

transferred into a new tube, centrifuged once more at 15,000 rpm for 5 min at 4 °C, and the pellet

was stored at -80 °C. 

2.2.5.2 Blue Native-PAGE

Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE) is a technique used to isolate and

resolve protein complexes from biological membranes by molecular weight. It is all performed

while  enabling  proteins  to  retain  their  native  structures.  Mitochondria  extracted  following

previously described protocol (2.2.5.1) were resuspended in Digitonin buffer for 30 min at 4°C.

Lysates were cleared by centrifugation for 15 min at 20000 rpm, and 4 °C, after which 10×

loading dye was added. The samples were run on 4%–13% polyacrylamide gradient gels with

4% stacking gel. The in-gel activity of the mitochondrial respiration complexes was measured

following a previously published procedure (Wittig et al., 2007) that states incubation in complex

IV and complex V staining solution for 30 and 60 min, respectively. 

2.2.5.3 Analysis of the mitochondrial morphology and protein import apparatus 

For  the  visualization  of  mitochondria  and evaluation  of  its  protein  import  processes  in  this

research MitoLoc plasmid was used  (Vowinckel et al.,  2015). All of the studied yeast strains

were firstly transformed with the plasmid following a transformation protocol described earlier

(2.2.2.6). Microscope slides were prepared following a procedure from 2.2.6.1, and the live cell

imaging performed using the same setup as depicted in 2.2.6.2. The exposure time was 100 ms
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for GFP and 300 ms for mCherry with 5-10% laser intensity.  The cells containing cytosolic

mCherry agglomeration were counted manually. Upwards of 1000 cells per strain was surveyed

in  this  experiment.  All  the  images  obtained  were  analyzed  using  ImageJ  platform with  the

integrated MitoLoc software plugin named MitoMap. The ImageJ plugins used for analyses in

this  experiment  can  be  freely  obtained  from  the  following  site

https://www.gurdon.cam.ac.uk/institute-life/downloadspublic/imaging-plugins   

2.2.6 Biochemical procedures

2.2.6.1 Respiration measurement

An oxygraph equipped with a Clark-type electrode (Oxygraph, Hansatech, Norfolk, UK) was

used to polarographically monitor oxygen uptake of the cells in exponential growth phase. 500

μL of yeast culture at density of 30 × 106 cells/mL was transferred to an airtight 1.5 mL oxygraph

chamber in which the conditions were kept to 30 °C and stirring. Oxygen content was monitored

for at least 4 min. Antimycin (final concentration 10 μg/mL) was used as a control to ensure that

the observed oxygen consumption was due to the mitochondrial activity. 

2.2.6.2 Geldanamycin treatments

Wild  type  and  the  constitutively  active  Tor1  (caTor1)  strains  were  treated  with  9  mM

geldanamycin, which is used as an inhibitor of the Hsp90 chaperone.  Cells were incubated for

one generation time, 1.5 h, at 30  oC. Cells were subjected to the treatment at the time of the

diauxic shift. 

2.2.6.3 Torin treatments

The ΔSnf1 strain was treated with 100 nM torin, which is used as a TOR pathway inhibitor, for 2

h before the cells were pelleted. Cells were subjected to the treatment at the time of the diauxic

shift. 
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2.2.5 Fluorescence microscopy

2.2.5.1. Flow cytometry

Flow cytometry was conducted on a Becton-Dickinson FACSCalibur model equipped with a 488

nm Argon laser and a 635 nm red diode laser.

2.2.5.2 ROS measurement

To measure the presence of ROS 2’,7’-dichlorofluorescein diacetate (H2DCFDA) was used. This

reagent,  although  non-fluorescent,  becomes  fluorescent  (green)  in  the  presence  of  ROS,  as

oxidation converts it into 2’,7 -’dichlorofluorescein (DCF). This fluorescence is analyzed using

Becton-Dickinson FACSCalibur model equipped with a 488 nm Argon laser and a 635 nm red

diode laser.

Immediately before the flow cytometry experiment, fresh solution of H2DCFDA is prepared in

either  dimethylsulfoxide  (DMSO)  or  100% ethanol.  Cells  were  carefully  washed  with  PBS

solution to remove any traces of the growth medium, and incubated with 10 μg/μL H2DCFDA

for 120 min at 37 °C in the dark. ROS was then measured by flow cytometry using the FL1

channel (green fluorescence), and the collected data analyzed using FlowJo software. Results are

expressed as the mean fluorescence of 10,000 cells. 

2.2.5.3 Measurement of Mitochondrial Mass

In order to measure the mitochondrial mass, 10-N Nonyl acridine orange (NAO) was used, a

green fluorescent  dye.  NAO specifically  binds  to  the  mitochondrial  inner  membranes,  more

specifically to cardiolipin, a phospholipid present on the inner mitochondrial membrane, and is,

therefore, used as a marker of the mitochondrial membrane surface per unit of cell mass (Maftah

et al., 1989). 

1 × 106 cells/mL were resuspended in 1mL of the growth medium containing 100 nM NAO, and

were incubated at 30 °C with shaking in the dark. After the incubation period, the cells were

analyzed  using  FACSCalibur  flow  cytometer  at  FL1-height.  The  data  obtained  by  flow

cytometry  was  analyzed  using  FlowJo  software  version  7.2.5  to  determine  the  mean  green

fluorescence intensity after each treatment.
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2.2.5.4 Assessment of mitochondrial membrane potential

The  mitochondrial  membrane  potential  (MMP)  together  with  the  proton  gradient  forms  the

mitochondrial transmembrane potential that is harnessed to form ATP. The changes in the MMP

are monitored as a key indicator of mitochondrial function and cell  health  (Sakamuru et al.,

2016). In order to measure the variations of the mitochondrial transmembrane potential, a cell

membrane  permeable  fluorescent  dye  3,  3’-dihexyloxacarbocyanine  iodide  (DiOC6(3))  was

used. 1 × 106  cells/mL were resuspended in 1 mL of the growth medium containing 40 nM

DiOC6(3),  and were incubated at  30 °C with shaking in  the dark.  The membrane potential-

related fluorescence of  DiOC6(3)  was measured using FL1-height  of  the FACSCalibur  flow

cytometer.  Data obtained was analyzed using FlowJo software to  determine the  mean green

fluorescence intensity after each treatment. The results are expressed as % of mean fluorescence

of the control strain. As a negative control of the experiment, cells were incubated with 100 μM

carbonyl-cyanide  4-(trifluoromethoxy)  -  phenylhydrazone  (FCCP)  in  order  to  collapse  the

mitochondrial  membrane  potential.  After  its  collapse,  the  dye  remains  in  the  cytoplasm,  in

contrast to healthy cells, where the dye accumulates in the mitochondria. 

2.2.5.5 Overexpression level measurement

The expression levels of each studied chaperone in the enriched strains was measured by flow

cytometry, with the mean fluorescence from over 10000 cells. The conditions for the expression

level measurements are listed in the Table 4.  Obtained signals were normalized to the mean

endogenous expression level of each chaperone. The internal expression levels for the Lhs1 and

Egd2 chaperones were obtained by the flow cytometry measurements based on the signal of

green fluorescent protein (GFP) fusions (Thermo Fisher Scientific), while the conditions for the

measurements of the expression levels for the Ssc1 and Tcp1 are listed in the Table 4.

Before the expression level measurements, the cells were fixed following a procedure described

in 2.2.1.5. After that, cells were blocked with 5% BSA in 10 mM PBS for 30 min. The primary

and  secondary  antibodies  were  diluted  in  blocking  buffer,  and  incubated  for  1  h  at  room

temperature.  After  being  thoroughly  washed,  cells  were  subjected  to  the  flow cytometry,  as

described in 2.2.5.1. 
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2.2.6 Imaging

2.2.6.1 Microscope slide preparation

Agarose solution was prepared using the appropriate growth media and 2% (w/v) agarose. The

solution  was  heated  to  allow for  the  agarose  to  completely  dissolve.  50  μL of  the  agarose

solution was placed on a preheated microscope slide, and it was allowed to cool before placing

yeast cells in a monolayer. 

3 mL of the yeast cultures used for microscope slides were previously centrifuged at 4000 rpm

for 3 min, and were resuspended in 50 μL of the appropriate growth media.

2.2.6.2 Live cell imaging and analysis

Regardless of the object imaged, the same general setup was used. The slide was mounted on the

Volocity software (version 6.3; Perkin Elmer) driven, temperature-controlled Nikon Ti-E Eclipse

inverted/UltraVIEW VoX (Perkin Elmer) spinning disc confocal setup. Images were recorded

through 60xCFI PlanApo VC oil objective (NA 1.4) using coherent solid state 488 nm/50 mW

diode laser with DPSS module, and 1000x1000 pixels 14 bit Hamamatsu (C9100-50) electron-

multiplied, charge-coupled device (EMCCD). The exposure time was 150 ms, and 5-10% laser

intensity was used. The images were analyzed by using Image J software. 

2.2.7 Statistical analysis

All  represented  values  are  mean  values  normalized  to  experimental  controls  from  three

experimental and three biological replicates. All results were analyzed using R v2.15.3 (CRAN,

http://cran.r-project.org) and RStudio for Windows, v 0.97 (http://www.rstudio.com/). All groups

were tested for normality of distribution using Shapiro-Wilk test. Since analyzed data followed

normal distribution, differences of means were considered statistically significant if they passed

thresholds  calculated  using  Student’s  two-tailed  t-test  for  two-parameter  comparisons,  and

parametric  one-way  ANOVA,  followed  by  Tukey’s  post-hoc  test  for  multi-parametric

comparisons. For all tests significance level was set at p<0.05, and significance was indicated as

***P < 0.001; **P < 0.01; *P < 0.05. 
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3. RESULTS

3.1 Part I: Mild proteotoxicity ensuing chaperone deletions leads to cross-organelle stress

response (CORE) resulting in lifespan extension

This part of thesis has been published in Scientific Reports (Perić, M., Dib, P. B., Dennerlein, S.,

Musa,  M.,  Rudan,  M.,  Lovrić,  A.,  …  Kriško,  A.  (2016).  Crosstalk  between  cellular

compartments protects against proteotoxicity and extends lifespan. Scientific Reports, (December

2015), 1–12. https://doi.org/10.1038/srep28751).

3.1.1 Chaperone deletion in any cellular compartment induces cell-wide protein stress

With the intention to investigate the cell-wide effects of compartmentalized proteostasis failure,

imbalance  of  protein  homeostasis  was  provoked  in  specific  intracellular  compartments  by

deletion of genes encoding for a specific protein chaperone. Three chaperones localized in three

distinct  cellular  compartments  were  chosen for  this  purpose:  SSC1 gene  encoding  for  Ssc1

chaperone  (mitochondrial  HSP70),  EGD2 gene  encoding  for  nascent  polypeptide-associated

complex NAC, and LHS1 gene encoding for Lhs1 chaperone (endoplasmic reticulum HSP70). 

To  confirm  stress  induced  upon  chaperone  deficient  strains,  levels  of  key  stress  response

chaperone, HSP90, were measured. Results indicate increase in the cytosolic HSP90 levels in all

of the three mutant strains, without regard to the compartment of chaperone deficiency, thus

verifying induced protein stress (Figure 26). 
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RESULTS

Figure 26| Deletion of chaperones induces protein stress characterized by increased HSP90
levels.  (A)Western blotting of HSP90 chaperone  in WT and deletion background strains  (left).
Band intensities from the western blot assay (top left) were normalized to the band intensities of
total protein from the Coomassie-stained SDS-polyacrylamide (bottom left). Images shown are
representative of experimental replicates. (B) Quantification of HSP90 band intensities from the
western  blot  assay  analysis  (right).  Results  indicate  increase  in  HSP90  level  in  deletion
background strains  in  comparison to  the  WT strain.  Asterisks  indicate  significant  difference
between samples. Data are represented as mean ± SD from three experimental replicates. **p <
0.01 (ANOVA plus post hoc). 

3.1.2 Compartmentalized failure of proteostasis results in respiration decline

In order to  evaluate the consequence  of protein stress on cellular performance, mitochondrial

respiration of chaperone deficient strain was studied, as it is generally a critical component of

stress responses. Oxygen consumption rate was firstly measured, which showed a substantial

decrease in comparison to the wild type (WT) strain (Figure 27). 
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Figure 27| Induced protein stress leads to a decline in respiration. Oxygen consumption rate
measured  polarographically  using  a  Clark  electrode.  The  results  indicate  decreased  oxygen
consumption rate of chaperone deficient strains compared to the WT strain. Asterisks indicate
significant  difference  between  samples.  Data  are  represented  as  mean  ±  SD  from  three
experimental replicates. **p < 0.01 (ANOVA plus post hoc).

Since oxygen consumption rate of chaperone deficient strain corresponds to that of respiratory-

incompetent petite strain (introduced as a negative control, Figure 27), it was important to rule

out a possible respiratory chain defect resembling to the petite yeast. To eliminate this option,

mutant  strains  were  grown  on  YPEG  media  containing  nonfermentable  carbon  source  (3%

ethanol, 3% glycerol) as respiratory-incompetent strains are unable to grow on it (Figure 28A).

Considering that the observed growth showed no discrepancy in comparison to the WT strain, it

suggests  that  the  characterized  decrease  in  oxygen consumption  is  not  due  to  the  defective

respiratory chain (RC) components. To further support the absence of respiratory chain deficit,

mitochondrial  protein  complexes  of  the  oxidative  phosphorylation  (OXPHOS)  system  were

resolved  using  BN-PAGE.  The  results  showed  no  difference  in  the  level  of  mitochondrial

complexes between the studied strains, thereby eliminating the likelihood of RC defect (Figure

28B).

67



RESULTS

Figure 28|  Decline in respiration is not a result of defective RC complexes.  (A) Spot test
analysis  on  YPEG  medium  revealed  no  difference  in  the  growth  rate  between  for  both
exponential (top plate) and stationary (bottom plate) growth phases. Relative numbeof spotted
yeast cells is indicated. (B) BN-PAGE gel displaying II, IV and V of the mitochondrial OXPHOS
complexes.  The  results  presented  show  no  difference  in  band  intensities,  and  therefore,  no
difference in the respiratory chain configuration. 

Next  decision  was to  determine  whether  the  declined  oxygen  consumption  is  the  direct

consequence of decreased mitochondrial mass.  To test this, NAO fluorescent probe was used

which  binds  to  cardiolipin  in  the  inner  mitochondrial  membrane,  and  as  such,  is  a  reliable

indicator of mitochondrial mass. The fluorescent signal showed no change between the studied

strains, denoting no modification in mitochondrial mass of mutated strains (Figure 29). 
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Figure  29| Chaperone deficient strains exhibit a decline in MMP.  Mitochondrial membrane
potential  measurement  using  positively  charged green  fluorescent  probe  DiOC6(3)  indicated
membrane depolarization upon chaperone deletions. The analysis of the mitochondrial mass was
obtained using a green fluorescent mitochondrial dye NAO, and the results show no change in
the mitochondrial biomass of mutant strains in comparison to the control. Values are the mean ±
standard deviation of two technical replicates from three independent cultures ***p < 0.001; **p
< 0.01 (ANOVA plus post hoc). 

Having  analyzed  oxygen  consumption  rate  of  the  chaperone  deficient  strains,  other  core

parameter of OXPHOS were evaluated – the mitochondrial membrane potential (MMP). The

DiOC6(3) staining of mitochondria indicated the decline of the MMP (Figure 30A). Since MMP

pertains to cells’ aptitude to generate ATP, the measurements of ATP levels displayed predictable

decrease in  chaperone deficient  strains  compared to  the control,  while  ROS levels remained

unaltered (Figure 30B). 
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Figure  30| Chaperone  deletion  induces  a  decrease  in  ATP levels  without  affecting  the
production of  ROS. Quantification  of  ATP in  deletion  background strain  compared to  WT
determined by using fluorometric assay and quantified relative to the standard curve. Results
indicate decrease in levels of ATP produced by the chaperone deficient strains. ROS production
measurement. Carboxy-H2DCFDA probe was used to determine the production of ROS in flow
cytometer. Results denote no change in the fluorescence intensity or ROS production. Values are
the mean ± standard deviation of two technical replicates from three independent cultures ***p <
0.001; **p < 0.01 (ANOVA plus post hoc). 

3.1.3 Compartmentalized proteotoxicity mediates a cell-wide response

The aforementioned decline in respiration prompted us to consider transcript levels of several

conventional  stress  response  pathways  affiliated  with  all  three  compartments  of  chaperone

deficiency: ERAD, cytosolic heat shock response, and the mitochondrial retrograde response.

Gene  expression  was  analyzed  using  qPCR,  and  the  most  outstanding  characteristic  of  the

chaperone deficiencies is observed in the cytosolic stress response pathway, more precisely in the

upregulation  of  the  cytosolic  sHSP HSP26  (Figure  31A).  The  cytosolic  constituent  of  the

chaperone family HSP26 is found active exclusively under stress conditions, and its predominant

function  is  prevention  of  protein  aggregation  (Haslbeck  et  al.,  1999).  Considering  that  its

upregulation suggests recognition of cytosolic stress, it is rather unexpected that the levels of
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HSP42, sHSP from the same family with a comparable function as HSP26, and levels of HSP70

(SSA1), a constitutively expressed chaperone induced under stress conditions, remain unaffected

(Figure 31A).  

Regarding  ERAD  mechanism  components,  analysis  of  the  transcript  levels  indicates  the

increased expression of protein chaperones facilitating ER protein folding, which include KAR2,

PDI1 and SEC62 (Figure  31B).  On the  other  hand,  chaperones  involved in  the  degradation

machinery of ER, such as DER1, HRD1 and UBC1, mainly remain unchanged (Figure 31B).

Figure 31| Expression levels of indicated genes were analyzed by qPCR and normalized using
UBC6 as a reference gene. The examination was performed in (A) cytosol and (B) ER of WT
control  and chaperone deficient  strains.  The blue,  green,  purple  and red  bars  in  each graph
represent  WT,  ΔEGD2,  ΔLHS1  and  ΔSSC1  respectively.  Values  are  the  mean  ±  standard
deviation of three technical replicates from three independent cultures ***p < 0.001; **p < 0.01
(ANOVA plus post hoc). 

Since retrograde response,  an intracellular compensation pathway, is triggered by the loss of

membrane potential and is known to elicit cellular effect comparable to the one indicated in

deletion  background  strains,  its  implication  had  to  be  eliminated.  The  examination  of  the

transcript levels revealed the unchanged expression of the peroxisomal citrate synthase encoded

by CIT2 gene (Figure 32A). Taking into the account that the CIT2 activation is a diagnostic for
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retrograde  response,  its  absence  rules  out  the  involvement  of  mitochondrial  compensation

pathway in cellular response of chaperone deficient strains. 

Further  examination  of  the  mitochondrial  genes  demonstrated  the  absence  of  the  mtUPR

response, noted from the levels of chaperone used for recognition of mtUPR activation – HSP60,

while the steady levels of Lon protease encoded by PIM1 gene indicate that the degradation of

oxidized  proteins  has  not  been  activated  (Figure  32A).  Continued  analysis  revealed  the

upregulation  of  mitochondrial  citrate  synthase  encoded  by  CIT1 and  the  downregulation  of

isocitrate  dehydrogenase  encoded  by  IDH1 (Figure  32A).  Mitochondrial  citrate  synthase

catalyzes the first reaction of the tricarboxylic acid (TCA) cycle in which oxaloacetate and acetyl

CoA react to form citrate, while isocitrate dehydrogenase converts isocitrate to α- ketoglutarate

generating NADH in the third reaction of the TCA cycle (Lee et al., 2007). Taken together, these

results  suggest  a  possible  accumulation  of  citrate.  To  further  elaborate  on  this  hypothesis,

NADP+/NADPH ratio needed to be measured. 

The findings show a significant decrease in the  NADP+/NADPH ratio  in chaperone deficient

strains relative to the control, implying an increase in the reducing power in the cytosol (Figure

32B). 
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Figure 32| Compartmentalized proteotoxicity mediates a cell-wide response. (A) Expression
levels of indicated genes were analyzed by qPCR and normalized using UBC6 as a reference
gene. The examination was performed in  mitochondria of WT control and chaperone deficient
strains. The blue, green, purple and red bars in each graph represent WT, ΔEGD2, ΔLHS1 and
ΔSSC1  respectively.  (B) Determination  of  NADP+/NADPH  redox  ratio  by  colorimetric
detection.  The results disclose a significant decrease in deletion strains compared to the WT
control.  Values are  the  mean  ±  standard  deviation  of  three  technical  replicates  from  three
independent cultures ***p < 0.001; **p < 0.01 (ANOVA plus post hoc). 
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Collectively, these results indicate that, thus far, compartmentalized proteotoxicity mediates a

cell-wide  response  comprising  of  metabolic  changes  and  the  activation  of  conformation

maintenance machinery. This  prompted us  to  denominate  the cellular  response as  the cross-

organelle stress response (CORE). 

3.1.4 CORE pathway induces a variable change in the components of the RC complexes

Further  examination  of the  mitochondrial  health  as  well  as its  involvement  in  the  observed

CORE  pathway  was  desirable.  It  was,  therefore,  decided for  the  steady-state  levels  of

mitochondrial  respiratory  chain  enzyme  subunits  to  to  determined  (Figure  33).  For  this

measurement, several subunits of Complex III, including Qcr8 and Rip1; several subunits of the

Complex IV, including Cox1, Cox5, and the assembly factors Coa3 and Cox15; as well as the

one subunit of Complex V – Atp5 were examined. As visible from the results, the levels of Cox1

and Coa3 increased, while those of Rip1, Cox15 and Atp5 remained unchanged in all of the

deletion background strains (Figure 33). Partial change was observed with the Cox5 and Qcr8, as

their levels increased only in the EGD2 and SSC1 deficient strains. 

Additionally, the steady-state levels of subunits of the translocase of inner mitochondrial (TIM)

membrane Tim21 and Tim23, as well as that of the translocase of the outer mitochondrial (TOM)

membrane Tom40 were measured. The results point to no variations in their levels compared to

the WT control (Figure 33). 
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Figure  33| CORE  pathway  induces  a  variable  change  in  the  components  of  the  RC
complexes. (A) Western blot examination of steady-state levels respiratory chain components.
Porin was used as a mitochondrial loading control. (B) Quantification of western blot analysis of
steady-state  levels  respiratory  chain  components.  All  levels  were  normalized  to  the  band
intensity of porin, used as a mitochondrial loading control. *** p < 0.001; ** p < 0.01; * p < 0.05
(ANOVA plus post hoc).

3.1.5 Chaperone deletion results in mitochondrial fragmentation

Next,  mitochondrial network morphology and its protein import ability were characterized and

quantitatively measured. For that, the cells were assayed in vivo using MitoLoc, which contains

fluorescent  protein  markers  preSu9-GFP  and  preCox4-mCherry  (Vowinckel  et  al.,  2015).

MitoLoc plasmid was introduced into WT and chaperone deficient strains, and the subsequent

analysis of obtained images indicated mitochondrial fragmentation of the deletion background

strains (Figure 34A). Unlike the tubular mitochondria observed in the WT control, chaperone

deficient  strains  exhibited  smaller  and rounded mitochondria,  characteristic  of  mitochondrial

fragmentation.  Further  assessment  of  mitochondrial  fragmentation  using  a  MitoMap analysis

software as an ImageJ plugin confirmed the detected fragmentation by reduced volume of mutant

strains (Figure 34B). 
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Figure  34| Chaperone  deficient  strains  exhibit  mitochondrial  fragmentation.  (A) The
mitochondrial  structures  on  the  image  are  identified  by  preSU9-GFP  (green)  and  COX4-
mCherry  (red),  and  both  show  mitochondrial  localization.  The  results  reveal  mitochondrial
fragmentation in chaperone deficient strains. Image is the representative example from more than
300  visualized  cells  from  two  biological  replicates  (B)  Mitochondrial  volume  assessment,
calculated by two parameters of mitochondrial surface area and volume, using ImageJ plugin,
indicate decreased volume in studied strains. 

To assess the mitochondrial protein import efficiency,  the accumulation of COX4-mCherry in

chaperone deficient mutants was analyzed and compared to the WT control. The results revealed

no  increase  in  the  accumulation  of  the  COX4-mCherry  protein,  suggesting  successful

localization in the inner mitochondrial membrane, and thus an effective translocation of COX4

across the membrane (Figure 35).  Additionally,  consistent co-localization of both fluorescent

proteins in all studied strains makes the defective mitochondrial protein import an improbable

explication of observed partial upregulation of cytosolic chaperones.
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Figure  35| Chaperone  deficient  strains’ mitochondrial  protein  import  is  not  defected.
Example of a cell with accumulation of COX4-mCherry in the cytosol, vs its localization in the
mitochondrion (top). Quantification of cells which show COX4-mCherry localization within the
cytosol  across  all  the  studied strains  (bottom),  dismissing the possibility  of  defected  protein
import. Values are the mean ± standard deviation of more than 300 cells from three independent
cultures ***p < 0.001; **p < 0.01 (ANOVA plus post hoc). 

Nevertheless,  the  option  of  defected  mitochondrial  protein  import  was  further  reviewed.  To

accomplish that, transcript levels of CORE pathway related components were investigated in two

yeast strains: 

• respiratory-deficient strain with the inactivated COA3 gene whose activity is critical

for cytochrome oxidase biogenesis and, hence, function of the respiratory chain;

• wild type strain treated with carbonyl cyanide m-chlorophenylhydrazone (CCCP) is

mitochondrial  oxidative  phosphorylation  uncoupler  that  prevents  translocation  of

proteins across the inner mitochondrial membrane (Yaffe & Schatz, 1984). 
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The results indicated a partial overlap of the expression of targeted genes in the above-mentioned

strains compared to the effect observed from the activated CORE pathway in the chaperone

deficient  strains  (Figure  36A).  The  respiratory-deficient  COA-null  mutant  shared  only  the

upregulation  of  HSP26 expression  level  compared  to  the  chaperone  deficient  strains,  while,

along with the upregulation of HSP26 chaperone, also resulted in the upregulation of protein

disulfide isomerase (PDI1) and isocitrate dehydrogenase (IDH1). The CCCP uncoupling of the

respiratory chain from oxidative phosphorylation, on the other hand, had more changes of the

transcript level in common. These include the upregulation of  PDI1,  citrate synthase (i)  and

HSP26 chaperone (Figure 36A). It did, however, result in other changes that were not witnessed

with the mutant background strains, such as upregulation of  IDH1 and mitochondrial  HSP60,

and down-regulation of SOD1 and ERAD constituents such as KAR2 and SEC62 (Figure 36A).

To further  elucidate  the  involvement  of  respiratory  chain  uncoupling  in  the  detected  CORE

response,  the  levels  of  the  HSP90  chaperone  that  was  markedly  elevated  in  the  chaperone

deficient strains were measured. WT strain treated with CCCP, however, showed no change in

comparison  to  the  control  (Figure  36B).  These  results  confirm  once  again  that  a  defected

mitochondrial protein import or defected respiratory chain is a highly unlikely rationale for the

observed effect of chaperone deficient strains. 
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Figure  36| Transcript  levels  of  COA3-null  mutant  and WT treated with  CCCP show a
partial overlap with the chaperone deficient strains.  (A) WT strain was treated with 25 µM
CCCP for 2 hr during the phase of exponential growth, while COA3-null mutant was constructed
as  described  by  (Mick  et  al.,  2010). UBC6  was  used  for  normalization. (B) HSP90  level
measurement  in  WT treated  with  25  µM CCCP.  Protein  extracts,  50µg,  were  separated  by
standard  SDS-PAGE  succeeded  by  Western  blot  analysis  using  antibodies  against  HSP90
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(bottom left). Band intensities from the western blot assay (top left) were normalized to the band
intensities of total protein from the Coomassie-stained SDS-polyacrylamide gel (bottom left).
Quantification of HSP90 band intensities from the western blot assay analysis (right). Results
indicate no change in HSP90 level in WT treated with CCCP in comparison to the control strain.
Data are represented as mean ± SD from three biological and two technical replicates.  ***P <
0.001; **P < 0.01; (ANOVA plus post hoc)

3.1.6 Hsf1 incompletely involved in regulation of the CORE pathway

Next, in order to elucidate if Hsf1 plays a role in the regulation of CORE response, the transcript

levels  of  target  genes  were  examined,  whose  expression  was  altered  in  chaperone  deficient

strains, in double deletion mutants of Hsf1 and each studied chaperone individually. The results

show that the deletion of Hsf1 in chaperone deficient strains precludes upregulation of HSP26

(Figure 37A) and HSP90 (Figure 37B).  Interestingly,  the metabolic  changes and the oxygen

consumption remained unchanged, indicating that Hsf1 regulation does not mediate this part of

the CORE response. 
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Figure  37| Hsf1 incompletely involved in regulation of the CORE pathway.  (A) Transcript
levels of targeted genes obtained by qPCR. UBC6 was used for normalization. (B) HSP90 level
measurement in double deletion strains compared to the WT control. Protein extracts, 50µg, were
separated by standard SDS-PAGE succeeded by Western blot analysis using antibodies against
HSP90 (bottom left). Band intensities from the western blot assay (top left) were normalized to
the band intensities of total protein from the Coomassie-stained SDS-polyacrylamide (bottom
left).  Quantification  of  HSP90 band intensities  from the  western  blot  assay  analysis  (right).
Results indicate no change in HSP90 level in Hsf1 deletion of chaperone deficient strains in
comparison to the control strain. Data are represented as mean ± SD from three biological and
two  technical  replicates. (C) Oxygen  consumption  rate  of  each  yeast  strain  was  measured
polarographically using a Clark electrode. The results indicate decreased oxygen consumption
rate  of  Hsf1  deletion  in  chaperone  deficient  strains  compared  to  the  WT strain.  Data  are
represented  as  mean  ±  SD  from  three  biological  and  two  technical  replicates.  **p  <  0.01
(ANOVA plus post hoc).

3.1.7 Chaperone deficient strains evince extended lifespan

Intrigued by the cell-wide impact of the activated CORE pathway, learning the possible effect it

might have on the lifespan of studied strains was necessary. As mentioned previously, mild stress

conditions exert beneficial consequences on cellular longevity, which in yeast can be measured

in both replicative and chronological manner. As the RLS of yeast is defined as the number of

daughters  produced by the  mother  cell  before  reaching senescence,  mother  cells  need to  be

monitored in order to separate and enumerate the generated buds. This is performed using a

manual dissection microscope referred to as the micromanipulator. The maximum RLS of the

chaperone deficient strains is significantly longer than that of WT control (Figure 38). Deletion

of EGD2 and SSC1, encoding a subunit of nascent polypeptide associated complex (NAC) and

mtHSP70 respectively, resulted in the most prominent lifespan extension, with the maximum

RLS from 19 to 26 generations, or 40% increase compared to the WT control. Following was the

deletion of LHS1, encoding for erHSP70, which resulted in the increase of maximum RLS from

19 to 24 generations, or 30% increase compared to the WT control.
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Figure 38| CORE pathway activation elicits replicative lifespan extension Survival curves for
chaperone  deletion  strains  compared to  WT control  determined by micromanipulation.  Data
presented are pooled from two independent experiments, totaling WT (n=104), ΔEGD2 (n=117),
ΔLHS1 (n=115) and ΔSSC1 (n=121) mother cells. Significance of the results was tested with
log-rank test, p-values < 0.05.

Although two models of aging in yeast, RLS and CLS, were considered to be quite divergent,

certain overlaps were recently identified. We, therefore, wanted to test whether activation of the

CORE pathway in the chaperone deficient strains also leads to the extension of chronological

lifespan. CLS is defined as the length of time yeast cells survive in the non-dividing state. The

measurements revealed the extension of CLS similar to the one observed in RLS measurements

(Figure 39). Deletion of LHS1 gene resulted in ~40% increase in lifespan compared to the WT

control, while deletion of EGD2 and SSC1 genes resulted in 25% and 15% increase in lifespan

compared to the control. 
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Figure  39| CORE pathway  activation  leads  to  chronological  lifespan  extension.  Colony
establishment  was  determined  from  day  1,  and  every  3  days  thereafter.  3  independent
experiments were performed, and their mean and standard deviation is presented in the results. 
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4.1 DISCUSSION PART I

Results  from  our  study  reveal  the  existence  of  cross-organelle  response  (CORE),  an

unprecedented pathway which allows for communication between distinct cellular compartments

and actuation of cell wide stress response following the exertion of a mild proteotoxic stress

succeeding compartmentalized deletion of chaperones. CORE response is activated in all studied

strains irrespective of the compartmentalized origin of proteostasis failure, and it encompasses

the  modification  of  genes  involved  in  cellular  maintenance  and  metabolism as  well  as  the

reduction of respiration. 

4.1.1 CORE pathway elicits upregulation of cellular maintenance genes 

Mild compartmentalized failure of proteostasis triggers the upregulation of genes involved in the

conformational  maintenance,  more  specifically  HSP90  and  HSP26  molecular  chaperones.

HSP90  is  a  cytosolic  cytoprotective  molecular  chaperone  essential  for  maintaining  the

conformational stability of nascent polypeptides and refolding misfolded proteins. Its expression

is  modulated  by  cellular  stress  and is  used  as  a  reliable  parameter  of  proteotoxic  response.

HSP26,  the  most  distinguished  member  of  the  small  HSP (sHSP)  family,  inhibits  protein

aggregation by trapping misfolded proteins in soluble state (Haslbeck et al., 2005). The observed

upregulation  of  the  two  chaperones  indicates  the  detection  of  proteostasis  failure  and  the

subsequent  reciprocation  by  entrapping  and refolding  the  damaged proteins,  thus  promoting

restoration of cellular health. The identified alteration of molecular chaperone gene expression

revealed the  dependence  on HSF1,  as  the  cross-organelle  response was absent  in  chaperone

deficient strains lacking HSF1. HSF1 belongs to the family of heat shock transcription factors

(HSFs),  which  are  promoter  regulators  that  mediate  the  expression  of  heat  shock  genes  in

response to stimulation by various stressors (Verghese et al., 2012). On the other hand, another

prominent hallmark of HSR - the upregulation of HSP70 chaperone, was not observed in the

chaperone deficient strains, suggesting that the HSR is not activated in the conventional manner. 

Further review of the gene expression levels revealed the upregulation of folding maintenance

component  of  the  ER,  notably  the  KAR2,  SEC62,  and  PDI1 genes,  and  mitochondria,  in
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particular the MCX1 gene. Secreted proteins are subjected to the ER quality control (ERQC)

mechanisms upon entering ER, which promote native structure conformation and prevent protein

aggregation (Marco Sandri, 2014). ER-associated degradation (ERAD) is the resulting process of

ERQC which targets and retrotranslocates aberrant or damaged proteins that accumulate within

the  ER  lumen  back  into  the  cytosol,  where  they  are  marked  for  degradation  or  refolding

(Brodsky  et  al.,  1999;  Verghese  et  al.,  2012). One  of  the  key  chaperones  aiding  the

retrotranslocation process is KAR2, which detects and interacts with misfolded proteins assisting

in ER stress alleviation. It has also been shown that KAR2 is essential for proper folding of

proteins in the ER (Kimata et al., 2003; Liu & Chang, 2008; Simons et al., 1995). Considering

that  KAR2  is  a  known  target  and  is  induced  by  constitutively  active  Hsf1,  the  chaperone

deficient strains lacking HSF1 predictably showed no change in the expression of KAR2 (Liu &

Chang, 2008). Upregulation was also observed with the ER membrane translocon encoded by

SEC62. The transmembrane protein, Sec62, plays a pivotal role in translocation machinery upon

forming a dimeric complex with Sec63. The complex regulates the import of newly synthesized

proteins into the ER lumen. Besides this conventional role, it was showed recently that Sec62, in

separation from Sec63, is involved in mitigation of ER stress resulting from perturbations of ER

proteostasis (Fumagalli et al., 2016; Linxweiler et al., 2017). 

Besides  KAR2 and  SEC62,  upregulation was noted with  PDI1 gene encoding for the protein

disulfide  isomerase  1.  PDI1  chaperone  promotes  aggregation  prevention  and  catalyzes  the

formation and rearrangement of disulfide bonds which maintain protein’s tertiary and quaternary

conformation (Verghese et al., 2012; Wilkinson & Gilbert, 2004). 

As for the mitochondrial input in proteostasis maintenance, the  MCX1 gene encoding for the

mitochondrial ClpX (Mcx1) was upregulated in the chaperone deficient strains. Mcx1 belongs to

the Hsp100/Clp protein family and is localized to the mitochondrial matrix. Although its function

still remains to be elucidated, it was shown that it is a non-proteolytic protein with unfoldase

properties (Chen et al., 2015; Dyck et al., 1998). 

On the contrary, the degradation components of the ERAD pathway remained unaltered by the

mild proteotoxicity, in particular genes encoding for Der1, Hrd1, and Ubc1. Ubiquitin protein

ligase Hrd1 acts together with Ubc1 and Der1 to detect proteins with misfolded luminal domains

and  mediate  their  degradation  within  the  ER.  ER-associated  Ubc1  provides  Hrd1  with  an
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ubiquitin, while the accessory factor Der1 forms complex with Hrd1 required for the ERAD-

luminal (ERAD-L) degradation (Kanehara & Ng, 2010).

These  results  suggest  that  the  CORE pathway activation  leads  to  cells  alleviating  stress  by

protecting and restoring the cell-wide folding environments. The detected upregulation of SOD1

and  SOD2  in  response  to  detected  proteotoxicity  further  confirms  the  protective  stress

mitigation.  The  cytosolic  copper-zinc  superoxide  dismutase  (Sod1)  and  the  mitochondrial

manganese superoxide dismutase (Sod2) protect the cells from oxidative damage by converting

the superoxide anion to molecular oxygen and hydrogen peroxide (Nedeva et al., 2004). 

4.1.2 CORE pathway alters the expression of metabolic genes

The most outstanding changes in the expression of genes involved in metabolism include the

upregulation of CIT1 together with the downregulation of IDH1. Both genes encode for enzymes

taking part in one of the most quintessential metabolic pathway - the TCA cycle. Tricarboxylic

acid (TCA) cycle is considered to be the central respiratory pathway involved in oxidation of

acetyl-CoA obtained from oxidation of pyruvate in the glycolysis  pathways.  Citrate synthase

(CS), encoded by CIT1, and isocitrate dehydrogenase, encoded by IDH1, are involved in the

initial steps of the TCA cycle that result in the formation of α-ketoglutarate (Liu & Chang, 2008).

CS, as the name suggests, is involved in the production of citrate, while IDH1 takes part in its

breakdown (Anoop et al., 2003). Thus the observed increased expression of CIT1, together with

the  decreased  expression  of  IDH1  most  likely  leads  to  the  accumulation  of  citrate  in

mitochondria (Figure 40). 
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Figure  40|  Diagram  illustrating  the  changes  in  gene  expression  that  results  in  the
modification of the citrate production. The upregulation of genes (indicated with  ↑)  and the
downregulation of genes (indicated with Ø) would lead to an increased production of citrate, and
ultimately its accumulation (Anoop et al., 2003). 

There was a possibility that the accumulated citrate is exported from mitochondria to the cytosol

via mitochondrial  citrate transporter (CIC),  with the intent to  increase the NADPH reducing

power in the cytosol (Catalina-Rodriguez et al., 2012; Gnoni, Priore, Geelen, & Siculella, 2009).

CIC is a member of a carrier protein family located in the inner mitochondrial membrane. These

mitochondrial  carriers catalyze the translocation of substrates,  providing a crucial  connection

with the cytosol as they supply the intermediates of the TCA cycle. In particular, CIC facilitates

the export of citrate in exchange for malate. The flux of citrate from mitochondria to the cytosol

supports  β-oxidation of  fatty  acids  and amino acid  synthesis,  while  high  levels  of  cytosolic

citrate  blunt  glycolysis  by  directly  inhibiting  PhosphoFructoKinase  1  (PFK1),  an  essential
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glycolytic  enzyme  (Catalina-Rodriguez  et  al.,  2012;  Palmieri  et  al.,  2006).  The  citrate

translocation also supplies the glycolysis with the NAD+ while providing the cell with NADPH,

which could be utilized for synthesis of important cellular antioxidants which help the cell cope

with  mild  stress  conditions  (Castegna  et  al.,  2010).  It  was  the  observed  decrease  of

NADP+/NADPH ratio in the chaperone deficient strains that strongly supported the hypothesis of

citrate accumulation and its subsequent translocation to cytosol that is directly influenced by the

activation of CORE pathway. 

4.1.3 CORE pathway activation results in impaired mitochondria

As the mitochondrion is deemed the core of cellular metabolism, perturbed proteostasis induced

by chaperone deletions could lead to alterations in its performance. Indeed, the activation of the

CORE pathway provoked a decline in respiration of the chaperone deficient strains. In addition

to  lowered  respiration,  chaperone  deficient  strains  also  demonstrated  a  decline  in  the

mitochondrial  membrane  potential  (MMP).  MMP,  or  ΔΨM,  is  essential  for  maintaining

physiological mitochondrial functions which involve production of ATP, as well as the import

and synthesis of mitochondrial proteins (Zorova et al., 2018). The electron transport chain (ETC)

of the inner mitochondrial membrane generates two gradients:

• the electrochemical gradient, composed of the ΔΨM and pH gradient, formed by a

series of redox reactions

•  proton gradient formed by proton pumping of complexes I, III and IV (Marchi et

al., 2012; Zorova et al., 2018). 

Together, the two gradients form the transmembrane potential which acts as an intermediate form

of energy depot that drives the synthesis of ATP (Joshi & Bakowska, 2011). Hence, the noted

decrease  of  ATP levels  in  the  deletion  strains  following a decline  in  the  ΔΨM  comes  as  no

surprise. Furthermore, given that the import of proteins into the mitochondria is dependent on the

MMP,  it  was  necessary  to  test  the  mitochondrial  import  capacity,  as  well  as  to  understand

whether the observed response is a consequence of a faulty import. 
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4.1.4 CORE pathway activation is an improbable response to faulty protein import

Although mitochondria are capable of protein synthesis, they are largely dependent on importing

the vast majority of required proteins. These proteins, synthesized on the cytosolic ribosomes are

imported into the mitochondria across mitochondrial membranes predominantly via the members

of the translocases of the outer membrane (TOM) and the members of translocases of the inner

membrane (TIM)  (Chacinska et  al.,  2014).  Consequently,  the observed steady state levels of

TOM40 and TIM21 and TIM23 have failed to reveal a defected mitochondrial protein import.

Nonetheless, it was important to further investigate the possibility of a malfunctioning protein

import in mitochondria considering that it alone could be accounted for the witnessed response

of chaperone deficiency. In pursuit of this, the mitochondrial protein import was impeded by two

disparate mechanisms:

• dissipation  of  the  inner  mitochondrial  membrane  potential  (“uncoupling  of

mitochondria”) by carbonyl cyanide 3-chlorophenylhydrazone (CCCP) 

• dissolution of the inner MMP via COA3 gene deletion.

In the presence of the uncoupling reagent,  CCCP, the electrochemical  potential  of  the inner

mitochondrial  membrane  is  abolished  due  to  the  translocation  of  the  protons  across  the

membrane. This abolishment further leads to the inhibition of protein import into mitochondria

(Kasianowicz et  al.,  1984; Martin  et  al.,  1991).  The COA3-null  mutants,  on the other hand,

exhibit a defected protein import into mitochondria by the dissipation of the inner MMP (Mick et

al., 2010). The expression levels of the COA3-null mutants and the CCCP treated cells revealed

a fractional  degree of  similarity  to  the expression levels  observed in the chaperone deletion

strains,  suggesting  that  the  CORE  pathway  activation  is  an  improbable  response  to  faulty

mitochondrial protein import. 

Finally, decision was made to examine the protein import in mitochondria using a dual reporter

MitoLoc. MitoLoc is a fluorescence microscopy-based system comprising of a plasmid which

allows for localization analysis of two mitochondrial fluorescent proteins: GFP and mCherry.

GFP is fused with F0-ATPase subunit 9 (preSU9) of Neurospora crassa, which allows for MMP-

independent import and mitochondrial localization, robustly labeling mitochondrial structures.
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The second marker, mCherry, is generated by cytochrome C oxidase 4 (COX4) fusion, whose

mitochondrial  localization,  unlike  that  of  GFP-tagged  preSU9,  is  MMP  dependent.  Co-

localization of the two markers allows for mitochondrial protein import analysis  (Vowinckel et

al., 2015). The results indicated no protein accumulation, suggesting a functioning protein import

into  mitochondria.  This  all  led  us  to  conclude  that  the  witnessed  response  following  the

activation of cross-organelle response (CORE) is not attributable to an impaired protein import

into the mitochondria. 

4.1.5 CORE pathway activation results in lifespan extension

The  lifespan  extension,  both  replicative  and  chronological,  has  been  observed  in  all  of  the

studied chaperone deficient strains. As mentioned previously, replicative lifespan is assessed as

the total number of daughter cells produced by the mother cell, while the chronological lifespan

is measured as the time span non-dividing cells can survive in a stationary phase  (Fabrizio &

Longo,  2003).  In  this  study,  both  replicative  and  chronological  lifespan  extension  has  been

observed in all of the studied chaperone deficient strains, possibly due to a minor proteotoxic

stress  exerted  by  the  deletion  of  various  chaperones.  Mild  mitochondrial  impairment  has

previously been implicated in lifespan extension conserved across eukaryotic species through a

hormetic  mechanism  termed  mitohormesis  (Merkwirth  et  al.,  2016;  Yun  &  Finkel,  2014).

Hormesis, a concept studied since 19th century, can be defined as an adaptive response to mild

and  transient  disruption  of  homeostasis  with  frequent  beneficial  implications  (Calabrese  &

Baldwin, 2002). Similarly, mitohormesis is identified as a comprehensive cytoprotective state

ordinated by cytosolic and nuclear response to a moderate mitochondrial stress (Figure 41) (Yun

&  Finkel,  2014).  This  mild  mitochondrial  stress,  signaled  by  change  in  the  mitochondrial

membrane  potential  or  ROS  levels,  elicits  cellular  responses,  such  as  deviated  chaperone

expression or increased antioxidant production, whose compounding impact results in lifespan

extension. It is also presumed that other organelles within the cells, such as ER, could sense

organelle-specific stress and signal the nucleus  (Yun & Finkel, 2014). This would explain the

response observed in all of our studied strains regardless of the origin of deleted chaperone. 

How mitochondria, or other organelles, signal the perceived stress to the nucleus is still not fully

understood, but it is studied considerably regarding retrograde response. 
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Figure 41| Fundamentals of mitohormesis (adapted from Yun & Finkel, 2014)

4.1.6 CORE pathway activation does not result in retrograde response nor the HSR 
activation

Retrograde response pathway is a programmed form of inter-organelle communication following

a stress signal generated by impaired mitochondria to the nucleus (Jazwinski, 2013; Miceli et al.,

2012).  As  a  result  of  mitochondrial  dysfunction  detection,  Rtg3  protein  translocates  to  the

nucleus upon phosphorylation by Rtg2 protein, and binds to GTCAC sequence in the promoter

of the retrograde response genes  (Jazwinski,  2013). It has been suggested that mitochondrial

impairment  is  sensed  by  disrupted  MMP or  by  decreased  cellular  ATP levels,  and  that  the

subsequent  activation  of  retrograde  response  pathway  results  in  lifespan  extension  in  yeast

(Jazwinski, 2013; Jiang et al., 2016; Trendeleva & Zvyagilskaya, 2018). Given that the studied

chaperone deficient strains exhibited disrupted MMP, decreased cellular ATP levels and extended

lifespan, there was a potential that the activation of CORE pathway leads to enablement of the

retrograde response. To test this hypothesis, the expression levels of peroxisomal citrate synthase

(CIT2), considered being a core diagnostic gene for retrograde response, were measured (Miceli
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et  al.,  2012).  The  results  showed  no change in  its  expression  levels,  deeming the  observed

alterations in mutant strains unlikely to be caused by retrograde response induction. 

Additionally, chaperone deletion strains did not display the conventional activation of heat shock

response (HSR). Recent finding shows that mitochondrial damage abolishes HS response, and

consistent with this, the levels of Hsp70 in this research remained unaltered upon proteostasis

disruption. Upregulation of Hp70 could exacerbate stress by promoting folding, which would

impact the degradation of cytosolic proteins (Wang & Chen, 2015). 

In summary, failure of proteostasis upon deletion of compartmentalized chaperones evokes a

cell-wide response that culminates in lifespan extension (Figure 42). Presumably, deletion of

some chaperones  is  discerned  as  mild  decline  in  proteostasis  and  it  leads  to  a  decrease  in

mitochondrial  function,  i.e.,  decline in oxygen consumption and MMP. Concurrently,  cellular

metabolic  activity  is  altered,  collectively  resulting  in  extension  of  both  chronological  and

replicative lifespan. Although the two lifespan models were deemed independent of each other,

new data implies that it  might not be the case as some inherent aging processes do, in fact,

partially coincide. Interestingly, those exact concurring processes are considered to hold the key

to unlocking the enigma of aging process in humans (Janssens & Veenhoff, 2016; Kaeberlein et

al., 2007; Zimmermann et al., 2018). 
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Figure 42|  Illustration depicting sequence of events following chaperone deletions in yeast
Saccharomyces cerevisiae (created with “BioRender.com”).

94



3.2  Part  II:  Mild  proteotoxicity  ensuing  chaperone  overexpressions leads  to  glucose

starvation-like response resulting in lifespan extension

This part of thesis has been published in Aging Cell (Perić, M.*, Lovrić, A.*, Musa, M., Dib, P.

B., Rudan, M., Nikolić, A., … Kriško, A. (2017). TORC1-mediated sensing of chaperone activity

alters  glucose  metabolism  and  extends  lifespan.  Aging  Cell,  994–1005.

https://doi.org/10.1111/acel.12623 *equal contribution). 

Having examined the cell-wide effect of failed proteostasis induced by deletions of chaperones,

studying  the  cellular  response  to  improved  proteostasis  resulting  in  reduction  of  protein

misfolding became intriguing. With the intention to provoke alleviation of proteotoxicity within

the yeast cell, molecular chaperones found in distinct cellular compartments were autonomously

overexpressed: mitochondrial HSP70 chaperone (Ssc1), nascent polypeptide-associated complex

(NAC), endoplasmic reticulum HSP70 chaperone (Lhs1), and cytosolic T-complex chaperone

(Tcp1).  The strains  with the overexpressed chaperones  will  be referred to  as  the chaperone-

enriched strains (ChESs). The analysis by flow cytometry confirmed the degree of chaperone

overexpression to be 3-fold for Lhs1, Tcp1 and NAC, and 2.5-fold for Ssc1 (Figure 43). 
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Figure  43| Overexpression levels of chaperones verified by flow cytometry.  Magnitude of
expression in ChES was compared to the basal levels of endogenous chaperone in the control.
Results indicate an approximate 3-fold increase in expression of each chaperone. Control is wild-
type yeast with an empty vector. Data are mean ± SD from at least three independent cultures,
each performed in triplicate. ***P < 0.001; **P < 0.01; *P < 0.05 (ANOVA plus post hoc)

3.2.1 Chaperone enrichment leads to the alleviation of protein misfolding 

It  became  essential  to  determine  whether  chaperone  enrichment  elicits  protein  misfolding

abatement. It has been recognized that aberrant proteins are particularly susceptible to oxidative

damage, predominately by baring the, otherwise concealed, hydrophobic regions of polypeptides

(Dalle-Donne et al., 2006; Dukan et al., 2000). This predisposition serves as a marker of protein

folding quality, i.e. protein misfolding (Krisko & Radman, 2019). To assess the folding nature of

the  proteome,  a  type  of  irreversible  protein  oxidation  –  protein  carbonylation  (PC)  was

measured. The results show, on average, a 40% reduction of PC in the ChESs, confirming the

alleviation of protein misfolding compared to the WT (Figure 44A). 

This  is  validated  further  by a  substantial  downregulation of  Hsp90 chaperone (Figure  44B).

Downregulation  of  Hsp90  chaperone  was  additionally  substantiated  by  differential  gene

expression analysis, along with downregulation of Hsp150 and Hsp26 chaperones, all of which

are  indicative  of  reduced  proteotoxic  stress  (Figure  44C).  Moreover,  enzymes  involved  in

regulation  of  cellular  ROS levels,  cytosolic  copper–zinc  superoxide  dismutase  (SOD1),  and

mitochondrial manganese superoxide dismutase (SOD2) were both considerably downregulated

in ChES relative to the control. These results imply reduction of cellular ROS, and to corroborate

this declaration, the conversion of H2DCFDA into green fluorescence in presence of ROS was

monitored, and the results showed, on average, a 40% reduction of intracellular ROS compared

to the control ( Figure 44C).
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Figure 44| ChES exhibit alleviation of protein misfolding. (A) Levels of protein carbonylation
in  ChES  were  compared  to  levels  in  the  control  strain.  Results  revealed  reduced  protein
carbonylation in chaperone-enriched strains compared to the control. (B) Levels of Hsp90 in
ChES were compared to levels in the control strain. Results revealed reduction in Hsp90 levels
in chaperone-enriched strains compared to the control. Control is wild-type yeast with an empty
vector. Data are mean ± SD from at least three independent cultures, each performed in triplicate.
***P < 0.001; **P < 0.01; *P < 0.05 (ANOVA plus post hoc).  (C) H2DCF probe was used to
determine the production of ROS in flow cytometer. Levels of H2DCF in ChES were compared
to levels in the control strain. The results indicate decrease in ROS levels compared to the WT
control.  The results are expressed as the mean fluorescence of the 10,000 cells.  ***P < 0.001;
**P < 0.01; *P < 0.05 (ANOVA plus post hoc).

The improvement of proteostasis upon chaperone overexpression was further confirmed by  a

consistent mitigation of Hsp104-dependent protein aggregates in ChESs compared to the control

(Figure  45).  These  data  indicate  a  significant  reduction  of  protein  misfolding  induced  by

overexpression of molecular chaperone irrespective of the cellular compartments subjected to the

overexpression. 
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Figure 45| ChES exhibit  decreased tendency for protein aggregation. ChESs are marked by
having  a  reduced  tendency  to  form protein  aggregates.  This  was  revealed  in  cell  screening
experiment,  where protein aggregation tendency is  stated as the fraction of cells  having one
aggregate at a minimum. (A) Representative image of cells with HSP104-GFP tagged protein
aggregates.  More  than  1000  cells  screened  for  aggregates  starting  from  two  independent
exponential yeast cultures for each strain. Control is wild-type yeast with an empty vector. (B)
Quantification  of  HSP104-GFP tagged  protein  aggregates.  P  values  were  calculated  using
ANOVA plus post hoc. ***P < 0.001; **P < 0.01; *P < 0.05 

Results obtained in the aforementioned experiments were compared to an additional control of

strains  enriched  with  inactivated  versions  of  molecular  chaperones  used  for  this  research

(iChESs)  as  an  added  validation.  Conversely,  iChESs  exhibited  an  increase  in  protein

carbonylation level of 15% and an increase of Hsp104-dependent protein aggregates of 3-4%

compared to the ChESs (Figure 46).
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Figure  46| iChES exhibit  increased  tendency  for  protein  aggregation.  Introduction  of
inactivated chaperones has annulled lowered propensity of ChES to form protein aggregates.
This was revealed in cell screening experiment, where protein aggregation tendency is stated as
the fraction of cells having one aggregate at a minimum. (A) Representative image of cells with
HSP104-GFP tagged protein aggregates. More than 1000 cells screened for aggregates starting
from two independent exponential yeast cultures for each strain. Control is wild-type yeast with
an empty vector. (B) Quantification of HSP104-GFP tagged protein aggregates. P values were
calculated using ANOVA plus post hoc. ***P < 0.001; **P < 0.01; *P < 0.05 

3.2.2 Chaperone enrichment induces a glucose starvation-like response 

RNA sequencing (RNASeq) was implemented with the intent to look into the possible deviations

of  gene  expression  patterns  in  ChESs  compared  to  the  controls.  The  results  revealed

downregulation of several pivotal enzymes involved in the glycolysis and the TCA cycle on the

one hand as  well  as  the  upregulation  of  the  subunits  from the  respiratory  chain  complexes

(Figure 47A). Together, these results firmly indicate the repression of glycolysis and the TCA

cycle in conjunction with intensified respiration in ChES. 
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There results  were further  corroborated by qPCR which displayed comparable tendencies  of

target  genes to the ones observed in RNASeq (Figure 47B).  It  is  evident from the obtained

differential gene expression of the studied strains that chaperone enrichment instigates a glucose

starvation-like response (Lin et al., 2002). 

Figure 47| Chaperone enrichment induces a glucose starvation-like response (A) Heat map
of differential gene expression in ChES reveals a phenocopy of glucose starvation, characterized
by downregulation of TCA cycle and glycolysis and upregulation in respiratory chain. (B) qPCR
evaluation  of  differential  gene  expression  confirms  the  obtained  results  of  starvation-like
response induction in ChES. (C) Heat map of iChES reveals absence of a response observed in
ChES. Color of the squares on the heat map corresponds to the mean value of the log fold change
from three biological and three technical replicates. UBC6 was used for normalization. Control is
wild-type yeast with an empty vector.

Contrarily the iChES, enriched with the inactivated form of studied chaperone, display unaltered

expression  of  genes  involved  in  neither  glycolytic  and  TCA cycle  nor  respiratory  chain

components  (Figure  47C).  Collectively,  these  findings  signify  that  the  observed  response  is

dependent on enhanced chaperone activity. 

Moreover, RNASeq results show marked upregulation of enzymes involved in peroxisomal fatty

acid  β-oxidation  including  POX1 (encoding  for  fatty-acyl  coenzyme  A oxidase)  and  POT1
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(encoding for 3-ketoacyl-CoA thiolase) (Figure 47A). These findings denote a shift of preferred

carbon source  from glucose  to  fatty  acids.  However,  this  alteration  is  likewise  noted  in  the

iChES,  suggesting  that  the  favored  utilization  of  fatty  acid  is  not  associated  with  increased

chaperone activity (Figure 47C). 

3.2.3  ChES  display  enhanced  oxygen  consumption  resulting  from  increased
mitochondrial mass

Given  the  results  obtained  from ChES  transcriptome  regarding  the  increased  expression  of

respiratory chain components,  oxygen consumption of aforementioned strains was looked into.

According to the results acquired from respiration measurement, it was found that all the studied

ChESs revealed, on average, doubled O2  consumption as compared to the control strain, with

EGD2 strain having the most notable change (Figure 48A). Respiration deficiency was observed

in petite, a respiratory-incompetent strain, used as a negative control (Figure 48A). Additionally,

inactivated chaperone strains (iChES) showed no change in oxygen consumption, indicating that

the  increased  respiration  identified  in  ChES  emanates  from  the  overexpression  of  active

chaperones (Figure 48B). 

Figure  48| Chaperone  enrichment  induces  increased  oxygen  consumption  in  ChES.  (A)
Oxygen  consumption  was  measured  in  ChES  and  compared  to  the  wild-type  control  and
respiration-deficient petite strain. Results indicate increased oxygen consumption in all studied
ChES. (B) Oxygen consumption was measured in iChES and compared to the wild-type control.
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Results  show constant  oxygen consumption  between  iChES and  the  control  suggesting  that
increased respiration emanates from the overexpression of active chaperones. Control is wild-
type yeast with an empty vector. Data on the graph are mean ± SD from three biological and
three technical replicates. P values were calculated using ANOVA plus post hoc. ***P < 0.001;
**P < 0.01; *P < 0.05

Recognizing  that  the mechanism underlying  increased  respiration  could  potentially  originate

upon  enlarged  mitochondrial  aptitude,  mitochondrial  mass  was  assessed  using  10-N-Nonyl

acridine orange (NAO) fluorescence. The NAO fluorescent probe adheres to cardiolipin located

in the inner mitochondrial membrane, and as such, is an indicator of mitochondrial mass. The

fluorescent signal showed an increase, thus suggesting an increased mass in ChES compared to

the control (Figure 49A). 

Subsequently, the mitochondrial membrane potential (MMP) was evaluated using the DiOC6(3)

fluorescent staining of mitochondria. The results failed to reveal any alteration of MMP in ChES

compared to the control (Figure 49B). 

Moreover, the  modification of mitochondrial  morphology of the ChES was further  verified by

preSU9-GFP marker  of  the  MitoLoc  plasmid,  which  revealed  a  substantial  increase  in  the

mitochondrial volume (Figure 49C). 
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Figure  49| Oxygen consumption eventuated from increased mitochondrial mass.  (A) The
analysis of the mitochondrial mass was obtained using a green fluorescent mitochondrial dye
NAO, and the results show increase in the mitochondrial biomass of ChES in comparison to the
control.  (B)  Mitochondrial  membrane  potential  measurement  using  positively  charged  green
fluorescent probe DiOC6(3) reported no membrane depolarization upon chaperone enrichment.
Control is wild-type yeast with an empty vector. Data on the graph are mean ± SD from three
biological and three technical replicates. P values were calculated using ANOVA plus post hoc.
***P < 0.001; **P < 0.01; *P < 0.05 (C) The mitochondrial structures on the image are identified
by preSU9-GFP (green), and the results reveal increase in mitochondrial volume in ChES. More
than  300  cells  from two  biological  replicates  were  inspected,  and  the  images  here  display
representative examples. 

Lastly, the subunit  composition  of  mitochondrial  protein  complexes  of  the  oxidative

phosphorylation (OXPHOS) system and their respective in vitro activities were examined using

BN-PAGE analysis. The results showed no difference in the level of mitochondrial complexes

between  the  studied  strains  compared  to  the  control,  further  confirming  that  the  observed

increase  in  oxygen  consumption  originates  exclusively  from  mitochondrial  mass  expansion

(Figure 50). 
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Figure 50| Respiratory chain complexes remain unchanged in ChES.  BN-PAGE displaying
III,  IV  and  V  of  the  mitochondrial  OXPHOS  complexes.  The  results  presented  show  no
difference in band intensities, and therefore, no difference in the respiratory chain configuration. 

3.2.4 Snf1  activation is  required  for  observed glucose starvation-like  response in  the
ChES

Reviewing  the  literature  concerning  the  glucose  starvation-like  phenotype  exhibited  by  the

studied chaperone overexpression strains, it became apparent that Snf1, a pivotal protein kinase

implicated in regulation of metabolic functions, could be held accountable for the ascertained

response  in  ChES  (Hedbacker,  2008).  Western  blot  analysis  of  phosphorylated  Snf1  levels

demonstrated a significant increase in the studied strains compared to the control (Figure 51A),

indicating its increased activity.

To further investigate involvement of Snf1 protein kinase in the noted glucose starvation-like

response, all four chaperones in the Snf1 deletion background were overexpressed, and gene

expression  was  subsequently  measured  using  qPCR.  Aside  from various  alterations  in  gene

expression commonly affiliated with the absence of Snf1, such as considerable upregulation of

enzymes involved in glycolysis and TCA cycle, as well as the respiratory chain components, the
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glucose  starvation-like  response  recognized  in  ChES  was  inexistent  in  the  Snf1-deficient

background (Figure 51B) (Nicastro et al., 2015). 

Figure 51| ChES display a significant increase in Snf1 levels. (A) The quantification (bottom
left)  of  Western  blot  analysis  (top  left)  of  phosphorylated  Snf1  levels  in  ChES  revealed  a
substantial increase when compared to the control strain. Data represent quantification (ImageJ)
of Western blot results from three independent experiments. Phospho-Snf1 band intensity was
normalized to the intensity of total Snf1 and b-actin (loading control). Control is wild-type yeast
with an empty vector. Data are mean ± SD from three independent cultures, each performed in
triplicate. ***P < 0.001; **P < 0.01; *P < 0.05 (ANOVA plus post hoc). (B) Heat map of ΔSnf1
and the overexpression of chaperones in the Snf1-deficient background demonstrates absence of
a response observed in ChES. Color of the squares on the heat map corresponds to the mean
value of the log fold change from three biological and three technical replicates. UBC6 was used
for normalization. Control is wild-type yeast with an empty vector. 
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Complementary  to  previous  results,  oxygen  consumption  is  unchanged  in  the  chaperone

overexpression  strains  lacking Snf1 (Figure  52).  These  results,  thus,  firmly  imply  that  Snf1

activity  is  required  for  the  glucose  starvation  phenocopy  in  ChES.  Could  the  most  feasible

explanation  for  Snf1  activation  in  ChES  be  the  sensing  of  improved  proteostasis?  In  the

affirmative,  what  could  be  attainable  mechanism  of  conveying  the  information,  and  which

cellular constituent is accountable for the sensing of ameliorated proteostasis?

Figure  52| Snf1 deficiency abolishes oxygen consumption increase characteristic of ChES.
Oxygen consumption was measured in Snf1-deficient chaperone overexpressions and compared
to the wild-type control. Results show constant oxygen consumption between. Control is wild-
type yeast with an empty vector. Data on the graph are mean ± SD from three biological and
three technical replicates. P values were calculated using ANOVA plus post hoc. ***P < 0.001;
**P < 0.01; *P < 0.05

3.2.5 ChES response leads to the deactivation of TORC1 

Since the interaction between Snf1/AMPK and TOR has been documented in numerous studies,

its prospect in ChES was examined (Mei & Brenner, 2015; A. Singh et al., 2018). Furthermore, it

has been recorded that TORC1, a distinct complex of TOR, performs as a sensor of proteotoxic

stress (Su et al., 2016). It has become apparent that the involvement of TORC1 in sensing and
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concatenating the proteostasis and metabolism in ChES could be feasible, and to test that, the

activity of TORC1 was measured in ChES relative to the control. TORC1 is known to be an

important regulator of translation, and this attribute can be used to determine its activity within

the cell  (Su et al.,  2016). Therefore, the levels of newly synthesized proteins were measured

during one generation time of all the studied strains. The results point to the translation reduction

in ChES relative to the control indicating a mitigation of TORC1 activity (Figure 53).

Figure 53| Amount of newly synthesized proteins is decreased in ChES.  (A) Western blot
analysis of newly synthesized protein in ChES. Band intensities from the western blot assay
(left) were normalized to the band intensities of total protein from the Coomassie-stained SDS-
PAGE (right). (B) Quantification of newly synthesized protein levels indicates a reduction in the
amount  of  newly  translated  proteins  in  ChES  compared  to  the  control. Data  represent
quantification (ImageJ) of Western blot results from three independent experiments (mean with
SD). ***P < 0.001; **P < 0.01; *P < 0.05 (ANOVA plus post hoc). 

To further substantiate the indication, the phosphorylation levels of Sch9 were measured, as its

dephosphorylation  and  deactivation  is  a  clear  indicator  of  TORC1  activity.  The  results,  in

addition, confirm TORC1 deactivation as the phosphorylation levels of Sch9 were shown to be

considerably reduced in ChES compared to the WT (Figure 54). 
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Figure 54| Overexpression of studied chaperones leads to a reduction of phosphorylated
Sch9 levels.  Western blot analysis of Sch9 phosphorylation (left) and the quantification of the
band intensities (right) shows a significant reduction in phosphorylation levels of Sch9 in ChES
compared to the control.  Data represent quantification (ImageJ) of Western blot results from
three independent experiments. Phospho-Sch9 band intensity was normalized to the total level of
Sch9 and to the intensity of b-actin (loading control). Control is wild-type yeast with an empty
vector. Data are mean ± SD from at least three independent cultures, each performed in triplicate.
***P < 0.001; **P < 0.01; *P <0.05 (ANOVA plus post hoc).

3.2.6 Snf1 activation in ChES is dependent on Tor1 deactivation

Having established the deactivation of TORC1 in ChES, the correlation of its inactivity to the

response observed in the studied strains was studied. To accomplish this, I1954V mutation was

inserted within Tor1 kinase, ensuring it acquires constitutive activity without the capacity to be

deactivated (Hardt et al., 2011). in this research, the strain is referred to as a constitutively active

Tor1 (caTor1). To validate its activity, the amount of newly translated proteins were once again

measured.  The  findings  show  increased  translation  activity  in  the  caTor1  strain,  thus

substantiating constitutive activity of the strain (Figure 55). 
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Figure 55| Constitutive activity of Tor1 results in increased translation activity. Western blot
analysis of newly synthesized proteins in caTor1 (left) and the quantification of band intensities
(right) indicate a sharp increase in the amount of newly translated proteins in ChES compared to
the  control. Data  represent  quantification  (ImageJ)  of  Western  blot  results  from  three
independent experiments (mean with SD). ***P < 0.001; **P < 0.01; *P < 0.05 (ANOVA plus
post hoc). 

It then became necessary  to ascertain whether Tor1 activity influences phosphorylation levels of

Snf1. The levels in the caTor1 strain were firstly measured, and the results showed a distinct

decline in Snf1 phosphorylation compared to the control (Figure 56). Conversely, strain deficient

in Tor exhibited a dramatic increase in Snf1 phosphorylation, a tendency repeatedly documented

in previous studies  (Hedbacker, 2008) (Figure 56). This disposition is denotative of the Tor1

function to serve as a negative regulator of Snf1 (Orlova et al., 2006). 

Moreover, all studied chaperones were introduced into the caTor1 strain, and the phosphorylation

levels of Snf1 were examined. As anticipated, Snf1 levels were analogous to the ones measured

in caTor1 strain (Figure 56). 
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Figure  56| Tor1  serves  as  a  negative  regulator  of  Snf1.  Western  blot  analysis  of  Snf1
phosphorylation  levels  (top)  and the  quantification of  band intensities  (bottom)  indicate  that
inhibition  of  Tor1  enables  Snf1  activity.  Constitutive  activity  of  Tor1  prevents  Snf1
phosphorylation in the wild-type and ChES. Data represent quantification (ImageJ) of Western
blot results from three independent experiments (mean with SD). ***P < 0.001; **P < 0.01; *P <
0.05 (ANOVA plus post hoc). 

Having ascertained the increase in oxygen consumption of studied ChES as a pivotal aspect of

the observed response, the consumption of oxygen in chaperone overexpression in the caTor1

background strain  needed to be measured. The results denoted the  invariable levels of oxygen

consumption in all studied strains compared to the WT and caTor1 control strains (Figure 57A).

This  is  indicative  of  certitude  that  Snf1  activation  and the  recognized  response  in  ChES is
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dependent on Tor1 deactivation. This indication is reinforced by the absence of alterations in

differential gene expression confirmed in ChES shown in the figure below (Figure 57B).  

Figure 57| Tor1 deactivation is required for a response characteristic of ChES (A) Oxygen
consumption is  unchanged in caTor1 mutant  as  well  as chaperone enriched caTor1 mutants.
Control  is  wild-type  yeast  with  an  empty  vector.  Data  are  mean  ±  SD from at  least  three
independent cultures, each performed in triplicate. ***P < 0.001; **P < 0.01; *P < 0.05 (ANOVA
plus post hoc) (B) Heat map of differential gene expression in caTor1 mutant and chaperone
enriched caTor1 mutants fails to demonstrate a response equivalent to the one observed in ChES.
This response remains constant following chaperone enrichment. Color of the squares on the
heat map corresponds to the mean value of the log fold change from three biological and three
technical replicates. UBC6 was used for normalization. Control is wild-type yeast with an empty
vector.
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3.2.7 Pivotal features of ChES response are evoked by Tor1 deactivation 

To further resolve the role of Tor1-Snf1 interplay in mitochondrial activity, measuring oxygen

consumption in ΔTor1 mutant was considered, and the ΔTor1ΔSnf1 mutant. Regrettably, double

deletion mutant was not viable and, therefore, ΔSnf1 mutant was treated with 100 nM torin, a

potent TOR inhibitor as an alternative  (Huang et al., 2017). To corroborate that claim, control

treated with torin was included and compared to the ΔTor1 mutant demonstrating equivalent

oxygen consumption (Figure 58). 

Figure  58| Inhibition  of  TOR  pathway  results  in  significantly  increased  oxygen
consumption. Oxygen consumption is  considerably increased in  both ΔTor1 mutant  and the
torin treated control with inhibited TOR pathway suggesting that torin treatment is effective.
Control  is  wild-type  yeast  with  an  empty  vector.  Data  are  mean  ±  SD from at  least  three
independent cultures, each performed in triplicate. ***P < 0.001; **P < 0.01; *P < 0.05 (ANOVA
plus post hoc) 
Additionally,  the  aforementioned  oxygen  consumption  corresponds  to  the  levels  obtained  in

ChES, substantiating the claim that deactivation of Tor is necessary for ChES response (Figure

59A). Likewise, the differential gene expression analysis of torin treated control strain and the

ΔTor1 mutant showed correspondence in core features of ChES, i.e., glycolysis repression and

the elevated expression of the respiratory chain complexes (Figure 59B). Furthermore, following

the introduction of studied chaperones in the ΔTor1 background, no alteration could be detected
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in neither the gene expression nor the oxygen consumption compared to the ΔTor1 strain, failing

to generate any further change (Figure 59A B). 

Figure  59| Tor1  deactivation  necessary  for  ChES  response.  (A)  Oxygen  consumption  is
unchanged in ΔTor1 mutant  upon chaperone enrichment.  Control  is  wild-type yeast  with an
empty vector. Data are mean ± SD from at least three independent cultures, each performed in
triplicate.  ***P <  0.001;  **P < 0.01;  *P <  0.05  (ANOVA plus  post  hoc)  (B)  Heat  map of
differential gene expression in ΔTor1 mutant shows a response equivalent to the one observed in
ChES. This response remains constant following chaperone enrichment. Color of the squares on
the heat map corresponds to the mean value of the log fold change from three biological and
three technical replicates. UBC6 was used for normalization. Control is wild-type yeast with an
empty vector.

Previously observed increase in oxygen consumption is annulled in torin treated ΔSnf1 mutants

(Figure  60A).  Moreover,  the  differential  gene  expression  showed  strong  downregulation  of

nearly all metabolic activities, including the glycolysis, TCA cycle and respiration (Figure 60B).

These  results  are  coherent  with  defected  fitness  and  arrested  growth  documented  in  these
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circumstances,  and they firmly imply that TORC1 activity is essential  for survival of ΔSnf1

mutant. 

Figure 60| Torin treated ΔSnf1 mutant show decreased respiration and a downregulation of
most metabolic activities.  (A) Oxygen consumption is considerably lowered in a mutant with
inhibited Snf1 and TOR action. Control is wild-type yeast with an empty vector. Data are mean ±
SD from at least three independent cultures, each performed in triplicate. ***P < 0.001; **P <
0.01; *P < 0.05 (ANOVA plus post hoc) (B) Heat map of differential gene expression shows
marked downregulation in important metabolic  activities of mutants with inhibited Snf1 and
TOR action. Color of the squares on the heat map corresponds to the mean value of the log fold
change from three biological and three technical replicates. UBC6 was used for normalization.
Control is wild-type yeast with an empty vector.
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3.2.8 TORC1 is activated upon Hsp82 chaperone overexpression

Next,  the  hypothesis  that  TORC1 senses  and,  to  some  extent,  mediates  the  protein  folding

conditions was tested. As Hsp82 chaperone, a homologue of Hsp90, is known to be one of the

most  abundantly  expressed  cellular  proteins  in  stress-induced  circumstances,  its  observed

downregulation  came to  our  attention  as  a  potential  solution  to  our  protein  folding  sensing

challenge  (Borkovich  et  al.,  1989;  Samanfar  et  al.,  2017).  Hsp90 chaperone was expressed,

followed by all of the chaperones used in this study. To confirm its enrichment, the expression

level of Hsp82 were measured and shown to be increased  by an average of 2-fold (Figure 61A).

Snf1 activity was then tested by measuring its phosphorylation levels. The characteristic increase

of Snf1 activity noted in ChES was demonstrated to be lacking while Hsp82 is overexpressed

(Figure 61B). 

Figure  61| Overexpression of Hsp82 chaperone in ChES eliminates the increase in Snf1
activity observed previously.  (A) Overexpression of Hsp82 chaperone is confirmed via flow
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cytometry to be ~2-fold increase compared to the control. (B) Western blot analysis of Hsp82
overexpression failed to show increased Snf1 activity characteristic of ChES (top right). Data
represent quantification (ImageJ) of Western blot results (bottom left) from three independent
experiments. Phospho-Snf1 band intensity was normalized to the intensity of total Snf1 and b-
actin  (loading  control).  Data  are  mean  ± SD from at  least  three  independent  cultures,  each
performed in triplicate. ***P < 0.001; **P < 0.01; *P < 0.05 (ANOVA plus post hoc).

To determine the status of TORC1 activity in Hsp82 overexpression strain, the amount of newly

synthesized proteins  was assayed. The results showed a minor increase in the extent of newly

translated proteins, unlike the typical decrease that was observed previously (Figure 62).  Also,

this  inclination was not  modified upon introduction of  studied  chaperones  (Figure  62).  This

finding  suggests  not  only  that  TORC1  is  activated  providing  that  Hsp82 chaperone  is

overexpressed,  but that Tor1 kinase might sense the protein folding conditions by detection of

cellular Hsp82 levels. Furthermore, it is implicated that TORC1 might play the part of mediating

the folding status and the metabolism via negative regulation of Snf1. 
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Figure  62| Overexpression of  Hsp82 does  not  lead to  an increase  in protein translation
observed in ChES. Western blot analysis of newly synthesized proteins in oeHsp82 (top) and
the quantification of band intensities (bottom) indicate that a failure to downregulate Hsp82 in
ChES results in a minor increase in the amount of newly synthesized proteins atypical of ChES.
This  response  is  constant  following  overexpression  of  studied  chaperones. Data  represent
quantification (ImageJ) of Western blot results from three independent experiments (mean with
SD). ***P < 0.001; **P < 0.01; *P < 0.05 (ANOVA plus post hoc). 
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3.2.8 Hsp82 chaperone downregulation is the initiating event preceding chaperone 
enrichment 

To further test the involvement  of downregulated Hsp82  in TORC1-related chaperone activity

sensing,  Hsp82  was  treated  and  inhibited  using geldanamycin.  Differential  gene  expression

analysis revealed comparable shifts in gene expression to those noted in the ChES, consisting of

respiration activation and repression of glycolysis and TCA cycle (Figure 63). These data imply

that  the  downregulation/inhibition  of  Hsp82  could  be  imminent  occurrence  in  the  signaling

cascade underlying the observed ChES response. 

Contrarily to the trend observed in ChES, considerable upregulation of enzymes involved in

peroxisomal  fatty  acid  β-oxidation,  notably  POT1  and  POX1,  was  demonstrated  by  Hsp82

inhibited strain leading us to presume that fatty acid oxidation is not interrelated to the chaperone

enrichment and reduction of Hsp82 levels in the studied strains (Figure 63). 

H
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Figure  63| Inhibition  of  Hsp82  chaperone  leads  to  differential  gene  expression  shifts
comparable to ChES. Transcript levels (top) and their representative heat map (bottom) indicate
gene expression characteristic of ChES. Geld stands for geldanamycin. Color of the squares on
the heat map corresponds to the mean value of the log fold change from three biological and
three technical replicates. UBC6 was used for normalization.***P < 0.001; **P < 0.01; *P < 0.05
(ANOVA plus post hoc).
Furthermore, the notion of Hsp82 chaperone downregulation being the proximal element of the

cascade is additionally substantiated by increased oxygen consumption of geldanamycin treated

wild-type strain, amounting to the tendency demonstrated in the ChES (Figure 64). 

119



RESULTS PART II

Figure  64|  Inhibition  of  Hsp82  chaperone  leads  to  increased  respiration.  Oxygen
consumption is increased in control strain treated with geldanamycin, while caTOR1 strain failed
to generate increased oxygen consumption. Control is wild-type yeast. Data are mean ± SD from
at least three independent cultures, each performed in triplicate. ***P < 0.001; **P < 0.01; *P <
0.05 (ANOVA plus post hoc).

To investigate the sequence of events following chaperone enrichment, Hsp82 chaperone was

inhibited  in  the  caTOR1  strain.  Intriguingly,  suppression  of  Hsp82  along  with  constitutive

activation of Tor1 failed to generate  increased oxygen consumption compared to the control

strains  (Figure  64).  This  is  an  added  confirmation  that  Hsp82 downregulation  is  indeed  an

initiating event resulting in deactivation of TORC1, activation of Snf1 and the resultant glucose

starvation-like phenotype observed in ChES. Moreover, the emphasis was consistently given to

the significance  of  TORC1 deactivation in  the  noted signaling cascade  preceding chaperone

enrichment. 

 3.2.9 Chaperone enrichment leads to the extension of RLS

Since involvement of TOR and caloric  restriction in lifespan extension has been extensively

documented in numerous studies, the effect of chaperone enrichment on the replicative lifespan
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of  studied  strains  was  examined  (Bitterman  et  al.,  2003;  Johnson  et  al.,  2013).  The  results

showed a drastic prolongation of RLS in all of the investigated strains (Figure 65). The extent of

lifespan extension of strains with overexpressions of nascent polypeptide-associated complex

(NAC),  cytosolic  T-complex  (Tcp1),  ER Hsp70  chaperone  (Lhs1)  and  mitochondrial  Hsp70

(Ssc1) were demonstrated to be 67%, 61%, 56%, and 33% respectively. Median lifespan was left

unaffected by chaperone enrichment as it remained ~12 generations for each strain (Figure 65). 

With the intention to eliminate the possibility that the observed lifespan extension was resulting

from  sporadic  tenacious  cells  not  succumbing  to  death,  the  area  under  the  curve  (AUC)

corresponding to  the final  lifespan phase  (AUClate)  was measured.  The measurement  for  the

AUClate  was normalized to the area of the entire curve (AUCtotal)  revealed that 0.66% of the

studied WT control population remains alive until the late life phase, while 4-10% of the ChES

population reaching the same life stage. 
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Figure  65| Chaperone enrichment leads to replicative  lifespan extension.  Survival  curves
determined by micromanipulation. Number of cells used for this experiment Control (n=103), oe
SSC1 (n=120), oe LHS1 (n=112), oe EGD2 (n=129) and oe TCP1 (n=127). P values are 0.0009
(LHS1 and EGD2), 0.0004 (TCP1), and 0.0081 (0.SSC1). The data shown are pooled from three
independent  experiments  for  each  strain.  Oe  stands  for  overexpression.  Significance  of  the
results  was  tested  with  log-rank (Mantel–Cox)  test.  Table  under  the  graph demonstrates  the
percentage of the studied population that is still alive in the late life stage of the RLS.

3.2.10 Snf1/AMPK activation is required for chaperone-mediated RLS extension

To  further  elucidate  the  mechanisms  responsible  for  the  observed  lifespan  extension,  the

involvement  of  features  characteristic  of  ChES:  Snf1  activation,  Tor1  deactivation  and

respiration increase was resolved to be studied. 

Firstly, RLS in ΔSnf1 mutant was measured and compared to the chaperone enriched strains in

ΔSnf1 genetic background. The results disclosed replicative lifespan of chaperone-enriched Snf1

deficient  strains to  be  corresponding  to  replicative  lifespan  of  the  control  strain,  ie.,  Snf1

activation is necessary to attain RLS extension (Figure 66A). 

Secondly, RLS was measured in constitutively active Tor1 strain (caTor1) and compared to the

chaperone enriched strain in caTor1 genetic background. The results revealed replicative lifespan

of chaperone-enriched caTor1 strain to be comparable to the RLS of the control strain, ie., Tor1

kinase deactivation is essential for RLS extension to be achieved (Figure 66B). 

Lastly, the effect increased respiration has on the observed lifespan extension in  the studied

strains needed to be expounded. To examine this, RLS was measured in respiration-deficient

petite  strain  and  compared  to  chaperone-enriched  petite  strain.  The  results  exhibit  RLS  in

chaperone-enriched petite strain to be equivalent to the control strain, i.e., respiration increase is

crucial for RLS extension observed in ChES (Figure 66C).
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Figure  66| RLS extension is contingent on Snf1 activation and TOR deactivation, and is
attributable  to  respiration  increase  in  ChES Survival  curves  were  determined  by
micromanipulation. (A) Replicative lifespan extension annulled in the absence of Snf1. Number
of cells used for this experiment Control (n=103), ΔSnf1 (n=95), ΔSnf1 + LHS1 (n=79) and
ΔSnf1 + EGD2 (n=95).  P value for ΔSnf1 relative to control  RLS is  <0.0001. P values for
ΔSnf1+LHS1  and  ΔSnf1+EGD2  relative  to  the  control  are  >0.05.  (B)  Replicative  lifespan
extension  is  absent  in  ChES with activated  TOR. Number  of  cells  used  for  this  experiment
Control (n=103), caTor1 (n=94), caTor1 + LHS1 (n=89) and caTor1 + EGD2 (n=94).P values for
the RLS of caTor1, caTor1+LHS1, and caTor1+EGD2 compared to the control are >0.05. (C)
Replicative  lifespan  extension  is  eliminated  in  respiration-deficient  ChES.  Control  (n=103),
petite (n=100), petite + LHS1 (n=97) and petite + EGD2 (n=99). P value for the petite strain
relative to control is <0.0001. P values for petite+LHS1 and petite+EGD2 relative to control are
0.048 and 0.044, respectively. The data shown are pooled from three independent experiments
for each strain. Significance of the results was tested with log-rank (Mantel–Cox) test.
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4.2.1 Enrichment of studied chaperones elicits mitigation of protein misfolding

Functional capability of a protein depends on their accurate folding. However, as a consequence

of  cellular/environmental  stress,  mutations,  aging  or  disease,  accuracy  of  protein  folding

decreases leading to accumulation of misfolded proteins and increase in proteotoxicity (Higgins

et al., 2018; Vashist et al., 2010). It is well documented that misfolded proteins have an increased

propensity to be carbonylated, and this tendency can, hence, be used as a marker of oxidative

damage as well as a measure of protein misfolding (Dukan et al., 2000; Nystrom, 2005; Krisko

&  Radman,  2019).  This  study  showed  that  chaperone  enrichment  in  distinct  cellular

compartments  has  led  to  a  marked  reduction  of  protein  carbonylation,  amounting  to  40%

decrease compared to the control (Figure 44A). Another propensity misfolded proteins possess is

to form protein aggregates. These aggregates can further generate damage and be detrimental to

the cellular health. To quantitatively analyze formation of protein aggregates in ChES, cellular

positioning of intrinsic GFP-tagged Hsp104 protein-disaggregase was examined. Hsp104 was C-

terminally  tagged  with  GFP without  obstructing  its  activity,  and  its  tendency  to  explicitly

associate with protein aggregates is utilized as an indicator of endogenous protein aggregation

(Saarikangas & Barral, 2015; Specht et al., 2011). Upon the introduction of studied chaperone,

examination of Hsp104-associated chaperones revealed a significant decrease of intrinsic protein

aggregates compared to the control (Figure 45). Another reliable indicator of folding accuracy of

a proteome and cellular proteotoxicity is Hsp90 chaperone. It consists of two isoforms: stress-

inducible Hsp82 and intrinsically expressed Hsc82 and its expression levels correlate with the

amount of abrogated proteins and failure of proteostasis (Girstmair et al., 2019). In ChES, levels

of Hsp90 were substantially lowered compared to the control (Figure 44B). Moreover, ChES

demonstrated decreased levels of antioxidant enzymes, SOD1 and SOD2, together with reduced

levels  of  cellular  ROS  (Figure  44C  and  47).  Considering  that  the  controls  enriched  with

inactivated versions of each of the studied chaperones (iChES) displayed results contradictory to

ChES, all these results are indicative of alleviation of protein misfolding and accomplishment of

proteostasis ensuing chaperone enrichment. 
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4.2.2 ChES display metabolic paradigm suggestive of glucose-starvation response

Differential gene expression analysis revealed substantial alteration of genes characteristic of

cellular response to glucose starvation, including suppression of glycolysis and TCA cycle as

well as increased expression of subunits of the OXPHOS complexes (Figure 47)  (Choi et al.,

2018; Ocampo et al., 2012). Glucose is a primary source of energy, a pivotal contributor to the

carbon skeleton of majority of biomolecules, and a superior choice of carbon source for budding

yeast (Rødkaer & Faergeman, 2014). The sensing and uptake of glucose from the environment is

accompanied by the repression of genes  involved in regulation of metabolism on alternative

energy sources,  such as  deactivation  of  Snf1 kinase  (Kim et  al.,  2013).  Conversely,  limited

glucose  availability  or  disrupted  glucose  sensing  ability  is  chaperoned  by  Snf1  activation,

reduction of Tor1 signaling and increased respiration  (Bonawitz et  al.,  2007; Pan & Shadel,

2009).  Being  cognizant  of  this,  the  involvement  of  aforementioned  changes  upon  glucose

starvation in ChES was studied. 

In  accordance  with  the  previously  mentioned  effects  glucose  starvation  has  on  the  cellular

metabolism, ChES demonstrated an equivalent paradigm. Complementary to glucose starvation

response,  our  studied  chaperone  enriched  strains  displayed  increased  oxygen  consumption

(Figure 48).  This  increase was shown to be resultant from increased mitochondrial  mass,  as

indicated by analysis of NAO and MitoLoc (Figure 49A C). NAO is a fluorescent probe which

binds to a polyunsaturated acidic phospholipid, cardiolipin, located entirely in mitochondrial and

bacterial membranes, and as such, is a dependable marker of mitochondrial mass  (Jacobson et

al.,  2002).  Mitochondrial  volume  parameter  is  assessed  by  software  calculations  upon

introduction of MitoLoc plasmid and quantification of its reporter marker preSU9-GFP, which

almost exclusively localizes to mitochondria (Vowinckel et al., 2015). Interestingly, it was shown

that mitochondrial volume increases with the shift from glucose metabolism to other alternative

sources; i.e., from fermentative to oxidative metabolism (Egner et al., 2002). This enables cells

to  increase  their  respiratory  capacity  characteristic  of  a  switch  to  alternative  carbon  source

metabolization,  and further  supports  our  findings  that  ChES indeed display  a  phenocopy of

glucose starvation response (Rolland et al., 2002).

In addition to that, activation of Snf1 was likewise exhibited by the ChES (Figure 51). Snf1 has a

major role governing cellular metabolism by controlling expression of glucose-repressed genes
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following glucose starvation (Hahn & Thiele, 2004; Jiang et al., 2016). It is generally activated

by phosphorylation upon glucose depletion in the media. Our further findings on gene expression

and oxygen consumption  of  ChES in  Snf1  null  background indicate  that  activation  of  Snf1

kinase by phosphorylation is essential for the observed ChES response as it is absent in cells

with inactivated Snf1 (Figure 52). 

Lastly,  this  research showed that  TORC1 is  deactivated in  ChES and that  its  inactivation is

essential for the observed ChES response as chaperone enrichment in constitutively activated

Tor1 background did not result in Snf1 activation or rise in oxygen consumption (Figure 56). 

4.2.3 Snf1 kinase is negatively regulated by Tor1

TOR regulates cell growth predominantly by affecting the rate of translation, and inhibition of

TORC1, a distinct signaling complex of TOR, has been shown to negatively influence the rate of

protein translation  (Bonawitz et al., 2007). This property was used to test for TORC1 activity,

and analysis of the amount of newly translated proteins in ChES displayed a significant decrease

indicating inactivation of TORC1 (Figure 53). Another characteristic associated with reduced

TOR signaling  is  downregulation  of  Sch9  (Pan & Shadel,  2009).  Sch9 kinase  is  a  TORC1

substrate and its activation depends on direct phosphorylation by TORC1 (Urban et al., 2007).

Analysis  of  Sch9  phopshorylation  levels  in  ChES  revealed  decreased  levels,  further

corroborating  inactivation  of  TORC1  (Figure  54).  As  an  additional  control,  Tor1was

constiutively activated in ChES by introduction of an I1954V mutation. This mutation grants

activity  and hyperactivation of Tor1(Hardt  et  al.,  2011).  Analysis  of  oxygen consumption in

caTor1 enriched with studied chaperones revealed levels of O2 consumption to be comparable to

wild-type control and caTor1 control, postulating that TORC1 deactivation is pivotal for ChES

response (Figure 57). 

Further evaluation of TORC1 involvement in ChES response demonstrated that Snf1 kinase is

negatively regulated by Tor1. This was revealed by levels of phosphorylated Snf1 which were

showed  to  be  abrogated  in  caTor1  and  ChES in  caTor1  background,  but  also  substantially

increased  in  Tor  null  mutant  (Figure  56).  These  results  are  consistent  with  previously

documented findings (Orlova et al., 2006). 
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4.2.4 ChES response relies on Tor1 deactivation

The interaction between Tor1 and Snf1 and their  involvement  in  mitochondrial  activity  was

further elucidated by torin treatments of ΔSnf1 mutant. Torin is a direct TOR inhibitor that is

selective for suppressing TORC1 and TORC2 complexes in different concentrations  (Huang et

al., 2017). Chemical inhibition of TOR in ΔSnf1 background was selected due to the inability to

produce fit/viable ΔTor1ΔSnf1 double deletion mutant. This is substantiated by gene expression

analysis of torin treated ΔSnf1 mutant (corresponding to ΔTor1ΔSnf1 double deletion mutant),

which revealed a striking downregulation of almost all metabolic activities, implying that this

mutant strain is not viable (Figure 60). 

100 nM torin treatment of wild-type control resulted in oxygen consumption comparable to the

ΔTor1 mutant, and this level of O2 consumption is equivalent to the levels observed in ChES

(Figure 58). Oxygen consumption together with gene expression analysis of torin treated control

indicate that suppression of Tor1 is required for ChES response (Figure 59). This claim is further

corroborated by introduction of studied chaperones in the  ΔTor1 mutant,  and the subsequent

gene expression analysis that displayed no additional change compared to the ChES (Figures 59

and 60). 

4.2.5 Hsp82 chaperone mediates the proteome quality to TORC1

Our hypothesis of a communication of Tor1 with Snf1 is based, partly, on sensing and mediating

the  protein  folding  quality  status  of  the  proteome.  Protein  misfolding  and  accumulating

aggregation perturb the protein homeostasis predominantly by exhausting proteostasis network

capacity, specifically molecular chaperones (Liu et al., 2015). Based on this, the involvement of

chaperones  in  the  sensing  of  proteostasis  condition  was  considered,  notably  a  chaperone

intricately  engaged  in  variety  of  cellular  processes  –  Hsp82.  Chaperone  Hsp82,  an  Hsp90

isoform, is involved in extensive conformational maintenance of myriad of proteins, and it also

actively monitors and regulates major signaling pathways  (Hartl et al., 2011; Tiroli-Cepeda &

Ramos, 2011). Interestingly, Hsp82 chaperone was shown to selectively interact with a particular

class of proteome, most notably protein kinases (Tiroli-Cepeda & Ramos, 2011). We, therefore,

decided to analyze its association with TORC1 and contribution to sensing/mediating the cellular

conditions of ChES. 
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ChES demonstrated marked downregulation of Hsp82 in differential gene expression analysis, it

was crucial to determine whether this drop in chaperone level is directly related to the observed

ChES response (Figure 44B). Overexpression of Hsp82 in ChES revoked the response observed

with downregulation of Hsp82 in ChES, particularly the increase of Snf1 activity (Figure 61B). 

The  conception  that  reduction  of  Hsp82  activity  is  requisite  for  TORC1  deactivation  and

commencement of the downstream response upon enrichment of studied chaperones is validated

by chemical inhibition of Hsp82 chaperone in the wild-type yeast. Wild-type yeast was treated

with  geldanamycin,  as  it  leads  to  inhibition  of  Hsp82  chaperone,  and  the  resultant  gene

expression analysis demonstrated response analogues to the ChES: repression of glycolysis and

upregulation of respiratory chain complexes (Figure 63). This was further substantiated by an

observed increase in oxygen consumption upon Hsp82 suppression (Figure 64). 

Interestingly,  the observed outcome was not  exhibited  by Hsp82 inhibition  in  caTor1  strain,

suggesting  that  deactivation  of  TORC1 is  required  for  transmitting  the  condition  of  protein

folding through Hsp82 deactivation (Figure 64). 

4.2.6 Replicative lifespan extension in ChES is contingent on increased respiration

As all  of  the  components  noted  in  the  ChES response  were  previously  associated  with  the

extension of replicative lifespan in yeast, most notably the deactivation of Tor1 and activation of

Snf1-  characteristics  of  glucose-starvation  response,  its  pertinence  in  ChES  needed  to  be

confirmed (Bitterman et al., 2003). It was demonstrated that RLS extension in ChES is entirely

dependent on increased respiration upon chaperone enrichment (Figure 66). 

As  mentioned  previously,  a  shift  in  proteostasis  occurs  primarily  due  to  accumulation  of

abrogated  and/or  aggregated  proteins  which,  in  turn,  consumes  all  the  formerly  available

chaperones. It is noted in the literature that this particular availability of chaperones serves as an

indicator of protein homeostasis and the protein folding quality within the cell sensed by TORC1

(Qian et al., 2010). It was proposed in this study that the sensing is mediated by Hsp82 levels,

and  in  the  particular  case  of  ChES –  its  decline.  The  suggested  mechanism underlying  the

observed ChES response is  depicted in the Figure 67. Introduction of chaperones in distinct

cellular  compartments,  and  their  substituent  enrichment  leads  to  the  cell  wide  proteostasis

marked  by  decreased  protein  carbonylation,  ROS  and  Hsp82  levels.  Alleviation  of  protein

folding is communicated to Tor1 via decline in Hsp82 levels which, in turn, gets deactivated.
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Deactivation of Tor1 leads to activation of Snf1 and triggers the response comparable to glucose-

starvation. Increased respiration resultant from the glucose-starvation response leads to lifespan

extension in all the studied chaperone overexpression. The precise mechanistic details of Tor1-

Snf1 cross-talk remain yet to be elucidated and will be the topic of future research. 

Figure 67| Schematic representation of sequence of events following chaperone enrichment

(created with “BioRender.com”). 
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An intricate cellular proteostasis network (PN), comprising primarily of molecular chaperones

and degradation machinery, maintains the protein homeostasis balance, a process fundamental

for cell sustenance and viability. This is achieved by assiduous collaboration of extensive cellular

processes most of which, if not all, are inextricably linked by molecular chaperones. Many of the

central  activities  of  chaperones  involve  assisting  in  protein  folding,  refolding and degrading

processes as well as preventing aggregation (Hipp et al., 2014). Due to compartmentalization of

eukaryotic cells, chaperones are segregated to distinct organelles. This enables cells to sustain the

proteostasis by customizing regulation of the PN in response to organelle-specific perturbations,

i.e., disturbed protein folding environment in the cytosol selectively activates the cytosolic heat

shock  response  (HSR)  (Yoneda,  2004).  Despite  the  knowledge  about  the  organelle-specific

response, the existence and specificities of communication between the cellular compartments

remained to be elucidated. In this study we, therefore, intended to determine the cell-wide impact

of  compartmentalized  proteostasis  decline,  evoked  by  loss  of  chaperone  function,  and  the

proteostasis enhancement, evoked by enrichment of chaperones, in the mitochondria, ER, and

the cytosol of the yeast Saccharomyces cerevisiae. 

This study has demonstrated that both amelioration and mild deterioration of protein homeostasis

ultimately leads to the extension of replicative lifespan through implication of hormesis (Figure

68). Hormesis is defined as an adaptive stress response to mild and transient disturbances of

homeostasis,  commonly  with  advantageous  consequences  to  the  organism  (Calabrese  &

Baldwin, 2002). In the case of proteostasis deterioration upon chaperone deletions, beneficial

extension  of  replicative  lifespan  could  potentially  be  the  result  of  mitohormesis,  or  a

comprehensive cytoprotective state ordinated by cytosolic and nuclear response to a moderate

mitochondrial stress  (Yun & Finkel, 2014). On the other hand, proteostasis amelioration upon

chaperone enrichment could result  in beneficial extension of replicative lifespan by hormetic

effect  of  glucose-starvation  (Masoro,  2006).  The  consequential  effects  of  hormesis  could

promote cell’s ability to cope with acute stressors that lead to damage accumulation, senescence,

and ultimately,  death  (Masoro,  2006).  Additionally,  both  studies  revealed  an  intricate  cross-

organelle  communication  networking  system  due  to  which,  regardless  of  the  cellular
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compartment the chaperone alteration originated from, effects are cell-wide and equivalent for

all the studied chaperones. 

Results obtained from these studies accentuate the importance of orchestrated communication

between organelles and emphasize the importance of further research to recede from observing

cellular responses in canonical compartmentalized manner to cell-wide approach. Furthermore,

results  obtained from our observations of ChES could help elucidate the obscure concept of

cross-communication between nutrient-sensing pathways. These findings warrant to deepen our

knowledge  on  cross-organelle  and  cross-signaling  pathway  communication  that  ensures

unprecedented  methodologies  for  future  research  on  alleviation  of  aging  and  age-related

pathologies. 
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Figure  68|  Schematic  representation of  compendium from both  studies.  Improvement  of
proteostasis, as well as a mild deterioration, leads up to extension of lifespan, irrespective of the
origin of alteration (created with “BioRender.com”). 
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