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Introduction 

PART I  

Paracetamol 

Paracetamol (acetaminophen, N-acetyl-p-aminophenol, APAP) is a widely used 
non-steroidal analgesic and antipyretic drug (NSAID), and it is considered a safe 
drug at therapeutic doses. However, APAP overdose is a major cause of acute 
liver failure and renal damage in the United States and Europe (Yoon et al. 2016). 
Although most overdose patients experience mild adverse reactions, such as 
hepatitis, cholestasis or asymptomatic liver enzyme elevation, APAP 
hepatotoxicity is generally estimated to account for approximately 48% of acute 
liver failure, a diagnose accompanied with relatively high mortality and 
morbidity rate. Moreover, studies have shown that 29% of APAP overdose 
patients with acute liver failure undergo a liver transplantation accompanied 
with a 28% mortality rate (Yoon et al. 2016). 

Besides self-inflicted APAP overdose, 48% of all overdose cases are caused 
unintentionally. Since its wide-spread use for which no prescription is necessary 
and its presence in multiple combination preparations, the recommended 
maximum dosage of 4000 mg APAP per day is often exceeded. Besides the 
dosage, there are other factors that can contribute to APAP-induced toxicity such 
as frequency of use, induction of oxidative hepatic metabolism, age, genetic 
predisposition, nutritional status, pre-existing liver disease and concurrent 
medication (Bessems and Vermeulen 2001; Graham et al. 2013; Michaut et al. 
2014; Yoon et al. 2016). 

Pharmacology and metabolism 

Paracetamol is a derivative of p-aminophenol, which corresponds to the principal 
active metabolite of phenacetin and its mechanism of action is still not well 
established. It appears that paracetamol inhibits prostaglandin biosynthesis in 
the central nervous system but not (or hardly) in the peripheral tissues. 
Paracetamol only has minimal anti-inflammatory action compared to other non-
steroidal anti-inflammatory agents (NSAIDs). However, recent studies show that 

 

APAP can inhibit prostaglandin biosynthesis in both the central nervous system 
and in peripheral tissues (Brune et al. 2015). When compared to selective COX-2 
inhibitors and non-selective NSAIDs, paracetamol has unique pharmacological 
and clinical activities with only mild anti-inflammatory activity, as summarized in 
Table 1. 

Table 1. Pharmacological and clinical activities of paracetamol, selective COX-2 inhibitors 
and non-selective NSAIDs (adopted from (Graham et al., 2013)) 

Pharmacological activity Paracetamol Selective  
COX-2 inhibitors 

Non-selective  
NSAIDs 

Analgesia Active Active Active 

Antipyresis Active Active Active 

Anti-inflammatory Active in mild 
inflammation Active Active 

Anti-platelet Low activity Inactive Active 
Damage to stomach and 
small intestine Low activity Low activity Active 

Aspirin-induced asthma Weakly active Inactive Active 

Blood pressure Variable data Increase Increase 

Renal 
Lesser effects 
than both NSAID 
classes 

Impaired function 
in stressed kidneys 

Impaired function 
in stressed kidneys 

Increased risk of thrombosis Inactive Active Active 

APAP is primarily metabolized in the liver. The majority of APAP (~90%) is 
converted to glucuronidated and sulfated metabolites in phase II metabolic 
reactions, respectively catalyzed by UDP-glucuronosyl transferases (UGTs) and 
sulfotransferases (SULTs), and subsequently excreted in urine. A minor part of 
APAP (~2%) is excreted in urine without any conversion. A small portion of 
APAP (~5-9%) is oxidatively metabolized by hepatic cytochrome CYP2E1 and, to 
a lesser extent, by CYP1A2 and CYP3A4 in phase I metabolic reactions, in which a 
highly reactive toxic and reactive metabolite N-acetyl-para-benzo-quinone imine 
(NAPQI) is formed (Bessems and Vermeulen, 2001), Figure 1. The process of 
excretion of the conjugates formed in phase I and II metabolic pathway is called 
phase III detoxification and requires ABC multi–drug resistance efflux 
transporters, such as Mrp2 and Bcrp (McGill and Jaeschke 2013). 
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APAP toxicity by overdose 

The major cause of acute liver damage by APAP is the formation of the reactive, 
toxic metabolite NAPQI, which is formed by the action of Cytochrome P450 
enzymes (CYPs). NAPQI is usually detoxified by conjugation to glutathione (GSH), 
forming GSH-conjugates that are excreted in urine as cysteine-conjugates and 
mercapturic acids, Figure 1. Conjugation of xenobiotics to reduced GSH is 
catalyzed by Glutathione S-transferases (GSTs), a phase II metabolic enzyme 
system. Upon APAP overdose, phase II pathways may become saturated, thus 
pushing the majority of APAP to be metabolized to NAPQI by CYP2E1, 
subsequently resulting in GSH depletion and binding of NAPQI to cellular and 
mitochondrial proteins, ultimately causing oxidative stress. Oxidative stress 
damages mitochondrial DNA leading to defective cellular respiration and 

 

Figure 1: Schematic representation of APAP metabolism in the liver. The majority of 
APAP is converted to glucuronidated and sulfated metabolites by UGTs and SULTs and 
subsequently excreted from the body in urine. A minor part is either excreted in urine 
without any conversion or metabolized by hepatic cytochrome CYP2E1, 1A2 or 3A4 
forming a highly reactive toxic metabolite NAPQI. The figure is adapted from (Yoon et al. 
2016). 

 

metabolism, mitochondrial dysfunction and ineffective ATP-production (Bessems 
and Vermeulen 2001; Yoon et al. 2016).  Hepatotoxicity can also be caused by the 
formation of toxic free radicals, such as reactive oxygen species (ROS) and 
peroxynitrite, resulting from a reaction between superoxide and nitric oxide, 
which is also neutralized by GSTs and GSH (Du et al. 2016). Upon GSH depletion, 
nitro-tyrosine adducts will be formed increasingly inside the mitochondria (Yoon 
et al. 2016). After the initial mitochondrial oxidative stress, also triggered by 
covalent protein binding, several processes will activate leading to liver necrosis. 
Shortly after APAP exposure, c-jun-N-terminal kinase (JNK) activates by release 
from GSTPi, which can be triggered either by oxidative stress, direct covalent 
protein binding of NAPQI or by activation by glycogen synthase kinase-3β (GSK-
3β), which is also activated very early upon APAP hepatotoxicity (Du et al. 2015). 
JNK is not activated by ROS directly, but its activation is triggered by apoptosis 
signal-regulating kinase 1 (ASK1) activation in a redox-sensitive step. 
Independent of the activation mechanism, activation of JNK further promotes 
mitochondrial oxidant stress and peroxynitrite formation (Jaeschke et al. 2012). 
Inhibition of JNK was experimentally proven to be a highly effective intervention 
strategy against APAP hepatotoxicity (Nakagawa et al. 2008). Activation of JNK 
by phosphorylation results into its translocation to the mitochondria, which 
amplifies initial oxidative stress (Du et al. 2015). Further consequences of the 
increased mitochondrial formation of ROS and peroxynitrite include 
mitochondrial DNA damage and selective, partial loss of mitochondrial enzyme 
activities through thiol oxidation and nitration (Yoon et al. 2016). However, the 
most critical effect of the oxidant stress is the opening of the mitochondrial 
membrane permeability transition (MPT) pore leading to a collapse of the 
membrane potential and cessation of ATP production. One of the consequences of 
MPT is the swelling and rupturing of the outer mitochondrial membrane, 
subsequently leading to translocation of mitochondrial proteins, such as 
apoptosis-inducing factor (AIF) and endonuclease G, to the nucleus. This results 
in DNA-fragmentation and cell necrosis (Jaeschke et al. 2012; Du et al. 2015). The 
various processes involved in liver toxicity are presented in Figure 2. 

Besides hepatotoxicity, APAP can also cause renal toxicity. Acute kidney injury 
(AKI) occurs in 2-10% of APAP overdose patients (Stollings et al. 2016). The 



General introduction and aims |   7   

1

 

APAP toxicity by overdose 

The major cause of acute liver damage by APAP is the formation of the reactive, 
toxic metabolite NAPQI, which is formed by the action of Cytochrome P450 
enzymes (CYPs). NAPQI is usually detoxified by conjugation to glutathione (GSH), 
forming GSH-conjugates that are excreted in urine as cysteine-conjugates and 
mercapturic acids, Figure 1. Conjugation of xenobiotics to reduced GSH is 
catalyzed by Glutathione S-transferases (GSTs), a phase II metabolic enzyme 
system. Upon APAP overdose, phase II pathways may become saturated, thus 
pushing the majority of APAP to be metabolized to NAPQI by CYP2E1, 
subsequently resulting in GSH depletion and binding of NAPQI to cellular and 
mitochondrial proteins, ultimately causing oxidative stress. Oxidative stress 
damages mitochondrial DNA leading to defective cellular respiration and 

 

Figure 1: Schematic representation of APAP metabolism in the liver. The majority of 
APAP is converted to glucuronidated and sulfated metabolites by UGTs and SULTs and 
subsequently excreted from the body in urine. A minor part is either excreted in urine 
without any conversion or metabolized by hepatic cytochrome CYP2E1, 1A2 or 3A4 
forming a highly reactive toxic metabolite NAPQI. The figure is adapted from (Yoon et al. 
2016). 

 

metabolism, mitochondrial dysfunction and ineffective ATP-production (Bessems 
and Vermeulen 2001; Yoon et al. 2016).  Hepatotoxicity can also be caused by the 
formation of toxic free radicals, such as reactive oxygen species (ROS) and 
peroxynitrite, resulting from a reaction between superoxide and nitric oxide, 
which is also neutralized by GSTs and GSH (Du et al. 2016). Upon GSH depletion, 
nitro-tyrosine adducts will be formed increasingly inside the mitochondria (Yoon 
et al. 2016). After the initial mitochondrial oxidative stress, also triggered by 
covalent protein binding, several processes will activate leading to liver necrosis. 
Shortly after APAP exposure, c-jun-N-terminal kinase (JNK) activates by release 
from GSTPi, which can be triggered either by oxidative stress, direct covalent 
protein binding of NAPQI or by activation by glycogen synthase kinase-3β (GSK-
3β), which is also activated very early upon APAP hepatotoxicity (Du et al. 2015). 
JNK is not activated by ROS directly, but its activation is triggered by apoptosis 
signal-regulating kinase 1 (ASK1) activation in a redox-sensitive step. 
Independent of the activation mechanism, activation of JNK further promotes 
mitochondrial oxidant stress and peroxynitrite formation (Jaeschke et al. 2012). 
Inhibition of JNK was experimentally proven to be a highly effective intervention 
strategy against APAP hepatotoxicity (Nakagawa et al. 2008). Activation of JNK 
by phosphorylation results into its translocation to the mitochondria, which 
amplifies initial oxidative stress (Du et al. 2015). Further consequences of the 
increased mitochondrial formation of ROS and peroxynitrite include 
mitochondrial DNA damage and selective, partial loss of mitochondrial enzyme 
activities through thiol oxidation and nitration (Yoon et al. 2016). However, the 
most critical effect of the oxidant stress is the opening of the mitochondrial 
membrane permeability transition (MPT) pore leading to a collapse of the 
membrane potential and cessation of ATP production. One of the consequences of 
MPT is the swelling and rupturing of the outer mitochondrial membrane, 
subsequently leading to translocation of mitochondrial proteins, such as 
apoptosis-inducing factor (AIF) and endonuclease G, to the nucleus. This results 
in DNA-fragmentation and cell necrosis (Jaeschke et al. 2012; Du et al. 2015). The 
various processes involved in liver toxicity are presented in Figure 2. 

Besides hepatotoxicity, APAP can also cause renal toxicity. Acute kidney injury 
(AKI) occurs in 2-10% of APAP overdose patients (Stollings et al. 2016). The 



Chapter 18   |

 

kidney toxicity is considered to result from APAP metabolism to NAPQI by CYP-
enzymes in the kidney. Renal toxicity is also reported to occur at therapeutic 
concentrations (Kato et al. 2014) and without concomitant hepatotoxicity 
(Stollings et al. 2016). Several factors are known to increase the risk of APAP-
induced kidney toxicity, such as pre-existing liver or kidney disease, alcohol 
abuse and malnutrition (Maze and Lee 1997; von Mach et al. 2005).  

 

Figure 2. Acetaminophen-induced mitochondrial oxidative stress. The reactive 
metabolite NAPQI forms protein adducts and induces mitochondrial oxidative stress. 
Superoxide, produced by the mitochondrial electron transport chain, can be scavenged by 
SOD2 and converted to hydrogen peroxide. Mitochondrial oxidative stress and hydrogen 
peroxide can also activate the mitogen-activated protein kinase, JNK, by multiple 
pathways, resulting in its phosphorylation and translocation to the mitochondria. This 
amplifies mitochondrial oxidative stress, which, subsequently, leads to activation of the 
mitochondrial permeability transition (MPT) and translocation of mitochondrial proteins, 
such as AIF and endonuclease G, to the nucleus. This then results in DNA fragmentation 
and, finally, oncotic necrosis. Figure adapted from (Jaeschke et al. 2012) 

 

APAP toxicity at therapeutic doses 

APAP can also cause toxicity at therapeutic doses.  Thus, APAP was identified as a 
risk factor for acute renal injury (Kato et al. 2014), and it can cause the onset of 
life-threatening skin conditions, like Stevens-Johnsons syndrome and toxic 
epidermal necrolysis  (Khawaja et al. 2012; Kim et al. 2014; Biswal and Sahoo 
2014). In recent years, several studies provided evidence that prolonged use of 
APAP during pregnancy can affect the normal development of newborns. Large 
cohort trials in Scandinavia reported that prenatal APAP use 1) can affect gross 
motor development, communication and behavior and neurodevelopment 
(Brandlistuen et al. 2013); 2) can result in a higher risk for development of 
attention-deficit hyperactivity (ADHD) and hyperkinetic disorders (Liew et al. 
2014; Thompson et al. 2014; Ystrom et al. 2017); and 3) is correlated with a 
number of autism spectrum symptoms in male children (Avella-Garcia et al. 
2016). Moreover, several epidemiological studies on APAP use during pregnancy 
and early childhood provided evidence for an increased risk for the development 
of asthma later in life (Källén et al. 2013; Henderson and Shaheen 2013; Sordillo 
et al. 2015). Also, investigation of large databanks from Scandinavian and other 
countries indicated that APAP use during pregnancy could impair male fertility 
by causing cryptorchidism (Jensen et al. 2010; Snijder et al. 2012) and reducing 
testosterone production (van den Driesche et al. 2015). 

The mechanism by which APAP might affect (neuronal) development of 
newborns is unclear. Possible causes are 1) the effect on levels of the brain-
derived neurotrophic factor (BDNF), as shown in mice (Ystrom et al. 2017); 2) 
acting as an endocrine disruptor affecting testicular function and the production 
of androgens, thus interfering with fetal brain development (Jensen et al. 2010; 
Snijder et al. 2012; Mazaud-Guittot et al. 2013; van den Driesche et al. 2015); 3) 
influence on endocannabinoid system, which could affect neuronal 
differentiation, axonal migration, synapse positioning or immune modulation 
(Schultz 2010); 4) deficits in sulfation capacity, which occurs during pregnancy 
and in some autistic children (Davies et al. 1994; Bauer and Kriebel 2013); or 5) 
influence on brain development through oxidative stress and neuronal death 
(Ghanizadeh 2012). Besides long-term effects on neuronal development, APAP 
was also shown to have direct effects on human behavior. Two psychological 
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studies showed that, besides a blunting effect on physical pain, APAP also had a 
blunting effect on emotional reactions upon various pleasant and unpleasant 
emotional stimuli (Durso et al. 2015), and reduced empathy in response to 
others’ pain (Mischkowski et al. 2016), suggesting that APAP can have an effect 
on pro- and anti-social behavior.  

Two large epidemiological cohort studies in Washington state showed an 
increased risk for incidence of hematologic malignancies associated with long-
term use of acetaminophen (Walter et al. 2011b), but not with the long-term use 
of aspirin, non-aspirin NSAIDs, or ibuprofen (Walter et al. 2011a). Several older 
in vitro studies suggested that APAP could have a genotoxic effect by showing 
that APAP had 1) an adverse effect on cell recovery and total RNA synthesis after 
UV-radiation (Skorpen et al. 1998);  2) inhibited cell cycling and induced 
apoptosis in HL-60 cells (Wiger et al. 1997); and 3) inhibited replicative DNA 
synthesis and caused sister chromatid changes and chromosomal aberrations in 
mouse TA3H cells  (Hongslo et al. 1990). However, the potential risk for 
genotoxicity and carcinogenicity in humans was considered low at non-
hepatotoxic dose levels, and these findings did not lead to regulatory actions 
(Bergman et al. 1996). 

NAPQI-independent toxicity of APAP  

Despite substantial progress in understanding the mechanisms of APAP-induced 
liver injury, not all toxicities can be explained by the action of NAPQI. The 
generally accepted  notion that APAP toxicity is caused by the formation of NAPQI 
has been challenged as the sole cause with several studies showing that APAP-
toxicity occurs long before GSH-depletion, and in systems without metabolic CYP 
enzymes and formation of NAPQI (Jensen et al. 1996; Miyakawa et al. 2015; Prill 
et al. 2016). A recent study in primary mouse hepatocytes using CYP inhibitors, 
revealed that APAP toxicity, measured by alanine aminotransferase (ALT) 
release, occurred at higher concentrations of APAP (> 5 mM), but no NAPQI-
protein adducts were detected, indicating that the toxicity was CYP- and NAPQI-
independent (Miyakawa et al. 2015). Another group (Prill et al. 2016) developed 
a method to measure real-time oxygen uptake in a hepatic bioreactor of HepG2 
cells treated with a range of APAP concentrations (1-16 mM) for several days. 

 

Remarkably, a drop in oxygen uptake, which represents a decrease in 
mitochondrial respiration, was measured already seconds after APAP addition 
and before APAP metabolism, indicating that the observed effect was due to the 
action of unmetabolized APAP. APAP was also shown to induce spindle 
disturbances in V79 cells with and without CYP enzymes expression (Jensen et al. 
1996). In yeast, APAP toxicity was also observed (measured as growth 
restriction), however, the formation of toxic metabolites, GSH-depletion, and 
oxidative stress were not detected (Srikanth et al. 2005). The mechanism behind 
this NAPQI-independent toxicity remains unclear. 

Yeast as a model to study drug-induced toxicity 

Baker’s yeast Saccharomyces cerevisiae is one of the most studied eukaryotic 
organisms. This unicellular organism is a useful tool in molecular and cell biology 
to study fundamental cellular mechanisms, drug-induced toxicity and human 
diseases (Braus 1991; Wolfe et al. 1998; Mager and Winderickx 2005; Dos Santos 
et al. 2012; Pfau and Amon 2012; van Leeuwen et al. 2012). There are multiple 
reasons for its extensive use. Yeast is a non-pathogenic organism that is 
inexpensive and easy to culture and to modify genetically. It has a relatively small 
genome of approximately 6000 genes, which are well defined and more than 80% 
functionally characterized. Yeast also possesses a high level of functional 
conservation with human genome and other higher eukaryotes, i.e., the 
evolutionary conservation of yeast genes extends to ~1000 human disease genes, 
many of which exhibit "functional conservation" by their ability to complement 
the S. cerevisiae orthologue (Heinicke et al. 2007; Hamza et al. 2015).  S. cerevisiae 
was the first eukaryote that was sequenced entirely as a part of the whole 
genome project (Dujon 1996), which led to the availability of comprehensive 
mutant collections. The complete gene deletion collection of all non-essential 
genes is widely used to study many genetic disorders and cellular pathways, such 
as cell cycle (McInerny 2016), DNA damage repair pathways (Chen et al. 2011), 
nutrient starvation response (Schmidt et al. 1998), aging (He et al. 2014), signal 
transduction (Cutler et al. 1999), neurodegenerative disorders (Miller-Fleming et 
al. 2008), regulation of gene expression (Valdés-Mora et al. 2012), drug-induced 
toxicity (Hanna et al. 2003; Dos Santos and Sá-Correia 2011) and many other 
biological processes. 
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cells treated with a range of APAP concentrations (1-16 mM) for several days. 

 

Remarkably, a drop in oxygen uptake, which represents a decrease in 
mitochondrial respiration, was measured already seconds after APAP addition 
and before APAP metabolism, indicating that the observed effect was due to the 
action of unmetabolized APAP. APAP was also shown to induce spindle 
disturbances in V79 cells with and without CYP enzymes expression (Jensen et al. 
1996). In yeast, APAP toxicity was also observed (measured as growth 
restriction), however, the formation of toxic metabolites, GSH-depletion, and 
oxidative stress were not detected (Srikanth et al. 2005). The mechanism behind 
this NAPQI-independent toxicity remains unclear. 

Yeast as a model to study drug-induced toxicity 

Baker’s yeast Saccharomyces cerevisiae is one of the most studied eukaryotic 
organisms. This unicellular organism is a useful tool in molecular and cell biology 
to study fundamental cellular mechanisms, drug-induced toxicity and human 
diseases (Braus 1991; Wolfe et al. 1998; Mager and Winderickx 2005; Dos Santos 
et al. 2012; Pfau and Amon 2012; van Leeuwen et al. 2012). There are multiple 
reasons for its extensive use. Yeast is a non-pathogenic organism that is 
inexpensive and easy to culture and to modify genetically. It has a relatively small 
genome of approximately 6000 genes, which are well defined and more than 80% 
functionally characterized. Yeast also possesses a high level of functional 
conservation with human genome and other higher eukaryotes, i.e., the 
evolutionary conservation of yeast genes extends to ~1000 human disease genes, 
many of which exhibit "functional conservation" by their ability to complement 
the S. cerevisiae orthologue (Heinicke et al. 2007; Hamza et al. 2015).  S. cerevisiae 
was the first eukaryote that was sequenced entirely as a part of the whole 
genome project (Dujon 1996), which led to the availability of comprehensive 
mutant collections. The complete gene deletion collection of all non-essential 
genes is widely used to study many genetic disorders and cellular pathways, such 
as cell cycle (McInerny 2016), DNA damage repair pathways (Chen et al. 2011), 
nutrient starvation response (Schmidt et al. 1998), aging (He et al. 2014), signal 
transduction (Cutler et al. 1999), neurodegenerative disorders (Miller-Fleming et 
al. 2008), regulation of gene expression (Valdés-Mora et al. 2012), drug-induced 
toxicity (Hanna et al. 2003; Dos Santos and Sá-Correia 2011) and many other 
biological processes. 
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Over the past 15 years, a wealth of useful biological information has been 
gathered and presented in easy to access public online databases, i.e., 
Saccharomyces Genome Database (SGD; http://www.yeastgenome.org/) and 
Yeast Search for Transcriptional Regulators and Consensus Tracking 
(YEASTRACT; http://www.yeastract.com/). These online platforms provide 
detailed information about the whole genome, gene functions and sequences, 
protein-protein interactions and cellular pathways. A collection of ~6,000 
heterozygous S. cerevisiae mutant yeast strains, including ~1,000 with mutations 
in essential genes, was generated and employed for genome-wide small-molecule 
mode of action (MoA) studies. The most commonly used mutants are the 
complete knock-out mutants of non-essential genes. Besides gene deletion, a 
reduction in gene expression level can also be achieved by disruption of the 3′ 
untranslated region of mRNA, which makes the mRNA unstable and frequently 
results in more than 50% suppression. This methodology, called DAmP 
(Decreased abundance by mRNA Perturbation), was used to generate a bar-
coded collection encompassing ~1,400 strains, including ~90% of all essential 
genes (Nijman 2015).  

Genome-wide screens 

Before the use of advanced molecular biology techniques and genetic screening 
methods in the early 1990's, most drug discoveries were based on phenotypic 
assays, while the understanding of mechanisms of molecular targeting often 
remained unclear. In recent years, various high-throughput screening methods 
were developed allowing a comprehensive genomic analysis. One of the most 
important advantages of  functional genomic screening in yeast is the availability 
of gene deletion clones of all non-essential genes, avoiding the off-targeting 
problem that occurs in RNAi-based mammalian screening systems.  However,  
incomplete coverage of mammalian genes and functions limits its relevance in 
human toxicology requiring further conformation and translation to mammalian 
cells/systems. Nowadays, CRISPR-Cas9 based functional screening in mammalian 
cells has also become available, which is highly specific and efficient, and can 
produce precisely targeted gene knock-out of most regions of the genome with 
much less off targeting (Shen et al. 2015).   

 

Nevertheless, S. cerevisiae has been a useful tool for obtaining an integrated 
assessment and a genome-wide perspective for the understanding of toxicity 
mechanisms with various omics approaches (Dias et al. 2010; Botstein and Fink 
2011; Dos Santos et al. 2012; Gaytán and Vulpe 2014; Giaever and Nislow 2014). 
Transcriptomics and quantitative proteomics have been used for the evaluation of 
genome-wide changes in protein expression, activity, and interactions that occur 
in response to environmental toxicants and drugs; metabolomics has been used 
for the study of small molecule profile in cells in response to toxicants; and 
chemogenomic approaches for the identification of molecular and cellular toxicity 
targets. A chemogenomic screen examines a drug’s mode of action (MoA) by 
measuring the effect of drug treatment on a collection of genetically distinct 
strains with modified gene expressions varying from multi-copy/overexpression 
to complete gene deletion. The widely used S. cerevisiae mutant libraries are gene 
deletion library (Euroscarf) and DAmP library (Dharmacon). Combining 
individual drug-mutant relationships (i.e., resistance or sensitivity) into a profile 
provides a genome-wide view of a compound's effect on the cell. Subsequent 
Gene ontology (GO) analysis makes it possible to identify the pathways that are 
involved in drug-induced toxicity. These chemogenomic profiles (signatures) are 
usually shared by compounds with similar MoAs and can also be used to deduce 
MoA mechanisms, uncover on and off-targets and predict toxicological outcomes 
of uncharacterized toxicants (Kapitzky et al. 2010; Nijman 2015; Acton et al. 
2017). An overview is shown in Table 2, summarizing results e.g., quinine (Dos 
Santos and Sá-Correia 2011), cisplatin (Huang et al. 2005), arsenic (Zhou et al. 
2009), bleomycin (Aouida et al. 2004), and MMS (Chang et al. 2002). 
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Table 2. The list of chemogenomic screens in yeast  
Drugs/ 
Chemicals 

Mode of action Mutants GO enrichment  References 

MMS DNA alkylation 
DNA synthesis 
inhibition 

103 (S) Sensitivity: DNA repair genes, DNA damage 
checkpoint activation and S-phase progression 

(Chang et 
al., 2002) 

Toxaphene Pesticide, carcinogen 130 (S) Sensitivity: transcription elongation, nitrogen 
utilization and aromatic amino acid biosynthesis 

(Gaytán et 
al., 2013) 

Bleomycin Anti-cancer, DNA 
damaging agent 
(DBS) 

231 (S) 
  
  

5 (R) 

Sensitivity: vacuolar and vesicular transport, 
DNA damage response, protein synthesis, and 
cell wall biosynthesis 
Resistance: membrane transport 

(Aouida et 
al., 2004) 

Cisplatin, 
Oxaliplatin 
Mitomycin C 

Anticancer agents 130 (S) 
  
  
 

100 (R) 

Sensitivity: nucleotide excision repair, 
recombinational repair, post replication repair 
including translesion synthesis, and DNA 
interstrand cross-link repair  
Resistance: protein biosynthesis 

(Wu et al., 
2004) 

Cisplatin Anti-cancer drug 22 (R) Resistance: Nucleotide metabolism, mRNA 
catabolism, RNA-polymerase II dependent gene 
regulation, vacuolar transport system 

(Huang et 
al., 2005) 

Quinine  Antimalaria drug 112(HS) 
 

279 (S) 
  
 

62 (R) 

High sensitivity: Vacuolar function, iron uptake, 
regulation of gluconeogenesis  
Sensitivity: Negative regulation of transposition, 
chromosome organization, chromatin 
remodeling 
Resistance: Ribosome protein subunits, Cellular 
biopolymer catabolic process, Protein 
localization in organelle, RNA catabolic process 

(Dos Santos 
and Sá-
Correia, 
2011) 

Arsenic Heavy metal, 
Oxidative stress 

248 (S) 
  

Sensitivity: Protein binding and targeting, 
phosphate metabolism, vacuolar transport, 
sorting and translocation, cell growth, 
morphogenesis, polarity and filament formation, 
histone acetylation (ADA and SAGA complexes), 
MAPK signaling pathway, osmoregulation, 
ubiquitination and deubiquitination, 
proteasomal degradation 

(Zhou et al., 
2009) 
  
  

    75 (S) 
 

39 (R) 

Sensitivity: protein degradation and chromatin 
remodeling  
Resistance: transmembrane transporters 

(Johnson et 
al., 2016) 

Hydrogen 
peroxide 

Oxidative stress 257 (S) Sensitivity: Oxidative stress, antioxidant 
functions 
Mitochondrial functions: protein synthesis, 
respiration and mitochondrial genome 
maintenance 

(Tucker 
and Fields, 
2004) 

Menadione Nutritional 
supplement in animal 
feed, oxidative stress 

140 (S) Sensitivity: Oxidative stress, antioxidant 
functions 
  

(Tucker 
and Fields, 
2004) 

Ibuprofen  Painkiller, antipyretic 
Anti-inflammatory 
Nutrient starvation in 
yeast 

176 (S) Sensitivity: biosynthesis of tryptophan, 
transporters or regulators of transporters, Golgi 
transport complex, genes involved in protein, 
processing, transport through the ER and Golgi 
or vacuolar transport 

(Tucker 
and Fields, 
2004) 

Note: (HS) highly sensitive, (S) sensitive, (R) resistant 

 

PART II:  
Molecular signaling pathways and responses involved in drug-
induced toxicity 

Most of the essential biological processes, such as DNA damage repair, stress 
response, proteasomal and vacuolar protein degradation, protein trafficking, 
nutrient signaling pathways and regulation of cell cycle progression, are highly 
conserved between yeast and humans.  Below, we will describe several molecular 
signaling pathways involved in cellular responses to drug-induced toxicity, which 
are also relevant to our findings of APAP-induced toxicity. 

Ubiquitin and ubiquitination 

Ubiquitination is a post-translational modification of proteins whereby a 
ubiquitin moiety is covalently attached to a target protein. Ubiquitination is 
highly conserved between all eukaryotic cells and regulates many cellular 
processes such as proteasome degradation, cell cycle regulation, gene expression, 
endocytosis, signal transduction, nutrient uptake and stress response (Finley et 
al. 2012; Akutsu et al. 2016). Therefore, genes involved in ubiquitin homeostasis 
are often identified in chemogenomic screens as crucial for survival. In this 
chapter, we will describe the process of ubiquitination and its involvement in 
stress signaling and response. 

Ubiquitin is a small regulatory protein (8.5 kDa, 76 amino acid residues), highly 
conserved between all eukaryotic cells with 96% homology between yeast and 
human. The essential parts of ubiquitin are its C-terminus, the seven lysine (Lys, 
K) residues and the N-terminus that serve for binding to the target proteins and 
formation of polyubiquitin chains. The seven lysine residues are K6, K11, K27, 
K29, K33, K48, K63, and each of them can be used to attach another ubiquitin 
moiety through its C-terminus creating poly-ubiquitin chains, Figure 3A.  

Ubiquitination is achieved through the action of several enzymes in three steps. 
In the ATP dependent first step, ubiquitin is activated and attached to an E1 
ubiquitin activating-enzyme that forms a thioester bond between its catalytic 
cysteine and ubiquitin. Subsequently, ubiquitin is transferred to the active 
cysteine site of an E2 conjugating enzyme, which also forms a thioester bond. 
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chapter, we will describe the process of ubiquitination and its involvement in 
stress signaling and response. 

Ubiquitin is a small regulatory protein (8.5 kDa, 76 amino acid residues), highly 
conserved between all eukaryotic cells with 96% homology between yeast and 
human. The essential parts of ubiquitin are its C-terminus, the seven lysine (Lys, 
K) residues and the N-terminus that serve for binding to the target proteins and 
formation of polyubiquitin chains. The seven lysine residues are K6, K11, K27, 
K29, K33, K48, K63, and each of them can be used to attach another ubiquitin 
moiety through its C-terminus creating poly-ubiquitin chains, Figure 3A.  

Ubiquitination is achieved through the action of several enzymes in three steps. 
In the ATP dependent first step, ubiquitin is activated and attached to an E1 
ubiquitin activating-enzyme that forms a thioester bond between its catalytic 
cysteine and ubiquitin. Subsequently, ubiquitin is transferred to the active 
cysteine site of an E2 conjugating enzyme, which also forms a thioester bond. 
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Finally, ubiquitin is attached to the target protein with its activated carboxyl 
terminus, a reaction catalyzed by E3 ligase, Figure 3B. The first ubiquitin moiety 
is covalently bound to the target protein by attaching its activated C-terminus 
usually to a specific lysine residue via an isopeptide bond. Recent studies showed 
the attachment to other residues besides lysine: a cysteine residue through a 
thioester bond, serine and threonine through an ester bond or the amino group of 
the N-terminus via a peptide bond (Komander 2009; Komander and Rape 2012). 
E3 ligases are responsible for the target protein recognition and facilitate the 
transfer of ubiquitin to the target protein.  There is one E1s in yeast and two in 
human, 11 E2s in yeast and around 40 in human, and a large family of E3s, 60-
100 in yeast and over 700 in human. The unique E2-E3 combinations are 
responsible for the substrate specificity (Finley et al. 2012; Ebner et al. 2017). 

A 

 

B 

 

Figure 3. Ubiquitin and ubiquitination. A) Ubiquitin has seven lysine residues (red, 
with blue nitrogen atoms), which all reside on different surfaces. Met1 (with a green 
sulfur atom) is the linkage point in linear chains, and the C-terminus is involved in iso-
peptide bond formation (red oxygen atoms, blue nitrogen atoms), adapted from 
(Komander 2009). B) E1 activates ubiquitin in an ATP- dependent step, transferred to 
the active site cysteine in a ubiquitin-conjugating enzyme (E2), and covalently attached 
to substrate proteins. Substrate selection depends on ubiquitin ligases (E3). Conjugation 
of a single ubiquitin molecule generates monoubiquitylated proteins. Repeated rounds of 
ubiquitin activation and conjugation lead to multi- or polyubiquitylated proteins, adapted 
from (Finley et al. 2012). 

 

Deubiquitinases (DUBs) 

Ubiquitination is a reversible process and tightly regulated through the action of 
deubiquitinating enzymes (DUBs), which have proteolytic activity and can cleave 
and remove ubiquitin from the target proteins. There are 22 and 102 known 
DUBs in yeast and human, respectively (Nijman et al. 2005; Finley et al. 2012; 
Abdul Rehman et al. 2016). They are fulfilling a diversity of functions depending 
on their substrate specificity and their cellular localization, such as chromatin 
remodeling and gene silencing, ubiquitin recycling and biosynthesis, protein 
trafficking and endocytosis, regulation of cell cycle and DNA repair (Finley et al. 
2012).  

Ubiquitin code 

The targeted proteins can be mono-, multi- and polyubiquitinated, which 
determines their biological fate, such as degradation or involvement in a 
biological process. Monoubiquitination is achieved when one ubiquitin moiety is 
attached with its C-terminus to lysine, cysteine, serine, threonine of N-terminus 
of the target protein and multiubiquitination is when more than one ubiquitin is 
attached to the different location on the target protein. Polyubiquitin chains are 
formed by attaching a ubiquitin moiety with its C-terminus to one of the seven 
lysines (K), methionine (M1) or the N-terminus of the previously attached 
ubiquitin. Polyubiquitination can be homotypic and heterotypic, depending on 
whether the same (homotypic) or a different (heterotypic) lysine or M1 is used to 
attach each following ubiquitin moiety. Heterotypic chains can take a forked or 
branched form, Figure 4B and 4C. The structural differences of different types of 
ubiquitination determine the fate of the target proteins. Monoubiquitination is 
involved in histone regulation, multiubiquitination in endocytosis, and 
polyubiquitination in a variety of cellular processes. The K48 polyubiquitin chain 
is most abundant (29%) and targets proteins for proteasomal degradation during 
normal cellular growth. The K63 chain is the second most studied polyubiquitin 
chain (17%) and is shown to be important during stress conditions such as DNA 
damage repair, oxidative stress, and nutrient starvation response. Other less 
abundant types of polyubiquitin chains are still under investigation (Komander 
2009; Akutsu et al. 2016) and, as it became more apparent in recent years, are 



General introduction and aims |   17   

1

 

Finally, ubiquitin is attached to the target protein with its activated carboxyl 
terminus, a reaction catalyzed by E3 ligase, Figure 3B. The first ubiquitin moiety 
is covalently bound to the target protein by attaching its activated C-terminus 
usually to a specific lysine residue via an isopeptide bond. Recent studies showed 
the attachment to other residues besides lysine: a cysteine residue through a 
thioester bond, serine and threonine through an ester bond or the amino group of 
the N-terminus via a peptide bond (Komander 2009; Komander and Rape 2012). 
E3 ligases are responsible for the target protein recognition and facilitate the 
transfer of ubiquitin to the target protein.  There is one E1s in yeast and two in 
human, 11 E2s in yeast and around 40 in human, and a large family of E3s, 60-
100 in yeast and over 700 in human. The unique E2-E3 combinations are 
responsible for the substrate specificity (Finley et al. 2012; Ebner et al. 2017). 

A 

 

B 

 

Figure 3. Ubiquitin and ubiquitination. A) Ubiquitin has seven lysine residues (red, 
with blue nitrogen atoms), which all reside on different surfaces. Met1 (with a green 
sulfur atom) is the linkage point in linear chains, and the C-terminus is involved in iso-
peptide bond formation (red oxygen atoms, blue nitrogen atoms), adapted from 
(Komander 2009). B) E1 activates ubiquitin in an ATP- dependent step, transferred to 
the active site cysteine in a ubiquitin-conjugating enzyme (E2), and covalently attached 
to substrate proteins. Substrate selection depends on ubiquitin ligases (E3). Conjugation 
of a single ubiquitin molecule generates monoubiquitylated proteins. Repeated rounds of 
ubiquitin activation and conjugation lead to multi- or polyubiquitylated proteins, adapted 
from (Finley et al. 2012). 

 

Deubiquitinases (DUBs) 

Ubiquitination is a reversible process and tightly regulated through the action of 
deubiquitinating enzymes (DUBs), which have proteolytic activity and can cleave 
and remove ubiquitin from the target proteins. There are 22 and 102 known 
DUBs in yeast and human, respectively (Nijman et al. 2005; Finley et al. 2012; 
Abdul Rehman et al. 2016). They are fulfilling a diversity of functions depending 
on their substrate specificity and their cellular localization, such as chromatin 
remodeling and gene silencing, ubiquitin recycling and biosynthesis, protein 
trafficking and endocytosis, regulation of cell cycle and DNA repair (Finley et al. 
2012).  

Ubiquitin code 

The targeted proteins can be mono-, multi- and polyubiquitinated, which 
determines their biological fate, such as degradation or involvement in a 
biological process. Monoubiquitination is achieved when one ubiquitin moiety is 
attached with its C-terminus to lysine, cysteine, serine, threonine of N-terminus 
of the target protein and multiubiquitination is when more than one ubiquitin is 
attached to the different location on the target protein. Polyubiquitin chains are 
formed by attaching a ubiquitin moiety with its C-terminus to one of the seven 
lysines (K), methionine (M1) or the N-terminus of the previously attached 
ubiquitin. Polyubiquitination can be homotypic and heterotypic, depending on 
whether the same (homotypic) or a different (heterotypic) lysine or M1 is used to 
attach each following ubiquitin moiety. Heterotypic chains can take a forked or 
branched form, Figure 4B and 4C. The structural differences of different types of 
ubiquitination determine the fate of the target proteins. Monoubiquitination is 
involved in histone regulation, multiubiquitination in endocytosis, and 
polyubiquitination in a variety of cellular processes. The K48 polyubiquitin chain 
is most abundant (29%) and targets proteins for proteasomal degradation during 
normal cellular growth. The K63 chain is the second most studied polyubiquitin 
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shown to be involved in important biological processes. For instance, K6 linkage 
is involved in mitochondrial quality control (Durcan et al. 2014), K11 in 
proteasomal degradation, ERAD and cell cycle regulation (Locke et al. 2014; Meza 
Gutierrez et al. 2018), K27 in DNA damage response (Gatti et al. 2015) and innate 
immune response (Xue et al. 2018), K29 in Wnt-signaling (Fei et al. 2013) and 
lysosomal degradation (Zotti et al. 2011), and K33 in protein trafficking (Yuan et 
al. 2014). It has also been reported that the heterotypic branched chains 
K48/K63 are involved in NF-kB signaling (Ohtake et al. 2016) and K11/K48 
chains in cell-cycle and protein quality control (Yau et al. 2017). The type of 
chains, their abundances, and tentative roles are presented in Figure 4A, 4B. 

A Mono- and multiubiquitination 

 

        B Homotypic polyubiquitination 

 

C Heterotypic polyubiquitination 

 
Figure 4. Types of ubiquitination. The ubiquitin modification has three general layouts: 
mono-ubiquitination, multi-mono-ubiquitination A) and polyubiquitination B) and C). 
Homotypic polyubiquitination: each ubiquitin chain contains a single linkage type. 
Individual linkages may lead to distinct ubiquitin chain structure, and Lys48- and Lys63-
linked/linear chains have different conformations. The structures of remaining chain 
types are still unknown. Red numbers refer to the relative abundance of the particular 
linkage in S. cerevisiae, and tentative roles of the linkages are indicated. C) Heterotypic 
polyubiquitination; in mixed linkages, a ubiquitin chain has alternating linkage types, and 
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Proteasomal degradation via K48 polyubiquitination 

K48 polyubiquitin chains are the most abundant type of ubiquitination and play 
an essential role in protein degradation by the proteasome (Hershko and 
Ciechanover 1998; Saeki 2017). Protein degradation is a crucial process during 
stress and involves degradation of excessive, misfolded and damaged proteins, 
and regulation of protein levels. The proteasome is a large cylindric complex of 
33 subunits and is the most complex protease known. It contains two large 
subparticles: the 19S regulatory particle (RP), which is involved in substrate 
recognition and the 20S core particle (CP), which includes the proteolytic site. CP 
is a barrel-like structure which comprises two outer α rings (α1-α7) and two 
inner ß rings (ß1-ß7). The α ring regulates substrate access, while the ß ring 
carries proteolytic activity. Subunits ß1, ß2 and ß5 are threonine proteases.  The 
proteolytic site is localized inside CP to prevent non-specific proteolytic events. 
To pass the narrow passage from RP to CP globular proteins need to unfold, 
which is driven by the action of 6 ATPase's, Rpt1-Rpt6, Figure 5. Proteins 
targeted for degradation by the proteasome contain a K48 polyubiquitin chain, 
which is cleaved and recycled just before proteolysis by the action of 
deubiquitinases Ubp6 and Rpn11. Recent studies showed that heterotypic 
K11/K48 chains could also target proteins for degradation by proteasome such 
as degradation of cell cycle substrates (Grice and Nathan 2016). Proteasomes can 
localize in cytoplasm and nucleus (von Mikecz 2006). Mutants deficient in (non-
essential) proteasome-associated genes are often identified to be sensitive to a 
variety of stress signals, such as DNA damage, oxidative stress, translational 
inhibition and heat shock (Finley et al. 1987; Cheng et al. 1994; Hanna et al. 2003; 
Wu et al. 2004; Zhou et al. 2009). 
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Nuclear functions of ubiquitination 

Ubiquitination is involved, through proteolytic degradation or activation of 
important regulators, in all processes in the nucleus such as DNA replication and 
repair, gene expression and chromatin remodeling, chromosome segregation and 
cell cycle progression (Akiyoshi et al. 2013; Meyer and Rape 2014; Uckelmann 
and Sixma 2017), and it is essential during stress responses such as DNA damage 
and oxidative stress (Brown et al. 2009; Chen et al. 2011; Silva et al. 2015) 

DNA damage response 

Genomic DNA of all living organisms is continuously exposed to various sources 
that can cause DNA damage, such as environmental agents including radiation 
and chemical mutagens, and endogenous cellular metabolites causing DNA 
lesions.  To respond to DNA damage, highly conserved mechanisms such as DNA 

 

Figure 5: Proteasome structure. A) The 26S proteasome consists of the 20S catalytic 
particle (CP), which is a barrel-like structure of four stacked rings: two outer α-rings and 
two inner ß-rings) and the 19S regulatory particle (RP). B) Subunit composition of the 
26S proteasome. The regulatory particle further divides into the base and the lid 
subcomplexes, which are composed of regulatory particle triple-A (RPT) and regulatory 
particle non-ATPase (RPN) subunits. RPN10 is colored yellow because it is supposed to 
be located at the base–lid interface. Adopted from (Murata et al. 2009) 

 

damage repair, DNA damage tolerance, and DNA damage checkpoints, are crucial 
for survival. Single-stranded DNA (ssDNA) can be repaired by nucleotide excision 
repair (NER), base excision repair or DNA mismatch repair DNA, while double-
stranded breaks (DSBs) can be repaired by homologous recombination (HR) or 
non-homologous end joining.  
Ubiquitin and ubiquitination play a crucial role in DNA damage repair. A number 
of ubiquitin ligases and ubiquitin-conjugating enzymes/complexes have been 
found to contribute to genome stability by playing an active role in DNA damage 
repair or by protecting replication fork from stress (Finley et al. 2012). For 
example, NER is recognized by Rad4, which becomes polyubiquitinated by 
ubiquitin ligase Cul3 that forms a complex with Elc1, Rad7, and E2 Rad16, and 
plays an essential role in subsequent steps of repair (Prakash and Prakash 2000). 
DNA damage in transcribed regions is efficiently repaired by transcription-
coupled repair (TCR). During DNA damage in transcribed regions, RNA 
polymerase II is irreversibly stalled, and the enzyme's large subunit Rpb1 is 
ubiquitinated and degraded by the proteasome, which clears the transcription 
machinery from the site of damage and allows subsequent repair. The switch 
from repair to degradation is mediated by the TCR protein Rad26 and the 
ubiquitination promoting protein Def1. Two E3 ligases are being implicated in 
polyubiquitination of Rpb1. Rsp5 ligase attaches a single ubiquitin or a short K63 
chain to Rpb1, a process reversed by Ubp2 deubiquitinase, and Cul3 ligase, in 
complex with Elc1, Ela1, and Hrt1, attaches a K48 polyubiquitin chain, a process 
reversed by Upb3. Degradation of Rbp1 by the proteasome also requires E3 
complex Cdc48-Ufd1-Npl4 (Karakasili et al. 2014). 

Some types of DNA damage, such as UV irradiation-induced lesions, may result in 
interference with DNA replication because the highly stringent replicative DNA 
polymerases are not able to recognize the modified bases and use them as a 
template for nucleotide incorporation. The DNA damage tolerance (DDT) 
mechanism (also known as DNA damage bypass) enables DNA replication to 
bypass the lesions, thereby allowing the completion of DNA replication. Synthesis 
of DNA from a damaged template allows completion of DNA replication by 
overcoming the stalled replication fork at the damage site and involves a series of 
specialized DNA polymerases capable of using damaged DNA as a template for 
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interference with DNA replication because the highly stringent replicative DNA 
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DNA synthesis. These lesion-bypass pathways in the budding yeast 
Saccharomyces cerevisiae have been classified as error-prone translesion 
synthesis (TLS), error-free TLS and error-free postreplication repair (PRR). All 
three pathways require PCNA mono- or polyubiquitination combined with a 
specific DNA polymerase to determine which tolerance pathway will be utilized 
(Hoege et al. 2002; Finley et al. 2012). PCNA (proliferating cell nuclear antigen) is 
a homotrimeric ring-shaped DNA clamp that acts as a scaffold to recruit proteins 
involved in DNA replication and DNA repair. During DNA repair, PCNA can either 
be monoubiquitinated by the E2-E3 complex Rad6–Rad18 at the K164 promoting 
Polζ-dependent (error-prone) TLS or Polη -dependent (error-free) TLS, while 
polyubiquitin K63-chain formation by another E2-E3 complex, Mms2-Ubc13-
Rad5, promotes error-free PRR. In the absence of DNA-damaging agents, PCNA 
is modified by SUMO during S phase at its K164 residue (Hoege et al. 2002; 
Zhang et al. 2011), Figure 6. PCNA (poly)ubiquitination is highly conserved 
between all eukaryotic organisms and can be induced by various DNA-damaging 
agents, such as UV irradiation, methyl methanesulfonate (MMS) and oxidative 
stress (Lis and Romesberg 2006; Gallego-Sánchez et al. 2012; Kashiwaba et al. 
2015). In contrast, agents that generate double-stranded breaks and block the 
cell cycle without stalling DNA replication forks, such as bleomycin, 
camptothecin, nocodazole or ionizing radiation, do not induce PCNA 
monoubiquitination. Monoubiquitination of PCNA is a reversible process. 
Deubiquitinase Ubp10 in yeast and ubiquitin-specific protease 1 (Usp1) in human 
is responsible for deubiquitinating monoubiquitinated PCNA (Gallego-Sánchez et 
al. 2012). 

 

Chromatin remodeling 

Posttranslational histone modifications, such as acetylation, methylation, 
phosphorylation, ubiquitination, and SUMOylating, play essential roles in 
modulating chromatin dynamics and in controlling chromatin-based nuclear 
processes. Histone H2A ubiquitination is a prevalent modification, occurring on 
10% of total cellular H2A and it is linked to gene silencing and inhibition of 
transcription elongation. H2Aub is localized in nucleosomes in the vicinity of 
linker histone H1 where it facilitates H1 binding, whereas deubiquitination of 

 

Figure 6. DNA damage tolerance (DDT). PCNA is involved in genomic DNA synthesis as 
a loading scaffold for the replication machinery. Upon DNA damage, the Rad6-Rad18 
ubiquitination complex mediates at least three different lesion bypass pathways, namely 
Polζ-dependent error-prone TLS, Polη-dependent error-free TLS, and Mms2-Ubc13-
Rad5-dependent error-free postreplication repair. All three lesion-bypass pathways 
appear to require Ub-modified PCNA. Physical and genetic interactions between the two 
TLS pathways are indicated by a double-sided arrow. This model is primarily based on 
studies in yeast.  Adopted from (Zhang et al. 2011) 
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H2Aub leads to H1 dissociation, accompanied by gene activation (Zhang et al. 
2017). Ubiquitination of histone H2B on K123 has been implicated in initiation 
and elongation of RNA polymerase (Pol) II transcription and DNA damage 
response (Finley et al. 2012; Uckelmann and Sixma 2017). H2B is 
monoubiquitinated by Bre1 (E3) and Rad6 (E2) and is prerequisite for 
subsequent methylation of H3 at K4 and K79 associated with transcription 
activation. Deubiquitination of H2B is reversed by two DUBs, Ubp8 which is a 
part of the SAGA complex (Henry et al. 2003; Osley 2006) and Ubp10 (Gardner et 
al. 2005; Schulze et al. 2011; Finley et al. 2012). Chromatin remodeling genes are 
shown to be crucial for survival during stress (Zhou et al. 2009; Dos Santos and 
Sá-Correia 2011). 

Cell cycle regulation 

The cell cycle progression in eukaryotes is regulated through synthesis, 
degradation, phosphorylation, and dephosphorylation of cell-cycle-regulating 
proteins. Two ubiquitin E3 ligases are crucial in the cell cycle.  The anaphase-
promoting complex or cyclosome (APC/C) is an E3 enzyme that recognizes 
specific mitotic cell cycle proteins and targets them for degradation by the 
26S proteasome, precipitating anaphase onset.  It plays a role in mitotic exit and 
mother/daughter separation by ubiquitinating the separase-inhibiting protein 
securin, causing separase to break cohesin and thus separate the sister 
chromatids at the centromere. In metaphase cells, APC/C function requires 
association with one of two sequentially acting co-activating subunits, Cdc20, and 
Cdh1 (Manchado et al. 2010). The SCF (Skp1-Cul1-F-box protein) complex is a 
prototypical multi-protein E3 ligase complex that regulates several cellular 
processes, including the cell cycle and nutrient signaling. It consists of Cullin 
scaffold protein (Cul1, Cdc53), which interacts with Rbx1 and Skp1, and a variety 
of F-box proteins that recruit different substrates for ubiquitination and 
degradation by the proteasome (Nakatsukasa et al. 2015). Yeast encodes 22 F-
box proteins, most of which form SCF ligases with distinct substrate specificities. 
The best-studied yeast F-box proteins are Cdc4, Grr1, and Met30. The 
corresponding ligases SCF-Cdc4, SCF-Grr1, and SCF-Met30 each control 
ubiquitination of cell cycle regulators and proteins involved in nutrient signaling. 
SCF-Cdc4 controls G1 to S phase progression by degradation of the cyclin-

 

dependent kinase inhibitor Sic1 and regulates the response to amino acid 
starvation through ubiquitination and degradation of the transcription factor 
Gcn4. Grr1 plays a role in many cellular processes including the cell cycle, 
retrograde signaling, amino acid sensing, meiosis, and glucose metabolism. SCF-
Grr1 ubiquitinates and regulates the activity of the G1 cyclins Cln1 and Cln2 and 
induces degradation of Mth1, which is critical for glucose sensing and adaptation 
to varying glucose concentrations. SCF-Met30 coordinates cell division with 
nutrient or heavy metal stress (Finley et al. 2012). Ucc1 (Ubiquitination of Citrate 
synthase in the glyoxylate Cycle) is a recently characterized F- box protein. SCF-
Ucc1 regulates the level of Cit2 citrate synthase protein to maintain citrate 
homeostasis, acts as a metabolic switch for glyoxylate cycle, which is a variation 
of tricarboxylic acid (TCA) cycle that allows production of carbohydrates from 
fatty acids (Nakatsukasa et al. 2015). 

Endocytosis of transmembrane transport proteins and intracellular 
trafficking 

Transmembrane transport proteins play a crucial role in the uptake of a wide 
range of ions and small molecules. The expression and intracellular trafficking of 
these proteins are tightly regulated according to substrate availability, general 
nutrient supply conditions or stress allowing the cell to adapt to environmental 
conditions. In the yeast, Saccharomyces cerevisiae, close to a hundred plasma-
membrane nutrient-permeases have been identified (Lauwers et al. 2010).   

The mechanisms controlling permease trafficking are essentially conserved from 
fungi to mammals. Ubiquitination is a major signal in internalization and 
intracellular sorting of transmembrane proteins (TMPs).  During this process, not 
only TMPs are ubiquitinated but also the proteins of the trafficking machinery. 
Ubiquitination occurs and plays role at different stages of TMPs lifespan: during 
and after biosynthesis in the ER during quality control and ER-associated 
degradation (ERAD); in trans-Golgi network for sorting of proteins to different 
cellular destination; at the cellular membrane for the internalization of plasma 
membrane proteins; and sorting and translocation to multivesicular bodies 
(MVBs) in the late endosome. Late endosomes have a multivesicular appearance 
and fuse with their outer limiting membrane with a vacuole (or lysosome in 



General introduction and aims |   25   

1

 

H2Aub leads to H1 dissociation, accompanied by gene activation (Zhang et al. 
2017). Ubiquitination of histone H2B on K123 has been implicated in initiation 
and elongation of RNA polymerase (Pol) II transcription and DNA damage 
response (Finley et al. 2012; Uckelmann and Sixma 2017). H2B is 
monoubiquitinated by Bre1 (E3) and Rad6 (E2) and is prerequisite for 
subsequent methylation of H3 at K4 and K79 associated with transcription 
activation. Deubiquitination of H2B is reversed by two DUBs, Ubp8 which is a 
part of the SAGA complex (Henry et al. 2003; Osley 2006) and Ubp10 (Gardner et 
al. 2005; Schulze et al. 2011; Finley et al. 2012). Chromatin remodeling genes are 
shown to be crucial for survival during stress (Zhou et al. 2009; Dos Santos and 
Sá-Correia 2011). 

Cell cycle regulation 

The cell cycle progression in eukaryotes is regulated through synthesis, 
degradation, phosphorylation, and dephosphorylation of cell-cycle-regulating 
proteins. Two ubiquitin E3 ligases are crucial in the cell cycle.  The anaphase-
promoting complex or cyclosome (APC/C) is an E3 enzyme that recognizes 
specific mitotic cell cycle proteins and targets them for degradation by the 
26S proteasome, precipitating anaphase onset.  It plays a role in mitotic exit and 
mother/daughter separation by ubiquitinating the separase-inhibiting protein 
securin, causing separase to break cohesin and thus separate the sister 
chromatids at the centromere. In metaphase cells, APC/C function requires 
association with one of two sequentially acting co-activating subunits, Cdc20, and 
Cdh1 (Manchado et al. 2010). The SCF (Skp1-Cul1-F-box protein) complex is a 
prototypical multi-protein E3 ligase complex that regulates several cellular 
processes, including the cell cycle and nutrient signaling. It consists of Cullin 
scaffold protein (Cul1, Cdc53), which interacts with Rbx1 and Skp1, and a variety 
of F-box proteins that recruit different substrates for ubiquitination and 
degradation by the proteasome (Nakatsukasa et al. 2015). Yeast encodes 22 F-
box proteins, most of which form SCF ligases with distinct substrate specificities. 
The best-studied yeast F-box proteins are Cdc4, Grr1, and Met30. The 
corresponding ligases SCF-Cdc4, SCF-Grr1, and SCF-Met30 each control 
ubiquitination of cell cycle regulators and proteins involved in nutrient signaling. 
SCF-Cdc4 controls G1 to S phase progression by degradation of the cyclin-

 

dependent kinase inhibitor Sic1 and regulates the response to amino acid 
starvation through ubiquitination and degradation of the transcription factor 
Gcn4. Grr1 plays a role in many cellular processes including the cell cycle, 
retrograde signaling, amino acid sensing, meiosis, and glucose metabolism. SCF-
Grr1 ubiquitinates and regulates the activity of the G1 cyclins Cln1 and Cln2 and 
induces degradation of Mth1, which is critical for glucose sensing and adaptation 
to varying glucose concentrations. SCF-Met30 coordinates cell division with 
nutrient or heavy metal stress (Finley et al. 2012). Ucc1 (Ubiquitination of Citrate 
synthase in the glyoxylate Cycle) is a recently characterized F- box protein. SCF-
Ucc1 regulates the level of Cit2 citrate synthase protein to maintain citrate 
homeostasis, acts as a metabolic switch for glyoxylate cycle, which is a variation 
of tricarboxylic acid (TCA) cycle that allows production of carbohydrates from 
fatty acids (Nakatsukasa et al. 2015). 

Endocytosis of transmembrane transport proteins and intracellular 
trafficking 

Transmembrane transport proteins play a crucial role in the uptake of a wide 
range of ions and small molecules. The expression and intracellular trafficking of 
these proteins are tightly regulated according to substrate availability, general 
nutrient supply conditions or stress allowing the cell to adapt to environmental 
conditions. In the yeast, Saccharomyces cerevisiae, close to a hundred plasma-
membrane nutrient-permeases have been identified (Lauwers et al. 2010).   

The mechanisms controlling permease trafficking are essentially conserved from 
fungi to mammals. Ubiquitination is a major signal in internalization and 
intracellular sorting of transmembrane proteins (TMPs).  During this process, not 
only TMPs are ubiquitinated but also the proteins of the trafficking machinery. 
Ubiquitination occurs and plays role at different stages of TMPs lifespan: during 
and after biosynthesis in the ER during quality control and ER-associated 
degradation (ERAD); in trans-Golgi network for sorting of proteins to different 
cellular destination; at the cellular membrane for the internalization of plasma 
membrane proteins; and sorting and translocation to multivesicular bodies 
(MVBs) in the late endosome. Late endosomes have a multivesicular appearance 
and fuse with their outer limiting membrane with a vacuole (or lysosome in 



Chapter 126   |

 

humans), thereby releasing MVBs into the vacuolar lumen where they are 
dissociated, and their cargoes are degraded (Lauwers et al. 2010), Figure 7. 

 

Figure 7. Ubiquitin-dependent vacuolar targeting and degradation of yeast nutrient 
permeases. Permeases ubiquitinated at the plasma membrane by the Rsp5 Ub ligase are 
recognized by Ub-binding receptors that mediate their endocytic internalization. These 
cargoes then transit through the early endosome (EE), facilitated by ubiquitin-binding 
factor Vsp9, before reaching the late endosome (LE). Nutrient permeases can be 
ubiquitinated by Rsp5 in the trans-Golgi network (TGN) and be sorted directly to the LE, 
and this involves the Gga adaptor proteins. Finally, ubiquitynated permeases delivered at 
the late endosome (LE) are sorted into the MVB pathway by several factors organized as 
ESCRT complexes, with the help of the Gga proteins. Late endosomes (LE) fuse with 
vacuole where the permeases are degraded. Adopted from (Lauwers et al. 2010). 

 

 

Ubiquitination of TMPs is dependent on the action of E3 ligase Rsp5 (of the 
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interaction with different adapters and their localization, such as 1) Bul1,2 that 
function at the level of Golgi and the cell surface, 2) the Art proteins that act at the 
plasma membrane, and 3) the Ear1, Ssh4, Bsd2 and Tre1,2 proteins located at the 
endosomes. Specific Rsp5 adaptors can thus mediate ubiquitination of a given 
permease at the cell surface, whereas others bind to this cargo at the endosomal 
level. Moreover, the nature of the physiological signal can require different 
adapters for ubiquitination at the plasma membrane. For example, Art1 is 
necessary for the endocytosis of several amino acid permeases in response to 
substrate excess, whereas Art2 mediates downregulation of at least two of these 
proteins when cells are treated with cycloheximide (Lauwers et al. 2010). The 
stability of adaptor proteins is regulated by the deubiquitinating enzymes Ubp2 
and Ubp15, which counteract Rsp5 mediated ubiquitination and prevent hyper 
ubiquitination and proteasomal degradation of the adaptors (Ho et al. 2017).  

Nutrient starvation response  

Changes in environmental conditions, such as nutrient availability will directly 
have an impact on the cellular metabolism rate. All eukaryotic cells have highly 
conserved and complex signal transduction networks that ensure the fast and 
optimal adaptation of cellular metabolism to changes in the environmental 
conditions. Saccharomyces cerevisiae is often used as a model organism to study 
cell signaling, as it is continuously adapting to the fluctuation in the nutrient 
content of the environment by adjusting its cell cycle progression and growth and 
metabolism. The nutrient-induced signaling network enables yeast both to 
optimally profit from rich nutrient conditions by stimulating cell proliferation 
and to survive periods of nutrient scarceness by inducing the entry into a 
quiescent, resting, stationary phase (Conrad et al. 2014; González and Hall 2017). 
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The role of amino acid permeases  

The expression, activity, and turnover of yeast permeases are highly regulated, 
allowing yeast to adapt to rapid changes in nutrient availability and external 
environment. The uptake of nutrients by yeast cells is tightly regulated through 
up- and down-regulation of sugar and amino acid transporters. During normal 
nutrient availability conditions, high affinity amino acid permeases (AAPs) are 
stabilized on the cell membrane, while general AAP Gap1 is downregulated (Beck 
et al. 1999). On the contrary, during a nutrient starvation response, which can be 
caused by lack or excess of nutrients, and the action of chemicals and drugs (Beck 
et al. 1999; Khozoie et al. 2009; Nikko and Pelham 2009), high affinity AAP’s are 
downregulated while Gap1 is upregulated. In both situation, internalization and 
degradation of the permeases in achieved through (poly)-ubiquitination by Rsp5 
E3 ligase. The ubiquitinated transporters enter endocytosis and are degraded by 
the vacuole. The mutants deficient in the internalization step accumulate the 
transporters on the membrane. For example, ubiquitin deficient strains such as 
doa4∆, ubp6∆, and ubp14∆ accumulate Tat2 on their membrane (Miura and Abe 
2004). Endocytosis of amino acid permeases occurs during various stress 
conditions such as nutrient starvation (Khozoie et al. 2009), exposure to high 
pressure (Miura and Abe 2004) and excess of nutrients (Nikko and Pelham 
2009). 

Amino acid sensing and signaling pathway 

Thee important nutrient-sensing and regulatory pathways involved in the control 
of yeast growth and metabolism in response to nutrient availability are the 
general amino acid control (GAAC), SPS amino acid sensing pathway and the 
target of rapamycin (TOR) pathway. Starvation of amino acids induces expression 
of genes that are predominantly involved in amino acid metabolism.  

GAAC 

When yeast cells are starved for one or more amino acids, the GAAC pathway is 
activated, which results in global inhibition of translation initiation and 
preferential expression of the transcription factor Gcn4, which in turn activates a 
set of 57 genes, mainly involved in amino acid biosynthesis, nitrogen utilization, 

 

signaling, and gene expression, Figure 8B. Rapid inhibition of protein synthesis 
via activation of the GAAC pathway is similarly triggered by a variety of stresses 
(e.g. glucose or nitrogen limitation, presence of less preferred nitrogen sources, 
heat, salt, metal, and oxidative stress, etc.), in which cells have to readapt 
translation to the synthesis of specific factors involved in the preservation of 
energy and protection from stress. Because stress conditions reduce the specific 
growth rate, they could indirectly activate the GAAC pathway, as reviewed in 
(Simpson and Ashe 2012). 

The sensing of amino acid levels by GAAC mechanism is carried out by the 
protein kinase Gcn2 and involves direct interaction between Gcn2 and uncharged 
tRNA that accumulates in cells severely limiting for amino acids. Binding to 
uncharged tRNAs induces a conformational change and activation of Gcn2, which 
phosphorylates the alpha subunit of eIF2, thereby inhibiting eIF2 and ultimately 
leading to general repression of mRNA translation (Dever et al. 1992). Through 
phosphorylation of eIF2α, Gcn2 plays a dual role in down-regulating general 
translation and up-regulating translation of the transcriptional activator Gcn4. 
Subsequently, Gcn4 regulates transcription of hundreds of genes by binding to 
defined promoter sequences and enhancing access for the RNA polymerase II 
transcriptional machinery, which results in the activation of a set of genes 
necessary for stress response and the salvaging of nutrients needed for renewal, 
Figure 8A. Different stress conditions can induce GAAC by the increase of eIF2 
phosphorylation by Gcn2p, leading to gene regulation directed by Gcn4, Figure 
8B. A link between TORC1 and GAAC has been demonstrated in S. cerevisiae. 
TORC1 prevents dephosphorylation of Ser577 in Gcn2 by inhibiting one or more 
phosphatases. Phosphorylation of Gcn2 at Ser577 inhibits Gcn2 by decreasing its 
uncharged tRNA binding ability (Cherkasova and Hinnebusch 2003). Thus, in 
budding yeast, Gcn2 activation upon amino acid starvation is a consequence of an 
increase in uncharged tRNAs and the release of an inhibitory effect of TORC1, 
Figure 8A. Besides amino acid starvation, Gcn2 and Gcn4 can be activated 
deprivation of glucos  e or purines and by osmotic stress.  
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Figure 8. Activation of nutrient starvation response.  A) Nutrient starvation response 
through amino acid starvation. Uncharged tRNAs activate Gcn2, which subsequently 
phosphorylates and deactivate eIF2α, leading to general repression of mRNA translation, 
upregulation of the transcriptional activator Gcn4, and the activation of genes required 
for amino acid synthesis. Proteins shown in green promote Gcn4-dependent 
transcription, proteins in red inhibit Gcn4-dependent transcription. PPase, protein 
phosphatase, adopted from (González and Hall 2017). B) Stress conditions that can 
induce general control by an increase of eIF2 phosphorylation by Gcn2, leading to gene 
regulation directed by Gcn4 and up and down-regulation of genes and processes involved 
in nutrients salvaging, adapted from (Joris and Taylor 2004). 

 

The yeast SPS amino acid sensing pathway  

The SPS pathway senses amino acid availability and regulates amino acid uptake  
((Ljungdahl 2009; Ljungdahl and Daignan-Fornier 2012) and is present only in 
fungi (Martínez and Ljungdahl 2005). In contrast to the GAAC pathway, which is 
activated by uncharged tRNA, the SPS pathway is activated by amino acids. The 
SPS sensor is a plasma membrane‐localized complex composed of Ssy1 (sensor), 
Ptr3 (scaffold protein), and Ssy5 (endoprotease). The sensor  Ssy1 is structurally 
related to amino acid permeases but lacking transporting capacity. Binding of 
extracellular amino acids to exposed Ssy1 induces a conformational change that 
stimulates the phosphorylation and ubiquitin‐mediated degradation of the 
inhibitory domain of Ssy5. Active Ssy5 cleaves the N‐terminal cytoplasmic 
retention motif of the transcription factors Stp1 and Stp2. Processed Stp1 and 
Stp2 translocate into the nucleus to induce the expression of genes encoding 
amino acid permease genes (González and Hall 2017), Figure 9. The SPS-sensor-
mediated cleavage of Stp1 and Stp2 also requires the SCF-Grr1 E3 ubiquitin ligase 
complex and the activity of either of the two type I yeast casein kinases Yck1 or 
Yck2 (Ljungdahl 2009). The SPS pathway and TORC1 are interconnected. TORC1, 
via the PP2A‐like phosphatase Sit4, promotes the stability of nuclear Stp1 and 
thus amino acid uptake (Shin et al. 2009). 

 

Figure 9. Schematic diagram outlining the major regulatory steps of the SPS-
sensing pathway. A) The non-induced resting state in the absence of inducing amino 
acids. When amino acids are absent, the SPS-sensor is in its resting pre-activation 
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conformation (red). The transcription factors Stp1 and Stp2 (DNA‐binding motifs, 
green boxes) are synthesized as inactive precursors that localize to the cytosol due to 
the presence of N‐terminal cytoplasmic retention domains (anchor). Low levels of full‐
length Stp1 and Stp2 that escape cytoplasmic retention (broken arrow) and move to 
the nucleus can derepress AAP gene expression. However, in the presence of the N‐
terminal regulatory sequences of Stp1 and Stp2, the Asi complex (Asi1– Asi2–Asi3) can 
prevent transcription of AAPs (red line) ensuring low levels of AAP gene expression. B) 
The induced state of SPS sensor. In the presence of extracellular amino acids, the SPS‐
sensor is activated (green), leading to the endoproteolytic processing of Stp1 and Stp2 
(scissors) by Ssy5. The shorter processed forms of Stp1 and Stp2, lacking the inhibitory 
N‐terminal domains, efficiently target to the nucleus where they bind SPS‐sensor‐
regulated promoters (UASaa) and induce transcription of AAPs, which leads to 
increased levels of AAPs in the PM and enhanced rates of amino acid uptake. 
Movement of AAPs to the plasma membrane (represented by the broken arrow) 
requires the PM‐membrane‐localized chaperone Shr3. PM plasma membrane, NM, 
nuclear membrane. Adapted from (Ljungdahl 2009). 

TOR pathway 

The Target of Rapamycin (TOR), a highly conserved Ser/ Thr protein kinase, is 
the central component of a major regulatory signaling network that controls cell 
growth in diverse eukaryotic organisms, ranging from yeast to man. TOR 
signaling pathway is composed of two distinct complexes: TOR complex 1 
(TORC1) and TOR complex 2 (TORC2), both of which have parallels in 
mammalian cells (Wullschleger et al. 2006; Staschke et al. 2010; Weisman 2016). 
TOR regulates growth, proliferation, and survival in response to a variety of 
signals such as nutritional changes and stress by diverse mechanisms that 
include regulation of anabolic and catabolic metabolism, nutrient uptake, gene 
transcription, and protein synthesis and degradation(González and Hall, 2017; 
Weisman, 2016). Interestingly, TORC2 is not sensitive to rapamycin and is 
mostly involved in the regulation of spatial aspects of cell growth such as actin 
organization (Wullschleger et al. 2006). Here, we will describe the regulation of 
nutrient availability by TORC1.  

TORC1 localizes to the membrane of the vacuole/endosome which is a major 
nutrient reservoir and a crossroad for protein sorting. The membrane‐anchored 
EGO–GSE complex, found associated with the late endosome and vacuolar 
membranes, is required for TORC1 localization and activation. EGO complex is 

 

composed of four proteins: Ego1, Ego 3 and two Ras-family GTPases Gtr1 and 
Gtr1 and appears to sense/respond to intracellular leucine levels and potentially 
to intravacuolar amino acid levels.  TORC1 exerts most of its control via two 
major effector branches: AGC kinase Sch9 and the Tap42-PPase complex. Sch9 is 
rapidly dephosphorylated in response to nutrient starvation (carbon, nitrogen, 
phosphate or a specific amino acid starvation). During nutrient starvation, Tap42 
is dephosphorylated and released to the cytosol together with its associated 
complexes, (Loewith and Hall 2011), Figure 10. 

 

Figure 10. EGO complex is a major regulator of TORC1.  EGO complex is composed of 
the two Ras-like GTPases, Gtr1, Gtr2, and the Ragulator-like, Ego3 and Ego1. In the 
Gtr1GTP and Gtr2GDP configuration, the EGO complex activates TORC1 while the reverse 
conformation inactivates TORC1. GTP loading of Gtr1 is stimulated by the guanine 
nucleotide-exchange factor (GEF) activities of Vam6 and intracellular leucine levels.  
Activated TORC1 stimulates growth via its two main effector branches, the AGC kinase 
Sch9 and the Tap42-PP2a protein phosphatase, by favoring anabolic processes and by 
antagonizing catabolic processes. Adopted from (Loewith and Hall 2011) 
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The NCR and RTG signaling pathway 

TORC1 regulates the expression of the nitrogen catabolite repression (NCR) 
pathway via Tap42-PPase branch. NCR pathway regulates the expression of 
genes that are involved in amino acid synthesis from a nitrogen preferred source 
such as ammonia, glutamine, and glutamate. It also represses the expression of 
genes involved in the use of less preferred nitrogen sources such as proline. NCR 
gene expression is regulated by four general transcription factors: two activators 
Gln3 and Gat1, and two repressors, Gzf3 and Dal80. Besides these general 
activators, there are also the nitrogen specific activators Aro80 and Dal81, 
responsible for activation of genes that metabolize aromatic amino acids and for 
metabolism of GABA, urea, arginine, and allantoin, respectively. Gln3 is 
constitutively expressed, and since it is not under the control of NCR genes, the 
activation of the NCR pathway is regulated post-translationally by 
phosphorylation. In the presence of a preferred nitrogen source, TORC1 is 
active and phosphorylates Gln3 and Gat1, which stay bound to the scaffold 
protein Ure2 in the cytosol. Upon inactivation of TORC1 (either by nutrient 
depletion or by rapamycin treatment), Gln3 is released from Ure2 and imported 
to the nucleus, where it activates the expression of NCR genes (Conrad et al. 
2014), Figure 11. 

TORC1 also regulates the synthesis of Glu and Gln during nutrient starvation, 
which depends on the activity of the tricarboxylic acid cycle (TCA) enzymes 
involved in the production of α-ketoglutarate. Gdh1 uses α-ketoglutarate and 
ammonia to synthesize Glu, and Gln1 uses ammonia and glutamate to synthesize 
Gln. While the expression of Gdh1 and Gln1 is mainly dependent on Gln3, the 
expression of enzymes of the TCA cycle devoted to the synthesis of α-
ketoglutarate from oxaloacetate is instead controlled through the retrograde 
(RTG) signaling pathway.  Expression of RTG genes becomes determined by the 
interplay between four positive regulatory factors, Rtg1-3 and Grr1, and four 
negative regulatory factors, Mks1, Lst8, Bmh1, and Bmh2. Nuclear localization of 
Rtg1 and Rtg3 transcriptional activators is, similarly to Gln3 and Gat1, negatively 
regulated by phosphorylation changes of themselves and of their negative 
regulator Mks1, which determine their cytosolic sequestration. During normal 
growth, highly phosphorylated Mks1 complexes with Bmh1 and Bmh2, while 

 

during starvation dephosphorylated Mks1 binds to Rtg2 and dephosphorylated 
Rtg1 and Rtg3 re-localize to the nucleus inducing the expression of RTG genes 
and activate TCA cycle  (Conrad et al. 2014), Figure 11.  

The SNF1 complex is another effector of TORC1 under low glucose conditions. It 
can influence TORC1 activity negatively by promoting the phosphorylation of 
TORC1 subunits Kog1 and Tco89 or by activation of NCR genes, through 
induction of Gln3 activation causing its nuclear localization, and phosphorylation 
of Gat1 (Sanz et al. 2016). This negative relationship is also present in 
mammalian cells where it has been demonstrated that AMPK (human ortholog of 
the SNF1 complex) negatively regulates mTOR function (Hardie and Ashford 
2014; Sanz et al. 2016). SNF1 also coordinates carbon and nitrogen metabolism 
by influencing the expression level of Gcn4. Under conditions of glucose 
deprivation, it downregulates both transcription and translation Gcn4. However, 
under amino acids deprivation but in the presence of glucose, it interacts and 
activates Gcn2 protein kinase, promoting the formation of phosphorylated eIF2α, 
which slows down translation but stimulates the synthesis of Gcn4 and the 
expression of genes involved in amino acid biosynthesis and nitrogen utilization 
(Conrad et al. 2014). In this way, SNF1 complex balances amino acid synthesis to 
carbon metabolism and cellular energy balance (Kayikci and Nielsen 2015; Sanz 
et al. 2016).  
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expression of genes involved in amino acid biosynthesis and nitrogen utilization 
(Conrad et al. 2014). In this way, SNF1 complex balances amino acid synthesis to 
carbon metabolism and cellular energy balance (Kayikci and Nielsen 2015; Sanz 
et al. 2016).  
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Figure 11. Role of RTG- and NCR-genes, and TOR pathway in nutrient starvation 
response. A) During normal growth, glutamate (Glu) and glutamine (Gln), the major 
precursors for amino acid biosynthesis, are synthesized from a preferred nitrogen source, 
such as ammonium. The presence of a preferred nitrogen source causes repression of 
genes involved in the metabolism of less preferred nitrogen sources, nitrogen catabolite 
repression (NCR). This transcriptional repression is achieved by hyperphosphorylation of 
Ure2 and Gln3, preventing nuclear localization of the transcription factor Gln3. The Gat1 
transcription factor I also retained in the cytoplasm by phosphorylation. High amino acid 
levels stimulate the vacuolar/endosome membrane-located EGO complex, which in turn 
stimulates the vacuolar membrane-associated fraction of the TORC1 complex (Figure 9). 
TORC1 also phosphorylates and associates with Sch9 and Tap42, the latter leading to the 
inhibition of several protein phosphatases (PPA2, Sit4, etc.), which keeps Ure2, Gln3 and 
Gat1 in their hyperphosphorylated state. Alternative synthesis pathway of glutamine and 
glutamate via TCA cycle is also downregulated, which is regulated by TORC1 and the 
retrograde (RTG) pathway. TORC1- phosphorylated Mks1, bound to Bmh1,2 proteins, 
prevents nuclear localization of the RTG transcription factors, Rtg1 and Rtg3. TORC1-
dependent phosphorylation of Npr1 causes Npr1 inactivation, which increases plasma 
membrane stabilization of specific amino acid permeases like Tat2, while stimulating 
endocytosis of the general amino acid permease, Gap1. B) Upon nutrient starvation, the 
drop in amino acid levels will lead to inactivation of EGO complex and TORC1, and 
activation of Tap42–protein phosphatase complexes. They reduce phosphorylation of 
Ure2, Gln3, and Gat1 and subsequent stimulation of NCR gene expression. The 
phosphatases also dephosphorylate Mks1, which then complexes with Rtg2. This allows 
Rtg1,3 nuclear localization resulting in stimulation of the expression of RTG genes, 
sustaining amino acid biosynthesis through the synthesis of glutamate and glutamine. 
The phosphatases also dephosphorylate Npr1, which then phosphorylates the Rsp5-
associated arrestins Bul1 and Bul2 provoking their association with Bmh1/2 proteins, 
which in turn leads to the stabilization of Gap1 at the plasma membrane. Metabolic 
reactions are depicted by dotted arrows; regulatory and signaling interactions by full 
arrows. Figure and legend adapted from (Conrad et al. 2014). 
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Aims and scope  

Paracetamol is a major cause of acute liver failure and can cause other serious 
side effects such as kidney damage, Steven-Johnson syndrome and toxic 
epidermal necrolysis. Furthermore, several epidemiological studies showed that 
prolonged APAP use during pregnancy could interfere with normal development 
of the newborn and correlated with higher risk for development of attention-
deficit hyperactivity disorder (ADHD) and hyperkinetic disorder, a higher 
number of autism spectrum symptoms in male, the development of asthma and 
impaired male fertility. Acute liver failure is due to the formation of toxic 
metabolite NAPQI by the action of CYP enzymes in the liver, which causes GSH-
depletion, mitochondrial damage, and subsequent cell necrosis. However, APAP 
is also observed to be toxic before NAPQI formation and GSH-depletion. This 
NAPQI-independent toxicity is attributed to the parent compound and its 
mechanism still remains unknown. 

The main objective of this thesis is to study APAP-induced toxicity using yeast 
as a model organism. For this purpose, we aimed to determine genes and cellular 
pathways responsible for APAP toxicity, more specifically NAPQI-independent 
mechanisms of action, with the ultimate goal to translate findings in yeast to 
humans. The advantage of yeast for this purpose is that it lacks the well-known 
biotransformation enzymes that are known to be responsible for the 
bioactivation of APAP to NAPQI, thus allowing the study of the toxicity of the 
parent APAP.  The availability of a genome-wide deletion library of yeast allows 
for a high-throughput chemogenomic analysis.  

In Chapter 1, we give a general overview of APAP, its pharmacology and 
metabolism, as well as its toxicity and side effects.  We also describe yeast as a 
model organism to study drug-induced toxicities and the biological processes 
that are conserved between yeast and humans and which are relevant for our 
findings. Finally, the aims and scope of the thesis are presented. 

In Chapter 2, we studied the link between genotype and APAP toxicity by 
performing a genome-wide screen on an S. cerevisiae deletion/DAmP library. We 
identified APAP resistant and sensitive mutant strains and performed a Gene 
Ontology analysis, which allowed us to determine genes and biological processes 

 

involved in APAP-induced toxicity. We discovered that ubiquitin homeostasis, 
endocytosis, vacuolar degradation and the retrograde pathway (involved in 
nutrient starvation response) were important for the observed toxicity.  

In Chapter 3, we studied the toxicological mode of action of APAP. For that 
purpose, we developed a chemogenomic screen based on yeast DUB deletion 
strains and compared the chemogenomic profiles of APAP to other drugs and 
amino acids.  We were able to show different profiles for different 
drugs/compounds, with similar profiles for drugs having the same mode of 
action. APAP showed similarity with drugs that cause a nutrient starvation 
response and an almost identical profile as the aromatic amino acid tyrosine.    

In Chapter 4, we explored the involvement of APAP in nutrient starvation 
response. The gene expression of amino acid permeases upon APAP exposure 
showed that APAP induced degradation of high affinity permeases and 
upregulation of the general amino acid permease Gap1, which is a hallmark of 
nutrient starvation response. In ubiquitin deficient strains, the degradation of 
high affinity permease was impaired, indicating that the low ubiquitin levels 
accounted for their resistance.  By performing overexpression and growth fitness 
assays, we showed that APAP induced tryptophan starvation by mimicking the 
amino acid tyrosine. Furthermore, we developed an HPLC-based method to 
measure intracellular concentrations of all amino acids before and after APAP 
treatment in yeast and human hepatoma cell line HepG2. 

In Chapter 5, the summary and conclusions of the findings in this thesis are 
presented, and the relevance and the perspectives of our findings for future work 
are discussed. 
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