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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 
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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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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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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). 
  



General introduction and aims |   13   

1

 

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). 
  



Chapter 114   |

 

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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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.  
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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). 
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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 
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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 
in branched or forked polyubiquitin chains, a single ubiquitin is extended at two or more 
lysine residues. Adapted from (Komander 2009) 

 

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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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 
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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 
Nedd4 HECT family) and deubiquitinating enzyme Doa4. Most yeast nutrient 
permeases are multiubiquitinated on several lysines, and several of them are 
modified by linkage to K63 residues of short Ub chains, the type of chains that are 
preferentially formed by the Rsp5 Ub ligase and other Nedd4 family members. 
Although mono-ubiquitination on a single lysine is a sufficient signal for 
permease internalization, multiubiquitination on several lysines and K63-linked 
ubiquitination can accelerate this process. Rsp5 specificity is determined by 
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).  

 



General introduction and aims |   35   

1

 

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).  

 



Chapter 136   |

 

 

 

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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Abstract 

Acetaminophen (APAP), although considered a safe drug, is one of the major 
causes of acute liver failure by overdose, and therapeutic chronic use can cause 
serious health problems. Although the reactive APAP metabolite N-acetyl-p-
benzoquinoneimine (NAPQI) is clearly linked to liver toxicity, toxicity of APAP is 
also found without drug metabolism of APAP to NAPQI.  To get more insight into 
mechanisms of APAP toxicity, a genome-wide screen in Saccharomyces cerevisiae 
for APAP-resistant deletion strains was performed. In this screen we identified 
genes related to the DNA damage response. Next, we investigated the link 
between genotype and APAP-induced toxicity or resistance by performing a more 
detailed screen with a library containing mutants of 1522 genes related to 
nuclear processes, like DNA repair and chromatin remodelling. We identified 233 
strains that had an altered growth rate relative to wild type, of which 107 showed 
increased resistance to APAP and 126 showed increased sensitivity. Gene 
Ontology analysis identified ubiquitin homeostasis, regulation of transcription of 
RNA polymerase II genes, and the mitochondria-to-nucleus signalling pathway to 
be associated with APAP resistance, while histone exchange and modification, 
and vesicular transport were connected to APAP sensitivity. Indeed, we observed 
a link between ubiquitin levels and APAP resistance, whereby ubiquitin 
deficiency conferred resistance to APAP toxicity while ubiquitin overexpression 
resulted in sensitivity. The toxicity profile of various chemicals, APAP, and its 
positional isomer AMAP on a series of deletion strains with ubiquitin deficiency 
showed a unique resistance pattern for APAP. Furthermore, exposure to APAP 
increased the level of free ubiquitin and influenced the ubiquitination of proteins. 
Together, these results uncover a role for ubiquitin homeostasis in APAP-induced 
toxicity.  

  

 

Introduction 

Acetaminophen (N-acetyl-p-aminophenol, paracetamol, APAP) is a widely used 
over-the-counter drug and is considered a safe analgesic and antipyretic at 
therapeutic doses. An overdose, however, induces hepatotoxicity and is one of 
the major causes of acute liver failure in the USA and Western Europe (Bernal et 
al. 2010). Liver toxicity is in part due to the chemically reactive APAP metabolite 
N-acetyl p-benzoquinoneimine (NAPQI), which is generated by cytochrome P450 
(Laine et al. 2009; Chun et al. 2009). Susceptibility to hepatotoxicity by APAP may 
increase by concurrent medications, poor nutritional status, chronic alcohol 
abuse, obesity and non-alcoholic fatty liver disease (Larson et al. 2005; Michaut 
et al. 2014).  

APAP can already cause toxicity at therapeutic doses.  For example, it was 
identified as a risk factor for acute renal injury (Kato et al. 2014) and it can cause 
onset of Stevens-Johnsons syndrome and toxic epidermal necrolysis (Khawaja et 
al. 2012; Kim et al. 2014). Epidemiological studies revealed a link between the 
use of APAP during pregnancy and the incidence of attention deficit hyperactivity 
disorder (ADHD) and hyperkinetic disorder in children (Liew et al. 2014). 
Another study showed a link between APAP and asthma (Henderson and 
Shaheen 2013) and long term-use was associated with increased incidence of 
cancer (Walter et al. 2011a; b).  

Although NAPQI formation by cytochrome P450 is considered the major cause of 
liver and renal toxicity, toxicity can occur in its absence. For example, Miyakawa 
et al. (2015) showed cytochrome P450 independent toxicity in mouse 
hepatocytes, especially at higher APAP concentrations (Miyakawa et al. 2015), 
while Jensen et al. (1996) reported toxicity with and without expression of 
cytochrome P450, which in both cases caused induction of spindle disturbances 
in Chinese hamster V79 cells (Jensen et al. 1996). Srikanth et al. (2005) observed 
APAP toxicity in yeast in the absence of NAPQI-derived metabolites, while 
overexpression of ABC-transporters Snq2 and Flr1 resulted in increased drug 
resistance (Srikanth et al. 2005). Furthermore, para-aminophenol, another APAP 
metabolite, produced by an N-acetyltransferase, can also result in toxicity 
(McConkey et al. 2009). It is therefore possible that other reactive metabolites 
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are formed or yet unknown mechanisms of APAP-induced toxicity exist 
(Miettinen and Björklund 2014). 

The budding yeast Saccharomyces cerevisiae is frequently used to study drug-
induced toxicity (Dos Santos et al. 2012; van Leeuwen et al. 2012). Although it is a 
simple eukaryotic cell with approximately 6000 genes, many essential pathways 
are highly conserved between human and yeast. Furthermore, the availability of a 
complete non-essential gene deletion library allows for a relatively 
straightforward screening of genes and pathways that are involved in drug-
induced toxicity (Dos Santos et al. 2012).  Chemical-genomic screens in yeast 
have revealed a wealth of information about the various mechanisms of drug 
action and have identified novel functions for genes (Hillenmeyer et al. 2008), 
some of which are relevant to human biology (Lee et al. 2014). Successful 
examples for the identification of the mode of action of drugs derived from 
screening the library of yeast deletion strains are arsenic (Zhou et al. 2009), 
cisplatin (Huang et al. 2005), and quinine (Dos Santos and Sá-Correia 2011).   

The genes that contribute to APAP sensitivity or resistance are largely unknown. 
Therefore, we decided to perform a genomic screen in yeast to study APAP-
induced toxicity. By varying the concentration of APAP and growth temperature, 
we identified genes relevant for APAP sensitivity in diverse cellular processes, 
such as RNA polymerase II transcription, chromatin remodeling, and protein and 
vesicle-mediated transport. The most striking observation, however, is the 
crucial role of ubiquitin-mediated processes, whereby ubiquitin deficiency 
results in APAP resistance.  

Materials and methods  

Chemicals and stock solutions 

All chemicals were purchased from Sigma (St. Louis) at high purity except for 
benomyl (Santa Cruz Biotechnology).  Yeast extract and peptone were obtained 
from Melford, and yeast nitrogen base, glucose and amino acids were obtained 
from Sigma. 

 

Strains and media 

Haploid deletion strains of Saccharomyces cerevisiae in the BY4741 background 
(MATa; ura3Δ0; leu2Δ0; his3Δ1; met15Δ0; gene∆::kanMX4) were obtained from 
EUROSCARF (Frankfurt, Germany). A specialized, selective collection of 1522 
strains contained mainly haploid deletion strains as well as 71 DamP strains 
(decreased abundance by mRNA perturbation) related to nuclear processes, like 
DNA damage and chromatin remodeling (Srivas et al. 2013). For the purpose of 
the toxicity screen and the spot dilution assays the yeast strains were grown in 
YPD medium (1% yeast extract 2% peptone 2% glucose and 2% agar for plates) 
or in selective SC-URA medium (0.67 % yeast nitrogen base, 2% glucose and 
essential amino acids) and spotted on YPD medium containing different 
concentrations of APAP (0, 50, 60, 70, 80, 90 and 100 mM).  

Plasmids and transformation 

All genes were cloned by PCR amplification of a chromosome region containing 
~900 bp upstream and ~500 bp downstream of the coding region of the 
corresponding gene using BY4741 DNA as the template. The PCR products of 
UBI4 used for the overexpression experiments were cloned into a multi copy 
vector Yeplac195 and the PCR products used for the complementation assay 
were cloned into the single copy vector Yeplac33. The clones were identified by 
restriction digestion and additionally sequenced to verify the correct DNA 
sequence. The primers used will be made available upon request. The plasmid 
was transformed into yeast cells by the freeze-thaw method as previously 
described (Klebe et al. 1983). 

Focused APAP toxicity screen 

A focused collection of 1522 yeast mutants involved in nuclear processes (Srivas 
et al. 2013) was  used to screen for genes involved in APAP induced toxicity. The 
screen was performed by pinning the yeast strains in a 24x36 colony format 
using a RoToR replicator (Singer Instruments) on YPD plates containing YPD 
medium with different concentrations of APAP: 0, 50, 60, 70, 80, 90 and 100 mM. 
The plates were pinned and incubated at 30oC and 37oC and photographed each 
day with a digital camera (Canon Powershot G5, 5.0 megapixels). Photos were 
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converted to greyscale in Photoshop (Adobe) and saved as a .tiff file. Cell Profiler 
(Carpenter et al. 2006; Lamprecht et al. 2007; Jones et al. 2008) was used to 
quantify colony size as pixel area. For each colony, the integrated intensity 
(colony size + intensity) and the area (colony size) were exported to Excel.   

Sensitive strains were identified using the 70 mM and 60 mM APAP plates, at 
30oC or 37oC, respectively, as at these conditions only sensitive strains exhibited 
a growth restriction when compared to the wild type cells. For each mutant, the 
ratio in colony size (expressed as pixel area) between control (no APAP) and 60 
mM APAP plates was calculated, to correct for differences in nutrient availability 
and fitness defects of some mutants at standard conditions. Hits were defined as 
those strains showing an APAP/control ratio < 0.4, Table S2. Strains that had a 
pixel area below 130 on the control plate were considered slow growers and 
excluded from the analysis. Strains sensitive at 37oC, but not at 30 oC, were 
identified with the following additional criteria. (1) They exhibited normal 
growth at 30oC and 37oC on the control plates without APAP (pixel area above 
130) and the pixel area ratio between 37oC and 30oC plates without APAP was > 
0.85  (in order to avoid temperature sensitive mutants). (2) They were growing 
normally on the plates containing 70 mM APAP at 30oC (pixel area ratio between 
70 mM and 0 mM APAP was > 0.75); they were only sensitive at plates containing 
60 mM APAP at 37oC (pixel area ratio between 37oC 60 mM and 30oC 70 mM, and 
ratio between 37oC 60 mM and 0 mM were < 0.5). The experiments at 37oC were 
performed in duplicate and only the strains that showed a consistent growth 
decrease in both duplicate plates were taken into account.  The 30oC incubations 
were performed as single experiments, therefore, only the strains that were 
sensitive in a dose-dependent manner for the conditions 0, 50, 60, 70 and 80 mM 
APAP were taken into account. Resistant strains were determined from the plates 
containing 80 mM APAP that were incubated at 37oC. The strains that showed 
increased growth, measured as the colony (pixel) area compared to the wild type 
on both duplicate plates, were taken into account.  Subsequently, resistant strains 
were rescreened by performing a spot dilution assay and strains that exhibited 
higher resistance, measured as a higher growth rate when compared to the WT, 
were considered hits.  

 

Confirmation of APAP resistance by spot dilution assay 

The identified APAP resistant mutants were isolated from the control plates of 
the screen and grown overnight in YPD medium at 30oC. The cultures were 
subsequently diluted to an OD600 = 0.05 and 4 additional 5-fold serial dilutions 
were made. The cells were spotted on YPD agar plates with or without APAP 
using a 96-well replica plater (Sigma). Plates were imaged daily for three days. 
The APAP resistance of each strain was determined using a semi-quantitative 
analysis by visually comparing the growth rate to the WT cells. 

Gene ontology (GO) enrichment  

Lists of APAP-resistant and -sensitive mutant genes were analyzed further for 
biological processes enrichment using the online GO enrichment analysis tool 
provided by Saccharomyces Genome Database (SGD). For each biological process, 
enrichment for genes with altered APAP sensitivity when compared to the 
complete set of 1522 genes on our array was calculated. Enrichment of sensitive 
and resistant strains was performed with and without Holm-Bonferroni 
correction, respectively, and only enrichments with a p-value <0.05 were 
considered significant.  

Complementation assay 

A single copy URA3 plasmid containing the expression cassette of a gene of 
interest was transformed into the corresponding deletion strain. An empty 
plasmid was used as a negative control. The cultures were grown in SC-URA 
medium overnight at 30oC and a spot dilution assay was subsequently performed 
as described above. 

Ubiquitin-level analysis by Western blotting 

For the determination of ubiquitin levels after APAP exposure, the overnight 
cultures (16h) were grown at 30oC and subsequently diluted to OD600=0.5. Prior 
to APAP exposure, the cultures were pre-incubated at 37oC for 3 hrs. 
Subsequently, the cells were treated with 0, 25 or 50 mM APAP for 2 h, harvested 
by centrifugation and frozen at -20oC. Protein extracts were made using a 
trichloroacetic acid precipitation protocol as described before (Wright et al.) and 
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trichloroacetic acid precipitation protocol as described before (Wright et al.) and 



Chapter 258   |

 

the proteins were dissolved in Laemmli buffer without bromophenol blue (50 
mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 1% β-mercaptoethanol, 12.5 mM 
EDTA supplemented with 2.5 mM NEM, 1 mM PMSF, 10 mM DTT and protease 
inhibitor). The samples were diluted 1:40 in water and the amount of total 
protein was determined by a Protein assay (Bio-Rad). Subsequently, 
bromophenol blue was added to the samples to a final concentration of 0.02% 
and a Western blot was performed. Briefly, samples were loaded on 10% bis-Tris 
gels and the proteins were separated in MES buffer (Life technologies). The 
proteins were blotted on a 0.2 µm PVDF membrane (Thermo scientific). The 
membrane was blocked in blocking solution purchased from Li-Cor. Ubiquitin 
antibody (P4D1, mouse monoclonal) used for detection of total ubiquitin was 
ordered from Santa Cruz (sc-8017), and anti-actin antibody was ordered from 
Merck Millipore (MAB1501). The secondary antibodies were IRDye® 680RD 
Goat anti-Mouse (Li-Cor, 925-68070) and IRDye® 800CW Goat anti-Mouse (Li-
Cor, 926-32210). The detection was performed using an Odyssey imager.  

Results 

Identification of deletion mutants resistant to APAP 

Initially, a genome-wide screen for resistant non-essential gene deletion mutants 
was performed to identify genes that are important for APAP toxicity, Text S1 
and Table S1. The screen was designed to identify APAP resistant strains with 
the aim to isolate a mutant unable to metabolize APAP into para-aminophenol, 
which is a toxic metabolite of APAP and could be responsible for the observed 
APAP toxicity. This screen was performed at 100 mM APAP and 37oC because WT 
yeast cells do not grow under these conditions (WT yeast cells do grow at 100 
mM APAP and 30oC). The screen identified several resistant mutants but 
interestingly, none of them involved a gene encoding a drug-metabolizing 
enzyme. Instead, in several mutants genes were defective that are involved in the 
DNA damage response pathway (DDR), including UBC13 and RFX1. Ubc13 forms a 
heterodimeric complex with Mms2 and acts as an E2 ubiquitin conjugating 
enzyme. Together with the E3 ubiquitin ligase Rad5, it polyubiquitinates 
proliferating cell nuclear antigen (PCNA) during post-replication DNA repair 
(Torres-Ramos et al. 2002; Hoege et al. 2002).  

 

We performed a spot dilution assay with WT, mms2, ubc13, and rfx1 strains, 
as well as Δrad5, in order to confirm resistance and to test toxicity at lower APAP 
concentrations. mms2, ubc13, and rfx1 already have a substantial growth 
advantage at 50 mM APAP when compared to WT, Figure 1. In contrast, rad5 
shows a higher sensitivity towards APAP than WT. PCNA ubiquitination by 
Mms2/Ubc13 and Rad5 is thus probably unrelated to APAP resistance. When the 
plates were transferred to room temperature, growth of the WT and ∆rad5 
resumed, indicating a temperature- and APAP-dependent, and reversible growth 
arrest, Figure 1. A cell-cycle specific growth arrest was not observed (data not 
shown). 

 

Figure 1. Deletion of DDR genes MMS2, UBC13, and RFX1 confers resistance to APAP.  
Fivefold serial dilutions of a cell suspension of the mutant strains with optical density 
OD600=0.05 were plated on YPD plates containing 0, 50 and 75 mM APAP and 
incubated for one (control) and three days at 37oC. After three days, the 75 mM plate 
was transferred to room temperature (RT) for 6 days. The strains used were WT 
(BY4741), mms2, ubc13, rad5 and rfx1. 

Detailed screen of 1522 nuclear mutant strains  

The unexpected identification of DDR as a potential pathway contributing to 
APAP toxicity prompted us to concentrate on 1522 genes involved in nuclear 
processes, instead of APAP metabolism. This more selective screen was based on 
a study that was focused on DNA repair and chromatin remodeling (Srivas et al. 
2013). The reduced number of strains allowed us to use two different 
temperatures (30oC and 37oC) and a range of APAP concentrations (50, 60, 70, 
80, 90 and 100 mM) to differentiate between more resistant and sensitive growth 
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phenotypes.  The selective library of 1522 mutant strains comprised of 1451 non-
essential gene deletion strains and 71 DAmP strains of essential genes (which 
affect mRNA stability through disruption of the 3’-UTR (Schuldiner et al. 2005)). 
Included in this library were mms2 and ubc13, which served as positive 
controls. The complete list of these strains is presented in Table S2. 

From the comprehensive screening of this collection, 140 mutants were 
identified showing tolerance to 80 mM APAP at 37oC. By performing spot dilution 
assays, 107 out of 140 strains were confirmed to be resistant to APAP, Table S3. 
The resistant strains included ubc13 and mms2; rfx1 was not present in the 
library. 

Apart from mutants more resistant than WT, also mutants that showed enhanced 
sensitivity towards APAP were identified. We classified two groups of APAP 
sensitive strains: 73 very sensitive strains, which were consistently growing 
more slowly or not growing at all at lower APAP concentrations (50, 60 and 70 
mM) and lower temperature (30oC) when compared to WT, and a group of 53 
sensitive strains that were only sensitive when incubated at 37oC, 60 mM APAP, 
Table 1. 

To confirm the involvement of the identified genes in APAP toxicity, 
complementation assays were performed for a subset of the strains, namely 
those involved in DNA damage repair and ubiquitin recycling and homeostasis: 
mms2, ubc13 and doa1.  For all three APAP resistant strains, expressing the 
corresponding genes from a single copy plasmid complemented the APAP 
resistant phenotype, making the level of resistance comparable to the WT. These 
results confirmed that indeed, the APAP resistance was due to the deletion of any 
of these genes, Figure S1. 

Furthermore, we selected a set of deletion strains highly sensitive to APAP at 
30oC, namely ∆htz1, ∆gcn5, ∆swr3 and ∆vps71 to test for complementation. 
Expression of these four genes from a single copy plasmid in the corresponding 
deletion strain restored growth at 70 mM APAP, showing that loss of these genes 
is indeed responsible for increased APAP sensitivity, Figure S2.  

 

GO enrichment analysis of APAP resistant and sensitive strains 

GO enrichment analysis was performed on the 107 APAP resistant strains to 
identify the biological processes involved in the toxicity, Table 1. The GO analysis 
revealed protein ubiquitination, mitochondria-nucleus signaling, and RNA 
polymerase II transcription as important processes in APAP toxicity in yeast. 

Interestingly, the GO analysis showed temperature-dependent differences: the 
30oC screen revealed chromatin remodeling and histone exchange to be involved 
in survival upon APAP induced stress, whereas the 37oC screen showed protein 
localization and vesicle transport to be essential for survival upon APAP induced 
stress, Table 1. 

Furthermore, we investigated whether the enrichment of the resistant strains 
was affected by the choice of elevated temperature. For this purpose, we 
analyzed a plate grown at 30oC at 100 mM APAP and compared it to a plate 
grown at 37oC at 70 mM APAP that showed the closest similarity in growth 
properties (Text S1, Table S6). For each plate GO analysis was performed on 179 
strains that showed increased growth when compared to the WT (ratio >1.2). 
The two plates showed total overlap of 64% in APAP resistant strains. GO 
analysis revealed that genes annotated to protein ubiquitination, RNA 
polymerase II transcriptional preinitiation complex assembly, mitotic cell cycle 
phase transition and mitochondria-nucleus signaling pathway were enriched 
among resistant strains in the both conditions. In addition, the sets of genes 
driving these enrichments were highly similar between the two conditions, Table 
S1 in Text S1). These results indicate that the identification of ubiquitin-related 
pathways correlates primarily with exposure to APAP.   
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Inactivation of genes involved in protein ubiquitination confers 
resistance to APAP  

The GO enrichment of the resistant strains from the screen identified 18 genes, 
which were directly or indirectly involved in protein ubiquitination. Also, the 
deletion strain of DOA1, a gene involved in ubiquitin recycling, was identified. 
Ubiquitination is a posttranslational modification of proteins, which plays an 
essential role in regulation of various eukaryotic cellular pathways such as 
protein degradation, DNA repair, vesicular transport, and transcription 
(Komander and Rape 2012; Finley et al. 2012). Seven of the APAP resistant 
strains were DAmP strains of essential genes: apc4-DAmP, cdc23-DAmP, cdc34-
DAmP, cdc36-DAmP, ess1-DAmP and rsp5-DAmP and eleven strains were deletion 
strains: ubc13, mms2, bmh2, cul3, upf1, upf3, ubi4, hrd1, psh1, ubc11 
and ylr224w. These genes are involved in the regulation of a variety of cellular 
processes through ubiquitination as described in Table 2. Notably, UBI4 is the 
poly-ubiquitin gene, responsible for stress-induced expression of elevated levels 
of ubiquitin in the cell (Finley et al. 1987). Resistance of ubi4 suggests that 
ubiquitin deficiency might allow for survival under APAP-induced stress. 

  

 

Table 1. APAP resistant and sensitive strains and GO enrichment of biological processes, 
presented in alphabetical order. 
Resistant strains  
(107 out of 1522) 

AAD4, AIR2, ALP1, APC4, ARP1, BMH2, CDC23, CDC34, CDC36, CLB3, 
CMP2, CPA1, CUL3, DAL81, DOA1, DOM34, EMP70, ESS1, FUN30, 
GAC1, GFD1, GFD2, GIS2, GNP1, GRX4, GSH2, HAT1, HCR1, HNT1, 
HRD1, HSM3, ISY1, IXR1 JEM1, JHD2, JNM1, KAR5, LOS1, MBP1, 
MED6, MKS1, MLP2, MMS2, MPE1, MTC7, NAM7, NHP6A, NMD2, 
NUT2, PAC1, PET18, PSH1, PSY4, RAD51, RAD59, RAS2, RGR1, 
RIM20, RPB5, RPB7, RPL16A, RPL8B, RPS29A, RSP5, RTG1, RTG2, 
RTG3, RTT10, SAK1, SAP185, SCJ1, SGN1, SIR1, SIW14, SKG1, SKN7, 
SRB4, STP4, TAF12, TAF7, TAF8, TAN1, TCO89, TDA3, TFB3, TFB4, 
THR1, TOF1, TOM7, TPM2, TSR2, TSR3, UBC11, UBC13, UBI4, UBP11, 
UCC1, UPF3, URN1, YCK3, YER077C, YGL081W, YNG1, YNR065C, 
YPL041C, YSY6 

 

GO term Genes p-value 

Protein ubiquitination 
(18 out of 101) 

APC4, BMH2, CDC23, CDC34, CDC36, CUL3, ESS1, HRD1, MMS2, 
MPE1, NAM7, PSH1, RSP5, UBC11, UBC13, UBI4, UCC1, UPF3 

8,09E-05 

Transcription initiation from 
RNA polymerase II promoter 
(8 out of 33) 

ESS1, MED6, NHP6A, RPB7, SRB4, TAF12, TAF7, TAF8 1,20E-03 

Mitochondria-nucleus signaling 
pathway (4 out of 5) 

MKS1, RTG1 RTG2, RTG3 9,98E-05 

Sensitive strains at 30oC 
(72 out of 1522) 
 

ADA3, ARP4, ARP6, ARV1, BEM1, BUB1, BUB3, BUD27, CCS1, CSF1, 
CTK3, DBP7, DEG1, DST1, ERG3, ERV14, ESA1, FEN1, FKS1, GAS1, 
GCN5, GCR2, GET2, GRR1, GUP1, HTZ1, IPK1, KEX2, KRE1, LEM3, 
LSM1, LSM6, MDM34, MED7, MNN10, MRE11, ORC1, PHO80, POP2, 
RHO4, RPB3, RPB9, RSC3, SAC1, SAC3, SGF73, SHE4, SMI1, SPT3, 
SRB2, SSD1, STH1, SUR4, SWA2, SWC3, SWC5, SWI3, SWR1, TEF4, 
TFB1, TFG1, TFP1, TOP1, TPS1, TPS2, VMA21, VPS1, VPS51, VPS53, 
VPS71, VPS72, YAF9 

 

GO term Genes p-value 

Protein-DNA complex subunit 
organization (17 out of 86) 

ARP4, ARP6, BUB1, DST1, ESA1, ORC1, RSC3, SGF73, SRB2, 
STH1, SWC3, SWC5, SWR1, TFG1, VPS71, VPS72, YAF9 

9.11E-04* 
 

Chromatin remodeling  
(12 out of 58) 

ARP4, ARP6, HTZ1, RSC3, STH1, SWC3, SWC5, SWI3, SWR1, 
VPS71, VPS72, YAF9 

6.60E-03* 
 

Sensitive strains at 37oC 
(53 out of 1522) 

ARL1, ARO1, ASC1, CDC28, CIK1, COG5, COG6, COG7, COG8, CPR6, 
CWH41, ENV11, ESC2, FPK1, GTR1, IDH1, INP53, IWR1, LST4, MEH1, 
NCL1, OPI3, PDC1, PMP3, PMT5, RAV2, RDI1, RIC1, ROT2, RPL19A, 
RPS11A, RPS4A, RPS8A, RRD1, SAT4, SEC22, SGF73, SMT3, SNX4, 
TAF9, TMA19, TPS1, TPS2, TRS85, VAM3, VAM7, VID22, VPS17 
VPS29, VPS38, VPS41, VPS5, YPT6 

 

GO term Genes p-value 

Protein transport and 
establishment of protein 
localization (24 out of 205) 

ARL1, COG5, COG6, COG7, COG8, GTR1, INP53, IWR1, LST4, 
MEH1, RAV2, RIC1, SEC22, SNX4, TRS85, VAM3, VAM7 VID22, 
VPS17 VPS29, VPS38, VPS41, VPS5, YPT6 

6.52E-05* 
 

Vesicle-mediated transport  
(17 out of 47) 

ARL1, CDC28, COG5, COG6, COG7, COG8, INP53, RIC1, SEC22, 
SNX4, TRS85, VAM3, VAM7, VPS17, VPS29, VPS41, VPS5, YPT6 

6.47E-03* 
 

Cytoplasm-to-vacuole targeting 
(CVT) pathway (8 out of 18) 

COG5, COG6, COG7, COG8, SNX4, TRS85, VAM7, VSP41 2.08E-04* 

Note: p values marked with * are calculated with Holm-Bonferroni correction. Only the values of 
p<0.05 are listed in the table. DAmP strains are marked in bold. 
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Inactivation of genes involved in protein ubiquitination confers 
resistance to APAP  

The GO enrichment of the resistant strains from the screen identified 18 genes, 
which were directly or indirectly involved in protein ubiquitination. Also, the 
deletion strain of DOA1, a gene involved in ubiquitin recycling, was identified. 
Ubiquitination is a posttranslational modification of proteins, which plays an 
essential role in regulation of various eukaryotic cellular pathways such as 
protein degradation, DNA repair, vesicular transport, and transcription 
(Komander and Rape 2012; Finley et al. 2012). Seven of the APAP resistant 
strains were DAmP strains of essential genes: apc4-DAmP, cdc23-DAmP, cdc34-
DAmP, cdc36-DAmP, ess1-DAmP and rsp5-DAmP and eleven strains were deletion 
strains: ubc13, mms2, bmh2, cul3, upf1, upf3, ubi4, hrd1, psh1, ubc11 
and ylr224w. These genes are involved in the regulation of a variety of cellular 
processes through ubiquitination as described in Table 2. Notably, UBI4 is the 
poly-ubiquitin gene, responsible for stress-induced expression of elevated levels 
of ubiquitin in the cell (Finley et al. 1987). Resistance of ubi4 suggests that 
ubiquitin deficiency might allow for survival under APAP-induced stress. 

  

 

Table 1. APAP resistant and sensitive strains and GO enrichment of biological processes, 
presented in alphabetical order. 
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CMP2, CPA1, CUL3, DAL81, DOA1, DOM34, EMP70, ESS1, FUN30, 
GAC1, GFD1, GFD2, GIS2, GNP1, GRX4, GSH2, HAT1, HCR1, HNT1, 
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SRB4, STP4, TAF12, TAF7, TAF8, TAN1, TCO89, TDA3, TFB3, TFB4, 
THR1, TOF1, TOM7, TPM2, TSR2, TSR3, UBC11, UBC13, UBI4, UBP11, 
UCC1, UPF3, URN1, YCK3, YER077C, YGL081W, YNG1, YNR065C, 
YPL041C, YSY6 

 

GO term Genes p-value 

Protein ubiquitination 
(18 out of 101) 

APC4, BMH2, CDC23, CDC34, CDC36, CUL3, ESS1, HRD1, MMS2, 
MPE1, NAM7, PSH1, RSP5, UBC11, UBC13, UBI4, UCC1, UPF3 

8,09E-05 

Transcription initiation from 
RNA polymerase II promoter 
(8 out of 33) 
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Mitochondria-nucleus signaling 
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Sensitive strains at 30oC 
(72 out of 1522) 
 

ADA3, ARP4, ARP6, ARV1, BEM1, BUB1, BUB3, BUD27, CCS1, CSF1, 
CTK3, DBP7, DEG1, DST1, ERG3, ERV14, ESA1, FEN1, FKS1, GAS1, 
GCN5, GCR2, GET2, GRR1, GUP1, HTZ1, IPK1, KEX2, KRE1, LEM3, 
LSM1, LSM6, MDM34, MED7, MNN10, MRE11, ORC1, PHO80, POP2, 
RHO4, RPB3, RPB9, RSC3, SAC1, SAC3, SGF73, SHE4, SMI1, SPT3, 
SRB2, SSD1, STH1, SUR4, SWA2, SWC3, SWC5, SWI3, SWR1, TEF4, 
TFB1, TFG1, TFP1, TOP1, TPS1, TPS2, VMA21, VPS1, VPS51, VPS53, 
VPS71, VPS72, YAF9 

 

GO term Genes p-value 

Protein-DNA complex subunit 
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ARP4, ARP6, BUB1, DST1, ESA1, ORC1, RSC3, SGF73, SRB2, 
STH1, SWC3, SWC5, SWR1, TFG1, VPS71, VPS72, YAF9 

9.11E-04* 
 

Chromatin remodeling  
(12 out of 58) 

ARP4, ARP6, HTZ1, RSC3, STH1, SWC3, SWC5, SWI3, SWR1, 
VPS71, VPS72, YAF9 

6.60E-03* 
 

Sensitive strains at 37oC 
(53 out of 1522) 

ARL1, ARO1, ASC1, CDC28, CIK1, COG5, COG6, COG7, COG8, CPR6, 
CWH41, ENV11, ESC2, FPK1, GTR1, IDH1, INP53, IWR1, LST4, MEH1, 
NCL1, OPI3, PDC1, PMP3, PMT5, RAV2, RDI1, RIC1, ROT2, RPL19A, 
RPS11A, RPS4A, RPS8A, RRD1, SAT4, SEC22, SGF73, SMT3, SNX4, 
TAF9, TMA19, TPS1, TPS2, TRS85, VAM3, VAM7, VID22, VPS17 
VPS29, VPS38, VPS41, VPS5, YPT6 

 

GO term Genes p-value 

Protein transport and 
establishment of protein 
localization (24 out of 205) 

ARL1, COG5, COG6, COG7, COG8, GTR1, INP53, IWR1, LST4, 
MEH1, RAV2, RIC1, SEC22, SNX4, TRS85, VAM3, VAM7 VID22, 
VPS17 VPS29, VPS38, VPS41, VPS5, YPT6 

6.52E-05* 
 

Vesicle-mediated transport  
(17 out of 47) 

ARL1, CDC28, COG5, COG6, COG7, COG8, INP53, RIC1, SEC22, 
SNX4, TRS85, VAM3, VAM7, VPS17, VPS29, VPS41, VPS5, YPT6 

6.47E-03* 
 

Cytoplasm-to-vacuole targeting 
(CVT) pathway (8 out of 18) 

COG5, COG6, COG7, COG8, SNX4, TRS85, VAM7, VSP41 2.08E-04* 

Note: p values marked with * are calculated with Holm-Bonferroni correction. Only the values of 
p<0.05 are listed in the table. DAmP strains are marked in bold. 
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Table 2. Genes related to protein (de)ubiquitination processes that mediate APAP 
tolerance as described in the Saccharomyces Genome Database. 

Note: DAmP strains are presented in bold. 

Gene  Function 
APC4 Subunit of the Anaphase-Promoting Complex/Cyclosome (APC/C), a ubiquitin-protein 

(E3) ligase required for degradation of anaphase inhibitors. 
BMH2 14-3-3 protein; controls proteome at post-transcriptional level, involved in regulation 

of exocytosis, vesicle transport, Ras/MAPK signaling, and rapamycin-sensitive 
signaling. 

CDC23 Subunit of the Anaphase-Promoting Complex/Cyclosome (APC/C), a ubiquitin-protein 
(E3) ligase required for degradation of anaphase inhibitors. 

CDC34 Ubiquitin-conjugating enzyme (E2) and catalytic subunit of SCF ubiquitin-protein (E3) 
ligase complex that regulates cell cycle progression by targeting key substrates for 
degradation. 

CDC36 Component of the CCR4-NOT complex, which has multiple roles in regulating mRNA 
levels. It contributes to ubiquitin-protein transferase activity. 

CUL3 Ubiquitin-protein (E3) ligase, required for ubiquitin-dependent degradation of the RNA 
Polymerase II subunit Rpo21. 

DOA 1 WD repeat protein required for ubiquitin-mediated protein degradation, ubiquitin 
binding cofactor that complexes with Cdc48p, required for ribophagy, controls cellular 
ubiquitin concentration. 

ESS1 Peptidylprolyl-cis/trans-isomerase; regulates phosphorylation of the RNA polymerase 
II large subunit (Rpo21p) C-terminal domain. 

HRD1 Ubiquitin-protein (E3) ligase required for endoplasmic reticulum-associated 
degradation (ERAD) of misfolded proteins. 

MMS2 Ubiquitin-conjugating (E2) enzyme variant involved in error-free post-replication 
repair; forms a heteromeric complex with Ubc13. 

MPE1 Essential conserved subunit of CPF cleavage and polyadenylation factor; contains a 
ubiquitin-like (UBL) domain, possible role in ubiquitination of Pap1p. 

PSH1 E3 ubiquitin ligase targeting centromere-binding protein Cse4p. 
RSP5 Ubiquitin-protein (E3) ligase involved in ubiquitin-mediated protein degradation; 

functions in multivesicular body sorting, heat shock response and ubiquitylation of 
arrested RNAPII. 

UBC11 Ubiquitin-conjugating (E2) enzyme. 
UBC13 Ubiquitin-conjugating (E2) enzyme involved in error-free DNA post-replication repair; 

interacts with Mms2. 
UBI4 Ubiquitin, encoded as a polyubiquitin precursor. 
UCC1 F-box protein and component of SCF ubiquitin E3 ligase complexes. 
UPF1 ATP-dependent RNA helicase of the SFI superfamily involved in nonsense mediated 

mRNA decay. Reported E3 ligase via its association with Upf3. 
UPF3 Component of the nonsense-mediated mRNA decay (NMD) pathway, along with (E3) 

Upf1. 

 

Ubiquitin deficiency confers resistance to APAP 

Two ubiquitin deficient strains, ubi4 and ∆doa1, were identified as APAP 
resistant. Therefore, we wanted to determine if ubiquitin deficiency was related 
to APAP resistance. Apart from ubi4 and ∆doa1, two other deletion strains are 
linked to a reduced level of free ubiquitin in the cell: ∆ubp6 and doa4 (Hanna et 
al. 2003). Although present in the selective 1522 strains array, they were not 
detected as significantly different from WT in the screen. Nevertheless, we re-
analyzed these two deletion strains for APAP resistance. Our results revealed that 
these ubiquitin deficient strains were also resistant to APAP when compared to 
WT, reinforcing the conclusion that ubiquitin deficiency can lead to APAP 
resistance, Figure 2.  

 

Figure 2. APAP resistance of ubiquitin deficient strains.  Five-fold dilution of WT 
(BY4741), ubi4, doa1, ubp6 and doa4 cells were spotted on YPD plates with or 
without 70 mM APAP and grown at 37oC for three and four days, respectively. 

Ubiquitin overexpression confers sensitivity to APAP 

The finding that ubiquitin deficient strains are resistant to APAP, suggests that 
enhanced levels of ubiquitin may cause an increased APAP-sensitivity. To test 
this, we transformed a multicopy plasmid expressing UBI4 into WT and the APAP 
resistant strains mms2, ubc13, ubi4, ubp6 and doa1. Elevated levels of free 
ubiquitin were confirmed by Western blotting (data not shown). We performed a 
spot dilution assay on the YPD plates containing three different concentrations 
APAP (0, 70, 80 mM). Indeed, ubiquitin overexpression resulted in increased 
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Two ubiquitin deficient strains, ubi4 and ∆doa1, were identified as APAP 
resistant. Therefore, we wanted to determine if ubiquitin deficiency was related 
to APAP resistance. Apart from ubi4 and ∆doa1, two other deletion strains are 
linked to a reduced level of free ubiquitin in the cell: ∆ubp6 and doa4 (Hanna et 
al. 2003). Although present in the selective 1522 strains array, they were not 
detected as significantly different from WT in the screen. Nevertheless, we re-
analyzed these two deletion strains for APAP resistance. Our results revealed that 
these ubiquitin deficient strains were also resistant to APAP when compared to 
WT, reinforcing the conclusion that ubiquitin deficiency can lead to APAP 
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Figure 2. APAP resistance of ubiquitin deficient strains.  Five-fold dilution of WT 
(BY4741), ubi4, doa1, ubp6 and doa4 cells were spotted on YPD plates with or 
without 70 mM APAP and grown at 37oC for three and four days, respectively. 

Ubiquitin overexpression confers sensitivity to APAP 

The finding that ubiquitin deficient strains are resistant to APAP, suggests that 
enhanced levels of ubiquitin may cause an increased APAP-sensitivity. To test 
this, we transformed a multicopy plasmid expressing UBI4 into WT and the APAP 
resistant strains mms2, ubc13, ubi4, ubp6 and doa1. Elevated levels of free 
ubiquitin were confirmed by Western blotting (data not shown). We performed a 
spot dilution assay on the YPD plates containing three different concentrations 
APAP (0, 70, 80 mM). Indeed, ubiquitin overexpression resulted in increased 
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sensitivity to APAP, i.e. it suppressed the resistance phenotype of this set of 
mutants, Figure 3A. Furthermore, a spot dilution assay with lower APAP 
concentrations 50 and 60 mM, at which WT cells are normally not sensitive, also 
showed that ubiquitin overexpression increased sensitivity of WT cells to APAP, 
Figure 3B. Therefore, we conclude that cellular levels of ubiquitin are important 
for APAP tolerance. 

 

Figure 3. Ubiquitin overexpression confers APAP sensitivity. Strains WT, mms2, 
ubc13, ubi4, ubp6 and doa1 were transformed with a multicopy plasmid 
expressing a ubiquitin gene from the UBI4 promoter and an empty plasmid as a 
control. A spotting assay was performed on YPD plates containing 70, 80 and 90 mM 
APAP (A). A spotting assay performed with WT cells on YPD plates containing 50 and 
60 mM APAP (B). YPD plates without APAP were the control. The plates were 
incubated at 37oC for 3 days for APAP containing plates and 2 days for the control 
plate. All strains exhibited higher sensitivity to APAP upon ubiquitin overexpression. 

 

APAP-induced changes in ubiquitination 

Next, we investigated whether APAP exposure has an effect on cellular ubiquitin 
levels. A Western blot with protein extracts from WT cells, ∆ubi4, ∆doa1, and 
∆ubp6 strains treated with different concentrations of APAP after prior 
adaptation to 37oC for 5 hrs was probed with a ubiquitin antibody, Figure 4. A 
dose-dependent increase in free ubiquitin in WT cells was detected.  The ∆ubi4, 
∆doa1 and ∆ubp6 strains showed indeed a reduced level of ubiquitin in the 
absence of APAP, which was relatively unaffected by APAP exposure. In ∆doa1, 
free ubiquitin levels were below detection level and poly-ubiquitination was 
relatively unaffected by APAP treatment. Furthermore, the WT strain showed the 
highest level of (poly)ubiquitination in untreated cells, with a dose-dependent 
decrease. In contrast, ubiquitin deficient strains ubi4, ∆doa1 and ∆ubp6 showed 
lower overall level of (poly)ubiquitination with no or a modest dose-dependent 
decrease.  

 

Figure 4. APAP affects levels of free ubiquitin in yeast.  The WT, ubi4, doa1 and 
ubp6 cells were grown exponentially and treated with 0, 25 or 50 mM APAP for 2 hrs at 
37oC before harvesting. 4A) Western blot with antibodies against ubiquitin. 4B) Western 
blot with anti-actin antibodies was used as an internal control for loading. 
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Ubiquitin deficiency and other drugs 

Ubiquitin is generally considered to be required during stress response. Ubiquitin 
deficiency makes cells susceptible to a variety of chemical and environmental 
stresses such as heat shock, DNA damage, exposure to heavy metals, protein 
misfolding, inhibition of translation, and starvation (Finley et al. 1987; Hanna et 
al. 2003; Chernova et al. 2003). This is in sharp contrast to our observation that 
ubiquitin deficiency confers resistance to APAP.  In order to directly compare the 
effect of ubiquitin deficiency in yeast on drug sensitivity, WT and the APAP 
resistant strains mms2, doa1, doa4, ubp6 and ubi4 were treated with 
APAP, its isomer AMAP and various other chemicals, Figure 5. The spot dilution 
assay highlights the opposite effect of ubiquitin deficiency, shown by increased 
resistance to APAP versus enhanced sensitivity towards ibuprofen (analgesic and 
antipyretic), arsenic trioxide and H2O2 (oxidative stress), MMS (DNA damage), 
cadmium (heavy metal) and cycloheximide (translation inhibitor), benomyl 
(fungicide), quinine (anti-malaria), FTY20 (immunosuppressor) and rapamycin 
(inhibitor of TOR) in doa1, doa4, ubp6 and ubi4.  Strain mms2 showed 
enhanced resistance towards APAP, AMAP, and quinine, and sensitivity towards 
MMS as expected. Notably, AMAP and APAP showed differential toxicity profiles 
for ubi4, doa1, doa4, but not ubp6.  In these deletion strains, AMAP was very 
similar to quinine in its response.  

 

 

Figure 5. Ubiquitin deficient strains are uniquely APAP resistant and sensitive for a 
variety of chemicals. The individual dots represent five-fold dilution of the cells: they 
were spotted on YPD plates with and without the chemicals.  The overall conditions were: 
70 mM APAP, 90 mM AMAP, 4 mM quinine and 400 μg/μl rapamycin all grown for 5 days; 
1 μg/ml cadmium, 0.1 mM arsenic (III)-oxide, 50 mM H2O2, 0.25 μM cycloheximide (CHX), 
30μg/ml benomyl, 0.01% MMS and 15 μM FTY20, all grown for three days; and 2.5 mM 
ibuprofen grown for 6 days. The plates were incubated at 37oC. 

Discussion 

APAP has been marketed for more than 60 years, but a consensus on the 
mechanism of action is still lacking. Also, potential off-targets involved in APAP 
toxicity, apart from e.g. NQO2 (Miettinen and Björklund 2014), remain largely 
unknown. Previously, it was shown that transcription factors Yap1, Yrr1 and 
Pdr1, all involved in the multidrug response, and the ABC transporter Snq2 play a 
role in susceptibility to APAP toxicity (Srikanth et al. 2005), presumably by 
lowering the intracellular concentration of APAP by increased efflux. In this 
study, yeast deletion mutants were chosen to identify genes that play a role in 
APAP tolerance. The APAP concentrations we used were ~25-50-fold higher than 
the plasma concentrations reached in patients with an APAP-overdose (1-2 mM) 
(Dargan et al. 2001). However, as drug efflux is extremely efficient in yeast, these 
high concentrations were needed to confer inhibition of growth.  

Our study identified several cellular pathways that are involved in APAP toxicity, 
some of which have been found previously to influence cytotoxicity of other 
chemicals. Toxicity of APAP is clearly enhanced at higher temperatures. We 
identified a crucial role for ubiquitin in the toxicity of APAP, both at 30oC and at 
37oC. Not only is the cellular concentration of ubiquitin important for APAP 
tolerance, also various processes controlled by ubiquitination are pivotal. For 
example, loss-of-function alleles of genes related to ubiquitination, such as the 
polyubiquitin encoding gene UBI4, the E2 Ubiquitin-conjugating enzyme 
encoding genes UBC11, CDC34, MMS2 and UBC13, and the E3 Ubiquitin-ligase 
encoding genes RSP5 and HRD1 had an impact on APAP toxicity. Next, we 
investigated various deletion strains with a known reduced concentration of free 
ubiquitin, namely ∆doa1, ∆doa4 and ∆ubp6 (Hanna et al. 2003), which all showed 
elevated resistance towards APAP. This is in sharp contrast to the common 
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unknown. Previously, it was shown that transcription factors Yap1, Yrr1 and 
Pdr1, all involved in the multidrug response, and the ABC transporter Snq2 play a 
role in susceptibility to APAP toxicity (Srikanth et al. 2005), presumably by 
lowering the intracellular concentration of APAP by increased efflux. In this 
study, yeast deletion mutants were chosen to identify genes that play a role in 
APAP tolerance. The APAP concentrations we used were ~25-50-fold higher than 
the plasma concentrations reached in patients with an APAP-overdose (1-2 mM) 
(Dargan et al. 2001). However, as drug efflux is extremely efficient in yeast, these 
high concentrations were needed to confer inhibition of growth.  

Our study identified several cellular pathways that are involved in APAP toxicity, 
some of which have been found previously to influence cytotoxicity of other 
chemicals. Toxicity of APAP is clearly enhanced at higher temperatures. We 
identified a crucial role for ubiquitin in the toxicity of APAP, both at 30oC and at 
37oC. Not only is the cellular concentration of ubiquitin important for APAP 
tolerance, also various processes controlled by ubiquitination are pivotal. For 
example, loss-of-function alleles of genes related to ubiquitination, such as the 
polyubiquitin encoding gene UBI4, the E2 Ubiquitin-conjugating enzyme 
encoding genes UBC11, CDC34, MMS2 and UBC13, and the E3 Ubiquitin-ligase 
encoding genes RSP5 and HRD1 had an impact on APAP toxicity. Next, we 
investigated various deletion strains with a known reduced concentration of free 
ubiquitin, namely ∆doa1, ∆doa4 and ∆ubp6 (Hanna et al. 2003), which all showed 
elevated resistance towards APAP. This is in sharp contrast to the common 
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observation that ubiquitin plays a protective role towards drug exposure as 
apparent in e.g. DNA repair by modification of PCNA (Chen et al. 2011) and 
histones (Giannattasio et al. 2005) or in the removal of unfolded or damaged 
proteins by the proteasome during stress (Finley et al. 1987). Furthermore, 
GPCRs and transporters are modified by ubiquitin to guide their internalization 
from the plasma membrane (Hicke 1999).  

Ubiquitin is an abundant and highly conserved protein in eukaryotes. Free 
ubiquitin concentrations are regulated by a variety of regulatory mechanism 
governed by the expression of precursors fused to ribosomal proteins and of 
polyubiquitin polypeptides (Komander and Rape 2012; Finley et al. 2012). These 
precursors are cleaved by deubiquitinase enzymes (DUBs) to release ubiquitin 
monomers. Specialized DUBs exist to control ubiquitin homeostasis by recycling 
ubiquitin-chains added to proteins channeled to the proteasome or by removing 
ubiquitin from modified proteins like histones, PCNA and membrane proteins. 
Our results indicate that the pool of free ubiquitin contributes to the toxicity of 
APAP. For instance, ∆ubi4 confers resistance to APAP, although previous studies 
showed an enhanced sensitivity of ∆ubi4 for high temperature, starvation and 
amino acid analogs (Finley et al. 1987). Other examples illustrating the 
importance of ubiquitin in drug toxicity are the negative effects of loss of the 
proteasome-associated deubiquitination enzyme Ubp6 on drug sensitivity 
towards translational inhibitors (Hanna et al. 2003; Chernova et al. 2003). 
Deletion of another deubiquitinase gene, DOA4, results in increased sensitivity to 
heat stress, cadmium and canavanine (Swaminathan et al. 1999). The ubiquitin-
binding protein Doa1 is essential for protection against DNA damaging agents 
and overexpression of ubiquitin is able to rescue the proper ubiquitination of 
PCNA, while H2B ubiquitination is strictly dependent on the presence of Doa1 
(Lis and Romesberg 2006). Notably, while the Ubiquitin Proteasome System is 
using K48-linked ubiquitin chains, the DNA damage response in metazoans is 
dependent on K63-linked chains. 

The genome-wide loss-of-function screen identified several genes with a strong 
bias to DNA damage. Ubc13 and Mms2 are involved in the poly-ubiquitination of 
Pol30, the yeast equivalent of PCNA by the E3 Rad5. PCNA ubiquitination 
regulates the switch from regular DNA synthesis to translesion synthesis (TLS) or 

 

error-free DNA damage tolerance (DDT) during DNA repair (Andersen et al. 
2008). Deletion of UBC13 prevents the entry of the error-free DDT-phase, 
allowing TLS error-prone polymerases to introduce mutations as a consequence. 
However, ∆rad5 was not resistant. This might be explained by the fact that Rad5 
has multiple roles in cellular response to DNA damage during chromosome 
replication, post replication repair and translation DNA synthesis (Gangavarapu 
et al. 2006; Unk et al. 2010; Halas et al. 2011). The subsequent more detailed 
screen that was focused on nuclear processes, and included mutants of essential 
genes and multiple concentrations of APAP, did not corroborate DNA repair as a 
pathway involved in APAP toxicity, consistent with the general safety profile of 
the drug. However, APAP is reported to effect mitosis and disturb spindles in 
mammalian cells (Jensen et al. 1996). Perhaps Mms2 and Ubc13 have another 
role besides modification of PCNA related to APAP tolerance or ubiquitin 
homeostasis. For example, absence of Mms2 and Ubc13 might prevent the 
activation of a cell-cycle arrest induced by APAP.  

The cellular processes that were found to be involved in APAP sensitivity or 
resistance are protein trafficking, chromatin remodeling, and RNA polymerase II 
transcription, which are all, at least in part, regulated by ubiquitination. 
Interestingly, deletion of RTG1, RTG2, RTG3 and MKS1 results in resistance to 
APAP toxicity, suggesting that the mitochondrial retrograde signaling pathway, 
which is involved in both mitochondrial quality control and nutrient signaling, 
also plays a role in APAP-induced toxicity (Magasanik and Kaiser 2002; Conrad et 
al. 2014). Diclofenac, another common analgesic, causes mitochondrial 
dysfunction by reactive oxygen species (ROS) production through interference 
with the electron transport chain (ETC) (van Leeuwen et al. 2011). In contrast, 
APAP exposure does not cause an increase in ROS in yeast (Srikanth et al. 2005). 
The APAP-induced growth arrest in WT cells is likely a result of impairment of 
one or more crucial cellular processes, regulated by ubiquitination, which 
prevents cell growth but does not kill the cells. 

Genes involved in the regulation of transcription are important for the versatility 
of yeast to respond to stress, Table 1. Especially, deletion of genes encoding 
components of the Swr1 chromatin remodeling complex (Rando and Winston 
2012) were prominent amongst the sensitive strains (ARP6, SWC3, SWC5, SWR1, 
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VPS7, VPS72). Also, deletion of HTZ1, encoding histone variant H2AZ and a 
substrate for Swr1, resulted in a higher APAP sensitivity than WT. These findings 
suggest that gene induction is vital for survival under APAP-induced stress. 
However, these findings are not specific for APAP since deletion of genes 
involved in chromatin modification were also essential for the survival upon 
arsenic and quinine exposure (Zhou et al. 2009; Dos Santos and Sá-Correia 2011). 

GO enrichment analysis on biological processes identified genes involved in 
protein transport and establishment of protein localization, including CVT 
pathway, protein targeting to vacuole and Golgi, retrograde and vesicle-mediated 
transport, see Table 1. This might be related to the expression of ABC 
transporters that modulate extrusion of APAP (15). Also, these processes are 
often ubiquitin regulated, such as the internalization of membrane proteins 
internalization by endocytosis (Lauwers et al. 2010).  

In conclusion, we found that APAP can influence free ubiquitin levels and our 
genetic evidence suggests that ubiquitin levels contribute to APAP toxicity, which 
implies that ubiquitin levels should be considered an important endpoint for 
drug toxicity studies. Free ubiquitin levels are crucial for the regulation of a wide 
variety of processes related to protein turnover, endocytosis, DNA repair and 
chromatin remodeling and transcription, see Figure 6. Recycling of ubiquitin 
from histones or polyubiquitin chains by deubiquitinating enzymes (like Ubp6 
and Doa4) will determine the concentration of free ubiquitin available to 
properly regulate many cellular processes (Groothuis et al. 2006). APAP-induced 
stress affects ubiquitination of various target proteins resulting in a reversible 
growth arrest, Figure 1. Deletion of several E3 Ub ligase genes resulted in 
resistance, suggesting that the absence of specific protein ubiquitinations 
correlates with resistance. For instance, several amino acid permeases are 
rapidly ubiquitinated and degraded upon APAP exposure (Huseinovic et al. 
2018), Chapter 4. Based on our findings, one could design a small set of yeast 
deletion strains for drug toxicity profiling that, like in Figure 5, might be very 
useful in classifying drugs and further elucidating the differences in toxicity 
caused by either APAP or its meta-isomer AMAP (Xie et al. 2015). 

  

 

 

 

Figure 6. Model to illustrate the effect of APAP on various cellular processes 
through ubiquitination. In WT cells, the APAP-induced changes in ubiquitination lead to 
a growth arrest, while in ubiquitin-depleted mutants growth arrest is prevented and cells 
become resistant. 
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Supporting information 

 

Figure S1. Complementation assay of APAP resistant strains. Single-copy plasmids 
containing MMS2, UBC13, DOA1, or UBP6 were transformed into the corresponding 
deletion strains, to confirm that the APAP resistance phenotype is due to the deletion of 
the genes.  The individual spots represent a series of five-fold dilutions of the cell 
cultures, which were spotted on YPD plates with and without 80 mM APAP.  The plates 
were incubated at 37oC for two days. 
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Supporting information 

 

Figure S1. Complementation assay of APAP resistant strains. Single-copy plasmids 
containing MMS2, UBC13, DOA1, or UBP6 were transformed into the corresponding 
deletion strains, to confirm that the APAP resistance phenotype is due to the deletion of 
the genes.  The individual spots represent a series of five-fold dilutions of the cell 
cultures, which were spotted on YPD plates with and without 80 mM APAP.  The plates 
were incubated at 37oC for two days. 
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Figure S2. Complementation assay of APAP sensitive strains. Single-copy plasmids 
containing HTZ1, GCN5, SWC3 or VPS71 were transformed into the corresponding 
deletion strains, to confirm that the APAP sensitive phenotype is due to the deletion of 
the genes.  The individual spots represent a series of five-fold dilution of the cells, which 
were spotted on YPD plates with and without 70 mM APAP.  The plates were incubated at 
37oC for two days. 

 
  

 

Text S1. Description of the genome-wide screen for nonessential 
deletion mutants with altered APAP sensitivity, and the comparison 
of cell growth at 100mM APAP, 30oC and 70 mM APAP, 37oC. 

Genome-wide screen for APAP resistant yeast mutants  

Material and methods 

The Saccharomyces cerevisiae nonessential gene deletion collection (Open 
Biosystems, Huntsville, AL) (Giaever et al. 2002) was pinned onto four plates of 
YEPD containing 16 mg/ml APAP in a format that contains 1536 deletion mutant 
strains per plate. Plates were grown at 37ºC and photographed with a digital 
camera (Canon Powershot G5, 5.0 megapixels). Images were converted to 
greyscale in Photoshop (Adobe) and saved as .tif file. In addition, images were 
cropped and rotated by Quantity One software (Bio-Rad). Images were 
automatically loaded, background was corrected and the images were overlaid 
with a grid to detect colonies in CellProfiler software (Carpenter et al. 2006; 
Lamprecht et al. 2007; Jones et al. 2008). For each colony, the integrated intensity 
(colony size + intensity) and the area (colony size) were exported to Excel, after 
which non-growing colonies (area = 1) were removed from the dataset. The 
average integrated intensity ± standard deviation (SD) was calculated and a 
confidence interval of 95% was set as average + 2 * SD per plate. Two 
independent experiments were done with the full deletion mutant collection and 
analyzed as described above. Deletion mutant strains with an integrated intensity 
larger than the confidence interval in both experiments were selected for further 
analysis, see Table S1.  Spot dilution assays were used to verify the resistance of 
Δrfx1, Δubc13 and Δirx1, as well as Δmms2. Various deletion strains were scored 
as false positives, because only a small number of cells showed enhanced growth 
potential on APAP. 
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Comparison of APAP screen incubations at 100mM APAP, 30oC and 
70 mM APAP, 37oC. 

The screens were performed as described in the Material and methods section. 
The images of plates grown for 1 day at 30oC with 100 mM APAP or at 37oC with 
70 mM APAP were analyzed using the online application SGAtools (Wagih et al. 
2013) . The colony sizes for each strain were quantified and expressed as area 
pixel number, Table S6. Each strain was normalized against the average of the 
four WT colonies on each plate and the first 179 strains with higher growth that 
WT (approximately 1.2 times) were chosen for gene ontology (GO) analysis for 
each condition separately, and for the set of strains that showed resistance in 
both conditions. GO analysis was perform using a web application provided by 
the SGD database, Table A. 

 

 

Table S1: APAP resistant strains at 30oC 100 mM and 37oC 70 mM, and GO enrichment of 
biological processes in alphabetical order  
Resistant strains at 30oC at 100 mM APAP  (179 out of 1522) 

AAD4, AIM32, AIR2, ALB1, ANY1, APC1, APC2, APC4, ARO80, BDF2, BLM10, BOI2, BST1, BUB2, 
BUD3, CAC2, CAP2, CBC2, CDC23, CDC34, CDC36, CDC39, CLB1, CMP2, CPA1, CRN1, CSG2, 
CTI6, CUL3, DAL81, DBP3, DFG10, DFG16, DMA2, DOT6, DPB2, DPB11, ECM5, ENT4, ESS1, 
FAR8, FAR10, FPR1, FRE4, FUN30, GAC1, GFD2, GNP1, GPA2, GRX4, GYP8, HAT1, HEK2, HMT1, 
HNT1, HOS1, HSM3, HUL5, INP51, ISY1, ITC1, IXR1, KAR5, KGD1, LAG1, LIF1, LIN1, LSM7, 
MAD1, MBP1, MED6, MIG1, MMS2, MNL1, MPE1, MRX1, MSH2, MTC7, NAM7, NCS2, NHP6A, 
NMD2, NUC1, NUT2, OAF1, OCA1, OCA5, PAC1, PAM17, PBP1, PEA2, PEX22, PEX34, PHB2, 
PHO84, PHO86, PKH1, POM152, PPH22, PPZ1, PRS5, PSY4, PTK2, PTP1, PUS1, QCR10, RAD51, 
RAS1, RAS2, REX4, RGR1, RIM8, RIM13, RIM20, RPA14, RPB2, RPB5, RPL8B, RPL16A, RPL34B, 
RSC4, RSP5, RTG1, RTG2, RVS167, SAP185, SCJ1, SCS3, SCW11, SET4, SHE4, SIP1, SIW14, SKI3, 
SKI8, SKN7, SLX1, SLX4, SMA2, SNT2, SPC2, SPT2, STB1, STE24, STP1, STP2, STP4, SXM1, 
TAF7, TAF8, TAF12, TFB3, TFB4, TIR3, TMA23, TPM2, TRM10, TSA1, TSR3, TYR1, UBA3, 
UBC11, UBC13, UBP5, UBP11, UCC1, UFD2, UGA1, UME1, UPF3, USA1, YCH1, YGL046W, 
YGL081W, YGR122W, YHP1, YKU70, YOR342C, YPR084W, YSY6 

GO terms and genes p-value 

Protein ubiquitination (21 out of 101 
APC1, APC2, APC4, CDC23, CDC34, CDC36, CUL3, DMA2, ESS1, HUL5, MMS2, 
MPE1, NAM7, PEX22, RSP5, SNT2, UBC11, UBC13, UCC1, UFD2, UPF3 

6.725E-10 
 

RNA polymerase II transcriptional pre-initiation complex assembly  

(7 out of 24) 
DAL81, ESS1, MED6, NHP6A, TAF7, TAF8, TAF12 

7.612E-04 

Mitotic cell cycle phase transition (19 out of 97) 
APC1, APC2, APC4, BUB2, CDC23, CDC34, CLB1, DMA2, DPB11, ESS1, GAC1, 
MAD1, MBP1, PPH22, PTK2, SAP185, STB1, UBC11, YHP1 

4.686E-07 
 

Mitochondria-nucleus signaling pathway (2 out of 5) 
RT1G, RTG2 

1.206E-02 
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Table S1: APAP resistant strains at 30oC 100 mM and 37oC 70 mM, and GO enrichment of 
biological processes in alphabetical order (continue) 
Resistant strains at 37oC at 70 mM APAP  (179 out of 1522)  

AAD4, ADD66, AHC1, AIM32, AIR2, ALG3, ALP1, ANY1, APC1, APC2, APC4, APL6, BMH2, BNI4, 
BNR1, BOI2, BST1, BUD3, BUL2, CAP1, CAP2, CBC2, CDC4, CDC23, CDC34, CDC36, CDC39, 
CHK1, CLB1, CLB3, CMP2, CPA1, CSG2, CTI6, CUL3, DAL81, DBP3, DFG16, DMA2, DPB2, 
DPB11, ECM21, ENT4, EOS1, ESS1, FAR3, FAR8, FAT1, FKH1, FUN30, FUS3, FYV8, GAC1, 
GAL11, GDS1, GEF1, GFD2, GNP1, GRX4, GSH2, GTB1, GUF1, GYP8, HAP5, HAT1, HNT1, HRD1, 
HSM3, HUL5, IMP2, ISY1, IXR1, JHD2, KAR5, KGD1, LIA1, LIF1, MAD1, MBP1, MED6, MKS1, 
MMS2, MNL1, MPE1, MRN1, MRX1, MRX11, MSA2, MSH6, MSL1, MTC7, NAM7, NHP6A, NMD2, 
NUT2, OAF1, OCA1, PAC1, PBP1, PBS2, PEA2, PET18, PEX17, PEX22, PEX34, PHO84, PKH1, 
PPG1, PRE9, PSY4, PTK2, RAD59, RAS2, REC114, RGR1, RIM13, RIM20, RKR1, RPB2, RPB5, 
RPL8B, RPL16A, RPS6B, RPS29A, RSP5, RTG1, RTG2, RTG3, RTT10, RVS167, SAK1, SCD6, SCJ1, 
SCW11, SDS3, SET4, SIW14, SKI2, SKI8, SKN7, SLX1, SLX4, SMA2, SRB4, SSA2, SSK1, STE24, 
STP1, STP2, STP4, SXM1, TAF7, TAF8, TAF12, TAN1, TDA3, TFB3, TFB4, TIR3, TMA23, TOF1, 
TOM7, TPM2, TSR3, UBC11, UBC13, UBP1, UBP11, UBR1, UCC1, UPF3, YCH1, YGL081W, 
YGR122W, YHP1, YMR102C, YNG1, YNR065C, YSY6 

GO terms and genes p-value 

Protein ubiquitination (25 out of 101) 
APC1, APC2, APC4, BMH2, BUL2, CDC4, CDC23, CDC34, CDC36, CUL3, DMA2, 
ESS1, HRD1, HUL5, MMS2, MPE1, NAM7, PEX22, RKR1, RSP5, UBC11, UBC13, 
UBR1, UCC1, UPF3 

1.60E-04 
 

RNA polymerase II transcriptional preinitiation complex assembly  

(9 out of 24) 
DAL81, ESS1, GAL11, MED6, NHP6A, SRB4, TAF7, TAF8, TAF12 

1.66E-03 
 

Mitotic cell cycle phase transition (20 out of 97) 
APC1, APC2, APC4, CDC4, CDC23, CDC34, CHK1, CLB1, CLB3, DMA2, DPB11, 
ESS1, FKH1, GAC1, MAD1, MBP1, MSA2, PTK2, UBC11, YHP1 

5.62E-03 
 

Mitochondria-nucleus signaling pathway (4 out of 5) 
MKS1, RTG1 ,RTG2, RTG3 

7.97E-04 
 

  

 

Table S1: APAP resistant strains at 30oC 100 mM and 37oC 70 mM, and GO enrichment of 
biological processes in alphabetical order (continue) 
Resistant strains overlap between 30oC and 37oC (114 out of 1522) 

64% overlap 
AAD4, AIM32, AIR2, ANY1, APC1, APC2, APC4, BOI2, BST1, BUD3, CAP2, CBC2, CDC23, CDC34, 
CDC36, CDC39, CLB1, CMP2, CPA1, CSG2, CTI6, CUL3, DAL81, DBP3, DFG16, DMA2, DPB2, 
DPB11, ENT4, ESS1, FAR8, FUN30, GAC1, GFD2, GNP1, GRX4, GYP8, HAT1, HNT1, HSM3, 
HUL5, ISY1, IXR1, KAR5, KGD1, LIF1, MAD1, MBP1, MED6, MMS2, MNL1, MPE1, MRX1, MTC7, 
NAM7, NHP6A, NMD2, NUT2, OAF1, OCA1, PAC1, PBP1, PEA2, PEX22, PEX34, PHO84, PKH1, 
PSY4, PTK2, RAS2, RGR1, RIM13, RIM20, RPB2, RPB5, RPL8B, RPL16A, RSP5, RTG1, RTG2, 
RVS167, SCJ1, SCW11, SET4, SIW14, SKI8, SKN7, SLX1, SLX4, SMA2, STE24, STP1, STP2, STP4, 
SXM1, TAF7, TAF8, TAF12, TFB3, TFB4, TIR3, TMA23, TPM2, TSR3, UBC11, UBC13, UBP11, 
UCC1, UPF3, YCH1, YGL081W, YGR122W, YHP1, YSY6 

GO terms and genes p-value 

Protein ubiquitination (19 out of 104) 
90% overlap with 30oC 
75% overlap with 37oC 
APC1, APC2, APC4, CDC23, CDC34, CDC36, CLB1, CUL3, DMA2, DPB11, ESS1, 
GAC1, HUL5, MAD1, MBP1, MMS2, MPE1, NAM7, NMD2, PEX22, PTK2, RSP5, 
RTG1, RTG2, SKI8, UBC11, UBC13, UCC1, UPF3, YHP1 

1.02E-04 
 

Transcription initiation from RNA polymerase II promoter  
(7 out of 33) 
100% overlap with 30oC 
78% overlap with 37oC 
DAL81, ESS1, MED6, NHP6A, TAF7, TAF8, TAF12 

1.36E-02 
 

Mitotic cell cycle phase transition (15 out of 97) 
79% overlap with 30oC 
75% overlap with 37oC 
APC1, APC2, APC4, CDC23, CDC34, CLB1, DMA2, DPB11, ESS1, GAC1, MAD1, 
MBP1, PTK2, UBC11, YHP1 

3.55E-03 
 

Mitochondria-nucleus signaling pathway (2 out of 5) 
100% overlap with 30oC 
40 % overlap with 37oC 
RTG1, RTG2 

4.64E-02 
 

Note: GO enrichment for 30oC is calculated against whole genome as background. Only the values of 
p<0.05 are listed in the table 
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Table S1: APAP resistant strains at 30oC 100 mM and 37oC 70 mM, and GO enrichment of 
biological processes in alphabetical order (continue) 
Resistant strains at 37oC at 70 mM APAP  (179 out of 1522)  

AAD4, ADD66, AHC1, AIM32, AIR2, ALG3, ALP1, ANY1, APC1, APC2, APC4, APL6, BMH2, BNI4, 
BNR1, BOI2, BST1, BUD3, BUL2, CAP1, CAP2, CBC2, CDC4, CDC23, CDC34, CDC36, CDC39, 
CHK1, CLB1, CLB3, CMP2, CPA1, CSG2, CTI6, CUL3, DAL81, DBP3, DFG16, DMA2, DPB2, 
DPB11, ECM21, ENT4, EOS1, ESS1, FAR3, FAR8, FAT1, FKH1, FUN30, FUS3, FYV8, GAC1, 
GAL11, GDS1, GEF1, GFD2, GNP1, GRX4, GSH2, GTB1, GUF1, GYP8, HAP5, HAT1, HNT1, HRD1, 
HSM3, HUL5, IMP2, ISY1, IXR1, JHD2, KAR5, KGD1, LIA1, LIF1, MAD1, MBP1, MED6, MKS1, 
MMS2, MNL1, MPE1, MRN1, MRX1, MRX11, MSA2, MSH6, MSL1, MTC7, NAM7, NHP6A, NMD2, 
NUT2, OAF1, OCA1, PAC1, PBP1, PBS2, PEA2, PET18, PEX17, PEX22, PEX34, PHO84, PKH1, 
PPG1, PRE9, PSY4, PTK2, RAD59, RAS2, REC114, RGR1, RIM13, RIM20, RKR1, RPB2, RPB5, 
RPL8B, RPL16A, RPS6B, RPS29A, RSP5, RTG1, RTG2, RTG3, RTT10, RVS167, SAK1, SCD6, SCJ1, 
SCW11, SDS3, SET4, SIW14, SKI2, SKI8, SKN7, SLX1, SLX4, SMA2, SRB4, SSA2, SSK1, STE24, 
STP1, STP2, STP4, SXM1, TAF7, TAF8, TAF12, TAN1, TDA3, TFB3, TFB4, TIR3, TMA23, TOF1, 
TOM7, TPM2, TSR3, UBC11, UBC13, UBP1, UBP11, UBR1, UCC1, UPF3, YCH1, YGL081W, 
YGR122W, YHP1, YMR102C, YNG1, YNR065C, YSY6 

GO terms and genes p-value 
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1.60E-04 
 

RNA polymerase II transcriptional preinitiation complex assembly  

(9 out of 24) 
DAL81, ESS1, GAL11, MED6, NHP6A, SRB4, TAF7, TAF8, TAF12 

1.66E-03 
 

Mitotic cell cycle phase transition (20 out of 97) 
APC1, APC2, APC4, CDC4, CDC23, CDC34, CHK1, CLB1, CLB3, DMA2, DPB11, 
ESS1, FKH1, GAC1, MAD1, MBP1, MSA2, PTK2, UBC11, YHP1 

5.62E-03 
 

Mitochondria-nucleus signaling pathway (4 out of 5) 
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7.97E-04 
 

  

 

Table S1: APAP resistant strains at 30oC 100 mM and 37oC 70 mM, and GO enrichment of 
biological processes in alphabetical order (continue) 
Resistant strains overlap between 30oC and 37oC (114 out of 1522) 

64% overlap 
AAD4, AIM32, AIR2, ANY1, APC1, APC2, APC4, BOI2, BST1, BUD3, CAP2, CBC2, CDC23, CDC34, 
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HUL5, ISY1, IXR1, KAR5, KGD1, LIF1, MAD1, MBP1, MED6, MMS2, MNL1, MPE1, MRX1, MTC7, 
NAM7, NHP6A, NMD2, NUT2, OAF1, OCA1, PAC1, PBP1, PEA2, PEX22, PEX34, PHO84, PKH1, 
PSY4, PTK2, RAS2, RGR1, RIM13, RIM20, RPB2, RPB5, RPL8B, RPL16A, RSP5, RTG1, RTG2, 
RVS167, SCJ1, SCW11, SET4, SIW14, SKI8, SKN7, SLX1, SLX4, SMA2, STE24, STP1, STP2, STP4, 
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GO terms and genes p-value 

Protein ubiquitination (19 out of 104) 
90% overlap with 30oC 
75% overlap with 37oC 
APC1, APC2, APC4, CDC23, CDC34, CDC36, CLB1, CUL3, DMA2, DPB11, ESS1, 
GAC1, HUL5, MAD1, MBP1, MMS2, MPE1, NAM7, NMD2, PEX22, PTK2, RSP5, 
RTG1, RTG2, SKI8, UBC11, UBC13, UCC1, UPF3, YHP1 

1.02E-04 
 

Transcription initiation from RNA polymerase II promoter  
(7 out of 33) 
100% overlap with 30oC 
78% overlap with 37oC 
DAL81, ESS1, MED6, NHP6A, TAF7, TAF8, TAF12 

1.36E-02 
 

Mitotic cell cycle phase transition (15 out of 97) 
79% overlap with 30oC 
75% overlap with 37oC 
APC1, APC2, APC4, CDC23, CDC34, CLB1, DMA2, DPB11, ESS1, GAC1, MAD1, 
MBP1, PTK2, UBC11, YHP1 

3.55E-03 
 

Mitochondria-nucleus signaling pathway (2 out of 5) 
100% overlap with 30oC 
40 % overlap with 37oC 
RTG1, RTG2 

4.64E-02 
 

Note: GO enrichment for 30oC is calculated against whole genome as background. Only the values of 
p<0.05 are listed in the table 
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Abstract 

Post-translational protein modification by addition or removal of the small 
polypeptide ubiquitin is involved in a range of critical cellular processes, like 
proteasomal protein degradation, DNA repair, gene expression, internalization of 
membrane proteins, and drug sensitivity. We recently identified genes important 
for acetaminophen (APAP) toxicity in a comprehensive screen and our findings 
suggested that a small set of yeast strains carrying deletions of ubiquitin-related 
genes can be informative for drug toxicity profiling. In yeast, approximately 20 
different deubiquitinating enzymes (DUBs) have been identified, of which only 
one is essential for viability. We investigated whether the toxicity profile of DUB 
deletion yeast strains would be informative about the toxicological mode of 
action of APAP. A set of DUB deletion strains was tested for sensitivity and 
resistance to a diverse series of compounds, including APAP, quinine, ibuprofen, 
rapamycin, cycloheximide, cadmium, peroxide and amino acids and a cluster 
analysis was performed. Most DUB deletion strains showed an altered growth 
pattern when exposed to these compounds by being either more sensitive or 
more resistant than WT. Toxicity profiling of the DUB strains revealed a 
remarkable overlap between the amino acid tyrosine and acetaminophen (APAP), 
but not its stereoisomer AMAP. Furthermore, co-exposure of cells to both APAP 
and tyrosine showed an enhancement of the cellular growth inhibition, 
suggesting that APAP and tyrosine have a similar mode of action. 

 
Graphical abstract 

 

Introduction 

Acetaminophen (paracetamol, N-acetyl-para-aminophenol, APAP) is an 
abundantly used analgesic and antipyretic, which is freely available. Although 
generally considered safe, toxicological problems may occur due to overdose. 
Overdosis results in potentially fatal liver damage due to the metabolism of APAP 
into the chemically reactive quinone imine NAPQI by cytochrome P450s. 
However, the steroisomer of APAP, N-acetyl-meta-aminophenol (AMAP) is also 
toxic in precision-cut liver slices, although bioactivation into a quinone imine 
does not occur (Hadi et al. 2013). Studies in Saccharomyces cerevisiae as a model 
eukaryote showed that APAP itself was toxic and toxicity was increased in the 
absence of the ABC-transporter Snq2 (Srikanth et al. 2005)  In addition, by 
genetically decreasing the cellular levels of free ubiquitin, the toxicity of APAP 
was reduced (Huseinovic et al. 2017a). 

Ubiquitin, a highly conserved eukaryotic polypeptide of 76 amino acids, is one of 
most important players in the post-translational modification of proteins 
(Hershko and Ciechanover 1998; Finley et al. 2012). Via a dynamic process of 
addition and removal, mono- and poly-ubiquitination function as cellular signals 
to regulate many diverse processes, such as proteasomal protein degradation, 
DNA repair, gene expression and the trafficking of membrane proteins.  

S. cerevisiae contains four genes encoding ubiquitin. UBI1-3 are expressed during 
normal cell growth, while UBI4 (poly-ubiquitin gene) is expressed during stress 
(Finley et al. 1987). Ubiquitin conjugation involves ubiquitin-activating enzymes 
(E1), ubiquitin-conjugating enzymes (E2) and ubiquitin-ligases (E3). Briefly, the 
reaction is initiated by ATP-dependent activation of E1, which forms a thioester 
bond with ubiquitin. Subsequently, ubiquitin is transferred to an E2 enzyme and 
finally, E3 catalyzes the transfer of the C-terminus of ubiquitin to a lysine residue 
of the target protein (Hershko and Ciechanover 1998). Ubiquitin itself has seven 
lysine residues. To each of them, and to the N-terminus another ubiquitin moiety 
can be added, creating poly-ubiquitin chains (Akutsu et al. 2016). The type of the 
ubiquitin modification determines the fate of the target protein (Komander and 
Rape 2012). For example, proteins modified with a K48 poly-ubiquitin chain are 
usually targeted for proteasomal degradation, whereas K63 poly-ubiquitin chains 
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are known to regulate DNA repair and membrane protein trafficking (Finley et al. 
2012). Saccharomyces cerevisiae, has one E1, eleven E2s and 60-100 E3s, which 
indicates the complexity in cellular regulation (Finley et al. 2012). Furthermore, 
substrate specificity is achieved through the selective interaction of E3s with 
their target protein and the different E2-E3 combinations.  

Ubiquitination can be reversed by de-ubiquitinases (DUBs), adding another layer 
of regulation. DUBs are ubiquitin-specific proteases that cleave ubiquitin from 
target proteins and can be subdivided into several structural families: 1) the 
ubiquitin C-terminal hydrolase (UCH), 2) the ubiquitin specific protease (USP), 3) 
the ovarian tumor (OTU) domain, 4) the Machado-Josephin domain (MJD) and 5) 
the JAMM metalloenzyme domain (Nijman et al. 2005; Reyes-Turcu et al. 2009). 
In Saccharomyces cerevisiae, sixteen USP-members (Ubp1-16), one JAMM-
member (Rpn11), two OTU-members (Otu1, Otu2) and one UCH-member (Yuh1) 
have been identified (Finley et al. 2012), Table 1. Recently, two new yeast DUBs 
belonging to a structurally different class (MINDY) have been proposed (Abdul 
Rehman et al. 2016). Currently, one essential (Rpn11) and 21 non-essential DUBs 
have been identified in S. cerevisiae. 

One of the roles of DUBs is the release of monomeric ubiquitin from ubiquitin 
precursor proteins, such as the linear fusion of ubiquitin with ribosomal proteins 
(Ubi1, Ubi2, Ubi3) or the poly-ubiquitin protein Ubi4 (Finley et al. 1989). Also, 
deubiquitinating enzymes Doa4, Ubp6 and Ubp14 process poly-ubiquitin chains 
into ubiquitin monomers (Finley et al. 2012). The essential DUB Rpn11 plays a 
crucial role in regulating protein degradation and recycling of ubiquitin at the 
proteasome (Verma et al. 2002). Given these activities, it is not surprising that 
DUBs have been implicated in (almost) all cellular processes, Table 1, and that 
DUB deletion mutants show marked changes in the yeast proteome (Isasa et al. 
2015).  

The ability to cope with cellular stress, like heat (Fang et al. 2016), oxidative 
stress (Silva et al. 2015) or xenobiotics exposure (Chen and Piper 1995; Hanway 
et al. 2002; Welsch et al. 2003; Hanna et al. 2003; Zhou et al. 2009; Dos Santos 
and Sá-Correia 2011; Hwang et al. 2012; Huseinovic et al. 2017a), is partly 
determined by the level of free ubiquitin in the cell. In general, cellular stress 

 

requires elevated levels of ubiquitin; a deficiency in ubiquitin recycling (doa4∆ or 
ubp6∆) results in drug sensitive phenotypes. Indeed, UBI4 and DUB genes are 
frequently identified as being essential for survival in genome-wide drug-
sensitivity screens, see Table 2, like sensitivity to arsenic (Zhou et al. 2009), 
quinine (Dos Santos and Sá-Correia 2011), translational inhibitors such as 
cycloheximide (CHX) (Hanna et al. 2003), methylmercury (Hwang et al. 2012), 
immuno-suppressor FTY720 (Welsch et al. 2003), cadmium (Chen and Piper 
1995), and MMS and UV damage (Hanway et al. 2002). In contrast, 
acetaminophen (APAP) resistance in yeast unexpectedly requires a reduced, not 
an increased level of ubiquitin (Huseinovic et al. 2017a).  

In this study, we investigated whether a screen of a small number of deletion 
yeast strains, the DUB deletions, could be used as an efficient tool to examine 
parent drug toxicity and clarify the unique resistance pattern previously 
observed with APAP. Therefore, we also included deletion strains mms2∆, doa1∆ 
and ubi4∆, as well as rsp5-DAmP, a strain with reduced expression of the 
essential gene RSP5, see Table 1 for function. All four strains were recently 
identified as resistant to APAP (Huseinovic et al. 2017a). We used this setup to 
deduct APAP-induced toxicity in yeast and assayed the sensitivity/resistance of 
the non-essential DUB-deletion strains against a variety of drugs/chemicals and 
clustered the deletion strains based on their phenotypes.  
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Table 1. Cellular roles of proteins studied in DUB screen 
Gene Function 

Ubp1 Endocytosis Ste6 (Schmitz et al. 2005) 
Ubp2 Modulator of oxidative stress (Silva et al. 2015), deubiquitinates Rsp5 (Kee et 

al. 2006), multivesicular body biogenesis and cargo sorting of membrane 
proteins (Lam et al. 2009), and mitochondrial fusion (Anton et al. 2013) 

Ubp3 Involved in transport and osmotic response (Baker et al. 1992), anterograde 
and retrograde transport between the ER (Cohen et al. 2003), Ras/PKA 
signaling (Li and Wang 2013), role in ribophagy and autophagy during 
nitrogen starvation (Kraft et al. 2008), stress granule assembly (Nostramo et 
al. 2015), inhibitor of gene silencing (Moazed and Johnson 1996), and 
degradation of misfolded cytosolic proteins upon heat-stress (Fang et al. 
2016) 

Doa4 Paralog of Ubp5, recycling ubiquitin from proteasome-bound ubiquitinated 
proteins and from membrane membrane proteins destined for vacuolar 
degradation (Swaminathan et al. 1999), degradation of Tat2 under high 
pressure (Miura and Abe 2004), and level of monomeric ubiquitin is typically 
reduced in doa4 mutants (Nikko and André 2007) 

Ubp5 Paralog of Doa4, cytokinesis (Wolters and Amerik 2015), and overexpression 
of Ubp5 confers resistance to FTY720 (Welsch et al. 2003) 

Ubp6 Degradation of ubiquitin chains at the proteasome (Hanna et al. 2006) 
Ubp7 Paralog of Ubp11, S phase progression (Böhm et al. 2016) 
Ubp8 SAGA-mediated deubiquitination of histone H2B and Cse4 (Henry et al. 2003; 

Canzonetta et al. 2015)  
Ubp9 Paralog of Ubp13, and mitochondrial biogenesis (Kanga et al. 2012) 
Ubp10  Ribosome biogenesis (Richardson et al. 2012), PCNA deubiquitylation 

(Gallego-Sánchez et al. 2012), may regulate silencing by acting on Sir4p 
(Kahana and Gottschling 1999), endocytosis Gap1p (Kahana 2001), and 
histone H2BK123 deubiquitination (Gardner et al. 2005; Schulze et al. 2011) 

Ubp11 Paralog of Ubp7, and Ubp11 overexpression confers resistance to FTY20 
(Welsch et al. 2003) 

Ubp12 Mitochondrial fusion (Anton et al. 2013) 
Ubp13 Paralog of Ubp9, suppressor of cold sensitivity (Hernández-López et al. 

2011), and mitochondrial biogenesis (Kanga et al. 2012) 
Ubp14 Specifically disassembles unanchored ubiquitin chains (Amerik AYu et al. 

1997), involved in fructose-1,6-bisphosphatase (Fbp1p) degradation 
(Regelmann et al. 2003), and deletion causes stabilization of Tat2 under 
exposure to high pressure (Miura and Abe 2004) 

 

Ubp15 Peroxisome biogenesis (Debelyy et al. 2011), G1 to S phase progression 
(Ostapenko et al. 2015), and Ubp15-Ecm30 complex is involved in 
methionine synthesis and Gap1 sorting (Benschop et al. 2010; Costanzo et al. 
2011) 

Ubp16 Anchored to mitochondrial membrane, and function unknown (Kinner and 
Kölling 2003) 

Yuh1 Rub1 ubiquitin-like protein processing (Linghu et al. 2002) 
Otu1 ER-associated protein degradation (Stein et al. 2014) 
Otu2 unknown function, may interact with ribosome 
Mms2 E2 conjugating enzyme involved in error free DNA damage repair through 

polyubiquitination of PCNA (Gangavarapu et al. 2006) 
Rsp5 E2 ubiquitin ligase involved in Ub-dependent degradation of transmembrane 

proteins (Lauwers et al. 2010; Shiga et al. 2014), interaction with Ubp2 is 
required for transporter/receptor sorting in the multivesicular body 
pathway (Kee et al. 2006), degradation of cytosolic protein after heat shock 
(Fang et al. 2014), and biogenesis of rRNA, mRNA and tRNA (Domanska and 
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Romesberg 2006), and plays a role in sorting ubiquitinated membrane 
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Ubi4 Polyubiquitin gene expressed during stress response such as heat shock, DNA 
damage and starvation (Finley et al. 1987), and oxidative stress (Cheng et al. 
1994) 
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Material and methods 

Chemicals and stock solutions 

All drugs/chemicals were purchased from Sigma-Aldrich Co. LLC (St. Louis, MO, 
USA) at high purity except for benomyl, which was from Santa Cruz 
Biotechnology Inc. (Dallas, TX, USA). Yeast extract and peptone were obtained 
from Melford Laboratories Ltd. (Ipswich, UK), and yeast nitrogen base, glucose 
and amino acids were obtained from Sigma-Aldrich. 

Strains and media 

Haploid deletion strains of Saccharomyces cerevisiae with a BY4741 background 
(WT: MATa; ura3Δ0; leu2Δ0; his3Δ1; met15Δ0) were obtained from EUROSCARF 
(Frankfurt, Germany). For the purpose of the spot dilution assays, the yeast 
strains were grown in YPD medium (1% yeast extract 2% peptone 2% glucose 
and 2% agar for plates) and spotted on YPD medium containing different 
concentrations of drugs/chemicals. The spot dilution assay for the purpose of 
amino acid toxicity screen was performed on YNB medium (0.67% yeast nitrogen 
base, 2 % glucose, 2 % agar, 20 mg/l adenine, 20 mg/l uracil and amino acids: 20 
mg/l arginine, 20 mg/l histidine, 60 mg/l leucine, 30 mg/l lysine, 20 mg/l 
methionine, 50 mg/l phenylalanine, 200 mg/l threonine, 20 mg/l tryptophan, and 
30 mg/l tyrosine). 

Spot dilution assay 

The cells were grown overnight in YPD medium at 30oC. The cultures were 
subsequently diluted to an OD600 of 0.05 and 4 additional 5-fold serial dilutions 
were made. The cells were spotted on YPD or YNB agar plates using a 96-well 
replica plater (Sigma-Aldrich). The conditions were: YPD agar plates with or 
without chemicals: 50, 60, 70, 80 mM APAP; 70, 80, 90 and 100 mM N-acetyl-
meta-aminophenol (AMAP); 1, 2, 2.25, 2.5, 2.75 mM ibuprofen; 3, 3.2, 3.4, 3.5, 4 
and 4.7 mM quinine; 100, 200, 300 and 400 ng/µl rapamycin; 0.25, 0.5, 0.75 µM 
cycloheximide (CHX); 20, 30, 40, 50 and 60 mM peroxide (H2O2); 0,001%, 0.0025, 
0.005%, 0.01%, 0.015% methyl methanesulphonate (MMS); 4, 15 and 20 mM 
hydroxyurea (HU); 15 and 30 µg/ml benomyl; 0.05, 0.1 and 0.15 mM arsenic-III-

 

oxide; 0.05, 0.1, 0.25, 1 and 2 µg/ml cadmium chloride; and 9, 18 and 24 µM 
fingolimod (FTY720). YNB medium was used containing different concentrations 
of APAP (30. 40, 50 and 60 mM), phenacetin (1, 1.5, 3, 3,5 and 4 mM) and a 
surplus of individual amino acids in 5-15-fold access additional to already 
present amounts, see Supplementary File S1. Plates were incubated at 37oC and 
imaged daily for at least three days. The spot size and intensity were quantified 
using Wolfram Mathematica software.  

Spot dilution assay quantification 

Sensitive strains were determined using at least two biological replicates and 
concentrations showing impaired growth of DUB strains when compared to the 
WT, while resistant strains were determined from plates at least two plates 
where WT showed impaired growth. Relative sensitivity of DUB deletion strains 
in the toxicity spot dilution assay was expressed as the average difference in 
colony size between the assay conditions and a wild type reference strain over 
the colonies of the dilution series. Quantification of colony size was performed 
using digital image processing techniques on pictures taken from the solid media 
plates at predefined time points using a Mathematica Notebook for Mathematica 
version 11.1 (“Wolfram Research, Inc., Mathematica, Version 11.1” 2016).  

The Notebook accepted as input one or more images of spotting assay 
experiments with different mutant strains and a control image of wild type 
growth under the same conditions. Relative sensitivity was calculated using the 
following steps: 1) Convert the images to a gray scale representation; 2) Apply a 
top-hat transform filter with a threshold of 20 to equalize possible uneven 
illumination in the images; 3) Apply an Otsu cluster variance maximization filter 
(Otsu 1979) (“cluster” setting in the Threshold filter) to perform automatic 
clustering-based image thresholding to better define colonies and the boundaries 
between colony and medium; 4) Apply a binarization filter to convert the pixels 
of the detected colonies to 1 (white) and the background pixels to 0 (black); 5) 
Isolate the colonies in an image by partitioning into an equally spaced grid. The 
partitioning scheme used soft boundaries to ensure that each partition was of 
equal pixel size and compensated for minor misalignment of colonies in the grid 
cells. The latter prevented the edges of one colony to flow over into the grid cell 
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of another colony leading to false positives in colony pixel counts; 6) Count the 
white pixels in the binary image matrix of each partition as a measure of colony 
size; 7) Normalize the pixel count in each partition by the pixel count in the 
reference image; 8) Calculate the final value for sensitivity as an average of the 
colony size over the dilution series. All values were normalized against WT value 
for each plate. The obtained negative and positive values represented less or 
more growth when compared to WT, respectively. The cut-off value for the 
classification as sensitive or resistant was set to 1.5x standard deviation of each 
negative and positive value, respectively (Supplementary File S1).  The 
Mathematica Notebook with sample data is freely available from Github 
(https://github.com/marcvdijk/spot-assay-processor). 

Note that sensitivity of DUB strains towards drugs/chemicals measured in 
comparison to the WT followed a linear dose-response relationship and was 
easier and more straightforward to determine than resistance, which was only 
observed at higher concentrations. Despite a narrower dose-response correlation 
for drug/chemical resistance, a clear response was observed for e.g. APAP, 
tyrosine and phenylalanine. The discrepancy between sensitivity and resistance 
with respect to dose dependent growth inhibition was mitigated by the 
attribution of a qualitative “sensitivity", “resistance" or “neutral" label based on 
dynamic thresholding using the measurement standard deviations. This enabled 
us to determine sensitivity and resistance using the same method.  

Cluster analysis 

Cluster analysis of the measured sensitivity with respect to mutant strains and 
chemicals was performed using the R statistical environment (R Development 
Core Team 2008) version 3.3.0. Sensitivity data was clustered using 
agglomerative hierarchical clustering (hclust package) using Ward’s minimum 
variance method (ward.D) (Ward 1963; Murtagh and Legendre 2014) on a 
similarity matrix computed using a Euclidean distance measure (dist package). 
The cluster results were displayed as a heatmap using the pheatmap package 
with discreet colors to indicate sensitivity (orange) and resistance (blue) and 
with the hierarchical cluster dendrogram on both axes to illustrate similarity, 
Figure 5. 

 

Results 

A toxicity screen of DUB deletion strains 

Recently, a comprehensive genomic screen revealed that deletion strains lacking 
particular E2, E3 genes or DUBs were resistant to APAP (Huseinovic et al. 2017a). 
In addition, strains with reduced ubiquitin levels compared to WT cells were 
much more resistant to APAP. Two DUB deletion strains, doa4Δ and ubp6Δ, were 
also shown to be resistant to APAP. While the initial screen was successful, we 
did observe that analysis of mutants by spot-dilution assays provided a more 
sensitive readout than using growth of colonies on high-density arrays. 
Therefore, we tested the idea that analysis of a dedicated, carefully selected set of 
deletion mutants can be used for rapid and sensitive screening. Because DUBs are 
involved in the regulation of a wide variety of essential cellular processes, we 
tested a set of 19 non-essential DUB deletion yeast strains, Table 1, for their 
sensitivity and resistance towards APAP and a variety of drugs/chemicals. The 
screen was performed with a selection of drugs/chemicals known to affect 
processes regulated by ubiquitination, Table 2. In addition to the collection of 
DUB deletion strains, we included mms2∆ (known to result in MMS sensitivity 
and APAP resistance) and doa1∆, ubi4∆ and rsp5-DAmP, because they were 
previously identified as APAP resistant (Huseinovic et al. 2017a). Mms2 is an E2 
ubiquitin conjugating enzyme involved in error free DNA repair pathway, Doa1 is 
a WD repeat protein involved in ubiquitin recycling, vacuolar degradation 
pathway and DNA damage repair and Rsp5 is an E3 ubiquitin ligase responsible 
for ubiquitin-dependent degradation of amino acid transporters, Table 1. 

Spot-dilution assays were performed using different concentrations of the 
chemicals at 37oC because at this temperature APAP toxicity was significantly 
higher than at 30oC (Huseinovic et al. 2017a). Figure 1 represents such a screen 
for each compound/chemical at a concentration which inhibited growth of WT 
cells and therefore, the most obvious sensitivity/resistance differences, with the 
exception of MMS and HU.  WT cells tolerated the MMS and HU concentrations 
used, but some of the DUB deletion strains showed an enhanced sensitivity to 
MMS (mms2∆, doa1∆, doa4∆, ubi4∆, ubp2∆, ubp6∆, ubp10∆ and ubp14∆) or to HU 
(ubp10∆, doa1∆ and doa4∆). 
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Table 2. The list of drugs and chemicals used for the spot dilution analysis 
Chemicals Description Cellular process affected in yeast 

Acetaminophen 
(APAP) 

Analgesic and 
antipyretic (Bessems 
and Vermeulen 2001; 
Jaeschke et al. 2014) 

Ubiquitin homeostasis (Huseinovic et al. 2017a) 

N-acetyl-meta-
aminophenol 
(AMAP) 

Isomer of APAP 
(Bessems and 
Vermeulen 2001) 

Unknown 

Quinine Antimalaria drug  Tryptophan (nutrient) starvation in yeast and 
human, degradation of Tat2 (Khozoie et al. 2009; 
Dos Santos and Sá-Correia 2011; Islahudin et al. 
2012) 

Ibuprofen Analgesic and 
antipyretic  

Nutrient starvation, and degradation of Tat2 (He 
et al. 2014) 

Rapamycin Anti-cancer drug and 
immuno-suppressor 

Nutrient starvation through inhibition of TOR-
pathway, and degradation of Tat2 (Kapahi et al. 
2010; Loewith and Hall 2011; Conrad et al. 2014) 

Phenacetin Analgesic and 
antipyretic (Bessems 
and Vermeulen 2001) 

 

FTY720 Immuno-suppressor Internalization of TAT1 and TAT2 permeases, 
tryptophan starvation (Welsch et al. 2003) 

Cycloheximide 
(CHX) 

Antibiotic and 
fungicide 

Translational inhibitor in eukaryotic cells (Hanna 
et al. 2003) 

Benomyl Fungicide Disruption of mitotic spindle, and binds to 
microtubuli 

Cadmium Heavy metal  DNA damage, oxidative stress (Chen and Piper 
1995; Gardarin et al. 2010) 

Arsenic (III)-oxide Heavy metal, 
chemotherapy  

Enhances DSB, oxidative stress, formation of ROS, 
and DNA repair inhibition (Zhou et al. 2009) 

Methyl 
methanesulfonate 
(MMS) 

DNA alkylating agent DNA damage (Hanway et al. 2002; Lundin et al. 
2005)  

H2O2 Oxidant, disinfectant Oxidative stress (Silva et al. 2015) 
Hydroxyurea 
(HU) 

Chemotherapy drug Inhibition of DNA synthesis and DNA repair (Koç 
et al. 2004) 

 

  

 

In order to more accurately characterize the DUB deletion strains for their 
resistance or sensitivity to a certain drug/chemical, the cell growth in terms of 
spot intensity was quantified for different concentrations of each 
compound/chemical using a Mathematica Notebook. Strains were assigned 
resistant (R) or sensitive (S) with respect to wild type response to a 
drug/chemical based on a significant dose-response relationship in the measured 
spot intensities as summarized in Supplementary File S1. 

The majority of the DUB deletion strains showed a significant growth effect for 
one or more of the 13 drugs/chemicals tested, Figure 1. Exceptions were the 
deletion strains ubp9∆ (a paralog of ubp13∆), ubp5∆, ubp11∆, ubp12∆ and ubp16∆ 
which only showed increased sensitivity towards rapamycin. On the other hand, 
doa1∆, ubp2∆, ubp3∆, doa4∆, ubp6∆ and ubp10∆ showed an altered tolerance to 
almost all drugs. The toxicity profiles for ubp7∆ and ubp13∆ were comparable. 
For some drugs/chemicals, only sensitive strains were identified (HU, H2O2, MMS, 
all linked to DNA damage), whereas the other drugs/chemicals showed both 
sensitive and resistant deletion strains. 

 

Figure 1. DUBs deletion strains shows different resistance and sensitivity patterns 
for different types of chemicals in spot dilution assays. The DUB deletion strains 
were exposed to a variety of chemicals: 30 µg/ml benomyl, 0.01% MMS, 18 µM FTY720, 
0.25 µM cycloheximide (CHX), 4 mM HU, 0.1 mM arsenic-III-oxide and 1 µg/ml cadmium 
chloride, all for 3 days; 4 mM quinine, 60 mM APAP, 50 mM H2O2, 2.5 mM ibuprofen for 5 
days; 75 mM AMAP for 4 days and 200 ng/µl rapamycin for 6 days. The control plate was 
grown on YPD medium for 3 days.  
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Arsenic (III)-oxide Heavy metal, 
chemotherapy  

Enhances DSB, oxidative stress, formation of ROS, 
and DNA repair inhibition (Zhou et al. 2009) 

Methyl 
methanesulfonate 
(MMS) 

DNA alkylating agent DNA damage (Hanway et al. 2002; Lundin et al. 
2005)  

H2O2 Oxidant, disinfectant Oxidative stress (Silva et al. 2015) 
Hydroxyurea 
(HU) 

Chemotherapy drug Inhibition of DNA synthesis and DNA repair (Koç 
et al. 2004) 

 

  

 

In order to more accurately characterize the DUB deletion strains for their 
resistance or sensitivity to a certain drug/chemical, the cell growth in terms of 
spot intensity was quantified for different concentrations of each 
compound/chemical using a Mathematica Notebook. Strains were assigned 
resistant (R) or sensitive (S) with respect to wild type response to a 
drug/chemical based on a significant dose-response relationship in the measured 
spot intensities as summarized in Supplementary File S1. 

The majority of the DUB deletion strains showed a significant growth effect for 
one or more of the 13 drugs/chemicals tested, Figure 1. Exceptions were the 
deletion strains ubp9∆ (a paralog of ubp13∆), ubp5∆, ubp11∆, ubp12∆ and ubp16∆ 
which only showed increased sensitivity towards rapamycin. On the other hand, 
doa1∆, ubp2∆, ubp3∆, doa4∆, ubp6∆ and ubp10∆ showed an altered tolerance to 
almost all drugs. The toxicity profiles for ubp7∆ and ubp13∆ were comparable. 
For some drugs/chemicals, only sensitive strains were identified (HU, H2O2, MMS, 
all linked to DNA damage), whereas the other drugs/chemicals showed both 
sensitive and resistant deletion strains. 

 

Figure 1. DUBs deletion strains shows different resistance and sensitivity patterns 
for different types of chemicals in spot dilution assays. The DUB deletion strains 
were exposed to a variety of chemicals: 30 µg/ml benomyl, 0.01% MMS, 18 µM FTY720, 
0.25 µM cycloheximide (CHX), 4 mM HU, 0.1 mM arsenic-III-oxide and 1 µg/ml cadmium 
chloride, all for 3 days; 4 mM quinine, 60 mM APAP, 50 mM H2O2, 2.5 mM ibuprofen for 5 
days; 75 mM AMAP for 4 days and 200 ng/µl rapamycin for 6 days. The control plate was 
grown on YPD medium for 3 days.  
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Most DUB deletion strains showed an increased sensitivity to the chemicals that 
cause DNA damage and oxidative stress (MMS, peroxide, HU, arsenic and 
cadmium), translational inhibition (CHX) and inhibition of the TOR pathway 
(rapamycin), suggesting that whatever the particular drug/chemical is triggering, 
the deubiquitinating activity appears needed for cells to cope with the induced 
stress. The observation that ∆ubi4 is sensitive to most of the tested 
drugs/chemicals supports the notion that the availability of sufficient free 
ubiquitin is needed for growth. However, the effects of APAP appeared different 
from other drug/chemicals in that they resulted in a resistant phenotype for nine 
out of 24 strains tested (mms2∆, doa1∆, doa4∆, ubi4∆, ubp2∆, doa4∆, ubp6∆, 
ubp14∆, otu2∆ and rsp5-DAmP), while only four were sensitive (ubp3∆, ubp7∆, 
ubp8∆ and ubp13∆). Strains doa1∆, ubi4∆ and doa4∆ were uniquely resistant to 
APAP, while sensitive to other drugs/chemicals. Interestingly, the APAP 
regioisomer AMAP (Bessems and Vermeulen 2001), which differs from APAP by 
its meta position of the hydroxyl group, Figure 2, behaved differently than APAP 
in that only three strains were resistant (mms2∆, ubp2∆ and ubp6∆) and six were 
sensitive. The resistance patterns of mms2∆, ubp2∆, ubp6∆ and ubp14∆ revealed a 
partial overlap between APAP, AMAP, quinine, ibuprofen, rapamycin and FTY720, 
all know to induce nutrient starvation response in yeast and degradation of 
tryptophan permease Tat2, Table 2. Another observation for mms2∆ was the 
resistance towards several chemicals, while it only showed sensitivity to MMS. A 
more detailed comparison is presented below. 

 
Figure 2. Structures of APAP, AMAP, tyrosine, phenylalanine, ibuprofen and 
phenacetin. The structures were drawn by Chemdraw software. 

 

DUB screen reveals similarity in toxicity profile between APAP and 
tyrosine 

The uniqueness of the APAP resistance patterns in the DUB screen prompted us 
to investigate its mode of action further by searching for a drug/chemical that 
would show more resemblance to APAP. In our study, the DUB screen showed 
partial overlap in resistance between APAP and quinine, ibuprofen, rapamycin 
and FTY720, which all induce degradation of the high affinity amino acid 
permease Tat2 (Beck et al. 1999; Welsch et al. 2003; Khozoie et al. 2009). Tat2 is 
responsible for the uptake of tryptophan, tyrosine and phenylalanine and 
because of the structural similarities between APAP and tyrosine and tryptophan, 
Figure 2, it is conceivable that APAP results in endocytosis of Tat2 (Nikko and 
Pelham 2009).  

To test the sensitivity/resistance patterns of individual amino acids and compare 
them to APAP, we performed the DUB toxicity screen with various amino acids 
alongside APAP, Figure 3. In the nutrient-rich medium YPD, with a relatively high 
concentration of amino acids, we did not observe any effect on growth by adding 
an excess of tryptophan or tyrosine (data not shown). However, in minimal YNB 
medium, which contains most amino acids in predefined concentrations, addition 
of an excess of several amino acids resulted in clear phenotypes in our DUB 
screen. Therefore, we performed the spot-dilution assays in YNB medium, 
supplemented with a standard concentration of amino acids and with one 
particular amino acid added in 5-15-fold excess to test inhibition of growth, 
Figure 3. Note that the doa4Δ strain did grow poorly in YNB control medium. The 
DUB screen of APAP in YNB medium resulted in a similar toxicity profile as in 
YPD, except for the additional sensitivity of yuh1∆, ubp10∆ and ubp15∆ (compare 
Figure 1 and 3). Deletion strains ubp9∆, ubp11∆ and ubp12∆, almost without any 
phenotype in the profiling of drugs/chemicals, showed differential responses 
with phenylalanine and methionine. For otu1∆, ubp5∆, ubp8∆ and ubp16∆ no 
phenotypes were added in the presence of excess amino acids. The DUB screen 
revealed a different sensitivity/resistance profiles for different amino acids. 
However, a striking similarity between APAP and tyrosine was observed, Figure 
3 and 5. These results suggest that APAP indeed induces a similar stress 
response as an excess of tyrosine.  
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The structural similarity between APAP and tyrosine is based on the phenol ring 
with an OH-group in para position, Figure 2. We already showed that isomer of 
APAP, AMAP with an OH-group in the meta position, had a different toxicity 
profile than APAP, Figure 1. In order to investigate further the link between 
chemical structure and toxicity profile further we performed a spotting assay 
with phenacetin (Bessems and Vermeulen 2001), which is similar to APAP but 
has a –C-CH3 group instead of an OH-group in the para position, Figure 2. 
Interestingly, phenacetin also had a different toxicity profile than APAP and 
tyrosine, suggesting that the OH-para-phenol ring is essential for the similarity 
between the toxicity profiles of APAP and tyrosine, Figure 3. 

 

Figure 3. DUBs deletion strains toxicity screen reveals similarities between APAP, 
tyrosine and phenylalanine. Spot dilution assay with DUBs deletion strains was 
performed on YNB medium with and without 60 mM APAP, 1.8 mM tyrosine, 4 mM 
phenylalanine, 3.7 mM tryptophan, 3.5 mM phenacetin, 12 mM methionine, 2.1 mM 
cysteine, 8.4 mM threonine, 12 mM histidine and 12 mM valine. All cells were grown for 3 
days.  

Tyrosine enhances APAP toxicity and tryptophan rescues cell growth 

To investigate the relationship between amino acids and APAP further, we 
determined if APAP toxicity can be rescued by addition of tryptophan or tyrosine, 

 

Figure 4. The DUB deletion strains cells were treated with 60 mM APAP together 
with a non-toxic concentration of tyrosine or tryptophan. Interestingly, the 
addition of tyrosine resulted in an enhanced APAP-induced growth impairment, 
while addition of tryptophan rescued the growth of WT cells. The addition of 
tryptophan during APAP treatment was beneficial for most strains except for 
ubp3∆, ubp10∆, ubp13∆ and ubp15∆. These results suggest that APAP causes 
tryptophan starvation, although the strains are prototrophic for tryptophan. 

 

Figure 4. DUBs toxicity screen shows enhanced APAP toxicity combined with 
tyrosine and growth rescue when supplementing tryptophan. The cells were grown 
on YNP medium with 0 and 60 mM APAP, 0.8 mM tyrosine (Tyr), or 0.5 mM tryptophan 
(Trp) and 60 mM APAP supplemented with 0.8 mM tyrosine or 0.5 mM tryptophan. The 
cells were grown for 3 days. 

Cluster analysis of correlation between DUB’s and chemicals 

In order to identify the similarities between different DUBs and drugs/chemicals, 
we performed a hierarchical cluster analysis. For each combination of strain and 
drug/chemical, we assigned values corresponding to sensitive (S), neutral (0) or 
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resistant (R). The heatmap, Figure 5, showed three main clusters of chemicals 
(c1-c3) and four main clusters of deletion strains (d1-d4). Some clusters showed 
mostly a sensitive phenotype (“d1-c2”, “d1-c3” “d2-c1”), and “d2-c3”), whereas 
“d1-c1” and “d4-c1” showed mainly resistance. APAP clustered together with the 
amino acids, tyrosine, phenylalanine and valine (“c1”), but not with the 
structurally related compounds phenacetin and AMAP. The drugs/chemicals 
known to cause oxidative stress and DNA damage, Table 2, clustered together 
(“c2”), while the drugs/chemicals causing nutrient starvation made a third 
cluster (“c3”). Gene duplications have resulted in three paralog pairs (DOA4 and 
UBP5; UBP7 and UBP11; UBP9 and UBP13), yet they are not clustered together as 
pairs due to a lack of clear phenotypes for one partner. The cluster “d1” of ∆ubp2, 
ubi4∆, ubp6∆, doa1∆ and doa4∆ is particularly interesting. While these strains are 
sensitive for all drugs causing oxidative stress and DNA damage, as well as 
cysteine, tryptophan and CHX (“c2”), they are resistant to APAP, tyrosine and 
phenylalanine (“c1”). Furthermore, mms2∆ was resistant to all drugs causing 
tryptophan starvation and clustered together with rsp5-DAmP, ubp10∆, otu2∆ 
and ubp14∆. Several pairs of drugs/chemicals inside the clusters showed high 
similarities: APAP and tyrosine; arsenic and cadmium; AMAP, ibuprofen and 
quinine; and rapamycin and FTY720, Figure 5. Interestingly, cysteine and MMS 
showed a similar profile, Figure 5, Figure S1, APAP and MMS had the opposite 
toxicity profiles with all APAP resistant strains being sensitive for MMS, Figure 5, 
Figure S2, while histidine and tryptophan clustered with phenacetin and HU, 
Figure 5. 

Discussion 

Yeast has been successfully used to characterize cellular responses to chemicals 
(Parsons et al. 2006; Hillenmeyer et al. 2008; Hoepfner et al. 2014; Lee et al. 
2014). In this study, we analyzed the potential of DUB-deletion yeast strains for 
the elucidation of the toxicity of APAP compared to other drugs/chemicals. The 
results revealed that most of the DUB-deletion strains showed an altered drug 
tolerance compared to WT yeast cells. Overall, approximately half of the 
combinations of deletion strain and drug/chemical/amino acid could be 
classified as either resistant (R, 17%) or sensitive (S, 32%), Figure 5. If strains in 

 

cluster d3, which show little difference with WT are excluded, i.e. otu1∆, ubp1∆, 
ubp5∆, ubp8∆, ubp9∆, ubp11∆, ubp12∆ and ubp16∆, the responsiveness as being 
resistant or sensitive is 68%. Because a total of 24 strains can be conveniently 
handled for dilution spotting without robotics, replacement of several DUB 
deletion strains in cluster d3 by more informative players seems appropriate for 
future studies. The recently identified DUBs Miy1 (YPL191c) and its paralog 
encoded by the gene YGL082W (Abdul Rehman et al. 2016) might be useful. 
Particularly, E2 or E3 genes can be considered as alternative deletion strains, as 
demonstrated by the distinctive toxicity profiles seen with mutants of MMS2 (E2) 
and RSP5 (E3). Also, a larger set of chemicals is needed to get a detailed 
appreciation of the potential of a DUB deletion screen and to compare with other 
chemo-genomic screens (Parsons et al. 2006; Hillenmeyer et al. 2008; Hoepfner 
et al. 2014; Lee et al. 2014).  

We clustered the DUB genes and the drugs/chemicals based on similarities in 
phenotype, Figure 5. Most DUB deletion strains showed a broad variation in 
sensitivity and resistance phenotypes. Overall, the large number of “hits” (i.e. 
phenotypic changes in drug tolerance for individual deletion strains), suggests a 
limited redundancy of the DUB genes. Only a few DUB deletion strains were not 
or hardly informative, particularly ubp5∆ and ubp16∆. Although UBP5 is a paralog 
of DOA4, it is unable to compensate for the loss of DOA4. Little is known about 
UBP16 and also this screen did not reveal its function as the deletion strain 
behaved almost similar to WT. Functional redundancy might limit the use of 
single deletion mutants. However, clustering revealed a high overlap between the 
genes UBP7 and UBP13 and not between the paralogs UBP7 / UBP11 and UBP9 / 
UBP13, Figure 5, suggesting that these individual DUBs have acquired distinct 
functions after the gene duplication event. 

The DUB profiling identified chemicals with a very similar profile: e.g. APAP and 
tyrosine; arsenic trioxide and cadmium; AMAP and quinine; rapamycin and 
FTY720; and benomyl and peroxide, Figure 5. Explanations for co-profiling 
might be due to the ubiquitin-mediated control of a similar stress response 
pathway, regulating expression of e.g. DNA repair enzymes, efflux pumps and/or 
vesicular transport proteins. Both clusters “c1” and “c3” have a potential link 
with the amino acid permease Tat2. FTY720, ibuprofen, quinine and rapamycin 
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are all known to trigger the ubiquitin-dependent degradation of Tat2, a process 
regulated by ubiquitination by the E3 ligase Rsp5 (Beck et al. 1999; Breslow et al. 
2008; He et al. 2014). UBP5 and UBP11 have been identified as multicopy 
suppressors of FTY720 (Welsch et al. 2003). Also, UBP11 and TAT2 have been 
found as multicopy suppressors for APAP (data not shown). The distinction 
between clusters “c1” and “c3” remains to be clarified. The response to the level 
of free ubiquitin (reduced in most strains in cluster “d1” (Finley et al. 1987; 
Hanna et al. 2003, 2006; Huseinovic et al. 2017a)) is likely important, with 
cluster “d1/c1” showing completely resistance and cluster “d1/c3” mainly 
sensitivity. A ubp2∆ strain has an increased level of K63-linked polyubiquitin 
conjugates (Kee et al. 2006), possibly resulting in a reduced level of free 
ubiquitin.  

In mammalian cells, H2A functions as a reservoir to maintain ubiquitin 
equilibrium (Dantuma et al. 2006). In Saccharomyces cerevisiae H2B is the main 
histone target for ubiquitination, with Ubp8 and Ubp10 identified as DUBs for 
recycling of ubiquitin (Osley 2006). The deletion strains for UBP8 and UBP10 do 
not cluster in the ubiquitin deficiency cluster “d1”, suggesting that H2B in yeast 
does not provide a role in storage of ubiquitin, as has been proposed for H2A in 
higher eukaryotes.  

The screen underscores the possible functions and targets of some of the DUBs in 
the panel. For example, strains ubp10∆ and ubp15∆ were APAP sensitive only in 
nutrient-limited YNB medium. Both Ubp10 and Ubp15 are proposed to be 
involved in endocytosis and sorting of the general amino acid permease Gap1, 
which is stabilized on the cellular membrane during nutrient starvation response 
(Beck et al. 1999; Kahana 2001). The Ubp15-Emc30 complex has also been linked 
to methionine metabolism (Benschop et al. 2010). The ubp15∆ strain was 
sensitive to the treatment with all amino acids in our screen (except for cysteine), 
as well as APAP, AMAP, phenacetin, rapamycin and FTY720 indicating further its 
involvement in nutrient availability regulation.  

The observation that a drug can mimic an amino acid is an interesting aspect to 
be considered in studying and prediction of drug-induced toxicity. The similar 
effect of tyrosine and APAP in yeast could contribute to the understanding of 

 

APAP toxicity in human, as potential depletion of tryptophan is crucial to the 
serotonin and kynurenine pathways (Palego et al. 2016). An excess of dietary 
intake of L-cysteine can be toxic to animals (Dilger et al. 2007) and 5-10 mM 
cysteine resulted to epithelial cell death in vitro (Ji et al. 2016). Our DUB screen 
also showed the potential risk of L-cysteine, because increasing the level in 
defined media by only 2.5-fold was already toxic. Apart from cysteine, also 
histidine and tryptophan clustered together with drugs/chemicals that induce 
DNA damage and oxidative stress. Cysteine is a target for electrophilic chemicals 
and N-acetyl cysteine is used as an antidote against an overdose of APAP to 
quench NAPQI (Bessems and Vermeulen 2001). Whereas the mixture of L-
cysteine, L-methionine and L-serine is reported to have a protective role during 
APAP-induced hepatotoxicity in mice (Di Pierro and Rossoni 2013), tyrosine is 
likely to enhance hepatoxicity of APAP in animals. Also, the toxicity profile of 
APAP shows considerable overlap with methylmercury (Hwang et al. 2012). It 
was argued that methylmercury binds to L-cysteine and that this methylmercury-
cysteine molecule structurally resembled L-methionine, allowing it to enter the 
cell through L-methionine transporters (Hwang et al. 2012).  

APAP, AMAP and phenacetin were clustered in three different clusters, indicative 
of a divergent mode-of-action in yeast cells, despite their structural similarities. 
All three drugs can be metabolized into multiple products in the liver (Bessems 
and Vermeulen 2001). Although AMAP has been long considered the non-toxic 
isomer of APAP, clear toxicity for AMAP in liver slices has been reported, albeit 
with distinct species-specific differences in metabolism (Hadi et al. 2013). In 
yeast, GSH levels have no effect on toxicity of the APAP, consistent with a lack of 
cytochrome P450-mediated bioactivation (Srikanth et al. 2005). Given the 
importance of ubiquitin in APAP toxicity (Huseinovic et al. 2017a), it is of interest 
to note that the ubiquitin-mediated degradation of rat CYP3A is inhibited by both 
APAP and AMAP (Santoh et al. 2016). 

Conclusion 

We introduced a panel of yeast DUB deletion strains with the potential for 
characterizing the toxicity of (new) chemicals and drugs. They have been 
successfully used to cluster different drugs based on their toxicity profiles and 
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uncovered the similarity in toxicity profile between tyrosine and APAP, whereas 
AMAP and phenacetin showed alternative profiles. Drug-diet interactions are of 
potential interest with opposing roles for tyrosine and tryptophan in APAP 
toxicity. 

 

Figure 5. Hierarchical clustering of pairwise similarity between DUBs and 
chemicals, drugs and amino acids. Resistance is labeled in blue and sensitivity 
in orange.  
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Figure S1. DUB toxicity screen shows similarity between cysteine, peroxide and MMS. 
Strains doa1∆, ubi4∆, otu2∆, ubp2∆, ubp3∆, doa4∆, ubp6∆ and ubp14∆ are sensitive for 
cysteine, peroxide and MMS. The DUB deletion strains were grown on solid YNB medium with 
and without (control) additional 2.1 and 4.2 mM cysteine, 0.01% MMS (3 days) and 50 mM 
H2O2 (5 days). All spot dilution assays were incubated at 37oC.  
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Figure S2. APAP and MMS have opposite toxicity profiles in DUB screen. APAP resistant 
strains mms2∆, doa1∆, ubi4∆, otu2∆, ubp2∆, doa4∆, ubp6∆ and ubp14∆ are MMS sensitive. The 
DUB deletion strains were grown on solid YNB medium with and without (control) 70 mM 
APAP (5 days) and 0.01% MMS (3 days). The plates were incubated at 37oC.  
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Supplementary File 1. Complete overview of screen conditions used for the calculations 
of sensitive and resistant strains and cluster analysis 

 

 
Spotting assay Biological  drug/ 

  
conc. Incubation 

Test  plate name experiment chemical Medium Conc. unit [days] 
resistance  slide_1_APAP_50_3d I APAP YPD 50 mM 3 
  slide_1_APAP_60_3d I APAP YPD 60 mM 3 
  slide_1_APAP_70_3d I APAP YPD 70 mM 3 
  slide_14_APAP_60_5d II APAP YPD 60 mM 5 
  slide_14_APAP_70_5d II APAP YPD 70 mM 5 
  slide_14_APAP_80_5d II APAP YPD 80 mM 5 
  slide_21_APAP_50_3d III APAP YPD 50 mM 3 
  slide_21_APAP_60_3d III APAP YPD 60 mM 3 
  slide_21_APAP_70_3d III APAP YPD 70 mM 3 
sensitivity slide_1_APAP_50_3d I APAP YPD 50 mM 3 
  slide_1_APAP_60_3d I APAP YPD 60 mM 3 
  slide_1_APAP_70_3d I APAP YPD 70 mM 3 
  slide_14_APAP_60_5d II APAP YPD 60 mM 5 
  slide_14_APAP_70_5d II APAP YPD 70 mM 5 
  slide_14_APAP_80_5d II APAP YPD 80 mM 5 
  slide_21_APAP_50_3d III APAP YPD 50 mM 3 
  slide_21_APAP_60_3d III APAP YPD 60 mM 3 
  slide_21_APAP_70_3d III APAP YPD 70 mM 3 
resistance 537_slide2_APAP60_3d IV APAP YNB 60 mM 3 
  537_slide4_APAP60_6d IV APAP YNB 60 mM 6 
  550_slide1_YNB_APAP_40_3d VI APAP YNB 40 mM 3 
  558_slide2_YNB_APAP_30_3d VI APAP YNB 30 mM 3 
  558_slide2_YNB_APAP_50_4d VI APAP YNB 50 mM 4 
sensitivity 537_slide4_APAP60_6d IV APAP YNB 60 mM 6 
  550_slide4_YNB_APAP_40_6d V  APAP YNB 40 mM 6 
  558_slide2_YNB_APAP_50_4d VI APAP YNB 50 mM 4 
resistance  slide_12_AMAP_100_3d II AMAP YPD 100 mM 3 
  slide_14_AMAP_100_5d II AMAP YPD 100 mM 5 
  slide_14_AMAP_90_5d II AMAP YPD 90 mM 5 
  slide_22_AMAP_90_4d III AMAP YPD 90 mM 4 
  slide_24_AMAP_90_5d III AMAP YPD 90 mM 5 
sensitivity slide_3_AMAP_70_3d I AMAP YPD 70 mM 3 
  slide_12_AMAP_70_3d II AMAP YPD 70 mM 3 
  slide_12_AMAP_80_3d II AMAP YPD 80 mM 3 
  slide_14_AMAP_90_5d II AMAP YPD 90 mM 5 
  slide_22_AMAP_70_4d III AMAP YPD 70 mM 4 
  slide_22_AMAP_80_4d III AMAP YPD 80 mM 4 
  slide_24_AMAP_80_5d III AMAP YPD 80 mM 5 
resistance  slide_19_ibuprofen_225_3d II ibuprofen YPD 2,25 mM 3 
  slide_19_ibuprofen_25_3d II ibuprofen YPD 2,5 mM 3 
  slide_23_ibuprofen_2,5_4d II ibuprofen YPD 2,5 mM 4 
  slide_23_ibuprofen_2,75_4d II ibuprofen YPD 2,75 mM 4 
  slide_25_ibuprofen_25_5d II ibuprofen YPD 2,5 mM 5 
  slide_25_ibuprofen_275_5d II ibuprofen YPD 2,75 mM 5 
  slide_26_ibuprofen_25_6d II ibuprofen YPD 2,5 mM 6 
  slide_26_ibuprofen_275_6d II ibuprofen YPD 2,75 mM 6 
sensitivity slide_15_ibuprofen_2_5d I ibuprofen YPD 2 mM 5 
  slide_19_ibuprofen_2_3d II ibuprofen YPD 2 mM 3 
  slide_19_ibuprofen_225_3d II ibuprofen YPD 2,25 mM 3 
  slide_23_ibuprofen_2_4d II ibuprofen YPD 2 mM 4 
  slide_23_ibuprofen_2,25_4d II ibuprofen YPD 2,25 mM 4 
  slide_25_ibuprofen_2_5d II ibuprofen YPD 2 mM 5 
  slide_25_ibuprofen_225_5d II ibuprofen YPD 2,25 mM 5 
  slide_25_ibuprofen_25_5d II ibuprofen YPD 2,5 mM 5 
  slide_26_ibuprofen_225_6d II ibuprofen YPD 2,25 mM 6 
  slide_26_ibuprofen_25_6d II ibuprofen YPD 2,5 mM 6 

 

  

 

Supplementary File 1. Complete overview of screen conditions used for the calculations 
of sensitive and resistant strains and cluster analysis (continue) 

 

 Spotting assay Biological  drug/   conc. incubation 
Test  plate name experiment chemical medium Conc. unit [days] 
resistance slide8_As_005_2d I Arsenic-III-oxide YPD 0,05 mM 2 
  slide8_As_01_2d I Arsenic-III-oxide YPD 0,1 mM 2 
  slide10_As_01_3d I Arsenic-III-oxide YPD 0,1 mM 3 
  slide15_As_015_5d I Arsenic-III-oxide YPD 0,15 mM 5 
sensitive slide8_As_005_2d_1 I Arsenic-III-oxide YPD 0,05 mM 2 
  slide8_As_01_2d_1 I Arsenic-III-oxide YPD 0,1 mM 2 
  slide10_As_005_3d_1 I Arsenic-III-oxide YPD 0,05 mM 3 
  slide10_As_01_3d_1 I Arsenic-III-oxide YPD 0,1 mM 3 
  slide15_As_015_5d_1 I Arsenic-III-oxide YPD 0,15 mM 5 
  slide15_As_01_5d_1 I Arsenic-III-oxide YPD 0,1 mM 5 
resistance slide_7_Cd_1_2d I Cadmium chloride YPD 1 µg/ml  2 
  slide_10_Cd_1_3d I Cadmium chloride YPD 1 µg/ml  3 
  slide_15_Cd_2_5d I Cadmium chloride YPD 1 µg/ml  5 
sensitive slide_7_Cd_01_2d I Cadmium chloride YPD 0,1 µg/ml  2 
  slide_7_Cd_025_2d I Cadmium chloride YPD 0,25 µg/ml  2 
  slide_7_Cd_05_2d I Cadmium chloride YPD 0,5 µg/ml  2 
  slide_7_Cd_1_2d I Cadmium chloride YPD 1 µg/ml  2 
  slide_10_Cd_025_3d I Cadmium chloride YPD 0,25 µg/ml  3 
  slide_10_Cd_05_3d I Cadmium chloride YPD 0,5 µg/ml  3 
  slide_10_Cd_1_3d I Cadmium chloride YPD 1 µg/ml  3 
  slide_15_Cd_1_5d I Cadmium chloride YPD 1 µg/ml  5 
  slide_15_Cd_2_5d I Cadmium chloride YPD 2 µg/ml  5 
resistance slide_10_CHX_025_3d II CHX YPD 0,25 µM 3 
  slide_10_CHX_05_3d II CHX YPD 0,5 µM 3 
  slide_4_CHX_05_4d I CHX YPD 0,5 µM 4 
  slide_4_CHX_075_4d I CHX YPD 0,75 µM 4 
sensitive slide_10_CHX_025_3d II CHX YPD 0,25 µM 3 
  slide_10_CHX_05_3d II CHX YPD 0,5 µM 3 
  slide_15_CHX_025_5d II CHX YPD 0,25 µM 5 
  slide_15_CHX_05_5d II CHX YPD 0,5 µM 5 
  slide_15_CHX_075_5d II CHX YPD 0,75 µM 5 
  slide_4_CHX_05_4d I CHX YPD 0,5 µM 4 
  slide_4_CHX_075_4d I CHX YPD 0,75 µM 4 
resistance slide_13_quinine_3_3d I Quinine HCl YPD 3 mM 3 
  slide_13_quinine_35_3d I Quinine HCl YPD 3,5 mM 3 
  slide_15_quinine_4_5d I Quinine HCl YPD 4 mM 5 
  slide_19_quinine_34_3d II Quinine HCl YPD 3,4 mM 3 
  slide_19_quinine_35_3d II Quinine HCl YPD 3,5 mM 3 
sensitive slide_13_quinine_3_3d I Quinine HCl YPD 3 mM 3 
  slide_13_quinine_35_3d I Quinine HCl YPD 3,5 mM 3 
  slide_15_quinine_35_5d I Quinine HCl YPD 3,5 mM 5 
  slide_15_quinine_4_5d I Quinine HCl YPD 4 mM 5 
  slide_19_quinine_34_3d II Quinine HCl YPD 3,4 mM 3 
  slide_19_quinine_35_3d II Quinine HCl YPD 3,5 mM 3 
resistance slide_27_benomyl_30_3d I Benomyl YPD 30 µg/ml  3 
  slide_30_benomyl_30_4d I Benomyl YPD 30 µg/ml  4 
  slide_30_benomyl_45_4d I Benomyl YPD 45 µg/ml  4 
sensitive slide_27_benomyl_15_3d I Benomyl YPD 15 µg/ml  3 
  slide_27_benomyl_30_3d I Benomyl YPD 30 µg/ml  3 
  slide_30_benomyl_30_4d I Benomyl YPD 30 µg/ml  4 
  slide_30_benomyl_45_4d I Benomyl YPD 45 µg/ml  4 
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Supplementary File 1. Complete overview of screen conditions used for the calculations 
of sensitive and resistant strains and cluster analysis 

 

 
Spotting assay Biological  drug/ 

  
conc. Incubation 

Test  plate name experiment chemical Medium Conc. unit [days] 
resistance  slide_1_APAP_50_3d I APAP YPD 50 mM 3 
  slide_1_APAP_60_3d I APAP YPD 60 mM 3 
  slide_1_APAP_70_3d I APAP YPD 70 mM 3 
  slide_14_APAP_60_5d II APAP YPD 60 mM 5 
  slide_14_APAP_70_5d II APAP YPD 70 mM 5 
  slide_14_APAP_80_5d II APAP YPD 80 mM 5 
  slide_21_APAP_50_3d III APAP YPD 50 mM 3 
  slide_21_APAP_60_3d III APAP YPD 60 mM 3 
  slide_21_APAP_70_3d III APAP YPD 70 mM 3 
sensitivity slide_1_APAP_50_3d I APAP YPD 50 mM 3 
  slide_1_APAP_60_3d I APAP YPD 60 mM 3 
  slide_1_APAP_70_3d I APAP YPD 70 mM 3 
  slide_14_APAP_60_5d II APAP YPD 60 mM 5 
  slide_14_APAP_70_5d II APAP YPD 70 mM 5 
  slide_14_APAP_80_5d II APAP YPD 80 mM 5 
  slide_21_APAP_50_3d III APAP YPD 50 mM 3 
  slide_21_APAP_60_3d III APAP YPD 60 mM 3 
  slide_21_APAP_70_3d III APAP YPD 70 mM 3 
resistance 537_slide2_APAP60_3d IV APAP YNB 60 mM 3 
  537_slide4_APAP60_6d IV APAP YNB 60 mM 6 
  550_slide1_YNB_APAP_40_3d VI APAP YNB 40 mM 3 
  558_slide2_YNB_APAP_30_3d VI APAP YNB 30 mM 3 
  558_slide2_YNB_APAP_50_4d VI APAP YNB 50 mM 4 
sensitivity 537_slide4_APAP60_6d IV APAP YNB 60 mM 6 
  550_slide4_YNB_APAP_40_6d V  APAP YNB 40 mM 6 
  558_slide2_YNB_APAP_50_4d VI APAP YNB 50 mM 4 
resistance  slide_12_AMAP_100_3d II AMAP YPD 100 mM 3 
  slide_14_AMAP_100_5d II AMAP YPD 100 mM 5 
  slide_14_AMAP_90_5d II AMAP YPD 90 mM 5 
  slide_22_AMAP_90_4d III AMAP YPD 90 mM 4 
  slide_24_AMAP_90_5d III AMAP YPD 90 mM 5 
sensitivity slide_3_AMAP_70_3d I AMAP YPD 70 mM 3 
  slide_12_AMAP_70_3d II AMAP YPD 70 mM 3 
  slide_12_AMAP_80_3d II AMAP YPD 80 mM 3 
  slide_14_AMAP_90_5d II AMAP YPD 90 mM 5 
  slide_22_AMAP_70_4d III AMAP YPD 70 mM 4 
  slide_22_AMAP_80_4d III AMAP YPD 80 mM 4 
  slide_24_AMAP_80_5d III AMAP YPD 80 mM 5 
resistance  slide_19_ibuprofen_225_3d II ibuprofen YPD 2,25 mM 3 
  slide_19_ibuprofen_25_3d II ibuprofen YPD 2,5 mM 3 
  slide_23_ibuprofen_2,5_4d II ibuprofen YPD 2,5 mM 4 
  slide_23_ibuprofen_2,75_4d II ibuprofen YPD 2,75 mM 4 
  slide_25_ibuprofen_25_5d II ibuprofen YPD 2,5 mM 5 
  slide_25_ibuprofen_275_5d II ibuprofen YPD 2,75 mM 5 
  slide_26_ibuprofen_25_6d II ibuprofen YPD 2,5 mM 6 
  slide_26_ibuprofen_275_6d II ibuprofen YPD 2,75 mM 6 
sensitivity slide_15_ibuprofen_2_5d I ibuprofen YPD 2 mM 5 
  slide_19_ibuprofen_2_3d II ibuprofen YPD 2 mM 3 
  slide_19_ibuprofen_225_3d II ibuprofen YPD 2,25 mM 3 
  slide_23_ibuprofen_2_4d II ibuprofen YPD 2 mM 4 
  slide_23_ibuprofen_2,25_4d II ibuprofen YPD 2,25 mM 4 
  slide_25_ibuprofen_2_5d II ibuprofen YPD 2 mM 5 
  slide_25_ibuprofen_225_5d II ibuprofen YPD 2,25 mM 5 
  slide_25_ibuprofen_25_5d II ibuprofen YPD 2,5 mM 5 
  slide_26_ibuprofen_225_6d II ibuprofen YPD 2,25 mM 6 
  slide_26_ibuprofen_25_6d II ibuprofen YPD 2,5 mM 6 

 

  

 

Supplementary File 1. Complete overview of screen conditions used for the calculations 
of sensitive and resistant strains and cluster analysis (continue) 

 

 Spotting assay Biological  drug/   conc. incubation 
Test  plate name experiment chemical medium Conc. unit [days] 
resistance slide8_As_005_2d I Arsenic-III-oxide YPD 0,05 mM 2 
  slide8_As_01_2d I Arsenic-III-oxide YPD 0,1 mM 2 
  slide10_As_01_3d I Arsenic-III-oxide YPD 0,1 mM 3 
  slide15_As_015_5d I Arsenic-III-oxide YPD 0,15 mM 5 
sensitive slide8_As_005_2d_1 I Arsenic-III-oxide YPD 0,05 mM 2 
  slide8_As_01_2d_1 I Arsenic-III-oxide YPD 0,1 mM 2 
  slide10_As_005_3d_1 I Arsenic-III-oxide YPD 0,05 mM 3 
  slide10_As_01_3d_1 I Arsenic-III-oxide YPD 0,1 mM 3 
  slide15_As_015_5d_1 I Arsenic-III-oxide YPD 0,15 mM 5 
  slide15_As_01_5d_1 I Arsenic-III-oxide YPD 0,1 mM 5 
resistance slide_7_Cd_1_2d I Cadmium chloride YPD 1 µg/ml  2 
  slide_10_Cd_1_3d I Cadmium chloride YPD 1 µg/ml  3 
  slide_15_Cd_2_5d I Cadmium chloride YPD 1 µg/ml  5 
sensitive slide_7_Cd_01_2d I Cadmium chloride YPD 0,1 µg/ml  2 
  slide_7_Cd_025_2d I Cadmium chloride YPD 0,25 µg/ml  2 
  slide_7_Cd_05_2d I Cadmium chloride YPD 0,5 µg/ml  2 
  slide_7_Cd_1_2d I Cadmium chloride YPD 1 µg/ml  2 
  slide_10_Cd_025_3d I Cadmium chloride YPD 0,25 µg/ml  3 
  slide_10_Cd_05_3d I Cadmium chloride YPD 0,5 µg/ml  3 
  slide_10_Cd_1_3d I Cadmium chloride YPD 1 µg/ml  3 
  slide_15_Cd_1_5d I Cadmium chloride YPD 1 µg/ml  5 
  slide_15_Cd_2_5d I Cadmium chloride YPD 2 µg/ml  5 
resistance slide_10_CHX_025_3d II CHX YPD 0,25 µM 3 
  slide_10_CHX_05_3d II CHX YPD 0,5 µM 3 
  slide_4_CHX_05_4d I CHX YPD 0,5 µM 4 
  slide_4_CHX_075_4d I CHX YPD 0,75 µM 4 
sensitive slide_10_CHX_025_3d II CHX YPD 0,25 µM 3 
  slide_10_CHX_05_3d II CHX YPD 0,5 µM 3 
  slide_15_CHX_025_5d II CHX YPD 0,25 µM 5 
  slide_15_CHX_05_5d II CHX YPD 0,5 µM 5 
  slide_15_CHX_075_5d II CHX YPD 0,75 µM 5 
  slide_4_CHX_05_4d I CHX YPD 0,5 µM 4 
  slide_4_CHX_075_4d I CHX YPD 0,75 µM 4 
resistance slide_13_quinine_3_3d I Quinine HCl YPD 3 mM 3 
  slide_13_quinine_35_3d I Quinine HCl YPD 3,5 mM 3 
  slide_15_quinine_4_5d I Quinine HCl YPD 4 mM 5 
  slide_19_quinine_34_3d II Quinine HCl YPD 3,4 mM 3 
  slide_19_quinine_35_3d II Quinine HCl YPD 3,5 mM 3 
sensitive slide_13_quinine_3_3d I Quinine HCl YPD 3 mM 3 
  slide_13_quinine_35_3d I Quinine HCl YPD 3,5 mM 3 
  slide_15_quinine_35_5d I Quinine HCl YPD 3,5 mM 5 
  slide_15_quinine_4_5d I Quinine HCl YPD 4 mM 5 
  slide_19_quinine_34_3d II Quinine HCl YPD 3,4 mM 3 
  slide_19_quinine_35_3d II Quinine HCl YPD 3,5 mM 3 
resistance slide_27_benomyl_30_3d I Benomyl YPD 30 µg/ml  3 
  slide_30_benomyl_30_4d I Benomyl YPD 30 µg/ml  4 
  slide_30_benomyl_45_4d I Benomyl YPD 45 µg/ml  4 
sensitive slide_27_benomyl_15_3d I Benomyl YPD 15 µg/ml  3 
  slide_27_benomyl_30_3d I Benomyl YPD 30 µg/ml  3 
  slide_30_benomyl_30_4d I Benomyl YPD 30 µg/ml  4 
  slide_30_benomyl_45_4d I Benomyl YPD 45 µg/ml  4 
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Supplementary File 1. Complete overview of screen conditions used for the calculations 
of sensitive and resistant strains and cluster analysis (continue) 

 

 Spotting assay Biological  drug/   conc. incubation 
Test  plate name experiment chemical medium Conc. unit [days] 
resistance slide_15_peroxide_250_5d I Peroxide YPD 50 mM 5 
  slide_15_peroxide_300_5d I Peroxide YPD 60 mM 5 
sensitive slide_8_peroxide_200_2d I Peroxide YPD 40 mM 2 
  slide_8_peroxide_250_2d I Peroxide YPD 50 mM 2 
  slide_13_peroxide_200_3d I Peroxide YPD 40 mM 3 
  slide_13_peroxide_250_3d I Peroxide YPD 50 mM 3 
  slide_15_peroxide_250_5d I Peroxide YPD 50 mM 5 
  slide_15_peroxide_300_5d I Peroxide YPD 60 mM 5 
sensitivity slide_27_MMS_00025_3d I MMS YPD 0,0025 % 3 
  slide_27_MMS_001_3d I MMS YPD 0,001 % 3 
  slide_27_MMS_0015_3d I MMS YPD 0,015 % 3 
sensitivity slide_28_HU_15_3d I HU YPD 15 mM 3 
  slide_28_HU_20_3d I HU YPD 20 mM 3 
  slide_28_HU_4_3d I HU YPD 4 mM 3 
resistance slide_6_rapa_400_5d I Rapamycin YPD 400 ng/ml 5 
  slide_6_rapa_400_6d I Rapamycin YPD 400 ng/ml 6 
  slide_14_rapa_400_11d II Rapamycin YPD 400 ng/ml 11 
  slide_14_rapa_400_5d II Rapamycin YPD 400 ng/ml 5 
  slide_20_rapa_200_3d III Rapamycin YPD 200 ng/ml 3 
  slide_20_rapa_300_3d III Rapamycin YPD 300 ng/ml 3 
  slide_23_rapa_200_4d III Rapamycin YPD 200 ng/ml 4 
  slide_23_rapa_300_4d III Rapamycin YPD 300 ng/ml 4 
  slide_26_rapa_100_6d III Rapamycin YPD 100 ng/ml 6 
  slide_26_rapa_200_6d III Rapamycin YPD 200 ng/ml 6 
sensitivity slide_6_rapa_400_5d I Rapamycin YPD 400 ng/ml 5 
  slide_6_rapa_400_6d I Rapamycin YPD 400 ng/ml 6 
  slide_14_rapa_400_11d II Rapamycin YPD 400 ng/ml 11 
  slide_14_rapa_400_5d II Rapamycin YPD 400 ng/ml 5 
  slide_20_rapa_200_3d III Rapamycin YPD 200 ng/ml 3 
  slide_20_rapa_300_3d III Rapamycin YPD 300 ng/ml 3 
  slide_23_rapa_200_4d III Rapamycin YPD 200 ng/ml 4 
  slide_23_rapa_300_4d III Rapamycin YPD 300 ng/ml 4 
  slide_26_rapa_100_6d III Rapamycin YPD 100 ng/ml 6 
  slide_26_rapa_200_6d III Rapamycin YPD 200 ng/ml 6 
resistance slide_28_FTY720_15_3d III FTY720 YPD 9 µM 3 
  slide_29_FTY720_40_4d III FTY720 YPD 24 µM 4 
sensitivity slide_28_FTY720_15_3d III FTY720 YPD 9 µM 3 
  slide_28_FTY720_30_3d III FTY720 YPD 18 µM 3 
  slide_28_FTY720_40_3d III FTY720 YPD 24 µM 3 
  slide_29_FTY720_40_4d III FTY720 YPD 24 µM 4 
resistance 537_slide1_YNB_Tyr_1.5x I Tyrosine YNB 1,4 mM 3 
  537_slide1_YNB_Tyr_1.75x I Tyrosine YNB 1,6 mM 3 
  537_slide1_YNB_Tyr_1x I Tyrosine YNB 0,9 mM 3 
  537_slide1_YNB_Tyr_2x I Tyrosine YNB 1,8 mM 3 
sensitivity 537_slide1_YNB_Tyr_1.75x I Tyrosine YNB 1,6 mM 3 
  537_slide1_YNB_Tyr_2x I Tyrosine YNB 1,8 mM 3 
resistance 537_slide2_YNB_Met_15x I Methionine YNB 12 mM 3 
  537_slide3_YNB_Met_10x I Methionine YNB 8 mM 3 
  537_slide4_YNB_Met15x_6d I Methionine YNB 12 mM 6 
  558_slide4_Met_15_3d II Methionine YNB 12 mM 3 
  558_slide4_Met_15_4d II Methionine YNB 12 mM 4 
  558_slide4_Met_20_4d II Methionine YNB 16 mM 4 
  558_slide5_Met_15_7d II Methionine YNB 12 mM 7 
  558_slide5_Met_20_7d II Methionine YNB 16 mM 7 
  558_slide5_Met_25_7d II Methionine YNB 20 mM 7 

 

 

 

Supplementary File 1. Complete overview of screen conditions used for the calculations 
of sensitive and resistant strains and cluster analysis (continue) 

 

 Spotting assay Biological  drug/   conc incubation 
Test  plate name experiment chemical medium Conc unit [days] 
sensitivity 537_slide2_YNB_Met_15x I Methionine YNB 12 mM 3 
  537_slide3_YNB_Met_10x I Methionine YNB 8 mM 3 
  537_slide3_YNB_Met_5x I Methionine YNB 4 mM 3 
  537_slide4_YNB_Met15x6d I Methionine YNB 12 mM 6 
  558_slide4_Met_15_3d II Methionine YNB 12 mM 3 
  558_slide4_Met_15_4d II Methionine YNB 12 mM 4 
  558_slide4_Met_20_4d II Methionine YNB 16 mM 4 
  558_slide5_Met_15_7d II Methionine YNB 12 mM 7 
  558_slide5_Met_20_7d II Methionine YNB 16 mM 7 
  558_slide5_Met_25_7d II Methionine YNB 20 mM 7 
resistance 550_slide2_3d_Phe1 I Phenylalanine YNB 0,8 mM 3 
  550_slide3_6d_Phe1 I Phenylalanine YNB 0,8 mM 6 
  537_slide2_YNB_phe5x II Phenylalanine YNB 4 mM 3 
  537_slide4_YNB_phe5x_6d II Phenylalanine YNB 4 mM 6 
sensitivity 550_slide2_3d_Phe1 I Phenylalanine YNB 0,8 mM 3 
  550_slide3_6d_Phe1 I Phenylalanine YNB 0,8 mM 3 
  537_slide2_YNB_phe5x II Phenylalanine YNB 4 mM 3 
  537_slide4_YNB_phe5x_6d II Phenylalanine YNB 4 mM 6 
resistance 515_slide2_YNB_Thr_5x_3d I Threonine YNB 8,4 mM 3 
  515_slide5_YNB_Thr_5x_5d I Threonine YNB 8,4 mM 5 
sensitivity 515_slide2_YNB_Thr_5x_3d I Threonine YNB 8,4 mM 3 
  515_slide5_YNB_Thr_5x_5d I Threonine YNB 8,4 mM 5 
resistance 537_slide3_YNB_Val_5x I Valine YNB 4 mM 3 
  537_slide3_YNB_Val_10x I Valine YNB 8 mM 3 
  537_slide3_YNB_Val_15x I Valine YNB 12 mM 3 
sensitivity 537_slide3_YNB_Val_5x I Valine YNB 4 mM 3 
  537_slide3_YNB_Val_10x I Valine YNB 8 mM 3 
  537_slide3_YNB_Val_15x I Valine YNB 12 mM 3 
sensitivity 515slide2_YNB_Cys_2.5x3d I Cystein YNB 2,1 mM 3 
  515_slide2_YNB_Cys_5x_3d I Cystein YNB 4,2 mM 3 
  515_slide4_YNB_Cys_25x_5d I Cystein YNB 2,1 mM 5 
  515_slide4_YNB_Cys_5x_5d I Cystein YNB 4,2 mM 5 
sensitivity 537_slide1_YNB_Trp_2.5x I Tryptophan  YNB 0,5 mM 3 
  537_slide1_YNB_Trp_5x I Tryptophan  YNB 1 mM 3 
  537_slide1_YNB_Trp_7.5x I Tryptophan  YNB 1,5 mM 3 
sensitivity 515_slide5_YNB_His_5x_5d I Histidine  YNB 4 mM 5 
  537_slide3_YNB_His_15x II Histidine  YNB 12 mM 3 
resistance 558_slide3_Phen_3_4d I Phenacetine YNB 3 mM 4 
  558_slide3_Phen_3.5_4d I Phenacetine YNB 3,5 mM 4 
  558_slide3_Phen_4_4d I Phenacetine YNB 4 mM 4 
  558_slide3_Phen_4.5_4d I Phenacetine YNB 4,5 mM 4 
sensitivity 558_slide3_Phen_1_4d I Phenacetine YNB 1 mM 4 
  558_slide3_Phen_1.5_4d I Phenacetine YNB 1,5 mM 4 
  558_slide3_Phen_3_4d I Phenacetine YNB 3 mM 4 
  558_slide3_Phen_3.5_4d I Phenacetine YNB 3,5 mM 4 
  558_slide3_Phen_4_4d I Phenacetine YNB 4 mM 4 
  558_slide3_Phen_4.5_4d I Phenacetine YNB 4,5 mM 4 
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Supplementary File 1. Complete overview of screen conditions used for the calculations 
of sensitive and resistant strains and cluster analysis (continue) 

 

 Spotting assay Biological  drug/   conc. incubation 
Test  plate name experiment chemical medium Conc. unit [days] 
resistance slide_15_peroxide_250_5d I Peroxide YPD 50 mM 5 
  slide_15_peroxide_300_5d I Peroxide YPD 60 mM 5 
sensitive slide_8_peroxide_200_2d I Peroxide YPD 40 mM 2 
  slide_8_peroxide_250_2d I Peroxide YPD 50 mM 2 
  slide_13_peroxide_200_3d I Peroxide YPD 40 mM 3 
  slide_13_peroxide_250_3d I Peroxide YPD 50 mM 3 
  slide_15_peroxide_250_5d I Peroxide YPD 50 mM 5 
  slide_15_peroxide_300_5d I Peroxide YPD 60 mM 5 
sensitivity slide_27_MMS_00025_3d I MMS YPD 0,0025 % 3 
  slide_27_MMS_001_3d I MMS YPD 0,001 % 3 
  slide_27_MMS_0015_3d I MMS YPD 0,015 % 3 
sensitivity slide_28_HU_15_3d I HU YPD 15 mM 3 
  slide_28_HU_20_3d I HU YPD 20 mM 3 
  slide_28_HU_4_3d I HU YPD 4 mM 3 
resistance slide_6_rapa_400_5d I Rapamycin YPD 400 ng/ml 5 
  slide_6_rapa_400_6d I Rapamycin YPD 400 ng/ml 6 
  slide_14_rapa_400_11d II Rapamycin YPD 400 ng/ml 11 
  slide_14_rapa_400_5d II Rapamycin YPD 400 ng/ml 5 
  slide_20_rapa_200_3d III Rapamycin YPD 200 ng/ml 3 
  slide_20_rapa_300_3d III Rapamycin YPD 300 ng/ml 3 
  slide_23_rapa_200_4d III Rapamycin YPD 200 ng/ml 4 
  slide_23_rapa_300_4d III Rapamycin YPD 300 ng/ml 4 
  slide_26_rapa_100_6d III Rapamycin YPD 100 ng/ml 6 
  slide_26_rapa_200_6d III Rapamycin YPD 200 ng/ml 6 
sensitivity slide_6_rapa_400_5d I Rapamycin YPD 400 ng/ml 5 
  slide_6_rapa_400_6d I Rapamycin YPD 400 ng/ml 6 
  slide_14_rapa_400_11d II Rapamycin YPD 400 ng/ml 11 
  slide_14_rapa_400_5d II Rapamycin YPD 400 ng/ml 5 
  slide_20_rapa_200_3d III Rapamycin YPD 200 ng/ml 3 
  slide_20_rapa_300_3d III Rapamycin YPD 300 ng/ml 3 
  slide_23_rapa_200_4d III Rapamycin YPD 200 ng/ml 4 
  slide_23_rapa_300_4d III Rapamycin YPD 300 ng/ml 4 
  slide_26_rapa_100_6d III Rapamycin YPD 100 ng/ml 6 
  slide_26_rapa_200_6d III Rapamycin YPD 200 ng/ml 6 
resistance slide_28_FTY720_15_3d III FTY720 YPD 9 µM 3 
  slide_29_FTY720_40_4d III FTY720 YPD 24 µM 4 
sensitivity slide_28_FTY720_15_3d III FTY720 YPD 9 µM 3 
  slide_28_FTY720_30_3d III FTY720 YPD 18 µM 3 
  slide_28_FTY720_40_3d III FTY720 YPD 24 µM 3 
  slide_29_FTY720_40_4d III FTY720 YPD 24 µM 4 
resistance 537_slide1_YNB_Tyr_1.5x I Tyrosine YNB 1,4 mM 3 
  537_slide1_YNB_Tyr_1.75x I Tyrosine YNB 1,6 mM 3 
  537_slide1_YNB_Tyr_1x I Tyrosine YNB 0,9 mM 3 
  537_slide1_YNB_Tyr_2x I Tyrosine YNB 1,8 mM 3 
sensitivity 537_slide1_YNB_Tyr_1.75x I Tyrosine YNB 1,6 mM 3 
  537_slide1_YNB_Tyr_2x I Tyrosine YNB 1,8 mM 3 
resistance 537_slide2_YNB_Met_15x I Methionine YNB 12 mM 3 
  537_slide3_YNB_Met_10x I Methionine YNB 8 mM 3 
  537_slide4_YNB_Met15x_6d I Methionine YNB 12 mM 6 
  558_slide4_Met_15_3d II Methionine YNB 12 mM 3 
  558_slide4_Met_15_4d II Methionine YNB 12 mM 4 
  558_slide4_Met_20_4d II Methionine YNB 16 mM 4 
  558_slide5_Met_15_7d II Methionine YNB 12 mM 7 
  558_slide5_Met_20_7d II Methionine YNB 16 mM 7 
  558_slide5_Met_25_7d II Methionine YNB 20 mM 7 

 

 

 

Supplementary File 1. Complete overview of screen conditions used for the calculations 
of sensitive and resistant strains and cluster analysis (continue) 

 

 Spotting assay Biological  drug/   conc incubation 
Test  plate name experiment chemical medium Conc unit [days] 
sensitivity 537_slide2_YNB_Met_15x I Methionine YNB 12 mM 3 
  537_slide3_YNB_Met_10x I Methionine YNB 8 mM 3 
  537_slide3_YNB_Met_5x I Methionine YNB 4 mM 3 
  537_slide4_YNB_Met15x6d I Methionine YNB 12 mM 6 
  558_slide4_Met_15_3d II Methionine YNB 12 mM 3 
  558_slide4_Met_15_4d II Methionine YNB 12 mM 4 
  558_slide4_Met_20_4d II Methionine YNB 16 mM 4 
  558_slide5_Met_15_7d II Methionine YNB 12 mM 7 
  558_slide5_Met_20_7d II Methionine YNB 16 mM 7 
  558_slide5_Met_25_7d II Methionine YNB 20 mM 7 
resistance 550_slide2_3d_Phe1 I Phenylalanine YNB 0,8 mM 3 
  550_slide3_6d_Phe1 I Phenylalanine YNB 0,8 mM 6 
  537_slide2_YNB_phe5x II Phenylalanine YNB 4 mM 3 
  537_slide4_YNB_phe5x_6d II Phenylalanine YNB 4 mM 6 
sensitivity 550_slide2_3d_Phe1 I Phenylalanine YNB 0,8 mM 3 
  550_slide3_6d_Phe1 I Phenylalanine YNB 0,8 mM 3 
  537_slide2_YNB_phe5x II Phenylalanine YNB 4 mM 3 
  537_slide4_YNB_phe5x_6d II Phenylalanine YNB 4 mM 6 
resistance 515_slide2_YNB_Thr_5x_3d I Threonine YNB 8,4 mM 3 
  515_slide5_YNB_Thr_5x_5d I Threonine YNB 8,4 mM 5 
sensitivity 515_slide2_YNB_Thr_5x_3d I Threonine YNB 8,4 mM 3 
  515_slide5_YNB_Thr_5x_5d I Threonine YNB 8,4 mM 5 
resistance 537_slide3_YNB_Val_5x I Valine YNB 4 mM 3 
  537_slide3_YNB_Val_10x I Valine YNB 8 mM 3 
  537_slide3_YNB_Val_15x I Valine YNB 12 mM 3 
sensitivity 537_slide3_YNB_Val_5x I Valine YNB 4 mM 3 
  537_slide3_YNB_Val_10x I Valine YNB 8 mM 3 
  537_slide3_YNB_Val_15x I Valine YNB 12 mM 3 
sensitivity 515slide2_YNB_Cys_2.5x3d I Cystein YNB 2,1 mM 3 
  515_slide2_YNB_Cys_5x_3d I Cystein YNB 4,2 mM 3 
  515_slide4_YNB_Cys_25x_5d I Cystein YNB 2,1 mM 5 
  515_slide4_YNB_Cys_5x_5d I Cystein YNB 4,2 mM 5 
sensitivity 537_slide1_YNB_Trp_2.5x I Tryptophan  YNB 0,5 mM 3 
  537_slide1_YNB_Trp_5x I Tryptophan  YNB 1 mM 3 
  537_slide1_YNB_Trp_7.5x I Tryptophan  YNB 1,5 mM 3 
sensitivity 515_slide5_YNB_His_5x_5d I Histidine  YNB 4 mM 5 
  537_slide3_YNB_His_15x II Histidine  YNB 12 mM 3 
resistance 558_slide3_Phen_3_4d I Phenacetine YNB 3 mM 4 
  558_slide3_Phen_3.5_4d I Phenacetine YNB 3,5 mM 4 
  558_slide3_Phen_4_4d I Phenacetine YNB 4 mM 4 
  558_slide3_Phen_4.5_4d I Phenacetine YNB 4,5 mM 4 
sensitivity 558_slide3_Phen_1_4d I Phenacetine YNB 1 mM 4 
  558_slide3_Phen_1.5_4d I Phenacetine YNB 1,5 mM 4 
  558_slide3_Phen_3_4d I Phenacetine YNB 3 mM 4 
  558_slide3_Phen_3.5_4d I Phenacetine YNB 3,5 mM 4 
  558_slide3_Phen_4_4d I Phenacetine YNB 4 mM 4 
  558_slide3_Phen_4.5_4d I Phenacetine YNB 4,5 mM 4 
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Abstract  

In yeast, toxicity of acetaminophen (APAP), a frequently used analgesic and 
antipyretic drug, depends on ubiquitin-controlled processes. Previously, we 
showed a remarkable overlap in toxicity profiles between APAP and tyrosine, and 
a similarity with drugs like rapamycin and quinine, which induce degradation of 
the amino acid permease Tat2.  Therefore, we investigated in yeast whether 
APAP reduced the expression levels of amino acid permeases. The protein levels 
of Tat2, Tat1, Mup1 and Hip1 were reduced, while the expression of the general 
permease Gap1 was increased, consistent with a nutrient starvation response. 
Overexpression of Tat1 and Tat2, but not Mup1, Hip1 and Gap1 conferred 
resistance to APAP. A tryptophan auxotrophic strain trp1Δ was more sensitive to 
APAP than wild-type and addition of tryptophan completely restored the growth 
restriction of trp1∆ upon APAP exposure, while tyrosine had an additive effect on 
APAP toxicity. Furthermore, intracellular aromatic amino acid concentrations 
were reduced upon APAP exposure. This effect was less prominent in ubiquitin-
deficient yeast strains that were APAP resistant and showed a reduced 
degradation of high affinity amino acid permeases. APAP-induced changes in 
intracellular amino acid concentrations were also detected in hepatoma HepG2 
cells indicating the significance for humans.  

  

 

Introduction 

Acetaminophen (N-acetyl-p-aminophenol, paracetamol, APAP), a widely used 
analgesic and antipyretic, is considered safe at therapeutic doses. However, an 
overdose induces hepatotoxicity and is one of the major causes of acute liver 
failure in the USA and Western Europe (Bernal et al. 2010). APAP can also cause 
toxicity at therapeutic doses as seen in Stevens-Johnsons syndrome and toxic 
epidermal necrolysis (Khawaja et al. 2012; Kim et al. 2014). Several studies 
reported a link between APAP use during pregnancy and the incidence of 
attention deficit hyperactivity disorder (ADHD) and hyperkinetic disorder in 
children (Liew et al. 2014), and long term-use was associated with increased 
incidence of cancer (Walter et al. 2011a; b) and asthma (Henderson and Shaheen 
2013). Risk factors for APAP toxicity are concurrent medications, poor 
nutritional status, chronic alcohol abuse, obesity and non-alcoholic fatty liver 
disease (Larson et al. 2005; Michaut et al. 2014).  

The major cause of APAP-induced hepatotoxicity and acute liver failure is due to 
the formation of the reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI) 
by cytochrome P450, which binds to glutathione causing glutathione depletion 
and liver damage (Bessems and Vermeulen 2001; James et al. 2003). However, 
APAP can also be toxic without formation of NAPQI, as has been shown in 
mammalian cells (Jensen et al. 1996) and yeast (Srikanth et al. 2005). 
Furthermore, toxicity was also observed before glutathione depletion occurs 
(Shuhendler et al. 2014; Miettinen and Björklund 2014). 

Previously, we used yeast Saccharomyces cerevisiae as a eukaryotic model 
organism to get more insight into NAPQI independent APAP toxicity because 
yeast lacks the genes coding for drug-metabolizing P450 enzymes and is 
incapable of APAP metabolism and formation of NAPQI (Srikanth et al. 2005). 
Our study revealed that APAP toxicity depends on the cellular concentration of 
ubiquitin: ubiquitin depletion confers resistance to APAP whereas ubiquitin 
overexpression caused sensitivity (Huseinovic et al. 2017a). Based on the 
correlation between ubiquitin levels and APAP-induced toxicity we also 
performed a deubiquitinase (DUB) gene deletion screen (Huseinovic et al. 
2017b). DUBs are enzymes that can reverse the process of ubiquitination, that 
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In yeast, toxicity of acetaminophen (APAP), a frequently used analgesic and 
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a similarity with drugs like rapamycin and quinine, which induce degradation of 
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restriction of trp1∆ upon APAP exposure, while tyrosine had an additive effect on 
APAP toxicity. Furthermore, intracellular aromatic amino acid concentrations 
were reduced upon APAP exposure. This effect was less prominent in ubiquitin-
deficient yeast strains that were APAP resistant and showed a reduced 
degradation of high affinity amino acid permeases. APAP-induced changes in 
intracellular amino acid concentrations were also detected in hepatoma HepG2 
cells indicating the significance for humans.  
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Acetaminophen (N-acetyl-p-aminophenol, paracetamol, APAP), a widely used 
analgesic and antipyretic, is considered safe at therapeutic doses. However, an 
overdose induces hepatotoxicity and is one of the major causes of acute liver 
failure in the USA and Western Europe (Bernal et al. 2010). APAP can also cause 
toxicity at therapeutic doses as seen in Stevens-Johnsons syndrome and toxic 
epidermal necrolysis (Khawaja et al. 2012; Kim et al. 2014). Several studies 
reported a link between APAP use during pregnancy and the incidence of 
attention deficit hyperactivity disorder (ADHD) and hyperkinetic disorder in 
children (Liew et al. 2014), and long term-use was associated with increased 
incidence of cancer (Walter et al. 2011a; b) and asthma (Henderson and Shaheen 
2013). Risk factors for APAP toxicity are concurrent medications, poor 
nutritional status, chronic alcohol abuse, obesity and non-alcoholic fatty liver 
disease (Larson et al. 2005; Michaut et al. 2014).  

The major cause of APAP-induced hepatotoxicity and acute liver failure is due to 
the formation of the reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI) 
by cytochrome P450, which binds to glutathione causing glutathione depletion 
and liver damage (Bessems and Vermeulen 2001; James et al. 2003). However, 
APAP can also be toxic without formation of NAPQI, as has been shown in 
mammalian cells (Jensen et al. 1996) and yeast (Srikanth et al. 2005). 
Furthermore, toxicity was also observed before glutathione depletion occurs 
(Shuhendler et al. 2014; Miettinen and Björklund 2014). 

Previously, we used yeast Saccharomyces cerevisiae as a eukaryotic model 
organism to get more insight into NAPQI independent APAP toxicity because 
yeast lacks the genes coding for drug-metabolizing P450 enzymes and is 
incapable of APAP metabolism and formation of NAPQI (Srikanth et al. 2005). 
Our study revealed that APAP toxicity depends on the cellular concentration of 
ubiquitin: ubiquitin depletion confers resistance to APAP whereas ubiquitin 
overexpression caused sensitivity (Huseinovic et al. 2017a). Based on the 
correlation between ubiquitin levels and APAP-induced toxicity we also 
performed a deubiquitinase (DUB) gene deletion screen (Huseinovic et al. 
2017b). DUBs are enzymes that can reverse the process of ubiquitination, that 
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often regulate ubiquitin levels and are involved in regulation of many essential 
cellular pathways such as DNA damage repair, internalization of membrane 
proteins, cell division and stress (Finley et al. 2012). The DUB screen showed that 
the APAP sensitivity and resistance growth phenotypes of the DUB deletion 
strains resembled those caused by other drugs, such as quinine (Khozoie et al. 
2009), rapamycin (Beck et al. 1999), FTY720 (Welsch et al. 2003), FK506 
(Schmidt et al. 1994) and ibuprofen (He et al. 2014). The latter drugs also induce 
tryptophan starvation by the ubiquitin-dependent degradation of the Tat2 amino 
acid permease (AAP). 

Uptake of extracellular amino acids is regulated by high and low affinity AAP’s 
(Regenberg et al. 1999; Ljungdahl and Daignan-Fornier 2012), whose expression 
in yeast is regulated by the amino acid sensing SPS and TOR pathways (Ljungdahl 
2009; Shin et al. 2009). Membrane protein levels are regulated by the ubiquitin 
ligase Rsp5 and subsequent internalization from the plasma membrane and 
vacuolar degradation (Nikko and Pelham 2009). The internalization can be 
induced by a variety of environmental conditions, such as nutrient starvation 
(Khozoie et al. 2009), nutrient excess (Nikko and Pelham 2009) inhibition of the 
TOR pathway (Beck et al. 1999) or exposure to high pressure (Miura and Abe 
2004). A variety of drugs have been identified that induce degradation of the high 
affinity permease Tat2, selective for aromatic amino acids. For example, quinine 
blocks tryptophan uptake through competitive inhibition, as it is structurally 
similar to tryptophan, and rapamycin causes tryptophan starvation indirectly by 
inhibiting the TOR pathway. During nutrient starvation, all high affinity AAPs are 
degraded, including Tat1 and Hip1, while the general AAP Gap1 is upregulated 
(Beck et al. 1999), regardless the initial cause of the starvation response. 

Since APAP treatment might result in aberrant amino acid sensing similar to an 
excess of tyrosine (Huseinovic et al. 2017b), we studied whether APAP can 
induce degradation of high affinity AAPs and increase the expression of general 
AAP Gap1, reminiscent of a nutrient starvation response. Also, we investigated 
the APAP-induced changes in intracellular amino acid concentrations. 

  

 

Materials and methods 

Yeast strains and media  

Haploid deletion strains of Saccharomyces cerevisiae with a BY4741 background 
(MATa; ura3Δ0; leu2Δ0; his3Δ1; met15Δ0; gene∆::kanMX4) and BY4733 (MATa; 
ura3∆0; leu2∆0; his3∆200;  met15∆0;  trp1∆63; gene∆::kanMX4) were obtained 
from EUROSCARF (Frankfurt, Germany). YPD medium contained 1% yeast 
extract 2% peptone 2% glucose and selective YNB-URA medium (0.67% yeast 
nitrogen base, 2 % glucose, 2 % agar, 20 mg/l adenine (Ade), 20 mg/l uracil (Ura) 
and amino acids: 20 mg/l arginine (Arg), 20 mg/l histidine (His), 60 mg/l leucine 
(Leu), 30 mg/l lysine (Lys), 20 mg/l methionine (Met), 50 mg/l phenylalanine 
(Phe), 200 mg/l threonine (Thr), 20 mg/l tryptophan (Trp), and 30 mg/l tyrosine 
(Tyr). Plates contained additionally 2% agar. Yeast extract and peptone were 
obtained from Melford Laboratories Ltd. (Ipswich, UK). Amino acids, yeast 
nitrogen base, agar and glucose were purchased from Sigma-Aldrich, St. Louis, 
USA. 

Plasmids and transformations 

PCR amplifications of genes TAT1, MUP1, HIP1 and GAP1 were made using 
genomic DNA of BY4741 strains as template. The genes with an N-terminal HA-
tag were cloned in two steps. Firstly, PCR amplification of the gene coding region 
without start codon and containing stop codon plus ~300 bp downstream 
sequence was cloned into a Yeplac195 based plasmid (2µ, URA3) containing a 
3xHA tag (kindly provided by Jan Paul Bebelman). Subsequently, the gene-
specific promoter, ~1000 bp sequence upstream of the coding region was cloned 
upstream of the HA-tagged coding region. The clones were identified by 
restriction digestion and additionally sequenced to verify the correct DNA 
sequence. The primers sequences are available on request. The plasmids 
YEplac195 (2µ, URA3) containing HA-tagged versions of TAT2 and TAT25K>R  

genes and YCpac33 (CEN, URA3) containing HA-tagged version of TAT2 were 
kind gift of prof. M.Hall. The plasmids were transformed into yeast cells by the 
freeze-thaw method as previously described (Klebe et al. 1983). 
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2009), rapamycin (Beck et al. 1999), FTY720 (Welsch et al. 2003), FK506 
(Schmidt et al. 1994) and ibuprofen (He et al. 2014). The latter drugs also induce 
tryptophan starvation by the ubiquitin-dependent degradation of the Tat2 amino 
acid permease (AAP). 

Uptake of extracellular amino acids is regulated by high and low affinity AAP’s 
(Regenberg et al. 1999; Ljungdahl and Daignan-Fornier 2012), whose expression 
in yeast is regulated by the amino acid sensing SPS and TOR pathways (Ljungdahl 
2009; Shin et al. 2009). Membrane protein levels are regulated by the ubiquitin 
ligase Rsp5 and subsequent internalization from the plasma membrane and 
vacuolar degradation (Nikko and Pelham 2009). The internalization can be 
induced by a variety of environmental conditions, such as nutrient starvation 
(Khozoie et al. 2009), nutrient excess (Nikko and Pelham 2009) inhibition of the 
TOR pathway (Beck et al. 1999) or exposure to high pressure (Miura and Abe 
2004). A variety of drugs have been identified that induce degradation of the high 
affinity permease Tat2, selective for aromatic amino acids. For example, quinine 
blocks tryptophan uptake through competitive inhibition, as it is structurally 
similar to tryptophan, and rapamycin causes tryptophan starvation indirectly by 
inhibiting the TOR pathway. During nutrient starvation, all high affinity AAPs are 
degraded, including Tat1 and Hip1, while the general AAP Gap1 is upregulated 
(Beck et al. 1999), regardless the initial cause of the starvation response. 

Since APAP treatment might result in aberrant amino acid sensing similar to an 
excess of tyrosine (Huseinovic et al. 2017b), we studied whether APAP can 
induce degradation of high affinity AAPs and increase the expression of general 
AAP Gap1, reminiscent of a nutrient starvation response. Also, we investigated 
the APAP-induced changes in intracellular amino acid concentrations. 

  

 

Materials and methods 

Yeast strains and media  

Haploid deletion strains of Saccharomyces cerevisiae with a BY4741 background 
(MATa; ura3Δ0; leu2Δ0; his3Δ1; met15Δ0; gene∆::kanMX4) and BY4733 (MATa; 
ura3∆0; leu2∆0; his3∆200;  met15∆0;  trp1∆63; gene∆::kanMX4) were obtained 
from EUROSCARF (Frankfurt, Germany). YPD medium contained 1% yeast 
extract 2% peptone 2% glucose and selective YNB-URA medium (0.67% yeast 
nitrogen base, 2 % glucose, 2 % agar, 20 mg/l adenine (Ade), 20 mg/l uracil (Ura) 
and amino acids: 20 mg/l arginine (Arg), 20 mg/l histidine (His), 60 mg/l leucine 
(Leu), 30 mg/l lysine (Lys), 20 mg/l methionine (Met), 50 mg/l phenylalanine 
(Phe), 200 mg/l threonine (Thr), 20 mg/l tryptophan (Trp), and 30 mg/l tyrosine 
(Tyr). Plates contained additionally 2% agar. Yeast extract and peptone were 
obtained from Melford Laboratories Ltd. (Ipswich, UK). Amino acids, yeast 
nitrogen base, agar and glucose were purchased from Sigma-Aldrich, St. Louis, 
USA. 

Plasmids and transformations 

PCR amplifications of genes TAT1, MUP1, HIP1 and GAP1 were made using 
genomic DNA of BY4741 strains as template. The genes with an N-terminal HA-
tag were cloned in two steps. Firstly, PCR amplification of the gene coding region 
without start codon and containing stop codon plus ~300 bp downstream 
sequence was cloned into a Yeplac195 based plasmid (2µ, URA3) containing a 
3xHA tag (kindly provided by Jan Paul Bebelman). Subsequently, the gene-
specific promoter, ~1000 bp sequence upstream of the coding region was cloned 
upstream of the HA-tagged coding region. The clones were identified by 
restriction digestion and additionally sequenced to verify the correct DNA 
sequence. The primers sequences are available on request. The plasmids 
YEplac195 (2µ, URA3) containing HA-tagged versions of TAT2 and TAT25K>R  

genes and YCpac33 (CEN, URA3) containing HA-tagged version of TAT2 were 
kind gift of prof. M.Hall. The plasmids were transformed into yeast cells by the 
freeze-thaw method as previously described (Klebe et al. 1983). 
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Western blotting  

For the determination of HA-tagged protein levels from multi copy plasmids (2µ, 
URA3), overnight cultures (16h) were grown at 30oC in YNB-URA medium to 
OD600 of 0.5 in 10 ml YNB for each sample.  Prior to APAP exposure, the cultures 
were incubated at 37oC for 3 hrs. Subsequently, the cells were treated with 0, 50, 
75 and 100 mM APAP (Sigma-Aldrich, St. Louis, USA) for 1 h. The OD600 was 
measured and for each sample the volume of cells equivalent to OD600 of 10 was 
harvested by centrifugation and frozen were frozen at -20oC. The cell pellets were 
dissolved in 200 µl Laemmli buffer without bromophenol blue (50 mM Tris-HCl 
pH 6.8, 2% SDS, 10% glycerol, 12.5 mM EDTA, supplemented with 1 mM PMSF, 
10 mM DTT and protease inhibitor (EDTA-free Complete, Roche) and cells were 
mechanically broken by vortexing with acid washed beads (Sigma Aldrich) for 6 
minutes. Subsequently, the lysates were incubated at 37oC for 10 minutes and the 
protein extract was separated from insoluble cell debris and beads by 
centrifugation.  Aliquots were diluted 1:40 in water and the amount of total 
protein was determined by a Protein assay (Bio-Rad). Subsequently, 0.02% 
bromophenol blue was added to the samples and a Western blot was performed. 
Briefly, equal amounts of protein were loaded on 10% bis-Tris gels and the 
proteins were separated in MES buffer (Life technologies).  

For the determination of HA-TAT2 expression from a single copy plasmid (CEN, 
URA3), the cells were grown and treated with APAP as decribed above and P13 
membrane fractions were isolated as decribed previously (Abe and Iida 2003). 
Briefly, the cells were washed subsequently with 10 mM NaN3/10 mM NaF and 
lysis buffer (50 mM Tris-HCl, 5 mMEDTA, 10 mM NaN3, 1 mM PMSF and protease 
inhibitor (EDTA-free Complete, Roche). After washing, the cells were 
resuspended in 200 µl lysis buffer and broken with glass beads (vortexd for 6 
minutes) and centrifuged for 2 min at 300 g to remove unbroken cells and debris. 
Then, 100 µl of the cleared lysates was mixed with an equal volume of STE20 
buffer (20% sucrose, 50 mM Tris-HCl pH 7.5, 5 mM EDTA) and centrifugated at 
13,000 g for 10 min to yield a P13 (pellet) fraction. P13 fractions were 
resupended in 30 µl of adjusted 1x Leammli sample buffer (60 mM Tris-HCl pH 
6.8, 5% SDS, 10% glycerol and 5% ß-mercaptoethanol) at 37°C for 10 min. The 
protein concentration was measured by nanodrop before 0.004% bromophenol 

 

blue was added. Equal amounts of protein (~120 µg) were loaded on 12% Tris-
HCl gels and the proteins were separated in Tris-Glycine-SDS buffer.The proteins 
were blotted on a 0.45 µm PVDF membrane (Thermo scientific). Protein loading 
was controlled by Ponceau S staining. The membrane was blocked in 5% 
skimmed milk (Sigma-Aldrich, St. Louis, USA) resolved in TBST (20 mM Tris, 150 
mM NaCL,  0.1 % Tween 20) and washed in TBST. HRP conjugated HA-antibody 
and anti-actin antibody used for detection were obtained from Santa Cruz (sc-
8017) and Merck Millipore (MAB1501), respectively. The secondary antibodies 
rabbit anti-mouse HRP conjugated used for actin detection was ordered from 
Abcam (ab97046). The detection was performed by ECL reaction (Pierce) in a Bio 
rad imager. 

Spot dilution assay 

For the AAPs overexpression experiments, WT cells were transformed with 
plasmids (2µ, URA3) of the HA-tagged genes of Tat2, Tat1, Hip1, Mup1 and Gap1 
and grown overnight in YNB-URA medium at 30oC. Subsequently, cultures were 
diluted to an OD600 of 0.05 and additional 5-fold serial dilutions were made. The 
cells were plated on YPD plates with and without 70 mM APAP and incubated for 
three days at 37oC. For the trp1∆ sensitivity determination, WT (BY4741) and  
trp1∆ (BY4733) cells were grown overnight in YPD medium at 30oC and 5-fold 
serial dilutions of cell suspensions with optical density OD600 of 0.05 were made 
and plated on YPD plates with or without 50 mM APAP or 200 ng/ml rapamycin 
(Sigma-Aldrich, St. Louis, USA) and incubated for three days at 37oC. The cells 
were spotted on YPD agar plates using a 96-well replica plater (Sigma-Aldrich). 

Growth rate measurements  

The yeast cells were grown at 30oC in YPD medium to exponential growth phase, 
washed in water and resuspended in YNB medium with predefined amino acid 
concentrations (see the composition of YNB medium). The treatments were 
performed in duplicate in a 96-well plate in a final volume of 200 µl in medium 
containing 40 mM APAP and additional 1-fold of different amino acids. The cells 
were grown for 19 hours at 37oC and the OD600 was measured every 20 minutes. 
The controls were cells grown in medium with or without 40 mM APAP. The 
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mechanically broken by vortexing with acid washed beads (Sigma Aldrich) for 6 
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protein extract was separated from insoluble cell debris and beads by 
centrifugation.  Aliquots were diluted 1:40 in water and the amount of total 
protein was determined by a Protein assay (Bio-Rad). Subsequently, 0.02% 
bromophenol blue was added to the samples and a Western blot was performed. 
Briefly, equal amounts of protein were loaded on 10% bis-Tris gels and the 
proteins were separated in MES buffer (Life technologies).  

For the determination of HA-TAT2 expression from a single copy plasmid (CEN, 
URA3), the cells were grown and treated with APAP as decribed above and P13 
membrane fractions were isolated as decribed previously (Abe and Iida 2003). 
Briefly, the cells were washed subsequently with 10 mM NaN3/10 mM NaF and 
lysis buffer (50 mM Tris-HCl, 5 mMEDTA, 10 mM NaN3, 1 mM PMSF and protease 
inhibitor (EDTA-free Complete, Roche). After washing, the cells were 
resuspended in 200 µl lysis buffer and broken with glass beads (vortexd for 6 
minutes) and centrifuged for 2 min at 300 g to remove unbroken cells and debris. 
Then, 100 µl of the cleared lysates was mixed with an equal volume of STE20 
buffer (20% sucrose, 50 mM Tris-HCl pH 7.5, 5 mM EDTA) and centrifugated at 
13,000 g for 10 min to yield a P13 (pellet) fraction. P13 fractions were 
resupended in 30 µl of adjusted 1x Leammli sample buffer (60 mM Tris-HCl pH 
6.8, 5% SDS, 10% glycerol and 5% ß-mercaptoethanol) at 37°C for 10 min. The 
protein concentration was measured by nanodrop before 0.004% bromophenol 

 

blue was added. Equal amounts of protein (~120 µg) were loaded on 12% Tris-
HCl gels and the proteins were separated in Tris-Glycine-SDS buffer.The proteins 
were blotted on a 0.45 µm PVDF membrane (Thermo scientific). Protein loading 
was controlled by Ponceau S staining. The membrane was blocked in 5% 
skimmed milk (Sigma-Aldrich, St. Louis, USA) resolved in TBST (20 mM Tris, 150 
mM NaCL,  0.1 % Tween 20) and washed in TBST. HRP conjugated HA-antibody 
and anti-actin antibody used for detection were obtained from Santa Cruz (sc-
8017) and Merck Millipore (MAB1501), respectively. The secondary antibodies 
rabbit anti-mouse HRP conjugated used for actin detection was ordered from 
Abcam (ab97046). The detection was performed by ECL reaction (Pierce) in a Bio 
rad imager. 

Spot dilution assay 

For the AAPs overexpression experiments, WT cells were transformed with 
plasmids (2µ, URA3) of the HA-tagged genes of Tat2, Tat1, Hip1, Mup1 and Gap1 
and grown overnight in YNB-URA medium at 30oC. Subsequently, cultures were 
diluted to an OD600 of 0.05 and additional 5-fold serial dilutions were made. The 
cells were plated on YPD plates with and without 70 mM APAP and incubated for 
three days at 37oC. For the trp1∆ sensitivity determination, WT (BY4741) and  
trp1∆ (BY4733) cells were grown overnight in YPD medium at 30oC and 5-fold 
serial dilutions of cell suspensions with optical density OD600 of 0.05 were made 
and plated on YPD plates with or without 50 mM APAP or 200 ng/ml rapamycin 
(Sigma-Aldrich, St. Louis, USA) and incubated for three days at 37oC. The cells 
were spotted on YPD agar plates using a 96-well replica plater (Sigma-Aldrich). 

Growth rate measurements  

The yeast cells were grown at 30oC in YPD medium to exponential growth phase, 
washed in water and resuspended in YNB medium with predefined amino acid 
concentrations (see the composition of YNB medium). The treatments were 
performed in duplicate in a 96-well plate in a final volume of 200 µl in medium 
containing 40 mM APAP and additional 1-fold of different amino acids. The cells 
were grown for 19 hours at 37oC and the OD600 was measured every 20 minutes. 
The controls were cells grown in medium with or without 40 mM APAP. The 
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average growth curves and standard errors of  the two duplicates were 
calculated. 

Yeast cells sample preparation for HPLC 

WT, ubi4∆, doa4∆ and doa1∆ yeast cells were grown in duplicate in 5 ml YPD 
medium overnight at 30oC.  Subsequently, the OD600 was measured and the 
cultures were diluted in fresh YPD medium to OD600 of 0.5 to a final volume of 20 
ml and pre-incubated for 3 hours at 37oC shaking in order to reach exponential 
phase.  For the drug treatments, each culture was separated in two 10 ml cultures 
and, subsequently, 10 ml of pre-warmed YPD medium with or without 150 mM 
APAP was added to the final concentration of 0 and 75 mM APAP.  The cells were 
incubated 37oC; WT cells for 10, 30 and 60 minutes and ubi4∆, doa4∆ and doa1∆ 
for 60 minutes. Subsequently, the cultures were cooled on ice and washed twice 
in ice-cold milliQ water. After washing, the cells were resuspended in 1.1 ml ice-
cold milliQ water, 1 ml was centrifuged at 2000 g for 2 minutes and the pellets 
were frozen at -20oC. The remaining 100 µl was used to measure OD600 and this 
value was used to resuspend the frozen pellets in appropriate amount of milliQ 
water containing 100 µM of DL-2-aminobuttylic acid (TCI, Tokyo, Japan) as 
internal standard to obtain a cell density of OD600 is 8 per 1 ml. Subsequently, the 
cell suspension was incubated at 90oC for 15 min and centrifuged for 2 min. The 
supernatant containing free amino acids was collected and filtered through a 
small volume 0.2 µm filter (purchased by Phenomenex) and further prepared for 
HPLC analysis by ethoxymethylenemalonate (DEEMM)-derivatization. 

HepG2 cells sample preparation for HPLC 

HepG2 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Lonza, 
Basel, Switzerland) supplemented with 10% Fetal Bovine Serum (FBS) (Lonza), 
1% penicillin/streptomycin (Lonza), 1% L-glutamine (Lonza) and 1% non-
essential amino acids (Sigma-Aldrich). During routine passage, 80% confluent 
cells were washed with phosphate-buffered saline (PBS) solution (Lonza), 
trypsinized with Trypsin-EDTA (Lonza). Prior to APAP treatment, 1x106 cells 
HepG2 cells/well of a 6-well plate were seeded and grown at 37oC in a monolayer 
to the confluency of ~70%. During APAP treatment, the cells were washed with 

 

PBS and DMEM medium with 10 % FBS   containing 0, 10 and 20 mM APAP and 
incubated for 2 hrs. The medium was removed by aspiration and the cells were 
washed two times with warm PBS solution. Subsequently, 500 µl water 
containing 100 µM DL-2-aminobuttylic acid (internal standard) was added in 
each well, the cells were harvested by scraping, incubated at 90oC for 15 minutes, 
vortexed and centrifuged at high speed for 15 minutes. The supernatant 
containing released free intracellular amino acids was collected, filtered through 
a 0.2 µm filter and prepared for HPLC by DEEMM-derivatization. 

Amino acid DEEMM derivatization and HPLC measurements 

The amino acid derivatization was performed according to (Alaiz et al. 1992). 
Briefly, 400 µl of the amino acid extract obtained from yeast of HepG2 cells was 
mixed with 1 ml of 150 mM borate buffer pH 9.0 and 0.8 µl DEEMM (Sigma-
Aldrich, St. Louis, USA) and subsequently incubated at 50oC for 1 hour by shaking 
at 1400 rpm. The samples were centrifuged for 15 minutes at 20,800g. 50 µl of 
the samples were injected by a Gilson 234 auto injector connected to two Gilson 
305 pumps onto a 250x4.8 mm Zorbax column connected to a C18 guard column.  
The UV signal at 280 nm was detected with a photodiode array detector (SPD-
20A Shimadzu). Eluent A was 10 mM acetate pH 5.8 in ddH2O and eluent B was 
100% acetonitrile. The flow rate was set to 0.9 ml/min. The HPLC program was 
optimized in order to obtain an optimal amino acid peak separation by adjusting 
the eluent B percentage (%) at different time points Table 1. 

Table 1.  HPLC program used for amino acids determination. 
Time point (min) 0 10 20 30 40 45 56 58 60 61 72 
Eluent B (%) 1 5 9 13 18 19 30 50 60 95 1 

HPLC data analysis and statistics  

The obtained HPLC chromatograms were analyzed with Shimadzu CLASS-VP 
Chromatography Data System 4.3 software (Kyoto, Japan), which quantified each 
area peak for each amino acid with and without APAP treatment and the values 
were exported in an excel file. The amino acid retention times were determined 
by HPLC analysis of each individual amino acid standards, which were 



Acetaminophen causes tryptophan depletion |   133   

4

 

average growth curves and standard errors of  the two duplicates were 
calculated. 

Yeast cells sample preparation for HPLC 

WT, ubi4∆, doa4∆ and doa1∆ yeast cells were grown in duplicate in 5 ml YPD 
medium overnight at 30oC.  Subsequently, the OD600 was measured and the 
cultures were diluted in fresh YPD medium to OD600 of 0.5 to a final volume of 20 
ml and pre-incubated for 3 hours at 37oC shaking in order to reach exponential 
phase.  For the drug treatments, each culture was separated in two 10 ml cultures 
and, subsequently, 10 ml of pre-warmed YPD medium with or without 150 mM 
APAP was added to the final concentration of 0 and 75 mM APAP.  The cells were 
incubated 37oC; WT cells for 10, 30 and 60 minutes and ubi4∆, doa4∆ and doa1∆ 
for 60 minutes. Subsequently, the cultures were cooled on ice and washed twice 
in ice-cold milliQ water. After washing, the cells were resuspended in 1.1 ml ice-
cold milliQ water, 1 ml was centrifuged at 2000 g for 2 minutes and the pellets 
were frozen at -20oC. The remaining 100 µl was used to measure OD600 and this 
value was used to resuspend the frozen pellets in appropriate amount of milliQ 
water containing 100 µM of DL-2-aminobuttylic acid (TCI, Tokyo, Japan) as 
internal standard to obtain a cell density of OD600 is 8 per 1 ml. Subsequently, the 
cell suspension was incubated at 90oC for 15 min and centrifuged for 2 min. The 
supernatant containing free amino acids was collected and filtered through a 
small volume 0.2 µm filter (purchased by Phenomenex) and further prepared for 
HPLC analysis by ethoxymethylenemalonate (DEEMM)-derivatization. 

HepG2 cells sample preparation for HPLC 

HepG2 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Lonza, 
Basel, Switzerland) supplemented with 10% Fetal Bovine Serum (FBS) (Lonza), 
1% penicillin/streptomycin (Lonza), 1% L-glutamine (Lonza) and 1% non-
essential amino acids (Sigma-Aldrich). During routine passage, 80% confluent 
cells were washed with phosphate-buffered saline (PBS) solution (Lonza), 
trypsinized with Trypsin-EDTA (Lonza). Prior to APAP treatment, 1x106 cells 
HepG2 cells/well of a 6-well plate were seeded and grown at 37oC in a monolayer 
to the confluency of ~70%. During APAP treatment, the cells were washed with 

 

PBS and DMEM medium with 10 % FBS   containing 0, 10 and 20 mM APAP and 
incubated for 2 hrs. The medium was removed by aspiration and the cells were 
washed two times with warm PBS solution. Subsequently, 500 µl water 
containing 100 µM DL-2-aminobuttylic acid (internal standard) was added in 
each well, the cells were harvested by scraping, incubated at 90oC for 15 minutes, 
vortexed and centrifuged at high speed for 15 minutes. The supernatant 
containing released free intracellular amino acids was collected, filtered through 
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derivatized the same way as the samples. The peak area values were normalized 
against the values of the internal standard DL-2-aminobuttylic acid.  The relative 
increase or decrease for each amino acid with APAP treatment was calculated 
from the average of the duplicate measurements according to the formula  
  (   )

   
       . The standard error was calculated according to the 

general rule for error calculation of multiplication or division of measured 

quantities with formula    | |  √(   )
 
 (   )

 
, where X and Y are the 

average values with and without APAP treatment, respectively, δX and δY are 
their corresponding standard deviations, and R is the relative increase or 
decrease percentage when compared to the non-treated cells. 

Results 

APAP induces degradation of Tat2, Tat1, Mup1 and Hip1, and 
upregulates Gap1  

In the previously performed DUB toxicity screen (Huseinovic et al. 2017b) we 
showed similarities between the DUB toxicity profiles of tyrosine, APAP and 
drugs causing degradation of Tat2, such as quinine (Khozoie et al. 2009) and 
ibuprofen (He et al. 2014). In order to determine whether APAP can also induce 
degradation of amino acid permeases we tested the expression levels of several 
high affinity AAPs during APAP treatment at concentrations that reduce the 
growth rate. We used for this WT cells transformed with plasmids (2µ, URA3) 
expressing HA-tagged versions of Tat2 (Trp, Tyr and Phe permease), Tat1 (Trp, 
Tyr, Leu, Val and Thr permease), Hip1 (His permease), Mup1 (Met permease) and 
of the general AAP Gap1.  The cells were grown for 1 hour in YNB-URA medium 
containing 0, 50, 75 and 100 mM of APAP and protein levels were determined by 
Western blotting. The results showed that the abundance of Tat2, Tat1, Hip1 and 
Mup1 declined in a dose-dependent manner upon APAP exposure, Figure 1. In 
contrast, Gap1 levels increased in dose dependent manner. A similar effect of 
Tat2 degradation upon APAP exposure is also shown in WT cells expressing HA-
TAT2 from a single copy plasmid (CEN, URA3), Figure 1 bottom panel, indicating 
that the observed effect is not restricted to overexpression conditions. 

 

Concurrent high affinity AAP’s degradation and induction of general AAP Gap1 
suggest that APAP caused a nutrient starvation response. 

 

Figure 1. APAP induced concentration dependent degradation of Tat2, Tat1, Hip1 
and Mup1, while Gap1 expression was increased. The WT cells containing a multi 
copy plasmid (2µ, URA3) or single copy plasmid (CEN, URA3) with corresponding HA-
tagged genes were grown exponentially in YNB-URA and treated with 0, 50, 75 and 100 
mM APAP for 1 hour. Equal amounts of protein were loaded. The blots were assayed for 
HA-Tat2, HA-Tat1, HA-Hip1, HA-Mup1 and HA-Gap1 expression (on the left) and the 
Ponceau S staining was used as the loading control (on the right). 

Tat2 and Tat1 overexpression confers resistance to APAP 

APAP induced degradation of high affinity AAP’s Tat1, Tat2, Hip1, Mup1, which is 
likely to limit amino acid availability in the cell. Therefore, we wanted to see 
whether the overexpression of these permeases could counteract the APAP-
induced growth reduction.  For that purpose, we expressed the permeases in WT 
cells from a multicopy plasmid using a HA N-terminal tag, which has been used 
successfully before (Beck et al. 1999). We tested these cells in a spot dilution 
assay with and without APAP. Interestingly, only Tat1 and Tat2 overexpression, 
which are both involved in uptake of Trp and Tyr, conferred APAP resistance, 
while overexpression of Hip1 (His uptake), Mup1 (Met uptake) and Gap1 
(general amino acid permease) did not rescue the cell growth upon APAP 



Acetaminophen causes tryptophan depletion |   135   

4

 

derivatized the same way as the samples. The peak area values were normalized 
against the values of the internal standard DL-2-aminobuttylic acid.  The relative 
increase or decrease for each amino acid with APAP treatment was calculated 
from the average of the duplicate measurements according to the formula  
  (   )

   
       . The standard error was calculated according to the 

general rule for error calculation of multiplication or division of measured 

quantities with formula    | |  √(   )
 
 (   )

 
, where X and Y are the 

average values with and without APAP treatment, respectively, δX and δY are 
their corresponding standard deviations, and R is the relative increase or 
decrease percentage when compared to the non-treated cells. 

Results 

APAP induces degradation of Tat2, Tat1, Mup1 and Hip1, and 
upregulates Gap1  

In the previously performed DUB toxicity screen (Huseinovic et al. 2017b) we 
showed similarities between the DUB toxicity profiles of tyrosine, APAP and 
drugs causing degradation of Tat2, such as quinine (Khozoie et al. 2009) and 
ibuprofen (He et al. 2014). In order to determine whether APAP can also induce 
degradation of amino acid permeases we tested the expression levels of several 
high affinity AAPs during APAP treatment at concentrations that reduce the 
growth rate. We used for this WT cells transformed with plasmids (2µ, URA3) 
expressing HA-tagged versions of Tat2 (Trp, Tyr and Phe permease), Tat1 (Trp, 
Tyr, Leu, Val and Thr permease), Hip1 (His permease), Mup1 (Met permease) and 
of the general AAP Gap1.  The cells were grown for 1 hour in YNB-URA medium 
containing 0, 50, 75 and 100 mM of APAP and protein levels were determined by 
Western blotting. The results showed that the abundance of Tat2, Tat1, Hip1 and 
Mup1 declined in a dose-dependent manner upon APAP exposure, Figure 1. In 
contrast, Gap1 levels increased in dose dependent manner. A similar effect of 
Tat2 degradation upon APAP exposure is also shown in WT cells expressing HA-
TAT2 from a single copy plasmid (CEN, URA3), Figure 1 bottom panel, indicating 
that the observed effect is not restricted to overexpression conditions. 

 

Concurrent high affinity AAP’s degradation and induction of general AAP Gap1 
suggest that APAP caused a nutrient starvation response. 

 

Figure 1. APAP induced concentration dependent degradation of Tat2, Tat1, Hip1 
and Mup1, while Gap1 expression was increased. The WT cells containing a multi 
copy plasmid (2µ, URA3) or single copy plasmid (CEN, URA3) with corresponding HA-
tagged genes were grown exponentially in YNB-URA and treated with 0, 50, 75 and 100 
mM APAP for 1 hour. Equal amounts of protein were loaded. The blots were assayed for 
HA-Tat2, HA-Tat1, HA-Hip1, HA-Mup1 and HA-Gap1 expression (on the left) and the 
Ponceau S staining was used as the loading control (on the right). 

Tat2 and Tat1 overexpression confers resistance to APAP 

APAP induced degradation of high affinity AAP’s Tat1, Tat2, Hip1, Mup1, which is 
likely to limit amino acid availability in the cell. Therefore, we wanted to see 
whether the overexpression of these permeases could counteract the APAP-
induced growth reduction.  For that purpose, we expressed the permeases in WT 
cells from a multicopy plasmid using a HA N-terminal tag, which has been used 
successfully before (Beck et al. 1999). We tested these cells in a spot dilution 
assay with and without APAP. Interestingly, only Tat1 and Tat2 overexpression, 
which are both involved in uptake of Trp and Tyr, conferred APAP resistance, 
while overexpression of Hip1 (His uptake), Mup1 (Met uptake) and Gap1 
(general amino acid permease) did not rescue the cell growth upon APAP 
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exposure, Figure 2A. In our previous research (Huseinovic et al. 2017b) we 
already showed that addition of extra Trp provided growth rescue upon APAP 
exposure. Therefore, we wanted to see whether a Trp auxotrophic strain would 
be sensitive to APAP. Indeed, the Trp auxotrophic strain BY4733 was 
hypersensitive to APAP when compared to its TRP1 counterpart BY4741 (WT). 
Rapamycin caused a similar sensitivity and has been shown to induce Trp 
starvation and Tat1 and Tat2 degradation through the inhibition of TOR pathway 
(Beck et al. 1999), Figure 2B. 
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Figure 2. Tat2 and Tat1 overexpression confers APAP resistance and a trp1∆ 
strain is hypersensitive. A) WT cells were transformed with the plasmid (2µ, URA3) 
containing the HA-tagged gene of Tat2, Tat1, Hip1, Mup1 and Gap1.  The cells were 
grown overnight in YNB-URA medium and fivefold serial dilutions of cell suspensions 
with optical density OD600 of 0.05 were plated on YPD plates containing 0 and 70 mM 
APAP and incubated for three days at 37oC. B) WT (BY4741) and  trp1∆ (BY4733) cells 
were grown overnight in YPD medium and fivefold serial dilutions of cell suspensions 
with optical density OD600 of 0.05 were plated on YPD plates containing 50  mM APAP 
and  200 ng/ml rapamycin.  The plates were incubated for three days at 37oC. 

 

Tat2 expression level is stabilized in APAP resistant strains ubi4∆, 
ubp6∆ and doa1∆ 

In our previous research (Huseinovic et al. 2017a; b), we showed that APAP 
toxicity depends on cellular ubiquitin levels and ubiquitin-deficient strains, such 
as ubi4∆, doa1∆, doa4∆, ubp6∆ and ∆ubp14, conferred resistance to APAP  
(Huseinovic et al. 2017a). Since it is known that the Tat2 expression level is 
stabilized in deletion strains doa4∆, ubp6∆ and ubp14∆ under high pressure 
(Miura and Abe 2004), and based on our current finding that only Tat1 or Tat2 
overexpression conferred resistance to APAP, we hypothesized that the Tat2 
expression level is stabilized in the APAP resistant mutants during APAP 
treatment. In order to determine the levels of Tat2 upon APAP treatment we 
expressed a HA-tagged TAT2 in WT, ubi4∆, ubp6∆ and doa1∆ cells and 
determined its abundance after 1 hr exposure to APAP. We also tested the 
expression of HA-Tat25K>R mutant in WT cells, which lacks 5 lysines and cannot be 
ubiquitinated (Beck et al. 1999). The role protein ubiquitination by E3 ubiquitin 
ligase Rsp5 in protein degradation of AAPs (i.e Mup1, Tat1 and Tat2) has been 
well established (Nikko and Pelham 2009; Suzuki et al. 2013). Indeed, the 
Western blot results revealed that the levels of Tat2 were unaffected and higher  
in ubi4∆, doa1∆ and ubp6∆ strains when compared to the WT, probably due to the 
reduced levels of ubiquitin and/or reduced vacuolar degradation of 
transmembrane proteins (doa1∆). Similarly, the amount of HA-Tat25K>R mutant 
was also constant upon APAP exposure, demonstrating the role of ubiquitination 
in Tat2 degradation.  

The apparent higher levels of Tat2 expression in the deletion strains under 
normal conditions may also be due to the reduced ubiquitin levels in the cell, 
Figure 3. 
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or without 1-fold extra addition of each amino acid based on the concentrations 
that are normally present in YNB medium (see Materials and methods) and the 
cell growth was measured as increase in optical density (OD600), Figure 4. Note 
that 1-fold extra addition of each amino acid without APAP did not have a growth 
effect on the cells (data not shown). Both WT and trp1∆ strains exhibited 
impaired growth in the presence of APAP, but the effect on trp1∆ cells was much 
stronger, similar to what was already observed on a solid culture, Figure 3B. 
Addition of Trp enhanced growth, especially in the trp1∆ cells. In contrast, 
addition of Tyr and Phe increased the APAP-induced toxicity and almost 
completely inhibited growth, Figure 4A and 4B.  

Addition of Arg, Lys, Glu and Thr did not have a major effect on growth rate, 
Figure 4C and 4D.  In conclusion, these experiments showed that only addition of 
Trp was sufficient to rescue growth of trp1∆ upon APAP exposure, while addition 
of Tyr and Phe increased APAP toxicity leading to an almost complete growth 
arrest. These results suggest that APAP causes a growth-limiting shortage of 
intracellular Trp. The raw data and the calculations are presented in Online 
Resource 1. 

The role of Tat1 and Tat2 permeases in APAP sensitivity  

Next, we investigated the relative importance of TAT1 and TAT2. Therefore, we 
tested the growth effect of addition of Trp, Tyr or Phe on tat1∆ and tat2∆ strains 
during APAP exposure. Notably, tat2∆ showed similar growth as the WT, with a 
slight growth rescue upon addition of Trp, and enhanced toxicity after Tyr or Phe 
addition, Figure 5B and 5D. However, tat1∆ showed higher sensitivity to APAP, 
almost complete growth impairment after addition of Tyr and Phe, but no growth 
rescue after Trp addition, Figure 5A, indicating that Tat1 is the main transporter 
of Trp into the cells under these conditions. Addition of Glu, Lys and, especially, 
Met or Thr had a negative growth effect upon APAP exposure in tat1∆, Figure 6C, 
suggesting a complex role of Tat1 in maintaining amino acid availability. The raw 
data and the calculations are presented in Online resource 1. 

 

 

Figure 3. APAP induces degradation of Tat2. APAP treatment induced 
degradation of Tat2 in WT cells, while the expression level of Tat2 was unaffected in 
ubiquitin-deficient strains ubi4∆, doa1∆ and ubp6∆. The expression level of TAT25K>R 

mutant was also constant in WT cells.  The cells containing multi copy plasmid (2µ, 
URA3) with HA-TAT2 gene (all strains) or HA-TAT25K>R gene (WT) were grown 
exponentially in YNB-URA medium and treated with 0, 50, 75 and 100 mM APAP for 
1 hour. Total protein levels were determined by protein assay (Bio-rad) and equal 
amounts of protein were loaded. The blots were assayed for HA-Tat2 expression (on 
the left). ß-actine expression was used as the loading control (on the right). 

The effects of individual amino acids on APAP-induced growth 
inhibition 

Because Tat1 and Tat2 overexpression conferred APAP resistance and a trp1∆-
strain was more sensitive to APAP, we investigated the effect of addition of 
individual amino acids on growth of WT and trp1∆ cells during APAP exposure. 
We tested the growth effect of addition of a surplus of the aromatic amino acids 
Trp and Tyr (transported by Tat1 and Tat2) and Phe (transported by Tat2). We 
also tested addition of His, Met or Leu, since WT and trp1∆ cells are auxotrophic 
for these amino acids, and their transporters (Hip1, Mup1 and Tat1, respectively) 
were downregulated during APAP exposure, Figure 1. For comparison and as a 
control, we also tested the growth effects of Arg and Lys (transported by Lyp1), 
Glu (transported by Gap1) and Thr (transported by Agp1, Gnp1 and Tat1). The 
cells were grown in 96-well plates in liquid YNB medium containing APAP with 
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Because Tat1 and Tat2 overexpression conferred APAP resistance and a trp1∆-
strain was more sensitive to APAP, we investigated the effect of addition of 
individual amino acids on growth of WT and trp1∆ cells during APAP exposure. 
We tested the growth effect of addition of a surplus of the aromatic amino acids 
Trp and Tyr (transported by Tat1 and Tat2) and Phe (transported by Tat2). We 
also tested addition of His, Met or Leu, since WT and trp1∆ cells are auxotrophic 
for these amino acids, and their transporters (Hip1, Mup1 and Tat1, respectively) 
were downregulated during APAP exposure, Figure 1. For comparison and as a 
control, we also tested the growth effects of Arg and Lys (transported by Lyp1), 
Glu (transported by Gap1) and Thr (transported by Agp1, Gnp1 and Tat1). The 
cells were grown in 96-well plates in liquid YNB medium containing APAP with 
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Figure 4. Effect of amino acids supplements on APAP-induced growth inhibition. 
The WT and trp1Δ cells were grown in a 96-well in YNB medium and treated with 40 mM 
APAP with and without 1-fold addition of single amino acids: A and B Trp, Tyr and Phe, 
and C and D  His, Glu, Thr, Met, Arg, Leu and Lys. OD600 measurements were performed 
every 20 minutes for 19 hours. The standard errors from two individual measurements 
are not presented, but were not higher than 5 % (see Online Resource 1). 

 

 

  

  

Figure 5. TAT1 is required for growth rescue by tryptophan upon APAP exposure.  
The tat1Δ tat2Δ cells were grown in a 96-well plate in YNB medium and treated with 40 
mM APAP with and without addition 1-fold of single amino acids: A and B Trp, Tyr and 
Phe, and C and D  His, Glu, Thr, Met, Arg, Leu and Lys. The OD600 measurements were 
performed each 20 minutes for 19 hours. The standard errors from two individual 
measurements are not presented, but were not higher than 5 % (see Online Resource 1). 
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Changes in intracellular amino acid levels upon APAP treatment 

Our findings that APAP induced degradation of high affinity permeases, Figure 1, 
and that APAP toxicity can be rescued by addition of Trp, Figure 4, prompted us 
to determine the effect of APAP on intracellular levels of all amino acids. For that 
purpose, we cultured WT cells in liquid YPD culture in the presence or absence 
APAP and harvested after 10, 30 and 60 minutes. The level of each amino acid 
upon APAP treatment was determined by HPLC analysis relative to the non-
treated cells. The results showed that already after 10 minutes of APAP treatment 
there was a decrease in the intracellular levels of Leu, Met, Phe, Tyr, Arg, Asp, Lys, 
Trp, and His, while Gly, Gln and Thr showed increased levels, Figure 6.  After 30 
minutes of APAP treatment an even higher decrease of most amino acid levels 
was measured, except for Ile, Ala, Gly, Glu and Gln, while after 60 min of exposure 
all amino acid levels were decreased except for Glu, and Gln, which were 
increased, Figure 6.  Note that we did not present Cys, due to the low levels of 
detection. It is known, that Cys is a low abundant amino acid in yeast (Romagnoli 
et al. 2014). The complete set of raw data and calculations are presented in 
Online resource 2. 

 

Figure 6. APAP induced changes in amino acid levels.  WT cells were grown 
exponentially in YPD medium and treated with 75 mM APAP for 10, 30 and 60 minutes at 
37oC.  The intracellular amino acid levels were measured by HPLC. The bars represent 
relative increase decrease in intracellular amino acid levels compared to the non-treated 
cells. The error bars present standard error of two individual measurements. The amino 
acids were ordered based on the highest decrease at the 30 minutes time point. 

 

Differences in amino acid levels between WT and APAP resistant 
strains 

Since the expression levels of Tat2 were stable in ubiquitin-deficient strains, 
Figure 2B, (Miura and Abe 2004), we determined the effect of APAP exposure on 
the amino acids level in several of these deletion strains, i.e. ubi4∆, doa4∆ and 
doa1∆. The cells were grown exponentially, exposed to APAP for 1 hr and the 
intracellular amino acid levels were measured by HPLC, Figure 7. Most amino 
acid levels in the ubiquitin deficient strains were less decreased than in wild type 
cells, especially the amino acids Leu, Phe, Met, Tyr, Ser, Val, Trp and Asn. Strains 
ubi4∆ and doa4∆ showed similar profile of increase/decrease for all amino acid 
levels, indicating that the APAP resistance of doa4∆, similar to ubi4∆, is probably 
due to the ubiquitin deficiency. In contrast to WT, Gly levels were increased in 
ubi4∆, doa1∆ and doa4∆ upon APAP exposure. Ser and Ala were markedly 
increased in only ubi4∆ and doa4∆. The complete set of raw data and calculations 
are presented in Online resource 3. 

Intracellular amino acid concentration in HepG2 cells upon APAP 
treatment 

Finally, we compared these findings to the human hepatoma cell line HepG2. We 
cultured HepG2 cells in the presence of 10 and 20 mM APAP and measured the 
intracellular amino acid levels by HPLC. Interestingly, the results revealed that 
APAP, similarly to yeast, also induced significant changes in amino acid levels in a 
dose dependent manner, Figure 8A and 8B.  The highest decrease was measured 
for Trp, Met, Leu, Val, Phe, Ile, Tyr and Lys (10 mM APAP), with an increase in 
levels of Gly and Glu, Figure 8A. The decreased amino acids are all essential in 
human cells (except for Tyr, which is conditionally essential), suggesting that 
decrease in amino acid levels probably occurred because of impaired uptake.  A 
striking difference was in levels of Asp, which are highly reduced in yeast and 
highly increased in human cells. At the concentration of 20 mM all amino acid 
levels were decreased except for Asp and Glu, Figure 8B. Note that Cys and Arg 
were under detection level in these samples.   The raw data and the calculations 
are presented in Online resource 4. 
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Figure 7. Relative decrease in amino acid leves upon APAP exposure compared 
to the wild type cells is lower in ubiquitin deficient strains ubi4∆, doa4∆  and 
doa1∆.  The cells were treated with 75 mM APAP for 1 hr at 37oC. The values are 
relative increase/decrease of intracellular levels  compared to the non treated cells. 
The gray bars represent ubi4∆ A) , doa4∆ B) and doa1∆ C), and white bars represent 
WT. The error bars represent the standard error of two independent measurements. 
The amino acids were ordered based on the highest amino acid level decrease in the 
WT strain 

 

 

 

 

Figure 8. APAP induces changes in amino acid levels in HepG2 cells. The cells were 
treated with 10 A) and 20 mM APAP B) for 2 hours and intracellular amino acid levels 
were measured by HPLC. The bars respresent relative decrease/increase compared to the 
non-treated cells. The error bars represent standard error of measurements of two 
independent biological samples. The amino acids were ordered based on the highest 
decrease at 10 mM APAP  

Discussion 

In our previous research we made a link between ubiquitin levels and APAP 
toxicity in yeast (Huseinovic et al. 2017a) and showed using a DUB deletion 
strain screen (Huseinovic et al. 2017b) that APAP had a comparable toxicity 
profile as tyrosine and an overlap with drugs causing internalization of high 
affinity AAP Tat2 (rapamycin and quinine) (Beck et al. 1999; Khozoie et al. 2009). 
In this study, we explored these observations further by investigating whether 
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APAP can cause a nutrient starvation response in yeast and alter the intracellular 
concentration of amino acids. 

We showed that APAP caused degradation of high affinity AAPs Tat1, Tat2, Mup1 
and Hip1, and upregulation of general AAP Gap1: hallmarks of a nutrient 
starvation response. Because only overexpression of Tat1 and Tat2 conferred 
resistance to APAP, which are both transporters of aromatic amino acids Trp and 
Tyr, this points to a specific shortage of (an) aromatic amino acid(s), which 
cannot be provided by Mup1 and Hip1 with an alternative amino acid specificity 
(methionine and histide, respectively). Why overexpression of the general 
permease Gap1 is not able to rescue the growth is unclear. A possible explanation 
is that Gap1 is only expressed during initial nutrient starvation response, but 
cannot complement for Trp shortage during prolonged incubations in the 
presence of APAP. Moreover, Tat2 permease was not degraded in the ubiquitin-
deficient and APAP resistant strains ubp6∆, doa4∆ and ubi4∆, Figure 3. 
Complementation of the medium with individual amino acids demonstrated that 
Trp levels were indeed crucial for the growth during APAP exposure, while 
addition of Tyr and Phe enhanced APAP-induced toxicity. Tyr and Phe enhanced 
toxicity of APAP, probably due to 1) downregulation of Tat1 and Tat2 expression 
and 2) competitive inhibition of Trp import, both leading to a Trp-deficiency.  
Accordingly, Trp auxotrophic strain trp1∆ was hypersensitive to APAP, Figure 4. 

Although overexpression of both Tat1 and Tat2 conferred resistance to APAP, 
only the presence of Tat1 was crucial for the growth rescue by addition of Trp 
and tat1∆ was more sensitive to APAP than tat2∆, Figure 5A and 5B, which had 
similar growth properties as WT upon APAP exposure, Figure 4A, 4C, 4B and 
4D. Moreover, tat1∆ strains could only be rescued by addition of Leu, while Trp-
auxotrophic strain trp1∆ showed benefit from addition of Trp and Leu. The 
importance of Leu and Trp might be explained by substrate preference of Tat1, 
which transports Leu, Trp, Ile, Val, and Tyr (Schmidt et al. 1994; Regenberg et al. 
1999) suggesting that Tat1 is the main Trp transporter under these conditions. 
Similar effect is shown for treatment with volatile anaesthetic isoflurane in yeast 
where Tat1 overexpression also conferred resistance and addition of Trp and Leu 
rescued growth (Palmer et al. 2002). While WT, trp1∆, tat1∆ and tat2∆ strains 
were clearly showing growth impairment upon Tyr and Phe addition during 

 

APAP treatment, tat1∆ also showed impaired growth upon addition of several 
other amino acids (Met, His, Lys and Thr) suggesting a complex role of Tat1 in 
regulation of amino acid uptake. 

The consequence of APAP exposure and its induced internalization of AAPs were 
visualized by quantifying the concentrations of amino acids in both yeast and 
HepG2 cells. We showed a clear change in intracellular amino acid concentrations 
upon APAP exposure, which was clearly less in ubiquitin-deficient strains ubi4∆, 
doa4∆ and doa1∆, consistent with the unaffected expression levels of Tat2 in 
these strains. Amino acid levels of Leu, Met, Phe, Tyr, Arg, Asp, Lys, Trp and His in 
WT cells were already decreased after 10 minutes of APAP treatment, while 
concentrations of  Gln, Gly and Thr were increased. The high decrease in Leu, Met 
and His may be due to the fact that WT cells are auxotrophic for these amino 
acids. However, the addition of these amino acids did not rescue the growth 
during APAP treatment, except for Leu, which had a slight growth rescue in trp1∆ 
strain, Figure 4D. Accordingly, overexpression of Mup1 (AAP of Met) and Hip1 
(AAP of His) also did not rescue the growth indicating further that the depletion 
of these amino acids was not a primary cause of the nutrient starvation and that 
their concentrations did not drop below a critical threshold limiting growth. 
Although yeast is prototrophic for Trp, Phe and Tyr, we measure a high decrease 
in these amino acid levels probably because they are the most costly amino acids 
to synthetize and cells will preferably rely on uptake to obtain sufficient levels. In 
order to synthetize 1 mol of Trp, Tyr and Phe, 78, 63 and 56 molecules of ATP are 
needed, respectively (Barton et al. 2010). These amino acids are also low 
abundant, especially Trp, which is 5-10 times less abundant than the next low 
abundant amino acids (Tyr and Met). This could explain why the levels of Trp are 
so critical after APAP exposure. 

The observed shift to Glu and Gln upon APAP treatment could be explained by the 
shift from fermentable growth conditions (which yeast undergoes under 
sufficient nutrient availability) to respiratory growth (which occurs during 
nutrient starvation). It has been reported that Gly, Ser, Ala, Leu, Val, Tyr, Met, Ile, 
Thr, and Phe showed the highest concentrations upon fermentable conditions 
and decreased during a switch to respiratory growth (TCA cycle).  Glu reached its 
highest value under respiratory conditions (Martíez-force and Benítez 1992) and 
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Glu biosynthesis was induced during nutrient starvation response regulated 
through the retrograde pathway and RTG genes (Johnson et al. 2014). 
Interestingly, a study with human astrocytes showed that halothane, another 
volatile anaesthetic similar in chemical structure to isoflurane, induced an 
increase in intracellular Glu  (Miyazaki et al. 1997).  In our previous study we 
showed that deletion of RTG genes RTG1, RTG2, RTG3 and MKS1, conferred 
resistance to APAP (Huseinovic et al. 2017a). 

Finally, we were able to show a similar reduction in amino acid levels in HepG2 
cell upon APAP exposure two concentrations: 10 and 20 mM, which are often 
used to study APAP toxicity in human hepatocytes (Utkarsh et al. 2016; Sison-
Young et al. 2017). Unlike primary human hepatocytes, HepG2 cells have a very 
low P450 activity.  For comparison, expression levels of CYP2E1 and CYP3A4 (the 
enzymes mostly involved in APAP metabolism) have been reported to be ~50-
fold and ~200-fold lower, respectively, in HepG2 cells when compared to human 
primary hepatocytes (Gerets et al. 2012). We showed a dose-dependent decrease 
in the intracellular pool of all amino acids except Gly, Glu and Asp. At 10 mM 
APAP, the highest decrease was measured for Trp, Met, Leu, Val, Phe, Ile, Tyr and 
Lys. These amino acids are all essential in humans except for Tyr, which is 
conditionally essential, indicating that it is possibly the uptake inhibition that 
initially occurs instead of biosynthesis inhibition. In humans, aromatic amino 
acids Trp, Tyr and Phe are transported by TAT1 transporter expressed in gut 
endothelial cells and other tissues (Palego et al. 2016). Assuming that the 
inhibition of Trp by APAP is based on the resemblance of chemical structures of 
APAP and tyrosine, it is possible that similar inhibition of Trp uptake by APAP 
could also take place on human aromatic amino acid transporter Tat1. A recently 
established defective mice (tat1−/−) model (Mariotta et al. 2012) could be used to 
test its role in APAP toxicity and to see whether addition of different amino acids, 
especially Trp, Tyr and Phe, would have a similar effect of toxicity as in yeast. 
Amino acids are precursors of many compounds which are involved in 
metabolism and neurotransmitters synthesis such as serotonin and melatonin 
(Trp), dopamine and thyroid hormones (Tyr), Glu is a neurotransmitter for GABA 
receptor and many others (Palego et al. 2016). Malnutrition is a high risk for 

 

APAP-induced toxicity (Kurtovic and Riordan 2003), which might be linked to 
reduced nutrient availability upon APAP exposure. 

The link between Trp depletion and sensitivity is not only specific for rapamycin 
(Beck et al. 1999) and APAP, but has been observed for a variety of drugs and 
conditions such as quinine (Khozoie et al. 2009), ibuprofen (He et al. 2014), 
immunosuppressors FTY720 (Welsch et al. 2003) and FK560 (Heitman et al. 
1993; Schmidt et al. 1994), volatile anaesthetics (Palmer et al. 2002) and high 
pressure (Beck et al. 1999; Palmer et al. 2002; Welsch et al. 2003; Khozoie et al. 
2009; He et al. 2014).  Inhibition of the TOR pathway (rapamycin) and 
competitive inhibition of Trp uptake on amino acid transporters (quinine and 
ibuprofen) have been described as mechanisms that can induce nutrient 
starvation. 

In conclusion, we showed that APAP leads in yeast to loss of high affinity AAPs 
and has an effect on amino acid availability. The availability of Trp was important 
for APAP-induced toxicity and non-toxic additions of Tyr and Phe drastically 
contributed to the toxicity. Moreover, we were able to translate these findings to 
human cell line HepG2. Therefore, it would be desirable to investigate whether 
APAP has an effect on nutrient availability in humans, leading to a better 
understanding of APAP toxicity. 
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Summary 

Paracetamol (acetaminophen, APAP) is a widely used analgesic and antipyretic 
drug and generally considered safe at therapeutic concentrations. However, due 
to its hepatotoxic potential, availability and presence in many medical 
formulations, it is worldwide a major cause of acute liver failure (Yoon et al. 
2016). The hepatotoxicity is mainly caused by the action of the toxic metabolite 
NAPQI that is formed in the liver by cytochrome (CYP) P450 enzymes. NAPQI is 
normally detoxified by glutathione (GSH), but APAP overdose causes GSH 
depletion, making the liver more vulnerable to covalent binding to proteins and 
oxidative stress that leads to mitochondrial damage and cell necrosis (Bessems 
and Vermeulen 2001; Jaeschke et al. 2012). APAP can also cause acute kidney 
damage (Stollings et al. 2016) and this toxicity is also reported following 
therapeutic doses (Kato et al. 2014). Side effects at therapeutic doses are very 
rare but can be life-threatening, such as severe skin damage like Steven-Johnson 
syndrome and toxic dermal necrolysis (Khawaja et al. 2012; Biswal and Sahoo 
2014). In recent years, several large cohort epidemiological studies reported that 
prolonged maternal APAP use could interfere with normal development of 
newborns and increase the chance for ADHD, asthma, male infertility and autism 
symptoms later in life (Jensen et al. 2010; Snijder et al. 2012; Henderson and 
Shaheen 2013; Brandlistuen et al. 2013; Liew et al. 2014; Thompson et al. 2014; 
Sordillo et al. 2015; van den Driesche et al. 2015; Avella-Garcia et al. 2016; 
Ystrom et al. 2017). Although APAP has been used as analgesic and antipyretic 
agent for many decades, its pharmacological target is not entirely clear. APAP is 
considered a selective COX-2 inhibitor due to its mild anti-inflammatory effect. 
However, several studies provided evidence of inhibition of COX-1 as well 
(Graham et al. 2013). Besides its analgesic and antipyretic properties, APAP has 
been shown to interfere with the psychological state by reducing feelings of 
empathy (Durso et al. 2015; Mischkowski et al. 2016). Despite substantial 
evidence of involvement of CYP-metabolism in APAP toxicity, not all toxic effects 
can be explained by the action of NAPQI and other toxic metabolites. It has been 
reported that APAP can cause toxicity before oxidative stress occurs and before 
glutathione depletion (Prill et al. 2016), and in systems without expressed CYP-
enzymes (Jensen et al. 1996; Srikanth et al. 2005; Miyakawa et al. 2015).  

 

The toxicity caused by the parent APAP is a largely unexplored area. Therefore, 
we designed our research to study genes and pathways involved in APAP toxicity 
without metabolism to NAPQI. For this purpose, we used yeast S. cerevisiae, a 
unicellular eukaryotic organism without CYP-enzymes capable of APAP 
metabolism, but with essential biological processes that are highly conserved 
within all eukaryotes, with the ultimate goal to translate the findings to humans. 

In the first part of Chapter 1, we provide a general introduction on APAP, its 
pharmacology, metabolism and its toxicity with the special emphasis on NAPQI-
dependent and NAPQI-independent toxicity. Furthermore, we provide a detailed 
overview of using yeast as a model organism to study drug-induced toxicity 
mechanisms. Yeast is the first eukaryote being entirely sequenced, approximately 
80% of its genes being functionally characterized and complete deletion strain 
libraries of all non-essential genes are commercially available. Over the years, 
many toxicological studies have been performed in yeast and they provided a 
wealth of useful information and further understanding of toxicity mechanisms of 
drugs and other chemicals (Welsch et al. 2003; Wu et al. 2004; Zhou et al. 2009; 
Dos Santos and Sá-Correia 2011; van Leeuwen et al. 2012; Nijman 2015; Segovia 
et al. 2017). In the second part, we describe relevant biological processes 
involved in drug-induced toxicity, with particular emphasis on ubiquitin 
homeostasis, stress responses regulated by ubiquitination, amino acids sensing, 
cellular signaling and uptake and nutrient starvation response. 

The main aim of this thesis was to study in yeast the link between APAP-induced 
toxicity and genotype and to get more insight into the mechanism(s) of NAPQI-
independent APAP toxicity. For that purpose, we performed a chemogenomic 
screen using a collection of 1522 deletion and DAmP S. Saccharomyces strains, as 
presented in Chapter 2. We were able to identify 107 APAP-resistant strains and 
126 APAP-sensitive strains when compared to the wild-type. Subsequent Gene 
Ontology analysis allowed us to find enrichment of biological processes that were 
involved in APAP toxicity, such as ubiquitin homeostasis, regulation of 
transcription of RNA polymerase II genes and the retrograde signaling (RTG) 
pathway were associated with APAP resistance, while histone exchange and 
modification and vesicular transport were connected to APAP sensitivity. The 
link between ubiquitin levels and APAP toxicity was also observed and explored 
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further by showing that ubiquitin deficiency conferred resistance to APAP 
toxicity, while ubiquitin overexpression resulted in sensitivity. A small-scale 
screen using a series of deletion strains with ubiquitin deficiency (mms2Δ, doa1Δ 
ubi4Δ, doa4Δ, and ubp6Δ) was used to compare the toxicity profiles of various 
drugs and other chemicals to those of APAP and its positional isomer AMAP 
(Bessems and Vermeulen 2001), showing a unique resistance pattern for APAP. 
Furthermore, exposure of yeast to APAP increased the level of free ubiquitin and 
influenced the ubiquitination of proteins. Taken together, these results 
uncovered a role for ubiquitin homeostasis in APAP-induced toxicity.  

Ubiquitination is involved in a range of critical cellular processes like DNA repair, 
cell cycle regulation, proteasomal protein degradation, gene expression, 
internalization of membrane proteins and drug sensitivity. In the following parts 
of this thesis, we focused on determining which of these processes were involved 
in APAP-induced toxicity. In Chapter 3, we describe a small scale chemogenomic 
screen, which was based on DUB deletion strains to compare toxicity profile of 
APAP to other drugs/chemicals with known modes of action. The screen 
comprised 19 non-essential DUB strains, as well as ubi4Δ, mms2, rsp5-DAmP and 
doa1Δ. A set of DUB deletion strains was tested for sensitivity and resistance to a 
diverse series of drugs and other chemicals, including APAP, quinine, ibuprofen, 
rapamycin, cycloheximide, cadmium, peroxide and amino acids and a cluster 
analysis was performed. The toxicity profile of APAP was distinct from 
drugs/chemicals that cause oxidative stress, DNA damage and translational 
inhibition and similar to drugs and chemicals that cause a nutrient starvation 
response and degradation of the amino acid permease Tat2. Most DUB deletion 
strains showed an altered growth pattern when exposed to these compounds by 
being either more sensitive or more resistant than wild-type, making them 
suitable for chemogenomic profiling. Toxicity profiling of the DUB strains 
revealed a remarkable overlap between the amino acid tyrosine and APAP, but 
not its isomer AMAP. Furthermore, co-exposure of cells to both APAP and 
tyrosine showed an enhancement of the cellular growth inhibition, suggesting 
that APAP and tyrosine have a similar mode of action. 

In Chapter 4, we studied whether APAP can cause a nutrient starvation 
response. During nutrient starvation, high affinity amino acid permeases are 

 

degraded while at the same time the general amino acid permease Gap1 is 
upregulated, which is a hallmark of the nutrient starvation response (Beck et al. 
1999). Therefore, we investigated the effect of APAP exposure on the expression 
levels of amino acid permeases. We showed that the protein levels of high affinity 
amino acid permeases Tat2, Tat1, Mup1, and Hip1 were reduced upon APAP 
exposure, while the expression of the general permease Gap1 was increased, 
which is consistent with a nutrient starvation response, Chapter 4, Figure 1. We 
also showed that mainly aromatic amino acids were involved in the induction of 
this nutrient starvation response, i.e. overexpression of Tat1 and Tat2 (aromatic 
amino acid transporters), but not Mup1 (methionine transporter), Hip1 
(histidine transporter) and Gap1 (general amino acid transporter) conferred 
resistance to APAP. Furthermore, a tryptophan auxotrophic strain trp1Δ was 
more sensitive to APAP than wild-type, and addition of tryptophan completely 
restored the growth restriction of trp1∆ upon APAP exposure, while tyrosine and 
phenylalanine had an additive effect on APAP toxicity. Addition of other amino 
acids did not have a significant impact on cell growth upon APAP exposure. We 
also developed an HPLC-based method to determine intracellular levels of all 
amino acids upon APAP exposure. APAP exposure caused a decrease in 
intracellular concentrations of most amino acids, except Glu, Gln, and Gly, which 
were upregulated during the nutrient starvation response. This effect was less 
prominent in APAP-resistant ubiquitin-deficient yeast strains that showed a 
reduced degradation of high affinity amino acid permeases. Finally, we showed a 
similar decrease in intracellular amino acid concentrations in human hepatoma 
HepG2 cells.  Particularly aromatic and other essential amino acids were reduced 
indicating an impaired amino acid uptake and potential significance for humans. 

In Chapter 5 we provide a summary and conclusions of the research described in 
this thesis, as well a discussion of our key findings and the perspectives of our 
work. The key findings are summarized in Figure 1.  
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degraded while at the same time the general amino acid permease Gap1 is 
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In Chapter 5 we provide a summary and conclusions of the research described in 
this thesis, as well a discussion of our key findings and the perspectives of our 
work. The key findings are summarized in Figure 1.  

 



Chapter 5160   |

 

 
Figure 1 . A summary of key findings with reference to the chapters in this thesis. 

 

Conclusions and future perspectives 

The objective of this study was to study genes and pathways that are involved in 
APAP-induced toxicity notably due to the parent drug. Until now, APAP-induced 
toxicity is usually related to its reactive metabolite NAPQI, which causes 
depletion of GSH, covalent binding to proteins and oxidative stress in the liver 
during an overdose. However, a limited number of studies observed toxicity and 
oxidative stress before GSH depletion occurred and also in systems/cells, which 
did not express metabolic Cyt P450 enzymes (Jensen et al. 1996; Srikanth et al. 
2005; Miyakawa et al. 2015; Prill et al. 2016). The underlying mechanisms of this 
parent APAP toxicity remained unclear. To study toxicities, which are unrelated 
to APAP metabolism and attributed to the action of the parent APAP, we used 
baker's yeast as the model organism because of the absence of oxidative APAP 
metabolizing enzymes, its simplicity, and high functional conservation with all 
eukaryotic cells.  The final goal was to translate the findings in yeast to humans. 
The availability of a genome-wide gene deletion library allowed us to screen for 
genes and pathways involved in APAP-induced toxic in a high-throughput fashion 
and to perform chemogenomic profiling by comparing the toxicity profile APAP 
to other drugs, chemicals and amino acids. The genome-wide screen described in 
Chapter 2 showed a connection between APAP-induced toxicity and ubiquitin 
levels in yeast. The stress response was mediated by processes regulated by 
ubiquitination, in particular processes necessary to achieve the nutrient 
starvation response, such as vacuolar degradation of membrane proteins, the 
RTG pathway and achievement of growth arrest. Chemogenomic profiling of 
different drugs, other chemicals and amino acids, described in Chapter 3, 
revealed a similarity in toxicity profiles between APAP and drugs/chemicals that 
can cause nutrient starvation response and an almost identical profile similarity 
with the amino acid tyrosine, which was attributed to their chemical structure 
similarity.  The follow up in Chapter 4, revealed that APAP was causing 
degradation of high-affinity amino acid permeases and increased the expression 
of the general amino acid permease Gap1, which are the hallmarks of a nutrient 
starvation response. This effect was absent in ubiquitin deficient strains, which 
correlated to APAP resistance. Finally, we showed that APAP caused a decrease in 
intracellular concentrations of most essential amino acids in yeast and, 
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importantly, also in the human hepatoma cells HepG2 indicating the relevance of 
these findings for humans.  

In Chapter 2, we studied genes and pathways involved in APAP-induced toxicity 
and identified ubiquitin homeostasis genes. Protein ubiquitination is an essential 
process in the regulation of many cellular processes during normal cell growth 
and stress responses, and it is highly conserved between all eukaryotic cells. 
Therefore, ubiquitin and ubiquitin homeostasis genes are often identified in 
chemogenomic deletion screens to be essential for survival during stress such as 
DNA damage, oxidative stress and heat shock. In the case of APAP, we observed 
the opposite: ubiquitin deficiency and deletion of a variety of ubiquitin 
homeostasis genes was correlated with resistance. For example, strains doa1Δ, 
doa4Δ, ubi4Δ and ubp6Δ, which are involved in the maintenance of free ubiquitin 
levels and ubiquitin recycling, were uniquely resistant only to APAP, Chapter 2, 
Figure 5. Furthermore, we identified ubiquitin homeostasis genes to play a role 
in APAP-induced toxicity, such as subunits of E3 ligase complexes APC/C (APC4 
and CDC23) and SCF (CDC34 and UCC1), which are involved in cell cycle 
progression regulation; HRD1, E3 ligase required for ERAD degradation of 
misfolded proteins; E2 conjugating enzymes Mms2 and Ubc13 involved in error-
free postreplication repair; E3 ligase Upf1 and Upf3, which are components in a 
nonsense-mediated mRNA decay (NMD) pathway; BMH2 involved in regulation 
of endocytosis, vesicle transport and Ras/MAPK signaling; Rsp5 E3 ligase, Doa1 
and Doa4 required for vacuolar degradation and MVB pathway and 
deubiquitinase Ubp6 that is involved by proteasomal degradation, Chapter 2, 
Table 2. These findings suggest that, following changes in the ubiquitin 
homeostasis, APAP could influence directly and indirectly a variety of cellular 
pathways. 

When studying drug-induced toxicity, polymorphisms of drug metabolizing 
enzymes and transporters are often considered. Thus, it was shown that different 
genetic polymorphisms cause altered CYP-activities making some individuals 
susceptible to drug-induced toxicity through changed metabolic rates (Dong et al. 
2018). In our studies, we showed CYP-metabolism independent APAP toxicity 
with altered ubiquitin homeostasis, suggesting that the parent APAP could 
influence regulation, expression and activity of a broad variety of genes and, in 

 

combination with genetic polymorphisms, could cause varying responses and 
outcomes in different individuals. NSAIDs can have a significant impact on 
ubiquitin-proteasome by causing proteasomal dysfunction and accumulation of 
abnormal ubiquitinated proteins, and a decrease of free ubiquitin as it was shown 
for several NSAIDs, such as diclofenac (Ghosh et al. 2016b; Amanullah et al. 
2017), ibuprofen (Upadhyay et al. 2016), indomethacin (Amanullah et al. 2018), 
and meclofenamate and naproxen (Ghosh et al. 2016a). In this regard, APAP 
seems to be different from the NSAIDs mentioned above, as we do not observe 
accumulation of ubiquitinated proteins, but rather the opposite with an increase 
in free ubiquitin, Chapter 2, Figure 4. Interestingly, altered ubiquitination 
patterns upon APAP exposure have been reported previously. For example, it was 
shown that both APAP and AMAP inhibited ubiquitin-mediated degradation of rat 
CYP3A (Santoh et al. 2016) as well as degradation of tumor suppressor p53 by 
APAP (Lee et al. 2006). 

Reliable models for drug-induced toxicity prediction are essential during 
preclinical drug discovery and development. In recent years, a variety of complex 
in vitro and in vivo models was developed, such as humanized cell systems and 
3D- and tissue culture models (Edmondson et al. 2014; Naritomi et al. 2018). 
However, these systems are expensive, laborious and require sophisticated 
equipment, such as imagers and high-throughput analysis. In Chapter 3, we 
describe a chemogenomic screen based on a collection of yeast DUB deletion 
strains, which was designed to determine toxicity mode of action of APAP. It was 
shown that a small-scale screen could also be informative to predict a drug's 
adverse mode of action. The DUB deletion strains were tested for sensitivity and 
resistance with a diverse series of compounds and the toxicity profiles were 
compared to APAP. We were able to cluster different drugs successfully based on 
their toxicity profiles and uncovered the similarity in toxicity profiles between 
APAP and drugs that can cause nutrient starvation response and an almost 
identical profile similarity with the amino acid tyrosine. Furthermore, we showed 
different toxicity profiles for various drugs and similar profiles between drugs 
that have a similar mode of action such as arsenic and cadmium (heavy metals); 
AMAP, a regioisomeric APAP, quinine and ibuprofen (Trp uptake inhibition); 
rapamycin and FTY720 (nutrient starvation response); benomyl and peroxide 
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(oxidative stress and DNA damage), Chapter 4, Figure 5. Interestingly, APAP and 
DNA damaging agent MMS showed opposite toxicity profiles, Chapter 3, Figure 
S2, implicating that the genes crucial for survival during MMS treatment, will lead 
to APAP resistance, indicating their role in the achievement of growth arrest.   

The DUB screen in Chapter 3 and the follow-up in Chapter 4 revealed the 
importance of aromatic amino acids in APAP-induced toxicity. The trp1Δ strain 
was highly sensitive to APAP toxicity and addition of tryptophan rescued growth, 
while a surplus of tyrosine or phenylalanine had an additive effect on growth 
reduction. These findings and the structural similarity between APAP and 
tyrosine lead to the conclusion that APAP is causing inhibition of tryptophan 
uptake through mimicry of tyrosine. Furthermore, we showed that APAP caused 
ubiquitine-dependent degradation of high affinity amino acid permeases and 
increased expression of the general amino acid permease Gap1, which are the 
hallmarks of a nutrient starvation response. This effect was absent in ubiquitin- 
deficient strains, where degradation of Tat2 did not occur, indicating that less 
ubiquitin correlated with higher Tat2 levels and APAP resistance. Finally, we 
showed that APAP caused a decrease in intracellular concentrations of almost all 
amino acids in yeast and also in human hepatoma cells HepG2 indicating the 
relevance of these findings for humans.   

Drug-induced nutrient starvation is not unique for APAP as it has been shown 
that different drugs can cause amino acid starvation and subsequent nutrient 
starvation response. For example, the anti-malaria drug quinine inhibits 
tryptophan uptake causing Tat2 amino acid permease degradation and 
tryptophan starvation in yeast (Khozoie et al. 2009). Subsequent research 
revealed similar inhibition of tryptophan uptake in malaria patients (Islahudin et 
al. 2012). The TOR pathway was first discovered in yeast as a target for the anti-
cancer drug and immunosuppressor rapamycin. Rapamycin induced degradation 
of high affinity permeases and subsequent nutrient starvation response (Beck et 
al. 1999). These findings led to the discovery of the mTOR pathway in humans 
(Brown et al. 1994; Sabatini et al. 1994; Sabers et al. 1995) and showed a similar 
effect of nutrient starvation, whereby tryptophan starvation occurs by TORC 
inhibition (González and Hall 2017). Two other immunosuppressors, FK506 and 
FTY720, also induced degradation of amino acid permeases and tryptophan 

 

starvation in yeast (Heitman et al. 1993; Schmidt et al. 1994; Welsch et al. 2003). 
The mechanisms of drug-induced nutrient starvation response were suggested to 
be competitive inhibition of tryptophan uptake through structural similarity 
(quinine, ibuprofen) or inhibition of the TOR pathway (rapamycin). APAP likely 
shows a similar MoA as quinine and ibuprofen with respect to Trp 
uptake/depletion. 

Malnutrition is often identified as a risk factor for APAP-induced toxicity 
(Kurtovic and Riordan 2003; Claridge et al. 2010), but the underlying 
mechanisms are not well understood. A correlation between caloric intake and 
APAP toxicity and hepatic metabolism in obese patients during food restriction 
could not be shown (Schenker et al. 2001). However, our studies show a direct 
link between nutrition and APAP toxicity exemplified by amino acid availability.  
Imbalances in amino acid availability (deficiency or excess) can cause a nutrient 
starvation response (Beck et al. 1999; Nikko and Pelham 2009). Our data suggest 
that mM concentrations of APAP are mimicking an excess amount of tyrosine, 
thus causing tryptophan deficiency by competitive inhibition and subsequent 
degradation of high affinity amino acid permeases. Competitive inhibition is 
possible because amino acid transporters are transporting several amino acids. 
For example, Tat1 transports Leu, Tyr, Phe, Val, Ile and Trp, while Tat2 transports 
Trp, Tyr and Phe. An excess amount of an amino acid will consequently cause 
inhibition of uptake of other amino acids. Amino acids that are present in the cell 
at low concentrations, such as Trp, Tyr, Phe or Met,  are particularly susceptible 
for competitive inhibition by compounds structurally similar with these amino 
acids, i.e., tryptophan and quinine (Khozoie et al. 2009). When cells are grown in 
poor media with APAP, the toxicity is achieved at much lower concentrations (30 
mM) than in rich media (70 mM). Of note is that both the rich and poor media 
contained the same amount of glucose (10g/l).  In the case of APAP, it still needs 
to be determined at which concentration the competitive inhibition takes place, 
whether the concentration dependent degradation of amino acid transporters 
takes place in humans, and whether amino acid transporters are responsible for 
APAP uptake into the cell. A model of competitive inhibition of aromatic amino 
acids uptake is presented in Figure 2. 
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Figure 2. A model of competitive inhibition of aromatic amino acids uptake on Tat1 
and Tat2 permeases. A)  During normal cell growth amino acids are present in 
balanced physiological amounts (arrow)  allowing uptake of all aromatic amino acids. 
B) When one amino acid is present in excess amount (bold arrow), in this case Tyr, it 
inhibits uptake of other amino acids (dashed arrow), Trp and Phe, causing nutrient 
starvation response. C) High concentration of APAP can cause aromatic amino acid 
uptake inhibition by structural similarity with Tyr leading to the nutrient starvation 
response.  

The observation that a drug can mimic an amino acid is interesting to be 
considered in studying and prediction of drug-induced toxicity. Drugs showing 
structural similarity with aromatic amino acids, such as the phenol moiety in 
APAP, quinine, and ibuprofen, could cause competitive aromatic amino acid 
uptake inhibition. This structural feature should rather be recognized and 
generally applied in drug-induced toxicity prediction of drugs that are used in 
high dosages. Such drugs are more likely to cause adverse effect, which are often 
not well understood (Chalasani and Björnsson 2010). APAP, quinine, and 
ibuprofen belong to this category of drugs with limited daily dosages of 4 x 1000 
mg, 9 x 200 mg, and 4 x 800 mg, respectively. Our data suggest that drug-food 
interactions could have a significant effects on drug-induced toxicity as seen with 
the opposing roles for tyrosine and tryptophan in APAP toxicity. The effect of 
amino acids on APAP toxicity remains to be explored in humans. Similarly, the 
additive effect of amino acids and drugs on toxicity should be tested for drugs 
that can cause nutrient starvation, such as ibuprofen and quinine. 

 

APAP exposure and subsequent degradation of amino acid permeases resulted in 
reduced intracellular amino acid levels in yeast but also in human HepG2 cells. In 
yeast, which lacks metabolic CYP-enzymes, we observed toxicity of APAP that is 
unrelated to CYP-related metabolism. HepG2 cells (unlike primary human 
hepatocytes) also have a low CYP-enzyme activity. For comparison, expression 
levels of CYP2E1 and CYP3A4 (enzymes involved in APAP metabolism) have been 
reported to be ~ 50- and ~ 200-fold lower, respectively, in HepG2 cells when 
compared to human primary hepatocytes (Gerets et al. 2012). Moreover, the 
incubation time in our experiments with HepG2 cells was only 2 hrs, which is 
insufficient for significant APAP metabolism (Kyriakides et al. 2016). Therefore, 
the observed amino acid reduction in HepG2 cells is also considered to be due to 
APAP and not APAP-metabolites. The strongest decrease in amino acid levels in 
HepG2 cells was measured for Trp, Met, Leu, Val, Phe, Ile, Tyr and Lys, which are 
all essential amino acids, indicating that the decrease in amino acid levels is 
caused by uptake inhibition and not by impaired biosynthesis. Of note, the APAP 
concentrations we used to treat HepG2 cells were physiologically relevant (10 
and 20 mM) and often used to study APAP toxicity in human hepatocytes 
(Utkarsh et al. 2016; Sison-Young et al. 2017). 

In yeast, Tat1 and Tat2 transporters are responsible for uptake of aromatic 
amino acids. In humans, the transporter Tat1 is responsible for the uptake of 
aromatic amino acids (Palego et al. 2016). Based on the structural similarity 
between APAP and tyrosine, competitive inhibition of aromatic amino acid 
uptake could also be the mechanism behind the reduced amino acid levels 
observed in HepG2 cells. It is not the first time that findings in yeast are 
translated in human: Trp uptake inhibition by quinine was also first discovered 
in yeast (Khozoie et al. 2009) and subsequently confirmed in malaria patients 
(Islahudin et al. 2012).  

When measuring intracellular levels of all amino acids upon APAP exposure in 
yeast and human hepatoma cells HepG2, we observed a decrease in almost all 
amino acid levels, except for glutamine, glutamate and glycine, which were 
increased. Interestingly, a metabonomic analysis of mouse liver samples showed 
an increase in cellular glutamate, while 6h post-treatment GSH and its precursor 
methionine were depleted (Kyriakides et al. 2016). The increase in glutamate and 
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glutamine levels occurs during nutrient starvation response (Martíez-force and 
Benítez 1992; Johnson et al. 2014). Considering that APAP causes amino acid 
depletion, also of methionine, serine and cysteine that are required for GSH 
biosynthesis, GSH-depletion could be caused not only by binding to NAPQI but 
also by an impaired biosynthesis due to amino acid starvation. If this is the case, 
supplementation with amino acids during APAP-induced toxicity could be 
beneficial during overdose treatment.  In rats, a mixture of Cys, Met and Ser was 
already tested for their protective role during APAP overdose and showed to be 
equally if not more beneficial than NAC for the treatment of APAP overdose (Di 
Pierro and Rossoni 2013). NAC and Cys also have a protective thiol group to 
inactivate NAPQI directly. 

During nutrient starvation, yeast cells shift from fermentative to respiratory 
growth (TCA cycle). A shift to the TCA cycle is regulated by the retrograde 
signaling pathway and RTG genes, four of which (RTG1, RTG2, RTG3, and MSK1) 
we identified during the genome-wide screen to confer resistance to APAP upon 
deletion, Chapter2, Table 1.  Several studies described metabonomic profiles of 
mammalian cells during APAP treatment showing increased rates of glycolysis 
and impaired β-oxidation (Coen et al. 2004), a shift taking place during nutrients 
deprivation (Wu et al. 2013). The shift to glycolysis is regulated by highly 
conserved AMP kinase (SNF1 complex in yeast). In the genome-wide screen, we 
identified deletion strains of genes encoding components of the SNF1 complex to 
confer resistance to APAP, and in mammalian hepatocytes AMPK activation 
prevented and reversed APAP-induced mitochondrial and hepatocellular injury 
(Kang et al. 2016). All together, this indicates that nutrient availability may play a 
significant role in drug-induced toxicity. 

It was previously also observed that risk to APAP toxicity is higher in individuals 
with malnutrition (Michaut et al., 2014), however, the mechanism is still 
remaining unclear. Additional experiments are necessary to determine whether 
nutritional status will influence APAP toxicity in vitro and in vivo. Similar 
experiments as in yeast could be designed for human hepatocytes, in which 
several toxicity markers can be determined in cells treated with APAP in a 
medium supplemented with different amounts of amino acids. Similar 
experiments could also be designed for in vivo studies. A recently established 

 

defective mice tat1−/− model (Mariotta et al. 2012) could be used to determine 
whether addition of Tyr and Phe would make the mice more susceptible to APAP-
induced toxicity. Moreover, it would be interesting to determine whether and to 
which extent, APAP causes amino acid starvation in humans and whether the 
addition of Trp would have a beneficial effect upon initiation or treatment of 
acute APAP overdose. 

Amino acids are precursors for the biosynthesis of various bioactive compounds, 
neurotransmitters and hormones, such as dopamine, serotonin, melatonin, NAD 
and kynurenine (Trp), thyroid hormones (Tyr) and Glu, a neurotransmitter for 
the GABA receptor and several others (Osawa et al. 2011; Palego et al. 2016). 
Therefore, inhibition of tryptophan uptake and other amino acids could 
potentially impact various cellular processes in humans, Figure 3.  Serotonin is 
an important neurotransmitter that regulates adaptive responses to 
environmental changes in human CNS, such as mood, behavior, cognition, libido, 
feeding behavior and body temperature. Peripherally, especially in the 
gastrointestinal tract, serotonine regulates intestinal movements, the immune 
and inflammatory responses and blood stem cells differentiation (Richard et al. 
2009; Palego et al. 2016). Accordingly, altered serotonin levels have been 
associated with mood-affective disorders, autism and cognitive deficit, eating 
disorders and other syndromes presenting peripheral symptoms, such as 
fibromyalgia, chronic fatigue syndrome and irritable bowel syndrome (IBS) 
(Palego et al. 2016). Peripheral serotonin is also involved in the hepatic 
physiological and pathological process and it was shown to have cytoprotective 
properties during liver injury (Ruddell et al. 2008). A recent in vivo study on 
APAP-induced hepatotoxicity showed that mice with sufficient serotonin levels 
(wild-type mice) had a significantly lower mortality rate and a better outcome 
compared with mice deficient of peripheral serotonin (tph1-/- mice), which was 
partially attributed to a decreased level of inflammation, oxidative stress 
response and GSH depletion (Zhang et al. 2015). Since tryptophan is precursor in 
serotonin biosynthesis, supplementation with tryptophan could potentially 
influence the outcome during hepatotoxicity.  
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Figure 3. Possible links between amino acid starvation/levels and clinical phenomena 
and by inference possible relevance of APAP-induced amino acid starvation.  

Several epidemiological studies provided evidence that prolonged use of APAP 
during pregnancy can result in a higher risk for development of ADHD, autism 
symptoms and asthma later in life (Källén et al. 2013; Henderson and Shaheen 
2013; Liew et al. 2014; Thompson et al. 2014; Sordillo et al. 2015; Avella-Garcia 
et al. 2016; Ystrom et al. 2017), and recent studies showed that APAP reduces 
empathy and weakens emotional reactions (Durso et al. 2015; Mischkowski et al. 
2016). Tryptophan, tyrosine, serotonin and dopamine brain levels are altered in 
children with ADHD and autism (Fernell et al. 2007; Johansson et al. 2011), and 
lack of empathy is linked with serotonin and dopamine deficiency (Siegel and 
Crockett 2013; Gong et al. 2014), suggesting that the amino acid uptake inhibition 
by APAP could be the underlying  mechanism. In individuals already suffering 
from certain diseases, such as Parkinson's patients (dopamine deficiency) or 
from clinical depression (low serotonin levels), this could also have a significant 
adverse effect. Tryptophan is particularly important in pregnancy for both 
mother and fetus, as they need Trp and its kynurenine metabolites for many 
purposes such as increased protein synthesis, signaling pathways, NAD+ 
synthesis and to protect the fetus against rejection by immunosuppressive K 
metabolites (Badawy et al. 2016). The serotonin deficiency during pregnancy is 

 

also associated with depression during pregnancy and in the months preceding 
and following pregnancy (Badawy 2015; Badawy et al. 2016). Recent studies also 
indicate involvement of amino acids in immune response by regulating the 
activation and proliferation of T and B lymphocytes, natural killer cells and 
macrophages. Amino acids such as Cys, Gln, Arg, Phe, Leu and Trp have been 
shown to be essential for T-lymphocytes proliferation and their ability to 
recognize and fight cancer  (Li et al. 2007; Sikalidis 2015).  

In conclusion, in this thesis we have shown for the first time that the parent APAP 
causes a disturbance of the ubiquitin homeostasis as well as amino acid 
starvation in yeast and human hepatoma cells.  The observed toxicity was CYP 
metabolism and by inference NAPQI-independent. The parent APAP itself causes 
depletion of tryptophan and other amino acids through the mimicry of tyrosine, 
thus confirming the importance of aromatic amino acids in APAP-induced 
toxicity. This is an important step forward in the understanding of the 
mechanisms of adverse effects of APAP in humans. In order to fully assess the 
clinical relevance of the present findings, it remains essential to determine 
whether APAP indeed causes altered and/or reduced amino acid levels in 
humans and, furthermore, what the consecutive effects are on short- and long-
term toxicities of this widely used analgesic and antipyretic agent. 
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Paracetamol (acetaminophen, APAP) is een pijnstillend en koortsverlagend 
middel en over het algemeen wordt het bij therapeutische doses als veilig 
beschouwd. Niettemin is APAP overdosering een belangrijke oorzaak van acuut 
leverfalen wereldwijd (Yoon et al. 2016) wat voornamelijk is te wijten aan zijn 
vrije beschikbaarheid en aanwezigheid in vele medische formuleringen. Bij 
therapeutische doseringen wordt het grootste deel van de toegediende 
paracetamol in de lever omgezet in niet-toxische sulfaat- en glucuronzuur 
conjugaten, en een klein gedeelte van de dosis (ongeveer 4%) wordt omgezet 
door Cytochroom P450 (CYP) enzymen in toxische metabolieten, met name 
NAPQI. NAPQI wordt onschadelijk gemaakt door binding aan in de lever 
aanwezige glutathion (GSH), waarna het wordt uitgescheiden in de urine. Bij 
overdosering raken de sulfaat- en glucuronide-afbraakroutes echter verzadigd en 
treedt er een dermate extensieve vorming van NAPQI op wat leidt tot uitputting 
van de GSH voorraad. Onder deze omstandigheden kan NAPQI niet meer 
geneutraliseerd worden waardoor het covalent gaat binden aan eiwitten in de 
lever. Dit leidt tot oxidatieve stress, mitochondriale schade en het afsterven van 
levercellen door necrose (Jaeschke et al. 2012). APAP overdosering kan ook 
nierschade veroorzaken  (Stollings et al. 2016) en bijwerkingen kunnen ook 
ontstaan bij therapeutische concentraties (Kato et al. 2014).  De bijwerkingen bij 
therapeutische concentraties zijn zeldzaam, maar kunnen ernstig en 
levensbedreigend zijn, zoals Steven-Johnson-syndroom en toxische epidermale 
necrolyse (Khawaja et al. 2012; Biswal and Sahoo 2014). In de afgelopen jaren 
hebben verschillende epidemiologische cohortstudies gemeld dat langdurige 
gebruik van  APAP tijdens zwangerschap een invloed kan  hebben op de normale 
ontwikkeling van de pasgeborene en een verhoogde kans geven op ADHD, 
autisme, astma, en onvruchtbaarheid bij mannen later in het leven (Jensen et al. 
2010; Snijder et al. 2012; Henderson and Shaheen 2013; Brandlistuen et al. 2013; 
Liew et al. 2014; Thompson et al. 2014; Sordillo et al. 2015; van den Driesche et 
al. 2015; Avella-Garcia et al. 2016; Ystrom et al. 2017). Hoewel APAP al voor vele 
decennia als een pijnstiller wordt gebruikt, is zijn farmacologische werking niet 
helemaal duidelijk. APAP wordt beschouwd als een selectieve COX-2-remmer 
vanwege de milde anti-inflammatoire werking, maar verschillende studies 
leverden ook echter een bewijs van remming van Cox-1 (Graham et al. 2013) wat 
een kenmerk is van niet-selectieve remmers. Naast de pijnstillende en 

 

koortsverlagende eigenschappen, kan  APAP ook  psychologische toestand 
beïnvloeden door de gevoelens van empathie te verminderen (Durso et al. 2015; 
Mischkowski et al. 2016). Niet alle bijwerkingen kunnen worden verklaard door 
de werking van de toxische metaboliet NAPQI. Verschillende recente studies 
hebben vermeld dat APAP toxiciteit kan optreden voordat oxidatieve stress en 
GSH uitputting plaats hebben gevonden (Prill et al. 2016) en in systemen zonder 
werking en/of aanwezigheid van CYP enzymen die paracetamol kunnen 
omzetten naar NAPQI en andere toxische metabolieten (Jensen et al. 1996; 
Srikanth et al. 2005; Miyakawa et al. 2015). De toxiciteit die veroorzaakt wordt 
door APAP zelf, dus niet zijn toxische metabolieten, is een grotendeels 
onontgonnen gebied. Dit project is ontworpen om te kunnen bestuderen welke 
genen en biologische processen zijn betrokken en verantwoordelijk voor de 
NAPQI-onafhankelijke  toxiciteit van APAP. Voor dit doel hebben we gist 
Saccharomyces cerevisiae gebruikt als modelorganisme: een eencellig 
eucaryotische organisme zonder CYP enzymen die APAP kunnen omzetten naar 
NAPQI, en met veel essentiële biologische processen die sterk zijn geconserveerd 
tussen gist en mens. Het uiteindelijke doel is om de bevindingen in gist te 
vertalen naar de mens. 

In het eerste deel van Hoofdstuk 1, geven wij  een algemene inleiding over APAP, 
zijn farmacologie, metabolisme, en een overzicht over de bijwerkingen, met de 
speciale aandacht voor NAPQI-afhankelijke en onafhankelijke toxiciteit. Verder 
geven wij ook een gedetailleerd overzicht over het gebruik van gist als 
modelorganisme om de “drug-induced” toxiciteit te bestuderen. Gist is de eerste 
eukaryoot die volledig werd gesequenced, ongeveer 80% van de genen zijn 
functioneel gekarakteriseerd en een volledige deletiestammen collectie van alle 
niet-essentiële genen is commercieel beschikbaar. In de loop der jaren werd gist 
bij diverse toxicologische studies gebruikt waardoor veel nuttige informatie is 
verzameld en wat heeft bijgedragen aan het begrijpen van de 
toxiciteitmechanismen van verschillende geneesmiddelen en chemicaliën 
(Welsch et al. 2003; Wu et al. 2004; Zhou et al. 2009; Dos Santos and Sá-Correia 
2011; van Leeuwen et al. 2012; Nijman 2015; Segovia et al. 2017). In het tweede 
deel beschrijven we relevante biologische processen die betrokken zijn bij “drug-
induced” toxiciteit, met speciale aandacht voor ubiquitin homeostase, stress 
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responsen die gereguleerd zijn door ubiquitinering, aminozuren sensing en 
signalering,  het opname van nutriënten (met name aminozuren), en “nutrient 
starvation response”.   

Het belangrijkste doel van dit onderzoeksproject was om de link tussen APAP  
toxiciteit en genotype te bestuderen om meer inzicht te krijgen in het 
mechanisme van NAPQI-onafhankelijke toxiciteit. Voor dat doel hebben we een 
chemogenomic screen uitgevoerd met een verzameling van 1522 S. cerevisiae 
deletiestammen, Chapter 2. Zo hebben we 107 APAP-resistente en 126 APAP-
gevoelige deletiestammen kunnen identificeren, vergeleken met het wild type 
(WT). Vervolgens, door een Gene Ontology (GO) analyse te uitvoeren konden we 
“enrichment” van biologische processen vinden die betrokken zijn bij APAP 
toxiciteit. Ubiquitin homeostase, regulering van de transcriptie van RNA 
polymerase II-genen, en de retrograde signaling pathway (RTG) werden 
geassocieerd met APAP-resistentie, terwijl histon exchange en modificatie, en 
vesiculaire transport werden gerelateerd aan APAP gevoeligheid. Het verband 
tussen ubiquitin niveaus en APAP toxiciteit werd ook waargenomen en verder 
onderzocht door aan te tonen dat ubiquitin deficiëntie werd gerelateerd aan 
APAP-resistentie, terwijl ubiquitin overexpressie resulteerde in APAP-
gevoeligheid. Een kleinschalig screen op een reeks van deletiestammen met 
ubiquitin deficiëntie (mms2Δ,  doa1Δ, ubi4Δ, doa4Δ en ubp6Δ) werd gebruikt om 
chemogenomic profiel van verschillende chemicaliën te vergelijken met APAP en 
zijn  isomeer AMAP, wat een uniek chemogenomic profiel voor APAP liet zien. 
Daarnaast zorgde de blootstelling aan APAP voor een verhoogd niveau van vrij 
ubiquitin in de cel en voor een veranderde ubiquitinering van eiwitten. Samen 
laten deze resultaten zien dat ubiquitin homeostase een rol speelt in APAP-
geïnduceerde toxiciteit.  

Ubiquitinering is betrokken bij de regulering van vele essentiële cellulaire 
processen zoals DNA reparatie, cel cyclus regulatie, eiwitafbraak door het 
proteasoom, genexpressie, degradatie van membraaneiwitten, en drug-induced 
toxicity. In het volgende deel van het proefschrift hebben we onderzocht welke 
van deze processen betrokken waren bij APAP-geïnduceerde toxiciteit. In 
Chapter 3, beschrijven we een kleinschalige chemogenomic screen,  ontwikkeld 
op basis van deubiquitinases (DUB) deletiestammen, om het chemogenomic 

 

profiel van APAP te kunnen vergelijken met andere drugs/chemicaliën waarvan 
de mechanisme van toxiciteit (Mode of Action, MoA) bekend is. De screen was 
samengesteld uit 19 niet-essentiële DUB deletiestammen, evenals ubi4Δ, mms2, 
rsp5-DAmP en doa1Δ. De deletiestammen werden getest op gevoeligheid en 
resistentie tegen een reeks van verschillende geneesmiddelen en chemicaliën 
zoals APAP, kinine, ibuprofen, rapamycine, cycloheximide, cadmium, peroxide en 
aminozuren, en een clusteranalyse werd uitgevoerd. Het chemogenomic profiel 
van APAP was verschillend van drugs/chemicaliën die oxidatieve stress, DNA 
schade en/of translatieremming veroorzaken, en vergelijkbaar met 
drugs/chemicaliën die leiden tot nutrient starvation response en afbraak van 
high affinity amino acid permease (AAP) Tat2. De chemogenomic screen onthulde 
ook een opmerkelijke overlap tussen het aminozuur tyrosine en APAP, maar niet 
de isomeer AMAP. Bovendien, de blootstelling van cellen aan zowel APAP als  
tyrosine gaf een versterkt effect op groeiremming, vergeleken met blootstelling 
aan alleen APAP of alleen tyrosine, wat suggereert dat APAP en tyrosine dezelfde 
MoA hebben. 

In Chapter 4, bestuderen we verder of APAP een nutrient starvation response 
kon veroorzaken. Tijdens nutrient starvation response worden high affinity AAPs  
afgebroken via vacuolen, terwijl de expressie van de algemene AAP Gap1 omhoog 
gaat (Beck et al. 1999). Daarom hebben we onderzocht of de blootstelling aan 
APAP een effect had op de expressie niveaus van verschillende AAPs. We toonden 
aan dat tijdens de blootstelling aan APAP de eiwitniveaus van high affinity AAPs 
Tat2, Tat1, Mup1 en Hip1 werden verlaagd, terwijl de expressie van de algemene 
AAP Gap1 werd verhoogd, wat in overeenstemming was met een nutrient 
starvation response, Chapter 4, Figure 1. We hebben ook aangetoond dat vooral 
aromatische aminozuren betrokken waren bij de inductie van nutrient 
starvation: overexpressie van Tat1 en Tat2 (aromatische aminozuren 
transporters), maar niet van Mup1 (methionine transporter), Hip1 (histidine 
transporter) en Gap1 (algemene aminozuur transporter) gaf resistentie tegen 
APAP. Bovendien, een tryptofaan auxotrofe stam, trp1Δ, was gevoeliger voor 
APAP dan WT en de toevoeging van tryptofaan herstelde volledig de 
groeiremming van trp1∆ tijdens de blootstelling aan APAP. De toevoeging van 
tyrosine en phenylalanine had een additief effect op APAP toxiciteit, terwijl de 
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Tat2, Tat1, Mup1 en Hip1 werden verlaagd, terwijl de expressie van de algemene 
AAP Gap1 werd verhoogd, wat in overeenstemming was met een nutrient 
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starvation: overexpressie van Tat1 en Tat2 (aromatische aminozuren 
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toevoeging van andere aminozuren geen significant effect had op de celgroei 
tijdens de blootstelling aan APAP. We ontwikkelden ook een HPLC-gebaseerde 
methode om intracellulaire niveaus van alle aminozuren tijdens APAP 
blootstelling te bepalen. We toonden aan dat de blootstelling aan APAP een daling 
van de intracellulaire concentraties van de meeste aminozuren veroorzaakte, met 
de uitzondering van Glu, Gln en Gly wiens niveau omhoog ging en wat in 
overeenkomst was met een nutrient starvation response. De afname van 
intracellulaire niveaus van aminozuren was minder aanwezig in APAP-
resistente/ubiquitin-deficiënte deletiestammen die ook een verminderde afbraak 
van high affinity AAPs hadden.   Tot slot, toonden wij een gelijkaardig effect van 
daling van intracellulaire aminozuur concentraties in menselijke hepatoma 
cellen, HepG2. In het bijzonder, aromatische en andere essentiële aminozuren 
hadden de grootste concentratiedaling wat wijst op een verminderde 
aminozuuren opname. Deze resultaten geven nieuwe inzichten in de 
mechanismen van paracetamol toxiciteit en de potentiële betekenis en relevatie 
voor het begrijpen van paracetamol toxiciteit in mens. 

In Hoofdstuk 5 geven wij een samenvatting van het proefschrift, de conclusies en 
bespreken wij de belangrijkste bevindingen en bieden een perspectief en 
relevantie van ons werk. 
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Abbreviations 

AAP amino acid permease 
ADHD attention deficit hyperactivity disorder 
AIF apoptosis-inducing factor 
AKI acute kidney injury 
ALT alanine aminotransferase 
AMAP acetyl-meta-aminophenol 
APAP acetyl-para-aminophenol, acetaminophen 
APC/C anaphase-promoting complex or cyclosome 
BDNF brain-derived neurotrophic factor 
CHX cycloheximide 
ASK1 apoptosis signal-regulating kinase 1  
CP catalytic particle 
CYP Cytochrome P450 
DAmP Decreased Abundance by mRNA Perturbation 
DDR DNA damage response 
DDT DNA damage tolerance 
DEEMM Diethyl ethoxymethylenemalonate 
DMEM Dulbecco’s Modified Eagle’s Medium 
DSB double-stranded breaks 
DUBs deubiquitinases 
EE early endosome 
ERAD ER-associated degradation 
ETC electron transport chain 
FBS Fetal Bovine Serum 
FTY720 fingolimod 
GAAC general amino acid control 
GEF guanine nucleotide-exchange factor 
GO  Gene Ontology 
GSH glutathione 
GSK glycogen synthase kinase 
GST Glutathione S-Transferase 
HPLC high pressure liquid chromatochraphy 
HR homologous recombination 
HU hydroxyurea 
IBS irritable bowel syndrome 
JNK c-jun-N-terminal kinase 
LE late endosome 

 

MJD Machado-Josephin domain 
MMS methyl methanesulfonate 
MoA Mode of action 
MPT membrane permeability transition  
MVB multivesicular body 
NAC N-acetylcysteine 
NAPQI N-acetyl p-benzoquinoneimine 
NCR nitrogen catabolite repression  
NER nucleotide excision repair 
NMD nonsense-mediated mRNA decay  
NSAID non-steroid anti-inflammatory drug 
OTU ovarian tumor 
PBS phosphate-buffered saline 
PCNA proliferating cell nuclear antigen 
PPR postreplication repair  
ROS reactive oxygen species 
RP regulatory particle 
RPN and regulatory particle non-ATPase 
RPT regulatory particle triple-A (RPT) 
RTG retrograde 
SCF Skp1-Cul1-F-box protein 
SD standard deviation 
SGD Saccharomyces Genome Database 
ssDNA single-stranded DNA 
SULTs sulfotransferases 
TCA tricarboxylic acid  
TCR transcription-coupled repair 
TGN trans-Golgi network 
TLS translesion synthesis  
TMPs transmembrane proteins  
TOR Target of Rapamycin 
TORC TOR-complex 
UCH ubiquitin C-terminal hydrolase 
UGTs UDP-glucuronosyl transferases  
USP ubiquitin specific protease 
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