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Abstract 

When encountering environmental stress, cells alter their gene expression pattern which 

primarily occurs at translational level. This leads to rapid changes in the protein repertoire, 

making the cells more able to adapt and survive the environmental stress. One such rapid 

change when cells are exposed to stress is a dramatic global downregulation of translation. It 

was for a long time a generally accepted view that this was a result of phosphorylation of the 

α subunit of the translation initiation factor eIF2, which was found to be upregulated after 

exposure to stress. Phosphorylation of eIF2α is performed by the eFI2α kinase Gcn2, which is 

activated by several stressors, including UV irradiation. Our group has previously 

demonstrated that the global depression of translation after UV irradiation is not dependent of 

Gcn2 or phosphorylation of eIF2α, as translation was still downregulated in S. pombe strains 

where Gcn2 and eFI2α phosphorylation were absent. This suggests that there is an alternative 

pathway responsible for global downregulation of translation after exposure to stress. To 

identify proteins that might be key players in regulating translation after UV exposure, our 

group used mass spectrometry. Several protein candidates were obtained that are involved in 

the novel regulatory mechanism.  

This study addresses three aspects of translational regulation after UV irradiation. First, we 

wish to verify the results of the mass spectrometry and in this work, I set out to construct the 

necessary strains. Second, we investigated the role of eIF2α phosphorylation further by 

measuring translation rates and viability in a non-phosphorylatable eIF2α mutant. Third, we 

investigated whether DNA damage is the signal for global regulation of translation by 

measuring translation rates in a DNA repair-mutant. We found that global downregulation of 

translation and recovery of translation after exposure to UV are not dependent on eIF2α 

phosphorylation. We also observed no change in viability after UV exposure when 

phosphorylation of eIF2α is absent. Finally, our findings strongly suggest that DNA damage 

is the signal for global downregulation of translation after exposure to UV.  

 

 

 



VI 

 

 

 

  



VII 

 

Acknowledgements 

The project leading to this thesis was carried out at the Department of Radiation Biology, 

Institute for Cancer Research at the Norwegian Radium Hospital in the period from April 

2017 to May 2018. 

First and foremost, I would like to thank my supervisors Beáta Grallert and Silje Anda for all 

the patience, help and guidance you have given me throughout. Thank you for all the time and 

resources you devoted to my project and for all the encouragement you have given. You have 

both taught me so much, and I am very grateful for being a part of your group. Special thanks 

to Beáta for the impeccable help during the writing process - it was highly appreciated.  

I would also like to thank all members of the group for making me feel welcome and for all 

the help you have given. Lilian Lindbergsengen and Marit Osland Haugli, I am grateful for all 

the help you have given me in the lab and for always being willing to answer my questions. 

Thank you, Erik Boye, for all the interest you have shown in my project and for all the helpful 

feedback. And thank you, Laura Persqueira, for the best company - I have really enjoyed 

sharing this experience with you.  

Last, but not least, I would like to thank my family and friends who have always believed in 

me and supported me along the way. And to my Martin - thank you for your infinite love, 

comfort and encouragement.  

 

 

 

 

 

 

Oslo, May 2018 

 

Vilde Emilie Pettersen 

  



VIII 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



IX 

 

Abbreviations 

5' UTR     5' untranslated region 

4E-BPs    eIF4E-binding proteins 

ATF4     Activating transcription factor 4 

BCA     Bicinchoninic acid 

bp     Base pair 

BSA     Bovine serum albumin 

Cas9     CRISPR associated protein 9 

CHX     Cyclohexamide 

CRISPR    Clustered regularly interspaced short palindromic repeats 

DAPI     4',6-diamidino-2-phenylindole 

dH2O     Distilled water 

DMSO     Dimethyl sulfoxide 

DNA     Deoxyribonucleic acid 

dsRNA    Double stranded RNA 

EDTA     Ethylenediaminetetraacetic acid 

eEF     Eukaryotic elongation factor 

eIF     Eukaryotic initiation factor 

eIF2α-P    eIF2α-phosphorylation 

EMM     Edinburgh minimal medium  

ER     Endoplasmic reticulum  

eRF     Eukaryotic release factor 

EtOH     Ethanol 

FCB     Fluorescent cell barcoding 

Gcn2     General control non-derepressible 2 

GDP     Guanosine diphosphate 

GFP     Green fluorescent protein 

gRNA     Guide RNA 

GTP     Guanosine triphosphate 

HA     Human influenza hemagglutinin 

HDR      Homology directed repair 

HisRS      Histidyl-tRNA synthetase-like domain 

HPG     ʟ-homopropargylglycine  

HRI     Heme-regulated eIF2α kinase 

Hri1, Hr2    Mammalian-HRI-related protein kinases 

HRP     Horseradish peroxidase 

LB     Lysogeny broth 

LF     Low fluorescens 

LiAc     Lithium acetate 

Mb     Megabase 

MetOH    Methanol 

MS     Mass spectrometry 

MMS      methyl methanesulfonate 

mRNA     Messenger RNA 

MS     Mass spectrometry 

NHEJ     Non-homologous end joining 

OD     Optical density 

PAGE     Polyacrylamide gel electrophoresis 



X 

 

PAM     Protospacer adjacent motif 

PBS     Phosphate-buffered saline 

PCR     Polymerase chain reaction 

PEG     Polyethylene glycol 

PERK     PKR-like ER kinase 

PIC     Preinitiation complex 

PKR     Protein kinase R 

PVDF     Polyvinylidene difluoride 

RNA     Ribonucleic acid 

ROS      Reactive oxygen species 

rpm     Rotations per minute 

RT     Room temperature 

SDS     Sodium dodecyl sulfate 

TAE     Tris-acetate-EDTA 

TBS     Tris-buffered saline 

TBS-T     TBS-Tween 20 

TCA     Trichloroacetic acid 

TE     Tris-EDTA 

tRNA     Transfer RNA 

UV     Ultraviolet 

wt     Wild type 

YES     Yeast extract with supplements 

 



XI 

 

Table of contents 

Abstract ..................................................................................................................................... V 

Acknowledgements ................................................................................................................. VII 

Abbreviations ........................................................................................................................... IX 

Table of contents ...................................................................................................................... XI 

1 Introduction ........................................................................................................................ 1 

1.1 S. pombe as model organism ....................................................................................... 1 

1.2 Translation in eukaryotes ............................................................................................. 2 

1.2.1 Initiation ............................................................................................................... 3 

1.2.2 Elongation and termination .................................................................................. 4 

1.3 Regulation of translation ............................................................................................. 5 

1.3.1 Regulation of translation initiation ....................................................................... 5 

1.4 Cellular stress responses .............................................................................................. 6 

1.4.1 UV irradiation ...................................................................................................... 6 

1.4.2 eIF2α phosphorylation ......................................................................................... 7 

1.5 Background .................................................................................................................. 8 

2 Aims of study ................................................................................................................... 13 

3 Materials ........................................................................................................................... 15 

3.1 S. pombe strains ......................................................................................................... 15 

3.2 Plasmids ..................................................................................................................... 15 

3.3 Primers and plasmids ................................................................................................. 17 

3.3.1 Primers ............................................................................................................... 17 

3.4 Kits............................................................................................................................. 18 

3.5 Antibodies .................................................................................................................. 19 

3.6 Reagents..................................................................................................................... 19 

3.7 Buffers, solutions and culturing media ...................................................................... 20 

3.7.1 Buffers and solutions .......................................................................................... 20 

3.7.2 Culturing media .................................................................................................. 21 

4 Methods ............................................................................................................................ 23 

4.1 Cell biology methods ................................................................................................. 23 

4.1.1 Growth and maintenance of S. pombe ................................................................ 23 

4.1.2 Transformation of S. pombe ............................................................................... 24 



XII 

 

4.1.3 Irradiation of S. pombe ....................................................................................... 25 

4.1.4 Clonogenic survival assay .................................................................................. 26 

4.1.5 Growth and maintenance of E. coli .................................................................... 26 

4.1.6 Transformation of E. coli ................................................................................... 26 

4.2 Flow cytometry .......................................................................................................... 27 

4.2.1 Measuring protein levels in S. pombe ................................................................ 27 

4.2.2 Fluorescent cell barcoding (FCB) ...................................................................... 27 

4.2.3 Measuring translation rates in S. pombe ............................................................. 27 

4.3 DNA methods ............................................................................................................ 29 

4.3.1 Plasmid DNA isolation from E. coli .................................................................. 29 

4.3.2 Genomic mini-prep in S. pombe ......................................................................... 30 

4.3.3 DNA quantification ............................................................................................ 31 

4.3.4 Polymerase chain reaction (PCR) ...................................................................... 31 

4.3.5 QIAxcel .............................................................................................................. 35 

4.3.6 Agarose gel electrophoresis ............................................................................... 35 

4.3.7 DNA purification ................................................................................................ 36 

4.3.8 DNA concentrating ............................................................................................ 36 

4.3.9 DNA ligation ...................................................................................................... 36 

4.3.10 CRISPR/Cas9 ..................................................................................................... 37 

4.4 Protein methods ......................................................................................................... 38 

4.4.1 Fluorescence microscopy ................................................................................... 38 

4.4.2 Mass spectrometry .............................................................................................. 39 

4.4.3 Protein extraction ............................................................................................... 39 

4.4.4 Protein quantification ......................................................................................... 40 

4.4.5 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis ....................... 40 

4.4.6 Western analysis ................................................................................................. 41 

5 Results .............................................................................................................................. 43 

5.1 Verification of MS candidates ................................................................................... 43 

5.1.1 Verification of MS candidate Int6 ...................................................................... 43 

5.1.2 Design and construction of CRISPR/Cas9 plasmids and repair templates ........ 47 

5.1.3 Tagging genes of interest using CRISPR/Cas9 .................................................. 57 

5.2 eIF2α phosphorylation and regulation of translation ................................................. 62 

5.2.1 Recovery of translation in non-phosphorylatable eIF2α mutant ........................ 62 



XIII 

 

5.2.2 Viability in non-phosphorylatable eIF2α mutant ............................................... 64 

5.3 DNA damage and regulation of translation ............................................................... 65 

5.3.1 OD measurements in DNA repair-deficient mutant ........................................... 65 

5.3.2 Flow cytometry analysis of translation in DNA repair-deficient mutant ........... 67 

6 Discussion ........................................................................................................................ 73 

6.1 MS candidates............................................................................................................ 73 

6.1.1 Gsa1 .................................................................................................................... 73 

6.1.2 Tif51 ................................................................................................................... 74 

6.1.3 Int6 ..................................................................................................................... 75 

6.1.4 Other protein candidates ..................................................................................... 76 

6.2 The role of eIF2α phosphorylation in global regulation of translation ..................... 76 

6.3 DNA damage as signal for regulation of translation after exposure to stress ........... 78 

6.4 Conclusions ............................................................................................................... 79 

6.5 Future studies ............................................................................................................. 80 

References ................................................................................................................................ 83 

Appendices ............................................................................................................................... 89 

Appendix I: String map of MS protein hits. ......................................................................... 90 

Appendix II: S. pombe expressing GFP-tagged Int6 after UV exposure. ............................ 92 

Appendix III: S. pombe rad16Δ uve1Δ mutant strain after UV exposure. ........................... 95 

 

 

 

 

  



XIV 

 

 

  



1 

 

1 Introduction 

1.1 S. pombe as model organism 

Model organisms have become irreplaceable tools in biological and clinical research. A 

model organism is a non-human organism that is studied to obtain knowledge about 

biological processes in a more complex organism. They have a shorter generation time and a 

characterized genome. They are also similar to humans at the molecular level and accessible 

for laboratory studies. The use of simpler organisms with less complex biological processes 

has helped us gain knowledge of fundamental biological processes, but it has also given us 

insight in numerous diseases. It has helped us understand the mechanism behind them, how 

they are caused and, most importantly, how they can be defeated. 

Yeast are eukaryotic, single-celled microorganisms classified as member of the fungus 

kingdom. There are mainly two species of yeast that are frequently used in scientific research: 

Saccharomyces cerevisiae (budding yeast) and Schizosaccharomyces pombe (fission yeast). 

In 1996, S. cerevisiae was the first eukaryote to have its genome completely sequenced 

(Williams, 1996). Later, in 2002, sequencing of the S. pombe genome was also completed (V. 

Wood et al., 2002). In this study, we have chosen S. pombe as model organism.  

S. pombe was initially observed and isolated from contaminated millet beer. It was first 

described in detail in the early 1890's by Paul Lindner who also named it 

Schizosaccharomyces to distinguish it from budding yeast and pombe for the Swahili word for 

beer (Lindner, 1893). It is a rod-shaped unicellular eukaryote with a size of ~7-14 µm in 

length and ~4 µm in width (Figure 1.1). It grows by tip elongation and divides by medial 

fission (Hagan, Carr, Grallert, & Nurse, 2016).  
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Figure 1.1 (A) S. pombe and (B) S. cerevisiae visualized with the DNA stain DAPI to highlight the 

nucleus. Figure from Forsburg et al. (Forsburg, 2001).  

Over the last half century, the use of S. pombe as a model organism to investigate eukaryotic 

cellular and molecular processes has increased. This is mainly a result of new investigative 

methodologies.  

There are many advantages of using S. pombe as model organism. It has a short generation 

time of 2-4 hours (Petersen & Russell, 2016) and it is easy and cheap to cultivate. S. pombe 

has simple genetics with three chromosomes of 5.6, 4.8, and 3.6 Mb which include 

approximately 5048 genes (McDowall et al., 2015). As a eukaryote, it is at the molecular 

level closely related to human where 67% of its protein-coding genes are conserved in 

humans (V. Wood et al., 2002). S. pombe's simple genetics makes it easy to perform genetic 

manipulation, and it has also multiple expression plasmids which can be used to make 

transformants with specific characteristics of interest. S. pombe can be studied either as a 

haploid or diploid organism, which is also an advantage as a model organism.  

S. pombe has especially been preferred as model organism when studying the cell cycle and 

DNA-damage responses. This is because the eukaryotic cell cycle is a highly conserved 

process. In 2001, Paul Nurse was awarded the Nobel Prize for cell cycle studies in S. pombe 

(Nurse, 2002). 

1.2 Translation in eukaryotes 

Translation is the process where the genetic information in mRNA is interpreted to generate a 

sequence of amino acids in proteins, and it is one of the most highly conserved processes 

between organisms (Watson et al., 2014). Translation is an extensively studied mechanism, 
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yet there are still many questions left unanswered. We know the basic machinery and how it 

operates, but there are still a lot unknown about the fine-tuning of regulation. The machinery 

responsible for translation is composed of messenger RNA (mRNA), transfer RNA (tRNA), 

aminoacyl-tRNA synthetase and the ribosome. mRNA is a sequence of nucleotides, or 

codons, transcribed from the DNA. tRNA is an RNA molecule that recognizes a particular 

codon in the mRNA and, when attached to a specific amino acid, can deliver it to the 

ribosome-bound mRNA. Charging of tRNAs with an amino acid is carried out by aminoacyl-

tRNA synthetases. After transcription, the mRNA is transported out of the nucleus to the 

cytoplasm where translation takes place. The machinery responsible for protein synthesis is 

the ribosome. It consists of two subunits: the large (60S) and small (40S) ribosomal subunit. 

The ribosome has three binding sites for tRNA, called the A-, P-, and E-sites. The A-site 

binds tRNAs attached to an amino acid (aminoacyl-tRNA), the P-site binds tRNAs attached to 

a growing polypeptide chain (peptidyl-tRNA) and the E-site binds tRNAs that have released 

the growing polypeptide chain to the aminoacyl-tRNA.  

1.2.1 Initiation 

Translation consists of three stages: initiation, elongation and termination. During initiation, 

the initiation factors eIF1, eIF1A, eIF3 and eIF5 bind the small ribosomal subunit to prevent 

binding of the large subunit and binding of tRNA in the A-site (Figure 1.2 a). An initiator 

tRNA (tRNA associated with methionine) is then escorted to the small ribosomal subunit by 

the GTP-binding initiation factor eIF2. Together they form the ternary complex. eIF2 (in the 

GTP-bound state) positions the initiator tRNA in the P-site, which then results in the 43S 

preinitiation complex (PIC). eIF3 is also involved in the assembly of the 43S PIC.  

In a separate reaction series, the mRNA is prepared for translation by removing secondary 

structures that would inhibit binding of the small subunit. This is performed by eIF4 initiation 

factors (Figure 1.2 b). eIF4E first binds to the 5' cap of the mRNA. eIF4G then binds both 

eIF4E and the mRNA, while eIF4A binds eIF4G and the mRNA. Then eIF4B binds to the 

complex and activates the RNA helicase activity of eIF4A, which leads to unwinding of 

secondary structures on the mRNA.  

After removal of secondary structures on the mRNA, the PIC binds to the 5' cap of the mRNA 

and "scans" the 5' untranslated region (5' UTR) mRNA in a 5' to 3' direction until it reaches a 

start codon (AUG) which the initiator tRNA anticodon binds. This will lead to release of 



4 

 

eIF1, eIF5 and as a result eIF2. This allows eIF5B-GTP to bind to the initiator tRNA which 

stimulates association of the large subunit to the small subunit. This releases the remaining 

initiation factors and the complex is ready for elongation.  

 

Figure 1.2 (a) Assembly of the eukaryotic preinitiation complex onto the mRNA. (b) Preparation of 

mRNA for translation. Figure from Watson et al. (Watson et al., 2014).  

1.2.2 Elongation and termination 

During elongation, aminoacyl-tRNAs are recruited to the A-site of the ribosome by the 

elongation factor eEF1. The ribosome is a ribozyme, and when the correctly charged tRNA is 

placed in the A-site, a peptide-bond is formed by the ribozyme between the amino acid on the 

aminoacyl-tRNA and the growing polypeptide chain on the peptidyl-tRNA in the P-site. The 

polypeptide chain is then moved from the tRNA in the P-site to the tRNA in the A-site. The 

tRNAs in the P- and A-site are then translocated to the E-site and the P-site, respectively, by 

the elongation factor eEF2. After this translocation, the ribosome is ready to add another 

amino acid to the polypeptide chain.  
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Elongation continues until the ribosome reaches a stop codon. Stop codons are recognized by 

the release factor eRF1 which is escorted by eRF3 to the A-site and releases the polypeptide 

chain. Current models suggest that eRF1 together with the ATPase Rli1 then facilitate the 

disassembly of the two ribosomal subunits (Dever & Green, 2012). The disassembled 

ribosomes can then participate in a new round of translation.   

1.3 Regulation of translation 

Eukaryotic gene expression is regulated at multiple levels, but it is mainly regulated at the 

transcription and translation level. Compared to transcriptional regulation, regulation of 

translation results in more rapid changes in protein levels and enables the cell to respond 

rapidly in response to external stimuli. Translation can be regulated globally or specifically 

where only target genes are regulated. Global regulation of translation is often a result of 

activation or inhibition of one or more components of the translational machinery, whereas 

specific regulation frequently occurs through the action of trans-acting proteins (Gebauer, 

Preiss, & Hentze, 2012) or microRNAs (Roux & Topisirovic, 2012).  

1.3.1 Regulation of translation initiation 

Regulation of translation occurs primarily at the initiation step of translation, which is more 

efficient and eliminates the chance of having incomplete proteins with altered function. 

Translation is also a very energy-demanding process, so regulation at the initiation step is also 

energy-saving. Recruitment of mRNA to the small ribosomal subunit (as described in 1.2.1) is 

thought to be the rate-limiting step of initiation and is thus the most regulated. This step is 

carried out by several initiation factors (eIF1-5, as described in 1.2.1), where each and every 

one can be regulated.  

For global regulation of translation, initiation factors are often regulated by phosphorylation. 

One of the best studied examples of such regulation is phosphorylation of eIF2α (section 1.4.2 

for more details), which leads to reduced ternary complex formation (Dever & Green, 2012; 

Hinnebusch & Lorsch, 2012). Another well-studied mechanism is phosphorylation of eIF4E-

binding proteins (4E-BPs). In their unphosphorylated state, they compete with eIF4G for 

binding to eIF4E, and thus inhibit translation (Anne-Claude Gingras, Brian Raught, & 

Sonenberg, 1999). In contrast, phosphorylation of 4E-BPs inhibits their binding to eIF4E, thus 
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promoting translation initiation. Numerous other initiation factors can be phosphorylated and 

regulated, and other modifications may also affect translation but this in not extensively 

studied.  

1.4 Cellular stress responses 

Regulation of translation is critical for gene regulation and cell survival when cells are 

exposed to stress, such as nutrient starvation, oxidative damage, osmotic changes and DNA 

damage. When exposed to stress, translational regulation leads to rapid changes in the protein 

repertoire and protein levels and thus helps the cell survive the stressful situation. In this 

study, we have investigated the effects of ultraviolet (UV) irradiation as a stressor in yeast 

cells.  

1.4.1 UV irradiation 

UV irradiation is mutagenic and a major source of DNA damage. However, it is important to 

note that UV irradiation, especially of longer wavelength in the UV range, causes not only 

DNA damage, but also damage to other macromolecules in the cell. UV irradiation is divided 

into three wavelength ranges, UVA (315-400 nm), UVB (280-315 nm) and UVC (100-280 

nm). Solar radiation contains all three wavelength ranges, but UVC is completely absorbed by 

the ozone, molecular oxygen, and water vapor in the earth’s upper atmosphere and therefore 

does not occur on earth in nature. UVC is the highest-energy UV and causes the most direct 

DNA damage. UVB causes less direct DNA damage and UVA causes little direct DNA 

damage, but much oxidative damage. 

When DNA is exposed to UV, the light is strongly absorbed by the bases which leads to the 

formation of pyrimidine dimers where two pyrimidines have fused together. These bases are 

not able to take part in base pairing and stall transcription and the DNA polymerase during 

replication. There are two mechanisms that are able to repair pyrimidine dimers: 

photoreactivation and excision repair (Watson et al., 2014). Photoreactivation directly 

reverses formation of pyrimidine dimers, where the enzyme DNA photolyase captures energy 

from light and use it to break the bonds between the linked pyrimidine bases. 

Photoreactivation can be used as a DNA repair mechanism in most organisms, but not in 

placental mammals, such as humans (Essen & Klar, 2006), nor in S. pombe. A more general 
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mechanism for repairing pyrimidine dimers is excision repair. In this mechanism, the dimer is 

excised by nucleotide excision, and the resulting gap is filled by DNA Polymerase I.  

As mentioned previously, when cells are exposed to stress, translation is regulated in order to 

help the cell survive a stressful situation. This also applies when cells are exposed to UV 

(Casati & Walbot, 2004; Deng et al., 2002; Fox, Shin, Caudill, & Stover, 2009; Iordanov et 

al., 1998; Krohn, Skjølberg, Soltani, Grallert, & Boye, 2008; Tvegård et al., 2007; Wu et al., 

2002). One of the stress responses upon UV irradiation is activation of the kinase general 

control nonderepressible-2 protein (Gcn2), which phosphorylates the α-subunit of the 

initiation factor eIF2 (see chapter 1.2.1 and 1.3.1). This mechanism is described in more detail 

in the following section.  

1.4.2 eIF2α phosphorylation 

Phosphorylation of eIF2α is an important mechanism for translation regulation. After eIF2-

GTP has escorted the initiator tRNA to the small ribosomal subunit and initiated translation, 

eIF2 is released in its GDP state. To be reused for another round of translation, eIF2-GDP 

must be converted to eIF2-GTP by the guanine nucleotide exchange factor eIF2B. When the α 

subunit of eIF2 on residue S51 in mammalian cells (S52 in S. pombe) is phosphorylated, 

eIF2-GDP and eIF2B have a stable interaction, which inhibits the exchange of GDP to GTP. 

As a result, eIF2 is inhibited from recruiting an initiator tRNA to the ribosomal subunit and 

translation initiation is reduced. 

There are several kinases responsible for phosphorylation of eIF2α. There are four known in 

mammalian cells (GCN2, PERK, PKR and HRI) and three in fission yeast (Gcn2, Hri1 and 

Hri2) (Zhan, Narasimhan, & Wek, 2004), and they are activated by different forms of stress 

(Figure 1.3). PERK is activated in response to unfolded proteins (Kaufman, 1999), PKR is 

activated by double stranded RNA (dsRNA) and interferon and is believed to participate in an 

antiviral defense mechanism (Kaufman, Sonenberg, Hershey, & Mathews, 2000) and HRI is 

activated by heme deprivation (Chen, 2000). Gcn2 has been shown to be activated by amino 

acid starvation and other nutrient deprivation, osmotic stress, UV irradiation, MMS (methyl 

methanesulfonate) treatment, oxidative stress (H2O2) and ER (endoplasmic reticulum) stress 

(Deng et al., 2002; Hamanaka, Bennett, Cullinan, & Diehl, 2005; Krohn et al., 2008; Nemoto 

et al., 2010; Rolfes & Hinnebusch, 1993; Rødland, Tvegård, Boye, & Grallert, 2014; Tvegård 
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et al., 2007; Udagawa et al., 2008; Zhan et al., 2004). In this study, we have focused on Gcn2 

activation by UV irradiation and the resulting effects. 

The mechanism of phosphorylation of eIF2α by GCN2 was first described by the Hinnebusch 

et al. in response to starvation. Later, it was also shown that translation was downregulated 

after exposure to stress. This led to the general belief that downregulation of translation is 

caused by phosphorylation of eIF2α (Figure 1.3). In addition to global downregulation, it was 

also believed that it leads to selective upregulation of translation of selected transcripts. In 

human cells, selective translation results in increased production of the transcription factor 

ATF4 (GCN4 in budding yeast), and thus leads to an increased expression of its target genes 

(Harding et al., 2000; Hinnebusch, 2005). The target genes and their products aid in cell 

survival after environmental stress.   

 

Figure 1.3 The known kinases responsible for phosphorylation of eIF2α are activated by different 

stressors. Phosphorylation of eIF2α is believed to have a role in regulation of translation.  

1.5 Background 

The inhibition and global downregulation of translation was believed to be a result of 

phosphorylation of eIF2α, which also has been shown to occur after UV exposure (Deng et 
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al., 2002; Tvegård et al., 2007; Wu et al., 2002). However, a causal relationship between 

eIF2α phosphorylation and downregulation of global translation has not been shown. Given 

the important role eIF2α plays in the initiation of translation, it has been generally assumed 

that eIF2α phosphorylation is the cause of translation inhibition.  

In contrast to the prevailing view, there are several pieces of evidence for the existence of 

alternative mechanisms that inhibit translation independently of eIF2α phosphorylation, 

which indicates that the role of eIF2α has been overestimated. A recent study (Knutsen et al., 

2015) demonstrates that inhibition of translation is independent of eIF2α phosphorylation. As 

shown in the figure below (Figure 1.4), when a gcn2Δ mutant and an eIF2α-S52A mutant 

(only expresses a non phosphorylatable eIF2α) were irradiated, translation was still 

downregulated. This suggests that there must be some other mechanism than phosphorylation 

of eIF2α responsible for translation inhibition. Downregulation of global translation 

independently of eIF2α phosphorylation has also been observed after oxidative stress in 

budding yeast (Shenton et al., 2006), after endoplasmic reticulum stress in mammalian cells 

(Hamanaka et al., 2005) and after temperature shifts in fission yeast (Stonyte, Boye, & 

Grallert, 2018).  

 

Figure 1.4 (A) Translation inhibition in wt, a gcn2Δ mutant and an eIF2α-S52A mutant after UV 

exposure. (B) eIF2α phosphorylation in wt and the same mutant cells with tubulin as loading control. 

Figure from (Knutsen et al., 2015).  
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The change in translation rate after stress exposure is immediate and dramatic. This suggests a 

dramatic change at protein level and/or possibly posttranslational modifications leading to 

altered function, as a response due to e. g. altered transcription would be expected to give a 

slower change. In order to identify the changes in protein level and/or posttranslational 

modifications, we performed a mass spectrometry (MS) screen (described in section 4.4.2). 

Proteins upregulated or downregulated after UV exposure might be involved in stress 

responses and inhibition of translation.  

From the MS results, we obtained numerous hits (string map shown Appendix 1). The 

proteins that were shown to be downregulated after UV are proteins involved in ribosomal 

transport, translation, protein ubiquitination and degradation, transcription, protein 

biotinylation, mRNA splicing, mitosis, glycosylation, and lipid metabolism. The proteins 

shown to be upregulated are involved in glutathione synthesis and degradation, L-proline 

biosynthesis, amino acid metabolism, cellular response to osmotic stress, carbohydrate 

metabolism, tricarboxylic acid cycle, heme biosynthesis, removal of radicals, nuclear import, 

actin depolymerization, translation, and DNA repair. It is not immediately obvious why all 

these functional pathways are affected by UV irradiation, but it is interesting to note that 

proteins involved in translational regulation are among the candidates that are predicted to 

change based on the mass spectrometry analysis. Also, proteins involved in DNA repair were 

found to be upregulated, which is a response one might predict after exposing the cells to a 

DNA-damaging agent. 

However, the results must be verified, in other words, show that individual proteins are 

changing exactly as predicted by the MS analysis. The proteins that would be the easiest to 

verify are the proteins that are predicted to change to the largest extent. Based on this, we 

chose three protein candidates to verify in this project: Gsa1, Tif51 and Int6. Gsa1 is 

predicted to be upregulated after UV exposure and codes for a glutathione synthetase. It 

synthesizes glutathione, which is an important antioxidant involved in stress response. An 

antioxidant is a molecule that inhibits oxidation of other molecules, and thus neutralizes free 

radicals and reactive oxygen compounds. Tif51 is also predicted to be upregulated after UV 

exposure and is predicted to code for eukaryotic translation elongation factor eIF5A: a protein 

involved in elongation of translation (translation elongation described in 1.2.2). Int6 is 

predicted to be downregulated after UV exposure and codes for eukaryotic translation 

initiation factor 3 subunit E (eIF3e), involved in initiation of translation (see section 1.2.1).  
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To verify the MS candidates, the change in protein level is investigated by Western analysis. 

To be able to visualize the proteins of interest in a western blot, they must have a tag to which 

the primary antibody can bind. This is because there are, at the time of writing, no antibodies 

against Gsa1, Tif51 and Int6 in S. pombe. We have obtained a S. pombe strain from Akiyoshi 

et al. (Akiyoshi et al., 2001) where Int6 is tagged with GFP. The other two MS candidates 

have no known tag. Thus, we wish to create strains where the proteins of interest are tagged 

with HA by using the CRISPR/Cas9 technique (described in section 4.3.10). 

As described above, there is ample evidence pointing to the fact that the role of eIF2a 

phosphorylation in the downregulation of global translation has been generally overestimated 

in the literature. This is due to the fact that extreme and lasting eIF2α phosphorylation can 

block translation (Dever et al., 1993; Zhan et al., 2002) and that eIF2α phosphorylation has 

been taken as a readout for downregulated general translation – without measuring 

translation. Here we wish to better understand the correlation between translation levels and 

phosphorylation of eIF2α.  

UV is a DNA damaging agent and its effects are often interpreted in light of DNA damage. 

However, GCN2 is activated by other stresses that do not necessarily cause DNA damage, but 

it is not activated by all DNA-damaging agents (Krohn et al., 2008). Downregulation of 

translation has also been observed after several of the stresses that also activate GCN2. 

Whether downregulation of translation is due to DNA damage is not known. Thus, in this 

study, we wish to investigate if DNA damage might be a signal for translation of 

downregulation. 
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2 Aims of study 

 Verify candidates obtained from mass spectrometry analysis. Previous work from the 

group has shown the existence of an unknown mechanism(s) that downregulates 

translation after UV and MS analysis has been performed to identify factors that might 

be responsible for this regulation. In this thesis, we aim to verify the findings of the 

MS analysis. 

 Investigate the role of eIF2α phosphorylation in global downregulation of translation 

and recovery of translation. 

 Investigate if DNA damage is the signal for global downregulation of translation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 

 

 

 

 

 

 

 

 



15 

 

3 Materials 

3.1 S. pombe strains 

Table 3.1 Schizosaccharomyces pombe strains used in this study. 

Strain Genotype Supplier 

19 L972 h- Lab collection 

38 ura4-D18 leu1-32 h+ Lab collection 

489 cdc10-M17 h- Lab collection 

1398 eIF2alphaS52A:ura4+ leu1-23 ura4-D18 h+ Lab collection 

1450 rad16::ura4+ uve1::LEU2 cdc10-M17 ura4-D18 leu1-32 h+ Lab collection 

2134 h90 leu1 ade6-M216 int6-GFP-kanr Lab collection 

3.2 Plasmids 

The following plasmid (Figure 3.1) was used in CRISPR/Cas9 to insert a tag in proteins of 

interest. The plasmid contains Cas9 (described in section 4.3.10), SV40 NLS which is a 

nuclear localization signal (transport Cas9 to the nucleus), AmpR (ampicillin resistance) 

which is used as a selective marker in E. coli, and ura4 which is used as a selective marker in 

S. pombe. It also contains a rrk1promoter/leader RNA which initiates transcription of the 

gRNA that is inserted, and sTRSV HHRz which codes for a hammerhead ribozyme from the 

tobacco ringspot virus satellite RNA (Khvorova et al., 2003) which cleaves the gRNA that is 

transcribed.  
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Figure 3.1 Map of pMZ374 plasmid.  

The following plasmids (Figure 3.2) were used as templates to obtain a 3HA (Figure 3.2 A) 

tag and a GFP tag (Figure 3.2 B). These tags were later incorporated into repair templates 

used in CRISPR/Cas9.  

 

 

Figure 3.2 (A) Map of pFA6a-3HA-kanMX6 containing 3HA. (B) Map of pFA6-linker-GFP(S65T)-

kanMX6 containing GFP.  

B A 
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3.3 Primers and plasmids 

3.3.1 Primers 

Table 3.2 Primers used in this study.  

Name Direction Sequence Supplier 

in ura4 sense Forward TGGGACAGCAATATCGTACT Invitrogen 

403 tif51 check Reverse CCGAAGAAGTTTCAAAAG Invitrogen 

421 gsa1 check Reverse CGAAGAACCAAGCTCTTC Invitrogen 

438 int6 check Reverse CCGAAGAAAAGATTAGC Invitrogen 

239 lin pMZ374 

rev 

Reverse GTTTTAGAGCTAGAAATAGCAAGTTAAA

ATAAG 

Invitrogen 

240 lin pMZ374 

fwd 

Forward TTCTTCGGTACAGGTTATGTTTTTTG Invitrogen 

389 ds tif51 rev Reverse GCAAATTGTATTGATCCTC Invitrogen 

390 HA tif51 fwd Forward GCTGCTCAGTGCTGATAAACTTTTGAAAC

TTGACTGA 

Invitrogen 

391 tif51 HA rev Reverse AGTTTCAAAAGTTTATCAGCACTGAGCA

G 

Invitrogen 

392 tif51 HA fwd Forward GATGCCCCCAGCTCTATCCCCGGGTTAAT

T 

Invitrogen 

393 HA tif51 rev Reverse AATTAACCCGGGGATAGAGCTGGGGGCA

TC   

Invitrogen 

394 in tif51 fwd Forward CGGGCTTCAGATCTC Invitrogen 

431 ds int6 rev    Reverse GGTTCATTTTCTTTTTTTATTGC   Invitrogen 

432 GFP dsint6 

fwd 

Forward TAGACAAGATTATCACATAATTTAAAGG

TGGAATATATTTC 

 

433 dsint6-GFP 

rev 

Reverse TAAATTATGTGATAATCTTGTCTACGCTT

ATTTAGAAGTG 

Invitrogen 

435 int6 GFP fwd  Forward GTTAAAGCATGCTACTGTTGATCCTTGGA

GCTCCTTCAG 

Invitrogen 
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434 GFP-int6 rev   Reverse GGAGCTCCAAGGATCAACAGTAGCATGC

TTTAAC 

Invitrogen 

436 in int6 fwd    Forward GTTGTTACTAACCAAAATAATG Invitrogen 

413 us gsa1 fwd Forward GTATACTGGAAAGTAAATAACTTACT Invitrogen 

414 HA gsa1 rev Reverse AATTAACCCGGGGATCATTGTGATAAAT

AAATCTACTAAAATAAA 

Invitrogen 

415 gsa1 HA fwd Forward TTATTTATCACAATGATCCCCGGGTTAAT

T 

Invitrogen 

416 gsa1 HA rev Reverse ATACTTCTCAATTTCGCACTGAGCAGCGT Invitrogen 

418 in gsa1 fwd Forward CAAATAGAAGAACTCGGAAAAGGCGCAC

GAGA 

Invitrogen 

419 in gsa1 rev Reverse GATATACCAGTGCAAATTC    Invitrogen 

 

3.4 Kits 

Kits used in this study are listed in Table 3.3. The kits were used for PCR, DNA isolation, 

DNA purification, DNA assembly, translation assay and protein quantification.  

Table 3.3 Kits used in this study. 

Kit Supplier 

Click-iT Cell Reaction Buffer Kit Thermo Fisher 

DreamTaq PCR Master Mix (2X) Thermo Fisher 

GeneJET Plasmid Midiprep Kit Thermo Fisher 

GeneJET Plasmid Miniprep Kit Thermo Fisher 

GeneJET Gel Extraction and DNA Cleanup Micro Kit Thermo Fisher 

Gibson Assembly Cloning Kit NEB 

High Fidelity PCR Master Roche 

Pierce BCA Protein Assay Kit Thermo Fisher 

Trans-Blot Turbo RTA Mini LF PVDF Transfer Kit Bio-Rad 
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3.5 Antibodies 

The antibodies used in this study are listed in Table 3.4. Antibodies were used for 

immunodetection.  

Table 3.4 Antibodies used in this study.  

Antibody  Dilution Supplier 

Primary Rabbit polyclonal anti-phospho-eIF2α (Ser51) 1:750 Cell Signaling 

 Mouse monoclonal anti-α-tubulin 1:30000 Sigma-Aldrich 

 Mouse anti-GFP 1:1000 Roche 

 Mouse monoclonal anti-HA 1:1000 Abcam 

Secondary Anti-rabbit IgG, HRP-linked 1:5000 Cell signaling  

 Anti-mouse IgG, HRP-linked 1:5000 Cell signaling 

 

3.6 Reagents 

Table 3.5 Reagents used in this study.  

Reagent Supplier 

Isopropanol Arcus Kjemi 

Agar, yeast extract, tryptone BD 

Dual color protein standard, Kaleidoscope protein standard, SDS Bio-Rad 

GelRed Biotium 

PEG4000 Duchefa Biochemie 

EMM+N broth Formedium 

Membrane blocking agent GE Healthcare 

Acid washed glass beads (4 mm), HCl, methanol, NaAc, NaCl, NaOH Merck 

Immobilon Western Chemiluminescent HRP substrate  Millipore 

Zymolase (20T) MP Biomedicals 

Acid washed glass beads (425-600 µm), adenine, agarose, ampicillin, 

BSA, CHX, citric acid, DMSO, DTT, EDTA, glucose, glutamate, 

Sigma-Aldrich 
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glycerol, glycine, histidine, KCl, KH2PO4, leucine, LiAc, lysine, 

Na2HPO4, NaF, NaN3, NH4Cl, potassium acetate, Ponceau S solution, 

sorbitol, SYBR Safe, TCA, Tris Base, Triton X-100, Tween 20, uracil 

4x NuPAGE LDS Sample Buffer, Alexa Fluor 647 azide, HPG, 

MassRuler DNA loading dye (6X), O'Generuler 1 kb DNA ladder, 

Orange DNA loading dye (6X), Pacific Blue, PageBlue protein 

staining solution, PBS  

Thermo Fisher 

Ethanol VWR 

3.7 Buffers, solutions and culturing media 

3.7.1 Buffers and solutions 

Table 3.6 Buffers and solutions used in this study. 

Buffer/solution Components 

Agarose gel solution, 1% 1% agarose 

1x TAE 

Citrate/phosphate 7.1 g/L Na2HPO4 

11.5 g/L citric acid to pH 5.6 

Citrate/phosphate/EDTA/sorbitol 50 mM citrate/phosphate pH 5.6 

40 mM EDTA pH 8 

1 M sorbitol 

EDTA, pH 8, 0.5 M 146.12 g/L EDTA 

NaOH to pH 8.0 

LiAc/TE (10x) 1 M lithium acetate 

1x TE 

Acetic acid to pH 7.5 

PBS (1x) 8 g/L NaCl 

0.2 g/L KCl 

 1.44 g/L Na2HPO4 

0.24 g/L KH2PO4 

Adjust to pH 7.4 with HCl 
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PEG/LiAc 40% 4000 PEG 

1x LiAc/TE 

Protein sample buffer (2x) 4x NuPAGE LDS Sample Buffer 

1 M DTT 

SDS-PAGE Running buffer (10x) 30.3 g/L Tris Base 

144g/L glycine 

0.1% SDS 

STOP buffer 50 mM NaF 

10 mM NaN3 

1x PBS 

TAE (50x) 242 g/L Tris Base 

51.7 ml/L acetic acid 

18.6 g/L EDTA 

TBS (10x) 24 g/L Tris Base 

88 g/L NaCl 

HCl to pH 7.6 

TBS-T 1x TBS 

0.05% Tween 20 

TE (10x) 12.11 g/L Tris Base 

1.49 g/L EDTA 

NaOH to pH 7.5 

3.7.2 Culturing media 

Table 3.7 Culturing media used in this study. 

Medium Components 

LB medium 1 % tryptone 

0.5% yeast extract 

0.5% NaCl 

NaOH to pH 7.0 

Supplemented with 100 µg/ml ampicillin 

when needed 
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LB plates LB medium  

15 g/L agar 

YES medium 0.5% yeast extract 

30 g/L glucose 

250 mg/L histidine 

250 mg/L leucine 

250 mg/L adenine 

250 mg/L uracil 

250 mg/L lysine 

YES plates YES medium 

20 g/L agar 

EMM medium 32.2 g/L EMM+N broth 

Supplemented with 225 µg/ml amino acids 

when needed 

EMM plates EMM medium 

20 g/L agar 
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4 Methods 

4.1 Cell biology methods 

4.1.1 Growth and maintenance of S. pombe 

Yeast media 

Yeast extract with supplements (YES) is a rich growth medium for S. pombe made with yeast 

extracts, glucose and supplements of specific amino acids or nucleobases. It provides optimal 

growth conditions and is used for fast and nonselective growth. A wild type strain of S. pombe 

in YES medium has a generation time of 3 hours at 25°C, while mutant strains may have 

longer generation times. 

Edinburgh minimal medium (EMM) is a synthetic and defined medium, which is more 

suitable to use in physiological experiments because of its high reproducibility. A wild type 

strain of S. pombe in EMM medium has a generation time of 4 hours at 25°C.  

Liquid culture 

S. pombe can be grown in a liquid culture. This is done by taking a loop of cells, transfer it to 

10 ml of YES medium and incubate over night at 25°C. 1 ml of this preculture can then be 

transferred to appropriate volume of either YES or EMM, depending on the conditions of the 

experiment. The culture is then grown on a shaker (150 rpm) at 25°C.  

During experiments, it is important that the culture cells have an exponential growth to ensure 

that all metabolic processes are undisturbed. A measured OD of between 0.15 and 0.3 (at 

wavelength 595 nm measured with Hitachi U-1900 spectrophotometer) represents a culture of 

cells with exponential growth. To ensure that the culture has an optical density (OD) in this 

range when starting an experiment, the following formula can be used. 

 

𝑉𝑜𝑙𝑢𝑚𝑒𝑝𝑟𝑒𝑐𝑢𝑙𝑡𝑢𝑟𝑒 =  
𝑂𝐷𝑑𝑒𝑠𝑖𝑟𝑒𝑑 × 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑜𝑡𝑎𝑙 

2𝑛 × 𝑂𝐷𝑝𝑟𝑒𝑐𝑢𝑙𝑡𝑢𝑟𝑒
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where Volumepreculture is the volume of the preculture that is needed to make a main culture 

with a desired OD, ODdesired is the measured OD595 that is desired for the main culture at a 

specific time point, Volumetotal is the total volume of the main culture, n is number of 

generations and ODpreculture is the measured OD595 of the preculture. 

Strain maintenance 

S. pombe can be kept as patches on sealed YES agar plates at 4°C for short term storage 

(around 2 months).  

S. pombe can also be kept for long term storage (several years) in glycerol stocks. The stock is 

made by incubating a colony in 3 ml YES overnight at 25 °C. 800 µl of the culture is then 

mixed with 800 µl 50% glycerol and transferred to a cryotube. The glycerol stock is then 

stored at -80 °C. 

To re-isolate a frozen culture, a small amount of stock is scraped off using a sterile pipette tip 

and streaked onto a YES agar plate. The plate is then incubated at 25 °C for 4-5 days.  

4.1.2 Transformation of S. pombe 

Transformation is a technique where exogenous and foreign DNA is introduced into a cell. In 

this study, S. pombe cells were transformed with plasmid DNA using a protocol based on 

"Bähler's method (Bähler et al., 1998). 

1. Spin down 50 mL/culture of OD = 0,2 at 3000 rpm for 4 min.  

 

2. Wash once with equal volume of water. Spin down at 3000 rpm for 4 min. 

 

3. Resuspend the cell pellet inn 1 mL of water. Transfer to Eppendorf tube. Spin down at 10 

000 rpm for 1 min. 

4. Wash once with 1 mL of LiAc/TE [5 mL = 0,5 mL 10x LiAc, 0,5 mL 10x TE, 4 mL 

H2O]. Spin down at 10 000 rpm for 1 min. 

 

5. Resuspend the cell pellet in 100 µL/transformation of LiAc/TE. 
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6. Mix 100 µL of the concentrated cells with 2 µL sheared herring testes DNA and 10 µL of 

transforming DNA [100 – 300 ng DNA]. Incubate at room temperature (RT) for ~10 min.  

 

7. Mix gently with 260 µL of 40 % PEG/LiAc/TE [10 mL = 4 g PEG 4000, 1 mL 10x LiAc, 

1 mL 10x TE, 4,8 mL H2O] and incubate for 30-60 min at 25 °C.  

 

8. Add 43 µL of DMSO and heat shock the cell suspension for 15 min at 42 °C in water 

bath. Alternatively, heat shock the cell suspension for 25 min at 46 °C. Spin down at 10 

000 rpm for 1 min. 

 

9. Wash once with 1 mL YES. Spin down at 10 000 rpm for 1 min. 

 

10. Resuspend in 0,5 mL YES. Transfer the cell suspension to 40 mL YES and incubate at 25 

°C in shaking water bath overnight.  

 

11. Spin down at 3000 rpm for 4 min. Resuspend in 4 mL YE (or selective minimal medium). 

Plate out 200 µL on selective plates.  

 

12. Incubate the plates at 25 °C for 3-5 days. 

4.1.3 Irradiation of S. pombe 

To induce stress, cells were irradiated with UVC in a UV cabinet. Cells were irradiated with 

different UV doses, 550 J/m
2
, 1100 J/m

2
 and 2200 J/m

2
, depending on the experiment. To 

calculate how long the cells are to be irradiated to obtain a certain UV dose, the following 

formula was used: 

𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑡𝑖𝑚𝑒 (𝑚𝑖𝑛𝑢𝑡𝑒𝑠)  =  
𝑊𝑎𝑛𝑡𝑒𝑑 𝑈𝑉 𝑑𝑜𝑠𝑒 (𝐽/𝑚2)×100

𝑈𝑉 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑖𝑛 𝑐𝑎𝑏𝑖𝑛𝑒𝑡 (µ𝑊/𝑐𝑚3)
 = 𝑋 𝑠𝑒𝑐𝑜𝑛𝑑𝑠/60  

Cells were irradiated in EMM because of its transparency and were kept in a glass petri dish 

with stirring during irradiation. However, the dose the cells actually receives can differ 

slightly from the calculated dose.  
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4.1.4 Clonogenic survival assay 

Clonogenic survival assay is a method used to determine the number of living cells in a 

culture. In this study, it was used to determine the viability of S. pombe strains after UV 

exposure. The following protocol was used: 

1. Grow culture to OD = 0.2 in EMM with supplements 

2. Split the culture in half and irradiate the one half. The unirradiated culture functions as 

a control. 

3. Dilute the cultures. For the control (unirradiated): dilute the culture 2000x. Dilute in 

triplicates. For the UV cells, make three dilutions: 2000x
 
(10 µl irradiated culture to 20 

ml medium), 666x (10 µl irradiated culture to 6.7 ml medium), 222x (10 µl irradiated 

culture to 3,3 ml medium). Dilute in triplicates. 

4. Plate 100 µl of each dilution. Plate each dilution in triplicates, so there will be three 

plates for each dilution. For the control, there will be a total of 9 plates. For the UV, 

there will be a total of 27 plates. 

5. Incubate plates at 25 °C for 4-5 days. 

Cells were irradiated with a UV dose of 2200 J/m
2
. 

4.1.5 Growth and maintenance of E. coli 

E. coli can be grown on LB media agar plates with appropriate selective antibiotics overnight 

at 37°. Strains can be stored short term at 4°C for up to 4 months.  

A liquid culture can be made by inoculating a single colony in LB media containing 

appropriate selective antibiotics for approximately 16 hours at 37°C with vigorous shaking.  

4.1.6 Transformation of E. coli 

In E. coli, it is typically a plasmid that is introduced during transformation. Competent E. coli 

cells are able to take up, maintain and replicate these foreign plasmids. As a result, E. coli can 

be used to amplify and isolate a plasmid of interest. This was done using chemically 

competent cells, described in the Gibson Assembly® Chemical Transformation Protocol 

found in the Gibson Assembly® Cloning Kit.  
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4.2 Flow cytometry 

Flow cytometry is an analysis technique which is laser-based and measures optical and 

fluorescence characteristics of single cells or particles. The technique can be used for cell 

sorting, cell counting, biomarker detection, etc. The cells are suspended in a stream of fluid 

which will then pass the light source one cell at a time. The fluorescent molecules will be 

excited and emit light, which then can be detected.   

4.2.1 Measuring protein levels in S. pombe 

Flow cytometry can be used to measure protein levels in a sample. If a protein has a 

fluorescent tag, the fluorescence can be quantified, and protein level measured. It was used in 

this study to measure the level of the protein Int6, with a GFP tag, after UV exposure. 

Samples were prepared by taking 2 ml of cell suspension (OD = 0.2) 0, 5, 10, 15 and 20 

minutes after UV exposure. The samples were then fixed by resuspending the pellet with 1 ml 

ice cold 70% MetOH and stored in refrigerator. Before running the flow cytometry, the 

samples were washed twice with PBS and resuspended in 1 ml PBS.  

4.2.2 Fluorescent cell barcoding (FCB) 

Fluorescent cell barcoding is a technique used to increase data robustness by minimizing 

errors and variations that may occur during sample processing. This is done by staining 

samples with different concentrations of a fluorescent dye and then mixing them to one 

sample. The samples can then further be stained and analyzed as one single sample. In this 

study, Pacific Blue was used as fluorescent dye. The FCB procedure is described in the next 

section.  

4.2.3 Measuring translation rates in S. pombe 

To measure translation rates in S. pombe, HPG labelling assay was used. This is a labelling 

assay technique that uses the noncanonical amino acid L-homopropargylglycine (HPG) as 

label. HPG, which is a methionine analogue, will be incorporated into proteins instead of 

methionine during protein synthesis. HPG can then be detected by chemoselective 

fluorescent-tagging by using "click chemistry" (Liang & Astruc, 2011). The fluorescent tag is 
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detected using flow cytometry. In this study, Click-iT reaction kit from ThermoFisher was 

used to measure translation rates.  

Samples were pulse labeled and fixed as followed: 

1. Take 2 ml of the culture 

2. If samples are taken over a long time period (hours), OD has to be maintained at ~0.2 

to ensure that the HPG concentration added is sufficient. Dilute samples if needed. 

3. Add 20 µl 2.5 mM HPG and incubate at 25 °C for 10 minutes 

4. Add 10 µl 10 mg/ml CHX 

5. Spin down at 13 000 rpm for 2 minutes. Remove supernatant. 

6. Resuspend in cold (-20 °C) 1 ml methanol while vortexing 

7. Store at 4 °C 

Sample barcoding was executed as followed: 

1. Spin down fixed cells at 13 000 rpm for 2 minutes. Remove supernatant. 

2. Resuspend pellet in 0.5 ml PBS 

3. Spin down at 13 000 rpm for 2 minutes. Remove supernatant. 

4. Resuspend in 195 µl PBS 

5. Make fresh Pacific Blue dye stock solution (5 µg/µl) in DMSO to following 

concentrations: 

DYE LEVEL FINAL PACIFIC BLUE CONCENTRATION 

L4 0.1248 ng/µl 

L3 0.03120 ng/µl 

L2 0.00624 ng/µl 

L1 0.00078 ng/µl 
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6. Stain with dilutions of Pacific Blue by adding 5 µl of dye to 195 µl of sample. Mix 

well and incubate the cells in the dark at RT for 30 min. 

7. Spin down at 13 000 rpm for 2 minutes. Remove supernatant and resuspend in 0.5 ml 

PBS. Repeat three times. 

8. Resuspend in PBS and mix samples together (one of each level in one tube) 

9. Spin down at 13 000 rpm for 2 minutes. Resuspend in 0.5 ml PBS containing 1% 

BSA. 

10. Prepare the Click-iT rection cocktail (for 5 reactions) by mixing 440 µl of 1x Click-iT 

cell reaction buffer, 50 µl Click-iT cell buffer additive, 10 µl CuSO4 (40 mM). and 2.5 

µl Alexa Fluor 647 (0.01 mg/ml stock in DMSO). Use the reaction cocktail within 15 

minutes after preparation. 

11. Add 100 µl Click-iT reaction cocktail to each sample. Mix well. 

12. Incubate the samples in the dark at RT for 30 min. 

13. Spin down at 13 000 rpm for 2 minutes. Resuspend in 0.5 ml PBS containing 1% 

BSA. 

14. Spin down at 13 000 rpm for 2 minutes. Resuspend in 1 ml PBS and transfer to flow 

cytometry tubes.  

4.3 DNA methods 

4.3.1 Plasmid DNA isolation from E. coli 

For isolation of plasmids in E. coli, either the GeneJET Plasmid Midiprep Kit (ThermoFisher) 

or the GeneJET Plasmid Miniprep Kit (ThermoFisher) was used depending on the required 

yield. Plasmid isolation was carried out following the manufacturer's instructions.  
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4.3.2 Genomic mini-prep in S. pombe 

Genomic mini-prep was used to isolate total genomic DNA from S. pombe for later use as 

template DNA. The following protocol for genomic mini-prep was used: 

1. Grow a 1-2 ml culture to saturation in YE, or if necessary, selective medium 

2. Pellet cells at 3000 rpm for 5 min 

3. Wash once with STOP buffer or ice-cold water. Can freeze at this stage. 

4. Thaw on ice. If you used STOP buffer, wash once with 1ml 

citrate/phosphate/EDTA/sorbitol 

5. Resuspend cells in 1.0 ml citrate/phosphate/EDTA/sorbitol containing 2.5 mg Zymolase 

(20T). Transfer to an Eppendorf tube and incubate at 37 ºC for 30-60 min. Check for 

ghosts by adding a drop of 10% SDS on the microscopy-slide (1 µl SDS to 9 µl of the 

digested cells). 

6. Pellet cells at top speed in microcentrifuge at 13 000 rpm for 10 sec. Remove the 

supernatant. 

7. Resuspend pellet in 0.5 ml TE 

8. Add 25 l 20% SDS, mix by inverting tube several times. Incubate at 65 ºC for 1 hour 

9. Add 175 l 5 M Potassium Acetate (pH=5), vortex well and keep on ice for 15 min 

10. Microcentrifuge for 10 min, 13 000 rpm, 4 ºC 

11. Carefully transfer 0.5 ml of the supernatant to another eppendorf tube 

12. Add 0.5 ml ice-cold isopropanol, mix 

13. Pellet by microcentrifuging at 13 000 rpm, 10 min, 4 ºC. Remove off all of the supernatant 

14. Wash pellet with 70% EtOH 

15. Let the pellet airdry before resuspending in 500 l water 
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16. Run 1 µl on agarose gel to check the quality of your DNA. There should be one discreet 

band, no smear. 

4.3.3 DNA quantification 

The concentration of DNA in a sample was measured using the Thermo Scientific 

NanoDrop™ 1000 Spectrophotometer. The instrument determines the DNA concentration by 

measuring light absorbance at a wavelength of 260 nm. The manufacturer's instructions were 

followed when using the instrument.  

4.3.4 Polymerase chain reaction (PCR) 

PCR (Polymerase Chain Reaction) is a technique used to amplify DNA. It was first described 

by Kjell Kleppe (Kleppe, Ohtsuka, Kleppe, Molineux, & Khorana, 1971) and later automated 

by Kary Mullis (Mullis & Faloona, 1987). This technique uses the DNA polymerase's ability 

to synthesize a new strand of DNA that is complementary to the template DNA. Since DNA 

polymerases only can add a nucleotide onto a preexisting 3'-OH group, primers are needed for 

their action. Primers are small DNA fragments that are complimentary to the target DNA. As 

a result, primers also specify which segment of the DNA that is to be amplified. Only trace 

amounts of DNA are needed, as PCR is very sensitive.   

In addition to the DNA polymerase, template and primers, the assay also needs nucleotides. 

These components are mixed in a PCR tube and placed in the PCR machine which is 

essentially a thermal cycler. The DNA is amplified in three basic steps that are repeated in 

cycles (Figure 4.1). During these cycles, the machine raises and lowers the temperature. The 

first step raises the temperature above the melting point of the double stranded DNA which 

separates the two strands. The temperature is then lowered, and the two primers anneal to 

each DNA strand. The temperature is then raised again so the DNA polymerase can extend 

the growing DNA strand from the primers. After every repetition of these three steps (cycles), 

the number of copied DNA molecules doubles.  
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Figure 4.1 An overview of the PCR reaction. Figure from Garibyan et al. (Garibyan & Avashia, 

2013). 

E. coli colony PCR 

Colony PCR is used to quickly screen colonies for successful insert of DNA in plasmid 

constructs. In this study, it was used to screen colonies for successful construction of the 

CRISPR/Cas9 plasmids.   

12 colonies were picked and transferred to 1 ml LB (one tube for each colony). The tubes 

were incubated over night at 37 ºC and shaking. 2 µl of the overnight culture is then 

transferred to 7,4 µl dH2O, 0,6 primer mix (10µM) and 10 µl Dream Taq Polymerase. The 

PCR cycler was programmed with the following parameters: 
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 CYCLES TIME TEMPERATURE 

Initial 

Denaturation 

1 2 min 95 ºC 

Denaturation 35 30 s 95 ºC 

Annealing 30 s 42 ºC 

Elongation 1 min 72ºC 

Final 

Elongation 

1 15 

min 

72ºC 

Hold -- -- 10 ºC 
 

   

 

The annealing temperature was altered depending on which primers are used and their melting 

points. The elongation time was also altered depending on the length of the PCR fragment (1 

min/1000 bp).  

S. pombe colony PCR 

This Colony PCR method for S. pombe was used to quickly screen colonies for successful 

insertion of the repair template after CRISPR/Cas9. SDS is used to lyse the cells and release 

DNA. SDS denatures DNA polymerases as well, so the DNA isolated this way cannot be used 

in a PCR reaction. Therefore Triton-X is added to the sample, which forms micellae with the 

SDS and thus makes it possible to run PCR. 

The template DNA was prepared as followed: 

1. Label Eppendorf tubes with lid and poke a hole in the lid with 25G needle 

 

2. Dispense 50 µl 0,25% SDS in TE to the tubes 

 

3. Pick up cells from a fresh colony (not more that 1-2 days old) with a yellow tip - about 

the size of a match head. Put the tip in the tube and use a fingertip over the pipette tip 

to mix the cells into the solution by vortexing 

 

4. Boil on heating block for 5 min 
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5. Spin in microcentrifuge 1 min at 13 000 rpm 

 

6. Recover 80% of supernatant (avoid the pellet) into a labeled Eppendorf tube. You 

should recover the supernatants quickly after spinning 

 

7. The template DNA can be frozen for later use.  

 

The PCR reaction was prepared in the following order (it's very important to add (Triton X-

100 to the template before adding the polymerase): 

1µl template 

4 µl dH2O 

5 µL Triton X-100 (10%) 

1,25 µl forward primer (10 µM) 

1,25 µl reverse primer (10 µM) 

12,5 µl Dreamtaq Master mix (can also use High Fidelity PCR Master) 

 

The PCR cycler was programmed with the following parameters: 

 

 CYCLES TIME TEMPERATURE 

Initial Denaturation 1 2 min 94 ºC 

Denaturation 35 15 s 94 ºC 

Annealing 30 s 43 ºC 

Elongation 5 min 68ºC 

Final Elongation 1 10 min 68ºC 

Hold -- -- 4 ºC 

 

The annealing time must be altered depending on the primers used and their melting point. 

Note the very long elongation time, this is very important.  
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4.3.5 QIAxcel 

QIAxcel from Qiagen is an instrument that provides quick and easy DNA and RNA analysis. 

The device runs capillary electrophoresis without the use of a gel and was used to check PCR 

product sizes. This was performed as described in the manufacturer's instructions.   

4.3.6 Agarose gel electrophoresis 

Gel electrophoresis is a method used to separate DNA fragments by size. Gel electrophoresis 

moves the negatively charged DNA through the agarose gel matrix towards a positive 

electrode. Shorter DNA molecules are less hindered by the agarose and migrates more quickly 

than larger DNA molecules. As a result, shorter DNA molecules migrate longer than larger 

DNA molecules and will be separated in the gel by size. The size of the fragments can be 

determined by also running a ladder containing DNA fragments with known sizes alongside 

the sample. In this study, a 1% agarose gel was used: 

1. Mix 1 g agarose and with 100 ml 1xTAE 

 

2. Microwave for 1-3 min until the agarose is completely dissolved 

 

3. Let agarose solution cool down to about 50°C (about when you can comfortably keep 

your hand on the flask) 

 

4. Pour the agarose into a gel tray with the well comb in place 

 

5. Let the gel sit at room temperature for 20-30 mins until it has completely solidified 

 

6. Once solidified, put the gel into the gel box and fill with 1xTAE buffer until the gel is 

covered 

 

7. Add 6x loading buffer to samples 

 

8. Load the molecular weight standard and samples 

 

9. Run at 100 V until the dye is ~80% down the gel 
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10. Stain the gel with SYBR® Safe Gel Stain. Incubate the gel with the gel stain (1:10000 

in H2O) for 30 minutes. Cover the gel with aluminum foil and put on shaker (50 rpm) 

4.3.7 DNA purification 

DNA extraction from agarose gels and purification of DNA in PCR reactions were performed 

using GeneJET Gel Extaction and DNA Cleanup Micro Kit (ThermoFisher), respectively. 

The manufacturer's instructions were followed.   

4.3.8 DNA concentrating  

The technique ethanol precipitation was used to concentrate DNA in solution and to increase 

DNA yield. The following protocol was used: 

1. Add 0,1x volume NaAc 3M pH 5,5 to the DNA yield 

2. Add 2,5x volume 96% EtOH 

3. Spin down at 4°C, full speed, 40 min 

4. Remove supernatant carefully 

5. Wash with 500 µl 70% EtOH. Spin down at 10 min, 4°C, full speed 

6. Remove supernatant, let pellet air dry 

7. Resuspend the pellet in 20 µl dH20                

4.3.9 DNA ligation 

Gibson assembly® cloning is a molecular cloning method used to assemble DNA fragments. 

The fragments, which must have overlapping ends, are introduced to an enzyme mixture 

containing an exonuclease, a DNA polymerase and a DNA ligase (Figure 4.2). The 

exonuclease creates single stranded 3' overhangs on the fragments. The fragments that share 

complementary will then anneal together. The DNA polymerase fills in gaps between 

annealed fragments and the DNA ligase seals nicks in the assembled DNA.  
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Figure 4.2 Overview of Gibson assembly cloning method. Figure from Gibson Assembly® Cloning 

Kit manual.  

Gibson assembly was performed using the Gibson Assembly® Cloning Kit, following the 

manufacturer's instructions.  

4.3.10  CRISPR/Cas9 

CRISPR/Cas9 is a DNA editing technique that allows you to edit a genome in a simple and 

accurate way. The DNA is introduced to the enzyme Cas9, a guide RNA (gRNA), and 

optionally an insert fragment (repair template) (Figure 4.3). gRNA is a small RNA fragment 

complementary to the target DNA sequence. The gRNA binds to the target sequence and 

recruits Cas9, which cut both strands of the DNA. If a repair template is introduced, DNA 

repair mechanisms will repair the double strand break by inserting the template. This is done 

by homologous recombination. A repair template is introduced if insertion of a specific 

sequence is wanted, where the repair template contains this sequence. It is also possible to 

knock out a target gene. This can be done with or without a repair template. Without a 

template, DNA repair mechanisms repair the double strand break by non-homologous end 

joining (NHEJ), where random nucleotides are inserted at the break. This will introduce 

mutations, which disrupts the protein sequence and knock out the gene. In our case, a repair 

template was used to introduce a HA-tag adjacent to the genes of interest.  
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Figure 4.3 The CRISPR/Cas9 mechanism. Modified figure from GeneEdit Inc (GeneEdit, 2017). 

CRISPR plasmid construction 

The CRISPR/Cas9 plasmids were constructed by using the plasmid pMZ374 which contains 

Cas9 and S. pombe ura4 as a selection marker (Jacobs, Ciccaglione, Tournier, & Zaratiegui, 

2014). The plasmid was amplified using PCR, run on agarose gel and isolated using GeneJET 

Gel Extraction Kit (ThermoFisher). The Gibson Assembly® Cloning Kit (NEB) was used to 

insert the gRNA sequence into the plasmid. The plasmid, now containing Cas9 and the gRNA 

sequence, was introduced to E. coli cells by transformation (described in section 4.1.6). The 

CRISPR/Cas9 plasmids where then isolated from E. coli (described in section 4.3.1).  

4.4 Protein methods 

4.4.1 Fluorescence microscopy 

A fluorescence microscope is a microscope that uses fluorescence to generate an image. 

When using a fluorescence microscope, the specimen is illuminated with light of a specific 

wavelength, which is absorbed by the fluorophores in the specimen, causing them to emit 

light of longer wavelengths. This is detected as a different color than the absorbed light.  

Fluorescence microscopy, using a Zeiss Axio Scope.A1 microscope, was used in this study to 
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localize a protein tagged with the fluorescent protein GFP. Cells were unfixed but treated with 

mounting media to hold cells in place while imaging. The manufacturer's instructions were 

followed when using the instrument.  

4.4.2 Mass spectrometry 

Mass spectrometry (MS) is a technique that is used to detect and identify proteins based on 

their mass-to-charge (m/z) ratio. When a protein sample is loaded, the mass spectrometer 

ionizes the molecules in the sample by an ion source and then accelerates them through the 

system. When the ions encounter an electrical or magnetic field, they are deflected based on 

their mass-to-charge ratio, where the lightest ions are deflected the most. The different 

deflections and, as a result, proteins are then detected. 

4.4.3 Protein extraction 

To collect samples with total protein content, the following protocol was used. 

1. Take sample, not more than 108 cells (1ml OD 5)  

2. Wash the pellet in cold STOP buffer (50mM NaF, 10mM NaN3, 1x PBS)  

3. Remove the supernatant and snap freeze in liquid nitrogen  

4. Add 300 μl glass beads and 200 μl 20 % TCA  

5. Ribolyse 3x20 seconds at speed 6,5. Cool between runs for 20-30 seconds.  

6. Add 400μl 5 % TCA. Puncture the bottom of the tube and place it into a new 1,5 ml 

tube with screw cap in a 15ml tube  

7. Centrifuge at 3000 rpm, 2min, 4 ˚C  

8. Retrieve the tube with the sample and put on the screw cap  

9. Centrifuge at 13 000 rpm, 5min, 4 ˚C  

10. Remove ALL the supernatant. NB! Could use a paper tissue to remove the last bit of 

the supernatant 
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11. Resuspend the pellet in 100 μl of 1x sample buffer containing 200mM Tris pH 8  

12. Boil the sample for 5 min.  

13. Centrifuge at 13 000 rpm, 3min  

14. The samples are now ready to be loaded on gel, or store at -75 °C. 

4.4.4 Protein quantification 

Pierce BCA Protein Assay is a biochemical assay used to determine the total concentration of 

protein in a sample, by comparing the sample to a standard. First, the proteins are exposed to 

an alkaline environment and Cu
2+

, which will lead to the reduction of Cu
2+

 to Cu
1+

. The 

amount of Cu
2+

 reduced is proportional to the amount of protein present in the solution. Next, 

BCA is added, which leads to two molecules of bicinchoninic acid (BCA) chelate with each 

Cu
+
 ion, forming a purple-colored complex that strongly absorbs light at a wavelength of 562 

nm. The amount of absorption will therefore reflect the protein concentration. The absorption 

measurements can then be compared to protein samples with known protein concentrations. 

This method was used to assure that protein samples are loaded equally in an SDS-PAGE gel. 

BCA protein assay was performed as described in the manufacturer's instructions. 

4.4.5 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis  

Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) is an 

electrophoretic technique used to separate proteins based on their molecular weight. The 

proteins are separated on a polyacrylamid gel. SDS is an anionic detergent, which binds and 

covers the proteins with negative charge. Binding of SDS also denatures the protein and 

disrupt protein structure. As a result, SDS eliminates the influence of structure and charge and 

the proteins are separated solely based on their molecular weight.  

SDS-PAGE was performed using a modified Laemmli system (Laemmli, 1970): a Bio-Rad 

Mini-PROTEAN Electrophoresis System with Mini-PROTEAN 3 cell and Bio-Rad precast 

protein gels containing 10% polyacrylamid.  

The electrophoresis was run as followed: 

1. Assemble the gel chamber. Fill the inner chamber and check if there is any leakage 
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2. Remove comb and tape from the gel and wash wells with the running buffer using a 

syringe 

3. Load molecular weight standard and prepared protein samples 

4. Fill the outer chamber with 1x running buffer 

5. Run at 180 V until the dye front reaches the reference line 

4.4.6 Western analysis 

Western blotting, first introduced by Towbin et al. in 1979 (Towbin, Staehelin, & Gordon, 

1979), is a technique used to transfer protein samples from a gel to a membrane. It is then 

used to detect proteins in a protein sample and for protein analysis. The technique is also 

called immunoblotting because of the use of antibodies to detect proteins of interest.  

Semi-dry protein transfer 

Semi-dry protein transfer was used to transfer proteins separated by SDS-PAGE to a 

TransBlot® Turbo™ Mini-size LF PVDF membrane from Bio-Rad. The transfer was 

performed by using a Trans-Blot® Turbo™ Transfer System from Bio-Rad. The transfer was 

executed as followed: 

1. Wet the membrane in ethanol, then in transfer buffer 

2. Wet two filter papers in transfer buffer 

3. Assemble the transfer sandwich in the following order: filter paper, membrane, gel, 

filter paper. Remove air bubbles 

4. On the transfer system machine, choose Turbo and the appropriate gel size and 

molecular weight 

Immunodetection 

To detect a specific protein, antibodies are used. First, a primary antibody binds the specific 

protein. Then a labeled, secondary antibody binds to the primary antibody to enhance and 

visualize the signal. Secondary antibodies used in this study were linked to horseradish 
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peroxidase (HRP) which catalyzes oxidation of its substrate, thus creating a chemiluminescent 

product. Immunodetection was executed as followed: 

1. Block the membrane with 5 ml 5% membrane blocking agent in TBS-T for 1 hour on 

shaker in room temperature 

2. Rinse the membrane twice with TBS-T and add primary antibody (diluted in TBS-T) 

with an appropriate concentration. Incubate overnight on shaker at 4°C  

3. Wash the membrane with TBS-T 3 x 10 min 

4. Add appropriate secondary antibody with appropriate concentration and incubate at 

room temperature on shaker for 1 hour 

5. Repeat step 3 

6. Mix 1 ml peroxide solution with 1 ml luminol reagent and incubate the membrane in 

the solution for 5 minutes on shaker 

7. Place the membrane between two transparency films and remove air bubbles 

8. Expose the membrane in the Syngene ChemiGenius Bio Imaging System with no light 

and no filter with different exposure times 

9. Wash the membrane in methanol for 15 minutes, let dry, put between two Whatman 

sheets, cover in aluminum foil and store at 4 °C. 

Loading control 

A loading control is usually applied to compare the levels of proteins loaded in each well. To 

do this, the membrane can be reprobed. The protein used as a loading control must remain 

unchanged during an experiment and have a different molecular weight than the protein of 

interest.  
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5 Results 

5.1 Verification of MS candidates 

5.1.1 Verification of MS candidate Int6 

To verify Int6 as a candidate, the strain with a GFP-tagged Int6 was UV irradiated with a 

1100 J/m
2
 dose. Protein samples were then prepared immediately after irradiation and every 

15 minutes for one hour. Control samples were also taken from an unirradiated culture of the 

same strain. Protein samples were prepared as described in section 4.4.3. The samples were 

then run on an SDS-PAGE gel and analyzed by western analysis (described in section 4.4.5 

and 4.4.6).  

From the MS results, we would expect the protein level of Int6 to decrease after UV exposure. 

Surprisingly, in our western analysis, there was no obvious decrease in Int6 protein levels 

after irradiation (Figure 5.1). It appears to decrease after 15 and 30 minutes, but the loading 

control (α-tubulin) suggests that this is a result of underloading. The following results are 

from one experiment. The quantification is not optimal, due to some technical problem, which 

results in a low α-tubulin signal at time point 15 minutes. 
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Figure 5.1 (A) Immunoblot of Int6-GFP after UV exposure in irradiated and unirradiated S. pombe 

cells. (B) Quantification of protein levels normalized to α-tubulin. Data from one experiment. 

The change in Int6 protein levels might be too small to be detected in an immunoblot. 

Therefore, we wanted to verify the results in Figure 5.1 by a more quantitative technique: 

flow cytometry. Flow cytometry of Int6-GFP protein level was performed as described in 

section 4.2.1.  

Because there might appear to be a slight downregulation of Int6 15-30 minutes after 

irradiation (Figure 5.1), we decided to fix protein samples immediately after irradiation and 

every 5 minutes for 20 minutes after irradiation. After flow cytometry, the results were 

analyzed using the software FlowJo. Figure 5.2 shows the flow cytometry results of three 

biological repeats. The results show that there was no downregulation of Int6 after irradiation.  
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Figure 5.2 Int6 protein level after UV exposure in the Int6-GFP strain. Flow cytometry data analysis 

is shown in Appendix II. The median GFP-A reflects the Int6 protein level. The error bars show the 

standard error of the mean.  

Mass spectrometry is known to be a highly sensitive technique, but the high sensitivity can 

also give misleading results as it might be too sensitive, leading to the question how reliable 

the mass spectrometry results are. However, we observed that the cells were sick and had 

abnormal growth and cell shape. Int6 is not essential, but both deletion and overexpression of 

the gene lead to a plethora of phenotypes (Valerie Wood et al., 2012), suggesting that Int6 

levels and functionality are important for optimal growth. The aberrant cell growth of the 

int6-GFP strain indicates that the function and/or the expression of the protein are different 

from those in wt strains. The tag was inserted by one-step gene replacement, where a marker 

gene was inserted next to the C-terminal end of the gene which potentially can destroy 

regulatory sequences. The C-terminus can be important for other functions as well, such as 

transport and modifications. This also applies to the N-terminus. The tag itself might also 

disrupt protein expression when inserted. 

As Int6 is a translation factor, we would expect it to be localized in the cytoplasm. Akiyoshi 

et al. (Akiyoshi et al., 2001) observed that the Int6 protein in this S. pombe strain was 

localized predominantly in the cytoplasm. To investigate if the GFP-tagged protein is 

localized in the correct compartment of the cell, we used fluorescence microscopy (described 

in 4.4.1). As seen in Figure 5.3, Int6 was localized in the cytoplasm, as expected.  
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Figure 5.3 Fluorescence microscopy of (A) the strain obtained from Akiyoshi et al. with Int6-GFP (B) 

a wt strain functioning as a negative control. The nucleus was stained with DAPI.  

B 

A 
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Thus, to be able to verify Int6 as a candidate, we will make a new S. pombe strain where Int6 

is tagged with GFP using the CRISPR/Cas9 technique instead of one-step gene replacement. 

CRISPR/Cas9 is more suitable for protein tagging than one-step gene replacement, as there is 

no need for insertion of a marker gene and the potential regulatory sequences driving protein 

expression will therefore not be interrupted. The tag will also be connected to the protein by a 

linker sequence to make the tag more flexible and ensure that the tag does not interfere with 

protein folding and structure. 

5.1.2 Design and construction of CRISPR/Cas9 plasmids and repair 

templates 

As previously described in Methods (section 4.3.10), tagging of proteins using CRISPR/Cas9 

needs several components. To be able to insert the tag, the DNA must be cut, which is 

executed by the enzyme Cas9. A gRNA is also essential. This small RNA fragment is 

designed to bind to the region of interest (where we wish to insert the tag) and will recruit 

Cas9 to this specific region. When Cas9 introduces double strand breaks in the DNA, it will 

be repaired (in our experiments) by insertion of a repair template which is inserted by 

homologous recombination. The repair template contains the tag. After construction of the 

CRISPR/Cas9 plasmid, the plasmid will be transformed into E. coli to be able to amplify, 

verify and isolate the plasmid. When isolated, the plasmid and repair template are transformed 

into S. pombe. The plasmid and the CRISPR/Cas9 components will then be expressed and the 

tag will be inserted at the target site. 

Construction of CRISPR/Cas9 plasmids 

Before construction of the CRISPR/Cas9 plasmid, we had to design the gRNA. The gRNA 

must recognize the end of either gsa1, tif51 or int6 where the tag will be inserted. We used a 

plasmid (plasmid described in detail in section 3.2) containing Cas9, a promoter/leader RNA 

of rrk1 and sTRSV HHRz. The promoter/leader RNA and sTRSV HHRz express and produce 

the targeting gRNA. The designed gRNA sequence was inserted downstream of the 

promoter/leader RNA by Gibson cloning (Figure 5.4). 
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Figure 5.4 Map showing where the sequence for gRNA was inserted into plasmid pMZ374 by Gibson 

Cloning. The blue box represents the gRNA sequence.  

We designed the gRNA as a single stranded DNA oligo containing a sequence 

complementary to the target sequence where we wish to insert the tag. It must also have ends 

that overlap with the site in the CRISPR/Cas9 plasmid it is to be inserted into, to be able to 

carry out Gibson assembly cloning (see section 4.3.9). The target sequence was chosen based 

on a few criteria. First, it must be adjacent to a PAM (protospacer adjacent motif) sequence 

(NGG) which is necessary for Cas9 binding. Second, it must have a low number of off-target 

sites. Finally, it should be a short sequence to minimize off-target effects.  

After insertion of the gRNA sequence into the CRISPR/Cas9 plasmid, the plasmid was 

transformed into E. coli (described in section 4.1.6). After transformation, colonies were 

screened by colony PCR to investigate if any colonies had the CRISPR/Cas9 plasmid 

containing the inserted gRNA sequence (E. coli colony PCR described in section 4.3.4). To 

verify the presence of the gRNA sequence in the CRISPR/Cas9 plasmid, we used a primer 

located in the gRNA and a primer located outside in the plasmid. The PCR products were 
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then analyzed by QIAxcel (described in section 4.3.5). If the gRNA sequence was 

successfully inserted, we would observe a band of ~1000 bp.  

Figure 5.5 shows the PCR products. Here we show the results for tif51 gRNA (Figure 5.5 A) 

and gsa1 gRNA (Figure 5.5 B). One lane shows the result from one colony. For tif51 gRNA 

(Figure 5.5 A), we observe bands for several colonies (lane 2-7 and 9-12), which show that 

these cells have taken up the CRISPR/Cas9 plasmid and that the gRNA sequence has been 

successfully inserted. There are also several colonies that have the CRISPR/Cas9 plasmid 

with a successfully inserted gRNA sequence for gsa1 (lane 1, 3-7, 9 and 11) (Figure 5.5 B). 

The empty lanes show cells that have a CRISPR/Cas9 plasmid without the gRNA sequence.  

The results show that we successfully created CRISPR/Cas9 plasmids containing the specific 

gRNA sequence for gsa1 and tif51 recognition. The CRISPR/Cas9 plasmid containing the 

gRNA sequence for int6, was constructed by Silje Anda from our group.  

 

 

 

 

 

 

 

 



50 

 

 

 

Figure 5.5 Colony PCR of E. coli transformed with (A) CRISPR/Cas9 plasmid containing gRNA 

sequence for tif51 (B) CRISPR/Cas9 plasmid containing gRNA sequence for gsa1.  
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Construction of repair templates 

In addition to the CRISPR/Cas9 plasmid, the DNA to be edited must also be introduced to a 

repair template to be able to insert a tag next to gsa1, tif51 and int6. The repair template 

contains the tag and the ends are homologous to the site where it is to be inserted, so it can be 

inserted by homologous recombination.   

The repair template for tagging of Gsa1 was constructed of four fragments (Figure 5.6). 

Fragment 1 is the sequence upstream gsa1 and thus one of the homologous ends. Fragment 2 

is the 3HA tag which was obtained by PCR, where the plasmid pFA6a-3HA-kanMX6 (Figure 

3.2 A) was used as template. Fragment 3 is a designed oligo which introduces mutations in 

the template in the gRNA site. This is to prevent the Cas9 from cutting and degrading the 

template. Fragment 4 is part of the sequence for gsa1 and is the second homologous end. The 

two homologous ends were obtained by PCR, where genomic DNA from S. pombe was used 

as template (mini-prep of genomic DNA described in section 4.3.2). The Gsa1 repair template 

was constructed by Silje Anda.  
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Figure 5.6 Strategy for Gsa1 repair template assembly. See text for details. 

The repair template for tagging of Tif51 was constructed of three fragments (Figure 5.7). 

Fragment 1 is the first homologous end containing the 3' UTR of tif51. Fragment 2 contains 

the 3HA tag, also obtained from pFA6a-3HA-kanMX6. Fragment 3 is the second homologous 

end which contains the sequence for tif51. The homologous sequences were obtained from 

genomic S. pombe DNA. The PCR products obtained of the fragments are shown in Figure 

5.9, lane 2-4.  
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Figure 5.7 Strategy for Tif51 repair template assembly. See text for details.  

The repair template for Int6 was made of three fragments as well, but here Fragment 2 

contains GFP instead of 3HA (Figure 5.8). This was obtained by PCR where the plasmid 

pFA6-linker-GFP(S65T)-kanMX6 was used as template. The other two fragments contain the 

two homologous ends: one homologous to the sequence downstream int6 and one 

homologous to int6. The PCR product of the fragment containing the GFP tag is shown in 

Figure 5.9, lane 1. The two fragments containing the homologous sequences were constructed 

by Silje Anda.  
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Figure 5.8 Strategy for Int6 repair template assembly. See text for details. 
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Figure 5.9 PCR products of (1) Int6 Fragment 2, (2) Tif51 Fragment 2, (3) Tif51 Fragment 1 and (4) 

Tif51 Fragment 3.  

After obtaining the fragments by PCR, the fragments were assembled using Gibson assembly 

cloning (described in section 4.3.9). Maps of the assembled repair templates are shown in 

Figure 5.10.  
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Figure 5.10 Map of (A) Gsa1 repair template, (B) Tif51 repair template and (C) Int6 repair template.  

To verify that the fragments have been successfully assembled to a repair template, we used 

PCR to amplify the templates. The primers used to amplify are complementary to the ends of 

the templates, so if the template is successfully assembled, we would obtain a PCR product 

with the correct size. The sizes of the Gsa1, Tif51 and Int6 repair templates are 1219 bp, 1186 

bp and 2202 bp, respectively. Figure 5.11 shows that there are bands of correct sizes and that 

the assembly was successful. In addition, the Gsa1 template was sequenced to further verify 

that the assembly was successful.  
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Figure 5.11 PCR products of (A) the Gsa1 repair template, (B) the Tif51 repair template and the Int6 

repair template. 

5.1.3 Tagging genes of interest using CRISPR/Cas9 

After construction of the CRISPR/Cas9 plasmids and repair templates, we transformed an S. 

pombe strain (ura4-D18 leu1-32 h+) with the CRISPR/Cas9 plasmids and repair templates 

(4.1.2). The transformed cells were plated on EMM plates. The plates were supplemented 

with leucin as the strain used for transformation lacks the leu1gene. The strain also lacks the 

gene for ura4, but cells where the CRISPR/Cas9 plasmid has been successfully transformed 

into would be able to grow on plates without uracil since the CRISPR/Cas9 plasmid contains 

the ura4 gene. Thus, the ura4 gene functions as a selection marker, and only cells with the 

CRISPR/Cas9 plasmid will grow on the plate. We would expect three kinds of transformants 

to appear: transformants with no cotransformed repair template, transformants where the 

repair template was cotransformed but inserted at an off-target site, and transformants with 

the repair template inserted at the target site. To screen for the colonies where the repair 
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template was inserted correctly, we used colony PCR (S. pombe colony PCR described in 

4.3.4). For the colony PCR screen, we used primers complementary to a sequence in the tag 

and in the gene of interest.  

There were very few colonies on the plates after transformation, and the few colonies that 

appeared did not have the insert. A control transformation was also performed where the same 

strain was transformed with another plasmid (not containing Cas9 and gRNA). From the 

control, the transformation efficiency was calculated using the following formula: 

𝑇𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑜𝑛 𝑝𝑙𝑎𝑡𝑒

𝑛𝑔 𝐷𝑁𝐴 𝑝𝑙𝑎𝑡𝑒𝑑
× 1000 𝑛𝑔/µ𝑔 

The control had a calculated transformation efficiency of 1.2 x 10
4
, which is suboptimal. An 

optimal transformation efficiency in S.pombe is approximately 10
5
. Thus, the low number of 

transformants might be a result of a low transformation efficiency. To improve transformation 

efficiency, all solutions were checked (pH), but it did not appear to be a problem with the 

used solutions.  

We then received information from other laboratories working with S. pombe, who were 

struggling with poor growth on EMM plates, that auxotroph strains grow poorly on EMM 

plates. An auxotroph is a mutant organism that has an additional nutritional growth 

requirement. When an auxotroph grows on an EMM plate, the nitrogen source of EMM 

(ammonium) suppresses uptake channels. This phenomenon is called nitrogen catabolite 

repression. Glutamate can be used as an alternative nitrogen source, which will not suppress 

uptake channels. We tested this by growing the strain used in transformation on two different 

EMM plates: one with ammonium as nitrogen source and one with glutamate as nitrogen 

source (Figure 5.12).  
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Figure 5.12 Strain used for transformation grown on (A) EMM plate (B) EMM-N+NaGlu plate.  

There was a clear difference between the two plates, and growth was noticeably enhanced on 

the plates where glutamate was used as nitrogen source.  

Using new EMM plates with glutamate, transformation was repeated. We observed a higher 

transformation efficiency of 4.13 x 10
4
 in the control, which is almost a fourfold increase. 

This is closer to the expected transformation efficiency. However, there was no change in 

number of CRISPR/Cas9 transformants.  

Although few, we obtained some transformants that were checked by colony PCR. Of all 

colonies checked, there was only one where the tag had been inserted at the correct site. This 

was from the transformation with the Gsa1 gRNA-pMZ374 plasmid. The primers used 

(complementary to the tag and a sequence in gsa1) would produce a PCR product of 711 bp, 

which we observed in one colony (Figure 5.13).  
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Figure 5.13 The PCR product of the S. pombe colony PCR of a Gsa1 transformant colony.  

The PCR product shows that the HA-tag had been inserted by CRISPR/Cas9. To verify that it 

was inserted at the right site and that Gsa1 is expressed with an HA tag, we performed an 

immunoblot with antibodies against the HA-tag. If the tag had been inserted at the correct site 

and is expressed together with Gsa1, the size of the band would have the size of Gsa1 and the 

size of HA combined. We also had a positive control which expresses an HA-tagged protein 

and a negative control which does not express any HA-tagged proteins. The result of the 

western blot is shown in Figure 5.14.  
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Figure 5.14 Western blot of (1) a strain expressing no HA-tagged protein (negative control), (2) a 

strain with an HA-tagged protein (positive control) and (3) the CRISPR/Cas9 transformant. 

Figure 5.14 shows that there is no Gsa1-HA expressed in the transformant. A plausible 

explanation for this could that there is a mutation in the target site that has disrupted 

expression.  

There is no obvious explanation why CRISPR/Cas9 did not work. A higher transformation 

efficiency could possibly give us more transformants and increase the likelihood of obtaining 

a transformant with the tag inserted at the target site.  

A plausible explanation could be that the CRISPR/Cas9 plasmid (Figure 3.1) has been 

mutated when amplified by PCR. Since it is a large plasmid, the chance of mutation in an 

essential sequence is significant. A mutation in the ura4 would lead to no growth on the 

selection plates, which could explain why there is close to no growth on the plates. A 

mutation in Cas9 or the sTRSV HHRz could lead to no cutting of DNA and no production of 

the gRNA, respectively, which could be an explanation why there is no insertion of the tag.  

Another plausible explanation could be that the GC content in the gRNA is too low. When 

designing the gRNA, it is important to take the GC content into consideration. The GC 

content range should be between 40-80% (Wang, Wei, Sabatini, & Lander, 2014). The GC 

content of the gRNAs designed in this project are 45%, 30% and 20% for Gsa1, Tif51 and 

Int6, respectively. The gRNA for Gsa1 is between the recommended range (although low), 



62 

 

but the gRNA for Tif51 and Int6 is below. A higher GC content stabilizes RNA and DNA 

binding and destabilizes off-target hybridization. This can be an explanation for why there are 

transformants, but only one had the insertion: the gRNA may not have been able to bind the 

DNA and recruit Cas9. The tag can also have been inserted at an off-target site, since a low 

GC content increases the incidence of off-target hybridization.  

However, it is not easy to choose another gRNA with a higher GC content for these protein 

candidates. This is because the tag must be inserted at a specific site (at the end of the gene of 

interest) and it must be adjacent to a PAM sequence. This limits our choices when choosing a 

gRNA sequence. Hence, if it is the GC content that is the problem, it might be challenging to 

verify these MS candidates using CRISPR/Cas9 as tagging technique.  

5.2 eIF2α phosphorylation and regulation of translation 

In the following experiments, we investigated the role of eIF2α phosphorylation in global 

downregulation and recovery of translation after UV exposure. In addition, we investigated 

the viability of S. pombe cells when eIF2α phosphorylation is absent.  

5.2.1 Recovery of translation in non-phosphorylatable eIF2α mutant 

To further investigate the role of eIF2α phosphorylation in global downregulation of 

translation, we measured the translation rate in a S. pombe strain which is an eIF2α-S52A 

mutant and thus only expresses a non-phosphorylatable eIF2α. The western blot shown in 

Figure 5.15 confirmed that eIF2α cannot be phosphorylated in the mutant strain.  

 

Figure 5.15 Western blot showing eIF2α phosphorylation in the wt strain and in the eIF2α-S52A 

mutant strain before and after UV irradiation.  
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The translation rate was measured for 6 hours after UV irradiation. The results from this 

mutant strain were then compared to a wt strain to see if the absence of eIF2α phosphorylation 

would affect downregulation of translation and translation recovery. Half of each culture, of 

the mutant and the wt strain, was irradiated with an UV dose of 1100 J/m
2
 (as described in 

section 4.1.3), where the unirradiated half functioned as a control. Translation was measured 

by OD measurements. OD measurements are often used to measure the cell number in a 

culture, but an increase in OD in fact shows that there is an increase in cell mass. This again 

correlates with cell number as long as the culture is growing and dividing. A difference in cell 

mass reflects a difference in translation rates. The cultures' OD were measured immediately 

after irradiation and every hour for 6 hours after irradiation. The results are shown in Figure 

5.16.  

 

Figure 5.16 OD was measured in S. pombe wt strain and eIF2α-S52A mutant strain every hour for 6 

hours after UV irradiation. The figure shows comparison of measured OD in wt and mutant strain. The 

error bars show the standard error of the mean. The measured OD was normalized to the first time 

point.  

We observed that translation is reduced after UV irradiation in both strains as previously 

shown (Knutsen et al., 2015) and it starts to recover approximately 4 hours after UV 

exposure. Furthermore, there is no obvious difference between the wt strain and the eIF2α-
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S52A mutant strain regarding the translation rate and recovery after UV exposure. This shows 

that downregulation and recovery of translation are independent of eIF2α phosphorylation.  

5.2.2 Viability in non-phosphorylatable eIF2α mutant 

As described in the Introduction, it was for an extensive period of time assumed that 

regulation of translation after exposure to stress was caused by phosphorylation of eIF2α, 

which would help the cell survive the stressful situation. As a result, it has been assumed that 

the absence of eIF2α phosphorylation would lead to poorer survival. Based on this, we 

wanted to look at the viability in the eIF2α-S52A mutant strain and compare it to the viability 

in a wt strain after UV irradiation. This was achieved by doing a clonogenic survival assay, as 

described in section 4.1.4. The cells were irradiated with a dose of 2200 J/m
2
. Since the 

eIF2α-S52A mutant strain is an auxotroph, the cells were diluted in YES medium and plated 

on YES plates to avoid nitrogen catabolite repression (see section 5.1.3). The cultures were 

diluted in triplicates (three technical repeats) to obtain a specific cell number. Then each 

dilution was plated in triplicates, which means that each dilution resulted in 9 YES plates. The 

dilution which gave an appropriate number of colonies (easy to count clearly, approximately 

100 colonies/plate) were then counted.  

After the colonies were counted, the survival percentages were calculated by using the 

following equation. 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 =
𝑚𝑒𝑎𝑛 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠

𝑚𝑒𝑎𝑛 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑢𝑛𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠
× 100 

The wt strain had a survival of 55,7% and the eIF2α-S52A mutant strain had a survival of 

59,6% (Figure 5.17). 
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Figure 5.17 Clonogenic survival assay of S. pombe wt strain and eIF2α-S52A mutant strain after UV 

irradiation. The error bars show the standard error of the mean. 

Surprisingly, the mutant strain had slightly better survival after UV exposure than the wt 

strain. These numbers, however, might be influenced by pipetting errors and the difference 

between the two strains may not be significant. To determine if this is significant or not, the P 

value was calculated by performing a t test. The difference was calculated to have a P value of 

0.53, which is not significant. Thus, the results show that the survival was not significantly 

different between the two strains, which suggests that absence of eIF2α phosphorylation will 

not lead to poorer survival and that eIF2α phosphorylation does not affect cell survival after 

exposure to UV. However, three biological repeats should be performed to verify the results.  

5.3 DNA damage and regulation of translation 

5.3.1 OD measurements in DNA repair-deficient mutant 

A rad16Δ uve1Δ mutant S. pombe strain was used to investigate if DNA damage is the signal 

for global downregulation of translation after UV exposure. This strain is a DNA repair-

deficient double mutant where no cyclobutane pyrimidine dimers removal is detected for at 

least 4 hours after UV irradiation (Bøe et al., 2012).  
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First, we measured translation in a wt strain and the repair-deficient mutant for 5 hours after 

UV irradiation to investigate if absence of DNA repair will affect regulation of translation 

after UV exposure. If DNA damage is the signal for downregulation of translation, we would 

expect that translation would remain downregulated in the repair-deficient mutant as a result 

of persisting DNA damage. Damage to other molecules, that is to say other potential signal 

sources, is the same as in DNA-repair-proficient cells.  

Half of the cultures were irradiated with a UV dose of 550 J/m
2
. OD was then measured 

immediately after irradiation and every hour for 5 hours after irradiation. As explained in 

section 5.2.1, the OD will also be a measure of the translation rate. We performed three 

biological repeats of the experiment. The results are shown in Figure 5.18. 

 

Figure 5.18 OD measurements of wt and rad16Δ uve1Δ mutant (DNA repair-deficient) strain. The 

error bars show the standard error of the mean. The measured OD was normalized to the first time 

point. 

Recovery of translation started approximately 3 hours after UV exposure in the wt strain. In 

the repair-deficient mutant, however, recovery of translation was slower, and translation 

appeared to remain downregulated. This suggests that DNA damage is the signal for global 

downregulation of translation, but a more accurate way of measuring translation should be 

used to verify these results.  
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5.3.2 Flow cytometry analysis of translation in DNA repair-deficient 

mutant 

As OD measurements is not an accurate way of measuring translation rate, we verified the 

results from 5.3.1 by using flow cytometry and HPG translation assay (described in section 

4.2.3). The same strains as used in the previous section (wt and rad16Δ uve1Δ mutant strain) 

were irradiated with an UV dose of 550 J/m
2
 and flow samples were prepared immediately 

after irradiation and every hour for 5 hours after UV exposure. The samples were pulse 

labelled with HPG, which incorporates into the growing polypeptide chain during translation. 

The cell samples were then dyed with Pacific Blue to perform fluorescent cell barcoding 

which increases data robustness (described in 4.2.2). The newly translated proteins were then 

stained with Alexa Fluor 647 using click chemistry (Click-iT chemistry kit), that binds to 

HPG. After flow cytometry, the results were analyzed using the software FlowJo. Flow 

cytometry data analysis is shown in Appendix III. Results for the wt are shown in Figure 5.19 

and the results for the repair-deficient mutant are shown Figure 5.20. The results are 

summarized in Figure 5.21. We performed two biological repeats of this experiment. The 

results from the second biological repeat is shown in Appendix III.  
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Figure 5.19 Representative results from flow cytometry showing Alexa Fluor 647 intensity in wt 

strain in an (A) UV irradiated culture and in an (B) unirradiated culture.The line represents the mean 

of t=0.  
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Figure 5.20 Representative results from flow cytometry showing Alexa Fluor 647 intensity in the 

rad16 uve1 repair-deficient mutant in an (A) UV irradiated culture and in an (B) unirradiated culture. 

The line represents the mean of t=0. 



70 

 

 

Figure 5.21 The results in Figure 5.19 and 5.20 summarized. Shows the normalized intensity of Alexa 

Fluor 647 in wt and repair-deficient strain after UV exposure. The measured Alexa Fluor 647 intensity 

was normalized to the first time point. Data from one experiment.  

Alexa Fluor 647 intensity reflects the translation rate. This is a result of the use of “click 

chemistry”, where the HPG that has been incorporated during translation is stained and 

connected with Alexa Fluor 647. This dye can then be detected by the flow cytometer (see 

section 4.2).  

The results from flow cytometry confirmed our findings in section 5.3.1. In the wt strain 

(Figure 5.19), we calculated from the Alexa Fluor 647 means that there was a 52% decrease 

in translation rate after irradiation and translation starts to increase towards a normal 

translation rate (as seen in the unirradiated cultures) after 1 hour. In the rad16 uve1 mutant 

strain (Figure 5.20), there was a 51% decrease in translation rate immediately after UV 

irradiation and translation rate remained at a reduced level at all measured time points. In the 

unirradiated wt, the translation rate remained constant at all time points.  

To conclude, we observed a full recovery of translation approximately 2 hours after UV 

exposure in the wt strain, which is earlier than apparent in the OD measurements. In the 

repair-deficient mutant, there was no recovery of translation after UV exposure as translation 

remained downregulated. These results correlate with the findings in section 5.3.1. Thus, the 
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results strongly suggest that DNA damage, and not damage to other macromolecules, is the 

signal for global downregulation of translation.  
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6 Discussion 

6.1 MS candidates 

This study and our group's previous findings show that global downregulation of translation is 

independent of eIF2α phosphorylation. Hence, there must be some alternative pathway that 

leads to global downregulation of translation. The mass spectrometry screen done by our 

group aimed at finding key players of this alternative pathway. From the mass spectrometry, 

we obtained numerous hits that were found to be upregulated or downregulated after UV 

exposure. This might indicate that some/one of them have a role in global downregulation of 

translation, which also occurs after UV exposure. However, many mechanisms are regulated 

when cells are exposed to stress and it is therefore not obvious which protein or proteins are 

involved in global downregulation of translation.  

The mass spectrometry identified proteins within many different pathways and some of these 

were expected to be regulated after UV exposure, e.g. DNA repair, antioxidant production and 

translation. DNA repair is expected to be upregulated, as UV irradiation leads to DNA 

damage. Production of antioxidants is also expected to be upregulated, because they 

neutralize free radicals produced by UV irradiation. Translation factors are also expected to 

be regulated, since regulation of translation is known to occur after UV exposure. These 

findings support, in an indirect way, that the mass spectrometry results are real. However, 

there were also some unexpected hits, such as proteins involved in regulation of the actin 

cytoskeleton.  

From the mass spectrometry results, we chose the three candidates (selection explained in 

section 1.5) Gsa1, Tif51 and Int6. These proteins belong to different cellular pathways and 

their mechanism and role in stress responses will now be discussed further.  

6.1.1 Gsa1 

gsa1 in S. pombe codes for glutathione synthetase (Gsa1). The protein is a ligase involved in 

step 2 of the subpathway that synthesizes glutathione from L-cysteine and L-glutamate. It is 

therefore a part of the glutathione biosynthesis pathway, which again is a part of the sulfur-

metabolism pathway (The UniProt Consortium, 2017). After formation of glutathione, it can 
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be used by glutathione peroxidase to neutralize reactive oxygen species (ROS), and therefore 

acts as an antioxidant. Glutathione formation thus helps the cell survive oxidative stress.  

In addition to direct damage of DNA and other macromolecules, UV irradiation also leads to 

free radical release, thus disrupting the cellular redox-equilibrium (Bose, Agarwal, & 

Chatterjee, 1990; Jurkiewicz & Buettner, 1994; Konishi, Kagan, Matsugo, & Packer, 1991). 

This might be a plausible explanation for the increase of Gsa1 after UV irradiation. 

6.1.2 Tif51 

tif51 in S. pombe is predicted to code for eukaryotic translation elongation factor eIF5A 

(Tif51) which is involved in elongation of translation. Since it is a predicted protein product, 

the following protein functions are based on similarity to other proteins and information was 

obtained from the databases Pombase and UniProt (The UniProt Consortium, 2017; Valerie 

Wood et al., 2012). Tif51 is a mRNA binding protein which has an important function at the 

level of mRNA turnover (rate of mRNA degradation) that probably acts downstream of 

decapping. It is also believed to be involved in actin dynamics and cell cycle progression. It is 

also most likely involved in a stress response pathway, maintenance of cell wall integrity and 

regulation of apoptosis. Based on the functions of Tif51, it is reasonable that Tif51 was found 

to be upregulated after UV exposure, as it is involved in regulation of translation and stress 

responses. 

When Tif51 is absent, translation is reduced by approximately 30% (Kang & Hershey, 1994). 

It is the only known protein to be subject to a post-translational modification called 

hypusination, which is a very rare modification (Dever, Gutierrez, & Shin, 2014; Park, 

Nishimura, Zanelli, & Valentini, 2010). Tif51 has also been found to be highly expressed 

during tumorigenesis in different cancer types (e.g. pancreatic, hepatic, colon, lung and 

ovarian) and a high expression of specific eIF5A isoforms has been linked to cancer 

metastasis (Caraglia, Park, Wolff, Marra, & Abbruzzese, 2013; Mathews & Hershey, 2015; 

Nakanishi & Cleveland, 2016). Initially, it was believed that eIF5A was an initiation factor, 

but it was later shown that it is an elongation factor. Current data suggests that it binds stalled 

ribosomes and promotes the elongation of paused ribosomes at polyproline motifs (Doerfel et 

al., 2015; Schmidt et al., 2015).  
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It is not obvious how upregulation of eIF5A could potentially lead to global downregulation 

of translation as it is believed to promote elongation of stalled ribosomes (in S. cerevisiae). 

However, it is known to globally regulate translation and there is still a lot unknown of the 

functions of Tif51. 

6.1.3 Int6 

int6 in S. pombe codes for eukaryotic translation initiation factor 3 subunit E (eIF3e), which is 

a component of the eukaryotic translation initiation factor 3 (eIF3) complex. eIF3e is involved 

in protein synthesis of a specialized repertoire of mRNAs and, together with other initiation 

factors, stimulates binding of mRNA and initiator tRNAi to the small ribosomal subunit 

(The UniProt Consortium, 2017) (Figure 1.2). It is found to be required for maintaining the 

basal level of Atf1 and for transcriptional activation of core environmental stress response 

genes (CESR genes) in response to histidine starvation (Udagawa et al., 2008). It is also 

required for nuclear localization of the proteasome subunit rpn501/rpn502 and may positively 

regulate proteasome activity (protein degradation) (Yen, Gordon, & Chang, 2003). 

eIF3 is a complex initiation factor comprising 11 subunits in S. pombe (Sha et al., 2009; Zhou 

et al., 2005). Some of the subunits are essential, but some are thought to rather have 

regulatory functions, such as eIF3e (Int6). eIF3e has been shown to be downregulated in 

several human cancers (Buttitta et al., 2005; Hershey, 2015; Marchetti, Buttitta, Pellegrini, 

Bertacca, & Callahan, 2001; Suo et al., 2015), and cells deleted for the gene encoding eIF3e 

or its binding partner eIF3d show an ~25% reduction in global protein synthesis and growth 

and are hypersensitive to stress conditions (Bandyopadhyay, Lakshmanan, Matsumoto, 

Chang, & Maitra, 2002; Bandyopadhyay, Matsumoto, & Maitra, 2000).  

The functions of Int6 known to this date suggest that it is important for regulation of 

translation, and the fact that it has been shown that deletion of Int6 leads to global 

downregulation of translation and its hypersensitivity to stress conditions makes this a 

promising candidate that might be involved in global downregulation of translation after UV 

exposure. However, this needs further investigation.  
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6.1.4 Other protein candidates 

There are several other candidates obtained in the mass spectrometry screen that would be 

interesting to investigate further. One other candidate that is currently being investigated by 

our group, is the protein Cullin-1. Our mass spectrometry results showed that this protein was 

downregulated after UV exposure and this has been verified by immunoblotting (Anda and 

Grallert, unpublished results). Cullin-1 is coded by the gene cul1 in S. pombe and is a core 

component of multiple cullin-RING-based SCF (SKP1-CUL1-F-box protein) E3 ubiquitin-

protein ligase complexes, which mediate the ubiquitination of target proteins 

(The UniProt Consortium, 2017). 

As mentioned in the Introduction, the change in translation rate after stress exposure is 

immediate and dramatic, which suggests that there might be translational regulation and/or 

posttranslational modifications (rather than regulation at transcription level) that would lead 

to altered protein function. As part of the protein ubiquitination pathway, Cullin-1 is 

important for ubiquitination and protein modification. The ubiquitination pathway can affect 

proteins in many ways. It can mark proteins for degradation by the proteasome, alter their 

cellular location, alter their activity, and promote or prevent protein interactions (Glickman & 

Ciechanover, 2002; Mukhopadhyay & Riezman, 2007; Schnell & Hicke, 2003). Thus, it 

would be interesting to investigate the function of this protein and its ubiquitination protein 

targets, as it might be responsible for posttranslational modification of a protein essential for 

downregulation of translation after exposure to stress.  

As mentioned previously, the mass spectrometry results gave us some unexpected hits, 

including proteins involved with the actin cytoskeleton. The actin-related finding is intriguing 

in the light of the fact that perturbing the actin cytoskeleton is known to affect translation 

(Gross & Kinzy, 2007) and we are pursuing the idea that this is one of the mechanisms that 

contribute to translational downregulation after UV.  

6.2 The role of eIF2α phosphorylation in global 

regulation of translation 

There is ample evidence to show that the role of eFI2α phosphorylation in global 

downregulation of translation after stress exposure has been overestimated despite the fact 

that there is no evidence showing a direct correlation between the two events. Our group has 
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investigated the role of eIF2α phosphorylation in regulation of translation and found no 

correlation between phosphorylation of eIF2α and downregulation of translation after 

exposure to stress, which contradicts what was believed for many years. As described in the 

Background (section 1.5), our group has showed that translation is still globally 

downregulated after UV exposure in the absence of Gcn2 and eIF2α phosphorylation in 

fission yeast (Knutsen et al., 2015). The same has been observed when exposed to oxidative 

stress (Knutsen et al., 2015) and temperature shifts (Stonyte et al., 2018), and in mammalian 

cells after endoplasmic reticulum stress (Hamanaka et al., 2005). 

In this study, one of our aims was to further verify this observation. Previous work in our 

group has focused on the initial phosphorylation, but we have not investigated the duration 

and recovery of translation. Here, we showed that the recovery of translation was also 

unaffected by the absence of eIF2α phosphorylation. These results support and confirm our 

groups previous findings and shows that eIF2α phosphorylation is not responsible for the 

observed downregulation of translation after exposure to stress.  

Our group has also looked at eFI2α phosphorylation and downregulation of translation in the 

cell cycle (mitosis). It was previously believed that global translation was considerably 

reduced in mitosis, because of increased eIF2α phosphorylation. It was however not clear 

whether this downregulation was a result of stress from synchronizing of cells or if it was cell 

cycle-dependent. Our group (Stonyte et al., 2018) showed that global downregulation of 

translation is not regulated in a cell-cycle-dependent manner, and that downregulation of 

translation was a result of the stress introduced (temperature shifts) when synchronizing the 

cells and not phosphorylation of eIF2α. This shows that there is no correlation between eIF2α 

phosphorylation and any particular cell-cycle phase. It was also shown that eIF2α 

phosphorylation is not cell-cycle regulated. This further proves that eIF2α phosphorylation is 

not responsible for global downregulation of translation also in mitosis, in contrast to what 

was previously believed.  

Since eIF2α phosphorylation is observed after exposure to stress, it is plausible that 

phosphorylation of eIF2α has some other function that helps the cell survive the stress. In 

addition to a reduction of the rate of global translation, which conserves resources, another 

consequence of eIF2α phosphorylation was thought to be translation of selected mRNAs that 

synthesizes proteins necessary for overcoming the stressful environment. This was later 

shown by Holcik and Sonenberg (Holcik & Sonenberg, 2005). Surprisingly, our results in this 
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study showed that there was no poorer survival of the strain where eIF2α was non-

phosphorylatable compared to a wild type strain. This suggests that maybe selective 

translation of proteins is not so important for survival itself or other mechanisms can 

compensate, as we would think that selective translation would lead to better survival. Or, 

maybe selective translation by itself is not sufficient to give better survival and must be 

accompanied by global downregulation of translation. However, the results are based on one 

experiment and a small difference in viability might have gone undetected.  

6.3 DNA damage as signal for regulation of translation 

after exposure to stress 

GCN2, the kinase responsible for eIF2α phosphorylation, is activated by several stressors. 

The molecular mechanism of GCN2 activation in response to amino-acid starvation has been 

extensively studied through the years and it has been shown that under starvation conditions, 

uncharged tRNAs accumulate and bind a histidyl-tRNA synthetase-like domain (HisRS) in 

Gcn2. This, in turn, leads to a conformational change and activates the kinase (Dong, Qiu, 

Garcia-Barrio, Anderson, & Hinnebusch, 2000; Lageix, Zhang, Rothenburg, & Hinnebusch, 

2015; Qiu, Dong, Hu, Francklyn, & Hinnebusch, 2001; Qiu, Hu, Dong, & Hinnebusch, 2002; 

Ramirez, Wek, & Hinnebusch, 1991). In addition to amino acid-starvation, there are various 

other types of stress that can activate GCN2 (as described in section 1.4.2), including UV 

irradiation. However, it is not known what signal is responsible for activation of GCN2 after 

UV exposure. Previous work by our group suggests that tRNA binding to Gcn2 is required for 

Gcn2 activation not only in response to starvation, but also after UV irradiation and oxidative 

stress (Anda, Zach, & Grallert, 2017). It is not clear, however, how and why the level of 

uncharged tRNAs would be increased in response to these types of stresses.  

A study by our group (Krohn et al., 2008), showed that Gcn2 is not activated by DNA damage 

in general, as not all DNA damage treatments led to phosphorylation of eFI2α. UVC 

irradiation (as used in this study), MMS and H2O2 all lead to DNA damage and eIF2α 

phosphorylation was observed after such treatments, but DNA damage treatments using 

ionizing radiation and the DNA crosslinking agent PUVA (exposure to psoralen and UVA 

irradiation) did not result in eIF2α phosphorylation. The different treatments introduce 

different types of DNA damages. Ionizing radiation induces several types of DNA damage, 

including single- and double-strand breaks and sugar and base modifications. Psoralen 
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intercalates into double-stranded DNA and creates covalent adducts to the DNA after UVA 

irradiation. UVC, as previously described, leads to the formation of pyrimidine dimers. MMS 

(methyl methanesulfonate) is an alkylating agent that methylates the DNA on different 

positions, and H2O2 generates highly reactive radicals that can modify the DNA at a wide 

range of positions.  

In a later study by our group (Bøe et al., 2012), it was found that activation of Gcn2, in 

response to UVC irradiation, does not depend on the processing of DNA damage and it was 

suggested that Gcn2 activation does not depend on DNA damage or its processing, and 

indicates a different route of activation. 

In light of the novel data showing that GCN2 activation and eIF2α phosphorylation are not 

the reasons for downregulation of global translation, it is a pertinent question what kind of 

molecular signal leads to downregulation of translation. In this study, one of our aims was 

therefore to investigate if DNA damage is the signal for global downregulation of translation. 

We found that translation remained downregulated for a longer period of time after UV 

exposure in the DNA repair-deficient mutant compared to the wt, which strongly suggests that 

DNA damage is the signal for downregulation of translation. However, the extent of 

translation downregulation is the same in the DNA repair-deficient mutant as in the wt, which 

might indicate that DNA damage is most important in context of recovery of translation.  

Phosphorylation of eIF2α in this DNA repair-deficient strain has also been investigated in 

previous work by our group. In the work by Bøe et al. (Bøe et al., 2012), eIF2α 

phosphorylation is increased after UV exposure and then appears to decrease after 3 hours. 

This indicates that eIF2α phosphorylation does not correlate with the persistent 

downregulation of translation observed in this study, but this needs further investigation 

where eIF2α phosphorylation is examined over a longer period of time, in the same 

experiment where global translation is also measured. 

6.4 Conclusions 

In this study, one of our aims was to verify protein candidates obtained from mass 

spectrometry and confirm the change in protein level observed for these proteins. To do this, 

the proteins of interest had to be tagged, which was done using the DNA-editing technique 
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CRISPR/Cas9. In addition, we also measured translation in a strain where eIF2α was non-

phosphorylatable to see if eIF2α phosphorylation has a role in global downregulation of 

translation and recovery of translation after exposure to UV. We also investigated the viability 

in the same strain to further investigate the role of eIF2α phosphorylation. Finally, we 

measured translation in a DNA repair-deficient mutant to investigate if DNA damage is the 

signal for global downregulation of translation.  

We conclude that first, tagging of the proteins of interest using CRISPR/Cas9 was not 

successful. There are several plausible explanations why it did not work, such as a low 

number of transformants or a low GC content in the gRNA. Thus, further work and 

investigation is needed to successfully tag proteins of interest and verify the mass 

spectrometry results.  

Second, we conclude that there is no correlation between phosphorylation of eIF2α and global 

downregulation of translation after exposure to stress, and that recovery of translation is also 

independent of eIF2α phosphorylation. In addition, we surprisingly observed no decrease in 

viability when eIF2α phosphorylation was absent.  

Third, we conclude that DNA damage is the signal for downregulation of translation, but the 

pathway responsible remains unknown.  

6.5 Future studies 

To be able to verify the results obtained from the mass spectrometry and to identify proteins 

that are upregulated or downregulated after UV exposure, a tag must be inserted. This study 

used CRISPR/Cas9 to insert a tag at one end of the protein, which was not successful. A 

solution might be to analyze more transformants obtained after transformation. 

Another solution might be to insert the tag at an internal site in the protein sequence and not at 

the end, as there might be a better gRNA target site here. This might also give the gRNA a 

higher GC content, since the ends tend to be AT rich (especially the C terminus). However, 

this can be challenging. The tag would have to be inserted at a site that does not disrupt 

protein function or structure, such as in a solvent-exposed loop. To use this approach, 

however, the crystal structure must be known. If the chosen protein candidates (Gsa1, Tif51 

and Int6) cannot be tagged using CRISPR/Cas9, tagging of other candidates from the mass 
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spectrometry can be attempted. The alternative DNA-editing technique one-step gene 

replacement, as mentioned previously, should not be used as it might result in disruption of 

protein expression due to the inserted marker gene in the UTR-s. 

Although double strand breaks can be repaired by either NHEJ (non-homologous end joining) 

or homologous recombination/HDR (homology directed repair), NHEJ dominates DNA repair 

during G1 and S phases, whereas HDR is restricted to late S and G2 phases when DNA 

replication is completed and sister chromatids are available to serve as repair templates 

(Heyer, Ehmsen, & Liu, 2010). Synchronization of cells before transformation with the 

CRISPR/Cas9 plasmid and repair template might thus increase the frequency of HDR and 

insertion of the tag. 

If we are successful in tagging the protein candidates, we would be able to perform a western 

blot to verify the decrease or increase in protein levels after UV exposure (as performed in the 

Int6-GFP strain, see section 5.1.1). If the protein level change after UV exposure is verified, it 

might indicate that they have a role in downregulation of translation, which also occurs after 

exposure to stress. It would then be interesting to delete or upregulate the gene of interest, 

depending on if the protein level is upregulated or downregulated, respectively. Translation 

will be measured to investigate if translation is affected by the absence or upregulation of the 

protein of interest. If translation is affected, the protein might be a key player in global 

downregulation of translation after exposure to stress.  

The function of eIF2α phosphorylation has been assumed to be responsible global 

downregulation of translation and selective translation of proteins necessary to survive a 

stressful environment. It is now clear that phosphorylation of eIF2α is not responsible for 

global downregulation of translation, and our results suggest that viability does not decrease 

when eIF2α phosphorylation is absent, which questions how important selective translation is 

for survival. However, further studies should be performed to verify these results and to better 

understand the role of eIF2α phosphorylation after exposure to stress.  

From this study and previous studies by our group, global downregulation of translation 

appears to be controlled by an alternative pathway than eIF2α phosphorylation, and results 

from this study show that recovery of global downregulation of translation is also independent 

of eIF2α phosphorylation. The candidates from the mass spectrometry screen might be 
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proteins involved in this alternative pathway and could possibly be linked to the DNA damage 

signal observed in this study.  
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Appendices 

Appendix I: String map of MS protein hits. 

Appendix II: Analysis of flow cytometry data. S. pombe expressing GFP-tagged Int6 after 

UV exposure. 

Appendix III: Analysis of flow cytometry data. S. pombe rad16Δ uve1Δ mutant strain after 

UV exposure.  
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Appendix I: String map of MS protein hits. 

Downregulated proteins: 
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Upregulated proteins: 
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Appendix II: S. pombe expressing GFP-tagged Int6 after 

UV exposure. 

Flow cytometry analysis of irradiated cells: 
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Flow cytometry analysis of unirradiated cells: 
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Appendix III: S. pombe rad16Δ uve1Δ mutant strain after UV 

exposure. 

FCB of HPG-labelled cells (1. repeat): 
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FCB of HPG-labelled cells from second repeat: 
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HPG translation assay analysis from second repeat: 
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HPG translation assay analysis summarized from second repeat: 
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