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Abstract 

It is a generally accepted view that translation is cell-cycle regulated and is low in mitosis. 

However, there are some studies that dispute this view and claim that global translation is not 

regulated in the cell cycle. The suggested mechanism for downregulation of global translation 

in mitosis is cell-cycle regulated eukaryotic initiation factor-2α (eIF2α) phosphorylation and 

regulation of the phosphorylation state of eIF4G and eIF4E binding proteins (eIF4E-BPs). 

Increased level of phosphorylated eIF2α has commonly been used as an indicator of 

downregulated translation, but the two have rarely been measured in the same experiment. 

Our group has been investigating the involvement of eIF2α phosphorylation in stress-induced 

translational inhibition and has shown that global translational depression after exposure to 

ultraviolet (UV) light and to oxidative stress generated by hydrogen peroxide occurs 

regardless of eIF2α phosphorylation. These findings suggest that the role of eIF2α 

phosphorylation in regulation of global translation might have been overestimated. In this 

study, we have measured global translation rates and followed eIF2α phosphorylation levels 

in synchronised S. pombe cells. We have also measured translation rates in unsynchronised 

human U2OS cells. Additionally, we have analysed the effects of induced eIF2α 

phosphorylation on growth and translation in fission yeast cells by expressing human protein 

kinase R (PKR). We have found that apparent cell-cycle-dependent variations in global 

translation rates are likely caused by harsh synchronisation methods. We have also shown that 

global translation regulation does not correlate with eIF2α phosphorylation. Finally, our 

findings suggest that eIF2α phosphorylation in itself does not downregulate global translation. 
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1 Introduction 

1.1 Schizosaccharomyces pombe as a model organism 

Nearly everything that we now know about the biology of all living organisms – the way they 

grow, pass on their genetic information, and die – has come from studying model organisms. 

A model organism is a species that is extensively studied to understand different biological 

phenomena and apply the obtained insight to solve the workings of other more complex 

species. Good model organisms are easy and inexpensive to maintain, breed, and genetically 

manipulate in the laboratory, and, most importantly, suitable for studying the biological 

problem of interest. Simple, unicellular model organisms have been and still are widely used 

to understand the basic principles of eukaryotic cell-cycle regulation and cell division. 

However, they are not an option when it comes to addressing questions that are specific for 

multicellular organisms. 

Budding yeast Saccharomyces cerevisiae and fission yeast Schizosaccharomyces pombe have 

been extensively used in cell-cycle and division research. Nucleotide sequence comparison of 

the two yeast species revealed that the evolutionary distance between them is of the same 

order as between either of them and human. That is an advantage in research, since a 

mechanism found in both yeast species is more likely to be conserved in higher eukaryotes, 

too (Russell, Nurse, 1986). 

S. pombe was first isolated from African millet beer and described by Paul Lindner in 1890 

(Lindner, 1893). It emerged as a model organism in the 1940s and in 2001 the Nobel Prize 

was awarded to Paul Nurse for cell-cycle studies in fission yeast (Nurse, 2002). 

S. pombe is a non-pathogenic, ascomycetous fungus whose cells are rod-shaped with a 3-4 µm 

diameter and 7-17 µm length. They divide by septation and medial fission. The 13.8 Mb 

fission yeast genome is organised into three chromosomes and includes approximately 

5048 protein-coding genes (Wood et al., 2002, McDowall et al., 2015). The species is a great 

model organism since it has a short generation time (2-5 hours), a wide variety of powerful 

genetic and molecular tools, expression systems, as well as extensive deletion and mutant 

libraries, and can easily be maintained in haploid and diploid states in the lab. The use of 

conditional mutants is a particularly attractive means of studying a certain morphology or 
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defect. Such mutants may carry mutations that only manifest under specific conditions, such 

as restrictive temperature or the presence of a certain compound in the medium. Thus, growth 

of the mutants under permissive temperature is close to that of wild-type cells, and the effect 

of the mutation can be studied under restrictive conditions (Forsburg, 2001). 

1.2 The eukaryotic cell cycle 

The eukaryotic cell cycle is a tightly coordinated series of events leading to duplication of 

DNA and cell division. It consists of four distinct phases: DNA synthesis (S), mitosis (M), 

and two gap phases (G1 and G2). G1, S, and G2 together comprise interphase. 

Progression through the cell-cycle phases is governed by a highly conserved regulatory 

apparatus, which responds to conditions of the extracellular environment, as well as to 

internal signals. A major regulator of cell-cycle transitions is a family of cyclin-dependent 

kinases (CDKs). Their activity and substrate specificity is mainly regulated by the presence of 

cyclins – proteins with concentrations varying in a cyclic fashion during the cell cycle (Figure 

1.1). The activated CDK/cyclin complexes have a serine-threonine kinase activity and 

phosphorylate various substrates involved in DNA replication and in numerous structural 

reorganisations preceding mitosis. Additionally, CDK activity is regulated by reversible 

inhibitory phosphorylation and CDK inhibitory proteins (CKIs) (Alberts et al., 2008). 

 

Figure 1.1 Expression of human cyclins D, E, A, and B through the cell-cycle phases (“Cyclin”, 

2016). 
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A cell is able to monitor and regulate the process at several specific points by molecular 

mechanisms, called cell-cycle checkpoints. During G1, the key decision has to be made: 

whether to commit to the mitotic cell cycle, delay the division, enter a quiescent state called 

G0 (metazoans), or conjugate (unicellular eukaryotes). If the decision to commit to a new 

round of cell division occurs, the cell has to check the metabolic state and confirm that all the 

necessary factors are present. The restriction point (R point, Start point in yeast) is then 

passed and the cell proceeds through the mitotic cell cycle independently of changes in 

upstream signals. Entry into S phase is controlled by the first DNA-damage-inducible 

checkpoint – the G1-S checkpoint. DNA replication cannot be started before genome integrity 

is ensured. If DNA damage is sustained, the cell arrests at G1 until damage repair is complete. 

Since it is crucially important that the cell does not begin mitosis until the genome is 

successfully duplicated, further checkpoints also involve checking for DNA damage and 

verifying DNA replication. The intra-S-phase checkpoint is activated by DNA lesions or 

stalled replication forks and delays progression through the S-phase to allow time for damage 

repair before continuing with DNA replication. Another cell-cycle checkpoint acts in G2 and 

determines the timing of entry into mitosis. It senses unreplicated DNA, as well as DNA 

damage and prevents M-phase initiation until DNA synthesis is completed and the damage is 

repaired. The final checkpoint is called the spindle assembly checkpoint and it occurs in 

mitosis. At the time of metaphase, the correct chromosome attachment to the microtubule 

spindle apparatus must be confirmed before starting cell division to ensure accurate 

chromosome segregation. 

1.2.1 The cell cycle of S. pombe 

As in higher eukaryotes, the fission yeast cell cycle can be divided into four distinct phases 

(Figure 1.2). Under laboratory growth conditions, G2 lasts for ~70 % of the cycle while S 

phase, G1, and mitosis occupy ~10 % each. Under normal lab conditions, increase in cell 

mass mostly takes place during G2 (Peng et al., 2005). Upon reaching a certain size, cells 

initiate mitosis and cytokinesis. They go through a very short G1 and complete the next S 

phase by the time the cytokinesis cycle is completed (Forsburg, Nurse, 1991). 
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Figure 1.2 Schizosaccharomyces pombe cell cycle and morphology. Adapted from Knutsen et al. 

(2011). 

Studies of S. pombe cdc (cell division cycle) mutants led to identification of the highly 

conserved protein kinase Cdc2 (cell division cycle 2). Cells of one of the temperature 

sensitive mutants, specifically cdc2, were shown to arrest in G1, as well as G2. Cells arrested 

in G1 were not yet committed to mitotic cell cycle, since they could still undergo conjugation. 

Additionally, one of the mutations, causing cells to enter mitosis prematurely and divide at a 

smaller size compared to wild-type cells, also mapped within the cdc2 gene. These findings 

indicated the importance of the cdc2 product in cell-cycle control. Indeed, Cdc2 was shown to 

be responsible for both G1/S and G2/M transitions, and it is the only cyclin-dependent protein 

kinase in fission yeast cells (Nurse, 1975, Nurse, Bissett, 1981, Simanis, Nurse, 1986). 

Cdc2 is known to associate with four different cyclins (Moser, Russell, 2000). Cig2, the major 

S-phase cyclin, accumulates late in G1 and stays in complex with Cdc2 until the end of S 

phase. The Cdc13 level increases during G2 and peaks at the onset of M phase, when it is 

required for Cdc2 function in the initiation of mitosis (Martin-Castellanos et al., 1996). The 

activity of the Cdc2-Cdc13 complex is fine-tuned by the Wee1 kinase and the Cdc25 

phosphatase. Wee1 phosphorylates inhibitory sites in Cdc2, thus keeping the complex 

inactive during G2. The phosphorylation is removed by Cdc25 at the onset of mitosis. Cdc25 

is known to be responsible for coupling the timing of mitosis with cell growth (Russell, 

Nurse, 1987, Daga, Jimenez, 1999). The activity of Cdc2-Cdc13 is inhibited at the end of 

mitosis by degradation of Cdc13 (Martin-Castellanos et al., 1996). Cdc2-Cig1 and Cdc2-Puc1 

are present late in G1. These complexes may be responsible for tracking cell-size increase and 

indirectly inducing the G1/S transition (Booher et al., 1989, Moser, Russell, 2000). 
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1.3 Regulation of gene expression in eukaryotes 

A general feature of cell-cycle regulation is periodic gene expression, which is thought to 

ensure that the right proteins are expressed at the right time. Gene expression can be regulated 

at the level of transcription and translation, as well as protein stability. Transcriptional control 

modulates the expression of many genes in response to intracellular and extracellular signals. 

S. pombe is no exception, having over 700 genes transcriptionally regulated in a cell-cycle-

dependent manner (Oliva et al., 2005, Peng et al., 2005). Relevant for this study is the 

transcription factor Cdc10, which promotes the expression of S-phase genes. Inhibition of 

Cdc10 blocks cell-cycle progression at G1 before committing to DNA replication (Lowndes 

et al., 1992). Conditional temperature-sensitive cdc10 mutants are often exploited in research 

of cell-cycle-related events to obtain cultures synchronised in G1. 

The initial amount of a specific mRNA is determined by the rate of transcription. It also 

depends on the regulation of mRNA stability. Further, mRNA is subjected to several steps of 

post-transcriptional modification. The amount of mRNA available for translation can be 

altered by changing the rate of transcript processing and export from the nucleus. The 

efficiency with which ribosomes translate mRNA into proteins can also be changed according 

to the cell’s needs. Finally, after executing their function, proteins can be eliminated by 

regulated ubiquitination and proteolysis (Cooper, Hausman, 2007). 

Even though controlling protein levels at the first step of the expression pathway 

(transcription) is energetically more favourable, translational control offers a lot of 

advantages. Most importantly, it allows changing protein concentration almost instantly, since 

time spent for processing and nuclear export after transcription is no longer a factor. In 

addition, translation control is easily reversible, it provides a way to make smaller changes in 

protein concentration and it is a means for localised control (Mathews et al., 2000).  

1.3.1 Overview of translation 

Protein synthesis is performed by the ribosome, which is a nucleoprotein (a complex of 

ribosomal RNA and proteins) found in the cytoplasm, as well as in the mitochondrial matrix 

and chloroplast stroma, in the eukaryotic cells. The ribosome consists of two subunits, a small 

(40S) and a large (60S), that assemble on an mRNA molecule to initiate translation (chapter 

1.3.2 and Figure 1.3 for more details). An initiator tRNA (Met-tRNAi
Met

) in complex with the 
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ribosome is brought to the initiator AUG codon with help of eukaryotic initiation factors 

(eIFs). The mRNA is then pulled through the ribosome and translated into a peptide chain 

using specific aminoacyl-tRNAs as adaptors and adding each delivered amino acid by 

formation of a peptide bond. This elongation step is executed by the catalytic activity of the 

rRNA and facilitated by eukaryotic elongation factors (eEFs). Translation is terminated when 

the ribosome reaches a stop codon. Stop codons indicate that no more amino acids are to be 

added to the growing protein. Instead, they facilitate binding of release factors (eRFs) that in 

turn release the newly synthesised peptide chain and initiate ribosomal recycling (Alberts et 

al., 2008). 

Translation itself can be regulated at several stages of the process. Different mechanisms may 

affect translation of a single mRNA, a group of mRNAs, or most of mRNAs present in the 

cell. Cytoplasmic mRNA levels and, subsequently, protein synthesis are dependent on mRNA 

stability. Furthermore, the rate of elongation can vary due to the presence of rare codons, 

secondary RNA structures, signals for ribosome frameshifting or stop codon readthrough. 

Post-translational modifications of elongation factors can also affect the tempo of this stage. 

However, the most energetically efficient and commonly executed translation control happens 

at the step of initiation (Mathews et al., 2000, Hershey et al., 2012). 

1.3.2 Regulation of translation initiation 

Translation initiation in eukaryotes can either be mediated at the 5’-m
7
GpppN cap structure or 

occur cap-independently. The cap-dependent translation is the major pathway, though some 

transcripts are translated in a cap-independent manner through mechanisms that are still not 

fully understood. One such mechanism was first discovered in viruses as a ribosome’s ability 

to initiate translation on highly structured regions within the 5’ untranslated regions 

(5’ UTRs), called internal ribosome entry sites (IRESs). Later, IRESs were found in a small 

subset of cellular mRNAs as well. IRESs allow ribosome assembly directly at the initiation 

region, thus avoiding control by a group of initiation factors that act in the cap-dependent 

initiation pathway (Hellen, Sarnow, 2001). Moreover, it was recently demonstrated that 

methylation of adenosine in the 5’ UTR induced by various cellular stresses in human cells 

can also promote cap-independent translation (Meyer et al., 2015). 
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Since this study analyses the rates of global translation in relation to cell-cycle progression, 

the further review will focus on the regulation of the cap-dependent initiation of translation, 

which influences global translation on a greater scale. 

The canonical initiation of translation consists of several steps: pre-initiation complex 

formation and attachment to the activated mRNA, scanning and recognition of initiation 

codon, and subunit joining. The mechanism is described in detail in Figure 1.3. First, 

activated by GTP binding, eIF2 forms a ternary complex with Met-tRNAi
Met

 and joins with 

the 40S subunit to form a 43S preinitiation complex. Next, the eIF4F complex, which consists 

of eIF4A, eIF4E, and eIF4G, activates mRNA by binding to the m
7
GpppN cap together with 

eIF4B and poly-A tail binding protein (PABP). The 43S complex then attaches and scans the 

5’ UTR in the 5’→3’ direction. Once the initiation codon is recognised, the 43S complex 

locks to the mRNA forming the 48S initiation complex. GTP bound to eIF2 is hydrolysed to 

GDP, which promotes joining of the 60S subunit and translation start (Jackson et al., 2010). 

mRNA-specific translational control in this process can be mediated by various RNA-binding 

proteins or miRNAs (Jackson et al., 2010). Regulation of global rates of protein synthesis, 

however, is thought to be achieved by changing the phosphorylation state of the initiation 

factors. The most-established examples of that are phosphorylation of the α subunit of eIF2, 

which prevents formation of the ternary complex, and phosphorylation of inhibitory binding 

proteins (BPs) of eIF4E (Sonenberg, Dever, 2003, Hinnebusch, Lorsch, 2012). The 

availability of eIF4E for eIF4F complex formation depends on phosphorylation state of BPs 

and eIF4E itself. Phosphorylated eIF4E has a higher cap-binding affinity and exists 

preferentially in the eIF4F complex. The 4E-BPs in their hypophosphorylated state bind to 

eIF4E and thus inhibit cap-dependant translation initiation. This mechanism is employed to 

regulate the level of cap-dependent translation in response to mitogens, hormones and 

nutrients (Pause et al., 1994, Haghighat et al., 1995). Interestingly, it was shown that 4E-BP1 

is dephosphorylated during mitosis, resulting in eIF4F complex disruption and inhibition of 

cap-dependent translation (Pyronnet et al., 2001). The role of the phosphorylation of eIF2α in 

global translation regulation is reviewed in detail in the following section. 



8 

 

 

 Figure 1.3 Model of eukaryotic translation initiation. Adapted from Jackson et al. (2010).  
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1.4 The role of eIF2α phosphorylation 

The eukaryotic initiation factor 2 consists of three subunits: α, β, and γ. As described in 

Figure 1.4, eIF2 has to be activated by GTP to accomplish its task of delivering the initiator 

tRNA to the translation machinery. eIF2B is the guanine nucleotide exchange factor that 

catalyses the GDP swap for GTP after eIF2 has been released from the initiation complex. As 

shown in Figure 1.4, phosphorylation of eIF2α inhibits the activity of eIF2B and thus prevents 

recycling of eIF2 for the next round of translation initiation (Dever, 2002). 

 

Figure 1.4 Regulation of eIF2α activity. Adapted from Lasfargues et al. (2012). 

The alpha subunit of eIF2 is said to be the key target in regulation of translation (Lu et al., 

2004). The phosphorylation of a serine residue at position 51 (52 in S. pombe) of eIF2α is a 

highly conserved regulatory event in various stress response pathways. In mammalian cells, 

there are four known kinases that specifically phosphorylate the Ser51 residue: general 

control non-derepressible 2 (GCN2), double-stranded RNA (dsRNA)-dependant protein 

kinase or protein kinase R (PKR), PKR-like ER kinase (PERK), and heme-regulated eIF2α 

kinase (HRI). These kinases have the same conserved kinase domain but different regulatory 

domains (Dever, 2002). 

GCN2 is conserved in virtually all eukaryotes. It is best known for being activated by binding 

uncharged tRNAs in response to amino acid deprivation (Dong et al., 2000). Later, it was 

shown that a variety of other stresses activate GCN2. These include purine or glucose 
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starvation, high salinity, DNA alkylating agents, UV irradiation, oxidative stress (H2O2) and 

ER (endoplasmic reticulum) stress (Murguía, Serrano, 2012). PKR is activated in response of 

dsRNA accumulation in infected cells. It participates in an anti-viral defence mechanism by 

triggering eIF2α phosphorylation which also inhibits translation of viral mRNA 

(Balachandran et al., 2000). Activity of PERK is induced under ER stress conditions – 

accumulation of misfolded proteins (Kaufman, 1999). HRI-mediated stress signalling is 

important during erythropoiesis. HRI coordinates haem and globin synthesis during haem 

deprivation and, additionally, responds to oxidative stress, heavy metal exposure, and heat 

shock (Lu et al., 2001, Chen, 2014). 

In S. pombe, there are three distinct eIF2α kinases: two mammalian-HRI-related protein 

kinases (Hri1 and Hri2) and the GCN2 orthologue Gcn2. Hri1 and Hri2 are activated by heat 

shock, arsenic, and oxidative stress (Zhan et al., 2004). Gcn2 phosphorylates eIF2α in 

response to amino acid starvation, as well as other cellular stresses such as exposure to MMS 

or H2O2, and UV irradiation (Tvegård et al., 2007, Krohn et al., 2008, Berlanga et al., 2010). 

eIF2α is phosphorylated by its kinases in response to various stress-inducing conditions. This 

modification plays a role in the inhibition of cap-dependent protein synthesis at the initiation 

stage. In addition, eIF2α-P selectively enhances translation of activating transcription factor 4 

(ATF4) in mammalian cells (Harding et al., 2000). The mechanism of this preferential 

translation involves two upstream open reading frames (uORFs) located in the 5’ UTR of 

ATF4 mRNA (Figure 1.5). uORF1 facilitates ribosome scanning and reinitiation at the 

downstream coding regions, while uORF2 inhibits ATF4 expression. Under normal conditions 

when eIF2-GTP is abundant, ribosomes reinitiate at the second uORF and ATF4 expression is 

blocked. Stress-induced eIF2α phosphorylation reduces the levels of active eIF2, which 

causes a delay in reinitiation and allows ribosomes to scan through the inhibitory uORF2 and 

instead translate the ATF4-coding region (Vattem, Wek, 2004). ATF4 promotes transcription 

of a set of genes involved in oxidative stress response, amino acid biosynthesis, 

differentiation, metastasis and angiogenesis (Ameri, Harris, 2008). This eIF2α-P/ATF4 

pathway has been termed integrated stress response (ISR) (Harding et al., 2003). A similar 

pathway called general amino acid control response (GAAC) exists in fission yeast, but the 

transcription factor responsible for starvation-induced expression of genes required for amino 

acid biosynthesis has not yet been identified (Udagawa et al., 2008). 
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Figure 1.5 (a) mRNA of ATF4. (b) Translational control under normal conditions. (c) Translational 

control under stress. Adapted from Jackson et al. (2010). 

1.5 Background 

Generally, the inhibition of translation initiation mediated by phosphorylation of eIF2α is 

thought to be the main reason for the dramatic reduction of global protein synthesis rates 

under stressful conditions (Lu et al., 2004). However, recent work by our group showed that 

global translational depression seen after UV irradiation and H2O2 treatment occurs regardless 

of eIF2α phosphorylation. Experiments with mammalian cells, as well as budding and fission 

yeast indicate that the stress-induced inhibition of global translation results from a yet 

unknown, highly conserved, eIF2α- and Gcn2-independent mechanism (Knutsen et al., 2015). 

This is in agreement with some previously published findings, suggesting that certain cellular 

stresses, namely ER stress in mammalian cells and oxidative stress in budding yeast, cause 

inhibition of protein synthesis independently of eIF2α (Hamanaka et al., 2005, Shenton et al., 

2006). These studies illustrate that the role of eIF2α phosphorylation in global translation 

regulation might have been overestimated. 
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Another generally accepted view is that global translation is cell-cycle-regulated and is low in 

mitosis (Sivan, Elroy-Stein, 2008). Initial studies in mammalian tissue culture cells 

demonstrated that during mitosis protein synthesis is reduced to around 25 % of the average 

interphase efficiency (Fan, Penman, 1970). The suggested mechanism behind this event is 

regulation of phosphorylation state of eIF4GII (one of the two mammalian eIF4G 

homologues) and 4E-BPs (reviewed in 1.3.2), which results in disruption of the eIF4F 

complex and, consequently, inhibition of cap-dependent translation (Pyronnet et al., 2001). 

The remaining activity of protein synthesis was attributed to IRES-mediated translation 

initiation (reviewed in 1.3.2). IRES-driven translation was proposed to be a general 

mechanism for maintaining translation of a subset of mRNAs throughout the cell cycle while 

cap-dependent translation is inhibited (Pyronnet, Sonenberg, 2001). 

Interestingly, eIF2α phosphorylation was proposed to also contribute to the switch from cap-

mediated to cap-independent translation at the onset of mitosis. Increased phosphorylation of 

eIF2α was observed at the boundary of G2/M in correlation with downregulation of global 

translation (Datta et al., 1999, Tinton et al., 2005). It also coincided with activation of cell-

cycle-dependent IRES elements (Gerlitz et al., 2002). Additionally, eIF2α-P was shown to 

have a permissive effect on the efficiency of certain cell-cycle-dependent IRESs (Gerlitz et 

al., 2002, Tinton et al., 2005). 

In the literature, phosphorylation of eIF2α is markedly implicated in downregulation of global 

translation after exposure to many different forms of stress, as well as in cell-cycle-regulated 

translational repression. For this reason, increased eIF2α phosphorylation is often taken as a 

readout of translation downregulation, even though the two events have rarely been 

investigated in the same experiment. 

Recently, several studies challenging the established mechanisms in cell-cycle-dependent 

translation regulation were published. Phosphorylation of key translation factors and 

downregulation of global translation, previously observed as cells transition into mitosis, were 

revealed to be caused by the treatments used to obtain synchronous cultures. It was 

demonstrated that a commonly used microtubule depolymerising agent nocodazole, which 

causes mitotic arrest, in itself stresses cells and affects translation rates (Coldwell et al., 

2013). In the study, using HeLa cells synchronised by less perturbing methods, they found 

that there is no decrease in global translation in mitosis. Interestingly, another study using the 

same synchronisation method but a different human cell line showed that global translation 
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during mitosis is reduced to around 65 % of interphase rate, instead of the previously found 

25 % (Tanenbaum et al., 2015). This discovery is complemented by another study stating that 

it is cap-dependent and not IRES-driven translation that dominates in mitosis (Shuda et al., 

2015), since only around 10 % of cellular mRNAs were identified to have a potential for 

IRES-mediated translation (Weingarten-Gabbay et al., 2016). 

The recent publications on the topic illustrate that it is still unclear whether and how global 

translation is regulated in the cell cycle. More questions arise about the extent to which 

various synchronisation methods and possibly even differences between cell lines can 

influence global translation regulation. Schizosaccharomyces pombe is a great model 

organism for addressing these issues. It provides a more stable and defined genetic 

background than mammalian cell lines. A short generation time and a variety of available 

synchronisation methods make it simpler to study the effects of synchronisation on global 

translation. 

To better understand if and how global translation is regulated in a cell-cycle-dependent 

manner we took two different approaches. We set out to measure global translation rates in 

cells synchronised in different cell-cycle phases by various methods as well as in 

unsynchronised cells. Additionally, we decided to further investigate the role of eIF2α 

phosphorylation in the regulation of global translation.  
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2 Aims of study 

1. Investigate whether global translation is cell-cycle-regulated. 

2. If translation is cell-cycle-regulated, investigate whether it depends on eIF2α 

phosphorylation. 

3. Investigate to what extent eIF2α phosphorylation contributes to downregulation of 

global translation rates.  
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3 Materials 

3.1 S. pombe strains 

All strains used in this study (Table 3.1) are derivatives of the Schizosaccharomyces pombe 

L972 h- strain. 

Table 3.1 Schizosaccharomyces pombe 

Strain Genotype Supplier 

19 L972 h- Lab collection 

38 ura4-D18 leu1-32 h+ Lab collection 

489 cdc10-M17 h- Lab collection 

550 cdc25-22 h+ Lab collection 

1711 nda3-KM311 cdt1:TAP:kanMX6 ura4-D18 h- Lab collection 

1397 eIF2alphaS52A leu1-23 ura4-D18 h- Lab collection 

1244 cdc10-M17 eIF2alphaS52A:ura4+ ura4-D18 h+ Lab collection 

3.2 Primers and plasmids 

3.2.1 Primers 

Table 3.2 PCR primers used in this study. 

Name Direction Sequence Supplier 

ATF4-nmt.REV Reverse GGCGGGCAAAGTAGAAATGATTTAACA

AAGCGACTAT 

Invitrogen 

pJK148-nmt.FOR Forward GATATCGAATTCCTGCAGCGGTCGATC

GACTCTAGA 

Invitrogen 

pJK148-

ATF4.REV 

Reverse TCTAGAACTAGTGGATCCCTACTTTCCC

TACAAAATAATTTATTG 

Invitrogen 

nmt-ATF4.FOR Forward TCTAGAACTAGTGGATCCCTACTTTCCC

TACAAAATAATTTATTG 

Invitrogen 

in-ATF4.fwd Forward GCTGTAGCTGTGTGTTCCAA Invitrogen 

in-pJK148.rev Reverse ATGTTCTTTCCTGCGTTATCC Invitrogen 

in-pJK148.fwd Forward CGCTGGCAAGTGTAGCG Invitrogen 

in-nmt1.rev Reverse CAGTATCTGCAATTTCGGTTC Invitrogen 
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3.2.2 Plasmids 

The following plasmids (Figure 3.1) were used for S. pombe transformation in experiments 

involving inducible expression of human PKR. 

 

Figure 3.1 (A) Map of pREP4 plasmid. (B) Map of pREP4 plasmid containing human PKR. 

 

The following plasmid (Figure 3.2) was used as a vector for a live cell fluorescence reporter 

assembly. 

 

Figure 3.2 Map of pJK148 plasmid. 
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3.3 DNA isolation, purification, and cloning kits 

The kits listed in Table 3.3 were used for polymerase chain reaction, DNA isolation and 

purification, reporter assembly, and translation assays. 

Table 3.3 Kits used in cloning, DNA isolation, and DNA purification. 

Kit Supplier 

Click-iT Cell Reaction Buffer Kit, DreamTaq PCR Master Mix (2X), GeneJET 

Plasmid Midiprep Kit, GeneJET Gel Extraction and DNA Cleanup Micro Kit 

ThermoFisher 

Gibson Assembly Cloning Kit, Phusion High-Fidelity PCR Kit NEB 

QIAprep Spin Miniprep Kit QIAGEN 

3.4 Enzymes 

The enzymes used in this study for vector linearization and plasmid verification are listed in 

Table 3.4. 

Table 3.4 Enzymes. 

Enzyme Supplier 

Ribonuclease A Sigma-Aldrich 

SacI Fermentas 

HincII, NdeI, PstI, XbaI, XmaI NEB 

3.5 Antibodies 

The antibodies used for protein immunodetection and flow cytometry are listed in Table 3.5. 

Table 3.5 Antibodies used for immunodetection and visualisation. 

Antibody  Dilution Supplier 

Primary Rabbit (polyclonal) anti-eIF2α[pS
52

] phosphospecific 1:2000 Sigma-Aldrich 

 Mouse α-tubulin 1:30000 Sigma-Aldrich 

 Rabbit (polyclonal) anti-phospho-histone H3(Ser10) 1:500 Millipore 

 Rabbit anti-yeast eIF2α 1:1000 Tom Dever, personal 

communication 

Secondary Goat anti-mouse IgG+IgM HRP-linked whole 1:5000 Cell signalling 

Goat anti-rabbit IgG HRP-linked whole 1:5000 Cell signalling 

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

conjugate 

1:500 ThermoFisher 
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3.6 Molecular weight standards 

Size estimation of proteins and DNA in gels was done using the molecular weight standards 

listed in Table 3.6. 

Table 3.6 Molecular weight standards. 

Molecular weight standard Supplier 

IEF marker 3-10 ThermoFisher 

Precision Plus Protein Dual Color Standard, 10-250 kD ThermoFisher 

O’GeneRuler 1 kb DNA Ladder ThermoFisher 

 

3.7 Chemicals and reagents 

The chemicals and reagents used in this study are listed in Table 3.7. 

Table 3.7 Chemicals and reagents 

Chemicals and reagents Supplier 

Bacto Agar, Bacto Tryptone, Bacto Yeast Extract BD 

Bio-Safe Coomasie Brilliant Blue Stain BioRad 

GelRed Biotium 

Yeastmaker Carrier DNA Clontech 

EMM+N Broth Formedium 

Immobilon Western Chemiluminescent HRP Substrate, methanol Millipore 

Protease inhibitors Roche 

-glycerophosphate, acetic acid, acid washed glass beads, Adenine, agarose, 

ampicillin, BSA, CHX, DMSO, DTT, EDTA, EGTA, glucose, glycine, histidine, 

Igepal CA-630, KCl, KH2PO4, leucine, lithium acetate, lysine, Membrane Blocking 

Agent, MgCl2,  MOPS, Na2PO4, Na3VO4, NaCl, NaF, NaN3, NaOH, Nonfat-Dried 

Milk, PEG 4000, p-nitrophenylphosphate, Ponceau S solution, SDS, Tris Base, 

Triton X-100, tryptone, Tween 20, uracil 

Sigma-Aldrich 

4× NuPAGE LDS Sample Buffer, Alexa Fluor 647 azide, DMEM, FBS, Hoechst 

33258, Pacific Blue, Novex pH 3-10 IEF Buffer Kit, Novex pH 3-7 IEF Buffer Kit, 

OPP, HPG, trypsin, Orange DNA Loading Dye (6X), PBS, PS solution, SYTOX 

Green 

ThermoFisher 

Ethanol VWR 
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3.8 Buffers and other solutions 

2× protein sample buffer 4× NuPAGE LDS Sample Buffer 

1 M DTT 

Agarose gel solution, 1 % 1 % agarose 

1× TAE 

Detergent buffer 0.1 % Igepal CA-630 

6.5 mM Na2PO4 

1.5 mM KH2PO4 

2.7 mM KCl 

137 mM NaCl 

0.5 mM EDTA, PH 7.5 

EDTA, pH 8.0 (0.5 M) 146.12 g/L EDTA 

NaOH to pH 8.0 

HB buffer 25 mM MOPS, pH 7.1 

60 mM -glycerophosphate 

15 mM p-nitrophenylphosphate 

15 mM MgCl2 

15 mM EGTA pH8.0 

1 mM DTT 

0.1 mM  Na3VO4 

1 % Triton X-100 

1× Protease inhibitors 

IEF transfer buffer 1× Tris-Glycine 

20 % ethanol 

LiAc/TE (10×) 1 M lithium acetate 

1× TE 

Acetic acid to pH 7.5 

PEG/LiAc/TE 40 % PEG 4000 

1× LiAc/TE 

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

144 g/L glycine 

0.1 % SDS 

Semi-dry blot transfer buffer 50 mM Tris Base 

380 mM glycine 

0.1 % SDS 

20 % ethanol 

STOP buffer 20 mM Tris, pH 8.0 

150 mM NaCl 

10 mM EDTA 

50 mM NaF 

10 mM NaN3 
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TAE (50×) 242 g/L Tris Base 

51.7 ml/L acetic acid 

18.6 g/L EDTA 

TBS (10×) 24 g/L Tris Base 

88 g/L NaCl 

HCl to pH 7.6 

TBS-T 1× TBS 

0.05 % Tween 20 

TE (10×) 12.11 g/L Tris Base 

1.49 g/L EDTA 

NaOH to pH 7.5 

Tris-Glycine stock (25×) 36.4 g/L Tris Base 

180 g/L glycine 

 

3.8.1 Growth media 

E. coli  

LB medium 1 % tryptone 

0.5 % yeast extract 

0.5 % NaCl 

NaOH to pH 7.0 

Supplemented with 100 µg/ml ampicillin 

when needed 

LB plates LB medium 

15 g/L agar 

S. pombe  

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 
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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 

U2OS cell line  

DMEM+FBS+PS medium DMEM base 

10 % FBS 

100 U/ml PS (penicillin-streptomycin) 
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4 Methods 

4.1 Cell biology methods 

4.1.1 Growth and maintenance of S. pombe 

Yeast media 

Yeast extract medium (YES) is a rich S. pombe medium providing optimal growth conditions. 

Cells can be grown in liquid YES, as well as on YES agar plates. The generation time for 

wild-type strains growing in YES at 25 °C is 3 hours, while mutant strains may have longer 

generation times. 

Edinburgh minimal medium (EMM) is a defined, synthetic medium that needs to be 

supplemented with necessary nutrients when growing auxotrophic mutants. The generation 

time of wild-type strains in EMM is 4 hours at 25 °C. 

Liquid culture 

To start a liquid culture, a loop of cells growing on solid medium is transferred to 10 ml YES 

and incubated at 25 °C over night. The preculture is used to make a culture in either YES or 

EMM, depending on the conditions of an experiment. This culture is grown over night in a 

shaking (150 rpm) water bath at 25 °C (or 30 °C for cold-sensitive strains). 

It is important to maintain the culture in exponential growth (below 1 × 10
7
 cells/ml) when 

doing physiological experiments. The optical density (OD) of a culture is used to measure cell 

concentration, where OD595 = 0.1 for approximately 2 × 10
6
 cells/ml (measured with the 

Hitachi U-1900 spectrophotometer at the wavelength 595 nm light). 

To generate a culture of a desired OD the following formula is used: 

𝑉𝑝𝑟𝑒𝑐𝑢𝑙𝑡𝑢𝑟𝑒  =  
(𝑉𝑡𝑜𝑡𝑎𝑙 × 𝑂𝐷𝑑𝑒𝑠𝑖𝑟𝑒𝑑)

𝑂𝐷𝑝𝑟𝑒𝑐𝑢𝑙𝑡𝑢𝑟𝑒 × 2𝑛
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where Vpreculture is the volume of preculture required for inoculation, Vtotal is the desired 

volume of the main culture, ODdesired is the desired OD595 of the main culture at the specific 

time point, ODpreculture is the OD595 of the preculture, n is number of generations (the time the 

cells will be growing in the liquid culture divided by the strain generation time). 

Strain maintenance 

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

(around 2 months). 

For long term storage (several years) glycerol stocks are made and stored at -80 °C. For stock 

preparation a small stationary-phase culture is grown at 25 °C. 0.8 ml of the culture is mixed 

with 0.8 ml of 50 % glycerol and transferred into a cryotube. 

To re-isolate a frozen culture, a small amount of stock is scraped off with a sterile lab spatula 

and patched onto a YES agar plate. After 4-5 days incubation at 25 °C, cells are streaked out 

for single colonies on a YES or selective medium agar plate. 

4.1.2 Replica plating 

Replica plating is a technique used in screening for different selective markers or phenotypes, 

such as auxotrophic mutations, temperature sensitivity, and antibiotic resistance. 

To apply this technique, an agar plate with fresh colonies is needed. A piece of sterile filter 

paper is placed on a plastic replica-block. Colonies from the original plate are gently pressed 

onto the filter paper. Fresh selective plates are then pressed onto the filter paper copying the 

original spatial pattern of the colonies. The replica plates are incubated for 2-3 days at 25 °C 

for identification of auxotrophic mutants or at 36 °C in case of selection for temperature-

sensitive clones. 

4.1.3 Transformation of S. pombe 

S. pombe cells were transformed with plasmid DNA using a protocol based on “Bähler’s 

method” (Bahler et al., 1998). 

1. Grow a liquid cell culture to 0.5-0.8 OD (very late log phase). 
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2. Dilute the culture to 0.5 OD and spin down 50 ml/transformation at 3 000 rpm for 

4 min. 

3. Wash once with equal volume of MQ-H2O. Spin down at 3 000 rpm for 4 min. 

4. Resuspend the cell pellet in 1 ml of MQ-H2O. Transfer to Eppendorf tube. Spin down 

at 3 000 rpm for 4 min. 

5. Wash pellet once with 1 ml of LiAc/TE. Spin down at 3 000 rpm for 4 min. 

6. Resuspend the cell pellet in 250 μl of LiAc/TE. 

7. Mix 100 µl of the concentrated cells with 2 µl carrier DNA and 10 µl of plasmid DNA 

(0.5-1 µg DNA). Incubate at room temperature for ~10 min.  

8. Mix gently with 260 µl of 40 % PEG/LiAc/TE and incubate for 60 min at 25 °C. 

9. Add 43 µl of DMSO and heat shock the cell suspension for 10 min at 42 °C in a water 

bath. 

10. Spin down at 3 000 rpm for 4 min. 

11. Wash once with 1 ml YES medium. Spin down at 3 000 rpm for 4 min. 

12. Resuspend in 0.5 ml YES. Transfer the cell suspension to 50 ml YES and incubate 

with rotation at RT overnight. 

13. Plate out 200 µl onto selective plates and incubate at 25 °C for 4-5 days. 

4.1.4 Cell-cycle synchronisation 

Synchronisation of cell populations is an important tool when analysing cell-cycle-related 

events, since synchronised cells progress through the cell-cycle phases and divide 

simultaneously (Walker, 1999). There are two ways to obtain a synchronous yeast cell 

population: induced synchrony and selection synchrony. Induction methods are based on 

arresting cells at a particular cell-cycle phase and then release. Such methods generally result 

in better synchrony, but they disturb the cell cycle more than selection methods. Selection 
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methods involve collecting the cells that are in a particular cell-cycle phase. These methods 

are gentler and thus less stressful for the cells, but the synchrony tends to be poorer. 

 Two different methods were used in this study, block-and-release and elutriation. 

Block-and-release 

Block-and-release is one of the induction methods for synchronisation. Here, temperature-

sensitive cell-cycle mutants are incubated at a restrictive temperature for one generation time 

and returned to a permissive temperature to obtain a synchronous progression through the cell 

cycle (Tormos-Perez et al., 2016). In this work, for block-and-release experiments cell 

cultures were initially grown at a permissive temperature to an OD of 0.1-0.2 before shifting 

to an appropriate restrictive temperature. 

Elutriation 

Centrifugal elutriation is one of the selection techniques based on harvesting the smallest cells 

in the population and it is considered to be the least perturbing method of synchronisation. 

Here, using a special rotor with a funnel-shaped chamber a stable gradient of sizes is set up by 

creating a balance between the centrifugal force and a counter-flow of growth medium. First, 

cells are introduced into the chamber of the rotor at a steady flow rate. The flowing medium 

moves the small, slower-sedimenting cells towards the chamber’s elutriation boundary. The 

bigger cells are more affected by the sedimentation force in a centrifugal field so they migrate 

to the opposite end of the chamber. Then, the growth medium is used to form a liquid 

conterflow and force the small cells out for collection (Walker, 1999). Since S. pombe cells 

are very regular in size, this method yields a synchronous early-G2-phase population (the cell 

cycle was described in 1.2.1). 

Here, 3 litres of 0.3 OD culture grown at 25 °C in EMM were used to obtain 240 ml of 0.15-

0.175 OD G2 population. 

Procedure (Hagan, 2009): 

1. Place the rotor with the large (25 ml) chamber in a suitable centrifuge and check all 

connections. Close the lid. 
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2. Pump medium around the system (leaving a large air bubble in the bubble trap) at a 

pump rate of 160 ml per minute. 

3. Run the centrifuge up to 2000 rpm, keeping an eye on the pressure gauge to ensure 

that the back-pressure does not reach 8 psi. 

4. Stop the centrifuge (when the speed comes down to 130-100 rpm you will see small 

bubbles coming out). 

5. Set the speed to 4 000 rpm and start the centrifuge again (at around 200 rpm more 

bubbles will come out - the loss of these bubbles means that the back pressure will be 

much lower than the initial run). 

6. When speed is at 4 000 rpm start loading cells (pump rate - 160 ml/min
-1

). The 

formation of a front can be observed through a window in a centrifuge lid. Watch the 

front form over the next minute or so. 

7. Once the front has formed, increase pump rate to 196 ml/min
-1

. 

8. Periodically check the position of the front, the back-pressure and the amount of 

culture left. If the front is too close to the central spindle or the back-pressure is 

getting too high, reduce the pump rate.  

9. When the medium coming out runs clear, take 200 ml of this conditioned medium 

(this will be used in elution in case S. pombe produces small molecules to 

communicate between cells). 

10. Once loading is complete, reduce the speed of the centrifuge by 100 rpm and collect 

the eluting culture in a series of 50 ml centrifuge tubes. Keep reducing the speed in 

steps of 100 (or 50 if it is a tricky run) to collect the cells. When eluting, ensure that 

the tube remains the same height at all times by taping it to the top of an empty Duran 

bottle (if it is raised or lowered it affects the position of the front within the rotor). 

Evaluate the synchrony of the collected fractions by checking the size of the cells 

under a microscope.  
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4.1.5 Growth and maintenance of E. coli 

E. coli cells were grown on rich LB media agar plates with appropriate selective antibiotics 

overnight at 37 °C. For short-term storage strains were kept on solid media at 4 °C for up to 

3 months. 

Liquid cultures were inoculated from a single colony and grown in LB media containing 

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

4.1.6 Transformation of E. coli 

Competent E. coli cells are able to take up, maintain, and replicate circular vector DNA 

during normal cell multiplication. These qualities are widely exploited for plasmid DNA 

amplification and isolation. In this study, commercially available competent E. coli strains 

were transformed following the manufacturers’ instructions. 

4.2 Flow cytometry 

Flow cytometry is a light-based technology used for analysis of light scattering and 

fluorescence from single particles. Microscopic particles such as cells are suspended in a 

stream of fluid passing through an optical focus where they are excited by light (most often 

lasers) to emit fluorescent light from labelled cell components. 

4.2.1 Fluorescent cell barcoding (FCB) 

Fluorescent cell barcoding is a technique that increases data robustness by minimizing errors 

and variations arising during sample processing. Individual samples are dyed with different 

concentrations of a fluorescent dye and then mixed together so that they can be further 

processed as a single sample. In this study, Pacific Blue (PB) dye was used for the fluorescent 

cell barcoding. The FCB procedure is described in the following section. 

4.2.2 Measuring translation rates in S. pombe 

The translation assay for fission yeast cells is based on the incorporation of a methionine 

analogue, L-Homopropargylglycine (HPG), which contains an alkyne moiety. During sample 

processing, the alkyne moiety ligates a fluorescent azide in the copper-catalysed “click” 
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reaction (Liang, Astruc, 2011) and the amount of the fluorescent product is quantified by flow 

cytometry. Click iT reaction kit (ThermoFisher) was used for translation-rate analysis in this 

study. 

Samples for this analysis were pulse-labelled and fixed as follows: 

1. Take out 1 ml of the culture. 

2. Add 20 µl of HPG stock (2.5 mM in H2O) and incubate at RT for 10 minutes. Stop 

incorporation by adding 10 µl cyclohexamide (10 mg/ml). 

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

4. Resuspend the pellet in cold (-20 °C) 70 % EtOH while vortexing. 

5. Store samples at -20 °C. 

For sample barcoding and processing the following protocol was used: 

1. Spin down at 13 000 g for 2 minutes. Remove supernatant. Resuspend cell pellet in 

0.5 ml of TBS. 

2. Spin down at 13 000 g for 2 minutes. Remove supernatant. Resuspend cell pellet in 

195 µl of TBS. 

3. Make fresh Pacific Blue dye stock solution (5 µg/µl) dilutions 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 

 

4. Stain with dilutions of PB by adding 5 μl of dye to195 μl sample. Mix well and 

incubate the cells in the dark at RT for 30 min. 
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5. Spin down at 13 000 g for 2 minutes. Remove supernatant and resuspend in 0.5 ml 

TBS. Repeat three times. 

6. Resuspend cells in TBS and mix samples together (one of each level in one tube). 

7. Spin down at 13 000 g for 2 minutes. Resuspend in 0.5 ml TBS containing 1 % 

Triton X-100. 

8. Spin down at 13 000 g for 2 minutes. Resuspend in 0.5 ml TBS containing 1 % BSA. 

9. Prepare the Click-iT reaction cocktail (for 5 reactions) by mixing 440 μl of 1× 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 of preparation. 

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

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

12. Spin down at 13 000 g for 2 minutes. Resuspend in 0.5 ml TBS containing 1 % BSA. 

13. Spin down at 13 000 g for 2 minutes. Resuspend in TBS and transfer to flow 

cytometry tubes. 

A sample without HPG and a sample without PB were used as negative controls in the 

analysis. 

4.2.3 Measuring DNA content in S. pombe 

To study the cell-cycle progression of S. pombe in detail by flow cytometry samples were 

collected by spinning down 1 ml of cell suspension at 13 000 g for 2 minutes, removing the 

supernatant and resuspending the pellet in cold (-20 °C) 70 % EtOH while vortexing (samples 

were stored at -20 °C). 

Samples were prepared as follows: 

1. Spin down the fixed cells at 13 000 g for 1 minute. Remove supernatant. 
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2. Resuspend the pellet in 1 ml 20 mM EDTA. Centrifuge at 13 000 g for 2 minutes. 

Repeat once more. 

3. Remove the supernatant and resuspend the pellet in 500 µl 20 mM EDTA containing 

100 µg/µl of ribonuclease A. 

4. Incubate at 36 °C for 3-16 h. 

5. Shortly before analysis, add 500 µl 20 mM EDTA containing 2 µM Sytox Green. 

The methods for preparing samples and interpreting flow cytometry data have been developed 

and published by our group (Knutsen et al., 2011) and references therein. 

4.2.4 Cell-cycle analysis and translation rate measurement in U2OS 

cells 

The translation assay for human cells is based on the incorporation of an alkyne-modified 

puromycin analogue called O-propargyl-puromycin (OPP). During sample processing, the 

alkyne moiety ligates a fluorescent azide in the copper-catalysed “click” reaction (Liang, 

Astruc, 2011) and the amount of the fluorescent product is quantified by flow cytometry. 

Click iT reaction kit (ThermoFisher) was used for translation-rate analysis in this study. 

U2OS cell samples were collected as follows: 

1. Seed the cells in 60 mm dishes (about 1 × 10
6
 cells per dish) in DMEM+FBS+PS 

medium (3 ml per dish). 

2. The next day, add 1.5 µl of OPP stock (20 mM in DMSO) per dish and incubate for 

15 min at 37 °C. 

3. Transferred the medium from each dish to separate 15 ml Falcon tubes. 

4. Detach the cells by trypsination and transfer to the 15 ml Falcon tubes (by keeping the 

medium, we ensure that cells floating in the medium (mostly mitotic) are also included 

in the analysis). 

5. Centrifuge the cells for 5 min at 2 000 rpm. 
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6. Remove supernatant by suction. 

7. Resuspend the cells in 1 ml cold (-20 °C) 70 % EtOH. 

To determine different cell-cycle phases in the OPP-labelled samples, DNA- and histone 

staining was done following the Click iT reaction: 

1. Fill the Falcon tubes with the fixed cells with 1x PBS with 1 % FBS and spin down at 

2 000 rpm for 5 min. 

2. Remove supernatant equally in each tube. (The best is to first remove all except about 

100 μl and then spin again before removing the last part with a pipette.) 

3. Prepare the Click-iT reaction cocktail (for 2 reactions) by mixing 438 µl of 1× Click-

iT reaction buffer, 50 µl Click-iT reaction 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 of preparation. 

4. Add 250 µl of the reaction cocktail to the pellet and mix well by pipetting. 

5. Incubate in the dark at RT, for 30 min. 

6. Fill the tubes with 1x PBS with 1 % FBS. 

7. Centrifuge (5 min at 2 000 rpm) and remove media by suction. 

8. Centrifuge (5 min at 2 000 rpm) and remove the residual media by pipetting. 

9. Resuspend the pellets in 50 µl detergent buffer with 4 % non-fat milk for blocking of 

non-specific binding. Leave at the room temperature for 5 min. 

10. Add 50 µl of the detergent buffer with a primary antibody (anti H3-P). Incubate at the 

room temperature for 1 h. 

11. Repeat steps 6 to 8. 

12. Add 100 µl of 1x PBS with 0.5 mM EDTA, pH 7.5 with a secondary antibody (anti 

rabbit, AF488 conjugate). Incubate at RT for 30 min. 

13. Repeat steps 6 to 8. 
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14. Add 500 µl of Hoechst in PBS (2.4 µl/ml of 624 µg/ml Hoechst in PBS stock). 

15. Store at 4 °C in the dark until analysis. 

A sample without OPP and a sample without incubation with the primary antibody were used 

as negative controls in the analysis. 

4.3 DNA methods 

4.3.1 Plasmid DNA isolation from E. coli 

Isolation of plasmid DNA from E. coli was done using either the QIAprep Spin Miniprep Kit 

(QIAGEN) or the GeneJET Plasmid Midiprep Kit (ThermoFisher) depending on the required 

yield. LB medium with an appropriate antibiotic for selection was inoculated from a single 

colony. 5 ml of an overnight culture were used for the miniprep and 50 ml for the midiprep. 

The kits were used according to the manufacturers’ instructions. 

4.3.2 DNA quantification 

DNA sample concentration 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. 

4.3.3 Polymerase chain reaction (PCR) 

PCR (Polymerase Chain Reaction) is a technology first described by Kjell Kleppe (Kleppe et 

al., 1971), automated by Kary Mullis (Mullis et al., 1987) and used for a rapid amplification 

of a specific segment of DNA. The method is extremely sensitive and requires only a trace 

amount of DNA from the relevant tissues or organism. The reaction procedure itself includes 

20-35 cycles of repeated heating and cooling for DNA denaturation, primer annealing, and 

fragment elongation. After each cycle, newly synthesized DNA fragments serve as templates 

themselves which results in an exponential amplification of the target sequence.  
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General PCR 

Fragment amplification in this study was done using Phusion® High-Fidelity DNA 

polymerase (NEB). This thermostable, fast, and highly accurate enzyme possesses 5´→ 3´ 

polymerase activity, 3´→ 5´ exonuclease activity and will generate blunt-ended products. 

50 µl PCR reactions consisting of 10 µl 5× Phusion HF Buffer, 200 µM dNTPs, 0.5 µM of 

each primer, 5-10 ng plasmid DNA, 1.0 unit Phusion DNA Polymerase, nuclease-free water, 

and, in some cases, additional 1 µM MgCl2, were assembled on ice and run on the following 

program: 

Table 4.2 Phusion PCR program 

Step Temperature Time Cycles 

Initial denaturation 98 °C 30 s   

Denaturation 98 °C 10 s  

Annealing 50 °C 20 s 35 

Elongation 72 °C 40 s  

Final elongation 72 °C 10 s  

Escherichia coli colony PCR 

E. coli colony PCR was used to quickly screen colonies for plasmid inserts. This method does 

not require prior DNA extraction since the cells break at high temperature during the initial 

denaturation step of the PCR program. 

Before assembling the reaction, cell suspensions of the colonies were made by touching a 

yellow pipette tip to the colony and washing the cells of in 50 µl of nuclease-free water. 

20 µl PCR reactions consisting of 10 µl 2× DreamTaq PCR Master Mix, 0.5 µM of each 

primer, 3 µl of cell suspension, and 5 µl of nuclease-free water were assembled on ice and run 

on the following program:  
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Table 4.3 DreamTaq PCR program 

Step Temperature Time Cycles 

Initial denaturation 98 °C 3 min   

Denaturation 98 °C 30 s  

Annealing 50 °C 30 s 30 

Elongation 72 °C 1 min  

Final elongation 72 °C 15 min  

4.3.4 QIAxcel 

QIAxcel One Step Electrophoresis System (QIAGEN) was used in this study to check PCR 

products. The manufacturer’s instructions were followed when using the machine. 

4.3.5 Agarose gel electrophoresis 

Gel electrophoresis is a standard lab procedure used to separate DNA fragments by size for 

visualisation, quantification, and purification. The method employs an electric field which 

forces negatively charged nucleic acid molecules to migrate through the agarose gel matrix 

towards the positive electrode. The shorter molecules move faster through the gel pores than 

the longer ones, which allows separation of DNA fragments ranging from 100 bp to 25 kb. 

The pore size and, consequently, resolution depends on the concentration of agarose in the 

gel. 

In this study, a Bio-Rad Mini-Sub Cell GT system with 1 % agarose gels was used. When 

extracting DNA, unstained gels were exposed to blue light using a Safe Imager™ 2.0 Blue 

Light Transilluminator (ThermoFisher) to locate and cut out the fragment of interest. 

Otherwise, gels were stained with GelRed nucleic acid gel stain (Biotium) for visualisation 

using 365 nm UV light (Syngene ChemiGenius Bio Imaging System) with EtBr filter. 

1. Prepare a gel of 1 % agarose in TAE buffer and cast it in the gel chamber. 

2. Assemble the system and fill the electrophoresis chamber with TAE. 

3. Load a molecular weight standard and the samples mixed with 6× DNA loading 

buffer on the gel. 
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4. Run at 90 V until the dye line is ~80 % down the gel. 

5. Stain the gel with GelRed (1:10000 in H2O) for approximately 1 h before visualising 

under UV or using it for DNA extraction. 

4.3.6 Restriction digestion 

A restriction enzyme digestion is a procedure used to fragment DNA for analysis or other 

processing. Restriction endonucleases are naturally occurring enzymes that recognise and cut 

double-stranded DNA at specific sequences. The fragments resulting from a restriction 

reaction can be predicted using known restriction enzymes. 

In the current experiments restriction reactions were used to verify the identity of plasmids 

and to linearise a vector for a construct assembly. Several different enzymes, listed in Table 

3.4, were used in a reaction mixture containing DNA substrate (50-1000 ng), one or more 

restriction enzymes (5-20 U total), 1× appropriate reaction buffer, BSA (100 μg/ml) when 

required and MQ-H2O up to a total volume of either 10 or 20 µl depending on the purpose. 

Reactions were incubated for 2 hours (30 minutes when using CutSmart buffer) at 36 °C. 

Reaction products were run on agarose gel for analysis or purification. 

4.3.7 DNA purification 

DNA extraction from agarose gels and purification from PCR reactions was done using 

GeneJET Gel Extraction and DNA Cleanup Micro Kit (ThermoFisher). The manufacturer’s 

instructions were followed. 

4.3.8 Gibson assembly 

Gibson assembly is a molecular cloning method (Gibson et al., 2009) which allows 

assembling multiple DNA fragments of various lengths in a single-tube reaction. For a 

successful combining reaction, the fragments must contain 20-40 base-pair overlap with 

adjacent fragments. The assembly reaction consists of three steps that are performed in the 

same reaction mix (Figure 4.1). First, the exonuclease creates single-stranded 3’ overhangs 

that facilitate annealing of complementary overhangs between adjacent fragments. Then, the 



37 

 

polymerase fills in remaining gaps. Finally, ligase seals nicks in the assembled double-

stranded DNA molecule. 

 

Figure 4.1 Overview of Gibson assembly method. Figure from Gibson Assembly® Master Mix 

(NEB) manual. 

Gibson assembly was done using the Gibson Assembly Master Mix (NEB) following the 

manufacturer’s instructions with one exception: total reaction volume was reduced to 10 μl. 

Several different ratios in the range recommended by the manufacturer were tested. Assembly 

products were transformed into the competent E. coli cells provided in the Gibson Assembly 

Cloning Kit (NEB). 

4.4 Protein methods 

4.4.1 Protein extraction 

Samples for total protein isolation were collected as follows: 

1. Spin down 1-2×10
8
 cells at 3 000 g for 3 minutes. 

2. Resuspend in 1 ml cold STOP buffer, transfer into 2 ml screw-cap tubes, and spin 

down at 13 000 g for 2 minutes. 
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3. Remove the supernatant and snap-freeze the pellet in liquid nitrogen. 

4. Store samples at -80 °C. 

A low salt HB buffer was used to obtain total protein extract samples applicable for 

isoelectric focusing by the following procedure: 

1. Add 200 µl cold HB buffer and 1 ml acid washed glass beads to the cells. 

2. Ribolyse the samples for 4×40 sec at 4.0 speed. 

3. Check cell breakage under a light microscope (Zeiss, Germany). 

4. Add 200-300 µl more HB buffer. 

5. Make a hole in the lid of the sample tube and place it hole down on top of an open 

1.5 ml screw-cap tube inside of a 15 ml Falcon tube. Spin at 2 100 rpm for 2 minutes 

at 4 °C. Keep the 1.5 ml tube. 

6. Spin at 14 000 rpm for 15 minutes at 4 °C. Transfer the supernatant to a new 

Eppendorf tube. 

7. Store at -20 °C. 

4.4.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is a method for 

separating proteins according to their molecular weight. Migration in an electric field, 

however, depends on net charge of proteins which varies depending on their sequence and the 

pH. To overcome this problem, protein samples are treated with SDS. This anionic detergent 

binds proteins in proportion to their relative molecular mass, thus covering them with 

negative charge and destroying secondary and non-disulphide-linked tertiary structures. 

Dithiothreitol (DTT) is added to the samples to disrupt disulphide bonds. Linearized, 

negatively charged proteins can then be separated on a polyacrylamide gel which restrains 

larger molecules from migrating as fast as the smaller ones. 
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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 % polyacrylamide. 

Protein samples were prepared by mixing the total protein extract 1:1 with 2× protein sample 

buffer and boiling at 95 °C for 5 minutes. 

The electrophoresis was run as follows: 

1. Assemble the gel chamber. Fill the inner chamber with running buffer and check if 

there is any leakage. 

2. Remove comb 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 running buffer. 

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

4.4.3 Isoelectric focusing (IEF) 

Isoelectric focusing is an electrophoretic technique for separating proteins by differences in 

their isoelectric point (pI). Isoelectric point is a pH value at which a molecule becomes a 

zwitterion (has no net electrical charge). IEF is a powerful tool in resolving different proteins 

of similar molecular weight and detecting minor changes in a protein caused by post-

translational modifications. 

In this study isoelectric focusing was performed in native, nondenaturing conditions using 

Novex Isoelectric Focusing Electrophoresis System with XCell SureLock Mini-Cell and 

Novex pH 3-7 or pH 3-10 IEF protein gels containing 5 % polyacrylamide. 

Protein samples were prepared by mixing the total protein extract 1:1 with 2× IEF Sample 

Buffer (pH 3-7 or pH 3-10). 

The electrophoresis was run as follows: 
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1. Prepare 1× IEF Anode Buffer and 1× IEF Cathode Buffer (pH 3-7 or pH 3-10) and 

chill to 4-10 °C. 

2. Assemble the cell. Fill the inner chamber with water to check leakage. 

3. Remove water and fill the inner chamber with appropriate IEF Cathode Buffer. 

4. Remove comb from the gel and wash wells with the cathode buffer using a syringe. 

5. Load molecular weight standard and prepared protein samples. 

6. Fill the outer chamber with IEF Anode Buffer. 

7. Run at the following conditions:  100 V constant for 1 hour 

200 V constant for 1 hour 

500 V constant for 30 minutes 

4.4.4 Immunoblotting 

Immunoblotting is a method to identify specific proteins using antibodies. To accomplish this 

task proteins in a sample are first separated using gel electrophoresis, transferred to a porous 

membrane, and finally marked with a specific primary antibody. Primary antibody is then 

detected with a labelled secondary anti-immunoglobulin antibody to enhance and visualize 

the signal. 

Semi-dry protein transfer 

In this study semi-dry transfer was used to transfer proteins separated by SDS-PAGE. 

Proteins were transferred to a 0.45 µm Immobilon-P PVDF membrane (Millipore) using a 

Bio-Rad Trans-Blot SD Semi-Dry Transfer Cell. The following protocol was used: 

1. Place the gel in transfer buffer for 10 minutes. 

2. Wet the membrane in EtOH and wash with ddH2O for at least 10 minutes. 

3. Soak two filter papers in transfer buffer. 

4. Assemble the transfer sandwich in the correct order. Avoid air bubbles. 

5. Transfer at 15 V for 30 min. 
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Wet protein transfer 

Wet protein transfer was used for transferring proteins from isoelectric focusing gels. Proteins 

were transferred to a 0.45 µm Immobilon-P PVDF membrane (Millipore) using a Bio-Rad 

Mini-PROTEAN 3 cell with a Mini Trans-Blot module as follows: 

1. Place the gel in IEF transfer buffer for 10 minutes. 

2. Wet the membrane in EtOH and wash with ddH2O for at least 10 minutes. 

3. Soak two filter papers and fibre pads in IEF transfer buffer. 

4. Assemble the transfer sandwich in the correct order. Avoid air bubbles. 

5. Fill the blotting chamber with cold IEF transfer buffer and put in a stir bar. Run for 

90 minutes at 25 V at 4 °C on a magnetic stirrer. 

Monitoring protein transfer 

The transfer of proteins from the gel to the membrane was evaluated by staining the gel and 

the membrane. The gel was stained with Coomassie Brilliant Blue by overnight incubation 

and washed with ddH2O for at least 30 minutes. 

The membrane was stained with Ponceau S by 1 minute incubation and washed in ddH2O 

until the marker bands were visible. 

Immunodetection 

Immunodetection was carried out as described below. Secondary antibodies used in this study 

were linked to horseradish peroxidase (HRP) which catalyses oxidation of its substrate thus 

creating a chemiluminescent product. 

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

2. Wash 3× 5-10 min in TBS-T. 

3. Incubate with an appropriate concentration of a primary antibody in TBS-T overnight 

at 4 °C with rotation. 
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4. Wash 3× 5-10 min in TBS-T. 

5. Incubate with an appropriate concentration of a secondary antibody in TBS-T for 

1 hour at room temperature. 

6. Wash 3× 5-10 min in TBS-T. 

7. Put a membrane on a glass plate and remove excess liquid with a paper towel. 

8. Mix 800 μl of luminol reagent and 800 μl of peroxide solution to make an HRP 

substrate and add it to the membrane. Incubate for 5 minutes. 

9. Remove the excess solution and expose the membrane using the transilluminator 

(Syngene ChemiGenius Bio Imaging System) with no filter. 

10. Wash the membrane in methanol for 10 minutes, let it dry. Cover with filter paper and 

aluminium foil and store at 4 °C. 

Loading control 

Membranes can be probed again for different proteins, usually for loading control which is 

used as a reference for comparing the total levels of proteins applied to each individual well. 

It is important that the protein used as a loading control has a constant, high-level expression 

which remains unchanged throughout the experiment, and has a different molecular weight 

than the protein of interest.  
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5 Results 

5.1 Translation and eIF2α phosphorylation in 

synchronised S. pombe cells 

To investigate whether global translation is cell-cycle-regulated and whether it depends on 

eIF2α phosphorylation, we analysed the translation levels, cell-cycle progression, and eIF2α 

phosphorylation status in synchronised cell cultures. 

5.1.1 Block-and-release experiments 

In these experiments, temperature-sensitive mutant strains were synchronised in various cell-

cycle phases (4.1.4). Samples for analysis of DNA content (4.2.3), translation rate (4.2.2), and 

protein extraction (4.4.1) were taken every 20 min for 160 or 220 minutes after release from 

the block (Figure 5.1). 

 

Figure 5.1 Schematic overview of block-and-release experiments. 

To determine changes in translation efficiency, we measured the rate of HPG incorporation by 

flow cytometry. The labelled samples were analysed by FCB (4.2.1), which helps to reveal 

small differences in signal intensity. Each set of barcoded samples included HPG-labelled 

exponentially growing cells (sample was collected from the same culture before temperature 

arrest, Figure 5.1) for normalisation. The value of 1 on the y-axis in the translation-profile 

graph of each synchronised culture represents the translation rate of exponentially growing 

cells of that same culture. The cell-cycle progression was determined from analyses of DNA 

content by flow cytometry. Single-cell populations were used for analyses since cell doublets 

that often occur after cell fixation may give false positive results. The single-cell populations 

were obtained after eliminating doublets by appropriate gating. Bar graphs represent the 
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percentages of the single-cell population in the different cell-cycle phases at a given time 

point. Phosphorylation of eIF2α was assessed by immunoblot analysis using a phospho-

specific antibody; α-tubulin was used as a loading control. Protein levels were quantified 

using ImageJ processing programme and relative protein levels were calculated by 

normalising to α-tubulin. 

Analysis of translation efficiency after release from G1 (cdc10) arrest 

For synchronisation in the G1 phase, a temperature-sensitive cdc10 mutant strain was used. 

Cdc10 is a transcription factor which, when inactivated, blocks cell-cycle progression before 

committing to DNA replication (1.3). The cdc10-M17 mutant was arrested for 4 h at 36 °C 

and then returned to 25 °C for release into the cell cycle. 

Figure 5.2 shows the progression through the cell cycle of the cdc10 cells. Over 90 % of the 

single-cell population was in G1 at the time of release from the temperature arrest. Cells went 

through S phase between 60 and 100 min and entered mitosis at 140-160 min. DNA-content 

analysis and data from other repeats are shown in Appendix I. 

 

Figure 5.2 Cell-cycle progression of the cdc10 strain synchronised in G1. Data from one experiment. 

The translation rate of the cdc10 cells synchronised in G1 is shown in Figure 5.3. Arrested 

cells have a slightly lower translation rate than cells before synchronisation. The rate 
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increased during the first 140 minutes after release, and decreased between 140 and 160 min. 

There is a slight peak at 80 min, which correlates with S phase. This pattern indicates that 

translation increases through the cell cycle from G1 to G2 and the drop correlates with the 

start of mitosis. 

 

Figure 5.3 Translation rates of the cdc10 cells synchronised in G1 phase. Error bars represent standard 

error of three independent biological replicates. Flow cytometry data analysis is shown in Appendix I. 

For the first 20 minutes after release from the arrest we observed an increase in the amount of 

phosphorylated eIF2α (Figure 5.4) as compared to later time points. This increase indicates a 

cell-cycle-dependent eIF2α phosphorylation in G1 and it correlates with the low translation 

rate. An alternative explanation could be that exposure to the restrictive temperature invokes a 

stress response in the cells which recedes once the culture is returned to the permissive 

temperature.  
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A 

 

B 

 

Figure 5.4 eIF2α phosphorylation of the cdc10 strain synchronised in G1. (A) Immunoblot. (B) 

Quantification of protein levels normalised to α-tubulin. Error bars represent standard error of three 

independent biological replicates. 

Interestingly, we do not see the previously described elevated eIF2α-P levels at the G2/M 

boundary (Datta et al., 1999, Tinton et al., 2005). Quantification of the immunoblot analyses 

in Figure 5.4A, as shown in Figure 5.4B shows that there is no increase in eIF2α 

phosphorylation at or around 140 min, when cells entered mitosis. 

Analysis of translation efficiency in the absence of eIF2α phosphorylation after release 

from G1 (cdc10 eIF2α-S52A) arrest 

In the next block-and-release experiment we wanted to assess the contribution of eIF2α-P to 

the regulation of global translation. To this end, a mutant eIF2α-S52A strain which expresses 

a non-phosphorylatable version of eIF2α was used.  

The mutant was synchronised at the same point in G1 using the cdc10-ts mutation. Following 

the growth of cdc10 eIF2α-S52A cells in EMM revealed a generation time of five hours, so 

the temperature arrest at 36 °C was extended to 5 hours. In one of the three biological repeats 

of the experiment samples were collected for 220 min instead of 160 min. 
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Figure 5.5 shows the cell-cycle progression of the cdc10 eIF2α-S52A mutant after the 

temperature shift-down. Around 90 % of cells in the single-cell population arrested in G1. 

Consistently with the kinetics of cell-cycle progression in the cdc10 eIF2α
+ 

strain, the largest 

S-phase population appeared at 80 min after the arrest and cells went through mitosis at 

160 min. The additional hour of sample collection showed that by 180 min the majority of the 

population entered G1 and began a new cell cycle. DNA-content analysis and data from other 

repeats are shown in Appendix II. 

 

Figure 5.5 Cell-cycle progression of the non-phosphorylatable eIF2α mutant strain synchronised in 

G1. Data from one experiment. 

Surprisingly, the translation profile (Figure 5.6) of the cdc10-ts eIF2α-S52A mutant indicated 

a significantly lower translation rate after release than in the strain carrying wild-type eIF2α. 

However, the overall pattern through the cell cycle was very similar to that observed in cdc10 

eIF2α
+
. There was a gradual increase of translation rates during the first 140 minutes, but here 

we did not observe a peak at the 80 min time point. This suggests that if the observed increase 

in translation is indeed associated with S phase, it might be dependent on eIF2α 

phosphorylation. The slight drop that was seen at 160 min correlates with mitosis and is 

consistent with the profile of the strain containing the wild-type eIF2α. Analysis of translation 

levels at the additional time points (Figure 5.6, square markers) revealed that after the drop, 

the curve reached a plateau at a rate similar to that of exponentially growing cells. It is 

difficult to say if the following increase is consistent with the beginning of S phase, since 

synchrony is significantly poorer by the time the cells start the next cell cycle. 

0 %

10 %

20 %

30 %

40 %

50 %

60 %

70 %

80 %

90 %

100 %

0 20 40 60 80 100 120 140 160 180 200 220

P
e
rc

e
n

t 
c
e
ll
s
 

Time after release, min 

S phase

M-G1

G2

G1



48 

 

 

Figure 5.6 Translation profile of the non-phosphorylatable eIF2α mutant strain synchronised in G1. 

Error bars represent standard error of three independent biological replicates. The dada points marked 

by squares indicate an additional hour of sample collection, which was done in one of the three 

independent experiments. Flow cytometry data analysis is shown in Appendix II. 

The immunoblot in Figure 5.7 confirmed that eIF2α cannot be phosphorylated in this mutant. 

 

Figure 5.7 Immunoblot showing eIF2α phosphorylation of the non-phosphorylatable eIF2α mutant 

strain synchronised in G1. 

To conclude, the drop in global translation rate correlating with mitosis, which we observed in 

cells synchronised in G1, occurred independently of eIF2α phosphorylation. Moreover, the 

non-phosphorylatable eIF2α mutant displayed a significant reduction of translation efficiency 

in the arrested cells. This might indicate that the inability to phosphorylate eIF2α makes cells 

more sensitive to temperature shifts. Also, it is clear that the global translation in this case is 

inhibited by an eIF2α-independent mechanism.  
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Analysis of translation efficiency after release from late G2 (cdc25) arrest 

The temperature-sensitive cdc25-22 mutant was used to arrest the cells at the G2/M transition. 

Cdc25 is a protein phosphatase which regulates the entry to mitosis (1.2.1). The strain was 

arrested for 4 hours at 36 °C before returning to the permissive temperature of 25 °C. 

The cell-cycle progression of the synchronised strain is shown in Figure 5.8. Over 90 % of the 

cells arrested in G2 during the incubation at the restrictive temperature. DNA-content analysis 

by flow cytometry suggests that cells went through mitosis at 40 min after release and 

progressed through S phase at 80-100 minutes. Further time points are not included in the 

analysis of cell-cycle progression because starting at around 100 min cell-size variation in the 

sample became too large to precisely gate the single-cell population. DNA-content analysis 

and data from another repeat are shown in Appendix III. 

 

Figure 5.8 Cell-cycle progression of the cdc25-22 strain synchronised at G2/M. Data from one 

experiment. 

Figure 5.9 shows translation profiles from two independent repeats of G2 block-and-release 

experiments. The curve with diamond-shaped markers shows a significant increase in 

translation rate correlating with S phase but it is not that clear on the curve with square-

shaped markers. Further repeats need to be done to get a more accurate analysis of the 

translation profile. It is important to note that neither of the curves indicates a decrease in 

translation at the time of mitosis. 
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Figure 5.9 Translation profile of the cdc25-22 strain synchronised at G2/M. The two curves are from 

two independent repeats. Flow cytometry data analysis is shown in Appendix III. 

There was an elevated amount of phosphorylated eIF2α for about 20 minutes after the release 

from temperature arrest (Figure 5.10), when most cells are in G2 (Figure 5.8). Interestingly, 

this is reminiscent of results from G1 block-and-release experiments where increased eIF2α 

phosphorylation was also observed at the first two time points, although those cells were 

arrested in G1 (Figure 5.2). The similar pattern of fluctuations of eIF2α-P level in the cells 

synchronised at different phases of the cell cycle suggests that the observed increase at early 

time points is not cell-cycle-dependent and supports the hypothesis that the observed changes 

in eIF2α phosphorylation are due to a stress response to the synchronisation method.  
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A 

 

B 

 

Figure 5.10 eIF2α phosphorylation of the cdc25-22 strain synchronised in G2. Data from one 

experiment. (A) Immunoblot. (B) Quantification of protein levels normalised to α-tubulin. 

Analysis of translation efficiency after release from metaphase (nda3) arrest 

A cold-sensitive nda3-KM311 mutant, deficient in β-tubulin, was used to arrest the cells in 

early mitosis. A shift to restrictive temperature causes this mutant to arrest in metaphase with 

condensed chromosomes but no mitotic spindle (Hiraoka et al., 1984). A synchronous culture 

was obtained by 4 h incubation at 20 °C and release to the permissive temperature of 30 °C. 

Since cells in G2 and cells in metaphase cannot be distinguished by flow-cytometry, the best 

measure of synchrony for this block-and-release experiment is the accumulation of S-phase 

cells at 80 minutes (Figure 5.11). This accumulation indicates that the incubation at a 

restrictive temperature resulted in an enrichment of mitotic cell population. DNA-content 

analysis and data from another repeat are shown in Appendix IV. 
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Figure 5.11 Cell-cycle progression of the nda3 strain synchronised in metaphase. Data from one 

experiment. 

Translation profiles in Figure 5.12 show that the rate of translation was low in the arrested 

cells and at early time points after release, and then gradually increased. Such a pattern is 

consistent with a lower translation rate in mitosis. However, no decrease was observed at the 

last time points, when the cells started entering the next mitosis. A plausible explanation for 

this might be poor synchrony. On the other hand, since the curve representing translation rate 

appears to gradually flatten out at 1, i.e. reach the translation rate of exponentially growing 

cells, it is possible that the initial low translation rate and the gradual increase are caused by 

the temperature shift and recovery, respectively. 

The significant drop in translation at 100 min was only seen in one of the two repeats, thus 

further repeats are needed to ascertain whether this is a true event. It is noteworthy that the 

100 min drop correlates with early G2, and none of the other experiments indicate a lower 

translation rate at this cell-cycle phase. Therefore it is most likely that the apparent drop in 

translation rate is in fact an artefact in this particular experiment. 
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Figure 5.12 Translation profile of the nda3 strain synchronised in metaphase. The two curves are from 

two independent repeats. Flow cytometry data analysis is shown in Appendix IV. 

Immunoblot analysis shown in Figure 5.13 shows that phosphorylation of eIF2α was high 

after the temperature arrest, then somewhat decreased later on. 

A 

 

B 

 

Figure 5.13 eIF2α phosphorylation of the nda3 strain synchronised in metaphase. Data from one 

experiment. (A) Immunoblot. (B) Quantification of protein levels normalised to α-tubulin.  
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Analysis of translation efficiency in wild-type (L972) cells after incubation at high 

temperature 

The above block-and-release experiments revealed very similar translation patterns regardless 

of when in the cell cycle the arrest was; translation was low immediately after the temperature 

shift, then it gradually increased. This observation suggests that the detected changes in 

translation rates are in fact due to the temperature shifts and not associated with cell-cycle 

progression. To test this hypothesis, we incubated a wild-type strain L972 at 36 °C for four 

hours, followed by shift down to 25 °C. Sample collection was carried out in the same way as 

illustrated in Figure 5.1. 

Unexpectedly, DNA-content analysis of the wild-type strain (Table 5.14) demonstrated 

enrichment in G1-M population at 80-100 minutes and S-phase population at 120-160 min 

after release. This indicates a cell-cycle delay in G2 during the incubation at a high 

temperature. DNA-content analysis and data from another repeat are shown in Appendix V. 

 

Figure 5.14 Cell-cycle progression of the wild-type strain after 4 h incubation at 36 °C. Data from one 

experiment. 

Translation profiles of the wild-type strain can be seen in Figure 5.15. After the incubation at 

36 °C cells synthesised proteins at a similar rate as before the temperature shift for a while. 

However, translation rate started increasing at around 60 min. The drop at 100 min (curve 

with square-shaped markers) was only observed in one of the two experiments therefore 

further repeats need to be done for confirmation. Curiously, both curves show a decrease in 
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translation rate at the last two time points. It is unlikely that the enrichment of cell-cycle-

phase populations at certain time points alone would be the reason behind the observed 

variations in translation rate. The increase in translation efficiency at 60 min time point might 

be explained by recovery from the temperature shift. However, there is no obvious 

explanation for the decrease at the last time point. 

 

Figure 5.15 Translation profile of the wild-type strain after 4 h incubation at 36 °C. The two curves 

are from two independent repeats. Flow cytometry data analysis is shown in Appendix V. 

Figure 5.16 demonstrates that four-hour incubation at 36 °C resulted in increased eIF2α 

phosphorylation in the wild-type cells at the first two time-points after return to permissive 

temperature. This is consistent with results from block-and-release synchronisation 

experiments and confirms that the incubation at a restrictive temperature itself involves some 

kind of stress and invokes a stress response in the cells.  
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Figure 5.16 eIF2α phosphorylation of the wild-type strain after 4 h incubation at 36 °C. Data from 

one experiment. (A) Immunoblot. (B) Quantification of protein levels normalised to α-tubulin. 

5.1.2 Analysis of translation efficiency in wild-type (L972) cells after 

elutriation 

Block-and-release method, while giving a rather good synchrony (up to over 90 %), also gave 

a clear indication that the temperature-shift is a stressful event. It appears that the response to 

this stress involves translational regulation so in the next step, we decided to synchronise cells 

by centrifugal elutriation (4.1.4). Even though this method gives poorer synchrony (around 

40 %), it is known to be less stressful to the cells. Sample collection and processing after 

elutriation were done in the same manner as after block-and-release experiments. The first 

time point here is at 20 min because it takes around 10 min to collect and check under the 

microscope the eluted cells and another 10 min to label the first sample with HPG. 

Figure 5.17 shows the cell-cycle progression of the wild-type strain L972 after elutriation. 

The G2 population (red) includes a subpopulation of late S phase cells that have divided 

before completing DNA replication. This is better illustrated by DNA-content analysis in 

Appendix VI. At 120 minutes after elutriation, a second population appears in the G2 gate. 

These cells are impossible to gate separately since they have one nucleus and a very similar 

DNA content to G2 cells. The bar graph shows that the mitotic population appeared at around 
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100 minutes after elutriation and it kept increasing at the following time points. By 120 

minutes cells started entering S phase and the number of S phase cells kept increasing as well. 

Data from another repeat is shown in Appendix VI 

 

Figure 5.17 Cell-cycle progression of the wild-type strain synchronised in G2 by elutriation. Data 

from one experiment. 

The profile of global translation rates (Figure 5.18) shows an almost flat curve for at least 

100 minutes after elutriation. A slight drop in translation rate was observed at around 120-

140 min. It is possible that this drop was created by technical issues of the experiment and 

more repeats are needed to clarify this. Another explanation for the decrease in translation rate 

might be the accumulation of mitotic cells, since the timing of the apparent drop coincides 

with the appearance of the first mitotic cells. However, the rate of translation started 

increasing quite rapidly after the drop even though the population of cells in mitosis-G1 kept 

increasing. To compensate for a low translation rate of mitotic cells, S phase cells would have 

to display a very large boost in translation efficiency to explain this increase in global 

translation rates. However, the previous experiments only indicated a slight increase 

correlating with S phase at most. This observation suggests that a possibility of 

downregulation of translation in mitotic cells being concealed by high translation efficiency 

of S phase cells is unlikely. Thus, we conclude that the rate of global translation does not 

change significantly through the cell cycle in cells synchronised by elutriation. 
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Figure 5.18 Translation profile of the wild-type strain synchronised in G2 by elutriation. The two 

curves are from two independent repeats. Flow cytometry data analysis is shown in Appendix IV. 

An immunoblot in Figure 5.19 showed a relatively low eIF2α phosphorylation up to the last 

time point. It is clear that the elevated eIF2α-P level at 180 minutes does not correlate with a 

decrease in global translation. Most importantly, the low eIF2α phosphorylation levels at the 

early time points confirmed that elutriation is a less perturbing synchronisation method than 

the temperature arrest. The constitutively low levels of eIF2α phosphorylation also indicate 

that the variations in global translation rates observed in this experiment are unlikely to be 

caused by a stress response.  
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Figure 5.19 eIF2α phosphorylation of the wild-type strain synchronised in G2 by elutriation. Data 

from one experiment. (A) Immunoblot. (B) Quantification of protein levels normalised to α-tubulin. 

5.1.3 Quantification of eIF2α phosphorylation 

In our initial attempt to investigate the correlation between global translation and 

phosphorylation of eIF2α, we set out to measure the impact of eIF2α phosphorylation on 

global translation. To that end, we wanted to quantify how much of the total eIF2α is 

phosphorylated using isoelectric focusing gels. These gels were expected to resolve 

phosphorylated and non-phosphorylated forms, allowing more accurate quantification than 

comparing to loading controls. 

Total protein isolation was carried out as described in section 4.4.1. For extraction we have 

chosen a low-salt HB buffer that was previously successfully used for 2D electrophoresis by 

our group. A low-salt buffer is needed for isoelectric focusing because the pH gradient of the 

IEF gel is sensitive to high salt concentrations. The gels were run as recommended by the 

manufacturer and described in section 4.4.3. For immunoblotting we have used the wet 

protein transfer technique. We have optimised transfer conditions evaluating protein transfer 

by staining the gel with Coomassie Blue, and the membrane with Ponceau S (4.4.4). 

Unfortunately, we were not able to get reliable results when analysing control samples. A 

likely explanation for that is the unspecific binding of the total eIF2α antibody, used in 

immunodetection (Table 3.5). Figure 5.20 shows an immunoblot of SDS-PAGE of protein 
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extracts probed with the same antibody we attempted to use in IEF analysis. There are a lot of 

additional bands on the blot, which might explain why we were having trouble interpreting 

IEF results. 

 

Figure 5.20 Immunoblot of SDS-PAGE of whole-cell extracts of various S. pombe strains probed with 

an antibody specific for total eIF2α (34.43 kDa). The black arrow shows the strongest band closest to 

35 kDa marker band. 

Since there are no commercially available anti-yeast-eIF2α antibodies and checking 

antibodies with reactivity in different species is an expensive and time-consuming process, we 

decided to change the strategy for the measurement of eIF2α phosphorylation. 

Our new approach involves a live-cell fluorescence reporter, which can be used to measure 

eIF2α phosphorylation by flow cytometry in HPG-labelled cells. This would allow a direct 

comparison between phosphorylation of eIF2α and the rate of global translation. The reporter 

consists of a fluorescent protein, mCherry, fused to the 5’ UTR of the mammalian 

transcription factor ATF4. ATF4 translation is selectively enhanced by eIF2α phosphorylation 

in a manner dependent on the 5’ UTR (1.4), thus increase in mCherry signal would directly 

reflect the increase in the amount of phosphorylated eIF2α. This strategy is based on the 

knowledge that fission yeast has a transcription factor with a similar UTR structure. The ORF 

of this transcription factor is completely different but it contains a related DNA-binding 

domain to that of ATF4 and thus also belongs to the bZIP (basic leucine zipper domain) 

family of transcription factors (Juan Mata, personal communication). The conservation of this 
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mechanism of translational regulation suggests that the expression of the ORF fused to the 

5’ UTR of ATF4 can be induced by eIF2α phosphorylation in fission yeast cells too. 

The expression of the ATF4-mCherry fused product would be driven by the inducible nmt1 

promoter (Figure 5.21) and we planned to integrate this construct into the S. pombe genome to 

make sure that our readings were not influenced by the vector copy number. 

 

Figure 5.21 Map of a fluorescence-based eIF2α phosphorylation reporter in an integrative vector. 

The strategy for the vector assembly included several steps (Figure 5.22). First, nmt1 

promoter and ATF4-mCherry fragments containing overlaps with appropriate 

complementarity had to be obtained. The overlaps are necessary to ensure correct assembly. 

Second, a vector of choice had to be linearised and purified. Finally, the assembled plasmid 

had to be linearised and integrated into the fission yeast genome. 
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Figure 5.22 Strategy for vector assembly. 

The nmt1 and ATF4-mCherry fragments were amplified by PCR (4.3.3).A plasmid from the 

laboratory collection was used as a template for nmt1 fragment. The ATF4-mCherry fragment 

was obtained from a plasmid constructed by Dr. Qian Wei in our group. Overlapping primers 

used for amplification are listed in Table 3.2. The expected fragment size for nmt1, as well as 

for ATF4-mCherry was 1.2 kb. Figure 5.23 shows PCR products of nmt1 and ATF4-mCherry 

amplification reactions in lane 1 and 2 respectively. DNA from PCR reactions was purified as 

described in 4.3.7. 
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Figure 5.23 Analysis of PCR products. (1) Template: plasmid containing nmt1 promoter; primers: 

ATF4-nmt.REV and pJK148-nmt.FOR. (2) Template: plasmid containing ATF4 fused to mCherry; 

primers: pJK148-ATF4.REV and nmt-ATF4.FOR. (3) Template: colony of E. coli transformed with 

Gibson Assembly reaction product; primers: in-ATF4.fwd and in-pJK148.rev. 

The 5343 bp vector used for the reporter assembly is shown in Figure 3.2. A restriction 

reaction with XmaI enzyme was used to linearise the vector as described in section 4.3.6. The 

reaction product was checked by agarose gel electrophoresis (4.3.5). Figure 5.24 shows 

comparison between the uncut and the linearised vector. The desired fragment was extracted 

from the gel as specified in section 4.3.7. 
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Figure 5.24 Analysis of restriction digestion: uncut vector (pJK148) and linearised vector (pJK148 + 

XmaI). 

The purified nmt1 and ATF4-mCherry fragments and the linearised vector were then 

combined in the Gibson assembly reaction as described in section 4.3.8. The reaction product 

was then transformed into E. coli cells to look for positive colonies with successfully 

assembled product. E. coli transformation and handling are described in sections 4.1.6 and 

4.1.5 respectively. Positive colonies were checked by colony PCR (4.3.3) using the primers 

listed in Table 3.2. The expected PCR fragments were 462 bp for the ATF4-mCherry insert 

and 944 bp for the nmt1 insert. Lane 3 in Figure 5.23 shows one of the checked colonies 

containing the vector with the ATF4-mCherry insert. However, we were not able to find the 

expected nmt1 fragment in any of the colony PCRs. The primers we used gave a product of 

around 1800 bp in colony PCR analyses, as well as in general PCR with a known nmt1 

containing plasmid as a template. Further work is needed to find out whether the problem lies 

with the primers or the nmt1 fragment sequence itself. 

5.2 Translation in exponentially growing U2OS cells 

We expect the basic cellular processes such as regulation of translation to be conserved in 

evolution. However, our findings did not entirely agree with many reports in the literature so 

we wanted to also investigate whether and how translation is regulated in the cell cycle in 

mammalian cells. In this experiment we used unsynchronised OPP-labelled U2OS cells. OPP 
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is a puromycin analogue, which is incorporated into the newly synthesised proteins and after 

processing can be detected by flow cytometry. The experiment has been performed only once 

and thus the results are preliminary.  

Samples for the experiment were collected by Cathrine A. Bøe and processed as described in 

4.2.4, and analysed by flow cytometry. To identify cells in different cell-cycle phases, the 

DNA-binding Hoechst stain and an antibody recognising histone H3 phosphorylated at Ser10 

were used. DNA content analysis allows discrimination of G1, S, and G2 phases. Since 

mitotic cells have the same DNA content as the cells in G2, a mitotic marker – specific 

phosphorylation of histone H3 – is used to separate the two phases. 

Figure 5.25 shows a cytogram of unsynchronised OPP-labelled U2OS cells. Gates indicate 

populations in different cell-cycle phases. These gates were used to determine median OPP 

incorporation in each cell-cycle phase. 

 

Figure 5.25 Cytogram of unsynchronised U2OS cells. Numbers indicate percentage of cells inside the 

gate. 

OPP incorporation, representing the rate of protein synthesis, is shown in Figure 5.26. The 

graph indicates that there are no major differences in global translation rates, although a small 
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increase can be seen from G1 to G2. However, translation is much lower in a subpopulation 

of G1 cells (Figure 5.27). 

 

Figure 5.26 OPP incorporation in different cell-cycle phases of unsynchronised U2OS cells. 

Figure 5.27 shows OPP incorporation in different cell-cycle phases represented as a 2-

parameter dot plot. It is evident that the mitotic population (magenta) overlaps with G2 

population (green) and shows a similar distribution when considering the rate of global 

protein synthesis. The wide distribution of G1 population (red) indicates that there are 

significant differences in translation rates of G1 cells. The population with low translation 

rates might represent G1 cells that have not yet passed the restriction point. Alternatively, 

they might be cells entering the quiescent state and such cells are likely to have a lower 

translation rate than the ones that are starting a new cell cycle and are preparing for DNA 

replication and cell division. It is also possible that some of the cells in this population are in 

early S phase and their translation efficiency is closer to that of S phase population (light 

blue). 
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Figure 5.27 Dot plot of OPP incorporation in different cell-cycle phases of unsynchronised U2OS 

cells. 

5.3 Inducible expression of human PKR in S. pombe 

cells 

To further investigate the role of eIF2α phosphorylation in global translation regulation, we 

decided to test if inducible phosphorylation of eIF2α would in itself downregulate translation. 

To this end, S. pombe cells were transformed (as described in 4.1.3) with a plasmid containing 

a cDNA coding for human PKR, which is one of the four known eIF2α kinases (1.4). This 

strategy was based on a previous finding that expression of PKR in budding yeast cells 

induces eIF2α phosphorylation (Dever et al., 1993). The maps of the PKR-containing plasmid 

and the empty vector used in transformation can be seen in section 3.2.2. PKR expression was 

under the control of the nmt1 (no message in thiamine) promoter, which is induced when 

thiamine is removed from the medium (Maundrell, 1990). 

5.3.1 Long term effects on survival 

In the first experiment we wanted to see the effect of induced eIF2α phosphorylation on 

survival. To that end, we transformed the vector containing human PKR into a wild-type 

strain and into a non-phosphorylatable eIF2α mutant strain. Transformants were then replica-
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plated onto agar plates without thiamine to induce PKR expression and consequently eIF2α 

phosphorylation. After three days’ incubation the transformants containing wild-type eIF2α 

did not form colonies, while eIF2α-S52A mutant transformants were able to grow (Table 5.1). 

This indicates that such persistent eIF2α phosphorylation inhibits survival. 

Table 5.1 Survival on agar plates of transformants expressing human PKR. 

 
pREP4-PKR 

Promoter OFF Promoter ON 

ura4-D18 leu1-32 h+ √ − 

eIF2alphaS52A leu1-23 ura4-D18 h- √ √ 

5.3.2 Short term effects on translation 

Seeing that persistent eIF2α phosphorylation can inhibit growth, we investigated global 

translation rates in the first 24 hours after induction of PKR expression. Cells transformed 

with the pREP4-PKR plasmid were grown in medium containing thiamine up to mid-log-

phase. An untransformed wild-type ura-leu- strain was grown in parallel for control. 0 h 

samples were taken right before transferring cells to medium without thiamine. At 15 hours 

after induction and at each following time point cultures were diluted to avoid eIF2α 

phosphorylation due to nutrient deprivation. Samples for DNA-content analysis (4.2.3), 

translation rate analysis (4.2.2), and protein extraction (4.4.1) were taken at the specified time 

points. HPG-labelled samples were analysed by barcoding (4.2.1). Translation rate was 

normalised to the rate of exponentially growing cells (0 h sample). 

Figure 5.28 shows immunoblot analysis of eIF2α phosphorylation. There was some increase 

in the amount of phosphorylated eIF2α in untransformed wild-type cells at 15 h time point. It 

was likely caused by nutrient deprivation since cells were grown overnight. Level of eIF2α-P 

decreased in the wild-type after the cultures were diluted. However, eIF2α phosphorylation 

stayed elevated and further increased after dilution in cells expressing human PKR. 
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Figure 5.28 eIF2α phosphorylation of untransformed wild-type strain and transformant after the 

induction of human PKR expression. 

Translation rates of the untransformed wild-type strain and the strain expressing human PKR 

are shown in Figure 5.29. Curiously, we did not see any significant decrease in global 

translation rate correlating with elevated levels of phosphorylated eIF2α. The transformant 

displayed an almost flat curve with value close to 1 (translation rate before induction of PKR 

expression). Second point is that protein synthesis rate of the transformed strain after the 

induction of the promoter and eIF2α phosphorylation appeared to be similar to that of the 

untransformed wild-type cells. 

 

Figure 5.29 Translation rate of a wild-type strain and transformant after the induction of human PKR 

expression. Flow cytometry data analysis is shown in Appendix VII. 

This experiment demonstrated that the rate of translation is not affected by eIF2α 

phosphorylation at least 24 hours after the induction of human PKR expression. This supports 

our previous observations that eIF2α phosphorylation does not correlate with downregulation 

of global translation.
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6 Discussion 

In the recent years, several studies were published disputing the generally accepted view that 

in mammalian cells global translation is regulated in a cell-cycle-dependent manner and is 

low in mitosis. One event, strongly implicated in the observed downregulation of global 

translation in mitosis, as well as after exposure to many different forms of stress, is 

phosphorylation of eIF2α. In this study, we investigated whether translation is cell-cycle-

regulated in synchronised S. pombe cells, and we also examined the role of eIF2α 

phosphorylation in the regulation of global translation. 

6.1 Regulation of translation 

Translational control not only allows a rapid reversible change in the rate of global 

translation, but is also a way to make small, localised adjustments in protein synthesis. This 

mechanism of regulation of gene expression plays a key role in the cellular stress response. 

Under stressful conditions cells reduce the rate of global translation to conserve resources and 

possibly to prevent the synthesis of certain unwanted proteins that could interfere with the 

stress response pathways (Holcik, Sonenberg, 2005). This global downregulation generates 

the need for mechanisms ensuring that the synthesis of necessary proteins is maintained. The 

stress-induced phosphorylation of eIF2α is not only involved in the inhibition of cap-

dependent protein synthesis, but also selectively enhances translation of transcription factors 

Gcn4p in budding yeast and ATF4 in mammalian cells. The two transcription factors promote 

expression of genes necessary to prevent stress-induced damage (Baird, Wek, 2012). An 

alternative way to promote mRNA specific protein expression under stressful conditions is 

switching to the cap-independent translation. A small subset of cellular mRNAs was found to 

contain IRESs, which allow ribosomes to initiate translation bypassing the cap structure. This 

mechanism allows maintaining translation of specific mRNAs, i.e. coding for apoptosis 

inhibitors (Holcik, 2003), under the conditions of global stress-induced translational 

depression (Sonenberg, Hinnebusch, 2009). 

There are a number of reports on cell-cycle-dependent regulation of translation of specific 

mRNAs. One example is the translational regulation of B-type cyclins, which plays an 

important role in cell-cycle control and development in eukaryotes. In budding yeast, the gene 

of Clb3 cyclin starts being transcribed before meiosis I, but its protein level rapidly increases 
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in meiosis II due to translational activation (Carlile, Amon, 2008). Similarly, Drosophila 

Cyclin B1 is translationally repressed until meiosis II in male germ cells (Baker et al., 2015). 

S. pombe cells have to reduce the levels of B-cyclins Cdc13 and Cig2 upon nitrogen 

starvation to exit the mitotic cell cycle and start conjugation and meiosis. Translational 

inhibition together with proteolysis ensures a rapid removal of the two cyclins (Grallert et al., 

2000). Other cyclins and several additional key cell-cycle players have been found to be 

translationally controlled in various organisms ranging from yeast to humans (Kronja, Orr-

Weaver, 2011). 

A cell-cycle-dependent global translational control, however, is still a matter of debate. The 

first translation measurements in synchronised mammalian cells revealed a drastic reduction 

of the global translation rate in mitosis (Fan, Penman, 1970). Later studies compared different 

synchronisation methods and demonstrated that the severity of the observed translation 

reduction depends on the method used for synchronisation (Coldwell et al., 2013, Shuda et al., 

2015). However, the results of measurements of global translation efficiency in mitosis in 

many recent studies are rarely in agreement (Stumpf et al., 2013, Shuda et al., 2015, 

Tanenbaum et al., 2015, and other references in this paragraph), hence the question whether 

and how global translation is downregulated in mitosis remains unanswered. 

6.2 Experimental challenges 

The reason behind the disagreement regarding global cell-cycle-dependent regulation of 

translation might lie behind certain experimental issues. Studies of cell-cycle-related events 

often involve synchronisation of cell cultures. A widely used method to obtain a synchronous 

M phase population of mammalian cells is incubation with nocodazole and similar 

microtubule-depolymerising agents. However, it is now known that treatment with such drugs 

greatly affects the rate of protein synthesis (Sivan et al., 2011, Coldwell et al., 2013). Also, in 

this study we find that the methods used to synchronise S. pombe cells may also invoke 

cellular stress response and influence global translation rates. 

Another issue is the difficulty of interpretation and comparison of the existing relevant data. 

Different studies use different model systems, synchronise cells by different methods in 

different cell-cycle phases, and use different approaches to measure translation efficiency. 

Regulation of translation is one of the basic cellular processes and it is expected to be 
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conserved in evolution. Most of the research into the regulation of translation is done using 

cell lines from tissue of humans or other mammals. The cultured cell lines have to be 

“immortalised” or they come from a cancerous tissue, which means that they have different, 

often undefined, genetic background. The resulting changes in the intracellular environment 

might affect translation efficiency, which means that the data from experiments with these 

cell lines does not always reflect what happens in normal mammalian cells. This issue is 

illustrated by a recent study where the ratio of mitotic cell to interphase cell translation 

efficiency was found to be different between various cell lines (Shuda et al., 2015). The 

manifestation of a conclusive correlation between global translation efficiency and cell-cycle 

progression is also complicated by the lack of systematic approach. A lot of studies focus on 

the role of one or several factors in regulation of translation under certain conditions. The 

global translation efficiency, especially under normal conditions, is rarely in the centre of 

attention. Additionally, the method used for measuring the efficiency of protein synthesis can 

introduce bias in the obtained results. A common practice for determining the rate of protein 

synthesis is incorporation of labelled amino acids. This method, however, requires prior 

starvation for the tracer amino acid, which represents a stress situation, and response to that 

stress is likely to involve regulation of translation. 

6.3 Regulation of global translation in the eukaryotic 

cell cycle 

In this study we have attempted to overcome the discussed issues by choosing S. pombe as a 

model system for analysis of global translation rate during the cell-cycle progression. This 

well-studied unicellular eukaryote provides a stable and defined genetic background. Unlike 

in any of the previous studies of global translation regulation, we synchronised cells in 

different cell-cycle phases by the same method, temperature shift. This was made possible by 

the availability of a whole range of temperature-sensitive cell-cycle mutants. Furthermore, the 

temperatures we used are not extreme, but close to those in the natural environment of fission 

yeast cells. Thus our synchronisation method was expected to impose less severe stress on the 

cells than drugs used in many of the previous studies. In addition, we have synchronised the 

cells using two different methods, induced synchrony and selection synchrony. For the 

measurement of protein-synthesis efficiency we have adapted a translation assay based on the 

in vivo incorporation of a methionine analogue (HPG). Most importantly, the incorporation of 
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the analogue does not require prior starvation. Moreover, the incorporated analogue was 

detected by flow cytometry, which allowed us to measure the amount of incorporated 

analogue in single cells. Another advantage of this assay is its sensitivity, which allowed us to 

pulse-label the cells with short labelling times. To ensure immediate stop of incorporation of 

the analogue a protein-synthesis inhibitor was used. We have also followed cell-cycle 

progression of the synchronised cells by analysing DNA content by flow cytometry. The 

necessity to take parallel samples for DNA staining presents a weakness of the assay. Even 

though we were measuring translation efficiency in single cells, we could not determine the 

cell-cycle phase those cells were in and rather had to rely on the quality of synchronisation. 

The reason behind this shortcoming is that the dyes that we use for fluorescent cell barcoding 

and DNA staining have partially overlapping emission ranges and thus cannot be used in the 

same sample. One possibility is to look for different DNA dyes and find a combination that 

would result in a good resolution for DNA content, as well as for FCB. Alternatively, HPG-

labelled cells with stained DNA can be sorted using fluorescence-activated cell sorting 

(FACS) technique into separate populations based on their DNA content. HPG incorporation 

can then be measured in each population separately. 

The cell-cycle synchronisation experiments provided some insight into how the efficiency of 

global translation depends on cell-cycle progression and how it is affected by the 

synchronisation. Translation profiles of S. pombe cells synchronised in different cell-cycle 

phases by temperature shift and by elutriation showed significant variations in global 

translation rates through most of the experiments. At first sight this observation indicates cell-

cycle-dependent regulation of global translation.  

In several experiments a small increase of global translation was seen, correlating with S 

phase. The increase was observed in the eIF2α+ strain synchronised in G1, in one of the G2 

synchronisation experiments and after elutriation. However, further repeats of these 

experiments, in particular of those that have only been performed twice, are needed to 

confirm and substantiate this finding. 

Interestingly, the global translation downregulation in mitosis, which is generally referred to 

in the literature (1.5), is not obvious in our data. A decrease in translation rate correlating with 

mitosis was only observed in cells synchronised in G1 in our experiments. It is possible that 

poor synchrony conceals modest cell-cycle-dependent variations in global translation rates. 
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However, 70-90 % synchrony obtained in the block-and-release experiments would be 

sufficient to see the previously described dramatic decrease.  

A curious result was obtained from the control experiment, where the wild-type strain was 

incubated at high temperature for one generation time to check the effect of temperature shifts 

used in block-and-release experiments. The DNA-content analysis by flow cytometry 

revealed that incubation at 36 ºC causes a delay in G2 phase. A comparable phenomenon was 

previously seen in wild-type cells shifted from 25 ºC to 35 ºC. This change caused a 

temporary inhibition of nuclear division and the normal rate was only reached after around 

100 minutes after the shift (Nurse, 1975). Additionally, a similar, but stronger effect was 

observed in wild-type cells incubated at 40 ºC. In that work, cells were grown at 30 ºC and 

synchronised in G2 by size selection (lactose gradient method). Synchronised cells incubated 

at 30 ºC started dividing after around 50 minutes, while the ones incubated at 40 ºC required 

almost 200 minutes to re-enter the cell cycle (Janes et al., 2012). These observations suggest 

that a sudden temperature shift induces cellular stress and once cells adapt to the changed 

temperature they resume optimal growing. 

One way to avoid temperature shifts is by using flow cytometry to identify the cells in each 

cell-cycle phase. So far we were not able stain S. pombe cells for both DNA and HPG, so we 

turned to mammalian cells, which allow this technical advantage. We have employed a 

similar assay based on the incorporation of a puromycin analogue during nascent protein 

synthesis. Puromycin is an antibiotic, which structurally resembles aminoacyl-tRNA and 

causes premature termination of growing polypeptide chains. The analogue of puromycin 

(OPP) used in the assay acts rapidly and does not require prior starvation (Liu et al., 2012). 

The amount of the analogue incorporated was detected by flow cytometry. We used short (15 

min) pulse-labelling to limit any perturbation caused by OPP. The first attempt at this 

experiment revealed the details that can be improved. Our samples had a low number of 

mitotic cells (less than 3 %). The number can be increased by adding only mitotic cells from 

several dishes grown in parallel to the main sample before the labelling. Also, analysis by 

flow cytometry showed a rather strong signal for the incorporated analogue. We expect that 

we can either reduce OPP concentration or shorten the labelling time and still get a good 

resolution. Reducing exposure to OPP would lessen its perturbing effect on cell growth. 

Preliminary results from the experiment with U2OS cells suggest that there are no major 

differences in global translation rates between the cell-cycle phases. The lowest translation 
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rate was displayed by the G1 population. Further analysis revealed a wide distribution of cells 

in G1 population in respect to OPP incorporation. We reason that this population consists of 

several subpopulations, namely G1 cells, cells that have not passed the restriction point, 

perhaps cells that are entering quiescent state, and cells that are in early S phase. 

In order to distinguish between these possibilities staining for appropriate proteins could be 

performed. Our group has developed a method that can distinguish between pre-and post-

restriction point G1 (Håland et al., 2015). The method exploits the fact that the RB protein is 

anchored in the cell before the restriction point. Then, at the restriction point, RB is 

phosphorylated and released from its anchor. By treating the cells with a low-salt buffer and a 

detergent, only the anchored protein is retained. Then the cells are fixed and stained for RB 

using standard immunofluorescence methods and analysed by flow cytometry. Another issue 

with DNA content analysis by flow cytometry is the overlap between G1, S, and G2 

populations. A common method for discriminating cells in S phase is incorporation of 

thymidine analogue EdU during active DNA synthesis (Buck et al., 2008). However, 

detection of incorporated analogue requires “click” reaction, which makes this method 

unavailable for our experiment, since we use “click” chemistry to quantify translation 

efficiency. Another thymidine analogue BrdU after incorporation can be instead detected with 

an antibody, but this procedure requires DNA denaturation (Gratzner, 1982). DNA 

denaturation involves harsh treatments that could reduce reproducibility and interfere with 

multiplex staining. In our experiment we used narrow gating when analysing flow cytometry 

data to reduce the chance of including early- and late-S-phase cells in the G1 and G2 

populations. 

Taken together our data suggest that there are no major changes in global translation through 

the cell cycle in either model system, and most importantly, there is no reduction in mitosis. 

However, we did see changes in translation efficiency even after not particularly harsh 

synchronisation methods. These observations imply that the apparent cell-cycle-dependent 

translation regulation reported in the literature is probably due to synchronisation. 

6.4 Phosphorylation of eIF2α and global translation 

Another approach for better understanding the control of global translation is investigation of 

its regulation mechanisms. The current concepts of regulation of cap-dependent translation 
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are reviewed in Introduction (1.3.2, 1.4, and 1.5). The suggested mechanism behind the 

decrease in translation efficiency, which is believed to happen in mitosis in mammalian cells, 

is regulation of phosphorylation state of eIF4G and the binding proteins of eIF4E (Pyronnet et 

al., 2001). Additionally, increased eIF2α phosphorylation was observed at the boundary of 

G2/M (Datta et al., 1999, Tinton et al., 2005). Since phosphorylation of eIF2α is known to 

play an important role in translational regulation in response to various stresses (1.4), it was 

also implicated in the observed cell-cycle-dependent regulation of translation. As our group 

was already investigating the involvement of eIF2α phosphorylation in stress-induced 

translational inhibition, in this study we decided to focus on the role of eIF2α-P in the 

regulation of global translation under normal conditions. 

In the synchronisation experiments in S. pombe cells we measured eIF2α phosphorylation 

levels and investigated their correlation with global translation rates. In block-and-release 

experiments, in the first time points we observed increased eIF2α phosphorylation, 

independently of the cell-cycle phase of the arrest. eIF2α phosphorylation was reduced at later 

time points after the shift, again regardless of cell-cycle phases. Thus, we conclude that the 

increased eIF2α phosphorylation is most likely a stress response to the restrictive 

temperatures used for cell-cycle synchronisation or to the temperature-shifts involved in the 

process, rather than a cell-cycle dependent event.  

The increase in eIF2α-P appears to correlate with lower translation levels in all temperature-

shift experiments, regardless of the cell-cycle phase the cells are arrested in. However, we 

observed the same pattern of the global translation rate in the non-phosphorylatable eIF2α 

mutant, strongly suggesting that the observed reductions in global translation rates are not 

caused by increased eIF2α phosphorylation. In fact, the rate of global translation after the 

temperature shift is even lower in the non-phosphorylatable eIF2α mutant. Collectively, these 

observations suggest that the reduced global translation rate after the temperature-shift is 

independent of eIF2α phosphorylation. 

To further investigate the role of eIF2α phosphorylation in regulation of global translation we 

examined how phosphorylation of eIF2α induced by expressing human PKR affects S. pombe 

cells. We saw that persistent phosphorylation inhibits growth, which is consistent with 

previous studies in fission yeast (Zhan et al., 2002) and budding yeast (Dever et al., 1993). 

Curiously, our analysis of short-term effect suggests that at least for the first 24 hours after 

induction of expression of the eIF2α kinase translation is not affected by increased levels of 
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eIF2α-P. Further repeats are needed to confirm this observation. It would also be interesting 

to prolong sample collection time and see when the effect of eIF2α phosphorylation appears. 

A control sample of cells transformed with empty vector should be included in future 

experiments to see if the vector itself has any effect on translation rates. 

Results of this study together with other findings by our group support the idea that the role of 

eIF2α phosphorylation in regulation of global translation might have been overestimated. 

Even though phosphorylation of eIF2α does not appear to be cell-cycle-regulated, it still plays 

a role in response to various stressful conditions. However, if our hypothesis that 

downregulation of global translation after the temperature-shift is not due to phosphorylation 

of eIF2α is correct, it is possible that the major role of eIF2α phosphorylation during stress 

response is selective translational regulation. 

6.5 Conclusions 

In this study we have measured rates of global translation and levels of eIF2α phosphorylation 

in S. pombe cells synchronised in G1 (cdc10), G2 (cdc25), metaphase (nda3) by temperature 

arrest and in early G2 by elutriation. Additionally, we have measured translation rates in 

unsynchronised human U2OS cells. Finally, we have expressed human PKR in fission yeast 

cells and analysed the effects of induced eIF2α phosphorylation on growth and translation. 

We conclude that first, apparent cell-cycle-dependent variations in global translation rates 

might be caused by harsh synchronisation methods. Second, global translation regulation does 

not correlate with eIF2α phosphorylation. Third, eIF2α phosphorylation in itself does not 

downregulate global translation. 

6.6 Future studies 

More work has to be carried out to confirm our observations about the effect of 

synchronisation methods on global translation rates and better understand the mechanisms 

behind the downregulation of global translation seen in synchronised cells. Further 

experiments are also needed to elucidate the exact role eIF2α phosphorylation plays in 

translational regulation. 
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Correlation between increased translation efficiency and progression through S phase, that we 

observed in S. pombe cells synchronised by elutriation and several other synchronisation 

experiments, can be further investigated by doing a control experiment for elutriation. It 

would require performing the elutriation procedure on wild-type cells, collecting all eluted 

cells (not only the smallest ones) and mixing them to obtain an asynchronous culture. Such an 

experiment would allow determining if elutriation itself causes variations in global translation 

rates. 

Our hypothesis that the reduced translation rates observed after temperature-shift are 

independent of eIF2α phosphorylation could be further confirmed by performing block-and-

release experiments with strains expressing non-phosphorylatable eIF2α synchronised in G2 

and in metaphase. 

It might be interesting to prolong sample collection in the experiments where we saw a 

dramatic change in translation rates or a light increase in the level of phosphorylated eIF2α at 

the last time points. However, this would only be applicable if the issue of inability to stain 

DNA in HPG-labelled cells is overcome. Otherwise, the data from later time points would not 

be valuable due to reduced synchrony. 

Immunoblot analysis of eIF2α phosphorylation in synchronisation and PKR expression 

experiments could be improved by adding a protein extract from UV-irradiated cells as a 

control. Since phosphorylation of eIF2α after exposure to UV is a well-described stress 

response event in eukaryotic cells (Deng et al., 2002, Tvegård et al., 2007), this control would 

make the perturbing effect of synchronisation, as well as the amount of eIF2α-P in cells 

expressing PKR more comparable. An alternative idea for quantification of eIF2α 

phosphorylation using isoelectric focusing technique (discussed in 5.1.3) could be phosphate-

binding tag (Phos-tag) technology. The Phos-tag binds a phosphoprotein isoform and causes it 

to migrate slower during SDS-PAGE, which is used to separate phosphorylated from a 

corresponding non-phosphorylated protein forms (Kinoshita et al., 2006). However, the issue 

with low antibody specificity that we encountered during IEF optimisation might also cause 

problems with protein detection using Phos-tag technique. 

Another direction we have only begun to explore is experiments with mammalian cells. The 

ability to measure translation rates of each cell-cycle phase in unsynchronised cells provides a 

direct approach to compare translation rates in different cancerous and non-cancerous cell 
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lines. It would also be interesting to synchronise cells in different cell-cycle phases by various 

commonly used synchronisation methods and analyse how much they influence global 

translation efficiency. 

Mammalian cells also provide the advantage of the most direct approach to investigate the 

correlation between eIF2α phosphorylation and translation rates. A phospho-specific antibody 

can be used to detect eIF2α-P and the amount can be quantified by flow cytometry in the 

same OPP-labelled cells, however this requires overcoming the issue of non-specific staining. 

Translation measurements should also be done in mammalian cells expressing a non-

phosphorylatable version of eIF2α to confirm the effect on global translation caused by the 

absence of eIF2α phosphorylation that we saw in fission yeast cells. It would be interesting to 

investigate the effects of enhanced phosphorylated state of eIF2α on translation in mammalian 

cells. Certain drugs can be used to selectively inhibit eIF2α phosphatase and cause such a 

state. Such phosphatase inhibitors are in clinical trials for autoimmune diseases, and thus 

understanding how inhibiting dephosphorylation of eIF2α might affect global translation has a 

direct clinical relevance. 
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 Appendices 

Appendix I: Analysis of flow cytometry data. S. pombe cells synchronised in G1. 

Appendix II: Analysis of flow cytometry data. S. pombe cells expressing non-

phosphorylatable eIF2α synchronised in G1. 

Appendix III: Analysis of flow cytometry data. S. pombe cells synchronised in G2. 

Appendix IV: Analysis of flow cytometry data. S. pombe cells synchronised in metaphase. 

Appendix V: Analysis of flow cytometry data. Wild-type S. pombe cells after four-hour 

incubation at 36 ºC. 

Appendix VI: Analysis of flow cytometry data. S. pombe cells synchronised by elutriation. 

Appendix VII: Analysis of flow cytometry data. Wild-type untransformed and PKR 

expressing S. pombe cells.  
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Appendix I: S. pombe cells synchronised in G1 

Cell-cycle-progression data from other repeats: 
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DNA-content analysis: 
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Appendix II: S. pombe eIF2α-S52A cells synchronised in 

G1 

Cell-cycle-progression data from other repeats: 
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DNA-content analysis: 
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FCB of HPG-labelled cells: 
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Appendix III: S. pombe cells synchronised in G2 

Cell-cycle-progression data from other repeats: 

0 %

10 %

20 %

30 %

40 %

50 %

60 %

70 %

80 %

90 %

100 %

0 20 40 60 80 100

P
e
rc

e
n

t 
c
e
ll
s

 

Time after release, min 

S

M-G1

G2



95 

 

DNA-content analysis: 
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FCB of HPG-labelled cells 
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Appendix IV: S. pombe cells synchronised in metaphase 

Cell-cycle-progression data from other repeats: 
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DNA-content analysis: 
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FCB of HPG-labelled cells: 
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Appendix V: Wild-type S. pombe cells after four-hour 

incubation at 36 ºC 

Cell-cycle-progression data from other repeats: 
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DNA-content analysis: 

 



102 
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Appendix VI: S. pombe cells synchronised by elutriation 

Cell-cycle-progression data from other repeats: 
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DNA-content analysis: 
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20 minutes need to be added to the time points in the layout above to reflect actual timing 

after elutriation and match the time points of the analysis in Results. 

 

FCB of HPG-labelled cells: 
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Appendix VII: Wild-type untransformed and PKR 

expressing S. pombe cells 

FCB of HPG-labelled cells: 

 

 

 


