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1 Introduction 
 

1.1 The model organism Saccharomyces cerevisiae 
 

Model organisms have been studied for decades to investigate fundamental and common 

processes of cellular life. One of these model organisms is the baker’s yeast Saccharomyces 

cerevisiae, in the following referred to as budding yeast or yeast. Yeast has been established as 

a model in numerous biological fields, due to its relative simplicity, easy and fast cultivation 

with a plethora of molecular tools available, and its comparability to higher eukaryotes 

(Mohammadi et al., 2015). Yeast cell morphology is correlated to its progression in the cell 

cycle (Howell and Lew, 2012). This was first exploited in a series of classical screens that 

identified yeast genes important for cell cycle progression and morphology (Hartwell et al., 

1973, 1970). These genes were termed CDC (cell-devision cycle) genes. One of them, CDC28 

was later shown to be the central regulator of cell cycle progression (Mendenhall and Hodge, 

1998; Hartwell et al., 1974). Cdc28 is a cyclin dependent kinase (Hadwiger et al., 1989; Lorincz 

and Reed, 1984) that regulates cell cycle progression in concert with cell cycle specific cyclins 

(Richardson et al., 1989). CDC28 is highly conserved between eukaryotes. The human 

homologue is capable of rescuing the deletion of the fission yeast CDC28 homologue CDC2 

(Lee and Nurse, 1987). Depending on the cell cycle stage, Cdc28 associates with certain cyclins 

that mediate the kinase activity of Cdc28 towards a multitude of target proteins (Howell and 

Lew, 2012). To appreciate its importance in human pathology, in 2001 the Nobel Prize 

Committee awarded the yeast geneticists Leland Hartwell and Paul Nurse as well as the 

biochemist Timothy Hunt with the Nobel Prize in Physiology or Medicine for their discoveries 

of key regulators of the cell. 

A S. cerevisiae cell can exist in a haploid or diploid state. Both, haploid and diploid yeast cells 

proliferate in a process termed budding (Figure 1-1, right). In good environmental conditions, 

the cell begins to form a bud at its cortex in the end of G1 phase, thereby establishing cellular 

asymmetry. As cell cycle progresses, the bud grows until it reaches almost the size of the mother 

cell (Williamson, 1965). The position of bud emergence is specified by the bud site selection 

pathway, which determines the new bud site in respect to the budding site of the previous cell 

cycle (Chant and Pringle, 1995). As a new bud site is selected, the cell polarizes towards this 

site due to the activity of the small Rho-like GTPase Cdc42 and its effector proteins (Park and 

Bi, 2007). Cdc42 cycles between an active, GTP-bound state and an inactive, GDP-bound state 

(Etienne-Manneville and Hall, 2002). As Cdc28 is the major enzyme to control cell cycle 
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progression, Cdc42 is the master regulator for polarized growth (Etienne-Manneville, 2004). 

Cdc42 activity in concert with its effectors enables septin ring formation at the mother-bud neck 

(Caviston et al., 2003; Gladfelter et al., 2002; Kinoshita and Noda, 2001) and remodels the actin 

cytoskeleton to form linear filaments along the mother-bud axis. These filaments then serve as 

tracks for secretory vesicles that are propelled by myosin motors to the growing bud tip (Dong 

et al., 2003). Besides new material for extension of plasma membrane, these vesicles deliver a 

plethora of other cargos to the growth zone, including cell wall components and proteins that 

remodel the cell wall (Harsay and Bretscher, 1995). After a first phase of apical tip-directed 

growth, the bud later expands isotropically until it reaches almost the size of the mother cell 

(Lew and Reed, 1993; Tkacz and Lampen, 1972). During this expansion all organelles, except 

for the nucleus, are partitioned between the mother and the bud (Yaffe, 1991). Finally, in 

preparation of mitosis, the nucleus aligns at the mother-bud axis and the duplicated 

chromosomes align at the mitotic spindle (Miyazaki and Orr-Weaver, 1994; Nicklas, 1997; Yeh 

et al., 1995). In contrast to higher eukaryotes, the nuclear membrane stays intact during all steps 

of mitosis and cytokinesis. During abscission, the cytoplasmic bridge between mother and 

daughter cell closes and the continuous nucleus is separated into two (Park and Bi, 2007; 

Pringle and Hartwell, 1981). Afterward completion of the cell cycle, both cells undergo a new 

round of budding, with the daughter cell slightly lacking behind the mother cell (Johnston et 

al., 1977). In laboratory strains used today, this pathway is the standard form of reproduction. 

However, mother cells of original wildtype strains routinely change their mating type after 

cytokinesis (see chapter 1.2). To reduce genetic variability in laboratory cultures, this ability 

has been deleted (Klar, 2010; Lindegren and Lindegren, 1943; Mortimer and Johnston, 1986; 

Park and Bi, 2007; Winge and Roberts, 1949). The mating type of a yeast cell is defined by the 

identity of the information encoded in the MAT locus (Lindegren and Lindegren, 1943). Here, 

two different transcription factors can be encoded, each regulating a set of mating type specific 

genes. A detailed description of mating type and mating type switching is provided in chapter 

1.2. Mat a cells express the mating pheromone a, a secreted peptide, and a surface receptor for 

the mating pheromone  and vice versa. If a pair of haploid cells sense a high concentration of 

the opposing mating pheromone, both cells arrest in G1 phase (Kron and Gow, 1995) and 

initiate the mating process. By forming mating projections, both cells grow towards each other 

and upon contact fuse their cytoplasmic and nuclear membranes (Figure 1-1, middle) 

(Herskowitz, 1989; Nasmyth and Shore, 1987). The diploid a/ cell possess the mixture of both 

proteomes and genotypes and undergoes proliferation via budding to produce diploid daughter 

cells. In case of bad environmental conditions, a diploid cell can decide to undergo meiosis, 
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resulting in an ascus with four haploid spores, two of each mating type. Those spores can, if the 

environment has changed to better, germinate and proliferate by budding (Figure 1-1, left) (Betz 

et al., 1981; Haber, 2012). 

 

  
Figure 1-1: Lifecycle of Saccharomyces cerevisiae. A haploid yeast cell can reproduce by budding (right). Haploid cells of 
opposing mating type can fuse to form a diploid cell, which itself can either reproduce by budding or undergo meiosis, to 
generate four haploid spores (left). 

 

1.2 SHE pathway and mating type switch 
 

Asymmetric cell division is a prerequisite for any differentiation process. It was therefore of 

high interest to elucidate how yeast achieves mating type switch as a paradigm of eukaryotic 

differentiation by cell polarization (Hicks and Herskowitz, 1976; Nasmyth, 1983). First, it could 

be shown that mating type switching of the mother cells depends on selective expression of the 

HO endonuclease (Nasmyth, 1983). HO endonuclease, in concert with other factors (which are 

not mother cell specific), regulates the identity of the MAT locus (Kostriken et al., 1983). As 

described above, MAT locus identity determines expression of mating type specific genes. 

Precisely, the genes encoded at the MAT locus are copies from other genomic regions (HMLα 

and HMRa), that are transcriptionally silenced and therefore not transcribed to mRNA. By the 

activity of the HO endonuclease, double strand breaks are produced within the genome at the 

respective sites flanking the MAT locus. This induces a DNA repair mechanism based on 

homologous recombination, resulting in exchanging the MAT genes in the actively transcribed 

MAT locus by a copy of either the HMLα or HMRa information (Kostriken et al., 1983; 

Nasmyth, 1983). It has been shown that mother-cell specific expression of the HO endonuclease 

depends on the five non-essential SHE genes (Swi5-dependent HO-expression), none of them 

being mother or daughter cell specific (Jansen et al., 1996). She1 is a type V myosin, also named 
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Myo4, She2 and She3 are RNA binding proteins, She4 is a Myo4-interacting protein and She5 

is identical to the formin Bni1 (Bobola et al., 1996; Jansen et al., 1996). Deletion of any of these 

genes inhibits mother cell specific mating type switching due to the loss of asymmetric HO 

expression (Jansen et al., 1996). Further studies revealed that the DNA-binding protein Ash1 

preferentially accumulates in daughter cell nuclei, where it represses HO transcription in 

daughter nuclei by binding to about 20 consensus sequences in the upstream repression 

sequence (URS) 1 of the HO promoter. (Bobola et al., 1996; Maxon and Herskowitz, 2001; Sil 

and Herskowitz, 1996). Ash1 asymmetry is achieved by active ASH1 mRNA transport towards 

the growing bud in a process mediated by the gene products of the SHE genes, and subsequent 

local translation of the mRNA (Long et al., 1997). In the following, I will explain the molecular 

mechanisms by which the SHE genes, with help of other more general factors, determine 

transport of the ASH1 mRNA to the bud tip (see Figure 1-2).  

 

1.2.1 Polar transport of ASH1 mRNA  
 

ASH1 mRNA is synthesized in anaphase nuclei and is cotranscriptionally bound by She2 (Shen 

et al., 2010). Two further RNA binding proteins immediately associate with the She2 bound 

ASH1 mRNA, Puf6 and Loc1 (Gu et al., 2004; Shahbabian et al., 2014). Puf6, a member of  the 

PUF family of translational repressors, binds to UUGU consensus sequences within the ASH1 

3’ untranslated region (UTR) (Gu et al., 2004). Loc1 is exclusively present in  the nucleus and 

also binds to the 3’ UTR of ASH1 mRNA (Long et al., 2001). Hek2, also termed Khd1, binds 

only posttranscriptionally and associates with the 5’ region upstream of the first zipcode 

sequence (see below) of ASH1 mRNA (Hasegawa et al., 2008; Irie et al., 2002). Whereas Loc1 

is found exclusively in nuclear ASH1 ribonucleoprotein particles (RNP), Puf6, Hek2 and She2 

stay attached to ASH1 mRNA after nuclear export to the cytoplasm, suggesting nuclear 

remodeling or processing events. Loss of either Puf6, Hek2 or Loc1 results in a decreased 

localization efficiency of both, ASH1 mRNA and Ash1 protein (Gu et al., 2004; Irie et al., 2002; 

Long et al., 2001), whereas deletion of one of the five SHE genes abolishes mRNA and protein 

asymmetry completely (Bobola et al., 1996; Jansen et al., 1996). 

Upon export from the nucleus, Loc1 is replaced by the cytosolic protein She3, a further RNA 

binding protein that increases specificity and affinity of She2 binding to the mRNA. It was 

shown that She2 binds its target RNA transiently with low specificity and She3 binds RNA 

without any specificity. Only in cooperation, She2 and She3 bind specifically and stable to 

certain structures within the ASH1 mRNA (Muller et al., 2011). Four such sequences, termed 

zipcodes or localization elements (LEs) were identified within the ASH1 transcript, named E1, 
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E2A, E2B and E3. E1, E2A and E2B are located inside the coding region, whereas E3 is located 

at the very end of the protein coding region and the first 67 nucleotides of the 3’ UTR (Chartrand 

et al., 1999). It was shown that any of these four sequences is sufficient to mediate bud-

localization of a reporter transcript, however all four LEs are required for complete ASH1 

mRNA asymmetry (Chartrand et al., 1999; Gonzalez et al., 1999). With She3 acting as a bridge, 

the complex of mRNA, She2, She3, Puf6 and Hek2, gets coupled to She4 bound Myo4 (She1). 

Myo4 is a type V myosin that gains motility upon dimerization. In vitro reconstitution 

experiments revealed the stoichiometry of motile RNPs: two RNA zipcodes bound by a 

tetramer of She2 with two dimers of She3 that mediate binding to a Myo4 dimer (Heym et al., 

2013). 

Using actin filaments as tracks, the ASH1-RNP is transported towards the bud tip. As the RNP 

reaches the distal pole, the RNP is thought to be anchored at the cortex (Beach et al., 1999). 

However, experimental evidence for the anchoring step is still preliminary. 

 

Figure 1-2: Schematic overview of SHE mediated polar transport of ASH1 mRNA in S. cerevisiae. She2, Loc1 and Puf6 associate 
cotranscriptionally, Hek2 posttranscriptionally with the ASH1 transcript. Upon nuclear export, Loc1 is replaced by She3, a 
cytoplasmic factor bound to the myosin Myo4. Motile ASH1-RNP moves to the bud tip. 

Hek2 and Puf6 repress translation initiation via their interaction with further trans-acting 

factors. This repression is abolished through phosphorylation of Hek2 and Puf6 by Yck1 and 

CK2 (Deng et al., 2008; Paquin et al., 2007). Synthesized Ash1 then enters the nucleus of the 

now separated daughter cell, where it can act as a repressor of HO transcription (Paquin et al., 

2007). Despite the rich molecular knowledge, temporal coordination of ASH1 transcription, 

transport, cytokinesis and translational initiation has never been analyzed in detail. 

 

1.2.2 Genes regulated by mRNA transport  
 

Polar mRNA transport is found in many eukaryotes as a mechanism to regulate gene expression 

in different tissues. Examples of polarized mRNAs include the determination factors for 
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Drosophila embryogenesis and β-actin mRNA in mammalian fibroblasts and neurons (Besse 

and Ephrussi, 2008; Paquin and Chartrand, 2008).  However, also yeast cells use this 

mechanism for several substrates. It was shown that many more RNAs associate with the She 

proteins and that these mRNAs are actively transported towards the bud. Immunoprecipitation 

of epitope-tagged She proteins revealed 22 further potential substrates of the She machinery 

(Shepard et al., 2003). Most of the gene products localize predominately to buds, but not all of 

them. Some proteins even display wildtype like distribution in absence of an intact SHE 

pathway. Interestingly, many of the localized mRNAs encode for membrane proteins (see Table 

1-1 for shortened list) (Shepard et al., 2003). It is an open question, why cells use two redundant 

pathways, mRNA localization and protein sorting (see chapter 1.3.3), to achieve polar 

localization of these proteins. Another set of potential SHE substrates compose certain polarity 

proteins, including the CDC42 mRNA that was reported to be transported to and translated at 

the incipient bud site (Aronov et al., 2007). 

As the localization elements within the ASH1 sequence have been determined, it was obvious 

to seek for homologous sequences within the other localized transcripts. However, no clear 

consensus sequence emerged from alignment studies. Instead, prediction of secondary 

structural elements in the RNA pointed towards structural features as discriminating of She 

protein binding and bud-directed transport of the mRNA (Chartrand et al., 2002; Heym et al., 

2013; Shepard et al., 2003). 

The newly identified SHE substrates, including ASH1 and IST2, both of them have been known 

to be transported via the SHE pathway to buds before (Jansen et al., 1996; Takizawa et al., 

2000), were further analyzed by live cell imaging of aptamer tagged RNAs and checked for 

RNP formation in growing buds (Shepard et al., 2003; Takizawa and Vale, 2000). At least 15 

transcripts showed bud localization using this experimental strategy (Shepard et al., 2003). 

However, this approach suffered from the limitation that tagging the mRNA and or the 

respective protein may interfere with correct localization or translational regulation. Often, 

localization sequences are found in 3’ or 5’ untranslated regions (UTR), although the coding 

region of the mRNA seems to be sufficient for at least partial localization to the growing bud 

(see Table 1-1) (Shepard et al., 2003).  Endogenous RNAs can be visualized by Fluorescence 

in situ Hybridization (FISH), however this technique is not compatible with live cell imaging, 

and therefore does not allow to study dynamic processes like transport. In case of WSC2, which 

encodes a cell wall stress sensor and will be of special interest in this study, all localization 

elements are present in the coding region of the protein (Jambhekar et al., 2005; Shepard et al., 

2003).  
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Table 1-1: Bud localized transcripts. RNA localization depends on a functional SHE pathway, whereas 5’ and 3’ UTRs are usually 
not needed for correct localization. Many substrates are cell cycle regulated, the encoded proteins fulfill different functions 
and localize to diverse subcellular localizations (excerpt from Shepard et al, 2003). 

 
RNA localization  

    

Gene  Full  Coding  she2Δ  
Cell cycle 

regulation  

Predicted 

function  

Protein 

localization 

Membrane 

protein  

ASH1 Yes Yes No M Transcription Bud nucleus No 

BRO1 Yes Yes No None 
Stress 

transduction 

Punctae on 

vacuole 
Yes 

CLB2 Yes Yes No M Cyclin B 
Nuclei, spindle 

poles 
No 

EGT2 Yes Partial No M Cellulase 

Membranes, 

large-bud 

enriched 

Yes 

ERG2 Yes Yes No M 
Sterol 

isomerase 

Endoplasmic 

reticulum 
Yes 

IST2 Yes Yes No None Transporter 
Bud plasma 

membrane 
Yes 

MID2 Yes Yes No None 
Membrane 

receptor 

Cell periphery, 

mother-bud 

junction 

Yes 

TPO1 Yes Yes No M 
Polyamine 

transport 

Bud plasma 

membrane 
Yes 

WSC2 Yes Yes No S 
Membrane 

receptor 

Membranes, 

bud-enriched 
Yes 

 

 

 

1.3 Translation of membrane proteins 
 

1.3.1 Membrane proteins 
 

More than a fourth of all proteins are associated with biological membranes, either by stable 

integration in the lipid bilayer, via C-terminal anchoring or by transient interaction to membrane 

components (Shao and Hegde, 2011). Independent of their final destination, all integral 

membrane proteins are thought to be inserted co- or posttranslationally in the ER membrane 

prior to protein sorting (Shao and Hegde, 2011). 

Several ways of membrane insertion of proteins have been described (see below). Almost all 

transmembrane spanning domains are composed of α-helices, however, β-barrel proteins in 

prokaryotic outer membranes have also been described. In both cases, non-polar residues at the 

surface mediate contact to the hydrophobic membrane components. According to the topology 
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of the transmembrane domains (TMD), four types of transmembrane proteins are distinguished. 

Type-I transmembrane proteins contain a N-terminal cleavable signal sequence and have a 

single membrane-spanning -helix with in-out orientation (C-terminus facing the cytoplasm, 

N-terminus the organelle lumen or extracellular space). Type-II proteins have the opposite 

orientation and no cleavable signal sequence. Type-III proteins possess more than one 

membrane spanning helices in a single polypeptide chain, whereas Type-IV proteins consist of 

several polypeptide chains (Lodish et al., 2016). Other kinds of membrane proteins are 

covalently linked to lipid components or interact transient with membrane surfaces but do not 

span the bilayer themselves.  

 

1.3.2 Translocation across the ER membrane 
 

Membrane spanning proteins can be inserted co- or posttranslational into the membrane. The 

endoplasmic reticulum (ER) is the organelle responsible for integration of proteins into the 

membrane of the secretory system. The ER in yeast forms a complex three-dimensional 

network. The perinuclear ER (pnER), which is continuous with the nuclear membrane, the 

cortical ER (cER) directly beneath the plasma membrane and the tubular ER (tER), connecting 

the other two compartments. Of note, inheritance of cER to the daughter cells involves some of 

the SHE genes that are important for mRNA transport to the daughter cell. Via a not fully 

understood mechanisms, She3 bound Myo4 pulls tER from the mother to the tip of small buds, 

from where it spreads around the whole bud cortex. Some studies even showed cotransport of 

mRNAs and tER (Fundakowski et al., 2012; Schmid et al., 2006). Cells deficient of either She3 

or Myo4 inherit ER very late in the cell cycle in concert with nuclear division (Estrada et al., 

2003). However the general importance of She3 and Myo4 for ER inheritance has been under 

debate (Reinke et al., 2004). Electron microscopy studies revealed that ribosome occupied cER 

and Golgi-Apparatus are already present in small buds of wildtype cells (see Figure 1-3). The 

cER compartments of mother and bud are connected via tER but are not continuous, as they are 

both excluded from the bud neck (West et al., 2011). 
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Figure 1-3:  ER structures and ER inheritance in S. cerevisiae. Left: section from transmission electron microscopy of a yeast 
cell with a small bud (665 nm diameter). Right: coloring and 3D reconstruction of the different organelles and substructures; 
scale bar: 200 nm (based on: West et al., 2011) 

In the following I will focus on translocon-mediated integration of membrane proteins. Yeast 

cells possess two translocons, Sec61 and Ssh1, both multispanning transmembrane proteins 

with ten α-helices (Finke et al., 1996; Jungnickel et al., 1994; Stirling et al., 1992). The helices 

associate to form a channel that is capable of mediating translocation of a protein through the 

ER membrane. The two translocons are highly similar in their primary sequence, but they must 

have at least partial differing functions, as Sec61 is essential, whereas Ssh1 is not. 

Overexpression of Ssh1 cannot compensate loss of Sec61 (Finke et al., 1996). Both translocons 

form translocation-competent aqueous pores in complex with two further subunits. Sec61 

associates with Sbh1 and Sss1, Ssh1 with Sbh2 and Sss1. The trimeric Sec61 complex can be 

extended to the heptameric Sec complex through association with the subunits Sec62, Sec63, 

Sec71 and Sec72. This heptameric Sec complex is predominantly responsible for 

posttranslational translocation of fully synthesized polypeptides (Panzner et al., 1995). 

Cotranslational protein translocation is mediated by the trimeric Sec complexes. It is not fully 

understood how specificity of a substrate for one of these two channels is mediated, but it is 

known that hydrophobicity of the signal sequence plays a role (Dunnwald et al., 1999). 

 The GET-pathway comprises a further mechanism for posttranslational membrane protein 

insertion. Here, tail-anchored membrane proteins are inserted in the membrane through the 

activity of GET proteins, that do not play any role in other forms of co- or posttranslational 

translocation (Schuldiner et al., 2008). 

In the following I will discuss the predominant model in literature of cotranslational 

translocation of type I transmembrane proteins (see Figure 1-4). However, some studies have 

proposed pathways that differ in some features (Juschke et al., 2004; Nickel and Rabouille, 

2009). Translation of an mRNA is initiated by recruitment of translation initiation factors 

followed by association with the two ribosomal subunits. As GTP-driven growth of the amino 

nucleus

(pnER)

ribosome

cell wall

mother cER

tER
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acid chain commences, the N-terminal sequence of the nascent chain leaves the exit channel of 

the ribosome. In type I membrane proteins, this is a stretch of about 16-30 amino acids, which 

is also referred to as signal sequence (SS). Signal sequences of different proteins are highly 

diverse in sequence; however, they share a central hydrophobic core region that has a high 

probability to form a hydrophobic helix (Grudnik et al., 2009; Shao and Hegde, 2011; von 

Heijne, 1990). The SS is recognized by a cytoplasmic factor, called the signal recognition 

particle (SRP), which is a ribonucleoprotein complex, binding to both, translating and non-

translating ribosomes, though with different affinities (Nyathi et al., 2013). Binding of the SRP 

to a signal sequence emerging from the ribosomal exit channel, however, strengthens SRP-

ribosome interaction and slows down the polymerization rate of the ribosome. The trimeric 

complex of  nascent chain, ribosome and SRP (NSC) then binds to the ER membrane bound 

signal particle receptor (SR) and targets the NSC to the membrane (Mary et al., 2010; Nyathi 

et al., 2013). Binding of the SR to the SRP-NSC complex induces interaction and transfer of 

the NSC to the Sec61 translocation channel (Keenan et al., 2001). SR and SRP both possess 

GTPase activity. Targeting of NSC to Sec61 requires both in their active GTP-bound states, 

whereas subsequent GTP hydrolysis is a prerequisite for dissociation of the SRP-NSC complex 

(Keenan et al., 2001). As the ribosome is docked at the translocon, the nascent chain can enter 

the aqueous channel of the translocon. Translation speeds up again until the transmembrane 

spanning element of the translocation substrate enters the translocon. Transmembrane α-helices 

can serve as a stop transfer sequence that blocks further translocation and therefore also 

translation (Blobel, 1980). The translocon undergoes an immense conformational change, as 

the ten α-helices of Sec61 (or Ssh1) rearrange to open the lateral gate and allow outward 

diffusion of the newly synthesized α-helix (Egea and Stroud, 2010). Opening the lateral gate of 

Sec61 also allows the signal sequence to leave the Sec61 channel and enter the ER membrane 

environment. The SS of a type I membrane protein can be cleaved off by a peptidase, so the 

signal sequence is not part of the mature protein.  After synthesis is completed, the protein is 

sorted to the respective target organelle (see chapter 1.3.3). The mechanism of targeting of 

soluble secreted proteins is very similar to that of type I membrane proteins. For type II 

membrane proteins, the TMD itself mediates interaction to the SRP as soon it leaves the 

ribosome exit channel (Grudnik et al., 2009). In the contrary to type I proteins, where 

translocation stops after the TMD is inserted to the membrane, polytopic membrane proteins 

can insert more TMDs into the membrane by consecutive cycles of entering and leaving the 

translocon. When all transmembrane domains have been inserted in the membrane and 
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translation has come to an end, the ribosome dissociates and the protein is set free to the ER 

membrane, where it can fold to its native structure (Lodish et al., 2016). 

 

 
Figure 1-4: Schematic overview of cotranslational translocation at the Sec61 pore. The signal sequence (SS) is 
cotranslationally bound by the signal recognition particle (SRP). The nascent chain complex (NSC) is targeted to the ER via 
the SRP-SRP-receptor (SR) interaction and docked at thy cytosolic face of the Sec61 translocon. The nascent chain can be 
translocated through the Sec61 channel, signal sequence and transmembrane domains can exit the channel via the lateral 
gate. 

 

1.3.3 Modification and sorting of membrane proteins 
 

Protein synthesis and translocation across the ER membrane is followed by consecutive 

maturation and sorting steps, that differ between substrate proteins. Cotranslocational, the 

signal sequence is cleaved off by the signal peptidase and the Osh complex mediates N-linked 

glycosylation (Barlowe and Miller, 2013). The Osh complex links en bloc a preformed 14-mer 

oligosaccharide structure composed of three glucose, nine mannose and two N-acetyl 

glucosamine subunits to the asparagine side chains of most NXS/T consensus sequences within 

the substrate protein (Kelleher and Gilmore, 2006). This step is followed by O-linked 

glycosylation of mannose to serine or threonine side chains. Glycosylation assists in correct 

protein folding within the ER lumen. Over time, the glycosylation pattern is modified (Barlowe 

and Miller, 2013). Once in the Golgi, additional glycosylation reactions take place. Within the 

oxidizing environment of the ER correct establishment of disulfide bonds is carried out by the 

assistance of disulfide isomerases (Farquhar et al., 1991). Molecular chaperones like calnexin 

and Kar2 assist in protein folding, modulation of glycosylation pattern and quality control of 

the processed proteins (Barlowe and Miller, 2013; Helenius and Aebi, 2004; Rose et al., 1989). 
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Proteins destined to leave the ER are sorted to COPII vesicles that bud off at distinct sites of 

the ER membrane, so called ER exit sites (ERES). Sorting is mediated by  the interaction 

between sorting signals within the protein and corresponding receptor molecules (Hicke and 

Schekman, 1989; Lodish et al., 2016). In a process regulated by the activity of small GTPases, 

cytoplasmic proteins are recruited to the membrane surrounding respective cargo proteins. 

These proteins assemble then into a COPII-coat that forms a cage around the forming vesicle. 

Via interaction between components of vesicle and target membranes, so called v- and t-

SNAREs, the vesicles fuse with the membrane of the cis-Golgi compartment. After certain 

maturation steps within the Golgi, the proteins exit the trans-Golgi compartment in post-Golgi 

(secretory) vesicles. Secretory vesicles are loaded on the type V myosin Myo2, followed by 

transport along actin filaments to their destination (Barlowe and Miller, 2013).  Again v- and t-

SNAREs but also coat-components and Rab-type GTPases ensure specificity of the targeting 

and fusion processes with the target membranes. 

 

1.4 Ubiquitin 
 

The 76 amino acid protein Ubiquitin (Ub) was first characterized in the middle 70s and named 

due to its ubiquitous existence in all eukaryotes (Goldstein et al., 1975; Schlesinger et al., 1975). 

It possesses a single domain folding to a globular protein with high structural similarity 

conserved from yeast to human (Vijay-Kumar et al., 1987). Ub plays a fundamental role in 

protein degradation (Hershko et al., 1984, 1980) and signaling processes (Finley et al., 1989). 

Using a cascade of three enzymes, an ubiquitin activating enzyme (E1), an ubiquitin 

conjugating enzyme (E2) and an ubiquitin ligase (E3), ubiquitin molecules can be covalently 

linked to lysine residues of substrate proteins and serve either as marker for degradation or as 

signal for further modifications (Hershko, 1996). Mammalian cells encode more than 1000 E3 

enzymes, giving an impression on the importance of this posttranslational modification 

(Varshavsky, 2017). 

Polyubiquitination is a cellular signal for protein degradation. A series of up to 20 Ubiquitin 

molecules is linked via their C-terminal glycine to Lys48 of the neighboring Ubiquitin moiety 

to build a linear or branched poly-ubiquitin chain. This poly-Ub chain is recognized by the 

proteasome and leads to rapid degradation (Chau et al., 1989). Besides this, other linkage modes 

have been described, mediating different cellular fates for the conjugated proteins (Akutsu et 

al., 2016).  
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Ubiquitin that is linearly linked with its C-terminus to the N-terminus of any protein, is 

cotranslationally (or directly after translation) cleaved off from the protein through ubiquitin 

specific proteases (USPs). Cleavage occurs always after the last residue of Ub (Gly76), 

independent of the following amino acids (except for proline) (Bachmair et al., 1986). This 

allows to synthesize proteins in living cells that start with any other amino acid than the 

canonical methionine. Analysis of a spectrum of reporter constructs that only differ in the N-

terminal residue revealed that the N-terminal residue has a tremendous effect on the in vivo 

lifetime of the protein. Halftimes range from only a few minutes with arginine (R) at the N-

terminus to many hours with methionine (M) at the N-terminus of the reporter protein 

(Bachmair et al., 1986). In summary, these observations gave rise to the description of the N-

end rule pathway that relates the identity of the N-terminal residue to the halftime of the native 

protein (Varshavsky, 1997, 1992). N-terminal arginine activates the E3 ubiquitin ligase Ubr1, 

which results in polyubiquitinylation (Varshavsky, 1997). Ubiquitin is not found in bacteria. 

Still the N-end rule pathway also exists in bacteria although with a different grammar (Tobias 

et al., 1991). 

 

Figure 1-5: Split-Ubiquitin and the N-end rule. Left: The two halves of ubiquitin are fused to respective proteins of interest. 
Interaction of the fusion proteins induces reassociation of the ubiquitin structure and reporter cleavage by intracellular 
ubiquitin specific proteases, depicted as scissors. Right: according to the N-end rule pathway, proteins with an arginine at 
their N-terminus become ubiquitinylated at lysine residues near the N-terminus and subsequently degraded by the 
proteasome; structure of ubiquitin derived from 1Ubq, obtained from protein database. 

Insight in the mechanisms described above led to the development of the Split-Ubiquitin tool 

to analyze protein-protein interactions (PPIs) in living cells. Proteins of interest are genetically 

fused to the N-terminal (NUb) or the C-terminal half (CUb, amino acids 35-76) of ubiquitin 

(Johnsson and Varshavsky, 1994). If the two halves are brought into proximity for a sufficient 

time period, for example due to stable or transient interaction of the respective fusion proteins, 

the two halves can reassociate to a quasi-native ubiquitin that is recognized by cellular ubiquitin 

specific proteases (USP, see above). USPs cleave off the reporter protein that has been placed 

C-terminal to the CUb. The newly exposed N-terminal amino acid of the cleaved reporter protein 
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subsequentially determines the fate of the reporter. If the construct is designed with a 

destabilizing arginine at the new N-terminus, the reporter gets rapidly degraded according to 

the N-end rule (Johnsson and Varshavsky, 1994). In contrast to other methods, the Split-

Ubiquitin system can detect protein interactions within its native environment (Muller and 

Johnsson, 2008). The  Yeast-2-Hybrid (Y2H) method for instance requires the relocalization of 

the two binding partners to the nucleus (Fields and Song, 1989). The only vital prerequisite for 

the Split-Ubiquitin method is the presence of the USPs in the same compartment where the PPI 

takes place. This excludes the lumen of ER, secretory vesicles and peroxisomes as well as the 

matrix of mitochondria. However, the Spit-Ubiquitin technique has been shown to be a 

powerful tool when studying the interactions between membrane bound proteins, that cannot 

be addressed using the Y2H system (Stagljar et al., 1998). Furthermore, transient interactions, 

including those between a translocation substrate and the translocation machinery have been 

successfully analyzed using the system (Dunnwald et al., 1999). Depending on the experimental 

design and the detection method, several reporter proteins have been used in combination with 

the Split-Ubiquitin. Cleavage of the reporter and therefore reduction of molecular weight was 

detected using antibodies (Johnsson and Varshavsky, 1994). Other reporters activate a 

transcription factor upon reporter cleavage, regulate the activity of the metabolic enzyme Ura3 

or induce loss of a fluorescence signal (Dunnwald et al., 1999; Moreno et al., 2013; Stagljar et 

al., 1998). 

The latter variation of the Split-Ubiquitin technique, named SPLIFF, enables analysis of PPIs 

in space and time. Here, the CUb moiety is sandwiched between two fluorescent proteins (FPs) 

with different spectral properties, mCherry and GFP. The module of mCherry-CUb-GFP, in the 

following termed CCG, is expressed as fusion with a protein of interest. If the destabilizing 

arginine is placed at the N-terminus of the cleaved GFP, the module is named CCRG. 

Coexpression of interacting NUb and CCG fusion proteins in the same cell results in loss of GFP 

signal at the sites of protein-protein-interaction. Comparing the fluorescence signals of the two 

FPs over time allows to draw conclusions of  the dynamics of protein interactions in living cells 

(Moreno et al., 2013). As reporter cleavage is in its nature irreversible and a single NUb fusion 

protein can interact with multiple CCG fusions, coexpression of both constructs in a single cell 

may lead, even for short-lived interactions, to complete conversion of red and green signals to 

red-only signals. To overcome this limitation, a mating-based approach can be applied. Here, 

both constructs are integrated into haploid strains with opposing mating types and are brought 

together by mating. Only upon fusion of the two haploid cells, NUb and CUb fusion proteins can 

interact and lead to site specific conversion of the fluorescence signal, that can be monitored 
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using live-cell fluorescence microscopy (Moreno et al., 2013). Depending on the processes of 

interest, time resolution of this method ranges from several seconds to minutes. In practice, a 

tradeoff between temporal resolution and phototoxicity due to fluorophore excitation has to be 

made. 

 

1.5 Fluorescent proteins 
 

In 1962 Shimomura and colleagues published a study, where they described the luminescent 

protein aequorin from the jellyfish Aequorea victoria (Shimomura et al., 1962). Interestingly, 

they reported that some of their extracts contained substances of greenish fluorescent 

compounds (Shimomura et al., 1962). The same group published in the same year the emission 

spectrum of the ‘green protein’ (Johnson et al., 1962), later termed the ‘green fluorescent 

protein’ (GFP) (Hastings and Morin, 1969). Even in the beginning of GFP research, it has been 

assumed that the aequorin luminescene and the fluorescence of GFP are connected processes 

in vivo (Shimomura, 2005; Shimomura et al., 1962). GFP and aequorin coexist in the 

photogenic organ of A. victoria. In a Ca2+ triggered reaction in the aequorin, energy is produced 

and transferred via Förster-resonance energy transfer (FRET) to GFP, which then emits a 

photon with the wavelength of green light. In the absence of GFP, aequorin emits (higher 

energy) blue light (Johnson and Shimomura, 1978; Morise et al., 1974; Shimomura et al., 1962). 

A similar principle underlies the light emission of the second known luminescence-fluorescence 

system of Renilla reniformis, consisting of the luminescence of Renilla-luciferase and Renilla-

GFP (Charbonneau and Cormier, 1979).  

Later, the principle structure of the fluorophore of GFP was elucidated, indicating that the 

fluorophore consists only of modified amino acid residues that have undergone autocatalytic 

cyclisation and oxygen-dependent oxidation processes between the residues S65, Y66 and G67 

(Shimomura, 1979). These processes generate a system of conjugated electrons that can absorb 

light of a certain wavelength (Cubitt et al., 1995; Heim et al., 1994). 

The first crystal structure of GFP was published in the 90s, revealing a protein with eleven -

strands forming a barrel and a α-helix (see Figure 1-6). The fluorophore (region 65-67) is 

positioned inside the barrel. The barrel measures 42 Å in height and 24 Å in diameter (Ormo et 

al., 1996). This fold is commonly found in many fluorescent proteins, giving rise to the GFP-

like superfamily of metazoan proteins. Wildtype GFP has two absorption maxima at 395 and 

475 nm and a single emission peak at 508 nm (Hastings and Morin, 1969). Early mutagenesis 

studies yielded mutants with enhanced physical properties, like the S65T mutant, that has only 

a single excitation peak at 488 nm (Heim et al., 1995). Further investigators succeeded in 
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expressing the GFP gene (238 codons) as fusion construct in different cell lines and model 

organisms. This allowed to introduce contrast for proteins of interest compatible with live cell 

imaging, which boosted  a multitude of developments and discoveries in cell biology (Chalfie 

et al., 1994; Prasher et al., 1992). In the course of time, FPs from other organisms have been 

described and mutagenesis methods have been applied to improve the physical parameters of 

the fluorophores, including brightness, absorption and emission spectrum, photostability, 

thermostability, divisibility, fluorescence kinetics, multimeric state, and, in particular interest 

in the frame of this work, maturation time (Chalfie and Kain, 2005). As described above, the 

mature, fluorescent state is accomplished by an intramolecular reaction inside the -barrel, 

whereas folding of the barrel is supposed to be a much faster process. Maturation times differ 

from minutes to hours (Balleza et al., 2018). 

 

 

Figure 1-6:  Structure of the GFP:αGFP nanobody complex. 11 -sheets form the GFP barrel (green), with the fluorophore 

buried inside (not shown). The αGFP nanobody (pink) interacts with residues from  9-11 and the connecting loops (structure 
obtained from protein database 3k1k). 

 

With the importance of GFP in today’s research and the absence of native binding proteins in 

the test systems, introduction of artificial GFP-binding proteins enabled new applications. One 

example is the αGFP nanobody derived from immunized lama lymphocytes, which binds to 

GFP with nanomolar affinity (Rothbauer et al., 2008). The nanobody structure contains nine 

antiparallel β-strands, remembering many immunoglobulins (Muyldermans et al., 2009) and 

three hypervariable loop regions. GFP binding is predominantly mediated via interaction 

between the third loop region and the sidechains of the last three β‐strands of GFP (see Figure 

1-6) (Kubala et al., 2010). As they consist of a single polypeptide chain, functional nanobodies 

can be expressed in different model organisms and compartments. 
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1.6 Aim of this study 
 

Local translation is one way to enable differentiation. In the baker's yeast Saccharomyces 

cerevisiae about 30 different mRNA molecules are actively transported into the growing bud. 

Local translation of ASH1 mRNA enables differential gene expression in the daughter cell after 

cell division. The aim of this work is to establish a method that allows to visualize the site of 

synthesis of a certain protein species in a time resolved manner, since experimental evidence 

for local translation in living yeast cells is not yet available in sufficient quantity. The method 

to be developed should be broadly applicable and do not require RNA binding proteins. Instead, 

the properties of the ubiquitin molecule will be exploited in order to overcome the limitation of 

the maturation time of fluorescent proteins, which are often used as reporters.  

My main focus is on the Wsc2 protein, since it has been shown that the localization of this 

protein at the cell cortex seems to be independent of the active mRNA transport. To resolve this 

apparent paradox, I will study Wsc2 synthesis in different strains lacking minor or major 

components of the mRNA localization machinery. 
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2 Material 
 

2.1 Consumables 
 

All consumables were purchased from AppliChem GmbH, Bio-Rad laboratories Inc., 

Formedium Ltd., GE Healthcare, Merck KGaA, Eppendorf AG, Invitrogen AG, peqlab, 

Promega, Qiagen GmbH, Carl Roth GmbH & Co. KG, Roche, Sarstedt AG & Co. KG, Sigma-

Aldrich, Thermo Fisher Scientific or VWR International GmbH. 

The GFP antibody for Western blot analysis was purchased from Sigma Aldrich (monoclonal 

antibody from mouse against GFP tag, clone GT7312). The secondary antibody, directed 

against mouse epitopes and coupled to horseradish peroxidase was also purchased from Sigma 

(Anti-Mouse IgG (whole molecule)-Peroxidase antibody produced in goat, product number 

A4416). 

 

2.2 Media 
 

The following media were used for cultivation of bacteria or yeast. Solid media contained 

additional 2% (w/v) agar-agar. For sterilization, media were autoclaved for 15 min at 121 C 

and 2.1 kPa. To prevent from thermolysis, antibiotics, glucose, DTT, CuSO4 acid and FOA 

were added after autoclaving. 

 

LB 

Yeast extract  0.5 % (w/v) 

Tryptone  1 % (w/v) 

NaCl   0.5 % (w/v) 

 

YPD 

Yeast extract  1 % (w/v) 

Tryptone  2 % (w/v) 

Glucose  2 % (w/v) 

 

SD 

SD nitrogen base  0.67 % (w/v) 

Arginine   0.002 % (w/v) 

Isoleucine   0.006 % (w/v) 

Lysine   0.004 % (w/v) 

Methionine   0.001 % (w/v) 

Phenylalanine  0.006 % (w/v) 

Threonine   0.001 % (w/v) 

Adenine   0.002 % (w/v) 

Histidine   0.002 % (w/v) 

Leucine   0.006 % (w/v) 
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Uracil    0.005 % (w/v) 

Tryptophan   0.004 % (w/v) 

Glucose   2 % (w/v) 

 

Unless stated otherwise, media supplements were used at the following concentrations. 

 

Ampicilin  100 g/ml 

Geniticin  200 g/ml 

HygromycinB  200  g/ml 

Nourseothricin 100 g/ml 

FOA   0.1 % (w/v) 

 

2.3 Buffers 
 

 

Transfer Blotting Buffer 

Methanol 

SDS 

Tris-Glycine Buffer 10x 

 

20 % (v/v) 

0.1 % (w/v) 

0.2 10 % (v/v) 

Ponceau S solution 

Ponceau S 

Sulfosalicyclic acid 

Trichloracetic acid 

 

10 g/l 

30 % (v/v) 

30 % (v/v) 

Tris-Glycine Buffer pH 8.3 

Tris 

Glycine 

 

25 mM 

250 mM 

MOPS Buffer (SDS running buffer) 

MOPS 

Tris 

SDS 

EDTA 

 

50 mM 

50 mM 

1 g/l 

0.3 g/l 

TBS-T Buffer 

Tris-HCl pH 8.0 

NaCl 

Tween 20 

 

10 mM 

150 mM 

0.05 % (v/v) 

BufferB 

KPO4 buffer pH 7.5 

Sorbitol 

 

0.1 M 

1.2 M 

2x Laemmli Buffer (2xLP) 

Tris-HCl buffer pH 7.0 

SDS 

DTT 

Glycerol 

Bromphenol blue 

 

50 mM 

1.5 % (w/v) 

5 % (v/v) 

200 mM 

0.1 % (w/v) 

Pre-Hybridization buffer 

E. coli tRNA 

ssDNA (from salmon sperm) 

VRC  

BSA 

SSC buffer 

 

0.1 % (w/v) 

0.1 % (w/v) 

0.2 mM 

0.2 % (w/v) 

2x 
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Formamide 

Dextran Sulfate 

Nuclease Free Water 

10 % (v/v) 

10 % (w/v) 

Hybridization buffer 

 

 

 

E. coli tRNA 

ssDNA (from salmon sperm) 

VRC  

BSA 

SSC buffer 

Formamide 

Dextran Sulfate 

labelled DNA probes 

Nuclease Free Water 

note that different buffer compositions were tested 

(Formamide concentration, RNA isolate from 

human cells or bacteria instead of E.coli tRNA 

and ssDNA, amount of labelled oligonucleotides) 

0.1 % (w/v) 

0.1 % (w/v) 

0.2 mM 

0.2 % (w/v) 

2x 

10 % (v/v) 

10 % (w/v) 

2x SSC 

NaCl 

Na-Citrate pH 7.0 

 

150 mM 

15 mM 

Wash buffer 

SSC 

Formamide 

 

2x 

10 % 

blocking solution 

dry milk powder in TBS-T 

 

3 % (w/v) 

 

 

2.4 Plasmids 
 

 

The plasmids used in this study are listed in Table 2-1. E. coli XL1 blue cells (genotype: endA1 

gyrA96(nalR) thi-1 recA1 relA1 lac glnV44 F'[ ::Tn10 proAB+ lacIq Δ(lacZ)M15] 

hsdR17(rK
- mK

+)) were used for cloning. If methylation sensitive enzymes were used for 

downstream processes, a methylase deficient strain (genotype: ara-14 leuB6 fhuA31 lacY1 

tsx78 glnV44 galK2 galT22 mcrA dcm-6 hisG4 rfbD1 R(zgb210::Tn10) TetS endA1 

rspL136 (StrR)dam13::Tn9 (CamR) xylA-5 mtl-1 thi-1 mcrB1 hsdR2), purchased from New 

England Biolabs, was used. 

 
Table 2-1 Plasmids used in this study 

name properties origin 

pRS 313 HIS3, AmpR, CEN (Sikorski and Hieter, 1989) 

pRS 303 HIS3, AmpR (Sikorski and Hieter, 1989) 

pRS 314 TRP1, AmpR, CEN (Sikorski and Hieter, 1989) 

pRS304 TRP1, AmpR (Sikorski and Hieter, 1989) 

pRS315 LEU2, AmpR, CEN (Sikorski and Hieter, 1989) 

pRS305 LEU2, AmpR (Sikorski and Hieter, 1989) 

pRS 316 URA3, AmpR, CEN (Sikorski and Hieter, 1989) 
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pRS 306 URA3, AmpR (Sikorski and Hieter, 1989) 

pRS 317 KANMX, AmpR, CEN Johnsson Lab 

YCplac33-WSC2-

12xMS2L 

URA3, AmpR, CEN (Hermesh et al., 2014a) 

pCP-MS2-3xGFP HIS3, AmpR, CEN (Hermesh et al., 2014a) 

mCherry 306 mCHERRY; URA3, AmpR Johnsson Lab 

Ssh1 mcherry 306 SSH1-mCHERRY; URA3, 

AmpR 

this work 

Sec63 mcherry 306 SEC63-mCHERRY; URA3, 

AmpR 

this work 

Sec62 mcherry 306 SEC62-mCHERRY; URA3, 

AmpR 

(Ruths, 2017) 

GFP 304 GFP(S65T); TRP1, AmpR Johnsson Lab 

GFP 306 GFP(S65T); URA3, AmpR Johnsson Lab 

sfGFP 306 sfGFP; URA3, AmpR this work;  

Ash1 GFP 304 ASH1-GFP(S65T); TRP1, 

AmpR 

this work 

Wsc2 GFP 304 WSC2-GFP(S65T); TRP1, 

AmpR 

this work 

Ash1 sfGFP 306 ASH1-sfGFP; URA3, AmpR this work 

Wsc2 CCRsfGFP 306 WSC2-mCHERRY-CUB-R-

GFP(S65T); URA3, AmpR 

this work 

pML 107 CAS9, LEU2, AmpR (Laughery et al., 2015) 

pML 104 CAS9, URA3, AmpR (Laughery et al., 2015) 

pML107 Wsc2-1064 guideRNA: WSC2-1064; 

CAS9, LEU2, AmpR 

this work 

pML104 Ist2-606 
guideRNA: IST2-606; CAS9, 

URA3, AmpR 

this work 

pML107 Ist2-606 
guideRNA: IST2-606; CAS9, 

LEU2, AmpR 

this work 

Sec61 GFP304 SEC61-GFP; TRP1, AmpR this work 

Sec61 AGT303 SEC61-AGT; HIS3, AmpR this work 

Sec61 AGT304 SEC61-AGT; TRP1, AmpR this work 

Sec62 AGT304 SEC62-AGT; TRP1, AmpR this work 

pML107 Wsc2-1464 
guideRNA: WSC2-1464; 

CAS9, LEU2, AmpR 

this work 

GFPnanobody - Heinrich Leonhardt, Munich 

α-GFPnanobody 304 αGFP; TRP1, AmpR this work 

α-GFPnanobody 305 αGFP; LEU2, AmpR this work 

Sec62 α-

GFPnanobody 304 

SEC62- αGFP ; TRP1, 

AmpR 

this work 

Wsc2 α-

GFPnanobody 304 

WSC2- αGFP; TRP1, AmpR this work 

Sec62 cherry 305 
SEC62-mCHERRY; LEU2, 

AmpR 

this work 

pML107 lacI-6 
guideRNA: LACI-6; CAS9, 

LEU2 

this work 

PP7CP CCRG316 
PMET17::PP7CP-CCRG; 

URA3, AmpR, CEN 

this work 

pRS CC-NLS-G 306 URA3, AmpR (Heinemann, 2018) 
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pRS CC-NCLS-G 

306 

mCHERRY-CUB-nucleolar 

localization sequence-GFP; 

URA3, AmpR 

(Heinemann, 2018)(Timmers et al., 

1999) 

Ssh1 CC(NcLS)GFP 

306 

SSH1-CCNcGFP; URA3, 

AmpR 

(Heinemann, 2018) 

Spc72 GFP 304 SPC72-GFP; TRP1, AmpR this work 

Spc72 antiGFP304 SPC72- αGFP; TRP1, AmpR this work 

Nsr1 antiGFP304 NSR1- αGFP; TRP1, AmpR this work 

Nsr1 antiGFP305 NSR1- αGFP; LEU2, AmpR this work 

pMet-

antiGFPnanobody 

Sso1 315 

PMET17::  αGFP-SSO1; 

LEU2, AmpR 

this work 

Cub-PLS-2xGFP 306 

CUB-peroxisome 

localization sequence-GFP-

GFP; URA3, AmpR 

this work 

pMet antiGFP HHF2 

315 

PMET17::  αGFP-HHF2; 

LEU2, AmpR 

this work 

Pot1 cherry305 
POT1-mCHERRY; LEU2, 

AmpR 

this work 

Cub-NcLs-2xGFP 

306 

URA3, AmpR this work 

Wsc2 Cub-NcLs-

2xGFP 306  

URA3, AmpR this work 

Tpo1 antiGFP304 TPO1- αGFP; TRP1, AmpR this work 

Tpo1 cherry 306 TPO1-mCHERRY; URA3, 

AmpR 

this work 

Tpo1 CCRG 306 TPO1-CCRG; URA3, AmpR this work 

pBlue sfGFP var2 sfGFP; AmpR  purchased from BioCat; (Koker et 

al., 2018) 

Sec62 sfGFP var2 

306 

SEC62-sfGFP URA3, AmpR this work 

pRS Cox4 antiGFP 

304 

COX4-αGFP; TRP1, AmpR this work 

pML107 Wsc2-1007 guideRNA: WSC2-1007; 

CAS9, LEU2, AmpR  

this work 

Wsc2 sfGFPvar2 306 WSC2-sfGFP; URA3, AmpR this work 

pML107 Wsc2-866 guideRNA: WSC2-866; 

CAS9, LEU2, AmpR 

this work 

Sec16 CCRG306 SEC16-CCRG; URA3, AmpR this work 

Wsc3 GFP304 WSC3-GFP; TRP1, AmpR this work 

Wsc2 sfGFPHDEL 306 WSC2-sfGFPHDEL; URA3, 

AmpR 

this work 

Kar2 GFP304 KAR2-GFP; TRP1, AmpR this work 

αGFPnanobodyHDEL 

304 

αGFPHDEL; TRP1, AmpR this work 

αGFPnanobodyHDEL 

305 

αGFPHDEL ; LEU2, AmpR this work 
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Kar2 

αGFPnanobodyHDEL 

305 

KAR2-αGFPHDEL ; LEU2, 

AmpR  

this work 

pML107 Wsc2-72 guideRNA: WSC2-72; 

CAS9, LEU2, AmpR 

this work 

pML107 Wsc3-1142 guideRNA: WSC3-1142; 

CAS9, LEU2, AmpR 

this work 

pMaM97  pYM-N-natNT2-TEF-

mCherry-sfGFP  

Michael Knop, Heidelberg 

(Khmelinskii et al., 2012) 

pMaM61  pFA6a-mCherry-sfGFP-

natNT2  

Michael Knop, Heidelberg 

(Khmelinskii et al., 2012) 

 

 

2.5 Oligonucleotides 
 

 

All oligonucleotides that were used were purchased from Microsynth and are listed in Table 

2-2. 

 
Table 2-2 Oligonucleotides used in this study. DNA sequences in 5’-3’ directions. Lowercase characters are usually used to 

indicate point mutations or restriction enzyme recognition sites and overhangs. 

name gene 

targeted 

sequence 

antiGFP 

AscI rv 
⍺GFP 

nanobody 

gatccggcgcgccgATTCCTTGAGGAGACGGTGAC 

antiGFP 

SpeI fw 
⍺GFP 

nanobody 

CTAGAActagtATGGCCGATGTGCAGCTGGTG 

antiGFPnan

obody rv 

seq 

⍺GFP 

nanobody 

GCCTGGCGGTACCACCTC 

nanoGFP-

Apa-STOP-

rv 

⍺GFP 

nanobody 

GCATCgggcccCTAATTCCTTGAGGAGACGGTG 

nanoGFP-

Xho-fw 
⍺GFP 

nanobody 

CCAGCctcgagAATGGCCGATGTGCAGCTGG 

nanoGFPH

DEL Apa 

rv 

⍺GFP 

nanobody 

gggtaccgggccCTTATAGTTCATCATGATTCCTTGAGGAGACG

GTG 

AgTEFpro

m RV 

A. gossypii 

TEF1 

catgtcgctggccgggtgac 

AgTEFPro

m-Eag-rv 

A. gossypii 

TEF1 

CGCAGcggccgGGTTGTTTATGTTCGGATGTG 

AgTEFPro

m-SacI-fw 

A. gossypii 

TEF1 

CGCACgagctcGTTTAGCTTGCCTCGTCCC 

AgTEFter

m FW 

A. gossypii 

TEF1 

GCCTCGACATCATCTGCCCAG 

ADH1Pro

m-Eag-rv 

ADH1 CGCAGcggccgTGGAGTTGATTGTATGCTTGG 

ADH1Pro

m-SacI-fw 

ADH1 CGACCgagctcATCCTTTTGTTGTTTCCGGGT 
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Ash1 ATG 

PstBamHN

he 

ASH1 CGACGctgcagggatccccgctagcATGTCAAGCTTATACATCAAAA

C 

Ash1 Cub 

ctr 1220 

ASH1 GAAGTGGCTCATTTCAAGCC 

Ash1 Cub 

Eag 

ASH1 cctcccggccgATGATAGTTTCAATTACGGCAAGG 

Ash1 Cub 

Sal 

ASH1 cctccgtcgacccATTCTCTACTGTCTCAGTTATG 

Ash1 Cub 

Sal +67 

ASH1 cctccgtcgacGTAGTTTATTTAGCACAGACAAGG 

Ash1 G3 ASH1 CCCCACAAAGGGTGAAATAAAC 

Ash1 G4 ASH1 CGTTAGCCAAAGATATTGGG 

Ash1 S1 ASH1 TTTCAGTCTAAAAAAAACATTTCTCATAACGGGAAAAGC

AAAAAAcgtacgctgcaggtcgac 

Ash1 

S2(+67) 

ASH1 GAAAGAAAATGAATTTTTATTTGTAGTTTATTTAGCACAG

ACAAGGatcgatgaattcgagctcg 

Ash1 S3 

(+67) 

ASH1 TCAACTAATAAGAGACATTATCACGAAACAATTGTACATT

TCTCTcgtacgctgcaggtcga 

Ash1 S4 ASH1 AGCAGATAATGCATGCAGTGGTGTTTTGATGTATAAGCTT

GACATcatcgatgaattctctgtcg 

Cox4 Cub 

ATG Eag 

COX4 CACAGcggccgATGCTTTCACTACGTCAATC 

Cox4 Cub 

Eag 

COX4 CGACGgccggcGGGTACCATGAAAGATCCG 

Cox4 Cub 

Sal 

COX4 CGACGgtcgacccTTAGTGATGGTGGTCATCAT 

pCUP157 CUP1 CCAACGCAATATGGATTGTCAG 

gR1 LacI-6 E. coli LACI GATCGTAGGCACGGATCCGGAGCTGTTTTAGAGCTAG 

gR2 LacI-6 E. coli LACI CTAGCTCTAAAACAGCTCCGGATCCGTGCCTAC 

LacIlink-

stop-EagI-

rv 

E. coli LACI cgattcggccgctaCGCGCCAGCGGCGTAATC 

H3 pFA plasmid GGAAGGAGTTAGACAACCTG 

L2 pFA plasmid CATAGCCTGAGTCCCTCGGAT 

L3 pFA plasmid GGTGACGCGATTGTCGAAGC 

N3 pFA plasmid CTCAGGTATAGCATGAGGTCGC 

do S25-

GFP-rv 

GFP AATTGGGACAACTCCAGTGAAAAGTTCTTCTCCTTTACCC

ATAGCTCTGTCTTTCATGGACT 

do SP40-

GFP-rv 

GFP AATTGGGACAACTCCAGTGAAAAGTTCTTCTCCTTTACCC

ATtaccttgcgctttttcttgggcat 

GFP Asc 

fw 

GFP CGACCGGCGCGCCAATGGGTAAAGGAGAAGAACTTTTC 

GFP AscI 

rv neu 

GFP gatccggcgcgccTTTGTATAGTTCATCCATGCC 

GFP ATG 

BamHI fw 

GFP CGACGggatccATGGGTAAAGGAGAAGAACTTTTC 

GFP(S65T) 

ATG+84 

RV 

GFP CGCCTTCACCCTCTCCACTGAC 

GFP11 Xho 

rv 

GFP CGTCGctcgagccTTTGTATAGTTCATCCATGCCA 

GFPrvAcc GFP AGCTGGGTACCTTATTTGTATAGTTCATCCATG 
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GFPstop 

Eag rv 

GFP CCTCCcggccgCGctcgagCGCgggcccGGcttaagTTATTTGTATAG

TTCATCCATGCC 

sfGFP 

HDEL rv 

GFP GGCTGGGTACCTTATAGTTCATCatgTTTGTATAGTTCATCC

ATGCC 

sfGFPvar2 

Nhe fw 

GFP CGACGgctagcATGGGTAAAGGAGAAGAACTTTTC 

sfGFPvar2

nostop Sal 

rv 

GFP CGACGgtcgacccTTTGTATAGTTCATCCATGCC 

GPD1Prom

-Eag-rv 

GPD1 CCGAGcggccgCTTTATATTATCAATATTTGTG 

GPD1Prom

-SacI-fw 

GPD1 CAGCCgagctcCCTGGGGTTTGAGCAAGTC 

gR1 HA-4 

neu 

Haemaglutinin

A 

gatcGCATAGTCAGGAACATCGTAgttttagagctag 

HindIII-

Hatag-rv 

Haemaglutinin

A 

CCACGaagcttcGCCCGCATAGTCAGGAACA 

Ist2 ctr rv 

1000 

IST2 CATGGGTAGGTAAACGGGCC 

Ist2 Cub 

CTR 

IST2 CGCCGTTGATGCACTAAGTAGA 

Ist2 EagI 

FW 

IST2 CCTCCcggccgGGTGGCGAAAATAACGAAAAT 

Ist2 G4 IST2 CTCATACTGTTTTGGAGCCTCC 

Ist2 S1 IST2 TACATTTGAAAAAGATTAAAACAAGCACAAGCGGTTGAG

CATACTcgtacgctgcaggtcgac 

Ist2 S4 IST2 GAATACAATAACACAATTCGGATCTAGAGATGTAATTGT

CTGCGAcatcgatgaattctctgtcg 

Ist2 SalI 

RV 

IST2 GGAGCgtcgacCCAAGCTTCTTTTTCAGCTTATGC 

S2 Ist2  IST2 GTCACCATATTATAAAAATAAAATTTGTTATCGTCCTAGC

TTTTTTatcgatgaattcgagctcg 

S3 Ist2  IST2 CCAAAACATAAAAAGGGGCTATTGCATAAGCTGAAAAAG

AAGCTTcgtacgctgcaggtcga 

Loc1 G1 LOC1 CCTCATCTCATTATCAAGAAGC 

Loc1 G4 LOC1 CTTCTTGTCCTTCTTCGCACC 

Loc1 S1 LOC1 GTAAAATTATAAGGTTAGATATCTGTAAATCTATACAATT

AAGGAAAGcgtacgctgcaggtcgac 

Loc1 S2 LOC1 TATATTATACAACAGACTTATCCGTATTTAGTTTAGTCAA

TCAAAatcgatgaattcgagctcg 

MAT 

general 

MAT AGTCACATCAAGATCGTTTATGG 

MATa 

specific 

MAT ACTCCACTTCAAGTAAGAGTTTG 

MATalpha 

specific 

MAT GCACGGAATATGGGACTACTTCG 

cherry 

EcoRI fw 

mCHERRY CGATCgaattcATGGTGAGCAAGGGCGAGG 

cherry-

stop-EagI-

rv 

mCHERRY cgatgcggccgctaCTTGTACAGCTCGTCCATGCC 

CherryBglI

I-GA fw 

mCHERRY GGAagatctGGAGCAGGTGCTGGAGCAATGGTGAGCAAGGG

CGAGG 
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mCherry 

CTR RV 

mCHERRY GTCACCTTCAGCTTGGCGGTC 

MFalpha1 

Cub Eag 

ATG 

MF⍺1 CGACGcggccgATGAGATTTCCTTCAATTTTTAC 

MFalpha1p

reproNheI 

rv 

MF⍺1 CGACGgctagcCTCTCTTTTATCCAAAGATAC 

MID2 

EcoRI FW 

MID2 GACCGgaattcGCAATCATCAAGGACGGACTT 

MID2 G1 MID2 GTTACGAGTACAGTGGACC 

MID2 G4 MID2 GGCTGTCAGGTCCTACTATC 

Mid2 Nub 

Ctr 

MID2 GATGTGAACGATATGGAGGC 

Mid2 Nub 

fw 

MID2 CGCTACTTTCGTTGAAGATTGGACATATAAAATACGCAAA

TCATAGGCATAGGCCACTAGTGGATC 

Mid2 Nub 

rv 

MID2 GTATTAAAAGTAATAAGCGGAAACTATTCTTGGTTGTGAA

AGACAAGGTCGACCCCGCATAGTCAGG 

MID2 Nui 

Stopp Fw  

(S3) 

MID2 AAAATTCTATGATGAACAAGGTAACGAATTATCACCACG

AAATTATcgtacgctgcaggtcgac 

MID2 Nui 

Stopp RV  

(S2) 

MID2 ATGAAAAGTAGCCATAAGCACTAAATGATATGAATGGAT

ATGATTAatcgatgaattcgagctcg 

MID2 S1 MID2 CGCTACTTTCGTTGAAGATTGGACATATAAAATACGCAAA

TCATAGTcgtacgctgcaggtcgac 

MID2 XhoI 

RV 

MID2 GACCGctcgagTTAATAATTTCGTGGTGATAATTC 

Mid2_300_

forward 

MID2 CATTTACTTACCAAACTCACCATTC 

Mid2_300_

reverse 

MID2 CCCTGAAATTCTCCTCCTCAAACCA 

S1_Mid2_f

orward 

MID2 CGTTGAAGATTGGACATATAAAATACGCAAATCATAGTcgt

acgctgcaggtcgac 

S4_Mid2_r

everse 

MID2 GTAATAAGCGGAAACTATTCTTGGTTGTGAAAGACAAcatC

GATGAATTCTCTGTCG 

12xMS2L 

AscI rv 

MS2 TTggcgcgccGGTAAACATGCCTGATGGTG 

12xMS2L 

BsrGI rv 

MS2 CGTACtgtacaGGTAAACATGCCTGATGGTG 

12xMS2L 

XhoI fw 

MS2 CCACCctcgagGTGATATCAACCCGGGCCC 

MS2-stop-

Acc-rv 

MS2 ctctgggtaccctaGTAGATGCCGGAGTTTGCTGC 

MS2CP-

GFPXhoIrv 

MS2 CCACCctcgagCCCAAAACCTTCTCAAGCAAGG 

MS2loop 

Ctr RV 

MS2 GGATCTGATATCGATCGCGCG 

XhoI-MS2-

fw 

MS2 ccatgctcgagcATGGCTTCTAACTTTACTCAGTTCG 

GGGS2-

Nub-fw 

MS2 ccactcccgggccgagtggaggcagtggtggaggcagtATGCAGATTTTCGTC

AAGACtttg 

G1 Myo4 MYO4 CTCACTCTCCGGGTTATCC 

G1 Pab1 MYO4 CGCTCCAGTTCCAAGGAAAG 
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G2 Myo4 MYO4 GGGGTGCCAATAGGGTCAG 

G3 Myo4 MYO4 GGCGAAGCTGGAGTACCG 

S1 Myo4 MYO4 TAAAACACAAAAAAACAAAAAAAATCCTATAACCAGTTC

TCCCGCcgtacgctgcaggtcgac 

S2 Myo4 MYO4 GTATATATACATATATACATATATGGGCGTATATTTACTT

TGTTCatcgatgaattcgagctcg 

S3 Myo4 MYO4 GAGGGCTTAGCTACTGTCAGTAAAATTATAAAATTAGAC

AGAAAAcgtacgctgcaggtcgac 

Nsr1 Cub 

ctr 850 

NSR1 CTCATCTTCATCTTCTGATAG 

Nsr1 Cub 

Eag 

NSR1 CGAGCcggccgGAAGAGTCTTCCAACAAGAAG 

Nsr1 Cub 

Sal 

NSR1 CGACGgtcgacccATCAAATGTTTTCTTTGAACC 

Pot1_EagI_

fw 

POT1 CCTCCCGGCCGGTGGCAGGTGTCTTGTTAG 

Pot1_SalI_r

v 

POT1 CCACCGTCGACCCTTCTTTAATAAAGATGGCGGC 

PP7 Cub 

Sal 

PP7 CGATCGTCGACCCACGGCCCAGCGGCACAAGG 

PP7CP Asc 

rv 

PP7 CAGTCGGCGCGCCACGGCCCAGCGGCACAAGG 

PP7CP Cub 

Eag ATG 

PP7 CGATCCGGCCGATGTCCAAAACCATCGTTCTTTC 

PP7CP Sal 

fw 

PP7 CGATCGTCGACCTCCAAAACCATCGTTCTTTC 

Puf6 G1 PUF6 GATATATAGTCCTTTCACGAGG 

Puf6 G2 PUF6 GGTAGTCTCCTTGACTGTTATG 

Puf6 G4 PUF6 CTGCTTCAGAGTCACTGGTAC 

Puf6 S1 PUF6 GAGTACTGAAATAAAGCACAATCAGGAATAACAAATTAA

CTGACAcgtacgctgcaggtcgac 

Puf6 S2 PUF6 GTACAGATGCTTATATACCAAATATTGTGACTTTATCGTA

GAAAATatcgatgaattcgagctcg 

Rtn1 cub 

ctr 650 

RTN1 GGGACAAGGTTTAATCACCAAG 

Rtn1 Cub 

Eag 

RTN1 CGACGcggccgGCTACCAGTCTTCCAAGCCC 

Rtn1 Cub 

Sal 

RTN1 CGACGgtcgacccAGCGTTGTTTTTTTCCAATTCATTTTG 

Sec16 Cub 

Eag 

SEC16 CGACGcggccgGTTCGGCACCACCACCTCC 

Sec16 Cub 

Sal 

SEC16 CGAGCgtcgacCCTTGTATGTTATCCATTACATTAAC 

Sec16 

CubCtr475 

SEC16 GTGTATAAGGCCAAGCTAGGTC 

G1 Sec61 SEC61 GGCGTTACGGTGGTAACGTAG 

G4 Sec61 SEC61 CGGTTGGAGGCCAGCATGGC 

S1 Sec61 SEC61 GTAGCAAGTAGAAAAACTGACACTGGTTCACGCTTTACTT

TGAAAcgtacgctgcaggtcgac 

S4 Sec61 SEC61 GAAAGATTCAAATGGCTTAAACAAGTCTAGAACACGGTT

GGAGGAcatcgatgaattctctgtcg 

Sec61 Cub 

ATG Eag 

SEC61 GCATGcggccgATGTCCTCCAACCGTGTTCTAG 
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Sec61 Cub 

Ctr 560 

SEC61 ATGTTGCAGAGTGCATTGAC 

Sec61 Cub 

Eag 

SEC61 cctcccggccgCCAGAAATACCCAACCAATC 

Sec61 Cub 

Sal 

SEC61 cctccgtcgacccCATCAAATCAGAAAATCCTGG 

Sec61 Cub 

Sal Stop 

SEC61 cctccgtcgacccTTACATCAAATCAGAAAATCCTGG 

Sec61 G1 SEC61 GACCTCACTTTGCACCCTCC 

Sec61 G2 SEC61 CGCGTATGATATTGTTAATCG 

Sec61 

preG1 

SEC61 CAGCGCTCCAGATTTTTCGC 

Sec61 S2 SEC61 GCTAAATGCGATTTTTTTTTTCTTTGGATATTATTTTCATT

TTATATatcgatgaattcgagctcg 

Sec61Prom

-Eag-fw 

SEC61 CAGCCcggccgGAATCCGTCGTTCGTCACC 

Sec61tApa

Acc65rv 

SEC61 CACGCggtaccAGCTTTCGGGCCCGCATAAC 

Sec61term-

Sal-fw 

SEC61 CGCAGgtcgacATATAAAATGAAAATAATATCC 

G1 Sec62 SEC62 CGCTGCAACTCCTAAATCTG 

G4 Sec62 SEC62 CTCCTCAGAATGCAGTGCCC 

S1 Sec62 SEC62 ATTGCAGTTGAATGCAGTATGGTAGCCGAGCAAACACAG

GAGAACcgtacgctgcaggtcgac 

S4 Sec62 SEC62 GCCATTGACACTAGCACCTGCATTGCTACCTGGACCTACG

GCTGAcatcgatgaattctctgtcg 

Sec62 Cub 

Ctr 780 

SEC62 GGCGGATCTGCTACAGCC 

Sec62 Cub 

Eag 

SEC62 cctcccggccgCAGGCCAAGCAGACAGACTTC 

Sec62 Cub 

Eag ATG 

SEC62 CGACGcggccgATGTCAGCCGTAGGTCCAGG 

Sec62 Cub 

Sal 

SEC62 cctccgtcgacccGTTTTGTTCGGCTTTTTCATTG 

G1 Sec63 SEC63 CGAATTGGTCACTCGTTACGG 

G4 Sec63 SEC63 CCCATCTTCAGCATTGGCCCC 

S1 Sec63 SEC63 AGAAGGCCTTCGCAACAAAATAAATATACTGCATATTAC

AGCACAcgtacgctgcaggtcgac 

S4 Sec63 SEC63 GGACGGCCACGTCTCACTAGCCTCATCATACTCGTAATTT

GTAGGcatcgatgaattctctgtcg 

Sec63 ATG 

BamHI 

SEC63 cgccggatcCCGGGctATGCCTACAAATTACGAGTATG 

Sec63 Cub 

Ctr 1160 

SEC63 CAGATTTGATCTTACACTGG 

Sec63 Cub 

Eag 

SEC63 cctcccggccgCTTCCCGGATTTGCAACCAAC 

Sec63 Cub 

Sal 

SEC63 cctccgtcgacccTTCTGGTGATTCATCATCTTC 

Sec63 term 

Apa rv 

SEC63 ccgcGGTACCGGGCCCCCCCtcgagGAACAAGTGGGCGAAAC

TGTC 

G1 She2 SHE2 TTTAGTCTCTTATAGAATGGTTCTTC 

G2 She2 SHE2 TTATTGACCTAAATTGGGGTCC 
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S1 She2 SHE2 AAACCCTCCTTAATTTTCCTTTTGCATAATACCAGACACTT

AAAAcgtacgctgcaggtcgac 

S2 She2 SHE2 ACTAGTGGTACTTATTTGCTCTTTTTGAGCTAAAAACTGA

AGGCCatcgatgaattcgagctcg 

She2 

BamHI FW 

SHE2 CCTCCggatccATGAGCAAAGACAAAGATATCAA 

She2 Cub 

EAG 

SHE2 CCTCCCGGCCGATGAGCAAAGACAAAGATATC 

She2 Cub 

SAL 

SHE2 CCACCGTCGACCCGTTTTTCAATTTACCAAATTTG 

She2 Nub 

Ctr 380 

SHE2 GAACCCAACCTTCTTTGCTTC 

She2 Nub 

fw 

SHE2 GAAAGCCTCCTCAAGCCACAAATCCTCATCCGCCAAGCA

AAACCAG GCATAGGCCACTAGTGGATC 

She2 Nub 

rv 

SHE2 CTCCTTTAACGGTTCTTTATTTTTTTCAACCCCTTTTGAAG

GTGG GGTCGACCCCGCATAGTCAGG 

She2 Sci 

BglII FW 

SHE2 CCTCCagatctCCATGAGCAAAGACAAAGATATCAA 

She2 Sci 

SalI RV 

SHE2 CCACCgtcgacTCAGTTTTTCAATTTACCAAATTTGT 

She2 SfiI 

FW 

SHE2 GCATCggccagcacggccATGAGCAAAGACAAAGATATCAA 

She2 SfiI 

RV 

SHE2 GTACTggccaaaaaggccTCAGTTTTTCAATTTACCAAATTTGT 

She2-GFP 

SalI RV 

SHE2 CCACCgtcgacCGTTTTTCAATTTACCAAATTTGT 

G1 She3 SHE3 TGGAACAGCAGCAACTGCTTG 

G2 She3 SHE3 CTTGACGGAGCAGTCGCACC 

S1 She3 SHE3 GTCTATCAAGCACGCCAAGGTTCAACGACACTACTTTTGT

GTAAGcgtacgctgcaggtcgac 

S2 She3 SHE3 TATCTAAATGAATCCTATATATATACTCCCTTGTGTCGGC

ATATTatcgatgaattcgagctcg 

She 3 CUB 

EAG1 

SHE3 CCTCCCGGCCGCTGACGCTTTGAGTAGCA 

She 3 CUB 

SAL1 

SHE3 CCACCGTCGACCCGGATTGGGCCCCGTGAACAAC 

She 3Cub 

Ctr 406 

SHE3 GAATGTACAAACCCAGGTGG 

She3 Nub 

Ctr 450 

SHE3 CAGAGCAAGATTGTTCAATG 

She3 Nub 

fw 

SHE3 GCTCGTCTATCAAGCACGCCAAGGTTCAACGACACTACTT

TTGTG GCATAGGCCACTAGTGGATC 

She3 Nub 

rv 

SHE3 GAGGTGCCAACTTGCTTGAAGAAGTCTGGGTATTATCCTG

GTCCGA GGTCGACCCCGCATAGTCAGG 

Shs1 Cub 

CTR450 

SHS1 TGGCGAACATGATTCAGCAG 

Shs1 Cub 

EagI 

SHS1 GGTGGcggccgTGAGACAGTTGGGTAGAG 

Shs1 Cub 

SalI 

SHS1 CCACCgtcgacCCATCTCTACCCGATGCAATAGAG 

G1 Shs1 SHS1 GACATGCTCTATAATCCGCG 

G2 Shs1 SHS1 GGAGTAAATCTGGTTACAGC 

S1 Shs1 SHS1 CCCCAAAGATCTGCTTATAATTGCTAGAAAAATATATTAT

TAATC CGTACGCTGCAGGTCGAC 
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S2 Shs1 SHS1 TTTATTTATTTATTTGCTCAGCTTTGGATTTTGTACAGATA

CAAC ATCGATGAATTCGAGCTCG 

Spc72 Cub 

Eag 

SPC72 CGACGcggccgCCCAACTGAAGGAAAAGATCG 

Spc72 Cub 

Sal 

SPC72 CGACGgtcgacCCGGGATTGTTGATTGATAGGTTG 

Ssh1 Cub 

ATG Eag 

SSH1 GCATGcggccgATGTCTGGTTTTCGTCTAATTG 

Ssh1 Cub 

Ctr 520 

SSH1 GCCAAGAATGAACCAACTCAC 

Ssh1 Cub 

Sal Stop 

SSH1 AGGGGTCGACCCTTACATAGCACCTGGAACACCCA 

Ssh1 Eag 

Cub 

SSH1 CCTCCCGGCCG TTAGCAGTCCCAACCTTCCC 

Ssh1 G1 SSH1 GATAGATGTCATTTGGTCCTTC 

Ssh1 G2 SSH1 CTTCATGTTATAAGGAGCGTGG 

Ssh1 G4 SSH1 GTGGTAGCTTTGGGCAAACC 

Ssh1 preG1 SSH1 GCGCTAACGATATCATTAGAC 

Ssh1 preG2 SSH1 CCATTAGATCCTCGTTTACAG 

Ssh1 S1 SSH1 CGCATTTTTTAGCACATTTGCCCCCGCCACTCTCCATTGTT

TTAGTcgtacgctgcaggtcgac 

Ssh1 S2 SSH1 GAATTTGATCTTCTTTTTTGTTTTCCTTCTTTTTTTTCTTTT

CTTTGTatcgatgaattcgagctcg 

Ssh1 S4 SSH1 GTAAAATCGGTAGGATAGGCTTAACGATATCAATTAGAC

GAAAACCAGAcatcgatgaattctctgtcg 

Ssh1 Sal 

Cub 

SSH1 AGGGGTCGACCC CATAGCACCTGGAACACCCA 

Sso1_forw SSO1 CCACCctcgagTATAATAATCCGTACCAGTTGGAAACCCC 

Sso1_rev SSO1 CCTCCggtaccTTAACGCGTTTTGACAACGGC 

G1 Ubr1 UBR1 CCCAGTACATCAACGAGCGAG 

G2 Ubr1 UBR1 ATTGACTATCCGTGACAGGAC 

G4 Ubr1 UBR1 GTAGGTAAGTTCTCTCCGCTG 

S1 Ubr1 UBR1 CTTCGGACAAAGGCAGTTGAAGTTTACTGTATCCTATTAG

TTGACcgtacgctgcaggtcgac 

S2 Ubr1 UBR1 TATATACAAATATGTCAACTATAAAACATAGTAGAGGGC

TTGAATatcgatgaattcgagctcg 

S4 Ubr1 UBR1 AATGTGACCTTGTAAAGATCCTAAATCATCATCAGCAACG

GAcatcgatgaattctctgtcg 

G1 Wsc2 WSC2 GCTCAAAGCGTGGCTAGCC 

G3 Wsc2 WSC2 CCCTCGGTAGTGTACGAGG 

gR1 Wsc2-

1007 

WSC2 GATCGAATAACGCCAGAGCCAACAGTTTTAGAGCTAG  

gR1 Wsc2-

1438 

WSC2 GATCATTGGGAGTAATGTCTCAGAGTTTTAGAGCTAG 

gR1 Wsc2-

1464 

WSC2 GATCTGATGATTACGATGATGCAAGTTTTAGAGCTAG 

gR1 Wsc2-

72 

WSC2 GATCAGCAAGCTTTATATGTGAATGTTTTAGAGCTAG 

gR1 Wsc2-

866 

WSC2 GATCCGATACTGTTGCATAAACAGGTTTTAGAGCTAG 

gR1Wsc2-

842-PMS 

WSC2 GATCCAAGCACGATCTaaACCACCGTTTTAGAGCTAG 
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gR2 Wsc2-

1007 

WSC2 CTAGCTCTAAAACTGTTGGCTCTGGCGTTATTC 

gR2 Wsc2-

1438 

WSC2 CTAGCTCTAAAACTCTGAGACATTACTCCCAAT 

gR2 Wsc2-

1464 

WSC2 CTAGCTCTAAAACTTGCATCATCGTAATCATCA 

gR2 Wsc2-

72 

WSC2 CTAGCTCTAAAACATTCACATATAAAGCTTGCT 

gR2 Wsc2-

866 

WSC2 CTAGCTCTAAAACCTGTTTATGCAACAGTATCG 

gR2Wsc2.8

42-PMS 

WSC2 CTAGCTCTAAAACGGTGGTttAGATCGTGCTTG 

pre G1 

Wsc2 

WSC2 CCTGTCCTCCGTCCTTCG 

preG4 

Wsc2 

WSC2 GTGGAGGTTGTAGACGAGG 

Pwsc2 Eag 

fw 

WSC2 cgatccggccgGGTCATCTGGGCCCTATCTC 

S2 Wsc2 WSC2 GAATAAGTCTTTGATATGAATATGTAGTGTTGGTATCTAA

ACCTAGatcgatgaattcgagctcg 

S3 Wsc2 WSC2 GATGATTACGATGATGCAAAGGATTCCAATAATAGTTCTT

TGCGCcgtacgctgcaggtcga 

Wsc2  Cub 

Eag 

WSC2 cctcccggccgCACATCGACCTCATCCTCAAC 

Wsc2 ATG 

Eag 

WSC2 CGACGcggccgATGCACCTAGATCTCATACAC 

Wsc2 Cub 

ctr 830 

WSC2 GAAACGTCCTCTACGCAGGC 

Wsc2 Cub 

Sal 

WSC2 cctccgtcgacccGCGCAAAGAACTATTATTGGAATC 

Wsc2 G4 WSC2 CAGTAGCAACCTGTACCGTTG 

Wsc2 S1 WSC2 CTTCTTTGAATTTCTTTTTGACCAACAGCATTATAGAAGT

GGAATcgtacgctgcaggtcgac 

Wsc2 S4 WSC2 TATGAGCCACACTAAGATGAAGGACTTGTGTATGAGATC

TAGGTGcatcgatgaattctctgtcg 

Wsc2-

3'UTR-rv 

WSC2 CATATGTCCTCGAGGAGAACTTC 

gR1 Wsc3-

1141 

WSC3 GATCGCCATTGCCGGTATTGTTATGTTTTAGAGCTAG 

gR2 Wsc3-

1141 

WSC3 CTAGCTCTAAAACATAACAATACCGGCAATGGC 

Wsc3 Cub 

Ctr 930 

WSC3 CCTCCTCTACTACCTCCTC 

Wsc3 Cub 

Eag 

WSC3 CGACGcggccgCATACCACAGTCGATAGCCG 

Wsc3 Cub 

Sal 

WSC3 CGACGgtcgacCCGGCTCGATTATGAGATACGG 

Wsc3 G1 WSC3 CCATTGTTTTACTTCATTGCCTG 

Wsc3 G2 WSC3 CCACAAACATCATTAGAAGCTG 

Wsc3 G4 WSC3 CGCAGTAACAATCTGACCCG 

Wsc3 S1 WSC3 GAAATTCATGTCCGTATAGTTTGTTTTTTTAGCAGAAGAC

AATATAAAcgtacgctgcaggtcgac 

Wsc3 S2 WSC3 CAGAACCAGTTGATTACCATTAATGTTGAGAGTTTATGCG

AGTTTTatcgatgaattcgagctcg 
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Wsc3 S3 WSC3 CCTGATAATCCTGAATTATCTAGTACCGTATCTCATAATC

GAGCCcgtacgctgcaggtcga 

Wsc3 S4 WSC3 TTTAATAGTTCCTTTATTTGTTAATTTTGCAAACCATACTC

TTTCcatcgatgaattctctgtcg 

 

All oligonuclotides that were used for synthesis of fluorescent probes for FISH experiments 

are listed in Table 2-3. 

 
Table 2-3 Oligonucleotides for synthesis of FISH probes; Indicated numbers represent binding site in respective to the start 

codon (A: +1). 

ASH1 

Ash1 (54) 

Ash1 (128) 

Ash1 (180) 

Ash1 (270) 

Ash1 (307) 

Ash1 (381) 

Ash1 (407) 

Ash1 (437) 

Ash1 (478) 

Ash1 (534) 

Ash1 (637) 

Ash1 (705) 

Ash1 (749) 

Ash1 (851) 

Ash1 (878) 

Ash1 (945) 

Ash1 (1061) 

Ash1 (1206) 

Ash1 (1264) 

Ash1 (1295) 

Ash1 (1354) 

Ash1 (1430) 

Ash1 (1567) 

Ash1 (1598) 

Ash1 (1717) 
 

 

AGGAGCTATTTGCATGAGAA 

ATCGGTTGTGATATTGTTCC 

CATTGAGCGAATGAAACGAA 

TAATCCATATGATGTGGCGA 

GGTGAATTGCCTGGTGTTAA 

AAAAACCTAAGCCAGACCCA 

TGGTAGTCGAGGTTGTGAAT 

TAAAGAGACGGACGATAGCC 

AGTGATGGTAGGCTTTGTTG 

GGAAGCGTGCTGCGTTTTCT 

TGAGCCACTTCTTCGCGTAT 

CCTTGCCGTAATTGAAACTA 

CTTAGACGGGGAATGGAACT 

TGTGACGGGAGGAGTAATAC 

TCTATTGGTTGGTGGACTCA 

CGTTATTGCTGGATTTCCCC 

ACTGTTCGTCTTTTTGTGAC 

TCACCAATTGTCTTGCAGTG 

GAGGGAGATGGAGATGAAGA 

TGATCTCATCTTGCCACTTT 

TAATTGGGTGACCTTGGGCT 

ACTTCCCTTTTTCGTTATGC 

CGAAGACCACAAGAGTTACA 

GTTCAAACATCTTGTATGTG 

CAAAATAAGCAACGGTACCC 
 

WSC2 

Wsc2 (23) 

Wsc2 (110) 

Wsc2 (157) 

Wsc2 (268) 

Wsc2  (313) 

Wsc2 (392) 

Wsc2 (446) 

Wsc2 (493) 

Wsc2 (539) 

Wsc2 (562) 

Wsc2 (623) 

 

CCACACTAAGATGAAGGACT 

AGTCAACCCCAATTTTCGTA 

TCATTTTGACAGTAGGAAAC 

ACATCACATTTGCTCGAATC 

GCAGAAGAACCACCACAATT 

AGATGTTGTCGATGTTGAGG 

AGTTTTCGTGTCCAATTTCG 

GTTGTAGACGAGGAAGAGGA 

AGAAGAGGAGGAAGTAGTTG 

GACGTAGAAGAGGAAGAGGA 

GGTGGAAGGAGAAGAAGAAG 
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Wsc2 (693) 

Wsc2 (755) 

Wsc2 (779) 

Wsc2 (844) 

Wsc2 (883) 

Wsc2 (982) 

Wsc2 (1045) 

Wsc2 (1080) 

Wsc2 (1128) 

Wsc2 (1202) 

Wsc2 (1290) 

Wsc2 (1353) 

Wsc2 (1399) 

Wsc2 (1467) 
 

TGGTGGATGAAGAAGTTGCC 

TATTGAAGTCGATGAGGGGG 

GGTAGTGTAATGCGTGGAAG 

CTGGTGGTAAAGATCGTGCT 

GAGGAGGACGTAGACGATAC 

GTACCACAAACCACACCTAC 

TGAGAAGATTGGCGACGTTT 

GCTGGTACTGCTTTGTCTCT 

CAGACGGTGGAATAACAGGG 

GGCAAAAGTAGACGCTGTAT 

GATATTATGTGCATCACCAG 

AGTAGCACTGAACCTTTGGT 

GGGTTGACAATGTGTAGTTG 

CCTTTGCATCATCGTAATCA 
 

 

2.6 Yeast strains 
 

All yeast strains are listed in table 2-4. Unless stated otherwise, all MATa strains are based on 

JD47, whereas all MAT strains are based on Ulm53. 

 
Table 2-4 Yeast strains used in this study. mt: mating type; list is sorted to appearance of the strain in the results section. 
pMET17: methionine repressible promoter; pCUP1: copper inducible promoter; hphNT1: resistance gene for hygromycin B; 
natNT2: resistance gene for nourseothricin; kanMX4: resistance gene for geneticin; URA3: coding sequence for orotidin-5´-
phosphatedehydratase; ura3-52: mutation causing uracil auxotrophy; HIS3: coding sequence for imidazolglycerol-phosphate 
dehydratase; his3-Δ200: mutation causing histidine auxotrophy; TRP1: coding sequence for Phosphoribosylanthranilate 
isomerase of Kluyveromyces lactis; trp1-Δ63: mutation causing tryptophane auxotrophy; LEU2: coding sequence for β-
isopropylmalate dehydrogenase of Candida maltosis; leu2-3: mutation causing leucine auxotrophy; lys2-801: mutation 

causing lysine auxotrophy. 

name mt genotype origin 

JD47 a his3-Δ200, leu2-3-112, lys2-801, 

trp1Δ63, ura3-52 

(Dohmen et al., 

1995) 

Ulm53  his3-Δ200, leu2-3-112, lys2-801, 

trp1Δ63, ura3-52 

(Dohmen et al., 

1995) 

she2 a she2::hphNT1 Johnsson lab 

she3 a she3::hphNT1 Johnsson lab 

myo4 a myo4::hphNT1 Johnsson lab 

hek2 a hek2::hphNT1 Johnsson lab 

puf6 a puf6::hphNT1 Johnsson lab 

wsc2 a wsc2::hphNT1 this work 

ubr1 a ubr1::hphNT1 Johnsson lab 

ubr1  ubr1::cmLEU2 Johnsson lab 

ssh1 a ssh1::hphNT1 this work 

ssh1 a ssh1::HIS3 this work 

loc1 a loc1::hphNT1 this work 

WSC2-12xMS2SL a YCplac33-WSC2-12xMS2L this work 

MS2-3xGFP  pMET17::MS2CP-3xGFP this work 

WSC2-12xMS2SL MS2-3xGFP a YCplac33-WSC2-12xMS2L; 

MET17::MS2CP-3xGFP 

Johnsson lab 

she2 WSC2-12xMS2SL WSC2-

12xMS2SL MS2-3xGFP 

a she2::hphNT1, YCplac33-WSC2-

12xMS2L, MET17::MS2CP-3xGFP 

this work 
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she3 WSC2-12xMS2SL WSC2-

12xMS2SL MS2-3xGFP 

a she3::hphNT1, YCplac33-WSC2-

12xMS2L, MET17::MS2CP-3xGFP 

this work 

myo4 WSC2-12xMS2SL WSC2-

12xMS2SL MS2-3xGFP 

a myo4::hphNT1, YCplac33-WSC2-

12xMS2L, MET17::MS2CP-3xGFP 

this work 

hek2 WSC2-12xMS2SL WSC2-

12xMS2SL MS2-3xGFP 

a hek2::hphNT1, YCplac33-WSC2-

12xMS2L, MET17::MS2CP-3xGFP 

this work 

puf6 WSC2-12xMS2SL WSC2-

12xMS2SL MS2-3xGFP 

a puf6::hphNT1, YCplac33-WSC2-

12xMS2L, MET17::MS2CP-3xGFP 

this work 

loc1 WSC2-12xMS2SL WSC2-

12xMS2SL MS2-3xGFP 

a loc1::hphNT1, YCplac33-WSC2-

12xMS2L, MET17::MS2CP-3xGFP 

this work 

Ash1-GFPS65T a ASH1::ASH1-GFPS65T 304 this work 

myo4 Ash1-GFPS65T a myo4::hphNT1, ASH1::ASH1-

GFPS65T 304 

this work 

puf6 Ash1-GFPS65T a puf6::hphNT1, ASH1::ASH1-GFPS65T 

304 

this work 

Wsc2-GFPS65T a WSC2::WSC2-GFPS65T 304 this work 

myo4 Wsc2-GFPS65T a myo4::hphNT1, WSC2::WSC2-

GFPS65T 304 

this work 

PCUP1::NUB-Wsc2-GFPS65T a WSC2:: pYM-PCUP1::NUB-Wsc2-

GFPS65T 304 

this work 

Wsc2-sfGFP  a WSC2::WSC2-sfGFP 306 this work 

she2 Wsc2-sfGFP  a she2::hphNT1, WSC2::WSC2-

sfGFP 306 

this work 

she3 Wsc2-sfGFP  a she3::hphNT1, WSC2::WSC2-

sfGFP 306 

this work 

myo4 Wsc2-sfGFP  a myo4::hphNT1, WSC2::WSC2-

sfGFP 306 

this work 

puf6 Wsc2-sfGFP  a puf6::hphNT1, WSC2::WSC2-

sfGFP 306 

this work 

hek2Wsc2-sfGFP  a hek2::hphNT1, WSC2::WSC2-

sfGFP 306 

this work 

sfGFP-Ist2 a IST2::pYM-N-natNT2-pTEF:mCherry-
sfGFP-IST2 

this work 

Tpo1-sfGFP a TPO1:: TPO1-mCherry-sfGFP 

natNT2  

this work 

GFP-Sso1 a pMET17:GFPS65T-SSO1 313 Johnsson lab 

GFP-Sso1 a URA3::pMET17:GFPS65T-SSO1 306 Johnsson lab 

GFP-Sso1 mCherry-SSo1  URA3::pMET17:GFPS65T-SSO1 306 

pMET17:mCHERRY-SSO1 315 

this work 

Hmg11-700-GFPS65T a URA3::pGPD1:HMG11-700-GFPS65T Johnsson lab 

bud6 a bud6::NatNT2 Johnsson lab 

shs1 a shs1:: NatNT2 Johnsson lab 

rsr1 a rsr1::cmLEU2 Johnsson lab 

scs2 a scs2::hphNT1 Johnsson lab 

bud6 Hmg11-700-GFPS65T a bud6::NatNT2, 

URA3::pGPD1:HMG11-700-GFPS65T 

this work 

shs1 Hmg11-700-GFPS65T a shs1:: NatNT2, 

URA3::pGPD1:HMG11-700-GFPS65T 

this work 

rsr1 Hmg11-700-GFPS65T a rsr1::cmLEU2, 

URA3::pGPD1:HMG11-700-GFPS65T 

this work 

scs2 Hmg11-700-GFPS65T a scs2::hphNT1, 

URA3::pGPD1:HMG11-700-GFPS65T 

Johnsson lab 
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she3 Hmg11-700-GFPS65T a she3::hphNT1, 

URA3::pGPD1:HMG11-700-GFPS65T 

this work 

myo4 Hmg11-700-GFPS65T a myo4:: hphNT1 

URA3::pGPD1:HMG11-700-GFPS65T 

this work 

GFPS65T a pMET17:GFPS65T 313  

GFP-Sso1 a pMET17::GFPnanobody-SSO1 315 this work 

GFPS65T GFP-Sso1 a pMET17:GFPS65T 313, 

pMET17::GFPnanobody-SSO1 315 

this work 

Ist2-GFP a IST2::IST2-GFP 304 this work 

Spc72-GFP  SPC72::SPC72-GFP 304 this work 

Rtn1-GFP  RTN1::RTN1-GFP304 this work 

GFP-Hhf2 a pMET17: GFP-HHF2 315 this work 

Tpo1-GFP  TPO1::TPO1-GFP 305 this work 

Ist2-GFP GFPS65T a IST2::IST2-GFP 304; 

pMET17:GFPS65T 313 

this work 

Spc72-GFP GFPS65T  SPC72::SPC72-GFP 304; 

pMET17:GFPS65T 313 

this work 

Rtn1-GFP GFPS65T  RTN1::RTN1-GFP304; 

pMET17:GFPS65T 313 

this work 

GFP-Hhf2 GFPS65T a pMET17: GFP-HHF2 315; 

pMET17:GFPS65T 313 

this work 

Tpo1-GFP GFPS65T  TPO1::TPO1-GFP 305; 

pMET17:GFPS65T 313 

this work 

Nui-Ssh1-Cub-PLS-GFP-GFP  SSH1:: kanMX-pCUP1:NUB-SSH1-

CUB-PLS-GFP-GFP 306 

this work 

Nui-Ssh1-Cub-NcLS-GFP-GFP  SSH1:: kanMX-pCUP1:NUB-SSH1-

CUB-NCLSGFP-GFP 306 

this work 

Nui-Ssh1-Cub-NcLS-GFP-GFP 

GFP-Sso1 
 SSH1:: pCUP1:NUB-SSH1-CUB-

NCLSGFP-GFP 306 

pMET17::GFPnanobody-SSO1 315 

this work 

ubr1Δ GFP-Sso1 a ubr1::hphNT1 pRS315-

MET17::GFPnanobody-SSO1 

this work 

puf6 GFP-Sso1 a puf6::hphNT1 pRS315-

MET17::GFPnanobody-SSO1 

Johnsson lab 

wsc2 GFP-Sso1 a wsc2::hphNT1 pRS315-

MET17::GFPnanobody-SSO1 

this work 

loc1 GFP-Sso1 a loc1::hphNT1 pRS315-

MET17::GFPnanobody-SSO1 

this work 

Wsc2-Ubi-R-sfGFP GFP-Sso1 a WSC2::WSC2-Ubi-R-sfGFPHDEL  306  

pRS315-MET17::GFPnanobody-

SSO1 

this work 

Wsc2-Ubi-R-sfGFP-sfGFP a WSC2::WSC2-Ubi-R-sfGFP-sfGFP  

306   

this work 

Wsc2-Ubi-R-sfGFP-sfGFP 

GFP-Sso1 

a WSC2::WSC2-Ubi-R-sfGFP-sfGFP  

306  pRS315-

MET17::GFPnanobody-SSO1 

this work 

she2Δ Wsc2-Ubi-R-sfGFP-sfGFP 

GFP-Sso1 

a she2::hphNT1 WSC2::WSC2-Ubi-R-

sfGFP-sfGFP  306  pRS315-

MET17::GFPnanobody-SSO1 

this work 

myo4Δ Wsc2-Ubi-R-sfGFP-

sfGFP GFP-Sso1 

a myo4::hphNT1 WSC2::WSC2-Ubi-R-

sfGFP-sfGFP  306  pRS315-

MET17::GFPnanobody-SSO1 

this work 
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puf6Δ Wsc2-Ubi-R-sfGFP-sfGFP 

GFP-Sso1 

a puf6::hphNT1 WSC2::WSC2-Ubi-R-

sfGFP-sfGFP  306  pRS315-

MET17::GFPnanobody-SSO1 

this work 

scs2Δ Wsc2-Ubi-R-sfGFP-sfGFP 

GFP-Sso1 

a scs2::hphNT1 WSC2::WSC2-Ubi-R-

sfGFP-sfGFP  306  pRS315-

MET17::GFPnanobody-SSO1 

this work 

Wsc3-Ubi-R-sfGFP a WSC3::WSC3-Ubi-R-sfGFPHDEL  306   this work 

Wsc3-Ubi-R-sfGFP GFP-Sso1 a WSC3::WSC3-Ubi-R-sfGFPHDEL  306  

pRS315-MET17::GFPnanobody-

SSO1 

this work 

she2Δ Wsc3-Ubi-R-sfGFP GFP-

Sso1 

a WSC3::WSC3-Ubi-R-sfGFPHDEL  306  

pRS315-MET17::GFPnanobody-

SSO1 

this work 

myo4Δ Wsc2-Ubi-R-sfGFP 

GFP-Sso1 

a myo4::hphNT1 WSC2::WSC2-Ubi-R-

sfGFPHDEL  306  pRS315-

MET17::GFPnanobody-SSO1 

this work 

Ash1-Ubi-R-sfGFP-sfGFP a ASH1::ASH1-Ubi-R-sfGFP-sfGFP 

306 

this work 

Ash1-Ubi-R-sfGFP-sfGFP GFP-

Sso1 

a ASH1::ASH1-Ubi-R-sfGFP-sfGFP 

306 pRS315-

MET17::GFPnanobody-SSO1 

this work 

Ash1-Ubi-R-sfGFP-sfGFP GFP-

Sso1 mCherry-Sso1 

a ASH1::ASH1-Ubi-R-sfGFP-sfGFP 

306 pRS315-

MET17::GFPnanobody-SSO1 

MET17::mCHERRY-SSO1 

this work 

myo4Δ Ash1-Ubi-R-sfGFP-sfGFP a myo4::hphNT1 ASH1::ASH1-Ubi-R-

sfGFP-sfGFP 306 

this work 

myo4Δ Ash1-Ubi-R-sfGFP-sfGFP 

GFP-Sso1 

a myo4::hphNT1 ASH1::ASH1-Ubi-R-

sfGFP-sfGFP 306 pRS315-

MET17::GFPnanobody-SSO1 

this work 

myo4Δ Ash1-Ubi-R-sfGFP-sfGFP 

GFP-Sso1 mCherry-Sso1 

a myo4::hphNT1 ASH1::ASH1-Ubi-R-

sfGFP-sfGFP 306 pRS315-

MET17::GFPnanobody-SSO1 

MET17::mCHERRY-SSO1 

this work 

Wsc3-Ubi-R-sfGFP-sfGFP 

GFP-Sso1 

a WSC3::WSC3-Ubi-R-sfGFP-sfGFP  

306  pRS315-

MET17::GFPnanobody-SSO1 

this work 

she2Δ Wsc3-Ubi-R-sfGFP-sfGFP 

GFP-Sso1 

a she2::hphNT1 WSC3::WSC3-Ubi-R-

sfGFP-sfGFP  306  pRS315-

MET17::GFPnanobody-SSO1 

this work 

myo4Δ Wsc3-Ubi-R-sfGFP-

sfGFP GFP-Sso1 

a myo4::hphNT1 WSC3::WSC3-Ubi-R-

sfGFP-sfGFP  306  pRS315-

MET17::GFPnanobody-SSO1 

this work 

puf6Δ Wsc3-Ubi-R-sfGFP-sfGFP 

GFP-Sso1 

a puf6::hphNT1 WSC3::WSC3-Ubi-R-

sfGFP-sfGFP  306  pRS315-

MET17::GFPnanobody-SSO1 

this work 

Ubi-sfGFP a pRS317-pCUP1::UBI-R-sfGFP this work 

Ubi-sfGFP-E3ASH1 a pRS317-pCUP1::UBI-R-sfGFP-

E3ASH1 

this work 

myo4Δ Ubi-sfGFP a myo4::hphNT1 pRS317-

pCUP1::UBI-R-sfGFP 

this work 

myo4Δ Ubi-sfGFP-E3ASH1 a myo4::hphNT1 pRS317-

pCUP1::UBI-R-sfGFP-E3ASH1 

this work 
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2.7 Commercial Kits 
 

In table 2-5 all commercial kits that were used are listed. 

 
Table 2-5 Commercial kits.. 

name manufacturer purpose 

GeneJET Plasmid Miniprep  Thermo Scientific purification of plasmid DNA 

from bacteria 

GeneJET GelExtraction and 

DNA Cleanup Micro Kit 

Thermo Scientific extraction of linear DNA 

fragments from agarose gel 

GeneJET PCR Purification 

Kit  
Thermo Scientific purification of linear DNA 

fragments from reaction 

mixtures  

DNeasy Blood & Tissue Kit Qiagen preparation of genomic 

DNA from yeast cells 

SuperSignal™ West Pico 

PLUS Chemiluminescent 

Substrate 

 

Thermo Scientific detection of Western blots 

 

 

2.8 Enzymes 
 

All enzymes are listed in Table 2-6. 

 
Table 2-6: Used enzymes. 

name manufacturer 
AatII New England Biolabs 

Acc65I Thermo Scientific 

AflII New England Biolabs 

AgeI-HF New England Biolabs 

ApaI New England Biolabs 

AscI New England Biolabs 

BamHI-HF New England Biolabs 

BclI New England Biolabs 

BglII New England Biolabs 

BsgI New England Biolabs 

BspHI   

BsrGI-HF New England Biolabs 

BstXI Thermo Scientific 

Bsu36I   

ClaI New England Biolabs 

EagI-HF New England Biolabs 

EcoRI-HF New England Biolabs 

HindIII-HF New England Biolabs 

HpaI New England Biolabs 

KpnI-HF New England Biolabs 

MscI New England Biolabs 

NcoI-HF New England Biolabs 
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NdeI New England Biolabs 

NheI New England Biolabs 

NotI-HF New England Biolabs 

PmlI New England Biolabs 

PshAI New England Biolabs 

PstI-HF New England Biolabs 

SacI-HF New England Biolabs 

SacII New England Biolabs 

SalI-HF New England Biolabs 

SbfI New England Biolabs 

ScaI New England Biolabs 

SfiI New England Biolabs 

SnaBI Thermo Scientific 

SpeI-HF New England Biolabs 

SphI New England Biolabs 

StuI New England Biolabs 

SwaI New England Biolabs 

Tth111I New England Biolabs 

Van91I Thermo Scientific 

XagI Thermo Scientific 

XbaI New England Biolabs 

XcmI  New England Biolabs 

XhoI New England Biolabs 

XmaI Thermo Scientific 

other enzymes  

EndoH New England Biolabs 

Terminal Transferase New England Biolabs 

T4 DNA Ligase Thermo Scientific 

Taq Polymerase Johnsson Lab 

ExactRun DNA Polymerase Genaxxon 

Phusion DNA Polymerase New England Biolabs 

alkaline Phosphatase (calf-

intestine) Thermo Scientific 

Zymolyase 20T Biomol 

 

 

2.9 Technical devices 
 

2.9.1 Microscope specifications 
 

Widefield illumination: Delta Vision 

Camera  CoolSNAP HQ2-ICX285 (Photometrics, Tucson, USA) or 

Cascade II 512 EMCCD camera (Photometrics, Tucson, USA) 

Objective  100XUPlanSApo 100X/1.4 Oil ∞/0.17/FN26.5 objective 

Lightsource  Photofluor LM-75 halogen lamp (89 NORTH, ChromaTechnology,  

Williston, USA) 

Filter  excitation / emission  

  GFP: 470 (± 20) nm / 525 (± 25) nm  

  mCherry 572 (± 17.5) nm / 632 (± 30) nm  

Company  GE Healthcare (Chalfont St Giles, UK) 

 

The microscope is controlled by SoftWorx 6.1.3 software. 
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Spinning Disc Confocal Microscope: Zeiss Axio Observer 

Camera  Evolve512 EMCCD (Photometrics, Tucson, USA) 

Objective  Plan-Apochromat 100x/1.4 oil 

Lightsource  Laser 488 nm, 561 nm 

Filter  GFP: 527 (± 27) nm 

  mCherry: 645 (± 30) nm  

Company  Zeiss (Jena, Germany) 

 

The microscope is controlled by ZEN BlueEdition (Version 2.6) software. 

 

 

Note that all photons that passed the respective emission filter and were recorded by the camera 

were handled as GFP or mCherry signal, albeit other sources cannot be excluded. For 

quantitative analysis, different approaches of background subtraction and normalization were 

applied to the data (see chapter 3.7). 

 

 

2.9.2 Laboratory equipment 
 

Special laboratory equipment used is listed in table 2-7. 

 
Table 2-7: Special Laboratory equipment. 

name manufacturer 

Nanodrop ND-1000 PeqLab 

Stella 3200 Raytest 

TE 70 Semi-Dry Transfer Unit Amersham Biosciences 

Novex Bolt Mini Gel Tank life technologies 

Thermocycler Bio-Rad 

Stamping robot Singer Instruments 

 

 

2.9.3 Software 
  
Softwares used in this study are listed in Table 2-8. 

 
Table 2-8: Software. 

name company/distributor purpose 
CLC Main Workbench 7.0.2 Qiagen in silico DNA manipulation 

GraphPad Prism 5.0f GraphPad Software, Inc.® 
statistical analysis, data 

visualization 

ImageJ64 1.50f 
National Institutes of 

Health, USA 

processing of microscope 

images 

FIJI (ImageJ 2.00-rc-53/1.52t) 
National Institutes of 

Health, USA 

processing of microscope 

images 

Microsoft Excel®
  für Mac 

Version 16.30 
Microsoft processing data  
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Microsoft Word®
  für Mac 

Version 16.30 
Microsoft text processing  

Microsoft Powerpoint®
  für 

Mac Version 16.30 
Microsoft figures, schemes  

Spyder 3.3.3 Anaconda® 
python scripts for simulation 

model 

CCPM4G v.2.10.3 University of York 
visualization of protein 

structures 

 

2.9.4 Databases 
 
The databases used in this study are listed in Table 2-9. 

 
Table 2-9: Databases. 

name URL purpose 

yeastgenome https://yeastgenome.org 

basic information about any 

yeast gene und links to 

other databases 

yeastmine 
https://yeastmine.yeastgenome.org/yeastmin

e/begin.do 

transcript sequences 

including information 

about transcription start 

uniprot https://www.uniprot.org/ 
basic information on 

protein properties 

CRISPR toolkit 
http://wyrickbioinfo2.smb.wsu.edu/crispr

.html 
oligonucleotide sequences 

for cloning pML plasmids 

expasy https://www.expasy.org/ basic bioinformatic tools 

cyclops https://thecellvision.org/cyclops/ 
image collection of GFP 

fusion proteins 

loqate http://www.weizmann.ac.il/molgen/loqate/ 
image collection of GFP 

fusion proteins 

GFP database https://yeastgfp.yeastgenome.org/ 

image collection of C-

terminal GFP fusion 

proteins 

NCBI https://pubmed.ncbi.nlm.nih.gov/ literature 

protein database https://www.rcsb.org protein structures 

 
 
 

3  Methods 
 

Standard molecular biology methods were performed as described elsewhere (Ausubel et al., 

1999). Sequencing of cloned plasmids or PCR products was conducted by Seqlab (Göttingen, 

Germany). In silico work with DNA was performed using CLC Main Workbench (Qiagen, 

version 7.0.2). Unless stated otherwise, all steps described below were performed at room 

temperature. 
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3.1 Generation of yeast strains 

3.1.1 Standard procedure for generation of yeast strains 
 

C-terminal gene fusions with sequences for either of the used tags were performed as described 

elsewhere (Moreno et al., 2013). Gene deletions were obtained by homolougous 

recombinational exchange of target gene sequence by a counterselectable reporter cassette 

sequence (Schaub et al., 2006).  

 

 

3.1.2 CRISPR-Cas9 directed genome editing 
 

To introduce point mutations, delete certain gene regions or introduce short heterologous 

sequences in the yeast genome, a variation of the CRISPR-Cas9 directed genome editing 

approach was used as described previously (Laughery et al., 2015). First, a guide RNA targeting 

the genomic region of interest was designed and cloned in a Cas9 encoding plasmid. gRNA 

sequences were obtained from an open accessible database, that lists potential gRNA sequences 

for all annotated ORFs. In cases, when targets of non-yeast origin or sequences outside of open 

reading frames were chosen, gRNA sequences were designed analogously to those in the 

database. Next, a respective repair DNA was designed, enabling both, introduction of the 

desired mutation and removing of the PAM sequence by introducing a silent mutation within 

the PAM sequence. Depending on sequence length, repair DNA was either a single stranded 

DNA oligonucleotide or a PCR product. CRISPR-Cas9 plasmid and repair template were 

cotransformed into competent yeast cells and the mixture was plated on agar plates selecting 

for the uptake of the CRISPR-Cas9 plasmid. Transformants were restreaked on a fresh agar 

plate. Clones with desired mutations were identified by yeast colony PCR and subsequent 

sequencing of the amplified product. To get rid of the CRISPR-Cas9 plasmids in the correctly 

edited cells, cells were restreaked twice on plates not selecting for the plasmid (for pML107 

derivatives) or on plates counter selecting for the plasmid (for pML104 derivatives).  

 

3.2 Fluorescence in situ hybridization 
 

Yeast cells were grown in liquid SD medium until an optical density at 600 nm of 0.5 was 

reached. First, cells were fixed by adding paraformaldehyde at a final concentration of 3 % for 

30 min to the culture. After harvesting, cells were washed in ice-cold Buffer B and resuspend 

in Spheroplasting buffer. According to the number of cells, Zymolyase was added and cell 

suspension was incubated at 30 °C with gentle shaking. In intervals of 10 minutes, a subset of 

cells was investigated in a bright field microscope; as about 75 % of the cells showed enhanced 
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contrast, cell wall digestion was stopped by cooling the reaction mixture on ice. All following 

centrifugation steps were carried out at 300 x g, to avoid spheroplast lysis. Pelleted spheroplasts 

were then washed twice in Buffer B supplemented with 20 mM VRC to inhibit all RNases. For 

permeabilization, spheroplasts were then incubated for at least 3 h or overnight in 80 % ethanol 

at 4 °C. Spheroplast were then washed twice in Pre-Hybridization buffer and resuspend in 

Hybridization buffer, fluorescently labeled FISH probes were added separately to every sample. 

Hybridization was performed overnight in the dark at 30 °C with gentle shaking. The next day, 

cells were washed twice in Pre-Hybridization buffer for 30 min at 30 °C in the dark. For 

microscopic analysis, spheroplasts were then resuspend in approx. 15 µl 2xSSC and dropped 

on a standard glass slide. If samples were visualized at a later timepoint, spheroplasts in 2xSSC 

were kept at 4 °C in the dark for up to three days. 

 

3.3 Preparation of fluorescently labeled probes for FISH 

experiments 
 

Attachment of a fluorophore to single stranded DNA oligonucleotides was performed as 

described elsewhere (Gaspar et al, 2017). Briefly, 19-20 nt long nucleotides reverse 

complement to the target mRNA were purchased from Microsynth. Using Terminal Transferase 

(NEB), a fluorescently labeled ddUTP (Lumiprobe) was ligated at the 3‘ end of the 

oligonucleotide. Probes were designed to have a melting temperature of about 60 °C and an 

adenine 5‘ to the first base, to enable base pairing of the added uracil. Attachment of the 

fluorophore to the ddUTP, was accomplished using click chemistry. The NHS modified 

fluorophore (Lumiprobe) reacted with the amino modification of the nucleotide. 

 

 

3.4 Microscopy 
 

Illumination conditions were adjusted according to the fluorophore and the experimental 

purposes in all cases. Wherever possible, the same illumination conditions were used for the 

same fluorophore in different strains to enable comparability. 

 

3.4.1 Live cell imaging and time-lapse experiments 
 

Cells were grown to logarithmic phase in respective selection SD medium and concentrated at 

3500 xg. For long term microscopical observations, 4.2 µl of cell suspension was dropped on a 

SD-agarose pad (1.9 % agarose) in a well of a microscopy slide. A cover glass was pressed on 

top of the cells and sealed with parafilm. Especially in case of mating experiments, the so 
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prepared slide was incubated at 30 °C until shmoo formation could be observed (usually 45-75 

min) prior to image acquisition. Otherwise the slide was at least kept for at least 20 minutes at 

30 °C. 

 

3.4.2 Still images 
 

Cells were grown to logarithmic phase in respective selection SD medium and concentrated by 

centrifugation. 3 µl of cell suspension were spotted on a glass slide and covered by a cover 

glass prior to image acquisition. 

 

3.4.3 Fixed cells 
 

In case that fixed cells were subjected to fluorescence microscopy, cells were cultured in SD 

medium and paraformaldehyde was added directly to the culture to a final concentration of 3.7 

%. The mixture was incubated for 30 min at room temperature with occasional shaking. Cells 

were harvested by centrifugation and washed twice with Buffer B. If further staining was 

needed, zymolyase digestion (see chapter 3.2) was performed to enable penetration of the 

fluorophore. 

Cells were then spotted on a microscopy slide and samples were analyzed by fluorescence 

microscopy. 

 

3.4.4 Photomanipulation 
 

All photomanipulation experiments were performed using the SysCon-UGA-42 Firefly system 

from RAPP Optoelectronics (Wedel, Germany) controlled by SysCon (Version 1.2.0.3) 

software and image acquisition with the Zeiss Axio Observer controlled by ZEN software. 

Briefly, an intense, highly focused laser of 473 nm wavelength was used to induce 

photobleaching of GFP molecules in a user defined region of interest within a certain yeast cell.  

 

3.4.4.1 FRAP 

 

Prior to photomanipulation, cells were prepared as described above. If cells were analyzed for 

longer than 6 min, cells were spotted on a SD agarose pad (see chapter 3.4.1). To minimize 

photobleaching, focal plane of targeted cells was set using DIC illumination and a single image 

in the GFP channel (illumination at 488 nm, emission filters 527 (± 27) nm) was recorded. This 

image was then used to define regions of interest for the photomanipulation. Bleaching 

conditions were adjusted depending on the biological background of the experiments. Usually, 
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a circled geometry was chosen to target a region at either the mother or the bud cortex. 

Depending on the signal strength in the ROI, parameters of laser output and number of 

illuminating repetitions were adjusted. The settings varied between 3-12 repetitions, at 0.2-100 

% of the maximal laser output. 

After adjusting all parameters, a time-lapse experiment in the ZEN software was started with 

several timepoints prior to photobleaching with the 473 nm laser and up to 200 following 

timepoints. GFP excitation conditions, number of focal planes and time intervals were chosen 

in according to the biological background of the experiment. 

 

3.4.4.2 FLIP 

 

FLIP experiments were performed in analogy to FRAP experiments, with the difference that 

the 473 nm laser was set to irradiate the GFP molecules in the specified ROI in an alternating 

sequence with same time interval than the image acquisition of the ZEN software for multiple 

timepoints. 

 

3.5 Yeast lysates and protein analysis 
 

For biochemical evidence of GFP cleavage, cells were grown in selective SD medium and 

approx. 6x107 cells from exponential growth culture were harvested by centrifugation. Cells 

were resuspended by vortexing in one milliliter of 20 mM NaOH. After 10 minutes on ice with 

occasional gentle shaking, 150 l of a 55 % solution of trichloroacetic acid were added. After 

vortexing and another 10 minutes on ice, all insoluble compounds were pelleted by 

centrifugation at 14000 rpm (10 min, 4 C) and most of the supernatant was discarded. After 

another centrifugation step (5 min, 4 C, 14000 rpm) the remaining supernatant was discarded 

and the pellet resuspended in 25 – 50 l 2xLaemmli buffer. Tris-HCl pH 8.0 was added until 

the bromophenol blue indicator changed its color back to blue (usually 2 mol). 

 

3.6 SDS-PAGE, Coomassie staining and Western Blot 
 

Boiled Samples (5 min, 95 C) were subjected to a commercially available precast SDS gel 

(Invitrogen, BoltTM 4-12 % Bis-tris-Plus NW04122BOX). Electrophoresis and thereby protein 

separation (Laemmli, 1970) was performed with MW standard proteins (Thermo Scientific 

Product number 26612 or 26619) at 180 V for 35 min. Gels were subjected to western blotting 

(Towbin et al., 1979) on a Nitrocellulose blotting membrane (GE Healthcare, Catalogue number 

10600002). Blotting was based on a semi-dry system (Amersham Biosciences), following the 
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manufacturer’s instructions. Electric current was adjusted to membrane size using formula 1, 

with I being the electric current and A the area of the membrane given in cm2. 

𝐼 = 0.8 ∗ 𝐴 ∗ 1 
𝑚𝐴

𝑐𝑚2
 (1) 

The current was applied for 105 min and the membrane was then incubated for 60 min in 

blocking solution to avoid unspecific binding of the antibodies to the membrane. This, and the 

following steps were performed with gentle shaking. Next, the membrane was washed three 

times in TBS-T, before the primary -GFP antibody (Sigma, 1:5000 in TBS-T) was applied for 

overnight incubation at 4 C. After three further washing steps in TBS-T, the secondary -

mouse-HRP antibody was applied to the membrane for 60 min, followed by three further 

washing steps in TBS-T. Binding of the secondary antibody (Sigma, 1:5000 in TBS-T) was 

analyzed by adding luminol and peroxide solutions (Thermo Scientific) to the membrane and 

recording of chemiluminescence with the Stella detection system. An increment series of 32 

time points was recorded with adjusting the exposure times according to signal strength (usually 

15 sec). 

 

3.7 Microscopy analysis 
 

3.7.1 WSC2 mRNP analysis 
 

The plasmids encoding MS2CP-3xGFP and the WSC2-12xMS2SL were transformed in cells of 

respective genotype. Exponentially growing cells were harvested and still images (see chapter 

3.4.2) were acquired in at least two experiments for each genotype. Only cells that displayed at 

least one focused spot detectable bye eye in ‘auto’-contrast setting in FIJI were taken into 

further analysis. Each focus was categorized in one of three categories: ‘polarized’, if the focus 

localizes to the bud, ‘non-polarized’ if it is localized to the mother of a budded cell, or ‘other’ 

for foci in unbudded cells. A single cell can contain multiple foci of different categories. 

 

3.7.2 Wsc2-sfGFP appearance at bud emergence 
 

The WSC2 gene in cells with indicated genotype was targeted by integration of a sfGFP 

encoding sequence at the end of the ORF by homologous recombination. Cells were grown to 

logarithmic phase and subjected to live cell imaging (see chapter 3.4.1) at 2 min intervals. 

Moment of bud outgrowth (t = 0) was identified in the DIC images by changes in contrast at a 

certain region at the cortex. In the timepoint prior and after bud emergence, I identified when 

fluorescence signal accumulated at the point of bud emergence/incipient bud site/bud tip. 
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Statistical significance was analyzed by one-way Anova with Kruskal-Wallis test (multiple 

comparisons).  

 

3.7.3 FLIP of Hmg11-700-GFPS65T 
 

Exponential growing cells expressing the ER marker protein Hmg11-700-GFPS65T were spotted 

on a microscopy slide and a single image of the GFP signal was recorded. Based on the 

positioning of the pnER, a region at the cER was selected to repetitive photobleaching. 

Fluorescence intensities in the mother and the bud over hundreds of timepoints were measured 

using FIJI. After subtraction of background signal, an exponential decay curve was fitted to the 

experimental data of the mother and the bud intensities. The amount of cER present in the 

irradiated region impacts the decay rates dramatically and is not easy to control due to the 

complex and dynamic architecture of the ER. Note, that the discrepancy of the decay rates 

shown in Figure 4-9a and b is due to a different selection of cells for the respective plots. 

Different experiments differ in the initial portion of signal loss in the first cycle of 

photobleaching. This loss was used to categorize measurements and make them more 

comparable. However, I refused to quantify differences in the genotypes. 

 

3.7.4 FRAP of GFP-Sso1 
 

Exponential growing cells expressing  either GFP-Sso1 or GFP and GFP-Sso1 at a methionine 

concentration of 20 – 30 µM were spotted on a microscopy slide, a single image of the GFP 

signal was recorded in 3 focal planes and a region at the cortex of the mother of a medium-

sized budded cell was selected for irradiation. Intensities in the bleached region and a 

neighboring cell were measured in all time points (sum projection, segmented line of 3 px 

diameter).  The obtained values were normalized to the mean pre-bleach value at the respective 

region. The intensity of the reference cell was used to account for acquisition bleaching. Due 

to the higher cytosolic signal in the cells expressing  GFP and GFP-Sso1, the same bleaching 

conditions lead to a smaller reduction of the cortical signal compared to the GFP-Sso1 cells 

(see Figure 4-11), as fluorophores in the cytosol exchange very fast. 

 

3.7.5 Analysis of Ash1translation 
 

Fluorescence intensities were corrected for background fluorescence and noise by subtracting 

the median pixel value in the given image via an ImageJ macro. The focal plans then were max-

projected and oval ROIs with 3 pixels thickness were set to fit the cortex of mother and daughter 

cells in several timepoints before and after cytokinesis. The apex at 50 % of the oval’s length 
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was positioned at the bud neck. Intensity profiles for each fluorescence channel along the ovals 

were generated and the intensity values were further processed using spreadsheet analysis. The 

length of each dataset was normalized, and 5 neighboring values (corresponding to approx. 0.48 

m) were averaged to reduce noise and normalized to global maximum. These data were then 

visualized using GraphPad Prism. Further mean, median and ratios of GFP/mCherry for the 

different timepoints were extracted and visualized using GraphPad Prism (see Figure 4-17). 

The change of the ratio between the two fluorophore signals at a certain cortical position over 

time was selected to be a quantifiable parameter of bud-localized synthesis of the GFP species. 

In sum-projected raw image videos, I identified the frame in which cytokinesis of a mother 

daughter pair occurred (t = 0 min). In this frame, as well as in the four frames before and 

afterwards, I drew segmented line ROIs (3 px thickness) along the cortex of both, mother and 

bud (see Figure 4-18). Hereby, I did not take the cortical region near the bud neck into account, 

as this was analyzed separately. The original images were background subtracted as described 

above and sum-projected. Then, the GFP images were divided by the respective mCherry 

images by the FIJI Image calculator command (precisely, the intensity values of each pixel in 

the GFP image are divided by the respective value in the mCherry image), giving a ratio of the 

two signals at any position and time. In these ratio images, I measured the mean ratio values 

along the cortical regions (linear ROIs) defined before. For each analyzed cell pair, this results 

in 18 values (mother and bud, 9 timepoints) that are plotted using GraphPad Prism. Linear 

regression of the mother and bud values were performed, resulting in different slopes of the 

regression lines. In total, I analyzed 8 mother bud pairs and performed a two-tailed t-test on the 

obtained values for the slopes to test for significant differences between the mother and the bud. 

For the bud neck intensity profile measurements, linear ROIs of 13 x 3 px (2.072 x 0.48 m) 

along the mother bud axis of sum-projected large budded cells (approx.  4 timepoints before 

and after cytokinesis) were adjusted. After subtraction of extracellular background, signals were 

normalized to the maximum observed intensity value in the measurement. Data visualization 

was performed using GraphPad Prism. 

 

3.7.6 Analysis of Wsc2 translation 
 

In FIJI, linear ROIs (thickness 3 px, segmented) in the mCherry channel of sum-projected cells 

over the cortex of unbudded and budded cells over multiple timepoints were drawn to define 

the cortex of a cell. The start and the end of these line ROIs were set to the distal pole of the 

mother cell (see yellow line in Figure 4-23). The raw images were smoothed once and max-

projected. A self-written macro extracted intensity profiles for both fluorophores and all 
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timepoints. Single profiles were than concatenated and saved as stacks. To minimize 

investigator’s bias, the file names were randomized and multiple stacks from different 

genotypes were analyzed in a random batch mode. GFP-specific peaks had to fulfill certain 

criteria to be counted: a clear peak of the GFP signal at a plain or valley in the red profile. GFP 

peaks at the same relative position in consecutive frames were counted only once. Peaks that 

satisfied the criteria were selected using the multipoint tool of FIJI and counted in respect to 

the position at the mother or the bud cortex. After analysis of all profiles was completed, the 

randomized names were decoded to the original filenames and separated due to its genotype. 

Visualization was performed using GraphPad Prism. With the data obtained from mothers and 

buds of the same genotype I performed a t-test. For comparison of multiple genotypes with each 

other, one-way Anova analysis was performed (mother vs mother of different genotype, bud vs 

bud of different genotype) to identify significant differences between the peak counts between 

genotypes (see appendix). 

To obtain values for the angle between a peak and the bud neck I extracted the xy information 

from the multi-point detected peaks as well as the length of mother and bud cortex at the 

respective frame, which were used as perimeter of approximated circles corresponding to the 

mother and daughter cell, respectively. The arc length bi was determined as the distance 

between the peak and the bud neck, lying on a semicircle. Via formula 2, the angles i for each 

detected peak could be calculated: 

𝛼𝑖 =  
180°∗𝑏𝑖

0.5∗𝑙𝑖
   (2) 

 

with li being the bud cortex length of the mother or the bud, in respective to the peak. Angles 

in the mother compartment were assigned with negative, those in the bud with positive values. 

 

Detection of GFP-specific peaks and statistical analysis were analogously performed with the 

substrates Wsc3-Ubi-R-sfGFP-sfGFP, Ubi-sfGFP, Ubi-sfGFP-E3ASH1 and Ash1-Ubi-R-

sfGFP-sfGFP.  

 

3.8 Simulation of GFP diffusion and capturing 
 

For comparison to the microscopy imaging results, I performed simulation of GFP diffusion 

from its site of synthesis to the cortex by a random walk model. The scripts were written in 

Python3 using Spyder software. Methodology is detailed described in the chapters 4.2.5 and 

5.4.  Scripts are attached in the appendix, code lines that can be changed to obtain different 

outcomes marked in the comments in the respective code lines, indicated by ‘#’. 
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4 Results 
 

4.1 mRNA localization and SHE pathway 
 

4.1.1 SHE genes and further factors regulate polar RNA localization 
 

Several techniques for live cell imaging of mRNAs in yeast have been developed. They all have 

in common, that the RNA of interest is equipped with additional sequences that are specifically 

recognized by a fluorophore coupled RNA binding protein (Fundakowski et al., 2012; Schmid 

et al., 2006; Takizawa et al., 2000). One of these systems exploits the MS2 bacteriophages’ coat 

protein (MS2CP) and its respective RNA binding sequences (MS2SL). The MS2CP binds in its 

dimeric form to the RNA hairpin structure of MS2SL (Johansson et al., 1997). In live cell 

imaging approaches, a target mRNA is fused with several (6-24) of these hairpin sequences, 

allowing attachment of multiple fluorophores to a single mRNA molecule. Fused to a nucleus 

localization signal, the fluorophore tagged MS2CP can enter the nucleus of a cell and bind to 

its target sequences to form a nuclear export competent RNA-protein complex (Beach et al., 

1999; Bertrand et al., 1998). This technique has been used for localization studies of different 

yeast mRNAs, including ASH1 and WSC2. Tagging mRNAs does not impair SHE mediated 

polar mRNA transport (Bertrand et al., 1998; Hermesh et al., 2014). However it has been 

speculated that MS2CP binding to mRNAs interferes with mRNA turnover, thus leading to 

artifacts, as MS2CP binding impairs Xrn1 mediated mRNA decay (Garcia and Parker, 2016, 

2015). 

To analyze WSC2 mRNA localization, I investigated strains coexpressing MS2CP (tagged with 

three GFP fluorophores, MS2CP-3xGFP) and WSC2-12xMS2SL (twelve repetitions of the 

MS2SL sequences inserted between the coding region and the WSC2 3’ UTR, under 

transcriptional control of the native WSC2 promoter), each from a centromeric plasmid. In 

wildtype cells, one to three small focused spots, also termed foci, are visible and they localize 

to the bud tip in small and medium budded cells (see Figure 4-1).  

Further, I investigated WSC2 mRNA localization in cells lacking a certain SHE component. 

Wildtype, puf6Δ, and hek2Δ cells displayed predominantly bud-polarized foci in similar 

amounts (76-81 %). loc1Δ cells showed a slightly reduced amount (70 %) of polarized foci. In 

contrast,  myo4Δ, she2Δ and she3Δ cells contained only very few bud-polarized foci (10-18 %) 

( see Figure 4-1b). However, the number of detectable foci was independent of the genotype 

tested (see Figure 4-1c). Interestingly, foci were more often found close to the bud neck in large 

budded puf6Δ, hek2Δ and loc1Δ cells (see Figure 4-1a). In addition, I observed foci quite 
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frequently in unbudded cells lacking either She2, She3, Myo4 or Loc1 (29-48 %, categorized 

as ‘other’). In wildtype cells, only 15 % of spots were detected in unbudded cells (see Figure 

4-1b).  

 
Figure 4-1: WSC2 mRNPs localize to buds in dependence of the SHE pathway. a: representative images from cells with 

indicated genotype coexpressing MS2CP-3xGFP and WSC2-12xMS2SL; scale bar is 5 m. b: quantification of polarized particles 
in respective genotypes: polarized: focus present in the bud, non-polarized: focus in the mother of a budded cell, other: focus 
present in a non-budded cell. c: quantification of focus count per cells (only cells with at least one detectable focus were 

considered); all cultures were kept in selection medium supplemented with 70 M methionine; n(WT) = 46, n(puf6Δ) = 89, 
n(hek2Δ) = 74, n(loc1Δ) = 119, n(she2Δ) = 59, , n(she3Δ) = 80, , n(myo4Δ) = 64  cells from at least two experiments were 
analyzed. 

 

4.1.2 Time-dependent localization of WSC2 mRNA 
 

The bud-polarized MS2-visualized WSC2 mRNP foci are not tightly anchored but move within 

the bud (see Figure 4-2a). In time-lapse experiments, the polarized foci were seen at cortical 

positions in the majority of time points. Once they have entered the bud, foci never crossed the 

bud neck again (not shown). Fluorescence recovery after photobleaching (FRAP) experiments 

indicate that WSC2-RNP formation is not a solitary event but happens multiple times during a 

cell cycle. After almost complete photobleaching of the polarized focus (time = 0 sec, Figure 

4-2) the spot was still moving in the bud compartment. Later, another small focus emerged 

within the mother that later seemed to fuse with the bud localized spot. In this and other 

experiments, dynamic fission and fusion events of MS2-visualized WSC2-RNP spots were 

observed (see Figure 4-2, not shown). 

It has been speculated that MS2CP bound RNA escapes RNA turnover (Garcia and Parker, 

2016, 2015). Consequently, the observed foci might have already existed over more than one 

cell cycle and do not reflect the traffic of newly made mRNA towards the bud tip. To test this, 
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I expressed the aptamer-tagged WSC2 mRNA in MATα cells and GFP-labelled MS2CP in 

MATa cells and allowed cells to fuse. Diploid zygotes formed WSC2-RNPs with similar 

properties as in haploid cells (see Figure 4-2b). They localized to small buds, suggesting that 

foci are not remains of non-degraded RNAs but are caused by newly transported tagged 

transcripts. Polarized foci could be observed in haploid and diploid cells of all cell cycle stages 

(not shown). 

 

 
Figure 4-2: WSC2-RNP particles are dynamic. a: Selected frames from a FRAP experiment of a wildtype cell coexpressing 
MS2CP-3xGFP and WSC2-12xMS2SL. Sum projection of 3 focal planes imaged in an interval of 1.5 sec. The strong signal of a 
WSC2-RNP (white arrowheads) was bleached using a photomanipulation system and the cell was analyzed for further 5.5 min. 

b: Diploid zygote coexpressing MS2CP-3xGFP and WSC2-12xMS2SL; illumination every 3 sec, scale bar is 5 m; cells were kept 

in selection medium supplemented with 70 M methionine. c: haploid cells expressing MS2CP-3xGFP (left) show homogenous 
cytoplasmic GFP signal, whereas cells expressing WSC2-12xMS2SL (right) show no detectable fluorescence signal at all. 

 

4.1.3 Fate of polarized mRNAs 
 

To compare mRNA localization with the distribution of the encoded proteins, I further analyzed 

the subcellular localization patterns of Wsc2 and Ash1 protein molecules. Ash1 localizes to 

nuclei of new daughter cells in wildtype strain background (Bobola et al., 1996). I genetically 

fused a sequence encoding GFPS65T to the ORF of ASH1, creating an Ash1-GFPS65T fusion that 

lacks the E3 sequence information in its mRNA (see chapter 1.2.1).  Wildtype cells expressing 
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Ash1-GFPS65T accumulated fluorescence signal in the nucleus of the daughter cell, whereas no 

fluorescence signal above background was detected in the mother cell nucleus of the same 

mother-daughter pair. Fluorescence is still visible in small budded cells but vanishes as cell 

cycle of the former daughter cell commences (see Figure 4-3, top panel). A similar distribution 

of Ash1-GFPS65T is observed in puf6Δ cells, however a very weak signal in the mother nucleus 

seemed to emerge during cytokinesis (see Figure 4-3, bottom panel). In contrast, cells lacking 

MYO4 displayed an almost symmetric distribution of Ash1 proteins in daughter and mother 

nuclei (see Figure 4-3, middle panel).  

 

 
Figure 4-3: Ash1 localizes asymmetrically to daughter cell nuclei in presence of a functional SHE pathway. top: schematic 
overview over the ASH1 locus and the ASH1-GFPS65T construct. Indicated are the positions of the zipcode elements E1, E2a, 
E2b and E3 and their relative position on the transcript. The coding region ends at the beginning of the E3 sequence. below: 
selected frames of DIC and respective GFP channel of time-lapse experiments show the accumulation of Ash1-GFPS65T (marked 
by white arrowheads). In wildtype and puf6Δ cells, Ash1 accumulates to daughter nuclei, whereas in myo4Δ cells Ash1 
accumulates additionally in mother nuclei. Images were recorded upon epifluorescence illumination in a 3-minute interval; 

scale bar is 5 m; cytokinesis (estimated): puf6Δ at t=96 min, myo4Δ at t=96 min, wildtype at t=90 min; time t=0 min: bud 
emergence. 

 

Next, I analyzed the localization pattern of Wsc2 in dependence of a functional SHE pathway 

(see Figure 4-22 for schematic overview of the WSC2 locus, localization elements and protein 

topology). Wsc2 localizes in small patches over the whole cortex in wildtype cells (Shepard et 

al., 2003). A brighter signal was seen in small buds and at the bud neck of large budded cells 

(see Figure 4-4a, top row). Extrapolated from bud size and shape, I suppose that the bud neck 

signal appears shortly before cytokinesis. Cells lacking MYO4 displayed a similar Wsc2 

distribution (see Figure 4-4a, bottom panel). I also investigated the influence of the gene’s 
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promoter on protein localization. Therefore, I inserted a DNA sequence encoding the copper 

inducible promoter of CUP1 and the N-terminal half of Ubiquitin (NUb) in the 5’ region of the 

WSC2 ORF.  

Wsc2-GFPS65T expressed from the non-native CUP1 promoter displayed a similar distribution, 

albeit the staining of the cortex was slightly more homogenous and intense. The elevated 

vacuolar signal probably raised from Wsc2-GFPS65T degradation products or improper protein 

sorting due to the promoter or the Nub encoding sequence (see Figure 4-4, middle panel). The 

background fluorescence in the vacuole varied from cell to cell and was present in all the 

genotypes analyzed.  

The unchanged Wsc2-GFPS65T signal in myo4Δ cells, which have been shown to be defective 

in polar WSC2 mRNA transport (see Figure 4-1), can have several reasons. One explanation is 

that protein sorting to the protein’s destination is faster than maturation of the GFP fluorophore. 

Therefore, independent of the site of synthesis, equal GFP signals are obtained in cells with an 

intact or a defective WSC2 mRNA transport machinery. To obtain a higher temporal resolution, 

I have optimized the fluorophore by introducing several point mutations into the GFP ORF that 

are known to cause accelerated fluorophore maturation (see Figure 4-5c for sequence 

alignment; Koker et al., 2018). These mutations reduce the maturation time from about 15 min 

to 2-3 min (Koker et al., 2018). The fluorescence signals obtained from sfGFP fusion proteins 

were slightly weaker compared to the respective GFPS65T fusion proteins. However, the 

localization pattern was not disturbed by the use of sfGFP for any fusion protein tested in this 

study (not shown).  

Wsc2-sfGFP was first detected at the site of bud outgrowth and then predominantly located at 

the bud tip during apical bud growth. In larger buds, the signal was more equally spread over 

the cortex and at the bud neck, a low intensity signal was seen prior to cytokinesis (see Figure 

4-4c, white arrowheads). Compared to Wsc2-GFPS65T, which appeared after 12 ( 4; n = 8) 

minutes in tips of  small buds, Wsc2-sfGFP signal could be seen  from the very beginning of 

bud outgrowth (0  2 min; n = 8) (see Figure 4-4b). In some cases, Wsc2-sfGFP signal was 

visible even shortly before bud emergence. However, this statement is compromised by the 

difficulty to detect tiny buds in the DIC channel. Despite the faster folding, no differences in 

the timing of Wsc2-sfGFP accumulation at the site of bud outgrowth was seen in cells lacking 

either SHE2, SHE3, MYO4, PUF6 or HEK2 (n = 8,  see Figure 4-4b). I also did not sense any 

obvious differences in Wsc2-sfGFP distribution between the genotypes tested (not shown).  
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Figure 4-4: Wsc2 protein localization is independent of the SHE pathway. a: still images of small and large budded cells 

(confocal illumination) expressing Wsc2-GFP from endogenous promoter  in WT (top) or myo4 (bottom) or from CUP1 
promoter (middle), with no copper added to the growth medium; b: quantification of temporal delay between bud 
emergence and Wsc2-sfGFP (or Wsc2-GFPS65T in wildtype) accumulation at the bud tip/incipient bud site in different 
genotypes; data origin from time-lapse experiments with epi-illumination every 2 min, n=8 for all genotypes; statistical 
analysis between Wsc2-sfGFP in all genotypes: one-way Anova with Kruskal-Wallis test (multiple comparisons): p=0.651; 
c: selected frames from wildtype cells expressing Wsc2-sfGFP, arrowheads mark sfGFP accumulation, red circle indicates 

bud emergence; scale bar 5 m, time t=0 min: bud emergence. 
 

Bleaching the whole fluorescence in a cell at the moment of bud outgrowth revealed that almost 

all newly synthesized Wsc2-sfGFP resides in the bud cortex (see Figure 4-5a). The signal 

increase after photobleaching, which corresponds to newly synthesized Wsc2-sfGFP 

molecules, was restricted to the bud (see Figure 4-5b). This observation is compatible with bud-

localized Wsc2 synthesis, as well as with transport of non-fluorescent Wsc2-sfGFP from the 

mother to the bud. 

From the results obtained so far, no conclusions on localization of Wsc2 protein synthesis can 

be drawn, as sfGFP maturation and signal detection is physically linked to the posttranslational 

fate of Wsc2 protein molecules. Bud-localized synthesis of a certain protein species cannot be 

distinguished from synthesis elsewhere in the cell, followed by rapid posttranslational transport 

or diffusion of the protein to its destination in the bud. 
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Figure 4-5: Newly synthesized Wsc2-sfGFP appears predominantly in the bud after photobleaching. a: Images of a Wsc2-sfGFP 

expressing cell before and after photobleaching of the entire cell; images were acquired every 1 min, scale bar is 5 m, t= 0 
min is the first image after photobleaching. b: Signal intensity over the whole mother and bud cortex was integrated in every 
frame of the cell shown in a. c: Alignment of amino acid sequences of wildtype GFP from A. victoria and the GFP variants 
GFPS65T and sfGFP used in this study. 

 

 

 

4.2 The localization of protein synthesis 
 

4.2.1 Unlinking protein synthesis and posttranslational transport using Ubiquitin: 

The design of the Ubi-Trap 
 

To overcome the problem of fluorophore maturation after the posttranslational movement of 

the POI-GFP fusion away from its site of synthesis, I conceptualized a system that unlinks the 

fate of the GFP moiety from the residual protein by insertion of Ubiquitin into the ORF of the 

constructs (see Figure 4-6). Linear fusions containing ubiquitin are cotranslationally cleaved by 

ubiquitin specific proteases (USPs) at the C-terminus of Ubiquitin (see chapter 1.4 and 

references therein). A single translated mRNA encoding for a POI, Ubiquitin and GFP will 

therefore produce two proteins (see Figure 4-6 middle). The first contains the actual POI and 

Ubiquitin and can undergo posttranslational protein sorting and or diffusion and will move apart 

from its site of synthesis. The second protein contains the GFP, that can diffuse independent of 

the POI and can undergo fluorophore maturation. By design of the Ubiquitin-GFP junction, I 

can control the N-terminal residue of GFP and therefore the kinetics of its degradation (see 
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chapter 1.4). In order to prevent the GFP from escaping the site of its synthesis, I use an 

immobilized αGFP nanobody that binds to the β-barrel surface of GFP, even prior to 

fluorophore maturation (see Figure 4-6 bottom). The αGFP nanobody traps the newly 

synthesized, but not yet fluorescent GFP molecules nearby their site of synthesis until they have 

reached the mature fluorescent state that can be detected by fluorescence microscopy. I entitle 

the combination of Ubiquitin insertion and GFP capturing by the αGFP nanobody Ubi-Trap. 

To favor β-barrel folding prior to translation termination, I inserted a second GFP in frame to 

the first one. The nucleotide sequence of the second GFP was mutated to contain multiple 

uncommon codons in order to reduce translational speed. The second GFP also increases the 

expectable fluorescence signal. The GFP:αGFP complex associates with a very fast kon (105 s) 

and dissociates very slowly (koff 10-4 s-1) in vitro. If the rates are similar in vivo and for the 

specific GFP variants used in this study, the complex lifetime is approximately three hours 

(Kubala et al., 2010).  

To sum up, the mRNA localization determines the site of protein synthesis. The fate of the GFP 

moiety is unlinked from the fate of the rest of the protein due to cotranslational cleavage. By 

capturing the GFP nearby the site of synthesis until fluorophore maturation I can determine the 

site of synthesis. 

 

The properties of the binding between GFP and the nanobody is crucial for the detection system. 

For this I reason, I have to identify an appropriate fusion protein to anchor the nanobody to a 

certain cellular region. Before I can use the nanobody to investigate the localization of protein 

synthesis, I will explore the general properties of GFP recruitment to different subcellular 

compartments using αGFP nanobody immobilized to different organelles.  
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Figure 4-6: Ubiquitin unlinks the posttranslational fate of the halves of a GFP fusion protein. top: A mRNA encoding a GFP 
fusion protein is translated. After translation termination, fusion protein can change its position by diffusion or 

posttranslational sorting (x,yz) and position of the fusion protein can be detected after fluorophore maturation (green 

glow after timet). middle: Insertion of a Ubiquitin coding region between the protein of interest (POI) and the GFP induces 
cotranslational cleavage of the nascent chain at the end of the Ubiquitin moiety by Ubiquitin specific proteases (USP, depicted 
as scissors). Cleavage unlinks the fate of the POI-Ubi and the GFP. Depending on GFP turnover kinetics (regulated by the N-
terminal residue), GFP is degraded prior to fluorophore maturation. c: Expansion of the translated protein by a second GFP 
molecule and binding to an αGFP nanobody increases the detectable signal and protects the GFP from degradation; structures 
of Ubiquitin, GFP and GFP1-9 were obtained from the protein database (3k1k, 1Ubq, 4kf5). 
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4.2.2 Trapping GFP to subcellular localizations 
 

Fast and efficient GFP binding is the first requirement the Ubi-Trap system must satisfy. I 

measured the distribution of GFP, that is otherwise homogenously distributed within the cells 

cytoplasm, in cells expressing the αGFP nanobody positioned at the septin ring (Shs1), the ER 

membrane (Ist2, Rtn1), the histones (Hhf2), the nucleolus (Nsr1), the spindle pole (Spc72) or 

the plasma membrane (Wsc2, Sso1, Tpo1) (see Figure 4-7, not shown). In all cases, I observed 

– at least partially – a redistribution of the GFP signal to the αGFP-labelled organelle. 

Localization of Ist2-αGFP:GFP to the ER suggests improper plasma membrane sorting of the  

Ist2-αGFP fusion protein (see Figure 4-7). For better visualization of active redistribution of 

GFP to the nanobody, I observed zygote formation of haploid cells either expressing a GFP or 

a αGFP nanobody construct. In the first frame after the haploid cells have fused, I observed 

almost complete redistribution of GFP to the nanobody fusion protein, even if the GFP 

possessed a nucleus localization sequence (see Figure 4-7 lower panel, left and middle). A 

tandem GFP construct with a nucleolus targeting sequence was efficiently recruited to the 

plasma membrane by expression of αGFP-Sso1, staining the plasma membrane of mother and 

bud equally well with minimal cytosolic background (see Figure 4-7 lower panel, right). This 

also indicates long term stability of the GFP:αGFP complex. Fast dissociation of the GFP from 

the plasma membrane would allow relocalization of a subset of GFP molecules into the 

nucleolus.  

Further I investigated the influence of the GFP-Trap on the localization of intact GFP fusion 

proteins and the coexpression of multiple GFP-Traps attached to different organelles (not 

shown). Depending on the nature of the GFP fusion protein, relocalization of the signal towards 

the organelle coated with the trap was successful. However, as the GFP:GFP interaction is 

very long-lasting, I cannot exclude recruitment of degradational products containing GFP and 

parts of the original fusion proteins.  

Having more than one trapping species present in a cell increases the complexity of the system, 

leading to difficulties in interpretation of results. Therefore, I decided to continue experiments 

with a single trap capturing free GFP. 
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Figure 4-7: GFP-Trap allows efficient recruitment of free diffusing GFP to various subcellular localizations. top panel: schematic 
overview over potential organelles carrying the GFP-Trap. middle panel: GFP localization of free GFP in absence or presence 
of the αGFP nanobody fused to the indicated protein; αGFP-Sso1 and Tpo1-αGFP mediate plasma membrane localization, 
Rtn1-αGFP and Ist2-αGFP ER localization, αGFP-Hhf2 localizes GFP to the nucleus and Spc72-αGFP to the spindle body. lower 
panel: GFP:αGFP binding overrules localization sequences. After fusion of haploid cells, one expressing the GFP with a 
localization signal for a certain cellular compartment, the other the αGFP fused to the indicated protein, GFP relocalizes to the 
αGFP within several minutes (images prior to fusion and after 4 min are shown). right: Cells expressing a 2xGFP construct with 
nucleolar localization sequence in absence (left) and presence (right) of αGFP-Sso1. 

 

4.2.3 Properties of the GFP trapping organelle 
 

The properties of the αGFP nanobody are critical to the system. The idea is to trap the newly 

synthesized GFP molecules nearby the site of its synthesis. Therefore, the αGFP nanobody has 

to be fused to a protein that is not restricted to a small area within the cell but is distributed 

ubiquitous. The expression level of the αGFP nanobody construct should be controllable by 

media conditions and may not lead to toxic effects for the expressing cells. The GFP:αGFP 

complex should diffuse at a low but finite rate. In case of fast diffusion, the GFP:αGFP complex 

moves away from the site of synthesis before the mature fluorophore can be detected by 

fluorescence microscopy. In contrast, immobility of a GFP: αGFP complex may lead to 

saturation of the detection system as no unbound trap molecules can enter the region that is 
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already occupied by GFP: αGFP complexes. As soluble proteins diffuse very fast, I decided to 

investigate the mobility of different membrane proteins, whose diffusion is restricted to two 

dimensions. The plasma membrane has a simple geometry making it an attractive platform 

carrying the trap. The ER membrane has a much more diverse architecture, but the synthesis of 

membrane proteins is located at the ER, which reduces the distance between synthesis and 

trapping GFP for these substrate proteins. 

 

4.2.3.1 Mobility of plasma membrane proteins 

 

Fluorescence recovery after photobleaching (FRAP) and related methods allow to investigate 

diffusion processes. I tested plasma membrane proteins with different topologies on their 

mobility for lateral diffusion over the cortex. The fluorescence signal in medium sized buds of 

cells expressing either GFPS65T-CAAX, a C-terminal prenylated GFP, Tpo1-sfGFP, sfGFP-Ist2, 

GFPS65T-Sso1 or Wsc2-GFPS65T was bleached and signal recovery was recorded (see Figure 

4-8). Tpo1 is a multispanning plasma membrane protein required for amine transport across the 

PM, Ist2 is a plasma membrane protein required for PM-ER tethering and Sso1 is a type II 

membrane protein that functions as a plasma membrane t-SNARE (Aalto et al., 1993; Juschke 

et al., 2004; Tomitori et al., 1999). Both, TPO1 and IST2 mRNAs are also substrates of the SHE 

pathway (Shepard et al., 2003), however fluorophore tagged proteins localize to both, mother 

and daughter cortex (see Figure 4-8). Tpo1, Ist2 and Wsc2 behaved similar in this experiment. 

After photobleaching the bud signal, no recovery of the signal within several minutes was 

detected. This indicates that mother localized proteins cannot diffuse into the bud compartment. 

This further implicates that bud-localized proteins have been inserted into the bud membrane 

directly. In yeast, a diffusion barrier at the bud neck restricts exchange between mother and bud 

cortex (Takizawa et al., 2000). 

On the contrary, the signal of prenylated GFP (GFPS65T-CAAX) recovered within several 

seconds after bleaching (Vinnakota et al., 2010). GFP-Sso1 recovered at an intermediate rate 

(Valdez-Taubas and Pelham, 2003). The construct was expressed ectopically under control of 

the MET17 promoter. Expression, even at low methionine concentration, had no obvious effect 

on cell growth or cell shape. The properties of Sso1 converge with the requirements for the 

αGFP-fusion protein. 
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Figure 4-8: Yeast plasma membrane proteins differ in mobility. Indicated fusion proteins were expressed in wildtype cells. GFP-
Sso1, Ist2-sfGFP and Tpo1-sfGFP expressing cells were illuminated every 2 sec, GFP-CAAX every 1 sec and Wsc2-GFP cells every 

10 sec. Illumination and bleaching conditions were adjusted due to signal intensity; scale bar is 5m.  

 

4.2.3.2 Mobility of ER membrane proteins 

 

I have also investigated the mobility of the ER membrane bound proteins Sec61 (10 TMDs) 

and Hmg11-700 (1 TMD). Due to the more diverse architecture of the ER (see chapter 1.3) 

compared to the plasma membrane, I have decided to perform fluorescence loss in 

photobleaching (FLIP) experiments. Continuously, a small area at the cortical ER was bleached 

and loss of intensity in the rest of the cell was measured. Over time, all mobile fluorophores 

will pass the bleaching area. Independent of the bleached region, fluorescence disappeared in 

all parts of the cell after enough bleaching impulses, indicating dynamic exchange between the 

different compartments. I noticed that the flow from bud to mother was delayed compared to 

the flow from the mother to the bud (see Figure 4-9a).  This phenomenon has also been 

described by others and is explained by an ER diffusion barrier at the bud neck (Clay et al., 

2014). This diffusion barrier was weakened in several deletion strains, including rsr1, bud6 

and shs1 ( see Figure 4-9c). Quantification of barrier strength as performed in literature is in 

my eyes problematic, as signal flow to the mother is not only dependent from the cells genotype 

but from several factors that differ immensely from cell to cell, independent of the cells 

genotype. This includes the dynamics in ER organization in the investigated cell, the position 
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of the nucleus (and the pnER), the number of tER structures crossing the bud neck and the 

bleached region. Nevertheless, qualitatively, RSR1 and SHS1 depleted cells showed a clear 

reduction in bud retention compared to wildtype cells. 

Due to the relatively low fluorescent signal of Sec61-GFPS65T, mobility of Sec61 was not 

analyzed in detail. However, Sec61 showed a similar behavior as Hmg11-700 in initial 

experiments (not shown). 

Due to the complex architecture of the ER and the high mobility of ER proteins, I excluded 

the ER from its use as a target for the Ubi-Trap system. 

 

 

 

Figure 4-9: ER diffusion barrier delays flow of proteins to mother compartment. a: FLIP experiments with wildtype cells 
expressing Hmg11-700-GFPS65T (regulated by the constitutive active GPD1 promoter). Images were recorded in 5 focal planes 

(maximum projection) in a time interval of 2 sec with repetitive bleaching indicated by orange line; scale bar is 5 m.  b: 

Decrease of fluorescence intensity in bud and mother (mean  SEM; n = 6) compartment of a wildtype cell expressing        
Hmg11-700-GFP and consecutive bleaching (2 sec intervals) of a small area within the mother cER c: experiment as in b, but 
shown are only fluorescence intensity profiles from the bud compartment of cells with indicated genotypes: wildtype (n = 5), 

rsr1 (n = 7), bud6 (n = 7) and shs1(n=5). 
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excursus: ER inheritance is not impaired in cells lacking Myo4 or She3 

 

During investigation of different ER-related phenotypes, I also analyzed Hmg11-700-GFPS65T 

distribution in myo4Δ and she3Δ cells, as the respective proteins have been described to be 

important for the proper inheritance of the ER to daughter cells (Estrada et al., 2003, Loewen 

et al., 2007). However, the importance of these two factors has been challenged by others 

(Reinke et al., 2004). Either the effect of MYO4 or SHE3 depletion on ER inheritance is less 

prominent in general, or differs between laboratory strains. In the strain used within this study, 

I could not observe a strong ER inheritance defect in myo4Δ and she3Δ cells (see Figure 4-10). 

scs2Δ cells display a reduction of cER signal as described in literature (Loewen et al., 

2007).These observations are important for interpretation of results obtained for Wsc2 synthesis 

(see chapter 4.2.8 and Figure 4-28).  

  
Figure 4-10: ER inheritance is not disrupted in cells lacking either SHE3 or MYO4. Cells of indicated genotype expressing the 

ER marker protein Hmg11-700-GFPS65T; scs2 cells display a decreased amount of cER; scale bar is 5 m. 

 

4.2.4 GFP bound GFP-Sso1 diffuses similar to GFP-Sso1 
 

From all tested membrane proteins, Sso1 was selected to be the best candidate protein for a 

αGFP nanobody fusion protein that is suitable in the Ubi-GFP system (see chapter 5.4 for a 

detailed discussion). GFPS65T-Sso1 diffuses with low mobility (see Figure 4-8) and αGFP-Sso1 

efficiently recruits free GFPS65T to both, mother and bud cortex (see Figure 4-7 lower panel, 

right). Due to the topology of type-II membrane proteins (C-terminus facing out), all Sso1 
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fusions were N-terminal tagged. Furthermore, all Sso1 constructs were expressed under control 

of the MET17 promoter from centromeric plasmids, which allows to manipulate expression 

rates.  

A further important prerequisite for using Trap-Sso1 is that GFPS65T bound αGFP nanobody 

behaves similar to GFPS65T-Sso1. To test this, I performed further FRAP experiments with 

strains expressing either GFPS65T-Sso1 or coexpressing αGFP nanobody-Sso1 and GFPS65T. A 

region at the mother cortex was bleached and signal recovery to this region was measured. With 

same conditions in both strains (growth, illumination, bleaching), signal recovered at same rate, 

however initial signal reduction was lower in case of the trapped GFP (see Figure 4-11). This 

is predominantly caused by the more intense cytosolic signal in the nanobody expressing cells 

(see chapter 3.7.4 for detailed information on the normalization method).  

Similar recovery rates in these two regimes confirm stability of the GFP:αGFP complex and 

supports use of αGFP-Sso1 in the Ubi-Trap system. 

 

 
Figure 4-11: Sso1-fused and Sso1-trapped GFP recovers with similar rates. a,b: cells expressing either GFPS65T-Sso1 or GFP-
Sso1 and GFPS65T (all constructs expressed ectopically under control of the MET17 promoter) at indicated timepoints relative 

to photobleaching event; scale bar is 5 m, yellow circle is the estimated bleached area. c: FRAP experiments (n = 3, mean  
SEM) of cells expressing either GFP-Sso1 or coexpressing αGFP nanobody-Sso1 and GFP; small regions at the mother cortex of 

median sized budded cells were bleached and intensity recovery was determined. Experiments were performed in 20-30 M 
methionine, illumination every 4 sec. 

 

4.2.5 Simulation of GFP diffusion and capturing at the cell cortex 
 

The Ubi-Trap system utilizes αGFP-Sso1 to capture newly synthesized GFP at the cortex where 

it matures to its fluorescent state (see Figure 4-12). 
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Figure 4-12: Capturing newly synthesized GFP at the cortex. Schematic overview over the Ubi-Trap method that uses αGFP-
Sso1 to capture GFP. a: GFP molecules (green circles) diffuse from their site of synthesis to the cortex where they are captured 
by αGFP-Sso1 molecules that evenly cover the cortex of mother and bud. b: GFP matures (glowing green circles) when bound 
to the nanobody and can be detected by fluorescence microscopy. 

In order to generate a horizon of expectation, I tried to develop a computational model that 

simulates the trajectories the GFP molecules take from their site of synthesis to the membrane 

where they later can be detected. This computational model should help to answer the question, 

if the Ubi-Trap system and αGFP-Sso1 are suitable of analyzing local translation of certain 

protein populations. The computational model makes the following considerations, which are 

discussed in chapter 5.4: 

(1) three-dimensional random walk of GFP from the site of synthesis to the membrane 

(2) each step is directed in any of the three spatial dimensions forward or backward, 

independently of all former steps 

(3) a random walk ends as soon as it reaches the cell cortex 

(4) the cell cortex is described by a sphere (unbudded yeast cell) or two intersecting 

spheres (budded yeast cell) 

(5) repetitive walks from the same start coordinates are performed and the endpoints are 

plotted in a diagram 

 

On the contrary, some biological relevant features are not part of the model, but are also 

discussed in chapter 5.4: 

(1) lateral diffusion of captured GFP over the cortex is not considered 

(2) rebound of GFP from the cortex (not captured by αGFP) 

(3) dissociation of GFP:αGFP complex 

(4) possible localization of a αGFP-Sso1 population not located at the cortex and Sso1 

turnover 

(5) growth of the bud during the experiment 
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4.2.5.1 Simulation model parameters 

 

I have written a program that performs a random walk starting at a given set of start coordinates 

(x0, y0, z0) and plots the endpoints at the cortex of several thousand repetitions. A yeast cell is 

simplified by a sphere and a budding yeast cell by a combination of two intersecting spheres 

with different radii. In all simulations shown, the radius of the larger sphere (‘mother cell’) is 

100 times the step size for one step of the random walk (1 length unit). One length unit 

corresponds to approximately 30 nm. To simulate cells in different phases of the cell cycle, the 

radius of the smaller sphere (‘bud’, ‘daughter cell’) ranged between 25-100 % of the mother. 

For simulation of budded cells, the intersection of the two spheres is constant in all experiments 

and has been estimated from bud neck measurements in fluorescence microscopy 

measurements (not shown). The intersection area (‘bud neck’) in this model is a circle with 

radius of 20 length units. For simulation of unbudded cells, the origin of the coordinate system 

is the center of the sphere. For simulation of budded cells, the origin is at the center of the bud 

neck. The x-axis is defined as the mother-bud-axis. Positive x-values are in the mother cell, 

negative ones in the bud. A maximum of 10000 steps for one walk is used in order to increase 

computational time. 

 

4.2.5.2 Simulation outcomes for unbudded cells 

 

If the start point of the random walk is in the center of a sphere, the endpoints were equally 

distributed over the sphere’s surface (see Figure 4-13a). About 70 % of the random walks have 

ended at the cortex within 10000 steps, with a median walk length of 6576. If the start 

coordinates were set apart from the center, the end points concentrated at the cortex close to the 

starting point. Consequently, more walks ended at the cortex within 10000 steps and the median 

walk length dropped. If the starting point was shifted in one of the three dimensions to the half 

of the radius, the median walk length was reduced to 4450 and 75 % of walks ended within 

10000 steps (see Figure 4-13b). If the starting point was very close to the plasma membrane 

(x0, y0, z0 = 50 or x0, y0, z0 = 55 (see Figure 4-13c,d)) most of the walks were very short (median 

walk length of 933 or 250) and ended near the starting point (see Figure 4-13c,d). As a 

consequence, 93% or 98 % of walks ended at the membrane within 10000 steps. 
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Figure 4-13: Correlation between starting point and endpoint of a random walk. a: Endpoints of a random walk starting in the 
middle of a sphere (x0=0, y0=0, z0=0) are randomly distributed over the cell surface.  b-d: endpoints concentrate if starting 
points are closer to the cortex; b: x0 = 50, y0, z0 = 0, c: x0, y0, z0 = 50, d: x0, y0, z0 = 55; radius of sphere: 100 units, repetitions: 
5000. 

 

4.2.5.3 Simulation outcomes for budded cells 

 

One very important aspect in these simulations is how probable it is for a random walk that 

starts in the mother to end in the daughter and vice versa. Figure 4-14 shows the outcome of 

the simulation for a small budded cell (radius half of the mother), when the starting point was 

on the mother bud axis, with variation in the starting x-coordinate on the mother-bud axis. The 

center of the coordinate system is the center of the bud neck.  

In case the walks started in the center of the bud neck (x0, y0, z0 = 0), 24 % of the walks ended 

in the daughter, 36 % in the mother and 39 % immediately at the bud neck. If the start point of 

the simulation was slightly shifted towards the bud tip (y0, z0 = 0, x0 = -10), 11 % of the walks 

ended in the mother. If the walks started slightly shifted to the mother (y0, z0 = 0, x0 = 10), 18 

% of the walks ended in the bud. Frequency of walks that cross the bud neck and end at the 

cortex of the other compartment decreased with increasing start distance from bud neck. 4 or 7 

% of walks ended in the other compartment when the initial distance to the neck is doubled (y0, 

z0 = 0, x0 = ±20).  

 

 



 68 

 
Figure 4-14: Probability of crossing the bud neck decreases with increasing starting distance. Endpoints of walks in a budded 
yeast cell, with the daughter radius of 50 units and the mother cell 100. a-h: outcomes in respect to start along the mother 
bud axis (y0, z0 = 0). 

 

For walks that do not begin on the mother-bud axis, the probability of crossing the bud neck 

will decrease dramatically (see Figure 4-15). For example, only 4 % of walks escaped to the 

mother for a starting point in the bud apart from the mother bud axis (x0 = -10, y0 = 5, z0 = 20).  

 

 
Figure 4-15: Crossing the bud neck is a very rare event,  if starting point is shifted from the mother bud axis. a-f: as in figure 
4-14 with y0=5, z0=20 for each simulation. 

Taken together the outcomes of the simulations, the Ubi-Trap system will probably allow to 

discriminate protein synthesis occurring only in the mother from protein synthesis restricted to 

the bud. Furthermore, the shorter the distance to the cortex, the sharper fluorescence signals can 

be expected, maybe allowing even a better spatial resolution of the sites of protein synthesis. 

The simulations can help to interpret fluorescence microscopy results; however fluorescence 

signals will probably result from multiple translational events at different positions in the cells. 

Therefore, a superposition of walks starting from different positions within the cell might reflect 
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the actual microscopy results better and the computational model will be adjusted afterwards 

(see chapters 4.2.7 and 4.2.8). 

 

4.2.6 Cleavage and fate of the GFP reporter 
 

One aspect of the Ubi-Trap system has not yet been addressed in this work: cleavage of a POI-

Ubi-R-sfGFP(-sfGFP) construct and subsequent FP degradation. As cotranslational cleavage of 

linear ubiquitin conjugations and degradation of the reporter due to the destabilizing arginine 

at its amino-terminal end has been extensively shown by others (Bachmair et al., 1986; 

Gregorius, 2016; Johnsson and Varshavsky, 1994a, 1994b), I focus on the influence of the 

αGFP on reporter degradation. 

Wsc2-sfGFP expressing cells displayed a cortical signal (see Figure 4-16a). The intact fusion 

protein was also verified by Western blot, albeit for the Wsc2-GFPS65T variant less 

degradational products were detected (Figure 4-16e). The apparent molecular weight exceeds 

the weight of the amino acids due to Wsc2 mannosylation (Kock et al., 2015). 

On the contrary, wildtype cells expressing Wsc2-Ubi-R-sfGFP displayed a very low 

homogenous cytoplasmic GFP signal (see Figure 4-16d upper panel, left cell). This suggests 

efficient cleavage of the GFP and partial degradation. Upon zygote formation with a cell 

expressing the αGFP nanobody fused to the spindle pole protein Spc72 a weak focused signal 

within the cell appeared. This implies recruitment of mature R-sfGFP fluorophores to the 

spindle pole body that were not degraded. Either they were synthesized in the haploid Wsc2-

Ubi-R-sfGFP cell or during mating (see Figure 4-16d lower panel). However in Western blot 

analysis of a yeast extract, the amount of R-sfGFP in cells expressing Wsc2-Ubi-R-sfGFP was 

below detection limit (see Figure 4-16f, second last lane). These results suggest efficient 

cleavage of the reporter and partial degradation of R-sfGFP but at least some of the fluorophores 

can mature prior to their degradation. 
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Figure 4-16: GFP is cleaved off from Ubi-R-GFP constructs and efficiently degraded in the absence of GFP-Trap. a: Cells 

expressing Wsc2-sfGFP display a weak cortical signal; b: ubr1 cells expressing Ash1-Ubi-R-sfGFP and GFP-Sso1 either have 

a homogenous cytoplasmic signal (left) or a cortical signal (right); c: she2 cells expressing Wsc2-Ubi-R-sfGFP and GFP-Sso1 

display a cortical signal; d: mating of cells expressing either Wsc2-Ubi-R-sfGFP (left) or  Spc72-GFP  (right): before cell fusion 

(top), the Wsc2-Ubi-R-sfGFP expressing cell has a weak cytoplasmic signal, whereas the Spc72-GFP  expressing cell has no 

fluorescence signal. After cell fusion (bottom): zygote has a uniform background, with a small spot (white arrowhead) near 

the mating projection of the former Spc72-GFP cell. This indicates sfGFP recruitment to the spindle pole.  e: -GFP western 

blot analysis from cell lysates of wildtype cells either expressing Wsc2-GFPS65T or Wsc2-sfGFP. f:  -GFP western blot analysis 

from cell lysates of cells of the given genotype; cells indicated with red + also contained a plasmid expressing GFP-Sso1  under 

MET17 promoter regulation; molecular weights; Wsc2: 52 kDa, Wsc3: 58 kDa, R-sfGFP/GFPS65T: 27 kDa, R-sfGFP-sfGFP: 55 

kDa, Ubi:9 kDa; all strains were grown in medium containing 70 µM methionine. 

 

If αGFP-Sso1 was coexpressed in these cells, I was able to detect GFP in the lysates by Western 

blot analysis (see Figure 4-16f, first lane) and also at the cortex in fluorescence microscopy 

images (see Figure 4-16c). I conclude that R-GFP can be protected from degradation when 

bound to the GFP-Trap. This was also observed in cells depleted for MYO4 (see Figure 4-16f). 

The same observations were made for Wsc3 in prescence and absence of SHE2 (see Figure 

4-16f). In Western blot analysis with an antibody against the GFP moiety, I detected no 

uncleaved POI-Ubi-R-sfGFP fusion but only free sfGFP (27 kDa) or the tandem sfGFP (54 

kDa, see Figure 4-16f). All lanes were loaded with approximately the same amount of cell 

lysate, which was estimated due to Ponceau staining of the membrane after detection (not 

shown). 

 



 71 

Of interest, deletion of UBR1 and coexpression of a GFP-Sso1 resulted in many cells that do 

not accumulate free GFP in the cytoplasm, but nanobody captured GFP at the plasma membrane 

(see Figure 4-16b), suggesting that GFP turnover is governed by the turnover of the Trap-fused 

protein and the prescence of free traps under the conditions tested. Ubr1 function is a 

prerequisite for degradation of N-end rule substrates (Bartel et al., 1990). The impact of UBR1 

deletion was not analyzed further.   

 

 

4.2.7 Local synthesis of Ash1 depends on a functional SHE pathway  
 

To put the Ubi-Trap system to its first use, I analyzed the best studied example for a bud 

localized and translated mRNA: ASH1. As described in chapter 1.2.1 the ASH1 mRNA has 

multiple localization elements (LEs) that are important for the polarized transport towards the 

bud tip. The last of these LEs consists of about 70 nucleotides and begins with the stop codon 

sequence. By a one base insertion in the second last codon, I was able to generate an extended 

Ash1 version, with the E3 sequence also translated to an amino acid sequence. I term this 

ASH1+67. This allows me to generate the fusion construct Ash1+67-Ubi-R-sfGFP-sfGFP with an 

undisturbed transport of the underlying mRNA. Via homologous recombination, I integrated 

this construct into the endogenous ASH1 locus. I further transformed these cells with two 

plasmids, one encoding for αGFP-Sso1 and the other for mCherry-Sso1. The latter should allow 

corrections for local Sso1 concentration at the membrane. The Sso1 constructs were expressed 

under control of the methionine repressible MET17 promoter.  

With this system, I investigated cells with intact and defective SHE pathway for the translation 

of ASH1+67 using live cell imaging. Usage of the MET17 promoter allows to cultivate the 

respective cells under repressing conditions, thus reducing the accumulation of high amounts 

of captured GFP prior to start of the experiment. Approximately 90 minutes before the 

experiment, I gave a 30 minute pulse under activating conditions, followed by one hour under 

repressing conditions. Afterwards, the live-cell imaging experiments were started with 

illumination every three minutes. 

The cells displayed an increase in the cortical GFP signal specifically in daughter cells, 

approximately 15 min before and after cell separation (see Figure 4-17). 21 minutes before the 

two cells separate, the mCherry-Sso1 and R-sfGFP-sfGFP (bound to GFP nanobody-Sso1) 

signals in the mother were relatively constant over the cortex. In the daughter, both signals were 

weaker with slightly higher signals near the bud neck (see Figure 4-17a, b, first panel, see 
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chapter 3.7.5 for detailed information for normalization of the fluorescence signals along the 

mother and bud compartment). 

 

 
Figure 4-17: ASH1+67 mRNA is translated in daughter cells prior and posterior of cytokinesis. a: Selected frames of wildtype 

cells coexpressing Ash1+67-Ubi-R-sfGFP-sfGFP, mCherry-Sso1 and GFP-Sso1; Sites of increased GFP signal, cytokinesis and 

bud emergence are indicated by white arrowheads; illumination every 3 min, scale bar is 5 m, experiments were performed 

in presence of 140M methionine. b: mCherry (red) and sfGFP (green) fluorescence intensity profiles along the sum-projected 
cortex of the mother (solid line) and daughter (dotted line) compartments as indicated in first panel of a; measurements are 
aligned to have the bud neck at approx. 0.5 cortex length. c: mean cortical intensity values were obtained as follows: mean 
intensity values of both fluorophores at the cortex of both compartments were determined for 9 timepoints before and after 
cytokinesis and then normalized to the respective value at t=0. d: at each cortical position, I determined the ratio of 
GFP/mCherry signals over the cortex of daughter (green dots) and mother (blue dots) cell and obtained a mean value of this 
ratio in 9 timepoints before and after cytokinesis; these mean values were normalized to the value at t=0. e: outcome of the 
random walk simulation with each walk starting at another position either in the bud or near the bud neck (-165<x0<10). 

 

It has to be mentioned that intensities varied from cell to cell. In addition, the GFP fluorescence 

detected in mother cells stem from synthesis of former cell cycles and not from synthesis in the 

mother (see the fate of the former daughter cell in Figure 4-17a in the next cell cycle). 

Therefore, cells had to be analyzed over long time intervals and only the temporal changes of 

the signal could be interpreted as local synthesis. The intensity profiles of the two fluorophores 

displayed very similar general behavior, however smaller fluctuations were not present in both 
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channels and height of signal intensity differs. Despite multiple approaches of normalization 

were applied, quantitative integration of the mCherry fluorescence failed. Consequently, 

analysis of fluorescence intensity remained qualitatively throughout this work. 

As the cell cycle continued, the increase of the mean cortical GFP signal was exclusively 

detected in the daughter compartment (Figure 4-17c). I also calculated ratios of the two signals 

over the whole cortex. Over time, the mean of these ratios specifically increased in the daughter, 

but not in the mother compartment (see Figure 4-17d).  

Comparing the intensity profiles of both fluorophores over time (see dotted lines in Figure 

4-17b) revealed that the increase in GFP signal was more or less evenly distributed over the 

whole bud cortex and not restricted to a certain region in the bud. GFP signal and GFP/mCherry 

ratios increased even after cell separation. A GFP signal increase was further seen in small buds 

in the next cell cycle of the former daughter cells, but not in small buds of the former mother 

cells (see Figure 4-17a, last two panels, white and black arrowhead), indicating ongoing Ash1 

synthesis in the former daughter in the next cell cycle.  

From the experimental results, I changed the parameters of the computational model, so that 

every walk started from another position. The obtained results that fitted best to the microscopy 

images were obtained for random starting points within the bud or in the mother close to the 

bud neck (see Figure 4-17e).  

To retrieve statistical relevant data, I decided to measure the increase of the GFP/mCherry 

signal ratios in multiple cells in a timeframe of ± 12 min relative to cytokinesis (see Figure 

4-18), because the bud neck was analyzed separately. 
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Figure 4-18: GFP signal accumulates homogenously over the bud cortex. a: representative DIC, GFP or mCherry images of a 

large budded wildtype cell coexpressing Ash1+67-Ubi-R-sfGFP-sfGFP, mCherry-Sso1 and GFP-Sso1. b: fluorescence intensities 
of both fluorophores along the cortex of the mother or the bud are obtained (yellow line in a); note that for the analysis not 
normalized values were used, normalization was only used for better visualization of the principle; for detailed methods, see 
chapter 3.7.5. c: at each cortical position, the ratio between the GFP and the mCherry signal is determined. From this a mean 
value for the mother and the bud is determined. d: analogous to c, values from subsequent timepoints of the time-lapse 
experiments are derived, plotted in a diagram and linear regression is performed. e: the slope of n=9 wildtype cells display 
significant difference between mother and the respective bud (paired two-tailed t-test, p=0.020; left); 7 out of 8 cells display 
an increased slope in the bud compared to the mother (right). 
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The bud neck signals were more difficult to interpret, as both signals displayed a peak at both 

sides of the bud neck prior and during cytokinesis. Several important aspects have to be taken 

into account. First, due to the cell’s geometry, membrane concentration in an imaged voxel is 

higher at the bud neck. This increases the amount of out of focus photons detected in the 

epifluorescence system used. Secondly, as seen in the computational model, walks that 

approach the bud neck from any side have a high probability to end near the bud neck (see 

Figure 4-14e). Still, if synthesis predominantly occurs in the daughter cell, GFP intensity must 

be higher at the daughter side than at the mother side of the neck. To test this, I measured the 

signal intensities along the mother bud axis during cytokinesis in cells with intact or defective 

SHE pathway. In wildtype cells, the maximum of the GFP signal at the neck was shifted towards 

the daughter cell (see Figure 4-19middle). I expect this shift to be dependent of ASH1 mRNA 

transport, so I repeated the measurements in cells depleted for MYO4. Indeed, in myo4 cells, 

the GFP intensity peak was found at the mother side of the bud neck (see Figure 4-19right).  

 
Figure 4-19: GFP bud neck signal peak is shifted to the daughter due to bud specific GFP synthesis. Intensity profiles during 

cytokinesis perpendicular to the bud neck of cells expressing Ash1+67-Ubi-R-sfGFP-sfGFP, mCherry-Sso1 and GFP-Sso1 were 
acquired as illustrated on the left: middle and right: averaged profiles for mCherry and sfGFP intensities for n=6 wildtype and 

myo4 cells (mean ± SEM); dashed line: approximated center of bud neck; all experiments were performed in presence of 

140M methionine. 

 

In contrast to the wildtype cells, MYO4 depleted cells displayed equally distributed GFP signals 

over both compartments (see Figure 4-20). Except for the bud neck, no site specific GFP signal 

increase was obviously seen. Also, the ratios of GFP to the mCherry signals over the cortex 

symmetrically increased over time in both compartments (see Figure 4-20d). Similar results 

were obtained in a simulation with random starting points of every walk (see Figure 4-20). 
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Figure 4-20: Ash1 synthesis is symmetrically distributed in absence of Myo4. a: Selected frames of myo4 cells coexpressing 

Ash1+67-Ubi-R-sfGFP-sfGFP, mCherry-Sso1 and GFP-Sso1; illumination every 3 min, scale bar is 5 m, experiments were 

performed in presence of 140M methionine. b: mCherry (red) and sfGFP (green) fluorescence intensity profiles along the 
sum-projected cortex of the mother (solid line) and daughter (dotted line) compartments as indicated in first panel of a; 
measurements are aligned to have the bud neck at approx. 0.5 cortex length. c: mean intensity values normalized to the 
relative intensity at t=0. d: GFP/mCherry signal ratio over the cortex of daughter (green dots) and mother (blue dots) cortex, 
normalized to t=0. e: outcome of the random walk simulation with each walk starting at another position randomly in the cell 
(-160<x0<180). 

  

Analogous to wildtype cells, I analyzed the ratios of GFP/mCherry along the cortex of multiple 

myo4Δ cells during cytokinesis (see Figure 4-21). In contrast to wildtype cells, I almost 

exclusively observed positive slopes and no difference between the two compartments. 
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Figure 4-21: GFP signal increase in myo4Δ cells is not restricted to the bud. Analysis of n=8 myo4Δ cells as described in Figure 
4-18d-e. a: representative result of one myo4Δ cell. b: slopes in mother and bud do not differ significantly (paired two-tailed 
t-test, p=0.327). c: of 8 pairs, I observed four times a slightly higher slope in the bud, three times slightly higher in the mother 
and once same slope in both compartments. 

I have not observed a dramatic effect, in relation to cytokinesis, on timing of the GFP signal 

increase compared to the wildtype cells (not shown). In summary, these data demonstrate the 

power of the Ubi-Trap method to follow synthesis of a certain protein in space and time. In the 

following chapters, I will describe the local synthesis of other proteins, including Wsc2, which 

was postulated but not proven to be preferentially translated in the bud. 

 

 

4.2.8 Wsc2 synthesis occurs at the bud cortex 
 

4.2.8.1 Trapped GFP accumulates in patches at the cortex 

 

WSC2 mRNA is a substrate of the SHE pathway and was detected in small and large buds using 

the MS2 system (see Figure 4-1 and Figure 4-2). Wsc2 has several beneficial properties I can 

exploit using my detection system. Wsc2 is a type I membrane protein with a cleavable signal 

peptide. Translation is expected to take place at the ER. This makes it reasonable to assume that 

translation events are fixed at certain positions, which may allow to identify subcellular regions 

of Wsc2 synthesis.  It possesses a single TMD and the C-terminus is directed to the cytosol. 

This makes the C-terminal Ubi-R-sfGFP-sfGFP tag accessible to the USPs. Unlike other SHE 

substrates, the coding region of the WSC2 mRNA was reported to be sufficient for transport. 

This reduces the potential influence of the tag to mRNA transport. 

Hek2 and She2/She3 are known to bind WSC2 mRNA at indicated positions (Hasegawa et al., 

2008; Jambhekar et al., 2005; Shahbabian et al., 2014; Syed et al., 2018), whereas the Puf6 

binding sites have not been determined, but regions with the binding motif of Puf6 are dispersed 

over the transcript (Gu et al., 2004) (see Figure 4-22).  
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Figure 4-22: Wsc2 topology. top: The Wsc2 protein has a cleavable N-terminal signal peptide, followed by a extracellular 
region, including a highly glycosylated Ser/Thr rich region; a transmembrane domain separates the glycosylated region from 
the C-terminal cytosolic region. bottom: The WSC2 mRNA is bound by She2/3 and Hek2 at the first localization element and 
at least by She2/3 at the second localization element. Puf6 binding motifs (UUGU) are all over the transcript (5 in coding 
region, 2 in 3’ UTR), including one near the She2/3 binding site; numbers relative to first amino acid. 

 

Unlike its mRNA distribution, the protein localization of Wsc2-sfGFP at the plasma membrane 

is independent of a functional SHE pathway (see Figure 4-4). This raised the question whether 

Wsc2 is synthesized in buds independent of active mRNA transport or whether a redundant 

sorting mechanism directs Wsc2-sfGFP to its destination prior to fluorophore maturation. I 

addressed this question with the Ubi-Trap technique and performed time-lapse experiments of 

cells expressing Wsc2-Ubi-R-sfGFP-sfGFP, αGFP-Sso1 and mCherry-Sso1. Approximately 

90 minutes before the experiment, I gave a 30 minute pulse to activate expression of the Sso1 

constructs, followed by one hour under repressing conditions. Afterwards, the live-cell imaging 

experiments were started with illumination every three minutes. 

The obtained images revealed GFP clusters localized preferentially at the bud cortex (see Figure 

4-23). These clusters were clearly visible using the Auto-contrast settings in FIJI. As these GFP 

clusters were never observed in cells expressing the ASH1+67 construct (see Figure 4-20), these 

clusters, observed throughout the cell cycle, may reflect a certain feature of Wsc2 synthesis. 
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Figure 4-23: Wsc2 synthesis results in Sso1 captured GFP patches at the bud cortex. Representative frames of a time-lapse 

experiment of wildtype cells expressing Wsc2-Ubi-R-sfGFP-sfGFP, mCherry-Sso1 and GFP-Sso1. Some regions of increased 

GFP intensity are marked with white arrowheads; images were acquired every 3 min, scale bar is 5 m; all experiments were 

performed in presence of 140 M methionine. bottom right: blowup of the cell at 33 min; intensity along the line shown in 
clockwise direction in the DIC image is measured in the fluorescence images and plotted; in the GFP profile I detect peaks (a-
e)  in the bud (between the two dashed lines); in contrast to all other peaks, peak ‘c’ has no similarity in the mCherry profile 
and is therefore considered as GFP specific. 

 

To test this hypothesis, I repeated the time-lapse experiments in cells lacking one of the SHE 

components. puf6 cells also display GFP clusters at the cortex, however clusters were less 

restricted to the bud and seemed to occur with lower intensity and frequency (see Figure 4-24).  

 

 
Figure 4-24: Wsc2 synthesis is altered in cells lacking Puf6. Representative frames of a time-lapse experiment of puf6 cells 

expressing Wsc2-Ubi-R-sfGFP-sfGFP, mCherry-Sso1 and GFP-Sso1. Some regions of increased GFP intensity are marked with 

white arrowheads; images were acquired every 3 min, scale bar is 5 m; all experiments were performed in presence of 140 

M methionine. 
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Cells lacking either Myo4 or She2 displayed less intense GFP signals at the mother and bud 

cortex (see Figure 4-25, Figure 4-26). GFP clusters, as seen in wildtype cells, were not 

obviously visible in these cells. 

 

 
Figure 4-25: Local Wsc2 synthesis is diminished in myo4 cells. Representative frames of a time-lapse experiment of myo4 

cells expressing Wsc2-Ubi-R-sfGFP-sfGFP, mCherry-Sso1 and GFP-Sso1. Some regions of increased GFP intensity are marked 

with white arrowheads; images were acquired every 3 min, scale bar is 5 m; all experiments were performed in presence of 

140 M methionine. bottom: blowup of the cell at t= 54 min; intensity along the line shown in clockwise direction in the DIC 
image is measured in the fluorescence images and plotted; in the GFP profile I detect multiple peaks all over  the cortex. 

 

 
Figure 4-26: Local Wsc2 synthesis is diminished in she2 cells. Representative frames of a time-lapse experiment of she2 

cells expressing Wsc2-Ubi-R-sfGFP-sfGFP, mCherry-Sso1 and GFP-Sso1. Some regions of increased GFP intensity are marked 

with white arrowheads; images were acquired every 3 min, scale bar is 5 m; all experiments were performed in presence of 

140 M methionine. 

 

To make the differences between genotypes quantifiable, I developed the following data 

analysis strategy. Cortical intensity profiles from both fluorescence channels over multiple 

timepoints were generated. Peaks in the GFP profile that were not accompanied by a similar 
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peak in the mCherry profiles were counted as GFP specific peaks (for details, see chapter 3.7.6, 

example profiles are shown in Figure 4-23, Figure 4-25). Height and width of the peaks were 

not considered. To minimize investigator’s bias, I randomized the filenames of the plot profiles 

prior to analysis. For each genotype, at least 200 pairs of GFP and mCherry profile plots were 

analyzed. Prior to bud emerge, GFP specific peaks obviously can be seen exclusively in the 

mother. For statistical analysis I exclusively used the profiles obtained in budded cells until 

cytokinesis. GFP specific peaks are not inherent to the system itself (see chapter 4.2.8.2 and 

Figure 4-30b). 

Beginning with bud emerge and lasting until M-phase, GFP specific peaks were predominantly 

detected in the bud of wildtype cells (see Figure 4-28a). In myo4Δ cells, I detected more GFP 

specific peaks per frame at mother and bud cortex than in wildtype cells. This did not reflect 

my subjective rating when analyzing the microscopy images by eye (GFP cluster formation in 

wildtype buds). However, this reflects that peak count is not dependent on peak height or the 

integrated signal. The profiles obtained from myo4Δ cells typically displayed more, but less 

high peaks than those obtained from wildtype cells (compare intensity profiles in Figure 4-23 

and Figure 4-25). As in wildtype cells, I detected more GFP specific peaks in the buds than in 

the respective mothers also in myo4Δ cells. In cells lacking Puf6 or She2, I counted overall less 

GFP specific peaks. Peaks occurred slightly, but not significantly, more frequent at the bud 

cortex (see Figure 4-27). Representative graphs for individual cells of the different genotypes 

are shown in Figure 4-28a-d. Statistical comparison of the different groups and six further plots 

(accumulated peaks over time) for each genotype are attached in the appendix. 

  

 
Figure 4-27: Frequency of GFP specific peaks depends on SHE pathway components. a: ‘line at mean’ plot of number of peaks 

detected per frame in budded cells of given genotype (WT, myo4, she2: n=9; puf6: n=7 cells); statistical analysis and 
significance: each mother-bud relation was analyzed with a paired two-tailed t-test; WT: p<0.0001, myo4Δ: p<0.0001, puf6Δ: 

p=0.047, she2Δ: p=0.076. b: compartment specific accumulation of GFP specific peaks over time in WT and  myo4 cells (n=9 

cells, mean  SEM) c: compartment specific accumulation of GFP specific peaks over time in she2 (n=9)  or puf6 (n=7) cells 

(mean  SEM); all experiments were performed in presence of 140 M methionine. 
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Figure 4-28: Wsc2 translation events in respective to SHE mutants.  a-d: representative profiles of counted GFP specific peaks 
over time in cells of given genotype; first dashed line indicates bud emergence, second dashed line cytokinesis. e,f: peak counts 
were normalized to a whole cell cycle, beginning from bud outgrowth until cytokinesis. g: evaluation of angle between GFP 
specific peaks and the bud neck cells of indicated genotype; dashed lines separate single cells, from left to right: temporal 
sequence of detected peaks; positive values for peaks in the bud, negative values for peaks in the mother. 

 

To obtain further information about the localization of the detected peaks I measured the angles 

between all detected peaks and the bud neck in WT and myo4Δ cells (see Figure 4-28g, see 

3.7.6 for method details). In both genotypes, the peaks detected in the bud compartment showed 

a random distribution of all possible angles, whereas the peaks in the respective mother cells 

display a different distribution. Here, peaks near the mother bud neck were underrepresented 

and are almost exclusively found in small budded cells and before bud emerge.  

 

4.2.8.2 Wsc2 synthesis occurs at the cortical ER 

 

To conciliate the observations of GFP specific peaks at the bud cortex and the outcome of the 

simulation, I changed the modeling parameters as follows: instead of starting every walk at the 

same coordinates and recording the endpoints of thousands of repetitions, I performed a single 
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walk from a random starting coordinate within a cell to the cortex. From the endpoint 

coordinate, a new start position was determined by going 3 length units towards the center of 

the sphere. From this position, repetitive walks were performed. This results in a cluster of 

endpoints near the endpoint of the original walk (see Figure 4-29d). Next, I increased the 

number of original walks, resulting in a random distribution of clusters at the cortex (see Figure 

4-29e). Restricting the start coordinates of the original walks to the daughter cells leads to a 

similar pattern (clusters) than the one observed in the microscopy images of wildtype cells 

expressing Wsc2-Ubi-R-sfGFP-sfGFP and αGFP-Sso1 (see Figure 4-29f and Figure 4-23).  

 
Figure 4-29: Repeated walks starting beneath the cortex result in clustering. Outcomes of simulations with different 
parameters; a-c: each endpoint at membrane origins from a random chosen starting point; a,b: start in mother (x>0), a: 1500 
walks, b: 300 walks; c: outcome of 1500 walks starting at a random position in the daughter. d: random walk of a randomly 
chosen start coordinate (red square) ends at a certain position at the cortex, then 300 walks from a starting position near this 
endpoint (3 units in all dimensions closer to the center of the sphere) are performed. e,f: clustering as in d, but with multiple 
initial starting points in the daughter (f) or both compartments(e). all simulations here: radius mother: 100 units, radius 
daughter 90 units. 

Combining simulated and experimental data together, I assume that the cleaved GFP is 

repeatedly generated nearby the plasma membrane. Clusters form by synthesis of multiple GFP 

fluorophores at the same position. This observation might imply that the corresponding mRNA 

remains also close to this site. The cortical ER is a structure that forms a network directly 

beneath the plasma membrane and is therefore a candidate compartment for the synthesis of the 

type I membrane protein Wsc2 (see chapter 1.3.1). By protein-protein interactions, the plasma 

membrane is directly attached to the cER (Loewen et al., 2007). 

To test the hypothesis of Wsc2 synthesis at the bud cER, I repeated the Ubi-Trap measurements 

in a genetic background with aberrant ER organization. Several important factors for the 

attachment of the ER to the plasma membrane have been described, with deletion of SCS2 

causing the most severe depletion of cER structures (Manford et al., 2012). As described before, 

the ER structures are severely disturbed in scs2Δ cells (see Figure 4-10). 
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WSC2 mRNP formation is not perturbed in scs2 cells but bud-localization of the mRNPs is 

decreased (Fundakowski et al., 2012). scs2 cells expressing the Wsc2-Ubi-R-sfGFP-sfGFP 

construct, mCherry-Sso1 and GFP-Sso1 lacked almost completely detectable GFP specific 

peaks at mother and bud cortex (see Figure 4-30). The same was true for cells that express 

mCherry-Sso1 and GFP-Sso1 (covalent fusion, not nanobody bound GFP), supporting the idea 

that GFP-specific peaks result from GFP synthesis near the cortex and are not inherent to the 

properties of mCherry-Sso1 and (α-)GFP-Sso1 (see Figure 4-30).  

 
Figure 4-30: GFP peaks are specific for translational events near the cortex. a: accumulated GFP specific peaks in scs2 cells 
expressing Wsc2-Ubi-sfGFP-sfGFP, αGFP-Sso1 and mCherry-Sso1. b: accumulated GFP specific peaks in cells expressing GFP-
Sso1 and mCherry-Sso1. c: Quantification of detected GFP specific peaks in (n=5) cells from of genotype in a and b; statistical 
analysis was performed via two-tailed t-test; scs2Δ: p=0.450, GFP-Sso1: p=0.542. d: selected frames from time-lapse 
experiment of cells expressing GFP-Sso1 and mCherry-Sso1;  t = 0 min: bud outgrowth; image acquisition every 3 min, scale 

bar is 5 m; all experiments  were performed in presence of 140 M methionine. e: intensity profiles along cortex show no 
GFP specific peaks in cells expressing GFP-Sso1 and mCherry-Sso1. 

 

4.2.9 Wsc3 synthesis is independent of SHE pathway 
 

Wsc2 has a paralogue, Wsc3. It has a similar topology and also plays a role in sensing 

osmolarity (Kock et al., 2015). C-terminal GFP fusion proteins also localize to the cortex of 

mother and bud, albeit the GFP signal is stronger (not shown). WSC3 mRNA was never reported 

to be a substrate of the SHE pathway. Therefore, it is interesting to study the sites of Wsc3 

synthesis and compare it to Wsc2. I designed a Wsc3-Ubi-R-sfGFP-sfGFP construct and 

coexpressed it with αGFP-Sso1 and mCherry-Sso1. I observed no obvious clusters at the cortex 

but a more homogenous GFP signal along the cortex (not shown). Analogously to the Wsc2 

cells, I repeated the analysis counting GFP specific peaks in wildtype, myo4Δ, she2Δ and puf6Δ 

cells. In wildtype cells, GFP specific peaks were detected at lower abundance compared to 
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Wsc2 (1.0 peaks per frame for Wsc3 and 1.7 for Wsc2, mother and bud combined). I detected 

peaks at the mother and the bud cortex at approximately same frequency (Figure 4-31). I also 

investigated Wsc3 synthesis in absence of SHE mediated mRNA transport. The frequency of 

GFP specific peaks was not aberrated in cells lacking either She2 or Myo4. Solely, Puf6 

depleted cells display an increased number of peaks in the daughter cell (see Figure 4-31). From 

this I conclude that Wsc3 synthesis is independent of the SHE pathway and probably less 

restricted to the cER. 

 
Figure 4-31: Wsc3 synthesis is Independent of SHE components. a: ‘line at mean’ plot of number of peaks detected per frame 

in budded cells of given genotype (WT, myo4: n=6 cells; puf6, she2: n=6 cells). statistical analysis and significance (two-
tailed t-test; WT: p=0.554, myo4Δ: p=0.423, puf6Δ: p=0.014, she2Δ: p=0.369). b: compartment specific accumulation of GFP 

specific peaks over time in WT and myo4 cells (n=6, mean  SEM) c: compartment specific accumulation of GFP specific peaks 

over time in she2  or puf6 cells (n=6, mean  SEM). 

 

4.2.10  Synthesis of cytoplasmic GFP  
 

To investigate the applicability of the system to other substrates, especially to proteins not 

connected to the membrane, I constructed a sfGFP construct in frame to Ubiquitin and 

expressed it from a copper-inducible promoter. Additionally, I added the E3 sequence of ASH1 

3’ to the stop codon of the GFP moiety. The E3 sequence is known to localize mRNAs to the 

site of polar growth (Bertrand et al., 1998). With these two constructs I performed the time 

lapse microscopy experiments in analogy to the experiments with Ash1, Wsc2 and Wsc3. 

As seen for the other constructs, GFP signal in small buds and at the bud neck during cytokinesis 

is increased (see Figure 4-32c), however I was not able to retrieve a significant difference in 

the constructs (not shown), when I performed any of the analysis described for the full length 

Ash1 construct (see Figures 4-17-19). Therefore, I searched for GFP specific peaks in the 

intensity profiles as for the Wsc2 and Wsc3 constructs. GFP specific peaks were detected 

infrequently for Ubi-sfGFP and Ubi-sfGFP-E3ASH1 in both, wildtype and myo4Δ cells (see 

Figure 4-32a-c). However, cells expressing the Ubi-sfGFP-E3ASH1 construct had a significantly 

increased number of peaks detected at the bud cortex. This effect was not observed with the 

same construct in myo4Δ cells or with the construct lacking the E3ASH1 sequence, indicating that 
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even for soluble proteins the analysis strategy is beneficial, however only a small subset of 

translational events are accessible to this method. 

As the detection of GFP specific peaks turned out to be beneficial even for soluble proteins, I 

also investigated the Ash1+67-Ubi-R-sfGFP-sfGFP cells with this method. In wildtype cells 

expressing the Ash1+67-Ubi-R-sfGFP-sfGFP construct only very few GFP specific peaks were 

detected at the mother and bud cortex (see Figure 4-32d). The total Ash1 synthesis occurs only 

in a short period of time during the cell cycle. Therefore, I suggest, that measurements in large 

budded cells with more frequent illumination might improve the outcomes of the analysis 

strategy. 

 
Figure 4-32: E3 sequence of ASH1 mediates bud specific translation of GFP. a,b: Accumulation of GFP specific peaks at the 

cortex of representative cells of WT or myo4 cells coexpressing mCherry-Sso1, GFP-Sso1 and the Ubi-sfGFP(-E3ASH1) 
construct (unpaired t-test; WT: Ubi-sfGFP: p=0.663, WT: Ubi-sfGFP-E3ASH1 p=0.004, myo4Δ: Ubi-sfGFP: p=0.091, myo4Δ: Ubi-
sfGFP-E3ASH1 p=0.757). c: representative images of cells expressing Ubi-GFP (top) or Ubi-GFP-E3ASH1; a-c: experiments were 

performed in presence of 35 M Cu2+ and 140 M methionine. d: peaks are rarely detected in cells expressing the Ash1+67-Ubi-
sfGFP-sfGFP construct (unpaired t-test, WT mother vs. bud Ash1+67-Ubi-sfGFP-sfGFP: p=0.194). 
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To sum up, synthesis of soluble proteins in the cytoplasm will only produce infrequently GFP 

specific signal peaks at the cortex, however the analysis method is capable of detecting 

differences in some cases. 
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5 Discussion 
 

5.1 mRNA localization 
 

The site of protein synthesis is physically linked to localization of the respective mRNA. So, in 

order to determine the regions of Wsc2 synthesis, I first investigated the localization patterns 

of WSC2 mRNA. This mRNA is known to form RNA-protein complexes that are actively 

transported to the bud using the SHE machinery. Bud-specific translation has been assumed, 

but never proven (Shepard et al., 2003). Polarized mRNA distribution is one potential 

mechanism for polarized protein synthesis. 

Using the MS2 system, I was able to visualize and quantify the importance of several SHE 

components on the localization of WSC2-mRNPs. These particles are polarized to the bud in 

approximate 80 % of wildtype, puf6 and hek2 cells, but only 10 - 20 % of cells depleted for 

MYO4, SHE2 or SHE3 possess bud-polarized foci (see Figure 4-1). Using the exact same 

constructs, that include the endogenous promoter and the 3’ UTR of WSC2, Orit Hermesh and 

her colleagues obtained very similar results for WSC2-mRNPs in wildtype (6  7.1 % 

unpolarized) and she2 (83.3  16.7 % unpolarized) cells (Hermesh et al., 2014). Hek2 and 

Puf6 both are known to bind WSC2 mRNA (Hasegawa et al., 2008; Shahbabian et al., 2014) 

and are suspected to regulate translation, not localization as it has been shown for ASH1 (Gu et 

al., 2004; Irie et al., 2002). To my knowledge, no peer-reviewed paper has been published that 

investigated the effect of Loc1on the localization of WSC2 mRNA. However, in a PhD thesis 

under supervision of Ralf-Peter Jansen, loc1 cells showed a reduction of polarized distribution 

to about 50 % of the wildtype value in FISH experiments (Jellbauer, 2009). Deletion of either 

SHE2, SHE3 or MYO4 impairs polarized mRNAtransport, but may not restrict diffusion into 

the bud and therefore the portion of 10 - 20 % bud-localized WSC2 mRNPs is reasonable. 

Deletion of the endogenous copy of the WSC2 gene had no detectable influence on WSC2 

mRNP formation or distribution compared to wildtype cells (not shown). 

The dynamics observed for the WSC2 mRNPs in wildtype cells (see Figure 4-2) are in 

consensus with literature of ASH1 mRNPs (Bertrand et al., 1998). Fusion and fission events 

have been described as well as the movement within the bud compartment and the restriction 

to the bud once a mRNP has entered the compartment (Lange et al., 2008). Live imaging of the 

mRNPs revealed time intervals with lower and higher mobility within the bud (not shown). 

This raised the question if the phases of lower mobility correlate with association of the mRNP 

with the endoplasmic reticulum, which might indicate ongoing translation. To test this, I 

coexpressed Sec62-mCherry with the WSC2-MS2 constructs in wildtype cells (not shown). Due 
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to limitations in acquisition parameters for two-color imaging, ER and mRNA dynamics and 

the limited spatial resolution at the microscope setup, this question could not be addressed 

properly. However, association of WSC2 mRNPs have been reported to colocalize with cER 

structures in the bud, even independent of WSC2 mRNA translation (Hermesh et al., 2014).  

The influence of mRNP distribution on the actual sites of synthesis remains elusive. One 

problem is the sensitivity of the MS2 system. With advanced microscope setups, the sensitivity 

of MS2 system can reach single molecule level in mammalian cells (Wells et al., 2007). 

However, with the setup used here and the small yeast cells, I cannot reach this sensitivity. 

Cytoplasmic background is too high in most cells and single mRNAs bound by several MS2-

3xGFP would move to fast to be identified. Therefore, I cannot exclude the presence of further 

WSC2 mRNA molecules apart from the focused spots. FISH experiments could help to solve 

this question. 

FISH data for several yeast genes suggest a higher sensitivity of FISH to fewer molecules, 

compared to MS2 visualizations (Femino et al., 1998). To gain detailed insight into WSC2 

mRNA distribution, I tried to set up a FISH experiment. In combination with SNAP-Tag 

labelling of the heptameric Sec complex subunit Sec62, I aimed to find ER regions that are in 

close contact to WSC2 mRNAs and therefore potential sites of Wsc2 synthesis. Using click-

chemistry, I fused fluorophores to 25 different oligonucleotides complementary to the coding 

region of WSC2 (Gaspar et al., 2017). Yeast cells were fixed adding formaldehyde and the cell 

wall digested using zymolyase or lyticase and the labelled probes were applied to the 

spheroblasts. I did the same with probes against the ASH1 mRNA. Despite various variations 

according to all steps in the protocol, specific detection of a certain mRNA species (WSC2 or 

ASH1) was not reliable possible. I did a lot of troubleshooting concerning every step in the 

protocol. Fixation and permeabilization problems could be solved, as SNAP-tag labelling of 

the ER worked properly, albeit ER structures were aberrant to living cells due to the harsh 

treatment. The most probable source of error in this experiment was the quality of the labelled 

probes that could not have been analyzed properly. I suppose that purification of the labelled 

probes worked inefficiently. This caused presence of free dye molecules that associated with 

different intracellular structures. Propper analysis was not possible with the obtained data. 

As no FISH data were obtained for ASH1, I decided not to do live cell imaging of ASH1 mRNA, 

as this has been done extensively by others (Bertrand et al., 1998; Gu et al., 2004; Long et al., 

2001, 1997). 

Nevertheless, analysis of WSC2 mRNA revealed some important features. Independent of an 

intact SHE pathway, WSC2 mRNPs can be present in both, the mother and the bud 
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compartment, however with different probability according to the genotype. Due to the mobility 

of the mRNPs and the occurrence in all cell cycle stages, it is reasonable that protein synthesis 

potentially can occur at multiple sites within the cell at multiple timepoints or even continuous 

within the cell cycle at any position in the cytoplasm.  

 

5.2 Bud-localized Ash1 synthesis requires Myo4 but not Puf6 
 

Next, I focused on the localization of the proteins that have been translated from the 

asymmetrically distributed mRNAs of ASH1 and WSC2. Doing so, I expressed a C-terminal 

fusion of Ash1 and the fluorescent protein GFPS65T in wildtype, myo4 and puf6 cells. As the 

GFP is directly fused to the protein coding region of the ASH1 gene, the mRNA of this construct 

lacks the E3 zipcode and therefore the binding site of She2 and Puf6 to this part of the mRNA. 

The remaining three zipcode elements were not affected. Nevertheless, in wildtype and puf6 

cells, Ash1-GFP correctly localized to the nuclei of daughter cells during and after cytokinesis 

(see Figure 4-3). On the contrary, the signal is equally distributed in both the nuclei in myo4 

cells (see Figure 4-3). Immunostaining of Ash1-myc in wildtype cells gives similar results in 

wildtype cells (Sil and Herskowitz, 1996). As the construct lacks the known binding site for 

Puf6, Ash1-GFPS65T behaves similar in wildtype and puf6 cells (see chapter 1.2.1). It has been 

reported that lack of Puf6 initiates premature translation initiation (Gu et al., 2004). However, 

from my results, I suggest that majority of the Ash1 protein is synthesized in the daughter/bud 

anyway.  Lack of Myo4 results in symmetric Ash1-myc detection to both nuclei (Bobola et al., 

1996). 

Taking the maturation time of GFPS65T into account, Ash1 synthesis probably starts about 15 

minutes prior to cell separation, as I begin to see the GFP signal approximately 10 minutes 

before the cells separate. These results indicate but do not prove bud-specific translation of 

Ash1. However, local synthesis of Ash1 has been shown by others (Deng et al., 2008; Paquin 

and Chartrand, 2008) 

 

5.3 Wsc2 localization is independent of the SHE pathway 
 

Compared to Ash1, Wsc2 has been studied in less detail. After the mechanism of asymmetric 

mating type switching caused by SHE-mediated mRNA transport of ASH1 was elucidated, other 

cargo mRNAs were detected using DNA-microarray and immunopurification of She2-

associated complexes (Shepard et al., 2003). WSC2, as other SHE cargos, encodes a membrane 

protein that is found at the mother and daughter cortex. Unlike Ash1, Wsc2-GFP localization 



 91 

pattern is independent of an intact SHE pathway (Shepard et al., 2003). This matches my 

observations for the Wsc2-GFPS65T construct (see Figure 4-4). Wsc2-GFP expressed under 

control of the heterologous promoter of CUP1 leads to similar localization at the cell cortex 

(see Figure 4-4). However, I preferred to work with the endogenous promotor in order not to 

disturb the mRNA transport other than by deleting a SHE component. Overexpression may lead 

to improper localization of mRNA.  

The easiest explanation for the contradiction between mRNP and protein localization is that 

Wsc2-GFPS65T is posttranslational sorted towards its destination faster than the fluorophore 

needs for maturation. So, independent of the site of synthesis. Wsc2-GFPS65T is detected at the 

cortex.  

In order to reduce the time between synthesis and maturation of Wsc2-GFP, I introduced several 

mutations in the GFP ORF. This allowed me to detect Wsc2-sfGFP signal at tips of very small 

buds or the incipient bud site 12 minutes earlier than with the GFPS65T variant used before (see 

Figure 4-4). By FRAP, I was able to demonstrate that the signal in small buds indeed originates 

from newly synthesized Wsc2-sfGFP (see Figure 4-5).  

However, still no difference in the Wsc2-sfGFP localization in different SHE deletion strains 

was detectable. This observation can be explained by two mechanisms. Either the positions of 

Wsc2 synthesis are independent of the SHE pathway, or protein sorting of randomly 

synthesized Wsc2-sfGFP is faster than sfGFP maturation. Of note, the recovered signal is 

clustered and not homogenous, indicating that the matured Wsc2-sfGFP are already 

immobilized at the plasma membrane (see Figure 4-8). In case that the synthesis occurs at the 

cortical ER, it would be impossible to reliable distinguish between sfGFP signal at the cER and 

the plasma membrane. 

In a pulse-chase experiment, Wang and Ng investigated O-mannosylation of Wsc1, a protein 

that shares topology and function with Wsc2 (Kock et al., 2015; Wang and Ng, 2010). They 

gave a five-minute pulse with radioactively labeled methionine and cysteine and took a sample, 

where they detected that more than half of the Wsc1 protein has been converted to the mature, 

glycosylated form, before they started their actual chase experiment. As they had other 

questions in mind, they did not perform shorter labelling pulses to increase temporal resolution 

of Wsc1 synthesis and posttranslational modification (Wang and Ng, 2010). Nevertheless, this 

observation demonstrates that posttranslational modifications and protein sorting takes place at 

short timescales, making these processes inaccessible to simple GFP-based applications. 
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5.4 Development of a new tool for spatio-temporal analysis of 

protein synthesis 
 

Due to the delay between synthesis and fluorophore maturation, fluorescent fusion proteins 

cannot serve as adequate sensors for the sites of protein synthesis. Therefore, a more 

sophisticated way of exploring the site of synthesis of the protein of interest (POI) had to be 

developed. The experimental approach should allow to unlink the fate of the POI, which 

undergoes posttranslational transport or movement of the POI to its destination, from the fate 

of the fluorophore. The idea to achieve this was to introduce cotranslational cleavage of the 

GFP and subsequent capturing the GFP nearby the site of synthesis. Cotranslational cleavage 

of GFP can be achieved by Ubiquitin conjugation and GFP capturing can be achieved using the 

GFP binding αGFP nanobody (GFP-Trap). This combination of Ubiquitin fusion and capturing 

the cleavage product, I name the Ubi-Trap method. 

Given that the sfGFP matures when bound to the Trap and the GFP:GFP complex is of low 

mobility, this strategy should make the site of synthesis accessible to fluorescence microscopy 

(see Figure 4-6). 

The first aim was to identify an adequate fusion protein for the αGFP nanobody. The following 

criteria had to be met: 

(I) mobility: slow mobility but not static 

(II) adaptable expression level 

(III) ubiquitous distribution 

(IV) quantifiable measurement by internal control 

 

Spatial resolution of the Ubi-Trap system can only be achieved by keeping the newly 

synthesized GFP molecule near its site of synthesis, until it matures to its fluorescent state. This 

is determined by two factors: movement of the free GFP until capturing and movement of the 

GFP:GFP complex.  

As soluble proteins diffuse too fast, I realized that the trap should be fused to an organelle. For 

studying the translation of the plasma membrane protein Wsc2 at the ER, the obvious places 

for the trap position were either the ER directly, or the plasma membrane beneath the cortical 

ER. Therefore, I first analyzed the properties of different membrane proteins by a series of 

photomanipulation experiments, to exclude proteins that move too fast. Plasma membrane 

targeted GFP varies from very slow to very high mobility, dependent from the identity of the 

fused moiety (see Figure 4-8). Tpo1, Ist2 and Wsc2 turned out to be immobile in my 

experiments. In contrast to other eukaryotic plasma membranes, the yeast plasma membrane is 
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organized in many small clusters or microcompartments with many proteins display very low 

mobility due to interactions with other membrane proteins, the cytoskeleton or the extracellular 

matrix (Merzendorfer and Heinisch, 2013; van der Rest et al., 1995). Due to interactions to 

components of the rigid yeast cell wall, many plasma membrane proteins are effectively 

immobile. Wsc2 is known to interact via its multiple mannosylated residues with cell wall 

components (Kock et al., 2015). Ist2 and Tpo1 both contain multiple membrane spanning 

domains (Dias et al., 2010; Maass et al., 2009). Ist2 plays an important role in tethering cER to 

the plasma membrane. Immobility of GFP-Ist2 was shown by others in similar FRAP 

experiments (Sugiyama and Tanaka, 2019). The twelve TMDs of Tpo1 predict low mobility, 

however to my knowledge, experimental data on the mobility of Tpo1 or related members of 

the DHA1 family have never been published. 

GFP carrying a C-terminal CAAX box motif derived from Ras1 becomes prenylated and moves 

rapidly in the membrane. This behavior was previously reported for GFP-Ras1 (Piispanen et 

al., 2011). 

Sso1, a type II membrane protein, is the only candidate protein tested that exchanges at an 

intermediate rate. Others observed similar recovery rates using a similar approach. 

Interestingly, the mobility of the same protein expressed in mammalian cells is much higher 

(Valdez-Taubas and Pelham, 2003). The slow diffusion of Sso1 would allow influx of free trap 

molecules into a certain plasma membrane region, as well as efflux of GFP-bound traps out of 

a certain region, ideally after fluorophore maturation and detection. This behavior allows 

measurements over a long period of time, as the systems will hardly get saturated. 

 

The ER forms complex and dynamic 3-dimensional structures that differ in their detailed 

organization drastically from cell to cell. Most ER proteins can reside in all ER substructures 

(tubular ER, perinuclear ER and cortical ER). In general, ER proteins display a higher mobility 

(see Figure 4-9). An advantage for an ER bound trap is its close proximity to site of synthesis 

of (type I) membrane proteins. The results obtained by the FLIP experiments are in good 

agreement with data obtained by others (Clay et al., 2014). Despite the loss of bud retention for 

ER proteins, none of the genotypes tested revealed ER structures more suitable for my 

application. The complex ER structures and their dynamic behavior on the timescale of few 

minutes, in which tER and cER structures can undergo dramatical changes within the observed 

specimen (note that only few focal planes, spanning a subset of the whole cell can be 

investigated in live-cell imaging approaches due to phototoxicity and photobleaching) raised 

my concerns to fuse the trap to an ER membrane protein. In contrast to a plasma membrane 
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protein, that can only diffuse laterally over the cortex, the ER architecture allows an ER 

membrane protein a more complex movement within the cell, including crossing the bud neck. 

I therefore excluded the ER as the trapping compartment. 

 

To test the effective and fast binding of GFP to different organelles, I coexpressed different 

combinations of fluorophores and traps in haploid and diploid cells (see Figure 4-7). In the 

absence of a trap, free GFP is homogenously distributed within the cytoplasm. GFP can be 

recruited to many different subcellular localizations. If the amount of trapping molecules 

exceeds the amount of GFP, the intracellular signal decreases to a level comparable to cells that 

do not express any GFP (not shown). Under the conditions tested, the amount of Ist2, Wsc2, 

Spc72, Rtn1 and Tpo1 was not sufficient for recruiting all cytoplasmic GFP to the respective 

organelle. The capacity of Sso1 at the plasma membrane is sufficient to capture a high amount 

of GFP at the membrane and due to the ectopic expression via a methionine repressible 

promoter, trap concentration can be roughly adjusted to the experimental setup. The strains 

expressing αGFP-Sso1 can be kept under repressing conditions until shortly before the 

experiment is started. This allows me to avoid observing captured GFP that has been bound for 

a very long period of time to the nanobody. My observations point towards that lifetime of the 

Sso1 trapped GFP is governed by the turnover of Sso1. This provides an explanation for the 

vacuolar GFP signal seen in cells that have αGFP-Sso1 bound GFP. According to a large-scale 

study, the average lifetime of a Sso1 molecule is 6.4 hours, which is about four times the period 

of a cell cycle (Christiano et al., 2014). GFP that has been fused with a nucleolar localization 

sequence was redirected to the plasma membrane in cells that coexpressed the αGFP-Sso1 

construct, indicating that the strength and the longevity of the nanobody-GFP-interaction in 

vivo. If the kinetic parameters for koff are unchanged in the yeast cytoplasm, the average lifetime 

of a GFP:GFP interaction is 2.8 hours. If the complex dissociates, it easily can be captured 

again by a neighbored free trap molecule. Further, the usage of a tandem GFP reporter molecule 

potentially allows one tandem GFP to associate with two trapping molecules. Consequently, 

the tandem GFP is kept at its position, even if one of the two traps have dissociated. 

The proposed longevity of the complex is further supported by my FRAP experiments. 

Recovery of the cortical signal seems to be at similar rates in the first minutes, no matter if the 

bleached GFP was bound by a nanobody molecule or covalently fused to Sso1 (see Figure 

4-11). I conclude that, seen on whole cell level, nanobody bound and covalently fused 

GFP:Sso1 particles have very similar diffusive properties and that a potential dissociation of 

GFP from one trapping molecule, followed by long distance diffusion through the cytoplasm 
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and subsequent binding at a more distant region of the cortex is not occurring to a measurable 

extent. 

At this point of my work, I concentrated solely to αGFP-Sso1 as a trapping molecule at the 

cortex as it fulfills the first three prerequisites: slow mobility, scalable capacity and 

homogenous distribution over the whole cortex of the cell. By coexpression of a mCherry-Sso1 

construct, I could meet the fourth condition. The local mCherry signal could adjust for 

differences in local Sso1 concentration. 

 

I used the simple geometry of the plasma membrane to conceptualize a computational model 

which simulates, where a newly synthesized GFP molecule will be captured by GFP-Sso1 at 

the cortex in respect to its site of synthesis. The cortex is defined as the surface of a sphere or 

the surface of two intersecting spheres, when a budded yeast cell is simulated. The random walk 

model applied here is one possible way to describe diffusional movement of a particle. Each 

step can be performed along any of the three spatial axes with the same probability, independent 

of all former steps. All walks are restricted to the interior of the cell and end, if the coordinates 

reach the surface of a sphere or the surfaces of two intersecting spheres. Upon arrival at the 

cortex, the GFP molecule is immediately captured by the GFP nanobody. Next, many 

repetitive walks with the same starting conditions are performed (Monte Carlo method) and the 

endpoints of all walks are plotted into a diagram. 

The computational model makes some considerations (see 4.2.5). The spherical geometry 

simplifies the programming code. However, mother cells are actually elongated along the 

mother bud axis. Further I assume free diffusion of GFP inside the cell. Due to the potential 

lack of interacting partners of GFP in the yeast cells cytoplasm, free diffusion inside the cytosol 

is a reasonable assumption. However, several cellular compartments spatially restrict diffusion. 

Most of these organelles are rather small in volume (mitochondria, peroxisomes) except for the 

vacuole in some cells. This is one of the reasons, why I tried to exclude cells with large vacuoles 

from quantitative image analysis if possible. Another organelle that may interfere with free 

diffusion of GFP to the cortex is the cER, however as seen from electron microscopy (see Figure 

1-3) there is enough space between single cER structures to allow GFP diffusion to the cortex, 

even if some areas of the plasma membrane are shielded. As the model focuses more on the 

general relation between start of a walk and endpoint of the cortex but not on exact prediction 

of diffusion in a real yeast cell, the elongated shape of the mother and the diffusion limiting 

factors can be neglected. For the same reason, I do not take temporal aspects into account. 

Growth of the bud during the experiment, as well as lateral diffusion of captured GFP are not 

part of the model. Another aspect that is not depicted in the model is the behavior of Sso1. A 
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GFP could also be captured by an GFP-Sso1 molecule, that does not reside in the plasma 

membrane, either because it is part of an endocytic vesicle or it is a newly synthesized GFP-

Sso1 molecule that has not reached the plasma membrane yet. In both cases, the site of 

fluorophore maturation may not be determined by the initial distance from the cortex. However, 

I suggest that these events are rather rare compared to the overall amount of trapping molecules 

and can be neglected. In my experiments, I reduce synthesis of the Sso1 constructs during the 

experiments by appropriate medium conditions to keep effects of newly synthesized GFP-

Sso1 molecules as small as possible. 

The ratio between the step size and the cell size is one parameter that has a huge impact on the 

outcome of the simulation (not shown). If the sphere is much larger, the probability of a walk 

ending at the cortex within several thousand steps is very low. As a consequence, computational 

time to compute a few hundred walks that end at the cortex for a single starting condition 

increases to several hours. On the other hand, in smaller spheres, almost every walk ends after 

a few steps at the cortex and minimal differences in the starting condition results in dramatical 

changes on the outcome. With the mother cell radius 100 times the step size, I obtained robust 

results at acceptable computational times and therefore decided to use this parameter in all 

simulations. All other geometrical parameters such as bud size, bud neck diameter and cER 

were adjusted to the scale of the mother cell. According to the outcome of a simulation, I 

changed the number of walks performed between several hundred up to 10000 repetitions. To 

reduce computational demands, I restricted the walks to a maximum of 10000 steps. 

The most important observation in the graphs obtained from the simulations is, that the 

probability of a walk to end at a certain cortical position correlates with the initial distance to 

this position. Repetitive walks that start near the cortex, will result in short walks and a high 

density of endpoints at this cortical region. On the contrary, repetitive walks that start from a 

position further apart from the cortex will result in longer walks and a broaden distribution of 

endpoints. 

The obtained results for unbudded cells are intuitive. Walks that start in the middle of a cell 

have an equal probability to end at any point of the cortex; the closer the start point to a certain 

cortex position, the more walks end nearby this coordinates and the median walk length drops 

(see Figure 4-13).  

The Ubi-Trap method was developed to prove bud-specific translation of certain transcripts. 

Therefore, I wanted to investigate the probability of the detection of false-positives. False-

positives in this system would be GFP molecules that have been synthesized in the mother, 

diffuse into the bud, where they are captured and later detected (and vice versa for GFP 
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molecules synthesized in the bud and detected in the mother). To do this, I performed 

simulations with the starting points along or slightly apart the mother bud axis and counted the 

false-positive events (see Figure 4-14 and Figure 4-15). The simulation outcomes show that 

even under favorable conditions only few of the walks cross the neck and end in the other 

compartment. However, the density of endpoints near both sides of the bud neck is increased.  

 

A further important prerequisite for the applicability of the Ubi-Trap system is the rapid and 

efficient cleavage of the POI-Ubi-R-GFP substrate and binding of the cleaved GFP to the 

nanobody. As cleavage has been described extensively by others (Dunnwald et al., 1999; 

Gregorius, 2016; Johnsson and Varshavsky, 1994), I constrained on the qualitative prove that 

the presence of αGFP-Sso1 protects R-GFP from proteasomal degradation (see Figure 4-16). 

In Western blots, neither non-cleaved fusion protein nor R-sfGFP can be detected in absence 

of αGFP-Sso1, suggesting efficient cleavage and degradation of R-sfGFP according to the N-

end rule pathway (Bachmair et al., 1986). However, microscopy suggests a small amount of 

mature fluorescent R-sfGFP (see Figure 4-16d).  Binding to the nanobody seems to prevent, at 

least partially, R-sfGFP or R-sfGFP-sfGFP degradation.  

 

5.5 Polar Ash1 synthesis in large budded cells 
 

The next step was to apply the Ubi-Trap system to a substrate which is known to be locally 

translated in the bud. ASH1 is expressed in M-phase and the mRNA is transported to the bud 

tip. Translational repression of the mRNA is relieved upon arrival (Deng et al., 2008; Paquin et 

al., 2007; Singer-Kruger and Jansen, 2014). I designed an ASH1 construct that includes the 67 

nucleotides comprising the E3 zipcode in its protein coding sequence. By introducing a one 

base insertion into the second last codon, I was able to create a fusion construct of the ASH1 

coding region, the E3 sequence, which is now also translated to an amino acid sequence, and 

the Ubiquitin-sfGFP-sfGFP module (ASH1+67-UBI-R-sfGFP-sfGFP). This should allow Puf6 

binding and therefore wildtype like translational regulation, however I have not examined this. 

I coexpressed the construct with GFP-Sso1 and mChery-Sso1, performed live cell imaging 

and analyzed the cortical signals. The cells displayed GFP specific accumulation all over the 

daughter cortex (see Figure 4-17), indicating proper mRNA localization and bud specific 

translation in large budded cells before and after cell separation. I also observed an increased 

signal in both, GFP and mCherry channel, at the bud neck of large budded cells, starting about 

15 min prior to cell separation and lasting for about 30 min. Due to the simultaneous increase 

of both fluorescence signals, the bud neck signal is difficult to interpret. The geometry and the 
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epifluorescence illumination system used in this study favor detection of signals from the bud 

neck over regions with different membrane curvature. Comparing the GFP and mCherry 

intensities in the mother cell revealed a good correlation of both fluorophores in general, but 

minor peaks and valleys did not overlap perfectly (see Figure 4-30e). Despite intense efforts in 

normalization the cortical GFP intensities using the respective mCherry intensities, I was not 

able to derive a quantitative method for measuring the cortical GFP signal intensity. As the 

same fluctuations of the fluorophore intensities are also seen in cells expressing GFP-Sso1 and 

mCherry-Sso1, this reflects either properties of the yeast plasma membrane, is an artifact from 

the microscopic detection device or is caused by the physical parameters of the fluorophores. 

This limits the spatial resolution of this method, as minor signal differences cannot easily be 

interpreted. As the signals are quite homogenous, I compared the mean values of the 

fluorophores  or the mean of the ratios between the two fluorophores in both compartments to 

make temporal change and therefore bud-specific synthesis of Ash1 visible (see Figure 4-18).  

As well as the mean GFP value, the ratios GFP/mCherry of mean signals significantly increased 

at the daughter cortex. Furthermore, I analyzed the bud neck signal in more detail. In contrast 

to myo4Δ cells, I observed a GFP signal gradient from the daughter towards the mother in 

wildtype cells. This matches the prediction of the simulation model, however a certain amount 

of synthesis near the bud neck in the mother cells cannot be excluded. Apart of the bud neck 

measurements, also the residual signal in myo4Δ cells behave differently as in wildtype cells 

(see Figure 4-20), just as one would expect for different random sites of Ash1 synthesis in these 

cells. These cells have an equal distribution of GFP signal between the mother and the daughter 

cell cortex. From the slopes of linear regression curves obtained from wildtype (see Figure 

4-18) and myo4 cells (Figure 4-21) one clearly can derive bud-specific GFP synthesis in 

wildtype cells and uniform synthesis in both compartments of myo4 cells. 

 

Combining fluorescence microscopy data and the simulation model, I conclude that Ash1 

synthesis takes place selectively in daughter cells. Synthesis is probably not restricted to a 

certain sub-compartment but occurs rather all over the daughter cell cytoplasm. The signal 

observed is a superposition of multiple translation events resulting in an, more or less 

homogenously, increase of GFP signal all over the daughter cortex.  

The outcome of the Ubi-Trap system for the analysis of Ash1 synthesis is in very good 

agreement to the findings of others and meets the expectation for bud-specific protein synthesis 

governed by polar distribution of the respective mRNA (Deng et al., 2008; Paquin et al., 2007; 

Paquin and Chartrand, 2008). To my knowledge, this is the first study that proves local Ash1 

synthesis in living cells. Of interest, my data also suggest that Ash1 synthesis continues in 
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daughter cells even after cell separation and entrance of the cells to the next round of budding 

(see Figure 4-17a, last panel). It seems that GFP accumulates at sites of polarized growth, 

indicating that a portion of ASH1 mRNA may be connected to the actin cytoskeleton after 

cytokinesis. This was not investigated any further.  

 

5.6 Wsc2 synthesis at the bud cortex 
 

The sites and timepoints of Wsc2 synthesis and the dependence on the SHE components has 

been under debate for a long time (Shepard et al., 2003). I thus applied the Ubi-Trap system to 

decide, whether Wsc2 is synthesized specifically in buds. Upon coexpression of Wsc2-Ubi-R-

sfGFP-sfGFP, mCherry-Sso1 and GFP-Sso1 in wildtype cells, I observed clustered GFP 

signal patches at the bud cortex (see Figure 4-23), which has never been observed with the Ash1 

construct. Signal intensity profiles of both fluorophores showed high and broad peaks of the 

GFP signal in buds. Repetition of the experiments in cells depleted for MYO4, SHE2 or PUF6 

revealed different behavior of the signal intensities in those cells (see Figure 4-24-26). In all 

these genotypes, the cortical patches were much less obvious, however the intensity profiles 

displayed a multitude of minor peaks at both, mother and bud cortex. I decided to use the 

intensity peaks as a quantifiable parameter to analyze Wsc2 synthesis events in different genetic 

backgrounds. Unfortunately, I was not able to use the mCherry signal for quantitative 

normalization of the GFP signal at the respective cortical position, because minor differences 

in the two fluorophore intensities are independent of Ubi-Trap system (see Figure 4-30e). For 

this reason, I decided to count GFP specific peaks at the cortex, independent of the peak height 

and width (see chapter 3.7.6). As this kind of peaks were only rarely detected for soluble 

substrate proteins (Ash1-Ubi-R-sfGFP-sfGFP or Ubi-R-sfGFP(-E3ASH1)) and almost never in 

cells expressing GFP-Sso1, the peaks probably reflect the synthesis of Wsc2. 

In the computational model, the only way to obtain clustering of endpoints at the cortex, is for 

very short walks starting directly beneath the sphere surface (see Figure 4-29). Taken the 

outcomes of the simulation and the microscopy data together, I suggest that the GFP specific 

peaks originate from Wsc2 synthesis at the cortical ER. To test this hypothesis, I repeated the 

measurements in cells with aberrant cER structures. In these cells, the number of GFP specific 

peaks must be decreased. scs2 cells have a reduced amount of cER (see Figure 4-10) because 

Scs2 is one of the proteins that is important for tethering the cER to the plasma membrane 

(Loewen et al., 2007; Manford et al., 2012). As predicted, in scs2 cells, I detected only very 

few GFP specific peaks (see Figure 4-30). From this, I conclude that the GFP specific peaks 

are a parameter to quantify Wsc2 translation with the Ubi-Trap system. 
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Doing so, I was able to show that Wsc2 translation in budded wildtype cells is almost 

exclusively located in the bud (see Figure 4-28a,e and Figure 9-2). In contrast, deletion of either 

SHE2, MYO4 or PUF6 lead to an altered regulation of Wsc2 synthesis, as I also detect GFP 

specific peaks at high numbers in the mother cells.  

In all, the three deletion strains and the wildtype strain, the frequency of peaks detected in the 

bud compartment is slightly increased compared to those in the mother compartment, however 

this difference is only significant for wildtype and myo4Δ cells, but not for she2Δ and puf6Δ 

cells. Interestingly, in myo4Δ cells the overall number of detected peaks is increased compared 

to all other genotypes. In literature, Myo4 has been described as the motor protein needed for 

polarized mRNA transport and the inheritance of cortical ER to the bud, however in my cells I 

could not observe an ER inheritance defect in myo4Δ cells (see Figure 4-10). Consequently, 

detection of GFP specific peaks in bud of myo4Δ cells can occur due to Wsc2 synthesis at the 

bud cortical ER. In buds, due to the smaller size, the average distance from the cortex from a 

certain position is shorter than in mother cells. This makes detection of a GFP specific peak 

more probable in buds than in mother cells, even if they are not synthesized at the cortical ER 

directly beneath the plasma membrane. 

Nevertheless, it is surprising that Wsc2 synthesis seems to be equally distributed between the 

mother and the bud compartment in absence of a SHE pathway, whereas the MS2 visualized 

mRNA particles are only seen infrequently in buds (see Figure 4-1). This suggests further 

factors playing a role in translation initiation regulation. This might result in a higher probability 

for bud localized transcripts getting translated to protein than for mother localized transcripts. 

It has to be stated that the sensitivity of WSC2 mRNA visulaization using the MS2 system is 

not high enough to detect single mRNAs but only mRNPs containing multiple mRNA copies. 

Single mRNAs in the bud might be responsible for the bud located translation even in the 

absence of certain SHE components. In order to investigate this, I tried to establish a FISH 

analysis to detect all WSC2 mRNAs, however I was not able to obtain reproducible data. To 

my knowledge, FISH data on WSC2 have never been published in peer-reviewed journals, and 

other researchers also failed trying to do it (Orit Hermesh, personal communication).  

According to literature, bud localized kinases activate Ash1 synthesis via phosphorylation of 

translation inhibitors (Puf6 and Hek2) upon arrival of the mRNA at the bud tip (Deng et al., 

2008; Paquin et al., 2007). A similar mechanism for Wsc2 could explain that translation is 

favored in buds even if the mRNA is rather rare in buds lacking a functional SHE pathway. The 

observation that the frequency of peak detection is increased in myo4 cells (see Figure 4-27) 

but much less obvious patches are seen compared to wildtype cells suggests that translational 
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regulation is less efficient in myo4 cells. I assume that the intense GFP patches seen in buds 

of wildtype cells are a consequence of synthesis of multiple Wsc2 proteins in a short time period 

in a restricted area in the bud. Wsc2 synthesis in the cells lacking the respective translational 

regulation, may lead to a stochastic translational activation and thus to less high cortical peaks 

and no GFP patch formation. 

By repeating the experiment with the trap fused to other organelles, a more detailed insight into 

the sites of Wsc2 synthesis can be achieved.  

A very recent publication describes the protein-protein-interaction between Wsc2 and the α-

subunit of the nascent polypeptide-associated complex Egd2 using a variation of the Split-

Ubiquitin technique (Vélez-Segarra et al., 2020). This finding is a very good starting point for 

spatio-temporal interaction analysis with the SPLIFF technique (see chapter 6). 

 

 

5.7 Wsc3 synthesis is independent of the SHE pathway 
 

Wsc3 is the paralogue of Wsc2 and both proteins play similar roles as sensors for cellular 

integrity (Cell wall integrity pathway, CWI) and osmotic stress (Kock et al., 2015). In contrast 

to WSC2 mRNA, WSC3 mRNA was not detected in immunoprecipitated She2 complexes 

(Oeffinger et al., 2007). To my knowledge, polarized mRNA distribution has not been described 

for WSC3. Nevertheless, I was wondering if Wsc3 translation underlies comparable mechanism 

as Wsc2 does. Therefore I applied the Ubi-trap system to a Wsc3-Ubi-R-sfGFP-sfGFP substrate 

and repeated the analysis. Despite an overall stronger GFP signal, I detected far less GFP 

specific peaks at the cortex (see Figure 4-31). I did not see any prevalence for the mother or the 

bud region in wildtype, myo4 or she2 cells. However, puf6 cells had an increased number 

of peaks detected in the bud. 

The relative low amount of detected GFP specific peaks in all Wsc3-Ubi-R-sfGFP-sfGFP 

expressing cells can have several reasons. First, Wsc3 synthesis may occur predominantly apart 

from the cER but at the tER and pnER. As the nucleus is restricted to the mother cell prior to 

M-phase, αGFP-Sso1-captured GFP should accumulate predominantly at the mother cortex. As 

I did not observe this (see Figure 4-31), another mechanism must be considered. I suggest that 

Wsc3 synthesis is, compared to Wsc2 synthesis less tightly regulated, meaning that translation 

initiation happens independent of the factors initiating Wsc2 synthesis. The observation that 

deleting either of the SHE components has no measurable effect on the number and the mother 

or bud localization of GFP specific peaks, goes along with the idea that WSC3 mRNA is not a 

substrate for the SHE pathway; however, Puf6 is known to bind WSC3 mRNA (Levin, 2011; 
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Shahbabian et al., 2014). Therefore, the increased number of GFP specific peaks in the buds of 

puf6Δ cells is plausible. However, not all the puf6 cells analyzed showed this phenotype and 

further experiments are needed to analyze this phenomenon in more detail.  

 

5.8 Comparison with other techniques and applications 
 

 

Other techniques have been developed to investigate protein translation. To my knowledge, 

about ten different methods have been published, but only a subset of them is compatible with 

living cells (reviewed in Biswas et al., 2019). Of those, the TRICK method is the only one I 

know of that has ever been applied to yeast cells (Halstead et al., 2015; Pizzinga et al., 2019). 

TRICK uses two different RNA binding proteins fused to two different fluorescent proteins that 

bind to a mRNA of a gene of interest. The binding sites are designed in a way, that one of the 

two fluorophores get stripped off the mRNA after a first round of translation, resulting in a shift 

of the fluorescent signal of the mRNA spot, because the second fluorescent protein stays 

attached at the 3’ untranslated region. The major drawback is that only the timing and 

localization of initial onset of protein synthesis can be monitored, but no conclusion about 

further translational events is possible. Using TRICK, Pizzinga and collegues were able to show 

in still images that mRNA granules containing certain mRNAs of translation factors in cells 

growing on glucose have been translated at least once (Pizzinga et al., 2019). 

A second method that could be applied to yeast cells is the SINAPS, also named NCT, 

technique. Here, the translated mRNA encodes epitopes for a certain binding protein that is 

coupled to a fluorescent protein. Upon translation, the fluorophores are recruited to the nascent 

chain. If the mRNA is labelled at its 3’ UTR using the MS2 system, sites of active translation 

can be monitored (Morisaki et al., 2016; Pichon et al., 2016; Yan et al., 2016). 

Most of the other techniques for visualization of protein synthesis make use of labelling nascent 

chains by adding functionalized puromycin to the cells. Puromycin stops ribosomal translation 

and is covalently linked to the synthesized protein, which can be visualized using a fluorophore 

reacting with the functionalized puromycin (Biswas et al., 2019). This has multiple drawbacks. 

On the one hand, yeast cells are not permeable for puromycin, so fixed and permeabilized cells 

are needed, which excludes live cell imaging. Further, pyromycin performs badly in translation 

inhibition of permeabilized S. cerevisiae cells (Kambe-Honjoh et al., 1992). Another point is 

that more recent studies suggest that puromycin based strategies are prone to experimental 

artifacts due do fast release of the nascent chain from the ribosome, which cannot be overcome 

by use of translation elongation inhibitors (Enam et al., 2020; Hobson et al., 2020). 
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The Ubi-Trap system described in this work overcomes some of the limitations that are apparent 

to other methods. Except for the introduction of the coding sequences for the Ubi-sfGFP module 

into the transcript, no other modifications of the mRNA are introduced, reducing the potential 

effect of the tag on mRNA localization and regulation. Due to its origin from A. victoria, the 

GFP sequence is probably not specifically bound by yeast RNA binding proteins. The system 

makes use of ubiquitin specific proteases and the N-end rule pathway, both features are present 

in all eukaryotes (Varshavsky, 1997b). The GFP nanobody can be fused to a plethora of 

organelles, depending on the experimental setup and the gene of interest. The system does not 

require superresolution microscopy devices. By combination of Ubi-Trap with FRAP, 

improvements in resolution are possible. 

 

 

 

  



 104 

6 Outlook 
 

The Ubi-Trap system allows to localize protein synthesis in living cells. Ash1 is translated in 

the bud of large budded cells and daughter cells. Better spatial resolution might be achieved by 

fusion of the αGFP nanobody to other organelles or cellular structures. For Ash1 analysis, 

potential candidates for αGFP fusions are microtubule-associated proteins as they are aligned 

along the mother-bud-axis during M-phase. Furthermore, temporal resolution can be increased 

by more frequent illumination of cells in the respective cell cycle stage. The Ubi-Trap system 

can also be used to gain more detailed information about the regulation of Ash1 synthesis in 

different genetic backgrounds. For example, the kinases that phosphorylate the translation 

regulators Puf6 and Hek2 can be investigated with the method. 

An increase in sensitivity of the system can be achieved by photobleaching of the pre-existing 

signal at the beginning of every measurement. 

All these suggestions can also be applied to improve the results obtained for Wsc2. With the 

knowledge of the sites of synthesis at the bud cortical ER, trapping the GFP there might be 

possible. One potential fusion is the protein reticulon, which was reported to localize to some 

areas at the cER (De Craene et al., 2006). A recent study revealed the nascent chain binding 

protein Egd2 as an interaction partner of Wsc2 using a variation of the Split-Ubiquitin technique 

(Vélez-Segarra et al., 2020). Due to the function of Egd2, interaction is very likely to take place 

during Wsc2 synthesis. I was able to reproduce the interaction between Wsc2-CUb and NUb-

Egd2 with a slightly different variation of the Split-Ubiquitin technique (see Figure 9-1). Using 

SPLIFF (see chapter 1.4), this protein-protein interaction can be analyzed in space and time to 

allow insights into Wsc2 synthesis without the limitation of fluorophore maturation and provide 

a second layer of evidence for Wsc2 synthesis at the cortical ER, independent of GFP specific 

peaks. 

Another improvement can be achieved by normalization of the GFP signal to the mCherry 

signal at the cortex. As the mCherry variant used in this study has an approximated maturation 

time of half an hour, I relinquished the plan to combine the red fluorophore and the nanobody 

in a single molecule. As a consequence, high GFP/mCherry signal ratios at certain sites could 

be misinterpreted as local synthesis but are rather an artifact of non-maturated mCherry 

fluorophores. By using a faster folding variant of mCherry, normalization of the signals might 

be possible. 

The system has proved its ability to visualize protein synthesis. There is a plethora of further 

substrate mRNAs whose translation can be analyzed with the Ubi-Trap system. For example, 

some mRNAs encoding peroxisomal proteins colocalize with peroxisomes, as well as some 
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other mRNAs colocalize with mitochondria (Singer-Kruger and Jansen, 2014). The system can 

be used to investigate the synthesis of the respective proteins as well as the factors regulating 

mRNA localization and translation. Another set of interesting candidates involve the mRNA of 

the master regulator of cell polarity, CDC42, which was reported, together with other mRNAs 

encoding polarity factors, to localize to sites of polar growth (Aronov et al., 2007). 
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7 Summary 
 

In this thesis I present the Ubi-Trap system for temporal and spatial analysis of protein synthesis 

in living yeast cells. Protein localization in living cells is typically investigated by fusion with 

the autofluorescent protein GFP. However, since it takes several minutes for GFP to mature 

into its fluorescent state, this method cannot provide information about the first few minutes of 

the proteins lifetime. As most proteins arrive their destination after seconds or minutes, the 

location where the protein was formed by translation of a mRNA is not accessible. In order to 

be able to investigate this "blind spot", I have developed the Ubi-Trap method in which the 

immature GFP molecule is held near the site of its synthesis until it begins to fluoresce and is 

accessible to fluorescence microscopy. This was achieved by introducing a ubiquitin molecule 

in frame of the POI-GFP and coexpression of a GFP binding protein. With this system I have 

studied the synthesis of different proteins. First, I could show that Ash1 is synthesized in 

daughter cells during cytokinesis. This is exactly as expected, as in previous works, it has been 

shown that the ASH1 mRNA is formed in the M phase of the cell cycle and is brought to the tip 

of the daughter cell by active transport. The transport is ensured by the components of 

the SHE signaling pathway. Once in the tip of the daughter cell, the mRNA is translated into 

protein. I was able to show that this happens not only at the tip, but everywhere in the daughter 

cell. A mutation that aborts polar transport of ASH1 mRNA shows symmetrical protein 

synthesis in the mother and daughter cell.  

I then used the Ubi-Trap system to analyze the synthesis of the less well studied Wsc2 protein. 

The respective mRNA is also transported into the bud, but, unlike Ash1, the distribution of the 

protein is independent of the mRNA transport. I could show that in wildtype cells Wsc2 is 

mainly translated at the cortical endoplasmic reticulum of the bud. This is altered in mutants 

with disturbed mRNA transport, where Wsc2 is equally synthesized in both, mother and bud.  

In contrast, I could show that the related protein Wsc3 is synthesized in equal amounts in mother 

and daughter cells and that this synthesis is not limited to the cortical endoplasmic reticulum. 

The results show that the Ubi-Trap system is suitable to detect protein synthesis in living cells. 

By small changes in the system, spatial resolution can be improved in the future. The system 

can also be used to study a variety of other substrates and is not limited to yeast cells. 

 

 

  



 107 

Zusammenfassung 

 

In dieser Arbeit stelle ich die Ubi-Trap Methode zur zeitlichen und räumlichen Analyse von 

Proteinsynthese in lebenden Hefezellen vor. Proteinlokalisation in lebenden Zellen wird 

typischerweise durch Fusion mit dem autofloreszierenden Protein GFP, mittels 

Fluoreszenzmikroskopie untersucht. Da jedoch die Reifung von GFP in seinen fluoreszierenden 

Zustand mehrere Minuten dauert, kann mit dieser Methode über die ersten Minuten der 

Lebenszeit keine Aussage gemacht werden. Da die meisten Proteine ihren Bestimmungsort 

über Diffusion oder Transport erst nach einiger Zeit erreichen, kann über den Ort der 

Proteinsynthese mit dieser Methode keine  Aussage getroffen werden. Um diesen “blinden 

Fleck“ untersuchen zu können, habe ich eine Methode entwickelt, bei der das unreife GFP-

Molekül nahe dem Ort seiner Synthese festgehalten wird, bis es zu fluoreszieren beginnt und 

mittels Fluoreszenzmikroskopie sichtbar gemacht werden kann. Dies wurde durch Einbringen 

eines Ubiquitinmoleküls und eines GFP-Bindeproteins erreicht. Mit diesem System habe ich 

die Synthese verschiedener Proteinspezies untersucht. Zunächst konnte ich zeigen, das Ash1 in 

Tochterzellen während der Zytokinese synthetisiert wird. Dies entspricht genau den 

Erwartungen, da andere Wissenschaftler in den vergangenen Jahrzehnten zeigen konnten, dass 

die ASH1 mRNA in der M-Phase des Zellzyklus gebildet wird und mittels aktivem Transport 

in die Spitze der Tochterzelle gebracht wird. Der Transport wird über die Komponenten 

des SHE Signalwegs gewährleistet. In der Spitze der Tochterzelle angekommen wird die 

mRNA zu Protein translatiert. Ich konnte zeigen, dass dies nicht nur an der Spitze, sondern 

überall in der Tochterzelle stattfindet. Mutanten, die die ASH1 mRNA nicht mehr in der 

Tochterzelle transportieren können, zeigen symmetrische Proteinsynthese in der Mutter- und 

der Tochterzelle.  

Im Anschluss habe ich das System genutzt, um die Synthese des weniger gut untersuchten Wsc2 

Proteins zu analysieren. Auch diese mRNA wird in die Knospe transportiert, jedoch, anders als 

bei Ash1, ist die Verteilung der Wsc2 Proteine unabhängig vom mRNA Transport. Ich konnte 

zeigen, dass in Wildtypzellen Wsc2 hauptsächlich am kortikalen endoplasmatischen Retikulum 

der Knospe translatiert wird. Dies ist in Mutanten mit gestörtem mRNA Transport verändert. 

In diesen Mutanten wird Wsc2 vermehrt symmetrisch in Knospen und Mutterzellen gebildet. 

Im Gegensatz dazu konnte ich zeigen, dass das verwandte Protein Wsc3 in Mutter und 

Tochterzellen gleich häufig synthetisiert wird und dass diese Synthese nicht nur auf das 

kortikale endoplasmatische Retikulum begrenzt ist. Die Ergebnisse zeigen, dass das von mir 

entwickelte System geeignet ist, Proteinsynthese in lebenden Zellen nachzuweisen. Durch 
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kleine Veränderungen im System kann räumliche Auflösung in Zukunft noch verbessert 

werden. Das System kann noch eine Vielzahl anderer Substrate untersuchen und ist auch nicht 

auf die Anwendung in Hefezellen beschränkt. 
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9 Appendix 
 

Computational modelling was performed using the following scripts written in Python3 using 

the Spyder Software. Comments that are not part of the actual code are indicated by an #. 

 

simulation of a random walk in unbudded cells (Figure 4-13): 

 

import random 

import matplotlib.pyplot as plt 

 

#initialize parameters; x,y,z:carthesian coordinates, r: radius of the 

cell; number_of_walks: number of 

repetitive walks fram the start coordinates x,y,z 

x=0 

y=0 

z=0 

r=100 

number_of_walks = 10000 

# lists: the x,y,z coordinates aof walks ended at the cortex are saved, 

needed for plotting 

listx = [] 

listy = [] 

listz = [] 

list_walklength = [] # used for color coding in the final plot, shortr 

walks will be colored different 

from long walks 

listi = [] 

membrane_hit = len(listx) #number of walks ending at membrane 

for i in range(number_of_walks): 

x=0 

y=0 

z=0 

for walk_length in range (100, 10000): 

if x*x+y*y+z*z<r*r: #pythagoras 

step = random.choice(['N', 'S', 'E', 'W', 'A', 'B']) #select 

step towards a random direction, if position is inside the 

sphere, if position is already at the cortex: stop walk and 

write the coordinates into the lists 

if step == 'N': 

y = y+1 

elif step == 'S': 

y = y-1 

elif step == 'E': 

x = x+1 

elif step == 'W': 

x = x-1 

elif step == 'A': 

z = z+1 

else: 

z = z-1 

else: 

listx.append(x) 

listy.append(y) 

listz.append(z) 

list_walklength.append(walk_length) 

listi.append(i) 

break 



 121 

 

 

from mpl_toolkits.mplot3d import Axes3D 

plt.rcParams['figure.figsize'] = (15, 10) 

fig = plt.figure() 

ax = fig.add_subplot(111, projection = '3d') 

ax.axes.set_xlim3d(left=-100, right=100) 

ax.axes.set_ylim3d(bottom=-100, top=100) 

ax.axes.set_zlim3d(bottom=-100, top=100) 

p= ax.scatter(listx, listy, listz, c=list_walklength) 

ax.set_xlabel('x') 

ax.set_ylabel('y') 

ax.set_zlabel('z') 

plt.colorbar(p,fraction=0.025, pad=0.01) 

 

 

 

simulation of a random walk in budded cells (Figure 4-14and Figure 4-15): 

import random 

import matplotlib.pyplot as plt 

import math 

 

 

x0=0 #initialize variables 

y0=0 

z0=0 

r1=100 #mother cell radius 

r2=50 #daughter cell radius 

a=r1/5 #a is a geometric parameter that represents the the buneck   

diameter and the overlap of both spheres 

s=math.floor(math.sqrt(r1*r1-a*a)) #overlap of the two spheres; distance 

between budneck center and center of each sphere is smaller than the 

respective radii 

t=math.floor(math.sqrt(r2*r2-a*a)) 

number_of_walks = 5000 

listx = [] 

listy = [] 

listz = [] 

list_walklength = [] 

for n in range(1): #this loop was initially created to generate many plots 

of random start coordinates to generate a pool of plots to compare 

to microscopic images 

listx = [] 

listy = [] 

listz = [] 

list_walklength = [] 

xr=random.randrange(-0.8*r2,0.8*r1, 1) #select random start 

coordinates for the random walks; factor 0.8 to avoid 

starting coordinates outside the cell 

if xr < 0: 

yr=random.randrange(-0.6*r2, 0, 1) 

zr=random.randrange(-0.6*r2, 0, 1) 

else: 

yr=random.randrange(-0.6*r1, 0, 1) 

zr=random.randrange(0, 0.6*r1, 1) 

 

for i in range(number_of_walks): 

#monte carlo simulation of random walk 

# refresh values vor x,y,z 

x=xr 
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y=yr 

z=zr 

for walk_length in range (1, 10000): 

if x > 0 and ((x-s)*(x-s)+y*y+z*z)>r1*r1: 

listx.append(x) 

listy.append(y) 

listz.append(z) 

list_walklength.append(walk_length) 

break 

elif x < 0 and ((x+t)*(x+t)+y*y+z*z)>r2*r2: 

listx.append(x) 

listy.append(y) 

listz.append(z) 

list_walklength.append(walk_length) 

break 

elif x==0 and y*y+z*z>(a*a): 

listx.append(x) 

listy.append(y) 

listz.append(z) 

list_walklength.append(walk_length) 

break 

else: 

step = random.choice(['N', 'S', 'E', 'W', 'A', 'B']) 

if step == 'N': 

y = y+1 

elif step == 'S': 

y = y-1 

elif step == 'E': 

x = x+1 

elif step == 'W': 

x = x-1 

elif step == 'A': 

z = z+1 

else: 

z = z-1 

 

 

from mpl_toolkits.mplot3d import Axes3D 

plt.rcParams['figure.figsize'] = (15, 10) 

fig = plt.figure() 

ax = fig.add_subplot(111, projection = '3d') 

ax.axes.set_xlim3d(left=-100, right=200) 

ax.axes.set_ylim3d(bottom=-100, top=100) 

ax.axes.set_zlim3d(bottom=-100, top=100) 

p= ax.scatter(listx, listy, listz, c=list_walklength) 

ax.set_xlabel('x') 

ax.set_ylabel('y') 

ax.set_zlabel('z') 

plt.colorbar(p,fraction=0.025, pad=0.01) 

 

 

 

simulation of a random walk to explain Ash1 synthesis (Figure 4-17 and Figure 4-20): 

 

import random 

import matplotlib.pyplot as plt 

import math 
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x0=0 

y0=0 

z0=0 

r1=100 

r2=90 

a=r1/5 #a is a geometric parameter that represents the the buneck diameter 

and the overlap of both spheres 

s=math.floor(math.sqrt(r1*r1-a*a)) 

t=math.floor(math.sqrt(r2*r2-a*a)) 

number_of_walks = 1 

listx = [] 

listy = [] 

listz = [] 

list_walklength = [] 

 

for n in range(5000): 

xr=random.randrange(-t-0.9*r2, 0.1*r1, 1) #replace factor 0.1 by 

s+0.9*r1 for simulation of ash1 synthesis in myo4(delta) cells 

if xr < 0: 

yr=random.randrange(-50, 50, 1) 

zr=random.randrange(-50, 50, 1) 

else: 

yr=random.randrange(-50, 0, 1) 

zr=random.randrange(0, 50, 1) 

 

for i in range(number_of_walks): 

#monte carlo simulation of random walk 

# refresh values vor x,y,z 

 x=xr 

y=yr 

z=zr 

for walk_length in range (1, 10000): 

if x > 0 and ((x-s)*(x-s)+y*y+z*z)>r1*r1: 

listx.append(x) 

listy.append(y) 

listz.append(z) 

list_walklength.append(walk_length) 

break 

elif x < 0 and ((x+t)*(x+t)+y*y+z*z)>r2*r2: 

listx.append(x) 

listy.append(y) 

listz.append(z) 

list_walklength.append(walk_length) 

break 

elif x==0 and y*y+z*z>(a*a): 

listx.append(x) 

listy.append(y) 

listz.append(z) 

list_walklength.append(walk_length) 

break 

else: 

step = random.choice(['N', 'S', 'E', 'W', 'A', 'B']) 

if step == 'N': 

y = y+1 

elif step == 'S': 

y = y-1 

elif step == 'E': 

x = x+1 

elif step == 'W': 

x = x-1 

elif step == 'A': 

z = z+1 

else: 
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z = z-1 

 

 

 

from mpl_toolkits.mplot3d import Axes3D 

plt.rcParams['figure.figsize'] = (15, 10) 

fig = plt.figure() 

ax = fig.add_subplot(111, projection = '3d') 

ax.axes.set_xlim3d(left=-100, right=200) 

ax.axes.set_ylim3d(bottom=-100, top=100) 

ax.axes.set_zlim3d(bottom=-100, top=100) 

p= ax.scatter(listx, listy, listz, c=list_walklength) 

ax.set_xlabel('x') 

ax.set_ylabel('y') 

ax.set_zlabel('z') 

plt.colorbar(p,fraction=0.025, pad=0.01) 

 

simulation of a random walks resulting in clustering at the cortex (Figure 4-29): 

import random 

import matplotlib.pyplot as plt 

import math 

 

x0=0 

y0=20 

z0=20 

r1=100 

r2=90 

a=r1/5 #a is a geometric parameter that represents the the buneck diameter 

and the overlap of both spheres 

 

s=math.floor(math.sqrt(r1*r1-a*a)) 

t=math.floor(math.sqrt(r2*r2-a*a)) 

number_of_walks = 2 

repetition = 5 

r1a=int(0.8*r1) 

r2a=int(0.8*r2) 

 

listx = [] 

listy = [] 

listz = [] 

list_walklength = [] 

list_repwalk=[] 

listxz = [] 

listyz = [] 

listzz = [] 

list_walklengthz = [] 

listxi=[] 

listyi=[] 

listzi=[] 

listxr=[] 

 

 

for n in range(40): #number of initial walks 

xr=random.randrange(int(0.8*(-r2-t)), int(0.1*(r1+s)), 1) 

listxr.append(xr) 

if xr <0: 

yr=random.randrange(-r2a, r2a, 1) 

zr=random.randrange(-r2a, r2a, 1) 

else: 

yr=random.randrange(-r1a, r1a, 1) 

zr=random.randrange(-r1a, r1a, 1) 
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for i in range(number_of_walks): 

#monte carlo simulation of random walk 

# refresh values vor x,y,z 

x=xr 

y=yr 

z=zr 

for walk_length in range (1, 1000): 

if x > 0 and ((x-s)*(x-s)+y*y+z*z)>r1*r1: 

listx.append(x) 

listy.append(y) 

listz.append(z) 

list_walklength.append(walk_length) 

if -15<z<15: 

listxz.append(x) 

listyz.append(y) 

listzz.append(z) 

list_walklengthz.append(walk_length) 

if x > s: #get start coordinates for repetitive walks slightly 

beneath the cortex 

xi = x-3 

else: 

xi=x+3 

if y > 3 and z > 3: 

yi=y-3 

zi=z-3 

elif y > 3 and z < -3: 

yi=y-3 

zi=z+3 

elif y < -3 and z > 3: 

yi=y+3 

zi=z-3 

else: 

yi=y+3 

zi=z+3 

for n in range(repetition): 

count =0 

xj=xi 

yj=yi 

zj=zi 

while count<200: 

if ((xj-s)*(xj-s)+yj*yj+zj*zj)<r1*r1: 

step = random.choice(['N', 'S', 'E', 'W', 'A', 

'B']) 

if step == 'N': 

yj = yj+1 

count+=1 

elif step == 'S': 

yj = yj-1 

count+=1 

elif step == 'E': 

xj = xj+1 

count+=1 

elif step == 'W': 

xj = xj-1 

count+=1 

elif step == 'A': 

zj = zj+1 

count+=1 

else: 

zj = zj-1 

count+=1 

else: 

count=501 



 126 

break 

elif x < 0 and ((x+t)*(x+t)+y*y+z*z)>r2*r2: 

listx.append(x) 

listy.append(y) 

listz.append(z) 

list_walklength.append(walk_length) 

 

if -15<z<15: 

listxz.append(x) 

listyz.append(y) 

listzz.append(z) 

list_walklengthz.append(walk_length) 

if x < -t: 

xi = x+3 

else: 

xi=x-3 

if y > 3 and z > 3: 

yi=y-3 

zi=z-3 

elif y > 3 and z < -3: 

yi=y-3 

zi=z+3 

elif y < -3 and z > 3: 

yi=y+3 

zi=z-3 

else: 

yi=y+3 

zi=z+3 

 

for m in range(repetition): 

count =0 

xj=xi 

yj=yi 

zj=zi 

while count<300: 

if ((xj+t)*(xj+t)+yj*yj+zj*zj)<r2*r2: 

step = random.choice(['N', 'S', 'E', 'W', 'A', 

'B']) 

if step == 'N': 

yj = yj+1 

count+=1 

elif step == 'S': 

yj = yj-1 

count+=1 

elif step == 'E': 

xj = xj+1 

count+=1 

elif step == 'W': 

xj = xj-1 

count+=1 

elif step == 'A': 

zj = zj+1 

count+=1 

else: 

zj = zj-1 

count+=1 

else: 

listx.append(xj) 

listy.append(yj) 

listz.append(zj) 

list_walklength.append(walk_length) 

listxi.append(xj) 

listyi.append(yj) 
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listzi.append(zj) 

list_repwalk.append(count) 

 

if -25<zj<25: 

listxz.append(xj) 

listyz.append(yj) 

listzz.append(zj) 

list_walklengthz.append(walk_length) 

count=501 

break 

 

elif x==0 and y*y+z*z>(a*a): 

listx.append(x) 

listy.append(y) 

listz.append(z) 

list_walklength.append(walk_length) 

break 

 

else: 

step = random.choice(['N', 'S', 'E', 'W', 'A', 'B']) 

if step == 'N': 

y = y+1 

elif step == 'S': 

y = y-1 

elif step == 'E': 

x = x+1 

elif step == 'W': 

x = x-1 

elif step == 'A': 

z = z+1 

else: 

z = z-1 

 

 

 

from mpl_toolkits.mplot3d import Axes3D 

plt.rcParams['figure.figsize'] = (17, 10) 

fig = plt.figure() 

ax = fig.add_subplot(111, projection = '3d') 

ax.axes.set_xlim3d(left=-200, right=200) 

ax.axes.set_ylim3d(bottom=-100, top=100) 

ax.axes.set_zlim3d(bottom=-100, top=100) 

p= ax.scatter(listxz, listyz, listzz, c=list_walklengthz) 

ax.scatter(0, 0, 0, c='r') 

#ax.scatter(xr,yr,zr, c='r', s=50, edgecolors='black', linewidths=(1), 

marker='s') 

ax.set_xlabel('x') 

ax.set_ylabel('y') 

ax.set_zlabel('z') 

plt.colorbar(p,fraction=0.025, pad=0.01) 

ax.azim =-90 

ax.elev =90 

 

The following FIJI macro was applied to the linear ROIs along the cortexes of cells, to obtain intensity 

profiles of GFP and mCherry signals (detection of GFP specific peaks): 

 

macro "show multichannel plot profiles of red ROI" { 

t = getTitle(); 

sourceDir = getDirectory("Choose the source directory"); 

original = getImageID; 
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output = sourceDir+""; 

for (i=0;  i<roiManager("count");  i++){ 

selectImage(original); 

roiManager("select", i); 

roiname = getInfo("roi.name"); 

Stack.setChannel(3); 

run("Plot Profile"); 

rename("ch3plot"); 

selectImage(original); 

Stack.setChannel(2); 

run("Plot Profile"); 

rename("ch2plot"); 

run("Merge Channels...", "c1=ch2plot c3=ch3plot create"); 

run("Invert"); 

rename("tempplot"); 

run("Green"); 

Stack.setChannel(2); 

run("Red"); 

run("RGB Color"); 

 

saveAs("Jpeg", output + roiname); 

name = getTitle(); 

close("name"); 

close("temp*"); 

} 

  

} 

 

 

A systematic Split-Ubiquitin screen was performed (Dunkler et al., 2012). Wsc2-CUb was tested 

against an array of approximately 500 strains expressing a certain NUb fusion protein. Among 

others, NUb-Egd2 was found to interact with Wsc2-Cub. Note that growth on the FOA containing 

plate indicates interaction between the two proteins. Growth in SD medium displays overall 

fitness of the diploid strains expressing both constructs. Red square marks the quadruplicate of 

the cells expressing NUb-Egd2 and Wsc2-CUb. 

 

Figure 9-1: Wsc2-CUb interacts with NUb-Egd2. Excerpt of systematic Split-Ubiquitin assay of Wsc2-CUb against about 500 
potential interaction partners. left: table of NUb expressing strains (quadruples). middle: strains grow evenly well on SD control 

medium after 3 days of incubation at 30 C. right: only the diploid cells expressing both, Wsc2-CUb and NUb-Egd2 can grow on 

medium containing FOA (supplemented with 50 M Cu2+) after 3 days of incubation at 30 C, indicating interaction of these 
two proteins. 
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GFP specific peaks in cells coexpressing Wsc2-Ubi-R-sfGFP-sfGFP, GFP-Sso1 and 

mCherry-Sso1 were analyzed as described in chapter 3.7.2. The following figures show the 

results of 6 further cells of each genotype (related to Figure 4-28). 

 
Figure 9-2: Accumulated GFP-specific peaks in wildtype cells expressing Wsc2-Ubi-R-sfGFP-sfGFP. 

 
Figure 9-3: Accumulated GFP-specific peaks in she2 cells expressing Wsc2-Ubi-R-sfGFP-sfGFP. 
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Figure 9-4: Accumulated GFP-specific peaks in puf6 cells expressing Wsc2-Ubi-R-sfGFP-sfGFP. 

 
Figure 9-5: Accumulated GFP-specific peaks in myo4 cells expressing Wsc2-Ubi-R-sfGFP-sfGFP. 
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Statistical analysis and comparison of all groups with each other for peak counts in budded cells 

expressing Wsc2-Ubi-R-sfGFP-sfGFP (One-way Anova, Tukey’s multiple comparison post-

test, related to Figure 4-27). 

Tukey's Multiple Comparison Test Significant? P < 0.05? Summary 

WT mother vs WT bud Yes *** 

WT mother vs myo4∆ mother Yes *** 

WT mother vs puf6∆ mother No ns 

WT mother vs she2∆ mother No ns 

WT bud vs myo4∆ bud Yes *** 

WT bud vs puf6∆ bud Yes * 

WT bud vs she2∆ bud No ns 

myo4∆ mother vs myo4∆ bud Yes *** 

myo4∆ mother vs puf6∆ mother Yes *** 

myo4∆ mother vs she2∆ mother Yes *** 

myo4∆ bud vs puf6∆ bud Yes *** 

myo4∆ bud vs she2∆ bud Yes *** 

puf6∆ mother vs puf6∆ bud No ns 

puf6∆ mother vs she2∆ mother No ns 

puf6∆ bud vs she2∆ bud No ns 

she2∆ mother vs she2∆ bud No ns 
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Statistical analysis and comparison of all groups with each other for peak counts in budded cells 

expressing Wsc2-Ubi-R-sfGFP-sfGFP (One-way Anova, Tukey’s multiple comparison post-

test, related to Figure 4-31). 

Tukey's Multiple Comparison Test Significant? P<0.05? Summary 

WT mother vs WT bud No ns 

WT mother vs myo4Δ mother No ns 

WT mother vs puf6Δ mother No ns 

WT mother vs she2Δ mother No ns 

WT bud vs myo4Δ bud No ns 

WT bud vs puf6Δ bud Yes * 

WT bud vs she2Δ bud No ns 

myo4Δ mother vs myo4Δ bud No ns 

myo4Δ mother vs puf6Δ mother No ns 

myo4Δ mother vs she2Δ mother No ns 

myo4Δ bud vs puf6Δ bud No ns 

myo4Δ bud vs she2Δ bud No ns 

puf6Δ mother vs she2Δ mother No ns 

puf6Δ bud vs she2Δ bud No ns 
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