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1. Abstract  
 

Telomere length homeostasis is a prerequisite for cell viability. It is challenged through 

successive shortening, which is due to the “end-replication-problem”. This limits the cellular 

life span in multicellular organisms enabling senescence and antagonizing unlimited growth, 

important for the prevention of cancer. Telomerases, are specialized and conserved enzymes, 

that evolved to counteract telomere shortening in stem and germ cells as well as in the single 

cell eukaryote Saccharomyces cerevisiae, through their reverse transcriptase activity. By using 

budding yeast as a model organism, we aimed to define the stepwise order in which the 

scaffolding telomerase RNA TLC1 matures and how the telomerase ribonucleoparticle (RNP) 

is assembled. As shown earlier, first, an immature ~ 1.3 kb long precursor of TLC1 is 

synthesized by RNAP II and the transcript is subsequently exported into the cytoplasm. Export 

occurs via Mex67-Mtr2 and Xpo1. Both transport factors do not contact the RNA directly but 

rather require adaptor proteins. In this work we have shown that the Mex67-adaptor Npl3 

and the Xpo1 interacting m7G-cap-binding factor Cbp20 contact TLC1. Furthermore, we 

confirm a model in which the Est- and Pop-protein loading as well as the association of the 

Sm-ring occurs in the cytoplasm. These proteins are important for the functionality of the 

enzyme as their correct assembly on TLC1 is crucial for the reverse transcriptase activity, and 

thus for telomere elongation. Re-import of the pre-RNP into the nucleus is facilitated via the 

import receptor Mtr10. We identified a second TLC1 import factor, Cse1, that supports nuclear 

re-import of pre-TLC1 in an importin α independent pathway. Both import factors cooperate 

in the nuclear re-import of pre-TLC1, and we discovered additional functions for them in TLC1 

protection. Mutation of CSE1 leads to the destabilization of the Sm-ring on TLC1, while 

mutation of MTR10 leads to less mature TLC1, although the Sm-ring was bound properly. Both 

import receptors re-import TLC1 through contact with the Sm-ring. Therefore, we suggest that 

this resembles a quality control step in the life cycle of TLC1, because only Sm-ring containing 

pre-TLC1 RNPs can enter the nucleus. The re-imported pre-TLC1 is subsequently trimmed by 

the nuclear exosome up to the Sm-ring to form the 1157 nt long mature TLC1. Maturation of 

TLC1 is finalized by the trimethylation of the m7G-cap, which prevents repeated Xpo1 contact 

and export. Unrevealing this stepwise maturation process helps to explain why and how 

immature TLC1 does not disturb telomere maintenance before the mature and functional 

ribonucleoenzyme is assembled. 
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2. Introduction 

 

In most eukaryotic organisms the genetic information is encoded on linear chromosomes. The 

storage, maintenance and the error-free as well as the complete replication of genetic 

information is a prerequisite for cell viability. However, the linear nature of chromosomes and 

the semi-conservative replication mechanism of DNA polymerase give rise to the fundamental 

problem of incomplete replication leading to successive shortening of chromosome ends, 

known as the "end-replication problem" (Olovnikov, 1973; Watson, 1972; Wynford-Thomas 

and Kipling, 1997). This limits the proliferation number of most cells to 40 to 60 replications, 

the Hayflick limit, before cells will either break down through programmed cell death or enter 

replicative senescence (Greider and Blackburn, 1989; Harley B. et al., 1990; Hayflick, 1965; de 

Lange et al., 1990; Lindsey et al., 1991). However, stem and germ cells as well as the yeast 

Saccharomyces cerevisiae (S. cerevisiae) overcome this limitation by expression of a 

specialized enzyme, the telomerase, which counteracts the successive shortening via 

elongation of the very end of the chromosomes, called telomeres (D’mello and Jazwinski, 

1991; Harley B. et al., 1990; Hiyama and Hiyama, 2007; Levy et al., 1992). Interestingly, the 

telomerase is silenced in human somatic cells, which is mainly achieved by preventing 

expression of the catalytically active subunit hTERT (Meyerson et al., 1997; Yi et al., 2001). The 

absence of the telomerase should suppress tumor formation by the proliferation barrier of 

the cells (Maciejowski and De Lange, 2017). However, if tumor suppression fails, the 

unprotected telomere ends are linked via end-to end fusion resulting in genome instability 

(Maciejowski and De Lange, 2017). For genome re-stabilization, the telomerase is activated, 

however this leads to immortal cells which can be observed in over 85 % of cancer types 

(Armstrong and Tomita, 2017; Maciejowski and De Lange, 2017). In addition to telomerase-

associated cancers, 10 - 20 % of cancers involve a recombination-based mechanism, called 

alternative lengthening of telomeres (ALT), to overcome the replication limit (Bryan et al., 

1997; Conomos et al., 2013). Remarkably both elongation pathways might coexist (Perrem et 

al., 2001). The correct cellular telomerase concentration is crucial for cells. Too little and too 

much of the telomerase is critical. Thus, defects in its activity, maturation, or recruitment to 

the telomere ends can lead to cancer and other human diseases (Armanios and Blackburn, 

2012; Calado and Young, 2009; Collins and Mitchell, 2002; Lim and Cech, 2021; McNally et al., 
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2019; Nagpal and Agarwal, 2020). Overall skin abnormalities, bone marrow failure and brain 

malformation can be observed with high mortality rates (Armanios and Blackburn, 2012; 

Calado and Young, 2009; Collins and Mitchell, 2002; Lim and Cech, 2021; McNally et al., 2019; 

Nagpal and Agarwal, 2020). The telomerase represents an evolutionary conserved 

ribonucleoprotein (RNP) (Blackburn, 1992; Bosoy et al., 2003). Interestingly, in S. cerevisiae, 

no successive shortening of telomere ends is observed over time, which is achieved by the 

constitutive presence of the telomerase (D’mello and Jazwinski, 1991; Marcand et al., 2000; 

Vasianovich and Wellinger, 2017). Thus, S. cerevisiae is an excellent model organism to study 

the maturation of the telomerase. 

 

2.1. Telomeres: essential nucleoprotein structures for viability 

 

The very end of chromosomes consists of species-specific double-stranded repetitive DNA 

sequences which end in a 3´ single-stranded overhang, the G-overhang. These sequences act 

together with protein complexes to shelter the telomeric ends of chromosomes. Telomeres 

are organized as heterochromatin-like structures repressing transcription of adjacent genes, 

called telomere positioning or telomere silencing effect (Blackburn, 2001). The main function 

of telomeres is to cap chromosome ends and thus maintain integrity and stability of the 

genome by preventing the ends from being recognized as double strand breaks. Especially the 

single-stranded G-overhang resembles the structure of a double strand break that would 

trigger the DNA Damage Response and would lead to end-to-end fusions or prevention of cell 

division (Denchi and De Lange, 2007; Dewar and Lydall, 2012; Lowell and Pillus, 1998; Lydall, 

2003; Palm and De Lange, 2008). Despite the overall conserved structure and function of 

telomeres in eukaryotes, sequences differ in structure and length between species (Armstrong 

and Tomita, 2017; Meyne et al., 1989; Rhodes and Giraldo, 1995). In yeast, two different types 

of telomeres are present, classified according to their subtelomeric regions into X and Y´ 

telomeres (Wellinger and Zakian, 2012). The X element (0.3 to 3.75 kb) is naturally present 

once in each telomere and is followed by 5'- TG1-3 -3' repeats towards the chromosome end 

(Chan and Tye, 1983b, 1983a; Shampay et al., 1984). The Y' element is present in about half 

of all telomeres. Here, one to four copies of the Y´ element are present per telomere either in 

a short (5.2 kb) or a long (6.7 kb) form, followed by TG-repeats (Chan and Tye, 1983b, 1983a; 

Horowitz et al., 1984; Shampay et al., 1984). In yeast, the telomeric DNA consists of a 
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200 – 350 nucleotides long repetitive double-stranded DNA sequence represented by               

5'- TG1-3 - 3' repeats and terminates with a 3' G-rich single-strand of 12 - 14 nucleotides   

(Figure 1), (Wellinger et al., 1993).  

 

 
Figure 1: Schematic representation of subtelomeric and telomeric DNA.  
The X element (green), the Y´ elements (turquoise) and the TG-repeats (light green) are indicated. 
(Adapted from Chakhparonian and Wellinger (2003). 

 
2.2. Capping of telomere ends 

 

Telomere ends undergo a regular switch between the capped state in which they are 

protected from recognition as a double-strand break, important for genome integrity, and an 

uncapped state allowing telomere elongation (Blackburn, 2001; Kupiec, 2014; Lim and Cech, 

2021; Teixeira et al., 2004). The repetitive sequences of telomeres provide protein binding 

sites generating multimeric complexes. The composition and the amount of associated 

proteins determines how the cell senses and responds to changes at the ends of telomeres 

(Kupiec, 2014; Marcand et al., 1997). Three different complexes determine telomere fate, the 

telosome complex, the Yku complex and the CST complex (Figure 2).  

The telosome complex consists of the Repressor/Activator site binding Protein (Rap1) and the 

Rap1-interacting Factor 1 and 2 (Rif1 and Rif2). The core protein Rap1 binds to telomeric 

dsDNA every 20 nt and acts as binding platform for accessory proteins (Conrad et al., 1990; 

Gilson et al., 1993; Gotta et al., 1996; Wotton and Shore, 1997).The telosome complex is found 

within the double stranded terminal TG-repeat sequence of telomeres (Wright et al., 1992). It 

protects the ends from resection but also controls overlengthening by limiting the association 
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of the telomerase via a Rap1/Rif1/Rif2-countening mechanism (Gallardo et al., 2011; Levy and 

Blackburn, 2004; Marcand et al., 1997; Teixeira et al., 2004; Wotton and Shore, 1997; Wright 

et al., 1992). In addition, Rap1 interacts with the Sir complex, composed of Sir2, Sir3 and Sir4, 

on centromere proximal telomeric repeats, which functions in telomeric silencing and 

telomere tethering to perinuclear regions (Bourns et al., 1998; Gilson and Géli, 2007; Gilson 

et al., 1993; Gotta et al., 1996; Kyrion et al., 1993; Mekhail and Moazed, 2010; Strahl-Bolsinger 

et al., 1997; Wotton and Shore, 1997). 

 

 
Figure 2: Schematic illustration of yeast telomeres in a capped status.  
Schematic illustration of a yeast telomere showing the subtelomeric DNA covered with the Sir complex 
composed of the proteins Sir2/3/4. Terminal double-stranded TG-repeats are covered centromere 
proximally with Rap1 and the Sir complex and centromere distally with the telosome complex 
composed of Rap1, Rif1 and Rif2. The Yku heterodimer binds at the very end to telomeric dsDNA. The 
CST complex binds via Cdc13 to the terminal single-stranded telomeric G-overhang. Adapted from 
Gilson and Géli (2007) and Auriche et al. (2008). 

 
The heterodimeric Yku complex, consisting of the proteins Yku70 and Yku80, binds directly to 

telomeric DNA (Gravel et al., 1998; Wellinger and Zakian, 2012). The complex protects the 

ends from degradation by exonucleases, inhibits Non Homologous End Joining (NHEJ) at 

telomeres and is involved in formation of telomeric heterochromatin (Boulton and Jackson, 

1998; Gravel et al., 1998; Mishra and Shore, 1999; Polotnianka et al., 1998). However, it has a 

dual role, as it also functions in DNA repair mechanisms via NHEJ at non telomere regions both 
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in human and yeast (Boulton and Jackson, 1996b, 1996a; Fell and Schild-Poulter, 2015). 

Furthermore, the Yku complex is a feature of the active telomerase, important for telomerase 

tethering at telomeres (Chen et al., 2018; Fisher et al., 2004; Gallardo et al., 2008; Wellinger 

and Zakian, 2012). Its absence leads to short but stable telomeres (Boulton and Jackson, 

1996b; Laroche et al., 1998; Peterson et al., 2001). 

The third important complex is the CST complex composed of Cdc13, Stn1 and Ten1. The CST 

complex is crucial for telomere capping because it shelters the single stranded G-overhang 

(Churikov et al., 2013; Grandin et al., 2001a). The core component Cdc13 interacts with the 

single-stranded TG-repeats and acts as binding platform for Stn1 and Ten1 (Lin and Zakian, 

1996; Nugent et al., 1996; Pennock et al., 2001). In addition to its capping function, the CST 

complex is involved in telomere replication and limits the telomerase mediated telomere 

elongation (Churikov et al., 2013; Gilson and Géli, 2007; Lim and Cech, 2021).  

 

2.3. Telomere replication and telomerase mediated telomere elongation 

 
Due to the semi-conservative replication mechanism of the DNA Polymerase two problems 

arise: First, the leading strand (C-rich strand) is replicated continuously resulting in a blunt 

ended strand. This is not accessible for the telomerase and the CST complex which both need 

a single-stranded G-overhang. For this reason, restoration of a single-stranded overhang is 

facilitated by C-rich strand resection and fill in synthesis (Dionne and Wellinger, 1998; Frank 

et al., 2006; Vodenicharov and Wellinger, 2006). Second, the lagging strand (G-rich strand) is 

replicated discontinuously and shortens about 4 - 8 nucleotides per cell cycle (Levy et al., 

1992).  

After replication is completed in late S phase, this shortening can be compensated via 

elongation of the G-rich strand by the telomerase (Lingner et al., 1995; Marcand et al., 2000). 

Thereby the telomerase is preferentially recruited to short telomeres via a Rap1/Rif1/Rif2-

countening mechanism (Levy and Blackburn, 2004; Marcand et al., 1997; Teixeira et al., 2004). 

The single-strand DNA binding protein Cdc13 is the center for telomere length homeostasis. 

Cdc13 associates mutually exclusive with either Stn1 and Ten1 to assemble the CST complex, 

or interacts directly with Est1, which is crucial for telomerase loading onto the telomere 

(Chakhparonian and Wellinger, 2003; Churikov et al., 2013; Evans and Lundblad, 1999; 

Grandin et al., 1997, 2001a, 2001b; Nugent et al., 1996; Pennock et al., 2001; Teixeira et al., 
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2004). Posttranslational modifications of Cdc13 regulate the interaction with Est1 and Stn1 (Li 

et al., 2009; Liu et al., 2014). The phosphorylation of Cdc13 and the increased abundance of 

Est1, both occurring in late S phase, restrict the association of functional telomerases to 

telomeres in that phase of the cell cycle (Chen et al., 2018; Li et al., 2009; Liu et al., 2014; 

Osterhage et al., 2006; Wu and Zakian, 2011). Telomere elongation by the telomerase is 

limited through the restoration the G-overhang and assembly of the CST complex on it (Gilson 

and Géli, 2007). The C-strand fill in synthesis finalizes telomere elongation and newly 

generated double-stranded TG-repeats are bound by Rap1 and cap the telomeres until the 

next replication round. The helicase Pif1 promotes the removal of the telomerase (Gilson and 

Géli, 2007).  

 

2.4. The telomerase in S. cerevisiae 

 

The telomerase represents an evolutionary conserved ribonucleoprotein (RNP) consisting of 

the telomerase RNA (TLC1) and accessory proteins, which was first identified in the model 

organism Tetrahymena in 1985 (Dandjinou et al., 2004; Greider and Blackburn, 1985). TLC1 

serves on the one hand as a scaffold on which the proteins assemble in an incompletely known 

order and it contains on the other hand a template sequence for telomere elongation (Singer 

and Gottschling, 1994; Zappulla and Cech, 2004). In yeast, the telomerase is constitutive 

present and consists of the Est and Pop proteins as well as the Sm-ring and possibly the Yku 

complex (Hughes et al., 2000; Lemieux et al., 2016; Lendvay et al., 1996; Lingner et al., 1997a; 

Peterson et al., 2001; Seto et al., 1999). Telomere elongation is facilitated by the reverse 

transcriptase action of Est2, which adds different numbers of TG1-3  repeats to the telomeres 

at the end of the S phase (Blackburn, 1992; Lingner et al., 1997b; Marcand et al., 2000; 

Wellinger et al., 1993).   
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2.4.1. Telomerase RNA (TLC1) 

 

TLC1 (TeLomerase Component 1) is located on chromosome II between the genes EDS1 and 

CHS2 on the sense strand and between the genes SNR161 and CSG2 on the antisense strand. 

Due to its size and genomic localization, TLC1 belongs to the long non-coding RNAs and can 

be classified as intergenic as it does not overlap with adjacent genes. TLC1 is transcribed by 

RNAP II and is expressed as an approximately 1.3 kb long transcript (Chapon et al., 1997; Singer 

and Gottschling, 1994). It is polyadenylated at its 3´-end and it receives a m7G cap-structure 

at its 5´-end, as it is typical for mRNAs (Chapon et al., 1997; Seto et al., 1999). However, it also 

shares characteristics with snRNAs, because it contains a Sm-ring binding site and its m7G cap 

is modified into a TMG-cap (Franke et al., 2008; Seto et al., 1999).  

 

2.4.1.1. Structure and conserved regions of the telomerase RNA 

 

Although the size of the telomerase RNA varies between different species between 150 nt in 

ciliates, 451 nt in human and 930 - 1300 nt in yeast, the template region and the core 

structures are conserved within several organisms (Figure 3), (Egan and Collins, 2012; Niederer 

and Zappulla, 2015). Conserved regions comprise the template region for repeat addition, the 

pseudoknot and template boundary element, as reserve transcriptase binding site, as well as 

the stem-terminus element for telomerase activity (Chen and Greider, 2004; Dandjinou et al., 

2004; Egan and Collins, 2012; Lin et al., 2004). 

Only 430 nucleotides of TLC1 are essential, containing the template sequence, the Est1 and 

Est2 binding regions and the Sm-binding site (Coy et al., 2013; Hass and Zappulla, 2020; 

Livengood et al., 2002; Seto et al., 1999). Besides the Sm-binding site, other species-specific 

RNA stability elements can be found, such as the H/ACA motif in human cells (Figure 3), (Egan 

and Collins, 2012; Mitchell et al., 1999). 
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Figure 3: Secondary structure of ciliate, vertebrate and yeast telomerase RNA.  
Structural elements are shown in orange and green. The reverse transcriptase binds to the pseudoknot 
(orange) and additionally to stem IV in ciliates and to the P6 stem in humans. The template region 
(blue), the template boundary element (red) and the protein binding sites as well as species specific 
RNA stability elements (purple) are indicated. Adopted from Egan and Collins (2012). 

 
Only predicted secondary structure models are available for TLC1 and the yeast telomerase, 

which suggest a flexible scaffold (Figure 4), (Dandjinou et al., 2004; Niederer and Zappulla, 

2015; Zappulla and Cech, 2004, 2006). However, the Yku heterodimer was analyzed via 

crystallization and a part of TLC1 was shown to participate in the Yku-TLC1 interaction (Chen 

et al., 2018) 
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Figure 4: Predicted secondary structure of TLC1 and the telomerase holoenzyme.  
Binding of accessory proteins on the yeast telomerase is indicated. Overall, six stem domains (I – VI) 
are present in TLC1. Stem II is bound by the Yku heterodimer. The template region is indicated in red. 
Stem IV is essential for telomerase action in vivo as it severs as a binding platform for Est1. The catalytic 
center of TLC1 is located in the pseudoknot, whose structure establishes interaction with Est2. For 
region VI, no interactions with proteins are known so far. The 3´-end of TLC1 contains the Sm-binding 
site. Physical interactions of the Pop proteins with the Est proteins are hypothetical and modeled from 
interaction studies. Adapted from Laterreur et al.(2013) and Lemieux et al. (2016). 
 

2.4.1.2. TLC1 level and localization  
 

TLC1 is a low abundant RNA with ~ 30 transcripts per cell (Mozdy and Cech, 2006). 

Transcription initiation of TLC1 is cell-cycle regulated by both enhancer and suppressor 

elements that limit its expression to the transition between G1 and S phase (Chapon et al., 

1997; Dionne et al., 2013). However, it is unclear whether the amount of TLC1 varies between 

the cell-cycle phases (Fisher et al., 2004). TLC1 is present in two distinct forms, a poly(A)+ and 

a poly(A)- form, the latter of which is present in the functional telomerase, however the 

poly(A)+ form may serve as precursor for the poly(A)- form (Chapon et al., 1997). Under normal 

conditions, about 80 to 90 % of TLC1 are present in the mature, non-polyadenylated form 

(Chapon et al., 1997). Even though TLC1 has a cytoplasmic phase during maturation, it is 

mainly present in the nucleus (Gallardo et al., 2008, 2011). In the G2 phase of the cell cycle 

TLC1 is mainly located in the nucleolus to be separated from DNA repair mechanisms that 

occur in the G2/M phase (Ouenzar et al., 2017). So far it is unclear where, when and how the 

telomerase ends its life cycle (Vasianovich and Wellinger, 2017).  



  Introduction 

 
 

11 

2.4.1.3. Transcription termination of RNAP II transcripts 
 

In S. cerevisiae, transcription termination of RNAP II transcripts is mainly ensured by two 

termination machineries: The cleavage and polyadenylation factor (CPF)- cleavage factor 

(CFI)-complex, that is mainly responsible for the termination of mRNAs and transcripts larger 

than 1 kb and the Nrd1-Nab3-Sen1 (NNS) complex, mainly responsible for the termination of 

non-coding transcripts smaller than 1 kb (Birse et al., 1998; Connelly and Manley, 1988; 

Creamer et al., 2011; Jamonnak et al., 2011; Larochelle et al., 2018; Porrua and Libri, 2015; 

Proudfoot, 1989; Richard and Manley, 2009).  

In the CPF-CFI complex mediated transcription termination, species specific sequences in a 

3´ untranslated region of a transcript are recognized by components of the CPF-CFI complex. 

This results in RNAP II pausing and is followed by endoribonucleolytic cleavage of the nascent 

transcript via Ysh1 (Porrua and Libri, 2015). The upstream cleavage product leaves a free 

hydroxyl group at the 3´-end which is polyadenylated via Pab1 whereas the downstream 

cleavage product is degraded (Porrua and Libri, 2015). 

In the NNS complex mediated transcription termination, the NNS complex is recruited to 

specific Nrd1 and Nab3 binding motifs of the transcript via interaction of Nrd1 with RNAP II 

(Conrad et al., 2000; Creamer et al., 2011; Porrua and Libri, 2015; Steinmetz et al., 2001). Sen1 

is loaded independently onto the nascent transcript and through ATP hydrolysis catches up to 

RNAP II enabling the cleavage of the transcript (Porrua and Libri 2015). The Nrd1-Nab3 bound 

transcript subsequently interacts with the TRAMP (Trf4-Air2-Mtr4) complex which promotes 

oligoadenylation of the transcript and leads either to degradation or processing by the 

exosome (Han et al., 2020; LaCava et al., 2005; Porrua and Libri, 2015; Tudek et al., 2018; 

Vasiljeva and Buratowski, 2006; Villa et al., 2020; Wyers et al., 2005). Sen1 seems to be the 

limiting factor as its presence is cell cycle regulated (Mischo et al., 2018).  

As TLC1 possesses both termination site types (Figure 5), two different transcription 

termination models exist for TLC1. On the one hand mature poly(A)- TLC1 might be generated 

via processing of the poly(A)+ precursor, generated via CPF-CFI mediated transcription 

termination (Chapon et al., 1997; Coy et al., 2013). On the other hand poly(A)- TLC1 might be 

generated directly via transcription termination by the NNS complex and might subsequently 

be assembled to a telomerase (Jamonnak et al., 2011; Noël et al., 2012). Up to date it is unclear 

which termination pathway leads to functional TLC1.  
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Figure 5: Genomic localization and transcription termination sites in TLC1.  
TLC1 is localized between the genes EDS1 and CHS2 on the sense strand and between SNR161 and 
CSG2 on the antisense strand. Nab3 and Nrd1 binding sites of the NNS complex are indicated in red 
and are followed by the NNS termination area (adopted from Jamonnak et al. (2011)). Poly(A) signals 
are indicated in green and are followed by the poly(A) termination area (adopted from Chapon, Cech, 
and Zaug (1997)). 

 

2.4.1.4. 5´- and 3´-end processing of TLC1 

 

Both the 5´-end and the 3´-end of pre-TLC1 are processed to obtain a mature TMG-capped, 

1157 nt long TLC1 transcript (Bosoy et al., 2003; Chapon et al., 1997; Coy et al., 2013; Franke 

et al., 2008; Hass and Zappulla, 2020; Seto et al., 1999). The m7G cap at the 5´-end of nascent 

mRNAs and snRNAs is directly bound by the heterodimeric cap binding complex (CBC), 

consisting of Cbp20 and Cbp80 (Baejen et al., 2014; Izaurralde et al., 1995; Lewis and 

Izaurralde, 1997; Schwer et al., 2011). Additionally, loading of the guard protein Npl3 occurs 

co-transcriptional on mRNAs as it interacts with the RNAP II and the CBC (Lei et al., 2001; Shen 

et al., 2000). Both, the CBC and Npl3 function in mRNA control and direct the transcript to 

export or degradation (Das et al., 2000; Gilbert et al., 2004; Lei et al., 2001; Lewis and 

Izaurralde, 1997; Liu et al., 1999; Moehle et al., 2012; Shen et al., 2000; Zander et al., 2016). 

Although TLC1 is like mRNAs produced by RNAP II and receives an m7G cap, it is unclear 

whether TLC1 contacts the CBC or Npl3.  

In yeast, the hypermethylation of the m7G cap to a 5'-2,2,7- trimethylguanosine (TMG) cap 

occurs via the trimethylguanosine synthase I (Tgs1) in the nucleolus (Franke et al., 2008; 

Mouaikel et al., 2002; Seto et al., 1999). So far it is assumed that TMG-capping occurs prior to 

export (Gallardo et al., 2008; Garcia et al., 2020; Wu et al., 2014). However, it was shown that 

preferentially monomethylated RNAs are contacted by the CBC, enabling export, and that the 

Sm-binding is important for the hypermethylation (Hamm and Mattaj, 1990; Mouaikel et al., 
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2002; Plessel et al., 1994; Schwer et al., 2011). In fact, TMG-capping was recently shown to 

finalize maturation of snRNAs after a cytoplasmic loading of the Sm-ring and re-import into 

the nucleus (Becker et al., 2019), which might also be true for TLC1. In particular, the 

interaction between the Smb1 protein and Tgs1 in vitro and in vivo is suggested to guide the 

transcript into the nucleolus for TMG-cap formation (Becker et al., 2019; Mouaikel et al., 

2002). Moreover, the telomere length is increased in tgs1∆ cells, which is associated with 

premature aging in yeast represented by a shortened replicative lifespan, and possibly with 

carcinogenesis in humans, highlighting the importance of this processing step (Austriaco and 

Guarente, 1997; Chen et al., 2020; Franke et al., 2008).  

TLC1 is generated as a 3´-extended poly(A)+ transcript which has to be trimmed up to the Sm-

binding site, probably via the nuclear exosome, resulting in mature poly(A)- TLC1 (Chapon et 

al., 1997; Coy et al., 2013; Hass and Zappulla, 2020; Seto et al., 1999). However, recent results 

suggested that the poly(A)- form might be generated directly by transcription termination of 

TLC1 through the NNS complex (Jamonnak et al., 2011; Noël et al., 2012).  

 

2.4.2. Accessory proteins 

2.4.2.1. Est proteins 

 

The "ever shorter telomeres" proteins, Est1, Est2 and Est3 are essential for the in vivo function 

of the telomerase, but Est2 is sufficient for telomerase action in vitro as it is the catalytically 

active subunit (Lendvay et al., 1996; Lingner et al., 1997b, 1997a). Loss of any Est protein or 

Cdc13 leads to progressive telomere shortening and senescence, but some cells escape by 

switching to a recombination-based telomere lengthening mechanism, after approximately 

75 to 100 generations (Chen et al., 2001; Le et al., 1999; Lendvay et al., 1996; Lingner et al., 

1997a; Lundblad and Szostak, 1989).  

Est1 is a cell-cycle regulated protein, essential for the interaction of Est2 and Est3 with the 

telomerase (Osterhage et al., 2006; Taggart et al., 2002). The transcription of Est1 is induced 

at the transition of G1 to S phase, as it is the case for TLC1 (Chapon et al., 1997; Dionne et al., 

2013; Taggart et al., 2002). Interestingly, the protein is regulated via proteasome-specific 

degradation during the G1 phase and thus restrict the association of Est1 with TLC1 to the S 

phase (Lin et al., 2015; Osterhage et al., 2006; Taggart et al., 2002). Binding of Est1 to TLC1 is 

likely stabilized by direct interaction of one or more Pop proteins (Garcia et al., 2020; Laterreur 
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et al., 2018; Lemieux et al., 2016). Although, overexpression of Est1 in G1 phase leads to 

formation of a per se functional telomerase RNP and recent studies suggest an early assembly 

of Est1 onto TLC1, no telomere elongation was observed, suggesting additional regulatory 

mechanisms that restrict telomere lengthening to S phase (Marcand et al., 2000; Osterhage 

et al., 2006; Tucey and Lundblad, 2013). Est1 interacts directly with Cdc13 which recruits the 

telomerase to telomere ends, which is crucial for telomere elongation (Churikov et al., 2013; 

Evans and Lundblad, 1999; Li et al., 2009; Wu and Zakian, 2011). However, the interaction 

between Est1 and Cdc13 occurs only after phosphorylation of Cdc13 in the S phase (Li et al., 

2009; Liu et al., 2014). 

The catalytically active subunit Est2 can interact with TLC1 and with telomeres throughout the 

cell-cycle (Chan et al., 2008; Taggart et al., 2002; Vasianovich et al., 2019). In the G1 and G2 

phase of the cell-cycle the interaction of the Est2 with the telomeres is transient and is 

facilitated through the interaction of Yku bound TLC1 with the Sir complex (Chen et al., 2018; 

Ge et al., 2020; Vasianovich et al., 2019). The Est2-TLC1 subcomplex is suggested to be 

activated by Est1 and Est3 binding in late S phase (Chen et al., 2018; Ge et al., 2020). However, 

the assembly of the telomerase was suggested to occur in the cytoplasm and re-import is 

facilitated as holoenzyme (Gallardo et al., 2008; Garcia et al., 2020; Wu et al., 2014). 

Unlike Est1 and Est2, Est3 does not bind directly to TLC1, but interacts with Est2 and Est1 

(Tuzon et al., 2011; Vasianovich et al., 2019). Thus the association of Est3 to the telomerase is 

indirectly limited to the S phase by the amount of Est1 (Hughes et al., 2000; Osterhage et al., 

2006; Tucey and Lundblad, 2014; Tuzon et al., 2011; Vasianovich et al., 2019). The function of 

Est3 has not yet been fully elucidated (Vasianovich et al., 2019).  

 

2.4.2.2. Pop proteins 

 

The Pop proteins are well studied components of the conserved RNase MRP and the RNase P 

complexes required for rRNA and tRNA processing, respectively (Chamberlain et al., 1998; Chu 

et al., 1994; Esakova and Krasilnikov, 2010; Hopper and Nostramo, 2019; Lygerou et al., 1994). 

The RNase MRP and RNase P complexes contain seven Pop proteins (Salinas et al., 2005). 

Recently, an association of Pop1, Pop6 and Pop7 with the telomerase RNP was discovered 

(Laterreur et al., 2018; Lemieux et al., 2016). The Pop1 protein is mainly localized to the 

nucleolus, but nuclear staining and small cytoplasmic foci during mitosis were also observed 
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(Gill et al., 2006). This mainly nucleolar localization is most likely due to the function of RNase 

MRP in ribosome biogenesis. Binding of Pop6 and Pop7 to TLC1 is facilitated via stem IV and 

may serve as binding platform for Pop1 (Figure 4), (Laterreur et al., 2018; Lemieux et al., 2016). 

Overall, the Pop proteins are required for a stable association of Est1 and Est2 on the 

telomerase and nuclear localization of TLC1 (Garcia and Zakian, 2020; Garcia et al., 2020; 

Laterreur et al., 2018; Lemieux et al., 2016). However, they seem to be dispensable for the 

secondary structure of TLC1 in contrast to the RNA of the RNase MRP complex (Garcia et al., 

2020). Recently, a cytoplasmic mislocalization of TLC1 was observed in POP deficient mutants, 

suggesting a cytoplasmic loading of the Pop proteins onto TLC1 (Garcia et al., 2020). Whether 

they have additional functions in telomerase and telomere biology requires further 

investigation.  

 

2.4.2.3. The Sm-ring in TLC1 maturation and RNP biogenesis 

 

The Sm-ring is a conserved heptametric complex (Sm7 complex), which consist of the proteins 

Smb1, Smd1, Smd2, Smd3, Sme1, Smx2 and Smx3, and is essential for vegetative growth (Coy 

et al., 2013; Matera and Wang, 2014; Pettersson et al., 1984; Séraphin, 1995). The Sm-proteins 

contain an RNA-binding domain and a Sm-domain which has hydrophobic amino acids 

essential for protein-protein interactions (Camasses et al., 1998; Collins et al., 2003; Hermann 

et al., 1995; Li et al., 2016; Schwer et al., 2016). The Sm-ring assembly around the RNA occurs 

via both types of interactions, protein-protein and protein-RNA interactions (Collins et al., 

2003; Li et al., 2016; Schwer et al., 2016). The loading of the Sm-ring onto snRNAs is facilitated 

in the cytoplasm and essential for functional snRNAs and spliceosome formation (Becker et 

al., 2019; Matera and Wang, 2014). Sm-ring loading is also a prerequisite for a functional 

telomerase, as loss of the proteins or the binding site leads to drastic reduction in TLC1 level 

and telomere shortening (Coy et al., 2013; Seto et al., 1999). In addition, the Sm-ring binding 

site determines the 3´-end of mature TLC1 (Hass and Zappulla, 2020). It has recently been 

suggested to associate also with TLC1 in the cytoplasm (Vasianovich et al., 2020). In fact, the 

re-import of snRNAs proceeds through interaction of Smb1 with Cse1, which may also be true 

for TLC1 (Becker et al., 2019). 
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2.5. Assumed lifecycle of TLC1 and the telomerase 

 

In current models, a cell cycle-dependent assembly of the telomerase is assumed, since 

telomerase activity occurs only in the late S phase, after conventional replication is 

accomplished (Diede and Gottschling, 1999; Dionne and Wellinger, 1998; Marcand et al., 

2000; Taggart et al., 2002; Wellinger et al., 1993). Transcription initiation of TLC1 is regulated 

by both enhancer and suppressor elements and occurs at G1 - S phase transition (Chapon et 

al., 1997; Dionne et al., 2013). Two opposing models are discussed for transcription 

termination. Either TLC1 is generated as a ~ 1.3 kb long polyadenylated precursor, poly(A)+, 

via termination by the CPF-CFI complex or directly as mature TLC1 form, poly(A)-, via 

termination by the NNS complex (Chapon et al., 1997; Coy et al., 2013; Jamonnak et al., 2011; 

Noël et al., 2012). After transcription, the pre-TLC1 contains a m7G cap at its 5'-end (Figure 6), 

(Seto et al., 1999). So far it was assumed that the Sm-ring loading occurs in the nucleus 

(Gallardo et al., 2008; Wu et al., 2014). Thereafter 3´-end processing by the nuclear exosome 

shortens the transcript, which is subsequently directed into the nucleolus, for TMG-capping 

(Franke et al., 2008; Gallardo et al., 2008; Mouaikel et al., 2002; Seto et al., 1999). Export of 

TLC1 into the cytoplasm is mediated via Mex67-Mtr2 and Xpo1 (Gallardo et al., 2008; Wu et 

al., 2014). Loading of TLC1 with the Est proteins occurs in the cytoplasm, as the absence of the 

Est proteins leads to mislocalization of TLC1 to the cytoplasm and the absence of the TLC1 

export receptors leads to the mislocalization of Est1 and Est2 to the cytoplasm (Gallardo et 

al., 2008; Wu et al., 2014). Recently, it was suggested that loading of the Sm-ring and the Pop 

proteins might also occur in the cytoplasm, because TLC1 mislocalizes to the cytoplasm in POP 

or Sm-protein deficient mutants (Garcia et al., 2020; Vasianovich et al., 2020). The 

compartment in which the Yku complex is loaded onto TLC1 is unclear. After RNP formation, 

re-import is mediated via Mtr10 and Kap122 (Ferrezuelo et al., 2002; Gallardo et al., 2008). 

Functional telomerase are recruited to telomere ends through interaction between Cdc13 and 

Est1 that in turn interacts indirectly with Est2, which mediates telomere elongation through 

its reverse transcriptase function in late S phase of the cell-cycle (Li et al., 2009; Lingner et al., 

1997b; Marcand et al., 2000; Taggart et al., 2002; Wu and Zakian, 2011)  

 



  Introduction 

 
 

17 

 
Figure 6: Current model of TLC1 processing and telomerase assembly in S. cerevisiae. 
TLC1 is generated by RNAP II. After transcription, the m7G capped pre-TLC1 is trimmed at its 3´-end via 
the nuclear exosome and is guided to the nucleolus for TMG-capping. In the model, Sm-ring loading is 
indicated to occur in the nucleus, however was recently suggested to occur in the cytoplasm 
(Vasianovich et al., 2020). The 3´-trimmed and 5´ TMG-capped RNA is exported to the cytoplasm by 
Mex67-Mtr2 and Xpo1 (Crm1). The export receptor Xpo1 associates with TLC1 via a currently unknown 
protein (X). Dbp5 displaces the export receptor Mex67-Mtr2 at the cytoplasmic site of the NPC. 
Dissociation of Xpo1 from the cargo is facilitated via Ran-GTP hydrolysis. After cytoplasmic loading of 
the Est proteins the telomerase is re-imported by Mtr10 and possibly also Kap122. Adopted from Wu 
et al., (2014). 

 

Even though the current model contains certain important points, there are still some open 

questions, in particular the precise order of the processing steps. To begin with, it is not known 

whether adaptor proteins between TCL1 and Mex67 and Xpo1 are required for nuclear export. 

Mex67 can interact directly with RNAs under stress conditions, but contacts mRNAs through 

the SR-like proteins under normal circumstances (Hackmann et al., 2014; Zander and Krebber, 

2017; Zander et al., 2016). Furthermore, Xpo1 (Crm1 in human) contacts either directly or 

indirectly the cap binding complex (CBC) for nuclear export of snRNAs in yeast, which in 

humans is facilitated via the adaptor protein PHAX (Becker et al., 2019; Izaurralde et al., 1995; 



  Introduction 

 
 

18 

Ohno et al., 2000). So far, no PHAX homolog in S. cerevisiae is known. And additionally, it is 

not known whether TLC1 binds to the CBC that contacts Xpo1. The CBC recognizes the m7G-

cap of RNAP II transcripts (Hamm and Mattaj, 1990; Izaurralde et al., 1995; Lewis and 

Izaurralde, 1997; Schwer et al., 2011). This argues for a TMG-capping after re-import as it 

would terminate repeated nuclear export via Xpo1. Additionally, the Sm-ring is essential for 

trimming of TLC1 (Coy et al., 2013; Hass and Zappulla, 2020). Thus, it should be associated 

before the exosomal attack occurs. Moreover, the Sm-ring presumably guides the transcript 

to the nucleolus through interaction between Smb1 and Tgs1 (Becker et al., 2019; Mouaikel 

et al., 2002). In fact, for snRNAs, TMG-capping was recently shown to finalize maturation after 

a cytoplasmic loading of the Sm-ring and re-import into the nucleus (Becker et al., 2019). This 

could also be true for TLC1. The cytoplasmic loading of the Sm-ring was not reported in the 

beginning of this study, but a recent study of Vasianovich, Bajon, and Wellinger (2020) 

supports the idea of a cytoplasmic loading of the Sm-ring, which we suspected from the data 

of Becker et al. (2019) earlier. Additionally, this would suggest that 3´-trimming as well as 

TMG-capping occurs after re-import. Furthermore, the suggested cytoplasmic loading of the 

Pop proteins onto TLC1 was not known in the beginning of this study and indicates a 

holoenzyme formation prior to re-import as suggested earlier (Garcia et al., 2020; Wu et al., 

2014). 

 

2.6. Recombination based telomere elongation 

 

Absence of the telomerase leads to gradual telomere shortening and senescence (Lendvay et 

al., 1996; Lundblad and Szostak, 1989). However, loss of the telomerase is not lethal per se, 

instead, some cells escape senescence by using a recombination-based mechanism to 

lengthen telomere ends, termed Type I and Type II survivor (Figure 7), (Chen et al., 2001; Le 

et al., 1999; Lundblad and Blackburn, 1993; Teng and Zakian, 1999). In this process, factors 

that are normally used for DNA repair are utilized for telomere lengthening (Chen et al., 2001; 

Hu et al., 2013; Kockler et al., 2021; Nugent et al., 1998). Rad52 and its homolog Rad59 are 

essential for the generation of both types (Chen et al., 2001; Lundblad and Blackburn, 1993). 

The formation of Type I survivor starts with a Rad51/Rad52 dependent strand invasion and 

needs additionally Rad54 and Rad57 for Y´ element amplification, however leads to very short 

TG1-3 repeats (Chen et al., 2001; Le et al., 1999; Teng and Zakian, 1999). In contrast, the 
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formation of Type II survivors depends on the helicase Sgs1, Rad50, Rad59 and the MRX 

complex, using the TG-repeats for recombination, resulting in a heterogenous pattern of long 

tracs of TG1-3 repeats and only slight Y´ amplification (Chen et al., 2001; Le et al., 1999; Teng 

and Zakian, 1999). Recently, it has been suggested that both pathways are consecutive steps 

in an unified survivor pathway which can lead to Type I/Type II hybrids (Kockler et al., 2021). 

Here, the Rad51-dependent strand invasion and DNA damage checkpoint activation leads to 

a pre-survivor precursor which is subsequently processed via an Rad59/Rad52-dependent 

pathway to stabilize the telomeres, resulting in either Type I or Type II survivors (Kockler et 

al., 2021). However, Type I survivors which have short telomere ends can also be elongated 

via the Rad59/Rad52 pathway leading to hybrid chromosome ends (Kockler et al., 2021). In 

human, survivor cells are called ALT (alternative lengthening of telomeres) cells, and resemble 

the yeast Type II survivors (Bryan et al., 1997; Nabetani and Ishikawa, 2011). Recombination 

and telomerase based telomere maintenance are both equally efficient in terms of cell survival 

and genome stability, yet telomerase deficient strains possess a shorter replicative life span 

(Chen et al., 2009).  

 

 
Figure 7: Different classes of functional telomeres in S. cerevisiae. 
Natural occurring telomeres in wild type cells are X and Y telomeres that both contain one X element. 
Y´ telomeres contain 1 to 4 Y´ elements in addition to the X element. Upon depletion of a functional 
telomerase or capping of telomeres, Type I and Type II survivor cells can arise upon a recombination 
mediated telomere elongation. Type I survivor contain multiple Y´ elements whereas Type II survivor 
harbor increased TG-repeat sequences. The Type I/Type II hybrid can be formed via cooperative 
function of both recombination pathways. Adapted from Lydall (2003) and Kockler, Comeron, and 
Malkova (2021). 
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2.7. Nucleo-cytoplasmic transport 

 

Nucleo-cytoplasmic transport occurs through bilateral gateways, the nuclear pore complexes 

(NPC) (Köhler and Hurt, 2007; Strambio-De-Castillia et al., 2010; Wälde and Kehlenbach, 

2010). They have an octagonally symmetrical cylinder composed of multiple ring structures 

and possess a nuclear basket and cytoplasmic filaments. The interior of the NPC is highly 

hydrophobic, to prevent the diffusion of large cargos. Hydrophobicity is achieved by the FG 

(phenylalanine-glycine)-repeats of the nucleoporins (Nups) (Wälde and Kehlenbach, 2010). 

Small molecules can passively diffuse through the NPCs, whereas the transport of larger 

cargoes require transport receptors, either karyopherins, or Mex67-Mtr2 (Köhler and Hurt, 

2007; Sloan et al., 2016; Wälde and Kehlenbach, 2010). 

 

2.7.1. Mex67-Mtr2 mediated transport 

 

The heterodimer Mex67-Mtr2 is conserved from yeast to human (Katahira et al., 1999). 

Mex67 (TAP in human), together with Mtr2 (p15 in human), contributes to the export of pre-

ribosomal particles, mediates export of mRNAs and is involved in the export of the long non-

coding RNA TLC1 (Gallardo et al., 2008; Köhler and Hurt, 2007; Sloan et al., 2016; Wu et al., 

2014). Mex67 can bind directly to mRNAs under stress conditions (Zander et al., 2016). 

However, mRNAs are normally loaded co-transcriptionally with quality control factors 

(Hackmann et al., 2014; Hurt et al., 2004; Lei et al., 2001; Zander et al., 2016). The SR-like 

proteins Npl3, Gbp2 and Hrb1, retain the RNA in the nucleus until the quality control of the 

RNA is completed (Hackmann et al., 2014; Zander et al., 2016). Faulty transcripts are then 

guided to degradation while correct mRNAs are exported through the binding of Mex67 to the 

SR-like proteins (Hackmann et al., 2014; Zander et al., 2016). Correctness of assembled mRNPs 

is controlled via Mlp1 that is located at the nuclear basket and export is only supported when 

the retention factors are covered with Mex67 (Zander and Krebber, 2017). On the cytoplasmic 

site, Mex67-Mtr2 is released from the mRNP by the DEAD box RNA helicase Dbp5/Rat8 via 

ATP-hydrolysis which creates directionality (Folkmann et al., 2011; Kelly and Corbett, 2009; 

Tieg and Krebber, 2013). 
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2.7.2. Karyopherin mediated transport 

 

Transport of proteins is mediated by karyopherins which bind to specific localization signals 

present in the proteins. Proteins which harbor a nuclear localization signal (NLS) are imported 

via importins and proteins bearing a nuclear export signal (NES) are exported via exportins 

(Figure 8). Thus the karyopherins are classified according to the directionality in which they 

operate, however bidirectional transporters are also known (Becker et al., 2019; Yoshida and 

Blobel, 2001). Karyopherins share a similar architectural structure and harbor an N-terminal 

Ran-GTP (Gsp1-GTP in yeast) binding domain. They contain multiple HEAT repeats (huntingtin, 

elongation factor 3, the A subunit of PP2A, and TOR1) which are necessary for the interaction 

with the FG-repeats of the Nups (Macara, 2001). So far, 14 different karyopherins have been 

identified in yeast and 19 in mammalian cells (Chook and Süel, 2011; Güttler and Görlich, 

2011). Directionality is mediated by a Ran-GTP/-GDP gradient, with high Ran-GTP and low Ran-

GDP concentration in the nucleus and vice versa in the cytoplasm (Moore and Blobel, 1994; 

Sloan et al., 2016). The guanine nucleotide exchange factor (GEF), termed RCC1 (Prp20 in 

yeast) exchanges GDP with GTP in the nucleus (Bischoff and Ponstingl, 1991; Sloan et al., 

2016). The GTPase activating protein (GAP), termed Ran-GAP (Rna1 in yeast) stimulates the 

hydrolysis of GTP to GDP in the cytoplasm (Bischoff et al., 1994, 1995; Hopper et al., 1990; 

Sloan et al., 2016). This, and the active re-import of Ran-GDP through NTF2 (Ntf2 in yeast), 

maintains a high Ran level in the nucleus and the GTP/GDP gradient (Ribbeck et al., 1998; 

Sloan et al., 2016).  

For protein export, the exportin simultaneous binds the cargo and Ran-GTP in the nucleus. 

Interaction with FG-repeats of the inner hydrophobic layer allow the passage. CRM1 (Xpo1 in 

yeast) exports proteins with classical NES signals and is furthermore involved in the transport 

of the telomerase RNA TLC1 in yeast (Fornerod et al., 1997; Wu et al., 2014). Cargo release is 

mediated via Ran-GAP stimulated Ran-GTP hydrolysis at the cytoplasmic site and remodeling 

of the complex via RanBP1 (Yrb1 in yeast) (Bischoff and Görlich, 1997; Kehlenbach et al., 1999; 

Sloan et al., 2016). The exportin translocates back to the nucleus and the re-import of Ran-

GDP via NTF2 maintains the high Ran level in the nucleus (Görlich et al., 2003; Ribbeck et al., 

1998).  
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Figure 8: Karyopherin mediated nucleo-cytoplasmic transport and the Ran cycle. 
High nuclear Ran-GTP concentration is generated by nucleotide exchange via RCC1 (yeast Prp20). For 
nuclear protein export Ran-GTP binds to a NES-containing protein and CRM1 (yeast Xpo1). Cargo 
release is facilitated at the cytoplasmic site via Ran-GAP (yeast Rna1) stimulated GTP hydrolysis and 
remodeling of the complex via RanBP1 and presumably RanBP2. The exportin is recycled and Ran-GDP 
is re-imported via NTF2 (Ntf2 yeast). Due to active re-import, the concentration of Ran is increased in 
the nucleus. For nuclear import, importin β binds to NLS containing proteins mostly using of importin 
a as adaptor protein. Binding of Ran-GTP to the import complex facilitates disassembly in the nucleus 
and re-export of importin a occurs via CAS (yeast Cse1) (not shown). Adopted from Clarke and Zhang 
(2008).  

Most karyopherins do not need an adaptor protein but bind directly to their cargos, however 

protein import via importin β requires mostly the binding of importin a (Srp1 in yeast) as an 

adaptor (Conti et al., 1998; Görlich et al., 1996; Lott and Cingolani, 2011). After translocation 

and cargo release, Srp1 is recycled via Cse1 (CAS in human), which is associated with Gsp1-

GTP in an open conformation in the nucleus (Hood and Silver, 1998; Kutay et al., 1997; 

Solsbacher et al., 1998). After transport to the cytoplasm, the complex of Cse1, Gsp1-GTP and 

Srp1 is resolved through GAP-stimulated hydrolysis of Gsp1-GTP, resulting in a closed 

conformation of Cse1 and release of its cargo (Cook et al., 2005; Sloan et al., 2016). So far, 

Cse1 has been described as classical export receptor that cannot interact with importin a in 

its cytoplasmic form in which it has an closed conformation (Cook et al., 2005; Hood and Silver, 

1998; Solsbacher et al., 1998). However, Cse1 was recently shown to be involved in the re-

import of snRNAs via interaction with Smb1, revealing a novel function as bidirectional 

transport factor (Becker et al., 2019).  
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The importin β like karyopherin, Mtr10 (Transportin SR in human) is involved in re-import of 

the SR-like protein Npl3 in yeast and shuttling SR-proteins in humans (Lai et al., 2000, 2001; 

Pemberton et al., 1997; Senger et al., 1998). In addition, it is known to be required for the re-

import of TLC1 and retrograde import of tRNAs in yeast (Ferrezuelo et al., 2002; Okamura et 

al., 2015). 

 

2.7.3. Nucleo-cytoplasmic transport of TLC1 

 

Nuclear export of TLC1 is ensured by the Ran-dependent transport pathway, via the 

karyopherin Xpo1, and via the Mex67-Mtr2 mediated pathway (Gallardo et al., 2008; Wu et 

al., 2014). Xpo1 may contact either directly or indirectly the CBC for TLC1 export, as it is known 

for snRNAs (Becker et al., 2019). So far, no adaptor protein is known for Mex67 to bind TLC1. 

Npl3 may be a possible adaptor for Mex67 in TLC1 transport, as known for mRNAs (Köhler and 

Hurt, 2007; Zander et al., 2016). Additionally, Npl3 might participate in telomere maintenance, 

as it accelerates the senescence of tlc1∆ (Lee-Soety et al., 2012). However, there is no 

interaction known between Npl3 and TLC1. The karyopherin Mtr10 acts as re-import receptor 

of TLC1, but also Kap122 (Pdr6) was suggested earlier (Ferrezuelo et al., 2002; Gallardo et al., 

2008; Vasianovich et al., 2020). Defects in Mex67, Xpo1 and Mtr10 lead to severe telomere 

shortening defects, whereas defects in Pdr6 only slightly affect the telomere length 

(Ferrezuelo et al., 2002; Vasianovich et al., 2020; Wu et al., 2014). 
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2.8. Aim of the study 

 

Regulated maturation of TLC1 (hTR in human) and correct assembly of the telomerase 

holoenzyme is a prerequisite for telomere length homeostasis from yeast to human. The 

telomerase functions in telomere elongation via the conserved reverse transcriptase Est2 

(hTERT in human) using a template sequence of its scaffolding RNA (Schmidt and Cech, 2015; 

Vasianovich et al., 2019). The conserved function of the holoenzyme and the processing steps 

of telomerase RNA, provide key targets in the control of various hereditary diseases and 

carcinogenesis (Armanios and Blackburn, 2012; Blackburn, 1992; Collins and Mitchell, 2002; 

Egan and Collins, 2012; Nagpal and Agarwal, 2020; Schmidt and Cech, 2015; Vasianovich et 

al., 2019). Thus, understanding the order in which the steps occur is crucial. The current model 

was challenged though recent results in snRNA research. Here it was shown, that immature 

snRNA precursors are exported to the cytoplasm, where the loading of the Sm-ring occurs 

(Becker et al., 2019). Additionally, the re-import is dependent on the Sm-ring which is 

contacted by Cse1 (Becker et al., 2019). Maturation of snRNAs is finalized by TMG-capping, 

which could also be true for TLC1 (Becker et al., 2019). In this work, we will investigate the 

individual steps of telomerase maturation. We chose the model organism S. cerevisiae for this 

purpose, because the telomerase is present in all cells. 
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3. Material and Methods  

 

All solutions and media used in this study were prepared in the laboratory and were sterilized 

either by autoclaving at 121 °C for 20 min or by sterile filtration. Plastic material and glassware 

were autoclaved or sterilized at 180 °C for 6 h. 

 

3.1. Chemicals and Consumables 

 

Table 1: List of consumable materials 

Materials Manufacturer/Source  
2-Mercapoethanol Carl Roth (Karlsruhe/Germany)  
Agarose NEEO Ultra  Carl Roth (Karlsruhe/Germany)  
Amersham Hybond N+ Nylon Membrane  GE Healthcare (Freiburg/Germany)  
Amersham Protran 0.45 μm nitrocellulose 
membrane  

GE Healthcare (Freiburg/Germany)  

Blocking Reagent  Roche (Mannheim/Germany)  
cOmplete™, EDTA-free Protease Inhibitor  Roche (Mannheim/Germany) 
CSPD  Roche (Mannheim/Germany)  
Deionized Formamide  Applichem (München/Germany)  
Difco Skim Milk Applichem (München/Germany)  
dNTPs  Thermo Fisher Scientific (Schwerte/Germany)  
Dithiothreitol (DTT) Nippon Genetics (Düren/Germany) 
5-Fluoroortic acid (FOA) Apollo Scientific (Derbyshire/UK)  
Formaldehyde 37 %  AppliChem (München/Germany)  
GFP-Trap® Beads ChromoTek GmbH (Planegg-

Martinsried/Germany) 
GFP-Selector-beads  NanoTag Biotechnologies (Göttingen/Germany) 
Gibson Assembly® Master Mix  New England Biolabs (Frankfurt/Germany) 
Glass Beads Type S 0.4-0,6 mm Carl Roth (Karlsruhe/Germany) 
GlycoBlue™ Coprecipitant Thermo Fisher Scientific (Schwerte/Germany)  
HDGreen™ Plus DNA Stain Intas Science Imaging (Göttingen/Germany) 
Microscope slides, 12 well, 5.2 mm, PTFE-
coating  

Thermo Fisher Scientific (Schwerte/Germany)  

MF-Millipore™ Membrane Filter, 0.025 μm pore 
size  

Merck Millipore (Darmstadt/Germany) 

MYC-Trap®-A Beads ChromoTek GmbH (Planegg-
Martinsried/Germany) 

Oligonucleotides Sigma-Aldrich (München/Germany) 
Phenol/chloroform/isoamyl alcohol (25:24:1)   Carl Roth (Karlsruhe/Germany)  
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Table 1: List of consumable materials (continued) 

Materials Manufacturer/Source  
Poly-L-lysine solution  Sigma-Aldrich (München/Germany) 
qPCRBIO SyGreen Mix Lo-ROX Nippon Genetics (Düren/Germany) 
Rotiphorese Gel 30 (37.5:1) Acrylamide Carl Roth (Karlsruhe/Germany)  
RiboLock RNase Inhibitor Thermo Fisher Scientific (Schwerte/Germany)  
TRIzol™ Reagent Thermo Fisher Scientific (Schwerte/Germany)  
tRNA Sigma-Aldrich (München/Germany) 
Salmon Sperm-Carrier DNA (ssDNA) Applichem (München/Germany)  
WesternBright™ Quantum™ Western Blotting 
HRP Substrate 

Advansta (San Jose,CA/USA) 

Whatman® Blotting Paper Hahnemühle (Dassel/Germany) 
 

Table 2: Kits used in this study 

Kit Supplier / Source 
DIG RNA labeling mix, 10x  Roche (Mannheim/Germany)  
FastGene® Scriptase II cDNA Kit  Nippon Genetics (Düren/Germany) 
MasterPure Yeast DNA Purification Kit  Lucigen/Biozym (Hessisch Oldendorf/Germany) 
Maxima First Strand cDNA Synthesis Kit  Thermo Fisher Scientific (Schwerte/Germany)  
NucleoSpin® Gel and PCR Clean-up  Macherey-Nagel (Düren/Germany)  
NucleoSpin® Plasmid  Macherey-Nagel (Düren/Germany)  
NucleoSpin® RNA  Macherey-Nagel (Düren/Germany)  
TURBO DNA-free™ DNase Kit  Thermo Fisher Scientific (Schwerte/Germany)  

 

Table 3: Enzymes used in this study 

Enzyme Supplier / Source 
Conventional Restriction Enzymes  New England Biolabs (Frankfurt/Germany) and 

Thermo Fisher Scientific (Schwerte/Germany)  
DreamTaq DNA-Polymerase  Thermo Fisher Scientific (Schwerte/Germany)  
Phusion® High-Fidelity DNA polymerase  New England Biolabs (Frankfurt/Germany) 
Q5® High-Fidelity DNA polymerase  New England Biolabs (Frankfurt/Germany) 
RNase A  Qiagen (Hilden/Germany) 
RNase-Free DNase  Qiagen (Hilden/Germany) 
Taq Ligase New England Biolabs (Frankfurt/Germany) 
T5 Exonuclease New England Biolabs (Frankfurt/Germany) 
Zymolyase 20T  Zymo Research (Freiburg/Germany) 
XhoI Nippon Genetics (Düren/Germany) 
DpnI Nippon Genetics (Düren/Germany) 
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Table 4: Antibodies used in this study 

Antibody Dilution Supplier/Source 
Anti-Aco1 (rabbit)  1:2,000 Prof. Dr. U. Mühlenhoff (Marburg/Germany)  
Anti-Hdf1 (Yku70) (mouse)  1:4,000 Santa Cruz (Heidelberg/Germany)  
Anti-GFP (mouse)  1:5,000 (WB) 

1:1,000 (IF) 
Thermo Fisher Scientific (Schwerte/Germany)  

Anti-GFP (rabbit) 1:4,000 ChromoTek GmbH (Planegg-
Martinsried/Germany) 

Anti-Grx4 (rabbit) 1:5,000 Prof. Dr. U. Mühlenhoff (Marburg/Germany)  
Anti-Hem15 (rabbit) 1:5,000 Prof. Dr. U. Mühlenhoff (Marburg/Germany)  
Anti-Myc (9E10) (mouse)  1:1,000 Santa Cruz (Heidelberg/Germany)  
Anti-Myc (A-14) (rabbit)  1:1,000 Santa Cruz (Heidelberg/Germany)  
Anti-Nop1 (mouse)  1:4,000 Santa Cruz (Heidelberg/Germany)  
Anti-Npl3 (rabbit)  1:5,000 Prof. Dr. H. Krebber (Göttingen/Germany) 
Anti-Zwf1 (rabbit)  1:4,000 Prof. Dr. U. Mühlenhoff (Marburg/Germany)  
Anti-rabbit IgG-HRP (goat)  1:10,000 Dianova (Hamburg/Germany)  
Anti-mouse IgG-HRP (goat)  1:10,000 Dianova (Hamburg/Germany)  
Anti-Digoxigenin-AP (sheep) 1:10,000 Roche (Mannheim/Germany)  
Anti-mouse IgG-FITC (sheep) 1:100 (IF) Sigma-Aldrich (München/Germany) 
Anti-2,2,7-Trimethylguanosine 
mouse mAB (NA02A) Agarose 
Conjugate 

10 µl per RIP Merck Millipore (Darmstadt/Germany) 

 
 
Table 5: Marker and standards used in this study 

Marker / Standard Supplier / Source 
GeneRuler 50 bp DNA Ladder Thermo Fisher Scientific (Schwerte/Germany)  
GeneRuler 1 kb DNA Ladder  Thermo Fisher Scientific (Schwerte/Germany)  
Lambda DNA/EcoRI plus HindIII Marker  Thermo Fisher Scientific (Schwerte/Germany)  
PageRuler™ Prestained Protein Ladder Thermo Fisher Scientific (Schwerte/Germany)  
PageRuler™ Unstained Protein Ladder Thermo Fisher Scientific (Schwerte/Germany)  
Cozy™ Prestained Protein Ladder  highQu (Kraichtal/Germany) 
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3.2. Equipment, Hardware and Software 

 

Table 6: Equipment and hardware used in this study 

Machine Supplier / Source 
AF6000 microscope with Leica DFC360 FX 
camera  

Leica (Wetzlar/Germany) 

Bio-Link 254 UV-crosslinking chamber  Vilber Lourmat (Eberhardzell/Germany)  
CFX Connect 96FX2 qPCR cycler  Bio-Rad (München/Germany) 
Eclipse E400 tetrad microscope  Nikon (Düsseldorf/Germany) 
Electro Blotter PerfectBlue Semi-Dry, Sedec M  Peqlab (Erlangen/Germany) 
FastPrep-24® Cell homogenizer  MP Biomedicals (Illkirch/France) 
Fusion-SL-3500.WL  Vilber Lourmat (Eberhardzell/Germany) 
Fusion FX Vilber Lourmat (Eberhardzell/Germany) 
Gene Pulser Xcell™ Electroporation System  Bio-Rad (München/Germany) 
Heraeus™ Pico™ 21  Thermo Fisher Scientific (Schwerte/Germany)  
Heraeus™ Fresco™ 21  Thermo Fisher Scientific (Schwerte/Germany)  
Heraeus™ Multifuge™ X3 with TX-750 or F15-
8x50cy rotor  

Thermo Fisher Scientific (Schwerte/Germany)  

Improved Neubauer counting chamber  Carl Roth (Karlsruhe/Germany)  
Innova42R Incubator Shaker Eppendorf (Hamburg/Germany) 
INTAS UV gel detection system  INTAS (Göttingen/Germany) 
Intelli Scan1600 Quato Technology (Braunschweig/Germany) 
Milli-Q® Water purification system  Millipore (Eschborn/Germany)  
Nano Drop 2000 spectrophotometer  Peqlab (Erlangen/Germany) 
Primo Star light microscope  Zeiss (Jena/Germany) 
T100™ Thermal Cycler  BioRad (Feldkirchen/Germany) 

 

Table 7: Software used in this study 

Software Supplier / Source 
Ape Plasmid Editor M. Wayne Davis (University of Utah/USA)  
CFX manager 3.1  BioRad (Feldkirchen/Germany) 
Fusion Capt Software  Vilber Lourmat (Eberhardzell/Germany) 
Illustrator CS6  Adobe Systems (San Jose/USA)  
Leica AF 2.7.3.9723  Leica (Wetzlar/Germany)  
Office® 2011/2019  Microsoft Corporation (Redmond/USA)  
Photoshop CS6  Adobe Systems (San Jose/USA) 
GraphPad Prism 5 GraphPad Software (San Diego/USA)  
SilverFast Quato XFU LaserSoft Imaging (Kiel/Germany) 
Snapgene GSL Biotech LLC (Chicago/USA)  
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3.3. Strains 

3.3.1. Escherichia coli 

 

Table 8: Escherichia coli strain used in this study 

Strain Genotype Application 
DH5aTM F– Φ80lacZΔM15 Δ(lacZYA-argF)U169 

recA1 endA1 hsdR17(rK–mK
+) phoA supE44 

λ– thi-1 gyrA96 relA1  

Plasmid amplification 

 
3.3.2. Saccharomyces cerevisiae 

 

Table 9: Saccharomyces cerevisiae strains used in this study 

Number Genotype Source Parental 
strains 

HKY36 MATα ura3-52 leu2∆1 his3∆200 (Winston et al., 
1995) 

 

HKY37 MATα ura3-52 leu2∆1 his3∆200 srp1-31 (Loeb et al., 1995)  
HKY46 MATa ura3-52 lys2-301 ade2 mtr10-1 (Liu et al., 1999)  
HKY82 MATα ura3 leu2 trp1 his3 ade2 Mtr10∆ 

pURA-Mtr10 (pRS316) 
(Senger et al., 
1998) 

 

HKY208 MATα ura3-52 ade2-101 his3-11,15, trp1-
∆901 cse1-1 

(Taura et al., 
1998) 

 

HKY316 MATa ura3-52 leu2∆1 trp1∆63 MTR10-
9xMyc-TRP1 

Prof. Dr. H. 
Krebber 

 

HKY331 MATα ura3 his3 leu2 met15 nrd1::KAN 
pJC719 nrd1-101 (LEU2) 

(Conrad et al., 
2000) 

 

HKY332 MATα ura3 his3 leu2 met15 nrd1::KAN 
pJC720 nrd1-103 (LEU2) 

(Conrad et al., 
2000) 

 

HKY380 MATa his3∆1 leu2∆0 met12∆0 ura3∆0 
npl3::KanMX4 

Euroscarf  

HKY644 MATα ade2, his3, leu2, trp1, ura3 
mex67::HIS3 
pUN100-mex67-5 (LEU2, CEN) 

(Segref et al., 
1997) 

 

HKY1028 MATα his3∆1; leu2∆0; lys2∆0; ura3∆0 
rrp6::kanMX4 

Euroscarf  

HKY1073 MATα his3∆1; leu2∆0; met15∆0; ura3∆0;  
yKu70::kanMX4 

Euroscarf  

HKY1079 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
RAP1-GFP:HIS3MX6 

(Huh et al., 2003)  

HKY1093 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
CDC13-GFP:HIS3MX6 

(Huh et al., 2003)  

HKY1193 Tgs1::KanMX4/Tgs1::KanMX4 
his3Δ1 / his3Δ1; leu2Δ0 / leu2Δ0; ura3Δ0 / 
ura3Δ0; lys2Δ0 / LYS2; MET15 / met15Δ0 

Euroscarf  
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Table 9: Saccharomyces cerevisiae strains used in this study (continued) 

Number Genotype Source Parental 
strains 

HKY1277 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
MTR10-GFP:HIS3MX6 

(Huh et al., 2003)   

HKY1293 MATa ura3-52 lys2-801 trp-Δ1 his3-Δ200 
leu2-Δ1 tlc1-Δ::HIS 
pURA-TLC1 

(Lubin et al., 
2012) 

 

HKY1353 MATa ura3-52 mex67::HIS3 xpo1::TRP1 
pUN100-mex67-5 (LEU2, CEN) xpo1-
1::HIS3 

(Brune et al., 
2005) 

 

HKY1596 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
CSE1-GFP:HIS3MX6 

(Huh et al., 2003)  

HKY1642 MATa ura3-52 lys2-801 ade2-∆ trp1-∆63 
his3-∆200 leu2-∆1 Smb1::KAN 
pGal-TRP1-SMB1 

(Bordonné, 2000)  

HKY1689 MATα rrp6::kanMX4 mex67::HIS3 
pUN100-mex67-5 (LEU2, CEN) 

(Zander et 
al.2016) 

 

HKY1776 MATa lys ura leu his mtr10:kanMX4 
 

Prof. Dr. H. 
Krebber 

 

HKY1799 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
CBP20-GFP:HISMX6 

Euroscarf  

HKY1815 MATa ura leu POP1-GFP:HisMX6 Euroscarf  
HKY2087 MATα his ura KAN cse1-1 mtr10:kanMX4 This study HKY208 x 

HKY1776 
HKY2093 MATa ura cse1-1 POP1-GFP:HisMX6 This study HKY208 x 

HKY1815 
HKY2101 MATa leu2∆1 ura3-52 MTR10-9xMyc-TRP1 

POP1-GFP:HisMX6 
This study HKY316 x 

HKY1815 
HKY2153 MATα ura POP1-GFP:HisMX6 mex67::HIS3  

pUN100-mex67-5 (LEU2, CEN) 
This study HKY644 x 

HKY1815 
HKY2220 MATα TLC1 poly(A)*::ura3-52 leu2Δ1 

his3Δ200 
Prof. Dr. H. 
Krebber 

HKY2204 after 
URA excision 
via Cre/LoxP 

HKY2221 MATα TLC1 NNS*::ura3-52 leu2Δ1 
his3Δ200 

Prof. Dr. H. 
Krebber 

HKY2203 after 
URA excision 
via Cre/LoxP 

HKY2224 MATα TLC1 poly(A) *::ura3-52 ade 
his3Δ200  trp cse1-1  

Prof. Dr. H. 
Krebber 

HKY208 x 
HKY2210 

HKY2225 MATα TLC1 NNS*::ura3-52 ade trp 
his3Δ200 cse1-1 

Prof. Dr. H. 
Krebber 

HKY208 x 
HKY2211 

HKY 2245 MATα TLC1 poly(A)* NNS*::ura3-52 leu2Δ1 
his3Δ200 

Prof. Dr. H. 
Krebber 

HKY2232 after 
URA excision 
via Cre/LoxP 

HKY2246 MATα TLC1 poly(A)* NNS*::ura3-52 leu2Δ1 
his3Δ200 cse1-1  

Prof. Dr. H. 
Krebber 

HKY2233 after 
URA excision 
via Cre/LoxP 

HKY2259 MATa ura3-52 ade2-101, trp1-∆901 cse1-1 
RAP1-GFP:HIS3MX6 

This study 
 

HKY208 x 
HKY1079 
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Table 9: Saccharomyces cerevisiae strains used in this study (continued) 

Number Genotype Source Parental 
strains 

HKY2261 MATa leu2∆0 met15∆0 ura3∆0 ade2-101  
cse1-1 CDC13-GFP:HISMX6 

This study 
 

HKY208 x 
HKY1093 

HKY2289 MATa ura3∆ leu2∆ his3∆1 met15∆  
sen1-1::KanMX  

(Li et al., 2011)  

HKY2290 MATa ura3∆ leu2∆ his3∆1 met15∆  
rna15-58::KanMX  

(Li et al., 2011)  

 

3.4. Plasmids 

 

Table 10: Plasmids used in this study 

Number Genotype Source Origin and construction 
pHK87 CEN LEU2 AMPR (Sikorski and Hieter, 1989)  
pHK88 CEN URA3 (pRS316), AMPR (Sikorski and Hieter, 1989)  
pHK206 CEN URA CSE1 Prof. Dr. H. Krebber  
pHK640 HIS3 GAL1-cre Euroscarf  
pHK765 CEN URA GFP-Npl3 (Hackmann et al., 2011)  
pHK1469 CEN URA SMB1-GFP (Becker et al., 2019)  
pHK1483 CEN URA GFP-POP1 (Gill et al., 2006)  
pHK1589 URA3 EST1-(Gly)6-(myc)12 (Tucey and Lundblad, 2014)  
pHK1606 CEN URA pAdh-EST1-GFP Prof. Dr. H. Krebber  
pHK1696 CEN URA TLC1 NNS*  

T->C (1175); G->C (1196)  
 

This study Mutagenic PCR on 
pHK1700 

pHK1697 CEN URA TLC1 poly(A)* 
AT->GC (1222/23); AT->CC 
(1232/33); A->G (1244)) 

This study Mutagenic PCR on 
pHK1700 

pHK1700 CEN URA TLC1 (Lubin et al., 2012) Isolated from HKY1293 
pHK1725 pUC19 Cloning Vector Prof. Dr. H. Krebber  
pHK1742 CEN URA TLC1 poly(A)* 

AT->GC (1222/23); AT->CC 
(1232/33); A->G (1244)  

Prof. Dr. H. Krebber GA of pHK1725 with 
TLC1 poly(A)* amplified 
of pHK1697 using 
HK4167 + HK4168 

pHK1743 CEN URA TLC1 NNS* 
T->C (1175); G->C (1196) 

Prof. Dr. H. Krebber GA of pHK1725 with 
TLC1 NNS* amplified of 
pHK1696 using HK4167 
+ HK4168  

pHK1753 CEN URA TLC1 poly(A)* 
NNS*  

Prof. Dr. H. Krebber Mutagenic PCR on 
pHK1742 using HK3669 
+ HK3670  
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3.5. Oligonucleotides 

 

Oligonucleotides were purchased from Sigma-Aldrich. They were shipped dried and then 

immersed in DEPC treated water to a concentration of 100 µM stock solution and stored at 

- 20 °C. Fluorescently labeled oligonucleotides were aliquoted after solubilization and stored 

at - 20 °C. The currently used fluorescently labeled oligonucleotide was stored at 4 °C in the 

dark.  

 

Table 11: Oligonucleotides used in this study 

Number Sequence Name 
HK281 5´-AGCGCTTTGTTTTTATC-3´ Control Mtr10 reverse 
HK421 5´-CGAGGCCGCGATTAAATTCC-3´ kanMX4 control 

forward  
HK836 5´-CCAAGCCTCTTGTTTTTCGC-3´ Control Mtr10 forward 
HK1384 5´-GCGGAAGGAACCGTGTGTTC-3´ TLC1 immature fw 
HK1385 5´-GAAGCCTACCATCACCACACC-3´ Internal TLC1 fw 
HK1386 5´-ACAGCGCTTAGCACCGTCTG-3´ Internal TLC1 rev 
HK1539 5´-DIG-CCACCACACACACCCACACCC-3´ 5' DIG labeled – 

Telomeric repeat probe 
HK1598 5´-GGCCCCAGGTAAGAAAGTCG-3´ RPL8a fw 
HK1599 5´-GAAGGTTTCGGCAGCGGTG-3´ RPL8a rev 
HK1738 5´-TGCAAACTCCTTGGTCACAC-3´ U1 snRNA (snR19) fw 
HK1739 5´-CCAGGCAGAAGAAACAAAGG-3´ U1 snRNA (snR19) rev 
HK1761 5´-CY3-

GCGCACACACAAGCATCTACACTGACACCAGCATACT
CGAAATTCTTTGG-CY3-3´ 

TLC1 probe 1 

HK1789 5´-CY3-
CGATAAGATAGACATAAAGTGACAGCGCTTAGCACCG
TCTGTTTGC-CY3-3´ 

TLC1 probe 2 

HK1790 5´-CY3-
CCTACTCGTATTTTTCTCTGTCACATCGTTCGATGTACG
GGGCACATTTGG-CY3-3´ 

TLC1 probe 3 

HK2154 5'-CCAGAACAATCCGTACACAAGG-3´ Hem15 fw 
HK2155 5´-GCAATTGTCTTCTGATACTTAGCAC-3´ Hem15 rev 
HK2859 5´-CAGCTTTACAGATCAATGGC-3´ U5 snRNA (snR7-L) fw 
HK2860 5´-TATGGCAAGCCCACAGTAA-3´ U5 snRNA (snR7-L) rev 
HK3089 5´-AGTTACGCTAGGGATAACAGGG-3´ 21S rRNA fw 
HK3090 5´-TGACGAACAGTCAAACCCTTC-3´ 21S rRNA rev 
HK3513 5´-ACGCGCGATTTCTACAATAC-3´ TLC1 immature rev 
HK3515 5´-TAAATATTAAGAGGCATACCTCC-3´ Long TLC1 rev qPCR  
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Table 12: Oligonucleotides used for cloning and mutation via Mutagenic PCR  

Number Sequence Name 
HK3667 5´-

ACTTGTGCATCGCTTTCCAAGCGCTTTTGATTGATTGTTCATGA
CGAGGA-3´ 

TLC1 Mutagenic 
PCR poly(A)* fw 

HK3668 5´-
GAACAATCAATCAAAAGCGCTTGGAAAGCGATGCACAAGTAC
AGTACGCGCGAT-3´ 

TLC1 Mutagenic 
PCR poly(A)* rev 

HK3669 5´-
CATTTTTTTTCCTGATGTATATTTTTTGTATTCTAGAAATCGCGC
GTACTG-3´ 

TLC1 Mutagenic 
PCR NNS* fw 

HK3670 5´-
CGATTTCTAGAATACAAAAAATATACATCAGGAAAAAAAATGT
TTCCAAAAATT-3´ 

TLC1 Mutagenic 
PCR NNS* rev 

HK4167 5´-
CAATTTCACACAGGAAACAGCTATGACCATGATTACGCCACTA
GAGAGGAAGATAGGTACCCTATG-3´ 

Cloning TLC1 into 
pHK1725 fw  

HK4168 5´-
ctcagATAACTTCGTATAGCATACATTATACGAAGTTATGTAAAT
ATTAAGAGGCATACCTCCGCC-3´ 

Cloning into 
pHK1725 TLC1 rev 
 

HK4169  5´-CTAGAGAGGAAGATAGGTACCCTATG-3´ Cassette for HR 
TLC1 fw  

HK4170 5´-
TATATTCTAAAAAGAAGAAGCCATTTGGTGGGCTTTATTAGTA
AAACGACGGCCAGTGAATTC-3´ 

Cassette for HR 
TLC1 rev 
 

 
 

3.6. Cell biological methods 

3.6.1. Cell cultivation 

 

All media were autoclaved prior to usage and heat sensitive substances such as antibiotics 

were added subsequently to the media. For preparation of plates, 1.5 % agar was added to 

the appropriate medium for Escherichia coli (E. coli) and 1.8 % for Saccharomyces cerevisiae 

(S. cerevisiae). The use of synthetic selective media for S. cerevisiae required separate 

autoclaving of the solutions (Table 13) and subsequent combination of these. 
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3.6.1.1. Cultivation of E. coli 

 

E. coli cells were cultivated in LB medium with the addition of the appropriate antibiotics as 

referred to Sambrook, Fritsch, and Maniatis (1989). Single colonies were picked and used as 

inoculum for the liquid cultures, that were grown at 37 °C over night.  

LB medium   

Tryptone  1.0 % (w/v)  

Yeast extract  0.5 % (w/v)  

NaCl  0.5 % (w/v) 

Ampicillin* (if added)  100 μg/ml  

Agar-Agar (for plates only)  1.5 % (w/v)  

*Ampicillin was added after autoclaving and cooling the medium to ~ 60 °C 

 

3.6.1.2. Cultivation of S. cerevisiae 
 

All yeast strains were grown in full (YPD) or synthetic selective liquid medium according to 

standard protocols of Sherman (2002) (Table 13). Full medium was used for culturing strains, 

for which no selection for a specific marker gene was necessary. Strains which harbor a 

plasmid-encoded selection marker which complement an auxotrophy of the strain were 

grown and cultured in the respective synthetic selective medium. All strains were incubated 

at 25 °C unless indicated otherwise. For storage, the strains were plated on YPD or synthetic 

selective media plates and stored at 4 °C. Cells were suspended in 50 % glycerol for long term 

storage at - 80 °C. Depending on the experiment, 10 ml or 50 ml pre-cultures were inoculated 

with the necessary strain taken form the plate stock, and incubated over night under agitation. 

The cell density was determined by counting with a hemocytometer and diluted to 

0.5 - 1x 107 cells/ml in the main-culture (see section 3.6.4). For all experiments 400 ml main-

cultures were used unless otherwise stated. The cells were grown to mid log-phase 

(1 - 2x 107 cells/ml) and either shifted to the restrictive temperature if temperature sensitive 

mutants were used, or they were directly harvested via centrifugation at 4,000 x g for 5 min. 

The cell pellet was resuspended in 5 ml H2O, transferred into a 15 ml falcon and centrifugated 

again. The supernatant was discarded and the pellet was frozen in liquid nitrogen and stored 

at - 20 °C.  
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Table 13: Yeast cultivation and mating media

YPD   
Yeast extract  1 % (w/v)  
Peptone  2 % (w/v)  
Glucose  2 % (w/v)  
Agar-Agar  1.8 % (w/v)  
  
Selective Media   
Nitrogen base  1.7 g/l  
Ammonium sulphate  40 mM  
Glucose*  2 % (w/v)  
Agar-Agar*  1.8 % (w/v)  
L-Alanine  80 mg/l  
L-Arginine  80 mg/l  
L-Asparagine  80 mg/l  
L-Aspartic acid  80 mg/l  
L-Cysteine  80 mg/l  
L-Glutamine  80 mg/l  
L-Glutamic acid  80 mg/l  
L-Glycine  80 mg/l  
Inositol  80 mg/l  
L-Isoleucine  80 mg/l  
L-Methionine  80 mg/l  
Para-aminobenzoic acid  8 mg/l  
L-Phenylalanine  80 mg/l  
L-Proline  80 mg/l  
L-Serine  80 mg/l  
L-Threonine  80 mg/l  
L-Tyrosine  80 mg/l  
L-Valine  80 mg/l  
optional metabolites according to 
selectivity  
L-Adenine  20 mg/l  
L-Histidine  80 mg/l  
L-Leucine  400 mg/l  
L-Lysine  80 mg/l  
L-Tryptophan  80 mg/l  
Uracil  80 mg/l  

Sporulation medium   
Yeast extract  0.25 % (w/v)  
Potassium acetate  150 mM  
Glucose**  0.05 % (w/v)  
Uracil**  40 mg/l  
Adenine**  40 mg/l  
Tyrosine**  40 mg/l  
Histidine**  20 mg/l  
Leucine**  20 mg/l  
Lysine**  20 mg/l  
Tryptophan**  20 mg/l  
Methionine**  20 mg/l  
Arginine**  20 mg/l  
Phenylalanine**  100 mg/l  
Threonine**  350 mg/l  
  
B-plates   
Nitrogen Base  0.17 % (w/v)  
Ammonium sulphate  3 mM  
Agar-Agar*  3 % (w/v)  
Glucose*  2 %  
  
FOA plates  
Drop out mix (-URA) 0.2 % 
Uracil 0.005 % 
Nitrogen Base 0.17 % 
Ammonium sulphate 0.51 % 
5-fluoroorotic acid 0.1 % 
Agar-Agar 1.8 % 
  
(Sherman, 2002; Sprague, 1991); modified  
*components were autoclaved separately  
**components were sterile filtered 
(0.2 µm)  
 
 

 

 
5-Fluoorotic acid (FOA) plates were used to select for the loss of an URA3 gene-containing 

plasmid (Table 13). Here, the drop out mix contains every amino acid and nucleobase except 

uracil. Cells that still contain a URA3 gene will die, because 5-Fluoorotic acid is decarboxylated 

by the URA3 encoded Orotidine 5´-phosphate decarboxylase, and results in production of the 

toxic metabolite 5-fluorouracil. 
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3.6.2. Transformation of E. coli 

 

For multiplication of an existing plasmid, E. coli were transformed by heat shock 

transformation according to Inoue, Nojima, and Okayama (1990). In case a new plasmid was 

generated by via site directed mutagenesis or Gibson assembly (GA), the protocol according 

to Dower, Miller, and Ragsdale (1988) was used for the E. coli transformation, which 

introduces the plasmid DNA by electroporation. 

 

3.6.2.1. Transformation of E. coli via heat shock 
 

Chemically ultra-competent E. coli cells, produced by the protocol provided by Inoue, Nojima, 

and Okayama (1990), were transformed with plasmid DNA, via heat shock transformation. An 

aliquot of 100 µl of chemically competent E. coli was thawed on ice and mixed with 

200 - 300 ng plasmid DNA. The cell suspension was incubated for 30 min on ice and afterwards 

heat shock was carried out at 42 °C for 2 min. Subsequently 1 ml LB medium was added and 

cells were incubated for 45 - 60 min at 37 °C under agitation. The cells were collected by 

centrifugation at 4,000 x g for 1 min and resuspended in 1 ml H2O. Again, the cells were 

collected by centrifugation and the supernatant was discarded. The pellet was dissolved in 

100 µl H2O and plated on LB plates containing the respective antibiotics. The plate was 

incubated over night at 37 °C. 

 

3.6.2.2. Transformation of E. coli via electroporation 
 

Electrocompetent cells were produced according to Dower, Miller, and Ragsdale (1988). 

Transformation via electroporation has a higher transformation efficiency for low yield 

plasmids. Using this method, the plasmid or GA mix has to be dialyzed, to make sure that no 

free ions would elicit a bypass during the electroporation. The plasmid DNA or the GA mix was 

dialyzed on a nitrocellulose membrane placed in a tray with deionized water for at least 

30 min. Afterwards the mix was collected and mixed with 50 µl electrocompetent E. coli cells. 

The cell suspension was pipetted into a pre-cooled electroporation cuvette (1 mm gap). Using 

the Bio-Rad Laboratories electroporator, a pulse of 155 V, 50 µF, 150 W was generated for 

penetrating the cell wall allowing uptake of plasmid DNA. After electroporation cells were 
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directly taken up in 1ml LB media and transferred into a new reaction tube. Cell recovery and 

subsequent plating was carried out as described in section 3.6.2.1. 

 
3.6.3. Passaging of yeast cells 

 

The passaging of cells was used for subsequent Southern blot experiments to analyze the 

length and structure of telomeres in yeast cells. Two variations of cell passaging were carried 

out. Either, the cells were passaged in liquid culture or on solid agar plates. Telomere 

shortening occurs gradually from generation to generation. Therefore, a freshly generated 

deletion strain should be used. However, in this study strains were directly taken from a - 80 °C 

stock which already replicated multiple times and, therefore, already might exhibit telomere 

shortening at this point. For each replication of the experiment the desired strains were 

freshly re-streaked from the - 80 °C freezer stocks onto YPD plates. For liquid culture 

passaging, a singe colony was used as inoculum for a 50 ml YPD liquid cultures and incubated 

for 3 days under agitation. The cell density was determined using the hemocytometer and 

adjusted to 1x 105 cells/ml in 20 ml cultures. A volume of 14 ml of the pre-culture was 

harvested via centrifugation for 5 min at 4,000 x g. The supernatant was discarded and the 

pellet was resuspended in 1 ml H2O and transferred into a screw top tube. The cells were 

centrifuged again for 5 min at 4,000 x g, the supernatant was discarded and the tubes were 

frozen in liquid nitrogen and stored at - 20°C. The first harvesting time point is referred to 

point “0”. Afterwards the liquid culture was again grown for 3 days at 20 °C as semi-permissive 

temperatures for the cse1-1 strain. The cultures were harvested after the cell density of 

1x 108 cells/ml was reached, which correspond to 10 generation doublings. This procedure 

was repeated until 80 to 125 generations were reached.  

Passaging on solid plates was achieved in such a way that after 3 days of incubation at 25 °C, 

a single colony was streaked onto a new plate and incubated for 2 - 3 days. One repassing 

corresponds to ~ 25 generations (Lundblad and Blackburn, 1993). After each passage, a single 

colony was picked and used as inoculum for a liquid culture. The cells were grown to mid-log 

phase and harvested by centrifugation. The pellet was frozen in liquid nitrogen and stored at 

- 20 °C. 
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3.6.4. Measurement of yeast cell density in liquid culture 

 

The cell density of yeast cells grown in liquid culture was determined using a hemocytometer. 

A sample of the culture was diluted depending on the optical cell density and counted on a 

light microscope. The cell density was calculated using the formula:  

 

1𝑥10!	𝑥	𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟	𝑥	𝑐𝑜𝑢𝑛𝑡𝑒𝑑	𝑐𝑒𝑙𝑙𝑠 = 𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 

 

3.6.5. Transformation of S. cerevisiae  

 

The transformation of yeast cells was achieved by lithium acetate treatment and heat shock 

following the protocol of Gietz et al. (1992). A pre-culture of cells was grown over night. On 

the following day the cells were diluted and harvested upon a cell density of 1- 2x 107 cells/ml 

by centrifugation at 4,000 x g for 5 min. The pellet was washed once with H2O and once with 

TE lithium acetate buffer (10 mM Tris/Cl, 1 mM EDTA, 100 mM lithium acetate, pH 7.5) and 

was collected via centrifugation at 4,000 x g for 5 min. The pellet was resuspended in 100 µl 

TE lithium acetate buffer and subsequently, 50 µl of this suspension (~ 0.5x 108 cells) were 

used for each transformation. The cell suspension was combined with 1 µg plasmid DNA, 50 µg 

salmon sperm carrier DNA (AppliChem GmbH), which was boiled for 5 min at 95 °C and 

subsequent cooled on ice for 5 min, and 300 µl PEG-TE lithium acetate buffer (10 mM Tris, pH 

7.5, 1 mM EDTA, 100 mM lithium acetate, 40 % (v/v) poly ethylene glycol 4000). The cell 

suspension was incubated for 30 min at 25 °C under agitation. Afterwards the heat-shock was 

carried out for 15 min at 42 °C. The cells were collected by centrifugation at 4,000 x g for 5 min 

and the pellet was washed once with H2O. After centrifugation and discarding the 

supernatant, the pellet was resuspended in 100 µl H2O and plated onto the required selective 

media plate. 
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3.6.6. Crossing of S. cerevisiae strains 

 

New yeast strains were generated in such a way that two haploid strains of the opposite 

mating types (MATa or MATα) were mated according to standard protocols of Sherman (2002) 

and Sprague (1991). The resulting diploid strain can sporulate under nutrient depletion and 

will generate four haploid spores in an ascus after meiosis. The desired strains were streaked 

out and mixed on a YPD plate and incubated for 2 - 3 days. Diploid selection was achieved by 

replica plating onto the respective selective media plates according to the selection markers 

of the parental strains. After 2 - 3 days of growth on the selection plate only the mixed area 

containing diploid strains should be able to grow, which is only possible if different selection 

markers are present in the parental strains. The resulting diploid strain was forced to sporulate 

under nutrient depletion through cultivation in 5 ml Super Spo medium (Table 13). The cells 

were incubated for 5 - 8 days on a rotator. If the asci formation could be detected 100 µl of 

the cell suspension was harvested by centrifugation at 4,000 x g for 1 min and washed once 

with 1 ml H2O and resuspended in 50 µl P-solution (0.1 M phosphate buffer - pH 6.5, 1.2 M 

sorbitol). For digestion of the ascus wall, the cells were treated with 1 µg/µl Zymolyase (Zymo 

Research) for 5 - 10 min at room temperature. After centrifugation at 4,000 x g for 1 min the 

cells were washed once with 1 ml P-solution and finally resuspended in 200 µl P-solution. A 

volume of 1 - 5 µl of this cell suspension was mixed with 150 µl H2O and pipetted onto a YPD 

plate. The spores were separated using a tetrade microscope. Each spore of an ascus was 

separated and after 3 days of incubation the single strains were re-streaked on YPD plates. 

The resulting strains were transferred in a 96-well plate with 200 µl of 50 % glycerol per well. 

For long term storage they were kept at - 80 °C. Based on the 96-well plate, cell material was 

stamped onto YPD and selective plates to analyze the genotypes of the strains. Testing for 

temperature sensitivity was conducted using YPD plates and cultivation at 16 °C and 37 °C. 

Antibiotic resistance was tested using 100 µl geneticin (40 µg/µl) for KanMX4 resistance or the 

respective antibiotics which was distributed onto YPD plates. To identify the mating type of 

the newly generated strain, the spores were stamped onto MATa or MATα plates respectively. 

After one day of growth at 25 °C they were replica stamped onto selective B-plates and further 

incubated. The MATa and MATα strains were isoleucine and valine auxotroph, which was only 

complemented by the tested strain with the opposite mating type. 
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3.6.7. Growth analysis of yeast strains 

 

The growth at different temperatures or on certain media was analyzed by serial dilution assay 

of the respective strains. The strains were inoculated in 10 ml YPD or synthetic selective media 

and incubated over night. The cell density was determined as described in section 3.6.4 and 

serially diluted from 1x 107 to 1x 103 cells/ml. A volume of 10 µl of each dilution was pipetted 

onto YPD or selective media plates and incubated for 2 - 3 days. Plates were documented via 

scanning with Intelli Scan1600 (Quato Technology). 

 

3.7. DNA methods 

3.7.1. Isolation of chromosomal DNA from yeast 

 

Yeast chromosomal DNA was extracted with modifications as described earlier by Rose, 

Winston, and Hieter (1990). Yeast cells were grown in a pre-culture to saturation over night in 

the corresponding medium. 10 ml of the culture were collected by centrifugation at 4,000 x g 

for 5 min. The supernatant was removed and the pellet was resuspended in 1 ml H2O and 

transferred into a 2 ml screw top tube. After centrifugation the supernatant was removed and 

500 µl of detergent lysis buffer (2 % Triton X-100, 1 % SDS, 100 mM NaCl, 10 mM Tris pH 8, 

1 mM EDTA), 500 µl phenol and 300 µl glass beads (0.4 - 0.6 mm) were added. The cells were 

homogenized using the Fast prep machine twice at 5 m/s for 20 sec. The samples were 

centrifuged for 5 min at 11,600 x g to separate the aquatic and the organic phase. The aquatic, 

upper phase, in which the hydrophilic DNA remains, was transferred into a fresh 1.5 ml tube 

and mixed with the equal amount of phenol by vigorously shaking. For phase separation the 

tube was centrifuged again for 5 min at top speed. The procedure was repeated with the usage 

of phenol-chloroform-isoamyl alcohol and afterwards with chloroform-isoamyl alcohol prior 

to DNA precipitation. For precipitation 1/10 volume of 3 M sodium acetate (pH 5.2) and 

2.5 volumes of 100 % ethanol were added to the aquatic phase and mixed by inversion. The 

samples were incubated over night at - 20 °C for precipitation of the DNA. After precipitation 

the samples were centrifuged for 30 min at top speed at 4 °C. The supernatant was removed 

and the DNA pellet was washed twice with 70 % ethanol. The pellet was dried for 5 min at 

65 °C and afterwards resolved in 100 µl H2O under gentle shaking at 50 °C. 
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3.7.2. Isolation of high-quality chromosomal DNA from yeast for Southern 

blotting 

 

Lucigen's MasterPure Yeast DNA Purification Kit was used to isolate highly pure, unsheared 

chromosomal DNA for Southern blotting experiments. Yeast cells were grown and harvested 

as described in section 3.6.3. The cell pellet was resuspended with 300 µl Yeast Cell lysis 

solution with addition of 1 µl (5 µg/µl) RNase A and incubated at 65 °C for 15 min. Samples 

were subsequently cooled for 5 min on ice and 150 µl of MPC Protein Precipitation Reagent 

was added. Samples were vortexed for 10 sec and centrifuged at 16,200 x g for 10 min. The 

supernatant was transferred into a fresh reaction tube and was mixed with 500 µl isopropanol. 

After repeated inversions, the DNA was precipitated overnight at - 20 °C. On the next day the 

DNA was pelleted via centrifugation for 10 min at 16,200 x g, the supernatant was discarded, 

and the pellet was dried at room temperature and then resuspended in 100 µl H2O. 

 

3.7.3. Isolation of plasmid DNA from E. coli 

 

Plasmid DNA was purified using the NucleoSpin Plasmid purification kit (Macherey-Nagel) 

following the manufacturer’s instructions. E. coli cells were grown in 10 ml LB as described in 

section 3.6.1.1. DNA was purified according to the manufacturer’s instructions and the yield 

was determined by photometric analysis, see section 3.7.4. 

 

3.7.4. Measurement of DNA and RNA concentration  

 

The concentration of nucleic acids was determined using the NanoDrop spectrophotometer. 

The NanoDrop measured the absorbance of light at 260 nm wavelength and the concentration 

was calculated, using a modification of the Beer-Lambert equation. The calculation includes 

the absorbance at 260 nm, the wavelength-dependent extinction coefficient and a 

normalization / baseline correction (340 nm). The extinction coefficient for double-stranded 

DNA is 50 ng-cm/µl, 33 ng-cm/µl for single-stranded DNA and 40 ng-cm/µl for RNA.   
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3.7.5. Polymerase chain reaction 

 

The polymerase chain reaction (PCR) is a molecular biological method to amplify precise DNA 

fragments. It is based on three general steps: Denaturation, primer annealing and elongation. 

The denaturation of double stranded DNA takes place at 95 - 98 °C. The annealing of the 

primers depends on the melting temperature of the used primers and was carried out 

between ~ 55 - 65 °C. The elongation takes place at 72 °C and the duration is based on the 

processivity of the polymerase and the length of the fragment which is synthesized. The 

DreamTaq polymerase was used for analytical purposes and the Q5 or Phusion were used for 

cloning strategies and site directed mutagenesis, as those are proof-reading polymerases. The 

reaction mixes and cycling conditions are based on the supplied protocol of the respective 

polymerase (Table 14 and Table 15). The PCR products were analyzed using agarose gel 

electrophoresis, see section 3.7.7. 

 

Table 14: PCR reaction mix composition 

Polymerase DreamTaq Phusion Q5 
dNTPs 200 µM each 200 µM each 200 µM each 
Primers 0.2 µM each 0.5 µM each 0.5 µM each 
Polymerase 0.025 U/µl 0.02 U/µl 0.02 U/µl 

 

Table 15: PCR protocols 

Polymerase DreamTaq Phusion Q5 
Initial denaturation 95 °C - 3 min 98 °C - 30 sec 98 °C - 30 sec 
Denaturation 95 °C - 30 sec 98 °C - 10 sec 98 °C - 10 sec 
Annealing 55 - 65 °C - 30 sec 55 - 65 °C - 30 sec 55 - 65 °C - 30 sec 
Elongation 72 °C - 1 min/kb 72 °C - 30 sec/kb 72 °C - 30 sec/kb 

35 cycles 
Final elongation 72 °C - 10 min 72 °C - 10 min 72 °C - 10 min 

 

3.7.6. Cleavage of DNA by restriction digestion 

  

Restriction digestion was applied either on plasmid DNA for cloning strategies or on 

chromosomal DNA for downstream Southern blot experiments. For plasmid DNA digestion, 

0.5 µg of the plasmid was mixed with 5 units of the required enzyme in the respective buffers 

according to the manufacturer’s description, and incubated at 37 °C for 4 - 15 h. Here, 

standard restriction enzymes were used (Table 3). Chromosomal DNA was digested with the 
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enzyme XhoI (Nippon Genetics) according to the manufacturer’s description. For this, 5 units 

of the enzyme per µg of genomic DNA and the 10x FastGene Buffer IV were used and 

incubated for 1 h at 37 °C. The enzyme was then inactivated by heat at 80 °C for 20 min and 

digested DNA was available for downstream applications. 

 

3.7.7. Agarose gel electrophoresis  

 

DNA samples, prepared by restriction digestion or PCR, were separated according to their size 

on an agarose gel. For the preparation of the gels 1 % (w/v) agarose was dissolved in TAE 

buffer (40 mM Tris base, 0.1 (v/v) Acetic acid, 1 mM EDTA, pH 8.5). The mixture was boiled 

with the TAE buffer in a regular microwave until the agarose was totally dissolved. The solution 

was cooled down to approximately 60 °C at room temperature under constant stirring using 

a magnetic stirrer prior adding 5 µl/100 ml HDGreen Plus DNA Stain (Intas Science Imaging). 

The solution was poured into a gel tray and a sample comb was added. The gel was solidified 

at room temperature and either used directly or stored at 4 °C. The gel was completely 

covered with TAE buffer in an agarose gel running chamber. Prior loading the DNA samples 

into the gel pockets, they were mixed with 6x loading buffer (10 mM Tris pH 7.6, 60 mM EDTA, 

60% (v/v) glycerol, 0.03/ (w/v) bromophenol blue). Separation of the DNA fragments was 

achieved by applying voltage. After running 30 - 90 min at 120 V, DNA bands were visualized 

under a UV transilluminator at 320 nm and excised from the gel for preparative purposes.  

Agarose gels for Southern blotting were made with TAE or TBE buffer (13 mM Tris pH 7.6, 

45 mM boric acid, 2.5 mM EDTA), according to the running time of the gel. TBE gels were used 

for separation of fragments for over 4 h up to 16 h at 4°C and TAE gels were used for separation 

of fragments over 1 - 4 h at 120 V at 4 °C. 

 

3.7.8. DNA extraction from agarose gels 

 

If a preparative agarose gel was conducted, DNA fragments were excised from the gel and 

purified using the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel). The purification is 

based on silica membranes and was carried out following the manufacturer’s instructions. The 

DNA was finally eluted in H2O. 
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3.7.9. Site directed mutagenesis by Quick Change PCR 

 

The Quick Change PCR was used for a site directed mutagenesis of plasmid DNA, in which the 

desired mutation(s) were integrated into a newly synthesized plasmid via primers. The primers 

need to contain the desired mutation(s) and they need overlapping sequences to the plasmid 

DNA at those sequences where the mutations should be inserted. Based on the primers the 

whole plasmid was newly synthesized via PCR using a proof-reading polymerase. The 

elongation time depends on the amount of amplified base pairs. Subsequently the whole 

sample was digested with the restriction enzyme DpnI, that specifically recognizes methylated 

adenosine sites and cleaves the sequence 5´ - GATC - 3´. Since only the template plasmid, 

isolated from E. coli, harbors methylated adenosine sites only this plasmid will be digested. 

Digestion was carried out over night at 37 °C. Afterwards the reaction mixture was pipetted 

on a 0.025 µm MCE membrane (Merck Millipore) and dialyzed with H2O for 30 min and 

subsequently E. coli were transformed with the mix, see section 3.6.2.2. 

 

3.7.10. Endogenous mutation of TLC1 transcription termination sites  

 

For the analysis of the transcription termination of TLC1, mutations in the transcription factor 

binding sites were analyzed in endogenously mutated strains. For this purpose, first, plasmids 

carrying TLC1 harboring the desired mutations followed by a loxP embedded URA3 marker 

gene were first generated via Gibson Assembly (Gibson et al., 2009). Therefore, DNA 

fragments with 30 - 40 nt overlapping regions were synthesized by PCR, controlled on an 

agarose gel, purified and inserted into a digested vector plasmid. For this purpose, 

100 - 150 ng of the digested vector were mixed with 2 - 3 times the molar amount of the insert 

DNA in a total volume of 10 µl. This was further mixed with 10 µl of 2x self-made Gibson 

Assembly Master Mix (Table 16). The samples were incubated at 50 °C for 1 h. During the 

reaction, the 5' exonuclease trims the 5' ends and generates a 3' overhang. The overlapping 

regions of the insert allow annealing of the fragments. Gaps of the annealed fragments are 

filled by a polymerase and a ligase establishes the final phosphodiester bond, with both 

enzymes present in the GA mix (Gibson et al., 2009). Subsequently E. coli were transformed 

wit half of the reaction mix as described in section 3.6.2.2.  



  Material and Methods 

 
 

45 

In the next step, the respective regions on the plasmids were then amplified by PCR with a 

genomic overlap and transformed via homologues recombination into S. cerevisiae as 

described in section 3.6.5. The URA3 gene was used as a marker for the successful integration 

of the regions into S. cerevisiae and was subsequently removed from the strains by the Cre/Lox 

system. Therefore, a plasmid-encoded Cre recombinase under a galactose-inducible promoter 

was used. After transformation of desired strains with the Cre recombinase, the expression of 

the Cre recombinase was induced in YP + galactose (2 % peptone, 1% yeast extract, 2 % sterile-

filtered galactose after autoclavation) for 24 h, 10 - 100 µl of the cell suspension were plated 

on FOA plates. After 2 - 3 days at 25 °C, individual clones were picked and successful excision 

was verified by PCR. Furthermore, the subsequent loss of the Cre-recombinase plasmid was 

checked by incubating the strains in YPD and in selective medium. A single Lox site located 

downstream of the termination region remained in the generated strains. The TLC1 

termination site mutant plasmids for genomal integration and the endogenously mutated 

strains were created under my supervision by the student Jan-Philipp Lamping during an 

internship.  

 

Table 16: Gibson Assembly reaction buffers 

Solution 5x Iso buffer 2x GA mastermix 
Composition 500 mM Tris pH 7.5 

50 mM MgCl2 
1 mM each of the four dNTPs 
50 mM DTT 
25 % PEG 8000 
5 mM NAD+ 

100 µl 5x Iso buffer 
2 µl T5 Exonuclease (1 U/µl) (NEB) 
6.3 µl Phusion Polymerase (2 U/µl) (NEB) 
50 µl Taq Ligase (40 U/µl) (NEB) 
Ad. 375 µl DEPC dH2O 

 

3.7.11. Sequencing 

 

To verify newly assembled DNA constructs the Sanger sequencing method was used, carried 

out by LGC Genomics.  
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3.8. Molecular biological methods with yeast 

3.8.1. RNA extraction from yeast 

 

In this study two different methods for the RNA extraction were used:  

For total RNA extraction the NucleoSpin RNA Kit (Macherey-Nagel) was used unless stated 

otherwise, following the manufacturer’s instructions. Two steps were carried out differently 

in contrast to the protocol. The DNA digestion on the column was carried out for 1 h and after 

RNA elution a second DNA digestion was carried out in the eluate for 1 h at 37 °C. After the 

second DNA digestion a sodium acetate ethanol precipitation was achieved by using 

0.1 volumes 3 M sodium acetate pH 5.2, 2.5 volumes 100 % ethanol and 1 µl glycoblue over 

night at - 20 °C.  

RNA extraction after RIP experiments was accomplished via phenol extraction using TRIzol 

Reagent (Invitrogen). The prepared samples were mixed with 1 ml TRIzol and incubated for 

10 min at 65 °C on the shaker at 1300 rpm. Afterwards 200 µl chloroform were added to the 

samples and mixed thoroughly. The phases were separated through centrifugation for 15 min 

at 16,200 x g. The upper, aquatic phase was transferred into a fresh tube and mixed with 

0.1 volumes sodium acetate pH 5.2, 2.5 volumes cold 100 % ethanol and 1 µl glycoblue. The 

precipitation was completed over night at - 20 °C. 

 

3.8.2. Complementary DNA (cDNA) synthesis  

 

In regard to the lower stability of RNA and for further downstream analysis, 100 ng to 500 ng 

of the isolated RNA was reverse transcribed in complementary DNA (cDNA). Either the 

Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) or the FastGene Scriptase II 

Kit (Nippon Genetics), were used following the manufacturer’s instructions. In all experiments 

random hexamer primers were used for cDNA synthesis, except for the RNA of the Cbp20 RIPs 

in which oligo(dT) primers were used. Reverse transcription was carried out at 50 °C with the 

Maxima First Strand cDNA Synthesis Kit, or at 42 °C with the FastGene Scriptase II Kit. As a 

negative control to monitor DNA contaminations, all samples were treated twice the same 

way. However, reverse transcriptase was added to only one of them. After reverse 

transcription, the cDNA was diluted with DEPC treated H2O to a final concentration of 

0.5 ng/µl. For each qPCR 2 ng of cDNA were used per well. 
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3.8.3. Quantitative Real time PCR (qPCR) 

 

The qPCR is a PCR-based method that allows the user to indirectly measure relative and 

absolute amounts of RNA, depending on the procedure, in a sample in real time. A two-step 

qPCR was used in this work, in which the cDNA synthesis is separated from the qPCR. The 

cDNA serves as a template for the qPCR, which amplifies the target via specific primers.  

A fluorescence dye, in this case SYBR Green, was added to the reaction, which interacts with 

dsDNA. SYBR Green is excited with 494 nm light and emits light at 521 nm, which is measured 

after each PCR cycle. The amount of the generated product depends on the amount of cDNA 

and efficiency of the primers used in the qPCR. Under optimal conditions the product is 

doubled in each cycle and leads to an exponential curve of emitted light. The evaluation is 

based on dividing the fluorescent signal by the number of cycles. As soon as the exponential 

phase occurs a program-controlled threshold is exceeded indicating the required number of 

cycles by the Cq-value (quantification cycle). The raw data was further processed using the 

2 - ∆∆C T method (Livak and Schmittgen, 2001). All measurements and evaluations in this work 

deal with relative quantification of the targets. Each target was tested at least in three 

technical and a minimum of three biological replicates with the reaction mixture and cycler 

program listed in Table 17 and Table 18. The precipitated RNA in RIP experiments was used in 

equal amounts. In addition, concerning RIP experiments, the enrichments or depletions of the 

RNAs in the pull down are related to the total RNA level of the lysates. 

 

Table 17: qPCR reaction mixture 

Components Volume per reaction 
cDNA 4 µl  
2x SyGreen Mix Lo-ROX (Nippon Genetics) 5 
Forward Primer 10 mM 0,08 µl 
Reverse Primer 10 mM 0,08 µl 
DEPC treated H2O 0,84 

 
Table 18: qPCR cycler program 

Hot start Denaturing Annealing Elongation Plate read Melting 
95 °C  95 °C 60 °C 72 °C  65 à 95 °C 
5 min 5 s 20 s 40 s  5 s = 0.5 °C 
 <-------------------------------50x--------------------------------------  
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3.8.4. Nucleo-cytoplasmic fractionation experiments 

 

The nucleo-cytoplasmic fractionation was used for the isolation of the cytoplasmic fraction of 

a cell lysate and was carried out with modifications, but in general according to Sklenar and 

Parthun (2004). First, the cytoplasmic fraction was isolated and second, for normalization and 

control, also the total fraction was isolated from the same initial culture. After preparing a 

pre-culture of the desired strains in 50 ml, a main-culture was inoculated in 400 ml and cells 

were grown to mid-log phase (2x 107 cells/ml). The cells were harvested by centrifugation at 

4000 x g for 5 min, the pellet was resuspended in 5 ml H2O and transferred to a 15 ml falcon 

tube. The cell suspension was centrifuged again, the supernatant was discarded and the pellet 

was washed once in 1 ml YPD, 1 M sorbitol, 2 mM DTT and transferred into a fresh 2 ml tube. 

The cells were centrifuged, the supernatant was discarded and the pellet was resuspended in 

1 ml YPD, 1 M sorbitol, 1 mM DTT. The cell suspension was mixed with 1 mg Zymolyase and 

incubated until 70 % of the cells were spheroblasted. Digestion was carried out for 30 - 60 min 

at room temperature. Afterwards the cells were transferred into 50 ml YPD/1 M sorbitol and 

incubated for 30 min under constant shaking. The strains were shifted to the restrictive 

temperature of 16 °C for 1 h 15 min or 1 - 2 h at 37 °C, depending on the temperature 

sensitivity of the used strain. Afterwards, the cells were collected by centrifugation for 10 min 

at 2000 x g. A volume of 10 ml of the culture served as total RNA and total protein control and 

40 ml were used for the nucleo-cytoplasmic fractionation experiment. For total RNA and total 

protein controls, the pellet of the 10 ml fraction was resuspended in 1ml H2O. For total RNA 

isolation 700 µl of the 1 ml were used and 300 µl served as the total protein control. The 

samples were collected in 2 ml screw top tubes for cell lysis with the fast prep and were 

treated as described in section 3.8.1 and 3.10.1.  

For the nucleo-cytoplasmic fractionation, the supernatant of the 40 ml samples was discarded 

after centrifugation and the pellet was resuspended in 500 µl Lysis buffer (18 % Ficoll 400, 

10 mM HEPES pH 6.0) plus 1 µl Ribolock and transferred into a fresh 1.5 ml tube. A volume of 

1 ml Buffer A (50 mM NaCl, 1 mM MgCl2, 10 mM HEPES pH 6.0) was added and the tube was 

vortexed thoroughly. To separate the cytosolic fraction the tube was centrifuged at 1,500 x g 

at 4 °C for 15 min. The supernatant, containing the cytosolic fraction, was collected. A volume 

of 1 ml was used for RNA extraction and 100 µl were used as a cytosolic protein control. RNA 

extraction was carried out as described in 3.8.1. The protein control samples were mixed with 
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2x SDS sample buffer (125 mM Tris pH 6.8, 4 % SDS, 20 % (v/v) glycerol, 0.05 % (w/v) 

Bromophenol blue, 5 % (v/v) 2-mercaptoethanol). A control Western blot was carried out 

using specific antibodies detecting the cytoplasmic protein Zwf1, glucose-6-phosphate 

dehydrogenase, and the nucleolar protein Nop1, histone glutamine methyltransferase, as 

described in section 3.10.3 and 3.10.4.  

 

3.8.5. Southern blot analysis  

 

In this study the Southern blot analysis was used to investigate the length and structure of the 

telomeric DNA of S. cerevisiae. The basic principle of Southern blotting is based on the 

separation of digested chromosomal DNA on an agarose gel, subsequent transfer of the DNA 

to a carrier membrane and visualization of the DNA via a chemiluminescence reaction. For 

detection a specific probe complementary to the desired target, a secondary antibody coupled 

to alkaline phosphatase and the substrate CSPD (Roche) were used.  

 

3.8.5.1. Telomere restriction fragment (TRF) analysis 
 

The technique of telomere-restriction-fragments (TRF) is a modified version of a southern 

blot, in which the terminal-restriction-fragments of the heterogeneous telomere ends are 

analyzed and visualized using specific digoxigenin-labeled DNA-probes (Sigma Aldrich) which 

are complementary to the TG-repeats of the telomeres (Meyne et al., 1989).  

The cell cultures were passaged and harvested as described in section 3.6.3. High-quality 

chromosomal DNA was isolated as described in section 3.7.2. DNA concentration was 

measured as described in 3.7.4 and 100 µg DNA per strain were digested with XhoI for 1 h at 

37 °C, as described in section 3.7.6. The overall experimental set-up was modified, in particular 

non-radioactive probes were used, but was carried out in accordance to Xia et al. (2000). Per 

lane 20 µg XhoI digested DNA were loaded onto a 1 % agarose TBE or TAE gel containing 

5 µl/100 ml HdGreen (Intas Science Imaging). By applying a voltage, the DNA fragments were 

separated based on their size, see 3.7.7. The fragments were separated for 4 h to 24 h at 120 

to 25 volts respectively. A size standard was loaded to document the separation of the DNA 

via the UV Gel detection system after running the gel. After gel-electrophoresis, the gel was 

subsequently processed by depurination (250 mM HCl) for 15 min, denaturation (1.5 M NaCl, 
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0.5 M NaOH) for 30 min, neutralization (1.5 M NaCl, 0.5 M Tris-HCl, pH 7.5) for 30 min, and 

finally equilibration with 20x SSC (0.3 M Tri-sodium citrate, 3 M NaCl, pH 7.0) for 15 min: Each 

step was done under constitutive shaking. A capillary blot was used to transfer the DNA 

fragments from the gel onto a positively charged nylon membrane HybondN+ (GE Healthcare). 

Therefore, the gel was placed on a glass plate and the boundaries of the gel were covered 

with parafilm. The membrane was placed on top of the gel followed by 3 whatman paper and 

a bunch of paper towels. On top of that, a glass plate covered with a heavy weight (500 – 750 

g) was placed, to allow a capillary transfer of the DNA to the membrane. The DNA transfer 

was carried out over night. Subsequently the membrane was exposed to UV light for 7 min at 

254 nm, 12,0000 µJ/cm2, and afterwards heated to 80 °C for 2 h, to crosslink the DNA with the 

membrane. The pre-hybridization of the membrane was carried out for 1 h at 68 °C in 

hybridization buffer (0.5 M sodium phosphate buffer pH 7.5, 7% (w/v) SDS, 1mM EDTA). After 

pre-hybridization, 50 pmol of the digoxygenin-labeled probe (Sigma Aldrich) were first 

denatured at 95 °C for 10 min and subsequently added to the hybridization buffer. The 

membrane was incubated over night at 68 °C under agitation. 

On the next day, 15 minutes washing steps were carried out, once with 2x SSC, 0.1 % SDS, 

followed by 1x SSC, 0.1 % SDS at room temperature. Afterwards, the membrane was washed 

twice with 0.5 x SSC, 0.1 % SDS for each 15 min at 37 °C and finally for 5 min in washing buffer 

(Table 19). The membrane was blocked for 30 min in blocking buffer. Detection was achieved 

by using an anti-digoxygenin antibody coupled to an alkaline phosphatase (Roche), diluted 

1:10.000 in blocking buffer and incubated for 30 min. The membrane was washed twice with 

washing buffer for 15 min each time. Afterwards, the membrane was equilibrated in detection 

buffer for 5 min. Finally, 1 ml CSPD (Roche), which activates the chemiluminescent reaction, 

was added to the membrane and incubated for 10 min at 37 °C in the dark. For detection the 

Fusion FX (Vilber) was used. 

  



  Material and Methods 

 
 

51 

Table 19: Southern blot detection solutions 

Solution Composition 
Hybridization buffer  0.5 M Na-Phosphate pH 7.2 

7 % SDS 
1 mM EDTA 

1M Na-phosphate buffer pH 7.2 68.4 ml 1 M Na2HPO4  
31.6 ml 1 M NaH2PO4  

5x Maleic acid buffer 0.5 M Maleic acid 
0.75 M NaCl 
pH was adjusted to pH 7.5 using solid NaOH 

Blocking buffer 1x Blocking reagent (Roche) 
1x Maleic acid buffer 

Washing buffer 1x Maleic acid buffer 
0.3 % Tween-20 

10x Detection buffer pH 9.5 1 M Tris 
1 M NaCl 

CSPD 1:100 CSPD (Roche) in detection buffer 
 

3.9. Microscopic studies 

3.9.1. Fluorescence in situ hybridization experiments (FISH) 

 

Fluorescence in situ hybridization (FISH) experiments were used as a molecular biological 

method for visualization of individual RNA species. The FISH experiments were carried out as 

described in Hackmann et al. (2014). The detection of TLC1 was conducted by three at the 3’- 

and the 5’-end Cy3-labled DNA probes (Sigma Aldrich) which are complementary to TLC1. The 

microscopic analysis of TLC1 localization was achieved by stacking pictures of 10 layers (0.2 µm 

each) of the cell using the Leica DMI6000B fluorescence microscope with the Leica DFC360 FX 

camera, which was finally deconvoluted using the LAS AF1.6.2 software. Used solutions are 

listed in Table 20. 

Desired strains were grown to mid-log phase (1x 107 cells/ml) at 25 °C prior to a temperature 

shift to the restrictive temperature, if a temperature sensitive mutant was used. Afterwards, 

the cells were fixed by adding formaldehyde to a final concentration of 4 %. Fixation was 

carried out for 60 min under agitation and subsequently cells were collected by centrifugation 

for 1 min at 4000 x g at 4 °C. The supernatant was discharged and the pellet was washed three 

times in each 1 ml P-solution. The pellet was finally resuspended in 100 µl P-solution, mixed 

with 1 µl 1 M DTT and incubated for 10 min at room temperature. The cells were 

spheroblasted using Zymolyase treatment to allow the probes to penetrate the cell wall. 



  Material and Methods 

 
 

52 

Therefore, 10 µl of Zymolyase (10 mg/ml) were added to the cell suspension and samples 

incubated for 5 - 30 min until 70 % of the cells were spheroblasted. Cells were collected by 

centrifugation at 2000 x g for 5 min and resuspended in 1 ml P-solution. A volume of 20 µl of 

the cell suspension was spotted onto a Poly-L-lysine coated slide and incubated for 1 h in a 

humidified chamber. Subsequently cells were permeabilized using P-solution with 

0.5 % Triton X-100 for 10 min. The excess was gently aspirated, the wells were rinsed once 

with P-solution and equilibrated with freshly prepared 0.1 M TEA pH 8.0 for 2 min at room 

temperature. To block polar groups the cells were treated with 0.25 % acetic anhydride in 

0.1 M TEA for 10 min at room temperature. Finally, the slide was rinsed with P-solution and 

the pre-hybridization was carried out. For the pre-hybridization salmon sperm DNA was boiled 

for 5 min at 95 °C and afterwards chilled for another 5 min on ice. The pre-hybridization mix 

was prepared, and 20 µl per well were added, including 19.8 µl HybMix, 0.1 µl tRNA 

(10 mg/ml) and 0.1 µl salmon sperm carrier DNA. The pre-hybridization mix was incubated for 

1 h at 37 °C in a humidified chamber. 

Finally, the pre-hybridization mix was aspirated and the hybridization mix was applied. The 

hybridization mix contains HybMix, tRNA and salmon sperm carrier DNA in the same 

concentrations. Furthermore, the Cy3-labeled probes were added in a 1:200 dilution. The 

slides were incubated over night at 37 °C in a humidified chamber. On the next day, the slides 

were washed each for 1 h with 2x SSC and with 1x SSC at room temperature. Afterwards the 

slides were washed with pre-warmed 0.5x SSC at 37 °C for 30 min and once with 0.5x SSC at 

room temperature for 30 min.  

For nuclear staining Hoechst (1:10,000 diluted in 1x PBS) solution or DAPI (1:8,000 diluted in 

1x PBS) was applied on the wells and incubated for 2 min in the dark. The cells were 

subsequently washed once with 1x PBS, 0.1 % Tween-20 for 5 min and twice with 1x PBS for 

each 5 min. All of these steps were carried out at room temperature. The slides were dried in 

the dark and finally mounted. Slides were stored at - 20 °C. 
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Table 20: Solutions for microscopic analysis 

Solution Composition 
1x PBS pH 7.4 137 mM NaCl 

2,7 mM KCl 
10 mM Na2HPO4 

1.8 mM KH2PO4 
P-solution 0.1 M phosphate buffer pH 6.5 

1.2 M sorbitol 
HybMix 50 % deionized formamide 

25 % 20x SSC made with DEPC treated H2O 
1 % 500mM EDTA pH 8.0 
1 % Tween-20 (10%) 
2 % 50x Denhardt's 
1 % Heparin, 10mg/ml 

50x Denhardt´s solution 1 % Ficoll 
1 % Polyvinylpyrrolidone 
1% BSA (Pentax Fraction V) 

Mounting medium 2 % (w/v) n-propyl gallate 
80 % (v/v) glycerol 
20 % (v/v) PBS pH 8.0 

 

3.9.2. GFP-Microscopy 

 
The localization of GFP-tagged proteins, either encoded on a plasmid or in the genome, was 

visualized using the GFP-microscopy protocol as described in Hackmann et al. (2014). Cells 

were grown, and prepared as described in the FISH experiments, but fixation was carried out 

in a final concentration of 2,5 % formaldehyde for 1 min. The cells were collected by 

centrifugation at 4000 x g for 1 min and subsequently washed once with 1 ml 0.1 M phosphate 

buffer pH 6.5 and once with 1 ml P-solution. The pellet was resuspended in 100 µl to 1 ml P-

solution depending on the size of the harvested pellet. A volume of 20 µl of each cell 

suspension was applied on a Poly-L-lysine coated slide and incubated for 15 min at room 

temperature. Permeabilization of the cells was achieved by treating them with P-solution, 0.5 

% Triton X-100 in for 5 min at room temperature. Afterwards, the cells were washed twice 

with P-solution, the nucleus was stained and the slides were mounted as described in 3.9.1. 
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3.9.3. Immunofluorescence experiments 

 

In this method, tagged proteins are visualized by an antigen-antibody reaction. The interaction 

of the primary antibody which recognizes the tag of the protein and a secondary antibody 

which is coupled with a fluorochrome allows direct detection and thus cellular localization of 

the tagged protein in vivo. The experiments were carried out as described in H. Wu, Becker, 

and Krebber (2014), except that the incubation time with the primary antibody was changed 

and that the washing steps were modified. 

Cells were grown to mid-log phase in a volume of 10 ml and were shifted to the restrictive 

temperature of the strain, if a temperature-sensitive mutant was used. Fixation of the cells 

was carried out in a final concentration of 4 % formaldehyde for 10 min at the restrictive 

temperature followed by 50 min at 25 °C. Cells were collected via centrifugation for 2 min at 

4000 x g at 4 °C and subsequently washed three times with 1 ml of P-solution. The pellet was 

resuspended in 100 µl of P-solution and incubated with 1 µl of DTT for 10 min at room 

temperature. The cells were spheroblasted using 10 µl of Zymolyase (10 mg/ml) for 5 - 15 min 

at room temperature. The prepared cells were placed on a Poly-L-lysine coated slide and 

incubated for 30 - 60 min at 4 °C. The supernatant was aspirated and the cells were 

permeabilized with 0.5 % Triton X-100 in P-solution for 5 min. Afterwards, the cells were 

blocked for 1 h in antibody blocking buffer (0.1 M Tris pH 9.0, 0.2 M NaCl, 5 % heat-inactivated 

FCS, 0.3 % tween) (ABB). The ABB was finally removed and the cells were covered with an 

appropriate primary antibody diluted in ABB and incubated for 2 h at room temperature 

(Table 4). Subsequently, the cells were washed twice shortly with 1x PBS + 0.5 % tween and 

once for 30 min with 1x PBS + 0.5 % tween. This was followed by two 15 min washing steps 

with 1x PBS and one washing step with ABB for 30 min. The secondary antibody was diluted 

in ABB and incubated on the cells for 1 h at room temperature (Table 4). The cells were quickly 

washed once with 1x PBS + 0.5 % tween and again for 30 min with 1x PBS + 0.5 % tween. 

Subsequently, cells were washed two times with 1x PBS for 15 min. The nucleus was stained 

and the slides were mounted as described in 3.9.1. 
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3.10. Biochemical methods  

3.10.1. Preparation of yeast cell lysate 

 

For the preparation of cell lysates, the respective strains were grown to mid-log phase, shifted 

to the restrictive temperature if required, and harvested by centrifugation at 4000 x g for 

5 min at 4 °C. Subsequently, depending on the culture volume, they were transferred to 2 ml 

or 15 ml screw top tubes and stored on ice for direct use or stored at - 20 °C after treatment 

with liquid nitrogen. Depending on the following experiment, the pellet was lysed in the 

appropriate buffer, see 3.10.2 for Immunoprecipitation experiments and see 3.10.5 for RNA 

Co-Immunoprecipitation experiments, and by addition of glass beads. The volume of the 

buffer and of the glass beads (0.4 – 0.6 mm) were equal to the volume of the corresponding 

cell pellet. The pellet was lysed using the FastPrep machine three times for 30 sec at 4 m/s 

with 5 min incubation on ice in-between. The lysate was cleared of cell debris by 

centrifugation for 10 min at 16.000 x g at 4 °C and used according to the experimental 

protocols. 

 

3.10.2. Immunoprecipitation (IP) experiments 

 

To analyze protein-protein interactions, immunoprecipitation (IP) experiments were 

essentially carried out as published earlier Zander et al. (2016). GFP-tagged proteins were 

purified using the GFP-Selector-beads (NanoTag) or GFP-trap beads (ChromoTek) and Myc-

tagged proteins with Myc-trap beads (ChromoTek). Ready to use beads were prepared 

according to manufacturer’s instructions and washed three times with 1 ml PBSKM-T buffer 

(1x PBS (137 mM NaCl, 2.7 mM KCl, 1.8 mM KH2PO4, 10 mM Na2HPO4) pH 7.4, 2.5 mM MgCl2, 

3 mM KCl, 0.5 % Triton X-100, and protease inhibitor added freshly each time (5µl per 100 µl 

pellet; cOmpleteTM EDTA-free Protease Inhibitor Cocktail, Roche)). After each washing step 

they were centrifuged for 1 min at 400 x g. For one IP sample a pellet of a 400 ml culture was 

resuspended in the same volume (~ 500 µl) of cooled PBSKM-T buffer. Cell lysates were 

generated as described in 3.10.1. For IP experiments with Mtr10 a concentration of 1 % Triton 

X-100 was used during cell lysis which was diluted after homogenization to a final volume of 

0.5 % Triton X-100. For total protein control, 30 - 100 µl of the pre-cleared lysates were mixed 

with 2 x SDS sample buffer (125 mM Tris pH 6.8, 4 % SDS, 20 % (v/v) glycerol, 0.05 % (w/v) 
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Bromophenol blue, 5 % (v/v) 2-mercaptoethanol). For the IP, 1ml of the pre-cleared lysate was 

incubated with the respective PBSKM-T adjusted, beads under agitation for 1 h at 4 °C. 

Subsequently, the beads were washed 5 times with PBSKM-T buffer with a final concentration 

of 0.5 % Triton X-100. After the last washing step, the supernatant was discarded leaving 

approximately 30 µl of residual liquid in the tube without losing the beads. The sample 

including the beads is now termed “eluate”. The eluate was mixed with 30 µl 2 x SDS sample 

buffer. Prior to loading on a SDS gel, the samples were boiled for 5 min at 95 °C. 

 

3.10.3. SDS-Polyacrylamide gel-electrophoresis (SDS-PAGE) 

 

In this study the standard, vertical, discontinuous Polyacrylamide gel electrophoresis was 

carried out to separate proteins according to their size (Garfin, 2009). The stacking and the 

separation gel compositions are listed in Table 21. First, the separation gel mix was prepared, 

poured between two 25 x 20 cm glass plates with 2 mm thick spacers and was covered with a 

layer of isopropanol to generate an even surface of the gel. The isopropanol was removed 

after polymerization of the separation gel. The stacking gel mix was poured onto the 

separation gel and a comb was immediately inserted to generate sample pockets. After 

polymerization of the stacking gel, it was put in a running chamber and the reservoirs of the 

chamber were filled with SDS running buffer (25 mM Tris Base, 0.1 % SDS, 190 mM glycine). 

Air bubbles underneath the gel were removed using a syringe and the comb was removed 

from the gel. The prepared samples, as well as a protein maker with appropriate marker sizes 

(Table 5) were loaded onto the gel. The power source was coupled with the two electrodes of 

the chamber and the gel run was carried out for approximately 16 h at 10 mA. 

 

Table 21: Composition of SDS Polyacrylamide gels 

Components  Stacking gel  Separation gel  
Bis-/Acrylamide mixture 37,5:1  5 % (v/v)  10 % (v/v)  
Tris/HCl pH 8.8  -  375 mM  
Tris/HCl pH 6.8  125 mM  -  
SDS  0.1 % (w/v)  0.1 % (w/v)  
APS  0.1 % (w/v)  0.1 % (w/v)  
TEMED  0.1 % (v/v)  0.04 % (v/v)  
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3.10.4. Western blot analysis 

 

After successful SDS-PAGE, the proteins were transferred onto a Amersham Protran 0.45 µm 

nitrocellulose membrane (GE Healthcare Life Sciences) by semi-dry blotting procedure 

according to Towbin, Staehelin, and Gordon (1979). For the transfer, the anode plate was 

covered with blotting buffer (25 mM Tris Base, 192 mM glycine, 20 % (v/v) methanol). A pre-

soaked whatman paper was put onto the anode, followed by the membrane, the SDS-Gel and 

finally by another pre-soaked whatman paper. Air bubbles were eliminated and additional 

blotting buffer was poured onto the stack. Finally, the cathode was placed on top and fixed by 

screws. Depending on the size of the membrane the mA for transfer was calculated 

(1.2 mA/cm2) and the transfer took place for 2 h. After transfer, the membrane was blocked 

in 5 % (w/v) milk powder in TBS-T (50 mM Tris pH 7.4, 150 mM NaCl, 0.1 % (v/v) Tween 20) 

for 1 h at room temperature under constant shaking. After blocking the primary antibody was 

diluted in 2 % milk powder in TBS-T and added to the membrane (Table 4). The primary 

antibody was incubated over night at 4 °C under constant shaking. After removal of the 

primary antibody the membrane was washed three times with TBS-T for 5 min each and 

afterwards incubated with the secondary antibody. Depending on the primary antibody, anti-

mouse or anti-rabbit secondary antibodies, which are coupled to the horseradish peroxidase 

(HRP), were used. The secondary antibody was diluted in TBS-T with 2 % milk powder and 

incubated for 2 h at room temperature under constant shaking (Table 4). The membrane was 

washed three times with TBS-T for 5 min each and rinsed once with water. The membrane 

was covered with ECL substrate solution (WesternBright Quantum, Advansta) and put into a 

plastic sheet. The excess liquid was removed and the signals were detected in a 

chemiluminescence imaging system (Fusion SL and Fusion FX (Vilber)). 
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3.10.5. RNA Co-Immunoprecipitation (RIP) experiments 

 

To investigate RNA-Protein interactions, RNA Co-Immunoprecipitation (RIP) experiments 

were carried out. They were conducted essentially as published earlier in Zander et al. (2016). 

For one RIP sample a pellet of a 400 ml culture was used. For lysates and beads preparation 

freshly prepared RIP buffer (25 mM Tris/HCl pH 7.5, 150 mM NaCl, 2 mM MgCl2, 0.2 mM PMSF, 

0.5 mM DTT, 0.2 % (v/v) Triton X-100) with protease inhibitor (5 μl per 100 μl cell pellet; 

cOmplete™, EDTA-free Protease Inhibitor Cocktail, Roche) and RNase inhibitor (0.6 μl / 500 μl 

pellet-volume RiboLock, Thermo Scientific)) was used. The lysis and pre-clearance of the 

lysates was carried out as described in section 3.10.1. Besides 30 - 100 µl for protein lysate 

control also 100 µl for RNA lysate control were taken before the RIP experiment started. 

Protein control samples were mixed with 2 x SDS buffer and kept at - 20 °C before usage as 

lysate control for Western blot analysis. The RNA lysate control was treated with 10 µl DNAse 

(Qiagen) for 1 h at 4 °C under agitation. GFP-tagged proteins were purified using the GFP-

Selector-beads (NanoTag) or GFP-trap beads (ChromoTek) and Myc-tagged proteins with Myc-

trap beads (ChromoTek). Ready to use beads were prepared according to manufacturer’s 

instructions and washed three times with pre-cooled RIP buffer. For one RIP, 10 µl beads were 

mixed with 1 ml of pre-cleared lysate (equal volume for all tested strains). The RIP was carried 

out with the addition of 10 µl DNase (Qiagen) for 1 h at 4 °C under agitation. After incubation 

the RIP samples were washed 5 times in 1 ml pre-cooled RIP buffer and centrifugated at 

400 x g at 4 °C for 1 min between the washing steps. Prior to the last washing step, the RIP 

sample was separated into two portions, 300 µl of 1 ml served as protein eluate control, for 

Western blot analysis, and 700 µl were used for RNA isolation. After removal of the 

supernatant, the protein samples were mixed with 2x SDS loading buffer and further analyzed 

using the Western blot analysis. The RNA lysate control and the RIP samples containing the 

co-precipitated RNA were mixed with 1 ml TRIzol and RNA Isolation was carried out as 

described in section 3.8.1. Afterwards, DNA digestion was carried out with the TurboDNAse 

Kit according to the manufacturer’s description, but the digest was incubated for 1 h at 37 °C. 

Subsequently, the RNA was precipitated via sodium acetate ethanol precipitation as described 

in section 3.8.1. The RNA concentration was measured, 100 - 500 ng RNA were reverse 

transcribed into cDNA and finally analyzed using qPCR as described in section 3.7.4, 3.8.2 and 

3.8.3. 
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Furthermore, a special form of RIP experiments was carried out, in which the 

trimethylguanosine modification of nascent RNA species is used for precipitation purpose. For 

TMG-cap RIP, total RNA was isolated from yeast cell lysates via TRIzol-chloroform extraction. 

Afterwards, 50 µg of total RNA was adjusted to a volume of 300 µl with RIP buffer and was 

incubated with 10 µl of an anti-2,2,7-trimethylguanosine antibody (Calbiochem Milipore) 

coupled to agarose beads for 1 h at 4 °C under agitation. Subsequently, the beads were 

washed 5 times with RIP buffer and the co-precipitated RNA was extracted via TRIzol-

chloroform extraction and afterwards precipitated by sodium acetate precipitation as 

described in section 3.8.1. The RNA was reverse transcribed into cDNA and finally analyzed 

using qPCR as described in section 3.8.2 and 3.8.3. 

 

3.11. Quantification and statistical analysis 

 

All experiments were carried out in at least three independent biological replicates, and qPCR 

additionally in three technical replicates. Statistical significance was evaluated using an 

unpaired, one-tailed or two-tailed, unequal variance student´s t-test. The p-values are 

indicated by * (p < 0.05), ** (p < 0.01) and *** (p < 0.001). Error bars represent the standard 

deviation. The amount of the 21S rRNA, 25S rRNA or the house keeping gene RPL8a served for 

normalization of the qPCR experiments.
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4. Results  

4.1. The TLC1 amount increases in mutants of the NNS complex  

 

The genomic sequence of the 3´-region of TLC1 possesses termination motifs typical for both 

termination pathways, the CPF-CFI-mediated and the NNS-mediated termination (Figure 5 

and Figure 9). So far it is unclear which pathway led to functional TLC1 that is incorporated 

into the telomerase. 

To gain insight into which transcription termination pathway is primarily used, we analyzed 

the change in the relative amount of TLC1 in different termination factor mutants. A mutant 

of RNA15, encoding a core subunit of the cleavage factor IA, was used for CPF-CFI-mediated 

termination defects. This protein is essential for poly(A) signal site recognition and cleavage 

of the targeting RNA. In order to analyze the NNS-mediated termination, mutants of Nrd1 as 

well as a mutant of the helicase Sen1 were used. These proteins are essential for target 

recognition and cleavage at the NNS termination area. By choosing specific primers, both the 

total TLC1 and the immature form were examined. Notably the pool of the total TLC1 includes 

the immature form, as the primers can amplify both (Figure 9). Moreover, the amplification 

of total TLC1 and immature TLC1 is independent of the termination machinery used, because 

the reverse primer for the immature form is located upstream of the first termination area 

(Figure 9). 

 
Figure 9: Schematic representation of the TLC1 RNA with the indicated termination factor binding 
sites. Used primers and probes are shown. 
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The indicated strains were shifted to the restrictive temperature for 2 h before the cells were 

lysed. The total RNA was isolated, reverse transcribed and subsequently analyzed via qPCR.  

The analysis revealed that neither rna15-58 nor nrd1-101 mutants seriously affected the 

amount of TLC1, even though a very slight decrease of total TLC1 was observed in the           

nrd1-101 mutant (Figure 10). Thus, the specific mutations in rna15-58 and nrd1-101 mutants 

are not likely to affect the transcription termination of TLC1 or the generated transcripts are 

processed normally (Figure 10). In contrast, the nrd1-102 and sen1-1 mutants, which are both 

defective in the RNA recognition of the nascent transcript (Conrad et al., 2000; Hazelbaker et 

al., 2013), showed an increased amount of both the total TLC1 and the immature TLC1     

(Figure 10). This indicates a read-through of transcription, which is for nrd1-102 supported by 

published data (Noël et al., 2012). Furthermore, it indicates that the TLC1 RNA is stabilized 

when the NNS-pathway is not functional, which could indicate that NNS-transcripts are 

normally more degraded than processed.  

 

 
Figure 10: nrd1-102 and sen1-1 mutants lead to an increased TLC1 amount.  
The indicated strains were grown to mid-log phase prior to the 2 h incubation at their restrictive 
temperatures. The temperatures of 30 °C, 35 °C and 37 °C were used for the sen1-1, the rna15-58 and 
the nrd1 mutants respectively. After cell lysis, the total RNA was isolated, reverse transcribed into 
cDNA and analyzed via qPCR. qPCR data of (A) the total or (B) the immature TLC1 was obtained using 
specific primers. The error bars represent the standard deviation, p-values were calculated by unpaired 
two-tailed unequal variance student´s t-test (* = p< 0.05, ** = p< 0.01, *** = p< 0.001); n=3.  
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4.1.1. The poly(A)*, NNS* and poly(A)*NNS* termination site mutants show an 

altered TLC1 abundance in vivo 

 

Mutation of the poly(A) signal (PAS) sites did not result in telomeric shortening in a plasmid 

based approach, which was interpreted as this pathway being not essential for TLC1 

termination (Noël et al., 2012). Furthermore, mutation of the NNS sites in the 3´-end region 

of a reporter construct resulted in defective termination and a read-through of the NNS-site 

(Noël et al., 2012). Based on this data, it was hypothesized the NNS complex is vital for the 

termination of the TLC1 RNA, which is incorporated into the telomerase (Noël et al., 2012).  

However, the NNS mutations were not analyzed directly in the termination of TLC1 and thus 

the study lacks the information of the essentiality of the termination sites. Thus, additional 

research is needed and we started this analysis by endogenous mutating both sites            

(Figure 11). 

 
Figure 11: TLC1 termination site mutants used in this study. 
Schematic representation of inserted point mutations, highlighted in red, in the NNS*, poly(A)* and 
poly(A)*NNS* mutants. Nab3 and Nrd1 binding sites are highlighted in purple and poly(A) signal sites 
in green. 

The indicated termination site mutants were grown to mid-log phase and cells were harvested 

and lysed. The total RNA was isolated, reverse transcribed and subsequently analyzed via 

qPCR. 

We observed a decrease in the total TLC1 amount for all mutations tested to approximately 

55 % compared to the wild type (Figure 12 A). This indicates that both termination sites are 

used under normal conditions. For detection of transcription read-through, primers 

amplifying a long TLC1 form were used in which the reverse primer is complementary to the 

end of the TLC1 locus (Figure 9). Compared to wild type, mutation of the PAS site and 
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simultaneous mutation of both the PAS and the NNS sites in the poly(A)*NNS* led to an 

~ 500 % and an ~ 200 % increased abundance of long TLC1 respectively (Figure 12 B). This 

indicates that mutation of the PAS sites leads to read-though and that downstream 

termination sites are present. In contrast, we observed a decreased abundance of long TLC1 

in the NNS* mutant to 37 % compared to wild type (Figure 12 B). This might indicate that 

transcription of TLC1 is terminated in the NNS* mutant by the CPF-CFI complex at the PAS site, 

limiting the formation of long TLC1. This would imply a read-through of the NNS site but a 

termination at the PAS site in the NNS* mutant.  

 

 
Figure 12: Mutation of the PAS site and the NNS binding site led to a decreased abundance of total 
TLC1 but read-through transcripts occur in upon PAS mutation in vivo. 
After cell lysis, the total RNA was isolated from the indicated transcription termination mutants and 
subsequently analyzed via qPCR. (A) Total TLC1 and (B) long TLC1 were amplified using specific primers. 
The error bars represent the standard deviation, p-values were calculated by unpaired two-tailed 
unequal variance student´s t-test (* = p< 0.05, ** = p< 0.01, *** = p< 0.001); n= 5. 

 
4.1.2. Cytoplasmic accumulation of TLC1 in transcription termination mutants 

 

To gain further insight into which termination pathway may lead to functional TLC1, the 

localization of TLC1 was analyzed in the termination mutants via Fluorescence in situ 

hybridization (FISH) and nucleo-cytoplasmic fractionation experiments.  

FISH experiments were used to determine the localization of endogenously expressed TLC1 

via detection with three Cy3-labeled probes. In wild type cells TLC1 predominantly localizes to 

the nucleus and served as a control. The mutation of the PAS termination site did not alter the 

localization of TLC1 compared to wild type (Figure 13). In contrast, we detected a 
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mislocalization of TLC1 to the cytoplasm in the NNS* and the poly(A)*NNS* mutants (Figure 

13). The cytoplasmic mislocalization of TLC1 was visible in approximately 80 % of the NNS* 

cells, in which 379 cells were counted. In the in polyA*NNS* mutant, in which 221 cells were 

counted, approximately 90 % of the cells showed a cytoplasmic mislocalization of TLC1. This 

indicates the production of a stable transcript in the NNS* and the poly(A)*NNS* mutants 

which most likely escape degradation. 

 
Figure 13: FISH analysis revealed a mislocalization of TLC1 to the cytoplasm in the NNS* and the 
poly(A)*NNS* mutants compared to wild type. 
FISH analysis of the indicated strains was carried out. Three sequence-specific Cy3-labelled probes 
were used to detect TLC1 (red). DNA was stained with Hoechst (blue) (A) Single cell images of the 
indicated cells in (B) are shown. (B) Overview of several cells is shown of which the framed ones are 
depicted in (A). n=3. 

Although the FISH experiments revealed a mislocalization of TLC1 in the NNS* and 

poly(A)*NNS* mutated cells, it is unclear which TLC1 transcripts mislocalize. To investigate 

this, nucleo-cytoplasmic fractionation experiments were carried out. In addition to the wild 

type background, experiments were conducted in the cse1-1 mutant. The cse1-1 mutant was 

chosen since recently a function of Cse1 as re-import factor of snRNAs and TLC1 was identified 

(see section 4.4 and Becker et al. (2019)).  

The indicated strains were shifted to the restrictive temperature for 1 h and 15 min before 

the cytoplasmic fraction was purified. The total RNA of the cytoplasmic fraction was isolated 

and subsequently analyzed via qPCR. As controls for successful nucleo-cytoplasmic 

fractionation, both the cytoplasmic protein Zwf1, and the nucleolar protein Nop1 were 

detected via Western blot analysis using protein specific antibodies (Figure 14 A).  

In the cse1-1 mutant, total TLC1 was enriched in the cytoplasm compared to wild type. This 

suggests that Cse1 has a function in the re-import of TLC1. In the poly(A)* and poly(A)*NNS* 
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mutants a decreased amount of total TLC1 was detected in the cytoplasm, both in the wild 

type and the cse1-1 background. This again indicates, that the PAS mutation has a negative 

effect on transcription termination of TLC1 and that its effect is dominant over the NNS* 

mutant in regard to total TLC1. In addition, in the NNS* mutant we observed an increased 

amount of TLC1 in the cytoplasm in wild type cells and in the cse1-1 mutant (Figure 14 B). This 

indicates that stable transcripts accumulate in the cytoplasm even when the re-import is not 

hindered.  

 

 
Figure 14: Nucleo-cytoplasmic fractionation experiment revealed altered localization of TLC1 in the 
termination site mutants.  
Nucleo-cytoplasmic fractionation experiments were carried out with the indicated strains. The strains 
were shifted to 16 °C for 1h and 15 min prior to cell lysis and isolation of the cytoplasmic fraction. Total 
RNA was isolated, reverse transcribed and analyzed via qPCR. (A) Western blot analysis of nucleo-
cytoplasmic fractionation experiments is shown (B and C). The total and cytoplasmic fractions were 
controlled by detecting the cytoplasmic protein Zwf1 (Glucose-6-phosphate dehydrogenase) and the 
nucleolar protein Nop1 (Histone glutamine methyltransferase). (B) and (C) qPCR data of (B) total TLC1 
amplifying primers and (C) long TLC1 amplifying primers of the cytoplasmic fraction are shown. The 
error bars indicate the standard deviation, p-values were calculated by unpaired two-tailed unequal 
variance student´s t-test (* = p< 0.05, ** = p< 0.01, *** = p< 0.001); n= 3; except wild type NNS* n=4. 

 
Analyzing the mutants in which a long TLC1 form was present (Figure 12), we observed a 

cytoplasmic enrichment of these long read-though transcripts in all mutants tested           
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(Figure 14 C). First, this reveals downstream termination sites are used concerning all 

termination site mutants. In addition, altering the PAS termination resulted in a longer TLC1 

transcript which reached the cytoplasm and seemed to be processed normally, as it was not 

mislocalized in the FISH experiments, in contrast to altering the NNS termination pathway 

(Figure 14 C and Figure 13). Second, in the cse1-1 mutant the abundance of long TLC1 

increases in the poly(A)* and the poly(A)*NNS* mutant background compared to the wild 

type, indicating that the long TLC1 form is a target of Cse1 mediated re-import. We cannot 

clarify at this point which pathway leads to functional TLC1 incorporated in the telomerase or 

whether both pathways are capable of generating a functional transcript. But we have shown 

that altering both termination pathways affect the abundance of TLC1 and that only limiting 

NNS termination results in mislocalization of total TLC1 in vivo. 

 
4.2. The Cap-binding complex component Cbp20 and TLC1 physically interact  

 

RNAP II transcripts harbor a m7G-cap, which is recognized by the cap binding complex (CBC) 

consisting of Cbp20 and Cbp80 (Hamm and Mattaj, 1990; Izaurralde et al., 1995; Lewis and 

Izaurralde, 1997; Schwer et al., 2011). To investigate whether the Xpo1 mediated export of 

TLC1 might involve binding to the CBC, we wished to analyze if Cbp20 as part of the CBC 

contacts immature TLC1. For this purpose, RNA Co-Immunoprecipitation (RIP) experiments 

were carried out. After cell lysis, Cbp20-GFP was precipitated via GFP-beads and the co-

immunoprecipitated RNA was isolated, reverse transcribed and analyzed via qPCR. Successful 

precipitation of Cbp20-GFP was controlled by Western blot analysis. Both the pull down and 

a control protein were detected (Figure 15 A). The control mRNA, Rpl8A, showed an ~ 18-fold 

enrichment in Cbp20 binding. Specific primers were chosen to detect the immature form of 

TLC1, which was ~ 5-fold enriched compared to no tag. This indicates that TLC1 and Cbp20 

physically interact (Figure 15 B). Thus, in analogy to mRNAs also TLC1 is bound and protected 

by the CBC. 
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Figure 15: Cbp20 and TLC1 physically interact. 
The indicated strains were grown to mid-log phase prior cell lysis. Cbp20-GFP was precipitated with 
GFP-beads. Co-immunoprecipitated RNA was isolated, reverse transcribed and analyzed via qPCR. 
(A)  A Western blot shows an example IP of immunoprecipitated Cbp20-GFP from the RIP experiments 
shown in (B). Nop1 served as a control for unspecific protein binding to the GFP-beads. Cbp20-GFP was 
detected with a GFP-specific antibody. (B) qPCR data from RIP experiments is shown. Primer amplifying 
immature TLC1 and the Rpl8A control mRNA were used. The error bars indicate the standard deviation, 
p-values were calculated by unpaired one-tailed unequal variance student´s t-test (* = p< 0.05, 
** = p< 0.01, *** = p< 0.001); n=3. (Part of the bioRxiv article Hirsch et al. (2021)). 

 

4.3. Loading of the Sm-ring onto immature TLC1 occurs in the cytoplasm 

 

One characteristic feature of TLC1 shared with snRNAs is the presence of a Sm-binding site 

(Seto et al., 1999). For snRNAs a cytoplasmic loading of the Sm-ring on unprocessed snRNAs 

has recently been shown and was suggested also for TLC1 (Becker et al., 2019; Vasianovich et 

al., 2020). To analyze whether the Smb1 protein of the Sm-ring is loaded onto TLC1 in the 

nucleus prior to export, RIP experiments were conducted in the export factor mutant      

mex67-5 xpo1-1 in which RNA accumulates in the nucleus after temperature shift (Becker et 

al., 2019).  

First, we precipitated Smb1-GFP from wild type cell lysates and showed an interaction 

between TLC1 and Smb1 in vivo, as TLC1 was ~ 300-fold enriched compared to when no tag 

was used (Figure 16).  

In a second experiment the wild type and the mex67-5 xpo1-1 mutant were shifted to the 

restrictive temperature for 1 h before the cells were lysed and GFP-tagged Smb1 was 

precipitated via GFP-beads. Protein precipitation was controlled by Western blot analysis and 
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showed a lower pull down in mex67-5 xpo1-1 compared to wild type (Figure 16 C). Co-

immunoprecipitated RNA was isolated and equal amounts of the RNA were subsequently 

reverse transcribed into cDNA and analyzed via qPCR. We observed a ~ 80 % depletion in the 

amount of TLC1 bound to Smb1 in the mex67-5 xpo1-1 mutant compared to wild type      

(Figure 16 D), suggesting that the loading of Smb1 onto TLC1 occurs after export.  

To test this directly, RIP experiments were carried out in the import factor mutant mtr10∆, in 

which TLC1 accumulates in the cytoplasm (Ferrezuelo et al., 2002; Gallardo et al., 2008). 

 

 
Figure 16: Decreased binding of TLC1 to Smb1-GFP in mex67-5 xpo1-1 mutants. 
Indicated strains were grown to mid-log phase and either lysed directly (A) and (B) or shifted to the 
restrictive temperature of 37 °C for 1 h prior lysis (C) and (D). For protein precipitation GFP-beads were 
used. Co-immunoprecipitated RNA was isolated, reverse transcribed and analyzed via qPCR. 
(A) and (C) Western blot analysis of immunoprecipitated Smb1-GFP form the RIP experiments shown 
in (B) and (D) respectively. Aco1 (Aconitase 1) served as control for unspecific protein binding to the 
GFP-beads. Smb1-GFP was detected with a GFP-specific antibody. (B) qPCR data from RIP experiments 
showing the binding of TLC1 to Smb1-GFP compared to no tag; n=4. (D) qPCR data from RIP 
experiments showing the binding of TLC1 to Smb1-GFP in mex67-5 xpo1-1 compared to wild type; n=3. 
The error bars represent the standard deviation, p-values were calculated by unpaired two-tailed 
unequal variance student´s t-test (* = p< 0.05, ** = p< 0.01, *** = p< 0.001). (Part of the bioRxiv article 
Hirsch et al. (2021)). 
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After cell lysis of wild type and mtr10∆ cells, Smb1-GFP precipitation was controlled by 

Western blot analysis (Figure 17 A). Analysis of the co-precipitated RNA via qPCR showed an 

approximately 170 % increased binding of total TLC1 and an approximately 200 % increased 

binding of the immature TLC1 to Smb1 in the mtr10∆ mutant compared to the wild type 

(Figure 17 B and C). We conclude that the Sm-ring loading onto immature TLC1 takes place in 

the cytoplasm.  

 

 
Figure 17: Increased binding of TLC1 to Smb1-GFP in mtr10∆. 
The indicated strains were grown to mid-log phase prior cell lysis. For protein precipitation GFP-beads 
were used. Co-immunoprecipitated RNA was isolated, reverse transcribed and analyzed via qPCR. 
(A) A Western blot shows an example IP of immunoprecipitated Smb1-GFP form RIP experiments 
shown in (B) and (C). Aco1 served as control for unspecific protein binding to the GFP-beads. Smb1-
GFP was detected using a GFP-specific antibody. (B) and (C) qPCR data from RIP experiments showing 
the binding of (B) the total TLC1 and (C) the immature TLC1 to Smb1-GFP in mtr10∆ compared to wild 
type. The error bars represent the standard deviation, p-values were calculated by unpaired two-tailed 
unequal variance student´s t-test (* = p< 0.05, ** = p< 0.01, *** = p< 0.001); n=3. (Part of the bioRxiv 
article Hirsch et al. (2021)). 
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4.4. Cse1 is involved in the nuclear import of TLC1 

 
Recently, a physical interaction of snRNAs with Cse1 and Mtr10 and a mislocalization of 

snRNAs in the cytoplasm in the cse1-1 mutant has been observed (Becker et al., 2019). 

Therefore, we wondered whether Cse1 might impact the localization of TLC1 as well.  

To investigate this, FISH experiments were carried out in the cse1-1 and cse1-1 mtr10∆ 

mutants. The mtr10∆ mutant served as control and was shifted to 37 °C for 1 h. The cse1-1 

and cse1-1-mtr10∆ mutants were shifted to 16 °C for 1 h and 15 min, which was found as the 

optimal shifting period to preserve a severe phenotype.  

Endogenously expressed total TLC1 was detected via three Cy3-labeled probes (Figure 18). In 

wild type cells TLC1 localizes predominantly to the nucleus whereas a mislocalization to the 

cytoplasm was shown in the mtr10∆ mutant (Ferrezuelo et al., 2002; Gallardo et al., 2008). 

We observed that TLC1 mislocalizes to the cytoplasm in the cse1-1 and in the cse1-1 mtr10∆ 

mutants (Figure 18). However, the signal was decreased in the double mutant, which may be 

due to the presence of a reduced amount of TLC1 in this mutant. The increased cytoplasmic 

presence of TLC1 in the cse1-1 mutant suggests that this karyopherin is important for the 

nuclear re-import of TLC1. 

 

We wondered if mostly the immature form of TLC1 is exported to the cytoplasm and is 

accumulating upon re-import block. In order to analyze this, nucleo-cytoplasmic fractionation 

experiments were carried out in import factor mutants. The cytoplasmic fraction of the 

indicated strains was isolated after temperature shift to the restrictive temperature for 1 h 

and 15 min. The successful isolation of the cytoplasmic fraction was controlled by Western 

blot analysis (Figure 19 A). The total RNA of the cytoplasmic fraction was isolated, reverse 

transcribed into cDNA and analyzed via qPCR. 

Total TLC1 accumulated in the cytoplasm in the cse1-1 mutant whereas the immature TLC1 

accumulated in the cytoplasm in all tested mutants (Figure 19 B and C). This suggests that TLC1 

is exported as immature transcript which accumulates in the cytoplasm in both import factor 

mutants. In addition, the ratio of immature to total TLC1 present in the cytoplasm was 

significantly enriched in the mtr10∆ mutant but only slightly in the cse1-1 mutant                

(Figure 19 D). This suggests, that Mtr10 is the major import factor. However, the ratio of 

immature to total TLC1 in the cytoplasm was also significantly enriched in the cse1-1 mtr10∆ 
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mutant, indicating that both factors cooperate in the re-import of TLC1 (Figure 19 D). The 

cytoplasmic enrichment of the total U1 and the immature U1 snRNA in the cse1-1 and mtr10∆ 

mutants is consistent with published data (Becker et al. 2019). In addition, we observed an 

additive effect in the enrichment of the total U1 and the immature U1 snRNA in the cse1-1 

mtr10∆ mutant (Figure 19 E and F). Together this suggests the immature forms of TLC1 and of 

U1 snRNA accumulate upon blocking their re-import and that Cse1 and Mtr10 cooperate in 

the re-import of theses ncRNAs. 

 

 
Figure 18: TLC1 mislocalizes to the cytoplasm in the cse1-1 and cse1-1 mtr10∆ mutants. 
FISH analysis was carried out after shifting the mtr10∆ mutant and the cse1-1 mutants to 37 °C and 
16 °C respectively, for the indicated times. Three sequence-specific Cy3-labelled probes were used to 
detect TLC1 (red). DNA was stained with Hoechst (blue). (A) Single cell images of the indicated cells in 
(B) are shown. (B) Overview of several cells is shown of which the framed ones are depicted in (A). 
Images of mtr10∆ were carried out by Dr. Daniel Becker; n=3. (Part of the bioRxiv article Hirsch et al. 
(2021)). 
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Figure 19: Immature TLC1 accumulates in the cytoplasm upon re-import block. 
Indicated strains were shifted to 16 °C for 1h and 15 min prior to isolation of the cytoplasmic fraction. 
The total RNA of the cytoplasmic fraction was isolated, reverse transcribed and analyzed via qPCR. 
(A) A Western blot shown an example of nucleo-cytoplasmic fractionation experiments shown in 
(B - F). Total and cytoplasmic fractions were controlled by detecting the cytoplasmic protein Zwf1 and 
the nucleolar protein Nop1. (B - F) qPCR data showing the cytoplasmic level of (B) total TLC1 
(C) immature TLC1 (D) the ratio of immature to total TLC1 level (E) U1 snRNA and (F) immature U1 
snRNA. The error bars represent the standard deviation, p-values were calculated by unpaired two-
tailed unequal variance student´s t-test in (* = p< 0.05, ** = p< 0.01, *** = p< 0.001); n= 5, except for 
U1 n=4. (Part of the bioRxiv article Hirsch et al. (2021)). 
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4.5. Cse1 and Mtr10 physically interact with TLC1 

 
A physical interaction of snRNAs with both import receptors was described to occur in vivo 

(Becker et al., 2019) and due to shared similarities of both RNA types, we wondered whether 

this might also be true for TLC1. Therefore, RIP experiments were carried out in which 

endogenously expressed, GFP-tagged proteins were precipitated from cell lysates via            

GFP-beads (Figure 20). Successful precipitation was controlled via Western blot and the co-

immunoprecipitated RNA was isolated, reverse transcribed into cDNA and analyzed via qPCR.  

Compared to the precipitation without the use of a tagged protein, we observed a 2-fold 

increase in the binding of TLC1 to Mtr10 and a 1.5-fold increase in the binding to Cse1      

(Figure 20 B). The U1 and U5 snRNA were used as an internal positive control. Both snRNAs 

showed a comparable binding rate to the import receptors as published previously (Becker et 

al., 2019). Although low, the binding of TLC1 to the import receptors was still significant. 

 

 
Figure 20: Mtr10 and Cse1 physically interact with TLC1. 
Indicated strains were grown to mid-log phase and GFP-tagged proteins were precipitated with GFP-
beads after cell lysis. Co-immunoprecipitated RNA was isolated, reverse transcribed into cDNA and 
subsequently used for qPCR analysis. (A) A Western blot shows an example IP of immunoprecipitated 
proteins form RIP experiments shown in (B). Hem15 (Ferrochelatase) served as control for unspecific 
protein binding to the GFP-beads. Cse1-GFP and Mtr10-GFP were detected with a GFP-specific 
antibody. (B) qPCR data show the binding of the indicated target RNAs to Mtr10 and Cse1. The error 
bars represent the standard deviation, p-values were calculated by unpaired one-tailed unequal 
variance student´s t-test (* = p< 0.05, ** = p< 0.01, *** = p< 0.001); For Mtr10-GFP RIPs n=4, for       
Cse1-GFP RIPs n=3. (Part of the bioRxiv article Hirsch et al. (2021)).  
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4.6. The cse1-1 mutation does not affect the overall level of total TLC1 in vivo 

 
To analyze whether MTR10 and CSE1 act together in the re-import of their cargos, we analyzed 

whether they genetically interact.  

For this purpose, a mtr10∆ strain was crossed with the temperature sensitive cse1-1 mutant 

and a growth analysis of the resulting double mutant was carried out. The serial drop dilution 

assay showed no growth for cse1-1 at its restrictive temperature of 16 °C and a growth defect 

compared to wild type at all tested temperatures (Figure 21) and (Xiao et al. 1993). The 

mtr10∆ mutant exhibited a defect at all tested temperatures compared to the wild type 

(Figure 21). The genetic interaction of the two factors became apparent at temperatures of 

20 °C and higher, where the double mutant revealed a growth defect compared to the wild 

type and the parental strains (Figure 21).  

 

 
Figure 21: Growth analysis revealed a genetic interaction between MTR10 and CSE1. 
Serial dilution of the indicated strains were spotted on YPD plates and incubated for 2 to 3 days at the 
indicated temperatures. n=3. (Part of the bioRxiv article Hirsch et al. (2021); the analyses were partly 
carried out by Jan-Philipp Lamping). 

 

To gain insight into the relative cellular amount of TLC1 in the mutants, the total and immature 

TLC1 forms were analyzed in cell lysates. The indicated strains were grown to mid-log phase 

and lysed after a temperature shift to their restrictive temperatures. In case of the cse1-1 and 

the cse1-1 mtr10∆ mutants a cold shock for 1 h and 15 min to 16 °C was carried out and the 

mtr10-1 mutant was shifted to 37 °C for 1 h. The cells were lysed and the total RNA was 

isolated, reverse transcribed into cDNA and analyzed via qPCR. 

The deletion of MTR10 or the mutation of mtr10-1 led to a significant reduction to half of the 

total TLC1 level (Figure 22 A) and (Ferrezuelo et al., 2002; Gallardo et al., 2008). In contrast, 

the total TLC1 level was not altered significantly in the cse1-1 mutant (Figure 22 A). In the 

double mutant, the total TLC1 level was reduced to ~ 40 %, which is comparable to the     
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mtr10-1 mutant (Figure 22 A). The decreased abundance of TLC1 in mutants that lack Mtr10 

suggests that Mtr10 is the major import factor of TLC1 which is degraded upon re-import block 

(Figure 22 A). 

Interestingly, the immature form of TLC1 was not significantly altered in this experimental set-

up compared to the wild type (Figure 22 B). However, the ratio of immature to total TLC1 was 

significantly enriched in the cse1-1 mtr10∆ mutant compared to wild type (Figure 22 C). This 

demonstrates that both import factors cooperate in the re-import of immature TLC1 as the 

mutation of both factors led to a stronger import block (Figure 22 C). In addition to Mtr10 as 

major import factor, Cse1 seems to have a supporting function in the re-import of TLC1.  

We demonstrated a genetic interaction between CSE1 and MTR10 and have shown that 

mutation of both import factors led to an increased ratio of immature to total TLC1. However, 

mutation of MTR10 but not CSE1 affected the overall level of TLC1 in vivo. 

 

 
Figure 22: Mutation of MTR10 but not of CSE1 affects the total TLC1 level, but the combination of 
both leads to an accumulation of immature TLC1.  
Indicated strains were grown to mid-log phase and lysed after shifting the cells to their restrictive 
temperature. The mtr10-1 mutant was shifted to 37 °C for 1h while the cse1-1 and the cse1-1 mtr10∆ 
mutants were shifted to 16 °C for 1h and 15 min. The total RNA was isolated, reverse transcribed into 
cDNA and subsequent analyzed via qPCR. TLC1 levels were analyzed using primers that amplify 
(A) total TLC1 or (B) the immature TLC1 forms. (C) The ratio of immature TLC1 to total TLC1 is shown. 
The error bars represent the standard deviation, p-values were calculated by unpaired two-tailed 
unequal variance student´s t-test in (* = p< 0.05, ** = p< 0.01, *** = p< 0.001); For cse1-1 n=6;        
mtr10-1 n=3; for cse1-1 mtr10∆ n=5. (Part of the bioRxiv article Hirsch et al. (2021)). 
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4.7. Cse1 stabilizes the interaction of immature TLC1 and Smb1 prior to the re-

import  

 

As shown earlier, the binding of immature TLC1 to the Sm-ring is increased when the re-import 

was inhibited in the mtr10∆ mutant (Figure 17). To investigate whether this is also true for the 

new TLC1 import mutant cse1-1 and whether their effects are additive, RIP experiments were 

carried out in the cse1-1 and cse1-1 mtr10∆ mutants. The indicated strains were grown to 

mid-log phase and lysed after a temperature shift to the restrictive temperature of 16 °C for 

1 h and 15 min. GFP-tagged proteins were precipitated by using GFP-beads and an equal pull 

down in all used strains was observed by Western blot analysis (Figure 23 A). Co-

immunoprecipitated RNA was isolated, reverse transcribed and analyzed by qPCR using TLC1 

specific primers.  

Compared to the wild type, we observed a decreased binding of TLC1 to Smb1 in the cse1-1 

mutant and an even stronger effect concerning the cse1-1 mtr10∆ double mutant, in which 

the interaction of TLC1 and Smb1-GFP dropped to ~ 10 % (Figure 23 B). Furthermore, we 

observed a decreased binding of the immature form of TLC1 to Smb1 to ~ 60 % in the cse1-1 

mutant and to ~ 14 % in the cse1-1 mtr10∆ mutant (Figure 23 C).  

In contrast to the increased binding of TLC1 to Smb1 in the absence of Mtr10, this interaction 

was decreased in the cse1-1 and the cse1-1 mtr10∆ mutants, suggesting that Cse1 is involved 

in stabilization of the Sm-ring binding onto TLC1 (Figure 17 and Figure 23). Nevertheless, the 

ratio of the immature TLC1 to the total TLC1 form bound to Smb1-GFP was increased in the 

cse1-1 mtr10∆ mutant (Figure 23 D). This implies that the immature TLC1 form is mostly bound 

to Smb1-GFP in the cse1-1 mtr10 mutant when TLC1 is accumulating in the cytoplasm (Figure 

18, Figure 19 and Figure 23). These findings confirm a cytoplasmic loading of the Sm-ring onto 

immature TLC1 and reveal a stabilizing function of Cse1 for the interaction between TLC1 and 

the Sm-ring. 
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Figure 23: The Sm-ring loading onto TLC1 occurs in the cytoplasm and is stabilized via Cse1.  
The indicated strains were grown to mid-log phase and shifted to the restrictive temperature of 16 °C 
for 1 h and 15 min. Smb1-GFP was precipitated with GFP-beads after cell lysis. Co-immunoprecipitated 
RNA was isolated, reverse transcribed and analyzed via qPCR. (A) A Western blot shows an example IP 
of the precipitated Smb1-GFP from RIP experiment shown in (B - D). Aco1 served as control for 
unspecific protein binding to the GFP-beads. Smb1-GFP was detected with a GFP-specific antibody. 
(B - D) qPCR data from RIP experiments showing the interaction between Smb1-GFP and (B) total TLC1 
(C) immature TLC1 (D) the ratio of immature TLC1 to total TLC1. The error bars represent the standard 
deviation, p-values were calculated by unpaired two-tailed unequal variance student´s t-test 
(* = p< 0.05, ** = p< 0.01, *** = p< 0.001); For cse1-1 n=3; for cse1-1 mtr10∆ n=4. (Part of the bioRxiv 
article Hirsch et al. (2021)). 
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4.8. The import factor Mtr10 contacts the Smb1 protein presumably for re-import  

 

The re-import of the TLC1 requires Cse1 and Mtr10 (Figure 18) and (Ferrezuelo et al., 2002). 

In addition, we have shown that especially the immature TLC1 requires both karyopherins 

Cse1 and Mtr10 for the re-import (Figure 19). Cse1 was shown to contact the Sm-ring (Becker 

et al., 2019). For Mtr10 it is currently unknown how it contacts TLC1. Therefore, we 

investigated the interaction of Mtr10 to proteins of the telomerase holoenzyme, which may 

function as adaptor protein between TLC1 and Mtr10. 

Indicated GFP- or Myc-tagged proteins were precipitated via GFP- or Myc-beads after cell lysis 

of the indicated strains. As no RNase was added to the immunoprecipitation experiments, a 

potential indirect interaction via an RNA cannot be excluded. No physical interaction was 

observed between Mtr10 and Pop1, Est1 or Yku70. But we observed a physical interaction 

between Smb1 and Mtr10, indicating that Mtr10 might contact the RNP via the Sm-ring for 

nuclear re-import (Figure 24). 

 

 
Figure 24: Mtr10 physically interacts with Smb1.  
In all IP experiments indicated proteins were precipitated with GFP- or Myc-beads and were detected 
either with a GFP-specific antibody or a Myc-specific antibody. Nop1, Hem15 and Aco1 served as 
control for unspecific protein binding to the GFP- and Myc-beads. The detected proteins are arranged 
as follows: (top) pull-down, (middle) analyzed protein to be co-precipitated, (bottom) unspecific 
protein binding control. (A) Western blot analysis of IP experiments with Pop1-GFP and Mtr10-Myc. 
(B) Western blot analysis of IP experiments with Mtr10-GFP and Est1-Myc. (C) Western blot analysis 
of IP experiments with of Mtr10-Myc and Yku70. Yku70 was detected using a Hdf1 (Yku70) antibody. 
(D) Western blot analysis of IP experiments with Smb1-GFP and Mtr10-Myc revealing a physical 
interaction of both proteins. n=3. (Part of the bioRxiv article Hirsch et al. (2021)).  
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4.9. The re-import of TLC1 is independent of the importin α pathway 

 

Cse1 is involved in the re-export of Srp1, which in turn is involved in the nuclear import of Est1 

(Hawkins and Friedman, 2014; Hood and Silver, 1998; Solsbacher et al., 1998). Thus, it is 

possible that the observed mislocalization of TLC1 in the cse1-1 mutant is a secondary effect, 

because it was shown that the nuclear localization of Est1 is disturbed in srp1 mutants, that 

are defective in the import of classical NLS-containing proteins (Hawkins and Friedman, 2014). 

Although the Est1 mislocalization might be due to secondary effects, we wished to investigate 

if the re-import of TLC1 depends on Srp1.  

Therefore, we analyzed the localization of TLC1 in the srp1-31 mutant via FISH experiments. 

The indicated strains were shifted to the restrictive temperature of 37 °C for 1 h. 

Endogenously expressed total TLC1 was detected via three Cy3-labeled probes.  

In wild type cells, TLC1 localizes to the nucleus at 25 °C and 37 °C (Figure 25) and (Gallardo et 

al. 2008). The localization of TLC1 was not affected in the srp1-31 mutant, distinct TLC1 foci 

were visible in the nucleus (Figure 25) and (Gallardo et al. 2008). Thus, we can conclude that 

the mislocalization of TLC1 in cse1-1 is not caused by the importin α pathway. 

 

 
Figure 25: Localization of TLC1 is not affected in the srp1-31 mutant. 
FISH analysis of the indicated strains were carried out before and after shifting them to the restrictive 
temperature of 37 °C for 1 h. Three sequence-specific Cy3-labelled probes were used to detect TLC1 
(red). DNA was stained with Hoechst (blue). Single cell images of are shown. n=3. (Part of the bioRxiv 
article Hirsch et al. (2021)). 
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To investigate whether Pop1, which harbors a predicted NLS sequence (Lee et al., 2006), also 

mislocalizes in a srp1 mutant we carried out immunofluorescence experiments. The srp1-31 

mutant was transformed with the Pop1-GFP plasmid and cells were grown to mid-log phase 

prior to shifting them to the restrictive temperature of 37 °C for 1 h. In agreement with the 

mislocalization of Est1 in the srp1-31 mutant (Hawkins and Friedman, 2014), Pop1 also 

mislocalizes to the cytoplasm in the srp1-31 mutant (Figure 26). The mislocalization of Pop1 

implies a role of Srp1 in the nuclear import of the unbound protein. Proper localization of TLC1 

in srp1-31 suggests no limitation of the association of the proteins that form the matured RNP.  

 

 
Figure 26: Pop1-GFP mislocalizes to the cytoplasm in the srp1-31 mutant. 
The srp1-31 mutant was grown to mid-log phase prior to a temperature shift to 37 °C for 1 h. 
Immunofluorescence experiments were carried out for signal enhancement. Pop1-GFP was detected 
with a primary anti-GFP and a secondary anti-mouse-FITC antibody. Images are shown after 
deconvolution. (A) Single cell images of the indicated cells in (B) are shown. (B) Overview of several 
cells is shown of which the framed ones are depicted in (A). n=3.  
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4.10. Southern blot analysis revealed an altered telomere structure with 

amplified Y´ elements in the cse1-1 mutant 

 

Impairment of the export factors Mex67 and Xpo1 as well as of the import factor Mtr10 leads 

to a progressive shortening of the telomere ends (Ferrezuelo et al., 2002; Wu et al., 2014). 

Because we have shown that Cse1 is involved in the re-import of TLC1, we investigated the 

length of telomere ends in the cse1-1 mutant.  

Indicated strains were freshly taken from a - 80 °C stock, which were already replicated 

multiple times and therefore could exhibit telomere shortening at generation “0”. 

Nevertheless, cell passaging was carried out in liquid culture under constant incubation at the 

semi-permissive temperature or on solid plates until 80 to 125 generations were reached. 

Chromosomal DNA was isolated, digested with XhoI and analyzed via Southern blot 

experiments. For detection of the terminal fragment and also indirectly for the Y´ elements, a 

probe binding to the TG-repeats was used (Figure 27).  

 

 
Figure 27: Schematic representation of yeast wild type Y´ telomere and Type I survivor telomere. 
Probe targeting the TG-repeats of the telomeres is indicated as Southern probe. 

 
Analysis of the telomere-restriction fragments after XhoI digestion via Southern blot analysis 

revealed no shortening of the terminal telomere fragment in the cse1-1 mutant. However, a 

highly amplified band with the size of approximately 5.5 kb appeared in the cse1-1 mutant 

(Figure 28). The cse1-1 mtr10∆ mutant has shortened telomere ends, which is consistent with 

the phenotype of mtr10∆ (Ferrezuelo et al., 2002). No amplification of the Y´ element was 

observed in the cse1-1 mtr10∆ mutant, suggesting that the loss of Mtr10 is dominant. The 

tlc1∆ mutant was used as a control of the passaging process and showed a shortening of the 

terminal fragment at the beginning and switched after approximately 80 generations to the 
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phenotype of a Type II survivor (Figure 28) and (Chen et al., 2001; Grandin and Charbonneau, 

2007).  

 
Figure 28: Southern blot analysis of XhoI digested chromosomal DNA revealed no telomere 
shortening defect for cse1-1 but amplification of an approximately 5.5 kb fragment. 
Cell passaging of the indicated strains was carried out in liquid culture at semi-permissive temperature 
of 20 °C. Chromosomal DNA was isolated, digested with XhoI and separated on a TBE gel. A telomeric-
repeat specific probe was used for detection. (Part of the bioRxiv article Hirsch et al. (2021)). 

To verify that the highly amplified band in the cse1-1 mutant resembles the same pattern as 

described for the Type I survivor in the tlc1∆ mutant (Grandin and Charbonneau, 2007; Teng 

and Zakian, 1999), the following strains were passaged on solid YPD plates. Thereby, the 

slower growing Type I survivor is less likely to be overgrown by Type II survivor cells (Grandin 

and Charbonneau, 2007). Furthermore, we analyzed whether the phenotype in the cse1-1 

strain, the appearance of the 5.5 kb band in particular, can be reversed by introducing a wild 

type CSE1 encoded on a plasmid.  

Telomere shortening is observed in a telomerase deficient mutant with switch to a Type I 

survivor phenotype after approximately 75 - 100 generations (Bosoy et al., 2003; Grandin and 

Charbonneau, 2007; Makovets et al., 2008; Teng and Zakian, 1999). Compared to the 

generated Type I survivor phenotype in the tlc1∆ mutant, the generated band in the cse1-1 

strain was detected at the same height, using the same probe that binds the TG-repeats 

(Figure 29). In addition, we observed that the introduction of a CSE1 containing plasmid 

rescued the phenotype of the cse1-1 mutant (Figure 29). This indicates that the mutation of 

CSE1 specifically leads to the Y´ amplification. Interestingly, the overall telomere length in the 

cse1-1 mutant might be increased in comparison to wild type telomeres as the Y´ elements 
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are amplified in addition to a normal length of the terminal fragment. This implies, that even 

if TLC1 mislocalizes to the cytoplasm, enough telomerases reach the nucleus for telomere 

elongation. Additionally, homologues recombination seems to be used in the cse1-1 mutant, 

leading Y´ element amplification. This is a special phenotype in which telomerase dependent 

lengthening and recombination events might act simultaneously, resulting in the observed 

phenotype. Because the cse1-1 strain does not show the shortening of the terminal fragment 

which is a characteristic for Type I survivors, the observed phenotype was named “Type I like 

survivor” (Hirsch et al., 2021). However, “Amplified Y´ element mutant” or “Long telomere 

mutant” might be more suitable.  

 

 
Figure 29: The Y´ elements are amplified in the cse1-1 mutant, which is reversible by 
complementation with CSE1.  
Cell passaging was carried out on solid YPD plates at 25 °C. Chromosomal DNA was isolated, digested 
with XhoI and separated on an TAE gel. A telomeric-repeat specific probe was used for detection. (Part 
of the bioRxiv article Hirsch et al. (2021)). 
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4.11. Mutation of CSE1 altered the localization Rap1  

 

Although TLC1 is mislocalized to the cytoplasm in both the cse1-1 mutant (Figure 18) and the 

mtr10∆ mutant (Figure 18) and (Ferrezuelo et al., 2002), the Southern blot analysis revealed 

a different telomere structure for both mutants (Figure 28) and (Ferrezuelo et al., 2002). 

Besides the telomerase, also the nature of the telomere cap structure is important for correct 

telomere elongation. Both very short and uncapped telomeres are prone to recombination 

(Blackburn, 2000; McEachern and Iyer, 2001; Teixeira et al., 2004). Therefore, we wondered 

whether telomere capping factors may mislocalize in the cse1-1 mutant and thus elicit this 

special phenotype. For this purpose, we chose two important telomere proteins and analyzed 

their localization in the cse1-1 mutant by immunofluorescence experiments.  

The single-stranded telomeric DNA-binding protein Cdc13 regulates telomere replication and 

elongation and has both positive and negative regulatory functions on telomere length 

(Churikov et al., 2013; Li et al., 2009; Liu et al., 2014). In wild type, Cdc13 is mainly localized in 

the nucleus (Ouenzar et al., 2017). This is not altered in the cse1-1 mutant (Figure 30), 

indicating that Cse1 did not function in the localization of Cdc13. 

 

 
Figure 30: Cdc13-GFP is not mislocalized in the cse1-1 mutant.  
Indicated strains were grown to mid-log phase prior to shifting them to 16 °C for 1 h and 15 min. Cdc13-
GFP was detected with a primary anti-GFP and a secondary anti-mouse-FITC antibody to enhance the 
otherwise faint signal and the recorded image stacks were used for deconvolution. DNA was stained 
with Hoechst. (A) Single cell images of the indicated cells in (B) are shown. (B) Overview of several cells 
is shown of which the framed ones are depicted in (A). n=3. 
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Rap1 is an essential dsDNA-binding protein that functions in telomere length maintenance 

and chromatin silencing, and is mainly localized in the nucleus as it directly binds to telomeric 

repeat DNA (Gilson and Géli, 2007; Gotta et al., 1996; Klein et al., 1992; Marcand et al., 1997). 

Even without shifting cse1-1 to the restrictive temperature, we observed a presumably more 

nucleolar localization of Rap1 (Figure 31). Shifting cse1-1 to the restrictive temperature 

resulted in a weaker, more diffuse GFP signal that was detectable in the cytoplasm. This 

suggests a function of Cse1 in the re-import of Rap1. Overall, this might lead to partially 

uncapped telomeres which are hence more accessible for homologues recombination events. 

 

 
Figure 31: Rap1-GFP mislocalizes in the cse1-1 mutant. 
Indicated strains were grown to mid-log phase prior to the temperature shift to 16 °C for 1h and 
15 min. Rap1-GFP was detected with a primary anti-GFP and a secondary anti-mouse-FITC antibody to 
enhance the otherwise faint signal and recorded image stacks were used for deconvolution. DNA was 
stained with Hoechst. (A) Single cell images of the indicated cells in (B) are shown. (B) Overview of 
several cells is shown of which the framed ones are depicted in (A). n=3. 
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4.12. Loading of the Est and Pop proteins occurs in the cytoplasm 

 

Another essential step in TLC1 biogenesis is the assembly of the telomerase holoenzyme. Est1 

is loaded onto TLC1 in the cytoplasm (Gallardo et al., 2008; Wu et al., 2014). Pop1 stabilizes 

the Est1 binding on the RNP and was recently sugessted to be loaded on TLC1 in the cytoplasm 

(Garcia et al., 2020; Laterreur et al., 2018; Lemieux et al., 2016). We analyzed directly whether 

Pop1 is loaded onto the telomerase in the cell nucleus prior export or in the cytoplasm after 

export, by using GFP microscopy and RIP experiments. The localization of Est1 served as 

control in GFP microscopy experiments. 

Est1-GFP localizes to the nucleus in wild type cells and is loaded onto TLC1 in the cytoplasm, 

which is reflected in its mislocalization in the export- and import-mutants, including cse1-1 

(Figure 32 B) and (Gallardo et al., 2008; Wu et al., 2014). This indicates that Cse1 supports in 

the re-import of Est1, which is presumably bound to TLC1. In addition, we observed a partial 

mislocalization of Est1-GFP to the cytoplasm in the tlc1∆ mutant (Figure 32 B). This suggests 

that Est1 might also be imported into the nucleus independently of the telomerase.  

Pop1-GFP is localized to the nucleus and the nucleolus in wild type cells (Gill et al., 2006). We 

observed a mislocalization of Pop1-GFP to the cytoplasm in all mutants tested (Figure 32 A). 

The cytoplasmic mislocalization of Pop1-GFP in the tlc1∆ strain confirms that TLC1 is indeed a 

target of Pop1 (Figure 32 A) and (Garcia et al., 2020; Laterreur et al., 2018; Lemieux et al., 

2016). Furthermore, we observed a mislocalization of Pop1-GFP to the cytoplasm in the export 

mutants mex67-5 and mex67-5 xpo1-1 (Figure 32 A). This mislocalization could be due to the 

missing target, TLC1, which is retained in the nucleus of these mutants (Wu et al., 2014). The 

observed mislocalization of Pop1 to the cytoplasm in the import factor mutants cse1-1 and 

mtr10-1 could be due to the cytoplasmic mislocalization of TLC1 in these mutants (Figure 32 

A and Figure 18). Taken together this suggests, that Pop1 is loaded onto TLC1 in the cytoplasm. 
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Figure 32: TLC1 export and import factor mutants affect the localization of Pop1 and Est1.  
Indicated strains were grown to mid-log phase prior to a temperature shift to 16 °C or 37 °C, 
respectively. (A) Pop1-GFP and (B) Est1-GFP localization is shown. (C) Negative control is shown. n=3. 
(Part of the bioRxiv article Hirsch et al. (2021); the analyses were partly carried out by Jan-Philipp 
Lamping). 

 
Since Pop1 is present in the telomerase and in the RNAse P / MRP complexes (Lemieux et al., 

2016; Lygerou et al., 1994), we analyzed the binding of TLC1 to Pop1-GFP directly in import 

and export factor mutants by RIP experiments. The mex67-5 and cse1-1 mutants were shifted 

to their restricted temperatures of 37 °C and 16 °C, respectively. Cells were lysed, Pop1-GFP 

was precipitated via GFP-beads and co-immunoprecipitated RNA was isolated, reverse 

transcribed into cDNA and analyzed via qPCR. Successful precipitation of Pop1-GFP was 

controlled by Western blot analysis (Figure 33 A, C).  

We observed a decreased binding of TLC1 to Pop1-GFP in the mex67-5 mutant and an 

increased binding of TLC1 to Pop1-GFP in the cse1-1 mutant (Figure 33 B, D). The increased 
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interaction between immature TLC1 and Pop1 in the cse1-1 mutant supports the model in 

which the loading of the proteins occurs in the cytoplasm on an untrimmed TLC1 precursor. 

This result is in agreement with recent findings that revealed a mislocalization of TLC1 in Pop 

protein deficient mutants (Garcia et al., 2020). 

 

 
Figure 33: Pop1-GFP loading onto TLC1 occurs in the cytoplasm. 
Indicated strains were shifted to the restrictive temperature (A) and (B) to 37 °C for 2 h or (C) and (D) 
to 16 °C for 1 h and 15 min. Cells were lysed and Pop1-GFP was precipitated with GFP-beads. Co-
immunoprecipitated RNA was isolated, reverse transcribed and analyzed via qPCR. 
(A) and (C) A Western blot shows an example IP of immunoprecipitated proteins form the RIP 
experiments shown in (B) and (D) respectively. Grx4 (Glutathione-dependent oxidoreductase) served 
as control for unspecific protein binding to the GFP-beads. Pop1-GFP was detected with a GFP-specific 
antibody. (B) qPCR data from RIP experiments showing a decreased binding of the total and the 
immature TLC1 to Pop1-GFP in the mex67-5 mutant. (D) qPCR data from RIP experiments showing the 
increased binding of the total and the immature TLC1 to Pop1-GFP in the cse1-1 mutant. The error bars 
represent the standard deviation, p-values were calculated by unpaired two-tailed unequal variance 
student´s t-test (* = p< 0.05, ** = p< 0.01, *** = p< 0.001); n=3. (Part of the bioRxiv article Hirsch et al. 
(2021)).  
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4.13. TMG-cap formation and trimming of immature TLC1 is facilitated after 

re-import of TLC1 into the nucleus 

 

In addition to the maturation of the RNP complex via protein loading, TLC1 undergoes two 

additional processing steps: First, the ~ 1.3 kb long immature transcript is trimmed at its           

3´-end to 1157 nt (Bosoy et al., 2003; Chapon et al., 1997; Coy et al., 2013; Hass and Zappulla, 

2020). Second, the monomethylguanosine (m7G) cap at its 5'-end is trimethylated to a 2,2,7-

trimethylguanosine (TMG)-cap, which is present in the active telomerase (Franke et al., 2008; 

Seto et al., 1999). The TMG-cap is also characteristic for snRNAs where TMG-capping occurs 

after the re-import (Becker et al., 2019). Currently TMG-capping is suggested to occur before 

export (Gallardo et al., 2008; Garcia et al., 2020). Interestingly, Smb1 is suggested to support 

TMG-capping by interaction with Tgs1 in vitro and in vivo (Becker et al., 2019; Mouaikel et al., 

2002). Since we and others have shown the Sm-ring loading onto TLC1 occurs after export to 

the cytoplasm (Figure 17 and Figure 23) and (Hirsch et al., 2021; Vasianovich et al., 2020), it 

seems likely that TMG-capping occurs after re-import. To investigate this, we carried out RIP 

experiments in the import factor mutants with an antibody that targets the TMG-cap. Since 

the antibody binds both trimethylated caps and also partially monomethylated caps, the tgs1∆ 

mutant was used as a control to represent the baseline for the experimental setup, because 

it is the only methyltransferase in yeast for TMG-capping (Franke et al., 2008; Mouaikel et al., 

2002). 

Approximately 25 % of TMG-capped TLC1 was present in tgs1∆ compared to wild type.   

(Figure 34). This marks the baseline for unspecific binding. We observed a reduction of TMG-

capped TLC1 in the import mutants mtr10∆ and cse1-1 as well as the double mutant 

cse1- 1 mtr10∆ to similar levels compared to tgs1∆ (Figure 34). This finding indicates that 

TMG-capping occurs after re-import into the nucleus, however we cannot distinguish whether 

this step is prior or after trimming of TLC1. 
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Figure 34: TMG-capping of TLC1 is reduced in import factor mutants. 
Purified total RNA from the indicated strains after a 1 h and 15 min shift to the restrictive temperature 
of 16 °C was used for the co-precipitation with an anti-2,2,7- trimethyl-guanosine-antibody coupled to 
agarose beads. Co-precipitated RNA was isolated via Trizol-chloroform isolation and analyzed via qPCR. 
The amount of TMG-capped TLC1 is shown in the indicated strains relative to wild type. The error bars 
represent the standard deviation, p-values were calculated by unpaired two-tailed unequal variance 
student´s t-test in (* = p< 0.05, ** = p< 0.01, *** = p< 0.001); tgs1∆ and mtr10∆ n=4; cse1-1 and              
cse1-1 mtr10∆ n=3. (Part of the bioRxiv article Hirsch et al. (2021)). 

 

Furthermore, it was assumed that the 3´-trimming of the immature TLC1 up to the Sm-ring 

binding sites occurs in the nucleus prior to export (Garcia et al., 2020; Noël et al., 2012; Wu et 

al., 2014). However, the Sm-ring loading onto immature TLC1 occurs in the cytoplasm      

(Figure 17 and Figure 23) and (Hirsch et al., 2021; Vasianovich et al., 2020), which protects the 

RNA from complete degradation (Coy et al., 2013; Hass and Zappulla, 2020). In addition, the 

immature form accumulates in the re-import mutants (Figure 19). Therefore, 3´-trimming 

might occur after nuclear re-import of immature TLC1. To finally exclude a trimming 

beforehand, we analyzed the forms of TLC1 in a double mutant of the nuclear exosome 

component Rrp6 and the export mutant mex67-5, both known to cause accumulation of 

poly(A)+ TLC1 when mutated individually (Coy et al., 2013; Segref et al., 1997). Cells were 

harvested in mid-log phase after a temperature shift to 37 °C for 2 h, total RNA was isolated, 

reverse transcribed into cDNA and subsequent analyzed via qPCR. 
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Figure 35: 3´-end processing of TLC1 occurs in the nucleus after TLC1 re-import.  
Indicated strains were shifted to 37 °C for 2 h prior to harvest. After cell lysis, the total RNA was 
isolated, reverse transcribed and subsequently analyzed via qPCR. Total and immature TLC1 were 
amplified using specific primers. The error bars represent the standard deviation, p-values were 
calculated by unpaired two-tailed unequal variance student´s t-test in (* = p< 0.05, ** = p< 0.01, 
*** = p< 0.001). For mex67 -5 and rrp6∆mex67-5 n= 4. For rrp6∆ n=8. (Part of the bioRxiv article Hirsch 
et al. (2021)). 

 

We observed a ~ 2-fold increase of total TLC1 and a ~ 7-fold increase of the immature TLC1 

form in the rrp6∆ strain compared to the wild type (Figure 35). This indicates that Rrp6 and 

thus the nuclear exosome is indeed involved in trimming of TLC1 (Figure 35) and (Coy et al., 

2013). In the mex67-5 and in the mex67-5 rrp6∆ mutants, we observed a decreased 

abundance of total TLC1 suggesting that the export block leads to the degradation of 

transcripts. However, we observed a ~ 1.6-fold and a ~ 5-fold increase of the immature form 

of TLC1 in the mex67-5 mutant and the rrp6∆ mex67-5 mutant, respectively (Figure 35). These 

findings suggest that Mex67 may function in the stabilization of transcripts (Vasianovich et al., 

2020). However, as the immature form of TLC1 is rather stabilized and only the total TLC1 that 

includes mostly the mature form is degraded, we suggest that pre-TLC1 is particularly 

protected by additional factors, possibly Npl3. 

Overall, our data suggest that 3´-trimming of the transcript occurs via the exosome after re-

import. 
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4.14. The guard protein Npl3 physically interacts with TLC1 

 

Guard proteins like Npl3 are co-transcriptionally loaded onto the RNA for quality control and 

Mex67-recruitment (Lei et al., 2001; Zander et al., 2016). To investigate whether Npl3 and 

TLC1 physically interact RIP experiments were carried out.  

After cell lysis, Npl3-GFP was precipitated via GFP-beads and co-immunoprecipitated RNA was 

isolated, reverse transcribed analyzed via qPCR. Successful precipitation of Npl3-GFP was 

controlled by Western blot analysis (Figure 36 A). A control mRNA, Hem15, showed a ~ 3-fold 

enrichment compared to the no tag. Internal TLC1 primers showed a ~ 6-fold enrichment of 

the total TLC1 binding to Npl3-GFP compared to the no tag control, indicating that TLC1 and 

Npl3 physically interact (Figure 36 B). Furthermore, we detected an ~ 7-fold enriched binding 

of immature TLC1 to Npl3-GFP compared to the no tag control, indicating that Npl3 and TLC1 

interact before the 3´-end of TLC1 is trimmed. This binding might protect the immature form 

of TLC1 from degradation prior to nuclear export and may serve as an adaptor protein for 

Mex67 mediated nuclear export. 

 
Figure 36: Npl3 and immature TLC1 physically interact. 
Indicated strains were harvested in mid-log phase, lysed and Npl3-GFP was precipitated with GFP-
beads. Co-immunoprecipitated RNA was isolated, reverse transcribed and analyzed via qPCR. 
(A) A Western blot shows an example IP of immunoprecipitated Npl3-GFP from RIP experiments 
shown in (B). Hem15 served as control for unspecific protein binding to the GFP-beads. Npl3-GFP was 
detected with a GFP-specific antibody. (B) qPCR data from RIP experiments showing a interaction 
between Npl3-GFP and total and immature TLC1 compared to no tag. The error bars represent the 
standard deviation, p-values were calculated by unpaired one-tailed unequal variance student´s t-test 
in (* = p< 0.05, ** = p< 0.01, *** = p<0.001). n=4. (Part of the bioRxiv article Hirsch et al. (2021)). 
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5. Discussion  

 

Functional telomerases and telomere length homeostasis are essential for regulating the 

replicative life span in yeast (Austriaco and Guarente, 1997; Chen et al., 2009; Romano et al., 

2013). Dysfunction is associated with carcinogenesis and pre-mature aging in human 

(Armanios and Blackburn, 2012; Calado and Young, 2009; Epel and Lithgow, 2014; McNally et 

al., 2019; Nagpal and Agarwal, 2020; Smogorzewska and De Lange, 2004). Research on 

telomeres and the telomerase was highlighted by the award of the Nobel Prize to Elizabeth H. 

Blackburn, Carol W. Greider and Jack W. Szostak in 2009, and still represents a main focus in 

cancer research. The function and essential features of the enzymatic complex are generally 

conserved. However, several functional aspects and details in the maturation pathway are 

unclear and we choose the simple eukaryote S. cerevisiae to investigate the life cycle of the 

telomerase RNA TLC1 and assembly of the telomerase.  

 

5.1. Transcription termination of TLC1 involves the CPF-CFI complex and the NNS 

complex  

 

Regulated gene expression is essential for cellular fitness and often achieved on a 

transcriptional level. Recent studies revealed pervasive transcription of the genome, 

suggesting that transcript abundance is regulated mostly by degradation rather than by 

transcription initiation (Dijk et al., 2011; Jensen et al., 2013; Larochelle et al., 2018; Neil et al., 

2009; Porrua and Libri, 2015; Wyers et al., 2005; Xu et al., 2009). RNAP II is mainly responsible 

for the synthesis of protein-coding RNAs, but also for a variety of non-coding RNAs, such as 

snRNAs, snoRNAs, Cryptic Unstable Transcripts (CUTs) and Stable Unannotated Transcripts 

(SUTs), and for the lncRNA TLC1 (Chapon et al., 1997; Porrua and Libri, 2015; Tuck and 

Tollervey, 2013; Xu et al., 2009). Interestingly, TLC1 harbors transcription termination sites for 

the CPF-CFI complex and the NNS complex mediated termination (Figure 5, Figure 9 and Figure 

37). It is currently unclear if both or only one of the sites is used for generating functional 

TLC1. To examine which TLC1 termination pathways are used we surveyed the TLC1 levels in 

mutants of both termination pathways. We observed that the amount of total and immature 

TLC1 increases in mutants of the NNS pathway, such as the nrd1-102 mutant and the sen1-1 



  Discussion 

 
 

94 

mutant (Figure 10). This may reflect an increased abundance of polyadenylated, ~ 1.3 kb long 

poly(A)+ TLC1 which was observed in the nrd1-102 mutant (Noël et al., 2012). In addition, due 

to the usage of a different sen1 mutant which is defective in the RNA binding instead of the 

NTP binding (Hazelbaker et al., 2013; Noël et al., 2012), we were able to show that the same 

enrichment of immature TLC1 is true for the sen1-1 mutant (Figure 10). In contrast, the      

nrd1-101 mutant did only slightly affect the TLC1 level (Figure 10). In the nrd1-101 mutant 

contact with RNAP II is disrupted (Conrad et al., 2000), yet the NNS complex appears to be 

functional and correctly positioned by other mechanisms. Together, this suggests that under 

normal conditions more TLC1 is transcribed which is eliminated by the NNS pathway.  

In fact, TLC1 is a low abundant RNA with about 30 molecules per cell (Mozdy and Cech, 2006). 

Too little or too much are critical for the cell and leads to telomere defects (Austriaco and 

Guarente, 1997; Mozdy and Cech, 2006; Singer and Gottschling, 1994; Teixeira, 2013). 

Furthermore, the TLC1 level was not affected by the rna15-58 mutant (Figure 10). Even if the 

rna15-58 mutant is defective in RNAP II termination, the mutant still retains the ability to 

polyadenylate improperly processed transcripts (Hammell et al., 2002). Thus, the recognition 

of binding motifs might be reduced but does not affect the overall TLC1 level (Figure 10). This 

may indicate that improperly processed transcripts are subsequently processed to mature 

TLC1. While the rna15-58 mutant does not impact the TLC1 level, the decreased abundance 

of Rna14 and Rna15 of the CPF-CFI complex lead to telomere shortening (Ungar et al. 2009). 

Thus, the CPF-CFI complex is important for telomere length homeostasis. Nevertheless, the 

observed telomere shortening in the study of Ungar et al. (2009) may occur indirectly as the 

termination of essential telomerase subunits and other factors might be disturbed. 

Two opposing models exist for transcription termination of TLC1: On the one hand mature 

poly(A)- TLC1 might be generated via processing of the poly(A)+ precursor, generated via CPF-

CFI mediated transcription termination (Chapon et al., 1997; Coy et al., 2013). On the other 

hand poly(A)- TLC1 might be generated directly via transcription termination by the NNS 

complex (Jamonnak et al., 2011; Noël et al., 2012). Two publications have questioned the 

importance of the CPF-CFI pathway in transcription termination of TLC1 by showing that Nrd1 

and Nab3 of the NNS complex bind in the 3' region of TLC1, that read-though occurs in a 

reporter assay when these binding sites are mutated, and that no telomere shorting occurs 

upon PAS mutation (Jamonnak et al., 2011; Noël et al., 2012). We wanted to analyze this 

question in greater detail and mutated the binding sites of both termination pathways 
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endogenously (Figure 11). Upon endogenous mutation of the NNS and the PAS sites, we 

observed a reduction of the total TLC1 level in cell lysates, indicating that both termination 

pathways are used in vivo (Figure 12). By using a reverse primer at the 3´-end region of TLC1 

we were able to detect read-through transcripts, called long TLC1. We detected an increased 

abundance of long TLC1 upon PAS mutation, but a decreased abundance upon NNS mutation 

(Figure 12 B). This might indicate that the NNS deficient mutant is presumably terminated via 

the CPF-CFI complex, preventing the formation of long TLC1 but instead might generate 

transcripts ending at the poly(A)+ end (Figure 37). This hypothesis is supported by the finding 

that the abundance of poly(A)+ TLC1 is increased in the nrd1-102 mutant (Noël et al., 2012). 

Nevertheless, this would imply a read-through of the NNS site but a termination at the poly(A) 

signal area in the NNS* mutant, suggesting that these transcripts are normally targeted for 

degradation. However, the decreased presence of total TLC1 in the NNS* mutant needs 

further investigation but may depend on the near proximity of the PAS signals and thus may 

affect also the PAS termination, in contrast to the nrd1-102 mutant. Whether TLC1 is 

terminated at the poly(A) signal area or if it is terminated at a different site in the NNS* mutant 

should be analyzed in greater detail for example using the 3´ RACE method.  

The increased presence of the long TLC1 upon PAS mutation is in agreement with the finding 

that an 3´-extended polyadenylated TLC1 transcript occurs upon PAS mutation in an plasmid 

based approach (Figure 12) and (Chapon et al., 1997; Noël et al., 2012). This indicates that 

downstream termination sites exist which may serve as fail-safe mechanism for TLC1 

termination via the CPF-CFI pathway (Figure 37) and (Chapon et al., 1997). Interestingly, for 

each termination pathway the opposite termination pathway is discussed to serve as a fail-

safe mechanism (Ghazal et al., 2009; Grzechnik and Kufel, 2008; Rondón et al., 2009). 

Nevertheless, it is possible that yet unknown fail-safe NNS termination sites downstream of 

TLC1 exist. Taken together our first finding is that both termination pathways are used in vivo 

and that mechanisms exists that secure the transcription termination of both pathways in 

TLC1 transcription termination. 

To gain a better understanding of the underlying context, we investigated where the TLC1 

transcripts localize in the PAS and the NNS mutants. Overall, the localization of TLC1 was not 

altered upon PAS mutation (Figure 13). But, by using a more sensitive method we observed 

an increased abundance of long TLC1 in the cytoplasm in the poly(A)* mutant (Figure 14). This 

might suggest that long TLC1 is processed more slowly during RNP formation and re-import. 
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In addition, we observed that the long TLC1 form accumulates in the cytoplasm upon CSE1 

mutation, indicating that the re-import of long TLC1 is also dependent on Cse1 (Figure 14). 

 
Figure 37: Termination factor binding sites in TLC1. 
Binding sites of Nrd1 and Nab3 (red) are followed by the NNS termination area, adopted from 
Jamonnak et al. (2011) and Noël et al. (2012). Poly(A) signals (green) are followed by the poly(A) area, 
adopted from Chapon, Cech, and Zaug (1997). Cryptic poly(A) signals (green), adopted from Chapon, 
Cech, and Zaug (1997), may serve as fail safe transcription termination sites. The originally published 
mature poly(A)- end, the poly(A)+ end and the 3´end region of TLC1 are indicated (Bosoy et al., 2003; 
Chapon et al., 1997). Reverse primer amplifying the long TLC1 (purple) is indicated. 

 
In the NNS* and poly(A)*NNS* mutants, we detected a mislocalization of TLC1 to the 

cytoplasm in about 80 or 90 % of the cells, respectively (Figure 13). In addition, we have shown 

a cytoplasmic accumulation of TLC1 in the NNS* mutant in an asynchronous grown culture 

through nucleo-cytoplasmic fractionation experiments (Figure 14). This indicates a leakage of 

stable transcripts into the cytoplasm. These transcripts might be terminated via the CPF-CFI 

complex, either at the PAS site in the NNS* mutant or at additional downstream termination 

sites in the poly(A)*NNS* mutant. Thus, these transcripts might be polyadenylated and 

furthermore contacted by the TLC1 export machineries. The cytoplasmic accumulation may 

be due to incompletely assembled holoenzymes that are not targeted for import. In addition, 

the timing of the different termination complexes may be relevant. In particular, the Sen1 

expression is cell cycle regulated and is high in the transition of the S and G2 phase (Mischo et 

al., 2018). This might limit the NNS termination to a cell cycle phase in which presumably no 

TLC1 is needed for producing a functional telomerase. This question could be analyzed in 

synchronized cells. Taken together, this suggests that the termination of TLC1 depends on 
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both the CPF-CFI and the NNS complex but might lead to different transcript fates depending 

on the used complex. Nevertheless, we cannot exclude that NNS terminated transcripts are in 

principle exported to the cytoplasm and are incorporated into the telomerase RNP. However, 

it seems less likely that the NNS complex is the main pathway to generate functional TLC1 

because transcript stability upon NNS termination presumably requires stability elements in 

the RNA or co-transcriptional loading of stabilizing factors because termination and 3´-end 

processing is coupled (Grzechnik et al., 2018; Richard and Manley, 2009; Villa et al., 2020).  

Non-coding RNAs which are terminated via the NNS complex are oligoadenylated by TRAMP 

complex which are thus targeted to the nuclear exosome (Han et al., 2020; LaCava et al., 2005; 

Vanacova et al., 2005; Wyers et al., 2005). In this way CUTs are eliminated (Neil et al., 2009; 

Wyers et al., 2005; Xu et al., 2009). Co-transcriptional cleavage of snoRNAs by Rnt1 and co-

transcriptional assembly of the snoRNP core by loading accessory proteins onto the snoRNAs 

ensures the stability and processing of snoRNAs (Caffarelli et al., 1996; Grzechnik and Kufel, 

2008; Grzechnik et al., 2018; Gudipati et al., 2012). In the case of snRNAs, a stem loop, which 

is later cleaved by Rnt1, may prevent the complete degradation of the transcripts after NNS 

termination (Allmang et al., 1999; Seipelt et al., 1999). Furthermore, it was shown that the 

cleavage by Rnt1 and 3´-trimming of pre-snRNPs occurs after re-import and stops at the Sm-

ring (Becker et al., 2019; Coy et al., 2013). Also TLC1 is protected via the Sm-ring, however this 

is loaded in the cytoplasm (Coy et al., 2013; Hirsch et al., 2021; Vasianovich et al., 2020). Thus, 

the Sm-ring cannot stabilize the RNA during transcription termination via the NNS complex. 

The Nrd1-binding itself was discussed to function as a stop signal for the nuclear exosome 

(Steinmetz and Brow, 1998; Steinmetz et al., 2001; Vasiljeva and Buratowski, 2006). By 

eliminating the binding of Nrd1 to the transcript one would suggest a drastic decreased 

abundance of TLC1 and telomere shortening effects if the NNS complex is used exclusively to 

obtain a functional TLC1 transcript. Indeed, we observed a decreased presence of TLC1 in the 

NNS* mutant (Figure 12) but an increased abundance of poly(A)+ TLC1 transcripts was 

observed in the nrd1-102 mutant (Noël et al., 2012). This again suggests that TLC1 is 

terminated via the CPF-CFI pathway in NNS deficient mutants and that NNS terminated 

transcripts are rather targeted for degradation. In addition no telomere defects are known for 

NNS complex mutants (Askree et al., 2004; Gatbonton et al., 2006; Ungar et al., 2009). Again, 

the decreased presence of TLC1 in the NNS* mutant needs further investigation but may 

depend on the near proximity of the PAS signals and thus may affect also the PAS termination. 
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Overall, this suggests that the coupling between the NNS complex and the exosome is 

normally used for degradation of these transcripts. This may counteract the transcript 

abundance through the pervasive transcription of the genome and fine tune the TLC1 level. 

Nevertheless, one cannot exclude that unknown motifs may be present protecting TLC1 from 

degradation by the nuclear exosome. Furthermore, this suggests that the CPF-CFI pathway 

functions as main termination pathway for generating functional TLC1. This is in agreement 

with previous publications which revealed that the 3´-extended precursor upon PAS mutation 

is capable to interact with Est2 in vitro, suggesting that that poly(A)+ precursor might be 

incorporated into the telomerase (Chapon et al., 1997; Coy et al., 2013).  

Interestingly, high-throughput data detected more transcripts that end after the poly(A) 

termination area than after the NNS termination area, indicating that the poly(A) termination 

area is used more frequently (Schmid et al., 2018) and (Figure 38). This confirms that 

approximately 90 % of TLC1 transcripts end after the Sm-binding site, as originally termed the 

poly(A)- TLC1 (Chapon et al., 1997). This method would be an excellent tool for analyzing the 

3´-ends in the poly(A)* and NNS* deficient mutants in synchronized cells. 

 

 
Figure 38: Abundance of TLC1 transcripts according their 3´-end.  
Transcripts were measured via 3´-end sequencing after using 4-thiouracil (4tZ) labeling. Samples were 
sequenced directly, revealing the naturally occurring polyadenylated transcripts (pink) or after 
artificially adding a poly(A) tail through E.coli pA polymerase (E-PAP), revealing all transcripts (dark 
green). The data used for this figure are from Schmid et al., (2018). 
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In comparison to yeast, a similar mechanism for transcription termination was shown for the 

human telomerase RNA (hTR). hTR always originates from a 3' extended precursor, which is 

either directly processed via 3'-5'exonucleolytic trimming to the mature form, which is 

possible through its co-transcriptional assembly with proteins of the snoRNP family, or it is 

first polyadenylated and then degraded or processed to the mature hTR (Roake et al., 2019).  

So far, it was assumed that only one of the termination pathways is essential and used for 

transcription termination of TLC1. However, mutations in both pathways (poly(A)*NNS*) led 

to a mixed phenotype which did not resemble the tlc1∆ phenotype, suggesting the use of 

other termination sites. Furthermore, this might imply that the two pathways have different 

functions regarding the transcript fate of TLC1. 

 

5.2. TLC1 interacts with the cap binding complex component Cbp20 and the guard 

protein Npl3  

 

The maturation of TLC1 involves a cytoplasmic step and the export from the nucleus to the 

cytoplasm is mediated by the export receptors Xpo1 and Mex67 (Ferrezuelo et al., 2002; 

Gallardo et al., 2008; Wu et al., 2014). While Mex67-Mtr2 contacts mRNAs mostly via an 

adaptor protein, Xpo1 contacts the CBC either directly or indirectly via a yet unknown adaptor 

protein in yeast (Becker et al., 2019; Köhler and Hurt, 2007; Zander et al., 2016). In human 

cells, Crm1 (Xpo1) contacts the CBC via the adaptor protein PHAX for nuclear export of snRNAs 

(Ohno et al., 2000). Interestingly, in yeast no PHAX homolog was identified. Although 

immature TLC1 contains an m7G-cap it was unclear if the CBC contacts TLC1. 

Through RIP experiments, we demonstrated a physical interaction between immature TLC1 

and Cbp20 (Figure 15). Because we detected the immature TLC1 form in this RIP, we suggest 

that this interaction takes place prior to trimming of TLC1, which is facilitated after re-import 

(Figure 35). The CBC contacts pre-mRNAs, preferentially interacts with m7G cap transcripts 

and Cbp80 contacts Xpo1 for export of snRNA (Baejen et al., 2014; Becker et al., 2019; Schwer 

et al., 2011). Thus, we suggest that the contact of immature m7G capped TLC1 with the CBC 

could facilitate export of TLC1 to the cytoplasm via Xpo1 (Hirsch et al., 2021). Nevertheless, it 

is still unclear whether a yet unknown adaptor protein is missing, which bridges the contact 

between the CBC and Xpo1. 
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Another protein which is involved in nuclear export is the guard protein Npl3, as it acts as 

retention factor for RNAs until Mex67 binds to enable export (Zander et al., 2016). The loading 

of Npl3 onto nascent transcripts occurs co-transcriptionally, because Npl3 interacts with the 

RNAP II and the CBC (Lei et al., 2001; Shen et al., 2000). We have shown that TLC1 and 

especially the immature form interacts physically with Npl3 in vivo (Figure 36). Whether Npl3 

only serves as an adaptor for nuclear export or whether it additionally functions as quality 

control factor or as stabilizing factor before the transcript is exported, needs further research. 

One aspect that suggests a stabilizing role for Npl3 is, that the loss of functional Mex67 in 

mex67-5 did not eliminate the presence of immature TLC1 (Figure 35) and (Hirsch et al., 2021). 

Whether the other guard proteins Hrp1 and Gbp2 might also contact TLC1, as known for 

mRNAs, would be beneficial to analyze as this may serve as quality control step prior nuclear 

export (Hackmann et al., 2014; Zander et al., 2016). Although Gbp2 and Hrb1 are quality 

control and splicing factors of mRNAs, they have been shown to interact with the 5´-end of 

lncRNAs (Baejen et al., 2014; Hackmann et al., 2014; Tuck and Tollervey, 2013). However, what 

function they might fulfill in lncRNA biogenesis needs further investigation. 

 

5.3. Telomerase holoenzyme assembly occurs in the cytoplasm  

 

The telomerase consists of the Est and Pop proteins as well as the Sm-ring and possibly the 

Yku complex (Hughes et al., 2000; Lemieux et al., 2016; Lendvay et al., 1996; Lingner et al., 

1997a; Peterson et al., 2001; Seto et al., 1999). However, the order in which the proteins 

assemble has not been fully elucidated. The loading of the Est proteins onto TLC1 occurs in 

the cytoplasm (Gallardo et al., 2008; Wu et al., 2014). Simultaneous to our studies, it was 

suggested that the loading of the Pop proteins as well as the Sm-ring onto TLC1 are 

cytoplasmic events (Garcia et al., 2020; Hirsch et al., 2021; Vasianovich et al., 2020). In contrast 

to this, the 3´-processing and 5´-TMG-capping were suggested to occur prior to nuclear export 

(Gallardo et al., 2008; Garcia et al., 2020; Wu et al., 2014). In the telomerase RNP, Pop6 and 

Pop7 are acting as a binding platform for Pop1, which in turn seems to stabilize Est1 binding 

to the RNP, arguing for a cytoplasmic loading of the Pop proteins (Laterreur et al., 2018; 

Lemieux et al., 2016). Since Pop1 is not only present in the telomerase but also in the RNAse 

P and the RNAse MRP complex (Lemieux et al., 2016; Lygerou et al., 1994), we investigated 

the loading of the Pop1 protein onto TLC1 directly via RIP experiments. We have shown a 



  Discussion 

 
 

101 

decreased interaction between TLC1 and Pop1 in the mex67-5 mutant and a highly increased 

interaction between immature TLC1 and Pop1-GFP in cse1-1 mutant (Figure 33). Additionally, 

we have shown that blocking nucleo-cytoplasmic transport pathways or the loss of TLC1 led 

to a cytoplasmic mislocalization of Pop1 (Figure 32).These findings suggest that Pop1 is loaded 

in the cytoplasm onto the immature TLC1 and that the re-import of the telomerase is 

facilitated as holoenzyme (Hirsch et al., 2021). This is consistent with recent findings that TLC1 

mislocalizes to the cytoplasm in POP1 and POP6 deficient mutants (Garcia et al., 2020). As 

Pop1 binding depends on Pop6 and Pop7, they are most likely loaded first (Lemieux et al., 

2016).  

We identified Cse1 as a novel re-import factor of pre-TLC1 (Figure 18 and Figure 19) and 

(Hirsch et al., 2021). Cse1 is known as export factor for Srp1, yeast importin α (Hood and Silver, 

1998; Solsbacher et al., 1998). Earlier studies suggested that Est1 might be imported via the 

importin α /ß pathway (Hawkins and Friedman, 2014). In fact, we observed a cytoplasmic 

mislocalization of Est1-GFP in the cse1-1 mutant (Figure 32). This finding is reassuring for the 

cytoplasmic loading of Est1 onto the RNP and supports the model in which the holoenzyme 

assembly occurs in the cytoplasm as suggested earlier (Gallardo et al., 2008; Wu et al., 2014). 

The re-import of the telomerase as holoenzyme is further supported by the fact that the re-

import of TLC1 is independent of Srp1 (Gallardo et al., 2008) and (Figure 25). We suggest, that 

the importin α pathway might be a way to import additional Est1 into the nucleus, 

independent from its telomerase associated import. This hypothesis can be strengthened by 

the observation that Est1 is only partially mislocalized in the tlc1∆ mutant (Figure 32). In 

addition, the telomerase independent import pathway does not seem to be that important 

because only a mild telomere shortening effect was observed in the srp1-54 mutant without 

survivor cell formation (Hawkins and Friedman, 2014). In contrast to that, est∆ or tlc1∆ mutant 

strains show severe telomere shortening defects and survivor type formation (Lundblad and 

Blackburn, 1993; Lundblad and Szostak, 1989; Singer and Gottschling, 1994; Teng and Zakian, 

1999). Furthermore, in immunofluorescence experiments we have shown that proper nuclear 

localization of Pop1 is also dependent on the importin α pathway (Figure 26). Thus, 

telomerase independent nuclear import of associated proteins of the complex could either 

indicate independent nuclear function of these proteins or it may suggest that defective 

components of the telomerase can be exchanged. Since the re-import of TLC1 is independent 

of the importin α pathway and because Est1 and Pop1 mislocalize upon TLC1 deletion we 



  Discussion 

 
 

102 

assume that only proper assembled RNPs are re-imported independent of the importin α 

pathway (Gallardo et al., 2008; Garcia et al., 2020; Hirsch et al., 2021; Wu et al., 2014). 

 

5.4. Nuclear import of immature TLC1 is facilitated by Cse1 and Mtr10 in 

dependence of the Sm-ring 

 

After pre-TLC1 was exported to the cytoplasm, re-import is mandatory because the 

telomerase functions in the nucleus. After RNP formation, re-import is mediated via Mtr10, 

but Kap122 has also been suggested as import factor (Ferrezuelo et al., 2002; Gallardo et al., 

2008; Vasianovich et al., 2020). However, we never observed an effect of kap122 on the 

localization of TLC1 and kap122 only slightly effects the telomere length (unpublished data 

Krebber lab and Vasianovich, Bajon, and Wellinger (2020)). Recently Cse1 was described as 

snRNA re-import factor, which contacts the Sm-ring for the re-import of snRNAs (Becker et al., 

2019). This is also the case for TLC1 which was shown in Fish experiments (Figure 18) and 

(Hirsch et al., 2021). Furthermore, we show that the transcripts that accumulate in the 

cytoplasm upon re-import block are still immature (Figure 19), suggesting that 3´-end 

processing occurs after re-import. We suggest that both factors, Cse1 and Mtr10, cooperate 

in the re-import of immature TLC1 because an additive effect was observed when both factors 

were mutated (Figure 19).  

In addition, we found that Cse1 and Mtr10 both interact physically with TLC1 (Figure 20). 

Because transport via both karyopherins is dependent on the Ran gradient, the mild 

enrichment of the interaction between TLC1 and Mtr10 and Cse1 observed in the co-

immunoprecipitation could be explained by the experimental setup. Through cell lysis, the 

Gsp1 (Ran in human) gradient breaks down and might induce disassembly of the import-cargo 

complexes, resulting in lower TLC1 co-purification. Crosslinking the cells with UV light or 

formaldehyde prior to cell lysis might preserve the interactions but it could also lead to 

stronger non-specific binding and lower the quality of the co-precipitated RNA.  

For snRNA, the cytoplasmic loading of the Sm-ring is a prerequisite for re-import (Becker et 

al., 2019). To investigate whether this is also the case for TLC1, we analyzed how the physical 

interaction of TLC1 and Smb1 changes in import and export factor mutants. Indeed, we have 

shown that the interaction between TLC1 and Smb1-GFP decreases in the export factor 

mutant mex67-5 and increases in the import factor mutant mtr10∆, indicating that the Sm-



  Discussion 

 
 

103 

ring loading to TLC1 occurs in the cytoplasm (Figure 16 and Figure 17) and (Hirsch et al., 2021). 

In parallel to our experiments, another group analyzed a tlc1 mutant harboring a defective 

Sm-ring binding site, which was additionally tagged with an MS2-tag and expressed via an 

inducible promoter (Vasianovich et al., 2020). Using an MS2-specific FISH probe, they have 

shown that the newly synthesized defective TLC1 accumulated in the cytoplasm, indicating a 

cytoplasmic loading of the Sm-ring (Vasianovich et al., 2020). This is in agreement with a 

cytoplasmic mislocalization of TLC1 in smb1 smd mutants and confirms a cytoplasmic loading 

of the Sm-ring on TLC1 (Hirsch et al., 2021). While Vasianovich and colleges could not 

distinguish which form of TLC1 is contacted by the Sm-ring we have shown that the Sm-ring 

assembles onto immature pre-TLC1 (Hirsch et al., 2021; Vasianovich et al., 2020). 

CSE1 and MTR10 genetically interact (Figure 21) and cooperate in the reimport of pre-TLC1, 

as the ratio of immature to total TLC1 is significantly increased in the cse1-1 mtr10∆ mutant 

compared to the single mutants (Figure 19). Interestingly, both factors seem to have 

additional functions in the stabilization of TLC1. Mutation in CSE1 did not alter the overall TLC1 

level (Figure 22), but led to an increased presence of immature TLC1 in the cytoplasm.     

(Figure 19). Furthermore, the interaction between TLC1 and Smb1 decreases in the cse1-1 

mutant (Figure 23). This is also the case in the cse1-1 mtr10∆ double mutant. This indicates a 

stabilizing function of Cse1 in RNP formation and suggests that only properly assembled 

holoenzymes may be re-imported (Figure 23) and (Hirsch et al., 2021). In contrast to this, 

mutation or loss of MTR10 led to a decreased level of total TLC1 (Figure 22) and (Ferrezuelo 

et al., 2002). This suggests that the transcripts might be degraded when the re-import is 

blocked. However, we observed an increased ratio of immature TLC1 in relation to the total 

TLC1 (Figure 19 and Figure 22) and an increased interaction between TLC1 with Smb1 in the 

mtr10∆ mutant (Figure 17). These findings suggest that although both karyopherins were 

identified to support the nuclear re-import of pre-TLC1, Mtr10 functions as the major import 

factor, supported by Cse1. The accumulation of pre-TLC1 in the cytoplasm of cse1-1 might 

rather indicate processing defects, because the Sm-ring is not properly attached (Figure 23). 

In contrast, in mtr10∆ readily assembled pre-telomerases accumulate as shown by the 

increased presence of Sm-ring containing particles (Figure 17). Thus, Cse1 might stabilize the 

Sm-ring on pre-TLC1 (Figure 19, Figure 23) and (Hirsch et al., 2021).  

Interestingly, Cse1 possess a closed conformation in its cargo free state and opens up in the 

presence of Ran-GTP allowing binding of importin α and subsequent transport to the 
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cytoplasm (Cook et al., 2005; Hood and Silver, 1998). Whether TLC1 or the snRNA interrupt 

the closed conformation and how the import is facilitated will be interesting to address.  

Cse1 does not bind snRNAs in vitro but physically interacts with Smb1 in vivo, suggesting that 

Smb1 might function as adaptor protein for TLC1 in nuclear re-import (Becker et al., 2019). 

Due to structural similarities of Cse1 and Mtr10 and because Mtr10 belongs to the group of 

importin β like karyopherins which have a highly hydrophobic core it seems convincing that 

Mtr10 needs an adaptor protein for cargo import (Güttler and Görlich, 2011; Ström and Weis, 

2001). Therefore, we investigated whether Mtr10 interacts with proteins of the telomerase 

holoenzyme, which may also provide docking points for TLC1 contact. Through IP experiments 

we revealed a physical interaction between Mtr10 and Smb1 which presumably facilitates the 

re-import of TLC1 as holoenzyme (Figure 24). Thus, both karyopherins contact the Sm-ring for 

import of their cargos. However, it is possible that the interaction of Mtr10 and Smb1 occurs 

directly or indirectly. This question should be analyzed via in vitro binding studies.  

Additionally, Mtr10 functions in the re-import of Npl3 (Pemberton et al., 1997; Senger et al., 

1998). We observed a physical interaction of Npl3 and immature TLC1 in RIP experiments 

(Figure 36). Whether Npl3 is loaded co-transcriptionally prior to export, establishes contact 

with TLC1 only in the cytoplasm, or whether binding persists until re-import needs to be 

determined by further experiments. However, it is conceivable that Npl3 may function as an 

adaptor protein for Mex67-mediated TLC1 export, because it contacts mRNAs co-

transcriptionally and mRNA bound Npl3 is released by Mtr10 in the cytoplasm (Lei et al., 2001; 

Windgassen et al., 2004). However, Npl3 is also re-imported by Mtr10 and is released from 

Mtr10 through binding of RNA to Npl3 and Ran-GTP to Mtr10, but not RNA and Ran-GDP in 

vitro (Senger et al., 1998). Because Mtr10 contacts also TLC1 for re-import it is still possible 

that Npl3 might persist on TLC1 until the re-import is facilitated. 

Overall, we have shown a physical interaction between the Smb1 protein and immature TLC1, 

and that the presence of both import factors facilitate the nuclear re-import in dependence 

of the Sm-ring, which is stabilized via Cse1 (Hirsch et al., 2021).  
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5.5. A novel role of Cse1 in telomere biology 

 

Telomere length homeostasis is a dynamic system of temporarily uncapped and capped 

telomere ends allowing coordinated telomere elongation in late S phase and otherwise 

providing protection from detection as double strand break (Blackburn, 2001; Kupiec, 2014; 

Marcand et al., 2000; Teixeira et al., 2004; Wellinger and Zakian, 2012). Both, a functional 

telomerase and an intact telomere cap is crucial for telomere length homeostasis. Telomerase 

negative cells undergo gradual telomere shortening and senescence upon critically short 

telomeres (Lendvay et al., 1996; Lundblad and Szostak, 1989; Singer and Gottschling, 1994). 

Changing the telomeric structure and telomere shortening in the absence of the telomerase 

stimulate different cellular responses, as partially uncapped telomeres are normally prone to 

accelerated senescence (Chang et al., 2011; Nugent et al., 1998; Teixeira, 2013). Both 

uncapped and critically short telomeres are sensed by components of DNA repair pathways 

and lead to DNA damage checkpoint activation (Ijpma and Greider, 2003; Teixeira, 2013). The 

signaling slightly differs as uncapped telomeres can be sensed by the DNA repair pathway 

throughout the cell cycle (Teixeira, 2013). However, the outcome of senescence and escaping 

this status by survivor type formation is the same. In rare cases switch to homologous 

recombination based telomere elongation can occur leading to Type I and Type II survivor cells 

(Chen et al., 2001; Lundblad and Blackburn, 1993; Teng and Zakian, 1999). Both survivor types 

depend on Rad52, however are further generated via distinct pathways (Chen et al., 2001; 

Teng and Zakian, 1999). This view was recently modified through analysis of survivor types by 

ultra-long sequencing and population genetics, suggesting that both pathways are 

consecutive steps in an overall pathway, leading in rare cases to a Type I/Type II survivor 

hybrid (Kockler et al., 2021). Three genome-wide studies revealed that over 270 non-essential 

genes and 87 essential genes affect the telomere length in yeast (Askree et al., 2004; 

Gatbonton et al., 2006; Ungar et al., 2009). However this studies seem to be incomplete as 

they did not identify Mtr10, Mex67, and Xpo1, known to negatively affect the telomere length 

in yeast when mutated (Ferrezuelo et al., 2002; Wu et al., 2014). We found that Cse1 is 

involved in the re-import of TLC1 into the nucleus (Figure 18 and Figure 19). Interestingly, 

Southern blot analysis indicated normal telomere length in the cse1-1 mutant but an altered 

telomere structure, with an amplification of the Y´ elements (Figure 28 and Figure 29). Y´ 

element amplification is a typical feature of Type I survivor cells (Lundblad and Blackburn, 
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1993; Teng and Zakian, 1999). Strikingly, the Y´ element amplification occurs without the 

presence of telomere shortening. Thus, Cse1 was presumably not identified in the screen of 

Ungar et al. (2009) because they looked for short and long terminal telomere fragments. 

Complementation with CSE1 reverted the Y´ amplification in the cse1-1 mutant (Figure 29), 

reassuring that the observed phenotype depends on the mutation of CSE1. Normally, Type I 

survivors exhibit very short terminal fragments due to loss of the telomerase and highly 

amplified Y´ elements due telomere elongation via recombination of Y´ elements (Lundblad 

and Blackburn, 1993; Teng and Zakian, 1999). In the cse1-1 mutant we observed normal 

lengthened terminal telomere ends but amplification of the Y´ elements. Therefore, we 

termed the phenotype observed in cse1-1 “Type I-like survivor” (Hirsch et al., 2021), however 

“Amplified Y´ element mutant” or “Long telomere mutant” might be more suitable.  

The normal length of the terminal telomere fragment in the cse1-1 might be generated by two 

possibilities: First, even if some TLC1 is mislocalized to the cytoplasm (Figure 18), enough 

telomerase molecules can enter the nucleus that lengthen the telomeres (Figure 28). 

Secondly, Y´ tandems are formed early on eroded telomeres, including long telomeres 

(Churikov et al., 2014). They could switch to a Type I/Type II survivor hybrid by the use of both 

replication machineries (Kockler et al., 2021). This could result in amplified Y´ elements and 

additionally lengthened terminal fragments. However, because the terminal fragments are 

not over elongated in the cse1-1 mutant, its phenotype might represent a stable intermediate 

prior to Type I/Type II hybrid formation. Furthermore, it is well possible that other proteins 

important for telomere lengthening are mislocalized in cse1-1, which might support the Y´ 

amplification. The double mutant cse1-1 mtr10∆ shows a telomere shortening defect 

comparable to the mtr10∆ mutant (Figure 28) and (Ferrezuelo et al. 2002). In addition, we 

observed no survivor formation or Y´ amplification in the cse1-1 mtr10∆ mutant (Figure 28). 

This indicates that loss of MTR10 is crucial and that Mtr10 might additionally import proteins 

necessary for recombination events such as Rad52.  

In addition to the presence of a functional telomerase, the telomere cap structure is an 

essential checkpoint to decide which elongation pathway is used. As both very short or 

uncapped telomeres are prone to recombination events, we suppose that mutations in CSE1 

additionally impact the cap structure of telomere ends (Blackburn, 2000; McEachern and Iyer, 

2001; Teixeira et al., 2004). Therefore, we localized Cdc13 and Rap1, which both function in 

telomere capping, via Immunofluorescence experiments in the cse1-1 mutant. While 
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localization of Cdc13 was not affected in the cse1-1 mutant (Figure 30), Rap1 partially 

mislocalized to the nucleolus at the permissive temperature and the cytoplasm at the non-

permissive temperature (Figure 31). The nature of cse1-1 mutation itself is not clear and it 

would be interesting to analyze whether the protein is mis-folded or degraded. Further 

investigations are needed to distinguish whether Cse1 transports Rap1 directly or indirectly. 

The mislocalization of Rap1 might be an indirect effect of the cse1-1 mutant, which might 

depend on a mislocalization of silencing factors in the cse1-1 mutant as mislocalization of Sir3 

and Sir4 in the sir2∆ mutant additionally express a diffuse localization of Rap1 (Gotta et al., 

1996, 1997). Therefore, it might be possible that mostly the Rap1/Sir complex but not the 

Rap1/Rif1/Rif2 (telosome) complex is mislocalized in the cse1-1 mutant. This would maintain 

a telomerase mediated lengthening in dependence of the Rap1/Rif1/Rif2 proteins, favoring 

short telomeres for lengthening via a counting mechanism (Krauskopf and Blackburn, 1996; 

Levy and Blackburn, 2004; Marcand et al., 1997; Teixeira et al., 2004; Wotton and Shore, 

1997). However, internal Rap1-bound TG1-3 repeats facilitate Y´ recombination between 

internal and terminal TG1-3 repeats by homologous recombination (Churikov et al., 2014). 

Thus, it would be interesting to analyze how the Y´ elements are amplified in the cse1-1 

mutant.  

Subtelomeric regions, as the Y´ elements, can be used for telomere maintenance and are 

discussed as telomere capping factor, in case of a non-functional telomerase or cap structure 

(Dorer and Henikoff, 1997). Homologous recombination is as efficient as telomerase based 

telomere maintenance in regard to cell survival and overall genome stability (Chen et al., 

2009). However, telomerase deficient strains possess a shorter replicative life span (Chen et 

al., 2009). Thus, it would be interesting to analyze whether the replicative life span is changed 

in the cse1-1 mutant. Additionally, it would be exciting to analyze whether the normal 

lengthened telomere ends and Y´ amplification in the cse1-1 mutant might delay or bypass a 

senescence phenotype, which normally occurs prior to switching to recombination based 

telomere lengthening (Makovets et al., 2008).  

Overall, we assume that the partial mislocalization of telomerase has a minor impact on the 

phenotype. Altering the cap structure indicated by Rap1 mislocalization seems to initiate the 

use of homologues recombination in cse1-1 mutant in addition to telomerase mediated 

lengthening, leading to this special phenotype.  
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5.6. 3´-end processing of TLC1 occurs after re-import and processing is finalized by 

TMG-cap formation as prerequisite for telomerase function 

 

Recent studies assume that 3´-trimming and TMG-capping of TLC1 occurs prior to nuclear 

export (Gallardo et al., 2008; Garcia et al., 2020; Wu et al., 2014). However, Sm-ring loading is 

a prerequisite for 3´-end processing facilitated via the nuclear exosome (Coy et al., 2013; Hass 

and Zappulla, 2020). Additionally, the interaction of Smb1 and Tgs1 is suggested to guide 

snRNAs to the nucleolus for TMG-capping (Becker et al., 2019; Mouaikel et al., 2002). We and 

others have shown that the Sm-ring loading onto TLC1 occurs in the cytoplasm (Figure 16 and 

Figure 17) and (Vasianovich, Bajon, and Wellinger 2020; Hirsch et al. 2021). In particular we 

have shown that the immature TLC1 is the target of Sm-ring loading (Figure 17 and Figure 23). 

This suggests that the 3´-trimming and TMG-capping occur after re-import. Further evidence 

comes from studies in which the double mutant rrp6∆ mex67-5 was used. We and others have 

shown that mutation of the export factor alone led to an overall decreased abundance of 

TLC1, indicating that nuclear export is important for the generation of mature TLC1 (Figure 35) 

and (Vasianovich, Bajon, and Wellinger 2020). Thus, Mex67 has a stabilizing function for pre-

TLC1 (Figure 35) and (Vasianovich, Bajon, and Wellinger 2020). Also, it would not be surprising 

if transcripts are partially degraded when retained in the mex67-5 mutant, as the protecting 

Sm-ring is not yet bound (Figure 16) and (Vasianovich, Bajon, and Wellinger 2020; Hirsch et al. 

2021). Interestingly, we found that the relative level of the immature TLC1 is not affected by 

the absence of functional Mex67 (Figure 35), suggesting that additional factors protect the 

nascent transcripts from degradation. One of them might be the guard protein Npl3 that 

physically interacts with immature TLC1 and in this way might protect it (Figure 36). 

Furthermore, we and others have shown that the total, the immature and the poly(A)+ TLC1, 

is increased in the rrp6∆ mutant compared to wild type, indicating that Rrp6 is involved in 3´-

end processing of TLC1 (Figure 35) and (Coy et al., 2013). Interestingly, we observed an overall 

reduction in the total TLC1 level but an ~ 5-fold increase in the immature TLC1 in the 

rrp6∆ mex67-5 mutant (Figure 35). The increased amount of immature TLC1 in the 

rrp6∆ mex67-5 mutant is consistent with recent data in which a restoration of newly 

synthesized MS2 tagged TLC1 was observed in an rrp6∆ mex67-5 mutant (Vasianovich, Bajon, 

and Wellinger 2020). In addition our data suggest that nucleo-cytoplasmic shuttling is 

mandatory for the overall TLC1 level even if the nuclear degradation of immature TLC1 is 
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limited (Hirsch et al., 2021). This highlights the importance of nucleo-cytoplasmic shuttling to 

generate mature TLC1 and hence a functional telomerase as shown earlier (Wu et al., 2014). 

Taken together, the relative increase of immature TLC1 in the rrp6∆ mex67-5 mutant and the 

accumulation of immature TLC1 in re-import mutants indicate that the 3´-end processing 

occurs after the re-import via the nuclear exosome (Figure 35 and Figure 19) and (Hirsch et 

al., 2021). This is reasonable in regard to the cytoplasmic loading of the Sm-ring onto TLC1, 

which protects TCL1 from full degradation (Coy et al., 2013; Hass and Zappulla, 2020; Hirsch 

et al., 2021; Vasianovich et al., 2020). These findings are in agreement with previous studies 

in which the poly(A)+ TLC1 level was shown to be recovered in an Sm-binding site mutant in 

which additionally the exosome component rrp47 was missing (Coy et al., 2013). This again 

also suggests a precursor function of the poly(A)+ form for mature TLC1 (Coy et al., 2013). 

Besides 3’-trimming by the exosome, another processing step of TLC1 is the TMG-capping 

(Franke et al., 2008; Seto et al., 1999). We observed a decreased level of TMG-capped TLC1 in 

the import factor mutants which is comparable to the level in tgs1∆ (Figure 34), where no 

TMG-capping of TLC1 occurs (Franke et al., 2008). Therefore, we conclude, that TMG-capping 

of TLC1 is facilitated after re-import (Hirsch et al., 2021). It is convincing that TMG-capping 

occurs after re-import, as the CBC binds preferentially monomethylated RNAs for export via 

Xpo1 (Becker et al., 2019; Schwer et al., 2011). Thus, TMG capping after re-import could serve 

as a nuclear retention signal as suggested earlier (Becker et al., 2019). Additionally, is not 

known whether a re-export of the assembled telomerase via Mex67-Mtr2 is possible, as 

Mex67-Mtr2 is released from the mRNP at the cytoplasmic site of the NPC after cargo 

transport (Folkmann et al., 2011; Kelly and Corbett, 2009; Tieg and Krebber, 2013). 

Nevertheless, it would be of interest to investigate whether TMG-capped TLC1 is transported 

out of the nucleus again, as it may be necessary for degradation of the telomerase.  

Overall, our data indicate that 3´-end processing and TMG-capping of TLC1 occurs in the 

nucleus after re-import (Hirsch et al., 2021). Especially the TMG-capping after re-import may 

resemble a mechanism to prevent leakage of the functional telomerase. Recent studies have 

shown that deletion of TGS1 leads to nucleolar accumulation of the U1 snRNA which is also 

true for TLC1 (Gallardo et al., 2008; Mouaikel et al., 2002). Additionally, over-elongated 

telomeres are present in the tgs1∆ mutant in S. cerevisiae, leading to a shortened replicative 

life span (Austriaco and Guarente, 1997; Franke et al., 2008). Also in human, the nuclear 

localized TGS1-SF is involved in the trimethylation of snoRNAs and thus presumably also hTR 
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(Girard et al., 2008). Lack of TGS1 leads to the mislocalization of hTR into nucleoli and the 

cytoplasm as well as a general increase in the hTR level and telomere elongation which is 

associated with cancer formation (Chen et al., 2020). Thus, controlling the maturation of TLC1 

and hTR via 3´-end processing and TMG-capping seems to be a conserved mechanism 

essential from yeast to human.  

 

5.7. Novel model of TLC1 maturation and Telomerase assembly in S. cerevisiae 

 

Based on the results of this work, we postulate the following model for the maturation 

pathway of the long non-coding RNA TLC1 and its assembly into the telomerase RNP         

(Figure 39). First, TLC1 is transcribed by RNAP II leading to a 5´ m7G capped immature pre-

TLC1. Transcription termination of TLC1 might be carried out by the NNS complex and by the 

CPF-CFI complex, presumably resulting either in degradation of the transcript or in the 

generation of functional TLC1, respectively. Loading of Npl3 onto TLC1 presumably occurs co-

transcriptionally, because Npl3 interacts with immature TLC1. The export of immature TLC1 is 

facilitated via Mex67-Mtr2 and Xpo1 (Gallardo et al., 2008; Wu et al., 2014). Thereby Npl3 

may serve as adaptor protein for the export receptor Mex67. The m7G cap of TLC1 is, like that 

of mRNAs bound by the CBC, which protects the RNA from 5´-degradation and provides the 

docking site for Xpo1, either directly or indirectly or via an unknown adaptor protein. Mex67-

Mtr2 is dissociated from the mRNP by the DEAD box RNA helicase Dbp5/Rat8 via ATP-

hydrolysis (Folkmann et al., 2011; Kelly and Corbett, 2009; Tieg and Krebber, 2013). Xpo1 is 

released via Gsp1-GTP hydrolysis at the cytoplasmic site of the NPC (Sloan et al., 2016). The 

Est and Pop proteins as well as the Sm-ring are loaded in the cytoplasm onto the immature 

TLC1 (Gallardo et al., 2008; Garcia et al., 2020; Hirsch et al., 2021; Vasianovich et al., 2020; Wu 

et al., 2014). Subsequently Cse1 and Mtr10 bind to the Sm-ring (Becker et al., 2019; Hirsch et 

al., 2021). The re-import of immature TLC1 is carried out cooperatively via both import factors, 

Mtr10 and Cse1. While binding of Cse1 stabilizes the Sm-ring on immature TLC1, the binding 

of Mtr10 supports nuclear import (Ferrezuelo et al., 2002; Hirsch et al., 2021). In fact, mutation 

of cse1-1 led to a decreased interaction between TLC1 and Smb1. This resembles a quality 

control step which assures that only properly covered telomerases are re-imported (Hirsch et 

al., 2021). After re-import of the RNP into the nucleus, the 3'-end of TLC1 is trimmed up to the 

Sm-binding site by the nuclear exosome (Coy et al., 2013; Hass and Zappulla, 2020; Hirsch et 
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al., 2021). Maturation of TLC1 is finalized by trimethylation of the 5'-end via Tgs1 in the 

nucleolus (Hirsch et al., 2021). TMG-capping prevents re-export of TLC1 because the CBC 

cannot bind anymore to contact Xpo1 as suggested earlier (Becker et al., 2019; Schwer et al., 

2011). Therefore, TMG-capping may resemble another quality control step for nuclear 

retention of TLC1 localization in yeast. Likewise, the Yku complex has an essential role in the 

retention of telomerase in the nucleus (Fisher et al., 2004; Laroche et al., 1998; Peterson et 

al., 2001). However, it is not known at which point the Yku complex is loaded onto the RNP. 

The functional telomerase elongates telomeres in late S phase of the cell cycle (Marcand et 

al., 2000). In which compartment the telomerase is disassembled and degraded has not yet 

been clarified. 

 
Figure 39: Model for TLC1 and telomerase maturation in S. cerevisiae. 
The life cycle of TLC1 starts with its transcription via RNAP II. Npl3 is loaded co-transcriptionally onto 
TLC1 and functions as adaptor protein for Mex67-Mtr2. Besides Mex67, Xpo1 functions in the export 
of TLC1. Xpo1 contacts the CBC which interacts with the m7G cap of TLC1. After export, Mex67-Mtr2 is 
released from the RNP at the cytoplasmic site of the NPC through DEAD box RNA helicase Dbp5/Rat8 
via ATP-hydrolysis. Xpo1 is released via Gsp1-GTP hydrolysis at the cytoplasmic site of the NPC via 
Rna1. In the cytoplasm, the Pop and Est proteins and the Sm-ring are loaded onto pre-TLC1. The 
resulting RNP is re-imported via Mtr10 and Cse1. The interaction of Mtr10 and Cse1 with TLC1 occurs 
via the Sm-ring. Back in the nucleus, the 3´-end of TLC1 is trimmed by the exosome and the 
trimethylation of the m7G cap by Tgs1 finalizes the maturation. At some point in its maturation the 
Yku70/80 complex is loaded onto TLC1. After maturation the telomerase can elongate the telomere 
ends. 
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In addition to the role of Cse1 in telomerase maturation it may function in formation of 

functional capped telomeres, as Rap1 partially mislocalize upon CSE1 mutation. Surprisingly, 

altering CSE1 leads to an additional use of recombination-based Y´ amplification for telomere 

lengthening, which represents a special phenotype (Figure 40) and (Hirsch et al., 2021).  

 
Figure 40: Model for TLC1 maturation and telomere elongation in S. cerevisiae in the cse1-1 mutant. 
In wild type cells (upper panel) (A) properly long and capped telomeres are usually not elongated via 
the telomerase, which favors (B) short telomeres for elongation. This is achieved via a Rap1 counting 
mechanism in which additional factors (not shown) participate. A proper cap structure restricts 
homologous recombination-based telomere elongation. In the cse1-1 mutant (lower panel), the 
interaction between TLC1 and Smb1 is reduced compared to wild type. However, some telomerase 
molecules seem to enter the nucleus and can elongate short telomere ends. Incubation of cse1-1 at its 
restrictive temperature led to a cytoplasmic mislocalization of Rap1. This may uncover TG-repeat 
regions which could serve as template for strand invasion and homologous recombination, indicated 
by the complex for homologous recombination. In addition, in the cse1-1 mutant presumably 
telomerase unbound Pop1 and Est1 are mislocalized to the cytoplasm. 
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SUMMARY

Removal of introns from pre-mRNAs is an essential
step in eukaryotic gene expression, mediated by
spliceosomes that contain snRNAs as key compo-
nents. Although snRNAs are transcribed in the nu-
cleus and function in the same compartment, all
except U6 shuttle to the cytoplasm. Surprisingly,
the physiological relevance for shuttling is unclear,
in particular because the snRNAs in Saccharomyces
cerevisiaewere reported to remain nuclear. Here, we
show that all yeast pre-snRNAs including U6 un-
dergo a stepwise maturation process after nuclear
export by Mex67 and Xpo1. Sm- and Lsm-ring
attachment occurs in the cytoplasm and is important
for the snRNA re-import, mediated by Cse1 and
Mtr10. Finally, nuclear pre-snRNA cleavage and tri-
methylation of the 50-cap finalizes shuttling. Impor-
tantly, preventing pre-snRNAs from being exported
or processed results in faulty spliceosome assembly
and subsequent genome-wide splicing defects.
Thus, pre-snRNA export is obligatory for functional
splicing and resembles an essential evolutionarily
conserved quality assurance step.

INTRODUCTION

Spliceosomes contain several proteins and the small nuclear

RNAs (snRNAs) U1, U2, U4, U5, and U6 (Wahl et al., 2009). All

snRNAs are transcribed by RNA polymerase II (Pol II) except

U6, which is synthesized by Pol III. U6 acquires a g-monomethyl

phosphate cap, while U1, U2, U4, and U5 receive m7G-mono-

methyl caps that are also found on mRNAs (Matera and Wang,

2014; Didychuk et al., 2018). m7G-caps are bound by the cap-

binding complex (CBC), composed of CBP20 and CBP80 (Köh-

ler andHurt, 2007;Matera andWang, 2014). In human cells, CBC

binds to PHAX (phosphorylated adaptor RNA export) that in turn

recruits the RanGTPase driven exportin CRM1 (chromosome

maintenance 1) for nuclear export (Köhler andHurt, 2007;Matera

and Wang, 2014). In yeast, Pol II transcripts such as mRNAs

and the non-coding telomerase-RNA TLC1 use Mex67-Mtr2

(TAP-p15 in human) and Xpo1/Crm1 for their nuclear export

(Tutucci and Stutz, 2011; Wu et al., 2014). Interestingly, the

current literature suggests that snRNAs do not shuttle in yeast

(Olson and Siliciano, 2003; Murphy et al., 2004), although they

undergo similar maturation steps as in human cells (Will and

L€uhrmann, 2001; Matera andWang, 2014; Sloan et al., 2016; Va-

sianovich and Wellinger, 2017).

Small nuclear ribonucleoprotein particle (snRNP) (ribonucleo-

protein complex) biogenesis includes the assembly of the Sm-

ring on all snRNAs except U6. The ring is composed of the Sm

B/B0, D1, D2, D3, E, F, and G proteins (encoded by SMB1,

SMD1, SMD2, SMD3, SME1, SMX2, and SMX3 in yeast) com-

mon to all spliceosomal snRNPs (Matera and Wang, 2014). The

Sm-proteins are arranged into a seven-membered ring on the

Sm binding site of the snRNA. In higher eukaryotes, Sm-proteins

are loaded by the survival motor neuron (SMN) protein, which in

low expression or uponmutation leads to the neurodegenerative

disease spinal muscular atrophy (SMA) (Lefebvre et al., 1995;

Lorson et al., 2010). Sm-ring binding is also critical in

S. cerevisiae, as snRNA degradation is increased when the

Sm-ring binding site is mutated (Coy et al., 2013; Shukla and

Parker, 2014). However, in yeast, it was speculated that the as-

sembly of the Sm-ring occurs in the nucleus. First, shuttling of

the snRNAs had not been observed except for the shuttling of

U1 and U2 snRNAs in a heterokaryon assay, in which the authors

carefully discussed that their finding might be an artifact in this

type of assay, because all analyzed transcripts left the nucleus

and therefore a negative control was missing (Olson and Sili-

ciano, 2003). Second, nuclear localization sequences were

identified in SmB, SmD1, and SmD3, which suggested that an

RNA-free pre-assembled Sm-complex would be able to enter

the nucleus (Bordonné, 2000).

The Sm-ring is a prerequisite for the correct and limited

trimming of the pre-snRNAs. While this step is anticipated to

be cytoplasmic in human cells, as precursors accumulate in

the cytoplasm (Huang and Pederson, 1999), it occurs in the nu-

cleus of yeast through cleavage by Rnt1 and subsequent 30 to 50

degradation by the nuclear exosome ending at the Sm-ring (Sei-

pelt et al., 1999; Coy et al., 2013; Shukla and Parker, 2014). The

nuclear localization of Rnt1 (Catala et al., 2004) was further used

as an argument that snRNAs do not need to shuttle in yeast. The

Sm-ring has additionally been described to recruit the trimethyl-

guanosine synthetase 1 (TGS1), an RNA methyltransferase that

Cell Reports 27, 3199–3214, June 11, 2019 ª 2019 The Authors. 3199
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mediates a 2,2,7-trimethylguanosine (TMG) modification of the

50 end of the snRNAs (Matera and Wang, 2014). In yeast, Tgs1,

mediating this trimethylation, is localized to the nucleolus, again

questioning the need for snRNA shuttling (Mouaikel et al., 2002).

Contrarily, in human cells this step occurs in the cytoplasm and

triggers the formation of the Ran-dependent import complex

composed of the importin-adaptor Snurportin 1 (SPN) and its re-

ceptor, importin b, leading to subsequent nuclear import (Matera

and Wang, 2014). Up to date, no homolog for SPN has been

found in yeast.

U6 has, like other Pol III transcripts, an oligo(U) sequence at its

30-end that is bound to an Lsm-ring, which is structurally related

to the Sm-ring and composed of the Lsm proteins 2 to 8 (Matera

et al., 2007). It is generally and species-wide supposed that U6 is

restricted to the nucleus and does not shuttle during its biogen-

esis (Bertrand and Bordonné, 2004; Matera et al., 2007; Sloan

et al., 2016); however, a mechanism for its nuclear retention is

lacking.

This current view for snRNA shuttling of Sm-ring-containing

snRNAs in humans, the nuclear retention of yeast snRNAs, and

the general nuclear retention of U6 raises two important ques-

tions: First, why should shuttling only evolve for some snRNA

in Mammalia, and second, what is the advantage of shuttling?

It has been suggested that snRNA shuttlingmight provide a plau-

sible mechanism for quality control, ensuring that partially

assembled RNPs do not come into contact with their substrates

(Matera and Wang, 2014). However, this has never been shown.

Here, we show that all snRNAs shuttle in yeast. They are

exported via Mex67 and all except U6 additionally use the

50-cap, bound by CBC for an Xpo1/Crm1-mediated nuclear

export. All snRNAs including U6 are re-imported into the nucleus

via Mtr10 and Cse1. Further maturation of the snRNAs includes

the Sm-ring binding, which occurs in the cytoplasm and the sub-

sequent 30-end trimming and 50-cap trimethylation in the nucleus

and nucleolus, respectively. Most importantly, we show that

snRNA shuttling resembles a quality assurance step, because

pre-snRNAs are incorporated into the spliceosome when not

exported. Similarly, the downregulation of RNT1, required for

30-end trimming, leads to the incorporation of unprocessed

snRNAs into the spliceosome, as does the expression of a

non-cleavable mutant of pre-U1. Importantly, all three situations

in which the pre-snRNAs were brought into contact with the spli-

ceosome, this molecular machine incorporated these immature

snRNPs, revealing that the spliceosome cannot distinguish be-

tween immature and mature snRNAs. Importantly, all ‘‘imma-

ture’’ and thus faulty spliceosomes lead to splicing defects.

From these data, we suggest that snRNA shuttling is probably

obligatory for all eukaryotes and for all snRNAs, including U6,

because it represents a quality assurance mechanism for intact

spliceosomes.

RESULTS

snRNAs Are Exported into the Cytoplasm via Xpo1 and
Mex67
To challenge the current view that snRNA shuttling evolved only

in higher eukaryotes, we systematically explored snRNA shut-

tling in S. cerevisiae. Due to the fact that Pol II transcripts such

as mRNAs and the non-coding telomerase-RNA TLC1 require

Mex67-Mtr2 and Xpo1/Crm1 for their nuclear export (Tutucci

and Stutz, 2011; Wu et al., 2014), we investigated whether the

shuttling of snRNAs would also be dependent on these factors.

First, we analyzed potential export defects by fluorescence in

situ hybridization (FISH) experiments in mutant forms of Xpo1,

Mex67, and its interacting partners Dbp5/Rat8 and Nup159/

Rat7 (Tieg and Krebber, 2013). To visualize potential nuclear

export defects, we used specific long fluorescently labeled

probes (�100–250 nucleotides) that in our experience preferen-

tially stain cytoplasmic snRNAs, because they might not pene-

trate the nuclearmembrane.While these probes detectedmainly

cytoplasmic snRNAs in wild-type cells, we found strong nuclear

dot-like accumulations for all snRNAs in the export mutants (Fig-

ures 1A, 1B, and S1A–S1C), indicating that snRNAs leave the nu-

cleus. Interestingly, besides the nuclear export defects of the

Sm-ring-containing snRNAs, we found a clear nuclear accumu-

lation also for U6, suggesting that also this Pol III transcript is

exported into the cytoplasm. However, in contrast to the Sm-

ring-containing snRNAs, only some nuclear accumulation of

U6 was detectable in xpo1-1 mutants, which might be due to

the differences in transcription-coupled loading of the export

factors, or simply to the different cap structure. This phenotype

was also visible in the leptomycin B (LMB)-sensitive yeast strain

(Figure 1C), in which the trimeric export complex Ran-GTP-

Xpo1-export protein is disrupted (Neville and Rosbash, 1999).

However, the phenotype was very mild compared to xpo1-1,

possibly because the xpo1-1 mutation is potentially dominant

as it has a slightly growth-inhibitory effect and might inhibit cell

growth through misfolding when bound to the export substrate

or the nuclear pore complex (NPC) upon the temperature shift

(Figure S1D). In contrast, in the LMB-sensitive strain, Xpo1/

Crm1 does not participate in nuclear export in the presence of

LMB, because export complex formation is prevented and

both mRNAs and snRNAs can still leave the nucleus via

Mex67, but without Xpo1. Although the role of Xpo1/Crm1 was

Figure 1. snRNAs Are Exported to the Cytoplasm via Mex67 and Xpo1/Crm1 in Yeast

(A) Nuclear export of snRNAs is inhibited in mRNA export mutants. FISH experiments are shown with�100- to 300-nucleotide-long specific DIG-labeled snRNA-

probes, detected with FITC-labeled anti-DIG antibodies (green). Shown are deconvoluted images of single cells. n = 4.

(B) Quantification of cells with nuclear signals shown in (A). n = 3; 100–300 cells were counted.

(C) Leptomycin B slightly inhibits snRNA export in the LMB-sensitive crm1-T539Tmutant. FISH experiments as in (A) are shown after a 1-h incubation of the cells

at 30�C. n = 3.

(D and E) RIP experiments reveal a physical contact betweenMex67 (D) or Xpo1 (E) and the snRNAs. The GFP-tagged export receptors were immunoprecipitated

and the co-precipitated snRNAs were analyzed in qRT-PCRs. n = 5.

(F) The loop-domain of Mex67 is important for snRNA binding. qRT-PCRs of the eluates from in vitro RIP-experiments with Mex67 are shown. n = 3.

(G) RIP experiments reveal a physical contact between the guard proteins and the snRNAs. The GFP-tagged Mex67-adaptor proteins were immunoprecipitated

and the co-precipitated snRNAs were analyzed in qRT-PCRs. n = 4.
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Figure 2. The Nuclear Import of snRNAs Is Mediated by Mtr10 and Cse1

(A) FISH experiments with 50-nucleotide-long Cy3-labeled probes (red) in the indicated strains that were shifted to the indicated non-permissive temperatures are

shown. n = 3.

(legend continued on next page)

3202 Cell Reports 27, 3199–3214, June 11, 2019



always controversially discussed (Stade et al., 1997; Neville and

Rosbash, 1999), our data suggest that the export receptor might

participate in the export of both mRNA and snRNA (Figure 1).

Together, these data suggest that both Mex67 and Xpo1 partic-

ipate in snRNA and mRNA export.

Second, we show that all snRNAs bind to Mex67 and Xpo1

in vivo by RNA-co-immunoprecipitation (RIP) experiments (Fig-

ures 1D, 1E, S1E, and S1F). The Mex67-RIP showed a more

than 4-fold enriched binding of the snRNAs compared to the

no-tag control, indicating that snRNAs contact this export recep-

tor and can be purified with it. Similarly, all of the snRNAs except

U6 showed an interaction with Xpo1. However, the binding was

only �1.5- and �2-fold increased, which might be explained by

the fact that upon cell lysis Xpo1-RanGTP comes into contact

with the cytoplasmic GTPase-activating protein RanGAP1/

Rna1, resulting in the dissociation of these export complexes.

Additionally, the strong Mex67 binding of the snRNAs (between

4- and 8-fold) might reflect that Mex67 contact is less easily dis-

rupted upon cell lysis, and it might also indicate that more mole-

cules of Mex67 bind to the snRNAs than Xpo1. As different

adaptor proteins, such as Npl3, Gbp2, and Hrb1, establish the

contact betweenMex67 and the RNA simplymoreMex67 export

receptors could bind. Indeed, RIP experiments and subsequent

qRT-PCR analysis confirmed the binding of these Mex67

adapters to the snRNAs (Figures 1G and S1H). The snRNA bind-

ing to both export receptors is also less strong as for TLC1,

which we analyzed earlier and found more than a 10-fold

increased binding (Wu et al., 2014). This might simply be ex-

plained by the fact that TLC1 is with a size of �1.5 kb longer

than the snRNAs and can potentially bind more export factors.

Similarly, the RPL8A mRNA shows also more than 10-fold bind-

ing, which is present in the cell with many copies, as it is highly

expressed (Figures 1D and 1G).

Interestingly, we did not detect binding of Xpo1 to U6. This

might be due to potential differences in transcriptional loading

of the export factors by the responsible Pol, or due to the

different 50-cap structures of the snRNAs. Its slight nuclear accu-

mulation in the xpo1-1 mutant (Figures 1A–1C and S1B) might

thus rather be a secondary effect of the nuclear retention of

the other snRNAs.

For Mex67 a loop-domain was shown to bind RNA directly

(Figure S1G) (Yao et al., 2007, 2008; Zander et al., 2016). To

investigate whether this domain is also important for the interac-

tion with the snRNA, we carried out in vitro binding studies in

which we used recombinantly expressed wild typical Mex67-

Mtr2 heterodimer and two heterodimeric proteins with defective

or absent loop-domain and incubated the proteins with isolated

total yeast RNA. In a second purification step, we isolated the

His-tagged heterodimeric protein complex again, this time with

the attached RNA, which was subsequently analyzed in qRT-

PCR experiments. These studies revealed that Mex67 also binds

snRNAs directly with this domain, as mutations in this domain

decreased its snRNA binding to amounts seen with the His-tag

control (Figure 1F), very similar to the results seen with mRNA

(Zander et al., 2016). These data suggest that yeast snRNAs

leave the nucleus by contacting the same export machinery as

the noncoding RNA (ncRNA) TLC1 and mRNA. Strikingly, we

detect export also for U6, indicating that it represents no excep-

tion in snRNA shuttling.

snRNAs Are Re-imported into the Nucleus via Mtr10
and Cse1
To identify the nuclear snRNP import factors, we screened mu-

tants of all yeast karyopherins by FISH experiments (Figures

S2A and S2B). We used short (50-nucleotide) snRNA probes

(Figure S1A) that easily penetrate the nuclear envelope and

thereby predominantly detect the bulk snRNAs that are mainly

localized in the nucleus. This detection enabled us to recognize

nuclear import defects by the cytoplasmic mislocalization of the

snRNAs. We found that only mutations in MTR10 and CSE1

cause snRNA import defects, suggesting that these karyopher-

ins are important for the nuclear import of snRNAs (Figures 2A,

2B, and S2C). These results were confirmed by cytoplasmic

fractionation experiments, in which we detected an increased

cytoplasmic presence of all snRNAs in cse1-1 mutants via

qRT-PCRs (Figures 2C and S2D). In support of these results,

we show RIP experiments that reveal a physical interaction of

Cse1 and Mtr10 with the snRNAs in vivo (Figures 2D, S2E,

and S2F). Due to the fact that Mtr10 and Cse1 are like Xpo1,

both Ran-dependent karyopherins that are dependent on an

intact Ran-gradient and possibly require adaptor proteins for

their binding to the RNA, we detected only a slight, �1.5- to

�2-fold increased binding. Mtr10 was already identified to

import several mRNA-binding proteins and the TLC1 RNA

(Häcker and Krebber, 2004; Gallardo and Chartrand, 2008).

Therefore, its nuclear import activity for snRNAs was not sur-

prising. However, the identification of Cse1 as an snRNA nu-

clear import receptor was unexpected, because up to date

only one other cargo had been identified for Cse1: Importin

a/Srp1, which is exported (Hood and Silver, 1998; Cook

et al., 2007). It seems possible that snRNA import defects

are caused by the mislocalized importin a in cse1-1; however,

neither mutations in SRP1 nor in KAP95/RSL1 (yeast importin b)

affect snRNA localization (Figures 2A, 2B, S2A, and S2C). In

fact, the slow growth rate of the cold-sensitive cse1-1 mutant

is not fully suppressed by overexpression of SRP1 (Solsbacher

et al., 1998), which suggested the existence of further transport

cargos, and our data suggest that these might be the snRNAs.

Together, these data revealed that all snRNA in yeast shuttle

into the cytoplasm, and we determined Mex67 and Xpo1 to

be the responsible export factors. Mtr10 and Cse1 mediate

the nuclear import of the snRNAs. Remarkably, although

NLSs were identified in the proteins of the Sm-ring (Bordonné,

2000), which in higher eukaryotes is loaded in the cytoplasm,

the nuclear import of U1, U2, U4, and U5 is independent of

the importin a/b-pathway that recognizes the classical NLSs,

(B) Quantification of the cells with an snRNA mislocalization phenotype shown in (A). n = 3; 100–350 cells were counted.

(C) Cytoplasmic fractionation experiments reveal an increase of the cytoplasmic snRNA-pool in the import mutants, determined by qRT-PCRs. n = 6.

(D) RIP experiments reveal a physical contact between Mtr10 or Cse1 and the snRNAs. GFP-tagged transport receptors were precipitated, and the co-preci-

pitated snRNAs were analyzed by qRT-PCRs. n = 5.
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as the snRNAs are not mislocalized in srp1-31 or kap95E126K

(Figures 2A, 2B, S2A, and S2C).

Moreover, our results indicate that U6 also uses Mtr10 and

Cse1 for its nuclear re-import. It is interesting to note that,

although the Lsm-proteins can be imported without being

bound to RNA via importin b (Spiller et al., 2007b), srp1-31 and

kap95E126K mutants cause no U6 import defect (Figures 2A,

2B, S2A, and S2C). These data might suggest that the Lsm-

ring is possibly loaded onto U6 in the cytoplasm and that these

proteins in association with the snRNA do not interact with im-

portin a and b.

Sm- and Lsm-Ring Assembly Occurs in the Cytoplasm
The nucleo-cytoplasmic shuttling of the snRNAs raised the

question in which compartment the Sm- and Lsm-ring assembly

take place. It is currently anticipated that these proteins are im-

ported into the nucleus, assemble there on the snRNAs, and in

this way retain them in the nucleus (Bordonné, 2000; Spiller

et al., 2007a, 2007b). Sm-ring assembly is critical for snRNA sta-

bility, because snRNA degradation is increased when the Sm-

ring binding site is mutated (Coy et al., 2013; Shukla and Parker,

2014). Curiously, it was shown that cytoplasmic degradation fac-

tors affect the snRNA stability (Shukla and Parker, 2014). Thus,

we investigated whether it might be conceivable that the Sm-

and Lsm-ring association in yeast might take place in the cyto-

plasm. First, we localized SmB in mtr10 and cse1 mutants and

found a strong cytoplasmic mislocalization of the protein (Fig-

ures 3A, 3B, and S3A). Second, we examined the localization

of several snRNAs by FISH in the double mutant of the Sm-ring

components SmB and SmD1 that mislocalize to the cytoplasm

(Bordonné, 2000). We found that this localization defect results

in the concomitant accumulation of the snRNAs in the cytoplasm

(Figures 3C and S3B). These results suggest that Sm-ring as-

sembly on the snRNA also in yeast occurs in the cytoplasm.

Interestingly, also U6mislocalized in the Sm-ring mutants, which

suggests that its proper localization is dependent on the Sm-

type snRNAs.

Moreover, we addressed howCse1might contact the snRNPs

and show that the karyopherin does not directly interact with

snRNAs by in vitro binding studies, in which we used recombi-

nantly expressed GST-Cse1 that was incubated with yeast total

RNA. After an RNA-co-IP the presence of the snRNAs was

analyzed by subsequent qRT-PCR (Figures S3C–S3E). Instead,

we identified a physical interaction between SmB and Cse1 (Fig-

ure 3D), suggesting that Cse1-mediated nuclear re-import of the

snRNAs requires the Sm-ring. The sequences initially thought to

be the NLS sequences, might have simply generated misfolded

proteins when mutated that were not able to form a functioning

Sm-ring, because thesemutations lead to the cytoplasmic accu-

mulation of the snRNP (Figure 3C). Therefore, it is conceivable

that Cse1 functions as a quality control checkpoint that recog-

nizes and imports only correctly formed Sm-ring containing

snRNPs. Interestingly, the accessibility of the Sm-ring was sug-

gested to represent the molecular basis also for the snRNP qual-

ity control in human cells, and immature, Sm-ring defective

snRNPs were suggested to be sequestered to Cajal bodies (Roi-

thová et al., 2018).

Reassuringly, the interaction of SmB with the snRNA was

aborted in the nuclear snRNA-export mutants xpo1-1, mex67-5

and the double mutant (Figures 3E and S3F) and led to a cyto-

plasmic mislocalization of SmB (Figure 3F). These data support

a model in which the Sm-ring association on the snRNAs takes

place in the cytoplasm.

Loading of the human Sm-ring onto the snRNAs requires SMN

(Lefebvre et al., 1995; Lorson et al., 2010). Brr1 was shown to be

required for snRNP biogenesis in budding yeast (Noble and Gu-

thrie, 1996) and, as the putative Geminin2 ortholog, it is hypoth-

esized to directly participate in Sm core assembly (reviewed in

Matera and Wang, 2014). Consistent with this notion, we found

that Brr1-GFP was mislocalized in cse1-1 mutants (Figures 3G

and S3G). This supports the idea that Brr1 is involved in the cyto-

plasmic loading of the Sm-ring onto the snRNAs.

As we found that U6 also leaves the nucleus in yeast, we ad-

dressed whether the Lsm-ring assembly also takes place in the

cytoplasm. For this, we localized the snRNAs in the lsm8-1

mutant that has defects in the U6-Lsm-ring assembly (Pannone

et al., 1998). We found that U6 and interestingly also U4 were

mislocalized to the cytoplasm (Figures 3H and S3H). These find-

ings suggest that also the assembly of the Lsm-ring on the U6

snRNA takes place in the cytoplasm. The mislocalization of U4

might be a hint toward a collective nuclear re-import of U4 and

U6, as they function as a di-snRNP in the spliceosome (Will

and L€uhrmann, 2001). Such a model gets further support from

the finding that also U6 binding to the Sm-ring can be also

detected and this interaction is reduced in the snRNA export mu-

tants (Figure 3I).

Figure 3. The Sm-Ring Assembles in the Cytoplasm and Contacts Cse1 for Nuclear Re-import
(A) SmB is mislocalized in cse1 and mtr10 mutants. SmB-GFP was localized in the indicated strains. n = 3.

(B) Quantification of cells with cytoplasmic signal shown in (A). n = 3; 50–100 cells were counted.

(C) Sm-ring assembly defects lead to the cytoplasmic mislocalization of snRNAs. The indicated strains were analyzed by FISH with the �50-nucleotide-long

snRNA-specific probes. n = 3.

(D) Cse1 interacts with the Sm-ring. Co-IP of SmB-myc with Cse1-GFP is shown on western blots. Hem15 served as a negative control. n = 3.

(E) RIP experiments reveal a decreased interaction of SmB with snRNAs in nuclear export mutants. The SmB-bound snRNA was extracted from the indicated

strains and analyzed in qRT-PCR-experiments. n = 3.

(F) SmB mislocalizes to the cytoplasm in mutants of the snRNA export factors. The localization of SmB-GFP was analyzed in wild-type and themex67-5 xpo1-1

double mutant. n = 3.

(G) Localization of Brr1-GFP in the indicated strains. n = 3.

(H) Lsm-ring assembly defects lead to a cytoplasmic accumulation of U6 andU4. FISH experiment with Cy3-labeled 50-nucleotide-long snRNA-specific probes is

shown. n = 3.

(I) Reduced formation of the U4/U6 di-snRNP occurs in export mutants. RIP experiments with the SmB-bound snRNA is shown, which was extracted from the

indicated strains and analyzed in qRT-PCR experiments. n = 3.
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Figure 4. Processing and TMG-Capping of snRNAs Occur in the Nucleus upon snRNA Re-import

(A) Trimming of the snRNAs is carried out in the nucleus upon re-import from the cytoplasm. qRT-PCR analysis revealing the increased presence of the un-

processed snRNAs is shown in the indicated strains, shifted for 1 h to their restrictive temperatures. n = 7 for cse1-1 strain, n = 5 formtr10D strain, and n = 4 for

mex67-5 xpo1-1.

(B) TMG-capping occurs after nuclear snRNA import. The amount of TMG-capped snRNAs was determined by TMG-co-IPs and subsequent qRT-PCRs from the

indicated strains. tgs1D served as a positive control, and the black line indicates the amount of the precipitated non-TMG-capped RNAs resembling the baseline

for TMG-capping. n = 3.

(legend continued on next page)
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snRNA Cleavage and TMG-Capping Are Carried Out in
the Nucleus
Sm-ring loading occurs prior to the Rnt1-mediated trimming of

the snRNA precursors and is followed by the 30-to-50 degrada-
tion by the nuclear exosome up to the Sm-ring (Seipelt et al.,

1999; Coy et al., 2013; Shukla and Parker, 2014). Thus, trim-

ming should occur after nuclear re-import, as Rnt1 is localized

to the nucleus (Catala et al., 2004). Also, the final trimming of

the Pol III-generated tail from U6 by Usb1 most likely occurs

in the nucleus, as this nuclease is restricted to this compart-

ment (Mroczek et al., 2012). To investigate whether the 30-trim-

ming indeed occurs after snRNA shuttling, we analyzed the

length of the snRNAs via qRT-PCR in the import mutants

cse1-1 and mtr10D, in which the Sm- and Lsm-rings were

assembled and in the export mutant mex67-5 xpo1-1. An

example of how the primers were chosen for U1 to distinguish

the precursor from the mature form is provided in Figure S4A.

Similar primer setups were chosen also for the other snRNAs.

We found that the long precursors indeed accumulated in all

mutants that prevent shuttling (Figure 4A). Therefore, we

concluded that the pre-snRNAs are trimmed after their

re-import into the nucleus and that they require the correct

cytoplasmic loading of the Sm-/Lsm-ring for subsequent pro-

cessing steps.

Further processing of snRNAs is accomplished by trimethyla-

tion of the 50-cap. In humans, this step occurs in the cytoplasm

and triggers the formation of the Ran-dependent import com-

plex comprised of the importin-adaptor SPN and its receptor

importin b, leading to subsequent nuclear import (Matera

and Wang, 2014). In contrast, yeast Tgs1 is localized to the

nucleolus (Mouaikel et al., 2002). We investigated whether

TMG-capping in yeast occurs before or after shuttling by RIP

experiments with a TMG-specific antibody in the snRNA re-

import mutants. Because the antibody does not exclusively

detect trimethylated caps, but also mentionable amounts of

m7G-capped RNAs, we used the tgs1D mutant to determine

the baseline of the TMG detection. Significantly reduced

amounts of TMG-capped snRNAs were detected, revealing

that shuttling and Sm-ring loading occurs before the addition

of the TMG-cap (Figure 4B). Our finding is in agreement with

other studies that have shown that the Sm-ring is crucial for tri-

methylation of the cap (Mattaj, 1986). Furthermore, we show

that snRNAs are retained in the nucleolus when SmB is

depleted (Figures 4C and S4B), which indicates that an intact

Sm-ring is required for efficient trimethylation and subsequent

nucleolar release into the nucleoplasm. It is possible that

SmB assists TMG-capping, as it interacts with Tgs1 in vivo

(Figure 4D) and in vitro (Mouaikel et al., 2002). This interaction

most likely only occurs when the proteins are bound to RNA,

as it is RNase sensitive. This makes sense as it might prevent

the recruitment of free SmB into the nucleolus, which could

compete with the snRNP-bound SmB and subsequently lead

to decreased snRNP recruitment. Reassuringly, we detected

the binding of the TMG-capped snRNA and the splicing factor

Prp40, but in comparison nearly no binding to the nuclear

export factors, Xpo1 and Mex67 (Figures 4E, S4C, and S4D).

Prp17 served in this assay as a positive and negative control,

because it interacts only with U2 and U5 but not with U1 and

U4 (Sapra et al., 2008). These data support a model in which

the export factors only contact the monomethyl m7G-cap-con-

taining snRNAs.

As TMG-capping might be the final step in snRNA process-

ing, we wondered whether this type of 50-cap would possibly

prevent re-export. A deletion of TGS1 is cold sensitive

(Schwer et al., 2011), which might result from a constant

leakage of m7G-capped snRNAs into the cytoplasm, reducing

the availability of snRNAs for the spliceosome. It is conceiv-

able that the m7G-cap-dependent CBC-binding plays a

crucial role in export; in particular, because tgs1D cells

showed an increased binding of snRNAs to CBC and muta-

tions in CBP20 rescued the growth defect of tgs1D (Schwer

et al., 2011), which could be due to a reduction of the constant

export of the m7G-capped snRNAs into the cytoplasm. Thus,

we investigated whether Xpo1 might contact CBC. Indeed,

co-IPs revealed a physical, RNase-insensitive interaction be-

tween Xpo1 and Cbp80 (Figures 4F and S4E). This suggests

that Xpo1 participates in the export of snRNAs and also

mRNAs, as both RNAs bind CBC at their 50-caps and both

RNA species are mislocalized in xpo1-1 mutants (Figure 1A).

Whether this occurs directly or via an unknown adaptor pro-

tein remains to be shown. Nevertheless, our data suggest a

model in which TMG-capping finalizes nucleo-cytoplasmic

shuttling in yeast. From an evolutional point of view, it is inter-

esting to note that in higher eukaryotes the trimethylation step

moved to the cytoplasm, which had the advantage of the

development of a specific import factor for snRNAs, SPN (Ma-

tera and Wang, 2014), that ensures that only fully matured

snRNAs can re-enter the nucleus. Therefore, SPN under-

standably lacks homologs in yeast.

In summary, pre-snRNAs shuttling to the cytoplasm is highly

conserved and also present in yeast. Shuttling, and subsequent

Sm/Lsm-ring assembly, is obligatory for the generation of

mature snRNPs. Therefore, preventing the nuclear import

of the snRNAs as factual in cse1-1 and mtr10D mutants,

should result in splicing defects, which were indeed detected

(Figure 4G).

(C) SmB is required for proper nucleolar localization of the snRNAs. FISH experiments with Cy3-labeled specific probes against U1 and U2were co-localizedwith

a specific Atto488-labeled probe targeting the internal transcribed spacer region 2 (ITS2) of the 35S pre-rRNA in the nucleolus. Localization studies were carried

out in wild-type and cells depleted for SmB and are shown after deconvolution. n = 3.

(D) Tgs1 interacts with SmB in vivo. Co-IP with Tgs1-GFP reveals a physical interaction with SmB-myc detected in western blots. n = 3.

(E) Xpo1/Crm1 and Mex67 interact preferentially with m7G-capped snRNAs, while TMG-capped snRNAs are mostly bound by splicing factors. In this two-step-

experiment, we first performed a RIP experiment in which the protein associated RNA of the indicated factors was purified. In a second step, a co-IP was carried

out with a TMG-cap-specific antibody. Prp40 interacts with U1, U2, U4, and U5, while Prp17 as a later splicing factor only interacts with U2 and U5. n = 3.

(F) Xpo1 interacts with the cap binding complex. Western blot of co-IP of Xpo1-GFP with Cbp80-myc is shown. n = 3.

(G) Blocking nuclear import of snRNAs leads to splicing defects. The ratio of unspliced products of the indicated pre-mRNAs and total mRNAs were detected via

qRT-PCR in the indicated strains. n = 6 for cse1-1 strain; n = 5 for mtr10D strain
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snRNA Shuttling Prevents the Assembly of ‘‘Immature
Spliceosomes’’
After showing that snRNA shuttling is common to eukaryotes

and that also S. cerevisiae is no exception in evolution, we

used this model organism to address the important unsolved

question why snRNA shuttling is physiologically important.

Although it has been speculated earlier that the separation of

the place of maturation in the cytoplasm from the place of func-

tion in the nucleus might prevent the incorporation of immature

snRNPs into the spliceosome, which might jeopardize splicing

(Matera and Wang, 2014), there is no experimental evidence

available that supports such amodel. Interestingly, m7G-capped

snRNAs have been found to be associated with the spliceosome

in tgs1D cells (Schwer et al., 2011), suggesting that snRNPs with

50-caps that are not trimethylated can be assembled when they

come in contact with their substrate. This defect produces only a

mild growth defect, because TMG-capping is just the last step of

maturation that is missing, which we suggest keeps fully

matured snRNAs in the nucleus and thus might result in only

slight nuclear snRNA depletion. In contrast, keeping immature

pre-snRNAs in the nucleus might be more destructive as defec-

tive spliceosomes could be produced. To investigate this

directly, we blocked export and found that the nuclear retained

immature pre-snRNAs were indeed incorporated into the spli-

ceosomal particles. This was determined by RIP experiments

in wild-type and mex67-5 mutants with Prp40, which is part of

the pre-catalytic spliceosomal complex B (Will and L€uhrmann,

2001). In subsequent qRT-PCR experiments with primers that

either detect a total snRNA species, or the immature snRNA spe-

cies, we found a �40-fold increase of the U1 precursor for

instance bound to Prp40 in mex67-5 cells compared to wild-

type (Figure 5A). But also increased amounts of the other precur-

sors were found to interact with Prp40, when their export was

blocked (Figures 5A and S5A). Importantly, these ‘‘immature

spliceosomal particles’’ produce significant genome-wide

splicing defects (Figures 5B–5D, S5B, and S5C; Data S1), sug-

gesting that spliceosomes do not select mature snRNAs for

incorporation. It is possible that the longer precursor generates

structural problems and that the association with proteins to

the RNA scaffold is incorrect, which might affect spliceosome

function. In fact, recent work showed that structural changes

indeed affect the protein binding to the snRNPs (Hardin et al.,

2015).

To exclude that these effects result from other defects caused

by the RNA-export block, because also mRNAs accumulate in

mex67-5 and xpo1-1 mutants (Figures 1A and S1A), we investi-

gated in two additional ways whether spliceosomes are able to

distinguish between immature and mature snRNAs. First, we

blocked snRNA maturation by inhibition of the Rnt1-mediated

cleavage through downregulation of the RNT1 transcript. The

reduction of more than 50% of the RNT1 transcript level is toxic

to cells and leads to the accumulation of uncleaved snRNAs (Fig-

ures S6A–S6C), which resulted in an increased presence of the

immature forms of the snRNAs in spliceosomes, which again re-

flects that spliceosomes cannot distinguish betweenmature and

immature constituents (Figures 5E and S6D). Importantly, the

incorporation of the longer pre-snRNAs resulted in splicing

defects (Figure 5F).

As the downregulation of RNT1 might also have side effects,

we chose a third method of showing that spliceosomes only

passively recruit snRNAs. We generated a mutant of U1 with

mutated Rnt1 recognition sites, snr19-rnt1� (Figure S6E). This

mutant cannot be cleaved by Rnt1 and thus cannot be further

trimmed by the nuclear exosome. The resultant immature, long

form led to a decreased viability at elevated temperatures and

produced �10-fold increased level of the immature U1 (Figures

S6F and S6G). This mutant was also not hindered from incorpo-

ration into spliceosomal particles (Figure 5G) and produced

splicing defects at 37�C (Figures 5H and S6H), which again sug-

gested that the spliceosomes could not prevent the incorpora-

tion of immature or defective snRNAs. As expected, the splicing

defects of the snr19-rnt1�mutant were relatively low, because in

this case the trimming of only one snRNA was affected. In

contrast, the defects for the downregulated RNT1 are stronger,

because it concerns more than one pre-snRNA. However, the

strongest effect was obtained by trapping the pre-snRNAs in

the nucleus, which might have two reasons. First, there might

be higher levels of pre-snRNAs present in the nucleus and,

second, the pre-snRNAs did not correctly assemble with the

Sm- and Lsm-ring and potentially other proteins that might

participate in spliceosome formation.

To strengthen the hypothesis that immature snRNAs can be

incorporated into the active spliceosome, additional RIP exper-

iments were carried out. However, this time, we precipitated

Snu114, which is part of the later catalytic complexes Bact

and C. In these late complexes, Snu114 RIP experiments will

precipitate U5, as Snu114 is part of the U5 snRNP, but it should

also be possible to detect U2, because the U2 and U5 snRNPs

contact each other only in the later catalytic complexes Bact

and C (Will and L€uhrmann, 2001). So if the U2 precursor was

incorporated in the spliceosome, it should be detectable.

Indeed, the precipitated Snu114 did not only precipitate the

U5 pre-snRNA, but also that of U2 (Figure 5I), which is only

possible if the spliceosome assembly took place and passed

through complexes A and B and became part of the complex

Bact (Will and L€uhrmann, 2001). Because immature snRNAs

can in principle be incorporated into assembling spliceosomes

and then jeopardize splicing, eukaryotic cells have developed

a way to prevent that by immediate nuclear export of immature

snRNAs, so that they are out of reach for spliceosome

formation.

Taken together, we have shown that the immediate export of

pre-snRNAs to the cytoplasm is essential for the generation of

functional spliceosomes. The removal of immature pre-snRNAs

into another cellular compartment keeps them out of reach of

assembling spliceosomes that cannot distinguish between

immature and mature components (Figure 6).

DISCUSSION

One characteristic of eukaryotic cells is the separation of the

place of transcription and mRNA maturation in the nucleus

from the place of translation in the cytoplasm. This prevents

the translation of immature, intron-containing transcripts and

allowed the establishment of intron sequences. The work pre-

sented here shows that the same principle evolved also for
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Figure 5. Shuttling of the snRNAs Is a Prerequisite for Proper Spliceosome Assembly and Splicing

(A) Blocking nuclear export of pre-snRNAs leads to the incorporation of these precursors into the spliceosome. RIP experiments with Prp40-GFP in mex67-5

reveal the presence of immature snRNAs in the spliceosome. n = 4.

(B) Blocking nuclear export of snRNAs leads to splicing defects. Unspliced products of the indicated mRNAs were detected via qRT-PCR in the indicated

strains. n = 4.

(C) Genome-wide determination of splicing defects in the snRNA-export mutant xpo1-1 mex67-5. RNA-sequencing (RNA-seq) analysis revealed genome-wide

increased amounts of intron-containing transcripts in the double mutant compared to wild-type. n = 2.

(D) Number of introns that were increased in xpo1-1 mex67-5 compared to wild-type detected in the RNA-seq experiment shown in (C). n = 2.

(E) Blocking Rnt1-mediated cleavage of snRNAs leads to the incorporation of immature pre-snRNAs into the spliceosome. RIP experiments with the spliceosomal

protein Snu71 reveal the presence of pre-snRNAs in the spliceosome. n = 4.

(F) Blocking Rnt1-mediated cleavage of snRNAs leads to splicing defects. Unspliced products of the indicated mRNAs were detected via qRT-PCR upon RNT1

downregulation and compared to wild-type. n = 7.

(G) Expression of an Rnt1-insensitive U1 snRNA leads to incorporation of immature pre-U1 snRNA into the spliceosome. RIP experiments with Snu71 reveal the

presence of the pre-U1 snRNA in the spliceosome. n = 4.

(H) Expression of an Rnt1-insensitive U1 snRNA leads to splicing defects. Unspliced products of the indicated mRNAs were detected via qRT-PCR in the snr19-

rnt1� strain shifted to 37�C for 2 h. n = 4.

(I) RIP experiments with the spliceosomal protein Snu114 reveal the presence of pre-snRNAs in the complex Bact or C of the late spliceosome. n = 3.
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spliceosomes. snRNAs are transcribed in the nucleus and they

have to be quickly exported into the cytoplasm to prevent the un-

wanted access of the spliceosome. Here, we show that errone-

ously incorporated pre-snRNAs into the spliceosome jeopardize

splicing.

Current literature suggested that snRNA shuttling is not

conserved, and it remained an open question why shuttling

evolved for human cells (Will and L€uhrmann, 2001; Matera and

Wang, 2014; Sloan et al., 2016; Vasianovich and Wellinger,

2017). Here, we have shown that S. cerevisiae is no exception

in evolution. Upon transcription, snRNAs are exported into the

cytoplasm by the mRNA-export receptor Mex67 and the nuclear

export signal (NES)-export receptor Xpo1/Crm1 (Figures 1A–

1C). Mex67 is able to directly bind RNA (Yao et al., 2007; Zander

et al., 2016), including snRNA (Figure 1D), and might therefore

also export snRNAs in direct association. Alternatively, it is

also possible that Mex67-adaptor proteins are involved in the

nuclear export and Mex67 is recruited via them. The Mex67

adaptor proteins Npl3, Gbp2, Hrb1, and Nab2 function as guard

proteins for pre-mRNA maturation and in this way prevent a pre-

mature access of Mex67 and thus the export of immature

mRNAs (Zander et al., 2016; Zander and Krebber, 2017). Inter-

estingly, they bind also to the snRNAs (Figure 1G). However, their

role in the quality control of the snRNA maturation needs to be

determined in future experiments.

Xpo1/Crm1 supports snRNA export (Figures 1A–1C and 1E). It

contacts the snRNAs through interaction with the CBC, associ-

ated with the monomethyl cap (Figure 4F), which is typically

found on Pol II transcripts. This is in principle very similar to the

situation in human cells; however, in addition to CRM1, a partic-

ular CBC adaptor protein, PHAX, is required to recruit CRM1 for

nuclear export via the Ran GTPase system (Köhler and Hurt,

2007; Matera and Wang, 2014). Whether such an adaptor for

Xpo1 is also present in yeast is currently unclear; however, the

mechanism is conserved as Xpo1 contacts the CBC (Figure 4F).

The current view is that the Pol III transcribed U6 snRNA also in

human cells does not shuttle (Sloan et al., 2016). Remarkably, for

yeast, we show that U6 enters the cytoplasm via Mex67 (Fig-

ure 1). However, its export is not much affected in xpo1-1,

most likely because U6 does not contain a monomethyl cap,

and its nuclear export is thus independent of Xpo1/Crm1 (Fig-

ures 1A–1C). The slight effect seen for U6 in xpo1-1 might

have secondary reasons, resulting from the depletion of avail-

able Mex67, as it accumulates on the other snRNAs and mRNAs

that are retained in xpo1-1 (Figure 1).

In human cells, it was shown that the addition of the Sm-ring

occurs in the cytoplasm (Matera and Wang, 2014), while this

was suggested to happen in the nucleus of yeast cells, as

NLSs were identified in SmD1, D3, and SmB (Bordonné, 2000).

Here, we have shown that also in yeast Sm-ring assembly on

Figure 6. snRNA Maturation Requires the

Immediate Pre-snRNA Nuclear Export for

Quality Assurance

Top: Pre-snRNA export to the cytoplasm enables

the unhindered assembly of the mature spliceo-

some. Yeast pre-snRNAs are transcribed in the

nucleus and immediately exported into the cyto-

plasm upon binding of the export receptor Mex67-

Mtr2 and the karyopherin Xpo1/Crm1, the latter of

which interacts with CBC-boundm7G-caps. Upon

export, Mex67 and Xpo1/Crm1 are displaced and

the Sm-ring assembles on the pre-snRNP in the

cytoplasm. Subsequently, the snRNPs are re-im-

ported back into the nucleus via Mtr10 and Cse1,

the latter of which contacts the snRNA via its Sm-

ring. In the nucleus, the import receptors disso-

ciate and the pre-snRNA is cleaved by Rnt1 at its

30-end and further trimmed up to the Sm-ring by

the nuclear exosome. Finally, TMG-capping oc-

curs in the nucleolus assisted by SmB, which in-

teracts with Tgs1. This step terminates shuttling,

because export receptors cannot be loaded

anymore. Mature snRNAs are incorporated into

the spliceosome. We have depicted a scheme of

the structure of U1 as an example for the snRNAs

in this model. Bottom: Pre-snRNAs can be

incorporated into the spliceosome, when not ex-

ported or processed correctly. The spliceosome

cannot distinguish between immature and mature

snRNAs. Any reason that retains immature pre-

snRNA in reach of the spliceosome increases the

danger of a recruitment of faulty, immature

snRNPs, which results in defective spliceosomes

and severe splicing defects.
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the snRNAs occurs in the cytoplasm, because Sm-proteins do

not interact with the snRNAs in nuclear export mutants (Fig-

ure 3E). Most importantly, mutations of the NLSs do not only

lead to the cytoplasmic mislocalization of the Sm-proteins, but

also to the cytoplasmic mislocalization of the snRNAs (Fig-

ure 3C). Thus, it seemed likely that the Sm-ring contributes to

the nuclear import of snRNAs. Interestingly, neither mutations

in importin a (srp1-31) nor in importin b (kap95E126K) affect

the nuclear localization of the snRNAs (Figures 2A and 2B).

Therefore, it is evident that, after Sm-ring assembly, the identi-

fied NLSs play no role in nuclear import of the snRNPs. Instead,

we show that SmB contacts Cse1 (Figure 3D).

snRNA trimming should take place on the Sm-ring-bound

snRNA, because the ring restricts further degradation and thus

elimination of the snRNA from the cell. While this step is antici-

pated to be cytoplasmic in human cells, as precursors accumu-

late in the cytoplasm (Huang and Pederson, 1999), it occurs in

the nucleus of yeast through cleavage of Rnt1 and subsequent

30-to-50 degradation by the nuclear exosome up to the Sm-ring

(Seipelt et al., 1999; Coy et al., 2013; Shukla and Parker, 2014).

For this reason, pre-snRNAs accumulate in nuclear import mu-

tants (Figure 4A). It remains to be shown whether the pre-snRNA

shortening in human cells is indeed cytoplasmic, because the

trimming enzyme is unknown (Matera et al., 2007).

An interesting difference for human and yeast cells is the

place of the addition of the TMG-cap. In yeast, Tgs1 is localized

to the nucleolus, and we have shown that trimethylation occurs

after snRNA shuttling (Figure 4B). In human cells, this step

moved to the cytoplasm, which allowed the development of a

specific TMG-binding protein, SPN, that supports nuclear

import via importin b (Will and L€uhrmann, 2001; Matera and

Wang, 2014; Sloan et al., 2016). Interestingly, besides importin

b, also importin 7 and the SMN complex support nuclear import

in human cells (Fischer et al., 1994; Ospina et al., 2005; Nata-

lizio and Matera, 2013), suggesting that joint effort is necessary

to transport these huge ribonucleoparticles through the hydro-

phobic interior of the NPC. Our work identifies two import fac-

tors for snRNAs in yeast: Mtr10 and Cse1 (Figure 2). Mtr10

was already identified to import another ncRNA, TLC1 of the

telomerase (Gallardo and Chartrand, 2008). Additionally, it re-

imports several of the guard proteins that function as adaptor

proteins for Mex67 and accompany mRNAs to the cytoplasm

(Segref et al., 1997; Windgassen and Krebber, 2003; Häcker

and Krebber, 2004). Whether the guard proteins function also

as adaptor proteins between TLC1 and/or the snRNAs and

Mtr10 is currently unknown. Interestingly, the homolog of

Mtr10 in human cells is Transportin-SR, which in analogy im-

ports the Mex67-adaptor proteins, SRSF1 (SF1/ASF), SRSF3

(SRp20), and SRSF7 (9G8) that are homologs to the yeast

guard proteins (Huang and Steitz, 2005).

The second nuclear import factor is Cse1, which contacts the

snRNA at its Sm-ring (Figures 2 and 3D). This interaction may

serve as a signal for the completed cytoplasmic maturation of

the snRNP and induce nuclear import. With identifying the

snRNAs as the first nuclear import substrates for Cse1 (Figure 2),

is noteworthy that this karyopherin is one of the few transport re-

ceptors that moves cargoes in both directions, because it ex-

ports also importin a (Cook et al., 2007). It will be interesting

for the future to explore potential similarities for the human

homologs of Cse1 and Mtr10, CAS and Transportin-SR,

respectively.

Although shuttling had not been reported for U6, even in hu-

man cells (Bertrand and Bordonné, 2004; Matera et al., 2007;

Sloan et al., 2016), we found that U6 is exported in yeast via

Mex67 (Figures 1A and 1B). Interestingly, in contrast to the other

snRNAs, U6 does not utilize Xpo1/Crm1 as a supporting export

factor, which ismost likely due to its unique g-monomethyl phos-

phate cap structure. In fact, Xpo1-mediated export of the Pol

II-transcribed snRNAs involves the m7G-cap binding complex

CBC, with which Xpo1 interacts (Figure 4F). It remains to be

shown whether U6 in higher eukaryotes also undergoes a cyto-

plasmic phase. However, it seems most likely as immature

pre-U6 can also be captured by the spliceosome, which jeopar-

dizes splicing (Figure 5).

Recent reviews on snRNA biogenesis speculated that their

shuttling could provide a plausible mechanism for quality con-

trol, as the contact of immature snRNAs with the spliceosome

would be prevented (Matera and Wang, 2014; Sloan et al.,

2016). Because evidence for such a model was lacking, we

used yeast as a eukaryotic model organism to address this

question with three independent methods. We blocked snRNA

export to retain immature snRNAs in the nucleus, we depleted

the cleaving enzyme Rnt1, and we mutated the cleavage site in

U1, and show with each method that pre-snRNAs are subse-

quently assembled into defective spliceosomes (Figure 5).

Thus, this molecular machine cannot select for matured

snRNAs, and because it is unable to distinguish between

immature and mature forms, it builds functionally disabled spli-

ceosomes when the pre-snRNAs come into contact with them.

Consequently, these impaired spliceosomes produce general,

genome-wide splicing defects (Figure 5). Therefore, the imme-

diate nuclear export of immature pre-snRNAs is required for the

production of functional spliceosomes and indeed resembles a

quality control mechanism (Figure 6). Maturation and proper

formation of the protein-associated snRNPs can occur without

time limitations and without permanent recruitment attempts

from arising spliceosomes. Thus, separation of the place of

maturation and the place of function represents an elegant

way of quality assurance to generate fully functional molecular

machines.

The generation of correct molecular machines is in general

important for cellular fitness and survival. Compartmentalization

separates in several cases the places of synthesis and the places

of function. Ribosomes are synthesized as ribosomal subunits in

the nucleus and function as decoding machines in the cyto-

plasm. Their functionality is proved and defective ribosomes

are eliminated by the ribosome quality control (RQC) (Sarkar

et al., 2017). Similarly, aberrantly processed mRNAs are de-

tected in the nucleus by the guard proteins that initiate faulty

mRNA degradation (Zander et al., 2016; Zander and Krebber,

2017). In particular, Gbp2 and Hrb1 are important for the elimina-

tion of pre-mRNAs with splicing defects (Hackmann et al., 2014).

Furthermore, mRNAs are monitored for a functional open

reading frame and eliminated in the cytoplasm in case of defects

by the no-stop-, no-go-, and the nonsense-mediated decay

pathways (Shoemaker and Green, 2012; Brogna et al., 2016).
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Because all these fail-safe systems exist, it seems on the first

sight not necessary to have an additional quality assurance sys-

tem that warrants the functionality of the spliceosomes. How-

ever, without the quick nuclear export of immature pre-snRNAs,

cells would be overwhelmed with disabled spliceosomes and

non-spliced transcripts (Figure 5). Therefore, we suggest that

the instant export of immature pre-snRNAs is a quality assurance

mechanism, obligatory for all eukaryotes to ensure functional

spliceosomes and efficient splicing.
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Hypermethylation of the cap structure of both yeast snRNAs and snoRNAs re-

quires a conserved methyltransferase that is localized to the nucleolus. Mol.

Cell 9, 891–901.

Mroczek, S., Krwawicz, J., Kutner, J., Lazniewski, M., Kuci�nski, I., Ginalski, K.,

and Dziembowski, A. (2012). C16orf57, a gene mutated in poikiloderma with

neutropenia, encodes a putative phosphodiesterase responsible for the U6

snRNA 30 end modification. Genes Dev. 26, 1911–1925.

Murphy, M.W., Olson, B.L., and Siliciano, P.G. (2004). The yeast splicing factor

Prp40p contains functional leucine-rich nuclear export signals that are essen-

tial for splicing. Genetics 166, 53–65.

Natalizio, A.H., and Matera, A.G. (2013). Identification and characterization of

Drosophila Snurportin reveals a role for the import receptor Moleskin/impor-

tin-7 in snRNP biogenesis. Mol. Biol. Cell 24, 2932–2942.

Neville, M., and Rosbash, M. (1999). The NES-Crm1p export pathway is not a

major mRNA export route in Saccharomyces cerevisiae. EMBO J. 18, 3746–

3756.

Noble, S.M., and Guthrie, C. (1996). Transcriptional pulse-chase analysis re-

veals a role for a novel snRNP-associated protein in the manufacture of spli-

ceosomal snRNPs. EMBO J. 15, 4368–4379.

Olson, B.L., and Siliciano, P.G. (2003). A diverse set of nuclear RNAs transfer

between nuclei of yeast heterokaryons. Yeast 20, 893–903.

Ospina, J.K., Gonsalvez, G.B., Bednenko, J., Darzynkiewicz, E., Gerace, L.,

and Matera, A.G. (2005). Cross-talk between snurportin1 subdomains. Mol.

Biol. Cell 16, 4660–4671.

Pannone, B.K., Xue, D., andWolin, S.L. (1998). A role for the yeast La protein in

U6 snRNP assembly: evidence that the La protein is amolecular chaperone for

RNA polymerase III transcripts. EMBO J. 17, 7442–7453.

Pemberton, L.F., Rosenblum, J.S., and Blobel, G. (1999). Nuclear import of the

TATA-binding protein: mediation by the karyopherin Kap114p and a possible

mechanism for intranuclear targeting. J. Cell Biol. 145, 1407–1417.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

a-Snu71 polyclonal antibody Gottschalk et al., 1998 N/A

a-Snu114 polyclonal antibody Gottschalk et al., 1998 N/A

Anti-2,2,7-trimethylguanosine-antibody (K121) Millipore Cat# NA02-100UG; RRID:AB_213109

Anti-Zwf1 Sigma Cat# A9521; RRID:AB_258454

Anti-Nop1 (28F2) Santa Cruz Cat# Sc-57940; RRID:AB_630044

Anti-GFP (GF28R) Pierce N/A

c-myc (9E10) Santa Cruz Cat# Sc-40; RRID:AB_627268

Anti-Hem15 R. Lill N/A

Anti-Digoxigenin Fab-FITC antibody Roche Cat# 11207741910; RRID:AB_514498

Chemicals, Peptides, and Recombinant Proteins

Doxycycline PanReac AppliChem Cat# A2951

Formaldehyde 37% Carl Roth Cat# 4979.2

Leptomycin B 98%, 1mM soln. in ethanol Thermo Fisher (Kandel) Cas Numer 87081-35-4

mex67-Dloop409-435 and mex67–loopKR > AA proteins

in complex with Mtr2

Zander et al., 2016 N/A

Trizol Ambion by life technologies Cat# 15596018

Critical Commercial Assays

Digoxygenin (DIG)-UTP RNA labeling mix Roche Cat# 11 277 073 910

Nucleo-Spin RNA Kit Macherey and Nagel Cat# 740955

cDNA Synthese –Maxima reverse transcriptase Thermo Scientific Cat# EP0741

qRT-PCR PCRBIOSYSTEMS Cat# PB20.11

TruSeq RNA Sample Prep Kit v2 Illumina Cat# RS-122

Deposited Data

RNA-Sequencing raw data This paper GEO: GSE93307

Experimental Models: Organisms/Strains

S. cerevisiae Strains, see Table S1 N/A

Oligonucleotides

See Table S2 N/A

Recombinant DNA

See Table S3 N/A

Software and Algorithms

Fiji-software W. Rasband (NIH/USA) NA

Deconvolution (3 iterations) by the LAS AF 2.7.3.9 software Leica N/A

Illumina BaseCaller software bcl2fastq (version 2.17) Illumina N/A

STAR software Dobin et al., 2013; version 2.5 N/A

featureCounts (subread version 1.5.0-p1) Ensembl annotation version 84 N/A

R/Bioconductor environment: DESeq2 package Love et al., 2014 http://www.bioconductor.org

Other

GFP-Trap�-Agarose beads Chromotek Cat# gta-400

Protein G Sepharose beads Amersham Biosciences N/A
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Heike

Krebber (heike.krebber@biologie.uni-goettingen.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All Saccharomyces cerevisiae strains used in this study are listed in the Table S1, oligonucleotides in Table S2 and plasmids in

Table S3. Plasmids and yeast strains were generated by conventional methods.

METHOD DETAILS

Fluorescent in situ hybridization experiments (FISH)
The experiments were essentially carried out as described (Gallardo et al., 2008). RNA probes were synthesized by in vitro transcrip-

tion, using the T7-RNA polymerase (Thermo Scientific) and labeled with digoxygenin (DIG)-UTP using an RNA labeling mix (Roche) or

with Cy3-labeled oligonucleotides (Sigma), which are listed in Table S2. To detect poly(A)+ RNA a Cy3-labeled oligo d(T)50 probe

(Sigma) was used. Co-localization studies were performed using an Atto 488-labeled probe (Sigma) against ITS2. Cells were grown

to mid log phase (1x107 cells/ml) prior to the indicated temperature shifts to 37�C, 30�C or 16�C for 1 h (Figures 1A, 2A, 3A, 3F–3H,

S1A–S1C, S2B, S2C, S3A, and S3H). For Sm-ring dependent localization studies, cells were grown to log phase in YP medium con-

taining 2% galactose. Afterward 4% glucose was added and cells were incubated at 25�C for 2 h (Figures 3C, 4C, S3B, and S4B).

Samples were fixed by adding formaldehyde to a final concentration of 4% for 45min at room temperature. Cells were spheroplasted

by adding zymoylase, subsequently permeabilized in 0.1 M potassium phosphate buffer pH 6.5, 1.2 M sorbitol, 0.5% Triton� X-100,

pre-hybridized with Hybmix (50% deionized formamide, 5 3 SSC, 1x Denhardts, 500 mg/ml tRNA, 500 mg/ml salmon sperm DNA,

50 mg/ml heparin, 2.5 mM EDTA pH 8.0, 0.1% Tween� 20, 10% dextran sulfate) for 1 h on a polylysine coated slide at 37�C and hy-

bridized in Hybmix with the specific probe over night at 37�C. After hybridization, cells were washed with 2x SSC and 1x SSC at room

temperature, each for 1 h and 0.5x SSC at 37�C and room temperature, each for 30 min. For detection of DIG probes the cells were

treated with blocking buffer containing 5% heat inactivated fetal calf serum (FCS) for 1 h and incubated with sheep anti-digoxigenin

Fab-FITC antibody (Roche) over night at 4�C. Cells were washed three timeswith blocking buffer for 15min at 25�C. DNAwas stained

with Hoechst 33342 (Sigma). Microscopy studies were performed with a Leica AF6000 microscope and pictures were obtained by

using the LEICA DFC360FX camera and the LAS AF 2.7.3.9 software (Leica) and quantified by using the Fiji-software. For deconvo-

lution (Figures 1A, 4C, S1A, and S4B) z stacks (10 stacks; 0,2 mm) were recorded and the maximal projection was deconvoluted

(3 iterations) by the LAS AF 2.7.3.9 software (Leica).

RNA co-immunoprecipitation experiments (RIP)
All yeast strains were grown to mid log phase (2x107 cells/ml). For RIP experiments seen in Figures 3E, 4B, 5A, S3F, and S5A, cells

were shifted to a non-permissive temperature for 1 h (16�Cor 37�C, respectively), in Figures 5G and S6H cells were shifted to 37�C for

2.5 h and the cells shown in Figures 5E and S6D were incubated with 20 mg/ml doxycycline for 6 h prior to lysis. Afterward cells were

harvested and lysed in RIP buffer (25 mM Tris HCl pH 7.5, 100 mM KCl, 0.2% (v/v) Triton X-100, 0.2 mM PMSF, 5 mM DTT, 10 U

RiboLock RNase Inhibitor (Thermo Scientific) and protease inhibitor (Roche) using the FastPrep�-24machine (MPBiomedicals) three

times for 20 s at 6 m/s. After centrifugation the supernatant was incubated for 3 h at 4�C with GFP-Trap�_A beads (Chromotek) (Fig-

ures 1D, 1E, 1G, 2D, 3D, 3E, 3I, 4D–4F, 5A, and S5B) or with G-Sepharose beads with 2ml of a-Snu71 or a-Snu114 polyclonal anti-

bodies, respectively (Gottschalk et al., 1998) (Figures 5E, 5G, and 5I). For TMG-cap-IPs total RNA was extracted from yeast lysates

using trizol-chloroform (Ambion� RNA by Life technologies). 50 mg of the total RNA was incubated for 1 h at 4�C with Anti-2,2,7-tri-

methylguanosine-antibody (Milipore) and Protein G Sepharose beads (Amersham Biosciences) (Figure 4B).

The beads were washed five times with RIP buffer and for GFP-RIP split in two portions after the last washing step. Proteins were

detected by western blot. Eluates were purified via trizol-chloroform (Ambion� RNA by Life technologies) extraction. The purified

RNAwas reverse transcribedwithMaxima reverse transcriptase (ThermoScientific) for subsequent qRT-PCRanalyses. For Figure 4E

first GFP-RIP experiments were performed as described above. Afterward 200 ng of eluted RNA was used for TMG-cap-IP followed

by trizol-chloroform (Ambion� RNA by Life technologies) extraction, reverse transcription and qRT-PCR. In all cases, the RNA was

measured and normalized to the total RNA before reverse transcription.

In vitro binding studies
Purification and in vitro binding studies with recombinant Mex67, mex67-Dloop409-435 and mex67–loopKR > AA proteins in com-

plex with Mtr2 and subsequent RNA isolation and reverse transcription was carried out as described in Zander et al. (2016).

Cytoplasmic fractionation
For detection of snRNAs in the cytoplasm (Figures 2C and S2D) cells were grown to mid log-phase (2x107 cells/ml). After

harvest, cells were washed once with 1ml YPD/ 1 M Sorbitol/ 2 mM DTT and resuspended in YPD/ 1 M Sorbitol/ 1 mM DTT. Cells
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were spheroblasted using zymolyase and diluted in 50 mL YPD/ 1 M Sorbitol to recover for 30 min at 25�C before shift 16�C for 1 h.

Cells were put on ice, centrifuged at 900 g for 5 min and resuspended in 500 ml Ficoll buffer (18% Ficoll 400, 10 mM HEPES pH 6.0).

Cells were lysed by addition of 1 mL buffer A (50 mM NaCl, 1 mM MgCl2, 10 mM HEPES pH 6.0). The suspension was mixed and

centrifuged at 1,500 g for 15 min. The supernatant was used for cytoplasmic analyses. To verify correct fractionation of the cyto-

plasmic lysates, samples were analyzed in western blot for the presence of the cytoplasmic Zwf1 and nucleolar Nop1. RNA was

isolated using the Nucleo-Spin RNA Kit (Macherey and Nagel). The purified RNA was reverse transcribed with Maxima reverse

transcriptase (Thermo Scientific) for subsequent qRT-PCR analyses.

GFP-microscopy
Cells were grown, treated and harvested as described in FISH. Cells were fixedwith 3% formaldehyde for 2min at room temperature,

before incubation on a polylysine-coated slide for 30 min at 4�C. Permeabilization, DNA staining, microscopy and quantification was

performed as described above.

Co-immunoprecipitation (IP) experiments
All yeast strains were grown to log phase (2-3x107 cells/ml). Afterward, the cells were harvested and lysed in IP buffer (1 x PBS,

3 mM KCl, 2.5 mM MgCl2, 0.5% Triton X-100 and protease inhibitors from Roche). 2,5% of this lysate was loaded onto the SDS-

gels for the lanes designated as lysate. The supernatant was incubated for 3 h at 4�Cwith GFP-Trap�_A beads (Chromotek) (Figures

3D, 3E, 3I, 4D–4F, 5A, and S5B) or with G-Sepharose beads with 2 ml of a-Snu71 or a-Snu114 polyclonal antibody, respectively (Gott-

schalk et al., 1998) (Figures 5E, 5G, and 5I). The beads were washed five times with IP buffer, and finally resuspended in 25ml SDS-

sample buffer. The entire sample was loaded onto the SDS-gels in the lanes designated as eluate. Subsequently, the proteins were

detected by western blot analyses with the indicated antibodies (GFP (Pierce) 1:5,000; c-myc (9E10) (Santa Cruz) 1:1,000; Hem15

(R. Lill) 1:5,000; Zwf1 1:50,000 (Sigma); Nop1 1:5,000 (Santa Cruz)). Signals were detected with the Fusion SL system (PeqLab).

RNA-sequencing
For genome wide analysis of intron containing transcripts (Figures 5C, 5D, and S5C) strains were shifted to 37�C for 1 h. RNA was

isolated using theNucleo-Spin RNAKit (Macherey andNagel). The sequencing of RNA samples was conducted at theMicroarray and

Deep-Sequencing Facility Göttingen (Transcriptome and Genome Analysis Laboratory, TAL). Samples were prepared with the

‘‘TruSeq RNA Sample Prep Kit v2’’ according to the manufacturer’s protocol (Illumina). Single read (50 bp) sequencing was

conducted using a HiSeq 4000 (Illumina). Fluorescence images were transformed to BCL files with the Illumina BaseCaller software

and samples were demultiplexed to FASTQ files with bcl2fastq (version 2.17). Sequences were aligned to the genome reference

sequence of Saccharomyces cerevisiae (assembly R64-1-1, obtained from https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE93307) using theSTAR software (Dobin et al., 2013; version 2.5) allowing for 2mismatches. Subsequently, abundancemea-

surement of reads overlapping with exons or introns was conducted with featureCounts (Liao et al., 2014; subread version 1.5.0-p1,

Ensembl annotation version 84). Data was processed in the R/Bioconductor environment (http://www.bioconductor.org) using

the DESeq2 package (Love et al., 2014; version 1.8.2) to yield candidates for differential exonic/intronic expression (jlog2-fold
changej > 1, FDR adjusted p value < 0.05). Intron retention analysis was performed by comparing fold changes of exonic expression

(between wild-type andmutant) against fold changes of intronic expression. The sequencing data and abundancemeasurement files

have been submitted to the NCBI Gene Expression Omnibus (GEO) under the accession number GSE93307.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments shown in this work were performed biologically independent as indicated in the figure legend. Error bars represent

the standard deviation. P values were calculated using a one-tailed, two-sample unequal variance t test. P values are indicated as

follows: ***p < 0.001, **p < 0.01, *p < 0.05. For quantification of cells with displayed phenotypes (Figures 1B, 2B, and 3B) for each

experiment between 50 and 350 cells were counted.

DATA AND SOFTWARE AVAILABILITY

RIP-Seq data have been deposited at the NCBI gene expression omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) with the GEO

accession number GSE93307.
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