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Zusammenfassung

1. Zusammenfassung

Ein Merkmal eukaryotischer Zellen ist die Unterteilung der Zelle mittels Membra-

nen in unterschiedliche Kompartimente. Im Zellkern wird die DNA in Boten-RNA

(mRNA) transkribiert, die mRNA prozessiert und bereits cotranskriptionell von

RNA-bindenden Proteinen in ein Boten-Ribonukleoprotein-Partikel (mRNP) ver-

packt. Korrekt prozessierte und verpackte mRNPs werden durch die Kernpore

ins Cytoplasma transportiert, wo die Translation erfolgt. Obwohl viele Proteine

bekannt sind, die in Saccharomyces cerevisiae für den mRNA-Export aus dem

Zellkern benötigt werden (z.B. Hpr1, Yra1 und Nab2), ist die genaue Zusam-

mensetzung und Struktur eines export-kompetenten mRNPs immer noch unklar.

Da vorherige Studien zeigten, dass vielle der bekannten mRNA-Export-Faktoren

nicht essentiell für den Export von Hitzestress-mRNAs sind, sind für Hitzestress-

mRNAs nicht nur die Struktur und Stöchiometrie, sondern auch die enthaltenen

Proteine eines export-kompetenten, nukleären Hitzstress-mRNPs unbekannt.

Das erste Ziel dieser Arbeit ist die Aufreinigung von einem nukleären, transkript-

spezi�schen mRNP um die exakte Zusammensetzung eines Hitzestress-mRNPs zu

bestimmen und die Strukturaufklärung zu ermöglichen. Um das zu erreichen,

werden zuerst alle nukleären mRNPs mittels des nukleären Cap-Binding-Komplex

angereichert und anschlieÿend alle mRNPs eines spezi�schen Transkripts aufgere-

inigt. In dieser Arbeit wurde die Aufreinigung mittels Antisense-Oligonukleotiden

und aptamer-basierte Reinigungsmethoden getestet. Obwohl für die Reinigung

eines nukleären mRNPs, das die hochtranskribierte CCW12 mRNA beinhaltet,

eine hohe Reinheit und die Mitreinigung bekannter nukleärer RNA-bindender Pro-

teine erzielt werden konnte, war das für die Hitzeschock-mRNA SSA4 nicht der

Fall. In zukünftigen Studien soll der Fokus auf die Identi�zierung von mRNA-

bindenden Proteinen gerichtet werden, die am Export von Hitzestress-mRNA

beteiligt sind.

Während Hitzestress-mRNAs bei erhöhten Temperaturen aus dem Nukleus ex-

portiert werden, akkumulieren viele andere mRNAs im Zellkern. Das zweite Ziel

dieser Arbeit ist es zu untersuchen, ob die Akkumulierung von mRNAs im Nuk-

leus eine generelle Stressantwort darstellt und wie diese zu Stande kommt. Bei

zwei Dritteln der getesteten Stressbedingungen konnte eine Akkumulation von

mRNA beobachtet werden. In einer vorherigen Studie konnte gezeigt werden,

dass die Kinase Slt2 essentiell für den mRNA-Export-Block unter Hitzestress ist

[Carmody et al., 2010]. Hier konnte allerdings kein genauer Zusammenhang zwis-
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Summary

chen der Aktivierung von Slt2 und der Akkumulation von mRNA im Zellkern

für unterschiedliche Stressbedingungen festgestellt werde. Um den Ein�uss der

Aktivierung von Slt2 auf Proteine des mRNA-Exports zu untersuchen, wurde eine

Phosphoproteom-Analyse in einem SLT2 -Deletionsstamm durchgeführt und abwe-

ichende Phosphorylierungsmuster in bekannten mRNA-bindenden Proteinen ent-

deckt. Mutationen der phosphorylierten Aminosäuren in drei mRNP-Komponenten

zeigten eine Auswirkung auf den mRNA-Export-Block unter Hitzestress. So führt

die Mutation von Yra1 und Nab2 zu einer Reduktion und die Mutation von Hpr1

zu einer Erhöhung der mRNA im Zellkern. Wie genau sich die Phosphorylierung

dieser Proteine auf ihre Funktion auswirkt und auf welche Weise dies den mRNA-

Export-Block beein�usst, muss in zukünftigen Studien weiter untersucht werden.

2. Summary

In eukaryotic cells, transcription and translation are spatially separated and take

place in the nucleus and the cytoplasm, respectively. Therefore, the transcribed

messenger RNA (mRNA) needs to be exported from the nucleus for subsequent

translation. Already during transcription mRNA-binding proteins are recruited

and package the mRNA into a messenger ribonucleoprotein particle (mRNP). Only

correctly processed and packaged mRNA will be exported through the nuclear pore

complex into the cytoplasm. Although many components of the a nuclear mRNP

are known (eg. Hpr1, Yra1, Nab2), the exact composition and structure remains

unknown. During exposure to heat stress, Saccharomyces cerevisiae accumulates

bulk mRNA within the nucleus, whereas heat shock mRNAs are exported. Until

today it is not precisely known how these stress reactions are mediated. However,

the dissociation of known mRNA export adaptors from the RNA seems to be a

key feature.

The aim of this study is the puri�cation of a nuclear heat shock mRNP to elucidate

mRNP composition and structure. For this purpose, a two-step puri�cation strat-

egy was applied, in which enrichment of all nuclear mRNPs by puri�cation of the

nuclear cap-binding complex was followed by a subsequent RNA puri�cation step

to enrich transcript-speci�c nuclear mRNPs. The puri�cation of RNA was per-

formed with an antisense oligonucleotide or di�erent aptamer-based approaches.

Even though the puri�cation methods yielded a high enrichment of nuclear mRNPs

containing the highly transcribed CCW12 mRNA, this was not the case for the

puri�cation of the heat shock mRNP containing SSA4 mRNA. In future studies,

the focus for heat shock mRNPs will be shifted to the identi�cation of the proteins

forming the heat shock mRNP.
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Summary

Heat stress causes the accumulation of bulk mRNA within the nucleus. The sec-

ond aim of this study is to investigate if this accumulation of poly(A)-RNA is a

common stress reaction and how the cell mediates the nuclear mRNA export block.

A nuclear poly(A)-RNA accumulation was not observed for all tested stresses. A

previous study showed that the kinase Slt2 is essential for the mRNA export block

during stress [Carmody et al., 2010]. However, no direct correlation between ac-

tivation of Slt2 and the accumulation of mRNA for the di�erent stresses tested

could be observed in this study. In this work, a comparative phosphoproteome

analysis was carried out to identify di�erential phosphorylation of known nuclear

mRNA-binding proteins in a slt2 mutant. Deletion of SLT2 led to di�erentially

phosphorylation of many proteins linked to mRNA export. Phosphorylation site

mutants of nuclear mRNP components revealed that preventing phosphorylation

of the Yra1 and Nab2 reduces the nuclear mRNA retention while a phospho-

mimicry mutant of Hpr1 increases nuclear poly(A)-RNA accumulation upon heat

stress. Further studies are needed to understand by which mechanism the di�erent

mutants alter mRNA accumulation and how exactly the mRNA export block is

mediated.
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Introduction

3. Introduction

mRNA biogenesis

A hallmark of eukaryotic cells is the compartmentalization of the cell separating

the nucleus from the cytoplasm. This spatially separates transcription and trans-

lation and makes it necessary to transport the protein-coding messenger RNA

(mRNA) from the nucleus to the site of translation in the cytoplasm. The DNA

is transcribed in mRNA within the nucleus by RNA polymerase II (RNAPII),

processed (capped, spliced and polyadenylated) and packaged into a messenger ri-

bonucleoprotein particle (mRNP). Only a correctly processed and packaged mRNA

is transported into the cytoplasm. The formation of a mRNP occurs in parallel to

the transcription of the mRNA due to the recruitment of many RNA-binding pro-

teins to transcribing RNAPII. The main platform of recruitment is the C-terminal

domain (CTD) of Rpb1, the largest subunit of RNAPII [Corden et al., 1985, Liu

et al., 2010]. The CTD consists of repeats of a heptapeptide with the consensus

sequence YSPTSPS. The CTD of Saccharomyces cerevisiae, hereafter referred to

as yeast, harbors 26 repeats while higher eukaryotes have more repeats. The CTD

undergoes various changes in phosphorylation through one cycle of transcription

[Tietjen et al., 2010, Mayer et al., 2010, 2012a]. During transcription initiation

the residues S5 and S7 are phosphorylated. S5 and S7 phosphorylation decreases

when RNAPII enters elongation, which is accompanied by phosphorylation at the

residues S2 and Y1. The phosphorylation of Y1 and S2 decreases at the site of

polyadenylation and termination, respectively. The speci�c phosphorylation pat-

tern of the CTD plays a crucial role in the recruitment of many proteins involved

in chromatin remodeling, pre-mRNA processing and mRNP formation [Cho et al.,

1997, Ng et al., 2003, Meinel et al., 2013]. Other recruitment platforms beside

the CTD are the nascent mRNA itself [Meinel et al., 2013, Tuck and Tollervey,

2013] and a C-terminal region (CTR) of the general transcription elongation factor

Spt5, which also comprises repeats that can be phosphorylated during transcrip-

tion [Lindstrom et al., 2003, Mayer et al., 2012b].

The �rst processing step of a nascent mRNA is capping of its 5' end, which is

required to protect the mRNA from exonucleolytic degradation [Furuichi et al.,

1977]. The capping enzymes are recruited to S5-phosphorylated CTD during tran-

scription initiation [Cho et al., 1997, Fabrega et al., 2003]. The capping requires

a RNA triphosphatase (Cet1), a RNA guanyltransferase Ceg1 and a guanine-N7
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Introduction

methyltransferase (Abd1) [Mao et al., 1995, Cho et al., 1998]. Cet1 removes the γ-

phosphate of the 5' end to generate a diphosphate. In a second step, Ceg1 transfers

a GMP from a GTP to the 5' diphosphate of the nascent mRNA. Abd1 transfers

a methyl group to the N-7 of the guanosine [Mao et al., 1995]. The created m7G

cap is bound by the nuclear cap binding complex (CBC) which consists of the

subunits Cbp20 and Cbp80. Cbp20 binds directly to the m7G cap and Cbp80

stabilizes this interaction. The nuclear CBC participates in the recruitment of

other mRNA processing factors during mRNA processing and mRNP maturation

[Flaherty et al., 1997, Andersen et al., 2013, Pabis et al., 2013]. After the export

of the mRNA into the cytoplasm the nuclear CBC is replaced by the eukaryotic

initiation factor eIF4E [Fortes et al., 2000].

The next major step in pre-mRNA processing is splicing. During splicing the non-

coding sequences (introns) of a pre-mRNA are removed from in between the coding

sequences (exons), which are ligated back together. In contrast to humans, only

a minority of genes in yeast contain introns [Hooks et al., 2014]. An example for

a gene possessing an intron is YRA1 (Yeast RNA annealing protein 1) [Portman

et al., 1997]. Splicing occurs cotranscriptionally and is mediated by the spliceo-

some. The spliceosome consists of the U1, U2, U5 and U4/U6 small nuclear RNP

(snRNP) and non-snRNP proteins. Each snRNP in turn comprises a snRNA,

seven Sm proteins and particle-speci�c proteins [Séraphin, 1995, Rauhut et al.,

2016, Plaschka et al., 2017]. Each intron/exon boundary is marked by a splice site

(ss). These 5' and 3' ss, plus a branch site (BS), de�ne the binding sites for the

splicesome. To sum up the major splicing steps, the U1 snRNP is recruited to the

5'ss [Séraphin et al., 1988]. The branch point-binding protein Msl5 binds the BS,

while the protein Mud2 binds downstream of the BS [Kistler and Guthrie, 2001,

Jacewicz et al., 2015]. In a following step, the U2 snRNP binds the BS while Msl5

is displaced (A complex) [Gozani et al., 1998]. The formation of the A complex

involves the helicases Prp5 and Sub2 [Kistler and Guthrie, 2001]. Afterwards, the

U4/U6/U5 snRNP is recruited (B complex) [Plaschka et al., 2017]. Structural

rearrangements lead to the dissociation of U1 and U4 snRNP and formation of the

active spliceosome (Bact complex) [Rauhut et al., 2016]. The intron is removed

by two transesteri�cation reactions. In the �rst reaction, a nucleophilic attack is

performed from the 2'OH group of the BS adensoine on the 5' ss. This leads to the

formation of a lariat structure. In a second step, the 3'OH group of the 3'ss carries

out a nucleophilic attack on the 5'exon. This results in the ligation of both exons

and the release of the intron [Zaug et al., 1983, Cech, 1987]. Many other proteins

are also important for correct splicing. For example, the proteins Gbp2 and Hrb1,

which bind to pre-mRNA and the spliceosome, function in surveillance of splicing

and mark incorrect spliced RNAs for degradation [Hackmann et al., 2014].
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After correct splicing has been completed, the last processing step of the nascent

mRNA is the 3'end processing. The process is carried out by the cleavage and

polyadenylation factor (CPF), which is recruited to the transcription site due to

binding of 3' end processing factors such as Pcf11 to the S2-phosphorylated CTD.

In addition, binding to the polyadenylation site of the nascent mRNA and to the

CTR of Spt5 plays a signi�cant role in recruitment of the CPF complex. CPF

is a multiprotein complex that includes a nuclease, a polymerase, and a phos-

phatase/ATP module [Casañal et al., 2017]. The mRNA is cleaved, followed by a

polyadenylation step conducted by the CPF polymerase module protein Pap1. Af-

ter this, the Pab1-dependent polyadenylation nuclease (PAN) shortens the poly(A)

tail to a de�ned length of 60 to 80 nt in yeast [Brown and Sachs, 1998]. The poly(A)

tail is bound by poly(A)-binding proteins like Pab1 (Poly(A)-binding protein) and

Nab2 (Nuclear abundant polyadenosine (poly(A)) RNA-binding protein 2) which

are involved in regulating the length of the poly(A) tail by stabilization and pre-

vention of readenylation [Hector et al., 2002, Viphakone et al., 2008, Kelly et al.,

2010].

This very brief summary of transcription and maturation of mRNA only men-

tions some key steps of mRNP biogenesis, but already here the extend of factors

involved and tightly controlled steps become apparent. All these steps need to

be carried out correctly before the mature mRNA can be transported into the

cytoplasm. Nevertheless, packaging of an export competent mRNP takes place

simultaneously.

Nuclear mRNP assembly and export

After the mRNA has been transcribed and processed, it needs to be exported

from the nucleus to the cytoplasm where translation takes place. The export

of mRNA from the nucleus is a mechanism that is conserved from humans to

yeast [Sträÿer et al., 2002]. The formation of an export-competent mRNP starts

already cotranscriptionally with recruitment of TREX complex components to

the transcription site. The TREX complex couples transcription and export and

consists of the heteropentameric THO complex (Hpr1, Tho2, Mft2, Tex1, Thp2),

the Serine-Arginine-rich (SR)-like proteins Gbp2 and Hrb1, and the RNA export

factors Sub2 and Yra1. The THO complex is recruited to the transcription site

by binding to the S2-S5 phosphorylated CTD of RNAPII and the nascent RNA

[Meinel et al., 2013]. Recruitment of the THO complex is necessary to promote

e�cient transcription elongation [Chavez et al., 2000, Mason and Struhl, 2005].

Deletion of THO components cause defects in transcription, mRNA export and

can lead to a hyperrecombination phenotype [Chavez et al., 2001, Chavez and
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Aguilera, 1997, Jimeno et al., 2002].

In recent years, several groups published structures of the yeast and human THO

complex together with other TREX components [Ren et al., 2017, Schuller et al.,

2020, Pühringer et al., 2020, Xie et al., 2021, Chen et al., 2021]. It could be

shown that in yeast the THO-Sub2 complex forms a dimer while a tetramer is

formed in humans. The THO complex assembles around its largest subunit Tho2.

Gbp2 interacts with the THO complex via its RS and RRM domain [Xie et al.,

2021]. In the THO-Gbp2 complex the RRM domain of Gbp2 is located closely

to the C-terminal domain of Tho2. Therefore, it was postulated that the THO

complex functions as platform to facilitate loading Gbp2 onto the mRNP. The

SR-like proteins Gbp2 and Hrb1 are important for the export of correctly spliced

mRNA [Hackmann et al., 2014]. It could be shown that in the absence of Gbp2

and Hrb1, unspliced pre-mRNA is exported into the cytoplasm. After splicing,

correctly spliced mRNAs are bound by the adapters Gbp2 and Hrb1 which in turn

aid in the recruitment of the export receptor Mex67 and shuttle together with the

mRNA to the cytoplasm.

Sub2 and its human homologe UAP56 are DEAD-box RNA helicases. However,

Sub2 belongs to a subfamily of DEAD-box helicases that harbors a DECD instead

of the classical DEAD sequence de�ning this RNA helicase family [Fan et al., 2001].

Sub2 and UAP56 were identi�ed originally as proteins involved in mRNA splicing

[Fleckner et al., 1997, Noble and Guthrie, 1996]. Further research highlighted

the importance of Sub2 in many other processes. Overexpression of Sub2 and

a thermosensitive mutant were shown to cause an mRNA export block in yeast,

indicating the importance of Sub2 for mRNA export [Sträÿer and Hurt, 2001].

Depletion of Sub2 leads to genomic instability and increased formation of DNA-

RNA hybrids during transcription (R-loops) [Domínguez-Sánchez et al., 2011].

The genomic instability caused by mutations of Sub2 could be rescued by Hpr1

overexpression, while the overexpression of Sub2 in turn is able to rescue the

genomic instability caused by deletion of HPR1 [Fan et al., 2001]. The recently

published structures of the THO complex and Sub2 suggest that the THO complex

functions as a kind of platform to place Sub2 for Yra1 loading [Schuller et al., 2020].

Interaction with Tho2 causes a half-open conformation of Sub2 while interaction

with RNA and the C-terminus of Yra1 leads to a closed conformation [Ren et al.,

2017, Xie et al., 2021]. In addition, it was found that the THO complex and Yra1

can stimulate the RNA-dependent ATPase activity of Sub2 [Ren et al., 2017, Chen

et al., 2021].
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Figure 3.1: mRNA export from nucleus Schematic representation depicting the major
steps of nuclear mRNA export. The TREX complex (red) binds cotranscriptionally to
the nascent mRNA together with other adaptor proteins that are no TREX components
(eg.Nab2 and Npl3, blue). Sub2 dissociates from the complex, which allows recruitment of
the export receptor Mex67-Mtr2 (orange) to the mRNP. Tom1 (light blue) ubiquitinylates
Yra1 causing its dissociation from the mRNP. The RNA is exported to the NPC (pink)
and the mRNP is remodeled at the cytoplasmic site of the NPC by Dbp5, which leads
to the dissociation of RNA-binding proteins. The RNA-binding proteins are reimported
and can facilitate another round of mRNA export. Created with BioRender.com. Ub =
ubiquitin

Yra1 is a nuclear protein that possesses an annealing activity and is conserved from

yeast to humans (ALY/REF) [Portman et al., 1997]. It consists of an RRM do-

main, an N- and C-variable part and an N- and C-box [Portman et al., 1997, Stutz

et al., 2000, Shchepachev et al., 2019] (Figure 5.20 A). The N- and C-terminus

build the binding sites for Pcf11 [Johnson et al., 2009], Sub2 and Mex67 [Sträÿer

and Hurt, 2001, Ren et al., 2017, Schuller et al., 2020]. First, it was postulated

that the THO complex recruits Sub2 to transcribed genes, which in turn recruits

Yra1 [Sträÿer and Hurt, 2001, Sträÿer et al., 2002]. This mechanism was also de-

scribed for THO, UAP56 and ALY in metazoans [Luo et al., 2001, Kiesler et al.,

2002]. Later it was proposed that Yra1 is �rst recruited to the transcription site

by Pcf11, then transferred to Sub2 [Johnson et al., 2009]. Taken together, these

data indicate recruitment of Yra1 over multiple pathways to the transcription site.

However, Yra1 and the THO complex stimulate the ATPase activity of Sub2, which
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could lead to the release of Sub2 from the mRNP, which allows the binding of Yra1

to the mRNA exporter Mex67 and the formation of a ternary Yra1-Mex67-Nab2

complex [Ren et al., 2017, Sträÿer and Hurt, 2001, Iglesias et al., 2010]. Yra1 is

ubiquitinylated by the E3 ubiquitin ligase Tom1 and thereby released from the

nuclear mRNP before being exported through the NPC [Iglesias et al., 2010].

Mex67 (NXF1 in humans) builds a dimer together with Mtr2 (p15 in humans).

This heterodimer functions as mRNA exporter [Segref et al., 1997, Hurt et al.,

2000] and is recruited to the mRNA via several adapter proteins. Besides the re-

cruitment via the TREX complex as described above, the adapter proteins Nab2

and Npl3 [Gilbert and Guthrie, 2004] can recruit mRNA to Mex67.

Npl3 is a SR-like protein which is mainly localized in the nucleus [Wilson et al.,

1994], but shuttles with the mRNA to the cytoplasm. This is regulated by a

phosphorylation cycle. Cytoplasmic Npl3 is phosphorylated in one of its eight SR

motifs (S411) by Sky1, which allows the import into the nucleus by the importer

Mtr10 [Gilbert et al., 2001]. In the nucleus Npl3 is dephosphorylated by Glc7,

which allows the association with mRNA and interaction with Mex67 [Gilbert

and Guthrie, 2004]. However, Npl3 can also be phosphorylated by other kinases

[Dermody et al., 2008, Smolka et al., 2007]. Besides Npl3´s function in mRNA

export, it is known to have many additional functions in chromatin modi�cation,

transcription, splicing, R-loop prevention and translation [Baierlein and Krebber,

2013, Bucheli and Buratowski, 2005, Dermody et al., 2008, Kress et al., 2008,

Pérez-Martínez et al., 2020].

The other mRNA export adapter which is not part of the TREX complex is Nab2.

Nab2 was identi�ed as protein that binds to nuclear polyadenylated RNAs [An-

derson et al., 1993]. Similar to Npl3, Nab2 is also involved in many di�erent

processes like transcription, poly(A) tail length control, mRNP formation, mRNA

export and RNAPIII transcription [Anderson et al., 1993, Batisse et al., 2009,

Gallardo et al., 2003, Reuter et al., 2015]. The C-terminus of Nab2 contains seven

Zinc �nger (ZnF) domains that mediate binding to polyadenylated RNA (ZnF5,

ZnF6, ZnF7) (Figure 5.22 A) [Anderson et al., 1993, Aibara et al., 2017]. In turn

RNA binding results in dimerization of Nab2 [Aibara et al., 2017]. Furthermore,

Nab2 contains a PY-NLS and RGG domain which are thought to be important

for the reimport of Nab2 via the importer Kap104 [Aitchison et al., 1996, Marfatia

et al., 2003, Soniat et al., 2013]. At its N-terminus Nab2 possesses a PWI-like do-

maine, [Szymczyna et al., 2003] which is important for nuclear export by mediating

the interaction of Nab2 with Mlp1 (Myosin-Like Protein 1). Mutagenesis studies

identi�ed Phe73 as the main interacting amino acid with the C-terminal domain

of Mlp1 [Grant et al., 2008, Fasken et al., 2008]. In addition, the N-terminus

also functions in the interaction with Gfd1 (Good For Dbp5 protein 1), a high

14



Introduction

copy suppressor of rat8-2 mutant (Rat8 = Dbp5) that interacts with Rip1 (Rieske

Iron-sulfur Protein 1/Nup42) and Dbp5 (DEAD box protein 5) at the cytoplasmic

site of the nuclear pore complex (NPC) [Christine A. Hodge et al., 1999, Sunthar-

alingam et al., 2004, Zheng et al., 2010]. It was also found that Nab2 interacts

directly with Mex67 [Iglesias et al., 2010]. This interaction is promoted by Yra1 by

forming a ternary complex. Also an interaction of Nab2 with the THSC/TREX-2

complex was observed, indicating another link of Nab2 to nuclear mRNA export

[Gallardo et al., 2003].

The THSC/TREX2 complex is another conserved, multiprotein complex which

couples transcription and mRNA export [Fischer et al., 2002, Gallardo et al.,

2003, Rodríguez-Navarro et al., 2004, Fischer et al., 2004]. It consists of Sac3,

Thp1, Sem1, Cdc31 and the SAGA histone acetylase complex component Sus1. It

tethers the mRNP to the NPC by interacting with NUPs and the export-receptor

Mex67/Mtr2 [Fischer et al., 2002].

In summary, it was shown that the TREX complex, Nab2 and Npl3 can recruit

the mRNA to the export-receptor Mex67/Mtr2, but how does a export-competent

mRNP really look like? As described above, formation of a nuclear mRNP starts

with transcription. After capping, the nuclear CBC is recruited to the nascent

transcript followed by the splicing machinery. In parallel, the TREX complex is

recruited and Npl3 binds to prevent premature 3´end processing [Meinel et al.,

2013, Bucheli and Buratowski, 2005]. The polyadenylation machinery and polyA-

binding proteins like Nab2 are required for correct 3´end processing. All the

involved proteins are recruited by the CTD, the CTR, the nascent transcript and

through protein-protein interactions. Therefore, the assembly of nuclear mRNPs is

a very complex, highly regulated and dynamic process. Although, many proteins

and processes involved are known the exact composition and structure of nuclear

mRNPs and their remodeling processes remain unknown.

mRNA transport through the nuclear pore

If an export-competent mRNP is formed the mRNA needs to be exported through

the NPC into the cytoplasm. The TREX complex, Nab2 and Npl3 all take place in

the recruitment of the mRNP to the mobile NUP and export receptor Mex67/Mtr2.

In addition, Nab2 and Npl3 bind to Mlp1 and Yra1 to Mlp1 and Mlp2 [Fasken

et al., 2008, Green et al., 2003, Vinciguerra et al., 2005, Bangs et al., 1998] locating

the export-competent mRNP to the NPC. The NPC is a multi-protein complex

consisting of multiple copies of around 30 nuclear pore proteins (nucleoporins or

NUPs) [Rout et al., 2000, Alber et al., 2007] (Figure 3.2). The proteins form a

channel through the nuclear envelope with eight-fold symmetry including several
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substructures. It can be roughly divided into the inner ring with the central trans-

port channel surrounded by the cytoplasmic and nuclear ring and the peripheral

elements, the nuclear basket and the cytoplasmic �laments.

The nuclear basket consists of the phenylalanine and glycine (FG)-rich NUPs

Nup1, Nup2 and Nup60 and the structural component Mlp1 and Mlp2 [Rout et al.,

2000]. In yeast, however, not all NPC possess a nuclear basket [Galy et al., 2004].

Also an MLP1 MLP2 double deletion is viable and shows only a slight mRNA

export block but unspliced RNAs can be found in the cytoplasm in these cells.

This leads to the understanding of the nuclear basket as platform for processing

and quality control of nuclear mRNAs allowing a selective transport of fully ma-

ture mRNAs [Galy et al., 2004, Vinciguerra et al., 2005]. Single molecule methods

now added the model of periphery-scanning of a mRNP which is prolonged by the

nuclear basket. It was found that deletion of MLP1 as well as mutations of Nab2

preventing the interaction of both proteins alters periphery scanning and leads to

the release of mRNPs back into the nucleoplasm [Sarou�m et al., 2015].

Figure 3.2: Schematic representation of the NPC The schematic representation of
the NPC shows the main NUPs from S. cerevisiae. On the right site the di�erent NUPs
are listed. On the left site the names of the corresponding subcomplexes are labeled.
The composition of the NPC was illustrated after Beck and Hurt [2017]. Created with
BioRender.com.
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The central channel of the NPC is lined with many FG-NUPs that interact tran-

siently with nuclear transport receptors with low a�nity allowing transport through

the NPC [Rexach and Blobel, 1995, Sträÿer et al., 2000]. Also the nuclear and

cytoplasmic parts of the NPC contain FG-NUPs with several having redundant

functions [Rout et al., 2000, Strawn et al., 2004, Alber et al., 2007]. Mex67/Mtr2

was described as mobile nucleoporin [Derrer et al., 2019] that binds to the FG-

repeats of NUPs and thereby exports the mRNA through the NPC [Segref et al.,

1997, Sträÿer et al., 2000, Hurt et al., 2000, Derrer et al., 2019]. To that end,

Mex67 possesses a C-terminal nuclear transport factor 2-like domain, containing

two nuclear export signal motifs mediating the interaction with FG-repeat NUPs

[Grant et al., 2002, Thakurta et al., 2004].

The cytoplasmic �lament comprises besides others the FG-NUP Nup159. This lo-

calizes the helicase Dbp5 to the cytoplasmic side of the NPC [Schmitt et al., 1999,

Christine A. Hodge et al., 1999, Weirich et al., 2004]. Dbp5 is another DEAD-box

helicase that is important for nuclear mRNA export. While Dbp5 can be recruited

to the nascent mRNP and shuttle through the NPC [Snay-Hodge et al., 1998,

Christine A. Hodge et al., 1999, Estruch and Cole, 2003], it is mainly localized at

the cytoplasmic side. It consists of two RecA domains connected by a linker and

an N-terminal domain (Figure 5.24). At the cytoplasmic face of the NPC, Dbp5

interacts with Gle1 and inositol-6-phosphate (IP6), which stimulate its ATPase

activity [Christine A. Hodge et al., 1999, Weirich et al., 2006]. This leads to the

remodeling of the exported mRNP causing the release of Mex67 and Nab2 from

the mRNP [Lund and Guthrie, 2005, Adams and Wente, 2020]. Afterwards, dis-

sociated export factors can be reimported and facilitate another round of nuclear

mRNA export.

How yeast copes with stress

Adaptation to external stimuli is essential for survival. Therefore, yeast possesses

many mechanisms to protect the cell from stress and ensure survival when ex-

posed to stress. One example how the cell triggers a stress response is the cell wall

integrity pathway (CWI) (Figure 3.3). Membrane-spanning mechanosensors are

responsible for stress detection. The most important sensors are Wsc1 and Mid2

[Ketela et al., 1999] and deletion of Wsc1 sensor results in cell lysis above 37°C

[Gray et al., 1997, Verna et al., 1997, Jacoby et al., 1998]. Upon activation the

sensors activate the GTPase Rho1 through the GDP/GTP-exchange factor Rom2

[Philip and Levin, 2001]. Rho1 in turn activates Pkc1 (Protein kinase C) [Ka-

mada et al., 1996]. Pkc1 activates a mitogen-activated protein kinase (MAPKs)

cascade. The MAPK kinase kinase Bck1 [Lee and Levin, 1992] phosphorylates the
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MAPK kinases Mkk1 and Mkk2 [Irie et al., 1993]. Both can in turn activate the

MAPK Suppressor of the LyTic phenotype (Slt2/Mpk1) [Martin et al., 1993, Lee

et al., 1993]. Slt2 is a mainly nuclear localized kinase with many veri�ed targets

that plays a role in cell wall biogenesis, actin cytoskeleton dynamics, cell cycle

progression, mitochondrial inheritance and many more [Mazzoni et al., 1993, Du

et al., 2006, Li et al., 2010, Mascaraque et al., 2013, Moreno-Torres et al., 2015,

Ahmadpour et al., 2016].

Figure 3.3: Schematic representation of the major components that are in-
volved in the CWI pathway stress response. Representation of the main compo-
nents of the CWI pathway. The MAPK cascade activates the MAPK Slt2 (green). Some
selected targets of Slt2 are mentioned. Created with BioRender.com.

To mention only some veri�ed targets: Slt2 activates the transcription factor Rlm1

which triggers the main transcriptional response needed to survive cell wall stress

including Slt2 and Rlm1 itself [Jung and Levin, 1999]. The SBF complex, com-

prising Swi4 and Swi6, is also activated by Slt2 and leads to the activation of the

transcriptional program controlling G1/S-phase transition [Kim et al., 2008]. Slt2

can also phosphorylate Y1 of Rpb1 to upregulate the transcription of stress-induced

genes [Yurko et al., 2017]. Another target is the translation initiation repressor

Caf20 [Mascaraque et al., 2013]. Caf20 inhibits translation of mRNAs involved in

cell cycle, cell morphogenesis and intracellular signaling [Alonso-Rodríguez et al.,

2016, Castelli et al., 2015]. Also, tra�c from the Golgi to the vacuole is in�uenced
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by the CWI pathway through the Slt2 target Gag1 (Golgi-associated protein 1)

[Alonso-Rodríguez et al., 2016].

In addition to Rlm1 and the SBF complex, other transcription factors have been

identi�ed that mainly act in the activation of the heat stress response. One is

the heat shock factor 1 (Hsf1), the others are Msn2 and Msn4. Hsf1 is an es-

sential protein, which is constitutively phosphorylated but gets hyperphosphory-

lated upon heat stress [Sorger and Pelham, 1988]. The activated Hsf1 homotrimer

recognizes the promoter region of its targets by binding to heat shock elements

(nGAAn)[Sorger and Pelham, 1987, Amin et al., 1988, Yamamoto et al., 2005]. To

activate transcription, Hsf1 recruits the mediator complex, which in turn interacts

with RNAPII [Kim and Gross, 2013]. Msn2 and Msn4 are transcription factors

also known to activate a general stress response. Upon hyperphosphorylation the

proteins are activated and relocate to the nucleus [Görner et al., 1998, Garreau

et al., 2000]. Within the nucleus, Msn2/4 bind to stress-responsive elements STRE

(CCCCT) [Marchler et al., 1993] in the promoters of their target genes and activate

transcription [Martínez-Pastor et al., 1996, Schmitt and Mcentee, 1996]. Msn2/4

are negatively regulated by the cAMP-PKA pathway, which prevents their nu-

clear localization [Boy-Marcotte et al., 1998, Smith et al., 1998]. It was found

that even without stress Msn2/4 migrate from the cytoplasm to the nucleus in

an oscillatory manner indicating a regulatory feedback loop mediated by kinases

and phosphatases [Jacquet et al., 2003]. Boy-Marcotte et al. [1999] tried to dis-

tinguish between Hsf1 and Msn2/4 transcription response. They found that Hsf1

leads mainly to the transcription of chaperons [Boy-Marcotte et al., 1999] while the

transcription factors Msn2/4 causes the expression of enzymes involved in carbon

metabolism and antioxidant enzymes. However, there are genes as HSP26 and

HSP12 where both transcription factors can activate transcription [Boy-Marcotte

et al., 1999, Amorós and Estruch, 2001].

The changed transcription upon heat stress in yeast causes among others the ex-

pression of heat shock proteins (HSPs). In yeast the major HSPs are Hsp104,

Hsp90, Hsp70, Hsp60, Hsp30 and Hsp26 which in general function as chaperones

[Reading et al., 1989, Parselt et al., 1991, Régnacq and Boucherie, 1993, Nathan

et al., 1997, Glover and Lindquist, 1998]. Hsp70 prevents protein aggregation by

binding hydrophobic surfaces of denatured proteins. In complex with Hsp40 and

Hsp104, they can also reactivate denatured proteins and lead to the disaggrega-

tion of larger protein complexes after removal of the stressor [Glover and Lindquist,

1998]. Several genes encode for the 70 kDa Hsp70 protein; one of them is SSA4.

The SSA4 promoter contains heat shock elements leading only to a low level of

transcription without stress treatment [Boorstein and Craig, 1990].

As already mentioned, to survive stress exposure, a massive change in the tran-
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scriptome [Varol et al., 2018] occurs. However, besides the change in transcrip-

tion, a major change in translation can also be observed. A reduced mRNA-

binding could be detected for factors involved in 43S complex recruitment and

scanning which was postulated to block translation initiation upon heat stress

[Bresson et al., 2020]. The inhibition of mRNA translation and polysomes dis-

assembly, leads to the formation of cytoplasmic stress granules [Kedersha et al.,

2002]. Stress granules are membraneless, solid-like amorphous aggregates formed

upon stress treatment [Kroschwald et al., 2015]. They contain many translation

initiation factors, the 40S ribosome, RNA-binding proteins (e.g. Pab1), disagre-

gases/chaperones (eg. Hsp104) and polyadenylated mRNA [Kedersha et al., 2002,

Kroschwald et al., 2015, Cherkasov et al., 2015, Khong et al., 2017]. It was pro-

posed that stress granules serve as storage for capped and polyadenylated mRNAs

so that they are protected from degradation and can be translated immediately

after removal of the stressor [Kroschwald et al., 2015].

Besides the formation of stress granules, P-bodies can be observed upon stress

treatment. P-bodies are dynamic assemblies of translationally inactive mRNAs

and proteins involved in translation repression and mRNA turnover. In yeast sev-

eral proteins are found to serve as marker for P-bodies including Dcp1, Dcp2, Edc3,

Dhh1, Pat1, Lsm1, Xrn1, Ccr1 and Pop2 [Teixeira and Parker, 2007]. Originally

thought to be sites of mRNA degradation, recent �ndings suggest that P-bodies

are storage sites for translationally repressed mRNAs [Hubstenberger et al., 2017,

Horvathova et al., 2017]. While in mammalian cells P-bodies can be observed even

without stress [Souquere et al., 2009], in yeast they are only visible upon stress

treatment [Buchan et al., 2008, Wang et al., 2018]. Stress granules and P-bodies

are two distinct assemblies even though some proteins are present in both. In

yeast cells, they seem to largely overlap during microscopy experiments [Buchan

et al., 2008]. However, the exchange of mRNA between this assemblies is only very

marginal [Wilbertz et al., 2019].

Nuclear mRNA export under stress

It has been known for a while that stress treatment leads to an accumulation of

bulk mRNA within the nucleus, whereas heat shock mRNAs are exported from

the nucleus (Figure 3.4). It was shown that the accumulation of mRNA occurs in

response to various stress treatments like heat stress, ethanol treatment and glucose

starvation [Saavedra et al., 1996, Heinrich et al.]. However, it still remains elusive

how the cell mediates the mRNA export block. It was shown that under heat

stress many of the known mRNA export adapters described above dissociate from

the mRNA [Zander et al., 2016]. Nab2 and Yra1 accumulate in nuclear foci in an

20



Introduction

Mlp1 dependent manner upon heat stress and glucose starvation [Carmody et al.,

2010, Heinrich et al.]. Gbp2 was found to aggregate under heat stress [Wallace

et al., 2015]. The adapter Npl3 it was postulated to be transiently localized to

the cytoplasm under heat stress, as increased cytoplasmic localization was found

for the npl3-27 mutant (E409K point mutation) at 37°C and 42°C [Krebber et al.,

1999]. The export receptor Mex67 remains localized at the nuclear rim upon heat

stress [Carmody et al., 2010, Adams and Wente, 2020].

Figure 3.4: Changes in nuclear mRNA export during stress The graphic shows
the changes known to occur during stress and marks some of the open questions. On
the left, the dissociation of known mRNA-binding proteins is depicted. This includes the
aggregation of Gbp2 and the formation of nuclear Nab2 foci. The proteins, dissociated
from the bulk mRNA, could bind to newly transcribed heat shock mRNAs (orange).
This is depicted on the right side. Since it is not clear for all of the shown proteins
whether they really bind or are necessary for heat shock mRNA export the transcription
site is marked by question marks. Hsf1 is thought to bind and recruit the export receptor
Mex67-Mtr2 to the heat shock mRNA, which facilitates the export of the mRNA into
the cytoplasm through the NPC. Created with BioRender.com.

The mRNA export block under heat stress was shown to be dependent of Slt2, since

a deletion leads to a rescue of the export block [Carmody et al., 2010]. However,

mutation of the identi�ed Slt2-dependent phosphorylation sites of Nab2 (T178 and

S180) were not su�cient to rescue the mRNA export block. This indicates the

importance of posttranslational modi�cations for the mRNA export block during

stress, but also highlights that probably not one single protein is responsible for
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the export block.

The changed localization and aggregation of the known adapter proteins correlates

with the hypothesis that heat shock mRNAs do not undergo quality control and

are therefore exported di�erently than bulk mRNAs at 30°C [Zander et al., 2016].

Only Sub2, Mex67, Dbp5 and Gle1 were shown to be necessary for heat shock

mRNA export [Saavedra et al., 1997, Hurt et al., 2000, Rollenhagen et al., 2004,

2007]. In contrast, the THO complex, Gbp2, Hrb1, Yra1 and Npl3, were reported

not to be essential for the export of heat shock mRNAs [Saavedra et al., 1997,

Rollenhagen et al., 2007]. However, the deletion of THO complex proteins, TREX2

proteins and some NUPs leads to the accumulation of SSA4 mRNA within the

nucleus [Rollenhagen et al., 2007, Thomsen et al., 2003, 2008]. This indicates that

although known mRNA export factors are not essential (eg THO complex), they

probably still promote the export of heat shock mRNAs. Zander et al. [2016]

identi�ed that the recruitment of the transcription factor Hsf1 leads to export of

the transcribed mRNA during heat stress. A direct interaction of Hsf1 with Mex67

could be shown, which is thought to be the reason for the direct export of heat

shock mRNAs regulated by Hsf1. Since Saavedra et al. [1996] were not able to

detect an export of a GAL1 mRNA expressed from a SSA4 promoter during heat

stress, more studies are needed to further validate this hypothesis.

The NPC as export channel also plays an important role during the export of heat

stress mRNAs. Deletion or mutation of NUPs lead to the accumulation of heat

shock transcripts [Saavedra et al., 1996, Thomsen et al., 2008]. The NUP Rip1,

which is not required for mRNA export at 30°C, is necessary for the export of

heat shock mRNAs. Upon deletion of Rip1 the heat shock mRNA SSA4 strongly

accumulates within the nucleus at its transcription site [Saavedra et al., 1997,

Thomsen et al., 2003]. This could be explained by the �nding that Dbp5 and Gle1

lose their association with the NPC under heat stress when Rip1 is deleted [Stutz

et al., 1997, Rollenhagen et al., 2004]. During ethanol stress, a relocalization of

Dbp5 to the nucleus [Takemura et al., 2004, Rollenhagen et al., 2004] could be

detected, which is thought to cause the export block during ethanol stress. This

change in localization was not observed for Dbp5 under heat stress [Takemura

et al., 2004, Adams and Wente, 2020].

In summary, many studies analyzed the export block of bulk mRNA upon stress

and the export of heat shock mRNAs. Nevertheless, both mechanisms are not

fully understood so far.
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Methods to study mRNP composition and

structure

In the earlier part of the introduction the focus was on mRNA production, pro-

cessing and transport as well as changes in these processes during stress. All these

mechanisms involve mRNPs. In recent decades, the interaction of mRNA and pro-

teins was studied extensively, reaching from the identi�cation of individual binding

proteins of speci�c RNAs [McHugh et al., 2015, Chu et al., 2015, Iadevaia et al.,

2020] to global studies to identify new RNA-binding proteins [Beckmann, 2017,

Shchepachev et al., 2019, Backlund et al., 2020, Kilchert et al., 2020]. The identi-

�cation of binding partners for a speci�c mRNA is conducted mostly either by a

combination of cross-linking followed by puri�cation under denaturing condition

or by in vitro transcription and subsequent binding of interacting proteins from

lysate to the target mRNA [Rieder et al., 2012].

Many studies use structured RNA sequences that have a high a�nity to a protein

or other ligand. These so-called aptamers can be introduced into the sequence of

the RNA of interest. One example for an aptamer heavily used in the past decades

is the MS2 aptamer. Originally, the MS2 coat protein (MCP) was derived from the

bacteriophages MS2. It binds to an RNA stem-loop structure [Peabody, 1993]. For

scienti�c research di�erent versions of the MS2 system are available. Mutations

in the stem-loop sequence, changing numbers of repeats as well as the distance

between the repeats can modulate the a�nity between the MS2 aptamer and the

MCP [Zhou et al., 2002, Tutucci et al., 2018]. The MS2 system has been used for

visualization of mRNAs for microscopy for a long time. The RNA of interest is

tagged with an array of MS24 loops and the MCP mostly fused to GFP is coex-

pressed within the cell. By �uorescence microscopy, Mcp-GFP bound to the RNA

can be seen and the RNA movement followed by life cell imaging [Bertrand et al.,

1998, Grünwald and Singer, 2010, Tutucci et al., 2018]. Tutucci et al. [2018] opti-

mized the structure of the MS2 array further to prevent aggregation of MS2 arrays

bound by MCP after degradation of the coding sequence of the aptamer-tagged

RNA in vivo. This modi�cation further improved the usage of the MS2 system

in vivo. The MS2 system has also been used successfully to identify RNA-binding

proteins from an in vitro synthesized RNA [Rieder et al., 2012]. For this, the

MCP was fused to a maltose binding protein (MBP). This fusion could be used to

immobilize the in vitro synthesized, MS2-tagged mRNA on the MCP-MBP fusion

bound to amylose beads. Even the assembly of a functional spliceosomes on an

in vitro synthesized, MS2-tagged RNA was possible, allowing the puri�cation and

structure determination of the spliceosome [Zhou et al., 2002]. Slobodin and Gerst
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[2010] used the MS2 system in their newly developed method RNA-binding protein

puri�cation and identi�cation (RaPID) to purify in vivo transcribed RNAs after

cross-linking to identify RNA-binding proteins using mass spectrometry (MS).

Other structured RNA elements with corresponding binding partners have been

used for similar experiments, for example binding sites for the PP7 coat protein

[Larson et al., 2011] or the streptavidin-binding RNA aptamer (4 Ö S1m) [Leppek

and Stoecklin, 2014]. Panchapakesan et al. [2017] aimed to establish an aptamer

that could be not only used for puri�cation of an mRNP but also for �uorescenc

labeling. They tested the RNA Mango aptamer, which binds to thiazole orange

(TO) or its derivates (TO1-Biotin) with nanomolar a�nity [Dolgosheina et al.,

2014]. The 19 nt aptamer folds into a G-quadruplex which is embedded in a

GAAA tetraloop-like motif [TrachmanIii et al., 2017]. The system has been used

for puri�cations, �uorescence based in vitro assays and microscopy [Dolgosheina

et al., 2014, Panchapakesan et al., 2017, Autour et al., 2018].

All these approaches require a change or even the in vitro transcription of the

RNA of interest. A strategy where no modi�cation of the RNA is needed is based

on the use of antisense oligo nucleotides (ASO). Di�erent ASOs have been used,

reaching from DNA over 2´O-methylated RNA [Matia-González et al., 2017] to

locked nucleic acid (LNA) ASOs [Rogell et al., 2017]. In most cases the ASO

itself is modi�ed, for example biotinylated, which allows the puri�cation of the

target RNA after binding [Matia-González et al., 2017, McHugh and Guttman,

2018]. Similar as for single molecule �uorescence in situ hybridization (smFISH)

ASO probes have been designed to cover the whole RNA sequence [McHugh and

Guttman, 2018] or only a single ASO is used for puri�cation [Matia-González et al.,

2017]. Also, the ASO size used di�ers from up to 90mers [McHugh et al., 2015,

McHugh and Guttman, 2018] down to around 20 nt-long sequences [Iadevaia et al.,

2020, Rogell et al., 2017].

For the identi�cation of RNA-binding proteins, cross-linking is often performed

prior to the puri�cation which connects the RNA with close-by proteins. The most

common cross-linking methods are either chemical cross-linking [Chu et al., 2015]

by formaldehyde, UV or photoactivatable ribonucleoside-enhanced (PAR) cross-

linking [Beckmann, 2017]. For PAR cross-linking, photo-activatable nucleoside

analogs are incooperated in the transcribed RNA. These can be photo-activated

by irradiation at 365 nm. PAR cross-linking yields more cross-linked complexes

than conventional cross-linking with UV light at 254 nm [Hafner et al., 2010]. After

cross-linking and lysing, the RNA could be puri�ed directly, but many protocols in-

clude another puri�cation step to either enrich a certain pool of RNA, for example

poly(A)-RNA using Oligo(dT) beads [Iadevaia et al., 2020], or enrich RNAs from

one cellular compartment, for example by preparation of a nuclear extract [Back-
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lund et al., 2020, McHugh and Guttman, 2018]. Because of the cross-linking prior

to puri�cation, the protocols often include stringent washing steps with denaturing

bu�er conditions and/or incubation steps at elevated temperatures [McHugh et al.,

2015, McHugh and Guttman, 2018]. After puri�cation, the cross-linked copuri�ed

proteins can be analyzed by immunoblotting or identi�ed by MS analysis.

However, for some purposes, for example structure determination denaturing pu-

ri�cation conditions are unwanted. As described above, for the spliceosomes it

is possible to perform a puri�cation or reconstruction of RNA-protein complex

with an aptamer-tagged, in vitro transcribed RNA [Zhou et al., 2002]. Another

possibility is to use established protein puri�cation protocols to purify an RNA-

binding protein and copurify the RNA. For example Batisse et al. [2009] used a

TAP-puri�cation [Puig et al., 2001] and subsequent gradient centrifugation cou-

pled with cross-linking (GraFIX) [Stark, 2010] to purify all Nab2-TAP-containing

mRNPs from yeast. The puri�ed particles were analyzed using electron microscopy

(EM). The particles held other nuclear RNA-binding proteins like Cbp80, TREX

components, Mex67 and over 6000 transcripts. The particle size varied from 20 to

30 nm in length and 5 to 7 nm in thickness.

Besides puri�cation of a complex from the original organism, it can also be over-

expressed in an expression system like insect cells [Ren et al., 2017, Schuller et al.,

2020]. For expression in a di�erent organism, the proteins can be coexpressed or

expressed separately and reconstituted in vitro. De�ned RNA sequences like a

polyU stretch can be added to aid complex assembly and visualize RNA binding.

The assembled complexes can be used for structure determination, for example, by

using cryo-EM as described for the THO complex together with Sub2 [Ren et al.,

2017, Schuller et al., 2020, Pühringer et al., 2020, Xie et al., 2021, Chen et al.,

2021].
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4. Aim of this thesis

Stress causes a rearrangement of mRNA export with the accumulation of bulk mR-

NAs within the nucleus and export of stress speci�c-mRNAs. While many factors

involved in mRNA export at 30°C are known the exact composition and struc-

ture of an export-competent mRNPs remains unknown. For survival at elevated

temperatures studies so far focused mainly on proving that most of these factors

are not required for mRNA export during heat stress. The aim of this study is to

establish a puri�cation protocol for the puri�cation of a nuclear, transcript-speci�c

mRNP under native conditions. A two-step ASO-based puri�cation based on an

initial enrichment of nuclear mRNPs using the nuclear CBC followed by the puri�-

cation of a transcript-speci�c mRNP is taken as a starting point for optimization

[Wierschem, 2020]. Di�erent RNA-based puri�cations will be evaluated for the sec-

ond puri�cation step including the ASO and new aptamer-based approaches. The

quality of the puri�ed mRNPs will be assessed by determining the mRNA enrich-

ment and analyzing the copuri�cation of known nuclear mRNA-binding proteins.

Then, the structure and composition of the puri�ed mRNPs will be determined

by EM and cross-linking MS, respectively. The overall goal is to purify a heat

shock mRNP in comparison to a non-heat shock mRNP to investigate not only

the composition and structure of the mRNPs but to also pinpoint the di�erences

in both mRNPs and export pathways.

Furthermore, the question should be answered if nuclear accumulation of mRNA is

a general reaction to di�erent kinds of stress and how the cell mediates the mRNA

export blockade. Therefore, screening of di�erent stress conditions for poly(A)

accumulation after stress treatment will be carried out by using Oligo(dT) FISH.

Since the mRNA export block is Slt2-dependent during heat stress it will be an-

alyzed if this is also the case for other stresses. Moreover, a phosphoproteome

analysis of a SLT2 deletion mutant under heat stress will be performed with the

goal to identify proteins involved in mRNA export that are di�erentially phos-

phorylated upon stress. The identi�ed phosphosites will be analyzed towards their

involvement in the nuclear accumulation of mRNA. Both, understanding how some

mRNAs are retained within the nucleus and how stress-speci�c transcripts are se-

lectively exported, will improve our understanding of mRNA export and how cells

are able to cope with stress.
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5. Results

Puri�cation of transcript-speci�c, nuclear

mRNPs

ASO-based mRNP puri�cation

The structure and composition of mRNPs is often studied by overexpression of a

complex in another organism or by a combination of cross-linking and puri�cation

under denaturing conditions. To determine the structure of a nuclear, transcript-

speci�c mRNP a native puri�cation from yeast needed to be established in order

to facilitate structure determination. A two-step puri�cation method was estab-

lished in a previous study using an ASO for the puri�cation of a transcript-speci�c

mRNP [Wierschem, 2020]. This method should be further optimized and tested

for heat shock mRNPs in this study (Figure 5.1 A). In the �rst puri�cation step, all

nuclear mRNAs bound to the nuclear CBC were enriched by purifying the TAP-

tagged subunit Cbp20 (blue). To purify one speci�c mRNA, a 2´O-methylated,

biotinylated RNA ASO was added to the TEV eluate from the �rst puri�cation

step. After binding to the mRNA target, the ASO could bind to streptavidin dyn-

abeads via its biotin moiety (green). For further optimization of the method, a

denaturing elution for proteins and RNAs was used instead of the native elution.

The denaturing elution is faster and more e�cient, but the native elution will be

needed later on for structure determination. The RNA is analyzed by reverse tran-

scription coupled with qPCR (RT-qPCR). In addition, Western blotting is used

to verify the copuri�cation of known nuclear mRNA-binding proteins, like Nab2,

Npl3 or Cbp80 [Anderson et al., 1993, Wilson et al., 1994, Fortes et al., 2000].

As mentioned above, the puri�cation of nuclear mRNPs was studied before using

the highly expressed mRNA CCW12 as target mRNA. My colleagues Christoph

Wierschem [Wierschem, 2020] and Nataliia Stefanyshena (unpublished data) tested

di�erent ASOs to purify CCW12 mRNPs. Their binding sites are depicted in Fig-

ure 5.1 B. In this study only the ASO1 and ASO3 were used for the puri�cation of

CCW12 mRNPs as they were identi�ed to yield the best results for mRNA yield

and copuri�cation of proteins, respectively.
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Figure 5.1: Nuclear transcript-speci�c mRNPs can be puri�ed in a two-step
puri�cation using ASOs. A Schema of nuclear transcript-speci�c mRNP puri�cation
steps. B Schema showing the binding sites of di�erent ASOs annealing to CCW12.
ASOs were designed and tested by Christoph Wierschem [Wierschem, 2020]. CDS =
coding sequence C Representative Ct value table for an ASO puri�cation. The table
contains results from a puri�cation comparing the washing step of the streptavidine
dynabeads in presence and absence of 0.05 % Tween-20. D Fold enrichment of the
CCW12 mRNA in the ASO elution for di�erent Tween-20 concentrations in the wash
bu�er. Fold enrichment was determined relative to PGK1 mRNA. The mean ± standard
deviation (SD) is illustrated. The p-value was determined using a student's t-test with
⋆ p < 0.05 and ⋆⋆ p < 0.01. E Representative Western blot showing the copuri�cation
of nuclear mRNA-binding proteins for the ASO puri�cation from C and D.

28



Results

Table 5.1: Conditions tested to improve ASO puri�cation of CCW12 mRNA using de-
naturing RNA and protein elution. The condition and the changes in RNA yield and
purity determined by RT-qPCR are listed. The qPCR and Western blot result of the
di�erent puri�cation can be found in Supplement A.1 - A.7.

Condition CCW12

mRNA
yield

Enrichment
over
PGK1

mRNA

Remarks

1 h 40000 rpm centrifuga-
tion to cleare the lysate in-
stead of 16 min at 40000 xg

reduced reduced

use of KCl instead of NaCl no change no change
compare annealing at RT
with 4°C and 16°C

reduced reduced

add random RNA Oligo
without biotin

no change no change The aim was to reduce
unspeci�c protein binding,
but no e�ect on protein
binding was seen.

add random DNA Oligo
without biotin

no change no change The aim was to reduce
unspeci�c protein binding,
but no e�ect on protein
binding was seen.

add 0.05 % Tween to the
wash bu�er

no change higher

use a ∆ccw22 strain no change no change CCW22 is the paralog
from CCW12 which arose
from whole genome dupli-
cation.

higher Bead amount for
ASO puri�cation

no change no change

lower Bead amount for
ASO puri�cation

decreased decreased

To optimize this puri�cation, di�erent approaches and conditions were tested (Ta-

ble 5.1, Supplement A.1 - A.7). An exemplary puri�cation using ASO1 is shown

in Figure 5.1 C - E. In this exemplary puri�cation, it was tested whether the pres-

ence of 0.05 % Tween-20 in the binding and wash bu�er used for ASO puri�cation

increases purity. A CCW12 deletion strain served as negative control. Figure 5.1

C shows representative Ct values determined by RT-qPCR, the ∆Ct value and the

enrichment of CCW12 mRNA over the negative control mRNA PGK1.

Already in the lysate and TEV eluate, the highly transcribed CCW12 mRNA is

more abundant than PGK1 control mRNA as measured by RT-qPCR. Moreover,

for the �rst puri�cation step a TEV-proteinA tag was used instead of a classical

TAP tag consisting of a Calmodulin-binding peptide, TEV cleavage site and pro-

tein A. This is possible because the second step of the TAP protocol is replaced by
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an ASO puri�cation step. Moreover, it can be observed that even in the ∆ccw12

strain, a Ct value of up to 24.45 could be reached possibly because of unspeci�c

binding for example to the CCW22 paralog. However, this was much lower than

the in the strain expressing CCW12 (Ct of 12.6). In the second puri�cation step,

the enrichment of CCW12 over PGK1 mRNA increased signi�cantly in the elution

sample if Tween-20 was added. The isolated RNA from the eluate contained 1030

± 81 times more CCW12 than PGK1 mRNA, which is depicted in Figure 5.1 D.

No signal for CCW12 mRNA was detected in the ∆ccw12 control puri�cation.

The copuri�cation of Cbp80, Nab2, Npl3 and Yra1 was analyzed by Western

blot. Pgk1 served as negative control. The protein signal on the Western blot for

the CCW12 deletion strain (negative control) is similar to the strain expressing

CCW12 under both conditions, suggesting that unspeci�c mRNA-binding proteins

copurify with the ASO procedure and contribute signi�cantly to the protein signal.

However, addition of Tween-20 strongly reduces the amount of copuri�ed Cbp80

and Npl3. For Yra1, a slight decrease in copuri�cation can be observed (Figure

5.1 E).

All other tested conditions led to a reduced yield or enrichment of CCW12 mRNA

or showed no di�erences (Table 5.1).

Nuclear heat shock mRNAs and the CBC

For puri�cation of heat shock mRNPs several questions had to be answered. First,

the question arose whether the enrichment of nuclear, heat shock-speci�c mRNPs

using a CBC puri�cation was possible. RNA-immunoprecipitation (RIP) was per-

formed to study the binding of heat shock mRNAs to Cbp20 at 30°C and after 15

min at 42°C (heat shock). For CCW12, PGK1 and YEF3 no di�erence of binding

was observed between 30°C and the heat shock sample (Figure 5.2 A). Several

heat shock mRNAs were tested. Even though a slight increase was observed for all

tested heat stress mRNAs, only HSP12 showed a signi�cantly increased mRNA

enrichment under heat shock conditions compared to growth conditions at 30°C.

To further verify the importance of the nuclear CBC for heat shock mRNA export

from the nucleus a smFISH using probes against the well-studied SSA4 mRNA

[Boorstein and Craig, 1990, Saavedra et al., 1997, Rollenhagen et al., 2007] was

performed (Figure 5.2 B). Several cells show an accumulation of nuclear SSA4 sig-

nal in the CBP80 and/or CBP20 deletion strain. The deletion of the NUP RIP1

served as positive control. Since foci formation was obvious, but only present in a

minority of cells, the percentage of cells with SSA4 accumulation was quanti�ed

(Figure 5.2 C).
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Figure 5.2: The nuclear CBC binds to heat shock mRNAs and is probably
involved in nuclear export of heat shock mRNAs. A RIP of Cbp20-FTpA at 30°C
(white) and 42°C (gray). The graph depicts the enrichment of copuri�ed transcripts over
an untagged negative control. In addition, the enrichment was normalized over the lysate
to correct the di�erential expression of heat shock transcripts. RNA levels were deter-
mined using RT-qPCR for highly transcribed mRNAs (CCW12, PGK1, YEF3 ) and four
heat shock transcripts SSA4, HSP12, HSP26, HSP104. The mean ± SD is illustrated.
The p-value was determined using a student's t-test with ⋆ p < 0.05. B Representative
images of a smFISH using probes against SSA4 mRNA in a ∆cbp20, a ∆cbp80 and a
∆cbp20∆cbp80 strain. WT and ∆rip1 served as controls. C Quanti�cation of smFISH
shown in B. The data represent the percentage of cells containing SSA4 foci. Data
presents the mean ± SD. The p-value was determined using a student's t-test with ⋆ p
< 0.05, ⋆⋆ p < 0.01 and ⋆ ⋆ ⋆ p < 0.001.

31



Results

Figure 5.2: D Representative Western blot showing the protein levels of Ssa4-3xHA after
heat shock in di�erent CBC deletion strains. Pgk1 served as loading control.

For the deletion of CBP20, CBP80 or both, an accumulation of SSA4 mRNA upon

heat shock could be observed in 9, 8 and 12 % of all counted cells, respectively.

For the RIP1 deletion strain, 85 % of the cells formed SSA4 foci.

Previous studies showed that even if nuclear accumulation of SSA4 is observed,

the protein can still be produced at similar levels as in the WT strain. These

proteins were classi�ed as not necessary for the export of heat shock mRNAs (eg.

Hpr1) [Rollenhagen et al., 2007]. In cells lacking Rip1 the amount of Ssa4-3xHA

is decreased in comparison to the WT (RS453) during heat stress. The deletion of

CBC components did not in�uence protein expression of Ssa4-3xHA in comparison

to the WT (Figure 5.2 D).

These results indicate that the nuclear CBC binds heat shock mRNAs in the

nucleus during heat stress. Therefore, the two-step nuclear mRNP puri�cation

can be suitabled for heat shock mRNPs. However, it appears not to be essential

for the nuclear export of heat shock transcripts.

Identi�cation of possible ASO-binding sites for the heat shock mRNA

SSA4

To test whether the ASO-based mRNP puri�cation, can be used to purify and

analyze heat shock mRNPs with regards to their protein content and structure,

the heat shock mRNA SSA4 was chosen as target mRNA. Before testing ASO

puri�cation, new ASOs needed to be designed. To test the accessibility of the

RNA within a nuclear mRNP, an RNase H assay was performed (Figure 5.3 A). A

DNA ASO is incubated with nuclear mRNPs, enriched by Cbp20-TAP puri�cation

as described above, followed by digestion with RNase H. RNase H digests the RNA

of DNA-RNA hybrids [Donis-Keller, 1979]. Upon binding of one of the 15 tested

DNA ASOs (Figure 5.3 B) to SSA4 mRNA the ASO binding site is digested. This

can be analyzed by RT-qPCRs using a primer pair annealing on both sides of

the ASO binding site. In theory, the relative amount of uncleaved RNA should

be equal to the input in the RNase H-only control, which contains the enzyme,

but no DNA ASO. Eventual reduction in the enrichment indicates RNA cleavage

and consequently binding of the ASO. For all tested ASOs levels of uncleaved

RNA were reduced in comparison to the input (Figure 5.3 C). The enrichment

upon incubation and RNase H digestion with ASO6 is not changed signi�cantly

compared to the Input. ASOs 1, 2, 4, 5, 8, 12, 15 show the biggest reduction in
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levels of uncleaved RNA, indicative of e�cient hybridization of the ASO with the

RNA.

Figure 5.3: RNase H Assay to determine optimal ASO sequences for SSA4
puri�cation A Schematic representation of the RNase H assay: DNA ASOs are depicted
in red and the RNase H enzyme in yellow. Primers used for qPCR are shown in light
green. Created with BioRender.com. B Schematic representation of tested ASOs for
SSA4 mRNA. C Results of RNase H assay using the DNA ASOs depicted in B. Data
shows the fold-enrichment over the negative control without addition of a DNA ASO
determined by RT-qPCR. The graph contains mean ± SD. The p-value was determined
using a student's t-test with ⋆ p < 0.05.

ASO-based SSA4 mRNP puri�cation

For six of the DNA ASOs (ASO1, 4, 5, 8 12 and 15) tested earlier, 2´O-methylated,

biotinylated RNA ASOs were used for a test SSA4 mRNP puri�cation (Figure 5.4).

While the puri�cation of CCW12 mRNA using ASO1 (without Tween-20) led to

an enrichment of 189 ± 24-fold, the enrichment of SSA4 mRNA over PGK1 for

ASO1, ASO4 and ASO5 is 2 ± 1.1, 1.6 ± 2 and 1.4 ± 0.4, respectively (Figure

5.4 A). The proteins Cbp80, Nab2, Npl3, and to a minor extent Sub2, could be

copuri�ed. As for a CCW12 mRNP puri�cation, the protein signal does not show a

reproducible di�erence compared to the negative control (Figure 5.4 B). The most

promising ASO is ASO8. In contrast to the other tested ASOs for SSA4, ASO8

leads to a signi�cant 17.8 ± 0.6-fold enrichment over PGK1. ASO12 and ASO15

do not show an enrichment of SSA4 mRNA that is signi�cant in comparison to the

negative control (Figure 5.4 C). Similar to the other tested ASOs, no reproducible
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di�erence in copuri�ed protein to the negative control could be observed (Figure

5.4 D). A one-step ASO puri�cation using ASO8 and lysate from a ∆rip1 strain,

which mainly contains nuclear SSA4, did not result in a better enrichment of SSA4

mRNA (Supplement A.12).

Figure 5.4: ASO8 can be used for a puri�cation of SSA4. A and C Results
for ASO-based SSA4 mRNP puri�cation to identify ASOs that can be successfully used
for heat shock mRNP puri�cation. The enrichment of SSA4 or CCW12 mRNA over
PGK1 is shown as indicated. The corresponding negative control, which does not contain
SSA4 or CCW12, is shown in white. The data represents mean ± SD. The p-value was
determined using a student's t-test with ⋆ p < 0.05, ⋆⋆ p < 0.01 and ⋆ ⋆ ⋆ p < 0.001.
Representative results for all puri�cation steps can be found in Supplement A.11. B and
D Representative Western blot for the puri�cations shown in A and C. The copuri�cation
of selected nuclear mRNA-binding proteins is shown. Pgk1 serves as negative control.

Analysis of natively eluted mRNPs

To further analyze the composition of a nuclear mRNP, either the structure of

a nuclear mRNP would need to be determined or XL-MS could be performed.

In both cases, a native elution from the streptavidin beads is necessary or

at least preferable. CCW12 puri�cations performed by Christoph Wierschem

showed that only a minority of mRNA bound to the beads can be eluted by the

addition of biotin-containing elution bu�er [Wierschem, 2020]. However, using

a desthiobiotinylated ASO3 led to an improved elution as the biotin analogue
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desthiobiotin interacts with a lower a�nity to streptavidin than biotin [Hirsch

et al., 2002], which results in a more e�cient elution from streptavidin-beads.

Conditions tested in this study to improve the native elution are listed in Table

5.2 and representative puri�cations can be found in the Supplements A.8 - A.11.

The optimization was performed by puri�cation of CCW12 -containing mRNPs:

This puri�cation leads to a higher enrichment over PGK1 as the puri�cation

of SSA4 -containing mRNPs. For ASO1 it could be shown that no elution is

possible with a biotinylated ASO (Supplement A.8). The elution is increased

slightly by the replacement of the biotin with a desthiobiotin as shown before for

ASO3 [Wierschem, 2020]. It was shown before, that the elution of biotin from

streptavidin increases by adding up to 16 mM biotin [Lin et al., 2019]. The elution

with 16 mM biotin instead of 5 mM reached an additional mild increase in elution

e�ciency (Supplement A.9). A native puri�cation with a desthiobiotinylated

ASO1 and 16 mM biotin led to a 45.4 ± 6.8-fold enrichment over PGK1 (Figure

5.5 A).

Table 5.2: Conditions tested to improve ASO puri�cation of CCW12 mRNA using native
RNA and protein elution. Listed are the conditions and the changes in RNA yield and
purity determined by RT-qPCR. The qPCR and Western blot results of the di�erent
puri�cations can be found in Supplement A.8- A.10.

Condition CCW12

mRNA
yield

Enrichment
over
PGK1

mRNA

Remarks

denaturing vs. native elu-
tion

decreased decreased Using ASO1 no RNA could
be detected after native
elution.

test desthiobiotinylated
ASO1

increased increased Known for ASO3

increase biotin concentra-
tion to 16 mM

increased increased

Use a concentrator after
puri�cation

reduced reduced Concentrating the elution
samples of six puri�cations
with a centrifugal �lter unit
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Figure 5.5: No promising particles could be visualized by EM after native ASO
puri�cation of CCW12 mRNPs. A Enrichment of CCW12 mRNA over PGK1

after ASO puri�cation with native elution using 16 mM biotin and desthiobiotinylated
ASO1. The graph shows mean ± SD. The p-value was determined using a student's t-test
with ⋆ p < 0.05. Representative RT-qPCR values of all puri�cation steps are shown in
Supplement A.9. B qPCR standard curve created with a de�ned amount of linearized
CCW12 containing plasmid. The graph shows the measured Ct values against the log10
of the number of used DNA molecules. C Total amounts of CCW12 mRNA calculated
with a standard curve taking into account the di�erent dilutions and volumes used for
puri�cation, RNA analysis and RT-qPCR. C Representative EM picture of the elution
sample of CCW12 mRNP puri�cation after native elution. Samples were applied to EM
grid and negative staining was used. The picture was taken at a 50000 x magni�cation.

The analysis of the eluted mRNA with RT-qPCR allows the determination of the

relative enrichment over another mRNA. However, no absolute concentration can

be deduced from the ct value. To determine the amount of eluted CCW12 mRNA

more precisely, a CCW12 -containing plasmid was linearized by restriction digest,

puri�ed and a de�ned number of DNA molecules was added as template for qPCR.

The resulting standard curve can be seen in Figure 5.5 B and was used to calculate

the total RNA amount in the di�erent samples. The lysate contains around 1.94 ±
0.044 pmol CCW12 mRNA. The TEV eluate, which should only contain nuclear

CCW12 mRNA, contained around 0.03 ± 0.01 pmol. The �nal elution sample

contains roughly 0.00017 ± 0.0002 pmol CCW12 mRNA of a puri�cation of 2 l

yeast culture (Figure 5.5 C). Puri�cation and EM analysis of 2 l yeast culture were
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performed together with Nataliia Stefanyshena and Dr. Ulrich Gärtner from the

Institute for Anatomy and Cell Biology (JLU Gieÿen). The sample was applied

to a grid and negatively stained with ammoniumheptamolybdat. At a 50,000x

magni�cation no promising particles at the expected size of around 5-7 nm in

thickness and 25-35 nm in length [Batisse et al., 2009] could be identi�ed. A

representative image is shown in Figure 5.5 D.

Taken together, while a native, ASO-based, nuclear mRNP puri�cation yields

an enrichment of CCW12 mRNA over PGK1 of over 40-fold no speci�c protein

copuri�cation could be observed. In addition, no particles were visible during

EM. The ASO-based puri�cation strategy appears not to yield enough material or

intact particles for structure determination. Therefore, other puri�cation methods

need to be explored.

Puri�cation of nuclear mRNPs using the Mango ap-

tamer

The puri�cation of nuclear heat shock mRNPs led to an enrichment of around 17.8

± 0.6-fold using ASO8 and is not as e�ective as for CCW12. To test whether other

methods lead to a higher enrichment of heat shock mRNA and thereby to a higher

amount of SSA4 -containing nuclear mRNPs, mRNP puri�cations using a Mango

aptamer were tested. The puri�cation protocol was established and optimized by

Nataliia Stefanyshena (unpublished data). It is a two-step puri�cation as described

before using the Mango aptamer with a TO-biotin ligand and magnetic streptavi-

dine beads instead of a biotinylated ASO for the second puri�cation step. To test

this method for SSA4 -containing mRNPs the Mango aptamer was integrated into

the 3´UTR of SSA4 at three di�erent positions (Figure 5.6). The positions were

selected based on secondary structure prediction using the RNAfold WebServer

[Gruber et al., 2008, Lorenz et al., 2011]. While the expression of SSA4 from a

plasmid leads to a signi�cantly increased amount of SSA4 mRNA, the aptamer

does not change the mRNA levels of SSA4 determined by RT-qPCR. (Figure 5.6

B).

A test puri�cation of the three di�erent SSA4-Mango constructs in comparison to

an untagged SSA4 was performed. In this experiment CCW12 mRNA served as

negative control for RT-qPCR instead of PGK1 mRNA. While the integration of

the Mango aptamer at position 1 and 24 leads to no enrichment of SSA4 mRNA

over CCW12, the enrichment of the construct cantaining the Mango aptamer at

position 3 varies. A signi�cant enrichment over CCW12 mRNA and the negative

control could be achieved for none of the tested constructs (Figure 5.6 C). Similar
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to the ASO puri�cation, the proteins Cbp80, Npl3 and Yra1 could be detected

during Western blotting, but the signal shows no di�erence to the negative control

indicating unspeci�c protein binding (Figure 5.6 D).

To summarize, the puri�cation of SSA4 mRNA using the Mango aptamer from 2

l culture volume does not lead to a signi�cant enrichment of SSA4 mRNA.

Figure 5.6: The Mango aptamer could not be successfully used to purify
SSA4 mRNA-containing nuclear mRNPs. A Schematic representation of the
SSA4 3´UTR structure determined by the use of RNAfold WebServer [Gruber et al.,
2008, Lorenz et al., 2011]. The arrows mark the positions where the Mango aptamer
was integrated (P1 - P3). Created with BioRender.com. B Relative SSA4 mRNA levels
compared to WT after heat shock. RNA levels were determined by RT-qPCR. The data
represent the mean ± SD. The p-value was calculated using a student's t-test with ⋆ p <
0.05. C Enrichment of SSA4 mRNA over CCW12 after nuclear mRNP puri�cation using
the Mango aptamer. SSA4 without aptamer serves as negative control. The qPCR values
of all puri�cation steps of a representative puri�cation can be found in Supplement C.1.
D Representative Western blot for Mango puri�cation shown in C. Antibodies against
known nuclear mRNA-binding proteins were used. Pgk1 serves as negative control.
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Establishment of a nuclear mRNP puri�cation using

the MS2 aptamer

Puri�cation of nuclear mRNPs using the 12xMS2V6 aptamer

Since neither the ASO nor the Mango aptamer based puri�cation approach led

to a high enrichment of SSA4 mRNA over a control mRNA, another puri�ca-

tion strategy was needed. One concern was the accessibility of the packaged

mRNA for the ASO or ligand binding. Therefore, a strategy was tested where the

aptamer-binding protein was already coexpressed in the cell. To this purpose, the

12xMS2V6 aptamer was used. For establishing a nuclear, transcript-speci�c pu-

ri�cation based on the 12xMS2V6 aptamer the highly transcribed CCW12 mRNA

was used as CCW12 -containing mRNPs are highly abundant and no heat shock

needed to be carried out for each puri�cation. The aptamer consists of 12 repeats

of a modi�ed MS24 loop optimized for in vivo expression and microscopy [Tutucci

and Stutz, 2011]. The 12xMS2V6 aptamer, here after referred to as 12xMS2, was

integrated at three di�erent positions in the 3´UTR of CCW12 mRNA (Figure

5.7 A). In addition, a gene encoding a fusion protein of the Mbp, Mcp, a nuclear

localization sequence and a 3xHA tag was integrated into the LEU2 locus of the

genome under the control of a CYC1 promoter.

While the amount of CCW12 mRNA expressed from a plasmid (-) is signi�cantly

increased, the MS2 aptamer reduces the mRNA amounts detected by RT-qPCR

(Figure 5.7 B). A growth spot assay was performed to determine whether the

tagged CCW12 is still functional and the expression level su�cient (Figure 5.7

C). Deletion of the non essential gene CCW12 leads to a reduced growth at 30°C,

37°C and 25°C compared to the WT. The growth defect can be rescued by addition

of a CCW12 -containing plasmid. Also the addition of a plasmid containing a MS2

aptamer-tagged version of CCW12 can rescue the growth phenotype.

For the test puri�cation, nuclear mRNPs were enriched in a initial step by pu-

ri�cation of the nuclear CBC using TEV-proteinA tagged Cbp20. In a next step,

amylose resin was added to the TEV eluate to purify Mbp. The puri�cation leads

to an averaged enrichment of 34-91-fold of CCW12 mRNA over PGK1 depending

on the used construct. The highest enrichment could be reached by integrating

the MS2 tag at position 2 (Figure 5.7 D). Therefore, all following optimizations

were performed with this construct.
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Figure 5.7: CCW12 mRNA can be enriched using a MS2 based mRNP puri�-
cation. A Schematic representation of the secondary structure of the CCW12 3´UTR
determined by the use of the RNAfold WebServer [Gruber et al., 2008, Lorenz et al.,
2011]. Arrows indicate the positions where the 12xMS2 aptamer is inserted into the
3´UTR (Position 1 - 3). Created with BioRender.com. B Relative CCW12 mRNA lev-
els compared to the WT are shown. RNA levels were determined by RT-qPCR. The
data show mean ± SD. The p-value was calculated using a student's t-test with ⋆⋆ p <
0.01 and ⋆ ⋆ ⋆ p < 0.001. C The growth spot assay shows the in�uence of the di�erent
modi�cations and aptamers of the corresponding yeast strains. Cells were spotted in 4
serial 1:10 dilutions. Plates were incubated for 2 days at 30°C, 3 days at 37°C and 25°C
and 8 days at 16°C. D Enrichment of CCW12 mRNA over PGK1 after nuclear mRNP
puri�cation using the 12xMS2 aptamer. CCW12 without aptamer serves as negative
control. The qPCR values of all puri�cation steps of a representative puri�cation can be
found in Supplement D.1.
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Figure 5.7: E Representative Western blot for 12xMS2 puri�cation shown in D. The
Western blot shows the amount of puri�ed Mbp-Mcp-3xHA detected with an HA anti-
body. Antibodies against known nuclear mRNA-binding proteins were used. Pgk1 serves
as negative control.

In addition to the RNA puri�cation, the puri�cation of the Mbp-Mcp-3xHA pro-

tein was veri�ed using Western blotting (Figure 5.7 E). Only a minor signal was

detected in the negative control, while the CCW12-12xMS2 P2 variant led to

the highest yield of Mbp-Mcp-3xHA. Similar to the other puri�cation strategies,

unspeci�c protein signal can be observed for Cbp80, Nab2, Npl3 and Yra1.

Optimization of the 12xMS2 based nuclear mRNP puri�cation

The possibility of purifying an MS2 aptamer-tagged mRNA by Mbp-Mcp-3xHA in

a second puri�cation step relies on the assumption that all Mbp-Mcp-3xHA that

are not contained within a nuclear mRNP are removed during the �rst puri�cation

step. Since a band for Mbp-Mcp-3xHA is still visible in the negative control, the

protein abundance in the TEV eluate was analyzed using Western blot. It can

be seen that the expression of CCW12-12xMS2 indeed results in an increased

copuri�cation of Mbp-Mcp-3xHA, but a minor band is still visible in the negative

control (Figure 5.8 A).

To test whether an increased amount of Mbp-Mcp-3xHA would result in a higher

amount of copuri�ed mRNA ,the Mbp-Mcp-3xHA protein was expressed under the

control of a CYC1 (PCYC1) and NOP1 promoter (PNOP1). When Mbp-Mcp-3xHA

is expressed under control of PNOP1, the protein level signi�cantly increases by the

factor of 1.8 ± 0.2 (Figure 5.8 B, Supplement Figure D.2). The puri�cation was

performed with di�erent expression levels of Mbp-Mcp-3xHA and with denaturing

versus native elution. For the native elution, the sample was incubated with an

elution bu�er containing 15 mM maltose. The denaturing elution of a nuclear

CCW12-12xMS2 mRNP puri�cation led to an 85.2 ± 17-fold enrichment over

PGK1 mRNA. The expression of a higher amount of Mbp-Mcp-3xHA led to a

signi�cant reduction in CCW12-12xMS2 enrichment to 11.7 ± 4.2. For the native

elution, the signi�cant enrichment over PGK1 is reduced to around 25.5 ± 3.7

while the puri�cation with higher Mbp-Mcp-3xHA levels leads to no signi�cant

enrichment over the negative control as for the denaturing elution (Figure 5.8

C). The enrichment of the copuri�ed CCW12-12xMS2 mRNA corresponds to the

amount of puri�ed Mbp-Mcp-3xHA detected on the Western blot. The amount

of puri�ed Mbp-Mcp-3xHA is higher when expressed under the CYC1 promoter

and increased with the denaturing elution in comparison to the native elution.
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Generally, it can be observed that more unspeci�c protein binding occurs in the

negative control of the puri�cation where Mbp-Mcp-3xHA is expressed under the

NOP1 promoter.

Figure 5.8: Stronger Mbp-Mcp-3xHA expression hinders the CCW12-

12xMS2V6 nuclear mRNP puri�cation. A Representative Western blot showing
the copuri�cation of the Mbp-Mcp-3xHA protein with nuclear CBC during the �rst step
of a nuclear CCW12 mRNP puri�cation. Cbp80 serves as loading control. B Quanti�-
cation of the Mbp-Mcp-3xHA protein level when it is expressed under the control of the
CYC1 or NOP1 promoter. The data illustrates the mean ± SD. The p-value was deter-
mined using a student's t-test with ⋆ ⋆ ⋆ p < 0.001. C Enrichment of CCW12 mRNA
over PGK1 in the elution of a 12xMS2V6-based mRNP puri�cation. Comparison of the
di�erent promoters (B) and denaturing or native elution. The graph shows the mean ±
SD. The p-value was determined using a student's t-test with ⋆ p < 0.05 and ⋆⋆ p <
0.01.QPCR values of all puri�cation steps of a representative puri�cation can be found in
Supplement D.2. D Representative Western blot of the puri�cation from C. The Western
blot shown in the amount of puri�ed Mbp-Mcp-3xHA detected with an HA antibody.
Antibodies against known nuclear mRNA-binding proteins were used. Pgk1 serves as
negative control.
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The expression from the CYC1 promoter leads to an increased protein signal of

Npl3, Yra1 and Tho1 in comparison to the negative control without aptamer.

While the signals of Cbp80 are similar to the control, more Nab2 can be detected

in the negative control.

To reduce unspeci�c protein signals and further enhance enrichment of CCW12-

12xMS2, magnetic amylose beads were used. The results were compared to the

previously used amylose resin. It can be seen that the enrichment of CCW12-

12xMS2 over PGK1 is signi�cantly enriched over the negative control and seems

to be slightly higher than for the amylose resin (Figure 5.9 A). However, the relative

yield of both puri�cations is the same (Supplement D.1 C). The puri�cation using

magnetic beads reduced the amount of copuri�ed proteins Cbp80, Npl3 and Yra1

detected by Western blot. Nab2 can not be detected when magnetic beads are

used for the mRNP puri�cation. The magnetic beads puri�cation leads to less

unspeci�c protein signal in the negative control (Figure 5.9 B).

To verify if the puri�cation leads to complexes or only mRNA and single proteins,

a 24 l puri�cation was performed and the sample was analyzed using electron

microscopy together with Nataliia Stefanyshena and Janett Piesker (Max Plank

Institute for Heart and Lung Research). The sample was attached to alcian blue

treated grids and negative staining was performed with 1 % uranyl acetat. Particles

of the expected size could be observed (Figure 5.9 C). However, a similar pattern

was observed on an empty grid (Figure 5.9 D).

Taken together, the enrichment of CCW12 mRNA using a MS2 aptamer is possible

and leads to a speci�c copuri�cation of Cbp80, Npl3 and Yra1 protein. If the

particles observed by electron microscopy are CCW12 -containing nuclear mRNPs

remains elusive.
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Figure 5.9: The usage of magnetic beads improves purity of 12xMS2 based
puri�cation A Enrichment of CCW12 mRNA over PGK1 in the elution of a nuclear
mRNP puri�cation based on 12xMS2. Comparison of the usage of amylose resin or mag-
netic beads for the puri�cation. The graph shows the mean ± SD. The p-value was
determined using a student's t-test with ⋆ p < 0.05. The qPCR values of all puri�cation
steps of a representative puri�cation can be found in Supplement D.1. B Representa-
tive Western blot of the puri�cation shown in A. The Western blot shows the amount
of puri�ed Mbp-Mcp-3xHA detected with an HA antibody. Antibodies against known
nuclear mRNA-binding proteins were used. Pgk1 serves as negative control. C and D
EM picture of the elution sample of CCW12 mRNP puri�cation after native elution (C)
or water as negative control (D). Samples were applied to the alcian blue pretreated EM
grid and negatively stained with 1 % uranyl acetate. Picture was taken at a 50000 x
magni�cation.

Puri�cation of heat shock mRNPs using the 12xMS2-based puri�cation

To test whether the 12xMS2-based nuclear mRNP puri�cation can be used to

purify heat shock mRNA, the aptamer was integrated at the same positions of the

3´UTR as the Mango aptamer before (Figure 5.6 A). RNA levels were quanti�ed

using RT-qPCR. The levels of SSA4 mRNA are only signi�cantly reduced when

placing the aptamer at position 2 (Figure 5.10 A). All three constructs were used

for a test puri�cation using amylose resin.
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Figure 5.10: A ∆rip1 strain yields the highest enrichment during puri�cation of
nuclear SSA4 mRNPs using the 12xMS2V6 aptamer. A Relative SSA4 mRNA
levels compared to WT after heat shock. RNA levels were determined by RT-qPCR.
Shown is the mean ± SD. The p-value was calculated using a student's t-test with ⋆ p
< 0.05.
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Figure 5.10: B Representative Western blot showing the copuri�cation of the Mbp-
Mcp-3xHA protein with nuclear CBC during the �rst step of a nuclear SSA4 mRNP
puri�cation. Cbp80 serves as loading control. C and E Enrichment of SSA4 mRNA
over CCW12 after nuclear mRNP puri�cation using the 12xMS2 aptamer in a two-step
and one-step puri�cation, respectively. SSA4 without aptamer serves as negative control.
The qPCR values of all puri�cation steps of a representative puri�cation can be found in
Supplement D.3. D and F Representative Western blot for 12xMS2 puri�cation shown
in C and E. The Western blot shows the amount of puri�ed Mbp-Mcp-3xHA detected
with an HA antibody. Antibodies against known nuclear mRNA-binding proteins were
used. Pgk1 serves as negative control.

In the test puri�cation the TEV eluate shows no clear di�erences in copuri�ed

Mbp-Mcp-3xHA levels between the samples with and without 12xMS2 aptamer

(Figure 5.10 B). In the elution sample, a minor enrichment of SSA4 mRNA over

CCW12 mRNA could be achieved. However, the di�erence to the negative control

is not signi�cant (Figure 5.10 C). The protein levels of copuri�ed Cbp80, Nab2,

Npl3 and Yra1 are similar to the negative control except of a higher amount of

Nab2 and Yra1 for integration of the aptamer at position 2. No clear bands for

the Mbp-Mcp-3xHA protein could be detected.

Since no increased amount of Mbp-Mcp-3xHA over the negative control could be

detected, a one-step puri�cation was tested. The idea was to use a ∆rip1 strain,

which mainly contains nuclear heat shock mRNAs, as they cannot be exported

properly from the nucleus (Figure 5.2 B and C). The gene encoding Mbp-Mcp-

3xHA was inserted into the Leu locus. Genomic SSA4 was deleted and replaced

using a plasmid encoding SSA4 in the ∆rip1 MBP-MCP-3xHA strain. The mag-

netic amylose beads were added directly to the cleared lysate, washed and eluted.

The puri�cation resulted in 51.5 ± 5.2 times more SSA4-12xMS2 than CCW12

mRNA. If the puri�cation was performed in a strain possessing Rip1, which can

properly export heat shock mRNAs, the enrichment of SSA4-12xMS2 was much

higher (Figure 5.10 E). The amount of puri�ed Mbp-Mcp-3xHA is lower in the

∆rip1 strain with SSA4-12xMS2 than for both controls. The Yra1 level is similar

to the negative control and the Nab2 and Npl3 bands are very faint. The positive

control still expressing Rip1 shows a much stronger copuri�cation of Nab2, Npl3

and Yra1 than the other samples (Figure 5.10 F).

In summary, even though the puri�cation of nuclear CCW12 -containing mRNPs

using the MS2-based approach appears promising for heat shock-speci�c transcript

that is not the case. Only a one-step puri�cation yields promising results. How-

ever, either all SSA4 transcripts were enriched or a mutant altering mRNA export

was used. Therefore, the puri�cation of nuclear, stress-speci�c mRNPs for struc-

ture determination will be paused until further results can be achieved with the

CCW12 -containing, nuclear mRNP puri�cation.
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Cross-linking of heat shock mRNPs

Di�erent publications state that known mRNA export factors are not essential for

the export of heat shock mRNAs [Rollenhagen et al., 2007, Zander et al., 2016].

Above, di�erent strategies for a native puri�cation of nuclear heat shock mRNPs

were tested. None of the tested methods could reach an enrichment similar to the

yield that was achieved in a CCW12 mRNP puri�cation. Therefore the aim of

this study was shifted to the identi�cation of the proteins that constitute a nuclear

heat shock mRNP to identify the proteins that are involved in the export of heat

shock mRNPs.

Many methods were established in the recent decades to identify mRNA-binding

proteins using a combination of cross-linking and stringent puri�cation conditions.

In this study, three di�erent methods were tested: tandem RNA isolation proce-

dure (TRIP) [Matia-González et al., 2017], comprehensive identi�cation of RNA-

binding proteins (ChIRP) [Chu et al., 2011, 2015] and RNA antisense puri�cation

coupled with MS (RAP-MS) [McHugh et al., 2015, McHugh and Guttman, 2018].

All of them had to be slightly altered to adjust them to the di�erent organism

and to focus on nuclear mRNPs. For the RAP-MS method, Table 5.3 shows the

di�erences made in comparison to the original protocol [McHugh and Guttman,

2018].

Table 5.3: Overview of changes applied to the RAP-MS protocol [McHugh
and Guttman, 2018] to test the method for the identi�cation of nuclear heat
shock mRNA-binding proteins. Changes were applied for the �rst test of the
method.

RAP-MS (RNAi) major adaptations RAP-MS

UVcross-linking Chemical cross-linking
90nt ASOs cover whole target
(DNA)

One 20 nt ASO (RNA)

Prepare nuclear lysate (cell culture) First step nuclear mRNP enrich-
ment using Cbp20-TAP

Harsh hybridization bu�er: LiCl,
DDM, SDS, sodium deoxycholate,
urea, TCEP

No DDM (only �rst try, later added)

Puri�cation at 67°C Puri�cation at 50°C for shorter RNA
ASO

Protein elution using benzonase Denaturing protein elution

First, chemical cross-linking at 42°C using glutaraldehyde (GA) was used instead

of UV cross-linking. First experiments were performed with the 2´O-methylated

RNA ASO8 for SSA4 instead of a DNA ASO mix. Therefore, the annealing tem-

perature had to be adjusted for the much shorter ASO. The adjustments and test
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puri�cation for the other two approaches can be found in the Supplement (ChIRP:

Table E.2 and Figure E.2 , TRIP: Table E.1 and Figure E.1). Since the test puri�-

cation did not yield promising results, further experiments in this section focused

on the RAP-MS approach.

To cross-link RNA-protein complexes a 15 min heat shock was performed, followed

by a cross-linking step at 42°C. Afterwards, a two step puri�cation was performed

as described for the native ASO puri�cation. After the puri�cation of the nuclear

CBC, the TEV eluate was mixed with a denaturing hybridization bu�er and the

ASOs. The sample was incubated for 2 h at high temperature, the beads were

washed and the RNA and proteins were eluted at 95°C. The enrichment of SSA4

mRNA over the CCW12 control reached in the �rst puri�cation is 38.6 ± 26.6.

However, this result was not very reproducible during the �rst puri�cations (Fig-

ure 5.11 A). Copuri�cation of cross-linked proteins was analyzed using a Dot blot

instead of a Western blot since the cross-linked protein complexes could not be

separated on SDS-PAGE. As for the previous ASO puri�cation, the protein copu-

ri�cation is similar to the negative control (Figure 5.11 B).

To test whether a mix of di�erent 90mer DNA ASOs as used in the original method

[McHugh and Guttman, 2018] could reach a higher enrichment of mRNA, 90mer

DNA ASOs were ordered. The 21 ordered ASOs for SSA4 were mixed. In addi-

tion, a mix of all odd and all even numbered ASOs was generated. The DNA ASO

mixes were compared to the puri�cation with the RNA ASO8 for SSA4. The pu-

ri�cation using ASO8 improved in comparison to the �rst 90mer DNA ASO tests

and reached an enrichment over CCW12 of 79,1 ± 7.1. This is signi�cantly higher

than the enrichment reached using the ASO DNA mixes leading to an enrichment

below 5. Moreover, a puri�cation with ASOs for CCW12 was performed. A very

high enrichment of CCW12 mRNA over PGK1 could be observed (Figure 5.11

D). Even though it has a high SD, this appeared to be very promising. Since the

enrichment of CCW12 over PGK1 was 1000-fold higher than the enrichment of

SSA4 mRNA over CCW12, the enrichment of SSA4 over PGK1 was also deter-

mined (Figure 5.11 E). The enrichment of SSA4 mRNA for the mix containing all

DNA ASOs is around 3621.9-fold and the odd and even mix led to an enrichment

of 2262.8 and 877, respectively. ASO8, which had the highest enrichment over

CCW12, shows only a minor increase over PGK1. This shows that the enrichment

of SSA4 over PGK1 is much higher than the enrichment over CCW12. The en-

richment of SSA4 over other heat shock and highly transcribed mRNAs is similar

to the enrichment over PGK1 mRNA and can be found in Supplement E.4. The

great changes in puri�cation levels observed on RNA level cannot be seen in pro-

tein level. The Dot blots for all tested proteins look similar for all samples (Figure

5.11 F).
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Figure 5.11: RAP method can be used to purify SSA4 mRNA A Enrichment of
SSA4 mRNA over CCW12 after cross-linking and nuclear mRNP puri�cation using the
modi�ed RAP method. A SSA4 deletion strain served as negative control. The qPCR
values of all puri�cation steps of a representative puri�cation can be found in Supplement
E.3.
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Figure 5.11: B Representative Dot blot for the puri�cation shown in A. Antibodies
against known nuclear mRNA-binding proteins were used. Pgk1 serves as negative con-
trol. C and E Enrichment of SSA4 mRNA over CCW12 or PGK1 after cross-linking
and RAP puri�cation, respectively. Di�erent ASOs were tested: SSA4 all: Mix of 21
90mer DNA ASOs covering the whole transcript; SSA4 odd: Mix of DNA ASOs with
odd numbers; SSA4 even: Mix of DNA ASOs with even numbers; CCW12 all: Mix of 5
90mer DNA ASOs covering the whole transcript; ASO1 and ASO8: 2'O-Methylated RNA
ASOs also used for native puri�cation. D Enrichment of CCW12 mRNA over PGK1
after cross-linking and RAP puri�cation. A mix of 5 DNA ASOs was compared with
ASO1 for CCW12 puri�cation. B Representative Dot blot for the puri�cation shown in
C-E. Antibodies against known nuclear mRNA-binding proteins were used. Pgk1 serves
as negative control.

Figure 5.12: No RNA-binding proteins can be detected using Western blotting
for cross-linked proteins. Representative Western blot for cross-linked proteins of the
TEV and RAP eluate. For the Wet blot both the 4 % stacking and 6 % separating gel
were used and proteins were transferred for 2.45 h. Antibodies for Cbp80 and Sub2 were
used. Mex67-3xHA was detected using a HA antibody.

Taken together, the puri�cation of the SSA4 mRNA using the RAP method with

all 21 ASOs leads to the highest enrichment of SSA4 mRNA but it also shows the

lowest reproducibility. However, further analysis is required to verify the copuri�-

cation of mRNA-binding proteins.

In the original method [McHugh and Guttman, 2018], the proteins were eluted

using benzonase treatment. In a next step, the elution using an RNase mix was

tested. The protein samples were used for a Wet Blot with a 2.45 h transfer to

see whether cross-linked proteins stuck in the pocket or the stacking gel could

be detected. Uncross-linked proteins could be detected in the TEV eluate. In

addition, some smear or higher molecular weight bands appeared, which might
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be cross-linked proteins since they were only observed in lysate samples treated

with GA (Supplement Figure E.5). For the elution sample non-reproducible signal

could be detected (Figure 5.12).

A larger puri�cation of 12 l culture was performed, cross-linked with two di�erent

GA concentrations and the elution was analyzed by MS. Many proteins could be

detected, but the majority of them only with a low amount of measured peptides

and a low coverage. The found proteins were divided in 3 categories shown in

Venn-diagrams for each GA concentration (Figure 5.13 A). Unique proteins are

not found in the negative control where SSA4 is deleted (white). Proteins iden-

ti�ed in both the sample and the negative control and proteins only found in the

negative control are colored in dark and light gray, respectively. For both tested

GA concentrations, the number of identi�ed proteins in the three classes is similar.

Only 17 of the unique proteins were found in both GA concentrations (Figure 5.13

B). Based on annotations, for most of the proteins an involvement in the heat

shock mRNA export seems unlikely. Known mRNA export factors like Sub2 and

Yra1 were found in both samples (Supplement Figure E.7).

To give a brief summary, the puri�cation of cross-linked heat shock mRNAs using

the RAP method is possible. Further comparative MS analysis will be needed for

the identi�cation of heat shock mRNA-binding proteins.
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Figure 5.13: RAP-MS results after mass spectrometry of test samples A Venn-
diagram visualizing the distribution of proteins identi�ed by MS for the tested samples
and glutaraldehyde (GA) concentrations. B Proteins found in the 0.07 % GA cross-linked
sample that were also identi�ed in the 0.05 % sample. The proteins were not identi�ed
in one of the negative controls (category unique).
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Investigation of the mRNA export block

mechanism during heat stress

Is the mRNA export block a conserved mechanism

to cope with stress?

As discussed earlier, during heat stress bulk poly(A)-RNA accumulates within the

nucleus whereas stress-speci�c transcripts are exported. It is not clear how these

di�erent processes occur. First, the question arose whether the RNA export block

is a general mechanism in all stress conditions. To investigate this, a FISH was

performed for heat shock, hyperosmotic stress, ethanol stress, hypoosmotic stress,

rapamycin treatment, oxidative stress (by arsenitee treatment), unfolded protein

response (UPR) (due to DTT treatment) and glucose and nitrogen starvation.

Oligo(dT)-Cy3 was used to stain the poly(A)-RNA (red) and DAPI to stain the

DNA and thereby mark the nucleus (blue). For the untreated WT control, the

poly(A)-RNA signal is distributed throughout the cell, with the exception of

vacuoles. Heat shock, hyperosmotic stress, ethanol stress and hypoosmotic stress

(Figure 5.14 upper panel) lead to an obvious accumulation of nuclear poly(A)-

RNA signal, which was already known before for heat shock, hyperosmotic and

ethanol stress [Saavedra et al., 1996]. The other stress treatments showed no

visible mRNA export block (Figure 5.14 lower panel).

The result was further validated by quanti�cation of the obtained Oligo(dT) signal

using a semi-automated quanti�cation protocol that was established together

with Dr. Cornelia Kilchert (Figure 5.15 A). After microscopy, the cell and the

nucleus can be de�ned semi-automated using the Oligo(dT)-Cy3 and DAPI

signal, respectively. Cells which do not have a assigned nucleus are excluded

from the analysis. Afterwards, Fiji ImageJ measures the mean �uorescence of the

Oligo(dT)-Cy3 signal within the cell, nucleus and cytoplasm. The calculation and

visualization of the nuclear/cytoplasmic ratio was performed with the analysis

software R. Quanti�cation was done on a triplicate FISH experiment including

at least 100 cells if not stated otherwise. This data analysis allows the detection

of minor changes in the poly(A)-RNA distribution not visible by eye on the

microscopy images. The quanti�cation of all stress conditions shown previously

was performed. While arsenite and DTT treatment resulted in a mild decrease of

nuclear mRNA, glucose and nitrogen starvation lead to a minor but signi�cant

poly(A)-RNA accumulation in the nucleus.

Since Carmody et al. [2010] published that the deletion of the Slt2 kinase prevents
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the mRNA export block during heat stress, the impact of this mutant on the

response to various stress conditions was tested. The heat shock-treated ∆slt2

strain served as positive control. The untreated ∆slt2 strain already shows a

minor decrease in the nuclear/cytoplasmic mean �uorescence signal (N/C ratio) in

comparison to the WT sample (Figure 5.15 C). The N/C ratio is strongly reduced

in ∆slt2 in comparison to the WT during heat shock. For hyperosmotic stress, no

signi�cant change was observed. In contrast, for ethanol and hypoosmotic stress,

the N/C poly(A)-RNA ratio shows a signi�cant reduction for ∆slt2 in comparison

to the WT.

Figure 5.14: Not all stress treatments tested lead to nuclear poly(A)-RNA accu-
mulation. Representative microscopy images of FISH performed for several stress condi-
tions. The DNA is stained with DAPI (blue) and the poly(A)-RNA using Oligo(dT)-Cy3
(red). The stress conditions indicated are performed as described in Table 7.13. The scale
bar corresponds to 5 µm.
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Figure 5.15: Quanti�cation allows identi�cation of more changes in poly(A)-
RNA distribution A Schematic representation of the quanti�cation process of mi-
croscopy images. B Quanti�cation of Oligo(dT) FISH for di�erent stress conditions
in WT or C comparing WT and ∆slt2. The graphs show a box plot diagram of nu-
clear/cytoplasmic mean �uorescence for the tested conditions. The stress treatments
indicated are performed as described in Table 7.13. Each quanti�cation consists of three
experiments with a total of ≥ 300 cells. The p-value was calculated using a Welch t-test
with ⋆ ⋆ ⋆⋆ p < 0.0001.

Nab2 phosphorylation was identi�ed for most tested stress treatments

For all stress conditions tested above, Nab2 phosphorylation was analyzed by

Western blot as Slt2-dependent Nab2 phosphorylation was observed upon heat

stress and might play a role in mediating the mRNA export bock. Phosphory-

lated Nab2 migrates more slowly through the gel and is therefore visible as an

additional band running above the non-phosphorylated Nab2. These additional

Nab2 band vanishes after phosphatase treatment [Carmody et al., 2010]. Nab2
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phosphorylation can be observed for all stress conditions that lead to a strong

poly(A)-RNA export block (Figure 5.16 A). For glucose and nitrogen starvation,

no hiher-running band is detectable instead, Nab2 levels decrease compared to the

control grown in minimal media (SDC) (Figure 5.16 B). Upon rapamycin treat-

ment, the shifted band is very pronounced, but only weakly visible after arsenite

and DTT treatment, suggesting that phosphorylation levels vary depending on

the stress. In addition, no export block was observed for any of these conditions.

The phosphorylation of Nab2 does not always correlate with the phosphorylation

of Slt2, which was detected using a speci�c antibody for Slt2 phosphorylation. To

examine further under which conditions the Nab2 phosphorylation is dependent

on Slt2 stress treatment was performed in a ∆slt2 strain (Figure 5.16 C-E).

For heat shock, a reduction in Nab2 phosphorylation can be observed (Figure

5.16 C). For rapamycin, arsenie and DTT treatment (Figure 5.16 D) and for

hypoosmotic stress, the Nab2 phosphorylation disappears completely (Figure 5.16

E). Interestingly, for hyperosmotic stress the phosphorylation stays the same even

if Slt2 is deleted.

Figure 5.16: Nab2 phosphorylation can be observed upon many stress treat-
ments A and B Representative Western blots showing the change in Nab2 phospho-
rylation. An antibody against Nab2 and phosphorylated Slt2 is used. Pgk1 serves as
loading control. C - E Representative Western blot to identify the Slt2 dependency of
Nab2 phosphorylation by comparing the WT with the ∆slt2 strain. An antibody against
Nab2 is used. Pgk1 serves as loading control.
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Altogether, many stress conditions lead to a mild or strong poly(A) mRNA export

block. In addition, many stress conditions cause phosphorylation of Nab2. How-

ever, these two observations do not appear to be dependent on each other. Also,

no correlation between the activation of Slt2 and the mRNA export block could

be detected (Table 5.4).

Table 5.4: Analysis of Slt2-dependency of mRNA export block and Nab2
phosphorylation for various stress treatments. Summary of the results shown
in Figure 5.14, 5.15 and 5.16. ++ strong e�ect, + detectable e�ect, - no e�ect

Stress condition mRNA export block Nab2 phosphorylation
WT ∆slt2 WT ∆slt2

Heat stress ++ - ++ -
Hyperosmotic stress ++ ++ ++ ++
ethanol treatment ++ + + -
Hypoosmotic stress ++ + + -
rapamycin - ++ -
arsenite - + -
DTT - + -
glucose starvation + -
nitrogen starvation + -

Identi�cation of phosphosites on potential mRNA

export regulators during heat and hyperosmotic

stress

It was shown that Nab2 phosphorylation alone is not responsible for the mRNA

export block during heat stress [Carmody et al., 2010]. However, since no mRNA

export block is observed in ∆slt2 upon heat shock maybe other targets of this

kinase beside Nab2 are involved in mediating the mRNA export block. To identify

other proteins phosphorylated by Slt2 during heat stress, a phosphoproteome

analysis was performed. A WT and ∆slt2 mutant were grown at 30°C or a 1 h

heat shock was performed at 42°C. In addition, a hyperosmotically stressed WT

was added to analyze if the same residues are phosphorylated for both stress

conditions that cause an mRNA export block. The phosphoproteome analysis

was performed by the lab of Prof. Dr. Johannes Graumann.

A volcano plot shows the log2 fold change of ∆slt2 over the WT sample after heat

stress (Figure 5.17 A). The distribution of the volcano plot shows more changes in

phosphorylation with a negative log2 fold change (log2FC) than with a positive.

This indicates a lower level of residue phosphorylation if the kinase Slt2 is not

present.
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Other components of the cell wall integrity pathway are shown in red. Proteins

possessing phosphorylation sites known to be regulated by the CWI pathway

based on a phosphoproteome analysis with protein kinase C overexpression

are depicted in blue [Mascaraque et al., 2013]. In addition, some of the top

di�erentially phosphorylated residues belong to proteins which are known to be

phosphorylated by Slt2 like RCN2 and Nup145 [Alonso-Rodríguez et al., 2016,

Mascaraque et al., 2013].

Pie charts show to which biological processes the proteins with changed phospho-

rylation state belong (Figure 5.17 B). If comparing the amount of di�erentially

phosphorylated residues assigned to biological processes for heat stress and

additional deletion of Slt2 both datasets show a very similar distribution. An

exception is a decrease in proteins involved in ribosome biogenesis if Slt2 is

deleted. However, if Slt2 is deleted during heat stress a di�erent distribution can

be observed for phosphorylated and non-phosphorylated sites (Figure 5.17 C,

Supplement Figure G.2 B). More proteins belonging to cytoskeleton organisation

and transmembrane transport are phosphorylated if Slt2 is absent. Also the

percentage of phosphorylated proteins involved in DNA replication and amino

acid metabolic processes is increased. In contrast, phosphorylation levels tend to

decrease for proteins associated with vesicle mediated transport and chromatin

organization.

Taken together, the deletion of SLT2 causes a reduction in phosphorylated

residues due to heat shock. Biological processes and proteins known to be

in�uenced by Slt2 could be identi�ed in the generated dataset. Therefore, the dif-

ferentially phosphorylation of residues upon heat shock and their Slt2-dependency

can be further analyzed.
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Figure 5.17: Changes in the phosphoproteome upon deletion of Slt2 during
heat stress A Volcano plot showing the log2 fold change (log2FC) of the level of phos-
phorylation occupancy of individual phosphosites in a ∆slt2 mutant over the WT during
heat shock against the -log(fdr). Cell wall integrity pathway components and proteins
that are known Slt2 targets are shown in red and blue, respectively [Mascaraque et al.,
2013]. B and C Pie chart showing the percentages of residues with changed phosphoryla-
tion belonging to proteins of several biological processes. One protein can be associated
with several biological processes. The residues of the category "others" could not be
assigned to any of the other categories.
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To identify proteins that are phosphorylated upon heat stress and might be in-

volved in mediating the mRNA export block the data set was compared with a pro-

tein list containing proteins linked to mRNA export (GO:0006406) [The UniProt

Consortium, 2021]. In a second step, the changed phosphorylation status of mRNA

export factors in the heat shocked ∆slt2 mutant was analyzed for mRNA export

factors. The aim of this analysis was the identi�cation of phosphosites involved in

altered mRNA export under stress and the identi�cation of a subset of proteins

linked to mRNA export that are phosphorylated in a Slt2-dependent manner. An-

alyzed where either the TREX proteins (red), other mRNP components (Nab2,

Npl3, Tho1)(blue), proteins of the NPC (purple) or the remaining export fac-

tors (GO:0006406)(other export factors, cyan) [The UniProt Consortium, 2021].

Other export factors are contained within GO:0006406 but are neither TREX

components, Nab2, Npl3, Tho1 or NUPs. Examples of this category are Gfd1 and

Pin4. Phosphorylated residues contained within these proteins were colored in a

volcano plot showing the phosphorylation change upon heat stress (Figure 5.18

A). Many residues show a change in phosphorylation under stress which have a

link to mRNA export (GO:0006406) [The UniProt Consortium, 2021]. From all

TREX components 4 residues have a -log(fdr) greater than 2.5. But the majority

of di�erentially phosphorylated residues can be found in NPC proteins. For the

deletion of Slt2 during heat stress, the top candidates are highlighted in the vol-

cano plot Figure 5.18 B. If Slt2 is deleted, a residue of the TREX component Yra1

with a signi�cantly decreased level of phosphorylation can be seen in red. Other

Slt2-dependent changes of phosphorylation status during heat shock are observed

for amino acids of NPC proteins like Nup145, Nup159 and Dbp5 (purple). Besides

these other proteins of the nuclear basket show a massive change of phosphoryla-

tion if Slt2 is deleted (Nup60, Nup1, Nup2, Mlp1).

To compare whether heat and salt stress a�ect the phosphorylation pattern in a

similar way, a heatmap was generated for di�erentially phosphorylated residues

residues within proteins that have been linked to mRNA export (Figure 5.19). If

comparing the �rst two rows, it is clear that the change of phosphorylation is very

di�erent between the two stress conditions. No obvious similar pattern can be

observed. For hyperosmotic stress, a strong increase in phosphorylation levels can

be seen for several residues whereas heat shock seems to lead to a stronger overall

reduction in phosphorylation. The ∆slt2 mutant compared to the WT during

heat stress shows mostly slight e�ects in di�erentially phosphorylation with the

exception of some strongly decrease level of phosphorylation of residues within

NUPs.
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Figure 5.18: Many mRNA export related proteins have residues with changed
phosphorylation upon heat stress A Volcano plot showing the log2 fold change of
the phosphorylation sites of the WT during heat shock against the -log(fdr). B Volcano
plot showing the log2 fold change of the phosphorylation sites of the ∆slt2 mutant over
the WT during heat stress against the -log(fdr). Proteins involved in mRNA export are
colored as shown in the �gure legend. The residues with the most signi�cant change
in phosphorylation in the ∆slt2 mutant are highlighted with the corresponding protein
names.
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Figure 5.19: Heat shock and hyperosmotic stress show di�erent changes in
phosphorylation of export factors Heatmap displays the change in phosphorylation
upon heat stress (WT42◦C-WT30◦C), salt stress (WTss-WT30◦C) and in the∆slt2 mutant
during heat stress (∆slt2 42◦C-WT42◦C) for all signi�cant changes (fdr < 0.05).
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In�uence of di�erentially phosphorylation of phos-

phopreoteome candidates on the mRNA export

block during heat stress

Phosphorylation of Yra1 enhances protein levels and mRNA retention

during heat stress

The TREX complex couples mRNA transcription and export. It could be deter-

mined that two components, Yra1 and Hpr1, are di�erentially phosphorylated

under heat stress. Yra1 has two amino acids that are phosphorylated upon heat

stress, S8 and S142 (Figure 5.20 A). The phosphorylation of S8 is decreased in

the ∆slt2 mutant. During hyperosmotic stress three residues are di�erentially

phosphorylated, the residues S142 and S211 are phosphorylated and S149 is less

phosphorylated. The phosphorylation sites within the C- and N-box can be found

in regions known to be involved in the interaction with Sub2 and Mex67 [Sträÿer

and Hurt, 2001], while S142 is located within the RRM domain, which is known

for binding to Nab2 [Iglesias et al., 2010] (Figure 5.20 A). Yra1 was also one of

the proteins that showed di�erences in the protein level in the phosphoproteome

dataset. A fold change of 0.48 was determined for the ∆slt2 mutant at 42°C over

the heat shocked control. The change in protein level could be veri�ed using a

quantitative WB at 30°C and 42°C (Figure 5.20 B). The mutant shows a reduction

of the relative Yra1-3xHA protein level to 0.55 ± 0.08 at 30°C and a further

decrease to 0.24 ± 0.05 after heat stress. To determine whether the reduced

protein level is a result of the changed phosphorylation pro�le of Yra1, mutants

were generated that either prevent phosphorylation by mutation to an alanine (A)

or a phosphomimicry was generated by mutation to an aspartic acid (D). None of

the mutations caused any growth defect in a spot assay (Supplement Figure H.1

A). The phosphomimicry single mutants yra1-S8D-3xHA and yra1-S142D-3xHA

lead to an increased protein level of Yra1 during heat stress (Figure 5.20 C).

However, preventing the phosphorylation of these residues did not alter protein

levels compared to the control. Furthermore, the yra1-S211A-3xHA mutant shows

a signi�cant increase in protein levels while the corresponding phosphomimicry

does not. For the yra1-S8A-S142A double mutant, a reduction of Yra1 protein

level can be observed at 30°C (Supplement Figure H.2) and at 42°C (Figure 5.20

D). However, only the reduction during heat stress was signi�cant. Mutations of

the amino acids phosphorylated during hyperosmotic stress causes no signi�cant

change in protein level upon heat stress.
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Figure 5.20: Yra1 levels are dependent on its phosphorylation status A Schematic
representation of Yra1 and the di�erent stress-induced phosphorylation phosphorylated
upon heat stress (red), hyperosmotic stress (blue) or both (green). Indicated are known
Yra1 interaction sites and Slt2 dependency deduced from the phosphoproteome data.
B Quanti�cation the relative Yra1-3xHA protein level in presence and absence of Slt2
determined by Western blot. Representative Western blot can be found in Supplement
Figure H.1. C and D Relative Yra1-3xHA protein levels for the di�erent Yra1 mutants
preventing or imitating phosphorylation after 1 h heat shock at 42°C. Representative
Western blot can be found in Supplement Figure H.2. Quanti�ed protein levels are
shown as mean ± SD. The p-value was calculated using a student's t-test with ⋆ p <
0.05, ⋆⋆ p < 0.01 and ⋆ ⋆ ⋆ p < 0.001.

To investigate whether the phosphorylation pro�le has an impact not only on Yra1

protein levels but on the nuclear mRNA export block, a FISH was performed at

30°C and after 1 h at 42°C (Figure 5.21 A and B, Supplement H.3). As described

above, quanti�cation was performed. For yra1-S8A, a signi�cant reduction in the

N/C ratio was detected during heat shock, indicating a reduced mRNA export

block. No signi�cant di�erence was observed for the yra1-S142A and the yra1-

S211A compared to the control.
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Figure 5.21: Yra1 phosphosite mutation in�uences the poly(A)-RNA export
block during stress treatment Quanti�cation of Oligo(dT) FISH for di�erent Yra1
mutants with and without heat (A and B) and hyperosmotic stress treatment (C). The
graphs show a box plot diagram of nuclear/cytoplasmic mean �uorescence for the tested
strains. The stress conditions indicated are performed as described in Table 7.13. Each
quanti�cation consists of three experiments with a total of ≥ 300 cells. The p-value was
calculated using a Welch t-test with ⋆⋆⋆ p < 0.001 and ⋆⋆⋆⋆ p < 0.0001. Representative
FISH images can be found in Supplement Figure H.3 and H.4.

The yra1-S8A-S142A double mutant led to a signi�cantly reduced N/C ratio in

comparison to the control but no signi�cant di�erence was detected compared to

the yra1-S8A single mutant.

During hyperosmotic stress, both yra1-S142A and yra1-S211A single mutants re-

sult in a reduction of the N/C ratio in comparison to the control (Figure 5.21 C,

Supplement H.4). The corresponding double mutant behaves similar to the yra1-

S142A single mutant and no signi�cant di�erence can be observed between these

two mutants.

Take together, three phosphorylation sites were identi�ed for Yra1 in the phospho-

proteome dataset. S8 and S142 are phosphorylated during heat and S142 and S211

during hyperosmotic stress. Preventing the phosphorylation of Yra1 during heat
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shock with a yra1-S8A-S142A mutant led to reduced protein levels and a reduction

in mRNA retention. Mutation of S142 to A led to an reduced N/C poly(A) RNA

ratio during hyperosmotic stress.

To determine whether the export block can be further decreased by combining

mutants of di�erent export adapters, the yra1-S8A-S142A was combined with a

nab2-T178A-S180A. In this study, the known Nab2 phosphorylation sites identi-

�ed by Carmody et al. [2010] could not be found. Only minor log2 fold changes

could be observed for changes of the phosphorylation status in Nab2 residues.

However, a Slt2-independent phosphorylation site (S254) was identi�ed (Figure

5.22 A). Nab2-T178A-S180A was used before for heat shock FISH and an mRNA

export block could still be observed on the microscopy images [Carmody et al.,

2010]. However, a quanti�cation of the heat shock FISH showed a signi�cant re-

duction in N/C ratio (Supplement Figure H.6). No signi�cant di�erence could be

found between the nab2-T178A-S180A and the nab2-T178A-S180A-S254Amutant

including the Slt2-independent phosphosite identi�ed in our phosphorproteome

dataset. Combination of yra1-S8A-S142A with nab2-178A-S180A does not de-

crease nuclear poly(A)-RNA retention during heat stress further compared to the

yra1-S8A-S142A mutant alone (Figure 5.22 B, Supplement H.6 B). In addition,

it should be mentioned that the strain carrying both mutations (yra1-S8A-S142A

nab2-T178A-S180A) already shows a signi�cant increase in N/C ration compared

to the control at 30°C.

In summary, combination the two mRNA export adaptor mutants, yra1-S8A-

S142A and nab2-T178A-S180A, is not su�cient to prevent the mRNA export

block during heat stress.
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Figure 5.22: Combination of yra1-S8A-S142A and nab2-T178A-S180A leads
to no further reduction in nuclear poly(A) accumulation upon heat shock A
Schematic representation of Nab2 and the sites that are di�erentially phosphorylated
upon heat and hyperosmotic stress (green). Indicated are known Nab2 interaction sites
and Slt2-dependent phosphosites identi�ed by Carmody et al. [2010] (black). B Quanti�-
cation of Oligo(dT) FISH for the combination of Yra1 mutants with Nab2 mutants with
and without heat stress. The graph shows a box plot diagram of nuclear/cytoplasmic
mean �uorescence for the tested mutants. Each quanti�cation consists of three experi-
ments with a total of ≥ 300 cells. The p-value was calculated using a Welch t-test with ⋆⋆
p < 0.01 and ⋆⋆⋆⋆ p < 0.0001. Representative FISH images can be found in Supplement
Figure H.6.

A Hpr1 phosphomimicry mutant enhanced the mRNA export block

during heat stress

Another protein of the TREX complex which shows a strong change in its phos-

phorylation pro�le upon heat stress (reduced level of phosphorylation, Figure 5.18

A) is Hpr1. During heat stress, the phosphorylation at residue S673, S675 and

S694 is decreased (Figure 5.23 A). In contrast to Yra1, the change in phospho-

rylation is not dependent on Slt2 but for 2 out of 3 sites it can be observed for
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heat as well as hyperosmotic stress. To prevent the reduction in phosphorylation

upon heat stress, two phosphomimetic mutants hpr1-S673D, hpr1-S673D-S675D

and one mutant that prevents phosphorylation hpr1-S694A were generated and

tested for changes in protein level and an in�uence on mRNA export block during

heat stress. For none of these three mutants could a signi�cantly changed protein

level be observed (Figure 5.23 B).

Figure 5.23: Hpr1-S673D mutation leads to an increased poly(A)-RNA export
block during heat stress A Schematic representation of changes in Hpr1 phosphory-
lation pattern upon stress treatment as identi�ed in our phosphoproteome dataset. In-
dicated are known sites of posttranslational modi�cations (PTM) of Hpr1 [Bretes et al.,
2014]. B Relative Hpr1-3xHA protein levels for the di�erent Hpr1 mutants after 1 h
heat shock at 42°C. Quanti�ed protein levels are shown as mean ± SD. C Quanti�ca-
tion of Oligo(dT) FISH for di�erent Hpr1 mutants with and without heat stress. The
graph shows a box plot diagram of nuclear/cytoplasmic mean �uorescence for the tested
mutants. Each quanti�cation consists of three experiments with a total of ≥ 300 cells.
The p-value was calculated using a Welch t-test with ⋆ ⋆ ⋆⋆ p < 0.0001. Representative
Western blot and FISH images can be found in Supplement Figure H.7.
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The deletion of Hpr1 leads to an mRNA export block at 30°C [Sträÿer et al.,

2002] and to an even stronger one during heat stress (Figure 5.23 C). For the three

mutants tested, an increase in nuclear RNA retention was detected for hpr1-S673D

while the other mutants showed no signi�cant di�erence to the control.

Taken together, three Hpr1 residues are di�erentially phosphorylated upon heat

shock (S673, S675 and S694). The hpr1-S673D phosphomimicry mutant led to a

signi�cantly enhanced mRNA export block.

Changed phosphorylation status of Dbp5 and Gfd1 leads to no or only

minor changes in the nuclear mRNA export block upon heat stress

The strongest change in phosphorylation can be observed in proteins of the NPC.

One protein for which a strong, Slt2-dependent change in phosphorylation was

identi�ed is the helicase Dbp5. Dbp5 has phosphorylation sites at its N-terminus

which are di�erentially phosphorylated upon heat and hyperosmotic stress

(Figure 5.24 A). However, only phosphorylation of S86 is Slt2-dependent. In

addition, another protein, Gfd1, which is known to interact with Dbp5 and Nab2

[Christine A. Hodge et al., 1999, Suntharalingam et al., 2004], shows a decrease

in phosphorylation. This decrease is enhanced by the absence of Slt2 (Figure 5.25

A).

For both proteins, Dbp5 and Gfd1 mutants were generated to prevent the

reduction in phosphorylation mediated by heat shock treatment and tested for a

change in poly(A)-RNA export block. None of the mutants showed any growth

defect (Supplement Figure H.9 and H.8). The dbp5-S86A mutant shows no

di�erence in N/C ration compared to control (Figure 5.24 B). For Gfd1 two

mutants, namely gfd1-S110D and gfd1-S106D, show a mild decrease in the N/C

ratio during heat stress compared to control.
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Figure 5.24: Dbp5 phosphorylation mutant does not change poly(A) mRNA
export A Schematic representation of changes in Dbp5 phosphorylation upon stress
treatment as identi�ed in our phosphoproteome data and their dependence of Slt2. In-
dicated are know interaction sites and functional domains of Dbp5. B Quanti�cation of
Oligo(dT) FISH for di�erent Dbp5 mutants with and without heat stress. The graph
shows a box plot diagram of nuclear/cytoplasmic mean �uorescence for the tested mu-
tants. Each quanti�cation consists of three experiments with a total of ≥ 300 cells.
Representative FISH images can be found in Supplement Figure H.9.
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Figure 5.25: Gfd1 phosphomimetic mutants show a mild e�ect on poly(A)-
RNA export block during heat stress. A Schematic representation of Gfd1 sites
that are less phosphorylated upon stress treatment as identi�ed in our phosphoproteome
data and their dependence of Slt2. B Quanti�cation of Oligo(dT) FISH for di�erent
Gfd1 mutants with and without heat stress. The graph shows a box plot diagram of
nuclear/cytoplasmic mean �uorescence for the tested mutants. Each quanti�cation con-
sists of three experiments with a total of ≥ 300 cells. The p-value was calculated using a
Welch t-test with ⋆ p < 0.05. Representative FISH images can be found in Supplement
Figure H.8.

In summary, the mRNA export block appears to be a complex mechanism medi-

ated at least in parts by the phosphorylation of several proteins. The change of

phosphorylation of Yra1, Nab2 and Gfd1 appear to all contribute to mediating the

mRNA export block, while the reduction of Hpr1 phosphorylation appears to fa-

cilitate poly(A)-RNA export during heat stress. So far no mutant or combination

of mutants has been found that completely prevents the mRNA export block. The

mechanisms of poly(A) mRNA retention still remain elusive and further investi-

gations are needed.
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6. Discussion

Puri�cation of transcript-speci�c, nuclear

mRNPs is not su�cient for structure deter-

mination

The �rst aim of this study was the puri�cation of heat shock mRNPs to elu-

cidate the structure of a transcript speci�c nuclear mRNP. The puri�cation of

transcript-speci�c mRNPs was performed in a two-step puri�cation with an ini-

tial enrichment of nuclear mRNPs followed by an RNA puri�cation step to yield

only nuclear mRNPs harboring one speci�c transcript. It was not possible in this

study to purify enough nuclear, transcript-speci�c mRNP particles for structure

prediction using electron microscopy.

The unspeci�c protein copuri�cation observed made it di�cult to determine the

amount of speci�cally copuri�ed protein, especially for the ASO-based puri�cation

strategy. This unspeci�c protein puri�cation could be due to unspeci�c binding

of RNA-binding proteins to the ASO. Puri�cation with the addition of random

DNA or RNA oligos was performed to investigate whether this would reduce the

unspeci�c puri�cation by saturation of free RNA-binding sites (Supplement Figure

A.3 and A.4). However, no change in protein copuri�cation could be detected.

CCW22 is a paralog of CCW12 in yeast which arose from genome duplication

[Byrne and Wolfe, 2005]. Another possibility for detection of nuclear mRNA-

binding proteins in the Cbp20-TpA ∆ccw12 negative control could be the ad-

ditional puri�cation of CCW22 -containing mRNPs. Deletion of CCW22 did not

cause any change in CCW12 mRNP puri�cation (Supplement A.5). Also, a Cbp20-

TpA ∆ccw12∆ccw22 control resulted in unspeci�c protein copuri�cation. This

indicates that copuri�cation of the CCW12 paralog is not responsible for the un-

speci�c protein copuri�cation. However, the unspeci�c copuri�cation does not

occur using a 12xMS2 based mRNP puri�cation using magnetic beads (Figure 5.9

B). Speci�c copuri�cation of the shown proteins can be further increased by a

puri�cation from 2 l cultures instead of 24 l (Nataliia Stefanyshena, unpublished

data).

The amount of puri�ed nuclear CCW12 mRNPs was increased in this study using

desthiobiotinylated ASO1 [Wierschem, 2020] and increased biotin concentrations

to a 45.4 ± 6.8 fold enrichment over PGK1 (Figure 5.5 A - C, Supplementary
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Figure A.9 and A.10). This corresponds to an RNA amount of 0.00017 ± 0.0002

pmol. This constitutes 0.009 % of the CCW12 molecules of the lysate. A low yield

of around 5 % - 1 % was expected because the majority of CCW12 molecules are

cytoplasmic. To increase the total yield of nuclear mRNPs the e�ciency of both

puri�cation steps should be improved. In this study the initial puri�cation of all

nuclear mRNPs is carried out by the puri�cation of the nuclear CBC. In the cyto-

plasm, the CBC is replaced by the cytoplasmic cap-binding protein eIF4E [Fortes

et al., 2000], allowing this complex to be used to enrich nuclear mRNPs. This

has also been used in other studies [Philip Keil, 2021, Wierschem, 2020]. Another

possibility would be the puri�cation of yeast nuclei. However, the isolation of yeast

nuclei in contrast to higher eukaryotes is a di�cult process with a low yield [Aris

and Blobel, 1991]. In addition, the use of only one ASO instead of multiple that

cover the whole transcript was reported to be less successful [Chu et al., 2011].

Therefore, using multiple ASOs could increase the yield of the second puri�cation

step.

As mentioned above electron microscopy performed from this puri�cation (Figure

5.5 D) did not yield any promising particles. Particles are expected to have a size

of around 20 to 30 nm in length and 5 to 7 nm in thickness based on published

data on Nab2-containing mRNPs [Batisse et al., 2009]. Since Nab2-containing

mRNPs include Yra1 and Cbp80 the protein composition could be similar to our

puri�cation (Figure 5.1 E and Supplement Figure A.1 - A.9). An expected di�er-

ence might be that more homogeneous particles are observed in our sample as it

contains only CCW12 -speci�c mRNPs while Batisse et al. [2009] found over 6000

transcripts including CCW12 in their sample. Expected particles were detected

by Wierschem [2020]. However, this result could not be reproduced in this study

using an ASO1-based puri�cation.

EM analysis of possible CCW12 containing nuclear mRNPs puri�ed using a

12xMS2 aptamer revealed roundish particles of the expected size (Figure 5.9 C)

but the water-treated grid showed similar particles. There are several ways to

explain these observations. First, the observed particles are unspeci�c and derive

either from the grid or the grid preparation. Second, the sample contains too less

mRNPs to detect them by eye as reoccurring patterns under the EM. Third, spe-

ci�c particles are there but can not be distinguished from unspeci�c ones. The �rst

possibility will be tested in future studies by testing di�erent girds and di�erent

grid preparation (glow discharged vs. alcian blue treatment). For the second pos-

sibility, a puri�cation from a bigger culture volume than 24 l has to be performed.

Increasing the concentration of a particle could also be achieved by concentrating

the eluate. When concentrating the puri�ed mRNPs with a centrifugal �lter unit,

CCW12 mRNA is found in the �ow through and no enrichment can be observed
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in the concentrate (Supplement A.11). Mild cross-linking could possibly overcome

this problem. This could have a further stabilizing advantage of the particles for

EM analysis [Schuller et al., 2020]. Alternatively, a di�erent sample preparation

could also be bene�cial especially for a small amount of puri�ed complex. It has

been shown that 1 pmol of the RNA editing complex which was loaded onto a

GraFIX gradient and used for EM yields row images with a good quality and

enough detectable particles [Stark, 2010].

The third possibility, that nuclear mRNPs are there but can not be distinguished

from the unspeci�c particles, will also be tested by two di�erent strategies. On the

one site, proteins previously detected by immunoblotting and the Mbp-Mcp protein

will be tagged with GFP. This enables the usage of a GFP-antibodies suitable for

EM, which allows to determine if the particles contain the copuri�ed proteins and,

indirectly, the RNA tagged with a 12xMS2 aptamer. In a second approach, RNA

of di�erent sizes will be puri�ed and analyzed by EM to investigate if a change

in particle size can be observed. A bigger particle size could help to distinguish

the mRNPs from other particles. Using longer transcripts would be bene�cial for

the MS2 approach especially because the aptamer is very long. Therefore, it is

expected that the impact of the aptamer would be more pronounced for smaller

RNAs such as CCW12 than for longer ones. This may explain why the CCW12

mRNA shows a decrease in total mRNA level, whereas longer transcripts as SSA4

or ILV5 do not (Figure 5.10 A and Supplement Figure D.4 B). The fact that the

MS2 aptamer can in�uence the half-life of the tagged mRNA is known and can

be prevented by using the 24xMS2 [Tutucci and Stutz, 2011, Tutucci et al., 2018].

Since this aptamer is twice as large, the shorter 12xMS2 was used in this study

due to the relatively small length of the CCW12 mRNA.

Taken together, the puri�cation of a CCW12 nuclear mRNP shows a promising

enrichment over a PGK1 negative control. Especially, puri�cation using an MS2

aptamer tag leads to speci�c copuri�cation of nuclear RNA-binding proteins. How-

ever, further EM analysis is required to understand the results and to determine

whether mRNAs and single bound mRNA-binding proteins or a correctly assem-

bled nuclear mRNP were puri�ed.

In addition, the exploration of other puri�cation strategies could be carried out

in parallel. For example, all CCW12 -containing mRNPs could be puri�ed using a

single step 12xMS2 puri�cation. The resulting complexes could be stabilized and

separated on a GraFIX gradient. Afterwards, di�erent fractions could be analyzed

by EM under the use of GFP-tagged nuclear mRNA binding proteins and a GFP

antibody to distinguish between nuclear and cytoplasmic complexes. In further

studies other puri�cation strategies should be developed and explored to reach the

di�cult goal of the structure determination of a nuclear transcript-speci�c mRNP.
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The main goal of this study was not to analyze a CCW12 mRNP but a heat shock-

speci�c mRNA, which was especially di�cult. The puri�cation was carried out by

initial puri�cation of the nuclear CBC and following SSA4 mRNA puri�cation.

The CBC binds to heat shock mRNAs and deletion of CBC components led to

the accumulation of SSA4 in the nucleaus (Figure 5.2 A - C). Rollenhagen et al.

[2007] always tested for protein production as well as accumulation of heat shock

mRNAs. They used GFP tagging in combination with �uorescence associated

cell sorting (FACS). In this study, the presence of the Ssa4-3xHA protein after

heat shock was validated by Western blotting (Figure 5.2 D). Another preferable

possibility would have been the use of [35S]methionine to label newly synthesized

proteins after induction of heat shock. Simple immunoblotting was nevertheless

chosen because Izawa et al. [2008] showed no expression of Ssa4 protein on West-

ern blot before. However, all of these data suggest that the nuclear CBC is likely

involved but not essential for the export of heat shock mRNAs.

The puri�cation of a nuclear SSA4 -containing mRNP has been tested with the

ASO (Figure 5.4), the Mango (Figure 5.6) and the MS2 aptamer (Figure 5.10)

based method. The best enrichment was reached with the ASO puri�cation using

ASO8 (∼ 18 fold, Figure 5.4 C) and the one step MS2 puri�cation from a ∆rip1

strain (∼ 50 fold, Figure 5.4 E). The two step MS2-based puri�cation yields nearly

no enrichment. The use of another MS2 tag with a higher a�nity to Mcp did not

result in a more promising enrichment (Supplement Figure D.4). This could ei-

ther indicate that the puri�cation does not work for the SSA4 mRNA or that the

yield is much lower. Using more starting material or more material for the RT-

qPCR could show an enrichment. The length of the transcript, which is around 5x

longer than CCW12, could decrease the e�ciency of the puri�cation. This theory

is strengthened by the fact that also puri�cation of ILV5 (CDS: 1188 bp) yields no

signi�cant enrichment compared to the negative control (Supplement Figure D.5).

The one step puri�cation from a ∆rip1 strain prevents the necessity of an enrich-

ment of all nuclear mRNPs as heat shock mRNAs accumulate within the nucleus

(Figure 5.2 B and C) [Saavedra et al., 1997, Rollenhagen et al., 2007]. However,

it is known that the heat shock transcripts accumulate at the site of transcription

[Thomsen et al., 2008] which could cause a change in mRNP structure or com-

position. Analyzing the accumulated nuclear heat shock mRNPs would be very

interesting, of course, but in comparison to a proper export competent heat shock

mRNP.

For further studies, the focus will be on the optimization and structure determi-

nation of CCW12 mRNPs. After this is achieved, it will be interesting to test the

improved and working method for SSA4 mRNPs.
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Cross-linking of heat shock mRNPs could

not identify new nuclear heat shock mRNA-

binding proteins so far

As mentioned before, many methods have been developed in the last decade to

study RNA-binding proteins and to identify new RNA-binding partners. There-

fore, the identi�cation of proteins that bind to nuclear heat shock mRNAs and

are involved in their export should be possible by adaptation of already developed

methods. The RAP protocol reached the highest enrichment of SSA4 mRNA com-

pared to a negative control [McHugh et al., 2015, McHugh and Guttman, 2018].

The two main di�erences performed in this study in comparison to the original

method [McHugh and Guttman, 2018] were chemical cross-linking and enrichment

of nuclear RNA by a Cbp20-TAP puri�cation. In general, cross-linking is bene�cial

for the identi�cation of heat shock mRNA-binding proteins because it can main-

tain interactions formed upon heat shock. This led to the decision to use chemical

cross-linking at 42°C rather than PAR cross-linking where the cells are harvested

and irradiated on ice [Philip Keil, 2021]. For the chemical cross-linking GA had

to be used instead of formaldehyde to prevent cross-linking reversion at higher

temperatures. It was shown that the use of 90mer DNA ASOs for puri�cation

leads to high purity over PGK1 (Figure 5.11) and other transcripts (Supplement

Figure E.4). During ASO design the sequences were compared with the yeast

genome to identify of target binding. Some of the designed ASOs had a partial

complementary to KAR2. However, even KAR2 mRNA could not be detected in

the eluate indicating that full complementary of several ASOs to the target mRNA

is required for puri�cation. This in turn leads to a high purity.

Moreover, the protein copuri�cation was either found to be unspeci�c as with other

ASO puri�cations or no cross-linked proteins were detected at all (Figure 5.12).

The unspeci�c copuri�cation of proteins is unlikely because of the high tempera-

tures (67°C) and highly denaturing bu�er (10 mM Tris-HCl pH 7.5. 5 mM EDTA,

500 mM LiCl, 0.5 % DDM, 0.2 % SDS, 0.1 % sodium deoxycholate, 4 M urea and

2.5 mM TCEP) used for puri�cation (Figure 5.3 F) . Since the RNA puri�cation

worked and proteins should be cross-linked a test MS analysis from 12 l culture

was performed (Figure 5.13). Over 250 proteins were identi�ed including about

150 speci�c proteins that could not be found in the negative control (category

1). However, comparing the unique hits at both tested GA concentrations showed

that both conditions share only a minority of targets which also have a very low

coverage and number of (unique) peptides. Again, this could have several causes.
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First, the method does not work with the used settings, second the sample amount

was too low, the cross-linking did not work, or the analysis was not performed cor-

rectly. For the �rst point the method can be repeated with a positive control.

More starting material can be used. Furthermore, the last two options are impor-

tant to be considered. For in vitro experiments it was shown that GA cross-links

RNA to RNA at elevated temperatures (46°C and higher) [Hopwood, 1975]. GA

cross-linking for in vivo experiments has previously been used to purify RNA-

DNA-protein complexes [Chu et al., 2011]. This indicates that the cross-linking

should work in general, but maybe heat shock at 46°C could be tested. Increased

GA concentrations could also be considered but this causes a decrease in SSA4

mRNA yield (Supplementary Figure E.6). The other option is to further analyze

the generated MS data. Over 40 proteins are contained in category 2 (sample

and negative control) for both GA concentrations (Supplement Figure E.7). Some

of the top hits are Enolase-2, Sub2, Glyceraldehyde-3-phosphoate dehydrogenase

3 and Yra1 with a coverage of 47 %, 26 %, 35 % and 32%, respectively. This

shows that category 2 hits shared between the two conditions show a much higher

coverage during MS analysis than categroy 1 hits. The enzymes found are known

RNA-binding proteins [Dollenmaier and Weitz, 2003, Huppertz et al., 2022]. Sub2

is known to be important for export of heat shock RNAs, while Yra1 was stated as

not required for export but able to bind heat shock mRNA by Rollenhagen et al.

[2007]. This indicates that another comparative MS and CCW12 as control would

be a good next step to identify heat shock mRNA-binding proteins. Subsequent

analysis using smFISH, RIPs and ChIPs can be used to validate the found hits

and identify their role in nuclear export of heat shock mRNAs.

mRNA export appears not to be a general

stress response mechanism

For several stress treatments, an accumulation of poly(A)-RNA was observed

(heat, hyper- and hypoosmotic, ethanol, glucose and nitrogen starvation) while

others (rapamycin, arsenite, DTT) lead to no change or even a slight decrease the

mRNA export block [Saavedra et al., 1996, Heinrich et al.]. The phosphorylation

of the mRNA export adapter protein Nab2 and the activation of the kinase

Slt2 appear to be independent events even though it was shown for heat stress

that the accumulation of poly(A)-RNA vanishes upon deletion of Slt2 [Carmody

et al., 2010] (Figure 5.15 C). Many studies investigated the activation of the

cell wall integrity pathway and phosphorylation of Slt2 under various stress

conditions [Staleva et al., 2004, Scrimale et al., 2009, Soulard et al., 2010].
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Especially interesting are treatment with rapamycin, arsenite and DTT, which

lead to TORC1 signaling pathway inhibition. In this study all three conditions

caused a Slt2-dependent Nab2 phosphorylation but showed no accumulation

of poly(A)-RNA in FISH experiments (Figure 5.15 C and 5.16 B). Both Nab2

phosphorylation and poly(A)-RNA accumulation could vary between experiments

because of di�erences in the treatment (concentration, time) or strain background

(W303 instead of RS453). For example, Carmody et al. [2010] could not detect

a Nab2 phosphorylation in response to hyperosmotic stress (0.4 M NaCl, 1 h,

30°C) while in this study a phosphorylation could be detected. However, Nab2

phosphorylation analysis and the FISH experiment were performed following

exactly the same treatments, which allows the conclusion that Nab2 phosphory-

lation and an mRNA export block are independent events. In addition, Carmody

et al. [2010] determined that a Nab2 phosphomimicry mutant (S to D) is not

able to abolish mRNA accumulation upon heat shock which may indicate that

the observed Nab2 phosphorylation is not su�cient to cause or is not involved in

mRNA accumulation. However, another possibility is that the phosphomimicry

mutant cannot substitute the e�ect of the Nab2 phosphorylation e�ciently. The

Nab2 phosphorylation sites identi�ed by [Carmody et al., 2010] could not be

found in our phosphoproteome dataset. Instead, a Slt2-independent phospho-

rylation site was detected under heat stress or hyperosmotic conditions (Figure

5.22A). This highlights that Nab2 could be di�erentially phosphorylated under

various conditions involving another kinase. Although no signi�cant di�erence

of the N/C ratio could be detected between the nab2-T178A-S180A-S254A and

the nab2-T178A-S180A mutant (Supplement Figure H.5) it can not be ruled

out completely that di�erent Nab2 phosphorylation sites exist that induce a

poly(A)-RNA accumulation.

Furthermore, it would be interesting to investigate whether other Slt2-dependent

changes occur during any of these treatments and how the cell mediates activation

of a speci�c subset of Slt2 targets under speci�c stress conditions. For example,

the phosphorylation of Yra1 S8 was also identi�ed in a phosphoproteome analyzing

phosphorylation under nitrogen and glucose starvation [Rødkær and Færgeman,

2014] but not in a similar study to identify rapamycin dependent phosphorylation

sites [Soulard et al., 2010]. This indicates a complex mechanism behind the phos-

phorylation preferences of kinases like Slt2 under di�erent treatments. It would

be bene�cial to set up a bioinformatic comparison of di�erent phosphoproteome

data sets, which could lead to a better understanding of the activated targets

under various conditions and which processes are involved. Moreover, activation

of Slt2 is caused by phosphorylation of the T-E-Y motive of the Slt2 activation

loop (T190, Y192) [Martín et al., 2000]. Although it is generally excepted that
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dual phosphorylation is needed for full activation, the biological function of

monophosphorylated Slt2 is still not fully understood [González-Rubio et al.,

2021]. This fact adds another layer of complexity to the selection of di�erent Slt2

targets under stress.By using commercial antibodies against dualphosphorylated

Slt2, it has been shown that Slt2 is phosphorylated during various stress condi-

tions. However, depending on the antibody, monophosphorylated Slt2 can also

be detected [González-Rubio et al., 2021]. Therefore, it would be interesting to

analyze if Slt2 is mono- or dual-phosphorylated upon various stress conditions

and if this correlates with a de�ned subset of Slt2 targets.

For hyperosmotic stress it was observed that Nab2 phosphorylation and accu-

mulation of poly(A)-RNA are Slt2-independent, indicating that another kinase

is responsible for Nab2 phosphorylation. A likely candidate is the kinase Hog1,

which is known to be activated during hyperosmotic stress [Regot et al., 2013].

This could be veri�ed by performing a Nab2 phosphorylation Western blot with

samples of a HOG1 deletion strain. Since many signaling pathway are linked

compensation upon deletion of a single component can not be ruled out. For

example, cell wall perturbation leads also to the activation of Hog1 in addition

to the CWI pathway [Sukegawa et al., 2018]. Also Slt2 activation is not only

in�uenced by the CWI MAPK cascade but also by proteasomal degradation of

Msg5 phosphatase [Martín et al., 2000, Liu and Levin, 2018]. This interplay

between pathways and various ways of pathway activation and control shows the

complexity of cell signaling. Therefore, it is even more complicated to understand

causalities and makes intensive research necessary to gain further understanding

ot the underlying mechanisms.

Identi�cation of Slt2-dependent phosphosites by phosphoproteome anal-

ysis

The phosphoproteome analysis performed in this study aimed to identify more

Slt2 dependent phosphorylation sites and patterns during heat stress. Carmody

et al. [2010] identi�ed Nab2 phosphorylation sites by Nab2 puri�cation and

subsequent MS analysis. Afterwards, an in vitro phosphorylation assay was

performed to verify the phosphorylation of these residues by Slt2. These sites

were thought to serve as positive control. Even though the phosphorylation of

Nab2 was veri�ed before by Western blot (Supplement Figure G.1 A), these sites

could not be identi�ed in our phosphoproteome dataset. This indicates that

not all phosphosites can be identi�ed by this method. However, 7911 changes

in phosphosites/-occupancies were identi�ed. The �rst step was to compare
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our data with known Slt2 targets (Figure 5.17 A). Known veri�ed targets like

the calcium/calmodulin-dependent protein phosphatase regulator Rcn2 and the

translation initiation repressor Caf20 [Mascaraque et al., 2013] belonged to the

phosphosites with the highest signi�cance and e�ect. Spa2, another top target,

is known to act as sca�old-like protein of the CWI pathway during polarized

cell growth and interacts physically with Slt2 [Fujiwara et al., 1998, van Drogen

and Peter, 2002]. Rho1, also part of the CWI pathway, is transported from

endoplasmatic reticulum to plasma membrane through the secretory pathway

[Abe et al., 2003]. This could be shown by di�erent mutations including deletion of

Sec16, which causes a Rho1 mislocalization. Rho1 also in�uences vesicle transport

through its targets [Guo et al., 2001]. In the phosphoproteome dataset, changes in

the phosphorylation pattern of proteins involved in vesicle-mediated transport are

found during heat stress and upon deletion of Slt2 (Figure 5.17 C). In addition,

several highly signi�cant changes were detected in the phosphorylation of Sec16

(Figure 5.18 B), a protein that plays a role in vesicle transport [Supek et al.,

2002]. This suggests either a direct e�ect of Slt2 on vesicle-transport components

or an indirect in�uence due to a feedback loop in�uencing Rho1 [Guo et al., 2009].

Heat stress causes a change from a polarized to a uniform localization of actin

[Lillie and Brown, 1994, Delley and Hall, 1999]. It could be shown that Slt2 is

required for the repolarization of actin after cell wall stress [Guo et al., 2009].

This could also be shown for oxidative stress [Pujol-Carrion et al., 2013]. The

importance of Slt2 for cytoskeleton organization can be observed in our data

(Figure 5.17 C) by a strong change in phosphorylation of proteins involved

in cytoskeleton organization. These observations, which are consistent with

published data from other groups, show that we were able to identify valid Slt2

targets in our data set although, the expected Nab2 sites could not be found.

Our data shows the change in the phosphorylation of many NUPs, some TREX

components and other known export factors during heat and hyperosmotic stress

(Figure 5.18 A and Supplement Figure G.1 B). However, the overall e�ects are

quite di�erent between the two conditions 5.19. Modi�cations observed in both

datasets are probably part of a general stress response while the distinct changes

are due to stress speci�c pathways. The two TREX proteins with the strongest

e�ect due to heat stress are Yra1, which will be phosphorylated, and Hpr1, which

will be less phosphorylated. Upon deletion of Slt2 highly signi�cant changes

in phosphorylation can be observed in proteins from the NPC. These comprise

nuclear basket proteins (Nup1, Nup1, Nup60, Mlp1), FG rich proteins (Nup159,

Nup145, Nup60, Nup1, Nup2), Dbp5 and YRB1. Interestingly, Yra1 is the only

TREX protein identi�ed in this study that is phosphorylated in a Slt2-dependent

manner.
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In this study, the phosphorylation of NUPs was not analyzed. However, since

this class is very prominent in our data (Figure 5.18 A), it de�nitely hints

at the importance of the NPC in stress response and would be an interesting

aspect for further studies. Phosphorylation of the NPC is associated with the

disassembly of the NPC during mitosis [Glavy et al., 2007, Laurell et al., 2011].

In the �ssion yeast Schizosaccharomyces pombe, it was shown that the NPC

remodels during stress [Gallardo et al., 2020]. Deletion of Slt2 caused a change

in phosphorylation of proteins of the nuclear basket (Figure 5.18 B). This has

also been observed before for hyperosmotic stress [Regot et al., 2013]. Here

Hog1 causes phosphorylation of nuclear basket proteins which was shown to

be important for the proper export of stress-induced mRNAs [Regot et al.,

2013]. Kosako et al. [2009] identi�ed new targets for the human extracellular

signal-regulated (ERK) MAPK and found ERK-dependent phosphorylation of

Nup50, Nup153 and Nup214, which are the human orthologs of Nup60, Nup1 and

Nup159, respectively. Phosphorylation of NUPs was shown to decrease interaction

with the nuclear transport receptor importin-β and inhibit nuclear translocation

of importin-β in an ERK mediated manner. A bioinformatic analysis based on the

yeast NPC indicates that phosphorylation causes extension of FG-NUPs, which

leads to a less dense FG-network [Mishra et al., 2019]. This in turn decreases

the transport rate of nuclear transport receptors. Further studies would be

needed to determine if the e�ects described above also are true and involved in

the mRNA export block and export of stress transcripts during heat stress in yeast.

Yra1 is involved in mediating the mRNA export block during heat stress

In this study, the �rst analysis of phosphosites that was performed was the

further investigation of Yra1 phosphorylation. Yra1 possesses a Slt2-dependent

and independent phosphorylation site at S8 and S142, respectively. Upon

hyperosmotic stress, the phosphorylation of S211 was identi�ed. It could also

be shown that Yra1 protein levels are changed in the SLT2 deletion mutant

(Figure 5.20 B). Mutations of the phosphosites indicate that the phosphorylation

in�uences the protein level at high temperatures (Figure 5.20 C and D). However,

exactly how this is mediated is not clear. Increased degradation due to a missing

phosphorylation is possible and could be further veri�ed using a cycloheximide

assay. Ubiquitinylation of Yra1 by Tom1 is associated with the dissociation

of Yra1 from the mRNP rather than with protein degradation [Iglesias et al.,

2010]. But Iglesias et al. [2010] state that another unidenti�ed E3 ubiquitin

ligase exists that also ubiquitinylates Yra1. It would be interesting to analyze
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in further studies if the changed phosphorylation pattern causes a change in

ubiquitinylation of Yra1 and if that is the cause for decreased protein levels. Since

Yra1 ubiquitinylation is associated with the dissociation of Yra1 from the nuclear

mRNP, it would be interesting to investigate if the phosphorylation in�uences the

occurrence of Yra1 within nuclear mRNPs. A puri�cation of the nuclear CBC by

Cbp20-TAP could show an in�uence on the association with nuclear mRNPs.

However, many other open questions still need to be analyzed concerning Yra1

phosphorylation. It could be shown that preventing the phosphorylation of Yra1

at S8 leads to a signi�cant reduction of the N/C ration in Oligo(dT) FISH (Figure

5.21 A and B). Also preventing the phosphorylation of Yra1 during hyperosmotic

stress leads to a reduced accumulation of poly(A)-RNA (Figure 5.21 C). To better

understand this process, the sites of phosphorylation are very interesting. Yra1

has a conserved C- and N-box [Sträÿer and Hurt, 2000]. Gromadzka et al. [2016]

identi�ed four conserved motifs for mRNA export factors in humans. The N-box

contains a SLDD/E motif, which was termed UAP56 binding motif (UBM). While

the N-terminus contains the S8LDE sequence of a UBM, the C-terminus contains

a S211LED sequence similar to the UBM consensus sequence. In addition, the

C-terminus contains another motive identi�ed by Gromadzka et al. [2016] the

LDxxLD motif (ALY: L243DAQLD; Yra1: L215DKEMA) also found in export

factors that interact with Sub2. Taken together, Yra1 is phosphorylated in a

N- terminal or C-terminal UMB motif during heat and hyperosmotic stress,

respectively. Yra1 cells without the C-box where shown to have a strong growth

phenotype [Zenklusen et al., 2001]. Also, deletion of either the N- or the C-box

including the respective UBM sequence leads to the accumulation of poly(A)-RNA

in the nucleus at 37°C. In recent studies, the structure of the Yra1 C-terminus

(185-226) was solved in complex with Sub2 [Ren et al., 2017]. The C-terminus

of Yra1 forms a helix (L15-F223) which interacts via polar interactions as well

as Van-der-Waals interactions with two helices of Sub2. Mutations of L215D

and D216K (part of the LDxxLD motive [Gromadzka et al., 2016]) disrupt

the interaction and were found to be insu�cient to stimulate the ATPase

activity of Sub2 [Ren et al., 2017]. In future studies, it would be important to

investigate whether phosphomimicry mutations in�uence the binding of the C-

and N-terminal Yra1 domain shown for Sub2 and Mex67 [Sträÿer and Hurt,

2001]. This can be performed using TAP puri�cationas or an in vitro study by

GST-pulldown. If a change in Yra1 binding to Sub2 can be detected, it would be

interesting to verify if these mutants show a change in Sub2 stimulation. Also,

the in�uence of the mutation on recruitment to the transcription site (ChIP) and

on accumulation in nuclear foci together with Nab2 (Live cell imaging) could be

analyzed. In addition, cross-links between S211 in the N-terminal region to RNA
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were identi�ed, indicating a role for this amino acid in RNA binding [Philip Keil,

2021]. A RIP would give insight into the in�uence of the phosphorylation on

RNA binding.

The reduced phosphorylation of S149 under hyperosmotic stress was not analyzed

so far. Similar to the S142 it is part of the RRM domain, which was shown to

be important for the interaction with Nab2 [Iglesias et al., 2010]. The reason was

the main focus on heat stress and a lower log2 fold change of -0.7 in contrast

to 1.8 and 3.3 for the phosphorylation of S142 and S211, respectively. Since the

S142A mutation appears to cause the decrease of poly(A)-RNA accumulation

during hyperosmotic stress, a combination with S149D would be very interesting

to analyze using FISH. All this could lead to further understanding of how the

Yra1 phosphorylation pattern in�uences the stress-induced mRNA export block.

Enhanced the mRNA export block during heat stress indicates role of

Hpr1 in the nuclear export of heat shock transcripts

The other TREX protein that showed a change in its phosphorylation status upon

heat stress is Hpr1. In contrast to Yra1, a decrease in the level of phosphorylation

was detected upon heat shock. While the prevention of Yra1 phosphorylation

leads to an decrease in nuclear poly(A)-RNA accumulation upon heat stress the

phosphomimicry mutant of Hpr1 leads to further accumulation (hpr1-S673D,

Figure 5.23). In other phosphoproteome screens, the phosphorylation site S673

was identi�ed as dependent of the cell cycle controlling kinase Cdk1 while S675

was found to be mediated by the kinases Mec1/Tel1 [Holt et al., 2009, Chen et al.,

2010]. No change in the phosphorylation status upon SLT2 deletion was observed,

which can be explained by the dependency on the other kinases. Even though it

is postulated that Hpr1 dissociates from poly(A)-RNA under heat stress and is

not crucial for the export of heat stress mRNA [Rollenhagen et al., 2007, Zander

et al., 2016], deletion of Hpr1 causes the accumulation of the heat shock mRNA

SSA at the site of transcription [Thomsen et al., 2008]. Hpr1 is known to undergo

posttranscriptional modi�cation. Hpr1 is ubiquitinylated by Rsp5 which leads to

a reduction in Hpr1 protein levels at 37°C [Gwizdek et al., 2005]. Ubiquitinylated

Hpr1 interacts directly with Mex67 due to the ubiquitin-associated domain of

Mex67 [Gwizdek et al., 2006]. This interaction stabilizes Hpr1 and protects it

from degradation. The C-terminus of Hpr1 is also sumoylated (Figure 5.23 A),

which was shown to be important for the binding of Hpr1 to mRNA while the

recruitment to the transcription site was unchanged [Bretes et al., 2014]. It was

found that this sumoylation is necessary for the binding of acidic stress-induced
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transcripts and their stabilization. The amino acids (S673, S675, S694), which are

less phosphorylated upon heat stress, are within the area of Hpr1 known to be

sumoylated. First, it would be important to perform smFISH for SSA4 to identify

if the increase in nuclear poly(A)-RNA accumulation upon heat stress in the hpr1-

S673D mutant is due to additional accumulation of poly(A) heat shock mRNA

[Izawa et al., 2008, Turtola et al., 2021]. Second, it would be interesting to know

if the phosphorylation of Hpr1 in�uences or even causes the sumoylation of Hpr1

or vice versa. To this end a Hpr1-TAP puri�cation could be performed and the

copuri�cation of SUMO-His could be analyzed. Alternatively, the generated Hpr1

mutants could be combined with a strain lacking the SUMO-protease Ulp1 and

tested for growth, mRNA export block, and SSA4 localization [Bretes et al., 2014].

Changed phosphorylation status of Dbp5 could be important for its

activity or involvement for the nuclear export of heat shock mRNAs

One of the most signi�cant changes in phosphorylation of all known export factors

and NPC components upon deletion of Slt2 is Dbp5 S86. Since it was shown

that Dbp5 is located in the nucleus during ethanol stress, which is thought to

be the main reason for the accumulation of nuclear mRNA [Takemura et al.,

2004, Rollenhagen et al., 2004], Dbp5 appears to be a very promising candidate.

The phosphorylation of S86 can be observed for both heat and hyperosmotic

stress. It was also detected in a phosphoproteome analysis focusing on the

phosphorylation under DTT treatment and one that analysed the cross-talk

between ubiquitinylation and phosphorylation [Swaney et al., 2013, MacGilvray

et al., 2018]. Besides, there is a Slt2 independent site S93 during heat stress

and another, S43, during hyperosmotic stress. All stated residues (S43, S86,

S93) are located at the N-terminus of Dbp5 (Figure 5.24 A). The N-terminus

of Dbp5 shows no similarity with other yeast DEAD-box helicases [Snay-Hodge

et al., 1998]. It was postulated that the N-terminus of Dbp5 (9-79) is completely

dispensable for function. However, it is known that the N-terminal domain is

important for autoregulation of the human ortholog DDX19 [Collins et al., 2009].

Whether phosphorylation has an e�ect on the helicase activity of Dbp5, could

be analyzed with an in vitro assay using the phosphomimicry mutants. A recent

study states that the absence of Dbp5 causes the accumulation of Nab2 in nuclear

foci during glucose starvation [Heinrich et al.]. If the phosphorylation in�uences

the activity of Dbp5 live cell imaging could be performed to investigate whether

the Nab2 foci still form during heat shock. The e�ect of the phosphorylation on

the activity of Dbp5 was not assayed so far since the Oligo(dT) FISH did not show
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any di�erence in poly(A) accumulation upon heat stress for the S86A mutation

in comparison to the control (Figure 5.24 B). The mutation could be combined

with a mutation of the Slt2-independent site or tested during hyperosmotic stress.

Another possibility would be to test the e�ect of Dbp5-S86A on the export of

heat shock mRNAs using smFISH.

It is unlikely that phosphorylation changes the known protein interactions of

Dbp5 mediated by the RecA-like domains [Adams and Wente, 2020] since they

are located in another domain. Testing the interaction with Nup159 would be

interesting because it was shown that Dbp5 mislocalizes upon deletion of the

NUP Rip1 during heat stress [Stutz et al., 1997, Rollenhagen et al., 2004]. Also,

di�erent sites in the FG-repeat region of Nup159 show a change phosphorylation

pattern in slt2 at 42°C. Both could in�uence the interaction of Nup159 and Dbp5

which allows the mislocalization upon RIP1 deletion.

Gfd1 could be associated with Nab2 foci upon heat stress

Another protein that is less phosphorylated upon heat and hyperosmotic stress is

Gfd1, an interactor of Dbp5 and Nab2. The phosphoproteome showed a further

decrease in phosphorylation of Gfd1 in the SLT2 deletion mutant (Figure 5.25 A).

Preventing the reduction in Gfd1 phosphorylation Gfd1 leads to a minor decrease

in the N/C ratio in comparison to the control after heat shock (Figure 5.25 B).

Gfd1 is a promising candidate because it interacts with Dbp5 [Christine A. Hodge

et al., 1999] and Nab2 [Suntharalingam et al., 2004, Zheng et al., 2010], which

both possess Slt2-dependent phosphorylation sites [Carmody et al., 2010]. In a

Nab2 puri�cation comparing the copuri�cation of proteins at 30°C and 42°C, it

was found that under heat stress Gfd1 interacts 2.8x stronger with Nab2 [Carmody

et al., 2010]. Also Mlp1 (6.8x), Mlp2 (4.5x), Yra1 (2.3x), Pab1 (2x), Stm1 (2x) and

Tho2 (1.4x) show an increased copuri�cation while the interaction with Mex67 and

other NUPs is decreased. Since Mlp1 and Yra1 have been shown to accumulate

together with Nab2 in the nucleus, it is likely that the enriched proteins are also

present in these foci. It would be very interesting to con�rm this for Gfd1, the

stress granule marker Pab1, and the TREX component Tho2.

Taken together, accumulation of poly(A)-RNA in the nucleus was observed in

di�erent, but not all stresses tested, implicating a specialized rather than a general

mechanism. No direct correlation to phosphorylation of Slt2 and Nab2 could be

identi�ed. However, phosphoproteome analysis comparing WT and SLT2 deletion

led to the identi�cation of di�erentially phosphorylated residues of many proteins

linked to mRNA export. Therefore, the CWI pathway appears to be a major
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regulator of nuclear export under heat stress. Of the many identi�ed sites with

changed levels of phosphorylation only Yra1, Nab2, Gfd1 and Dbp5 were further

analyzed in this study. Yra1 phosphorylation in�uences the nuclear accumulation

of mRNA whereas phosphorylation of Dbp5 (at S86) does not. A phosphomimicry

mutant of Hpr1 causes an increased amount of nuclear poly(A)-RNA upon heat

stress. Further studies are needed to elucidate the exact mechanisms how these

phosphorylation events in�uence the accumulation of mRNA and the export of

heat shock mRNAs.
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7. Material and Methods

Material

Chemicals and materials

All chemicals, enzymes and equipment are listed in the following Tables 7.1, 7.3

and 7.2, respectively.

Table 7.1: Chemicals used for all experiments

Chemicals and ingredients Supplier

1 kb Plus DNA Ladder NEB

2-Propanol Carl Roth

5-Fluoroorotic acid (5-FOA) Apollo Scienti�c Ltd

Acetic acid VWR Chemicals

Acrylamide (29:1) 40 % AppliChem

Agar Bacteriology grade AppliChem

Agarose Applichem

Ammonium persulfate (APS) VWR Chemicals

Ampicillin Applichem

ANTI-FLAG M2 A�nity Gel Sigma-Aldrich

BactoTM Peptone BD Biosciences

BactoTM Yeast extract BD Biosciences

Bicine Fluka

Bovine serum albumin (BSA) Carl Roth

Bromophenol blue Applichem

Calcium chloride (CaCl2) Fluka

Calmodulin A�nity resin Agilent Technologies

CheLuminate ECL Solution Applicem

Chloroform Merck

Colored prestained ladder NEB

Coomassie Brilliant Blue G-250 Applichem

Coomassie Brilliant Blue R-250 Applichem

D-Glucose Monohydrate Sigma-Aldrich

Dextran sulfate Sigma-Aldrich

Dimethyl sulfoxide (DMSO) Grüssing
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Disodium hydrogenphosphate (Na2HPO4) Sigma-Aldrich

Dithiothreitol (DTT) Sigma-Aldrich

dNTPs (dATP, dTTP, dCTP, dGTP) Thermo Fisher Scienti�c

Dodecyl-β-D-maltosid (DDM) Sigma-Aldrich

DynabeadsTM M-280 Tosylactivated Invitrogen

DynabeadsTM M-280 Streptavidin Invitrogen

ECL Solution Applichem

E.coli t-RNA Roche diagnostics

Ethanol Fisher Chemical

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich

Ethyleneglycol-

bis(aminoethylether)tetraacetic acid

Merck

EGTA)

Ficoll 400 Carl Roth

FLAG Peptide Sigma-Aldrich

Formaldehyde ORG Laborchemie

Formamide Merck

Gel loading dye, purple (6x) NEB

Gel loading dye, purple (6x) w/o SDS NEB

Genetecin (G418) ThermoFisher (Gibco)

Glycerol Carl Roth

Glycine Labochem international

Herring Sperm DNA Invitrogen

HDGreenTM DNA stain Intas

HEPES Carl Roth

Hydrochloric acid (HCl) Carl Roth

IGEPAL CA-630 Sigma-Aldrich

IgG Sepharose 6 Fast Flow GE Healthcare

Indol-3-acetid acid (IAA) Sigma-aldrich

L-Arginine-HCl Biomol GmbH

L-Aspartic acid Sigma-Aldrich

Leupeptin (Hemisulfate) Carl Roth

L-Histidine Sigma-Aldrich

L-Isoleucine Sigma-Aldrich

Lithium acetate (C2H3LiO2) Carl Roth

Lithium chloride (LiCl) Merck

L-Leucine Sigma-Aldrich

L-Lysine Monohydrochloride Sigma-Aldrich

L-Methionine Sigma-Aldrich
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L-Phenylalanine Sigma-Aldrich

L-Threonine Sigma-Aldrich

L-Tryptophan Sigma-Aldrich

L-Tyrosine Sigma-Aldrich

L-Valine Biomol GmbH

Magnesium chloride (MgCl2) Merck

Methanol Merck-Millipore

Octylphenoxypolyethoxyethanol (IGEPAL

CA-630; NP-40)

Sigma-Aldrich

Pepstatin A Applichem GmbH

Phenylmethane sulfonyl �uoride (PMSF) Carl Roth

Phosphoric acid Carl Roth

PhosStop Roch

Polyethylene glycol (PEG) 3800/4000 Carl Roth

Polyethylene glycol (PEG) 8000 Fluka

Polysorbate 20 (Tween 20) Merck

Polyvinylpyrrolidone (PVP) Sigma-Aldrich

Ponceau S Serva

Potassium acetat (CH3CO2K) Applichem

Potassium chloride (KCl) ORG Laborchemie

Potassium hydroxide (KOH) Merck

Powdered milk, fat free, blotting grade Carl Roth

PowerUp� SYBR� Green Master Mix

Random Hexames Jena Bioscience

Ribolock Thermo Fisher Scienti�c

Rothi-Mount FluorCare DAPI Carl Roth

Salmon sperm DNA (SSD) Applichem

Sodium acetate (C2H3NaO2) Merck

Sodium carbonate (Na2CO3) Merck

Sodium chloride (NaCl) Merck

Sodium citrate Carl Roth

Sodium deoxycholate Sigma-Aldrich

Sodium dihydrogenphosphate (NaH2PO4) Sigma-Aldrich

Sodium dodecyl sulfate (SDS) Serva

Sodium hydroxide (NaOH) Merck

Sulfosalicylic acid Merck

SuperSignal West Dura Thermo Fisher Scienti�c

Tetramethylethylendiamin (TEMED) Carl Roth

Tris (2-Carboxyethyl)-Phosphin (TCEP) Sigma-Aldrich
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Trichloroacetic acid (TCA) Merck

Tris(hydroxymethyl)aminomethane (Tris) Applichem

Triton X-100 Applichem

Trizol reagent Thermo Fisher Scienti�c

Tryptone BioChemica Applichem

Uracil Sigma-Aldrich

Urea Applichem

Yeast nitrogen base, w/o amino acids Formedium

Yeast nitrogen base, w/o amino acids, w/o

ammonium sulphate

Formedium

Table 7.2: Equipment used for all experiments

Equipment Supplier

Agarose gel electrophoresis system Southern biological

AM100, micro scale Mettler-Toledo

Apollo, liquid nitrogen container Cryotherm

Avanti JXN-26 with JLA-8.1, JA-10 Beckman Coulter

Bio Dot Aparatus Bio-Rad Laboratories

Bioruptor UCL 200 Diagenode

ChemoCam Imager ECL HR 16-3200 Intas

CME microscope Leica

CO8000 Cell Density Meter WPA

Delta Vision Ultra �uorescence micro-

scope

Cytiva

Electrophoresis Power Supply Consort

E835

Neolab

Electrophoresis Power Supply EPS

3500

Pharmacia Biotech

Eppendorf centrifuge 5424 Eppendorf

Eppendorf centrifuge 5430R Eppendorf

Eppendorf centrifuge 5415D Eppendorf

FastPrep-24TM 5G MP Biomedicals

Freezer/Mill 6870D Spex SamplePrep

Frezzer Forma 900 Series Thermo Scienti�c

Gel iX20 Transilluminator/gel docu Intas

Hera safe, laminar �ow cabinet Thermo Fisher Scienti�c

HeraFreeze HFU T Series Thermo Fisher Scienti�c
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Heidolph shaker duomax 1030 Neolab

IKA KS 4000 ic control, shaking incu-

bator

IKA Labortechnik

IKAMAG RCT, magnetic stirrer IKA Labortechnik

Incubators Memmert

Innova 44 shaking incubator New Brunswick

LED bluelight transilluminator Nippon genetics

Megafuge 40R, 75003180R Thermo Fisher Scienti�c

Milli-Q integral water puri�cation sys-

tem

Merck

Mini-Protean Tetra Electrophoresis

Cell

Bio-Rad Laboratories

Multitron Pro / Labotron shaker Infors HT

Nano Drop ND - 1000 Spectrometer Thermo Fisher Scienti�c

Optima XPN-80 Ultracentrifuge with

70 Ti

Beckman Coulter

PeqStar XS Thermocycler Peqlab

Personal Thermocycler Biometra

Pipetboy acu IBS Integra Biosciences

Pipettes Gilson

PM2000, scale Mettler-Toledo

pH 211 Microprocessor pH meter HANNA instruments

Pulverisette Fritsch

Rotator neoLab

StepOnePlus Real Time PCR System Applied Biosystems

SW22, shaking waterbath Julabo

T3 Thermocycler Biometra

Thermomixer compact Eppendorf

Thermomixer 5436 Eppendorf

Trans-Blot Turbo Transfer System Bio-Rad Laboratories

Vakulan CVC 3000 Vacuubrand

VF2, vortex mixer IKA Labortechnik

VX-150, autoclave Systec

WT 12, tumbling shaker Biometra
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Table 7.3: Enzymes used for all experiments

enzyme Supplier

DNaseI Thermo Fisher Scienti�c

M-MuLV Reverse Transcriptase NEB

Phusion High-Fidelity DNA Polymerase NEB

Proteinase K NEB

Q5 High-Fidelity DNA Polymerase NEB

Restriction enzymes NEB

RNaseA Thermo Fisher Scienti�c

RNaseH NEB

RNaseI Thermo Fisher Scienti�c

RNase T1 Thermo Fisher Scienti�c

T5 exonuclease NEB

Taq DNA Ligase NEB

Tobacco etch virus (TEV) protease Straesser lab self-made

Taq DNA Polymerase Straesser lab self-made

Zymolyase 100T Carl Roth

Zymolyase 20T Carl Roth

Bu�er and media

The bu�er composition and media recipes are listed in the following Tables 7.4

and 7.5.

Table 7.4: List of the bu�ers used for all experiments.

bu�er composition

1 x TAE 40 mM TRIS, 2 mM EDTA, pH 8.0; 20 mM acetic acid

1 x PBS 137 mM NaCl, 2.7 mM KCl, 20 mM NaH2PO4, 10 mM

Na2HPO4

1 x TBE 100 mM TRIS; 100 mM H3BO3; 2,5 mM EDTA

1 x TBST 137 mM NaCl, 2.7 mM KCl, 12.5 mM TRIS-HCl, 0.1 %

(v/v) Tween-20

1 x TE 1 mM EDTA, 10 mM TRIS-HCl, pH 8.0

1x RAP Hybridization

bu�er

10 mM HEPES-KOH pH 7.5, 5 mM EDTA, 500 mM

LiCl, 0.5 % DDM, 0.2 % SDS, 0.1 % sodium deoxy-

cholate, 4 M urea, 2.5 mM TCEP
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4 x separating SDS gel

bu�er

3 M TRIS, 0.4% (w/v) SDS, pH 8.8 (HCl)

4 x stacking SDS-gel

bu�e

0.5 M TRIS, 0.4% (w/v) SDS, pH 6.8 (HCl)

20x SSC 3 M NaCl, 0.3 M sodium citrate

4 x SDS loading dye 0.2 M TRIS-HCl (pH 6.8), 40% (v/v) glycerol, 8%

(w/v), SDS, some mg of bromophenol blue, 0.1 M DTT

30:1 mix 30 ml 100 % ethanol, 1 ml NaOAc pH 5.2

AE bu�er 10 mM TRIS-HCl pH 7.4, 50 mM NaOAc, 10 mM EDTA

Binding and Wash

bu�er

10 mM TRIS-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA

pH 8.0

Coomassie stain solu-

tion

0.25% (w/v) Coomassie Brilliant Blue R-250, 30% (v/v)

Fixation bu�er 1.2 M sorbitol, 0.1 M potassium phosphate dibasic pH

7.5

Gibson Master Mix 1x ISO bu�er, 4 U/µl T5 exonuclease, 4 U/µl Taq DNA

ligase, 25 U/ml Phusion DNA polymerase

ISO bu�er 500 mM TRIS pH 7.5, 50 mM MgCl2, 1 mM dATP, 1

mM dGTP, 1 mM dTTP, 1 mM dCTP, 50 mM DTT,

25 % PEG-8000, 5 mM NAD

Maltose elution bu�er 100 mM NaCl, 50 mM HEPES-KOH pH 7.5, 15 mM

Maltose

NLS elution bu�er 20 mM HEPES-KOH pH 7.5, 2 % NLS, 10 mM EDTA,

2.5 mM TCEP

prehybridization

bu�er

50 % formamide, 10 % dextran sulphate, 125 µg
ml

E.

coli tRNA, 500 µg
ml

hering sperm DNA, 4 x SSC, 0.02

% polyvinyl pyrrolidone, 0.02 % BSA, 0.02 % �col-400

pre-treatment solu-

tion

7.5 % β-mercaptoethanol, 1.85 M NaOH

Protease inhibitor

(100x)

8 ng/ml Leupeptin, 137 ng/ml Pepstatin A, 17 ng/ml

PMSF, 0.33 mg/ml Benzamidine, solved in 100% EtOH

(p.a.)

RNA IP bu�er 25 mM TRISpH 7.5, 150 mM NaCl, 2 mM MgCl2, 0.2

% rition-X-100, 500 µM

RNase Mix 2 µg/µl RNase A, 200 U/µl RNase T1, 1 U/µl RNase

III, 10 U/µl RNaseH, 10 U/µl RNaseI

SDS-PAGE running

bu�er

25 mM TRIS, 0.1% (w/v) SDS, 0.19 mM glycine
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Semi-Dry-Blotting-

bu�er

25 mM TRIS, 192 mM glycine, 20% (w/v) methanol

smFISH Hybridiza-

tion bu�er

1 g dextran sulfate, 10 mg E. coli tRNA, 1 ml 20x SSC,

20 µl 10 % RNase free BSA, 100 µl 200 mM Vanadyl-

Ribonucleoside Complex, 10 % ultrapurde deionized for-

mamide, add autoclaved MilliQ water to 10 ml

Solution 1 1x TE, 100 mM LiAc pH 7.5

Solution 2 1x TE, 100 mM LiAc pH 7.5, 50 % w
v
PEG4000

TAP bu�er 100 mM NaCl, 50 mM HEPES-KOH pH 7.5, 1.5 mM

MgCl2, 0.15 % NP-40

TNN bu�er 100 mM TRIS-HCl pH 8.0, 100 mM NaCl, 1 % NP40

wash bu�er (FISH) 1.2 M sorbitol, 0.1 M potassium phosphate dibasic pH

6.4

wash bu�er A 2 ml 20x SSC, 2 ml formamide, 16 ml DEPC water

wash bu�er B 1x PBS

Wet blot transfer

bu�er

3.28 g
l
TRIS base, 14.4 g

l
glycine, 10 % v

v
methanol

Table 7.5: Recipes for Media and Agar plates used for the cultivation of all organisms.

Media composition

LB medium 1% (w/v) tryptone; 0.5% (w/v) yeast extract;0.5 % (w/v)
NaCl; (2 % (w/v) agar for plates)

Synthetic dropout com-
plete (SDC)

0.67% (w/v) yeast nitrogen base; 0.06% (w/v) complete, syn-
thetic mix of aa; drop out as required; 2% (w/v) glucose; (2%
(w/v) agar for plates)

SDC-FAA 0.67% (w/v) yeast nitrogen base; 0.06% (w/v) complete, syn-
thetic mix of aa; drop out as required; 2% (w/v) glucose; 2%
(w/v) agar for plates, g 5-FAA

SDC-FOA 0.67% (w/v) yeast nitrogen base; 0.06% (w/v) complete, syn-
thetic mix of aa; drop out as required; 2% (w/v) glucose; 2%
(w/v) agar for plates, 1 g 5-FOA

SOC 2 g tryptone, 0.5 g yeast extract, 10 mM NaCl, 0.5 mM KCl,
10 mM MgCl2, 10 mM MgSO4 dissolve in up to 100 ml water
and adjust pH to 7.0

Yeast full medium
(YPD)

2% (w/v) peptone; 2% (w/v) glucose; 1% (w/v) yeast ex-
tract; (2% (w/v) agar for plates)
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Antibodies

Primers and secondary antibodies used for immunoblotting are shown in Table 7.6

and 7.7.

Table 7.6: Primary antibodies used for Western blot.

Name Source Dilution Supplier

anti-Cbp80 rabbit, polyclonal 1:20000 Görlich lab, Göttingen,
Germany

anti-HA rabbit, monoclonal 1:1000 R&D Systems, Minneapo-
lis, USA

anti-Nab2 mouse 1:5000 Swanson lab (3F2)
anti-Npl3 rabbit, polyclonal 1:5000 Guthrie lab, California,

San Francisco
Peroxidase-anti-
peroxidase (PAP)

rabbit, polyclonal 1:5000 Sigma, Taufkirchen, Ger-
many

anti-Pgk1 mouse, monocloncl 1:5000 Abcam
anti-Slt2 phos.
(p42/p44 anti-
body)

rabbit 1:1000 Cell Signaling Technology,
Denvers, USA

anti-Sub2 rabbit, polyclonal 1:10000 [Sträÿer et al., 2002]
anti-Tho1 rabbit 1:5000 Pineda lab
anti-Yra1 rabbit, polyclonal 1:2000 Straesser lab, Gieÿen, Ger-

many
anti-Rps8 rabbit, polyclonal 1:5000 G. Dieci lab, Parma, Italy

Table 7.7: List of the used secondary antibodies.

Name Source Dilution Supplier

anti-rabbit-
HRPO

goat, monoclonal 1:3000 Bio-Rad, Hercules, Kali-
fornia

anti-mouse-
HRPO

goat, monoclonal 1:3000 Bio-Rad, Hercules, Kali-
fornia

Oligonucleotid sequences

Oligonucleotides used for PCRs and qPCRs were obtained from Biolegio (Ni-

jmegen, Netherlands) (Table 7.8 and 7.10). Modi�ed DNA and RNA oligonu-

cleotides were obtained from biomers.net (Ulm, Germany)(Table 7.9).
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Table 7.8: Primer sequences used for plasmid cloning and creating cassettes for transfor-
mations in yeast.

Primer Sequence 5' - 3'

ssa4 fwd new GCTCTAGAACTAGTGGATCCACTATTGTCACTTCTC

CATTGA

pRS316 ssa4 rev TCAATGGAGAAGTGACAATAGTGGATCCACTAGTTC

TAGAGC

pRS316 ssa4 fwd TCTGTGGTTTCAGATATAATATCACTCGAGGGGGGG

CCCGGTA

ssa4 rev new TACCGGGCCCCCCCTCGAGTGATATTATATCTGAAA

CCACAGA

ssa4 L1 plasmid

fwd

CAGAGACCCTCACACGGAAGCAGCATCGAATTTCTT

AGTTT

ssa4 L1 plasmid rev GATTGCCAGGGGGCTCTGACTTCATCGCATCTTTGT

ATTTAT

ssa4 L1 MS2 fwd ATAAATACAAAGATGCGATGAAGTCAGAGCCCCCTG

GCAATC

ssa4 L1 MS2 rev AAACTAAGAAATTCGATGCTGCTTCCGTGTGAGGGT

CTCTG

ssa4 L2 plasmid

fwd

CAGAGACCCTCACACGGAATAAGTATATATATAAGA

TACACAATCA

ssa4 L2 MS2 rev TGATTGTGTATCTTATATATATACTTATTCCGTGTG

AGGGTCTCTG

ssa4 L2 MS2 fwd TAGTTTTCCCTCTTAACAACTTTTTCAGAGCCCCCT

GGCAATC

ssa4 L2 plasmid rev GATTGCCAGGGGGCTCTGAAAAAGTTGTTAAGAGGG

AAAACTA

ssa4 L3 MS2 fwd ATAAGATACACAATCAGTAATTAGCCAGAGCCCCCT

GGCAATC

ssa4 L3 plasmid rev GATTGCCAGGGGGCTCTGGCTAATTACTGATTGTGTA

TCTTAT

ssa4 L3 plasmid

fwd

CAGAGACCCTCACACGGAAAATGACTACTATTTGTAC

GTTCTC

ssa4 L3 MS2 rev GAGAACGTACAAATAGTAGTCATTTTCCGTGTGAGG

GTCTCTG

ccw124 l1 plasmid

fwd

CAGAGACCCTCACACGGAttatttatacattctaaattttttataaactt

ccw124 l1 MS2 rev aagtttataaaaaatttagaatgtataaataaTCCGTGTGAGGGTCTCTG
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ccw124 l1 plasmid

rev

GATTGCCAGGGGGCTCTGtaataaactaagtttacaacaacaaag

ccw124 l1 MS2 fwd ctttgttgttgtaaacttagtttattaCAGAGCCCCCTGGCAATC

ccw124 l3 MS2 fwd ttagtttattattatttatacattctaaatttCAGAGCCCCCTGGCAATC

ccw124 l3 plasmid

rev

GATTGCCAGGGGGCTCTGaaatttagaatgtataaataataataaactaa

ccw124 l3 plasmid

fwd

CAGAGACCCTCACACGGAtttataaacttttttggcatttaacaaat

ccw124 l3 MS2 rev atttgttaaatgccaaaaaagtttataaaTCCGTGTGAGGGTCTCTG

ccw124 l2 MS2 fwd ttgtaaacttagtttattattatttatacaCAGAGCCCCCTGGCAATC

ccw124 l2 plasmid

rev

GATTGCCAGGGGGCTCTGtgtataaataataataaactaagtttacaa

ccw124 l2 plasmid

fwd

CAGAGACCCTCACACGGAttctaaattttttataaacttttttggc

ccw124 l2 MS2 rev gccaaaaaagtttataaaaaatttagaaTCCGTGTGAGGGTCTCTG

fwd1 ssa4 Mango GAAGGGACGGGCGGAGAGGAGAtgctacttGCATCGAA

TTTCTTAGTTTTCCC

rev1 ssa4 Mango TCTCCTCTCCGCCCGTCCCTTCTGCTACTTCATCGCAT

CTTTG

fwd2 ssa4 Mango GAAGGGACGGGCGGAGAGGAGAATAAAAAAGTATATAT

ATAAGATACACAATCA

rev2 ssa4 Mango TCTCCTCTCCGCCCGTCCCTTCATAAAAAGTTGTTAAG

AGGGAAAAC

fwd3 ssa4 Mango GAAGGGACGGGCGGAGAGGAGATTTGCTGACTACTATT

TGTACGTTCTCA

rev3 ssa4 Mango TCTCCTCTCCGCCCGTCCCTTCTTTGCTAATTACTGAT

TGTGTATCT

Mango fwd GAAGGGACGGGCGGAG

∆ccw22 HIS3 fwd GGATAACAAACATCTTCTTTCGTTCGCTTCAAAATAA

CTACAAATTAAAAATGACAGAGCAGAAAGCCC

∆ccw22 HIS3 rev AAGTACTTAACCATTTTTCTAAAAATATATTAAAGAA

AAGGTTGAGTAAACTACATAAGAACACCTTTG-

GTG

∆ccw22 colony fwd GAGCTGCAGGACACGCT

HIS3 colony rev CTCTATCGCTAGGGGACC

plasmid rev MBP cagtttaccttcttcgattttcatggatccactagttctagagc

MPB fwd gctctagaactagtggatccatgaaaatcgaagaaggtaaactg

MCP fwd MBP cgggatcgagggaaggattATGGCTTCTAACTTTACTCAGTT

MBP rev MCP AACTGAGTAAAGTTAGAAGCCATaatccttccctcgatcccg
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plasmid fwd MCP AAAAAAAAAAAGAAAAGTTACCGGTTAAgaattcgatatca

agcttatcga

MCP rev tcgataagcttgatatcgaattcTTAACCGGTAACTTTTCTTTTTT

TTTTT

∆rip1 HIS3 fwd AGCTCATCAAGCTATCATTAAATTTCGACCCGAGCAACG

ACTCAACTGTAATGACAGAGCAGAAAGCCC

∆rip1 his rev TTCATATATATTGTTTAAGTTACCATTTTGTATGTTTTT

CTTTGACCTTACTACATAAGAACACCTTTGGTG

∆rip colony fwd GTACTGAGCATTAATCTGGCT

Cyc1 fwd gctctagaactagtggatccGAGCGTTGGTTGGTGGAT

plasmid pCyc1 rev ATCCACCAACCAACGCTCggatccactagttctagagc

MBP pCyc1 fwd CACACACTAAATTAATAGGATCCatgaaaatcgaagaaggtaaactg

Cyc1 rev cagtttaccttcttcgattttcatGGATCCTATTAATTTAGTGTGTG

HA fwd AAAAAAAAAAAGAAAAGTTACCGGTtacccatacgatgttcctga

MCP HA rev tcaggaacatcgtatgggtaACCGGTAACTTTTCTTTTTTTTTTT

plasmid HA fwd ccagattacgcttctagcTAAgaattcgatatcaagcttatcga

HA rev tcgataagcttgatatcgaattcTTAgctagaagcgtaatctgg

Nop1 fwd gctctagaactagtggatccTCCTGTACTTGCTGATATTGTG

plasmid pNop rev CACAATATCAGCAAGTACAGGAggatccactagttctagagc

MBP Nop1 fwd AATTAACTCAAATCAACTAAAACAGTAatgaaaatcgaagaagg

taaactg

Nop1 MBP rev cagtttaccttcttcgattttcatTACTGTTTTAGTTGATTTGAGTTA

ATT

cbp80 fwd GCTCTAGAACTAGTGGATCCGATTCTTCGAGTGTGTCT

TTTTC

plasmid cbp80 rev GAAAAAGACACACTCGAAGAATCGGATCCACTAGTTCT

AGAGC

plasmid cbp80 fwd CAAATGTGTAGGCGGTTCGCTCGAGGGGGGGCCCGGTA

cbp80 rev TACCGGGCCCCCCCTCGAGCGAACCGCCTACACATTTG

cbp80 verif rev GTCGTTTTGATTAGCAATATACC

cbp20 fwd GCTCTAGAACTAGTGGATCCCACAAATGATGAGAAATAG

TCATC

plasmid cbp20 rev GATGACTATTTCTCATCATTTGTGGGATCCACTAGTTCT

AGAGC

plasmid cbp20 fwd GGAATTGAGTTTACCAGGGTATACTCGAGGGGGGGC

CCGGTA

cbp20 rev TACCGGGCCCCCCCTCGAGTATACCCTGGTAAACTCAA

TTCC

cbp20 verif rev GATATTAGTCCTTTCGGGACT
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cbp80 verif fwd GAATACGGCTGTATGAAACCA

cbp20 verif fwd CTAACTAGTATTTACGTTACTAGTA

∆cbp80 fwd TGGTATACGCGTTTGGGGCTACAATTGCATTTTAAA

TATATTTAAGCCTGATTCAAGAAATATCTTGA

∆cbp80 rev TAAAAAGCGGAGTGATAACGAATGTAGTCCATCCTC

CGAATCTTTCGTGTCGTTTCTATTATG

∆cbp20 fwd GATGACACAAATGATGAGAAATAGTC

∆cbp20 rev CGCAAAATATTTAGTGATTACTATACCC

12xMS2 ilv5 fwd CAAGTGCTGGAAACTTTTTCTCcagagccccctggcaatc

ilv5 12xMS2 rev gattgccagggggctctgGAGAAAAAGTTTCCAGCACTTG

ilv5 12xMS2 fwd cagagaccctcacacggaTTGGAATTTTTGCAACATCAAGTC

12xMS2 ilv5 rev GACTTGATGTTGCAAAAATTCCAAtccgtgtgagggtctctg

cbp80 seq GAGCAACCACAGAAGCAAG

cbp80 seq2 GCCCAATTAATTGCCACTTATG

∆slt2 his fwd CTATCAAAATAGTAGAAATAATTGAAGGGCGTG

TATAACAATTCTGGGAGATGACAGAGCA-

GAAAGCCC

∆slt2 his rev TTACATCTATGGTGATTCTATACTTCCCCGGTT

ACTTATAGTTTTTTGTCCTACATAAGAACAC-

CTTTGGTG

∆slt2 colony PCR ATAAATGCATATACTCTAGTTGAAG

∆cbp20 his fwd ATATCGAATAAAAGTTGCATCCATTAATATACC

AATAAATAAAGGGAAAGATGACAGAGCA-

GAAAGCCC

∆cbp20 his rev TATATATATATCTGTGTGTAGAATCTTTCTCAG

ATATAAATTGATTGATTCTACATAAGAACAC-

CTTTGGTG

∆cbp20 colony

PCR

TGGAAGCTGAAACGCAAGG

ssa4-S2 AAACTAAGAAATTCGATGCTGCTACTTCATCGCATC

TTTGTATTTATCTAATCGATGAATTCGAGCTCG

ssa4-S3 CAGGCCCCACTGGAGCACCAGACAACGGCCCAACGG

TTGAAGAGGTTGATCGTACGCTGCAGGTCGAC

ssa4 M1 Cvar fwd ATCCGTACACCATCAGGGTACGAGCTAGCCCATGG

CGTACACCATCAGGGTACGACTAGTAGATCTCG-

TACACCATCAGGGTACGGAGCAGCATC-

GAATTTCTTAGTTT

ssa4 plasmid L1

3xMS2 rev2

GGCTAGCTCGTACCCTGATGGTGTACGGATACTTCATC

GCATCTTTGTATTTAT
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ssa4 M1 Cvar rev CCGTACCCTGATGGTGTACGAGATCTACTAGTCGTACC

CTGATGGTGTACGCCATGGGCTAGCTCG-

TACCCTGATGGTGTACGGATACTTCATCG-

CATCTTTGTATTTAT

ssa4 plasmid L1

3xMS2 fwd2

TAGTAGATCTCGTACACCATCAGGGTACGGAGCAGCAT

CGAATTTCTTAGTTT

MS2 Cvar fwd TCAGGGTACGAGCTAGCC

∆slt2 colony rev AGTTTGTCCAGTTGGCAATTG

Dbp5 fwd GCTCTAGAACTAGTGGATCCATGCCAAACACAGGTTT

ATCAAA

Dbp5 plasmid rev TTTGATAAACCTGTGTTTGGCATGGATCCACTAGTTC

TAGAGC

Dbp5 rev TACCGGGCCCCCCCTCGAGACTAAACGGTGCCTTC

TTCG

dbp5 plasmid fwd CGAAGAAGGCACCGTTTAGTCTCGAGGGGGGGCC

CGGTA

Dbp5 colonyPCR

fwd

CTTCTCAGTTTGTTGATCCAC

Dbp5 S86A fwd ACCCAAATGCTCCATTGTACA

Dbp55 S86A rev TGTACAATGGAGCATTTGGGT

Ddbp5 HIS3 fwd CGATCAGCAACCAAGAACATCTATAAAAATACTTACC

ACCTTAGATCGGAatgacagagcagaaagccc

Ddbp5 HIS3 rev TGAAATTAGATTAAAGCTTTTACGTATTTTGAGGTAT

TATGTACTGAATTctacataagaacacctttggtg

Ddbp5 colony fwd AGAGGGCTGCCATCTGG

Dbp5 Seq CTGTCTCTTTCTTGTGTCTGT

Yra S8A fwd ACTTAGATAAAGCTTTAGACGAAAT

Yra S8A rev ATTTCGTCTAAAGCTTTATCTAAGT

Yra1 S142A fwd TTTAACGGCGCTCCAATCG

Yra1 S142A rev CGATTGGAGCGCCGTTAAA

Yra1 S211A fwd GCTAAGAAAGCTCTTGAAGATC

Yra1 S211A rev GATCTTCAAGAGCTTTCTTAGC

Yra1 S8D fwd CTTAGATAAAGATTTAGACGAAATC

Yra1 S8D rev GATTTCGTCTAAATCTTTATCTAAG

Yra1 S142D fwd ATTTAACGGCGATCCAATCGA

Yra1 S142D rev TCGATTGGATCGCCGTTAAAT

Yra1 S211D fwd GCTAAGAAAGATCTTGAAGATCT

Yra1 S211D rev AGATCTTCAAGATCTTTCTTAGC

HA fwd yra1 GGCGGACTATTTCGAAAAGAAAtacccatacgatgttcctga
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Yra1 rev HA tcaggaacatcgtatgggtaTTTCTTTTCGAAATAGTCCGCC

plasmid fwd HA

yra1

ccagattacgcttctagcTAATTAATTGTCAATTTTTTGTTTG

ATTTAATTT

HA rev Yra1 AAATTAAATCAAACAAAAAATTGACAATTAATTAgct

agaagcgtaatctgg

HA colony PCR agcgtaatctggaacgtcatat

Hpr1 S673D S675D

fwd

TAA ACG ATG CTG ATC AAA CAG AA

Hpr1 S673D S675D

rev

TTCTGTTTGATCAGCATCGTTTA

Hpr1 S694A fwd GGGAGAAATAGCAGAAGAGAA

Hpr1 S694A rev TTCTCTTCTGCTATTTCTCCC

Hpr1 S673D fwd CGTATAAACGATGCTTCTCAA

Hpr1 S673D rev TTGAGAAGCATCGTTTATACG

HA fwd hpr1 GTTCATCTACCCAAGATATGAAAtacccatacgatgttcctga

Hpr1 rev HA tcaggaacatcgtatgggtaTTTCATATCTTGGGTAGATGAAC

HA rev Hpr1 AGTTTAAAATTTCTATTAAGAGGATAATTTAgctagaag

cgtaatctgg

plasmid fwd Hpr1

HA

ccagattacgcttctagcTAAATTATCCTCTTAATAGAAATTT

TAAACT

Hpr1 Seq3 GGCTTTATTGTCGTAATAGTCAT

Hpr1 Seq2 CAGCTTTACAAGAATCTGATAAC

Hpr1 Seq1 GTTTACGTTCATCAAGATGGG

GFD1 S110D fwd CCACCAGTTGATCCTAGCA

GFD1 S110D rev TGCTAGGATCAACTGGTGG

GDF S106D fwd CAGAGATAGATCCTCCACC

GFD S106D rev GGTGGAGGATCTATCTCTG

GFD1 fwd GCTCTAGAACTAGTGGATCCAATATATGTCAATATA

TCGATGTGTC

GFD1 plasmid rev GACACATCGATATATTGACATATATTGGATCCACTA

GTTCTAGAGC

GFD1 plasmid fwd CTGACCTTGGATGTCTCCACTCGAGGGGGGGCCCG

GTA

GFD1 rev TACCGGGCCCCCCCTCGAGTGGAGACATCCAAGGT

CAG

Dgfd1 kanMX fwd AAGCTATTTTTGATAGGAGAATACCTTCAATATCAT

TTTTACTATTTATCgacatggaggcccagaata

Dgfd1 kanMX rev ATGTCTCTTCAAGCAAAACGTGCTTAAAAGTGTCCA

TGTGATGGGAGGGAcagtatagcgaccagcattc
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Dgfd1 colony fwd AAATGCCTCATGACGGTATCT

gfd1 colony fwd CAACGTTTGAAGACCTCTTTG

GFD1 S87A fwd GCAAAATAGCTCCTGTAAGTG

GFD1 S87A rev CACTTACAGGAGCTATTTTGC

HA fwd gfd1 cgtttgaagacctctttgaaaataTACCCATACGATGTTCCTGA

gfd1 rev HA TCAGGAACATCGTATGGGTAtattttcaaagaggtcttcaaacg

Gfd1 fwd HA CCAGATTACGCTTCTAGCtaatccctcccatcacatgga

HA rev gfd1 tccatgtgatgggagggattaGCTAGAAGCGTAATCTGG

Dnab2 TEFpro TAGTGGTTTCTAATTATCTCTGATCATAAGGAAGTGG

AAGTACATCAGAAgacatggaggcccagaata

Dnab2 CycTerm ATCAAAAGGGTCACAGGAACATGAATTTCGTTCCGTG

ATTTTAATAGTAActtcgagcgtcccaaaacc

Nab2 T254 fwd GAACTTCGCTCCAACCAAGAAAGAG

Nab2 T254 rev CTCTTTCTTGGTTGGAGCGAAGTTC

Dnab2 colony fwd GGCTGAACCAACTTATAATTTCT

kanMX plasmid

fwd

AAGAAATATCTTGACCGCAGTTGACATGGAGGCCCAG

AATA

plasmid kanMX rev TATTCTGGGCCTCCATGTCAACTGCGGTCAAGATATT

TCTT

plasmid kanMX

fwd

GAATGCTGGTCGCTATACTGAAAGATTCTCTTTTTTT

ATGATATTTGTA

kanMX plasmid rev TACAAATATCATAAAAAAAGAGAATCTTTCAGTATAG

CGACCAGCATTC

plasmid A1 rev GTGTAAACCTCGCGGAATTAGGATCCACTAGTTCTA

GAGC

pBS Vektor rev TTGTGTGGAATTGTGAGCGG

pBS Vektor fw

(M13 fwd)

GTAAAACGACGGCCAGT

LEU fwd CGGCTGTGATTTCTTGACCA

pRS315 Fwd GGCCAGTGAATTGTAATACGACTCA

pRS315 Rev CCCTCACTAAAGGGAACAAAAGCTG

PK25 rev comp TGAGTCGTATTACAATTCACTGGCC

PK26 rev comp CAGCTTTTGTTCCCTTTAGTGAGGG
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Table 7.9: ASOs sequences for mRNP puri�cation, RNaseH assay and puri�cation of
cross-linked mRNPs.

Name Sequence 5' - 3'

CCW12

ASO1

gtgtttaagcgaatgacaga

CCW12

ASO3

aaagctggggagacagtttc

SSA4 1 cgtcaccaattagcctttctgtgtcag

SSA4 2 ccttctgcgatttcttgtccagccc

SSA4 3 cctcggctagaaagttaaccagcc

SSA4 4 gggatcaactttgtcataataccacctgc

SSA4 5 ccagtacctttttcaacggcagatacg

ssa4 ASO6 ttaccttgatcgttagcgat

ssa4 ASO7 cgaatttacgtccgatcaga

ssa4 ASO8 cgttactacagcatctttca

ssa4 ASO9 ccttcatctatggatagcag

ssa4 ASO10 atagatgtctgagcagacga

ssa4 ASO11 tggctccaatgtagatctaa

ssa4 ASO12 actggtcacccgttaagatg

ssa4 ASO13 cttgaacttttctgcctcag

ssa4 ASO14 ataatggggtttgcaacacc

ssa4 ASO15 attcgatgctgctacttcat

RAP ssa4 1 ttgatcgttagcgataatttcaaccctatcgtttgcaaaatgagcaacacatgaataggttg

tacctaaatcaataccaacagcttttga

RAP ssa4 2 gtgggttcatcgcagcttgattcttcgcagcgtcaccaattagcctttctgtgtcagtaaaa

gccacataagaaggcgtcgttctattac

RAP ssa4 3 actttgaatgggtaatgcttagcatcgttcgtcacttctggatcatcgaatttacgtccgatc

agacgcttagcatcgaatactgtatta

RAP ssa4 4 caagatcattgaggaaatttcttctggagtaaatgtctttgtctcgcctttatattccacttgc

actaccggtttacctcccttgtcaat

RAP ssa4 5 tttgtgaatcgttgaaataggctggaaccgttactacagcatctttcacttctgttcctaaaa

agttctcagcagtctccttcatctttg

RAP ssa4 6 agcccatacgcaatagcggcagctgtaggttcattaatgatacgaagaacgttcaagcccg

cgattgtaccggcatcttttgttgcttgc

RAP ssa4 7 accttcatctatggatagcagagagacatcaaaagtaccaccacctaaatcaaagatcaa

gacgttgtgctcctctgcgatttcttgtc

RAP ssa4 8 tgaactcctcggctagaaagttaaccagcctactatcgaaatcttcaccacccaagtgagtg

tcaccagcagtagccttaacctcaaaga
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RAP ssa4 9 gaagacagagttctcttggccctttcagcggcggtccttaacctccttagggacctttggttag

ttgttagatcctttttattttttctt

RAP ssa4 10 acataattcttcaaatcttgcccttgtaatggaagtatagaaatcgataccctcaaataatga

atctatttctatagatgtctgagcaga

RAP ssa4 11 caagtacaatttcatcaatttgtgacttatctaattttgaatcagccaaaactttttccactgg

ctccaatgtagatctaaacaaatcag

RAP ssa4 12 tcatcagggttaatcgaacggtttggttctttaccattgaaaaaatcagaaaccagtttttgt

acttttggaattcttgttgaaccacca

RAP ssa4 13 tgcaacatccagcaacagtaaatcttgggtcgtcgacgactggtcacccgttaagatggca

gcctgtacggcagcaccataagcgacggc

RAP ssa4 14 acacttccgatttttttgttgggatagtcgaatttcttgggatcaactttgtcataataccacct

gcagtttcaatacctagagataatg

RAP ssa4 15 ttacccagtagattgttgtcttttgtccttgtcctttcaccctcaaaaacttgtatcaacacacc

aggttggttgtcagcgtaggtggaa

RAP ssa4 16 tacgttcagaataccatttgcatcgatatcaaatgtaacttcaatttgtggtacgcctcttgga

gcgggtggaataccgctcaactcaaa

RAP ssa4 17 ccattttatcgatatcttccttcgataatcttcccttatcgttagtaattgtaatcttgttagattt

accagtacctttttcaacggcag

RAP ssa4 18 aaagtaaacgcgtacgattctagctgattcttagcttgaacacgttgagcttcttgttcatcttc

ggccttgaacttttctgcctcagca

RAP ssa4 19 atttatagcatcttgggcggcggcttccaatttcctggcatcctcttcacccaccttctccttga

agttattttcgctcacagaattttt

RAP ssa4 20 atttactcataatggggtttgcaacaccttctagttccttttgcctttccttgtattcctcggtgga

ggccgcttgcgaagcatctaacc

RAP ssa4 21 accgttgggccgttgtctggtgctccagtggggcctgctccagcacccggaactgggcctgctc

ctggggcaccacctgcagctccgtaa

RAP ccw12 1 agcagcggcagaagcgacagcggcgacagcggcgatagaagcgacagtagaaaattgcatt

attgatatagtgtttaagcgaatgacaga

RAP ccw12 2 gggagacagtttcagaacagacgtggtcttcacaagaagtgatggtgaccaaagtggtagatt

cttggctgacagtagcagtggtaacgt

RAP ccw12 3 ttctttggggcttcagtggtcaatgggcaccaggtggtgtattgagtgataacgtcatcgac

ggtgacggtagcggtggaaaccaaagct

RAP ccw12 4 agtgtaagaggtgacagagtgagttggagcagcagaggtggtgttctttggagcttca

gtagaggtaactggagcagcagtagaagtacc

RAP ccw12 5 tataaataataataaactaagtttacaacaacaaagcagcggcaccagccaacaaagca

ccagcagctggcaaagccttagcagcagcac
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Table 7.10: List of all primer used for qPCR.

Name Sequence 5' - 3' Description

CCW12 5´fwd actgtcgcttctatcgccgc

CCW12 5´rev ttggctgacagtagcagtgg

PGK1 5´fwd ttgccaaccatcaagtacgttt

PGK1 5´rev cccaagtgagaagccaagaca

fwd SSA4 1 gaacgacgccttcttatgtggc primer for RNaseH assay

rev SSA4 1 gggttcatcgcagcttgattcttc primer for RNaseH assay

fwd SSA4 2 gaacctacagctgccgctattg primer for RNaseH assay

rev SSA4 2 ccaccacctaaatcaaagatcaagacg primer for RNaseH assay

fwd SSA4 3 cgatagtaggctggttaactttctagcc primer for RNaseH assay

rev SSA4 3 gggacctttggttagttgttagatcc primer for RNaseH assay

fwd SSA4 4 gctggatgttgcaccattatctctagg primer for RNaseH assay

rev SSA4 4 gggatagtcgaatttcttgggatcaac primer for RNaseH assay

fwd SSA4 5 ggtattctgaacgtatctgccgttg primer for RNaseH assay

rev SSA4 5 cgataatcttcccttatcg primer for RNaseH assay

ssa4 6 fwd gctcattttgcaaacgatagggttg primer for RNaseH assay

ssa4 7 fwd cccacataatacagtattcgatgc primer for RNaseH assay

ssa4 7 rev gcttagcatcgttcgtcacttct primer for RNaseH assay

ssa4 8 fwd gatgaaggagactgctgagaac primer for RNaseH assay

ssa4 8 rev gttgcttgcctttgtgaatcgttg primer for RNaseH assay

ssa4 9 fwd ggtggtggtacttttgatgtctc primer for RNaseH assay

ssa4 9 rev gtgagtgtcaccagcagtagc primer for RNaseH assay

ssa4 10 fwd gaaagggccaagagaactctg primer for RNaseH assay

ssa4 10 rev ggaagtatagaaatcgataccctc primer for RNaseH assay

ssa4 11 fwd gggcaagatttgaagaattatgtgc primer for RNaseH assay

ssa4 11 rev cctcatcagggttaatcgaacgg primer for RNaseH assay

ssa4 12 fwd tggtgctgccgtacaggctg primer for RNaseH assay

ssa4 12 rev ggtgcaacatccagcaacagta primer for RNaseH assay

ssa4 13 fwd cgaaggaagatatcgataaaatgg primer for RNaseH assay

ssa4 13 rev gcttgaacacgttgagcttcttg primer for RNaseH assay

ssa4 14 fwd ccgaggaatacaaggaaaggc primer for RNaseH assay

ssa4 14 rev ggcaccacctgcagctccgt primer for RNaseH assay

ssa4 15 fwd2 ggagcaccagacaacggccc primer for RNaseH assay

ssa4 15 rev2 gttaagagggaaaactaagaaattcg primer for RNaseH assay

hsp104 fwd_3 caggttgctgaggaagagagacg primer used for RAP and RIP

hsp104 rev_3 cagaaatggtgtctgaatcgacc primer used for RAP and RIP

hsp12 fwd cctccaaggtgtccacgact primer used for RAP and RIP
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hsp12 rev ttggttgggtcttcttccc primer used for RAP and RIP

ilv5 5´ fwd aagagaacctttgctttggc primer used for RAP and RIP

ilv5 5´ rev ttggcttaacgaaacgggca primer used for RAP and RIP

yef 5´ fwd gctgacccaactgaagttcc primer used for RAP and RIP

yef 5´ rev gggaccatgatggacaaagt primer used for RAP and RIP

kar2 fwd gaaaccgccattgctgaaga primer used for RAP

kar2 rev gaagtaattggataagcgaccttg primer used for RAP

RLP8B_fwd ggtgctaagtccactaagtct primer used for RAP

RPL8B_rev cttggccaataccgaagttct primer used for RAP

YDR524C-B_fwd tcgctgccttcgctactgt primer used for RAP

YDR524C-B_rev gttggaaccgttggtacgg primer used for RAP

Organisms

All E. coli and S. cerevisiae strains used for all experiments are listed in Table

7.11 and 7.12, respectively.

Table 7.11: E. coli strain list

Name Genotype Reference

DH5α F− endA1 glnV44 thi-1 recA1 relA1 gyrA96

deoR nupG θ80dlacZ∆M15∆(lacZY AargG)U169

hsdR17K(r
−
Km

+
B) λ−

Woodcock et al.

[1989]

Table 7.12: S. cerevisiae strains strain list

Strain Genotype reference

RS453 (WT) MATa;ade2-1; his3-11,15; ura3-52; leu2-3,112;

trp1-1;can1-100; GAL+

Sträÿer

and Hurt

[2000]

W303 MATa;ura3-1; trp1-1; his3-11,15; leu2-3,112;ade2-

1,can1-100; GAL+

Euroscarf

CBP20-TAP MATa; ade2-1, his3-11,15, ura3-52, leu2-3,112,

trp1-1, can1-100, GAL+; CBP20-FLAG-TEV-

protA::HIS3

Sträÿer lab

CBP20-FTpA MATa; ade2-1, his3-11,15, ura3-52, leu2-3,112,

trp1-1, can1-100, GAL+; CBP20-FLAG-TEV-

protA::HIS3

Philip Keil

[2021]
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CBP20-FTpA

MEX67-HA

MATa; ade2-1, his3-11,15, ura3-52, leu2-3,112,

trp1-1, can1-100, GAL+; MEX67-HA::KanMX4;

CBP20-FLAG-TEV-protA::HIS3MX4

this study

CBP20-TpA MATa; ade2-1, his3-11,15, ura3-52, leu2-

3,112, trp1-1, can1-100, GAL+; CBP20-TEV-

protA::TRP1-KL

this study

CBP20-TpA

∆ccw12

MATa; ade2-1, his3-11,15, ura3-52, leu2-3,112,

trp1-1, can1-100, GAL+; ccw12::KanMX4;

CBP20-TEV-protA::TRP1-KL

this study

CBP20-TpA

∆ccw22

MATa; ade2-1, his3-11,15, ura3-52, leu2-3,112,

trp1-1, can1-100, GAL+; ccw22::His ; CBP20-

TEV-protA::TRP1-KL

this study

CBP20-TpA

∆ccw12 ∆ccw22

MATa; ade2-1, his3-11,15, ura3-52, leu2-

3,112, trp1-1, can1-100, GAL+; ccw22::His ;

ccw12::KanMX4; CBP20-TEV-protA::TRP1-KL

this study

∆rip1 MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; rip1::HIS3

this study

∆rip1 ∆ssa4 MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; ssa4::KanMX4;

RIP1::HIS3

this study

∆ssa4 PCY C1-

MBP-MCP-

3xHA CBP20-

TpA

MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; ssa4::KanMX4;

PCY C1-MBP-MCP-3xHA ::LEU2; CBP20-TEV-

proteinA::TRP1-KL

this study

∆ccw12 PNOP1-

MBP-MCP-

3xHA CBP20-

TpA

MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; ccw12::KanMX4;

PNOP1-MBP-MCP-3xHA::LEU2; CBP20-TEV-

proteinA::TRP1-KL

this study

∆ccw12 PCY C1-

MBP-MCP-

3xHA CBP20-

TpA

MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; ccw12::KanMX4;

PCY C1-MBP-MCP-3xHA ::LEU2; CBP20-TEV-

proteinA::TRP1-KL

this study

∆slt2 MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; slt2::HIS3

this study

CBP20-TpA

MEX67-HA

MATa; ade2-1, his3-11,15, ura3-52, leu2-

3,112, trp1-1, can1-100, GAL+; CBP20-TEV-

proteinA::TRP1-KL, MEX67-HA::HIS3

this study
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CBP20-TpA

∆ssa4 Mex67-

HA

MATa; ade2-1, his3-11,15, ura3-52, leu2-3,112,

trp1-1, can1-100, GAL+; MEX67-HA::HIS2MX4;

ssa4::KanMX4; CBP20-TEV-protA::TRP1-KL

this study

ilv5-shu�e

CBP20-FTpA

MATa; ura3Δ0/ura3Δ0; leu2Δ0/leu2Δ0;

his3Δ1/his3Δ1; met15Δ0/MET15;

LYS2/lys2Δ0; ilv5::KanMX4; pRS316-ILV5;

CBP20-FTpA::HIS3

Nataliia

Ste-

fanyshena

∆ssa4 ∆rip1

PCY C1-MBP-

MCP-3xHA

Cbp20-TpA

MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; ssa4::KanMX4;

PCY C1-MBP-MCP-3xHA ::LEU2; CBP20-TEV-

proteinA::TRP1-KL; rip1::HIS3

this study

cbp80-shu�e MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; cbp80::LEU2;

pRS316-CBP80

this study

cbp20-shu�e MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; cbp20::HIS3;

pRS316-CBP20

this study

cbp20-shu�e

∆cbp80

MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; cbp20::HIS3;

pRS316-CBP20; cbp80::LEU2

this study

cbp20-shu�e

SSA4-HA

MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; cbp20::HIS3;

pRS316-CBP20; SSA4-3xHA::TRP1-KL

this study

cbp20-shu�e

∆cbp80 SSA4-

HA

MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; cbp20::HIS3;

pRS316-CBP20; cbp80::LEU2; SSA4-

3xHA::TRP1-KL

this study

cbp80-shu�e

SSA4-HA

MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+;cbp20::LEU2;

pRS316-CBP80; SSA4-3xHA::TRP1-KL

this study

SSA4-HA MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; SSA4-

3xHA::TRP1-KL

this study

YRA1-6xHA MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; YRA1-

6xHA::KanMX4

this study

YRA1-6xHA

∆slt2

MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; YRA1-

6xHA::KanMX4; slt2::HIS3

this study
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dbp5-shu�e MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; pRS316-DBP5;

dbp5::HIS3

this study

∆gfd1 MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; gfd1::KanMX4

this study

yra1-shu�e MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; yra1::HIS3;

pRS316-YRA1

yra1 nab2 dou-

ble shu�e

MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; yra1::HIS3;

pRS316-YRA1; nab2::HygR; pRS314-NAB2

this study

nab2-shu�e MAT a; ade2-1; his3-11,15; ura3-52; leu2-

3,112;trp1-1 can1-100; GAL+; nab2::HygR;

pRS314-NAB2

this study

∆hpr1 MAT a; ade2-1; his3-11,15; ura3-52; leu2-3,112;

trp1-1;can1-100; GAL+; hpr1::KanMX4

[Sträÿer

et al.,

2002]
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Methods

S. cerevisiae speci�c methods

S. cerevisiae growth

All S. cerevisiae strains were stored in a 50 % (w
v
) glycerol stock at -80°C. For

experiments, the strain was streaked out on YPD or selective plates if needed. Cells

were grown for 2-3 days at 30°C. For a preculture, 50 ml YPD or selective media

were inoculated with yeast cells and grown overnight at 30°C. The main culture

was inoculated to an OD600 of 0.2 and grown to an OD600 of 0.8 for experiments,

if not indicated otherwise. Yeast cells were pelleted at 3600 rpm for 3 min.

Stress treatments for S. cerevisiae

Yeast strains were grown to an OD600 of 0.8 as described above. After cells were

diluted back to OD600 of 0.2, if not otherwise indicated using the medium or

treatment described in table 7.13 for investigation of nuclear poly(A)-RNA accu-

mulation. Heat shock treatment for nuclear mRNP puri�cation was performed

similar, but only for 15 min instead of 1 h.

Table 7.13: List of stress conditions tested for export block and used for further
experiments

Stress Treatment

Heat Shock Add hot media to reach a temperature of 42°C
and incubate at 42°C for 1h

Hyperosmotic stress 1.25 M NaCl in YPD for 1 h
Hypoosmotic stress Shift from 20 % YPD 1 M Sorbitol to 20 % YPD

0.1 M Sorbitol for 5 min
Glucose starvation SC media without Glu for 1 h
Nitrogen starvation 2 % glucose, 0.19 % (w/v) yeast nitrogen base

without amino acids and without ammonium
sulphate for 1 h

Ethanol stess 8 % ethanol in YPD for 1 h
Oxidative stress 2 mM arsenite for 1 h
rapamycin treatment 2 µg

ml rapamycin in ethanol with 20 % Tween-20
for 1 h

UPR 8 mM DTT in YPD for 1 h
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Dot Spot Assay

For each strain, freshly grown yeast cells were resuspended in sterile water, the

OD600 was adjusted to 0.1, and a serial dilution (1:5) was performed three times.

From each dilution, 5 µl cell suspension were pipetted onto a YPD plate or on

selective plates. The plates were incubated at 30°C, 37°C and 25°C or 16°C for 2

days, 3 days or a week, respectively.

S. cerevisiae transformation

Yeast cells were grown in 50 ml YPD to an OD600 between 0.6 ond 0.8, harvest

and washed with 10 ml sterile water. Cells were resuspended in 500 µl Solution 1,

spun down, supernatant was removed and the cells resuspended in 250 µl Solution

1. For each transformation, 50 µl cell suspension were mixed with precipitated

DNA from 6 PCR reactions or 1 µl plasmid, 5 µl SSD and 300 µl Solution 2.

After 30 min incubation at RT on a turning wheel, a 10 min heat shock at 42°C

was performed. In case PCR product were transformed, 35 µl DMSO was added

before the heat shock. The cells were chilled on ice for 2 min. The transformation

solution was diluted with 1 ml water and removed after centrifugation. In case of

PCR product transformations, the cells could recover in 1 ml YPD at 30°C shaking

for at least 2 h. The cells were then plated on selective plates and could grow for

2-3 days at 30°C. Genomic integration of PCR products were checked by colony

PCR or strain veri�cation Western blot.

Yeast Colony PCR

To verify the integration of a marker cassette into the genome, colony PCR was

performed. Cells were resuspended in 15 µl 2.5 mg
ml

Zymolyase T20 dissolved in

0.1 M KPO4 pH 7.5 and incubated �rst for 20 min at RT, following 5 min at 37°C

and 95°C, respectively. After dilution with 60 µl water, the mixture was used as

template for colony PCR. PCR was performed as described in table 7.14 and 7.15.

The resulting DNA fragments were analyzed by agarose gel electrophoresis.
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Table 7.14: PCR mix for yeast
colony PCR.

PCR mix

10x Taq bu�er 2.5 µl
dNTPs 2 µl
oligo 1 (100 µM) 0.2 µl
oligo 2 (100 µM) 0.2 µl
Taq Polymerase 0.5 µl
template 0.5 µl
water 33.9 µl

Table 7.15: PCR Programme to amplify
DNA fragments. The extension time X was
calculated with 1 kb

min .

Programme

95°C 5 min
95°C 30 sec
57°C 30 sec
72°C 1 min back to step 2 25x
72°C 5 min
12°C ∞

Molecular biology methods

Polymerase Chaine Reaction

DNA fragments for cloning were ampli�ed by a Q5 PCR reaction as described in

Table 7.16. PCR fragments for genomic integration in yeast were ampli�ed with

Phusion polymerase as listed in Table 7.17. In both cases, the PCR program shown

in table 7.18 was used. The length of the resulting DNA fragments were analyzed

by agarose gel electrophoresis (see below).

Table 7.16: PCR mix for a PCR us-
ing Q5 DNA polymerase as used for
cloning.

PCR mix

5x Q5 bu�er bu�er 10 µl
dNTPs 4 µl
oligo 1 (10 µM) 0.3 µl
oligo 2 (10 µM) 0.3 µl
Q5 DNA polymerase 0.5 µl
template (20 - 50 ng

µl ) 1 µl

water 33.9 µl

Table 7.17: PCR mix for a PCR to
amlify cassettes for yeast transforma-
tion using the Phusion polymerase.

PCR mix

5x HF bu�er 10 µl
dNTPs 4 µl
oligo 1 (10 µM) 0.3 µl
oligo 2 (10 µM) 0.3 µl
Phusion polymerase 0.5 µl
template (20 - 50 ng

µl ) 1 µl

water 33.9 µl

112



Material and Methods

Table 7.18: PCR Programme to amplify DNA
fragments. The extension time X was calcu-
lated with 2 kb

min .

Programme

98°C 2 min
98°C 30 sec
57°C 30 sec
72°C X back to step 2 35x
72°C 10 min
12°C ∞

Agarose gel

To verify the correct size of a PCR product, an agarose gel electrophoresis was

performed. For a 1 % agarose gel, 0.5 g agarose was dissolved in 50 ml 1x TAE

bu�er and mixed with 2.5 µl HDgreen for DNA staining. The DNA sample was

mixed with 6x DNA loading dye, loaded onto the gel and separated at 120 V for

30 min with the PeqLab PerfectBlue Mini Gel System. Pictures were taken using

the Intas Gel iX20 Transilluminator system.

Fluorescence in situ hybridization

The cells were grown to an OD600 of 0.8 and either �xed for FISH directly or a

stress treatment was performed as described in Table 7.13. For �xation, cells were

incubated for 90 min with 4.6 % formaldehyde. The cells were washed twice with

0.1 M KPO4 and once with wash bu�er. The cells were permeabilized with 100 µg

Zymolyase 100T in wash bu�er for 30 min at 30°C. The Zymolyase mixture was

removed after centrifuation at 2000 rpm for 4 min and the cells were washed once

more with wash bu�er. The cells were resuspended in 10 µl
OD600unit

and 100 µl of

the cell suspension was incubated on a poly-lysine coted coverslip for 5 min. After

aspiration, the non attached cells were removed by washing with 100 µl 2x SSC

for 10 min before adding 12 µl prehybridization bu�er. The slides were incubated

for 1 h at 37 °C in a humid chamber before adding 0.75 µl of 1 pmol
µl

Oligo(dT)50-

Cy3. The oligo could bind overnight at 37°C. The excess was removed by washing

the coverslips in 3 ml 0.5x SSC. The dry slides were mounted on a coverslide

with 8 µl Roti Mount FluorCare DAPI. For microscopy the Delta Vision Ultra

�uorescence microscope from Cytiva was used. The distribution of poly(A)-RNA

was analyzed by de�ning the whole cell by the RNA signal and the nucleus by

the DAPI signal using the software ImageJ (Figure 5.15 A). A R script was used

to calculate the rations of mean nuclear to cytoplasmic RNA signal measured
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with Fiji ImageJ, display them as box plot diagrams and perform a Welch test to

determine signi�cant changes between the samples. Two FISH experiments each

were performed by my Bachelor students Elena Bagrin and Cora-Lee Weber under

my supervision. The quanti�cation of all experiments was performed by myself.

Single molecule FISH

Yeast cells were grown to an OD600 of 0.4 and �xed with 3.7 % formaldehyde for

45 min. Cells were harvested, washed twice with 1 ml ice cold Fixation bu�er

and the cell wall was permeated with 125 mg
ml

Zymolyase T100 for 30 min at 30°C.

After centrifugation with 400 xg for 5 min, the Zymolyase was removed and the

cells washed twice with ice cold Fixation bu�er. The cells were resuspended in

Fixation bu�er and applied to the coverslip as described above for Fluorescence

in situ hybridization. The slides were incubated in 70 % ethanol overnight at 4°C.

The slides were removed from ethanol and after evaporation, 100 µl hybridization

bu�er containing 1 µl 125 nM Stellaris Cy3 coupled-probes agains SSA4 were

added. The samples were incubated overnight at 30°C. The sildes were washed

with 3 ml wash bu�er A for 30 min, shaking at 30°C and for 2 min with 3 ml wash

bu�er B at RT before mounting on a slide with 8 µl Roti Mount FluorCare DAPI.

Mikroskopy was performed as described above.

RNA Immunoprecipitation

For each sample, 400 ml yeast culture were grown to an OD600 of 0.8 following

stress treatment when indicated. The cells were harvested and washed with 5 ml

ice cold PBS. The pellet was �ash frozen in liquid nitrogen and stored at -80°C

until further use.

The cell pellet was thawed on ice with 1 ml RNA IP bu�er containing 20 µl

10x protease inhibitor and lysed with 500 µl glass beads in the FastPrep machine

3 times with 6 m
s
for 20 sec and 1 min breaks on ice. The lysate was cleared by

two centrifugation steps at 4000 rpm and 13000 rpm for 5 min at 4°C. The DNA

was digested with 5.5 µl DNaseI for 30 min on ice before adding 50 µl IgG-coupled

tosylactivated Dynabeads. After incubation for 3 h at 4°C, the beads were washed

6 times with RNA IP bu�er. For elution of the RNA, Trizol was added and the

RNA isolated as described as following in RNA isolation using Trizol.

For protein elution, the organic and interphase from the RNA isolation were mixed

with 3x volume of aceton and incubated overnight at -20°C. The proteins were

pelleted for 1 h with 15000 rpm for 4°C, the supernatant was removed and the

pellet was washed with 500 µl aceton for 30 min. After removing the supernatant,
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60 µl SDS loading dye were added. For each Comassie stained protein gel 15 µl

protein sample were used. SDS page was performed as described below.

RNA Isolation using Trizol

For RNA isolation the 10 x volume of Trizol was added to the sample and mixed

by vortexing. The sample was incubated for either 5 min at RT or for 7 min

at 60°C for cross-linked samples or elution from beads. After, 200 µl
ml

chloroform

was added, vortexed and centrifuged for 15 min at 14000 rpm at RT. The upper

phase was transferred to a new tube containing 600 µl ice cold isopropanol for

RNA precipitation and incubated for 10 min at RT. The RNA was pelleted at

15000 rpm, 20 min at 4°C. The supernatant was removed and the RNA pellet

washed with 500 µl 75 % ethanol. The dry pellet was dissolved in 56 µl water at

65°C, 750 rpm for 5 min.

Hot phenol RNA isolation

The cell pellet was resuspended in 500 µl AE bu�er with 1 % SDS and 500 µl

phenol chloroform isoamylalcohol for RNA isolation were added. The sample was

vortexed to mix and incubated at 65°C at 800 rpm for 20 min. The sample was

chilled on ice for 1 min before phase separation at 15000 rpm for 5 min at RT.

The aequos phase was transferred to a new tube and mixed with 400 µl phenol

chloroform isoamylalcohol. After another centrifugation, the upper phase was

transferred to a new tube, mixed with 400 µl chloroform, centrifuged again and

the upper phase transferred to a tube containing 1 ml 30:1 mix. The RNA was

precipitated with a incubation at -20 °C for 30 min up to overnight and pelleted at

15000 rpm, 20 min at 4°C. The RNA pellet was washed with 500 µl 75 % ethanol

and after drying dissolved in 56 µl water at 65°C, 750 rpm for 5 min.

DNaseI digest of isolated RNA, reverse transcription and qPCR

To 56 µl RNA solution 7 µl DNase I bu�er, 7 µl DNaseI and 1 µl Ribolock were

added and the DNA digested for 1 h at 37°C. The enzyme was inactivated for

10 min at 65°C.

Reverse transcription was performed either to compare RNA levels or to validate

the mRNP experiment. For comparing RNA levels after hot phenol isolation 100 ng

RNA were used for reverse transcription. After an mRNP puri�cation, 7 µl RNA

were added for reverse transcription either form 1:10 diluted lysate, TEV eluate or

elution sample. The RNA was mixed with 1 µl of 100 nM random hexamer primer,
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100 µM Oligo dT18, 10 µM dNTPs and Ribolock each. The mix was incubated for

5 min at 65°C for annealing. To each reaction 2 µl 10x MuLV bu�er, 1 µl MuL-V

and 6 µl water were added. To check if the DNase digest was e�cient a negative

control without enzyme was performed. The samples were incubated �rst 5 min

at RT after 1h at 42°C. The reaction was stopped by adding 65 µl 30:1 mix and

precipitation of the cDNA at -20°C for 30 min up to overnight. The cDNA was

pelleted at full speed at 4°C for 20 min, washed with 75 % ethanol and dried in a

speed vac for 10 min at 42°C. The cDNA was dissolved in 100 µl water.

For qPCR, 2.5 µl of the 1:10 diluted or undiluted cDNA sample was used and

mixed with 5 µl qPCR Master Mix, 2.3 µl water and 0.1 µl of each primer. The

program of the qPCR can be found in Table 7.19.

Table 7.19: Program used for qPCR.

Program

95°C 10 min
95°C 15 sec
60°C 1 min back to step 2 40x

Cloning

For plasmid cloning, the PCR fragments and plasmid backbones were ampli�ed

using PCR with Q5 polymerase (see Polymerase Chain Reaction above). After

con�rming the correct size of the DNA fragment by agarose gel electrophoresis,

the plasmid, used as PCR template was either digested for 3 h at 37°c with 1 µl

DpnI or directly puri�ed using the Macherey-Nagel NucleoSpin Gel and PCR

Clean up Kit as described in the manual. DNA fragments were assembled using

Gibson assembly. Therefore, backbone and insert were added to 15 µl of Gibson

Master Mix in a 1:3 ratio with 35 ng backbone and incubated for 1 h at 50°C.

For each gibson sample, 3 µl were transformed in DH5α cells and grown on LB

plates containing the required antibiotic. The integration of the insert was veri�ed

by colony PCR. Plasmids from clones that were positive during colony PCR (see

below) were isolated using the Macherey-Nagel NucleoSpin Plasmid (NoLid) Kit

and sequenced.

E. coli transfomation

E. coli cells were made competent with the Zymo Mix & Go E. coli Transformation

Kit as described in the manual. To transform a plasmid, 1 µl plasmid was mixed

with 50 µl chemically competent E. coli cells on ice. After incubation on ice for
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15-30 min a heat shock was performed at 42°C for 60 sec. The cells were chilled on

ice for another 2 min, mixed with 250 µl SOC-media and could recover for 1 h at

37°C, shaking. The cells were plated on LB-agar plate containing the appropriate

antibiotics.

E. coli colony PCR

Single E. coli colonies were tested for successful integration of the insert by colony

PCR. Therefore, single clones were restreaked on a new LB plate with antibiotics

and the remaining cells were added to a PCR mix (Table 7.20). The used PCR

program can be found in Table 7.21. The resulting PCR fragments were analyzed

using an agarose gel electrophoresis as described above.

Table 7.20: Reaction mix for E. coli

colony PCR for plasmid cloning.

PCR mix

10x Taq bu�er 2.5 µl
dNTPs 2 µl
oligo 1 (100 µM) 0.2 µl
oligo 2 (100 µM) 0.2 µl
Taq Polymerase 0.5 µl
template cells from plater
water 33.9 µl

Table 7.21: PCR program to amplify DNA
fragments. The extension time X was calcu-
lated with 1 kb

min .

Program

95°C 5 min
95°C 30 sec
57°C 30 sec
72°C 1 min back to step 2 25x
72°C 5 min
12°C ∞

SDS PAGE and Western blot

SDS PAGE

For a SDS PAGE, SDS gels were poured according to Table 7.22 with the BioRad

gel system. Samples were mixed with 4x SDS loading dye, boiled at 95°C for

10 min and loaded on the gel. For size comparison, 5 µl Colored prestained ladder

were loaded onto the gel. Gel electrophoresis was performed at 200 V for 45 min at

RT. The SDS gel was washed with water twice, incubated in Coomassie solution

until band are visible. The background was destained by incubation in water.

Recipes for Coomassie can be found in Table 7.4.

117



Material and Methods

Table 7.22: Composition of SDS-polyacrylamid gels with di�erent percentages
of polyacrylamide for SDS-PAGE. Mixture is su�cient for 12x SDS gels.

Separating
gel 8 %

Separating
gel 10 %

Separating
gel 12 %

Stacking
gel

Water 44 ml 40 ml 36 ml 19.5 ml
Seperating bu�er 20 ml 20 ml 20 ml -
Stacking bu�er - - - 7.5 ml
polyacrylamid 16 ml 20 ml 24 ml 3 ml
TEMED 140 µl 140 µl 140 µl 60 µl
10 % APS 700 µl 700 µl 700 µl 180 µl

Western blot

After performing an SDS PAGE without Comassie staining, the proteins were

transferred onto a Porablot NCP membrane using the Biorad Trans-Blot Turbo

Transfer System with 25 V for 45 min at RT. The membrane was blocked for 1

h in 5 % milk in 1x TBST shaking at RT. The primary antibody was added and

incubated overnight at 4°C. The next day, the membrane was washed three times

10 min with 1x TBST and the secondary, HRP coupled antibody was added for 1-2

h. The blot was washed three times to remove the excess of secondary antibody

and detected using CheLuminate-HRP ECL or SuperSignal West Dura solution

and the Intas ChemoCam Imager system.

Protein Dot blots

Protein Dot blots of cross-linked protein samples were performed using the BioRad

Bio Dot-Apparatus as described in the manual.

Quantitative Western blot

Yeast cells were resuspended in 500 µl water, 150 µl pretreatment solution was

added, mixed and incubated for 20 min on ice. Then 82 µl 100 % TCA was added,

vortex and incubate another 20 min on ice. The lysed cells were centrifuged for

20 min at 15000 rpm at 4°C and the supernatant was removed completely. SDS

loading dye containing 21 % 1 M Tris base was added to a �nal concentration of 1

OD600 unit per 21 µl. Pellets were dissolved for 10 min at 95°C with 950 rpm and

5 - 10 µl loaded on a SDS gel. Western blot was performed as described above.

In addition to the protein of interest also Pgk1 was detected. Western blot bands
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were quanti�ed using Fiji ImageJ and the intensities normalized over the Pgk1

signal.

Mechanical lysis for Western blot

For a strain veri�cation Western blot or for analysis of phosphorylation bands,

cells were resuspended in 100 µl 1x SDS loading dye with 100 µl glass beads. Cells

were mechanically destroyed for 20 sec with 6 m
s
in the FastPrep machine. After,

samples were boiled for 10 min at 95°C and 20 µl were loaded onto an SDS gel.

Gel electrophoresis and Western blot were performed as described above for strain

veri�cation Western blot. To detect phosphorylation-induced protein shifts the

samples were separated on a 8 % SDS page for 30 min at 50 V and then at 90

V until the dye front reached the bottom of the gel. The remaining steps of the

Western blot were performed as described above.

Wet blot to detect cross-linked proteins

To detect RNA-protein cross-links using a Western blot the samples were separated

on a 6 % SDS gel (Table 7.23). Gel electrophoresis was performed until the 55 kDa

marker band run o� the gel. After, the proteins were transfered to a methanol

activated PVDF membrane using the Biorad Mini-Protean Wet blot system. The

transfere was performed with 100 V for 2 h and 45 min at 4°C and ice to cool

the Wet blot transfer bu�er. The blot was blocked, incubated with antibody and

detected as described above.

Table 7.23: Composition of SDS-polyacrylamid gels with 6 % separating
gel for cross-linked proteins. Mixture is su�cient for 6x SDS gels.

Separating gel 6 % Stacking gel

Water 17.7 ml 9.75 ml
Seperating bu�er 7.5 ml -
Stacking bu�er - 3.75 ml
polyacrylamid 4.5 ml 1.5 ml
TEMED 60 µl 30 µl
10 % APS 300 µl 90 µl
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Puri�cation of transcript speci�c nuclear mRNPs

Enrichment of nuclear mRNPs using Cbp20-TAP

The enrichment of nuclear mRNPs was performed by the �rst step of a TAP

puri�cation as published by Puig et al. [2001]. Some alterations were made to

shorten the puri�cation. The cells were harvested, pipetted in liquid nitrogen and

lysed by cryomilling using the SPEX SamplePrep freezer mill 6870D.

For the puri�cation of the nuclear CBC using Cbp20-TAP, the lysate was cleared

by centrifugation at 40000 xg for 16 min at 4°C. The lysate was incubated with

500 µl IgG beads for 1 h at a turning wheel at 4°C. After, the beads were pelleted

at 1800 rpm for 3 min at 4°C, transferred in a Mobicol with attached syringe

and washed with 15 ml TAP bu�er. For elution, 160 µl TAP bu�er and 5 µl TEV

protease were added to the bead. The TEV eluate was used for further experiments

either for RNase H assay or for puri�cation of speci�c transcripts by ASO, Mango

or MS2 puri�cation.

RNaseH Assay

The TEV eluate was mixed with 100 µl 10x RNaseH bu�er, 60 mM NaCl (�nal)

and water was added up to 1 ml. Half was mixed with 100 pmol DNA ASOs while

the other half served as a negative control. Both were incubated for 2 h at 4°C if

not indicated otherwise. To digest DNA-RNA hybrids, 2.5 µl RNaseH was added

and incubated for 20 min at 37°C.

To isolate the RNA 500 µl Phenol-Chloroform-Isoamylalcohol was added, mixed

and centrifuged at 14000 rpm for 10 min at RT. The aqueous phase was mixed with

500 µl chloroform, vortexed and centrifuged. The upper phase was precipitated,

DNaseI digested and analyzed with RT-qPCR as described above. For qPCR, a

primer pair binding on both sites of the ASO binding site was used to determine if

the transcript was bound by the DNA ASO and digested by RNaseH (Figure 5.3

A).

ASO puri�cation

To purify transcript-speci�c mRNPs by ASOs, 5`O-methylated RNA ASOs coupled

with biotin were used (Table 7.9). Nuclear mRNPs were enriched as described

above. For puri�cation of mRNPs containing a speci�c transcript, 100 pmol ASO

for the speci�c-transcript was added and incubated for 15 min at RT. After, 100 µl
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prewashed M280 Streptavidine Dynabeads were added and incubated for 30 min

at 25°C with 950 rpm. The beads were washed �ve times with 750 µl binding and

wash bu�er for 2 min. For elution, 20 µl of the beads were used for RNA isolation

with Trizol following DNaseI digest and RT-qPCR to analyze the puri�ed RNA.

The remaining 80 µl beads were mixed with 4x SDS loading dye and used for

Western blot as described above.

Mango puri�cation

Enrichment of nuclear mRNAs was performed with TAP bu�er containing KCl

instead of NaCL to allow the Mango aptamer to form properly. The TEV eluate

was mixed with 5 µl TO1-Dtb and incubated for 1h at 4°C in the dark. After,

100 µl prewashed M280 Streptavidine Dynabeads were added and the binding

could take place for 15 min at RT. The beads were washed �ve times with 1 ml

15 mM HEPES-KOH pH 7.5, 150 mM KCl, 1 mM DTT, and 0.05 % Tween-20.

For elution the beads were divided and 20 µl used for RNA isolation and 80 µl for

protein analysis as described above.

MS2 puri�cation

After enrichment of nuclear mRNPs as described above, 200 µl of TEV eluate were

mixed with 25 µl magnetic amylose beads and incubated for 1 h at 4°C on a turning

wheel. The bead were washed �ve times with 1 ml TAP bu�er and incubated with

100 µl maltose elution bu�er for 30 min at 4°C. The elution was removed from

the beads and 20 µl were used for RNA isolation and 80 µl for protein analysis as

described above.

EM Analysis of transcript-speci�c nuclear mRNPs

Puri�cation of the mRNPs for EM was performed by Nataliia Stefanyshena and

grid preparation and imaging was performed by myself together with our collab-

orators. The ASO EM pictures were taken in collaboration with Dr. Gärtner

form the Institute for Anatomy and Cell biology (Universität Gieÿen). For nega-

tive staining ammoniumheptamolybdat was used. The Zeiss EM900 was used for

imaging. MS2 EM pictures were taken in collaboration with Janett Piesker from

the Max Planck Institute for Heart and Lung Research, Bad Nauheim. Grids were

pretreated with 1 % alcian blue and 1 % acetic acid and negative staining was

performed with 1 % uranyl acetate.
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Puri�cation of cross-linked transcript speci�c

mRNPs using the RAP method

For the puri�cation of cross-linked nuclear mRNPs, cells from 2 l yeast culture

were heat shocked for 15 min and cross-linked with 0.05 or 0.075 % glutaraldehyde

at 42°C for 10 min. To each culture, 25 ml 3 M glycine was added for 10 min

before harvesting, �ash freezing and cryomilling of the samples. After the cells

were lysed, nuclear mRNPs were enriched as described above but with addition of

DNaseI to the lysis bu�er.

For puri�cation of a speci�c mRNA and the cross-linked proteins the RAP protocol

from the Guttman lab [McHugh and Guttman, 2018] was used. For the puri�cation

biotinylated 90mer DNA ASOs were used which cover the whole mRNA sequence.

For binding 200 µl 2x RAP Hybridization bu�er was mixed with 200 µl TEV

eluate and 2.4 µl of a 0.7 g
l
ASO mix and incubated for 2 h at 67°C with interval

shaking for 30 sec at 1100 rpm if not indicated otherwise. For each sample, 100

µl prewashed M280 Streptavidin Dynabeads beads were added and incubated for

30 min at 67°C with interval shaking. Afterwards, the beads were washed 5 times

with 750 µl 1x RAP Hybridization bu�er. For elution 50 µl beads were used for

RNA isolation, resuspended in 50 µl NLS elution bu�er, and incubated for 2 min

at 95°C. The eluate was removed from the beads and proteins were digested by

adding 2.5 µl Proteinase K and incubation at 52°C for 1 h.

The remaining beads were reuspended in 500 µl 10 mM HEPES-KOH pH 7.5

15 mM NaCl and incubation with RNase-Mix for 1 h at 4°C to elute the proteins

from the beads. The eluate was concentrated using a AmiconUltra 0.5 3K at

14000 xg for 30 min at 4°C. After addition of 400 µl 50 mM NaCl the sample was

concentrated once again. The sample was used for Western blotting of cross-linked

proteins or normal Western blot.

For further analysis by mass spectrometry, the proteins were precipitated with

100 % ethanol overnight. After centrifugation for 1 h at 15000 rpm at 4°C, the

supernatant was removed and the dry protein analyzed by the group of Prof. Dr.

Lochnit from the Universität Gieÿen using trypsin digest and MALDI-TOF.

Phosphorproteome

For each sample, 400 ml yeast culture was harvest either untreated or following

stress treatment as indicated. The cells were resuspended in 1 ml RNA IP bu�er

containing protease inhibitor and phosphatase inhibitor (PhosStop, Roche) and

lysed using a FastPrep-24 5G machine (3 times for 20 sec at 6 m/s). The lysate

was cleared by sequential centrifugation steps at 4000 rpm and 13000 rpm, re-
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spectively, for 5 min at 4°C. The phosphoproteome analysis was performed by

the lab of Prof. Johannes Graumann, Ph.D. (Universität Marburg), then still lo-

cated at the Max Planck Institute for Heart and Lung Research, Bad Nauheim.

For each condition and replicate lysate equating to 1 mg total protein content

was processed as described [Dietze et al., 2021] up to isobaric labeling using tan-

dem mass tags (TMT; Thermo Fisher Scienti�c) and mixing of the isotopically

labeled channels into a single sample. While proteome characterization followed

the work�ow cited above, phosphorylated peptides were enriched using a High

Select Re-NTA Phosphopeptide Enrichment Kit (Thermo Fisher Scienti�c). Half

of the resulting peptide sample was further fractionationated into eight fractions

using Pierce' High pH Reversed-Phase Peptide Fractionation Kit (Thermo Fischer

Scienti�c). Mass spectrometric and data analytic processing of proteome (8 high

ph RP fractions) and phosphoproteome samples (unfractionated as well as eight

high pH fractionated fractions) followed again [Dietze et al., 2021]. The generated

data can be found on the enclosed CD.
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Appendix

A. ASO puri�cations

Figure A.1: Usage of KCl instead of NaCl does not change the yield of CCW12

mRNA. A Representative Ct value table for an ASO3 puri�cation comparing the usage
of KCl with NaCl in the used bu�er. E Representative Western blot showing the copu-
ri�cation of nuclear mRNA-binding proteins for the ASO puri�cation from A.

Figure A.2: Lower annealing temperatures reduce the yield and purity of
CCW12 during ASO puri�cation. A Representative Ct value table for an ASO
puri�cation comparing the annealing of ASO3 at RT, 4°C and 16°C. E Representative
Western blot showing the copuri�cation of nuclear mRNA-binding proteins for the ASO
puri�cation from A.
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Figure A.3: Addition of random DNA Oligos does not reduce the unspeci�c
copuri�cation of RNA-binding proteins. A Representative Ct value table for an
ASO puri�cation of CCW12 mRNPs using ASO3. The in�uence of the addition of un-
biotinylated random DNA oligos on the unspeci�c protein copuri�cation was tested. E
Representative Western blot showing the copuri�cation of nuclear mRNA-binding pro-
teins for the ASO puri�cation from A.
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Figure A.4: Addition of random RNA Oligos does not reduce the unspeci�c
copuri�cation of RNA-binding proteins. A Representative Ct value table for an
ASO puri�cation of CCW12 mRNPs using ASO3. Tested was the in�uence of adding un-
biotinylated random RNA oligos (R20) to the TEV eluate on the unspeci�c protein cop-
uri�cation. E Representative Western blot showing the copuri�cation of nuclear mRNA-
binding proteins for the ASO puri�cation from A.
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Figure A.5: The enrichment of CCW12 after mRNP puri�cation does not
change in a ∆ccw22 strain. A Representative Ct value table for an ASO puri�ca-
tion of CCW12 mRNPs using ASO1 in strains where the CCW12 paraloge CCW22 is
deleted. E Representative Western blot showing the copuri�cation of nuclear mRNA-
binding proteins for the ASO puri�cation from A.

Figure A.6: Longer centrifugation of the lysate reduces the yield of the CCW12

mRNP puri�cation. A Representative Ct value table for an ASO1 puri�cation of
CCW12 mRNPs with 1h 40000 rpm centrifugation to clear the lysate instead of 16 min
at 40000 xg. E Representative Western blot showing the copuri�cation of nuclear mRNA-
binding proteins for the ASO puri�cation from A.
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Figure A.7: Increased bead amount does not increase the yield of CCW12

mRNA. A Representative Ct value table for an ASO1 puri�cation of CCW12 mRNPs
comparing the use of 50 µl, 100 µl and 200 µl M280 Streptavidine Dynabeads for the
second puri�cation step. E Representative Western blot showing the copuri�cation of
nuclear mRNA-binding proteins for the ASO puri�cation from A.

Figure A.8: Native elution with biotinylated ASO1 is not e�cient. A Represen-
tative Ct value table for an ASO1 puri�cation of CCW12 mRNPs using native elution.
E Representative Western blot showing the copuri�cation of nuclear mRNA-binding pro-
teins for the ASO puri�cation from A.
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Figure A.9: Increased biotin concentration results in an increased elution of
CCW12 ASO1-D und ASO3-D. A Representative Ct value table for a native ASO
puri�cation of CCW12 mRNPs using di�erent ASOs for the elution with 5 mM and 16
mM biotin. ASO: biotinylated ASO; ASO-D: desthiobiotinylated ASO E Representative
Western blot showing the copuri�cation of nuclear mRNA-binding proteins for the ASO
puri�cation from A.
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Figure A.10: Test concentration of the eluate with centrifugal �lter unit is not
successful. A Representative Ct value table for an desthiobiotinylated ASO1 puri�ca-
tion of CCW12 mRNPs from 2 and 24 l cultures. The eluate from the 24 l puri�cation
was concentrated using a centrifugal �lter unit after puri�cation. Ft: Flow through E
Representative Western blot showing the copuri�cation of nuclear mRNA-binding pro-
teins for the ASO puri�cation from A.

Figure A.11: Test SSA4 mRNP puri�cations using di�erent ASOs. Representa-
tive Ct value table for a SSA4 mRNPs with di�erent ASOs. The puri�cation of CCW12

mRNPs with ASO1 serves as positive control. Tested were ASOs 1, 4 and 5 (A) as well
as ASOs 8, 12 and 15 (B). Binding sites of the ASOs can be found in Figure 5.3 B.
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Figure A.12: SSA4 ASO puri�cation in ∆rip1 A Representative Ct value table for
an SSA4 ASO8 puri�cation. The table contains results from a puri�cation testing a one
step puri�cation from a strain where RIP1 was deleted. ASO1 puri�cation of CCW12

mRNPs serves as control. B Fold change of the SSA4 mRNA in the ASO elution for the
di�erent strains. Fold change was determined relative to PGK1 mRNA by RT-qPCR.
The mean ± SD is illustrated. C Representative Western blot showing the copuri�cation
of nuclear mRNA-binding proteins for the ASO puri�cation from A and B.
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B. mRNA export block in CBC dele-

tion strains

Figure B.1: CBC mutants show a decreased nuclear/cytoplasmic poly(A)-RNA
ratio at 30°C A Representative microscopy images of an Oligo(dT) FISH performed for
several CBC mutants. The DNA is stained with DAPI and depicted in blue. Poly(A)-
RNA is stained using Oligo(dT)-Cy3 and depicted in red. The scale bar corresponds to 5
µm. B Quanti�cation of Oligo(dT) FISH for di�erent CBC mutants shown in A at 30°C
and 37°C. The graph shows a box plot diagram of nuclear/cytoplasmic mean �uorescence
for the tested mutants. Each quanti�cation consists of three experiments with a total of
≥ 300 cells. The p-value was calculated using a Welch t-test with ⋆ p < 0.05 and⋆ ⋆ ⋆⋆
p < 0.0001.
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C. Mango puri�cation

Figure C.1: The puri�cation of SSA4 mRNPs using the Mango aptamer yields
no SSA4 mRNA. A Representative Ct value table for an SSA4 Mango puri�cation.
The table contains results from test puri�cation comparing integration of the Mango
aptamer at three di�erent positions of the 3'UTR. SSA4 without aptamer serves as
negative control.
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D. MS2 puri�cation

Figure D.1: Optimization of the CCW12 nuclear mRNP puri�cation using the
12xMS2 based method. A Representative Ct value table for an CCW12 12xMS2
puri�cation. The table contains results from a puri�cation testing the puri�cation after
integration of the 12xMS2 aptamer at three di�erent positions of the 3'UTR. CCW12

without aptamer serves as negative control. B Representative Ct value table for an
CCW12 12xMS2 puri�cation comparing the puri�cation using amylose resin with mag-
netic amylose beads.

164



Appendix

Figure D.2: The usage of the NOP1 instead of the CYC1 promoter increases
the Mbp-Mcb-3xHA level but reduced yield of CCW12 during mRNP pu-
ri�cation. A Representative Western blot for the quanti�cation of the Mbp-Mcp-3xHA
protein expressed under the control of the CYC1 or NOP1 promoter. Pgk1 served as
loading control. B Representative Ct value table for an CCW12 12xMS2 puri�cation
comparing native and denaturing puri�cation from strains expressing the Mbp-Mcp-
3xHA protein either from a CYC1 or a NOP1 promoter.
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Figure D.3: The puri�cation of nuclear SSA4 mRNP yields the best results
when used as a one step puri�cation from ∆rip1 cells. A Representative Ct

value table for a 12xMS2 based SSA4 mRNP puri�cation. The table contains results
from a puri�cation testing the puri�cation after integration of the 12xMS2 aptamer at
three di�erent positions of the 3'UTR. SSA4 without aptamer serves as negative control.
B Representative Ct value table of a one step SSA4 12xMS2 puri�cation from a ∆rip1
strain. C Representative Ct value table for an SSA4 MS2 puri�cation comparing the
puri�cation using a 12xMS2V6 with a 3xMS2 variant.
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Figure D.4: Using an 3xMS24 loop with higher a�nity to the Mcp does not
improve the puri�cation of SSA4 mRNPs. A Schematic representation of the
di�erent MS2 stem loops used in this study. The MS2 and MS2V6 stem loop taken
from Tutucci et al. [2018]. The 3xMS24 loop is based on the system used by Zhou et al.
[2002] for splicosome puri�cations. B Relative SSA4 mRNA levels compared to WT after
heat shock. RNA levels were determined by RT-qPCR. The data represents the mean
± SD. C Enrichment of SSA4 mRNA over CCW12 after nuclear mRNP puri�cation
using the di�erent MS2 aptamers. SSA4 without aptamer serves as negative control.
The qPCR values of all puri�cation steps of a representative puri�cation can be found
in Supplement D.3. D Representative Western blot for the puri�cation shown in D.
The Western blot shows the amount of puri�ed Mbp-Mcp-3xHA detected with an HA
antibody. Antibodies against known nuclear mRNA-binding proteins were used. Pgk1
serves as negative control.
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Figure D.5: Puri�cation of ILV5 mRNPs using the 12xMS2 based method.
B Relative ILV5 mRNA levels compared to WT after heat shock. RNA levels were
determined by RT-qPCR. The data represents the mean ± SD. B Representative Ct

value table for an ILV5 12xMS2 puri�cation. C Enrichment of ILV5 mRNA over CCW12

after nuclear mRNP puri�cation using the 12xMS2 based puri�cation method. ILV5

without aptamer serves as negative control. D Representative Western blot for the
puri�cation shown in B and C. The Western blot shows the amount of puri�ed Mbp-Mcp-
3xHA detected with an HA antibody. Antibodies against known nuclear mRNA-binding
proteins were used. Pgk1 serves as negative control.
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E. Cross-linking of heat shock

mRNPs

Table E.1: Overview of changes applied to TRIP to test the method for the
identi�cation of nuclear heat shock mRNA-binding proteins. The original
method was published by Matia-González et al. [2017].

TRIP major adaptations TRIP

UV/PAR cross-linking Chemical cross-linking
Single ASOs
First step mRNA puri�cation using
Oligo(dT) beads

First step nuclear mRNP enrich-
ment using Cbp20-TAP

Binding and Wash bu�er similar to
our ASO protocol
Annealing: 70 -50 °C Annealing: 37°C (Formaldehyde)
Wash bu�er preheated at 50°C Wash bu�er preheated at 37°C

Figure E.1: Test cross-linking and puri�cation of heat shock mRNPs using the
TRIP protocol A Representative Ct value table for an TRIP puri�cation of CCW12

and SSA4 mRNPs. B Representative Dot blot showing the copuri�cation of nuclear
mRNA-binding proteins for the TRIP puri�cation from A.
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Table E.2: Overview of changes applied to ChIRP to test the method for
the identi�cation of nuclear heat shock mRNA-binding proteins. The original
method was published by Chu et al. [2012].

ChIRP major adaptations ChIRP

Chemical cross-linking Chemical cross-linking
ASO-Mix Single ASO
1 step puri�cation from lysate First step nuclear mRNP enrich-

ment using Cbp20-TAP
Harsh bu�er conditions in hybridiza-
tion and wash bu�er (high salt,
SDS)
Annealing and puri�cation at 37°C

Figure E.2: Test cross-linking and puri�cation of heat shock mRNPs using
the ChIRP protocol. A Representative Ct value table for an ChIRP puri�cation of
CCW12 and SSA4 mRNPs. B Representative Dot blot showing the copuri�cation of
nuclear mRNA-binding proteins for the ChIRP puri�cation from A.
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Figure E.3: Test cross-linking and puri�cation of heat shock mRNPs using
the RAP-MS protocol. A Representative Ct value table for the puri�cation of cross-
linked, nuclear SS4 mRNPs using the modi�ed RAP-MS protocol (Table 5.3) with ASO8.
B Representative Ct value table for an RAP-MS puri�cation of SSA4 mRNPs testing
di�erent ASOs: SSA4 all: Mix of 21 90mer DNA ASOs covering the whole transcript;
SSA4 odd: Mix of DNA ASOs with odd numbers; SSA4 even: Mix of DNA ASOs with
even numbers; CCW12 all: Mix of 5 90mer DNA ASOs covering the whole transcript;
ASO1 and ASO8: 2'O-Methylated RNA ASOs also used for native puri�cation.

Figure E.4: The puri�cation of nuclear, SSA4 mRNPs using the RAP-MS
method yields a high enrichment of SSA4 mRNA over all tested mRNAs ex-
cept CCW12. Representative Ct value table for the puri�cation of cross-linked, nuclear
SS4 mRNPs using the modi�ed RAP-MS protocol with all ASOs. The copuri�cation of
other transcripts was analyzed using RT-qPCR.
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Figure E.5: Cross-linked proteins can be detected in lysate samples using Wet
blot. Wet blot to detect RNA-protein cross-links. Cells were treated with di�erent
concentrations of GA, lysed and half of the sample was incubated with an RNase Mix
(RNase). Lysate samples were used for Wet blot to detect cross-linked Cbp80, Mex67
and Sub2.
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Figure E.6: Puri�ed SSA4 mRNA yield reduces with increased GA concen-
tration. Representative Ct value table containing the values of lysate and elution of a
RAP-MS puri�cation testing the yield of SSA4 mRNA after cross-linking the cells with
di�erent concentrations of GA.
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Figure E.7: Proteins identi�ed by RAP-MS for both samples and both tested
GA concentrations. List of proteins identi�ed by RAP-MS for the heat shock treated
sample with 0.075 % GA which were also found in the 0.05 % GA treated sample as well
as in both negative control samples.

174



Appendix

F. FISH of di�erent stress conditions

in WT and ∆slt2

Figure F.1: Deletion of Slt2 does not prevent the mRNA export block observed
for all tested stress conditions. A Representative FISH images for additional con-
trols not shown in Figure 5.16. B Representative FISH images for WT and ∆slt2 cells
treated with heat shock, hyperosmotic stress, ethanol and hypoosmotic stress and the
corresponding controls. The DNA is stained with DAPI and depicted in blue. Poly(A)-
RNA is stained using Oligo(dT)-Cy3 and depicted in red. The scale bar corresponds to
5 µm.
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G. Phosphoproteome

The whole data from the generated phosphoproteome analysis is saved on the
enclosed CD.

Figure G.1: Export factors are di�erentially phosphorylated durign hyperos-
motic stress AWestern blot of phosphoproteome samples showing the phosphorylation
of Nab2 after heat stress and hyperosmotic stress. B Volcano plot showing the log2 fold
change of the phosphorylation of the WT during hyperosmotic stress (WTSS - WT30C)
against the -log(fdr). Export factors are colored: TREX component = red, other mRNP
components (Nab2, Npl3, Tho1) = blue, nuclear CBC = green, NPC = purple, remaining
export factors (eg. Gfd1) = cyan

176



Appendix

Figure G.2: Principle component analysis Phosphoproteome data A Principle
component analysis of the di�erent phosphoproteome samples. B Pie chart showing the
percentages of residues with changed phosphorylation belonging to proteins of several
biological processes during heat stress. One protein(or site) can be associated with several
biological processes. The residues of the category "others" could not be assigned to any
of the other categories.
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H. In�uence of phosphorylation of

export factors on mRNA export

block during heat stress

Figure H.1: Yra1 mutants show no e�ect on growth. A Representative growth
spot assay showing the in�uence of the di�erent mutations on the corresponding yeast
strain. Cells were spotted in 4 serial 1:10 dilutions. Plates were incubated for 2 days at
30°C, 3 days at 37°C and 25°C and 8 days at 16°C.
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Figure H.2: Preventing Yra1 phosphorylation in�uences the Yra1 protein level.
A Representative Western blot illustrating the reduction of Yra1 protein levels observed
in the phosphoproteome data. Pgk1 serves as loading control.B - E Quanti�cation and
representative Western blot showing the Yra1-3xHA protein level of di�erent Yra1 mu-
tants at 30°C. F -G Representative Western blot showing the Yra1-3xHA protein level
of di�erent Yra1 mutants at after 1h heat shock. Pgk1 serves as loading control.
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Figure H.3: The yra1-S8A and yra1-S8A-S142A mutant show a decrease in nu-
clear poly(A)-RNA accumulation during heat stress. Representative microscopy
images of an Oligo(dT) FISH comparing the poly(A)-RNA export block of di�erent Yra1
mutants at 30°C and heat stress. The 3 single mutants yra1-S8A, yra1-S142A and yra1-

S211A are shown in A and the yra1-S8A-S142A double mutant in B. The DNA is stained
with DAPI and depicted in blue. Poly(A)-RNA is stained using Oligo(dT)-Cy3 and de-
picted in red. The scale bar corresponds to 5 µm.
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Figure H.4: The yra1-S142A and yra1-S142A-S211Amutant show a decrease in
nuclear poly(A)-RNA accumulation during hyperosmotic stress. Representa-
tive microscopy images of an Oligo(dT) FISH comparing the poly(A)-RNA export block
of di�erent Yra1 mutants at 30°C and hyperosmotic stress. The DNA is stained with
DAPI and depicted in blue. Poly(A)-RNA is stained using Oligo(dT)-Cy3 and depicted
in red. The scale bar corresponds to 5 µm.
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Figure H.5: Additional Nab2 mutation of T254A leads to no further reduction
in the poly(A)-RNA accumulation during heat shock. Representative microscopy
images (A) and quanti�cation B) of an Oligo(dT) FISH comparing the poly(A)-RNA
distribution in di�erent Nab2 mutants at 30°C and during heat stress. A The DNA
is stained with DAPI and depicted in blue. Poly(A)-RNA is stained using Oligo(dT)-
Cy3 and depicted in red. The scale bar corresponds to 5 µm. B The graph shows a
box plot diagram of nuclear/cytoplasmic mean �uorescence for the tested mutants. The
quanti�cation consists of two experiments with a total of ≥ 200 cells. The p-value was
calculated using a Welch t-test with ⋆ p < 0.05 and ⋆ ⋆ ⋆⋆ p < 0.0001.
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Figure H.6: Additional Nab2 mutation leads to no further reduction in the
poly(A)-RNA accumulation during heat shock compared to the yra1-S8A-

S142A mutation alone. Representative microscopy images of an Oligo(dT) FISH
investigating the poly(A)-RNA accumulation in a yra1-S8A-S142A nab2-T178A-S180A

strain heat stress. The DNA is stained with DAPI and depicted in blue. Poly(A)-RNA
is stained using Oligo(dT)-Cy3 and depicted in red. The scale bar corresponds to 5 µm.
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Figure H.7: Preventing the reduction of Hpr1 phosphorylation leads to an
increased poly(A)-RNA accumulation during heat stress. A Representative mi-
croscopy images of an Oligo(dT) FISH analyzing the poly(A)-RNA accumulation for
di�erent Hpr1 mutants at 30°C and during heat stress. B Representative Western blot
showing the Hpr1-3xHA protein levels of the di�erent Hpr1 mutants during heat stress.
Pgk1 serves as loading control.
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Figure H.8: Preventing the reduction of Gfd1 phosphorylation leads to no
visible growth defect. A Representative growth spot assay showing the in�uence of
the di�erent mutations of Gfd1 on the corresponding yeast strain. Cells were spotted
in 4 serial 1:10 dilutions. Plates were incubated for 2 days at 30°C, 3 days at 37°C and
25°C and 8 days at 16°C.B Representative microscopy images of an Oligo(dT) FISH
analyzing the poly(A)-RNA accumulation for di�erent Gfd1 mutants at 30°C and during
heat stress.
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Figure H.9: The dbp5-S86A mutation has no e�ect on cell growth or poly(A)-
RNA accumulation during heat stress. A Representative growth spot assay showing
the in�uence of the S86A mutation of Dbp5 on the corresponding yeast strain. Cells were
spotted in 4 serial 1:10 dilutions. Plates were incubated for 2 days at 30°C, 3 days at
37°C and 25°C and 8 days at 16°C.B Representative microscopy images of an Oligo(dT)
FISH analyzing the poly(A)-RNA accumulation for dbp5-S86A and the corresponding
controls at 30°C and during heat stress.
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