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Abstract

MRNA biogenesis in the eukaryotic nucleus is a highly complex process. The
numerous RNA processing steps are tightly coordinated to ensure that only fully
processed transcripts are released from chromatin for export from the nucleus. Here,
we present the hypothesis that fission yeast Dbp2, a ribonucleoprotein complex (RNP)
remodelling ATPase of the DEAD-box family, is the key enzyme in an RNP assembly
checkpoint at the 3’-end of genes. We show that Dbp2 interacts with the cleavage and
polyadenylation complex (CPAC) and localises to cleavage bodies, which are enriched
for 3’-end processing factors and proteins involved in nuclear RNA surveillance. Upon
loss of Dbp2, 3’-processed, polyadenylated RNAs accumulate on chromatin and in
cleavage bodies, and CPAC components are depleted from the soluble pool. Under
these conditions, cells display an increased likelihood to skip polyadenylation sites and
a delayed transcription termination, suggesting that levels of free CPAC components
are insufficient to maintain normal levels of 3’-end processing. Our data support a
model in which Dbp2 is the active component of an mRNP remodelling checkpoint that
licenses RNA export and is coupled to CPAC release.



Chapterl

Published, Nat Commun 16, 10 (2025). doi: 10.1038/s41467-024-55063-7

DSIF factor Spt5 coordinates transcription, maturation and exoribonucleolysis
of RNA polymerase Il transcripts

Krzysztof Kus!, Loic Carrique?, Tea Kecman?!, Marjorie Fournier!, Sarah Sayed
Hassanein'®, Ebru Aydin4, Cornelia Kilchert*, Jonathan M. Grimes? and Lidia

Vasiljeval

Summary

Precursor messenger RNA (pre-mRNA) is processed into its functional form during
RNA polymerase Il (Pol Il) transcription. Although functional coupling between
transcription and pre-mRNA processing is established, the underlying mechanisms are
not fully understood. We show that the key transcription termination factor, RNA
exonuclease Xrn2 engages with Pol Il forming a stable complex. Xrn2 activity is
stimulated by Spt5 to ensure efficient degradation of nascent RNA leading to Pol I
dislodgement from DNA. Our results support a model where Xrn2 first forms a stable
complex with the elongating Pol Il to achieve its full activity in degrading nascent RNA
revising the current ‘torpedo’ model of termination, which posits that RNA degradation
precedes Xrn2 engagement with Pol Il. Spt5 is also a key factor that attenuates the
expression of non-coding transcripts, coordinates pre-mRNA splicing and 3’-end
processing. Our findings indicate that engagement with the transcribing Pol Il is an
essential regulatory step modulating the activity of RNA enzymes such as Xrn2, thus

advancing our understanding of how RNA maturation is controlled during transcription.
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System-wide analyses of the fission yeast poly(A)* RNA interactome reveal

insights into organization and function of RNA-protein complexes
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Abstract

Large RNA-binding complexes play a central role in gene expression and orchestrate
production, function, and turnover of mRNAs. The accuracy and dynamics of RNA-
protein interactions within these molecular machines are essential for their function
and are mediated by RNA-binding proteins (RBPs). Here, we show that fission yeast
whole-cell poly(A)* RNA-protein crosslinking data provide information on the
organization of RNA-protein complexes. To evaluate the relative enrichment of cellular
RBPs on poly(A)" RNA, we combine poly(A)* RNA interactome capture with a whole-
cell extract normalization procedure. This approach yields estimates of in vivo RNA-
binding activities that identify subunits within multiprotein complexes that directly
contact RNA. As validation, we trace RNA interactions of different functional modules
of the 3-end processing machinery and reveal additional contacts. Extending our
analysis to different mutants of the RNA exosome complex, we explore how substrate
channeling through the complex is affected by mutation. Our data highlight the central
role of the RNA helicase Mtl1 in regulation of the complex and provide insights into
how different components contribute to engagement of the complex with substrate
RNA. In addition, we characterize RNA-binding activities of novel RBPs that have been
recurrently detected in the RNA interactomes of multiple species. We find that many of
these, including cyclophilins and thioredoxins, are substoichiometric RNA interactors
in vivo. Because RBPomes show very good overall agreement between species, we
propose that the RNA-binding characteristics we observe in fission yeast are likely to

apply to related proteins in higher eukaryotes as well.
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Zusammenfassung

Die grof3te Gruppe von RNA-Helikasen sind die DEAD-Box-Helikasen der Superfamilie
2, welche nicht-prozessive Enzyme sind, die in einer Einzelumdrehungsreaktion an
kurzen RNA-Duplexen wirken, um RNA zu entwindern (Helikase-Aktivitat) oder
Proteine zu verdrangen (RNPase-Aktivitat). Diese Aktivitaten ermdéglichen es ihnen,
Messenger-Ribonukleoproteine (MRNPs) umzugestalten. Die Produktion funktioneller
MRNAs ist auf die ko-transkriptionelle mRNP-Assemblierung angewiesen, die
hochdynamische und regulierte Prozessereignisse orchestriert. Das Umgestalten von
MRNPs, das durch DEAD-Box-ATPasen erleichtert wird, soll die RNA-Reifung fordern,
indem es Ubergange zwischen verschiedenen mRNP-Zustanden erleichtert.
Ein wesentlicher Schritt in der eukaryotischen mRNA-Biogenese ist die Bildung des 3'-
Endes der mRNA durch endonukleolytischen Schnitt gefolgt von Polyadenylierung. Die
Rekrutierung des Spalt- und Polyadenylierungs-Komplexes (CPAC) und die
anschlieende Bildung des 3'-Endes wurden umfassend untersucht. Im Gegensatz
dazu ist das Abbau dieser komplexen Proteinassemblierungen, nachdem sie ihre
Funktion abgeschlossen haben, weniger gut verstanden. Die hier vorliegende Arbeit
zeigt, dass das Spalt-Helikase-Protein Dbp2 in die Nahe des 3'-Endes von Genen
rekrutiert wird und sowohl mit CPAC-Komponenten als auch mit Exportfaktoren
interagiert. Es lokalisiert sich zu Spaltkérpern, subnuklearen Strukturen im Zellkern, in
denen auch CPAC-Faktoren konzentriert sind. Der Verlust von Dbp2 fuhrt zur
Akkumulation von 3'-verarbeiteten, polyadenylierten RNAs auf Chromatin und in
Spaltkérpern, was mit der Depletion von CPAC-Faktoren aus dem l6slichen Pool
einhergeht. Diese Beobachtungen deuten darauf hin, dass in Dbp2-depletierten Zellen
eine eingeschrankte Verfugbarkeit von CPAC-Faktoren eine optimale 3'-End-

Verarbeitung verhindert, was zu erhohten Mengen an 3'-verlangerten Transkripten und
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einer Verzogerung der Transkriptionsbeendigung fuhrt. Der Dbp2-abhangige
Umgestaltungs-Checkpoint formt die mRNP-Assemblierung an der Schnittstelle
zwischen RNA-3'-End-Bildung und RNA-Export und unterstreicht, dass die
Freisetzung von Transkripten nach der 3'-End-Bildung wahrscheinlich ein ATP-

abhangiger Prozess ist.

15



Chapterl

Abstract

The largest group of RNA helicases are the DEAD-box helicases of superfamily 2,
which are non-processive enzymes that act in a single turnover reaction on short RNA
duplexes to trigger RNA unwinding (helicase activity) or protein displacement (RNPase
activity). These activities enable them to remodel messenger ribonucleoproteins
(mRNPs). The production of functional mMRNAs relies on co-transcriptional mRNP
assembly that orchestrates highly dynamic and regulated processing events.
Remodelling of MRNPs, facilitated by DEAD-box ATPases, is thought to promote RNA
maturation by facilitating transitions between different mMRNP states.

An essential step in eukaryotic mMRNA biogenesis is the formation of the 3’-end of the
MRNA by endonucleolytic cleavage followed by polyadenylation. The recruitment of
cleavage and polyadenylation complex (CPAC) and the subsequent formation of the
3’-end have been extensively investigated. On the contrary, the dismantling of these
complex protein assemblies once they have completed their functions is less
thoroughly understood. The work here shows that fission yeast Dbp2 is recruited to the
3’-end of genes and interacts with both CPAC components and export factors. It
localises to cleavage bodies, subnuclear structures in the nucleus where CPAC factors
are also concentrated. Loss of Dbp2 results in the accumulation of 3’-processed,
polyadenylated RNAs on chromatin and in cleavage bodies, coinciding with the
depletion of CPAC factors from the soluble pool. These observations suggest that in
Dbp2-depleted cells, restricted availability of CPAC factors prevents optimal 3’-end
processing, resulting in elevated levels of 3'-extended transcripts, along with a delay
in transcription termination. Dbp2-dependent remodelling checkpoint shape mRNP
assembly at the intersection between RNA 3’-end formation and RNA export,
highlighting that transcript release after 3’-end formation as likely an ATP-dependent

process.
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Chapterl Introduction

1.1 RNA helicases — general biochemical features and functions

RNA helicases are ubiquitously expressed in all three domains of life and are frequently
present in viral genomes. RNA helicases are central regulators of RNA metabolism,
participating in nearly all aspects of RNA processing including ribosome biogenesis,
transcription, splicing, RNA export, and translation (Fairman-Williams et al., 2010;
Jankowsky & Fairman, 2007). They form a large group among RNA-binding proteins,
having more than 70 members in humans and more than 40 in Saccharomyces
cerevisiae. Most RNA helicases show high conservation from yeast to humans and
many are essential for cell function (Bohnsack et al., 2023). RNA helicases require
nucleoside triphosphates to bind or remodel nucleic acids, nucleic acid—protein
complexes, or both (Fairman-Williams et al., 2010; Pyle, 2008). While some RNA
helicases have the ability to processively translocate through RNA substrates and
unwind double-stranded regions, and subsequently displace proteins, others do not
exhibit translocation along their substrate but instead unwind local secondary

structures (Bourgeois et al., 2016; Jarmoskaite & Russell, 2014).

Helicases, in general, have been classified into six different superfamilies (SF) based
on sequence, function, and structural similarities. These superfamilies are further
divided into two primary subgroups: monomer helicases (SF1-SF2) and hexamer
helicases (SF3-SF6) (Sami et al., 2021; Tanner & Linder, 2001) (Figure 1.1A).
Eukaryotic RNA helicases belong to the superfamilies SF1 and SF2, and fall into six
families, namely DEAD-box, RIG-I-like, DEAH-box/RNA helicase A-like (DEAH/RHA),
Ski2-like, NS3/NPH-II, and Upfl-like, based on amino acid sequence identity (Figure

1.1B) (Fairman-Williams et al., 2010; Jankowsky & Fairman, 2007; Jia et al., 2011).
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Figure 1.1 | Classification of helicase families

A. Schematic diagram showing the structural arrangement of helicases. Left: a monomeric helicase
with two identical RecA domains joined by a linker sequence (SF1 and SF2). Right: Six helicase
monomers assemble together forming a hexameric structure in which each monomer is consisted of
a single RecA domain (SF3-SF6). Adopted from (Sami et al., 2021). B. Unrooted cladogram showing
the three identified families of the SF1 (upper right), and the 9 families and one group (viral SF2
helicases related to NS3/NPH-II proposed as a group) of the SF2 (lower right). Branch lengths are
not to scale. The oval indicates significant uncertainty in cladogram topology in this region. Yellow
circles to specify families harbouring RNA helicases (Fairman-Williams et al., 2010; Leitdo et al.,
2015). Helicases are categorised into six superfamilies from SF1 to SF6. SF1 and SF2 are further
grouped into different families. While monomeric SF1, SF2 and hexameric SF6 encompass
eukaryotic members, Superfamilies SF3, SF4 and SF5 helicases are mainly hexameric from viral or
bacterial origin. Adapted and modified after (Sami et al., 2021).

1.1.1 General overview of the SF2 RNA helicases

Superfamily 2 helicase proteins are abundant in RNA metabolism and exhibit a wide

range of functional roles (Jarmoskaite & Russell, 2014). SF2 helicases typically have

a helicase core comprising two RecA-like domains. The helicase core is variably
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flanked by N- and C- terminal extensions among different members of the superfamily
(Jankowsky & Fairman, 2007). The two RecA-like domains are composed of 13
characteristic sequence motifs at specific positions. Nucleoside triphosphate (NTP)
binding and hydrolysis executed by four motifs, namely Q, I, Il, and VI. The nucleic acid
binding is accomplished by seven motifs, namely la, Ib, Ic, IV, IVa, V, and Vb. The two
intervening motifs, namely Il and Va play a role in coupling nucleic acid and NTP

binding (Figure 1.1.1A) (Bohnsack et al., 2023; Fairman-Williams et al., 2010).

RecA1 domain RecA2 domain
N terminus 1 ' C terminus
SF1 O 1 110101 K- 1L O 1L 1 1
SF2 e L LLOL 10 - [ B | L1 0 -
Helicase motifs: QO m 0@ @ viva) vaivo @
NTP binding and/or hydrolysis: + o+ + + + +
RNA binding: * F + L +
Coupling RNA and NTP binding: + +

Figure 1.1.1 | Domain organisation and characteristics of SF2 and SF1 helicase families and
groups

A. The indicated positions correspond to the characteristic helicase sequence motifs Q, I, Ia, Ib, Ic,
I, 1, la, 1V, IVa, V, Va, Vb, and VI. The motifs are colour-coded based on their functions, with red
denoting involvement in nucleoside triphosphate (NTP) binding and/or hydrolysis, blue indicating
RNA binding, and gold signifying the coupling of these activities. Green circles highlight positions
where specific helicases possess additional domains. Adopted from (Bohnsack et al., 2023).

The SF2 superfamily is further divided into five different subfamilies comprising DEAD-
box helicases, DEAH-RHA helicases, RIG-I like proteins, Ski2-like proteins and the
NS3/NPH-II subfamily; the latter is only found in proteins of viral origin (Leitdo et al.,
2015). This sub-division in the SF2 superfamily is based on the differences in the
sequence motifs, structural and mechanistic characteristics of its constituents (Leitdo
et al., 2015). SF2 RNA helicases use their helicase activity to unwind RNA secondary
structures. This can happen either i) “non-processive” unwinding of short duplexes,
acting for example as mechanical switches (e.g., DEAD-box); ii) “processive”

unwinding via translocating along the unwound single strand (e.g., DEAH/RHA,
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NS3/NPH-II); or iii) binding or translocating along a duplex without unwinding (e.g.,

RIG-I-like) (Jarmoskaite & Russell, 2014; Mallam et al., 2014; Singleton et al., 2007)

(Table 1.1).
Number of Nucleic NTP Unwinding Substrate Mechanism Function
protein acid preference polarity
members preference
H.s. S.c. Ec. DNA RNA AIG/CIU 3>5 523
SF2
DEAD-box 37 26 9 B + ATP + + Double- Local—str_and RNA/RI\_IP
stranded separation remodelling
Single- Translocation- Transcription
DEAH/RHA 15 7 2 + +  ATP/GTP/CTPIUTP  + + based "
stranded o regulation
unwinding
. Coupling of
. Translocation- o
- Single- unwinding
Ski2-like 7 5 2 + + ATP + stranded unt\),ai?j?n and
9 degradation
Translocation Innate
) Double- on double- .
RIG-Iike 5 1 ) * * ATP * ) stranded substrates,no Mmune
o response
unwinding
Single- Translocation- Viral
NS3/NPHII - - - + +  ATP/GTP/CTP/UTP + 9 based S
stranded - replication
unwinding
SF1
Single-  Translocation-
Upfl-like 11 5 2 + + ATP - + /Double- based 'EEC’:C

stranded unwinding

Table 1.1 | Enzymatic properties of individual SF1 and SF2 RNA helicase families

The properties of SF1 and SF2 RNA helicases based on the information in the following publications
Fairman-Williams et al., 2010; Jarmoskaite & Russell, 2014; Linder & Jankowsky, 2011; Lépez-
Ramirez et al., 2011; Mallam et al., 2014.

In addition to the characteristic helicase domains, many SF1 and SF2 RNA helicases
possess N-terminal and C-terminal auxiliary domains with functions that range from
RNA or protein binding to oligomerisation, and may also contain intrinsically disordered
regions (IDRs), which can promote liquid—liquid phase separation (LLPS) (Bohnsack

et al., 2023; Fairman-Williams et al., 2010; Hondele et al., 2019; Leitdo et al., 2015).
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1.1.1.1 General structure and functions of DEAD-Box helicases

DEAD-box RNA helicases are essential for RNA metabolism and have versatile
functions including roles in ribosome biogenesis, RNA export, RNA decay, RNA
storage, pre-mRNA splicing, sSnRNP biogenesis, organelle-specific RNA metabolism,
and translation. They are involved in general transcription as well as in the co-
transcriptional and post-transcriptional regulation of gene expression (Sarkar & Ghosh,
2016). DEAD-box helicases are evolutionary conserved and constitute the largest
class of the superfamily 2 (SF2) helicase family; having 37 members in humans, 26 in
budding yeast and 9 in bacteria (Linder & Fuller-Pace, 2013; Linder & Jankowsky,

2011; Lépez-Ramirez et al., 2011).

A Helicase core

I:l-—-[l]la Ib |cI||| v fval [v] v

Amino-terminal domain " g
Domain 1 Domain 2

Carboxyl-terminal domain

Il ATP binding and hydrolysis

] RNA binding

D Communication between RNA and ATP binding sites
|:| Interaction with various factors for specific functions

B Nail

C-tajy

Figure 1.1.1.1 | Structure of DEAD box RNA helicases

A. The helicase core of DEAD box helicases is composed of two covalently linked identical globular
domains (RecA-like); each contains five beta-strands surrounded by five alpha-helices domains,
where the conserved twelve motifs are embedded in. These motifs play roles in ATP binding and
hydrolysis, RNA binding, and facilitating communication between ATP and RNA binding sites. DEAD
box helicases feature auxiliary amino-terminal and carboxyl-terminal domains, contributing to the
specificity of function through interactions with other factors. Adopted from (Sarkar & Ghosh, 2016).
B. Depiction of a DEAD-box helicase with conserved motifs bound to ATP and RNA.
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DEAD-box helicases are characterised by two highly conserved globular helicase core
domains tethered to one another by a linker region, which are homologous to the
bacterial recombination protein, recombinase A (RecA), namely N-terminal RecA-like
domain 1 (RecAl) and C-terminal RecA-like domain 2 (RecA2) (Patrick Linder &
Jankowsky, 2011; Ballut et al., 2005; Ozgur et al., 2015). DEAD-box helicases have at
least 12 highly conserved motifs within the helicase core (Figure 1.1.1.1A). There is a
gap between the RecAl and RecA2 domains, which houses the ATP-binding site. The
closure of this gap is essential for efficient ATP binding and hydrolysis. RNA binds in
a position opposite to that of the ATP-binding site (Figure 1.1.1.1B) (Sarkar & Ghosh,
2016). RecAl encompasses the ATP-binding and hydrolysing motifs Q, I, and II, the
RNA-binding motifs la, Ib, and Ic, as well as motif 11l, which coordinates ATP and RNA
binding (Cordin et al., 2006; Linder & Jankowsky, 2011). The name “DEAD-box” is
derived from the single letter amino acid code of Asp-Glu-Ala-Asp (D-E-A-D) in motif Il
(Walker B) within the RecAl helicase core domain (Linder et al., 1989; Linder &
Jankowsky, 2011). DEAD-box helicases also possess a unique and characteristic Q-
motif approximately 17 amino acids (aa) upstream of motif | (Tanner et al., 2003). While
motifs | and Il bind the triphosphate moiety of NTP directly or through a Mg?*, the Q
motif recognises the adenine moiety, and is also important for RNA binding , therefore

regulating the helicase activity (Tanner, 2003; Tanner et al., 2003; Cordin et al., 2004).

The RecA2 domain, on the other hand, comprises the RNA-binding motifs IV, IVa, and
V, along with motif VI responsible for the interaction with RNA during unwinding and
ATP hydrolysis. Motif Va, which might coordinate ATPase and unwinding activities, is
also present. Overall, motifs Q, I, Il, lll, and VI are critical for both helicase and ATPase
activities. In addition to the RecA-like domains, DEAD box helicases possess auxiliary

amino-terminal and carboxyl-terminal domains. These additional domains contribute
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to diverse functions by facilitating interactions with other proteins and RNAs (Cordin et

al., 2006; Linder & Jankowsky, 2011).

A total of 26 DEAD-box proteins are encoded in S. cerevisiae genome. A total of 14
(Dbp3, Dbp4, Dbp6, Dbp7, Dbp8, Dbp9, Dbp10, Drs1, Fall, Hasl, Mak5, Rok1, Rrp3,
Spb4) are involved in ribosome assembly, constituting the largest group. Others have
been shown to take part in transcription (Dbp2), splicing (Prp5, Prp28 and Sub2), RNA
export (Sub2, Dbp5), and translation [elF4A (two isoforms), Dedl (two isoforms),

Dhh1] (Karbstein, 2022; Stewart, 2019).

1.1.1.2 Biochemical properties and activities of the DEAD-Box helicases

The basic biochemical activities of DEAD-box helicases encompass RNA, nucleotide,
and protein binding. The biochemical characteristics allow them to carry out diverse
RNA-stimulated activities including RNA-dependent ATP hydrolysis, RNA binding &
unwinding, protein displacement from RNA, RNA clamping, RNA chaperone, strand
annealing, and conversion in RNA structure (Figure 1.1.1.2). It remains elusive if
DEAD-box helicases have functions within cellular contexts that are achieved solely
from protein binding without involving RNA (Putnam & Jankowsky, 2013b). In contrast,
it is very well evidenced that RNA, nucleotide, and protein binding influence one
another (Putnam & Jankowsky, 2013b). While protein binding regulates both ATP and
RNA binding, likewise RNA and nucleotide can also affect protein binding (Ballut et al.,
2005; Montpetit et al., 2011; Rogers et al., 2001). Notably, DEAD-box helicases have
two primary characteristics: they are RNA-binding and ATP-binding proteins.
Additionally, they can link these functions with ATP hydrolysis and conformational
changes, which ultimately lead to RNA unwinding or the displacement of proteins

(Cordin et al., 2006; Linder & Jankowsky, 2011).
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Figure 1.1.1.2 | Biochemical features and activities of DEAD-box helicases depicted under a
single schematic

A. The inner circle coloured blue is for the basic biochemical features that are RNA, nucleotide (ATP)
and protein binding and the yellow arrows within is to show the connection between the activities.
The outer circle sections coloured red show the activities resulting from either one or two-coordinated
biochemical features and the revolving red lines is to point which biochemical features is responsible
for a given activity. RNA structure conversion depends on the orchestrated activities of strand
annealing and RNA unwinding. Adopted from (Putnam & Jankowsky, 2013b).

Some DEAD-box helicases exhibit strand-annealing activity, which is influenced by
factors such as protein oligomerisation state, ATP and ADP concentrations, and the
presence of an annealing domain (Sarkar & Ghosh, 2016). These factors regulate the
balance between unwinding and annealing activities in helicases that exhibit
annealing, which is largely ATP-independent (Song et al., 2023). This characteristic of
DEAD box helicases is critical in RNA remodelling reactions and RNA chaperoning
(Jankowsky, 2011; Jarmoskaite & Russell, 2014; Linder & Jankowsky, 2011).
Additionally, DEAD-box helicases were also shown to be biosensors for metabolites,
allowing them to adjust RNA metabolism to adenosine monophosphate (AMP)

concentrations. While AMP was shown to inhibit RNA binding and unwinding functions
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of S. cerevisiae Dedl, Mss116, and elF4A, it had no such an effect on the budding

yeast DEAD-box helicases Sub2 and Dbp5 (Putnam & Jankowsky, 2013a).

Importantly, DEAD-box helicases possess no sequence-specificity with regards to their
RNA substrate, and structural studies of various members of the family have illustrated
that DEAD-box helicases interact with the ribose phosphate backbone and not with the
nucleobases of RNA (Hilbert et al., 2009; Singleton et al., 2007). Despite the strong
conservation of the helicase core, DEAD-box helicases differ in their cellular
localisation, catalytic activity, and regulation by accessory factors. Their apparent lack
of sequence-specificity, along with the high expression and strong enzymatic activity
of DEAD-box proteins in vitro, makes it particularly interesting to understand their

regulation in the cellular context (Bowers et al., 2006).

Many DEAD-box helicases have been shown to unwind short double-stranded RNAs
and/or displace RNA-bound proteins in an ATP-dependent fashion in vitro, such as
budding yeast elF4A, DDX5 (p68) in humans, and Drosophila Vasa (Blum et al., 1992;
Hirling et al., 1989; Liang et al., 1994; Rozen et al., 1990). Some members of this family
exhibit weak RNA-dependent ATPase and ATP-dependent RNA unwinding activities
in vitro (Ballut et al., 2005; Tseng et al., 1998; Weirich et al., 2006), possibly due to the
absence of cellular cofactors, accessory proteins, or specific RNA substrates, which
would otherwise enhance their activities in cellular contexts (Daugeron & Linder, 1998;

Weirich et al., 2006).

35



Chapterl

1.1.1.3 DEAD-box helicases act in a single turnover reaction on short RNA
duplexes
The RNA unwinding mechanism of DEAD-box helicases is distinctive. They are non-
processive enzymes that act in a single-turnover reaction on short RNA duplexes.
Because the processivity is very low, unwinding becomes inefficient when the length
of the RNA substrate exceeds 10 to 15 base pairs. They utilise a local strand
separation mechanism through tethering interactions that keep the helicase core in
close proximity to the targeted RNA duplexes. DEAD-box helicases bind to the duplex
region of RNA, assisted by single-stranded or structured nucleic acid regions (Sarkar

& Ghosh, 2016).

B ATP
B ADP + P,
"= RNA

S

Figure 1.1.1.3 | Model of the DEAD-box ATPase cycle

A. DEAD-box ATPases are non-processive and act in a single-turnover reaction on short RNA
duplexes. ATP binding induces a closed conformation in the two RecA domains (D1 and D2) of the
DEAD-box ATPase, forming an elongated RNA-binding surface that facilitates interactions with the
RNA phosphate backbone of a single strand. This binding results in the bending of the RNA strand
into an arch, making it incompatible for interaction with another RNA strand as a duplex and
potentially displacing associated proteins. Subsequent ATP hydrolysis disrupts the interdomain
contacts between the D1 and D2 RecA domains, leading to the release of RNA and ADP + Pi, thus
allowing the cycle to restart. If the release of inorganic phosphate after ATP hydrolysis is inhibited or
the protein is locked in the ATP-bound state, DEAD-box ATPases can form stable clamps on RNAs.
Adopted from (Weis and Hondele, 2022).
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In detail, a single ATPase cycle by DEAD-box helicases involves, first, the
rearrangement of the two RecA-like domains (RecAl and RecA2) of the DEAD-box
protein into a closed conformation upon binding to ATP in the presence of RNA. This
conformational rearrangement results in an extended RNA-binding surface permitting
interactions with the RNA phosphate backbone of one strand. This extended RNA
binding causes bending of the RNA strand into a pronounced kink, which prohibits its
interaction with another RNA strand as a secondary structure. Following ATP
hydrolysis, interdomain contacts between the RecAl and RecA2 domains are
disrupted, which leads to the release of RNA and ADP+P; (Figure 1.1.1.3A). Through
repeated ATPase cycles, DEAD-box helicases can disrupt RNA-RNA and protein-RNA
complexes (Andersen et al., 2006; Bono et al., 2006; Y. Chen et al., 2008; Cheng et
al., 2005; Hilbert et al., 2009; Linder & Lasko, 2006; Sengoku et al., 2006; Ozgur et al.,

2015; Theissen et al., 2008; Weis & Hondele, 2022).

ATP binding is a prerequisite for the RNA binding of DEAD box helicases. Importantly,
ATP binding, but not ATP hydrolysis, is required for the process of RNA duplex
unwinding. However, ATP hydrolysis is necessary for the recycling of DEAD-box
helicases (Liu et al., 2008). The order of ATP and RNA binding by DEAD-box helicases
is not sequential. RNA and ATP binding occurs rapidly (Lorsch & Herschlag, 1998),
but the release of substrate RNA and ADP+Pi is considered the rate-limiting step
before starting another ATPase cycle. Overall, the ATPase cycle comprises ATP
binding, ATP hydrolysis, strand separation, the generation of a segment of single-
stranded RNA, and finally, the release of single-stranded RNA from the helicase core.
Each unwinding event involves a single ATP molecule. (Andersen et al., 2006; Bono
et al., 2006; Cheng et al., 2005; Hilbert et al., 2009; Sengoku et al., 2006; Ozgur et al.,

2015; Theissen et al., 2008; Weis & Hondele, 2022). The DEAD-box ATPase cycle is
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crucial for regulating DEAD-box helicases functions in RNA binding and processing,
with many known regulators blocking the cycle at specific processing steps. Since their
enzymatic activity is driven by ATP hydrolysis, they are referred to as DEAD-box

ATPases in the following sections.

1.1.2 The cellular acts of DEAD-box ATPases

DEAD-box ATPases are among the most abundant cellular proteins, with levels of
expression similar to ribosomal proteins (Weis & Hondele, 2022). Due to their
biochemical properties, DEAD-box ATPases can act as (a) ATP-dependent RNA
helicases (Figure 1.1.2A), (b) RNA clamps (Figure 1.1.2B) facilitating the recruitment
of protein complexes to RNA, or (c) RNPases (Figure 1.1.3C) removing proteins from
RNA, allowing other proteins to bind (Weis & Hondele, 2022). In the following sections,
the current state of knowledge about the cellular functions of DEAD-box ATPases and
the mechanisms involved will be summarised, and their crucial contributions to the

regulation of gene expression will be highlighted.

1.1.2.1 DEAD-box ATPases as clamping platforms

An important function of the DEAD-box ATPases is to form stable clamps on RNA
serving as a scaffold for the assembly of higher-order RNP complexes (Leitédo et al.,
2015; Linder & Jankowsky, 2011). The term 'RNA clamp' refers to the persistent
binding of RNA by the helicase, where the dissociation of DEAD-box ATPases from
RNA is inhibited either by blocking the release of inorganic phosphate after ATP
hydrolysis or by locking the protein in the ATP-bound conformation, which prevents
progression through the ATPase cycle (Liu et al., 2014). These mechanistic details
suggest that DEAD-box ATPases use their ATP hydrolysis cycle as a regulatory
mechanism, controlling their binding to and release from RNA in a manner that is

essential for proper RNA processing.
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Figure 1.1.2 | Mechanisms of function of DEAD-box ATPases

A. DEAD-box ATPases can perform local strand unwinding, or B. when their ATPase activity is
blocked, can function as clamps within RNPs, or C. displace RNA-binding proteins (RBP) from their
substrate. Adapted and modified after (Bohnsack et al., 2023).

The first ever characterised DEAD-box ATPases acting as a clamp was elF4A-IIl.
elF4A-I1l functions as part of the exon junction complex (EJC), which is a multiprotein
complex deposited at a conserved position located upstream of exon junctions upon
pre-mRNA splicing. The EJC maintains this association during export to the cytoplasm
and remains attached until it is removed during the initial cycle of translation (Nielsen
et al., 2009). The EJC is composed of a heterotetrameric core containing the proteins
elF4A-11l, MLN51, MAGOH, and Y14. Within EJC, elF4A-IIl acts as an adaptor for the
other EJC components by remaining stably bound to mRNA following splicing, which

secures the stable association of other EJC components with the RNA (Andersen et
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al., 2006; Ballut et al., 2005; Bono et al., 2006). Structural studies have shown that the
stable binding of elF4A-Ill to the RNA is achieved through an arrest in the ATP
hydrolysis cycle (Andersen et al., 2006; Ballut et al., 2005; Bono et al., 2006). This is
accomplished by the associated protein factors within the EJC, the MAGOH-Y14
heterodimer, which interacts with elF4A-1ll and traps the helicase core in the RNA-
bound state by stabilising elF4A-Ill in the ADP-Pi-bound state (Nielsen et al., 2009).

In addition to elF4A-Ill, the ability to form stable, long-lived complexes with RNA has
been demonstrated in vitro for several other DEAD-box ATPases, such as S.
cerevisiae Mss116, Dedl and Sub2. They were shown to form complexes lasting
several hours with the non-hydrolysable ATP analogue ADP-BeFx, suggesting that
DEAD-box ATPases may have an intrinsic ability to act as RNA clamps (Liu et al.,

2014).

1.1.2.2 DEAD-box ATPases as RNPases

DEAD box ATPases can also remove proteins from RNA in an ATP-dependent manner
but independent of unwinding, a property commonly referred to as RNPase activity
(Sarkar & Ghosh, 2016; B. Schwer, 2001; Weis & Hondele, 2022). The processing and
fate of mMRNA rely on its packaging into an mRNP (messenger ribonucleoprotein),
which undergoes continuous remodelling throughout its lifespan (Bourgeois et al.,
2016) (Bourgeois et al., 2016). DEAD-box ATPases, acting as RNPases, drive these
compositional changes, a key function for RNA maturation and processing (Bowers et
al., 2006; Rocak & Linder, 2004; Beate Schwer & Shuman, 2011). As one of the few
protein classes capable of mediating RNP remodelling, DEAD-box ATPases are
crucial for preventing RNA processing stalls. Examples of RNPase activity executed

by DEAD-box ATPases have been shown in the context of pre-mRNA splicing and
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MRNA export (Jankowsky & Bowers, 2006; Jarmoskaite & Russell, 2014; B. Schwer,

2001).

The early examples of DEAD-box proteins destabilising RNA—protein interactions were
discovered in S. cerevisiae with Prp28 (DDX23 in humans), Sub2 (UAP56/DDX39B in
humans, Uap56 in S. pombe), Prp5 (DDX46 in humans, Prpl1lin S. pombe), and Dbp5
(DDX19 in humans) (Chen et al., 2001; Kistler & Guthrie, 2001; Lund & Guthrie, 2005;
Perriman et al., 2003; Tseng et al., 1998). The DEAD-box protein Prp28 plays a role
in exchanging U1 snRNA with U6 snRNA on the 5’ splice site and has been specifically
implicated in the removal of the U1 snRNP from the 5’ splice site (J. Y. F. Chen et al.,
2001; Staley & Guthrie, 1999). Alongside Sub2’s other functions, such as playing a
role in RNA export, it also contributes to early spliceosome assembly and was shown
to remove budding yeast Mud2 during pre-mRNA splicing (Kistler & Guthrie, 2001).
Finally, another example for such regulatory mechanism involves Dbp5, which binds
to the mRNP in the nucleus and shuttles together with it through the nuclear pore
complex (NPC). Dbp5 becomes activated at the cytoplasmic face of the NPC by
interaction with Glel and inositol hexaphosphate (IPs) and releases mRNA export
factor Mex67 from the freshly exported mRNP. This action prevents the re-entry of the
MRNP into the nucleus (Ledoux & Guthrie, 2011b; Lund & Guthrie, 2005; Tran et al.,
2007). The RNPase function of DEAD-box ATPases can be instrumental in
implementing checkpoints during RNA biogenesis and contributes to the directionality

of the process.

1.1.3 DEAD-Box ATPases as global regulators of condensates
DEAD-box ATPases regulate diverse facets of RNA biology (Jarmoskaite & Russell,
2014). A recently described phenomenon is the dynamic and reversible condensation

of cellular proteins and nucleic acids into membraneless organelles such as the
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nucleolus, processing bodies (P-bodies) or stress granules (SG). DEAD-box ATPases
have been proposed to be the global regulators of RNA-containing phase-separated

organelles from bacteria to man (Hondele et al., 2019).
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Figure 1.1.3 | DEAD-box ATPases and their association with distinct biomolecular
condensates and membraneless organelles

RNP-containing membraneless organelles form during transcription, pre-mRNA splicing, nuclear
pore transport, translation, and mMRNA degradation, processes in which DEAD-box ATPases are
involved and may regulate liquid—liquid phase separation of RNP condensates (Weis & Hondele,

2022).

Biomolecular condensates are enriched in multivalent molecules (Banani et al., 2017).
Many DEAD-box ATPases have N- and C- terminal extensions, which often exhibit a
low amino acid complexity, a characteristic associated with protein domains capable
of liquid—liquid phase separation. For example, DDX5/Dbp2 possesses N- and C-
terminal extensions surrounding its two RecA domains. The ability of S. cerevisiae
Dbp2 to undergo phase separation in the presence of ATP and RNA was demonstrated
in vitro (Hondele et al., 2019). DDX6/Dhh1, a key regulator of mRNA turnover, is crucial

for processing body (P-body) formation, which occurs when untranslated mRNAs

42



Chapterl

accumulate in the cytoplasm. Notably, recombinant Dhh1l undergoes dynamic phase
separation in the presence of RNA and ATP, and these condensates disperse when
Dhh1’'s ATPase activity is stimulated by its activator Not1, which contains an MIF4G-
like domain. Yet another abundant DEAD-box ATPase, the cytoplasmic DDX3/Ded1 is
implicated in translational repression and localises to stress granules, membraneless
organelles that form through the condensation of mRNA-protein complexes during

stress when overall translation is reduced (Figure 1.1.3A) (Weis & Hondele, 2022).

1.1.4 DEAD-box ATPase Dbp2 (H.s. DDX5)

Dbp2 (H.s. DDX5) is a member of the DEAD-box ATPase family that has been
implicated in many different processes, including transcription, pre-mRNA splicing,
nuclear RNA export, RNA decay, RNA-DNA hybrid homeostasis, regulation of liquid-
liquid phase-separated compartments, gene looping, RNA silencing, and ribosome
biogenesis (Figure 1.1.4) (Terrone et al., 2022; Weis & Hondele, 2022; Xing, 2018).
H.s. DDX5 was initially called p68, a name derived from the molecular size of a host
protein that was immunologically cross-reacting with an antibody (DL 3C4, also named
PADb204) generated against the eukaryotic viral DNA helicase, simian virus 40 (SV40)
large T (Lane & Hoeffler, 1980). Later studies revealed that p68 shared extensive
homology with the murine translation initiation factor known to exhibit an ATP-
dependent RNA helicase activity, elF-4A (Ford et al., 1988). By 1989, a new family of
proteins, D-E-A-D box, was first described after collectively analysing the homology of
five other genes from organisms ranging from bacteria to humans, to elF-4A (Linder et
al., 1989). Iggo et al., 1991 cloned and named the yeast genes related to H. s. DDX5
DEAD-box protein 2 (dbp2 in S. pombe and DBP2 in S. cerevisiae) and showed that
H.s. DDX5, S. c. DBP2, and S. p. dbp2 genes all have an intron precisely at the same
position in motif V (the ARGID motif). The intron is 699 bp long in S. pombe, 1 kb long
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in S. cerevisiae, and 1.2 kb long in humans. Later, the same lab demonstrated that this
particular intron mediates a negative feedback loop autoregulating the expression of
S. c. DBP2 (Barta et al., 1995). The autoregulation mechanism in S. pombe dbp2
involves rapid splicing of intron 1, while intron 2 has low splicing efficiency. Splicing
variants that retain intron 2 are targeted for nuclear decay through a Pab2-dependent
pathway. This decay is initiated when Mmil recognises multiple copies of the
hexanucleotide motif U(U/C/G)AAAC within intron 2 of dbp2, marking the transcript for
degradation by the exosome. Efficient co-transcriptional splicing removes decay-
promoting features of the intron, preventing Mmil recruitment and promoting Dbp2
expression (Kilchert et al., 2015; Lemieux et al., 2011). Loss of S. c. DBP2 can be
complemented by expressing the human DDX5 protein, suggesting that the function of
the protein is conserved (Barta and lggo, 1995; Xing et al., 2017). In vitro, it functions
as a highly efficient RNA-duplex unwinding helicase in the presence of ATP (Cloutier
et al., 2012, 2013, 2016; Ma et al., 2013). Under ATP-limited conditions, S. cerevisiae
Dbp2 promotes RNA strand annealing, an activity that is dependent on its disordered
C-terminal tail (Ma et al., 2013; Song et al., 2023). Additionally, the N- and C-terminal
tails were shown to be essential for RNA substrate binding, ATP hydrolysis, and RNA
unwinding, such that the helicase core is completely inactive in isolation (Song et al.,
2023). Using ICLIP  (individual-nucleotide resolution crossLinking and
immunoprecipitation), S. c. Dbp2 was found to interact with RNA in vivo with a
preference for transcripts targeted by the Nrdl-Nab3-Senl (NNS) complex, a
specialised transcription termination pathway for snRNAs, snoRNAs, cryptic unstable
transcripts (CUTs), and some mRNAs (Lai et al., 2019; Tedeschi et al., 2018). Here,
crosslinking sites often coincide with regions known to form R-loops. In S. cerevisiae,
Dbp2 facilitates co-transcriptional mRNP assembly, represses cryptic transcription

initiation, and antagonises long noncoding RNA activity and has been proposed to act
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as a co-transcriptional chaperone (Xing et al., 2019). In line with its chaperone function,
a recent study suggested that S. cerevisiae Dbp2 induces double-stranded RNA
(dsRNA) formation via antisense RNAs (asRNAs) annealing with sense counterparts,
thereby accelerating mRNA export to the cytoplasm (Coban et al., 2024). Dbp2 is
required for proper mRNA export in the budding yeast (Ma et al., 2013). Accordingly,
the observation of a synthetic growth defect between DBP2 and YRAL (an export
adaptor) in S. cerevisiae suggests that both genes function in a closely related pathway
or complex involved in RNA metabolism, and their combined dysfunction leads to
severe cellular consequences, particularly in the crucial process of mMRNA export. It
was proposed that Yral inhibits the single-stranded RNA (ssRNA) binding and
unwinding activity of Dbp2 in vitro, thereby terminating mRNP rearrangements by Dbp2
(Ma et al., 2013, 2016). Furthermore, the expression of a C-terminal truncation of Yral
unable to interact with Dbp2 leads to the accumulation of Dbp2 on mRNA, suggesting
that interaction with Yral induces release of Dbp2 from mRNA in vivo (Ma et al., 2016).
Conversely, the formation of the Yral-Mex67—Nab2 complex (the nuclear poly(A)
binding protein Nab2, and the mRNA export receptor Mex67) on the mRNP is

promoted by the RNA unwinding activity of the Dbp2 (Ma et al., 2013).

Extensive research over the past decades have advanced our understanding in the
cellular roles of the human orthologue DDX5 as well. DDX5 is involved in many aspects
of RNA metabolism including pre-mRNA splicing, alternative splicing, microRNA
processing, and ribosomal RNA processing (Jalal et al., 2007; Kar et al.,, 2011;
Salzman et al., 2007; Zonta et al., 2013). In addition to its functions in RNA metabolism,
DDX5 is also implicated in DNA conformational changes through its interaction with
different topoisomerases. It is also involved in DNA repair processes by interacting with

protein complexes associated with non-homologous end joining (NHEJ), as well as
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with DNA replication factors in nucleotide excision repair (NER) pathways, thereby
contributing to maintaining genome stability (Li et al., 2023). In HelLa cells, the
reduction of DDX5 levels leads to the accumulation of unspliced pre-mRNA, and the
levels of DDX5 and its paralogue DDX17 impact alternative splicing patterns

(Dardenne et al., 2014; Kar et al., 2011, Lin et al., 2005).
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Figure 1.1.4 | Characterised functions of Dbp2/DDX5 across budding yeast, flies, and humans

The DDX5/Dbp2 subfamily of RNA helicases act on various RNA substrates in numerous cellular
pathways. Adopted from (Xing Z. et al., 2019).

DDX5 has also been shown to have the ability to regulate transcription through various
mechanisms. It binds to multiple transcription factors, acting as a transcriptional co-
activator or co-repressor (Fuller-Pace, 2013). Human DDX5 regulates transcription by
interacting with the histone acetyltransferase p300/CBP, of which it is also a substrate
both in vitro and in vivo (Mooney et al., 2010; Rossow & Janknecht, 2003). DDX5 was

shown to resolve a DNA G-quadruplex structure in the Myc proximal promoter region
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that functions as a transcriptional silencer, thereby activating the expression of the Myc
oncogene in breast and prostate cancer. G-quadruplexes are non-conventional
secondary structures formed in guanine-rich DNA and RNA sequences (Guanhui Wu
et al., 2019). In S. pombe, the ability to bind and destabilise both DNA and RNA G-
guadruplexes was mapped to the arginine-glycine-glycine (RGG) domain in its C-
terminal tail and was shown to be independent of ATP (Yan et al., 2021). H. s. DDX5
is predominantly located in the nucleus but shuttles between the nucleus and the
cytoplasm. Shuttling depends on two nuclear localisation signals (NLS) and two
nuclear export signals (NES), mapping to amino acids 282—-308 and 446—-461 and 351—
363 and 482-502, respectively, and utilises the canonical Ran-GTPase-dependent

pathway (H. Wang et al., 2009).

1.1.5 DEAD-box RNA helicases and their relation to diseases

Due to their pivotal roles in various crucial cellular processes, RNA helicases have
been implicated in a wide array of diseases, including viral infections, neurological
disorders, and cancer (Steimer & Klostermeier, 2012). RNA helicases play essential
roles in the life cycles of viruses, contributing to various aspects of host-pathogen
interactions. While many RNA viruses possess their own RNA helicases, retroviruses
do not have helicases of their own. Instead, they exploit cellular RNA helicases to
assist in their life cycle processes (Steimer & Klostermeier, 2012). For instance, during
HIV-I infection, DDX1 is recruited to support viral replication (Edgcomb et al., 2012,
Krishnan & Zeichner, 2004). Various DEAD-box ATPases act as viral sensors, restrict
viral replication, or activate innate immunity, while others serve as negative regulators
by inhibiting interferon production during viral infection (Ali, 2021; Bonaventure &
Goujon, 2022). Additionally, RNA interference screening revealed an antiviral role for

DDX56 (Dbp9 in S. pombe and S. cerevisiae), with its depletion enhancing infection in
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Drosophila and human cells (Taschuk et al., 2020). The supporting role of DEAD-box
ATPases in the viral replication makes them attractive therapeutic targets for antiviral
treatments. For instance, several inhibitors have been developed against DDX3, which
was shown to promote life cycle progression of various virus types and has also been
implicated in the nuclear export of viral RNAs (Abdelkrim et al., 2021; Kukhanova et

al., 2020; Yedavalli et al., 2004).

DEAD-box RNA ATPases may contribute to cancer development through their
involvement in other processes like alternative pre-mRNA splicing, miRNA regulation,
ribosome biogenesis, and apoptosis (Clark et al., 2008; Fuller-Pace, 2013; Suzuki et
al., 2009). Translation initiation helicases, such as elF4A, mediate the translation of
oncogenic mMRNAs with complex 5’-UTR structures and are frequently upregulated in
cancer (Heerma van Voss et al., 2017). Notably, DDX5 serves as a co-activator for
various cancer-related transcription factors, including the tumour suppressor p53,
Oestrogen Receptor a (ERa), and B-Catenin. These proteins are central to the
regulation of cell growth and survival, and their dysregulation can contribute to cancer
development by either promoting tumorigenesis or preventing proper tumour
suppression (Caretti et al., 2007; Fuller-Pace, 2006; Janknecht, 2010). Furthermore,
DDX5 induces a large number of circular RNAs (circRNAs), a novel group of
noncoding RNAs (ncRNAs) generated by back-splicing that can be associated with
pathological processes such as tumour formation (Wang et al., 2023). m®A (N6-
methyladenosine) is a common RNA modification, and YTHDC1 helps interpret this
modification, influencing RNA splicing, export, and gene expression regulation. DDX5
and the m®A reader YTHDC1 interact to promote the production of certain circRNAs in
rhabdomyosarcoma (RMS), with DDX5 mediating the back-splicing of circRNAs and

functioning as a co-factor in the m°®A regulatory network. m®A modification of circRNAs
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regulates RMS cell proliferation (Dattilo et al., 2023). The levels of DDX5 are
upregulated in various types of cancer, for example in breast cancer, colon cancer,
prostate cancers, and acute myeloid leukaemia (Fuller-Pace, 2013; Xu et al., 2022).
Studies indicate that DDX5 acts as a master regulator of tumorigenesis, proliferation,

and metastasis, and have also linked it to resistance to cancer therapy (Li et al., 2023).

Moreover, proper RNA processing is crucial for the nervous system, and mutations in
RNA helicases involved in pre-mRNA splicing and nuclear export of mMRNAs, such as
UAP56 (Sub2) and DDX19 (Dbp5), are associated with neurodegenerative diseases
(Steimer & Klostermeier, 2012). Given the extensive connections between RNA
helicases and different pathological conditions, these enzymes emerge as potential

targets for therapeutic applications.

1.2 mRNA biogenesis in eukaryotes

In eukaryotes, the expression of protein-coding genes requires transcription of the
DNA template into a messenger RNA (MRNA) by RNA polymerase 1l (RNAPII) (Inada,
2018). In addition to protein-coding mRNAs, RNAPII is responsible for transcribing
small nuclear RNAs (snRNAs), microRNAs (miRNAs), and other noncoding RNAs
(Hsin & Manley, 2012). The activity of RNAPII is tightly regulated to facilitate both the
continuous expression of essential "housekeeping” genes and the dynamic
transcription of regulatory genes in response to signals. Transcriptional control is
indispensable for all cellular processes including development, growth, and stress

responses (Rodriguez-Molina et al., 2023).
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In the nucleus of eukaryotic cells, primary transcripts, or precursor mRNAs (pre-
MRNAS), go through extensive coordinated co-transcriptional and post-transcriptional
processing to ultimately form a mature message (Figure 1.2) (Bird et al., 2004; Darnell,
1982). These processes include transcription, capping, splicing, polyadenylation, and
MRNA export, each playing a vital role in generating mature, translatable mRNA.
Dysregulation of mMRNA biogenesis can lead to various cellular dysfunctions and is

implicated in numerous diseases, highlighting the importance of understanding the
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Figure 1.2 | mMRNA biogenesis in eukaryotes

RNA-binding proteins (RBPs) facilitate every step of RNA biogenesis in RNA polymerase Il (RNAPII)-
dependent gene expression. Each step of RNA processing is carried out by a dedicated core
complex during biogenesis: capping with a 7-methylguanosine cap at the 5'-end, excision of introns
followed by exon ligation (splicing), and formation of the 3'-end through cleavage and addition of a
non-templated poly(A)-tail. Messenger RNA (MRNA) processing steps are tightly coupled with each
other and with RNAPII transcription. Abbreviations, pre-miRNA: precursor microRNA, pri-mRNA:
hairpin-containing primary transcripts. P-bodies: processing bodies. Adopted from (Kilchert et al.,
2019).
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molecular mechanisms that govern this complex process (Bentley, 2014; Caceres &
Kornblihtt, 2002; Mitchell & Parker, 2014).

RNA processing occurs co-transcriptionally, with nascent transcripts from elongating
RNAPII being immediately recognised by processing factors and incorporated into
RNA-protein particles (RNPs), allowing transcription and processing to happen
simultaneously, rather than sequentially (Bentley, 2014; Gregory Bird et al., 2004;
Dreyfuss et al., 1993; Zhang et al., 2021). The capping, splicing, and 3'-end processing
machineries all physically interact with RNAPII, thereby coupling mRNA processing
with transcription (Zhao et al., 1999). These mMRNPs are then exported to the cytoplasm
through nuclear pores in the nuclear envelope, which mediate the movement of
macromolecules between the cytoplasm and nucleus (Kelly & Corbett, 2009; Singh et

al., 2015).

1.2.1 The transcription cycle of RNAPII and the CTD code

The RNAPII transcription cycle in eukaryotic cells is divided into three major stages:
initiation, elongation, and termination. These stages are intricately linked to the
processing of the nascent RNA transcript (Shandilya & Roberts, 2012). The C-terminal
domain (CTD), a key feature of RNAPII's largest subunit, Rpbl, consists of highly
conserved heptad repeats (Y1-S2-P3-T4-S5-P6-S7) that are extensively modified
during transcription (Corden, 1990). The cyclin-dependent kinase (CDK) complexes
(Table 1.2) are involved in phosphorylation of the RNAPII-CTD, which in turn assist in
the CDK-dependent transcription cycle (Figure 1.2.1.1). These modifications,
particularly phosphorylation of Ser 2, Ser 5, and Ser 7, govern the transcription cycle

by recruiting RNA processing factors (Bentley, 2014; Buratowski, 2009).
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The phosphorylation patterns of the CTD serve as a "code" that coordinates
transcription with co-transcriptional RNA processing, including capping, splicing, and
polyadenylation (Eick & Geyer, 2013). Phosphorylation of Ser 5 marks the early stages
of transcription and facilitates the recruitment of capping and splicing factors
(McCracken et al.,, 1997). As transcription proceeds, Ser 2 phosphorylation
predominates, marking the transition to productive elongation (Porrua & Libri, 2015).
These phosphorylation events are dynamically regulated by kinases such as CDK?7,
which initiates Ser 5 and Ser 7 phosphorylation, and CDK9, which promotes Ser 2
phosphorylation during elongation (Hsin & Manley, 2012; Yamaguchi et al., 1999).
Phosphorylation of Ser 2 at the 3'-end is crucial for the recruitment of termination
factors, while dephosphorylation of Ser 2 by CTD phosphatases signals the end of
transcription. This cycle ensures that RNAPII is properly processed and can be

recycled for subsequent rounds of transcription (Hsin & Manley, 2012).

S. pombe S. cerevisiae H. sapiens

Complex CTD Residue(s)
Mcs6/Mcs2 Kin28 CDK7 TFIIH Ser5P, Ser7P
Lsk1 Ctk1 CDK12,CDK13 CTDKA1 Ser2P
Cdk9/Pch1 Bur1 CDK9 P-TEFb Ser2P, Ser5P, Ser7P
Cdk8 Srb10 CDK8 Mediator Ser5P

Table 1.2 | CTD kinases in S. pombe and the corresponding homologues in S. cerevisiae and
H. sapiens and their complex together with CTD residues they phosphorylate.

1.2.1.1 Transcription initiation
During transcription initiation, the preinitiation complex (PIC) assembles at the
promoter, including RNAPII and general transcription factors (GTFs) like TFIIB, TFIID,

TFIIE, TFIIF, and TFIIH.
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The PIC unwinds the DNA to form a transcription bubble, and transcription begins with
the synthesis of the first RNA nucleotides at the transcription start site (TSS) (Hantsche
& Cramer, 2017; Nechaev & Adelman, 2011). This process progresses through the
formation of the closed promoter complex, DNA opening to form the open promoter
complex, and RNA chain initiation, leading to the initiation complex (ITC) (Osman &
Cramer, 2020). Once RNA surpasses a critical length, the initiation complex

dissociates, and the elongation complex forms (Hantsche & Cramer, 2017).

The Mediator complex, a key regulator of transcription, bridges transcriptional
activators with the PIC, activating the kinase Kin28 of TFIIH, which phosphorylates
Ser5 in the RNAPII-CTD, facilitating promoter escape (Buratowski, 2009). Additionally,
transcription initiation can be regulated by both activators and repressors, with factors

like enhancers contributing to the efficiency of transcription (Allen & Taatjes, 2015).
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Figure 1.2.1.1 | CTD phosphorylation cycle during transcription

A. Three stages of transcription: initiation, elongation, and termination, are influenced by differential
phosphorylation of the residues in the C-terminal domain (CTD) of the largest RNAPII subunit, Rpb1.
The phosphorylation pattern acts as a signal for recruitment and exchange of stage-specific
transcription and RNA processing factors, while the CTD itself serves as a binding platform for these
factors (Rodriguez-Molina et al., 2023).
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1.2.1.2 Transcription elongation

During elongation, RNAPII progresses along the DNA, synthesising the RNA
transcript. However, in many metazoan genes, elongation is often paused shortly after
initiation due to the action of negative elongation factors like DSIF and NELF
(Yamaguchi et al., 1999). The release from this paused state requires the kinase P-
TEFDb, which phosphorylates both DSIF and NELF, switching DSIF to a positive
elongation factor and enabling productive elongation (Peng et al., 1998; Yamaguchi et

al., 2013).

In budding yeast and metazoans, elongation can also be influenced by chromatin
remodellers and elongation factors such as FACT and PAF1C, which facilitate
transcription through nucleosomes and stabilise the elongation complex (Ehara et al.,
2022; Michl-Holzinger et al., 2022). Furthermore, RNAPII can undergo backtracking, a
phenomenon in which the enzyme reverses along the DNA template, potentially
leading to transcriptional arrest. This backtracking can be resolved by the RNA
cleavage factor TFIIS, which helps RNAPII resume transcription (Martinez-Rucobo &

Cramer, 2013).

Simultaneously with elongation, the nascent RNA undergoes co-transcriptional splicing
and polyadenylation, processes crucial for generating mature mRNA (Figure 1.2.1.2)
(M. J. Moore & Proudfoot, 2009). The rate of elongation can influence the formation of
the spliceosome and the selection of polyadenylation sites, adding an additional layer

of regulation to gene expression (Pinto et al., 2011; Saldi et al., 2016).
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Figure 1.2.1.2 | RNAPII transcription cycle
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RNAPII transcription involves initiation at promoters, assembly with general transcription factors (GTFs)
(TBP, TFIIA, TFIIB, TFIIE, and TFIIH), unwinding of the DNA duplex, and RNA chain synthesis. After
initiation, RNAPII extends its RNA product, undergoing co-transcriptional processes like promoter-
proximal pausing, pause release, backtracking, reactivation, and navigating obstacles during
elongation. The transcription cycle ends with RNAPII termination, releasing a mature mRNA transcript.

Adopted from (Osman & Cramer, 2020).
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1.2.1.3 Transcription termination
The termination of RNAPII transcription at gene ends ensures its release from the DNA
template, enabling efficient recycling for future cycles. This process, closely linked to

3'-end mRNA processing, will be discussed in section 1.2.2.3.

1.2.2 mRNP assembly

During mRNA synthesis, it is quickly bound by mRNA-binding proteins, forming a
messenger ribonucleoprotein particle (MRNP). This packaging is essential for mRNA
stability, nuclear export, and regulating its functions in the cytoplasm, including
translation and degradation. Specific proteins involved in this process and their
assembly are crucial for proper gene expression (Wende et al., 2019). Proteins

involved in nuclear mRNP formation listed below:

S. pombe S. cerevisiae H. sapiens Protein Function(s)
complex
Cbcl Cbc1/Cbp80/Stol Cbp80/NCBP1 Cap-binding
Cbp2 Cbc2/Cbp20 Cbp20/NCBP2 CBC complex, 5’-cap
Cbc3 NCBP3 binding
Thol Hprl THOC1 Transcription
Tho?2 Tho?2 THOC2 elongation,
Tho3 Texl THOC3 prevention of
Tho5 THOCS5 hyper-
THOC6 TREX/THO recombination,
Tho7 THOC7 transcription-
Mftl coupled DNA
Thp2 repair (TCR),
Gbp2 nuclear mMRNA
export
Uap56 Sub2 UAP56/ TREX TREX
DDX39A/B
UIF Additional
LUZP4 human TREX
CHTOP subunits
POLDIP3
ZC3H11A
Mlo3 Yral ALYREF/ TREX
Tho4 THOCA4
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Nab2 Nab?2 ZC3H14 Poly(A) binding,
nuclear mMRNA
export
Srp2 Npl3 SRSF4/5/6 Transcription
elongation, 3’-
end formation,
nuclear mMRNA
export
Miol Thol CIP29/SARNP Nuclear mMRNA
export; in
humans
classified as
TREX subunit
Iss9 Sac3 GANP Nuclear mRNA
Pci2 Thpl PCID2 export,
Cdc31 Cdc31 Centrin/CENP chromatin
Susl Susl ENY1 UEsonEe modification
Dssl Seml DSS1
Pabl PABPN Poly(A) binding
Mex67/Nxtl | Mex67/Mtr2 NXF1/NXT1 MRNA MRNA exporter
(TAP/p15) exporter

Proteins involved in nuclear mRNP formation. Adapted from (Wende el. al., 2019).

1.2.2.1 5-end processing

During early elongation, 20-25nt long emerging RNAPII transcript is co-
transcriptionally capped at the 5-end. Caps pinpoint to the start sites of gene
transcription, and also critically influence mRNA maturation, translation and stability

(Shatkin & Manley, 2000).

During capping, a 7-methylguanosine moiety is attached to the 5' terminus of the RNA
transcript via a 5-5' linkage, requiring three enzymatic activities: a triphosphatase
(Cetl in S. cerevisiae, Pctl in S. pombe), a guanylyltransferase (Cegl in S. cerevisiae
and S. pombe; RNGTT in humans), and a methyltransferase (Abdl in S. cerevisiae,
Pcml in S. pombe; RNMT in humans) (Harris et al., 2022; Osman & Cramer, 2020).
The 5’-triphosphatase removes the y-phosphate from the 5’-end of the RNA substrate
leaving a diphosphate end. The guanylyltransferase then transfers GMP from GTP to

form the structure GpppNL1. Lastly, the methyltransferase adds a methyl group to the
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N-7 position of the guanine cap to form the mature m’GpppN1 structure, where N
signifies the first amino acid of the nascent transcript (Shatkin & Manley, 2000;

Shuman, 2000).

The cap structure of mMRNA is recognised by the cap-binding complex (CBC), which
protects nascent transcripts against 5'-3' exonucleolysis (Izaurralde et al., 1994; Moteki
& Price, 2002; Ramanathan et al., 2016). The CBC complex remains bound to the
MRNA until it is transported to the cytoplasm, where it is exchanged for the translation
initiation factor, elF4E (Jeong et al., 2019). It plays a crucial role in several stages of
MRNP biogenesis, highlighting the significance of functional coupling in this process.
Studies in budding yeast have shown that the CBC complex can promote the formation
of the transcription pre-initiation complex on active genes (Lahudkar et al., 2011).
Furthermore, it is essential for co-transcriptional spliceosome assembly and for proper
transcription termination, as the complex prevents the recognition of weak
polyadenylation sites (Gérnemann et al., 2005; Wong et al., 2007). The CBC complex
generally has a productive effect on nuclear RNAs by stimulating the splicing, RNA 3'-
end formation, and the packaging of export-competent ribonucleoprotein particles.
However, it is also linked to destructive factors, interacting with those that target RNA
for degradation and establishing a direct link between the capped 5'-ends of RNAPII
transcripts and degradation processes (H. Cheng et al., 2006; Giacometti et al., 2017;
lzaurralde et al., 1994; Lubas et al., 2015; Meola et al., 2016; Narita et al., 2007,

Vasiljeva & Buratowski, 2006; Guifen Wu et al., 2020).
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1.2.2.2 Splicing

Following transcription, emerging nascent pre-RNA contains both noncoding introns
and coding exons. The spliceosome, a large protein-RNA complex, facilitates the
removal of introns, guided by short consensus sequences found at the intron-exon
boundaries (Hoskins & Moore, 2012; M. S. J. and M. J. Moore, 2003; Staley & Guthrie,
1998). These sequences include the 5' splice site, the branch point sequence within
the intron, and the 3' splice site (Wahl et al., 2009). The spliceosome plays a vital role
in folding the mRNA transcript, bringing these sequences into proximity to facilitate the
excision of the targeted intron (Wahl et al., 2009). RNAPIISeSP |evels have been
demonstrated to reach peak at actively spliced exons, aiding in the recruitment of the
spliceosome and splicing regulation (Harlen et al., 2016; Nojima et al., 2015). As
elongation progresses, RNAPIISe™P phosphorylation levels decrease, and RNAPI[Ser2P
starts to increase. This shift in phosphorylation dynamics is crucial for the ongoing
regulation of splicing, as well as the recruitment of downstream factors, including
transcription termination factors and proteins involved in 3'-end processing and

polyadenylation of the nascent RNA (Ahn et al., 2004; Davidson et al., 2014).

In S. cerevisiae, the spliceosome comprises five small nuclear RNAs (SnRNAS),
namely U1, U2, U4, U5, and U6 snRNAs, along with over 100 various proteins (Fabrizio
et al., 2009). The human spliceosome is more intricate, with the major spliceosome
complex containing the same snRNAs but involving over 300 diverse proteins.
Additionally, humans possess a secondary spliceosome unit known as the minor
spliceosome, which includes U11, U12, U4datac, U5, and U6atac shnRNAs (J. A. Steitz
et al., 2008). Various other proteins are involved in the process as splicing factors.
Human UAP56, a 56-kDa U2AF-associated protein, and its budding yeast counterpart

Sub2 are crucial DECD-box splicing factors (Fleckner et al., 1997; Kistler & Guthrie,
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2001; Libri et al., 2001; M. Zhang & Green, 2001). UAP56 plays an essential role in
the association of U2 small nuclear ribonucleoprotein with pre-mRNA (Fleckner et al.,
1997), while Sub2 is implicated in both ATP-independent and ATP-dependent steps of
pre-spliceosome assembly (Kistler & Guthrie, 2001; Libri et al., 2001). The proposed
function of Sub2 is to displace Mud2 from pre-mRNA before the binding of U2 small
nuclear ribonucleoprotein (Kistler & Guthrie, 2001). The deletion of Mud2, the budding
yeast homologue of U2AF2, can circumvent the requirement for Sub2 for this step
(Kistler & Guthrie, 2001). Splicing of pre-mRNAs has been shown to promote their
nucleus export, suggesting that the two processes may be coupled (M. J. Luo & Reed,

1999).

The consensus for RNA helicases to function as spatial and temporal checkpoints
mostly derives from studies with the pre-mRNA splicing machinery (Jankowsky &
Fairman, 2007). The splicing process of pre-mRNAs alone requires the activities of
several SF2 RNA helicases, which modulate conformational changes within the
spliceosome (Cordin et al., 2012). Specifically, early steps of spliceosome assembly
and activation involve the DEAD-box RNA helicases, Prp5, Sub2 (UAP56), and Prp28
as well as the Ski2-like RNA helicase Brr2. The DEAH-box subfamily RNA helicases
Prp2, Prpl6, Prp22, and Prp43 on the other hand act on the late stages of the splicing

cycle during disassembly of the spliceosomal complex (De Bortoli et al., 2021).

1.2.2.3 3’-end formation

A fundamental step in eukaryotic mMRNA biogenesis is the formation and processing of
the 3’-end of the mRNA by endonucleolytic cleavage and subsequent polyadenylation
(CPA). 3’-end processing is essential for the export of mMRNAs from the nucleus into
the cytoplasm for their translation into functional proteins (Boreikaité & Passmore,

2023; Rodriguez-Molina et al., 2023). Over the past decades, extensive research both
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in vivo and in vitro has expanded our understanding of the mechanism of 3'-end

cleavage and polyadenylation of transcripts and termination of transcription.

3’-end processing and transcription termination are two distinct but tightly coupled
processes (Connelly & Manley, 1988; Yonaha & Proudfoot, 2000). The complement of
trans-regulatory proteins involved in 3’-end processing and cis-regulatory RNA
sequences have been extensively studied in S. cerevisiae and human systems but are
less well studied in S. pombe. Although there are variations in complex organisation
and the presence of divergent accessory factors, the core components and the overall
mechanism of CPA are highly conserved (Boreikaité & Passmore, 2023). In the
following section, the eukaryotic 3’-end processing machinery and transcription
termination, based on the current knowledge from studies with S. cerevisiae and

humans, will be discussed in detail.

There are three principle mechanisms for the 3’-end processing, determined by the
type of RNA that is being transcribed. These are namely, the poly(A)-dependent
pathway for pre-mRNAs and many long noncoding RNAs (ncRNA), the poly(A)-
independent pathway for snoRNAs (small-nucleolar RNAs) and cryptic unstable
transcripts (CUTs), and the Integrator-dependent processing-termination pathway for

small nuclear RNAs (snRNASs) (Eick & Geyer, 2013).

CPA is executed by the cleavage and polyadenylation complex, which comprises
cleavage and polyadenylation factor (CPF) and cleavage factors IA (CFIA) and
cleavage factor IB (CFIB) in budding yeast, and cleavage and polyadenylation
specificity factor (CPSF), cleavage stimulatory factor (CstF), and the mammalian
cleavage factors | (CFIm) and the cleavage factors Il (CFIIm) in mammals (Table 1.3)
(Boreikaitée & Passmore, 2023). The 3'-end processing in eukaryotic mRNAs is

achieved in a three-steps process namely, recognition of polyadenylation signal (PAS)
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sequences on the precursor RNA, cleavage at a distinct site, and addition of a poly(A)-

tail to the newly formed 3'-end (Figure 1.2.2.1A & B) (J. Chen & Moore, 1992).
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Figure 1.2.2.1 | 3"-end processing executed by multiple protein complexes and cis-regulatory
elements

A. Schematic representation of co-transcriptional cleavage. The pre-mRNA region encompassing
the cis-regulatory elements required for 3'-end processing. B. Polyadenylation reaction is catalysed
by CPSF/CPF and regulated by accessory factors. Adopted from (Boreikaite & Passmore 2023).

The phosphorylation of the RNAPIIS¢?P  just like it is for the splicing processing step,
is also crucial for 3’-end processing events (Cho et al., 2001; Komarnitsky et al., 2000;
Richard & Manley, 2009). However, a recent study challenges this view, suggesting
that RNAPIISe2P does not directly promote co-transcriptional mMRNA 3'-end processing.
Instead, it may serve to repress noncoding cryptic transcription (Boulanger et al.,
2024). Genome-wide chromatin immunoprecipitation (ChlIP) experiments have
revealed that peaks of 3'-end processing factors align with RNAPIIS®™2P peaks,
indicating that both poly(A) sites and RNAPIIS®?P are essential for the subsequent
recruitment and assembly of the cleavage and polyadenylation factors onto the newly
transcribed RNAs (Mayer et al., 2010; Mayer, Heidemann, et al., 2012; Wittmann et
al., 2017).
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H. sapiens 5. cerevisiae 5. pombe
Complex Module Subunit Complex Su bunit Subunit
CPSF100 Cft2 Cft2
Muclease CPSF73 Ysh Ysh
RBBPS Mpe1 Mpel
CPSF160 Cft1 Cft1
Poly(A) WDRBB F'_fs.? Ffs2
lymarase hFip1/CPSF Fip1 lss1
POty CPSF30 Yth 1 Yth1
CPSF FAPOLAPAP CFF FPap1 Fla1
Symplekin Pta1 Ftal
PP1a/f GleT Dis2
- - Ppn1
Phosphatass Ssuvz Ssuvd Ssu72
WDRa2 Swd?2 Swd22
- Pti -
Ref?
- Sy -
CstF77 Rnal4 Fnal14
CstF CstFG4 Rnals Rnal15
CstFa0 CF1A - -
CEllm hPcf11 FPcf11 Pcf11
hClp1 Clp1 Clp1
CFImBG 3 - -
CFlm CFIm59 -
CFlm 25 - -
- CF1B Hrp1 Msi2

Table 1.3 | RNA 3’-end processing machinery subunits in H. sapiens, S. cerevisiae, and S.
pombe

CF: cleavage factor, CPF: cleavage and polyadenylation factor, PF: polyadenylation factor, CPSF:
cleavage and polyadenylation specificity factor, CstF: cleavage stimulation factor. CFIA: cleavage
factor complex 1A, CFIB: cleavage factor 1B. The table is based on Roguev et al. (2004), Shi et al.
(2009), Wood et al. (2011), and Chan et al. (2011) and Pombase (Ramirez et al., 2023).

Cleavage and polyadenylation complex is recruited to elongating RNAPII (Ahn et al.,
2004; Cho et al., 2001; Komarnitsky et al., 2000). In the poly(A)-dependent pathway,
CFIA and CFIB, and CPF factors recognise consensus elements in the nascent
transcript that define the polyadenylation site (PAS), including the canonical AAUAAA
signal upstream of the cleavage site, as well as various accessory elements that can
be positioned either up- or downstream of the PAS sequence (Bienroth et al., 1991;
Dichtl & Keller, 2001; Mischo & Proudfoot, 2013; Murthy & Manley, 1992; Porrua &

Libri, 2015; Y. Shi, Di Giammatrtino, et al., 2009; Y. Shi & Manley, 2015). The key cis-
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regulatory elements involved in PAS selection, particularly the AAUAAA signal and U-
rich elements upstream of the cleavage site, share similarities across eukaryotes;
however, other accessory elements are less well conserved tail (Figure 1.2.2.1A).
(Schlackow et al., 2013; Zhao et al.,, 1999). Recognition of the PAS triggers RNA
cleavage by the endonuclease, Yshl in budding yeast and CPSF-73/CPSF3 in
humans (Zhao et al., 1999). The polymerase module then adds a stretch of non-
templated adenosines to the newly generated RNA 3’-end to generate the poly(A)-tail,
a process controlled by poly(A)-binding proteins that associate with the synthesised
poly(A)-tail (Figure 1.2.2.1B). This addition of poly(A) chain protects the nascent
transcript from 3’-5’-end exonucleolysis (Boreikaité & Passmore, 2023; Zhao et al.,
1999). Whether the cleavage and polyadenylation complex engages with RNAPII as a
pre-established complete complex or through co-transcriptional assembly, remains to

be elucidated (Sara A. Johnson et al., 2010).

Several cleavage and polyadenylation complex components, including CPSF1 (Cftl),
CstF50, Ptal, and Pcfll interact with the CTD of RNAPII (Barilla et al., 2001; Meinhart
& Cramer, 2004; Shi et al., 2009; McCracken et al., 1997). Pcfl11, for example, contains
an N-terminal CTD interaction domain (CID) and binds the CTD in a RNAPI|ISe2P-
dependent manner (Barilla et al., 2001; Donny D. Licatalosi et al., 2002; Meinhart &
Cramer, 2004). Pcf11-CID also interacts with the emerging RNA. Pcf11 is a bifunctional
protein that contributes to transcription termination by promoting the release of RNAPII
from DNA in vitro and in vivo as well as to cleavage activity (Birse et al., 1998;
Hollingworth et al., 2006; Sadowski et al., 2003; Zhang et al., 2005; Zhang & Gilmour,
2006). ChIP experiments and mutational analyses of Pcfll, have demonstrated its
presence at both protein-coding and noncoding genes. Its absence leads to the

generation of read-through transcripts due to inefficient cleavage. Human Pcfl1l was
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shown to augment the degradation of RNAPII-associated nascent RNA product and
transcription termination. Collectively, this evidence suggests that Pcf11 potentially has
a key role in termination in addition to its 3’-end processing function of coding and
noncoding genes (Donny D. Licatalosi, Gabrielle Geiger et al., 2002; Meinhart &
Cramer, 2004; Sadowski et al., 2003; West & Proudfoot, 2008; Zhang et al., 2005;

Zhang & Gilmour, 2006).

3’-end processing occurs on the ternary complex (nascent RNA, DNA and RNAPII). A
critical step in the termination of RNAPII transcription is the disengagement of RNAPII
from the DNA template (Yonaha & Proudfoot, 2000). Transcription termination by
RNAPII is tightly coupled to the 3’-end processing. Originally, two models have been
put forward to explain how transcription termination occurs at protein coding genes,
namely the allosteric/anti-terminator model and the torpedo model (Figure 1.2.2.2).
The allosteric model posits that upon transcribing the PAS sequence, RNAPII
undergoes conformational changes that lead to an exchange of the elongation complex
with termination factors (Logan et al., 1987). The torpedo model, on the other hand,
proposes that cleavage of the nascent transcript at the cleavage site (C/S) creates an
entry site for the 5’-3’ exonuclease Xrn2 (Dhpl in S. pombe, Ratl S. cerevisiae) which
degrades the accessible 5’-PO4 end of the downstream RNAPII-associated nascent
RNA product and triggers RNAPII disengagement by chasing the complex until it
catches up with RNAPII (Connelly & Manley, 1988; Fong et al., 2015; Richard &
Manley, 2009). A combination of both models best describes the process: as per
“allosteric model” part of this joint model, the cleavage and polyadenylation complex-
associated phosphatase Dis2/PNUTS-PP1 is activated during PAS recognition.
Dis2/PNUTS-PP1 dephosphorylates the elongation factor Spt5, causing a deceleration

in transcription within the termination zone, termed as “Sitting Duck Torpedo”. This
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deliberate slowdown grants an advantage to the torpedo nuclease over RNAPII, as per
“torpedo model” part of the joint model (Cortazar et al., 2019; Kecman, Kus, et al.,

2018; Parua et al., 2018).
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Figure 1.2.2.2 | Transcription termination mechanisms at protein-coding genes in budding
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A. Both models shown for budding yeast. Allosteric model: Loss of elongation factors or polymerase
conformational changes destabilise the elongation complex and Torpedo model: Ratl/Dhpl/Xrn2
degrades the nascent RNA post-cleavage, leading to dissociation of the elongation complex. B. For
simplicity reasons only the torpedo model shown for metazoan system, the allosteric model as shown
in (A). Notably, the budding yeast Senl homologue, senataxin (SETX), is believed to play a role in
the termination of certain mMRNA genes, potentially by resolving R-loops, which facilitates the access
of the 5'-3' exoribonuclease XRN2, the counterpart of Rat1. Adopted from (Porrua & Libri, 2015).

In mammalian cells, mMRNA 3’-end processing tends to proceed at a relatively slow
pace, with reaction times spanning 1-5 minutes (Boireau et al., 2007). As a result, the
speed of poly(A) site processing becomes a crucial factor in determining whether there
is sufficient time for splicing to be fully completed in a co-transcriptional manner

(Bentley, 2014). The facilitation of the splicing process for the last intron is influenced
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by the recognition of the poly(A) site, and contrarywise, the recognition of the last intron
aids in the cleavage and polyadenylation steps (Niwa et al., 1990; Niwa & Berget,
1991). There is significant interplay between 3’-end formation and various other RNA
processing reactions, including splicing (Kyburz et al., 2006; K. M. W. and J. A. Steitz,
1993). For example, interactions between 3’-end processing factors and the U2 snRNP
stimulate the cleavage activity (Kyburz et al., 2006). In mammals, binding of U1 small
nuclear ribonucleoprotein (snRNP) protects pre-mRNAs from premature cleavage and
polyadenylation upstream of canonical cleavage sites (Kaida et al., 2010). Moreover,
the canonical poly(A) polymerase responsible for polyadenylation of RNAPII
transcripts as part of the cleavage and polyadenylation factor complex can also
promote the decay of nuclear RNAs through hyperadenylation (Bresson et al., 2015;
Bresson & Conrad, 2013), connecting 3’-end processing with nuclear RNA
surveillance. Polyadenylated RNAs that successfully pass the quality control steps are
rapidly transported to the cytoplasm (Mouaikel et al., 2013; Zenklusen et al., 2008). A
physical link between mRNA 3’-end processing complex and the mRNP export adaptor
has been established (Sara A. Johnson et al., 2010; Sara Ann Johnson et al., 2009; Li
et al., 2023). In budding yeast, mutations affecting the cleavage and polyadenylation
pathway can result in the retention of poly(A)-RNA within the nucleus due to a defect
in coordinating transcription termination and mRNA export (Amberg et al., 1992;
Custddio et al., 1999; Hammell et al., 2002). The termination process is highly dynamic,
allowing it to take place at various locations within a single gene and it is closely linked
to the export of mMRNPs (Gilbert & Guthrie, 2004; Sara Ann Johnson et al., 2009; W.
Luo et al., 2006). Intriguingly, mMRNA maturation factors, in particular packaging and
export factors, are required for the efficient release of the 3’-end processing complex

from the transcript after polyadenylation (Qu et al., 2009).
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Short stable noncoding RNAs rely on polyadenylation-independent termination
mechanisms. In budding yeast, the NNS complex targets short nucleolar RNAs
(snoRNAs) and CUTs (also known as the Nrd1-Senl-Nab3 pathway, Nrd1-dependent
termination, Senl-dependent termination). The NNS complex consists of the RNA-
binding proteins Nrd1 and Nab3 and the DNA/RNA helicase Senl (Arigo, Carroll, et
al., 2006; Arigo, Eyler, et al., 2006; Kim et al., 2006; Porrua & Libri, 2015; Steinmetz et
al., 2001). This complex interacts with RNAPII-CTD via the CTD-interacting domain
(CID) of Nrd1, which preferentially binds the RNAPIISe™P of the CTD, a predominantly
early mark in transcription. This results in the recruitment of NNS to the 5'-ends of both
noncoding and coding genes, consistent with its role in terminating short RNAPII-
transcribed genes such as sn/snoRNAs and CUTs (Steinmetz et al., 2001; Vasiljeva
et al., 2008). In consequence, the decision between torpedo- and NNS-dependent
transcription termination appears to be, in part, influenced by the phosphorylation
status of the CTD of RNAPII (Porrua et al., 2016). The phosphorylation of RNAPI[Ser2P
has been suggested to repress the use of the Nrd1-Senl1-Nab3 termination pathway
downstream (Gudipati et al., 2008). The Nrd1-Nab3 heterodimer binds to RNAPII near
the RNA exit channel and interacts with the emerging transcript in a sequence-specific
manner, with Nrd1l and Nab3 recognising GUAA/G and UCUUG, respectively. The
dimer then recruits the DNA and RNA helicase Senl, which is presumed to terminate
RNAPII by moving along the RNA and dissociating the nascent RNA from the DNA
template once it reaches the polymerase (Heo et al., 2013; Porrua & Libri, 2015; Tudek
etal., 2014). In comparison to protein-coding genes, there is no cleavage of the primary
transcript and release of the polymerase occurs by a mechanism that strictly requires
the action of the helicase Senl (Porrua & Libri, 2015). Nrd1 also connects transcription
and 3’-end formation with surveillance by interacting with the exosome, resulting in 3’-

end trimming or transcript degradation as part of a quality control process (Vasiljeva &
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Buratowski, 2006). Following transcription termination, Nrd1 and Nab3 are proposed
to remain bound to the RNA and subsequently recruit the Trf4-Airl/2-Mtr4 (TRAMP)
complex through a direct interaction between Nrdl and Trf4 (Tudek et al., 2014,
Vasiljeva & Buratowski, 2006). TRAMP appends a short (~40 nt) poly(A)-tail to the
RNA. In contrast to the adenylation of pre-mRNAs by Papl, this particular adenosine
addition by TRAMP, destabilises the transcript through the recruitment of the exosome
complex (LaCava et al., 2005; Wyers et al., 2005). CUTs are as a result entirely
degraded, while sn/snoRNAs undergo only partial trimming as a part of their maturation

(Vasiljeva & Buratowski, 2006).

In S. pombe a functional analogue of the S. cerevisiae NNS complex does not exist
(Lemay et al., 2016; Wittmann et al., 2017). The Mtr4 paralogue Mtll associates with
the zinc finger protein Red1 to form the major exosome cofactor in the nucleoplasm,
MTREC. MTREC targets meiosis-specific transcripts in mitotically growing S. pombe
cells as well as other RNAPII-derived transcripts, such as cryptic unstable RNAs, and
unspliced pre-mRNAs to the nuclear exosome (H. M. Chen et al., 2011; Egan et al.,
2014; Harigaya et al., 2006; N. N. Lee et al., 2013; Vo et al., 2019; Yamashita et al.,
2012; Zhou et al., 2015).The central Mtl1-Red1 core module associates with at least
four additional sub-modules: the Cbc1-Chc2—-Ars2 complex (CBCA), the 1ss10-Mmil-
Erhl complex that targets meiotic RNAs, the Pab2-Rmnl-Red5 complex likely
recognising poly(A) sequences, and the canonical poly(A) polymerase Plal, which
hyperadenylates MTREC substrates (Egan et al., 2014; Foucher et al., 2022; N. N. Lee
et al., 2013; Soni et al., 2023; Zhou et al., 2015). MTREC is the S. pombe orthologue
of the human PAXT connection (Foucher et al., 2022; Soni et al., 2023) and all its
components have human homologues, namely the zinc-finger protein Red5 (ZC3H3),

the RNA-binding protein Rmnl (RBM26/RBM27), the canonical poly(A) polymerase
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Plal (PAPOLA/G/B), the YTH-family RNA-binding protein Mmil (YTHDF1/2/3)

(Foucher et al., 2022; Soni et al., 2023).

Metazoans employ a mechanism for processing and terminating their noncoding RNAs
that is distinct from budding yeast, and no functional homologue of the NNS complex
has been identified (O’'Reilly et al., 2014; Porrua & Libri, 2013). Here, the integrator
(INT) complex is responsible for terminating transcription of small nuclear RNA
(snRNA) (Lykke-Andersen et al., 2021), which is recruited to snRNA-encoding genes
through Serine 2 and Serine 7 phosphorylation (Baillat et al., 2005; Egloff et al., 2010).
The Integrator complex contains orthologues of several CPSF proteins, including
INT11 —the endonuclease for Integrator, which shares sequence homology with CPSF-
73, recognises RNA sequences, and cleaves the nascent transcript (Baillat et al., 2005;
Ezzeddine et al., 2011). Xrn2 appears to play a minor role in terminating such genes;
instead, a nucleosome-free region spanning the entire transcription unit, combined with
NELF action, is believed to terminate transcription (Fong et al., 2015; O’Reilly et al.,

2014; Yamamoto et al., 2014).

1.2.2.4 Export

Nuclear export of mMRNAs is a fundamental step in eukaryotic gene expression that is
physically and functionally coupled to transcription and pre-mRNA processing steps
(Y. Huang et al., 2003; Sara Ann Johnson et al., 2009; M. J. Luo & Reed, 1999; Stral3er
et al.,, 2002). The TREX (TRanscription-EXport) complex exhibits evolutionary
conservation and holds a crucial function in linking transcription to the export of mMRNA
(H. Cheng et al., 2006; Jimeno et al., 2002; Katahira et al., 2009; Kéhler & Hurt, 2007;

Masuda et al., 2005; Reed & Cheng, 2005; Reed & Hurt, 2002; Stral3er et al., 2002).

Consisting of the THO complex, the DEXD-box RNA helicase UAP56/DDX39B (Sub2

in S. cerevisiae, Uap56 in S. pombe), and an RNA export adaptor like ALYREF (Yral
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in S. cerevisiae, Mlo3 in S. pombe), TREX is conserved across all eukaryotes. The
human THO complex comprises six subunits, with known counterparts in yeast
Saccharomyces cerevisiae, namely THOC1 (Hprl in S cerevisiae, Thol in S. pombe),
THOC2 (Tho2 in both yeasts), THOC3 (Texl in S. cerevisiae, Tho3 in S. pombe),
THOCY7 (Mftlin S. cerevisiae and Tho7 in S. pombe), and THOCS (Tho5 in S. pombe)
and the metazoan-specific THOC6. Additional TREX interactors in humans include
SARNP/CIP29 (Tholin S. cerevisiae, Mlol in S. pombe), ZC3H11A, and ALYREF-like
proteins UIF, LUZP4, POLDIP3, and CHTOP (Dufu et al., 2010; Heath et al., 2016; A.

L. Mitchell et al., 2019; Stral3er et al., 2002; Xie & Ren, 2019).

MRNA export is thought to be coupled to transcription in budding yeast and directly
coupled to splicing in metazoans, necessitating an alternative splicing-independent
pathway for intron-less transcripts (M. Shi et al., 2017). Importantly, ALYREF as part
of the TREX complex acts as a key mRNA export adaptor that facilitates the loading of
the global mMRNA export factor NXF1-NXT1 (Mex67-Mtr2 in budding yeast) in order to
licence mMRNAs for export pathway (Hautbergue et al., 2008; Kdhler & Hurt, 2007;
Stral3er et al., 2002; StralRer & Hurt, 2001; Taniguchi & Ohno, 2008). By playing a
crucial role in co-transcriptional mMRNA packaging into export-competent mRNPs, the
TREX complex has also been shown to prevent the formation of harmful DNA-RNA
hybrids, known as R-loops, thus protecting genome integrity (Luna et al., 2019; Pérez-

Calero et al., 2020).

The DEXD-box RNA helicase is essential across species, indicating a crucial role for
the helicase in mMRNA export (UAP56/DDX39B in humans, Uap56 in S. pombe, Sub2
in S. cerevisiae, UAP56 in C. elegans, and Hel25E in D. melanogaster). In humans,
URHA49, a paralogue of UAP56 (with 90% amino acid identity and 96% amino acid

similarity), is suggested to form a distinct alternative mRNA export (AREX) complex,
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which is involved in a selective mRNA export pathway (Fujita et al., 2024; Pryor et al.,
2004; Yamazaki, et al., 2010). Chromatin immunoprecipitation experiments in budding
yeast have shown that the THO components, along with the RNA export adaptors Sub2
and Yral, associate with active chromatin during transcription elongation (Pefia et al.,
2012; Zenklusen et al., 2002). Based on the current understanding, the THO complex
is recruited to the mRNP and delivers UAP56, which then ‘clamps’ onto the mRNA.
THO-UAPS56 binds the export adaptor ALYREF and collaboratively they facilitate the
loading of the export factor NXF1-NXT1 onto the mRNA (Hautbergue et al., 2008;
K6hler & Hurt, 2007; Puhringer et al., 2020; Straler & Hurt, 2001; Taniguchi & Ohno,
2008). The human TREX complex is recruited to the 5'-cap end of the mRNA via an
interaction between ALYREF and the cap-binding complex (CBC; CBP80 and CBP20)
during splicing to facilitate mMRNA export to the cytoplasm in a 5'-to-3' direction (H.
Cheng et al., 2006; Nojima et al., 2007). The mRNA—protein complex (MRNP) exits
through the nuclear pore complex (Katahira et al., 2009; M. J. Luo et al., 2001;
Rodrigues, 2001; StralRer & Hurt, 2001). In addition to ALYREF, SR proteins, known
regulators of pre-mRNA splicing, also serve as adaptor proteins to facilitate the
recruitment of NXF1/TAP onto mRNA (Y. Huang et al., 2003; Muller-McNicoll et al.,
2016; Walsh et al., 2010). NXF1/TAP is thought to occupy a pivotal position in the final
step of the mRNA export pathway for the majority of mRNAS, playing an integrating
role in various mMRNA export pathways (Figure 1.2.3) (Katahira et al., 1999; Stutz &

Izaurralde, 2003).

Another highly conserved DEAD-box ATPase Dbp5 provides directionality to the
export process (Alcazar-Roman et al. 2006; Weirich et al. 2006; Bolger et al. 2008;
Wente and Rout 2010). Dbp5 is activated at the cytoplasmic face of the nuclear pore

complex (NPC) by Glel and inositol hexaphosphate (IP6) and releases mRNA export
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factor Mex67 from the freshly exported mRNP (Figure 1.2.3). The spatially controlled
remodelling of mMRNP composition by the removal of the export receptor dimer Mex67—
Mtr2 prevents the re-entry of the mRNA into the nucleus (Ledoux & Guthrie, 2011b;
Lund & Guthrie, 2005; Tran et al., 2007). However, recent findings challenge the
conventionally known recruitment of Mext67/NXF1 and propose that Mex67/NXF1 is
generally not assembled into an mRNP within the nucleoplasm but is instead recruited
independently to the NPC to assist in mMRNP export (Ben-Yishay et al., 2019; Derrer et

al., 2019).

1.2.3 mRNPs are remodelled by several different mechanisms

As mRNA matures, it undergoes several processing steps, as outlined in the previous
sections. The transition in between RNA processing steps requires mRNP remodelling
(Mitchell & Parker, 2014). One mechanism for compositional changes in mMRNPs was
shown to be through posttranslational modifications (PTMs), which can impact the
binding or function of RNA-binding proteins. Such an example involves the budding
yeast SR protein Npl3, which is phosphorylated by the cytoplasmic kinase Skyl only
after export from the nucleus, promoting the dissociation of Npl3-RNA complexes and
reimport back into the nucleus (Gilbert et al., 2001).

Notably, mRNP remodelling can be driven by DEAD-box ATPases — ATPases that use
ATP hydrolysis to unwind duplex-RNA structure which can lead to destabilise RNA-
protein interactions. In the context of mMRNP remodelling, a well-known example is the
essential DEAD-box ATPase Dbp5 (DDX19A/B), which mediates nuclear mRNP
export (Figure 1.2.3). After being activated by Glel and inositol hexaphosphate (IPs)
on the cytoplasmic side of the NPC, Dbp5 facilitates the release of export factors and
MRNA into the cytoplasm (Ledoux & Guthrie, 2011a; Lund & Guthrie, 2005; Tran et

al., 2007).
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Figure 1.2.3 | A DEAD-box ATPase-mediated mRNP remodelling at the cytoplasmic side

DEAD-box RNA ATPase, Dbp5, associates with nascent transcripts in the nucleus and is recruited
to the cytoplasmic NPC fibrils through interaction with Nup159. This positions Dbp5 in close proximity
to Glel — which is docked to the NPC via Nup42 — enabling optimal InsPs binding and activation
of Dbp5's ATPase activity. Using its ATPase cycle, Dbp5 remodels mRNPs during export, promoting
the dissociation of the export receptor Mex67-Mtr2 through ATP hydrolysis. Afterward, Dbp5-ADP is
recycled at the NPC by nucleoporin Nup159. The release and recycling of specific mRNA-binding
proteins gives a directionality to the process. Adopted from (Alcazar-Roman et al., 2006).

1.3 Schizosaccharomyces pombe as a key model organism

Two yeasts commonly used as eukaryotic model organisms in molecular and cellular
biology are Saccharomyces cerevisiae (budding yeast) and Schizosaccharomyces
pombe (fission yeast), with S. cerevisiae being the most widely studied. However, there
are marked differences between the two yeasts at the molecular level. S. pombe and
S. cerevisiae are only distantly related, having diverged about 370 million years ago,
following the split from metazoans more than 1,000 million years ago; however, S.
pombe appears to have evolved less rapidly than S. cerevisiae (Ast, 2004; Hoffman et

al., 2015), retaining many characteristics of the common ancient yeast ancestor and,
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by extension, sharing common features with metazoans. Thus, the fission yeast S.
pombe has been termed a "micro-mammal”, exhibiting greater similarities to complex
eukaryotes than the budding yeast S. cerevisiae (Forsburg & Rhind, 2006; Vyas et al.,

2021).

The whole genome sequence of S. pombe was completed in 2001 by initiative teams
at the Imperial Cancer Research Fund (now called Cancer Research UK) in London
and at the Wellcome Trust Sanger Institute in Hinxton, UK. The results and insights
into key characteristics of the S. pombe genome were published in 2002 as a milestone
paper by Nature (Wood et al., 2003; Yanagida, 2002). The initial research in S. pombe
was focussed on chromosome biology, mitosis, cytokinesis, meiosis and cell-shape

control but its scope has gradually expanded over the years (Yanagida, 2002).

The following characteristics have added to this trend: For instance, S. pombe was
found to have a mitochondrial genome architecture similar to that of humans. While
mitochondria are essential in fission yeast, they are dispensable in budding yeast as
S. cerevisiae can grow under anaerobic conditions. Furthermore, S. pombe has the
smallest eukaryotic genome in terms of chromosome number, with only three
chromosomes (Yanagida, 2002). In the following, other important molecular
differences to S. cerevisiae are briefly discussed, highlighting the importance of S.
pombe as an alternative model organism for studying fundamental cellular processes
such as transcription, translation, DNA replication, cell cycle control, and signal

transduction (Hoffman et al., 2015).

Introns. In S. pombe, 43% of genes contain introns (Wood et al., 2003), compared to
only 4% of protein-coding genes in S. cerevisiae (Goffeau et al., 1996). In S. cerevisiae,
intron-containing genes use a UACUAAC box as the consensus branch-site sequence

(Ast, 2004; Parker et al., 1987), which differs from the consensus in higher eukaryotes.
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Consequently, mammalian introns are not spliced in S. cerevisiae (Russell & Nurse,
1986). In contrast, S. pombe has a CURAY consensus branch-site sequence (where
R is a purine and Y is a pyrimidine), similar to that in mammalian genes (Ast, 2004,

Russell & Nurse, 1986).

The exon junction complex (EJC). The EJC is a multiprotein complex that is
deposited 20—-24 nucleotides upstream of exon-exon junctions following pre-mRNA
splicing (Le Hir et al., 2000). Its deposition marks the splice sites in mMRNA transcripts
and is thought to serve as a memory of the introns contained in their precursor mMRNAs
(Bannerman et al., 2018). A trimeric complex of Magoh, Y14 and elF4A3 forms the
core of the EJC, with a fourth protein MLN51 identified only in animals (Bannerman et
al., 2018; Kervestin & Jacobson, 2012). The EJC travels with an mRNA into the
cytoplasm, where its impact on mRNA metabolism, including mRNA export, translation
activation as well as quality control via nonsense-mediated mRNA decay (NMD), have
been intensively studied (Kervestin & Jacobson, 2012). While all three core
components of the EJC, marking the splice sites, are preserved in S. pombe, elF4A3
is the only component found in S. cerevisiae (encoded by the FAL1 gene). Magoh and
Y14 are selectively absent in organisms with low intron densities, such as S.
cerevisiae, consistent with the loss of the EJC during the evolution of budding yeast

(Bannerman et al., 2018; Boisramé et al., 2019).

H3K9me/Heterochromatin. In eukaryotes, heterochromatin is the product of
assembly of DNA into inaccessible regions, and is also referred to as silent chromatin
(Moazed, 2001). It is associated with transcriptional silencing and repression of
recombination and therefore implicated in the regulation of gene expression as well as
maintenance of chromosome stability (Grewal & Jia, 2007; Moazed, 2001).

Heterochromatin often forms in regions with a high density of repetitive DNA elements,
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for example centromeric, telomeric, ribosomal DNA (rDNA) loci, and the mating-type
regions of S. pombe chromosomes (Allshire & Ekwall, 2015; Grewal & Jia, 2007). The
formation of heterochromatin, also known as heterochromatinization, is specified by
the methylation of lysine 9 of histone H3 (H3K9me), a modification recognised by the
chromodomain of heterochromatin protein 1 (HP1) (Grewal & Jia, 2007). This
epigenetic mark is self-sustaining and preserves a heritable silent state (Bhattacharjee
et al., 2019). Similar to metazoans, fission yeast uses H3K9 methyltransferase (S. p.
Clr4; H. s. SUV39H1) and heterochromatin proteins (S. p. Swi6 and Chp2; H. s. HP1)
for heterochromatin formation and silencing (Hirai & Ohta, 2023; Nakayama et al.,
2001). In contrast, budding yeast relies on histone deacetylases (HDAC) and Sir
proteins (Grunstein & Gasser, 2013). The conservation of the heterochromatin
formation machinery with higher eukaryotes makes fission yeast the unicellular model

organism of choice for heterochromatin analyses (Shimada et al., 2009).

RNAI. The RNA interference (RNAi) machinery also contributes to the formation and
maintenance of transcriptionally silent heterochromatin in fission yeast (Allshire &
Ekwall, 2015; Grewal, 2010; Verdel, 2013; Volpe et al., 2002). The mechanisms of
heterochromatin establishment in S. pombe are distinct from S. cerevisiae and more
similar to plants and metazoans (Allshire & Ekwall, 2015). S. pombe and S. cerevisiae
have silent chromatin at telomeres, the mating-type loci, and rDNA regions (Allshire et
al., 1995; Briggs et al., 2001; Egel et al., 1984); however, only S. pombe exhibits
silencing at centromeric regions (Allshire et al., 1995; Volpe et al., 2002). Studies
revealed that small interfering RNA (siRNA) molecules (~21 to 24 nucleotides) and
components of the RNAI pathway play an important role in the establishment of
transcriptional gene silencing at fission yeast centromeres (Volpe et al., 2002). The

key effector complex of the RNAI pathway in S. pombe is the RNA-induced Initiation of
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Transcriptional Gene Silencing (RITS) complex. RITS contains a chromodomain
protein (Chpl), Argonaute 1 (Agol), and Tas3, as well as siRNA (Motamedi & Andre
Verdel, 2004). In addition to the Argonaute-containing complex RITS, siRNA-directed
centromeric heterochromatin formation in fission yeast requires the endonuclease
Dicer (Dcrl) and an RNA-dependent RNA polymerase complex (RDRC) (Barrales et
al., 2016; Motamedi & Andre Verdel, 2004). Studies in S. pombe have shown that the
RNAiI machinery and small RNAs are crucial for centromeric heterochromatin

assembly and function (Creamer & Partridge, 2011; Motamedi & Andre Verdel, 2004).

78



Chapterl

1.4 Objectives of this work

MRNA biogenesis is a vital cellular process in eukaryotic organisms, where precursor
RNA (pre-mRNA) is synthesised and undergoes a series of dynamic and tightly
regulated processing events. These steps include 5' capping, splicing, and 3'
polyadenylation, which collectively contribute to the maturation of the transcript,
enabling its competence for the export pathway. Extensive studies across various
model organisms have highlighted the existence of specific regulatory checkpoints
during mRNA biogenesis. These checkpoints ensure efficient assembly of the
messenger ribonucleoprotein (MRNP) complex, a process crucial for maintaining
MRNA stability, facilitating nuclear export, and regulating downstream cytoplasmic

events such as translation, mRNA localisation, and decay.

DEAD-box RNA helicases, a family of ATP-dependent RNA helicases and RNA-
dependent ATPases, are key molecular players in these processes. Their helicase and
RNPase activities allow them to remodel RNA-protein complexes, enabling structural
and compositional rearrangements necessary for mMRNA biogenesis. The objective of
this study is to investigate the biological role of Dbp2, a DEAD-box ATPase, in the
remodelling of MRNPs in Schizosaccharomyces pombe (fission yeast). Specifically,

this study aims to:

1. Investigate the biological function of Dbp2: characterise its role in mRNP
remodelling during mMRNA biogenesis in S. pombe.

2. Explore Dbp2's role at early checkpoints of mMRNA biogenesis: determine its
contribution to regulatory processes that ensure accurate RNA processing prior
to nuclear export and translation.

3. Examine the mechanisms of mMRNP remodelling: assess how the ATPase

activity of Dbp2 facilitate structural and compositional changes in mRNPs.
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By addressing these objectives, this study seeks to provide new insights into the role
of Dbp2 in RNA biogenesis and its broader implications for the regulation of gene

expression.
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Chapter2 Structural and biochemical analysis of Dbp2

2.1 DEAD-box ATPase 2 has disordered regions at N- and C-terminal

To lay the groundwork for understanding its in vivo functions, analyses were conducted
to explore the biochemical properties and structural composition of Dbp2. Like other
DEAD-box ATPases, S. pombe Dbp2 was found to contain a conserved helicase core
comprising two structured helicase domains connected by a short linker sequence
(Figure 2.1A). Disorder prediction analysis indicated that the amino (N)- and carboxy
(C)-terminal tails of Dbp2 are disordered and exhibit low amino acid sequence
complexity (Figure 2.1B), a characteristic commonly associated with proteins capable
of liquid-liquid phase separation and the formation of biomolecular condensates or
membrane-less organelles (Weis & Hondele, 2022). Within these disordered regions,
a diRGG-box motif in the N-terminal tail and four RGG-box motifs in the C-terminal tail
were identified (Figure 2.1A). These motifs, which are enriched in arginine and glycine
residues, have been linked to RNA binding, protein—protein interactions, and
subcellular localisation, and are known to be regulated by arginine methylation
(Banroques et al., 2011; Gilman et al., 2017; Hondele et al., 2019; Thandapani et al.,
2013). Notably, the strong biochemical affinity of these motifs for RNA has been
reported (Thandapani et al., 2013), and their presence in Dbp2 suggests potential
involvement in RNA-related processes and participation in phase-separated

condensates.
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Figure 2.1 | Dbp2 protein has disordered regions both at the N- and C- terminus, surrounding
two highly conserved DEAD-box helicase core

A. A schematic of the domain architecture of the Dbp2 protein, is drawn to scale, and provided for
the bottom plot. B. Disorder prediction of the full-length Dbp2 protein. The prediction was performed
using the Disorder Prediction MetaServer (DisMeta) (Huang et al., 2014). The Dismeta server defines
consensus disorder prediction results of a given protein, and any disorder consensus above 0.5 as
an indicator for disorder, which is exhibited by dashed line in the plot. The boundaries of two helicase
core domains are shown as annotated in the uniprot P24782 accession number. N-helicase core
domain: RecA-like domain 1 (containing conserved Q-motif and DEAD-box motif II) and C-helicase
core domain: RecA-like domain 2 (containing conserved helicase C terminal motif). The Dismeta
analysis also predicts that the region between 87-107 amino acids is in the form of coils.

2.2 S. pombe DEAD-box ATPase 2 is evolutionary conserved

To assess the evolutionary conservation of S. pombe Dbp2 with its orthologues,
multiple sequence alignment was performed (Figure 2.2.1). This analysis revealed a
high degree of conservation among the amino acid sequences of S. pombe Dbp2, S.
cerevisiae Dbp2, human DDX5 and its paralogue DDX17, as well as D. melanogaster
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Rm62. All 12 conserved DEAD-box motifs were identified within the helicase core of
these proteins, consistent with their classification within the DEAD-box family. Motifs
Q, I, 1a, Ib, I, and 11l were found in the first RecA-like domain (DEAD domain or RecAl),
while motifs IV, IVa, V, Va, and VI were located in the second RecA-like domain
(cHelicase or RecA2). These motifs are known to be involved in RNA binding, ATP
binding, and hydrolysis (Linder & Fuller-Pace, 2013; Sengoku et al., 2006). A percent
identity table was generated to provide an overview of orthologue similarity (Table 2.2).
Human DDX5 and its paralogue DDX17 were found to share 70.48% identity. S. pombe
Dbp2 was shown to share 65.03% identity with S. cerevisiae Dbp2 and 53.21%

similarity with D. melanogaster Rm62.

Despite the highly conserved helicase core, variations were observed in the N- and C-
terminal regions among these orthologues. Variable N-terminal extensions were
identified in DDX17 and Rm62, which are partially present in S. pombe and S.
cerevisiae Dbp2 but entirely absent in DDX5. Additionally, mammalian-specific yet
uncharacterised C-terminal extensions (CTEs) were noted in DDX5 and DDX17, with
limited sequence similarity between them. Within the CTE of DDX17, a unique proline-
rich region was identified, which is noteworthy as such regions are typically associated
with facilitating protein—protein interactions (Brian K. Kay, Michael P. Williamson,
2000). Nonetheless, the N- and C-terminal regions of DEAD-box ATPases are known
to play a role in modulating helicase core activity (Hilbert et al., 2009; Ma et al., 2013;

Song et al., 2023).

Both S. cerevisiae Dbp2 and human DDX5 have been shown to exhibit highly efficient
RNA duplex unwinding in vitro (Ma et al.,, 2013; Xing et al., 2017). Given the
conservation of all motifs within the helicase core across these orthologues, it is likely

that S. pombe Dbp2 also functions as an active ATPase and RNA helicase in vivo.
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Consensus G F
AFRDSSKPDSDDYVDS | PKAEQRTRTRKSLFNDPDERTEEIKIEGYMAPHDRDFGG++RGG+GGDR++D+DRDRGGGYRGGFGG+GGGGL YHG IRNGR

jnetpred |
S.p. Dbp2/1-550aa DQRGQGRNEYESDGPG- - - - - - - - - ---- VKKDWK - -NET[l 1 PEoKDFMKERENVRNRSDAEV T EYRKEKETNVVHELN - vVBKEVT TEEEA 127
S.c. Dbp2/1-545aa 53 - - - --------a--- o NQP-- - - - - IKPNWDEELPKEPTEEKNEYVEHESVRDRSDSE | AQFRKENEMT I SGHD - IPKPITTEDEA 118
H.s. DDX5/1-614aa ----8SGKKF- - -GNPG - - - VKKKWN - - LDEEPKEEKNFYQEHPDL ARRTAQEVETYRRSKEITYRGHN - CRKRVLNEYEA 99
H.s. DDX17/1-72%9aa 106 - - - - - - - - - PPKKF- - -GNPG- - - - - - - - - - - - - RKKKWD - - LSEEPKFEKNFYVEHPEVARLTPYEVDELRRKKEITVREGDVCPKRVFAFHHA 176
D.m. Rm62/1-719aa 196 VEKRHDDF{GGGNRF---GGGGGFGDHHGGGGGGSQD PMRPVD - - FSNEHAPEKKNEYQEHPNVANRSP YEVQRYREEQEITVRGG - - VENE 1 QDESEV 286
Consensus L LpEFKKyFYQREH E R E G PP F

VEKRRD+RG+GKKFYESG+PGGFGDRRGGGGGGS++LVKKKWDEELSELP+FEKNFY+EHPNVA+RS+YEV+EYR+EKEITVRGH+V+PKPVTTF+EA

jnetpred

S.p. Dbp2/1-550aa 128 GF
S.c. Dbp2/1-545aa 119 GF
H.s. DDX5/1-614aa 100 NF
H.s. DDX17/1-729aa 177 NE
D.m. Rm62/1-719aa 287 HL

A IQECTKFGKSSRIR 225
Al TECSKFGHSSR IR 216
H QVAAEYCRACRLK 197
H QVADDYGKCSRLK 274
N [QVATEFGSSSYVR 384

Consensus PR,V PTAI QAQ, -PMA,SG VG TGSGKTLAYLLP I VHI N§Q~HLE,GDGPI GLVLAPTRELA,Q,Q
+FPDYVM+E+KRQGFT+PT+ 1Q+QGWPMALSGRDMVG I A+ TGSGKTLSY+LPAIVHIN+QPLLERGDGP I+LVLAPTRELAGQIQQVAT+FGKSSR+R

G) 1> (2 (N

[
C
L
L
1

jnetpred

S.p. Dbp2/1-550aa 226 N 1 323
S.c. Dbp2/1-545aa 217 N 1 314
H.s. DDX5/1-614aa 198 S| 1 F 295
H.s. DDX17/1-729aa 275 § 1 F 372
D.m. Rm62/1-719aa 385 N M F 482

Consensus TC, GGP Q,RDL JRGLEIN 1 ATPGRL | DL TNLKR{TYLVLDEADRMLDMGFEPQI RKI V_Ql RPDRQT, M_SATWPKEV - ,LA-D,L
NTCVYGGAPKGPQIRDLERGVEICIATPGRL IDFLESGKTNLRR+ TYLVLDEADRMLDMGFEPQIRKIVDQIRPDRQTLMWSATWPKEV+QLAEDFLN

jnetpred
S.p. Dbp2/1-550aa 324 PYIGQVTY| RARBGKDIEEV - - LKDRDN D | TRF LHQD! 419
S.c. Dbp2/1-545aa 315 DP/I@VQV, RDRENKYLETA- - SQDNEY| D ITKYLRED 410
H.s. DDX5/1-614aa 296 DY IHIN1 DEKE IRLMEE | - -MSEKEN ELTRKMRRD 391
H.s. DDX17/1-729aa 373 DYTQ INV, DHKE | QLMEE | - -MAEKEN DLTRRMRRD 468
D.m. Rm62/1-719aa 483 NYIQIN 1 EEKEKTLLSDIYDTSESPG NLVRF IRSF 580
Consensus GuLL AcHNI KQ, VoV K L K FasTKRysD RE-G | HGDKQRERD - VLREF (G
DYIQINVGSLELSANHNILQIVDVCD+FEK+EKL IKL+EE| YDMSEKENKT | IFVETKRRCDDLTRF+RRDGWPA+AIHGDKSQ+ERDWVYLNEFRSGK
jnetpred |
S.p. Dbp2/1-550aa 420 SP KG I THWFNYBFBGNT AKQAREHVS I LsERK@DIDPKEEEMARYS - - - SGER| 514
S.c. Dbp2/1-545aa 411 SP KG INYMINYBMPGN I KGLGAKE 1S IMREANGNIIPPEEK YDRRSY - G 503
H.s. DDX5/1-614aa 392 AP S EDVKFMINYDYPBNSS) STKTETAYTFETPNN I KQVSDE | SVLREANGANNPKELQLVEDR- - - - - SGRSR 484
H.s. DDX17/1-729aa 469 AP S EDVKFMINYDYPNSS STNKETAYTFETPGNLKQARER | KVLEEANGAINPKEMQL VDHRGGGGGGEGERSR 566
D.m, Rm62/1-719aa 581 SN A DG IKYMINFDYPQNS SNTKETSFAFETKNNAKQAKAEVDVLREANGEINBAEENLARNS - RYDGGAGGRSR 677
Consensus I 4y ATDVA,RG, DV V.N-DRFP EDY, HRI GRT 4R GT FTREN L EA,QRl pPaL GEG

SPILVATDVASRGLDV+GIK+VINYDYP+NSEDYVHRIGRTGRS+ AKGTAYTFFTPNNAKQAREL | SVLREANQA INPKLEQL+R++G+++GGGGRSR

jnetpred
S.p. Dbp2/1-550a8a 515 RRGG - - - - - - - - - - - - - - - - - - oo YGRGGFRRGGGYGNR - - - - - - - - - ---------- 533
S.c. Dbp2/1-545aa 504 YGGG - - - - - .- -- - -RGGRGGYGRRGGYGGG - - - 523
H.s. DDX5/1-614aa 485 GRGG- - - - - - - - MKDDRRDRYSAGKRGG - - - - FNTFRDRENYDR- - - - - - - GYSSLLKRDFGAKTQNGVYSA- ANYTNGSFGSNFVSA Gl 554
H.s. DDX17/1-729aa 567 YRTTSSANNPNLMYQDECDRRLRGVKDGGRRDSASYRDRSETDRAGYANGSGYGS - PNSAFGAQAGQYTYGQ -G TYGAAAYGTSSYTAQEYGAGTYGA 662
D.m. Rm62/1-719aa 678 YGGG - - - - - - - - - - - - - - - - - n oo [ R I GGRFGGEGFKK-GSLSNG- - - - - - vinaaan 700
Consensus
YRGGSSANNPNLM++D++DR+++G++GGGRRD ++++RDR+++DRAGYANGSGY+SL ++++FGAR+GRGGYGR+GGYGNG+4+G+++++AQEYGAGTYG+
jnetpred |
S.p. Dbp2/1-550aa 534 - - - - - -------- NRGFTESNSAPLA- - - ------------ 550
S.c. Dbp2/1-545aa 524 - - - - - - - ------ RGGYGGNRQRDGG - -- 545
H.s. DDX5/1-614aa 555 QTSFRTGNPTGTYQNGYDSTQQYGSN- - - - - - - - - - - - - VPNMHNGMNQQAYAYPATAAAPMIGYPMPTGYSQ 614
H.s. DDX17/M1-729aa 663 SSTTSTGRSSQSSSQQFSE IGRSGQQPQPLMSQQFAQPPGATNMIGYMGQTAYQYPPPP PPPPPSRK 729
D.m. Rm62/1-719aa 701 - - - - - - - - - - - - - - RGFGGGGGGGGE- - - - - ----------- GRHSRFD--- -« ----smmmm oot 719
Consensus
+++++TG+++++++RGFGG+GQ+GG+PAPLMSQQFAQPPG++N++G+MGQ+AY+YP+++AAPMIGYP+P+++++
jnetpred
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Figure 2.2.1 | DEAD-box ATPase 2 is evolutionary conserved

Multiple sequence alignment of S. pombe Dbp2, S. cerevisiae Dbp2, human DDX5 and its paralogue
DDX17, and D. melanogaster Rm62 was conducted using the Clustal Omega web interface
(McWilliam et al., 2013). The sequence alignment was visualized using JalView (Version: 2.11.3.2)
(Waterhouse et al., 2009) using MUSCLE (Edgar et al., 2004). Conserved residues are highlighted
with blue, with darker shades indicating higher conservation. The consensus sequence is indicated
below. Secondary structure prediction was carried out with Jnetpred (Drozdetskiy, 2015) for S.
pombe Dbp2, with helices marked as red tubes, and sheets as green arrows. Twelve conserved
domains in the helicase core are highlighted in pink boxes. An orange box is to highlight the
conserved lysine ('K') residue within motif | of the ATP-binding domain, where a point mutation was
introduced for subsequent analysis.

| Percent identity matrix between S. pombe Dbp2 and orthologues

H.s. D. m.

S.p.Dbp2 S.c.Dbp2 H.s.DDX5 DDX17 RM62

S. p. Dbp2 100.00 65.03 56.25 57.23 53.21
S. c. Dbp2 65.03 100.00 54.33 55.86 54.70
H.s. DDX5 56.25 54.33 100.00 70.48 58.03
H.s. DX17 57.23 55.86 70.48 100.00 55.37
D. m. Rm62 53.21 54.70 58.03 55.37 100.00

Table 2.2 | Percent identity matrix between S. pombe Dbp2 and orthologues

Percent Identity Matrix between S. pombe Dbp2, S. cerevisiae Dbp2, human DDX5 and its paralogue

DDX17, and D. melanogaster Rm62. The percent identity matrix was created by Clustal2.1.
To further investigate the structural conservation of Dbp2 across species, AlphaFold 3
was used to predict the secondary structure of S. pombe Dbp2, S. cerevisiae Dbp2,
human DDX5 and DDX17, and D. melanogaster Rm62, with the predicted alignment
error (PAE) matrix providing additional insight. The predicted models revealed
remarkable conservation of the helicase core across these orthologues, with high
structural similarity observed in all species (Figure 2.2.2). This conservation is
consistent with the functional roles of these proteins, suggesting that nucleotide
binding, hydrolysis, and RNA interaction mechanisms are likely preserved. However,
the N- and C-terminal regions exhibit greater variability among the orthologues, hinting

at the possibility of species-specific adaptations.
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In support of the structural quality, the predicted template modelling (pTM) scores were
calculated for each orthologue, which measure the accuracy of the predicted overall
fold. A pTM score above 0.5 suggests that the predicted fold is likely to be similar to
the true structure. Individual pTM scores for the proteins are as follows: 0.75 for S.
pombe Dbp2, 0.74 for S. cerevisiae Dbp2, 0.65 for DDX5, 0.61 for DDX17, and 0.62
for Rm62. This further suggests that the overall fold of the helicase core is well-
conserved across species. Taken together, these findings underscore the evolutionary
conservation of the helicase core and provide valuable insights into the structural and

functional adaptations of Dbp2 across species.

S. p. Dbp2 S. c. Dbp2 H. s. DDX5 H. s. DDX17 D. m. Rm62

Aligned residue

Scored Residue

| —

0 5 10 15 20 25 30
Expected Position Error (Angstréms)

Figure 2.2.2 | Predicted alignment error (PAE) matrices between S. pombe Dbp2, S. cerevisiae
Dbp2, human DDX5 and DDX17, and D. melanogaster Rm62

The predicted alignment error (PAE) matrices, generated by AlphaFold 3, provide estimates of the
relative positional errors between aligned amino acids across the sequences of the respective
orthologues. Strongly structured regions have lower alignment errors (Abramson et al., 2024).

2.3 S. pombe full-length Dbp2 is an efficient RNA-duplex unwinding helicase in

vitro

Both the human DDX5 and S. cerevisiae Dbp2 orthologues have been shown to
possess high RNA duplex unwinding activity in vitro (Ma et al., 2013; Xing et al., 2017).
To biochemically characterise S. pombe Dbp2 and to assess whether it is a functional
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ATP-dependent RNA helicase, an in vitro assay was established to quantify RNA
duplex unwinding with recombinant purified full-length wild type Dbp2 (Dbp2"¥T) and
mutant Dbp2 (Dbp2K172R) from S. pombe. In Dbp2K172R the conserved lysine residue
in motif I, G-(K)-T, which coordinates the triphosphate moiety of ATP, is substituted by
arginine (R), which is expected to disrupt ATP binding, impair ATPase activity and

consequently hinder RNA unwinding activity (Figure 2.2.1, orange asterisk box).

The constructs for Dbp2WT and Dbp2X172R were expressed with an N-terminal Hise-
small ubiquitin-like modifier (SUMO)-tag, followed by a 3C cleavage site (Figure 2.3.1).
To circumvent potential solubility issues, the SUMO tag was used, as it is known to
enhance protein solubility (Marblestone et al., 2006). The Hise-SUMO tag facilitated
affinity purification, and it was cleavable due to the presence of a 3C protease
recognition site. Successfully purified Dbp2WT and Dbp2X172R were subsequently used

in in vitro RNA unwinding assays (Figure 2.3.1B & C).

Given that most RNA molecules function through interactions with proteins or as
components of ribonucleoprotein complexes, and hypothesising that Dbp2 may
regulate these RNA-protein interactions or influence complex assembly and/or
disassembly via its enzymatic activity, a helicase assay was conducted to assess its
efficiency as an RNA helicase in vitro and to determine whether it exhibits substrate

preference based on RNA duplex-length.
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Figure 2.3.1 | S. pombe full-length (WT) and ATP-binding mutant (K172R) recombinant Dbp2
purifications from E. coli

A. Schematic view of Dbp2 constructs for affinity purification. Dbp2¥T and Dbp2X172R are N-terminally
Hise-SUMO-tagged, the tag is cleavable through a 3C protease recognition site. The mutant was
generated by a site-directed mutagenesis to incorporate amino acid substitution, and validated by
sequencing. B. Representative Coomassie-stained 10% SDS gel following the purification procedure
for full-length Hise-SUMO-3Csite-Dbp2WT (left) and ATP-binding mutant Hise-SUMO-3Csite-Dbp2K172R
(right) shown isolated from E. coli strain BL21(DE3)pLysS. Expression is induced at ODesoo ~0.8/ml
with 0.2 mM IPTG and temperature reduced to 25 °C for 3 h and harvested. Upon lysing cells with
sonication, the lysate (Lane #1) was cleared by centrifugation yielding to pellet and supernatant. The
supernatant was subjected to affinity purification using Ni-NTA agarose beads. The flow-through
(Lane #2) was discarded. The resin was washed six times with wash buffer (Lane #3), and bound
protein was eluted with the elution buffer containing 300 mM imidazole (Lane #4) and samples were
then subjected to buffer exchange via dialysis with 40 mM Tris/HCI pH 8.0, 50 mM NacCl, and 5 mM
B-mer and cleavage reaction with 1:50 dilution factor of 3C protease overnight at 4 °C (Lane #5).
Human Rhinovirus 3C-Hise tagged protease has molecular weight of 47.8 kDa. (WT Dbp2 on the left,
K172R mutant Dbp2 on the right). C. Purification and cleavage of Dbp2 constructs. Representative
Coomassie-stained 10% SDS-PAGE gel showing purified Dbp2 proteins. Lanes #1 and #2
correspond to Lanes #4 and #5 in panel B, representing the protein before and after cleavage,
respectively. At this point (Lane #2), the solution contains the uncleaved Dbp2 construct, Hise-tagged
3C protease, and the cleaved Dbp2 fraction. The cleaved Dbp2 constructs kept in the flow-through
(data not shown) after reverse Ni-NTA approach. Clearance is shown in lanes #3 and #4. Lane #3
represents the wash fractions obtained after incubating with Ni-NTA agarose beads for 1 hour at 4
°C, following the reverse Ni-NTA strategy. This indicates that all cleaved Dbp2 constructs were
successfully collected in the flow-through during the previous step. Lane #4: Liberated fractions using
300 mM imidazole containing elution buffer after reverse Ni-NTA purification. (WT Dbp2 on the left,
K172R mutant Dbp2 on the right).
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In vitro strand unwinding (helicase assay) was conducted under room temperature
using different lengths of single-stranded overhang duplex-RNA substrates and 2 mM
ATP:Mg?* in the presence of both recombinant, purified Dbp2W" and Dbp2Kt72R
proteins. Two different partial RNA duplexes were used as substrates, using either a
13 nt dsRNA duplex with a 25 nt single-stranded overhang, or a 16 nt duplex with a 21
nt single-stranded overhang (Figure 2.3.2A). Both substrates carried at one end a Cy5
fluorophore on one strand and a quencher, BHQ2 on the other, leading to an increase
in fluorescence as the strands are unwound (Figure 2.3.2B). The assays were
conducted with either 600 nM Dbp2WT and Dbp2K172R proteins over a 2-minute time

course, with measurements taken every second (Figure 2.3.2C).

For Dbp2"T, the fluorescence signal gradually increased and reached saturation within
two minutes when the shorter RNA duplex (Putnam 13bp RNA) was used as a
substrate, with a total 3-fold fluorescence increase, indicating complete unwinding of
the duplex RNA. In contrast, when the longer RNA duplex (Ma 16bp RNA) was used,
the fluorescence signal increased more slowly and inefficiently, deviating from the
gradual trend observed with the shorter duplex, thereby suggesting that Dbp2 unwinds
shorter RNA duplexes more efficiently than longer ones. Notably, the ATP-binding
mutant Dbp2X72R completely abolished unwinding activity in vitro, regardless of the
duplex RNA substrate length. This suggests that the mutation of the residue within

motif | disrupts its ATP-binding, and thereby impair its enzymatic activity.

Recombinant Dbp2WT demonstrated robust RNA unwinding activity, suggesting that it
may play a role in destabilising RNA-protein complexes, potentially acting as an
RNPase at in vivo setting. However, the intricate nature of cellular environments cannot
be overruled as its ATPase activity may be subject to regulation by additional

interacting factors present within the cells.
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Figure 2.3.2 | S. pombe Dbp2 is a highly efficient DEAD-box RNA helicase in vitro

A. Depiction of partial RNA duplex substrates used in the dsRNA unwinding assay. In both cases,
the single strands were annealed in vitro prior to use (see sub-section 9.4.4) (Ma et al., 2013; Putnam
& Jankowsky, 2013a). B. A diagram illustrating the order of component addition for the real-time
unwinding/helicase assay is shown. In each reaction, 600 nM of Dbp2WT or Dbp2X172Rwas incubated
with 10 nM BHQ2-Cy5 pre-annealed partial RNA-duplex substrates. The signal was recorded every
second for a total duration of 2 minutes, with excitation at 620 nm and emission at 670 nm, following
the addition of 2 mM ATP and 2 mM MgCl: by spraying. The signal was measured using a Tecan
Infinite F200 Pro plate reader. C. Time course of Cy5 fluorescence signal in the helicase assay for
Dbp2WT and Dbp2X172R using both shorter and longer RNA duplex substrates. The Cy5 fluorescence
signal for each reaction was normalised to the signal measured for the protein + substrate mix before
the addition of ATP:Mg?* to each reaction. Error bars represent the SD, the experiments with Putnam
13bp RNA, n =4 and the experiments with Ma 16bp RNA, n = 3 independent experiments.
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2.4 Discussion

This chapter provides a detailed structural and biochemical characterisation of S.
pombe Dbp2, a DEAD-box ATPase, focusing on its disordered regions, evolutionary
conservation, and functional roles in RNA metabolism. The biochemical and structural
(in silico) analyses suggest that the N- and C-terminal regions of S. pombe Dbp2 are
disordered, as predicted by disorder analysis and supported by RGG/RG-rich motifs
(Figure 2.1). These findings are consistent with the disordered regions found in other
DEAD-box ATPases, which are thought to mediate phase separation and interactions
with RNA and other macromolecules (Weis & Hondele, 2022). The presence of these
motifs suggests that S. pombe Dbp2 might participate in forming biomolecular
condensates, a hypothesis that aligns with the known roles of such proteins in
regulating RNA-protein interactions and phase transitions. In fact, S. cerevisiae Dbp2
was shown to have the ability to induce phase separation (Hondele et al., 2019).
Nonetheless, these motifs being present in Dbp2 supports the hypothesis that this
protein participates in RNA-related processes, potentially through interactions with

RNA or in the formation of RNA-protein condensates in S. pombe.

The sequence alignment and structural predictions revealed a high degree of
conservation of the helicase core of Dbp2 across species, including S. pombe, S.
cerevisiae, human DDX5, and D. melanogaster Rm62. This conservation suggests that
the core functional mechanisms of Dbp2, including ATP and RNA binding, hydrolysis,
and unwinding, are preserved across species. The conservation of the DEAD-box
motifs in the helicase core of Dbp2, along with the unique properties of the N- and C-
terminal regions, further suggests that S. pombe Dbp2 may operate in a similar manner
to other DEAD-box ATPases, but with potential regulatory adaptations specific to its

role in S. pombe cells.
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Notably, among different species, the N- and C-terminal regions showed significant
variability, particularly in mammalian orthologues like DDX5 and DDX17. This
variability could indicate species-specific adaptations that fine-tune the helicase's
interactions with RNA or other cellular components, potentially influencing their
involvement in distinct cellular pathways or regulatory mechanisms (Hilbert et al., 2009;
Ma et al., 2013). This opens avenues for further investigations into how the structural
diversity of DEAD-box ATPases contributes to their specialised roles in different

species.

Previous studies have reported that recombinant expression of S. cerevisiae Dbp2 in
E. coli cells was highly toxic, even at low levels, which hindered successful protein
purification (Banroques et al., 2008, 2011). Similar difficulties were encountered by
others (W. K. M. and E. J. Tran, 2015). In initial attempts using either Rosetta or
BL21(DE3) expression cells, induction of wild type Dbp2 protein expression was very
low, resulting in poor purification (data not shown). However, strong induction of Dbp2
expression was achieved in the BL21(DE3)pLysS expression strain, enabled
successful purification of the recombinant proteins (Figure 2.3.1), which were
subsequently used for in vitro helicase activity assays. The in vitro RNA unwinding
assays with recombinant wild type Dbp2 showed that the protein is an efficient RNA
helicase, with strong activity observed particularly with shorter RNA duplexes. The fact
that Dbp2 can efficiently unwind RNA in vitro also supports the hypothesis that it may
act as an RNPase in vivo, playing a role in destabilising RNA-protein complexes or
facilitating their assembly/disassembly. On contrary, the ATP-binding mutant, which
harbours a substitution in motif | that disrupts ATP binding, completely abolished
unwinding activity, highlighting the critical role of ATP hydrolysis in Dbp2's biochemical

function. These observations align with findings in other DEAD-box ATPases, such as
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S. cerevisiae Dbp2 and human DDX5 (Ma et al., 2013; Xing, 2018), suggesting that S.
pombe Dbp2 likely shares similar RNA duplex unwinding mechanisms. Moreover, the
observation that Dbp2 unwinds shorter RNA duplexes more efficiently than longer ones
suggests a preference for certain RNA substrates (Figure 2.3.2). The observed
preference for shorter RNA substrates may reflect the functional context of Dbp2 in
vivo, and may be linked to its involvement in specific RNA-protein complexes or its
regulation by cellular cofactors. However, the regulation of Dbp2’s ATPase activity in
the cell may be influenced by other cofactors, signalling events, or post-translational
modifications. A more extensive analysis of the in vivo characterisation of Dbp2 in the
context of RNA-protein complex remodelling and RNA processing was conducted and

will be discussed in the following chapters.
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Chapter3 Requirement for Dbp2 in vivo

3.1 S. pombe Dbp2 is essential for cell viability

In order to evaluate transcription-related cellular functions of Dbp2 in fission yeast, a
conditional P.nmt-dbp2 strain was used where the expression of endogenous genomic
dbp2 is under the control of the strong thiamine-repressible promoter (P.nmt) (Figure
3.1A). The nmtl gene of S. pombe is part of the thiamine biosynthetic pathway and
highly expressed under thiamine-limiting conditions; in the presence of thiamine,
transcription is repressed (Maundrell, 1990). Replacement of endogenous gene
promoters with the nmt promoter allows to conditionally induce transcriptional shut-off

of genes of interest to study the in vivo functions of their protein products.

To monitor Dbp2 protein levels, both endogenous and nmt-controlled dbp2 were C-
terminally tagged with a myc epitope (Figure 3.1A). To determine the optimal depletion
time, Dbp2 levels were examined over a time course following the switch to thiamine-
containing rich media and the addition of 15 pM thiamine. Five hours was selected as
the time point for downstream analyses, as more than 90% of Dbp2 protein was
effectively depleted in whole cell lysates (Figure 3.1B). This confirms that the nmt
expression system works as expected and can be utilised for further analyses. The
effectiveness of the thiamine-induced transcriptional shut-down was also confirmed by
gene expression analysis at the global scale, ChiP-seq (RNAPII) (Figure 3.1C) and
RNA-seq (transcriptome) (Figure 3.1D). The occupancy of RNAPII at the dbp2 locus
and dbp2 transcript levels were dramatically reduced upon 9 h and 5 h growth at
thiamine-containing conditions, respectively (Figure 3.1C & D). The essentiality of
Dbp2 was confirmed in a plate-based growth assay (Figure 3.1E), where metabolic

depletion of Dbp2 or Dbp2-3myc under the P.nmt promoter led to poor growth on
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thiamine-containing medium, confirming that Dbp2 is an essential protein. The poor
growth phenotype was rescued when an additional copy of dbp2-flag under its

endogenous promoter was inserted at an ectopic locus (leul).

Figure 3.1 | Targeting cellular Dbp2 levels by promoter shut-down upon thiamine repression

A. Schematic depiction of the gene structure of dbp2 in the wild type as well as expressed under the
thiamine-sensitive nmtl promoter (P.nmt-dbp2). C-terminally 3xmyc-tagged versions was used for
protein detection. B. Western blot for determining Dbp2 protein levels upon a time-course (in hours)
after switching the cells to thiamine-containing rich media. Myc antibody is used for detecting Dbp2
levels. GAPDH is used as a loading control. C. Genome-wide RNAPII occupancy profiles in the
presence and absence of Dbp2, showing the RNAPII recruitment at the dbp2 gene locus for both
wild type and P.nmt-dbp2 upon growing cells with thiamine-containing rich media for 9 h. ChIP was
carried out by Cornelia Kilchert. D. RNA-seq transcriptome data for wild type cells and P.nmt-dbp2
confirms the shut-off of expression of dbp2; no transcripts of dbp2 are detected after a 5 h depletion
period. E. Ten-fold serial dilutions of the indicated strains were spotted on thiamine-free (EMMG-
minimal agar medium) or thiamine-containing (YES-rich agar medium) and incubated at 30 °C for
three days. The image is a representative of three independent experiments. Note: Abbreviations
are based on suggested nomenclature by the PomBase curators (Ramirez et al., 2023), P: promoter
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3.2 Challenges in elucidating Dbp2's ATPase function in vivo: due to mutant

expression failure

ATP binding and phosphate release dictate the conformational bending of the helicase
core, a movement essential for coordinating RNA binding and ATPase activity, and
thus central to the function of DEAD-box helicases (Andreou & Klostermeier, 2012).
Mutations in the highly conserved motif | (xxxGXxGKT), highlighted in an orange box in
Figure 2.2.1, are known to disrupt ATP binding in DEAD-box ATPases and impair their
enzymatic activity (Pause & Sonenberg, 1992). To investigate the functional
significance of ATP binding in Dbp2 and gain mechanistic insights, a targeted mutation
was introduced, replacing the conserved lysine 172 (K172) residue in motif | with
arginine (K172R). This mutation aimed to assess its impact on the enzyme's activity

and elucidate how inhibiting ATPase activity might influence Dbp2's roles in vivo.

To express both wild type and mutant Dbp2 proteins, a system was used in which
ectopic expression of FLAG-tagged Dbp2 variants (dbp2WT and dbp2K172R) was
integrated at an ectopic leul locus in the genome under the endogenous dbp2
promoter, in cells where the genomic dbp2 was under the repressible nmtl promoter
at its own locus (which only shuts down the gene in the presence of thiamine). Cells
were always viable in minimal media lacking thiamine (EMMG), and ectopic expression

was induced when shifted to EMMG-LEU (leucine-deficient) medium (Figure 3.2A).

Before proceeding to downstream analyses, initial experiments focused on assessing
the expression of wild type and mutant Dbp2. Western blot analysis confirmed
successful ectopic expression of the wild type Dbp2 protein (Figure 3.2B). However,
the Dbp2K172R mutant did not show a detectable signal by western blot, suggesting a
potential issue with the stability or expression of the mutant form. Furthermore,

immunofluorescence microscopy was performed using an anti-FLAG antibody to
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detect both Dbp2WT and Dbp2K172R mutant. While the wild type Dbp2 showed a clear
fluorescent signal within nucleus, indicating successful expression, however yet again
no signal was observed for the Dbp2K172R mutant. Overall, these results support the
hypothesis that the mutant form of Dbp2 is either not expressed or present at levels
below the detection threshold (Figure 3.2B & C), and rule out the possibility of

incorporating a mechanistic understanding of Dbp2’s enzymatic role in cellular

pathways.
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Figure 3.2 | Dbp2-K172R mutant expression fails in vivo

A. Schematic representation of the expression system used to assess effects of Dbp2 deletions on
cell viability. Cells carry an additional copy of either dbp2-FLAG (wild type) or dbp2X172R-FLAG
(mutant) under its endogenous promoter inserted at an ectopic locus (leul) and endogenous dbp2
is under the nmtl promoter. B. Western blot analysis for Dbp2 protein expression using a-FLAG
antibody on cells expressing either wild type Dbp2WT or mutant Dbp2K172R grown in EMMG-LEU
media (n=2). C. Immunofluorescence analysis: the image is representative of two independent
experiments. Anti-Flag antibody was used in 1:500 dilution, and secondary goat anti-mouse (AF488)
antibody in 1:200, grown in EMMG -LEU and DNA compartment counterstained with DAPI.

3.3 Discussion

Dbp2 was confirmed to be essential for cell viability in S. pombe. Using the conditional
P.nmt-dbp2 strain, transcriptional repression of dbp2 effectively depleted Dbp2 protein
levels within five hours of thiamine addition. This system enabled the investigation of
Dbp2’s role in transcription-related cellular functions. The reduction in RNAPII
occupancy on the dbp2 gene locus and dbp2 transcript levels upon repression
demonstrated the functionality of the P.nmt promoter and its suitability for studying
essential genes. The essentiality of Dbp2 was further validated by the severe growth
defects observed under thiamine-repressible conditions, which were rescued by
ectopic expression of dbp2-flag. These findings highlight Dbp2's critical role, likely in
RNA metabolism or other essential processes, and establish the robustness of the

P.nmt system for the downstream experiments of Dbp2's molecular functions.

One of the aims of this study was to provide mechanistic insights by employing a Dbp2
mutant with a point mutation (K172R) in its conserved motif to inhibit ATP binding and
disrupt ATPase activity. This mutant was intended for in vivo experiments to examine
how the loss of ATPase activity affects mRNP structure and composition. However,
despite successful incorporation into the genome, attempts to express the K172R

mutant were unsuccessful, as the protein could not be detected by Western blot or
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immunofluorescence microscopy. This suggests that the KI172R mutation
compromises Dbp2’s stability through an unknown mechanism. The findings also
suggest that ATP binding is critical not only for Dbp2’s catalytic activity but also for
maintaining its structural integrity, emphasising its dual role in activity and stability.
These findings highlight the challenges of studying essential proteins through
mutagenesis, as disrupting key catalytic residues often leads to protein instability
(Shoichet et al., 1995; Tokuriki et al., 2008). The inability to express the mutant
underscores the need for alternative approaches, such as temperature-sensitive
alleles, chemical inhibitors, or rescue constructs, to probe Dbp2’s ATPase function.
Despite this limitation, the study successfully demonstrated Dbp2’s essentiality and
established a functional depletion system, which was used in this study to assess

cellular consequences in Chapter 7.
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Chapter4 Genome-wide analysis of Dbp2in S. pombe

4.1 Dbp2 is globally recruited to RNAPII transcribed loci

To characterise a potential function of Dbp2 in early RNA biogenesis in fission yeast,
chromatin immunoprecipitation of endogenously C-terminal HTP-tagged Dbp2
followed by sequencing (ChlP-seq) was performed. This analysis included RNAPII
(Rpbl subunit) to identify active transcription sites within the fission yeast genome.
This approach allows to evaluate if Dbp2 associates with chromatin and whether these
sites correspond to active RNAPII transcription. Additionally, in order to set a stage
that would allow in differentiating preferences across transcriptional units, another
transcriptional-player— an RNAPIl-associated RNA processing factor, serine and
arginine-like (SR-like) protein Srp2 (S. c. NpI3, H. s. SRSF4/5/6), endogenously C-
terminal HTP-tagged, which has known roles in splicing and export of mMRNAs from
nucleus, was also included in the genomic analyses (Klama et al., 2022; Lipp et al.,

2015).

Chromatin immunoprecipitation of C-terminally HTP-tagged Dbp2 had confirmed that
Dbp2 is recruited to RNAPII-dependent transcription units genome-wide (Figure 4.1A),
with a pattern that closely resembles Srp2, and RNAPII itself (Figure 2.4.1, A). For both
Dbp2 and Srp2, the extent of recruitment, as determined by linear regression,
correlated with the levels of RNAPII at protein-coding genes. This suggests that Dbp2

is recruited to transcribing RNAPII and/or nascent RNA (Figure 4.1B).
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Figure 4.1 | Dbp2 is globally recruited to RNAPII transcribed loci

A. Representative ChiP-seq reads of Dbp2-HTP and Srp2-HTP association with chromatin across
a region of S. pombe chromosome Il. An untagged wild type was included as control. RNAPII-ChIP
signal for an isogenic wild type is shown for reference (a-Rpb1, 8WG16) (Kecman et al., 2018; GEO:
GSE111326). Positions of protein-coding genes and noncoding genes are indicated in black and
grey at the bottom, respectively. B. Integrated counts of Dbp2-HTP and Srp2-HTP ChIP-seq signal
across protein-coding genes relative to RNAPII, given as average counts per feature and kb *
1,000,000 (n = 3). Only genes with an RNAPII occupancy above a set threshold of 10 normalised
counts per feature and kb per million were included. Trendlines were fitted using linear regression.
RNAPII ChIP data from Kecman et al., 2018; GEO: GSE111326 (n = 2). ChIP-seq experiments were
carried out by Birte Keil for Dbp2-HTP and Srp2-HTP and Cornelia Kilchert for RNAPII.
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4.2 Comparative genomic profiling reveals that the recruitment pattern of Dbp2

exhibits a preference of the 3’-ends of genes

Due to the global genomic scale and resolution of the analysis in the previous section,
it is not immediately clear whether Dbp2 exhibits a preference in its mapping across
transcriptional units. To gain a more detailed understanding of Dbp2’s recruitment, a
metagene plot was generated to compare the distribution of Dbp2-HTP, Srp2-HTP,
and RNAPII across transcriptional units of ribosomal protein genes (RPGs) (Figure
4.2A, upper panel). The metagene analysis were performed against ribosomal protein-
coding genes as they are highly expressed, providing strong signal values relative to

background noise.

In relation to the mean ChlP-seq coverage of RNAPII, which was found on-site right
from the start of transcription until termination, both Dbp2 and Srp2 showed recruitment
at similar time during transcription which corresponded to within gene bodies and that
their coverage showed gradual increase along gene bodies. However, while the Srp2-
HTP coverage exhibited a peak within the gene body and decreased towards the end
of the genes, Dbp2’s coverage continued to rise until it reached its peak after the
cleavage and polyadenylation site (CPA). The metagene analysis had revealed that
Dbp2 maps primarily to the 3'-end of genes in the termination window, compared to
Srp2 that mapped to gene bodies (Figure 4.2A, upper panel). Furthermore, the peak
of Dbp2 at the termination window coincides with the terminating RNAPII (RNAPIISe2P),
as shown by publicly available ChIP-seq data. This data, derived from an isogenic wild
type strain, includes analysis of RNAPII and its different post-translationally modified
versions of the CTD, which were analysed in the same manner (Kecman, Heo, et al.,
2018) (Figure 4.2A, lower panel). This result suggests a function for Dbp2 during

RNAPII transcription, particularly at the 3’-end of genes.
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When publicly available data on factors involved in 3'-end maturation and termination
of RNAPII transcription—such as CFIA cleavage factors Pcfll and Rnal4, CPAC-
interacting termination factor Sebl, Ysh1l/CPSF73 endonuclease, and
Dhp1/Rat1/XRN2 torpedo exoribonuclease—are analysed the same way in relation to
RPG transcriptional units, they show a significant peak at the termination zone (Figure
4.2B). Notably, the binding profiles of these factors are nearly identical, suggesting
their simultaneous recruitment in this zone, except for Ysh1l, which shows an additional
slight peak early in transcription. In comparison, Dbp2 recruitment begins within gene
bodies and peaks at the termination window, overlapping with the peaks of these
factors. This result suggests Dbp2 and these factors may interact in this window, which

may influence Dbp2's activity.
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Figure 4.2 | Comparative genomic profiling: Dbp2 is associated with terminating RNAPII

A. Metagene analysis of mean ChlP-seq coverage of Dbp2-HTP and Srp2-HTP (n = 3), and total
RNAPII (a-rpb1 (BWG16) in Dbp2-3myc; n = 2) (upper panel) across ribosomal protein genes (RPGs)
including 200 bp upstream and 500 bp downstream of the annotated transcription units. Mean
coverage given in arbitrary units; to compensate for differences in ChlP capability, mean coverage
was adjusted by a constant scaling factor. ChlP-seq experiments were carried out by Birte Keil for
Dbp2-HTP and Srp2-HTP and Cornelia Kilchert for RNAPII. Total Rpbl, Rpb1-S5P, and Rpb1-S2P
ChlIP for an isogenic wild type (n = 2) are included as reference (lower panel; data from Kecman et
al.,, 2018; GEO: GSE111326). Schematic of the gene above the plot corresponds to an RPG of
median length. B. Metagene analysis of mean ChlP-seq coverage of Dbp2-HTP, Pcf11-HTP, Sebl-
HTP, Ysh1-TAP, Dhpl-TAP and Rnal4-TAP across ribosomal protein genes (RPGs) (Pcf11-HTP
and Seb1-HTP data from Wittmann et al., 2017), n = 2 and (Ysh1-TAP, Dhpl-TAP and Rnal4-TAP
data from (Larochelle et al., 2018 n=1), n=1.
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4.3 Discussion

The genome-wide analysis of Dbp2 in S. pombe reveals a dynamic recruitment pattern
that links its activity to RNAPII transcriptional processes. The ChlP-seq data presented
in this chapter provide compelling evidence that Dbp2 is globally recruited to RNAPII-
transcribed loci, indicating its association with active transcription units across the
genome. Importantly, the recruitment pattern of Dbp2 aligns closely with RNAPII and
the SR-like protein Srp2, reinforcing the idea that Dbp2 is functionally integrated into

RNA biogenesis pathways.

The comparative analysis of Dbp2 and Srp2 recruitment provides insights into the
distinct roles these factors may play during transcription. Both proteins exhibit
increasing association along gene bodies; however, the divergence in their recruitment
patterns becomes apparent at the 3’-ends of genes. Srp2 peaks within gene bodies
and declines toward gene termination, consistent with its known roles in splicing and
mRNA export. In contrast, Dbp2’s association continues to rise, peaking in the
termination window after the cleavage and polyadenylation site (CPA). This finding
suggests that Dbp2 may function during or after termination window, aligning its activity

with RNAPII post-transcriptional events.

The metagene analysis of ribosomal protein genes (RPGs), chosen for their robust
transcriptional activity and high signal-to-noise ratio, reinforces this conclusion that
Dbp2 shows preferential recruitment at the 3’-end of genes, coinciding with terminating
RNAPII marked by RNAPIISe2P_ This observation aligns Dbp2 with termination-specific
factors such as Pcf11, Rna14, and Seb1, known to facilitate 3’-end processing and
RNAPII release. Interestingly, while Dbp2 recruitment initiates within gene bodies, its

peak at the termination zone suggests a dual role: it may associate with RNAPII during
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elongation but is primarily activated or required during termination. This hypothesis is
supported by the temporal overlap between Dbp2 recruitment and the activities of 3’-

end processing factors.

Dbp2’s functional association with the transcription termination machinery raises
intriguing possibilities regarding its molecular role. DEAD-box ATPases are known to
facilitate RNA remodelling, which is essential for the dynamic rearrangement of mRNP
complexes. The peak of Dbp2 at the termination zone suggests that it could be involved
in remodelling nascent RNA or RNA-protein complexes to ensure efficient 3’-end
processing. For instance, Dbp2 might assist in the release of terminated RNAPII,
stabilise cleaved RNA, or prepare the transcript for export by contributing to mRNP
maturation. Additionally, the resemblance between Dbp2’s recruitment profile and
those of termination-specific factors such as Sebl and Dhpl/Ratl/Ysh1l suggests that
Dbp2 may interact with or function alongside these proteins. It is possible that Dbp2’s
helicase activity facilitates transcript release or degradation of improperly processed

RNA, contributing to RNA quality control mechanisms at the 3’-end of genes.

The results presented in this chapter suggest a model in which Dbp2 plays a significant
role in transcription termination and RNA processing at the 3’-end of genes. By
associating with transcribing RNAPII and peaking in the termination window, Dbp2
emerges as a potential regulator of RNA biogenesis, with its activity likely coupling
transcription termination to downstream RNA processing events. These findings
contribute to a broader understanding of the molecular mechanisms coordinating
transcription and RNA maturation in eukaryotic cells. The following chapters will
provide an in-depth dissection of the precise molecular function of Dbp2 during the

transcription termination window.
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Chapter5 Proteomics analysis of Dbp2in S. pombe

5.1 Comparative interactome profiling correlates with genome-wide analysis:

RNAPII holoenzyme complex copurifies with both proteins

To further characterise Dbp2’s role in early RNA biogenesis, identifying its protein
interactors is crucial. In this analysis, the Srp2 protein was included once more as a
reference, offering an additional point of comparison within the same cellular
compartment. Such an analysis complements the genomic studies by providing an
additional perspective through comparative protein interactome profiling of Dbp2 and

Srp2.

To achieve this, a two-step tandem affinity purification (TAP) approach was employed,
wherein each protein was C-terminally HTP-tagged (Hiss-TEV-ProteinA) and
subsequently purified (Figure 5.1A). Since members of the DEAD-box family of
ATPases are known for their weak and transient interactions (Montpetit et al., 2011),
mild cross-linking conditions were employed to stabilise potential protein-protein
interactions involving Dbp2 and its regulators prior to lysate preparation. Specifically,
cells were treated with 0.01% formaldehyde for 10 minutes in culture (Figure 5.1B).
Following purification, the eluates were analysed by mass spectrometry to identify co-

purified proteins, providing insights into Dbp2’s interaction network.

To assess the similarity between the interactome data of both protein purifications, a
correlation plot was generated using the log2 mean MS intensities. Consistent with the
ChIP-seq results, the proteomic analysis correlated with the genome-wide data,
showing that Dbp2-HTP and Srp2-HTP co-purified components of the RNAPII

holoenzyme complex, and notably, in similar amounts (Figure 5.1C). The co-
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purification of RNAPII, including its Ser5- and Ser2-phosphorylated forms, was further

validated by Western blot analysis (Figure 5.1D).

Dbp2-HTP Srp2-HTP
A B P. P:

|
180
135[

1005

| Dbp2 EAREY ﬁteinA |
1 550 556 § 711aa

6aa

SYPRO Ruby staining

® RNAPII holoenzyme subunits

WesternBlot

Untagged Srp2-HTP Dbp2-HTP

P, “ “ a-Rpb1 (8WG16)
. Bl RN

b L] oRrnapie

180

Srp2-HTP
log,(mean MS intensities)

Dbp2-HTP
log, (mean MS intensities)

Figure 5.1 | Purification of Dbp2 and Srp2 using HTP as tandem affinity tag: RNAPII
holoenzyme complex copurifies with both Dbp2 and Srp2

A. Depiction of constructs for protein purification; endogenous Dbp2 and Srp2 were C-terminally
tagged with HTP (His,-TEV cleavage site-ProteinA). B. Eluates of cross-linking HTP purifications of

Dbp2-HTP and Srp2-HTP were resolved on 10% SDS-PAGE and stained with SYPRO Ruby. The
experiment was carried out with three biological replicates. C. Mass spectrometry (MS) analysis of
the comparative interaction profiling of Dbp2 and Srp2. Mean protein intensities (log2) recovered in
the Dbp2-HTP and Srp2-HTP purifications. Components of the RNAPII holocomplex (GO:0016591)
are marked in red, Srp2 and known interactors in orange, and Dbp2 in light blue. Pearson correlation
coefficient was calculated as R=0.95 for RNAPII holoenzyme components co-purified with either
proteins. Mass spectrometry was carried out in the laboratory of Timo Glatter at the MPI TerMic, (n
= 3). D. Western blot analysis of Dbp2-HTP and Srp2-HTP eluates using antibodies against
hypophosphorylated-RNAPII (8WG16) or Rpbl with a phosphorylated C-terminal domain, namely
Ser5P (a-RNAPIISeSP) and Ser2P (a-RNAPIISe2P) in comparison to a control purification from an
untagged strain.
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5.2 The late RNAPIIS®?P kinase CTDK preferentially co-purifies with Dbp2

Further analysis of the comparative interaction data of Dbp2 and Srp2 purifications
revealed a preferential enrichment of the cyclin-dependent kinases (CDKs) that
mediate the phosphorylation of RNAPII and Spt5. The phosphorylation of RNAPII CTD
and Spt5 occurs in a sequential fashion, which ultimately governs RNA processing

(Bowman & Kelly, 2014; Sanso & Fisher, 2013).

P-TEFb (Cdk9/Pchl in S. pombe), an early RNAPIIS®2P kinase complex with strong
links to pre-mRNA splicing that has been implicated in the transition from initiation to
productive transcription elongation, was significantly enriched in the Srp2-HTP
purification. On the contrary, the kinase complex CTDK (Lsk1/Lscl) responsible for the
late RNAPIISe?P (Bowman & Kelly, 2014), corresponding to the 3’-ends, was
preferentially co-purified with Dbp2-HTP (Figure 5.2A & B). In both purifications, only
very low levels yet comparable amounts of TFIIH complex were detected. TFIIH is a
complex associated with very early phosphorylation marks of transcription, RNAPIIS¢5P
and RNAPIIS®P (Akhtar et al., 2009), and having none of the kinase complex
components Mcs6/Mcs2 in either purification. This finding provides additional backing
for a temporal discrepancy within transcription, and that the recruitment of Srp2 and
Dbp2 to transcribing RNAPII occurs after the clearance of the promoter. This aligns
with the ChIP-seq profiles, which reveal limited concurrence between chromatin-

associated Srp2 and Dbp2 with the promoter-associated RNAPII peak.
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Figure 5.2 | The late RNAPIIS®2P kinase CTDK preferentially co-purifies with Dbp2

A. Relative enrichment of cyclin-dependent kinase (CDK) complexes co-purifying with Dbp2 and
Srp2. In the volcano plot, p-values (-log10, moderated Student’s t-test) are plotted against the
relative enrichment of proteins in the purification of Dbp2-HTP relative to Srp2-HTP based on mean
protein intensities (logz) (n = 3). The P-TEFb- and CTDK-associated CDK/cyclin pairs are marked in
yellow and blue, respectively. The CDK substrates Rpb1 and Spt5 are marked in black. B. Schematic
of the CDK-dependent transcription cycle in fission yeast. In the presence of its cognate cyclin, Mcs2,
the TFIIH-associated CDK Mcs6 phosphorylates S5P of the RNAPII CTD and Spt5 at the promoter
to recruit capping factors. The activity of PTEFb and its associated CDK/cyclin pair Cdk9/Pchl is
linked to promoter release and splicing. A second S2P-specific CDK complex, CTDK, promotes
cleavage and polyadenylation and transcription termination at the 3’-end of genes. Adapted from
(Sanso & Fisher, 2013).
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5.3 Comparative interaction profiling reveals that Dbp2 is associated with late

RNA processing events

The modest 5’ to 3’ shift in the chromatin association patterns of Srp2-HTP and Dbp2-
HTP had already suggested a temporal offset in their recruitment to transcribing
RNAPII. The comparative interactome data showed a high correlation in the amounts
of RNAPII holoenzyme complex components present in both Dbp2 and Srp2
purifications, further suggesting that both proteins are found in the same compartment.
Consequently, the co-purification of the transcription machinery along with major co-
transcriptional RNA processing complexes, including capping factors, the
spliceosome, and the 3’-end processing machinery, was expected in both Dbp2 and
Srp2 purifications. To further investigate, the comparative interactome data was
analysed to determine whether any known co-transcriptional RNA processing

complexes were preferentially enriched in either purification.

In agreement with the proposed function of Srp2 as a splicing regulator, splicing factors
and the exon junction complex (EJC), as well as other early transcriptional processing
complexes, namely cap-binding complex and mRNA packaging factors, were enriched
in the Srp2-HTP purification. Late RNA processing complexes, including 3’-end
formation factors and late export factors such as Mlo3, Mlo1, and Mex67, preferentially
co-purified with Dbp2-HTP. This finding aligns with Dbp2's involvement during the late
stages of the transcription cycle. Additionally, components of the exosome targeting
cofactor complex, MTREC, were more enriched in the Dbp2-HTP purification (Figure
5.3A). Overall, the comparative proteomics data correlates with the genomic data

suggesting that Dbp2 has a role at the late steps of the transcription cycle.
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Figure 5.3 | Comparative interaction profiling: Dbp2 preferentially associates with 3’-end
formation factors and the nuclear RNA surveillance machinery

A. Relative enrichment of various RNA processing complexes in the comparative interaction profiling
of Dbp2 and Srp2 (log2) (n=3). Size of the circles reflects P-values (-log10, moderated Student’s t-
test). SnRNP — small nuclear ribonucleoprotein. EJC — exon junction complex. CPAC — cleavage and
polyadenylation complex. MTREC — Mtl1-Redl1 core. Annotations were retrieved from Ensemble
Fungi using the following GO terms: RNAPII holocomplex - GO:0016591; U1 snRNP - GO:0005685;
U2 - GO: snRNP — G0O:0005686; mRNA cleavage factor complex - GO:0005849. Export factors:
Mex67, Mlol and Mlo3.

5.4 Dbp2 associates with export factors

The comparative interactome profiling revealed an intriguing difference in the
preferential enrichment of RNA processing factors associated with mRNA export
between Srp2 and Dbp2 purifications. In budding yeast, Sub2 (Uap56 in S. pombe and
humans) and Yral (annotated as Mlo3 in S. pombe, Aly/REF in humans) together with
the THO complex, a nuclear complex required for transcription elongation, form the
TREX complex (‘TRanscription/EXport’). The TREX complex, an RNA packaging
complex suggested to couple mRNA transcription to mMRNA export to the cytoplasm
(Jimeno et al., 2002; Straller et al., 2002), was significantly enriched in the Srp2-HTP
purification, with the exception of Tho4, the RNA export adaptor which is homologous

to the human TREX component AlyREF/THOCA4 (Figure 5.4A).
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S. pombe possesses a second AlyREF/THOCA4 protein, MIo3, which was relatively
enriched in the Dbp2-HTP purification, along with Mlol (homologue of human
SARNP/CIP29 and MOS11 in plants) and the mRNA export receptor Mex67/NXF1

(Figure 5.4A).
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Figure 5.4 | Dbp2 associates with export factors

A. Mass spectrometry (MS) analysis of the comparative interaction profiling of Dbp2 and Srp2
labelled in blue and orange, respectively. In the volcano plot, P-values (-log10, moderated Student’s
t-test) are plotted against the relative enrichment of proteins in the purification of Dbp2-HTP relative
to Srp2-HTP based on mean protein intensities (log2) (n=3). Volcano plots of individual proteins from
known TREX complex and selected export factors (export factors: Mex67, Mlol and Mlo3) are
labelled in green and dark green, respectively.

5.5 Dbp2 co-purifies type | protein arginine N-methyltransferase (PRMT) Rmtl

the most

The protein that was most highly enriched in the purification of Dbp2-HTP was the type
| protein arginine N-methyltransferase (PRMT1) Rmtl (Figure 5.5A). PRMT1 proteins
have a strong preference for methylating short motifs such as RGG/RG (Roméo

Sébastien Blanc et al., 2017; Thandapani et al., 2013). Furthermore, non-crosslinking
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co-immunoprecipitation experiments with Rmt-3HF and Dbp2-HTP further confirmed
that Dbp2 and Rmtl can be pulled as part of a complex that is insensitive to RNase A
treatment, supporting an interaction between Dbp2 and Rmtl that does not require
RNA for its formation or stabilisation (Figure 5.5B). The human orthologue DDX5 was
reported to be arginine methylated by PRMT5 at its C-terminal RGG motif, which has

been linked to R-loop suppression (Mersaoui et al., 2019).

PRMTs catalyse the transfer of a methyl group from S-adenosylmethionine (SAM) to
the guanidino nitrogen atoms of arginine. There are three kinds of methylarginines in
eukaryotes: mono-methyl arginine (MMA), asymmetric dimethylarginine (aDMA), and
symmetric dimethylarginine (sDMA). PRMTs fall into three types based on their
catalytic activity: type | (PRMT1, PRMT2, PRMT3, PRMT4, PRMT6, and PRMTS), type
I (PRMT5 and PRMT9) and type Ill (PRMT7). All types can catalyse the initial
monomethlyation step; however, type | enzymes process mono-methyl arginine to an
asymmetric dimethylarginine (ADMA), whereas type Il enzymes produce a symmetric
dimethylarginine (sDMA) (Roméo S. Blanc & Richard, 2017; Qualmann & Kessels,

2021).

In S. pombe, the poly(A)-binding protein and MTREC/PAXT component Pab2
(PABPNL1 in humans) was shown be asymmetrically methylated by Rmtl on its C-
terminal arginine-rich domain, which has been described to regulate its oligomerisation
(Perreault et al., 2007). To investigate whether Dbp2 is also asymmetrically methylated
by Rmtl, | proceeded to generate an rmtl deletion strain; in S. pombe, Rmtl is not
essential for cell survival and can be deleted from the genome. At the same time, we
sought to reproduce previously published data on Pab2. Early attempts to generate
rmt1A strains revealed variations in Pab2 methylation status in the absence of Rmtl.

Only one clone of rmt1A recapitulated the published result, showing the loss of
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asymmetrical dimethylation of Pab2 after co-immunoprecipitation of Pab2 in the
presence and absence of Rmtl. Nevertheless, co-immunoprecipitation of Dbp2
showed that the asymmetrical dimethylation status of Dbp2 was maintained in the
absence of Rmtl in all clones tested (Appendix 1). S. pombe has more than one PRMT
protein, namely Rmtl, Rmt2, Rmt3 and Skbl (PRMT5 in humans), suggesting that
several PRMT may act redundantly to asymmetrically dimethylate Dbp2, comparable
to the case of human PABPN1, which is dimethylated at arginines by PRMT1 and

PRMT3 in vitro (Kolbel et al., 2009).

In the Srp2 purification, its known interactors, the SR family protein Srpl (SRFS2 in
humans) and the SR protein-specific kinase Dsk1l (SRPK1/2/3 in humans and Sky1 in
budding yeast) (Lipp et al., 2015; Z. Tang et al., 1998) were significantly enriched.
Interestingly, Rpb8 (POLR2H in humans), the eukaryote-specific and shared
component among of the holoenzyme complexes of RNAPI, 1l and Ill, was moderately
enriched in the Srp2 purification, suggesting a direct protein-protein interaction

between Srp2 and Rbp8.
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Figure 5.5 | Dbp2 co-purifies type | protein arginine N-methyltransferase (PRMT) Rmt1

A. Mass spectrometry (MS) analysis of the comparative interaction profiling of Dbp2 and Srp2 labelled
in blue and orange, respectively. In the volcano plot, p-values (—-log10) are plotted against the relative
enrichment of proteins in the purification of Dbp2-HTP relative to Srp2-HTP based on mean MS
intensities (log2) (n=3). Components of the RNAPII holocomplex (GO:0016591) are marked in black,
Srp2 and known interactors in orange, and Dbp2 light blue and its potential direct interactor Rmt1 in
darker blue. B. Western blot analysis of co-immunoprecipitation (Co-1P) of endogenously HTP-tagged
Dbp2 with Rmt1-3HF (3xHA-3xFlag) using IgG sepharose beads. Bound fractions were probed with PAP
antibody to detect the Protein A tag on Dbp2 and Flag antibody for Rmtl-specific signal. Control IPs
were performed in the absence of the tagged bait protein. For RNase-treated samples, lysates were
incubated in the presence of 0.05 mg/ml RNase A at RT for 30 mins prior to IP.
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5.6 RSC and FACT complexes showed a strong preference for co-purifying with

Dbp2

The RSC (remodels structure of chromatin) complex is a DNA-dependent ATPase
complex essential for mitotic growth and the most abundant chromatin remodelling
complex in budding yeast, being at least 10-fold more abundant than SWI/SNF (Cairns
et al., 1996). RSC and SWI/SNF are related ATP-dependent chromatin remodelling
complexes that are both able to slide nucleosomes along DNA, driving conformational
rearrangements in nucleosomes, and disengaging histones from DNA (Clapier &
Cairns, 2009). RSC is involved in transcription regulation and the removal of
nucleosomes to form and maintain nucleosome-depleted regions (NFRs) (Hartley &
Madhani, 2009). In the comparative interactome data, RSC showed a strong
preference for co-purifying with Dbp2-HTP, with the RSC-specific essential subunits
Snf21, Rsc7 and Rsc9 significantly enriched.

The histone chaperone FAcilitates Chromatin Transcription (FACT) complex is
associated with transcribed genes in vivo and is reported to enhance transcription by
destabilising nucleosomes through H2A/H2B dimer displacement, thereby promoting
RNAPII progression on chromatin templates (Belotserkovskaya et al., 2003; Pavri et
al., 2006; Saunders et al., 2003). Interestingly, the chromatin-reorganising complex
FACT was reported to solve R-loop-mediated transcription—replication conflicts both in
budding yeast and human (Herrera-Moyano et al., 2014). FACT is composed of two
subunits, Spt16/SPT16 and Pob3/SSRP1 (in both yeast models/humans). In addition
to the RSC chromatin remodelling complex, both components of the FACT complex,

were also modestly enriched in the Dbp2-HTP purification.
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Figure 5.6 | RSC complex shows a strong preference in the Dbp2 purification

A. Mass spectrometry (MS) analysis of the comparative interaction profiling of Dbp2 and Srp2
labelled in blue and orange, respectively. In the volcano plot, p-values (-log10, moderated Student’s
t-test) are plotted against the relative enrichment of proteins in the purification of Dbp2-HTP relative
to Srp2-HTP based on mean protein intensities (log2) (n=3). Components of the RSC complex
(G0O:0016586) and FACT are labelled in black and magenta, respectively.

| SWI/SNF and RSC components in S. pombe based on Monahan et al., 2008
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5.7 Non-crosslinking validation of protein purification data

Mild crosslinking interactome data revealed interactions between Dbp2 and 3’-end
formation factors. To validate these interactions with co-purifying proteins, non-
crosslinking co-immunoprecipitation experiments were conducted. The interactions
between Dbp2 and the components of the 3’-end formation machinery, namely CFIA
components (Rnal5 and Pcfll) as well as the CFIB component (Msi2), were
confirmed by co-immunoprecipitation using GFP-TRAP magnetic beads as shown in
Figure 5.7A, although the interaction with Pcfll was quite weak. Furthermore, the
arginine/serine-rich splicing factor Ydcl (SPAC25G10.01), a homologue of
TRA2B/SFRS10 in humans, was recently shown to possess RNA-binding activity in an
RNA-protein interactome capture experiment (Kilchert et al., 2020). Expectedly, Ydcl,
a probable factor in splicing compartment, displayed preferential enrichment in Srp2
purification (Figure 5.7B). However, the interaction between Dbp2-HTP and Ydcl was
also validated by co-immunoprecipitation (Figure 5.7C). Notably, Dbp2 and Ydc1 were
co-immunoprecipitated reciprocally, though the co-precipitation was reduced by
RNase A treatment, indicating that the interaction is RNA-mediated (Figure 5.7D). The
interaction of Dbp2 with the splicing factor Ydcl suggests a functional connection
between splicing and later RNA processing steps mediated by Dbp2. The RNA-
dependent nature of the Dbp2-Ydc1l interaction highlights the dynamic nature of RNA-

protein interactions in these processes.
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Figure 5.7 | Dbp2 interacting partners validated under non-crosslinking conditions using co-
immunoprecipitation (Co-IP)

A. Inputs and eluates from Co-IP experiments using GFP-Trap beads were prepared from strains
expressing either Msi2-AID, Pcf11-AID, or Rnal5-AlD, in the presence or absence of GFP-tagged Dbp2.
Control strains expressing only the AID-tagged bait proteins without GFP-tagged Dbp2 were included to
account for background binding to the beads, resolved on SDS-PAGE and analysed by WB using
antibodies against GFP and AID. (n=2). B. Volcano plot to signify the preferential enrichment of Ydcl
protein, labelled in dark red. (n=3) from MS analysis of the comparative interaction profiling of Dbp2 and
Srp2 labelled in blue and orange, respectively. In the volcano plot, P-values (-log10, moderated
Student’s t-test) are plotted against the relative enrichment of proteins in the purification of Dbp2-HTP
relative to Srp2-HTP based on mean protein intensities (log2). C. Co-IP using IgG sepharose beads from
strains expressing arginine/serine-rich splicing factor Ydcl-3HF (3xHA-3xFlag) in the presence or
absence of HTP-tagged Dbp2 were resolved on SDS-PAGE and analysed by WB against PAP and Flag.
Control strains (Ydcl1-3HF) expressing only the 3HF bait proteins without HTP-tagged Dbp2 were
included to account for background binding to the beads, (n=2). 1. Input 2. Flow-through 3. Wash 4.
Eluate D. Co-IP experiment on C, was also performed upon RNase A treatment, where lysates were
incubated in the presence of 0.05 mg/ml RNase A at RT for 30 mins prior to IP, (n=2).

5.8 Post-translational modifications analyses of the comparative interactome

data

In addition to identifying protein-protein interactions, mass spectrometry-based
comparative interactome profiling of Dbp2 and Srp2 purifications sought to uncover
key post-translational modifications (PTMs), including acetylation (K), phosphorylation
(S, T, Y), and dimethylation (K, R). These modifications play pivotal roles in regulating
protein function, interactions, and localisation, particularly in dynamic processes such
as transcription and RNA biogenesis. PTMs can serve as molecular switches,
modulating the interaction of transcriptional regulators with RNAPII, chromatin
remodelling complexes, and RNA processing factors. Phosphorylation, for instance, is
a key regulatory process in the transcription cycle, influencing RNAPII transition states
and the recruitment of processing factors, and has emerged as an critical mechanism
for regulating protein phase separation (Nosella & Forman-Kay, 2021). Similarly,

acetylation and methylation, often associated with chromatin accessibility and RNA-
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binding affinity (Chong et al., 2018; Lorch & Kornberg, 2017), may fine-tune Dbp2 and

Srp2 activities during RNA processes.

While the dataset revealed the presence of these modifications within Dbp2 and Srp2
interactomes, the intensities of the modification signals were insufficiently robust to
support the accurate quantification and statistical validation of the results. This
limitation compromised the resolution of the data, making it difficult to draw definitive
conclusions about the relative enrichment or functional implications of specific PTMs

in Dbp2 and Srp2-associated proteins.

Despite challenges in the quantitative analysis of the data, the initial analysis
successfully identified several potential post-translational modifications (PTMs) within
the interactome datasets. Specifically, Dbp2 and Srp2 were found to harbour
acetylation and dimethylation sites. Additionally, proteins associated with different RNA
processing events, including Pafl, Mmil, Erhl, Yshl, and Cftl exhibited
phosphorylation sites, while Xrnl and Msi2 contained dimethylation sites. The

sequences corresponding to these modifications are listed in Table 5.8.

Table 5.8 | PTMs for a number of proteins in the purification data

ID Acetyl (K) Phospho (STY) Dimethyl (KR)
ELVSILSEAKQDIDP | <NA> DNEYSGNYNGKEDGY
Dbp2 KLEEMA, NSRGR,
AGAKGTAYTYFTSD GGGRGGFNDGASYGY
NAK DQR
DIVNDFQGKEFMGS | <NA> KAGEPTFTDAHRENP
R, GAGVVEFSTEEDMR
Srp2 | ENFRESAASKYPR,
ESAASKYPR,
ESAASKYPRPR
Pafl <NA> SVEGSLNEELSEEEKP | <NA>
AESR
<NA> ASHSPSLLEPYAHSLP | <NA>
Mmil SSVAPVGAYPEK,
RPPYTLASEVPSSASA
YQAGYSSYPVRSSPQ
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LSHEDTR,
ASTPPPLNFSR
<NA> SPPPAESHIILLIQQGS | <NA>
Erhl DPK
<NA> <NA> GNHHSTNGTQSIRGR
Xrnl
GGK
<NA> AINTILPFSEASQNDVS | <NA>
Yshl EDDFENEESDDDKIFE
QQTK
. <NA> <NA> DGRGGNTGGGHSFHP
Msi2 YRR
<NA> LNEITVYKAFLYSNTDK | <NA>
Cftl HK

5.9 Cellular Dbp2 levels may be regulated through deubiquitination-mediated

mechanism

Dbp2 and Srp2 purifications were analysed for acetylation, phosphorylation, and
dimethylation but not for ubiquitination. Nonetheless, an exploration of the interactome
profiling data revealed differential associations with proteins involved in cysteine-type
deubiquitinase activity— the largest family of DUBs, with a significant enrichment of
Ubpl2 in Dbp2 purification. This activity represents a thiol-dependent isopeptidase
mechanism that removes ubiquitin from conjugated target proteins (Clague et al.,
2019). Ubiquitination is a conserved and widespread process where ubiquitinated
substrates are targeted for proteasomal-mediated degradation. Substrates are also
known to be regulated by ubiquitin hydrolases known as deubiquitinating enzymes
(DUBs), which may impact protein activity, localisation, or stability (Snyder & Silva,
2021). These findings suggest that cellular Dbp2 protein levels and/or its stability may

be regulated through a deubiquitination-dependent mechanism.
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Figure 5.9 | Dbp2 levels may be regulated through deubiquitination-mediated mechanism

A. Volcano plot to signify the preferential enrichment of deubiquitinating enzymes (DUBSs), labelled in
dark red. (n=3) from MS analysis of the comparative interaction profiling of Dbp2 and Srp2 labelled in
blue and orange, respectively. In the volcano plot, P-values (—-log10, moderated Student’s t-test) are
plotted against the relative enrichment of proteins in the purification of Dbp2-HTP relative to Srp2-HTP
based on mean protein intensities (log2). Classification of DUBs retrieved from (Kouranti et al., 2010).

5.10 Discussion

In this chapter a comprehensive proteomics analysis of Dbp2, a DEAD-box RNA
helicase, in Schizosaccharomyces pombe was presented. Through comparative
interactome profiling with Srp2, a splicing regulator, the role of Dbp2 in RNA biogenesis
and its association with RNA processing machinery were explored. These findings
provided valuable insights into the temporal and functional partitioning of Dbp2 and

Srp2 within the transcription cycle and RNA processing pathways.

The high correlation between the interactome profiles of Dbp2 and Srp2 confirms their
shared association with RNAPII holoenzyme components. This observation supports
the hypothesis that both proteins function within the same transcriptional compartment,

albeit at different stages of the transcription cycle. The relative abundance of the co-
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purification of phosphorylated RNAPIIS™2P forms with Dbp2 further aligns with its role
in later transcriptional stages. This distinction, as supported by ChIP-seq data,
highlights the complementary utility of proteomics and genomic approaches in

delineating temporal events in transcription.

Differential enrichment of transcription-associated kinase complexes was observed
between Dbp2 and Srp2. The early RNAPIIS®P kinase complex P-TEFb was more
strongly associated with Srp2, reflecting its role in transcription elongation and splicing.
In contrast, the late RNAPIIS®™2P kinase complex CTDK was preferentially co-purified
with Dbp2, highlighting its involvement in late RNA processing events. This temporal
distinction was found to correspond with the observed 5’-to-3’ shift in chromatin
association between Dbp2 and Srp2, suggesting that both proteins are recruited to
transcribing RNAPII after promoter clearance, likely to facilitate earlier RNA processing
events, such as splicing for Srp2 and later RNA processing events, such as 3’-end
processing for Dbp2. Consistently, the interactome data supported a role for Dbp2 in
late RNA processing stages, as evidenced by the preferential co-purification of 3’-end
formation factors, export factors, and the MTREC complex. Dbp2’s association with
these complexes is consistent with its recruitment during the transcriptional elongation-
to-termination transition. Furthermore, the enrichment of export factors such as Mex67

suggests that Dbp2 facilitates the coupling of 3’-end formation with mRNA export.

Furthermore, Dbp2’s strong enrichment for the arginine N-methyltransferase Rmtl
suggests a potential regulatory mechanism through methylation. While our data did not
establish direct methylation of Dbp2 by Rmtl, the interaction between these proteins
hints at a broader role for arginine methylation in modulating RNA biogenesis. Dbp2
was shown to contain RGG/RG motifs at both ends, as previously demonstrated in

Chapter 2, suggesting that Rmtl-mediated methylation of Dbp2 may be occurring.
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Notably, RGG-containing proteins represent the second most abundant class of RNA-
binding proteins (RBPs) in the human genome (Ozdilek et al., 2017). Though reports
indicate that human orthologues of Dbp2 may be methylated to suppress R-loop
formation, which may be a conserved functional mechanism across species (Mersaoui
et al., 2019). However, given the strong biochemical affinity of these motifs for RNA
(Thandapani et al., 2013), their presence in Dbp2— a highly active RNA helicase—
suggests that methylation by Rmtl may regulate its involvement in RNA-related

processes and phase-separated condensates.

Dbp2 preferentially co-purified with the RSC and FACT complexes, both of which are
critical for chromatin remodelling and transcription regulation. RSC facilitates
nucleosome displacement, while FACT aids in resolving transcription-replication
conflicts. The interaction of Dbp2 with these complexes may an indicative of its
involvement in maintaining chromatin integrity during transcription elongation, or
resolving RNA-DNA hybrids (R-loops), which can hinder transcription progression.
Interestingly, RNAPIIS®™2P proposed to play a critical role for role in establishing a
repressive chromatin state to prevent cryptic antisense transcription in coding regions
(Boulanger et al., 2024), a process that also involves factors from the RSC complex,
could implicate a role for Dbp2 in the same pathway. Moreover, cellular levels of dbp2
are regulated at the RNA level, where an (auto-)regulated splicing event in the highly
conserved intron 2 of the dbp2 gene controls Dbp2 expression (I.Barta and R.lggo,
1995; Kilchert et al., 2015). The fact that deubiquitinases show preferential enrichment
in Dbp2 purification suggests that the levels and stability of the Dbp2 protein are also

subject to regulation.

The comparative interactome analysis highlighted Srp2’s preferential enrichment for

splicing factors and components of the TREX complex, reinforcing its role in splicing
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and early RNA biogenesis. In contrast, Dbp2'’s interactions with late export factors such
as Mlo3 and Mex67 underline its role in late-stage RNA processing. The proteomics
analysis of Dbp2 in S. pombe unveils its critical involvement in late transcriptional and
RNA processing events. By contrasting its interactome with that of Srp2, our study
provides a nuanced understanding of their functional divergence and highlights Dbp2’s
role in linking 3’-end processing with RNA export, which will be examined in the

following chapters.
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Chapter6 Cleavage bodies (CBs) — dynamic subnuclear structures

in S. pombe and their association with Dbp2

6.1 Dbp2 localises to cleavage bodies

It was previously reported that MTREC, the nuclear exosome 3’-5’ exoribonuclease
subunit Rrp6, and components of the 3’-end processing machinery, co-localise in
nuclear bodies in mitotically growing fission yeast, referred to as “nuclear exosome
foci” (Egan et al., 2014; Shichino et al., 2020; Sugiyama et al., 2012, 2013; Sugiyama
& Sugioka-Sugiyama, 2011; Yamanaka et al., 2010). These nuclear exosome foci have
a compositional overlap with the cleavage bodies in human cells and it has been
suggested that they could be functionally equivalent (Lei Li et al., 2006; Schul et al.,
1996; Sugiyama & Sugioka-Sugiyama, 2011). For conciseness, MTREC-containing
foci within the nucleus of S. pombe will be referred to as “cleavage bodies” in the rest

of this thesis.

The comparative interactome profiling analysis had revealed that multiple components
of cleavage bodies were enriched in the Dbp2-HTP purification. To reconstruct the co-
localisation of components in cleavage bodies, and assess the subcellular localisation
of Dbp2 in relation to them, live microscopy experiments were conducted. C-terminally
GFP-tagged component from MTREC Mtll, the nuclear exosome 3-5
exoribonuclease subunit Rrp6, the poly(A)-binding protein Pab2, and 3’-end formation
factors, including CFIA components Rnal5 and Pcfll, CFIB component Msi2, as well
as Dbp2, were examined using high-resolution fluorescence microscopy, in relative to
the localisation of Red1-tdTomato signal, which exclusively localises to foci and serves

as a marker for cleavage bodies (Figure 6.1).
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The subcellular distribution of Dbp2-GFP closely resembled that of the nuclear
exosome component Rrp6, but differed from the CPAC components Rnal5-GFP and
Msi2-GFP, as well as the nuclear poly(A)-binding protein Pab2. While Rnal5-GFP,
Msi2-GFP, and Pab2-GFP were excluded from the nucleolus and dispersed
throughout the nucleoplasm, Dbp2-GFP was primarily localised in the nucleus with
pronounced enrichment in the nucleolar compartment, and was concentrated in foci
often found adjacent to the nucleolus or the nuclear rim. A key feature of all these
factors was their co-localisation with Red1-tdTomato in foci, indicating that they are
present in the same subnuclear structure. Dbp2-GFP signal within these foci almost
universally overlapped with the Red1-tdTomato signal (Figure 6.1). This data confirms

that Dbp2 is also a component of cleavage bodies.
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Figure 6.1 | Dbp2 localises to cleavage bodies

Live cell imaging of, upper panel: endogenously tagged Mtl1-GFP (MTREC component), Rrp6-GFP
(Exosome component), Pab2-GFP (the nuclear poly(A)-binding protein), Rnal5-GFP, Pcfl1-GFP
and Msi2-GFP (CPAC cleavage factor complex components), and Dbp2-GFP, and the MTREC
component Red1-tdTomato used as a marker for cleavage bodies. Cells were grown in YES at 30°C,
pelleted and resuspended in EMMG for imaging on poly-lysine-coated coverslips. The merged
channel shows Dbp2-GFP in green and Red1-tdTomato in red. Fluorescence intensity profiles were
generated along the yellow lines and are shown in the lower panel: fluorescence intensities were
measured with Fiji and normalised to a 0-1 range. Images are representative of three independent
experiments. Scale bars are 5 um, (n = 3).

6.2 Dbp2 is not required for the efficient turnover of MTREC-dependent targets

of the nuclear exosome

The components of the nuclear exosome MTREC/PAXT were more enriched with
Dbp2-HTP purification in the comparative interactome data and its factors co-localised
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with Dbp2 in cleavage bodies. MTREC/PAXT does not constitute as a ubiquitous
component of the transcription machinery; instead, it is selectively recruited to genes
targeted by the nuclear exosome through the discernment of TNAAAC motifs (where
N can be any nucleotide) on nascent RNA by the YTH-domain (YT521-B homology)
protein Mmil. Mmil orchestrates the tethering of transcripts for decay via the nuclear
exosome. Such targets are meiotic transcripts in mitotically growing S. pombe as the
transcription of meiotic genes is not fully suppressed (Harigaya et al., 2006; Kilchert et
al., 2015; Yamashita et al., 2012). Additionally, the nuclear membrane protein, Lem2,
though not directly binding to RNA itself, engages with the MTREC/PAXT complex to
target RNA precursors and meiotic transcripts for exosome targeting (Martin Caballero
et al., 2022). Next, it was sensible to assess whether Dbp2 plays a role in the

degradation of exosome targets.
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Figure 6.2 | Dbp2is not required for the efficient turnover of MTREC-dependent targets of the
nuclear exosome

A. DESeq? differential expression analysis of nuclear exosome target genes that are either Lem2-
dependent or part of the Mmil regulon (Chen et al., 2011; Martin Caballero et al., 2022); adh1, pgkl
and actl are housekeeping mRNAs and included as controls. Colour indicates log2 fold change of
normalised RNA-seq counts of mutant over wild type. P.nmt-dbp2 signifies the depletion of Dbp2 for
5 h upon thiamine treatment. MTREC mutant data from (Atkinson et al., 2018) (rrp64), (Kilchert et
al., 2015) (mmil4), (Birot et al., 2021) (mtl1-1), and (Martin Caballero et al., 2022) (red14, iss104,
erhlA, lem2A); Accessions PRIEB7403, GSE73144, GSE148799, and GSE174347. Analysis was
performed by Cornelia Kilchert.
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Differential gene expression analysis of the poly(A)-enriched RNA-seq after 5 h of
Dbp2 depletion compared to publicly available RNA-seq data of MTREC mutants
revealed that depletion of Dbp2 did not lead to a stabilisation of known MTREC-
dependent RNA targets of the nuclear exosome. These include meiotic mMRNAs
governed by the Mmil regulon and snoRNA precursors reliant on the nuclear
membrane protein Lem2 (H. M. Chen et al.,, 2011; Kilchert et al., 2015; Martin
Caballero et al., 2022), suggesting that Dbp2 is not required for MTREC-dependent

RNA turnover.

6.3 Dbp2’s recruitment to cleavage bodies is independent of the MTREC complex

and exosome

Having established that Dbp2 is a component of cleavage bodies, where it co-localises
with  MTREC, the nuclear exosome 3’-5 exoribonuclease subunit Rrp6, and
components of the 3’-end processing machinery, it was revealed through comparison
with publicly available RNA-seq data of MTREC mutants that Dbp2 depletion did not
lead to the stabilisation of known MTREC-dependent RNA targets of the nuclear
exosome, indicating that the interaction between Dbp2 and MTREC does not play a
role in RNA surveillance. Based on these findings, it was considered important to
assess whether Dbp2's localisation to cleavage bodies is impaired in cells deficient in
key components, such as Redl, Pab2, Issl0, and the nuclear exosome
exoribonuclease Rrp6. To monitor the localisation of Dbp2, live microscopy was
performed in cells with endogenously GFP-tagged Dbp2, in both wild type, and various
genomic deletion mutants, including rrp6A, red14, iss10A, and pab2A. Dbp2-GFP was
still present in cleavage bodies when either Rrp6, Red1, 1ss10, or Pab2 were deleted
(Figure 6.3). Overall, the localisation of Dbp2 to cleavage bodies was found to be

independent of these factors, further characterising the nature of cleavage bodies and
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suggesting that Dbp2's association with them does not rely on components such as

Redl, Pab2, Iss10, or Rrp6.

A

iss10A

DIC

Dbp2-GFP

Figure 6.3 | Dbp2’s recruitment to cleavage bodies is independent of the MTREC complex and
exosome

A. Live cell imaging of genomicaly C-terminal fusion of Dbp2 to GFP in wild type, rrp64, red14,
iss104, and pab2A, cells grown in YES media for 2.5 h at 30 °C after diluting precultures in ODsoo
0.2/ml and imaged. Images are representative of three independent experiments. DIC is differential
interference contrast used for the detection and segmentation of unstained living adherent cells.
Scale bars are 5 um, (n = 3).

6.4 Cleavage bodies are unlikely to represent sites of co-transcriptional RNA

cleavage

At steady-state levels, Dbp2 was observed to localise within cleavage bodies,
subnuclear structures that also contain factors involved in RNA surveillance and co-
transcriptional 3’-end RNA processing. Having established that Dbp2 does not
contribute to the stabilisation of RNA targets for decay via the nuclear exosome, the
next step in characterising these cleavage bodies was to investigate whether they

serve as sites for bulky 3’-end RNA cleavage. This investigation aims to provide
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insights into the timing of these sites within RNA biogenesis, particularly in relation to
highly active transcription sites. For this purpose, immunofluorescence (IF) microscopy
was performed with an antibody against S2P-modified Rpbl to detect transcriptionally
active RNAPII in a strain where the MTREC component Mtl1 was C-terminally tagged

with GFP, which is used as a marker for the cleavage bodies.

Staining for Rpb1-S2P revealed a granular pattern that corresponded to a DNA-rich,
crescent-shaped nucleoplasmic region as indicated by DAPI counterstaining (Figure
6.4A & C). Cleavage bodies were often found adjacent to regions with higher Rpb1-
S2P density, but this was predominantly limited to the surface of the RNAPII
transcriptionally active compartment. This spatial relationship was particularly
pronounced along the inner arc of the crescent shape, aligning with the interface of the
nucleolus. Overall, most RNAPII transcriptional active sites did not co-localise with
cleavage bodies, as Mtl1-GFP foci generally did not coincide with peaks in the Rpb1-

S2P signal (Figure 6.4B).

134



Chapter6

Rpb1-S2P  --. Mtl1-GFP
1.00 .
a
075 {
> i
= 050 -
8 g —~ r’ :
= g 025 Ao Fo\
o £ £ / \
= @ 0] =k A N P
S i N
e 0 1 2 3
Q
@ 100 P
o b "
S o7 At
immunofluorescence = i\l
£ 050 f
— 1
[e] ! \
S 025 [ ra
’ A |
C o] s eeene e W A RN S
merge (a-Rpb1-S2P, Mti1-GFP) 0 1 2 3

Distance in microns

wild type

immunofluorescence (enlarged)

Figure 6.4 | Cleavage bodies are unlikely to represent sites of co-transcriptional RNA cleavage

A. Immunofluorescence against Rbpl-S2P in a strain where MTREC component Mtll was
endogenously tagged with GFP. Cells were grown in YES at 30 °C and fixed with formaldehyde
directly in the growth medium. The merged channel shows Rpb1-S2P in green and Mtl1-GFP in
magenta. Fluorescence intensity profiles were generated along the yellow lines and are shown in
(B). Images are representative of two independent experiments. B. Fluorescence intensity profiles
across cleavage bodies and sites of active transcription as indicated in (A). Green line corresponds
to the Rpbl-S2P signal, dashed magenta line to the residual Mtl1-GFP signal. Fluorescence
intensities were normalised to a 0-1 range. Images are representative of two independent
experiments. C. Enlarged versions of the merged images of the immunofluorescence shown in (A),
with Rpb1-S2P in green and Mtl1-GFP in magenta, without yellow markings. Scale bar 5 um, (n =
2). Analysis was performed by Cornelia Kilchert.

6.5 Cleavage bodies serve as storage compartments for 3’-end processing

factors

It was deduced that cleavage bodies, although containing components of the 3’-end
processing machinery, are unlikely to function as the bulky sites of RNA cleavage and
polyadenylation. This prompted an investigation into whether cleavage bodies might

serve as storage compartments for 3’-end processing factors. To evaluate this
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hypothesis, cells expressing C-terminally GFP-tagged Msi2, Pcfll, and Rnal5 were
analysed following treatment with thiolutin, a compound known to inhibit RNAPII
activity and transcription (Qiu et al., 2024). These cells were compared to untreated
control cells. In thiolutin-treated cells, the fluorescent signals of Msi2-GFP, Pcf11-GFP,
and Rnal5-GFP within foci were significantly increased compared to untreated
controls. These findings support the notion that cleavage bodies function as storage
sites, potentially buffering the levels of CPAC components.
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Figure 6.5 | Cleavage bodies may help to buffer CPAC levels

A. Quantification of the transcription inhibitor experiment of cells carrying endogenously Msi2-GFP,
Pcf11-GFP and Rnal5-GFP, treated with 20 ug thiolutin and incubated in YES for a duration of 60
min at 30 °C, pelleted and resuspended in EMMG for imaging on poly-lysine coated coverslips. For
live cell imaging in EMMG-media contained 20ug of thiolutin to ensure the stability of transcription
inhibition. Measurements were performed on maximal intensity Z-projections and the mean
fluorescence intensity scored for each cell against background. Non-treated mixed cultures were
included as controls against background. The displayed p-values for the pair-wise comparisons were
calculated using a two-sided Wilcoxon rank sum test (xp < 0.05; xxp < 0.01; **xp < 0.005), (n = 2).
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6.6 Discussion

This chapter of the thesis focuses on a more in-depth characterisation of cleavage
bodies. The comparative interactome profiling analysis identified several components
of cleavage bodies as enriched in the Dbp2-HTP purification. To further investigate the
relationship between Dbp2 and these components, live microscopy experiments were
conducted. The localisation of GFP-tagged components from the MTREC complex,
the nuclear exosome subunit Rrp6, the poly(A)-binding protein Pab2, and 3’-end
formation factors such as Rnal5, Pcfll, and Msi2, were compared to Dbp2-GFP using
high-resolution fluorescence microscopy. The results showed that Dbp2-GFP co-
localises with Red1-tdTomato, a marker for cleavage bodies, indicating that Dbp2 is
indeed a part of this subnuclear structure. Moreover, Dbp2 was primarily localised to
the nucleoplasm with strong enrichment in the nucleolar compartment, where it formed
foci, often adjacent to the nucleolus or nuclear rim. This localisation pattern was
consistent with the nuclear exosome component Rrp6, implying that Dbp2 may play a
role in RNA processing within cleavage bodies. The step was to determine whether
Dbp2 plays a role in the degradation of RNA targets via the nuclear exosome,
particularly in relation to the MTREC complex, which is known to be involved in the
decay of specific RNA targets. The MTREC/PAXT complex is selectively recruited to
genes for exosome-mediated degradation through the recognition of specific motifs on
nascent RNA by the Mmil protein (Harigaya et al., 2006; Kilchert et al., 2015). This
recruitment is particularly important for the decay of meiotic transcripts and snoRNA
precursors in S. pombe, which are governed by the Mmil regulon and the nuclear
membrane protein Lem2 (Atkinson et al., 2018; Birot et al., 2022; Kilchert et al., 2015;

Martin Caballero et al., 2022).
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Depletion of Dbp2 was found to have no significant effect on the stability of known
MTREC-dependent RNA targets (Figure 6.2). Comparative analysis of RNA-seq data
from Dbp2-depleted cells and MTREC mutant strains showed no accumulation of
Mmil-regulated meiotic mMRNASs or snoRNA precursors, suggesting that Dbp2 is not
essential for the turnover of these RNA targets by the nuclear exosome. This
observation supports the idea that Dbp2 may not be directly involved in RNA decay
but instead plays a different role within the context of cleavage bodies. Further
investigation into the recruitment of Dbp2 to cleavage bodies revealed that its presence
in these structures does not depend on the MTREC complex or the nuclear exosome.
Live cell imaging of Dbp2-GFP localisation in strains where components of the nuclear
exosome or Red1 were deleted showed that Dbp2 was still present in cleavage bodies,
even in the absence of Rrp6, Red1, Iss10, or Pab2 (Figure 6.3). This suggests that
Dbp2’s recruitment to cleavage bodies is independent of these complexes, further
supporting the notion that Dbp2 may have a role distinct from RNA degradation within

these subnuclear structures.

Cleavage bodies are known to contain factors involved in RNA surveillance and 3’-end
RNA processing, leading to the hypothesis that they might serve as sites of co-
transcriptional RNA cleavage and polyadenylation (CPA). Given Dbp2’s localisation to
these foci, it was important to determine whether these bodies are indeed involved in
RNA cleavage. To address this, the subcellular localisation of RNAPII in actively
transcribed regions was assessed by immunofluorescence using an antibody against
phosphorylated Rpbl (S2P), which marks transcriptionally active RNAPII. While
cleavage bodies were often found adjacent to regions with high Rpb1-S2P density, the
majority of RNAPII active sites did not co-localise with cleavage bodies. This spatial

relationship was most pronounced along the inner arc of the nucleolus, suggesting that
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cleavage bodies are more likely to reside in regions adjacent to transcriptionally active
sites but not directly within them. The lack of significant overlap between Mtl1-GFP foci
(which mark cleavage bodies) and Rpb1-S2P signal indicates that these subnuclear
structures are unlikely to represent the sites of co-transcriptional RNA cleavage. This
finding is consistent with previous studies that suggest CPA primarily occurs during
transcription by RNAPII, with 3’-end processing being tightly coupled to transcription
(Mitschka & Mayr, 2022). Instead, cleavage bodies may serve as storage or assembly
sites for RNA processing factors that are recruited to active transcription sites as
needed. The localisation of cleavage bodies adjacent to transcriptionally active regions
may reflect their role in processing RNA precursors post-transcriptionally or during
transcriptional pause sites, as it has been suggested that some distal polyadenylation

sites are processed post-transcriptionally (P. Tang et al., 2022).

In summary, this chapter has demonstrated that Dbp2 is a component of cleavage
bodies in S. pombe, co-localising with factors involved in RNA surveillance and 3’-end
processing. Dbp2 is recruited to cleavage bodies independently of the MTREC
complex and the nuclear exosome, and it does not appear to play a significant role in
the degradation of MTREC-dependent RNA targets. Additionally, cleavage bodies,
although containing components of the 3’-end processing machinery, are unlikely to
serve as the sites of bulky RNA cleavage. Rather, they are likely to represent storage
or assembly compartments for RNA processing factors, awaiting their recruitment to
active transcription sites for processing. In this chapter, valuable insights into the
subnuclear organisation of S. pombe, along with its composition and association with
RNA processing, were provided. The analyses conducted to understand the functional

role of Dbp2 within these structures, along with its involvement in 3’-end maturation,
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will be addressed and discussed in the next chapter, focusing on the cellular

consequences of Dbp2 loss.

140



Chapter7

Chapter7 Cellular Consequences of Dbp2 Depletion

7.1 poly(A) + RNA is retained in the nucleus upon loss of Dbp2

In Chapters 4 and 5, Dbp2 was primarily found to map to the termination window and
also to interact with the canonical 3’-end processing machinery and RNA export
factors. These include the export adaptor Mlo3 (homologous to S. cerevisiae Yral and
H. sapiens ALY/REF) and the export receptor Mex67 (H. sapiens NXF1/TAP),
respectively. Notably, Qu et al., 2009 had previously demonstrated that the presence
of Yral and Mex67 is critical for the release of CPAC from RNAs. Collectively, these
observations raise the possibility that Dbp2 may link the release of CPAC components
to RNA export, that its loss might impair RNA export. To examine this possibility,
fluorescence in situ hybridisation (FISH) approach was employed to investigate the
localisation of RNAs with fully processed 3’-ends, using a 50-mer 5-end Cy3-labelled

oligo-d(T)s0-Cy3 probe on formaldehyde-crosslinked cells.

In wild type cells, the distribution of poly(A)+ RNA was uniform across the cytoplasm,
with a moderately higher abundance in the nucleus and a mean ratio of average
fluorescence intensities of nucleus over cytoplasm (Figure 7.1A). Following the
depletion of Dbp2, poly(A)+ RNA could still be detected in the cytoplasm; however, a
relative increase in the nuclear to cytoplasmic signal was observed, and this change
was highly significant (Figure 7.1B). Notably, a fraction of the nuclear signal was
concentrated in foci. A heat shock treatment, which is known to efficiently block bulk
MRNA export in both yeast models, was included as a positive control for export block
(Saavedra et al., 1996). Under heat shock conditions, a nearly complete nuclear
retention of poly(A)+ RNAs was observed, forming a distinct ring-shaped pattern that
excludes chromatin as judged by the DAPI stain. These poly(A)+ RNAs-rich structures

are likely to correspond to nucleolar rings, in which essential factors of nuclear RNA
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metabolism have been shown to reversibly aggregate during heat stress (Gallardo et

al., 2020).

Overall, in the absence of Dbp2, 3’-processed, polyadenylated RNAs are inefficiently
exported to the cytoplasm and are retained on DNA-rich region, as evidenced by the
overlap of poly(A)+ RNA signal with the DNA-rich nucleoplasmic compartment
counterstained with DAPI.
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Figure 7.1 | mRNA export: poly(A)+ RNA is retained in the nucleus upon loss of Dbp2

A. Fluorescence in-situ hybridisation (FISH) against poly(A)+ RNA using a Cy3-labelled oligo-d(T)
probe and DAPI to stain the DNA within the nucleus. Cells were grown overnight in EMMG, then
shifted to YES for 5h to shut off the P.nmt promoter before formaldehyde fixation. For the heat shock
control, wild type cells were shifted to 42 °C for 1h. Images are representative of two independent
experiments. The merged channel shows poly(A)+ RNA in green and DAPI in blue. A quantitation of
the nuclear/cytoplasmic signal distribution is given in B. B. Quantitation of the oligo-d(T) FISH
experiment shown in 4C (n = 2). Semi-automated cellular segmentation was carried out by
thresholding on the transmitted light channel (cell outlines) and DAPI stain (nuclei). Measurements
were performed on average intensity Z-projections for nucleus and cytoplasm (= total cell without
nucleus) and the ratio of mean nuclear fluorescence intensity over mean cytoplasmic fluorescence
intensity calculated for each cell. The displayed p-values for the pair-wise comparisons were
calculated using the Wilcoxon test (xp < 0.05; **p < 0.01; **xp < 0.005). Note that the calculated
ratios underestimate nuclear RNA retention, particularly in the heat shock sample, because
segmentation on the DAPI channel is biased towards the DNA-rich nuclear compartment and can
exclude parts of the nucleolus. Scale bar 5 um. heat shock n= 2, others n =3
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7.1.1 A domain of nuclear retained poly(A)+ RNAs upon loss of Dbp2
corresponds to cleavage bodies

In the oligo-d(T) FISH experiment, there was a notable nuclear sequestration of the
poly(A)+ RNAs in foci within the nucleoplasm or at the periphery of the nucleolus when
Dbp2 was depleted. Given the previous observation that Dbp2 localises to cleavage
bodies in wild type cells, the next question to be addressed was whether these sites

could be sites where poly(A)+ RNAs accumulate in its absence.

The oligo-d(T) FISH experiment was repeated in wild type and P.nmt-dbp2 strains, with
the cleavage body component Mtl1 C-terminally tagged with GFP. The oligo-d(T)-Cy3
staining in wild type cells exhibited minimal overlap with Mtl1-GFP foci, consistent with
findings in human cleavage bodies, where approximately 20% were reported to contain
newly transcribed RNA (Schul et al., 1996). Although a significant portion of the
poly(A)+ RNA retained in the nucleus of the P.nmt-dbp2 mutant was dispersed
throughout the nucleoplasm, a subset of the poly(A)+ RNA signal partially aggregated
in foci that overlapped with the GFP signal of Mtl1. This overlap confirmed that poly(A)+
RNA accumulates in cleavage bodies upon loss of Dbp2 (Figure 7.1.1A & B),
suggesting that Dbp2 is essential for the release of poly(A)+ RNA from this

compartment.

143



Chapter7

A DIC poly(A)+ RNA Mtl1-GFP DAPI Merge

]
Q.
2
i
2
2
Q
v
A
g
S
Qo
2 15000
‘D a
c
2
C
- 10000
2
>
©
8 so00 \
< - Mti1
- Poly(A)+ RNA
0
0 1 2 3 4
>
5 20000 b
c
i}
£ 15000
e
=
o 10000
w
5 A\
5000 I\

-~ Mti1
\ J ~ Poly(A)+ RNA
0

Distance (um)

Figure 7.1.1 | A domain of nuclear retained poly(A)+ RNA upon loss of Dbp2 corresponds to
cleavage bodies

A. FISH-IF against poly(A)+ RNA using oligo-d(T)-Cy3 in wild type and P.nmt-dbp2 with the cleavage
body marker Mtl1 endogenously tagged with GFP. Cells were grown overnight in EMMG, then shifted
to YES for 5 h to shut off the P.nmt promoter before formaldehyde fixation. The merged channel
shows poly(A)+ RNA in green, Mtl1-GFP in red and DAPI in blue. Fluorescence intensity profiles
were generated along the yellow lines and are shown in (B). Images are representative of three
independent experiments. B. Absolute fluorescence intensity profiles of FISH-IF signal across sites
of poly(A)+ RNA accumulation and the adjacent nuclear area from a, and b yellow lines. In
fluorescence intensity plots, green line corresponds to the poly(A)+ RNA signal, red line to the Mtl1-
GFP signal. Scale bar 5 um, (n = 3).
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7.1.2 MTREC/PAXT components Red1l and Pab2 are not required for the nuclear
retention of poly(A)+ RNA in the absence of Dbp2

A fraction of poly(A)+ RNAs accumulates in cleavage bodies upon the loss of Dbp2,
indicating the need for Dbp2 in their release from cleavage bodies. Recent studies in
human cells have identified ZFC3H1, the homologue of Red1, as a nuclear retention
factor for exosome-targeted RNAs. ZFC3H1 can sequester RNA in nuclear
condensates in a manner dependent on the nuclear poly(A)-binding protein PABPN1,
the homologue of Pab2 (Fan et al., 2018; E. S. Lee et al., 2022; Meola et al., 2016;
Silla et al., 2018; Y. Wang et al., 2021). To investigate the involvement of MTREC
components in poly(A)+ RNA retention in cleavage bodies upon loss of Dbp2, strains
combining red1A, pab2A or iss10A with the P.nmt-dbp2 construct were used to

conduct a set of oligo-d(T) FISH experiments.

Iss10 is a fission yeast-specific component of MTREC (Figure 7.1.2C), which shows
high homology to the N-terminal region of ZFC3H1 and is required for the localisation
of MTREC to cleavage bodies (Egan et al., 2014; Yamashita et al., 2013; Zhou et al.,
2015). The single deletion of red1A or pab2A also resulted in the retention of poly(A)+
RNA in nuclear foci; combining either mutant with P.nmt-dbp2 had an additive effect
on retention (Figure 7.1.2A). On the other hand, the single iss70A deletion showed no
export block, with a localisation of poly(A)+ RNA very similar to the wild type; the
combination of iss70A with P.nmt-dbp2 reduced nuclear poly(A)+ RNA retention
compared to the phenotype of the P.nmt-dbp2 alone, to some extent rescuing the
P.nmt-dbp2 phenotype. In the double mutant strain, the statistical difference in the ratio
of average fluorescence intensities of poly(A)+ RNA between the nucleus and
cytoplasm was no longer significant when compared to the wild type. However, P.nmt-

dbp2 exhibits a notably larger cell-to-cell variability in observed nuclear over
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cytoplasmic signal ratios in any genetic context, including in combination with iss70A4,
meaning that granular poly(A)+ RNA signals in the nucleus are still frequently observed
in the iss70A P.nmt-dbp2 double mutant (Figure 7.1.2B). These findings indicate that
the nuclear poly(A)-binding protein PABPN1-dependent RNA sequestration in nuclear
condensates, observed in its human counterpart, is conserved in S. pombe. However,
given the additive effect on poly(A)+ RNA retention with red1A P.nmt-dbp2 or pab2A
P.nmt-dbp2 double mutants, it is likely that two separate pathways are involved.
Overall, these results indicate that the poly(A)+RNA retention in the absence of Dbp2
can be only partially rescued by the loss of I1ss10, a protein with high homology to the
N-terminal region of ZFC3H1 (Redl in S. pombe) but that yet unidentified factors

contribute to RNA retention in the P.nmt-dbp2 background.
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Figure 7.1.2 | MTREC/PAXT components Redl and Pab2 are not required for the nuclear
retention of poly(A)+ RNA in the absence of Dbp2

A. Fluorescence in-situ hybridisation (FISH) against poly(A)+ RNA using a Cy3-labelled oligo-d(T)
probe and DAPI to stain the DNA within the nucleus. Cells were grown over night in EMMG, then
shifted to YES for 5 h to shut off the P.nmt promoter before formaldehyde fixation. Fluorescence

images were inverted for easier visibility.

Images are representative of three independent

experiments. B. A quantification of the nuclear/cytoplasmic signal distribution of the poly(A)+ RNA
FISH experiment of MTREC mutants in (A) combined with P.nmt-dbp2. The displayed p-values for
pair-wise comparisons were calculated using a two-sided Wilcoxon rank sum test, (*p < 0.05; *xp <
0.01; x*xp < 0.005). Scale bar 5 um, (n = 3). C. Schematic of the S. pombe nuclear exosome targeting
factor MTREC (Mtl1/Red1 core) with its associated modules. Adapted from (Kilchert et al., 2020).
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7.1.3 Dbp2 depletion alters subcellular localisation of export factors

In S. cerevisiae, MRNA export requires the export receptor Mex67/TAP/NXF1, which
marks mature mRNAs by binding to adaptor proteins like Yral or Nab2 (Xie & Ren,
2019). Notably, RNA export factors, including the export adaptor Mlo3 (homologous to
S. cerevisiae Yral and H. sapiens ALY/REF) and the export receptor Mex67 (H.
sapiens NXF1/TAP), were preferentially co-purified with Dbp2 in comparative
interactome approach. Furthermore, the export of poly(A)+ RNAs was impaired in the
absence of Dbp2. To determine whether depletion of Dbp2 affects the subcellular
localisation of these export factors, live-cell microscopy was performed in both the

presence and absence of Dbp2.

At steady-state, Mex67 has been reported to predominantly localise to the nuclear pore
complex (NPC), which was confirmed here using a genomic C-terminal fusion of
Mex67 to GFP. Interestingly, the subcellular localisation of Mex67-GFP was altered
upon Dbp2 depletion, with Mex67 signal appearing at the nucleolus while maintaining
its primary localisation at the NPC (Figure 7.1.3A). This behaviour resembles changes
observed under stress conditions, such as heat shock, where poly(A)+ RNA (Figure
7.1, heat shock FISH) and Mex67 is known to reversibly sequester at the nucleolus
(Ideue et al., 2004; Yoshida & Tani, 2005). The mechanism underlying the change in
Mex67 subcellular localisation into nucleolus upon Dbp2 loss could be interpreted as

a similar response mechanism that requires the blockage of RNA export upon stress.

Furthermore, the subcellular localisation of the export adaptor Mlo3/ALYREF/Yral was
also examined using a genomic C-terminal fusion to GFP in the presence and absence
of Dbp2. In wild type cells, Mlo3-GFP predominantly localised to the nucleus in a
crescent-like pattern, likely corresponding to the nucleoplasm, and was also observed

as multiple punctate structures (Figure 7.1.3B). However, upon Dbp2 depletion, Mlo3-
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GFP localisation became diffuse across the nucleus, indicating that its intactness is
compromised. This difference is readily visualised when comparing max intensity Z-
projections plotted against each other (Figure 7.1.3C).
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Figure 7.1.3 | Dbp2 depletion alters subcellular localisation of export factors

A. Cells carrying endogenously Mex67-GFP, and B. MIo3-GFP in the presence and absence of
Dbp2. Cells were shifted to YES for 5h at 30 °C. For live cell imaging, cells were pelleted and
resuspended in EMMG containing 15 pg of thiamine to maintain the stability of the nmt promoter -
dependent repression of dbp2 during the imaging. The brown lines are shown for intensity plot
measurement in (C). Images are representative of three independent experiments. C. Absolute
fluorescence intensity profiles along the brown lines are shown over z-projection max intensity of
Mlo3-GFP signal across the nucleus. Scale bar 5 pm, (n = 2).

In budding yeast, Dbp2 has been proposed to be essential for the efficient assembly
of Yral and Mex67 onto mRNAs (Ma et al., 2013). In turn, Yral was suggested to
inhibit the helicase activity of Dbp2 (Ma et al., 2016). To examine whether association
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of Mlo3 with mRNAs is affected upon loss of Dbp2, RNA-protein immunoprecipitation
(RIP) assay was carried out. In Dbp2-depleted cells, co-precipitation of a
representative mRNA, ssa2, with Mlo3 was markedly reduced, suggesting impaired
recruitment of Mlo3. This implies that the nuclear retention of poly(A)+ RNA observed
upon Dbp2 loss could result from insufficient recruitment of export adaptors (Appendix
3) and may also account for the compromised localisation of Mlo3 within the nucleus

in Dbp2-depleted cells.

7.1.4 Poly(A)-tail length remains unchanged upon Dbp2 depletion

Defects in mRNP assembly manifest in various phenotypes, including read-through
transcription, reduced RNA cleavage, slow poly(A) synthesis, hyperadenylation of
transcripts, and inhibition of export. Poly(A)+ RNA retention in the nucleus due to
defective mMRNP assembly can be caused by a variety of factors that affect different
stages of RNA processing and export, namely defective mRNA export machinery,
mutations in factors involved in 3'-end processing, delayed or defective splicing,
defects in RNA surveillance pathways, hyperadenylation, or issues with RNA
packaging. Studies have identified factors that specifically link the regulation of
polyadenylation with export, which are typically involved in the later stages of mMRNP
assembly (Bresson et al., 2015; Patricia Hilleren et al., 2001; Jensen et al., 2001).
Accordingly, defects in the mRNA export receptor Mex67 in S. cerevisiae and its
human homologue, NXF1/TAP, an actor in the later stages of mMRNP assembly, result
in conserved hyperadenylation as well as retention of transcripts at the site of
transcription (Patricia Hilleren et al., 2001; Qu et al., 2009). Since Dbp2 interacts with
S. pombe Mex67, and exhibits nuclear poly(A)+ RNA retention phenotype when
depleted, it was next investigated whether Dbp2 depletion also leads to

hyperadenylation by poly(A)-tail length assay for bulk mRNAs in wild type and P.nmt-
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dbp2 mutant cells. This would allow for the distinction between the manifested

phenotypes, helping to define the spatiotemporal scale of Dbp2-induced effects in

MRNP assembly lifecycle. When the poly(A) lengths of bulk RNAs from Dbp2-depleted

cells were compared to those from wild type cells, no observable difference was

detected (Figure 7.1.4). Overall, these findings suggest that poly(A)+ RNA retention

in the absence of Dbp2 is not due to hyperadenylation, implying a defect at an earlier

stage of RNA processing.
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Figure 7.1.4 | Poly(A)-tail length remains unchanged upon Dbp2 depletion

A. Scheme of the experimental procedure for poly(A)+ length assay. Adopted from (Nousch et al.,
2013). B. Total RNA was isolated from wild type and P.nmt-dbp2 as described in 9.3.12, labelled
with [32P]pCp, digested with RNases A and T1, and size-separated on 20% PAA Urea gel. Size
markers were determined by xylene cyanol and bromophenol blue dyes run lengths in 20% gel,
followed by exposure to Autoradiography with Amersham Hyperfilm, (n = 1).
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7.2 Impact of Dbp2 loss on CPAC component subcellular localisation and

distribution

Dbp2 has been proposed to play a key role in early mMRNP remodelling (Stewart, 2019),
which constitutes the fundamental aim of this study: to investigate Dbp2's role at early
checkpoints of mMRNA biogenesis. One such checkpoint in mMRNP assembly has been
identified as the release of CPAC components from mRNAS, a process that depends
on the recruitment of export factors (Qu et al., 2009). However, the factors responsible
for mediating CPAC release upon the completion of the checkpoint remain unclear.
The data presented in this study suggest that Dbp2 interacts with both the 3’-end
processing machinery and RNA export factors, indicating that Dbp2 may link these two
processes. As a DEAD-box ATPase, Dbp2 could facilitate the release of CPAC
components and fulfill the proposed checkpoint. Supporting this, the inefficient export
of 3’-processed, polyadenylated RNAs into the cytoplasm in the absence of Dbp2,
likely due to impaired recruitment of export factors, was previously discussed in sub-
section 7.1. This raises the next question to be addressed: does the retention of
already processed RNA result from impaired recruitment of export factors, or from a
disruption in a more upstream RNA processing event, specifically during the 3’-end

processing step?

7.2.1 CPAC components redistribute to the RNAPII compartment upon loss of
Dbp2

If Dbp2 played an active role in the release of CPAC components from processed
transcripts within the context of an mRNP assembly checkpoint, its depletion would be
expected to result in increased CPAC retention. To investigate whether Dbp2 is
involved in CPAC recycling, the subcellular distribution of CFIA component Pcf11 was

first examined in the presence and absence of Dbp2 (Figure 7.2.1.1).
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To quantitatively assess the differences in the signal intensities of Pcfll in the
presence and absence of Dbp2, cell populations were co-mixed on a microscopy slide
(Figure 7.2.1.1A). Wild type cells expressing C-terminally GFP-tagged Pcf11 and NLS-
BFP (used to specify the nuclear compartment) were mixed with P.nmt-dbp2 mutant
cells expressing only GFP-tagged C-terminally Pcfll. In wild type cells, Pcf11-GFP
compactly localised in nuclear foci, with minimal fluorescence detectable outside of
these foci. In contrast, in Dbp2-depleted cells, a substantial portion of the Pcf11-GFP
fluorescent signal was dispersed throughout the associated compartment. In the
absence of Dbp2, maximal intensity Z-projections were measured, and the maximal
green fluorescence intensity was markedly reduced, indicating that the foci localisation
of Pcf11-GFP is impaired in Dbp2-depleted cells (Figure 7.2.1.1B). Since the foci
localisation of CPAC components represents cleavage bodies, as discussed in
Chapter 6, their localisation to cleavage bodies is therefore thought to be impaired in
Dbp2-depleted cells. To identify the compartment where Pcfll disperses upon Dbp2
depletion, cells co-expressing C-terminally GFP-tagged Pcf11 with iRFP-tagged Rphb9,
an RNAPII marker, were examined by live microscopy (Figure 7.2.1.1C). In the
absence of Dbp2, the Pcfl11-GFP fluorescent signal redistributed to the RNAPII-

positive compartment (Figure 7.2.1.1D).
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Figure 7.2.1.1 | CPAC components redistribute to the RNAPII compartment upon loss of Dbp2

A. Live cell imaging for Pcf11-GFP in wild type (marked by NLS-BFP) mixed with P.nmt-dbp2. Cells
were shifted to YES for 5 h. Mixed wild type (+/- BFP) was included as control. Scale bar 5 um, (n =
2). B. Quantification of the experiment shown in (A). Measurements were performed on maximal
intensity Z-projections and the maximal green fluorescence intensity scored for each cell, depicted
as mean values, including the median values. The displayed p-values for pair-wise comparisons
were calculated using a two-sided Wilcoxon rank sum test, (xp < 0.05; *xp < 0.01; ***p < 0.005). C.
Live cell imaging of genomically tagged Pcfl1-GFP and the RNAPII component Rpb9-iRFP. Cells
were shifted to YES for 6 h. The merged channel shows Pcf11-GFP in green and Rpb9-iRFP in
magenta. Images are representative of two independent experiments. Fluorescence intensity profiles
along the yellow lines are shown in (D). D. Fluorescence intensity profiles as indicated in (C). Green
line corresponds to the Pcf11-GFP signal, dashed magenta line to the Rpb9-iRFP signal. Analysis
in C & D was performed by Cornelia Kilchert.

The impact of Dbp2 loss on the subcellular localisation for various other CPAC
components, namely cleavage factor component CFIA Rnal5, CFIB Msi2 as well as

CPAC-interacting protein Seb1l, was also monitored by live microscopy.
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Figure 7.2.1.2 | Loss of Dbp2 impacts the subcellular localisation of the CPAC components

A. Live microscopy of cells carrying endogenously C-terminal GFP-tagged Rnal5, B. Msi2, and C.
Sebl in the presence and absence of Dbp2. Cells were shifted to YES for 5 h at 30 °C, pelleted and
resuspended in EMMG for imaging on poly-lysine coated coverslips. For live cell imaging in EMMG-
media contained15 pg of thiamine to maintain the stability of the nmt promoter repression.
Fluorescence intensity profiles across yellow lines in left panel, were measured with Fiji and
normalised to a 0-1 range and depicted on the right panel. Scale bar 5 um. (Images are
representative for Rnal5-GFP and Msi2-GFP n = 3, and for Seb1-GFP n = 2).
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In wild type cells, C-terminally GFP-tagged Rnal5, Msi2 and Sebl showed distinct
localisation in nuclear foci (Figure 7.2.1.2), for Rnal5 and Msi2 this corresponds to
cleavage bodies, as shown in Figure 6.1. Given that Sebl's localisation pattern
resembles that of cleavage body components, it is possible that Seb1l may also be a
part of it. Specifically, Rnal5 exhibited minimal fluorescence detectable in the
nucleoplasm outside of foci similar to Pcf11, however for Msi2 and Seb1 nucleoplasmic
appearance is rather more discrete in wild type conditions. The common similarity in
the localisation patterns of Rnal5, Msi2, and Sebl is that their intact localisation in
nuclear foci is considerably impaired upon Dbp2 depletion (Figure 7.2.1.1A, B & C).
Given the dispersion of CFIA factor Pcfl1 to the RNAPII-positive compartment (Figure
7.2.1.1C, & D) and the resemblance in impaired localisation of Rnal5, Msi2 and Sebl
in the absence of Dbp2, it is anticipated that all these factors are redistributed to the

RNAPII-positive compartment.

7.2.2 Depletion of CPAC components from cleavage bodies upon Dbp2 loss is
restored by transcriptional inhibition

The subcellular localisation of CPAC components and their spatial relationship to
cleavage bodies in the presence and absence of Dbp2 were examined in greater detalil
through live-cell microscopy, with Pcfl1 used as a representative example. In wild type
cells, C-terminally GFP-tagged Pcfll compactly co-localised with Red1-tdTomato in
cleavage bodies, with minimal fluorescence detectable in the nucleoplasm outside of
foci (Figure 7.2.2A, upper panel). Absolute co-localisation of Pcf11l and the cleavage
body marker Redl was demonstrated by the intensity plots (Figure 7.2.2B, upper
panel). In contrast, in Dbp2-depleted cells, a substantial portion of Pcfl1-GFP
fluorescent signal was dispersed throughout the associated-compartment (Figure

7.2.2A, lower panel), revealing an impairment in the co-localisation of Pcf11l and the
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cleavage body marker Red1 upon loss of Dbp2, as shown by the intensity plots (Figure
7.2.2B, lower panel). This compartment was previously identified as RNAPII-

associated nucleoplasm.

To evaluate whether the dispersion of Pcfl11 following the loss of Dbp2 is transcription-
dependent, transcription was disrupted using a natural product transcription inhibitor.
For this, cultured cells were treated with thiolutin in the presence and absence of Dbp2
for 60 minutes at 30 °C, followed by live cell imaging of Pcf11-GFP in the continued
presence of the inhibitor. Thiolutin is a general inhibitor of bacterial and eukaryotic
transcription and has been widely used to inhibit transcription initiation in various
species (Jimenez et al., 1973; Qiu et al., 2024). Notably, the mislocalisation of Pcfl11-
GFP completely reversed in Dbp2-depleted cells when transcription was blocked,
restoring the cleavage body localisation. This suggests that the transcriptional activity
exacerbates the mislocalisation effects of Dbp2 loss, further supporting the storage

compartment proposal for cleavage bodies.

Overall, the results presented in this section, combined with earlier findings in Chapter
6 on the characterisation of cleavage bodies, suggest a redistribution of CPAC factors,
particularly cleavage factors, from the storage compartment— referred to as cleavage
bodies— to the sites of RNA biogenesis in the absence of Dbp2. Furthermore,
transcriptional inhibition mitigates this effect, suggesting that ongoing transcriptional
activity as the reason for impaired localisation of Pcf11-GFP in Dbp2-deficient cells

and that Dbp2's role in RNA biogenesis occurs downstream.
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Figure 7.2.2 | Pcfll is depleted from cleavage bodies upon loss of Dbp2 but is restored when
transcription is inhibited

A. Live microscopy of cells carrying endogenously Pcfl1-GFP and Red-tdTomato in the presence
and absence of Dbp2 were treated with 20 pg thiolutin in DMSO and incubated in YES for a time
course of 60 min at 30 °C, pelleted and resuspended in EMMG for imaging on poly-lysine coated
coverslips. For live cell imaging in EMMG-media contained15 pg of thiamine to maintain the stability
of the nmt promoter repression and 20ug of thiolutin to ensure the stability of transcription inhibition.
The merged channel shows Pcf11-GFP in green and Red1-tdTomato in red. DMSO was used as a
thiolutin-solvent control. DIC is differential interference contrast used for the detection and
segmentation of unstained living adherent cells. Scale bar 5 um, (n = 2). B. Fluorescence intensity
profiles across yellow lines in upper panel in (A), were measured with Fiji and normalised to a 0-1
range.
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7.2.3 CPAC components are depleted from the soluble pool and retained on
chromatin upon loss of Dbp2

Furthermore, lysates prepared from the P.nmt-dbp2 strain contained much lower levels
of different CPAC components than the wild type. However, these results were not
consistent with the fluorescence microscopy data, where no comparable reduction in
the total fluorescent signal of GFP-tagged CPAC components in the mutant was
observed (section 7.2). It has been previously reported that the stalling of RNP
complexes on chromatin can impede their effective extraction using conventional
protocols for chromatin preparation (Rougemaille et al., 2008). It was hypothesised
that a similar effect might be responsible for the loss of CPAC components from lysates

in the P.nmt-dbp2 mutant.

To test this hypothesis, protein amounts in standard NP-40 lysates were compared to
extracts prepared with the TCA method, which is known to more efficiently extract
insoluble material, including the chromatin fraction (Demin et al., 2021; Mehta et al.,
2010). While in standard NP-40 lysates, accountable fraction of CPAC components
Pcfll (part of CFIA) and Msi2 (CFIB) were lost when Dbp2 was absent, however in
contrast, the yield of these CPAC components in lysates from Dbp2-depleted cells was

undistinguishable from wild type levels when TCA lysis was employed (Figure 7.2.3A).

These results indicate that CPAC components are depleted from the soluble pool in
the absence of Dbp2, potentially due to their sequestration on poly(A)+ RNAs retained
in the nucleus and/or on chromatin. To differentiate between these possibilities, crude
NP-40 lysates were treated with RNases or DNase before clearing the lysate by
centrifugation (Figure 7.2.3B). Treatment with DNase but not RNase was able to
release Msi2-GFP into the soluble fraction in the P.nmt-dbp2 mutant (Figure 7.2.3C),

suggesting that the protein is retained on chromatin.
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Figure 7.2.3 | CPAC components are depleted from the soluble pool and retained on

chromatin upon loss of Dbp2

A. Western blot analysis of cell extracts generated by NP-40 lysis (soluble cell extracts) or TCA lysis
(total cell extracts) for CFIA component Pcfl11-GFP (left panels) and CFIB component Msi2-GFP
(right panels). Cells were grown in EMMG overnight at 30 °C and shifted to YES for 5 h before lysis.
GAPDH was detected on the same blot and is included as a loading control. The numbers on the left
indicate the molecular weight marker in kDa. Images are representative of two independent
experiments. B. Schematic to depict the NP-40 lysate generation in A, and treatments in C. C.
Western blot analysis of NP-40 lysates incubated with RNases or DNase for either 30 min at 4 °C
(top panel) or 15 min at 37 °C (bottom panel) prior to the clearing spin to release RNA- or DNA-

associated proteins into the soluble pool. Lysates incubated without enzymes added were included
as control. Images are representative of two independent experiments.

Overall, these results suggest that, in the absence of Dbp2, CPAC components are

depleted from cleavage bodies, which represent the soluble pool, likely due to their

retention on chromatin within the nucleus. This is evidenced by the recovery of CPAC

components, such as Msi2, in lysates from Dbp2-depleted cells only after DNase
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treatment, indicating their sequestration on chromatin. This sequestration is likely
responsible for the reduced levels of CPAC components observed in lysates from

Dbp2-depleted cells.

7.2.4 A subpopulation of poly(A)+ RNA localises with the chromatin-retained
CPAC pool upon loss of Dbp2

While a domain of poly(A)+ RNAs retained in the nucleus accumulate in cleavage
bodies upon loss of Dbp2, CPAC components are depleted from these bodies and
instead become sequestered on chromatin. However, poly(A)+ RNA retention in the
nucleus extends beyond cleavage bodies in the absence of Dbp2. The sequestration
of CPAC components on chromatin was confirmed by DNase treatment, which
released CPAC components, while RNase treatment had no effect. To gain a better
understanding of the impact of Dbp2 loss on the distribution of poly(A)+ RNA in relation
to CPAC components, combined oligo-d(T) FISH and immunofluorescence analyses
were performed in wild type cells and P.nmt-dbp2 cells with endogenously GFP-tagged
Pcfll. Consistent with previous findings, poly(A)+ RNA under steady-state conditions
was distributed throughout the cell, with moderate nuclear abundance overlapping the
cleavage body localisation of Pcfl1-GFP. Notably, the poly(A)+ RNA content in
cleavage bodies was limited under wild type conditions, which aligns with previous
findings in human cleavage bodies, where only about 20% of the bodies contain newly
transcribed RNA (Schul et al., 1996). However, upon Dbp2 depletion, Pcfl1l becomes
sequestered on chromatin, accompanied by the sudden accumulation of poly(A)+
RNA, corresponding to a subpopulation distinct from cleavage bodies, within this

chromatin-associated pool. This implies that fully processed RNAs could also be
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retained at the site of transcription, suggesting a potential role for Dbp2 in facilitating

the ultimate release of these poly(A)+ RNAs from the chromatin-associated fraction.
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Figure 7.2.4 | A subpopulation of poly(A)+ RNA localises with the chromatin-retained CPAC
pool upon loss of Dbp2

A. Left panel, FISH-IF against poly(A)+ RNA using oligo-d(T)-Cy3 in wild type and P.nmt-dbp2 with
Pcfl1l endogenously tagged with GFP. Cells were grown overnight in EMMG, then shifted to YES
for 5 h to shut off the P.nmt promoter before formaldehyde fixation. The merged channel shows
poly(A)+ RNA in green, Pcf11-GFP in red and DAPI in blue. Images are representative of three
independent experiments. Right panel, absolute fluorescence intensity profiles of FISH-IF signal
across sites of poly(A)+ RNA accumulation and the adjacent nuclear area from a, and b yellow lines.
In fluorescence intensity plots, green line corresponds to the poly(A)+ RNA signal, red line to the
Pcf11-GFP signal. Scale bar 5 um, (n = 3).

7.3 Loss of Dbp2results in the widespread occurrence of 3'-extended transcripts

Reduced levels of soluble CPAC components in Dbp2-depleted cells, with the
postulation that this fraction corresponds to those available to execute the 3’-end
processing of nascent transcripts, led to the hypothesis that RNA cleavage efficiency
would be reduced as a result. In eukaryotes, protein-coding genes may contain multiple

polyadenylation signal (PAS) sites within the 3’ untranslated region (3’-UTR).

The usage of either a proximally or distally located PAS site relative to the stop codon
results in the generation of isoforms with varying 3’-UTR lengths (Mata, 2013; Mitschka

& Mayr, 2022). Inefficient RNA cleavage is known to be manifested by readthrough
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transcription far downstream of canonical cleavage site, leading to 3’-UTR lengthening.
To monitor the impact of Dbp2 depletion on PAS usage, poly(A)-enriched
transcriptome analysis was performed in the presence and absence of Dbp2. S.
cerevisiae cells served as a spike-in for normalisation, enabling the assessment of the
global effects on mRNA expression levels. Principal component analysis (PCA)
showed a clear separation of RNA-seq profiles between wild type and P.nmt-dbp2
mutant cells (Figure 7.3A). Following Dbp2 depletion, a widespread reduction in RNA
levels was observed, reinforcing the crucial role of Dbp2 as a global regulator of
RNAPII-dependent RNA biogenesis (Figure 7.3B). For many mRNAs, a relative
increase in sequencing reads over extended 3’-UTR isoforms or beyond the canonical
cleavage site of annotated features was observed following Dbp2 depletion,
suggesting a general tendency of the mutant to bypass cleavage sites and continue
transcription to downstream regions (Figure 7.3C). Many mRNAs possess multiple
PAS, which may have evolved as a fail-safe mechanism to prevent transcription into
downstream genes (Turtola et al., 2021). Several instances from the RNA-seq data
show that read-through is correlated with decreased expression of downstream
convergent genes (Figure 7.3D). Notably, an increased read-through signal was
detected for almost any transcript with a sufficiently high expression level in the RNA-
seq data. However, the severity of the phenotype was transcript-dependent and is
possibly related to the strength of the corresponding PAS. Northern blotting with DIG-
labelled RNA probes directed against the gene bodies confirmed the presence of
extended transcript isoforms for several mMRNAs (Figure 7.3E). For rpl2501 mRNA, a
probe targeting the extended 3’-UTR was included to confirm the increased presence
of 3’-extended transcripts in the mutant (Figure 7.3F, left panel). The analysis of
cleavage site usage on this transcript was then confirmed through RT-PCR

amplification using an anchored (T)12VN primer, which further validated the alternative
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PAS usage and 3’-UTR lengthening in the absence of Dbp2. This phenotype, typically
observed following the depletion of core poly(A) factors, suggests that one or more

CPAC components may become limiting in the P.nmt-dbp2 mutant.

Overall, the reduced cleavage efficiency at RNAPII-transcribed genes observed upon
Dbp2 depletion is consistent with the increased occurrence of PAS skipping at the RNA
level. This is taken as evidence that the depletion of CPAC components from the
soluble pool in the absence of Dbp2 limits their availability, rendering them insufficient

to maintain optimal 3’-end processing.

Figure 7.3 | Loss of Dbp2 results in the widespread occurrence of 3'-extended transcripts

A. Principal component analysis (PCA) of RNA-seq peaks for wild type and P.nmt-dbp2 shown after
normalising counts to the number of total S. cerevisiae reads for each sample before calculating the
mean. Cells were grown in EMMG overnight at 30°C, harvested, and cultured in YES + 15 uM
thiamine for 5 h, then mixed with S. cerevisiae in a 5:1 ODsoo ratio prior to RNA isolation. B. Mean
integrated counts of RNA-seq reads over annotated features in wild type and P.nmt-dbp2 aftera5 h
depletion period. Contours of a 2d density estimate are shown in grey. C. Representative RNA-seq
traces across the region of chromosome | encompassing the atpl9 gene (negative strand) and
downstream convergent pcf3 gene (positive strand) with reads for wild type in grey, for P.nmt-dbp2
in light blue. Read counts were normalised to a 0—1 range. RNA-seq traces analysis was performed
by Cornelia Kilchert. RNA-seq datasets, n = 3 biological replicates. D. Plot displaying the gene
expression differences of the downstream convergent pcf3 gene in wild type and P.nmt-dbp2 strains,
with normalised mean expression for wild type shown in grey and for P.nmt-dbp2 in light blue. E.
Northern blots for tmal9, asl1, and rpl1001 mRNA using a strand-specific DIG-labelled RNA probe
against the gene body. 18S band stained with methylene blue is shown as a loading control. Arrows
indicate positions of extended transcripts. The marker is a double-stranded DNA size marker (Roche,
Molecular Weight Marker VIII, DIG-labelled). F. Left panel, Northern blot for rpl2501 mRNA using
strand-specific DIG-labelled RNA probes against the gene body or the 3’-extension. Right panel,
analysis of poly(A) site usage by RT-PCR amplification using an anchored (T)12VN primer. Upper
panel, depicting the positions of primers used for the gene body or the 3’-extension, polyadenylation
signals (AAUAAA) is highlighted as red bars, the Northern probes shown as dotted lines and the
forward primer used for PCR amplification as green arrowhead. Usage of the AAUAAAA sites
marked is expected to lead to amplicons of ~140 bp and ~350 bp, respectively. Amplicons that reflect
usage of distal poly(A) sites are marked with arrows. Experiments in (F) were performed by Silke
Schreiner. Images are representative of three independent experiments.
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7.3.1 MTREC/PAXT mutants do not improve RNA cleavage efficiency in Dbp2-
depleted cells

In Section 7.1, it was shown that a significant portion of poly(A)+ RNA is retained in
the nucleus upon loss of Dbp2, with a fraction of these RNAs corresponding to
cleavage bodies, a storage compartment where Dbp2 colocalises with components of
the MTREC/PAXT complex. This suggested that Dbp2 is needed to release fully
processed RNAs from these structures. However, further investigations revealed that
MTREC/PAXT components Redl1 and Pab2 are not required for the nuclear retention
of poly(A)+ RNA in the absence of Dbp2. Additionally, the retention of poly(A)+ RNA
in the absence of Dbp2 was only partially rescued by the loss of I1ss10, suggesting that
MTREC is not involved in the retention mechanism triggered by the loss of Dbp2.
Initially, it was hypothesised that retention resulted from inefficient recruitment of export
factors, but subsequent analyses showed that CPAC components had reduced levels
in soluble fraction and remained on-site in the absence of Dbp2, which reduced RNA
cleavage efficiency, leading to increased usage of distal PAS sites and the widespread
occurrence of 3’-UTR extended isoforms. Nevertheless, it remains worth investigating
whether MTREC mutants rescue the increased skipping of canonical cleavage and

polyadenylation sites upon Dbp2 depletion.

The impact of MTREC complex components on RNA cleavage efficiency upon loss of
Dbp2 was assessed using strains combining red1A, pab2A, or iss10A with P.nmt-
dbp2, along with a wild type control by Northern blotting. A DIG-labelled RNA probe
directed against the gene body was used to check for the presence of the extended
isoform of the asl1 transcript. Notably, the single deletion of red71A, pab2A, or iss10A
showed no prevalence of the extended asll isoform, similar to wild type control.

However, all red1A P.nmt-dbp2, pab2A P.nmt-dbp2, and iss710A P.nmt-dbp2 double
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mutants exhibited persistent failure in RNA cleavage. While the red1A P.nmt-dbp2 and
iss10A P.nmt-dbp2 double mutant strains showed moderately similar levels of the
extended asl1 isoform, the double pab2A P.nmt-dbp2 mutant strain showed an additive
effect supported by the increased levels of the extended asl1 isoform. It is difficult to
assess the relative amounts of the asl1 wild type transcripts between samples due to
the strength of the signal. However, considering the corresponding 18S rRNA levels,
the increased levels in the pab2A P.nmt-dbp2 double mutant strain are affirmed. This

result may indicate a Pab2-driven impairment in RNA surveillance and suggest that
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Figure 7.3.1 | MTREC/PAXT mutants do not improve RNA cleavage efficiency in the absence
of Dbp2

A. Northern blot analysis against asll transcript using a strand-specific DIG-labelled RNA probe
against the gene body, lower panel is upon more exposure. Cells were grown in EMMG overnight at
30 °C, harvested, and cultured in YES medium + 15 pM thiamine for 5 h prior to RNA isolation.
Arrows indicate positions of extended transcripts. B. Methylene blue staining of the blot showing 18S

and 28S rRNA bands, used as a loading control. Images are representative of two independent
experiments.
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Pab2 plays a specific role in the decay of extended transcripts. In its absence, defective
transcripts produced in the P.nmt-dbp2 mutant strain may no longer be effectively

targeted.

7.4 Transcription termination is delayed in the absence of Dbp2

The reduced levels of CPAC components in the soluble pool, unable to sustain normal
3’-end processing, lead to decreased RNA cleavage efficiency in Dbp2-depleted cells.
Although RNA cleavage and transcription termination are distinct events, transcription
termination is linked to co-transcriptional RNA cleavage (Rodriguez-Molina et al.,
2023), this raises the question of whether Dbp2 depletion also affects transcription
termination. In order to assess the impact of Dbp2 loss on RNAPII transcription
termination, chromatin-immunoprecipitation of RNAPII followed by sequencing had
been carried out with wild type (dbp2-3myc) and P.nmt-dbp2 (P.nmt-dbp2-3myc) cells.
Using S. cerevisiae spike-in for normalisation of levels, a global reduction of RNAPII
levels at transcribed genes was observed upon depletion of Dbp2 (Figure 7.4A). To
assess whether transcription termination was impacted upon loss of Dbp2, metagene
analysis of RNAPII coverage across the transcription units of RPGs was performed.
The peak in RNAPII coverage at the 3’-end of genes was shifted downstream in Dbp2-
depleted cells when compared to wild type cells, suggesting a delay in transcription

termination (Figure 7.4B).

As discussed in section 1.2.2.3 of the introduction, one of the widely accepted models
for termination of RNAPII-mediated transcription is cleavage-coupled transcription
termination, in which RNAPII kinetically competes with the 5’-3’ exonuclease
Dhpl/Ratl/Xrn2. Dhp1 degrades the nascent 3’-fragment generated during cleavage

and promotes transcription termination upon reaching RNAPII (Kim et al., 2004,

168



Chapter7

Larochelle et al., 2018; West et al., 2004). Due to this competition, both faster RNAPII
elongation rates and delays in RNA cleavage can delay transcription termination. Even
though it is not possible to definitively distinguish between these two possibilities, as
the rates of RNAPII during transcription have not been measured in mutant and wild
type cells. However, when the RNAPII ChIP signal was normalised to the annotated
PAS-cleavage site, cumulative levels of RNAPII density across the termination zones
appeared in Dbp2-depleted cells in relative to declined RNAPII density at this zone in
the wild type cells (Figure 7.4C), indicating a slow transition of RNAPII through the

termination zone in the mutant.

Figure 7.4 | RNAPII density across the termination zone increased upon the depletion of Dbp2

A. Mean integrated counts of RNAPII-ChIP-seq reads over annotated features in dbp2-3myc or
P.nmt-dbp2-3myc (n = 2) after a 9 h depletion period. Cells were grown in EMMG overnight at 30
°C, harvested, and cultured in YES for 9 h, then mixed with S. cerevisiae in a 5:1 OD, ratio prior to

chromatin isolation and IP against total RNAPII (a-Rpbl (8WG16), n=2). ChlP-seq was carried out
by Cornelia Kilchert. Contours of a 2d density estimate are shown in grey. Integrated counts were
normalised to the number of total S. cerevisiae reads for each sample before calculating the mean.
B. Metagene analysis of the mean RNAPII ChIP-seq signal was performed across ribosomal protein
genes (RPGs), including 200 bp upstream and 500 bp downstream of the annotated transcription
units. Mean coverage was normalised to the maximal peak height by applying a constant scaling
factor, indicated by the grey horizontal line. The schematic above the left panel represents an RPG
of median length. In the left panel, the positions of the transcription start and end sites within the
metagene are distributed around the given coordinate due to varying feature compression depending
on gene length. C. Metagene analysis of the mean RNAPII ChIP-seq signal was performed across
ribosomal protein genes (RPGSs), including 200 bp upstream and 500 bp downstream of the
annotated transcription units around the polyadenylation and cleavage site (PAS). Mean coverage
was normalized to RNAPII levels at the PAS by applying a constant scaling factor, indicated by the
grey horizontal line. The schematic above the left panel represents an RPG of median length. In the
left panel, the positions of the transcription start and end sites within the metagene are distributed
around the given coordinate due to varying feature compression depending on gene length. D. Co-
immunoprecipitation of the largest subunit of RNAPII, Rpb1-HTP, was performed in the presence
and absence of Dbp2 using IgG sepharose beads. The pull-down was probed with a-Hise antibody
to detect Rpb1 levels, a-Ubi to examine the ubiquitination pattern of Rpb1, and a-GAPDH as a
loading control for the input samples. 10% SDS-PAGE gels were used, with molecular sizes indicated
on the left. Images are representative of three independent experiments, (n = 3).
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Furthermore, higher RNAPII occupancy observed in the termination window of Dbp2-
depleted cells, which may indicate RNAPII stalling. A conserved mechanism for
removing stalled RNAPII from DNA involves its ubiquitination followed by degradation
via the proteasome complex (Gomez-Herreros et al.,, 2012). To determine whether
ubiquitinated RNAPII levels increase in the absence of Dbp2, affinity purification of C-
terminally HTP-tagged Rpbl, the largest subunit of RNAPII, was performed both in the
presence and absence of Dbp2. The ubiquitination status was then analysed using an

anti-ubiquitin antibody (Figure 7.4D). No significant difference in Rpb1 ubiquitination
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levels was detected between wild type and Dbp2-depleted cells, suggesting that the
accumulated RNAPII density at the termination zone upon Dbp2 loss does not involve
stalling-dependent ubiquitination of RNAPII. This may be attributed to the abundance
of RNAPII-CTD serine 5 phosphorylation in Dbp2-depleted cells (Figure 5.1D), a

modification known to inhibit RNAPII ubiquitination (Somesh et al., 2005).

7.5 Discussion

Chapter 7 examines the cellular consequences of Dbp2 depletion to define the specific
MRNP stage at which Dbp2 functions, with a detailed assessment of the impact of its
loss on phenotypes associated with a given RNA processing step, as well as the
subcellular localisation and distribution of poly(A)+ RNA and CPAC components.
Detailed analysis is particularly critical, as pleiotropic effects complicate the study of
RBPs, with mutations often resulting in broad and overlapping phenotypes that cannot
be easily linked to a singular RNA processing event (Albulescu et al., 2012; Herzel et

al., 2018; M. J. Moore & Proudfoot, 2009).

A central finding in the first section of this chapter is that Dbp2 is essential for the
release of poly(A)+ RNAs from nuclear compartments and the regulation of their
subsequent export to the cytoplasm. In addition to the general nuclear retention of
poly(A)+ RNA, a fraction of this RNA accumulates in structures known as cleavage
bodies. Further assessments addressing the retention in cleavage bodies using double
mutants with the MTREC complex have revealed distinct retention pathways, implying
that different factors contribute to RNA retention in the P.nmt-dbp2 background. As
poly(A)+ RNA retention could be due to impaired RNA export, the observed changes
in the subcellular localisation of these export factors and the impaired recruitment of

Mlo3 to poly(A)+ RNA in the absence of Dbp2 further support the importance of Dbp2
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in the proper recruitment of RNA export factors. Finally, the retention of poly(A)+ RNA
in the absence of Dbp2 is not due to hyperadenylation. This finding helps clarify the
distinction between early and later mRNP assembly-associated phenotypes within the
broader mRNA maturation pathway with respect to the stage at which Dbp2 acts.
These results suggest that Dbp2 may be involved in processes preceding
polyadenylation, such as mRNP assembly or the recruitment of export factors, rather

than in the regulation of poly(A)-tail length itself.

A critical finding is the depletion of CPAC components from the soluble fraction upon
Dbp2 depletion, coupled with their retention on chromatin. The CPAC factors, which
should be released into the soluble pool after mMRNA processing, remain trapped on
chromatin in Dbp2-depleted cells. This phenomenon, the reduced solubility of CPAC
components in Dbp2-depleted cells, is where CPAC components becomes
sequestered in the chromatin-associated fraction, likely as part of a larger mRNP
complex still associated with nascent RNA. The use of DNase treatment, which
releases chromatin-associated CPAC components, further supports this hypothesis,
highlighting the physical interaction of CPAC factors with chromatin in Dbp2-depleted
cells. This, in turn, could contribute to the observed defects in RNA cleavage and the
accumulation of 3’-extended transcripts (section 7.3). This reduction in the soluble
CPAC pool may limit the number of processing factors available to complete cleavage,
leading to readthrough transcription and the generation of longer 3'-UTRs. This
indicates that Dbp2 plays an essential role in the release and recycling of CPAC
components from mRNAs after they have undergone 3'-end processing. These results
highlight Dbp2 as a key regulator in the spatial and temporal coordination of mRNA
assembly by regulating a checkpoint in mMRNP assembly, which was previously

established (Qu et al., 2009). The sequestration on chromatin is likely the contributing
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factor for the observed nuclear retention of poly(A)+ RNAS, preventing them from being
efficiently exported to the cytoplasm. This suggests that Dbp2 functions as a dynamic
regulator of mRNA flux, controlling the release of mRNA processing factors and
ensuring the timely maturation and export of mRNAs. It also explains Dbp2’s role as a
global regulator of RNAPII-dependent RNA biogenesis. Upon checkpoint failure in
Dbp2-depleted cells, RNA processing intermediates stall or accumulate on chromatin,
disrupting the flow of RNA maturation. This possibly in turn results in a global reduction
in both RNAPII recruitment to chromatin and subsequently lowered transcript levels,

occurring as a secondary effect in cellular gene regulation.

The initial set of experiments demonstrated that the depletion of Dbp2 leads to a
redistribution of CPAC components, such as Pcfll, Rnal5, Msi2, and CPAC-
interacting protein Sebl, from their typical localised nuclear foci to the RNAPII
compartment. Moreover, the fact that transcriptional inhibition can rescue the
mislocalisation of CPAC components in Dbp2-depleted cells is particularly insightful.
This suggests that Dbp2’s action is dependent on ongoing transcription and the
nascent RNA's interaction with chromatin. The restoration of Pcf11 localisation in the
absence of Dbp2 under these conditions reinforces the idea that Dbp2’s role in RNA
processing occurs downstream of transcription. It indicates that the proper localisation
and release of CPAC components are likely tightly coupled to transcriptional events,
and Dbp2 functions in the context of mMRNA biogenesis as the transcript is being

synthesised and processed.

Dbp2 might act to facilitate a transition from the "chromatin" phase of mRNA
processing to the "export" phase by coordinating the release of processing factors at
the appropriate time in response to transcriptional cues. The observation that CPAC

components become sequestered on chromatin in the absence of Dbp2 reveals a
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potentially overlooked aspect of chromatin's involvement in RNA maturation. The
improper retention of MRNA processing factors on chromatin, instead of in the soluble
MRNP pool, points to an important regulatory mechanism: the sequestration of
processing machinery can stall mMRNA maturation and prevent the correct assembly of
export-competent mRNPs. This highlights a mechanism through which chromatin-
associated factors could potentially regulate the fate of mRNA transcripts by

influencing their transition from processing to export.

Finally, the analysis of transcription termination in Dbp2-depleted cells revealed a
delay in the proper termination of RNAPII-mediated transcription. The shift of RNAPII
coverage downstream of the canonical termination site suggests that transcription
termination is delayed in the absence of Dbp2. This delay may be a consequence of
impaired RNA cleavage, as cleavage-coupled termination is thought to rely on the
proper processing of nascent transcripts. Furthermore, the increased RNAPII density
in the termination region in Dbp2-depleted cells suggests that RNAPII elongation may
be prolonged, possibly due to the accumulation of unprocessed or improperly
processed RNA. Increased RNAPII density is often associated with stalling of the
polymerase, which may explain the reduction in the expression of downstream
convergent genes (Figure 7.3D) (Hobson et al., 2012; Lemay & Bachand, 2015). The
lack of increased ubiquitination of RNAPII in these cells however suggests that the
delay in termination is not due to RNAPII stalling but rather to a defect in transcription

termination that is indirectly linked to Dbp2’s role in RNA processing.

Challenging the hypothesis that MTREC/PAXT components compensate for RNA
cleavage inefficiency upon Dbp2 loss, mutants like Redl, Pab2, and Iss10 deletions
do not improve RNA cleavage in Dbp2-depleted cells. This indicates that Dbp2's role

in 3'-end processing is not compensated by MTREC/PAXT. Therefore, Dbp2’s function
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in releasing CPAC components and ensuring efficient RNA cleavage is independent
of the MTREC/PAXT pathway in this context. Pab2, however, appears to be involved
in the decay of defective extended transcripts, as its absence in Dbp2-depleted cells
leads to higher accumulation of these isoforms. This suggests that Pab2, as part of the
MTREC complex, plays a role in RNA surveillance and degradation of defective
extended transcripts, consistent with the additive effect on poly(A)+ RNA retention in
double mutant cells (sub-section 7.1.2). Increasing evidence points to a complex
interplay between 3'-end processing and nuclear surveillance, where RNA transcripts
directed to decay are cleaved by the CPAC complex and handed over to the MTREC
complex (Bresson et al., 2015; Chen et al., 2011, Lee et al., 2020; Vo et al., 2019;
Yamanaka et al., 2010; Zhou et al., 2015). Msi2’s direct interaction with Pab2 and/or
Mmil may suggest a new pathway for the decay of defective extended transcripts (Soni

et al., 2023).

The results of this study paint a coherent picture of how Dbp2, a DEAD-box ATPase,
orchestrates key steps in the early stages of mRNA biogenesis, licensing for RNA
export and is coupled to the release and recycling of the cleavage and polyadenylation

complex (CPAC).
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Chapter8 GENERAL DISCUSSION AND CONCLUSION

In this thesis, a novel function of the DEAD-box ATPase Dbp2 was identified, revealing
its critical role in coordinating mMRNA export by facilitating the release of CPAC
components, supporting the mRNP assembly checkpoint at 3'-ends proposed by Qu

et al., 20009.

The study starts with a biochemical characterisation of S. pombe Dbp2 and in
vitro analyses to assess its enzymatic activity, revealing that its highly conserved
helicase core supports active RNA helicase functions, facilitating efficient RNA duplex
unwinding (Chapter 2). These findings supported the hypothesis of this thesis,
proposing a potential role for Dbp2 as an RNPase in mRNP assembly within the
cellular environment through the regulation of RNA-protein complexes. The genome-
wide mapping of Dbp2 revealed its mapping primarily to the 3'-end of genes in the
termination window (Chapter 4). Further analysis of its interactome demonstrated its
association with factors involved in RNA processing, particularly CPAC and several

RNA export factors, including Mex67 and the Yral the homologue Mlo3.

Notably, the interactome data also identified an interaction between Dbp2 and
the MTREC (Mtl1-Redl core) complex, which plays a role in RNA surveillance by
targeting transcripts for degradation by the nuclear exosome (Chapter 5). Before
proceeding with mutant analyses to assess the functional consequences of Dbp2 loss
in cells, the interactome data prompted a revisit of previously reported subnuclear
structures in S. pombe, referred to in this study as cleavage bodies due to their
similarity in composition to human cleavage bodies (Li, et al., 2006; Schul et al., 1996;
Sugiyama & Sugioka-Sugiyama, 2011) (Chapter 6). The 3’-end formation factors and
MTREC were known to co-localise in cleavage bodies in S. pombe (Sugiyama et al.,

2012, 2013; Sugiyama & Sugioka-Sugiyama, 2011; Yamanaka et al., 2010), Dbp2 was
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also found to co-localise with these RNA processing and surveillance factors within
these bodies, supporting the interactome data. Further analyses suggested that
cleavage bodies potentially function as storage compartments for CPAC factors,
buffering their levels until recruitment to active transcription sites for processing, rather
than being sites of bulk RNA cleavage. This raises an interesting question of whether
the recruitment of these factors from cleavage bodies to their functional sites is also

subjected to a regulation.

When the cellular consequences of Dbp2 depletion were assessed (Chapter 7),
a disruption in the balance of mMRNP assembly was observed, primarily triggered by
the unavailability of the CPAC components in the unbound fraction, due to their
sequestration on chromatin, leading to a detrimental chain of events in the downstream
steps of MRNP assembly, including inefficient RNA cleavage and increased usage of
distal PAS sites, leading to 3’-UTR extensions and delayed transcription termination,

subsequent poly(A)+ RNA retention within the nucleus.

Among the core 3'-end processing factors, only Hrpl (the Msi2 S. cerevisiae
orthologue) shuttles between the nucleus and cytoplasm, suggesting that most CPAC
components must be released and recycled within the nucleus (Hammell et al., 2002).
These findings position Dbp2 at the intersection of 3'-end RNA processing and RNA
export, marking it as a key enzyme at this intersecting mRNP assembly checkpoint.
This checkpoint likely represents a critical step in RNA biogenesis, where the ATP-
driven action of Dbp2 may facilitate the transition of RNA from a chromatin-bound to
an export-competent form. This process is regulated by the release and recycling of
CPAC components, potentially in an energetically controlled manner, and prepares the

processed transcripts for export to the cytoplasm.
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8.1 What is the mechanism of retention on chromatin in the absence of Dbp2?

Defects in mRNA processing have long been shown to result in the retention of
transcripts at the transcription site (Custédio et al., 1999; Eberle et al., 2010; P. Hilleren
& Parker, 2001; Palazzo et al., 2024; Rougemaille et al., 2007), suggesting the
existence of quality control checkpoints during early mRNP assembly that ensure
proper mRNA processing. The checkpoint (Qu et al., 2009) that is mediated by Dbp2
corresponds to the release and recycling of CPAC components into the soluble pool
for subsequent rounds of pre-mRNA processing. In the absence of Dbp2, CPAC
retention on chromatin is observed as a result of incomplete mRNP checkpoint
completion, and RNA retention is likely due to a failure to release RNA from chromatin
after transcription. Although the precise mechanism by which Dbp2 mediates the
release of CPAC and/or RNA from chromatin—likely as part of a coupled process—is
not yet fully understood, a hypothetical model can be proposed based on the findings

of this work and several other studies.

One possibility aligns with such a retention mechanism revolves around Msi2-Mex67
axis (the S. pombe homologues of Hpr1-Mex67). In S. cerevisiae, auxiliary sequences
at the PAS are recognised through direct interactions with the RRM domains of
cleavage factors Rnal5 (CFIA) and Hprl (CFIB), with Rnal4 (CFIA) serving as a
bridging factor (Barnwal et al., 2012; Chen & Moore, 1992; Pancevac et al., 2010;
Pérez-Caadillas, 2006). If Hrpl is the only component of CFI which is exported, CFIA
(Rnal4-Rnal5-Clpl1-Pcfll) must be dissociated from Hrpl and the processed mRNA
in order for both efficient export of the transcript and intranuclear recycling of CFIA to
proceed. Supportingly, the RNA-interactome capture (RIC) in S. pombe has revealed
significant enrichment of Rnal4, Rnal5, and Msi2 in wild type cells, while other CFIA

subunits, including Pcfll, Clpl1, and Ctfl, were not detected by crosslinking (Kilchert
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et al., 2020). These findings suggest that the release of Rnal4, Rnal5, and Msi2 may
represent a rate-limiting step, with Dbp2-driven mRNP remodelling potentially
occurring along the Msi2-CFIA axis. This remodelling, possibly through direct
interaction with the export receptor Mex67, could facilitate the dissociation of CFIA
from Msi2, which is bridged by Rnal4, while Msi2 remains bound to RNA, a mark for
export competency. In support of this, the budding yeast Hrpl has been shown to
recruit the export receptor Mex67 following proper 3’-end cleavage, thereby directing
the mRNP to the export pathway (Li et al., 2023). The Dbp2-Msi2-Mex67 axis appears
to be critical for export competency. Consistent with this, in budding yeast, Dbp2 has
been proposed to facilitate the formation of the Yral-Mex67-Nab2 complex (Ma et al.,
2013), which is essential for proper mRNA export. Therefore, hypothetically, Dbp2-
mediated mRNP remodelling occur at the 3’-end of the genes, mediating the release
of CFIA components (Rnal4-Rnal5-Pcfll) upon the recruitment of the export

receptor, Mex67.

The mRNP remodelling by Dbp2 corresponds to an early RNA biogenesis step during
the life cycles of mMRNAs, possibly leads to the destabilisation of CFIA both from
Msi2/Hrpl and mRNAs. Given the importance of Msi2/Hrpl in the formation of Dbp2-
mediated, export-competent mRNPs, this raises the question of conservation. In higher
eukaryotes, no orthologues of Msi2/Hrpl are annotated, which leads to concerns
whether the Dbp2/DDX5-mediated remodelling process is conserved across species.
In mammalians, CFI(m)68/CPSF6 is the only known component of CPAC complex that
shuttles between nucleus and cytoplasm and also to interact with the export receptor,
NXF1 (Mex67) and stimulate mRNA export (Ruepp et al., 2009), which increases the
likelihood that Msi2/Hrpl and CFI(m)68 could be functionally redundant. A

complementation assay will help to identify if that is the case.
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A similar RNA retention phenotype of 3'-processed transcripts at the transcription site
was also observed in RNAPII-CTD truncation, indicating that the RNAPII-CTD is also
essential for mMRNA release from chromatin (Custodio et al., 2007). This could be due
to its impaired phosphorylation status in the truncated version, since its differential
phosphorylation facilitates the recruitment of necessary factors during transcription
cycle (Corden, 2016). This raises an intriguing possibility for an alternative retention
mechanism, where the release from chromatin could be an independent step in gene
expression, requiring an active component typically recruited by the full-length RNAPII-
CTD, possibly via its serine 2 phosphorylation. For the RNAPII-CTD & 3’-end
processing axis, the interactions of RNAPIISe2P with the CFIA components, Rnal4 and
Pcfll, as well as with the CPAC-interacting Seb1, have been reported (Barilla et al.,
2001; Mayer, Schreieck, et al., 2012; Sadowski et al., 2003; Wittmann et al., 2017).
Interestingly, Dbp2 was identified as one of the most highly enriched protein in Sebl
purification (Lemay et al., 2016). Notably, the RIC analysis in S. pombe using wild type
cells revealed strong enrichment of the CPAC-interacting protein Sebl on poly(A)+
RNA, alongside Rnal4, Rnal5, and Msi2 (Kilchert et al., 2020), classifying Seb1l into
the rate-limiting factor category for the release and recycling of CPAC, & - associated

factors.

Since the resemblance of phenotypes from both RNAPII-CTD and Dbp2 mutant
studies, have led to the possibility of the RNA release from chromatin as an
independent step, a possible mechanism might be via formation of transient
condensates at the termination window. If that were the case, RNAPII-S¢2P would play
the critical part, as this phosphorylation marks the termination window and allows the
recruitment of these 3’-end RNA processing and associated factors. This possible

scenario is in line with the published reports for each protein, Dbp2, RNAPII-CTD, and
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Sebl, as all have the ability to induce phase separation (Ding et al., 2023; Flores-Solis

et al., 2023; Hondele et al., 2019).
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Figure 8.1 | A hypothetical model depicting Dbp2-mediated checkpoint completion for the
assembly of export-competent mRNP

Qu et al., 2009, proposed the presence of a checkpoint during mRNP assembly, where the recycling
of 3'-end processing factors enables their reuse on new precursor transcripts and is coupled with the
recruitment of export factors. Li et al., 2023, proposed that budding yeast Hrpl (the homologue of
Msi2 in S. pombe) recruits the export receptor Mex67 upon 3'-end cleavage, directing the mRNP to
the export pathway. This current study shows strong evidence that Dbp2-driven RNPase activity
occurs at the 3'-ends, mediates the release of the cleavage body complex (CFIA) components. The
retention of RNA is possibly as a result of a failure in the recruitment of export receptor.

Furthermore, in this study, no evidence has been found linking Dbp2 directly to MTREC
function. Interestingly, recent studies suggest that 3’-end processing and the nuclear
surveillance machinery work in a coordinated manner, where RNA transcripts destined
for degradation are cleaved by the CPAC complex and then transferred to the MTREC
complex (Bresson et al., 2015; H. M. Chen et al., 2011; S. Y. Lee et al., 2020; Vo et
al., 2019; Yamanaka et al., 2010; Zhou et al., 2015). Notably, Msi2 has been shown to

directly interact with Pab2 and/or Mmil components of the MTREC complex (Soni et
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al., 2023). In light of the Dbp2-MTREC-CPAC axis findings from this study, the
interaction between Dbp2 and Msi2 may further be the critical link in this network,

suggesting the potential existence of a novel link on RNA surveillance mechanism.

8.2 Is Dbp2-dependent mechanism conserved in higher eukaryotes?

Choi et al., 2024 conducted pulse-chase mMRNA interactome-capture experiments in
humans to track mRNA-protein interactions across the mRNA life cycle. Their study,
which led to a publicly accessible database of over 800 human RBPs, calculated the
peak binding times (in minutes) for poly(A)-RNA-binding proteins. Depending on their
peak binding times, these proteins were categorised into seven clusters, with Cluster |
representing the earliest binding times and Cluster VIl the latest. Notably, the human
Dbp2 orthologue, DDX5 and its paralogue DDX17 were classified in Cluster Il, which
also includes most 3'-end maturation as well as some splicing factors, indicating that
their temporal recruitment patterns match. This clustering overlap suggests a possible
conserved role for Dbp2/DDXS5 in higher eukaryotes at the 3'-end of genes, where the
DEAD-box may help release and recycle CPAC factors after they have executed their
function. Furthermore, this overlap may also reflect the greater complexity of mRNA
processing in mammals, where 3'-end maturation is intricately linked to splicing. In
mammals, the crosstalk between RNA 3'-end formation and splicing is well
established, and splicing efficiency is considered as a determinant of 3'-end cleavage
(Reimer et al., 2021). For example, the sequences within the final intron of the human
triosephosphate isomerase (TPI) gene are essential for proper 3'-end formation (Nesic
et al., 1993). U1 small nuclear ribonucleoprotein (snRNP) binding to introns is known
to repress premature 3'-end cleavage (Berg et al., 2012; So et al., 2019; Vagner et al.,
2000), whereas interactions of U2 snRNP with CPAC factors promote cleavage

ensuring proper 3'-end processing (Kyburz et al., 2006).
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8.3 Graphical summary
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In this study, the interaction of Dbp2 with the cleavage and polyadenylation complex
(CPAC) is demonstrated, and its localisation to cleavage bodies, enriched for 3’-end
processing factors and proteins associated with nuclear RNA surveillance, is observed.
Upon loss of Dbp2, 3’-processed & polyadenylated RNAs accumulate on chromatin
and within cleavage bodies, coinciding with a depletion of CPAC components from the
soluble pool (unbound fraction). Under such circumstances, cells exhibit an increased
propensity to bypass polyadenylation sites, coupled with a delay in transcription
termination, indicating inadequate availability of CPAC components to uphold normal
levels of 3’-end processing. These findings align with a proposed model wherein Dbp2
is implicated in formerly proposed an mRNP remodelling checkpoint (Qu et al., 2009)

that licenses RNA export, intricately linked to the release of CPAC.

8.4 Future directions and outlook

In this study, an RNP-remodelling helicase Dbp2 shown to play a key role in facilitating
the release of CPAC factors into the soluble pool. In its absence, both CPAC factors
and 3'-processed transcripts are retained on chromatin. This highlights the need for
more refined subcellular fractionation techniques in yeast models, particularly for
differentiating between nuclear compartments such as chromatin and nucleoplasm, a
challenge that persists in this system. In contrast, the resolution and effectiveness of
subcellular fractionation methods in mammalian cells are well-established. A recent
study by letswaart et al. (2024) demonstrates the utility of this approach, revealing that
chromatin release is a rate-limiting step for subsequent nuclear export, as measured
by RNA residence times in different compartments. Notably, transcripts with extended
residence on chromatin were shown to have longer poly(A)-tails (letswaart et al.,
2024), a key factor as poly(A)-tail length is linked to mMRNA metabolism (Passmore &

Coller, 2022). Identifying transcripts in the chromatin or nucleoplasm fractions upon
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subnuclear fractionation in mutant cells will help characterise compartment-specific
features of mRNAs, which is a goal for future studies. A fraction of poly(A)+ RNA
retained in the absence of Dbp2 is sequestered in cleavage bodies (Figure 7.1.1). To
explore whether these 3’-processed, polyadenylated RNAs share common features,
biotin-dependent proximity labelling (e.g., APEX) (Fazal et al., 2019) can be used. A
scenario for the sequestration of poly(A)+ RNA in cleavage bodies upon Dbp2
depletion could involve slower splicing kinetics, potentially leading to a higher
prevalence of intron-containing transcripts in these structures. This method biotinylates
RNAs within 10-20 nm, allowing the detection of specific RNA populations in close
proximity, which could help address the question.

Building on the findings of this study, which provide strong evidence for Dbp2’s novel
role as an mRNP remodeller during RNAPII-mediated transcription, it would be highly
interesting to investigate the compositional differences of mRNPs at different stages of
remodelling. This could involve examining the roles of other transcriptionally-potent
DEAD-box ATPases, such as Uap56 (Sub2) and Dbp5, alongside Dbp2. A promising
method to achieve this could be poly(A)-interactome capture (RIC) of UV-crosslinked
RNA-protein complexes, enabling the identification and comparison of mRNP
compositions. Based on the indications in this study, 3'-end formation factors,
particularly CFIA components, are expected to be enriched on poly(A)+ RNA in the
absence of Dbp2, and this could be further validated using this method and help
uncover potentially a novel layer in regulation of gene expression.

Furthermore, RNAPII density at the termination zone was found to be increased in
Dbp2-depleted cells using RNAPII-ChIP-seq. However, standard ChIP analysis lacks
strand specificity, limiting its resolution in identifying the exact cause of RNAPII
accumulation. To address this, the crosslinking and cDNA analysis (CRAC) approach,

which targets RNA—protein complexes by pulling down the largest subunit of RNAPII,
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followed by RNA isolation, reverse transcription, library preparation, and sequencing,
could be employed. When applied to both wild type and Dbp2-depleted cells, this
method would pinpoint specific RNA sites of RNAPII binding and help determine
whether RNAPII crosslinking downstream of the 3'-UTRs is obstructed by bound
proteins or terminator structures. This would provide deeper insights into the regulation
of gene expression in the absence of Dbp2.

Previous studies have demonstrated that slow elongation, induced by the Rpb1-R749H
mutant, leads to more proximal termination, while fast elongation, caused by the Rpb1-
E1126G mutant, results in more distal termination (Fong et al., 2015). To explicitly
differentiate whether the transcription termination delay observed in Dbp2-depleted
cells is exclusively due to inefficient cleavage rather than alterations in RNAPII
elongation speed, it would be valuable to investigate whether termination defects in
Dbp2-depleted cells can be suppressed by introducing the slow RNAPII mutant.

A key question in the field of DEAD-box ATPases is how family members with similar
helicase core and no RNA sequence specificity perform diverse functions. Some
DEAD-box helicases are tightly regulated and activated by specific co-factors.
Therefore, understanding whether Dbp2’s mRNP remodelling activity at gene 3'-ends
is influenced by interactions with other factors is crucial. In this context, Rmtl, an
arginine methyltransferase, was found to be highly enriched in Dbp2 purification data
(sub-chapter 5.5), and Dbp2 exhibits very efficient helicase activity in vitro (sub-chapter
2.3). This suggests that Dbp2's activity may be regulated by a protein-protein
interaction, possibly involving Rmtl-mediated arginine methylation. Rmtl-mediated
arginine methylation of proteins however seems to show different effects when it
comes to their biochemical and cellular activities (Hung et al., 2010; Perreault et al.,
2007). Therefore, investigating the Dbp2-Rmtl interaction in future studies would be

particularly interesting.
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Chapter9 Materials and Methods

9.1 Materials

9.1.1 List of chemicals and consumables

Chemicals and Consumables Supplier
2-mercaptoethanol Merck
2-Propanol Carl Roth
Acetic acid VWR Chemicals

Acrylamide 4K solution (30 %) — Mix 37:5
Adenine hemisulfate salt

Agar bacteriology grade

Agarose

Ambion Maxiscript-T7 In Vitro Transcription Kit
Amersham Hybond nylon membranes
Ammonium persulfate (APS)

Ampicillin

Anti-Digoxigenin AP Fab fragments
ATP

BCA Protein Assay Kit

Benzamidine HCI

BLX-254, UV-crosslinker

Bacto™ Yeast extract

Boric acid (BH303)

Bovine serum albumin (BSA)
Bromophenol blue

CDP-Star AP substrate

Chloroform

Clarity Max ECL solution

Coomassie Brilliant Blue G-250
Coomassie Brilliant Blue R-250
D-Glucose Monohydrate

Dialysis membrane Membra-Cel™
DIG-Easy-Hyb solution

Dimethyl sulfoxide (DMSO)

Disodium hydrogen phosphate
Dipotassium phosphate (K2HPOa4)
Disodium phosphate (NazHPQa4)
Dithiothreitol (DTT)

dNTPs (dATP, dTTP, dCTP, dGTP)
D-Sorbitol

Dynabeads™ Protein G

Ethanol

Ethylenediaminetetraacetic acid (EDTA)
Ethyleneglycol-bis(aminoethylether)tetraacetic acid
(EGTA)

Ficoll 400®

Formaldehyde
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AppliChem Gmbh
Sigma-Aldrich
Applichem Gmbh
Applichem Gmbh
Thermo Scientific
GE Healthcare
VWR Chemicals
Applichem Gmbh
Roche Diagnostics
Jena Bioscience
Novagen

MP Biomedicals
Vilber Lourmat
BD Biosciences
Applichem Gmbh
Sigma-Aldrich
Applichem Gmbh
EMD Millipore
Merck

Bio-Rad
Applichem Gmbh
Applichem Gmbh
Sigma-Aldrich
Carl Roth

Roche diagnostics
Grussing GmbH
Sigma-Aldrich
Grussing GmbH
Carl Roth
Sigma-Aldrich
New England BioLabs
Carl Roth
Invitrogen

Fisher Chemical
Sigma-Aldrich
Merck

Carl Roth
ORG Laborchemie
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Formamide

Gel loading dye, purple (6x)

Gene ruler 1kb

Gel loading dye, purple (6x) w/o SDS
GFP-TRAP magnetic beads

Glass beads Acid-washed, 425-600 um
Genetecin (G418)

Glycerol

Glycine

Glycogen

Glycogen Blue

HDGreen™ DNA stain

HEPES

Herring Sperm DNA

HiFi DNA Assembly NEBuilder
Hydrochloric acid (HCI)

Hydroxyethyl Urea

Hygromycin

IGEPAL CA-630

IgG-coupled Dynabeads (tosylactivated M28)
IgG Sepharose 6 Fast Flow
Imidazole

Isopropyl B-D-1-thiogalactopyranoside (IPTG)
L-Glutamic acid monosodium salt
L-Histidine

L-Leucine

L-Lysine Monohydrochloride

Liguid Nitrogen

Lithium acetate

Lithium chloride

Magnesium chloride

Methanol

Monopotassium phosphate (KH2PO4)
Monosodium phosphate (NaH2POa4)
Nitrocellulose membrane

Nuclease free H20

Nucleospin Gel and PCR Clean-Up
NucleoSpin® Plasmid (NoLid)

NP-40

Parafiim® "M" Laboratory Film
Phenylmethane sulfonyl fluoride (PMSF)
Phosphoric acid

Plate reader Tecan Infinite F200 pro
Polyethylene glycol (PEG) 3800/4000
Polylysine

Polysorbate 20 (Tween 20)
Polyvinylpyrrolidone (PVP)

Ponceau S

Potassium chloride

Potassium phthalate monobasic
Potassium hydroxide
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Merck

NEB

Thermo Scientific
NEB

Chromotek
Sigma-Aldrich
ThermoFisher (Gibco)
Carl Roth
Labochem international
Sigma (Merck)
Invitrogen Thermo Fischer
Intas

Carl Roth
ThermoFisher (Invitrogen)
New England Biolabs
Carl Roth
Applichem Gmbh
MP Biomedicals
Sigma-Aldrich
Thermo Scientific
GE Healthcare
Merck

Carl Roth

Sigma Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Linde

Carl Roth

Merck

Merck
Merck-Millipore
Carl Roth

Merck

Bio-Rad

NEB

Macherey & Nagel
Macherey & Nagel
Sigma-Aldrich
BEMIS®

Carl Roth

Carl Roth

Tecan Group

Carl Roth
Sigma-Aldrich
Merck
Sigma-Aldrich
Serva

ORG Laborchemie
Sigma-Aldrich
Merck
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Powdered milk, fat free, blotting grade
PageRuler™ Prestained Protein Ladder, 10 to 180
kDa

Protease inhibitor cocktail

Protino® Ni-NTA Agarose

Protino Ni-IDA 150 columns
Rothi®-Mount FluorCare DAPI
Roti®-Aqua-Phenol

Salmon sperm DNA

Sodium acetate

Sodium chloride

Sodium citrate

Sodium deoxycholate

Sodium dodecyl sulfate

Sodium hydroxide

Sodium phosphate dibasic dihydrate
Sulfosalicylic acid
Tetramethylethylenediamine (TEMED)
Thiamine hydrochloride

Carl Roth
Thermo Scientific

Sigma Merck
Macherey-Nagel
Macherey-Nagel
Carl Roth

Carl Roth
Applichem GmbH
Merck

Merck

Carl Roth
Sigma-Aldrich
Serva

Merck

Sigma Aldrich
Merck

VWR

Sigma Aldrich

Thiolutin Cayman Chemical Company
Trichloroacetic acid (TCA) Merck

TRIS Carl Roth

Triton X-100 AppliChem Gmbh

TRIzol™ Reagent Invitrogen

tRNA from E. coli MRE600 Roche diagnostics

Uracil Sigma-Aldrich

Zero Blunt™ TOPO™ PCR Cloning Kit Invitrogen
9.1.2 List of equipment and devices

Equipment and devices Company

70 Ti

AM100, micro scale

Avanti JXN-26 Centrifuge

Bioruptor UCD-200, Sonication System
ChemoCam Imager ECL HR 16-3200
Deltavision Ultra High-Resolution Microscope
EPS 301, electrophoresis power supply
FastPrep-24TM 5G

Freezer/Mill® 6870D

Gel iX20, Transilluminator/gel docu

Hera safe, laminar flow cabinet
HeraFreeze HFU T Series

HT Multitron Pro shaking incubator

HXP 120 V, light source

IKA® KS 4000 ic control, shaking incubator
IKAMAG® RCT, magnetic stirrer

Incubator with HT Labotron, shaker
Incubator KS 400

JLA-8.1, JA-25.50, JA-10
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Beckman Coulter
Mettler-Toledo
Beckman Coulter
Diagenode

Intas

GE Healthcare

GE Healthcare

MP Biomedicals
Spex®SamplePrep
Intas

Thermo Fisher Scientific
Thermo Scientific
Infors

Kubler Codix

IKA Labortechnik
IKA Labortechnik
Aqua Lytic / Infors
IKA Labortechnik
Beckman Coulter
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Lab phenomenal pH 1000L, pH meter
LED bluelight transilluminator

Megafuge 40R

Micromanipulator the lens of 20X LWD/0.30
Milli-Q® integral water purification system
Mini-Protean® Tetra Electrophoresis Cell
Multi-functional Orbital Shaker PSU-20i
ND-1000, Spectrophotometer

Optima XPN-80 Ultracentrifuge

PCR Thermocycler

Pipetboy

PM2000, scale

Roller mixer Srt6

RCT basic, magnetic stirrer

Research Pipettes 2.5, 10, 20, 100, 200, 1000, 5000
pl

Rotator

SBH130D, block heater

Sonifier 250

Sunrise Microplate Absorbance Reader
SW22, shaking waterbath

Tabletop Centrifuge 5425, 5424R
Thermomixer

Trans-Blot® Turbo Transfer System
Unichromat 1500

Vakulan CVC 3000

Vortex-Genie 2

VX-150, autoclave

WT 12, tumbling shaker

9.1.3 List of enzymes

VWR

Nippon genetics
Thermo Scientific, Heraeus
Singer Instruments MSM
Merck

Bio-Rad

Grant-bio

NanoDrop

Beckman Coulter
Biometra Tadvanced
IBS Integra Biosciences
Mettler-Toledo

Stuart BioCote

IKA Labortechnik
Eppendorf

neolLab

Stuart®

Branson UltrasonicsTM
Tecan Group
Julabo

Eppendorf
Eppendorf

Bio-Rad

Uniequip
Vacuubrand
Scientific Industries
Systec

Biometra

Enzyme Supplier

Q5® High-Fidelity DNA Polymerase | NEB

Phire Hot Start I| DNA Polymerase Thermo Fisher Scientific
SuperScript Il RT Invitrogen

Biozym cDNA Synthesis Kit Biozym

Tobacco etch virus (TEV)-protease | in-house

Zymolyase 100T Carl Roth

Benzonase in-house

Restriction Enzymes NEB

Proteinase K Sigma Aldrich

Pronase Merck

Pierce™ HRV 3C Protease Thermo Fisher Scientific
DNase | Thermo Fisher Scientific
RNase A Applichem GmbH
RNase T1 Thermo Fisher Scientific
RNase Il Invitrogen

RNase H NEB

Kpnl NEB
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Hindlll NEB

RNase | Jena Bioscience
Protease Inhibitor Cocktail Sigma Aldrich
9.1.4 List of enzyme inhibitors

Enzyme Inhibitors | Supplier

RNasin Promega
RNaseOUT Invitrogen
9.1.5 List of Antibodies

Primary Antibody Supplier
Anti-GAPDH (GA1R) mouse mAb Medimabs
Anti-Flag M2 mouse mAb Sigma Aldrich

Anti-dimethyl-Arginine (ASYM24) rabbit pAb | EMD Millipore
Anti-Rpb1 mouse mAb (8WG16) EMD Millipore
Anti-mini-AID Biozol MBL
Peroxidase-Anti-Peroxidase (PAP) Sigma Aldrich
Anti-CTDSer2P rat mAb Abcam
Anti-CTDSer5P mouse mAb (H14) Hiss
Anti-c-Myc-HRP (clone 9E10) mouse mAb Biomol
Anti-Ubiquitin mouse mAb Sigma Aldrich
Anti-GFP mouse mAb IgG1k Roche
Secondary Antibody Supplier
Goat Anti-rat HRP Abcam

Goat Anti-rabbit HRP Sigma Aldrich
Goat Anti-mouse HRP Sigma Aldrich
Goat Anti-mouse (AF488) Elabscience

Goat Anti-rat (AF594)

Jackson ImmunoResearch Laboratories

Note: for Western blot analyses all primary antibodies were diluted in 1:1000 dilution,
except peroxidase anti-peroxidase (PAP), which was in 1:5000. All secondary
antibodies used for western blotting and subsequent protein detection diluted in

1:3000.
9.1.6 Antibiotics

A 1000x stock solution of each antibiotic was prepared in MQ H,O (see table below)

and used at a final concentration of 1:1000 dilution.

Antibiotics Concentration Source
1 G418 (Geneticin) 100 mg/ml ThermoFisher (Gibco)
2 Hygromycin 100 mg/ml MP Biomedicals
3 Nourseothricin 100 mg/ml Jena Biosciences
4 Kanamycin 50 mg/ml Applichem GmbH
5 Ampicillin 100 mg/ml Applichem GmbH
6 Chloramphenicol 100 mg/ml Applichem GmbH
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9.1.7 Media and Solutions

YES (Yeast
Extract with
Supplements) -
“Rich media”

EMMG (Edinburgh
Minimal Media
Glutamate) -

“Minimal media”

ME (Malt
Extract) —
“mating
media”

EMMG -URA

Yeast extract:

Potassium hydrogen
Phthalate:

Malt extract:

Potassium hydrogen
Phthalate:

59 39 309 39
Glucose: Sodium phosphate Agar: Sodium phosphate
dibasic dihydrate: dibasic dihydrate:
309 229 209 2249
Adenine L-Glutamic acid, Uracil: L-Glutamic acid,
hemisulfate: monosodium monosodium
salt monohydrate: salt monohydrate:
0.225¢ 3.79 0.225¢g 3.79
Leucine: 10 x amino acid stock | Histidine: Adenine
hemisulfate:
0.225¢g 100 ml 0.225¢ 0.225¢
Lysine 50 x salt stock: Leucine: Leucine:
hydrochloride:
0.225¢g 20 ml 0.225¢ 0.225¢
Histidine: 1,000 x vitamin stock: | Lysine: Lysine
hydrochloride | hydrochloride:
0.225¢g 1ml 0.225¢ 0.225¢
Uracil: 10,000 x mineral stock: | Adjust Histidine:
0.225¢g 0.1 mi pH to 5.5 0.225¢
20% Glucose stock: 50 x salt stock:
150 mi 20 ml
1000 x vitamin
stock:
1ml
10000 x mineral
stock:
0.1 ml

20% Glucose stock:
150 ml

Ingredients/ 1 litre

For solid media,
add 20 g agar
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50 x salt 1,000 x vitamin 10,000 x mineral 10 x Amino Acid-
Stock
MgCl2: 52.5g | Nicotinic CID: 10 g | Citric acid: 10 g Adenine: 2.25 mg
KCI: 50 g Inositol: 10 g Boric acid: 5 g Leucine: 2.25 mg
NaSOa4: 2 g Pantothenic acid: 1 g | MnSOas: 4 g Histidine: 2.25 mg
CaCl2: 0.735 g | Biotin: 0.010 g ZnS04: 4 g Lysine: 2.25 mg
FeCl2: 2 g Uracil: 2.25 mg
Potassium iodide: 1 g
CuS04:04 ¢

Supplements in 1 litre

Stock solutions

10 X TE (pH 7.5):

1 M LiAc (pH 7.5):

1 M Tris/HCI (pH 7.5):

0.5 mM EDTA:

50% PEG3350:

10 x PBS (pH 7.3):

Ponceau staining:

5 x SDS running buffer:

10 x transfer buffer:

1 x transfer buffer:

4 x separating buffer:

4 x stacking buffer:

100 mM Tris-HCI (pH 7.5), 10 mM EDTA
102.02 g LiAc to 800 ml MQ H20
121.1 g Tris to 800 ml MQ H20

192.04 g dissolved in 1 | MQ H20

Dissolve 250 g of PEG3350 (or PEG4000) in 350 ml of MQ
H20 (heat to >50 °C with stirring).

1.4 M NaCl, 27 mM KCI, 43 mM NazHPO4,14 mM KH2PO4,
in 2 litres

0.2% w/v Ponceau s, 3% TCA in 250 ml MQ H20

60.4 g TRIS, 288 g Glycine, 14.88 g EDTA, 20 g SDS in 4

litre MQ H20

30.28 g TRIS, 144.14 g Glycine, in 1 litre MQ H20

100 ml methanol, 100 ml 10 x transfer buffer, 800 ml MQ

H20

181.7 g TRIS, 3 g EDTA, 4 g SDS pH 8.8 in 1 litre MQ H20

60.6 g TRIS, 3 g EDTA, 4 g SDS pH 6.8 in 1 litre MQ H20
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10% separating gel:

4% stacking gel:

1.67 ml acrylamide (30 % — mix 37:5), 1.995 ml MQ H20,
1.25 ml 4 x separating buffer, 25 yl 10% APS, 50 pl 10%

SDS, 10 yl TEMED, in 5 ml total volume

0.67 ml acrylamide (30% — mix 37:5), 2.995 ml MQ H20,

1.25 ml 4 x stacking buffer, 25 pl 10% APS, 50 ul 10% SDS,

20 x TBS:

1 x TBST:

10x TBE:

100% w/v TCA solution:

9.1.8 Organisms

10 ul TEMED, in 5 ml total volume

60 g TRIS, 160 g NaCl, 4 g KCl pH 7.4 in 1 litre MQ H20

1 xTBS, 0.5 % Tween 20

1 M Tris, 1 M boric acid, 25 mM EDTA in 1 litre MQ H20

500 g TCA in 227 ml MQ H20

9.1.8.1 List of S. pombe strains

List of Strains used in this study
Strain Name Genotype Construction / Referenc
Source e
Lemieux
YP144 | wild type h+ Ie;dle-g_ZMuzr;igDB etal.,
2011
. h+ leul-32 ura4D18 Aydin et
YPCK426 | wild type 2de6-M216 cross YP144 al., 2024
YP144 transformed
with dbp2-
h+ leul-32 ura4D1 HTP:kanMX6
ade6-M2 enerated by two- Aydin et
YPCK100 | Dbp2-HTP | dbp2::dbp2-(his6- g oy Wi y
: step PCR using oligos | al., 2024
TEV-protein
A)-kanMXx6 #41/44/45/43 on
' pBS1479-HTP-
KanMX6
YP144 transformed
h+ leul-32 ura4D1 with srp2-
i ade6-M2 srp2::srp2- HTP:kanMX6 Aydin et
YPCK172 | Srp2-HTP (his6-TEV-protein generated by two- al., 2024
A):kanMX6 step PCR using oligos
#363-366 on
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pBS1479-HTP-

KanMX6
h+ ura4-294 leul-32 Wittmann
P.nmt- ade6-M210
YP510 - i et al.,
sebl sebl::ura4:P.nmtl- 2017
sebl-FLAG:NatMX
h90 ade6-216 leul- Hayashi
FY14996 | Dbp2-GFP | 22 Y ;g’l d‘gg;_ via NBRP Japan ctal.
GFP-HA:KanR
h+ ade6-216 leul-32
ura4-D18 cross FY14996 x Aydin et
YPCKI111 | Dbp2-GFP dbp2::dbp2-GFP- YP144 al., 2024
HA:KanR
h- ade6-216 leul-32
ura4-D18 Aydin et
YPCK424 | Dbp2-GFP dbp2::dbp2-GFP- cross YPCK111 al?/, 2024
HA:KanR
YPCK426
transformed with
h+ leul-32 ura4-D18 | msi2-3xsAlD:kanMX6
. ade6-M216 generated by two- Aydin et
YPCK625 | Msi2-AlD msi2::msi2- step-PCR using al., 2024
3xsAID:kanMX6 oligos #1039-1042 on
pFA6a-kanMX6-
3xsAID
h? leul-32 ura4-D18
ade6-M216
YPCKB45 Msi2-AlID msi2::msi2- cross YPCK625 x Aydin et
Dbp2-GFP 3xsAID:kanMX6 YPCK424 al., 2024
dbp2::dbp2-GFP-
HA:KanR
h- leu1-32 uraD18 Sug'éama
Red1- ade6-M210 . :
FY23618 tdTomato red 1 redl- via NBRP Japan Ssuuggi;/%kni:a
tdTomato:kanR 2011
h? leul-32 uraD18
Red1- adgf _Milio FY23618 Aydin et
redl::redl- Cross X ydin e
YPCK340 [g%;%r_"gf:% tdTomato:kanR YPCK111 al., 2024
dbp2::dbp2-GFP-
HA:KanR
h90 leul-32 ura4- Sugiyama
Red1- D18 ade6-M216 &
FY23603 | tdTomato redl::redl- via NBRP Japan Sugioka-
Mtl1-GFP tdTomato:hphMX4 Sugiyama
mtll::mtl1-GFP:kanR , 2011
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YPCK111
h+ ade6-216 leul-32 transformed with
Pab2- ura4-D18 pab2- _
YPCK476 | tdTomato dbp2..d.bp2-GFP- tdTomato:hygMX Aydin et
Dbp2-GEP HA:KanR generated _by two- al., 2024
pab2::pab2- step PCR using oligos
tdTomato:hphMX4 | #333/814/815/336 on
FY23603
h+ leul-32 ura4-D18
ade6-M216 Aydin et
YPCK554 | Mtl1-GFP — cross FY23603 al.. 2024
GFP:kanMX6
YP144 transformed
h+ leul-32 ura4D18 with ura4:P.nmtl1-
YP748 P.nmt- ade6-M216 his3-D1 | dbp2 generated with | Aydin et
dbp2 dbp2::ura4:P.nmtl- oligos al., 2024
dbp2 #5381/5087//5088/35
16 on YP510
strain generated by
pop-in/pop-out:
cassette containing
deletion generated
with oligos ex2-F/Di-
R/IDi-F/RTclose-R
subcloned into pCRII
.| hrleul-32 uradDi8 blunt TOPO, Kilchert
YP428 dbp2-i2A | ade6-M216 his3-D1 IBamH f i lab
dbp2::dbp2-i24 | oW DBamIt ragmen
igated into
Notl/BamHlI-restricted
pKS-URAA4; resulting
vector sequenced,
linearized with BseRI
and transformed into
YP144
h+ ura4D18 ade6-
P.nmt- M216 YP748 transformed
YP787 dbp2 + dbp2::ura4:P.nmtl- with p_DUAI__-dpr_- Aydin et
dbp2- dbp2 leul- FLAG linearized with | al., 2024
FLAG 32::P.dbp2-dbp2- Notl-HF
FLAG:leul
P nmt. h+ ura;l/lgig ade6- YP748 transformed
YP791 dbp2 + dbp2::ura4:P.nmtl- dg’v'thmBERUAL' Kilchert
K172R p2 -FLAG
db,EEAG ) Bdepg (Ijebué linearized with Notl- lab
dbp2K172R-FLAG:leul HF
h+ leul-32 uradD1g | Y1144 transformed
ade6-M216 with dbp2- Aydin et
YP805 Dbp2-myc dbp2:: i 3myc:KanMX
p2:.dbp2 al., 2024
3myc:kanMXx6 generated_ by sttep-
PCR using oligos
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#41/5315/45/43 on

pYM4
YP805 transformed
h+ leul-32 ura4D18 with ura4:P.nmtl1-
YP818 P.nmt- ade6-M216 his3-D1 | dbp2 generated with | Aydin et
dbp2-myc | dbp2::ura4:P.nmtl- oligos al., 2024
dbp2-3myc:kanMX6 | #5381/5087//5088/35
16
Sugiyama
h90 ade6-210 leul- &
SP253 red1A 32 ura4D::18 Sugioka-
red1A::KAN MX Sugiyama
, 2011
h+ leul-32 ura4-D18
P.nmt- ade6-M216/2107? Aydin et
YPCK606 dbp2 his3A::1? cross LV748 x SP253 al. 2024
red1A dbp2::ura4:P.nmtl- "
dbp2 red1A::kanMX6
h- leul-32 ura4D18 Lemieux
FBY107 pab2A ade6-M216 his3A::1 et al.,
pab2A::kanMX6 2011
h? leul-32 ura4-D18
Pamt. | LV748 Aydin et
is3A::17 Cross X ine
YPCKB09 | dbp2 [ 5. jrad:p.nmtl- FBY107 2l 2024
pab2A db
p2
pab2A::kanMX6
h+
. SPAC7D4.14c::kanR . Chen et
FY23936 iss10A 2de6-M217 leul-32 via NBRP Japan al., 2014
ura4-D18
h? leul-32 ura4-D18
P nmt- ade6-‘M216/210? _
YPCK607 dbp2 his3A::1? Cross LV748 X Aydin et
. dbp2::ura4:P.nmtl- FY23936 (via h-) al., 2024
iss10A
dbp2
iss10A::kanMX6
h+ leul-32 uraD18
Red1- ade6-M210 Aydin et
YPCKaar tdTomato redl::redl- cross FY23618 al?/, 2024
tdTomato:kanR
h90 leul-32 ura4- .
Rhnl- Sugiyama
FY23522 | tdTomato |  D182de6-M210 via NBRP Japan oAl
Pcf11-GEP rhnl-tdTomato::hph 2012
pcfl1l-GFP::kan
h- leul-32 ura4D18
YPCK602 P.nmt- ade6-M216 his3-D1 Cross Aydin et
dbp2 dbp2::ura4:P.nmt1- LV748YPCK138 al., 2024

dbp2
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YP144 transformed
with Cbc2-his6-TEV-
h+ leul-32 ura4-D18 Prot A::KANMX
ade6-M216/2107? generated by two- Kilchert
YPCKI138 | CoC2-HTP | ioan-1 che2:che2- step PCR (#337- lab
HTP:kanR #340) on pBS1479
His-TEV-Prot. A
KanMX (BLV #3879).
h- leul-32 ura4-D18
Pamt- | A CK602 Ayd
: IS3A:: Cross X ydin et
YPCKO0s| | P2 | dbp2iurad:P.nmtl- FY23522 al., 2024
dbp2 pcfll::pcfll-
GFP:kanR
h- leul-32 ura4-D18
ade6-M216/210? :
YPCK610 | Pcf11-GFP his3A::1 Crolf\s(Z%KGOZ X Aydin et
¥ 522 al., 2024
pcfll::pcfll-
GFP:kanR
h? leul-32 ura4-D18
ade6-M216/2107?
Pcf11-GFP his3A::1 Aydin et
YPCK649 Redl- pcfll::pcfll- cross YPCK604 x 447 al. 2024
tdTomato GFP:kanR N
redl::redl-
tdTomato:kanR
h? leul-32 ura4-D18
P nmt- ade6-M216/210?
oibp2 his3A::1 _
YPCK648 | Pcf11-GFP %%pz"”ra“'?'”m”' cross YPCK604 x 447 | Aydin et
Redl- p2 pcf.ll..pcfll- al., 2024
tdTomato GFP:kanR
redl:redl-
tdTomato:kanR
YPCK426
transformed with
h+ leul-32 ura4-D18 msi2-GFP:kanMX
. ade6-M216 generated by two- Aydin et
YPCK621 | Msi2-GFP msi2::msi2- step-PCR using al., 2024
GFP:kanMX6 oligos
#1039/1040//1041/10
42
h? leul-32 ura4-D18
P.nmt- S maiz. YPCK621x | Aydi
' . msi2::msi2- Cross X ydin et
YPCKO32 | dbpZ MS2- 1 GFp:kanMxe YPCK602 al., 2024
dbp2::ura4:P.nmt1-
dbp2
h+ leul-32 ura4D1 .
YPCK361 | Rmtl-3HF | ade6-M2 rmtlurmil- | DLV tanstormed STtSaSy
(3xHA-3xflag):NatMX
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generated by two-
step PCR using oligos
#560/561/562/563

h+ leul-32 ura4D1
ade6-M2 rmtl::rmtl-

YPCK100
transformed with

YPCK366 Rmtl-3HF | (3xHA-3xflag):NatMX rmt1-3HF-NAT This
Dbp2-HTP dbp2::dbp2-(his6- generated by two- study
TEV-protein step PCR using oligos
A):kanMX6 #560/561/562/563
YPLV144 transformed
h+ leul-32 ura4D1 with rmt1-3HF-NAT This
YPCK189 | Ydcl1-3HF | ade6-M2 ydcl:ydcl- generated by two- study
(3xHA-3xflag):NatMX | step PCR using oligos
#267/268/269/273
h+ leul-32 ura4D1 YPCK100
ade6-M2 ydcl::ydcl- transformed with
YPCK190 Ydcl-3HF | (3xHA-3xflag):NatMX rmt1-3HF-NAT This
Dbp2-HTP dbp2::dbp2-(his6- generated by two- study
TEV-protein step PCR using oligos
A):kanMX6 #267/268/269/273
h+ leul-32 Domenico
YPCK690 | Rpb1-HTP rpbl::rpbl- Libri
HTP::natMX6
leul-32 ura4D::18
ade6-M2?
YPCK700 R%bﬁrﬂt_rp dbp2::ura4-P.nmt1- Cross This
dbp2 dbp2_ rpbl::rpbl- YPCK602xYPCKG690 study
his6-TEV-
ProtA::::natMX
YPCK426
transformed with
mlo3-GFP::kanMX
made by two-step-
leul-32 ura4-D18 PCR (L3/L4-pFA//L5- This
YPCK620 | MIo3-GFP ade6-M216 mlo3- pFA/L6 = study
GFP::kanMX #325/500//501/328)
on TOPO-L3/L6-rrp6-
GFP(BCK9) (KanMX-
C2-rc/KanMX-L5-rc-
long = #20/114)
leul-32 ura4-D18
ade6-M216 Cross This
YPCK635 | Mio3-GFP mlo3::mlo3- YPCK620XYPCK602 |  study
GFP::kanMX
leul-32 ura4-D18
ade6-M216
VPCK631 M::()).i-rgtl_:P mlo3::mlo3- Cross This
dbp2 GFP::kanMX YPCK620xYPCK602 study
dbp2::ura4:P.nmt1-
dbp2
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leul-32 ura4-D18

PcflléGFP aﬁe6-M216/?10? Cross Aydin et
YPCKG649 Red1- is3D::1 pcfll-
(dTomato GFP::kanpre L YPCK604xYPCK447 | al., 2024
tdTomato::kanR
. leul-32 ura4-D18
VPCK664 Mzi-dGll-:P ade6-M216 msi2- Cross Aydin et
tdTomato GFP::kanMX red1- YPCK621xYPCK555 | al., 2024
tdTomato::hphMX
Rnal5- leul-32 ura4-D18
YPCK662 GFP ade6-M216 rnals- Cross Aydin et
Red1- GFP::kanMX red1- YPCK518xYPCK55 al., 2024
tdTomato tdTomato::hphMX
YPCK426
transformed with
leul-32 ura4-D18 seb1-GFP:kanMX
ade6-M216 generated by two- Kilchert
YPCK759 | Sebl-GFP sebl::sebl- step PCR on BCK9 lab
GFP:kanMX using oligos #20/114
and
13/1173//1174/16.
leul-32 ura4-D18
Sebl-GFP sgsf"?ezbllfs- Cross Kilchert
YPCK779 P.nmt- YPCK759xYPCK602
dbp2 GFP:kanMX lab
dbp2::ura4:P.nmt-
dbp2
h- leul-32 ura4-D18
ade6-M216 Cross Kilchert
YPCKS55 | Mill-GFP mti1:mtl1- YPCK6xXYPCK506 lab
GFP::kanMX
leul-32 ura4-D18
ade6-M216
YPCK570 Mglnr?]fp sebl::sebl- Cross Kilchert
dbp2 GFP:kanMX YPCK748xYPCK554 lab
dbp2::ura4:P.nmt-
dbp2
Cutll- h- 1L::Padh1l- .
YPCK506 ‘REP SynPCB2.1<<bsd via NBRP Japan
cutll-iRFP<<kan
leul-32 ura4-D18
Rnal5s- ade6-M216 Cross Kilchert
YPCKB33 | pp mal5:mals- YPCK618XYPCK602 |  lab
GFP::kanMX
leul-32 ura4-D18
Rnal5s- ade6-M216
GFP rnal5::rnals- Cross Kilchert
YPCK629 P.nmt- GFP::kanMX YPCK618xYPCKG602 lab
dbp2 dbp2::ura4:P.nmtl-
dbp2
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leul-32 ura4-D18

Mex67- ade6-M216
GFP mex67::mex67- Cross Kilchert
YPCKE30 | bt GFP::kanMX YPCK619xYPCK602 | lab
dbp2 dbp2::ura4:P.nmtl-
dbp2
leul-32 ura4-D18
Mex67- ade6-M216 Cross Kilchert
YPCK634 GFP mex67::mex67- YPCK619xYPCK602; lab
GFP::kanMX
YPCK426
transformed with
mex67-GFP::kanMX
made by two-step-
h+ leul-32 ura4-D18 | PCR (L3/L4-pFA//L5- :
YPCK619 Mgﬁf' ade6-M216 mex67- OFA/LG = K"I‘Zg)e”
GFP::kanMX #687/1025//1026/690)
on TOPO-L3/L6-rrp6-
GFP(BCK9) (KanMX-
C2-rc/KanMX-L5-rc-
long = #20/114)
YPCK426
transformed with
rnal5-GFP::kanMX
made by two-step-
h+ leu1-32 urad-D18 | T CR (LILA-PFAILS- |
yPCke1s | RNALS o e6-M216 mails- PFALE = Kilchert
GFP GEP:kanMX #1050/1051//1052/10 lab
" 53) on TOPO-L3/L6-
rrp6-GFP(BCKD9)
(KanMX-C2-
rc/KanMX-L5-rc-long
=#20/114
ade6-216 leul-32
YPCK873 Dbp2-GFP | lys1-131 ura4-D18 Cross This
rrp6A dbp2::dbp2-GFP-HA- | YPCK762 x CK424 study
KanR rrp6A::kanMX
ade6-216 leul-32
YPCK519 Dbp2-GFP | lys1-131 ura4-D18 Cross This
pab2A dbp2::dbp2-GFP-HA- | YPCK111xYPLV145 study
KanR pab2A::kanMX
ade6-216 leul-32
YPCK514 Dbp2-GFP | lys1-131 ura4-D18 Cross This
red1A dbp2::dbp2-GFP-HA- | YPCK424xYPLV70 study
KanR red1A::kanMX
ade6-216 leul-32
YPCK439 Dbp2-GFP | lys1-131 ura4-D18 Cross Kilchert
iss10A dbp2::dbp2-GFP-HA- | YPCK403xYPCK424 lab

KanR iss10A::kanMX
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9.1.8.2 Escherichia coli strains

For any kind of cloning chemically competent DH5a cells were used. BL21(DE3)pLysS

cells were used for protein expression.

E. coli strain Genotype Reference

DH5a F— endAl gInVv44 thi-1 recAl relAl Taylor etal., 1993
gyrA96 deoR nupG purB20
@80dlacZAM15  A(lacZYA-argF)U169,
hsdR17(rK—-mK+), A—

BL21(DE3)pLysS F- ompT hsdSB(rB- mB-) gal dcm (DE3) Weiner et al., 1994

9.1.9 Constructs

pLysS (CamR)

9.1.9.1 List of plasmids used in S. pombe strains

Plasmid
No

Name

Description Construction

Reference

3879

2700

3842

4117

pBS1479-
HTP-
KanMX6

pYM4

pDUAL

pDUAL-
Dbp2-FLAG

for C-terminal tagging
with His6-TEV-Protein
A in S. pombe using
KanMX marker, Amp
resistance, pUC ori

for C-terminal tagging
with 3xMyc tag,
kanMX6, fl1+ ori,
AmpR

plasmid for episomal
maintenance or
chromosomal
integration; urad+,
leul (5'and 3, flanking
ura4), AmpR

Kilchert et
al., 2015

Knop et al.,
1999

Matsuyama
et al., 2004

pDUAL with Dbp2-
FLAG insert for ectopic
expression of Dbp2 in
S. pombe  under
control of endogenous
promoter; AmpR, 5
leul/3'leul marker;
ura4 marker; integrate
into leul locus after
digestion with Notl

202

P.dbp2-dbp2-FLAG
was amplified using
oligos #5086/5125
on genomic DNA,
digested with
Sphl/BamHI and
ligated into
Sphl/BamHI-
restricted pDUAL
(Matsuyama et al.,
2004)

Aydin et al.,
2024
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80

81

91

96

4027

pFAGa-
kanMX6-
3xsAID

PEASY-
urad

pSKI-BSD-
1L-Al1-M-
SynPCB2.1

pHBCA11-
NLS-
mTagBFP2-
NLS

pCRII-
TOPO-
L3/L6-rrp6-
GFP-
KanMX

pAG25-HA-
Flag

C-terminal tagging
with  three tandem
copies of 36-amino-
acid sequence of the

Arabidopsis IAAL17
protein as  auxin-
inducible degron;
kanMX, AmpR

integration vector for
ura4-D18 strains
linearize with Apal(?)
to integrate upstream
of  mugl65 locus
(Chrl:: 1508642 to
1509391 - 1507772 to
1508521); bsd, AmpR;
carries a
phycocyanobilin (PCB)
biosynthesis  system
that produces PCB as
a cofactor for iRFP
linearize with Apal for
integration into C locus
(Chrl:5,516,347-

5,256,460); hphMX,
AMpR; blue
fluorescent nuclear

marker; 405nm / 420-
450nm

tagging vector for C-
terminal GFP::kanMX
cassette, compatible
with  standard  L4-
pFA/L5-pFA primers
for C-terminal tagging
with 3xHA, 3xFlag with
6xGly
linker,terminator,
natMX4, AmpR

rrp6-GFP-kanMX
amplified from
YP85 with oligos
#32/35 integrated in
to pCRIl  blunt
TOPO

9.1.9.2 List of plasmids used in Escherichia coli strains

Plasmid
No

Name

Description

Zhang et
al., 2022

Zhang et
al., 2022

Sakai et al.,
2021

Sakai et al.,
2021

Aydin et al.,
2024

Kecman,
Kus, et al.,
2018

Construction Reference

BCK70

pOPINS3C-mod

Dbp2-ORF

HiFi
Kpnl/HindllI-

assembly: Recombinant

expression

restricted BLV4017

with
203

Dbp2-WT

This study
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(#244/245 on
pOPINS3C-Dbp2-
WT) digestion of
PCR reaction with
transformation;

sequence was
checked by
sequencing
BCK71 pOPINS3C-mod HiFI assembly: Recombinant This study
Dbp2-K172R-ORF Kpnl/HindlII- expression
restricted BLV4017
with Dbp2-K172R
(#244/1247 and
#246/245 on
pOPINS3C-Dbp2-
K172R) digestion
of PCR reaction
with
transformation;
sequence was
checked by
sequencing
BLV4017 pOPINS3C_modified T7 promoter and Recombinant Wittmann
terminator, SUMO- expression etal., 2017
tag followed by 3C
cleavage site (for
N-terminal
tagging), AmMpR,
pucC
9.1.10 List of oligonucleotides
No Name Sequence Use
18 HTP-L4-rc caccatcaccatcaccatgatt strain
construction
strain
19 HTP-L5-rc cctgtttagcttgcctegtc construction
20 KanMX-C2-ic  CGGATCCCCGGGTTAATTAA stain
construction
21 KanMX-L21c CGTACGCTGCAGGTCGAC strain -~
construction
22 KanMX-L5-ic  ATCGATGAATTCGAGCTCG stain
construction
41 dop2-ex3F  AAGCCAAGCAGGACATTGAT stain
construction
ttaattaacccggggatccg strain
44 dbp2-L4-pFA  CCAACGTGAACGCGCAAGGG .
GGGCAGAATTACT construction
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strain
5315 dbp2-pYM4-L4 ccaacgtgaacgcgcaaggggggcagaattact construction
e cgagctcgaattcatcgatGTTCAGTAAC strain
45 dbp2-L5-pFA CGCTTTCGTAGA construction
43 dop2-RT-R  TTTCAAGCCTCTTCGCTCTT stain
construction
363 srp2-L3 CTTATCGTCCCGGCAGAGAT strain
construction
ttaattaacccggggatccgCCATTCAGC strain
364  srp2-L4-pFA  AGCGACCTGTCCTTCAGCGCTACCGTT .
ACCTACATCAG construction
e cgagctcgaattcatcgatTCCTGTCATA strain
365 sp2-LS-pFa roreTGTGRTCT construction
366  srp2-L6 CCGCTTGCGCTCATTATGAA stain
construction
1039 msi2-L3 CGAAAATGAGTCCGCCGTAG strain
construction
oA ttaattaacccggggatccgTCGACGAT strain
1040 msi2-L4-pFA A TGGATGGAAGCTGTGCCC construction
- cgagctcgaattcatcgatAAATATGTTT strain
1041 msi2-L5-pFA - A A ATTATGAAAATGGACAGTC construction
1042  msi2-L6 CTTGCCCTTTACCTCGTGTG stain
construction
38 doo2orome  CCATAGAATTGATTGTTTTTAGC strain
=P TCTTTAG construction
i gtcatagctgtttcctgtgtgaaCTGCCCGG strain
3087  dbpZ-nmi4 CTAACTGTTAAG construction
i acttatagtcgctttgttaactcgaCGCCTTAC strain
5088 dbp2-nmt5 CGCCTGTTAATT construction
40  dbp2-ex2R ACCAGAACCCGTAGCTGAAA stain
construction
333  pab2-L3 AATGGATCGATGTTGCATGA stain
construction
TTAATTAACCCGGGGATCCGATAC strain
814 pab2-LA-pFA oA GCGAAACCACG construction
CGAGCTCGAATTCATCGATTCGC strain
815 pab2-L5>-pFA [T GATGACTTGAAAAA construction
336  pab2-L6 GAATTGAAGGGTCGGTGAAT stain
construction
5086 Sphl-dbp2- AGGQgcatgcCCATAGAATTGATTGT plasmid
promF TTTTAGCTCTTTAG construction
TACggatccTCACTTATCATCGTC
5125 dbp2-flag- GTCCTTGTAGTCagaaccaccaccacc plasmid
BamHI-R CCAACGTGAACGCGCAAGGGGGG construction
CAGAATTACT
1039 msi2-L3 CGAAAATGAGTCCGCCGTAG stain
construction
oA ttaattaacccggggatccgTCGACGATAT strain
1040 msi2-L4-pFA o ATGGAAGCTGTGCCC construction
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- cgagctcgaattcatcgatAAATATGTTTTA strain
1041 msi2-L5-pFA - A TTATGAAAATGGACAGTC construction
1042  mis2-L6 CTTGCCCTTTACCTCGTGTG stain
construction
5856 rpl2501-ORF-F  GCCCAAGTATGCTCGCAAG Northern
probes, ivT
£gs7 [PI2501-ORF-  TAATACGACTCACTATAGGGA Northern
R-T7 GGTGCCACCAACAATAGCCTT probes, ivT
5854 tmal9-ORF-F  AACCCTGCCCTAAACTGTGA Northemn
probes, ivT
cgsg  (Mal9-ORF-R- TAATACGACTCACTATAGGGA Northern
T7 GACGAGCCTTGATAGCCTTCA probes, ivT
Northern
5840 | 11001.0RF.F TTGCCTCATCCTGTGTGACT orobes, ivT
5841 rpl1001-ORF- TAATACGACTCACTATAGGGA Northern
R-T7 GCGGTTTGCAATCTATCGGCA probes, ivT
5846 asll-ORF-F  TGGTGCTTCAACGGCTTTAC Northern
probes, ivT
5847 asl1-ORF-R- TAATACGACTCACTATAGGGA Northern
T7 GACAGAGGAAACGACAGCTGA probes, ivT
1151 rpl2501-3prfF  TGCTCTTGATGTTGCTAACCG Poly(A) site
usage assay
687  mex6-L6 TTCATTTGCTGGATCGCTCG stain
construction
e aatcatggtgatggtgatggtgTGAAAATGCTTC  strain
688 mex6-L4-PFA oo CTGGTATAACATTTCGCGA construction
e gacgaggcaagctaaacaggAGTGACGTGTAT  strain
689 mex6-LS-PFA A GATAGATATGGTT construction
strain
690 mexé-L6 CGTCTCTCAATACCCGTCGA construction
13 sebl-L3 AAGATTTTGCTATGCGTCGT stain
construction
16 sebl-L6 TCGCAGATTTGATCTTTTTG stain
construction
A ttaattaacccggggatccgTTGGGGTTGCCAA  strain
1173 sebl-L4-pFA - A\GGTTGTGAGACATACCCAGAAG  construction
e cgagctcgaattcatcgatATGTGTTAAAAGAC  strain
1174 sebl-L5-pFA GCTTACAAGT construction
Dbp2ORF_into Ctgtttcagggccccggtacctcttacagag Recombinan
244 pOPINSmod_ .
n ataacgaatatagtggaaattacaatg t expression
Dbp20RF_into .
245  pOPINSmod_ Aatcacaaactggtctagaatcaccaacgt Recombinan
R gaacgcgc t expression
246 DBP2-K172R- TTTCAGCTACGGGTTCTGGTcgg Recombinan
F ACACTTTCTTATTGTCTTCCTGC t expression
47 DBP2-KIT2R-  GCAGGAAGACAATAAGAAAGTGT Recombinan
R cCgACCAGAACCCGTAGCTGAAA t expression
214 Dbp2_ HiFi-F1: TCAGGGTCCTATGTCTTACAGAG Recombinan

ATAACGAATATAGTGGAAATTAC

t expression
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. . GGTCGACGGTTCACCAACGTGAA Recombinan
215 Dbp2_HIF-RL: ~roge t expression
o156 POPINS3C_Hi ACGTTGGTGAACCGTCGACCCGA Recombinan
Fi_ F1 CTGGA t expression
,17 POPINS3C_Hi TGTAAGACATAGGACCCTGAAACA Recombinan
Fi_R1: GAACTTCC t expression
Dbp2ORF_into Ctgtttcagggccccggtacctcttacagagataa Recombinan
244 pOPINSmod_ )
= cgaatatagtggaaattacaatg t expression
Dbp20RF_into .
245 _pOPINSMmod_ Aatcacaaactggtctagaatcaccaacgtgaa Recombinan
R cgcgce t expression
987  ssa2-F TCCATGGGTATCGAGACTGC RT-PCR
988  ssa2-R CACGCTCACCTTCAAACACT RT-PCR
267 yde1-L3 CAGAATGCAAGAGGACGAGC strain
construction
268 ydcl — L4 — ttaattaacccggggatccgTTGATCTTCGT strain
pFA TTGGAGGCAC construction
269 ydcl — L5 — cgagctcgaattcatcgatCCTTTTTATCAT strain
pFA ATATCGCTACTCTTTTTG construction
273 ydcl-L6 AAGCACCAATAACAGCACCG stain
construction
681  rmtl-L1 TTCCTCAACAACGGTGGTCT stain
construction
i gtcgacctgcagcgtacgAACCAGTCC strain
682 rmtl-L2 TACCCTACCCT construction
560  rmtl-L3 GCCCAGATTCAACTAGCAGC strain
construction
e ttaattaacccggggatccgACACCTGCC strain
561 rmtl-LA-pFA A AAGTTAGTAATTTAA construction
e cgagctcgaattcatcgatAATCACACAT strain
562 rmtl-LS-pFA - T ATCATTGCAAGTG construction
563  rmtl-L6 CCCGATACTGCCACGAAAAG strain
construction
325  mlo3-L3 TAGATCAGTCCTTGGACGCC stain
construction
A ttaattaacccggggatccgCTCCTTCTCA ,
618  MIO3LAPFA TG ATCCAAAATAATCATCCATC A o
TCCTTGTCGAGCTC
e cgagctcgaattcatcgatACGACC .
619 ~MIOSLS-PFA  ATACAACATACTCCCT strain
mlo3-R construction
328  mlo3-L6 CAAAACCTCCAACCCAACGT strain

construction
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9.1.10.1 Special primers

Name Sequence Use Supplier/Re
source
Oligo d(T)so-Cy3 50x T coupled with Cy3 fluorescent | FISH Microsynth
dye
PAT-(T)12VN-2 GCGAGCTCCGCGGCCGCGTTTT | Poly(A) anchored
TTTTTTTTVN site TVN primer
usage for reverse
assay transcription
Janicke et
al., 2012
Universal_pr_2 GCGAGCTCCGCGGCCGCG Poly(A) universal
site PCR primer,
usage reverse
assay Janicke et
al., 2012

9.1.10.2 List of in vitro substrates

Name

Sequence (5'-3")

Modification

RNA_Putnam13_BHQ?2 AGC-ACC-GUA-AAG-A

RNA_Putnam_13 25 Cy5

RNA_Ma_16_BHQ2

RNA_Ma_16 21 Cy5

UCU-UUA-CGG-UGC-UUA-AAA-

BHQ2 3'

CAA-AAC-AAA-ACA-AAA-CAA-AA

AGC-ACC-GUA-AAG-ACG-C

GCG-UCU-UUA-CGG-UGC-UUA-

Cy5 5'

BHQ2 3'

AAA-CAA-AAC-AAA-ACA-AAA-C

Cy5 5'

Putnam substrates are from (Putham and Jankowsky, 2013), Ma substrates are

derived from (Ma et al., 2013).
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9.1.11 Software, Algorithms and Webservers

Name Source Version Use
AlphaFold Abramson et al., 2024 AlphaFold 3 Protein structure
Server analysis
APE M'J\(/)Vrgi?]zg]a\zlgzgnd v3.1.4 A plasmid editor
Complex data
R Studio R Core Team (2021) version 4.2.3 analysis and
visualisation
Whitehead Institute for
Biomedical Research,
Steve Rozen, Andreas
Primer3 Untergasser, Maido 4.1.0 Primer design

Remm, Triinu
Koressaar and Helen
Skaletsky.

EnsemblFungi

Martin et al., 2023

Ensembl 2023

Genomic resources

Image editing and

FI1JI Schindelin et al. 2012 2.15.0 S,
guantification
Intearative James T. Robinson
gratl Nature Biotechnology Sequencing data
Genomics 2.17.2 ! S
) 29, 24-26 (2011) MIT visualisation
Viewer (IGV)

open-source license.

Fission yeast

Val Wood, Kim iterature curation,
Pombase.org Rutherford (Harris et Last updated: analysis tools,
' al., 2024-03-03 genome annotation
2022) and access to large-
scale data sets
CLUSTAL EBI web server EMBL 2023 Multlple. sequence
omega aligner
Waterhouse AM,
Procter JB, Martin A multiple sequence
Jalview DMA, Clamp M, 2.11.3.2 alignment editor and

Barton GJ (2009)
Jalview Version 2 -

analysis workbench

usegalaxy.eu

Web open source

version 23.2.2.dev

Genomic analysis

OriginLab

OriginLab Pro Corporation, Origin 2023b Numerical data
2023 Northampton, MA, (10.05) analysis
USA.
, Langmead and L
Bowtie2 Salzberg, 2012 2.5.3+galaxyl Genomic alignment
Samtools Li et al., 2009 1.20+galaxy3 Seg-read filtering
DESeq?2 Love etal, 2014 | 2.11.40.8+galaxyo | D'merential gene
expression
Trimmomatic Bolger et al.,, 2014 0.39+galaxy?2 Seg-read trimming
RNASTAR | Dobinetal,2013 | 2.7.11la+galaxyl RNA-seq read
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9.2 Methods

9.2.1 S. pombe Techniques

9.2.1.1 S. pombe cell culture

Yeast strains used in this study are derived from FBY106. Rich and minimal media was
prepared as in (Forsburg & Rhind, 2006). If otherwise stated, all strains were grown on
YES rich-media. However, depletion of Dbp2 was performed by inoculating pre-
cultures from all set of strains including controls in EMMG minimal media using
colonies from cryo-stocks in 25% glycerol that were prepared by collecting cells from
freshly streaked plates, and grown at 30 °C overnight with constant shaking at 180
rpom. Next day, cells were pelleted down at 1,962 g for 3 min to get rid of remnant
EMMG minimal media and were then transferred to an appropriate volume of YES rich
media with 15uM thiamine addition to induce depletion of Dbp2, by collecting ODeoo of
0.2/ml from pre-cultures among all control and test strains. Usually, this 5-hours period
allows cells to reach ODeoo of about 0.5-0.6/ml. Cells were then harvested and treated

accordingly based on the nature of ultimate genomic, proteomic and imaging analyses.

9.2.1.2 Transformation in S. pombe with LiOAc

Transformation of S. pombe cells was performed using the lithium acetate (LIOAc) as
described by Hyun Soo Kim, Keogh lab, AECOM. S. pombe cells were grown in
corresponding liquid media to ODeoo 0.3 -0.7 (~ 0.5 x 107 cells/ml). 10-15 ml cells per
transformation are pelleted down at 845 rcf for 2 min, then resuspended in 1 ml MQ
H20 and transferred into 1.5 ml microfuge tube and pelleted again. Pellets were then
washed with 1 ml LITE (0.1 M Lithium acetate, 1x TE) solution. Cell pellets were finally
gently resuspended in 100 pl LiTE solution. 20 ug denatured carrier ssSDNA, plus 100-
1000 ng of transformant DNA (e.g PCR product), with not exceeding <10 ul in total

volume, to be integrated were added into the mix and gently pipetted up and down and
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incubated at RT for 10 min. After adding 260 pl PLATE (40% PEG/ 0.1 M LiAc/ 1x TE)
into the mix and again gently pipetting up and down, cells were incubated for 1 h at 30
°C. 43 pl of dimethyl sulfoxide (DMSO) was added and a heat shock step for 5 min at
42 °C followed. Upon shortly cooling down samples at RT for 2 min, cell pellets were
then briefly centrifuged for about 10 sec and supernatant was discarded. Cell pellets
were then resuspended in 1 ml YES for antibiotic selection and allowed to recover 3-6
h at 30 °C with agitation before plating on antibiotic-containing YES agar plates. After
the completion of recovery in YES, cells were pelleted one last time and resuspend in
500 pl MQ H20 and then total of 2 plates used with each 250 ul of volume to spread
on appropriate selection plates and incubated at 30 °C until colonies were formed.
Positive colonies were confirmed both by colony screening PCR and protein signal

using western blots.

For introduction of the C-terminally flag fused wild type dbp2 gene into an ectopic
location in the strain where endogenous dbp2 gene’s promoter replaced with nmt for
depletion, the pDUAL plasmid was stably integrated into the leul locus as described

(Matsuyama et al., 2004).

9.2.1.3 Genomic manipulations in S. pombe
For endogenous epitope tagging or gene replacement, a standard two-step PCR
method was used, as described by Bahler et al., 1998. Q5 polymerase was used to

generate PCR fragments for transformation, with the following cycling conditions:

PCR Cycler
Settings

5x Q5 Reaction Buffer 5yl

2mM dNTP mix 2.5 ul 98 °C 3 min

Forward primer 1.25 pul 98 °C 15 sec

Reverse primer 1.25 ul 64 °C 15 sec 32x

H20 14.5 pl 72 °C 1min 15sec

Q5 Polymerase 0.5 ul 72 °C 5 min

Volume: 25 i 10 °C
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Genetic manipulations in S. pombe for this study

| § Gene deletion by replacing the target gene with a resistance marker gene |

§ For endogenous epitope tagging

L1: Upstream 5'UTR, forward
L2: Upstream 5'UTR, reverse
L3: CDS, forward
L4: Just before the stop codon, reverse
S. pombe GOl locus Le 3UTE toearet
L6: 3'UTR/downstream, reverse

L1 L3 L5
r’ [ r’
C |5'UTR| CDS | 3UTR | )
P .J .J
L2 L4 L6

% o PCR amplification of flanking regions with complementary parts to the GOI
o Reaction 1: L3 - L4 Reaction 2: L5 - L6 C-terminal tagging

% Reaction 1: L1 - L2 Reaction 2: L5 - L6 Deletion
e

» o PCR amplification of flanking regions with resistance marker and/or tag

[ ]

‘“‘{_ Reaction 3: PCR with F+R plasmid specific primer pair

v o PCR amplification to fuse genomic flanking regions with the cassette

O

o Reaction 4: Reaction 1 + Reaction 3

Q

ﬁ Reaction 5: Reaction 2 + Reaction 3

)]

1
E ¢
c

N

Lithium Acetate Transformation

¥

Selective media growth

C-terminal tagging | ¢ Deletion
GOl
tag l
marker
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9.2.1.4 Colony PCR

For verification of gene tagging and/or disruptions from endogenous loci, colony PCR
with 25 pl each total volume PCR reactions were performed in a thermocycler
(Biometra/TADVANCED) on colonies formed. Same PCR settings were used for
bacterial colony check. At first, a tiny portion of yeast cells were added to the PCR mix
without inclusion of the Phire polymerase and boiled for 11 min at 98 °C to lyse the
cells. PCR reaction tubes were then switched onto ice and Phire Polymerase was then
added to each PCR reaction tube, gently mixed and briefly spun down and the PCR
program resumed. 10 pl/PCR products were then analysed by 1.5% agarose gel
electrophoresis.

PCR Cycler Settings

98 °C 11 min
5x Phire Reaction Buffer 5 pl + Phire Polymerase
2mM dNTP mix 2.5 pl 98 °C 3 min
Forward primer 1.25ul | 98°C 15 sec
Reverse primer 1.25ul | 64°C 15 sec 30x
H20 145 ul | 72 °C 1min 15sec
Phire Polymerase 0.5 ul 72 °C 5 min
Volume: 25ul 10 °C

9.2.1.5 Genetic crossing of S. pombe strains and tetrad-dissection for genomic
selection

In order to generate a strain carrying a desired genotype, genetic crosses with two
opposite mating types of heterothallic strains was conducted essentially as mentioned
in the publication with minor alterations (Moreno et al., 1991). Mating and sporulation
can be induced in S. pombe under the conditions of nutrient starvation, that is upon
nitrogen deprivation. ME medium was used for genetic crosses. Homothallic and
heterothallic strains were distinguished in an ME plate by exposing the cells to iodine

vapour. While spore-containing colonies from haploid meiosis are stained darker
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shades, those not spore-containing colonies are stained yellow. ME plate was pre-
warmed at RT prior to crossing. To cross two strains, using the tip of sterile wooden
sticks a bit of h™ strain and a bit of h* strain was collected from cryo-glycerol stocks,
and gently mixed together on a 9 cm ME plate in an area of about 1cm and incubated
at RT until four-spore-asci containing cells formed, usually after 3-5 days. Before
streaking four-spore-asci containing colonies into a fresh appropriate medium plate,
sporulation was first confirmed simply by the morphology under the light microscope.
For tetrad analysis, four-spore-asci containing crosses was streaked out vertically on
a 1-2 cm width corner of an appropriate pre-warmed to RT agar-medium plate, then
asci were placed in a horizontal row in a line about 2 mm apart using a
micromanipulator (Singer Instruments MSM the lens of 20X LWD/0.30). The asci walls
were then left to break down at 16 °C overnight. Next day, four-spores were free of
their asci, and dissected horizontally using the needle of the micromanipulator and left
for growth at 30 °C incubator for 5-7 days. Haploid cells containing desired genotypes
were then selected by transferring cells using tip of sterile toothpicks to selective plates

containing either selection markers and /or auxotrophic markers.

9.2.1.6 Dot-Spots Assay (Spot dilution assay)

Dot-spot assay was used to monitor cell viability upon manipulations on gene and/or
protein. Pre-cultures were prepared in EMMG complete media a day before and 0.1
ODeoo/ml per cell strain was transferred into main cultures on the next day morning.
Cells were allowed to grow for 2-3 h and pelleted when they reached at ~ 0.2 ODesoo/ml.
Plates were pre-warmed to RT temperature and labelled accordingly. A 10-fold serial
dilution was made as 1:1, 1:10, 1:100, and 1:1000 for each strain and 3 pl of each
dilution were spotted on respective media plate, air dried and incubated at 30 °C for 2-

3 days.
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9.2.1.7 Long-term storage of S. pombe strains

Freshly growing cells that were kept on respective media-plate no longer than 3 days
were collected carefully by sterile wooden-sticks, resuspended in 800 pl of 25% sterile
glycerol in screw-capped cryo-stock tubes, briefly vortexed and switched to —80 °C for

long-term storage.

9.3 S. pombe in vivo methods

9.3.1 Protein extract preparation (whole cell lysate) using glass beads and
vortexing

100 ml cultures were grown to 1.0 ODsoo/ml and harvested by centrifugation for 2 min
3,000 g at 4 °C and washed with ice cold 1 ml MQ H20 and transferred into 2 ml safety
lock microcentrifuge tubes and spun full-speed for 15 seconds at 4 °C. Pellets were
lysed by adding 400 pl glass beads and 150 pl of lysis buffer and vortexed for 20 min
with 30 seconds on/off time intervals on ice. The lysis buffer contained 10 mM Tris-HCI
pH 8.0, 200 mM KCI, 2.5 mM MgClz, 0.5 mM EDTA pH 8.0, 0.5% NP-40, freshly added
1:10,000 dilution of protease inhibitor cocktail (Sigma Merck, P8215), and 1mM PMSF
(Carl Roth). Lysates were transferred into new 1.5 ml microcentrifuge tubes after
puncturing bottoms with 22-gauge ¥z inch needle by centrifugation at 376 rcf, 5 min at
4°C and further cleared by spinning at full-speed for 5 min at 4°C. Protein
concentration was determined by BCA assay (Novagen BCA Protein Assay Kit) using
Nanodrop. 10 pg/cell lysate in 15 pl total volume of HU loading buffer (8 M urea, 5%
SDS, 200 mM Tris-HCI pH 6.5, 20 mM dithiothreitol (DTT), 1.5 mM bromophenol blue)
cooked at 95 °C for 5 min and cooled down at RT for 5 min. Finally, 15 pl lysate per

sample was run on 10% SDS-PAGE gel.
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9.3.2 TCA whole cell extract preparation

50 ml of cells were grown to 0.5-0.60Deoo/ml in respective media. Exactly total 25
ODsoo/sample was harvested by centrifugation for 2 min 3,000 g at 4°C and washed
with ice cold 1 ml MQ H20 and transferred into 2 ml safety lock microcentrifuge tubes
and spun full-speed for 15 seconds at 4 °C. First pellets washed once with ice cold
20% TCA and spun full-speed for 15 seconds at 4 °C. Excess 20% TCA was discarded.
Then, 500 pl glass beads and 500 pl 20% TCA were added into each pellet. Each
sample was then vortexed at max. speed 3x1 min with 1-min incubation break on ice.
Upon the completion of lysis, the bottom of 2 ml safety lock microcentrifuge tubes were
punctured with a hot 22-gauge ¥z inch needle and lysates were transferred into new
1.5 ml microcentrifuge tubes by spinning at 376 rcf, 2 min, 4°C. Beads on the 2 ml
safety lock microcentrifuge tubes were washed once with 600ul ice cold 5% TCA just
before discarding and collected into the corresponding sample’s 1.5 ml microcentrifuge
tube by spinning at 376 rcf, 2 min, 4 °C. Samples were then further spun at 18,407 rcf,
10 min, 4 °C. Excess liquid was discarded and pellets were washed with 1 ml of 100%
EtOH (from -20°C) at max speed, 5 min, 4 °C. Excess liquid was discarded again and
pellets were finally added 84 pl 1 M Tris pH 10.0 and plus 167 ul HU loading buffer
(8 M urea, 5% SDS, 200 mM Tris-HCI pH 6.5, 20 mM dithiothreitol (DTT), 1.5 mM
bromophenol blue) and fully dissolved by gently pipetting up and down. Samples were
then boiled for 5 min at 95 °C and briefly let cool-down at RT and a final spun at 18,407
rcf, 5 min, RT. While the supernatants from each sample were transferred into new
corresponding 1.5 ml microcentrifuge tube, the bottom debris was discarded. 15 pl

lysate was used per sample to run on an 10% SDS-PAGE gel.
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9.3.3 RNase/DNase Treatment Assay for Monitoring Retained Fractions

Cells were grown in 100 ml YES from EMMG-grown pre-cultures to an ODeoo of 0.8/ml.
Cells were washed with 1 ml ice-cold MQ H20 and transferred into 2 ml microcentrifuge
tubes pelleted via brief centrifugation at full-speed and snap frozen in liquid nitrogen
until use. Cell pellets were added 500 pl glass beads (425-600 um @) and 500 pl lysis
buffer (10 mM Tris-HCI pH 8.0, 200 MM KCI, 2.5 mM MgClz, 0.5 mM EDTA pH 8.0,
0.5% NP-40, freshly added 1:10,000 dilution of protease inhibitor cocktail and 1mM
PMSF) and lysed by vortexing for a total of 20 min (30 s vortexing and 30 s on ice).
Respective crude NP-40 cell lysates were then divided into two separate 1.5 ml
microcentrifuge tubes. One of the pairs was spun at full-speed for 5 min at 4 °C for
clearance, the supernatant was transferred into a new tube and used as a pool of
soluble fractions, and total of 1 mg in 50 ml total volume from the other pair crude NP-
40 cell lysate was first treated with 5 pl of RNase mix (100 pl RNase A (100 pg/ml),
100 pl RNase T1 (1000 U/pl), 2 pl RNase 11l (1 U/ul), 1 pl RNase H (5000 U/pl), 50 pl
RNase | (100 U/ul) or 5 pl of DNase | (Invitrogen™) equivalent to total of 1800U upon
measuring protein concentration using a BCA assay (Novagen BCA Protein Assay Kit)
on a NanoDrop Microvolume Spectrophotometer (Fisher Scientific). The crude NP-40
lysates from pre-treated samples were then cleared by centrifugation at full-speed for
5 min at 4 °C and supernatant was transferred into new tubes. 30 pg total protein in 15
pl was used per sample and resolved per lane on a 10% SDS-PAGE gel. The
antibodies, anti-GFP from mouse monoclonal IgG1k (clones 7.1 and 13.1) (Sigma,
11814460001), and mouse monoclonal anti-GAPDH, clone GA1R (biomol, MM-0163-

P) were used to detect proteins.
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9.3.4 SDS-PAGE

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was done
based on (Laemmli, 1970) with the use of HU loading dye buffer (8 M urea, 5% SDS,
200 mM Tris-HCI pH 6.5, 20 mM dithiothreitol (DTT), 1.5 mM bromophenol blue) and
after denaturing proteins at 95 °C for 5 min. The Mini-PROTEAN Il system (Bio-Rad)
gel pouring and electrophoresis system was used to cast all gels. Depending on protein
size, between 10% and 15% polyacrylamide resolving gel was prepared containing a
4% stacking gel. Gels were run at 100 V for 10 min, followed by 200 V for 50 min using
gel electrophoresis and then either transferred to nitrocellulose membranes for
subsequent Western blotting or stained with 0.25% Coomassie Brilliant Blue R-250 in
30% (v/v) ethanol and 10% (v/v) acetic acid for 1 h at RT followed by several rounds
of de-staining with 10% (v/v) acetic acid until the background was clear. For
comparative protein interactome profiling experiment, gels were stained with SYPRO
Ruby according to the manufacturer’s instructions. Destaining for SYPRO Ruby stain

was performed according to the manufacturer's instructions.

9.3.5 Western blotting

To detect proteins from a given sample, SDS-PAGE gel electrophoresis was followed
by Western blotting. Directly after electrophoresis, the proteins were transferred onto
a nitrocellulose membrane (Bio-Rad) as the binding matrix, via a semi dry blotting
device (Trans-Blot Turbo Transfer System; Bio-Rad) and in 25 mM Tris, 192 mM
glycine, and 20% (v/v) methanol as the transfer buffer. The transfer was performed at
2.5A, 20V, 60 min. Next, the membrane was blocked with 1 x TBST (50 mM Tris-HCI
pH 7.5, 150 mM NacCl, 0.1% Tween-20) + 5% (w/v) skim milk powder for 1 h at RT (for
anti-ASYM24 antibody, the blocking was done in 5% bovine serum albumin in 1 x

TBST), followed by incubation with primary antibody overnight at 4 °C. The membrane
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was then washed once for ~ 30 sec and three times for 5 min with 1 x TBST. The
membrane was further incubated with a secondary antibody for 1 h at RT with the
corresponding secondary antibody and washed 3 x for 5 min with 1 x TBST. Proteins
were eventually visualised by addition of Clarity Max ECL Western (Bio-Rad) to the
membrane according to the manufacturer's instructions, and the chemiluminescence

signal was detected with a ChemoCam Imager (Intas).

9.3.6 Crosslinking two-step affinity protein purification coupled with mass
spectrometry

Strains Dbp2-HTP and Srp2-HTP were generated by integration of the HTP (Hiss-TEV-
ProtA) tag into the genome C-terminal of the dbp2 and srp2 endogenous genes,
respectively, by homologous recombination as described in Bahler et al. (1998). 2 litre
culture/sample were grown to ODeoo 3.9 and 0.01% formaldehyde was used to
crosslink for 10 min at 30 °C just before harvesting. Harvested cell pellets were washed
once with the lysis buffer containing freshly added 1mM DTT and snap frozen in liquid
nitrogen and pellets were kept at -80 °C until lysed. Lysis buffer. 20 mM HEPES pH
8.0, 100 mM KAc, 2 mM MgClz, 3 mM EDTA, 0.1% NP-40, 10% glycerol + freshly
supplemented with 1 mM DTT, and 1 x protease inhibitor (from 100 x Pl in 50 ml EtOH:
6.85 mg Pepstatin A, 1.42 mg Leupeptin, 0.85 g PMSF, 1.65 g Benzamidine HCI).
Each cell pellet lysed by hand cryo-milling for 30 min, and lysates were pre-cleared at
3,488 g for 12 min at 4 °C. Cleared lysates were then centrifuged for 1 h at 45,000 rpm
(Optima XPN-80 Ultracentrifuge with 70 Ti, Beckman Coulter) at 4 °C.
Supernatant/lysates were further incubated with 600 pl IgG sepharose beads slurry
(pre-washed in lysis buffer without inhibitors, 2 x washing at 872 g, 2 min) for 2 h at 4
°C in a rotating wheel (Ti70 rotor, Beckman Coulter Ultracentrifuge). Bound-beads

were then washed 5 times with lysis buffer containing protease inhibitors and collected
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in fresh 200 pl lysis buffer, incubated for 1 h 15 min at 16 °C with 20 pgr home-made
TEV enzyme. Cleaved eluates were then incubated with 200 pl of Ni-NTA agarose
beads (prior to use, Ni-NTA agarose beads were also washed twice with the wash
buffer for Ni-NTA agarose beads: 20 mM HEPES pH 8.0, 250 mM NaCl, 10 mM
imidazole) for 1 h at 4 °C in a rotating wheel for the second-step purification. Ni-NTA
beads bound were then eluted for 30 min at 4 °C in a rotating wheel with the elution
buffer (Elution buffer for Ni-NTA agarose beads: 20 mM HEPES pH 8.0, 150 mM NacCl,

300 mM imidazole).

9.3.7 Detection of protein interactor by liquid chromatography-mass
spectrometry

Liquid chromatography-coupled mass spectrometry analysis from mild crosslinking
protein purifications of Dbp2-HTP and Srp2-HTP were performed by Dr. Timo Glatter,
Mass Spectrometry and Proteomics facility at the Max Planck Institute for Terrestrial
Microbiology, Marburg, Germany. Experimental details are available in Aydin et al.,

2024.

9.3.8 Co-immunoprecipitation (Co-IP)

Cell lysates were prepared by resuspending the pellets from total 240 ODseoo units in
400 pl lysis buffer. The lysis buffer contained 10 mM Tris-HCI pH 8.0, 200 mM KClI,
2.5mM MgClz, 0.5 mM EDTA pH 8.0, 0.5% NP-40, freshly added 1:10,000 dilution of
protease inhibitor cocktail (Sigma Merck, P8215), and 1 mM PMSF (Carl Roth). Cells
were lysed by adding 400 pul glass beads to cell suspension and vortexed for 20 min
with 30 seconds on/off time intervals on ice. Lysates were transferred into new
microcentrifuge tubes after puncturing bottoms with 22-gauge Y2 inch needle by
centrifugation at 376 g, 5 min at 4 °C and further cleared by spinning at full-speed for

5 min at 4 °C. Protein concentration was determined by BCA (Novagen BCA Protein
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Assay Kit) assay using Nanodrop. Whole cell lysate samples were prepared from cell
extracts at this stage in 1:10 dilution mixed with HU loading buffer (8 M urea, 5% SDS,
200 mM Tris-HCI pH 6.5, 20 mM dithiothreitol (DTT), 1.5 mM bromophenol blue) and
cooked at 95 °C for 5 min. 15 ul IgG Sepharose 6 Fast Flow (GE Healthcare) slurry
was used for strains with protein A-tagged strains and 15 pl magnetic GFP-TRAP
(Chromotek) beads was used for GFP-tagged protein immunoprecipitations. For
washing and/or spinning steps using sepharose slurry centrifuging was done as 376
rcf, 2 min; 4°C and for GFP-TRAP magnetic beads magnetic rack was used
(DynaMag-2 Thermo Fisher). Either beads were washed three times with 1 ml lysis
buffer without protease inhibitors. Clarified cell lysates were incubated with pre-
equilibrated beads for 2 h on a rotator at 4 °C. Beads were washed 6x with 1 ml lysis
buffer with freshly added protease inhibitors and the last two washes on a rotator at
4 °C for 5 min. After the last washing step, 60 pl HU loading buffer (8 M urea, 5% SDS,
200 mM Tris-HCI pH 6.5, 20 mM dithiothreitol (DTT), 1.5 mM bromophenol blue) was
added into each co-immunoprecipitated samples and cooked at 95 °C for 5 min.
Samples were cooled down at RT for 5 min and transferred into new microcentrifuge
tubes. 20 ul per Co-IP and 10 pl per input (1:10) were loaded onto 10% SDS-PAGE
gel. For RNase treatment 0.05 mg/ml RNase A was mixed with lysates and incubated

at RT for 30 min.

9.3.9 Fluorescence in situ Hybridisation using oligo d(T) probes

ODsoo of 0.2/ml per sample was used for main cultures and cells were grown for 5 h.
8.75 ml cell culture for non-heat shock samples were fixed with 1.25 ml formaldehyde
adding and incubated for 1.5 h on a roller mixer at room temperature. For the heat-
shock samples, 5.5 ml of cells were mixed with 3.3 ml pre-warmed corresponding

media first shifted to 42 °C for 1 h in agitation. Upon the addition of 1.25 ml
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formaldehyde, cells were further placed back at 42 °C for 20 more min before placing
them on a roller mixer for another 1.5 h at room temperature. After fixation, cells were
spun for 5 min at 845 rcf and cells were washed with 5 ml of 0.1 M KPO4 pH 6.4. Cells
were then transferred into 1.5 ml Eppendorf tubes by collecting them in 1 ml of 0.1 M
KPO4 pH 6.4 and centrifuged again for 5 min at 845 rcf and resuspended in 1 ml of 0.1
M KPO4/1.2 M sorbitol (wash buffer) and stored overnight at 4 °C. Next day, samples
were spun for 3 min at 845 rcf and resuspended in 200 uyl wash buffer containing 100
Mg of zymolase 100T for 1 h at 37 °C. Cells were then centrifuged for 4 min at 376 rcf
and washed once with 1 ml wash buffer. Cells were resuspended in 200 ul 2 x SCC
and incubated at room temperature for 10 min and followed by a spin step for 4 min at
376 rcf and the excess volume of 2 x SCC was discarded. Cells were then
resuspended in 30 ul pre-hybridisation buffer (PHB) and incubated for 1 h at 37 °C. 1
pl of 1 pmol/ul Cy3-labelled oligo d(T)so probe was added into the sample mix and
further incubated at 37 °C overnight under dark conditions. In the following day, cells
were first centrifuged for 4 min at 376 rcf and the excess volume of PHB was carefully
discarded. Cells were gently resuspended in 600 pl of 0.5 x SCC and incubated on a
rotating wheel for 30 min in the dark at room temperature. In parallel, poly-lysine coated
coverslips were prepared by adding 50 pl poly-lysine solution onto corresponding
coverslip and let sit for 8-10 min, and excess amount was removed and coverslips
were let dry. Cells were centrifuged again for 4 min at 376 rcf and washed with 600 pl
of 1 x PBS. The pellets were gently resuspended in 40-60 pl of 1 x PBS containing
0.1% NaNs and 30 pl of this volume was placed on poly-lysine treated coverslip and
let sit for 30 min in room temperature. Non-adherent cells were removed by aspiration
and 5 pl DAPI-containing mounting media was added to the complimentary microscope
slide which then covered with its complimentary coverslips. Samples were incubated

overnight before analysed by microscope and kept at room temperature under dark
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conditions. 20 x SSC pH 7.0 solution: 3 M NaCl and 0.3 M sodium citrate. Pre-
hybridisation buffer: 50% formamide, 10% dextran sulphate, 125 ug/ml of E. coli tRNA,
500 pg/ml herring sperm DNA, 4 x SSC and 1 x Denhardt’s solution (0.02% polyvinyl
pyrrolidone, 0.02% BSA, 0.02% Ficoll-400). Pre-hybridisation buffer and 50 x

Denhardt’s solution were stored at —20 °C.

9.3.10 Immunofluorescence (IF)

An immunofluorescence protocol was essentially performed by the modification of the
protocol as described in Hagan I. M. 2016. 0.2 ODsoo/ml cells from pre-cultures were
incubated in 10 ml YES rich-media for one life cycle ~2.5 h. 9 ml culture were
transferred into 50 ml Falcon tubes and fixed by adding 1 ml from 37% formaldehyde
and placed on a rotator and incubated for 60 min at RT. Fixed cells were then pelleted
by spinning at 872 g for 3 min and resuspended in 1 ml PEM and transferred to 1.5 ml
microcentrifuge tubes. Cells were washed twice with 1 ml PEM. After the second wash,
cells were then resuspended in 200 ul PEMS containing 0.5 mg/ml zymolyase 100T
and incubated at 37 °C for 1 h for digesting cell walls. After cell wall digestion, cells
were pelleted at 376 rcf for 3 min and resuspended in 500 pl PEMS containing 1%
Triton X-100 to permeabilise cells where cells were shortly incubated in about 30
seconds and pelleted again at 376 rcf for 3 min. Upon three washing steps with 500 pl
PEM, cells were finally resuspended in 200 ul PEMBAL solution and rotated for 30 min
at room temperature. Cells were then pelleted again at 376 rcf for 3 min and
resuspended in 100 pl PEMBAL solution with respective primary antibody (1/100
dilution for anti-Rbp15¢?P antibody, and 1/500 dilution for anti-Flag antibody), and
placed on a rotating wheel at 4 °C for overnight. On the following day, cells were
pelleted down at 376 rcf for 3 min and washed twice with 100 pl PEMBAL. Cells were

gently resuspended in 100 pl PEMBAL and incubated for 10 min at room temperature.
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After one final round of pelleting at 376 rcf for 3 min, cells were again gently
resuspended in fresh 100 pl PEMBAL containing the secondary antibody of interest
(1/400 dilution of goat anti-rat (Alexa Fluor 594), and 1/200 dilution of goat anti-mouse
(Alexa Fluor 488)) under light limiting conditions. Tubes were then wrapped in
aluminium foil and placed on a rotating wheel for overnight at 4 °C. Next day, cells
were pelleted and washed twice with 200 pl PEMBAL and one time with 500 pl PBS,
and each step of centrifugation at 376 rcf for 3 min. After the last pelleting down, cells
were resuspended in 40 pl PBS containing 0.1% NaNs. Before mounting, 50 pl of poly-
lysine solution was applied on each coverslip for coating and incubated for 15 min at
room temperature and then each coverslip was rinsed with distilled water and let to dry
completely. 20 pl of cell suspension was dropped on respective poly-lysine coated-
coverslip and incubated for 10 min in the dark. Unbound cells were washed away by
carefully tilting the coverslip and pipetting any excess liquid off and let to dry completely
in the dark conditions. Once coverslip dried thoroughly, 5 pl mounting medium
containing DAPI (Roth ROTI®Mount) was added onto a clean slide, each respective
cell-coated coverslip was anchored to the DAPI containing mounting medium slide
upon inverting and coverslips were gently pressed on slides until the mounting medium
spread evenly across the entire surface between slide and coverslip. Sample slides
were analysed immediately. PEM Fixation Solution (100 mM piperazine-N,N'-bis (2-
ethanesulfonic acid) (PIPES), 1 mM EGTA pH 8.0, 1 mM MgSOs4 — For adjusting the
pH to 6.9 it is important to use the sodium and not potassium salt of PIPES). PEMS
(2.2 M Sorbitol in PEM fixation solution). PEMBAL (1% Bovine serum albumin
(essentially fatty acid— and globulin-free), 100 mM Lysine hydrochloride, 0.1% NaNs in

PEM fixation solution).
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9.3.11 Chromatin immunoprecipitation

ChIP-seq was carried out as in Wittmann et al., 2017, with minor modifications and
performed by Dr. Birte Keil (post-doctoral researcher, Kilchert lab) for Dbp2-HTP and
Srp2-HTP, and by Cornelia Kilchert for Rpb1l (8WG16). Exponentially growing cells
(200 ml) were crosslinked with 1% formaldehyde for 20 min at room temperature. For
calibrated ChIP-seq of RNAPII, S. cerevisiae cells were added to the culture in a 1:5
ODeoo ratio prior to crosslinking. 30 ml of a solution of 3 M glycine, 20 mM Tris were
added to quench the reaction. Cells were pelleted and washed once with cold TBS and
once with FA lysis buffer / 0.1% SDS (50 mM Hepes-KOH pH 7.5, 150 mM NaCl, 1
mM EDTA, 1% Triton X-100, 0.1% Na Deoxycholate). After resuspension in 1.4 ml FA
lysis buffer / 0.5% SDS, cells were distributed to two screw-cap micro tubes containing
300 ul glass beads and lysed in a FastPrep instrument (MP Biomedicals) at 3 x 45 s 6
m/s, with 2 min breaks on ice. Lysed cells were recovered with FA lysis buffer / 0.1%
SDS and ultracentrifuged at 24,000 rpm, 20 min, 4 °C in a 70 Ti rotor. The chromatin
pellet was resuspended in FA lysis buffer / 0.1% SDS and sheared with a Bioruptor
sonicator (Diagenode) at 15 s ON / 45 s OFF for 80 min. HTP-tagged proteins were
immunoprecipitated with IgG-coupled dynabeads (tosylactivated M280, Thermo
Scientific), RNAPII with antibody against Rpbl (8WG16, Millipore) coupled to 20 pl of
protein-G dynabeads (Life Technologies). After washing and elution of bound material
from the beads, proteins were digested by incubation with 0.6 mg pronase for 1 h at

42 °C, followed by decrosslinking at 65 °C overnight and DNA extraction.

9.3.12 RNA extraction
Overnight S. pombe cultures in EMMG were switched to 200 ml YES media with 15
MM thiamine on the day and cultured for 5 h to a log phase of ODeoo ~0.5-0.6/ml. For

harvesting, cells were centrifuged for 2 min at 1,962 g and excess media discarded
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and cells were washed with 1 ml cold MQ H20 and transferred to 1.5 ml RNase-free
tubes. Cells were then pelleted again with 2 min at 845 rcf and excess MQ H20 was
removed. Pellets were flash frozen in liquid nitrogen first and kept at -80 °C until further
use. For RNA isolation, cell pellets were resuspended in 400 pl cold AE buffer (50 mM
NaAc pH 5.0, 10 mM EDTA, pH 8.0) and 50 ul 10% SDS and 500 pl (an equal volume)
of fresh phenol:chloroform:isoamylalcohol mixture (PCI, 25:24.:1, pH 4.5) added and
vortexed 15 seconds at max speed and then transferred to 65 °C heat-block for 5 min.
Samples were rapidly cooled down on ice and centrifuged for 15 min; 11,000 g at 4 °C.
Top aqueous phase was transferred into a new tube and 500 pl of chloroform was
added and vortexed for 15 seconds at max speed and spun for 15 min; 11,000 g at 4
°C. Top aqueous phase was transferred one last time into a new tube with the addition
of 40 pl of 3 M NaAc (pH 5.3-6.5) and 1 ml ice-cold 100% EtOH and tubes were gently
inverted 6-7 times to mix properly, and precipitated at -20 °C for 1 h. Samples were
then centrifuged at full-speed for 30 min at 4 °C and washed with ice-cold 80% EtOH
followed by spinning again at max speed for 5 min at 4 °C. Pellets were air-dried on
ice and dissolved in ~400 pl ice cold nuclease-free H20 and total RNA yield was
guantified using Nanodrop. Samples were then flash frozen and stored at -80 °C until

use.

9.3.13 RT-PCR amplification using an anchored PAT- (T)12VN primer

In order to assess poly(A) site usage, a protocol published in Janicke et al., 2012 was
used and performed by Silke Schreiner. Briefly, total RNAs were isolated as described
in section 9.3.12. 1 ug of total RNA/sample (11 ul, RNA+H20) was incubated with 1 pl
of PAT-(T)12VN primer in total of 12 pl reaction volume for 5 min at 80 °C. Upon flash-
spinning and cooling down to 42 °C, 7 ul of master mix containing: 4 pl 5 x SSllI buffer,
1 pl 0.1 mM DTT, 1 pl 10 mM dNTPs, 1 yl RNaseOUT, first incubated at 42 °C for 1

min, then 1 ul Super Script 1ll Reverse Transcriptase (SSIll) reverse transcriptase was
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added, making up a total volume of 20 pl per reaction. Reverse transcription reaction
was then performed for 15 min at 42 °C, 15 min at 47 °C, 15 min at 55 °C and SSllI
enzyme was deactivated for 10 min at 80 °C. cDNAs were diluted in 1:10 with H20 in
preparation for PCR amplification. 5 pl cDNA/sample was used for PCR amplification
using Phire polymerase with gene specific forward and universal reverse primers, in
25 pl total PCR reaction for 10 min at 95 °C, 20 sec at 95 °C, 20 sec at 60 °C for 30
cycles, 30 sec at 72 °C, 1 min at 72 °C, an indefinite pause at 10 °C. Finally, 10 pl
volume/PCR sample used to run in 2% agarose gels and stained with ethidium bromide

and imaged.

9.3.14 Phenol-chloroform extraction of genomic DNA

The protocol was adapted from (Hoffman & Winston, 1987) for rapid genomic DNA
extraction. Yeast cultures were grown to 1 ODeoo/ml and collected by centrifugation for
3 min at 1,962 g and transferred into 1.5 ml microcentrifuge tubes in 1 ml MQ H20, and
quickly spun. Supernatant was then discarded and 0.2 ml of Buffer A (2% Triton X-
100, 1% SDS, 100 mM NacCl, 10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0), 0.2 ml
glass beads, and 0.2 ml phenol:chloroform:isoamyl alcohol (25:24:1; ~pH 7), all were
added into each sample. The mixture was vortexed for 3 min at 4 °C full-speed and
after a quick spun down, 0.2 ml MQ H20 was added into each sample and briefly
vortexed for mixture. Next, samples were centrifuged for 5 min at 10,000 g and the top
aqueous phase was transferred into new tubes. 1 ml 100% EtOH (RT) was added into
each sample tube, and inverted to mix, and spun for 2 min at full-speed. After washing
the genomic DNA pellet once with 70% EtOH, pellets were then resuspended in 0.4-

0.6 ml MQ H20. For PCR, 1 pl of a 1:10 dilution was used.
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9.3.15 In vitro transcription for dig-labelled RNA probes

The probes used in Northern blot assay were designed against the gene body and
labelled with DIG using in vitro transcription assay. 2 x PCR reactions per probe were
performed with gene body specific primer pairs using gDNA template of the wild type
strain as template and reaction volumes were then pooled together and precipitated
with 1 pl glycogen resuspended 40 pl nuclease-free H20. Concentrations were
measured by Nanodrop. All buffers were kept at RT before generating RNA probes
with Ambion Maxiscript Kit. Per reaction 1-1.5 ug DNA template was used in up to 12
pl; 2 pl of 10 x Buffer; 1 pl of each ATP/CTP/GTP; 0.6 ul of UTP, 0.4 pl of dig-11-UTP,
2 pl of Ambion Maxiscript polymerase were mixed and incubated for 1 h at 37 °C. Later,
1 pl of Turbo DNase | was added into each reaction mix and further incubated for 15
min at 37 °C. RNA probes were then precipitated by addition of 30 ul nuclease-free
H20; 1 pl glycogen; 5 pl 5 M ammonium acetate; 150 pl 100% EtOH and incubated
overnight at -20 °C. Precipitated RNA probes were then pelleted down at full-speed for
30 min, at 4 °C and once washed with 70% EtOH and spun again at full-speed for 5
min at 4 °C and finally resuspended in 50 pl nuclease-free H20. Concentrations were
measured by Nanodrop, and probes were aliquoted in 35 pug/ml and stored at -80 °C.
Oligonucleotides used to generate DNA templates for RNA probes are listed in section

9.1.10.

9.3.16 Northern blotting

Total RNAs were isolated from cells as described in RNA extraction section. 10 ug of
RNA per sample in up to 90 ul nuclease-free H20 was further precipitated with 10 pl 3
M NaAc, 1 ul glycogen, 250 pl 100% EtOH for 1 h at -20 °C and pelleted for 20 min;
full-speed; at 4 °C and washed once in 70 % EtOH. Residual liquid was discarded and

pellets were air-dried on ice. 2 pl nuclease-free H20 was used to resuspend per 10 pg
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RNA pellet and 15 pl glyoxal mix was added into it. (Glyoxal mix is stored for long-term
at -80 °C and at -20 °C for routine use and ingredients per 10 ml are: 6 ml DMSO, 2
ml of 40% glyoxal solution (Sigma), 1.2 ml 10 x BPTE, 0.6 ml 80% glycerol). The RNA
sample with glyoxal mix was incubated at 55 °C for 1 h and 1.2% agarose in 1 x BPTE
was prepared (10 x BPTE in 1 I: 30 g PIPES free acid, 60 g Bis-Tris free base, 20 ml
0.5 M EDTA pH 8.0) and let polymerised during this incubation period. Glyoxal-treated
RNA samples were quickly spun down and 18 pl per sample was loaded directly while
still hot onto gel pockets and run 150V for ~ 2.5 h. Upon completion of running, gel was
first incubated in 10 mM NaOH for 20 min at RT shaking, then quickly rinsed with
nuclease-free H20 and further incubated in 20 x SSC buffer for 5 min and later in 10 x
SSC for 40 min. Transfer from gel on Hybond-N+ nylon membrane (GE Healthcare)
was performed overnight by capillary transfer in 10 x SSC buffer (20 x SSC Stock:
175.3 g of NaCl and 88.2 g of sodium citrate dissolved in 800 ml of water pH adjusted
to 7). RNAs were then immobilised on the nylon membrane by UV-crosslinking at 254
nm and 120 mJ/cm2. Crosslinked membrane was first washed with 3% acetic acid for
10 min at RT and then stained with 0.04% methylene blue / 0.5 M Na-Acetate pH 5.2-
6.5 until ribosomal bands appeared. Briefly rinsed with nuclease-free H20 until the
background is white enough and imaged to be used as a loading control. Blots were
transferred to hybridisation tubes and pre-hybridised with 10 ml pre-warmed DIG Easy
Hyb solution (Roche, 1796895001) for 3-6 h at 60 °C. An equal volume of formamide
was added to the Dig-labelled RNA probe and the mix was first incubated for 15 min
at 65 °C then added directly to the pre-hyb solution at a final concentration of 1200 ng/ml
and incubated overnight at 60 °C on a rotator. Probe hybridised blots were first washed
three times with 2 x SSC / 0.1% SDS for 15 min each at 60 °C and then two times with
0.2 x SSC/0.1% SDS for 10 min each at 60 °C. Following washes, blots were rinsed

with 1 x PBS for 2 min at RT and blocked in 1 x Blocking solution (Roche,
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11096176001) (10 x blocking solution 10% w/v Blocking Reagent (Roche,
11096176001) in Maleic Acid buffer w/o Tween-20) for 30 min at RT. 1:10,000 of anti-
DIG alkaline-phosphatase-conjugated antibody, Fab fragments (Roche) was directly
added into the blocking solution and incubate for 1 h at RT. Blots were first washed
five times with 1 x PBS for 5 min each at RT and then washed two times with DIG P3
buffer (100 mM Tris-HCI, pH 9.5) for 10 min each agitating at RT. ~25 pl/cm? CDP-
Star® Chemiluminescent Substrate solution (Millipore) was used for the imaging of

signals.

9.3.17 poly(A)+ length assay

To measure the length of poly(A)-tails, total RNA was labelled with [32P]-pCp following
the protocol outlined in (Minvielle-Sebastia et al., 1991). Total RNA was extracted as
described in section 9.3.12. 1 ug of RNA was incubated with 1 mM ATP, 10% DMSO,
0.25 uM [32P]-pCp, and 10 U of T4 RNA ligase in a 30 ul reaction volume overnight at
4 °C for radioactive labelling. Upon labelling, samples were subjected to additional
digestion to digest away all RNAs leaving the poly(A)-tails. This was done by incubating
samples for 2 hours at 37 °C in an 80 pl reaction containing 80 U of RNase T1, 4 ug
of RNase A, 10 mM Tris-HCI (pH 7.5), and 300 mM NacCl. After digestion, radiolabelled
RNA samples were re-extracted and precipitated as described in section 9.3.12, and
resuspended in 10 yl of nuclease free H20 water, and mixed with 10 ul RNA loading
dye containing xylene cyanol and bromophenol blue dyes. The samples were then
heated at 95 °C for 5 minutes, and 10 pl per sample was loaded in a 20% PAA-8M
urea gel that was pre-run for 30 minutes at 180 V until the dye reached the bottom,

followed by overnight exposure to Autoradiography with Amersham Hyperfilm, (n = 1).
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9.3.18 RNA immunoprecipitation (RIP) assay

Corresponding strains were grown overnight in EMMG media. Next day, 0.2 ODeoo/ml
of cells were cultured in 400 ml YES media together with addition of 15uM thiamine
incubated for 5 h at 30 °C, shaking at 180 rpm. Cells were harvested after washing
pellets with MQ H20 and snap frozen in liquid nitrogen, and stored at -80 °C until
needed. Cell pellets in 2 ml safety-capped nuclease free tubes were filled with 500 pl
glass beads and lysed in 1 ml RIP buffer containing 25 mM Tris HCI pH 7.5, 200 mM
NaCl, 2 mM MgClz, 0.2% Triton-X-100, freshly added 1 mM PMSF, 1:10,000 PIC and
10 U/ml RNasin (Promega) by vortexing with glass beads for a total of 20 min (30 s
vortexing and 30 s on ice). After centrifugation at 18,407 rcf at 4 °C for 5 min, the
supernatant was transferred into new tubes and centrifuged again at 18,407 rcf 4 °C
for 10min. This yields to the total of 1.1-1.3 ml lysate/sample. Before proceeding to
downstream steps in the protocol, total protein concentration for each sample was
determined using BCA assay (as in manufacturer’s protocol, Novagen BCA Protein
Assay Kit). Total volume of lysate was subjected to incubation with 1800 U DNase |
(Thermo Fisher) for 30 min on ice. After adjusting protein concentrations of each
sample proportional to lowest protein concentration containing sample, two sets of
nuclease-free microcentrifuge tubes prepared; one set for input and another set for
immunoprecipitated (IP) samples derived from lysates and beads, respectively. In the
meanwhile, 20 ul GFP-TRAP magnetic beads slurry per sample were washed and
equilibrated three times with 1 ml RIP buffer without protease inhibitors. Lysates were
then incubated with GFP-trap beads at 4 °C for 2 h on a rotator. Supernatant was
discarded and bound beads were washed 8 times with RIP buffer containing 1 mM
PMSF, 1:10,000 PIC and 10 U/ml RNasin. The isolation of RNAs as well as proteins
was achieved by adding 1 ml TRIzol into lysates for inputs and directly into beads for

immunoprecipitated (IP) samples and vortexed at max. speed for 10 sec and incubated
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samples for 5 min at RT. 200 pl chloroform was added into each sample and vortexed
strongly for 10 seconds and incubated for 5 min at RT. Samples were then centrifuged
at 18,407 rcf; 15 min; 4 °C. The upper phase was transferred into new nuclease-free
microcentrifuge tubes and the bottom TRIzol containing part is kept for the isolation of
proteins. For the isolation of RNAs, 1 ml isopropanol was added into tubes containing
the upper phase and incubated at -20 °C for 1 h and after that centrifuged at 18,407
rcf; 20 min; 4 °C. Pellets were washed once with 80% ethanol and centrifuge at 18,407
rcf; 5 min; 4 °C. Excess ethanol was discarded and pellets were let dry completely on
ice. 50 pl nuclease free water was used to resolve each pellet and samples can be
frozen and stored at this stage for future use at -80 °C. For the precipitation of proteins
from each sample, 1 ml acetone was added into the lower phase and incubated at -20
°C overnight and then centrifuged at 18,407 rcf; 1 h; 4 °C. Pellets were washed once
with acetone and centrifuged 18,407 rcf; 30 min; 4 °C. After drying pellets for at least
15 min on ice 30 ul HU loading buffer (8 M urea, 5% SDS, 200 mM Tris-HCI pH 6.5,
20 mM dithiothreitol (DTT), 1.5 mM bromophenol blue) was added into each sample
and incubated for 10 mins at 95 °C. Samples at this stage can be stored at -20 °C until
further use. Transcript analysis was performed using oligo-d(T) primer at the reverse

transcription step and transcript specific primers at PCR amplification step.

9.3.19 Reverse transcription PCR (RT-PCR)

Reverse transcription (RT) was performed to synthesise cDNA from RNA templates,
as part of RIP assay. Reverse transcription reactions were done with Biozym cDNA
synthesis kit according to the manufacturer’s instructions. 1 pg of input and 2 pl of IP
samples per reverse transcription reaction were used to generate cDNA in total
reaction volume of 20 pul. Oligo-d(T) primer was used to obtain cDNA levels. Reverse

transcriptions without reverse transcriptase (no RT control) were performed as the
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negative controls, to ensure signal was not derived from any contaminant DNA. 2.5 pl
per cDNA reaction volume were then amplified with Phire polymerase using gene
specific primers for total of 26 cycles. 10 pl from RT-PCR reaction was loaded into 2%
agarose gel and stained with HD-green. Primers used for the study are listed in section

9.1.10.

9.4 In vitro protein biochemistry methods

9.4.1 Cloning of expression plasmids

The Zero Blunt™ TOPO™ PCR Cloning Kit was used to clone the S. pombe Dbp2
ORF, which was retrieved from the YP428 strain. Full-length Dbp2 mRNA was reverse
transcribed using a gene-specific primer, as listed in 9.1.10. ATP-binding mutant
K172R (deficient in ATPase activity) was introduced by point mutations into this
plasmid using site-directed mutagenesis with primers that contain the necessary
nucleotide changes. The blunt-end cDNA products of dbp2 were inserted into the pCR-
Blunt-1I-TOPO vector, and the resulting constructs were subsequently cloned into
pOPINS3C (L. E. Bird, 2011). This plasmid allows the expression of full-length Dbp2
and an ATP-binding K172R mutant with an N-terminal Hise-tag in E. coli. The
pOPINS3C plasmid was Kpnl and Hindlll digested and the cDNA PCR fragments
assembled using HiFi assembly kit. NEBuilder HiFi assembly master mix was
performed according to manufacturer's recommendations (NEB). Assembly reaction
contained 50-500 ng of linear vector, an appropriate amount of insert DNA in a 1:2
vector to insert molar ratio and 2 x NEBuilder HiFi. NEBuilder HiFi assembled products
were transformed into TOP10 E. coli (Invitrogen) by heat shock according to the
manufacturer's protocols. Transformed cells were spread on plates containing 50
pMg/ml Ampicillin, 25 pg/ml Kanamycin. The assembly reaction was incubated at 50 °C

for 1 h. 5 pl of the mixture was used for transformation in E. coli p(Lys)S cells.
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9.4.2 Transformation of E. coli cells and plasmid extraction

All transformations were performed using chemically competent cells. 50 ul iced
thawed competent cells were transformed with 5 pl HiFi assembly mix or 50 ng plasmid
DNA. Cells were incubated ice for 5 min and then heat shocked at 42 °C for 30 sec
followed by an incubation on ice for 5 min. Cells were recovered in 270 yl SOC medium
(20 g/l tryptone, 5 g/l yeast extract, 0.59 g/l NaCl, 0.186 g/l KCI, 2.03 g/l MgCl2 x 6H20,
2.46 g/l MgSOa4 x 7 H20) and incubated for 1 h at 37 °C on a shaker at 200 rpm. 100
dI of cell suspension was spread out on selective Lysogeny broth (LB) plates (10 g/l
tryptone, 5 g/l yeast extract, 10 g/l NaCl, 20 g/l agar) containing 50 ug/ml Ampicillin, 25
pg/ml kanamycin and/or 34 ug/ml chloramphenicol antibiotics and incubated overnight
at 37 °C. Single colony was picked and checked by colony PCR using Phire-
polymerase as described in section 9.2.1.4, validated positive colony was then
inoculated in 5 ml liquid LB containing the appropriate antibiotics and incubated at 37
°C and 180 rpm overnight. Cultures were then subjected to plasmid extraction using
the NucleoSpin® Plasmid (Macherey & Nagel) according to the manufacturer’s

instructions.

9.4.3 Recombinant expression and purification of proteins

Recombinant constructs are expressed with an N-terminal Hise-SUMO-3C-tag allowing
affinity purification and the tag is cleavable due to the presence of a Rhinovirus 3C
protease recognition site (LEVLQFGP). Both wild type full-length Dbp2 and ATP-
binding K172R mutant Dbp2 were expressed in BL21(DE3)pLysS cells. 400 ml of cells
were grown at 37 °C and 180 rpm in LB supplemented with 50 ug/ml kanamycin and
25 ug/ml chloramphenicol until ODsoo ~0.8/ml was reached. Protein expression was
induced by the addition of 0.2 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) into

the cell cultures followed by further growth at 25 °C for 3 h. Cells were harvested by
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centrifugation at 4 °C and 6,200 g for 15 min and flash frozen kept until use at -80 °C.
For lysing cells re-suspended in 10 ml lysis buffer (150 mM KCI, 50 mM HEPES pH
7.5, 10% glycerol (v/v), 15 mM imidazole, 0.15% NP-40 (v/v) with freshly added 1 mM
dithiothreitol (DTT), 1mM PMSF) and sonicated (30 secs on and 30 secs off intervals
for 10-15 mins) on ice. The suspension was ultracentrifuged at 4 °C and 40,000rpm
(70 Tirotor) for 40 min and lysates added to the pre-equilibrated 400 pl Ni-NTA agarose
slurry beads 2 times with lysis buffer and incubated at 4 °C on a rotator for 2 hrs. Beads
were then washed 6 times with lysis buffer, spinning down after each washing step at
1,800 rpm for 2 min. Proteins were eluted from beads after incubating in 200 pl elution
buffer (150 mM KCI, 50 mM HEPES pH 7.5, 10% glycerol (v/v), 300 mM imidazole,
0.15% NP-40 (v/v)) for 30 min at 4 °C on a rotator. Full-length wild type and K172R
mutant Dbp2 were then dialysed (Dialysis membrane Membra-Cel™, 14000 MWCO),
a method to primarily used to remove small molecules and exchange buffer, in a buffer
containing 40 mM Tris/HCI pH 8.0, 50 mM NacCl, freshly added 5 mM 3-mer. and at
the same time subjected to human Rhinovirus (HRV) 3C Protease (Thermo Scientific
Pierce) cut from the cleavage site (LEVLQFGP) used in 1:50 ratio for overnight at 4
°C. At this point, the solution contains traces of uncleaved Dbp2 constructs, Hise-
tagged 3C protease, and mostly cleaved Dbp2 constructs. The cleaved Dbp2
constructs were collected in the flow-through after the reverse Ni-NTA approach. This
was achieved by incubating the solution with 100 pl Ni-NTA agarose beads slurry for
1 hour at 4°C, following the reverse Ni-NTA strategy. All cleaved Dbp2 constructs were

successfully recovered in the flow-through during this step.

All protein concentrations were determined using a NanoDrop. A final concentration of

33% (v/v) glycerol was added to the elution fractions before freezing in liquid nitrogen
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and storage at -80 °C for long-term storage. The uncleaved and 3C cleaved products

can be detected by Coomassie staining the SDS gels (Figure 2.3.1B&C).

9.4.4 Annealing of RNA substrates

Before using double-stranded substrates for the helicase assay, two single-stranded
substrates (listed in section 9.1.10.2) were annealed to each other, as outlined by
(Putnam & Jankowsky, 2013a). Puthnam 2013 RNA sequence consist of a 13 bp-BHQ2
label at 3’-end and a 25 nt overhang-Cy5 labelled at 5’-end. Ma 2013 RNA sequence
consist of a 16 bp-BHQ label at 3’-end and a 21 nt overhang-Cy5 labelled at 5’-end.
The ssRNA substrates, labelled with Cy5 (shorter sequence) and BHQ2 (longer
sequence), were annealed before use. Annealed dsRNA substrates were used for in
vitro helicase assay testing the unwinding reactions. The annealing reaction involved
mixing equimolar amounts of each ssRNA in 1x annealing buffer (composed of 60 mM
KCI, 6 mM HEPES pH 7.5, and 0.2 mM MgCl,). The mixture was subjected to a thermal

cycling program:

PCR Cycler Settings

95°C for 10 minutes

1 pl 100 uM RNA Cy5, 13 or 16 bp 90°C for 5 minutes
1 pl 100 uM RNA BHQ2, 21 or 25 nt 85°C for 5 minutes

10 pl 10xAnnealing buffer 80°C for 5 minutes
88 ul nuclease-free H20 :

Total volume: 100 pl Continue decreasing by
5°C steps, each for 5
minutes, until reaching
10°C
pause at 4°C

The substrates were then aliquoted and kept at -80 °C under dark conditions for long

term storage.
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9.4.5 In vitro helicase assay

The helicase assay used for testing the unwinding activity of Dbp2 recombinant
proteins were performed in reaction buffer containing 40 mM Tris-HCI pH 8.0 50 mM
NaCl 5mM B-mer. A strand of the dsRNA was labelled at the 5'-end with a Cy5
fluorophore, while the other ssSRNA was labelled at the 3'-end with a BHQ2 quencher.
BHQ2 quenches the signal emitted by Cy5 when unwound and in closed proximity to
the Cy5. However, upon substrate unwinding, unwound Cy5 emit a fluorescent signal,
which can be measured in real-time. The helicase assay was performed at room
temperature under dark condition using the plate reader Tecan Infinite F200 pro. Total
reaction volume used was 100 ul/well. Reaction mixture of helicase buffer contained
in total concentrations of the followings: 600 nM of either recombinant Dbp2 proteins,
10 nM of either dsRNA substrate were first mixed and signal was measured, and then
2 mM ATP and 2 mM MgCl2 were programmed to be sprayed into each reaction (Figure
2.3.2B) during real-time and signal emitted was measured every second for a period
of 2 mins. Flat-bottomed black 96-well plates were used for reactions. The Cy5
fluorophore was excited at a wavelength of 620 nm and the emitted fluorescence signal

measured at a wavelength of 670 nm.

9.5 High-Resolution Microscopy

9.5.1 Image acquisition

The Deltavision Ultra High-Resolution Microscope was used for image acquisition for
both live cell and immunofluorescence microscopy and 18mmx18mm, 1705 um high
precision coverslips were used for sample preparation. Acquired Z-stack images were
deconvolved with the softWoRx software using settings as in the following: sample
thickness 5.00, Z-section spacing 0.25 um, number of sections 20, experimental type

3D, exposure time 0.500, percent of transmission for red channel 40% for green
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channel 5% for blue channel 5%. Upon acquisition, image samples were deconvolved
with method set to enhanced ratio (aggressive), noise filtering to high 300 nm. Line

profiles were generated with Fiji (Schindelin et al., 2012) and plotted in R.

9.5.2 Live microscopy

Precultures were inoculated in respective liquid media from cryo-stocks, incubated on
a shaker overnight at 30 °C. The next day, for Dbp2 depleting conditions, cells were
first pelleted down at 1,962 g for 3 mins to get rid of residual EMMG and only then
diluted in rich YES media with 15 pM thiamine to an ODeoo of 0.2 and grown under
agitation at 30 °C for 5 h. Any other cell strains were precultured and grown in YES
media. 50 pl of poly-lysine coating solution was applied on each cover slip and
incubated for 15 min at room temperature. Cover slips were then briefly rinsed with MQ
H20 to remove leftover poly-lysine as well as dust particles away. 1 ml cell suspension
per sample was transferred to 1.5 ml microcentrifuge tubes and spun at 376 rcf, for 1
min at RT. Excess media was discarded and cells were resuspended either in 100 pl
of EMMG media + containing 15 uM thiamine for Dbp2 depleting conditions, 100 pl of
EMMG media for any other strain of cells, and for ectopic expression of Dbp2 variants,
cells were resuspended in 100 pl of EMMG -LEU (lacking leucine) media. 30 pl cell
suspension was transferred onto poly-lysine coated coverslip and incubated 8-10 min.
Cell suspension on each coverslip was gently pipetted up and down to get excess and
non-adherent cells away. Each coverslip then inverted and carefully placed onto its

corresponding microscope slide.

9.5.3 Image analysis and quantification
Image quantification was performed using Fiji with a semiautomated ImageJ macro
script (detailed in Aydin et al., 2024). Briefly, cellular segmentation was achieved by

thresholding the transmitted light channel (to define cell outlines) and the DAPI stain
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(to identify nuclei). The oligo-d(T)so signal was gquantified on average intensity Z-
projections for both the nucleus and the cytoplasm (defined as the total cell excluding
the nucleus). For each cell, the nuclear-to-cytoplasmic fluorescence intensity ratio was
calculated by dividing the mean nuclear fluorescence intensity by the mean
cytoplasmic fluorescence intensity. Statistical analyses for pairwise comparisons were
conducted using the Wilcoxon test, with p-values calculated via the ggpubr package in
R (Kassambara, A., 2022. Ggpubr: ‘Ggplot2’ Based Publication Ready Plots. CRAN
link). Scale bars in the images were defined using the following parameters in Fiji’s
"Set Scale" settings: Distance in pixels: 9.2746; Known distance: 1.00; Pixel aspect

ratio: 1; Unit of length: micron, corresponding to 9.2746 pixels/micron.

9.6 High-throughput data analysis and bioinformatics methods

9.6.1 Genome-wide transcriptome sequencing (RNA-seq)

For RNA sequencing, pellets from S. pombe and S. cerevisiae cultures were pooled in
a 5:1 ODeoo ratio immediately before cell lysis. Total RNA was extracted with the hot
phenol method. The construction of the sequencing library was performed by Dr.
Stefan Guenther at the Max Planck Institute for Heart and Lung Research Bad

Nauheim sequencing facility.

The raw RNA-seq FASTA files were processed by Cornelia Kilchert to generate BAM
files, which underwent rigorous quality control (QC) checks. Briefly, the processing
pipeline included adapter trimming, quality filtering, and removal of low-quality reads
to ensure high data integrity. In depth, after read trimming with Trimmomatic, (Bolger
et al., 2014) RNA-seq data were aligned to versions ASM294v2 and R64-1-1 of the S.
pombe and S. cerevisiae genome using the STAR aligner (Dobin et al., 2013) on the

Galaxy server (Jalili et al., 2021). All reads aligning to both yeasts were filtered out
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using SAMtools (H. Li et al.,, 2009). For normalisation purposes, the reads were
additionally aligned to the S. cerevisiae genome (R64-1-1 version). Post-alignment,
the resulting BAM files were used for downstream expression analyses. Differential
gene expression analysis was carried out with the DESeq2 tool (Love et al., 2014) after
read counting with HTSeg-count (Anders et al.,, 2015) in Union mode on the

ASM294v2.57 gene model provided by EnsemblFungi (Martin et al., 2023).

9.6.2 Genome-wide ChlIP-sequencing (ChlP-Seq)

Chromatin preparation, protein pull-down and DNA precipitation steps were done by
Dr. Birte Keil (post-doctoral researcher, Kilchert lab) for Dbp2-HTP, Srp2-HTP and for
total RNAPII (a-rpbl (8WG16) in Dbp2-3myc by Dr. Cornelia Kilchert as described in
section 9.3.11. Samples were in duplicates. The construction of the sequencing library
for Dbp2-HTP and Srp2-HTP associated DNA was performed by Dr. Stefan Guenther
at the Max Planck Institute for Heart and Lung Research Bad Nauheim sequencing

facility.

The raw ChIP-seq data in FASTQ format were processed by Dr. Cornelia Kilchert
following standard quality control (QC) procedures. Initial steps included trimming of
adapter sequences and filtering out low-quality reads using tools as mentioned in
section 9.6.1. ChlP-seq data were aligned with BowTie2 (Langmead & Salzberg,
2012), ensuring optimal mapping of reads to the genome. After alignment, the resulting
BAM files were used for downstream analyses. Genomic ranges for metagene plots
and heatmaps were selected using the packages rtracklayer and GenomicAlignments
in R, and metagenes generated with the metagene2 package without normalisation
before geometric scaling (Fournier, E., Joly Beauparlant, C., Lippens, C. & Droit, A.,
2022, metagene2: A package to produce metagene plots. R package version 1.14.0,

Lawrence et al.,, 2009, 2013). GO term annotations were retrieved using biomaRt
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(Durinck et al., 2009). Plots were generated with the ggplot2 package in R (Wickham,

H. Ggplot2: Elegant Graphics for Data Analysis, Springer-Verlag New York, 2016).

9.6.3 Visualisation of aligned reads
The web application version of “Integrative Genomics Viewer” (IGV-Web) was used to
visualise aligned reads for any bedgraph dataset (Robinson et al., 2011, 2017, 2023;

Thorvaldsdattir et al., 2013).

9.6.4 Liquid chromatography-mass spectrometry (LC-MS)

Liquid chromatography-coupled mass spectrometry analysis from mild crosslinking
protein purifications of Dbp2-HTP and Srp2-HTP were performed by Dr. Timo Glatter,
Mass Spectrometry and Proteomics facility at the Max Planck Institute for Terrestrial
Microbiology, Marburg, Germany. Experimental details are available in Aydin et al.,

2024.

9.6.5 Protein computational analysis

A disorder prediction of the full-length Dbp2 protein was performed using the Disorder
Prediction MetaServer (DisMeta) (Y. J. Huang et al., 2014). The Dismeta server
defines consensus disorder prediction results of a given protein, and any disorder
consensus above 0.5 as an indicator for disorder, which is exhibited by dashed line in
the plot. The uniprot primary accession number for S. pombe Dbp2 as “P24782” was
used for the DisMeta analysis. The boundaries of two helicase core domains with the
hinge region in between, being used here is as annotated in uniprot P24782 accession
number.

The predicted alignment error (PAE) matrices were generated by AlphaFold 3 to
provide estimates of the relative positional errors between aligned amino acids across

the sequences of the respective orthologues (Abramson et al., 2024).
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9.6.6 Data availability

Raw (fastq) and processed (bedgraph) sequencing data can be downloaded from EBI
ArrayExpress with the accession numbers E-MTAB-13712, E-MTAB-13714 and E-
MTAB-13717. The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (Deutsch et al., 2023) partner repository

with the dataset identifier PXD048560.
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Chapter10 Appendix

APPENDIX 1

GFP-TRAP magnetic beads pull-down
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Appendix 1 | Dbp2 is still asymmetrically dimethylated in the absence of Rmt1l

Inputs and eluates from Co-IP experiments using GFP-Trap beads were prepared from strains
expressing either Pab2-GFP, Pab2-GFP rmt1A, Dbp2-GFP, or Dbp2-GFP rmt1A. On left panel
Pab2-GFP and Pab2-GFP rmt1A was used as control, for the reconstitution of already published
result of Pab2 being solely asymmetrically dimethylated by Rmtl. On right panel is Dbp2-GFP pull-
down in the presence and absence of Rmtl. Samples were resolved on SDS-PAGE and analysed
by WB using antibodies against a-GFP and a-ASYM24. Upper and lower asterisks appeared with a-
ASYM24 antibody, where the upper band is at the height of pulled down Dbp2-GFP, and the lower
band likely corresponds to a form of asymmetrically dimethylated Dbp2. The image is representative
of two independent experiments, (n=2).
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APPENDIX 2
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Appendix 2 | Mlo1l becomes synthetical lethal with Dbp2 depletion

Plate-based cell-growth assay of wild type, P.nmt-dbp2, mlo1A, or P.nmt-dbp2 mlo1A double mutant.
The growth phenotype of P.nmt-dbp2 mutant cells in thiamine-containing media (YES) is
exacerbated upon deletion of the mlol gene in S. pombe. The indicated strains were cultured
overnight in EMMG, serially diluted (1:10), and spotted onto EMMG or YES plates, followed by
incubation at 30 °C for 2-3 days. The image represents data from two independent experiments, (n
=2).

Mlo1 homologues (S. cerevisiae Tho1, H. sapiens SARNP/CIP29 and MOS11 in A.
thaliana.) are implicated in poly(A)+ RNA export pathway. Mlo1 is not required for cell
viability in S. pombe, its genomic deletion alone does not lead to any growth defect on
cell-growth assay. Pnmt-dbp2 is a thiamine-repressible promoter exchange of dbp2,
in the presence of thiamine dbp2 transcription is repressed. Combining mlo71A with
P.nmt-dbp2 results in synthetic lethality for mlo1, implicating the essential role of Dbp2

for Mlo1 functions, possibly related to RNA export.
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APPENDIX 3
WesternBlot
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Appendix 3 | Export adaptor Mlo3 is insufficiently recruited on mRNAs upon loss of Dbp2

A. Western blot analysis of lysates and immunoprecipitated (IP) samples from Mlo3-GFP and Mlo3-
GFP P.nmt-dbp2. Cells were grown in EMMG overnight and shifted to YES medium for 5 h at 30 °C.
IP was performed using GFP-TRAP magnetic beads and bound fractions were probed with GFP
antibody. GAPDH was used as a loading control. B. Analysis of Mlo3 recruitment on poly(A)+ RNAs
by RIP. For reverse-transcription (RT) reaction oligo-d(T) primer was used. 1 pg of lysate and 2 pl of
IP of RT RNA volumes were used to generate cDNA. cDNA was prepared from gene specific primers,
for ssa2 transcript using RT-PCR. 2 pl of RT was used for RT-PCR reactions. RT-PCR cycles run at
53 °C set as the annealing temperature for total of 26 cycles. 10 ul from cDNA was loaded into 2%
agarose gel. For minus reverse transcription (-RT) samples, reactions were run without the use of
reverse transcriptase, (n = 1).
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