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DER FAKULTÄT BIOLOGIE UND VORKLINISCHE MEDIZIN

DER UNIVERSITÄT REGENSBURG
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Chapter 1

General Introduction

1.1 From DNA to RNA - the RNA Polymerase II

At the core of the central dogma of molecular biology, RNA polymerases enable most known

organisms to transcribe genetic information into RNA. While RNAs can have regulatory,

enzymatic or structuring functions, messenger RNA (mRNA) is the key molecule to deliver

information to the ribosome. Transcription of genes encoding for mRNA is carried out by the

RNA polymerase II (RNAPII). This molecular machinery consists of 12 subunits (Bushnell and

Kornberg, 2003) that can carry out the basic role of reading the sequential information stored in

DNA and adding ribonucleotides to a growing RNA chain. However, compared to RNAPI and

RNAPIII, RNAPII has by far the most diverse set of targets. Eukaryotic RNAPI only has very

speci�c targets, including the transcription of 25S, 18S, and 5.8S rRNA. Targets of RNAPIII

include 5S rRNA, tRNA, 7SL RNA, U6 snRNA (Dieci et al., 2007). RNAPII targets are

ranging from the permanent transcription of housekeeping genes to highly up- or downregulated

stress response genes. Additionally RNAPII transcribes miRNAs, snRNAs, snoRNAs and other

non-coding RNAs (Hsin and Manley, 2012). To enable speci�city and accuracy for such a wide

range of targets, a substantial number of additional factors are involved in �ne tuning RNAPII

dependent transcription in higher eukaryotes.

1.1.1 Initiation of transcription

The most obvious step of transcriptional regulation is the rate at which RNAPII is recruited to

the promoter of genes. This is a well-studied process which, in short, consists of the interplay of

conserved sequence elements and regulation of the general accessibility of the region. Di�erent

sequence elements directly on the DNA are the basic way to regulate the transcription of a gene

and are present in all branches of life (Werner and Grohmann, 2011). In a well-coordinated

sequence of events, several highly conserved steps regulate transcription initiation. Consequently,

this mechanism is very de�ned and as that probably the best studied one during the transcription

cycle, reviewed for example by Farnung and Vos, 2021. For RNAPII mediated transcription this

step begins with the assembly of the preinitiation complex, composed of the core RNAPII and

general transcription factors. This complex can unwind the DNA and form the "transcription

bubble". In many cases this complex is pre-loaded on the promoter of genes and the transcription

is paused until further signaling occurs. Depending on the interplay of several DNA elements

and general transcription factors, this is already su�cient to achieve a good range of control.
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1.1.2 Transcript elongation

The main focus of this work is based on the regulatory steps of transcript elongation. Compared to

initiation, this step during transcript synthesis is more complex and depends on the recruitment,

release and/or modi�cation of a variety of so called transcript elongation factors (TEFs). These

factors are needed to overcome obstacles during elongation. Obstacles during transcription

can range from challenging sequences like repetitive regions or regions with di�erences in

GC-composition to co-transcriptional processes like splicing to transcription over nucleosomes,

including a vast amount of possible histone modi�cations (Chen et al., 2018). Despite the

complexity of the regulation of transcript elongation, it could be the �rst layer of control of

transcription that developed during the course of evolution (Werner and Grohmann, 2011).

The following introduction of TEFs shows just a few that are well-described in several model

organisms and include those this study is focused on.

1.1.2.1 TFIIS

TFIIS was described inArabidopsis thalianaby Grasser et al., 2009 as a nuclear protein involved

in gene expression. It is a three-domain protein with an N-terminal domain, a middle domain

acting as a linker and a C-terminal domain reaching into the active center of the RNAPII, where

it is essential to stimulate the weak intrinsic RNA cleavage activity of the RNAPII (Kettenberger

et al., 2003). Later it was shown that the RNA cleavage activity of TFIIS is crucial for rescuing

backtracked and/or arrested RNAPII elongation complexes inArabidopsis (Antosz et al., 2020).

TFIIS de�cient mice proved to have a severely impacted development (Ito et al., 2006). In yeast

(Koyama et al., 2003) and inArabidopsis (Grasser et al., 2009), reduced levels of TFIIS have

shown only minor e�ects on the phenotype of the respective organisms under perfect growth

conditions.

1.1.2.2 The PAF1 complex

The multisubunit polymerase-associated factor 1 complex (PAF1C) consists of six subunits in

plants, named ELF7 (homologue of PAF1), ELF8 (homologue of CTR9), VIP4 (homologue

of LEO1), VIP5 (homologue of RTF1), VIP3 (homologue of WDR61/SKI8) and CDC73

(homologue of CDC73) inArabidopsis thaliana. PAF1C has been shown to play a stabilising role

in elongation beyond the pause-release step. This role correlates with several post-translational

histone modi�cations like decreased H3K36me3 and H2b ubiquitination at target genes (Hou

et al., 2019). It was shown that knockdown of human PAF1 (Arabidopsis: ELF7) and CTR9

(Arabidopsis: ELF8) displayed similar severe phenotypes (Kim et al., 2010). In plants, a

functional role of PAF1C was described as a protein complex that regulates the transition

from vegetative to reproductive development (van Lijsebettens and Grasser, 2014).Arabidopsis

CDC73 was shown to play a role for a very small subset of genes including theFLOWERING

LOCUS C (Yu and Michaels, 2010).
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1.1.2.3 The histone chaperone FACT

FACT (facilitates chromatin transcription) was identi�ed to be essential to enable RNAPII for

the transcription over nucleosomal templatesin vitro (Orphanides et al., 1998). It consists of two

subunits named SPT16 (suppressor of Ty 16) and SSRP1 (structure-speci�c recognition protein

1) (Orphanides et al., 1999). The subunits are highly conserved in many species, including

in Arabidopsis thaliana. One prominent exception to the otherwise rather consistent naming

of the FACT subunits within eukaryotic model organisms is yeast, where SSRP1 is named

POB3. This FACT subunit has high sequence similarity to the homologues in other species

but lacks an HMG-box domain. Since the �rst identi�cation of the FACT complex, extensive

research was conducted on this complex, gaining insights into the various roles of FACT in

transcriptional control by establishing a speci�c chromatin context. This not only includes

removal of nucleosomes but also reassembly and general accessibility of chromatin. Besides its

role in RNAPII mediated transcription, FACT is also involved in chromatin repair and DNA

replication (Formosa and Winston, 2020).

1.1.2.4 SPT4-SPT5 heterodimer

As SPT5 is the only universally conserved transcription factor present in all branches of life,

it acts as an indicator that the regulation of transcript elongation was the �rst to develop

(Werner and Grohmann, 2011). Several functions were assigned to the SPT4-SPT5 dimer. These

include the regulation of pausing, promoting productive elongation and the coordination of

co-transcriptional mRNA processing (Song and Chen, 2022). InArabidopsis, previous studies

described two genes encoding SPT4 and SPT5, each. Mutant lines with reduced levels of

the constitutively expressed SPT5-2 were not viable. For mutant lines with reduced levels

of expression of SPT4, several severe growth defects were described and linked to defective

transcript elongation (D•urr et al., 2014).

1.1.2.5 ELF1

Elongation factor 1 (ELF1) was �rst described in yeast (Prather et al.,2005). It is a small

zinc �nger protein which interacts with RNAPII at the DNA entry tunnel (Ehara et al., 2017).

Later it was shown to facilitate transcription through nucleosomes by adjusting the position of

histones (Ehara et al., 2019). A similar function of ELF1 was also described in archaea, where

ELF1 in conjunction with SPT4-SPT5 enables productive elongation of RNAPII (Blombach et

al., 2021).
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1.1.3 Termination

A last step of direct transcriptional control is the termination of the polymerisation process.

As a variety of transcription units are target of RNAPII mediated transcription, there are

also di�erences in the termination mechanism. For protein coding genes, however, this process

usually involves recognition of a polyadenylation signal by the cleavage and polyadenylation

complex, composed of the cleavage and polyadenylation speci�city factor (CPSF), the cleavage

stimulatory factor (CstF), and the cleavage factors (CF) I and II (Eaton and West, 2020).

This is accompanied by a slowdown of the RNAPII. The exonuclease Xrn2 co-transcriptionally

degrades RNA past the polyadenylisation signal and �nally displaces the RNAPII (Cortazar et

al., 2019).

1.2 Di�erences in the genome architecture of higher eu-

karyotes

Many plants are highly complex eukaryotes and in many ways their genome architecture,

organization, and complexity is comparable to that of other complex eukaryotes like mammals.

On the other hand, plants are sessile organisms and cannot easily evade extreme environmental

changes. Thus, extreme and quick transcriptional 
exibility is of special importance for those

organisms to react to environmental cues. It has long been established that simply counting the

number of genes is not a good predictor of the complexity of a species. The genome size itself

is also not the single most important predictor. The best example for this is the genome size

of the two widely studied plant model organismsArabidopsis thalianaand Zea mays. While

the genome size ofArabidopsis thaliana is approximately 135 megabase pairs (according to

"The Arabidopsis Information Resource" (TAIR)) the maize genome consists of 2.4 gigabases

(according to the NAM Sequencing Consortium).

This is within the range of the latest predicted human genome size of approximately 3.1 gigabases

(Nurk et al., 2022) and� 18x larger than theArabidopsis thalianagenome. The length of typical

transcription units of protein coding genes is approximately 2.2 kb inArabidopsis compared to

approximately 66.6 kb in humans. However, the approximate number of nuclear, protein-coding

genes is comparable, or rather even higher inArabidopsis (� 28000 inArabidopis; � 20000 in

humans) (Derelle et al., 2006; Cheng et al., 2017; Piovesan et al., 2016; Nurk et al., 2022).

In this context, it is of special interest to investigate the role of many conserved transcript

elongation factors and how their role may di�er between such highly di�erent transcriptional

challenges.
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1.3 Additional layers of control in transcription

Arguably, multi-cellular organisms and especially higher eukaryotes are more complex than

prokaryotes and therefore need a wider range and higher precision in the control of gene

expression. To achieve this, additional layers of control have evolved. One of the most striking

di�erences between prokaryotes and eukaryotes is the evolution of histones and the controlled

compaction of DNA that those proteins bring with it. Bacterial gene promoter are generally

open and often show a base level of initiation. On the other hand, eukaryotic promoter can be

shut down completely due to the compaction mediated by the interaction of DNA with histones.

Additional elements as enhancers, silencers, and insulators contribute to an increased control over

gene expression. A key feature of eukaryotic cells is the packaging and compaction of DNA into

chromatin. This is done by wrapping the DNA around histone octamers, in general consisting

of two of the subunits H2A, H2B, H3 and H4, each. One Nucleosome comprises approximately

147 bp of DNA and one histone octamer (Luger et al., 1997). While this compaction of DNA is

advantageous to organise large genomes, it also allows for a very strict control of transcription

by restricting access to genes, promoter regions and upstream elements. The positioning,

modi�cations and strength of interaction of histones with DNA directly in
uence transcription

(Orphanides and Reinberg, 2000).

1.4 Transcriptional plasticity in the context of environ-

mental stress

As sessile organisms, plants depend on quick and robust adaptability of gene expression to

cope with challenging environmental conditions. Those conditions include abiotic stresses like

temperature stress, salinity stress, light stress and drought stress as well as biotic stresses like

transcriptional response to bacteria. Extensive data was generated and collected in case of

Arabidopsis thalianato determine expression patterns (Kilian et al., 2007; Winter et al.; 2007).

This has shown that the expression pattern of very speci�c subsets of genes is quickly induced

or repressed. Especially in case of heat stress, the transcriptional response is well-known (Guo

et al., 2016) and inducing the heat shock response can be used to get insight into speci�c

transcription related processes (Kumar and Wigge, 2010; Guo et al., 2016; Cortijo et al., 2017).
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1.5 Scope of the thesis

Starting with well-established mutant lines with reduced expression of certain transcript elonga-

tion factors, the goal of this study was to get detailed knowledge on the genome wide distribution

and the impact on transcription of the respective factors. Several deep sequencing approaches

were combined to this end: nuclear RNA-Sequencing was used to determine di�erences between

TEF mutant lines and wild type plants under steady state conditions as well as acute stress con-

ditions. Chromatin immunoprecipitation (ChIP) was performed with antibodies directed against

the native TEFs as well as di�erent phosphorylation states of the carboxy-terminal domain of

the largest RNAPII subunit (RNAPII-CTD) to determine the genome wide distribution of the

factors in relation to the polymerase. Micrococcal nuclease (MNase) digestion of chromatin

was followed up by immunoprecipitation with antibodies directed against histone H3 and deep

sequencing in order to determine exact nucleosome positions in the plant genome. Finally,

several published MNase-Sequencing datasets with and without immunopreciptation steps,

ChIP-Sequencing datasets with immunoprecipitation directed against histone modi�cations

and ChIP-Sequencing as well as NET-Sequencing (native elongating transcript sequencing)

datasets with immunoprecipitation steps directed against di�erent phosphorylation states of the

RNAPII-CTD were reanalyzed. While well-tested antibodies against the CTD of RNAPII are

commercially available, a major part of the work included creating and testing in-house made

antibodies directed against transcript elongation factors and adapting the ChIP protocol to

enable speci�c binding of the antibodies on the one hand and suitability for deep sequencing on

the other hand. While many of those antibodies failed or did not show a speci�c signal, im-

munoprecipitation with several was successful. Novel insights into the function and distribution

of SPT4-SPT5 (chapter 2 and chapter 7), subunits of the PAF1C (ELF7 and CDC73) (chapter

2, chapter 4 and chapter 7), subunits of FACT (SSRP1 and SPT16) (chapter 2, chapter 5 and

chapter 7) and ELF1 (chapter 2 and chapter 6) inArabidopsis thalianacould be obtained.
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1.6 Publications

The following chapters comprise six articles. Five articles (chapter 2, chapter 3, chapter 4,

chapter 5 and chapter 6) have been published in peer-reviewed journals and one article (chapter

7) has been submitted to a peer-reviewed journal. The PhD candidate, Simon Obermeyer,

has authored four articles as �rst author and two as co-author. In chapter two to seven, the

published and submitted versions of the manuscripts are printed, including main �gures and

tables. Supplementary �gures, tables and data can be found online as indicated in the respective

chapter. Supplementary �gures, tables and data for the submitted manuscript are appended in

the respective chapter (chapter 7). All articles, supplementary �gures, tables and data are also

included in the digital appendix of this thesis.
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TFIIS Is Crucial During Early Transcript
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gramming in Response to Heat Stress

This peer-reviewed article was published in theJournal of Molecular

Biology in 2023



24



25



26



27



28



29



30



31



32



33



34



35



36



37



38



39

Chapter 4

Distinct role of subunits of the Arabidop-

sis RNA polymerase II elongation fac-
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