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Summary

Summary

Transcription and mRNA export are tightly regulated processes, which are highly
interconnected. Different adaptor proteins have been described, which recruit the mRNA
export receptor Mex67-Mtr2 to the mRNA; however, their specificities remained to be
elucidated. Additionally, it was not known how the conserved TREX complex, which couples
transcription to mRINA export, interacts with the transcription machinery.

In a joint project, fellow Ph.D. student Dominik Meinel and I conducted chromatin
immunoprecipitation experiments and subsequent hybridization to high-density tiling arrays,
which provided a comprehensive genome-wide analysis of the mRNA export machinery in
Saccharomyces cerevisiae. We found that the TREX complex and other mRNA adaptor proteins
are globally recruited to transcribed genes, and that TREX recruitment to genes increases
from 5’ to 3’ in a length-dependent manner. Mr. Meinel showed that this is mediated by an
interaction with the S2,S5-diphosphorylated CTD of Rpb1. Since we noticed that a C-terminal
TAP tag on TREX subunit Tho2 impairs this normal length-dependent recruitment of the
complex, I excluded similar effects for two other subunits. I furthermore found that
expression of a C-terminal TAP tag on TREX subunit Yral impairs normal Yral recruitment
in deletion mutants of the TREX subcomplex THO. This is also reflected by genetic
interactions of the YRAT-TAP allele with HPR7 and THOZ2 deletions. I performed
recruitment analyses of several TREX subunits in different deletion mutants of THO to find
out which subunit mediates TREX recruitment. Further experiments are necessary to answer
this question conclusively, but the data point towards a role of Tho2 and / or Mftl in TREX
recruitment as well as to a function of the THO complex in stabilization of Yral occupancy.
Taken together, this project provides further insight into how the CTD of Rpbl couples

transcription with mRINA export by recruitment of the TREX complex.

The second part of this thesis addresses an important mechanism of ensuring continued
transcription, namely the removal of persistently stalled RNA Polymerase II complexes. In
cases of stalling due to DNA damage the biggest subunit of RNAPII, Rpb1, is known to be
polyubiquitylated with K48-linked ubiquitin chains (the canonical signal for proteasomal
degradation). The resulting degradation is used as drastic “last resort” mechanism as an
alternative to transcription-coupled repair. However, it was not clear whether this process is

identical in cases of DNA damage-independent stalling.
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Summary

Previous work of former Ph.D. student Eleni Karakasili had already elucidated the molecular
mechanism of Rpbl polyubiquitylation in . cerevisiae mutants that lack transcription
elongation factors and exhibit increased RNAPII stalling. She found it to be overall similar to
the DNA damage-dependent pathway but, unexpectedly, identified a more pronounced
increase in K63-linked polyubiquitylation and no dependence on Elcl, an E3 ubiquitin ligase
important for the DNA-damage-dependent degradation.

I continued this work and confirmed that Rpbl is specifically polyubiquitylated and that an
increased turnover of the Rpb1 protein is the reason for the lower protein levels we observe in
transcription elongation mutants. Furthermore, I found some evidence that Ko63-linked
polyubiquitylation might play a role in Rpbl degradation. There is a genetic interaction
between a K63R-mutated ubiquitin allele (precluding the formation of K63-linked chains) and
transcription impairment by deletion of DST7. While I found no evidence that K63-linked
chains directly influence Rpb1 degradation upon transcription elongation impairment, there is
a certain decrease in total Rpb1 polyubiquitylation when only K63R ubiquitin is available. The
exact mechanism by which the K63-linked polyubiquitin chains act in that context will need to
be elucidated. All in all, this study provides first evidence that the cell might distinguish

between RNAPII complexes stalled due to different reasons.
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General Introduction

1. General Introduction

1.1. Transcription in eukaryotes

1.1.1. DNA-dependent RNA polymerases

In eukaryotes, several different DNA-dependent RNA polymerases (RNAP) transcribe
different types of genes. While RNAPI synthesizes ribosomal RNAs (rRNAs) (Drygin 2010),
RNAPII transcribes all protein-coding genes into mRNAs and synthesizes some of the short
non-coding RNAs, such as the spliceosomal small nuclear RNAs (snRNAs), small nucleolar
RNAs (snoRNAs), and mictoRNAs (miRNAs) as well as cryptic unstable transcripts (CUTSs)
and stable unannotated transcripts (SUTSs) (Egloff 2008, Beretta 2009). RNAPIII transcribes
tRNA genes but also synthesizes various other short non protein-coding RNAs such as the 58
rRNA, U6 snRNA, and 7SL RNA (White 2011). Plants additionally possess a fourth and fifth
RNA polymerase, which play a role in siRNA-mediated gene silencing (Haag 2011).

RNA polymerases I, II, and III are multi-subunit complexes of 14, 12, and 17 subunits,
respectively, with a conserved ten subunit core. Five subunits of this core, which provide
structural stability, are common between them and the other five core subunits, important for
the catalytic activity and start site selection, are structural and functional homologs. While the
core enzyme with its active center is similar in all three polymerases the additional subunits
account for structural differences on the surface with concomitant distinctions in function
(Cramer 2008).

Interestingly, recent genome-wide studies have revealed a certain amount of crosstalk between
the different RNAP transcription machineries. RNAPII is also associated with RNAPIII
(Raha 2010), and the RNAPII transcription factors TFIIS and Pafl complex, for example,
have been shown to also function in RNAPIII (Ghavi-Helm 2008) and RNAPI (Zhang 2009)

transcription, respectively.

1.1.2. RNA Polymerase II structure and function

RNA Polymerase II (RNAPII) consists of twelve subunits (Rpb1 - Rpb12). It comprises the
ten subunit core plus the Rpb4/7 heterodimer, which can dissociate from the core enzyme
and fulfills various functions, not only in transcription but also in DNA repair, mRNA decay
and, interestingly, even in translation (Sampath 2005, Harel-Sharvit 2010). Numerous studies
have elucidated the structure of RNAP II under different conditions, either alone or bound to

a DNA template, with our without associated transcription factors (Cramer 2008).
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These structural studies revealed that Rpb1 and Rpb2 are positioned on opposite sides of an
active center cleft. The Rpb1 side of the cleft forms a mobile clamp which is connected to the
remaining polymerase by a flexible switch region, while Rpb2 forms a wall blocking the end of
the cleft (Cramer 2008; Figure 1).

Figure 1: Front and top views of the 12-subunit RNAPII complex (taken from Armache et al.
2005). The schematic depiction in the middle shows the color code for the single subunits (1 - 12),
zinc ions are depicted as cyan spheres and the magnesium ion in the active site as a pink sphere.

Several conserved structures such as the bridge helix and the trigger loop have been identified
that are important for RNAPII function and enable it to efficiently initiate RNA synthesis and
catalyze subsequent rounds of nucleotide addition. This nucleotide addition cycle involves
selection of the appropriate ribonucleotide according to the DNA template, phosphodiester
bond formation to attach the new nucleotide to the 3’ end of the RNA, pyrophosphate release
and translocation along DNA and RNA (Martinez-Rucobo 2013). The double-stranded DNA
is accommodated within the cleft of the polymerase holoenzyme, where the strands are
separated and form the so-called transcription bubble. The growing RNA chain is synthesized
according to the template-strand sequence, leaves via the mRNA exit tunnel and emerges
from the holoenzyme close to the flexible C-terminal domain of Rpbl, thus allowing for a

coupling of transcription with RNA processing events (see further below).

1.1.3. Transcription takes place on a chromatin template

In eukaryotes, the DNA is compacted into chromatin, which is made up of nucleosomes as
basic units which are connected via linker DNA. In a nucleosome, 147 bp of DNA are
wrapped around a histone octamer, consisting of two copies each of the basic histone proteins

H2A, H2B, H3 and H4 (Richmond 2003). Thus, transcription does not take place on naked
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DNA, but the transcription machinery has to overcome these nucleosomal barriers. While
promoter and terminator regions tend to be depleted of nucleosomes, often due to sequences
which are not easily bent and thus disfavor nucleosome formation, downstream nucleosomes
within the transcribed region present obstacles for RNAPII progression (Struhl 2013).
Chromatin remodelers, nucleosome assembly factors (histone chaperones) and other
transcription factors have evolved to help RNAPII transcribe through chromatin by
rearranging nucleosomes during transcription (Petesch 2012, Kulaeva 2013).

Furthermore, histones play an important role in transcriptional regulation as they are subject
to extensive posttranslational modifications, which regulate binding of factors to chromatin
(Rando 2012). Histone marks denote active or repressed states of chromatin. Recruitment of
the factors establishing these marks is regulated by the phosphorylation status of Rpb1’s C-
terminal domain (see further below). The histone methylation pattern then influences the
recruitment of other histone modifying enzymes and chromatin remodeling complexes and

thus subsequent rounds of transcription (Buratowski 2009).

1.1.4. The transcription cycle of RNAPII

Transcription by RNAPII can be divided into the successive stages of initiation (with
preinitiation complex formation, transition to open complex formation, and initiation of
transcription), productive elongation and finally termination and polymerase recycling
(Shandilya 2012). The different stages of transcription are closely linked to corresponding

processing steps of the nascent RNA transcript (see section 2.1.).

1.1.4.1. The C-terminal domain (CTD) of Rpbl plays an important role during
the transcription cycle

Among the three RNA polymerases only RNAPII possesses an unstructured C-terminal
domain (CTD) on its largest subunit Rpbl (Figure 2). This special domain consists of
heptapeptide repeats with the conserved sequence YSPTSPS (with 26 repeats present in yeast
and 52 in humans), which are differentially phosphorylated during the transcription cycle, with

two consecutive heptads forming a functional unit (Stiller and Cook 2004).
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Figure 2: Depiction of the elongating RNAPII and relative size of the CTD in four putative
states (figure modified from Meinhart et al. 2005). The 12-subunit elongation complex
(Kettenberger et al. 2004, Armache et al. 2005) is shown as ribbon diagram with the DNA template
in blue and the RNA in red. The CTD is connected to RNAPII's biggest subunit via a flexible linker
region. The depiction shows the size of the CTD relative to RNAPII in four possible states - fully
extended, as loose or compact B-spiral, or as random coil - and illustrates that the CTD can serve
as a binding platform for interacting factors.

These CTD modifications, which are established by the actions of CTD kinases and
phosphatases (Bataille 2012, Hsin 2012), facilitate the appropriate recruitment and release of a
changing set of transcription and mRNP remodeling factors needed at each stage of the
transcription cycle via their corresponding binding preferences (Figure 3).

Phosphorylation of S2 and S5 are the CTD modifications that have been known for the
longest time. The observation that S5 phosphorylation is high during early elongation and
drops later on while the reverse is true for S2 phosphorylation led to the proposal of a “CTD
code” (Buratowski 2003). By now it is known that all three serine residues, the tyrosine, and
the threonine residue can be phosphorylated, and that glycosylation of the serines and the

threonine as well as proline isomerization can further modify the CTD repeats (Zhang 2012).
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Figure 3: CTD modifications change during the transcription cycle and coordinate the
cotranscriptional recruitment of transcription and mRNA processing factors (figure taken
from Heidemann et al. 2013). Different phosphomarks on the CTD and their relative changes
during the transcription cycle are reflected by color intensity, and transcript processing steps that
are coordinated via differential CTD phosphorylation are indicated.
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S5 phosphorylation decreases rapidly during early elongation but persists at a lower level while
S2 phosphorylation increases continuously and then drops just after the poly(A) site.
S5 phosphorylation, for example, recruits the capping enzyme (Cho 1997, McCracken 1997)
and promotes the recruitment of S2 kinase Burl (Qiu 2009), while transcription elongation,
splicing and 3’ processing factors preferentially bind to the S2 or S2/S5 phosphorylated CTD
(Heidemann 2012, Hsin 2012). In addition, S5 and S2 phosphorylation also influences histone
methylation by promoting recruitment of the histone methyltransferases Setl and Set2,
respectively (Hampsey 2003).

Y1, T4 and S7 phosphorylation has been discovered more recently, and their functions are
beginning to be elucidated. S7 phosphorylation appears eatly at the transcription start site and
remains high towards the 3’ end of protein-coding and non-coding genes (Tietjen 2010, Mayer
2010) and plays a well-characterized role in the transcription of snRNAs (Egloft 2007, Egloff
2012). Y1 phosphorylation resembles S2 phosphorylation but drops eatlier, before RNAPII
reaches the poly(A) site. This phosphomark stimulates binding of the transcription elongation
factor Spt6 and prevents recruitment of termination factors (Mayer 2012). Lastly, T4
phosphorylation plays a gene-specific role in recruiting 3’ end processing factors to histone
mRNA in chicken cells (Hsin 2011) and its availability for phosphorylation has been shown to
be necessary for transcription elongation and viability in mammalian cells, while T4A yeast
mutants are viable (Hintermair, 2012). Possible further functions of this modification remain
to be elucidated.

Thus, the Rpb1 CTD is an immensely important binding platform which, by its differential
modification, orchestrates recruitment of the appropriate factors at each stage of transcription
and also connects these different stages, making transcription and mRNA processing more

efficient.

1.1.4.2. Transcription initiation

Transcription initiation begins with the assembly of the so-called preinitiation complex (PIC)
at the promoter. The minimal set of factors needed for PIC formation comprises the general
transcription factors (GTFs) TFIB, TFIID (including TATA box binding protein TBP),
TFIE, TFIIF, TFIIH and the hypophosphorylated RNAPII. Specific interactions of GTFs
with sequence elements of the promoter (e. g, the TATA box or Downstream Promoter
Element, DPE) mediate transcriptional start site selection (Nechaev 2011). The mediator
complex, which binds to hypophosphorylated RNAPII, stimulates basal transcription but also
relays regulatory signals from activators or repressors by acting as a bridge between upstream

regulatory factors bound to the DNA and RNAPII (Conaway 2011).
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The next step towards initiation of transcription is the ATP-dependent open complex
formation. It requires TFIIE and TFIIF, and leads to the translocation of DNA into the
RNAPII cleft and separation of the double-stranded DNA with positioning of the template
strand close to the active site of Rpb1 (Griinberg 2012). Synthesis of the nascent RNA starts
and leads to the formation of an RNA-DNA hybrid with the first 8 nucleotides of nascent
RNA. As the RNA becomes longer it enters the RNA exit channel of RNAPII and emerges
from within the enzyme at a length of around 17 nucleotides (Luse 2013).

The transition to productive elongation involves several changes: the transcription bubble,
which in the very beginning continuously grows longer as initial transcription progresses,
collapses and closes in the upstream region, leaving only a length of about 10 nucleotides
unpaired at a time. Initiation factors are released - only TFIIF can associate with RNAPII
throughout transcription (Luse 2013). Once incorporated in the PIC, mediator stimulates
Kin28 (the kinase subunit of TFIIH) to phosphorylate S5 of the CTD, thereby triggering its
own release (Buratowski 2009).

While in Drosophila and mammalian cells RNAPII is known to pause in promoter-proximal
regions, especially at inducible genes such as heat-shock genes, there is currently no such
evidence for promoter-proximal pausing in exponentially growing S. cerevisiae (Mayer 2010,

Nechaev 2011, Adelman 2012).

1.1.4.3. Transcription elongation

The transition from initiation to productive elongation occurs when the nascent transcript is
approximately 20 nucleotides long. At this point, GTFs have left and the transcript is stably
capped (see below). RNAPII is now capable of transcription and proof-reading on its own.
Upon transition to productive elongation the transcription initiation factors are replaced by
transcription elongation factors, which include Pafl complex, Spt16, Spt4/5, Spt6, Spnl and
Elfl (Zhang 2012). During elongation, a large portion of S5 phosphomarks is removed near
the +1 nucleosome by the phosphatase Rtrl (Mosley 2009), but S5 phosphorylation persists at
a lower level (see section 1.1.4.1.). Transcription elongation is characterized by increasing S2
phosphorylation. This is initially mediated by Burl, which is recruited by S5 phosphorylation,
and primes the CTD for recruitment of the CTDK1 complex, the main S2 kinase. Increasing
S2 phosphorylation by CTDKI1 then mediates new interactions for processes occurring
cotranscriptionally (see below), such as the recruitment of splicing, mRNA export and
3 processing factors (Zhang 2012).

Besides bona fide transcription elongation factors, the TREX complex (discussed in more detail

in the specific introduction to Part One) is necessary for efficient transcription elongation,
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especially through long, GC-rich or repeat-containing genes (Chavez 1997, Chavez 2000,
Chavez 2001, Rondon 2003, Voynov 2000).

1.1.4.4. Transcription termination

Transcription termination is very important to ensure proper expression of the genome,
especially since recent genome-wide studies have discovered an unexpected pervasiveness of
RNAPII transcription (Kuehner 2011).

When RNAPII has completely transcribed a gene it encounters termination signals, and pause
sites have been described to aid in transcriptional termination in mammalian cells by slowing
down RNAPII and providing additional time (Enriquez-Harris 1991, Gromak 2000).
Termination is preceded by and interconnected with cleavage and polyadenylation of the
transcript (discussed in section 2.1.3. of Part One). RNAPII stops synthesizing RNA, the
RNA-DNA hybrid is destabilized and RNAPII detaches from the template DNA and releases
the transcript.

The termination process has been described by two different models, the “anti-terminator
model” and the “torpedo model”. The true situation is probably best described by a mixture
of both (Luo 2006). The “anti-terminator” or allosteric model postulates that passage of the
poly(A) signal and/or binding of termination factors to the transcription elongation complex
induces conformational changes in the transcription complex, thus destabilizing RNAPII on
the template. The “torpedo model”, on the other hand, stresses the role of the 5 — 3’
exonuclease Ratl, which rapidly degrades the RNA remaining after endonucleolytic cleavage
from its unprotected 5’ end and eventually catches up with the still transcribing polymerase.
This model postulates that the exonuclease by its collision with RNPII destabilizes the
complex on the DNA template and “pushes” the polymerase off (Richard 2009).
Protein-coding genes are terminated in a poly(A)-dependent manner, which involves the
presence of a poly(A) signal and the recruitment of cleavage and polyadenylation factor (CPF),
cleavage factors (CF) IA and IB and the exosome (Zhang 2012). These termination factors
direct endonucleolytic cleavage, polyadenylation of the upstream pre-mRNA and degradation
of the downstream transcript by the 5> — 3’ exonuclease Ratl (Lykke-Andersen 2007, Mischo
2013). Again, the CTD orchestrates binding of termination factors: recruitment of CF IA
subunit Pcfll is enhanced by S2 phosphorylation of the CTD (Gu 2013), while Y1
phosphorylation, which is present during elongation and drops shortly before the poly(A)
signal, prevents premature recruitment of termination factors Pcf11, Rtt103, and Nrd1 (Mayer

2012).
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Non-coding transctipts of RNAPII (sn/snoRNAs and also CUTSs), on the other hand, are
terminated dependent on the Nrd1-Nab3-Senl complex (Mischo 2013). Interestingly, the
RNA helicase Senl, which binds to S2P-CTD (Chinchilla 2012), also plays a role in poly(A)-

dependent termination, especially of some short protein-coding genes (Kuehner 2011).

1.1.4.5. Gene looping and polymerase recycling

Not only is transcription coupled to co-transcriptional mRNA processing events, but
transcription termination is also linked to re-initiation, and defective termination can inhibit
subsequent rounds of transcription. It has been shown in human cells, for example, that a
mutated polyadenylation signal of an integrated -globin reporter gene negatively affected re-
initiation from this gene’s promoter (Mapendano 2010). In addition, depletion of 3’ end
processing factor PCEF11 in these cells not only caused defective transcription termination, as
expected, but also led to decreased levels of RNAPII and TFIIB at the promoter, lowering
transcription initiation of the same gene (Mapendano 2010).

Genetic and physical interactions between termination and initiation factors as well as
chromosome conformation capture (3C) assays point towards the existence of “gene loops”
(Hampsey 2011). The gene looping model suggests that genes are not linear structures with
beginning and end rather far apart, but that looping of the DNA brings terminator and
promoter regions into close proximity and thus allows efficient transfer of RNAPII for re-
initiation (Lykke-Andersen 2011). The interaction of initiation factor TFIIB with the
termination machinery (Singh 2007) and CPF components Ssu72 and Ptal (Ansari 2005) are
required for this connection. Gene looping thus increases the efficiency of re-initiation and
creates a kind of “transcriptional memory” (Hampsey 2011). It furthermore might provide a
mechanism to enforce directionality in transcription by suppressing divergent transcription
(Tan-Wong 2012).

For re-initiation the CTD first has to be dephosphorylated. This is a prerequisite for
polymerase recycling; the CTD phosphatases Fcpl and Ssu72 are needed to remove S2 and
S5/ 87 phosphorylation marks, respectively, thus converting RNAPII into the
hypophosphorylated form, which is now again competent for transcription initiation

(Shandilya 2012).
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2. Specific Introduction to Part One

2.1. mRINA processing

Transcript processing comprises capping at the 5’ end, splicing - if intron(s) are present -, and
cleavage and polyadenylation at the 3’ end.

Nascent mRNAs are processed by many different factors, which are recruited
cotranscriptionally. Thus, although the transcription cycle and mRNA processing are
described in separate sections here for simplicity, mRNA processing and transcription (as well

as mRINA export described in section 2.2.) are interconnected and tightly coordinated.

2.1.1. Capping

The addition of a 7-methyl-guanosine to the terminal RNA nucleotide is the first modification
of the nascent transcript. As soon as the RNA emerges from RNAPII’s mRNA exit tunnel the
capping complex, which is recruited by the S5-phosphorylated CTD (Cho 1997, Schroeder
2000), starts to modify the 5 end of the mRNA. This requires the consecutive actions of
triphosphatase, guanylyltransferase and methyltransferase activities (Hocine 2010). The cap
structure is subsequently recognized and bound by the nuclear cap-binding complex (CBC),
which is later on replaced by the cytoplasmic translation initiation factor eIF4E. On the one
hand, this confers stability by protecting the RNA against 5> — 3’ exonucleases, but also
facilitates splicing and export. On the other hand, it promotes translation of the capped

transcript by mediating recruitment to the small ribosomal subunit (Topisirovic 2011).

2.1.2. Splicing

Splicing is the process of removing non-coding intronic sequences from gene transcripts and
is mediated by the spliceosome, a large ribonucleoprotein complex consisting of U1, U2, U4,
U5, and U6 snRNAs and about 170 associated proteins, which assembles in a step-wise
manner and undergoes many dynamic rearrangements during the splicing reaction (Stark
20006). Removal of an intron and ligation of the flanking exons is achieved by two successive
transesterification reactions, which require specific sequences in the intron, namely the
5 splice site, the branchpoint sequence (BPS), and the 3’ splice site (and in metazoans
additionally a polypyrimidine tract), and which occur cotranscriptionally but can also occur
posttranscriptionally (Montes 2012).

Serine-arginine-rich (SR) proteins play an important role in constitutive as well as alternative

splicing in higher eukaryotes (Long 2009). In yeast, on the other hand, only the SR-like protein
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Npl3 (but not the other two yeast proteins of this class, Gbp2 and Hrb1) interacts genetically
with splicing factors and promotes splicing, especially of ribosomal protein gene transcripts
(Kress 2008).

Although only about 5% of the . cerevisiae genome consists of intron-containing genes
(Spingola 1999, Parenteau 2008), compared to about 95 % in humans (Lander 2001, Venter
2011), splicing is still important in yeast, as introns are overrepresented in the highly expressed
(e.g. ribosomal protein) genes. Hence, intron-containing transcripts account for more than one
fourth of total transcripts in yeast (Ares 1999).

It is noteworthy that several genes encoding proteins involved in gene expression and mRNA
export also contain one or more introns. These are SUS7 (encoding a subunit of both the
SAGA coactivator complex and the NPC-associated export complex THSC / TREX-2;
Cuenca-Bono 2011), YRA7 (encoding an mRNA export adaptor and subunit of the
transcription-export complex TREX; Portman 1997), DBP2 (DEAD box RNA helicase
involved in RNA quality control and mRNP assembly; Barta 1995), and MTRZ2 (part of the
heterodimeric mRNP export receptor Mex67-Mtr2; Parenteau 2008). Introns in these genes
are necessary for full viability and / or efficient mRNA export. The intron of YRAT, for
instance, which has a non-canonical branchpoint sequence, controls Yral expression levels:
Expression of an intronless YRA7 gene leads to overproduction of Yral and impairs growth
and mRNA export (Rodriguez-Navarro 2002, Preker 2002). The unusual BPS and the length
of the intron lead to inefficient splicing and premature export with subsequent cytoplasmic
degradation if Yral protein levels are high (Preker 2006, Dong 2007).

This indicates that splicing of some regulators of gene expression is important for homeostasis
of these proteins and serves to fine-tune gene expression. It suggests a model of kinetic
coupling between splicing and export (Johnson 2012), whereby special “sensor transcripts”
allow a feedback loop between more or less robust mRNA processing and more or less
efficient transcription and export: If splicing cannot keep up with export, the export pathway
should be slowed down, which could, for example, be achieved by inefficient production of
Yral or Susl (Johnson 2012).

Furthermore, cotranscriptional splicing processes seem to directly influence the kinetics of
transcription elongation. Two different groups have described recently that RNAPII pauses in
terminal yeast exons to allow sufficient time for cotranscriptional splicing (Carillo Oesterreich
2010; Alexander 2010).

Thus, splicing is coupled to transcription, just like other mRNA processing steps, and
recruitment of the splicing machinery is orchestrated by the CTD of Rpbl, which enhances

splicing (Montes 2012). The splicing factor Prp40 has been reported to bind to the S2-
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phosphorylated CTD and thus mediate splicing complex recruitment (Morris 2000). However,
a more recent analysis showed that the WW domain of Prp40, which interacts with the CTD,
is dispensable for early spliceosome recruitment and is instead only needed for later stages of
spliceosome assembly (G6rnemann 2011). A study in mammalian cells showed that the CTD
recruits a complex of the splicing factors U2AF65 and Prp19 complex and assigned a “bridge”
function to U2AF65, which is proposed to link the transcription machinery with later stages

of spliceosome assembly by binding to both the CTD and to Prp19 (David 2011).

2.1.3. 3’ end processing: cleavage and polyadenylation

Once a protein-coding gene is has been transcribed, specific sequence elements in the
3’ untranslated region of the nascent transcript (the polyadenylation signal) trigger
endonucleolytic cleavage of the RNA and the addition of a poly(A) tail at the newly produced
3’ OH by a complex 3’ end processing machinery (Chan 2011).

This machinery is predominantly well conserved from yeast to human and consists of several
subcomplexes. In yeast, these are cleavage factor IA (Rnal4, Rnal5, Clpl, Pcfll), cleavage
factor IB (Hrp1), and cleavage and polyadenylation factor (CPF; with two subcomplexes CF 11
and PF I, including the poly(A) polymerase Papl). The mammalian machinery comprises
cleavage and polyadenylation specificity factor, cleavage stimulation factor, cleavage factor I,
and cleavage factor II as well as poly(A) polymerase, poly(A) binding protein, and symplekin
(Millevoi 2010).

In yeast, the poly(A) signal consists of four sequence elements, which are rather degenerate: an
AU-rich efficiency element, an A-rich positioning element and two U-rich elements directly
flanking the cleavage / polyadenylation site (Mischo 2012). Genes can have several
polyadenylation sites, and alternative polyadenylation, giving rise to different mRNA isoforms
per gene, seems to be rather common in all eukaryotes (Tian 2012). The use of alternative
polyadenylation sites can alter the stability or translation efficiency of the respective transcript,
and it even creates the possibility of a global regulatory response to environmental conditions.
For example, treatment of yeast cells with the DNA damaging UV mimetic drug 4-NQO was
shown to induce genome-wide variation in poly(A) site distribution, which was accompanied
by an impairment in cleavage and polyadenylation (Graber 2013). The mRNA export factor
Yral also modulates cleavage site choice, as Yral depletion causes widespread changes in
poly(A) site choice by enhancing premature recruitment of CF1A subunit Clpl (Johnson
2011). Furthermore, cleavage factor Hrpl/Nab4 has also been described to modulate 3’ end

processing by influencing cleavage site choice (Kim Guisbert 2007). In human cells, Thoc5 (a
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subunit of the human TREX complex) seems to control cleavage site choice by recruiting
cleavage factor CFIm68 (Katahira 2013).

The SR-like RNA-binding protein Npl3, which plays various roles in splicing, mRNA export,
and translation (Kress 2008, Lei 2001, Windgassen 2004), has been shown to antagonize
transcription termination by competing with termination factors for RNA binding, suggesting
an interplay of transcription and mRNA packaging with termination (Bucheli 2005). More
evidence for such interplay comes from a study which found that mRNA export factors
(THO, Sub2, Yral, Sac3, Mex67) are needed for efficient release of the cleavage factor Rnal5
(Qu 2009).

The poly(A) tail that is added to the cleaved transcript has a rather constant length of about 70
to 80 adenosines in yeast and about 250 in mammals. It allows the binding of poly(A) binding
proteins, conferring protection from exonucleases and increasing stability of the mRNA, is
important for mRNA export, and additionally serves to stimulate translation initiation in the
cytoplasm (Eckmann 2011).

As soon as it is synthesized, the poly(A) tail is coated with poly(A) binding proteins. In
humans (which possess one nuclear and several cytoplasmic poly(A) binding proteins), the
nuclear poly(A) binding protein PABPNT1 binds to the tail, stabilizes the complex with the
poly(A) polymerase PAP, stimulates its processivity, and also limits tail length (Eckmann
2011). Yeast possesses only one PABP, Pabl, which is the ortholog of mammalian
cytoplasmic PABPCs. The functional homolog of PABPN1 in the nucleus is Nab2, which
does not share sequence homology with PABPN1 and controls poly(A) tail length (Eckmann
2011, Millevoi 2010). It probably does so in interplay with the exosome component Rrp6,
which can displace Nab2 and thus promote mRNA decay (Schmid 2012).
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2.2. Packaging and nuclear export of mature mRNA transcripts in
S. cerevisiae

Successful completion of the mRNA processing steps described above and the concomitant
association with export factors finally lead to the formation of mature messenger
ribonucleoprotein (mRNP) particles, which can be exported to the cytoplasm for translation
into proteins. Packaging and export factors are recruited and dismissed at appropriate stages
(see below), and mRNA export has been aptly described as a “series of molecular wardrobe

changes” (Kelly 2009).

2.2.1. Cotranscriptional mRNP biogenesis and recruitment of the mRNA export
receptor Mex67-Mtr2

The export of mature mRNP particles is mediated by the conserved heterodimeric export
receptor Mex67-Mtr2, which is recruited cotranscriptionally, binds to the mRNP, and interacts
with different FG-repeat domains of nucleoporins lining the channel of the nuclear pore
complex (NPC) for passage through the pore (Gwizdek 2006; Dieppois 2006, Segref 1997,
Hurt 2000, Straler 2000b). Although the export receptor can bind directly with low affinity to
RNA 7 vitro, it is recruited by adaptor proteins, which mediate binding of Mex67-Mtr2 to
mRNAs 77 vivo (Kelly 2009).

The association and dissociation of mRNA export factors during mRNP maturation and
export as well as nuclear export and import of the factors themselves are in several instances
regulated by posttranslational modifications such as phosphorylation, arginine methylation,
and ubiquitylation (eg Gilbert 2001, Yu 2004, Gilbert 2004, McBride 2005, Gwizdek 2005,
Gwizdek 20006, Iglesias 2010). The process of mRNP biogenesis begins early during
transcription and takes place cotranscriptionally, allowing crosstalk between different steps
and enhancing efficiency and accuracy (Perales 2009).

The TREX complex (discussed in more detail in section 2.4. below) is a key complex coupling
transcription elongation and mRNA export. TREX component Yral is the canonical adaptor
protein recruiting Mex67-Mtr2 to the mRNP (Striler 2000a, Zenklusen 2001). In addition,
Yral interacts directly with the 3’ end processing factor Pcfll (Johnson 2009) and was
reported to bind directly to the S2-phosphorylated CTD of Rpbl (MacKellar 2011). The
current model of recruitment proposes that Yral is recruited to the site of transcription by
interaction with the 3” end processing machinery (Johnson 2011), is then handed off to Sub2,
which is recruited by the THO complex, and recruits Mex67 in exchange for Sub2 (Striler
2001, StraBler 2002, Zenklusen 2002, Johnson 2009). This involves two sequential exchanges
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of binding partners due to mutually exclusive interactions: Pcfl1 and Sub2 contact the same
regions of Yral (Johnson 2009), as do Sub2 and Mex67 (Strd3er 2001).

However, not all mRNAs that are bound by Mex67 are also bound by Yral (Hieronymus
2003), and the shuttling SR-like protein Npl3 and hnRNP Nab2 are additional proteins that
are required for mRNA export in S. cerevisiae (Gilbert 2004, Green 2002, Iglesias 2010).
One genome-wide analysis of RNA binding profiles of adaptor proteins showed Npl3 to be
altogether preferentially associated over Nab2 with the more abundant mRNAs (Kim
Guisbert 2005), whereas a more recent study found Nab2 to be associated with the majority of
yeast transcripts and described Nab2 as a general mRNA export factor (Batisse 2009).
Subsequently, it was suggested that Nab2 also binds directly to Mex67, and that this
interaction is promoted and stabilized by Yral. Nuclear ubiquitylation of Yral by the ubiquitin
ligase Tom1 then mediates the dissociation of Yral from the Nab2-bound mRNP (Iglesias
2010).

Npl3 is also recruited cotranscriptionally but independently of the THO complex to
transcribed genes (Lei 2001, Hicker 2004) and, in its unphosphorylated form, associates with
RNAPII and stimulates transcription elongation (Dermody 2008). In addition, it recruits the
export receptor Mex67 to the nascent transcript, promoting mRNA export (Lee 1996, Gilbert
2004). A cycle of cytoplasmic phosphorylation and nuclear dephosphorylation controls Npl3’s
association with the mRNP and its nucleocytoplasmic shuttling: The action of the nuclear
phosphatase Glc7 is required for the association of Npl3 with mRNAs and with Mex67,
leading to mRNP export, whereas cytoplasmic phosphorylation by kinase Skyl promotes
binding of Npl3 to its nuclear import receptor Mtrl0 (Gilbert 2004, Gilbert 2001). A
prolonged association of Npl3 with polysomes can negatively influence translation, and Mtr10,
not Skyl, was subsequently shown to mediate the timely release of Npl3 from the polysomes
(Windgassen 2004).

Hprl, a member of TREX subcomplex THO which is ubiquitylated by the ubiquitin ligase
Rsp5 (Gwizdek 2005), is also able to bind directly to the UBA-binding domain of Mex67 and
could thus recruit Mex67 to the mRNA by a Yral/Nab2- or Npl3-independent pathway
(Gwizdek 2006, Hobeika 2007).

Lastly, THOT7 (encoding a conserved nuclear RNA binding protein), just like SUB2, was
discovered as a multicopy suppressor of the mRNA export defect of the /pr7A mutation of
the THO complex (Piruat 1998, Jimeno 2002). Thol furthermore interacts genetically with
Nab2, also pointing to a function in mRNA export. Thus, overexpression of Thol or Sub2
might provide alternative mRNP biogenesis pathways when the function of the THO

complex is impaired (Jimeno 2006).
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In summary, recruitment of the export receptor Mex67 to the mRNA can be mediated by
several proteins, however, it remains to be further elucidated whether these factors display any

specificity for special classes of transcripts.

2.2.2. mRNP remodeling events and passage through the nuclear pore

Maturation of the mRNP involves the regulated recruitment and release of proteins. RNA
helicases of the DEAD box family play an important role in remodeling events during mRNP
assembly and export. They do not only unwind RNA structures but have also been implicated
in protein displacement and can thus mediate the exchange of protein factors during mRNP
maturation (Linder 2011, Putnam 2013).

Recently, the DEAD box helicase Dbp2 was shown to be recruited to actively transcribed
genes (Cloutier 2012) and has been implicated in promoting the loading of Yral, Mex67,
Nab2, and likely other RNA binding proteins on the RNA by unwinding inhibitory secondary
structures of the nascent transcript (Ma 2013). Association with Yral then inhibits Dbp2’s
duplex unwinding activity and might also trigger Dbp2’s release from the mRNP (Ma 2013).
Yral on the other hand is released from the Nab2-bound mRNP prior to nuclear export by
Tom1-mediated ubiquitylation (Iglesias 2010).

The Mex67-Mtr2 export complex escorts the correctly assembled mRNP through the nuclear
pore. Directionality of this process is achieved by a major remodeling step of the mRNP upon
its arrival on the cytoplasmic side of the nuclear envelope. The DEAD box RNA helicase
Dbp5 is the key player here and causes the release of Mex67 and Nab2 from the mRNP in the
cytoplasm (Tran 2007, Folkmann 2011). Dpb5 binds to RNA cotranscriptionally, interacts
functionally with the transcription machinery, accompanies the mRNP through the nuclear
pore, and binds to Nup159 on the cytoplasmic side of the NPC (Cordin 2006). Only there, its
ATPase activity is locally activated by the nuclear pore protein Glel bound to the small
molecule inositol hexakisphosphate (IP;), which leads to mRNP remodeling (Folkmann 2011,
Linder 2011).

Besides Dbp5, Nab2, and Mex67, other proteins have been shown to be exported along with
the mRNA and shuttle between nucleus and cytoplasm: the cap binding complex, cleavage
and polyadenylation factor Hrpl, poly(A)-binding protein Pabl, and the SR-like proteins
Npl3, Gbp2 and Hrbl (Hacker 2004 and references therein). Of the last three, Gbp2 and
Hrb1 depend on the THO complex for recruitment and subsequent export, while Npl3 is

recruited independently of THO (Hurt 2004, Hicker 2004; see Figure 4 for a summary).
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NUCLEUS

CYTOPLASM

Figure 4: mRNA export requires successful maturation of the mRNP (modified from
Qu 2009). Export factors are recruited, package the transcript, and dissociate again at different
stages along the export pathway (see text for details).

Sub2 is another member of the DEAD-box helicase family and as part of the TREX complex
plays an important role in mRNA export and the maintenance of genomic integrity (see 2.4.).
A recent study analysed the domains of Sub2 and pinpointed Sub2’s function in mRNA
export to a previously uncharacterized N-terminal motif (NTM). Mutation or deletion of the
NTM caused nuclear accumulation of poly(A) RNA but did not affect helicase activity iz vitro,
suggesting that the NTM is the region of Sub2 that mediates binding to other mRNA export
factors (Saguez 2013).

Besides the TREX complex, which will be discussed in more detail below (section 2.4.), a
second complex called THSC (TREX-2) is important for mRNA export. It consists of Sac3,
Thpl, Susl, Seml, and Cdc31. THSC mutation confers most of the phenotypes also
associated with THO/TREX mutations, but some differences suggest distinct roles in mRNP
biogenesis for the two complexes, with THSC functioning further downstream from TREX
(Rondon 2010). Unlike THO, the THSC complex is firmly associated with the nuclear pore
complex via binding to nucleoporin Nupl (Fischer 2002) and has been connected to “gene
gating”, the repositioning of activated genes to the nuclear periphery for facilitation of
efficient mRNA export (Blobel 1985, Garcia-Oliver 2012).
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2.3. Nuclear quality control mechanisms in mRNP formation and
interconnections between transcription, mRINA processing, export and
decay

As detailed above, many proteins need to be recruited and several processing steps have to be
completed to yield a fully mature and export-competent mRINA packaged with the correct set
of proteins (see also sections 2.2. & 2.4.). Cells have developed a number of quality control
strategies to retain and degrade impropetly processed transcripts, ensuring that only those
mRNAs which will be able to be translated into functional proteins reach the cytoplasm
(Schmid 2008).

Key effector proteins responsible for the degradation of improper RNA molecules in the
nucleus are the 5 - 3’ exonuclease Ratl (XRN2 in human) with its cofactor Rail and the
exosome, which possesses 3’ - 5 exonucleolytic and endonucleolytic activity, with its nuclear
cofactor TRAMP (Schmid 2013).

Ratl not only functions in transcription termination but also serves as a control factor for
mRNA capping. Together with the pyrophosphohydrolase Rail it rapidly degrades any
transcripts without or with aberrant, e. g. non-methylated cap structures (Xiang 2009, Jimeno-
Gonzalez 2010, Jiao 2010).

The cells furthermore ensure that transcripts of intron-containing genes are only exported
after splicing has been completed. Unspliced transcripts seem to be actively degraded, since
pre-mRNA levels increase in strains harboring mutations in the exosome, Ratl or the Lsm2-8
complex involved with decapping (Schmid 2010). In addition, quality control takes place at the
nuclear envelope where the NPC-associated protein Mlpl is a key player in the retention of
unspliced transcripts. It associates with the nucleoporin Nup60 on the nucleoplasmic side of
the NPC (Feuerbach 2002) and retains unspliced transcripts in the nucleus (Galy 2004). Escl,
a non-NPC protein of the nuclear envelope, is further implicated in this nuclear retention
machinery: It is required for normal localization of the Ulpl SUMO protease as well as Nup60
and Mlp1 to the NPC (Lewis 2007). Similar to Mlp1, both Escl and the SUMO protease Ulp1
help to retain unspliced transcripts in the nucleus, leading to the speculation that localized
protein desumoylation at the NPC might be an important regulatory event to prevent pre-
mRNA export (Lewis 2007).

Not only exonucleases but also endonucleases seem to play a role in nuclear mRNA quality
control. The endonuclease Swtl interacts genetically with members of the THO/TREX and
THSC (TREX2) complexes, the perinuclear surveillance machinery (Mlp1, Escl, Nup60), and
with Npl3 (Rother 2006, Skruzny 2009), and SWT7 deletion leads to increased cytoplasmic
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leakage of impropetly spliced pre-mRNAs, which is further increased by concomitant deletion
of MLLPT or NUP60 (Skruzny 2009).

In addition, both myosin-like proteins (Mlp1 and Mlp2) seem to fulfill a more general role in
surveillance of mRNP export, 7 e also for intronless transcripts. In yeast strains expressing a
mutant form of Yral certain transcripts are reduced and mRNA export is impaired. In this
background, the deletion of Mlp1 or Mlp2 is able to rescue the growth defect associated with
mutation of Yral (and also Nab2), probably due to an increased export of malformed
mRNPs. Interestingly, this study also showed that in the mutant Yral background Mlp2
downregulates the expression of a subset of genes, pointing to the existence of a feedback
loop which lowers transcription upon improper formation of mRNPs and impairment of
mRNP export (Vinciguerra 2005).

Yeast strains lacking THO subunits or Sub2 provide insight into the effectiveness of 3’ end
surveillance mechanisms: These mutant strains exhibit defective polyadenylation (Saguez
2008), which leads to rapid degradation of the transcripts, in a manner dependent on the
exosome component Rrp6 and also the TRAMP subunit Trf4 (Libri 2002, Rougemaille 2007,
Saguez 2008). Another interesting phenotype of THO/Sub2 mutants is the retention of some
impropetly processed transcripts, which escape rapid degradation and instead accumulate as
stalled mRNP intermediates (named “heavy chromatin®), that are detectable at the 3’ end of
several genes (Hilleren 2001, Libri 2002). This retention in foci at or near the transcription site
is dependent on Rrp6 of the exosome but not TRAMP. The stalled mRNP intermediates
contain nuclear pore components and polyadenylation factors in association with chromatin

(Rougemaille 2007, Rougemaille 2008).

2.4. The TREX complex as key player coupling transcription and mRNA
export

As described above, mRNA processing events take place cotranscriptionally and the
responsible protein factors are recruited at different stages of transcription. The TREX
complex is a key complex which couples transcription to mRNA export and fulfills diverse
functions, ranging from transcription elongation to mRNA export and genomic integrity (see
Fig. 5 for an overview).

This conserved complex consists of the THO subcomplex, the RNA helicase Sub2, the
Mex67 adaptor protein Yral, and the associated shuttling SR-rich proteins Gbp2 and Hrbl
(StraBBer 2002, Hurt 2004). THO was first purified from S. cerevisiae as a four-subunit complex
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consisting of Tho2, Hprl, Mftl, and Thp2 (Chavez 2000) and 12 years later described to also
contain Tex1 as a core component (Pena 2012).

Yeast strains lacking THO subunits exhibit slow growth and transcription elongation
impairment (Chavez 1997, Piruat 1998), and THO deletion negatively impacts RNAPII
processivity (Mason 2005). THO is recruited to all protein-coding genes but is especially
needed for the efficient transcription of long and GC-rich genes or genes containing internal
repeats (Chavez 2001, Voynov 2006, Gomez-Gonzalez 2011).

TREX is required for mRNA export by recruiting the export receptor Mex67-Mtr2 via its
subunit Yral (Striler 2000a, Zenklusen 2001; also see section 1.2.1. on mRNA export), and
also functions in 3’ end processing (Rougemaille 2008, Johnson 2011).

Besides its crucial functions connecting transcription and mRNA export, the TREX complex
is also important for maintaining genomic integrity. Deletion of HPR7 or THOZ leads to
defects in nucleotide excision repair (Gonzalez-Barrera 2002). Specifically, the transcription-
coupled repair pathway is impaired in cells lacking THO, Sub2, or Yral (Gaillard 2007).
Interestingly, THO and SUB2 mutants show elevated levels of transcription-associated
recombination (TAR). Binding of THO to the nascent transcript, coating the RNA, is thought
to prevent the formation of RNA-DNA hybrids called R loops between the nascent RNA and
the upstream template strand of DNA. These structures are potentially dangerous because
they slow down the polymerase, have been linked to impaired replication fork progression,
increase susceptibility to DNA damage and overall increase genetic instability (Huertas 2003,
Tous 2007, Wellinger 2006). The helicase activity of Sub2 might help to unwind R loops since
the overexpression of Sub2 is able to suppress the hyperrecombination phenotype and

transcriptional defects of /pr1A cells (Fan 2001, Jimeno 2002).

transcription

elongation RNAPII
processivity
replication fork /
rogression
processing

genomic stablllty /

transcr. coupled mRNA

repair export

Figure 5: TREX functions in diverse processes in S. cerevisiae. See text for details.
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In yeast, TREX is recruited to active chromatin in a transcription-dependent manner (Striller
2002, Zenklusen 2002), and recruitment of THO was published to be independent of RNA,
whereas Yral and especially Sub2 occupancies depend also on RNA (Abruzzi 2004). In
human cells, TREX is recruited in a splicing- and 5’ cap-dependent manner by an interaction
of Yral homolog Aly with the cap-binding protein CBP80 (Zhou 2000, Masuda 2005, Cheng
20006). Recent evidence suggests, however, that TREX also mediates the export of intronless
transcripts in human cells via binding to a conserved sequence element termed CAR-E (Lei
2013).

Interestingly, a recent study in yeast provided a link between a splicing-associated complex and
mRNA export. The Prpl9 splicing complex was shown to stabilize TREX occupancy on
transcribed genes since TREX occupancy was diminished at the 3’ end of genes upon
mutation of Prpl9 complex subunit Syfl. However, the Prpl19 complex is obviously not
responsible for the initial cotranscriptional recruitment of TREX at the 5 end of genes
(Chanarat 2011, Chanarat 2012). Thus, it remains to be determined how THO/TREX is

initially recruited to the transcription machinery.

2.5. Aim of the study

Different adaptor proteins are known to function in recruiting the mRNA export receptor
Mex67-Mtr2. However, their exact specificities remain to be determined. TREX recruitment
to transcribed genes has long been known to occur cotranscriptionally in yeast but all the same
the exact recruitment mechanism remained elusive.

In this project, my fellow PhD student Dominik Meinel and I used chromatin
immunoprecipitation coupled to tiling array hybridization for a comprehensive survey of the
mRNA export machinery in the yeast . cerevisiae. We define and analyse the recruitment
profiles of TREX and mRNA adaptor proteins and by additional experiments uncover the

initial mechanism of THO recruitment to the transcription machinery.
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3. Results

3.1. Genome-wide analysis of the mRNA export machinery in S. cerevisiae
The export of mRNAs relies on the coordinated action of various factors, which are recruited
cotranscriptionally. The export receptor Mex67-Mtr2 needs adaptor proteins to mediate its
interaction with the mRNA (see 1.2). We wanted to investigate whether different proteins
with a known function in mRNA export (the THO complex, mRNA-binding proteins Sub2,
Yral, Gbp2, Hrb1, Nab2, and Npl3) are recruited differentially to transcribed genes. To this
end, we performed chromatin immunoprecipitations with subsequent hybridization to high-
density tiling arrays and calculated genome-wide occupancy profiles of these factors as well as
of the RNAPII subunit Rpb3.

[Note: Approximately half of the ChIP-chip experiments were conducted by Dominik Meinel,

Straf3er lab, who also performed the bioinformatic analyses for all data.]

3.1.1. Subunits of the transcription export complex TREX and other export adaptor
proteins are globally recruited to RNAPII transcribed loci

To gain insight into recruitment profiles of TREX we grouped the top 50 % most highly
transcribed genes into three different length classes and calculated meta profiles from
normalized ChIP-chip occupancy data (similar to Mayer 2010; for details see legend to Fig. 8
and Methods section). This was done by mathematically scaling all genes within one length
group to the same length and plotting average occupancies of the different factors across the
gene from 250 bp upstream of the transcription start site to 250 bp downstream of the
transcription termination site.

Meta profiles revealed a highly similar recruitment profile of the THO complex, Yral, and
Sub2, with low occupancy in the 5’ region followed by increasing recruitment towards the
3’end of genes. Factors leave at the polyadenylation site and before the transcription
termination site, in line with a function in mRINA export. Yral and Sub2 seem to leave slightly
prior to the THO complex, which might be explained by their transferral to the nascent
mRNA (Figure 6 A). In contrast, occupancy of the other TREX subunits Gbp2 and Hrb1 and
the non-TREX export adaptors Nab2 and Npl3 increases only in the 5 region. Nab2
occupancy then reaches a plateau whereas Gbp2, Hrb1, and Npl3 occupancies even decrease
slightly, before all factors drop off around the polyadenylation site together with the THO
subunits (Figure 6 B).
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Figure 6: The TREX complex and other mRNA adaptor proteins are recruited to all protein-
coding genes, but to varying amounts across the ORF. Meta profiles were calculated from
ChlP-chip data of the top 50 % most highly transcribed genes (here exemplary profiles of the group
of longer genes with 1,538-2,895 bp). All genes were scaled to the same length, and the average
occupancies of the factors were plotted from 250 bp upstream of the transcription start site (TSS)
to 250 bp downstream of the polyadenylation (pA) site. (A) Meta profiles of Rpb3 (RNAPII), and
THO complex subunits Tho2, Hpr1 and Mft1 (Thp2 is not shown but looks similar) as well as TREX
components Yra1l and Sub2. (B) Meta profiles of TREX subunits Hrb1 and Gbp2 as well as non-
TREX export adaptors Nab2 and Npl3 are plotted together with the profile of Hpr1 for comparison.
[Note: ChIP-chip experiments were performed together with Dominik Meinel (StraBer lab),
who also did the bioinformatic analyses.]

We found that all TREX subunits, Nab2, and Npl3 are recruited to all transcribed protein-
coding genes and - to a lesser extent - also to sn/snoRNA genes, with Npl3 showing a slight
preference for intron-containing genes and Yral for intron-less genes (Figure 7). This is in

agreement with Npl3’s known involvement in splicing (Kress 2008).

Figure 7: Mex67 adaptor protein Npl3
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genes.
pa g RNAPII-normalized peak occupancy values of

Npl3 were plotted against the corresponding
values of Yra1, with a discrimination between
signals of bound probes representing intron-

Yral/Rpb3
0.0
|

o containing or intronless ribosomal protein genes
g el (red / green) on the one hand and non-

< B «RP genes-containing ifttrons. _ . .

S D gebes w ’ ribosomal protein genes (blue/grey) on the

Rt other hand.
[Analysis by Dominik Meinel (Straer lab)]
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Other than that we were not able to discern any specific binding preferences among the
different proteins. The global recruitment we observe is also consistent with recently

published data on a genome-wide recruitment of Hprl and Sub2 to active ORFs

(Gomez-Gonzalez 2011).
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3.1.2. TREX occupancy increases with gene length

The meta profiles reveal that the core TREX complex (consisting of THO, Sub2, and Yral)
shows a genome-wide increase in occupancy from 5’ to 3’; as has been described for Hprl,
Sub2, and Yral on selected single genes (Abruzzi 2004) and more recently in another genome-
wide study for Hprl and Sub2 (Gomez-Gonzalez 2011). This becomes especially apparent
when the meta profiles for the three different length classes are graphically aligned at their
transcription start sites and combined in one graph (Figure 8, A - E). In contrast to Yral and

Sub2, the other mRNA binding proteins Gbp2, Hrb1, Nab2 and Npl3 do not increase in gene
length (Figure 8, IF - I).
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Figure 8: Recruitment profiles of THO, Sub2 and Yra1 are highly similar and increase with
gene length while Gbp2, Hrb1, Nab2 and Npl3 do not. Meta profiles of gene occupancy were
calculated of THO / TREX subunits (A - G), Nab2 (H), and Npl3 (I) for genes grouped into three
different length classes. These classes were defined as in Mayer 2010: S (512-937bp; 266 genes),
M (938-1537 bp, 339 genes) and L (1538-2895 bp, 299 genes). [Analysis by Dominik Meinel

(Stralker lab)]

Correlation coefficients between the peak occupancies of the individual proteins also reflect

this difference in recruitment. While THO, Sub2 and Yral correlate well with each other but
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not so highly with general elongation factors and the other mRNA binding proteins in our
study, these other proteins (Gbp2, Hrbl, Npl3, and Nab2) correlate better with general
elongation factors, whose occupancy also does not increase with length, and less with the core
TREX subunits (data not shown).

Since other transcription elongation factors such as Spt5, Spt6 or Pafl do not increase with
gene length the observed 5> — 3 increase in core TREX recruitment is unique and intriguing.
It could either result from increasing recruitment as the transcription complex progresses on a
gene, with TREX reaching a maximal occupancy at some point independent of gene length, or
TREX occupancy becoming constantly more and more the longer the gene gets. To
distinguish between these scenarios, genes were divided into eight different length classes (see
legend to Figure 9) and peak occupancies that were normalized to the respective Rpb3 peak
occupancies to control for varying transcriptional activity were plotted for each length class
(Figure 9).

These plots show that occupancy of THO and TREX subunits Yral and Sub2 becomes
indeed higher the longer a gene is (especially pronounced for genes with up to 1500 bp in
length but still clearly increasing further for longer genes), while the recruitment of the
elongation factor Spt5 remains constant (Figure 9 A). Gpb2, Hrb1, Npl3, and Nab2 show

similar behavior as Spt5 and do not increase significantly with length (Figure 9 B).
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Figure 9: TREX recruitment increases with gene length. (A) The peak occupancies of TREX
components Tho2, Hpr1, Mft1, Yral and Sub2 increase with gene length, while transcription
elongation factor Spt5 occupancy remains constant. [Data for Spt5 was taken from Mayer 2010]
(B) Same plot as in (A); the recruitment of SR-like proteins Hrb1, Gbp2, and NplI3 as well as Nab2 -
contrary to THO, Sub2 and Yra1 - does not increase with gene length. Genes were subdivided in
different length classes and the peak occupancy normalized to RNAPII occupancy within each
length class was plotted. Length classes are: A (512-723 bp), B (724-1023 bp),C (1024-1286 bp),
D (1287-1617 bp),E (1618-2047 bp),F (2048-2895 bp),G (2896-4095 bp),H (4096-5793 bp).
[Analysis by Dominik Meinel (Straer lab)]
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3.1.3. The length-dependent increase of TREX occupancy correlates with the increase
in S2- and Y1-CTD phosphorylation

Two reasons for the observed length-dependent increase in TREX occupancy are conceivable:
On the one hand, it might be the nascent RNA, to which more and more TREX complexes
can bind as it grows longer. On the other hand, it could be the CTD of Rpbl with its
phosphorylation pattern that changes during the transcription cycle, thus facilitating an
increasing recruitment of TREX.

Dominik Meinel (Striller lab) employed a ribozyme-encoding reporter gene assay to assess
whether the increase in TREX towards the 3’ end is the result of an interaction with the
growing RNA. Upon transcription, the ribozyme folds and cleaves itself, releasing the
upstream part of nascent RNA with all bound proteins from the site of transcription. In
comparison with a mutated ribozyme construct that does not cleave itself, this assay revealed
that TREX occupancy does partially depend on the presence of RNA but that the observed
5 — 3’ increase is not caused by an increase in nascent RNA length during elongation (Meinel
2013).

Comparison with the genome-wide distribution profiles of Y1 and S2 CTD phosphorylation
(Mayer 2010, Mayer 2012) revealed that THO occupancy follows the distribution of these
phosphomarks within the ORF and drops before the transcription termination site together

with Y1P, while S2P persists longer (Figure 10).
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Figure 10: Hpr1 occupancy correlates with distribution of S2 and Y1 CTD phosphorylation.
(A) Meta profiles of Hpr1, Rpb3, S2P, and Y1P (B) length dependency plot for Hpr1, Spt5, S2P,
and Y1P [Spt5, S2P, and Y1P ChIP data are from Mayer 2010 and Mayer 2012; analysis by
Dominik Meinel (Stra3er lab)]
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Further experiments showed that Y1 and / or S2 phosphotylation of the CTD is necessaty for
TREX recruitment 7z vivo and that the THO complex is indeed able to bind directly to the
S2/S5-diphosphotylated CTD of Rpbl in vitro (Meinel 2013). Taken together, these results
indicate that TREX is recruited to the transcription machinery by direct interaction of THO

with the S2/S5 diphosphotylated CTD of Rpb1.

3.1.4. A C-terminal TAP-tag on Tho2 impairs its normal length-dependent recruitment
to transcribed genes

Our ChIP-chip experiments led to the intriguing observation that a C-terminal TAP-tag
impairs normal recruitment of Tho2. Tho2-TAP is recruited normally in the 5’ region of genes
but lacks the length-dependent increase in occupancy observed for the other THO subunits,

Yral, and Sub2.
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Figure 11: C-terminally TAP-tagged Tho2 shows impaired recruitment in the 3’ region.
(A) Recruitment of Tho2-TAP and TAP-Tho2 to the RPB2-ORF (primer locations are indicated on
top) (B) Genome-wide meta profiles of Rpb3 (RNAPII), Hpr1, Tho2-TAP, and TAP-Tho2.
(C) Length dependency plots for transcription elongation factor Spt5 [data from Mayer 2010],
whose occupancy does not increase with gene length, and for Hpr1-TAP, Tho2-TAP and TAP-
Tho2. [Analysis of the genome-wide data (B, C) by Dominik Meinel (Strafl3er lab)]
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The abnormal recruitment profile can be observed on a single exemplary gene (Figure 11 A)
as well as on genome-wide profiles (Figure 11 B and C). Tagging on the N- instead of the C-
terminus restores normal recruitment of Tho2 that closely matches the recruitment profiles of
the other THO complex members (Figure 11 A, B, C and Figure 8).

Only at the RPB2 gene, which is not so strongly expressed, the occupancy of the N-terminally
tagged protein is a bit lower than that of the C-terminally tagged one (which was used in the
genome-wide study). All in all, however, the results show a similar recruitment of both protein
versions. Thus, the introduction of a strong artificial bias into our ChIP-chip data by location
of the TAP tag on Thp2 and Gbp2 is unlikely.

We then used the THOZ2-TAP strain to specifically assess the effect of abolishing the 5 — 3’
increase in TREX recruitment, since the complex otherwise assembles normally and is
recruited as usual to the 5 end of genes in this strain (Dominik Meinel; data not shown).
Expression analyses in THOZ2-TAP versus TAP-THOZ2 yeast strains by Dominik Meinel
(StrdBer lab) in collaboration with the lab of Frank Holstege (University Medical Center
Utrecht, The Netherlands) showed that abrogation of the length-dependent increase in the
Tho2-TAP strain leads to reduced expression of long genes, while other gene classes (e. g.
highly transcribed, GC-rich) remain unaffected (Meinel 2013). The 5 — 3’ increase in TREX

recruitment is thus physiologically relevant for the efficient expression of long genes.

3.1.5. N- or C-terminal location of the TAP tag does not influence recruitment of Thp2
and Gbp?2 to selected loci

Given the abnormal recruitment behavior of C-terminally TAP-tagged Tho2 I performed
control ChIP experiments for another THO subunit (Thp2) and another TREX subunit
(Gbp2) to exclude the possibility of artefacts introduced by the presence of the TAP tag on
the analyzed proteins.

I performed chromatin immunoprecipitations with both C- and N-terminally TAP-tagged
versions of both proteins and, by subsequent qPCR, analyzed their recruitment to two loci
within three exemplary genes (RPB2, ADHT, and PM.AT), which are weakly, moderately, and

strongly expressed, respectively (Figure 12).
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Figure 12: Comparison of the recruitment of C- or N-terminally TAP-tagged Thp2 and Gbp2
to selected loci. (A)Location of real-time primers within the analyzed ORFs. (B) ChIP
occupancies (enrichment calculated over non-transcribed region, NTR) of Thp2-TAP vs. TAP-Thp2
at six loci in three different genes. (C) As in B, but for Gbp2. Results are the mean £ SD of three
independent experiments.
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3.2. A C-terminal TAP tag on Yral impairs normal function

3.2.1. A C-terminal TAP tag on Yral confers synthetic sickness with deletion of the
HPRI1and THOZ genes

The C-terminal TAP tag fused to Yralp does not influence growth in three different
S. cerevisiae laboratory wild-type strains (BY4741, DS2-1b, and W303) at 20°C and 30°C and
only minimally impairs growth at 37°C in the DS2-1b background (Figure 13).
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Figure 13: A C-terminal TAP tag on Yra1 has only minimal or no influence on growth of wild-
type yeast strains. Growth was assessed by spot dilution assay on full medium (YPD) at different
temperatures in three different wild-type S. cerevisiae strains and with additional expression of
C-terminally TAP-tagged Yra1lp.

However, there is a genetic interaction of YRAT7-T'AP with deletion of the HPR7 and THOZ
genes (Figure 14), consistent with a functional relationship of these proteins, and indicating
that the C-terminal TAP tag on Yral negatively impacts its functionality. Expression of a TAP
tag fused to the C-terminus of Yralp does not impair growth at any of the tested temperatures
in the wild-type W303 yeast strain but mildly increases the already strong heat sensitivity of the
tho2AA strain. In the jpr1A strain it induces cold-sensitivity at 20°C and leads to synthetic
lethality at 37°C (Figure 14). Therefore, an antibody directed against Yral was used for the
ChIP-chip experiments.
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Figure 14: A C-terminal TAP-tag on Yra1 causes synthetic sickness with deletion of HPR1 at
normal and low temperature and synthetic lethality at high temperature. Spot dilution assay
on full medium (YPD) to assess how expression of a C-terminal TAP tag fused to Yra1 influences
growth at different temperatures in wt, hrp1A, and tho2A yeast strains (all W303 background).

3.2.2. Yral recruitment to transcribed loci is reduced when Hprl or Tho2 are absent

Since the YRAT-TAP allele interacts genetically with THOZ and HPRT7 I wanted to examine
the effect of HPR7 and THOZ deletion on Yral recruitment to transcribed genes and at the
same time assess if the presence of a C-terminal TAP-tag influences Yral recruitment. To this
end, I performed chromatin immunoprecipitations of Yral in wild-type, hpriA, or tho2l
backgrounds, using the TAP tag for immunoprecipitation on the one hand and an antibody

raised against Yral in untagged strains on the other hand.
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Figure 15: (A) Enrichment of Yra1-TAP over a non-transcribed region on three different genes was
assessed by ChIP and subsequent real-time PCR using the TAP-tag on Yra1 for IP. (B) As in A,
but Yra1 was immunoprecipitated by an antibody directed against Yra1 and Yra1l was not TAP-
tagged. Results shown are the mean + SD of 3 independent experiments. gqPCR primers are the
same as in Fig. 12.
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In the absence of both THO subunits, Hprl and Tho2, the recruitment of Yral to the
analysed genes is drastically reduced (Figure 15). Comparison of the ChIP data from
immunoprecipitations using an antibody against Yral itself (Figure 15 B) with IPs using a C-
terminal TAP tag (Figure 15 A), however, suggests that absence of Hprl in combination with
the presence of a C-terminal TAP tag on Yral has an especially negative effect on Yral
occupancy, which fits together with the stronger genetic interaction of YRA1-TAP with jpriA
than with #02A (Figure 14). Results of the anti-Yral-ChIPs, which likely reflect the “true”
situation of Yral occupancy, show either equally reduced occupancy in both mutants (on
RPB2-3’region) or a stronger negative effect of Tho2 absence (on RPB2-M, ADHT and
PMAT) (Figure 15 B).

However, transcription is reduced in Apr7A and #ho2A backgrounds, and reduced recruitment
could be caused solely by overall reduced recruitment of the transcription machinery.
Therefore I also quantified RNAPII occupancy at the selected genes and normalized the Yral

recruitment levels obtained in Yral-TAP- and anti-Yral-ChIPs accordingly (Figure 16).
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Upon normalization to transcription levels, the presence of a C-terminal TAP tag on Yral
together with deletion of HPRT still has the strongest negative effect on Yral recruitment to

PMAT and RPB2, although the reduction is - due to the decrease in RNAPII occupancy to

about 50 % of the wild-type in Apr7A and #ho2A - no longer that pronounced (Figure 16 A).
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On ADHI, transcription-normalized recruitment levels in the deletion mutants are even
higher than in the wild-type. This is also true for recruitment of untagged Yral in the jpriA
background (Figure 16 B). Without the TAP tag and when the overall reduced rate of
transcription in Apr1A and #ho2A strains is taken into account only deletion of THOZ has a
clearly negative impact on Yral recruitment, whereas HPR7 deletion only very slightly affects

Yral levels on the gene (Figure 16 B; see also section 2.3.2.).

3.2.3. Steady-state Yral protein levels are upregulated when THO subunits are missing
Given the fact that transcription and the recruitment of Yral to several transcribed loci were
more or less affected in deletion mutants of the THO complex (Figures 15 and 16) I wanted
to check whether Yral was expressed at normal levels in these cells. Protein levels were
assessed by quantitative Western Blot using whole cell protein extracts from wild-type, /pr7A

and #ho20 yeast strains.
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B - upon deletion of HPR1 or THO2. Protein levels
> were quantified in whole cell extracts from untagged
0,5 strains by Western Blot with an anti-Yra1 antibody
and anti-Pgk1 as loading control. The graph shows
0- wt Ahpri Atho?2 the mean + SD of three independent experiments.

Yral becomes significantly upregulated at the protein level upon deletion of THO complex
subunits Hprl or Tho2 (Figure 17). Together with the ChIP data (Figure 15 and 16) this
suggests that the cells are - more or less successful - trying to compensate for impaired Yral
recruitment with increased expression of the protein.

Yral has been reported to bind directly to the S2,S5-diphosphorylated CTD of Rbpl
(MacKellar 2011) and to be recruited by direct interaction with 3’ end processing factor Pcfl1
(Johnson 2009). This data now underlines that the THO complex is important for
stabilization of Yral on the gene and that the C-terminal region of Yral might be important

for this interaction and its recruitment.
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3.3. Deletion of single THO subunit differentially impairs recruitment of
TREX subunits

3.3.1. RNAPII recruitment is reduced in deletion mutants of the THO complex

Mutation of THO complex subunits is known to affect the cell in many ways; one of them is
the impairment of RNAPII processivity (Mason 2005). In order to quantify to what extent
RNAPII recruitment is reduced in yeast strains lacking one THO subunit, I performed
chromatin immunoprecipitations of Rpb3-TAP in the wild type and in four mutant yeast

strains lacking one of the four THO subunits each.
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Figure 18: RNAPII recruitment is reduced when subunits of the THO complex are missing.
Rpb3-TAP occupancy was assessed by chromatin immunoprecipitation in wild-type and THO-
deficient yeast cells. Enrichment was calculated over a non-transcribed region on Chr. V. Results
shown are the mean + SD of three independent experiments per strain. q°PCR primers are the
same as in Fig. 12, with ‘A’ and ‘B’ corresponding to the middle (‘M’) and 3’ region of the ORF in
this figure, except for RPB2: the middle primer (M) is located approximately 1300 bp upstream of
primer A.

Deletion of any of the THO subunits diminished RNAPII recruitment as assessed by Rpb3
occupancy at two loci each of three different RNAPII-transcribed genes by more than half in
comparison to the wild-type situation (Figure 18). The characteristics of recruitment, ze. an
increase of occupancy from the middle to the 3’ region of the ADH7 and RPB2 genes
remained unaffected by the mutations. For the following ChIP experiments of TREX
components in deletion mutants of THO their recruitment was therefore normalized to Rpb3
occupancy to account for the reduction in transcription which is caused by the absence of the

single THO subunits.
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3.3.2. Deletion of single THO subunits differentially affects TREX recruitment

In an attempt to find out if any one subunit of THO is especially important for TREX
recruitment I performed ChIPs of THO / TREX subunits in wild-type yeast strains and
strains lacking one of four THO subunits. Although THO is a very stable complex and
deletion of Hprl and Mftl has been reported to greatly reduce the stability of the whole
complex, some residual complexes (approximately more than ten-fold less than in the wild-
type) do form in the absence of single subunits (Huertas 2006 and data not shown). Deletion
of different single THO subunits has previously been described to affect cells to a different
extent (Chavez 2000, Garcia-Rubio 2008). Thus, ChIP experiments in single deletion mutants
of THO might provide some hints which subunit(s) mediate(s) TREX recruitment.

Factor enrichments over a non-transcribed region obtained from the ChIP experiments were
normalized to RNAPII occupancy (Rpb3-ChIPs) to account for the reduced transcriptional
activity in the different THO deletion mutants (see Figure 18), and recruitment to three
exemplary genes (ADHT7, PM.AT, RPB2) was analyzed (Figure 19).

Hprl recruitment is equally affected in all deletion strains: it remains more or less unchanged
at ADHT7-M, is reduced to about 75 % of the wild-type level at ADH7-3", and to 25 - 50 % at
PMAT and RPB2 (Figure 19 A). Of note, the recruitment of Hprl to the anyway not strongly
transcribed RPB2 gene is practically completely abolished in the deletion mutants since the
absolute enrichments over the non-transcribed control region are barely above the
background level of a control mock IP (not shown).

In contrast, the recruitment of Thp2 seems to be affected most by deletion of THOZ2 and / ot
MFTT (Figure 19 B). The same effect is also seen on recruitment of Mftl, where THOZ
deletion has the biggest impact among THO subunit deletions (data not shown).

The recruitment pattern for the two TREX subunits Yral and Sub2 in the different yeast
strains is highly similar, and again deletion of THOZ leads to the biggest decrease in
recruitment (Figure 19 C and D).

In summary, Tho2 and probably Mftl seem to be the most important proteins for complex
recruitment. Based on this experiment alone, however, it is difficult to reach a conclusion

which THO subunit might mediate complex recruitment.
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Figure 19: The deletion of single THO subunits differentially affects the recruitment of Thp2,
Yra1, and Sub2. Recruitment of (A) Hpr1, (B) Thp2 (both ChIPped by C-terminal TAP tag),
(C) Yrat1, and (D) Sub2 (both ChlPped by antibody raised against the protein) to three different
genes was analyzed by ChIP. Enrichments were first normalized to RNAPII occupancy (Rpb3-
ChIP) and values for the deletion strains were then normalized to the wild-type value. Results
represent the mean + SD from three independent experiments. gPCR primers are the same as in
Fig. 12, except for RPB2: the middle primer (M) is located approximately 1300 bp upstream of
primer A; the 3’ primer is identical with primer B.
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4. Discussion

4.1. TREX is globally recruited to RNAPII-transcribed genes

We analyzed the recruitment of mRNA export factors on a genome-wide scale and found that
TREX, Nab2, and Npl3 are recruited to all protein-coding genes. No differential recruitment
to specific gene classes could be identified. This has in the meantime been confirmed by a
recently published study which also reported global presence of Hprl and Sub2 on active
ORFs (Gomez-Gonzalez 2011). In addition, there is also rectuitment to sn/snoRNA genes,
but at a lower level than at protein-coding genes. This recruitment is consistent with a recent
finding in fission yeast, where the THO complex has also been found at snoRNA loci. It
ensures TRAMP complex occupancy there and thus negatively regulates snoRNA expression

(Larochelle 2012).

4.2. TREX is increasingly recruited towards the 3’ end and binds directly to the S2/S5-
diphosphorylated CTD of Rpb1

Our genome-wide analysis as well as a recently published one (Gomez-Gonzalez 2011)
confirm that core TREX occupancy generally increases from the 5’ to the 3’ end (Figure 7), as
it had been reported previously for single genes (Zenklusen 2002, Abruzzi 2004). The exact
mechanism of TREX recruitment had remained elusive.

We now find a close resemblance of TREX occupancy meta profiles and the genome-wide
distribution of S2 and Y1 phosphorylation of the Rpbl CTD and show that TREX interacts
directly with the S2/S5-diphosphorylated CTD in vitro (Figure 10 and Meinel 2013).
Furthermore, S2 and / or Y1 phosphorylation of the CTD ate necessaty for TREX

recruitment (Meinel 2013).

4.3. The 5’ - 3’ increase in TREX occupancy is length-dependent, not caused by the
growing RNA, and physiologically important for the expression of long genes

Our results show that the occupancy of the core TREX complex (THO, Yral, and Sub2)
increases the longer a gene becomes (Figures 8 and 9). This increase could theoretically be
caused by binding of TREX to the nascent RNA, which also becomes longer as transcription
progresses. However, we could exclude this possibility by ChIP experiments on a ribozyme

reporter construct, although we see a partial dependence on RNA for the occupancy of all

TREX subunits (Meinel 2013).
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Previous studies (Abruzzi 2004), using ChIPs with or without RNase digestion, reported that
only Sub2 and Yral but not Hprl (THO) recruitment depends on RNA. This discrepancy to
our results might be explained by the fact that nascent RNA is immediately released by
ribozyme cleavage during transcription (before crosslinking and harvesting of the cells)
whereas the RNase digestion was performed only after formaldehyde crosslinking, which
might stabilize some originally RNA-dependent interactions.

We find that the increase in TREX occupancy from 5’ to 3’ depends on gene length (Figures 8
and 9). This is noteworthy, since other general transcription elongation factors such as Spt5 or
Pafl do not increase in occupancy with gene length (Meinel 2013 and Figure 9). We
furthermore discovered that a C-terminal TAP tag on Tho2 specifically abrogates the length-
dependent increase in TREX recruitment (Figure 11) without affecting complex formation
(Meinel 2013). Interestingly, it was recently published that Tho2 interacts with nucleic acids
(DNA or RNA) via its flexible and intrinsically disordered C-terminus (Pena 2012,
Gewartowski 2012). One might speculate that the TAP tag interferes with nucleic acid binding
of Tho2 and thus impairs its recruitment, which is consistent with the partially RNA-
dependent occupancy of TREX, although we found the RNA not to be responsible for the
length-dependent increase across the gene. Interestingly, the length-dependent increase of
TREX is physiologically important for the expression of long genes (Meinel 2013).

All in all, our results strongly suggest that the interaction of TREX with a CTD that retains
residual S5 phosphorylation throughout the ORF and becomes increasingly phosphorylated
on S2 during elongation (see General Introduction, sections 1.1.4.1 and 1.1.4.3) mediates the
increasing recruitment of TREX to transcribed genes. The proteins, whose occupancy does
not increase with gene length (Gbp2, Hrbl, Nab2, Npl3), are probably transferred to the
nascent RNA and thus move away from the transcription site. Sub2 and Yral are most likely
also handed over to the mRNP, which is illustrated by the meta occupancy profiles, according
to which Yral and Sub2 occupancy drops a bit earlier than that of THO (Figure 6). The
events leading to TREX dissociation at the poly(A) site need to be further elucidated, but the
drop in Y1 phosphorylation and the concomitant increase in termination factor recruitment
(Mayer 2012) likely plays a role.

The aforementioned insights leading to a model of TREX recruitment and dissociation during

the transcription cycle are summarized in Figure 20.
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Figure 20: Model of TREX recruitment and dissociation (Meinel 2013). The TREX complex is
recruited to transcribed genes, and its occupancy partially depends on RNA. Strikingly, TREX
occupancy increases from 5’ to 3’. This increase, however, is not caused by the growing chain of
nascent RNA but most likely mediated by the concomitant increase in S2 phosphorylation of the
CTD of Rpb1, since TREX is able to directly bind to the S2/S5-diphosphorylated CTD. It does not
bind to Y1-phosphorylated CTD, but the drop in TREX occupancy at the polyadenylation site
coincides with the drop in Y1P levels. Which mechanisms exactly mediate TREX dissociation
remains to be elucidated. Yra1 and Sub2 are most likely transferred to the RNA and leave the site
of transcription together with the mature mRNP.

Differential phosphorylation of the CTD during the transcription cycle thus not only serves to
coordinate mRNA processing events with transcription but also ensures efficient coupling of

transcription with mRNA export by recruiting the TREX complex.

4.4. A C-terminal TAP tag impairs Yral function and changes recruitment to actively
transcribed genes

Expression of a TAP tag on the C-terminus of Yral results in anti-TAP ChIP profiles that are
different from the profiles obtained in an untagged strain by an antibody raised against the
Yral protein (“anti-Yral”) (Figure 15). Assuming that the anti-Yral ChIPs reflect the
“natural” situation more accurately Tho2 seems to - either directly or indirectly - play a more
important role in securing Yral occupancy than Hprl (Figures 15 and 10).

Interestingly, the presence of a C-terminal TAP tag on Yral to some degree even seems to

rescue the defect in Yral recruitment in the #02A background (Figure 15 A). Conversely,

Yral-TAP recruitment is reduced more in the jpr7A than in the #h02A background. This is
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consistent with the observation that the genetic interaction of the YRA7-TAP allele with
HPRT deletion is more severe than with THOZ deletion (Figure 14).

Interestingly, a recent study briefly mentioned that C-terminal GFP tagging of Yral in their
hands led to a temperature-sensitive growth phenotype in a wild-type W303 yeast strain
(Johnson 2011). For the C-terminal TAP tag I do not observe any phenotype in wild-type
W303 yeast (Figures 14 and 14), however, since the GIFP tag is roughly one third bigger than
the TAP tag it might lead to more pronounced effects.

All in all, the TAP tag at the C terminus probably interferes with interaction(s) necessary for

normal recruitment of Yral.

4.5. THO subunit deletion differentially affects TREX recruitment

Hprl has previously been shown to be important for Yral and Sub2 recruitment to PM.A7
(Zenklusen 2002, Huertas 20006), although the first study, analyzing Yral and Sub2
recruitment in wt and /pr7A strains, did not examine a possible reduction in transcription in
the deletion mutant. Genetic interactions of Sub2 and Yral with all four THO subunits have
been described (Strasser 2002), consistent with the existence of all these proteins as part of the
TREX complex.

The present study extends the previous ChIP analyses on the PMA1 gene to include two more
genes as well as more THO deletion strains. Tho2 and also Mftl seem to be most important
for TREX occupancy. However, based on these experiments alone it is impossible to reach
any conclusion as to which THO subunit is responsible for complex recruitment to
transcribed genes. Most likely, more than one subunit is part of the interaction interface. To
identify these, more experiments such as CTD pull-down assays (as in Meinel 2013) with
THO complexes lacking one or the other subunit or binding assays of individual purified
subunits with CTD peptides are necessary.

THO-independent initial recruitment mechanisms for Yral have been described (Johnson
2009, MacKellar 2011), however, the present observations point to an important function of
the THO complex in stabilizing Yral on the gene. This might occur directly or indirectly via

Sub?2 recruitment.
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5. Specific Introduction to Part Two

5.1. The ubiquitin proteasome system (UPS)

5.1.1. Molecular mechanism and functions of ubiquitylation

Posttranslational modification of proteins with either a single ubiquitin (monoubiquitylation)
or a chain of several ubiquitins (polyubiquitylation) plays an important role in a large number
of diverse cellular processes, both proteolytic and non-proteolytic. It functions, for example,
in targeted protein degradation (see below), receptor endocytosis (Haglund 2012), cell-cycle
control (Mocciaro 2012), and DNA replication and repair (Ulrich 2011).

Ubiquitin is a 76 amino acids long and highly conserved protein, which is expressed in all
eukaryotic cells. It has a rather compact structure of one alpha helix opposite of a five-
stranded beta sheet, connected with some flexible loops (Vijay-Kumar 1987 and Figure 21).
Most interactions with ubiquitin-binding proteins are mediated by a hydrophobic patch

around Ile44 (Winget 2010).

>
~~ C-terminus

Figure 21: Structure of the ubiquitin molecule (Kulathu
2012).

Ribbon model of the structure of ubiquitin (Vijay-Kumar 1987;
Protein Data Bank Identifier (PDB ID) 1UBQ). The lysine
residues and the initiator methionine, which are all available
for polyubiquitin chain formation, are indicated (see text
further below).

The attachment of a ubiquitin molecule to its substrate is mediated by the action of three
enzymes: In an ATP-consuming step the ubiquitin-activating enzyme E1 first forms a high-
energy thioester bond with the carboxyl group of ubiquitin’s C-terminal glycine residue. The
activated ubiquitin is then transferred to a ubiquitin-conjugating enzyme (E2) by
transesterification, and an E3 ubiquitin ligase catalyzes the final isopeptide bond formation
between the carboxyl group of the C-terminal glycine of ubiquitin and, most commonly, the €-
amino group of a lysine residue in the substrate protein (Finley 2012 and Figure 22).

There are two types of E3 ligases: HECT (homologous to the EGAP carboxyl terminus)
domain and RING (really interesting new gene) E3 ligases. Depending on the type of E3
involved, the ubiquitin is either transferred directly from the E2 to the substrate (RING type)

40



Part Two Rpb1 degradation Specific Introduction

or another thioester intermediate of ubiquitin with the E3’s active site cysteine is formed

before its ligation to the substrate (HECT type) (Metzger 2012).
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Figure 22: Enzymatic reactions leading to substrate ubiquitylation (from Finley et al. 2012).
The substrate can be modified with a single ubiquitin at one (mono-) or more positions (multi-
ubiquitylation), or several ubiquitin molecules can be attached to one another, forming a
polyubiquitin chain. Ubiquitylation is a reversible modification which can be reversed by the action
of deubiquitylating enzymes (DUBs). See text for details.

While most organisms possess only one E1 enzyme (Ubal in yeast), there are 11 E2s and 60-
100 E3s in yeast with different substrate specificities and preferences for specific types of
chain linkage (see next paragraph) (Finley 2012). This diversity permits the large variety of
ubiquitylation effects.

When several ubiquitin molecules are linked to one another, peptide bond formation can
occur between the C-terminus of one ubiquitin and any of the seven lysines (Ko, K11, K27,
K29, K33, K48, K63) or the N-terminal methionine of the other ubiquitin, thus leading to
different topologies of the resulting ubiquitin chains (Peng 2003, Walczak 2012, Xu 2009 and
Figure 23). Polyubiquitin chains linked via Lys48, for example, are rather compact (Figure
23 A) while Lys63-linked chains adopt an extended conformation (Figure 23 B, C) (Tenno
2004, Eddins 2007, Datta 2009). Depending on the type of linkage, the overall structure and
thus the accessibility of different surface regions of the ubiquitin molecule and the positioning
of these regions to each other varies, which might be the basis for differential recognition and
thus different effects in cellular metabolism.

E3 ligases either collaborate with a single E2 to catalyze both mono-ubiquitylation of the
substrate as well as chain elongation (Petroski 2005) or utilize two different E2 sequentially

(Rodrigo-Brenni 2007). In other cases, polyubiquitin chain formation is mediated by one
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E2 / E3 pair that uses a monoubiquitin on the substrate previously attached by a different

enzyme complex (Hoege 2002).

Figure 23: Polyubiquitin chains linked via different lysines of the ubiquitin molecule adopt
different conformations. A: K48-linked tetraubiquitin forms a rather compact and globular
structure (crystal structure published by Eddins 2007, PDB ID 206V). B: K63-linked tetraubiquitin
shows a highly extended chain topology (crystal structure published by Datta 2009, PDB ID 3HM3)
C: In solution, however, K63 chain conformation will probably be more flexible and compact than
the one in the crystal, as explained by Minimal Ensemble Search (EMS) modeling. Numbers show
the percentages the different conformations in the ensemble were assigned to best fit the data
(Datta 2009).

The most abundant forms of polyubiquitin chains 7z vivo - as judged by a mass spectrometry-
based quantification in log-phase yeast cells - are K48- and K11-linked chains with 29.1 % and
28 %, respectively, followed by K63-linked chains (16.3 %); the other linkage types are less
abundant (Xu 2009).

The functions of the three most abundant forms are quite well characterized: K48-linked
chains have been known for the longest time and lead to proteasomal degradation of their
substrates, K11 chains are important for cell-cycle control and the ERAD (endoplasmic
reticulum associated protein degradation) pathway, and K63 chains function, for example, in
DNA repair and cytokine signaling. Less is known about the other types of chains, but the so-
called “linear chains” (N-terminal methionine linked to C-terminal glycine) are connected to
NF-KB signaling, K27 chains are implicated in mitochondrial biology, and K6 chains might
play a role in the DNA damage response (Trempe 2011, Kulathu 2012).
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5.1.2. Degradation by the proteasome and the proteolytic function of ubiquitin
chains of different topology

The ubiquitin-proteasome system (UPS) is responsible for the removal of cellular proteins in a
regulated and specific manner. The 26S proteasome is a 2.5 MDa, 32 subunit complex
consisting of a barrel-shaped 20S core particle (CP), which houses the proteolytic activity, and
one or two 19§ regulatory particles (RP) flanking the core, which mediate substrate
recognition and control entry into the proteolytic cavity of the CP (Tomko 2013 and Figure
24). Within the RP, six ATPases arranged in a circle are responsible for unfolding and
translocation of the substrate into the core, while ubiquitin receptors mediate substrate

recognition and binding (Finley 2009).

Figure 24: Architecture of the yeast 26S
proteasome (from Tomko 2013; cryo EM density
map adapted from Lander 2012).

The core particle (CP, in grey) has cylindrical shape
with an inner cavity and is formed by a stack of four
rings of seven subunits each (the outer rings are
named a rings, the inner ones f rings). Proteolytic
activity resides inside the barrel: 3 subunits of the 3
ring are threonine proteases. The a ring regulates
access to the inner proteolytic chamber and serves as
docking site for the regulatory particle.

The regulatory particle (RP) can be subdivided into the
base (cyan) and lid (yellow). Two subunits of the base
(Rpn10 and Rpn13) are ubiquitin receptors which bind
and recognize ubiquitylated substrates. A hexameric
ring of AAA+ ATPases converts energy from ATP
hydrolysis into movement threading the substrate
through the a ring towards the proteases (reviewed in
Finley 2012, Tomko 2013).

While the structure of the CP has been known for some time (Groll 1997) only recent electron
microscopy studies (Lander 2012, Lasker 2012, Sakata 2012, Beck 2012) provided insight into
subunit composition of the RP and allowed speculation about a mechanistic model for

substrate degradation (Figure 25, Matyskiela 2012).
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Figure 25: Mechanistic model for substrate degradation by the 26S proteasome (according
to Matyskiela 2012). In the first step a substrate (red) bearing a chain of four or more ubiquitin
molecules (purple) is tethered to the proteasome by binding of the ubiquitin chain to the
proteasome’s ubiquitin receptor Rpn13 (orange). Next (step 2), the ATPase ring (“unfoldase”, cyan)
engages the unstructured part of the substrate. Subsequently (step 3), the substrate is being
moved by the action of the ATPases and this brings the isopeptide bond between ubiquitin and
substrate lysine into the active center of the deubiquitylase Rpn11 (green), which can now cleave
the bond. In the last step (4) the ubiquitin chain is released and the substrate is unfolded and
translocated into the core particle.

Proteins that are to be degraded are marked by a polyubiquitin chain with a minimum length
of four ubiquitin molecules (Thrower 2000) and are thus targeted to the proteasome. Shuttling
ubiquitin receptors such as Dsk2 and Rad23, which can bind both ubiquitylated proteins and
the proteasome (Elsasser 2005), might enhance substrate delivery, but their function is not
essential (Finley 2012). In addition to the ubiquitin chain, unstructured regions in the substrate
proteins enhance efficiency of proteasomal degradation (Prakash 2004).

The canonical chain topology leading to proteasomal degradation is the K48-G76 linkage
(Chau 1989, Pickart 1997), however, there is evidence that other polyubiquitin chains (see
below) or even multiple mono-ubiquitylation (Dimova 2012) might be sufficient to target
proteins to the proteasome and trigger their degradation. Studies globally analyzing
ubiquitylated proteins have found that chains of all linkage types except K63 accumulate upon
proteasomal inhibition and thus seem to be processed by the proteasome 2 vivo (Meierhofer
2008, Bedford 2011). However, in specific cases K63-linked chains have also been described

to be sufficient for proteasomal degradation (Saeki 2009).

5.1.3. Deubiquitylation and ubiquitin chain remodeling

Deubiquitylases (DUBs) are the antagonists of ubiquitin ligases and accordingly their actions
have similarly diverse effects in cellular signaling and metabolism (Clague 2012). Twenty
DUBs exist in yeast. They are not only needed to recycle ubiquitin chains from proteins

before their degradation (both the lysosome and the proteasome have associated DUBs) and
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participate in cellular signaling by controlling ubiquitylation status of substrates, but also to
generate single ubiquitin molecules in the first place (Finley 2012). Ubiquitin is translated as a
precursor protein, in which ubiquitin is fused to ribosomal proteins (L40 in the case of the
two identical genes UBI1 and UBI2 and S31 in the case of UBI3) (Finley 1989). The fourth
ubiquitin gene UBI4, which is induced under stress conditions, contains six tandem repeats of
the ubiquitin coding sequence (Ozkaynak 1984). DUB activity - although it is not yet known
of which enzyme(s) exactly - is thus also needed for ubiquitin synthesis.

Ubp6 is a deubiquitylase associated with the cap of yeast proteasomes and shortens ubiquitin
chains on proteins bound to the proteasome from their distal ends. In addition, Ubp6 also
delays proteasomal degradation non-catalytically (Hanna 2006). This has been proposed to
function as a “timer”, helping substrates, which take too long to be unfolded and would thus
clog the proteasome, escape by trimming their ubiquitin chain below the required length
(Kraut 2007).

Interestingly, the proteasome is also associated with the ubiquitin ligase Hul5, which extends
ubiquitin chains on substrates, thus opposing Ubp6 and increasing the likelihood of
degradation. This might provide another means of regulation by fine-tuning these two

opposing activities according to the needs of the cell (Crosas 2006, Kraut 2007).

5.1.4. Diverse functions of the UPS in transcription

Interestingly, numerous functions of the ubiquitin proteasome system in the regulation of
transcription have been uncovered over the past years, both proteolytic and non-proteolytic.
The UPS for example controls the activity of transcriptional activators, regulates transcription
through histone ubiquitylation, promotes transcription elongation, removes stalled polymerase
complexes (see below), and represses cryptic transcription (Kwak 2011, Geng 2012).
Genome-wide ChIP studies find both 19S and 20S proteasome subunits to be recruited to
actively transcribed genes, with only little difference between both complexes. Thus, the whole
26S proteasome most likely presents the functional unit recruited during transcription (Sikder
2006, Geng 2012). In that context, the so-called “Swiss army knife” model has been put
forward, which postulates that active genes recruit the whole 26S proteasome, and the
transcription machinery then uses its different proteolytic or non-proteolytic (ze. ATPase
chaperone) activities as needed in the respective situation (Geng 2012), just as one uses

different functions of the Swiss army knife under different circumstances.
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5.2. Transcription-coupled DNA repair and Rpb1 degradation in response
to DNA damage

5.2.1. Transcription-coupled repair

DNA integrity is constantly threatened, for example by reactive oxygen species forming
during normal metabolism, by exposure to chemicals or to UV light. Cells have accordingly
developed elaborate repair machineries to deal with these assaults. DNA damage is obviously
potentially dangerous as it can lead to the accumulation of mutations if it is not repaired. But
lesions in actively transcribed genes can in addition cause immediate problems because they
might block progression of RNAPII and thus the expression of the respective gene.

To cope with this, transcription-coupled nucleotide-excision repair (TC-NER) preferentially
targets the transcribed strand of DNA and repairs lesions in active genes, mediated by Rad26
in S. cerevisiae (Hanawalt 2008, Gaillard 2013). As TC-NER depends on the presence of an
RNAPII complex, the stalled enzyme is thought to function as a DNA damage sensor and
facilitate loading of the NER machinery onto the DNA (Gaillard 2013). In contrast, global
genome repair (GG-NER) depends on specialized protein complexes, which are dispensable
for TC-NER. GG-NER does not depend on RNAPII and repairs damage non-preferentially
in the whole genome (Gaillard 2013).

5.2.2. Rpbl degradation upon DNA damage-dependent stalling

In cases when TC-NER is unsuccessful an alternative pathway is required, which leads to
removal of the irreversibly stalled RNAPII complex through ubiquitylation and proteasomal
degradation of its biggest subunit Rpb1. This pathway represents an independent and drastic
“last resort” mechanism as an alternative to TC-NER (Lommel 2000, Wilson 2013).

First described as a response to DNA damage blocking RNAPII progression, Rpbl
ubiquitylation and degradation has subsequently been shown to occur in various other
situations in which RNAPII is persistently stalled, such as NTP depletion upon 6-AU
treatment or mutation of TFIIS (Somesh 2005) as well as inhibition of transcription
elongation by a-amanitin treatment (Mitsui 1999, Anindya 2007).

Upon DNA damage-dependent stalling Rpb1 is polyubiquitylated in a sequential mechanism.
The HECT domain ligase Rsp5, which binds to Rpb1 via its WW domain and was shown to
mediate the DNA damage-induced degradation of Rpb1 (Huibregtse 1997, Beaudenon 1999),
is needed for the initial ubiquitylation of Rpb1. The deubiquitylase Ubp2, which is associated
with Rsp5 7z vivo, can hydrolize K63-linked ubiquitin chains attached by Rsp5 (Kee 2005,
Harreman 2009), resulting in monoubiquitylated Rpbl. This substrate is then efficiently

polyubiquitylated by the E3 ubiquitin ligase complex Elal-Elc1-Cul3, which attaches K48-
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linked ubiquitin chains onto pre-monoubiquitylated Rpb1 (Harreman 2009). The proposal of
this sequential mechanism consolidates the previously published requirements for Rsp5
(Huibregtse 1997, Beaudenon 1999) on the one hand and for Elcl on the other hand (Ribar
2006, Ribar 2007).

Ubiquitylation of Rpb1 depends on its CTD, and only the elongating form with high levels in
S2 phosphorylation and lower S5P levels is ubiquitylated (Mitsui 1999, Somesh 2005). In
contrast, the initiating form of RNAPII (marked by high levels of S5 phosphorylation) is
spared from degradation, and only RNAPII incorporated into a ternary complex is an
especially good substrate for ubiquitylation, suggesting that structural features only present in
the elongating ternary complex, probably combined with conformational changes upon
stalling, mediate recognition by the ubiquitylation machinery (Somesh 2005, Wilson 2013).
Defl, which forms a complex with Rad26 and is needed for the degradation of Rpb1 upon
DNA damage iz vitro and in vivo (Reid 2004, Woudstra 2002), also preferentially promotes
Rpb1 ubiquitylation zz vitro when RNAPII is assembled in a ternary complex (Somesh 2005).
Interestingly, the action of Defl itself in promoting Rpb1 degradation depends on ubiquitin-
and proteasome-mediated processing. It was shown recently that limited proteolysis of Defl
upon DNA damage and transcription stress generates a processed N-terminal fragment of
Defl (pr-Defl), which accumulates in the nucleus, binds to RNAPII and recruits the elongin-
cullin E3 ligase complex by binding to the UbH domain in Elal (Wilson 2013).

Ubiquitylation of Rpbl upon UV occurs on chromatin, and the AAA ATPase Cdc48 was
shown to facilitate degradation of Rpb1 at sites of stalled transcription, probably by extracting
the ubiquitylated Rpb1 from the RNAPII holoenzyme (Verma 2011).

Lastly, the deubiquitylase Ubp3 has been described to rescue Rpbl should degradation no
longer be necessary. Ubp3 can be copurified with RNAPII and is able to directly
deubiquitylate mono- as well as poly-ubiquitylated Rpb1 % vitro. In doing so it might provide
elongation or repair factors with the time needed to restart RNAPII and thus help prevent any

unnecessary degradation of Rpb1 (Kvint 2008).
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5.3. Previous findings

This part of my thesis continues the work of Eleni Karakasili, another Ph.D. student from the
group of Dr. Katja Striler. Therefore, I will shortly highlight selected previous findings from
Eleni Karakasili’s Ph.D. thesis (LMU Munich, 2010).

Since RNAPII does not transcribe genes in one smooth run but pauses or arrests rather
frequently, a system of protein factors has evolved which helps the polymerase transcribe
along the gene (see General Introduction). When the stalling cannot be resolved, the
prolonged arrest of an RNAPII complex poses a potentially lethal threat for the cell.
Ubiquitylation and proteasomal degradation of Rpb1, the largest subunit of RNAPII, are then
employed as a “last resort” mechanism to resolve this problem when DNA damage causes
RNAPII stalling (Woudstra 2002, Anindya 2007; see also section 1.2.2.). However, it has been
suggested that the same mechanism occurs generally in all other conditions causing RNAPII
arrest (Somesh 2005, Daulny 2009, Wilson 2013).

Ms. Karakasili studied the molecular mechanism of Rpbl degradation in four different
S. cerevisiae strains with impaired transcription elongation (c#k14, dst1h, tho2A, bur2A),
hypothesizing that RNAPII stalling will be enhanced in these mutants independently of DNA

damage.

5.3.1. Rpbl protein levels and RNNAPII occupancy on transcribed genes are
reduced when transcription elongation is impaired

Upon transcriptional impairment by deletion of the four transcription elongation factors
mentioned above the steady state Rpb1 protein levels were reduced to about 50 — 70 % of the
wild-type level while Rpb3 levels were not affected (Karakasili 2010, PhD thesis, Figure 12)
and RPB7 mRNA levels were not reduced (Karakasili 2010, PhD thesis, Figure 13). This was
accompanied by a reduction in RNAPII occupancy to about 50 %, as assessed by Rpb3-ChIP
experiments and qPCR at three different genes (Karakasili 2010, PhD thesis, Figure 11).

5.3.2. Rpbl is polyubiquitylated and proteasome association with RNAPII as
well as recruitment to sites of transcription is increased when transcription
elongation is impaired

Purification of RNAPII combined with anti-ubiquitin Western blots showed increased
ubiquitin signals at the height of Rpb1 in the transcription elongation mutants, pointing to an
increased ubiquitylation of Rpbl upon transcriptional impairment (Karakasili 2010, PhD

thesis, Figure 20). Concomitantly, Western Blot analysis of the 20S proteasome in RNAPII
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purifications revealed a stronger association of the proteasome with RNAPII (Karakasili 2010,
PhD thesis, Figure 23). ChIP experiments of four different proteasomal subunits showed
elevated recruitment to transcribed genes in the transcription elongation mutants (Karakasili

2010, PhD thesis, Figure 24).

5.3.3. The ubiquitin ligase Rsp5 but not Elcl mediates the increased Rpbl
ubiquitylation in transcription elongation mutants and the increase of Ko63-
linked chains is more pronounced than of K48-linked chains

Two E3 ligases, Rsp5 and Elcl, are needed for DNA damage-dependent degradation of Rpb1
(see specific introduction, 1.2.2.). Here, Ms. Karakasili used deletions of either RSP5 or ELLCT
in combination with the deletion of DST7 to impair transcription and subsequently analyzed
Rpb1 polyubiquitylation to find out whether one or both E3 ligases are needed in the
transcription elongation mutant (Karakasili 2010, PhD thesis, Figure 36). Neither of the two
deletions by itself affected Rpbl ubiquitylation. While EILC7 deletion did not abolish the
increase in the ds#7A strain the ubiquitylation level of Rpbl in the ds#7Arsp5A double mutant
dropped to a level comparable to that of the wild-type strain, indicating that upon
transcription elongation impairment by DST7 deletion the E3 ligase Rsp5 and not Elcl is
responsible for the increased Rpb1 ubiquitylation.

RNAPII purification and subsequent Western Blot analysis using ubiquitin linkage-specific
antibodies showed an increase in both K48-linked and Ko63-linked polyubiquitin chains on
Rpb1 upon transcriptional impairment in comparison to the wild-type, with the increase in
K63-linked chains being more pronounced than the increase in K48-linked chains (Karakasili
2010, PhD thesis, Figure 30).

5.3.4. Other pathway components are the same as in DNA damage-induced
stalling and ubiquitylation of RNAPII

Purification of RNAPII and quantification of Rpb1 polyubiquitin levels by Western blot were
used to address whether the two E2 enzymes responsible for the damage-mediated
degradation, Ubc4 and Ubc5 (Somesh 2005), were also involved in the damage-independent
ubiquitylation of Rpbl. Deletion of either UBC4 or UBC5 in a dst1A strain background
resulted in a reduction of the elevated Rpbl polyubiquitin levels, indicating that both E2
enzymes (which have high sequence identity) are implicated in the Rpb1 ubiquitylation upon
transcriptional impairment (Karakasili 2010, PhD thesis, Fig. 34).

The ubiquitylation promoting protein Defl, which is needed for DNA damage-induced
degradation of Rpb1 but not for transcription-coupled repair (Woudstra 2002), is also needed

for Rpb1 ubiquitylation when transcription elongation is impaired since the def/Ads#7A double
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mutant exhibited reduced Rpb1 ubiquitylation levels compared to the ds#7A strain (Karakasili

2010, PhD thesis, Figure 38A).

5.3.5. Deubiquitylases Ubp6 and Ubp2, but not Ubp3 are implicated in
remodeling the ubiquitin chains on Rpbl formed in transcription elongation
mutants

RNAPII purifications from single and double deletion strains and subsequent quantification
of Rpbl polyubiquitylation levels determined that Ubp2 but not Ubp3 (as in the DNA
damage induced pathway) deubiquitylates Rpb1 in the transcription elongation mutant dsz7A.
Furthermore, deletion of UBP6 was also found to decrease Rpb1 ubiquitylation levels in dsz7A,

Z. e. to compromise deubiquitylation (Karakasili, Figure 40).

5.4. Aim of the present study

As detailed above, Ms. Karakasili elucidated the molecular mechanism for degradation of
transcriptionally stalled RNAPII. In comparison with the well-known DNA damage-
dependent degradation she found evidence for a largely overlapping set of enzymes mediating
Rpb1 ubiquitylation upon transcriptional impairment, yet with some distinct differences to the
pathway taking effect upon DNA damage.

The present work aimed to corroborate the existence of these distinct sub-pathways of Rpbl
ubiquitylation according to different causes of RNAPII stalling and to further analyze Rpbl

polyubiquitylation upon transcription impairment.
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6. Results

6.1. Both E3 ligases Rsp5 and Elcl are recruited to a transcribed gene

Two ubiquitin ligases, Rsp5 and Elcl, are known to act sequentially in the DNA damage-
induced ubiquitylation and degradation of Rpbl. Rsp5 ubiquitylates Rpb1 with K63-linked
ubiquitin chains, which are subsequently remodeled by Ubp2, resulting in monoubiquitylated
Rpbl. Elcl then attaches K48-linked ubiquitin chains onto this substrate. (Harreman 2009).
Since our lab had previously found evidence that Elcl is dispensable for the polyubiquitylation
of Rpbl in transcription elongation mutants (7 e. independent of DNA damage) (Karakasili
2010, PhD thesis, Figure 36B), I wanted to know whether the two ubiquitin ligases are
recruited differentially in wild-type cells and cells with transcription elongation problems

(dst14).
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Figure 26: Elc1 and Rsp5 are recruited to ADH7 in both wt and dst14 cells. Chromatin
immunoprecipitations of TAP-tagged Elc1 and Rsp5 were performed in wt and dst1A backgrounds
and in an untagged strain as negative control (mock IP). Both ubiquitin ligases are recruited to
three loci within the ADH1 gene. Enrichments on ADH1 over a nontranscribed region (NTR) on
Chr. V were calculated and mean values from 3 independent experiments + SD were plotted.

Chromatin immunoprecipitation experiments, however, show that both E3 ubiquitin ligases
Rsp5 and Elcl are recruited at a low but detectable level across the ORF of the ADHT7 gene
(Figure 206). There are neither significant differences between the two enzymes nor between
the different genetic backgrounds (wt or ds#7A). This indicates that both E3 ligases are present
near the transcription elongation complex. Thus, the differential involvement of Elcl and
Rsp5 in Rpb1 ubiquitylation upon transcriptional impairment is probably not regulated at the

level of recruitment to the transcription site.
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6.2. The observed polyubiquitin signal is specific for ubiquitylation of
Rpbl

When RNAPII is purified from wild-type cells and the transcription elongation mutants
cthIA, dstlA, tho2A\, and bur2A\, there is an increased anti-ubiquitin signal in the mutants
compared to the wild-type in Western Blots at approximately 200 kDa and above (the height
at which Rpbl and polyubiquitylated Rpb1 run in an SDS-polyacrylamide gel) (Karakasili
2010, PhD thesis, Figure 20). Theoretically, high-molecular weight conjugates contaminating
the purification and running at the same height as Rpbl might contribute to the observed
signal. To exclude this possibility, I purified equal amounts of RNAPII with the usual salt
concentration of 100 mM NaCl and with highly stringent washing (1 M NaCl), and monitored
the copurification of Tfg2, a subunit of the GTF TFIIF, which is tightly associated with

RNAPII during transcription initiation and elongation (Figure 27).
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Figure 27: Analysis of Rpb1 polyubiquitylation in RNPII purifications from wt and ctk1A
yeast strains. A: Equal amounts of RNAPII were purified with low salt or high salt washing and
Rpb1, polyubiquitylated Rpb1 as well as association of Tfg2 were detected by Western Blotting
(one representative experiment) B: Quantification of polyubiquitylation from three biologically
independent experiments (mean + SD; * p < 0.05, t test).

The loss of association of Tfg2p under high salt washing indicates the high purity of the
isolated RNAPII complexes. Even with high salt washing, however, the polyubiquitylation
signal is still increased in the transcription elongation mutant ctkIA compated to the wild-type
(Figure 27), suggesting that the observed ubiquitin signal is indeed caused by polyubiquitin
chains attached directly to Rpbl1.
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6.3. The half-life of Rpbl is reduced when transcription elongation is
impaired

Our lab has previously shown that Rpb1 protein levels from whole cell extracts are specifically
reduced in four transcription elongation mutants while RPBI mRNA levels remain unaffected
(Karakasili 2010, PhD thesis, Figures 12 and 13). In order to test whether this observed
reduction in steady-state protein levels is indeed caused by increased turnover of the protein I
performed cycloheximide chase assays. In this assay, de novo protein synthesis is abolished by
addition of the drug cycloheximide (CHX), which blocks the translocation step in translation
elongation (Schneider-Poetsch 2010). Aliquots of cells are taken immediately before addition
as well as at different time points after addition of CHX, protein extracts are prepared, and
levels of the protein of interest at each time point are quantified. Protein half-life can then be
calculated from plotting the logarithmised ratios of protein at each time point relative to the

amount of protein present before CHX addition.
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Figure 28: The half-life of Rpb1p is reduced when transcription elongation is impaired. Rpb1
protein levels were quantified in a cycloheximide chase assay. Logarithmised protein ratios were
plotted and the protein half-life was calculated from linear regression. Quantification is based on 8
independent experiments.

The quantification of Rpbl levels in the cycloheximide time course experiment yields Rpbl
half-lives of 61.1 + 8.3 min. in the wild-type yeast strain and 27.4 + 2.6 min. in the dst/A
strain (Figure 28). This shows that the half-life of Rpb1p is indeed diminished to less than fifty
percent of the wild-type value upon transcription elongation impairment, indicating that
increased turnover of Rpblp by proteasomal degradation is the cause for the observed

decrease in steady-state protein levels in transcription elongation mutants.
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6.4. Treatment with the transcription inhibitor 6-azauracil increases
proteasome recruitment to a transcribed gene

Previously, our lab performed ChIP experiments in wild-type cells and transcription
elongation mutants and found a decreased RNAPII occupancy on several transcribed loci with
a concomitant increase in proteasome recruitment upon transcription elongation impairment
by mutation of the aforementioned transcription factors (Karakasili 2010, PhD thesis, Figures
11 and 24).

I subsequently wanted to find out whether the impairment of transcription elongation by a
different method, namely the treatment of wild-type cells with the drug 6-azauracil, has a
similar effect in our assay system. 6-AU inhibits the GTP biosynthesis enzyme IMP
dehydrogenase, thus depleting cellular GTP pools (Exinger 1992). 6-AU sensitivity in mutant
yeast strains is widely used as an indicator that the mutated protein has a function in
transcription elongation. Here, I performed ChIP experiments of RNAPII subunit Rpb3 and
proteasome subunit Prel (both C-terminally TAP-tagged) upon treatment of wild-type cells
with the transcription inhibitor 6-AU (250 pg/ ml for 2.5 h prior to crosslinking) in

comparison to solvent-treated cells.
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Figure 29: Impairment of transcription in wild-type yeast cells by 6-azauracil (6-AU)
treatment leads to increased recruitment of the proteasome to a transcribed gene.
Recruitment to the ADH1 ORF (primer locations in (A)) was analyzed by chromatin
immunoprecipitation and subsequent gPCR for RNAPII subunit Rpb3-TAP (B) and proteasomal
subunit Pre1-TAP (C) and enrichments calculated over a non-transcribed region on Chr. V.
(D) Quantification of proteasome recruitment normalized to transcription (i. e. RNAPII occupancy).
Graphs show the results from at least three independent experiments (mean + SD).

0-AU treatment indeed caused a drop in RNAPII occupancy and, normalized to the reduced

transcriptional activity, an increased recruitment of the 26S proteasome to the transcribed
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gene (Figure 29). This shows that transcription impairment by a different “route”, namely
nucleotide depletion, has a similar effect on RNAPII occupancy and proteasome recruitment

as the deletion of transcription elongation factors.

6.5. Deletion of ELCI abrogates the UV-induced increase in Rpbl
ubiquitylation and has little effect on the increase caused by
transcriptional impairment

UV-induced DNA damage leads to RNAPII stalling and subsequent polyubiquitylation and
degradation of Rpb1, which is mediated through the attachment of K48-linked polyubiquitin
chains by the ubiquitin ligase Elc1 (Beaudenon 1999, Huibregtse 1997, Chen 2007, Harreman
2009). Since we found no requirement for Elcl upon transcription impairment by deletion of
transcription elongation factors I wanted to gain some further insight as to whether two
separate sub-pathways of recognition of stalled RNAPII and subsequent Rpb1 ubiquitylation
exist. I compared the extent of Rpb1 polyubiquitylation caused by deletion of a transcription
elongation factor on the one hand and UV irradiation (2. e. DNA damage) on the other hand
and combined this with analyzing the additional effect of ELLC7 deletion.

To this end, I irradiated wt, dst7A, ek1A and ele1 Adst1A strains with UV or not, purified equal
amounts of RNAPII in the presence of inhibitors for proteases, DUBs, and the proteasome,
and quantified to what extent Rpbl was polyubiquitylated under the different conditions
(Figure 30).
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[previous page]

Figure 30: UV irradiation and deletion of DST1 increase Rpb1 polyubiquitylation. RNAPII was
purified in equal amounts via TAP-tagged Rpb3 from non-treated or UV-irradiated (400 J / m* with
30 min. of recovery) wt, dst14, elc1A and elc1Adst1A strains. Levels of Rpb1 polyubiquitylation
were quantified by Western Blot (n = 3; mean + SD; * p < 0.05, ** p < 0.01, t test).

As expected, treatment of wild-type yeast cells with UV resulted in an approximately two-fold
increase in Rpb1 ubiquitylation compared to the untreated cells. Rpb1 ubiquitylation was also
clearly elevated by the sole deletion of DST7, consistent with previous results (Karakasili 2010,
PhD thesis) and further increased by UV irradiation of the Dstl-deficient cells, although that
difference is not statistically significant (Figure 30, first four lanes). Yeast cells lacking Flcl, on
the other hand, exhibited a level of Rpb1 ubiquitylation comparable to the wt control cells,
which —as expected from the published role of Elcl in Rpb1 ubiquitylation upon UV — was
not increased further by irradiation. Rpb1 ubiquitylation in cells lacking both Elcl and Dstl
was increased compared to the wt control cells to a level almost comparable to the one in
dst1A cells and was not further influenced by UV irradiation. This might point towards the
existence of two independent branches of the ubiquitylation pathway; one caused by UV

induced DNA damage and one by transcriptional impairment by the lack of Dst1.

6.6. K63R mutation of ubiquitin in combination with DST7 deletion leads
to a temperature-sensitive growth phenotype and to synthetic lethality
upon 6-AU treatment

Previous observations from our lab point to a role of K63-linked ubiquitin chains in the
degradation of DNA-damage independently stalled Rpbl, either direct or indirect: (1) Not
only K48-linked but also K63-linked ubiquitylation of Rpbl increases in the transcription
elongation mutants (Karakasili 2010, PhD thesis, Figures 30) and (2) expression of K63R
instead of wild-type ubiquitin seems to somewhat abolish the decrease in steady-state Rpbl
protein levels in a ds#1A background (Karakasili 2010, PhD thesis, Figures 31).

To gain further information on the importance of K63-linked ubiquitylation I used strains
expressing either normal ubiquitin or K63R ubiquitin (Spence 1995) and analyzed the growth

phenotype of wt and ds#74 cells in these backgrounds.
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Figure 31: Expression of K63R-ubiquitin combined with the deletion of DST7 leads to a
temperature-sensitive growth phenotype at 37°C. Spot dilution assay of wt and dst1A cells,
expressing either wild-type or K63R ubiquitin on full medium (YPD) at the indicated temperatures.

Deletion of DST7 is known to have no influence on growth in otherwise wild-type yeast
strains at normal temperature. This is also seen in the present analysis on full medium, when
wild-type ubiquitin is expressed. Growth at 37°C is slightly impaired (Figure 31, upper panel).
Expression of K63R instead of wt ubiquitin, which precludes the formation of K63-linked
polyubiquitin chains, also slightly impairs growth at 37°C. However, when the K63R mutation
is combined with the impairment of transcription elongation by deletion of DST7 there is a
pronounced growth defect when cells are grown at the elevated temperature (Figure 31, lower
panel).

Sensitivity to the drug 6-azauracil (6-AU), which depletes UTP and GTP pools in the cell, in
mutant yeast strains is generally taken as an indicator for a function of the mutated protein in
transcription elongation (Hampsey 1997). Next, I analyzed the effect of 6-AU treatment on
the growth of the aforementioned strains. As expected, DST7 deletion induces 6-AU
sensitivity (Figure 32). Interestingly, the expression of K63R instead of wild-type ubiquitin
slightly increases the 6-AU sensitivity of dsz7.4 cells at 20°C (Figure 32, upper panel) and even

leads to near-complete inhibition of cell growth at 30°C (Figure 32, lower panel).
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Figure 32: Expression of K63R-ubiquitin is synthetically lethal with deletion of DST1 in the
presence of 6-azauracil. Spot dilution assay of wt and dst1A cells, expressing either wild-type or
K63R ubiquitin at the indicated temperatures. Strains were transformed with pRS316 to allow
growth on SDC-ura medium supplemented with either 75 pg/ml 6-azauracil or the corresponding
amount of solvent (DMSO). All strains were unable to grow at 37°C (both solvent and 6-AU plates).

All in all, this genetic interaction argues for a relevant connection between the functions of

Dstl and K63-linked polyubiquitylation.

6.7. K63R mutation of ubiquitin slightly reduces the polyubiquitylation of
Rpbl upon transcriptional impairment

Since we had previously seen a more pronounced increase in K63-linked than in K48-linked
polyubiquitylation upon transcription impairment, I next analyzed the effect of the K63R
ubiquitin mutation on the extent of Rpbl polyubiquitylation in ¢#7A cells (which have the
strongest phenotype among the four transcription elongation mutants used in Ms. Karakasili’s
study). To this end, I purified equal amounts of RNAPII from the different yeast strains in the
presence of protease, DUB, and proteasome inhibitors and quantified the extent of total Rpb1

polyubiquitylation (Figure 33).
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Figure 33: The increase in Rpb1 polyubiquitylation in transcription elongation mutants is
slightly less pronounced when only K63R ubiquitin is available. RNAPII was purified in equal
amounts using the anti-Rpb1 antibody 8WG16 from wt and ctk14, in both wild-type and K63R
ubiquitin backgrounds. (A) Exemplary Western Blots showing the amount of Rpb1 purified (lower
panel) and the extent of Rpb1 polyubiquitylation (upper panel) in the different strains. (B)
Quantification of Rpb1 polyubiquitylation normalized to the amount of Rpb1 present in each
purification (n = 3; mean + SD; ** p < 0.01; t test).

Consistent with previous results, transcription elongation impairment by deletion of CTK7 led
to a significant increase in Rpbl polyubiquitylation levels (Figure 33, compare first two
lanes / columns). When the formation of K63-linked polyubiquitin chains was precluded by
expressing K63R-ubiquitin, this increase was slightly less pronounced than in a wt-ubiquitin
background (Figure 33, compare the last two with the first two lanes / columns). This,
together with the previous results, illustrates that a certain amount of K63-linked ubiquitin
chains are formed upon transcription impairment. However, it does not support a major
function of K63-linked polyubiquitin chains upon transcription impairment by deletion of
CIK1.

6.8. K63R mutation of ubiquitin does not abolish the reduction in steady
state Rpbl1 protein levels upon deletion of CTK7

The canonical ubiquitin signal leading to proteasomal degradation consists of polyubiquitin
chains linked via K48 (see introduction Part II, section 1.1.2.). However, we found evidence
that Elcl, which synthesizes K48-linked ubiquitin chains, is dispensable for Rpbl
polyubiquitylation in transcription elongation mutants, while Rsp5, which preferentially
synthesizes K63-linked chains, is required (Karakasili 2010, PhD thesis, Fig. 30).

To analyze the importance of K63-linked ubiquitin chains for the degradation of Rpbl I

quantified steady state Rpb1 protein levels in wild-type yeast and the transcription elongation
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mutant ¢#&£7A and compared cells expressing wild-type ubiquitin with cells expressing K63R-

mutated ubiquitin (Figure 34).

Figure 34: The reduction in steady-
state Rpb1 protein levels in
transcription elongation mutants is
Pgk1 not abolished when only K63R
ubiquitin is available. Rpb1 levels were
- e assessed by quantitative Western Blot in
wild-type and ctkA, both in strains
expressing wild-type ubiquitin (left) and
K63R-ubiquitin (right).
The graphs show quantifications of
I twelve independent experiments each
(mean £ SD; *** p < 0.001; t test).
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In ctk1A cells the Rpb1 levels are reduced, as expected, to about 60 % of the wild-type level,
when normal ubiquitin is present. When there is only K63R ubiquitin available and thus no
K63-linked ubiquitin chains can be formed, the observed reduction in Rpb1 levels in the «#&7A
strain is not different from the wt ubiquitin background (Figure 34).

Preventing the formation of K63-linked polyubiquitin chains therefore does not result in less
pronounced degradation of Rpb1. This indicates that K63-linked polyubiquitylation does not
play a role in the degradation of Rpbl upon impairment of transcription elongation by

deletion of CTKI.
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7. Discussion

7.1. Rpbl ubiquitylation and degradation is a universal and conserved rescue
mechanism in cases of persistent stalling of RNAPII

Transcription normally is a discontinuous process, with RNAPII pausing frequently (Darzacq
2007). If RNAPII stalls persistently, however, this can be very problematic, since the stalled
polymerase blocks subsequent transcription complexes, so that the affected gene will no
longer be transcribed.

Targeted Rpbl degradation has been known for some time and was first described when
RNAPII was stalled at helix-distorting DNA lesions caused by UV irradiation or cisplatin
treatment (Bregman 1996, Ratner 1998, Beaudenon 1999, Jung 20006).

In the present project we utilized different mutant S. cerevisiae strains (dst1d, ctkl A, bur2A,
tho24), which were selected because they exhibit impaired transcription elongation and
therefore likely a concomitant increase in RNAPII stalling, to analyze the cellular mechanisms
dealing with DNA damage-independently stalled RNAPII complexes.

The final outcome - clearing of the stalled complex by degradation of Rpb1 - turned out to be
the same as in DNA damage-dependent stalling. My colleague, Eleni Karakasili, already found
that Rpb1 is polyubiquitylated and degraded by the proteasome under these conditions of
DNA damage-independent stalling and that most of the involved enzymes (Ubal, Ubc4,
Ubc5, Rsp5, Defl, and Ubp2) are the same as described for DNA damage-dependent stalling
(Karakasili 2010 PhD thesis).

I determined that the observed polyubiquitylation upon transcriptional impairment by deletion
of CTKT is specific for Rpb1 (Figure 27). Moreover, cycloheximide chase assays reveal an
increased turnover, 7.e. a decreased half-life of the Rpbl protein upon transcription
impairment (Figure 28), which is reflected in the observed reduction of Rpb1 protein levels.
As in the transcription elongation mutants, we find a similar decrease in Rpb1 levels, increase
in Rpb1 polyubiquitylation, and increase in recruitment of the proteasome to the transcription
site upon treatment with the transcription elongation inhibitor 6-AU (Karakasili 2010 PhD
thesis Figures 16 and 21, and this thesis, Figure 29). The drug depletes UTP and GTP pools in
the cell (Hampsey 1997), which impairs transcription elongation and might mimic naturally
occurring situations of starvation. Our results are in agreement with previously published data
showing increased polyubiquitylation of Rpbl upon 6-AU treatment (Somesh 2005). Rpb1
ubiquitylation and degradation is therefore similarly affected by nucleotide depletion and

deletion of transcription elongation factors.
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Thus, work from the past decade together with the present study suggests that the clearing of
irreversibly stalled RNAPII complexes through removal of Rpbl via ubiquitylation and
proteasomal degradation is a universal “last resort” rescue mechanism in a variety of situations
from yeast to mammalian cells (Wilson 2013 and references therein, Karakasili 2010 PhD
thesis, and this thesis).

Importantly, however, we found that the E3 ubiquitin ligase Elc1 (responsible for UV-induced
Rpb1 degradation) is dispensable for Rpb1 polyubiquitylation in DNA damage-independent
stalling and, unexpectedly, that there is a pronounced increase in K63-linked ubiquitylation on
Rpb1 (Karakasili 2010 PhD thesis). This is an important distinction from the degradation
pathway acting upon DNA damage and provides first evidence that cells might discriminate

between RNAPII complexes stalled either dependently or independently of DNA damage.

7.2. Elcl is not responsible for Rpbl polyubiquitylation upon damage-independent
impairment of transcription but is also present at the site of transcription

Previous results of our lab showed that EI.C7 deletion in a ds#71A background did not abolish
the increase in ubiquitylation caused by deletion of DST7 (in fact, it rather increased it), while
deletion of RSP5 in that background resulted in reduced wild-type ubiquitylation levels
(Karakasili 2010 PhD thesis, Figure 306). This indicates that Rps5 but not Elcl is the E3 ligase
responsible for ubiquitylation of Rpbl upon DNA damage-independent stalling. Chromatin
immunoprecipitations, however, did not reveal any differential recruitment of the two
ubiquitin ligases (Figure 24), suggesting that their differing involvement is not regulated at the
level of their recruitment to the transcription complex. On the other hand, it is not surprising
that not only Rsp5 but also Elcl is detected by ChIP in wild-type and ds#7A cells since Elcl is
the yeast homolog of mammalian Flongin C, which is a part of RNAPII transcription factor
Elongin that suppresses transient RNAPII pausing (Bradsher 1993, Aso 1997), and plays a
role in global genome repair (LeJeune 2009). Which factor determines the activity of Elcl

remains to be determined.

7.3. K63-linked ubiquitylation increases in DNA damage-independently stalled Rpbl
but only slightly influences total Rpb1 polyubiquitylation levels

Eleni Karakasili previously found that the increase in K63-linked polyubiquitylation is much
more pronounced than the increase in K48-linked polyubiquitylation in the four transcription
elongation mutants compared to the wild-type (Karakasili 2010 PhD thesis, Figure 30). This is
surprising, on the one hand, since K48-linked polyubiquitin is the canonical signal for
proteasomal degradation while K63-linked ubiquitin chains are thought to have purely non-

degradative functions (see Part II, section 1.1.2)) On the other hand, the 26S proteasome is
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able to bind and degrade K63-linked polyubiquitin chains (and even heterogeneous ubiquitin
chains of mixed linkages) both 7 vitro and in vivo (Kirkpatrick 2006, Kim 2007, Saeki 2009).
Interestingly, there is a genetic interaction at 37°C between the K63R mutation in ubiquitin,
which precludes formation of K63-linked chains, and transcription impairment by deletion of
DSTT (Figure 31). Furthermore, expression of K63R-ubiquitin and concomitant deletion of
DSTT becomes lethal in the presence of the transcription elongation drug 6-azauracil (Figure
32). This argues for an involvement of K63-linked chains in the cellular mechanism dealing
with damage-independently stalled RNAPII.

I found that expression of K63R-mutant ubiquitin only slightly reduces the increase in total
Rpb1 polyubiquitylation upon deletion of the transcription elongation factor Ctkl (Figure 33),
and the expression of K63R ubiquitin does not abolish the decrease in Rpb1 levels (Figure 34)
The modification of Rpbl by K63-linked ubiquitin chains might function in the degradation
of Rpb1 but the effect of expressing K63R- instead of wt-ubiquitin on the steady state Rpbl
protein levels was not substantial.

The data, however, indicate that K63-linked chains are to some extent part of the total Rpbl
polyubiquitylation which is formed upon DNA damage-independent transcription impairment
by deletion of transcription elongation factors. A direct role for K63-linked polyubiquitylation
of Rpbl for its degradation is unlikely but its presence might play an indirect role in
promoting Rpb1 degradation upon transcription impairment. We cannot exclude, however,
that initially built K63-linked chains are later remodeled into K48-linked chains or that further
K48-linked chains are added by another E3 ligase, which has yet to be identified.

It is important to note that we also do observe a smaller increase in K48-linked
polyubiquitylation of Rpb1 upon deletion of the transcription elongation factors, which might
be sufficient for the enhanced degradation of Rpb1, even in the absence of DNA damage.
Interestingly, mammalian cells also utilize targeted Rpb1 ubiquitylation and degradation when
RNAPII is arrested by treatment with a-amanitin (Nguyen 1996, Anindya 2007). Rpb1 in a-
amanitin-arrested complexes was found 7 vitro to be polyubiquitylated with K63-linked chains,
although the a-amanitin-dependent species of ubiquitylated Rpb1 was observed to be stable
(Lee 2004). In that instance it was speculated that these K63-linked chains might fulfill a
nondegradative function in signaling for other factors, e. . DNA repair proteins (Lee 2004).
Our study presents a first hint that K63-linked polyubiquitylation of Rpbl occurs upon
transcription impairment. The exact function of these K63-linked chains remains to be

elucidated.
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All in all, we describe a mechanism of Rpbl degradation that takes effect upon damage-
independent stalling of RNAPII and is overlapping, yet distinct from the pathway acting upon

damage-dependent stalling (see Figure 35 for a summary). This provides first evidence that the

Discussion

cell might be able to discriminate between different causes of RNAPII stalling.

degradation of DNA damage-
dependently stalled RNAPII
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Figure 35: lllustrations comparing the degradation of Rpb1 caused by DNA damage (A) and
by DNA damage-independent transcription impairment (B) (modified from Karakasili 2010,
PhD thesis, Figure 45). See text for details.
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8. Materials and Methods

8.1. Materials

8.1.1. Strains

Table 1: Escherichia coli

strain genotype company

DH5« JhuA2 lac(del)U169 phoA ginl 44 O8O’ Invitrogen (Karlsruhe)
lacZ (de))M15 gyrA96 recAT relAT end AT thi-1
hsdR17

Table 2: Parental wild-type S. cerevisiae strains

Strain Genotype Source

RS453 (MATa) ura3-1 tip1-1 his3-11,15 len2-3,112 ade2-1 ¢can1-100  R. Serrano
GAL+

RS453 (MATa) ura3-1 trp1-1 bhis3-11,15 leu2-3,112 ade2-1 can1-100  R. Serrano
GAL+

W303 (MATa) len2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15  Wallis 1989
[phit]

W303 (MATw) len2-3,112 tip1-1 ¢can1-100 ura3-1 ade2-1 his3-11,15  Wallis 1989
[phi+]

BY4741 MATa)  his3AT len2A0 met1 540 ura340 Open Biosystems

Table 3: 5. cerevisiae strains used in this study

Strain Description Reference

RPB3-TAP RPB3-TAP::HIS3; MATa; his3AT; len2.A0, Meinel 2013
met1 5405 ura3.40

HPR71-TAP HPR71-TAP::URA3; MATa; his3AT; leu2A0; Meinel 2013
met1 540, ura3A0

TAP-THOZ2 TAP-THOZ2, MATa; his3AT1; leu2A0; met15A0; Meinel 2013
ura3A0

THO2-TAP THO2-TAP::URA3, MATa; ade2-1, his3-11,15; Meinel 2013
ura3-52; len2-3,112; trp1-1; canl-100; GALA+

MFT1-TAP MFTT1-TAP::URA3; MATa; his3A7; len2A0, Meinel 2013
met1 5405 ura3.40

GBP2-TAP GBP2-TAP::URA3; MATa; his3A7; leu2A0, Meinel 2013
met1 540, ura3A0

HRB1-TAP HRB71-TAP::URA3; MATa; his3A1; len2A0; Meinel 2013
met1 540, ura3.40

TAP-NPI 3 TAP::NPI_3; MATa; his3A1,; leu2A0; met1 540, Meinel 2013
ura3A40

NAB2-TAP NAB2-TAP::URA3; MATa; his3A1; leu2A0; Meinel 2013

met1 540, ura3.40
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hprilA
tho2A
mfr1
thp24
RPB3-TAP

RPB3-T AP
HPR17 shuffle

RPB3-TAP
THO?Z2 shuffle

RPB3-T AP
MFTT shuffle

RPB3-T. AP
THP?2 shuffle

HPR71-TAP

HPR71-TAP
THO?Z2 shuffle

HPR71-TAP
MFTT shuffle

HPR7-TAP
THP?2 shuftle

MFTT1-TAP

MFT1-TAP
HPR7 shuffle

MFT1-TAP
THO?2 shuffle

MFT1-TAP
THP?2 shuffle

RPB3-TAP

RPB3-TAP
CTKT shuftle

RPB3-TAP
DSTT shuftle

hprl::HIS3; MATa; nra3-1, ade2-1, his3-11,5, trp1-1,
leu2-3,112, can?-100

tho2::KANMXG6, MATa; ura3-1, ade?-1, his3-11,5,
trp1-1, len2-3,112, canl-100

mftl :KAN MX6; MATa; ade2-1, his3-100, len2-112,
ura3-1, trp1-1, can1-100

thp2:KANMXG6; MATa; his3AT len2A0 met1 540
ura3A40

RPB3-TAP:TRP1; MATa; ura3-1 trp1-1 his3-11,15
leu2-3,112 ade2-1 can?-100

hpri::HIS3; RPB3-TAP::TRP1; pRS316-
HPR7/URA3]; ura3, ade2-1, his3-11,15, trp1-1, len2-
3,112, cani-100

tho2:KANMXG6; RPB3-TAP:"TRP1; pRS316-
THO2[URA3J; MATw; ade2-1, trp1-1,can1-100,
len2,3-112, his3-11,15, ura3

mftl :KANMXG6; RPB3-TAP::TRP1; pRS316-
MFETT[URA3J; ura3, ade2-1, his3-11,15, trp1-1, leu2-
3,112, ¢canl-100

thp2:KANMXG6,; RPB3-TAP:"TRP1; pRS316-
THP2[URA3[; MATa; ura3, ade2-1, bhis3-11,15, trp1-
1, leu2-3,112, can?-100

HPRT-TAP:TRP1; MATa; ura3-1 trp1-1 his3-11,15
len2-3,112 ade2-1 canl-100

HPRT1-TAP:TRP1; tho2::KANMX6, pRS316-
THOZ2; MATo; ura3-1 tip1-1 his3-11,15 leu2-3,112
ade2-1 can1-100

HPRT1-TAP:TRP1; mft1 :KANMXG6; pRS316-
MFETT; MATa; len2-3,112 trp1-1 can-100 ura3-1
ade2-1 his3-11,15

HPRT-TAP:TRP1; thp2:KANMXG6,; pRS316-
THP2; MATa; ura3-1 trp1-1 his3-11,15 leu2-3,112
ade2-1

MFETT-TAP::TRP1; MATo; ura3-1 trp1-1 his3-11,15
len2-3,112 ade2-1 canl-100

MFETT1-TAP:TRP1; hpri:HIS 3; pRS316-HPR1;
MATo; len2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-
11,15

MFETT1-TAP:TRP1; the2::KANMX6, pRS316-
THOZ2; MATo; len2-3,112 trp1-1 can1-100 ura3-1
ade2-1 his3-11,15

MFETT1-TAP:'TRP1; thp2::KANMX6; pRS316-
THP2; MATa; leu2-3,112 trp1-1 can-100 ura3-1
ade2-1 his3-11,15

RPB3:TAP:TRPT; len2-3,112 trp1-1 ¢can1-100 ura3-1
ade2-1 his3-11,15 |phi+]

CTK1:HIS3, RPB3::TAP::TRP1; pRS316-
CTK1/URA3]; MATa; len2-3,112 trp1-1 can1-100
ura3-1 ade2-1 his3-11,15 [phi+]

DST1::HIS3, RPB3::TAP::TRP1; RS316-
DST1/URA3]; MATa; len2-3,112 trp1-1 cant-100
ura3-1 ade2-1 his3-11,15 [phi+]

Andres Aguilera lab
Andres Aguilera lab
Andres Aguilera lab

Andres Aguilera lab

Katja Stril3er lab

Katja Stri3er lab

Katja Stril3er lab

Katja Stri3er lab

Katja Striler lab

Katja Stri3er lab

Katja Stri3er lab

Katja Striler lab

Katja Stri3er lab

Katja Stri3er lab

Katja Striler lab

Katja Stri3er lab

Katja Stril3er lab

Karakasili PhD thesis

2010

Karakasili PhD thesis

2010

Karakasili PhD thesis

2010
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PRET7-TAP

PRET7-TAP
DSTT shuffle

RSP5-TAP

RSP5-TAP
DSTT shuftle

ELC1-TAP

ELCT-TAP
DSTT shuffle

dst1A

elc1A

RPB3-TAP
elc1A
dst1A elc1A

RPB3-TAP
dst1 elc1A

SUB280

SUB413

SUB280
DSTT shuffle

SUB413
DSTT shuffle

SUB280
CTKT shuffle

SUB413
CTKT shuffle

PRET1:TAP:TRP1; MATa; len2-3,112 trp1-1 can-
100 ura3-1 ade2-1 his3-11,15 [phi+]

DST1::HIS3, PRE1::TAP::TRP7; RS316-
DST1/URA3]; MATa; len2-3,112 trp1-1 can1-100
ura3-1 ade2-1 his3-11,15 [phi+]

RSP5-TAP:'TRPT; MATa; len2-3,112 trp1-1 cani-
100 ura3-1 ade2-1 his3-11,15 [phi+]
RSP5-TAP::TRPT; pRS316-DST7/URA3J; MATa,;
len2-3,112 trp1-1 can-100 ura3-1 ade2-1 his3-11,15
[phit]

ELCT-TAP:TRP1; MATa; len2-3,112 trp1-1 can-
100 ura3-1 ade2-1 his3-11,15 [phi+]
ELCT-TAP::TRPT; pRS316-DST7/URA3]; MATa;
len2-3,112 trp1-1 can-100 ura3-1 ade2-1 his3-11,15
[phi+]

DST1::HIS3; MATa; len2-3,112 trp1-1 can1-100
ura3-1 ade2-1 his3-11,15 [phi+]

EILC1:KANMXG6; MATa; len2-3,112 trp1-1 canl-
100 ura3-1 ade2-1 his3-11,15 [phi+]
RPB3-TAP::TRP1; ELC1:KANMX6; MAT4a; len2-
3,112 trp1-1 ¢can1-100 ura3-1 ade2-1 his3-11,15 [phi+]
DST71:HIS3; ELC1::KANMX6, MATa; len2-3,112
trp1-1 can-100 ura3-1 ade2-1 his3-11,15 [phi+]

RPB3-TAP::TRP1; DST1::HIS3; ELCT::KANMXG6;

MATa; len2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-
11,15 [phi+]

MATa; lys2-8071 len2-3,112 ura3-52 his3-D200 trp1-
1[am] ubi1-D1:"TRP1 ubi2-D2::ura3 ubi3-Dub-2 ubid-
D2:I.LEU2; [pUB39-WTUB]| [pUB100]

MATa; lys2-801 len2-3,112 ura3-52 his3-D200 trp1-
1[am] ubi1-D1:"TRPT ubi2-D2::ura3 ubi3-Dub-2 ubid-
D2:I. EU2; [pUB39-K63RUB] [pUB100]
DSTT1::KANMXG6; pRS316-DST7/URA3J; MATa;
Ws2-801 leu2-3,112 ura3-52 his3-D200 trp1-1[am]
ubil-D1:TRPT ubi2-D2::ura3 ubi3-Dub-2 ubi4-
D2:I.LEU2; [pUB39-WTUB]| [pUB100]
DST1::KANMXG6; pRS316-DST7/URA3J; MATa;
Ws2-801 leu2-3,112 ura3-52 his3-D200 trp1-1[am]
ubil-D1:TRPT ubi2-D2::ura3 ubi3-Dub-2 ubi4-
D2: . EU2; [pUB39-K63RUB] [pUB100]
CTK1:KANMXG6, pRS316-CTK7[URA3J; MATa;
Ws2-801 leu2-3,112 ura3-52 his3-D200 trp1-1[am]
ubil-D1:TRPT ubi2-D2::ura3 ubi3-Dub-2 ubi4-
D2:I.LEU2; [pUB39-WTUB]| [pUB100]
CTK1:KANMXG6; pRS316-CTK7[URA3J; MATa;
Ws2-801 leu2-3,112 ura3-52 his3-D200 trp1-1[am]
ubil-D1:TRPT ubi2-D2::ura3 ubi3-Dub-2 ubi4-
D2:I.EU2; [pUB39-K63RUB] [pUB100]

Karakasili PhD thesis
2010
Karakasili PhD thesis
2010

Karakasili PhD thesis
2010
Karakasili PhD thesis
2010

Karakasili PhD thesis
2010
Karakasili PhD thesis
2010

Karakasili PhD thesis
2010
Karakasili PhD thesis
2010
Karakasili PhD thesis
2010
Karakasili PhD thesis
2010
Karakasili PhD thesis
2010

Spence 1995

Spence 1995

this study

this study

this study

this study
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8.1.2. Plasmids

Table 4: Plasmids used in this study

plasmid name description reference

pRS316 encoding URA3 marker; enabling growth on SDC-  Sikorski 1989
ura medium - for 6-AU experiments

pRS316-DST1 for expression of DST7 in shuffle strains; the K. Stra3er

pRS316-CTK1

pBS1479
pBS1539
pBS1761
pBS1766

pKS1386

pKS1388

DSTT7 ORF plus 500 bp of promoter and
terminator region were cloned into pRS316

for expression of CTKT in shuffle strains; the
CTK7 ORF plus 500 bp of promoter and
terminator region were cloned into pRS316

for C-terminal TAP tagging with TRP7 marker
for C-terminal TAP tagging with URA3 marker
for N-terminal TAP tagging with TRP7 marker
encoding Cre recombinase for excision of the
selection marker in N-terminal TAP tagging
pBSIIKS+-5’-Actk1-KANMX6-3’

for disruption of CTK7 with KANMXG6
pBSIIKS+-5’-Adst1-KANMX6-3

for disruption of DST7 with KANMXG6

(unpubl. work)

Rother 2007

Puig 2001
Puig 2001
Puig 2001
Puig 2001

Karakasili PhD
thesis 2010
Karakasili PhD
thesis 2010

8.1.3. Oligonucleotides

All oligonucleotides were purchased from Thermo Fisher Scientific (Ulm).

Table 5: qPCR primers used in this study

primer name

sequence

YER fw

YER rev
ADH1-5 fw
ADH1-5’ rev
ADHI1-M fw
ADHI1-M rev
ADH1-3’ fw
ADH1-3’ rev
PMA1-M fw
PMA1-M rev
PMA1-3’ fw
PMA1-3’ rev
RPB2-5 fw
RPB2-5’ rev
RPB2-M fw
RPB2-M rev
RPB2-M to 3’ fw
RPB2-M to 3’ rev
RPB2-3’ fw
RPB2-3’ rev

TGCGTACAAAAAGTGTCAAGAGATT
ATGCGCAAGAAGGTGCCTAT
GTTGTCGGCATGGGTGAAA
GGCGTAGTCACCGATCTTCC
AGCCGCTCACATTCCTCAAG
ACGGTGATACCAGCACACAAGA
TTGGACTTCTTCGCCAGAGG
GCCGACAACCTTGATTGGAG
AAATCTTGGGTGTTATGCCATGT
CCAAGTGTCTAGCTTCGCTAACAG
CGTCTTCGCTGTCGACATCA
TTTTCAGACCACCAACCGAAT
CGAGGATGAAAGTGCACCAA
GCCCCTTCTCGCGAAAA
CCCAACTTTTCAAGACATTGTTCA
TGGTTTTTGCGTTAATCGCTAA
ACGTACAAACACCTTAAGAATGAACA
CAGGCGCAATTAGACCATCA
TTGAAGGAGAGATTAATGGAAGCA
AGCCCGCAAATACCACAAAT
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Table 6: TAP tagging oligos used in this study

oligo name sequence
TAP-THP2 oligo 1 GTTTATCAGGTTTACACTGCTCAAGTTATCAAGTTCATAGC
GAACAAAAGCTGGAGCTCAT

TAP-THP2 oligo 2
TAP-THOZ2 oligo 1
TAP-THOZ2 oligo 2
TAP-GBP2 oligo 1

TAP-GBP2 oligo 2

AGAGAGATTCAAAATACGTACGACCTTCTTCCTTTGTCAT
CTTATCGTCATCATCAAGTG
CAGTTGATACATATTCGCACCAGTATACATTTTCAGGACTTT
GAACAAAAGCTGGAGCTCAT
GAAAGAGCGTTCAATTTGGAAAGTAGCGTCTGTTCTGCCAT
CTTATCGTCATCATCAAGTG
GGCGAAAAGGAAACAAACATCAGCTGGATTTTTTCGCCAAG
GAACAAAAGCTGGAGCTCAT
CTACTCCTATCATTTCCATACATCCCTAGCTCTCTCTCCAT
CTTATCGTCATCATCAAGTG

Table 7: colony PCR primers used in this study for verification of gene disruption

primer name

sequence

CTK1_del_600 up_fw
DST1_del_600 up_fw
KAN_del_up_rev

CCAAAGATTTACGACAACTA
CGAACATCATTTTCAAATTGATCA
GAAACGTGAGTCTTTTCCTTACCC

8.1.4. Antibodies

Table 8: Antibodies used in this study

antibody dilution host source
PAP (peroxidase-anti-peroxidase) 1:5000 (WB) rabbit P1291 (SIGMA)
o-Sub2 15 ul (ChIP) rabbit Katja Striler
a-Yral 15 pl (ChIP) rabbit Katja Stral3er
8WG16 (a-Rpb1-CTD) 1:500 (WB) mouse MMS-126R (Covance)

10 pl (IP)

a-Pgkl 1:10 000 (WB) | mouse | A6457 (Molecular Probes)
FK2 (a-mono- and polyubiquitin 1:1000 (WB) mouse PW8810 (Biomol)
a-mouse-HRP 1:3 000 (WB) goat 170-6516 (BioRad)
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8.2 Methods

8.2.1. Standard Methods
Standard methods such as restriction digests, transformation of vectors into E. coli, and agarose

gel electrophoresis were performed according to Sambrook and Russell (2001).

8.2.1.1. PCR reactions
For TAP taggings according to Puig et al. (2001) 100 ul KNOP PCR reactions were performed in
a T3 Personal Thermocycler (Biometra / Analytik Jena) and purified for yeast transformation as

described in 8.2.1.2.

100 ul  KNOP PCR reaction PCR program
78wl ddH,0 .
10 ul  10x KNOP buffer (50 mM Tris-HCI pH 9.2,
16 mM (NH,),SO,, 2.25 mM MgCl,) 94°C, 2 min.
1wl template DNA (100 - 300 ng) 94°C, 1 min.
0.5ul  fw primer 45 - 50°C, 0.5 min. | 35x
0.5ul  rev primer 68°C, 2.5 - 3 min.
8ul  dNTP mix (25 mM each) 68°C, 10 min.
2l KNOP polymerase mix (2 U Taq, 0.56 U
Vent polymerase)

For verification of gene disruptions colony PCR was performed in 25 pl volume with one primer
annealing in the marker used for disruption and one primer annealing in the flanking genomic
region. Some yeast cells were added to the PCR mix without Taq polymerase and boiled for
15 min. at 95°C in order to lyse the cells. Polymerase was then added and the PCR program

resumed. The PCR product was analyzed by agarose gel electrophoresis.

25 ul  colony PCR reaction PCR program
19.6 uI  ddH,0 95°C 15 min.

2.5l 10x Taq buffer (Fermentas) + Tagq.

1.5ul MgCl, [25 mM] 95°C, 0.5 min.
0.25ul  fw primer 45°C, 0.5 min. | 25x
0.25ul  rev primer 72°C, 1 min.

0.6 ul  dANTP mix (25 mM each) 72°C, 2 min.

some yeast cell mass from colony

0.3 ul Taq polymerase(Fermentas)
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8.2.1.2. Phenol-Chloroform extraction of DNA

Digested gene disruption cassettes or PCR fragments for genomic tagging of yeast proteins were
purified by phenol-chloroform extraction. The digest or PCR reaction was mixed with one
volume of phenol:chloroform:isoamylalcohol (25:24:1), centrifuged at top speed for 10 min., and
the aqueous phase extracted with an equal volume of chloroform (mixing and centrifuging for
another 10 min.). The DNA in the aqueous phase was precipitated at - 20°C for at least an hour
by addition of 1/10 of the volume of 3 M NaOAc, pH 5.2, and 2 volumes of 100 % ethanol. The
pellet was washed with 70 % ethanol, dried, and resuspended in approximately 30 - 50 ul TE
buffer (1 mM EDTA, 10 mM Tris-HCI, pH 8.0). A 0.5 ul aliquot was analyzed on an agarose gel,

and 10 - 40 ul were used for transformation of S. cerevisiae (see 8.2.2.2.).

8.2.2. Yeast Techniques

8.2.2.1. Yeast Cell Culture

Yeast cells were cultivated in either in yeast extract / peptone full medium with glucose as carbon
source (YPD) or in synthetic complete medium with glucose (SDC-x as selective medium lacking

an amino acid or uracil to select for prototrophy or SDC+all as full medium).

Full medium (YPD) 1% yeast extract
2 % Bacto-peptone
2 % glucose

Synthetic complete medium 0.67 % yeast nitrogen base

SDC) 0.06 % complete synthetic mix containing all essential amino
acids except those needed to select for prototrophy (“SDC-x”)
or containing all of them (“SDC+all”)
2 % glucose

Precultures were inoculated in liquid medium from single colonies on a freshly restreaked plate,
incubated on a shaking platform overnight at 30 °C, and the next day diluted in fresh medium to
an ODy,, of 0.1 —0.2. Cultures were grown under agitation at 30 °C and used for experiments
(transformation, ChIP, small-scale IP,...) at OD,, = 0.6 — 0.8.

Yeast strains expressing wild-type or K63R ubiquitin (strain backgrounds SUB280 and SUB413;
see Table 3) were grown in SDC+all medium and ubiquitin expression was induced by addition
of 100 uM CuSO, for 1.25 h prior to harvesting or 45 min. prior to CHX treatment in the CHX

chase experiments.
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8.2.2.2. Transformation of yeast cells

Cells were collected by centrifugation at appr. ODy, 0.5 - 0.8, washed once with water and once
with solution I (10 mM Tris pH 7.5, 1 mM EDTA, 100 mM lithium acetate). The transformation
mixture contained cells corresponding to = 8 ml of culture, resuspended in solution I, 5 ug
salmon sperm DNA as carrier DNA, the DNA to be transformed, and 300 pl of solution II (10
mM Tris pH 7.5, 1 mM EDTA, 100 mM lithium acetate, 40 % PEG). The mixture was incubated
on a turning wheel at room temperature for 30 min., heat-shocked at 42 °C for 10 min., cooled
on ice for 3 min., diluted by addition of 1 ml H,O and centrifuged (1200 rcf, 3 min.). In the case
of plasmid transformations, the cells were then immediately resuspended in 100 ul of sterile H,O
and plated on selective agar plates. For genomic integrations (ie. TAP taggings or gene
disruptions), the cells were resuspended in full medium and incubated on a turning wheel for

recovery at room temperature for 1 - 6 h, before being plated on selective agar plates.

8.2.2.3. Genomic integration of a TAP tag
The TAP tagging procedure was performed as described by Puig et al. (2001). Briefly, for C-

terminal tagging a PCR product containing the TAP tag sequence and a selection marker is
created using the plasmids pBS1479 (TRP7) or pBS1539 (URA3) as templates (“KINOP PCR”,
see 8.2.1.1.). The primers used for this PCR additionally contain 50 nt-long 5’ overhangs which
represent the last nucleotides of the ORF before the stop codon (oligo 1) and the region
downstream of the stop codon (oligo 2; see Table 6). The PCR product is purified by phenol-
chloroform extraction (see 8.2.1.2.) and will be genomically integrated by homologous
recombination upon transformation into yeast cells (see 8.2.2.2.). Correct integration is verified
by Western Blotting of whole cell extracts (see 8.2.3.1. and 8.2.3.5) against the TAP tag (PAP
antibody).

For N-terminal TAP tagging PCR primers are designed such that integration by homologous
recombination will take place at the beginning of the target gene, with oligo 1 containing an
overhang of the 50 nt immediately upstream of and excluding the start codon and oligo 2
containing an overhang of the start codon and the next 50 nt. Plasmid pBS1761 is used as a
template for amplification of the N-terminal TAP tagging cassette. This cassette contains TRP7
as selection marker, the GALT promoter (both flanked by loxP sites) and the TAP tag. Upon
correct integration into the yeast genome the selection marker is at first placed under control of
the target gene promoter, while the target gene is expressed from the GALT7 promoter. To put
the target gene again under control of its native promoter, the positive transformants are
transformed with plasmid pBS1766 encoding Cre recombinase, which excises the original

selection marker and the GAL1 promoter by site-specific recombination at the loxP sites.
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8.2.2.4. Gene deletion

Genes are disrupted by replacing the coding sequence with a selectable marker. As for the
integration of a TAP tag one makes use of yeast’s active homologous recombination and
transforms them with a DNA fragment containing the marker flanked by promoter and
terminator region of the targeted gene. Correct integration is verified by colony PCR (see 8.2.1.1.)
using primers which anneal to the genomic region outside the targeted ORF and within the

selection market.

8.2.2.5. Spot dilution assays (dot spots)

One loop of freshly growing yeast cells (.e. restreaked the previous day) was resuspended in 1 ml
of H,0O and then diluted 1:10 four times. 5 ul of each dilution were spotted onto YPD or SDC-
ura plates (supplemented with DMSO or 75 pg/ml 6-AU, as indicated) and incubated at the

indicated temperature for 3 — 5 days.

8.2.2.6. Long-term storage of yeast strains
Freshly growing cells (growing on plate for no longer than 2 days) were collected by careful
scraping off the plate, resuspended in 1 ml of 50 % sterile glycerol, vortexed gently and flash-

frozen in liquid nitrogen. Samples were subsequently stored at — 80 °C.
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8.2.3. Special Techniques

8.2.3.1. Protein extract preparation (yeast whole cell lysate) by alkaline lysis

Cells were diluted in the morning and grown to an OD,, = 0.6 — 0.8. 5 OD of cells were
collected by centrifugation (3600 rpm, 3 min, 4°C), washed once with 1 ml cold H,O, pelleted
and flash-frozen in liquid nitrogen for short-term storage at — 80 °C. The cell pellet was
resuspended in 500 ul of cold H,O and lysed by incubation on ice for 20 min. with 150 ul of pre-
treatment solution (1.85M NaOH and 7.5% B-mercapthoethanol). Proteins were then
precipitated by addition of 150 pl 55 % TCA solution (= 10 % final concentration), incubated on
ice for 20 min. and centrifuged at 16100 rcf for 20 min. The protein pellet was dissolved in
60 ul 1x SB and neutralized with 20 ul 1 M Tris base, heated for 1 min. at 65°C and centrifuged at
top speed for 3 min. For quantitative WB, absorption at 280 nm was measured and samples
diluted to an equal total protein concentration. Samples were either used for SDS-PAGE

immediately or stored at -20°C.

8.2.3.2. UV treatment of yeast cells

Cells were diluted from overnight precultures in the morning and grown to an OD, = 0.5.
Cycloheximide was added to a final concentration of 50 pug / ml for 45 min. prior to UV
treatment. The cell suspension was then centrifuged in 50 ml conical tubes, the cycloheximide-
containing medium kept in the cell culture flasks for after the treatment, and each pellet from 50
ml of culture resuspended in an equal volume of cold PBS. This suspension was irradiated in a
circular petti dish (diameter = 14 cm) with 400 J / m2 in a XL-1500 UV crosslinker (Spectronics
Corporation, Westbury, NY, USA), pipetted back into the 50 ml conical tubes, pelleted (3600
rpm, 3 min, 4°C), and resuspended in the original growth medium. “No UV” control samples
were treated likewise but were not poured into the petri dish and not irradiated. After treatment,
cells were allowed to recover in the incubator for 30 min. Cells were collected by centrifugation
(3600 rpm, 3 min, 4°C), washed once with ice-cold PBS, once with ice-cold TAP-LB (50 mM
Tris-HCI, pH 7.5, 1.5 mM MgCl,, 0.15 % NP-40, 100 mM NaCl) with 1x protease inhibitor
cocktail, flash-frozen in liquid nitrogen and stored at -80°C. Cell pellets were subsequently used

for pull-down assays as described in section 8.2.3.3.

8.2.3.3. Pull-down assays (“small-scale IP”) for analysis of Rpb1 polyubiquitylation
100 OD of yeast cells were harvested and stored at - 80° C for up to one week. Each 100 OD cell
pellet was resuspended in 800 pl TAP lysis buffer (50 mM Tris-HCI, pH 7.5, 1.5 mM MgCl,, 0.15
% NP-40, 100 mM NaCl; supplemented with 1x protease inhibitor cocktail, 2 mM NEM
(deubiquitinase inhibitor), and 20 uM lactacystin or 20 uM MG132 (proteasome inhibitor)) and
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lysed in 2 ml tubes by vortexing with 800 ul glass beads for 4 x 3 min. with 3 min. incubations on
ice in between. Bottom and lid of the 2 ml tube were punctured with a hot syringe needle and the
cell lysate was collected by centrifugation (2000 rpm, 2 min.) into a 15 ml tube. The lysates were
brought to an equal volume of 1.5 ml by addition of = 250 pl lysis buffer and were then
centrifuged for 20 min. in a table-top centrifuge (top speed, 4 °C).

800 - 900 ul of the extract were used for immunoprecipitation (avoiding aspiration of both the
cell debris pellet and the fatty phase on top). Equal amounts of RNAPII complexes were either
immunoprecipitated from strains expressing Rpb3-TAP using 50 ul IgG sepharose at 4 °C for 1.5
h or from untagged strains using 10 pl anti-Rpbl antibody 8WG16 (Covance) for 1 h and
subsequent incubation with 50 ul Protein G-Dynabeads (Invitrogen) for 30 min. at 4 °C. Beads
with immunoprecipitated complexes were washed four times with cold lysis buffer (50 mM Tris-
HCI, pH 7.5, 1.5 mM MgCl,, 0.15 % NP-40, and 100, 500 or 1000 mM NaCl as indicated) and
the bound complexes eluted by heating the beads with 60 - 80 ul 2x sample buffer (IgG
sepharose) or 1x sample buffer (Dynabeads) at 65°C for 2 min. with vortexing,.

For the analysis of Tfg2 association (which runs at the height of the IgG heavy chain) with
RNAPII purified from strains expressing Rpb3-TAP, bound complexes were eluted by TEV
protease cleavage (incubation with 3 ul TEV in 100 ul low salt lysis buffer at 16°C for 1 h) and
mixed with the appropriate volume of 4x SB.

Samples for ubiquitylation analysis were immediately used for SDS-PAGE (8.2.3.5.)

8.2.3.4. Cycloheximide chase assay for Rpb1 half-life determination

Cells were diluted from overnight precultures to an ODy,, of 0.2. At an OD,,, of approximately
0.6 - 0.7, an aliquot of 5 OD of cells was removed and harvested (see 8.2.3.1., preparation of
alkaline lysis extracts). After removal of this t = 0 sample, translation was inhibited by addition of
cycloheximide to the culture to a final concentration of 100 ug / ml, and 5 OD samples were
withdrawn at regular time intervals as specified over the next 50 or 60 min.. Alkaline lysis extracts
were prepared (see 8.2.3.1) and Rpbl protein levels were determined by quantitative Western
Blotting (see 8.2.3.0.). The logarithmised protein ratios for each time point after cycloheximide
addition relative to t = 0 were plotted against the time, and the half-life was calculated by linear

regression.

8.2.3.5. SDS-PAGE and protein transfer
Extracts for quantitative WB or detection of Rpbl, Tfg2, Pgkl were separated on 10 % SDS

polyacrylamide gels (after an initial sample concentration at 100 V for 5 min.) for 1 h at 200 V,
and samples for analysis of Rpb1 polyubiquitylation on 6 % polyacrylamide gels for 1.5-2 h at
200 V (in the cold-room; using pre-cooled gels and buffer). SDS-PAGE was carried out in the

75



Materials and Methods

Mini-Protean apparatus (Biorad), using SDS running buffer (25 mM Tris; 0.1% (w/v) SDS;
0.19 mM glycine).

Proteins were subsequently transferred to nitrocellulose membranes (qWB) or activated PVDF
membranes (ubiquitin detection) using a wet blotting apparatus (Biorad). A sandwich was
assembled consisting of 2 layers of sponge material, 3 layers of Whatman paper, the membrane,
the gel, 3 layers of Whatman paper, 2 layers of sponge material (all pre-soaked in wet blotting
buffer) and submerged in a tank filled with pre-cooled wet blotting buffer (25 mM Tris, 192 mM
glycine, 20 % methanol). Proteins were transferred at 100 V for 1 h (qWB) or at 80 V for 1.75 h

(ubiquitin detection). In the latter case, wet blotting was performed in the cold room.

8.2.3.6. Quantitative Western Blotting

For quantitative Western Blot, protein concentration of alkaline lysis extracts was determined by
measuring the absorption at 280 nm, and all samples were diluted to an equal concentration of
total protein, before loading equal amounts on gel. After SDS-PAGE and Blot (see 5.2.11.),
Western Blot was performed simultaneously against the protein of interest and Pgkl as loading
control. Blots were routinely blocked with 2 % milk in PBS, except for blots with the anti-
ubiquitin antibody FK2, which were blocked with 5% BSA in TBST (IBS with 0.1 %
Tween-20). Incubation with primary antibodies was normally done overnight in the cold room,
secondary antibody incubation at room temperature for 1 h (for anti-ubiquitin Western Blots at
least 2 h). Signals were detected using ECL solution (for ubiquitin detection, SuperSignal West
Dura, Pierce) and the Fujifilm LAS-3000 mini image reader (raytek, Sheffield, UK). MultiGauge

software (ver 3; SciencelLab2005; Fujifilm Life Sciences) was used to quantify the signals.

8.2.3.7. Chromatin immunoprecipitation for single loci (ChIP-qPCR)

ChHIP buffers

FA lysis buffer low salt FA lysis buffer high salt TLEND

50 mM HEPES-KOH, pH 7.5 50 mM HEPES-KOH pH, 7.5 10mM Tris-HCI pH 8.0
150 mM NaCl 500 mM NaCl 0.25M LiCl

1 mM EDTA ImM EDTA ImM EDTA

1 % Triton X-100 1% Triton X-100 0.5% Nonidet P-40
0.1 % sodium deoxycholate 0.1% sodium deoxycholate 0.5% SDS

0.1 % SDS 0.1 % SDS

Elution buffer 100 x protease inhibitor cocktail

50 mM Tris*Cl pH 7.5 28 ng/ml Leupeptin; 137 ng/ml Pepstatin A; 17 ng/ml
10 mM EDTA PMSF; 0.33 mg/ml benzamidine; in 100 % ethanol p.a.
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Formaldehyde crosslinking

100 ml of cells growing in mid-log phase were chemically crosslinked (at OD,, of appr. 0.80) by
incubation with 1% formaldehyde for 20 min. at 20°C, and the reaction was quenched by
addition of glycine to a final concentration of 350 mM. Cells were harvested, washed with cold
TBS and transferred to eppis in FA lysis buffer with 1x protease inhibitor cocktail; pellets were

flash-frozen in liquid nitrogen and stored at - 80°C.

Lysis and sonzcation

The cell pellets were thawed, resuspended in 800 ul of FA lysis buffer with 1x protease inhibitor
cocktail and lysed by vortexing with 800 ul glass beads for 5x 3 min. with 3 min. on ice in
between. Successful lysis (> 85 %) was verified under the microscope. The lysate was sonicated
in a Bioruptor UCD-200 (Diagenode) at an output of 200 W for 3 x 12 min. (30 sec. on / 30 sec.
off) with intermittent cooling on ice for 4 min., resulting in an average chromatin size of
250 - 300 bp (monitored by agarose gel electrophoresis). The lysate was cleared by two successive
centrifugation steps (13000 rpm, 4°C; 10 and 5 min.) and the supernatant (= soluble chromatin

fraction) used for chromatin immunoprecipitation.

Chromatin tmmunoprecipitation

Protein concentration of the lysate was estimated by measuring the absorption at 280 nm. 5 A,
in a total volume of 1200 ul FA lysis buffer (low salt) were used for ChIP of Rpb3-TAP, 15 A,
for ChIP of Hprl-TAP and Mftl-TAP, 18 A280 for ChIP of Prel, and 20 A, for ChIP of
Tho2-TAP, Thp2-TAP, Yral and Sub2. TAP-tagged proteins of interest were
immunoprecipitated with 15 pl of IgG-coupled Dynabeads tosylactivated M280 (Invitrogen) for
2.5 h at 20°C (Prel overnight at 4°C). Yral and Sub2 were precipitated with antibodies raised
against the protein (15 pl each) for 2 h at 20°C, followed by an incubation with 15 pl Protein A-
Dynabeads (Invitrogen) for 30 min. IP samples were washed 2x with FA lysis buffer low salt, 2x
with FA lysis buffer high salt, 2x with TLEND, and 1x with TE, and eluted in 120 ul elution
buffer by incubation at 65°C for 20 min. in a shaking thermomixer (850 rpm).

0.08 A280 of the corresponding lysates were saved as Input samples and, in a total volume of
120 pl elution buffer, processed in parallel with the IP samples for protein digestion and reversal

of crosslinks.

Protein digestion and reversal of crosslinks

Eluates or Input samples were mixed with 80 ul TE and 20 pl Proteinase K (P4850; Sigma) and
incubated at 37°C for 2 h for protein digestion and at 65°C for 10 - 12 h for reversal of
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crosslinks. IP and INP DNA was subsequently purified with the Nucleospin Extract II kit

(Macherey & Nagel) according to the manufacturer’s instructions in an elution volume of 100 pl.

Fragment size control

Successful and consistent chromatin fragmentation was monitored using 100 pl of the soluble
chromatin fraction after sonication (see end of step /Jysis and sonication). These were mixed with
92 ul TE and 8 ul Proteinase K and incubated as above for protein digestion and reversal of
crosslinks. The sample was then mixed with 20 ul of LiCl [4 M], 1 ul glycogen and 120 pl phenol
and centrifuged at 13000 rpm for 10 min. The aqueous phase was mixed with 400 ul of 100 %
ethanol and nucleic acids precipitated at -20°C for 6 h. Subsequently, the sample was centrifuged
(13000 rpm, 20 min., 4°C) and the pellet washed with 70 % ethanol, dried and resuspended in
20 ul TE. RNA was removed by RNase treatment (5 ul RNase A [10 mg/ml] for 1 h at 37°C).

The sample was then analyzed on a 1.5 % agarose gel.

Quantitative PCR for selected target genes

Quantitative real-time PCR with Input and IP samples was performed in a StepOnePlus Real-
Time PCR Cycler (Applied Biosystems, Darmstadt) using the Power SYBR Green PCR Mastermix
(Life Technologies) according to the manufacturer’s instructions (with the exception that the
total reaction volume was only 10 ul). PCR efficiency (E) was determined with standard curves,
and primer sequences are listed in table 5. A nontranscribed region (NTR) of chromosome V
(174137-174447) served as control, and the enrichment of the protein of interest at selected loci
over this NTR was calculated according to [E*(C; IP — C; Input)]yyg / [E7(C; IP — C; Input)],.,

CT values were determined using Applied Biosystem’s StepOne Software v2.1.

of interest*

8.2.3.8. Chromatin immunoprecipitation followed by hybridization to tiling arrays
(genome-wide ChIP-chip)

ChIP procedure

ChIP-chip experiments were essentially performed as described in (Mayer 2010). Rpb3-TAP,
TAP-Tho2, Tho2-TAP, Hpr1-TAP, Mftl-TAP, Gbp2-TAP, Hrb1-TAP, TAP-Npl3, and Nab2-
TAP were immunoprecipitated with 50 ul IgG Sepharose beads Fast Flow (GE Healthcare), Yral
and Sub2 were immunoprecipitated with antibodies directed against the protein.

The basic ChIP procedure was similar as detailed in section 8.2.3.7. for ChIP-qPCR, with a few
modifications: Starting material for one ChIP came from 600 ml of yeast culture and was equally
distributed to three tubes in parallel for lysis, sonication, IP, and elution. Washing after IP
included one additional washing step with FA lysis buffer high salt, and samples were eluted in

140 ml elution buffer by incubation for 1 h at 65°C in a shaking thermomixer (1000 rpm). DNA
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was purified after Proteinase K digestion and reversal of crosslinks with the QIAquick PCR
purification kit (Qiagen) according to the manufacturer’s instructions and eluted in 50 ul
nuclease-free water. For further processing, the samples were concentrated to 10 ul in a vacuum

concentrator (SpeedVac, Thermo Scientific).

Whole genome amplification and hybridization to tiling arrays

Input and IP samples were further processed and hybridized to custom-made Affymetrix
S. cerevisiae tiling arrays as described in the Affymetrix Chromatin Immunoprecipitation Assay
Protocol P/N 702238. To this end, concentrated DNA was amplified and re-amplified using the
GenomePlex™ Complete Whole Genome Amplification kit (WGA-2, Sigma), following the
Farnham Lab WGA protocol for ChIP-chip, and purified with the QIAquick PCR purification
kit (Qiagen). 0.4 mM dUTP were included in the second WGA reaction to allow for subsequent
enzymatic cleavage. Purity of the sample and successful amplification were monitored using a
NanoDrop1000 spectrophotometer and agarose gel electrophoresis.

Samples were then enzymatically fragmented and labeled using the GeneChip WT Double-
Stranded DNA Terminal Labeling Kit (P/N 900812, Affymetrix) according to the manufacturet’s
instructions. 5.5 pg of fragmented and labeled DNA were hybridized to a custom-made
Affymetrix tiling array (P/N 520055) for 16 h at 45°C in a GeneChip Hybridization Oven 640
(Affymetrix). Subsequently, arrays were washed and stained in the Affymetrix GeneChip Fluidics
Station 450 using the FS45_0001 program and scanned in an Affymetrix GeneChip Scanner 3000

7G. The obtained .cel files were used for data analysis.

Data analysis

At least two independent biological replicates were measured for each protein. All data analyses
were performed by Dominik Meinel (Stra3er lab), similar to the procedure described in (Mayer
2010) and (Mayer 2012) and as described in (Meinel 2013).

Briefly, outlier probes were determined and excluded, quantile normalization between replicate
measurements was performed, replicate measurements were averaged, and data was normalized
using an algorithm which combined mock IP and Input normalization (for details, see
supplemental information to Mayer 2010).

Meta occupancy profiles were calculated from the top 50 % expressed genes, which were
grouped into three length classes: short (512 - 937 bp; comprising 266 genes), medium length
(938 - 1537 bp; 339 genes), and long genes (1538 - 2895 bp; 299 genes).

To analyze a possible length-dependent recruitment, peak occupancies of each factor (reflecting

the 90 % quantile of factor recruitment) were calculated. The peak occupancies for any given
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factor were normalized to the peak occupancies of Rpb3 (RNAPII) at the respective genes to
normalize for variations in transcription frequency. Genes were grouped into eight length groups:
A (512 -723 bp), B (724 - 1023 bp), C (1024 - 1286 bp), D (1287 - 1617 bp), E (1618 - 2047 bp),
F (2048 - 2895 bp), G (2896 - 4095 bp) and H (4096 - 5793 bp), the mean values and standard

deviations calculated and plotted versus the gene length.
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base pairs

degree Celsius
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C-terminal domain of Rpb1, the largest RNAPII subunit
cryptic unstable transcript

day(s)
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deoxyribonucleic acid

deoxyribonucleoside triphosphate
deubiquitylase

Escherichia coli
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et alii (Latin for “and others”)
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forward (PCR primer)
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one letter code for the amino acid glycine
Global Genome Nucleotide Excision Repair
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microRNA

messenger RNA

messenger ribonucleoprotein particle
nucleotide excision repair
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optical density

open reading frame

pola(A) binding protein
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polyacrylamide gel electrophoresis
phosphate-buffered saline

PBS plus Tween-20 (0.1 %)

polymerase chain reaction

potential of hydrogen

quantitative polymerase chain reaction
quantitative Western Blot
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RNA Polymerase
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one letter code for the amino acid serine
Saccharomyces cerevisiae
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small nuclear (nucleolar) RNA
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transcription-coupled repair
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transcription and export complex
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