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CHAPTER 1. INTRODUCTION

According to central dogma of molecular biology proposed by Francis Crick,
expression of genetic information takes place in two steps. The first step is transcription,
which is the synthesis of MRNA from the DNA template, and the second step is translation
that involves synthesis of protein from the mRNA (Crick, 1958). With the exception of a
few viruses, the repository of genetic information in all life forms is DNA. Genetic
information is stored in units called genes. During transcription, a multi-subunit molecular
machine called DNA-dependent RNA polymerase (RNAP) makes mRNA based on the
gene. In prokaryotes and archaea, there is a single RNA polymerase that transcribes
different types of RNAs including mRNA (Zhang et al., 1999a). In eukaryotes, however,
there are at least three distinct RNA polymerases (Weinmann and Roeder, 1974). RNAPI
transcribes ribosomal RNA (rRNA), whereas RNAPIII transcribes 5S rRNA, transfer RNA
(tRNA), and small nuclear U6 snRNA (Weinmann and Roeder, 1974). RNAPII transcribes
messenger RNA (mMRNA) as well as a number of different types of non-coding RNAs
including small interfering RNA (siRNA), micro RNA (miRNA), small nuclear RNA

(snRNA) and small nucleolar RNA (snoRNA) (Weinmann et al., 1974).

RNAPII-mediated transcription is a tightly regulated process that involves
participation of a number of accessory protein factors like activators, repressors,
chromatin modifiers, and the general transcription factors. A defect in any of these factors
may adversely affect the process of transcription and can be detrimental to the cell. Since
the level of proteins in a cell is determined to a great extent by transcription,
understanding the molecular mechanism underlying transcription by RNAPII is critical for

understanding gene expression. The molecular basis underlying transcription by RNAPII



is remarkably conserved from yeast to humans. Elucidation of transcription in genetically
tractable budding yeast Saccharomyces cerevisiae therefore has contributed immensely

to our understanding of the process of transcription by RNAPII.

1.1 RNAPII transcription cycle

The RNAPII plays a central role in transcription in eukaryotic cells. Transcription
cycle of RNAPII consists of four consecutive steps; initiation, elongation, termination and
reinitiation. Transcription is coupled to three RNA processing events; capping, splicing
and cleavage-polyadenylation (Figure 1.1). The molecular structure of RNAPII allow steps
of transcription and cotranscriptional RNA processing events to be accomplished in a
highly coordinated manner. RNAPII is composed of 12 subunits (Bushnell and Kornberg,
2003). The catalytic core of RNAPII is composed of ten subunits, to which the heterodimer
Rpb4/Rpb7 joins to form the 12-subunit complex. Importantly, the largest subunit of
RNAPII, Rpb1, consists of a carboxy-terminal-domain (CTD) with a variable number of
Y1S2P3T4SsP6S7 heptapeptide repeats. The number of heptapeptide repeats varies from
26 in yeast to 52 in humans (Corden, 1990; Corden et al., 1985; Hsin and Manley, 2012).
Posttranslational modification of the CTD by phosphorylation of tyrosine at position 1,
threonine at position 4, and serine at positions 2, 5 and 7 of the heptapeptide repeat is
regulated by various kinases and phosphatases (Bataille et al., 2012; Corden, 2013).
Phosphorylation/dephosphorylation of the CTD facilitates coordinated recruitment of
transcription factors, RNA processing factors and the histone modifying enzyme.
Alteration in phosphorylation state of the CTD results in the recruitment of various
accessory factors during different stages of transcription and cotranscriptional RNA

processing. The proteins that recognize the specific phosphorylation state of CTD contain



a CTD interacting domain (CID) that helps in binding of these proteins to RNAPII. This
phosphorylation pattern of the CTD is dynamic and is tightly regulated during different
steps of transcription and co-transcriptional RNA processing events (Bataille et al., 2012;

Hsin and Manley, 2012; Jeronimo et al., 2013).

Initiation Elongation Termination

Prorfioter Intron Poly(A) site

Cleavage and
polyadenylation

Reinitiation @~ ———

——
——
—— —

Figurel. 1 Schematic representation of transcription and transcription-coupled RNA processing.
The four stages of the transcription cycle are labelled in red and cotransciptional RNA processing
steps are labelled in purple.

1.2 Initiation of transcription

The promoter region positioned upstream of the gene is often nucleosome-free but
may contain a complex of histones and non-histone proteins around which DNA is
wrapped. Before transcription can be initiated, the promoter region must be depleted of
nucleosomes to make it accessible for binding to activators, general transcription factors,
and RNAPIl. SWI/SNF and RSC, which are ATP-dependent chromatin modifying

complexes, remodel or displace nucleosomes in and around the promoter making the



region accessible to transcription machinery (Buratowski and Kim, 2010; Tosi et al., 2013;

Wilson et al., 1996).

In S. cerevisiae, the signal for the transcription of the gene is through the
recruitment of the gene-specific activator protein at the Upstream Activating Sequence
(UAS) (Hahn and Young, 2011; Zawel and Reinberg, 1992). UAS elements are located
within a few hundred base pairs upstream of the transcription start site (TSS) of the gene.
The binding of the activator protein often triggers the recruitment of the co-activator
complex called Mediator, which in turn facilitates recruitment of the general transcription
factors (Kubik et al., 2017; Warfield et al., 2017). Mediator is a 25-subunit complex that
acts as a bridge linking the activator with the general transcription machinery (Flanagan
et al., 1991). Although Mediator was discovered as a co-activator, its role in the
transcription cycle was found to be more comprehensive. Evidence suggests that
Mediator could be a general transcription factor. A recently emerging view is the role of
Mediator in transcription is not restricted to the initiation step but may extend to the
elongation and termination steps as well (Donner et al., 2010; Mukundan and Ansari,

2011; Takahashi et al., 2011).

Mediator binding is followed by the recruitment of six general transcription factors;
TFIID or SAGA, TFIIB, TFIIA, TFIIF, TFIIE and TFIIH. These six general transcription
factors (GTFs) are recruited in a sequential manner and together constitute the
preinitiation complex (PIC). The first general transcription factor to bind to the promoter
is TFIID or SAGA complex. TFIID is a multi-subunit factor consisting of TBP (TATA-
binding protein) and 14 TBP-associated factors (TAFs) (Green, 2005). SAGA (Spt-Ada-

Gcen5 acetyltransferase) is also a megacomplex composed of 19 subunits. Previous



studies that investigated SAGA and TFIID recruitment had classified promoters based on
the presence or absence of a TATA-box. Specifically, TFIID was found recruited to TATA-
less promoters, which constitutes a major class of promoters present in yeast (Li et al.,
2002). Only 10% of the genes in yeast contain a TATA-box, whereas a majority of
promoter’s lack a canonical TATA-box. The TATA-containing promoters were believed to
recruit the SAGA complex (Huisinga and Pugh, 2004; Li et al., 2002). Contrary to these
findings, it was recently shown that TFIID and SAGA are required for the transcription of
all protein-coding genes in yeast irrespective of the presence or absence of the TATA-

box (Baptista et al., 2017; Warfield et al., 2017).

OR Promoter with
TATA box element

Figurel. 2 The pre-initiation complex of RNAPII assembled on the promoter.

The next GTF that binds to the promoter region through its interaction with a DNA
element called TFIIB recognition element (BRE), is TFIIB. It is a single subunit factor
which interacts with the TATA binding protein (TBP), and RNAPII (Deng and Roberts,
2005; Lagrange et al., 1998). This association plays a vital role in the transcription start

site (TSS) selection (Deng and Roberts, 2007; Liu et al., 2010; Sun and Hampsey, 1996).



Following this, TFIIA is recruited, which helps to stabilize the association of TFIIB with
DNA (Meisterernst and Roeder, 1991). This signals TFIIF and RNAPII recruitment at the
promoter and finally, TFIIE and TFIIH join at the promoter to form the pre-initiation
complex (PIC). Thus, the PIC contains an activator, a co-activator, and the general
transcription factors TFIID, TFIIB, TFIA, TFIIF, TFIIH, and TFIIE (Figure 1.2). In S.
cerevisiae, RNAPII scans for the initiator element or transcription start site (TSS) situated
40-120 bp downstream of the TATA box, while in higher eukaryotes the TSS is located
approximately 30 bp downstream of the TATA element (Giardina and Lis, 1993; Murakami
et al., 2015).

Once the PIC is assembled, the two strands of DNA separate to form a
‘transcription bubble’ that helps to change the conformation of the PIC from a closed to
an open complex structure (Giardina and Lis, 1993; Grunberg and Hahn, 2013). The
initiation of transcription and synthesis of the first 15-20 nucleotides of nascent mRNA
takes place while RNAPII is still sitting on the promoter and is in complex with the GTFs.
The recruitment of the last general transcription factor, TFIIH, to the pre-initiation complex
(PIC), has two important functions. First, the Ssl2 subunit of TFIIH has helicase activity,
which acts as a wrench and unwinds the DNA downstream of the TSS to facilitate collapse
of the transcription bubble. Second, the Kin28 subunit of TFIIH kinase module
phosphorylates the Ser5 residue of Rpb1-CTD. This phosphorylation, together with the
Ssl2-mediated collapse of the transcription bubble, marks the ‘promoter clearance’ step
during which RNAPII dissociates from the promoter-associated initiation complex and
transitions to elongation step (Kim et al., 2009). Several rounds of abortive initiation by

RNAPII result in transcripts of around 10 nucleotides length before the promoter



clearance (Murakami et al., 2015). Leaving a part of the assembled initiation complex
behind at the promoter, RNAPII begins to elongate the transcript. TFIID, TFIIA, TFIIE,
TFIIH and SAGA are part of the scaffold left at the promoter, which can be utilized for the

re-initiation of transcription (Murakami et al., 2013).

1.2.1 Capping

The Rbp1-CTD phosphorylation at the serine-5 residue is not merely the signal for
promoter clearance, but also facilitates the recruitment of capping enzymes. The addition
of the 7-methylguanosyl cap to the 5' end of the nascent transcript stabilizes the nascent
RNA and prevents its degradation by the nuclear RNases. The process to add the 7-
methylguanosyl cap is the first cotranscriptional RNA processing event that occurs in
three steps (Ghosh and Lima, 2010). In the first step, Cet1 phosphatase removes the y-
phosphate group from the exposed 5' triphosphate group. In the next step, an addition of
an inverted guanylyl group by Cegl guanylyltrasferase takes place. In the final step,
methylation of the terminal guanine residue occurs at the N7 position by Abd1l methyl
transferase (Cho et al., 1997; Schroeder et al., 2000) (Figure 1.3). The cap-binding
complex (CBC) associates with the 7-methyl-guanosine (m7G) cap and helps in
subsequent pre-mRNA splicing and export of mMRNA events (Schwer and Shuman, 1996).
At this step, incorrectly capped transcripts are subjected to cotranscriptional degradation

by Ratl-Rail complex (Xiang et al., 2009).

1.3 Elongation of transcription by RNAPII on DNA full of roadblocks
RNA emerging from the RNAPII exit channel is a signal for the recruitment of
elongation factors Spt4-Spt5 and is one of the earliest events that marks the transition of

transcription from initiation to elongation. The mechanism by which the Spt4-Spt5
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Figurel. 3 Biochemical reactions in the enzymatic 5'-cap formation of mRNA.

heterodimer regulates elongation is not entirely clear. Structural studies suggest Spt4-
Spt5 may bind directly to RNAPII, bridging its central cleft. This arrangement may prevent
dissociation of the DNA template from the transcribing polymerase and enhance the
processivity of the elongating RNAPII (Martinez-Rucobo et al., 2011). Spt5 is unique as
it contains a short repeat sequence at its C-terminus known as the C-terminal region
(CTR) (Swanson et al., 1991). The CTR of Spt5 is phosphorylated by the cyclin dependent
kinase Ctk1/Burl and its cyclin pair Ctk2/Bur2 (Liu et al., 2009). Likewise, the Ctk1/Burl
kinase also phosphorylates Rpb1-CTD at the tyrosine-1 and serine-2 residues (Mayer et
al.,, 2012; Wood and Shilatifard, 2006). Both phosphorylation events signal the
recruitment of accessory factors that help to improve RNAPII processivity along the DNA
template, and to overcome the nucleosomal barrier for completing the productive round
of transcription. The elongation factors that help passage of the polymerase through

chromatin at this stage include the histone modifying enzyme (Setl), histone chaperones



(Spt6 and Spt16) and the chromatin remodeling complexes (RSC, Chdl1 and ISWI). The
CTR of Spt5 recruits the Pol ll-associated factor 1 (PAF1) complex (Liu et al., 2009; Zhou
et al., 2009) which, along with Spt4-Spt5, recruits histone H3K4 methyltransferase Setl,
a subunit of COMPASS (Complex of Proteins Associated with Setl) that ensures H3K4
dimethylation as well as trimethylation of chromatin templates (Miller et al., 2001). Both
FACT (Facilitates Chromatin Transcription) and Spt6 are histone chaperones that
facilitate assembly and disassembly of nucleosomes, thus allowing the polymerase to
move through the chromatin template smoothly (Figure 1.4) (Belotserkovskaya et al.,

2003; Kim et al., 2004a).

H2A-H2B i é @

Figurel. 4 Schematic representation of elongation complex associated with RNAPII

The presence of A/T-rich sequences in the DNA template serves as an additional
barrier for the elongating RNAPII. The polymerase, while maneuvering through A/T-rich
sequences, often backtracks leading to the misalignment of the active site of the enzyme
with the 3' end of elongating mRNA. TFIIS is the elongation factor that helps the

backtracked RNAPII to resume elongation. TFIIS stimulates 3'—> 5' exoribonuclease
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activity of polymerase, thereby realigning the RNAPII active site with the 3' end of RNA

(Hahn, 2004; Kulish and Struhl, 2001).

1.3.1 Splicing removes non-coding regions from mRNA

S. cerevisiae differs from most other eukaryotic organisms as its genome consists
of fewer intron containing genes (Neuvéglise et al., 2011). Nearly 95% of the genes in
budding yeast are without an intron. Introns represent non-coding sequences (Spingola
et al., 1999). Most of the intron containing genes in yeast contain only a single intron,
which is typically located near the 5' end of the gene (Woolford and Peebles, 1992). Intron
containing genes represent a mere 3.8% of the total genes in yeast, yet they contribute
to nearly one third of the total MRNA produced in yeast cells. Out of ~300 intron containing
genes in yeast, nearly 101 represent genes that code for ribosomal proteins. These 101
genes that code for ribosomal proteins are highly expressed and they represent
approximately 90% of the splicing substrate in actively growing yeast cells (Ares et al.,

1999; Warner, 1999).

The occurrence of cotranscriptional splicing was first observed for chorion pre-
mMRNA in fruit flies, Drosophila melanogaster (Osheim et al., 1985). Further research
revealed that splicing of most eukaryotic introns also occurs cotranscriptionally. In s.
cerevisiae, splicing of most introns was believed to occur post-transcriptionally when the
polymerase reaches 500 nucleotides downstream of the 3' splice sites (Lacadie et al.,
2006). It was argued that the spliceosome assembles during transcription, but the short
length of yeast introns made it difficult for the spliceosome to complete the splicing
process before termination of transcription. Recent advances in the global analysis of

nascent RNA, however, has explicitly shown that most yeast introns are also spliced
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cotranscriptionally (Barrass et al., 2015; Carrillo Oesterreich et al., 2010). Specifically,
splicing was detected when the polymerase is just 40 nucleotides downstream of the 3'
splice sites (Carrillo Oesterreich et al., 2010).

The splicing of pre-mRNA takes place by two transesterification reactions that
remove the intron and ligate the two exons to form a mature mRNA (Grabowski et al.,
1985; Padgett et al., 1984; Ruskin et al., 1984). Splicing is facilitated by a large multi-
subunit complex called spliceosome (Brody and Abelson, 1985; Will and Luhrmann,
2011). The ordered assembly of five small nuclear ribonucleoprotein particles (sSnRNPS),
and a number of non-snRNP proteins over the intron form a functional spliceosomal
complex (Wahl et al.,, 2009; Will and Luhrmann, 2011) (Figure 1.5). The snRNP
component contains U-rich snRNAs, U1, U2, U4, U5, and U6 as well as associated
interacting proteins that have a specific function to recognize conserved RNA sequences
within the intron. Briefly, in the first step U1 snRNP and U2 snRNP bind to the 5' splice
site and the branch point, respectively (Parker et al., 1987; Ruby and Abelson, 1988). The
base pairing of U2 snRNA occurs with the conserved branchpoint sequence on the intron
except at an adenosine residue (Parker et al., 1987). In the subsequent step, the
preformed tri-snRNP of U4/U6 plus U5 joins to form the complete pre-catalytic
spliceosome (Staley and Guthrie, 1998). In the tri-snRNP, the U4 and U6 snRNAs are
extensively base paired forming a three-way junction. U4 and U6 snRNA base pairing is
then unwound which assists in the formation of a short duplex between the 5" and 3’ ends
of the U2 and U6 snRNA, respectively (Hardin et al., 2015; Lescoute and Westhof, 2006).
U6 further base pairs with the 5' splice site that results in destabilization of the U1 snRNP.

This is followed by a series of conformational changes including the release of Ul and
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U4 snRNPs, bringing the two splice sites in close proximity to form an active spliceosome
(Brow, 2002). As a result, the branchpoint adenosine bulges out of an intramolecular helix
and becomes available for the first nucleophilic attack. This results in a nucleophilic attack
by the 2' hydroxyl group of the adenosine to the exon-5' splice site junction. The first
transesterification step leads to the formation of a lariat structure with a phosphodiester
bond between the &' end of intron sequence GU and the adenosine present at the
branchpoint. In the second transesterification step, the 3' hydroxyl group present at the
end of the first exon breaks the phosphodiester bond between the 3' SS and the second
exon. This results in joining of the two adjacent exons and release of the intron lariat along

with U2, U5, and U6 snRNPs, thus completing the process of splicing (Wahl et al., 2009).

In addition to snRNPs, non-snRNPs play a critical role in regulation of assembly,
activation and disassembly of spliceosomes during the process of splicing. A special
mention of protein complex associated with Prp19 known as NineTeen Complex (NTC)
is necessary as it is docked onto the spliceosome during the association of the tri-snRNP
(U4/U6.U5) and it stays until splicing is complete. So far eight core proteins; Cefl, Snt309,
Prp46, Syfl, Syf2, Syf3/CIf1, Isyl and Ntc20, along with Prp19 have been recognized in
NineTeen Complex (Fabrizio et al., 2009). In addition to this, eighteen other accessory
proteins were found to be associated with Prpl9 (Chanarat and StraRRer, 2013). The
central coiled-coil domain of Prpl9, which is crucial for its tetramerization, facilitates the
assembly of NTC and the spliceosomal complex. The protein composition of the NTC
changes during different phases of splicing in response to remodeling of proteins.
Specifically, the ubiquitination activity of Prpl9 facilitates rearrangements within the

spliceosome (Ohi et al.,, 2003). Furthermore, it has been demonstrated that NTC is
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essential for the stable interaction of the U5 and U6 snRNPs with the spliceosome in

budding yeast (Chan and Cheng, 2005).
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Figurel. 5 Dynamic association of snRNPs and non snRNPs during the splicing reaction. The
assembly of U1, U2, U4, U5 and U6 snRNPs in coordination with eight RNA helicases and
NineTeen complex components are represented in spliceosome assembly and disassembly
(adapted from (Koncz et al., 2012)).

A group of helicases are involved in regulating conformational rearrangements of
protein—-RNA and RNA-RNA during the splicing reaction. Research to date has identified
eight conserved RNA helicases. Of these, four helicases (Prp2, Prp16, Prp22 and Prp43)
belong to the DEAH-box family, three RNA helicases (Prp5, Sub2 and Prp28) belong to
the DEAD-box family, and one (Brr2/Ski2) to the Ski-2 like family (Cordin and Beggs,
2013). RNA helicases from the DEAD-box family (Sub2, Prp5 and Prp28) are known to
function before the association of the NTC with the spliceosome. Except for Prp5, Sub2

and Prp28, the other five helicases are modulated through NTC and the accessory
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proteins that associate with NTC during splicing (de Almeida and O’Keefe, 2015). Among
them, Prp2 is required for the first catalytic step, whereas Prp16 and Prp22 participate in
the second catalytic step of the pre-mRNA splicing (Kim and Lin, 1993, 1996; Schwer and
Gross, 1998; Schwer and Guthrie, 1991). Prp22 does not require ATP in the second step
of splicing. After completion of the second step of splicing, Prp22 functions to release
spliced mRNA from the spliceosomal complex in an ATP-dependent manner (Schwer and
Gross, 1998; Wagner et al., 1998). Lastly, Prp43 plays a role in pre-mRNA splicing as
well as in rRNA processing (Arenas and Abelson, 1997; Combs et al., 2006; Leeds et al.,
2006).
1.4 Termination of transcription

When the elongating RNAPIlI complex approaches the 3' end of genes, two
processes facilitate the termination of transcription cycle. First, the nascent transcript is
cleaved, polyadenylated and released. Second, the ternary complex of DNA-RNAPII-

RNA is disrupted following which the polymerase dissociates from the DNA template

CFl

Rat1
complex

Figurel. 6 Termination complexes in S.cerevisiae. CF1 and CPF complexes are involved in
cleavage and polyadenylation of mMRNA, while Ratl functions after this step to disengage RNAPII
from DNA template.
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Figurel. 7 Schematic representation of the two proposed models explaining termination of
RNAPII transcription (concept adapted from Luo and Bentley 2006). Allosteric model (top panel)
shows change in conformation during the transition from elongation to termination when
transcribing poly(A) site (indicated with change in shape). Torpedo model (bottom panel) shows
degradation of uncapped RNA transcribed by RNAPII downstream of the poly(A) cleavage site
by Ratl exoribonuclease activity.

(Mischo and Proudfoot, 2013). The successful execution of these two steps results in
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termination of transcription. Termination requires cis-acting elements and trans-acting
factors. Inhibition of termination by mutation of either cis-acting sequence elements or the
trans-acting protein factors can cause the polymerase to continue the transcription of
downstream genes. This phenomenon is known as transcription interference (Candelli et
al., 2018; Proudfoot, 1986). Furthermore, termination is a critical step as it allows
recycling of RNAPII back to the promoter for reinitiation of transcription (Dieci and
Sentenac, 1996), stabilizes mMRNA by polyadenylation, and helps in recruitment of the
ribonucleoprotein particles (RNPs) that facilitate nuclear to cytoplasmic transport of the

MRNA (Lykke-Andersen and Jensen, 2007; Richard and Manley, 2009).

Over the years, in-depth analyses of the molecular mechanism underlying
termination of transcription has led to the emergence of two models; the allosteric model
and torpedo model (Figure 1.7). The ‘allosteric’ model suggests that termination ensues
due to a change in the conformation of the elongating complex leading to the recruitment
of the 3' end processing factors and displacement of the anti-termination factors (Logan
et al., 1987). In budding yeast, Cleavage Factor 1 (CF1) and Cleavage Polyadenylation
Factor (CPF) complexes bring about cleavage of nascent mRNA followed by addition of
a poly(A) tail to the 3’ end of mMRNA (Figure 1.6). The ‘torpedo’ model proposes that an
exoribonuclease uses the 5' uncapped nascent RNA, generated following cleavage and
polyadenylation of precursor mRNA, as a substrate. The degradation of the uncapped
nascent RNA leads to dissociation of RNAPII from the DNA template (Connelly and
Manley, 1988; Proudfoot, 1989). There is evidence in support of both these models. Each

model on its own, however, is insufficient to explain the process of termination.
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Termination possibly occurs by a hybrid model that involves a combination of allosteric

and torpedo mechanisms (Luo et al., 2006; Rosonina et al., 2006).

In addition to CF1 and CPF complexes, termination of transcription by RNAPII also
requires the cis-acting element called polyadenylation signal (PAS). Transcription of the
polyadenylation signal coincides with phosphorylation of the CTD at the serine-2 residue,
which in turn facilitates the recruitment of CF1 complex through its Pcf11 subunit, which
contains the CTD interaction domain (CID) (Gross and Moore, 2001; Kessler et al., 1996).
RNAPII undergoes a brief pause upon transcription of the PAS, which helps in the
recruitment of CPF complex (Bienroth et al., 1991; Keller et al., 1991). The CPF subunit,
Yshl, cleaves the nascent transcript using its endonuclease activity. Following the
cleavage, poly(A) polymerase (Papl) adds a poly (A) tail of about 70 nucleotides in length
(Zhao et al., 1999). The phosphorylation of the CTD at the serine-2 and threonine-4
residues recruits another termination factor called Rtt103 (Jasnovidova et al., 2017; Kim
et al., 2004b). . Rtt103 forms homodimers through coiled-coil domain interaction (43).
Rtt103, which has a CTD interaction domain is in a complex with Rat1 (Xrn2 in mammals)
and Rai1. Rat1 degrades uncapped mRNA by its 5'—3' exoribonuclease activity. This
degradation of RNA disrupts association of the RNAPII from the DNA template leading to
termination of the transcription cycle (Fong et al., 2015; Kim et al., 2004b). The
exoribonuclease activity of Ratl is essential but not sufficient for disengaging the

polymerase from the DNA template (Pearson and Moore, 2013).
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1.5 Discovery of Ratl in budding yeast

Ratl (Ribonucleic Acid Trafficking 1) was first described as a protein involved in
transport of poly(A)-containing mMRNA from the nucleus to the cytoplasm in budding yeast.
In a temperature-sensitive mutant of Ratl called ratl-1, mRNA was cleaved and
polyadenylated but failed to move out of the nucleus (Amberg et al., 1992).
Simultaneously, Ratl was also identified in two other independent UV-mutagenesis
studies in budding yeast with different functional phenotypes. In the first study, Ratl was
accidently identified in a screen for genes involved in the translocation of proteins to
mitochondria. The temperature-sensitive trait of Ratl in this mutant, however, was later
identified as an independent phenotype not related to the mitochondrial translocation
defect. A detailed sequence examination of the RAT1 gene helped to establish its
homology to the cytoplasmic exoribonuclease, Xrnl (also referred to as Kem1) (Kenna et
al., 1993). Similar to Xrn1, Rat1 was found to be a 5'—>3' exoribonuclease that digests 5'
end monophosphorylated RNA substrate (Stevens and Poole, 1995). Ratl was cited
previously in a few studies as HKE1 (Homolog of KEM1). In another independent study,
Ratl was identified as a suppressor of a mutation in the TFIIIC-binding site in the
promoter of tRNA genes. Here, the gene for Ratl was referred to as TAP1 (Transcription
Activation Protein 1), as the temperature-sensitive mutant tapl-1 was able to overcome
the transcriptional activation defect of tRNA gene with a mutated TFIIIC-binding site (Di

Segni et al., 1993).

The above mentioned phenotype of nuclear retention of poly(A) transcripts

resulted due to the substitution of tyrosine to cytosine at position 657 of Ratl, whereas
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the tRNA internal promoter activation independent of TFIIIC was observed in the mutant
of Ratl exhibiting tyrosine to histidine substitution at 683 position (Aldrich et al., 1993;
Luo et al.,, 2006). Although both these mutations associated with Ratl were situated
outside the exoribonuclease domain of Ratl, the functional effect of the mutant protein
varied significantly. It was proposed that both these phenotypes of Ratl protein were
apparently due to an underlying change in the chromosomal structure caused by the

mutant Ratl protein.

1.6 Ratl is an evolutionary conserved protein

Ratl is a 5'—3' exoribonuclease belonging to the Xrn-family of nucleases. It is a
highly conserved protein with homologs present in fission yeast, flies, worms, zebra fish,
plants, mice and humans (Johnson, 1997; Kastenmayer and Green, 2000; Richter et al.,
2016; Shobuike et al., 1995; Sugano et al., 1994; Zhang et al., 1999b). Except for flies,
Ratl is referred by different names in these organisms. Ratl is referred to as Dhpl in
fission yeast, Dhml in mice, and Xrn2 in worms, zebra fish, plants, and humans. Unlike
other organisms, there exists three Ratl homologs in Arabidopsis thaliana. They are
referred to as AtXrn2, AtXrn3 and AtXrn4 (Kastenmayer and Green, 2000). They are
believed to have evolved by gene duplication. Ratl/Xrn2 are essential for viability only in
yeast and worms (Amberg et al., 1992; Miki et al., 2014a). Except for AtXrn4, Ratl and
its homologs are predominantly localized in the nucleus. Loss of nuclear localization of
AtXrn4 was attributed to the partial loss of its bipartite nuclear localization sequence

(Kastenmayer and Green, 2000).
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The three-dimensional architecture of Ratl homologs Dhpl and Xrn2 from fission
yeast and worms respectively was elucidate by X-ray diffraction approach (Richter et al.,
2016; Xiang et al., 2009). The crystal structure of fission yeast Dhpl in complex with its
interacting protein Rail revealed the presence of two conserved regions in the protein
called conserved region 1 (CR1) and conserved region 2 (CR2). CR1 spans residues 1-
387, whereas CR2 spans residues 602-766. These regions are separated by a lesser
conserved linker region (Figure 1.8). The CR1 region is comprised of acidic residues and
is a part of the active site of the enzyme. The CR2 region forms a pocket like structure
that surrounds the active site. This arrangement is significantly different from other related

nucleases that are in open conformation. The pocket conformation of the active site

Xrn2 NCS1 | CTS1 CTS2

1 310 612 705 787 975
Dhp1 [ 7; ¥ ] | CT1 CT2

1 390 589 752 874 991
Rat1 | cT1 CT2

1 387 602 766 884 1006

Figurel. 8 Representation of domain organization of Dhpl from S. pombe, Ratl from S.
cerevisiae, and Xrn2 from C.elegans. CR1 and CR2 represents the two conserved regions. NCS1
and NCS2 are the two nuclease core segments. PBS (purple) is the Paxt-1 binding domain. CTS
and CT (in light blue and green) represent poorly conserved C-terminal regions (adapted from
Xiang et.al., 2009 and Richter et.al., 2016).

contains seven acidic amino acids and requires Mg*? or Mn*? divalent ions for the
exoribonuclease activity. The region following CR2 is poorly conserved and the
interaction of this region (residues 766-884) with the CR1 is known to form the Rail
binding region (Xiang et al., 2009). A different scheme was adopted to define the
conserved and less conserved regions of Xrn2 from worms. The rationale behind this
characterization was to dissect the regions of Xrn2 with respect to its functional interaction

with Paxt-1. The homolog of Paxt-1, however, has not been found in yeast (Miki et al.,
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2014b). Xrn2 binding domain (XTBD) of Paxt-1 is located at the N-terminal of the protein
that interacts with the region spanning residues 613-706 of Xrn2. This region overlapped
with the CR2 region of fission yeast Dhp1. The full length protein can be divided into five
functional domains, which are nuclease core segment 1 (NCS1, residues 1-310),
nuclease core segment 2 (NCS2, residues 311-612), Paxt-1 binding segment (PBS; 613-
705), C-terminal segment 1 (CTS1; 706—787) and C-terminal segment 2 (CTS2; 788—
975) (Richter et al., 2016). The evidence of the sequence similarity across species
strongly supports the notion that Ratl and its homologs are evolutionarily conserved
proteins. Functional conservation of the protein across species was established using
complementation analysis in a temperature-sensitive mutant of yeast. Fission yeast Dhp1l
as well as two plant homologs of Xrn2 (AtXrn2 and AtXrn3) rescued the temperature-
sensitive phenotype of budding yeast ratl-1 strain (Kastenmayer and Green, 2000;
Sugano et al., 1994). Similarly, murine homolog of Ratl (Dhm1) rescued the temperature-
sensitive phenotype of fission yeast dhp1-1 mutant (Shobuike et al., 1995). The similarity
of the sequence, structure, and functional complementation across species confirms that

Rat/Xrn2 is an evolutionary conserved protein.

1.7 Rat1/Xrn2 functions in the termination of transcription

Ratl has been found to associate with the terminator region of genes. Its role in
termination of transcription has been proven through both single gene as well as
genomewide analyses (Baejen et al., 2017; Fong et al., 2015; Kim et al., 2004b;
Larochelle et al., 2018; Miki et al., 2017; West et al., 2004). Following cleavage and
polyadenylation, RNAPII continues to transcribe past the polyadenylation site, resulting

in a nascent transcript that is not capped at its 5' end. This makes the newly synthesized
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nascent transcript a substrate for Ratl exoribonuclease activity. The degradation of the
nascent transcript destabilizes the association of RNAPII with the DNA template, leading
to its dissociation from the template and ultimately resulting in termination of transcription.
The role of Ratl in termination is in alignment with the torpedo model. A genomewide
analysis, however, found only 30% of the genes in budding yeast are dependent on Ratl
for termination of their transcription (Baejen et al., 2017). Thus, unlike CF1 and CPF
complexes, Ratl is not an essential termination factor in budding yeast. The Ratl
mammalian homolog, Xrn2, exhibits a similar role in termination of transcription (Kim et

al., 2004b; West et al., 2004).

The mechanistic details of the role of Rat in termination of RNAPII-mediated
transcription is not clearly understood. Due to the lack of a uniformly defined in vitro
biochemical assay, the role of Ratl and its interacting partner Rail in termination of
transcription cannot be validated to its role inside the cell. Two out of three studies that
attempted to develop an in vitro assay for testing the role of Ratl in termination pointed
out that Ratl and Rail on their own are capable for terminating transcription (Dengl and
Cramer, 2009; Park et al., 2015; Pearson and Moore, 2013). Furthermore, it was also
demonstrated that NTP misincorporation and the length of RNA transcript undergoing
degradation by Ratl are key factors that dissociate RNAPII during transcription (Park et
al., 2015). Another independent study, however, came to a different conclusion. This
study showed that Ratl/Rail cannot facilitate termination independently in an in vitro
transcription system (Dengl and Cramer, 2009). This failure of Ratl to bring about
termination in this study was cited due to the use of a scaffold elongation complex instead

of a promoter-driven elongation complex (Pearson and Moore, 2013). Thus, factors



23

required by Ratl for facilitating termination and the mechanism of RNAPII dissociation by
the protein remain obscure. Ratl-mediated termination, however, is dependent on
promoter-driven transcription, possibly due to promoter-terminator crosstalk or gene
looping. This view is supported by the observation that Rat1 is localized to both the 5’ and
3' ends of a gene (Baejen et al., 2017; Kim et al., 2004b). This in vitro study further
demonstrated that Ratl exoribonuclease activity is crucial but not sufficient for its
termination function as CTD interacting factor Rtt103 was able to rescue the termination
defective phenotype of exoribonuclease inactive Ratl mutant (Pearson and Moore,
2013). This finding suggests that factors capable of binding the CTD can disengage
RNAPII independent of Ratl activity. In another study, a similar observation was recorded
with CTD binding protein Pcfll. Pcfll is a subunit of CF1 termination complex that
functions to facilitate the cleavage step during transcription termination (Zhang et al.,
2005). These studies imply that RNAPII disassociation from the DNA template does not
require cleavage or Ratl exonuclease activity but instead was shown to be mediated by
poly(A)-site dependent conformational change of the elongation complex. (Pearson and
Moore, 2013; Zhang et al., 2015, 2005).

In line with the inconclusive nature of Ratl function in termination in budding yeast,
there are conflicting reports about the role of Xrn2 in termination of transcription in
mammals as well. According to one report, there is no significant change in RNAPII profile
downstream of the gene upon inactivation of Xrn2 in mammals, thereby supporting the
view that Xrn2 is not a general termination factor just like in budding yeast, and there
exists an unexplored mechanism that can disengage RNAPII from the DNA template

during transcription termination (Nojima et al., 2015). There are, however, two reports that
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strongly support an active role of Xrn2 in termination of transcription by RNAPII. In the
first study, complementation of cells inactivated of native Xrn2 with an exoribonuclease
defective mutant of Xrn2 resulted in the polymerase reading through the termination
signal across most protein coding genes. It was suggested that there exists a kinetic
competition between the elongation complex and Xrn2, which is altered in an
exoribonuclease defective mutant of Xrn2 leading to RNAPII signal downstream of the
poly(A) sites (Fong et al., 2015). In the second study, auxin-induced degradation of Xrn2
by degron approach resulted in the stabilization of RNA downstream of the poly(A) site
on a genomewide scale. The logical conclusion of this result is that Xrn2 plays a general
role in termination of transcription of protein coding genes in mammalian systems (Eaton
et al., 2018).

Xrn2 has also been found in C. elegans, where it functions in the termination step
of transcription just like in yeast and higher eukaryotes (Richter et al., 2016). Xrn2 of C.
elegans forms a complex with Paxt-1. The homolog of Paxt-1, however, has not been
found in yeast. Xrn2 binding domain (XTBD) of Paxt-1 is located at the N-terminal of the
protein (Miki et al., 2014b). Similar to Ratl in yeast, Xrn2 in C. elegans was shown to be
important in transcription termination of only a subset of genes termed Xrn2-dependent
genes (XDT) (Miki et al., 2017). Thus, Ratl/Xrn2 may not be considered a general
termination factor in C. elegans. This study not only demonstrated that termination in C.
elegans differs from that in yeast and humans, but also suggested that the promoter of
the genes play a critical role in regulating termination in C. elegans. These conclusions
were based both on the basis of single gene analysis as well as genomewide analysis.

The study went on to show that both Xrn2-dependent and Xrn2-independent genes
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exhibited recruitment of Xrn2 at the 3’ end of genes. All the genes carrying Xrn2 at the
terminator did not exhibit dependence on the protein for their termination. These results
strongly suggest that the mere presence of a factor does not guarantee its role in the
process. Metagene analysis showing crosslinking of a known termination factor towards
the 3’ end of genes in yeast and mammals should be corroborated with a functional assay
to confirm its role in the process.

In addition to termination at the 3’ end of genes, Rat1/Xrn2 have also been reported
to terminate transcription within the body of the gene if transcripts are aberrantly capped
or unspliced (Bousquet-Antonelli et al., 2000; Brannan et al., 2012; Jimeno-Gonzalez et
al., 2010).

The role of Ratl is not restricted to RNAPII-mediated termination of transcription.
The factor has been implicated in termination of transcription by RNA polymerase |
(RNAPI) as well. Briefly, Rat1’s exoribonuclease activity is involved in degrading RNAPI
associated nascent transcripts after endonucleolytic cleavage of the rRNA by Rntl.
Following the cleavage, Ratl and Rail function to degrade the nascent transcript
generated by RNAPI downstream of the cleavage site (El Hage et al., 2008). This process
is analogous to the torpedo mechanism proposed for RNAPII termination. Furthermore,
Senl was identified as the helicase that works in coordination with Ratl1(Kawauchi et al.,
2008). In rat1l-1 senl1-1 double mutant, the termination read-through phenotype of RNAPI
was found to be more pronounced as compared to in either single mutant (Kawauchi et
al., 2008). Mass spectrometry analysis of affinity purified Xrn2 preparations revealed the

presence of TTF-I and Rsfl, which are termination factors that function in RNAPI
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transcription. The possibility of Xrn2 playing a similar role in RNAPI transcription in
mammals cannot be ruled out (Brannan et al., 2012).
1.8 Role of Ratl/Xrn2 in the elongation of transcription

The role of Ratl/Xrn2 is not restricted to the termination step of transcription. There
is a substantial amount of evidence implicating Ratl and its human homolog Xrn2 in the
elongation step of transcription. First, rpb1-N488D, which is a mutant of RNAPII that
exhibits slow elongation rate phenotype in yeast, rescued the growth-defective phenotype
of ratl-1 at elevated temperature. RNAPII density-ChIP within the body of genes implied
fast elongation rate in ratl-1 mutant. Furthermore, RNAPII ChIP signal in the rpb1-N488D
mutant was lower as compared to its level in the rpb1-N488D-ratl-1 double mutant
(Jimeno-Gonzalez et al., 2010). An interpretation of these results is that elongation rate
of RNAPII is influenced by Ratl. Second, RNAPII CTD serine-2 phosphorylation is a
critical mark that signals recruitment of elongation factors during the transcription cycle.
In ratl-1 mutant, an increase in CTD serine-2 phosphorylation signal was observed
apparently due to the increased loading of Ctkl on the transcription track. The faster
elongation rate observed in ratl-1 mutant was apparently due to increased CTD serine-
2 phosphorylation associated with the mutant (Jimeno-Gonzélez et al.,, 2014).
Consequently, combining the rat1-1 allele with the rpb1-E1103G mutant, which causes a
faster polymerase elongation rate, resulted in an even stronger growth defect (Jimeno-
Gonzalez et al., 2010; Malagon et al., 2006). Third, in mammalian cells, an independent
chemical genetic screen performed to identify putative substrates of the Cdk9, which is a
subunit of P-TEFb complex, identified Xrn2 as a substrate. This study further found that

the phosphorylation of threonine-439 residue of Xrn2 is critical for its recruitment onto the
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chromatin as well as for its termination function (Sanso et al., 2016). This study along with
the results shown in yeast described above imply that the role of Rat1l/Xrn2 in termination
is influenced by kinases that play a key role in the elongation phase of transcription.
Fourth, in the presence of catalytically inactive Xrn2 in the mammalian system, RNAPII
occupancy was observed further downstream of the termination region. An identical
phenotype was observed in rpb1-E1126G, which is the yeast mutant of RNAPII that
exhibits fast elongation rate. The similarity in phenotype of RNAPII occupancy
downstream of the termination region in rpb1-E1126G and Xrn2 knockdown mutant
indicate that RNAPII elongation rate is critical for termination of transcription (Fong et al.,
2015). Lastly, analysis of factors associated with the early productive and late stage
RNAPII elongation complexes in yeast revealed enrichment of Ratl and Rail in the early
RNAPII elongation complex (Harlen and Churchman, 2017). These results corroborated
the previous finding that Rat1 and Rai1 occupy the 5' end of the gene (Kim et al., 2004b;
Nojima et al., 2015). These observations argue that Ratl plays a broader role in the
transcription cycle than previously thought, and there is a need to revisit the role of Ratl

in transcription and cotranscriptional processing.

1.9 Dhp1, fission yeast homolog of Ratl, in heterochromatin formation

Dhp1l, the fission yeast homolog of Ratl, has a novel role in heterochromatin
formation (Chalamcharla et al., 2015; Tucker et al., 2016). There are, however, two
contradicting hypotheses explaining the involvement of Dhpl in heterochromatin
dynamics. According to one view, Dhpl-mediated termination is an obligate requirement
for heterochromatin assembly, while the alternative view postulates that Dhpl-mediated

heterochromatin formation is independent of its termination function. According to the first
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model, Dhpl facilitates non-canonical termination at the site that is targeted for
heterochromatin formation. During this termination process, Dhpl associates with a
diverse set of binding partners like Clr4 methyltransferase complex and a host of RNA
binding and processing factors. These factors in turn bring about heterochromatin
assembly (Chalamcharla et al., 2015). An independent study published at the same time,
however, contradicted the termination-heterochromatin link, and instead advocated the

view that they are independent events regulated by Dhpl (Tucker et al., 2016).

1.10 Ratl is involved in the nuclear quality control mechanism

The nuclear localization and presence of 5'—3' exoribonuclease activity allow
Ratl1/Xrn2 to function in nuclear RNA surveillance by degrading aberrant transcripts that
are improperly spliced or capped. In fact, both Ratl and Xrn2 have been implicated in the
degradation of aberrant transcripts in yeast as well as in mammals. In budding yeast,
Ratl was linked to degradation of unspliced transcripts in the mutant of splicing factor
Prp2, while Xrn2 was reported to co-transcriptionally degrade unspliced transcripts in
human cells treated with splicing inhibitor spliceostatin (Bousquet-Antonelli et al., 2000;
Davidson et al., 2012). Prp2 is a helicase that functions in the first step of splicing in
budding yeast. In prp2-1, which is the temperature-sensitive mutant of Prp2, splicing was
compromised, and unspliced transcripts accumulated at non-permissive temperature. In
the double mutant prp2-1/ratl-1, a higher level of unspliced transcripts was observed
compared to prp2-1 single mutant (Bousquet-Antonelli et al., 2000). The authors
concluded that the increased level of unspliced transcripts in the double mutant was due
to stabilization of unspliced transcripts in the absence of Ratl activity. In mammalian cells,

depletion of Xrn2 by RNAiI mechanism resulted in accumulation of unspliced transcripts
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under conditions when splicing was compromised either by 3' splice site mutation or by
inhibition of splicing by spliceostatin (Davidson et al., 2012). Both these studies indicated
that Rat1/Xrn2 can function in degrading unspliced transcripts. There was, however, no
explanation regarding how Ratl/Xrn2 recognizes and gains access to its substrate for
degradation of the unspliced transcript. This is significant as Rat1/Xrn2 prefers degrading
5' monophosphorylated RNA due to the closed confirmation of its active site pocket

(Richter et al., 2016; Xiang et al., 2009).

Nuclear decapping of RNA can lead to the formation of transcripts that are
monophosphorylated at the 5' end, and therefore are a substrate for the exoribonuclease
activity of Ratl/Xrn2. Studies in yeast have demonstrated that Ratl interacts with Rail
(Dinl in S. pombe) and this interaction can facilitate processing of an RNA substrate at
the 5" end in a manner that makes it a substrate for Rat1 exoribonuclease activity. A
homolog of Rail is present in higher eukaryotes including flies, worms, mouse, and
human. In these organisms, Rail is referred to as Dom3Z (Xue et al., 2000). The
interaction between homologs of Rail and Ratl, however, is not conserved in these
organisms (Xiang et al., 2009). Furthermore, in yeast, there exists a cytoplasmic homolog
of nuclear Rail, known as Decapping exonuclease 1 Dxol (Chang et al., 2012).
Specifically, using in vitro studies it was demonstrated that Rail possess a wide range of
enzymatic activities including 5' pyrophosphohydralase activity and decapping activity
towards unmethylated, capped RNA substrates in S. pombe and S. cerevisiae,
respectively (Jiao et al., 2010; Xiang et al., 2009). S. pombe Rail pyrophosphohydralase
activity hydrolyzes the 5'-end triphosphate of an uncapped RNA (pppRNA) to release

diphosphate and a 5' monophosphorylated RNA, which could be degraded by the 5'—-3'
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nuclear exoribonuclease of Ratl, suggesting the possible role of the protein in the quality
control mechanism. Supporting this idea, Ratl and Rail have been reported to target
RNA that lacks a proper cap structure in yeast (Jiao et al., 2010; Jimeno-Gonzalez et al.,
2010). Unlike decapping enzyme Dcp2, which acts on methylated capped transcripts,
Rail has been shown to possess an unusual decapping activity towards unmethylated
capped transcripts. This activity of Rail was shown to release GpppN from an
unmethylated capped RNA in S. cerevisiae under in vivo conditions. In rai1A,
incompletely capped mRNAs accumulate under nutritional stress conditions like glucose
or amino acid starvation (Jiao et al., 2010). Unlike Rail, Dxol contains decapping activity
towards methylated RNA substrates and intrinsic 5'>3" exoribonuclease activity, but it
lacks pyrophosphohydralase activity. This was demonstrated by in vitro studies using

Dxol from the yeast, Kluyveromyces lactis (Chang et al., 2012).

Mammalian cells contain a homolog of Railp and Dxolp termed Dom3Z, and it
possesses the collective enzymatic actives of both proteins (Jiao et al., 2013). Since
Dom3Z doesn’t interact with mammalian Xrn2, an alternate quality control mechanism of
Xrn2 was proposed (Brannan et al., 2012). In this study, Xrn2 was found to associate with
decapping proteins Edc3, Dcpla, and Dcp2. This association was proposed to function
first in cotranscriptional decapping, generating a 5' monophosphate end on the nascent
RNA for Xrn2-mediated degradation. This degradation further leads to premature
termination of transcription. Promoters in humans are mostly bidirectional in nature that
commonly generate upstream anti-sense transcripts initiating from the promoter of

protein-coding genes (Core et al., 2008; Seila et al., 2008). Xrn2 was also shown to limit
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upstream anti-sense transcription from bidirectional promoters by a similar mechanism

(Brannan et al., 2012).

Lastly, aberrant pre-rRNA transcripts were found to be eliminated by coordinated
action of both 3'>%' exoribonuclease of nuclear exosome and 5'—3' exoribonuclease
activity of Ratl in budding yeast (Fang et al., 2005). Hypo-modified tRNAs, such as those
lacking proper methylation required for tRNA function, can also be degraded by Xrn2

(Chernyakov et al., 2008).

1.11 Ratl is also involved in RNA processing
Ratl/Xrn2 perform another important function in eukaryotic cells. They are
essential for processing of rRNA. Genes coding for rRNA in eukaryotes are localized in

the rDNA locus localized in nucleolar compartments (Figure 1.9). It consists of multiple,
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Figurel. 9 Transcription and RNA processing at rDNA locus. Ribosomal RNA (rRNA) gene units
organized in tandem repeats at rDNA locus. A single unit is shown in detail with 18S, 5.8S and
25S genes External transcribed spacer (ETS) and internal transcribed spacer (ITS) are the
regions processed from the pre-rRNA transcript (adapted from Henry et.al., 1994).
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tandem repeats of genes coding for different species of rRNA. Each repeat consists of
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genes coding for 18S rRNA, 5.8S rRNA, and 25S rRNA flanked at the 5' and 3' ends by
external transcribed spacer elements 5' ETS and 3' ETS. Two internal transcribed spacer
elements (ITS), ITS1 and ITS2, separate the 18S rRNA, 5.8S rRNA and 25 rRNA gene.
Each rDNA repeat is transcribed as a polycistronic pre-35S rRNA. Ratl plays a crucial
role in processing of pre-35S rRNA into mature rRNA molecules (Amberg et al., 1992).
Processing of 5.8S pre-rRNA was affected in the absence of Ratl and accumulation of
longer precursor 5.8S rRNA was observed in mutants of Ratl (Amberg et al., 1992; Henry
et al., 1994). It was further identified that deletion of Rail, the interacting partner of Rat1,
resulted in a similar increase in level of the longer precursor of 5.8S rRNA in cells. These
results imply that both Ratl and Rail function together in the processing of the 5.8S rRNA
(Fang et al., 2005; Xue et al., 2000). Ratl also functions in the processing of pre-27S
rRNA in addition to its role in the processing of the 5.8S rRNA (Geerlings et al., 2000).
Xrn2 was similarly shown to be involved in processing of the 5' ends of 5.8S and 28S
rRNAs in mouse cells and plants (Wang and Pestov, 2011; Zakrzewska-Placzek et al.,
2010). This evidence suggests that there exists a conserved mechanism by which
exonuclease Ratl/Xrn2 function in processing of precursor rRNA from yeast to mammal

(Wang and Pestov, 2011).

Small nucleolar RNA (snoRNA) is a class of non-coding RNA that is mostly derived
from intronic sequences. A few snoRNA, however, are of non-intronic origin and are
transcribed directly from the genomic location outside introns. snoRNA are involved in
the site-specific processing and modification of the pre-rRNAs (Vincenti et al., 2007;
Weinstein and Steitz, 1999). There are two models explaining the synthesis of sSnoRNA.

According to the first model, snoRNA synthesis from an intron requires the activity of
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debranching enzyme, Dbrl. Dbrl-mediated debranching of the lariat produces the
substrate that is processed by the exoribonuclease activity of Ratl into mature snoRNA
(Ooi et al., 1998; Petfalski et al., 1998). Alternatively, two snoRNA can be transcribed as
a polycistronic unit, which is then cleaved by the endonuclease activity of Rntl. Ratl
functions in the subsequent step by trimming the available 5' end of the precursor snoRNA

(Chanfreau et al., 1998; Petfalski et al., 1998; Qu et al., 1999).

In C. elegans, Xrn2 was found to degrade a subset of mature microRNAs (miRNA).
Using the let-7 family of miRNA, it was discovered that Xrn2-mediated degradation occurs
after disengaging miRNA from the argonaute protein. Furthermore, it was determined that
only mature miRNA and not the pre-miRNA are the substrate of Xrn2. It was found that
Xrn2-mediated destabilization of let-7 does not occur if the miRNA-argonaute complex is
bound to the target sequence (Chatterjee and Grosshans, 2009). When the miRNA-
argonaute complex is not interacting with its target, Xrn2 can disassemble the miRNA
from the complex and subsequently degrade it. This role of Xrn2 has been exhibited in
an in vitro system, which has yet to be further validated using studies in vivo. These

results suggest that Xrn2 plays a role in homeostasis of miRNA in worms.

Studies over the years have established that Ratl/Xrn2 play role in diverse cellular
processes; including transcription, rRNA processing, heterochromatin formation, and
RNA quality control mechanism. Specifically, Ratl role in the initiation and elongation
steps of transcription suggests that it has much broader role in transcription cycle than
previously anticipated. Thus, there is a need to revisit the currently defined role of Ratl

in transcription and identify the physiological role of Ratl during transcription cycle. In the
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next chapter, | have discussed how | identified a novel role of Ratl in the process of co-
transcriptional splicing in budding yeast. To address how Ratl is involved in multiple
processes of RNA metabolism, we performed a mass spectrometry analysis of the native
complex from budding yeast. In the final chapter, | will support the basis of diverse roles

of Ratl with data from the mass spectrometry analysis of the Ratl-complex.
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CHAPTER 2. A NOVEL ROLE OF RAT1 IN COTRANSCRIPTIONAL SPLICING OF

PRE-MRNA IN BUDDING YEAST

2.1 Abstract

Ratl and its human homolog Xrn2 have been implicated in multiple nuclear
processes. Here we report a novel role of Ratl in splicing of mRNA. We observed an
increase in the level of unspliced transcripts in mutants of Ratl. Accumulation of
unspliced transcripts was not due to the surveillance role of Ratl in degrading unspliced
MRNA, or an indirect effect of Ratl function in termination of transcription, or due to an
increased elongation rate in Ratl mutants. ChlP-Seq analysis revealed Ratl crosslinking
to the introns of a subset of yeast genes. Mass spectrometry analysis revealed presence
of CIf1, Isyl, Yju2, Prp43, and Sub2 splicing factors in purified Ratl preparation.
Furthermore, recruitment of Prp2 splicing factor on the intron was compromised in the
Ratl mutant. On the basis of these results, we propose that Ratl has a novel role in

splicing of a subset of MRNA in budding yeast.

2.2 Introduction

Ratl/Xrn2 are 5'—3' exoribonucleases belonging to the Xrn-family of nucleases
(Nagarajan et al., 2013). They are highly conserved proteins with homologs present in
budding yeast, fission yeast, flies, plants, worms, mice and humans (Johnson, 1997;
Kastenmayer and Green, 2000; Richter et al., 2016; Shobuike et al., 1995; Sugano et al.,
1994; Zhang et al., 1999b). Rat1/Xrn2 have been implicated in multiple aspects of RNA
metabolism in eukaryotes. A multitude of studies carried out in different eukaryotic
systems have demonstrated involvement of Ratl/Xrn2 in RNA trafficking, RNA quality

control, RNA processing, promoter-associated transcription, elongation, and termination
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steps of transcription (Amberg et al., 1992; Bousquet-Antonelli et al., 2000; Brannan et
al., 2012; Jiao et al., 2010; Jimeno-Gonzalez et al., 2010; Kim et al., 2004b; Miki et al.,

2017; West et al., 2004).

Ratl was discovered in budding yeast as a factor required for nucleo-cytoplasmic
transport of mMRNA. In a mutant of Ratl, mRNA was cleaved and polyadenylated, but
failed to move out of the nucleus and hence it was named RNA trafficking factor or Ratl
(Amberg et al., 1992). Further investigation revealed that Ratl and its higher eukaryotic
homolog Xrn2 are involved in termination of RNAPII-mediated transcription in a manner
dependent on their 5'—3' exoribonucleases activity (Kim et al., 2004b; West et al., 2004).
The poly(A)-dependent termination of transcription involves pausing of the polymerase
beyond the poly(A)-site, which facilitates recruitment of CF1 and CPF 3 end
processing/termination factors in yeast (Mischo and Proudfoot, 2013). The transcribing
MRNA is cleaved downstream of the poly(A)-site by the Yshl subunit of CPF complex
and is polyadenylated by poly(A)-polymerase (Butler and Platt, 1988; Jenny et al., 1996).
The monophosphorylated mRNA downstream of the cleavage site is still attached to the
elongated polymerase. Rat1/Xrn2 bind to the uncapped elongating mRNA, digests RNA
by the 5'—3' exoribonucleases activity, catches up with the elongating polymerase, and
helps disengage the polymerase from the DNA template (Kim et al., 2004b). The
enzymatic activity of Ratl is essential but not sufficient for termination of transcription
(Pearson and Moore, 2013). Genomewide studies have revealed that Ratl is not a
general termination factor like CF1 subunit Pcf11 and CPF subunit Ysh1, but is required
for termination of transcription of nearly 35% of RNAPII-transcribed genes in budding

yeast (Baejen et al., 2017). The Ratl homolog Xrn2 facilitates termination of transcription
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in higher eukaryotes by a similar mechanism (Eaton et al., 2018; Fong et al., 2015; West
et al., 2004). Ratl/Xrn2-mediated termination is reminiscent of the ‘torpedo’ mechanism

of termination of transcription in prokaryotes (Jin et al., 1992).

Ratl may also be involved in termination at the pre-cleavage/polyadenylation step
in accordance with the ‘allosteric’ mechanism. The pausing of the polymerase near the
poly(A)-site, which is critical for both cleavage/polyadenylation and termination, is
dependent on Ratl. In the ratl-1 mutant, which exhibits a termination defect, there is
hyperphosphorylation of CTD-serine-2 resulting in an increased elongation rate. The ratl-
1 termination defect, however, could be rescued by introduction of the rpb1-N488D allele,
which causes a slower elongation rate (Jimeno-Gonzalez et al., 2010). These results
strongly suggest that, at least in budding yeast, Ratl has dual roles in termination; a pre-
cleavage role in pausing of the polymerase downstream of the poly(A)-site, and a post-
cleavage role in degrading 5' monophosphorylated RNA followed by dissociation of the
polymerase from the DNA template. Another important conclusion of these results is
implication of Ratl in the elongation step of transcription through its influence on
hyperphosphorylation of the CTD at serine-2 (Jimeno-Gonzalez et al., 2014). Indeed,
combining the ratl-1 allele with the rpb1-E1103G mutation, which causes a faster
polymerase elongation rate, resulted in an enhanced growth defect (Jimeno-Gonzalez et
al., 2010; Malagon et al., 2006). Depletion of human Xrn2 in human cell lines resulted in
promoter-proximal pausing, which also could be the consequence of the role of the

protein in early elongation steps (Nojima et al., 2015).

In C. elegans, not all the genes that exhibit 3' end occupancy of Rat1 are

dependent on the protein for termination. Whether Ratl is required for termination is
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determined by the promoter (Miki et al., 2017). In budding yeast, Ratl could dismantle
only promoter-driven transcription complexes in an in vitro assay (Pearson and Moore,
2013). Thus, Ratl function in transcription could be linked to the promoter-terminator
crosstalk. In fact, using 3C assay we demonstrated that promoter-terminator interaction
or gene loping is compromised in the ratl-1 mutant (Ansari, unpublished data). In keeping
with the role in gene looping, Rat1/Xrn2 have been found crosslinked to both the 5’ and
3' ends of genes (Baejen et al., 2017; Fong et al., 2015; Kim et al., 2004b; Nojima et al.,
2015). Localization of Ratl/Xrn2 in the promoter-proximal region gave rise to the
speculation that the protein is playing a role in promoter-associated transcription.
Experimental evidence has implicated Ratl/Xrn2 in the initiation-elongation transition
(Harlen and Churchman, 2017). In the absence of Xrn2, a peak of promoter-proximally
paused polymerase was observed, thereby suggesting that Xrn2 is involved in early
stages of transcription, possibly in facilitating the transition from initiation to elongation
phase. Xrn2 has also been found to function in promoter directionality as an increase in
polymerase signal was observed in the region upstream of the promoter of genes in the
absence of Xrn2 activity (Brannan et al., 2012; Fong et al., 2015). A similar involvement
of Ratl in promoter directionality in budding yeast cannot be ruled out. Both Ratl and
Xrn2 have also been shown to play a role in quality control of mRNA by degrading
aberrant uncapped transcripts by 5'—3" exoribonuclease activity (Brannan et al., 2012;
Jiao et al., 2010; Jimeno-Gonzalez et al., 2010). In line with these results, human Xrn2
has been reported to coimmunoprecipitate with Edc3, Dcpla and Dcp2 capping proteins

(Brannan et al., 2012). No such interaction of Ratl with capping enzymes has been
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reported, but it has been found that Ratl can similarly degrade uncapped transcripts in

budding yeast as well (Jiao et al., 2010).

Ratl/Xrn2 have been implicated in degradation of splicing defective transcripts.
Xrn2 was reported to degrade unspliced transcripts in humans, while Ratl was linked to
degradation of unspliced transcripts in the mutant of splicing factor Prp2 (Bousquet-
Antonelli et al., 2000). We found accumulation of unspliced transcripts in mutants of Ratl
with a wild type Prp2 allele. An increase in unspliced transcript level was not due to
stabilization of transcripts, an indirect effect of defective termination, or loss of polymerase
pausing on intronic regions in the Ratl mutant. We present evidence that Ratl plays a
direct role in splicing. We discovered physical interaction of Ratl with the intronic
sequences as well as with the splicing factors of NineTeen complex (NTC). Furthermore,
recruitment of the Prp2 splicing protein on the intron was compromised in the absence of
a functional Ratl in the cell. Our results strongly suggest a novel role of Ratl in splicing

of primary transcripts in budding yeast.

2.3 Results
2.3.1 Unspliced mRNA accumulates in the absence of functional Ratl

Ratl has been implicated in a variety of nuclear processes in yeast and higher
eukaryotes. In order to have a comprehensive understanding of the role of Ratl in RNA
biogenesis in budding yeast, we monitored mRNA levels of selected yeast genes in ratl-
1, which is the temperature-sensitive mutant of Ratl. RNA analysis was performed in the
mutant cells grown at the permissive (25°C) and non-permissive (37°C) temperatures by
RT-PCR approach. Briefly, the protocol involved isolation of total RNA from exponentially

growing cells, reverse transcription of RNA using an oligo-dT primer, PCR amplification
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of resultant cDNA using gene-specific primers and quantification of RT-PCR products as
described in El Kaderi et al., (2009). Since Ratl affects transcription of a number of mMRNA
species as well as 5.8S and 28S rRNAs, we used 5S rRNA as normalization control in all
experiments used in this study. As expected, a decrease in mRNA level of most genes
was observed upon shifting of cells to the non-permissive temperature, in accordance

with the termination function of Ratl (Figure 2.1 B). However, we observed an unusual
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Figure 2. 1 Accumulation of unspliced transcripts in ratl-1 mutant at non-permissive temperature.
(A) Schematic depiction of a gene showing the position of primers F and R used in RT-PCR
analysis. (B) Gel pictures showing RT-PCR products for the indicated genes in wild type (WT)
and ratl-1 mutant cells at the indicated temperatures. (C) Quantification of data shown in (B). 5S
rRNA was used as normalization control.

result with the APE2 gene. A longer transcript appeared upon shifting of mutant cells to
the non-permissive temperature (Figure 2.1 B, lane 4). APE2 is one of the few intron
containing genes in budding yeast, and sequencing of PCR product revealed that the
longer transcript was unspliced mRNA. To determine if the accumulation of unspliced
transcripts in the Ratl mutant is unique to APE2 or if other intron containing genes exhibit

a similar phenotype, we repeated the experiment with other intronic genes. Of all the
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genes that we examined, STO1, ASC1 and IMD4 exhibited a similar trend of increased
unspliced mRNA content in the ratl-1 mutant at the elevated temperature (Figure 2.1 B,
lane 4 and Figure 2.1 C, black bars). No such accumulation of unspliced transcripts was
observed in the isogenic wild type cells at 37°C (Figure 2.1 B, lane 2 and Figure 2.1 C).
Not all intron containing genes, however, exhibit increased unspliced transcript level in

the mutant (data not shown).

To examine if accumulation of unspliced transcripts of a subset of yeast genes in
the ratl-1 strain was due to the specific inactivation of Ratl and not due to a secondary
mutation in another factor, we used the ‘anchor away’ approach. This technique involves
selective depletion of a protein from the nucleus by anchoring it to ribosomes in the
cytoplasm (Haruki et al., 2008). The approach takes advantage of the rapamycin-
dependent heterodimerization of FK506 binding protein (FKBP12) with FKBP12-
rapamycin-binding (FRB) domain (Belshaw et al., 1996; Chen et al., 1995). We inserted
the FRB domain at the carboxy-terminus of Ratl in a strain, which has FKBP12 fused to
the ribosomal protein RPL13A, fprl deletion and torl-1 mutation. The resultant strain was
named Ratl-AA. In the presence of rapamycin, Ratl-FRB dimerized with ribosomal
RPL13A-FKBP12 in the anchor away strain, leading to almost complete depletion of Ratl
from the nucleus within 60 minutes of addition of the antibiotic to the medium (Figure 2.2
A). We monitored levels of spliced and unspliced transcripts in the Rat1-AA strain in the
presence of rapamycin (no Ratl in the nucleus) and in the absence of rapamycin (Ratl
present in the nucleus) by RT-PCR as described above. We observed a 2-4-fold increase
in the level of unspliced APE2, STO1, MRK1, NMD2 and LSB4 transcripts in the presence

of rapamycin (Figure 2.2 C, lane 4 and Figure 2.2 D, red bars). There was no such
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Figure 2. 2 Accumulation of unspliced transcripts upon nuclear depletion of FRB-tagged Ratl in
the presence of rapamycin. (A) Diagrammatic representation of anchor-away technique to
selectively regulate compartmentalization of the nuclear protein Ratl (concept adapted from
Haruki et.al., 2008). (B) Schematic depiction of a gene showing the position of primers F and R
used in RT-PCR analysis. (C) Gel pictures showing RT-PCR products for the indicated genes in
FRB-tagged Ratl strain and untagged strain (control) in the presence and absence of rapamycin.
(D) Quantification of data in lanes 3 and 4 of (C). 5S rRNA was used as normalization control.

rapamycin-dependent buildup of unspliced mRNA in the isogenic wild type strain (Figure
2.2 C, lane 2 and Figure 2.2 D, red bars). The overall conclusion of these results is that
there is an accumulation of unspliced transcripts in both the ratl-1 strain as well as the
Rat1-AA strain upon inactivation or nuclear depletion of Ratl. All intron-containing genes

of budding yeast, however, do not exhibit accrual of unspliced RNA in the absence of
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Ratl. Out of ten genes that we tested, only five exhibited accumulation of unspliced

transcripts in the absence of Ratl.

To explain the presence of unspliced mRNA in the absence of Ratl activity, we

formulated four hypotheses:

Hypothesis #1: Ratl plays a surveillance role and degrades unspliced transcripts by its

exoribonuclease activity.

Hypothesis #2: Accumulation of unspliced transcripts is the consequence of an indirect

effect of Ratl-mediated termination on splicing.

Hypothesis #3: Ratl effect on elongation facilitates pausing of the polymerase during

transcription of intronic regions to enable completion of splicing reactions.
Hypothesis #4: Ratl has a novel role in splicing of primary transcripts.
We tested each of these hypotheses and the results are described below.

2.3.2 Ratl is not the surveillance factor that degrades unspliced transcripts

The experiments described above monitored steady-state RNA levels, which is the
net product of two opposing processes, transcription and degradation. To determine if
Ratl has a surveillance role in degrading unspliced mRNA by its exoribonuclease activity,
we measured levels of unspliced and spliced transcripts by the transcription run-on (TRO)
approach. The TRO assay detects nascent transcripts and therefore reflects transcription
and rules out RNA stability making any contribution to the measured RNA content. The
strand-specific TRO analysis was carried out using Br-UTP by the modification of the
method described in Core et al., (2008). Briefly, exponentially growing yeast cells were

permeabilized with sarkosyl, and allowed to resume transcription in the presence of Br-
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labelled UTP for 2-5 minutes. Br-UTP-labelled nascent RNA was immunopurified, reverse
transcribed using oligo-dT and amplified by PCR as described in (Dhoondia et al., 2017).
TRO analysis revealed a 2-7 fold increase in the levels of unspliced transcripts of APE2,
STO1, MRK1 and LSB4 in the presence of rapamycin compared to the absence of

rapamycin in Rat1-AA strain (Figure 2.3 B and C).
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Figure 2. 3 Transcription Run-On (TRO) analysis showing that accumulation of nascent unspliced
transcripts upon nuclear depletion of FRB-tagged Ratl in the presence of rapamycin is rescued
by wild type Ratl but not the catalytically inactive mutant. (A) Schematic depiction of a gene
showing the position of primers F and R used in TRO analysis. (B) Quantification of TRO signals
for the indicated genes in FRB-tagged Ratl strain in the presence and absence of rapamycin and
upon complementation with WT Ratl or catalytically inactive D235A Ratl mutant. 5S rRNA was
used as normalization control.

Since splicing occurs cotranscriptionally in both yeast and higher eukaryotes,
these results suggest that Ratl may be affecting cotranscriptional splicing of mMRNA. The
possibility of Ratl playing a role in cotranscriptional degradation of unspliced transcripts,
however, could not be ruled out. To find the answer, we transformed the Rat1-AA strain

with a plasmid expressing either wild type Ratl or a mutant form of Ratl containing a
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point mutation at an evolutionarily conserved catalytic residue (D235A). Denoted as exo-
Ratl, the mutant is deficient in exoribonuclease activity (Kim et al., 2004b). TRO was
repeated in the presence and absence of rapamycin. Expression of the wild type Ratl
rescued the accumulation of unspliced transcript in the presence of rapamycin, but
catalytically inactive exo-Ratl mutant was unable to do so (Figure 2.3 B and C). One of
the interpretations of this result is that Ratl catalytic activity is required for degradation of

unspliced transcripts, and therefore there is a buildup of unspliced mRNA in the exo-Ratl

mutant.
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Figure 2. 4 RNA immunoprecipitation analysis shows that unspliced transcripts in ratl-1 mutant
are capped. (A) Schematic depiction of a gene showing the position of primers F and R used in
RT-PCR analysis. (B) Affinity purified RNA using anti-m7G were reverse transcribed.
Quantification of data shown in for the indicated genes in wild type (WT) and ratl-1 mutant at the
indicated temperatures. 5S rRNA was used as normalization control.

Ratl is highly specific in choosing its RNA substrate. It can degrade only 5'
monophosphorylated RNA by its 5'—3' exoribonuclease activity. 7' methylguanosine
capped mRNA is not a suitable substrate of the Ratl nuclease. Thus, Ratl will be able to
degrade unspliced mRNA only if it is somehow uncapped. We therefore examined the
capping pattern of unspliced transcripts. RNA was isolated from mutant rat1-1 cells grown

at 25°C and 37°C and subjected to immunoprecipitation (RNA-IP) using antibodies
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against 7’'methylguanosine cap. Immunoprecipitated RNA was subjected to RT-PCR for
APE2 and STO1 genes as described previously. RNA level was normalized by 5S control.
As expected, there was an approximate 7-fold increase in the amount of unspliced mRNA
of APE2 and STO1 at 37°C compared to 25°C (Figure 2.4 B). About 70 to 80% of both
spliced and unspliced transcripts of APE2 and STO1 could be immunoprecipitated by
anti-7’methylguanosine antibodies (Figure 2.4 B). These results clearly demonstrate that
the degree of capping of unspliced mRNA is nearly to the same extent as that of spliced
MRNA, and therefore unspliced transcripts could not be the substrate of Ratl enzymatic
activity. The overall conclusion of these results is that the accumulation of unspliced
MRNA in the absence of Ratl activity in yeast cells is not due to the surveillance role of

Ratl in degrading aberrant intron containing transcripts.

2.3.3 Ratl-mediated increase in the levels of unspliced transcripts is independent
of Xrnl and the exosome

The degradation of RNA relies on two well-conserved pathways in yeast, which
involves both 53’ and 3'—-5' exoribonuclease activities by Xrn1 and Rrp6, respectively
(Parker, 2012). Like Ratl, Xrnl is a 5'>3' exoribonuclease in budding yeast, but it is
located in the cytoplasm where it functions to degrade the aberrant transcripts. Strikingly,
both Ratl and Xrnl have the tendency to use RNA substrates with a 5'-monophosphate,
and they are inactive towards RNA with a 5'-methylguanosine cap or a 5'-triphosphate,
thus preventing the degradation of cellular RNA. Xrn1 is capable of rescuing the restrictive
growth phenotype of ratl-1 cells, but cannot complement the termination defect in the
mutant (Luo et al., 2006). Therefore, to test whether Xrnl shares the same substrate as

Ratl in influencing the levels of unspliced transcripts, we constructed xrn1A Ratl-AA
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strain and determined the steady state mRNA levels for APE2, STO1, NMD2, MRK1 and
LSB4 genes by RT-PCR analysis. The results indicate that deletion of Xrnl does not
influence the unspliced transcript levels (Figure 2.5), thereby suggesting that the

increased level of unspliced transcripts is influenced only by Ratl.
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Figure 2. 5 Xrnl deletion does not affect the level of unspliced transcript under nuclear depletion
of Ratl. (A) Schematic depiction of a gene showing the position of primers F and R used in RT-
PCR analysis. (C) Gel pictures showing RT-PCR products for the indicated genes in FRB-tagged
Ratl strain with and without Xrnl in the presence and absence of rapamycin. (D) Quantification
of data shown in (B). 5S rRNA was used as normalization control.

Many aberrant transcripts are degraded by nuclear exosomes in which the catalytic
subunit Rrp6 rapidly eliminates them by its 3'>5' exoribonuclease activity. We therefore
examined if Ratl has an overlapping function with Rrp6 in degrading unspliced
transcripts. RT-PCR analysis shows that upon nuclear depletion of Ratl, rrp64 did not
show any significant change in the levels of the unspliced transcripts of APE2, STO1,

NMD2, MRK1 and LSB4 genes (Figure 2.6). These results clearly demonstrate that Xrnl
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and rrp6 exoribonuclease activity is not involved in any way in degrading unspliced

transcripts in budding yeast.
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Figure 2. 6 Rrp6 deletion does not affect the level of unspliced transcript under nuclear depletion
of Ratl. (A) Schematic depiction of a gene showing the position of primers F and R used in RT-
PCR analysis. (C) Gel pictures showing RT-PCR products for the indicated genes in FRB-tagged
Ratl strain with and without Xrnl in the presence and absence of rapamycin. (D) Quantification
of data shown in (B). 5S rRNA was used as normalization control.

2.3.4 Accumulation of unspliced mRNA in the absence of Ratl is not the
consequence of defective termination

Ratl and its higher eukaryotic homolog Xrn2 are transcription termination factors.
We reasoned that if appearance of unspliced transcripts in the absence of Ratl activity
is the consequence of an indirect effect of defective termination on splicing, other

termination-defective mutants may also display splicing defect.

Apart from Ratl, termination of transcription by RNAPII in yeast requires CF1 and
CPF complexes. Both CF1 and CPF complexes are required for cleavage and

polyadenylation of the messenger. The cleavage-polyadenylation of primary transcripts
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Figure 2. 7 Defective termination in rnal4-1 mutant does not result in accumulation of unspliced
transcripts. (A) Schematic depiction of a gene showing the position of primers F and R used in
RT-PCR analysis. (B) Gel pictures showing RT-PCR products for the indicated genes in wild type
(WT) and rnal4-1 mutant at the indicated temperatures. (C) Quantification of data shown in (B).
5S rRNA was used as normalization control.

is coupled to poly(A)-dependent termination of transcription. A recent genomewide
analysis revealed Ratl being required for termination of transcription of nearly 35% of
genes in budding yeast. In contrast, CF1 and CPF subunits have a more robust role in
termination as they affect poly(A)-dependent termination of nearly 90% of yeast genes
(Baejen et al., 2017). We therefore monitored levels of spliced and unspliced mRNA of
APE2, STO1, ASC1 and IMD4 in the termination-defective rnal4-1 mutant. Rnal4 is a
subunit of CF1 complex and is essential for poly(A)-dependent termination of transcription
(Minvielle-Sebastia et al., 1997). There was a decrease in the RNA level of APE2, STO1,
ASC1 and IMD4 upon shifting of mutant cells to the elevated temperature (Figure 2.7 B,
lane 4 and Figure 2.7 C, black bars), in agreement with the role of termination for optimal

transcription. There was, however, no increase in the level of unspliced transcripts at the
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Figure 2. 8 Ratl termination complex is not required for accumulation of unspliced transcripts. (A)
Schematic depiction of a gene showing the position of primers F and R used in RT-PCR analysis.
(B) Gel pictures showing RT-PCR products for the indicated genes in wild type (WT), rtt103A and
rai1A strains. (C) Quantification of data shown in (B). 5S rRNA was used as normalization control.

non-permissive temperature (Figure 2.7 B, lane 4 and Figure 2.7 C, black bars). The
amount of unspliced mRNA in the mutant at 37°C was similar to that in the isogenic wild
type strain (Figure 2.7 B, lanes 2 and 4 and Figure 2.7 C, black bars). The defective
termination in the Rnal4 mutant therefore did not have an adverse effect on splicing. A
corollary of these results is that the accumulation of unspliced mRNA in the mutants of
Ratl may not be the consequence of defective termination on splicing. In budding yeast,
Ratl is in a trimeric complex with Rail and Rtt103 (Kim et al., 2004b). Rail has
pyrophosphohydralase activity and stimulates exonucleolytic activity of Ratl (Xiang et al.,
2009). Since Ratl enzymatic activity is essential for its termination function, Rail has
been found to affect Ratl-dependent termination in yeast to some extent (Kim et al.,
2004b). Rail, however, is not a termination factor per se. Although Rtt103 is not required

for termination in vivo, it physically interacts with Ratl, and has been implicated in
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termination of transcription in vitro under certain condition (Kim et al., 2004b; Pearson
and Moore, 2013). We reasoned that if Ratl exonuclease-dependent termination is
affecting splicing, Rtt103 and Rail may have an influence on splicing. We therefore
examined levels of spliced and unspliced transcripts in deletion mutants of Rail (rail4)
and Rtt103 (rtt1034) cells by RT-PCR as described above. There was no increase in the
amount of unspliced transcripts of APE2, STO1, ASC1 and IMD4 in railA strain (Figure
2.8 B, lane 3, Figure 2.8 C, green bars) over isogenic wild type control (Figure 2.8 B, lane
1, Figure 2.8 C, blue bars). Similar results were obtained with rtt1034 cells (Figure 2.8 B,

lane 2, Figure 2.8 C orange bars).

These results strongly suggest the accumulation of unspliced transcripts in the
mutants of Ratl may not be an indirect consequence of Ratl-dependent termination
defect. Failure of the nuclease-deficient exo-Ratl mutant to rescue the splicing defective
phenotype of Ratl mutant, however, does not completely rule out the possibility that Rat1-

dependent termination is somehow indirectly effecting splicing.

2.3.5Is Ratl facilitated pausing of polymerase during elongation of intronic regions
to enable the recruitment of splicing factors?

Splicing of most introns occurs cotranscriptionally. During cotranscriptional
splicing, the polymerase slows down or pauses while transcribing intronic regions. This
may enable recruitment of splicing factors on splice sites leading to efficient execution of
the splicing reaction. Consequently, the increased elongation rate, associated with some
mutants of RNAPII, contributes to splicing defects (Braberg et al., 2013). The ratl-1
mutant also exhibits enhanced RNAPII elongation rate by stimulating hyper-

phosphorylation of CTD-serine-2 (Jimeno-Gonzalez et al., 2014). The possibility of the
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Figure 2. 9 RNAPII levels are similar across the intronic genes after nuclear depletion of Ratl.
(A) Heatmaps of Rpbl occupancy levels calculated as the log. IP/Input ratio in Ratl-FRB strain
before (-rapamycin) and after (+rapamycin) nuclear depletion of Ratl from ChlP-seq experiments
performed in Baejen et.al., 2017. Genes are sorted in the descending order of Rpb1 occupancy.
The y- axis indicates individual genes from the 280 intron containing genes and the x-axis shows
relative position of 0.4 Kbp upstream and 1.0 Kbp downstream around 5' ss and 3' ss intronic
sites. (B) Averaged normalized occupancy profiles from the ChIP-seq data of RNAPII. Metagene
plot was designed with intron size averaged to 300 bp and plotting 0.4 Kbp upstream and 1Kbp
downstream. The profiles are aligned at both the §' ss and 3' ss of 280 intron containing genes.
The shaded areas around the ChlP-seq profile represent standard deviation +1. (C) IGB browser
view of log. IP/Input Rpbl (RNAPII) read counts from ChlP-seq experiment performed in Ratl-
FRB tagged strain before (blue) and after (red) nuclear depletion of Ratl. Four representative
ORFs shown YMR116C, YHR203C, YML056C, YCR031C.

increased elongation rate contributing to the splicing defect observed in ratl-1 mutant

cannot be ruled out.

We therefore examined if there is decreased pausing of polymerase on the intron
in the absence of Ratl activity. We used Rpb1-ChlP-Seq data from Baejen et al., (2017)
to test our hypothesis. This study analyzed genomewide transcription using both 4tU-Seq
and Rpb1-ChIP-Seq approach in Rat1-AA strain in the presence (Ratl depleted from the
nucleus) and absence of rapamycin (Ratl present in the nucleus). We extracted Rpb1-
ChIP-Seq data for intron containing genes from this study. There are nearly 301 intron

containing genes in budding yeast. We extracted data for 280 of these genes. Rpb1l-
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ChiIP-Seq reads were aligned with respect to the 5' and 3' splice sites of introns,
encompassing a 400 bp window upstream of the 5' splice sites and a 1 kbp window
downstream of the 3' splice sites as shown in Figure 2.9. In the presence of a functional
Ratl in the nucleus (-rapamycin), there was increased polymerase signal over the introns
compared to the 400 bp upstream region. There was, however, no decrease in
polymerase density over the intron upon nuclear depletion of Ratl (+rapamycin) (Figure
2.9 A and Figure 2.9 B). Rpb1-ChlIP profile of individual genes confirms that Rpb1 signal
over the intron and splice sites is similar in the presence and absence of Ratl in the
nucleus (Figure 2.9 C). As expected, there was an increased RNAPII read-through signal
in the downstream 1 kbp region under nuclear depletion of Ratl due to the termination
defect. These results indicate that accumulation of unspliced transcripts in Ratl mutants
is not an indirect consequence of loss of pausing of the polymerase over intronic regions

due to faster elongation rate in the Ratl mutant.
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Figure 2. 10 Crosslinking of Ratl to intron of APE2 gene. (A) Schematic depiction of APE2
indicating the position of ChIP primer pairs A, B, C, D, and E. (B) Quantitative analysis showing
crosslinking of Rat1 to different regions of APE2 in Rat1l-TAP and WT (no tag) strains represented
using black and white bars, respectively. The input signal represents DNA prior to
immunoprecipitation.
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The results described above could not provide a convincing explanation for

accumulation of unspliced transcripts in the absence of functional Ratl in the cell. An

alternative possibility is that Ratl has a novel role in splicing of primary transcripts.

Therefore, we examined the direct involvement of Ratl in splicing by employing three

parallel approaches. We reasoned that if Ratl is involved in splicing, (1) it will physically

interact with introns; (2) it will exhibit a transient or stable interaction with the splicing

factors; and (3) it will facilitate the recruitment of splicing factors on the intron.
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Figure 2. 11 Ratl occupancy profile differs from Pcfl1 at the intronic genes and not at the non-
intronic genes. Average normalized plot of Ratl and Pcfll occupancy in WT strain, mapped to
2392 genes that are non-intronic (A) and 280 genes that are intronic. The metagene plots are are
constructed with the coordinates of transcription start site (TSS) and transcription end site (TES)
and distance of the open reading frame (ORF) averaged to 1 Kbp.
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2.3.7 Ratl crosslinks to introns

To determine if Ratl contact the splice sites on an intron, we inserted a TAP-tag
at the carboxy-terminus of Ratl. TAP-tag does not interfere with the termination function
of Ratl (data not presented). High resolution ChIP that employs extensive sonication was
performed as described in El Kaderi et al., (2009). Splicing factors do not directly crosslink
to the splice sites on DNA but do so indirectly through their interaction with the elongating
transcript and CTD of RNAPII during cotranscriptional splicing (Herzel et al., 2017; Nojima
et al., 2018). We used a more robust crosslinking approach, disuccinimidyl glutarate
(DSG) together with formaldehyde, to detect indirect interactions of splicing factors on
splice sites of DNA as described in GRID-Seq approach (Li et al., 2017). Our results show
that Ratl crosslinks to the promoter and terminator regions of APE2 (Figure 2.10, primers
pairs A and E) in accordance with the published results (Baejen et al., 2017; Kim et al.,
2004b). More importantly, Ratl also localized to the intronic splice sites of APE2 (Figure
2.10, primer pair C). The crosslinking of Ratl to the splice sites suggest that Ratl may

have a direct role in splicing of APE2 mRNA.

We next examined if other intron containing genes similarly exhibit crosslinking of
Ratl to the intron. We used ChlIP-Seq data from Baejen et.al., (2017) for this analysis. In
this study, ChIP-Seq data for transcription factors was examined using 2501 genes. Of
these, 109 genes were intron-containing genes whereas remaining 2392 genes were non-
intronic. Therefore, to examine occupancy of Ratl selectively on intronic genes, we
selected 280 genes in our analysis that are characterized as intron-containing in
Saccharomyces Genome Database (SGD). Ratl occupancy examination on these 280

intron-containing genes, aligned to TSS and TES + 400 bp, showed that Ratl is localized
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Figure 2. 12 Ratl is selectively enriched in the intronic region of the genes. (A) Heatmaps of Ratl
and Pcfll occupancy levels calculated as the log. IP/Input ratio from ChIP-Seq experiments
performed in Ratl-TAP and Pcf11-TAP strains, respectively. Genes are sorted in the descending
order of the occupancy. The y- axis indicates individual genes from the 280 intron containing
genes and the x-axis shows relative position of 0.1 Kbp upstream and 1.0 Kbp downstream
around 5' ss and 3' ss intronic sites. (B) Averaged normalized occupancy profiles from the ChIP-
Seq data of Ratl (red) and Pcf11 (blue). The metagene plot was designed with an average intron
size of 300 bp and plotting 0.1 Kbp upstream and 1Kbp downstream. The profiles are aligned at
both the 5' ss and 3' ss of 280 intron containing genes. The shaded areas around the ChIP-Seq
profile represent standard deviation 1. Genes with the presence and absence of Ratl on intron
are sorted using box-whisker plot according to intron length (C), distance between 3' SS to
branchpoint (D), distance between 5' SS to branchpoint (E), and the promoter element TATA-box
and TATA-less (F). Mann-Whitney U test was used to calculate p value for C, D, and E. Fisher’s
exact test was used to calculate p value for F.

at the terminator and promoter regions of genes (Figure 2.11 A). It is possible that it is not
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merely Rat1 but all 3' end processing-termination factors that display similar crosslinking
to the intron. We therefore analyzed Pcfl1 occupancy on introns using the data from the
same genomewide study. Pcfll and Ratl occupancy profile were comparable at the
termination region. They, however, differed considerably near the promoter region. Ratl

occupancy was significantly higher than that of Pcf11 just downstream of the promoter
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Figure 2. 13 Ratl intronic occupancy correlates with Rat1l-dependent accumulation of unspliced
transcripts in ratl-1 mutant at non-permissive temperature. (A) Schematic depiction of a gene
showing the position of primers F and R used in RT-PCR analysis. (B) Gel pictures showing RT-
PCR products for the indicated genes in wild type (WT) and ratl-1 mutant cells at the indicated
temperatures. (C) Quantification of data shown in (B). 5S rRNA was used as normalization
control.

region (Figure 2.11 A). It is known that most introns in budding yeast are positioned near
the TSS and thus, this increase in the chromatin occupancy of Ratl over Pcfll near TSS
can possibly be due to its localization to the intronic region. Further, Ratl and Pcfll
occupancy profile of 2392 non-intronic was almost identical (Figure 2.11 B). These results
indicate that the Ratl is preferentially enriched at the TSS, and this enrichment may be

due to Ratl crosslinking to the promoter-proximal intron.
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Next, we extracted Rat1-ChlP-Seq data for intron containing genes from this study.
Ratl-ChlP-Seq reads were aligned with respect to the 5' and 3' splice sites of introns,
encompassing a 100 bp window upstream of the 5' splice sites and a 1 kbp window
downstream of the 3' splice sites as shown in Figure 2.12. Out of 280 intron containing
genes analyzed in this study, 105 exhibited crosslinking of Rat1l to the intronic sequence.
Thus, not all intron containing genes show Ratl occupancy. Unlike Ratl, Pcfl1 does not
exhibit significant localization to the intronic region (Figure 2.12, A and B). These results
indicate that Ratl localizes to the introns of a subset of genes in budding yeast. We
randomly selected ten intron containing genes from the group of 105 genes that exhibited
Ratl-intron occupancy to determine if Ratl intronic occupancy correlated with Ratl-
dependence on splicing. Out of these ten genes, seven genes were dependent on Ratl
for their efficient splicing (Figure 2.13). Thus, not all the genes that exhibit Ratl-intron

occupancy are dependent on Ratl for splicing.

Next we searched among the 105 Ratl-occupied introns for common features,
which conferred potential dependence on Ratl for their splicing. Compared to other
introns, Ratl-occupied introns do not display any common predicted structure or enriched
sequence motif. Of all the features that we examined, the only one that differed was the
size of the intron. On average, Ratl-crosslinked introns were ~400 bp long, while those
not exhibiting Ratl occupancy were ~100 bp in length (Figure 2.12 C). The distance
between branchpoint and 3' splice site was the same for all introns (Figure 2.12 D). It was
the distance between the %' splice site and branchpoint that tended to be longer for Rat1-
occupied introns (Figure 2.12 E). Furthermore, Ratl intron occupancy was not correlated

to the presence or absence of TATA-box in the promoter of the gene. (Figure 2.12 F).
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Ontological analysis revealed that the Ratl-occupied introns were enriched for ribosomal

protein genes.

2.3.8 Ratl interacts with splicing factors

If Ratl is involved in splicing, it may exhibit stable or transient interaction with the
splicing machinery. We therefore examined the interaction of Ratl with the splicing
factors. To identify the splicing proteins that may interact with Ratl, we performed
biochemical purification of Ratl employing Tandem Affinity Purification (TAP) approach.
Purification was performed as described in Puig et al., (2001), and double affinity purified
fraction was subjected to mass spectrometry. A total of 1220 proteins were identified.
Rail and Rtt103, as expected, were present in the purified fraction of Ratl. A significant
finding was the identification of five splicing proteins, CIf1, Isyl, Yju2, Sub2, and Prp43in
the Ratl preparation (Tablel). Of these; CIf1, Isyl, and Yju2 are the subunits of NineTeen
complex (NTC). CIf1 and Isyl are characterized as a part of the core complex, whereas
Yju2 subunit is an accessory protein. CIf1 is an essential splicing factor that serve as a
scaffold in spliceosome assembly during assembly of the tri-snRNP (U4 U5.U6). It also
interacts with Mud2 and Prp40 that are branchpoint binding proteins (Chung et al., 1999).
Isyl is not an essential splicing factor but contributes to the fidelity of splicing reaction
(Villa and Guthrie, 2005). Yju2 is an essential splicing factor that functions after Prp2 to
promote the first transesterification reaction (Liu et al., 2007). Sub2, a DEAD-box RNA
helicase, is a known to collaborate with MsI5 that interacts with branchpoint binding
protein to promote the recruitment of U2 snRNP (Zhang and Green, 2001). Like Sub2,
Prp43 is an RNA helicase; however, it functions post splicing in disassembling the U2,

U5, and U6 snRNPs (Arenas and Abelson, 1997). The splicing factors, however, were
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not present in stoichiometric proportion with respect to Ratl. This data indicates that Ratl
is not in a stable complex with splicing factors, but transiently interacts with them during

cotranscriptional splicing.

Ratl 100%
Rail 39.05%
Sub2 10.73%
Rtt103 3.0%

Isyl 0.86%
Prp43 2.15%
Yju2 0.43%
CIf1 0.86%

Table 1: Affinity purified fraction of Ratl -TAP shows interaction between Ratl and

splicing factors. Splicing factors (highlighted in bold) and previous known Rat1- interactors
are listed relative to the levels of Ratl.

2.3.9 Recruitment of splicing factor Prp2 is compromised in the absence of Ratl
Ratl interaction with intronic sequences as well as its interaction with Isyl1, Prp43,
Clftl, Sub2 and Yju2 splicing factors strongly suggested the direct involvement of Ratl in
splicing of primary transcripts. To further probe the role of Ratl in splicing, we monitored
the recruitment of splicing factors on introns. We reasoned that if Ratl is indeed playing

a role in splicing, recruitment of at least some splicing factors on the intron will be
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adversely affected in the absence of Ratl. We chose Prp2 for three reasons; (1) it exhibits
a genetic interaction with Ratl; (2) it is recruited on the intron before Yju2 which is the
Ratl interacting factor identified above in our analysis; and (3) its recruitment on the intron
can be detected by ChIP. We checked binding of Prp2 to the intron of APE2 by ChIP in
the Ratl-AA strain in the presence and absence of rapamycin. As expected, Prp2-ChIP
signal could be detected on the intron of APE2 in the absence of rapamycin (Figure 2.14,
lane 2). In the presence of rapamycin, when Ratl is depleted from the nucleus, Prp2-
ChIP signal registered a nearly 30% decline. These results are in agreement with the
observation that splicing of APE2 intron is not completely dependent on Ratl but
decreases by about 30-40% in the presence of rapamycin. The results described above

strongly suggest that Ratl has a direct role in splicing. Furthermore, Ratl is not an
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Figure 2. 14 Crosslinking of Prp2 to intron of APE2 gene. (A) Schematic depiction of APE2
indicating the position of ChIP primer pairs A, B, and C. (B) ChIP analysis showing crosslinking
of Prp2 to different regions of intron-containing APE2. The input signal represents DNA prior to
immunoprecipitation.

essential splicing factor but enhances the efficiency of splicing of a subset of yeast genes.
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2.4 Discussion

Xrn2 has been implicated in degradation of unspliced mRNA in humans (Davidson
et al., 2012). A report suggested involvement of Ratl in degrading unspliced transcripts
in budding yeast as well (Bousquet-Antonelli et al., 2000). In a temperature-sensitive
mutant of essential splicing factor Prp2 called prp2-1, splicing was compromised, and
unspliced transcripts could be detected at elevated temperature, as expected. In the
double mutant prp2-1/ratl-1, there was a further increase in the amount of unspliced
transcripts of selected genes. The authors attributed this additional increase in the double
mutant to the role of Ratl in degrading unspliced transcripts by its exoribonuclease
activity. Estimating the level of unspliced transcripts in the ratl-1 mutant alone, which is
an important control, was not performed in this study. When we measured splicing in the
ratl-1 mutant, we observed accumulation of unspliced transcripts at the non-permissive
temperature even in cells with wild type Prp2. Nuclear depletion of Ratl by anchor-away
approach gave identical results indicating that ratl-1 mutant does not have a secondary
mutation in another splicing factor. We have three pieces of evidence to support that
accumulation of unspliced transcripts in the absence of Ratl activity in yeast cells is not
due to the surveillance role of Ratl in degrading unspliced transcripts. First, unspliced
transcripts were capped. Capping of unspliced mRNA was almost to the same extent as
that of spliced transcripts. Rat1 can degrade 5" monophosphorylated transcripts, but not
5" methylguanosine capped transcripts. Second, Ratl does not copurify with any known
decapping protein. Xrn2 in humans coimmunoprecipitates with three decapping proteins;
Edc3, Dcpla and Dcp2 (Brannan et al., 2012). Our mass spectrometric analysis of Ratl

did not yield any decapping proteins of yeast in affinity purified Ratl preparation. Third,
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deletion of Ratl interacting protein Rail, which has been shown to remove the
demethylated cap from mRNA in plants, has absolutely no effect on the level of unspliced
transcripts in yeast cells. These results rule out the possibility of Ratl degrading unspliced

transcripts in budding yeast.

Ratl-dependent accumulation of unspliced mRNA can also be due to an indirect
effect of Ratl function in termination or elongation of transcription. We have three lines
of evidence that unspliced transcripts are not produced because of defective termination
in Ratl mutants. First, unspliced transcripts were polyadenylated in ratl-1 as well as
Ratl1-AA cells. Second, in the mutant of CF1 subunit Rnal4, which affects the cleavage-
polyadenylation step of termination, the amount of unspliced transcripts was similar to
that in isogenic wild type cells. Third, in the absence of Ratl interacting partner Rail,
which is not a termination factor itself but affects dissociation of the polymerase from the
template by stimulating 5'—3' exoribonuclease activity of Rat1, there was absolutely no
increase in the level of unspliced mMRNA over the wild type control. Our results also
demonstrate that generation of the unspliced transcript is not the result of increased
elongation rate associated with the ratl-1 mutant. In Rat1l-AA strain, no reduction of
polymerase signal over the intronic region was observed, thereby strongly suggesting that
there was no decrease in pausing of the polymerase while transcribing the intronic region

when Ratl is nuclear depleted.

The results discussed above give credence to the hypothesis that Ratl is playing
a direct role in splicing of mMRNA in budding yeast. We have three pieces of experimental
evidence in support of involvement of Ratl in splicing. First, genomewide ChIP analysis

found Ratl crosslinked to the intronic region of a number of intron-containing yeast genes.
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We expect a factor with a direct role in splicing to contact the intron. Since splicing occurs
cotranscriptionally, any protein that is involved in splicing gets indirectly crosslinked to the
intronic regions on the gene through its direct contact with the transcribing RNA and the
polymerase. Second, mass spectrometric analysis of tandem-affinity-purified Ratl found
at least five splicing factors, Sub2, Isy1, Prp43, Yju2 and CIf1, in the purified preparation.
Three of these splicing proteins, CIf1, Isyl and Yju2, are a part of the NineTeen complex
that helps in activation of the assembled spliceosome. Third, recruitment of Prp2, an
essential DEAD-box containing splicing factor in yeast, onto the intron is compromised in
the absence of a functional Ratl in the cell. On the basis of these results, we propose
that Ratl has a novel role in splicing of precursor mRNA in budding yeast. Ratl, however,
is not an essential splicing factor as splicing of less than 50% of intron containing genes
is dependent on Ratl. Ratl ChIP-Seq analysis revealed 105 out of 280 genes analyzed
in the study showing crosslinking of Ratl to introns. All the genes that exhibited intronic
Ratl occupancy, however, are not dependent on the protein for removal of their introns.
We believe that there are other factors that determine if Rat1 localization on the intron will
require it to complete the splicing reaction. In C. elegans, several genes that exhibited 3'
end occupancy of Ratl did not require Ratl for termination. Whether Ratl facilitated
termination was dictated by the promoter of the gene. A similar mechanism might be
determining if intron-bound Ratl plays a role in splicing in yeast. It is possible that either
the promoter or terminator region of the gene determines the Ratl-dependence on
splicing. Even considering the genes that require Ratl for splicing, there is no complete
loss of splicing in the absence of Ratl. On average, there is 40-80% decrease in splicing

efficiency in the absence of Ratl for the genes that require it for removing an intron. These
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data suggest that Ratl is not an essential splicing factor but has a rather stimulatory effect

on the splicing process.

We searched for features of introns that made them dependent on Rat1 for efficient
splicing. The 105 Ratl-occupying introns, which are relatively more dependent on Ratl
for splicing, were found to be approximately four-times longer in size compared to introns
showing no Ratl occupancy. The longer size of Ratl-crosslinked introns was not due to

a longer distance between the branchpoint and 3’ splice site, but due to a longer distance
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Figure 2. 15 Model for Ratl role in cotranscriptional splicing. Ratl promotes cotranscriptional
splicing leading to formation of mature mRNA. At intronic sites, Ratl coordinate with components
of NineTeen complex (CIf1, Isyl, Yju2,) and helicase (Sub2 and Prp43) that are known splicing
factors. In the absence of Ratl, loss of coordination between Ratl and splicing factors results in
the increase levels of unspliced transcripts.

between the 5' splice site and branchpoint. These data suggest that Ratl probably has a
role in stabilizing the interaction of the branchpoint with 5’ splice sites of long introns,
which is critical for the first transesterification reaction. We propose that Ratl is able to

do so due to its interaction with NineTeen complex as shown in the Figure 2.15.

Apart from Prp2, Ratl is known to exhibit a genetic interaction with at least four

splicing factors; Msl5, Yhcl, Sub2 and Prp46, in yeast thereby corroborating the notion
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that Ratl is a splicing factor (Bousquet-Antonelli et al., 2000; Costanzo et al., 2016;
Gonzalez-Aguilera et al., 2008). A logical question is if Ratl homolog Xrn2 plays a similar
role in splicing in higher eukaryotes. Xrn2 is a component of in vivo assembled, purified
splicing complexes in human HelLa cells and chicken DT-40 cells (Chen et al., 2007).
These purified supraspliceosomes contained all five U-snRNPs and other known splicing
proteins. In addition, they identified some novel proteins that are not known to play any
role in splicing. Xrn2 was one such protein that was present in both human and chicken
supraspliceosomes. The supraspliceosomes did not contain any other termination factor
besides Xrn2. The possibility of Xrn2, like Ratl, playing a role in splicing of a subset of

introns in higher eukaryotes therefore cannot be ruled out.
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CHAPTER 3. COMPREHENSIVE ANALYSIS OF RAT1-INTERACTING PROTEINS IN

BUDDING YEAST

3.1 Abstract

Ratl was initially discovered as a protein involved in transport of poly(A)-containing
MRNA from the nucleus to the cytoplasm in budding yeast. Investigations over two
decades have implicated Ratl and its human homolog Xrn2 in several aspects of RNA
metabolism. These include steps in RNAPII-mediated transcription such as elongation,
termination, promoter-associated premature termination and upstream anti-sense
transcription. Furthermore, Ratl/Xrn2 function in the processing of several classes of
RNA including mRNA, rRNA, snoRNA, and miRNA. Involvement of Ratl/Xrn2 in a
multitude of nuclear processes suggests that the protein must be interacting with a variety
of protein partners associated. To understand the comprehensive biological function of
Ratl in budding yeast, we attempted biochemical purification of Ratl by Tandem Affinity
Purification (TAP) approach. Isolation of Ratl has been attempted before, but a very
limited set of factors were identified. Purification of Ratl using Rtt103 as a bait revealed
the existence of Ratl in a trimeric complex with Rtt103 and Rail. We attempted
purification using Ratl protein itself as the bait. Tandem-affinity purification followed by
mass spectrometry identified several Ratl-interacting proteins that can be broadly divided
into six classes. These are, termination factors, initiation factors, elongation factors,
RNAPII subunits, rRNA processing factors, and mRNA processing factors. Some of these
factors, like Rail and Pabpl, exhibit a strong interaction with Ratl suggesting that Ratl
is in a stable complex with these factors. However, other factors were in low abundance,

which suggests that these may be the transiently interacting factors involved in different
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steps of transcription and RNA processing. Presence of such a variety of factors in the

Ratl preparation explains the observed diversity in Ratl function in budding yeast.

3.2 Introduction

In general, the interactions of protein molecules in the cell can be broadly
categorized as stable or transient. Inside the cell, most of the proteins tend to bind other
molecules that they frequently run into because of their continuous state of random
thermal motions (Frauenfelder et al., 1991; Northrup and Erickson, 1992). These
collisions can result in the formation of noncovalent bonds between two proteins with
weak affinity towards each another, leading these proteins to interact transiently and
dissociate rapidly soon after. Many of the cellular processes including transcription, RNA
processing, and transport are regulated by such transient interactions (Westermarck et
al., 2013). These interactions are often regulated by post-translational modification of
proteins, such as phosphorylation, acetylation, methylation, glycosylation, ubiquitinylation
as well as by ligand-induced conformational changes in structure of protein (Filtz et al.,
2014; Prabakaran et al., 2012). The random collision events can also result in enough
noncovalent bonds to form a stable macromolecular complex. For instance, ribosome
consists of protein-protein as well as protein-RNA interactions that result in a stable
ribonucleoprotein complex (Staley and Woolford, 2009). Proteins that exhibit stable
interactions can be purified as multi-subunit complexes from the cell. Ribosomes, RNAPII,
TFIID and TFIIH represents a classic example of a stable complex that exists in the cell

(Bushnell and Kornberg, 2003).

The function of a protein is influenced by the chemical properties of its surface,

which is modulated by the conformation of the protein (Frauenfelder et al., 1991). This
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can help to precisely position amino acid residues or side chains that can dictate binding
of the protein to its ligand molecule. In addition, such conformation changes can also alter
the binding site of the substrate in the active center of the enzyme (Gunasekaran et al.,
2004). In order to understand the function of a protein at the system level in a cell, it is
crucial to identify its interacting partners or the protein within in the cell. The data from
such studies can be key to visualize an appropriate testable model to gain insight into the
mechanistic regulation of a step and/or the process, thus defining the function and
application of the protein in the cell. Further, proteomic analysis can aid not only to
characterize and confirm in vivo functional interactors of the protein in a complex but may
also help in discovering any unanticipated functional novel of the protein. Any identified
protein-protein interaction thus obtained must be verified by additional independent

approaches.

Traditionally, most of the studies to identify stable protein complexes often
employed multiple chromatographic separation procedures like anion-exchange, cation-
exchange, hydrophobic-interaction and size-exclusion chromatography (Coskun, 2016;
Porath, 1997). The proteins that copurify through multiple chromatographic steps or
sedimentation procedures are considered to be a part of a single complex (Dong et al.,
2008). Through these strategies, the protein complexes were identified one at a time and
sometimes experimental conditions were applied that were non-physiological, including
high salt conditions that restricted its applicability to purify only stably associated proteins
in a complex. The advent of gene manipulation and the use of epitope tagging has
revolutionized the isolation of protein complexes allowing researchers to identify both

stable and transient interacting partners of a protein. Affinity purification coupled with
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high-throughput mass spectrometry analysis have immensely aided in identifying protein
complexes that are both stable and transient in nature. In particular, TAP approach is one
of the most effective tool that currently exists to isolate protein complexes and it has been
widely used to predict protein interactome maps in budding yeast and other organisms

(Burckstummer et al., 2006; Gavin et al., 2002; Rigaut et al., 1999).

A previous report, that employed multiple chromatographic procedures to purify
Ratl from budding yeast, identified a 45 kDa polypeptide called Rail as a stable
interacting partner of Ratl (Stevens and Poole, 1995). Later, a large-scale proteomic
analysis validated the interaction of Ratl with Rail. This study used Rail as a bait protein
for purification (Gavin et al., 2002). TAP-approach coupled with mass spectrometry was
used to develop a proteomic map in budding yeast in this study. An interesting finding of
this endeavor was that Ratl is a part of another complex with twelve proteins when Rpl2A
is used as a bait. This complex was predicted to be involved in protein synthesis and
turnover. The existence of this complex, however, could not be independently verified by
other studies. Further, the study that defined the role of Ratl in termination in budding
yeast identified it in a complex with Rail and Rtt103 (Kim et al., 2004b). Rtt103 is a CTD-
interaction domain (CID) containing protein and was used as a bait for the affinity
purification in this case. The existence of the Ratl-Rail-Rtt103 trimeric complex was
further validated by another large-scale proteomic analysis (Krogan et al., 2006).
Extensive investigations over the years have suggested a role for Ratl/Xrn2 in diverse
cellular processes that are central to RNA metabolism. The biochemical purification of
Ratl in budding yeast has led to the identification of interacting partners that explains its

role in termination and RNA quality control. However, it is still not clear how Ratl functions
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in RNA processing of rRNA, snoRNA, and transcription elongation. It is logical to assume
that Ratl interacts with different proteins as well as substrates in order to achieve these
diverse set of functions related to RNA processing and metabolism. Thus, we believe that
a detailed proteomic analysis of Ratl will help to elucidate its function not only for the
previously established processes, but also in the newly proposed role in splicing of pre-

MRNA in budding yeast.

Xrn2 chromatin occupancy and its enzymatic activity in mammalian cells was
found to be regulated by Cdk9 (Sanso et al., 2016). Specifically, threonine-439 was the
target site that was found to be phosphorylated in this study. The findings from this study
are central to the argument that Ratl, in the context of chromatin, can undergo several
modifications which in turn regulate its enzymatic activity and occupancy on the
chromatin. Moreover, it can be argued that such posttranslational modifications of
Rat1/Xrn2 can also govern its transient association with other proteins, thereby allowing
it to function in different cellular processes. It is possible that Ratl interacts with different
set of proteins in different conditions or cellular environment which may extend the
functional repertoire of the protein. The knowledge of the interacting proteins of Ratl,
especially inside and outside the context of chromatin will help to greatly improve our

understanding of how Ratl activity is finely tuned to adapt to different cellular processes.

The rationale to investigate of interacting partners of Ratl, inside and outside the
context of chromatin, has been inspired from the previous studies that have attempted to
purify transcription factor TFIIH and Mediator complex. TFIIH is a multi-subunit complex

that consists of eleven subunits, of which seven belong to the core module, whereas three
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subunits are part of a dissociable TFIIK submodule. An initial attempt to purify native
TFIIH using a combination of chromatographic techniques led to the identification of the
core proteins, where the association of the kinase module TFIIK was lost (Chang and
Kornberg, 2000). This association was later identified when isolation of the complex from
the yeast cell extract was adopted under physiological conditions using affinity approach.
Specifically, Kin28, Ccll1, and Tfb3 were the three proteins that were identified to be a part
of the TFIIK complex (Gibbons et al., 2012). Similarly, the Mediator complex, a coactivator
of RNAPII-mediated transcription, was also found to contain a transiently associated
kinase subcomplex called the CDK8 module. Specifically, it was identified that Mediator
complex, which is comprised of 25 subunits in yeast can be purified in at least two distinct
forms, a stable associated structure of 21 bona fide proteins constituting the core complex
and another complex that contains both the core complex components with a 4-subunit
cyclin-dependent kinase 8 (CDK8) kinase module (Asturias et al., 1999; Davis et al.,
2002; Dotson et al., 2000; Taatjes et al., 2002). From these findings, it is clear that the
composition of Mediator complex in yeast varies greatly depending on the purification
strategy employed. Use of stringent conditions failed to detect transiently associated
proteins. Furthermore, these Mediator compositions are based on purification of the
protein from the soluble fraction. Mediator complex and some of its subunits strongly
interact with chromatin. An attempt to isolate Mediator from the chromatin fraction, without
the use of any crosslinking agent, led to the identification termination factors of CF1 and
CPF complexes as its novel, unigue interacting partners (Chereji et al., 2017). This result
is interesting as it provides strong supporting evidence towards the existence of a physical

interaction between promoter and termination bound factors, thus supporting the idea that
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a gene adopts a looped conformation during transcriptional activation. The functional role
of Mediator subunit Srb5 in termination was established long ago, which further supports
the data from this high through-put measurement of Mediator complex protein interactors
in the context of chromatin (Chereji et al., 2017; Mukundan and Ansari, 2011). In addition,
several other transcription factors exhibit functions that cannot be justified by their
currently known protein interactors. This demands the need to reexamine interactors of

transcription factors keeping in mind their role in the context of chromatin.

In this study we attempted to examine interactors of Ratl inside and outside the
context of chromatin using chromatin and soluble fractions, respectively. Our attempt to
identify Ratl interactors from chromatin fraction failed. From the soluble fractions, we
successfully isolated Ratl interacting partners with high confidence value. In our screen,
we identified many of the previously identified interactors of Ratl. These include Rail,
Rtt103, Grc3, and Lasl. In addition, we identified several novel interactors including the
one involved in different steps of RNAPII cycle. Lastly, we also identified splicing factors
CIf1, Yju2, Isyl, Sub2 and Prp43 in association with Ratl that explains the role of Ratl in

the splicing of pre-mRNA.

3.3 Results and Discussion

3.3.1 Purification of Ratl complex components by TAP-coupled mass spectrometry
To determine the native composition of the Ratl complex in S. cerevisiae, and to

address whether Ratl interacts and/or exists in multiple complexes, we adopted TAP-

approach (Rigaut et al., 1999). The affinity tag used in this procedure is referred to as a

TAP-tag as it allows two affinity/elution steps to isolate the protein of interest. In the first



74

Calmodulin binding site

e

TEV protease
cleavage site

Protein A
Binding

IgG
Sepharose
beads

TEV protease
cleavage [Elution]

EGTA elution

Figure 3. 1 Schematic overview for Tandem affinity purification. Protein A domain of the tag binds
to IgG Sepharose and subsequent elution using TEV protease in the first step. CBP (calmodulin
binding peptide) binds to Calmodulin Sepharose and the purified complex is eluted with EGTA
(adapted from Puig et.al., 2001). The elution at these steps are represented as Ea and Es,
respectively

affinity step, Protein-A tag of TAP-tagged protein is allowed to bind to the IgG-Sepharose
beads. The protein along with its interacting partners is eluted from IgG-Sepharose beads
by TEV protease. In the subsequent affinity step, CBP part of TAP-tag is allowed to bind
to Calmodulin-Sepharose beads in the presence of calcium. The elution from the second
affinity step is then achieved with a mild chelator EGTA (Figure 3.1). The endogenous
genomic loci of RAT1 was modified to express Ratl protein with a C-terminal TAP-tag.

The strain producing the TAP-tagged Ratl exhibits morphology and growth
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characteristics akin to the parent strain. The purification of Ratl from a two-liter culture
was attempted and the presence of Ratl was confirmed at every step using Western blot.
The bound proteins were eluted from the Calmodulin-Sepharose column using 3mM

EGTA in the form of five fractions of 200 pl each.
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Figure 3. 2 Purification of proteins interactors of Ratl from yeast strain with TAP tag inserted at
the C-terminus of Ratl gene. (A) Western blot analysis at the different steps of the purification
tracks Ratl before and after TEV cleavage step. Ratl is higher molecular weight prior TEV
cleavage (lane 1 and 2) compare to post TEV cleavage (lane 3-8). (B) Silver stained gel (10%
SDS-PAGE) showing the presence of proteins in the after TEV digestion (TEV eluate), flow
through from calmodulin binding step (CBFT), and five elution fractions (E1-E5) following
calmodulin binding step. High amount of proteins in TEV and CBFT represents considerable
contaminant proteins. Eluate fractions E2, E3, E4 represents elution Ratl and associated
proteins in a complex.

In order to examine, how Ratl can function in different cellular processes, we
analyzed Ratl-associated proteins from two different fractions, soluble and chromatin.
We reasoned that Ratl associated factors would be considerably different in the soluble
and chromatin fractions, with the possibility that the proteins associated with Ratl in the
chromatin fraction would be more representative of the functionally active complex. We

avoided using stringent high salt conditions for elution to prevent the dissociation of
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complex subunits during purification, and rather eluted Ratl complex from the chromatin
using DNase. The chromatin eluted fraction was subjected to affinity purification with Rat1
as the bait. Analysis of the protein from the affinity purified sample showed that the
coverage of bait protein, Ratl, was significantly lower in the preparation while background
was remarkably high making it difficult to identify the true interacting partners. Therefore,
we proceeded further with isolation of the Ratl complex from the soluble fraction. Three
independent grown cultures WT Ratl-TAP (test) and WT no-tag (control) were processed
and tested using silver staining and western blot analysis. Two preparations were

removed from the screen as the fraction obtained from second affinity purification step

were not homogenous in their purity determined by silver staining.

Termination
Rat1 233 100 % 0
Rai1 91 39.1% 0
Pab1 83 35.63% 3
Rtt103 7 3.0% 0
Reb1 19 8.2% 0
Polymerase
Rpb1 27 11.6% 0

Rpb2 21 9.0% 0



Rpb3
RPA190
Rpa135
Elongation
Paf1
Elp1
Elp3
Elp4
Spt6
Initiation
Tfgl (TFIIF)
Tfg2 (TFIIF)
Tafl2
Taf5
Taf6
Tafl
Tafl0
Ssl1
Splicing
Sub2

Isy1

30

17

15

13

21

23

20

14

25
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0.86%

12.9%

7.3%

6.5%

5.6%

2.15%

0.86%

9.01%

9.87%

2.14%

8.58%

6.0%

1.29%

1.72%

2.15%

3.87%

10.73%

0.86%
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Prp43 5 2.15%
Yju2 1 0.43% 0
CIf1 2 0.86% 0

rRNA processing

Las1 1 0.43% 0

Gre3 1 0.43% 0

PNO1 1 0.43% 0
Export

Dbp5 12 5.15% 0

Sub2 25 10.73% 1

Table 2 List of proteins identified in the affinity purified fraction of Ratl-TAP purification are sorted
and characterized in to six different classes that are related to RNA metabolism. The spectral
count of proteins is listed from the test (Ratl-TAP strain) and no-tag control (WT strain). Proteins
levels relative to Ratl for the test sample are listed.

The presence of Ratl was monitored through different steps of purification using
Western blot analysis (Figure. 3.2). Simultaneously, the composition of the proteins
associated with Ratl was confirmed by visualizing the eluted proteins by silver staining
(Figure 3.2). Mass spectrometry of the trypsin digested peptides from the pooled elution
fractions (E2-E4) was then used to identify the composition of the Ratl-complex. Proteins
present in the mock experiment, which was carried out in parallel with a strain lacking a
TAP tag on Ratl, served as a control to identify any non-specific contaminant. Proteins
that were identified by mass spectrometry as copurifying with Ratl can be sorted into six
functional categories that are listed in Table 2. Of these, four functional categories were

identified as proteins involved in different steps of the RNAPII transcription cycle,
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initiation, elongation, termination, and splicing. The remaining two functional categories

identified were rRNA processing and RNA export proteins.

3.3.2 Interaction of Ratl with termination factors of RNAPII transcription cycle

As mentioned earlier, few studies that investigated the role of Ratl in termination,
identified the protein in a complex with Rail and Rtt103 (Kim et al., 2004b; Pearson and
Moore, 2013). Validation of these interactions has been done using both in vivo as well
as in vitro approaches. It was proposed that Rtt103 is first recruited at the 3' end of the
gene as it contains a CTD interacting domain (CID) that interacts with the CTD of RNAPII
(Kim et al., 2004b). Specifically, the phosphorylation of the serine-2 and threonine-4
residues on the CTD signals the recruitment of Rtt103. Ratl is believed to be recruited at
the 3' end of a gene through the interaction of the Rtt103 subunit with the CTD
(Jasnovidova et al., 2017; Kim et al., 2004b). The interaction between Ratl and Rail has
been reported with higher confidence in many studies, where it has been shown to
stimulate the exoribonuclease activity of Rat1 in degrading the RNA substrate that is 5'
monophosphorylated. In our analysis, we detected high peptide counts of 81 for Rail,
whereas corresponding peptide counts for Rtt103 were merely 5. The peptide counts of
Rail confirms the existence of a stable interaction between Ratl and Rail in the complex.
The lower peptide counts of Rtt103 in the purified fraction implies that there is a weak
interaction of Rtt103 with the complex. Although our data supports the previous studies
that have shown the existence of a trimeric complex between these proteins, it also gives

further insights into the strength of interactions that exist between these proteins. This
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also explains why many studies were unsuccessful in identifying Rtt103 as an interacting

partner as this transient interaction can be easily lost during biochemical purification.

In addition, we identified a novel interactor of Ratlcalled Pabl or poly(A)-binding
protein which binds poly(A) tail of mMRNA immediately after cleavage-polyadenylation
step. It needs further experimentation to understand how the Ratl-Pabl interaction
affects 3’ end processing of mRNA. Like Rat1, Pab1 contributes to multiple nuclear
processes related to mMRNA metabolism. In the termination step of transcription, Pabl
interacts with CFl subunit Rnal5, which is known to function in the cleavage and
polyadenylation of mRNA (Amrani et al., 1997; Minvielle-Sebastia et al., 1997).
Furthermore, role of Pab1l in regulating poly(A) tail length in vitro can be viewed as an
important step for efficient export of mMRNA into the cytoplasm (Brune et al., 2005; Dunn
et al., 2005). This leaves open the possibility that Ratl could be coordinating with Pabl

to influence either termination or mRNA export or both.

3.3.3 Interaction of Ratl with elongation factors of RNAPII transcription cycle

The Y657C mutant of Ratl exhibits synthetic lethality with the rpbl-E1103G
mutation, which is responsible for increased RNAPII elongation rate. However, the mutant
phenotype of Ratl is alleviated by rpb1-N488D and rpb2-10 mutations that lower the
elongation rate of RNAPII (Jimeno-Gonzélez et al., 2010, 2014). In addition, Ratl and
Rail were found in the screen to identify the components of the early elongation complex
that was purified using the Rpb3 component of RNAPII (Harlen and Churchman, 2017).
Our results show the presence of three RNAPII subunits, Rpbl1, Rpb2 and Rpb3 in the

purified preparation of Ratl. These suggests Ratl recruitment during transcription can be
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through its interaction with RNAPII subunits. This may explain recruitment of Ratl at the

5' end, gene body and 3' end of the gene in the absence of Rtt103.

Genetic interaction of Ratl with slow and fast elongating mutants of RNAPII
implicated Ratl in elongation step of transcription. There is, however, no evidence of a
direct physical interaction of the protein with elongation factors. Here, we demonstrate for
the first time, the interaction of Ratl with elongation factors Pafl, Elpl, Elp3, and Elp4.
Pafl copurifies with RNAPII and has been shown to play an important role in elongation
of transcription. Pafl is known to interact with four other proteins, Cdc73p, Ctr9p, Leolp,
and Rtflp (Krogan et al., 2006; Mueller and Jaehning, 2002). Pafl functions with Rtf1 to
modulate histone modifications on the chromatin template. Specifically, Pafl and Rtfl
can mono-ubiquitinylate H2B on K123 in yeast and introduce di- and trimethylation of
H3-K4 and H3-K79 (Laribee et al., 2005; Ng et al., 2003; Wood et al., 2003). Furthermore,
a component of COMPASS, Set2, associates with RNAPII during elongation in a Pafl-
dependent manner (Krogan et al., 2003). Like Pafl, we found interaction of Ratl with
elongator complex subunits as well. Elongator complex is comprised of a core subunits
Elpl, Elp2, Elp3, and a subcomplex of Elp4, Elp5, and Elp6. Elp3 is the histone
acetyltransferase enzyme of this complex. (Dong et al., 2015; Wittschieben et al., 2000).
Ratl interacts with Elp1, Elp3 and Elp4. The functional significance of Ratl-elongator

interaction needs further research.

In addition to its role in transcription elongation, Pafl has also been implicated in
termination step of transcription (Nordick et al., 2008). Specifically, Pafl makes contact
with multiple cleavage and polyadenylation factors, and accordingly was shown to play a

role in the 3' end formation of mMRNA (Van Oss et al., 2017). Our data showing the
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association of Ratl with Pafl would be important in understanding whether Ratl is
involved in influencing elongation of transcription with Pafl or alternatively, Pafl may

influence elongation which can affect the Ratl role in termination.

3.3.4 Interaction of Ratl with initiation factors of RNAPII transcription cycle

The crosstalk between the 5' and 3' end of the gene mediated through gene looping
can explain the physical association of promoter-bound factors with the termination
factors at the 3' end of the gene (O’Sullivan et al., 2004). However, it is still unclear how
these processes are interconnected. Studies have clearly shown that Ratl and its
homolog Xrn2 are not only present at the 3' end of the gene, but also at the 5' end of the
gene (Baejen et al., 2017; Brannan et al., 2012; Fong et al., 2015; Kim et al., 2004b;
Nojima et al., 2015). There have been a few speculations about the role Ratl can play at
the 5' end of the gene. Rat1 and Xrn2 both have been reported to degrade uncapped
RNA. In fact, Xrn2 is reported to associate with decapping factors Edc3, Dcpl and Dcp2
in the mammalian system (Brannan et al., 2012). In addition, it has been proposed that
Xrn2 is involved in the regulation of promoter-associated antisense transcription. The
mechanistic details of the process, however, are unclear. Although both Ratl and Xrn2
have been found localized to the 5' end of the gene, molecular interactions that facilitate
recruitment of Ratl to the promoter are absolutely lacking. Here we present evidence, for
the first time, that shows Ratl interacts with subunits of general transcription factors
TFIIF, TFIID, and TFIIH. Specifically, we identified interactions of Ratl with Tfgl and Tfg2
subunits of TFIIF; Tafl, Taf5, Taf6, Taf10, and Tafl2 subunits of TFIID; and the Ssll1

subunit of TFIIH in our screen. These interactions will help elucidate mechanistic details
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underlying the role of Ratl in limiting upstream anti-sense transcription and abortive

transcription of uncapped transcripts.

3.3.5 Interaction of Ratl with splicing factors

In yeast, Ratl exhibits genetic interactions with five different factors that are
involved in splicing; Prp2, Prp46, Msl5, Yhcl and Sub2 (Bousquet-Antonelli et al., 2000;
Costanzo et al., 2016; Gonzalez-Aguilera et al., 2008). All these proteins are required for
the formation of the catalytic spliceosomal complex, which implies that these factors
contribute to the first step of the splicing reaction. Yhcl is a subunit of UL snRNP that is
bound on the 5' SS. Msl5 is known to exist in a heterodimer with Msl2, and together they
are known to interact with U1 snRNP and patrticipate in the recruitment of U2 snRNP at
the branch point (Neubauer et al., 1997; Tang et al., 1997; Zhang and Rosbash, 1999).
The MsI5-Mud2 heterodimer is proposed to facilitate the recruitment of the DEAD-box
RNA helicase, Sub2. In coordination with another helicase Prp5, Sub2 functions to
promote the recruitment of U2 snRNP at the branchpoint region (Zhang and Green,
2001). Prp46 is one of the core components of the NineTeen complex that associates
during the first step of the splicing reaction (Albers et al., 2003). Prp2 is an ATPase, which
is required for spliceosome activation during the first transesterification step of the splicing
process (Kim and Lin, 1996). It has been demonstrated that unspliced transcripts in a
Prp2 mutant are stabilized to a greater extent when combined with Ratl mutation
(Bousquet-Antonelli et al., 2000). This study, however, did not perform a critical control,
that is, monitoring the presence of unspliced transcripts in the Ratl mutant alone, which
we have done in our study. In addition, metazoan Xrn2 has been shown to physically

associate with the splicing complex purified from human HeLa cells and chicken DT-40
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cells (Chen et al., 2007). In our analysis, we identified interaction of Ratl with five splicing
factors; CIf1, Yju2, Isyl, Sub2, and Prp43. CIfl, Yju2, and Isyl are the subunits of
NineTeen complex (NTC). CIf1 and Isyl are components of the core, whereas the Yju2
subunit is an accessory protein of NTC. CIfl is an essential splicing factor that serves as
a scaffold in spliceosome assembly during assembly of the tri-snRNP (U4 U5.U6) (Chung
et al., 1999). Like CIf1, Yju2 is also an essential splicing factor that functions during the
first transesterification step upon activation of the spliceosome. Shortly after the execution
of the first step of splicing, Yju2 has been shown to dissociate from the spliceosome (Liu
et al., 2007). The Isyl subunit of NTC is involved in maintaining splicing fidelity, both
during 3' splice site and branch site selection (Villa and Guthrie, 2005). Although NTC
associates with the spliceosome before the first step of splicing, it functions in both steps
of splicing through its core and accessory proteins (Fabrizio et al., 2009). This is
interesting as it provides some leads that can be investigated to understand how Ratl is
functioning in the process of splicing. The verification of the components identified in our
screen is currently under progress.
3.3.6 Interaction of Ratl with rRNA processing factors

Ratl has also been shown to function in the processing of rRNA in budding yeast.
Ratl has been identified previously to exist in a tetrameric complex with Las1, Grc3 and
Rail (Gasse et al.,, 2015). Lasl is an endoribonuclease that associates with the
polynucleotide kinase, Grc3, to function in processing the ITS2 site of pre-rRNA (Pillon et
al., 2017). Lasl and Grc3 exist in a stable complex and their interaction has been shown
to persist under high salt conditions. However, when the purification of the Las1-Grc3

complex was performed under less stringent conditions, two additional proteins Ratl and
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Rail were identified (Gasse et al., 2015). Notably in this study, purification was attempted
for all four proteins after overexpression. Thus, it can be argued that the endonuclease
complex of Las1-Grc3 detected with exoribonuclease complex of Ratl-Rail may not exist
in vivo. In our mass spectrometry data, we identified only one peptide hit for both Grc3
and Las1, supporting the view that these proteins may weakly interact with Ratl and Rail

and together they coordinate pre-rRNA processing in budding yeast.

3.3.7 Interaction of Ratl with proteins involved in RNA export

The first phenotype observed in the ratl-1 mutant was nuclear retention of poly(A)
containing RNA (Amberg et al., 1992). This suggests Ratl has a role in RNA trafficking,
however, the molecular mechanism behind this function has not been explored to date. It
is possible that Rat1l might affect binding of messenger ribonucleoproteins (MRNPS) that
are involved in export. Our data identified two DEAD-box helicases, Dbp5 and Sub2, that
are known to function in mRNA export. Dbp5 is an evolutionarily conserved protein that
functions in the rearranging and remodeling of mMRNPs through displacement of the
poly(A) binding protein, Nab2 (Tran et al., 2007). In addition to this, Dbp5 has been shown
to promote the release of Mex67 from the export mRNPs (Lund and Guthrie, 2005). Like
Dbp5, Sub2 has also been implicated in nuclear mRNA export. The TREX (transcription
and/or export) complex is composed of Sub2, Yral and the components of the THO
(Tho2, Hprl, Mftl, and Thp2) subcomplex, which is loaded onto RNA during transcription
(StraRer et al., 2002). The interaction of Yral and Sub2 is essential for mRNA export
(Strasser et al., 2000). However, the precise mechanism behind the regulation of this
process is not clear. Further investigation is needed to establish a potential link between

Ratl and these helicases in regulating mRNA export.
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In conclusion, the proteomic analysis of Ratl has led to the identification of diverse
set of stable and transient protein interactors that are involved in the multitude of nuclear
processes. The potential interacting partners of Ratl identified from this study can serve
as a useful link that can be investigated in future to determine the molecular mechanism

of these interactions.
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APPENDIX A: EXPERIMENTAL PROCEDURES
A.1  Cell Culture

A 5 ml culture was started in Yeast-Peptone-Dextrose (YPD) medium using
colonies from a freshly streaked plate. The culture was grown overnight at 30°C with
constant shaking at 250 rpm. All S. cerevisiae cell cultures were grown in YPD medium
unless otherwise stated. All strains except the temperature-sensitive mutants were
incubated at 30°C and 250 rpm. Next morning, the overnight grown cultures were diluted
1:100 in YPD broth and allowed to grow at 30°C with constant shaking until the desired
Aeoo Was reached. Cells were centrifuged at 1,860x g for 3 mins at 4°C and the cell pellets
were used further for the experiment.

A.1.1 Cell culture for Anchor-away experiment:

The starter culture Ratl-FRB-tagged strain was grown in YPD broth whereas
strains with plasmids expressing wild type (pRS415-WT-Ratl) or catalytically inactive
mutant of Ratl (pRS415-D235A-Ratl) were cultivated in synthetic complete media
without leucine. The cells were incubated overnight at 30°C and 250 rpm in an orbital
shaker. The cells from the starter cultures were added in 1:100 dilution to the respective
culture broths. Cultures were grown until Asoo 0.5-0.7 was reached. At this point, one-half
of the culture was treated with 1 mg/ml rapamycin and the other was left untreated. Both
the samples were grown for another 60 min. Cells were collected by centrifugation as
described above and used for RT-PCR, TRO and ChIP analysis.

A.1.2 Cell culture of temperature-sensitive strains
Temperature-sensitive mutants of Ratl (ratl-1) and Rnal4 (rnal4-1), were used

in this study. The overnight culture of these cells was obtained as described above except
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that cells were grown at 25°C. Next morning, the overnight culture was diluted 1:50, and
not 1:100 as is normally done, in YPD broth. The cells were grown with gentle shaking at
permissive temperature (25°C) until the Asoo reached 0.25 and 0.4 for ratl-1 and rnal4-
1 strains respectively. Cells were then transferred to non-permissive temperature (37°C)
for 3 hours (ratl-1) or 1 hr (rnal4-1). Cells were harvested at Asoo between 0.5-0.7 by
centrifugation at 3000 rpm for 3 mins at 4°C. Another cell culture of these strains was run
in parallel, incubated at permissive temperature (25°C) until desired Asoo 0.5-0.7 reached.
An isogenic wild type strain was subjected to similar growth conditions and the final cell
density was normalized considering the mutants strain cell density. The harvested cells
were used for RT-PCR, TRO and RIP analysis and were processed as described below
in the respective experimental sections.

A.2 Transformation:

For deleting genes, epitope tagging with either TAP or FRB or MYC, transformation
was carried out using heat shock, lithium acetate, polyethylene glycol (PEG) solution, and
dimethyl sulfoxide (DMSO) in order to achieve high efficiency. Cells were grown to an
Aeoo between 0.3-0.5, centrifuged at 1,860x g for 3 mins at 4°C and washed with 10 ml of
lithium acetate buffer. Cells were resuspended in 200 pl of lithium acetate buffer. 100 pl
of cells in lithium acetate buffer was transferred to microfuge tube with 5 pg plasmid DNA
or 20 pug PCR product. The DNA was mixed with cells by gentle tapping and incubated
for 5 mins at 25°C. The PCR product was generated using Advantage polymerase
enzyme and gene specific primers coupled with a tag or knock-out plasmid listed in
appendix C. After adding 280 pl of PEG solution, contents were mixed by vigorous

shaking and incubated for 45 mins at 25°C. 43 ul DMSO was added to the cells and briefly
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vortexed. Cells were subjected to heat shocked for 5 mins at 42°C and immediately
transferred to ice for at least 2 mins. Cells were then centrifuged at 1,377 x g for 30 sec
at 25°C. The resultant cell pellet was washed with 500 pl of sterile water. Cells were then
resuspended and plated on appropriate selection plates. Colonies that grew on the
selective media were further screened by colony PCR for positive transformants using
primers listed in appendix C. For transformation where kanamycin was used as a
selective marker, cells were incubated for two generation time in YPD at 30°C prior to
plating on selective media. A 5' gene-specific primer and a 3' reverse primer within the
tag was used to confirm that the DNA coding for the tag was inserted at the correct
genomic position. For validation of a gene knockout, forward and reverse primer designed
in the upstream and downstream regions of the open reading frame were used.
A.3  Cloning

pRS314 WT Ratl and pRS314 D235A Ratl were kindly gifted by Dr. Claire Moore.
The vector backbone contained a TRP selection marker, which restricts the usability of
this vector in the anchor away strain. Therefore, we cloned WT Ratl and D235A Ratl
from the vector pRS314 to pRS415 vector which carries a LEU marker. Restriction
enzymes Xhol and Notl were used to digest both vectors. The WT Ratl and D235A Ratl
fragments were excised from pRS314 WT Ratl and pRS314 D235A Ratl vectors and
purified from the gel using NucleoSpin Gel Clean-up kit (Clonetech). The gel purified
WT/D235A RAT1 fragments were ligated to Xho1-Notl digested pRS415 by Quick ligase
(NEB). The ligation mixture was transformed into E. Coli DH5a and transformants were
selected on 2xYT-ampicillin plates. The positive transformants were confirmed by

sequencing and restriction digestion.
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A.4 RT-PCR

Cells were grown and processed as discussed in the section A.1. Cells were
washed with 5 ml DEPC (Diethylpyrocarbonate) treated water. Cells were resuspended
in 500 pl of Trizol and transferred to the lock top tubes. To this tube, 250 ul of acid washed
glass beads were added. Cells were lysed on a vortex machine for 40 minutes at 4°C.
Using a 22-gauge needle, the tubes were then punctured at the bottom and drained into
2 ml tubes by centrifugation at 8,600 x g for 1 min at 4°C. To the cell lysate, 500 pl of
Trizol was added and incubated for 5 minutes at room temperature. 200 ul of chloroform
was added and samples were vortexed briefly. Samples were centrifuged at 12,000 x g
for 15 minutes at 4°C. The aqueous layer containing RNA was carefully transferred to a
new 1.5 ml eppendorf tube. 500 ul of isopropanol was added and tubes were incubated
for 10 minutes at room temperature. RNA was pelleted by centrifugation at 12,000 x g for
10 minutes at 4°C. The RNA pellet was washed with 75% ethanol by centrifugation at
12,000 x g at 4°C for 10 mins. The pellet containing RNA was air dried for 5 mins,
resuspended in 195 pl of 1x DNase buffer. The samples were treated with 50 U DNase
for 30 mins at 37°C. Sample were digested with 100 ug Proteinase-K for 30 mins at 37°C.
RNA was purified from this sample using phenol chloroform (pH 4.2) extraction. The RNA
was precipitated by ethanol precipitation using glycogen as a carrier. RNA pellet was
collected by centrifugation at 16,168 x g for 10 minutes at 4°C. RNA was air dried for 5
mins and resuspended in 52 pl of RNase-free water. The concentration of RNA was
measured using a nanodrop. 2 pg/ul of RNA was used for cDNA synthesis using M-MuLV
reverse transcriptase with oligo-dT and 5S 3' primers, respectively. cDNA was diluted ten

times prior to step of PCR amplification by Tag DNA polymerase. The gene specific
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primers used for PCR reaction are listed in appendix C. Each PCR was normalized
against the 5S ribosomal RNA control. In parallel, a negative control without reverse
transcriptase enzyme was run to ensure DNA contamination is not contributing to any

RT-PCR signal.

A.5 Transcription Run-On Assay (TRO)

Cells were grown and processed as discussed in the section A.1. The transcription
run-on assay was performed as described with few modifications. Briefly, the cell pellet
was washed with 10 ml of ice cold TMN buffer and resuspended in 940 ul of ice-cold
DEPC treated water. Cells were permeabilized by using 1% sarkosyl and incubated in an
ice pack on a nutator for 25 minutes at 4°C. Cells were pelleted by centrifugation at 1,200
x g for 6 min at 4°C. In vivo transcription elongation was then performed in 150 pl of
transcription run-on buffer at 30 °C for 5 minutes. The transcription reaction was
immediately stopped by the addition of 500 pl of ice-cold Trizol reagent. Cells were then
lysed with 250 pl acid-washed glass beads for 30 mins using a vortex at 4 °C. The tubes
were punctured at the bottom using a 22-gauge needle and the lysate was collected into
a 2.0 ml tube by centrifugation at 8,600 x g for 1 min at 4°C. 500 pl of Trizol was added
and the lysate was incubated at 25°C for 5 mins. 200 pl of chloroform was added and the
tubes were vortexed briefly and centrifuged at 12,000 x g for 15 mins at 4°C.
Approximately 700 pl of aqueous layer containing RNA was transferred to a new
microfuge tube. Equal volume of phenol/chloroform/isoamyl alcohol (125:24:1) pH 4-5
was added to the samples. Samples were vortexed briefly and centrifuged at 16,168 x g
for 15 mins at 4°C. The aqueous layer containing RNA was transferred to a new microfuge

tube. RNA was precipitated with 1/16th volume of 5M NaCl and 2.5 volumes of 100%
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ethanol and incubating the samples overnight at -20°C. RNA from the samples was
collected by centrifugation at 16,168 x g for 15 mins at 4°C. RNA pellet was washed once
with chilled 70% ethanol and resuspended in 100 pl of RNase-free water. The RNA
obtained that represents total RNA was purified using the Qiagen RNeasy kit and eluted
twice with 50 pul of RNase-free water as per manufacturer protocol. The eluted RNA was
incubated at 65°C for 5 mins to remove secondary structure. Following which, it was
cooled on ice for at least 2 mins and used in immunoprecipitation step below in order to
selectively purify BrdU-labelled nascent transcripts from the total RNA.

For immunoprecipitation step, a bed volume of 25 ul Anti-BrdU conjugated agarose
beads was washed thrice with 500 pl of binding buffer by centrifugation at 200 x g for 30
sec at 4 °C. Supernatant was removed and discarded. To reduce non-specific binding,
beads were incubated with 500 ul of blocking buffer on nutator for 1 hr at 4 °C. Beads
were washed twice using 500 pul binding buffer. Beads were then resuspended in 400 pl
of binding buffer. The total RNA purified described above was added to the Anti-BrdU
conjugated agarose beads and incubated for 2 hours at 4 °C. The unbound RNA was
removed by centrifugation at 200 x g for 30 sec at 4 °C. Beads were sequentially washed
with 500 pl binding buffer, 500 ul low salt buffer, 500 pl of high salt buffer and 500 pl TET
buffer. RNA was eluted with 250 pl of elution buffer twice by incubating at 42°C for 5 mins.
Samples were subjected to phenol chloroform extraction, centrifuged at 16,168 x g for 15
mins at 4°C to obtain an aqueous layer containing RNA. The aqueous layer was
transferred to a new 1.5 ml microfuge and RNA was precipitated with 0.1 volume LiCl and

2.5 volume of 100% ethanol overnight. Samples were centrifuged at 16,168 x g for 20
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minutes at 4°C to collect RNA in the pellet. RNA was resuspended in 26 ul of RNase-free
water and the concentration of the RNA was determined using nanodrop.

500 ng/pl of RNA was utilized for cDNA synthesis with Superscript IV reverse
transcriptase with oligo-dT and 5S 3' primers. cDNA was diluted five times prior to use as
a step in PCR amplification using Platinum SuperFi DNA polymerase. The gene specific
primers used for PCR reaction are listed in appendix C. Each PCR was normalized
against the 5S ribosomal RNA control. A sample without reverse transcriptase enzyme

was run in parallel as a negative control.

A.6 Chromatin Immunoprecipitation (ChlP)

100 ml of cell cultures were treated with 1% formaldehyde and 20mM DSG in 1X
PBS with constant shaking for 20 minutes at 25°C. Crosslinking was quenched by the
addition of 125 mM glycine and the samples were incubated for 5 minutes at 25°C. Cells
were transferred to 50 ml conical tubes and pelleted by centrifugation at 1,860 x g for 3
minutes at 4°C. Cells were washed with 10 ml of TBST and the cell pellets were
resuspended in 500 pl of FA-lysis buffer. The resultant mixture was transferred to 1.5 mi
lock top tubes, flash-frozen in liquid nitrogen, and stored at — 80°C. Cell were lysed using
~250 pl volume of acid washed glass beads and vortexed for 40 minutes at 4 °C. The
tubes were punctured with a 22-gauge needle and lysate was drained into a 2.0 ml tube
by centrifugation at 8,600 x g for 1 minute at 4°C. Samples were centrifuged at 16,168 x
g for 30 minutes at 4°C to collect the chromatin pellet. The pellet was washed with 500 pl
of FA-lysis buffer. The pellet was then resuspended in 1 ml FA-lysis buffer, transferred to
a 15 ml tube, and then the volume was adjusted to 4 ml using FA-lysis buffer. Chromatin

was fragmented to yield DNA of ~400 bp by sonication (Branson digital sonifier) in an ice
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water bath at 25% duty cycle using 20 second pulses followed by 20 second rest, for a
total sonication time of 15 minutes. The sonicated lysate was then transferred into 2.0 ml
tubes and centrifuged at 16,168 x g for 15 minutes at 4°C. The resultant supernatant that
represents solubilized chromatin was pooled together and used for the
immunoprecipitation in the next step. At this point 50 pl of solubilized chromatin was set
aside as input.

Immunoprecipitation of Ratl-TAP was performed using IgG Sepharose 6 Fast
Flow for 3 hours at 4°C. 20 ul of IgG Sepharose were washed twice with 500 ul of FA-
lysis buffer. For Immunoprecipitation of Rat1l-TAP, 500 ul of the solubilized chromatin
sample was used and binding step. Incubation was carried on a nutator for 3 hours at
4°C. The samples were centrifuged at 1000 rpm for 30 sec at 4°C. The supernatant was
then removed and the beads with immunoprecipitated chromatin was subjected to a
series of washing steps.

For the immunoprecipitation of Prp2-Myc, 400 pl of the solubilized chromatin was
pre-incubated with 5 pl Anti-Myc antibody (RNO16M) in a 1.5 mL lock top tube for 2 hours
at 4°C. 20 pl of Magnetic Dynabeads Protein A was prewashed two times prior to use.
Antibody-antigen complex was captured on magnetic Dynabeads (1001D) by incubating
at room temperature for 15 minutes. The tubes were placed on a Thermo Scientific Magjet
rack, and supernatant containing unbound antigen and antibody was discarded. After

removing the supernatant, the beads were subjected to a series of washing steps.

The washing of the immunoprecipitated sample was performed using 500 ul of the
following buffers for 1 min in sequential order: FA-1 lysis buffer, FA-2 lysis buffer, FA-3

lysis buffer, ChIP wash buffer and 1x TE. After removing the supernatant from the final
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wash, beads were resuspended in 100 pl of 1x TE and transferred to a new 1.5 ml lock-
top microfuge tube. The supernatant was separated from beads by centrifugation
(Sepharose beads) or on magnetic rack (Dynabeads). Bait protein bound to the DNA

complex was eluted twice for 5 mins at 65°C with 150 pl of elution buffer.

At this step, input fraction and the elution from the immunoprecipitated chromatin
were processed as described below. Eluted samples and input were subjected to 5 pl
RNase A and incubated at 37 °C for 30 mins. The proteins in the samples were digested
using 100 pg Proteinase K at 37°C for 30 mins. Crosslinking was reversed by incubating
the samples in a 65°C water bath overnight. Phenol chloroform (pH 7.5) extraction was
performed twice to purify DNA. After phenol chloroform precipitation was completed,
ethanol precipitation was performed to precipitate the DNA. The resultant DNA pellet was
air dried for 5 minutes. The IP samples were resuspended in 52 pl of 1x TE and the input
samples were resuspended in 102 pl of 1x TE. Purified DNA from the input and IP fraction
were used as a template for PCR using the primers that were selected based on the
region of the APE2 gene. The primers used for ChIP-PCR analysis are listed in appendix
C. The association of a protein to a given genomic region was expressed as ChIP over

input ratios.

A.7 Data mining and re-analysis of published datasets

Published ChiIP-Seq analysis dataset from the study by Baejen et al. (2017) was
obtained through the Gene Expression Omnibus (GEO), GSE79222. Raw reads were
further processed and analyzed using the Galaxy web platform. Raw reads (50 bp paired
end reads) were aligned to the S. cerevisiae genome (sacCer3, version 64.2.1) using the

Bowtie (version 2.3.4.2) (Langmead and Salzberg, 2012) using the parameters described
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in Baejen et.al., (2017). To normalize and compare two BAM files and obtain a log: ratio
of IP/Input in the form of a bigwig file, bamCompare (Galaxy Version 3.1.2.0.0) in
deepTools (Ramirez et al. 20116) was used. The aligned reads with MAPQ smaller than
7 (-q 7) were skipped. Signal extraction scaling (SES) factor was used for scaling and
establishing ChIP enrichment profile over log2 scale with the options: —| 100 —n 100000
and the bin size of 20. The subsequent data in the bigwig file was selectively enriched for
the genomic regions in the BED file using computeMatrix function (Galaxy Version
3.3.0.0.0). Specifically, three BED files were used in this study, 280 intron containing
genes with TSS and TES coordinates, 280 intron containing genes with intron start and
intron end coordinates, and 2392 non-intronic genes with TSS and TES coordinates.
Heatmap was plotted to visualize the score distributions of the transcription factors or
RNAPII enrichment associated with genomic regions specified in the BED files using the
plotHeatmap (Galaxy Version 3.3.0.0.1). The metagene plot of the transcription factors
and RNAPII was drawn with the plotProfile function (Galaxy Version 3.3.0.0.0).
A.8 RNA Immunoprecipitation

Mutant strain ratl-1 was cultured and processed as discussed in the section A.1.
RNA was isolated from these cells as described in the section A.3. 2 ug/ul of RNA was
set aside as input that was used to quantify the total amount of spliced and unspliced
RNA in the samples. Briefly, cDNA synthesis of 2 pg/ul of RNA was performed using
Superscript IV reverse transcriptase and oligo-dT 3' primer. cDNA was diluted five times
prior to use as a step in PCR amplification using Platinum SuperFi DNA polymerase. The

gene specific primers used for PCR reaction are listed in appendix C.



97

The immunoprecipitation of the capped transcripts was performed by incubating 4
ul of Anti-7-methylguanosine (m’G)-Cap mAb (RN016M, MBL) with 40 ug of total RNA
adjusted to the total volume of 400 pl using RNA-IP binding buffer. 15 pl of magnetic
Dynabeads (1001D) were prewashed with RNA-IP binding buffer twice prior to use. The
immunoprecipitation complex was added to the beads and incubated on a nutator for 12
minutes at room temperature. The beads were separated from the sample using Thermo
Scientific Magjet rack and supernatant was discarded. The beads were washed three
times with 400 pl RNA-IP binding buffer. After the final wash, 100 pl of binding buffer was
added, mixed to resuspend the beads, and transferred to a new 1.5 mL lock top tube. The
buffer was removed as described above. Capped RNA bound to the Anti-7-
methylguanosine (m’G)-Cap mAb was released by 100 pl of elution buffer. Tubes were
kept on a nutator for 5 minutes at room temperature, the beads were separated using
magnetic rack and the supernatant containing capped RNA was transferred into a new
tube, subjected to phenol-chloroform (pH 4.2) extraction. RNA was precipitated using 0.1
volume of 3M sodium acetate, 2.5 volume of 100 % ethanol and glycogen as a carrier.
The RNA pellet was collected by centrifugation at 16,168 x g for 10 minutes at 4 °C, air-
died and resuspended in 16 pl of RNase-free water. The concentration of RNA was
determined using nanodrop. Around 200 ng/ul of RNA was used for cDNA synthesis by
M-MuLV reverse transcriptase and 3' oligo-dT primer. cDNA was diluted two times prior
to PCR amplification. The gene specific PCR primers used are listed in appendix C. A
negative control without reverse transcriptase enzyme was carried out in parallel to rule
out the possibility of DNA contamination.

A.9 Quantification:
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The quantification was performed with gel densitometry as described in (El Kaderi

et al., 2009).

A.10 Preparation of soluble and chromatin-bound protein extracts

The Ratl-TAP and an isotype no-tag control strains were cultured in YPD media
to an Asoo Of 4. Two liters of each cultures were harvested by centrifugation at 5000 rpm
for 5 minutes at 4°C. Cell pellets were washed with 1XTBS and resuspended in 15 ml of
lysis buffer. The resultant cell suspension was added dropwise to liquid nitrogen filled 50
ml conical tube and stored at -80 °C.

Lysis of the frozen cell beads was performed in Retsch MM301 mixer mill. The
mixer mill chamber and stainless-steel ball were chilled in liquid nitrogen before use. The
frozen cell beads and stainless-steel ball were transferred to chambers, secured properly
and placed on the holder on the mixer mill. The mixer mill was set for 3 mins cycles at 15
Hz. Lysis was performed by repeating this cycle for 15 times. After each cycle, the
chambers were unfastened from the holder and submerged into liquid nitrogen to ensure
that frozen cells are not thawing. After completion of 15 lysis cycles, lysed cells were
scrapped from the chambers and transferred to a 50 ml conical tube. An additional 15 ml
of lysis buffer was added to obtain a paste of lysed yeast cells. This suspension was
centrifuged at 5000 rpm for 10 mins at 4°C to remove cell debris. Supernatant represents
the whole cell extract. The segregation of soluble extract and chromatin-bound protein
extract from the whole cell extract was performed with slight modification of the procedure
described in Svejstrup et al., (2003). The whole cell extract was centrifuged in Ti45 rotor
at 42,000 rpm for 90 mins at 4°C. The supernatant is carefully transferred to a new tube

and labelled as ‘soluble fraction’ and stored at -80°C until further use. The grayish brown
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pellet is resuspended in 15 ml of lysis buffer by gentle pipetting without introducing air
bubbles. 2mM CaCl2 and 300 U DNase was added, and the sample was incubated on ice
for 2 hours. After DNase digestion, samples were centrifuged in Ti45 rotor at 42,000 rpm
for 90 minutes at 4°C. The supernatant composed of ‘chromatin fraction’ was frozen at -

80°C until further use. The pellet is composed of insolubilized matter and is discarded.

A.11 Tandem Affinity Purification

The Ratl complex was purified as described in Puig et al.,, 2001 with slight
modifications. Immunoprecipitation was carried out in the Poly-Prep® Chromatography
Columns (BIORAD). In the first affinity purification step, 600 pl of IgG Sepharose® 6 Fast
Flow bead suspension was taken into a column and washed once with 10 ml of IP binding
buffer. The soluble or chromatin fraction from the step described above in A.10 is added
to the column and incubated with the beads on a nutator for 3 hours at 4°C. Washing and
elution steps were performed by gravity flow. The unbound sample was drained and a
100 pl aliquot of this sample is set aside as flow through. Protein and its interacting
partners bound to the beads are washed thrice with 10 ml wash buffer to ensure that any
unbound proteins are not carried forward in the analysis. A wash with 10 ml of TEV
cleavage buffer was followed to equilibrate beads with the buffer for TEV cleavage step.
Cleavage at TEV site in TAP tag was carried out using 160 units of TEV protease (MC
Labs) in 1 ml of TEV cleavage buffer. The column was incubated at 16°C for 2 hrs. The
eluate from this enzymatic elution step is collected into a new tube. An additional 500 pl

of TEV cleavage buffer was added to collect 1.5 ml of the total eluate from this step.

300 pl of Calmodulin-Sepharose 4B (GE healthcare) bead suspension was

equilibrated with 10 ml of calmodulin binding buffer. To the previously collected TEV
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eluate, 4.5 ml of calmodulin binding buffer and 4 mM CacClz was added. This sample is
then transferred to a column that contains equilibrated Calmodulin-Sepharose 4B beads.
The binding step was carried out for 2 hours at 4°C. Unbound proteins were drained from
the column under gravity and 500 pl was set aside as flow through from calmodulin
binding step. Protein captured on Calmodulin-Sepharose 4B were washed thrice with 10
ml of Calmodulin binding buffer. The bound proteins and their associated partners are

eluted in five fractions of 200 pl using calmodulin elution buffer.

A.12 TCA precipitation

Trichloroacetic acid (TCA) precipitation is a method used to concentrate proteins
in a dilute solution. To the eluate fractions from the Calmodulin-Sepharose 4B column,
TCA was added to a final concentration of 30%. The sample was incubated at 4°C for 2
hours on ice. Samples were then centrifuged at 15,700x g for 30 minutes at 4°C to pellet
proteins. The supernatant was carefully removed, and any traces of TCA were removed
by spinning again at 15,700x g for 1 minute at 4°C. The TCA precipitated protein pellet
was washed with 500 pl of 100% acetone. The acetone washed pellet was air-dried at
room temperature for 10 minutes and then resuspended in 40 pl of resuspension buffer
(100 mM Tris-HCI pH 8.8, 1% SDS).
A.13 SDS -PAGE and WESTERN BLOTTING

Protein samples containing 1x Laemmli buffer were heated at 95°C for 5 mins prior
to loaded onto 8% or 10% polyacrylamide gels. The proteins were separated based on
the molecular weight by SDS-PAGE at 220 volts. Proteins from the gel were transferred
to a polyvinylidene difluoride (PVDF) membrane using a Trans-Blot Turbo Transfer

System (BIO-RAD). Following transfer, the membrane was submerged in 100% methanol
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and then dried at room temperature. The non-specific protein binding sites on the
membrane were blocked by incubating in 5% nonfat dry milk in IxTBST for 1 hr. The
membrane was probed for the bait protein with specific primary antibody for 1hr at room
temperature. Primary antibody solution was prepared in 1XTBST containing 5% nonfat
dry milk as per the manufacturer recommended dilutions. Following this step, membrane
was washed thrice with 1XTBST for 5 mins. A secondary antibody conjugated to HRP-
enzyme that can detect primary antibody was incubated with the membrane for 1 hr at
room temperature. Secondary antibody was prepared in 1XTBST, 5 % non-fat dry milk
with 3 pl secondary antibody. The membrane was then washed thrice with 30 ml of 1x
TBST for 5 mins. Each membrane was then covered in SuperSignal West Pico
Chemiluminescent Substrate (Thermo Scientific) for 5 mins. The membrane was
removed, placed in plastic wrap and sealed. The blots were exposed to X-ray films for

different time and the signals were recorded.

A.14 Silver Staining

Silver staining was performed to visualize protein bands present in the eluate
fraction after the second affinity purification step in the Tandem Affinity Purification
approach (TAP). The enrichment of the bait protein, Ratl, and its associated interacting
partners were monitored after each step in the two steps of affinity purification. The
electrophoresed gel was fixed in 150 ml solution of 50% methanol and 5% acetic acid by
gently shaking the gel at room temperature for 20 min. The gel was then washed with 150
ml 50% methanol, followed by washing with water for 10 mins. Both steps were carried
out on a shaker at room temperature. The gel was sensitized in a solution containing

0.02% sodium thiosulfate for 1 min at room temperature. The gel was rinsed for 1 min
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with 150 ml of water and incubated in 0.1% silver nitrate and 0.08% formaldehyde for 20
mins on a shaker. The gel was further rinsed twice with 150 ml of water to remove
unbound silver nitrate. The protein bands were visualized using a developer solution that
comprised of 2% sodium carbonate and 0.04% formalin (37%). The developer was
replaced once solution turns yellow. The bands were allowed to develop until the desired
intensity was obtained. The developing reaction was stopped by washing the gel for 10
min with 150 ml 5% acetic acid. The gel was washed with water once before recording
the image on ChemiDoc MP (BIO-RAD). Three independent grown cultures WT Ratl-
TAP (test) and WT no-tag (control) were processed and tested using silver staining and
western blot analysis. Two preparations were removed from the screen as the fraction
obtained from second affinity purification step were not homogenous in their purity
determined by silver staining.
A.15 Mass Spectrometry analysis

Three fractions of the proteins eluted from the Calmodulin-Sepharose column were
pooled together and submitted to the proteomic core facility at Wayne State University.
The processing of samples from the WT Rat1-TAP (test) and WT no-tag (control) samples
were performed at the proteomic facility as described below. Further, in order to gauge
the background contamination due to sample processing, a background (bkg) tube
without protein was processed in parallel with the sample tubes. Samples were
precipitated with two volumes of ice-cold 100% methanol in 1 mM acetic acid at -20°C
overnight. The next day, samples were spun at 17,000x g for 20 min at 4°C and the
supernatant was removed. The resulting pellets were rinsed with 100 pl methanol-acetic

acid. Samples were dried in Speed-Vac for 3 min. The pellets were solubilized in 50 mM
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triethylammonium bicarbonate (TEAB) using Qsonica sonicator, then reduced with 5 mM
DTT and alkylated with 15 mM iodoacetamide (IAA) under standard conditions. Excess
IAA was quenched with an additional 5 mM DTT. The samples were then digested
overnight in 50 mM TEAB with sequencing-grade trypsin (Promega). The next day,
digests were acidified with 1% formic acid and a 10% aliquot of the supernatant was

analyzed.

The peptides were separated by reversed-phase chromatography (Acclaim
PepMap100 C18 column, Thermo Scientific), followed by ionization with the Nanospray
Flex lon Source (Thermo Scientific), and introduced into a Q Exactive™ mass
spectrometer (Thermo Scientific). Abundant species were fragmented with high-energy
collision-induced dissociation (HCID). Data analysis was performed using Proteome
Discoverer 2.1 (Thermo Scientific) which incorporated the SEQUEST algorithm (Thermo
Scientific). The Uniprot_Yeast Compl_20160407 database was searched for yeast
protein sequences and a reverse decoy protein database was run simultaneously for false
discovery rate (FDR) determination. The data files were loaded into Scaffold (Proteome
Software) for distribution. SEQUEST was searched with a fragment ion mass tolerance
of 0.02 Da and a parent ion tolerance of 10 PPM. Carbamidomethylation of cysteine was
specified in SEQUEST as a fixed modification. Deamidation of asparagine and glutamine,
oxidation of methionine, and acetylation of the N-terminus were specified in SEQUEST
as variable modifications. Minimum protein identification probability was set at <= 1.0%
FDR with 2 unique peptides at <= 1.0% FDR minimum peptide identification probability.

(0.5% protein decoy FDR, 0.16% peptide decoy FDR).

A.16 Spot Assay
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YFR1321 and YF1321 Ratl-FRB strains were incubated overnight at 30°C to
saturation and then diluted to the same Asoo (0.5 — 1.0). Serial dilutions were then made
before being spotted on drug-free or 1 pg/ul rapamycin YPD agar plates. These plates
were incubated for 48 hours at 30°C. The observation of the growth was recorded using

Kodak Gel Logic 200 system.
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APPENDIX B: LIST OF STRAINS

Strain Genotype Reference
[Winston et al.
FY23 MATa ura3-52 trp1A63 leu2A1 Yeast 11:53-56
(1995)]
ratl-1 | MATa ura3-52 leu2A1 trplA163 rat1-1 Ambig%gt al,
BY4733 | MATa his3A200 trp1A63 leu2A0 met15A0 ura3A0
MATa ura3-1 trpl-1 ade2-1 leu2-3,112 his3-11,15
rnal4-1
rnal4-1
ZAl MATa ura3-52 trp1A63 leu2A1 rtt103A:: TRP1 This study
ZA2 MATa ura3-52 trp1A63 leu2A1 rai1A:: TRP1 This study
ZD7 MATa ura3-52 trp1A63 leu2A1 RAT1-TAP::TRP1 This study
HHY 168 MATa ade2-1 trpl-1 canl1-100 leu2-3,112 his3-11,15 Haruki et al.,
ura3 torl-1 fprl::NAT RPL13A-2xFKBP12::TRP1 2008
MATa ade2-1 trpl1-1 can1-100 leu2-3,112 his3-11,15
ZD42 ura3 torl-1 fprl::NAT RPL13A-2xFKBP12::TRP1 RAT1- This study
FRB::kanMX6 [pFA6a-FRB-KanMX6]
MATa ade2-1 trpl-1 canl1-100 leu2-3,112 his3-11,15
ZD48 ura3 torl-1 fprl::NAT RPL13A-2xFKBP12::-TRP1 RAT1- This study
FRB::kanMX6 [pRS415, CEN LEU2 RAT1-WT]
MATa ade2-1 trpl1-1 can1-100 leu2-3,112 his3-11,15
ZD49 ura3 torl-1 fprl::NAT RPL13A-2xFKBP12:: TRP1 RAT1- This study

FRB::kanMX6 [pRS415, CEN LEU2 RAT1-D235A]
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D47

MATa ade2-1 trpl1-1 can1-100 leu2-3,112 his3-11,15
ura3 torl-1 fprl::NAT RPL13A-2xFKBP12::TRP1 RAT1-
FRB::kanMX6 RRP6KO::HIS3

This study

ZD63

MATa ade2-1 trpl-1 canl1-100 leu2-3,112 his3-11,15
ura3 torl-1 fprl::NAT RPL13A-2xFKBP12:: TRP1 RAT1-
FRB::kanMX6 XRN1KO::HIS3

This study

ZD64

MATa ade2-1 trpl-1 canl-100 leu2-3, 112 his3-11, 15
ura3 torl-1 fprl::NATRPL113A-2xFKBP1112:: TRP1
PRP2-13MYC::HIS

This study




C.1. RT Primers
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APPENDIX C: LIST OF PRIMERS

MRK1-F TGCAGTTGATCACATTGAAC
MRK1-R TACAACACCAAATGAACCATG
NMD2-F TACATTGGACAGAAATTATGG
NMD2-F ACCGTCACTATTATCTCTGATAG
APE2-F AATAGACGCCCTCTGTTCACAG
APE2-R GGTGTTCAATGTTACCGTATCA
STO-F GAAGGACAGAAGGTATATTGC
STO1-R ACCAATAGTGCGAATATCGG
LSB4-F TGGGTATCAATAATCCAATTCC
LSB4-R TGCTCTCCCTGAAAACAAG
RPS4B-F AGATACACCACTATTGAGG
RPS4B-R TGTGGACCAGCAGATGGTC
RPS14A-F ACAAGAACCCGCCATGTC
RPS14A-R ACCACCAGTAACTCTGGC
RPS9B-F ACTAAGCAACAATGCCAAG
RPS9B-R ACAAGTCTCTGGCAGCAC
RPS11B-F ACTGTTCAATCTGAAAGAGC
RPS11-R TACGGTGCATCTTGGTGG
5S rRNA-F GGTTGCGGCCATATCTAC
5S rRNA-R TGAGTTTCGCGTATGGTC
Oligo dT TTTTTTTITTTTITTTIITTITTTTT
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5S rRNA cDNA

TGAGTTTCGCGTATGGTC

C.2 ChIP primers

5'APE2 A GGCTTGGAACACCTAAGAAGA
3'APEZ A GATCGAAGTACCGTAGCACATC
5'APE2 B TCTAATAGGCAAAGCTCACC
3'APE2 B ACAGGCGTGACTAGTTTC

5'APE2 C AGCTTAACAAAGAAACAAGG
3'APE2 C AACTCAAAGGTCGGTAAC

5'APE2 D CTCTGGCTTTACATCAATGC
3'APE2 D TCAAATACTTGTTGACGACATC
5'APE2 E ATTTTGCCTTTTTATATAGTCAAGT
3'APE2 E TGTGCACGGGTTGAAATAAATG

C.3 Primers used in transformation

CTCGGAATAACAAGCAAAGTCGGTATGACAATTCAAGAGC
5' RAT1-C-TAP
AAATAGGCGTTCCATGGAAAAGAGAAGATG
AATTTGCGAAAACCTAAATTTACCATAAAATAAAATGCGCA
3' RAT1-C-TAP
CGAGTAGTTTAATACGACTCACTATAGGG
CTCGGAATAACAAGCAAAGTCGGTATGACAATTCAAGAGC
5' RAT1-FRB
AAATAGGCGT GGATCCCCGGGTTAATTAAC
AATTTGCGAAAACCTAAATTTACCATAAAATAAAATGCGCA
3' RAT1-FRB
CGAGTAGTT GAATTCGAGCTCGTTTAAAC
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AGAGGTAGAAAATTTGAAGAAAGCAATAATCCAAGATTAAA

5' RTT103-KO
ATAGACGGTGCGGCATCAGAGCAGATTG
ATATATTTGTATAAGTTATCTCCTTGTTTTCTTTTTACTCAA
3' RTT103-KO
CCATCATACTGTGCGGTATTTCACACCG
GTAATATGGTGAAAGAATAGCGAAATATTAGACCAACATA
5' RAI1-KO
GTGTATCCCATGTACTGAGAGTGCACCATA
GATCCATACGTCGATGAGGATATGCGCAGGAAAGACATAA
3' RAI1-KO
AGGAATATTGGCAAGTGCACAAACAATACT
TAGACGAAATAGGAACAACAAACAGCTTATAAGCACCCAA
5' RRP6-KO
TAAGTGCGTTGCATCAGAGCAGATTGTACTGAG
ATGAAAATTACCATAATTTATAAATAAAAAAATACGCTTGTT
3' RRP6-KO
TTACATAATGTGCGGTATTTCACACCG
ATCAACACTTGTAACAACAGCAGCAACAAATATATATCAGT
5' XRN1-KO
ACGGTGCATCAGAGCAGATTGTACTGAG
GATATACTATTAAAGTAACCTCGAATATACTTCGTTTTTAGT
3' XRN1-KO
CGTATGTTTGTGCGGTATTTCACACCG
CACAAATCTTTAAAGATTTAATTGACGATAAAACAAATAGG
5' PRP2-MYC
GGGAGGCGGCGGATCCCCGGGTTAATTAA
AGAATGGAGCCTGCGTTTCTAGCAATACACATACACCTGT
3' PRP2-MYC

CAAAAAACCTGAATTCGAGCTCGTTTAAAC

C.4 Primers used in identifying correct transformants

RAT1-F

ATAATGTCCAACCCGCCC
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RAT1-R

ATAGAGTTCGGTCTATTGGC

3' UNIVERSAL TAP

GTTGAATTTGTTGTCTACTTTCGG

3' UNIVERSAL FRB | TTGGAGGAGGTCCTTGAC
RTT103-F TCGGTCTTTCCACTCCCTTG
RTT103-R TGCATAGGTGTCCATGTAG

RAI1-F GAGTAAGCATTCGGGTAAATTG
RAI1-R TCGGTTCGCCATGCATAG
XRN1-F GGATACTGTCTTCTTCCGTAC
XRN1-R GGACGGTGTCCACAGATC
RRP6-F CAAAAATATGAGGGCATCGG
RRP6-R CACGCACAATATTCGAGCG
3'pRS 414 GAATCTAGAGCACATTCTGC
3'pRS 313 ACCCTATACCTGTGTGGAC
PRP2-F TGATGCTAACGTCGAAGG
PRP2-R AGAGAGACGTCTTGGATG
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APPENDIX D: BUFFERS AND SOLUTION

D1. Buffers for Transcription run-on assay

Buffer Concentration Composition
10 mM Tris-HCI pH7.5
TMN buffer 5mM NaCl
100 mM MgCl2
50 mM Tris-HCI pH7.5
100 mM KCI
Run-On buffer 1omM MgCl
DTT
0 mM ATP, CTP, GTP and Br-UTP
0.75 mM RNase Inhibitor
0.25X SSPE buffer
Binding Buffer Lmi =DTA
0.05% Tween
37.5mM NacCl
1X Binding buffer
Blocking Buffer 0.1% PVP
1 mg/ml Ultra pure BSA
0.2X SSPE buffer
Low Salt Buffer 1 mM EDTA
0.05% Tween 20
0.25X SSPE buffer
High Salt Buffer LmM =DTA
0.05% Tween 20
100 mM NacCl
20mM DTT
Elution Buffer 150mM NacCl
50mM Tris-HCl pH 7.5
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1mM EDTA
0.1% SDS
Rnase Inhibitor
1X Tris-EDTA (TE)
TET Buffer
0.05% Tween 20

D2. Buffers for Chromatin immunoprecipitation

Buffer Concentration Composition
50 mM HEPES-KOH (pH 7.9)
140 mM NacCl
_ 1mMm EDTA
FA lysis .
1% Triton X-100 (v/v)
0.1% Sodium Deoxycholate
1 mM PMSF
. 50 mM Tris-HCI (pH 7.5 to 8)
FA Lysis Buffer +
1% SDS SDS
500 mM NacCl
10 mM EDTA pH 8.0
10 mM Tris-HCI (pH 7.5 to 8)
250 mM LiCl
0.5% Triton X-100 (v/v)
ChIP Wash Buffer
1 mM EDTA pH 8.0
0.5% Sodium Deoxycholate
0.1% SDS
50 mM Tris-HCI (pH 7.5 to 8)
ChIP Elution Buffer 1% SDS
10 mM EDTA pH 8.0

D3. Buffers for RNA immunoprecipitation

Buffer

Concentration

Composition

RIP-Binding Buffer

20 mM

HEPES-KOH
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10 mM MgCl2
150 mM NaCl
0.5 mM DTT
RNase inhibitor
20 mM HEPES-KOH
RIP-Elution buffer 1% SDS
2 mM EDTA
D3. Buffers for Tandem Affinity purification
Buffer Concentration Composition
20 mM HEPES-KOH
10 mM MgCl2
Lysis Buffer 0> mM oTT
1 mM PMSF
150 mM NacCl
10% Glycerol (v/v)
20 mM HEPES-KOH
150 mM NacCl
Wash Buffer 1omM MgCl:
0.5 mM DTT
1 mM PMSF
10% Glycerol (v/v)
1x TEV wash buffer 20mM Tris-HCIpH 8.0
150 mM NaCl
50 mM Tris-HCI pH 8.0
150 mM NacCl
Calmodulin Binding 1 mM (CHsCOO)2Mg
buffer 1mM Immidazole
2 mM B-mercaptoethanol
3mM CaClz
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Calmodulin Elution
buffer

50 mM
150 mM
1 mM
2mM
3 mM

Tris-HCI pH 8.0
NaCl
(CH3COO)2Mg
B-mercaptoethanol
EGTA

D4. Buffers for Western Blot

Buffer Concentration Composition
25 mM Tris base
TGS buffer 250 mM Glycine
0.1% SDS (w/v)
250 mM Tris-HCI (pH 6.8)
50 % Glycerol (v/v)
5x Laemeli buffer 10 % SDS (w/v)
0.02 % (w/v) Bromophenol blue
2.8 M B-mercaptoethanol
30% acrylamide:bis 29.22 % Acrylamide
Solution 0.78 % Bisacrylamide
3.3ml 30% acrylamide:bis solution
2.5 ml 1.5 mM Tris-HCI (pH8.8)
Resolving Gel (10%) 0-1ml 10%:SbS _
0.1 ml 10% Ammonium persulfate
6 pl TEMMED
Add water to make final volume 10 ml
2.7 ml 30% acrylamide:bis solution
2.5ml 1.5 mM Tris-HCI (pH8.8)
Resolving Gel (8%) 0-1ml 10% SDS
0.1ml 10% Ammonium persulfate
6 pl TEMMED

Add water to make final volume 10 ml
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125 mM
acrylamide:bis solution
0,
_ 0.1% Tris-HCI (pH6.8)
Stacking gel
5% SDS
0.1 Ammonium persulfate
Tris base
300 mM
Anode | buffer Methanol
10 % .
Adjust pH to 10.4
Tris base
25 mM
Anode Il buffer Methanol
10 % .
Adjust pH to 10.4
Tris base
25 mM _
Glycine
Cathode buffer 40 mM
Methanol
10 %

Adjust pH to 9.4

D5. Buffers for Transformation

Buffer Concentration Composition

0.1M LiAc
LiAc buffer 10 mM Tris-HCI (pH=8.0)
1 mM EDTA
50 % PEG (M.W. = 4000) (w/v)
0.1M LIAOAC
PEG solution
10 mM Tris-HCI (pH=8.0)
1 mM EDTA
D6. Solutions
Buffer Concentration Composition
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200 mM Tris-HCI (pH 7.5)
2M NaCl
TBS buffer (10x) For 1X solution, mix 1 part of
10X with 9 parts ddH20 and
adjust to pH=7.5
1X TBS with 1X TBS
Triton-X 100 1% Triton-X 100
100 mM Tris-HCI (pH 8)
10 mM EDTA pH 8.0

TE buffer (10x)

For 1X solution, mix 1 part of
10X with 9 parts ddH20 and

adjust to pH=8

D7. Agarose gel electrophoresis

Buffer

Concentration

Composition

Tris-acetate

(TAE)

40 mM

1mM

Tris-acetate

EDTA (pH 8.0)

0.8 or 1.5% Agarose

0.8% or 1.5%

Agarose in 1x TAE
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APPENDIX E: MEDIA

Media Concentration Composition
YPD medium 1% Yeast extract (w/v)
2% Peptone (w/v)
2% Dextrose (w/v)
for YPD agar plus 2 % Agar (w/v)
YPD agar with YPD agar as mentioned above plus
Rapamycin 1 pg/ml Rapamycin
YPD agar with G418 YPD agar as mentioned above plus
400 pg/mi G-418
2X YT medium 1% Yeast extract (w/v)
1.6 % Tryptone (w/v)
2% NaCl (w/v)
for 2X YT agar 2% Agar (w/v)
_ 2X YT medium as mentioned above
2X YT agar with
- plus
Ampicillin 100 pg/ml o
Ampicillin
. 2X YT medium as mentioned above
2X YT agar with
_ plus
Kanamycin 50 pg/ml _
Kanamycin
6.9 g/l Yeast Nitrogen Base
Minimal medium
1g/L Amino acid drop-out mix
2% Dextrose
2% Agar

Amino acid drop-out

mix

Adenine, Uracil
20 mg/l L-Methionine, L-Histidine

HCI, L-Methionine
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50 mg/l L-Arginine, L-Isoleucine, L-
Lysine HCI, L-Tryptophan,
L-Tyrosine, L-Phenylalanine

80 mg/l L-Aspartic acid

100 mg/l L-Leucine, L-Threonine, 4-
Thiouracil

140 mg/l Valine

2 % Glucose (w/v)
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Ratl is a 5'—3' exoribonuclease in budding yeast belonging to the XRN-family of
nucleases. It is a highly conserved protein with homologs being present in fission yeast,
flies, worms, mice and humans. Ratl and its homolog in metazoan have been shown to
function in multiple facets of RNA metabolism. In this study, we report a novel role of Ratl
in splicing of pre-mRNA in budding yeast. In the absence of the functional Ratl in the
nucleus, an increase in the level of unspliced transcripts was observed in yeast cells.
Strand-specific TRO analysis revealed that the accumulation of unspliced transcripts
upon nuclear depletion of Ratl was not due to stabilization of intron-containing
transcripts. The unspliced transcripts were capped at their 5' end, suggesting that Rat1
nuclear RNA surveillance function is not responsible for the phenotype. Furthermore,
altered elongation rate of RNAPII in Ratl mutant was not linked to the accumulation of
unspliced transcripts. Inhibition of termination by inactivation of Rnal4, a component of
CF1A complex as well as deletion of Ratl termination complex components, Rail and

Rtt103, did not affect the level of unspliced transcripts. These results strongly suggest a
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novel role of Ratl in splicing, which is independent of its termination function. The
interaction of Ratl with the splicing competent introns, and its association with
spliceosomal components; CIf1, Isyl, Yju2, Sub2 and Prp43 suggest that accumulation
of unspliced transcripts in the Ratl mutant is due to a direct role of Ratl in splicing and
not due to lack of degradation of unspliced transcripts in ratl mutant. Lastly, the
recruitment of Prp2 splicing factor on the intron was compromised in the Ratl mutant
suggesting that Ratl is a critical factor in the dynamics of spliceosome assembly in

budding yeast.
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