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DNA TEMPLATE SEQUENCE EFFECTS ON RNA POLYMERASE | ELONGATION
ANDREW MARTIN CLARKE
BIOCHEMISTRY AND STRUCTURAL BIOLOGY
ABSTRACT

The production of ribosomes represents the major synthetic effort of a rapidly
dividing cell, and is intimately linked to the regulation of cell growth and proliferation.
Developing a greater understanding of the mechanisms that regulate ribosome biogenesis
is therefore crucial to understanding cellular control of the growth cycle. Ribosome
biogenesis begins with the synthesis of the 35S ribosomal RNA (rRNA) by RNA
polymerase | (Pol I). This RNA is co- and post-transcriptionally processed to produce the
18S, 5.8S, and 25S rRNAs. These RNAs are critical components of ribosomes, and Pol |
has been demonstrated to be a key regulation target for the ribosome biogenesis pathway.
Most scholarship on the regulation of Pol | has focused on transcription initiation. More
recent studies have demonstrated a link between Pol | elongation rate and efficient
processing of the rRNA, indicating that Pol I transcription elongation is likely subject to
regulation as well.

The effect of DNA template sequence on RNA polymerase elongation has been
extensively studied in prokaryotes. By contrast, the role of DNA template sequence in
regulating Pol | elongation is significantly understudied. In this thesis, we have attempted
to bridge this gap by studying the relationship between Pol I elongation in vitro and in
vivo. First, we demonstrated that prokaryotic rho-independent terminator motifs induce
arrest and termination in S. cerevisiae (yeast) Pol | in vitro, indicating that Pol I is

sensitive to elongation-affecting DNA template sequence motifs. We next adapted Native



Elongating Transcript Sequencing (NET-seq) to study Pol I occupancy in vivo. We
identified reproducibly heterogeneous occupancy of Pol I throughout the 35S gene, as
well as significant correlation between Pol | occupancy and the last transcribed
nucleotide. Finally, we characterized occupancy in Arpal?2 yeast, a strain with altered Pol
| nucleotide addition kinetics. In this mutant we observed changes in Pol | occupancy
throughout the 35S gene and identified a putative third site of Pol I transcription
termination. Taken together, this work simultaneously establishes DNA template
sequence as a regulator of Pol I activity, and validates a technique to better explore this

relationship in vivo.

Keywords: Molecular Genetics, High-Throughput Sequencing, RNA Polymerase I,
Transcription Elongation
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INTRODUCTION
Ribosomes

Protein synthesis in all living organisms is performed by ribosomes (reviewed in
[1]). In brief, these complexes bind messenger RNA molecules (MRNAs), which contain
the primary sequence for proteins, encoded in nucleotide triplets called codons [2, 3].
Upon binding, the ribosome synthesizes the encoded protein one amino acid at a time by
adding the amino acid corresponding to each codon to the end of the polypeptide chain
[4]. Proper recruitment of the amino acid encoded by each codon is mediated by transfer
RNAs (tRNAs). Specific tRNAs bind specific amino acids [5], and have regions of
sequence complementarity with their corresponding codons [6].

Ribosomes are large ribonucleoprotein complexes and their general structure and
function are conserved throughout all domains of life (reviewed in [7, 8]). Ribosomes
consist of a large and small subunit (reviewed in [9]). The small subunit is responsible for
matching each codon with the appropriate amino acid-bound tRNA [10], and the large
subunit is responsible for adding that amino acid to the polypeptide chain [11]. The large
and small subunits in Saccharomyces cerevisiae (yeast) consist of a combined four
ribosomal RNAs (rRNAs) and 79 different ribosomal proteins (reviewed in [7]). The
rRNAs are responsible for the catalytic activity of the ribosome (reviewed in [1]). These
components need to be synchronously produced, modified, and assembled. These events
are mediated by a further 76 non-coding small nucleolar RNAs (snoRNAs) and more

than 200 distinct protein assembly factors (reviewed in [7]).



Ribosome Biogenesis

The production of new ribosomes is a critical activity for all rapidly dividing cells
(reviewed in [7, 12]). This process (called ribosome biogenesis) is very expensive, both
energetically and materially. Ribosome biogenesis accounts for more than 60% of all
transcription in a eukaryotic cell (reviewed in [7]), requiring the function of all three
nuclear RNA polymerases (discussed in depth below). Yeast cells must produce 200,000
ribosomes per generation at a rate of more than 2,000 ribosomes per minute [12].
Because this process is the major synthetic effort of any rapidly dividing cell, ribosome
biogenesis is also a known checkpoint for cell cycle progression and a determinant of cell
size [13]. In yeast, cells must meet a minimum rate of ribosome biogenesis before cell
division can proceed [14]. In humans, the impairment of ribosome biogenesis prevents
cell cycle progression [15] in a p53-dependent manner [16].

Though mature ribosomes are found almost exclusively in the cytoplasm,
ribosome biogenesis largely occurs within the nucleolus, a sub-compartment of the cell
nucleus. This process begins with transcription of the 35S gene by RNA Polymerase |
(Pol I, reviewed in [17]). The 35S rRNA transcript is cleaved and extensively modified to
produce three of the four rRNAs required for ribosome biogenesis: the 18S, 5.8S, and
25S rRNAs. The fourth species, the 5S rRNA, is synthesized by RNA Polymerase 111
(Pol 111) [18]. In addition to cleavage, the rRNAs are subject to base modifications as
well as chaperone-mediated folding (reviewed in [7]). Many of the cleavage and
modification events required for proper rRNA maturation can occur co-transcriptionally
[19]. Both co- and post-transcriptional base modifications and cleavage events are

moderated by complexes of proteins and snoRNAs called snoRNPs (small nucleolar



ribonucleoproteins) (reviewed in [7]). SnoRNAs contain regions of complementarity to
regions of the 35S rRNA, by which snoRNPs bind directly to the nascent 35S rRNA
transcript. SnoRNPs either mediate binding of larger protein complexes (in the case of
cleavage events), or directly catalyze specific processing events (in the case of base
modifications [20]). Concurrent with transcript cleavage and base modification,
ribosomal proteins bind the rRNAs, stabilizing existing transcript secondary structure or
facilitating proper secondary structure formation. These binding events also confer
stability on the maturing ribosomal subunits as a whole in prokaryotes and yeast [21, 22]
(reviewed in [7]). Most of the rRNA processing and ribosomal protein addition steps
occur in the nucleolus. The last steps of ribosome maturation begin in the nucleus, and

end in the cytoplasm (reviewed in [23]).

RNA Synthesis

RNA synthesis is performed by a class of large multi-subunit complexes known
as RNA polymerases, which are assisted by proteins known as transcription factors. RNA
synthesis has three main steps: initiation, elongation, and termination (reviewed in [24]).

Initiation begins with recruitment of the RNA polymerase to a region upstream of
the target sequence, known as the promoter. This recruitment is mediated by transcription
factors bound to the template DNA. Next, the double stranded DNA is melted to create a
transcription bubble, with the template strand of the DNA running through the active site
of the polymerase (reviewed in [25], [26]). Beginning at the transcription start site (TSS),
the RNA polymerase moves down the DNA template, performing successive nucleotide

addition reactions. In brief, nucleotide addition consists of matching the DNA base in its



active center to its cognate RNA monomer (known as a nucleotide) [27, 28], catalyzing a
phosphodiester bond between the RNA nucleotide and the 3’ end of the growing RNA
polymer (referred to above as the nascent transcript), and moving downstream to the next
base in the DNA template (reviewed in [29]). The last 8 — 10 base pairs of the RNA
transcript hybridize with the DNA template, creating an RNA:DNA hybrid. This hybrid
stabilizes the engaged polymerase on the template [30, 31]. During transcription of the
first 50 nucleotides, the polymerase is prone to abortive initiation [32, 33]. During
abortive initiation, the polymerase remains engaged with the transcription factors that
originally recruited it to the promoter (such as ¢’° for prokaryotic RNA Polymerase
(RNAP) and TFIIB for RNA Polymerase 1l (Pol I1)), while “scrunching” downstream
DNA to synthesize the first several bases of the transcript [34, 35]. Once the complex is
able to break away from these promoter-bound transcription factors, it is considered to be
an elongation complex (EC) (reviewed in [36], [37]). The elongation step consists of the
EC transcribing the template DNA sequence. The final stage of transcription is
termination. In this step, the elongation complex dissociates from the nascent transcript,
as well as the DNA template. The transcription bubble closes, and the RNA polymerase

is free to begin the transcription cycle again [38-41].

RNA Polymerase Diversity in Eukaryotes
In prokaryotes, all RNA synthesis is performed by RNAP. Eukaryotes (such as
yeast) have at least 3 nuclear RNA polymerases [42], Pol I, Pol 1, and Pol I11. Pol |
synthesizes the 35S rRNA, which is processed to produce the 18S, 5.8S, and 25S rRNAs

[43]. Pol 11 synthesizes mMRNAs [44] (reviewed in [45]), small nuclear RNAs (ShRNAS)



(reviewed in [46]), and micro RNAs (miRNAS) [47]. Pol 111 synthesizes the 5S rRNA
[18], tRNAs and snoRNAs [18] (reviewed in [24]). These three eukaryotic polymerases
share ten core protein subunits that are either identical or highly conserved [48]. These
core subunits are responsible for nucleotide addition and bear remarkable structural and
functional homology with RNAP [49]. Unsurprisingly, the mechanism of nucleotide
addition is very similar for all of these polymerases (reviewed in [24]). The source of
divergence lies in the additional peripheral subunits found in the eukaryotic polymerases
(reviewed in [24]). Each eukaryotic RNA polymerase also has a distinct but overlapping
set of transcription factors to suit their more specialized roles (reviewed in [24]).
Interestingly, some activities that are facilitated by transiently associating
transcription factors in one polymerase are instead performed by constitutively associated
subunits in another. One example is how the different eukaryotic polymerases have
evolved to resolve backtracking. Both prokaryotic and eukaryotic RNA polymerases
backtrack on the DNA template (reviewed in [50]). This causes the active site of the
RNA polymerase to lose contact with the end of the nascent transcript, preventing
subsequent nucleotide addition [51, 52]. These backtracking events occur in response to
RNA nucleotide mis-incorporation (which facilitates proofreading) [53, 54], or due to
collision with DNA-bound proteins [55]. For short backtracking events (less than ten
base pairs), polymerases generally rely on random movement along the template to
realign with the end of the transcript. However, for longer backtracking events (more
than 10 base pairs), the polymerase must cleave the nascent transcript in order to resume
productive elongation [56]. RNA polymerases can change the conformation of their

active centers to become efficient nucleases [41, 48, 57, 58], but most require the



association of a transcription factor (such as GreA and GreB in bacteria for shorter and
longer backtracking events respectively [59-61] and TFIIS in yeast Pol 11 [58]) to do so.
In contrast, this activity is mediated by the A12.2 subunit in Pol | [48] and the C11
subunit in Pol 11 [62]. As a result, Pols | and 111 have more robust cleavage activity than

Pol 11 [56, 63].

RNA Polymerase | and the 35S Gene

Pol I is an RNA polymerase composed of 14 subunits [24]. In addition to the ten
core subunits found in all eukaryotic polymerases, yeast Pol | contains an additional four
subunits, all of which bear partial structural or functional homology with other eukaryotic
RNA polymerase subunits or transcription factors. These subunits are present in two
heterodimeric complexes: The A14/43 complex (composed of the A14 and A43 subunits)
and the A49/34.5 complex (composed of the A49 and A34.5 subunits) [48]. While their
roles are not fully elucidated, the A14/43 complex serves as a bridge between Pol | and
the initiation factor Rrn3 via the A43 subunit. As a result this complex plays a critical
role in the recruitment of Pol I to the rDNA [64]. A14 is thought to serve a structural role,
serving as a binding point for both the A14/43 complex and the A49/34.5 complex. The
A49/34.5 complex bears structural similarities to Pol Il transcription factors TFIIF and
TFIE [65], both of which facilitate initiation of transcription by Pol 11 [66].
Cumulatively, the A49/34.5 complex is assumed to stimulate Pol I transcription
elongation [48]. Deletion of either the A49 subunit or the A49/34.5 complex has been
shown to decrease Pol | elongation rate in vitro and reduce yeast growth rate in vivo [48,

67]. While the A34.5 subunit deletion does not affect yeast growth under normal



conditions, it has been shown to interact genetically with DNA topoisomerase | and
deletion of this subunit is lethal in combination with the deletion of DNA topoisomerase |
[68]. The A49/34.5 complex, in concert with the A12.2 subunit, increases Pol |
processivity (the number of nucleotide addition reactions performed by an elongation
complex per initiation event), elongation rate, and fidelity in a synergistic manner in vitro
[69]. Of the four Pol I-specific subunits, only A43 is essential. The A12.2 subunit is
considered to be one of the ten core subunits of Pol I because it’s N-terminal domain is
homologous to RPB9 in Pol II. As a result, it was originally assumed to play a primarily
structural role for Pol I [70]. However, the C-terminal domain of this protein is
homologous to Pol 11 cleavage-stimulating factor TFIIS [71] and was later confirmed to
be crucial for Pol I transcription termination [72] and transcript cleavage [48].

Many of the transcription factors that facilitate initiation complex formation,
increase elongation rate, and allow for clearance of transcriptional blocks in the form of
backtracking in Pol Il are instead integrated as subunits in Pol I. As a result, Pol |
transcribes faster than Pol 11, pauses less often, and recovers more quickly from
backtracking events [56]. These adaptations allow Pol I to better fulfill its specific
transcriptional burden, which will be discussed below.

Pols 111 and Il have hundreds and thousands of different transcriptional loci,
respectively. In contrast, Pol | has a single transcriptional target- the 35S gene. Yeast has
approximately 200 copies of this gene, arranged tandemly on chromosome XII (reviewed
in [7]). Each 35S gene is separated from the next by an intergenic spacer that contains the
5S rRNA gene, which is transcribed by Pol 111 (reviewed in [7]). In rapidly dividing yeast

cells, approximately 50% of these repeats are actively transcribed, and each repeat can be



host to 50 or more Pol I ECs [73]. Pol | loading at these genes is the primary determinant
of rRNA synthesis volume, as opposed to the number of active repeats [73]. Pol | RNA
synthesis alone accounts for more than 60% of all RNA in a yeast cell [7]. In this context,
the increased processivity and ability to quickly clear backtracking observed in Pol | are

likely important for maintaining steady production of rRNA.

Regulation of Ribosome Biogenesis via RNA Polymerase |

Ribosome biogenesis represents the major biosynthetic effort of rapidly dividing
cells. The four rRNAs, 79 ribosomal proteins, 76 snoRNAs, and more than 200 protein
assembly factors need to be synthesized, modified, and assembled in the appropriate
amounts, at the appropriate times, thousands of times per minute [7, 12]. The 137 genes
encoding the 79 ribosomal proteins are among the most actively transcribed by Pol Il
[74], though the half-lives of the corresponding mRNAs are very short [75].
Transcription of these genes is sensitive to nutrient availability [76, 77] and temperature
fluctuation [78].

There is significant evidence of communication between regulatory mechanisms
for the different stages of ribosome biogenesis, as failure at any one step results in down-
regulation of other steps in the process. For example, decreases in ribosomal protein gene
transcription or translation also decrease rRNA synthesis [79]. Additionally, defects in
nuclear transport that trap nascent ribosomes inside the nucleus result in a decrease in
ribosomal protein mMRNA synthesis [80] and rRNA synthesis [81]. As expected, assembly
of these components is hierarchical [82] and defects at early steps of processing or

assembly negatively affect ribosome biogenesis as a whole [83, 84]. Because ribosome



biogenesis requires the cooperation of so many different cellular processes, efficient
regulation of each step in the larger context of this pathway is necessary for efficient
ribosome production.

Once generated, mature ribosomes have remarkably long half-lives (in the
hundreds of hours for eukaryotes) [85], so the high rate of ribosome biogenesis in these
rapidly dividing cells is primarily to ensure each daughter cell has sufficient ribosomes to
function, as opposed to replenishing those lost to turnover. Ribosome biogenesis is
greatly reduced in cells that do not anticipate significant further proliferation [86]. As a
result, cells must also manage overall ribosome biogenesis as a factor of cell cycle
progression, as cell division frequency fluctuates.

Understanding the regulation of ribosome biogenesis in yeast has yielded clinical
insight, due to the conservation of this process in humans- analysis of homologous or
analogous ribosomal proteins in yeast has yielded valuable insight on a host of
ribosomopathies in humans, such as Diamond Blackfan Anemia [87] and Treacher
Collins Syndrome [88]. Many cancers are partially products of dis-regulated ribosome
biogenesis, as many known oncogenes and tumor suppressors are ribosome biogenesis
regulators. For example, c-Myc is a well-known regulator of ribosome biogenesis, in
addition to a number of other cellular processes [89]. It is also one of the most commonly
over-expressed genes found in human cancer cells [90, 91]. Because cancer cells have a
characteristic “addiction” to ribosomes (reviewed in [92]) due to unconstrained cell
growth and division, ribosome biogenesis has become a promising target for cancer

treatment (reviewed in [93, 94]).



Previous studies have identified Pol I transcription [95-97] and rRNA
modification [98] as key targets for the regulation of ribosome biogenesis in yeast and
higher eukaryotes. Historically, most studies on Pol I transcription regulation have
focused on the factors that govern Pol | recruitment to the rDNA [73] as well as the
activation or deactivation of 35S gene copies [99]. Recent scholarship has identified
regulatory mechanisms for Pol | transcription steps beyond pre-initiation complex
assembly, including promoter escape [100] and elongation [101-105]. Furthermore, Pol |
elongation rate is linked to efficient rRNA processing and ribosome biogenesis in yeast
[106] and E. coli [107].

One potential explanation for the observed relationship between Pol | elongation
rate and ribosome processing is altered nascent transcript secondary structure due to
fluctuations in RNA polymerase elongation rate. This phenomenon has been observed in
Pol II transcription of histone genes in higher eukaryotes. The 3° end of histone
transcripts contain a conserved stem loop [108], which is recognized by the Stem-Loop
Binding Protein (SLBP). Transcript cleavage facilitated by SLBP binding is required for
efficient translation of the histone MRNA [109]. When Pol Il elongation rate is lowered
by mutation or UV irradiation, the stem loop fails to form, SLBP cannot bind the
transcript, the transcript is not properly cleaved, and the transcript is not translated [110].
Furthermore in E. coli, efficient folding of nascent transcripts can be linked to specific
pauses in RNAP transcription elongation [111]. In the case of Pol I, alterations in 35S
nascent transcript secondary structure due to reduced elongation rate could render

snoRNP binding sites inaccessible, thus preventing crucial modification steps in rRNA

10



maturation. Understanding the factors that mediate Pol | elongation rate is therefore
critical to fully understanding rRNA processing and ribosome biogenesis.

One factor that could affect Pol | elongation is the sequence of the template DNA.
DNA template sequence is known to be a direct modulator of polymerase activity in
prokaryotic systems [111-113]. Specific DNA template sequences have been shown to
affect E. coli RNA Polymerase (RNAP) transcription in order to facilitate formation of
proper nascent transcript secondary structure [111], synchronize co-transcriptional
translation [114], and even terminate transcription in a largely factor-independent manner
[113]. In B. subtilis, efficient secondary structure formation of the Flavin mononucleotide
(FMN)-dependent riboswitch in the ribDEAHT operon is dependent on RNAP
transcriptional pausing at two specific sites [115]. Proper folding of the RNAse P RNA in
B. subtilis and E. coli is also dependent on RNAP transcriptional pausing at discrete sites
in vitro [111, 116]. The relationship between Pol | elongation rate, pausing and efficient
synthesis of rRNA has never been adequately explored; however, the mature rRNAs
possess extensive secondary structure [7], which is frequently altered throughout the
maturation process through ribosomal protein [21] and snoRNP binding [117]. We have
also previously observed links between Pol | elongation rate and rRNA processing and
assembly [103, 105, 106], suggesting that transcription elongation rate (and possibly
transcriptional pausing) play an important role in production of functional RNAs by
eukaryotic RNA Polymerase | just as they do for structurally and functionally conserved
[24] prokaryotic RNA polymerases.

This dissertation will seek to address the gap in our understanding of the

relationship between DNA template sequence and Pol | elongation. In the first chapter,

11



we demonstrate that Pol | is sensitive to specific elongation-affecting DNA template
sequence motifs in vitro. We then determine that Pol | occupancy in vivo is reproducibly
heterogeneous and partially dependent on DNA template sequence. In the second chapter,
we show that deletion of the A12.2 subunit, which has previously been shown to affect
nucleotide addition [118], alters Pol I’s occupancy throughout the 35S gene in a DNA

template-sequence dependent manner.
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ABSTRACT

DNA sequence motifs that affect RNA polymerase transcription elongation are
well-studied in prokaryotic organisms and contribute directly to regulation of gene
expression. Despite significant work on the regulation of eukaryotic transcription, the
effect of DNA template sequence on RNA Polymerase | (Pol 1) transcription elongation
remains unknown. In this study, we examined the effects of DNA sequence motifs on Pol
| transcription elongation kinetics in vitro and in vivo. Specifically, we characterized how
the spy rho-independent terminator motif from Escherichia coli directly affects
Saccharomyces cerevisiae Pol I activity, demonstrating evolutionary conservation of
sequence-specific effects on transcription. The insight gained from this analysis led to the
identification of a homologous sequence in the ribosomal DNA of Saccharomyces
cerevisiae. We then used Native Elongating Transcript Sequencing (NETSeq) to
determine whether Pol | encounters pause-inducing sequences in vivo. We found
hundreds of positions within the ribosomal DNA (rDNA) that reproducibly induce
pausing in vivo. We also observed significantly lower Pol | occupancy at G residues in
the rDNA, independent of other sequence context, indicating differential nucleotide
incorporation rates for Pol I in vivo. These data demonstrate that DNA template sequence
elements directly influence Pol | transcription elongation. Furthermore, we have
developed the necessary experimental and analytical methods to investigate these

perturbations in living cells going forward.

SIGNIFICANCE STATEMENT
It is well known that ribosomal RNA processing is directly impacted by the rate

of transcription elongation by RNA polymerase | (Pol I). To understand how these

14



processes are orchestrated, we must carefully define transcription elongation properties in
vitro and in living cells. Here, we characterize DNA sequence elements that pause and
terminate Pol | transcription in vitro. We also establish methods for analyzing Pol |
transcription elongation properties in vivo using Native Elongating Transcript
Sequencing (NETSeq). Our NETseq data revealed frequent pausing by Pol I and
decreased Pol | occupancy at G residues suggesting unequal rates of nucleotide
incorporation by the enzyme. These findings redefine our understanding of Pol |

transcription elongation and its heterogeneity in vivo.

INTRODUCTION

The production of a single ribosome requires the synthesis, processing, and
assembly of more than 80 proteins and four non-coding RNAs known as ribosomal
RNAs (rRNASs)[1]. Because this process represents the major energetic investment for a
rapidly dividing eukaryotic cell, it is subject to tight regulation. In S. cerevisiae, the first
step in ribosome biogenesis is transcription of the 35S rRNA gene (also referred to as
37S rRNA gene or RDN37) by RNA polymerase | (Pol 1)[2]. This transcript is co- and
post-transcriptionally processed to produce three of the four RNAs required for ribosome
biogenesis- the 18S, 5.8S, and 25S rRNAs [3, 4]. Regulation of Pol I activity represents a
robust method used by cells to control the rate of ribosome biogenesis. Previous studies
concerning the regulation of transcription by Pol I have principally focused on
transcription initiation. It is well-established that recruitment of Pol | to the rDNA
promoter is a key regulatory target for cellular control of ribosome biosynthesis [5].

However, we and others have shown that later steps in the transcription cycle can be
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influenced by transcription factors [6-9]. Furthermore, the efficiency of transcription
elongation directly affects processing of the nascent rRNA [10]. Thus, trans-acting
factors or template sequence features that influence transcription elongation by Pol | can
have substantial consequences on cellular proliferation by affecting the synthesis or

processing of rRNA.

While the effect of DNA template sequence on Pol I transcription has not been
established, elongation-affecting sequence motifs have been identified as regulatory
elements in prokaryotic transcription systems [11, 12]. One such motif is the rho-
independent terminator motif. This motif is composed of a guanine-cytosine (G-C) rich
region of dyadic symmetry, followed by a thymine-rich tract (T-tract). Transcription of
the T-tract creates active site instability induced by a weak RNA-DNA hybrid [12, 13].
This weakened complex is further perturbed by the formation of an RNA hairpin in the
upstream G-C rich tract of the nascent transcript. This combined effect results in efficient
termination of transcription by prokaryotic RNA polymerase (RNAP) in a protein factor-
independent manner [13]. Furthermore, similar motifs that induce termination of
eukaryotic RNA polymerase Il have also been found in viral and mammalian genes [14-
16]. Because the rho-independent terminator motif affects the active site of RNAP which
is conserved among all multi-subunit RNA polymerases [17], we reasoned that this motif

will also affect Pol 1.

In this study, we used a fully reconstituted promoter-dependent transcription assay
to determine if DNA template sequence can affect Pol I transcription. The sequence motif
that we used was the rho-independent terminator motif from the spy gene of E. coli. We

demonstrate that this motif induces termination of Pol I transcription in vitro. We then
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used mutational analysis of this motif to show that both the stem loop and uridine tract
(U-tract) contribute to its effect on Pol I transcription. Based on these observations, we
identified sequence elements present in the native 35S rRNA gene that also influence Pol
I transcription elongation kinetics and demonstrated that the effects of both motifs on Pol

I transcription are dependent on UTP concentration in our in vitro system.

To determine whether Pol I pauses in vivo and whether the same sequence
elements contribute to this pausing, we adapted Native Elongating Transcript Sequencing
(NETSeq) for use with S. cerevisiae Pol 1. This application of NETSeq enables precise
mapping of Pol I occupancy of the ribosomal DNA gene (rDNA) with single nucleotide
resolution. We observed reproducibly heterogeneous occupancy of Pol I on the rDNA in
rapidly growing cells. Thorough analysis of the resulting Pol I occupancy data revealed
significantly lower occupancy of Pol I at G residues throughout the rDNA. Taken
together, these data lead to the following conclusions: 1) The effects of strong rho-
independent terminator sequences on RNA polymerase activity are conserved across
domains of life and 2) Pol I elongation efficiency is sensitive to both the DNA sequence

and other factors in vivo and in vitro.

RESULTS
A Rho-Independent Terminator Motif Affects Pol I Transcription Elongation
To test whether prokaryotic termination motifs can affect Pol I transcription
elongation, we used a fully reconstituted promoter-dependent in vitro transcription assay
[18]. Individual sequence motifs (e.g. the spy motif) were inserted into native rDNA

sequence downstream of the transcription start site (Fig 1A). This motif was chosen
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Figure 1. Promoter-dependent in vitro transcription assay for RNA polymerase I. 1a)
linearized DNA template for promoter-dependent in vitro transcription by RNA
polymerase 1. 1b) Experimental scheme for RNA polymerase I promoter-dependent in

vitro transcription assay.
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because it was identified as the strongest terminator of E. coli RNA polymerase (RNAP)
transcription in a recent survey [19]. To this template we added Pol I, Rrn3p, TBP, and
Core Factor (Rrn6p, Rrn7p, and Rrnllp) to assemble the Pol I pre-initiation complex at
the promoter. Transcription was initiated by the addition of ATP, GTP, UTP (15 uM of
each), and *?P-labeled UTP, resulting in synchronized transcription elongation complexes
at the first encoded C (position +56). The synchronized enzymes were then released by
addition of 15 uM CTP, and samples were collected as a function of time. Resultant RNA
transcripts were resolved via PAGE and visualized by phosphorimage analysis. If a
fraction of the Pol I population paused, arrested, or terminated at the spy motif, a product
approximately 100 nucleotides shorter than the full length product was observed (Fig
1B). To quantify the magnitude of the effect of the motif on Pol I transcription
elongation, we calculated the ratio of the shortened product to the total RNA signal in
each individual lane.

Inclusion of the spy terminator motif in the template resulted in the appearance of
a short product (Fig 2A and 2B) not seen in the negative control (Fig 2B). Since
accumulation of this short product is not rescued after an extended incubation time of 20
minutes, we conclude that these complexes have either terminated transcription or are
terminally arrested. These data indicate that the spy terminator motif directly perturbs
transcription elongation by Pol L.

To define the kinetics of the spy effect on Pol I, we measured reaction progress
during shorter time courses. The accumulation of short product reaches a maximum of
83% +/- 6.7% of total RNA product at the 30 second time point (Fig 2C). The

accumulation of short product then decreases at each time point before stabilizing at 30
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+/- 1.6% of total RNA product after 60 seconds (Fig 2C). In order to determine if the
observed effect is termination or arrest, the experiment was repeated with a biotinylated
template (Fig 2D). Following immunoprecipitation of the template, the short product was
observed in the flow-through while the labelled product was not. These data demonstrate
that the nascent transcript is not associated with the DNA template, indicating that the
motif induces termination of Pol I transcription. Based on these data, it is clear that the
spy terminator motif induces pausing by the majority of elongation complexes. Most
enzymes ultimately escape this pause and reach the end of the template, while a subset
undergo termination. Thus, rho-independent termination motifs can both pause and

terminate transcription by eukaryotic Pol I.

Multiple Regions of the spy Motif Contribute to the Effect on Pol I

To identify the features of the spy terminator motif that are necessary for its effect
on Pol I transcription, we constructed several variants of the motif. We then repeated the
transcription assay described above using these variants. In the first variant, we shortened
the stem loop to ten base pairs from twenty-one (Fig 3A). Compared to the wild type spy
terminator motif, the shortened stem loop variant accumulates substantially less short
product at every time point (Fig 3A). By 90 seconds, the percentage of short product is 16
+/- 2.0% compared to 30 +/- 1.6% for wild type. For the second variant, we mutated the
template strand to abolish the U-tract in the nascent transcript by exchanging each T
residue with a C residue and vice versa (Fig 3B). The motivation for this mutation
strategy is based on the finding that uridine enrichment in the residues directly

downstream of the hairpin plays an important role in the effect of the motif on
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polymerase elongation [20]. These mutations stabilize the RNA-DNA complex by
replacing the A-U base pairs with stronger G-C base pairs which has been previously
shown to reduce pausing by prokaryotic RNAP [13, 19, 21]. By 90 seconds, the
percentage of short product is just 10 +/- 1.8% compared to 30 +/- 1.6% for wild type
(Fig 3B). Taken together, these data demonstrate that both the stem loop length and the
U-tract are critical for the effect on Pol I transcription. However, abolishing the U-tract
results in a larger decrease in termination when compared to the shortened stem loop
variant. These data are consistent with prokaryotic studies showing that both of these
features are critical for pausing and terminating RNA polymerases [19]. Furthermore,
these findings provide guidance for predicting effects of native ribosomal DNA sequence

on transcription elongation by Pol 1.

Native rDNA Sequence Elements affect Pol I Transcription Elongation.

To determine if endogenous elongation-affecting motifs exist, we examined the
35S gene region of the rDNA for T-rich tracts (which encode U-tracts in the nascent
transcript), which is one of the key elements of the spy terminator motif. We identified 54
tracts that are at least10 nucleotides long, end with three T residues, and have a T residue
enrichment of 70% or more (Fig 4A). The longest element observed was in the 25S rRNA
coding region of the 35S rDNA gene. We inserted this T-rich tract including 90
nucleotides upstream and 15 nucleotides downstream into our template and transcribed
the template in vitro using the system outlined above. We observed a transient pause of a
majority of the polymerases at the rDNA sequence 30 seconds after release. This effect is

similar to the effect of the spy terminator motif. Most of these polymerases clear the
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pause and produce full-length product with the percentage of short product stabilizing at
15 +/- 2.2% by 90 seconds post-release (Fig 4B). These data demonstrate that sequences
within the rDNA inhibit transcription elongation by Pol I.

We then produced two variants to determine which parts of this sequence were
necessary for its effect on Pol I transcription. In the first variant, we abolished the
possibility of RNA stem loop formation by scrambling the 30 nucleotides upstream of the
T-tract. This perturbation had relatively little effect on short product accumulation (Fig
4C). In the second variant, we abolished the T-tract by exchanging the T residues for C
residues in the DNA template. Abolishing the T-tract decreased short product
accumulation at almost every point (Fig 4D). Thus, the T-tract is required for the motif’s
pausing and termination effects on Pol I transcription. Taken together, these data
demonstrate that T-tracts within the rDNA can directly influence Pol I activity. This

observation is consistent with conclusions drawn using prokaryotic DNA elements.

Pausing by Pol I at T-tracts is sensitive to UTP concentration.

Since we have determined that the T-tract is critical for the effects on Pol I
transcription, we tested whether the UTP concentration in the reaction alters the kinetics
of Pol I elongation. We repeated in vitro transcription assays under two different UTP
concentrations: 100 uM UTP and 15 uM UTP. For the spy terminator motif, there is a
significant difference between the amount of short product in the 100 uM UTP and 15
uM UTP experiments. This difference is observed starting at 30 seconds and continues
through 90 seconds after which both values stabilize (Fig SA). At 15 uM UTP, short

product accounted for 30 +/- 1.6% of all RNA by 90 seconds. At 100 uM UTP, this value
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decreased to 19 +/- 4%. These data demonstrate that elevated UTP concentration
suppresses, but does not eliminate, the observed pause and termination effects of the spy
terminator motif on Pol I.

To determine if the eukaryotic sequence also responds to substrate concentration,
we repeated these experiments using the T-rich 25S rDNA pause sequence detailed
above. We found that, like the spy motif, there is a significant reduction in observed
pausing at the T-tract in the presence of 100 uM UTP compared to 15 uM UTP (Fig 5B).
Although the percentage of terminated polymerases does not change, the pause dwell
time is reduced as UTP concentration increases. All of these in vitro analyses call for

analysis of pausing by Pol I in vivo.

NETSeq reveals heterogeneous Pol I Occupancy on rDNA

To characterize Pol I pausing in vivo, we performed Native Elongating Transcript
Sequencing (NETSeq). We adapted our methods from those used previously to
characterize RNA polymerase II (see SI Appendix) [22]. Three biological replicates of
NETSeq were performed with a S. cerevisiae strain bearing HA-tagged Pol I, and the
resultant reads were mapped to the rDNA gene (Fig 6A). The 3' end of each read
corresponds to the last phosphodiester bond formed by the polymerase (Figs 6A and 6B).
Our data demonstrate obvious heterogeneity in Pol I occupancy throughout the gene. The
amplitude of each peak reflects the frequency with which a Pol I complex is observed at
that position in vivo. Thus, high peak height can be interpreted as a position that induces

pausing by Pol I.
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The overlay of the three biological replicates revealed exceptional reproducibility
between cultures (Fig 6C, 6D). In all three replicates, significant sequence coverage was
observed only in rDNA genes and the mature ends of snoRNAs, short RNAs associated
with nascent rRNA transcripts. In addition to the 3’-nascent RNAs detected throughout
the gene, we observed large signal spikes at the position of the mature ends of all four
rRNA species (25S, 5.88S, 18S, and 5S genes, SI Appendix, Fig S3A). It is well
established that mature ribosomal RNA is recovered when preparing RNA sequencing
libraries. Furthermore, the 5S gene is not transcribed by Pol I, yet it was observed in all
of our libraries (SI Appendix, Fig S4B). Thus, we concluded that these four large peaks
represented contaminating mature product, not nascent RNA, and we eliminated these
peaks from subsequent analyses and plots.

Initial analysis revealed significantly lower Pol I occupancy within the spacer
regions of the rDNA compared to the regions that encode mature rRNA (Fig 7). There are
a number of potential explanations for this observation. The simplest interpretation is that
Pol I may elongate more quickly through those regions of the template, particularly the
spacer between the 18S and 5.8S regions termed “ITS1” (Fig 7A). It is known that
mature rRNA folds into stable secondary and tertiary structures whereas spacer elements
are less well conserved and likely less structured. If rRNA structures begin to form on the
nascent RNA, these structures might slow down Pol I. This potential effect would be
exacerbated in the sequences that give rise to mature product. It is also possible that there
is contamination of our nascent RNA with degradation products of mature rRNA (see

discussion below).
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To determine sites of polymerase pausing, we identified the top 2.5% of positions
by Pol I occupancy (171 positions) for each replicate as top sites of polymerase
enrichment/pausing. 127 positions were found in the top 2.5% by occupancy in all three
sets. None of these top positions coincide with the ends of the T tracts identified by our in
vitro studies (Figs 4A and 8A). Broadening our analysis, we examined the sequence
content immediately upstream of the polymerase occupancy at each top pause site. We
focused on the seven nucleotides upstream of each position, as this would reflect the
minimal RNA:DNA hybrid within the polymerase. We found a significant correlation
between hybrid U content and Pol I occupancy (Fig 8B). However, the correlation
coefficient was very small (Spearman's correlation coefficient (p) =-0.043, p < 1*¥10®),
indicating that that hybrid U content is not a reliable predictor of Pol I pausing in vivo.
Generation of a sequence logo using the top sites yielded the intriguing result that only
one of the 127 top sites had a G residue as the last encoded nucleotide (Fig 8C). We then
looked at occupancy across the gene as a factor of the last encoded nucleotide and found
a significantly lower median occupancy value for G residues (Fig 8D). Expanding this
analysis, we determined the occupancy at positions proximal to G residues (Fig 8E). We
observed significantly increased occupancy directly upstream of G residues. These data
strongly suggest that the incorporation of G nucleotides by Pol I occurs more slowly than
the other three, but addition of the next nucleotide after a G residue occurs more rapidly.
The relationship between nascent pre-ribosome assembly and Pol I transcription is
crucially important, and NETSeq provides a critical tool for characterization of this

complex biosynthetic process.
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Certain aspects of our data suggest contamination by mature rRNA species or
nascent transcripts from different polymerases. We observe no significant reads from Pol
[I-transcribed genes or from Pol IIl-transcribed tRNA genes (SI Appendix, Figs S4C and
S4D). However, we observe signal at positions throughout the 5S gene, which is
transcribed by Pol I1I (SI Appendix, Fig S4B). These data suggest that either 5S rRNA is
co-precipitated with the nascent 35S rRNA or we are detecting contamination from
degrading mature rRNAs and mapping them to the 35S gene. Unlike studies focused on
mRNA synthesis, we cannot simply “ribo-deplete” our libraries as we are uniquely
focused on the rDNA. In order to rigorously ensure that our conclusions are reflective of
nascent transcription and not artifacts of bulk ribosome decay, we repeated our analysis
focusing only on residues in the spacer regions of the 35S gene. These residues are not
present in mature ribosomes and are rapidly degraded during pre-rRNA processing. We
found that the trends observed through the entire 35S gene were recapitulated in this
smaller spacer RNA set (SI Appendix, Fig S6). These data confirm that contaminating
rRNA is not the driver of the observed phenomena.

Our NETSeq data are highly reproducible, revealing sites of increased and
decreased Pol I occupancy in vivo. We've also discovered two sequence variables that
correlate significantly with low Pol I occupancy. However, these data also suggest that
DNA sequence elements alone do not govern Pol I occupancy. This disconnect between
the biochemical studies and experiments in live cells is expected given the relative
complexity of the two systems. Importantly, these data suggest that although sequence
elements can influence Pol I directly, there may be many additional features that

influence and control Pol I in vivo. The search for these factors (transcription elongation
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factors, nucleosomes, RNA structures, as-yet undiscovered sequence elements, etc.)

represents an exciting area of future investigation.

DISCUSSION

Analysis of Pol I pausing in vitro and in vivo reveals important features of the
enzyme while raising key questions regarding the cellular factors and conditions that
govern pausing. Our data clearly demonstrate that Pol I is prone to pausing. This
observation is not surprising, since previous studies have identified or predicted pausing
for many RNA polymerases [9, 23-28]. Pausing of transcription elongation can have
important consequences on gene regulation. Sophisticated regulatory systems, such as
attenuation mechanisms in bacteria, rely on programmed pausing of RNAP [25].
Furthermore, pausing by Pol Il is a recently defined feature of eukaryotic gene regulation
that has dramatic impact on cell growth and differentiation [29, 30]. In this study we
begin to explore the factors that control pausing by Pol I. We not only identify key
features that are conserved among RNA polymerases but also raise questions regarding

the factors that govern pausing in vivo.

DNA sequence effects on transcription are conserved
between bacteria and eukaryotes

Here, we demonstrate that a prokaryotic terminator motif can induce pausing and
termination of transcription by a eukaryotic polymerase. The observed pausing and
termination of transcription by Pol I can be modulated by modification of the stem loop
or U-tract regions of the spy terminator motif. We further demonstrated that the induced

pausing and termination were both dependent on UTP concentration. All of these factors
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are consistent with previous observations in prokaryotic systems [12, 19, 31]. Previous
studies have suggested that certain DNA sequence elements can directly affect all RNA
polymerases [32]. Our findings reveal clearly conserved effects of prokaryotic terminator
motifs on both Pol I and RNAP. Similar motifs also affect Pol I [15-17]. All of these data
support the conclusion that critical interactions between the DNA template, the nascent

RNA, and the RNA polymerase have been preserved throughout evolution.

Substrate concentration may influence rRNA synthesis directly.

The data described above provide insight into sequence motifs that affect
transcription elongation by Pol I. Our search for similar T-tracts in the rDNA yielded 54
sites (Fig 4A). In vitro transcription of one such site from the 258S region had a similar
effect on Pol I transcription as the rho-independent terminator motif. We also determined
that the pause, but not the termination effect of this motif, was sensitive to UTP
concentration. In the context of gene regulation, this is potentially an important finding.
Given the established link between Pol I transcription rate and efficient rRNA processing
[4], it is possible that these pause sites mediate RNA secondary structure formation
required for rRNA processing, a phenomenon previously observed in prokaryotic
expression systems [11]. Taking into account the UTP concentration-dependence of these
T-tracts, these pause sites could alternatively serve as cellular sensors of nutrient
concentration. Each pause site might be sensitive to UTP concentration around a specific
threshold. If pausing by Pol I were responsive to substrate concentration, then rRNA
processing might be linked to cellular nutrient conditions. No such factor-independent

stress sensor has been identified in eukaryotic rRNA expression. However, substrate NTP
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concentration plays a pivotal role in the regulation of prokaryotic rRNA synthesis [33,
34]. This previously described regulatory mechanism demonstrates that nutrient sensing
via the cellular nucleoside triphosphate pool can be exploited for the control of rRNA

synthesis.

In vitro pausing by Pol I is not predictive of pause sites in vivo.

To characterize Pol I pausing in vivo, we adapted NETSeq methods from those
used previously for Pol Il [22]. We observed obvious heterogeneity in Pol I occupancy.
Notably, we saw no significant correlation between identified T- tracts and Pol |
occupancy (Fig 8A). In addition, we found that U-residue enrichment in the rDNA hybrid
had little effect on Pol I occupancy (Fig 8B). These results stand in stark contrast to what
we observed in vitro. One potential explanation for this discrepancy is that the
biochemical studies were performed under conditions of limiting substrate. Our in vitro
experiments were performed at an NTP concentration of 15 uM for each nucleotide.
Increasing the concentration to 100 uM largely abrogated the effect on Pol I elongation
for both motifs (Fig 5). The K1 value for ATP concentration with respect to Pol I
elongation in vitro is 170 uM [35], and the nucleolar concentrations of NTPs in living
cells is expected to be much higher. Thus, our in vitro experiments were performed at
sub-saturating substrate concentrations. The lack of pausing at these T-tracts in vivo may
be due to the fact that the nucleolar NTP concentrations during balanced growth were
simply too high. Perhaps under conditions when substrates are limited (as discussed

above), DNA sequence elements may contribute more substantially to pausing in vivo.
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Another potential explanation for the discrepancy between pause site selection in
vitro versus in vivo is the relative complexity of the two experimental systems. The
biochemical assays that we deploy are fully reconstituted. The DNA template is free of
histones, and all of the proteins other than Pol I are expressed and purified from E. coli.
Thus, these assays are designed to characterize the minimal set of factors that influence
RNA synthesis. Our data demonstrate that under these purified conditions DNA sequence
elements can have robust effects on transcription by distantly related RNA polymerases.
However, in vivo these potential effects may be secondary to effects by other factors
(DNA binding proteins or elongation assisting factors). Based on this model, there exists
a collection of factors that directly influence the rate of Pol I transcription throughout the
rDNA gene.

One candidate factor is the Spt4/5 complex. SPT5 is conserved throughout
eukarya [36]. NusG, the homologue of Spt5 in bacteria, has been shown to increase the
elongation rate and general processivity of the E. coli RNA polymerase in vitro [37] . The
Spt4/5 complex has been shown to affect the processivity of Pol II [38]. We
demonstrated previously that Spt4/5 interacts directly with Pol I [39, 40]. Furthermore,
deletion of SPT4 or mutation of SPT5 resulted in defective rRNA synthesis and
processing [40, 41]. The interaction of the Spt4/5 complex with elongating Pol I may
increase its transcription elongation rate or processivity, allowing it to read through
sequences which might otherwise cause Pol I to pause or arrest. Defining the factors that
perturb Pol I activity in vivo will impact our understanding of how cells orchestrate the

complex process of ribosome assembly.
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Pol I occupancy is reduced at G residues.

Analysis of the sequence context of the most robust sites of pausing revealed an
anti-preference for G as the last encoded nucleotide (Fig 8C). Expanded analysis revealed
significantly lower occupancy at G residues throughout the rDNA, indicating that this is a
gene-wide trend instead of being specific to high-occupancy sites (Fig 8D). Analysis of
occupancy at positions proximal to G residues also revealed a significant increase in
occupancy directly upstream. This G anti-preference has not been described in any
previous NETSeq studies, suggesting that the phenomenon is not simply an artifact of
library generation. While a similar phenomenon has been observed in vivo for RNAP
[42], this is the first in vivo observation of differential nucleotide incorporation by Pol I in
any organism. Interestingly, Pol I occupancy at A residues was not similarly reduced
compared to G residues, suggesting that the difference is not due simply to purine or
pyrimidine base identity. The simplest explanation for these findings is that incorporation
of G nucleotides is slow, but incorporation by Pol I after addition of a G to the nascent
RNA is fast. We do not see any significant effect of the identity of the next encoded
nucleotide (Fig 8C). Thus, this effect is apparently due to unique features of the
deoxyC:riboG hybrid in the active site of the polymerase. The structural basis for this
observation is not yet clear. Perhaps the deoxyC:riboG hybrid provides a particularly
efficient substrate for isomerization/translocation of the polymerase or a favorable
substrate for the next nucleotide addition. Mutational analyses and biochemical

characterization will reveal the nature of this unexpected effect of rDNA sequence.
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METHODS
Generation of DNA Template
We synthesized linear DNA fragments containing a Not/ restriction site, the S.
cerevisiae RNA polymerase I distal and core promoter sequences, the first 55 transcribed
residues of the 35S gene mutated such that no C residues are encoded, 250 residues of
rDNA from the 25S gene, the DNA sequence to be assayed, another 100 residues of
rDNA from the 25S gene, an Sfol restriction site, and an Xkol restriction site, as
diagrammed in Fig 1a. These fragments served as templates for all in vitro assays. For the
study of the effect of rho-independent terminator motifs on Pol I, the sequence to be
assayed was the rho-independent terminator motif from the E. coli gene spy, using the
sequence described in the supplementary information from Chen, et. al. [19] . The
Terminator T to C mutant template was prepared similarly, except residues 5°-
TTTTCTTTTCTCTTCT-3 in the terminator motif were replaced with 5°-
CCCCTCCCCTCTCCTC-3". For the Terminator short stem loop mutant template, the
residues 5’-TCTTGTCCACTACCTTGCAGTAATGCGGTGGACAGGATC-3’ in the
terminator motif were replaced with 5’-CAGTCGAAAGACTG-3’. For the rDNA
sequence analysis, the sequence to be assayed consisted residues 1591 to 1710 of the S.
cerevisiae 25S gene. The rDNA sequence T to C switch mutant template was prepared
similarly, except residues 5’-TTATCTTTTCTTCTT-3’ from the rDNA sequence were
replaced with 5’-CCACTCCCCTCCTCC-3". In the rDNA sequence upstream scramble
mutant template the residues 5’-TGGAGACGTCGGCGCGAGCCCTGGGAGGAG-3’
were replaced with 5’~-CCGTAGTGCTAAGGTAACCTACAACGTGCT-3". For the

negative control, the sequence to be assayed is the 52 residue scramble sequence 5°-
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CGTGGCGCGGACTCGAGGAACGGACGCGAAGCTAACGGAATAGTGACTCTTC
-3°. The full sequences for all linear DNA fragments are available in the SI Appendix.
The fragment was ligated into the pBluescript vector plasmid using the Notl and Xhol
restriction sites and linearized using the Sfol restriction site. For the bioitinylated
template, the linear DNA fragment was amplified by PCR with a 5’ biotinylated primer.

DNA concentrations were determined using a Nanodrop 2000¢ spectrophotometer.

Purification of Proteins

S. cerevisiae Pol I, Core Factor (Rrn6p, Rrn7p, Rrnl1p) (CF,) and Tata Binding
Protein (TBP) were purified as previously described [43].

S. cerevisiae Rrn3p was purified from E. coli bearing pDAS903. This plasmid
consists of the pSUMO vector plasmid with the RRN3 gene cloned into it such that the
sequence MHHHHHH followed by the 101 amino acid SUMO fusion protein was added
to the N-terminus of Rrn3p. Protein expression was induced by growth in phosphate-
buffered TB supplemented with 0.25% v/v glycerol, 0.025 w/v glucose, and 0.1% w/v
galactose. Cells from a 1 liter culture with Abseoo = 0.6 were pelleted at 4,400 x g for 30
minutes. The pellet was resuspended in 50 mL breakage buffer (50 mM TriseCl, 500 mM
KCl, 10 mM Imidazole, 1% v/v glycerol pH, 7.8.) The cells were lysed via a french
pressure cell at 15,000 PSI. The lysate was then cleared at 36,000 x g for 30 minutes. The
supernatant was incubated with a 50% v/v GE Fast-Flow nickel resin slurry in breakage
buffer for two hours at 4°C. The nickel resin was pelleted via centrifugation at 500 x g for
3 minutes and washed with 10 mL wash buffer (50 mM TriseCl, 200 mM KCI, 10 mM

Imidazole, 1% v/v Glycerol, pH 7.8.) The protein was eluted with 7.5 mL elution buffer
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(50 mM TriseCl, 200 mM KCIl, 250 mM Imidazole, 1% v/v Glycerol, pH 7.8.) The nickel
elution fraction was then supplemented with 1 mM DTT and purified SUMO protease
and incubated overnight to cleave the 6xHis-SUMO tag off of Rrn3p. The nickel eluent
containing now untagged Rrn3p was then loaded onto a GE Mono Q 5/50 GL anion
exchange column and washed with 10 mL buffer A (50 mM TriseCl, 200 mM KCI, 10%
v/v Glycerol, pH 7.8.) The bound protein was eluted using a gradient of 0 — 100% bufter
B (50 mM TriseCl, 1 M KCI, 10% v/v Glycerol, pH 7.8.) All protein concentrations were

determined via dual-beam spectrophotometry.

Promoter-Dependent In Vitro Transcription

Based on a previously described in vitro transcription assay [ 18], standard
experiments were performed at 25°C with a volume of 20 pL. Experiments contained
standard reaction buffer (17.5 mM tris acetate pH 7.9, 87.5 mM potassium glutamate pH
7.95, 7 mM magnesium acetate, 1.75 mM DTT, 0.035 U/uLL. RNAse inhibitor, 0.175
mg/mL BSA, 2.6% glycerol,) 169 nM CF, 169 nM TBP, 169 nM Rrn3p, 169 nM RNA
polymerase I, 2.3 nM linearized DNA template, 15 uM ATP, CTP, GTP, UTP, =300 nM
[a-*2P] NTP (UTP for the rho-independent terminator studies and GTP for the 25S pause
region studies), and 0.025 mg/mL heparin. Rrn3p and RNA polymerase I were incubated
at 25°C for one hour prior to the transcription experiment.

Linearized DNA template was added to a 2.5-fold concentrated mixture of
standard reaction buffer, followed by CF, TBP, and Rrn3P/RNA polymerase I complex.
ATP, GTP, UTP, and radiolabeled nucleotide were then added to the mixture to allow for

transcription of the 55 nucleotide C-less coding region for three minutes. CTP and
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heparin were then added to allow the polymerases to transcribe past the C-less coding
region and prevent binding of un-bound polymerases to the template, respectively. After
the indicated amount of time, reactions were quenched with 250 pL. 1M ammonium
acetate in 95% ethanol and cooled overnight at -20°C. The nascent RNA was pelleted by
centrifugation at 16,800 x g for 15 minutes. The pellet was resuspended in 20 uL. RNA
loading dye (90% formamide, 25 mM EDTA, 0.025 mg/ml bromophenol blue, pH 8.54.)
After 10 minutes of incubation, 10 pL of each sample was loaded into an 8%
polyacrylamide gel, which was run for 65 minutes at 700 volts in 1x TBE. The gel was
then dried for two hours, and exposed to a phosphor screen overnight.

The in vitro transcription experiment with the biotinylated template was
performed as above- except the reactions were quenched with two volumes of 38 mM
EDTA in standard reaction buffer. Half of each reaction was incubated with streptavidin-
coated magnetic beads for 25 minutes at 25°C. The beads were then sequestered by
magnet and the flow through was isolated. Both fractions for each time point were then
combined with 250 pL. 1M ammonium acetate in 95% ethanol and resolved by

polyacrylamide gel as above.

Gel Imaging and Data Analysis
Gels were imaged using the GE Typhoon Scanner. All analysis was performed
using the ImageQuant TL software package. The volume of the full length and truncated
product bands were determined. The volume for each band was then normalized to
radioactive nucleotide incorporation. To produce the fractional product value at each time

point, the normalized volume of the truncated product band in that lane was divided by
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the sum of the normalized truncated product volume and the normalized full length

product volume, and multiplied by 100.

Native Elongating Transcript Sequencing for Pol 1.
NETSeq was adapted for use with Pol I, based in large part on previous studies
targeting Pol II [22] Detailed description of the cell growth, harvest, RNA isolation,

library preparation, and data analysis are provided as in the SI Appendix.
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SUPPLEMENTAL METHODS
DNA template sequences

negative control construct

GCGGCCGCectgtcactttggaaaaaaaatatacgctaagatttttggagaatagcttaaattgaagtttttctcggcgagaa
atacgtagttaaggcagagcgacagagagggcaaaagaaaataaaagtaagattttagtttgtaatgggagggggggtttagtc
atggagtacaagtgtgaggaaaagtagttgggaggtacttcatgcgaaagcagttgaagacaagttcgaaaagagtttggaaac
gaattcgagtaggcttgtcgttcgttatgtttttgtaaatggectcgtcaaacggtggagagagtcgetaggtgatcgtcagatctge
ctagtctctatacagcgtgtttaattgacatgggttgatgcgtattgagagatacaatttgggaagaaattcccagagtgtgtttctttt
gcgtttaacctgaacagtctcatcgtgggcatcttgegattccattggtgagcagcgaaggatttggtggattactagctaatagea
atctatttcaaagaattcaaacttgggggaatgccttgttgaatagccggtcgcaagactgtgattcttcaagtgtaacctectctca

aatcCGTGGCGCGGACTCGAGGAACGGACGCGAAGCTAACGGAATAGTGA

CTCTTCagcgatatcaaacgtaccattccgtgaaacaccggggtatctgtttggtggaacctgattagaggaaactcaaag

agtgctatggtatggtgacggagtgGGCGCCCTCGAG

spy terminator construct

GCGGCCGCctgtcactttggaaaaaaaatatacgctaagatttttggagaatagcttaaattgaagtttttctcggcgagaaat
acgtagttaaggcagagcgacagagagggcaaaagaaaataaaagtaagattttagtttgtaatgggagggggggtttagtcat
ggagtacaagtgtgaggaaaagtagttgggaggtacttcatgGgaaagGagttgaagaGaagttGgaaaagagtttggaaa
GgaattGgagtaggcttgtcgttcgttatgtttttgtaaatggectcgtcaaacggtggagagagtcgetaggtgatcgtcagatct

gcctagtctctatacagcegtgtttaattgacatgggttgatgcgtattgagagatacaatttgggaagTTCAGCCAAAAA

ACTTAAGACCGCCGGTCTTGTCCACTACCTTGCAGTAATGCGGTGGACAGGA

TCGGCGGTTTTCTTTTCTCTTCTCAACgtaccattccgtgaaacaccggggtatctgtttggtggaacctg

attagaggaaactcaaagagtgctatggtatggtgacggagtgGGCGCCCTCGAG
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spy terminator construct, T to C mutant

GCGGCCGCectgtcactttggaaaaaaaatatacgctaagatttttggagaatagcttaaattgaagtttttctcggcgagaaat
acgtagttaaggcagagcgacagagagggcaaaagaaaataaaagtaagattttagtttgtaatgggagggggggtttagtcat
ggagtacaagtgtgaggaaaagtagttgggaggtacttcatgGgaaagGagttgaagaGaagttGgaaaagagtttggaaa
GgaattGgagtaggcttgtcgttcgttatgtttttgtaaatggectcgtcaaacggtggagagagtegctaggtgatcgtcagatcet

gcctagtctctatacagcgtgtttaattgacatgggttgatgcgtattgagagatacaatttgggaag TTCAGCCAAAAA

ACTTAAGACCGCCGGTCTTGTCCACTACCTTGCAGTAATGCGGTGGACAGGA

TCGGCGGCCCCTCCCCTCTCCTCCAACcgtaccattccgtgaaacaccggggtatctgtttggtggaacct

gattagaggaaactcaaagagtgctatggtatggtgacggagtgGGCGCCCTCGAG

spy terminator construct, short stem loop mutant

GCGGCCGCctgtcactttggaaaaaaaatatacgctaagatttttggagaatagcttaaattgaagtttttctcggcgagaaat
acgtagttaaggcagagcgacagagagggcaaaagaaaataaaagtaagattttagtttgtaatgggagggggggtttagtcat
ggagtacaagtgtgaggaaaagtagttgggaggtacttcatgGgaaagGagttgaagaGaagttGgaaaagagtttggaaa
GgaattGgagtaggcttgtcgttcgttatgtttttgtaaatggcctcgtcaaacggtggagagagtcgctaggtgatcgtcagatct

gcctagtctctatacagcgtgtttaattgacatgggttgatgcgtattgagagatacaatttgggaagTTCAGCCAAAAA

ACTTAAGACCGCCCAGTCGAAAGACTGGGCGGTTTTCTTTTCTCTTCTCAACgta

ccattccgtgaaacaccggggtatctgtttggtggaacctgattagaggaaactcaaagagtgctatggtatggtgacggagtg
GGCGCCCTCGAG

rDNA sequence construct

GCGGCCGCctgtcactttggaaaaaaaatatacgctaagatttttggagaatagcttaaattgaagtttttctcggcgagaaat
acgtagttaaggcagagcgacagagagggcaaaagaaaataaaagtaagattttagtttgtaatgggagggggggtttagtcat
ggagtacaagtgtgaggaaaagtagttgggaggtacttcatgGgaaagGagttgaagaGaagttGgaaaagagtttggaaa

GgaattGgagtaggcttgtcgttcgttatgtttttgtaaatggectegtcaaacggtggagagagtegctaggtgategtcagatct
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gcctagtctctatacagcegtgtttaattgacatgggttgatgcgtattgagagatacaatttgggaag GGAATCCGGTTA

AGATTCCGGAACCTGGATATGGATTCTTCACGGTAACGTAACTGAATGTGGA

GACGTCGGCGCGAGCCCTGGGAGGAGTTATCTTTTCTTCTTAACAGCTTATCA

CCcCecgtaccattccgtgaaacaccggggtatctgtttggtggaacctgattagaggaaactcaaagagtgctatggtatggtga
cggagtgGGCGCCCTCGAG

rDNA sequence construct, T to C mutant

GCGGCCGCctgtcactttggaaaaaaaatatacgctaagatttttggagaatagcttaaattgaagtttttctcggcgagaaat
acgtagttaaggcagagcgacagagagggcaaaagaaaataaaagtaagattttagtttgtaatgggagggggggtttagtcat

ggagtacaagtgtgaggaaaagtagttgggaggtacttcatgGgaaagGagttgaagaGaagttGgaaaagagtttggaaa
GgaattGgagtaggcttgtcgttcgttatgtttttgtaaatggcctcgtcaaacggtggagagagtcgctaggtgatcgtcagatct

gcctagtctctatacagcegtgtttaattgacatgggttgatgcgtattgagagatacaatttgggaag GGAATCCGGTTA

AGATTCCGGAACCTGGATATGGATTCTTCACGGTAACGTAACTGAATGTGGA

GACGTCGGCGCGAGCCCTGGGAGGAGCCACTCCCCTCCTCCAACAGCTTATC

ACCCcgtaccattccgtgaaacaccggggtatctgtttggtggaacctgattagaggaaactcaaagagtgctatggtatggt
0acggagtgGGCGCCCTCGAG

rDNA sequence construct, upstream scramble mutant

GCGGCCGCctgtcactttggaaaaaaaatatacgctaagatttttggagaatagcttaaattgaagtttttctcggcgagaaat
acgtagttaaggcagagcgacagagagggcaaaagaaaataaaagtaagattttagtttgtaatgggagggggggtttagtcat
ggagtacaagtgtgaggaaaagtagttgggaggtacttcatgGgaaagGagttgaagaGaagttGgaaaagagtttggaaa
GgaattGgagtaggcttgtcgttcgttatgtttttgtaaatggectcgtcaaacggtggagagagtcgetaggtgatcgtcagatct

gcctagtctctatacagcegtgtttaattgacatgggttgatgegtattgagagatacaatttgggaagGGAATCCGGTTA

AGATTCCGGAACCTGGATATGGATTCTTCACGGTAACGTAACTGAATGCCGT

AGTGCTAAGGTAACCTACAACGTGCTTTATCTTTTCTTCTTAACAGCTTATCA
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CCCcgtaccattccgtgaaacaccggggtatctgtttggtggaacctgattagaggaaactcaaagagtgctatggtatggtga

cggagtgGGCGCCCTCGAG

Cell culture and immunoprecipitation

Per replicate, three litres of S. cerevisiae bearing an RPA135 C-terminal (3x-HA
7x- his) tagged mutant (MATo ade2-1 ura3-1 trpl-1 leu2-3 112 his3-11,15 can1-100
RPA135-(HA)3-(His) 7: TRP1Mx6 rpal90A::HIS3Mx6 carrying pRS315-RPA190) [44]
were grown in YEPD media to Asoo = 0.3 at 30°C with nutation. The cells were collected
via filtration, then frozen in liquid nitrogen. The cells were then cryogenically lysed via
ten one-minute cycles of 16mm amplitude grinding in the Mikro-Dismembrator 11
grinding mill. The grinding cup was pre-chilled by immersion in liquid nitrogen, and the
re-immersed for 1 minute in between grinding cycles.

Grindates for each liter were dissolved in five-fold weight amounts of ice-cold
lysis buffer (20 mM Tris Cl pH 7.9, 0.4% Triton X-100, 0.1% NP-40, 100 mM NH4ClI, 5
mM EDTA Na pH 8.5, 1x HALT Protease Inhibitor, 25 U/ml SUPERase-in RNAse
Inhibitor). Aliquots of Pierce Anti-HA magnetic beads equal to 4% of lysis buffer volume
were washed 4x with ice-cold lysis buffer. The lysates were centrifuged at 16,000 x g for
15 minutes. The lysate supernatants were combined with pre-washed aliquots of Pierce
Anti-HA magnetic beads and set to nutation at 4°C for 3 hours. The beads were then
isolated via magnet and washed 4x with ice-cold wash buffer (20 mM Tris Cl pH 7.9,
0.4% Triton X-100, 0.1% NP-40, 300 mM KCI, 50 mM EDTA Na pH 8.5, 25 U/ml
SUPERase-in RNAse Inhibitor). Finally, the beads were resuspended in 900 ul TES (10

mM Tris Cl pH 7.5, 1% SDS) and extracted 3x with 900 pl aliquots of acidic (pH 4.3)
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phenol, then 2x with 900 ul aliquots of chloroform. The remaining aqueous solutions
were combined with 1.2 ml ammonium acetate precipitation solution (1M ammonium
acetate, 95% ethanol) and 2 ul glycoblue, and set to -80°C for at least 2 hours. The
solutions were centrifuged at 16,000 x g for 1 hour at 4°C. The pellets were then washed

2x with 750 pl 75% ethanol, and resuspended in 10 pl 10 mM tris Cl pH 7.0.

Linker ligation, zinc chloride fragmentation, and size selection

The isolated RNA samples from each liter were denatured at 80°C for 2 minutes,
then put on ice. A 5” adenylated DNA linker end-blocked with a 3’ di-deoxy C (5°-
/5rApp/CTCCACGAGTCATCCGC/3ddc/-3’, Integrated DNA Technologies) was
denatured at 80°C for 3 minutes, then combined with RNA samples and buffering
conditions for a labelling reaction with the following concentrations (12% PEG MW
8000, 1x T4 RNA Ligase buffer (NEB), 5 uM linker, and 10 U / ul T4 RNA Ligase 2,
truncated (NEB)). The reactions were set to 25°C for three hours. In order to fragment the
RNAs 2.2 ul zinc chloride fragmentation buffer (100 mM tris Cl ph 7.0, 100 mM ZnCly)
was added to each ligation reaction and set to 70°C for 20 minutes. The fragmentation
reactions were then quenched by that addition of 2.5 ul 200 mM EDTA Na pH 8.5, 2 ul
glycoblue, and 1 ml ammonium acetate precipitation solution, and set to -80°C for at
least 2 hours. The solutions were centrifuged at 16,000 x g for 1 hour at 4°C. The RNA
pellets were then washed 2x with 750 pl 75% ethanol. The RNA samples were denatured
at 98°C for 5 minutes, loaded on a pre-run 10% polyacrylamide gel, and run at 700 volts
for 70 minutes. The gel was stained for 30 minutes at room temperature in 1X SYBR

Gold stain in 1X TBE buffer. The 30 to 330 nt regions were excised for each replicate.
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The gel slices were pulverized and combined with 600 pl H2O, and set to -80°C for 14
hours. The gel slurries were then set to 70°C for 20 minutes, and the liquid was isolated
via a 5 minute 16,000 x g centrifugation in Costar Spin-X Centrifuge Tube Filters
(Corning). The solutions were then combined with 37.5 ul 3M ammonium acetate, 2 pl
Glycoblue, and 1.125 ml isopropanol. The solutions were set to -80°C for 2 hours, then
centrifuged at 16,000 x g for 1 hour at 4°C. The RNA pellets were washed twice with 750
ul 75% ethanol, and dried at room tempurature for 25 minutes. The pellets were then

resuspended in 10 pl 10 mM Tris Cl pH 6.9.

Reverse Transcription

The size-selected RNA samples were combined with a 5° phosphorylated reverse
transcription primer (RT primer) with two internal 18 atom hexa-ethyleneglycol spacers
(5°- I5Phos/ICTGTAGGCACCATCAATG
ATCGTCGGA/isp18/CACTCAVispl8/CGTCTCTTCTGCGGATGACTCGTGGAG-3’,
Integrated DNA Technologies) with buffering conditions (1X 5X First Strand Buffer, 400
UM each dATP, dCTP, dGTP, dTTP, and 250 nM RT primer), denatured at 65°C for 5
minutes, and set on ice. The following components were then added to complete the full
reverse transcription reaction (5 U/ul SUPERase-in RNAse Inhibitor, 4 mM DTT, and 8
U/ ul Superscript 11 (Invitrogen). The solutions were set to 50°C for 30 minutes. In order
to get rid of the residual RNA 1.8 pul 1M NaOH was added to each reaction and set to
98°C for 20 minutes. The 70 to 330 nt range cDNAs for each sample were size-selected
and precipitated as described above, except using 3M sodium for precipitation instead of

3M sodium acetate, and resuspended in 15 pl 10 mM Tris Cl pH 7.0.
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Circularization, PCR Amplification, Size Selection, and Library Desalting
Circularization with CircLigase Il ssDNA Ligase (Epicentre) was performed per

manufacturer’s instructions, with the addition of a second 1 pl aliquot of Circligase and
60-minute incubation step at 60°C following the first. The Circularized cDNAs were then
amplified in a PCR reaction with the following concentrations: (1x Phusion Buffer, 94
nM forward primer, 94 nM reverse primer, 330 uM each dATP, dCTP, dGTP, dTTP, and
0.019 U/ul phusion polymerase (NEB)). Each sample was amplified with a unique
combination of forward and reverse primers to allow for demultiplexing (table 1.) The
reactions amplified by the following PCR cycle: 98°C for 30 seconds, 12x (98°C for 10
seconds, 60°C for 10 seconds, 72°C for 30 seconds.) The 160-330 nt range of library
DNAs for each sample were size-selected and precipitated as described above, and
resuspended in 25 pl 10 mM tris acetate pH 8.0. Libraries were desalted using illustra

Microspin S-200 HR Columns (GE) according to manufacturer’s instructions.

Sequencing
Libraries were sequenced on the NextSeq500 according to manufacturer’s
instructions, using the following index primer (5’-CCATCAATGATCGTCGGA-3’,
Integrated DNA Technologies) and sequencing primer (5°-
CGTCTCTTCTGCGGATGACTCGTGG-3’, Integrated DNA Technologies.) The image
basecall (bcl) files from the Ilumina NextSeq500 were converted to fastq file format

using [llumina’s bcl2fastq software (ver. 2.18.0.12.)
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Analysis software
Sequence trimming, alignment, and data formatting were performed with Trim
Galore (ver. 0.4.1,) Burrows-Wheeler Aligner (BWA) (ver. 0.6)[45], Samtools (ver.
1.3.1)[46], and Bedtools (ver. 2.9.1)[47]. Subsequent analysis was performed in R (ver.
3.3.1)[48] using the following packages: ggplot2 (ver. 2.2.1)[49], dplyr (ver. 0.7.4)[50],

and ggseglogo (ver 0.1)[51]. Unix and R analysis scripts available upon request.

Sequence Trimming and Alignment
All sequences were trimmed of the first two bases (AG in all sequences by library
design.) Where detected, the 3’ library sequence (CTGTAGGCACCAT) and all
subsequent bases were also removed. The trimmed sequences were then aligned to the S.
cerevisiae genome (SacCer3 assembly, downloaded 25 October 2017, URL.:
http://hgdownload.cse.ucsc.edu/goldenPath/sacCer3/bigZips/chromFa.tar.gz) via the

BWA-MEM tool, with a minimum alignment score threshold of 20.

Sequence Logo Generation
127 positions were “significant” in all three replicates. To represent the
RNA:DNA hybrid a 14 nt sequence (comprised of the 9 bases upstream of the
“significant” position, the “significant” position itself, and the 4 nucleotides downstream)
was isolated for each of these positions. These sequences were then used to produce a

sequence logo via ggseqlogo using default settings.
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Supplementary Table 1. Library Amplification Primers for NETSeq

Replicate

reverse primer sequence

forward primer sequence

1st

2nd

3rd

AATGATACGGCGACCACCGAGATCTACACTtagatcge
CGTCTCTTCTGCGGATGACTCG
AATGATACGGCGACCACCGAGATCTACACtagatcge
CGTCTCTTCTGCGGATGACTCG
AATGATACGGCGACCACCGAGATCTACACtagatcge

CGTCTCTTCTGCGGATGACTCG

CAAGCAGAAGACGGCATACGAGATtcgcectta
TCCGACGATCATTGATGGTGCC
CAAGCAGAAGACGGCATACGAGATCctagtacg
TCCGACGATCATTGATGGTGCC
CAAGCAGAAGACGGCATACGAGATttctgect

TCCGACGATCATTGATGGTGCC
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Figure S1. Representative Gels for Figures 2c, 3b, 3c, and 5a. S1a) Representative
polyacrylamide gel for Fig 2c. S1b) representative polyacrylamide gel for Fig 3b. Sic)
Representative polyacrylamide gel for Fig 3c. S1d) Representative polyacrylamide gel for
Fig 5a, 100 uM UTP.
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Figure S2. Representative Gels for Figures 4a, 4b, 4c, and 5c. S2a) Representative
polyacrylamide gel for Fig 4a. S2b) representative gel for Fig 4b. S2¢) representative

polyacrylamide gel for 4c. S2d) representative polyacrylamide gel for Fig 5b, 100 uM
UTP.
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Figure S3. NETSeq Pol I 3° End Densities in the 35S Gene Including the Mature
Ends of rRNA Species. S3a) NETseq Pol I 3’ end densities in the 37S gene including the
ends of mature rRNA species.
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NETSeq 3’ end densities in the 35S gene. S4b) NETSeq 3’ end densities in the 5S gene.
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densities in three Pol 111 transcribed genes.
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Kruskal Wallis test produced a p-value < 1*10-8. S6c¢) Sequence logo of the RNA:DNA
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transformed and normalized. Comparisons by Mann-Whitney U test. ns = not significant,
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ABSTRACT

S. cerevisiae has approximately 200 copies of the 35S rRNA gene, arranged
tandemly on chromosome XII. This gene is transcribed by RNA Polymerase | (Pol 1) and
the 35S rRNA transcript is processed to produce three of the four rRNASs required for
ribosome biogenesis. An intergenic spacer (IGS) separates each copy of the 35S gene and
contains the 5S gene (transcribed by RNA Polymerase I11), an origin of DNA replication,
and the promoter for the adjacent 35S gene. Efficient transcription termination by Pol I is
required to prevent the collision of actively transcribing Pol I elongation complexes and
the various DNA binding proteins found in the IGS. The A12.2 subunit of Pol | plays an
important role in cleavage, termination, and nucleotide addition. Deletion of this subunit
causes alteration of nucleotide addition kinetics, as well as read-through of transcription
termination sites. To interrogate both of these phenomena we performed Native
Elongating Transcript Sequencing (NET-seq) on a rpal24 strain of S. cerevisiae and
evaluated the resultant change in Pol I occupancy throughout the 35S gene and the IGS.
Compared to WT, we observed template sequence-specific changes in Pol | occupancy
throughout the 35S gene. We also observed rpa124 Pol | occupancy downstream of both
termination sites and throughout most of the IGS, including the 5S gene. Occupancy of
rpal24 Pol | increased just upstream of the promoter proximal Rebl binding site and
dropped significantly after, implicating this site as a third terminator for Pol |

transcription.
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INTRODUCTION

Ribosome biogenesis in S. cerevisiae (yeast) begins with transcription of the 35S
gene by RNA polymerase | (Pol 1) to produce the 35S ribosomal RNA (rRNA), which is
co- and post-transcriptionally cleaved to produce the 18S, 5.8S, and 25S rRNAs (Fig 1).
These rRNAs, along with the 5S rRNA, which is synthesized by RNA Polymerase 11,
form the RNA backbone of ribosomes. Rapidly dividing yeast cells have a tremendous
demand for ribosomes, which is reflected by the fact that more than 60% of the cell’s
RNA is ribosomal RNA[1]. Yeast has between 150 and 200 copies of the 35S gene to
accommodate this demand, arranged tandemly on chromosome XI1 [1]. Half of these
copies are transcriptionally active, and each actively transcribed copy is host to
approximately 50 Pol I transcription elongation complexes (ECs) [2]. In between each
copy is an intergenic spacer (IGS). The IGS consists of the 5S gene flanked by intergenic
spacers 1 and 2 (IGS 1 and IGS 2) (Fig 1). IGS 1 contains the second of two termination
sites of Pol I transcription as well as a replication fork blocking (RFB) region composed
of three Fob1 binding sites [3] (Fig 1, red brackets). It also contains a bi-directional Pol 11
promoter (E-pro) [4]. IGS 2 contains an autonomously replicating sequence (rARS) as
well as the upstream and core promoter elements for the adjacent 35S gene [5] (Fig 1,
black brackets). RNA polymerase Il (Pol I1) transcription from E-pro (normally
suppressed by silencing protein Sir2) is implicated in rDNA repeat number expansion by
preventing cohesin association with the rDNA [4]. The RFB region in IGS 1 prevents
DNA replication in the opposite direction of Pol | transcription to prevent collision of
transcription and replication machineries [6]. These collisions result in DNA damage as

evidenced by Pol | transcription-dependent increased copy number variation
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Figure 1. The S. cerevisiae rDNA repeat. Gene diagram of S. cerevisiae rDNA repeat.
Black arrows indicate direction of transcription. red brackets) Portion of the rDNA

containing the two sites of Pol I termination as well as the RFB region, feature
coordinates are relative to the mature end of the 25S rRNA. black brackets) Portion of the

rDNA containing the E-pro, 5S gene and 1GS 2, feature coordinates relative to the
transcription start site of the downstream 35S repeat.
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and generation of extra-ribosomal circles (ERCs) in low RFB activity yeast strains [7].
Given that the RFB region lies just downstream of the two terminator regions for Pol I,
efficient Pol | transcription termination is therefore also crucial to preventing collisions
between transcription and replication machineries.

Early studies identified two sites of Pol | transcription termination [8]. The first
site (referred to as T1) is 91 base pairs downstream of the mature end of the 25S rRNA,
and represents the main site of Pol I transcription termination [9]. T1 lies at the end of a
20 bp tract of A/T-rich template rDNA. The binding site for the DNA binding protein
Rebl is located downstream of this A/T-rich DNA sequence. In combination with Rebl
these two sequence elements were sufficient to terminate Pol | transcription in vitro [10].
The proposed mechanism for termination by Pol I consisted of a Rebl-mediated “pause”
followed by “release” of the nascent transcript due to the A-rich template DNA tract [11].
Previous studies identified that murine transcription termination factor I (mTTF-I) could
also terminate yeast Pol I transcription in vitro [12]. Extensive sequence similarity
between mTTF-I and Rebl [13] supported this mechanism and established the possibility
of a universally conserved mechanism of Pol | transcription termination in all eukaryotes.
However, subsequent analyses indicated that the mechanism of Pol | termination in yeast
is more complicated. In vivo studies implicated a host of new factors in Pol I termination,
including RNase I11 Rntl [9] and 5’ exonuclease Rat1 [14]. Other studies have cast doubt
on Rebl’s role in yeast Pol | termination [15, 16]. Rebl has an additional binding site
downstream of T1, 210 bp upstream of the transcription start site for the adjacent 35S
gene (Fig 1, black brackets). It has long been known that Reb1’s binding affinity for this

promoter-proximal site is greater than for the terminator-proximal site near T1 [17]. More
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recent Chromatin Endogenous Cleavage studies have demonstrated that Nsil (a Rebl
homologue) has a much stronger affinity for the terminator-proximal Reb1 binding site,
and is required for efficient Pol | termination in vivo [16], unlike Rebl [15].
Interestingly, Rebl is also implicated in the initiation and termination of Pol 11
transcription in yeast. Rebl binding at sites within a subset of Pol Il promoters is required
for the formation of Nucleosome Free Regions (NFRs), allowing transcription of those
genes [18, 19]. Rebl binding to sites downstream of Pol Il genes has also been shown to
pause Pol Il transcription in vivo in a polar manner, prompting ubiquitination and
subsequent Pol Il transcription termination [20], similar to its originally suggested role in
Pol I transcription.

The current model for Pol I termination at T1 is similar to the “torpedo” model for
Pol 11 termination. Pol I transcribes to position +91 downstream of the mature end of the
25S rRNA and halts upstream of the binding site for Nsil. Concurrently, Rntl recognizes
a stem loop formed in the nascent RNA transcript just downstream of the 25S end, which
cleaves between positions +14/+15 and positions +49/+50 [21]. This cleavage produces a
5’ monophosphate terminus on the nascent transcript which is the appropriate substrate
for Ratl [22]. As in Pol II termination, Ratl is proposed to be the “release factor” for Pol
I; when Ratl reaches the stalled Pol | EC, termination occurs [14]. However, no
mechanism has been put forth describing how this release occurs. Termination at the
“failsafe” site downstream of T1, known as T2, is less well-studied, though it has been
shown to involve RFB region binding protein Fobl and Rat1 [14]. Previous work also
suggests an additional termination site adjacent to the promoter-proximal binding site for

Reb1 [23].
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One of the known Pol I subunits involved in both intrinsic cleavage [24] and
transcription termination [25] is Rpal2 (A12.2). This subunit is homologous to Rpb9 in
Pol 11, and Rpcl1l in Pol Ill. The C-terminal domain of A12.2 also bears homology to Pol
Il cleavage factor TFIIS [26]. rpal24 strains grow very slowly compared to wild type at
30°C [27] and are Pol I transcription termination deficient [25]. Structural studies of the
interaction between Rebl and Pol I ECs in Schizosaccharomyces pombe revealed that
protein-protein interactions between Rebl and the A12.2 subunit are specifically required
for transcriptional arrest and termination of Pol | ECs [28], possibly explaining the
previously identified orientation dependence in Rebl transcriptional arrest activity with
respect to S. pombe Pol I [29] and S. cerevisiae Pol Il [20]. In addition to its roles in
cleavage and termination, recent work from our lab demonstrated that A12.2 also affects
stability of the Pol | EC [30] and is directly involved in nucleotide addition by Pol I [31,
32].

Given Al2.2’s involvement in nucleotide addition, cleavage, and termination, we
set out to investigate how deletion of this subunit perturbs Pol I occupancy in vivo using
Native Elongating Transcript Sequencing (NET-seq.) This technique allows us to observe
reproducible Pol I occupancy with single-nucleotide resolution [33]. Upon deletion of the
this gene, we observe re-ordering of median polymerase occupancy throughout the 35S
gene, favoring the 5 end of the transcript. Furthermore, we identified key changes in Pol
| EC occupancy in response to upstream nucleotide enrichment between the WT and
rpal24 strains, confirming that A12.2 affects Pol I nucleotide addition in vivo. Our
experiments also confirmed that the rpal24 strain is termination-deficient in vivo, with

significant Pol I occupancy observed downstream of T1, T2, and the 5S gene. Strikingly,
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median occupancy increases dramatically just upstream of the promoter-proximal Rebl
binding site, indicating that the rpal24 Pol | EC is paused or halted stably at this site.
These findings provide insight into A12.2’s role in growing cells and pose intriguing new

questions about Pol I termination and the conserved genomic architecture of the IGS.

RESULTS
RPAL12 deletion alters Pol I occupancy throughout the 35S gene

We performed NET-seq in triplicate on WT and rpal24 S. cerevisiae Strains
bearing HA-tagged Pol | as previously described [33]. The resultant reads were mapped
to the 35S gene(Fig 2A.) The amplitude at each position corresponds to the number of
polymerases which mapped to that position, representing a snap shot of Pol I occupancy.
The counts were normalized to the sum of reads mapping to the 5S gene. These rRNAs
are synthesized by Pol I11 and represent a previously-identified contaminant in Pol |
NET-seq library generation. These counts were assessed for statistically significant
increase (blue) or decrease (red) in the rpal24 strain relative to WT. Qualitative analysis
of these data reveals a 5’ shift of polymerase occupancy, with increased occupancy in
ETS 1, 18S, and both ITS regions in the mutant strain. Analysis of median occupancy
confirms these findings, revealing statistically significant increases in occupancy in the
above regions, along with ETS 2 (Fig 2B). To characterize the influence of DNA
sequence on Pol | occupancy, we created sequence logos of the positions with
significantly increased or decreased occupancy to assess whether there are conserved

sequence elements that correlate with these changes

70



250~

| wr
200 I rpail2A
150 A
|_
o
(@]
& 1001
5
[0}
=
I Increased
Occupancy
| 0100 MO0 QDD 0O 0 00 AR J Decreased
ETS1 Occupancy
(OQQ \QQQ (OQQ q,QQQ Q?QQ %QQQ (gj@ 0900 bﬁ"@ @QQQ b‘o@ Q)QQQ Q;OQQ
B Chromosome Coordinates

€ ] n=700 n=1800 n=361 n=158 n=232 n=3396 n=211

9 Hhkk Hhkk *h KK KEKK KhKK

ns ns
6
e’
5
e4_
eB,
eZ_
e1 ]

ETS1 188 ITS1 588 ITS2 258 ETS2
Gene Region
EwTlrpal2A

Median CPT (Log Normalized)
(0]

Figure 2. RPA12 deletion shifts Pol I occupancy towards the 5’ end of the 35S gene.
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(Fig 3). Increased U and A residue enrichment in the RNA:DNA hybrid correlates with
significantly increased Pol | occupancy in the rpal24 strain (Fig 3A). In examining
sequence context from decreased occupancy positions (Fig 3B) we observed increased U
and A residue enrichment directly downstream of the last nucleotide added by the EC
(LNT). These finding suggest that 7pal24 alters Pol I’s response to A and U residues
both in the RNA-DNA hybrid, and downstream DNA.

These sequence logos are aggregates of sequence context for a small subset of
positions within the 35S gene. In order to examine possible relationships between Pol |
occupancy and sequence context gene-wide, we assessed polymerase occupancy as a
factor of specific nucleotide enrichment in the RNA:DNA hybrid (Fig 4) and the eight
base pairs immediately downstream (Fig 5) of each position in the 35S gene. Deletion of
RPA12 alters Pol I’s response to increasing A/T and C/G enrichment in the RNA:DNA
hybrid differently. For A and U residues, the occupancy difference peaks in the middle
range of enrichment (between 2 and 4 residues in the RNA:DNA hybrid) (Figs 4A and
4D). For G and C residues, the occupancy difference is greatest at low levels of
enrichment (between 0 and 2 residues in the RNA:DNA hybrid) (Figs 4B and 4C), with
little effect at higher G and C enrichment. Pol | occupancy changes in response to
downstream nucleotide enrichment is more consistent for all four nucleotides, RPA12
deletion increases Pol | occupancy in response to modest nucleotide enrichment (fewer
than 4 nucleotides in the 8 bp window downstream of the last encoded nucleotide) for all
four residues (Fig 5). These data show cumulatively that rpai24 Pol | is differentially

affected by increasing nucleotide enrichment both up- and downstream, indicating that
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Figure 4. RPA12 deletion alters relationship between Pol I occupancy and nucleotide
enrichment in the RNA:DNA hybrid. Violin plots comparing median occupancy of WT
(grey) and rpai24 (purple) Pol I strains by enrichment for 4A) A, 4B) C, 4C) G, 4D) U
residues in the RNA:DNA hybrid (eight base pair region upstream of the 3’ transcript
end) for each position. Comparison by Wilcoxon test (n noted above each comparison; *
= P value < 5%1072, ** =P value < 5*1073, *** = P value < 5%107, **** = P value <
5*107°). Counts reported in counts per thousand, intra-region normalized and natural log
transformed.

74



G n=940 n=1816 n=2039 n=1371 n=553 n=118 n=16 n=5 6 n=1596 n=2583 n=1844 n=664 n=153 n=18
ﬁ NLR P ey s e ns ns ns 8 %4 P e s - na
| 9 ® 9
E € £ °
5 en I ‘6 E“
z | z
o e o e
[=)] o
o e I I o ¢ I I I
E o c 1 gl
(S O 4
c € c e
8 el 8 g3
5 5 ¢
D D o
S e S e
0 1 2 3 4 5 6 7 0 1 2 3 4 5
A Residues in 8 bp window C Residues in 8 bp window
downstream of LNT downstream of LNT
BEWTHrpal2a BEWTerpal2Aa
ii: n=830 n=1923 n=2127 n=1319 n=487 n=104 n=8 6 n=801 n=1945 n=1971 n=1300 n=603 n=181 n=52 n=5
ISt em B sk B Aurs P M ns ns g em B H wrar ey pey P ns ns ns
W 9 © 9
e e
z " =z | I
o e o e
o o
Ey | - I
E e’ I [ E o5 I
4 4]
g . c °
:6 ei - ﬁ EE 4
(ORI D e
s e S e
0 1 2 3 4 5 6 0 1 2 3 4 5 6 7
G Residues in 8 bp window U Residues in 8 bp window
downstream of LNT downstream of LNT
BWTErpal2A BWTurpal2Aa
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deletion of RPA12 perturbs nucleotide addition by Pol I in vivo, as suggested previously

based on in vitro studies [31].

Deletion of RPA12 Results in Significant Occupancy Downstream of T1 and T2

Previous work has demonstrated significant read through of transcriptional
terminators by rpal24 Pol | [25]. In order to characterize this finding in more detail we
examined median polymerase occupancy both up- and downstream of T1 and T2 (Fig
6A, green arrows). As expected, we observed increased WT Pol | occupancy just
upstream of each terminator site, followed by significant decrease directly downstream
(Figs 6B (top panel), 6D (top panel)). This pattern is consistent with the initial
transcriptional pause required for termination of Pol I transcription. In contrast, we do not
see any such buildup and subsequent decrease for rpa 24 Pol | occupancy with respect to
either terminator site (Figs 6B (bottom panel), 6D (bottom panel)), indicating that rpal24
Pol I is not pausing at these sites like WT Pol I.

We also observed persistent rpal24 Pol | occupancy throughout IGS 1, the 5S
gene, and IGS 2 (Fig 6C). The detection of these ECs via NET-seq requires that they be
associated with a nascent transcript, indicating that these polymerases are actively
transcribing. These data further suggest that the elongation rate of Pol | is greater than the
progressive exonucleotide excision rate of Ratl. Alternatively, Ratl binding to the
nascent transcript may rely on transcriptional pausing at T1 or assembly of precise RNA

structures that may be depleted in the mutant strain. Interestingly, WT Pol I signal was
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Figure 6. RPA12 deletion reveals a putative third Pol | transcription termination site
in the IGS. 6A) Pol | NET-seq median occupancy for WT (black) and rpai24 (purple)
strains in ETS 2 and IGS 1. Termination sites are highlighted with green arrows. Red
underlines indicate statistically significant decreases in occupancy in rpal24 strain
compared to wild type, Blue underlines indicate statistically significant increases in
occupancy (Student’s T test, n = 3, P value < 0.01). Gene diagram is color coded for ETS
2 (salmon) and I1GS 1 (grey). Counts reported in counts per thousand, normalized to the
sum of 5S signal. 6B) Comparison of local median occupancy 50 bp upstream and
downstream of T1 for WT (top panel) and rpai24 (bottom panel) strains. Comparison by
Mann-Whitney U test; ns = not significant, **** =P value < 1*10°. 6C) Pol I NET-seq
median occupancy for WT and rpal24 strains in IGS. Promoter Proximal Rebl binding
site is highlighted with a green arrow. Red underlines indicate statistically significant
decreases in occupancy, Blue underlines indicate statistically significant increases in
occupancy (Student’s T test, n =3, P value <0.01). Gene diagram is color coded for IGSs
1 and 2 (grey) and the 5S gene (cyan). Counts reported in counts per thousand,
normalized to the sum of 5S signal. 6D) Comparison of local median occupancy 50 bp
upstream and downstream of T2 for WT (top panel) and rpa124 (bottom panel) strains.
Comparison by Mann-Whitney U test; ns = not significant, * =P value < 0.05).
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observed downstream of T2, directly upstream (relative to Pol | transcription) of the 5S
gene. Sporadic, low levels of WT Pol | signal were also observed throughout IGS 2.
These data indicate that WT Pol | ECs infrequently read through both the primary
termination site (T1) and the secondary fail-safe site (T2), ultimately halting upon
encountering the 3’ end of the 5S gene (6D). The sporadic signal observed downstream
of this site shows that some Pol I ECs transcribe through this region, though these
polymerases appear to represent an extremely small fraction of all transcribing Pol I. By
contrast, rpal24 results in significantly increased Pol | EC read-through of T1 and T2, as
well as the 5S gene. Our lab has identified that the »pal24 Pol | EC is much more stable
than WT in vitro [30] and it is likely this additional stability allows rpai24 Pol | ECs to
read through the Pol 111 EC-occupied 5S gene. Compared to WT we see much more
consistent 7pal24 Pol | occupancy throughout IGS 2, culminating in a cluster of
positions with sharply increased occupancy approximately 215 base pairs upstream of the
transcription start site for the adjacent 35S gene (Fig 6D). Interestingly, this site is also
just upstream of the promoter-proximal binding site for Rebl (Fig 6D, green arrow).
Furthermore, this site lies at the end of an A/T rich template DNA tract, similar to T1.
These data suggest that this position represents a third site for Pol I EC pausing/arrest,

and possibly termination.

DISCUSSION
RPA12 deletion alters Pol I occupancy within the 35S gene
Initial characterization of the mechanistic contribution of A12.2 to Pol | function

focused on transcript cleavage and termination [24-26]. However, recent studies of Pol |
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nucleotide addition in vitro showed that removal of the A12.2 subunit from the Pol | EC
changes the kinetics of nucleotide incorporation [30, 31], indicating that A12.2 plays a
role in transcription elongation as well as termination and transcript cleavage. Analysis of
our NET-seq data corroborate these findings. NET-seq revealed substantial shifts in
rpal24 Pol | occupancy throughout the 35S gene, including increased occupancy in the
5’ end of the gene relative to WT (Figs 2A, 2B). By preparing these libraries in triplicate
we determined that many of these changes in occupancy were statistically significant (Fig
2B). These data are consistent with transcription run-on data published by the Proudfoot
lab [25], which also revealed a 5’ bias in rpal24 Pol | EC distribution. The lack of
cleavage activity may play a role in this observed 5’ occupancy shift. Reductions in
TFI1S-mediated transcript cleavage by Pol Il have been shown to impair yeast viability
and Pol Il transcription elongation in vivo [34]. The permanent integration of the TFIIS
paralogue A12.2 into Pol | suggests that cleavage activity is important for the proper
function of Pol I. Deletion of RPA12 induces a two-fold decrease in the growth rate of
yeast. Pol | ECs are also very densely packed on each active rDNA repeat, often
exceeding 50 ECs per 35S gene [1]. Thus, stable rpal24 polymerase stalling on the
rDNA template (coupled with the increased stability of the »pa124 Pol | EC [30, 35])
may represent a substantial barrier for Pol | ECs in the 5' end of the gene. This
accumulation of "road blocks™ might explain the observed accumulation of rpai24 Pol |
ECs in the 5° end of the 35S gene. Previous studies on head-to-tail collision events
between Pol Il ECs have indicated that collision with the leading polymerase causes the
trailing polymerase to backtrack in vitro, relying on TFIIS-mediated cleavage to continue

productive elongation [36]. This finding for Pol 11 is consistent with our observations,
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and similar analyses of both WT and rpai24 Pol | in vitro should further elucidate this
phenomenon.

The positions with statistically significant changes in occupancy displayed unique
sequence trends both within the RNA:DNA hybrid, and directly downstream (Figs 3A,
3B). Some of these trends were also observed gene-wide (Figs 4, 5). The large-scale
change in Pol I occupancy observed above suggests that nucleotide addition is perturbed
by RPA12 deletion in vivo as was previously observed in vitro [31]. Furthermore, the data
indicate that this effect on nucleotide addition is at least partially template sequence
specific, as demonstrated by the distinct sequence elements proximal to the increased and
decreased occupancy positions, as well as the differing responses to proximal template
nucleotide enrichment upon RPA12 deletion. Additional mutational analysis should
further elucidate the role that the A12.2 subunit plays in nucleotide addition. For
example, the C-terminal domain (CTD) of A12.2 is responsible for conferring intrinsic
cleavage activity to Pol | [24], whereas the N-terminal domain is responsible for
anchoring A12.2 within Pol | [26]. By analyzing pol | occupancy in A12.2 CTD deletion
yeast strains, we could determine the specific contributions of the transcript cleavage and

anchoring domains to the perturbations in Pol I occupancy observed above.

S. cerevisiae contains a putative third Pol | Terminator region
Our NET-seq data confirmed that deletion of RPA12 rendered Pol | termination
deficient in vivo, as we observed significant rpal24 Pol | EC readthrough of both
previously defined sites of Pol | termination (Figs 6A, 6B, 6D). Furthermore, we

observed dramatically increased rpal24 Pol | occupancy throughout the IGS compared to
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WT (Fig 6C). Interestingly, rpal24 Pol | occupancy increased greatly at a site just
upstream of the promoter-proximal Rebl binding site, indicating »pal24 Pol | is pausing
or arresting at this point. Rebl has a higher affinity for this site than its terminator-
proximal binding site, and appears capable of halting »pai24 Pol I, while Nsil binding to
the T1-proximal site is not (Fig 6B) [16]. As NET-seq is not sensitive to termination
events, we cannot conclude that this site induces termination of Pol | transcription;
however, Pol I transcription termination involves pausing of the EC as the first step [6].
These data raise the question of whether this site represents an even stronger Pol |
terminator than T1. This third site could function as a final failsafe, preventing the
collision of Pol I ECs and the transcription initiation machinery bound to the promoter
region of the adjacent 35S repeat. This arrangement has been observed in higher
eukaryotes such as Xenopus laevis [37] and mice [38]. However, our data do not suggest
that WT Pol I reaches this site in vivo under normal conditions. Why then has this site
been preserved, if it is unnecessary under normal growth conditions? In the WT strain, a
population of polymerases read through both T1 and T2, resulting in Pol I occupancy
near the 3’ end of the 5S gene. Under our growth conditions we did not observe
consistent WT signal beyond the 5S gene, suggesting that the WT Pol | EC cannot
transcribe past actively transcribed Pol 111 repeats. It is reasonable to suggest that Pol 111
ECs on the 5S gene interfere with Pol | transcription, resulting in Pol I transcriptional
arrest. Perhaps in slower growth conditions or under stress when ribosome synthesis is
reduced, Pol 111 loading on the 5S genes would be decreased, increasing the probability of

Pol I EC read-through into IGS 2. Under such conditions a promoter proximal terminator
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site would prevent Pol | EC collisions with transcription initiation factors at the next 35S
gene.

Analysis of RNA Polymerase | occupancy in the ribosomal DNA via NET-seq
refines our understanding of the role for A12.2 in Pol I function in vivo, as well as the
architecture of the S. cerevisiae 1GS. At the same time, these data suggest new lines of
inquiry. How does A12.2 moderate Pol | occupancy in a sequence-dependent manner?
Which domain of A12.2 is responsible for this behavior? Does the promoter-proximal
binding site represent a third site of Pol | termination, and if so, what purpose does it
serve in S. cerevisiae? How well conserved are these termination sites in other eukaryotic
species? Answering these questions will bring us closer to a fundamental understanding

of Pol I, and the genomic region it transcribes.

METHODS AND MATERIALS

Native Elongating Transcript Sequencing (NET-seq) Library
Preparation and Sequencing

NET-seq library generation was performed as previously described using the
original HA-tagged Rpal35 S. cerevisiae strain [33] and a derivative of this strain
carrying a full deletion of RPA12. In brief, early log-phase cultures were collected via
filtration, then flash-frozen in liquid nitrogen and cryogenically lysed by mixer mill. Pol |
elongation complexes were isolated via immunoprecipitation with anti-HA magnetic
beads. Associated RNA transcripts were then isolated using an acidic phenol-chloroform
extraction. The RNA transcripts were then 3” appended with a DNA linker and reverse

transcribed to produce complementary DNAs (cDNASs). The cDNAs were circularized
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and amplified by PCR to produce high-throughput sequencing libraries. These libraries

were then sequenced as previously described [33].

NET-seq data formatting
Sequencing trimming, alignment, and data formatting were performed as

previously described [33]. Unix scripts available upon request.

NET-seq data analysis

The three replicates for the WT and rpal24 yeast strains were aggregated. The
counts for each position in the rDNA repeat represents the median signal on the negative
strand for the three replicates of each strain. For the data in figures 2 and 6, the counts
were normalized to the sum of all signal on the positive strand of the 5S gene for each
replicate. For the data in figures 3-5, the counts in each region were normalized to the
sum of all signal on the negative strand in that region. Analyses were performed in R
(ver. 3.4.2) [39], using the following packages: dplyr (ver. 0.7.5) [40], plyr (ver. 1.8.4)
[41], ggplot2 (ver. 2.2.1) [42], ggseqlogo (ver. 0.1) [43], ggpubr (ver. 0.1.7) [44], cowplot
(ver. 0.9.2) [45], devtools (ver. 2.0.1) [46], matrixStats (ver. 0.53.1) [47], metaMA (ver.

3.1.2) [48], and scales (ver. 0.5.0) [49]. R scripts available upon request.
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SUMMARY OF FINDINGS AND FINAL CONCLUSIONS
Summary of Findings

In this dissertation, we demonstrated that Pol | occupancy is DNA template
sequence-dependent in vitro and in vivo, and that mutations that alter nucleotide addition
by Pol I also affect the relationship between Pol | occupancy and DNA template
sequence.

In the first chapter, we characterized the effect of a prokaryotic rho independent
terminator motif from the E. coli Spy gene on yeast Pol | in vitro. This terminator motif
was recently identified as the most efficient terminator of RNAP transcription in the E.
coli genome [119]. Similar motifs have previously been shown to terminate transcription
by other eukaryotic RNA polymerases in vitro and in vivo [120-122]. We determined
that this motif is capable of terminating Pol I transcription in vitro, though at reduced
efficiency compared to RNAP. We also demonstrate that both components of the rho-
independent terminator motif are required for termination and identified a sequence motif
from the 35S gene that has a similar effect on Pol I transcription. Finally, we observed
that the effects on Pol I transcription of both the rho-independent terminator motif and
the endogenous 35S sequence were UTP concentration dependent. We next examined Pol
| occupancy in vivo by adapting NET-seq [123] for use with yeast Pol I. We identified
reproducible heterogeneity of occupancy throughout the 35S gene. Within the highest
occupancy sites, we observed an overwhelming anti-preference for G residues in the last

encoded nucleotide position. Expanding our analysis, we determined that this anti-
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preference exists gene-wide, indicating that Pol | occupancy is at least partially
dependent on sequence context in vivo.

In the second chapter, we used NET-seq to observe Pol | occupancy in a Pol |
subunit deletion (4rpal2) strain of yeast. The A12.2 subunit has domains that are
homologous to Pol 11 subunit Rpb9 and Pol I transcription factor TFIIS [71] and is
responsible for stimulating transcript cleavage by Pol | [48] and mediating Pol |
transcription termination [72]. Previous work from the Schneider lab identified that
deletion of the gene that encodes the A12.2 subunit also affects nucleotide addition by
Pol I [118] and the overall stability of the Pol I EC [124]. Deletion of the A12.2 subunit
resulted in a 5’ shift of Pol I occupancy within the 35S gene. We also observed
alterations in the relationship between Pol | occupancy and increasing nucleotide
enrichment in both up- and downstream DNA, confirming previous studies that posited a
role for the A12.2 subunit beyond transcript cleavage and termination [118, 124].
Additionally, we identified distinct changes in occupancy within the Intergenic Spacer
(IGS) region, downstream of the 35S gene. As previously reported, we found that Arpal2
Pol I is termination-deficient, with consistent occupancy observed downstream of both
known sites of Pol | transcription termination [72]. We also observed a significant
increase in occupancy at a site in the 3’ end of the IGS, upstream of the promoter region
for the adjacent 35S gene. Interestingly, this site lies just upstream from a promoter
proximal binding site for DNA-binding protein Rebl. Rebl binding to the rDNA
mediates termination of Pol | transcription in Schizosaccharomyces pombe [125] and was
long assumed to play the same role in yeast [126-128], though recent scholarship has

identified a Reb1 homologue that is actually responsible for mediating yeast Pol |
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termination [129]. These findings suggest that yeast possesses a third site of Pol |
termination proximal to the promoter for downstream 35S genes, which is present in
other eukaryotes [130] but not previously described in yeast.

Together, these data demonstrate that DNA template sequence affects Pol |
elongation in vitro and in vivo, and that this relationship is perturbed by mutations in Pol
I. The implications of these discoveries on our understanding of efficient rRNA synthesis

by Pol I are discussed below.

Implications

Formation of functionally viable ribosomes has been shown to be RNA
polymerase elongation rate-dependent in both prokaryotic and eukaryotic organisms. In
E. coli, transcription of the ribosomal RNA by bacteriophage T7 RNA polymerase
(which has a 5-fold faster elongation rate compared to RNAP) results in completely
inactive ribosomes [107]. In yeast, the Schneider lab and others have demonstrated that
perturbations in Pol I elongation rate also affect rRNA processing and efficient ribosome
biogenesis. Deletion of Pafl complex subunits reduces Pol I elongation rate in vivo and
also results in reduced co-transcriptional rRNA cleavage [102]. Deletion of the conserved
transcription factor SPT4 negatively affects efficient synthesis of the large ribosomal
subunit, and this defect was determined to occur during transcription elongation [103].
Finally, mutations of Pol I subunits that impair Pol | elongation rate also result in
abnormal rRNA processing and ultimately dysfunctional ribosome biogenesis [106]. All
of these data indicate a link between Pol | elongation rate and efficient ribosome

biogenesis.

92



In other transcription systems, transcript processing steps are linked to specific
transcriptional pauses that facilitate appropriate secondary structure formation. One
example is proper folding of the RNAse P RNA found in E. coli and B. subtilis. As with
ribosomes, the RNA in RNAse P is responsible for the catalytic activity of its parent
complex [131], and contains extensive secondary structure, including helices composed
of distal elements [132]. In B. subtilis, proper secondary structure formation within the
RNAse P RNA was linked first to RNA polymerase transcription rate in B. subtilis, and
then to transcriptional pausing [116]. Analysis of RNAse P RNA folding in E. coli
revealed that transcriptional pausing at discrete sites allowed for the efficient formation
of helices with distal elements. Pausing after the transcription of the 5’ portion of the
helix allowed for sequestration of that portion until the 3° portion could be transcribed
and quickly folded into the mature structure [111].

The ribosomal RNA in yeast contains significant secondary structure, much of it
requiring the efficient folding of distal elements (reviewed in [7]). In addition, the bulk of
RNA processing steps require the accessibility of primary 35S transcript sequence for
snoRNP binding (including the co-transcriptional cleavage events perturbed in the yeast
mutational studies described above [102, 103, 106]) (reviewed in [7]). Our work has
shown that Pol | occupancy is highly heterogeneous in vivo, suggesting that previously
observed bulk elongation rates represent a composite of fast and slow nucleotide addition
events, including numerous instances of polymerase pausing. It is therefore possible that
the perturbations of rRNA processing observed in yeast strains with reduced Pol |
elongation rate are due to altered polymerase pausing at specific sites, as opposed to

changes in overall transcription rate.
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We also observed that elongation affecting DNA sequence motifs from other
transcription systems, as well as a similar sequence from the yeast 35S gene affect Pol |
elongation in vitro. Crucially, we also demonstrated that the observed effect for both
motifs is nucleotide concentration-dependent. Nutrient concentration-dependent
regulation of transcription via differential secondary structure formation in nascent
transcripts has long been observed in prokaryotes (reviewed in [133]) and more recently
in eukaryotes as well [134]. It is therefore possible that the observed polymerase pausing
in vivo is dictated by free nucleotide availability, and that reduction in local nucleotide
concentration may perturb RNA polymerase pausing events important for transcript
processing similarly to mutations that negatively affect Pol | elongation rate. Future
NET-seq studies on mutations that reduce Pol I elongation rate as well as comparisons of
Pol I occupancy before and after nucleotide depletion, coupled with development of
experimental and computational techniques for analyzing co-transcriptional formation of

nascent transcript secondary structure will allow us to explore this development further.

Final Conclusions
The data presented above demonstrate that Pol | occupancy is reproducibly
heterogeneous, and sensitive to DNA template sequence in vitro and in vivo. They also
show that mutations that affect nucleotide addition by Pol I also affect Pol I occupancy.
These findings suggest the existence of another layer of information embedded in the
rDNA, which dictates changes in elongation rate to Pol I. Given previously observed
relationships between Pol | elongation rate and rRNA processing, it is also likely that

these encoded pauses are integral to successful rRNA maturation, and ribosome
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biogenesis as a whole. Taken together, the contents of this dissertation establish DNA
template sequence as a potential regulator of rRNA synthesis, and raise interesting
questions about the co-evolution of the ribosomal DNA, and the specialized RNA

polymerase that transcribes it.
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