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Abstract:

The largest subunit of the yeast RNA polymerase II complex, RPO21, contains a
tandemly repeated heptapeptide sequence whose posttranslational modifications are key
to properly orchestrate transcription. Sequencing of the RPO21 locus from 36 wild strains
of budding yeast uncovered many polymorphisms that resulted in different lengths of its
essential C-terminal domain (CTD) repeat. An alignment of the newly found variants
demonstrated that over evolutionary time, there have been many expansions and
contractions to the CTD resulting in the variety of alleles seen today. With this surprising
finding of variability in an essential domain, it became important to find factors that
could contribute to this observed variation. From analyzing the nucleotide sequence of
RPO21, it was found that a G-quadruplex could form at the most C-terminal repeats of
the CTD. Additionally this nucleotide region of the CTD has been found to be bound b
ythe G4 speicifc helicas PIF1 by previous chromatin immunoprecipitation studies,.
Using the tTa-dependent expression system developed in the Fuchs Lab with a pif7-m2
mutant in a Luria-Delbriick fluctuation assay, it was found that PIF1 acts an inhibitor of
expansion events in the CTD. This finding led to a larger survey of the yeast genome for
other minisatellites that may behave like the CTD due to the presence of PIF1 binding as
well as the possibility to form a G4. This analysis ultimately found that three key
transcriptional enzymes SPT5, GAL11, and RPO21 all have G4 sequences in their
variable minisatellites. However, future examination is required to understand why these

three repeats demonstrate polymorphisms while other similar repeats do not.
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Chapter 1: The role of PIF1 in the Expansion of the C-terminal domain of RPO21

Introduction:
Structure of RNA polymerase Il and its CTD

Elucidating RNA polymerase II (Pol II) biology is central to understanding
eukaryotic cell physiology. Pol II, an essential 12-member protein complex, is the sole
enzyme responsible for transcribing messenger RNA (mRNA). The largest subunit of the
Pol I complex, RPBI1 (yeast gene name: RPO21), contains two crucial elements: the
catalytic core, which is responsible for transcribing new mRNA and the repetitive C-
terminal domain (CTD) that acts as an essential scaffold for many transcription
associated proteins. The CTD repeat is comprised of the canonical heptapeptide sequence
YSPTSPS. A comparative analysis of 114 RPO21 homologs reported that 87.7% of
sequenced eukaryotes contain the characteristic repeat (Stump and Ostrozhynska, 2013).
The repeat copy number, as well as the level of degeneracy, is dynamic across
eukaryotes. In S. cerevisiae, this CTD repeat is highly conserved in that there are only 8
nonsynomous changes in the 26 copies of the heptapeptide repeat, while the human CTD
is comprised of 52 heptapeptides where only 29 repeats contain the canonical YSPTSPS
sequence. Additionally, the metazoan CTD contains frequent substitution where serine 7

is often replaced by a lysine, an arginine, or a glutamine.

Unique CTD sequence permits a plethora of posttranslational modification
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The distinctive CTD repeat can be posttranslationally modified at all seven
positions. The serines, tyrosines, and threonines can undergo a range of covalent
posttranslational modifications (PTMs) due to their hydroxyl-containing side chains. The
two proline residues in this repeat can also be modified by isomerases (Werner-Allen et
al., 2011). Modifications to the serines (especially at positions 2 and 5) have been studied
in depth due to their correlation to transcriptional state. Before transcription, the CTD is
hypophosphorylated. At this stage in eukaryotes, serine 5 and 7 are O-GlcNAc
glycosylated, which leads to the assembly of the preinitiation complex (Ranuncolo et al.,
2012). The next key PTM is phosphorylation of serine 5, which leads to the release of Pol
II from the initiation complex. After leaving the initiation complex, elongation is not
immediately entered. Pol II stalls about 20-30 nucleotide into the new transcript until
phosphorylation at serine 2 initiates elongation. As the transcript is elongated, serine 2
phosphorylation increases while serine 5 phosphorylation decreases. Transcription ends
with the CTD returning to its hypophosphorylated state, therefore allowing Pol II to

restart transcription at a transcriptional start site (Egloff and Murphy, 2008).

Functional consequences of CTD PTMs

The wide variety of PTMs in the CTD ultimately impacts transcriptional output
through changes in mRNA processing and differential histone modifications. An example
of the CTD’s impact on mRNA stability comes from fission yeast where the activation of
capping complex is dependent on serine 5 phosphorylation (Schwer and Shuman, 2011).
Phosphoserine 5 is present at the beginning of the transcriptional cycle, allowing the

nascent mRNA to be capped early and efficiently without the possibility of degradation
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from cellular nucleases. Additionally, a key component of the yeast-splicing complex,
PRP19, must interact with a phosphorylated CTD to perform its function (David et al.,
2011). A third level of transcript regulation originates is due to the fact that PCF11, the
yeast polyadenylation and cleavage enzyme, requires serine 2 phosphorylation for its
activity (Licatalosi et al., 2002). Work by Fuchs and colleagues demonstrates that the
methyltransferase, SET2, requires proper serine 2 and 5 phosphorylation to catalyze
trimethylation of lysine residue 36 on histone H3 (Fuchs et al., 2012). These results
suggest that the phosphorylation state of the CTD tethers specific chromatin

modifications to stages of transcription.

Essential components of CTD structure

A multitude of kinases, phosphates, isomerases, and histone modifying enzymes
require the repetitive CTD to perform its function. Previous work has demonstrated that
eight wild type YSPTSPS CTD repeats is essential to support growth while ten or more
repeats result in wild type growth (Nonet et al., 1987; West and Corden, 1995). More
recent studies have uncovered that these repeats are recognized by CTD-associated
proteins as units of multiple heptapeptides. Placing alanines in between direct
heptapeptide repeats results in death, yet yeast can tolerate insertions of polyalanines
between two heptapeptide repeats (Stiller and Cook, 2004). From this work, it is clear
that the structure endowed by multiple heptapeptide repeats is crucial for transcription to
occur faithfully and efficiently.

What may be most interesting about the CTD is the observed variability in this

essential domain. As stated earlier, PTMs to the CTD recruit a host of proteins to
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properly conduct the many steps of eukaryotic transcription. Surprisingly, Nonet and
Young uncovered that this essential scaffold contains a copy number variant which
results in a RPO21 subunit with 27 instead of 26 heptapeptide repeats in a wild strain of
yeast (Nonet et al., 1987). The intraspecies variation of the CTD, illustrated by
comparing CTD length from laboratory and wild yeast, is not restricted to fungi. There is
a documented instance of an in frame loss of a YSPTSPS heptad in one subject in the

1000 Genomes Project.

The CTD as a minisatellite

The occurrence of variable length CTDs in many organisms demonstrates that
RPO21 contains a repetitive DNA minisatellite that is prone to expansions and/or
contractions. Work on non-essential genes with minisatellites like FLO1, NIS1, or DSNI1,
has demonstrated that these regions are variable across strains of wild budding yeast
(Richard and Dujon, 2006; Verstrepen et al., 2005). Verstrepen and coworkers illustrate
that copy number variants in FLO1 lead to differential phenotype and differential fitness
(Smukalla et al., 2008; Verstrepen et al., 2005). Therefore, it could be hypothesized that
differences in CTD length may allow for differential transcriptional efficiency.
Additionally, the variation in the CTD across wild strains of yeast may contribute, in
some part, to the phenotypic variation as seen when growing these wild strains on plates
or in culture.

Previous analysis has examined the evolution of the CTD repeat across the tree of
life. Chapman’s perspective concludes that the CTD most likely arose multiple times

throughout evolutionary history and that its degeneracy is due to purifying selection,
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resulting in an optimization of length and tolerance for non-canonical repeats in each
organism (Chapman et al., 2008). However, no group has ever extensively examined the
variation of the RPO21 locus across multiple wild strains of budding yeast.

Unsurprisingly, work on my project found that there is significant variation in the
CTD of Pol II across wild strains of yeast. Copy number variants, as well as single
nucleotide polymorphisms that lead to both synonymous and non-synonymous mutations
were uncovered in the CTD. With this knowledge, we became interested in the

examining the factors that may contribute to the variation in the CTD.

Unique coding sequence of RPO21 causes G-quadruplex formation

Trying to uncover the basis of CTD expansion led to an analysis of the nucleotide
sequence that encodes the CTD. From examining the sequence, a large imbalance
between guanines and cytosines exists on a given strand of the CTD repeat. A G4
prediction algorithm predicted found this secondary occurred in the most c-terminal
repeats of the CTD while another chromatin immunpreicitation study illustrated that
PIF1, a G4 specific helicase, bound the aforementioned region of the CTD (Capra et al.,
2010; Paeschke et al., 2011). G4 DNA is a DNA secondary structure that results from
non-canonical Hoogsteen base pairing between four tracks of three of more guanines.
This alternative form of DNA can form due to G tracks on one, two, or four strands of
DNA and can act as a replicative barrier (Piazza et al., 2010; Voineagu et al., 2009). The
orientation of the G4 structure in relation to an origin of replication appears to be crucial
in terms of the G4’s ability to impact repeat instability. When the G4 structure exists on

the leading strand template, expansion or contraction events occur more often than when
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in the opposite orientation (Lopes et al., 2011). The G4 DNA encoded by the CTD exists
in the leading strand template orientation, which is known to cause instability. There is
conflicting data that suggests that G4 DNA, regardless of its orientation, can promote
recombination events. These types of events studied by the Zakian Lab happen at similar
rates in both the leading and lagging strand template orientation (Paeschke et al., 2013;
Paeschke et al., 2011). However, the events that occur in this lab’s assay are not changes
in copy number as seen in the Nicolas Lab CEB1 assay but are gross chromosomal
rearrangements or direct mutations to the G4 encoding sequence (Paeschke et al., 2013;

Paeschke et al., 2011).

PIF1, G4 specific helicase and inhibitor of telomere lengthening

PIF1, a helicase with homologs in all three domains of life, plays a unique role in
unwinding these G4 structures (Bochman et al., 2011). This helicase has remarkable
specificity for this secondary structure that is not shared by any other family of helicases
(Paeschke et al., 2013). Chromatin immunoprecipitation (ChIP) found that PIF1 binds to
approximately 25% G4 sites throughout the yeast genome, including the G4 sequence
that is encoded by the signature CTD heptapeptide repeat (Paeschke et al., 2011). Yeast
PIF1 was originally found because of its role as a negative regulator of telomere length,
which is now known to be result of PIF1’s ability to physically displace telomerase (Li et
al., 2014). Telomeres share nucleotide characteristics with RPO21 in that they are
comprised of GC imbalanced sequences, which form G4 DNA and are known to change

lengths (Schulz and Zakian, 1994).
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Mutations in PIF1 may have consequences on minisatellite stability in yeast cells.
The deletion of pifiA leads to an increase in instability CEB1 (a human subtelomeric G4
containing minisatellite) when compared to a wild type background (Ribeyre et al.,
2009). The rearrangements observed in the CEB1 assay were dependent on homologous
recombination due to the fact that pifiA, rad514, or pifiA, rad524 double mutants did
not show this unstable phenotype. Interestingly, the instability disappears when the G
tracks in the CEBI1 repeat are mutated, demonstrating that the effect of pifi4 is sequence
dependent (Ribeyre et al., 2009). This combination of facts led to an investigation of

PIF1’s impact on the variation of the CTD.

Summary

Due to the observed variation in the RPO21 locus, combined with the presence of
a predicted G4 structure and PIF1 binding, the role of this specialized helicase in CTD
expansion was examined. To observe PIF1’s role in the expansion of the CTD, we can
take advantage of the knowledge that there is a minimum number of CTD repeats
required for life (Nonet et al., 1987; West and Corden, 1995). By using the Fuchs Lab
tTA-dependent expression system, yeast can solely transcribe a mutant copy of RPO21,
which contains an insufficient number of CTD repeats to support growth. However, cells
that survive this challenge have undergone mutations to the CTD that allow them to
survive. Using a Luria-Delbriick fluctuation assay with a specific pif7/-m2 mutant, we can
examine the change in mutation rate as well as the distribution of suppressor events to

understand PIF1’s role in the expansion of the CTD.
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Methods:
DNA isolation using phenol chloroform isoamyl alcohol extraction
The 36 wild yeast strains from the NCYC SGRP set 1

(https://catalogue.ncyc.co.uk/sgrp-set-1) were grown in 5 mL overnight cultures at 30°C.

These saturated cultures were spun down and washed. The remaining cell pellet was then
lysed with equal volume breaking buffer (10 mM Tris-HCI Ph 8.0, 100 mM NaCl, 1 mM
EDTA, 2% Triton X-100, and 1% SDS), prewashed glass beads, and a phenol-
chloroform-isoamyl alcohol mixture in a tabletop vortexer at 4°C. The DNA was purified
from this mixture by extracting the top aqueous layer, precipitating the DNA with
ethanol, and then resuspending the pellet in TE. 1 pL of this genomic prep was used as

PCR template.

PCR amplification of the CTD

The nucleotide region encoding the CTD was amplified using a primer with
homology to the 3’ untranslated region (UTR) of the RPO21 locus, and with a 5° primer
with homology to the linker region upstream of the CTD’s characteristic heptapeptide
repeats. The PCR reaction contained 1 puL of template, 1 uL of 10uM forward primer, 1
uL of 10 uM reverse primer, 1 pL of 1 uM dNTPs, 0.2 uL. NEB Taq Polymerase, 5 pL of
10X NEB Buffer and 40.8 puL of H>O. The PCR conditions were one five minute
denaturing step at 95°C, followed by 35 cycles of 30 seconds at 95°C, 45 seconds at 52°C
and then 65 seconds at 68°C. There was one final ten-minute extension at 68° to ensure
complete amplification. Samples were stored at either 4°C or -20°C. Agarose gel

electrophoresis was used to verify PCR amplification. 1.0% gels were used for the
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approximately 1 kb RPO21 CTD product.10 pL of PCR product were run with 2 puL of
6X loading dye at 120 V for 40 minutes. Gels were stained with 10,000X Sybr Safe and
visualized in the blue light box. PCR products of the correct length were sent to Eton
Biosciences for PCR cleanup and sequencing following specifications outlined on their
website. The 3’ reverse primer was used for this reaction. Samples, which required
resequencing, were done so by using the forward primer. The sequences were in the 3°-5’
direction in respect to the CTD. To make the analysis simpler, the reverse compliment of
these sequences was taken using the program found at

http://www.bioinformatics.org/sms/rev_comp.html. To create the multiple sequence

alignment, any excess sequence from the 5’ linker or the 3’ UTR was thrown out.
ClustalW was used to make a draft of multiple sequence alignments. Then, in Excel the

repeats were aligned based on their polymorphic traits.

Isolation of pVS31

pVS31 was a generous gift from the Zakian Lab at Princeton University. This
plasmid encodes the pif7-m?2 allele, which contains a variant of PIF1 where the
methionine at position 39 is mutated to an alanine. Without this second start codon, no
truncated nuclear PIF1 is transcribed, however, this specific mutation allows for
mitochondrial maintenance due to the presence of the full length PIF1. This plasmid also
contains a copy of URA3 to allow for transformation into yeast. Electrocompetent DH5a
were transformed with 1 pL of this plasmid and plated on LB + 200 mg/ml Ampicillin.
pVS31 was purified from overnight 5 mL LB + Amp cultures using Qiagen Miniprep kit.

The Thermo Fisher Scientific Nanodrop 2000 Spectrophotometer was used to obtain
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plasmid concentration and purity. Details about all plasmids and yeast strains used in this

work can be found in supplemental tables S1 and S2.

Transformation of S. cerevisae with pVS31

The two-step gene replacement necessary to create the pif7/-m2 mutant followed a
previously published protocol (Schulz and Zakian, 1994). A diagram of the necessary
two-step gene replacement can be found in Figure 1. One pg of pVS31 was cut with
restriction enzyme HindIII (NEB) overnight at 37°C in NEB Buffer 2.1. This digest was
verified by running a portion of the reaction on a 1% agarose gel, and transformed into
YSF1008 (a ura3A strain) following a “High Efficiency Yeast Transformation” (Gietz
and Schiestl, 2007a). YSF1008, was incubated with the transformation mixture at 42°C
for 40 minutes. Then, the cells were pelleted, washed, and plated on YPD media. After
one day of growth, the cells were replica plated to SC-Ura plates to select for Ura"

transformants.

URA3
C 11

\/
/\

—o—— PIF1
Chr Xl s i
1 Transformation followed by

pif1-m2 plating on SC-URA
a—_ L = URA3
Chr Xl l L J l
l I
Plating on 5-FOA L
pif1-m2

Figure 1: Overview of two-step gene replacement necessary to make pif7-m2 mutant. First a
Ura’ strain is transformed with pVS31 and then subsequent transformants are plated on 5-
FOA to screen for colonies that solely contain the mutant allele.
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Verification of transformants

To verify that the mutated version of PIF1 transformed appropriately into
YSF1008, PCR primers were developed to amplify the first 600 nucleotides of the PIF1
locus. By mutating the second methionine at position 39, an Xhol site was knocked into
the sequence. This feature allows for efficient screening of the transformants that had
both the wild type PIF1 allele, as well as the mutant pif7-m2. The resulting colonies were
screned by amplifying the 5’ region of PIF1 was using the primers described above. Then
the subsequent PCR product was digested with Xhol. After digestion, the original uncut
product and cut product were run on a gel to visualize this point mutation. Those PCR
products that demonstrated a cut-banding pattern possessed the mutant allele. To start the
screening process, the transformants were restreaked on SC-Ura plates. Then, genomic
preps of the Ura" transformants were obtained using the previously described phenol-
chloroform extraction. 1uL of prep was used as a template in the following PCR reaction.
The PCR protocol for amplifying the 5’ region of PIF1 was identical as described above
except for a shorter 40-second extension time. Following amplification, the samples were
digested with NEB’s Xhol in CutSmart™ Buffer for two hours at 37°C and then run on a
1.5% agarose gel. The pVS31 plasmid was used as a positive control while a genomic
prep from an unrelated GRY3019 strain was used as a negative control. Those colonies
that demonstrated the correct banding pattern were grown overnight in SmL YPD, plated

on YPD, and additionally preserved as glycerol stocks.



Reinfeld 14

Counter selection of the Ura" marker

To isolate colonies that only possessed the mutant pif7/-m?2 allele, YBIRS was
plated onto 5-Fluoroorotic Acid (5-FOA). 5-FOA selected against the transformants that
possessed both the wild type PIF1 allele and the mutant pif7-m2. Cells that grow on this
medium contained only the mutant pif7-m?2 allele or the wild type allele. Colonies that
appeared on day three and day five were screened as described previously to differentiate
between PIF1 wild type and pif1-m2 populations. The colony that demonstrated the
appropriate Xhol banding pattern after growth on 5-FOA was plated on SC-Ura to ensure

proper counter-selection. YBIRG6 is the strain containing solely the pif7-m2 allele.

Mating pifl-m?2 allele into GRY3019

The Strathern Lab graciously donated the strain GRY3019 for use in this project.
This strain possesses a tetracycline operator in the promoter of the RPO21 locus, which
contains a G418" marker. Additionally, the Tet-transactivator, which binds to this
operator is Ura’ and integrated into the genome. Therefore, pVS31 could not be
transformed directly into GRY3019 because it was already Ura". To construct a
GRY3019 strain with the pifi-m2 allele, YBIR6 (mating type alpha) had to be mated with
GRY3019 (mating type a). Tetrad dissection was conducted and spores were replica
plated onto 4 plates. The SC-Ura plate selected for spores with the Tet-transactivator,
while YPD+G418 selected for spores with the Tet-promoter. To check for mating type,
the tetrads were mated with the two mating tester strains (one * and one a) and then the
diploids were selected for. This allowed for examination of the segregation of the mating

type allele. Tetratypes that demonstrated 2:2 gene segregation at all 3 loci and had spores,
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which were Ura” and G418", were screened for pif/-m2 mutation using the same protocol
as mentioned previously. Spore 13D had all the necessary markers and the mutant pif7-

m?2 allele. This strain was renamed YBIR7.

Spotting assay to verify proper YBIR7 construction

To verify that YBIR7 was constructed correctly and results in the same
phenotypes as GRY3019, a spotting assay was conducted. In this experiment, YBIR7 and
GRY3019 were transformed with three Leu2 plasmids: a plasmid containing a wild type
copy of RNA polymerase II (pRPO21), an empty Leu2 plasmid (pLeu), and a plasmid
that encodes a copy of Rpo21 with only 8 functional heptapeptide repeats (pCTDS). The
cells were transformed with 1 pg of appropriate plasmid DNA following the protocol
outlined in “Quick and Easy Transformation” (Gietz and Schiestl, 2007b). Transformants
were restreaked on SC-Leu plates to ensure Leu prototrophy. The spotting assays were
performed following the protocol from Fuchs titled “Yeast Growth Assay” (Fuchs et al.,
2012). The strains were plated onto two types of plates (SC-Leu plates and SC-Leu + 40
mg/ml doxycycline). Because of the tTA-dependent system used in the Fuchs Lab, cells
in the presence of doxycycline (Dox) are only transcribing the plasmid copy of rpo?21,

while cells growing on media without the drug express both the genomic and plasmid

copy.

Large scale fluctuation assay
Yeast transcribing solely pCTD8 will die due to insufficient number of heptad

repeats in the CTD domain of RNA polymerase II. With this phenotype, a large-scale
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fluctuation assay can be conducted to calculate the mutation rate of this event. In this
assay, GRY3019 + pCTD8 and YBIR7 + pCTD8 were used. A single colony of each
strain was diluted in 1 mL of water. Then, this mixture was diluted 1:1000 and 200 pL of
that dilution was plated on YPD plates. These plates then grew for three days, allowing
for mutational accumulation similar to the protocol outline in Shishkin (Shishkin et al.,
2009). Then, 12 colonies from these plates were randomly selected and used in a
fluctuation assay. An individual colony was placed in 250 pL of sterile water. 200 puL of
this mixture was plated on SC-Leu + 40 mg/ml Dox. The colonies that appeared on these
Dox plates were suppressors, which underwent mutations that allowed them to survive on
these selective plates. Then the remaining 50 uL was diluted ten-fold four times in a 96-
well plate. 200 pL of this 10* —fold dilution was plated on YPD to estimate the total
number of cells originally plated. The YPD plates were counted at two days while the
suppressor plates were counted at four days. To calculate mutation rate, the FALCOR

program (found at http://www.keshavsingh.org/protocols/FALCOR.html) was used (Hall

et al., 2009).

Evaluation of suppressors using PCR

DNA was purified from four suppressors from each plate, each using a modified
version of the phenol-chloroform extraction called a “smash and grab”. 1 pL of this prep
was used as template for a PCR reaction to characterize the mutation, which allowed the
suppressor to successfully grow on Dox. The primers used to evaluate the type of
suppressor mutation that occurred were the same primers used to sequence the RPO21

locus. Therefore, the same protocol was used as previously documented. However to
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analyze the product, 2% agarose gels were run at 120 V for 60 minutes to get sufficient
separation to visualize expansions. Three designations were given to the suppressors:
extragenic mutations (G), homologous recombination events (HR), or Expansion events
(E). Extragenic events showed no change in plasmid band length, homologous
recombination events showed one full-length product, and expansion events showed two
products, where the bottom band was larger than the control. The frequency of events

was compared between YBIR7 and GRY3019.

Verification of suppressors

If the suppressor was found to be the result of an expansion or homologous
recombination event, 1 pL of the “smash and grab” mixture obtained previously was
transformed into electrocompetent DH5a cells. These cells were plated on LB + 200
mg/ml Amp plates to select for the modified plasmid. The resulting colonies were mini-
prepped using a Qiagen Spin Miniprep kit, and the purified plasmid was sent to Eton
Biosciences for sequencing. The returned sequences were analyzed for change in copy
number (indication of expansion) or presence of wild type allele on the plasmid

(indication of HR event).

Results:
Sequencing of Rpo21 illustrates variable nature of an essential domain

Sequencing the CTD of RPO21 from 36 strains of budding yeast demonstrated the
underlying variability of this region. 17 different variants were observed with three

general copy number variants. A majority of the sequences contained 26 heptapeptide
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repeats (25/36), nine contained 25 heptapeptide repeats, and 1 contained 24 heptapeptide
repeats (Figure 2B). The divergent nature of this heptapeptide repeat was seen when
looking at 21 base nucleic acid sequence that encoded each individual YSPTSPS repeat.
By aligning the individual DNA repeats from the common laboratory strain S288c and
then making a phylogenetic tree, it appears that each amino acid repeat is encoded by a
different nucleic acid repeat. Even though 20 repeats contain the consensus YSPTSPS
sequence, only two of them arise from an identical nucleotide sequence. The divergence
among individual repeats was highlighted by Nonet and Young, which allowed them to
state which repeats in their system were the sources of the suppressor phentotype (Nonet
and Young, 1989). A multiple sequence alignment of each repeat from S288c (Figure 3)
demonstrates the divergent nature of the repeats because the clade distance between each
group is not zero, indicating that each repeat is encoded by a unique sequence. The one
exception to this pattern is the calde distance of zero between repeats three and four. It
appears that repeat four arose from a duplication of repeat three due to the conservation
of all 21 nucleotides. Conducting similar analysis to uncover the origins of each repeat is
not possible due to the extreme sequence divergence.

A B

PCR Amplify Rpo21 Locus from 36
Wild Yeast Strains

Tyr-Ser-Pro-Thr-Ser-Pro-Ser

™= B1 F1 H2 B4 C4 D4 C5 CTD comprised of 26 repeast n=25

SOOI

“ ; . CTD comprised of 25 repeast n=10

SOOI T

CTD comprised of 24 repeast n=1

-
A L ™

-

Figure 2: Sequencing RPO2Ifrom 36 wild yeast strains illustrates the variability of the
essential CTD. A) Representative gel of PCR amplification of the RPO21 locus. B) Cartoon
depiction of the RNAP II CTD illustrates copy number variations seen from sequencing results.
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Figure 3: Multiple sequence alignment of the nucleotide sequence that encodes each
YSPTSPS repeat from laboratory strain S288c. The non-zero distance between each branch
demonstrates that no identical sequence is used to encode a given repeat. The only
exception to this phenomenon is the complete conservation of sequence between repeats
three and four, which indicates a duplication event.

Even though there are copy number variants in the CTD, this is not the only
variable feature of this region. Since each repeat has its own unique and identifiable
sequence, a map of the CTD can be constructed. This map is organized in such a way that
each row is a different variant of the CTD, while each column is a different repeat. The
colors change across the 26 columns, due to the divergent nature of each 21 base
sequence. With this map (Figure 4), it is clear that mutations happen at different
frequencies in different portions of the CTD. Insertions do occur in the middle of the
arrary of repeats as shown by the insertion of the novel repeat 13B in strains Al and B1.
Additionally, deletions occur as well as evident by the loss of repeats, 9, and 10 in the
strain F1 and the loss of repeat 16 in the strain F4. However, it appears that the 5’ region
is the most variable due to the fact that nine deletions occurs within the first six repeats as
well as the duplication of repeat four from repeat three. Previous work illustrates the
importance of the first 8-10 repeats for basal level growth, while the other 16 repeats do

not give any noticeable growth advantage (Nonet et al., 1987; West and Corden, 1995).
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This map raises an interesting question: why does the “non-essential” component of the
CTD have few mutational events when it appears to have no functional role, while the
essential portion of the CTD seems to be more variable?

Additionally, the map in Figure 4 allows for examination of single nucleotide
polymorphisms (SNPs) that occur in the CTD. The SNPs are indicated by the textures
overlaid on the colored blocks. There are 12 different polymorphisms observed. Nine of
the SNPs are synonymous mutations while three of them cause point mutations, one of
which mutates a serine 2 to a proline, another changes a proline 3 to a glutamine, and
another that mutates a threonine 4 to a methionine. Similar to the trend noted earlier
about insertions and deletions, a majority of the SNPs occur in the 5’ portion of the tail.
This adds more evidence to the fact that the 5’ region may be more variable even though

the literature has documented that this portion is necessary for function.

1 2 3 4 5 6 7 8 9 10 11 12 13 13t 14 15 16 17 18 15 20 21 22 23 24 25 26

7

7

Figure 4: A representative map of the nucleotides encoding the CTD. Each variant is one
row while each column is a 21 nucleotide repeat. The rows change colors due to the
divergent sequence encoded in each repeat. Each texture represents a SNP while the
empty white blocks illustrate deletions of repeats. It appears that the 5’ region of the CTD
is under different selective pressure then the C-terminal fragment. A majority of the
rearrangements as well as the SNPs occur in the 5’ region of the CTD.

YBIR7 functions like WT GRY3019 strain in spotting assay
The pifi-m?2 allele was successfully added to the GRY3019 background following

the protocol from Schulz and Zakian (Schulz and Zakian, 1994). The data illustrating
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proper mutant construction is in supplemental figures S1 and S2. With the successful
construction of a strain with the desired properties, YBIR7 was used in spotting assays to
ensure proper phenotype. In these assays, we can examine growth when transcribing
different mutant 7po21 alleles, which differ in the number of CTD repeats. This system is
possible because of the Ura" Tet-transactivator and G418" Tet-operator in the promoter of
RPO21. When there is no Dox in the media, the Tet-transactivator binds to the Tet-
operator in the promoter of RPO21, leading to transcription of the genomic copy of
RPO21. In this situation, there is also transcription of the plasmid copy of mutant rpo21,
which is under the control of the normal RPO21 promoter. When Dox is added to the
media, the transactivator no longer binds to the operator, preventing transcription of the
wild type RPO21. In this situation, only the mutant plasmid allele of 7po21 is expressed.
This system is illustrated in Figure 5A.

Using this tTA-dependent system, previous work in the Fuchs Lab has verified
the results of Corden and West that cells with only 8 CTD repeats in RNAP II lead to
minimal growth (West and Corden, 1995). YBIR7 was used in this assay to demonstrate
that the Tet-off system works appropriately with the mutant pif7-m2 allele. When YBIR7
harbors pRPO21, it grows sufficiently well on SC-Leu+Dox (data not shown). When
YBIR7 harbors an empty Leu+ plasmid, the strain dies on SC-Leu+Dox plates (data not
shown). Interestingly, the phenotype between the WT strain and YBIR7 on SC-Dox
plates is noticeably different when transcribing a copy of RPO21 with only 8 CTD
repeats. YBIR7 + pCTD8 has no noticeable growth while WT + pCTDS8 grows slightly

(Figure 5B). This difference in growth between wild type and pif7-m2 was also found in
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liquid culture (data not shown). However, when both strains harbor a plasmid with 10

CTD repeats or more, no discernable difference in growth is seen.

A — Doxycycline +D i
3 oxycycline
Els
—] tetO, RPB1 —ch. IV —] tetO, | RPB1 —ch. v
—{pRPB1{ CTD mutant |~pL.EU+  —JpRPBTH CTD mutant j=pLEU+

B

pRPO21

pLeu+

pCTD8 in
pif1-m2

SC-Leu SC-Leu + 40 mg/ml Dox

Figure 5: Spotting assays using pif/-m2 YBIR7 strain. A) Depiction of the Tet-off system.
Briefly, when cells are grown in normal media both the plasmid and genomic copies of RPO21
are expressed. However, when Dox is added to the media, only the plasmid copy is transcribed.
B) Representative spotting assay where both the WT strain and YBIR7 contain a plasmid with
only 8 CTD repeats. This is not enough to support wild type growth and these cells die when
plated on media containing Dox. The SC-Leu plate acts as a control to ensure that the same
number of cells was plated. The pRPO21 acts as a positive control, showing that plasmid
expression of full length CTD can support cell growth. pLeu+ is the negative control showing
that without a copy of RPO21 on a plasmid , the yeast will die when growing on Dox.

Fluctuation assay uncovers higher rate of mutation in pifl-m2 background

A Luria—Delbriick fluctuation experiment can be conducted to uncover the
frequency of suppressor events based on the death phenotype seen in Figure 5B. Yeast
growing on media in the presence of Dox while transcribing pCTD8 should die. Those
colonies that appear on these plates are indicative of cells that underwent supressor
mutations. An illustration of this process can be seen in Figure 6A . Figure 6B

demonstrates the results of such an experiment comparing the mutation frequency of the
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wild type against the mutation frequency of pifi/-m2. The mutational frequency of pifi-
m2 cells is a 6.45%10° (95% CI=3.97%10°, 9.35*10° , n=24) while the mutation
frequency of the wild type GRY3019 is 1.38%10°(95% CI=9.85*107, 1.82*10° , n=24).
This difference is significant due to the fact that the 95% confidence intervals, as

calculated by FALCOR, do not overlap.

A Isolate single
colonies

Plate on Plate on
selective Mutational F ) non-selective
media utational Frequency: medla
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Mutational Frequency
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M Series1

pifl-m2 WT

Figure 6: Large scale fluctuation assay demonstrates higher mutational frequency in pif7-m2
background. A) Outline of fluctuation assay. One colony is plated on selective Dox media (red
plate) allowing for the appearance of suppressors while a dilution of the colony is plated on
nonselective media (off white color) to estimate total cells. B) Increase in mutational frequency
in pifl1-m2 background. Difference between mutational frequencies is significant due to non-
overlapping 95% confidence intervals.
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Changes in suppressors frequency hints at PIF1 role in CTD expansion

To examine the mutation type of the suppressors that arose, PCR was used. Figure
7A and 7B are representative gels from this screening process. Two bands are present due
to amplification of both the plasmid copy and the genomic copy of RPO21. Expansion
events result in a bottom band that increases in size, homologous recombination events
are visualuzed by only one genomic-sized product, and extragenic events are visualized
by no change in either band.

When comparing the mutational landscape of these suppressors, PIF1’s role in
CTD variability appears. In the mutant pif7-m2 background, more expansion events occur
when compared to the wild type (56% vs. 32%) (Fig 7C). Additionally, it appears that
homologous recombination events occur less frequently in the pif7/-m2 strain (2% vs
12%) (Figure 7C). Other unpublished data from the Fuchs Lab has demonstrated that
when mutating other DNA repair related genes (i.e. YKU70 or POL32), there is no
change mutational frequency or in suppressor mutational landscape. This data suggests

that PIF1 is a negative regulator of CTD expansion.
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Figure 7: PIF1 may be a negative regulator of CTD expansion. A) and B) are representative
gels from PCR evaluation of suppressors. The bottom band is the plasmid copy of rpo21
while the top band is the full-length genomic copy. Lanes 2, 3, 4, 5, 6, and 8 in Gel A have
expanded while Lane 1 in Gel B underwent a homologous recombination. C) After
screening over 90 colonies from both strains there appears to be an increase in expansions in
the pifl-m2 background (56% vs. 32%). Additionally, there appears to be a dramatic
decrease in homologous recombination events (2% vs 12%). E = Expansions, HR=
Homologous Recombination, and G= Extragenic Vvents

Sequencing of suppressors demonstrate mutation free direct expansions of repeats

The plasmids obtained from suppressors were sequenced to verify their
expansions as well as examine the inserted sequence. In all cases, the larger PCR product
indicated insertion of additional repeats on the plasmid. Figure 8 graphically depicts the
three different size expansions of 42, 84, and 126 nucleotides that were seen in YBIR7.
These mutations added 2, 4, or 6 heptapeptides respectively. Additionally, the observed
mutations were encoded by direct repeats of the synthetic sequence used to build the
truncated CTD. Figure 9 demonstrates that the inserted sequence has 100% homology to

the plasmid from which it arose.
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Figure 8: Purification and sequencing of rpo21 recovered plasmid from suppressor
colonies. Observed insertions of 42, 84, and 126 nucleotides to increase the number of
heptapeptide repeats to 10,12, or 14 repeats respectively.

p+6 ACGCACACCTCCCAGAATATCAAGGTGAGGTTGGGCTGTARCTAGGAGACGTCGGAGRAATA 298

pI3T ACGCACACCTCCCAGAATATCAAGGTGAGGTTGGGCTGTARCTAGGAGACGTCGGAGRAATA 299
T ——

p+6 TCAAGCTCAGCTTEEGCTCTAACTAGGAGACGTCGGAGAATATGARGGTGAGGTTGGGCT 158

pI3T TCAAGCTCAGCTTCEGCTCTAACTAGGAGACGTCG 334
.

p+6 GTAACTAGCACACCTCCCAGAATATGAAGGTGAGGTTGEGCTGTARCTAGGAGACGTCGG 418

BI3T 0 e mmmmmmmmmmmmmmmmmem

p+6 ACAATATCAAGCTEAGGTTCGGCTGTAACTAGGAGACCTCGGAGAATATGARGGTGAGET 478

BI3T e GAGRATATGAAGGTGAGGT 353

e —
p+6 TGEGECTETARCTAGGAGACGTCGGAGAAARGCCTGGTGTCARGACTCCARACCCGGGAGA 538
pI3T TGEECTETARCTAGGAGACGTCGGAGARARGCCTGGTGTCARGACTCCARACCCGGGAGA 413

AR R R R R R AR AR AR AR AR AR E A A AN RN RN R RT RN RN RN TN

Range 1: 251 to 376 Graphics W Next Match
Score Expect Identities Gaps Strand
233 bits(126) 6e-66 126/126{100%) 0/126(0%) Plus/Plus

Query 1 GRGAATATGAAGGTCAGGTTGEGCTETARCTACCAGACCTCCCAGRATATCARGCTGACE 60
Sbict 251 GAGAMATGAAGCHEALGEIUCHIAAIACAGA L EAGAMMERAGLIGAE 310
Query 61 TTGGGCTCTAACTACCAGACGTCCCAGAATATCAACGTGACCTTGGGCTCTAACTAGGAG 120
Sbict 311 PROGUICTAACTACAGALCH A A A TACCHHEGL AL ARG 370
Query 121 ACGTCG 126
sbjct 371 Accééé 376

Figure 9: Inserted sequence is perfect duplication of synthetic CTD sequenced.
Through a global alignment of suppressor plasmid to pCTDS (as seen in the top panel),
the inserted sequence was obtained. Then the insertion was locally aligned against the
pCTDS sequence. In all cases of expansions, there was perfect homology between the
inserted sequence and the original plasmid.
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Discussion:

Variability in the context of an essential domain of a necessary protein appears
puzzling. In the case of a nonessential gene like FLO1, a cellular membrane glycoprotein
involved in adherence and flocculation, variability seems to be adaptive. It was
previously shown that differences in FLO1 lectin binding repeat could promote
differential adherence to inert surfaces (Verstrepen et al., 2005). Currently, no difference
in growth has been seen due to differences in CTD length after 10-consensus
heptapeptide repeats (West and Corden, 1995). Yet, the fact that this region appears
dynamic in similar ways to the previously mentioned non-essential FLO1, remains
unclear. A massive DNA rearrangement is not deadly in the context of FLO1 and results
in yeast with differential fitness for their environment. However, an alien insertion or an
out of frame mutation could render RPO21 nonfunctional and kill the cell harboring that
variant.

Therefore, to limit some of variability in this region, evolution has appeared to
select for very divergent nucleotide sequences in the CTD. With the third position codon
wobble as well as two different codon sets that can encode serine, there are many
possible nucleotide sequences that could result in YSPTSPS repeat. Due to the inherent
instability of repetitive DNA, it appears that evolution has favored using many of these
possible combinations to encode each individual heptapeptide. Therefore, strains with
more sequence divergence in between each 21 nucleotide repeat may be selected for
limiting the amount of DNA rearrangements that can occur in this gene.

Although each repeat sequence is divergent, that does not explain the fact that the

5’ region appears to have experienced more mutational events then the 3’ region in S.
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cerevisiae. One component of the 3’ end that may be kept overtime is the aforementioned
G4 encoding sequence. A fairly recent study by another research group found that, when
comparing G4 conservation across fungal species, these DNA secondary structures were
more often then by chance (Capra et al., 2010). Therefore, a G4 interacting protein may
be recognizing the most 3’ region of this repeat. Mutations to this sequence would
eliminate a protein’s ability to bind and/or to recognize this repeat, which could impact
both the sequence and expression of RPO21.

The duplication event seen in repeat four can be used as a model for the overall
evolution of this region. Over time, repeats expand or contract perfectly, but to prevent
further copy number variation, the sequence that encodes the newly formed heptapeptide
undergoes additional point mutations to differ from its neighboring repeats. This permits
a maximal amount of variability while at the same time preventing large rearrangements
that would be deleterious to the yeast cell. It remains unsolved why the most C-terminal
repeats encode a secondary structure associated with fragility, yet appear more resistant
to change.

The presence of G4 DNA in RPO21 raises a few questions. This structure is
known to be associated with fragile sites as well as DNA damage (Capra et al., 2010;
Paeschke et al., 2011). There is little reason for a crucial gene to be under such
mutational pressure. Even though this seems unfavorable, there is some evidence that the
location of this G4 is part of a larger currently unexplained trend seen across eukaryotic
organisms. The Zakian Lab found that G4 DNA appear less often than chance in open

reading frames, however the G4 DNA appears significantly more often (78% of the time)
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on the template strand in fission and budding yeast as well as in humans (Sabouri et al.,
2014).

Additionally, since the G4 structure in the CTD resides on the leading template
strand for DNA replication, it exists in the unstable orientation. Lopes and coworkers
showed that this orientation contributes to a significant increase in instability (Lopes et
al., 2011). Therefore, the RPO21 locus, encoding an essential eukaryotic enzyme,
contains a minisatellite poised to mutate more often then the rest of the genome.

The data compiled in the fluctuation assay illustrates that PIF1 may act as a
negative regulator of expansion events in the CTD. With no functional nuclear PIF1, the
frequency of expansion events increases. This is in agreement with data showing that
PIF1 plays a role in negatively regulating de novo telomere lengthening as well as in
instability in the CEB1 minisatellite (Ribeyre et al., 2009; Schulz and Zakian, 1994). It is
worth noting that in three papers published by the Nicolas Lab use different pif7/ mutant
alleles (Lopes et al., 2011; Piazza et al., 2010; Ribeyre et al., 2009). They found that the
pifl-m2 allele does not completely eliminate PIF1 unwinding in the nuclear genome
(Ribeyre et al., 2009). Even though nuclear PIF1 cannot be detected by western blot,
there is a significant decrease in CEB1 minisatellite instability. CEB1 still demonstrates
greater instability in the pif7-m2 mutant than observed in the wild type background,
however both the pifi4 strain, as well as the nonprocessive pif] K2644 mutant show
larger increases in CEBI instability. Therefore, a more dramatic phenotype may be
observed when using either one of these mutants in this work when trying to uncover the

basis of CTD expansions.
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By looking at the work of Nicolas and colleagues who have studied the
aforementioned human CEB1 minisatellite, it may be possible to gain some insight into
the evolution of the CTD of RPO21 (Lopes et al., 2002; Lopes et al., 2011; Piazza et al.,
2010; Ribeyre et al., 2009). This may be an appropriate comparison because the CEB1
repeat is encoded by a group of smaller 38-48 nucleotide repeats which are distinct from
one another in the same way that the 21 nucleotides that encode an individual
heptapeptide differ from one to the next. This lab similarly observed complete loss or
gain of distinct repeats of the CEB1 minisatellite just as we see perfect expansion of our
synthetic CTD sequence. Events characterized as complex events in the CEB1 assay
contained both insertions and deletions in multiple locations in the tandem array (Ribeyre
et al., 2009). This is reminiscent of one of the wild yeast CTD sequences from the strain
B1 where it contained 25 heptapeptide repeats, but did so by losing repeats 9 and 10, and
adding a new repeat in between 12 and 13.

PIF1 may be mediating these expansion events by two different mechanisms. One
mechanism may be through PIF1’s ability to unwind RNA/DNA hybrids (R-loops). To
tease apart PIF1’s relationship with CTD expansion, this assay could be replicated in an
rnhlA rnh201A double mutant. These two genes encode different versions of
Ribonuclease (RNase) H, which is a nuclease responsible for degrading RNA/DNA
hybrids. PIF1 has a higher affinity for R-loop structures and has been shown to interact
with these structures as a part of processing Okazaki fragments (Boule and Zakian, 2007,
Pike et al., 2010). In this rnhIA rnh201A strain, there will be increased R-loops due to
the depletion of RNase H. If this mutant demonstrates the same increase in expansion

frequency as the pifi-m2 data, increase in R-loop formation in the pifi-m2 strain may be
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contributing to the expansion of the CTD. This phenotype would suggest that PIF1’s role
in processing the R-loop flaps on the lagging strand may influence the expansion events.
However, there is a possibility that this double mutant has no impact on the frequency of
expansions. In that case, PIF1 may mediate these expansions due to its role in resolving
G4 DNA as highlighted by both the Zakian and Nicolas labs (Lopes et al., 2011;
Paeschke et al., 2011).

The data from the mutational analysis is also in agreement with recent work that
uncovers PIF1’s function in DNA repair. PIF1 appears to be key to proper resolution of
the D-loop during homologous recombination (Wilson et al., 2013). The practical
elimination of homologous recombination events, when using the pif7-m2 mutant,
validates the idea that this protein is key in allowing for faithful homologous
recombination.

It is worth noting that further manipulation of the nucleotide sequence may
uncover PIF1’s role with more accuracy. The current sequence used in the pCTDS8
plasmid is not imbalanced in terms of cytosines and guanines, nor does it encode a strong
G4 motif. In the plasmid sequence, there are no guanine tetrads, however there is one
stretch of three consecutive guanines as well as multiple instances of guanine couplets.
The Fragile X trinucleotide (CGQ) is a documented instance of an in vitro G4 DNA that
is formed by a weak motif solely made up of guanine couplets (Fry and Loeb, 1994)
Therefore, pCTD8 may not be a perfect recapitulation of the nucleotide composition of
the CTD, but there is some possibility that this sequence can still form a G4 structure. A
comparison of the G4 sequence from RPO21 and the Fragile X minisatellite, as well as

the possible G4 in the pCTDS can be seen in Figure 10. It may be worthwhile to conduct
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circular dichroism analysis on the oligonucleotides used to make the pCTDS plasmid to
assess whether or not this sequences leads to G4 formation in vitro. It is worth noting that
the algorithm used by Capra would not have called the sequence in the plasmid or the
sequence of the Fragile X repeat a G4 because neither of these sequences contains four
tracks of three or more guanines (Capra et al., 2010).

Further work with other deletion strains may impart more information about the
mechanism of minisatellite expansion. Work studying RAD27, a endonuclease
responsible for trimming the flaps off of the Okazaki fragments, has shown that a
deletion of this enzyme leads to both mutagenic and faithful change in minisatellite
repeat copy number (Lopes et al., 2002; Serero et al., 2014). Other work has examined
the frequency of FLO1’s expansions/contractions, but no mechanism was investigated
(Verstrepen et al., 2005). Using this fluctuation assay with the Tet-off system and pCTDS8
in other mutants related to genomic instability (msh24 tsald, rad274), it may be possible
to more gain information about what proteins or pathways may contribute to the diversity

seen in minisatellite of the CTD.

Fragile X G4
CGGCGGCGGCGG

GGTGAGGTTGGGCTGTAACTAGG

RPO21 CTD G4
GGGCTGTAGCCTGGAGATGTTGGGGAGTAAGAAGGTGAAGTAGGGCTATAGTTTGGAGAGGTGGG

Figure 10: Sequences of G4 forming sequences. The pCTD8 demonstrates a weak G4
motif. This hypothetical motif is longer than the additionally weak G4 Fragile X repeat,
which is known to form a G4. The G4 forming sequence in the CTD is included.

The data collected in this work combined with other data by Morrill (Fuchs Lab,

unpublished results) illustrates that these expansions are most likely occurring post-
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replication, which is in accordance with the literature (Lopes et al., 2011; Ribeyre et al.,
2009). Other data from the lab shows that rad524 and rad54 result in an elimination of
expansion events while this work indicates that the pif7-m2 mutant results in an increase
in expansions. With these facts, there is a high likelihood that these expansions are
occurring after replication. This does raise a new issue as to how the G4 DNA can form
when it is encoded on the leading strand. For this structure to form, single stranded DNA
(ssDNA) is required. Therefore, it appears that the conditions of leading strand synthesis
do not permit this structure from forming, because the replication fork would move
through this region with too much speed, never giving rise to ssDNA. With our current
understanding, if the G-rich strand cannot exist as ssDNA, the G4 structure should not
form. Even though this inconsistency appears, the Nicolas Lab uncovered the same
phenomenon that G4 DNA on leading strands appears to increase instability (Lopes et al.,
2011). To resolve this discrepancy it may be hypothesized that discontinuous leading
strand synthesis is occurring on the G-rich template of the CTD. In vitro data from
Weitzmann and coworkers suggests that G-rich template strands in hypervariable
minisatellites are difficult to faithfully replicate through (Weitzmann et al., 1997).
Therefore, the inconsistent replication through the CTD allows for ssDNA to exist, which
promotes formation of the G4. In the situation where nuclear PIF1 has been eliminated,
the G4 in the CTD cannot be resolved properly, leading to instability of the repeat. The
model described above is demonstrated pictorially below in Figure 11.

In future work to uncover the mechanism of CTD expansion, the heptapeptide
repeat may need to be studied in a non-coding context, where it is integrated into the

genome. Currently, the system used is completely plasmid based, which provides a
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problem when trying to discern the mechanism of expansion. There is some evidence
documenting that multiple plasmids can exist in a given suppressor. This may allow for
the expansion or homologous recombination events to occur through using the excess
plasmid as a template for these events. Additionally, there are constraints in this assay
because the minisatellite in question encodes an essential protein repeat. Therefore, we
cannot see contraction events because this type of mutation would result in fewer
heptapeptide repeats and thus be lethal. The current method also cannot examine whether
or not these events are mutagenic because those mutations would endow less fitness to a
given suppressor. Therefore, using the nucleotides that encode RPO21 as well as the
synthetic nucleotide repeat used in the Fuchs Lab in a non-coding reporter, may allow for
a deeper understanding of the mechanism contributing to CTD diversity. A system like
the one implemented in Shah’s work where repetitive sequence is cloned in between
GAL promoter and a copy of the CAN1 gene may allow for a better understanding of the

factors that contribute to CTD instability (Shah et al., 2014).
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Figure 11: Possible Mechanism of CTD Expansion. The CTD is encoded by a G rich
template, which is part of leading strand synthesis. A) Normal resolution of G4
structures that appear both in the template of the leading strand synthesis as well as
lagging strand 5’ flaps. With functional PIF1, these G4 DNAs are resolved and
information is faithfully copied. B) Expansion of CTD occurs when nuclear PIF1 is
absent. The G4 structures form as replication occurs discontinuously on leading
strand. Replication continues on through the rest of the genome. G4 DNA still exists
due to lack of PIF1. Post replication, the single stranded G4 DNA is resolved
through a homologous recombination dependent repair mechanism. Figure is
modified from Davis and Chung (Chung, 2014; Davis and Maizels, 2011)
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Chapter Two: Implementing Bioinformatics to find minisatellites similar RPO21

Introduction:

Repetitive elements are ubiquitous features of eukaryotic genomes (46% of the
human genome) that have long been considered junk DNA (Gemayel et al., 2010).
Repetitive sequences can be located throughout the genome, including coding regions,
non-coding regions, telomeres, and centromeres. Smaller repetitive sequences (with
repeating units less than 10 nucleotides) are referred to as microsatellites. These regions
have been studied extensively, especially in a disease context like Spinobulbar Muscular
Atrophy and Huntington’s Disease where the etiology of these diseases stems from
trinucleotide expansions in coding regions. Larger repetitive sequences (of repetitive
motifs between 10 and 150 nucleotides) are typically considered minisatellites. These
elements are used to assemble diagnostic DNA fingerprints because of the variability of
these regions. There is a third group of repetitive elements, megasatellites, which are
repeats containing motifs greater than 150 nucleotides, that are important in the
development of pathogenic Candida albicans (Rolland et al., 2010).

By examining coding minisatellites in the model genetic organism S. cerevisiae, a
possible mechanism for minisatellite variability may be found. Previous work reported
that coding minisatellites occur in 12.7% of yeast open reading frames (ORFs) and many
of these repetitive elements have been found to be polymorphic (Gemayel et al., 2010;
Richard and Dujon, 2006; Verstrepen et al., 2005). A signature of many yeast repetitive
proteins is the extreme GC skew in their nucleotide sequence (Richard and Dujon, 2006).

These large values are indicators of an imbalance between guanine and cytosine
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nucleotides on a single strand of DNA. This value is calculated by subtracting the total
amount of cytosine residues from guanine residues; then that value is divided by the
combined total of guanines and cytosines. Positive values illustrate an enrichment of
guanine nucleotides, while negative values illustrate a bias toward cytosines on a given
strand of DNA. GC skew sign changes have been previously found to be associated with
prokaryotic origins of replications (Lobry, 1996). Therefore, one could hypothesize that
the abnormal GC skew in these repetitive regions may promote the formation of a certain
secondary structure and/or recruit certain protein factors that lead to the instability of
minisatellites. Even though Richard and Dujon (Richard and Dujon, 2006) uncovered this
extreme trait, no link was found between GC skew and a factor that could contribute to
the apparent variability of minisatellites.

The enrichment of GC-skewed DNA strands within minisatellites led to a
prediction that G4 sequences may contribute to the known instability of coding
minisatellites. Knowing that PIF1 unwinds G4 quadruplexes and that pif14 leads to
minisatellite instability, I believe that that PIF1 may be involved in suppressing
instability in all minisatellites, similar to its role as a negative regulator of telomere
lengthening (Paeschke et al., 2013; Ribeyre et al., 2009; Schulz and Zakian, 1994).
However, previous literature suggests that PIF1’s function is specific for certain G4
DNAs (Ribeyre et al., 2009). The CEB1 minisatellite instability assay from the Nicolas
Lab was repeated with minisatellites from the yeast open reading frames HKR1, FLO1,
DAN4, or NUMI1 (Ribeyre et al., 2009). Even though pif/A caused instability of a human
G4 containing CEBI repeat, it did not impact the frequency of expansion or contraction

of any of the yeast minisatellites. A plausible explanation for this result is that PIF1 is not
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recognizing all minisatellites, but rather it is recognizing specific minisatellites that
contain G4 sequences. Even though these minisatellites are guanine rich, none of these
polymorphic minisatellites encode a strong G4 motif as determined by Capra (Capra et
al., 2010). The ChIP studies conducted on PIF1 and PFH1, the S. pombe homolog,
support this model of high PIF1 target specificity due to the fact that these helicases were
only found at 20-25% of all the respective predicted G4 structures (Paeschke et al., 2011;
Sabouri et al., 2014).

It is worth noting that RAD27, the yeast FEN1 homolog, appears to be involved
in some aspect of minisatellite evolution in budding yeast. This enzyme is responsible for
degrading the overhang of nucleotides caused by Okazaki fragment displacement. The
previously mentioned CEB1 minisatellite, as well as other human minisatellites such as
MS1 and MS32, MS205 demonstrate increased instability in a rad274 strain (Lopes et
al., 2002; Maleki et al., 2002). Evolving a rad274 strain through 100 bottlenecks also
resulted in a significant increase in the amount of large insertions and deletions observed
in coding minisatellites (Serero et al., 2014). The deletion of RAD27 is thought to have a
drastic impact on these microsatellites because the improper flap degradation leads to
strand invasion that ultimately causes changes in repeat copy number (Lopes et al., 2006).
However, it appears that some genes, including RPO21, are not destabilized in the
rad274 background, which suggests that the instability of RPO21 and repeats that share
similar characteristics may be due to others mechanisms.

Using a bioinformatics-driven approach, the Fuchs Lab became interested in
uncovering new elements of a subset of minisatellite variability. An aggregate of

literature and data from the last chapter predicted that G4 structure and PIF1 binding may
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impact the variability of some repetitive proteins. Therefore, I hypothesized that repeats
that contain both PIF1 binding and predicted G4 sequences were more likely to be
variable.

To evaluate this hypothesis, a tool was developed to easily examine the nucleotide
sequence that encodes a given protein repeat. Previous tools have been designed to
survey the amino acid sequence of any tandem repetitive protein, but no tool works
directly to examine the DNA encoding these repetitive proteins. The Fuchs Lab, in
conjunction with the Cowen Lab, developed a bioinformatics tool, XSTREAM with
DNA correspondence, to do so. This program was built by implementing the already
existing XSTREAM tandem protein finder developed by the Cooper Lab at USCB
(Newman and Cooper, 2007). XSTREAM with DNA correspondence allows the user to
view the repetitive nucleotide sequence side by side with the repetitive protein it encodes.
After producing a list of repetitive proteins, the predicted G4 sites and the PIF1 binding
locations were mapped to the S. cerevisiae genome (Capra et al., 2010; Paeschke et al.,
2011). Using a multiple sequence alignment tool to find variable minisatellites, it became
possible to assess the impact of G4 DNA as well as PIF1 binding on variability of

minisatellites.

Methods:
XSTREAM with DNA correspondence development

XSTREAM with DNA correspondence was made in collaboration with the
Cowen Lab from the Tufts Computer Science Department. With this tool, it became

possible to look at both the repetitive amino acid and repetitive DNA of a given gene.
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This program allows the user to change the parameters that ultimately define a repeat.
The user can manipulate such aspects as minimum or maximum repeat copy number,
period, minimum domain length and gaps. My work defined a repeat as an amino acid
sequence that had at least a period of two (dipeptide), repeated itself at least twice, and
had a minimum length of 10 amino acids. Therefore, a dipeptide had to repeat five times,
and a pentaheptide had to repeat two times to be considered a repeat. Each repetitive
gene’s systematic name was saved for comparison with datasets from the Zakian Lab. An

example of XSTREAM with DNA correspondence output is seen below in Figure 1.

RP0O21 — Repeat 4

YDL140C RPO21 SGDID:S000002299, Chr IV from 210561-205360, Genome
Release 64-1-1, reverse complement, Verified ORF, “RNA polymerase Il largest
subunit B220, part of central core; phosphorylation of C-terminal heptapeptide
repeat domain regulates association with transcription and splicing factors; similar to
bacterial beta-prime"

Show amino acid sequence — (BLAST)

Show nucleotide sequence — (BLAST)

Positions | Period | Copy Number | Consensus Error

1539-1719 |7 25.86 0.05

CACCAGGC CTCCAAC
CCCCAACATACTCTCCTACC
CT CCAGCG TAC TCACCAACA
CACCATCG TAC TCACCAACA
CACCATCG TAC TCGCCAACA
CACCATCG TAC TCACCTACA

CACCATCGTA CACCAACG
CACCATCATA CGCCAACG
CACCATCATA CGCCAACG
CGCCATCGTA CT CCAACG
CACCATCGTA CGCCAACG

CGcc CC TAC TCT CCCACG
CGCCAAGC TAC AGC CCT ACG
crcc C A CTCCTACA
CTCCATCATAC TCTCCTACG
CACCAAG AC AGC CCAACG
CACCAAG AC AGC CCAACG
CTCCAGCCTA CCCCAACA
CACCAAGT TAT AGT CCT ACA
CGCcC CATAC TCT CCAACA
CACCATCCTA CCCCAACA
CACC Cc AC TCT CCCACC
CT CCAAAC TAT AGC CCTAC
CACC Cc AC TCCCCAACA

QL Z 6 nnn P 000000000 HEQQ
[ I B I B I B I B B I B B B B B B N B I B B I B |

CT CCAGGC TAC AGC CCAGGA
CTCCTGCATA CTCCA--~-

|0 (oo (oo |0 |0 |0 (GO (GO (GO (GO (O (GO [GO (GO0 |0 (GO (GO (GO |0 |0 (WO (WO |0 WO (O (oo
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[
o
»
"
[
o
1

s P s Y s P T CACCATCG TAC TCT CCAACA

Figure 1: A sample output of XSTREAM with DNA correspondence. The gene examined
here is RPO21. The left panel is the amino acid repeat while the right panel is the nucleotide
sequence. In the output, it is possible to see the previously reported extreme GC Skew trend
(Richard and Dujon, 2006). The right panel illustrates the extreme bias for cytosines over
guanines on the coding strand. The G4 encoding sequence can be seen at the very C-terminal
repeats.
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Mapping predicted G4 sites and PIF1 binding locations

The supplement from Paeschke contains the ChIP binding peaks associated with
their myc-tagged pif1k264a strain. This mutation halts the enzyme’s processivity by
making a mutation in the Walker’s A motif (Paeschke et al., 2011). This prevents the
enzyme from unwinding its DNA sequence of interest, but not from binding at the
appropriate location. Therefore, conducting ChIP with this mutant should accurately
describe PIF1 binding sites. Additionally, the supplement from Capra published all the
G4 sites in the S. cerevisiae genome as predicted by the algorithm developed in the
Zakian Lab (Capra et al., 2010). The parameters of this algorithm define a G4 motif as a
sequence containing four tracks of three of more guanines that are no further than 25
nucleotides away from each other. To assess the validity of this algorithm, circular
dichroism as well as acrylamide gels were used to show that the predicted G4 sequences
of varying nucleotide composition and length ultimately formed G4 structures in vitro
(Capra et al., 2010).

To map the PIF1 binding sites well as the G4 sites to other annotated genome
features, the Gbrowser program on yeastgenome.org was used. For both data sets, the
same protocol was followed. Custom tracks were made by uploading the data from their
respective supplements into the Gbrowser. Minor modification of the data had to be made
for it to appear in the browser. The chromosome names had to be switched from chrl
(numerical character) to chrl (Roman numeral). Then, the genome browser was manually

curated to find the regions of PIF1 binding or predicted G4 DNA.
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RPOZ1, Yerified, RNA polymerase II largest subunit B220

Figure 2: Mapping predicted G4 sites and PIF1 binding sites to the yeast genome. This example
shows one of the rare instances of a spatial association of PIF1 binding with a predicted G4
structure in a coding minisatellite. In this example, the repeat is the CTD of RPO21. The 668
sites in the G4 genome as well as 1148 PIF1 binding sites were mapped by looking at the
Gbrowser in a similar manner.

Implementing Excel to compare datasets

Using the auto-filter function in Excel, the overlap between datasets was found.
This work looked for overlap between PIF1 binding sites, predicted and genes with ORFs
with repeats. The G4 DNA data set was previously compared to the PIF1 binding peaks
in the analysis of Paeschke (Paeschke et al., 2011). This study examined whether or not
PIF1 was found bound to G4 sites in vivo. A comparison between the G4 sites that were
found to have PIF1 binding and the repeats returned by XSTREAM with DNA

correspondence was also conducted.

XSTREAM output as filter for G4 DNA

The multiple sequence alignment tool on yeastgenome.org is time consuming.
Therefore, to ensure that the repeats of interest could form a G4 structure, the nucleotide
output of XSTREAM was reanalyzed. If a track of three of more cytosines or guanines
occurred in the nucleotide sequence of a repeat that existed in an ORF with predicted G4
DNA, the repeat was saved for future MSA. If there was no possibility of G4 formation

in the repeat, the gene was no longer analyzed.
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MSA on yeastgenome.org
The MSA program used can be found at the following link:

http://www.yeastgenome.org/cgi-bin/FUNGI/alignment.pl. Alignments only were

conducted on ORFs that contained a predicted G4, and a repeat that contained G or C
tracks. The presence or absence of size polymorphisms was recorded with the relatively
small subset of genes that contained both G4 DNA and a repeat. An overview of this

workflow is seen below in Figure 3.

Map 1148 Map 668 G4 Sites Use XSTREAM with
pif1k264 ChIP as predicted by DNA correspondence to
sites Paeschke Capra (2010) Search Yeast Proteome

(2011) for Repetitive Proteins

Compare 930 repeats
from 688 genes to the G4
Sites from Capra (2010)

Analyze minisatellite
Document nucleotides for possibility
_ variability of contributing to G4 DNA.
sites to the basedon B 24 of the 60 G4 containing

Compare the
PIF1 binding

rep(?titive wild yeast ORFS also have
proteins that strain minisatellites with G or C
encode a G4 VN tracks.

Figure 3: Flowchart used to find repeats that may behave similarly to RPO21. XSTREAM with
DNA correspondence was used to find repetitive proteins in the yeast proteome. This data set was
compared to the predicted G4 sites in the S. cerevisiae. Then, the XSTREAM nucleotide output
of repeats with G4 sequence in the same ORF was analyzed for presence of poly-guanine or poly-
cytosine tracks. If the repeat could potentially be a part of a larger G4 motif, it was analyzed for
variability by examining for polymorphisms on the multiple strain alignment function at
yeastgenome.org. This group of proteins was also curated for PIF1 binding®.
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Results:
9% of the proteome contains repeats larger than 2 amino acids

XSTREAM with DNA correspondence returned a total of 930 repeats from 688
genes with the settings described in the methods section. Unpublished data shows that
when the filters used in this program become more stringent (i.e. more copies or less
consensus error) the total number of repeats found decreases. Chromosome four,
contained the most repetitive ORFs, which is not surprising given the fact that it is the
largest chromosome (Figure 4). Pentapeptide repeats appeared the most often in this
analysis (Figure 4). It appears that homopolymeric amino acid repeats represent a
significant portion of repetitive coding elements. These repeats were ignored in this
analysis. A general overview of the repetitive gene data set is seen in Figure 4.

In analyzing the XTSREAM with DNA correspondence data, the previously
documented enrichment of large GC skew values in repeats became apparent (Richard
and Dujon, 2006). The repeats did not have abnormally different GC content from the
rest of the yeast genome. They did, however, possess incredibly different GC skews.
When looking at a given gene, it is known that the GC skew starts negative and increases
over the length of the gene (McLean and Tirosh, 2011). However, the repetitive regions
appear to be very different in that they have dramatic localized skews. A perl script was
written to calculate the GC skew for any given gene. When looking at the top 1 percent of
GC skew hits from the entire genome (60 genes), 20% of these extreme values contain
repeats, while only 9.3% of the genome was found to contain repeats as defined by this

study (see methods for details).
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Chromosomal Distribution of Repeats

103

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Number of Repeats with a Given
Amino Acid Period

272

209
170

14 126

50 48 73
23 32 16

Figure 4: Overview of repeats found by XSTREAM with DNA. Chromosome IV contains the
most repeats. XSTREAM with DNA correspondence returned many pentapeptide repeats as well
homopolymeric repeats. However, the analysis conducted in this work excluded the single amino
acid repeats because they were hypothesized to be variable through a mechanism different that
RPO21.

This general analysis of GC skew may underestimate the intricacies of GC skew
changes across an entire gene. Some genes mask the extreme localized skew of a repeat
due to their large size. Therefore, a subset of repetitive genes have median GC skew
values that hide their localized regions of very negative or very positive skews. One clear

example of this is RPO21. The skew of the CTD is -0.68 (only one other gene has a value
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higher than this) while the whole gene itself is 0.005. The median GC skew of genes from
S. cerevisiae is 0.04, the mean is 0.05 with a standard deviation of 0.10.
Overlap of Repetitive Proteins with predicted G4 Sites and PIF1 binding locations

Out of the 688 predicted G4 sites, 60 (8.7%) G4 sites occurred in genes that had
repeats as called by XSTREAM with DNA correspondence. There is the possibility that
the G4 sequence occurs in a part of the gene, which does not encode the peptide repeat.
Therefore, out of those 60 ORFs that had both a minisatellite and a predicted G4
structure, 24 genes (40%) had guanine or cytosine tracks in their respective minisatellites,
that could allow for G4 formation. Of those 24 ORFs where it was possible for the DNA
repeat to also encode G4, 12 (50%) contained predicted G4 structures in their repetitive
regions. 14 (23%) of the original 60 genes were previously reported in the Paeschke
study as genes where PIF1 binding occurred near or at predicted G4 structures (Paeschke
et al., 2011). It is worth noting that 9 proteins found with G4 forming sequences contain
multiple repeats. They were as follows: SPT5, NUP100, ENT2, ZDS1, BBC1, PANI,
WSC4, SGF73, and FIG2. Tables S3 and S4 (in the supplement) contain the information

on the genes that resulted from the overlap of these three data sets.

Repetitive multiple strain alignment.

24 genes with 45 repeats in total were assessed for size variability. Single
nucleotide polymorphisms (SNPs) that resulted in nonsynonymous mutations were not
considered as variable in this analysis because SNPs did not appear to be a major source
of variation in RPO21. A repeat was called variable when it was clear that the amino acid

sequence of the repeat did not perfectly overlap in the MSA. An example of this
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variability analysis is seen in Figure 5 where there are two sample MSAs from two
different minisatellites. The repeat in Figure 5A, SVL3, was called variable due to the size
polymorphism while RFXI in 5B was not called variable due to the fact that all strains
contain a serine proline rich repeat with 10 amino acids. The variability of some repeats
was unable to be assessed because of low quality sequence from yeastgenome.org. In
genes with noticeably poor sequence, the MSA was unable to align stretches of hundreds
of amino acids. This was a clear indicator that the original scaffold was assembled
incorrectly and therefore the variability of that repeat could not be assessed. 6 of the 10
variable repeats found in this analysis also encoded G4 DNA. Those repeat were found in
the following genes: SPTS, RPO21, BBC1, GAL11, DONI, SVL3. The repeats that were
variable but did not contain G4 DNA were FIG2, WSC4, PANI (2 separate repeats).
There were 5 additional repeats out of the total 45 examined that had G4 sequence but
were not variable. Those genes were: RFX1, ATCI, IES1, GCR2, ENT2. PIF1 was found
to bind to 4/6 variable proteins and 3/5 non-variable. Table 1 contains a summary of these
proteins, which contain G4 sequence in their repeats.

Table 1: Summary of Genes that Contain Repeats that encode G4 DNA

Total Size in PIF1 Binding
Variable Repeats | Repeat Copies AA Length
SPT5 Repeat 2 | GGASXW 3 18 Yes
Rpo21 YSPSTS 26 182 Yes
BBCI1 Repeat 1 | VPVPAAT 3 21 yes
GALI11 QA 31 62 No
DONI KGKE 4.5 18 No
SVL3 QA 5 10 Yes
Non Variable repeats
RFX1 SSPSP 2 10 Yes
ATCI LSPXS 2 10 No
IES] PKVTPXX 2 14 No
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GCR2 NNG 3.67 11 Yes
ENT2 Poly Q repeat N/a 21 No
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Figure 5: Using the multiple strain alignment tool to call repeat variability. A) MSA of
SVL3. The AQ repeat from this gene clearly contains copy number variants. B) MSA of
RFX1. The SP rich repeat contains a few instances of point mutations, but no size
polymorphisms. Therefore it was classified as a non-variable repeat. The colors originate
from the original analysis conducted by the yeastgenome.org alignment tool. The colors
indicate the degree of sequence identity between strains.

Discussion
XSTREAM with DNA correspondence as a future tool to evaluate minisatellite sequence
Based on data from Chapter 1 and an extensive literature search, it was
hypothesized that repeats containing G4 DNA that were also found to be binding sites for
PIF1 would be variable, similar to the CTD of RPO21. This hypothesis that PIF1 and G4
DNA contribute to certain minisatellite variability is not ruled out from this study. Many
aspects of this analysis must implement more rigorous filters to uncover the answers to
this convoluted question. XSTREAM with DNA correspondence is only the beginning of
manipulating the DNA sequence of larger repetitive minisatellites. With this tool, it
illustrated the widespread nature of the GC skew imbalance in repetitive proteins that had

been previously reported (Richard and Dujon, 2006). With more precise computational
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methods, the relationship between these GC skewed repeats and variability can be better
understood. A new project with a computer science student is currently focused on
implementing a machine learning approach to understanding this irregular GC skew seen
in these repeats. As McLean and Tirosh, observed, there is a GC skew signature across
individual ORFs in all yeast genomes (McLean and Tirosh, 2011). However, as our lab
and Richard and Dujon have previously documented, a minisatellite differs significantly
from the rest of it own gene and the genome as a whole (Richard and Dujon, 2006). For
example, the minisatellite in the middle of BSC1 results in a portion of the GC skew plot
where the slope becomes dramatically negative. Given that GC skew increases across
most genes in the yeast genome, BSC1 has a very different signature from other ORFs
(McLean and Tirosh, 2011). Using this machine learning technique where the program
develops its own canonical signature for ORFs without repeats, the new tool can easily
find repetitive ORFs based on their deviation from the trend described by McLean and
Tirosh (McLean and Tirosh, 2011). Not only can we implement this to find minisatellites
in the yeast genome, it may also be possible to compare the diverse GC skew signatures
of minisatellites to explain why some of the repeats demonstrate significant instability
while others appear to rarely expand.

Additionally, the parameters of XSTREAM with DNA correspondence may not
have been stringent enough, creating a list of too many target tandem repetitive proteins.
A quick example of the sensitivity of XSTREAM with DNA correspondence is that by
increasing the copy number from two to three, 2/3 of the hits are lost. Indeed, there are
tandem repeats that only occur twice, but a ten amino acid stretch can also be repetitive

by chance, or due to greater domain architecture. Also, the enrichment of pentapeptides



Reinfeld 50

may indicate that the threshold length can bias the proteins returned by the program. This
high representation of Smer amino acid sequences may be an artifact of the original
parameters because these relatively short regions would only have to repeat twice to be
classified as repeats by XSTREAM with DNA correspondence. No analysis was
conducted to evaluate whether changing the minimum repeat length would cause a
biasing of another repeat size. Additionally, only the ORFs from S288c were used in the
XSTREAM with DNA correspondence pipeline. S288c is the standard laboratory strain
of budding yeast which is known to have less minisatellite variation than other wild
strains seen at yeastgenome.org (Verstrepen et al., 2005). Therefore, some repeats may
have fit the parameters when they were quarried on the wild strains, but because the
program was run on the lab strain, these repeats were excluded.

This analysis resulted in many fewer repetitive ORFs than reported by the
Gemeyal paper. This is due to the exclusion of homopolymeric amino acid repeats. When
the extra 209 repeats are added to the original analysis, 13.6% of the proteome appears
repetitive, while Gemayel reported 12.7% (Gemayel et al., 2010). These repeats were not
analyzed because they have been extensively studied as trinucleotide repeats. The
literature is extensive on different factors that contribute to trinucleotide variation, the
impact of secondary structures on instability and fragility, and the many pathways
involved in events which result in change of copy number in single amino acid repeats.
One flaw with the less stringent XSTREAM with DNA correspondence search is that
some of the trinucleotide repeats appear as larger minisatellites. An example of this

phenomenon is LAS17 where it appears that this ORF contains a homopolymeric proline
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repeat, however due to the insertion of alanines dispersed through this repeat it is listed as
a repeat with a period of ten.
PIF1 may only be involved in negatively regulating instability of a small subset of ORFs

Between G4 structure and PIF1 binding, it appears that the conserved G4 helicase
may have little impact on repeat variability. PIF1 binding appeared randomly distributed
in the 11 variable and non-variable repeats that encoded G4 sequence. PIF1 may appear
to have little or no effect due to limitation of ChIP as a high-resolution technique to
demonstrate PIF1 binding. Therefore, using this data from Paeschke 2011 may not fully
characterize PIF1 binding sites (Paeschke et al., 2013). It would be impossible to expect
100% occupancy however, PIF1 was only found at 25% of the predicted G4 structures.
This deviation from high G4 occupancy could be a result of the fact that many predicted
G4s do not actually form in physiological contexts. The original ChIP study was
validated by ChIP/qPCR, which showed that G4 sequences that did not have PIF1 ChIP
signal, also did not have qPCR signal. With the data put forth by this paper, it is
reasonable to assume that the ChIP data provides an estimate of PIF1 occupancy across
the yeast genome, but it may be imperfect.

With the data from the Nicolas Lab, it can be hypothesized that PIF1 may only
contribute to the instability of a subset of repeats. As mentioned in the introduction, four
yeast minisatellites, which all contain large GC skew values (NumlI=-.51, Hkrl=-.289,
Flol=-.33, Dan4=-.89), did not show instability in a pifi4 background (Ribeyre et al.,
2009). This result conveys that PIF1 regulates the size of a subset of minisatellites that
share more than just an enrichment of G or C rich sequence. PIF1’s role may be more

specific and is driven by its function in unwinding different DNA topologies.
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The impact of G4 DNA on repeat variability

The presence of G4 DNA in repeats presents a possible mechanism for the
observed size polymorphism in a subset of repetitive proteins. G4 DNA overlapped with
6 of the 10 variable repeats found in this study. The observed polymorphisms appear to
have similarities with the G4 containing CEB1 human minisatellite from the work in the
Nicolas Lab (Lopes et al., 2002; Lopes et al., 2011; Lopes et al., 2006; Piazza et al.,
2010; Ribeyre et al., 2009). The work from this lab would suggest that the orientation of
the G4 structure in respect to the origin of replication may be the reason why some of
these minisatellites demonstrate CN'Vs while the other four repeats appear to not change
in length (Lopes et al., 2011). Lopes found that when the G4 structure occurs on the
leading strand template or the newly formed nascent lagging strand, there is an increase
in instability (Lopes et al., 2011). In the case of RPO21, it is not difficult to assign G4
strand location, because the origin is 1.5 kb upstream of the gene. However, a gene like
SPTS is situated more than 50 kb away from its flanking origins of replication. In yeast,
origins may fire at different times during S phase, continuing to complicate whether or
not the G4 DNA is in the unstable orientation. Therefore, future work may want to
uncover the relationship of the eleven previously listed genes with origins of replication
to understand the implications of replication orientation on instability of G4 containing
minisatellites.

A key future direction for this project is to use long read sequencing to understand

the variability of the repeats deemed polymorphic by the MSA on yeastgenome.org. As
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seen by the sequencing of the RPO21 locus, more variation may exist in the population of
wild yeast than is currently accessible in online databases. Given the NCYC wild yeast
library, the Fuchs Lab has the opportunity to examine the true variability of repeats that
have sequence characteristics like RPO21. The short reads that are currently used for
large scale yeast sequencing are successful at getting high coverage across the genome
(Bergstrom et al., 2014; Serero et al., 2014; Stirling et al., 2014). However, with these
short reads, it is difficult to properly classify repeat size. It is possible that many repeat
sequences span multiple short reads. Therefore, when assembling the reads into contigs
and scaffolds, it is very easy to call a duplication of sequence a limitation of the
sequencing technology and not an additional repeat. As the next generation sequencing
techniques continue to increase their read length and as single molecule DNA sequencing
(ie Oxford nanopore) become more widely available, this will no longer be an issue.
Implementing long read Sanger sequencing in the near future will help classify copy
number variants as well as SNPs that occur in the aforementioned polymorphic repeats.
Applying the same strategy developed in sequencing the CTD of RPO21 to sequence
GALI11 and SPTS, may allow for the true characterization of the variability of these other
key transcriptional genes.

This chapter laid the groundwork of finding a new set of minisatellites that share a
G4 motif. A large-scale screen recently developed by Alver examined minisatellite
instability during stationary phase. This work found when using different minisatellite
sequences, dissimilar proteins were responsible for causing the observed instability
(Alver et al., 2013). Therefore it may have been ambitious to think that XSTREAM with

DNA correspondence would elucidate a key sequence factor that contributes to the
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widespread minisatellite instability. However, with this focused approach laid out in the
this chapter, it now may be possible to see how G4 structures impact instability of a

subset of minisatellites.
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Prospectus

Coding minisatellites have unique implications for protein biology. As seen
below, in Figure P1, expansions and contractions of repetitive domains lead to
differential protein size and differential patterns of possible PTMs. This variety in length
and structure impacts a domain’s ability to partake in protein-protein interactions, which
ultimately affects many aspects of cell physiology. This unique hypervariable
characteristic of coding minisatellites explains why they appear in almost all sequenced
organisms and across all three kingdoms (Jernigan and Bordenstein, 2015). Verstrepen
and colleagues demonstrated the physiological consequences of differential minisatellite
and how minisatellite can impact evolutionary success (Smukalla et al., 2008; Verstrepen
et al., 2005). Therefore, it seems that understanding the mechanisms of minisatellite
instability may allow us to comprehend some of the phenotypic and biological variation
that occurs in budding yeast and across the tree of life.

In hindsight, it seems naive that with the development of XSTREAM with DNA
correspondence, the mechanism of minisatellite expansion would appear by looking at
DNA sequence alone. Each minisatellite contains its own unique characteristics, not just
in nucleotide composition, but also in DNA topology. Examining sequence in isolation
ignores the consequences of DNA secondary structure. In the one instance investigated in
this work, it does appear that a DNA secondary structure, G-quadruplex, may ultimately
impact coding minisatellite variability. However this does not appear to be a widespread

trend because G4 DNA doesn’t appear in many repetitive genes.
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Figure P1: With expansion and contraction of minisatellites, new protein-protein
interactions are possible through addition of new repeats. Additionally, mutations to these
repeating units can allow for new PTMs. Combinations of differential repeat lengths and
PTMs contribute to the possible diversity in these unstable and variable regions. This
figure was modified from Fuchs (Fuchs, 2013).

It is interesting that G4 DNA exists in the repeats of three genes that work
together to execute transcription properly. RPO21, as discussed earlier, is the enzyme
responsible for transcribing all cellular mRNA, SPTS5 is a key component of the splicing
complex, and GAL11 plays an important role in the mediator complex to recruit
transcriptional activators and repressors. The activity of both the mediator complex and
the splicing complex relies on specific PTMs to the CTD of RPO21. Therefore, this may
present a situation in which differences in copy number in all three genes could lead to
variables phenotypes through differential transcriptional output.

In my work, it was found that two essential genes (RPO21 and SPT5) contain a

G4 sequence, a DNA secondary structure that is associated with fragility as described by

Paeschke and Sabouri (Paeschke et al., 2011; Sabouri et al., 2014). It is perplexing that
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such necessary proteins would encode an inherently unstable element. If this region were
to undergo a mutational event that led to an out of frame insertion or addition of non-
consensus repeats, it would most likely lead to a decrease in organismal fitness. Looking
at the location of G4 sequences across genomes illustrates that this trend, of G4 DNA
forming in crucial regions of the genome, is not restricted to fungi.

G4 DNA has been found to be important in disease contexts. Surprisingly, this
unstable element is found in many oncogene promoters like K-Ras and c-myc (Yang and
Okamoto, 2010). In these locations, the DNA secondary structure acts like a
transcriptional repressor. During oncogenesis, an upregulation of G4 unwinding proteins
and/or an accumulation of mutations to the G4 sequence results in uncontrolled
expression of the oncogenes downstream of the promoter (Yang and Okamoto, 2010).
Additionally, a G4 sequence has been found in the coding region of the essential HIV
protein Nef. A recent paper used G4 stabilizing ligands to inhibit HIV replication,
showing that understanding the implications of G4 structures may present new
therapeutic targets (Perrone et al., 2013). These two examples demonstrate the
importance of understanding the biology surrounding G4 DNA because it may allow for
an alleviation of disease burden.

Using minisatellite expansion and its relation to G4 DNA provides an opportunity
to gain insight into the impact of this secondary structure on biological life. G4 DNA has
a propensity to be associated with double strand break, however it also seems to control
the mutations that occur in the most C-terminal region of the CTD repeat in RNA
polymerase II. With more investigation into the inherent variability surrounding other

genes with similar characteristics to RPO21 like SPT5 and GAL11, the roles of G4 DNA
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on biological systems can be understood and applied to the many situations where this

DNA secondary structure arises.

Supplement:
Construction of GRY3019+ pifl-m2

The protocol to create a pifi-m2 mutation in GRY3019 followed the two-step
gene replacement, illustrated in Figure 1 of the methods section of Chapter 1. The pVS31
plasmid was transformed into YSF1008 correctly, as seen in Figure S1A. By PCR
amplifying the PIF1 locus and then digesting with Xhol, the presence of the mutant pif1-
m2 allele can be visualized. Therefore, the gel in Figure S1A indicates a successful
transformation due to the presence of two bands. There are two bands because this strain
is heterozygous at the PIF1 locus, containing both the mutant copy and the wild type
copy. To select for a strain that only contains the pif7/-m2 allele, C4 was plated onto 5-
FOA. The resulting colonies were screened in the same manner. Figure S1B indicates
that C4 contained the wild type allele, while C5 possessed only the mutant allele. The
undigested PCR product from C5 was purified and sequenced by Eton Biosciences.
Figure S1C illustrates that this strain contained only the mutant copy, due to the presence
of the Xhol site (CTCGAG) with no double peak. Colony five was kept and used for

mating.
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Figure S1: Construction of pif7-m2 mutant A) Agarose gel depicting correct transformation due
to the presence of both PIF1 WT and mutant alleles. B) Gel illustrating how 5-FOA selection of
yeast leads to cells with only one PIF1 allele. In the 8" lane, only one shorter band is visible
post Xhol digestion, demonstrating loss of WT allele. This PCR product was sequenced. C)
Correct sequencing traces indicate the presence of the Xhol restriction site as well as no double
peak. Therefore, this colony contains only the mutant pif7-m?2 allele and is not a heterozygote at
the PIF1 locus.

Mating pifl-m2 allele into GRY3019

Colony five (Mat*, URA", G418, pifI-m2) was mated with GRY3019 (Mat A
URA::CMV tTa, kanRPtetO7-TATA-RPBI, PIF1). 20 spores were dissected and plated
on SC-Ura, YPD+G418 and plates that selected for alpha and A colonies. Tetrads that
demonstrated 2:2 segregation of alleles were examined further for pif7-m2 mutations.
This mating resulted in tetrads that did not have four surviving spores due to the
necessary co-segregation of Ura' Tet-transactivator and G418" Tet-operator. If the Ura"
transactivator segregates without the modified promoter, the cells survive because the
wild type RPO21 promoter still functions properly. However, if the G418" promoter
segregates without the transactivator, there is no transactivator binding, and ultimately
the expression of RNA polymerase II is halted. This is lethal due to the fact that global
transcription will be stopped. An analysis of four tetrads appears in Figure S2A. Red
boxes show spores that did not grow due to presence of the operator without the

transactivator. The genotype of dead spores can be found based on the genotype of the
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other three spores from the tetrad. Green boxes represent spores that contained the G418"
operator and Ura" transactivator, two elements necessary for proper strain construction
and viability. Those cells that had this phenotype were screened for pif7-m2 mutations
using the same PCR screening protocol seen in Figure S1A and S1B. Four of the seven
spores screened in Figure S2B demonstrated the appropriate Xhol banding pattern,
indicating the presence of the pifi-m?2 allele. Spore 13D was saved and used in future
work. This strain was renamed YBIR7. The genotype at the PIF1 locus for cells that
contained zero elements of interest or contained only the Ura" transactivator was not

found because those spores would not be used in future work.

A B

Ura G Alpha * Genotype  Pifl
la - + + - AuG

1c - - - + *ug
id + + + - _mutant
9a + - + - Aug
9b - - - + *ug
9c - + - + *uG
9d + + + - _mutant
12a - - - + *ug
12b + + - +
12c

[
-’
o)
—
-
-

WT
A ug

12d + + _mutant
133 - v AuG ., 12B 12D 13B 17A

13b + + _mutant
13c - - - + *ug o~ -
13d + - - + * Ug

+ 4+ [+ o+

Figure S2: Mating of Colony Five with GRY3019. 20 tetrads were dissected. A)
Examination of four of the dissected tetrads, which showed proper 2:2 gene segregation.
Spores that contain both Ura" transactivator and G418" operator were screened for pifl-m2
mutations. Green boxes demonstrate those colonies that had appropriate markers. Red boxes
represent colonies that died due to segregation of the operator without the transactivator. A
statement could be made on genotype of the dead cells genotype based on the other spores
in the tetrad. The presence of pif7-m2 mutation was screened by PCR followed by digestion
with Xhol. B) Gel showing that DNA isolated from spores 1D, 9D, 12D, 13B contain the
mutant pif/-m2 allele while the other 3 examined spores (11A, 12B, 17A) have the PIF1
allele. 13D was used in future work and renamed YBIR7.
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Table S1: Plasmids used in this study

Plasmid Selection | Description

Name

pCTDS8 LEU2+ | RPO21 with only 8 CTD repeats under promoter of
RPO21

pLeu+ LEU2+ | Empty vector used as a negative control in spotting
assays

pRPO21 LEU2+ | WT copy of RPO21 on a plasmid under normal
RPO21promoter

pVS31 URA3+ | Contains pifi-m2. Used in two step gene transfer to
make specific nuclear pif/ mutant

Table S2: Yeast strains used in this study

Strain Important Description
Name Genotype
YSF1008 URA3A Used to transform pVS31 with pifl-m2
YBIRS YSF1008 with Contains properly transformed pVS31. No longer
integrated ura3/. Heterozygous at PIF1 locus
pVS31
YBIR6 YSF1008+ pifl- | YBIRS after counter selection on 5-FOA. No longer
m2 URA3" . Only contains pifl-m2. Mated with
GRY3019 to make YBIR7
YBIR7 GRY3019+pifi- | Used in fluctuation assay as well as in spotting assays.
m2 Has tTa dependent expression of RPO21 in a pifl-m2
background
GRY3019 | URA::CMV tTa, | Used in fluctuation assay as well as in spotting assays.
kanRPtetO7- Has tTa dependent expression of RPO21

TATA-RPBI,
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Green boxes in tables S3, and S4 demonstrate that G4 sequence is related to variability,
red boxes in these tables demonstrate that the variability occurs but there is no G4
sequence in the repeat.

Table S3: Summarizing overlap between XSTREAM with DNA correspondence with
ORFs that only contain 1 repeat with predicted G4 from Capra 2010, and PIF1 binding
(Capra et al., 2010; Paeschke et al., 2011)

Systematic | Common | Repeat/G4 | Repeat/Pifl
name Name overlap overlap Variable
YDRO006C | SOK1 N N N
 vDR273 | D
YELO17 GTT3 N N N
YHRO042W | NCP1 N N N
YHR102W | KIC1 N N N
YKLO038C | RGTI N N N
YOLOSIW
YOR140W | SFL1 N N N
YORISIW | LAS17 Y

YPLO032C
YLR176C
YDR184C
YFLO13C
YNL199C
YDL140C
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Table S4: Summarizing overlap between XSTREAM with DNA correspondence with
ORFs that only contain multiple repeat with predicted G4 from Capra 2010, and PIF1
binding (Capra et al., 2010; Paeschke et al., 2011)

Gene Common | Repeat Repeat/G4 Repeat/Pifl

name Number | Overlap Overlap Variable
Fig2 1|N N N
2| N Y N/A-Bad Sequence
CLOSE to
3 | repeat N Y
4| N Y N
SGF73 1| N N N
2| N N N
CLOSE to
3 | repeat Y N
WSC4 1| N N N
2| N Y N
ANy [y ]
4| N Y N
CLOSE to
5 | repeat Y N
Panl N Ny ]
2| N N N
CLOSE to
3 | repeat CLOSE Y
CLOSE to
4 | repeat CLOSE N
BBCI |  1[YES  JCLOSE [y ]
CLOSE to
2a | repeat Y N/A- Bad Sequence
CLOSE to
2b | reapt Y N/A- Bad sequence
ZDSI1 1| N N N
2| N N N
ENT2 ‘y Iy N 00000
2 | N N Poly q
3N N Poly q
Nup100 1| N N N
2| N N N
3|N N N
4 | close N N
Spt5 1|N N N
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Addendum
Gene
name Consensus Period NT Variable
PANI-A | QPTQPV 7 126 | yes
Panl-B PQTTGMM 3.5 73.5 | yes
Panl1C GLQSQLT 1.5 31.5 | no
PanlD AGIP 2 24 | no
PTK APS 3 27 | yes
FIG2 needs to be resequenced multiple repeats
SOK1 NPLSL 2| 30 | no

needs to be resequenced/ repeat are poly N and

SGF73 D
NCP1 VALGL 2 30 | no
KIC1 NNSGP 2 30 | no
ZDSI1A PVQASA 4 72 | no
ZDS1B SSSp 3 36 | no
SFL1 AP 5 30 | no
LAS17 PAPPPPP 2 42 | no
WSC4A | ST 7 42 | yes
WSC4B SSSST 2 30 | no
WSC4C YQSKY 2 30 | no
WSC4D NSNTT 2 30 | no
WSC4E STSTTP 2 36 | no
Nupl00A | GLFGQNN 3 63 | no
Nupl00B | GSLFG 2 30 | no
NUP100C | SSNQG 2 30 | no
NUP100D | GSNLSF 2 36 | no
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Analysis of additional variable repeats. It is clear that many of the small tandem repeats
found by XTSREAM are not variable. There is not one instance where the minimum
repeat (length of five and period of two) results in a variable repeat. It appears that
repeats that have larger periods are more likely to be variable. This is evident by the fact
that all the repeats that are variable have periods greater than three. This analysis
indicates that it may be important to throw out those small repeats and to further examine
the relationship between repeat period and variability.



