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I. INTRODUCTION

The DNA within a cell is continuously subjected to damaging agents (DNA
nucleases, radiation, free radicals, and other mutagens) that can cause different
abnormalities in the chemical structure, potentially preventing replication and
transcription mechanisms from functioning correctly '. This damage can happen in a
variety of ways, including modifications of nucleotides, intra- and interstrand crosslinks,
single-strand breaks (SSBs) and double-strand breaks (DSBs). Although there is a
variance in severity, many lesions have the potential to inhibit various DNA processes. A
particularly deleterious consequence is lack of fidelity in DNA replication, which can
further propagate the DNA damage and lead to mutations, eventually resulting in cell
death 2. Therefore, different repair pathways/mechanisms are essential to maintain

genome integrity during the proliferation of cells.

Different types of lesions utilize specific repair pathways with their own
mechanisms and components required to repair DNA damage. The major repair pathways
for eukaryotic cells are Nucleotide Excision Repair (NER; primarily for UV light-
induced crosslinks), Base Excision Repair (BER; repairs modified bases, e.g., via
oxidation, alkylation, or deamination) and the Mismatch Repair pathway (MMR; repairs
mismatched bases) **. One potent form of DNA damage is the DSB, which can be caused
by nucleases within the cell, arise during blockage of DNA replication forks or by
exposure to chemical or physical mutagens. A few reasons for their deleterious effects are
the difficulty in repairing this type of damage and that each incidence of a DSB can lead

to loss of cellular function, death, or mutations. This severity is one reason the cell



dedicates two specific pathways to repair them: Homologous Recombination (HR), also
called Homology-Directed Repair (HDR), and Nonhomologous End-Joining (NHEJ).
The pathways employ different mechanisms and protein complexes to repair DSBs, and
they are conserved in all eukaryotes, including yeast and humans. Some consequences of
inactivation of these DNA repair pathways due to mutations in the genes that encode the
proteins involved are an increased cancer risk. Examples of this include the BRCA and
BRCA?2 genes involved in breast/ovarian cancer, MSH genes in colorectal cancer, and
ERCC genes causing Xeroderma Pigmentosum, which leads to a predisposition to certain

skin cancers (Table 1) ¢!,

Table 1. Consequences of inactivated/ defective genes in DNA repair pathways.

Gene Repair pathway Cancer

BRCAL,2 HR Breast, Ovarian
ERCC2,3,4,5 NER Skin

NBN NHEJ Lymphoid

MREI11 HR + NHEJ Leukemia, Lymphoma
MSH2,3,6 MMR Colon

Despite the conserved nature of the pathways between humans and yeast, HR is
the preferred pathway in yeast and NHEJ is preferred in humans for DSB repair. HR uses
homologous regions of chromosomes as a template when repairing DSBs. The pathway
of choice is dictated by factors such as the presence of certain proteins (e.g. Rifl in

humans) and the cell-cycle phase '*!°. One determining factor of pathway choice is the



resection of the DSB via exonuclease activity to form long single-strand DNA (ssDNA)
tails. After resection has occurred, the HR pathway will be utilized in the repair of the
DSB'®. Rifl plays a role in the mediation of pathway choice by acting as an antagonist to
the irreversible end-resection by protecting the exposed ssDNA ends and favoring NHEJ
repair'’” Two of the primary protein complexes in yeast HR are the Mrx complex (Mrel I,
Xrs2, Rad50) composed of the Mrel1 nuclease, along with the Rad50 and Xrs2 proteins
that promote structural stability and support in binding the target DNA ends, and other
members of the RADS52 group of proteins (Rad51, Rad52, Rad54, Rad55, Rad57 and
Rad59) '*20, The latter proteins are exclusive to HR, but the Mrx complex is involved in
both HR and NHEJ. HR begins with resection by Mrx and Sae2 to produce short 3’
ended ssDNA tails, then the DNA is resected further by Exol and Sgs1-Dna2 and the
long ssDNAs are coated with Rpa (ssDNA binding protein) (Figure 1). Next, Rad51 and
Rad52 initiate strand invasion with the 3’ ssDNA tails into the homologous region of
another chromosome to form a D-loop structure and begin the synthesis of new DNA
21.22 ‘While this is occurring the second DSB end can be “captured”, forming an
intermediate structure made up of two Holliday junctions, and DNA is synthesized and
ligated to form a continuous structure. The resolution of these junctions is mediated by
specialized endonucleases called resolvases that can produce either non-crossover (less

common) or crossover repaired DNA products 2.
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Figure 1. Mechanism of homologous recombination in yeast.

The second pathway, and the focus of this project, is the NHEJ pathway (Figure
2). This process is initiated when the Ku protein complex (Yku70-80 in yeast), along with
other structurally supporting proteins (e.g. DNA-dependent protein kinase) binds non-
specifically to the ends of the DSB, not allowing nucleases to degrade the ends 225,
While acting as structural support in keeping the broken strands in proximity, the Ku
complex still allows for the access to the DNA strands, while recruiting the Mrx and
DNA Ligase IV complexes 2°. The next complex is Mrx (Mrel1-Rad50-Xrs2), which in
NHE]J repair binds to the Yku/DNA complex and tethers the broken DNA ends. The
presence of the additional proteins inhibits the nuclease activity of Mrx and other

nucleases, allowing NHE] repair to proceed '>!*. The third and final NHEJ complex,

DNA ligase IV (Dnl4, Lifl, Nejl), ligates the two broken ends to repair the DSB %31,



Although NHEIJ is not the primary repair pathway in yeast, in G1 phase it is the
predominant pathway due to the lack of homologous chromosomes (sister chromatids)
required to complete HR 2. Other factors that play a role in the efficiency of DNA repair
by NHEJ are chromatin remodeling (e.g., RSC (Remodel the Structure of Chromatin)
complex) that facilitates access of repair proteins to the DSBs, DNA damage-associated
cell cycle checkpoints (e.g., Mecl, Ddc2, Rad9, Rad53, etc.) to allow time for repair, and
the processing of the ssDNA tails to allow for successful ligation of the broken ends (e.g.,

Radl, Rad10, Mus81, Mms4, etc.)**8.
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Figure 2. NHEJ pathway involving three primary protein complexes.



Previous work suggested that each NHEJ protein complex plays an essential role
in the repair pathway *>*-#!. However, no more than three NHEJ genes have ever been
tested in a single study, and no previous reports have tested the genes encoding all the
complexes (Yku, Mrx, and Dnl4). A recent study in our lab utilized plasmid DNA assays
to test repair efficiency and accuracy in cells with mutations in each of the eight genes
involved in the NHEJ pathway *?. Also, the study analyzed various types of DSB
structures (5’ vs 3’ overhangs). Repair of DSBs in Yku and DNA ligase IV complex
mutants was strongly decreased, regardless of the end structures of the DSBs. By
contrast, repair in Mrx mutants was not strongly reduced for DSBs with 5’ ssDNA
overhangs but was decreased for repair of breaks with 3° ssDNA overhangs. These results
suggest that Mrx plays a less significant role in the repair pathway than the other two
complexes under some conditions. Another previous graduate student Jennifer Lilley
performed a genomics screen of a yeast mutant library and identified three genes (ARP5,
BUD32, and MCT1) that caused a reduction in NHEJ repair efficiency when inactivated
in both MATa and MATa haploid yeast strains **. This screen also identified 3 genes that
affected the NHEJ repair accuracy (LSM7, RTF1, and MCT1I). These genes, although not
directly associated with the three main NHEJ complexes, might play an important role in

efficient and accurate (mutation-free) NHEJ repair *44°,

The goals of this project were to expand upon these findings and see how
different forms of DNA overhangs change the efficiency and accuracy of NHEJ. The goal
of the initial experiments was to test several potential improvements to the chemical-
based yeast transformation protocol used for plasmid NHEJ repair assays *’. This was

accomplished via optimization of the average bp size of the sonicated salmon sperm



carrier DMSO concentration was for cell wall solubilization, and concentration of
digested plasmid DNA that resulted in the most pronounced efficiency reduction contrast

between the mutant strains tested.

A second goal was to see the effects that the cellular growth phase (early
stationary compared to mid-log phase) would have on the requirement for the Mrx
complex in efficient NHEJ repair. Results indicated that the cellular growth phase did

play a role in the requirement for the Mrx complex, depending on the DNA end structure.

The third goal was to characterize the new mutants identified by Jennifer Lilley
(particularly the Arp5 protein) and determine their roles in NHEJ, HR, and DNA damage
checkpoints. The final goal of this project was to create a novel method of plasmid
transformation that would enable the analysis of repair proficiency by both DSB repair
pathways (NHEJ and HDR) simultaneously. This was first done via the creation of a new
plasmid, pLKL103Y, that could be repaired by either pathway after transformation into
yeast cells. To further analyze this distinction, a new method was designed to create a
gapped plasmid using PCR and Type IIS restriction enzymes. This new system was
designed to have a flexible amount of homology around the gap for a greater ability to

use HDR and NHE]J for repair.



II. MATERIALS AND METHODS

Materials

Chemical reagents and instruments

Amino acids (adenine, uracil, histidine, leucine, lysine, and tryptophan), lithium
acetate (LiAc), dimethyl sulfoxide (DMSO), ampicillin, and RNase A were purchased
from Sigma-Aldrich Chemical Co. (St. Louis, MO). 1 kb and 2-log DNA ladder, Ncol,
Bsml, Bmtl, Sacl, and 10X CutSmart buffer were purchased from New England Biolabs
(Ipswich, MA). Polyethylene glycol-4000 (PEG) was supplied by Fluka Analytical.
EDTA was supplied by Omnipur (Darmstadt, Germany). Ethidium bromide (EtBr) was
purchased from IBI Scientific (Peosta, IA). D-glucose (dextrose), ammonium sulfate,
sodium dodecyl sulfate (SDS), and soy peptone were purchased from VWR (Radnor,
PA). Agar and LB agar media were purchased from Teknova (Hollister, CA). BD
Bioscience (San Jose, CA) supplied Bacto yeast extract. Sonicated salmon sperm carrier
DNA was purchased from Invitrogen (Carlsbad, CA). 50X TAE was purchased from MP
Biomedicals (Solon, OH). The Alpha Innotech Red imager was supplied by
ProteinSimple (San Jose, CA). Qubit 2.0 Fluorimeter was purchased from Thermo Fisher
Scientific (Waltham, MA). Applied Biosystems supplied the 2720 Thermal cycler (Foster

City, CA).

Yeast Strains and plasmids

Yeast strains for this project were derived from BY4742 (MAT o ura3-A0 leu2-A0

lys2-A0 his3-Al) and BY4741 (MATa ura3-A0 leu2-A0 met17-A0 his3-Al) and have been



described *3. Genotypes of derivative strains are as follows: YLKL857 (as BY4742,
Vku70A::G418"), YLKL650 (as BY4742, mrel1A::G418"), YLKL858 (as BY4742,
dnl4A::G418"), YLKL1637 (as BY4741, yku70A4::G418"), YKLK1636 (as BY4741,

mrel1A::G418"), YLKL1533 (as BY4741, dnl4A::G418").

The plasmids used for NHEJ repair efficiency and accuracy experiments,
pRS315URA3 (CEN/ARS LEU2 URA3) and pLKL67Y (21 URA3 HIS3) were obtained
from the Lewis laboratory DNA collection. The pLKLI91Y (CEN/ARS LEU2 HIS3)
plasmid used in the creation of pLKL103Y was also obtained from the Lewis laboratory.
pRS313 (CEN/ARS HIS3), pRS315 (CEN/ARS LEU2), and pRS316 (CEN/ARS URA3)

have been described *°.
Yeast and E. coli growth media

Yeast cells were grown on YPDA plates (1% w/v bacto yeast extract, 2% w/v soy
peptone, 2% w/v glucose (dextrose), 2.2% w/v bacto agar, and 0.5% adenine) for non-
selective cultivation. YPDA broth for overnight cultures was prepared similarly to YPDA
plates, excluding agar. Synthetic glucose plates (0.5% w/v ammonium sulfate, 0.17% w/v
yeast nitrogen base, 2% w/v glucose (dextrose), 2.2% w/v agar, and .051% 10 amino acid
mix) contained necessary amino acids and bases except histidine, leucine or uracil that
were selectively excluded for discriminatory growth. E. coli cells were grown on LB with
ampicillin plates that contained 1% w/v tryptone, 0.5% w/v yeast extract, 1% w/v sodium
chloride, 1.5% w/v agar and 100 pg/mL ampicillin. Bacterial cells were cultured in LB24
broth (1% w/v tryptone, 2.4% w/v yeast extract, 0.5% w/v NaCl, and 0.1% v/v 1 M

NaOH).



Methods
Gel electrophoresis

Gel electrophoresis was done using 0.7%-1.4% w/v agarose gels in 1X TAE (40
mM Tris base, 20 mM acetic acid, | mM EDTA) running buffer at ~130 V using Life
Technologies Horizon gel rigs. The gels were stained using 0.5 mg/mL ethidium bromide
(EtBr) for 15 min, then imaged using an Alpha Innotech Red gel imager from

ProteinSimple (San Jose, CA).
Early stationary phase yeast cell transformation

Early stationary phase cell transformation of plasmid DNA was performed using a
modified version of the protocol described by Tripp et al.*’. Modifications were enacted
to increase transformants per microgram of DNA and produce more transformant
colonies from mutant strains exhibiting inadequate uptake of plasmid DNA. The

protocol was performed as described:

1. Centrifuge 1.0-1.5mL (per assay tube) of an overnight liquid culture of cells at
2500xg for 15 s and then discard the supernatant.

2. To the cell pellet, add ~506 pL of a master mix containing: 800 uL 50% PEG, 100
puL 1 M LiAc, 20 uL 50 mM EDTA, 10 uL 1 M Tris (pH 7.5), 70 uL deionized
water, 5 pL 10 mg/mL boiled sonicated carrier DNA, and 1-10 pL plasmid DNA
per assay and vortex to resuspend. The master mix contains enough volume to
complete all transformations plus one extra transformation.

3. Add 1/10" volume of DMSO (~ 56 uL) and vortex to mix.

4. Incubate at 30 °C for 20 min.

10



5.

8.

Incubate at 42 °C for 20 min (8 min for temperature sensitive mutants e.g. yku70
cells).

Centrifuge at 2500xg and remove supernatant. Pipette to resuspend cells in 1 mL
of YPDA broth and incubate for 40 min at 30 °C with shaking. Centrifuge cells at
2500xg for 15 s, discard supernatant, add 200-800 uL deionized water, and
resuspend with pipetting.

Spread a 10-100 pL aliquot onto selective plates. To optimize spread coverage,
when adding less than 50 pL, spot 50-100 uL water to the center of the plate and
pipette cells directly into the water, then spread.

Incubate plates at 30 °C for ~ 3 days or room temperature for 4-5 days.

Mid-log phase yeast cell transformation

For mid-log phase yeast cell transformations, the modified Tripp et al. protocol

previously described was used with additional modifications to ensure utilization of a 3.0

x10° cells/mL initial culture. The protocol was performed as follows:

. Using a sterile toothpick, put a large blob of cells from a YPDA plate into 400 uLL

YPDA broth in a 1.5 mL microcentrifuge tube and vortex 4-5 s.

Dilute cells 1/50 into 1 mL water then vortex and sonicate for 15 s at 24%
amplitude.

Load hemacytometer with ~12 pL diluted cells and take an average count of three
separate squares.

Calculate cell titer by multiplying (average number of cells per square) x (25 total

squares) x (50/1 dilution factor) x (10,000 hemacytometer multiplication factor).

11



5. Divide desired cell count (3.0 x 10°) by new titer calculated and multiply by 1,000
for mL of cells to be added for 3.0 x 10° total cells.

6. Aliquot calculated amount to cells in microcentrifuge tubes and incubate at 30 °C
with shaking for ~ 6 h.

7. Centrifuge cells for 5 min at 2500xg and discard supernatant.

8. Resuspend in 1 mL of 0.1 M LiAc and transfer to a 1.5 mL tube.

9. Add 351 pL of master mix solution containing: 240 uL. 50% PEG, 36 uL 1 M
LiAc, 5 pL 10 mg/mL boiled sonicated carrier DNA, 70 pL total of water and
plasmid DNA. Make enough for all transformations plus an additional
transformation.

10. Vortex to resuspend and add 1/10™ volume DMSO to the mixture and vortex
again.

11. Shake at 30 °C for 20 min.

12. Heat shock at 42 °C for 20 min (8 min for heat sensitive strains).

13. Centrifuge for 15 s at 2500xg and remove supernatant.

14. Resuspend cells in 200-800 uL water and spread 5-200 uL aliquots onto selective
media. To optimize spread coverage, when adding less than 50 uL, spot 50-100
uL water to center of the plate and pipette cells directly into the water, then
spread.

15. Incubate plates at 30 °C for 3 days.
E. coli plasmid minipreps

Overnight cultures of E. coli cells were grown in 2-5 mL of LB24 broth plus 100

ug/mL ampicillin shaking overnight at 37 °C. 1.5 mL of the culture were transferred to

12



microcentrifuge tubes and centrifuged at 17,000xg for ~15 s. The supernatants were
discarded, and the bacterial pellets were resuspended in 100 uL of an ice-cold solution of
50 mM glucose, 25 mM Tris (pH 8.0), and 10 mM EDTA (pH 8.0) by scraping the
bottom of the tubes against a test tube rack until thoroughly mixed. 200 pL of a freshly
prepared solution of 0.2 M NaOH and 1% SDS was added, followed by mixing by
inverting the tubes rapidly 5-6 times and allowing them to sit for 1 min. 150 pL of an ice-
cold solution of 3 M KOAc was added to the microcentrifuge tubes and they were
inverted vigorously to mix, then stored on ice for 3 min. Tubes were then centrifuged at
21000xg for 10 min to sediment cell debris and proteins. The resulting supernatants were
transferred to clean microcentrifuge tubes, avoiding the pellet below. DNA was
precipitated by adding 400 pL isopropanol to the microcentrifuge tubes, inverting several
times to mix, and centrifuging at 21000xg for 3 min. The supernatants were discarded
and 500 uL of cold 70% ethanol was added, and tubes were centrifuged at 21000xg for 2
min. After discarding the supernatants, the microcentrifuges tubes were put upside down
on a layer of 3 Kimwipes to dry for 60 min. The dry pellets were resuspended in 50 pL.
TE and 1 pL of 2 mg/mL RNase A and incubated at room temperature for 15 min, and

then stored at -20 °C.

E. coli plasmid midipreps

E. coli plasmid midipreps were performed similarly to the previously described E.
coli plasmid miniprep protocol. The modifications to the miniprep protocol are primarily
in the amount of reagents used throughout the process. The protocol was performed as

follows:

13



. Use a toothpick to pick up a swath of E. coli cells from a streaked LB plus
ampicillin plate and transfer cells to 0.5 mL of LB24 broth in a 1.5 mL
microcentrifuge tube and rotate toothpick against the side to remove cells. Vortex
tube and pipette cells into 100 mL LB24 broth plus 100 ug/mL ampicillin and
shake overnight at 37 °C.

Transfer 45 mL of overnight culture into two 50 mL conical tubes and centrifuge
them at 5,000xg for 4 min at 4 °C in Sorvall Lynx 6000 centrifuge.

. Discard supernatant and add 1.5 mL of a cold solution of 50 mM glucose, 25 mM
Tris (pH 8.0), and 10 mM EDTA (pH 8.0) by pipetting until mixed and keep on
ice.

. Add 3 mL of freshly prepared room temperature solution of 0.2 M NaOH and 1%
SDS and mix by inverting the tubes rapidly, then store tubes at room temperature
for 0.5 min.

. Add 2.5 mL of an ice-cold solution of 3 M KOAc and invert tube vigorously to
mix and store on ice for 5 min.

Centrifuge at 15,000xg for 5 min to sediment proteins and E. coli chromosomal
DNA, and transfer supernatant to new 50 mL conical tubes

. Precipitate DNA by adding 6 mL isopropanol and inverting several times
vigorously. Centrifuge tubes for 2 min at 14,000xg at 10 °C.

. Remove supernatant from white DNA and RNA pellet, add 7 mL of 70% ethanol
and let sit for 2 min.

. Pour off the ethanol wash and invert the tubes on 3 layers of Kimwipes and allow

to dry for at least 30 min. To the dry pellets, add 0.8 mL of TE plus 10 pL of 2

14



mg/mL RNase A and incubate at room temperature for 10 min. Flick tubes to
fully dissolve pellet.
10. Transfer liquids to 1.5 mL microcentrifuge tubes, centrifuge at 14,000xg for 1

min and transfer to new 1.5 mL tubes. Store at -20 °C.

E. coli transformation

1. Obtain frozen Top 10 competent E. coli cells and thaw on ice for 10 min.

N

Place 100 mL of thawed competent cells into 1.5 mL microcentrifuge tube and
add 100 mL of cold KCM (100 mM KCl, 30 mM CaClz, 50 mM MgCl») then
flick to mix the contents.

3. Place tube on ice for 15 min.

4. Immerse the lower half of the tubes in room temperature (30 °C) for 10 min.

5. Add 0.9 mL of LB24 broth and incubate with shaking for 50 min.

6. Centrifuge cells at 17,000 xg for 0.5 min, discard the supernatant, then add 200

pL LB24 broth then vortex to resuspend.

~

Spread two separate aliquots of 30 uLL and 150 uL to LB + Amp plates, then

allow cells to grow for 24 h. Store at 4 °C.

Plasmid DNA restriction digests

pRS315URA3 was digested with the restriction enzyme Ncol (10,000 U/mL) to
induce a 5’ DSB with a 4-nucleotide overhang in the URA3 gene. This reaction consisted
of 80 uL of pRS315URA3, 363 uL water, 50 uL of CutSmart buffer, and 7 uL of Ncol
restriction enzyme for a total of 500 pL and incubated at 37 °C for 3-5 h. After at least 3

h, the digested plasmid was heated at 80 °C for 10 min to heat-inactivate the restriction

15



enzyme. The digestion was verified using a 0.7% agarose gel and the sample was stored
at -20 °C. To obtain the DNA concentration, a Life Technologies Qubit 2.0 Fluorimeter
was used following the manufacture protocol. Similar procedures were used in the
digestion of pLKL67Y using the Bmtl restriction enzyme in 1X 3.1 reaction buffer and
pLKL103Y using Bsml and Sacl restriction enzymes in CutSmart buffer with appropriate

modifications in incubation temperature and heat inactivation temperature.
Nonhomologous end-joining DNA repair efficiency assays

The yeast mutant strains were transformed using Ncol-cut pRS315URA3 DNA to
measure repair of 5’ 4-nucleotide overhangs and Bmtl-cut pLKL67Y DNA to measure
repair of 3” 4-nucleotide overhangs, following the previously described early stationary
phase and mid-log phase plasmid transformation protocols. Uncut pRS313 was used as a
control for pRS315URA3 experiments to account for differing transformation
efficiencies among the different mutant strains. Uncut pRS315 was used as the control for
pLKL67Y experiments. Typically, each transformation consisted on 50-100 ng of
digested plasmid DNA and uncut plasmid DNA. Each NHEJ assay included 3-4
independent replicates of each mutant strain, with 1 mL of cells put into each 1.5 mL
microcentrifuge tube. BY4742 was used as wildtype control for NHEJ repair efficiency
in MATa strains, while BY4741 was used as the control for MATa strains. Strains were
inherently deficient in production of a nutrient required to grow on selective media (e.g.
Leu, His", Ura’) and were only able to rectify this through uptake and repair of the
plasmid DNA. For assessing NHEJ repair efficiency of 5’ overhangs, cells were
simultaneously transformed using pRS313 and Ncol-cut pRS315URA3. Successful

uptake of pRS313 resulted in His" colonies, and cells that took up and recircularized the
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Ncol-cut pRS315URA3 became Leu’. Accurate repair resulted in Leu"Ura® colonies.
Repair efficiency was calculated by spreading transformant cells onto glucose minus
leucine (Glu-Leu) and minus histidine (Glu-His) synthetic plates. Colonies able to grow
on Glu-Leu plates represent successful recircularization of Ncol-cut pRS315URA3, and
colonies that grew on Glu-His plates were successfully able to take up pRS313. To
normalize transformation efficiency between mutant strains, the number of Leu”
transformants per ug of DNA was divided by the number of His" transformants per pg of

DNA.

This assay protocol was followed for all the other digested plasmids. For BmtI-cut
pLKL67Y transformations, the HIS3 gene was cut, and transformants were spread to Glu-
Ura plates and uncut pRS315 was used as a control for transformation efficiency and

spread to Glu-Leu plates.
Nonhomologous end-joining accuracy assays

To quantify the accuracy of the NHEJ repair, colonies forming on Glu-Leu plates
(containing recircularized Ncol-cut pRS315URA3) were simultaneously patched onto
fresh Glu-Leu and Glu-Ura plates using the same toothpick and grown at 30 °C for 2 days
. Correctly repaired transformants were LeuUra", while incorrect repair resulted in
LeuUra cells. Leu"Ura" cells had accurately repaired the DSB in the URA3 gene from
the Ncol digestion of the pRS315URA3 plasmid. A similar protocol was followed for
assessing the accuracy with Bmtl-cut pLKL67Y, where accurate repair of the DSB in the
HIS3 gene resulted in His"Ura" able to grow on Glu-His and Glu-Ura plates. Each strain
had greater than 100 colonies patched onto their respective plate for accuracy

determination.
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PCR addition and mutagenesis reactions

PCR was utilized in the creation of the pLKL103Y plasmid from pLKLI91Y. The
reaction mix used for this consisted of 10 uM BsmJ (Phos-AGCATTCCGAGCTCTCT
ATTACTCTTGGCCTCCTCTAGTACA) primer, 10 uM BsmK (Phos-AAAAGAAAA
TTCCGGGAAAGGACTGTG) primer, a 1/10% dilution of pLKLI1Y, 5X Phusion
reaction buffer, 250 uM dNTPs, and 1.6 units Phusion DNA polymerase for a total

volume of 50 pL. The reaction was completed in the Applied Biosystems 2720 Thermal
Cycler with the following conditions for 34 cycles: 94 °C for 2 min, 56 °C for 30 s, 72 °C
for 3 min 15 s. After completion of the cycles, the samples were held at 72 °C for 7 min,
then stored at 4 °C. A similar reaction was used in the creation of pLKL104Y, the only
alteration being the usage of the Leu2m1 (Phos-
GCCGGCATCAGAACTGGTGATTTAGGTGGTTC) and Leu2m?2 (Phos-

ATCCAAAACCTTTTTAACTGCATC) primers in the reaction mix.
Construction of pLKL103Y plasmid

pLKL103Y was derived from the pLKLI91Y plasmid via PCR addition of second
Bsml and Sacl restriction enzyme sites. This PCR reaction utilized primers created to
ensure that the Bsml site was created within the plasmid’s region of homology with the
yeast chromosomal DNA, and the additional Sacl site would provide further confirmation
of the correct insertion location of the restriction enzyme sites. The primers also included
a phosphate on the 5’ end to allow for ligation and amplification via E. coli plasmid
minipreps as described previously. The ligation of the plasmid was performed by using a

reaction mix containing the PCR product DNA, 1X ligase buffer, and 400 units T4 DNA
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ligase. This reaction mix was incubated at room temperature for 2h, followed by a heat
inactivation of the T4 DNA ligase at 65 °C for 10 min, then placed on ice until the
transformation began. After the transformation, 10 colonies were patched onto fresh LB +
Amp plates then grown for 24 h. E. coli plasmid minipreps were performed on each of
the ten patches and visualized on a 0.8% agarose gel. Successful minipreps were then
digested with the Sacl restriction enzyme and visualized with a 1.0% agarose gel. Those
that displayed ~5,000 bp and ~1500 bp bands were tested again by digestion with Bsml.
The plasmid digest was visualized on a 1.0% agarose gel, and the presence of a 500 bp

band confirmed the correct addition of the restriction enzyme sites.
Nonhomologous end-joining vs Homology Directed Repair assay

BY4742 was transformed with BsmI-cut pLKL103Y using the early stationary
phase transformation protocol to compare the occurrence of repair via both
nonhomologous end-joining and homology directed repair. When digested with the Bsml
restriction enzyme, pLKL103Y was cut twice, resulting in 2 nucleotide overhangs at each

5’ end and a gap in the HIS3 gene. If repaired via NHEJ, the transformant cell

recircularized the plasmid and became Leu Ura™. Utilizing the HDR pathway resulted in

a cell that used homology with the chromosomal his3-Al to repair the gap in the plasmid,
and the cell became Leu"Ura’. Uncut pRS316 was used a control for verification of
competency of the yeast cells. Three separate replicates containing 1 mL overnight cell
culture were transformed with 100 ng of Bsml-cut pLKL103Y and 50 ng of uncut
pRS316. Separate aliquots of 150 uL, 100 uL, and 50 pL. were spread onto Glu-Leu

plates and one aliquot of 20 uLL was spread onto a Glu-Ura plate for each replicate.
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Uptake of pRS316 resulted in Ura® colony growth on the Glu-Ura plate and indicated
successful transformation of the plasmids. Colonies growing on the Glu-Leu plate were
able to recircularize the pLKL103Y plasmid. Determination of the pathway of choice was
done by patching 100 colonies onto Glu-Leu and Glu-His plates simultaneously and
incubating the plates at 30 °C. Cells that repaired the plasmid using NHEJ were able to
grow on the Glu-Leu plates, but not on the Glu-His plates. Using HDR to repair the
plasmid yielded colony growth on both Glu-Leu and Glu-His plates, signifying successful
repair of the gap in the plasmid. The patches were then counted to provide a percentage

of colonies that utilized NHEJ versus those that used HDR.

20



ITI. RESULTS AND DISCUSSION

The NHEJ assays used for this project employed plasmids with a single DSB
induced by a restriction endonuclease. The broken DNA was then transformed into yeast
cells and repair resulted in recircularization of the plasmid (Figure 3). The plasmids used
in this assay do not contain homology with any of the 16 yeast chromosomes, so repair

can only occur via NHEJ (Figure 4).

ARS
CEN
LEU2
i r& pRS315-URA3
Amp

DSB
In URA3 j DNA transformation

[INEFFICIENT]

/ N\

Repaired

plasmid

(Leu Ura cells) (Leu" Ura™ cells)

Figure 3. Transformation of plasmid DNA into yeast cells. Unrepaired plasmids do
not imbue the phenotype for production of leucine and uracil (red arrow). Cells
containing accurately repaired plasmids are able to grow on deficient media (blue arrow).
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Figure 4. Diagram detailing plasmid repair pathways. Lack of sequence
homology between chromosomal and plasmid DNA necessitates NHEJ repair.

Initial NHEJ assays were performed by introducing Ncol-cut pRS315URA3
(containing LEU?2 and URA3) into yeast cells through the optimized chemical
transformation protocol. The plasmids do not contain homology to DNA within the cell,
inhibiting the homologous recombination pathway and ensuring that NHE] is the
pathway utilized. After transforming the cells, aliquots were spread onto selective plates
that did not contain leucine, meaning that only transformant cells that had taken up the
plasmid could grow on the media (Figure 5). As shown in the figure, the assay allows
distinction to be made between repair efficiency (recircularization of the plasmid) and

accuracy (whether a mutation was introduced during the rejoining of the broken ends).
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Accurate repair restores the wildtype URA3 gene and cells become Leu'Ura", while

inaccurate repair leads to cells that are LeuUra” (Figure 5).

(Leu” Ura™ cells)

Accurate
NHEJ repair

/
\.

Amp”

Transform
broken plasmid
URA3 into cells.

Inaccurate
NHE]J repair

(Leu® Ura- cells)

URA3

Figure 5. Diagram of NHEJ accuracy assays. Blue indicates accurate NHEJ repair, red
indicates inaccurate repair resulting in inability to produce uracil. The lowercase “m”
denotes a mutation in the URA3 gene.

To accurately measure the NHEJ repair efficiency, uncut pRS313 plasmid was
also transformed simultaneously with digested pRS315URA3 to normalize the results of
the assay and account for general transformation efficiency of plasmids (Figure 6). To
normalize the transformation efficiency, the ratio of Leu" transformants to His"
transformants (NHEJ repaired pRS315URA3 plasmids/uncut pRS313 plasmids) is
calculated as the DNA repair efficiency. The ratio of wildtype to dn/4 repair efficiencies

is calculated to determine the reduction in repair efficiency.
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Figure 6. Normalizing of plasmid transformation efficiency vs repair efficiency.

Major goals of this project were to investigate the requirement for the three major
protein complexes (Yku70-80, Mrx, and DNA Ligase IV) that mediate the NHEJ DSB
repair pathway utilizing plasmid-based assays developed in the Lewis laboratory. To
accomplish these goals, the Tripp et al. transformation protocol was optimized to increase
the transformation efficiency of the plasmid assay and increase the number of
transformant colonies*’. The protocol used in the experiments is shown on the left side of
Figure 7. Cells were mixed with plasmid DNA and nonspecific carrier DNA (salmon
DNA), followed by incubation with several chemicals that promote association of the
plasmid DNA with the cells and uptake. The 42 °C heat shock step further promoted
disorganization of the cell surfaces so that DNA could enter the cells. Two of the
variables tested are shown in green text in Figure 7, and include the size of the salmon
carrier DNA and the concentration of DMSO used to destabilize the cell wall and cell

envelope.
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+
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Spread cells onto selective plates
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Figure 7. Comparison of unmodified and modified transformation protocol.
Optimization of salmon carrier DNA and DMSO concentration improved yeast
transformation. Green text indicates the optimization of specific components.

The transformation efficiency was increased two orders of magnitude by
optimizing the sonicated salmon carrier DNA to have a higher molecular weight,
specifically in comparison to the initial experiments using a low molecular weight
version of the carrier DNA (Figure 8A, lanes 1 and 2 versus lanes 3 and 4). The ideal
molecular weight for the carrier DNA was found to be an average of several thousand bp,

instead of less than 500 bp that was previously used (Figure 8B).
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Figure 8. Comparison of transformation efficiency when using low or high
molecular weight carrier DNA. (A) The initial salmon DNA used for transformation
experiments had a MW of less than 500 bp (lanes 1 and 2); a new batch was acquired that
had an average size of several thousand bp (lanes 3 and 4). The DNAs in each lane were
aliquoted from different stock tubes. (B) The number of transformants was improved
when using the higher MW salmon carrier DNA.

The second variable that noticeably impacted the transformation efficiency was
the adjustment of the concentration of the DMSO. The optimal concentration was found
to be 10-15%, which suitably disrupted the cell surface enough to allow passage of the
plasmid DNA but did not terminally lyse the cell (Figure 9). All subsequent
transformation experiments used 10% DMSO. Other variables investigated that did not
notably increase transformation efficiencies included the cell incubation conditions, the
final cell resuspension solution, and comparing older stocks of PEG-3350, DMSO, and

LiAc to recently purchased stocks.
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Figure 9. Comparison of transformation efficiencies using different DMSO
concentrations. The optimal concentration for DMSO was determined to be 10-15%.

After improving the transformation efficiency, the second goal of the project was
to evaluate the roles of the Yku, Mrx, and Dnl4 complexes in different cell cycle phases.
The new, optimized protocol was used to perform NHEJ assays with Ncol-cut
pRS315URA3 as shown in Figure 4. The results of the first two trials showed a 25-fold
reduction of repair efficiency in DNA ligase IV-deficient dn/4 mutants, in comparison to

wildtype cells, which is consistent with previous results in the lab (Figure 10).
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Figure 10. NHEJ repair efficiency of wildtype cells compared to dn/4 mutants. The
dnl4 mutant showed a 25-fold reduction in NHEJ repair efficiency cells in two
independent experiments.

This result with the dn/4 mutant allowed work to move forward in expanding
upon the results of previous graduate student Nestor Rodriguez by assessing the roles of
the NHEJ complexes*?. These new experiments would also compare the NHEJ repair
assay results in the two different yeast mating types, MAT« and MATa cells, to verify if
the differential Mrx complex requirement phenomena were consistent. Another goal of
this project was to examine the role that cellular growth phase plays in NHEJ repair of
DSBs. This was done by using the plasmid transformation assay to analyze the effect of
the absence of each major protein complex involved in NHEJ during early stationary and
mid-log phase cellular growth. Each variant of the plasmid transformation repair assay

used the optimized protocol to transform plasmid digested using a restriction enzyme to

28



produce a DSB in a gene acting as a selectable marker along with an undigested plasmid

as a control for transformation efficiency.

As described above, the preliminary NHEJ assays utilized the plasmid
pRS315URA3 (Figure 11A). This plasmid contained the yeast LEU2 and URA3 genes as
selectable markers, a centromere, and an origin of replication (ARS). For measuring
NHEJ repair, pRS315URA3 was digested with the restriction enzyme Ncol, resulting in a
DSB with 5’ 4 nucleotide overhangs (Figure 11B). The pRS313 plasmid, in addition to a
centromere and ARS, had the HIS3 gene as a selectable marker to allow for separate

analysis of the efficiency of the plasmid uptake in a particular cell strain.

Ncol

Al

5’
CATG

GTAC

Figure 11. Diagram of pRS315URA3 plasmid. (A) The plasmid selectable markers are
the LEU2 and URA3 genes and it contains an Ncol restriction site in the URA3 gene. (B)
Digestion with Ncol results in a single DSB with 5’ 4 nucleotide overhangs.

This digestion was verified using agarose gel electrophoresis as shown in Figure

12. The gel compares the size of the uncut pRS315URA3 plasmid in lane 2 and the Ncol-

cut linear form in lane 3.
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Figure 12. A 0.8% agarose gel electrophoresis showing Ncol digestion of the
PRS315URA3 plasmid. Lane 1, 1 kb DNA ladder; Lane 2, Uncut pRS315URA3; Lane
3, Ncol-cut pRS315URA3.

The initial step of NHE] is the binding of the heterodimeric Yku complex to
protect the damaged DNA ends from degradation by nuclease activity. This step is in a
dynamic competition with the Mrx complex, which has nuclease activity that could lead
to a resection that does not allow for NHEJ to continue!®?%. After the initial commitment
step to NHEJ, Mrx binds to Yku to tether the broken DNA ends to keep them in close
proximity for the ligation step that is performed by the DNA Ligase IV complex. DNA
Ligase IV aligns the two DNA termini to allow for the covalent joining of the broken
strands'®*2. NHE] repair is primarily utilized to repair DSBs in the G1 cell cycle phase in

yeast, while HDR is used predominantly in the other cell cycle phases®*.

For determining the requirement for each protein complex, one gene representing

each protein complex was evaluated for its effect on efficient DSB repair. The absence of
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the Yku70-80 complex was represented by the YKU70 gene knockout, Mrx by the
MRE]1 gene knockout, and DNA Ligase IV by the DNL4 gene knockout. The optimized
NHE]J repair efficiency assays initially focused on elaborating on previous results found
in the Lewis laboratory suggesting that the Mrx complex may have a situational
requirement in NHEJ repair, as opposed to the Yku70-80 and DNA Ligase IV complexes

that were always required*’.

The first series of experiments involving pRS315URA3 sought to investigate the
requirement for the Mrx complex and determine what effect the cell cycle growth phase
would have in the different NHEJ repair mutants (yku70, mrel 1, dnl4). The chemical-
based transformation utilized was modified as described above to facilitate plasmid
uptake. The quantity of plasmid DNA transformed into the cell was 100 ng of Ncol-cut
pRS315URA3 plasmid along with 100 ng of uncut pRS313. These amounts of plasmids
were transformed into four replicate cell cultures of MAT«a wildtype and mutant S.
cerevisiae cell strains with inactivated yku70, mrel 1, or dnl4 genes. This initial
experiment measured the transformation and NHEJ repair efficiency and sought to
compare the results to Nestor Rodriguez’s findings. The results of the early stationary
phase NHEJ assay are shown in Figure 13. The strong reductions of the dnl/4 and yku70
mutants (21- and 35-fold) compared to the mrel I mutant (only 3-fold) support previous
results found in the Lewis lab indicating that the Mrx complex may play a more

situationally dependent role in NHEJ compared to Yku and DNA ligase I'V.
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Figure 13. Different NHEJ repair complex requirements in early stationary

MATea S. cerevisiae cells. NHE] repair efficiency was most reduced in dn/4 and yku70
strains. Each strain was tested using four cell cultures and the results were averaged. Bold
numbers above the columns indicated fold reduction normalized to wildtype. Standard
deviations are represented by the error bars in all graphs.

After each NHEJ repair efficiency assay was performed the accuracy of the repair
was also determined. Although the NHEJ repair pathway is thought to be inherently more
error prone than the HDR pathway, previous studies have detailed that the repair done by
mutant cells with inactivated genes in NHEJ repair exacerbated the comparative lack of
fidelity. The errors associated with NHEJ mutant strains were primarily small
insertions/deletions (indels) located near the junctions of the repaired DNA ends!62%°,
To determine the NHEJ repair accuracy, the plasmids used in this assay contain two
genes that act as selectable markers, similarly to the NHEJ repair efficiency assay (Figure
5). As described above, the Ncol-cut pRS315URA3 plasmid contains a DSB in the

coding region of the URA3 gene, while the LEU2 gene present on the plasmid is left

intact (Figure 11). When repaired, the plasmid will always be Leu" because
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recircularization is required for the production of leucine. However, since the URA3 gene
has the DSB in the coding region, uracil production is dependent on accurate repair of the
DSB, resulting in either Ura” or Ura™ cells. Cells with plasmids that acquired a mutation
in URA3 would be able to grow on Glu-Leu (glucose minus leucine) plates, but due to the
inability to produce uracil would be unable to grow on Glu-Ura plates. After
transformation, cells were spread onto Glu-Leu plates, then Leu” colonies were patched
simultaneously onto Glu-Leu and Glu-Ura plates. The mutation frequency was calculated
by dividing the number of Ura transformants by the total number of Leu" transformants

and normalizing to 100% for each strain tested.

The accuracy of NHEJ repair in the yku70, dnl4, mrel I mutants displayed a
similar trend to the repair efficiencies (Figure 14). The dn/4 mutant was shown to have
the highest mutation frequency among the three mutant strains tested at 94%, while the
Vku70 mutant was the next highest at 72%, with the mrell mutant having the lowest at
0%. These results reinforce the idea that Mrx is not as critical for NHEJ repair of 5’

overhangs as the Yku and Dnl4 complexes depending on the situation.
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Figure 14. Early stationary phase NHEJ mutation frequency comparison of MAT«
dnl4, yku70, and mrel 1 mutants. The mutants representing the Yku70-80 and DNA
Ligase IV complexes are shown to have much higher mutation frequencies than wildtype
and mrel I cells. Numbers above the bars indicate the mutation frequency as a
percentage.

As previously mentioned, in S. cerevisiae cells NHE] is the primary pathway for
DSB repair in Gi due in part to the lack of a homologous template provided by sister
chromatids available to utilize in HDR repair™’. Preliminary experiments conducted in the
Lewis laboratory by Nestor Rodriguez suggested that cells in mid-log phase, unlike in
early stationary and stationary phase cells, displayed an equal dependence on all three
primary protein complexes*?. His results are summarized in the figure below (Figure 15).
He observed that each cell growth phase had a distinctive proportion of Gi cells. The
stationary and early stationary phases were shown to have high G cell populations (90%

and 60%, respectively) and did not absolutely require the Mrx complex for repair of 5’
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overhangs. The necessity of the Mrx complex in log phase cells needed more

investigation.
A
Early Stationary phase
Late stationary Phase
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Figure 15. Percentage of G cells in cell growth phases compared with requirement
for Mrx complex in NHEJ repair. (A) Growth phases of cultured cells. (B) Percentage
of G1 cells in stationary, early stationary, and log growth phases. The requirement for the
Mrx complex in NHEJ repair. Source of part A: http://clinicalgate.com/bacteria-and-
archaea/

To further evaluate the role of cellular growth phase in the differential
requirement for the Mrx complex, a log phase NHEJ repair efficiency assay was

performed. The Ncol-cut pRS315URA3 plasmid was again used in combination with
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uncut pRS313 to quantify the NHEJ repair efficiencies between the three different repair
mutants. Unlike in the previous early stationary phase repair assay, in order to achieve
mid-log phase growth, 3.0 x 10° cells per mL cultures were grown in separate 50 mL
conical tubes that contained YPDA broth and were incubated for six hours. The rest of
the transformation protocol and repair efficiency analysis was performed similarly to the

early stationary phase assays.

In contrast to the results of the early stationary phase NHEJ assays, the
requirements for each complex were relatively similar (Figure 16). The reduction for the
mrel I mutant (7.2-fold) was modestly higher than for the yku70 and dn/4 mutants (3.1-
fold and 3.8-fold, respectively). This implied that there is a different requirement for the

NHE]J repair complexes depending on the cellular growth phase.
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Figure 16. NHEJ repair efficiency for 5’ overhangs in mid-log phase MA T cells.
Reduction in NHEJ DSB repair efficiency is not as drastic in the mid-log phase MAT o
dnl4 and yku70 mutants compared to the early stationary phase repair assays.
Importantly, Mrel1 was at least as necessary for repair as Yku70 and Dnl4.
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The mid-log phase accuracy tests were consistent with the results from the
efficiency tests. In comparison to wild-type (5%) the yku70 (62%), mrel 1 (51%), and
dnl4 (58%) mutants displayed a greatly increased mutation frequency, indicating that all
three repair complexes were necessary for efficient and accurate NHEJ repair in mid-log
phase. Thus, each repair complex was shown to be similarly required for efficient NHEJ
repair in mid-log phase and the mutation frequency was consistently increased in the

absence of each of the repair complexes (Figure 17).
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Figure 17. NHEJ mutation frequencies for 5’ overhangs in mid-log phase MAT«a
strains. The mutation frequencies in dnl4, yku70, and mrel I mutants were similarly
elevated.

The mating type of S. cerevisiae cells is determined by the presence of either the
MATo or MATa mating locus on chromosome III°'. MAT locus proteins, in conjunction

with Mcm1, activate a set of genes specific to each mating type of the cell. We attempted

to confirm that the results of the NHEJ assay using Ncol-cut pRS315URA in MAT « cells
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would give the same result in MA7a cells. The previous NHEJ efficiency assay was used
to compare the requirement for the different NHEJ repair complexes in MA7Ta cells
(Figure 18). These cells also showed a strong reduction in repair in dnl4 and yku70
mutants, but only a modest decrease in mrel I mutants. Thus, the result was consistent
between the two yeast mating types. These results indicate that this phenomena of the
Mrx complex not playing as large a role in certain NHEJ repair situations is not

restrained to a specific yeast mating type.
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Figure 18. NHEJ repair efficiency of Ncol-cut pRS315URA3 in early stationary
MATa cells. NHE] repair efficiency in the dnl4, yku70, and mrel I mutant strains showed
similar reductions in efficiencies to those in their MA T« counterparts.

Tests for NHEJ accuracy using MATa cells in early stationary phase produced

similar results to those found when using MAT« cells (Figure 19). There were very high

mutation frequencies for the yku70 and dnl4 mutants, but not mrel I cells. This result
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indicates that both MAT« and MATa cells have a similar situational need for the Mrx

complex and a consistent requirement for functional Yku and Dnl4 complexes.
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Figure 19. NHEJ mutation frequency in early stationary MATa cells. Mutation
frequencies of the mutant strains were similar to those found in the MAT cells, as the
dnl4 and yku70 mutants had much greater mutation frequencies than the mrel I mutants.

We analyzed NHEJ repair efficiencies in cells of the opposite mating type during
log phase growth next. The previous assays using Ncol-cut pRS315URA3 and uncut
pRS313 plasmids were repeated for MATa yeast cells. The log phase MATa cells
exhibited equal requirements for the three primary NHEJ repair complexes (Figure 20).
All three repair complexes showed comparable reductions, with dnl4 (5.5-fold) and
vku70 (7.5-fold) being slightly less affected than mrel I cells (8.6-fold). This result is

consistent with the trend seen with the log phase MAT« cells (Figure 16).
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Figure 20. NHEJ repair efficiencies for 5° overhangs in mid-log phase MATa dnl4,
yku70, and mrel 1 mutants. The reductions are comparable with results from
MAT« cells.

NHEJ accuracy tests were used to quantify the mutation frequencies associated
with loss of the primary NHEJ repair complexes in mid-log phase MATa cells. As before,
mutation frequencies were high in all three mutants (Figure 21). However, the wild-type
strain was shown to have an increased mutation frequency from what was expected
(11%). Due to the modestly elevated mutation frequency in the wildtype strain, it is likely
that this experiment should be repeated. The overall trend of high mutation frequencies in
all three mutants in log phase is consistent with the log phase MAT« cell experiments,

however (compare Figure 17 to Figure 21).
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Figure 21. NHEJ mutation frequencies for mid-log phase MATa dnl4, yku70, and
mrel I mutants. Mutation frequencies are greatly elevated in log phase dnl4, yku70, and
mrel I mutants. The results are similar to those seen with log phase MAT« cells.

NHE]J is the dominant pathway in G1 phase in yeast, while HR is dominant in the
other phases. Approximately 60% of cells in early stationary phase are in G1, contrasting
with the ~30% Gi found in mid-log phase wildtype cells**. Since each cellular growth
phase has a different composition of cells in Gi, this factor was hypothesized to play a
role in the requirements for Mrx. To begin investigation of the different phases’ effects
on NHEJ mediation, the cells were to be arrested in G1 phase using o-factor and in G2
with the chemical nocodazole. a-factor is a pheromone secreted by MAT«a haploid yeast

cells that can be purchased commercially. In the presence of a-factor, MATa cells will

become arrested in Gi1 phase.

The ability of a-factor to arrest MA 7a haploid yeast cells in G1 phase was tested.

This was attempted by using a 1/20" diluted overnight yeast culture of MATa wildtype
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cells incubated in successively increasing concentrations of a-factor for two hours. The
cells were visualized via phase-contrast microscopy to count the fraction of unbudded
cells (signifying Gi phase) and budded cells. Successful arrest would cause greater than
95% of cells to become unbudded Gi cells. Initial results showed that only 61% of the
cells were unbudded at the highest concentration of a-factor used (Figure 22). It was
concluded that it was unlikely that a longer duration in a-factor would achieve a high
enough percentage of Gi cells, so follow-up experiments were designed to use higher
concentrations of a-factor. This experiment could not be completed because of the
pandemic lockdown. Future work will complete these experiments and also assess NHEJ
repair in G2 phase to determine if there is a differential requirement for the primary NHEJ
complexes using nocodazole. Nocodazole is an inhibitor of microtubule polymerization,
which is necessary for aligning the DNA in metaphase during mitosis. The drug causes

activation of a cell cycle checkpoint that arrests the cell in Go.
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Figure 22. Percentage of unbudded (G1) vs budded (S + G2/M) cells. Unbudded cells
are in G1 phase, cells with a small bud are in S phase, and large-budded cells signify
G2/M phases.

The next set of experiments were performed to compare repair of DSBs with 5’
ssDNA overhangs to those that have 3’ ssDNA overhangs. The 3° hydroxyl group-
containing ssDNA end is a preferred substrate of the Sgs1/Dna2 and Exol nucleases
mediating the DNA resection step in the HDR repair pathway, which is in direct
competition with NHEJ for repair of DSBs'®2. This DNA resection is the commitment
step of the HDR pathway that prevents NHEJ from occurring'?*’. The plasmid pLKL67Y
was used in the next experiments (Figure 23A). This plasmid consists of the URA3 and
HIS3 genes as selectable markers, a centromere, and an ARS. To induce a DSB
containing a 3’ overhang 4 nucleotides in length in the HIS3 gene, the pLKL67Y plasmid

was digested using the Bmtl restriction enzyme (Figure 23B).
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Figure 23. pLKL67Y plasmid diagram. (A) pLKL67Y plasmid showing a BmtI site in
the HIS3 gene. (B) Bmtl DSB 3’ overhang structure.

The NHE]J repair efficiency assays were performed using the same protocol as the
previous early stationary phase efficiency assays, with the only change being the uncut
plasmid used for the transformation efficiency control was pRS315 (LEU?2 selectable
marker). The yku70 (6.2-fold), mrel I (6.4-fold), and dnl4 (8.6-fold) mutants each
displayed comparable reductions (Figure 24). This implies that each repair complex is
equally important for efficient NHEJ repair of DSBs that contain 3’ overhangs and
supports the notion that the necessity for the Mrx complex may be dependent on end

structures.

44



—_

Do

(=]
)

—_

o

o
1

<0
o
1

=~
o
1

6.2X 6.4X

NHEDJ repair efficiency (%)
o [=))
=] o

WT dnl4 yku70 mrell

Figure 24. NHEJ efficiency assay using BmtI-digested pLKL67Y in early stationary
phase MATa dnl4, yku70, and mrel I mutants. Each mutant strain has similarly
reduced repair efficiency.

Mutation frequencies were high in all three mutants when DSBs with 3’
overhangs were tested in early stationary phase cells. The dnl4 and yku70 mutants had the
highest mutation frequencies at 86% and 74%, while the mrel I mutant had the lowest
frequency at 22% (Figure 25). These results show that the efficiencies of recircularization
of the plasmid were very similar between the three repair mutants, but the accuracies of
repair by NHEJ were not. Cells appeared to have more of a requirement for the Yku and
DNA Ligase IV complexes than the Mrx complex for accurate repair of 3’ overhangs in

early stationary phase cells.
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Figure 25. NHEJ mutation frequencies for 3’ overhangs in early stationary phase
MATea cells. The NHEJ mutation frequency was increased in all three mutants. The
mrel I mutant mutation frequency was not as elevated as dnl4 and yku70 despite similar
NHE]J repair efficiencies for DSBs with 3’ overhangs.

The NHEJ repair efficiencies of DSBs with 3° overhangs were analyzed next
using mid-log phase cells. Similar to results with 5’ overhangs, Mrx was needed for
efficient repair during log phase. The primary difference was the stronger reduction in the
mrel I mutant (15.3-fold) compared to the dn/4 (4.9-fold) and yku70 (4.2-fold) mutants
(Figure 26). This result provides evidence that the requirement for Mrx is dependent on

both the cellular growth phase as well as the type of DNA end that needs to be repaired.
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Figure 26. NHEJ repair efficiency of Bmtl-digested pLKL67Y using mid-log phase
MATa cells. Repair efficiencies were reduced in all three mutants.

Analysis of repair accuracies for DSBs with 3’ overhangs in log phase cells
revealed that the mutation frequency was elevated to a similar degree for all the mutant
strains in comparison to wild-type (Figure 27). These results differ from those with early
stationary phase cells (Figure 25) where mutation rates were much higher in yku70 and

dnl4 mutants than in mrel I cells.
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Figure 27. NHEJ repair mutation frequencies in mid-log phase cells using BmtI-
digested pLKL67Y. The mutation frequency is consistently increased across the dnl4,
vku70, and mrel I mutant strains compared to wildtype.

In most NHEJ assays performed previously, 100 ng of cut plasmid DNA was used
for each transformation. The possibility that the amount of DNA added to the cells might
influence the results was tested. Three separate plasmid transformation assays using
different amounts of digested plasmid DNA (100 ng, 25 ng, and 12.5 ng) and 50 ng of
uncut plasmid were performed on wildtype and dnl4 cell strains. The result was a
consistent 40- to 60-fold reduction in the dn/4 mutants (Figure 28A). This suggested that
the amount of digested plasmid DNA had little effect on the reduction in repair seen in

dnl4 mutants.

The next experiment was designed to determine if the results showing that the
Mrx complex was not as critical as Yku and Dnl4 was affected by the amount of DNA.

This was done by performing assays with 25 ng of digested pRS315URA3 using yku70,
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mrel I, and dnl4 strains and following the NHEJ early stationary phase protocol. The
vku70 and dnl4 mutants exhibited 83- and 66-fold reductions, while mrell cells were
only decreased by 4.7-fold (Figure 28B). This result is consistent with the previous tests

of early stationary phase cells (Figures 13 and 18), indicating that the amount of DNA

used was not a factor.

A' 120 - B‘ 120 -
100 4 100
s
s
2 g
-2 80 - D
= 5 807
o= =
b ko
.= 60 Lo
< - 60 .
=% [
5 =%
. 2
o] J
E] 40 E 40
Z < 4.7X
20 7z
20
63X 63X 38X 1
0 66X 83X
WT dnl4 WT dnl4 WT dnl4 0
100ng 100ng 25ng 25ng 12.5ng 12.5ng WT dnl4  yku70 mrell

Figure 28. Repair efficiency reduction with different amounts of cut plasmid. (A)
Comparison of repair efficiencies with wildtype and dnl4 cells when 100 ng, 25 ng, and
12.5 ng digested plasmid is used for transformations. (B) Reduced requirement for Mrel 1
seen with 25 ng DNA is comparable to previous results using 100 ng DNA.

The next goal was to characterize new NHEJ mutants that could influence
NHE] repair efficiency and accuracy. Graduate student Jennifer Lilley performed a
genomics screen of a yeast mutant library to identify new NHEJ repair mutants using a
plasmid-based NHEJ assay*’. She identified 3 new genes that affected repair efficiency

(ARPS5, BUD32, and MCT1) in both MATa and MAT« yeast strains (Figure 29). NHEJ

repair accuracy was also shown to be reduced by inactivation of 3 other genes (LSM7,
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RTF1, and MCT1I). Experiments for the current project focused on the Arp5 protein in the
INO8O complex that is involved in chromatin remodeling. These experiments also
assessed the roles of Arp6 and Arp8, as they are nonessential proteins that are involved in
the same complex. Work by Susan Gasser’s lab suggested that Arp proteins may have a
function in DNA repair, however the exact function is still unknown**#¢. It has been
shown that chromatin remodeling plays a role in NHEJ repair efficiency (with the RSC

complex), so the importance of Arp5 and other associated proteins in NHEJ were tested.

211 gamma’® mutants
(diploid library strains)

|

81 EcoRI° (haploid cells)

N

8 genes known to 73 new
affect DSB repair genes identified

N

3 genes show decreased 3 genes show decreased
repair efficiency repair accuracy

Likely involved in
DSB repair

Figure 29. Genomics screen identified new NHEJ repair mutants*,

To begin characterization of the chromatin remodeling proteins implicated in the
genomics screen, the first experiment sought to reproduce the previous results from
Jennifer Lilley involving Arp5*. She observed that arp5 mutants had a 6- to 8-fold
reduction in NHEJ efficiency when tested using the early stationary phase plasmid

transformation assay with Ncol-cut pRS315URA3. The experiment in this project used
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wildtype, dnl4, and arp5 yeast strains and followed the same transformation protocol as
previously described, with the modification of using 25 ng of Ncol-cut pRS315URA3.
The dnl4 mutant strain acted as control to ensure that the results were consistent with
previous NHEJ assay findings. In contrast with the reduction found by Jennifer Lilley,
the arp5 mutant strain tested in this project showed only a 1.1-fold reduction, indicating
approximately wildtype efficiency (Figure 30A). The experiment was repeated to verify
the reproducibility of this result. The same experimental protocol was followed in a
second experiment and arp5 only displayed a reduction of 1.3-fold (Figure 30B). These
results imply that there may be an unknown technical difference between the arp5 NHEJ
repair experiments done in this project and those performed by Jennifer Lilley. The

library mutants were not tested further.
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Figure 30. NHEJ repair efficiency of arp5 cells. (A) First arp5 NHEJ repair assay with
wildtype and dnl4 controls. (B) Repeated repair assay.
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As previously mentioned, DSB repair pathway choice between NHEJ and HDR is
primarily dictated by the DNA end resection completed by nuclease activity that initiates
HDR!®%3, Repair pathway choice is further mediated by the presence of Rifl or Nejl
proteins that may protect the DNA ends from resection and allow for the progression of
NHEJ!7**, We hypothesized that the determination of repair pathway choice could be
tested more easily if a single plasmid could be used to test both pathways in the same
experiment. Therefore, to explore the contributing factors of DSB repair pathway choice
in yeast cells, a new plasmid was created, pLKL103Y. This plasmid was derived from the
plasmid pLKLO91Y and has the HIS3 gene as a selectable marker (Figure 31). The
pLKL103Y plasmid was created through the PCR addition of second BsmlI and Sacl

restriction enzyme sites (in addition to those already in the pLKL91Y plasmid).
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Figure 31. Diagram of new pLKL103Y plasmid. PCR addition of a second BsmlI
restriction enzyme site allows for the creation of a gap in the HIS3 gene to be used as a
selectable phenotype in NHEJ vs HDR DNA repair assay.

52



The second Bsml site was added in H1S3 by PCR mutagenisis with primers bsmJ
and bsmK so that upon digestion of the pLKL103Y plasmid with Bsml, the linearized
plasmid would have a 433 bp gap in the HIS3 gene (Figure 32). The additional Sacl site
was used for further confirmation of the accuracy of the PCR addition of the new Bsml
site. pPLKL103Y was verified using agarose gel electrophoresis to visualize the products
of the plasmid when digested with Sacl and Bsml (Figure 33). Since the full size of the
plasmid was roughly 6500 bp, the Sacl digest should have resulted in bands of
approximately 5000 bp and 1500 bp as seen in lane 2. The Bsml digest products were

expected to be approximately 6000 bp and 500 bp, which is shown in lane 3.
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Figure 32. Bsml-digestion of pLKL103Y. Digestion at two Bsml restriction sites allows
for creation of 433 bp gap in the HIS3 gene. The resulting DNA end structure is a
complementary 2 bp 5’ overhang. This gap region has homology with the chromosomal
HIS3 gene and can only be fully repaired via homologous recombination between the
plasmid and the chromosome.
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Figure 33. Bsml and Sacl digestion of pLKL103Y visualized using 0.7% agarose gel
electrophoresis. Lane 1, 2-log DNA ladder; Lane 2, Sacl digest of pLKL103Y; Lane 3,
Bsml digest of pLKL103Y.

The repair of gapped pLKL103Y produces different phenotypes depending on
whether repair occurs by NHEJ or HDR. Repair by NHEJ simply ligates the broken ends
together, resulting in a deletion in HIS3 and cells that are Leu” but His™ (Figure 34A, left
side). Since the pLKL103Y HIS3 gene contains homology with the chromosomal his3-A41
gene, the HDR repair pathway could be used to accurately repair the plasmid HIS3 gene

too. If the gap in HIS3 is repaired by homologous recombination using the chromosomal

his3-Al gene as a template, the cells will become Leu" and His" (Figure 34A, right side).
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The Bsml-digested pLKL103Y plasmid was transformed into wild-type S.
cerevisiae cells using the new transformation protocol and grown for three days on
synthetic Glu-Leu cell culture plates. The Leu" transformants were then patched onto
Glu-His plates to test whether the cells were Leu His" or Leu'His". The results showed
that NHEJ repair was used in 95% of the transformants (Figure 34B). The low frequency
of repair by recombination was unexpected. It is likely that it occurred because there was
only approximately 100 bp of homology with the chromosome on either side of the

plasmid gap. The efficiency of recombination is reduced when levels of homology are

decreased.
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Figure 34. NHEJ vs HDR repair pathway choice using pLKL103Y. (A) pLKL103Y
was digested with Bsml to produce a 433 bp gap in the plasmid. The DNA end structure
around the gap contained complementary 2 nucleotide 5° overhangs. This gap was

flanked by homologous regions so that either HDR or NHEJ could be utilized for repair.

(B) Results of the repair assay showed that the predominant pathway choice was NHEJ,
which produced LeuHis™ cells.
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A new gapped plasmid system was designed to overcome the problems
encountered with pLKL103Y. A new plasmid was created using PCR mutagenesis to
eliminate the single BspMI site in pPLKLI91Y so that it would not interfere with digestion
to produce a gap in the plasmid (Figure 35). The new plasmid, pLKL104Y, has two base-
pair substitutions in LEU?2 that are silent. They destroy the BspMI site in the gene but do
not alter the amino acid sequence of the protein (Figure 35, lower left). This new plasmid
was created by ligation with T4 DNA ligase and transformation into E. coli cells to
produce colonies on LB + ampicillin plates. Analysis of the plasmids in these colonies

was delayed by the pandemic lockdown and will be completed in June and July.
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Figure 35. PCR mutagenesis of pLKL91Y to create pLKL104Y. pLKL103Y initially
contained a BspMI site in the LEU2 gene that needed to be eliminated. PCR mutagenesis
was used to remove the BspMI site by introducing a silent mutation to change the
sequence to one not recognized by the enzyme.

Once removal of the BspMI recognition sequence in the LEU?2 gene of
pLKL104Y has been confirmed, PCR will be used to create a new gapped plasmid that
has inserted two BspMI sites in the coding region of HIS3 at the ends of the gap (Figure
36A). The plasmid will be digested in BspMI and Nael restriction enzymes to test if the
removal of the BspMI site, and addition of the Nael site, was successful. After this
verification, pLKL104Y will be sequenced to confirm the correct alternations were made.

Most restriction endonucleases are Type Il enzymes that make a DSB within their target
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sequence. Type IIS enzymes are different in that they bind to their target sequence and
then make a DSB several base-pairs upstream or downstream of their recognition site.
The Type IIS enzyme BspMI binds to its target sequence of ACCTGC and then cuts 4
nucleotides to the right on the upper strand and 8 nucleotides to the right on the lower
strand. The digestion produces 5’ ssDNA overhangs that are 4 bases long, where the cuts

are shown by the up arrows shown in the small box labeled “BspMI digestion” in Figure

36A.

The new design involved amplifying the plasmid pLKL104Y by PCR primers that
each have a Type IIS BspMI site in them. The primers are shown in Figure 36A as the
small red arrows labeled with “IIS” on their ends. The primers anneal with the coding
region of HIS3 and prime in opposite directions, but do not amplify the whole plasmid. A
gap is left between the priming sites. Following PCR amplification, the resulting
fragments are digested with BspMI, which cuts internally within the HIS3 coding region
which is perfectly homologous with the coding sequences of the chromosomal his3-A1
gene. A Type Il enzyme could not be used for this PCR product because after the
cleavage a portion of inserted, nonhomologous DNA sequence would remain on the ends,
interfering with HDR. If the primers contained no restriction sites, a blunt ended product
would be produced, which would inhibit NHEJ and have the 4-nucleotide complementary

overhang the previous experiments contained.

In the first experiments using pLKL103Y, the gapped plasmid was created by
cutting the DNA with Bsml, which cuts twice within the plasmid. In the new system, the
PCR product that has been cut with BspMI on the ends represents the gapped plasmid

transformed into the cells. This relationship is shown in Figure 36B, which demonstrates
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how the PCR product can also be represented as a gapped circular plasmid. The PCR
primers were designed to anneal in the middle of HIS3 to amplify a fragment that has
more homology to Ais3-Al on the ends than were present when pLKL103Y was used
previously. Increasing the homology on each end from approximately 100 bp to 200 bp
should increase homologous recombination efficiency and avoid having 95% of repair

events utilize NHEJ as with the previous experiment.
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Figure 36. PCR addition of BspMI sites and digestion of plasmid to create gap in
HIS3 gene. (A) The addition of two BspMI restriction enzyme sites on the PCR-
amplified pLKL104Y plasmid allows for the creation of a 207 bp gap in the HIS3 gene.
The BspMI Type IIS enzyme makes an incision outside of its recognition site for the
creation of two complementary 4 nucleotide overhangs to be repaired via NHEJ or HDR.
(B) The linearized, gapped plasmid can be transformed into S. cerevisiae cells for repair.
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IV. SUMMARY AND CONCLUSIONS

The NHEJ repair pathway is mediated by the Yku, Mrx, and Dnl4 protein
complexes. These complexes are encoded by eight genes: YKU70, YKUS0, MRE1 1,
RADS50, XRS2, DNL4, LIF1, and NEJI. Each complex is thought to play an important
role in the efficient and accurate repair of DSBs. Previous work in the Lewis laboratory
suggested that there is a more situational requirement for the Mrx complex depending on
the cellular growth phase and the DNA end structure that is being repaired (5° vs 3’
overhangs)*. Plasmid transformation assays were used to quantify the effect of
inactivated genes by measuring the efficiency and accuracy of the repair of DSBs via
NHEI. In order to ensure that the assays were accurately depicting the NHEJ repair in the
mutant strains, the transformation protocol was also optimized. This study tested NHEJ
repair efficiency and accuracy in early stationary phase and mid-log phase yku70, mrell,
and dnl/4 mutant cells. In addition to this, the role of DNA end structure was also

evaluated. A novel method of determining the DSB repair efficiency in both NHEJ and

HDR in a single assay was also established in this project.

The NHEJ repair efficiency of the plasmids that contained a DSB with 4
nucleotide 5’ overhangs was shown to be strongly decreased in early stationary phase
vku70 and dnl4 cells, while repair in mrel I cells was only modestly affected. This trend
was maintained when assessing the accuracy of the repair, with the yku70 and dni4
mutants showing much higher mutation frequencies than the mrel I mutant. The results
of the repair and accuracy assays indicated that there was less of a requirement for the

Mrx complex than the Yku and Dnl4 complexes when the cells were in early stationary
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phase. NHEJ assays using the same plasmid in mid-log phase cells indicated that all three
repair mutants displayed similar decreases in repair efficiency. The early stationary and
mid-log phase repair and accuracy experiments were repeated in MATa cells and they
yielded similar results. One of the major differences between early stationary phase and
the mid-log phase cells is the higher percentage of Gi phase cells in early stationary
phase (Figure 37)*. In order to assess the role of the higher Gi cell composition, an o.-
factor experiment was attempted. This was unsuccessful due to an inability to obtain a
high enough percentage of Gi phase cells, so this experiment will be attempted later this

summer using a higher concentration of a-factor.
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Figure 37. Diagram of cellular growth phases. Early stationary (~60%), stationary
(>90%), and mid-log (~30%) phase have different distribution of cells in Gi phase.
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The next NHEJ experiments investigated repair of DSBs containing 3’ ssDNA
overhangs. Repair efficiencies of Bmtl-cut pLKL67Y were equally reduced in all three of
the repair mutants in early stationary phase cells, which contrasted with the early
stationary phase results for DSBs with 5’ ssDNA overhangs. This could potentially
indicate that the Mrx complex plays a role in protection of 3’ overhangs in NHEJ repair,
which are a favorable substrate for resection nucleases in HDR repair 2. The Sgs1/Dna2
and Exol nucleases act on DSBs with 3 ssDNA tails to lengthen the ssDNA regions in
preparation for HDR, making NHEJ impossible(Figure 38)!¢2%. Although the 3> ssDNA
overhangs on the linear plasmid DNAs are only 4 bases long, they may be substrates for
the nucleases in vivo. Since the plasmids utilized in this assay contain no homology to the
chromosomal DNA, resection-induced HDR cannot be completed, eventually leading to
the degradation of the plasmid. The hypothesis that Mrx can protect DSBs with 3’ tails
from other nucleases will be tested in future work. The experiments will use NHEJ
plasmid transformation into exo/ and sgs/ mutants to uncover if this also has an effect on
the NHEJ repair of 3 overhangs. NHEJ repair efficiency was also analyzed in mid-log
phase using the plasmid containing DSBs with 3” overhangs. The yku70, dnl4, and mrel I

strains all showed strong reductions in the mid-log phase assay.
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Figure 38. Repair 5’ versus 3’ ssDNA overhangs in Mrx™ cells.

The next objective of this study was to analyze the effect of chromatin remodeling
on efficient NHEJ repair. Chromatin remodeling proteins facilitate protein access to
damaged DNA by adjusting nucleosome positions. A previous study by Jennifer Lilley
showed that arp5 mutants were modestly deficient in NHEJ repair of plasmid DSBs*’.
Shimada et al. also provided evidence that the yeast mutants deficient in the [no80
remodeling complex were sensitive to reagents that induced DSBs*®. The first
experiment focused on arp) cells to reproduce the results found by Jennifer Lilley. The
optimized NHEJ plasmid transformation was used and showed that the arp5 mutant strain

was not deficient. The experiment was repeated and no reduction in repair was detected
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in arp3, arp6, or arp8 mutants. The reason for the conflicting results is unknown, but

may be due to technical issues with the protocol that was used.

The last objective of this project was to design a plasmid that enabled the analysis
of NHEJ and HDR repair pathways simultaneously. This was accomplished by
constructing pLKL103Y from pLKLI1Y by inserting additional Bsml and Sacl
restriction enzyme sites using PCR mutagenesis. When digested with Bsml, this created a
gap in the HIS3 gene which could be repaired using either HDR or NHEJ. When repaired
with NHEJ, the plasmid DSB ends were ligated without repairing the missing HIS3 gap,
resulting in the cells becoming LeuHis", and unable to grow on Glu-His plates. Cells that
utilized HDR accurately repaired the gap in the plasmid, restoring the HIS3 coding
sequence and becoming Leu"His". The initial experiment transformed pLKL103Y into
wildtype early stationary cells and found that 95% of the repair events utilized the NHEJ
pathway. This unexpected result led to the designing of a more flexible plasmid system
that could accommodate changes in the location, size, and homology next to the gap

region to increase the percentage of cells using homologous recombination for repair.

The next plasmid was created from pLKLI91Y by deleting the BspMI Type IIS
restriction site via PCR, resulting in the creation of pLKL104Y. Next, two new BspMI
sites were added in the HIS3 gene by PCR to enable the creation of a gapped plasmid
with increased sequence homology on the ends. This new approach allows for the ability
to produce a gap in different locations in the plasmid depending on where the sites are
inserted. Assays with the new gapped plasmid will seek to increase the percentage of
cells that use HDR to repair the DSB (Figure 39). This new plasmid increased the

sequence homology with the chromosomal DNA to 182 bp on one side and 219 bp on the
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other side. Future work will use this unique methodology to analyze yeast strains that are
deficient in DNA repair to determine which DSB repair pathways are most defective.

This capability is important because some mutants are known to affect both

55,56
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*This gapped plasmid has
no plasmid name. It was
made by PCR.
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Figure 39. NHEJ vs HDR DSB repair assay diagram using new gapped plasmid
system. Gapped plasmid is created by PCR and digested with BspMI as described in
Figure 36. The new method introduces a 207 bp gap flanked by two complementary 4
nucleotide 5’ overhangs. This gapped plasmid contains additional homology with the

chromosome on either side of the gap as well as increased overhang length compared to
the pLKL103Y plasmid used in the previous assay.
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