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Abstract 

 

The highly annotated budding yeast Saccharomyces cerevisiae has emerged as the 

primary model for systems biology, the study of how individual cellular components 

function within the context of a dynamic cellular system. Several genome/proteome-

scale tools developed using the S. cerevisiae model have produced extensive 

information on gene function and interaction networks that is stored in publicly 

accessible databases. Bioinformatic tools can exploit these databases to infer novel 

biological activity but these predictions must be tested in functioning cellular systems to 

assess the effectiveness of any method. The work herein uses systems-based 

computational tools to make predictions on novel protein/gene function that are tested 

using yeast functional genomic approaches. This thesis describes the development and 

validation of a new tool to design synthetic binding proteins that bind to and inhibit 

targeted yeast proteins Psk1 and Pin4 as well as the identification and functional 

analysis of three yeast DNA repair genes, PSK1, ARP6, and DEF1. The in-silico protein 

synthesizer, InSiPS successfully engineered two synthetic proteins known as anti-Psk1 

and anti-Pin4. This demonstrated the ability of our approach to translate from 

computational prediction, to a specific biological interaction and importantly, a 

functionally significant phenotype. Chemical-genetic interaction analysis showed that 

cells expressing α-Psk1 and α-Pin4 phenocopy Δpsk1 and Δpin4 mutants and yeast-two-

hybrid confirmed binary interactions in vivo while in vitro assays verify that binding is 
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occurring at predicted loci. Further analysis of the anti-Psk1/Psk1 interaction motif 

showed strong, specific binding. Psk1 was inferred to participate in yeast non-

homologous end-joining (NHEJ) repair of double-strand breaks (DSB), an essential DNA 

repair pathway. Our functional genetic analysis showed that PSK1 is an important novel 

NHEJ gene that contributes to repair fidelity while appearing to function 

through RAD27 activity. We also report that ARP6, affects NHEJ through the RSC 

chromatin remodeling complex. Lastly, we identify new properties of the Def1 DNA 

repair protein in yeast NHEJ and a physical and genetic interaction between Yku80 and 

Def1. Together, these findings demonstrate the ability to predict novel gene/protein 

function using computational tools and expand our understanding of eukaryotic DSB 

repair. 
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1. Introduction 

1.1. Functional Analysis in Systems Biology 

When cellular components are isolated and subjected to targeted molecular 

biology studies, interesting mechanisms can be identified and novel insights into cell 

functionality can be produced. However, other important functions that these 

components perform only when operating within a cellular system may be overlooked. 

A systems biology approach, one that examines the function of cellular components 

within the context of a dynamic living system, can produce new insights into the 

activities of individual cellular components and the identification of potentially 

unexpected interaction networks. Systems biology, the study of the complex biological 

functions in relation to the individual molecular constituents involved 1, utilizes the 

integration of data from multiple approaches to develop models and yield novel insights 

into gene function while striving toward an ultimate goal of developing mathematical 

models of living cells 2. 

A recent dramatic increase in large-scale biological experiments has resulted in 

an excess of genomic, proteomic, transcriptomic, and metabolomic data which is driving 

a growing need for i. organized and accessible databases, ii. novel analysis techniques 

and, importantly, iii. mechanistic studies to test and validate hypothesis generated from 

the data 3–9.Together, the growing discrepancy between the exponentially increasing 

rate of data production and the ability of molecular biology to sufficiently interpret and 

translate the data into useful biological findings has driven an expansion of the field of 

systems biology 10,11.  
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One example of this excess data production is how the diminished cost and 

increased accessibility of next-generation sequencing platforms has resulted in an 

abundance of genetic sequencing data which includes genes that cannot be functionally 

annotated, limiting the ability to identify genes involved in a particular process or 

pathway of interest 12,13. When it comes to infectious species, we now possess the 

ability to quickly and economically sequence the genome of a microbe of interest but 

the ability to translate this sequence information into meaningful insights into the 

understanding of gene function and ultimately a prediction of pathogenicity remains 

significantly more elusive 14. Systems biology addresses problems such as these and 

aims to model how individual components within a cellular system interact together to 

affect the system as a whole. This already lofty goal is further complicated by the fact 

that cellular systems are dynamic and the interactions occurring within can shift 

dramatically when environmental conditions change.  

Systems biology allows one to compare how cellular components function under 

normal cellular conditions to the functionality of said components when exposed to a 

specific threat or environmental shift. For example, when eukaryotic cells are faced with 

significant DNA damage, a highly-coordinated DNA damage response (DDR) is incited 

which activates a number of downstream pathways resulting in substantial alterations 

to interaction networks that persist until the threat has been resolved 15. In this 

example, systems biology can be used to understand how the functional components of 

a cell adjust when the integrity of genetic information is jeopardized. The ability to 
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model such situations and effectively interpret the data can be used to identify novel 

functions of genes/proteins that only occur under certain conditions. However, 

computational restraints and erroneous modeling due to incomplete or incorrect input 

data, particularly when using data from large-scale studies, can lead to inaccurate 

outcomes.  

1.1.2 Functional genomics 

 The ability to predict novel gene function has become increasingly more feasible 

due to the methodical development of high-throughput platforms to analyze 

interactions or phenotypes on a genome-wide scale 16,17.  This field, collectively referred 

to as functional genomics, aims to define the functions of genes and proteins by 

intelligently interpreting the data produced by genome-wide analyses 18. These global 

functional genomic and functional proteomic approaches have resulted in 

comprehensive databases for a variety of model organisms containing information on 

gene or protein functions, expression levels, protein localization, phenotypic data, 

interaction profiles, and more. A traditional functional genomic study follows a general 

“top-down” followed by a “bottom-up” pipeline to elucidating novel functions.  

This generic functional genomic pipeline begins by analyzing large-scale datasets 

using network analysis to predict novel gene functions that can be tested in the lab (top-

down). If a prediction turns out to be accurate and a gene appears to be involved in a 

specific pathway or process of interest, a subsequent “bottom-up” approach can be 
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used to further characterize the specific role the gene plays in the context of the larger 

cellular system. Focused molecular experiments provide new insights into potential 

functions, which can be interpreted in the context of the known interaction network of 

the gene of interest (potentially under specific conditions) ultimately resulting in re-

wiring of known interaction networks (Figure 1.1).  

 

Figure 1.1: A model of two alternative approaches to systems biology. A “top-down” 
approach uses large data sets to infer functions that are tested in the lab. A “bottom-
up” approach interprets a novel finding in the context of known functional networks to 
incorporate new findings into our current knowledge of a system.  

Several model systems are suitable for systematic genome-wide functional 

genomic studies but the budding yeast Saccharomyces cerevisiae in particular has 

excelled as a leading model for systems biology. Amenable to a wide variety of high-

throughput techniques and readily cultured and modified in the lab, budding yeast is 

now arguably the best-characterized eukaryotic organism 19. S. cerevisiae’s place as a 
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dominant model for eukaryotic systems is due in large part to several foundational 

projects that mapped the species including the Saccharomyces Genome Deletion 

Project, and multiple global protein-protein interaction (PPI), transcriptomic, and sub-

cellular protein localization ventures.    

1.1.3. Large scale interaction analysis in yeast 

S. cerevisiae possesses many practical characteristics that make it amenable to 

large-scale analyses. It is cost-effective to maintain in either haploid or diploid form, 

undergoes fast and quantifiable growth in a variety of manipulatable environments 

either as individual colonies or batch cultures, and is relatively simple to modify 

genetically.   Additionally, many fundamental biological pathways are well-conserved 

across eukaryotic taxa and yeast has proven to be an effective model for studying many 

of these by allowing for large scale analyses that are significantly more feasible when 

compared to using multicellular or more complex model systems 19,20. In particular, the 

study of eukaryotic DNA repair has benefitted significantly from the advantages 

provided by the yeast model21. DNA repair pathways 22 and related processes such as  

cell cycle progression 23 and apoptosis 24 are highly-conserved in eukaryotes.  

Pioneering the field of systems-level analysis in yeast was the Saccharomyces 

Genome Project (1996) which comprehensively mapped the yeast genome and 

identified ~6000 open reading frames (ORFs) 25. Following this genetic mapping, the 

Saccharomyces Genome Deletion Project successfully deleted >96% of yeast ORFs and 
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produced the first and only comprehensive eukaryotic gene deletion arrays (GDA) 26,27. 

These collections, containing ~6000 heterozygous diploid and ~5000 viable haploid 

mutants are now available for a variety of genetic analyses and functional genomic 

studies. Commercially available genome-wide collections of; i. mutants 27, ii. 

heterozygous mutant constructs, iii. temperature-sensitive essential gene mutants 28 

and iv. ORF over-expression vectors 29 can be employed to study genetic interactions 

(GIs) under a variety of cellular conditions.  

 Over the past 15-20 years, yeast GDAs have been used for a range of genome-

wide phenotypic assays aimed towards increasing the overall understanding of 

eukaryotic biology and novel gene function. Additionally, the technology, has been used 

to study global cellular responses to various stressors and determine the mechanism(s) 

of action of biologically-active compounds 30–32. Though these studies have varied widely 

in scope, there has been an over-representation of studies into DNA metabolism and 

repair 26. Such biases are understandable when you consider the amount of data that 

can be produced from a single study. One endeavor to explore the changes that occur in 

genetic networks when faced with a panel of DNA-damaging agents resulted in ~1.8 

million differential measurements for analysis  33. 

While yeast GDA and overexpression collections were being utilized to map 

genetic networks, several other “omics-level” platforms were concurrently being 

developed and employed to study protein expression 34, determine subcellular 

localization 35, investigate protein-interaction networks 36,  and develop a yeast 
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metabolomics database 37. The field of functional genomics benefitted significantly from 

the data produced from all of these studies, most of which is available in various 

publicly-accessible databases such as the Saccharomyces Genome Database (SGD) 38, 

the Yeast Proteome Database (YPD) 39, and the Yeast GFP-fusion localization database 

(YeastGFP) 35. Data from large-scale genetic and protein interaction screens have proven 

to be beneficial in the search for novel gene functions both in the identification of new 

participants in a pathway and the characterization of gene function and as such will be 

focussed on in this introduction.  

 1.1.4 Genetic interactions 

GI analysis is a method to indicate functional redundancy across a genome by 

identifying genes involved in the same or similar biological process through an alternative 

pathway or mechanism. When the products of two independent genes or pathways have 

similar functions or produce the same outcome, the absence of one gene may be 

compensated by the presence of the other in a bidirectional manner. This relationship is 

referred to as epistasis, which, in this context, refers to the masking of a genetic 

phenotype by the phenotypic effects of other genetic alteration(s) to create phenotypes 

that do not resemble either of the single genetic manipulations 40,41.  

A GI is defined as an unexpected phenotype that occurs when a combination of 

genetic alterations produces more profound/unexpected changes compared to the 

phenotype of each individual alteration (Figure 1.2)  42. In this way, GIs can indicate 
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functional relationships between genes and often demonstrate a higher degree of 

complex interactions between different pathways 43. Genetic interactions can be broadly 

classified as either positive (alleviating) or negative (aggravating). 

 

Figure 1.2: A schematic representing genetic interactions and chemical genetic 
interactions using colony size (fitness) as a measurable phenotype. Taken from Burnside 
et al, 201544. 
 

A negative genetic interaction (as seen in Figure 1.2) occurs when a combination 

of genetic manipulations decreases the fitness of a cell beyond the predicted 

multiplicative fitness of individual manipulations through a synergistic overlapping 

process. Alternatively, a positive GI occurs when multiple genetic changes synergistically 

act to increase fitness beyond the predicted combined effects of each individual 
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manipulation. One important instance of positive GIs is phenotypic suppression where 

the overexpression of one gene negates or “suppresses” the phenotype. 

Screening for functional relationships on a genome-wide scale is a powerful tool 

for understanding genetic interconnectivity and providing clues as to how a cell functions 

as a system. The results of such studies demonstrate the extensive plasticity and 

redundancy apparent in a range of eukaryotes, and conditional-genetic studies 

accentuates biological complexity to reveal how compensatory genes act as buffers to 

perturbation.  A project examining global genetic interactions in S. cerevisiae under 

antibiotic stress identified 170,000 functional relationships involving 75% of the genome 

(~ 40 interaction partners/gene) 45. The ability to study how genetic relationships shift 

under stress conditions is referred to as conditional-genetic analysis. The importance of a 

gene is relative to the current cellular environment such that certain non-essential genes 

may become conditionally essential when faced with a unique cellular stress.  

Effective comparisons of genetic interaction networks between normal conditions 

and specific stress conditions can reveal significant alterations to networks that indicate 

conditionally important genes for a pathway of interest. Interaction hubs, genes with 

many interactions, undergo significant disruptions when perturbed by specific stressors 

such as the introduction of DNA damage stress. Such hubs will primarily contain known 

participants in the DNA damage response/repair pathways but can also used to identify 

novel participants in DNA repair. Isolating genetic interaction hubs that experience 

significant differential changes to interaction networks following DNA damage stress can 
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identify novel DNA repair genes such as SLT2 15. SLT2 codes for a mitogen activated 

protein kinase (MAPK) known to contribute to the maintenance of cell wall integrity. 

Differential network analysis indicated that it undergoes significant changes to its 

interaction network following DNA damage stress via methyl methanesulfonate (MMS) 

exposure. This identified the SLT2 gene product as a novel DNA repair factor that 

accumulates in the nucleus and regulates ribonucleotide reductase genes upon DNA 

damage stress. Generally, genes with similar interaction profiles often function within the 

same pathway or complex 46. Information on how proteins interact physically can provide 

insights into novel gene functions in much the same way as genetic interactions do. 

1.1.5 Protein-protein interactions 

Proteins may function independently, but most often carry out their 

physiological functions through interactions with other proteins. A protein-protein 

interaction (PPI), the physical binding of two or more proteins due to electrostatic 

attraction and compatible biochemical properties encompasses a wide range of 

interaction types. Such interactions include everything from brief transient interactions 

such as receptor binding or signal transduction to highly stable or permanent 

interactions such as those seen in large macromolecular complexes 47. Additionally, a 

PPI may involve complex 3-dimensional domain structures or only short motifs 

comprised of only a few amino acids 48,49. Because PPIs vary significantly, attempts to 

map interaction networks often produce different results depending on the technique 

used or the cellular conditions 50. Proteomic network analysis, the mapping of all known 
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or predicted interactions within a cell, negates any classification of interaction type and 

instead and allows for the identification of functional associations on a global scale 51. 

The yeast model has arguably the best studied PPI network and has undergone 

multiple proteome-wide analyses both experimentally and computationally 52. There are 

two primary experimental techniques that have been employed, yeast-two-hybrid (Y2H) 

analysis and tandem affinity purification followed by mass-spectrometry (TAP-MS), each 

with its own inherent advantages and disadvantages. Generally, TAP-MS co-purifies 

stable interaction partners of a protein of interest under native conditions which can 

help facilitate the identification of protein complexes while Y2H is used to screen for 

binary PPIs in vivo under artificial conditions. The overlap between the results produced 

from each method is very low which is attributed to high rates of false positives and the 

fact that some methods may have difficultly detecting certain types of interactions 53. 

Therefore, these two approaches are best thought of as complementary techniques 

rather than confirmatory.  

 The first attempts to explore large-scale PPI networks in yeast used a systematic 

Y2H approach. The Y2H technique is a genetic platform that can screen for binary 

interactions through the production of bait and prey fusion proteins such that if the 

proteins interact, they reconstitute a eukaryotic transcription factor and activate the 

expression of reporter genes 54. In classical large-scale S. cerevisiae Y2H screens, a “bait” 

protein is fused to the Gal4 DNA binding domain while the “prey” protein is fused to the 

Gal4 transcriptional activation domain. Both are cloned into expression plasmids and 
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expressed in different yeast mating types 55. Scaling up of the technology allows for a 

single bait to be screened against a pool of preys but this has not been sufficient to 

allow reliable all-to-all screens 56. A systematic matrix approach crossed cells containing 

the bait and prey plasmids and selected for cells containing both plasmids. Three 

foundational large-scale yeast two hybrid screens reported between 2000 and 2001 

successfully cloned over 6000 yeast ORFs and collectively reported over 5600 

interactions 55,57–59.  

Many variations of the Y2H approach have been developed such as the 

repressed transactivator system wherein an interaction results in the repression of Gal4 

regulated genes 60, the SCINEX-P (screening for interactions between extracellular 

proteins) system for screening extracellular proteins 61, and the recently developed 

SRYTH method which relies on the Ste11/Ste50 interaction to activate the HOG pathway 

62. Additionally, the Y2H platform has been expanded to incorporate next-generation 

sequencing which has permitted the screening of large interaction networks. However, 

Y2H is limited to detecting pairwise interactions and different tools are required for the 

detection of larger binding complex/networks.  

TAP-MS is one such approach. It involves the tagging of individual protein “baits” 

at the genetic level with dual affinity tags (Staphylococcus protein A and calmodulin 

binding peptide) and a two-step purification process to isolate the tagged-protein along 

with its interaction partners 63. The purified fusion protein and interaction partners are 

then separated (either using liquid chromatography or gel electrophoresis) into their 



13 
 

individual components and identified through mass spectrometry. Despite limitations 

such as the tag interfering with protein function or complex formation and the 

purification process eluting weakly bound members, TAP-MS has proven to be a highly 

effective method for detecting yeast protein complexes under normal physiological 

conditions. Particularly, large scale affinity purification screens have been beneficial in 

providing new insights into DNA repair pathways 64. 

  To translate findings from PPI screens to novel gene function predictions, the 

“guilt by association principle” is applied which asserts that  a protein that generally 

interacts with other proteins involved in the same biological process or pathway 65. PPI 

is a fundamental method of intracellular communication and therefore acts as an 

underlying tenet for studying system biology.  

Identification of interacting protein partners with known functions, provides 

insights into the role of a protein within a pathway. In this study, we use data from a 

computational tool known as the protein-protein interaction prediction engine (PIPE) to 

infer protein function. PIPE is employed in multiple ways to predict PPIs in silico and 

scan for novel interactions not currently reported. In this way we have predicted new 

roles for genes by identifying novel PPIs involving known DNA repair proteins 66. DNA 

repair is an essential process and identifying novel factors involved in important repair 

pathways is a popular area of focus for systems biologists. 
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1.2 DNA Damage and Repair 

The genetic code contains all the information needed to sustain life in a living 

cell. This heritable information must be protected to ensure coding genes can be 

transcribed, regulatory sequences remain functional and the structural integrity of DNA 

molecules is preserved so the entire genetic code can be passed on to future 

generations. However, cellular DNA is relentlessly assaulted and would not persist if it 

were not for a remarkable network of repair pathways that respond to DNA-damage. 

There are two primary categories of DNA damage, spontaneous DNA damage 

that results from regular metabolic activities and environmentally induced damage that 

results from exposure to exogenous agents. The combined extent of daily DNA damage 

from these two sources is staggering 67. For example, mammalian cells may experience 

up to 105 spontaneous DNA lesions and 105 environmentally-induced lesions per day 68. 

The damage caused by either source can range from very minor damage that does not 

require immediate repair to severe forms of damage that threaten cell survival if not 

quickly resolved.  

 Spontaneous DNA damage may result from metabolic events such as the 

misincorporation of dNTPs, alkylation of DNA bases, deamination leading to base-

conversions, loss of bases following depurination and collapsed replication forks 68–70. 

Additionally, cellular production of reactive oxygen species (ROS) and oxidizing agents is 
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a major source of spontaneous damage. Such species can produce up to 100 different 

types of modifications including both base lesions and damage to the DNA backbone 71. 

Some spontaneous lesions are less severe than others and the severity of a 

lesion can change dramatically if repair pathways are compromised or additional 

damage occurs during the repair process. For instance, when bases are incorrectly 

paired (mismatched), the mismatch repair (MMR) pathway degrades a section of the 

strand containing the error and allows the polymerase another attempt to accurately 

copy the template strand. However, dysfunctional MMR results in uncorrected bases 

which produce a “mutator” phenotype that can lead to mutations, microsatellite 

instability and eventually cancer in animals 72.  Depurination, the loss of a guanine or 

cytosine base to produce an apurinic (AP) site, is by far the most common spontaneous 

lesion at up to 10,000 lost purines per cell per day but it constitutes a relatively less 

severe form of damage 73,74. AP sites can result from spontaneous processes such as 

alkylation and deamination or oxidation, as an intermediate step in the base excision 

repair (BER) pathway, or from damage by exogenous agents  75. There are a variety of 

potential fates for AP sites. They can be accurately resolved via the BER pathway, they 

can lead to single-strand breaks (SSB) that compromise the phosphodiester backbone 

or, in severe cases, stall replication forks and lead to DSBs 76,77. 

 In addition to the spontaneous damage previously discussed, several sources of 

environmentally induced damage also threaten the integrity of DNA. Environmental 

sources of DNA damage can be classified as either physical or chemical agents. Physical 
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sources include ionizing radiation (IR) and ultraviolet (UV) radiation. IR causes a variety 

of lesions including direct damage to the backbone which can result is SSBs, DSBs or 

indirect damage to bases through the radiolysis of water to produce reactive species 

that can then damage bases 78. UV radiation, primarily UV-B light with wavelengths from 

280-315 nm, is a leading source of physical DNA damage whose influence has decreased 

in recent years following rebuilding of the ozone layer 79. There are three primary 

lesions caused by UV radiation to two adjacent pyrimidine bases: i) cyclo-butane 

pyrimidine dimers which make up the majority of UV-induced lesions, ii) highly-

mutagenic 6-4 phytoproducts and iii) Dewar isomers 80. These lesions can lead to 

mutations or cell death and are the primary reason for preventing unnecessary levels of 

exposure to UV waves from sunlight. In addition to physical damage from IR or UV 

radiation, many chemical compounds can produce a range of DNA lesions.  

 Exogenous chemical agents that damage DNA include crosslinking agents, 

alkylating agents, and intercalating agents among others. Cross-linking agents include a 

variety of chemotherapeutic compounds such as mitomycin which causes covalent links 

between bases on the same strands (intrastrand), across different stands (interstrand) 

or between proteins and DNA which can prevent progression of polymerases 81. 

Alkylating agents such as MMS attach alkyl groups to various sites on DNA bases 68. 

Intercalating agents insert themselves between bases which can challenge replication or 

produce additional secondary effects that result in damage. For example, phleomycin 

(PHLM) can intercalate DNA and also promote the production of free radicals that react 
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to form a variety of DNA lesions, including DSBs 82. There are other compounds that 

indirectly produce DNA damage. Hydroxyurea (HU) depletes the dNTP pool and will 

eventually result in the collapse of replication forks and the induction of DSBs 83. Events 

that lead to DSBs are very important to understand as these lesions are a major threat 

to DNA integrity and cell survival. 

1.2.1. Double-strand breaks 

A DSB, the cleavage of both strands of the phosphodiester backbone, results in a 

complete structural severing of the DNA molecule. DSBs can be extremely complex 

lesions as each broken strand can possess unique biochemical characteristics such as the 

presence of adducts and may require significant alteration before attempting to repair 

the break. Additionally, structural severing of a chromosome can result in translocations 

or the rearrangement of large segments of chromosomal DNA and even a single DSB can 

lead to cell death if misrepaired 84. For these reasons and more, DSBs are considered the 

most serious form of DNA damage. 

DSBs represent only a small fraction of DNA lesions. Mammalian cells experience 

approximately 10 DSBs per day compared to the roughly 100,000 adducts caused by 

sunlight alone 68,85. However, the high mutagenic potential of DSBs 84 is a significant 

cause for concern, particularly in human health. Defects in the pathways responsible for 

DSB repair can lead to cancer onset 86, premature aging 87, neurological disorders 88, and 

immunodeficiencies89. Although DSB repair is best understood in humans, model 
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organisms, specifically S. cerevisiae, have been invaluable in providing novel insights 

through these highly-conserved pathways 90.  

Two categories of repair pathways are able to resolve DSBs. Homologous 

recombination (HR) repair, also referred to as homology-dependent repair or 

recombination repair, involves the exchange of DNA sequences that are homologous to 

the break site 91. Alternatively, the non-homologous end-joining pathway (NHEJ) directly 

ligates broken ends without utilizing a homologous template following various levels of 

processing 92. DSB repair requires a highly coordinated response that involves efficient 

damage recognition, appropriate repair pathway choice, and effective communication 

between repair factors. These topics will be discussed in the following sections. 

1.2.2. Damage recognition and chromatin remodeling 

Sensors of DSBs must continually scan the genome performing the sensitive task 

of detecting broken DNA strands.  They can both identify DSBs quickly and initiate a 

damage signal that can be amplified along a transduction cascade resulting in a global 

cellular response. Mre11 functions as the primary DNA damage sensor but the Remodels 

the Structure of Chromatin complex (RSC-C) also contributes to initial damage sensing 93. 

DNA checkpoint proteins Mec1 and Tel1, functional homologs of human ATR and ATM, 

are activated following the detection of damage and initiate the DNA damage response 

(DDR). Mec1 is an essential protein and several damage sensors, including the PCNA-like 

complex (Rad17-Ddc1-Mec3), Dbp1, Lcd1, and RPA can contribute to Mec1 activity 94,95. 
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Ddc2, an ATRIP ortholog is capable of Mec1 activation independent of Ddc1 and Dbp196. 

The MRX complex (Mre11-Rad50-Xrs2) plays several roles in the early stages of DSB 

recognition. The FHA domain of the Xrs2 subunit is responsible for activating Tel1 and 

recruiting it to broken DNA strands 97. 

Following detection, Mec1 and Tel1, the key DNA damage response kinases, 

accumulate at break sites and begin phosphorylating multiple targets including the Rad53 

and Chk1 checkpoint kinases and core histone protein H2A 94. Both Mec1 and Tel1 

phosphorylate H2A on S129 to form the γ-H2A DNA damage marker 98. This 

phosphorylated H2A acts as a docking site for histone modifiers such as Arp4 and Esa1 

and recruits various chromatin remodeling complexes involved in DSB repair. In 

preparation for repair, DNA attached to adjacent nucleosomes is unwound to allow repair 

proteins access. HR repair requires significantly more chromatin modification than NHEJ 

as longer tracts of DNA are involved in the repair process. Three complexes are primarily 

responsible for chromatin remodeling following a DSB event: INO80-C, SWR1-C and RSC-

C 98–100. 

Each of the three repair-related chromatin remodeling complexes promote 

unique repair dynamics. The ATP-dependent INO80-C plays a predominant role in the 

repair of DSBs at replication forks and promotes end-resection to induce HR-dependent 

repair 101. SWR1-C facilitates recruitment and binding of the YKU heterodimer to the break 

site in preparation for NHEJ 102. Both INO80-C and SWR1-C facilitate the damage-induced 

exchange of H2A with its variant H2A.Z which relaxes the chromatin structure to provide 
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access for repair proteins  100,103. In addition to SWR1-C and INO-80, the RSC-C chromatin 

remodeling complex plays various roles in both NHEJ and HR repair including detecting 

breaks, signaling damage checkpoints, and facilitating nucleosome restructuring 93,104.  

Chromatin remodeling activities following DSB detection have some influence on repair 

pathway choice. For example, Rad9 (homolog of human 53BP1) interacts with dimethyl 

histone H3 adjacent to DSB break sites in G1 to prevent end resection and push repair 

towards homology-independent repair 105. However, several other more influential 

factors must be considered, primarily the current stage of the cell cycle and the 

availability of a homologous template sequence. Multiple regulatory mechanisms work 

to ensure that DSBs are repaired by the most appropriate repair pathway given the 

current cellular environment to prevent mutagenic events or complications that lead to 

cell death 106.  

1.2.3. Repair pathway choice 

A more complete understanding of how cells determine which DSB repair 

pathway to employ following a DSB is now beginning to emerge. Generally, eukaryotes 

prefer the less error prone HR pathway, but a homologous template is not always 

available. In yeast, NHEJ is possible at all stages of the cell cycle but is generally 

restricted to G1 while HR, the dominant mechanism, is preferred from S-G2. HR is 

almost exclusively responsible for repair of collapsed replication forks, the leading 

endogenous cause of DSBs 107. The mechanisms that underly this decision-making 
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process remain unresolved. The accepted model is that the two pathways “compete” 

for the break site and that certain activities destine the break for a specific mechanism. 

The level of end-processing appears to be the major determinant for dedicating 

a DSB to either HR or NHEJ repair. The YKU complex (Yku70/Yku80) has extremely high 

affinity for broken DNA ends and when bound, prevents resection and promotes direct 

ligation of the broken ends 92. HR requires significant resection of the 5’ end resulting in 

a single-stranded 3’ tail that can initiate a search for homology. HR is the dominant 

repair mechanism in yeast and this resection activity is downregulated during G1 and 

generally restricted to the S and G2 phases when a homologous template is available 108. 

 The MRX complex (Mre11/Rad50/Xrs2) is primarily responsible for the initial 5’ 

resection activity generating single-strand filaments 107. Since the binding of YKU 

prevents this resection, it must be removed should the cell determine to repair via HR. 

This step is one of the most important in repair pathway choice and appears to be 

influenced by the activity of the Tel1 damage transducer kinase. After Tel1 is recruited 

to the site of the break, the Xrs2 subunit of the MRX complex activates Tel1 which in 

turn phosphorylates the Sae2 endonuclease 109. Together, Sae2 and Mre11 promote an 

additional endonuclease, Exo1, which is required for the longer resection needed to 

complete HR. It is proposed that Exo1 directly completes with YKU and is responsible for 

its removal to allow HR to proceed 97. Cdk1 and other cyclin-dependent kinases play a 

role in communicating between repair factors and  cell cycle processes namely DNA 

replication and chromosome segregation 110. Cdk1 accumulates at DSB break sites and 
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phosphorylates multiple targets including Fun30, Sae2 and Dna2 playing an important 

role in promoting the DNA damage response and regulating end resection111. Cdk1 

controls 5’ resection which is primarily performed by MRX and Sae2. Phosphorylation of 

Sae2 works to limit resection in G1 by removing MRX from DNA ends 110,112. 

To summarize, DSBs generally default to NHEJ due to the high affinity of YKU for 

broken ends which when bound protects the DNA from degradation. However, in yeast, 

HR generally outcompetes this initial designation and instead destines the break for 

resection and subsequent repair using a homologous template. In higher eukaryotes 

such as humans, NHEJ is the dominant mechanism due in part to the sheer size and 

structural complexity of the nuclear components which make the search for a 

homologous template increasingly more difficult. There are advantages and 

disadvantages to each pathway and ultimately, correct pathway choice is essential to 

minimize the rate of mutation and prevent aberrant cell death.  

1.2.4. Homologous recombination repair 

 The use of a homologous template sequence during repair greatly decreases the 

rate of mutation at DSB sites. HR repair is often referred to as an error-free mechanism 

whereas NHEJ is referred to as error-prone. Recombination-based repair in S. cerevisiae 

is performed primarily by a set of proteins referred to as the “RAD52-epistasis group” 

which includes Rad50, Rad51, Rad52, Rad54, Mre11, Sgs1, Top3, Exo1 and others 91. As 

mentioned previously, HR is initiated when 5’-3’ resection of broken ends occurs. Initial 
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resection is performed by the MRX complex (MRN in humans) in coordination with 

Sae2. However, two other functionally overlapping complexes also work to complete 

resection, namely the STR-Dna2 complex (Sgs1/Top2/Rmi-Dna2) and Exonuclease 1 

(Exo1) 113.  In chemically complex breaks, MRX-Sae2 initially resects a few hundred 

nucleotides in each direction. The production of long tracts of single-stranded DNA 

(ssDNA) leaves genetic information vulnerable and thus, the long strands are coated to 

form active filaments.  

 The generated 3’ single-strand overhangs are immediately coated by the single-

stranded binding protein complex replication protein A (RPA) which protects the DNA 

from further degradation. RPA is then displaced and a Rad51 filament is formed in its 

place. The formation of the Rad51 filament is regulated primarily by key HR protein 

Rad52 and two Rad51 paralogs, Rad55 and Rad57 113,114. The Rad51 filament is 

exceptionally mobile and begins a search for homology within the yeast nucleus 115. This 

homology search and subsequent strand-invasion by the Rad51 filament is performed in 

conjunction with Rad54 while Rad52 promotes the annealing of complexed ssDNA 91. 

Following strand invasion there are four possible outcomes that can arise. 

 In certain cases, the invading strand can be synthesized beyond the break site 

and re-annealed to the other side of the break without a crossover product (synthesis-

dependent strand annealing) or the strand invasion event can induce the production of 

a new replication fork that completes synthesis to the end of a chromosome (break 

induced replication) 113. However, the dominant mechanism of resolving duplexed DNA 
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formed following strand invasion is the formation of a double Holliday junction which 

occurs when both broken ends are captured. These structures can be resolved by 

nucleases to produce crossover or non-crossover products.  

 Many of the molecular functions underlying HR were originally discovered in the 

yeast model and findings were later translated to other organisms. Similarly, we have 

learned a significant amount about the alternative pathway, NHEJ, using the yeast 

model. The next section will summarize the mechanism of NHEJ repair in yeast.  

1.2.5. Non-homologous end joining 

  NHEJ is a robust pathway with extensive plasticity. Because the structure of DSBs 

can vary so widely and repair factors can arrive at different rates or in different patterns, 

NHEJ is best understood as an iterative process whereby multiple rounds of processing 

may occur before a break is finally resolved. For these reasons, the same break can be 

resolved in multiple different ways and potentially generate different resultant 

sequences each time it is repaired. Here we discuss the core NHEJ machinery that is 

essential for completing the repairing while acknowledging that many other additional 

factors, both known and unknown, are needed to achieve a functional repair 

mechanism. 

 NHEJ is focused around the YKU complex (Ku in humans) which functions as a 

central coordination center that translocates along broken strand acting as a docking 

station for the nucleases, polymerases, ligases and other factors that perform repair. 
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The YKU complex, a heterodimer comprised of Yku70 and Yku80, is a ring-shaped 

structure found in high abundance within the nucleus. YKU has high affinity for double-

stranded DNA ends and functions in telomere maintenance. There is also interplay 

between RPA and YKU wherein RPA binding can restrict YKU access to partially-resected 

ends but YKU can alternatively prevent further resection by Exo1 depending on the 

length and structure of the break overhang 116.  YKU and the MRX complex are amongst 

the first repair proteins to respond to a break and their antagonistic activities influence 

repair dynamics and pathway choice 117. If YKU is not removed, other core NHEJ proteins 

will be recruited to the break site including DNA ligase IV/Lif1 (Dnl4/Lif1). Binding of 

Dnl4-Lif1 to YKU stabilizes the protein-DNA interaction and initiates the formation of the 

NHEJ complex that recruits additional end-processing factors 118,119.  

The NHEJ complex assembling around YKU functions to protect broken ends and 

recruit repair factors but does not keep ends in proximity to one another. The MRX 

complex largely performs this function by bridging the gap between and tethering ends 

through a long coiled coil structure in Rad50 120,121. MRX performs multiple roles in both 

major pathways of DSB repair including in the resection of ends for HR but in the 

context of NHEJ, it is believed to function through the Yku-Dnl4 complex. Mre11 is 

capable of both endo and exonuclease activity but this function is limited in NHEJ. All 

three components of MRX have DNA binding affinity however Xrs2, particularly the FHA 

domain of Xrs2, plays multiple roles in promoting repair activity. If resection is not 
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required, Xrs2 promotes NHEJ through its interaction with Dnl4 and also functions to 

remove Ku at late stages to ensure repair continues to completion 97. 

Another core NHEJ repair factor is Nej1. In haploid cells, the loss of Nej1 is shown 

to decrease NHEJ efficiency 100-fold and significantly impair the accumulation of Lif1 in 

the nucleus 122. Binding of Nej1 to Ku, like Dnl4-Lif1, stabilizes the nucleoprotein 

structure 123. Once ends are stabilized in the correct orientation, a variety of end 

processing pathways, many of which are redundant, work to generate compatible ends 

that can be ligated by Dnl4-Lif1.  

The processing of broken DNA ends in preparation for NHEJ is accomplished by 

nucleases, polymerases and accessory factors. Several nucleases have been implicated 

in NHEJ including Exo1, Pol2, Mre11 and Rad27 97,124–126. Exo1 is believed to expose 

short sections of microhomology that can help to align strands prior to gap filling 124. 

DNA polymerase II (Pol2) functions as 3’ flap endonuclease that can remove aberrant 3’ 

ssDNA strands that are produced during iterative processing 126. The role that the Rad27 

flap endonuclease plays in NHEJ remains unclear. Rad27 interacts physically with Dnl4, 

Pol4 and Nej1 and has been shown to be recruited to break sites through Nej1 activity 

but there may be functionally redundant nucleases that can perform this role 118,125,127. 

During processing, gaps occur as a result of nuclease activity, the loss of nucleotides or 

from the annealing of short homologous regions. Highly adaptable polymerases are 

required to fill these unique gaps using unusual template structures. Members of the 

PolX family of polymerases generally fill this role. Mammalian cells have four members 
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of this family (Polλ, Polμ, Polβ, and TdT) while yeast has only one, the flexible Pol4 which 

possesses most of the properties of its mammalian counterparts Polλ and Polμ that 

allow it to perform gap filling in NHEJ 128. Pol4 is highly inaccurate but is able to function 

with limited homology beyond primer ends which may explain why it can promote 

chromosomal translocations when multiple breaks are present 129. Once gaps are filled 

and strands sufficiently aligned, a final ligation step is required to complete the repair 

process. 

The ATP driven DNA ligase complex interacts with all members of the core 

machinery. Dnl4 is inactive without its Lif1 component which functions as a mediator 

between the ligase and Xrs2/Nej1 121,130. In addition to these interactions, binding 

between the C-terminus of Yku80 and Dnl4 is important for efficient ligation activity. 

Nej1 also plays an important role in promoting ligation and when present allows for 

multiple ligations by a single Dnl4 molecule and reactivation following repair 123. 
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Figure 1.3: A simplified comparative model of NHEJ compared to HR. Ku binding (blue 
ring) recruits repair factors. MRX end-bridging keeps ends in close proximity while other 
repair factors process the ends prior to ligation by Dnl-Lif1. On the right, homologous 
recombination is performed beginning with end resection, strand invasion and D-loop 
formation followed by resolution.  

The core NHEJ machinery (YKU, MRX, Nej1, Dnl4-Lif1) and various associated end 

processing factors are able to efficiently resolve a wide variety of breaks, but additional 

regulatory factors continue to be identified that contribute to the coordination and 

control of these processes. For example, spindle checkpoint kinases Bub1 and Bub2 

were recently identified as novel repair factors that are recruited to break sites to 

phosphorylate effector kinase Tel and promote NHEJ and activation of the mitotic exit 

checkpoint 131.  Sub1 was also recently identified as an important factor that contributes 

to NHEJ efficiency in yeast and later observed to have a protective role in preventing 

damage caused by oxidative stress 132,133. Importantly, here we see recent examples of 
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how newly identified NHEJ repair factors can play significant roles in repair efficiency 

and fidelity despite not always functioning in coordination with the core machinery. 

Additionally, in both examples, the novel findings in a yeast model were translated into 

similar findings in mammalian systems with potential implications in the medical field.  

This trend, coupled with the robustness of the NHEJ pathway and functional 

applications in medicine, immunology and gene editing through new technologies such 

as CRISPR-cas9 mean it is important to identify and study any additional factors that 

contribute to the function of NHEJ. The effective use of computational tools and 

available databases can allow for the identification of new NHEJ factors/mechanisms as 

we have done here. 

1.3 Computational approaches to network analysis, interaction 
prediction and protein design 

 Several computational tools were used in this thesis project to predict novel 

gene functions, analyze findings, and design inhibitory proteins. Network analysis 

involves biological network integration, overlaying data from multiple databases to 

identify regions of high interconnectivity. GeneMANIA (www.genemania.org) is one 

such tool that allows for the imputation of gene lists. It searches co-expression data, 

physical and genetic interaction data, colocalization data, predicted protein–protein 

interaction data, and pathway and molecular interaction data to integrate the genes in 

your list with available data.  GeneMANIA clusters your gene list and creates a network 

where genes on the list interact with each other as much as possible. Similarly, g:Profiler 
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(https://biit.cs.ut.ee/gprofiler), another publicly available web server, characterizes 

gene lists and produces informative, visually appealing results. Benefits of g:Profiler 

include the ability to support ranked gene lists, recognition of multiple gene identifiers, 

and the ability to find orthologs and search for co-expressed genes from microarray 

databases. In addition to network integration tools, we also relied upon homology 

searches using BlastP, gene ontology analysis tools, the String® database and others to 

understand gene function. The PIPE protein interaction prediction tool, discussed 

elsewhere, was used to identify novel repair genes and interpret findings 50. The second 

chapter of this thesis describes an endeavor to re-engineer PIPE to design novel binding 

proteins.  

1.4 Focus 

Objective - 1: Contribute to the development of new tools to study functional 
genomics and systems biology 

This thesis relied on numerous bioinformatic tools developed by others as well 

as tools developed within our research group. It is important that new tools are 

continually developed to address deficits in a research field. One deficit identified over 

the course of this work was the lack of tools capable of designing novel proteins. As 

discussed in Chapter 2, most computational protein design (CPD) tools available modify 

known proteins and only a few can design new proteins de novo. We successfully 

developed a systems-based bioinformatics approach to engineer proteins that bind to a 

target of interest and avoid interacting with other proteins within the cellular 
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environment. InSiPS was also able to engineer a protein that binds and inhibits novel 

NHEJ repair factor Psk1 identified herein.  

 

Objective - 2: Use systems biology approaches to study the process of DNA double 
strand break repair 

 Understanding the process of DSB repair is important for fundamental biology, 

medicine, immunology, and genetic engineering. DSBs are extremely severe lesions that 

elicit a vast, interconnected global cellular response 92. To study such a pathway, 

systems-based tools provide the best chance of understanding mechanisms that 

function within the repair networks. Using such tools, we were able to identify and 

study three DSB repair factors – PSK1, ARP6 and DEF1. These findings will help 

contribute to the continually evolving model of NHEJ and may prove beneficial to 

applications in the future.  
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Chapter 2: In silico engineering of synthetic binding proteins from 
random amino acid sequences 

2.1 Abstract 

Synthetic proteins with high affinity and selectivity for a protein target can be 

used as research tools, biomarkers and pharmacological agents, but few methods exist 

to design such proteins de novo. To this end, the In-Silico Protein Synthesizer (InSiPS) 

was developed to design Synthetic Binding Proteins (SBPs) that bind pre-determined 

targets while minimizing off-target interactions. InSiPS is a genetic algorithm that refines 

a pool of random sequences over hundreds of generations of mutation and selection to 

produce SBPs with pre-specified binding characteristics. As a proof of concept, we 

design SBPs against three yeast proteins and demonstrate binding and functional 

inhibition of 2/3 targets in vivo. Peptide spot arrays confirm binding sites and a 

permutation array demonstrates target specificity. Our foundational approach will 

support the field of de novo design of small binding polypeptide motifs and has robust 

applicability while offering potential advantages over the limited number of techniques 

currently available. 
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Figure 2.1: Graphical summary of the methodology underlying Chapter 2.  
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2.2 Introduction 

Proteins are diverse macromolecules that form intricate and complex protein-

protein interaction (PPI) networks through selective affinity binding. These properties 

have driven an expansion in the field of protein and peptide design over the past decade 

134–137. Specifically, the ability to design synthetic proteins that can bind, label, and/or 

inhibit a specified target with high affinity are of primary importance and have the 

potential to replace antibodies and chemical compounds in a wide range of applications. 

Current methods to develop engineered binding proteins include peptide aptamer 

selection 138, directed evolution of display systems 139, and computational methods, the 

majority of which modify naturally occurring protein folds rather than designing novel 

structures ab initio 140–143. 

Computational protein design (CPD) can allow for the in silico evaluation of 

amino acid sequences on a scale that goes beyond the constraints of many laboratory 

approaches 144. Natural proteins represent only an infinitesimal portion of potential 

functional sequences, limiting the scope of most current CPD techniques 145. Many 

protein targets lie beyond the reach of natural protein folds or current approaches to 

developing binding peptides and searching randomized sequences space has been 

shown to successfully yield novel functional binding proteins 146,147. It is thought that 

true large-scale de novo protein design can expand beyond the confines of biologically 

derived molecules into the vast space of “never-born proteins” 148,149. This unexplored 
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sequence potential coupled with the fact that many protein-based therapeutics have 

been shown to be effective and well-tolerated in clinical trials 150,151 have made peptides 

a quickly expanding category of FDA approved drugs over the past twenty years 152,153.  

In addition to peptide-therapeutics, CPD has been used in recent years for 

developing ligand binding proteins 154, nanobiotechnology 155, enzyme design, and the 

development of antibody mimetics 156. Much of the recent focus has been on 

developing proteins to replace targeted antibody therapies 157,158. Rationally designed 

synthetic proteins with high affinity/specificity for a chosen target may become an 

important alternative to antibody-based biological drugs which experience numerous 

limitations including ineffective pharmacokinetics, a relatively large size, immunological 

complications, ethical questions and high production costs. Computational tools that 

can effectively design novel proteins specifically architected to interact with a wide 

range of targets are now beginning to emerge 159,160. 

We present a powerful massively-parallel computational tool that designs high-

affinity binding proteins for a given target. This tool is the first of its kind as it employs a 

unique genetic algorithm, actively minimizes off-target interactions during the design 

process and does not employ docking models or require information on the 3D 

structure of the target. The InSiPS algorithm begins with a pool of random amino acid 

sequences and, over many generations of fitness-based selection followed by mutation 

and crossover events, converges on sequences that are predicted to interact with a 

specified target and minimize interactions with non-targets (other proteins in the 
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environment) (Figure 2.2). InSiPS uses the co-occurrence of small interacting-motif pairs 

50,66 to predict PPIs and intelligently design proteins with desired interaction profiles. In 

this way, previously “undruggable” proteins 161, and those that lack a well-recognized 

binding pocket, may be targeted by this method. 

 

Figure 2.2: (A) An initial pool of random protein sequences 150 aa in length is created. 
Next, the primary loop is entered: sequences in the pool are evaluated, and subsequent 
generations are created. This process repeats for a minimum of 250 generations until a 
high-fitness peptide is produced. (B) PPI prediction. Sequences generated by InSiPS are 
evaluated using the Protein-Protein Interaction Prediction Engine (PIPE) . PIPE requires a 
validated global PPI network as input. Step 1: protein A is compared with all proteins in 
the known PPI network. A sliding window is used both on A and the proteins in the PPI 
network until some segment of A, starting at position i, matches a segment of some 
protein T in the network. All known interactors of T (neighbors) are put into a list to be 
used in the next step. Step 2: protein B is compared with the proteins in the neighbor's 
list in the same manner. When a segment of B, starting at position j, is found to match a 
segment of a protein from this list, the result matrix is incremented at position (i,j). This 
matrix represents all the segments in proteins A and B that co-occur in experimentally 
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validated PPIs and is used to predict if A and B interact. The interaction algorithm 
assigns a predicted interaction score between 0 and 1. Any pair scoring over 0.51 is 
predicted to interact with a specificity of 99.5%. The fitness of a protein sequence is 
calculated based on predicted interactions with targets-non-targets. (C) Generating the 
next generation of candidate sequences. First, a copy, mutate, or crossover operation is 
randomly chosen with a preset probability proportional to the fitness of a sequence as 
calculated in (B). This process is repeated until the next generation is complete. The 
algorithm is terminated after a minimum of 250 generations when the fitness score 
does not improve over 50 consecutive generations. 

The InSiPS algorithm evaluates the predicted affinity and specificity (fitness) of 

hundreds-of-thousands of sequences over hundreds of generations, meaning upwards 

of a billion predictions are made in a single run. This scale is difficult to achieve when 

using competing methods that rely on detailed 3D protein configuration data 162 and are 

thus limited by the computational restraints of working with docking models 163. Other 

CPD methods have employed sequence-based approaches to design proteins. For 

example, Fisher et al, 2011 utilized binary patterning of alternating polar and non-polar 

residues to yield biologically functional proteins in Escherichia coli 164. Keating and 

others have developed CLEVER and CLASSY, a method of cluster expansion which maps 

a complex function of atomic 3D coordinates from structure-based models of protein 

energetics to more simple linear functions of sequence. This change dramatically speeds 

up scoring and has been used to successfully design highly specific synthetic protein 

ligands against multiple basic region leucine zipper (bZIP) transcription factor families 

165,166. However, InSiPS differs from these methods and other sequence-based 

approaches as it uses sequential optimization of binding via a genetic algorithm without 
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any predetermined pattern or use of structural considerations, instead relying on 

conserved short, linear binding motifs.  

Conserved short linear motifs are known to mediate PPIs in a manner that is 

unique from the more classically accepted interactions between large, rigid domain 

structures 48,167 The more flexible linear motifs are ubiquitous across higher eukaryotes 

and are proposed to be capable of re-wiring PPI networks through the loss/gain of these 

functional modules 168. Our algorithm uses primary protein sequences and 

experimentally validated interaction networks to screen for the co-occurrence of such 

motifs common to known protein pairs. This technique has been used to accurately 

predict global PPI networks in a variety of organisms including S. cerevisiae, 

Caenorhabditis elegans, Mus musculus and humans (with a precision of 82.1%) 50,66. As a 

proof of concept, we aimed to design SBPs that could functionally inhibit non-essential 

endogenous proteins in the yeast S. cerevisiae.  

For ease of experimentation, 18 initial targets were chosen that fit our desired 

criteria of localizing to the cytoplasm, moderately size (200-1500aa) and stable 

abundance (500-5000 molecules per cell) in addition to possessing readily observable 

phenotypes when the encoding gene is deleted or the protein product is functionally 

inhibited. 3/18 targets with varying fitness scores were selected for wet-lab 

experimentation: (1) Psk1, a serine/threonine kinase which plays a role in regulating 

sugar metabolism, (2) Pin4, a protein involved in G2-M phase progression following DNA 

damage, and (3) Rmd1, a protein involved in meiotic nuclear division. The engineered 
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SBPs were specifically designed to avoid interactions with ~1700 yeast cytoplasmic 

proteins (designated as non-targets). A length of 150aa was chosen for this project to 

ensure that the majority of predicted interaction motifs are included within the SBP 

sequence. Only a subsection of this 150aa polypeptide, which also contains a 6xHIS tag 

for affinity purification, is likely required for binding. We evaluated the ability of anti-

Psk1, anti-Pin4, and anti-Rmd1 to bind/inhibit their respective targets using a series of 

phenotypic assays and binding experiments. See Table S2-S3 for a complete list of InSiPS 

results for all target proteins considered in this study. Our results validate the ability of 

this approach to computationally engineer unique SBPs.  

Because InSiPS does not begin with a template but rather a pool of random 

sequences, the algorithm has the potential to search sequence space beyond biological 

barriers and is not constrained to naturally occurring sequences. Moreover, because of 

efficient parallelization of the algorithm, hundreds of thousands of predictions can be 

made during each “generation” of the genetic algorithm, allowing strong selective 

pressure to be applied to maximize binding affinity and specificity. Ultimately, InSiPS-

engineered proteins may be useful for research, biotechnology, or as pharmacological 

agents. 
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2.3 Materials and methods 

2.3.1 InSiPS algorithm 

The InSiPS algorithm aims to design protein sequences that are predicted to 

interact specifically with a given target. Formally, a problem is presented to InSiPS in the 

form of a target protein sequence and a set of non-target protein sequences (off-

targets). For each protein design problem addressed in this manuscript, InSiPS was 

provided the sequences of the given target protein and the sequences of 1701 off-target 

yeast proteins known to localize to the cytoplasm. InSiPS then uses a genetic algorithm 

to design functional peptides. It starts with an initial population of 1000 randomly 

generated sequences.  

Next, the fitness of each sequence is calculated based on the predicted 

interaction scores of the given sequence and the target/non-targets. Once all of the 

sequences in the current population have been evaluated, the next generation is 

created. Three operations are used to build the next generation: copy, mutate, 

crossover. The copy operation simply selects a sequence from the current generation 

and places it in the next generation. The mutate operation selects a sequence from the 

current generation and randomly mutates amino acids in said sequence with a fixed 

probability and transfers the resulting sequence in the next generation. The cross-over 

operation selects two sequences from the current population, chooses a random point 

at which to split the two sequences, exchanges the ends of the sequences and places 
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the resulting new sequences in the next generation. Each operation needs to select at 

least one sequence from the current population, which is done randomly with each 

sequence’s probability of being selected being proportional to its fitness. The probability 

of selecting the copy, mutation or cross-over operation as well as the rate of mutation 

can all be manually set. These parameters were set to 0.1, 0.4, 0.5 and 0.05, 

respectively, for all runs described here. This process of evaluation and creation was 

repeated for a minimum of 250 generations at which point the algorithm did not 

terminated until the fitness score of the best individual sequence observed did not 

improve for a further 50 generations. The three SBPs with the highest fitness score were 

chosen and re-run three times using random seeds and the highest scoring SBP was 

chosen for follow-up investigations. 

2.3.2 Fitness function 

InSiPS employs a well-established protein-protein interaction prediction tool 

known as PIPE (protein-protein interaction prediction engine) 66,169 to predict the 

likelihood of sequences physically interacting with targets and non-targets. PIPE has 

successfully predicted proteome wide interaction maps in several species including S. 

cerevisiae, Schizosaccharomyces pombe, Caenorhabditis elegans, and humans at an 

extremely high specificity (99.95%) 66. The method is purely sequence based and has 

been independently shown to outperform competing PPI prediction methods in recall 

precision 170 with a nearly negligible false positive rate of 0.05%.  
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To predict if a given pair of proteins interact, PIPE looks for motif pairs which co-occur in 

the query protein pairs and in the database of known interactions. If PIPE can build 

enough evidence of interaction via these co-occurrences, the protein pair will be 

predicted to interact. For full details on the PIPE algorithm, see 50. To assign a fitness to 

a given protein sequence produced by InSiPS, PIPE is used to evaluate the predicted 

interaction profile of each sequence generated (likelihood of interacting with the target 

vs non-targets). The resulting prediction scores are combined into a single score using 

the InSiPS fitness function. This function rewards target binding and penalizes predicted 

off-target interactions. The fitness of a given sequence calculated as follows:  

Fitness(seq) = [1 - MAX(PIPE(seq, non-targets)) x PIPE (seq, target)].  

For each target, InSiPS generates an ordered list of sequences which maximize this 

fitness function. Importantly, this list generally includes several unique peptides that 

have limited homology to known proteins. 

2.3.3. Target protein selection 

18 endogenous yeast proteins with the following characteristics were chosen as 
experimental candidate targets; 

i. localized to cytoplasm 

ii. between 500-1500aa in size 

iii. moderate abundance (3,000-10,000 copies per cell) 

iv. mutants demonstrate readily observable phenotypes (drug 
sensitivies/resistance) 



43 
 

InSiPS generated an optimized anti-target protein for each of the 18 yeast cytoplasmic 

protein targets. The proteins with the top three highest anti-target scores (Rmd1, Pin4 

and Psk1) were each re-run three more times using different random seeds. The best 

results from these runs were forwarded for experimental validation.   

2.3.4 Strains, vectors and media 

Output sequences from InSiPS for anti-Rmd1, anti-Pin4, and anti-Psk1 (Table 1) 

were synthetized by GeneArt®, a division of Invitrogen/ThermoFisher and cloned into 

the pYES2 expression cassette. The open reading frame (ORF) of the synthetic proteins is 

under the control of a GAL1 promoter and a 6X His tag was added to the C-terminus. 

The cassette was also sub-cloned into pBI881 for use in yeast-two hybrid and affinity 

purification assays.  

Drug sensitivity assays were performed using variations of S. cerevisiae S288C 

(MAT a orfΔ::kanMX4 his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ), described in (Winzeler et al 

1999). GFP experiments were performed in an EY0986 (MATa his3Δ1 leu2Δ0 met15Δ0 

ura3Δ0) background (Huh 2013). Yeast-2-hybrid experiments were performed in 

MAV203 (MaV203 (MATanti leu2–3, 112, trp 1–901, his3Δ200, ade2–101, gal4Δ, gal80Δ, 

SPAL10∷URA3, GAL1∷lacZ, HIS3UAS GAL1∷HIS3@LYS2, can1R, cyh2R).  

Strains were maintained in complete yeast medium YPD (yeast extract, peptone, 

2% dextrose) or autotrophic medium (yeast nitrogen base, yeast extract, and an amino 

acid supplement lacking the appropriate amino acid (-leu lacking leucine, -ura lacking 
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uracil, -trp lacking tryptophan, or –leu/-trp lacking leucine and tryptophan). Expression 

of synthetic proteins in yeast was achieved using medium supplemented with 2% 

galactose. Synthetic complete (SC) medium (yeast nitrogen base, yeast extract, and a 

complete amino acid supplement) was used as a complete medium when comparing to 

strains grown in autotrophic media. E. coli strains were grown in Lysogeny Broth 

medium with 50μg/mL ampicillin for selection.  

2.3.5 Chemical sensitivity analysis 

Colony count analysis used S288C strains containing pYES2 plasmids expressing 

either anti-Psk1 or anti-Pin4 were grown to saturation in 5mL of –ura liquid medium. A 

strain using an empty plasmid was used as a WT control. Cultures were then serially 

diluted in sterile distilled water from 10-1 to 10-4. 100μL of the 10-4
 dilution was spread 

on YP-galactose agar plates for the control condition and plates were grown at 30oC for 

48 hours. For the experimental condition, 100μL of the 10-4 dilution was spread on YP-

galactose plates containing 65ng/mL cycloheximide for the Pin4 experiment and for 

anti-Psk1, the plates were exposed to 30 sec of UV radiation. Colony counts are 

represented as the ratio of colony forming units (CFUs) counted on the experimental 

condition plates over the number of CFUs on control plates normalized to the ratio of 

the WT + background plasmid strain in the same conditions. 

For growth curve analyses, S288C strains containing pYES2 plasmids expressing 

either anti-Psk1 or anti-Pin4 were grown overnight to saturation in 5mL of –
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ura+2%dextrose. A strain using an empty plasmid was used as a WT and single deletion 

mutants as a positive control. Overnight cultures were diluted so that starting densities 

were consistent at OD600= ~0.4. Cultures were grown in appropriate medium over 8 

hours with OD600 readings taken every 60 minutes. Drug conditions for anti-Psk1 were 

0.02% v/v for methyl methanesulfonate (from Sigma Aldrich) and 1.0 mM H202. Drug 

conditions for anti-Pin4 were hygromycin 10μg/mL and 0.1mM arsenite. OD600 values 

were normalized to control conditions.  

2.3.6 GFP-tagged target analysis 

S228C-derived strains with GFP-tagged targets were obtained from the yeast-

GFP collection analyzed to identify any alteration to the fluorescent signal when anti-

target proteins were expressed 35. Cultures were grown to saturation in 5ml of YP+ 2% 

glucose or –ura +2% glucose. 10μL of each saturated culture was used to inoculate wells 

containing 190μL of either YPD or YP-galactose in microplates. Fluorescent 

determinations were made every 15 minutes using a BioTek FL600 microplate reader at 

30oC shaking orbitally prior to readings and plotted over 6 hours. 

2.3.7 Yeast-2-hybrid construct preparation 

The ORFs of anti-Pin4 and anti-Psk1 were amplified from the synthesized pYES2 

expression plasmids using primers with unique recognition sites to facilitate cloning into 

the prey (GAL4-TA) plasmid pBI-881 171. The ORF of Pin4 and Psk1 were amplified from 

commercially available BG1805 yeast overexpression plasmids obtained from GE-
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Dharmacon 172 using unique restriction sequences and cloned into the bait (GAL4-DB) 

plasmid pB880. The anti-Pin4, anti-Psk1 inserts were cloned into pBI881 and Pin4 and 

Psk1 inserts were introduced into pBI880 using SalI-NotI recognition sequences. Primer 

sequences are found in the supplementary material (Supplementary Material 3). 

Transformants containing pBI880 were selected on –leu plates and plated on –ura plates 

to ensure plasmids did not self-initiate. Double-transformants containing both the 

appropriate pBI881 and BI880 plasmids were selected on –leu/-tryp minimal medium 

plates.  

2.3.8 Yeast-2-hybrid assays 

Analysis of Y2H interactions was performed using three reporter assays which 

measure expression of designated ORFs under the control of unique promoter sites 

influenced by the presence of a reconstituted Gal4 transcription factor. In MAV203, Gal4 

activates transcription of URA3, HIS3 (competitively inhibited by 3-aminotriazole), and 

Beta-galactosidase. Firstly, to measure URA3 expression, a growth curve was 

constructed using liquid minimal medium lacking uracil and containing 2% galactose (-

ura/GAL). 5mL cultures were grown to saturation in –leucine/-tryptophan and used to 

inoculate 40mL of –ura/GAL medium. Cultures were grown at 30oC shaking at 160RPM 

over 8 hours. Samples were taken every 60 minutes and OD600 was read. Secondly, CFU 

counts on medium containing 25mM 3-AT were performed. Again, 5mL cultures were 

grown to saturation in –leu/-trp. 10-4 dilutions were plated on complete medium and 
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10-3 dilutions were plated on SC+3AT. Results are expressed as the number of colonies 

on SC+3AT plates (x10) over the number of colonies on SC. Thirdly, β-galactosidase 

activity was measured using the liquid culture ONPG substrate assay with 30 minutes 

selected as an endpoint as previously described 173.  

2.3.9 Protein purification and SPOT array analysis 

For purification, proteins were expressed in E. coli with a 6X-HIS tag were affinity 

purified using Ni-NTA agarose resin using a Bio-Rad gravity flow column according to 

manufacturer protocols. Individual peptides were synthesized at 0.1-mmol scale on a 

Multipep RSi peptide synthesizer (Intavis Inc.) using standard Fmoc (N-(9-fluorenyl) 

methoxycarbonyl) chemistry. For fluorescein labeling, an appropriate amount of 5-(and-

6)-carboxyfluorescein succinimidyl ester was added to a peptide resin, and the coupling 

reaction was allowed to proceed for 1 h at room temperature. Upon cleavage of a 

peptide from the resin using trifluoroacetic acid, the fluorescein-labeled peptide was 

separated from the unlabeled peptide by HPLC on a C18 column. Identities of the 

peptides were confirmed by mass spectrometry.  

Peptide SPOT arrays were synthesized as described previously 174. All peptide 

SPOT arrays were blocked with 5% BSA in TBST (0.1 M Tris-HCl, pH 7.4, 150 mM NaCl, 

and 0.1% Tween 20) for 1 h. Purified protein was added directly in the blocking buffer to 

a final concentration of 1 uM and incubated with the SPOT array at room temperature 

for 1 h. The array was then washed 3 × 5 min with TBST before a rabbit anti-His antibody 
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(1:4000 dilution in TBST; Cat# ab3553, Abcam) was added. The membrane was allowed 

to incubate at room temperature for 30 min prior to 3 × 5-min washes with TBST. After 

final 3 × 5-min washes in TBST, the SPOT arrays were visualized by enhanced HRP-based 

chemiluminescence. 

Fluorescent polarization measurements were performed as described previously 

174. A varied amount of a purified 6xHis-anti-Psk1 was titrated to a fluorescent peptide 

solution in 20 mM PBS, pH 7.0, 100 mM NaCl. The mixtures were allowed to incubate in 

a dark environment for 30 min prior to fluorescent anisotropy measurements at 20 °C. 

Binding curves were generated by fitting the isothermal binding data to a hyperbola 

nonlinear regression model using Prism 3.0 (GraphPad Software, Inc., San Diego, CA), 

which also produced the corresponding dissociation constants (Kd). 

2.4 Results 

2.4.1 Synthetic protein design 

A preliminary run of InSiPS was used to evaluate initial SBP designs against 18 

yeast targets. Our genetic algorithm assigns each candidate protein sequence a fitness 

(interaction) score between 0 and 1, balancing affinity for the target with specificity 

(Figure 2.1.A). For all cases, InSiPS was able to design SBPs with substantially stronger 

predicted affinity for the designated target than the highest likely “non-target” protein. 

Of the three target proteins chosen for wet lab experimentation, InSiPS successfully 

created proteins that had significantly higher affinity for the target than the highest non-
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target predicted score 175. Additionally, all SBPs produced very low average non-target 

scores (Figure 2.1.B .and Table 2.1), highlighting the selectivity of SBPs, and showed 

limited sequence homology to known yeast proteins (Appendix 8.1). 
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Figure 2.3: A) A heat map of the InSiPS fitness functions showing fitness as a function of 
affinity for the target PIPE(seq,target) and non-targets MAX(PIPE(seq,non-targets). B) 
The PIPE-predicted interaction score against respective targets (solid line), the highest-
scoring non-target (dashed-line) and the average non-target score (dotted line). The 
solid black line indicates the PIPE interaction threshold above which, an interaction is 
predicted to occur with a false positive rate of <0.5%. 
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Of the three designed SBPs selected for wet-lab experimentation, anti-Psk1 

demonstrated the highest fitness (0.465) followed by anti-Pin4 (0.380) and anti-Rmd1 

(0.344). All three anti-target proteins showed relatively strong interaction scores against 

their respective targets (Psk1 – 0.718, Pin4 – 0.630, Rmd1-0.563). In all cases, the scores 

of all the non-target proteins are below the threshold of 0.51 at which the algorithm 

would predict an interaction, meaning no off-target interactions are predicted. InSiPS 

appears to work better for some targets than others. 

Table 2.1: InSiPS Predictions Suggest High Affinity of SBPs for Target Proteins and No 
Predicted Off-target Interactions 

 

Anti-Psk1 exceeds the other two anti-target proteins in terms of maximizing 

target score and minimizing of the max non-target score. InSiPS was able to effectively 

design binding proteins for all targets considered (Appendix 8.1) but only three targets 

were selected for wet-lab experimentation. To evaluate the novelty of the anti-target 

proteins, the sequences were compared against the yeast proteome using BlastP. The 

results show limited sequence similarity to yeast proteins (Appendix 8.1). Anti-Psk1 

most closely resembles the known Psk1 interactor Mmp1 and aligns with 34% coverage 

and a maximum 52% identity over 38aa. Anti-Pin4 has sequence homology to a single 

yeast protein, Esl1, a known interactor of Pin4 with 29% sequence identity over a region 



52 
 

representing only 3% of the total protein sequence. Anti-Rmd1 was found to have 

significant sequence homology with two proteins, Sec14 with a maximum 52% sequence 

identity over 29aa and Pmt5 with a maximum 28% sequence identity. However, neither 

of these proteins are known to interact with Rmd1. 

2.4.2 In vivo analysis of functional activity 

We hypothesized that the expression of our anti-target proteins may inhibit the 

function of the target proteins if biologically significant binding occurs in vivo. To this 

end, we expressed the SBPs in S. cerevisiae and performed three assays that examined 

conditional viability/growth rate, and effects on protein distribution (Figure 2.4). To test 

if the anti-Psk1 SBP can functionally inhibit Psk1, we induced oxidative stress and 

compared viability and growth rate to WT and Δpsk1 strains as the loss of PSK1 is known 

to increase sensitivity to UV light and oxidizing agents 176. Anti-Psk1 expression 

phenocopies the Δpsk1 mutant, consistent with inhibition of protein function (Figure 

2.3). As seen in Figure 2.4.A,C, Δpsk1 is sensitive to UV irradiation and exposure to H2O2, 

phenotypes that were also seen when anti-Psk1 is expressed. UV exposure decreased 

viability in Δpsk1 by 85% and by 83% when anti-Psk1 is expressed. To determine if the 

sensitivity observed was the result of the anti-Psk1 protein and not other factors, we 

expressed anti-Psk1 in the Δpsk1 strain and observed no significant alteration to 

viability. Growth curve analysis showed that exposure to H2O2 decreased the growth 

rate of cells expressing anti-Psk1 relative to WT cells which strongly resembles the Δpsk1 
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phenotype (Figure 2.4.C). Additionally, expression of anti-Psk1 resulted in a significant 

change (net decrease) in the fluorescent signal of GFP-tagged-Psk1 protein suggesting 

possible aggregation or degradation of the target (Figure 2.4.E). 
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Figure 2.4: Strains expressing anti-Psk1 and anti-Pin4 can phenocopy deletion mutants 
of the target proteins and alter target protein expression/assembly. (A and B) Viability of 
cells under strain-specific stress condition shows that anti-Psk1 and anti-Pin4 expression 
can produce phenotypes that resemble loss of function mutants of the target proteins. 
(A and B) Average normalized colony-forming unit (CFU) counts from four trials are 
displayed as mean ± SD. Stress conditions in trial were (A) exposure to UV light for 30 s 
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for the anti-Psk1 trial and (B) exposure to cycloheximide (65 ng/mL) for the Pin4 trial. (C 
and D) Expression of anti-target SBPs produces growth defects under strain-specific 
stress conditions that resemble deletion of the target. Three replicates of each culture 
or condition were grown for 12 h in liquid YPG (Yeast extract/Peptone/Galactose) + drug 
media and OD600 was measured hourly. This experiment was repeated three times. 
Error bars represent SD among replicates, and a polynomial line of best fit is presented. 
(C) Δpsk1 sensitivity to H2O2 resembles the phenotype of strains expressing anti-Psk1. 
Cells were grown in medium containing 0.75 mM H2O2. (D) Δpin4 sensitivity to 13 μM 
hygromycin resembles the phenotype of strains expressing anti-Pin4. (E and F) Observed 
alteration of fluorescence profile of GFP-tagged targets when anti-target proteins are 
expressed. Aliquots of WT + anti-target protein cells from the same culture were used to 
inoculate complete medium with either 4% galactose (where anti-target SBP is 
expressed) or 4% glucose (where anti-target SBP is repressed), and overall fluorescent 
signal from three independent cultures for each condition were measured over time and 
normalized to the growth rate.  

We performed the same assays as above to test for any functional inhibition of 

Pin4 by the anti-Pin4 protein. The deletion of PIN4 is known to cause yeast cells to 

become sensitive to inhibitors of protein synthesis such as cycloheximide and 

hygromycin B 177. Culturing in the presence of 65 ng/mL cycloheximide decreased 

viability in Δpin4 by 67%, WT+ anti-Pin4 by 34% and Δpin4+ anti-Pin4 by 35% (Figure 

2.3.B). Growth curves show similar sensitivity of WT+anti-Pin4 and Δpin4 to hygromycin 

B (Figure 2.3.D). These results show that anti-Pin4 sensitizes cells to translational 

inhibitors, suggesting functional inhibition of Pin4. Additionally, cells expressing anti-

Pin4 become sensitive to arsenite in a manner similar to Δpin4 (Appendix 8.1). The 

expression of anti-Pin4 decreased the net fluorescent signal of GFP-tagged Pin4. 

Together these results suggest partial functional inhibition of target protein function. 

The third target selected for experimentation, Rmd1, was analyzed to detect if 

phenotypic changes can be produced through expression of the anti-Rmd1 protein. 
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However, no significant alteration to conditional viability/sensitivity to β-

mercaptoethanol or L-1,4-dithiothreitol exposure similar to Δrmd1 was observed and no 

significant change to the fluorescent profile of GFP-tagged Rmd1 was detected when 

anti-Rmd1 was expressed. For these reasons, we chose not to experiment further using 

the anti-Rmd1 peptide as the aim of this project was to demonstrate functional 

inhibition through binding. This observation suggests that not all designed anti-target 

peptides are functionally effective. 

2.4.3 Yeast-2-hybrid binding analysis 

Together, the results displayed in Figure 2.4 suggest that anti-Psk1 and anti-Pin4 

possibly bind to and alter the endogenous functionality of their respective targets. To 

confirm that binary PPIs between Psk1/anti-Psk1 and Pin4/anti-Pin4 occur in vivo, we 

performed a series of Y2H assays. Three reporter genes were present in our Y2H strain 

which are all induced by Gal4 reconstitution and three independent reporter assays 

were employed to test for interactions (see 2.3 Materials and Methods). In this way, the 

reconstitution of GAL4 by a physical interaction between the bait (target) and prey (anti-

target) will induce growth on minimal medium lacking uracil, activate lacZ activity, and 

provide resistance to 3-AT. All three reporter assays showed binding signals indicating 

physical interactions between the two target/anti-target combinations in vivo (Figure 2-

4). Figure 2.5.C indicates that binding affinity between anti-Pin4/Pin4 may be lower than 
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the anti-Psk1/Psk1 affinity as this β-galactosidase assay is the most quantifiable of the 

three Y2H assays employed. 

 

Figure 2.5: Yeast-2-hybrid analysis indicates direct physical interactions between target 
and anti-target proteins. (A and B) (A) Positive Y2H results using uracil reporter assay. A 
growth curve in minimal medium lacking uracil shows that Pin4/anti-Pin4 and Psk1/anti-
Psk1 bait-prey combinations grow better than the negative control strain, indicating a 
PPI between bait and prey proteins through expression of the URA3 reporter. Triplicate 
trials produced similar positive results, but the results from a single trial are shown. (B) 
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Positive Y2H result for Pin4/anti-Pin4 and Psk1/anti-Psk1 bait-prey combinations based 
on resistance to 3-aminotriazole (3-AT). Normalized colony-forming unit (CFU) counts 
for triplicate trials on minimal medium lacking histidine +25 mM 3-AT resistance in test 
bait-prey combinations and in the positive control are presented as mean ± SD. (C) 
Positive Y2H result for Pin4/anti-Pin4 and Psk1/anti-Psk1 bait-prey combinations using a 
β-galactosidase reporter. Miller units are used to quantify β-galactosidase activity by 
measuring the hydrolysis of ortho-Nitrophenyl-β-galactoside (ONPG) 
spectrophotometrically. Relative β-gal activity (fold change) from triplicate trials is 
shown relative to negative control ± SD. The Psk1/anti-Psk1 interaction produced a 
stronger signal than Pin4/anti-Pin4. 

 

2.4.4 Peptide spot-array analyses show that binding on targets occurs at 

predicated loci 

Positive results in our Y2H assays further support binding between target and 

anti-target proteins in a biological system. To probe these interactions in vitro and to 

further evaluate target interaction sites, a walking peptide spot array was used (Figure 

2.6) 174. Because InSiPS predicts regions on both the target and anti-target proteins 

responsible for binding, it provides a starting point to probe the binding regions. Using 

InSiPS-predicted interaction sites, we designed walking peptide arrays that probed the 

predicted interaction site of the target and flanking regions using 18aa motifs shifting at 

single amino acid intervals. As seen in Figure 2.6.A,B, very specific residues on both 

interacting partners are proposed to facilitate binding (dark green regions). Interactions 

between both anti-Psk1/Psk1 and anti-Pin4/Pin4 were shown to occur within or directly 

adjacent to PIPE-predicted interaction regions (Figure 2.6.C,D). 
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Figure 2.6: Walking peptide SPOT arrays indicate specific binding regions. SPOT arrays 
containing 18-aa-long printed peptides corresponding to subsequences from within the 
predicted interaction regions of target protein at single amino acids intervals. (A and B) 
Predicted interaction matrices highlight the predicted interaction regions between 
target (x axis) and anti-target (y axis). (A) The anti-Psk1/Psk1 interaction site was 



60 
 

predicted to occur between residues 1209–1246 of the PSK1 protein. (B) The Pin4/anti-
Pin4 interaction site was predicted to occur between residues 472–506 on Pin4. (C and 
D) SPOT arrays of predicted target binding sites and flanking regions probed with 6xHis-
tagged anti-target proteins followed by detection using an anti-His antibody. (C) Specific 
binding of the anti-Psk1 protein to the target was detected between amino acids 1204–
1228 (D) Specific binding of the anti-Pin4 protein to the target was detected between 
amino acids 436–458. (E-F) Relative binding of SPOT array peptides indicates highly 
specific binding regions with highest relative binding.  

This further supports the biological validity of our CPD method for engineering 

binding proteins and demonstrates the specificity of the engineered proteins. A very 

specific site was predicted to mediate the Psk1/anti-Psk1 interaction. This interaction 

region spans residues 1209-1247 in Psk1 and residues 47-69 (22 amino acids long) on 

the anti-Psk1 designed protein. Peptides spanning the Psk1 target region and flanking 

residues were probed with purified 6XHis-tagged anti-Psk1. As expected, our 

observations using a walking array indicate an overlap between the predicted 

interaction site and the actual binding sites indicated by the peptide array. Interestingly, 

the predicted interacting region on anti-Psk1 residues are in an area that does not have 

significant sequence-homology to Mmp1 (Appendix 8.1), the protein in the yeast 

proteome with the greatest sequence homology to anti-Psk1. Here we see how InSiPS 

demonstrates its ability to focus in on specific small interacting motifs that facilitate 

direct protein binding. Walking SPOT array analysis of the predicted Pin4 interaction 

region indicated a single motif which facilitates the observed binding between Pin4 and 

anti-Pin4 which again corresponded closely to the region predicted by InSiPS. A single 

region spanning residues 440-466 demonstrated binding affinity for the anti-target 
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protein in the walking array. This further supports the premise that InSiPS can 

successfully engineer proteins that bind through short interaction motifs.  

Although specific binding of both anti-Psk1 and anti-Pin4 synthetic proteins to short sub-

sequences within the target protein was observed in the walking peptide SPOT array 

(Figure 2.6.C,D). We further studied the interaction between Psk1/anti-Psk1 as this 

peptide demonstrated the highest fitness score (Table 2.1), strongest Y2H signal (Figure 

2.5.), and greatest functional inhibition of the target (Figure 2.4.A,B). The walking array 

results showed that the highest binding intensity occurred between anti-Psk1 and a 

truncated version of Psk1 spanning residues 1207-1224. We probed this interaction 

region using a permutation array to determine which residues are most essential for 

binding by making single amino acid substitutions at all positions and monitoring the 

effect on binding affinity. 

2.4.5 Investigation of the Psk1 binding motif  

Permutation array analysis showed that amino acids 1218-1224 on Psk1 appear 

most essential to the interaction (Figure 2.7). This region that has 3 identical residues 

with the highest-scoring predicted off-target interactor Ubi4, 1219K, 1221L, and 1223D. 

However, the residues which have the greatest influence on the affinity between 

Psk1/anti-Psk1 binding are two histidines at 1220H and 1222H such that any 

substitution at these loci abolishes the interaction. Notably, on Ubi4, the off-target 

protein predicted to be the most-likely to interact with anti-Psk1, the corresponding 
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residues are glutamine (Q) and glutamate (E). Importantly, both single amino acid 

substitutions, H→Q and a H→E demonstrated significantly decreased affinity for anti-

Psk1 protein and suggesting relatively lower affinity for the Ubi4 (Figure 2.7.D).  

 

Figure 2.7:  Characterization of Psk1 interaction motif and binding affinity. A) A 
permutation array demonstrates the relative binding affinity of anti-Psk1 to the Psk1 
interaction motif (1207-1224). Peptides that correspond to the natural Psk1 protein 
sequence are encircled in white. Spot coloring illustrates the relative binding intensity of 
single amino acid substitutions at each position. B) Binding curve of the Psk1 interaction 
motif and anti-Psk1 produced by fluorescent polarization shows saturable binding in the 
nanomolar range. C) An anti-Psk1 recognition motif based on a position-scoring matrix 
representing the results from the permutation array in (A). D)   
 

The specificity of our peptides is shown by the limited number of acceptable 

substitutions at these two key loci. Despite the sequence homology to this region on 

Ubi4, key residues 1222H and 1224H are expected to limit binding by anti-Psk1. 
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To gauge the affinity of the anti-Psk1 protein against the predicted Psk1 binding site, 

fluorescent peptides corresponding to the Psk1 1207-1224 amino acid sequence were 

synthesized and purified for binding studies in solution. As shown in Figure 2.7.B, 

binding of the Psk1 (1207-1224) peptide to anti-Psk1 assumed saturable patterns with a 

Kd value of 2.2nM. Together these results demonstrate the ability of InSiPS to engineer 

a small synthetic binding peptide with limited sequence homology to natural proteins 

that can bind with high affinity to their designated targets. 

2.5 Discussion 

We have designed and validated a unique computational tool, InSiPS, for 

engineering proteins that bind specified protein targets with high affinity. InSiPS offers 

multiple strengths over current CPD tools because of its unique methodology. By 

functioning as a genetic algorithm and analyzing thousands of candidate sequences over 

hundreds of generations, InSiPS can engineer high confidence binding proteins which 

limits the need for costly and time-intensive speculative laboratory trials using classical 

enrichment techniques. Because the algorithm analyses PPIs using patterns of primary 

amino acid sequences, it is not limited to working on proteins with known high-

resolution 3D structures/domains 178 and is free of the requirement for known 3D 

pockets. In this way it expands our ability to tackle diverse protein targets. InSiPS also 

has the unique advantage of actively avoiding interactions with thousands of off-target 

proteins. This robust algorithm has broad applicability and could theoretically be used to 
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target various proteins. These features, coupled with the wide variability of potential 

future applications (for example, in the areas of biomarkers and pharmacological agent 

development), make InSiPS a powerful CPD tool.  

The efficacy of the InSiPS algorithm is demonstrated here through the successful 

engineering, production, and biological analysis of two SBPs, anti-Psk1 and anti-Pin4, 

which successfully bind to respective targets Psk1 and Pin4. Each binding protein was 

the manifestation of hundreds of generations of the genetic algorithm and upwards of a 

billion PPI predictions. Both SBPs had limited sequence-homology to endogenous yeast 

proteins and demonstrated relative high fitness scores (0.465, 0.380), predicting strong 

affinity for their target proteins and low affinity for all other proteins localized to the 

yeast cytoplasm. Consecutive biological assays verified the ability of these proteins to 

bind their targets both in vivo and in vitro and inhibit their natural biological functions. 

Preliminary validation experiments indicated that the expression of anti-target 

proteins anti-Psk1 and anti-Pin-4 could functionally inhibit target proteins and produce 

phenotypes that resembled Δpsk1 and Δpin4, respectively (Figure 2.3.A-D). Y2H analysis 

indicated binary interactions between target and anti-target proteins in vivo (Figure 2.4) 

and a peptide spot array was probed in vitro to identify specific binding motifs on Psk1 

and Pin4 responsible for mediating interactions. These results suggest binary 

interactions are occurring between anti-Psk1/Psk1 and anti-Pin4/Pin4 within predicted 

target regions, but further study is needed to understand binding dynamics. The anti-

Psk1/Psk1 interaction was further probed as it exhibited the highest fitness score, 
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binding affinity, Y2H signal, and functional inhibition of the target. Permutation analysis 

showed that a single amino acid changes to the target binding site can prevent binding 

of anti-target proteins. This demonstrates the ability of the genetic algorithm to 

“evolve” proteins that possess significant binding specificity by searching beyond natural 

sequence configurations. Fluorescence polarization of the Psk1 binding motif and anti-

Psk1 protein demonstrated a saturable pattern with a Kd value of 2.2nM. The strong 

affinity of the anti-Psk1 protein for its target coupled with the specificity observed in the 

permutation analysis lends further support to the ability of the InSiPS algorithm to 

efficiently design proteins sequences with desired interaction properties. 

 Our method has furthered the field of de novo computational design of short 

binding polypeptides and offers promising preliminary findings, but more work is 

required to expand the reach and efficiency of the method. The current framework 

restricts InSiPS to working on annotated proteins within known PPI networks. The 

technology may be applicable in other systems, but this has not yet been shown. The 

algorithm also does not directly consider protein stability but combines aspects of 

known functional motifs to confer bioactivity. Because InSiPS functions in the realm of 

flexible linear motifs, limited structural considerations are required. Future work will 

examine incorporating additional structural prediction tools to predict stability and 

folding patterns. Another limitation may be the applicability of our approach to tackle 

different targets. In the current study, we started with 3 potential targets. In our first 

attempt we generated high scoring anti-peptides with limited off-target interactions for 
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2/3 of the targets. Since each round of computation begins with a random pool of 

sequences, further iterations of InSiPS may identify suitable anti-peptides for Rmd1. 

However, with low sample numbers it remains difficult to speculate about the broad 

applicability of our approach to different proteins. InSiPS may also be constrained if the 

desired target is a member of a protein family with highly similar sequences or shares 

significant sequence similarity to other proteins in the cell. Lastly, the specificity of these 

proteins remains unclear despite being engineered to avoid off-target interactions. Only 

indirect and predicted evidence that our anti-target proteins avoid off-target 

interactions is provided in this manuscript. We did not observe significant changes in 

observable phenotypes when the target protein is deleted and the anti-target protein is 

expressed. 

The current study furthers the emerging field of de novo binding protein/peptide 

design which strives to explore beyond natural protein sequence space and create 

functional high-specificity proteins that often are not found in nature. The majority of 

previous approaches to protein engineering have involved intelligent manipulation of 

naturally occurring proteins but CPD is now quickly entering a new era of de novo 

design. Most major advances in de novo CPD over the past few years have focused on 

mastering protein folding/structure prediction and using these principles to design 

simple novel protein structures 179. For the most part, these newly designed proteins are 

structural with limited functionality and have simply served to lay the groundwork for 

future endeavors. Fundamental protein structures such as barrels 180, helical bundles 181, 
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protein-nanomaterials 182, and oligomers 183, have been developed and may eventually 

be used for variety of future applications as we delve further into sequence space and 

take advantage of the scalability and specificity of polypeptides. However, at this point, 

very few novel functional polypeptides have been developed computationally de novo.  

Proteins/peptides with short highly specific binding motifs, like the ones 

developed in this study could be developed to function as aptamers, research tools, 

biomarkers, pharmacological agents or more. Peptide aptamers continue to be 

developed for a variety of industrial 138 and medicinal 184 applications but the field of 

using proteins as pharmacological agents has expanded significantly over the past 5-7 

years. Peptide therapeutics can be tailored to maximize compatibility, stability, and 

potency with relative ease and there are currently over 60 available FDA-approved 

peptide drugs with another 500+ progressing through the development stage 153,185. 

Other potential applications of this methodology include the development of biosensors 

for previously unreachable biomarkers or the intelligent design of peptide aptamers. 

Certain small protein targets such as the medically relevant angiotensinogenase renin 

have proven difficult to probe with traditional approaches but can be detected using 

peptide-based aptamers developed using cDNA display techniques 186. Peptides 

designed to function as therapeutics can outperform relatively larger (~150kDa) 

antibodies in terms of bioavailability, tumor penetration and production efficiency and 

have been used to develop binding assays, cancer therapy, drug delivery and in vivo 

imaging 187. Peptides, which were previously thought of as ineffective pharmacologically 
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due to poor delivery mechanisms and rapid degradation/clearance 151, are changing pre-

conceptions as synthetic peptide production decreases in cost, new delivery systems are 

developed, and biological production using vectors such as viruses or genetic 

manipulation via CRISPR-Cas9 become more realistic possibilities.  

2.5.1 Summary 

To summarize, we have presented a unique CPD tool that employs a massively-

parallel genetic algorithm and PPI-prediction tool to engineer binding peptides against 

protein targets. We demonstrated that two synthetic proteins engineered by InSiPS can 

bind endogenous yeast proteins at predicted motifs and inhibit functionality. Further 

work will examine if the technique can work in other species and explore the range of 

potential targets. We invite those interested in using InSiPS to contact the 

corresponding author. By combining constructive techniques such as InSiPS with 

modeling technologies, future techniques will aim to develop highly stable, specific 

binding proteins for a range of applications. 

2.5.2 Limitations of the Study 

Limitations of the Study Our method has furthered the field of de novo 

computational design of short binding polypeptides and offers promising preliminary 

findings, but more work is required to expand the reach and efficiency of the method. 

The current framework restricts InSiPS to working on annotated proteins within known 

PPI networks. The technology may be applicable in other systems, but this has not yet 
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been shown. The algorithm also does not directly consider protein stability but 

combines aspects of known functional motifs to confer bioactivity. Because InSiPS 

functions in the realm of flexible linear motifs, limited structural considerations are 

required. Future work will examine incorporating additional structural prediction tools 

to predict stability and folding patterns. Another limitation may be the applicability of 

our approach to tackle different targets. In the current study, we started with three 

potential targets. In our first attempt, we generated high-scoring anti-peptides with 

limited off-target interactions for two of three targets. As each round of computation 

begins with a random pool of sequences, further iterations of InSiPS may identify 

suitable anti-peptides for Rmd1. However, with low sample numbers it remains difficult 

to speculate about the broad applicability of our approach to different proteins. InSiPS 

may also be constrained if the desired target is a member of a protein family with highly 

similar sequences or shares significant sequence similarity with other proteins in the 

cell. Last, the specificity of these proteins remains unclear despite being engineered to 

avoid off-target interactions. Only indirect and predicted evidence that our anti-target 

proteins avoid off-target interactions is provided in this article. We did not observe 

significant changes in observable phenotypes when the target protein is deleted and the 

anti-target protein is expressed (Figures 2.4.A-B) and show specificity through the 

binding observed in the SPOT arrays (Figures 2.6 and 2.7). 
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Chapter 3: PAS kinase Psk1 influences non homologous end-
joining fidelity 

 

3.1 Abstract 

Non-homologous end-joining (NHEJ) is a highly conserved pathway responsible for 

repairing double-strand breaks (DSBs). Despite extensive study, novel repair factors 

continue to be identified. Here we report on novel NHEJ factor PSK1 which when 

deleted sensitizes cells to numerous DNA damaging agents and greatly decreases the 

efficiency of NHEJ repair on both plasmid and chromosomal DSBs. Functional genetic 

analysis identified a relationship between PSK1 and NHEJ repair factor RAD27. The 

overexpression of RAD27 in a ∆psk1 mutant background suppresses deficits caused by 

the loss of PSK1 function. This non-reciprocal relationship (PSK1 does not rescue rad27∆ 

phenotype) suggests that PSK1 may function upstream of RAD27 and work to promote 

RAD27 activity in NHEJ. This identification of a novel mechanism expands our current 

understanding of the NHEJ pathway and introduce new players and novel functional 

relationships. 

3.2 Introduction 

Ineffective repair of DNA double strand breaks (DSBs) can result in severe 

mutations, senescence or damage-induced cell death. To avoid such outcomes, 

eukaryotic cells initiate a global cellular response to DSBs encompassing a highly 
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interconnected network responsible for detection, cell cycle arrest, activation of the 

appropriate repair pathway, and eventually, return to the  cell cycle 107.  DSBs arise 

regularly during all cell cycle stages for a variety of reasons. Sources of these breaks may 

be endogenous including DNA-damaging metabolic byproducts, collapsed replication 

forks, and nuclease activity or exogenous including IR or UV radiation and DNA 

damaging chemicals 188. Given the unpredictable nature of DBSs, the cellular response 

must be highly adaptable and possess sufficient plasticity to function regardless of the 

current cellular environment, cell cycle stage, level of chromatin packaging, template 

availability and biochemical variation in the break structure.  The inherent plasticity 

required to mount an effective response to DSBs helps to explain why novel repair 

factors continue to be discovered despite a general understanding of the core repair 

pathways. 

Two archetypal pathways function to process DSBs: i) homologous-

recombination (HR) repair which functions when a homologous sequence is available to 

facilitate accurate template-based repair and ii) the non-homologous end joining (NHEJ) 

repair pathway which processes damaged DNA strands prior to directly-ligating broken 

ends through a relatively more error-prone mechanism. HR is the primary repair 

pathway employed by yeast while NHEJ dominates in mammalian systems 189. Yeast has 

long served as an effective model for both pathways and provided numerous insights 

into the molecular mechanisms underlying DSB repair 124,131,190,191. In haploid yeast, HR 

dominates from S-phase until division when a homologous chromosome is present 



72 
 

while NHEJ is the preferred mechanism during G1 when a template sequence is 

generally not available 192. Each pathway employs a unique set of proteins to facilitate 

repair and the highly amenable yeast model facilitates studies of both. 

HR begins when a significant 5’to 3’ end-resection occurs at the broken ends. 

Rad51, the strand exchange protein, is loaded on to single-stranded DNA to produce 3’ 

nucleoprotein filaments that facilitate a homology search then invades homologous 

regions and utilize Rad52 and Rad54 to form a heteroduplex displacement loop (D-loop) 

193. DNA is then synthesized using the 3’-end as a primer and the homologous regions as 

a template and the structure is resolved by one of three resolution mechanisms 194. In 

yeast, NHEJ acts as an alternative pathway which directly ligates broken ends following 

minimal resection when a homologous template is unavailable, essential HR repair 

factors are absent, or when HR has failed.  

NHEJ can occur at all stages of the  cell cycle and is initiated when the YKU 

heterodimer complex (Yku70/Yku80) attaches to broken ends which prevents further 

resection and destines the break for end-joining 107.  Binding of YKU recruits’ core NHEJ 

machinery including the MRX (Mre11-Rad50-Xrs2) complex which aligns broken ends 

and facilitates preliminary end processing, the multifunction Nej1 protein, and the DNA 

ligase IV complex (Dnl4/Lif4). In addition to this “core” machinery, many other factors 

are important for effective NHEJ. For example, Pol4, an error-prone member of the 

Polymerase X family, functions to fill small gaps and can function when only limited 

sequence homology is present 128. Another NHEJ repair factor is the Rad27 nuclease. 
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There is some ambiguity in relation to Rad27s role and importance in NHEJ as it has 

been shown to be important for break structures that produce 5’ flaps during repair 

while others report that it is unnecessary when repairing complex break structures 

118,195,196. Knowledge gaps remain in understanding the entire complement of factors 

that contribute to yeast NHEJ, particularly in the area of signaling pathways. 

Communication during NHEJ relies on a multitude of kinases to amplify the 

damage signal and facilitate checkpoint activation and an appropriate repair response. 

Mec1 and Tel1 kinases are initially recruited to DSBs and respond by phosphorylating 

multiple targets including the Rad53 and Chk1 checkpoint kinases and histone H2A 94. 

Mec1, the human ATR homolog and its partner Ddc2 function together in association 

with Tel1, the ATM homolog in facilitating downstream DSB checkpoint activation 96,197.  

PAS kinases, originally recognized as a group of nutrient-sensing kinases, 

attracted interest as the only metazoan protein to possess both a regulatory PAS 

domain as well a functional threonine/serine kinase domain 198. PAS domains, present in 

species ranging from simple bacteria to complex eukaryotes, function as nutrient-

sensing modules that respond to a broad range of nutritional conditions/stimuli and can 

activate signaling pathways to adjust metabolism as needed through regulation of 

arange of downstream processes 198,199. PAS kinase functions are similar to other 

medically relevant nutrient sensing protein kinases such as AMPK and mTOR. In S. 

cerevisiae, PAS kinases Psk1 and Psk2 respond to nutrient or cell-integrity stress by 

increasing carbohydrate metabolism at the expense of storage through phosphorylation 
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of Ugp1 200. Psk1 and Psk2 are partially-redundant PAS kinase homologs that likely arose 

through whole-genome duplication in a yeast ancestor and both respond to cellular 

stress but demonstrate unique functional roles ranging from glucose partitioning, 

cellular homeostasis, response to oxidative stress and translation 201–203 . Of note, PSK1 

has been shown to be important for protecting cells against oxidative stress, particularly 

through the induction of superoxide-dismutase 1 (SOD1) expression 202.  

 The accumulation of reactive oxygen species (ROS) can lead to DNA damage and 

inversely, DNA damage can lead to the accumulation of ROS 204. Pathways responsible 

for DNA damage repair (DDR) are associated with those that respond to oxidative stress. 

PSK1, a dynamic kinase that is activated in responses to oxidative stress, shares 

significant homology with two human proteins, PIM1 and PASK. Protein-protein 

interaction (PPI) prediction analysis using PIPE suggested functional interactions with 

known NHEJ proteins. These predictions coupled with a the previously reported role of 

Psk1 in the cellular response to oxidative stress helped identify the PSK1 gene as a 

potential participant factor in the non-homologous end joining pathway (NHEJ). Given 

the considerable interest in identifying novel participants in NHEJ, we investigated a 

potential role for PSK1 within the pathway and concluded that Psk1 does influence both 

the efficiency and fidelity of homology-free double-strand break (DSB) repair in yeast. 

Functional genetic analysis performed herein indicates that the influence of PSK1 on 

NHEJ is related at least in part to the role of endonuclease RAD27. The loss of PSK1 

sensitizes cells to DNA damaging agents but the overexpression of RAD27 can suppress 
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this phenotype. Together our results identify the PSK1 PAS kinase gene as a potential 

DSB repair factor and suggest a functional association with RAD27. 

3.3  Materials and Methods 

3.3.1 Yeast strains and plasmids 

 Strains used in initial plasmid repair and genetic interaction analysis are derived 

from a BY4741 background (MATa orfΔ::KanMX4 his3∆ leu2∆ met15∆ ura3∆) 205. Loss of 

function mutants for various single and double mutants were created in Y7092 (MATα 

can1Δ::STE2pr-HIS3 lyp11Δ ura31Δ leu21Δ his31Δ met151Δ) for SGA analysis and 

JKM139  (MATa hmrΔ::ADE1 hmlΔ::ADE1 ade1-100 leu2-3,112 lys5 trp1::hisG ura3-52 

ade3::GAL-HO) for chromosomal break and repair fidelity analysis, through a PCR-based 

transformation and replacement of targeted genes by either nourseothricin (NatR) or 

hygromycin (HygR) resistance casettes. Plasmid repair assays were carried out using 

p416.  pMV1328 carrying LEU2 and KanR  markers was used for the repair fidelity assay 

124. Derivatives of pGEH expression plasmids were used for various genetic analyses 206. 

Plasmids were propagated in DH5α and isolated via ThermoFisher plasmid mini-prep 

kits.  

3.3.2 Spot test analysis of sensitivity to DNA damaging agents 

Various strains were grown to saturation in 5mL of YPD or 5mL of -ura medium 

for 2 days. Saturated cultures were serially diluted 10-1-10-4 and 15µl of each dilution 
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was spotted on solid media. For general conditional sensitivity analysis, cells were 

plated on YPD, YPD+0.05% methylmethane sulfonate (MMS), YPD+0.2M hydroxyurea, or 

YPD exposed to ultraviolet radiation for 30 sec. Sensitivity analysis for assays involving 

overexpression plasmids were plated on YP+2% galactose. The viability of each strain 

was assessed after 2-3 days of growth at 30o C. Results are presented as photographs or 

the results of multiple visually scored trials in which the growth rate is scored 1-4 based 

on comparative growth rates (4 = comparable to WT growth rate, 1 = very minimal 

growth) and average results from three trials +/- standard deviation are presented.  

3.3.3 Plasmid repair assay 

p416 was digested at a single XbaI restriction site which lacks homology to yeast 

chromosomal DNA and required NHEJ repair for proliferation. Parallel transformation of 

digested and intact plasmid was carried out in WT and mutant strain.  After three days 

of growth, colonies were counted and the ratio of linear to circular colonies, normalized 

to WT ratio, was used to assess the repair efficiency 207,208.   

3.3.4 Chromosomal break assay 

Single and double mutants were created in the JKM139 background for analysis. 

In this background, growth in the presence of galactose induces expression of a GAL1 

regulated HO endonuclease (expression suppressed by glucose). HO repeatedly induces 

DSBs at the MAT locus. Homologous regions related to mate-type switching are 

removed in this background and the severed chromosome must be repaired via NHEJ. 
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WT, mutants and mutants carrying overexpression plasmids were grown in synthetic 

complete or selective medium to saturation and were then serially diluted to 

concentrations of 10-1 to 10-4. 100μL of the 10-2 dilution were plated on YP-Galactose as 

experimental plates and 100 μL of the 10-4 dilution was plated on YPD control plates. 

Colonies were counted after 2 days of incubation at 30oC. Results are presented as the 

ratio of experimental/control counts normalized to the JKM139 (WT) control ratio. 

Results are presented as the average result of four trials +/- standard deviation.  

3.3.5 Genetic interaction analysis 

Synthetic genetic array (SGA) analysis was performed as in Tong et al, 2006 209, 

and phenotypic suppression analysis (PSA) was performed as in Sopko et al, 2006 206. 

Strains carrying deletion or overexpression of PSK1 in the Y7092 background were 

crossed to a DNA Damage Array (DDA) containing deletion strains of 384 genes 

associated with DNA repair, DNA damage response, cell cycle, and chromatin 

remodeling. The resultant strains were then grown on medium containing 30 mM HU 

and 1.6 µg/mL PHLM to test for conditional genetic interactions. Results were visually 

scored. Each experiment was repeated three times. 

3.3.6 Repair fidelity assay 

Plasmid pMV1328 was digested by PstI within its KanMX6 marker. Digested and 

circular plasmids were transformed into mutant and WT strains in JKM139 background. 

Cells were grown on synthetic medium lacking leucine for 2-3 days. To test the accuracy 
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of repair, 50-100 transformants (colonies) were grown on YPD medium containing G418 

(200µg/mL). Growth on G418 represented accurate repair 132. Repair fidelity is 

represented as the ratio of viable cells over total transformants transferred and 

normalized to the WT ratio.  

3.3.7 Growth curve analysis 

 The WT, single mutant strains, and mutant strains with overexpression plasmids, 

were grown to saturation in 5 mL of SC medium (-ura for plasmid strains) for 

approximately 48 hours at 30C with shaking at 200 rpm.  The cells were washed twice 

and were resuspended in 5 mL of distilled water.  The cell culture density was measured 

by determining the OD600 of 1:10 dilutions of the resuspended culture and the cell 

density was extrapolated using a standard curve of yeast spectrophotometric data. The 

suspensions were standardized by diluting each culture to the lowest density observed, 

so that all suspensions had the same cell density. 20 μL of the diluted culture was 

transferred to a microplate containing 180 μL of YP-Gal and YP-Gal + MMS (0.005%) and 

grown for 18 hours at 30C.   The OD600 was taken every 30 minutes, with orbital 

shaking for 30 seconds prior to every reading, using a BioTek FL600 microplate reader at 

30C.  All samples were analyzed in triplicate and presented as the mean +/- SD of OD600 

readings.  Three independent trials were performed for all analyses. 
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3.4  Results 

3.4.1 Identification of Psk1 as a novel NHEJ repair factor 

The S.cerevisiae PSK1 gene codes for a kinase with multiple roles in signaling to 

promote cell survival in response to changing environments. Its highly-conserved PAS 

threonine/serine kinase domain has strong sequence similarity to the human PIM1 

proto-oncogene kinase domain as demonstrated in Figure 3.1.A. PIM1 was identified as 

one of several possible novel DSB repair factors in a screen for proteins that were 

predicted to physically interact with important NHEJ repair proteins 66. PIM1 interactors 

were enriched in processes such as: i) Cellular response to DNA damage stimulus 

GO:0006974 – p=5.3E-10, ii) Signal transduction involved in DNA damage checkpoint 

GO:0072422 p=3.5E-9, and iii) Regulation of DNA repair p=2.7E-6. Given the enriched 

predicted interconnectivity between PIM1 and multiple NHEJ repair factors, we 

hypothesized that the homologous yeast Psk1 protein may also play a role in DSB repair. 

If the conserved PAS kinase domain does in fact play a role in yeast DNA repair, it may 

have potential implications for human health. To determine if yeast Psk1 influences DSB 

repair, particularly via the medically important NHEJ pathway, we subjected the deletion 

mutant to a complement of preliminary DNA repair assays. 

Three classic assays were employed initially to assess if the loss of PSK1 affects 

DSB repair efficiency. These included a plasmid repair efficiency assay and chromosomal 

break assay engineered to restrict repair to the NHEJ pathway, and conditional 
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sensitivity analysis using a variety of DNA-damaging agents (Figure 3.1). The conditional 

sensitivity assay is used to indicate if the loss of PSK1 results in a change in ability to 

respond to various forms of widespread DNA damage stress where sensitivity may 

indicate a role in DNA repair pathways or the DNA damage response. The plasmid repair 

and chromosomal break assays, however, are used to screen for any influence of the 

gene on the functioning of the NHEJ pathway.  

 

Figure 3.1: Analyzing the influence of PSK1 on DNA repair. (A) Yeast Psk1 has significant 
protein sequence homology with a region of human PIM1 (BlastP alignment: Expect=4e-

37, 34% identity, 54% similarity). (B) Conditional-sensitivity analysis indicates that PSK1 
mutants are sensitive to multiple DNA-damaging agents. Cultures grown to saturation 
were serially diluted from 10-1-10-4 and spotted on YPD, YPD+0.05% methylmethane 
sulfonate (MMS), YPD+0.2M hydroxyurea, or YPD exposed to ultraviolet radiation for 30 
sec. (C) Plasmid repair assay using XbaI-linearized p416 shows that psk1Δ mutants are 
46% less efficient at NHEJ repair. (D) The chromosomal break assay indicates that the 

* 

* 
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loss of PSK1 causes a significant reduction in the ability to repair severed chromosomes 
(60% compared to WT). Statistical analysis in C-D performed with a standard two-tailed 
T-test, significance is indicated by p-values <0.05 using a minimum of three replicates.  

 

  Together, the findings displayed in Figure 3.1 suggest a role for Psk1 in the 

response to DNA damage, specifically through the NHEJ pathway. Psk1 mutants showed 

moderate sensitivity to UV light stress and hydroxyurea but were highly sensitive to 

MMS (Figure 3.1.B). Combined, these sensitivities support a role for PSK1 in the ability 

of cells to respond to multiple forms of DNA damage stress but do not indicate a specific 

pathway. The reduction of repair efficiency of the psk1Δ mutants in both the plasmid-

based (46% reduction) and chromosomal break assay (40% reduction) on the other hand 

provide evidence that PSK1 influences the NHEJ pathway. Because of this initial 

evidence that PSK1 is in fact a novel NHEJ repair factor, a series of genetic interaction 

(GI) screens and functional genetic analyses were subsequently employed to narrow-in 

on the specific method(s) by which PSK1 may influence this multifaceted repair 

pathway. 

3.4.2 Analyzing the conditional genetic interaction profile of PSK1 under 

DNA damage stress 

 Two genetic screening approaches were used to study PSK1 function in relation 

to DNA repair, synthetic genetic array (SGA) and phenotypic suppression analysis (PSA). 

Both approaches were conducted using a DNA damage array (DDA), an array of ~380 

single mutants that have functions related to DNA repair, the DNA damage response 
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and chromatin remodeling and other related processes. SGA analysis involves the 

systematic production of double mutants via replica pinning events that eventually 

select for cells lacking your query gene and a gene from the array 209. By mating PSK1 

with the DDA and performing colony-size analysis, we screened for GIs that may link 

PSK1 to specific processes in DNA repair. 

 

Figure 3.2: A genetic interaction map produced by SGA analysis of PSK1. Genes 
displayed here had a “sick” phenotype when crossed with PSK1 indicating a negative 
genetic interaction. Interacting analysis indicated functional associations with genes 
related mitotic cell cycle progression (blue), DNA repair (red) and various other 
processes (green).  
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Table 3.1: Summary of PSK1 genetic interactors from SGA analysis and shown in Figure 
3.2. Interaction analysis indicated functional associations with genes related to DNA 
repair (red), mitotic cell cycle progression (blue), and various other processes (green). 

Gene Overview of function 

NCE4 Subunit of the RecQ (Sgs1p) - Topo III (Top3p) complex; stimulates 
superhelical relaxing, DNA catenation/decatenation and ssDNA binding 
activities of Top3p; involved in response to DNA damage;  

NTG1 DNA N-glycosylase and apurinic/apyrimidinic (AP) lyase; involved in base 
excision repair; acts in both nucleus and mitochondrion;  

LIF1 Component of the DNA ligase IV complex; this complex mediates 
nonhomologous end joining in DNA double-strand break repair; physically 
interacts with Dnl4p and Nej1p; homologous to mammalian XRCC4 protein 

NEJ1 Protein involved in regulation of nonhomologous end joining; interacts with 
DNA ligase IV components Dnl4p and Lif1p; repressed by MAT 
heterozygosity; regulates cellular distribution of Lif1p 

MRE11 Nuclease subunit of the MRX complex with Rad50p and Xrs2p; complex 
functions in repair of DNA double-strand breaks and in telomere stability;  

ELG1 Subunit of an alternative replication factor C complex; important for DNA 
replication and genome integrity; suppresses spontaneous DNA damage; 
involved in homologous recombination-mediated repair  

BUB3 Kinetochore checkpoint WD40 repeat protein; localizes to kinetochores 
during prophase and metaphase, delays anaphase in the presence of 
unattached kinetochores; forms complexes with Mad1p-Bub1p  

REC107 Protein involved in early stages of meiotic recombination; involved in 
coordination between the initiation of recombination and the first division 
of meiosis; part of a complex (Rec107p-Mei4p-Rec114p)  

CIN8 Kinesin motor protein; involved in mitotic spindle assembly and 
chromosome segregation 

DEP1 Component of the Rpd3L histone deacetylase complex;  

CDC50 Endosomal protein that interacts with phospholipid flippase Drs2p; 
interaction with Cdc50p is essential for Drs2p catalytic activity;  

RPN14 Evolutionarily conserved 19S regulatory particle assembly-chaperone;  

SGF73 Subunit of DUBm module of SAGA and SLIK; has roles in anchoring 
deubiquitination module (DUBm) into SAGA and SLIK complexes,  

SRB2 Subunit of the RNA polymerase II mediator complex;  

THR1 Homoserine kinase; conserved protein required for threonine biosynthesis;  

NTO1 Subunit of the NuA3 histone acetyltransferase complex; this complex 
acetylates histone H3;  
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 SGA analysis is a powerful functional genetic approach that generally identifies 

genes involved in distinct functionally overlapping pathways. In other words, for a 

negative GI to be detected in a double-mutant, each of the genes involved likely plays a 

unique role in redundant pathways that produce similar outcomes 210. Psk1 was 

observed to interact with several key NHEJ genes including LIF1, MRE11, and NEJ1 

(Figure 3.2 and Table 3.1). Additionally, interactions with genes known to function in 

other repair pathways such as base excision repair (BER) factor NTG1, an 

apurinic/apyrimidinic lyase, and HR repair factor ELG1 were seen 211,212.  

To further probe the role of PSK1 within NHEJ, we employed a complementary 

genetic screening technique to determine if the overexpression of PSK1 can 

phenotypically compensate for deletions that sensitize cells to DNA damaging agents. 

PSA analysis of PSK1 showed phenotypic suppression of genes associated with cell cycle 

progression, chromatin remodeling and DSB repair among others (Figure 3.3). 
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Figure 3.3: Results from PSA analysis indicate interactions between PSK1 and genes 
related to cell cycle progression, chromatin remodeling, DSB repair, and other 
processes. Only suppression interactions capable of complete/near-complete recovery 
are presented in this figure. Edges indicated previously reported GIs (green) and PPIs 
(pink) as reported in GeneMania. Nodes with yellow background are annotated with the 
GO Term: DNA Repair.  

 

 Phenotypic (genetic) suppression is observed when a functional defect caused by 

a loss of gene is rescued by the overexpression of another gene. The epistatic 

interactions identified by PSA often indicate genes that function within the same 

complex or pathway, potentially indicating directionality within said pathway. However, 

in certain cases, they may also indicate alternative or compensating pathways 213.  

Amongst the interactors identified in the PSK1 PSA analysis were genes that function in  

cell cycle regulation and/or DNA repair including SIT4, a serine-threonine phosphatase 

that functions in repair and G1-S transition, mismatch repair factor MLH1, and CDC50, a 
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gene also detected in SGA analysis which primarily functions as a phospholipid flippase 

but also has a putative role in promoting G1-S transition. Notably, a functional 

relationship with key DNA damage checkpoint RAD53 was detected.  PSK1 was also seen 

to compensate for its paralog PSK2 as well as histone variant HTZ1 (H2A.Z) and histone 

acetyltransferase RTT109 which plays a role in DSB repair during S-phase 208,214. 

 Importantly, the overexpression of PSK1 rescued multiple mutant strains directly 

involved in NHEJ repair. Given the evidence to suggest a role for PSK1 in NHEJ and the 

importance of the NHEJ repair pathway, these interactions were of significant interest. 

Specifically, genetic compensation was shown for NHEJ repair genes RTT109, YKU80, 

and RAD27.  RAD27 was identified as being of particular interest as it was the only NHEJ 

repair gene whose absence was fully compensated for by PSK1 overexpression when 

challenged by both hydroxyurea and phleomycin. To further probe the genetic 

interactions of PSK1, a reverse PSA analysis was performed on several genes of interest 

related to those identified in the previous genetic screens and the predicted interaction 

network of human PIM1. In this assay, selected candidate genes were overexpressed in 

a psk1Δ background to identify cases of functional compensation (Figure 3-4) under 

three damage stress conditions, UV light, MMS, and hydroxyurea. 
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Table 3.2: Genetic compensation analysis of the overexpression of various genes of 
interest in a psk1∆ background. Constructs were exposed to conditions of UV light 
exposure (30 sec), 0.04% v/v MMS, or 70mM HU. Cultures were grown to saturation and 
then serially diluted and spot-tested on YPGal or YPGal + Drug (or UV). Visual analysis of 
three repeats assessed growth relative to WT. Constructs that had fitness above the 
PSK1 mutant are denoted as “+” while lower fitness is denoted as “-“. 

Overexpressed 
gene 

Function UV MMS HU 

RAD50 MRX complex + - - 
MRE11 MRX complex -3’-5’ nuclease  + + + 
SWI6 G1/S transition + - + 
RAD53 Damage response kinase, activates Dun1   - - - 
DUN1 Checkpoint kinase required for G2/M arrest  - + + 
MRC1 S-phase checkpoint protein - - + 
RAD27 5’-3’ exonuclease, disrupted role in NHEJ + + + 

 

The reverse complementarity assay demonstrated that the overexpression of 

several candidate genes functionally compensated for the loss of PSK1 and suggesting a 

robust role for PSK1 in various aspects of DNA repair (Table 3.2 and Appendix 8.2). 

Particularly, the overexpression of either MRE11 or RAD27 nucleases suppressed the 

PSK1 mutant phenotype in all three conditions tested. The results of these functional 

genetic analyses indicate that PSK1 may work to influence nuclease activity. The 

functional relationship with RAD27 was uniquely interesting as RAD27 has an ambiguous 

role in NHEJ but repeatedly demonstrated a strong functional relationship with PSK1 

activity. The originality of this finding coupled with the connection between these two 

novel repair factors warranted further study into the influence of PSK1 and RAD27 on 

NHEJ repair dynamics.  
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3.4.3 Studying the functional relationship between RAD27 and PSK 

To study the relationship between these two genes, additional directed 

functional genetic tests were performed. The results in Figure 3.4 indicate that 

overexpression of RAD27 compensates for the loss of PSK1 but inversely, excess Psk1 

protein does not compensate for deletion of the RAD27 exonuclease (Figure 3.4.A). 

Additionally, double mutant phenotypic analyses indicate that PSK1 and RAD27 appear 

to function in the same pathway. Double deletion mutants do not further reduce the 

efficiency of DSB repair beyond the deficits seen in either single mutant in both the 

plasmid repair assay and the chromosomal break assay (Figure 3.4.C,D).  

 

Figure 3.4: Examination of the functional relationship between RAD27 and PSK1 in DNA 
repair. (A-B) Spot test and growth curve analyses indicate that the overexpression of 



89 
 

RAD27 in a psk1∆ background rescues sensitivity to MMS stress. (C-D) Double mutant 
analysis shows that the psk1∆ /mre11∆ double mutant does not further impair plasmid 
or chromosomal repair efficiency beyond the rate of either single mutant. Genetic 
interactions were tested for using one-way ANOVA analysis (Dunnett’s Multiple 
Comparison Test) between experimental samples p<0.05. 

 

 In Figure 3.4, a dosage suppression relationship is observed where RAD27 

expression is capable of suppressing the damage-sensitive phenotype seen following the 

loss of the PSK1 gene while the double mutant does not show a significant deviation 

from the phenotype of either single deletion mutant.  

3.4.4 Repair fidelity 

The ability to repair breaks via NHEJ with relative accuracy is important 

considering the pathway is inherently error prone. To assess if the loss of PSK1 alters the 

rate of accurate repair, a plasmid-based fidelity assay was employed. In this assay, a 

dual selection plasmid is digested in the start codon of the KanMX6 cassette such that 

transferring of transformant colonies will grow on medium containing G418 if the break 

was accurately repaired.  PSK1 mutants accurately repaired this plasmid 59% of the time 

compared to WT. This reduction in repair accuracy was greater than the rate seen in 

RAD27 mutants (81%) but when both query genes were deleted, there was no 

significant additional reduction in fidelity (Figure 3.5). This supports previous findings in 

suggesting that PSK1 and RAD27 are affecting NHEJ through the same repair pathway. 
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Figure 3.5: A dual selection plasmid-based fidelity assay (A) shows that psk1∆ reduces 
repair fidelity but the psk1∆/rad27∆ double mutant does not show and additive 
reduction in repair accuracy.  A Dunnett’s multiple comparison test did not indicate a 
significant difference in the double mutant.  

 

3.5 Discussion 

The work herein has identified yeast PAS kinase as a new factor that influences 

NHEJ efficiency and fidelity. There has not previously been a role reported role for PSK1 

in the NHEJ pathway but here we show that the loss of PSK1 function results in an 

impaired ability to resolve DSBs in both plasmid and chromosomal DNA (Figure 3.1). The 

use of global PPI prediction screening with PIPE suggested that Psk1 homolog Pim1 

interacts with several proteins that influence DSB repair and cell cycle progression 

including CHK1, CHK2, HMGB1, ATK1 and BRCA2. This led to the inference that Psk1 may 

function in NHEJ 66. After we found evidence to support a role for Psk1 in the NHEJ 

pathway, a series of genetic interaction analyses identified a possible functional 
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association with RAD27. We saw that the overexpression of RAD27 rescues psk1∆ 

sensitivity to multiple DNA damaging agents. This novel relationship was further probed 

and showed that concurrent disruption of PSK1 and RAD27 do not produce additive 

phenotypes in the context of NHEJ repair (both chromosomal repair efficiency and 

repair fidelity) indicating that these two gene are likely functioning in the same genetic 

pathway.  

Functional genetic analysis via SGA, like many other large-scale screening 

techniques, is subject to reasonably high rates of false positives and results are best 

interpreted by analyzing combined findings rather than individual genes 215. Because of 

this, we compared our results to the DRYGIN database of previously reported yeast GIs 

and determined that MRC1 had the most similar interaction profile 216 suggesting that 

MRC1 and PSK1 may also function within the same pathway 217. However, the 

overexpression of MRC1 in a psk1∆ background did not rescue the phenotype in all 

stress conditions (Table 3.2). Mrc1 is targeted by multiple kinases depending of cellular 

conditions. Psk1 phosphorylates Mrc1 while under oxidative stress, and Snf5 activates it 

under when under nutrient stress 218. Mrc1 protects uncapped telomeres from excessive 

Exo1 exonuclease activity preventing an accumulation of ssDNA 219. 

Coupling these reported claims with the findings in this report, we propose a 

model wherein following DNA damage/oxidative stress, Psk1 is activated and 

phosphorylates Mrc1 which in turn limits exonuclease activity at break sites (Figure 3.6). 

This model is supported by our finding that RAD27 rescues PSK1 but the reverse is not 
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true (Figure 3.4) and also that the overexpression of MRC1 does not compensate for the 

loss of PSK1 (Table 3.2). Additionally, given the complex network responsible for Mrc1 

activation, simply overproducing the protein would not necessarily result in the same 

downstream activity.  

 

Figure 3.6. A potential mechanism for Psk1 and Rad27 in NHEJ where DNA damage 

stress activates Psk1 which in turn phosphorylates Mrc leading to regulation of Rad27 

exonuclease activity. 

 An alternative explanation to the one provided in Figure 3.6 could be that in the 

absence of PSK1, ssDNA accumulates at uncapped telomeres. Functional Mrc1 protects 

uncapped telomeres from Exo-1 dependent nuclease activity 219. Theoretically, if the 

loss of PSK1 results in ssDNA accumulation, it may titrate Yku and/or other NHEJ repair 

factors away from general NHEJ repair. This competitive inhibition model may also 

explain why RAD27 overexpression can compensate for the loss of PSK1 as multiple 

nucleases are proposed to function at DSB sites.    

 The inhibition of Psk1 by the synthetic peptides designed by InSiPS results in 

sensitivity to oxidative stress and UV light (Chapter 2 -Figure 2.3). Given the high 

sequence similarity to Pim1, this suggests that anti-Psk1 could potentially function as a 
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Pim1 inhibitor as the proposed Psk1 binding site is directly adjacent to the Pim1 kinase 

domain.  

3.5.1 Summary 

 Here we report evidence of a role for Psk1 in NHEJ repair. This role appears to be 

associated at least in part with the endonuclease activity of Rad27. Both RAD27 and 

PSK1 influence NHEJ repair fidelity but the loss of both genes does not further reduce 

repair efficiency or fidelity. Additionally, overexpression of RAD27 exonuclease rescues 

the reduces ability to respond to DNA damage stress seen in psk1∆. We propose that 

the Psk1 PAS kinase is activated following certain types of DNA damage stress and 

functions through Mrc1 to regulate nuclease activity at break sites. However, the direct 

biochemical relationship between Psk1-Mrc1-Rad27 will require additional analysis. It 

would also be of interest to study the potential competitive inhibition model also 

discussed to determine if the availability of NHEJ repair factors at conventional DSB sites 

is affected by the accumulation at telomeres. In conclusion, Psk1 is an emerging 

participant in NHEJ and it is of interest to perform further studies aimed at 

understanding the specific role Psk1/Rad27 plays in the repair process. 
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Chapter 4: Actin-Related Protein 6 (ARP6) influences double-strand 
break repair induced chromatin remodeling in yeast 

 

4.1 Abstract 

DNA double strand breaks (DSBs) threaten genetic integrity more than any other 

form of DNA damage. In eukaryotes, these structural lesions, produced by the severing 

of both phosphodiester backbones on a single DNA molecule, are either directly ligated 

through non-homologous end-joining (NHEJ) or resolved via homologous recombination 

(HR) using template DNA. For DSB repair to proceed, several histone-modifying and 

chromatin-remodeling proteins must activate to allow repair machinery access to the 

break site and facilitate communication with multiple signalling kinases. In S. cerevisiae, 

there are three primary complexes responsible for the initiation and regulation of 

chromatin remodeling following a DSB: i) INO80-C, which is primarily associated with 

HR, ii) SWR1-C, which promotes NHEJ, and iii) RSC-C, which is involved in both pathways 

as well as the general DNA damage response. Here we identify ARP6 as a factor involved 

in DSB repair through an RSC-C related pathway. The loss of ARP6 significantly reduces 

NHEJ repair efficiency of linearized plasmids with cohesive ends, impairs repair of 

chromosomal breaks and sensitizes cells to DNA-damaging agents. Additionally, ARP6 

mutants are also shown to improve the accuracy of NHEJ despite the associated 

reduction in repair efficiency. Genetic interaction analysis indicates that ARP6, MRE11 

and RSC-C genes function within the same pathway and the overexpression of ARP6 
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rescues rsc2Δ and mre11Δ sensitivity to DNA damaging agents. Double mutants of ARP6 

and members of the INO80 and SWR1 complexes cause significant reduction in repair 

efficiency beyond expected rates, suggesting that ARP6 functions independently of 

SWR1-C and INO80-C. These findings support a role for ARP6 in DSB repair that is 

independent of the SWR1 chromatin remodelling complex through an apparent RSC-C 

and MRE11 associated DNA repair pathway.  

4.2 Introduction 

DNA double-strand breaks (DSBs), structural shearing of a DNA molecule, can 

lead to genomic instability, chromosomal rearrangement, or cell lethality if ineffectively 

repaired 220. Much research has focused on achieving a comprehensive understanding of 

DSB repair pathways because of their complex nature, biological importance and links to 

human diseases such as cancer 221,222.  In particular, several groups have used a yeast 

model to identify novel DSB repair genes 124,131,132. Eukaryotic DSB repair proceeds 

primarily through one of two distinct pathways; homologous recombination (HR) which 

uses a homologous template and is considered error-free; or non-homologous end-

joining (NHEJ), which directly re-joins the broken ends through an error-prone process. 

S. cerevisiae has long served as an effective model for studying the molecular 

mechanisms underlying eukaryotic DSB repair because of highly conserved nature of the 

core repair machinery, relative ease of experimentation, and the ability to translate 

findings to the human system 118,133,223. Three protein complexes comprise the core 
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yeast NHEJ repair machinery required for initiation, end-bridging/processing, and 

ligation steps. The YKU complex (Yku70/Yku80) initiates NHEJ by forming a ring over 

each broken strand, which stabilizes the structure and protects the DNA from 

degradation. Next, the MRX complex (Mre11/Rad50/Xrs2) brings the DNA ends in close 

proximity and processes the strands in preparation for rejoining. Finally, the DNA Ligase 

IV complex (Dnl4/Lif1/Nej1) performs ligation by filling-in missing nucleotides and 

joining the broken ends 224.  Before any of these processes can occur, the DSB must be 

detected, repair factors must be recruited, and adjacent chromatin must be significantly 

modified to provide access to the break site while maintaining communication with the 

DNA damage response. 

There is considerable cross-talk that occurs between DNA damage response 

proteins, cell cycle regulators, chromatin remodeling complexes and histone-related 

proteins throughout the repair process 225. DSBs are first detected by sensors including 

the RSC (remodels structure of chromatin) complex and Mre11 93. Following detection, 

key DNA checkpoint proteins Mec1 and Tel1, orthologs of human ATR and ATM, are 

recruited to the break site and phosphorylate core histone protein H2A to form γ-H2A 

98. This phosphorylated H2A acts as a docking site for histone modifiers such as Arp4 and 

Esa1 and recruits various chromatin remodeling complexes involved in DSB repair. Three 

complexes are primarily responsible for chromatin remodeling following a DSB event: 

INO80-C, SWR1-C and RSC-C 98–100. 
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Following a DSB, INO80-C and SWR1-C are recruited to the site of damage in an 

Arp4-dependent manner 99. Each complex promotes unique repair dynamics through its 

various subunits. INO80-C plays a predominant role in the repair of DSBs at replication 

forks and promotes end-resection to induce HR-dependent repair 98. SWR1-C facilitates 

recruitment and binding of the YKU heterodimer to the break site in preparation for 

NHEJ repair 102. Both INO80-C and SWR1-C facilitate the damage-induced exchange of 

H2A with its variant H2A.Z which relaxes the chromatin structure to provide access for 

repair proteins  100,103. In addition to these two key chromatin modifiers, the ~17-

member RSC complex plays various roles in DSB repair including detecting breaks, 

signalling damage checkpoints, and facilitating nucleosome restructuring 93,104.  

As a chromatin remodeling complex, RSC-C mobilizes nucleosomes in response 

to DSBs and its activity is correlated with the level of H2A phosphorylation in a dose-

dependent manner 226. RSC-C binds directly to nucleosomes and translocates along DNA 

ends, relaxing and releasing histones up and downstream of the break site 226,227. 

Members of the RSC complex include Rsc1 and Rsc2 which interact with Yku80 and 

Mre11 and function in the process of NHEJ repair.  The complex also contains two 

members of the highly conserved actin related protein (ARP) family, Arp7 and Arp9. 

Members of the ARP family are common to all three chromatin remodeling complexes. 

INO80-C contains Arp8, Arp5 and Arp4, SWR1-C contains Arp4 and Arp6, and RSC-C is 

reported to contain Arp7 and Arp9. 104,228,229. 



98 
 

Arp6 is a lesser-studied member of the nuclear ARP family that has been 

reported to function both within, and independently of the SWR1 complex. It has been 

shown to regulate gene expression, often of ribosomal proteins, by exchanging of H2A 

for H2A.Z 230. Additionally, it has been indirectly implicated as a potential participant in 

NHEJ because of reported interactions with Swc2, Swc6 and Swc3, evidence that it may 

form a sub-complex within SWR1 as well as indications from large-scale analyses of DNA 

repair proteins; a direct role in DSB repair, however, has not been reported 131,231. In this 

report, we investigated Arp6 as a potential participant in DSB repair. Once preliminary 

testing confirmed an important role for ARP6 in this pathway, we aimed to develop a 

general understanding of the role it may play in this process. Here we report a novel 

function for Arp6 in DSB repair through NHEJ that appears to be independent of its 

activities within the SWR1-C.  

Our findings suggest that Arp6 plays an important role in promoting NHEJ by 

functioning with RSC-C and Mre11.  

4.3 Materials and Methods 

4.3.1 Yeast strains and plasmids 

 Mutant strains used are in a BY4741 background (MATa orfΔ::KanMX4 his3∆ 

leu2∆ met15∆ ura3∆) 205. ARP6 was deleted in a Y7092 background (MATα 

can1Δ::STE2pr-HIS3 lyp11Δ ura31Δ leu21Δ his31Δ met151Δ) for SGA analysis and a 

JKM139 background (MATa hmrΔ::ADE1 hmlΔ::ADE1 ade1-100 leu2-3,112 lys5 
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trp1::hisG ura3-52 ade3::GAL-HO) for chromosomal break and repair fidelity analysis, 

through a PCR-based transformation in which ARP6 was replaced by NatR 209. Plasmid 

repair assays were carried out using p416 containing a URA3 marker using XbaI 

digestion. A blunt end repair assay was carried out using YCplac111 with LEU2 marker 

using SmaI digestion. Plasmid pMV1328 carrying a LEU2 marker and AmpR was used for 

the repair fidelity assay 124. Derivatives of pGEH expression plasmids were used in 

suppression analysis via galactose induction 206. Plasmid pGV-255/LIVE and its derivative 

pGV-256/DEAD were used for the homologous recombination assay 232 

4.3.2 Plasmid repair assay 

Ycplac111 and p416 were single-digested at SmaI and XbaI sites, respectively. 

These sites have flanking regions that lack homology to yeast chromosomal DNA and 

require NHEJ repair for proliferation. Parallel transformation of digested and intact 

plasmid was carried out in WT and mutant strains.  After three days of growth on 

synthetic minimal medium lacking uracil or leucine, colonies were counted. The ratio of 

colonies formed by digested transformants to circular transformants in mutant strains, 

normalized to WT, was used to assess the repair efficiency 207,208.   

4.3.3 Repair fidelity assay 

Plasmid pMV1328 was digested by PstI within its KanMX6 marker. Digested and 

circular plasmids were transformed into mutant and WT strains in JKM139 background. 

Cells were grown on synthetic medium lacking leucine for 2-3 days. To test the accuracy 
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of repair, 50-100 transformants (colonies) were grown on YPD medium containing G418 

(200µg/mL). Growth on G418 represented accurate repair 132. Repair fidelity is 

represented as the ratio of viable cells over total transformants transferred and 

normalized to the WT ratio.  

4.3.4 DNA damaging drug-sensitivity analysis 

Mutant and WT strains from a BY4741 background were grown to saturation in 

5mL of YPD medium for 2 days. Saturated cultures were serially diluted 10-1-10-4 and 

15µl of each dilution was spotted on YPD medium containing 3 µg/ml phleomycin 

(PHLM) or 70 mM hydroxyurea (HU). Viability of each strain was visually examined after 

2-3 days of growth at 30o C.  

4.3.5 Genetic interaction analysis 

Synthetic genetic array (SGA) analysis was performed as in Tong et al, 2006 209 

and phenotypic suppression analysis (PSA) was performed as in Sopko et al, 2006 206. 

Strains carrying deletion or overexpression of ARP6 in Y7092 background were crossed 

to a DNA Damage containing deletion strains of 384 genes associated with DNA repair, 

DNA damage response, cell cycle, and chromatin remodeling. The resultant strains were 

then grown on medium containing 30mM HU and 1.6µg/mL PHLM to test for 

conditional genetic interactions. Results were visually scored. Each experiment was 

repeated three times and the average results are presented.   
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4.3.6 Chromosomal repair assay 

A JKM139 background was used to examine efficiency of repair of 

chromosomally induced breaks. In this strain, a HO site-specific endonuclease under a 

GAL promoter induces DSBs at the MAT locus.  HML and HMR, homologous regions of 

MAT are deleted to prevent the possibility of HR repair, which allows the evaluation of 

NHEJ repair efficiency of chromosomal breaks 208. WT, mutants and mutants carrying 

overexpression plasmids were grown in YPD or selective medium to saturation and were 

then serially diluted to concentrations of 10-1 to 10-4. 15µl of each dilution was spotted 

on YP-Galactose and YPD. Fitness was visually assessed after 3 days of incubation at 

30oC.  

4.3.7 Homologous recombination assay 

In this assay, a pGV-256/DEAD plasmid was digested at its non-functional lacZ 

gene with BglII 232. Separately, a PCR-product containing functional lacZ was amplified 

using the pGV-256/LIVE plasmid to provide a potential template for HR repair. 10ng of 

‘dead’ plasmid and 200ng of PCR product containing the functional lacZ cassette were 

co-transformed into mutant and WT strains and grown for 2 to 3 days on selective 

media. A minimum of 50 colonies were transferred to a new plate and grown for 1 day. 

To measure the frequency of HR repair, a colony-lift assay was performed by 

transferring colonies onto a nitrocellulose membrane and lysing with liquid nitrogen, 

prior to incubation in Z-buffer containing X-gal (5-bromo-4-chloro-3-indolyl-β-d-
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galactopyranoside) at 30oC for ~4 hours 208. The frequency of blue colonies was 

normalized to the WT ratio to assess HR event frequency.  

4.4 Results 

4.4.1 Assessment of ARP6 function in DNA repair 

Because Arp6 has been loosely linked to NHEJ, we first investigated if ARP6 

influences the NHEJ pathway using a series of DNA repair assays. A classic assay for 

investigating the role of a gene in NHEJ repair is to investigate the effect of a gene 

deletion on the efficiency of rejoining linearized plasmids 233. A deficiency in the ability 

to ligate a digested plasmid that lacks homology to intracellular DNA by a gene mutant is 

an indication of involvement of the deleted gene in NHEJ repair. This plasmid repair 

assay can also assess the repair of multiple break structures, including blunt and 

cohesive ends, depending on the restriction enzyme used 124. When ARP6 mutants were 

presented with breaks possessing cohesive overhangs (XbaI digestion), repair efficiency 

was reduced to 41% compared to WT (Figure 4.1.A), supporting previous findings and 

indicating that ARP6 may contribute to efficient NHEJ repair. 

We also examined the ability of arp6Δ to repair blunt-end breaks. The deletion of 

ARP6 enhanced repair of blunt-end breaks compared to WT resulting in an efficiency of 

180% (Figure 4.1.B). In yeast, blunt-end breaks are repaired through an alternative YKU-

independent mechanism 124,132. This observation suggests a role for ARP6 in classic NHEJ 

repair of breaks with cohesive ends, and not those with blunt ends. The fact that 
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deletion of ARP6 increased the efficiency of blunt end repair merits further investigation 

of a potential suppressing function for ARP6 that may regulate the repair of breaks with 

no overhangs. If ARP6 functions to promote NHEJ this activity is likely independent of 

YKU binding. It is also noteworthy that deletion of YKU70 enhances blunt-end repair 

efficiency, a trend that is not seen with other key NHEJ genes 124,133,234.   

Plasmid DNA and chromosomal DNA molecules differ in their topology which 

may lead to variances in repair dynamics 235. To assess if ARP6 also influences the repair 

of severed chromosomes, a chromosomal break assay was performed. This assay utilizes 

a JKM139 background which possesses a single-locus specific HO-endonuclease 

regulated by a GAL promoter, which continuously induces DSBs at the MAT locus when 

in the presence of galactose 236. These breaks must be repaired via NHEJ as the target 

sequence is not homologous to other chromosomal regions. A severe reduction in the 

survivability of arp6Δ cells, was observed following consistent chromosomal DSB 

induction (Figure 4.1.C) suggesting that ARP6 is important in repair of chromosomal 

breaks and further supporting its involvement in NHEJ.  

To further analyze if ARP6 is an important participant in DNA repair activities, we 

subjected it to drug sensitivity analysis using DNA-damaging agents. The sensitivity of 

gene mutants can be used as an indicator for involvement in DNA repair 177. The loss of 

important DNA repair genes generally, but not necessarily, increases the vulnerability of 

cells to DNA damaging drugs 234,237. Most drug sensitivity assays involve the induction of 

persistent DNA damage stress which invokes a comprehensive damage response 
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involving a range of repair pathways.  The damage induced by the agents employed in 

this study do not exclusively result in DSBs but rather induce stress events that 

eventually lead to DSBs, in addition to other forms of DNA lesions. HU depletes the 

dNTP pool, which eventually results in the collapse of replication machinery and the 

induction of double strand breaks at replication forks 83. PHLM is believed to intercalate 

DNA directly and promote the production of free radicals that react to form a variety of 

DNA lesions, including DSBs 82. Consistent with an involvement for ARP6 in DNA repair, 

cells with deletions of ARP6 were sensitive to PHLM (3 µg/ml) and HU (70 mM) (Figure 

1D). 

 

Figure 4.1: Plasmid repair, chromosomal break, and drug sensitivity assays support a 
role for ARP6 in NHEJ repair. (A) Efficiency of repair of a linearized (XbaI digestion) p416 

plasmid with cohesive ends via NHEJ is reduced to 40% when ARP6 is deleted. yku70 is 
used as a control (B) Contrarily, when YcPlacIII is digested to produce blunt ends (SmaI 
digestion), deletion of ARP6 increases repair efficiency (>60% more efficient than WT). 
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Plasmid repair assays were repeated 5 times and error bars indicate standard deviation 
amongst trials. (C) Chromosmal break assay indicates that deletion of ARP6 sensitizes 
cells to repeated chromosomal breaks. Error bars indicated standard deviation. (D) Drug 
sensitivity analysis. Deletion mutants for ARP6 are sensitive to DNA damaging agents 
phleomycin (3µg/ml) and hydroxyurea (70 mM). Cells were grown to saturation and 
serially diluted before spotting on medium with and without drug. NEJ1 mutants are 
used for (B) as the YKU complex is not believed to be involved in the repair of blunt-end 
breaks. 

4.4.2 ARP6 effects repair fidelity 

The loss of ARP6 increases NHEJ accuracy. NHEJ is considered to be an error-

prone pathway that can introduce mutations within the repaired region of the DNA 238.  

However, the genetic composition of repair factors can significantly influence the error-

rate of NHEJ repair 239.  We examined the role of ARP6 in facilitating accurate NHEJ 

repair by subjecting arp6Δ to a repair fidelity assay.  

In this dual-selection assay, a plasmid digested within its KanMX6 cassette is 

used to indicate the rate of accurate NHEJ repair based on the ability to grow on G418. 

Accurate repair, indicated by functional KanMX6, was observed 55% more often in 

arp6Δ mutants compared to WT (Figure 4.2). The efficiency of repair of the same 

plasmid was reduced by 82% in arp6Δ cells, which is consistent with our previous finding 

that ARP6 impairs repair efficiency of cohesive ends. This suggests that even though 

deletion of ARP6 causes defects in the efficiency of the repair process, NHEJ proceeds 

through an alternative mechanism with very high accuracy. Furthermore, these results 

indicate that ARP6 may affect the balance between efficiency and accuracy of repair, 

suggesting its function may be in a regulatory capacity independent of the core repair 

machinery. Several proteins can influence NHEJ fidelity but most important factor in 
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fidelity appears to be the MRX complex. MRX influences multiple pathways that 

promote the timely dissociation of YKU, an event shown to lead to accurate repair 97. 

 

Figure 4.2: Loss of ARP6 results in less efficient but more accurate repair. arp6Δ 
decreases the efficiency of NHEJ repair of linearized plasmid pMV1328 (18%) and 
drastically increases the accuracy of repair by 55%. A dual-selection plasmid repair assay 
was repeated five times and error bars indicate standard deviation amongst trials. 

 

The observation of increased repair fidelity may help explain the severe 

sensitivity of arp6Δ found in our chromosomal break analysis, where cells were unable 

to recover from the repeated induction of chromosomal DSBs (Figure 4.1.C). Fidelity of 

repair plays an important role in this assay, as mutations in the recognition site cause 

the cells to become resistant to further assault by HO-endonucleases. Consequently, the 
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extreme phenotype observed for ARP6 deletion mutants could be explained by a 

decrease in repair efficiency combined with an increase in repair fidelity, which would 

leave break sites prone to increased rounds of continual assault. 

4.4.3 Interaction analysis suggests a role with DNA repair and chromatin 
remodeling 

To better understand how ARP6 functions within DNA repair, we examined how 

it interacts with other known DNA repair genes using a variety of genetic interaction (GI) 

and conditional GI analyses. GI network analysis is used in functional genomics to 

investigate novel gene functions and/or to elucidate the role of genes in various cellular 

pathways 43. Furthermore, conditional GI analysis can also be employed to identify 

interactions that only occur under controlled stress conditions, such as interactions that 

only occur under DNA damage stress 33. Specifically, negative interactions resulting from 

the deletion of two genes can be identified as a synthetic sick or lethal phenotype and 

may suggest that the target genes function in compensating, and often parallel 

pathways, that perform similar functions 43,206. 

We performed synthetic genetic array (SGA) analysis and phenotypic 

suppression analysis (PSA) on ARP6 using a DNA Damage Array containing 384 genes 

implicated in DNA repair, DNA damage response and other related pathways. SGA 

analysis involved the systematic crossing of an arp6Δ single deletion strain with an array 

of single mutants, to produce double mutants 209. Our analysis showed that ARP6 has 

negative genetic interactions with several NHEJ genes, namely RAD50, RTT109 and 
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RAD27 (Figure 4.4.A). In addition to these NHEJ genes, ARP6 also interacts with key 

genes involved in the DNA damage response ARP8, RAD53 and DDC1, mismatch repair 

MLH1 and MLH2, and post-replication repair RAD18. Interestingly, under DNA damaging 

conditions, negative genetic interactions were observed between ARP6 and key HR 

genes RAD55 and RAD52 suggesting a DNA damage induced functional relationship with 

HR genes. 

 

Figure 4.3: Genetic interaction profile for ARP6. (A) Genetic interactions of ARP6 include 
genes from various DNA repair pathways. SGA analysis of double mutants of ARP6 and 
various genes involved in the DNA damage response, DNA repair pathways, and 
chromatin remodelling were analyzed under drug-free conditions and under 30mM 
hydroxyurea. (B) Overexpression of ARP6 compensates (rescues) sensitivity of MMS22, 
MRE11, RSC-C2, and NUP84 mutants.  
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The GI network of ARP6 which included genes involved in HR, NHEJ, and the DNA 

damage response, hints to a potential role for ARP6 upstream of NHEJ repair machinery.  

SGA analysis suggested a role for ARP6 in various DNA repair pathways, a result that is 

not unexpected if Arp6 is involved in repair-related chromatin remodeling of DNA 

damage signalling. Additionally, analysis of known Arp6 protein-protein interactions 

indicated a significant enrichment of proteins associated with both SWR1-C and INO80 

(Figure 4.5). To further hone-in on the specific function of ARP6, PSA was performed.  

PSA involves overexpressing one gene in a gene deletion background under stress 

conditions to examine if the overexpressed gene can “rescue” the sensitive phenotype 

of the deletion mutant 240. Phenotypic rescue is often observed in genes which perform 

similar functions within a pathway 210. For example the overexpression of PPH3 or PSY2 

was previously shown to compensate the sensitivity of CHK1 deletion to DNA damaging 

conditions 207. To this end, we introduced conditionally-expressed ARP6 overexpression 

plasmids into the 384 single gene deletion mutants in the DNA Damage Array. Under 

DNA damage induction using PHLM and HU, ARP6 overexpression compensated for sick 

phenotypes of four interesting gene deletion strains which helped suggest a possible 

function in NHEJ. 

4.4.4 Overexpression of ARP6 rescued four deletion mutants that were 
sensitive to DNA damaging drugs   

 The overexpression of ARP6 compensated for MMS22, a stabilizer of replication 

forks, MRE11, a key NHEJ and DNA damage response gene, RSC2, a key component of 
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the RSC-C chromatin remodeling complex, and NUP84, a member of the nuclear pore 

complex involved in translocating chromosomes to the nuclear periphery for DSB repair. 

Both NUP84 and MMS22 are associated with key DSB repair-related chromatin 

remodelling proteins. For example, NUP84 is known to genetically interact with both 

ARP6 and ARP8 46 while MMS22 has known physical interactions with three members of 

the RSC complex, Rsc8, Rsc9 and Arp9 241. These results further support the implication 

of ARP6 in the repair pathway upstream of DSB repair and suggest a possible connection 

between ARP6, MRE11 and the RSC-C chromatin complex.  

4.4.5 ARP6 function appears related to the RSC-C chromatin remodeling 

complex 

Following a DSB, regulation of repair is largely controlled by H2A.Z (coded by 

HTZ1), a variant of H2A which is incorporated at the break site 102. Recruitment of 

various chromatin remodelling complexes following these events can direct repair 

dynamics. SWR1-C promotes NHEJ and is required for response to DNA damage and 

efficient binding of YKU.  Additionally, INO80-C, which promotes HR, and RSC-C, which is 

involved in both HR and NHEJ, are also involved in chromatin remodelling following a 

DSB. To study the role of ARP6 in NHEJ, we examined its functional relationship with 

members of SWR1-C, INO80-C and RSC-C chromatin remodeling complexes, in addition 

to Htz1. This was done by analyzing double deletion mutants of ARP6 and key members 

of each of the three relevant complexes. 
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Since Arp6 has been reported to be a part of SWR1-C, we first investigated the 

functional relation between the ARP6 gene and genes encoding members of SWR1-C, 

SWC2 and SWR1, in re-joining of linearized plasmids (Figure 4.4.B).  Double deletion 

mutants arp6Δ/swr1Δ and arp6Δ/swc2Δ were subjected to the plasmid repair assay and 

compared to single mutants of the relevant strains to determine if genetic interactions 

were occurring. The premise of this experiment is that if two genes participate in the 

same pathway, their double deletion should not produce a phenotype significantly 

different from the two single gene deletions. However, if the genes affect the same 

process via different pathways, a combinatory effect should be observed, where the 

double deletion causes a more severe effect than the individual gene deletions. 

Deletion of SWC2 reduced the repair efficiency to 50%, roughly comparable to 

the 41% efficiency observed in the arp6Δ background. However, the double deletion of 

ARP6 and SWC2 (arp6Δ/swc2Δ) significantly impairs the repair process and produced a 

synergistic effect that resulted in only 8% repair efficiency compared to WT, suggesting 

their involvement in additive pathways (Figure 4.B).  In the case of SWR1 single deletion, 

repair efficiency was calculated at 56%, while double deletion of ARP6 and SWR1 

(arp6Δ/swr1Δ) further reduced the repair efficiency to 20%. These data showed the 

additive influence of ARP6 with SWR1 and SWC2, suggesting that during NHEJ repair, 

ARP6 likely functions in a parallel pathway to SWR1-C. This functional relationship 

suggests that ARP6’s cumulative influence on NHEJ appears independent of the SWR1 

complex.    
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Figure 4.4: Genetic interaction analysis suggests ARP6 is functionally related to RSC-2 
and MRE11 in the context of NHEJ repair. (A-D) Plasmid repair analysis of linearized 
p416 with overhangs. Single and double mutant repair efficiencies is used to analyzes 
functional genetic relationships. Comparison of repair efficiencies of ARP6 single 
mutants to the repair efficiencies of double mutants of genes involved in the SWR1 (B), 
INO80 (C) and RSC (D) complexes was performed using one-way ANOVA analysis 
(Dunnett’s Multiple Comparison Test) post hoc. There is no significant reduction 
(p>0.05) in double mutants of genes in the RSC-C complex (MRE11 and RSC2) indicating 
that ARP6 function in NHEJ is related to the role of RSC-C (D).  

 

Next, we examined whether the role that ARP6 plays in NHEJ is related to 

functioning of the INO80 complex or generalized chromatin remodelling following DNA 

damage via HTZ1 (Figure 4.4.C).  ARP8 is an important component of INO80-C and arp8Δ 
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mutants have been used to represent INO80 disruption for phenotypic analysis 98. We 

investigated the repair efficiency of double mutants of ARP6 with ARP8 and HTZ1. Our 

results show that although deletion of ARP8 did not reduce the efficiency of NHEJ repair 

compared to WT, the double deletion of ARP8 and ARP6 lowered the repair efficiency to 

23%, whereas the ARP6 single deletion displayed 41% efficiency (Figure 4.4.C). 

Furthermore, HTZ1 single mutants show moderate reduction in repair (76%) while the 

double deletion of ARP6 and HTZ1 significantly lowered the repair efficiency to 18%. 

Together these observations suggest that ARP6’s role in NHEJ is independent of the 

INO80-C and HTZ1 pathways. 

We then investigated the role of ARP6 in association with RSC-C. In addition to 

its traditional role in transcription regulation, RSC-C functions as an early sensor of DSBs, 

an activator of the DNA damage response, and an ATP-dependent chromatin remodeler 

in both NHEJ and HR 93.  RSC-C responds rapidly to DSBs and recruits key DNA damage 

response proteins Tel1, Mec1 and Rad9.  It also interacts physically with Mre11, the 

earliest sensor of DSBs. RSC-C’s function in DSB appears to primarily be involved with 

the earliest stages of repair. 

Normalized repair efficiency of rsc2Δ, a key component of the RSC-C complex 

was 22%, which is not significantly different than the repair efficiencies of arp6Δ and 

arp6Δ/rsc2Δ which are both 41% (Figure 4.4.D). This type of non-additive phenotype is 

often indicative of genes which encode members of the same non-essential pathways 43. 

The genetic relationship between ARP6 and RSC2/MRE11 suggests that the role of ARP6 
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in NHEJ may be related to RSC-C activities. Furthermore, mre11Δ and arp6Δ/mre11Δ 

showed comparable repair efficiencies at 26% and 23% respectively (Figure 4.4.D) 

suggesting that ARP6 and MRE11 function within the same pathway 43. The deletion of 

ARP6 did not have an additive effect on the reduced efficiency of NHEJ caused by the 

deletion of RSC2 or MRE11. Together, these results suggest possible functions at the 

early stages of damage sensing, repair factor recruitment or early chromatin 

remodelling. 

To further study the functional association between ARP6 and the RSC-C 

pathway, we investigated the drug sensitivity profiles of single and double mutants. 

Double mutants arp6Δ/rsc2Δ and arp6Δ/mre11Δ rescue this sensitivity and increase 

fitness through an apparent phenotypic suppression that results in cells that phenocopy 

the WT. In this case, the deletion of a second gene (RSC2 or MRE11) relieve the cell 

requirement for the presence of another compensatory gene resulting in a positive 

genetic interaction (suppression) 242. This asymmetric positive interaction provides 

indirect evidence that ARP6 and MRE11/RSC-2 may perform related functions in 

response to severe DNA damage that are not limited to NHEJ 242.  

4.4.6 Loss of ARP6 severely reduces the efficiency of homologous 

recombination 

RSC-C and MRE11 participate in the earliest stages of DSB repair including break 

detection and damage signalling that can induce either NHEJ or HR repair.  Because RSC-



115 
 

C and MRE11 participate in both pathways, it is important to understand how ARP6 

effects HR efficiency. To asses this, ARP6 mutants were subjected to a homologous 

recombination assay. This assay is a variation of the previously described plasmid repair 

assay, but the vector used is digested within a non-functional lacZ gene. Linearized 

plasmids are co-transformed with excess amount of a PCR-amplified linear cassette 

encoding a functional lacZ  232. Cells that have integrated the cassette via HR will 

produce a blue colour in the presence of X-gal solution. Repair through NHEJ is indicated 

by a colony remaining white in colour. 208. The relative frequency of HR or NHEJ is 

reflected by the ratio of blue and white colonies/total colonies, normalized to the WT 

frequency. 

 

Figure 4.5: The deletion of ARP6 pushes DSB repair towards the NHEJ pathway. A 
plasmid-based assay evaluates repair pathway choice for single mutants compared to 

  * 



116 
 

WT. HR efficiency is presented as the ratio of blue/total colonies normalized to the 
blue/total ratio of the WT +/- SD. Significant change in relative HR repair efficiency 
determined by T-test, p<0.05. 

 

Deletion of ARP6 severely depressed the recombination repair rate, with only 

12% of repair events occurring via HR compared to the WT ratio (Figure 4.5). Efficiency 

of HR in arp6Δ is even lower than positive control rad52Δ in which HR accounts for 24% 

of repair events. If ARP6 function in repair is strictly related to its role within SWR1-C, 

one might expect that the loss of ARP6 would lead to increased rates of HR. SWR1-C 

promotes the binding of YKU thereby facilitating NHEJ, so if arp6Δ causes no other 

effects other than decreased SWR1-C functionality, NHEJ should be impaired 98. 

However, the results in Figure 4.5 indicate that arp6Δ mutants promote NHEJ and/or are 

severely deficient in HR repair which again supports our claim that ARP6 functions in 

DSB repair independently of SWR1-C or in addition to its role within that complex.  

4.5 Discussion 

The evidence presented herein indicates a novel function for ARP6 in DSB repair 

through the RSC-C complex and MRE11. Members of the ARP family have general 

sequence homology but vastly different functions within the cell. In yeast, the ARP 

family is comprised of 10 members including cytoplasmic proteins Arp1, Arp2, Arp3, and 

Arp10 and nuclear proteins Arp4, Arp5, Arp6, Arp7, Arp8, and Arp9 243. Some ARP 

proteins such as Arp8 and Arp5 were previously shown to be involved in the DNA repair 
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process through their role in the INO80 complex 101. Arp4 is an essential protein 

required for chromatin remodeling at DSB sites 244.  Arp6 is a lesser-studied member of 

the ARP family and a specific role for Arp6 in DNA repair has not been reported 

previously.  However, certain evidence has indirectly implicated it as a potential 

participant in DSB repair such as sensitivity to methyl methanesulfonate (MMS) and a 

reported increase in recombination frequency when ARP6 is deleted 243.  

Kawishma et al, 2007 reported that the deletion of ARP6 inhibits the function of the 

SWR1 complex and has no effect on HR efficiency but causes minor increases in the 

frequency of spontaneous and MMS-induced unequal sister chromatid recombination 

events. This increase in recombination frequency was attributed to a dysregulation of 

H2A↔H2A.Z exchange which was proposed to lead to an increased frequency of 

recombination events. However, an alternative explanation could be that the loss of 

ARP6 promotes NHEJ which may be mutagenic and lead to an increased rate of 

secondary HR events and our study provides some preliminary evidence to support this 

hypothesis.  

Here we report a potential role for ARP6 in NHEJ linked to RSC-C activities 

through its genetic association with RSC2. This result is not surprising since ARP6 has 

been reported to function independently of SWR1-C in other processes such as 

transcription regulation 230. Arp6 may function alone, with SWR1-C, or as reported here, 

in a role related to RSC-C function. It is important to note that may of the genes involved 

play roles in chromatin remodelling related to endogenous gene expression. Chromatin 
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remodelers such as Arp6 could affect fundamental processes such as transcription and 

translation and this should be further examined. 

We also report that the role of ARP6 in NHEJ may be independent of INO80-C, 

despite physical interconnectivity with the complex (Figure 4.6), whose role in DSB 

repair is primarily in HR through recruitment of RPA and Rad51 in an MRX-dependent 

manner 245. Instead we observe an ARP6 function related to the RSC-C complex and 

MRE11, important DSB first responders required for progression of the DNA damage 

response. Rsc2 is important for the recruitment of Tel1 and Mec1 to the site of damage 

and activation of Rad53 in the DNA damage checkpoint pathway 93. The observed 

increase in repair fidelity (Figure 4.2) in ARP6 mutants may be related to the activity of 

MRX, potentially via MRX endonuclease activity, and the activation of Tel1, which are 

important for facilitating accurate repair 97.  Deletion of RSC2 reduces the efficiency of 

NHEJ repair, possibly due to its physical interaction with Mre11 and Yku70 93,226,246, and 

this activity may also be influences by the presence/absence of Arp6. Additionally, loss 

of ARP6 leads to impaired HR (Figure 4.5) again suggesting that the ARP6’s role in 

resolving breaks is likely not involved in the core NHEJ repair machinery but instead may 

be functioning in the early stages on DSB repair, particular in relaxation of chromatin 

structure around break sites.  
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Figure 4.6: Protein-protein interaction network of Arp6 and associated proteins suggests 
functional associations with members of the SWR1-C and INO80-related chromatin 
remodeling complexes. Network produced using GeneMania (www.genemania.org). 
Nodes labelled with green are functionally-associated with the SWR1 complex and blue 
nodes indicate association with INO80-type complex (blue/green nodes are associated 
with both). Other genes are grouped into actin-related proteins (light red background) 
and other (light orange background). 

 

4.5.1 Summary and future directions 

In conclusion, NHEJ is an expansive and multifaceted process and it is important 

to identify all genes involved, from damage sensing, to repair and return to the cell 

cycle.  This was the premise for our project which aimed to identify novel NHEJ repair 
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genes. Molecular mechanisms underlying NHEJ in yeast continue to be used to 

understand how the pathway functions in human cells 131,247. We report that ARP6 is in 

fact a participant in NHEJ through MRE11 and the RSC-C complex activity. Additionally, 

this novel repair function is independent of SWR1-C activity in response to DNA damage. 

Additional biochemical investigations are needed to fully elucidate the association of 

Arp6 and Rsc2/Mre11 in the context of DNA repair. It is also interesting to examine 

whether the role of Arp6 in DNA repair is conserved in other organisms such as humans. 
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Chapter 5: RNAPII degradation factor Def1 influences NHEJ 

5.1. Abstract 

Double strand breaks (DSBs) pose a serious risk to genetic integrity and must be 

repaired either by direct ligation through non-homologous end-joining (NHEJ) or 

through homologous recombination (HR). The Ku complex (Yku70/Yku80) plays a 

significant role in determining which pathway will be employed for repair. We tested a 

hypothesis that RNAPII degradation factor Def1 may influence pathway choice. Our 

results suggest that Def1 has limited influence on pathway choice but plays a significant 

role in responding to chromosomal double strand breaks despite binding Yku80 within a 

proposed regulatory domain. Interestingly, the overexpression of DEF1 rescues yku80∆ 

mutants from an impaired NHEJ phenotype.   

5.2 Introduction 

 No other DNA lesion is as severe as a DSB. When a breaks occur, cells halt  cell 

cycle progression until this structural lesion is resolved 192. The causes of DSBs are 

numerous and include IR and UV radiation, chemical agents and endogenous sources 

including the production of ROS and collapsed replication forks 92. DSBs can lead to 

mutations, chromosomal rearrangements, or apoptosis and must be repaired quickly 

and accurately to avoid these outcomes 117. Eukaryotic cells have two competing 

pathways responsible for the repair of DSBs, homologous recombination (HR) utilizes 

sections of homologous DNA as a template in the facilitation of accurate repair and non-



122 
 

homologous end-joining which processes and directly ligates broken ends without 

requiring a template in an error-prone manner.  

 The choice of which repair pathway to employ considers a variety of factors 

including the availability of a homologous sequence and the current stage of the cell 

cycle. HR is the dominant mechanism in yeast but is most active during late S phase and 

G2 while NHEJ is more likely to be employed during G1 but can be utilized at any stage 

of the  cell cycle 248. NHEJ is initiated following the binding of a YKU heterodimer 

(Yku70/Yku80) to both sides of the break. If YKU stays bound it will recruit additional 

repair factors such as Nej1, MRX and Dnl4-Lif1 123. The MRX complex works to bridge the 

gap between broken ends and ensure they remain in close proximity to one another. 

The ligation complex (Dnl4-Lif1) interacts with multiple factors including Nej1 and YKU 

while nucleases and polymerases process broken ends in preparation for ligation 127. A 

break is only resolved via NHEJ if YKU remains bound and end resection is inhibited at 

the early stages following break detection. Interplay between YKU and end-resecting 

proteins including Exo1, Sae2 and Mre11 have a significant impact on the decision but 

regulatory mechanisms and chromatin remodeling activities also influence the choice 

246,249,250. A comprehensive understanding of the mechanism of pathway choice is still 

emerging and it is likely that additional factors/processes will be identified. Recently a 

new master regulator named CYREN was identified in human cells that inhibits NHEJ 

during S and G2 through binding and inhibition of the Ku80. Considering NHEJ is largely 
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downregulated/inhibited in budding yeast, we posited that a similar mechanism may be 

at play in the yeast system.  

 The yeast RNA polymerase degradation factor Def1 plays a role in the 

degradation of RNA polymerase II which functions as a method of transcription 

regulation as well as a system for dissociating the polymerase from DNA should it 

encounter a DNA adduct 251.  Def1 is considered a DNA repair protein as also it 

promotes the ubiquitylation and degradation of the polymerase δ catalytic subunit Pol3 

at stalled replication forks 252.  A systematic proteome-wide affinity purification/mass 

spectroscopy screen identified a physical interaction between Def1 and Yku80 64. We 

identified a region on Def1 that had high sequence similarity to the region on CYREN 

responsible for Ku binding. This work examines if Def1 influences repair pathway choice 

and if it is also able to bind Yku80 in a similar manner as CYREN interacts with Ku.  

5.3 Materials and Methods 

5.3.1 Homologous recombination assay 

pGV-256/DEAD plasmid was digested at its non-functional lacZ gene with BglII 

232. Separately, a PCR-product containing functional lacZ was amplified using the pGV-

256/LIVE plasmid to provide a potential template for HR repair. 10-20 ng of ‘dead’ 

plasmid and 200 ng of PCR product containing the functional lacZ cassette were co-

transformed into mutant and WT strains and grown for 2 to 3 days on selective medium. 

Colonies were transferred to a new plate and grown for 1 day. A colony-lift assay was 
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performed by transferring colonies onto a nitrocellulose membrane and lysing with 

liquid nitrogen, prior to incubation in Z-buffer containing X-gal (5-bromo-4-chloro-3-

indolyl-β-d-galactopyranoside) at 30oC for ~4 hours 208. The frequency of blue colonies 

was normalized to the WT ratio to assess HR event frequency.  

5.3.2 Cell cycle assay 

 WT and single mutants in a JKM139 background are incubated for 48 hours in 

YPD. These cells are then used to inoculate fresh cultures to and OD600 of ~0.3-0.4 in 

either YPD or YPD + 10µg/mL of alpha factor and grown for 120 minutes. Cells are then 

washed three times with dH20 then serially diluted in dH20 and aliquots were plated on 

both YPD and YP + galactose solid medium then grown for 48 hours at 37oC.  The 

number of colony-forming units (CFUs) on galactose (damage induced) plates was 

divided by the number of CFUs on the YPD control plates then normalized to the WT 

JKM ratio. 

5.3.3. Protein purification and SPOT array analysis 

The yeast DEF1 gene was amplified using primers with flanking EcoRI and HindIII 

restriction sites off the Def1 BG1805 overexpression plasmid and sub-cloned into a 

pET28 overexpression vector. For purification, proteins were expressed in BL21 E.coli 

and were affinity purified using Ni-NTA agarose resin using a Bio-Rad gravity flow 

column according to manufacturer protocols.  
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A SPOT array was constructed containing 18 amino acid long peptides spanning 

Def1 regions that are homologous to CYREN. Individual peptides were synthesized at 

0.1-mmol scale on a Multipep RSi peptide synthesizer (Intavis Inc.) using standard Fmoc 

(N-(9-fluorenyl) methoxycarbonyl) chemistry. For fluorescein labeling, an appropriate 

amount of 5-(and-6)-carboxyfluorescein succinimidyl ester was added to a peptide resin, 

and the coupling reaction was allowed to proceed for 1 h at room temperature. Upon 

cleavage of a peptide from the resin using trifluoroacetic acid, the fluorescein-labeled 

peptide was separated from the unlabeled peptide by HPLC on a C18 column. Identities 

of the peptides were confirmed by mass spectrometry.  

Peptide SPOT arrays were utilized as described previously 174. All peptide SPOT 

arrays were blocked with 5% BSA in TBST (0.1 M Tris-HCl, pH 7.4, 150 mM NaCl, and 

0.1% Tween 20) for 1 h. Purified protein was added directly in the blocking buffer to a 

final concentration of 1 µM and incubated with the SPOT array at room temperature for 

1 h. The array was then washed 3 × 5 min with TBST before a rabbit anti-His antibody 

(1:4000 dilution in TBST; Cat# ab3553, abcam) was added. The membrane was allowed 

to incubate at room temperature for 30 min prior to 3 × 5-min washes with TBST. After 

final 3 × 5-min washes in TBST, the SPOT arrays were visualized by enhanced HRP-based 

chemiluminescence. 
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5.3.4. Compensation analysis 

 JKM knockouts were constructed using homologous recombination. Def1 

overexpression plasmid was transformed into various strains. Strains were grown to 

saturation in liquid YPD then washed and serially diluted in distilled water. Aliquots from 

the 10-1 – 10-4 dilutions were spotted on solid YPD and YP + galactose and grown for 48 

hours at 37oC. Spots were visually analyzed and assigned a score (1-5) relative to the 

growth of the JKM WT. Four independent trials were completed and averaged. Results 

are presented as average score +/- standard deviation. 

5.4 Results 

5.3.1 Homologous recombination assay 

 We assayed if the loss of DEF1 results in changes to the proportion of DSBs that 

are repaired via HR. In this assay, digested plasmid pGV256-DEAD which contains a non-

functional beta-galactosidase gene is transformed with PCR product containing 

functional LacZ. Cells that repair the plasmid are selected for then screened for LacZ 

activity which would indicate that repair was performed via HR using the PCR product as 

a template. The loss of DEF1 did not result in a statistically significant change in the rate 

of HR (Figure 5.1). 
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Figure 5.1: A plasmid based HR assay indicates that the loss of DEF1 does not 
significantly alter the rate of HR repair. Results indicate normalized rate of HR repair and 
were analyzed statistically using ANOVA (Dunnett’s multiple comparison test). 

 DEF1 did not appear to significantly influence HR efficiency so we next examined 

if it influences NHEJ. We employed a JKM-based assay that continually induces 

chromosomal DSBs using an endogenous endonuclease that is expressed in the 

presence of galactose. Additionally, as NHEJ is known to be most active during G1, we 

added a second experimental set of synchronized cells. In the α -factor condition, 

cultures were treated in the presence of α-factor yeast pheromone which arrests cells in 

G1 and prevents transition into S phase. When treated cells are plated, they enter S 

phase as a synchronized culture as damage is induced. Figure 5.2 demonstrates that 

def1∆ mutants dramatically reduce survivability under sustained DNA damage stress. 
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Figure 5.2 A chromosomal break assay in normal conditions and in synchronized cultures 
indicate that DEF1 has a significant role in DSB repair via NHEJ. Results show normalized 
survivability based on colony counts. Average of 3 trials is presented. Statistical analysis 
within a group was performed using one-way ANOVA and comparisons across groups 
was done by two-way ANOVA. If a p-value is less than 0.05, it is flagged with one star 
(*), if less than 0.01 it is flagged with two stars (**) and if less than 0.001, it is flagged 
with three stars (***). 

 

5.2  Cell cycle assay 

The loss of DEF1 resulted in normalized repair rates of 4.3% and 3.3% compared 

to WT in the normal and synchronized conditions respectively. In many cases, def1∆ 

experimental plates did not produce a single viable colony despite increasing the 
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number of cells plated. Microcolonies, difficult to detect with the human eye formed 

but did not proliferate beyond this early stage. The Yku80 control has a significant 

increase in repair efficiency in the synchronized culture. This result indicates that DEF1 is 

a very important NHEJ repair factor. To understand if this influence on DSB repair is 

related to an interaction with Yku80, we performed a peptide binding assay that will 

determine if Def1 interacts with YKU in a region with high similarity to CYREN (Figure 

5.3). 

5.3 Spot array indicates binding between Def1 and Yku80 

 

Figure 5.3: A peptide binding array indicates that Def1 interacts with Yku80 in a region 
with high sequence similarity to CYREN. A) Demonstrate results from 2X SPOT binding 
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probes with relative binding shown. B-C) Shows relative binding scores and sequences of 
14 peptides representing Def1 motifs that bound Yku80. 

 

 

Figure 5.4: Alignment of Def1 and CYREN using BlastP. Predicted interaction sites based 
on the reported CYREN interaction motifs are shown in the blue boxes. Highly conserved 
residues across the animal kingdom are shown in the red boxes. 

Arnoult et al, 2017 performed a very similar SPOT binding assay that indicated 

three regions in close proximity that demonstrated binding to YKU80 253. Our findings 

indicated that binding between yeast Def1 and Yku 80 significantly overlaps two out of 

three homologous regions (Table 5.1) 
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Table 5.1: Summary of Def1 binding. Three interacting regions were previously 
identified on CYREN. We probed the corresponding regions on Def1. 2/3 interaction 
sites overlapped with the reported CYREN binding sites. 

Interaction 
Site 

Def1 Region Corresponding 
Region – 
CYREN 

Reported Cyren 
Interaction Sites 

% Overlap  

1 19-36 -3-14 8-28 30% 
 

35-53 16-25 8-28 100% 

2 239-256 32-48 31-50 100% 

3 262-280 55-73 N/A 0% 

 

5.3.4 Genetic compensation 

A spot test was used to study if DEF1 overexpression is able to reduce NHEJ repair 

efficiency (Figure 5.5). Our original hypothesis that Def1 may be functioning as a 

inhibitor of Yku80 was not supported in that if this mechanism was present, 

overexpression of DEF1 should theoretically decrease NHEJ efficiency. However, we 

identified a very interesting relationship in that the overexpression of DEF1 in a yku80∆ 

background fully recovered the mutant’s reduced ability to repair chromosomal breaks. 
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Figure 5.5: Overexpression of DEF1 does not alter the ability to repair chromosomal 
breaks. Results from this chromosomal break assay indicate that overexpression of DEF1 
rescues the yku80∆. This figure shows the combined results of four independent spot 
tests that were visually scored (1: minimal growth – 5: growth beyond WT growth rate). 
Average scores +/- standard deviation are presented.  

Together these results suggest that although Def1 does not appear to be 

inhibiting Yku80 function, it is an important factor in NHEJ repair.  

5.5 Discussion 

 This project probed a possible role for Def1 in yeast NHEJ. Particularly, we first 

studied if Def1 influences DSB repair pathway choice. Because of the strong homology 

to the YKU80 interacting region on CYREN, it was possible that a similar mechanism of 

* 
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inhibition could be seen in yeast. However, the results in Figure 5.1 indicate that the loss 

of DEF1 does not decrease the rate of HR. Additionally, the overexpression of DEF1 did 

not result in a decrease in the ability to repair severed chromosomes (Figure 5.4). Of 

note, the loss of YKU80, one of the most important NHEJ repair proteins, did also not 

significantly change the rate of HR repair (Figure 5.1). This may indicate that the assay 

primarily detects only genes that significantly influence the HR pathway such as Rad52.  

Based on these findings we can conclude that although Def1 binds Yku80 within 

the same region as CYREN (Figure 5.3), it does not have the same inhibitory capacity as 

reported for CYREN. Despite strong sequence similarity in the proposed binding region 

(Figure 5.4), there are notable differences between the two proteins. Particularly, 

CYREN is a small protein (145aa) while Def1 is considerably larger at 745aa. Additionally, 

the proposed interaction site(s) are discontinuous compared to CYREN – with a ~200aa 

gap in between the homologous regions (Figure 5.4). This proposed Yku regulatory site 

may theoretically be bound by a variety of activating or inhibitory proteins or proteins 

result in no change. The cell cycle assay indicated that in both the control and 

synchronized population, def1∆ mutants were unable to recover from persistent 

chromosomal breaks (Figure 5.2). This severe phenotype prevented a more thorough 

analysis of DEF1’s role in cell cycle dynamics.   

 We did however provide support for the role of Def1 as a NHEJ repair factor and 

suggested that it may have additional functions in the repair pathway to those that are 

already known. Def1 is known to be important for degrading Pol3 at stalled replication 
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forks, a mechanism that prevents the development of DSBs that would likely be 

resolved by HR 107,252. The assays that were employed here should theoretically bypass 

this mechanism as they are designed to induce a double strand break that must be 

directly ligated by NHEJ because homologous regions have been removed. Def1 could 

potentially be influencing NHEJ through Pol4, the polymerase responsible for gap filling 

during NHEJ end processing 127. If Def1 targets Pol4 for degradation, Def1 could 

potentially be important for removing Pol4 from break sites once gap filling is complete.  

 Another very important finding is that the overexpression of DEF1 is able to 

suppress yku80∆’s severe impaired ability to repair broken chromosomes. This is unique 

as there are limited explanations as to how breaks are directly ligated without YKU. 

Yeast can repair DSBs through a YKU independent pathway but this type of repair results 

in high rates of mutations 254. Often deemed alternative NHEJ or microhomology 

mediated end-joining, this backup pathway can function when conventional repair 

mechanisms are unavailable to rejoin ends by using short 5-25 NT regions of homology 

255,256. It is possible that the overexpression of DEF1 is potentially driving alternative-

NHEJ. 

 The results here provide evidence that Def1 may play multiple roles in NHEJ. The 

Def1/Yku80 interaction was only previously reported in a single large-scale study but we 

support this finding here. A potential model suggested is that Def1 binds YKU at DSB 

sites and functions to promote degradation of Pol4 following the completion of gap-
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filling. Further biochemical assays are required to provide support for this model but 

support provided herein is intriguing.  
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Chapter 6: Conclusions 

6.1 Concluding Remarks 

 The field of systems biology is increasingly becoming synonymous with the term 

“big data” and molecular biologists now must be adept at navigating exhaustive 

datasets in the search for novel gene functions or meaningful protein interactions. 

While researchers become increasingly more capable of handling expanding datasets 

and computation power increases, some fields in systems biology such as de novo 

protein design still remain in their infancy while other more established fields such as 

functional genomics are highly dynamic due to the overwhelming complexity of 

attempting to study life on a systems-level scale.  

 Bioinformatics uses computational tools to interpret existing data to infer novel 

insights, and to train on available data to predict biologically relevant functions or 

engineering new biological molecules. Here we have successfully employed all these 

different categories of tools to predict novel gene functions, infer functional 

relationships, and engineer novel synthetic biological molecules. The explosive growth 

of omics data has generated new challenges that require researchers to regularly 

innovate to keep pace with the scale of available data 257.  

In the face of comprehensive omics-level research projects reporting hundreds 

or thousands of novel claims in a single manuscript, it can be daunting searching for new 

insights in an era where data production significantly outpaces the ability to adequately 
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interpret new findings. However, finding a needle in haystack remains possible and 

applying unique approaches can allow one to identify novel protein functions even in 

remarkably well-characterized species such a S. cerevisiae. Despite nearly twenty years 

of large scale screens aimed at identifying new repair genes/gene functions 131,237,258–260,  

novel discoveries into eukaryotic DNA repair mechanisms continue to occur using the 

yeast model system.   

The NHEJ pathway model in particular continues to evolve regularly as new 

components/mechanisms are identified 132,233,261. In yeast, NHEJ is a relatively 

inconsequential pathway considering HR dominates and YKU70 mutants are viable 27. 

The reasons for the continued interest in studying the pathway stem primarily from the 

potential applications of the findings more so than a fundamental interest in studying 

the underlying biology. NHEJ is implicated in genetic diseases, cancer, aging, 

immunology and new genomic editing techniques. New findings in NHEJ mechanisms 

have the potential to impact applications in any of these diverse fields.  

Impaired NHEJ can result in genetic diseases such ataxia telangiectasia and 

primordial dwarfism 262 but NHEJ is more actively studied for its relationship to cancer. 

Defects in NHEJ can lead to chromosomal instability that is a hallmark of cancer 263 but 

NHEJ repair factors are also an attractive target for cancer therapeutics and the 

identification of new factors may also translate into the identification of a novel targets 

264. For example, DNA ligase IV is an attractive therapeutic target and the recently 

developed inhibitor Na-SCR7-P, a more water soluble version of a previously identified 
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ligase inhibitor, is capable of preventing ligation during end joining resulting in increased 

rates of apoptosis and decreased tumor growth in the later stages of treatment 265. 

Mutations that impair NHEJ have a general detrimental effect in cell survivability which 

is a major driver of aging 266. NHEJ also underlies the process by which B-cells and T-cells 

generate antigen receptors through VDJ recombination which utilizes the variable, 

diversity, and joining genes. Mutations in the NHEJ1 gene, homolog of Nej1, result can 

cause an immunodeficiency (Cernunnos/XLF deficiency) disease and defects in 

additional repair factors such as ATM, 53PBP1, or H2AX can cause severe disease 

complications. Mutations in genes encoding for core human NHEJ factors Lig4, 

Cernunnos, DNA PKCs, Artemis and XRCC4 have all been associated with severe 

combined immunodeficiency (SCID) 89. In addition to all these reasons for studying NHEJ, 

the most pertinent application for the pathway currently its involvement in genetic 

editing using the CRISPR-Cas9 system.  

The CRISPR-Cas9 system is an excited new methodology for genetic engineering 

that may allow for highly efficient editing of multiple cells simultaneously in vivo. 

However, despite the initial hype behind the approach, the technology has suffered 

from complications that arise when Cas-9 induces a DSB during the editing process. The 

inherent inaccuracy and variability in NHEJ is not always seen in repair following 

cleavage by Cas9 which can be surprisingly accurate when ligatable ends are produced 

267. This property can be exploited to improve genome editing by CRISPR by engineering 

breaks that are repaired by accurate NHEJ 267. In other CRISPR applications, mutations 
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introduced through NHEJ impair functionality of the system. For example, Cas9 in 

association with T-cells can be guided to cleave proviral HIV DNA and profoundly inhibit 

viral replication short term 268. Mutations caused by NHEJ repair of the Cas9 cleavage 

site including insertions, deletions and substitutions allowed the virus to quickly evolve 

resistance to this therapy. A more comprehensive understanding of the NHEJ 

mechanism and new methods of modulating NHEJ could greatly assist in efficient design 

of effective CRISPR systems.  

In this thesis, three components of the NHEJ pathway have been studied. These 

results could have potential implications in these systems where the pathway is 

associated with important applications. Our group has identified a variety of novel NHEJ 

components in the past including histone acetyl transferase RTT109 and interacting 

partner Vps75, spindle checkpoint factors Bub1 and Bub2 that promote NHEJ and 

mitotic exit, and repair regulators Pph3/Psy2 among others 131,207,208. Each time a new 

component is added to the evolving model, it opens opportunities for discovering even 

more interacting factors that may not have been implicated if the other factors were not 

first identified.  

PSK1 and its interaction with RAD27 may help to solidify Rad27 as a core NHEJ 

factor and help to explain unresolved regulatory mechanisms responsible for 

modulating DSB repair. Psk1 is a kinase that becomes more active during stress 

conditions and may well have additional yet to be identified targets within the repair 

process. Chromatin remodeling was heavily studied in the past for its role in DSB repair, 
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but this field has been relatively dormant lately. Introducing a proposed model for ARP6 

function in relation to central chromatin remodeling complexes may help to clarify 

existing models and identify important relationships. Def1, although previously 

associated with DNA repair, must be further examined to understand the effect its 

binding has on Ku activity. The finding reported here that overexpression of DEF1 can 

functionally compensate for YKU80 in NHEJ is significant as current models do not 

propose redundancy in the essential Ku toolbelt protein and instead suggest driving 

alternative-NHEJ.  

6.1 Future Directions 

Here we both developed and employed systems biology approaches to produce 

valuable novel findings and pioneering synthetic biology tools. The development of 

InSiPS as a new tool for designing binding proteins that is truly unique from anything 

else currently available. Given our preliminary demonstration of the effectiveness of 

InSiPS and the great potential of the tool, there exists boundless opportunity to target 

proteins of interest in different species. Future iterations of InSiPS should include 

additional considerations for predicted protein stability and 3D structure to avoid 

designing proteins that are unstable or have an unavailable binding motif. I suspect this 

novel tool will drive new technologies that improve our abilities to design novel 

proteins.  
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We used systems biology tools to identify three new participants in the NHEJ 

pathway. However, each of the proteins studied in this thesis will need to be subjected 

to further biochemical analysis to understand specific molecular functions and modulate 

the current NHEJ model accordingly. These proteins were identified by analyzing data 

from proteome-wide screens for PPIs, both from the benchtop and from computation 

models. Once identified, I used other systems-biology tools to generate hypotheses and 

infer mechanisms. This skill is highly applicable to many different fields of research and 

research questions. Science is constantly evolving and trends change quickly but I 

suspect that an ability to infer novel insights by applying the top-down/bottom-up 

approach will prove highly adaptable no matter the direction taken for some time to 

come. The ability to identify interesting molecular mechanisms by probing massive 

genomic/proteomic/transcriptomic datasets, design and perform experiments to test 

hypotheses, and interpret findings within a larger systems context is a skill that should 

serve any scientist well moving forward. I hope that the findings here make a 

meaningful contribution to the quickly evolving field of systems biology.  
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8. Appendix 

Appendix 8.1: Additional data for chapter 2 

BlastP analysis of anti-target proteins with closest yeast homolog shown, related to 
Table 1. Closest yeast homolog of anti-Psk1 (A), anti-Pin4 (B) and anti-Rmd1 (C) are 
shown. 
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InSiPS Output for all 18 candidate sequences 
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Sequences of anti-target proteins against all 18 original targets 
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Primers used for Y2H cloning 

F-primer: Psk1 5’ AGC ACC ↓TCG AGC CCC TAC ATC GGT GCT TCC AAC CTC TCA GAA CAT  

R-primer: Psk1 5’ ACT GAG CGG CCG CCA TCA TCA AAT AAC CAA CCA TTT GTC GTT ATT  

F-primer: Pin4 5’ AGC ACC TCG AGC GAG ACC AGT TCT TTT GAG AAT GCT CCT CCT GCA  

R-primer: Pin4 5’ ACT GAG CGG CCG CCA TTA TTA CCA TAG ATT CTT CTT GTT TTG GTT  

F-primer: Anti-Pin4 5’ AGC AGC AGC AGC AGC AGC AGC AGC AGC ACC TCG AGC ATT TTC ATC TAC GGT 

GAT AGA TTA TTG GAT CAA  

R-primer: Anti-Pin4 5’ ACT AGC GGC CGC TTA TTA ATG ATG GTG ATG GTG GTG ATG ATG GTG ATG ATG 

ATG GGC  

F-primer: Anti-Psk1 5’ AGC AGC AGC AGC AGC AGC ACC ↓TCG AGC TCT GAT AAT GAA CAC TTG CAT AAG 

TGC CAA  

R-primer: Anti-Psk1 5’ ACT AGC ↓GGC CGC TTA TTA ATG ATG GTG ATG GTG GTG ATG ATG GTG ATG ATG 

ATG CTG 
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Anti-pin4 protein sensitizes cells to arsenite exposure 

Drug sensitivity growth curve of the anti-Pin4 protein causes sensitivity to arsenite 

(0.1M) similar to Δpin4, related to Figure 2. A single large culture (40mL) of each 

condition is represented but multiple repeats demonstrated the same trend. 
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Appendix 8.2: Additional Data for Chapter 3 

Table 8.1 Genetic compensation analysis of the overexpression of PSK1 in various 
mutant strains of interest. Constructs were exposed to conditions of UV light exposure 
(30 sec), 0.04% v/v MMS, or 70mM hydroxyurea. Cultures were grown to saturation and 
then serially diluted and spot-tested on YPGal or YPGal + Drug (or UV). Visually analysis 
of three repeats assessed growth relative to WT from 1-4.   
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