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Abstract 

 

 

 

Regulation of the base excision DNA repair pathway is critical for proper cell function 

 

 

By Annie J. McPherson-Davie 

 

 

The accumulation of DNA damage within the genome can lead to numerous deleterious conditions 

including cancer. Thus, cells have evolved numerous, highly conserved DNA repair pathways to 

efficiently repair such damage and protect the genome. The base excision repair (BER) pathway 

repairs oxidative DNA damage. Although the biochemical steps in BER have been well defined, 

little is understood about how the pathway is regulated.  The work described here exploits the 

Saccharomyces cerevisiae model to provide insight into how the BER pathway is regulated 

through analysis of a key BER protein termed NTHL1 in humans and Ntg1/2 in budding yeast. 

Previous work demonstrated that Ntg1 is sumoylated in response to oxidative damage. Here, we 

map the specific lysine residues that are sites of Ntg1 SUMO modification and then generate an 

Ntg1 variant where these five lysines are changed to arginine to create a variant of Ntg1 that cannot 

be modified by SUMO, ntg1ΔSUMO. When this Ntg1 variant is expressed in cells as the sole copy 

of Ntg1, cells show altered ability to arrest the cell cycle in response to DNA damage. This work 

begins to define how SUMO modification could regulate this key BER protein. To extend this 

work to mammalian cells, we demonstrated that human NTHL1 can also be modified by SUMO 

in response to oxidative insult, but the consequences of this modification have not yet been 

explored and the sites of modification have not been defined. This work was extended to create an 

S. cerevisiae system to explore the consequences of dysregulation of NTHL1, which has been 

linked to cancer. Overexpression of Ntg1 causes double-strand breaks and chromosome loss in 

budding yeast cells comparable to what occurs when NTHL1 is overexpressed in cultured cells. 

The budding yeast system facilitated genetic studies to define the pathways by which cells respond 

to the damage induced by overexpression of Ntg1 and provide insight into how different DNA 

repair pathways may intersect with one another. Taken together, this work provides important 

initial insights into potential molecular mechanisms that can regulate the BER pathways and 

coordinate cellular response to DNA damage. 
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1.1 Types of DNA damage, frequencies, and consequences 

The DNA in cells is constantly in danger of damage from a variety of DNA damaging 

agents1–3 (Figure 1.1). These DNA damaging agents come from both outside (exogenous) and 

within (endogenous) the cell and can impact cellular function1,4 (Figure 1.2). Both nuclear and 

mitochondrial DNA are subject to these potential deleterious chemical processes4–6 (Figure 1.2). 

DNA damaging agents can lead to a number of different DNA damages called lesions1,7 (Figure 

1.1). If not addressed quickly and efficiently, these lesions can lead to genetic or genomic 

instability1,7. Exogenous sources of DNA damage include ultraviolet (UV) light, ionizing radiation 

(IR), and chemical combustion7,8 (Figure 1.1). Simply stepping outside can expose you to low 

levels of harmful UV light from the sun9–11. The photochemical reaction induced by UV light can 

cause two neighboring pyrimidines in DNA (cytosine and thymine) or RNA (cytosine, thymine, 

and uracil) to dimerize9–11 (Figure 1.1). This dimerization lesion is estimated to occur up to 50-

100 times per second during exposure to sunlight7. The most common dimers are cyclobutene 

pyrimide and pyrimidine-pyrimidone (6-4) photoproducts, and their signature mutations are 

prevalent in genes mutated in skin cancers7,9–11. Ultimately, if left unrepaired, these dimers can 

inhibit proper replication of DNA by disrupting polymerases and therefore preventing proper 

cellular function7,10 (Figure 1.2).  

IR is composed of a number of rays (i.e. cosmic and gamma rays) that can vary in energy 

and have wavelengths less than 100nm12 (Figure 1.1). IR is abundant in the environment and arise 

from radioisotopes found in places like rocks, soil, building material in old basements, and from 

medical equipment12. IR can either directly or indirectly damage the DNA8. Direct IR can cause 

fragmented sugar derivatives, single-strand breaks (SSB), and double-strand breaks (DSB)7,13,14 
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(Figure 1.1). IR damage can ultimately lead to chromosome loss, genomic rearrangements, cell 

death, and tumorigenesis7,14.  

Indirect IR can occur when the surrounding water molecules are hit by IR and are turned 

into a cluster of highly reactive free radicals (i.e. hydroxyl radical (•OH))7,14 (Figure 1.1). These 

free radicals then damage the DNA forming lesions and DSBs7,14. 65% of the IR DNA damage is 

caused by •OH activity and resembles damages induced by reactive oxygen species (ROS) 

including thymine glycol to be discussed later14,15 (Figure 1.1). 

Endogenous sources of DNA damaging agents include spontaneous base hydrolysis, ROS, 

and enzymatic activity7,16–18 (Figure 1.1). Chemical modifications are the most common damage 

that occur in the DNA 3,7,19. There are an estimated 20,000-120,000 base lesions that occur per 

human cell per day7,20. This range is likely an underestimate as we do not currently have tools 

sensitive enough to accurately detect all the base lesions that occur in the cell21. These DNA 

modifications can occur in a variety of ways, but there are four major base lesion classes 

(hydrolysis, oxidation, deamination, and alkylation)7,18,22,23 (Figure 1.1). These lesions, if left 

alone, can ultimately lead to mutations and genomic instability24 (Figure 1.2). Spontaneous base 

hydrolysis is estimated to occur 2,000-10,000 times per human cell per day and occurs primarily 

at guanine bases3,7,25. These damages, known as abasic sites, or apurinic/apyrimidinic (AP) sites, 

can be particularly mutagenic as they can inhibit transcription3,26. Oxidation is caused by ROS 

(hydrogen peroxide, hydroxyl radical, and super oxide anion)15,27,28. Of the four bases, guanines 

are particularly sensitive to oxidation, leading to 8-oxo-7,8-dihydroguanine (8-oxoG), and these 

lesions are estimated to occur 100-500 times per human cell per day3,7.  

Due to the proximity of the mitochondria DNA (mtDNA) to the electron transport chain 

(ETC), which produces energy for the cell and ROS as a byproduct, and the method of replicating 
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the mitochondria genome, mtDNA is mutated more frequently than nuclear DNA28–30. Per year, 

the point mutation rate in mtDNA is about 6•10-8 per base pair (bp) and in general the mutation 

rate increases about 5-fold from the age of one to 8031. Deletions and point mutations that occur 

in mtDNA can lead to serious consequences like impaired heart, muscle, and nervous system 

tissues, Mitochondrial Encephalomyopathy, Lactic Acidosis, Stroke-like Episodes (MELAS) and 

have been associated with Parkinson’s and Alzheimer’s diseases32,33.  

Enzymatic induced damages include polymerase base incorporation errors and the 

intermediates formed during DNA repair7,34 (Figure 1.1). Although the replication polymerases 

are highly accurate (making mistakes at a frequency of 10-3 to >10-6) and have the ability to 

proofread, they still make mistakes especially in highly redundant regions like the centromeres34. 

Common polymerase mistakes include base-base mispairing, insertions and deletions34 (Figure 

1.1).  

In the process of repairing the DNA, 15,000-30,000 enzymatically induced damages occur 

per human cell per day7. Repair intermediates include AP sites, SSBs, DSBs and sometimes loss 

of genetic information (Figure 1.1). SSBs occur at around 10,000 times per human cell per day7. 

DSBs, although less common, are the most lethal form of DNA damage to cells and are estimated 

to occur around 10-50 times per human cell, per day, however this estimate can vary based on the 

cell type and cell cycle stage7 (Figure 1.1). While SSBs do not normally compromise the integrity 

of dsDNA, if left unrepaired, a SSB could be converted to a DSB during replication19. 

Additionally, a DSB can occur when a nuclease attacks damaged DNA at a replication fork35. 

Sometimes, replication fork reversal can also result in a DSB11,36,37. Unrepaired, or incorrectly 

repaired DSBs, can result in mutations, chromosomal rearrangements, or even cell death1,7,22 

(Figure 1.2).  
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DNA damage can ultimately have pathological consequences, such as aging, degenerative 

disorders, and cancer development11,27,28,38 (Figure 1.2). Paradoxically, cancer treatment often 

involves inducing DNA damage with chemotherapy and radiotherapy39–42. In the context of cancer 

therapy, treatments cause a large number of DNA damages that force the cell into apoptosis39–42. 

High levels of DNA damage are particularly harmful to quickly dividing cells, such as cancer 

cells39–42. Unfortunately, normal fast dividing cells such as gut epithelium, bone marrow 

hematopoietic cells and hair follicle cells can also be affected.   

Altogether, there are many types of DNA damages that occur every day caused by a variety 

of sources7. Although some changes in DNA are important for genetic diversity and natural 

evolution, the majority of DNA damages can have lasting negative effects on cell function1,7. 

These damages, once incorporated into mutations, can lead to cell death, aberrant cell growth, or 

cancer development1,11,26. The importance of maintaining genetic and genomic stability in spite of 

the large number and variety of DNA damages highlights the need for DNA repair pathways 

(Figure 1.2).   

 

1.2 DNA repair pathways 

DNA damage can threaten the normal functions of the cell and lead to pathological 

consequences1,7 (Figure 1.2). To combat the large variety of DNA damages, cells employ a number 

of DNA repair pathways. Six major DNA repair pathways exist to repair, mediate, or tolerate DNA 

damage4,12 (Figure 1.3). These repair pathways are highly evolutionarily conserved, and each 

pathway is specifically suited to repair certain types of DNA damage. Much is known about the 

steps involved in each of these repair pathways. All six pathways have been identified as present 

and active in the nucleus4 (Figure 1.3). In the mitochondria, some components from every pathway 



 6 

are present, however, in some cases the repair pathway does not seem functional in this organelle4 

(Figure 1.3). Repair pathways are regulated both with and independent of the cell cycle and range 

in accuracy and efficiency. Each repair pathway is unique and defective or missing repair 

components often result in tumorigenesis.  

i. The base excision repair pathway 

The base excision repair (BER) pathway is a versatile repair pathway that targets a large 

number of small non-helix distorting base damages43–46 (Figure 1.3). Major targets of BER are 

oxidized, alkylated, and deaminated bases3,5,47,48. BER can take place in two forms, long or short 

patch (to be discussed later). Some components of BER are coordinated with the cell cycle, but 

generally BER is active in G1 phase49. In general, the steps of BER are: 1) Excision; 2) incision; 

3) end processing; 4) repair synthesis; and 5) ligation (to be discussed later). BER is fully 

functional in the mitochondria and the most well understood mtDNA repair pathway. Missing or 

mutant components of BER lead to colorectal cancer, general cancer predisposition, and 

immunological defects11,50,51.  

ii. The mismatch repair pathway 

The mismatch repair (MMR) pathway targets replication errors that were missed by the 

proof-reading machinery of the polymerase1,4,52–54 (Figure 1.3).  MMR excises a region of DNA 

including the mismatch and effectively gives a polymerase a second chance to synthesize the 

DNA52–54. This type of repair is dependent on the ability to distinguish between the newly formed 

DNA and the template strand as the template is assumed to be accurate52–54. The substrates of 

MMR are insertions, deletions and misincorporated bases52–54. MMR is active during replication 

and recombination and therefore primarily active during S phase52–54. This repair pathway is less 

active, but still functional during other phases of the cell cycle52–55. The steps of MMR are: 1) 
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damage recognition; 2) template identification; 3) base excision; 4) error free gap filling; and 5) 

ligation. 

Only a few enzymes involved in MMR have been identified in the mitochondria so far, and 

the ones that have seem to function differently in this compartment4,55. As a protein involved in 

both nuclear BER and NER, the protein, YB-1, is confirmed to be involved in mitochondria MMR, 

but no connection to mitochondrial BER or NER has yet been found55 (Figure 1.3). Technically, 

mismatches in mtDNA can be repaired by BER. Further research is needed to determine if MMR 

is fully functional in mitochondria4,55.  

In humans, how the template is distinguished from nascent DNA is not known, however, 

the leading theory is that nicks in the backbone of newly synthesized DNA are used to distinguish 

the newly synthesized strand from the template strand52. Interestingly, MMR can remove from a 

few to thousands of nucleotides52–54. Mutations in this repair pathway lead to microsatellite 

instability, hereditary nonpolyposis colorectal cancer (HNPCC) or Lynch syndrome, and 

constitutional mismatch repair deficiency syndrome (CMMR-D) which can lead to sporadic 

cancers11,52,56.  

iii. The nucleotide excision repair pathway 

Nucleotide excision repair (NER) is the primary pathway for repairing helix distorting 

DNA damage, with the most common damage repaired being pyrimidine dimers that result from 

UV irradiation16,57,58 (Figure 1.3). NER is active throughout the cell cycle59. The general steps of 

NER are: 1) damage recognition; 2) DNA unwinding; 3) excision; 4) gap filling; and 5) ligation. 

NER can be divided into two subcategories, transcription-coupled repair (TCR) and global genome 

repair (GGR)57 (Figure 1.3). TCR occurs on transcriptionally active genes and detects when an 

RNA polymerase stalls at a lesion on the DNA60. The RNA polymerase is removed, and the 
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transcript is terminated so NER can repair the lesion60. GGR occurs throughout the genome, 

including non-transcribed strands of DNA60. 

Components of the NER pathway were only recently discovered in mitochondria55. This 

could be because these enzymes are endogenously maintained at low levels in the mitochondria 

and the optimal conditions to increase the abundance of these proteins have not yet been defined. 

Further research is needed to determine if NER is fully functional in mitochondria. 

Xeroderma pigmentosum (XP) is a skin disorder that develops in people missing 

components of NER11. People who suffer from XP cannot be exposed to the sun because they can 

develop skin lesions that often become cancerous11. XP is characterized by about a 10,000-fold 

increased risk of skin cancer associated with sunlight exposure11. Cockayne syndrome (CS) is 

another disorder that can be traced back to mutations in the NER pathway11. CS is a rare and fatal 

disorder characterized by impaired development, sensitivity to sunlight, and premature aging11.  

iv. The direct reversal repair pathway 

The direct reversal repair pathway removes the chemical addition rather than excising the 

base53.  (Figure 1.3). This process targets alkylated groups and is error-free53. Proteins involved in 

direct damage reversal locate to replication foci during S phase53,59. Once damage is detected, 

direct reversal repair proteins catalyze the removal of the alkyl group53. A protein variant of a 

nuclear direct reversal repair protein has been identified in the mitochondria4. Mutants in direct 

reversal repair are associated with non-small-cell lung, colorectal, and prostate cancers11.  

v. The double-strand break repair pathway 

The double-strand break repair (DSBR) pathway repairs or mediates the most lethal type 

of DNA damage, DSBs4,61–63 (Figure 1.3). DSBR is further broken down into two major 

subcategories, homologous recombination (HR), and end joining (EJ)61–63. The key difference 
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between HR and EJ is the initial processing of the DSB61–63. Loss of components of DSBR can 

lead to loss of heterozygosity and tumorigenesis11.  

HR is the more accurate of the two DSBR subcategories61,62,64 (Figure 1.3). This process 

is slow, and only occurs when a sister chromatid is available and therefore, only during S phase 

and G261,62,65. Initially, long stretches DNA are resected, and a homology search ensues to identify 

complementary DNA sequences and limit the loss of genetic information61,62,64. In general, the 

steps of HR are: 1) resection; 2) strand invasion; 3) DNA synthesis; and 4) resolution. While HR 

is often accurate, with enough homology, two non-homologous loci could be joined, leading to 

genome rearrangements24. 

Outside of repair, HR occurs during meiosis and T and B cell maturation to increase genetic 

and immune diversity61,62,64. Although DSBR is known to occur in the mitochondria, most 

components of HR have not yet been identified in this compartment4. HR deficiency leads to 

breast, ovarian, skin, and bone cancers, and Fanconi anemia, a cancer predisposition syndrome11.  

During the cell cycle when a sister chromatid is not accessible, a faster, less accurate repair 

pathway is used for DSBs63,66. This repair pathway is called end joining (EJ)63,66 (Figure 1.3). EJ 

ligates two DSB ends together whether they originally resided next to one another or not63,66. 

Initially, very little end processing is done before end joining occurs. The steps of EJ are: 1) 

recognition; 2) end processing; and 3) ligation. EJ generally leads to limited loss of genetic 

information but can result in large deletions and chromosomal rearrangements and therefore could 

be potentially mutagenic63,66. In mitochondria, a sub pathway of EJ, microhomology mediated end 

joining (MMEJ), has been detected4. Dysfunction in EJ proteins include consequences like 

Fanconi anemia and breast and ovarian cancers11.  

vi. The DNA damage tolerance pathway 
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When replicative polymerases encounter a DNA adduct or an abnormal base, such as a 

pyrimidine dimer the polymerase is unable to continue and stalls19,53,67,68. If not resolved quickly, 

this can result in a replication fork collapse, which in turn can lead to SSBs, DSBs, and ultimately 

genomic instability19,53,67,68. While DNA damage tolerance (DDT) is not technically a repair 

pathway, DDT does prevent further DNA damage, and allows the replication process to continue 

without further incident19,53,67,68. The damaged DNA can then be repaired later by a traditional 

repair pathway19,53,67,68. DDT is active when the DNA is being replicated, and therefore only during 

S phase59.  

There are two sub pathways of DDT, translesion synthesis (TLS) and template switching 

(TS)19,53,67,68. TLS occurs when a high-fidelity replicative polymerase with low-processivity 

switches with the replicative polymerase to bypass the lesion19,53,67,68. Then the replicative 

polymerase returns and continues replication19,53,67,68. TS is not well understood but is thought to 

involve the sister chromatid19,53,67,68. One of the TLS polymerases is located in the mitochondria, 

suggesting mtDNA also can undergo TLS4. People who are deficient in a TLS polymerase can 

develop a variant of XP 11.  

  

1.3 The base excision repair pathway 

The base excision repair (BER) pathway is the major pathway for repair of oxidized DNA 

damage18. BER is evolutionarily conserved from E. coli to humans18,45,69. The BER pathway 

processes a large number of non-helix distorting base lesions caused by oxidation, deamination, 

and alkylation20,44,46. Both the nucleus and the mitochondria contain components of the BER 

pathway that allow these lesions to be repaired4.  
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BER takes place in a five-step process illustrated in Figure 1.4: 1) excision; 2) incision; 3) 

end processing; 4) repair synthesis; and 5) ligation. 

Step 1) excision, consists of eleven N-glycosylases that can detect specific lesions with 

some overlapping specificity (e.g. OGG1) (Figure 1.4)18,70. These N-glycosylases identify base 

lesions, flip the base out of the helix and sever the glycosidic bond70. This step results in an abasic 

site (Figure 1.4).  

Step 2) incision refers to cleaving the sugar phosphate backbone next to the abasic site 

(Figure 1.4). The abasic site is recognized by an AP endonuclease (e.g. APE1) 18,70. The AP 

endonuclease will cleave the DNA backbone on the 5’ side leaving an available OH for base 

replacement (Figure 1.4). Some N-glycosylases are bi-functional, meaning they have both 

glycosylase and AP lyase ability71 (e.g. NTHL1). An AP lyase will cleave the 3’ side of an abasic 

site71 (Figure 1.4). 

Step 3) end processing, can differ depending on which enzyme (an AP endonuclease or an 

AP lyase) cleaved the DNA backbone18,70. Ultimately, both ends need to be processed to have the 

appropriate terminal groups to complete repair (Figure 1.4). The 5’ end must have an available OH 

group, and the 3’ end must have an available phosphate group. In the event that the abasic site is 

cleaved on the 3’ side by an AP lyase, this processing can be completed by an AP endonuclease 

(e.g. APE1) (Figure 1.4). 

Step 4) repair synthesis, occurs when a polymerase (e.g. Pol ) fills in the single missing 

base18,70 (Figure 1.4). This path is called the short patch repair18,70 (Figure 1.4). Alternatively, a 

different polymerase (e.g. Pol /) can polymerize 2-10 bases and displace the preceding DNA 

bases, known as long patch repair18,45,70. Following this extension, the displaced DNA bases, 

known as a flap, must be removed by Flap endonuclease (e.g. FEN1) before the final step of BER 
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can be completed18,70. While it is not well understood how cells decide to utilize short patch verses 

long patch repair, the decision seems to depend on which N-glycosylase catalyzes the initial 

reaction18,70. Short patch repair is used most often. This path selection also appears to be cell stage 

dependent.  

Step 5) ligation, refers to sealing the nick within the DNA backbone following 

polymerization (Figure 1.4). A ligase joins the two ends (OH and phosphate group) in the nucleus 

(e.g. LIG1) and the mitochondria (e.g. LIGIII) 18,70.  

  

1.4 Bi-functional N-glycosylase, NTHL1, and orthologs 

One BER pathway initiator is the N-glycosylase, NTHL172. NTHL1 is categorized as an 

AP endonuclease73. Within this category, NTHL1 is a member of the evolutionarily conserved 

Endonuclease III (EndoIII) or Nth family proteins (Figure 1.5)72,73. AP endonucleases are divided 

into two classes, class I, which cleave 3’ of an abasic site, or class II, which cleave 5’ of an abasic 

site73. Human NTHL1, and orthologs in other species  (S. cerevisiae: Ntg1 and Ntg2, E. coli: 

EndoIII), are classified as class I 73. Nth family proteins are known for two highly conserved 

domains, the ENDO3c domain (smart00478) and the iron-sulfur cluster loop (Fe-S domain) (smart 

00525)70. Within this ENDO3 domain resides a Helix-hairpin-Helix (H-h-H) segment responsible 

for non-specific DNA binding70 (Figure 1.5). The consensus for this sequence 

is L111X2LP115GVG118XK120TA12274. This sequence contains the catalytic residue responsible for 

AP lyase activity, K120 in E. coli70 (Figure 1.5). These residues are required to maintain the shape 

of the H-h-H and position K120 into the active site cavity70.  

The second domain present in Nth family proteins, an iron-sulfur cluster loop (Fe-S 

domain), is located at the C-terminus of the proteins and is present in most of the Nth family 
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proteins72,75 (Figure 1.5). This iron-sulfur cluster loop, which is comprised of 21 residues, is 

important for DNA binding75. The consensus sequence is G183X3C187X6C194X2C197X5C20375. In 

addition to AP endonuclease activity, Nth family proteins also can hydrolyze the N-glycosidic 

bond between the base and the sugar moiety, thus making them bi-functional glycosylases70.  

The S. cerevisiae genome encodes two homologs of EndoIII that arose from a whole 

genome duplication, Ntg1 and Ntg276,77 (Figure 1.5). They both are bi-functional glycosylases78. 

Ntg1 and Ntg2 share 41% identity and 63% similarity78 (Figure 1.5). Both Ntg1/2 have the H-h-H 

motif, however, only Ntg2 retains the Fe-S cluster loop78 (Figure 1.5). In proteins that lack the Fe-

S cluster loop (e.g. Ntg1), it is hypothesized that activity and specificity are reduced74. While Ntg1 

and Ntg2 both contain a nuclear localization sequence (NLS), only Ntg1 has a mitochondrial 

targeting sequence (MTS)78,79. The catalytic site of Ntg1 is lysine 24370 (Figure 1.5). Both proteins 

can efficiently remove the following substrates: 5-hydroxy-6-hydrothymine, 5-hydroxy-6-

hydrouracil, 5-hydroxy-5-methylhydantoin, 5-hy-droxyuracil, 5-hydroxycytosine, thymine glycol 

(Tg), 4,6-diamino-5-formamidopyrimidine (fapyAdenine and fapyGuanine), however the two 

proteins process each lesion at different rates80.  

  

1.5 Saccharomyces cerevisiae as a model system 

Saccharomyces cerevisiae is a eukaryotic model organism that is used extensively to study 

the highly conserved DNA repair pathways. This organism can exist in either the diploid or haploid 

state. The haploid state allows for easy genetic manipulation as only a single copy needs to be 

removed to study gene function. In fact, a budding yeast gene deletion collection of 4,200 non-

essential gene knockouts has been available since 2000. DNA repair systems are highly 

evolutionarily conserved, including BER, allowing researchers to exploit this model system. In 
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fact, much of the accumulated knowledge of BER comes from studies performed in budding yeast. 

Any information gathered in yeast is highly translatable to humans, making S. cerevisiae an 

excellent model organism to study the regulation of BER.  

 

1.6 Regulation of NTHL1 and orthologues 

While the biochemical mechanism of the BER pathway is well understood, not much is 

known about how this pathway is regulated. Such regulation is critically important because this 

pathway must be available for rapid response to any insults that cause DNA damage, but also 

regulated to ensure that the pathway is not improperly initiated. Some recent studies have begun 

to provide insight into the regulation of this critical DNA repair pathway. There are number of 

ways proteins can be regulated, including regulation of steady-state levels at either the transcript 

or protein levels, post-translational modifications, localization, and protein-protein interactions.  

At the gene level, NTHL1 is comprised of six introns and five exons (8052 bases) and is 

located on chromosome 1671. NTHL1 is arranged 5’ to 5’ with the Tuberous sclerosis 2 gene 

(TSC2) with only 357bp separating the two genes and presumably providing the promoter activity 

for both genes72,81. This promoter is either overlapping or bidirectional and contains a CpG 

island72,81. This promoter region contains consensus binding sites for transcription factors Sp1, 

Ets1, LBP-1, and more but does not contain a typical TATA box72,81. NTHL1 has multiple 

transcription start sites and resides tail to tail with the 3’ neighboring gene, OCTS271. The gene 

loci of S. cerevisiae NTG1 and NTG2 are located on chromosome I and XV, respectively78. The 

promoter of NTG1 has a cis-acting element, a 19bp sequence, that is located at nucleotide -36082. 

At the RNA level, NTHL1 mRNA is expressed ubiquitously throughout the human body71. 

The mRNA expression level can vary greatly in different cell types with the highest observed 
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expression in the heart and the lowest in lung and kidney tissues71. High levels of NTHL1 mRNA 

expression in the heart are suspected to be caused by the high levels of ROS, a byproduct of ATP 

production, and the resulting demand for oxidative phosphorylation that can trigger oxidative 

stress72. Interestingly, alternative splice variants of NTHL1 mRNA are detected in the liver, 

hippocampus (800 bases), and blood (1030 bases), but no studies have been performed to assess 

the functional consequences of this alternative splicing83. 

One study estimates that the expression of NTG1 mRNA is one transcript per cell69. 

Consistent with this prediction, we were unable to detect NTG1 or NTG2 mRNA by northern blot 

under endogenous conditions78. We were, however, able to detect both transcripts via qRT-PCR78. 

Interestingly, NTG2 mRNA is present at a relatively lower level than NTG1 mRNA78. This finding 

could suggest that Ntg1 is the primary Nth family member present in budding yeast under resting 

conditions. 

Not much is known about the transcriptional regulation of endonuclease III/Nth family 

glycosylases. NTHL1 mRNA expression is regulated by the cell cycle83,84. In human keratinocytes, 

expression is low at the G0 and G1 phases of the cell cycle83,84. Expression begins to increase at the 

start of S phase and remains high throughout S phase83,84. After mitosis, expression decreases83. 

NTHL1 mRNA expression could be differentially expressed in different cell types, or throughout 

development and factors that control this cell cycle dependent expression have not yet been 

identified.  

NTG1 mRNA expression may be inducible in response to DNA damaging agents, although 

there are some conflicting results on this point. One study found that NTG1 mRNA expression was 

induced after exposure to hydrogen peroxide (H2O2), methylmethane sulfonate (MMS), and 4-

NQO69. They found particularly high expression in the presence of menadione, suggesting some 
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specificity of the DNA damage to the inducibility of Ntg169. Our group only detected increased 

expression in response to menadione21. This discrepancy between studies could be attributed to 

differences in experimental or growth conditions. The 19bp sequence in the promoter region, 

mentioned above, is required to induce expression in response to hydroxyurea (HU) in another 

gene, DIN7, but has not yet been investigated in connection with Ntg182. Ntg2 expression has 

never been readily detectable under any of the conditions tested78. Currently, we cannot address 

whether an increase in mRNA levels corresponds to an increase in protein levels as no antibodies 

are available to analyze expression of endogenous Ntg1 or Ntg2. Based on this evidence in budding 

yeast, there is a probability that expression of NTHL1 can be induced in response to a DNA 

damaging agent, but further studies will need to be conducted.  

At the protein level, the N-terminus of NTHL1 is a region important for proper subcellular 

protein localization. The MTS and bipartite NLS and are located in this region83 (Figure 1.5). In 

cells, NTHl1 can be detected in the nucleus, the mitochondria and the cytoplasm depending on the 

cell type or species examined83. This localization also appears to be tissue dependent83. Whether 

NTHL1 can be re-localized to a specific compartment in response to DNA damage is not known. 

In budding yeast, both Ntg1 and Ntg2 also have localization sequences located at the N-terminus78. 

Ntg1, which contains both a bipartite NLS and an MTS, is localized to both the nucleus and the 

mitochondria69. Ntg2 only contains an NLS and therefore is only located in the nucleus69. Ntg1 

can be recruited to the nucleus in response to DNA damage induced by H2O2, or the mitochondria 

in response to DNA damage induced by a combination of H2O2 and antimycin A79. These findings 

highlight how cellular localization is one mechanism that can regulate Ntg1 activity. 

The N-terminal domain of NTHL1 and Ntg1 is also critical for proper protein regulation. 

The N-terminal domain of NTHL1 inhibits the rate of lesion release85. Additionally, this domain 
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allows NTHL1 to homodimerize leading to an auto-inhibitory effect on lesion processing in a 

concentration dependent manner both in vitro and in vivo85. Loss of the first 55-80aa in NTHL1 

stimulates the activity of NTHL1, as does the presence of the downstream BER player, APE185,86. 

The N-terminus of NTHL1 and Ntg1 has a long positively charged region that may be necessary 

for protein-protein interactions78,87. For example, the Y box-binding protein 1 (YB-1) physically 

interacts with NTHL1 and stimulates both glycosylase and AP lyase activity of NTHL155. Also, 

in vitro excision experiments show that the excision of the DNA lesion, Tg, by NTHL1 is greatly 

increased when binding partner and NER protein, XPG, is added88. 

Post-translational modifications (PTMs) also play a major role in regulating protein 

function and interactions89. Both Ntg1 and Ntg2 are post-translationally modified by the Small 

Ubiquitin-like MOdifier (SUMO), but whether this modification is also present on the human 

NTHL1 protein had not yet been explored prior to this thesis work90. The sites, the relevant proteins 

involved, and the functional consequence of Ntg1 and Ntg2 sumoylation are currently unknown. 

However, sumoylation of Ntg1 is only detected in the nucleus, and not seen in the mitochondria90. 

 

1.7 Dysregulation of human base excision repair protein, NTHL1  

As a DNA repair protein, loss of NTHL1 could have detrimental effects on cellular 

function. A recessive homozygous loss of function germline mutation in NTHL1 has been 

identified as a contributor to a novel colon cancer predisposition syndrome91. This nonsense 

mutation results in loss of NTHL1 protein91. NTHL1 is localized to both the nucleus and the 

cytoplasm, but localization can differ markedly based on cell type92. However, a subset of gastric 

and colon cancer patient samples had NTHL1 excluded from the nucleus and restricted to the 
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cytoplasm92,93. Effectively, these two examples demonstrate the need for properly controlled 

regulation of NTHL1 to maintain genome integrity.  

Although loss of NTHL1 function can contribute to tumorigenesis, NTHL1 is amplified or 

the mRNA is upregulated in a variety of tumor types far more often than NTHL1 is deleted94. A 

recent study demonstrated that NTHL1 overexpression causes genomic instability, replication 

stress signaling, and an increased reliance on EJ in normal human bronchial epithelial cells94. Cells 

engineered to overexpress NTHL1 showed a number of early cancer hallmarks, including loss of 

contact inhibition94. Interestingly, these results were not dependent on NTHL1 catalytic activity94.  

 

1.8 NTHL1 and DNA repair pathway crosstalk  

DNA repair pathways were originally characterized as stand-alone pathways. However, 

beyond the interactions within a given DNA repair pathway, there is evidence of interplay between 

DNA repair pathways43,86,88,95,96. This is not surprising since some repair intermediates, such as 

AP sites and SSBs, can be repaired by multiple pathways. While the idea of DNA repair pathway 

crosstalk is still in its infancy, there is evidence to suggest we have a lot to learn about this topic.  

Most of the known BER crosstalk with other DNA repair pathways takes place at the first 

step. In vitro studies of NTHL1 show poor excision of NTHL1 substrate, Tg88. However, in vitro 

studies, indicate that the addition of either BRCA1 (a component of HR and involved in MMR) or 

XPG (a component of NER), but not other similar proteins, greatly increases the efficiency of Tg 

excision88,97. One study found that knocking down NTHL1 significantly decreased alt-NHEJ. 

Indeed, overexpression of NTHL1 resulted in an increase in NHEJ and a decrease in HR, consistent 

with crosstalk between BER and other repair pathways94. Taken together, these data suggest that 

NTHL1 plays a role in promoting EJ and suppressing HR.  
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1.9 Summary 

In this thesis, the work addresses two aspects of regulation of the BER pathway taking 

advantage of the budding yeast model system. In Chapter 2, the sites of SUMO modification on 

the Ntg1 protein were mapped to identify five major sites of modification. A variant of Ntg1 that 

could not be modified by SUMO was generated and analyzed. In addition, this work demonstrated 

that the human NTHL1 protein can also be modified by SUMO. In Chapter 3, we developed a 

budding yeast system to model how overexpression of NTHL1 leads to early hallmarks of cancer. 

Studies were performed to demonstrate that overexpression of Ntg1 causes similar DNA damage 

as that induced by overexpression of NTHL1 in mammalian cells. This system could then be 

employed to screen a panel of budding yeast mutants in a variety of DNA repair pathways. These 

studies provide insight into how cells respond to damage that occurs upon overexpression of Ntg1 

as well as potential pathways that interface with BER. Taken together, this work provides 

important initial insights into how the BER pathway is regulated at a critical first step that initiates 

this repair pathway. These studies exploiting the budding yeast system can be used to develop 

hypotheses for how dysregulation of NTHL1 leads to cancer. 
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1.10 Figures and tables 

 

Figure 1.1: Schematic summarizing causes of DNA damage and the resulting types of 

damage.  

The schematic depicts different types of DNA damages (listed below the image): double-strand 

breaks, bulky adducts, insertions and deletions, O6-alkylguanine, and single-strand breaks. 

Additionally, this figure depicts examples of causes for each respective type of DNA damage 

(listed above the image); radio- and chemotherapy, ultraviolet (UV) light, replication errors, 

alkylating agents, and x-rays.  
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Damage type:

Radio - and
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Replication
errors
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Bulky
adducts

Insertions
Deletions

O6-
alkylguanine
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Modified from Stephen Jackson and Cheryl Bishop 2006
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Figure 1.2: Pathway of the biological consequences of DNA damage.  

The schematic depicts DNA damage (yellow circle) from either exogenous or endogenous sources 

(blue lines) to nuclear or mitochondrial DNA. When repaired (green lines), the cell continues 

normal function and metabolism (green circle). However, if the damage is left unrepaired (red 

lines), the cell can undergo abnormal function and develop different pathologies (red circle) 

including cancer, cell senescence, and apoptosis. 
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Figure 1.3:  DNA repair pathways in the nucleus and the mitochondria.  

Six major pathways of repair are present in both the nucleus and the mitochondria. Solid colored 

backgrounds (blue: nuclear, and yellow: mitochondrial) identify established pathways, while 

hatched backgrounds indicate pathways that need further confirmation or have some, but not all, 

established necessary nuclear components localized to the mitochondria. In humans, a component 

traditionally identified as a base excision repair protein, YB-1, appears to be critical for mismatch 

repair in mitochondria (identified by a ?)55. Abbreviations: TCR, transcription-coupled repair; 

GGR, global genome repair; EJ, end joining; HR, homologous recombination; TLS, translesion 

synthesis. 

  



 23 

 

Figure 1.4:  Basic steps of the evolutionarily conserved base excision repair pathway. 
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BER is the main pathway for repair of oxidative DNA damage. The BER pathway consists of 5 

main steps: 1) excision; 2) incision; 3) end processing; 4) repair synthesis; and 5) ligation. Short 

patch BER is depicted here. The red triangle indicates DNA damage and the grey square indicates 

a repaired base. The purple lines and arrows indicate the steps human NTHL1 and S. cerevisiae  

Ntg1 facilitate. 
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Figure 1.5:  Domain structure of evolutionarily conserved Endonuclease III/Nth family 

proteins. 

Domain structure of the Endonuclease III/Nth family proteins from E. coli, S. cerevisiae, and H. 

sapiens. S. cerevisiae contains two NTHL1 orthologs that arose from a whole genome duplication 

event. ENDO3c Domain (purple), Helix-hairpin-Helix domain (teal), Iron Sulfur Cluster 

(magenta), Mitochondrial Targeting Sequence (yellow), Nuclear Localization Signal (blue), 

Catalytic Lysine (red line), Metal Binding Residue (black line). 
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2.1 Abstract 

DNA damaging agents are a constant threat to genomes in both the nucleus and the 

mitochondria. To combat this threat, a suite of DNA repair pathways cooperate to repair numerous 

types of DNA damage. If left unrepaired, these damages can result in the accumulation of 

mutations which can lead to deleterious consequences including cancer and neurodegenerative 

disorders. The base excision repair (BER) pathway is highly conserved from bacteria to humans 

and is primarily responsible for the removal and subsequent repair of toxic and mutagenic 

oxidative DNA lesions. Although the biochemical steps that occur in the BER pathway have been 

well defined, little is known about how the BER machinery is regulated. The budding yeast, 

Saccharomyces cerevisiae is a powerful model system to biochemically and genetically dissect 

BER. BER is initiated by DNA N-glycosylases, such as S. cerevisiae Ntg1. Previous work 

demonstrates that Ntg1 is post- translationally modified by SUMO in response to oxidative DNA 

damage suggesting that this modification could modulate the function of Ntg1. In this study, we 

mapped the specific sites of SUMO modification within Ntg1 and identified the enzymes 

responsible for sumoylating/ desumoylating Ntg1. Using a non-sumoylatable version of Ntg1, 

ntg1ΔSUMO, we performed an initial assessment of the functional impact of Ntg1 SUMO 

modification in the cellular response to DNA damage. Finally, we demonstrate that, similar to 

Ntg1, the human homologue of Ntg1, NTHL1, can also be SUMO-modified in response to 

oxidative stress. Our results suggest that SUMO modification of BER proteins could be a 

conserved mechanism to coordinate cellular responses to DNA damage. 
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2.2 Introduction 

Genomes in both the nucleus and mitochondria are constantly exposed to various 

exogenous and endogenous DNA damaging agents (1). A suite of DNA repair pathways cooperate 

to ensure the efficient repair of numerous types of DNA damage that result from such exposures 

(2, 3). Oxidative DNA damage, caused by numerous sources including cellular metabolism (4, 5) 

and exogenous factors (6), is one of the most common forms of DNA damage. Estimates suggest 

that 90,000 oxidative lesions and 200,000 apurinic/apyrimidinic (AP) sites are generated per 

human cell per day (7–9). Unrepaired lesions can result in the accumulation of mutations which 

can trigger deleterious consequences including cancer and neurodegenerative disorders (1–3, 7, 8, 

10–16). The base excision repair (BER) pathway is primarily responsible for the removal and 

repair of toxic and mutagenic oxidative DNA damage (3, 17–19). Numerous studies have defined 

in detail the biochemical steps that occur in the BER pathway (3, 20), but little is known about 

how the BER machinery is regulated (21). 

BER is initiated by the recognition and hydrolysis of a damaged base by a DNA N- 

glycosylase leaving an AP site (3, 20, 22, 23). The AP site is then further processed to create a 

nick in the DNA backbone (3, 20, 22, 23). Subsequent steps create a single-strand break that is 

then filled by a specialized DNA polymerase and sealed by ligase (3, 20, 22, 23). These steps must 

occur in a sequential manner ensuring that AP sites and single-strand breaks are properly managed 

to allow repair at the initial site of DNA damage without causing collateral damage via 

accumulation of BER intermediates (3, 20, 22, 23). The human NTHL1 protein, which is a 

bifunctional Endonuclease III–like N-glycosylase/AP lyase, is responsible for initiating repair of 

a wide array of oxidative lesions (21, 24–26). As the initiating factor in the BER pathway (3, 21, 

22), NTHL1 must be regulated to ensure that repair is rapid, but also regulated to prevent the 
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accumulation of toxic and mutagenic AP sites and single-strand breaks that are the products of 

NTHL1 enzymatic activity (21, 24– 26). N-glycosylase regulation could occur through a number 

of distinct mechanisms including modulating protein levels, protein localization, protein-protein 

interactions, and post-translational modifications (27–35).  

Recent discoveries highlight the importance of N-glycosylase regulation in cancer (36, 37). 

Several studies identified mutations in the NTHL1 gene in a recently characterized cancer 

predisposition syndrome (38–40). These heterozygous loss-of-function mutations in NTHL1 

predispose patients to colorectal cancer and other forms of cancer (38–40). Altered NTHL1 

function can also result in mislocalization/accumulation of the protein in the cytoplasm of cancer 

cells in a subset of gastric tumors (36). These studies provide evidence that proper function of 

NTHL1 is critical to maintain genomic integrity and cellular homeostasis. 

Much of the work that has contributed to our knowledge of DNA repair mechanisms has 

exploited the budding yeast S. cerevisiae as DNA repair pathways are conserved through evolution 

(41). Recent studies of the S. cerevisiae orthologues of NTHL1, Ntg1 and Ntg2, reveal that these 

proteins are post-translationally modified by the Small Ubiquitin-like MOdifier, SUMO (24, 42). 

The Ntg1 protein is modified in response to DNA damage (24, 42). Sumoylation has the potential 

to function in a number of regulatory roles including modulating protein-protein interactions and 

protein activity (27–35). One well-characterized example of SUMO-mediated regulation of the 

BER pathway is the human thymine DNA glycosylase (TDG), where sumoylation of TDG triggers 

a conformational change which alters the DNA binding pocket of the enzyme to influence enzyme 

turnover (43–45). This conformational change in TDG decreases the affinity of TDG for DNA 

leading to an increase in the off rate and hence an increase in the catalytic efficiency (turnover) of 
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TDG (43, 44). Similarly, sumoylation could also modulate the function of Ntg1; however, the 

impact of SUMO modification on Ntg1 function has not yet been explored. 

Critical to defining the functional role of SUMO modification of Ntg1 is identifying the 

SUMO modified sites within Ntg1. In this study, we identify the enzymes that mediate/ regulate 

sumoylation of Ntg1. We also map the SUMO-modified sites on Ntg1 and perform an initial 

assessment of the functional importance of sumoylation of Ntg1. In addition, we demonstrate that, 

similar to Ntg1, human NTHL1 can also be SUMO-modified in response to oxidative stress. Our 

results suggest that SUMO modification of BER proteins could represent an evolutionarily 

conserved mechanism by which cells respond to oxidative DNA damage. 

 

2.3 Materials and methods 

2.3.1 Strains, plasmids, and media 

All haploid S. cerevisiae strains and plasmids used in this study are listed in Table 1. S. 

cerevisiae cells were cultured at 25°C, 30°C, or 37°C in YPD medium (1% yeast extract, 2% 

peptone, 2% dextrose, 0.005% adenine sulfate, and 2% agar for plates) or SD medium (0.17% 

yeast nitrogen base, 0.5% ammonium sulfate, 2% dextrose, 0.5% adenine sulfate, and 2% agar for 

plates). In order to introduce plasmids, cells were transformed by a modified lithium acetate 

method (46). 

A centromeric vector (CEN, URA3), pRS316 (47) was employed as the backbone for the 

generation of a construct expressing C-terminally tagged Ntg1-TAP fusion protein (pD0436). The 

insert was amplified using the primers listed in Table 2 and inserted at the NotI restriction site of 

pRS316 (47). The insert includes the tetracycline repressible promoter (Tet-Off) and the C-

terminally tagged NTG1-TAP fusion from the DSC0295 strain (24). The S. cerevisiae haploid 
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deletion mutant ntg1Δ (DSC0470) generated by dissection of tetrads derived from heterozygous 

diploid hDNP19 (19), and the SUMO pathway mutant collection (E3 ligase mutant strains, siz1Δ, 

siz2Δ, and siz1Δ/siz2Δ and desumoylase mutant stains ulp1-ts and ulp2Δ) were utilized to assess 

the level of sumoylated wildtype and mutant Ntg1 (19, 48, 49). All lysine to arginine amino acid 

substitutions (Figure 2.3C) were created by site-directed mutagenesis performed using the 

QuikChange II Site-Directed Mutagenesis Kit (Stratagene) with the primers listed in Table 2. The 

resulting plasmids were sequenced to ensure the introduction of the desired mutation and the 

absence of any additional mutations. 

To express recombinant Ntg1, the NTG1 open reading frame was cloned into pET-15b 

(Invitrogen) to generate N-terminal His6 epitope tagged His6-Ntg1 (pD0390) (Table 1). Site-

directed mutagenesis of His6-NTG1 was performed at lysines 20, 38, 376, 388, and 396 (lysines 

to arginines) to create a nonsumoylatable Ntg1 (ntg1ΔSUMO), His6-Ntg1ΔSUMO (pD0493), and 

at lysine 243 (lysine to glutamine), His6-Ntg1Δcat (pD0394) (Table 1). Expression vectors were 

transformed into DE3 cells. 

Site-directed mutagenesis at the endogenous NTG1 locus of the wildtype (DSC0367) 

parent was performed via delitto perfetto protocol (50) to generate ntg1K20,38,376,388,396R. The 

resulting variants were then crossed with haploid BER-Nucleotide Excision Repair- (NER-) 

mutants to create diploids which were then dissected to identify cells with each Ntg1 variant 

BER*/NER- strain (DSC0367, DSC0369, DSC0371, DSC0561). 

NTHL1 was cloned from the RG214598 plasmid (Origene) using the NTHL1-Flag primer 

pair for the addition of the Flag-tag and cloned into the pcDNA3.1 (+) vector using the HindIII 

and BamHI sites.     
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2.3.2 Exposure to DNA damaging agents 

S. cerevisiae cells were grown in 5–35 mL YPD or SD -URA media to either 2 × 107 or 1 

× 108 cells/mL, centrifuged, and washed with water. Cells were then resuspended in 5–35 mL 

water, YPD, or plated onto YPD agar plates containing the appropriate agent: 20 mM hydrogen 

peroxide (Sigma); or 0.005–0.3% methyl methanesulfonate (MMS) (Sigma). Cells were exposed 

to agents for 1–2 hours as indicated at 30°C or 37°C. 

 

2.3.3 Immunoblotting Ntg1 

The steady-state level of each Ntg1-TAP fusion protein variant was assessed by 

immunoblotting whole cell lysates with the rabbit polyclonal anti-TAP antibody (1:3,333 dilution, 

Open Biosystems) to determine the relative level of differentially modified Ntg1 products. An anti-

3-phosphoglycerate (PGK) antibody (1:10,000 dilution; Invitrogen) was used as a control 

determine the relative level of protein lysate loaded into each lane. 

The analysis of immunoblots was performed utilizing the ECL Plex immunoblotting 

detection system (Amersham), the Typhoon Trio variable mode imager (GE Healthcare), and the 

ImageQuant TL software package (GE Healthcare). To quantify the percentage of modified Ntg1-

TAP, the ratio of modified Ntg1 bands to total Ntg1 signal (including modified and unmodified) 

was determined for wildtype Ntg1 and each lysine to arginine amino acid substitution variant of 

Ntg1. Previous work demonstrates that modified Ntg1 contains at least one covalently linked 

SUMO and the size of higher bands is consistent with multiple SUMO additions (24). Standard 

error of the mean was calculated for each. The two- sample Student’s t-test was employed to test 

for significance (α=0.05). 
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2.3.4 Cultured cell lines and cell culture 

HT29 colon adenocarcinoma cells were cultured in McCoy’s 5A modified media (Corning) 

and supplemented with 10% FBS, penicillin and streptomycin. Cultured cells were passaged every 

3–4 days, or upon 80% confluency. 

 

2.3.5 NTHL1-Flag immunoprecipitation 

HT29 colon adenocarcinoma cells were seeded at a density of 1×106 cells in 100 cm2 

dishes. Transfection of the NTHL1-Flag construct or empty Flag vector was performed using 

Lipofectamine3000 (Invitrogen) and a final concentration of 10 μg plasmid/dish. The hydrogen 

peroxide incubation was performed with a final concentration of 125 μM hydrogen peroxide in 

sterile PBS for 15 minutes at 37°C. All cells were lysed in NP40 buffer (50 mM Tris pH 8.0, 100 

mM NaCl, 32 mM NaF, 0.5% NP40 detergent) supplemented with protease and phosphatase 

inhibitors (Thermo Scientific), and SENP (de-SUMOylase) SUMO-2 aldehyde inhibitors (Enzo 

Life Sciences). Antibodies for Flag (Rabbit, 2368; Cell Signaling) or IgG (mouse, ab77118; 

abcam) were conjugated to Protein G Dynabeads (10007D; Life Sciences) for 2 hours prior to 

adding lysates. For each sample, 500 μg of total protein was added to the beads and rotated 

overnight at 4°C. Beads were washed three times in NP40 buffer for 5 minutes each. NTHL1-Flag 

was eluted from the beads using a 3X Flag® peptide (Sigma) for 2 hours at a working concentration 

of 100 μg/mL per the manufacturer’s instructions. 

Following Flag peptide elution, samples were added to Laemmli buffer (50% glycerol, 

10% SDS, 100 mM Tris, pH 6.8), boiled for 5 minutes at 95°C, and loaded on 4–12% Bis-Tris 

gels (Invitrogen). Proteins were transferred onto a polyvinylidene fluoride membrane and blocked 

with 5% ECL prime (GE Healthcare) in 0.1% PBST for 1 hour at room temperature. Blots were 
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incubated in primary antibodies overnight at 4°C. All washes were performed in 0.1% PBST at 

room temperature, and the corresponding horseradish peroxidase-conjugated secondary antibodies 

were added for 1 hour. Antigen-antibody complexes were detected using SupersignalTM west pico 

chemiluminescent substrate kit (Thermo Scientific). Antibodies used for western blotting were: 

NTHL1 (mouse, cat # MAB2675; R&D Systems) and SUMO-2/3 (rabbit, made in Nicholas 

Seyfried lab, Emory University). 

 

2.3.6 Structural modeling 

The Protein Homology/analogY Recognition Engine version 2.0 (Phyre2) server was used 

to generate a model of Ntg1 based on its E. coli Endonuclease III homolog (PDB ID: 2ABK). The 

N-terminal and C-terminal domains do not share homology with E. coli Endonuclease III but align 

to other bacterial endonucleases. The N-terminal domain aligns to the restriction endonuclease 

BsaWI (PDB ID: 4ZSF) and the C-terminal domain aligns to the endonuclease BglII (PDB ID: 

1DFM). PyMOL Molecular Graphics System, Version 1.8 Schrödinger LLC was used to model 

these structures. 

 

2.3.7 Overexpression and purification of the recombinant Ntg1 variants for in vitro DNA 

strand scission assay 

To assess the functional consequences of changing five lysines 

(K20,K38,K376,K388,K396) to arginine within Ntg1, we expressed and purified recombinant 

protein containing these five amino acid substitutions. We designated this recombinant protein 

ntg1(K->R)5. As controls, we employed wildtype Ntg1 and a catalytic mutant of Ntg1 (lysine 243 

to glutamine) which we term ntg1Δcat. Recombinant Ntg1 was purified as previously described 
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(51). Briefly, Escherichia coli BL21 (DE3) cells containing each variant His6-Ntg1 plasmids were 

grown to an OD600 of 0.5–1.0 and expression induced for 4 hours at 25°C. Cells were lysed via 

sonication and the supernatant was applied to Ni-NTA agarose beads purification (Qiagen) to 

crudely purify the His6-Ntg1 variants. Crude lysate was eluted through a gravity flow column 

(BIORAD) and dialyzed. Crudely purified His6-Ntg1 variants were further purified to apparent 

homogeneity by fast protein liquid chromatography. 

 

2.3.8 Preparation of oligonucleotide and DNA strand scission assay 

To assess the functional consequences of changing five lysines 

(K20,K38,K376,K388,K396) to arginine within Ntg1, we employed an in vitro strand scission 

assay. An oligonucleotide containing dihydrouracil (DHU) at position 13 (DHU-31mer) was 

purchased from Midland Certified Reagent Company (Midland, TX, USA). A complementary 

strand containing a guanine opposite the DHU position was obtained from Eurofins MWG/Operon 

(Huntsville, AL, USA). The DHU-31mer was 5’-end-labeled with [γ-32P] ATP (Amersham) and 

T4 polynucleotide kinase (Promega) prior to annealing to the complementary strand (24). Single-

stranded DHU-31mer was annealed in a 1:1.6 molar ratio to the appropriate complementary strand, 

heated to 80°C for 10 minutes and cooled slowly to room temperature. 

The AP lyase activity of purified Ntg1 variants (Ntg1, ntg1(K->R)5, and ntg1Δcat) was 

assayed as previously described (51). Briefly, DNA strand scission assays were carried out in a 

standard reaction buffer (20 mL) containing 100 mM KCl, 10 mM Tris–HCl, pH 7.5, 1 mM EDTA, 

50 fmol of labeled DNA substrate and 20 fmol of Ntg1 protein. Reactions were performed at 37°C 

for 15 minutes and then stopped by the addition of 10 μL of loading buffer (90% formamide, 1mM 

EDTA, 0.1% xylene cyanol and 0.1% bromophenol blue) followed by heating at 95°C for 5 
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minutes. Reaction products were then resolved on a denaturing-urea polyacrylamide gel (15%) 

and analyzed with a Typhoon Trio variable mode imager (GE Healthcare). 

 

2.3.9 Functional analysis of Ntg1 in vivo 

To test the sensitivity and the biological function of the Ntg1 complete sumoylation null 

mutant (ntg1K20,38,376,388,396R), which we term ntg1ΔSUMO (DSC0561), to DNA damaging 

agents, a serial dilution and spotting assay was employed. Each strain was grown at 30°C to an 

OD600 of 0.3 – 0.6 in YPD, washed in 5 mL of water, and then diluted to 2×107 cells/mL in water. 

Five-fold serial dilutions of cells were then plated onto plates containing only YPD or YPD with 

0.005% MMS. Plates were incubated at 30°C and then analyzed for sensitivity at days 2 and 4. 

Growth kinetics experiments were carried out using S. cerevisiae cells that express each 

Ntg1 variant encoded at the endogenous NTG1 locus in a DNA repair compromised background 

(DSC0367, DSC0369, DSC0371, and DSC0561). The growth kinetics of four independently 

isolated ntg1ΔSUMO variants (DSC0561) and four wildtype Ntg1 (DSC0371), all in a DNA repair 

compromised background, were tested by analyzing growth curves. Ntg1 sumoylation mutants 

were grown to saturation over 2 days at 30°C in YPD. Cell concentrations were normalized by 

OD600, and then samples were diluted to an OD600 of 0.05 in 150 μL of YPD medium containing 

0, 0.005, or 0.010% MMS and added to the wells of a 96-well microtiter plate. Cell samples were 

loaded in duplicate, were grown at 30°C with shaking, and absorbance at OD600 was measured 

every 30 minutes for 48 hours in an ELX808 Ultra microplate reader with KCjunior software (Bio-

Tek Instruments, Inc.). The samples for each genotype and duplicate were averaged for every time 

point and differences between the two genotypes was analyzed by Students t-test. 
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2.4 Results 

2.4.1 Genetic analysis of the Ntg1 sumoylation pathway 

Our group has previously shown that in response to cellular exposure to hydrogen peroxide, 

Ntg1 is post-translationally modified by SUMO (24). As shown in Figure 2.1A, several Ntg1 bands 

are detected upon exposure to hydrogen peroxide suggesting that Ntg1 could be modified by 

multiple post-translational modifications, including the possibility for addition of multiple SUMO 

moieties. To determine whether SUMO modification of BER proteins that initiate repair is 

conserved, we tested whether we could detect sumoylation of human NTHL1. For this experiment, 

we transfected HT29 colon adenocarcinoma cells with NTHL1-Flag or an empty Flag vector. Cells 

were treated with hydrogen peroxide and immunoprecipitated with anti-Flag or with IgG as a 

control. Total lysate and bound fractions were subjected to immunoblotting to detect NTHL1 and 

SUMO. As shown in the top panel of Figure 2.1B, we detect NTHL1 in the input and NTHL1 is 

enriched in the bound fraction, as expected. In samples from cells treated with hydrogen peroxide, 

a higher molecular weight band of NTHL1 appears, suggesting a post-translational modification. 

Consistent with SUMO modification, a band of the same molecular weight is recognized by an 

anti- SUMO-2/3 antibody. The extent of modification of NTHL1 is greatly increased in response 

to hydrogen peroxide exposure (Figure 2.1B, bottom). We do not detect NTHL1 or SUMO-2/3 in 

the control IgG immunoprecipitation. Thus, both S. cerevisiae Ntg1/Ntg2 (24) and human NTHL1 

can be modified by SUMO. 

Sumoylation involves a series of conjugations that, in S. cerevisiae, are catalyzed by the 

E1 (Uba2/Aos1 heterodimer), the E2 (Ubc9), and one of four E3 (Siz1, Siz2, Mms21, and Zip3) 

ligases (52–57). These enzymes catalyze the attachment of the SUMO protein to a substrate lysine 
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residue through formation of an isopeptide bond (52–57). Sumoylation is a dynamic process that 

is readily reversible by SUMO proteases, which in S. cerevisiae are Ulp1 and Ulp2 (58, 59). 

To define the pathway by which Ntg1 is SUMO modified, we examined S. cerevisiae cells 

lacking the E3 ligases, Siz1 and Siz2, as well as Siz1/Siz2 double deletion cells (53, 60). We first 

examined Ntg1 sumoylation in these siz1Δ and siz2Δ mutant cells in response to hydrogen peroxide 

exposure (Figure 2.1C, D). In the siz1Δ cells, we detected reduced levels of Ntg1 sumoylation 

(1.5%) compared to wildtype control cells (4.7%) (Figure 2.1D). The level of Ntg1 sumoylation 

in the siz2Δ cells was largely unchanged (3.2%) as compared to wildtype. In the siz1Δsiz2Δ double 

mutant cells, we could not detect Ntg1 sumoylation (Figure 2.1C, D). These results demonstrate 

that Siz1 is the primary E3 ligase responsible for hydrogen peroxide–induced sumoylation of Ntg1 

while Siz2 could play a minor role in Ntg1 sumoylation. 

We next examined Ntg1 sumoylation in cells defective for the SUMO proteases, Ulp1 and 

Ulp2. The ULP1 gene is essential so we employed a temperature sensitive mutant, ulp1-1 (ulp1-

ts) (61), and shifted cells to 37°C to inactivate Ulp1. The levels of hydrogen peroxide– induced 

Ntg1 sumoylation in the ulp1-ts mutant were significantly higher than in the wildtype control cells. 

The ulp1-ts mutant cells displayed 10.9% monosumoylated Ntg1, contrasting with 4.7% 

monosumoylated Ntg1 detected in the wildtype cells (Figure 2.1C, D). In contrast to the ulp1-ts 

cells, ulp2Δ cells exhibit no detectable change in sumoylation in response to hydrogen peroxide 

exposure when compared to wildtype (Figure 2.1D). These results suggest that Ulp1 serves as the 

primary de-sumoylase for Ntg1. 

Sumoylation is a dynamic process where only a very small percent of sumoylated product 

is present at any given time (35). In fact, in wildtype cells, without exogenous exposure to reactive 

oxygen species (ROS) or oxidative stress, we do not detect modification of Ntg1 (Figure 2.1A). 
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To determine whether Ntg1 is modified only in response to hydrogen peroxide or is endogenously 

modified at low levels, we examined Ntg1 sumoylation in the ulp1-ts cells and the ulp2Δ mutant 

cells in the absence of any treatment. Loss of Ulp1 function resulted in a dramatic increase in both 

monosumoylated and multi-modified Ntg1 compared to wildtype (Figure 2.1E, F). In contrast, loss 

of Ulp2 had no impact on Ntg1 sumoylation levels. These data indicate that Ntg1 can be 

sumoylated in the absence of exogenous stress. 

 

2.4.2 Identification of Ntg1 sumoylation sites 

Sumoylation occurs on lysine residues, typically within SUMO consensus sequences (62, 

63). More than two-thirds of known SUMO substrates contain at least one consensus sumoylation 

motif Ψ-K-x-D/E (where Ψ is a hydrophobic residue, K is the lysine conjugated to SUMO, x is 

any amino acid, and D/E is an acidic residue) (62, 63). We used freely available search engines to 

identify predicted sumoylation sites in both NTHL1 and Ntg1 (Figure 2.3A, B). Prediction 

software identified multiple candidate sumoylation sites in NTHL1 (Figure 2.3A). To identify 

candidate sumoylation sites in Ntg1, we used a combination of five SUMO prediction programs: 

SUMOsp 1.0 (64), SUMOsp 2.0/GPS-SUMO (65, 66), SUMOplot 

(http://www.abgent.com/sumoplot), SUMOpre (67), and PCI-SUMO (68) This analysis identified 

five putative consensus sumoylation sites (K20, K38, K376, K388, K396) within Ntg1 (Figure 

2.2A and Figure 2.3B). Five putative non-consensus sumoylation sites were also identified (Figure 

2.2A and Figure 2.3B). Consensus and non-consensus motifs of identified putative sumoylation 

sites and prediction scores are shown in Figure 2.3B. 

We initially tested for SUMO modification within these sites on Ntg1 via mass 

spectrometry. However, when we analyzed the bacterially expressed Ntg1 through mass 
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spectrometry the peptides containing the putative SUMO modification sites were not detected. As 

an alternative approach, to determine which of these putative sites are sumoylated and to generate 

a form of Ntg1 that cannot be sumoylated, we performed site-directed mutagenesis to create 

conservative amino acid substitutions of the ten putative sumoylation site lysines to arginines. 

These substitutions were made in order of predicted site strength for all single sites (Figure 2.3C). 

In total, we created 25 single and combination lysine to arginine substitutions beginning with a 

single substitution and proceeding with double, triple, etc. substitutions (Figure 2.3C). We then 

analyzed the sumoylation status of all the resulting variants of Ntg1 in response to hydrogen 

peroxide. 

The single lysine to arginine substitutions were tested first and the results showed that all 

Ntg1 variants containing single lysine to arginine substitutions can still be sumoylated (Figure 

2.2B). Quantification of the single substitution data showed that one substitution examined 

(K396R) results in a detectable decrease in the amount of monosumoylated Ntg1, suggesting that 

K396 could be the primary site of monosumoylation (Figure 2.2C). The finding that no single 

lysine to arginine substitution leads to a complete loss of SUMO modification supports our earlier 

results suggesting that Ntg1 is sumoylated at multiple lysines simultaneously. Thus, multiple 

substitutions are required to produce a variant that cannot be sumoylated. Single substitution of 

the five putative non-consensus sumoylation sites (K157, 194, 255, 359, 364) did not alter levels 

of Ntg1 sumoylation, indicating that these sites are not essential for Ntg1 sumoylation. Next, we 

tested a series of combinations of lysine to arginine Ntg1 variants for sumoylation. The double and 

triple mutant proteins involving the N- and C-termini, Ntg1K20,38R-TAP and Ntg1K20,38,376R-TAP, 

can both still be sumoylated (Figure 2.2B, C). The quadruple mutant protein, Ntg1K20,38,376,388R-

TAP, shows only a single sumoylated species; while an additional K396 to arginine substitution, 
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leads to the complete loss of all detectable SUMO-modification of Ntg1 (ntg1ΔSUMO). For the 

collection of variants, changes in the levels of Ntg1 sumoylation were quantified and are presented 

in Table 3. These results demonstrate that Ntg1 is sumoylated at any of five consensus sumoylation 

sites and that all five sites must be simultaneously changed to arginine to generate an Ntg1 variant 

that cannot be modified by SUMO. Figure 2.3C shows all of the combinations of Ntg1 variants 

generated and summarizes the total sumoylation loss. Thus, we have identified the five lysine 

residues within Ntg1 that can be sumoylated. 

The lysines within Ntg1 that can be sumoylated reside in the N- and C-terminal domains 

that are specific to the eukaryotic enzyme and outside of the 307 residues which comprise the 

evolutionarily conserved catalytic core with homology to the bacterial Endonuclease III protein 

(69). To provide insight into the location of these lysines within the three-dimensional structure of 

Ntg1, we generated a homology model of S. cerevisiae Ntg1 (Figure 2.4A) using the Protein 

Homology/analogY Recognition Engine version 2.0 (Phyre2) (70). The predicted model (Figure 

2.4A) is based on the structure of the E. coli Endonuclease III protein (PDB ID: 2ABK). Tan 

regions display the high confidence (90%) homology mapping of the region of Ntg1 (amino acids 

95–335) with homology to Endonuclease III (Figure 2.2A). The magenta and green regions 

correspond to the N-terminal (amino acids 1– 94) and C-terminal (amino acids 335–399) domains, 

respectively (Figure 2.2A). Although the N- and C-terminal domains of Ntg1 do not align to 

Endonuclease III, they are modeled based on homology to other endonucleases. The N-terminal 

domain aligns to the restriction endonuclease BsaWI (PDB ID: 4ZSF) and the C-terminal domain 

aligns to the endonuclease BglII (PDB ID: 1DFM). Based on our homology model (Figure 2.4A), 

the five lysines that we defined as SUMO modification sites are all surface exposed, consistent 

with being accessible for modification. 
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As sumoylation influences DNA binding and turnover of TDG (43–45), we analyzed the 

proximity of the sumoylation sites to the DNA binding and catalytic centers in our Ntg1 model. 

The structure of sumoylated-TDG (PDB ID: 1WYW) shows the close proximity of the SUMO 

modification to the DNA binding and catalytic site of TDG (71), illustrating why sumoylation of 

TGD might influence TGD catalysis. To assess whether sumoylation could impact DNA binding 

or catalysis by Ntg1, we superimposed our model of Ntg1 with the structure of Endonuclease III 

(Figure 2.4A). Previous work implicated K120 and D138 in catalysis and K191 in DNA binding 

of Endonuclease III (Figure 2.4A) (69). We identified the analogous amino acids in our model of 

Ntg1 (Figure 2.4A, B). Loop residues in Endo III corresponding to residues 314–318 in Ntg1 are 

important for DNA binding (Figure 2.4B). Both the catalytic residues and the DNA binding loop 

in Ntg1 are distant from the sumoylated lysines and extend from the opposite face of the protein. 

This analysis suggests that sumoylation is unlikely to directly influence Ntg1-mediated catalysis. 

 

2.4.3 In vitro functional analysis of the nonsumoylatable Ntg1 variant, ntg1K20,38,376,388,396R 

(ntg1(K->R)5) 

Although changing a lysine residue to an arginine residue conserves the charge and size of 

the amino acid, such modest changes could induce a conformational change potentially impacting 

function. To address whether the conservative substitution of the five lysines that constitute the 

Ntg1 sumoylation sites (K20, K38, K376, K388, K396) impacts the catalytic activity of Ntg1 in 

vitro, we employed an in vitro oligonucleotide cleavage assay to compare the enzymatic activity 

of wildtype Ntg1 to ntg1K20,38,376,388,396R, which we designate ntg1(K->R)5. The oligonucleotide 

substrate contains dihydrouracil (DHU) which is an Ntg1 substrate (72). As a control, we 

employed a catalytically inactive Ntg1 (ntg1Δcat) variant created by changing the catalytic lysine 
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at position 243 to glutamine (73). We incubated purified recombinant His6-Ntg1 variants with the 

oligonucleotide containing the Ntg1 substrate and detected Ntg1 enzymatic activity as cleavage of 

the oligonucleotide at the position of the DHU (26). As shown in the cleavage assay presented in 

Figure 2.5B, His6-ntg1(K->R)5 shows enzymatic activity comparable to wildtype His6-Ntg1 

whereas a catalytically inactive form of Ntg1, His6-ntg1Δcat, did not cleave the substrate. We 

quantitated the results of three independent cleavage experiments (Figure 2.5C). These results 

confirm that there is no difference in the activity of ntg1(K->R)5 compared to wildtype Ntg1 in 

this assay. These results indicate that changing the five SUMO modification sites from lysine to 

arginine does not alter the enzymatic activity of Ntg1. 

 

2.4.4 Functional analysis of Ntg1 in vivo 

Previous studies showed that Ntg1 is SUMO–modified in response to treatment with 

hydrogen peroxide (24). To assess whether other types of DNA damage can induce Ntg1 

sumoylation, cells were exposed to methyl methanesulfonate (MMS), which induces alkylating 

DNA damage (74, 75). As shown in Figure 2.6A, Ntg1 is sumoylated in response to treatment with 

MMS. We exploited this observation to examine how cells that express an Ntg1 variant that cannot 

be modified by SUMO (ntg1K20,38, 376,388,396R), which we designate ntg1ΔSUMO, respond to DNA 

damage. For these experiments, Ntg1 or ntg1ΔSUMO was expressed either in base excision and 

nucleotide excision repair (NER)- proficient wildtype cells (WT) or repair-deficient 

(ntg1Δntg2Δapn1Δrad1Δ) cells, which lack BER and NER (B-/N-) (19, 76). Cells were exposed 

to MMS and the growth characteristics of these cells expressing wildtype Ntg1 were compared to 

those expressing ntg1ΔSUMO. We then examined growth in the absence or presence of MMS 

(Figure 2.6B). Growth was analyzed at days 2 and 4 following serial dilution and spotting on 
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plates. As expected (76), the repair proficient (WT) cells grew well under all conditions tested, 

regardless of which Ntg1 variant was expressed. In contrast, the repair-deficient cells display slow 

growth in the presence of MMS even with wildtype NTG1. The repair-deficient ntg1Δ cells were 

extremely sensitive to MMS (Figure 2.6B). Surprisingly, the ntg1ΔSUMO cells were less sensitive 

to MMS compared to cells with wildtype NTG1. This result suggests that sumoylation of Ntg1 

could be important for coordinating DNA repair with cell cycle progression or DNA damage 

response. 

To further examine the growth of the ntg1ΔSUMO cells following treatment with MMS, 

growth curves were generated for wildtype, repair-deficient cells, Ntg1 in repair-deficient cells, 

and ntg1ΔSUMO in repair-deficient cells grown in YPD with and without MMS (Figure 2.6C, D). 

The results indicate that repair-deficient cells that express ntg1ΔSUMO emerge from lag-phase 

earlier than repair-deficient cells expressing wildtype Ntg1 (Figure 2.6D). As expected, repair-

deficient cells expressing either Ntg1 or ntg1ΔSUMO grew equally well in the absence of MMS 

(Figure 2.6C). These data further suggest that the sumoylation of Ntg1 plays a role in coordinating 

the growth arrest that occurs in response to DNA damage. 

 

2.5 Discussion 

We report here that SUMO modification is a conserved post-translational modification of 

S. cerevisiae Ntg1 and the human orthologue, NTHL1. In S. cerevisiae, we identified the two 

SUMO ligases, Siz1 and Siz2, and the desumoylase, Ulp1, critical for reversible regulation of this 

modification. We mapped the sites of SUMO modification in Ntg1 and created an Ntg1 that cannot 

be SUMO modified. Our preliminary analysis of this non-sumoylatable form of Ntg1 reveals that 

SUMO modification may be important for proper cellular response to DNA damage. 
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We identified Ulp1 as the primary desumoylase for Ntg1 with little impact of Ulp2. As the 

primary role of Ulp2 is to remove SUMO from poly(SUMO) chains (55), and we detect no change 

in SUMO modification of Ntg1 in ulp2Δ mutant cells (Figure 2.1C, D), we speculate that Ntg1 

could be modified by multiple independent SUMOs rather than a single chain of multiple SUMOs. 

This model is consistent with our finding that five different lysine residues in Ntg1 can be modified 

by SUMO. While we cannot rule out the possibility that the Ntg1-TAP used in this study is also 

modified by other post-translational modifications, the band shifts are consistent with the 

molecular size and charge of multiple SUMO molecules. Consistent with a possible role for 

additional post-translational modifications, mass spec analysis reveals that Ntg1 serine 71 is 

phosphorylated (77). Regardless, the data presented here in combination with our previous 

publication (24) show that Ntg1 is SUMO modified by at least one SUMO molecule and that there 

are at least five lysines on Ntg1 that can be SUMO modified. These SUMO molecules could 

coordinate other post-translational modifications. 

Our data show that both hydrogen peroxide and MMS can induce sumoylation of Ntg1 

(24). Like hydrogen peroxide, treatment with MMS can cause oxidative stress and generate ROS 

(78). Therefore, we cannot yet clearly distinguish whether hydrogen peroxide and MMS trigger 

sumoylation of Ntg1 through the same or distinct mechanisms. Further work will be required to 

determine how the sumoylation machinery responds to DNA damage and/or oxidative stress. 

Regulation could occur through activation of SUMO E3 ligases or through inhibition of the Ulp1 

desumoylase. Further analysis will be required to dissect this mechanism. 

Sumoylation can influence numerous functions of a protein including catalytic activity, 

localization, stability, and/or protein-protein interactions (79). As sumoylation plays a role in 

regulating the binding capabilities of TDG by modulating the interaction with DNA, sumoylation 
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could also impact the DNA binding ability of Ntg1. However, based on homology modeling and 

mapping of the sumoylation sites, our model suggests that sumoylation at any of the five sites we 

identified likely does not directly interfere with the DNA binding to Ntg1. Consistent with this 

result, none of the Ntg1 lysine to arginine substitutions altered catalytic activity of the recombinant 

protein in vitro (Figure 2.5). With respect to localization, Ntg1 sumoylation at K20 and K38 on 

Ntg1 are within or just adjacent to the consensus organelle targeting localization sequences. The 

N-terminus of Ntg1 contains a mitochondrial targeting sequence (MTS) at amino acids 1–26 and 

a classical bipartite nuclear localization signal (cNLS) at amino acids 14–17 and 31–37 (51). The 

proximity of the sumoylation sites, specifically K20 and K38, to these localization signals suggests 

a potential role for sumoylation in regulating subcellular localization of Ntg1. In fact, our previous 

biochemical fractionation studies showed that sumoylated Ntg1 is detected only in the nucleus 

(24). Consistent with a conserved regulatory model, human NTHL1 also contains putative SUMO 

sites at K56 and K60 that overlap a predicted cNLS at amino acids 56–60 (Figure 2.3A). Another 

possible function of sumoylation is to modulate protein-protein interactions (79). Little is known 

about the interacting partners of Ntg1. One high-throughput yeast two-hybrid study identified two 

DNA damage response proteins, Rad59 and Rfc2, as physical interactors of Ntg1 (80). Rad59 is 

involved in double-strand break repair (81), and Rfc2 is part of the ATPase clamp loader for the 

proliferating cell nuclear antigen (PCNA) processivity factor for DNA polymerases (82). As both 

of these proteins are implicated in DNA damage response, they could mediate crosstalk between 

BER and the DNA damage response pathway. A critical next step in understanding the functional 

impact of sumoylation on Ntg1 is to identify SUMO-dependent interacting proteins. 

Our data (Figure 2.6B, C, D) show cells expressing ntg1ΔSUMO display more rapid 

growth compared to cells expressing wildtype Ntg1 in a DNA repair deficient background in 
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response to MMS. Alkylation damage induced by MMS can be mutagenic and lead to cytotoxic 

blockage of replication forks (75, 83, 84). One possibility is that sumoylation of Ntg1 is required 

for proper checkpoint activation or maintenance. Cell cycle checkpoints are activated by sensor 

proteins, such as Rad9 (85), detecting an increase in DNA damage and initiating a signal cascade 

that ultimately leads to activation of Rad53, the protein kinase responsible for cell cycle arrest (86, 

87). Activation of Rad53 is critical for stabilization of replication forks and activating the DNA 

repair pathway (81). Interestingly, improper activation of Rad53 results in an increased resistance 

to MMS via engagement of translesion synthesis (TLS) (88). Further investigation of this potential 

connection between the DNA checkpoint protein, Rad53, and the BER protein, Ntg1, could reveal 

a novel DNA damage response activator. 

A number of studies have identified roles for SUMO in modulating DNA repair (89–98). 

The work presented here suggests SUMO-mediated regulation could extend to the evolutionarily 

conserved BER pathway. Indeed, regulation of the initial step of the BER pathway could be crucial 

to ensure genome integrity. 
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2.6 Figures and tables 

 

Figure 2.1: Sumoylation of Ntg1 is conserved and mediated by Siz1/2 

A. Wildtype S. cerevisiae cells expressing Ntg1-TAP were exposed to 0 (−) or 20 mM (+) 

H2O2 for 1 hour at 30°C. Cells were pelleted, lysed, and immunoblotted to detect TAP- tagged 

Ntg1. Bands corresponding to post-translationally modified Ntg1 including SUMO- modified 
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Ntg1 (24) are indicated by Ntg1-TAP*. B. Colon adenocarcinoma cells (HT29) were transfected 

with NTHL1-Flag or empty Flag vector and treated with 0 (−) or 125 μM (+) H2O2 for 15 minutes 

at 37°C. Cells were lysed, immunoprecipitated with Flag antibodies and both the Input and Flag 

IP fractions were subjected to immunoblotting. An IgG bead alone immunoprecipitation was 

included as a control. The blot was probed with NTHL1 and SUMO-2/3 antibodies as indicated. 

C. Wildtype (WT), siz1Δ, siz2Δ, siz1Δsiz2Δ, ulp1-ts, or ulp2Δ cells were transformed with a 

plasmid expressing Ntg1-TAP. Cells were (C) exposed to 20 mM hydrogen peroxide or (E) not 

treated. Cells were incubated at 30°C except ulp1-ts cells which were shifted to the non-permissive 

temperature of 37°C. Each sample was lysed, immunoblotted, and bands were quantified. 

Nonadjacent lanes in the same image are separated by a black line. D. The data from (C) were 

quantitated. The total amount of Ntg1- TAP including unmodified and modified Ntg1-TAP was 

set to 100% (Ntg1) and the fraction of signal present in bands (Total Ntg1 Signal %) corresponding 

to the size consistent with Mono-, Di-, and Tri-sumoylation is plotted on a log scale. Results shown 

are the average of two independent experiments. Error bars represent SEM. E. To examine 

sumoylation of Ntg1 in the absence of oxidative damage, ulp1-ts and ulp2Δ cells expressing Ntg1-

TAP were analyzed to detect any modified Ntg1 species (Ntg1-TAP*). F. The data from (E) were 

quantitated. The total amount of Ntg1-TAP including unmodified and modified Ntg1-TAP was set 

to 100% (Ntg1) and the fraction of signal present in bands (Total Ntg1 Signal %) corresponding 

to the size consistent with Mono-, Di-, and Tri-sumoylation is plotted on a log scale. Results shown 

are the average of two independent experiments. Error bars represent SEM. 
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Figure 2.2: Identification of sumoylation sites in Ntg1 

A. A domain schematic of Ntg1 is shown with the following functional motifs/domains 

indicated: The Mitochondrial Targeting Sequence (MTS) in yellow, the classical Nuclear 

Localization Signal (cNLS) in dark blue, the Catalytic Domain in purple. The Catalytic Lysine, 

K243, is depicted as a black bar. The central region of Ntg1 that is homologous to E. coli 
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Endonuclease III is shown in tan (amino acids 95–335) while the non-conserved N- and C-terminal 

domains are indicted in magenta (amino acids 1–94) and green (amino acids 336–399), 

respectively. Putative Consensus Sumoylation Sites are shown as red bars and Putative Non-

Consensus Sumoylation Sites are shown as grey bars. B. A series of Ntg1 variants with candidate 

SUMO modification sites altered from lysine to arginine were generated and expressed in 

temperature sensitive ulp1 cells. Cells were treated with 20 mM hydrogen peroxide for 1 hour at 

30°C, lysed, and immunoblotted to detected Ntg1-TAP and modified Ntg1-TAP (Ntg1-TAP*). 

Nonadjacent lanes in the same image are separated by white space. C. Results from (B) were 

quantitated. For each Ntg1 variant, the percent of total Ntg1-TAP signal present in the band 

corresponding to the size of Mono-, Di-, and Tri- sumoylation (indicated as Percent Sumoylation) 

is plotted on a log scale. 
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Figure 2.3: Putative SUMO site analysis in humans and S. cerevisiae and graph of 

sumoylation loss by amino acid substitution. A. A lists the putative sumoylation sites on human 

NTHL1 as K56, 60, 74, 83, 105, 126, and 257. This table also lists the sequence motif and software 
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utilized, and the score or confidence of the potential for this site to be sumoylated. The combined 

across the three SUMO prediction software are also shown. B. A list of the putative consensus 

sumoylation sites on S. cerevisiae Ntg1 as K20, 38, 376, 388, and 396. The putative non-consensus 

sites are K157, 194, 255, 359, and 364. This table also lists the sequence motif and software 

utilized, and the score or confidence of the potential for this site to be sumoylated. The combined 

across the three SUMO prediction software are also shown. C. This image depicts the systematic 

strategy for the putative SUMO site variants in singles, doubles, triples and so on. The color 

gradient indicates the extent of Ntg1 sumoylation loss. Yellow indicates 0% loss of sumoylation, 

red/purple indicate 50% loss of sumoylation, and navy indicates 100% loss of sumoylation. 
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Figure 2.4: Homology model of Ntg1 

A. A homology model of Ntg1 shown as a ribbon diagram was generated as described in 

Materials and Methods. The model is overlaid on the E. coli Ntg1 homologue, Endonuclease III, 

structure (cyan, PDB ID: 2ABK). The Ntg1 catalytic domain (amino acids 95–335; tan), N-
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terminal domain (amino acids 1–94; magenta), C-terminal domain (amino acids 336–399; green), 

catalytic amino acid of Ntg1 (K243, red) and Endonuclease III (K120, blue) are shown in addition 

to Endonuclease III amino acids D138, important for catalysis, and K191, implicated in DNA 

binding (69), and the corresponding amino acids in Ntg1 (D262 and N318, respectively). The five 

consensus sumoylation sites (K20, K38, K376, K388, and K396) are shown as balls and indicated 

by the labeling. B. An electrostatic model of Ntg1 is shown based on the homology model. Positive 

and negative residues are colored in blue and red, respectively. White indicates neutral residues. 

The loop containing residues 314–318, indicated by a circle, has been implicated in DNA binding 

by Endo III (69). The catalytic center is indicated by a bold black line and the five consensus 

sumoylation sites are labeled and indicated by black lines. Residues 20, 376, 388, and 396 are 

located on the back face of the model and are indicated by black dotted lines. 
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Figure 2.5: Functional analysis of Ntg1 variant 

A. A schematic of the substrate employed for the in vitro cleavage assay, which contains 

dihydrouracil (DHU) embedded in a 31mer oligo, illustrating the substrate and expected products 

of the cleavage reaction is shown. B. Recombinant E. coli Endonuclease III (Endo III), and Ntg1 

variants, His6-Ntg1, His6-ntg1(K->R)5, catalytically inactive ntg1 (His6-ntg1Δcat), were 

employed for the in vitro cleavage assay. Increasing amounts of recombinant protein (5–50 ng) 

were added to radioactively-labeled substrate. Oligonucleotide Cleavage Products were 

electrophoresed and subjected to phosphorimager analysis. The Control lane shows the substrate 

with no added protein. The positive control is addition of 50 ng of E. coli Endo III. The position 

of the labeled product generated by cleavage (Cleavage Product) is indicated. Random degradation 

product is indicated by an asterisk (*). Nonadjacent lanes in the same image are separated by black 

lines. Results shown in (B) are representative of three independent experiments. C. Quantification 
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of Cleavage Product generated for each Ntg1 variant from three independent experiments. Results 

are shown as Percent DHU Cleaved. Error bars represent standard deviation in the data. 
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Figure 2.6: Functional analysis of ntg1ΔSUMO in DNA damage pathways 

A. Wildtype cells expressing Ntg1-TAP were exposed to hydrogen peroxide (H2O2), 

methyl methanesulfonate (MMS), or were not treated (NT) and lysed. Lysate was subjected to 

immunoblotting to detect Ntg1-TAP and modified forms of Ntg1-TAP (Ntg1-TAP*). B. Cells with 

either a full complement of wildtype (WT) DNA repair pathways or deficient in both base excision 

repair and nucleotide excision repair (B-/N-) were employed. As described in Materials and 

Methods, the genotype for B-/N- cells (DSC0369) is ntg1Δntg2Δapn1Δrad1Δ. Both the WT and 

B-/N- cells were engineered to express ntg1ΔSUMO and compared to cells expressing NTG1 or 
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lacking Ntg1 (ntg1Δ). Cultures were 5-fold serially diluted and spotted onto rich media or rich 

media containing 0.005% MMS and incubated at 30°C for 4 days. Pictures were taken at Day 2 

and Day 4. C/D. The same samples as shown in (B) with either intact DNA repair pathways (WT) 

(blue diamond) or deficient in base excision repair and nucleotide excision repair (B-/N-), denoted 

by an *, contain wildtype NTG1 (red square), or ntg1ΔSUMO (green triangle), or lack Ntg1 

(ntg1Δ) (purple X) at the endogenous NTG1 locus. The genotype for B-/N- is 

ntg1Δntg2Δapn1Δrad1Δ (DSC0369). Cells were grown in liquid culture with No MMS (C) or with 

0.01% MMS (D) for 48 hours. OD600 readings were taken every 30 minutes and plotted vs time. 

Results shown in (B, C, and D) are representative of at least three independent experiments. 
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Table 2.1: Strains and plasmids 

Strain or 

Plasmid 

Description 

 

References 

 

DSC0295 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0; 

Tet-Off C-terminally TAP-tagged Ntg1 

(24) 

 

YSC1178-

7499106 

(DSC0297) 

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0; 

C- terminally TAP-tagged Ntg1 

Open 

Biosystems 

BY4147 

(DSC0313) 

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

 

Open 

Biosystems 

DSC0470 MATa ntg1::hphMX4, his7-1, lys2Δ5'::LEU- 

lys2Δ3', ade5-1, trp1-289, ura3-52 

This study 

EJY341 

(DSC0527) 

MATa trp1-Δ1 ura3-52 his3-Δ200 leu2-3,112 lys2-801 [cir°] (99) 

EJY342 

(DSC0528) 

MATa trp1-Δ1 ura3-52 his3-Δ200 leu2-3,112 lys2-801 

siz1Δ::LEU2 [cir°] 

(99) 

 

EJY343 

(DSC0529) 

MATa trp1-Δ1 ura3-52 his3-Δ200 leu2-3,112 lys2-801 

siz2Δ::TRP1 [cir°] 

(99) 

 

EJY344 

(DSC0530) 

MATa trp1-Δ1 ura3-52 his3-Δ200 leu2-3,112 lys2-801 

siz1Δ::LEU2 siz2Δ::TRP1 [cir°] 

(99) 

 

MHY1488 

(DSC0534) 

MATa ulp1Δ::HIS3 LEU2::ulp1-333 (58) 

EJY447 

(DSC0535) 

MATa trp1-Δ1 ura3-52 his3-Δ200 leu2-3,112 lys2-801 

ulp2Δ::kanMX [cir°] 

(60) 

 

GBY5 

(DSC0536) 

MATa smt3-allR::TRP1 (55) 

DSC0537 MATa ntg1::hphMX4, his7-1, lys2Δ5'::LEU- lys2Δ3', ade5-1, 

trp1-289, ura3-52, pD0436 

This study 

DSC0538 MATa trp1-Δ1 ura3-52 his3-Δ200 leu2-3,112 lys2-801 [cir°], 

pD0436 

This study 

 

DSC0539 MATa smt3-allR::TRP1, pD0436 This study 

DSC0540 MATa ulp1Δ::HIS3 LEU2::ulp1-333, pD0436 This study 

hDNP19 

 

MATa/MATα rad1::kanMX/RAD1 ntg1::hphMX4/NTG1 

ntg2::BSD/NTG2 apn1::TRP1/APN1 DSF1::URA3/DSF1 his7- 

1/his7-1 lys2Δ5′::LEU-lys2Δ3′/lys2Δ5′::LEU- lys2Δ3′ ade5-

1/ade5-1 trp1-289/trp1-289 ura3- 52/ura3-52 

(19) 

 

DSC0367 MATa his7-1 lys2Δ5′::LEU-lys2Δ3′ ade5-1 trp1- 289 ura3-52 (51) 

DSC0369 

 

MATa ntg1::hphMX4 rad1::kanMX ntg2::BSD apn1::TRP1 his7-

1 lys2Δ5′::LEU-lys2Δ3′ ade5-1 trp1-289 ura3-52 

(51) 

DSC0371 MATa rad1::kanMX ntg2::BSD apn1::TRP1 his7-1 lys2Δ5′::LEU-

lys2Δ3′ ade5-1 trp1-289 ura3-52 

(51) 
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Strain or 

Plasmid 

Description 

 

References 

 

DSC0561 MATa ntg1k20,38,376,388,396R rad1::kanMX ntg2::BSD 

apn1::TRP1 DSF1::URA3 his7-1 lys2Δ5′::LEU-lys2Δ3′ ade5-1 

trp1-289 ura3-52 

This study 

DSC0549 MATa ntg1k396R rad1::kanMX ntg2::BSD apn1::TRP1 

DSF1::URA3 his7-1 lys2Δ5′::LEU- lys2Δ3′ ade5-1 trp1-289 ura3-

52 

This study 

DSC0551 MATa ntg1k20,38R rad1::kanMX ntg2::BSD apn1::TRP1 

DSF1::URA3 his7-1 lys2Δ5′::LEU- lys2Δ3′ ade5-1 trp1-289 ura3-

52 

This study 

 

DSC0558 MATa ntg1k20,38,376,388R rad1::kanMX ntg2::BSD apn1::TRP1 

DSF1::URA3 his7-1 lys2Δ5′::LEU- lys2Δ3′ ade5-1 trp1-289 ura3-

52 

This study 

DSC0561 MATa ntg1k20,38,376,388,396R rad1::kanMX ntg2::BSD apn1::TRP1 

DSF1::URA3 his7-1 lys2Δ5′::LEU-lys2Δ3′ ade5-1 trp1-289 ura3-

52 

This study 

DSC0555 

 

MATa ntg1k376,388,396R rad1::kanMX ntg2::BSD apn1::TRP1 

DSF1::URA3 his7-1 lys2Δ5′::LEU- lys2Δ3′ ade5-1 trp1-289 ura3-

52 

This study 

 

pD0390 pET-15b His6-NTG1 (51) 

pD0394 pET -15b His6-NTG1Δcat (51) 

pD0493 pET -15b His6-NTG1(K->R)5 This study 

pD0436 Tet-Off NTG1-TAP, CEN, URA3, ampR This study 

pD0437 Tet-Off ntg1K20R-TAP, CEN, URA3, ampR This study 

pD0438 Tet-Off ntg1K38R-TAP, CEN, URA3, ampR This study 

pD0444 Tet-Off ntg1K376R-TAP, CEN, URA3, ampR This study 

pD0445 Tet-Off ntg1K388R-TAP, CEN, URA3, ampR This study 

pD0446 Tet-Off ntg1K396R-TAP, CEN, URA3, ampR This study 

pD0447 Tet-Off ntg1K20,38R-TAP, CEN, URA3, ampR This study 

pD0448 Tet-Off ntg1K20,38,376R-TAP, CEN, URA3, ampR This study 

pD0449 Tet-Off ntg1K20,38,396R-TAP, CEN, URA3, ampR This study 

pD0450 Tet-Off ntg1K20,38,376,388R-TAP, CEN, URA3, ampR This study 

pD0451 Tet-Off ntg1K20,38,376,388,396R-TAP, CEN, URA3, ampR This study 

pD0452 Tet-Off ntg1K376,388,396R-TAP, CEN, URA3, ampR This study 
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Table 2.2: Plasmid construction primers 

Primer 

Purpose 

Primer Name Sequence (5' - 3') 

 

pD0436 tetNtg1Cla- F1 GAATCGATTGCAGTTTCATTTGATGCTCGATGAG 

His-Ntg1Cla- 

R1 

GAATCGATGTATTCTGGGCCTCCATGTCGC 

K20R K20R2-F CAATTCTGAGGAAAAGACCGCTGGTAAGGACTGAAACTGG 

K20R2-R CCAGTTTCAGTCCTTACCAGCGGTCTTTTCCTCAGAATTG 

K38R K38R-F GGACCAAAATCAGACAAGAAGAGGTTGTCCCTCAACCCGTG 

K38R-R CACGGGTTGAGGGACAACCTCTTCTTGTCTGATTTTGGTCC 

K157R K157R-F GATGCTATCATCGCAAACAAGAGATGAAGTTACCGCAATGGC 

K157R-R GCCATTGCGGTAACTTCATCTCTTGTTTGCGATGATAGCATC 

K194R K194R-F CCGTTTTACAAATCAATGAGACCAGATTAGACGAATTGATTCATTCAG 

K194R-R CTGAATGAATCAATTCGTCTAATCTGGTCTCATTGATTTGTAAAACGG 

K255R K255R-F CATTACAAAAGGCATGGGGCAGGATTGAAGGTATCTGCGTTGACG 

K255R-R CGTCAACGCAGATACCTTCAATCCTGCCCCATGCCTTTTGTAATG 

K359R K359R-F GCAAAATATCATGAGTTATCCAAAGTGGGTGAGATACCTGGAAGG 

K359R-R CCTTCCAGGTATCTCACCCACTTTGGATAACTCATGATATTTTGC 

K364R K364R-F TACCTGGAAGGAAGACGTGAACTGAACGTGGAGGCGG 

K364R-R CCGCCTCCACGTTCAGTTCACGTCTTCCTTCCAGGTA 

K376R K376R-F CGTGGAGGCGGAAATCAATGTTAGACACGAGGAGAAAACAG 

K376R-R CTGTTTTCTCCTCGTGTCTAACATTGATTTCCGCCTCCACG 

K388R K388R-F CGAGGAGAAAACAGTTGAAGAAACTATGGTCAGACTGGAAAATG 

K388R-R CATTTTCCAGTCTGACCATAGTTTCTTCAACTGTTTTCTCCTCG 

K396R K396R-F GGAAAATGATATTTCTGTTAGAGTAGAGGACGGTCGACGG 

K396R-R CCGTCGACCGTCCTCTACTCTAACAGAAATATCATTTTCC 

NTHL1 NTHL1- Flag-F ACACTGGCGGCCGTTACTAGTGGATCCT 

NTHL1- Flag-R ACGACTCACTATAGGGAGACCCAAGCTT 
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Table 2.3: Quantification of mono-, di-, tri- sumoylation of Ntg1 variants 
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3.1 Abstract 

The base excision repair (BER) pathway repairs oxidative DNA damage, a very common 

and detrimental form of damage to the genome. Although the biochemical steps BER have been 

well characterized, little is understood about how the pathway is regulated. Such regulation is 

critical, as cells must be poised to respond rapidly to DNA damage while avoiding activity of 

repair proteins that can produce DNA damage as intermediates in the repair pathway.  Indeed, 

recent work reveals that overexpression of the human BER protein, NTHL1, a DNA N-

glycosylase, can cause genomic instability and early cellular hallmarks of cancer (Limpose et al., 

NAR 2018). We developed a Saccharomyces cerevisiae model to explore how overexpression of 

NTHL1 may impair cellular function. Overexpression of Ntg1, the budding yeast orthologue of 

NTHL1, impairs cell growth. To dissect mechanisms underlying this growth defect, we 

overexpressed either wild-type Ntg1 or a catalytically inactive variant of Ntg1 (ntg1catdead). 

Consistent with results obtained with NTHL1, both variants of Ntg1 impair cell growth, but only 

the wild-type protein causes accumulation of double-strand breaks and chromosome loss. We took 

advantage of the budding yeast system to screen a panel of DNA repair mutants for 

resistance/sensitivity to overexpression of wild-type Ntg1 or ntg1catdead. This analysis identified 

several cellular pathways that protect cells from Ntg1-induced damage, including nucleotide 

excision repair (NER). The homologous recombination pathway is critical to counter 

overexpression of wild-type Ntg1, but not ntg1catdead, consistent with the finding that 

overexpression of wild-type Ntg1 causes accumulation of double-strand breaks. Finally, we 

identified a link to sumoylation and employed a variant of Ntg1 that cannot be modified to SUMO 

to probe how this post-translational modification could contribute to regulation of Ntg1 function. 

This study describes a budding yeast system to understand how cells regulate and respond to 

demands of dysregulation of the BER pathway. 
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3.2 Introduction 

Within both the nucleus and the mitochondria, DNA is susceptible to damage [1-6]. There 

are many sources of both exogenous and endogenous DNA damage [1, 2, 7-9]. An abundant 

endogenous source of DNA damage is reactive oxygen species (ROS) which are a byproduct of 

energy production within the cell [1, 2, 10-14]. ROS can cause oxidative damage throughout the 

cell and can induce many types of DNA damage including 8-oxo-2’deoxyguanosine [1, 10, 15, 

16]. These damages must be rapidly and efficiently repaired to maintain genomic and genetic 

stability [10, 17-19]. To combat the myriad of damages that occur, cells employ a battery of DNA 

repair pathways [1, 2, 9, 10, 17, 20-22].  

Base excision repair (BER) is the major repair pathway for oxidative DNA damage [1, 10, 

17, 23, 24]. BER is initiated by an N-glycosylase detecting a non-helix distorting base damage 

[24-26]. The N-glycosylase flips out the base and cleaves the base from the backbone, resulting in 

an abasic site25,28,29. The DNA backbone on the 5’-side of the abasic site is then cleaved by an 

apurinic/apyrimidinic (AP) endonuclease or on the 3’-side by a N-glycosylase with AP lyase 

function [24, 27]. If cleavage occurs on the 3’-side of the abasic site, an AP endonuclease must 

cleave the backbone and expose the preceding hydroxyl, to allow DNA synthesis to occur [24, 27]. 

After synthesis, the strand is ligated back together to complete the repair process [10, 24]. 

The BER proteins must be available for rapid deployment in response to DNA damage but 

must also be precisely regulated to prevent promiscuous damage to the genome [28-31]. One major 

protein that initiates DNA repair in the BER pathway is the N-glycoslyase NTHL1, an 

evolutionarily conserved member of the endonuclease III family [32-34]. NTHL1 is a bifunctional 

DNA N-glycosylase with associated apurinic/apyrimidinic (AP) lyase function [35, 36]. As 
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NTHL1 initiates DNA repair by introducing a nick in the DNA backbone, its activity must be 

tightly regulated to prevent the accumulation of spurious nicks in the genomic material [30]. 

As with a number of other DNA repair pathway proteins, mutations in the NTHL1 gene 

have been linked to cancer [37-40]. In addition, consistent with the concept that precise regulation 

of NTHL1 function is critical, recent work has revealed that NTHL1 expression is misregulated in 

a variety of types of cancer [41-43]. Furthermore, a recent study demonstrated that overexpression 

of NTHL1 in non-cancerous human bronchial epithelial cells results in loss of genetic information 

and early hallmarks of cancer including genomic instability [44]. Interestingly, overexpression of 

a catalytically inactive form of NTHL1 induced similar phenotypes as wild-type NTHL1, 

suggesting multiple modes by which overexpression of this BER protein can induce DNA 

damage/genome instability. Overexpression of NTHL1 in this cell model triggered replication 

stress signaling. Studies using a reporter system revealed a decrease in homologous recombination 

in these cells overexpressing NTHL1. This work provided important insight into how 

overexpression of a BER protein could contribute to genomic instability but could not broadly 

define the spectrum of pathways cells may employ to respond to such damage [44]. 

In the present study, we sought to develop budding yeast as a model to investigate how 

cells respond to damage induced by dysregulation of early steps in BER. To do so, we first 

established that overexpression of S. cerevisiae Ntg1, which is the budding yeast orthologue of 

NTHL1 [45], causes a growth defect when overexpressed in S. cerevisiae. Consistent with the 

studies of NTHL1 [44], overexpression of catalytically inactive Ntg1 (ntg1catdead) also impairs 

cell growth. While overexpression of wild-type Ntg1 causes an increase in double-strand breaks 

and chromosome loss, overexpression of catalytically inactive ntg1catdead does not. These results 

suggest that the growth defects seen in cells that overexpress Ntg1 or ntg1catdead are triggered, at 
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least in part, by separate mechanisms. We then took advantage of the budding yeast system to 

probe genetic interactions with BER by screening a panel from the gene deletion collection for 

deletion mutants that show either enhanced sensitivity or resistance to overexpression of Ntg1 

and/or ntg1catdead. We identified a number of pathways that show such genetic interactions, 

including the homologous recombination pathway, nucleotide excision repair, and SUMO-

mediated DNA damage response. As previous work demonstrated that Ntg1 is sumoylated [46], 

we expanded our analysis of the sumoylation pathway and also explored whether SUMO 

modification of Ntg1 impacts overexpression of Ntg1. By taking advantage of these genetic 

approaches, we have identified pathways of interest that could be explored to better understand the 

mechanism by which overexpression of human NTHL1 could contribute to cancer phenotypes. 

 

3.3 Materials and methods 

3.3.1 Strains, plasmids, and media 

All haploid S. cerevisiae strains and plasmids used in this study are listed in Table 1. S. 

cerevisiae cells were cultured at 25°C, 30°C, or 37°C in YPD medium (1% yeast extract, 2% 

peptone, 2% dextrose, 0.005% adenine sulfate, and 2% agar for plates) or SD medium (0.17% 

yeast nitrogen base, 0.5% ammonium sulfate, 0.5% adenine sulfate, and 2% agar for plates) or SD 

medium (0.17% yeast nitrogen base, 0.5% ammonium sulfate, 0.005% adenine sulfate, and 2% 

agar for plates) with either 2% dextrose, 3% raffinose, 2% galactose, 3% glycerol, or both 3% 

raffinose and 2% galactose. To introduce plasmids, cells were transformed by a modified lithium 

acetate method [47].  

A galactose inducible 2μ vector (pGAL1, URA3), pPS293 (Addgene plasmid #8851; 

http://n2t.net/addgene:8851; RRID: Addgene 8851) was employed to express C-terminally 
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epitope-tagged Ntg1-2xmyc (pAC3425). We expressed wild-type Ntg1, a catalytically inactive 

Ntg1 (ntg1catdead; ntg1K243Q) [46, 48, 49], a nonsumoylatable Ntg1 (ntg1SUMO; 

ntg1K20,38,376,388,396R) [46]. This Ntg1 variant was also generated in the catalytically inactive form 

ntg1SUMOcatdead (ntg1K20,38,376,388,396R,K243Q). The resulting plasmids were sequenced to ensure 

the correct desired sequence and the absence of any additional mutations. 

The S. cerevisiae strain expressing endogenous Rad52-YFP [50] was provided by Rodney 

Rothstein. This strain was employed to assay double-strand break formation. The S. cerevisiae 

reporter strain containing a chromosome fragment with SUP11 [51] was provided by Munira 

Basrai. This strain was employed to quantify chromosome loss in response to overexpression of 

Ntg1. The S. cerevisiae haploid deletion collection was utilized to explore the genetic interactions 

with overexpression of Ntg1. The SUMO pathway mutant collection (E3 ligase mutant strains, 

siz1Δ, siz2Δ, and siz1Δ/siz2Δ, and desumoylase mutant stains ulp1-1 and ulp2Δ) were utilized to 

assess the impact of global sumoylation loss or accumulation [52-54].  

 

3.3.2 S. cerevisiae growth assays 

S. cerevisiae cells containing URA3 plasmids were grown in media lacking uracil plus 3% 

raffinose overnight. The next day, the OD600 of the cultures was measured and the cultures were 

diluted down to the lowest OD600. The cultures were then serially diluted 5-fold and 2.5 L of 

each dilution was spotted onto plates lacking uracil containing either 2% glucose or 2% galactose. 

Plates were grown at 30°C and pictures were taken of the plates on day 2. 

Liquid growth curves were collected for three independently isolated colonies per sample. 

Cells were grown overnight at 30°C in media lacking uracil with 3% raffinose. Cell concentrations 

were normalized by OD600, and then samples were diluted to an OD600 of 0.05 in 150 µL of 
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media lacking uracil with either 2% glucose or 2% galactose and placed in the wells of a 96-well 

microtiter plate. Cell samples were loaded in triplicate, were grown at 30°C with shaking, and 

absorbance at OD600 was measured every 30 minutes for 24 hours in an ELX808 Ultra microplate 

reader with KCjunior software (Bio-Tek Instruments, Inc.). 

 

3.3.3 Cell viability assay 

Cells were grown overnight in media lacking uracil plus 3% raffinose. The next day, 

cultures were harvested at mid-log phase (OD600 of 0.3-0.6) and equalized, then diluted 1:10 into 

media lacking uracil plus 2% galactose. Cells were grown in galactose overnight at 30C. The next 

morning, OD600 was measured, cells were equalized again, diluted 1:1000 and an estimated 100 

cells were plated onto plates lacking uracil plus 2% glucose and the plates were incubated for five 

days at 30°C. On day five, colonies were counted. The number of colonies grown on the plates 

containing Vector alone was considered the total number of live cells plated and therefore 

considered 100% survival. We then divided the number of colonies grown per plasmid by the total 

number of live cells plated and converted to a percentage. These experiments were conducted in 

both biological and technical triplicate. Standard deviations in the biological replicates are shown. 

 

3.3.4 Quantification of cell growth 

Cells were grown, spotted, and imaged as described above. In order to better compare 

differences in growth, each strain and corresponding plasmid is given a value between 1 and 10 

based on growth. A value of 10 corresponds to the growth of the control Vector for each mutant. 

A spot with large full colonies is given the value of 2 points, while spots with smaller colonies are 

given the value of 1. Spots with no growth are given a value of 0. This scoring approach is used 
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for each of the five spots of serially diluted cells, yielding the range of 1-10 for each sample 

analyzed as we only analyzed samples where some growth could be detected in the most 

concentrated spot. These values, which are averages of the value obtained for biological triplicates, 

are displayed as a heat map. 

 

3.3.5 Double-strand break formation assay 

Cells containing an endogenous Rad52-YFP [50] (generously provided by Rodney 

Rothstein) were grown overnight in media lacking uracil plus 3% raffinose. The next day, cells 

were diluted and grown until mid-log phase (OD600 0.3-0.6). At mid-log phase, the cells were 

dosed with 2% galactose and control samples with Vector alone were incubated in the presence of 

2% galactose and 0.3% MMS. These cultures were incubated at 30°C for 2 hours. 30 minutes 

before treatment ended, DAPI was added to the culture to allow visualization of the nucleus. After 

treatment, the MMS was inactivated with 10% Sodium Thiosulfate and fixed with 4% 

formaldehyde. Cells were immobilized in agarose and 15 YFP and DAPI images were captured at 

0.2-µm intervals along the z-axis with an oil immersion 100x objective on a Confocal Olympus 

FV1000 Upright microscope quantitated with FIJI. Images were analyzed for foci in at least three 

consecutive z-planes. For each sample, 300 individual cells were analyzed, and the data are 

represented as a percentage. The results shown are the average of three independent experiments. 

Merged images were created in FIJI Is Just ImageJ (FIJI) [55].  

 

3.3.6 Chromosome loss assay 

An S. cerevisiae reporter strain containing a chromosome fragment with SUP11 [51, 56] 

(generously provided by Munira Basrai) plus test plasmids were grown overnight in media lacking 
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uracil and histidine with limited adenine plus 3% raffinose. The next day, cultures were harvested 

and diluted down to an OD600 of 1 and then were diluted 1:1000 in water. Then 10, 30, and 50 

L of diluted cells were plated onto plates lacking uracil and containing limited adenine with either 

2% glucose or 3% raffinose and 2% galactose and grown for 5 days at 30°C. Plates were then 

moved to 4°C for 3 days to enrich the red pigment. For each sample, 300 colonies were counted 

and any colony exhibiting red pigment were noted. The number of colonies with pigment was 

divided by the number of colonies counted. These data were generated in triplicate. 

 

3.4 Results 

3.4.1 Overexpression of Ntg1 impairs S. cerevisiae cell growth. 

Our previous study demonstrates that overexpression of human NTHL1 causes early cancer 

phenotypes, including genomic instability, in mammalian cells [44], but defining the pathways 

that cells employ to combat this damage is challenging in mammalian cells. Thus, we assessed 

whether a budding yeast model could be employed to define the pathways that contribute to 

phenotypes observed upon overexpression of the BER protein, NTHL1. To analyze the budding 

yeast counterpart of NTHL1, Ntg1 [45], we first tested whether overexpression of Ntg1 in budding 

yeast causes a growth phenotype. In parallel with studies of NTHL1 [44], we examined 

overexpression of both wild-type Ntg1 and a catalytically dead variant of Ntg1 (K243Q) [48] we 

term ntg1catdead [46, 49]. We expressed these Ntg1 proteins from a galactose-inducible plasmid [57] 

to allow regulated expression. Wild-type S. cerevisiae cells were transformed and grown on control 

glucose plates or galactose plates to induce expression of Ntg1 or ntg1catdead. As controls, we 

employed Vector alone and a subunit of the RNA exosome, Rrp44 [58], which impairs cell growth 

when overexpressed. The Rrp44 subunit of the RNA exosome is a 3’-5’ exonuclease/endonuclease 
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that mediates RNA decay and processing [58, 59]. We reasoned that overexpression of this RNA 

processing factor impairs cell growth through mechanisms distinct from Ntg1 overexpression and 

thus could serve as a control for efficient galactose-mediated induction under different growth 

conditions. 

Cells that overexpress Ntg1 show a mild impairment of growth when compared to control 

cells with Vector alone (Figure 3.1A). Cells that express ntg1catdead also show slow growth (Figure 

3.1A) compared to the Vector control cells. To provide a quantitative measure of growth defects 

in cells that overexpress Ntg1 or ntg1catdead, we conducted a liquid growth assay. As shown in 

Figure 3.1B, cells that overexpress either Ntg1 or ntg1catdead show slower growth than control cells 

with Vector alone. Notably, overexpression of ntg1catdead causes slower growth than 

overexpression of Ntg1. The difference in growth between cells overexpressing wild-type Ntg1 

and ntg1catdead could be explained by a difference in the level of expression achieved. To assess 

whether Ntg1 and ntg1catdead are expressed at similar levels, wild-type cells containing a galactose 

inducible myc-tagged Ntg1 or ntg1catdead were grown in media containing galactose, samples were 

collected at the indicated time points, and analyzed by immunoblotting. As shown in Figure 3.1C, 

Ntg1 and ntg1catdead are expressed at approximately equal levels.  

The growth assays cannot distinguish whether the delay in growth caused by 

overexpression of Ntg1 and ntg1catdead is due to a cytostatic effect, where cell growth is arrested, 

or a cytotoxic effect, where cell viability is lost. To assess whether Ntg1 overexpression is 

cytostatic or cytotoxic, we conducted a viability test by inducing the expression of Ntg1 or 

ntg1catdead with galactose overnight. After induction, cells were plated on plates containing glucose 

to determine the number of viable cells present in the culture. Colony forming units were counted, 

averaged, and compared to cells expressing the control Vector alone. The percent viability of cells 
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expressing Vector control was set to 100%. The percent viability of colonies overexpressing Ntg1 

(40%, p-value of 0.0004) or ntg1catdead (59%, p-value of 0.0001), is significantly decreased when 

compared to Vector (Figure 3.1D). The viability of colonies overexpressing Ntg1 is significantly 

different (p-value of 0.0236) from the percent viability for cells overexpressing ntg1catdead. Thus, 

overexpression of Ntg1 and ntg1catdead impair cell growth and induce cell death with a greater effect 

in cells overexpressing catalytically active Ntg1 as compared to a catalytically inactive variant of 

Ntg1.  

 

3.4.2 Overexpression of Ntg1 causes DNA double-strand breaks and chromosome loss in S. 

cerevisiae. 

Previous work showed that overexpression of NTHL1 causes accumulation of double-

strand breaks [44]. To test for induction of double-strand breaks in the budding yeast model 

overexpressing Ntg1, we employed an S. cerevisiae reporter system expressing Rad52-YFP which 

forms foci at sites of double-strand breaks [50]. We overexpressed Ntg1 or ntg1catdead in these 

Rad52-YFP cells and analyzed the number of foci that form compared to control cells with Vector 

alone (Figure 3.2A). In Figure 3.2B, we quantified the percent of cells with foci. In cells with 

control Vector, this value was 0.11%, with cells expressing Ntg1 at 5% (p-value of 0.016), and 

ntg1catdead at 1.3% (p-value of 0.258). The difference in double-strand break foci detected in cells 

that overexpress ntg1catdead is statistically different from that of foci produced in cells that 

overexpress wild-type Ntg1 (p-value of 0.03), consistent with a requirement for the catalytic 

activity of Ntg1 to cause accumulation of double-strand breaks. 

As double-strand breaks can lead to loss of genetic material and previous analysis of 

overexpression of NTHL1 showed an accumulation of micronuclei [44], we extended this analysis 
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to analyze loss of whole chromosomes. To test for chromosome loss, we employed a colorimetric 

sectoring assay98,99. We overexpressed Ntg1 or ntg1catdead in an S. cerevisiae reporter strain 

containing a covering chromosome fragment that when lost results in cells producing a red pigment 

[51, 56]. Figure 3.2C shows the percent of colonies that lost the chromosome fragment during the 

first division resulting in a half-sectored colony. We quantified the percent of half-sectored 

colonies in cells with control Vector (0.2%), Ntg1 (1.8%, p-value of 0.037) and ntg1catdead (0.2%). 

The difference in colonies that half-sectored in cells that overexpress Ntg1 is statistically different 

from that of half-sectoring colonies produced in ntg1catdead (p-value of 0.043). Thus, 

overexpression of Ntg1 but not ntg1catdead results in an increase in both double-strand breaks and 

whole chromosome loss.  

 

3.4.3 Interplay of base excision repair with DNA damage response pathways. 

As we have established that overexpression of yeast Ntg1 causes a growth phenotype and 

exhibits similar DNA damage phenotypes as detected for overexpression of NTHL1 [44], we next 

exploited the yeast deletion collection to interrogate pathways involved in DNA damage response 

for genetic interactions with overexpression of Ntg1. For these studies, we employed a serial 

dilution and spotting assay to assess relative effects on cell growth. As described in Materials and 

Methods, this serial dilution assay employs 5-fold serial dilutions. This approach means that any 

change in growth between adjacent spots of cells on the plate reflects a five-fold change in growth. 

We selected a panel of deletion mutants from the yeast deletion collection and overexpressed either 

Ntg1 or ntg1catdead. We used the Vector alone as the control as well as overexpression of Rrp44. 

We reasoned that by setting growth in cells expressing Vector alone to a standard for each mutant 

analyzed, we could account for any differences in growth between wild-type cells and the deletion 
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mutants analyzed. We employed the Rrp44 control to ensure that galactose induction is functional 

in each of the mutants analyzed. This approach could be employed to identify pathways that 

interact with overexpression of Ntg1, but also to infer which pathways might be employed for cells 

to respond to Ntg1-induced damage by identifying those pathways that when impaired make cells 

more susceptible to overexpression of Ntg1 and/or ntg1catdead. Such an analysis is readily performed 

using the budding yeast system. 

Figure 3.3 shows examples of the serial dilution growth assays (Figure 3.3A,B) that were 

performed as well as a heat map that summarizes the complete set of deletion mutants analyzed 

(Figure 3.3C). Results of the serial dilution growth assay for a deletion mutant, Δtel1, that shows 

no genetic interaction with overexpression of either Ntg1 or ntg1catdead (Figure 3.3A) and a deletion 

mutant, Δrad51 (Figure 3.3B), that is sensitive to overexpression of wild-type Ntg1.  Figures 3.3A 

and 3B show wild-type cells on the top panel and the deletion mutant cells on the bottom panel. 

The Δtel1 cells show comparable growth to wild-type with the Vector alone control with no change 

in cell growth that shows any detectable difference from the wild-type control cells for either Ntg1 

or ntg1catdead.  Figure 3.3B shows a change observed in the growth of Δrad2 cells that overexpress 

Ntg1, as evidenced by the lack of growth detected in the fourth spot in the Δrad2 cells as compared 

to wild-type cells, with no detectable change for overexpression of ntg1catdead compared to the wild-

type control.  

We employed these 5-fold serial dilution growth assays to develop a semi-quantitative 

scale, allowing us to analyze and compare results for a panel of deletion mutants. If growth was 

detected in all spots, this was scored a 10 on the growth scale. Growth in four spots was scored an 

8, continuing to growth in a single spot set to 2. We employed a scale of 1-10 to allow for some 

subjective analysis of how much growth was evident in the most dilute spot where growth was 
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detected. For all mutants analyzed, we used conditions where growth could be detected in all five 

spots in the Vector control sample, providing a comparable scale for all deletion mutants regardless 

of any growth defect present in the mutant cells. In addition, we focused our conclusions on 

mutants where overexpression of the galactose-inducible control, Rrp44, did not markedly change 

growth as compared to the wild-type cells as a control to ensure that any differences detected were 

not due to altered galactose-mediated induction. All results presented in Figure 3.3C represent the 

consensus result obtained from three independent growth assays. 

The heat map shown in Figure 3.3C summarizes the data from a panel of deletion mutants 

analyzed. In this heat map, the growth of cells with Vector control was set to 10 (bright blue). All 

deletion mutants should be compared to the top row which shows the effect of overexpressing 

Ntg1 (7/8, dark blue), ntg1catdead (5/6, gold) or the control Rrp44 (4/5, yellow gold) on this growth 

scale in wild-type cells. Results are shown for 22 different deletion mutants, which were divided 

into categories based on function. We focused on these 22 mutants to provide a representation of 

different DNA repair relevant pathways and illustrate how this system could be used to survey a 

variety of these pathways. 

Based on the data summarized in Figure 3.3C, overexpression of both Ntg1 and ntg1catdead 

causes slow growth comparable to that detected in wild-type cells for several of the mutants 

analyzed, including apn1, yku70, yku80, tel1, exo1 and crt1. Several mutants are sensitive 

to overexpression of both Ntg1 and ntg1catdead with the most striking example the nucleotide 

excision repair pathway mutant, represented by rad1. We also identified pathways that are more 

sensitive to overexpression of wild-type Ntg1 than ntg1catdead. For example, both rad51 and 

rad50 cells show a stronger growth defect when Ntg1 is overexpressed as compared to wild-type 

cells, but no significant change as compared to wild-type cells with overexpression of ntg1catdead. 
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As both Rad50 and Rad51 are key components of homologous recombination [60], this result 

suggests that cells with impaired homologous recombination are sensitive to overexpression of 

catalytically active Ntg1. Interestingly, we did not identify any mutants that show sensitivity to 

overexpression of ntg1catdead without a concomitant effect for Ntg1. This finding is consistent with 

the model that overexpression of Ntg1/NTHL1 can impair cell growth and cause replication stress 

through at least two mechanisms, one of which results from the catalytic activity of Ntg1/NTHL1 

and one that results from altered protein/protein interactions [44]. Catalytically active 

Ntg1/NTHL1 could mediate both of these effects, while ntg1catdead would only impact 

protein/protein interactions. The broad pathways that show sensitivity to overexpression of Ntg1 

and/or ntg1catdead are homologous recombination and nucleotide excision repair. 

Among the pathways that display some resistance to overexpression of Ntg1 and/or 

ntg1catdead, mlp2 cells are more resistant to overexpression of ntg1catdead than to overexpression of 

the control Rrp44 (Figure 3.3C). The Mlp2 protein is a component of the SUMO-mediated DNA 

damage response pathway [61], raising the possibility that SUMO modification of a protein could 

modulate the repair pathways by which cells respond to overexpression of Ntg1. 

 

3.4.4 SUMO modification modulates the effect of Ntg1 overexpression. 

A potential link to SUMO modification in cellular responses to overexpression to Ntg1 is 

intriguing because previous work demonstrated that Ntg1 is sumoylated, raising the possibility 

that sumoylation of Ntg1 could regulate Ntg1-mediated DNA damage [46]. To further investigate 

a potential role for sumoylation in cellular response to overexpression of Ntg1, we employed a 

yeast mutant lacking both SUMO E3 ligases, Siz1 and Siz2 (siz1/siz2) [53, 54]. The results of 

this analysis show that overexpression of both Ntg1 and ntg1catdead in cells lacking global 
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sumoylation causes a modest decrease in cell growth on the galactose plates relative to the wild-

type control cells (Figure 3.4A). We also tested overexpression of Ntg1 in yeast cells with impaired 

desumoylase activity, by employing a temperature sensitive ULP1 mutant (ulp1-1) [52]. The ulp1-

1 cells grow poorly on galactose plates; however, overexpression of Ntg1 impairs cell growth 

relative to Vector alone (Figure 3.4B). These data further suggest that SUMO-mediated 

interactions can contribute to the growth phenotypes caused by overexpression of Ntg1. 

As Ntg1 can be modified by SUMO on multiple lysine residues (Figure 3.4C) [46], we 

directly tested whether sumoylation of Ntg1 impacts the overexpression phenotype. To address 

this question, we exploited a nonsumoylatable Ntg1 variant (SUMO) where five lysines are 

changed to the conserved but nonsumoylatable residue arginine (K->R) [46]. Overexpression of 

this nonsumoylatable Ntg1 causes more of a growth defect than wild-type Ntg1 (Figure 3.4D). In 

contrast, a variant of Ntg1 that lacks SUMO modification and catalytic activity (SUMOcatdead) 

does not impair cell growth to the same extent as overexpression of ntg1catdead (Figure 3.4D). These 

results suggest that SUMO modification of Ntg1 contributes to the overexpression phenotype of 

Ntg1. 

 

3.5 Discussion 

In this study, we established a budding yeast model that can be used to explore how cells 

respond to overexpression of Ntg1 and potentially extended to define how overexpression of 

NTHL1 could contribute to cancer phenotypes. We present evidence that overexpression of 

catalytically active Ntg1 causes an increase in both double-strand breaks and chromosome loss. In 

contrast, while overexpression of a catalytically inactive form of Ntg1 also impairs cells growth 

when overexpressed, no increase in double-strand breaks or chromosome loss is evident. These 
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results support a model where overexpression of Ntg1 can alter cell physiology through at least 

two mechanisms, one that depends on the enzymatic activity and one that does not. We exploited 

this yeast genetics system to define cellular pathways that display genetic interactions with 

overexpression of Ntg1. As illustrated in Figure 3.5, these genetic interactions identify potential 

interactions with DNA repair pathways that are involved in NER (Rad1), double-strand break 

repair (Rad50, Rad51), and SUMO-mediated DNA damage response (Mlp2).  

The evolutionarily conserved BER proteins human NTHL1 and S. cerevisiae Ntg1 are 

functionally and mechanistically similar [10]. As described here, the similarities also extend to 

consequences of overexpression. Overexpression of NTHL1 results in an increase in DNA 

damage, DNA double-strand breaks, and micronuclei formation [44]. Here, utilizing budding 

yeast, we show that overexpression of Ntg1 in yeast also causes double-strand breaks and 

chromosome loss. In humans and yeast, overexpression of both NTHL1 and Ntg1 genetically 

interact with double-strand break repair pathways homologous recombination and non-

homologous end joining [44]. 

As with overexpression of human NTHL1, results from this budding yeast model suggest 

that overexpression of Ntg1 can impact cellular physiology through at least two pathways. First, 

overexpression of catalytically active Ntg1 can lead to biological endpoints that likely result from 

accumulation of nicks in the DNA backbone. These endpoints include double-strand breaks and 

chromosome loss. However, a catalytically inactive Ntg1 variant (ntg1catdead) can also impair cell 

growth and previous work has demonstrated that this Ntg1 variant is not able to introduce nicks 

into the DNA backbone even in the presence of DNA damage [49]. As overexpression of Ntg1 

even in the absence of catalytic activity can impair yeast cell growth, we speculate that Ntg1 can 

interact with other proteins to alter key protein-protein interactions. This model was also suggested 
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for the NTHL1 protein [44], building on evidence that NTHL1 physically interacts with 

components of the NER pathway [9, 62], including XPG [63]. We did not detect genetic 

interactions between overexpression of either wild-type Ntg1 or ntg1catdead and the yeast mutant 

Δrad2 (Figure 3.3A). RAD2 encodes the budding yeast orthologue of XPG [64]. While this result 

may seem counterintuitive, if overexpression of the Ntg1 protein sequesters Rad2, cells lacking 

Rad2 would not be subject to any additional biological effects if Rad2 were already absent. Thus, 

the lack of genetic interaction with Δrad2 remains consistent with a model where overexpression 

of Ntg1 could sequester components of the NER pathways, supporting the possibility of crosstalk 

between these two pathways [30].  

An ideal cross-species system that would take advantage of the yeast genetics approach, 

but employ human NTHL1, would be overexpression of NTHL1 in budding yeast. We attempted 

this approach but could not drive high expression of NTHL1 in S. cerevisiae despite evaluating a 

number of promoters and plasmids. Low levels of an epitope-tagged NTHL1 could be detected 

when a similar galactose-inducible approach to that described here for Ntg1 was employed (data 

not shown). However, no effect on cell growth was detected and some mutants that are sensitive 

to overexpression of Ntg1 were not sensitive to the levels of NTHL1 expression that could be 

achieved. As an alternative approach to define pathways sensitive to overexpression of NTHL1, 

we have developed doxycycline-inducible, non-tumorigenic human cell lines where expression of 

NTHL1 can be modulated. These systems have been established both in human bronchial epithelial 

cells (HBEC) cells [65] and in a breast epithelial cell line (MCF10A) [66]. A powerful approach 

will be to employ the yeast system described here to develop hypotheses that can be tested in these 

cell culture systems and eventually in mouse models. 



 95 

Taken together, results from both budding yeast and human cells suggest that regulation of 

BER is critically important to maintain genome integrity. Either too much or too little BER activity 

can be detrimental to cells, demonstrating that cells require a carefully regulated level of BER 

activity [67].  
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3.6 Figures and tables 
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Figure 3.1: Overexpression of Ntg1 impairs S. cerevisiae cell growth. 

Wild-type cells were transformed with negative control galactose-inducible Vector 

(Vector), positive control galactose-inducible RRP44-2xmyc (RRP44), galactose-inducible NTG1-

2xmyc (NTG1), or galactose-inducible catalytically inactive ntg1catdead-2xmyc (ntg1catdead). 

Cultures were grown overnight in media lacking uracil with raffinose at 30°C. A) Overnight 

cultures were 5-fold serially diluted and spotted on plates lacking uracil with glucose or galactose 

and the plates were incubated at 30°C. Pictures were taken on day 2. B) Overnight cultures were 

diluted into media lacking uracil with galactose and quantitative growth curve analysis was 

performed. OD600 readings were taken every 30 minutes and plotted vs time. Each culture appears 

on the graph as follows: Vector (white diamond), Rrp44 (black diamond), wild-type Ntg1 (black 

circle), and ntg1catdead (grey circle). C) Overnight cultures were diluted into media containing 

galactose and samples were collected at 0, 2, 4 hours and overnight (ON). Cells were lysed and 

lysate was subjected to immunoblotting to detect Ntg1-2xmyc and ntg1catdead-2xmyc (Ntg1-

2xmyc) and Pgk1 (Pgk1) serves as a loading control. Results shown in (A, B, and C) are 

representative of at least three independent experiments. D) Overnight cultures were diluted into 

media lacking uracil with galactose for 16 hours and plated on plates lacking uracil plus glucose 

and incubated for 4 days. At the end of 4 days, the colony forming units were counted. The viability 

of each sample was normalized to control Vector and is expressed as a percentage. The white 

circles denote the average percent viability. The * indicates a p-value of < 0.05 and ** is a p-value 

of < 0.005.  
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Figure 3.2: Overexpression of Ntg1 causes DNA double-strand breaks and chromosome loss 

in S. cerevisiae, however, overexpression of ntg1catdead does not cause chromosome loss. 
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Cells expressing Rad52-YFP [50] were transformed with negative control galactose-

inducible Vector (Vector), galactose-inducible NTG1-2xmyc (NTG1), or galactose-inducible 

ntg1catdead-2xmyc (ntg1catdead). Cultures were grown overnight in media lacking uracil with 

raffinose. Samples were dosed with galactose and, as a positive control, Vector was dosed with 

galactose and 0.3% MMS (0.3% MMS). These cultures were incubated at 30°C for two hours. 

DAPI staining was utilized to visualize chromatin within the nucleus. MMS was inactivated and 

cells were fixed. A) Representative images from each sample show YFP (YFP), DAPI (DAPI), 

and merged images (MERGE). B) For each sample, 300 cells were analyzed for foci and the data 

are presented as the percent of cells analyzed that show foci. The results shown are the average of 

three independent experiments. Error bars represent standard deviation. The * indicates a p-value 

of < 0.05 and ** is a p-value of < 0.01.C) Cells containing a colorimetric reporter chromosome to 

measure chromosome loss (YPH1018 [51]), were transformed with negative control galactose-

inducible Vector (Vector), positive control galactose-inducible 6His-3HA-cse4K65R (cse4K65R), 

galactose-inducible NTG1-2xmyc (NTG1), or galactose-inducible ntg1catdead-2xmyc 

(ntg1catdead). Cultures were grown overnight in media lacking uracil with limited adenine and 

raffinose at 30°C. Cells were plated on plates lacking uracil with limited adenine and either 

glucose, or raffinose and galactose and the plates were incubated for 5 days at 30°C. C. C) For 

each sample, 300 cells were analyzed for chromosome loss and the data are represented as the 

percentage of cells showing chromosome loss in this assay as indicated by the number of half-

sectoring colonies present in each sample, indicative of chromosome loss that occurs at the first 

cell division. An * indicates a p-value of < 0.05. The results shown are the average of three 

independent experiments.  
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Figure 3.3: Interplay of base excision repair with DNA damage response pathways.  

Wild-type or a panel of S. cerevisiae deletion mutant cells were transformed with a negative 

control galactose-inducible Vector (Vector), positive control galactose-inducible RRP44-2xmyc 

(RRP44), galactose-inducible NTG1-2xmyc (NTG1), or galactose-inducible ntg1catdead-2xmyc 

(ntg1catdead). Cultures were grown overnight in media lacking uracil with raffinose. Overnight 
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cultures were 5-fold serially diluted and spotted on plates lacking uracil with glucose or galactose 

and the plates were incubated at 30°C. Pictures were taken on day 2. Representative images from 

the growth assays that were employed to assess pathway interaction are shown for a mutant that 

(A) shows no change in growth compared to wild-type cells (tel1) and for (B) a deletion mutant 

(Δrad51) that shows increased sensitivity to overexpression of Ntg1 but not ntg1catdead (Δrad51). 

C) This approach was employed to generate a heat map for a panel of deletion mutants involved 

in DNA damage response pathways. As described in Materials and Methods, the scale for the heat 

map, which is shown at the top, ranges from 1 to 10. A score of 10 means growth is detected in all 

five of the serially diluted spots. A score of 1 means only poor growth was detected in the most 

concentrated spot. “Normal growth”, which is growth detected across the serial dilution in all 

spots, corresponding to a score of 10, is indicated by a bright blue color on the scale. Each mutant 

is normalized to the respective growth of the Vector expressed in that mutant background. Only 

those mutants that show no change in sensitivity to overexpression of the control RNA exosome 

subunit, Rrp44, were considered as showing a genetic interaction with Ntg1 and/or Ntg1catdead. The 

data compiled in the heat map are representative of at least three independent experiments for each 

deletion mutant. 
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Figure 3.4: SUMO modification modulates the effect of Ntg1 overexpression. 
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Either (A) siz1/2 or (B) ulp1-1 cells were transformed with negative control galactose-

inducible Vector (Vector), positive control galactose-inducible RRP44-2xmyc (RRP44), 

galactose-inducible NTG1-2xmyc (NTG1), or galactose-inducible ntg1catdead-2xmyc (ntg1catdead). 

Cultures were grown overnight in media lacking uracil with raffinose at 30°C. Overnight cultures 

were 5-fold serially diluted and spotted on plates lacking uracil with glucose or galactose and the 

plates were incubated at 30°C. Pictures were taken on day 2. Results shown are representative of 

at least three independent experiments. C) Schematic depicting the five sumoylation sites and 

catalytic lysine of Ntg1 [46]. The SUMO modification sites are denoted by a red line (K20, 38, 

376, 388, and 396), and the catalytic lysine is indicated by a black line (K243). D) Wild-type yeast 

were transformed with galactose-inducible plasmids, negative control Vector (Vector), positive 

control RRP44-2xmyc (RRP44), NTG1-2xmyc (NTG1), ntg1catdead-2xmyc (ntg1catdead) or a 

nonsumoylatable ntg1 variant with or without catalytic activity, ntg1K20,38,376,388,396R 

(SUMO), or ntg1K20,38,376,388,396Rcatdead (SUMOcatdead). Cultures were grown overnight in 

media lacking uracil with raffinose at 30°C. Overnight cultures were 5-fold serially diluted and 

spotted on plates lacking uracil with either glucose or galactose and the plates were incubated at 

30°C. Pictures were taken on day 2. Results shown in (D) are representative of at least three 

independent experiments. 
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Figure 3.5: Model summarizing genetic interactions identified upon Ntg1 overexpression.  

A model illustrates the functional consequences of overexpression of wild-type Ntg1 (top) 

and catalytically inactive Ntg1, ntg1catdead. Cells lacking either Rad1 or Mlp2 (underlined) are 

hypersensitive to overexpression of both Ntg1 proteins. In contrast, only wild-type Ntg1 

overexpression is toxic to cells lacking components of double-strand break repair (Rad50 or 

Rad51). These findings suggest that catalytically active Ntg1 has the potential to contribute to 

cellular phenotypes by introducing nicks into the DNA backbone that could accumulate and, 

ultimately, require cells to deploy homologous recombination to repair the damage. In contrast, 

overexpression of both wild-type and ntg1catdead could lead associated proteins to be sequestered 

and thus decrease the capacity of other repair pathways, including nucleotide excision repair and 

the SUMO-dependent pathways. 
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Table 3.1: Strains and plasmids 

S. cerevisiae 

strains 

 

Corbett 

Lab (ACY 

Strain #) 

Standard 

Name Genotype Source/Reference 

ACY402 BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3 Δ0 Brachmann et al. 

[68]  

ACY2638 rad52-

YFP  

MATa ADE2 bar1∷LEU2 RAD52-YFP 
Mayolo et al. [50]  

ACY2639 YPH1018 Mat𝝰 ura3-52 lys2-801 ade2-101 trp1Δ63 

his3Δ200 leu2Δ1 CFIII (CEN3L.YPH278) 

HIS3 SUP11 

Au et al. [51]  

ACY2640 YMB3468 Mat𝝰 ura3-52 lys2-801 ade2-101 trp1Δ63 

his3Δ200 leu2Δ1 (pSB817-pGAL1/10-MYC-

cse4 K16R, 2µ, URA3) CFIII 

(CEN3L.YPH278) HIS3 SUP11 

Au et al. [51]  

ACY2641 YOK262 MATa trp1-Δ1 ura3-52 his3-Δ200 leu2-3,112 

lys2-801 
Dohmen et al. [69]  

ACY2642 EJY344  MATa siz1Δ::LEU2 siz2Δ::TRP1 Johnson et al. [54]  

ACY2643 MHY1488  MATa ulp1Δ::HIS3 LEU2::ulp1-333 Li et al. [52]  

ACY2644 EJY447 MATa trp1-Δ1 ura3-52 his3-Δ200 leu2-

3,112lys2-801 ulp2Δ::kanMX [cir°] 

 Schwienhorst et 

al. [70]  

Plasmids  

Corbett 

Lab (pAC#) 

Standard 

Name 
Description Source/Reference 

pAC18 pPS293 pGAL1 URA3 2µ vector 

Gift of Pamela 

Silver 

pAC3294  pGAL1-Rrp44-myc This study 

pAC3425  pGAL1-Ntg1-2xmyc This study 

pAC3535  pGAL1-ntg1-catdead-2xmyc This study 

pAC3536  pGAL1-ntg1Δsumo-2xmyc This study 

pAC3537  pGAL1-ntg1Δsumo-catdead-2xmyc This study 
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4.1 Summary 

DNA is under a constant barrage of DNA damaging agents from sources both exogenous 

and endogenous to the cell1,7. These damages can result in anything from silent mutations to 

genetic instability and can lead to tumorigenesis7,36. These assaults threaten the genetic integrity 

of the nuclear and mitochondrial DNA4,5. Cells have developed six major evolutionarily conserved 

repair pathways to combat these assaults4. One such repair pathway is BER which is the major 

pathway for repair of oxidative DNA damage18,44,46,49. Much is known about the biochemical 

mechanism by which BER is able to repair the DNA. The five major steps are: 1) excision; 2) 

incision; 3) end processing; 4) repair synthesis; and 5) ligation18. Many of these initial studies into 

the biochemical mechanism have been conducted in budding yeast, S. cerevisiae. Loss of DNA 

repair components often lead to tumorigenesis. Despite the importance of DNA repair pathways, 

not much is known about how these pathways are regulated. Moreover, how these repair pathways 

intersect potentially with each other is also unknown.   

The work described in Chapter 2 of this dissertation defines the SUMO modification sites 

in the Ntg1 S. cerevisiae BER protein. I first show that Ntg1 can be multi-sumoylated in the 

presence of oxidative stress, and present evidence that the human counterpart to Ntg1, NTHL1, is 

also sumo-modified in the presence of oxidative stress. I identify the sumoylation sites on Ntg1 as 

lysines 20, 38, 376, 388, and 396, with lysine 396 being the major site of monosumoylation. All 

of these sites can be SUMO-modified, and not until all sites are changed to arginine can 

sumoylation of Ntg1 be ablated. We created a non-sumoylatable Ntg1 variant, ntg1SUMO. Cells 

that express ntg1SUMO as the only copy of Ntg1 in an otherwise BER and NER deficient 

background are less sensitive to MMS, which causes alkylation damage, compared to cells that 
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express wild-type Ntg1 in the same background. This finding suggests that Ntg1 sumoylation plays 

a role in communicating with cell cycle arrest factors in response to MMS-induced damage.  

In Chapter 3, I show that overexpression of Ntg1 causes a slow growth phenotype, DSBs, 

chromosome loss, and cell death. Overexpression of catalytically inactive Ntg1, despite having a 

stronger growth phenotype, does not cause DSBs and chromosome loss. These data further the 

idea first established in our lab that Ntg1 functions in at least two distinct ways, one that requires 

catalytic activity, and one that is independent of the catalytic activity of Ntg1. I also developed a 

screen in budding yeast to quickly identify players of the DNA damage response (DDR) pathway 

that genetically interact with overexpression of Ntg1. This system accurately identified some 

previously known interactions and suggests a few novel genetic interactions. This system has 

already shown its value in this sampling of DDR genes, and will provide an interesting platform 

to jumpstart research into genetic interactions with BER in future studies. Ultimately, the research 

that stems from this genetic screen can help researchers better understand how NTHL1 interacts 

with the DDR pathways to create better personalized cancer therapies. We also investigated the 

role SUMO-mediated interactions have on the growth phenotype displayed in cells overexpressing 

Ntg1.  

 

4.2 Sumoylation as a means of regulating BER 

Several BER proteins are SUMO modified, such as yeast Ntg1 and Ntg2, and human 

PARP1, TDG, and PCNA90,100,101. However, very little is known about how the SUMO-

modification impacts the function of repair proteins. Nuclear Ntg1 is SUMO modified 

endogenously, but the steady-state levels of SUMO modified Ntg1 increases in response to 

oxidative stress90,102. This increase in the SUMO modification in response to cellular stress 
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suggests that sumoylation of Ntg1 is important for Ntg1 regulation. Sumoylation can affect a 

protein in a number of ways, such as decreasing protein degradation, increasing enzyme turnover, 

and modulating protein-protein interactions100,103.  

Modification by a SUMO molecule can physically block the addition of the degradation 

signaling molecule, ubiquitin100. This could provide increased stability of a protein and allow 

Ntg1/NTHL1 time to remove lesions100. Regulating the rate at which an N-glycosylase, as the 

initiator of the repair pathway, processes DNA lesions is emerging as a critical way in which to 

regulate BER in higher organisms85,88. Sumoylation could potentially be a mechanism by which 

this regulation is achieved, as the enzymatic turnover of the human TDG glycosylase is increased 

when TDG is sumoylated104–106. While the SUMO molecule is not required for NTHL1 

homodimerization, XPG, or APE binding in vitro, in an in vivo system a SUMO molecule could 

block NTHL1 binding with these proteins, and/or encourage other protein pairing85,88. The N-

terminus of NTHL1 is a likely location for these protein-protein interactions to occur and Ntg1 has 

two confirmed SUMO sites at the N-terminus (K20 and K38) and NTHL1 has a number of putative 

SUMO sites within the 101aa N-terminus (K56, K60, K75, and K85)102. Additionally, complete 

loss of Ntg1 sumoylation, in an otherwise BER and NER deficient background, results in cells that 

are less sensitive to damage induced by MMS102. This suggests that Ntg1 SUMO modification is 

involved in signaling cell cycle arrest, possibly through protein-protein interaction. This is a 

promising area of potential regulation in which more studies should be conducted.  

As levels of SUMO modification increase on Ntg1 in response to oxidative stress, we 

speculate that there may be an additional role for SUMO modification of Ntg1 that we have not 

yet defined90,102. A major role for SUMO modification is to regulate protein-protein interactions 

so SUMO modification may alter the protein binding partners of Ntg1. We performed a mass 
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spectrometry screen to compare interacting partners for Ntg1 and ntg1SUMO in the absence and 

presence of oxidative stress. This analysis led to the identification of several candidate proteins 

that could show SUMO-dependent interactions with Ntg1. Among the proteins identified in this 

screen was Cst6, a basic leucine zipper (bZIP) transcription factor from the ATF/CREB family 

involved in stress-responsive regulatory networks107. In the mass spectrometry studies, interaction 

with Cst6 was completely abolished when Ntg1 could not be SUMO modified. While validating 

this interaction and others identified in the screen is challenging due to the lack of antibodies 

available for budding yeast proteins, such studies provide a platform for future research. We could 

employ epitope-tagged proteins to explore and validate interaction, but the low levels of the 

endogenous proteins for many of the proteins under investigation, including Ntg1, made us 

cautious about using such an overexpression system. Future studies could explore these 

interactions and exploit the ntg1SUMO variant that we created for both genetic and biochemical 

approaches to better define the role of SUMO modification in responding to oxidative damage. In 

addition, future studies could map the sites of SUMO modification on human NTHL1 to perform 

similar functional studies in the mammalian system. 

 

4.3 Regulation of NTHL1 and Ntg1 expression and activity 

The mRNA levels transcribed from endogenous NTG1 and NTG2, and the observed protein 

levels of endogenous NTHL1 in non-transformed human cells suggest these proteins are likely to 

be present at low levels in the absence of a cellular insult that causes DNA damage69,78,87,94. 

However, in response to DNA damage, these proteins need to be rapidly deployed to allow repair 

before damage becomes fixed in the genome1,2,26,108. This situation suggests a requirement of a 

high level of regulation of protein activity. Along the same lines, a large number of vastly diverse 
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tumors have increased NTHL1 mRNA and NTHL1 protein expression and transient 

overexpression of NTHL1 in HBEC cells result in DNA damage and early hallmarks of 

cancer91,94,109–112. In vitro experiments show NTHL1 has 100-fold less catalytic activity compared 

to EndIII70,113. Our studies in yeast show that overexpression of Ntg1 results in a growth defect, 

DSBs, chromosome loss, and increased cell death101.  

However, very few of the elements that are involved in the critical regulation of NTHL1 at 

the expression and activity level have been identified. As there are so many levels and methods by 

which protein expression and activity can be regulated, this area is particularly of interest and may 

tie into the role of regulation by SUMO modification as mentioned above. An interesting future 

experiment would be to test whether the SUMO modification can, as predicted, increase 

Ntg1/NTHL1 catalytic turnover as seen in TDG104–106. Future studies could also investigate 

Ntg1/NTHL1 mRNA and ultimately protein expression levels in response DNA damaging agents, 

including mtDNA damaging agents like antimycin A in combination with H2O2.  

 

4.4 BER and repair pathway crosstalk 

Despite decades of studies on the major DNA repair pathways, little is known about how 

these pathways interact within the cell, particularly at the mechanistic level. In recent years, 

however, information on DNA repair pathway interplay has begun to emerge. Evidence exists of 

components of BER interacting with components of four of the other five major DNA repair 

pathways, NER, MMR, DSBR, and damage tolerance88,94,95,114. NER and HR proteins (e.g. XPG 

and BRCA1) increase NTHL1 activity and expression, and recent work suggests that NTHL1 

promotes NHEJ while suppressing HR in DSBR88,94,95. The YB-1 protein, implicated in nuclear 

BER and NER, is also involved in mitochondria MMR55. Some of the bypassed lesions of the 
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DNA damage tolerance pathway are repaired by BER, and Ntg1 has the ability to signal for cell 

cycle arrest when sumoylated43,53,102. Previous studies in budding yeast focused on repair of 

spontaneous DNA damage and discovered that multiple pathways with overlapping specificities 

are involved in the removal of, or tolerance to, such DNA damage in S. cerevisiae115. These 

findings suggest a highly coordinated response to protect cells from potentially deleterious DNA 

lesions, but the molecular mechanisms that allow and coordinate these interactions are just 

beginning to be defined. Together, these emerging observations suggests a vast and complex 

coordination of DNA repair where various systems can serve as backup systems for one another. 

Further studies need to be conducted to define these interactions and extend the work to explore 

how post-translational modifications such as sumoylation may play a role in regulating crosstalk 

between these pathways. Expanding our genetic screen to include more knockouts of DNA damage 

response genes and translating any data into human cells will help define the BER crosstalk 

network.  

 

In this dissertation, I describe work done to advance the field of DNA repair pathway 

regulation. I specifically focus on the BER pathway and the S. cerevisiae N-glycosylase, Ntg1. 

Ultimately, the work here can help streamline studies in human cells as better understanding of the 

cellular genetic interplay will allow scientists to develop targeted personalized cancer therapeutics.  
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