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Abstract  
 

Regulation of Base Excision Repair in Response to Genotoxic Stress  
 

By Dan B. Swartzlander 
 

Numerous human pathologies are the result of unrepaired oxidative DNA damage.  
Oxidative DNA damage is abundantly present in cells due to oxidative stress caused by 
environmental exposures and cellular metabolism.  The base excision repair (BER) 
pathway initiated by N-glycosylase apurinic/apyrimidinic lyase proteins is primarily 
responsible for repair of oxidative DNA damage in both nuclear and mitochondrial 
genomes.  Despite the importance of BER in maintaining nuclear and mitochondrial 
genomic stability, knowledge concerning the regulation of this evolutionarily conserved 
repair pathway is almost nonexistent.  The Saccharomyces cerevisiae BER protein, Ntg1, 
was used as a model protein in order to elucidate mechanisms of BER regulation.  Two 
separate but possibly related pathways for regulating BER were discovered, including 
dynamic localization and sumoylation of the model protein Ntg1.  The regulation of BER 
by dynamic localization was elucidated through investigation of the intracellular 
localization of Ntg1 in response to nuclear and mitochondrial oxidative stress.  These 
experiments revealed that Ntg1 is dynamically localized to nuclei and mitochondria and 
that Ntg1 localization is likely dependent on the oxidative DNA damage status of the 
organelle.  In an effort to mechanistically define the regulatory components required for 
dynamic localization, the elements necessary for nuclear and mitochondrial localization 
of Ntg1 were identified.  These elements included a bipartite classical nuclear 
localization signal, a mitochondrial matrix targeting sequence and the classical nuclear 
protein import machinery.  Loss of these components compromises Ntg1 dynamic 
localization, and confers a mutator phenotype sensitizing cells to the cytotoxic effects of 
DNA damage.  Furthermore, in an endeavor to characterize the regulation of BER by 
sumoylation, the mechanism of Ntg1 sumoylation was determined.  Our results show that 
sumoylation of Ntg1 increases in response to oxidative stress, that it is associated with 
nuclear localization, and that it requires the E3 ligases Siz1/Siz2 to generate both 
monosumoylated and multisumoylated Ntg1.  Mutational analysis of putative Ntg1 
sumoylation sites reveals that Ntg1 is predominantly sumoylated at five distinct 
consensus sumoylation sites that cluster at both termini, where K396 is the major site of 
monosumoylation.  Collectively, these results detail two biological pathways initiated by 
oxidative stress signaling, and concluding with the dynamic localization and the post-
translation modification of a key BER protein.  Our study provides insights into 
important mechanisms of BER regulation and into the pleiotropic effects of reactive 
oxygen species. 
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General Introduction 
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 Many human ailments are the result of unrepaired nuclear and mitochondrial 

oxidative DNA damage generated through normal cellular metabolism [1-12].  The base 

excision repair (BER) pathway is the primary pathway responsible for the repair of 

oxidative DNA damage and is highly conserved between Saccharomyces cerevisiae and 

humans [33].  Despite the importance of BER in maintaining nuclear and mitochondrial 

genomic stability, knowledge concerning the regulation of this pathway is almost 

nonexistent.  In this dissertation S. cerevisiae is used as a model organism to examine the 

mechanisms underlying the regulation of BER in response to oxidative stress. 

 

1.  DNA Damage and Oxidative Stress 

A plethora of agents can damage DNA.  These factors can come from outside the 

cellular environment (exogenous) or from inside the cell itself (endogenous).  Exogenous 

sources of DNA damage include ionizing radiation, UV radiation, and different chemical 

agents.  Endogenous sources of DNA damage include alkylation, errors in DNA 

replication, spontaneous hydrolysis, and oxidative stress.  Oxidative stress can be induced 

directly by reactive oxygen species (ROS) that are generated through normal cellular 

metabolism [1-4].  Some common ROS are superoxide radicals (O2
−), hydroxyl radicals 

(HO ), and hydrogen peroxide (H2O2).  Oxidative stress may also be induced indirectly 

through exposure to UV light, ozone, ionizing radiations, metals, pesticides, air pollutants 

or pharmaceutical drugs [1-4].  Every source of DNA damage generates a spectrum of 

damage, which ranges from single base lesions and complex distorting damages to single 

and double strand breaks [5].  Oxidative DNA damage has been linked to, and is perhaps 

causative of, aging and human diseases such as cancer and neurodegenerative diseases 
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[6-10].  Examples of oxidative DNA damages include thymine glycol, 5-

hydroxycytosine, 5-hydroxy-5,6-dihydrothymine, and 8-oxoguanine (Figure 1).  

Oxidative DNA damage is thought to be one of the most frequently occurring 

spontaneous DNA damages.  It is estimated that more than 90,000 oxidative lesions arise 

in a mammalian cell on a per day basis [9, 11].  Oxidative DNA damage that is left 

unrepaired may contribute to human disease through the generation of mutations and 

lethal blocks to replication and transcription [12]. 

 

2.  DNA Damage in Organelles 

Eukaryotic cells have DNA in two organelles, the nucleus and the mitochondria.  

Interestingly, mitochondrial DNA damage frequencies are estimated to be 10 – 70 times 

greater than nuclear DNA damage frequencies [13].  This observation may be caused by 

a number of important differences between the nuclei and the mitochondria.  First, 

nuclear DNA is structurally organized into chromatin by histones that provide some 

protection from the elements [14].  Mitochondrial DNA lacks the organizational structure 

provided by chromatin; however, mitochondria have their own DNA binding proteins 

that may offer some level of protection [15].  Second, mitochondria are limited in their 

repair capacity compared to nuclei, because mitochondria contain fewer repair enzymes 

[16].  Finally, mitochondria are responsible for oxidative phosphorylation and subsequent 

energy production.  This process leads to the creation of ROS in close proximity to the 

mitochondrial DNA [17].  For these reasons mitochondrial DNA is more vulnerable to 

DNA damage from oxidative stress and other agents than is the nuclear DNA.  This 

concept was tested in a study that quantified the levels of single base lesions that result 
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from either ROS generated by normal metabolism (spontaneous) or by exogenous ROS 

(induced) sources.  Spontaneous frequencies of 8-oxoguanine (8OG) in rat liver are 

estimated to be 1:130,000 in the nucleus and 1:8,000 in the mitochondria [18].  Induced 

levels of DNA damage are estimated to be roughly two- to three-fold higher in 

mitochondria than in nuclei, both in humans and in yeast [18].   

In order to manage the high frequencies of DNA damage in the nucleus and the 

even higher frequencies in the mitochondria, all organisms have evolved mechanisms to 

repair DNA in both organelles.  Historically however, DNA repair has been studied with 

a more nuclear or perhaps prokaryotic point of view.  The result is the characterization of 

six DNA maintenance pathways with well-defined nuclear modes of action (Figure 2) 

[19, 20].  They are nucleotide excision repair (NER), base excision repair (BER), 

mismatch repair (MMR), recombination repair (RR), translesion synthesis (TLS), and 

direct reversal [19, 20].  Direct reversal, NER, BER, and MMR, lead to the removal of 

damaged bases and restoration of the original DNA.  NER primarily removes bulky, helix 

distorting lesions from the DNA.  BER primarily removes single base lesions and 

processes apurinic/apyrimidinic (AP) sites.  MMR repairs mismatches that arise during 

DNA replication [19].  Direct reversal is a process where a DNA lesion is reversed on the 

DNA, and is a process possessed at different levels by eukaryotes such as Saccharomyces 

cerevisiae and humans [21].  During TLS and RR, DNA damage is not removed and 

repaired; instead, it is tolerated.  TLS allows the replication machinery to replicate past 

DNA lesions, and RER utilizes homologous sequences to bypass a lesion during 

replication [19].  All of these pathways (except NER) are present not only in the nucleus 

but also to some extent in the mitochondria where they maintain the mitochondrial 
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genome (Figure 3) [19].  Several of the mitochondrial repair pathways are limited in their 

ability to maintain the mitochondrial genome, because not all of the proteins involved in 

nuclear repair are present in the mitochondria.  However, mitochondrial BER is fully 

competent for the repair of oxidative DNA damage, because most BER enzymes that are 

active in the nucleus are also active in the mitochondria (Table 1) [16, 19, 22-26]. 

 

3.  Base Excision Repair 

BER is the primary pathway for the repair of single base lesions including 

oxidative, alkylation damages, and AP sites.  These lesions can arise spontaneously or 

can be caused by environmental sources and metabolic processes (Figure 4) [27, 28].  

The first step in BER is recognition of a damaged base by different N-glycosylases that 

remove the damaged base from the DNA and create an AP site [29, 30].  Following 

removal of the damaged base, AP sites are processed by either an AP lyase or an AP 

endonuclease.  These enzymes cleave the sugar-phosphate DNA backbone of AP sites on 

the 3’ or 5’ side respectively [31].  N-glycosylases can be subdivided into categories that 

depend upon their substrate specificities and their N-glycosylase and/or AP lyase 

activities (mono- or bifunctional).  Monofunctional N-glycosylases recognize and remove 

damaged bases from DNA leaving behind an intact AP site [32].  Bifunctional N-

glycosylases are AP lyases in addition to N-glycosylases.  This dual function allows them 

to subsequently process the AP site to a 3’ unsaturated aldehyde blocking group [32].  

This blocking group is then processed by a 3’ phosphodiesterase to generate the 3’ end 

that is necessary for subsequent polymerization and repair [32].  The single nucleotide 
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gaps are then filled in by DNA polymerases, and finally DNA ligases restore the covalent 

integrity of the DNA [33]. 

A number of studies in humans and in the model system, S. cerevisiae, highlight 

the importance of the BER pathway for biological fitness [19, 20,34].  In contrast, the 

loss of function of BER, NER, TLS, or RR has little effect on viability in S. cerevisiae 

[34].  The only pathway that can support cell viability as the sole repair pathway 

(meaning three out of four pathways have been lost), is the BER pathway [34].  Isolated 

NER, TLS, and RR pathways cannot maintain cellular viability [34].  These results show 

the critical importance of the BER pathway in the maintenance of cell viability.  

Furthermore, these results suggest that the inability to repair spontaneously occurring 

base lesions, not other DNA damages, is lethal, because the inability to repair 

spontaneously forming bulky adducts, single strand breaks, and double strand breaks 

does not make cells inviable.  There are also many instances in primary cancers where 

BER protein functions have been altered or lost [35-43].  These instances suggest that the 

BER pathway is important in cancer prevention.  For example, altered function of human 

thymine glycol-DNA-glycosylase (NTHL1), human 8-oxoguanine DNA glycosylase 

(OGG1), thymine DNA glycosylase (TDG), uracil DNA glycosylase (UNG), and hMYH 

have all been associated with different types of cancers [35-40].  Lastly, the observation 

that Alzheimer’s patients have decreased activity of both UNG and OGG1 implicates 

BER in neurodegenerative disorders [41-43].  The above examples represent a fraction of 

the evidence regarding the importance of BER for the fitness of eukaryotic cells.  These 

examples also illustrate the need to gain a better understanding of BER regulation under 

both stress and non-stress conditions. 
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4.  Saccharomyces cerevisiae as a Model System 

 The budding yeast, S. cerevisiae also referred to as baker’s yeast, provides an 

excellent model organism for the study of the BER pathway.  S. cerevisiae is a single 

celled eukaryotic organism that can exist in both diploid and haploid states; furthermore, 

the fundamental biological pathways in budding yeast are highly similar to the pathways 

found in humans [27].  The diploid and haploid states of the S. cerevisiae genome make it 

a very convenient organism for genetic manipulation and subsequent biological study.  

Researchers have utilized this model extensively to examine the mechanisms underlying 

the DNA damage management pathways [27, 44, 45].  Moreover, the rapid rate of cell 

growth and array of techniques developed for use in S. cerevisiae allows for informative 

and accurate interrogation of biochemical activities, protein localization, nuclear and 

mitochondrial mutagenesis, as well as the contributions that individual BER proteins 

have on BER function [44].  Unlike most eukaryotic organisms, S. cerevisiae survives 

without functional mitochondria.  This fact makes S. cerevisiae an ideal model system for 

the study of BER in mitochondria [44, 46, 47]. 

 

5.  Role of Ntg1 and Ntg2 in the Process of Base Excision Repair 

 BER is initiated by a number of different N-glycosylases.  The S. cerevisiae Ntg1 

and Ntg2 proteins belong to a class of endonuclease III/thymine glycol-DNA-

glycosylases (Table 1).  These two proteins are encoded on chromosomes I and XV, 

respectively [48].  Ntg1 and Ntg2 are closely related; they share significant sequence 

similarity/identity to one another (41% identity, 63% similarity), and to Escherichia coli 
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Nth (Ntg1: 24% identity, 46% similarity; Ntg2: 25% identity, 51% similarity) [49].  The 

catalytic domains of both proteins are almost identical and are comprised of helix-

hairpin-helix motifs [45, 49].  Both Ntg1 and Ntg2 proteins are bi-functional N-

glycosylase/AP lyase enzymes.  They are also homologs of the human thymine glycol-

DNA-glycosylase (NTHL1) protein.  These two glycosylases recognize and excise the 

following substrates: thymine glycol, dihydrouracil, 5-hydroxy-6-hydrothymine (5-OH-6-

HThy), 5-hydroxy-6-hydrouracil (5-OH-6-HUra), 5-hydroxy-5-methylhydantoin (5-OH-

5-MeHyd), 5-hydroxyuracil (5-OHUra), 5-hydroxycytosine (5-OH-Cyt), 2,6-diamino-4-

hydroxy-5-(N-methylformamido) pyrimidine (Fapy-7MeGua), 2,6-diamino-4-hydroxy-5-

formamidopyrimidine (FapyGua), and 4,6-diamino-5-formamidopyrimidine (FapyAde) 

[50, 51].  As Ntg1 and Ntg2 have AP lyase activity, they both contribute to the repair of 

AP sites that are generated either spontaneously or through N-glycosylase activity [52, 

53].  Even though Ntg1 and Ntg2 have very similar substrate specificities, their 

localization patterns differ significantly [54].  Ntg1 localizes to both nuclei and to 

mitochondria [54].  Ntg1 contains both a bipartite classical nuclear localization signal 

(cNLS) and a mitochondrial matrix targeting sequence (MTS) [54].  In contrast, Ntg2 has 

a strictly nuclear localization and contains only a putative cNLS [54].  Ntg2 has an iron 

sulfur center while Ntg1 does not, which suggests that during the evolution of S. 

cerevisiae it became counterproductive for Ntg1 to contain an iron sulfur center [49, 50].  

An iron sulfur center could be disadvantageous in the mitochondria, where the high levels 

of ROS may be further increased by the Fenton reaction, which would cause additional 

DNA damage [55, 56]. 
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 In the context of BER, Ntg1 and Ntg2 each play a significant role in the repair of 

damaged DNA by protecting both nuclear and mitochondrial DNA from oxidative stress 

and other genotoxic insults [57].  However, there is significant redundancy in DNA 

repair; therefore, the loss of function of Ntg1, Ntg2, and the primary S. cerevisiae AP 

endonuclease, Apn1, is required to confer compromised BER function [57].  This 

resulting triple mutant has increased nuclear mutation rates, and has increased 

chromosomal instability, highlighting the importance of BER for the removal and repair 

of spontaneously occurring nuclear oxidative lesions [57, 58].  A fourth deletion that 

disrupts NER, through the loss of function of Rad1, is required for genomic integrity to 

be substantially compromised.  This quadruple mutant renders these cells both NER and 

BER-deficient [57].  NER partially compensates for the loss of BER, which illustrates the 

redundancy that exists in DNA management pathways.  The nuclear phenotypes 

described above are understandable given the nuclear localization of Ntg1 and Ntg2.  

However, unlike Ntg2, Ntg1 can also localize to the mitochondria where it is one of very 

few BER proteins present.  As one of a few BER proteins in the mitochondria, Ntg1 plays 

an important role in mitochondrial DNA repair (Table 1).  Loss of Ntg1 by itself leads to 

an increase of mitochondrial oxidative DNA damage as neither Ntg2 nor NER can 

compensate for loss of Ntg1 [22, 24].  The human homologue of Ntg1, NTHL1, is also 

important for genomic stability.  Loss of NTHL1 function is associated with lung and 

gastric cancers [36, 40, 59].  These observations suggest NTHL1 mutations in contribute 

to a mutator phenotype perhaps driving carcinogenesis and metastasis. 

 

6.  Regulation of Base Excision Repair: Current Concepts and Observations 



10 
 

The activities of BER proteins must be tightly regulated, as loss of BER activity 

perhaps leads to or further contributes to the development primary cancers and 

neurodegenerative disorders.  Regulation of base excision repair has been proposed to 

occur through a variety of different mechanisms including transcriptional regulation, 

post-translational modification, regulation of protein localization, and protein-protein 

interactions (Table 1) [60].  Each of these mechanisms may diversely regulate BER and 

alter DNA repair capacity.   

Protein localization is perhaps the most fundamental form of regulation in 

eukaryotic BER, as repair proteins must be given access to the genomic DNA to function 

and to remove DNA damage.  All BER proteins have mechanisms for nuclear 

localization.  Most of these proteins likely do so by using the classical nuclear import 

pathway (Table 1) [61].  Classical nuclear import operates through the recognition of a 

cNLS by importin α.  Importin α binds the cargo protein in the cytoplasm and then 

imports the cargo into the nucleus through nuclear pores in complex with importin β [62].  

Functional mitochondria are also important for cell survival and fitness making the 

maintenance of mitochondrial DNA by BER proteins critical.  The sequences of most 

BER proteins that localize to the mitochondria contain mitochondrial matrix targeting 

sequences (MTS).  These sequences are usually located in the N-terminal region of a 

protein and consist of 10-80 amino acids and form amphipathic α-helices that are 

recognized by the mitochondrial outer membrane translocase [63, 64].  Proteins with an 

MTS enter the mitochondrial matrix by passing through the outer membrane translocase 

and then through the inner membrane translocase [65-67].  Protein localization can also 
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be controlled through protein-protein interactions and post-translational modifications 

[68, 69]. 

For some BER proteins their steady-state transcript levels are regulated in a cell 

cycle-dependent manner, while for other BER proteins steady-state transcript levels 

change in response to oxidative stress (Table 1) [70].  For example, changes in transcript 

levels have been documented for N-methylpurine DNA glycosylase (MPG), NTHL1, 

UNG, and human AP site-specific endonuclease (APEX1) in a cell cycle-dependent 

manner, increasing 2.5- to 3.5-fold during G1 and decreasing to basal levels following 

mitosis [71].  On the other hand, the mRNA levels of NTHL1, OGG1, and APEX1 

increase by as much as three-fold when cells are exposed to hydrogen peroxide or to 

other reactive oxygen species (ROS) [72-74]. 

Protein-protein interactions increase the efficacy of repair in mammals and link 

BER to different pathways, such as NER or mismatch repair (MMR) (Table 1) [75].  For 

example, several human DNA glycosylases have increased base excision activity in the 

presence of APEX1 (Table 1) [75].  Physical interactions also occur; for example, to 

enhance base excision activity specific glycosylases associate with X-ray repair cross 

complementing group 1, (XRCC1) (Table 1) [76].  Many BER proteins interact with 

proliferating cellular nuclear antigen, (PCNA), and/or replication protein A, (RPA), 

which suggests that they are involved in post-replication BER responses (Table 1) [77-

80]. 

Known post-translational modifications of BER proteins include phosphorylation, 

acetylation, nitrosylation, ubiquitination, and sumoylation (Table 1).  Phosphorylation of 
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human OGG1, A/G-specific adenine DNA glycosylase (MUTYH), and UNG affects 

enzyme excision activity in different ways (Table 1) [81-83].  Acetylation by the histone 

acetyltransferase, p300, regulates OGG1, thymine DNA glycosylase (TDG), 

endonuclease VIII-like 2 (NEIL2), polymerase beta (polβ), and APEX1 each in a unique 

manner (Table 1) [70].  For instance, acetylation of OGG1 causes a decrease in its 

affinity for AP sites and increases the rate of OGG1 turn over through stimulation by 

APEX1.  In contrast, acetylation of NEIL2 significantly reduces glycosylase and AP 

lyase activities of this enzyme [84, 85].  Nitrosylation modifies the activity of APEX1 

and OGG1, inhibiting repair activity, by triggering nuclear export or by inhibiting 

excision activity, respectively [86-88].  Ubiquitination typically leads to degradation and 

thus provides a way to control steady-state protein levels, as is reported for Polβ [89].  

Ubiquitination of APEX1, however, does not affect protein degradation, and could play 

additional roles in APEX1 regulation that remain unknown [90].  Lastly, there are 

examples of sumoylation of a few BER proteins including human TDG, Ntg1, and Ntg2 

[91, 92].  TDG sumoylation is the best understood case, where the small ubiquitin related 

modifier (SUMO), of sumoylated TDG competes with the regulatory domain of TDG for 

DNA binding.  This competition allows TDG to overcome product inhibition and 

ultimately increases enzyme turnover [91, 93].   

Overall, the regulation of BER is only understood to a limited extent and includes 

only a handful of examples.  Our limited knowledge of BER regulation and its potential 

role in cancer pathology and neurodegenerative disorders makes it important to elucidate 

new mechanisms of BER regulation in response to cellular stress. 
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7.  Sumoylation as a Means of Protein Regulation 

 Sumoylation is a pathway which covalently attaches the small SUMO protein to a 

substrate protein by formation of an isopeptide bond in a monosumoylated (one SUMO), 

multisumoylated (many SUMO at different sites), or polysumoylated (polymeric SUMO 

at one site) manner (Figure 5) [94-97].  This pathway is closely related to ubiquitination, 

and it involves a cascade of conjugation catalyzed by an E1, an E2, and E3 ligases.  

Sumoylation is very a dynamic process that is readily reversible and modifies protein 

function many different ways.  In S. cerevisiae the E1 is a heterodimeric complex that is 

made up of Uba2 and Aos1.  It forms a thioester linkage between an active cysteine on 

the E1 and the C-terminal glycine of SUMO in an ATP-dependent process [98].  The 

active SUMO protein is then transferred to the E2 conjugating enzyme Ubc9 by another 

thioester linkage.  This is an intermediate step that occurs before conjugating SUMO to a 

specific lysine residue on the substrate via the SUMO C-terminal di-glycine motif [99, 

100].  E1 and E2 ligases can sumoylate a protein in vitro; however, in vivo, SUMO 

conjugation to a substrate is mediated and often enhanced by one of four E3 ligases that 

allow regulated conjugation [101].  These ligases are Siz1, Siz2, Zip3, and MMS21.  Siz1 

and Siz2 contribute to global sumoylation levels and have partially overlapping substrate 

specificities [102].  Mms21 is part of the Smc5/6 complex in S. cerevisiae; this complex 

aids in the repair of double stranded breaks via homologous recombination.  Mms21 

sumoylates Ku70 and Smc5 while part of the Smc5/6 complex [103, 104].  Zip3 is 

responsible for initiation of assembly of the synaptonemal complex, and it is also 

responsible for the formation of polymeric SUMO chains along meiotic chromosomes 

[95].   
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Sumoylation is a reversible process; desumoylation is carried out by the two 

SUMO proteases Ulp1 and Ulp2 [105, 106].  Ulp1 is an essential protein required for the 

G2 to M transition.  Ulp1 localizes to the nuclear pore complex where it functions in 

SUMO maturation and as the major desumoylation enzyme [105, 107, 108].  Ulp2 is not 

essential for viability, and it localizes predominantly to the nucleoplasm.  Ulp2 is 

primarily responsible for desumoylation of polymeric SUMO chains [96]. 

A large number of proteins are sumoylated in yeast and in humans [109, 110].  

The majority of these proteins localize to the nucleus, hence the nuclear-centric nature of 

the sumoylation pathway.  Approximately 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).  

Additionally, between one-third to one-half of all human proteins sequences contain this 

motif.  This observation suggests that many SUMO substrates have not been identified 

[110, 111].  Resolved crystal structures of Ubc9 (E2) and their SUMO substrates show 

that consensus motifs adopt an extended conformation in which the substrate acceptor 

lysine fits into the hydrophobic grove of Ubc9.  These results indicate that SUMO 

consensus motifs are more likely to associate with Ubc9 when they arise in extended 

loops or intrinsically disordered regions [112, 113].  SUMO E3 ligases are thought to 

catalyze SUMO transfer through two mechanisms.  First, E3 ligases may bind the E2-

SUMO thioester.  This interaction facilitates a more productive orientation for catalysis 

and enhances SUMO conjugation [114].  Second, E3 ligases may directly interact with 

the substrate and recruit the E2-SUMO thioester into a complex that facilitates 

conjugation [114]. 
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The regulation of sumoylation and desumoylation is a complex process that is 

subject to redox-regulation [115-121].  Redox-regulation of sumoylation primarily 

depends on the redox state of cysteine residues in the active sites of sumoylation proteins.  

Cysteine residues can be reversibly oxidized to SOH groups and irreversibly oxidized to 

SO2 and SO3 groups [122].  The active sites of both the E1 and E2 conjugating enzymes 

require reduced cysteine residues.  For example, oxidation of E1 and E2 by hydrogen 

peroxide inhibits sumoylation of both c-Fos and c-Jun [123-125].  The active sites of all 

human and S. cerevisiae SUMO proteases, except Ulp2, also have cysteine residues.  

Oxidation of the Ulp1 active site by exposure to hydrogen peroxide leads to a global 

increase in the levels of sumoylated proteins [126].  Since both sumoylation and 

desumoylation are redox-regulated, substrate-specific SUMO modification must be 

characterized on a case by case basis 

The sumoylation pathway has many diverse targets that range from transcription 

factors and proteins comprising ion channels, to transport and DNA maintenance proteins 

[127-151].  Transcriptional regulation is strongly modified by sumoylation.  Most of the 

known sumoylation events that regulate transcription lead to the suppression of 

transcription.  For example, sumoylation can augment the function of a transcriptional 

repressor, or it can inhibit the function of a transcriptional activator [127-131].  However, 

there are a growing number of cases where sumoylation has been shown to enhance 

transcriptional activity [132-135].  Sumoylation alters transcription factor activity by 

changing protein localization and/or folding.   

Genomic integrity is yet another area in which protein sumoylation plays a 

significant role.  For instance, proliferating cell nuclear antigen, (PCNA), is sumoylated 
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during S-phase and inhibits recombination [136-138].  Rad52 is sumoylated in response 

to DNA damage.  The Mre11-Rad50-Xrs2 (MRX) complex initiates this sumoylation 

event and protects Rad52 from proteasomal degradation, which increases homologous 

recombination [137, 139].  As previously mentioned, sumoylation of the BER protein, 

TDG, and the E3 ligase, Mms21, increases genomic stability.   

Sumoylation is also important in nucleocytoplasmic trafficking.  RanGAP1, an 

important protein in nucleocytoplasmic trafficking, needs to be sumoylated in order to 

localize to the nuclear pore complex (NPC) [140-143].  Once at the NPC, RanGAP1 

activates the small GTPase, Ran, which is essential for the translocation of proteins 

through the NPC [140-143].  Furthermore, sumoylation of ribosomal precursor particles 

in the nucleus and desumoylation of these particles at NPC by Ulp1 is required for 

efficient ribosome biogenesis and export of these particles to the cytoplasm [116, 144, 

145].   

In addition to nucleocytoplasmic trafficking, sumoylation is also implicated in 

directing protein localization.  For example, sumoylation directs the subnuclear 

localization of proteins to PML nuclear bodies, polycomb group bodies, DNA damage 

foci, Cajal bodies, centrosomes, and centromeres [146-149].  Moreover, sumoylation is 

involved in nuclear export of proteins.  MEK1 for example is exported from the nucleus 

once it is sumoylated [150].  Lastly, sumoylation has a role in subcytoplasmic and plasma 

membrane targeting.  Sumoylation of DRP1, a GTPase required for mitochondrial 

fission, promotes its recruitment from the cytosol to the mitochondrial outer membrane 

[151]. 
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Sumoylation is also involved in protein longevity where it has two opposing roles.  

First, SUMO can stabilize proteins by antagonizing ubiquitination.  For example, 

sumoylation of IκBα, Smad4, and Huntingtin proteins prevents ubiquitin modification 

and subsequent degradation [152-154].  At the same time, sumoylation can destabilize 

proteins because polymeric SUMO chains often serve as a signal for protein 

ubiquitination and subsequent degradation (Figure 6) [155-159].  SUMO-targeted 

ubiquitination occurs through the E3 ubiquitin ligase heterodimer, which consists of the 

Slx5 and Slx8 proteins.  These proteins contain SUMO interacting motifs (SIM), which 

target them to proteins containing polymeric SUMO chains.  Lastly, protein sumoylation 

is not only able to antagonize ubiquitination, but it can also block protein acetylation on 

lysine residues.  For instance, sumoylation of the transcription factor, MEF2, inhibits its 

acetylation and consequently blocks its transactivator function [160, 161]. 

The de-regulation of sumoylation contributes to a wide range of disorders 

including cancer, cardiovascular development, neurodegenerative diseases, pathogen-host 

interactions, and type I diabetes [162].  The clinical implications of SUMO de-regulation 

emphasize the importance of understanding the function and regulation of sumoylated 

proteins.  Furthermore, there are a large number of pathways that involve SUMO 

modifications.  These pathways are diverse and the role that sumoylation plays in their 

regulation is not well understood.   

 

8.  Summary of Project Objectives 

 This research project examines the regulation of BER in response to oxidative 

stress.  Specifically, the S. cerevisiae protein Ntg1 was used as a model for studying the 
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regulation of BER protein functions in response to oxidative stress.  Our studies reveal 

two mechanisms of Ntg1 regulation and address their impact on DNA repair capacity 

through the analysis of Ntg1 localization and post-translational modification as well as 

cellular mutation rates, cytotoxicity, and enzyme activity.  Ntg1 dynamically relocalizes 

to nuclei or mitochondria in response to organelle-specific oxidative stress, which is 

induced by either hydrogen peroxide (nuclear) or hydrogen peroxide and antimycin A 

(mitochondrial).  Dynamic localization of Ntg1 requires its bipartite classical nuclear 

localization signal, its mitochondrial matrix targeting sequence, and the classical nuclear 

import machinery.  Furthermore, we find that Ntg1 is sumoylated in response to oxidative 

stress.  Sumoylation of Ntg1 is associated with the nucleus and occurs at any of five 

different sumoylation consensus sequences within Ntg1.  A lysine at position 396 is the 

primary site of monosumoylation.  We determine that Ntg1 is sumoylated primarily by 

the E3 ligase, Siz1, and desumoylated by the SUMO protease, Ulp1.  Lastly, we 

determine that sumoylation of Ntg1 is a multifaceted and potentially ordered process that 

has distinct patterns of sumoylation depending upon the lysines available.  Collectively, 

these results detail two possibly linked methods of regulating the BER pathway, both of 

which commence with oxidative stress signaling.  The first concludes with the trafficking 

of a key BER protein to organelles containing high levels of oxidative DNA damage.  

The second concludes with the post-translation modification of the protein by 

sumoylation.  These novel discoveries provide insight into not just important mechanisms 

of regulating BER, but also into the broad roles of protein localization and sumoylation 

themselves. 
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10. Tables 

Table 1: Eukaryotic Base Excision Repair Proteins and Mechanisms of their Regulation 

Protein Organism Gene 
Level of Regulation 

PTM Protein Interactions Transcript 
Level Localization 

Uracil DNA 
glycosylase 

S. cerevisiae UNG1 - - ↑ in G1-phase 
[163] 

Nuc and Mito 
[164] 

Human 
UNG Phos (Thr6, 

Thr126) [83] 

APEX1 ↑ Activity [165] 
Associated with RPA, 

XRCC1, and PCNA 
[79, 80, 166] 

↑ in G1- and S-
phase [71, 167] 

Mitochondrial 
form ↑ in 
response to 
ROS [168] 

Nuc (UNG2) 
and Mito 
(UNG1) 
Forms [168, 
169] 

SMUG1 - APEX1 ↑ Activity [170] - Nuc [171] 

3-methyl 
adenine DNA 
glycosylase 

S. cerevisiae MAG1 - - 

↑ in response to 
alkylating 
agents and UV 
[172, 173] 

Nuc [174] 

Human MPG Acetyl [175] 
Associated with hHR23, 

XRCC1, and ERα [175-
177] 

↑ in G1-phase 
[71] Nuc [178] 

Endonuclease 
III/thymine 
glycol DNA 
glycosylase 

S. cerevisiae 
NTG1 SUMO [92] - 

↑ in response to 
menadione [45, 
50] 

Nuc and Mito 
[55, 92] 

NTG2 SUMO [92] Associated with MLH1 
[179, 180] - Nuc [55, 92] 

Human NTHL1 - 

APEX1 ↑ Activity [32] 
Associated with XPG, 

XRCC1, and YB-1 
[177, 181-183] 

↑ in G1- and S-
phase [71, 184] 

Nuc and Mito 
[184-186] 

Endonuclease 
VIII-like Human 

NEIL1 - Associated with FEN1 and 
XRCC1 [187, 188] 

↑ in S-phase 
[189] 

Nuc and Mito 
[190] 

NEIL2 
 Acetyl 

(Lys49, 
Lys153) [84] 

Associated with p300 and 
XRCC1 [84, 177] 

No cell cycle 
dependence 
[191] 

Nuc [191] 

NEIL3 - Associated with RPA[78] - Nuc [192] 

8-oxoguanine 
DNA 
glycosylase 

S. cerevisiae OGG1 - - - Nuc and Mito 
[26] 

Human hOGG1 

Phos (Ser326) 
[81, 193] 

Acetyl (Lys41, 
Lys338) [85] 

Nitro [194] 

APEX1 ↑ Activity [195, 
196] 

Associated with XRCC1 
[76] 

No cell cycle 
dependence 
[71] 

↑ in response to 
ROS [73] 

Nuc and Mito 
[186, 197] 

A-G-
mismatch 
DNA 
glycosylase 

Human MUTYH Phos (Ser524) 
[82, 198] 

Associated with APEX1, 
PCNA, RPA, RAD9-
RAD1-HUS1 complex, 
and MSH6 [77, 199, 
200] 

↑ in S-phase 
[201] 

Nuc and Mito 
[186, 197, 
201, 202] 

G-T-
mismatch 
DNA 
glycosylase 

Human 

MBD4 - 
Associated with MLH1, 

SIN3A, and HDAC1 
[203-205] 

- Nuc [206] 

TDG Acetyl [207] 
SUMO [208] 

APEX1 ↑ Activity [209, 
210] 

Associated with APEX1, 
CPB, p300, DMNT3A, 
DMNT3B, RXR, RAR, 
SCR1, p53, p73α, p63γ, 
ERα, RAD9, and XPC 
[203, 207, 211-217] 

No cell cycle 
dependence 
[71] 

Nuc [218] 
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Protein Organism Gene 
Level of Regulation 

PTM Protein Interactions Transcript 
Level Localization 

AP-
endonuclease 

S. cerevisiae 

APN1 - Associates with PIR1 
[219] - Nuc and Mito 

[219, 220] 

APN2 - Associates with POL30 
[221] 

↑ in response to 
alkylating 
agents [222] 

Nuc [174] 

Human 
APEX1 

Acetyl by p300 
[223] 

Phos [75] 
Ub (K24, K25, 

K27) [224] 
Nitro [86, 88] 

↑ glycosylase activity of 
UNG1, SMUG, 
NTHL1, OGG1, and 
TDG [32, 165, 170, 
195, 196] 

Associated with 
MUTYH,TDG, 
XRCC1, HSP70, p53, 
PCNA, LIG1, FEN1, 
and WRN [77, 207, 
225-230] 

↑ in G1-phase 
[71] 

↑ in response to 
ROS [74] 

Nuc and Mito 
[231-233] 

APEX2 - Associated with PCNA 
[234, 235] - Nuc and Mito 

[234-237] 

X-ray repair 
cross 
complementing 
group 1 

Human XRCC1 Phos [238, 
239] 

Associated with OGG1, 
NTHL1, NEIL1, 
NEIL2, MPG, POLβ, 
LIG3, PARP1, 
PARP2, UNG2, PNK, 
CK2, TDP1, ATPX, 
PCNA, and APEX1 
[76, 166, 177, 187, 
196, 225, 238-252] 

↑ in S-phase 
[245] 

Nuc [229, 246, 
247, 253] 

Poly (ADP-
ribose) 
polymerase 

Human PARP1 

Phos [254] 
SUMO (K486) 

[255, 256] 
Acetyl (K498, 

K505, K508, 
K521, K524) 
[257] 

Activity ↑ in response to 
ROS [258] 

Associated with LIG3, 
XRCC1, POLβ, and 
numerous non-BER 
proteins [248, 249, 
254, 255, 258] 

- Nuc [244] 

Flap 
endonuclease 

S. cerevisiae RAD27 - Associated with POL4 
and DNL4/LIF1 [259] 

↑ in G1-phase  
↑ in response to 

alkylating 
agents [260] 

Nuc and Mito 
[261] 

Human FEN1 

Phos (Ser187) 
[262] 

Acetyl [263] 
Methyl (R192) 

[264] 

Associated with PCNA, 
WRN, CDK1, CDK2 
NEIL1, LIG1, p300, 
and APEX1 [166, 
188, 229, 234, 236, 
237, 253, 262, 263, 
265] 

↑ in mitotic 
cycling cells  

↓in stationary 
cells [266] 

Nuc and Mito 
[267-269] 

Proliferating 
cell nuclear 
antigen 

S. cerevisiae POL30 

Ub (K164 
)[270] 

SUMO (K127, 
K164) [270] 

Associates with APN2 
[221] 

↑ in G1- and  S-
phase [271] Nuc [272] 

Human PCNA 

Ub (K164) 
[273] 

Acetyl [274] 
SUMO (K127, 

K164) [270, 
275] 

Associated with 
MUTYH, p21, POLβ, 
XRCC1, FEN1, LIG1, 
APEX1, and 
numerous non-BER 
proteins [77, 166, 229, 
234, 236, 237, 252, 
276-282] 

↑ in S phase 
[283, 284] Nuc [235] 
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11. Figures 

Figure 1 

 

Figure 1 Legend:  Examples of Oxidative DNA Lesions.  A number of oxidized DNA 

bases can result from deleterious interactions with endogenous reactive oxygen species, 

produced during cellular metabolism, or by exogenous ionizing or UV radiation.  The 

lesions listed include ring opened forms and oxidized aromatic derivatives and represent 

only a subset of the 40 to 60 known oxidative lesions. This figure was adapted from 

Slupphaug et al. Mutation Research, 2003 [285]. 
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Figure 2 

 

Figure 2 Legend:  DNA Repair Pathways.  The six DNA management pathways are 

outlined.  In base excision repair (BER), a single or a short stretch of nucleotides is 

removed and replaced with the correct nucleotides.  Mismatch repair (MMR) recognizes 

and repairs erroneous insertions, deletions and mis-incorporated bases that may arise 

during DNA replication.  In nucleotide excision repair (NER), stretches of 25 - 30 

nucleotides are removed in order to excise large helix distorting lesions from the DNA.  

Recombination repair (RER) uses homologous sequence in a sister chromosome to 

bypass lesions encountered during replication. Translesion synthesis (TLS) uses specific 

polymerases to bypass lesions during DNA replication in a mutagenic manner.  

Avoidance/reversal of damage, often referred to as direct reversal (DR) is a process 

where DNA lesions are directly reversed on the DNA.  This figure was adapted from 

Davidsen et al. Nature Reviews Microbiology, 2006 [286].  
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Figure 3 

 

Figure 3 Legend:  Nuclear and Mitochondrial DNA Repair Pathways.  The figure 

displays the DNA repair pathways which can be found in the nucleus and the 

mitochondria.  Established pathways are shown with a full color background, whereas 

documented pathways which need further confirmation are on a hatched background.  

The mitochondria are considered to have no NER pathway.  Abbreviations: NHEJ, non-

homologous end joining; HR, homologous recombination; TCR, transcription-coupled 

repair; GGR, global genome repair; TLS, translesion synthesis.  This figure was adapted 

from Boesch et al. Biochimica et biophysica acta, 2011 [19]. 
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Figure 4 

 

Figure 4 Legend:  Base Excision Repair Pathway in Saccharomyces cerevisiae.  Base 

excision repair is initiated through recognition of a damaged base by N-glycosylases, 

which removes the damaged base from the DNA and results in the formation of an AP 

site.  Following removal of the damaged base, AP sites may be further processed by 

either an AP lyase or and AP endonuclease, which cleave the sugar-phosphate DNA 

backbone on the 3’ or 5’ side respectively.  The subsequent single nucleotide gaps are 

then filled in by DNA polymerases and the integrity of the DNA is restored by DNA 

ligases.  The figure was adapted from Boiteux et al. DNA Repair, 2004 [33].  
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Figure 5 

 

Figure 5:  The Sumoylation Pathway.  The immature SUMO is processed by the 

SUMO protease Ulp1 to its mature form where it is activated by the E1 Uba2/Aos1 and 

subsequently conjugated to a substrate by complexes of Ubc9 and one of four E3 ligases 

(including Siz1, Siz2, Mms21, and Zip3) in a mono-, multi-, or polysumoylated manner.  

Desumoylation is carried out by the SUMO proteases Ulp1 and Ulp2.  This figure was 

adapted from Miteva et al. Subcellular Biochemistry, 2010 [287]. 
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Figure 6 

 

Figure 6 Legend:  Protein degradation by SUMO-targeted ubiquitin ligases.  

Sumoylation and polysumoylation in particular may trigger ubiquitination by the SUMO-

targeted ubiquitin ligases (STUbLs), Slx5 and Slx8.  Slx5 and Slx8 are E3 ubiquitin 

ligases that contain SUMO-interacting motifs (SIMs) which allow them to recognize 

sumoylated substrates and in conjunction with the E2 Ubc4/5 ubiquitinate certain 

proteins, targeting them for subsequent degradation by the proteasome.  This figure was 

adapted from Miteva et al. Subcellular Biochemistry, 2010 [287]. 
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1. Abstract  

DNA harbored in both nuclei and mitochondria of eukaryotic cells is subject to 

continuous oxidative damage resulting from normal metabolic activities or environmental 

insults.  Oxidative DNA damage is primarily reversed by the base excision repair (BER) 

pathway initiated by N-glycosylase apurinic/apyrimidinic (AP) lyase proteins.  To 

execute an appropriate repair response, BER components must be distributed to 

accommodate levels of genotoxic stress that may vary considerably between nuclei and 

mitochondria, depending on the growth state and stress environment of the cell.  

Numerous examples exist where cells respond to signals resulting in relocalization of 

proteins involved in key biological transactions.  To address whether such dynamic 

localization contributes to efficient organelle-specific DNA repair, we determined the 

intracellular localization of the Saccharomyces cerevisiae N-glycosylase/AP lyases, Ntg1 

and Ntg2, in response to nuclear and mitochondrial oxidative stress.  Fluorescence 

microscopy revealed that Ntg1 is differentially localized to nuclei and mitochondria 

likely in response to the oxidative DNA damage status of the organelle.  Sumoylation is 

associated with targeting of Ntg1 to nuclei containing oxidative DNA damage.  These 

studies demonstrate that trafficking of DNA repair proteins to organelles containing high 

levels of oxidative DNA damage may be a central point for regulating BER in response 

to oxidative stress. 
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2. Introduction 

Oxidative DNA damage, which occurs frequently in all cells, is linked to aging 

and human disease, such as cancer and various degenerative disorders [1-5].  Reactive 

oxygen species (ROS) are a byproduct of normal cellular metabolic processes that can 

cause oxidative damage to DNA, lipids, and proteins [6].  Unrepaired oxidative DNA 

lesions can result in mutations and lead to arrest of both DNA replication and 

transcription [7].  In order to combat such continuous insults to the genome, cells have 

evolved DNA repair and DNA damage tolerance pathways [8]. 

Base excision repair (BER) is the primary process by which oxidative DNA 

damage is repaired [9, 10].  BER is initiated by the recognition and excision of a base 

lesion by an N-glycosylase resulting in an apurinic/apyrimidinic (AP) site [11, 12].  The 

resulting AP site is processed by an AP endonuclease or an AP lyase, which cleaves the 

sugar-phosphate DNA backbone on the 5´ side or 3´ side of the AP site, respectively [13].  

Subsequent processing involving DNA repair polymerases replaces the excised 

nucleotides, and DNA ligase completes the repair process [14].   

Very little is known about how eukaryotic cells regulate events that initiate BER 

in response to oxidative stress.  Deleterious oxidative DNA damage can occur in both 

nuclear and mitochondrial genomes, adding a level of complexity to this cellular 

response.  In this case, the intracellular localization of BER proteins would be 

dynamically regulated in response to the introduction of either nuclear or mitochondrial 

DNA damage.  Controlled protein localization has been implicated in regulation of a 

number of critical cellular processes [15-18].  For example, under normal growth 

conditions, the human c-Abl protein tyrosine kinase is cytoplasmic, but in response to 
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cellular stress that results in DNA damage, c-Abl translocates into the nucleus, where it 

induces apoptosis [19].  Yap1 is a critical transcription factor in the oxidative stress 

response in budding yeast that is imported from the cytoplasm into the nucleus, where it 

regulates many stress-response genes in response to oxidative stress [20].  Human DJ-1 

protein, mutations in which are implicated in Parkinson’s disease [21], translocates to 

mitochondria following oxidative stress in order to protect against cytotoxicity [22, 23].  

As subcellular localization is a regulatory component of numerous non-DNA repair 

pathways, it is possible that DNA repair is regulated in a similar manner.  

If subcellular localization of BER proteins is regulated, then such events might be 

modulated through post-translational modification.  Phosphorylation, myristoylation, and 

numerous other modifications affect nuclear localization of certain proteins, such as c-

Abl, FoxO proteins, and p53 proteins [19, 24, 25].  Another post-translational 

modification that has been implicated in modulation of intracellular localization, 

especially of nuclear proteins, is modification by the ubiquitin-like protein, SUMO [26, 

27].  Several proteins involved in DNA repair and maintenance are sumoylated, 

conferring a range of functions [28].  For example, sumoylation of human thymine DNA 

glycosylase affects its glycosylase activity and localization to sub-nuclear regions [29, 

30].  SUMO modification also affects the nuclear localization of proteins such as 

mammalian heat shock transcription factor (HSF1) and the repressor of transcription, 

TEL, in response to environmental stress [31-34].  Sumoylated HSF1 colocalizes with 

nuclear stress granules, facilitating transcription of specific heat-shock genes [34].  

SUMO modification of TEL is required for TEL export from the nucleus in response to 
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cellular stresses, such as heat shock and exposure to UV radiation [31].  Thus, SUMO 

modification is a major mechanism for regulation of subcellular protein localization. 

The budding yeast, Saccharomyces cerevisiae, has been utilized extensively to 

investigate the mechanisms that underlie DNA repair as the DNA damage management 

pathways are conserved between yeast and humans [35, 36].  To determine whether 

targeting of BER proteins to the appropriate organelle harboring oxidative DNA damage 

is likely to represent a general regulatory component of DNA repair, we evaluated the 

localization of BER proteins in response to oxidative stress.  This study focused on the S. 

cerevisiae BER proteins, Ntg1 and Ntg2, which are both homologs of Escherichia coli 

endonuclease III, possessing N-glycosylase/AP lyase activity that allows recognition and 

repair of oxidative base damage (primarily pyrimidines) as well as abasic sites [37-40].  

Because Ntg1 and Ntg2 play an important role in the repair of oxidative DNA damage in 

S. cerevisiae, the aim of these studies was to determine how oxidative stress and 

sumoylation influence subcellular localization of these proteins.  Consistent with the 

presence of predicted nuclear localization signals (NLS) and a mitochondrial targeting 

sequence (MTS) [39, 41], Ntg1 is found in both the nucleus and mitochondria [10, 42].  

In contrast, Ntg2, which contains only a putative NLS but no MTS, is localized 

exclusively to the nucleus [10, 42].   

In this study, we evaluated the localization of Ntg1 and Ntg2 following exposure 

to nuclear and/or mitochondrial oxidative stress.  Results show that the localization of 

Ntg1 is dynamically regulated in response to nuclear and mitochondrial oxidative stress.  

However, Ntg2 remains nuclear regardless of the oxidative stress state of the cell.  

Importantly, we provide evidence that dynamic localization of Ntg1 is a response to DNA 
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damage rather than a general response to ROS.  Additionally, sumoylation is associated 

with nuclear localization of Ntg1 that occurs in response to oxidative stress.  These 

results indicate that the localization of BER proteins can likely be regulated by the 

introduction of nuclear and mitochondrial oxidative DNA damage and suggest that 

sumoylation plays a role in modulating the localization of BER proteins.   

 

3. Materials and Methods 

3.1 Strains, Media, and Growth Conditions.  Haploid S. cerevisiae strains and all 

plasmids used in this study are listed in Table 1.  Yeast cells were cultured at 30° C in 

rich YPD medium (1% yeast extract, 2% peptone, 2% dextrose, 0.005% adenine sulfate, 

and 2% agar for plates) or YPGal medium (1% yeast extract, 2% peptone, 2% galactose, 

0.005% adenine sulfate, and 2% agar for plates).  In order to introduce plasmids or 

integrated chromosomal gene modifications, yeast cells were transformed by a modified 

lithium acetate method [43].   

The pPS904 green fluorescent protein (GFP) expression vector (2 micron, URA3) 

was employed for generation of C-terminally tagged Ntg1-GFP and Ntg2-GFP fusion 

proteins [44].  The  S. cerevisiae haploid strain FY86 was utilized for all localization 

studies [45].  ∆NTG1 and ∆NTG2 strains (DSC0282 and DSC0283) were generated by 

precisely replacing the NTG1 or NTG2 open reading frames in FY86 with the kanamycin 

antibiotic resistance gene (pFA-KMX4 [46], selected with 150 mg/L G418 [US 

Biological]) or blasticidin antibiotic resistance gene (Invitrogen, BsdCassette™ vector 

pTEF1/Bsd 3.6 kb, selected with 100 mg/L blasticidin S HCl [Invitrogen]), respectively.  
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Plasmids encoding Ntg1-GFP or Ntg2-GFP were introduced into ∆NTG1 or ∆NTG2 cells.  

Plasmid mutagenesis of Ntg1-GFP to create Ntg1 K364R-GFP was performed using the 

QuikChange II Site-Directed Mutagenesis Kit (Stratagene), and these plasmids were 

introduced into ∆NTG1 cells.   

 For studies of cells lacking mitochondrial DNA, a rho0 yeast strain (DSC0291) 

was generated by incubating 4 x 106 ∆NTG1 cells in ethidium bromide as previously 

described [47].  Following this incubation, cells were stained with 4' 6-diamidino-2-

phenylindole dihydrochloride (DAPI, Sigma) and MitoTracker Red CMXRos stain 

(Invitrogen) and evaluated via fluorescence microscopy in order to verify that no 

mitochondrial DNA was present. 

 Haploid yeast strains expressing integrated genomic copies of C-terminally 

tandem affinity purification (TAP)- tagged Ntg1 and Ntg2 were obtained from Open 

Biosystems [Ntg1-TAP (DSC0297); Ntg2-TAP (DSC0298)].  A tetracycline repressible 

promoter (tet off) from the plasmid, pCM225, was integrated at the N-terminus of the 

NTG1 and NTG2 genes using the kanamycin resistance gene to generate tetracycline-

repressible Ntg1-TAP and tetracycline-repressible Ntg2-TAP strains (DSC0295 and 

DSC0296) as previously described [48].  Cells expressing galactose inducible Smt3-HA 

and Ntg1-GST (DSC0221) or Smt3-HA and Ntg2-GST (DSC0222) were generated by 

integrating the HA tag from the vector, p1375, and the GAL promoter and the GST tag 

from the vector, p2245 [49], at the C-terminus of SMT3 and NTG1 or NTG2 in the 

haploid strain ACY737 [50].  ACY737 contains mutations in the sumoylation 

deconjugating enzymes, Ulp1 and Ulp2, which can aid in the isolation of sumoylated 

proteins [50].  
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3.2 Exposure to DNA Damaging Agents.  Cells were grown in 5 mL YPD to a 

density of 5 x 107 cells/mL, centrifuged, and washed with water.  Cells were then 

resuspended in 5 mL water containing the appropriate DNA damaging agent:  2-20 mM 

H2O2 (Sigma), 25-55 mM methyl methanesulfonate (Sigma), or 10 µg/mL antimycin A 

(Sigma).  Cells were exposed to agent(s) for one hour at 30° C.  Cytotoxicities of agents 

were evaluated by growing cells in agent, plating cells, and counting colonies. 

3.3 Fluorescence Microscopy.  For all experiments, cells (grown and treated as 

described above) were treated as follows:  no treatment, 5 mM H2O2, 10 mM H2O2, 20 

mM H2O2, 25 mM MMS, 55 mM MMS, 10 µg/mL antimycin, 5 mM H2O2 plus 10 

µg/mL antimycin, 10 mM H2O2 plus 10 µg/mL antimycin, or 20 mM H2O2 plus 10 

µg/mL antimycin.  During exposure to DNA damaging agents, cultures were also 

incubated with 25 nM MitoTracker in order to visualize mitochondria.  Following 

washes, cells were placed in 1 mL of water containing 1 µg DAPI to visualize DNA and 

incubated for 5 minutes at room temperature.  Cells were washed and analyzed by direct 

fluorescence confocal microscopy, employing a Zeiss LSM510 META microscope.  

Images were analyzed using the Carl Zeiss LSM Image Browser software, and cells were 

evaluated for nuclear only or nuclear plus mitochondrial Ntg1-GFP or Ntg2-GFP 

localization.  Mitochondrial only localization was negligible.  At least 200 cells were 

counted for each strain and treatment condition, and each microscopic evaluation was 

repeated at least twice.  Standard deviations were calculated for each strain and treatment 

condition.  The image analysis software program, Metamorph 6.2, was utilized in order to 

quantify the intensities of GFP in nuclei and mitochondria of individual cells.  

Mitochondrial GFP intensities were determined by subtracting nuclear GFP intensity 
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from the total cellular GFP intensity.  The fraction of cells with a mitochondrial GFP 

intensity score higher than 500 was determined for cells exposed to H2O2 and H2O2 plus 

antimycin, and the t-test was employed to determine p values. 

3.4 Measurement of ROS Levels by Flow Cytometry.  For all experiments, cells 

were grown and treated as described above.  Following exposure to DNA damaging 

agents, cells were washed with water and resuspended in YPD at a density of 2 x 107 

cells/mL.  Dihydroethidium (DHEt) was added to the YPD to a concentration of 160 µM 

to detect cellular superoxide [51]; MitoSox (Molecular Probes) was added to the YPD to 

a concentration of 5 µM as per manufacturer’s instructions to detect mitochondrial 

superoxide; or cells were left untreated.  Cells were incubated for 45 minutes in the 

fluorescent dye, washed, and resuspended in 2 mL phosphate buffered saline (PBS).  

Fluorescence intensity of 10,000 cells for each strain and condition was assessed by 

employing a BD™ LSR II flow cytometer (BD Biosciences).  Excitation and emission 

wavelengths employed to evaluate cells were 488 nm and 595 nm, respectively, for DHEt 

and 488 nm and 575 nm, respectively, for MitoSox. 

3.5 Ntg1 and Ntg2 Analysis.  Purification of TAP-tagged Ntg1 and Ntg2 was 

achieved as follows.  Four liters of tetracycline-repressible Ntg1-TAP (DSC0295) and 

Ntg2-TAP (DSC0296) were grown in YPD to a density of 5 x 107 cells/mL without 

tetracycline in order to overproduce Ntg1-TAP and Ntg2-TAP.  Cells were then pelleted 

and washed with water.  Cell pellets were frozen at -80° C.  A version of the previously 

published tandem affinity purification was utilized [52] with the following modifications.  

Cell pellets were crushed with a mortar and pestle, and powdered yeast lysate was 

suspended in 10 mL buffer A (10 mM K-HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 
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0.5 mM dithiothreitol (DTT), 0.5 mM phenylmethylsulphonyl fluoride (PMSF), 2 mM 

benzamindine, 1 µM leupeptin, 2.6 µM aprotinin) with 5 mM N-ethylmaleimide (NEM) 

(Sigma), 10 mM iodoacetamide (Sigma).  Lysate was centrifuged at 3000 x g for 10 

minutes, and supernatant was re-centrifuged at 88,000 x g for 1 and a half hour.  Dialysis, 

incubation with IgG beads, and incubation with AcTEV protease was performed as 

instructed.  Western analysis was performed on 50 µL of eluate.  Anti-TAP antibody 

(Open Biosystems, 1:3333 dilution) was employed for Western analysis.  Ntg2-TAP 

migrates as a slightly smaller species in Western analysis than the predicted TAP-tagged 

Ntg2 (~53 kDa), while Ntg1-TAP migrates at its expected size of 55 kDa. 

 In order to purify GST-tagged Ntg1 and Ntg2, one liter of cells expressing 

galactose-inducible Smt3-HA and Ntg1-GST (DSC0221) or galactose-inducible Smt3-

HA and Ntg2-GST (DSC0222) was grown for each strain in YPGal to a density of 5 x 

107 cells/mL.  Cells were centrifuged, and pellets were washed and frozen at -80° C.  Cell 

pellets were crushed with a mortar, and powdered lysate was suspended in 500 µL PBS 

with 0.5 mM PMSF and 3 µg/mL each leupeptin and aprotinin.  Lysate was centrifuged 

at 3000 x g for 10 minutes, and supernatant was applied to 150 µL washed Glutathione 

Sepharose™ 4 Fast Flow beads (Amersham Biosciences).  Beads and lysate were 

incubated at 4° C overnight.  Beads were washed 3 times with 1 mL PBS, and then 50 µL 

of 1 x SDS-PAGE loading buffer (50% w/v glycerol, 10% w/v SDS, 1% v/v 2-

mercaptoethanol, 0.1 M Tris-HCl, pH 6.8, 0.1% bromophenol blue) was applied to beads 

to elute the bound fraction.  Western analysis was performed on 20 µL of eluate. Anti-

HA (1:1000 dilution, Covance) and anti-GST antibodies (1:1000 dilution, Oncogene) 

were employed for immunoblotting. 
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3.6 Sucrose Gradient Subcellular Fractionation.  In order to fractionate yeast 

cells into nuclear and mitochondrial preparations, one liter of cells expressing 

tetracycline- repressible Ntg1-TAP (DSC0295) or tetracycline-repressible Ntg2-TAP 

(DSC0296) was grown in YPD to a density of 5 x 107 cells/mL without tetracycline in 

order to overproduce Ntg1-TAP and Ntg2-TAP.  Crude mitochondrial and nuclear 

protein lysate fractions were generated using a differential centrifugation protocol as 

described previously [53].  Following this procedure, mitochondrial fractions were 

further purified using sucrose gradient centrifugation [54].  Solutions of 20%, 40%, and 

60% (w/v) sucrose in 10 mM Tris-HCl, pH 7.5, 0.1 mM EDTA, and 1 mM PMSF were 

prepared.  The crude mitochondrial pellet was resuspended in the 20% sucrose solution.  

The 60% sucrose solution was placed in the bottom of a Beckman Ultraclear centrifuge 

tube, followed by the 40% sucrose solution and the 20% sucrose solution containing 

mitochondria.  The tubes were centrifuged at 100,000 x g for 1 hour at 4° C.  The 

mitochondria were removed from the 40%/60% interface, concentrated, resuspended in 

storage buffer (0.6 M sorbitol, 20 mM HEPES-KOH, pH 7.4, 20% glycerol, 5 mM NEM, 

10 mM iodacetamide, 5 mg/ml aprotinin, 5 mg/ml leupeptin, and 0.1 M PMSF), and 

stored at -80°C.   

The crude nuclear pellets were further purified using sucrose step gradient 

purification as previously described [55].   The step gradient contained solutions of 

58.2%, 68.8%, 71.9%, and 78.7% sucrose in sucrose buffer (8% PVP-40, 11.5 mM 

KH2PO4, 8.4 mM K2HPO4, 0.75 mM MgCl2, pH 6.53).  The nuclei were removed from 

the 71.9%/78.7% sucrose interface, concentrated and resuspended in storage buffer.  

Western analysis was performed using 10 µg of nuclear or mitochondrial protein lysate.  
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Anti-TAP, anti-Por1 (1:25,000 dilution, MitoSciences), and anti-Nop1 (1:25,000 dilution, 

EnCor) antibodies were employed for Western analysis.  Anti-Nop1 and anti-Por1 

antibodies were used to ensure enrichment of nuclear (Nop1) or mitochondrial (Por1) 

fractions [56].  To optimize visualization, Western blot exposures were variable for each 

protein analyzed.  Analysis of Western blots by chemiluminescence was employed in 

order to determine the fold-change of sumoylated Ntg1 in the nuclear fraction.  The ratio 

of modified to unmodified Ntg1 in the nuclear fraction was determined, and values for 

each condition were normalized to the no treatment condition.  Standard error of the 

mean was calculated for each strain and treatment condition, and the t-test was employed 

to determine p values. 

3.7 Functional Analysis of Ntg1 in vivo.  To assess the function of Ntg1 in vivo, 

we utilized BER-/NER- (ntg1 ntg2 apn1 rad1) cells (SJR1101/DSC0051) that are highly 

sensitive to oxidative stress [57].  BER-/NER- cells containing Ntg1-GFP or Ntg1 

K364R-GFP plasmids were assessed for the ability of the episomal Ntg1 to function in 

vivo and decrease the sensitivity of these cells to treatment with H2O2.  Cytotoxicity 

assays were carried out as described above for exposure to DNA damaging agents.  The 

steady-state level of each GFP fusion protein was assessed by immunoblotting whole cell 

lysates with a polyclonal anti-GFP antibody (1:5,000 dilution) [58].  Anti-

phosphoglycerate kinase (PGK) antibody (1:5,000 dilution, Invitrogen) was utilized to 

determine the relative levels of protein loaded per lane. 
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4. Results 

4.1 Ntg1 and Ntg2 localization under normal growth and oxygen environments.  

To determine whether changes in the subcellular distribution of Ntg1 and Ntg2 occur in 

response to oxidative stress-induced DNA damage, the localization of Ntg1-GFP and 

Ntg2-GFP was evaluated in live yeast cells.  Under normal growth conditions, Ntg1 is 

localized to both nuclei and mitochondria, while Ntg2 localization is exclusively nuclear 

[10, 42].  This localization pattern was verified by analyzing cells expressing either Ntg1-

GFP or Ntg2-GFP using direct fluorescence microscopy.  As expected, Ntg1-GFP was 

localized to both nuclei and mitochondria (Figure 1A); whereas, Ntg2-GFP localization 

was strictly nuclear (Figure 1B).  To biochemically confirm the organellar distribution of 

Ntg1 and Ntg2, sucrose gradient subcellular fractionation (Materials and Methods) was 

performed on lysates from cells expressing Ntg1-TAP or Ntg2-TAP to separate nuclear 

and mitochondrial fractions.  Nuclear and mitochondrial protein lysate fractions were 

evaluated for purity using antibodies against a nuclear protein, Nop1, or a mitochondrial 

membrane protein, Por1 [56].  Mitochondrial fractions were free of nuclear proteins as 

indicated by the detection of Por1 but not Nop1 (Figure 1C, D).  Nuclear fractions were 

enriched for nuclear proteins with some mitochondrial contamination (Figure 1C, D).  

These results were expected as cytoplasmic contaminants have been routinely 

documented in conjunction with nuclear fractionation of S. cerevisiae [59-61].  The 

localization of Ntg1-TAP and Ntg2-TAP was determined by probing nuclear and 

mitochondrial fractions.  Sucrose gradient subcellular fractionation verified that Ntg1 was 

present in both nuclear and mitochondrial fractions (Figure 1C), and Ntg2 was detected 

only in nuclear fractions (Figure 1D). 
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4.2 Nuclear and mitochondrial oxidative stress induction by hydrogen peroxide 

(H2O2), antimycin, and methyl methanesulfonate (MMS).  ROS levels increase in 

response to DNA damage in cells exposed to genotoxic agents including MMS, 

ultraviolet (UV) light, and H2O2 [51, 62, 63].  In order to determine whether increased 

ROS levels influence the localization of Ntg1 and Ntg2, wild type cells were exposed to 

H2O2 to directly increase oxidative stress or the DNA alkylating agent, MMS, to 

indirectly increase ROS levels in response to DNA damage [63].  In addition, cells were 

exposed to H2O2 plus antimycin to increase mitochondrial oxidative stress.  Antimycin 

blocks oxidative phosphorylation [64], and exposure of cells to H2O2 plus antimycin 

increases oxidative stress, leading to induced oxidative DNA damage in yeast 

mitochondria [47].  The relative levels of cellular ROS in different cellular compartments 

were determined following exposure to H2O2, H2O2 plus antimycin, and MMS using the 

fluorescent probes, dihydroethidum (DHEt) and MitoSox.  DHEt is a general cellular 

superoxide probe [65]; whereas, MitoSox accumulates in the mitochondrial matrix, 

allowing determination of superoxide levels specifically in mitochondria [66].  Analysis 

of cells by flow cytometry revealed that H2O2 exposure resulted in elevated levels of 

cellular superoxide compared to unexposed cells (Figure 2A), but did not increase levels 

of mitochondrial superoxide (Figure 2B).  Flow cytometry analysis also revealed that 

H2O2 plus antimycin exposure resulted in a general cellular increase in superoxide levels 

including an increase in mitochondrial superoxide, revealed by both DHEt and Mitosox 

fluorescent probes (Figure 2A, B).  Exposure of cells to non-oxidative DNA damaging 

agents, such as MMS and UV light, can also increase cellular ROS levels [51, 62, 63].  

Consistent with this observation, exposure of cells to MMS resulted in a substantial 
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elevation in both total cellular and mitochondrial superoxide levels when compared to 

untreated controls (Figure 2C, D).  Evaluation of mitochondrial superoxide levels 

following treatment with MMS revealed two subpopulations of cells, each containing 

levels of mitochondrial superoxide higher than those observed with no treatment (Figure 

2D).  These two subpopulations may represent cell stress and death response groups.  

Collectively, these results demonstrate that oxidative stress can be targeted to nuclei or 

mitochondria by exposure to specific agents.  Importantly, a combination of H2O2 and 

antimycin or MMS exposure induces mitochondrial oxidative stress in a manner that is 

distinct from the primarily nuclear oxidative stress that results from exposure to H2O2 

alone.   

4.3 Relocalization of Ntg1 in response to increased nuclear and mitochondrial 

oxidative stress.  In order to assess whether the steady state localization of Ntg1 is altered 

in response to nuclear oxidative stress, Ntg1-GFP localization was evaluated before and 

after a one hour induction of oxidative stress with various concentrations of H2O2 

(Figures 3A, B).  The cytotoxicities for H2O2 exposures of 0 mM, 5 mM, 10 mM, and 20 

mM were 0%, 64%, 68%, and 75%, respectively (data not shown).  The localization of 

Ntg1-GFP was assessed by direct fluorescence microscopy.  As shown in Figure 3B, 

Ntg1-GFP appears more enriched in nuclei upon exposure to H2O2.  In order to provide a 

quantitative measure of Ntg1-GFP localization, the subcellular localization of Ntg1-GFP 

was designated as nuclear only or nuclear plus mitochondrial based on colocalization 

with nuclear DAPI, mitochondrial DAPI, and MitoTracker staining in all cells displaying 

a GFP signal.  The percentage of cells with nuclear only or nuclear plus mitochondrial 

localization of Ntg1-GFP was determined for several hundred cells for each treatment 
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group.  A dose-dependent increase in nuclear only Ntg1-GFP was observed following 

H2O2-induced nuclear oxidative stress (Figures 3D).  This result correlated with a dose-

dependent decrease in the number of cells with a nuclear plus mitochondrial distribution 

of Ntg1-GFP, reflecting a decrease in mitochondrial localization of Ntg1.  These results 

suggest that Ntg1 can be targeted to nuclei in response to nuclear oxidative stress.   

Oxidative stress can be induced in mitochondria by exposing cells to H2O2 in 

combination with antimycin (See Figure 2B), resulting in increased mitochondrial 

oxidative DNA damage [47].  We treated cells with H2O2 plus antimycin to determine 

whether elevated mitochondrial ROS triggers increased localization of Ntg1 to 

mitochondria.  As shown in Figure 3C, localization of Ntg1-GFP to mitochondria 

increased following H2O2 plus antimycin-induced mitochondrial oxidative stress.  The 

intensity of the GFP signal located in mitochondria of cells exposed to H2O2 plus 

antimycin was statistically greater than the intensity of the GFP signal located in 

mitochondria of H2O2-induced cells, as determined via image analysis using the software 

program, Metamorph 6.2.  Specifically, the fraction of cells containing a mitochondrial 

GFP intensity score higher than 500 was significantly greater for cells exposed to H2O2 

plus antimycin (0.78 ± 0.08) than for cells exposed to H2O2 (0.63 ± 0.09) (p value = 

0.04).  These data indicate that Ntg1 localization is influenced by mitochondrial ROS.  In 

addition to increased mitochondrial localization, Ntg1 nuclear localization was increased 

following exposure to low doses of H2O2 plus antimycin.  H2O2 plus antimycin not only 

induces oxidative stress in mitochondria, but also nuclei, thus increasing Ntg1 nuclear 

localization as well (Figure 2A, B).  
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Under normal growth conditions, Ntg2 is localized exclusively to nuclei [10, 42].  

Therefore, it was of interest to determine whether Ntg2 localization was affected by 

nuclear or mitochondrial oxidative stress.  The localization of Ntg2-GFP was examined 

following exposure to nuclear (H2O2) or mitochondrial (H2O2 plus antimycin) oxidative 

stress.  Ntg2-GFP localization remained exclusively nuclear following either nuclear or 

mitochondrial oxidative stress (data not shown), indicating that Ntg2 is not responsive to 

changes in either nuclear or mitochondrial oxidative stress.   

4.4 Relocalization of Ntg1 in response to MMS exposure.  To determine whether 

other DNA damaging agents that do not directly cause oxidative DNA damage are also 

capable of inducing a change in the localization of Ntg1, cells were exposed to the DNA 

alkylating agent, MMS, resulting in an increase in intracellular ROS (references [63] and 

Figure 2C, D).  Survival of cells treated with 0 mM, 25 mM, and 55 mM MMS was 

100%, 30%, and 3%, respectively (data not shown).  An increase in nuclear only 

localization of Ntg1-GFP was observed following exposure to MMS (Figure 3D) (p 

values < 0.04 when comparing nuclear only localization for no treatment and MMS 

exposures).  This result indicates that in addition to the ability of Ntg1 to respond to 

oxidative stress caused by H2O2 exposure, Ntg1 also responds to oxidative stress caused 

by DNA damaging agents, such as MMS, that do not directly introduce oxidative DNA 

damage. 

4.5 Oxidative stress-induced relocalization of Ntg1 to mitochondria is due to a 

DNA damage response.  Oxidative stress could provoke a change in localization of Ntg1 

via a direct response to elevated levels of ROS or in response to the presence of oxidative 

DNA damage.  In order to distinguish between these possibilities, rho0 cells were 
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generated as described in Materials and Methods.  rho0 mitochondria do not contain 

DNA, whereas rho+ mitochondria contain intact DNA [67].  The absence of 

mitochondrial DNA in rho0 cells was confirmed by direct fluorescence microscopy as 

evidenced by the absence of any extranuclear DAPI staining (Figure 4A).  In rho0 cells, a 

lack of Ntg1 mitochondrial localization following increased mitochondrial oxidative 

stress (exposure to H2O2 plus antimycin) would indicate that Ntg1 responds to the 

presence of mitochondrial oxidative DNA damage rather than ROS.  Flow cytometric 

analysis of rho0 cells revealed that mitochondrial superoxide levels increased in response 

to H2O2 plus antimycin exposure (Figure 4B).  Regardless of exposure to ROS-generating 

agents, fewer rho0 mitochondria contained Ntg1-GFP than rho+ mitochondria as 

determined by colocalization of GFP with Mitotracker (Figure 4A) and quantification of 

cells with nuclear or nuclear plus mitochondrial GFP-Ntg1 localization (Figure 4C).  

Results indicate that rho0 cells subjected to increasing levels of mitochondrial oxidative 

stress did not exhibit a change in Ntg1 localization (Figure 4C).  In contrast, rho+ cells 

subjected to the same mitochondrial oxidative stress conditions displayed a significant 

increase in mitochondrial localization of Ntg1.  Exposure of rho+ cells to H2O2 plus 

antimycin results in increased mitochondrial oxidative DNA damage [47] caused by 

increased mitochondrial ROS (See Figure 2).  The difference in Ntg1 localization 

observed between rho0 and rho+ cells indicates that mitochondrial oxidative stress 

induces DNA damage that results in the relocalization of Ntg1 to mitochondria.  

Importantly, these data suggest that the mitochondrial localization of Ntg1 is directed by 

the presence of mitochondrial oxidative DNA damage and not simply by elevated levels 

of mitochondrial ROS.   
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4.6 Ntg1 and Ntg2 are post-translationally modified by sumoylation.  Post-

translational modification of various proteins via sumoylation can direct subcellular 

localization in response to environmental signals [31-34].  Several lines of evidence 

indicate that Ntg1 and Ntg2 may be post-translationally modified by SUMO.  Ntg1 and 

Ntg2 contain seven and one putative sumoylation sites (Figure 5), respectively, as 

predicted using the SUMO prediction program, SUMOsp 1.0 [68, 69].  Cell lysates from 

yeast that express Ntg1-GFP and Ntg2-GFP reveal a major species corresponding to the 

size of the fusion protein and a second, minor species of higher molecular size 

corresponding to the predicted size for monosumoylated Ntg1 and Ntg2 [10].  In 

addition, a recent study cataloging sumoylated yeast proteins reported that Ntg1 interacts 

with Smt3 [70], which encodes the yeast SUMO [71-73]; however, covalent modification 

of Ntg1 by Smt3 was not assessed in that study.   

In order to test for sumoylation of Ntg1 and Ntg2, we looked for the presence of 

high molecular weight forms of Ntg1 and Ntg2.  Western analysis of TAP purified Ntg1 

and Ntg2 revealed species corresponding to the size of Ntg1-TAP (55 kDa) and 

monosumoylated Ntg1-TAP (70 kDa) as well as Ntg2-TAP (46 kDa) and 

monosumoylated Ntg2 (58 kDa) (Figure 6A, B).  The size of the higher molecular weight 

species corresponds to the size predicted for addition of a single SUMO moiety (12 kDa) 

to both Ntg1 and Ntg2.  To determine whether Smt3 is covalently attached to Ntg1 and 

Ntg2, GST-tagged Ntg1 and Ntg2 were purified from cells expressing both GST-tagged 

Ntg proteins and HA-tagged Smt3.  Detection of the same high molecular weight species 

with both GST and HA antibodies would reveal covalent modification of Ntg1 and Ntg2.  

Western analysis confirmed the covalent modification of Ntg1 and Ntg2 by SUMO as 
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indicated by the co-detection of a high molecular weight species by both GST and HA 

antibodies (Figure 6C, D).  Collectively, these results are consistent with the conclusion 

that both Ntg1 and Ntg2 are post-translationally modified by sumoylation. 

4.7 Sumoylated Ntg1 accumulates in the nucleus following oxidative stress.  To 

address whether sumoylation could play a role in the subcellular localization of Ntg1, 

cells expressing TAP-tagged Ntg1 were exposed to H2O2 (nuclear oxidative stress) or 

H2O2 plus antimycin (mitochondrial oxidative stress) and subjected to sucrose gradient 

subcellular fractionation (Materials and Methods).  Mitochondrial fractions were free of 

nuclear proteins as determined by Western analysis using Por1 and Nop1 as 

mitochondrial and nuclear protein markers [56], respectively; whereas, nuclear fractions 

were enriched for nuclear proteins (Figure 7A, B).  Sumoylated Ntg1 was detected in 

nuclei and increased in amount relative to unmodified Ntg1-TAP following both nuclear 

and mitochondrial oxidative stress (Figure 7A, B).  Analysis of sumoylated and non-

sumoylated Ntg1-TAP in nuclear fractions by chemiluminescence revealed that exposure 

to oxidative stress results in an approximately five-fold increase in nuclear sumoylated 

Ntg1 (Figure 7C).  These results suggest that sumoylation of Ntg1 is associated with the 

nuclear localization of Ntg1 in response to oxidative stress.   

4.8 Subcellular localization and function of mutant Ntg1 lacking a predicted 

SUMO site.  The sumoylation prediction program, SUMOsp 1.0 [68], was utilized to 

determine lysine residues where Ntg1 is most likely to be sumoylated.  SUMOsp 1.0 

predicted that lysine 364 within the sequence, KREL, was most likely to be sumoylated 

among the 36 lysines present in Ntg1.  To assess the possible requirement for lysine 364 

in Ntg1 function, lysine 364 was replaced with arginine.  This amino acid substitution 
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retains the positive charge of the residue, but blocks sumoylation [74].  In order to 

determine whether sumoylation affects the subcellular distribution of Ntg1, the 

intracellular localization of Ntg1 K364R-GFP was compared to that of wild type Ntg1-

GFP.  Ntg1 K364R-GFP was localized to both nuclei and mitochondria (Figure 8A); 

however, the relocalization of Ntg1 K364R-GFP in response to H2O2 exposure (nuclear 

oxidative stress) or MMS exposure (Figure 8B) was markedly different from that of wild 

type Ntg1-GFP (See Figure 3).  Specifically, the fraction of nuclear only Ntg1 K364R-

GFP decreased in response to either H2O2 or MMS exposures, while the nuclear only 

localization of wild type Ntg1-GFP increased in response to both agents (compare 

Figures 3D and 8B).  These results indicate that the predicted Ntg1 sumoylation site, 

K364, is important for relocalization of Ntg1 in response to nuclear oxidative stress, 

likely resulting in oxidative DNA damage, and provide further evidence of a role for 

SUMO in the dynamic localization of Ntg1. 

 In order to assess the function of K364R Ntg1, which cannot properly relocalize 

in response to oxidative stress, we exploited BER-/NER- (ntg1 ntg2 apn1 rad1) defective 

cells [57].  These BER-/NER- defective cells are severely compromised for the repair of 

oxidative DNA damage and are highly sensitive to H2O2 [57].  Importantly, these cells 

lack endogenous Ntg1 so that the function of K364R Ntg1 could be assessed as the only 

cellular copy of Ntg1.  For this experiment, plasmids encoding wild type Ntg1-GFP or 

Ntg1 K364R-GFP were transformed into BER-/NER- cells, and the sensitivity of these 

cells to H2O2 was determined (Figure 8C).  An episomal copy of wild type Ntg1 

substantially increased cell survival following H2O2 exposure compared to BER-/NER- 

cells.  In contrast, following H2O2 treatment, the survival of BER-/NER- cells expressing 
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K364R Ntg1 was comparable to or less than the survival of the control BER-/NER- cells 

demonstrating that K364R Ntg1 is not properly localized in vivo to mediate its DNA 

repair function in the nucleus.  To ensure that the compromised function of K364R Ntg1 

was not due to decreased expression of the mutant protein, we assessed the steady-state 

level of both Ntg1-GFP and Ntg1 K364R-GFP in cell lysates by immunoblotting with an 

anti-GFP antibody (Figure 8D).  This analysis revealed that the level of K364R Ntg1 was 

equivalent to wild type Ntg1.  These results suggest that the predicted Ntg1 sumoylation 

site, K364, is important for the function of Ntg1 in conferring cellular survival following 

oxidative stress. 

 

5. Discussion 

To gain insight into the regulation of BER in response to oxidative stress-induced 

DNA damage, the localization and post-translational modification of S. cerevisiae Ntg1 

and Ntg2 were evaluated.  We demonstrate that Ntg1 relocalizes in response to both 

nuclear and mitochondrial oxidative DNA damage.  In contrast, Ntg2 is exclusively 

nuclear, and this localization does not change in response to oxidative DNA damage.  

Furthermore, sumoylation of Ntg1 is associated with nuclear localization in response to 

nuclear oxidative stress.   

ROS are a byproduct of environmental factors and important cellular processes, 

including oxidative phosphorylation.  Nuclear and mitochondrial oxidative stress occurs 

due to inefficiencies and malfunctions of these processes.  Furthermore, increased nuclear 

and mitochondrial oxidative stress have been observed in cells with compromised nuclear 
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and mitochondrial ROS scavenging systems [75, 76].  Mitochondrial oxidative stress is 

increased when cellular oxidative phosphorylation activity is particularly high or 

disrupted [6].  Furthermore, aging and various diseases have been associated with 

increased nuclear and mitochondrial ROS levels [1-4].  Under conditions where nuclear 

oxidative stress is high, nuclear oxidative DNA damage is elevated [62, 77].  Likewise, 

conditions that increase mitochondrial oxidative stress are associated with high levels of 

mitochondrial oxidative DNA damage [6, 47].   When oxidative stress is increased, it is 

essential for the cell to respond to oxidative DNA damage rapidly in order to prevent the 

detrimental consequences of unrepaired DNA, and a rapid response to oxidative DNA 

damage requires explicit regulation of BER components.   

Regulating the localization of proteins is a way for cells to respond quickly to a 

stimulus without having to produce more protein.  Because localization is a significant 

component of regulation for many processes [15-18], we evaluated the localization of the 

BER proteins, Ntg1 and Ntg2, in response to oxidative stress and determined that the 

localization of Ntg1 is influenced by nuclear and mitochondrial oxidative stress, whether 

the stress is caused by an oxidizing agent (H2O2) or indirectly by MMS, a non-oxidative 

DNA alkylating agent (Figure 3).  In addition to Ntg1, the human transcription factor/ AP 

endonuclease, Ref1/ hAPE, was previously reported to translocate to nuclei and 

mitochondria following exposure to a DNA damaging agent [78-81], adding further 

credibility to our claim that dynamic localization is a mechanism for regulation of BER in 

eukaryotic systems in general.  In addition to demonstrating the dynamic localization of 

Ntg1, we were able to delineate the origin of the signal that results in targeting of Ntg1 to 

mitochondria by utilizing rho0 yeast cells.  Specifically, we demonstrated that Ntg1 
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responds to mitochondrial oxidative DNA damage and not simply elevated levels of ROS 

(Figure 4).  To our knowledge, this is the first experimental strategy that has been able to 

distinguish between protein localization caused by ROS and its DNA damage products.  

We hypothesize that the nuclear localization of Ntg1 is similarly controlled by high levels 

of nuclear oxidative DNA damage.  Because the localization of several human DNA 

repair proteins is affected by oxidative stress [19, 78-83], and BER is highly conserved 

between S. cerevisiae and humans, we suggest that modulation of DNA repair protein 

localization is a general mechanism by which BER is regulated in eukaryotic cells.  We 

propose a model in which BER proteins such as Ntg1 are located in nuclei and 

mitochondria in cells under normal growth and oxygen environments (Figure 9).  When 

nuclear and mitochondrial oxidative stress occur, nuclear and mitochondrial oxidative 

DNA damage result.  We hypothesize that specific signals are generated in response to 

oxidative DNA damage that target BER proteins such as Ntg1 to nuclei and mitochondria 

in order to increase the capacity to repair these lesions rapidly. 

Nuclear oxidative DNA damage signals (NODDS) and mitochondrial oxidative 

DNA damage signals (MODDS) are likely to involve various proteins and pathways 

including components of the BER pathway, components of other DNA damage 

management pathways, and other molecules that are involved in cellular stress responses.  

As oxidative DNA damage can be spontaneously produced, other types of spontaneous 

DNA damage, such as alkylation, methylation, deamination, and depurination, could alter 

the subcellular localization of BER proteins through signals similar to NODDS and 

MODDS.  Our observation that Ntg1 relocalizes in response to MMS supports the idea 

that a variety of spontaneous DNA damage can trigger recruitment of BER proteins.  The 
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signals from non-oxidative species of spontaneous DNA damage could recruit BER 

proteins directly or indirectly.  Using alkylation as an example, abasic sites generated 

during repair of the alkylation damage may signal for recruitment of BER proteins 

directly, or the ROS produced as a result of the alkylation damage may cause oxidative 

DNA damage which, in turn, recruits BER proteins through NODDS and MODDS.  

We hypothesize that components of the sumoylation pathway are NODDS 

molecules.  Several DNA repair and other DNA maintenance proteins are sumoylated 

[28], and sumoylation has been implicated in the nuclear localization of a number of 

proteins [84].  Our results indicate that Ntg1 and Ntg2 are post-translationally modified 

by sumoylation and are consistent with a model where sumoylation plays a role in the 

localization of Ntg1 to the nucleus in response to increased nuclear oxidative stress 

(Figures 6 and 7).  A 5-fold increase in nuclear sumoylated Ntg1 was observed following 

oxidative stress.  We find that 1% of the Ntg1 pool is sumoylated in cells under normal 

conditions, increasing to 5% in cells exposed to oxidative stress.  These results are 

consistent with data describing other sumoylated proteins where often less than 1% of the 

substrate can be detected as sumoylated at any given time [85].  Sumoylation of a human 

BER N-glycosylase, thymine-DNA glycosylase (TDG), has been hypothesized to occur 

in a cyclical pattern of sumoylation and de-sumoylation [29, 85].  In this case, 

sumoylated TDG promotes a single event whose consequences persist after de-

sumoylation [29].  We hypothesize that sumoylation of Ntg1 occurs in order to 

concentrate Ntg1 within nuclei, but de-sumoylation occurs very quickly, making it very 

difficult to detect the pool of sumoylated Ntg1.  Furthermore, we provide evidence that 

Ntg1 K364 is a potential target site of sumoylation that may contribute to the nuclear 
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localization and function of Ntg1, although further experimentation is necessary to 

confirm this notion (Figure 8).  We predict that other nuclear BER proteins may be 

sumoylated in order to allow intricate regulation of DNA repair protein localization.  The 

function of sumoylated Ntg2 is unknown, but it is possible that SUMO plays a role in 

modulating the intranuclear localization of Ntg2. 

SUMO could contribute to the localization of BER proteins in several ways.  

Sumoylation of Ntg1 and other BER proteins could modulate interactions with nuclear 

transport receptors, as sumoylation modulates interaction with the nuclear transport 

receptors for various proteins [84].  Sumoylation could also block BER proteins from 

exiting the nucleus in the event of oxidative DNA damage (Figure 9).  Sumoylation is 

also implicated in the regulation of sub-nuclear localization of numerous proteins.  

Localization of proteins to nucleoli, promyelocytic leukemia nuclear (PML) bodies, and 

other sub-nuclear locations is associated with sumoylation [26, 27].  Therefore, 

sumoylation could allow Ntg1 and other BER proteins to accumulate in certain sub-

nuclear, sub-genomic regions containing oxidative DNA damage. 

As Ntg1 localizes to both nuclei and mitochondria, the proportion of the pool of 

Ntg1 that localizes to each organelle must be adjusted so that some level of repair is 

maintained in nuclei and mitochondria at all times.  Various factors are likely to influence 

the localization of Ntg1 to nuclei or mitochondria.  Yeast mitochondrial DNA contains 

two to three times more oxidative lesions than nuclear DNA following oxidative stress 

induced by various agents [86].  When more Ntg1 is needed in mitochondria, 

relocalization diminishes nuclear Ntg1 pools.  Nuclear DNA will not significantly 

accumulate DNA damage in the absence of Ntg1 because nuclear Ntg2, NER proteins, 



89 
 

and Apn1 are available to repair baseline levels of oxidative DNA damage [57].  Yeast 

mitochondria do not contain Ntg2 or NER proteins, leaving mitochondrial DNA 

vulnerable in the absence of Ntg1 [87].  Because of the numerous factors influencing 

Ntg1 localization, a careful balance of NODDS and MODDS is required in order to 

increase repair capacity in one organelle without diminishing repair in the other.  Such a 

balance of NODDS and MODDS is illustrated in rho0 cells, where unexposed rho0 cells 

display increased nuclear Ntg1 localization compared to unexposed rho+ cells (Figure 

4C).  We speculate that the increased nuclear localization results from elimination of 

MODDS-mediated recruitment of Ntg1 to mitochondria that results in enhanced 

recruitment of Ntg1 to nuclei by NODDS. 

Very few investigations have addressed the issue of dynamic localization of BER 

proteins in the process of initiating BER in response to oxidative stress.  Our studies have 

uncovered what is likely to be a major component of the regulation of BER.  By 

controlling the subcellular localization of BER proteins, cells can rapidly mobilize repair 

machinery to sites of oxidative DNA damage. 
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Table 1:  Strains and Plasmids Used in this Study 

Strain or Plasmid Description References 

FY86 (ACY193) MATa ura3-52 leu2Δ1 his3Δ200 [10] 

ACY737 MATa ulp1ts ulp2Δ lys2 trp1 [50] 

SJR751 (DSC0025) 
MATα ade2-101oc his3Δ200 ura3ΔNco lys2ΔBgl 
leu2-R [57] 

SJR1101 
(DSC0051) 

MATα ade2-101oc his3Δ200 ura3ΔNco lys2ΔBgl 
leu2-R ntg1Δ::LEU2 ntg2Δ::hisG apn1Δ::HIS3 
rad1Δ::hisG [57] 

DSC0221 
MATa ulp1ts ulp2Δ lys2 trp1 GAL-HA-SMT3 GAL-
GST-NTG1 This study 

DSC0222 
MATa ulp1ts ulp2Δ lys2 trp1 GAL-HA-SMT3 GAL-
GST-NTG2 This study 

DSC0282 
MATa ura3-52 leu2Δ1 his3Δ200 
ntg1::KANAMYCIN bar1::HYG This study 

DSC0283 
MATa ura3-52 leu2Δ1 his3Δ200 
ntg2::BLASTICIDIN bar1::HYG This study 

DSC0291 
MATa leu2Δ1 his3Δ200 ntg1::BLASTICIDIN 
bar1::HYG   pNTG1-GFP rho0 This study 

DSC0295 
MATa his3Δ1 leu2Δ0 met 15Δ0 ura3Δ0 TET-
repressible  C-terminal TAP tagged NTG1 This study 

DSC0296 
MATa his3Δ1 leu2Δ0 met 15Δ0 ura3Δ0 TET- 
repressible C-terminal TAP tagged NTG2 This study 

YSC1178-7499106 

(DSC0297) 
MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 C-terminal 
TAP tagged NTG1 

Open 
Biosystems 

YSC1178-7502650 
(DSC0298) 

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 C-terminal 
TAP tagged NTG2 

Open 
Biosystems 

BY4147 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
Open 
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(DSC0313)  Biosystems 

pNTG1-GFP NTG1-GFP, 2µ, URA3, AMPR [10, 44, 45] 

pNTG2-GFP NTG2-GFP, 2µ, URA3, AMPR [10, 44, 45] 

pNTG1K364R-GFP NTG1 K364R-GFP, 2µ, URA3, AMPR This study 

pFA-KMX4 KANAMYCINR, CEN, AMPR [46] 

pAG32 Hygromycin B phosphor transferase MX4R, AMPR [88] 

pCM225 tet07, CEN, Kan MX4R, AMPR [48] 

p1375 3HA, CEN, TRP1, AMPR [49] 

p2245 pGAL1-GST, CEN, TRP1, AMPR [49] 
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Figure 1 

 

Figure 1:  Subcellular localization of Ntg1 and Ntg2 under normal growth 

conditions.  A, B.  Localization of GFP-tagged protein was assessed via direct 

fluorescence microscopy.  GFP, DAPI, Mitotracker (MT), and merged images of cells 

expressing Ntg1-GFP or Ntg2-GFP are displayed.  C, D.  Sucrose gradient subcellular 

fractionation (Materials and Methods) and Western analysis was performed on Ntg1-TAP 

and Ntg2-TAP cells.  Antibodies to Nop1 (nuclear marker protein), Por1 (mitochondrial 

marker protein), and the calmodulin domain of the TAP tag (to detect Ntg1 or Ntg2) were 
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utilized to detect proteins present in total cell lysate (TCL), nuclear (Nuc), and 

mitochondrial (Mito) fractions.   
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Figure 2 

 

Figure 2:  Flow cytometric analysis of cells to determine intracellular ROS levels 

following nuclear or mitochondrial oxidative stress.  A, B.  Cells were left untreated 

(red, NT) or exposed to 20 mM H2O2 (green) or 20 mM H2O2 plus 10 µg/mL antimycin 

(blue) and incubated with dihydroethidium (DHEt) or MitoSox to assess relative levels of 

total cellular superoxide (DHEt) or mitochondrial superoxide (MitoSox).  C, D.  Cells 

were left untreated (red) or exposed to 55 mM MMS (green) and incubated with DHEt or 

MitoSox.  
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Figure 3 

 

Figure 3:  Subcellular localization of Ntg1 following exposure to nuclear and 

mitochondrial oxidative stress.  Localization of GFP-tagged Ntg1 was assessed via 

direct fluorescence microscopy following exposure to the indicated oxidative stress agent 

for 1 hour.  A.  GFP images of untreated cells expressing Ntg1-GFP.  B.  GFP images of 

cells exposed to 20 mM H2O2.  C.  GFP images of cells exposed to 20 mM H2O2 plus 10 



109 
 

µg/mL antimycin A.  Arrows indicate increased mitochondrial Ntg1 localization 

observed by Metamorph image analysis.  D.  Ntg1-GFP localization analysis.  Cells were 

left untreated (NT) or were exposed to H2O2, MMS, and/or antimycin (Ant) as indicated 

(Materials and Methods).  Localization of Ntg1-GFP to nuclei only (nuclear) or nuclei 

plus mitochondria (nuc + mito) was determined for each cell and plotted as percentage of 

the total cells evaluated.  Error bars represent standard deviation.   
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Figure 4 
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Figure 4:  Mitochondrial localization of Ntg1 is influenced by mitochondrial 

oxidative DNA damage.  rho+ cells and rho0 cells were analyzed in order to assess the 

change in localization of Ntg1-GFP in the presence and absence of mitochondrial DNA 

in response to mitochondrial oxidative stress.  A.  Fluorescence microscopy was 

performed in order to confirm the rho status of the cells.  Panels from left to right:  GFP 

(Ntg1-GFP), DAPI (DNA), MitoTracker, Merge.  B.  Flow cytometry analysis of ROS 

levels in rho0 cells.  Cells were left untreated (red) or were exposed to 20 mM H2O2 plus 

10 µg/mL antimycin (green) and incubated with MitoSox to assess the levels of 

mitochondrial superoxide.  C.  Quantification of Ntg1-GFP localization in rho+ or rho0 

cells.  Cells were left untreated (NT) or were exposed to H2O2 and/or antimycin (Ant) as 

indicated (Materials and Methods).  Localization of Ntg1-GFP to nuclei only (nuclear) or 

nuclei plus mitochondria (nuc + mito) was determined for each cell and plotted as 

percentage of the total cells evaluated.  Error bars represent standard deviation in the 

data.  Gray line references overall higher percent localization of Ntg1-GFP to 

mitochondria in rho+ cells compared to rho0 cells (H2O2 plus antimycin). 
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Figure 5 

 

Figure 5:  Amino acid sequences of Ntg1 and Ntg2.  The amino acid sequences of Ntg1 

(top) and Ntg2 (bottom) are shown.  The following domain structures are indicated:  

potentially sumoylated lysines with a [Hydrophobic] K x [ED] motif (red) as predicted by 

the SUMOsp 1.0 program [68], predicted nuclear localization sequence (green) as 

determined with the NUCDISC subprogram of PSORTII [89], predicted mitochondrial 

targeting sequence (bold, italicized) as determined with the MITDISC subprogram of 

PSORTII [89], predicted helix hairpin helix active site region (underlined) and active site 

lysine (blue) determined due to significant homology with endonuclease III and its 

homologs [41, 90], and the [4Fe-2S]-cluster (brown) characterized by the sequence, C-

X6-C-X-X-C-X5-C [91].   
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Figure 6 

 

Figure 6:  Post-translational modification of Ntg1 and Ntg2 by SUMO.  A, B.  

Western analysis of TAP-purified Ntg1-TAP and Ntg2-TAP utilizing an anti-calmodulin 

TAP antibody.  Non-sumoylated and sumoylated species of Ntg1 and Ntg2 are indicated.  

Protein sizes are indicated in right margins.  C, D.  Western analysis of purified Ntg1-

GST and Ntg2-GST detected with antibodies to GST (Ntg1 or Ntg2) and HA (Smt3).  

Non-sumoylated and sumoylated species of Ntg1 and Ntg2 are indicated.  Protein sizes 

are indicated in the right margin.  Double-headed arrows indicate sumoylated Ntg1 and 

Ntg2 detected simultaneously with GST and HA antibodies. 
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Figure 7 
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Figure 7:  Sumoylation of nuclear Ntg1 increases in response to oxidative stress.  

Cells were exposed to no treatment, 10 mM H2O2, 10 µg/mL antimycin, or 10 mM H2O2 

plus 10 µg/mL antimycin.  Sucrose gradient subcellular fractionation (Materials and 

Methods) was employed to assess the localization of Ntg1 to nuclei and mitochondria 

following exposure to nuclear (H2O2) or mitochondrial (H2O2 plus antimycin) stress-

inducing agents.  A.  Western analysis of nuclear fractions utilizing antibodies to Nop1 

(nuclear marker), Por1 (mitochondrial marker), and the calmodulin domain of TAP to 

detect Ntg1 and Smt3-Ntg1.  B.  Western analysis of mitochondrial fractions.  C.  Levels 

of nuclear sumoylated Ntg1 species detected by chemiluminescence in response to 

oxidative stress.  Nuclear-enriched and mitochondrial subcellular fractions were 

generated (Materials and Methods) and evaluated by Western analysis.  Following 

chemiluminescence evaluation of nuclear Ntg1, unmodified and sumoylated Ntg1 were 

quantified, and fold change in percent sumoylated Ntg1 was calculated.  Error bars 

represent standard error of the mean.  Asterisk indicates statistical significance (p value < 

0.005). 

 

  



116 
 

Figure 8 

 

Figure 8:  Subcellular localization and function of the Ntg1 K364R mutant.  A.  GFP 

image of cells expressing Ntg1 K364R-GFP.  B.  Quantification of Ntg1 K364R-GFP 

localization.  Cells were not treated (NT) or were exposed to the indicated oxidative 

stress inducing agent for 1 hour (Materials and Methods).  Localization of Ntg1 K364R-

GFP to nuclei only (nuclear) or nuclei plus mitochondria (nuc + mito) was determined for 

each cell and plotted as percentage of the total cells evaluated.  Error bars represent 

standard deviation.  Refer to Figure 3D for localization of wild type Ntg1.  C.  Functional 

analysis of K364R Ntg1.  H2O2 sensitivity of wild type (WT), BER-/NER- deficient cells 

(BER-/NER-), and BER-/NER- deficient cells containing an episomal copy of wild type 

Ntg1-GFP (BER-/NER- + WT Ntg1) or Ntg1 K364R-GFP (BER-/NER- + K364R Ntg1) 

was assessed.  Cells were exposed to 0, 2, 4, or 6 mM H2O2.  The percent survival was set 
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to 100% for untreated samples.  Error bars indicate standard deviations in the data.  D.  

Steady-state expression levels of wild type Ntg1-GFP and mutant Ntg1 K364R-GFP in 

BER-/NER- deficient cells.  Western analysis of whole cell lysates from BER-/NER- 

deficient (ntg1 ntg2 apn1 rad1) cells (Ctrl) and BER-/NER- deficient cells containing an 

episomal copy of wild type Ntg1-GFP (WT) or mutant Ntg1 K364R-GFP (K364R) was 

performed utilizing an anti-GFP antibody (to detect Ntg1) and anti-PGK antibody (to 

determine relative levels of protein loaded per lane).   
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Figure 9 
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Figure 9:  Proposed model for regulation of BER proteins in response to oxidative 

stress.  The oxidative stress state of a cell is affected by its environment and metabolic 

processes.  Nuclear and mitochondrial oxidative DNA damage (red stars) occurs as a 

result of nuclear and mitochondrial oxidative stress.  Nuclear and mitochondrial oxidative 

DNA damage initiates signaling of BER proteins, such as Ntg1 (blue filled circles), to 

sites of damage.  Nuclear oxidative DNA damage signals (NODDS) and mitochondrial 

oxidative DNA damage signals (MODDS) are responsible for recruiting BER proteins to 

nuclei and mitochondria, respectively.  NODDS likely include the sumoylation 

machinery and influence nuclear protein localization.  SUMO modification (black 

triangles) of Ntg1 concentrates Ntg1 in the nucleus following oxidative stress.  When the 

target BER proteins are contacted by NODDS or MODDS, relocalization to nuclei and/or 

mitochondria occurs depending on the levels of oxidative DNA damage present in each 

organelle.  Following recruitment of BER proteins into the nucleus and mitochondria, the 

capacity for repair of oxidative DNA damage increases accordingly.  In order to maintain 

a steady state (baseline) level of BER proteins in nuclei, BER proteins such as Ntg2 (blue 

unfilled circles) do not relocalize in response to oxidative DNA damage. 
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1. Abstract 

Numerous human pathologies result from unrepaired oxidative DNA damage.  Base 

excision repair (BER) is responsible for the repair of oxidative DNA damage that occurs 

in both nuclei and mitochondria.  Despite the importance of BER in maintaining genomic 

stability, knowledge concerning the regulation of this evolutionarily conserved repair 

pathway is almost non-existent.  The Saccharomyces cerevisiae BER protein, Ntg1, 

relocalizes to organelles containing elevated oxidative DNA damage, indicating a novel 

mechanism of regulation for BER.  We propose that dynamic localization of BER 

proteins is modulated by constituents of stress response pathways.  In an effort to 

mechanistically define these regulatory components, the elements necessary for nuclear 

and mitochondrial localization of Ntg1 were identified, including a bipartite classical 

nuclear localization signal, a mitochondrial matrix targeting sequence, and the classical 

nuclear protein import machinery.  Our results define a major regulatory system for BER 

which when compromised, confers a mutator phenotype and sensitizes cells to the 

cytotoxic effects of DNA damage. 

 

2. Introduction 

DNA that is damaged and left unrepaired in either nuclei or mitochondria is 

linked to cancer, aging, and various degenerative diseases [1-3].  Oxidative DNA damage 

occurs frequently in both nuclear and mitochondrial genomes and is primarily repaired by 

the base excision repair (BER) pathway [4, 5].  While the components of BER have been 

extensively studied, the regulatory mechanisms that ensure optimal deployment of BER 

proteins are virtually unknown.   
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In order to investigate new modes of regulation of BER, we focused on the S. 

cerevisiae BER protein, Ntg1.  Ntg1 is a bi-functional DNA glycosylase with associated 

apurinic/apyrimidinic (AP) lyase function that allows Ntg1 to recognize oxidative DNA 

damage, create an AP site by removing the lesion from the DNA strand, and nick the 

DNA backbone on the 3΄ side of the AP site [6-9].  Ntg1 is the functional homolog of the 

Escherichia coli BER protein, endonuclease III (Nth), and the human BER protein, 

hNTH1, all of which are critical for the repair of oxidative DNA damage [10-13].  As 

functional homologs are expressed from bacteria to human, and the BER pathways are 

conserved between these species, the elucidation of BER mechanisms should have broad 

implications for all eukaryotic organisms. 

Ntg1 and hNTH1 are localized to both nuclei and mitochondria [11, 14-16], 

where they repair oxidative lesions and maintain genomic stability of nuclear and 

mitochondrial DNA [17-19].  Recently, it was reported that nuclear and mitochondrial 

oxidative stress is associated with dynamic localization of Ntg1 to these two organelles 

[15].  Relocalization of proteins in response to DNA damage and oxidative stress has 

been previously reported [20-22], suggesting that dynamic localization may be a general 

mode of regulation in response to genotoxic and other stress events.  Thus, the 

mechanistic components identified in this process are likely to represent factors that 

mediate regulation of DNA repair and other genotoxic stress responses that prevent the 

mutagenic and cytotoxic effects of DNA damage.  

In order to determine the mechanism for Ntg1 dynamic localization, it was first 

necessary to delineate the basic mechanisms by which Ntg1 is targeted to nuclei and 

mitochondria.  The key components necessary for nuclear and mitochondrial import 
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include nuclear localization sequences, mitochondrial targeting sequences, and nuclear or 

mitochondrial import machinery.  Putative sequences directing nuclear and mitochondrial 

targeting of Ntg1 have been reported [15, 23].  These putative sequences include two 

predicted classical nuclear localization signal (cNLS) sequences and one mitochondrial 

matrix targeting sequence (MTS) (Figure 1A).  cNLS motifs consist of a single cluster of 

basic residues (monopartite) or two neighboring clusters of basic residues (bipartite) [24].  

These targeting sequences are recognized by the cNLS receptor, importin α, which binds 

the cargo protein in the cytoplasm and imports the cargo into the nucleus through nuclear 

pores in complex with importin β [25].  MTSs are typically located in the N-terminal 

regions of proteins and consist of 10-80 amino acids which form amphipathic alpha 

helices that are recognized by the mitochondrial outer membrane translocase [26-28].  

Proteins with MTSs enter the mitochondrial matrix after being passed from the outer 

membrane translocase to the inner membrane translocase [29, 30]. 

In this study, we functionally defined the cNLS and MTS sequences responsible 

for nuclear and mitochondrial localization as well as dynamic localization of Ntg1 in 

response to oxidative DNA damage.  Furthermore, we identified the import pathway 

required for nuclear localization of Ntg1.  In the absence of either the cNLS or MTS, 

dynamic localization of Ntg1 does not occur, resulting in increased nuclear and 

mitochondrial mutagenesis.  Our results demonstrate that the cNLS, MTS, and classical 

nuclear import machinery are DNA damage response components that are important for 

maintaining the integrity of nuclear and mitochondrial DNA and provide the framework 

for a general model for the regulation of BER. 
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3. Materials and Methods 

3.1 Strains, Plasmids, and Media.  All haploid S. cerevisiae strains and plasmids 

used in this study are listed in Supplemental Table 1.  Yeast cells were cultured at 30°C 

in YPD medium (1% yeast extract, 2% peptone, 2% dextrose, 0.005% adenine sulfate, 

and 2% agar for plates), SD medium (0.17% yeast nitrogen base, 0.5% ammonium 

sulfate, 2% dextrose, 0.005% adenine sulfate, and 2% agar for plates), or YPG medium 

(1% yeast extract, 2% peptone, 3% glycerol, 0.005% adenine sulfate, and 2% agar for 

plates).  In order to introduce plasmids or integrated chromosomal gene modifications, 

yeast cells were transformed by a modified lithium acetate method [31]. 

A GFP expression vector (2 micron, URA3), pPS904 [32] was employed for 

generation of the C-terminally tagged Ntg1-GFP fusion protein.  The S. cerevisiae 

haploid deletion mutant ∆NTG1 (DSC0282) generated from wild type cells (FY86) was 

utilized to assess the localization of wild type and mutant Ntg1 [15, 33].  All mutagenesis 

was performed using the QuikChange II Site-Directed Mutagenesis Kit (Stratagene), and 

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

the absence of any additional mutations (Supplemental Table 1). 

 A vector expressing tandem GFP (pAC1069) was employed for generation of 

C-terminally tagged NLS1NTG1-GFP2, NLS2NTG1-GFP2, NLS1/2NTG1-GFP2, and 

MTSNTG1-GFP2 fusion proteins [34], creating the plasmids pD0386 – pD0389 

(Supplemental Table 1).  The plasmids were introduced into ΔNTG1 cells. 

To express recombinant Ntg1, the NTG1 open reading frame was cloned into 

pET-15b (Invitrogen) to generate C-terminal His6 epitope tagged Ntg1-His6 (pD0390), 

(Supplemental Table 1).  Site directed mutagenesis of Ntg1-His6 was performed to create 
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Ntg1nls1-His6 (pD0391), Ntg1nls2-His6 (pD0392), Ntg1mts-His6 (pD0393), and Ntg1catalytic-

His6 (pD0394) (Supplemental Table 1).  Expression vectors were transformed into DE3 

cells. 

S. cerevisiae haploid wild type (DSC0367) and BER¯/NER¯ (DSC369) cells were 

utilized to examine H2O2 and MMS sensitivity studies and H2O2 mutation frequency 

studies.  Site directed mutagenesis at the NTG1 locus of the wild type (DSC0367) parent 

was performed via delitto perfetto protocol [35] in order to generate Ntg1nls1, Ntg1nls2, 

Ntg1mts, and Ntg1catalytic encoded at the endogenous NTG1 locus.  The resulting mutants 

were then crossed with the BER¯/NER¯ mutant (LAR023), creating diploids which were 

then dissected to identify cells with the each Ntg1 variant BER*/NER¯ strain, which 

were selected for functional studies of Ntg1 (Supplemental Table 1).     

3.2 Exposure to DNA Damaging Agents.  Cells were grown in 5 mL YPD or SD 

-URA media to 5 x 107 cells/mL, centrifuged, and washed with water.  Cells were then 

resuspended in 5 mL water containing the appropriate DNA damaging agent:  2-20 mM 

H2O2 (Sigma); 1-55 mM MMS (Sigma); or 10 µg/mL antimycin A (Sigma).  Cells were 

exposed to agent(s) for one hour at 30°C.  The cytotoxicities of agents were evaluated by 

incubating cells in agent, washing cells with water, plating cells, and colony counting to 

determine the number of colony forming units. 

3.3 Fluorescence Microscopy.  For all experiments, cultures were grown and 

either left untreated or exposed to DNA damaging agent(s) as previously described [15].  

During exposure to DNA damaging agents, cultures were also incubated with 25 nM 

MitoTracker in order to visualize mitochondria.  Cells were incubated with 1 
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µg/mL DAPI for 5 minutes to visualize DNA.  Cells were then analyzed by direct 

fluorescence confocal microscopy, employing a Zeiss LSM510 META microscope and 

Carl Zeiss LSM Image Browser software.  For quantification of Ntg1 localization, cells 

were evaluated for nuclear only, mitochondrial only, or nuclear plus mitochondrial Ntg1-

GFP localization.  At least 200 cells were counted for each sample, and each analysis was 

repeated at least twice.  Standard deviations of counts for three separate experimental 

repeats were calculated for each mutant and treatment condition.   

3.4 Immunoblotting.  The steady-state level of each Ntg1-GFP fusion protein 

variant was assessed by immunoblotting whole cell lysates probed with two different 

polyclonal anti-GFP antibodies: (1:5,000 dilution) [36]; (1:10,000 dilution, Synaptic 

Systems).  Either an anti-3-phosphoglycerate (PGK) (1:10,000 dilution; Invitrogen) or an 

anti-Nop1 (1:25,000 dilution, EnCor) antibody was utilized to determine the relative level 

of total protein lysate loaded in each lane. 

 3.5 Overexpression and Purification of the Recombinant Ntg1 Variants.  

Recombinant Ntg1 was purified as previously described [37].  Briefly, E.coli BL21 

(DE3) cells containing each variant Ntg1-His6 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+ affinity chromatography (Qiagen) to purify the Ntg1-His6 

variant, which was further purified to apparent homogeneity by Mono S FPLC 

(Pharmacia). 

3.6 In Vitro Binding Assay.  To assess the interaction between Ntg1 and 

importin-α, we employed a truncated form of importin-α (pAC1338) which lacks the 

auto-inhibitory N-terminal importin-β binding domain (∆IBB-importin-α), GST-ΔIBB-
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importin-α and a GST alone (pAC736) control [38, 39].  The GST fusion proteins were 

batch purified as previously described [40] using glutathione-Sepharose 4B (GE 

Healthcare).  GST-ΔIBB-importin-α was further purified to apparent homogeneity on a 

Superdex S-200 gel-filtration column as previously described [41].  For binding assays, 4 

µg of purified Ntg1-His6 or 4 µg of Nab2-His6 (pAC785) was incubated for 2 hrs at 4oC 

with 12 µg GST-∆IBB-importin-α or 12 µg GST alone, with glutathione sepharose beads 

in phosphate-buffered saline (PBST) (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 

1.47 mM KH2PO4, and 0.5% Triton X-100).  As a non-specific competitor, all binding 

reactions also contained 0.1 mg/mL chicken egg albumin.  Beads were collected, washed 

3 times in PBST for 10 min at 4°C, and the bound fraction was eluted with SDS-PAGE 

buffer (50% glycerol, 10% SDS, 10% β-ME, 100mM Tris-HCl, and 0.1% bromophenol 

blue).  The unbound and bound fractions were analyzed via 10% SDS-PAGE, and the gel 

was stained with Coomassie Blue. 

3.7 Preparation of Oligonucleotide and DNA Strand Scission Assay.  To assess 

the endonuclease activity of the Ntg1 variants, an oligonucleotide containing DHU at 

position 13 (DHU-31mer) was purchased from Midland Certified Reagent Company 

(Midland, TX).  A complementary strand containing a guanine opposite the DHU 

position was obtained from Eurofins MWG/Operon (Huntsville, AL).  The DHU-31mer 

was 5′-end-labeled with [γ-32P]ATP (Amersham) and T4 polynucleotide kinase 

(Promega) prior to annealing to the complementary strand [37].  Single-stranded DHU-

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

heated to 80°C for 10 min, and cooled slowly to room temperature.   
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The endonuclease activity of the Ntg1 variants was assayed as previously described [42].  

Briefly, DNA strand scission assays were carried out in a standard reaction buffer (20 

µL) 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 

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

EDTA, 0.1% xylene cyanol and 0.1% bromophenol blue) followed by heating at 90°C for 

5 min.  Reaction products were then resolved on a denaturing PAGE gel (15%) and 

analyzed with a STORM PhosphoImager (Amersham Biosciences). 

3.8 Functional Analysis of Ntg1 in vivo.  To assess the biological function of the 

Ntg1, survival and mutagenesis experiments were carried out using cells that express 

each Ntg1 variant encoded at the endogenous NTG1 locus.  The survival of cells 

expressing wild type Ntg1 and either repair-compromised or Ntg1 localization mutants 

were assessed by examining the sensitivity of cells to treatment with H2O2 or MMS as 

previously described [15].  In order to assess the frequency of nuclear DNA mutation, an 

L-canavanine (CAN) resistance assay was employed [43].  Wild type and repair-

compromised cells were grown in 5 mL SD complete media or SD -URA media to 

saturation.  Dilutions of cells were plated onto YPD or CAN-containing medium (SD -

ARG media with 60 μg/mL CAN) to identify forward mutations in the CAN1 locus.  The 

data from a minimum of 10 cultures were combined for each rate and 95% confidence 

limits determination [44, 45].  In order to assess the frequency of mitochondrial DNA 

mutation, an erythromycin resistance assay was employed.  Erythromycin resistance 

assay conditions were adapted from [46]. Cells were grown in 5 mL YPG and plated onto 

YPG and YPG plus 1 mg/mL erythromycin (Sigma) as previously described [18].  
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Mutation frequencies were calculated as follows: number of erythromycin-resistant 

colonies/total number of colonies.  Average frequencies were calculated from 16-20 

independent cultures, and 95% confidence limits determined [45]. 

 

4. Results 

4.1 Regulatory Targeting Signals in Ntg1.  Ntg1 is important for maintenance of 

both nuclear and mitochondrial genomes [11, 18].  Consistent with this dual role, Ntg1 is 

localized to both nuclei and mitochondria (Figure 1A, B) [11, 14].  In order to determine 

how Ntg1 enters nuclei and mitochondria, it was first necessary to define the cis-acting 

sequences that target Ntg1 to each organelle.  Ntg1 contains two putative monopartite 

cNLS sequences which were identified using the NUCDISC subprogram of PSORTII 

(Figure 1A) [47].  The first predicted cNLS consists of amino acids 14-17 (RKRP) and 

the second consists of amino acids 31-37 (PEKRTKI) [15].  Ntg1 also contains a putative 

MTS identified by the MitoProt II program as the first 26 amino acids [48].  The putative 

MTS contains basic amino acids thought to be responsible for proper amphipathic alpha 

helix formation, including K3 and K6 (Figure 1A) [26].  The putative active site sequence 

that mediates the DNA glycosylase/AP lyase activity of Ntg1 consists of amino acids 

233-245 (ELLGLPGVGPKMA), and the key catalytic residue is proposed to be K243 

[15, 23]. 

In order to assess the extent to which the predicted cNLS and MTS sequences 

direct localization of Ntg1 to nuclei and mitochondria, respectively, we created amino 

acid substitutions in key residues of Ntg1 (Table 1) and examined the localization of the 
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resulting proteins by creating C-terminal green fluorescent protein (GFP) fusion proteins.  

cNLS1 (RKRP, residues 14-17) was changed to RAAP, creating Ntg1nls1-GFP, while 

cNLS2 (PEKRTKI, residues 31-37) was changed to PEAATK creating Ntg1nls2-GFP.  

The localization of both Ntg1nls1-GFP and Ntg1nls2-GFP was primarily mitochondrial as 

compared to the dual nuclear and mitochondrial localization of wild type Ntg1-GFP 

(Figure 1B), indicating that both cNLS1 and cNLS2 are necessary for proper localization 

of Ntg1 to nuclei and suggesting that the two amino acid clusters could form two halves 

of a single bipartite cNLS.  cNLS1 and cNLS2 were also altered in combination.  The 

localization of Ntg1nls1/2-GFP was primarily mitochondrial and similar to that of either 

cNLS mutant alone (Figure 1B).  Collectively, these results suggest that Ntg1 contains a 

bipartite cNLS with a longer linker sequence (16 amino acids) than most conventional 

bipartite cNLS motifs [24] that is necessary for proper nuclear localization of Ntg1. 

To experimentally define the MTS in Ntg1, we changed the third and sixth basic 

amino acids in the sequence KISK to glutamic acid (EISE) to reverse the charge and 

eliminate the potential to form the amphipathic alpha helix required for mitochondrial 

entry [28].  Localization of the resulting Ntg1mts-GFP was primarily nuclear with little or 

no localization to mitochondria (Figure 1B).  These results demonstrate that the N-

terminal basic amino acids are important for mitochondrial localization of Ntg1. 

In order to quantify the localization of Ntg1, we determined the number of cells 

containing nuclear only, mitochondrial only, or nuclear plus mitochondrial localization 

for cells expressing Ntg1-GFP, Ntg1nls1-GFP, Ntg1nls2-GFP, or Ntg1mts-GFP (Figure 1C).  

Ntg1nls1-GFP and Ntg1nls2-GFP localization to nuclei was reduced ~60% compared to 

wild type Ntg1-GFP, while Ntg1mts-GFP localization to mitochondria was reduced ~40% 
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compared to wild type Ntg1-GFP.  This quantitative analysis confirmed that cNLS1 and 

cNLS2, are components of a bipartite cNLS, and are major determinants of proper 

nuclear localization, and the MTS is important for efficient mitochondrial targeting of 

Ntg1.  This analysis also indicates that Ntg1 may be able to localize to nuclei and 

mitochondria via other mechanisms since we observe low levels of residual localization 

even when these targeting signals are altered.  In order to verify that the altered 

localization of Ntg1 mutants was not due to a change in expression of Ntg1, we 

performed immunoblot analysis.  This analysis revealed that the steady-state level of each 

Ntg1 variant was not significantly different compared to wild type Ntg1-GFP (Figure 

1D).   

To assess whether the nuclear targeting motifs identified within Ntg1 function as 

a bipartite cNLS, each cluster was fused separately (cNLS1 or cNLS2) or in combination 

(cNLS1/2) to a tandem GFP (GFP2) (Experimental Procedures) and expressed in wild 

type cells.  Two GFPs were employed to ensure that the cargo was too large (~52 kDa) to 

diffuse into and out of the nucleus [49].  Direct fluorescence microscopy revealed that 

neither cNLS1-GFP2 nor cNLS2-GFP2 localized to the nucleus, while cNLS1/2-GFP2 was 

sufficient to target GFP2 to the nucleus (Figure 2), indicating that both cNLSs are 

required and confirming that cNLS1 and cNLS2, together, comprise a bipartite cNLS.  

These data indicate that the bipartite cNLS is a major determinant for the nuclear 

localization of Ntg1 and suggests that Ntg1 interacts with the classical nuclear protein 

import machinery to access the nucleus. 

4.2 Regulation of Ntg1 Functions via the Classical Nuclear Import Machinery.  

As Ntg1 contains a bipartite cNLS that is both necessary and sufficient for nuclear 
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protein import of Ntg1 (Figure 1, 2), we tested whether the classical nuclear protein 

import pathway is responsible for Ntg1 nuclear localization.  The classical nuclear 

protein import pathway relies on the cNLS receptor subunit, importin α, and the nuclear 

pore targeting subunit, importin β [25].  Both importin α and β are essential for classical 

nuclear localization, so we assessed the localization of Ntg1 in conditional mutants of 

importin α (srp1-54) and β (rsl-1) [50, 51].  As controls, we also evaluated the 

localization of the previously characterized SV40 bipartite cNLS [34] and a non-cNLS 

containing protein, Nab2 [52], in these mutant cells.  All proteins examined localized to 

the nucleus in wild type cells, both at the permissive (30ºC) and the non-permissive 

(37ºC) temperatures (Figure 3A), and in both conditional mutants at the permissive 

temperature (data not shown).  Both Ntg1-GFP and the SV40 bipartite cNLS were 

mislocalized to the cytoplasm in importin α mutant cells following a shift to the non-

permissive temperature (Figure 3A), indicating that importin α is required for proper 

nuclear localization of Ntg1.  Similarly, Ntg1 and the SV40 bipartite cNLS were 

mislocalized in importin β mutant cells at the non-permissive temperature (Supplemental 

Figure 1).  The control, Nab2-GFP, which is imported to the nucleus in an importin α-

independent manner [52], was localized to the nucleus of importin α mutant cells at both 

the permissive and non-permissive temperatures, confirming that not all nuclear proteins 

are mislocalized in this mutant (Figure 3A).  As a further control, Ntg1-GFP, remained 

localized to the nucleus in ∆sxm1 cells (Figure 3A), which are missing a transport 

receptor that facilitates non-classical nuclear protein import [53], indicating that Ntg1 is 

not mislocalized in all transport receptor mutant cells. 
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In order to determine whether Ntg1 binds directly to the cNLS receptor, importin 

α, we performed a direct binding assay using purified recombinant proteins.  These 

studies employed an N-terminally truncated importin α, GST-ΔIBB-importin α, that 

lacks the auto-inhibitory importin β binding (IBB) domain [54].  The truncated form of 

importin α mimics the import complex that forms when importin β binds the IBB domain 

of importin α to prevent competition for the cNLS binding pocket of importin α [54, 55] 

and hence binds more tightly to cNLS cargo than full length importin α.  As controls, we 

employed two proteins, a GST control, which does not interact with Ntg1, and His6-Nab2 

[38, 39].  Results of the in vitro binding assay (Figure 3B) reveal that Ntg1 interacts 

directly with GST-ΔIBB-importin α, but not with GST alone.  The control Nab2 did not 

bind either GST alone or GST-ΔIBB-importin α, demonstrating that the interaction 

between Ntg1 and importin α is specific (Figure 3B). 

4.3 Regulatory Targeting Signals are Required for Dynamic Localization of 

Ntg1 in Response to Oxidative Stress.  Wild type Ntg1 is controlled by a mechanism of 

dynamic localization, in which nuclear oxidative DNA damage triggers recruitment of 

Ntg1 to the nucleus, and mitochondrial oxidative DNA damage triggers recruitment of 

Ntg1 to mitochondria [15].  In order to determine whether mutants of Ntg1 defective for 

nuclear or mitochondrial targeting could respond to nuclear or mitochondrial oxidative 

DNA damage caused by increased oxidative stress, we assessed Ntg1 localization in cells 

exposed to hydrogen peroxide (H2O2) to directly increase nuclear oxidative stress, H2O2 

plus antimycin to increase mitochondrial oxidative stress, or methylmethane sulfonate 

(MMS) an alkylating agent which indirectly increases oxidative stress in both the nucleus 

and mitochondria [15, 56, 57].  While nuclear or mitochondrial localization of wild type 
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Ntg1-GFP increased in response to either nuclear (H2O2) or mitochondrial (H2O2 plus 

antimycin) oxidative stress, respectively [15], the localization of neither Ntg1nls2-GFP nor 

Ntg1mts-GFP was changed in the presence of oxidative stress (Figure 4).  These results 

demonstrate that both the nuclear and mitochondrial targeting signals in Ntg1 are 

required for proper dynamic localization of Ntg1. 

4.4 Dynamic Localization of Ntg1 is Required for Response to DNA Damage.  

In order to determine whether dynamic localization of Ntg1 is critical for proper response 

to DNA damage, we utilized a strain that is deficient in both BER through disruption of 

three genes with overlapping DNA repair capacities apn1, ntg2, and ntg1 (BER¯) and 

nucleotide excision repair (NER) through disruption of the single gene rad1 (NER¯) 

yielding apn1 ntg2 ntg1 rad1 (BER¯/NER¯) cells [43].  BER¯/NER¯ cells are severely 

compromised for the repair of DNA damage [43] allowing for the individual contribution 

of each Ntg1 variant to DNA repair to be assessed in vivo.  In order to analyze Ntg1 

function, the endogenous locus of NTG1 was mutated in apn1 ntg2 (BER*) rad1 (NER¯) 

cells to create BER*/NER¯ mutants expressing each of the Ntg1 variants analyzed in this 

study.  The decrease in BER capacity of strains harboring Ntg1 mutations could result in 

two quantifiable biological endpoints: increased DNA mutation rates and/or decreased 

survival following exposure to DNA damaging agents [58].  To determine whether repair 

of oxidative DNA damage by Ntg1 plays a role in the prevention of nuclear and/or 

mitochondrial DNA mutations, we assessed nuclear and mitochondrial mutations [43, 59] 

in the wild type, BER¯/NER¯, and all Ntg1 BER*/NER¯ variants.   

BER¯/NER¯ and BER*cat/NER¯ (apn1 ntg2 ntg1cat rad1) cells displayed higher 

nuclear mutation rates compared to both wild type and BER*wt/NER¯ (apn1 ntg2 NTG1 
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rad1) cells (Table 2), indicating that Ntg1 plays an important role in preventing nuclear 

mutations.  In order to assess the impact of dynamic localization of Ntg1 on nuclear and 

mitochondrial mutations, BER*nls1/NER¯ (apn1 ntg2 ntg1nls1 rad1), BER*nls2/NER¯ 

(apn1 ntg2 ntg1nls2 rad1) and BER*mts/NER¯ (apn1 ntg2 ntg1mts rad1) cells were 

analyzed.  Nuclear mutation rates of both BER*nls1/NER¯ and BER*nls2/NER¯ cells were 

significantly higher than the mutation rates of BER*wt/NER¯ cells (Table 2), indicating 

that the nuclear localization of Ntg1 is important to prevent nuclear DNA mutations.   

BER¯/NER¯ and BER*cat/NER¯ cells displayed higher mitochondrial mutation 

frequencies compared to both wild type and BER*wt/NER¯ cells (Table 2).  Neither 

BER*nls1/NER¯ nor BER*nls2/NER¯ had higher mitochondrial mutation frequencies than 

BER*wt/NER¯ cells; however, BER*mts/NER¯ cells had significantly elevated 

mitochondrial mutation frequencies compared to both wild type and BER*wt/NER¯ cells 

(Table 2).  These results suggest that mitochondrial localization of Ntg1 plays an 

important role in reducing the number of spontaneous mitochondrial mutations.   

DNA damaging agents induce a variety of base lesions that are substrates for 

Ntg1, and as different lesions possess varying capacities for the induction of cytotoxic 

effects, different cytotoxicity profiles may result [7].  In order to determine whether Ntg1 

is important for cellular survival in the presence of different DNA damaging agents, the 

same isogenic strains were assessed for survival following exposure to either H2O2 or 

MMS.  Survival of BER*wt/NER¯ mutants exposed to either H2O2 or MMS was greater 

than that of BER¯/NER¯ cells, but less than that of WT cells (Figure 5A, B), indicating 

that Ntg1 partially rescues sensitivity to H2O2 and MMS.  The impact of dynamic 

localization of Ntg1 was assessed utilizing BER*nls1/NER¯, BER*nls2/NER¯ and 
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BER*mts/NER¯ cells.  Survival of these cells following H2O2 treatment was not 

statistically different from BER*wt/NER¯ cells (Figure 5A).  However, the survival of 

BER*nls1/NER¯ and BER*nls2/NER¯ cells treated with MMS was significantly reduced 

compared to BER*wt/NER¯ cells, while the survival of BER*mts/NER¯ cells was similar 

to BER*wt/NER¯ cells (Figure 5B).  These results suggest that nuclear dynamic 

localization of Ntg1 in response to DNA damage is required to prevent a subset of lesions 

from becoming cytotoxic and suggests roles for Ntg1 dynamic relocalization in the 

elimination of mutagenic and cytotoxic base damages, respectively. 

4.5 The DNA Glycosylase/AP Lyase Activity of Ntg1 is Not Compromised by 

Amino Acid Substitutions within the cNLS or MTS Motifs.  To confirm that the amino 

acid substitutions engineered to interfere with intracellular targeting of Ntg1 do not 

impair the catalytic activity of Ntg1, we performed DNA cleavage assays on Ntg1 

substrate-containing oligonucleotides.  For this experiment, we incubated purified 

recombinant Ntg1-His6 (hexahistidine) variants with an oligonucleotide containing the 

Ntg1 substrate, dihydrouracil (DHU), and we detected Ntg1 endonuclease activity as 

cleavage of the oligonucleotide at the position of the DHU [8].  Ntg1nls1-His6, Ntg1nls2-

His6, and Ntg1mts-His6 all exhibited robust enzymatic activity that is comparable to wild 

type Ntg1-His6 (Figure 6).  To confirm that the cleavage activity detected is due to the 

combined N-glycosylase/AP lyase activities of Ntg1, we created a K243Q amino acid 

substitution within a key predicted catalytic residue [15, 23].  As shown in Figure 6, 

cleavage of the DHU-containing oligonucleotide was not detected with the Ntg1 catalytic 

mutant.  This finding both confirms the specificity of the cleavage activity assay and 
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provides the first experimental confirmation that K243 is required for the catalytic 

activity of Ntg1. 

 

5. Discussion 

BER is a critical process for the maintenance of both nuclear and mitochondrial 

genomic stability, which, in humans is significant for the prevention of disease.  Very 

little is known about the mechanisms that regulate BER in eukaryotes.  The data in this 

study provide new insight into the regulation of BER by defining key components 

required for dynamic localization of Ntg1 that may function as part of a general 

mechanism for the regulation of BER.  Importantly, we demonstrated that in the absence 

of dynamic localization of Ntg1, nuclear and mitochondrial mutation rates increase.  

Given the role of BER in the prevention of human disease, investigating this novel mode 

of BER regulation reveals how the cell counter deleterious consequences that result from 

oxidative DNA damage.  Taken together, this data supports a new paradigm for the 

processes involved in the regulation of BER. 

We propose a model where the nuclear localization of Ntg1 is driven by nuclear 

oxidative DNA damage signals (NODDS), and mitochondrial localization is driven by 

mitochondrial oxidative DNA damage signals (MODDS) [15].  This mode of BER 

regulation can be further delineated as our data suggests that NODDS and MODDS 

compete for the recruitment of Ntg1 to DNA damage loci (Figure 7).  This concept is 

illustrated by the lack of dynamic localization of the MTS mutant Ntg1 to the nucleus 

during conditions of nuclear oxidative stress and of the cNLS mutant Ntg1 to 
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mitochondria following mitochondrial oxidative stress (Figure 4).  The inability to 

mobilize additional Ntg1 into damage-containing organelles indicates that NODDS and 

MODDS compete with one another to recruit Ntg1, and the capacity for recruitment is 

exceeded under conditions where Ntg1 is already localized to one compartment or 

another.  Following the production of NODDS or MODDS, certain cellular components 

(responders) which are likely to include nuclear import factors, post translational 

modifications, and chaperones become activated to interact with or modify Ntg1 in order 

to recruit it to the appropriate organelle to repair oxidative DNA damage [15].  As a 

means of competing for Ntg1, we hypothesize that NODDS and MODDS activate DNA 

damage responders not only capable of facilitating recruitment, but also capable of 

preventing localization to the opposing organelle by interfering with crucial localization 

signals (Figure 7).  Results from this study suggest that the classical nuclear protein 

import proteins, importin α/β, are novel DNA damage responders.  As DNA damage 

responders, the classical nuclear protein import machinery associates with the bipartite 

cNLS of Ntg1 in order to facilitate recruitment of Ntg1 to nuclei in response to nuclear 

oxidative DNA damage. 

We speculate that dynamic localization in response to DNA damage signals may 

be a general mode of regulation for BER.  Several BER proteins localize to both 

mitochondria and nuclei [60], all of which are candidates for regulation by dynamic 

localization.  One particularly interesting candidate is the multifunctional human AP 

endonuclease 1 (hAPE1), which relocalizes from the cytoplasm to nuclei and 

mitochondria following exposure to oxidative stress (H2O2) [20, 61].  Other potential 

candidates can be identified by sequence homology to Ntg1, such as the S. cerevisiae 
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BER protein uracil DNA glycosylase, Ung1, which contains predicted bipartite cNLS and 

MTS signals tantalizingly similar to that of Ntg1 [62]. In addition, both human hNTH1 

and mouse mNTH1 contain bipartite cNLS and MTS signals that target these proteins to 

both nuclei and mitochondria [16, 63], signifying that the mode for regulating eukaryotic 

Nth-like proteins is conserved from yeast to humans.  These findings suggest that 

dynamic localization of BER proteins in response to DNA damage signals may be a 

general mechanism for regulating BER. 

The discovery of mechanisms underlying the stress-induced relocalization of an 

initiating protein for BER has implications not only for general regulation of BER but 

also for regulation of other stress components.  It is conceivable that specialized, stress-

activated nuclear import factors could orchestrate the mobilization and delivery of 

components that mediate responses such as changes in transcription programs and 

activation of checkpoints.  A key example of such a responder is Yap1, a transcription 

factor that continuously cycles between the nucleus and cytoplasm under non-stress 

conditions, but whose nuclear export is blocked under oxidative stress conditions 

allowing it to upregulate genes that protect against cell stress-induced damage [64].  The 

activation of a nuclear transport “stressome” could provide a central clearinghouse to 

mount a coordinated stress response that synchronizes multiple distinct nuclear activities.  

Our findings provide the first direct evidence for this type of integrated response to 

cellular stress, with strong implications regarding the DNA damage response. 

Dynamic localization of Ntg1 protects nuclear and mitochondrial DNA from 

mutation (Table 2), suggesting that dynamic localization plays an important role in the 

regulation of genomic stability.  As the accumulation of DNA mutations is associated 
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with nuclear genomic stability [18, 65], these results indicate that regulation of BER 

through dynamic localization of Ntg1 plays a key role in maintaining the integrity of the 

nuclear and mitochondrial genomes.  Interestingly, nuclear dynamic localization of Ntg1 

guards against cytotoxicity induced by MMS, but not H2O2.  These two agents generate 

distinct DNA lesions which are repaired by Ntg1 with differing efficiencies [11].  

Altering key localization signals may not preclude Ntg1 from entering nuclei via alternate 

import pathways.  In the case of H2O2-induced DNA base damage, residual Ntg1 levels 

are sufficient to repair cytotoxic lesions (Figure 5A).  However, for MMS-induced DNA 

damage a large fraction of base lesions would be expected to be converted into AP sites, 

exceeding the capacity of the remaining Ntg1 to mediate repair of such toxic damage 

(Figure 5B).  

The fact that dynamic localization is important for thwarting mutagenesis and 

DNA damage induced cytotoxicity emphasizes the impact that this mode of regulation 

may have on disease etiology.  In this regard, the human homologue of Ntg1 (hNth1) 

displays predominantly cytoplasmic localization in a significant percentage of gastric and 

colorectal cancer tissues, suggesting that corruption of dynamic organelle targeting of 

BER proteins may be a characteristic of certain tumors [66, 67]. 
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Table 1:  Ntg1 Localization Motifs 

a Mutant amino acids substitutions shown in bold type. 

 

 

  

Ntg1 
localization 

sequence name 

Residue 
number 

Wild type amino acid 
sequence 

Mutant amino acid 
sequencea 

Mutant 
Name 

cNLS1 14-17 RKRP RAAP Ntg1nls1 

cNLS2 31-37 PEKRTKI PEAATKI Ntg1nls2 

MTS 1-26 
MQKISKYSSMAILR
KRPLVKTETGPE 

MQEISEYSSMAIL 
RKRPLVKTETGPE 

Ntg1mts 

Catalytic 233-245 ELLGLPGVGPKMA ELLGLPGVGPQMA Ntg1cat 
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Table 2:  Nuclear and Mitochondrial Mutations Rates in Cells with Different DNA 

Excision Repair Capacities 

a Nuclear mutation rates were assessed via the CAN1 locus [43]. 

b Mitochondria mutation frequencies were assessed by an erythromycin resistance assay 
[59]. 
c Confidence limits were calculated as previously described [45]. 

 

  

DNA Repair 
Background 

Median Nuclear 
Mutation Ratea (µ) 

(10-7) 

(95% Confidence 
Limitsc) 

 

Fold 

Change 

Median Mitochondrial 
Mutation Frequencyb (f) 

(10-8) 

(95% Confidence 
Limitsc) 

 

Fold 

Change 

WT 6 (1     -    43) 1 2.0 (1.0    -    4.7) 1 

BER¯/NER¯ 
(apn1 ntg2 ntg1 

rad1) 
413 (212  -  623) 68 53.6 (28.9   -  117) 28 

BER*wt/NER¯ 
(apn1 ntg2 

NTG1 rad1) 
44 (29    -    58) 7 5.3 (3.5    -    9.3) 3 

BER*nls1/NER¯ 
(apn1 ntg2 

ntg1nls1 rad1) 
156 (103  -  684) 26 11.3 (7.1   -   20.8) 6 

BER*nls2/NER¯ 
(apn1 ntg2 

ntg1nls2 rad1) 
83 (60   –   175) 14 5.6 (4.0   -   14.3) 3 

BER*mts/NER¯ 
(apn1 ntg2 

ntg1mts rad1) 
37 (25   –    59) 6 15.0 (10.7 –  16.9) 8 

BER*cat/NER¯ 
(apn1 ntg2 

ntg1cat rad1) 

274 (117 – 1190) 45 13.1 (10.4  – 18.1) 7 
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Figure 1 
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Figure 1:  Definition of functional intracellular targeting signals within Ntg1.  A. 

Schematic of Ntg1.  Predicted critical residues for nuclear and mitochondrial localization 

and catalytic activity of Ntg1 are indicated, including, the putative MTS (residues 1-26), 

two putative cNLSs (residues 14-16 and 31-37), and the putative active site (residues 

233-245).  Amino acids depicted in green were altered in this study in order to examine 

Ntg1 function (Table 1).  B.  The localization of GFP-tagged Ntg1 proteins 

(Supplemental Table 1) was assessed via direct fluorescence microscopy.  GFP (green), 

DAPI (blue), Mitotracker (red), and merged images of cells expressing wild-type Ntg1 

(WT), Ntg1nls1, Ntg1nls2, Ntg1nls1/2, and Ntg1mts variants of Ntg1-GFP are shown.  C.  

Quantification of localization of Ntg1-GFP variants to nuclei only (nuclear), 

mitochondria only (mito), or nuclei plus mitochondria (nuc + mito) was determined for 

each cell examined and plotted as percentage of the total cells evaluated for at least 200 

cells per variant. Error bars represent standard deviation.  D.  Quantification of steady 

state expression levels of Ntg1 variants by immunoblotting and densitometry.  Five 

separate experiments were quantified.  The expression of Ntg1-GFP was normalized and 

the mean level of wild-type Ntg1-GFP was set to 1.0.  Error bars represent standard 

deviation.   
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Figure 2 

 

Figure 2:  The bipartite cNLS of Ntg1 is sufficient to direct nuclear localization of 

Ntg1.  GFP (green), DAPI (blue), and merged images of untreated cells expressing 

Ntg1cNLS1-GFP2, Ntg1cNLS2-GFP2, Ntg1cNLS1/2-GFP2, and two proteins, the negative 

control GFP2 alone (empty vector) and the bipartite positive control SV40cNLS-GFP2 [34].   
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Figure 3 

 

Figure 3:  The classical nuclear protein import pathway is required for nuclear 

localization of Ntg1.  A.  Localization of Ntg1-GFP (Ntg1), and two control proteins, a 

cNLS cargo, SV40 bipartite cNLS (cNLS) [34], and a non-cNLS cargo [68], Nab2-GFP 

(Nab2), was assessed via direct fluorescence microscopy in untreated cells.  GFP (green), 

DAPI (blue), and merged images of wild type (WT), importin α (srp1-54), and control 

sxm1Δ mutant cells are shown at the non-permissive temperature, 37ºC.  See also 

Supplemental Figure 1.   B.  An in vitro binding assay reveals direct binding of Ntg1 to 

the cNLS receptor, importin-α.  Either GST-ΔIBB-importin-α (Imp-α) or GST alone 

(GST) as a control was incubated with Ntg1-His6 or a His-tagged control protein Nab2-
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His6 as described in experimental procedures.  Both the unbound (U) and bound (B) 

fractions were resolved by SDS-PAGE and then stained with Coomassie Blue.  Albumin, 

which was used as a non-specific protein competitor is present in the unbound fractions. 
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Figure 4 

 

Figure 4:  Functional intracellular targeting signals are required for dynamic 

localization of Ntg1 in response to oxidative DNA damage.  Quantification of Ntg1-

GFP, Ntg1nls2-GFP, and Ntg1mts-GFP localization following cellular stress.  Cells were 

not treated (NT) or were exposed to 20 mM H2O2, 55 mM MMS, or 20 mM H2O2 plus 10 

µg/mL antimycin (HA).  The localization of Ntg1-GFP variants to nuclei only (nuclear), 

mitochondria only (mito), or nuclei plus mitochondria (nuc + mito) was determined for 

each cell and plotted as percentage of the total cells evaluated for at least 100 cells per 

variant and condition.  Error bars represent standard deviation.  WT-HA and WT-MMS 

nuc+mito standard deviations are small and are obscured by the data point symbols 
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Figure 5 

 

Figure 5:  Functional analysis of the dynamic localization of Ntg1.  A. The H2O2 

sensitivity of wild type (WT), apn1 ntg2 ntg1 rad1 (BER¯/NER¯), apn1 ntg2 NTG1 rad1 

(BER*wt/NER¯) and apn1 ntg2 ntg1mutant rad1 (BER*mutant/NER¯) cells were assessed.  

The percent survival was set to 100% for untreated samples and was determined for 0, 2, 

4, and 6 mM H2O2 doses.  B.  The MMS sensitivity of wild type (WT), (BER¯/NER¯), 

(BER*wt/NER¯) and (BER*mutant/NER¯) cells were assessed.  The percent survival was 
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set to 100% for untreated samples and was determined for 0, 1, 3, and 5 mM MMS doses.  

Error bars indicate standard deviations in data. 
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Figure 6 

 

Figure 6:  Amino acid substitutions within intracellular targeting signals do not 

affect the catalytic activity of Ntg1.  Ntg1 DNA glycosylase/AP lyase activity was 

assessed by monitoring cleavage of a 32P 5′-end-labeled oligonucleotide (31mer) 

containing dihydrouracil by the Ntg1 variant proteins, Ntg1, Ntg1nls1, Ntg1nls2, Ntg1mts, or 

Ntg1catalytic.  The positions of the uncleaved 31mer oligonucleotide (UC) and the cleaved 

13mer oligonucleotide (CP) are indicated.  No enzyme was added to the negative control 

lane (-Ctrl).  Protein concentrations are as follows from left to right: 1.85 ng/μL, 5.5 

ng/μL, 16.6 ng/μL, and 50 ng/μL.  All lanes are from the same gel at the same exposure, 

the black line represents lanes that were cropped from the image. 
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Figure 7 

 

Figure 7:  Model of Ntg1 dynamic localization in response to nuclear and 

mitochondrial oxidative DNA damage.  Nuclear oxidative DNA damage signals 

(NODDS) and mitochondrial oxidative DNA damage signals (MODDS) compete for the 

recruitment of Ntg1 to sites of oxidative DNA damage from the cellular pool of Ntg1.  

The cellular pool is comprised of Ntg1 in constant flux between the nucleus and the 

cytoplasm.  NODDS (blue) promote the association between Ntg1 and DNA damage 

responders in the cell.  These responders are members of networks of stress response 

pathways.  The classical nuclear protein import machinery, including importin α/β, is one 

such DNA damage responder that is activated by NODDS.  MODDS (red) activate 

another class of DNA damage responders.  The response to NODDS and MODDS by 

Ntg1 and DNA damage responders results in appropriate concentrations of Ntg1 in nuclei 
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and mitochondria, given the oxidative DNA damage levels in each organelle.  Once 

localized to these organelles, Ntg1 facilitates the repair of nuclear or mitochondrial 

oxidative DNA damage, thus preventing cell death and promoting genomic stability.  

Black arrows represent localization under steady state conditions. 
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7. Supplemental Information 

7.1 Supplemental Figure 1 (Related to Figure 3A) 

 

 

Supplemental Figure 1 Legend:  Importin β is required for nuclear localization of Ntg1.  

Localization of Ntg1-GFP (Ntg1) was assessed via direct fluorescence microscopy.  GFP 

(green), DAPI (blue) to indicate the position of the nucleus and merged images of 

importin β (rsl1-1) mutant cells [50] are shown.
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Supplemental Table 1:  Strains and Plasmids Used in this Study 

Strain or Plasmid Description References 

FY86 (ACY193) MATα ura3-52 leu2Δ1 his3Δ200 [11] 

PSY883 (ACY208) 
MATα ura3-52 trp1∆63 leu∆his3-11 
ade2-1 rsl1∆::HIS3  [50] 

SJR751 (DSC0025) 
MATα ade2-101oc his3Δ200 ura3ΔNco 
lys2ΔBgl leu2-R [43] 

SJR1101 
(DSC0051) 

MATα ade2-101oc his3Δ200 ura3ΔNco 
lys2ΔBgl leu2-R ntg1Δ::LEU2 ntg2Δ::hisG 
apn1Δ::HIS3 rad1Δ::hisG [43] 

ACY443 MATa leu2Δ1 his3Δ200 trp1Δ63 sxm1 ΔHIS3 [69] 

ACY1563 MATa ura3 leu2 his3 trp1 ade2 can1 srp1–54 [70] 

DSC0282 
MATa ura3-52 leu2Δ1 his3Δ200 
ntg1::KANAMYCIN bar1::HYG [15] 

DSC0367 
MATa his7- lys2∆3'::LEU-lys2∆5' ade5-1 
trp1-289 ura3-52 [65] 

DSC0369 

MATa his7-1 lys2∆3'::LEU-lys2∆5' ade5-1 
ura3-52 ntg1::hphMX4 ntg2::BSD 
apn1::TRP1 rad1::kanMX [65] 

DSC0371 
MATa his7-1 lys2∆3'::LEU-lys2∆5' ade5-1 
ura3-52 ntg2::BSD apn1::TRP1 rad1::kanMX [65] 

DSC0430 

MATa his7-1 lys2∆3'::LEU-lys2∆5' ade5-1 
ura3-52 ntg2::BSD apn1::TRP1 rad1::kanMX 
NTG1nls1 This study 

DSC0431 

MATa his7-1 lys2∆3'::LEU-lys2∆5' ade5-1 
ura3-52 ntg2::BSD apn1::TRP1 rad1::kanMX 
NTG1nls2 This study 

DSC0432 

MATa his7-1 lys2∆3'::LEU-lys2∆5' ade5-1 
ura3-52 ntg2::BSD apn1::TRP1 rad1::kanMX 
NTG1mts This study 

DSC0433 

MATa his7-1 lys2∆3'::LEU-lys2∆5' ade5-1 
ura3-52 ntg2::BSD apn1::TRP1 rad1::kanMX 
NTG1cat This study 
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LAR023 

MATα his7-1 lys2∆3'::LEU-lys2∆5' ade5-1 
ura3-52 ntg1::hphMX4 ntg2::BSD 
apn1::TRP1 rad1::kanMX [65] 

pAC719 NAB2-GFP,  2µ, URA3 [68] 

pAC891 SRP1-c-myc (3X), CEN, URA3, ampR [71] 

pAC960 ∆IBB-SRP1-c-myc (3X), CEN, URA3, ampR [71] 

pAC1056 BPSV40-NLS-GFP2, CEN, URA3, ampR [34] 

pAC1069 GFP2, CEN, URA3, ampR [34] 

pAC736 pGEX-4T-3 ampR Pharmacia 

pAC1338 pGEX-4T GST-ΔIBB-SRP1, ampR This study 

pAC785 pET28a His6-NAB2, kanR [68] 

pNTG1-GFP 

pAC2669 NTG1-GFP, 2µ, URA3, ampR [11, 32, 33] 

pD0386  nls1ntg1-GFP2, CEN, URA3, ampR This study 

pD0387  nls2ntg1-GFP2, CEN, URA3, ampR This study 

pD0388  nls1/nls2ntg1-GFP2, CEN, URA3, ampR This study 

pD0389 mtsntg1-GFP2, CEN, URA3, ampR This study 

pD0390 pET-15b NTG1-His6, lacI, ampR This study 

pD0391 pET-15b ntg1nls1-His6, lacI, ampR This study 

pD0392 pET-15b ntg1nls2-His6, lacI, ampR This study 

pD0393 pET-15b ntg1mts-His6, lacI, ampR This study 

pD0394 pET-15b ntg1catalytic-His6, lacI, ampR This study 

pD0395 ntg1nls1-GFP, 2µ, URA3, ampR This study 

pD0396 ntg1nls2-GFP, 2µ, URA3, ampR This study 

pD0397 ntg1nls1/nls2-GFP, 2µ, URA3, ampR This study 

pD0398 ntg1mts-GFP, 2µ, URA3, ampR This study 

pD0399 ntg1nls1/nls2/mts-GFP, 2µ, URA3, ampR This study 
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Supplemental Table 1 Legend:  Complete list of the relevant genotypes of all strains 
and plasmids used in this study. 
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1. Abstract 

Oxidative DNA damage, often caused by reactive oxygen species, is the most 

frequent type of DNA damage.  These damaging molecules occur naturally in cells due to 

environmental exposures and cellular metabolism.  The base excision repair (BER) 

pathway initiated by N-glycosylase apurinic/apyrimidinic (AP) lyase proteins is primarily 

responsible for repair of oxidative DNA damage in both nuclear and mitochondrial 

genomes.  The proteins that comprise the BER pathway are highly conserved across 

eukaryotes.  Even so, little is known about the effect that post-translational modifications 

have on BER protein function.  The Saccharomyces cerevisiae BER protein, Ntg1, is 

sumoylated (small ubiquitin-like modifier).  We used Ntg1 as a model system to ascertain 

the effects of sumoylation on the regulation of BER and to study the dynamics of Ntg1 

sumoylation in response to cell stress.  Our results show that Ntg1 sumoylation increases 

in response to oxidative stress.  We also found that the E3 SUMO ligases Siz1/Siz2 are 

responsible for generating both monosumoylated and multisumoylated Ntg1.  

Interestingly, we determine that sumoylation of Ntg1 is associated with its nuclear 

localization.  Furthermore, mutational analysis of putative Ntg1 sumoylation sites 

revealed that Ntg1 is predominantly sumoylated at five distinct consensus sumoylation 

sites.  These sites cluster at both termini of the protein, with K396 being the major site of 

monosumoylation.  Collectively, these results help us understand this dynamic biological 

pathway, which is responsible for regulating a key BER protein; in addition, they help us 

better understand sumoylation. 
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2. Introduction 

Oxidative DNA lesions occur in both the nuclei and mitochondria.  There are 

upwards of 90,000 oxidative lesions and 200,000 apurinic/apyrimidinic (AP) sites 

generated per human cell per day [1, 2].  When left unrepaired, these lesions have been 

linked to numerous human pathologies including cancer, aging, and neurodegenerative 

disorders [3-7].  The base excision repair (BER) pathway is the primary pathway 

responsible for the removal and subsequent repair of these oxidative lesions [8, 9].  The 

regulatory pathways for both nucleotide excision repair (NER) and double strand break 

repair are well understood.  In contrast, little is known about BER regulation and the role 

these regulatory mechanisms play in the efficient and accurate repair of oxidative DNA 

lesions in the nuclear and mitochondrial genomes. 

Current research shows that the regulation of BER occurs in several different 

ways including through regulation of transcript levels, post-translational modifications, 

protein-protein interactions, and protein localization [10].  For instance, transcript level 

regulation of N-methylpurine–DNA glycosylase (MPG), uracil DNA glycosylase (UNG), 

and human AP site-specific endonuclease (APEX1) occurs in a cell cycle–dependent 

manner, increasing 2.5 – 3.5-fold during G1 and returning to basal levels following 

mitosis [11].  Protein-protein interactions involving BER proteins are numerous and have 

varied effects such as increasing the glycosylase activities of UNG, single-strand-

selective mono-functional uracil–DNA glycosylase 1 (SMUG1), human thymine glycol–

DNA glycosylase (NTHL1), 8-oxoguanine DNA glycosylase (OGG1), and thymine DNA 

glycosylase (TDG), through association with the APEX1 protein [12-16].  Targeting 

protein localization in response to cellular stimuli is a critical form of regulation: for 
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example, oxidative stress affects the nuclear and mitochondrial localization of both the 

human APEX1 and Cockayne syndrome complementation group B protein (CSB) [17-

19].  Finally, post-translational regulation of BER proteins can also occur through 

different types of modifications including phosphorylation, acetylation, nitrosylation, 

ubiquitination, and sumoylation [20-33].  The small ubiquitin related modifier (SUMO) is 

of particular interest in BER regulation as it modulates protein function in a variety of 

fashions.  The best known example of sumoylation in BER is with the human TDG, 

where the SUMO modification competes with the regulatory domain of TDG for DNA 

binding.  After TDG removes a DNA lesion, sumoylation of TDG allows it to release the 

DNA; thus, sumoylation increases enzyme turnover [20, 21].  Regrettably, little is known 

about the regulation of BER proteins beyond these examples, and even less is known 

concerning the role that oxidative stress plays in this process.  It is the goal of this project 

to define major regulatory pathways that govern the regulation of BER in response to 

oxidative stress. 

In order to investigate the complex role that oxidative stress plays in the 

regulation of BER, we focused on the S. cerevisiae thymine glycol–DNA glycosylase, 

(Ntg1).  Ntg1 is a functional genetic homolog of the Escherichia coli BER protein, 

endonuclease III, (Nth), and the human BER protein, thymine glycol–DNA glycosylase, 

(NTHL1).  All of these enzymes are critical for the repair of oxidative DNA damage [34-

37].  These endonuclease III homologs are bi-functional as they have both DNA N-

glycosylase and apurinic/apyrimidinic (AP) lyase function.  These activities allow Ntg1 

and NTHL1 to recognize oxidative DNA damage, to then create an AP site by removing 
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the lesion from the DNA strand, and to then nick the DNA backbone on the 3΄ side of the 

AP site [38-41].   

Ntg1 provides an excellent model for the study of BER regulation in response to 

oxidative stress, because oxidative stress affects Ntg1 in two distinct but possibly related 

manners.  First, oxidative stress alters the localization pattern of Ntg1, and second, it 

results in the post-translational modification of Ntg1 by SUMO [22].  The effect on the 

localization of Ntg1 is the first and best-understood of these two responses.  Ntg1 

dynamically localizes to either nuclei or mitochondria in response to organelle-specific 

oxidative stress, dependent upon the inherent localization signals within Ntg1 [22, 42].  

On the other hand, the mechanism and the consequence(s) of Ntg1 sumoylation are 

poorly understood; however, we anticipate that they represent novel pathways through 

which BER proteins are regulated in response to oxidative stress. 

The general sumoylation process 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.  These ligases attach the SUMO protein 

to a substrate through formation of an isopeptide bond [43-51].  Sumoylation is a very 

dynamic process that is readily reversible by the S. cerevisiae SUMO proteases Ulp1 and 

Ulp2 and that modifies protein function in diverse manners [52, 53].  Sumoylation 

predominately occurs at SUMO consensus sequences [54, 55].  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) [54, 55]. 
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In this study, we identify the necessary components for the sumoylation of Ntg1, 

the stimuli responsible for Ntg1 sumoylation, and the sites required for Ntg1 

sumoylation.  We also elucidate the complex mechanism by which Ntg1 is sumoylated at 

multiple lysines.  In the absence of all consensus sumoylation sites or in the absence of 

the E3 ligases Siz1 and Siz2, Ntg1 ceases to be sumoylated at a quantifiable level.  

Collectively, our results detail a biological pathway commencing with oxidative stress 

signaling and concluding in the post-translation modification of a key BER protein.  Our 

study provides insight into an important mechanism of BER regulation and into the 

dynamics of sumoylation. 

 

3. Materials and Methods 

3.1 Strains, Plasmids, and Media.  All haploid S. cerevisiae strains and plasmids 

used in this study are listed in Table 1.  Yeast cells were cultured at 25°C, 30°C, 37°C, or 

42°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, yeast cells were transformed by a modified lithium acetate method 

[56]. 

A centromeric vector (CEN, URA3), pRS316 [57] was employed as the backbone 

for the generation of a construct overexpressing 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.  The insert includes the tetracycline 

repressible promoter (Tet-Off) and the C-terminally tagged NTG1-TAP fusion from the 
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DSC0295 strain [22].  The S. cerevisiae haploid deletion mutant ntg1Δ (DSC0470) 

generated from wild type cells (hDNP19), and the SUMO pathway mutant collection 

(DSC0527 - DSC0530 and - DSC0534 - DSC0536) were utilized to assess the level of 

sumoylated wild type and mutant Ntg1 [15,33,78].  All amino acid substitutions were 

performed using the QuikChange II Site-Directed Mutagenesis Kit (Stratagene) using 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 (Table 

1). 

3.2 Exposure to DNA Damaging Agents.  Cells were grown in 25 – 35 mL YPD 

or SD -URA media to 5 x 107 cells/mL, centrifuged, and washed with water.  Cells were 

then resuspended in 25 – 35 mL water containing the appropriate agent:  1 – 20 mM 

H2O2 (Sigma); 500 – 10,000 µM menadione bisulfate (Sigma); 150 – 2000 µM paraquat 

(Sigma); 10 – 100 µM arsenic trioxide (Sigma); 10% ethanol (Deconlabs); 5% SDS 

(Sigma); or 10% fetal bovine serum (HyClone).  Cells were exposed to agents for one - 

two hours at 30°C.  The cytotoxicities of agents were evaluated by incubating cells in 

agent, washing cells with water, plating cells, and colony counting to determine the 

number of colony forming units. 

3.3 Immunoblotting.  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 sumoylated Ntg1 products.  An anti-3-phosphoglycerate (PGK) antibody 

(1:10,000 dilution; Invitrogen) was utilized to determine the relative level of protein 

lysate loaded into each lane. 



174 
 

The analysis of immunoblots was performed utilizing the ECL Plex western 

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

Healthcare), and the ImageQuant TL software package (GE Healthcare).  The ratio of 

SUMO modified Ntg1 (mono, di, tri) to total Ntg1 was determined for wild type Ntg1 

and each lysine to arginine amino acid substitution mutant of Ntg1.  Standard error of the 

mean was calculated for each.  The two-sample t-test was employed to test for 

significance (α=0.05). 

 

4. Results 

4.1 Ntg1 is post-translationally modified by SUMO primarily in response to 

oxidative stress.  In order to understand the effect of Ntg1 sumoylation, it was first 

necessary to define which stimuli result in the sumoylation of Ntg1.  Previously, it was 

reported that hydrogen peroxide is able to increase the level of sumoylated Ntg1 in 

nuclear fractions obtained from subcellular fractionation [22].  This increase in nuclear 

sumoylated Ntg1 can be explained two ways: by a global increase of sumoylated Ntg1 in 

the cell, and/or by a movement of sumoylated Ntg1 into the nucleus.  To better 

understand the increase of sumoylated Ntg1 in response to hydrogen peroxide treatment, 

we performed a quantitative analysis of this response.  Our results showed that there is a 

positive correlation between global sumoylated Ntg1 levels and the dose of hydrogen 

peroxide treatment (Figure 1A).  This led us to conclude that global levels of sumoylated 

Ntg1 increase in response to hydrogen peroxide treatment.  Furthermore, during this 

experiment we detected the presence of multiple higher molecular weight forms of Ntg1, 

which suggests that Ntg1 can be multiply sumoylated (Figure 1A).   
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To test the effect of other stress agents on Ntg1 sumoylation, we treated cells with 

the oxidative stress agents menadione bisulfite and paraquat; the osmotic stress agents 

sodium dodecyl sulfate (SDS) and ethanol; and fetal bovine serum (FBS) which induces a 

hyphal growth state (Figure 1C).  None of these agents induced the high levels of 

sumoylated Ntg1 that were observed after hydrogen peroxide treatment.  Menadione, 

paraquat, ethanol, and FBS induced sumoylation; however, at very low levels (Figure 

1C).  These results suggest that the reactive oxygen species hydrogen peroxide 

specifically induces the sumoylation of Ntg1 and that induction by other agents occurs 

through the generation of hydrogen peroxide.   

To better understand the dynamics of Ntg1 sumoylation by acute hydrogen 

peroxide treatment, a time course experiment was performed.  Monosumoylated Ntg1 

was detected in as little as fifteen minutes after exposure, while higher molecular weight 

products did not appear until one hour after treatment.  Ntg1 sumoylation levels peaked 

two hours after treatment and began to slowly decline three hours after treatment (Figure 

1B).  These data indicate that hydrogen peroxide is a potent inducer of Ntg1 sumoylation, 

causing significant levels of sumoylated Ntg1 to persist for long periods of time. 

4.2 Genetic analysis of the Ntg1 sumoylation pathway.  In order to determine 

which elements of the sumoylation pathway play a role in the sumoylation of Ntg1, we 

evaluated the sumoylation status of over-expressed Ntg1-TAP in a SUMO pathway 

mutant collection.  This collection includes the E3 ligases Siz1 and Siz2, and the SUMO 

proteases Ulp1 and Ulp2 [52, 53].  We quantified Ntg1 sumoylation levels in these 

mutants under two different conditions: one in which Ntg1 sumoylation was induced by 

hydrogen peroxide (Figure 2B,D), and the other in which Ntg1 sumoylation was not 
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induced (Figure 2A,C).  We used siz1Δ, siz2Δ, and siz1Δsiz2Δ knock-out strains to 

determine which E3 ligase is responsible for the induction of Ntg1 sumoylation by 

hydrogen peroxide.  We transformed these strains with a Tet-Off Ntg1-TAP construct 

and exposed them to hydrogen peroxide (Figure 2B).  The siz1Δ strain had greatly 

reduced levels of Ntg1 sumoylation (1.45%) compared to wild type (4.73%).  The siz2Δ 

mutant was mostly unchanged (3.24%), and the siz1Δsiz2Δ double mutant had no 

observable sumoylation (Figure 2B,D).  These results demonstrate that Siz1 is the 

primary E3 ligase responsible for hydrogen peroxide–induced sumoylation of Ntg1, 

while Siz2 has a minor role in Ntg1 sumoylation.   

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

product is present at any given time.  Therefore, it was important to determine which if 

any SUMO proteases desumoylate Ntg1 and to quantify their contribution to 

desumoylation.  To do so we examined Ntg1 sumoylation in the  ulp1-ts and the ulp2Δ 

strains.  Loss of Ulp1 resulted in a dramatic increase in sumoylated Ntg1 with 15.38% of 

total Ntg1 being monosumoylated and as much as 2.54% being multiply modified.  On 

the other hand, loss of Ulp2 had no impact on Ntg1 sumoylation levels (Figure 2A,C).  

Furthermore, the levels of hydrogen peroxide–induced Ntg1 sumoylation in the ulp1-ts 

strain were significantly higher than in the wild-type strain.  The ulp1-ts strain had 

10.91% monosumoylated Ntg1 and 1.14% multiply sumoylated  Ntg1, contrasting with 

the 4.73% monosumoylated Ntg1 and 0.05% multiply sumoylated Ntg1 observed in the 

wild-type strain.  Hydrogen peroxide treatment had a negligible effect on sumoylation in 

the  ulp2Δ strain (Figure 2D).  These results show that the loss of Ulp1 function leads to 

the overall increase of multiply sumoylated protein.  This observation led us to conclude 
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that the higher molecular weight products of Ntg1 are the result of multiple additions of 

SUMO.  We also concluded that these multisumoylated forms of Ntg1 result from the 

addition of the multiple SUMO proteins to different residues within Ntg1 rather than 

from the formation of polymeric SUMO chains (polysumoylated).  We arrived at this 

conclusion, because the ulp2Δ strain has the same level of sumoylation as the wild type 

strain and because the  primary function of Ulp2 is to desumoylate polysumoylated 

proteins [45]. 

We used a mutant form of the yeast SUMO (smt3allR) to test the hypothesis that 

multiple sumoylation occurs on multiple different residues of Ntg1.  The smt3allR 

background is a strain in which all lysines within Smt3 have been conservatively 

substituted to arginine.  Therefore, this form of Smt3 is unsumoylatable and polymeric 

SUMO chains cannot arise [58].  Consequently, this strain allows us to determination if a 

protein that is multiply sumoylated is polysumoylated or if it is monosumoylated at 

multiple residues simultaneously.  In both the control and the smt3allR background 

strains Ntg1 had distinct and quantifiable di and trisumoylated bands (Figure 3AB).  

Since we did not see the loss of di- and trisumoylated forms of Ntg1 in the smt3allR 

background, we concluded that Ntg1 is multisumoylated. 

4.3 Insights into location and function of Ntg1 sumoylation.  Ntg1 can 

dynamically localize to either nuclei or mitochondria depending upon the oxidative stress 

status of the organelle.  Furthermore, oxidative stress can also increase levels of 

sumoylated Ntg1 in the nucleus but not in the mitochondria [22].  This previous data 

suggest that there could be a link between sumoylation and the dynamic localization of 

Ntg1.  Our first step to address this hypothesis was to determine  where in the cell Ntg1 



178 
 

sumoylation takes place.  To accomplish this goal, we performed site-directed 

mutagenesis on Ntg1-TAP and disrupted the classical nuclear localization signal (cNLS) 

of Ntg1.  The resulting Ntg1 had reduced nuclear localization capacity [42].  We tested 

this Ntg1nls-TAP mutant for Ntg1 sumoylation and compared its sumoylation in three 

different Ntg1 sumoylation-induction backgrounds.  Two of these backgrounds rely on 

hydrogen peroxide, and the third relies upon the loss of function of Ulp1 (Figure 4AB).  

In every background, the percent of sumoylated Ntg1 appears to decrease for Ntg1nls-

TAP compared to Ntg1-TAP with the ulp1-ts background having the least pronounced 

decrease.  These results indicate that nuclear localization may be required for Ntg1 

sumoylation and suggest that Ntg1 is sumoylated within the nucleus (Figure 4B).  

Moreover, these data hint that Ntg1 is less stable within the nucleus and that Ntg1 

sumoylation itself reduces Ntg1 stability.  The former point is supported by the 

observation that the total levels of Ntg1 are consistently increased in the cNLS mutant 

(Figure 4C).  Alternatively, the decrease in percent sumoylated Ntg1 observed with 

Ntg1nls-TAP mutant could be the result of the increased Ntg1 levels.  Increased Ntg1 

levels may result in lower Ntg1 sumoylation if the sumoylation machinery is the rate 

limiting step in Ntg1 sumoylation.  This possibility makes further experiments that titrate 

the expression of Ntg1 necessary.  In order to conclusively determine the role of Ntg1 

sumoylation in Ntg1 function, we needed to create and study an unsumoylatable form of 

Ntg1. 

4.4 Determination of Ntg1 sumoylation sites.  In order to better understand the 

function of Ntg1 sumoylation, it was necessary for us to define where sumoylation occurs 

on Ntg1.  Ntg1 contains ten putative sumoylation sites which were identified using a 
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conglomeration of the five prediction programs SUMOsp 1.0, SUMOsp 2.0, SUMOplot, 

SUMOpre, and PCI-SUMO (Figure 5AB) [59-61].  We prioritized the ten putative 

sumoylation sites using the predicted SUMO-site strength, which is based upon a 

cumulative sum of all programs scores with weights of 0 (none), 1 (weak), or 2 (strong).  

These weights are assigned to each Ntg1 lysine based upon the respective output of each 

program; thus, the resulting lysines had cumulative predictive strengths ranging from 0 to 

10 (Figure 5B).  Of the ten sites, the top five (K20, K38, K376, K388, and K396R) are 

consensus sumoylation sites, while the lower five (K364, K157, K255, K194, and K359) 

are not.  In order to derive a form of Ntg1 that is non-sumoylatable, we utilized site-

directed mutagenesis to make conservative amino acid substitutions of putative 

sumoylation site lysines to arginines.  These substitutions were made in order of 

predicted site strength for all single sites, in series of predicted site strength (beginning 

with a single substitution and proceeding with double, triple, quadruple, etc. 

substitutions), and spatially based upon both primary sequence and homology modeling 

of Ntg1 to include either the N-terminus, the C-terminus, or both the termini at once.  We 

then analyzed the sumoylation status of all the resulting mutants of Ntg1-TAP using the 

ulp1-ts strain.  We used this strain for two reasons: first, because it is capable of the 

highest percent Ntg1 sumoylation, and second, to standardize the cellular conditions and 

to remove confounding factors from the analysis. 

The single substitutions were tested first, and the results showed that all single 

mutants are sumoylated (Figure 6A).  Quantification of the single substitution data 

showed that only substitution at K396 results in a sizeable drop of monosumoylated 

Ntg1, thus signifying that K396 might be the primary site of monosumoylation (Figure 
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6C).  These data support earlier data suggesting that Ntg1 is able to be sumoylated at 

multiple lysines simultaneously.  This means that multiple substitutions are required to 

render Ntg1 unsumoylatable.  Next, we tested multiple substitution mutants for Ntg1 

sumoylation.  The double and triple mutants Ntg1K20,38R-TAP and Ntg1K20,38,376R-TAP 

involving the N- and C-termini are both still monosumoylated; interestingly however, 

they have completely lost the disumoylated form but retain the trisumoylated form 

(Figure 6B,C).  The quadruple mutant, Ntg1K20,38,376,388-TAP, has complete loss of all 

SUMO except for monosumoylation; while additional loss of K396, the primary site of 

monosumoylation, leads to the complete loss of all quantifiable sumoylated Ntg1 (Figure 

6B,C).  These results demonstrate that Ntg1 is sumoylated at any of five consensus 

sumoylation sites and that all five sites must be mutated in order to lose Ntg1 

sumoylation.  This conclusion is further supported by the data from the triple mutants 

Ntg1K376,388,396R-TAP and Ntg1K20,38,396R-TAP.  Both these mutants are sumoylated, albeit 

to a lesser extent than wild type Ntg1.  These results show that when either K20 and K38, 

or K376 and K388 are present Ntg1 is still sumoylated at quantifiable levels (Figure 

6D,E).  Interestingly, in the absence of all five consensus sumoylation sites on Ntg1, 

monosumoylation still occurs, though at negligible levels.  This result suggests that the 

sumoylation machinery is able to sumoylate Ntg1 at a non-preferred site in the absence of 

the preferred sumoylation sites, but does so less efficiently (Figure 6D).  In accordance 

with this hypothesis, when we extended the site substitution in Ntg1 to nine out of ten 

sites the resulting mutant had barely detectable monosumoylation (Figure 6E).  We 

present a summary of all the substitution mutations made to date and their relative effect 

on monosumoylation in (Figure 7). 
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5. Discussion 

5.1 The regulation of BER through sumoylation.  BER is a critical process 

required for the maintenance of both mitochondrial and nuclear genomes; and, it plays a 

crucial role in the prevention of human disease [3-7].  Little is known about the effect 

that post-translational modifications have on BER proteins and whether these 

modifications occur in response to cellular stress.  Collectively, the data in this study 

elucidate new details concerning the regulation of BER by defining a biological pathway 

commencing with oxidative stress signaling and concluding in the post-translation 

modification of a key BER protein.  This study provides insight not just into an important 

mechanism regulating BER, but also into the dynamics of sumoylation.  Specifically, our 

results show that sumoylation of Ntg1 increases primarily in response to oxidative stress; 

that sumoylation is associated with nuclear localization; and that the E3 ligases Siz1/Siz2 

are required to generate both monosumoylated and multisumoylated Ntg1.  Furthermore, 

mutational analysis of putative Ntg1 sumoylation sites revealed that Ntg1 is 

predominantly sumoylated at five distinct consensus sumoylation sites that cluster at both 

termini and that K396 is the major site of monosumoylation. 

5.2 Illuminating the Ntg1 sumoylation response.  Ntg1 is regulated by, and able 

to respond to, nuclear and mitochondrial oxidative DNA damaging signals (NODDS and 

MODDS, respectively).  This regulation and response allows Ntg1 to dynamically 

localize to the organelle with the higher level of oxidative stress [22].  Little is known 

concerning how Ntg1 dynamically localizes to the nucleus in response to NODDS other 

than that it requires the classical nuclear import pathway and the classical bipartite 
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nuclear localization signal of Ntg1 [42].  The goal of this study was to better understand 

the observation that there is an increase in nuclear sumoylated Ntg1 after oxidative stress.  

To do so we started out by defining the mechanism and extent of its sumoylation.  We 

propose a model where hydrogen peroxide specifically induces the intricate 

monosumoylation and multisumoylation of Ntg1 (in the nucleus) at five consensus 

sumoylation sites, which culminates in an improved Ntg1 nuclear repair response against 

oxidative stress (Figure 8).   

The induction of Ntg1 sumoylation in response to oxidative stress, particularly to 

hydrogen peroxide, is supported by a number of observations.  First, the data showing 

that only high levels of hydrogen peroxide and not other oxidative stress agents induce 

large levels of Ntg1 sumoylation (Figure 1C).  Second, the SUMO protease Ulp1, which 

is critical for the desumoylation of Ntg1, is sensitive to oxidative stress.  Its active site 

cysteine can become irreversibly oxidized by hydrogen peroxide which renders it unable 

to remove SUMO from a substrate [62].  Lastly, the generation of oxidative stress in 

response to DNA damage is a well-characterized phenomenon that acts as a signal to 

increase Ntg1 protein sumoylation [63, 64].   

The hypothesis that Ntg1 sumoylation takes place in the nucleus is supported by 

the fact that most of the sumoylation pathway, including Siz1, Siz2, and Ulp1, is 

concentrated within the nucleus [65, 66].  This hypothesis is further supported by 

biochemical subcellular fractionation studies where sumoylated Ntg1 was found in 

nuclei, but not in mitochondria [22].  In addition, the low levels of sumoylated Ntg1 

observed in the Ntg1nls-TAP mutant provides the strongest evidence that Ntg1 

sumoylation occurs within the nucleus.  We observed that the Ntg1nls-TAP mutant 
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significantly reduces but does not eliminate nuclear localization of Ntg1 (Figure 4A,B) 

[42].  The latter observation provides a plausible explanation as to why sumoylated Ntg1 

is not completely absent in this mutant.  These data collectively signify that sumoylation 

of Ntg1 is important to the nuclear function of Ntg1 in response to threats to genome 

integrity. 

5.3 Ntg1 and sumoylation dynamics.  The dynamics of Ntg1 sumoylation help us 

understand the different sumoylation states of Ntg1 that exist, and they provide a greater 

understanding of protein sumoylation as a whole.  Ntg1 is sumoylated at any of five 

consensus sumoylation site lysines, including two at the N-terminus (K20 and K38) and 

three at the C-terminus (K376, K388, and K396).  K396 is the most strongly 

monosumoylated of the five consensus sites, as is established by both the single 

substitution Ntg1K396R-TAP mutant Ntg1 levels and the quadruple substitution 

Ntg1K20,38,376,388R-TAP  Ntg1 levels (Figure 6C).  The amino acid substitution analysis 

additionally supports the earlier hypothesis derived from the ulp2Δ mutant and the 

smt3allR mutant data that Ntg1 is multisumoylated not polysumoylated (Figure 2B-D and 

3A,B).  This hypothesis is further supported by the results from  the quadruple 

substitution Ntg1K20,38,376,388R-TAP mutant (which has high levels of monosumoylation 

but no detectable multiply sumoylated bands), and from the quantification of Ntg1K20R-

TAP and Ntg1K38R-TAP where reduced levels of multiply sumoylated Ntg1 are detected 

(Figure 6B-D).   

Perhaps the most curious of the results from the mutation analysis is that 

whenever both K20 and K38 are mutated, the disumoylated form of Ntg1 is lost while the 

trisumoylated form increases over that of wild type Ntg1 (Figure 6B-D).  This 
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observation demonstrates a number of things about Ntg1 sumoylation: (1) In order for 

Ntg1 disumoylation to occur, the second SUMO addition requires an intact sumoylation 

site on the N-terminus of the protein.  This conclusion is further supported by the 

decrease in disumoylated Ntg1 seen with the Ntg1K20R-TAP and Ntg1K38R-TAP single 

substitution mutants (Figure 6C).  (2) Trisumoylated Ntg1 utilizes the three C-terminal 

sites (K376, K388, and K396) and arises independently from disumoylated Ntg1.  These 

observations indicate that each multisumoylated form of Ntg1 may have a separate 

function (Figure 6B-D).  (3) The trisumoylated form of Ntg1 increases in abundance 

which suggests that the absence of sumoylation on the N-terminus signals for 

trisumoylation (Figure 6B-D).  (4)  Neither K376 nor K396 are required for 

trisumoylation indicating that either the third monosumoylation event occurs at a non-

consensus sumoylation site, or that trisumoylation requires polysumoylation at one of the 

available consensus sites on the C-terminus.  Taken as a whole, these Ntg1 sumoylation 

results constitute one of the most detailed genetic analyses of complex protein 

sumoylation making it a very informative system to study sumoylation dynamics.  

Furthermore, these results demonstrate how redundant the protein sumoylation machinery 

may be as well as how specific and intricate multisumoylation is. 

5.4 BER proteins regulated by sumoylation.  There are many other proteins in 

the BER pathway that are sumoylated.  These proteins include the Ntg1 paralog Ntg2, the 

human proteins thymine DNA glycosylase (TDG), Poly (ADP-ribose) polymerase 

(PARP), and proliferating cell nuclear antigen (PCNA) [67-71].  The number of 

sumoylated BER proteins suggests that protein sumoylation, triggered by DNA damage 

signals, is a global DNA damage response which regulates BER.  This hypothesis is 
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supported by a recent systematic screen of sumoylation in DNA replication and repair 

proteins.  This study found that the four BER proteins AP-endonuclease (Apn1), 8-

oxoguanine DNA glycosylase (Ogg1), 3-methyl adenine DNA glycosylase (Mag1), and 

Ntg1 undergo sumoylation under DNA damage induced replication stress [72].  

However, it is important to note that this screen did not identify Ntg2 as being 

sumoylated, which indicates that the sumoylation response profile of each BER protein is 

unique, and indicates that other BER proteins, such as uracil DNA glycosylase (Ung1), 

may be sumoylated under other conditions. 

5.5 Functional role of protein sumoylation in regulating BER.  Regulation of 

BER by protein sumoylation may function through one of many distinct mechanisms and 

is currently an area of intense interest in our lab.  One likely mechanism is through 

directing BER protein localization.  This localization may allow BER proteins to 

concentrate in the nucleus in response to increased nuclear oxidative DNA damage 

signals; it may also be acting on a subnuclear level by allowing BER proteins to localize 

specifically to DNA damage foci.  This type of subnuclear localization is known to occur 

with Rad52 [73, 74].  SUMO modifications could also regulating Ntg1 by increasing 

enzyme turnover.  The human BER protein TDG is regulated by this mechanism, where 

SUMO competes with the regulatory domain of TDG for DNA binding, which allows 

TDG to overcome product inhibition [20, 21].  We further hypothesis that sumoylation of 

bi-functional glycosylases may alter substrate specificity for specific lesions or AP sites.  

One final mode of action by which sumoylation regulates BER could be by facilitating 

crosstalk between the different repair pathways.  Sumoylation could potentially trigger 

the recruitment of BER proteins to sites of complex DNA damage that require nucleotide 
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excision repair and/or double-strand break repair.  There are many others mechanisms by 

which sumoylation could modulate BER; these include protein stability, enzymatic 

turnover, nucleocytoplasmic trafficking, and transcriptional regulation. 

The fact that Ntg1 has evolved five different sumoylation consensus sequences, 

and that it is sumoylated in such an extensive and complex manner in response to 

hydrogen peroxide suggests that sumoylation has an important role in regulating Ntg1 

function.  The role of hydrogen peroxide in the Ntg1 sumoylation response also has 

crucial implications in the DNA damage response.  Our observations suggest that 

oxidative stress acts as a signaling agent responsible for altering BER function and 

maintaining genomic stability.  In these regards, our studies have detailed a major 

pathway responsible for regulating a large proportion of BER and provided insight into 

the dynamics of the sumoylation response itself. 
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7. Tables 

Table 1: Strains and Plasmids Used in this Study 

Strain or Plasmid Description References 

DSC0295 MATahis3Δ1 leu2Δ0 met 15Δ0 ura3Δ0; Tet-Off 
C-terminally TAP-tagged Ntg1  [22] 

YSC1178-7499106 
(DSC0297) 

MATahis3Δ1 leu2Δ0 met15Δ0 ura3Δ0; C-
terminally TAP-tagged Ntg1 

Open 
Biosystems 

BY4147 (DSC0313) MATahis3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Open 
Biosystems 

DSC0470 MATa ntg1::hphMX4, his7-1, lys2∆5'::LEU-
lys2∆3', ade5-1, trp1-289, ura3-52   This study 

EJY341 (DSC0527) MATa trp1-Δ1 ura3-52 his3-Δ200 leu2-3,112 
lys2-801 [cir°]  [75] 

EJY342 (DSC0528) MATa trp1-Δ1 ura3-52 his3-Δ200 leu2-3,112 
lys2-801 siz1Δ::LEU2 [cir°]  [75] 

EJY343 (DSC0529) MATa trp1-Δ1 ura3-52 his3-Δ200 leu2-3,112 
lys2-801 siz2Δ::TRP1 [cir°]  [75] 

EJY344 (DSC0530) MATa trp1-Δ1 ura3-52 his3-Δ200 leu2-3,112 
lys2-801 siz1Δ::LEU2 siz2Δ::TRP1 [cir°]  [75] 

MHY1488 (DSC0534) MATa ulp1Δ::HIS3 LEU2::ulp1-333  [52] 

EJY447 (DSC0535) MATa trp1-Δ1 ura3-52 his3-Δ200 leu2-3,112 
lys2-801 ulp2Δ::kanMX [cir°]  [76] 

GBY5 (DSC0536) MATa smt3-allR::TRP1  [77] 

DSC0537 MATa ntg1::hphMX4, his7-1, lys2∆5'::LEU-
lys2∆3', 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 

 [78] 

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 

pD0439 Tet-Off ntg1K157R-TAP, CEN, URA3, ampR This study 
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pD0440 Tet-Off ntg1K194R-TAP, CEN, URA3, ampR This study 

pD0441 Tet-Off ntg1K255R-TAP, CEN, URA3, ampR This study 

pD0442 Tet-Off ntg1K359R-TAP, CEN, URA3, ampR This study 

pD0443 Tet-Off ntg1K364R-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 

pD0453 Tet-Off ntg1K359,364,376,388,396R-TAP, CEN, URA3, 
ampR This study 

pD0454 Tet-Off ntg1K20,38,359,364,376,388,396R-TAP, CEN, 
URA3, ampR This study 

pD0455 Tet-Off ntg1K20,38,157,359,364,376,388,396R-TAP, CEN, 
URA3, ampR This study 

pD0456 Tet-Off ntg1K20,38,194,359,364,376,388,396R-TAP, CEN, 
URA3, ampR This study 

pD0457 Tet-Off ntg1K20,38,255,359,364,376,388,396R-TAP, CEN, 
URA3, ampR This study 

pD0458 Tet-Off ntg1K20,38,157,194,359,364,376,388,396R-TAP, 
CEN, URA3, ampR This study 

pD0459 Tet-Off ntg1K20,38,157,255,359,364,376,388,396R-TAP, 
CEN, URA3, ampR This study 

pD0460 Tet-Off ntg1K20,38,194,255,359,364,376,388,396R-TAP, 
CEN, URA3, ampR This study 

pD0461 Tet-Off ntg1nls-TAP, CEN, URA3, ampR This study 
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Table 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 CCGTTTTACAAATCAATGAGACCAGATTAGACGAATTGATTCATT

CAG 

K194R-R CTGAATGAATCAATTCGTCTAATCTGGTCTCATTGATTTGTAAAA
CGG 

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 

pD0461 
NTG1-NLS2-F GAATCAGAACTCCTACCGGAGGCAGCGACCAAAATCAAACAAG 

NTG1-NLS2-R CTTGTTTGATTTTGGTCGCTGCCTCCGGTAGGAGTTCTGATTC 
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8. Figures 

Figure 1 

 

Figure 1 Legend:  Induction of Ntg1 sumoylation.  Immunoblot analyses of Ntg1-TAP 

(A) and Tet-Off Ntg1-TAP (B and C) strains utilizing an antibody to the calmodulin 

domain of TAP.  A.  Cells were either exposed to 20 mM H2O2 or water for two hours in 

DSC0297.  Ntg1-TAP indicates unmodified Ntg1 while Smt3-Ntg1-TAP indicates 

sumoylated products.  B.  A time course where tet-Ntg1-TAP (DSC0295) or -Control 

(DSC0313)  cells were exposed to 20 mM H2O2 for either 0, 15, 60, 120, 180, 240, or 360 

minutes.  Ntg1-TAP indicates unmodified Ntg1 while Smt3-Ntg1-TAP indicates 

sumoylated products.  C.  The ability of different agents to induce Ntg1 sumoylation was 

examined.  Cell were treated for two hours with the indicated agents and concentration.  

Abbreviations: -Ctrl, negative control; H2O2, hydrogen peroxide; Para, paraquat; Mena, 

menadione bisulfite; As2O3, arsenic trioxide; EtOH, ethanol; SDS, sodium dodecyl 

sulfate; FBS, fetal bovine serum; and NT, no treatment.  
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Figure 2 

 

Figure 2 Legend:  The sumoylation pathway and Ntg1.  Immunoblot analysis of 

overexpressed Ntg1-TAP utilizing an antibody to the calmodulin domain of TAP in the 

indicated background strain. A.  The effect of each SUMO protease (ulp1-ts and ulp2Δ) 

mutant on Ntg1 sumoylation was examined.  B.  The effect the E3 ligases Siz1 and Siz2 

have on the induction of Ntg1 sumoylation by hydrogen peroxide was determined.  Smt3-

Ntg1-TAP indicates sumoylated Ntg1, while Ntg1-TAP indicates unsumoylated Ntg1.  

The upper and lower portions of the blot at the same immunoblots show at different white 

levels. C.  Quantitation of each Ntg1 band from part A as a percent of total Ntg1. D.  

Quantitation of each Ntg1 band from part B as a percent of total Ntg1.  Ntg1 indicates 

unsumoylated Ntg1, Ntg1-Smt3 indicates monosumoylated Ntg1, Ntg1-Smt3-Smt3 

indicates disumoylated Ntg1, and Ntg1-Smt3-Smt3-Smt3 indicates trisumoylated Ntg1. 
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Figure 3 

 

Figure 3 Legend:  Examination of multiply sumoylated Ntg1.  A. Immunoblot 

analysis of overexpressed Ntg1-TAP utilizing an antibody to the calmodulin domain of 

TAP in -Ctrl (DSC0527), +Ctrl (DSC0538), and three different isolates (1,2 and 3) of the 

smt3allR (DSC0539) polysumolation incompetent mutant background.  Ntg1-Smt3-TAP 

indicates sumoylated Ntg1, while Ntg1-TAP indicates unsumoylated Ntg1. The upper 

and lower portions of the blot are the same immunoblots show at different white levels. 

B.  Quantitation of each Ntg1 band from part A as a percent of total Ntg1. 
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Figure 4 

 

Figure 4 Legend:  Importance of Ntg1 localization on sumoylation.  A. Immunoblot 

analysis of overexpressed Ntg1-TAP utilizing an antibody to the calmodulin domain of 

TAP in three strains, two testing the induction of Ntg1 sumoylation by hydrogen peroxide 

Ctrl 1 (DSC0537) and Ctrl 2 (DSC0538), and one tested in the ulp1-ts background 
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(DSC0540).  Ntg1-smt3 represents monosumoylated Ntg1 while Ntg1 represents 

unsumoylated Ntg1. B.  Quantitation of each Ntg1 band from part A as a percent of total 

Ntg1. C.  Quantitation of total Ntg1 for each condition in part A normalized to a loading 

control and presented as a percent of total Ntg1 for wild type Ntg1 compared to cNLS 

deficient Ntg1.  Abbreviations: wild type Ntg1 (WT) and nuclear localization sequence 

mutant Ntg1 (nls). 
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Figure 5 

 

Figure 5 Legend:  Predicted Ntg1 sumoylation sites.  A.  Schematic representation of 

Ntg1 features. B.  Putative sumoylation sites identified using a conglomeration of the five 

prediction programs (SUMOsp 1.0, SUMOsp 2.0, SUMOplot, SUMOpre, and PCI-

SUMO), ranked according to a cumulative sum of all program scores with weights of 0 

(none), 1 (weak), or 2 (strong) assigned to each Ntg1 lysine based upon the respective 

output of each program [59-61].  
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Figure 6 

 

Figure 6 Legend:  Ntg1 sumoylation dynamics.  Immunoblot analyses utilizing an 

antibody to the calmodulin domain of TAP and their quantifications using overexpressed 

Ntg1-TAP and Ntg1-TAP lysine to arginine substitution mutants in the ulp1-ts 

background.  Ntg1-Smt3 indicates sumoylated Ntg1, while Ntg1 indicates unsumoylated 

Ntg1. A.  Ntg1 wild type (WT) and Ntg1 single lysine to arginine substitution mutants. B.  

Ntg1 wild type (WT) and Ntg1 with multiple lysine to arginine substitution mutations. C.  

Quantification of select Ntg1-TAP mutants from part A and B indicating the percent of 

mono-, di-, and trisumoylated Ntg1 compared to total. D.  Immunoblot showing the loss 
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of disumoylation in both the Ntg1K20,38R-TAP and Ntg1K20,38,396R-TAP mutants. E.  

Quantification of part D. F.  Immunoblot showing the barely detectable level of 

monosumoylation in Ntg1-TAP with lysine to arginine amino acid substitutions made at 

nine out of ten putative sumoylation sites. 
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Figure 7 

 

Figure 7 Legend:  Summary of all Ntg1 amino acid substitutions.  Schematic 

representation of quantitative monosumoylation analysis of Ntg1 amino acid substitution 

mutants.  Colored squares in a column correspond to the extent loss of Ntg1 

monosumoylation (0 – 100%) for individual Ntg1 lysine to arginine amino acid 

substitution mutants with each row representing a putative Ntg1 sumoylation site and its 

mutation status (colored or not). 
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Figure 8 

 

Figure 8 Legend:  Model of Ntg1 sumoylation.  A space filled homology model of 

Ntg1 (green) is depicted representing the first 359 amino acids (protein body).  Amino 

acids 360 – 399 (protein tail) were artificially added as an unstructured domain based 

upon predictive protein folding (Phyre 2.0) [79].  A space filled crystal structure of smt3 

is shown (light blue) [80].  Briefly, Ntg1 is sumoylated by the E3 ligases Siz1 and Siz2 in 

response to oxidative stress in either a mono- (middle bottom), or multisumoylated 

(middle top) manner.  Desumoylation is carried out by the SUMO protease Ulp1.  In the 

absence of Ulp1 steady-state levels of sumoylated Ntg1 increase.  Amino acid 

substitution of Ntg1 sumoylation sites indicates that K396 is the primary site of 

monosumoylation with K20, K38, K376, and K388 also being major secondary sites of 
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sumoylation.  K157, K194, K255, K359 and K364 are tertiary sites only becoming 

sumoylated when the primary and secondary sites are absent. 
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Chapter 5 

Conclusions and Future Directions 
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Reactive oxygen species (ROS) are generated under normal cellular conditions as 

a byproduct of cellular metabolism.  They are also created by exogenous sources such as 

UV light, ozone, ionizing radiations, metals, pesticides, air pollutants or pharmaceutical 

drugs [1-4].  ROS can induce a state of oxidative stress by damaging cellular 

macromolecules including lipids, proteins, RNA, and the focus of this body of work, 

DNA [5].  Oxidative DNA damage is thought to be one of the most frequent types of 

spontaneous DNA damage.  More than 90,000 oxidative lesions are estimated to arise per 

mammalian cell per day [6, 7].  Unrepaired oxidative DNA lesions cause mutations and 

blocks to replication, which ultimately lead to cell death.  Consequently, they are 

associated with aging and numerous human pathologies, including cancer and other 

degenerative disorders [6, 8-12].  The primary responsibility of the base excision repair 

pathway (BER) is to efficiently repair such oxidative lesions in order to maintain genome 

integrity and prevent disease [13, 14]. 

Eukaryotic DNA is located in two distinct compartments of the cell, the nucleus 

and the mitochondria.  Each of these organelles has potentially different levels of DNA 

damage that are generated by their unique oxidative environments [15].  The BER 

pathway is the only pathway present in the mitochondria capable of repairing oxidative 

lesions, because the nucleotide excision repair (NER) pathway is absent from the 

mitochondria altogether [16].  BER has to be tightly regulated in order to coordinate the 

localization of BER proteins, a process which is necessary for the maintenance of 

genomic stability.  Despite the importance of BER in this role, very little was known 

prior to these studies concerning BER regulation. 
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The studies presented in this dissertation address the role of oxidative stress as it 

relates to the regulation of the Saccharomyces cerevisiae BER protein, Ntg1.  The 

findings fall into one of two distinct but possibly related pathways for regulation, which 

are dynamic localization and the post-translational modification, sumoylation.  

Specifically, dynamic localization of Ntg1 leads to the accumulation of Ntg1 in either the 

nucleus or the mitochondria in response to oxidative stress within an organelle [17].  

Dynamic localization to the mitochondria, in addition to oxidative stress, relies upon the 

presence of mitochondrial DNA [17].  This result suggested that oxidative DNA damage 

is necessary to trigger dynamic localization of Ntg1 to either the mitochondria or the 

nucleus.  Beyond the requirements of oxidative stress and the presence of DNA, we 

found that the following sequences within Ntg1 are necessary for dynamic localization:  

the classical bipartite nuclear localization sequence (cNLS) and the mitochondrial matrix 

targeting sequence (MTS) [18].  Furthermore, the classical nuclear import proteins 

importin α and β are necessary responders for nuclear dynamic localization of Ntg1 [18].  

Finally, we found that the nucleus and the mitochondria compete for the pool of Ntg1.  

More specifically, oxidative stress alters the localization equilibrium of Ntg1, and leads 

to an organelle-specific increased repair capacity in order to maintain genomic stability 

[18].   

Sumoylation is the second mechanism of Ntg1 regulation that we examined in this 

study.  We found that Ntg1 is sumoylated in response to oxidative stress by the E3 ligases 

Siz1 and Siz2, and that it is desumoylated by Ulp1 [17].  This event occurs on any of five 

sumoylation consensus sequences present at either the N- or C-termini of the protein.  

Sumoylation of these five sites occurs in a complex manner with specific 
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multisumoylation products that require particular sumoylation sites.  Interestingly, Ntg1 

sumoylation is associated with nuclear localization of Ntg1.  This observation suggests 

that sumoylation may be linked to nuclear dynamic localization in response to oxidative 

stress.  These two separate mechanisms of BER regulation that result from oxidative 

stress, provide insight into our understanding of BER regulation as a whole.  We 

hypothesize that these are features of general BER regulation.  

Identification of novel means of regulating BER.  The data in Chapter 2 of this 

dissertation identifies two separate but possibly related means of BER regulation: 

dynamic localization and sumoylation.  Oxidative stress appears to play a key role in the 

regulation of these responses, which suggests that it is central to the regulation of BER as 

a whole.  When there is an increase of nuclear oxidative stress that leads to an increase in 

nuclear oxidative DNA damage, Ntg1 dynamically localizes to the nucleus, and Ntg1 is 

extensively sumoylated (Chapter 2, Figures 3 and 7).   

In Chapter 2 the focus was on the dynamic localization of Ntg1, and on the origin 

of this dynamic localization response.  To address this, rho0
 cells were employed and it 

was established that the presence of mitochondrial DNA is required for mitochondrial 

dynamic localization.  These results suggest that the DNA damage is also required for 

nuclear dynamic localization (Chapter 2, Figure 4) [17].  We also hypothesize that 

nuclear and mitochondrial oxidative DNA damage signals, (NODDS) and (MODDS) 

respectively, are responsible for mediating dynamic localization.  Two questions arise 

from this hypothesis.  First, “how do proteins respond to NODDS and MODDS?”, and 

second, “what is the overall impact that dynamic localization has on genomic stability?” 
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Characterization of the Ntg1 dynamic localization response and its components.  

As a follow-up to the prior work, Chapter 3 focuses on defining the elements driving 

dynamic localization and illustrates its importance.  In the first part of this study we 

investigated the manner by which Ntg1 is targeted for dynamic localization by NODDS 

and MODDS.  Here, we identified the functional cis-acting bipartite cNLS and the MTS 

and the trans-acting nuclear import factors importin α and β (Chapter 3, Figures 1 and 3) 

[18].  These components are all required for dynamic localization, which suggests that 

dynamic localization uses the inherent import pathway of a protein.  Furthermore, 

importin α and β are critical responders to NODDS and MODDS [18].  This finding 

signifies that nuclear dynamic localization of Ntg1 functions either by increasing the rate 

of Ntg1 classical nuclear import, or that it functions by decreasing nuclear export.  We 

further studied the biological significance of dynamic localization by using mutant Ntg1 

proteins.  These mutants have altered cNLS or MTS sequences.  These mutants were 

expressed in a repair compromised background as the sole copy of Ntg1 allowing us to 

determine the contribution of dynamic localization to genomic stability.  When either the 

cNLS or MTS was lost, Ntg1 no longer responded to NODDS and MODDS 

(respectively), which caused an increase in nuclear mutation rates or mitochondrial 

mutation frequencies as well as an increase in the cytotoxicity of DNA damaging agents 

(Chapter 3, Figure 5 and Table 2) [18].  These data show that dynamic localization is 

critical to genome integrity. 

Overall these findings suggest that there are many other factors involved in the 

dynamic localization process, which indicates that many responders to NODDS and 
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MODDS have not yet been identified.  One possible way to determine which proteins are 

responders to NODDS and MODDS is to identify Ntg1 interacting factors comparing 

control and oxidative conditions.  Furthermore, this approach should employ either total 

cell lysates or fractionated nuclear, mitochondrial, or cytoplasmic lysates   

In addition to the responders, the NODDS and MODDS signal transducers have 

not been identified.  There are two non-mutually exclusive hypotheses concerning the 

identity of NODDS and MODDS, both of which are consistent with the idea that the 

presence of DNA is required.  The first hypothesis is that DNA lesions themselves are 

initiators of NODDS and MODDS.  This concept relies upon a central transducer protein 

that recognizes abasic sites.  The hypothesized transducer protein will translate the 

detected abasic site into a DNA repair signal that recruits other BER proteins.  The 

second hypothesis is that ROS are part of NODDS and MODDS.  This notion relies upon 

the observation that oxidative DNA damage results in the production of ROS [19, 20].  

There are several examples that support the latter hypothesis.  In these examples, post-

translational modifications to proteins are driven by ROS, consequently causing changes 

in activity, abundance, localization, and interactions with other proteins [21, 22].  This 

hypothesis hinges upon unique redox sensor proteins, associated with either nuclei or 

mitochondria.  These proteins transform the ROS signal and recruit BER proteins in an 

organelle-specific manner. 

 

Characterization of the Ntg1 sumoylation response mechanism.  The data 

presented at the end of Chapter 2 provides a possible link between SUMO modification 
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and the dynamic localization of Ntg1 observed in response to oxidative stress.  The 

conclusions drawn in this section come from the observation that a mutation in the 

putative sumoylation site, K364, alters the Ntg1 dynamic localization pattern.  This data 

strongly suggests that sumoylation is required for proper nuclear dynamic localization 

(Chapter 2, Figure 8) [17].  As a follow up of this observation, Chapter 4 defines the 

mechanism and sites of Ntg1 sumoylation and in doing so uncovers intriguing details 

about sumoylation dynamics.   

 Surprisingly, when we investigated potential sumoylation sites, we discovered 

that K364 is not the sole site of Ntg1 sumoylation in response to oxidative stress, nor is it 

even a primary site, as Ntg1 is still monosumoylated when K364 is altered to a non-

sumoylatable arginine (Chapter 4, Figure 7).  This discovery however, does not rule out 

the possibility that multisumoylation is required for nuclear dynamic localization of Ntg1.  

The latter point requires additional investigation.  In an effort to completely understand 

Ntg1 sumoylation, we further characterized Ntg1 sumoylation sites.  In doing so, we 

identified K20, K38, K376, K388 and K396, with K396 as the primary sites of 

monosumoylation (Chapter 4, Figure 6B,C).  Multisumoylated Ntg1 is created by the 

addition of extra SUMO modifications to different sumoylation sites.  Interestingly, 

disumoylation of Ntg1 requires either K20 or K38 while trisumoylation does not (Chapter 

4, Figure 6B-E).  Tandem mass spectrometry analysis of purified mono-, di-, and 

trisumoylated Ntg1 is necessary for us to better understand the complexities of Ntg1 

sumoylation.  Use of mass spectrometry would allow us to identify the different 

populations of post-translationally modified Ntg1 in vivo.  This technique will further 

provide valuable information about the sumoylation attachment sites and about the 
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presence and location of polymeric SUMO chains.  As, this experiment is technically 

challenging, we also consider other approaches that could be employed to address these 

questions.   

Structural studies are another important approach we can use to further our 

understanding of how sumoylation alters the function of Ntg1.  Protein homology 

modeling and predictive protein folding algorithms are two methods we have used to 

construct predicted Ntg1 protein structures (Figure 1).  Both of these methods have 

advantages and disadvantages.  The protein homology model was made by aligning Ntg1 

to the crystal structure of the structurally related MutY protein from Geobacillus 

stearothermophilus.  This method provided a model of the first 359 amino acids of Ntg1.  

The core of this amino acid sequence aligns well with crystal structures of endonuclease 

III.  The major drawback of this model is that it does not predict the structure of the C-

terminus.  This makes it impossible to guess how the C-terminus interacts with the rest of 

the protein and ultimately how C-terminal sumoylation alters Ntg1 function.   

We generated the predictive protein folding model using the Phyre 2.0 server.  In 

the resulting model 77% of the amino acids were modeled with greater than 90% 

confidence [23].  However, the remaining 23% of amino acids, which have very low 

confidence values, primarily comprise both the N- and C-termini, the regions that are of 

greatest interest for localization and sumoylation.  This modeling produced a structure 

that at its core closely resembles crystal structures of other glycosylases, but with 

unstructured termini.  The notion that Ntg1 termini are unstructured supports our 

observations that these termini are regulatory regions, because unstructured domains are 

often associated with regulatory regions of a protein [24].  Consistent with this 
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observation, Ntg1 has four regulatory regions at the N-terminus, the MTS, the bipartite 

cNLS, and two different sumoylation sites.  Furthermore, Ntg1 contains three regulatory 

regions at the C-terminus in the form of three sumoylation sites.  All five consensus 

sumoylation sequences fall within these predicted unstructured regions, which appears 

appropriate given that the sumoylation machinery prefers less rigid protein structures [25, 

26].  These models of Ntg1 lead us to hypothesize that Ntg1 sumoylation does one of 

three things: it interferes with protein binding to the Ntg1 intracellular targeting signals; it 

creates new protein-protein interactions; or it changes how Ntg1 interacts with DNA.   

The interaction between Ntg1 and the sumoylation machinery is one of the 

focuses of Chapter 4.  In these studies we discovered that two E3 ligases, Siz1 and Siz2, 

are predominantly responsible for Ntg1 sumoylation.  We also discovered that Ulp1 is 

responsible for Ntg1 desumoylation (Chapter 4, Figure 2A-D).  In addition to identifying 

the main players in Ntg1 sumoylation, we also uncovered the role of oxidative stress in 

the induction of Ntg1 sumoylation.  In these studies we used the following agents: 

hydrogen peroxide; the oxidative stress agents menadione bisulfate and paraquat; the 

osmotic stress agents sodium dodecyl sulfate (SDS) and ethanol; and the hyphal stress 

agent fetal bovine serum (FBS) (Chapter 4, Figure 1C).  Only hydrogen peroxide induced 

high levels of Ntg1 sumoylation, while menadione bisulfite, paraquat, ethanol, and FBS 

induced low levels of sumoylation.  These results suggest that hydrogen peroxide 

specifically triggers the sumoylation of Ntg1, and that other agents could indirectly cause 

sumoylation.  We hypothesize that these agents do so because they induce cell stress 

which in turn leads to a secondary ROS response [19, 20].  One potential mechanism of 

hydrogen peroxide induced Ntg1 sumoylation is through the inactivation of Ulp1 by 
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oxidation of the Ulp1 active site cysteine [27].  This notion is supported by the data from 

the ulp1-ts background where in the absence of Ulp1 function, Ntg1 sumoylation levels 

are equal to or higher than the maximal hydrogen peroxide induced sumoylation (Chapter 

4, Figure 2A-D).  Other inducers ofNtg1 sumoylation may also exist.  These could 

include other stress agents or certain growth conditions.  In one recent study, 

investigators observed such a finding.  In that study, Ntg1 sumoylation was induced by 

treating exponentially growing cells with methyl methanesulfonate (MMS), which causes 

replication stress [28].  The sumoylation response was observed using immunoblot assays 

with purified protein extracts [28].  Furthermore, that study identified three other yeast 

BER proteins, Apn1, Ogg1, and Mag1 that undergo protein sumoylation under the same 

conditions, thus supporting the idea that BER as a whole is regulated by sumoylation 

[28]. 

The mechanism by which sumoylation regulates BER proteins is unknown.  

However, we have now identified the sites of Ntg1 sumoylation, which is critical for 

future studies addressing how sumoylation regulates BER.  One obvious future direction 

is to create Ntg1 SUMO mutant constructs that are integrated into the genome or that are 

tagged with GFP.  These integrated constructs should be assayed for nuclear mutation 

rates, mitochondria mutation frequencies, and agent induced cytotoxicity in a repair 

compromised background to help us understand the contributions of Ntg1 sumoylation on 

the critical cellular roles of Ntg1.  The GFP constructs will allow for any link between 

sumoylation and dynamic localization to be found.  Since Ntg1 is 399 amino acids in 

length and K396 is the major site of monosumoylation, an artificial Ntg1 C-terminal 
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SUMO fusion construct could help in determining whether Ntg1 has different cellular 

localization or enzymatic activity when it is sumoylated. 

 

Generality of regulatory mechanisms in BER.  The work presented in this 

dissertation focuses on Ntg1 as a model for BER regulation.  In this work we identified 

two possibly related mechanisms of regulation.  However, further investigation is 

required to determine whether dynamic localization and/or sumoylation function as 

general BER regulatory mechanisms.  We used a candidate approach in an effort to 

identify further yeast BER proteins that are regulated in a similar manner to Ntg1.  For 

this approach we used predictive programs to determine whether any other BER proteins 

contain putative cNLSs, MTSs, or sumoylation sites in a pattern similar to that of Ntg1.  

Only Ung1 and Ogg1 have a similar pattern.  Ung1, like Ntg1, has partially overlapping 

nuclear and mitochondrial localization sequences, and both Ung1 and Ogg1 have 

multiple putative sumoylation sites.  These finding make Ung1 and Ogg1 prime 

candidates for future work.  The paralog of Ntg1, Ntg2 localizes only to the nucleus and 

is not subject to dynamic localization (Chapter 2, Figure 1) [17].  Interestingly however, 

Ntg2 is also sumoylated, which suggests that sumoylation and dynamic localization are 

distinct mechanism for BER regulation (Chapter 2, Figure 6) [17].  The human homolog 

of Ntg1 and Ntg2, human thymine glycol-DNA-glycosylase (NTHL1), localizes to both 

nuclei and mitochondria, thus making it a leading candidate for translating this work into 

a human system [29-31]. 
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Significance of BER regulation to human disease.  There are many examples in 

primary cancers where the activity, expression, or localization of specific BER proteins is 

altered or lost [32-38].  These observations suggest that misregulation of BER has 

significant biological consequences.  For example, in a subset of human lung cancer 

tumors, nuclei show increased NTHL1 and human 8-oxoguanine DNA glycosylase 

(OGG1) repair activity, while this activity is reduced in their mitochondria [32, 33].  In 

gastric cancers, the enzyme NTHL1 is often lost in the nucleus, which is the result of 

global down-regulation of steady-state protein levels, or abnormal localization of NTHL1 

to the cytoplasm [34, 35].  The latter is observed in a significant number of primary 

gastric cancers [34].  There are also examples of BER dysfunction in neurodegenerative 

disorders [36, 37].  For example, the activities of the human uracil DNA glycosylase, 

(UNG), and of OGG1 are decreased in Alzheimer’s patients [38].  These examples 

exemplify the importance of regulating both the function and localization of repair 

proteins in order to maintain genomic stability because when repair capacity decreases in 

either the nucleus or the mitochondria disease is often the result.  Dynamic localization 

and sumoylation are two mechanisms of BER regulation that need to be further 

investigated in order to understand the entirety of their impact on genomic stability in 

both yeast and in humans.   

Integrated model of BER regulatory mechanisms.  Many details about the 

regulation of BER remain unknown.  However, the work presented in this dissertation 

provides novel insight into some of these details.  More specifically in this work we 

elucidate the role that dynamic localization and sumoylation play in BER regulation.  Our 

model places oxidative stress at the forefront of BER regulation, since it triggers dynamic 
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localization and sumoylation (Figure 2).  In the case of dynamic localization, oxidative 

stress causes DNA damage and is generated in response to DNA damage, leading to the 

formation of either NODDS or MODDS.  NODDS and MODDS function through 

different responder proteins, and they lead to an increase in nuclear or mitochondrial 

BER protein levels.  NODDS specifically, lead to an increased nuclear concentration of 

BER proteins; it does so by increasing nuclear import, decreasing mitochondrial import, 

or decreasing nuclear export.  MODDS characteristically lead to increased mitochondrial 

BER protein concentration by facilitating mitochondrial import or by decreasing nuclear 

import.  In both cases, changes in localization are the result of post-translational 

modifications (PTMs), such as oxidation or sumoylation.  These modifications drive or 

impede interactions of the import machinery with either cNLSs or MTSs.  In the case of 

sumoylation, oxidative stress directly oxidizes proteins, consequently promoting a 

sumoylation response.  Sumoylated proteins are associated with the nucleus and may be 

directly related to dynamic localization.  On the other hand, sumoylated proteins may 

alter protein function by changing enzymatic activity, substrate specificity, protein 

longevity, nucleocytoplasmic trafficking, transcriptional regulation, and/or subnuclear 

localization.  Deregulation of either pathway results in increased genomic instability, 

promoting cancer and other neurodegenerative diseases.  
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Figure 1 

 

Figure 1 Legend: Protein models of Ntg1.  A.  Protein homology model containing the 

first 359 amino acids of Ntg1, made by aligning Ntg1 to the crystal structure of MutY 

from Geobacillus stearothermophilus [39]. B.  Predictive protein folding model 

containing all 396 amino acids of Ntg1 made using the Phyre 2.0 server [23].  77% of the 

amino acids were modeled with greater than 90% confidence while the remaining 23% of 

amino acids are predicted with very low confidence comprising both the N- and C-

termini. 

  



230 
 

Figure 2 

 

Figure 2 Legend:  Model of Novel BER Regulatory Mechanisms.  Oxidative DNA 

damage causes the production of reactive oxygen species (ROS) which in turn 

oxidatively damage DNA.  ROS function as a signaling molecule in order to regulate 

BER in one of two manners.  (1) By triggering the oxidation of Ulp1 leading to the 

sumoylation of BER proteins modulating protein localization, enzymatic turnover, 

protein-protein interactions, protein stability, or transcriptional activity.  (2)  By 
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generating Nuclear or Mitochondrial Oxidative DNA Damage Signals (NODDS or 

MODDS, respectively), driving dynamic localization of BER proteins.  Dynamic 

localization increases nuclear or mitochondria DNA repair capacity through post-

translational modifications (PTM) of BER proteins themselves, or to NODDS and 

MODDS responders such as importin α/β.  Oxidative DNA damage may directly generate 

NODDS and MODDS.  Sumoylation may act as PTMs to drive nuclear dynamic 

localization. 
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