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2. ABSTRACT 

 

 Reactive oxygen species (ROS) attack DNA and induce, among other 

lesions, about 1,000 7,8-dihydro-8-oxo-guanine (8-oxo-G) alterations per 

cell/per day. The presence of 8-oxo-G on the replicating strand leads to frequent 

(10-75%) misincorporation of adenine (A) opposite a lesion (formation of A:8-

oxo-G mispairs). In contrary to many other DNA damages, the A:8-oxo-G 

mispair is not detected by the 3’→5’ exonuclease proofreading activity of 

replicative DNA polymerases (pols) δ and ε, thus resulting in C:G to A:T 

transversion mutations. The subsequent repair mechanism allowing the removal 

of A and formation of C:8-oxo-G base pair is essential to prevent C:G to A:T 

transversion mutations. The MutY glycosylase homologue (MUTYH) is initiating 

the repair by recognizing A:8-oxo-G mispair and removing the A. During 

subsequent BER, a specialized repair DNA pol that will catalyze with high 

preference the accurate (incorporation of dCTP) bypass of 8-oxo-G is needed. 

Our laboratory has recently shown that the BER enzyme DNA pol λ, together 

with the auxiliary proteins replication protein A (RP-A) and proliferating cell 

nuclear antigen (PCNA), has the unique ability among human DNA pols to 

efficiently incorporate a C opposite an 8-oxo-G, with error frequencies in the 

range of 10-3. Although these data implicated that DNA pol λ plays a key role in 

the repair of oxidative damage, its function in the MUTYH initiated BER has not 

been explored so far.  

In the present work an accurate BER pathway for the repair of A:8-oxo-G 

mispairs coordinated by MUTYH and DNA pol λ is proposed. 

Immunofluorescence experiments, in the cells exposed to ROS, suggest the 

involvement of MUTYH and DNA pol λ in the 8-oxo-G repair. Additionally, upon 

treatment of the cells with H2O2, a dramatic increase in protein levels of MUTYH 

and DNA pol λ is observed, directly indicating the activation of MUTYH/DNA pol 

λ-dependent repair pathway. 

The cross-linking assay with human whole cell extracts provides and 

evidence, that MUTYH, DNA pol λ, PCNA, flap endonuclease 1 (FEN1) and 

DNA ligases I and III are the crucial components of A:8-oxo-G repair pathway. 

Moreover, by using a novel 8-oxo-G specificity assay and recombinant human 
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proteins each individual step of this repair pathway is characterized. In particular 

these steps are:  

i. the replicative enzyme DNA pol δ incorporates an incorrect dATP 

opposite 8-oxo-G;  

ii. MUTYH recognizes the A from the miscoded replication product;  

iii. apurinic endonuclease 1 (APE1) incises the apurinic site;  

iv. DNA pol λ in the presence of PCNA and RP-A efficiently incorporates the 

correct dCTP opposite a lesion and upon strand displacement adds an 

additional nucleotide;  

v. FEN1 cuts one nucleotide flap; 

vi. DNA ligase I preferentially seals the accurate (C:8-oxo-G), but not 

inaccurate (A:8-oxo-G) product. 

In summary, the data presented in this thesis suggest the existence of 

novel cellular response pathway to ROS, important to prevent C:G to A:T 

mutations formation and thereby to sustain genomic stability.  
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3. ZUSAMMENFASSUNG 

 

Die DNS wird ständig durch reaktive Sauerstoffradikale (ROS) attackiert, 

welche unter anderem zur Entstehung von etwa 1’000 sogenannten 7,8-dihydro-

8-oxo-Guanin (8-oxo-G) Schäden pro Zelle und Tag führen. Ein 8-oxo-G auf 

dem zu replizierenden DNS Strang führt häufig zum Fehleinbau von Adenin 

gegenüber dem 8-oxo-G Schaden, also zu A:8-oxo-G Basenpaaren. Im 

Gegensatz zu vielen anderen DNS Schäden wird die A:8-oxo-G Fehlpaarung 

nicht durch die exonukleolytische Korrekturlesefunktion der replikativen DNA-

Polymerasen (pols) δ und ε erkannt, was zur Entstehung von C:G zu A:T 

Transversionen führen kann. Der Reparaturmechanismus, der die Entfernung 

von A gegenüber 8-oxo-G erlaubt, ist von höchster Wichtigkeit, um die 

Entstehung solcher C:G zu A:T Transversionen zu verhindern. Dieser 

Mechanismus wird durch die MutY Glycosylase (MUTYH) initiiert, welche das 

fehlgepaarte A gegenüber von 8-oxo-G erkennt und entfernt. In der daraufhin 

folgenden Basenexzisionsreparatur (BER) wird eine auf die DNS-Reparatur 

spezialisierte DNA pol, die eine hohe Präferenz für den Einbau der korrekten 

Base C gegenüber 8-oxo-G aufweist, gebraucht. Unser Labor hat kürzlich 

gezeigt, dass das BER Enzym DNA pol λ in Zusammenarbeit mit den 

Kofaktoren Replikations Protein A (RP-A) und dem Kenrantigen aus 

proliferierenen Zellen (PCNA), eine einzigartig hohe Präferenz für den Einbau 

des korrekten C gegenüber von 8-oxo-G aufweist. Die Fehlerrate von pol λ beim 

Einbau gegenüber von 8-oxo-G liegt im Bereich von 10-3
. Obwohl diese Daten 

dafür sprechen, dass DNA pol λ eine Schlüsselrolle in der Reparatur von 

oxidativen Schäden spielt, wurde ihre Rolle in der durch MUTYH initiierten BER 

bisher noch nicht im Detail erforscht. 

In der vorliegenden Dissertationsarbeit wird das Vorhandensein einer 

exakten BER-Maschinerie für die Reparatur von A:8-oxo-G Fehlpaarungen, die 

durch MUTYH und DNA pol λ koordiniert wird, vorgeschlagen. 

Immunfluoreszenz-Experimente in Zellen, die ROS ausgesetzt wurden, weisen 

auf eine Involvierung von MUTYH und DNA pol λ in der Reparatur von 8-oxo-G 

hin. Zusätzlich wurde eine dramatische Erhöhung der Proteinmengen von 
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MUTYH und DNA pol λ in H2O2 behandelten Zellen beobachtet, was direkt auf 

die Aktivierung einer MUTYH/DNA pol λ-abhängigen Reparaturmaschinerie 

hinweist. 

Ein Experiment, in dem Proteine mit der DNS verknüpft werden zeigt, 

dass MUTYH, DNA pol λ, PCNA, flap endonuklease 1 (FEN1) und die DNA 

ligase I und III wichtige Komponenten der A:8-oxo-G Reparaturmaschinerie 

darstellen. Des Weiteren wurde jeder einzelne Schritt dieses 

Reparaturmechanismus mit Hilfe von rekombinanten menschlichen Proteinen 

und mittels eines neuartigen 8-oxo-G Spezifitäts-Assays charakterisiert. Im 

Detail sind dies die folgenden Schritte. 

i. Die replikative DNA pol δ inkorporiert ein inkorrektes dATP gegenüber 

von 8-oxo-G; 

ii. MUTYH erkennt und entfernt die fehlgepaarte Base A; 

iii. Apurinische endonuklease 1 (APE1) schneidet die apurinische Stelle ein 

iv. DNA pol λ inkorporiert in Zusammenarbeit mit PCNA und RP-A effizient 

ein korrektes C gegenüber dem Schaden und fügt nach darauf folgender 

Strangdislokation noch ein weiteres Nukleotid ein; 

v. FEN1 schneidet den um 1 Nukleotid überstehenden Strang ab; 

vi. DNA ligase I versiegelt bevorzugt das korrekte (C:8-oxo-G), aber nicht 

das inkorrekte (A:8-oxo-G) Produkt. 

Zusammenfassend weisen die Daten in der vorgelegten Dissertation auf die 

Existenz einer neuartigen zellulären Antwort auf ROS hin, welche wichtig ist, um 

C:G zu A:T Transversionen zu verhindern und somit die genomische Stabilität 

zu erhalten. 
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4. ABBREVIATIONS 

 

A   adenine 
AP   apurinic/apyrimidinic 
APC   adenomatous polyposis coli 
APE1   apurinic/apyrimidinic endonuclease 1  
BER   base excision repair 
BRCT  BRAC1 (breast-cancer-susceptibility protein-1) C-terminal 

domain 
C  cytosine 
CDK   cyclin dependent kinase 
CPD    cyclobutane pyrimidine dimer 
dATP   deoxyadenosine triphosphate 
dCTP   deoxycytidine triphosphate 
DHU   5,6-dihydrouracil 
DNA   deoxyribonucleic acid 
DNA pol  DNA polymerase 
dNTP   deoxyribonucleotide triphosphate 
ds   double strand 
εA   ethenoadenine 
DSBR   double strand break repair 
faPyG   2,6-diamino-4-hydroxy-5-N-methylformamidopyrimidine 
FEN1   flap endonuclease 1 
G   guanine 
HhH   helix-hairpin-helix 
H2O2   hydrogen peroxid 
IR   ionising radiation 
kDa   kilodalton  
LP-BER  long patch base excision repair 
M   molar (concentration) 
MAP   MUTYH-associated polyposis  
mol   mole(s) 
MTH1   8-oxo-G dGTPase 
MUTYH  MutY glycosylase homologue 
NEIL   endonuclease VIII (Nei)-like protein 
NER   nucleotide excision repair 
NHEJ   non-homologous end-joining 
nt   nucleotide 
NTase   nucleotidyltransferase 
O6-mG  O6-methylguanine 
⋅O2   peroxide radical 
⋅OH   hydroxyl radical 
PCNA   proliferating cell nuclear antigen 
PNK   polynucleotide kinase 
Ref-1   redox factor 
RF-C   replication factor C 
ROS   reactive oxygen species 
RP-A   replication protein A 
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SP-BER  short patch base excision repair 
ss   single strand 
SSB   single strand binding protein 
T   thymine 
TG   thymidine glycol 
UNG   uracil DNA glycosylase 
WCE   whole cell extract 
XRCC1  X-ray repair cross complementing 1 protein 
1-mA   1- methlyadenine 
3-mA   3- methlyadenine 
5’dRp   deoxyribose-5’-phosphate 
5-foU   5-formyluracil 
5-ohC   5-hydroxycytosine 
6-4 PD  6-4 pyrimidine dimer 
8-oxo-G  7,8-dihydro-8-oxo-guanine 
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5. INTRODUCTION 

 

5.1. DNA Base Damage 

  DNA is a dynamic structure, subjected to a constant changes. Some of 

these changes are alterations in the chemistry of the normal nucleotides, also 

known as DNA damage (1). Depending on the source, DNA damage can be 

classified in two major classes: (i) spontaneous and (ii) environmental (2). 

 Three out of four bases normally present in the DNA, cytosine (C), 

adenine (A) and guanine (G), contain amino groups. The loss of these groups 

can occur spontaneously in pH- and temperature-dependent reactions of DNA. 

The result is the conversion of affected bases to uracil, hypoxanthine, xanthine 

and thymine (T) (Figure 1), respectively. Products of deamination present 

lesions that can during DNA synthesis result in altered base pairing and lead to 

mutations (3,4). 

One of the most frequent types of endogenous damage are 

apurinic/apyrimidinic (AP) sites (1). The AP sites can arise at a substantial rate 

during spontaneous hydrolytic DNA depurination or depyrimidination. AP sites 

are also present as the central intermediates during base excision repair (BER). 

These sites are dangerous lesions, that block normal DNA replication, with 

cytotoxic and mutagenic consequences (5). Oxidative damage to DNA, 

produces structurally distinct abasic sites, known as oxidized AP sites. Such 

sites are 2-deoxyribonolactone and lesions at DNA strand breaks, such as 

3’phosphoglycolate esters. 

Enzymatic methylation of DNA bases, predominantly C, plays an 

important role in gene regulation. However, the nonenzymatic alkylation from 

endogenous sources or exposure to DNA alkylating agents leads to the 

formation of cytotoxic and mutagenic products (6,7). Methyl groups bound 

covalently to DNA bases result frequently in formation of mutagenic lesions, 

such as 3-methyladenine, O6-methylguanine, 1-methlyadenine and N-

methylated-2,6-diamino-4-hydroxy-5-formamidopyrimidine (Figure 1).  
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Figure 1. Examples of common base damages in genomic DNA. 8-oxo-G, 7,8-
dihydro-8-oxo-guanine; faPyG, 2,6-diamino-4-hydroxy-5-N-methylformamidopyrimidine; 
AP site, apurinic/apyrimidinic site; 5-ohC, 5-hydroxycytosine; TG, thymidine glycol; 
DHU, 5,6-dihydrouracil; 1-mA, 1- methlyadenine; 3-mA, 3- methlyadenine; εA, 
ethenoadenine; O6-mG, O6-methylguanine; 5-foU, 5-formyluracil; 6-4 PD, 6-4 
pyrimidine dimer (here, thymine-thymine dimer [T(6-4)T]); CPD, cyclobutane pyrimidine 
dimer (here thymine-thymine dimer [T<>T]). Adopted from: Dalhus, B., Laerdahl, J. K., 
Backe, P. H. & Bjoras, M. (2009). DNA base repair - recognition and initiation of 
catalysis. FEMS Microbiol Rev (ahead of print). 
 

Besides deamination, spontaneous hydrolysis and nonenzymatic 

methylation, exposure to the reactive oxygen species (ROS) is considered to be 

the major source of spontaneous damage. ROS damage vital cellular 
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macromolecules such as, proteins, lipids and DNA (8). In the cells, oxygen 

radicals are probably the result of leakage associated with the reduction of 

oxygen to water during mitochondrial respiration. During this process singlet 

oxygen, peroxide radicals (·O2), hydrogen peroxide (H2O2) and hydroxyl radicals 

(·OH) are formed. The ROS can also be produced as a consequence of ionising 

radiation (IR), chemotherapeutic drugs and environmental exposure to transition 

metal and chemical oxidants (9,10). When ROS react with DNA, oxidized bases 

are generated (11). The most frequent oxidative lesions are 7,8-dihydro-8-oxo-

guanine (8-oxo-G), formamidopyrimidine, 2,6-diamino-4-hydroxy-5-

formamidopyrimidine and 4,6-diamino-5-formamidopyrimidine (12). Other 

important oxidative lesions include several premutagenic oxidized pyrimidines 

such as thymidine glycol, 5-hydroxycytosine, dihydrothymine and dihydrouracil 

(Figure 1). Persistence of oxidative DNA lesions in the genome can lead to point 

mutations. 

 DNA damage can also be caused by UV radiation. At the wave lengths 

(~260nm) that approach DNA absorption maximum, the adjacent pyrimidines 

become covalently linked. The structure formed by this photochemical 

cycloaddition is referred to as a cyclobutane dipyrimidine or pyrimidine dimer. 

The toxic effects of these unrepaired DNA lesions are commonly associated 

with transcription blockage and in addition, there is increasing evidence 

supporting a role for replication blockage as an apoptosis-inducing signal (13). 

 The variety of DNA damages must therefore be efficiently corrected by 

different DNA repair mechanisms in order for the genome to be faithfully 

reproduced, with a low rate of mutations, thus preventing cell death or an 

altered phenotype that can lead to cancer. 

 

5.2. Base Excision Repair 

 In order to repair DNA, cells have evolved different mechanisms. The 

BER pathway is the primary repair system involved in the removal of damaged 

DNA bases. In addition, several enzymes that remove endogenous damage 

by damage-specific endonuclease or by direct reversal activity, such as methyl 

transferases, photolyases and dioxygenases, complement the BER pathway.  
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Figure 2. Different base excision repair (BER) sub-pathways. A) Short-patch 
BER. B) Long-patch BER. For more details see the text. Adopted from: Fortini, P. & 
Dogliotti, E. (2007). Base damage and single strand break repair: mechanisms and 
functional significance of short- and long-patch repair subpathways. DNA Repair 
(Amst) 6, 398-409. 
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The BER pathway (Figure 2) is initiated by DNA glycosylases that 

recognize nucleotide lesions and excise the damaged DNA bases, by cleaving 

of the N-glycosylic bond between the 2’-deoxyribose and the damaged base 

(6,14,15). All organisms possess several DNA glycosylases that recognize 

and remove different DNA damages. The specificity of the BER pathway is 

determined by the type of glycosylase, that initiates it (6). DNA glycosylases 

are classified as mono- or bifunctional based on their reaction mechanism.  

The monofunctional DNA glycosylases attack the anomeric carbon of 

the damaged base with an activated water molecule, thereby creating a free 

base and an AP site. The major 5’ AP endonuclease, apurinic/apyrimidinic 

endonuclease 1 (APE1) utilizes the AP site and generates a DNA repair 

intermediate that contains a single strand (ss) break with 3’-hydroxyl and 5’-

deoxyribose-5’-phosphate (5’dRp) termini (16). The 5’dRp terminus is next 

excised by the dRp lyase activity of DNA polymerase (pol) β and a single 

nucleotide gap is created. The bifunctional DNA glycosylases, upon 

recognition and excision of the damaged base, incise, by an associated AP 

lyase activity (β elimination activity), the strand 3’ of the AP site. The remaining 

unsaturated 3’ abasic fragment becomes a substrate for the APE1 and thus a 

single nucleotide gap is produced. 

Further DNA repair is achieved through at least two distinct BER 

subpathways (i) short-patch BER (SP-BER) (Figure 2A) and (ii) long-patch 

BER (LP-BER) (Figure 2B). Distinct feature of these two subpathways is the 

size of the repair patch synthesized by repair DNA pol: (i) one nucleotide in the 

case of SP-BER (17), and (ii) two to twelve nucleotides in the case of LP-BER 

(18,19). DNA pol β is the major repair polymerase in SP-BER. However, in the 

LP-BER DNA pol β most likely incorporates the first nucleotide (20) and the 

elongation step is carried out by replicative DNA pol δ or ε. Additional players 

in LP-BER are (i) replication factor C (RF-C) that is required to load 

proliferating cell nuclear antigen (PCNA) onto the DNA, (ii) PCNA is the sliding 

clamp for DNA pols and (iii) flap endonuclease 1 (FEN1), a structure specific 

nuclease that excises the displaced oligonucleotide (21). The final ligation step 

is in SP-BER coordinated by DNA ligase III/X-ray repair cross complementing 

1 protein (XRCC1) complex (22) and in LP-BER by DNA ligase I (23). 
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Recently an APE1-independent BER pathway has been described (24). 

Upon base excision, the endonuclease VIII (Nei)-like proteins, NEIL1 and 

NEIL2, cleave DNA at the AP site by βδ elimination leaving at 3’ phosphate 

that is then removed by polynucleotide kinase (PNK) (Figure 2A, right track).  

It is important to notice that the mechanisms described above and 

presented in Figure 2 are the result of studies carried out in vitro by using 

mammalian extracts or purified proteins on synthetic DNA molecules 

containing single lesions. 

The importance of the proper functioning of the BER pathways is 

illustrated in the phenotypes seen in mouse knockout strains. BER defects 

appear to be incompatible with life. Mouse knockouts of genes coding for the 

core BER proteins; APE1 (25), DNA pol β (26), XRCC1 (27), FEN1 (28) and 

DNA ligase I (29), are embryonic lethal. So far, the targeted disruption of DNA 

glycosylases in the mouse genome has produced either an absent or a mild 

phenotype. This is likely due to the broad and partially overlapped substrate 

specificity of the different DNA glycosylases. Genetic diseases caused by 

mutations in BER genes are less common than those caused by mutations in 

other DNA repair pathway genes. However, 30% of all human tumours 

examined have variant (30) or misregulated DNA pol β proteins (31).  

 

5.3. The Special Problem of 8-oxo-guanine 

 DNA bases are particularly susceptible to oxidation mediated by ROS. 

The low redox potential of G makes this base especially vulnerable (32). The 

8-oxo-G is the most often generated oxidation product of G, arising by the 

introduction of oxo group on the carbon at position 8 (C8) and a hydrogen 

atom on the nitrogen at the position 7 (N7). The estimated steady-state level of 

8-oxo-G lesions is about 103 per cell/per day in normal tissues and up to 105 

lesions per cell/per day in cancer tissues (33). The presence of 8-oxo-G is 

often used as a cellular biomarker to indicate the extent of oxidative stress 

(34). The 8-oxo-G in syn conformation is particularly mutagenic because of its 

strong ability to functionally mimic T (Figure 3). In contrast to many other types 

of DNA damage, this structural feature allows the efficient, but inaccurate, 

bypass of 8-oxo-G by replicative DNA pols (35), resulting in a formation of 
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stable A(anti):8-oxo-G(syn) Hoogsteen mispair. These mispairs mimic normal 

base pairs and are not detected by the 3’→5’ exonuclease proofreading 

activity of the replicative DNA pols. In contrast, the formation of C(anti):8-oxo-

G(anti) base pair during DNA replication induces template and DNA pol 

distortions similar to those seen when the active site of DNA pol encounters 

mismatches.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Structure of 8-oxo-G containing base pairs. The structures of the C:G and 
A:T base pairs (top) are compared with those of C:8-oxo-G and A:8-oxo-G. 8-oxo-G 
(bottom) differs from G by an oxo croup at C8 and an NH at N7. This subtle change 
allows 8-oxo-G to base pair easily with either A or C. Adopted from: David, S. S., 
O'Shea, V. L. & Kundu, S. (2007). Base-excision repair of oxidative DNA damage. 
Nature 447, 941-50. 
 

 Failure to remove 8-oxo-G before replication leads to C:G to A:T 

transversion mutations. To reduce the mutagenic effect of 8-oxo-G, many 

organisms developed a three-component enzyme system (termed the ‘GO 

system’ after 8-oxo-G). In humans this system consists of the (i) 8-oxo-

dGTPase (MTH1), and the two BER proteins (ii) 8-oxo-G DNA glycosylase 

(OGG1) and (iii) the MutY glycosylase homologue (MUTYH) (36). MTH1 

hydrolyses 8-oxo-dGTP, thus removing it from the nucleotide pool so that it 

cannot be incorporated by DNA pols. OGG1 targets the C:8-oxo-G mispair, 

removes the lesion and in subsequent processing by other enzymes of the 

BER pathway, the C:G base pair is restored (Figure 4). However those 8-oxo-
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G lesions that stay undetected or those formed during the S-phase become a 

substrate for replicative DNA pols and inaccurate bypass of 8-oxo-G occurs. 

The resultant A:8-oxo-G mispair is recognized by MUTYH and A is removed 

(Figure 4). During subsequent BER, a specialized repair DNA pol that will 

catalyze with high preference the accurate (incorporation of dCTP) bypass of 

8-oxo-G is required. However, if a repair DNA pol is not faithful, inaccurate 

repair (formation of A:8-oxo-G mispair) might occur. Thus upon presence of 8-

oxo-G in DNA, there are two possible processes which can lead to C:G to A:T 

transversion mutations, (i) DNA replication and (ii) inaccurate DNA repair 

(Figure 4). 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. The 8-oxo-G base excision repair. The presence of 8-oxo-G (O) in DNA is a 
cause of C:G to A:T transversion mutations during (i) DNA replication – central pathway 
or (ii) inaccurate DNA repair – right side pathway. Human DNA glycosylases OGG1 and 
MUTYH are involved in the excision of bases from the DNA. OGG1 removes 8-oxo-G 
from C:8-oxo-G base pair, and MUTYH removes A from A:8-oxo-G mispair, both 
generating AP sites in DNA. The steps labelled ´repair` summarize the actions of AP 
endonuclease, deoxyribophosphate lyase, DNA polymerase and DNA ligase. Modified 
after: David, S. S., O'Shea, V. L. & Kundu, S. (2007). Base-excision repair of oxidative 
DNA damage. Nature 447, 941-50. 
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5.4. Proteins Involved in the Repair of A:8-oxo-guanine Mispairs 

5.4.1. Key Players 

5.4.1.1. MutY Glycosylase Homologue  

 The Escherichia coli adenine DNA glycosylase, MutY is a member of 

helix-hairpin-helix (HhH) glycosylase family. MutY is an enzyme with mainly 

monofunctional DNA glycosylase and only week and fully uncoupled AP lyase 

activities (37). This glycosylase mediates removal of A paired with 8-oxo-G, G, 

faPyG, 5-hydroxyuracil or C. 

Human MUTYH is encoded by the MUTYH gene, located on the short 

arm of chromosome 1 (1p32.1-p34.3). MUTYH is significantly larger than the 

bacterial protein (Figure 5) and consists of catalytic core domain with an [4-Fe-

4S] iron sulfur cluster in N-terminus (38,39), followed by an additional C-

terminal MutT-like domain (35). The extended N-terminal domain is involved in 

mitochondrial targeting of MUTYH and interaction with replication protein A 

(RP-A) while the C-terminal domain contains the nuclear localization sequence 

and the PCNA interacting motif (40-45). There are at least three types of 

MUTYH protein: a mitochondrial (57kDa) and two nuclear (52kDa and 53kDa) 

forms (40).  

 
Figure 5. Adenine DNA glycosylase, MUTYH. Alignment of E. coli MutY, B. 
stearothermophilus MutY and human MUTYH. Representative mutations that have 
been observed in individuals with MUTYH-associated polyposis are indicated. Modified 
after: David, S. S., O'Shea, V. L. & Kundu, S. (2007). Base-excision repair of oxidative 
DNA damage. Nature 447, 941-50. 
 

 



B. van Loon: Faithful DNA repair of 7,8-dihydro-8-oxo-guanine lesions   18 

The full-length structure of MutY cross-linked to DNA containing an A:8-

oxo-G mispair has helped to understand how the protein recognizes both A 

and 8-oxo-G (Figure 6A and B) (39). The catalytic core and the MutT-like 

domains, both encircle the DNA, individually making close contacts to the 

appropriate DNA strand. The A is than flipped out into a deep pocket, similarly 

to other HhH type glycosylase-DNA complex structures and the 8-oxo-G stays 

in the base stack. The MutT-like domain establishes extensive contacts with 8-

oxo-G, which in anti conformation gets stabilized in the MutY complex 

structure. Interestingly, when mispaired opposite A, the 8-oxo-G in syn 

conformation is the energetically favoured conformer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Recognition of A:8-oxo-G mispairs by MutY. A) Ribbon trace of the MutY-
DNA complex. B) Ball-and-stick representation of the MutY-DNA interface and 8-oxo-G 
recognition. DNA is shown in gold, 8-oxo-G in magneta, the substrate A in purple, the 
[4Fe-4S] cluster in green and the six-helix domain in cyan. The C-terminal domain is 
coloured by secondary structure (β-strands, blue; helices, red). The sulphur and iron 
atoms of the [4Fe-4S] cluster are yellow and orange, respectively. Modified after: 
Fromme, J. C., Banerjee, A., Huang, S. J. & Verdine, G. L. (2004). Structural basis for 
removal of A mispaired with 8-oxoguanine by MutY adenine DNA glycosylase. Nature 
427, 652-6. 
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The MUTYH activity can be modulated through interaction with other 

proteins. APE1 physically interacts with MUTYH (43) and enhances the 

MUTYH glycosylase activity (46). Interestingly, this effect is independent of the 

APE1 endonuclease activity (46). MUTYH also directly associates with both 

PCNA and RP-A (43). This is of great importance, since in order to prevent 

mutations during DNA replication the MUTYH activity must be directed to the 

newly synthesized strand. Indeed, it was shown that DNA replication 

stimulates the MUTYH initiated repair of A:8-oxo-G mispairs in vivo and 

interaction between MUTYH and PCNA is critical for this repair to occur (47). 

In addition, MUTYH efficiently colocalizes with PCNA at replication foci (48). 

Biallelic germ-line mutations in the MUTYH gene are associated with 

the recessive inheritance of multiple colorectal adenomas and carcinoma (49-

53). This genetic predisposition is referred to as MUTYH-associated polyposis 

(MAP). Mutations in MUTYH cause a reduced capacity to initiate the repair of 

A:8-oxo-G mispairs, which probably leads to C:G to A:T transversion 

mutations in adenomatous polyposis coli (APC), K-ras and other genes that 

control cellular proliferation in the colon (49,54). The mutations in APC gene 

found in MAP occur at hot spots containing GAA sequence (49). More than 20 

mutations in the human MUTYH gene have been indentified in MAP patients 

(Figure 5). 

 

5.4.1.2. DNA Polymerase λ 

DNA pols are enzymes that incorporate correctly base-paired 

deoxyribonucleside 5’-triphosphate onto the growing primer/template DNA. 

Based on their amino acid sequence similarity, the sixteen DNA pols have 

been categorized in seven DNA-pol families – A, B, C, D, X, Y and reverse 

transcriptase (55). The eukaryotic DNA pols are members of the A-family 

(DNA pols γ, θ and ν), the B-family (DNA pols α, δ, ε and ζ), the X-family (DNA 

pols β, λ, µ and deoxyribonucleotidyltransferase), the Y-family (DNA pols η, ι, 

κ and Rev1) and the reverse transcriptase family (telomerase) (56). 

X-family DNA pols are distributive enzymes and are involved in the 

synthesis of short segments of DNA (57). DNA pol λ is the only member of the 

DNA pol X-family, whose homologues are encoded in the genomes of many 
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prokaryotes (58) and all eukaryotes except, protostomes (Figure 7A) (59). 

Finally the African swine fever virus contains beside a replicative DNA pol, 

also a repair X-family DNA pol (60). Thus, it is likely that DNA pol λ is most 

similar to the ancestor of the X-family DNA pols. It is suggested that the other 

X-family DNA pols (β, µ, σ and deoxyribonucleotidyltransferase) diverged from 

a DNA pol λ-type ancestor (59). 

 
Figure 7. The divergence of X-family DNA polymerases in each kingdom and the 
domain structure of its most distributed member, DNA polymerase λ . A) DNA pol 
λ homologues are encoded in the genomes of all eukaryotes except protostomes 
(designated as “No PolX”). Adopted from: Uchiyama, Y., Takeuchi, R., Kodera, H. & 
Sakaguchi, K. (2009). Distribution and roles of X-family DNA polymerases in 
eukaryotes. Biochimie 91, 165-70. B) Linear diagram indicating the different domains 
that compose the full-length DNA pol λ protein: BRCT, BRAC1 (breast-cancer-
susceptibility protein-1) C-terminal domain; Serine-Proline rich domain (S-P); 8kDa 
domain and the DNA polymerase catalytic domain, composed of Fingers, Palm and 
Thumb subdomains. C) Ribbon representation of the 39kDa catalytic core of DNA pol λ 
in the complex with a two-nucleotide gap (the DNA is shown in stick representation). 
The molecular surface is shown in transparent gray. The different subdomains are 
colour coded as in B). Adopted from: Garcia-Diaz, M., Bebenek, K., Gao, G., Pedersen, 
L. C., London, R. E. & Kunkel, T. A. (2005). Structure-function studies of DNA 
polymerase lambda. DNA Repair (Amst) 4, 1358-67. 
 

 Human DNA pol λ is a 68kDa protein that is encoded by the POLL gene 

on the chromosome 10q23. It is expressed at the highest level in testis, ovary 
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(61) and fetal liver (62). Like other X-family pols, DNA pol λ is a single subunit 

enzyme. The 575 amino acid polypeptide of human DNA pol λ comprises of N-

terminal BRAC1 (breast-cancer-susceptibility protein-1) C-terminal (BRCT) 

domain, believed to mediate protein-protein interactions; the catalytic core and 

a serine-proline rich region connecting the two (Figure 7B). The serine-proline 

rich region has been sugested to be a target for posttranslational modifications 

(61). The 39kDa catalytic core of DNA pol λ shares the organization 

characteristic of X-family enzymes (Figure 7B). The catalytic core is composed 

of an N-terminal 8kDa domain and the polymerase domain, including fingers, 

palm and the thumb subdomains. 

 The X-ray crystal structure of the 39kDa catalytic domain of human 

DNA pol λ in complex with primer/template containing a two nucleotide gap 

(Figure 7C) shows that DNA pol λ has two DNA binding sites that bend DNA, 

thereby exposing the 3’ primer terminus (63). The polymerase domain binds 

the primer terminal base pair and the upstream duplex, while the 8kDa domain 

binds the DNA down stream of the gap. The interactions between the 

polymerase domain and the duplex DNA upstream of the primer 3’ terminus 

are not extensive (63). Furthermore, the template-binding groove in DNA pol λ 

is not as positively charged as in DNA pol β, suggesting weaker interactions 

with the template strand (57). However, the binding of the DNA downstream of 

the gap is predominantly mediated via the interaction of 5’ terminus of the gap 

with the positively charged residues of the 8kDa domain. This binding is further 

enhanced by the presence of 5’ terminal phosphate, which at the same time 

stimulates the DNA pol λ polymerase activity on gapped substrate (57). Very 

recent crystal structure revealed, that DNA pol λ, upon binding to 2nt gapped 

double stranded (ds) DNA, scrunches the template strand and binds the 

additional uncopied template base in an extrahelical position within a highly 

conserved binding pocket (64). Mutation of the amino acids within this pocket, 

into alanine, results in less processive gap filling and less efficient DNA repair 

(64). Thus, scrunching of the template strand by DNA pol λ occurs during gap 

filling DNA synthesis and is associated with DNA repair. 

DNA pol λ is a DNA template dependent polymerase (54). It also 

possesses a terminal transferase, dRp lyase activities and can synthesize 
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DNA de novo (55,65-69). In an in vitro system, that contains human nuclear 

extract, DNA pol λ (specifically its BRCT domain), was found to be responsible 

for gap filling in non-homologous end-joining (NHEJ) (70). The DNA template 

dependent and template independent synthesis mode used by DNA pol λ to 

repair double strand breaks (DSB), as well as its ability to fill the short gaps in 

DNA, further supports with its role in NHEJ (66,69). The dRp lyase activity 

implicates a possible role of DNA pol λ in BER. In addition, DNA pol λ can 

efficiently repair uracil-containing DNA in an in vitro reconstituted BER reaction 

(65). Finally, DNA pol λ could be also a template dependent RNA polymerase 

(U., Hubscher & K. Ramadan, unpublished data). 

 Upon treatment of mammalian cells with DNA damaging agents (UV, γ-

irradiation and H2O2) mRNA levels of DNA pol λ are down-regulated (62). The 

group of Reynaud obtained knock out DNA pol λ-/- mice in which males were 

fertile, and homozygous breeding has been performed up to third generation 

without a noticeable problem (71), suggesting that this enzyme is not essential 

for mouse development. In addition, DNA pol λ is dispensable for Ig gene 

hypermutation. Recently, in our laboratory it was shown that DNA pol λ is very 

efficient in accurate bypass of 8-oxo-G lesion both on primed and 1 nucleotide 

(nt) gapped DNA templates (72,73). Human DNA pols α, δ and η, on the other 

hand, show a much lower efficiency than DNA pol λ and as expected 

preferentially incorporate dATP (72). Moreover, the two auxiliary proteins 

PCNA and RP-A are able to additionally promote accurate gap filling by DNA 

pol λ. In the presence of RP-A and PCNA, DNA pol λ incorporates dCTP 

opposite 8-oxo-G on a 1nt gapped template 750-fold better than dATP (73). At 

the same time, these two auxiliary proteins prevent binding of DNA pol β to 1nt 

gapped 8-oxo-G template. Overall, the presence of RP-A and PCNA results in 

a 145-fold more efficient DNA pol λ than DNA pol β incorporation of dCTP 

opposite 8-oxo-G on 1nt gaps (73). The experiments with DNA pol λ-/- cells 

reveal a high hypersensitivity to oxidative DNA damaging agents (74), further 

supporting the major role of this enzyme in the accurate pathway for 8-oxo-G. 

This is important to prevent the deleterious consequences of oxidative 

damage. 
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 DNA pol λ exists mainly in a hypophosphorylated state during S phase, 

but is exclusively hyperphosphorylated during G2/M (76). Cyclin dependent 

kinase 2 (CDK2)/Cyclin A interacts directly with DNA pol λ and phosphrylates 

it. DNA pol λ is phosphorylated on several sites (77). The experiments with 

phosphorylation-defective mutants suggest that phosphorylation of threonine 

553 is important for DNA pol λ stability (77). In particular DNA pol λ is 

stabilized in late S and G2 phases (77). This most likely allows DNA pol λ to 

correctly conduct DNA repair of damaged DNA during S phase. DNA pol λ 

interacts also directly with PCNA (75) and RP-A (73). Interaction with PCNA 

stimulates not only bypass of 8-oxo-G by DNA pol λ, but also the bypass of AP 

sites with subsequent extension. Phosphorylation of DNA pol λ by 

CDK2/Cyclin A results in decreased association with PCNA (76). Thus, DNA 

pol λ likely interacts with PCNA during S-phase, where it could participate in 

lesion bypass, perhaps at the replication fork.  

5.4.2. Apurinic/Apyrimidinic Endonuclease 1 

 Human APE1 is a multifunctional enzyme. It is coded by the APE1 gene 

located on the chromosome 14. APE1 has a molecular weight of 35.5kDa (78-

80). As indicated above, APE1 is involved in BER pathway, which eliminates 

base lesions and spontaneous AP sites. According to some estimation 10,000 

AP sites are generated per day in mammalian cells, mostly as a result of 

purine losses (81). APE1 cleaves DNA 5’ of AP site to generate a ss break 

with 3’-OH and 5’-dRp (82). Apart from its endonuclease activity APE1 

possesses 3’-phosphodiesterase, 3’-phosphatase and 3’→5’ exonuclease 

activities (83). Moreover, APE1 was identified also as a redox factor (Ref-1). 

This function of APE1 is independent of its function in DNA repair (79,81). As a 

Ref-1, APE1 regulates gene expression by activating transcription factors such 

as nuclear NF-κB, Jun and Fos (78,84,85). 

 Apart from endonuclease and 3’-phosphodiesterase role in BER, APE1 

could presumably act as a BER coordinator. APE1 interacts and stimulates 

mouse MUTYH glycosylase (44). At the same time APE1 also increases the 

affinity of MUTYH for A:8-oxo-G mispairs compared with A:G base pairs (46). 

On an AP site, APE1 facilitates the binding of DNA pol β to the non-cleaved 



B. van Loon: Faithful DNA repair of 7,8-dihydro-8-oxo-guanine lesions   24 

AP site and stimulates its dRp lyase activity (86). When DNA pol β and APE1 

are in excess over substrate DNA, APE1 stimulates strand displacement by 

DNA pol β. In addition, APE1 can influence the LP-BER. The enzymatic 

activity of LP-BER proteins, FEN1 and DNA ligase I, increases in the presence 

of APE1 (87). The role of APE1 in stimulating the DNA glycosylase, dRp lyase, 

DNA polymerase, flap endonuclease and DNA ligase activities of repair 

enzymes suggests that individual steps of DNA repair are coordinated to 

ensure maximal efficiency. 

 

5.4.3. Proliferating Cell Nuclear Antigen and Replication Factor C 

 PCNA belongs to the family of DNA sliding clamps (β clamps), which 

are structurally and functionally conserved (88). Although there is barely any 

sequence similarity between the β clamps in all branches of life, 

crystallographic studies have shown that they have almost super-imposable 

three-dimensional structures (89). PCNA is a homotrimeric ring-shaped protein 

with a molecular mass of 29kDa for each monomer that occupies 120° in the 

ring (90). PCNA is loaded on DNA by the conserved RF-C complex (91). RF-C 

is a composed of five similarly structured essential proteins (AAA+ type 

ATPases). RF-C specifically recognizes the primer/template 3’ terminus and 

loads PCNA on these sites. ATP binding is required for the formation of a 

stable PCNA/RF-C complex. While encircling the DNA strand, PCNA does not 

make a direct contact with it (92).  

The PCNA ring, tethers DNA pols firmly to DNA making the sliding 

clamp an essential cofactor for DNA synthesis. Early in vitro studies have 

shown that the presence of PCNA increases the processivity of DNA pols ten 

up to thousand fold (90). Although most PCNA interactions occur directly at 

the replication fork of replicating chromosomes, PCNA plays a role in different 

processes (Figure 8), such as gap-filling repair DNA synthesis and has other 

functions that are often linked to DNA repair (88). 
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Figure 8. PCNA binding proteins. PCNA interacts with a host of proteins involved in 
many different cellular processes. Listed are a selection of key PCNA-dependent 
activities and the corresponding PCNA-interacting proteins. Proteins in gray are known 
to contain PIP-box sequences, which bind to a groove in PCNA (gray star) buried 
underneath the interdomain connecting loop. Adopted from: U Moldovan, G. L., 
Pfander, B. & Jentsch, S. (2007). PCNA, the maestro of the replication fork. Cell 129, 
665-79. 
  

5.4.4. Replication Protein A  

RP-A is a ss DNA binding heterotrimeric protein complex. It is 

composed of a large (70kDa), a middle (32kDa) and a small (14kDa) subunit 

(93). Functionally, RP-A corresponds to an alternative form of a bacterial ss 

DNA binding protein (SSB). RP-A is required for almost all aspects of cellular 

DNA metabolism, such as DNA replication, recombination, DNA damage 

checkpoints, and all major types of DNA repair, including BER. RP-A plays a 

role in activation of pre-replication complex. During strand elongation in DNA 

replication and DNA repair, RP-A stimulates the action of DNA pols α, δ, ε, λ 

and κ (56,94-96). RP-A participates in diverse pathways through its ability to 

interact with DNA and numerous proteins. Physical association of RP-A with 

DNA glycosylases; MUTYH, NEIL3 and uracil DNA glycosylase (UNG) has 

been reported (44,97,98). Very recently our laboratory showed that RP-A can 

interact with both DNA pols β and λ (73). In addition RP-A has been shown to 
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greatly enhance the activity of DNA ligase I (99), although no physical 

interaction has been reported between these two proteins. 

 

5.4.5. Flap Endonuclease 1 

 FEN1 is a multifunctional and structure specific nuclease involved in 

nucleic acid processing pathways. It belongs to the family of RAD52 

nucleases, which are conserved among bacteriophages, bacteria and 

eukaryotes (100). The RAD52 family proteins have a conserved core, which 

consists of the N-terminal and central domains. Human FEN1 is a 43kDa 

protein with 5’ endonuclease and 5’→3’ exonuclease activities (101). Both of 

these activities are strongly specific for the substrate structure. Acting as 

endonuclease FEN1 recognizes DNA duplexes with a gap and break, or a 

recessed 5’ end and removes the nucleotide from the 5’ end of the break or 

from the recessed 5’ end. The natural substrate of FEN1 is a so-called 5’ flap 

structure, consisting of three DNA strands. One is continuous, while the other 

two form a break (or a gap), with the 5’ flanking strand having an overhanging 

5’ end (a flap). Such structures arise upon Okazaki fragment synthesis and 

DNA strand displacement. FEN1 processes flap structures during DNA 

replication. Moreover it is also involved in LP-BER and DNA recombination. 

FEN1 was very recently found to posses an additional gap endonuclease 

activity (102,103), possibly important for apoptotic DNA fragmentation. FEN1 

interacts with a number of proteins, thereby affecting their activities. Some of 

its interaction partners are: PCNA (105,105), RP-A (106,107), APE1 (87) and 

DNA pol β (108,109). These protein-protein interactions improve the efficiency 

of replication and repair, thus FEN1 has an essential role in those processes. 

 

5.4.6. DNA Ligases I and III 

 DNA ligases are nucleotidyltransferases (NTases) that utilize a high-

energy cofactor, either NAD+ or ATP, to catalyze phosphodiester bond 

formation in a three-step reaction mechanism (110). DNA ligases are essential 

for variety of DNA processes, such as DNA replication, repair and 

recombination. DNA ligases change their conformation during the DNA joining 
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reaction in order to accommodate multiple reactions with the nucleotide and 

DNA substrates (111). The multidomain architecture of these enzymes 

provides the necessary flexibility and probably enables loading on and off of 

the DNA. All eukaryotic DNA ligases are ATP dependent, whereas both ATP- 

and NAD+- dependent DNA ligases have been identified in bacteria, archaea 

and viruses (111). The DNA ligases encoded by the human genes LIG1, LIG3 

and LIG4 serve as the prototypic members of the three families of eukaryotic 

DNA ligases. Homologues of LIG1 and LIG4 appear to be present in all 

eukaryotes. In contrast the LIG3 gene appears to be restricted to vertebrates. 

 DNA ligase I activity is high in proliferating cells (112,113) and the level 

correlates with the rate of cell proliferation (114). In accord with its expected 

role in DNA replication, the DNA ligase I-/- exhibit a marked defect in Okazaki 

fragment joining, but unexpectedly, this does not have an obvious effect on 

cell proliferation (115,116). In addition, DNA ligase I was shown to function in 

BER and nucleotide excision repair (NER) (117,118). Mouse embryos 

harbouring homozygous deletions of the DNA ligase I develop normally until 

midgestation (119), after which they die. The only known case of a human 

DNA ligase deficiency caused by an inherited mutant lig1 allele was diagnosed 

in patient with recurrent infections (120,121). Thus, it appears that the DNA 

replication defect caused by DNA ligase I deficiency in mammals results in 

delayed growth and increased cancer incidence because of genomic 

instability. This proliferation defect also appears to underline abnormalities in 

hematopoiesis and lymphopoiesis (121). 

 Several DNA ligase I interacting proteins have been identified. The 

interaction with PCNA is primarily mediated by the conserved PCNA binding 

motif (122,123). This interaction is important for targeting of DNA ligase I to the 

sites of DNA replication (124). DNA ligase I interacts also with heterotrimeric 

hRad9-hRad1-hHus1 (9-1-1) complex. The 9-1-1 clamp very efficiently 

stimulates catalytic activity of DNA ligase I (125, 126). In addition DNA ligase I 

interacts with RFC p140 and hRad17 (123). 

 The LIG3 gene of higher eukaryotes generates three distinct DNA 

ligase polypeptides: (i) nuclear and (ii) mitochondrial DNA ligase IIIα, and (iii) 

DNA ligase IIIβ. DNA ligase IIIα through its BRCT domain interacts with DNA 
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repair protein XRCC1, resulting in a formation of DNA ligase IIIα/XRCC1 

complex (127-129). This interaction is important for the stabilization of DNA 

ligase IIIα. Findings from biochemical and cell biology studies indicated that 

the nuclear DNA ligase IIIα/XRCC1 is involved in the SP-BER (18), as well as 

ss break repair (SSBR) (130,131). In addition, it has been shown that the 

nuclear DNA ligase IIIα/XRCC1 complex plays a crucial role in NER (132). 

Deletion of either the XRCC1 or the LIG3 gene in mouse, results in early 

embryonic lethality (133,134). 

 The XRCC1, in addition to DNA ligase IIIα, interacts with several other 

proteins involved in BER and SSBR, suggesting that XRCC1 may act as a 

scaffold for the assembly of multiprotein repair complexes (111). By interacting 

with the OGG1 (135), APE1 (136) and DNA pol β (137), in addition to DNA 

ligase IIIα, XRCC1 potentially contributes to every step of the SP-BER.  

 

5.5. Other Proteins Used in this Work 

5.5.1. DNA Polymerase δ 

 The eukaryotic replicative DNA pols (DNA pol α, DNA pol δ and DNA 

pol ε) belong to the B-family and the mitochondrial DNA pol γ to A-family DNA 

pols. DNA pol δ exists as a heterotetrameric enzyme with subunits of 125kDa, 

66kDa, 50kDa and 12kDa and possesses a wide range of functions. It is 

required (i) in DNA replication (lagging strand), (ii) in several DNA repair 

events (LP-BER, NER, mismatch repair), (iii) in translesion synthesis, (iv) in 

cell cycle control, as well as (v) in meiotic recombination (138). DNA pol δ 

synthesizes DNA with high accuracy, thus keeping the rate of mutations low. 

An incorrect nucleotide is incorporated only once in ∼105 bases replicated. In 

addition the mispaired nucleotide can be removed by the polymerase’s 3’→5’ 

exonuclease domain, which provides additional ∼10-60-fold increase in the 

level of accuracy (139-141). Very recent structural data obtained in studies 

using yeast Saccharomyces cerevisiae, indicated that high fidelity of DNA pol 

δ is determined primarily by the shape of Pol3 (catalytic subunit of DNA pol δ) 

pocket accommodating the nascent Watson-Crick base pair (142). The B-
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family DNA pol kinetic evidence suggests that dNTP diffuses directly to the 

active site to provide a more direct check on correct versus incorrect base 

pairing (143). The binding pocket in Pol3 is composed of residues: Asn705, 

Ser706, Tyr708 and Gly709 from the fingers domain and Tyr613 from the palm 

domain; all of which are conserved in B-family DNA pols (142). The Pol3 

binding pocket is largely devoid of contacts with the major groove. In purine-

pyrimidine mismatches, the purine is displaced toward the minor groove and 

the pyrimidine toward the major groove (144-146). Thus given the shape of 

Pol3 binding pocket, the purine would sterically clash with Tyr708-Gly709 in 

the minor groove, and the pyrimidine would lose some of the favourable van 

der Waals and electrostatic interactions (142). In contrast, in purine-purine or 

pyrimidine-pyrimidine mismatches, the bases are displaced primarily toward 

the major groove, where there is little steric hindrance (146-148). Pol3 

interacts with the bases as far away as the T5-P5 positions, mostly in the minor 

groove and involving direct or water-mediated hydrogen bonds (142). Loss of 

these hydrogen bonds at mismatches could shift the balance for binding of the 

template primer from the polymerase to the exonuclease domain. DNA pol δ 

slows down upon incorporation of an incorrect nucleotide, which can provides 

a time window for the switch between polymerase and exonuclease domain to 

occur. Accordingly, Tyr613 and Tyr708 in Pol3 help to shape the binding 

pocket for nucleotide insertion and check for a mismatch at the T1-P1 position 

(142). 

 The 3’→5’ exonuclease activity of DNA pol δ besides acting as a 

proofreader has additional biological roles in Okazaki fragment maturation and 

mismatch repair. Point mutations and single-nucleotide deletions have also 

been identified in human POL3 in several cancer cell lines and sporadic colon 

cancers (149,150). 

 

5.5.2. DNA Polymerase β 

 DNA pol β is a 39kDa single subunit protein, which through proteolytic 

cleavage can be separated into two domains: (i) the N-terminal 8kDa and (ii) 

the C-terminal 31kDa PolX domain. DNA pol β synthesizes DNA in a template-

directed manner and can bind to a variety of DNA structures. It is the main 
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DNA pol of the BER pathways, where it is very well suited due to: (i) its DNA 

synthesis specificity for short gaps; (ii) its associated dRPlyase activity; and 

(iii) its ability to associate with other BER enzymes, such as DNA ligase I, 

APE1, DNA ligase III/XRCC1, RP-A and PCNA (151). Beside its role in BER, 

DNA pol β is involved in translesion synthesis since it efficiency bypasses 

cisplatin and oxaliplatin adducts (152). Lesion bypass by DNA pol β occurs 

predominantly by “skipping over” the lesion, by insertion of a nucleotide 

complementary to an adjacent downstream template site (151). Misalignment 

incorporation for DNA pol β occurs by the “dNTP-stabilized” mechanism 

resulting in both deletion and base substitution errors (153). 

 DNA pol β is constitutively expressed in most tissues, with the highest 

expression observed in testis, brain, thymus and spleen (154). DNA pol β-/- 

embryonic cells survive in culture, but are severely compromised in their ability 

to carry out SP-BER, resulting in their hypersensitivity to alkylating cancer 

agents (26). Interestingly, high levels of DNA pol β have been detected at the 

transcriptional level in many cancer tissues, mostly solid tumors (e.g. prostate, 

breast, colon, ovarian) as well as in chronic myeloid leukemia (30, 155). Its up-

regulation probably contributes to genomic instability and tumourigenesis. 



B. van Loon: Faithful DNA repair of 7,8-dihydro-8-oxo-guanine lesions   31 

5.6. Aim of the Thesis 

 One of the predominant oxidative DNA lesions, upon exposure of the cells 

to ROS is 8-oxo-G. The 8-oxo-G in syn conformation is particularly deleterious 

because of its strong ability to functionally mimic T, thereby forming a stable 

A(anti):8-oxo-G(syn) Hoogsteen base pair during DNA replication. In contrast to 

many other DNA damages, this mispair is not detected by the 3’→5’ 

exonuclease proofreading activity of the replicative DNA pols δ and ε, thus 

subsequently resulting in C:G to A:T transversion mutations. These mutations 

are one of the most predominant somatic mutations in lung, breast, ovarian, 

gastric and colorectal cancers. Human cells require a BER pathway ensuring 

correct and efficient repair of A:8-oxo-G mismatches, in order to reduce the 

mutational burden of ROS. The repair is initiated by MUTYH glycosylase that 

recognizes A:8-oxo-G mispair and removes the A. During subsequent BER, a 

specialized repair DNA pol that will catalyze with high preference the accurate 

bypass of 8-oxo-G is needed. Our laboratory recently showed that DNA pol λ is 

very efficient in the accurate bypass of 8-oxo-G lesion both on primed (72) and 

1nt gapped DNA templates (73). Moreover, the two auxiliary proteins PCNA and 

RP-A additionally promote accurate gap filling by DNA pol λ. In the presence of 

the RP-A and PCNA, DNA pol λ incorporates dCTP opposite 8-oxo-G on a 1nt 

gapped template 750-fold better than dATP. At the same time, these two 

auxiliary proteins prevent binding of DNA pol β to 1nt gapped 8-oxo-G template. 

Overall the presence of RP-A and PCNA results in a 145-fold more efficient 

DNA pol λ than DNA pol β incorporation of dCTP opposite 8-oxo-G on 1nt gaps. 

Though these data implicate that DNA pol λ could play an important role, the 

mechanism ensuring accurate and efficient repair of A:8-oxo-G mismatches in 

human cells stays to be elucidated.  

 The aim of this thesis was to: (i) identify the role of DNA pol λ in MUTYH 

initiated repair of A:8-oxo-G mispairs, and (ii) to determine whether this repair is 

mediated via SP-BER or LP-BER pathway.  
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6.2. Replication Protein A and Proliferating Cell Nuclear Antigen 
Coordinate DNA Polymerase Selection in 8-oxo-guanine Repair 

 

 

 

 

Reprinted from Proceedings of National Academy of Sciences USA (2008) 
105, 20689-94. 

 

 

 

My contribution to this paper was to show the physical interaction between 

replication protein A and DNA polymerases λ and β. 
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7. FURTHER UNPUBLISHED DATA  

 

7.1. Selected Unpublished Results 

7.1.1. DNA Polymerase β Repair Activity in MUTYH and APE1 Initiated Repair 

The action of MUTYH and APE1 on a ds DNA template containing A:8-

oxo-G mispair results in the formation of 1nt gap opposite 8-oxo-G. The fidelity 

of DNA pol β to bypass 8-oxo-G on such a template was tested by using the 8-

oxo-G specificity assay (for assay details see section 6.1). The ds DNA template 

containing an A:8-oxo-G mispair was first incubated with MUTYH and APE1, 

followed by the addition of DNA pol β into the reaction. DNA pol β showed a 

preference to incorporate dCTP opposite an 8-oxo-G (Figure 9A and 9B). 

Interestingly, when DNA pol β incorporated dCTP opposite an 8-oxo-G an 

additional strand displacement and extension by 1nt was observed, thereby 

creating a short 1nt flap (Figure 9A, lane 12). However, this was not the case 

when dATP was incorporated (Figure 9A, lane 6). This suggests that the 

accurate repair (formation of C:8-oxo-G base pair) could be mediated via the 

LP-BER (2-12nt patch) and the inaccurate via the SP-BER. 

 

7.1.2. PCNA and RP-A Inhibit the Incorporation of the Correct dCTP Opposite 8-

oxo-G by DNA Polymerase β  

In previous work from our laboratory it was shown that the auxiliary 

proteins RP-A and PCNA increase the inaccurate bypass of 8-oxo-G by DNA 

pol β (72,73). In order to test whether a similar effect can be observed in the 8-

oxo-G specificity assay when MUTYH, APE1 and DNA pol β are present, RP-A 

or PCNA were titrated. RP-A inhibited the incorporation of both dATP and dCTP 

by DNA pol β opposite 8-oxo-G (Figure 9D). In addition, as shown in Figures 

9C, PCNA inhibited the incorporation of dCTP and promoted error-prone gap 

filling by DNA pol β. Thus, in a reaction initiated by MUTYH and APE1, the 

auxiliary proteins RP-A and PCNA can promote the incorporation of wrong 

dATP opposite an 8-oxo-G lesion by DNA pol β. 
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Figure 9. PCNA and RP-A inhibit the incorporation of the correct dCTP opposite 
8-oxo-G by DNA polymerase β . The reactions were done under the conditions 
described in section 6.1. A) Variation of the initial velocities of the reaction (initiated by 
50nM MUTYH and 0.6nM APE1) catalyzed by 0.75nM DNA pol β on the double 
stranded template containing A/8-oxo-G mispair (2nM) in the presence of dGTP, dTTP 
and dATP (lanes 1-6) or dCTP (lanes 7-12), as a function of nucleotide substrate 
concentration. B) Summary of DNA pol β activity in the presence of dATP () or dCTP 
() from three different experiments as the one documented in (A), error-bars represent 
± SD values. C) Effect of increasing amounts of PCNA, in the presence of 50nM 
MUTYH and 0.6nM APE1, on the incorporation of 0.5µM dATP (dark bars) or 0.5µM 
dCTP (light bars) opposite 8-oxo-G lesion (2nM) by 0.75nM DNA pol β. Values are the 
mean of 3 independent experiments. Error bars are ± SD values. D) Effect of increasing 
amounts of RP-A, in the presence of 50nM MUTYH and 0.6nM APE1, on the 
incorporation of 0.5µM dATP (dark bars) or 0.5µM dCTP (light bars) opposite the 8-oxo-
G lesion (2nM) by 0.75nM DNA pol β. Values are the mean of 3 independent 
experiments. Error bars represent ± SD values. 
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7.1.3. DNA Ligases III and I Preferentially Ligate the Inaccurate Product of DNA 

Polymerase β Repair Synthesis 

 The finding that DNA pol β was only able after incorporation of the 

correct dCTP opposite an 8-oxo-G to additionally elongate by 1nt (Figure 9A, 

lane 12), suggested that a MUTYH initiated repair of DNA containing A:8-oxo-

G mispair could be an interplay of the two BER sub pathways. Therefore the 

effect of the SP-BER protein, DNA ligase III, on the MUTYH initiated repair of 

A:8-oxo-G mispair was first tested. A ds A:8-oxo-G template was incubated 

with MUTYH and APE1, followed by the addition of DNA pol β and finally DNA 

ligase III was titrated into the reactions. After the repair synthesis was 

catalyzed by DNA pol β, DNA ligase III was able to ligate exclusively an A:8-

oxo-G product (Figure 10A). Thus, the A:8-oxo-G product of DNA repair 

synthesis is processed by the error-prone SP-BER. Next, the effect of the LP-

BER protein FEN1, on DNA pol β repair synthesis was tested. The ds A:8-oxo-

G template was incubated with MUTYH and APE1, followed by filling of the 1nt 

gap by DNA pol β and finally FEN1 was titrated. FEN1 stimulated strand 

displacement activity of DNA pol β, both when dATP or dCTP were 

incorporated opposite an 8-oxo-G (Figure 10B, lanes 1-12). At higher 

concentrations the 5’→3’ exonuclease activity of FEN1 was observed (Figure 

10B, lanes 5,6,11 and12). Next the LP-BER ligase, DNA ligase I, was tested 

for its ability to ligate efficiently an A:8-oxo-G or a C:8-oxo-G product of DNA 

repair synthesis. DNA ligase I was tested similarly as DNA ligase III, just this 

time an additional constant amount of FEN1 was present in the reactions. As 

shown in Figure 10C, DNA ligase I ligated two fold better an incorrect A:8-oxo-

G than a correct C:8-oxo-G product of the DNA pol β reaction. Thus, when 

DNA repair synthesis is mediated by DNA pol β, both SP-BER and LP-BER 

have an inaccurate outcome and lead to the final formation of an A:8-oxo-G 

mispair. 
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Figure 10. DNA ligases III and I preferentially ligate the incorrect product of DNA 
polymerase β  reaction. The reactions were done under the conditions described in 
section 6.1. A) Ligation activity of the increasing amounts of DNA ligase III on the 
products of DNA pol β (0.75nM) repair synthesis, containing A/8-oxo-G mispair (dark 
bars) or C/8-oxo-G base pair (light bars) in the presence of 50nM MUTYH and 0.6nM 
APE1. Values are the mean of 3 independent experiments. Error bars represent ± SD 
values. B) Effect of the increasing amounts of FEN1 on DNA repair synthesis catalyzed 
by DNA pol β in the presence of MUTYH and APE1. C) Ligation activity of the 
increasing amounts of DNA ligase I on the products of DNA pol β (0.75nM) repair 
synthesis, containing A/8-oxo-G mispair (dark bars) or C/8-oxo-G base pair (light bars) 
in the presence of 50nM MUTYH, 0.6nM APE1 and 10nM FEN1. Values are the mean 
of 3 independent experiments. Error bars represent ± SD values. 
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7.2. Discussion of the Unpublished Results 

In this thesis a key role of MUTYH and DNA pol λ in the repair of 8-oxo-G 

was demonstrated (own reference on page 31 and ref. 156). The critical repair 

components, MUTYH, DNA pol λ, PCNA, FEN1 and DNA ligases I and III were 

specifically recruited from the human whole cell extracts (WCEs) to A:8-oxo-G 

DNA, but not to the control DNA containing C:G base pair. By using purified 

human proteins and a novel 8-oxo-G specificity assay, the whole accurate BER 

pathway for the repair of A:8-oxo-G mispairs formed during DNA replication was 

reconstituted. On the 1nt gapped template formed by activity of MUTYH and 

APE1, DNA pol λ preferentially incorporated dCTP opposite 8-oxo-G and 

additionally elongated by adding 1nt (156). This is in correlation with the just 

presented data in section 7.1., where DNA pol β bypassed 8-oxo-G in accurate 

manner (Figure 9A and 9B). The presence of the auxiliary proteins RP-A and 

PCNA, in MUTYH and APE1 initiated reaction, further stimulated the accurate 

bypass of 8-oxo-G by DNA pol λ (156). In contrary when repair synthesis is 

mediated by DNA pol β, PCNA and RP-A stimulated the inaccurate bypass 

(Figure 9C and 9D). Finally, DNA ligase I in the presence of FEN1 ligated two 

fold better a correct C:8-oxo-G product of DNA pol λ repair synthesis than an 

incorrect A:8-oxo-G product (156). However, when the repair synthesis was 

mediated by DNA pol β neither DNA ligase III nor DNA ligase I was able to ligate 

the correct C:8-oxo-G product (Figure 10A and 10C). This discriminatory activity 

of DNA ligase I for the products of DNA pol λ versus DNA pol β repair synthesis 

could be directly connected with the FEN1 effect that preceded the ligation step. 

In MUTYH and APE1 initiated reactions FEN1 had no effect on DNA pol λ 

polymerization or strand displacement activities (156), therefore the ligatable 

nick stayed in direct proximity of the lesion. However, the presence of FEN1 

(Figure 10B) stimulated strand displacement and extension activity of DNA pol 

β, both when dATP or dCTP were incorporated opposite 8-oxo-G, directly 

resulting in a shift of the created ligatable nick downstream of the lesion. This 

DNA pol β dependent and FEN1 mediated redistribution of the nick away from 

the lesion, might have a direct effect on activity of DNA ligase I, since the 

ligation of the nick is no more occurring nearby the lesion.  
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8. CONCLUSIONS AND PERSPECTIVES 

 
In this thesis the mechanism responsible for the faithful repair of A:8-oxo-

G mispairs formed during DNA replication has been addressed. So far it was not 

completely clear (i) which DNA pol enables error-free MUTYH initiated repair to 

occur, and (ii) whether this repair proceeds via SP-BER or LP-BER pathway. 

Earlier investigations suggested that the LP-BER pathway, involving aphidicolin-

sensitive DNA pols, such as DNA pols δ and ε, is responsible for the repair of 

A:8-oxo-G mispairs (44,157). However it is unknown whether the aphidicolin-

sensitive DNA pols catalyze both nucleotide insertion opposite 8-oxo-G and 

extension, or the extension only; since both DNA pol δ and ε are significantly 

error-prone during 8-oxo-G bypass (72).  

 In the present thesis work, a key role of MUTYH and DNA pol λ in the 

repair of 8-oxo-G, upon exposure of the cells to ROS, has been shown. In 

addition, a dramatic increase in the protein levels of both MUTYH and DNA pol 

λ is observed, when cells are treated with H2O2. Very recently it was shown that 

DNA pol λ is phosphorylated in S phase and thereby protected from degradation 

(77). However, nothing is known about the possible mechanism of regulation of 

the protein levels upon H2O2 treatment. Thus, it would be interesting to test, if 

the observed changes are the result of an increase on mRNA or stabilization at 

the protein level. In addition the role of ubiquitylation in such a process could be 

addressed.  

 Next, the critical repair components have been identified, by specific 

recruitment of MUTYH, DNA pol λ, PCNA, FEN1 and DNA ligases I and III from 

the human WCEs to A:8-oxo-G DNA. It would be interesting to test, if there are 

other possible proteins involved in repair of A:8-oxo-G mispairs. This could be 

assessed, by incubation of the DNA containing A:8-oxo-G mispair or C:G base 

pair with the WCE, followed by the mass spectrometry analysis. 

 By using purified human proteins and a novel 8-oxo-G specificity assay it is 

found that DNA pol δ preferentially forms A:8-oxo-G mispair during replication 

and that MUTYH recognizes this mispair thereby generating an AP site, 

subsequently processed by APE1. On the newly formed 1nt gapped template 

DNA pol λ preferentially incorporates dCTP opposite 8-oxo-G and additionally 
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elongates by adding 1nt, thereby creating a short 1nt flap. The presence of 

auxiliary proteins RP-A and PCNA, further promotes the accurate DNA repair 

synthesis by DNA pol λ. Interestingly, no elongation occurs when in the rare 

cases DNA pol λ synthesizes an A:8-oxo-G mispair. Finally, DNA ligase I in the 

presence of FEN1 ligates two fold better a correct C:8-oxo-G product of DNA pol 

λ repair synthesis than an incorrect A:8-oxo-G product. Since the preference of 

DNA ligase I for product of DNA pol λ repair synthesis containing C:8-oxo-G 

base pair is only two fold, it would be interesting to check if some other co-factor 

could additionally promote an even more accurate ligation. In addition, it is not 

clear how DNA ligase I is able to distinguish between a DNA substrate 

containing an A:8-oxo-G mispair or a C:8-oxo-G base pair. In order to address 

this question, a crystal structure of DNA ligase I bound to each of these 

substrates, would be necessary. 

 All in vitro experiments, presented in this study were performed by using 

recombinant proteins and relatively short DNA oligomers. It would be therefore, 

interesting to construct a plasmid containing an 8-oxo-G lesion, to transfect it 

into the human cells and measure the repair rate as well as cell sensitivity, 

under the different conditions. In this way, repair mechanism presented here, 

could be additionally be verified in vivo.  
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