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Endogenous and exogenous reactive species cause oxidatively induced DNA damage in living organisms
by a variety of mechanisms. As a result, a plethora of mutagenic and/or cytotoxic products are formed in
cellular DNA. This type of DNA damage is repaired by base excision repair, although nucleotide excision
repair also plays a limited role. DNA glycosylases remove modified DNA bases from DNA by hydrolyzing
the glycosidic bond leaving behind an apurinic/apyrimidinic (AP) site. Some of them also possess an
accompanying AP-lyase activity that cleaves the sugar-phosphate chain of DNA. Since the first discovery
of a DNA glycosylase, many studies have elucidated the mechanisms of action, substrate specificities and

Substrate specificities

o e excision kinetics of these enzymes present in all living organisms. For this purpose, most studies used
Excision kinetics

single- or double-stranded oligodeoxynucleotides with a single DNA lesion embedded at a defined
position. High-molecular weight DNA with multiple base lesions has been used in other studies with the
advantage of the simultaneous investigation of many DNA base lesions as substrates. Differences
between the substrate specificities and excision kinetics of DNA glycosylases have been found when
these two different substrates were used. Some DNA glycosylases possess varying substrate specificities
for either purine-derived lesions or pyrimidine-derived lesions, whereas others exhibit cross-activity for
both types of lesions. Laboratory animals with knockouts of the genes of DNA glycosylases have also been
used to provide unequivocal evidence for the substrates, which had previously been found in in vitro
studies, to be the actual substrates in vivo as well. On the basis of the knowledge gained from the past
studies, efforts are being made to discover small molecule inhibitors of DNA glycosylases that may be
used as potential drugs in cancer therapy.

Published by Elsevier B.V.
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1. Introduction

Oxygen metabolism and exogenous sources such as ionizing
radiations, UV radiation, redox cycling drugs, carcinogenic com-
pounds, and environmental toxins generate reactive species
including free radicals in aerobic organisms [1]. Reactions of such
species cause damage to biological molecules including DNA,
proteins and lipids, and thus can lead to increased genetic
instability, inflammation, proliferation, reduction of antioxidants,
cell death, apoptosis and angiogenesis [1-3]. Many of these effects
are hallmarks of cancer and predispose individuals to different
types of this disease [2-6]. Reactive species can derive from oxygen
as well as from nitrogen as free radicals or non-radicals. Four-
electron reduction of the oxygen molecule done in stages generates
superoxide radical (O2* ), non-radical H,0,, hydroxyl radical (*OH)
and water in the electron-transport chain [1]. Superoxide radical
and H,0, possess very low or intermediate reactivity unless they
are converted into *OH by reactions with transition metal ions.
Other free radicals such as hydroperoxyl radical (HO,*) (protonated
0,°), peroxyl radical (RO,*) and alkoxyl radical (RO®) possess low
reactivity. Under physiological conditions, traces of HO,*® exist in
equilibrium with 0,°, which exhibits essentially no reactivity
toward DNA components [1]. The singlet oxygens ('Ag0O, and
13,¢"0,), which are formed from oxygen by an input of energy, are
not free radicals, but possess reactivity toward biological
molecules. However, '2¢"0, rapidly decays to 'AgO, and, thus,
the latter mainly plays a role in biological systems [1]. Nitric oxide
(NO®) is also a free radical with low reactivity. Nevertheless, its
reaction with 0,° is diffusion-controlled [7], yielding fairly
unreactive non-radical peroxynitrite (ONOO) whose protonated
form peroxynitrous acid (ONOOH) can undergo homolytic fission
to yield *OH and NO,*, which are generated close to each other and
can recombine to yield NOs; and H*; therefore, the contribution of
*OH to the biological damage done by ONOOH (if any) may be small

[1]. In reactions with cellular water, ionizing radiations also
generate *OH and, in addition, H atom (H*®) (also a free radical),
hydrated electron (e,q ), H20, and H, [1,8]. Hydroxyl radical is the
most reactive free radical and readily reacts with most biological
molecules such as DNA and proteins in living cells [1,8]. In these
reactions, a plethora of products from DNA are formed that lead to
various biological consequences. These lesions are repaired in
living organisms by numerous mechanisms. This article reviews
mechanisms of action, substrate specificities and excision kinetics
of DNA glycosylases, which are responsible for removal of DNA
base lesions in the first step of the base excision repair (BER)
mechanism.

2. Oxidatively induced DNA damage

Hydroxyl radical reacts with DNA constituents at or near
diffusion-controlled reaction rates [1,8-10]. The second-order rate
constants (k) of its reactions with DNA bases amount to 4 x 10°
dm®mol~'s7!to9 x 10°dm> mol~! s~ However, the sugar moiety
of DNA (2-deoxyribose) and the methyl group of thymine react
with *OH by H atom (H®)-abstraction at slower rates of ~ 2 x 10°
dm®mol~'s~!. Addition of "OH to purines generates C4-OH—,
C5-OH- and C8-OH-adduct radicals, although the C5-OH-adduct
radical of adenine is formed to a lesser extent along with the C2-
OH-adduct radical [8,10-14]. Oxidation or reduction reactions of
these intermediate adduct radicals in the absence of oxygen
generates final products of purines. Oxygen reacts with the OH-
adduct radicals of purines at different rates from k< 10°%dm3
mol~'s™! to k=4 x10°dm>*mol~'s~! [14,15]. Subsequent reac-
tions of thus-formed peroxyl radicals lead to final products. The
yields of the products substantially depend on the presence or
absence of oxygen (reviewed in [10]). Among the purine-derived
products, 8-hydroxyguanine (8-OH-Gua) (also called 8-o0xo-Gua) is
readily oxidized by various oxidizing agents due to its low
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reduction potential (0.74 V) compared to that of guanine (1.29V)
[16], giving rise to the formation of spiroiminohydantoin (Sp) and
5-guanidinohydantoin (Gh) [17-23]. Furthermore, 8-OH-Gua
reacts with singlet oxygen, generating oxaluric acid and parabanic
acid among other products [24,25]. These findings unequivocally
show facile decomposition of 8-OH-Gua, strongly affecting its
measured level in DNA (for an extensive discussion of this subject
see the reviews [10,23]). Similar to purines, addition of *OH to the
C5-C6 double bonds of thymine and cytosine produces C5-OH-
and C6-OH-adduct radicals; the abstraction of H* from the methyl
group of thymine gives rise to an allyl radical (reviewed in [8,10]).
These intermediate radicals undergo oxidation or reduction
reactions to yield a variety of products in the absence or presence
of oxygen. The types and yields of the products depend on the
presence or absence of oxygen, and other reaction conditions.
lonizing radiation-generated e,q~ and H* also add to the double
bonds of DNA bases at diffusion-controlled rates [8,10,13,26-28].
However, no products of the e, — or H*-adduct radicals of adenine
and guanine have been identified in DNA, likely due to electron
transfer to other DNA bases prior to formation of final products
[27]. Electron transfer to O, may also take place in the presence of
0,, yielding 0,°~, which is essentially not reactive toward DNA
components [1]. One-electron reduction of e,q~ - and H*-adduct
radicals of thymine and cytosine result in the formation of
5,6-dihydrothymine (5,6-diHThy)  and 5,6-dihydrouracil
(5,6-diHUra) (following the deamination of 5,6-dihydrocytosine),
respectively. These products are not formed in the presence of O,
because of its diffusion-controlled reaction with e, and H*® (for
reviews see [8,10]). Fig. 1 illustrates the major purine- and
pyrimidine-derived products formed in DNA.

Direct effect of ionizing radiation (via ionization) generates
purine radical cations such as Gua®*, which hydrates to form
C8-OH-adduct radicals, as in the case of *OH addition to C8 of the
purine ring. The C8-OH-adduct radical of guanine gives rise to the
formation of 8-OH-Gua and 2,6-diamino-4-hydroxy-5-formami-
dopyrimidine (FapyGua) by one-electron oxidation and one-
electron reduction, respectively [10]. The hydration of Gua®* has
been proposed first by Symons in 1987 [29]. Subsequent studies
confirmed the occurrence of this reaction in DNA [10,30-35].
Moreover, the direct effect of ionizing radiation has been shown to
lead to the same products of DNA bases as the indirect effect of
ionizing radiation, with the major formation of guanine-derived
products 8-OH-Gua and FapyGua via hydration of Gua®* [32,33].

Abstraction of H* by *OH from all five carbons of 2-deoxyribose
in DNA takes place in the order of H5'>H4'>H3’'~H2'~H1/
leading to C-centered radicals [8,26,36-38]. When compared to
DNA bases, these reactions may amount up to 50% depending on
the cellular environment [8]. Hydrated electron and H* do not react
with 2-deoxyribose at appreciable reaction rates. The C-centered
radicals of 2-deoxyribose undergo oxidation and reduction
reactions in the presence or absence of O,, leading to DNA strand
breaks and products of 2-deoxyribose that are either freed from
DNA or remained within DNA or are bound to DNA as end groups of
broken DNA strands (for extensive reviews of this field see
[8,10,39]). In addition to these reactions, the C5’'-centered radical of
2’-deoxyribose adds to the C8-N7 double bond of the purine of the
same nucleoside in the absence or low levels of O,, leading to
C5'-C8-intramolecular cyclization and an N7-centered purine
radical. This reaction has been first discovered by Keck to take place
in adenosine 5’-monophosphate, yielding 8,5'-cyclo-adenosine
5’-monophosphate upon oxidation of the N7-centered adenine
radical [40]. Subsequently, the C5'-C8-intramolecular cyclization
has been shown to also occur in DNA, causing the formation of
(5’R)- and (5'S)-8,5'-cyclo-2’-deoxyadenosines (R-cdA and S-cdA),
and (5'R)- and (5'S)-8,5'-cyclo-2’-deoxyguanosines (R-cdG and
S-cdG) in vitro and in vivo (reviewed in [41-43]). These unique

tandem lesions represent a concomitant damage to both the sugar
and purine moieties of the same nucleoside. Although the C5'-C8-
intramolecular cyclization is inhibited in vitro by increasing
concentrations of O, [44], the formation of R-cdA, S-cdA, R-cdG
and S-cdG takes place in vivo. Because of hypoxic conditions of the
cell nucleus and possible steric hindrances, a competition may
occur between the C5'-C8-cyclization and the reaction of O, with
the C5’-centered radical of 2’-deoxyribose in favor of the former. In
addition to the products described above, intrastrand and
interstrand base-base tandem lesions, DNA-protein cross-links
and clustered lesions have been shown to be formed in DNA in vitro
and in vivo (for a detailed discussion of this subject see [10,42,
45-49]). Extensive reviews of the mechanistic aspects of oxida-
tively induced DNA damage can be found elsewhere [8,10].

Finally, it should be pointed out that the type of DNA damage
discussed above is collectively called “oxidatively induced DNA
damage” in the literature. However, the major products 4,6-
diamino-5-formamidopyrimidine (FapyAde), FapyGua, 5-hydroxy-
6-hydrothymine (5-OH-6-HThy) and 5-hydroxy-6-hydrouracil
(5-OH-6-HUra) are formed by one-electron reduction of the
OH-adduct radicals of adenine, guanine, thymine and cytosine,
respectively. Similarly, one-electron reduction of e,q - and
H*-adduct radicals of thymine and cytosine leads to the formation
of 5,6-dihydrothymine (5,6-diHThy) and 5,6-dihydrouracil
(5,6-diHUra), respectively (see above). This is in contrast to the
one-electron oxidation of OH-adduct radicals that results in the
formation of the other major products.

3. Repair of oxidatively induced DNA damage

One of the biological responses to DNA damage is DNA repair
that protects genome stability, thus increasing survival and
preventing mutagenesis (reviewed in [50-52]). The genomic
instability caused by DNA damage is a hallmark of cancer
[2,3,53-55]. If not repaired, DNA damage may cause detrimental
biological effects in living organisms, leading to mutations, disease
and death. DNA repair consists of various mechanisms, including
BER, nucleotide excision repair (NER), mismatch repair (MMR),
direct repair and repair of single- and double-strand breaks
(reviewed in [52]). Almost all DNA repair processes involve
enzymatic opening of the double helix and unpairing DNA bases.
Dephosphorylation of modified 2’-deoxynucleoside triphosphates
in the nucleotide pool also occurs preventing their incorporation
by DNA polymerases into DNA, which may lead to genomic
instability (reviewed in [56]). Oxidatively modified DNA bases are
generally repaired by BER, although the repair of these lesions by
NER also occurs to a lesser extent [57-60]. BER cannot be involved
in the repair of 8,5'-cyclopurine-2’-deoxynucleosides because of
the 8,5’-covalent bond between the base and sugar moieties. Thus,
three decades ago, these lesions have been suggested to be the
substrates of NER instead [61,62]. Indeed, subsequent studies
showed that 8,5’-cyclopurine-2’-deoxynucleosides are repaired by
NER [63-66]. The repair of the R-diastereomers was found to be
more efficient than that of the S-diastereomers. This is on a par
with the fact that the R-diastereomers cause greater distortion of
the DNA backbone than the S-diastereomers. The lack of activity of
BER on 8,5’-cyclopurine-2’-deoxynucleosides has been confirmed
when DNA glycosylases did not act on oligodeoxynucleotides
containing these lesions [65]. In agreement with this finding, these
enzymes even at high concentrations failed to form DNA-protein
complexes with oligodeoxynucleotides containing S-cdA or S-cdG.
Other bulky lesions such as base-base tandem lesions are also
substrates of NER [67-69].

Sugar lesions are formed within DNA or bound to DNA as end
groups; however, some of them are released from DNA [8,10,39].
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Fig. 1. Structures of oxidatively induced DNA base lesions in DNA.

The former two types of sugar lesions constitute apurinic/
apyrimidinic (AP) sites with a modified 2-deoxyribose in addition
to AP sites with an intact 2-deoxyribose moiety. BER is the primary
pathway that repairs AP sites in mammalian cells. Sugar lesions
such as 2-deoxypentose-4-ulose, erythrose and 2-deoxyribonic
acid (or its lactone form 2-deoxyribonolactone) within DNA, and 2-
deoxytetradialdose as an end group are the substrates of apurinic/
apyrimidinic endonuclease 1 (APE1) of BER that hydrolyzes the
phosphate bond 5’ to the AP site creating a single strand break with
a 3'-OH group and a 5’ terminal 2-deoxyribose phosphate residue
(5’-dRP residue) [70-74]. This is followed by the repair of the
remaining nick by DNA polymerases 3 and A. However, the repair
of sugar lesions may not be as efficient as that of AP sites with the
intact 2-deoxyribose moiety (for recent reviews see [75,76]).
Double-strand breaks in DNA are repaired by homologous
recombination or non-homologous end-joining mechanisms,
whereas mechanisms similar to those in BER are involved in the
repair of single-strand breaks (reviewed in [52,77,78]).

4. Base excision repair

BER is highly conserved during evolution from bacteria to
humans, and repairs multiple endogenously and exogenously
induced DNA lesions including oxidatively induced DNA base
lesions, and also plays a role in erasing epigenetic marks from DNA
[79-90]. In fact, all mammalian DNA glycosylases have functional
bacterial homologs and can also function in bacteria. BER consists
of short patch and long patch pathways with several sub-
mechanisms that involve multiple enzymes [80], and also exists
in mitochondria (for a review see [91]). In the first step, a DNA
glycosylase removes a modified base from DNA by hydrolyzing the
N-glycosidic bond between the sugar moiety and the modified
base, leaving behind an AP site. Pre-catalytic steps involve non-
specific DNA binding that leads to the location of damage by
scanning or diffusion. This is followed by “nucleotide flipping” to
extrude modified nucleotides from the double helix into the active
site of the enzyme, facilitating the formation of a stable enzyme-
DNA complex prior to catalysis [85,86,92-100]. Recently, however,
a DNA glycosylase mechanism has been reported that functions
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without the nucleotide flipping for either binding or catalysis, and
leaves the double helix intact during damage recognition and
removal [101]. Numerous studies elucidated mechanisms by which
DNA glycosylases precisely locate and excise damaged DNA bases
from DNA without initiating any repair process at intact DNA bases
[85,92,94-97,99,100,102-106]. Direct visualization of the move-
ment of DNA glycosylases along undamaged long parts of DNA has
been achieved using single molecule total internal reflection
fluorescence microscopy imaging [97,100,103,104]. These studies
showed that DNA glycosylases scan and search DNA in bidirec-
tional and random fashion, and insert a wedge amino acid residue
into DNA that senses damaged DNA bases before turning them
inside out to fit into the active site of the enzyme.

In addition, DNA-mediated charge transport chemistry has
been proposed to play a role in damage recognition of DNA repair
proteins [107-109]. These proteins may search damaged sites in
DNA either from a distance or locally by way of redox processes.
Significant differences in reduction potentials exist between intact
DNA bases and modified DNA bases. An example of this fact is that
8-OH-Gua has a significantly lower reduction potential (0.74V)
than that of guanine (1.29V) [16]. The differences between

reduction potentials may play a role in damage recognition by
enhancing differences between a damaged base and an intact base
[107-109].

DNA glycosylases are either monofunctional removing the
modified base only, or bifunctional with an associated AP-lyase
activity. Short-patch BER is predominantly initiated by a
bifunctional DNA glycosylase, whereas a monofunctional DNA
glycosylase functions in either pathway [110]. Fig. 2 illustrates a
schematic presentation of short-patch BER. Reactions showing the
excision of a base lesion, and 3- and 8-eliminations are illustrated
in Fig. 3. Following the action of a monofunctional DNA
glycosylase, APE1 hydrolyzes the phosphate bond 5 to the AP
site and generates a single strand break with a 3’-OH end group on
one strand and an end 5’-dRP residue on the other strand [70,71].
The AP-lyase activity of a bifunctional DNA glycosylase hydrolyzes
the 3’-phosphodiester bond of the AP site by a [- or
{3,0-elimination mechanism that generates a strand break with
an o,B-unsaturated aldehyde (p-elimination) or a phosphate
group (P,5-elimination) attached to the 3’-end of the broken
strand, releasing the unsaturated aldehyde 4-hydroxypent-2,4-
dienal [52] (Fig. 3). Following the 3-elimination, APE1 removes the

modified DNA base
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Fig. 2. Schematic presentation of short-patch base excision repair X, modified DNA base; o,3-UA, 3’-phospho-a,B-unsaturated aldehyde; P, phosphate. Other abbreviations
can be found in the list of abbreviations. It should be noted that NEIL3 is listed with 8,8-elimination activity, although its 8-elimination activity is significantly weaker than its

{3-elimination activity [261]. (Adapted from [87]).
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o,B-unsaturated aldehyde, leaving behind a 3’-OH group [111]. The
phosphate group left on the 3’-end of the break after the
B,9-elimination is removed by polynucleotide kinase phosphatase
(PNKP) [112]. The p,3-elimination is an APEl-independent
pathway. The AP-lyase activity is generally associated with DNA
glycosylases that remove oxidatively induced DNA base lesions.
Following the APE1 activity, DNA polymerase 3 (Pol 3) removes
the blocking 5’-dRP residue and performs DNA synthesis, inserting
an intact DNA base. Subsequently, ligase 1 or a complex of X-ray
repair complementing protein 1 (XRCC1) and ligase Illa seals the
resulting gap to complete the repair [88,113-116].

In long patch BER, Pol (3 performs gap filling followed by
addition of deoxynucleotides past the AP site by DNA polymerases
d and/or ¢, generating an overhang polydeoxynucleotide with a
number of deoxynucleotides (5’ flap) and the 5-dRP residue. Flap
endonuclease I (FEN1) removes this 5’ flap and then DNA ligase I
seals the remaining nick completing the repair [117-122]. Poly
(ADP)ribose polymerase 1 (PARP1) and Pol \ also play important
roles in BER [88,123-125]. PARP1 is activated by ADP ribosylation,
and binds to DNA breaks and recruits other DNA repair proteins to
the DNA damage site.

In addition to DNA repair, BER also plays an essential role in
demethylation that converts 5-methlcytosine (5-MeCyt) and its
derivatives back to Cyt in a multistep process, thus modulating the

levels of cytosine methylation [90,126-133]. Cytosine is converted
enzymatically to 5-MeCyt by DNA methyltransferases, generating
an epigenetic signal for many cellular processes. Methylation
generally occurs at CpG sites; however, there is also evidence for
methylation of non-CpG sites. There is evidence for an emerging
role of DNA glycosylases such as 8-oxoguanine DNA glycosylase 1
(OGG1) and thymine DNA glycosylase (TDG) in basic regulatory
mechanisms such as transcription (epigenetic regulation) and
signal transduction. Proposed mechanisms of excision of 5-MeCyt
by monofunctional and bifunctional DNA glycosylases are similar
to those of oxidatively induced DNA base lesions (see below),
although such mechanisms in plants remain elusive (for an
extensive review see [90]).

5. DNA glycosylases

The first discovered DNA glycosylase was the E. coli uracil DNA
glycosylase (UDG) [79]. It is a member of the UDG superfamily, all
members of which are monofunctional [134-137]. Other DNA
glycosylases are divided into two families, the Fpg/Nei family and
the Nth superfamily on the basis of sequence homology and
structural motifs [86,87,138-141]. The members of both families
are bifunctional. DNA glycosylases of the Fpg/Nei family are
sparsely distributed across the phylogeny, whereas the Nth
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superfamily members are widely found in bacteria, archaea and
eukaryotes. The Fpg/Nei family DNA glycosylases contain a helix-
two turn-helix (H2TH) motif and a zinc finger or a zincless finger
motif for DNA binding, and have a common catalytic mechanism
that involves a conserved N-terminus with a Pro or Val residue
[86,140]. The Fpg/Nei family members are named after bacterial
members formamidopyrimidine glycosylase (Fpg, also called
MutM) and endonuclease VIII (Nei), and also include NEIL1, NEIL2
and NEIL3. The Nth superfamily is characterized by a helix-hairpin-
helix (HhH) motif followed by a loop that contains mainly Gly, Pro
and Val residues, and a conserved catalytic Asp residue [141-143].
Its members include E. coli endonuclease III (Nth), yeast Ntg1 and
Ntg2, mammalian NTH1, E. coli MutY, eukaryotic MUTYH and
0OGG1, and bacterial and yeast AlkA. Substrate specificities of DNA
glycosylases differ from one another, albeit overlapping substrates
exist.

The hallmark reaction of bifunctional DNA glycosylases is the
formation of a covalent enzyme-substrate Schiff base (imino)
intermediate, whereas monofunctional DNA glycosylases directly
hydrolyze the glycosidic bond using water as the active site

modifiedbase

DPIIA HN N NH; DNA
o}

nucleophile that prevents the lyase action [93,105,140,144-152].
The Schiff base is formed by the attack of the NH,-group of an
amino acid of the enzyme at the C1’ of 2’-deoxyribose displacing
the modified base as an anion. This is followed by proton transfers
between the NH»-group of the amino acid and the modified base,
and then between the 04’ of 2’-deoxyribose and the modified base
opening the 2’-deoxyribose ring, leading to the protonated Schiff
base. The [3-elimination step causes the protonated Schiff base to
give rise to the broken DNA strand with a 5’-phosphate end and the
formation of an «,3-unsaturated Schiff base, which is then
hydrolyzed to release the amino acid, leaving behind
a,B-unsaturated aldehyde as the end group of the broken DNA
strand. A subsequent 3-elimination forms the broken DNA strand
with a 3’-phosphate end and releases 4-hydroxypent-2,4-dienal.
Fig. 4 illustrates some steps of this mechanism, where E. coli Fpg is
depicted as the DNA glycosylase. Also shown is the trapping of the
Schiff base by reduction with NaBH,, resulting in a stable covalent
DNA-enzyme cross-link that can be readily detected as the proof
for the formation of the Schiff base intermediate, and is amenable
to further structural studies. A more detailed mechanism of the

free modifiedbase

2
] DNIA
H H
o ( excision ° o @, ° . ®
H H 4\ — H H NH —_— H H/=—N
H W) H H
o H o H
1 Fpg | Fpg
DNA

DNA glycosylase

DhllA

(o] H
OH ®
—N
H

H H
Fp o

B-elimination
—_—

strand break

DNA

Schiffbase

DNA

Schiff base

DNA
! H
hydrolysis ° o o
— (] HN
H
H H
Ap, g

a,B-unsaturated aldehyde

as the end group free DNA glycosylase

&-elimination

Dr'lA OH H
o- H,C :<_/: o
H H
4-hydroxypent-2,4-dienal

DA
NaBH, 0 o1 H
—_— H H N
H H
[o} H
| o
DNA N

reduced Schiffbase

Fig. 4. Mechanism of action of a bifunctional DNA glycosylase. E. coli Fpg and FapyGua are depicted as the DNA glycosylase and the modified DNA base, respectively. Also
shown is the trapping of the Schiff base by NaBHy, leading to a covalent DNA-amino acid cross-link. (For more details of this mechanism see [140,148,150,153]).
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excision of a modified base can be found -elsewhere

[140,148,150,153].
5.1. Determination of the substrate specificities of DNA glycosylases

Since the discovery of DNA glycosylases, the substrate
specificities of these enzymes have been studied and determined
using various types of methodologies and single- or double-
stranded oligodeoxynucleotides with a single DNA base lesion
embedded at a defined position. In general, these substrates
consisted of up to approximately 20 to 40 deoxynucleotides. In
such an experiment, a DNA glycosylase encounters a single DNA
base lesion without a competitor lesion, having one choice only to
act upon. As a result, this concept permits the study of the excision
of a single DNA base lesion one at a time. In addition, the enzyme-
substrate ratio may be far greater than that in a cellular
environment. In 1985, a different concept has been proposed to
use gas chromatography-mass spectrometry (GC-MS) and dam-
aged high-molecular weight DNA samples containing multiple
pyrimidine- and purine-derived lesions for the determination
of the substrate specificities and excision kinetics of DNA
glycosylases [154]. It has been shown that the GC-MS technique
permits the simultaneous identification and quantification of
multiple DNA base lesions in a given DNA sample. Subsequent
development of stable isotope-labeled analogs of these analytes to
be used as internal standards ascertained their accurate quantifi-
cation (GC-MS with isotope-dilution) [155]. GC-MS enables the
determination of substrate specificities of DNA glycosylases by
identifying which DNA base lesions are or are not excised from
DNA by a given glycosylase, and also permits the accurate
measurement of excision kinetics of released base lesions. The
use of high-molecular weight DNA with multiple lesions facilitates
a quantitative comparison of substrate specificities and excision
kinetics of DNA glycosylases for various lesions under identical
experimental conditions. Under such conditions, the enzyme
simultaneously encounters a number of DNA base lesions that may
be competitive inhibitors for one another. These conditions may be
more representative of those in a living cell than the use of
oligodeoxynucleotides with a single base lesion as a substrate.

DNA substrates are generally prepared by treatment of DNA in
buffered aqueous solution with H,0, containing Fe(III)- or Cu(Il)-
ions, or with «y-rays in the presence of oxygen with air-saturation
or in the absence of oxygen with N,O-saturation. These treatments
generate a multiplicity of pyrimidine- and purine-derived products
from all four DNA bases. The types and yields of the products
depend on experimental conditions (reviewed in [10]). DNA
substrates are incubated with a DNA glycosylase, and then treated
with ethanol to stop the reaction and to precipitate DNA. The pellet
and the supernatant fractions are separated. The DNA pellet is
analyzed with GC-MS after acidic hydrolysis, lyophilization and
derivatization. The analysis of the supernatant fraction, which will

lyophilization and derivatization without acidic hydrolysis. Control
samples are generated by incubating DNA without the enzyme or
with the heat-deactivated enzyme. The removal of the substrate
lesions from DNA and their appearance in the supernatant fraction
unequivocally prove the specificity of a given DNA glycosylase for a
removed base lesion. Fig. 5 shows the experimental scheme of this
approach. The dependence of excision on time and enzyme
concentration can also be performed to support the findings. The
measurement of excision depending on the levels of the substrates
in DNA permits the determination of the Michaelis-Menten
kinetics. This concept using the GC-MS methodology has been
applied to numerous bacterial, viral, yeast, plant and mammalian
DNA glycosylases. This review includes the results of those studies.
It should be pointed out that the use of the GC-tandem MS
technique (GC-MS/MS) with isotope-dilution has recently been
introduced for this purpose as well [156-158].

5.2. Monofunctional DNA glycosylases

In mammalian cells, several uracil-DNA glycosylases (UDGs) are
expressed that include mitochondrial uracil N-glycosylase (UNG1),
nuclear UNG2 and a single-strand selective monofunctional uracil
DNA glycosylase (SMUG1); there are also two mismatch DNA
glycosylases TDG and methyl CpG binding domain protein 4
(MBD4) [134-136,159-172]. All UDGs possess an «f3 fold
structured catalytic domain [173]. UNG2 and SMUG1 remove
deaminated cytosine residues and uracil from DNA, which arises
either by deamination of cytosine or by misincorporation of 2’-
deoxyuridine triphosphate into DNA from the nucleotide pool.
UNG?2 has also been found to reduce DNA methylation [171]. In
addition, UNG and SMUG1 have been discovered to excise
isodialuric acid (5,6-dihydroxyuracil), 5-hydroxyuracil (5-OH-
Ura) and alloxan from DNA containing multiple lesions
[174-176]. These compounds are formed in DNA by reactions of
*OH with cytosine followed by oxidation and deamination
(reviewed in [10]). 5-Hydroxymethyluracil (5-OHMeUra) and 5-
formyluracil, which are the products of *OH reactions with the
methyl group of thymine, are also substrates of SMUG1 [177-179]
(see Fig. 1 for the structures of these products). In addition to their
activities described above, UNG1, UNG2 and SMUGI1 act on 5-
halogenated uracils such as 5-flurouracil [169].

TDG acts on uracil and thymine with a preference on the former,
and also on 5-OHMeUra when paired with Gua in double-stranded
DNA [159,161,169,170]. 5-Formylcytosine and 5-carboxylcytosine,
which are formed by oxidation of 5-MeCyt, are also substrates of
TDG [170,172,180]. In addition, TDG exhibits specificity for the
removal of 5-halogenated pyrimidines such as 5-fluorouracil, 5-
bromouracil and 5-chlorouracil, and to a lesser extent, for that of 5-
iodouracil, 5-fluorocytosine and 5-bromocytosine [169,181,182].

MBD4 removes uracil and thymine paired with guanine,
resulting from deamination of CpG and methylated CpG, and also

contain released DNA base lesions, is performed after 5-OHMeUra paired with Gua in CpG dinucleotides [170,183,184].
1. Lyophilization
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3. Derivatization Y
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Supernatant 1. Lyophilization GC-MS/MS
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Fig. 5. Experimental scheme for the determination of substrate specificities of DNA glycosylases using the GC-MS methodology and high-molecular weight DNA with

multiple lesions.
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Several 5-halogenated uracils such as 5-fluorouracil, 5-chlorour-
acil, 5-bromouracil and 5-iodouracil are also substrates of MBD4
[169,170,185-188]. The glycosylase domain of MBD4 is homolo-
gous to the Nth superfamily of DNA glycosylases [170,183,189];
however, this enzyme does not act on analogous cytosine
derivatives.

Another DNA glycosylase MUTYH, which is a member of the
HhH superfamily and also contains an iron sulfur cluster, removes
Ade mispaired with 8-OH-Gua [ 190-193]. Similarly, E. coli homolog
MutY acts on FapyGua paired with non-cognate Ade and removes
Ade [194,195]. MUTYH has been shown to cleave double-stranded
oligodeoxynucleotides containing 2-hydroxyadenine (2-OH-Ade)
paired with Gua or Ade, suggesting a DNA glycosylase activity for
this lesion [196].

3-Methylpurine DNA glycosylase (MPG) or alkyladenine DNA
glycosylase (AAG) has a broad substrate specificity and removes
alkylated bases including 3-methyladenine, 3-methylguanine and
7-methylguanine as well as ethanoadenine, ethanoguanine,
hypoxanthine and 8-OH-Gua [197-202]. MPG and AIKA (bacterial
and yeast) have similar substrate specificities; however, they are
not structurally related [203].

5.3. Prokaryotic bifunctional DNA glycosylases

5.3.1. E. coli Fpg protein

E. coli Fpg (also called E. coli MutM) of the Fpg/Nei family has
been discovered as a DNA glycosylase that removed 2,6-diamino-
4-hydroxy-N7-methyl-5-formamidopyrimidine (Me-FapyGua)
from DNA [204,205]. The fpg gene has been cloned that encodes
this protein with an average molecular mass of 30.2 kDa and 263
amino acids [206]. Fpg has a four cysteine-zinc finger motif for
binding to DNA and for enzymatic activity with its active site
located within the first 73 amino acid residues of the N-terminus
[207-209]. In addition to DNA glycosylase activity, E. coli Fpg
possesses AP-lyase activity with (3,8-elimination and an activity
excising the 5-dRP residue [210-212]. The elucidation of the
crystal structure of the Fpg-DNA complex revealed its catalytic
mechanism [213]. The substrate specificity of Fpg has been
investigated using various methodologies and substrates. Besides
Me-FapyGua, the excision of urea and FapyAde from +y-irradiated
polydA has been demonstrated [214,215]. Subsequent work
reported the excision of 8-OH-Gua, and pyrimidine-derived lesions
5-hydroxycytosine (5-OH-Cyt) and 5-OH-Ura from oligodeoxynu-
cleotides containing a single lesion [216,217]. Fpg has also been
reported to efficiently remove Sp from DNA, which is a further
oxidation product of 8-OH-Gua, even more efficiently than 8-OH-
Gua [17,218].

The GC-MS methodology was applied for the first time to the
determination of the substrate specificity of E. coli Fpg using high-
molecular weight DNA as a substrate containing multiple
pyrimidine- and purine-derived lesions [30]. This work paved
the way to study the substrate specificities and excision kinetics of
numerous other DNA glycosylases acting simultaneously on
multiple DNA base lesions (see above). 8-OH-Gua, FapyGua and
FapyAde have been determined to be the major substrates of E. coli
Fpg with no significant excision of pyrimidine-derived lesions. 8-
Hydroxyadenine (8-OH-Ade) was also a substrate, albeit to a lesser
extent. The low activity has been suggested to result from the
absence of the C6-keto group in 8-OH-Ade [219]. No DNA
glycosylase specific for 8-OH-Ade has thus far been reported,
although this lesion is repaired in living cells [220-222]. Michaelis-
Menten kinetics of excision of 8-OH-Gua, FapyGua and FapyAde by
E. coli Fpg from DNA with multiple lesions have been shown to be
similar [223]. A significant dependence of excision on the nature of
DNA substrates has been observed. Taken together, these results
provided the evidence that FapyGua and FapyAde may also be the

main physiological substrates of E. coli Fpg. This fact is in contrast
to the claim that 8-OH-Gua were the main physiological substrate
of Fpg, although no data had been provided on the excision of
FapyGua and FapyAde [219,224].

The effect of single point mutations in the fpg gene on the
specificity of E. coli Fpg has been investigated [225]. Five mutant
forms were generated targeting the highly conserved amino acids
Lys-57, Lys-155 and Pro-2. These single mutations dramatically
affected the specificity of E. coli Fpg up to a complete loss of activity.
Similarly, two variants of Bacillus stearothermophilus Fpg contain-
ing either Phel14Ala or Met77Ala have been expressed and
purified, and shown to exhibit significant loss of activity toward 8-
OH-Gua in oligodeoxynucleotides [153]. The data suggested that
the highly conserved residues Phe-114 and Met-77 play a role in
the extrusion of 8-OH-Gua from DNA and in the hydrolysis of the
N-glycosidic bond.

Oligodeoxynucleotides with FapyAde or FapyGua embedded at
a defined position have been synthesized to enable the study of
repair mechanisms and biological effects of these lesions
[226-229]. Efficient excision of FapyAde and FapyGua by E. coli
Fpg from these oligodeoxynucleotides has been shown [194,230].
This is on a par with the substrate specificity of E. coli Fpg
determined using the GC-MS methodology and DNA with multiple
lesions. The oligodeoxynucleotides containing FapyAde and
FapyGua also facilitated the determination of the effect of base-
pairing on the excision by E. coli Fpg. Thus, FapyAde opposite all
four intact bases was removed indiscriminately, whereas FapyGua
paired with cognate Cyt was a much better substrate than when it
was paired with non-cognate Ade.

A protein homologous to E. coli Fpg has been isolated from the
ionizing radiation-resistant bacterium Deinococcus radiodurans
(DrFpg) [231-233]. Similar to E. coli Fpg, DrFpg efficiently excised
8-OH-Gua, FapyGua and FapyAde, but with significantly lower
excision rates. FapyGua and FapyAde were preferred substrates
over 8-OH-Gua in contrast to the similar preference of E. coli Fpg
for all three lesions [234].

5.3.2. E. coli Nth protein

E.coli Nth (endonuclease III) of the Nth superfamily has been
one of the most investigated DNA glycosylases since its discovery
and isolation [235]. The nth gene has been cloned and sequenced
[236-238]. E. coli Nth has 211 amino acids and an average
molecular mass of 23.6kDa, and possesses a [4Fe-4S] cluster
[237,238]. Its crystal structure has been elucidated [143]. This
protein is endowed with both DNA glycosylase and AP-lyase
activities, and possesses a broad substrate specificity for pyrimi-
dine-derived lesions with some substantial differences in excision
kinetics [98,217,236-241]. Most of the pyrimidine-derived lesions
shown in Fig. 1 have been found to be the substrates of E.coli Nth.
The use of the GC-MS methodology demonstrated the excision of
substrates from DNA with multiple lesions, and confirmed and
extended the substrate specificity of E. coli Nth [242,243]. Thus,
FapyAde has been identified as the first purine-derived substrate of
E. coli Nth, and 5,6-dihydroxycytosine (5,6-diOH-Cyt) and its
deamination product 5,6-dihydroxyuracil (5,6-diOH-Ura) as addi-
tional cytosine-derived substrates. Excision kinetics was also
measured using three differently prepared DNA substrates
[242,243]. A significant dependence of excision on the nature of
DNA substrates has been observed as in the case of E. coli Fpg. In
general, the excision kinetics of the substrate lesions were quite
similar with the same DNA substrate. It should be noted that
5,6-diOH-Cyt is not formed significantly in the absence of oxygen
(N,O-saturation), whereas oxygen completely inhibits the forma-
tion of 5-OH-6-HThy and 5-OH-6-HUra [10]. Moreover, E. coli Nth
efficiently excised FapyAde from synthetic FapyAde-containing
oligodeoxynucleotides, whereas FapyGua was a poor substrate for
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excision from FapyGua-containing oligodeoxynucleotides [244].
These findings are in excellent agreement with those results
obtained using DNA with multiple lesions [243].

5.3.3. E. coli Nei protein

Another member of the Fpg/Nei family has been discovered in E.
coli and named endonuclease VIII (E. coli Nei) [245]. This DNA
glycosylase has been found to mainly recognize modified
pyrimidines in DNA [86,217,245-249]. The nei gene has been
cloned [247]. The encoded protein with an average molecular mass
of 29.7 kDa and 263 amino acids has been shown to exhibit strong
homology to E. coli Fpg and other bacterial Fpg proteins in N- and
C-terminal sequences [247,250]. The crystal structure of E. coli Nei
confirmed its structural similarity to Fpg [251]. This protein also
possesses an AP-lyse activity with [3,0-elimination and a 5'-
phosphodiesterase activity that removes the 5-dRP residue [247].
Despite the sequence similarity, the only substrate overlap of E. coli
Fpg and Nei is the excision of 8-OH-Gua by E. coli Nei from
oligodeoxynucleotides that depends on the base-pairing
[252,253]. On the other hand, the substrate specificity of E. coli
Nei strongly overlaps with that of E. coli Nth of the Nth superfamily
[86,217,240], although these proteins have no sequence homology
and no similar functional motifs [246,248]. Originally, the
substrates of E. coli Nei included thymine glycol (Thy glycol),
5,6-diHThy, B-ureidoisobutyric acid and urea [245]. Subsequently,
5-OH-Cyt, 5-OH-Ura and uracil glycol have been found to be
substrates as well [239,247]. In most of these studies, oligodeox-
ynucleotides containing a single modified base were used as
substrates. The use of DNA with multiple lesions showed that E. coli
Nei is also specific for pyrimidine-derived 5-hydroxy-5-methyl-
hydantoin (5-OH-5-MeHyd), 5-OH-6-HThy, 5-OH-6-HUra, 5,6-
diOH-Cyt, 5,6-diOH-Ura (isodialuric acid) and 5,6-diHThy, and
adenine-derived FapyAde [254] (see Fig. 1 for the structures of
these compounds). Other purine-derived lesions were not excised.
No significant excision of 5-OH-Cyt was observed most likely
because of its complete deamination into 5-OH-Ura under the
experimental conditions used. A naturally occurring mutant form
of E. coli Nei involving Leu-90 — Ser (Nei-Leu90Ser) has been
isolated and shown to efficiently excise the same substrates from
DNA, albeit with somewhat different excision kinetics [254].
Similar to E. coli Fpg and Nth, some differences in excision kinetics
of E. coli Nei were observed depending on the preparation of DNA
substrates, i.e., y-irradiation of aqueous solutions of DNA with
N,O- or air-saturation. When synthetic FapyAde- or FapyGua-
containing oligodeoxynucleotides were used, E. coli Nei efficiently
removed FapyAde from the FapyAde/Ade or FapyAde/Thy pairs;
however, the excision from the mispair was more significant than
that from the native pair [244]. E. coli Nei had a very low activity on
FapyGua when paired with cognate Cyt or non-cognate Ade. These
results are in excellent agreement with those showing that E. coli
Nei efficiently excises FapyAde, but not FapyGua from DNA with
multiple lesions [254]. A novel OGG2 activity has been discovered
in E. coli and the enzyme has been identified as endonuclease VIII
(Nei) [253]. Interestingly, Nei removed 8-OH-Gua paired with non-
cognate Gua or Ade in oligodeoxynucleotides, but exhibited
relatively weak activity for 8-OH-Gua paired with cognate Cyt in
contrast to the preference of Fpg for the 8-OH-Gua when paired
with Cyt. A homolog of Nei has also been found in D. radiodurans
[232].

5.3.4. Mycobacterial DNA glycosylases

Four DNA glycosylases of the Fpg/Nei family and one Nth
protein have been identified in Mycobacterium tuberculosis (M.
tuberculosis), which causes tuberculosis and thus millions of deaths
around the world [255]. These proteins named MtuFpg1, MtuFpg2,
MtuNeil, MtuNei2 and MtuNth have been overexpressed, isolated

and purified, and biochemically characterized [218,256-258].
MtuFpgl acted on AP sites with B,3-elimination, although the
AP/Ade pair was less susceptible to hydrolysis [218]. When double-
stranded oligodeoxynucleotides were used, 8-OH-Gua paired with
cognate Cyt was efficiently excised by MtuFpg1l. Under identical
conditions, the k,¢/Kv value of excision by MtuFpgl was even
significantly greater than that by E. coli Fpg. Reduced excision from
the 8-OH-Gua/Gua or Thy pairs was observed, and none from the 8-
OH-Gua/Ade pair in contrast to E. coli Fpg. Gh and, to a lesser
extent, Sp were also good substrates; however, the activity on 5,6-
diHUra, 5-OH-Ura, 5-OH-Cyt and urea was limited. Thy glycol/Ade
and 5,6-diHThy/Ade pairs were not recognized, presumably due to
fact that MtuFpg1 lacks the N-terminal Pro-2, Glu-3 and Lys-53,
which are essential for glycosylase activity and hydrogen bonding
[218]. MtuFpg2 did not exhibit any DNA glycosylase activity,
presumably due to the lack of the N-terminal Pro-2, Glu-3 and Lys-
53, which are essential for the DNA glycosylase/lyase activity
[213,218,251,259,260]. MtuNeil acted on AP sites, Thy glycol, 5,6-
diHUra, urea, Gh and Sp with [3,8-elimination in single- and
double-stranded oligodeoxynucleotides, but exhibited low activity
on 5,6-diHThy, 5-OH-Ura and 5-OH-Cyt in single-stranded
oligodeoxynucleotides, and none against 8-OH-Gua [218]. MtuNeil
also exhibited uracil DNA glycosylase activity. The substrate
specificity of MtuNei2 could not be satisfactorily determined. In
double-stranded oligodeoxynucleotides, MtuNth recognized AP
sites with [3-elimination, and 5,6-diHUra and, to a lesser extent, 5-
OH-Cyt and Thy glycol but not 8-OH-Gua or Sp. The kinetic
parameters of MtuNth were similar to those of E. coli Nth.
Stereospecific excision of Thy glycol diastereomers by MtuNth and
MtuNei has been observed as the S[(5S,6R), (5S,6S)]-diastereomers
were preferentially excised by MtuNth, whereas MtuNeil preferred
the R[(5R6S), (5R,6R)]-diastereomers. Overall, M. tuberculosis
enzymes exhibited lower rate constants than those of E. coli.

The substrate specificities of MtuFpgl, MtuNeil and MtuNth
along with their E. coli counterparts have been determined under
identical conditions using DNA with multiple lesions [218].
FapyAde, FapyGua and 8-OH-Ade have been found as additional
substrates of the M. tuberculosis enzymes. Both MtuFpg1 and E. coli
Fpg efficiently excised FapyAde, FapyGua and 8-OH-Gua, with the
latter enzyme showing at least 2-fold greater activity than the
former. Both enzymes exhibited substantially lower activity for 8-
OH-Ade and very low activity for 5-OH-5-MeHyd. There was no
excision of Thy glycol, 5-OH-Cyt and 5-OH-Ura. MtuNeil and E. coli
Nei efficiently acted on pyrimidine-derived lesions, and on
FapyAde and FapyGua. Neither 8-OH-Gua nor 8-OH-Ade was
excised. In some cases, the activity of E. coli Nei was greater than
that of MtuNeil. Both MtuNth and E. coli Nth efficiently excised all
pyrimidine- and purine-derived lesions with the exception of 8-
OH-Gua. Again, E. coli Nth had somewhat greater activity for
almost all lesions. It should be pointed out that the results obtained
with the E. coli enzymes in this work were in excellent agreement
with those previously observed (see above).

MtuNeil and MtuNei2 along with E. coli Nei were overexpressed
in the E. coli fpg mutY nei triple mutant and the E. coli nei nth double
mutant, which accumulate G—T transversions and C—T tran-
sitions, respectively, to determine whether these enzymes reduce
the extremely high spontaneous mutation frequency observed in
these mutants [252,261]. The expression of MtuNeil, MtuNei2 and
E. coli Nei significantly reduced the mutation frequency. Since
MtuNeil and E. coli Nei mainly remove pyrimidine-derived lesions,
and FapyAde and FapyGua, but not 8-OH-Gua, these results
suggested that the mutations arise from their substrates, which are
known to cause such mutations. It is known that FapyGua leads to
G — T transversions [195,262,263], whereas 5-OH-Cyt and 5-OH-
Ura cause C — T transitions [239,264-268]. Reduction of mutations
observed with MtuNei2 as well suggests that this enzyme can
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prevent G — T transversions, probably by removing Gua-derived
products [218].

Taken together, these studies show that M. tuberculosis
possesses DNA repair mechanisms that efficiently act on oxida-
tively induced DNA lesions. Efficient DNA repair may help M.
tuberculosis survive DNA-damaging insults by endogenous and
exogenous sources and thus contribute to its pathogenic effects.
The elucidation of DNA repair mechanisms in this dangerous
pathogen may help develop novel treatment strategies to fight and
eradicate tuberculosis.

5.4. Eukaryotic bifunctional DNA glycosylases

5.4.1. Saccharomyces cerevisiae OGG1 protein

A functional homolog of E. coli Fpg with common substrates has
been discovered in Saccharomyces cerevisiae (S. cerevisiae) with an
average molecular mass of 42.8kDa and 376 amino acids
[269-271]. A spontaneous mutator strain of E. coli fpg muty has
been used to clone the ogg1 gene. The encoded protein has been
named 8-oxoguanine DNA glycosylase 1 (OGG1) because of its
strong activity on 8-OH-Gua embedded in double-stranded
oligodeoxynucleotides when paired with Cyt or Thy. S. cerevisiae
OGG1 (yOGG1) possesses an additional AP-lyase activity with
B-elimination, when the AP-site is opposite Cyt, and also excises
Me-FapyGua, albeit to a much lesser extent than 8-OH-Gua
[269,271,272]. Furthermore, it exhibits significant activity for 8-
OH-Ade in double-stranded oligodeoxynucleotides when paired
with non-cognate Cyt only [272]. yOGG1 localizes to both the
nucleus and mitochondria, indicating that it plays a role in the
maintenance of overall genome integrity [273,274]. Despite the
common substrates, there exists no significant homology between
yOGG1 and E. coli Fpg [269]. yOGG1 belongs to the Nth
superfamily, whereas E. coli Fpg is a member of the Fpg/Nei
family [98]. Using DNA substrates with multiple lesions, FapyGua
has been shown to be also a substrate of yOGG1 along with 8-OH-
Gua, but not FapyAde in contrast to E. coli Fpg [275]. No other
lesions were excised significantly. Four different DNA substrates
were used. Excision of 8-OH-Gua and FapyGua significantly varied
among the DNA substrates indicating the profound effect of the
nature of DNA substrates on excision kinetics as in the case of E. coli
DNA glycosylases (see above).

Another enzyme named OGG2 has been discovered in S.
cerevisiae and shown to preferentially remove 8-OH-Gua from the
8-OH-Gua/Ade mispair that may arise from incorporation of 8-OH-
dGTP during replication [276].

5.4.2. Human OGG]1 proteins

Two human homologs of yOGG1 have been discovered and
designated a-hOGG1 and 3-hOGG1 with 345 and 424 amino acids,
and an average molecular mass of 38.8kDa and 47.2KkDa,
respectively [277-284]. These two forms of hOGG1 result from
an alternative splicing after transcription of the oggl gene on
chromosome 3p25 [285,286]. They have the first 316 amino acids
identical; however, the carboxyl termini are different with
a-hOGG1 exhibiting similarity to yOGG1. «-hOGG1 and [3-hOGG1
are targeted to the nucleus and mitochondria, respectively
[287-289]. However, there is evidence that a-hOGG1 also exists
in mitochondria and plays a critical role in the repair of DNA
damage [290-293]. OGG1 is expressed mainly in the thymus,
testis, intestine, brain and B cells, with an increase in age
[277,284,288,294]. In analogy to yOGG1, a-hOGG1 possesses an
AP-lyase activity with (3-elimination, which cleaves the AP site
preferably, when it is opposite Cyt [269,272]. The proposed
catalytic mechanism of hOGG1 involves a nucleophilic attack by
Lys-249 on the C1’ of the sugar moiety followed by the removal of
8-OH-Gua and the formation of a transient covalent imino

enzyme-DNA intermediate (o,-unsaturated Schiff base)
[85,146-148,295,296]. Subsequent reactions lead to a [3-elimina-
tion of the 3’-phosphate with strand cleavage, the liberation of the
enzyme and the formation of a trans-a,[3-unsaturated aldehyde
product as the end group of the broken DNA strand as shown in
Fig. 3. Mutation of Lys-249 to the non-nucleophile GIn-249 and
that of Asp-268 to Asn-268 generate variants that are void of base
excision activity, but recognize 8-OH-Gua in DNA
[146,147,295,297,298]. Asp-268 has been suggested to play a role
in the AP-lyase activity by abstracting a proton from Lys-249 in the
first step of the [-elimination reaction [147,297]. On the other
hand, there is recent biochemical and structural evidence that
points to a concurrent and independent monofunctional water-
catalyzed hydrolysis of the glycosidic bond being the in vivo
relevant reaction of hOGG1 [299]. This is followed by a nucleophilic
attack on the resulting AP site by an opportunistically positioned
Lys-249 that is not important for the glycosylase reaction. This
uncoupled mechanism was revealed through the construction of a
series of site-directed mutants of hOGG1 in which the two
reactions could be structurally uncoupled, with mutants totally
devoid of either the glycosylase activity, while maintaining AP-
lyase activity, or a complete loss of AP-lyase activity and
maintaining glycosylase function. In this mechanism, Asp-268 is
the key catalytic residue for the base hydrolysis reaction, whereas
Lys-249 appears to be indispensable for the specific recognition
and alignment of the substrate lesion during hydrolysis.

a-hOGG1 has been shown to efficiently excise 8-OH-Gua and
Me-FapyGua from oligodeoxynucleotides [277-279,
281-283,300,301], and 8-OH-Gua and FapyGua from DNA
v-irradiated in aqueous solution saturated with N,O or air
[301]. FapyAde or 8-OH-Ade were not excised. In excellent
agreement with these findings, human OGG1 efficiently excised
FapyGua paired with cognate Cyt from synthetic oligodeoxnucleo-
tides, whereas FapyAde was removed when mispaired with non-
cognate Cyt only [272,302]. When double-stranded oligodeox-
ynucleotides containing 8-OH-Gua were used, the highest
efficiency of excision was observed when this lesion was paired
with Cyt [277]. Mispairing 8-OH-Gua with Thy significantly
reduced the activity of a-hOGG1, whereas a very weak activity
was observed for 8-OH-Gua/Gua or 8-OH-Gua/Ade pairs. 8-OH-
Ade was efficiently removed from double-stranded oligodeox-
ynucleotides when mispaired with non-cognate Cyt only
[272,301].

A polymorphic form of a-hOGG1 (hOGG1-Ser326Cys) exists in
human cells, due a genetic polymorphism at codon 326 [303].
a-hOGG-Ser326Cys has frequently been found in Japanese
population in both healthy individuals and in 23% to 41% of
Caucasian populations [304]. This polymorphism has been
associated not only with various types of cancers including lung,
colorectal, bladder, ovarian, head and neck, and kidney cancers, but
also with ocular and cochlear disorders as well as neurodegenera-
tive and cardiovascular diseases, and Type II diabetes [303,
305-310]. a-hOGG1-Ser326Cys has been isolated and purified,
and shown to efficiently excise 8-OH-Gua and FapyGua from DNA
with multiple lesions, similar to wild-type «-hOGG1 [301].
However, the measurement of excision kinetics showed that
wild-type a-hOGG1 possesses an approximately 2-fold greater
activity than a-hOGG1-Ser326Cys for excision of 8-OH-Gua and
FapyGua. Both forms exhibited a greater preference for FapyGua
than 8-OH-Gua. Two variants of a-hOGG1, a-hOGG1-Arg46GIn
and a-hOGG1-Arg154His have been found in a gastric cancer cell
line and human kidney tumors [311,312]. Both proteins have been
purified and shown to efficiently excise 8-OH-Gua and FapyGua
with similar excision kinetics from DNA with multiple lesions;
however, the activity of wild-type a-hOGG1 for both substrates
was approximately 2-fold greater than the mutant forms
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[272,301,313]. When double-stranded oligodeoxynucleotides con-
taining 8-OH-Gua paired with four DNA bases were used, 8-OH-
Gua was removed from the mismatches less efficiently than from
the 8-OH-Gua/Cyt pair. Taken together, the results showed that the
mutant forms found in tumors exhibit defective catalytic capaci-
ties. Recognition variants of hOGG1 have also been reported with
active site point mutations at Gly-42, His-270 and GIn-315 [296].
Moreover, 0GG1 deficiency in mice (0ogg1™~ mice) has been shown
to increase susceptibility to obesity, metabolic dysfunction,
infections and UVB-induced skin carcinogenesis, and to decrease
inflammatory responses and to exhibit defects in the maintenance
of telomere length [314-319]. On the other hand, 8-OH-Gua, which
is one of the main substrates of OGG1, can be increased to very high
levels in ogg1~~ mice upon oxidative stress without any biological
consequences including carcinogenesis [320,321].

In another work, the substrate specificity and excision kinetics
of two natural polymorphic variants and phosphomimetic Ser —
Glu mutants of hOGG1 have been investigated using double-
stranded oligodeoxynucleotides containing 8-OH-Gua/Cyt and 8-
OH-Gua/Ade pairs as well as DNA with multiple lesions [322].
hOGG1-Ala288Val and hOGG1-Asp322Asn were chosen because
Ala288 forms a direct contact with DNA and Asp322 plays a role in
positioning His270, which binds to the 5’-phosphate of the
damaged nucleotide [147]. Furthermore, hOGG1-Ala288Val has
been found in the germline of Alzheimer’s disease patients and
exhibited lower activity than the wild-type hOGG1 [323]. hOGG1-
Asp322Asn had not been investigated. The kinetic constants were
determined for the cleavage of 8-OH-Gua/Cyt and 8-OH-Gua/Ade
pairs by wild-type and mutant hOGG1 proteins. Except for hOGG1-
Ser231Gluy, all radiomimetic mutants were approximately 2-fold
less active than the wild-type hOGG1 [322]. The specificity of
hOGG1-Ala288Val for the opposite base was similar to that of wild-
type hOGG1; however, hOGG1-Asp322Asn exhibited greater
specificity for the cognate base than the wild-type hOGG1. All
hOGG1 variants excised FapyGua and 8-OH-Gua from DNA with
multiple lesions, with hOGG1-Ser326Cys and hOGG1-Asp322Asn
being the least active for excision of 8-OH-Gua. The activity of
hOGG1-Ala288Val for both FapyGua and 8-OH-Gua was similar to
that of wild-type hOGG1. Phosphomimetic mutants exhibited
somewhat reduced abilities for excision of FapyGua; however, they
were significantly less active on 8-OH-Gua than wild-type hOGG1.
Furthermore, the stimulation of hOGG1 activity by hAPE1 was also
investigated, because such a stimulation had been previously
observed [324-327], and because the posttranslational phosphor-
ylation may affect protein-protein interactions [328]. All phos-
phomimetic mutants were significantly less stimulated by hAPE1
than wild-type hOGG1. Overall, the results indicated that
phosphorylation of wild-type hOGG1 may not affect its activity.

Another enzyme named OGG2 with B-elimination activity and
an average molecular mass of 36kDa has been discovered in
human cells and shown to remove 8-OH-Gua when mispaired with
Ade [329]. This activity is analogous to that of S. cerevisiae 0GG2,
which is discussed above [276]. The substrate specificity of this
enzyme has not been investigated using DNA with multiple lesions.

5.4.3. Drosophila melanogaster OGG1 and S3 proteins

In Drosophila melanogaster, a homolog of hOGG1 has been
discovered, and the oggl gene has been cloned [330]. The encoded
protein, dOGG1 has been isolated and shown to have a 33% and 37%
identity with yOGG1 and hOGG]1, respectively. dOGG1 possesses
additional AP-lyase/f3-elimination activity and is composed of 343
amino acids with an average molecular mass of 39.4kDa. In
analogy to yOGG1 and hOGG1, dOGG1 excised 8-OH-Gua and
FapyGua from DNA with multiple lesions with a preference for the
former. In addition, this protein efficiently acted on double-
stranded oligodeoxynucleotides containing 8-OH-Gua paired with

Cyt or Thy, whereas the sites with 8-OH-Gua/Ade or 8-OH-Gua/Gua
pairs were cleaved at a very slow rate. 8-OH-Ade and an AP-site
opposite Cyt were also good substrates, but not when paired with
other bases.

A ribosomal protein has been discovered in Drosophila
melanogaster with 246 amino acids and an average molecular
mass of 27.5 kDa, and named Drosophila ribosomal protein S3 (dS3
protein) [331-333]. This protein has been shown to possess AP
endonuclease and 3- and 8-elimination activities and to be tightly
associated with the nuclear matrix, suggesting a function in DNA
repair. Interestingly, it also acted on double-stranded oligodeox-
ynucleotides containing 8-OH-Gua, suggesting that this protein
may also possess a DNA glycosylase activity. However, the actual
release of 8-OH-Gua has not been definitely shown. The use of DNA
substrates with multiple lesions unequivocally demonstrated that
dS3 protein indeed possesses a DNA glycosylase activity and
efficiently releases 8-OH-Gua and also FapyGua from DNA [334].
Both lesions were removed with similar excision Kkinetics,
suggesting that FapyGua is also an important physiological
substrate of this protein. In addition, dS3 protein efficiently acted
on the 8-OH-Gua/Cyt pair in double-stranded oligodeoxynucleo-
tides as in the case of DNA substrates, but failed to cleave the
substrates with mismatched pairs of 8-OH-Gua with Ade, Gua or
Thy. In analogy to other DNA glycosylases [144], S3 protein has
been found to form a Schiff base intermediate that can be trapped
by NaBHy,, as shown in Fig. 4. All these findings strongly suggested
that dS3 protein possesses all the properties to play an important
role in DNA repair. Human S3 protein also exists with 80% identity
to its Drosophila homolog; however, it lacks 6-elimination and DNA
glycosylase activities, and does not act on 8-OH-Gua [335-338]. Its
substrate specificity has not been determined using DNA with
multiple lesions.

5.4.4. Arabidopsis thaliana OGG1 protein

A functional homolog of OGG1 proteins in Arabidopsis thaliana
(AtOGG1) has been discovered, cloned and isolated [339]. AtOGG1
has 365 amino acids with an average molecular mass of 40.3 kDa
and exhibits a high degree of homology with other OGG1 proteins
in several highly conserved regions [146,147,330,339-342]. In
agreement with the results of previous studies in yeast, Drosophila
and human OGG1 proteins, AtOGG1 efficiently removed 8-OH-Gua
and FapyGua with similar excision kinetics from DNA containing
multiple lesions [76]. A significant dependence of excision on the
nature of DNA substrates has also been observed. In the case of
double-stranded oligodeoxynucleotides with 8-OH-Gua paired
with each of the DNA bases, excision from the 8-OH-Gua/Cyt pair
was most effective, albeit some activity on 8-OH-Gua paired with
Thy or Ade was also observed in agreement with activities of other
eukaryotic OGG1 proteins.

5.4.5. Schizosaccharomyces pombe Nth protein

A gene has been identified in Schizosaccharomyces pombe that
encodes a protein with a strong sequence similarity to E. coli Nth
[343]. This gene has been cloned and the protein has been isolated
and purified. The functional analysis showed that this protein is a
functional homolog of E. coli Nth. S. pombe Nth possesses 355
amino acids with an average molecular mass of 40.2 kDa, and
exhibits both DNA glycosylase and AP-lyase activities. Efficient
excision of urea and Thy glycol has been demonstrated using OsO4—
or KMnOy-treated double-stranded oligodeoxynucleotides, re-
spectively. No activity was detected on single-stranded oligodeox-
ynucleotides. Subsequently, the substrate specificity of S. pombe
Nth has been determined using DNA with multiple lesions [344].
Pyrimidine-derived lesions 5-OH-Cyt, 5-OH-Ura, 5,6-diOH-Cyt,
Thy glycol and 5-OH-6-HThy were efficiently excised by S. pombe
Nth, exhibiting a narrower substrate specificity than E. coli Nth that
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acts on additional pyrimidine-derived lesions, and purine-derived
FapyAde [242,243]. The excision of Thy glycol agreed with previous
results on Thy glycol-containing oligodeoxynucleotides [343].
Excision kinetics was also measured using four differently
damaged DNA samples as substrates, and differed slightly among
the lesions. However, a profound effect of the type of DNA
substrate on excision kinetics has been observed as in the case of
other DNA glycosylases (see above).

5.4.6. Human NTH1 protein

A human gene has been discovered that encodes a protein
(hNTH1) with extensive sequence similarity with E. coli Nth and S.
pombe Nth, including the HhH motif and the four highly conserved
Cys residues involved in binding the [4Fe-4S] cluster [345]. hNTH1
has been overexpressed and purified, and shown to possess both
DNA glycosylase and AP-lyase activities. It consists of 312 amino
acids with an average molecular mass of 34.4kDa. Similar to S.
pombe Nth, hNTH1 efficiently excised urea, N-substituted urea
lesions and Thy glycol from 0sO4- or KMnOy4-treated double-
stranded oligodeoxynucleotides. hNTH1 also exhibited some
incision activity on UV- or vy-irradiated plasmid DNA. Using DNA
with multiple lesions, hNTH1 has been shown to remove the same
substrates 5-OH-Cyt, 5-OH-Ura, 5,6-diOH-Cyt, Thy glycol and 5-
OH-6-HThy from differently damaged DNA substrates as S. pombe
Nth, albeit with significant differences in excision kinetics [346].
Again, excision kinetics of the lesions varied among DNA
substrates. Subsequent work found FapyAde to be also a major
substrate of hNTH1 [347]. Moreover, FapyAde accumulated in
nth17~ mice, providing the evidence that FapyAde is the
physiological substrate of mammalian NTH1 [347,348]. FapyAde-
—containing oligodeoxynucleotides, and liver mitochondrial and
nuclear extracts of wild-type mice and nth17~, oggl”~ and ogg1™/"/
nth17~ mice have been used to confirm that FapyAde is a substrate
of mammalian NTH1, but not that of OGG1 [347], as previously
shown in in vitro experiments [301]. NTH1 is expressed in most
tissues, although some tissues such heart and brain tissues exhibit
higher expression levels [85,294,349,350]. A variant of hNTH1, i.e.,
hNTH1-Asp239Tyr occurs in approximately 6.2% of the global
population (www.ncbi.nlm.nih.cov/SNP). This variant has been
overexpressed and purified, and found to be an inactive DNA
glycosylase, which was unable to excise modified DNA bases such
as Thy glycol and 5,6-diHUra from oligodeoxynucleotides, and
exhibited little AP-lyase activity [351]. Expression of hNTH1-
Asp239Tyr in human cells also expressing wild-type hNTH1
resulted in genomic instability, cellular transformation and
chromosomal aberrations, and sensitivity to ionizing radiation
and H,0,-treatment resulting in accumulation of DNA double
strand breaks. These results suggested that the individuals carrying
the germline hNTH1-Asp239Tyr variant might be at risk for
genomic instability and carcinogenesis. Other studies also
provided evidence that hNTH1 function is essential for the
maintenance of genomic integrity. Thus, cytoplasmic overexpres-
sion of hNTH1 has been detected in almost half of the cases of
colorectal cancer, which correlated with disease-free survival
[352]. Cytoplasmic localization of hNTH1 with its associated low
expression in the nucleus in cancers may cause accumulation of
the mutagenic/cytotoxic substrates of NTH1 in the nucleus. Altered
expression and abnormal localization of hNTH1 have been
reported to be involved in the pathogenesis of gastric cancer
[353]. Mutations have been identified in the nth1 gene, predis-
posing individuals to colorectal cancer and other types of cancer
[354-356]. Another study reported the accumulation of FapyAde in
kidneys and livers of nth1”~ mice when compared to wild-type
mice, and the development of pulmonary and hepatocellular
tumors in nth17~ male and female mice as they aged [348].

5.4.7. Saccharomyces cerevisiae Ntgl and Ntg2 proteins

In S. cerevisiae, two genes ntgl and ntg2 encode two proteins
named Ntgl and Ntg2, respectively, which are closely related to
each other with 47% identity and 63% similarity, and possess 399
and 380 amino acids with an average molecular mass of 45.6 kDa
and 43.9 kDa, respectively [270,276,357-360]. Both proteins are
DNA glycosylases with AP-lyase activity and possess a significant
sequence homology to E. coli Nth with a HhH DNA-binding motif
containing a Lys residue involved in catalysis, but only Ntg2
contains the iron-sulfur center near the C-terminus. In addition,
Ntgl possesses a positively charged N-terminus as a putative
mitochondrial transit sequence, indicating that this protein may be
involved in the repair of DNA damage in mitochondria
[358,359,361]. Indeed, Ntg1 has been shown to primarily localize
to mitochondria with some localization in the nucleus [361]. The
reason may be that this protein lacks the iron-sulfur cluster
[362,363]. In contrast, Ntg2 has been shown to be exclusively
located in the nucleus because proteins containing the iron-sulfur
cluster in mitochondria may lose the iron that can be used to
generate free radicals [361]. Moreover, the subcellular localization
of Ntg1 and Ntg2 caused different sensitivities to alkylating agents
in S. cerevisiae, perhaps due to the more vulnerability of
mitochondrial DNA to damaging agents. On the other hand, the
ntgl, ntg2, ntgl/ntg2 mutants of S. cerevisiae exhibited no more
sensitivity to DNA-damaging agents than the wild-type S.
cerevisiae [361]. Moreover, cells lacking both Ntg1 and Ntg2 were
generally not sensitive to DNA-damaging agents, and did not
exhibit a spontaneous mutator phenotype, suggesting that
alternative mechanisms are involved in the repair of DNA lesions
and AP sites in yeast [360,364].

Ntgl and Ntg2 removed 5,6-diHUra, 5,6-diHThy, Thy glycol, Ura
glycol and Me-FapyGua from oligodeoxynucleotides; however, no
activity on 8-OH-Gua was detected, although Ntgl removed this
lesion at low efficiency, when paired with non-cognate Gua only
[361,365,366]. Both proteins have been shown to possess a
cross-activity and to remove the pyrimidine-derived lesions
5-OH-Cyt, 5-OH-Ura, 5-OH-6-HUra, Thy glycol, 5-OH-6-HThy
and 5-OH-5-MeHyd, and the purine-derived lesions FapyAde
and FapyGua, but not 8-OH-Gua, from DNA with multiple lesions
[361,366]. The lack of 8-OH-Gua excision from DNA is on a par with
that from oligodeoxynucleotides. 5-OH-6-HThy and 5-OH-6-HUra
were excised by both Ntgl and Ntg2 with the highest k.../Ky
values. Other lesions exhibited lower excision kinetics, but their
kcai/Kn values were roughly similar to one another. Taken together,
these findings showed that the cross-activities of Ntg1 and Ntg2 for
purine- and pyrimidine-derived lesions differ from those of E. coli
Nth and Nei in that Ntg1 and Ntg2 efficiently remove FapyGua in
addition to FapyAde from DNA with multiple lesions.

Recent studies showed that Ntgl and Ntg2 are post-transla-
tionally modified by Small Ubiquitin-like Modifier (SUMO), and
Ntg1 is modified as a result of oxidative stress and DNA damage
[367,368]. Sites of SUMO modification in Ntg1 have been identified
[369]. hNTH1 has also been shown to be modified by SUMO in
response to DNA damage. The results suggested that SUMO
modification of DNA glycosylases might be an evolutionarily
conserved mechanism to respond to oxidatively induced DNA
damage in cells.

5.4.8. NEIL1 protein

In 2002, a novel DNA glycosylase was discovered in human cells
using the human genome database and named human NEIL1
(hNEIL1) because of its sequence homology to E. coli Nei (Nei-like)
[370-372]. This enzyme belongs to the Fpg/Nei family, consists of
390 amino acids with an average molecular mass of 43.7 kDa and
possesses an additional B,5-elimination activity. The activation of
hNEIL1 depends on cell cycle and it is expressed in cells
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predominantly in the S phase, suggesting that its repair function is
likely to be associated with replication [112,373-378]. The
N-terminal Pro-2 is utilized to catalyze sequential glycosylase
activity, and B- and d-eliminations, and mutations at this site
compromise the enzymatic activity [371,373]. hNEIL1 is located in
both the nucleus and mitochondria, lending credence to its
importance in maintaining genetic stability [347]. The expression
of hNEIL1 is tissue-dependent with the highest expression in liver,
pancreas and thymus, and with moderate expression in brain,
spleen, prostate and ovary [372-374]. The structure of hNEIL1 has
been solved using X-ray crystallography, revealing that it does not
contain a zinc-finger motif presented in E. coli Fpg and Nei, but
maintains a similar overall fold termed “zinc-less finger” motif
[379]. Mouse NEIL1 (mNEIL1) consisting of 389 amino acids with
an average molecular mass of 43.6kDa has also been found,
isolated and characterized [380,381]. Both hNEIL1 and mNEIL1
excised Me-FapyGua and a number of pyrimidine-derived lesions
from oligodeoxynucleotides with one single lesion, but not 8-OH-
Gua paired with Cyt [370,371,373,380,381]. Although the excision
of 8-OH-Gua by hNEIL1 has been reported in an early study [372],
this activity has not been confirmed by many other studies in vitro
and in vivo [261,347,348,370,382-385]. On the other hand,
oxidation products of 8-OH-Gua, i.e., Gh and two diastereomers
of Sp have been shown to be excellent substrates of both NEIL1
proteins [22,386,387]. When DNA with multiple lesions was used,
both hNEIL1 and mNEIL1 mainly removed FapyAde and FapyGua,
and also exhibited a lesser activity on Thy glycol and
5-OH-5-MeHyd [370,382]. In this case, too, no activity on 8-OH-
Gua was detected in agreement with the previous studies that used
8-OH-Gua-containing oligodeoxynucleotides as substrates.
Measurement of excision kinetics of mNEIL1 for FapyAde and
FapyGua under identical conditions showed that the efficiency of
mNEIL1 is similar to or greater than those of other prokaryotic and
eukaryotic DNA glycosylases that act on these lesions [382]. The
keat/Kn values for excision of FapyGua and FapyAde were 9.3 £ 0.6
x10°min~"mmol 'L and 7.1+0.1 x10~>min~'mmol~'L, re-
spectively, indicating somewhat greater preference of mNEIL1
for FapyGua than for FapyAde.

The contribution of NEIL1 to the excision of FapyAde and
FapyGua in cell extracts has been demonstrated, when synthetic
oligodeoxynucleotides containing FapyAde or FapyGua were used
[347]. In agreement with the in vitro studies discussed above,
FapyAde and FapyGua, but not 8-OH-Gua, significantly accumu-
lated in three different organs of neill”~ mice and in neill-
knockdown cells, providing the evidence that FapyAde and
FapyGua are the main physiological substrates of NEIL1 in vivo
[348,384,385]. Fig. 6 illustrates the greater accumulation of
FapyAde and FapyGua, but not 8-OH-Gua, in livers of male and
female neil1”~ mice than in wild-type mice [348]. This was also the
case for two other organs of neill”’~ mice, which developed
pulmonary and hepatocellular tumors in the second half of their
lives [348]. Even a dramatic increase in tumor development has
been observed in nth17~/neil1”~ mice. Another study demonstrat-
ed the accumulation of FapyGua in both neil1”~ and ogg1~~ mice,
and that of 8-OH-Gua in ogg1~~ mice, but not in neil1”~ mice [385].
These results confirmed that FapyGua is a physiological substrate
of both NEIL1 and OGG1, and that NEIL1 does not act on 8-OH-Gua
in vivo. NEIL1 has been shown to remove some DNA lesions from
quadruplex DNA, and to exhibit preference for lesions such as Gh,
but not for Thy glycol in the telomeric sequence context [388,389].
However, no activity on 8-OH-Gua in quadruplex DNA has been
detected in agreement with previous results that NEIL1 does
recognize this lesion (see above). These findings suggested that
both NEIL1 may play a role in protecting the integrity of telomeres
and in gene regulation. Psoralen-induced interstrand DNA cross-
links have also been shown to be the substrates of NEIL1 [390,391].
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Fig. 6. Levels of FapyAde, FapyGua and 8-OH-Gua in livers of wild-type mice (1) and
neil1~/~ mice (2). Uncertainties are standard deviations. (Redrawn from the data in
[348]).

Various polymorphic variants of hNEIL1, i.e., NEIL1-Ser82Cys,
NEIL1-Gly83Asp, NEIL1-Cys136Arg, NEIL1-Asp252Asn and
NEIL1-Pro208Ser, and NEIL1AGIu28 have been cloned, expressed
and purified [383,392]. The reason for this effort was that the
National Institute of Environmental and Health Sciences Environ-
mental Genome Project identified some of these variants by
sequencing the neill gene in a set of people representative of the
US population. Single nucleotide polymorphisms occurred at
approximately 1% within this set of individuals. NEIL1-Ser82Cys,
NEIL1-Gly83Asp and NEIL1-Asp252Asn have been shown to retain
near wild-type activity on abasic site-containing oligodeoxynu-
cleotides, although NEIL1-Gly83Asp exhibited the 3-elimination
reaction, but not the [3,3-elimination reaction. NEIL1-Cys136Arg
had significantly reduced activity. Using Thy glycol-containing
oligodeoxynucleotides, NEIL1-Ser82Cys and NEIL1-Asp252Asn
exhibited DNA glycosylase activity similar to the wild-type NEIL1.
In contrast, NEIL1-Gly83Asp and NEIL1-Cys136Arg were complete-
ly devoid of this activity. NEIL1-Pro208Ser, which was found in
patients with colorectal carcinoma [393], exhibited wild-type
activity, whereas NEIL1AGlu28 efficiently acted on Sp and Gh, and
on Thy glycol to a lesser extent [392]. The use of DNA with multiple
lesions showed efficient excision of FapyAde and FapyGua by wild-
type NEIL1, NEIL1-Ser82Cys and NEIL1-Asp252Asn with similar
excision kinetics. Consistent with the lack of activity on Thy glycol-
containing oligodeoxynucleotides, NEIL1-Gly83Asp, which was
found in patients with cholangiocarcinoma [394], exhibited no
activity for FapyAde and FapyGua, and pyrimidine-derived lesions
[383]. This is in agreement with the results obtained with double-
stranded oligodeoxynucleotides [392]. RNA editing of hNEIL1 from
Lys-242 to Arg-242 significantly reduced its DNA glycosylase
activity for Thy glycol in oligodeoxynucleotides, although the
removal of Gh was enhanced [392,395]. If mouse models can be
extrapolated to humans, it may be speculated that individuals
carrying these variants may be at greater risk for developing
diseases such as metabolic syndrome and cancer as observed in
neill”~ mice [85,348,396-398]. In support of this notion, several
NEIL1 variants have been associated with several types of cancers,
and cancer-associated NEIL1 variants have been identified in the
neill gene [393,394,399,400].

In addition to its action as a DNA glycosylase in BER, NEIL1 may
be involved in NER of 8,5’-cyclopurine-2’-deoxynucleosides, as
evidenced from the accumulation of R-cdA and S-cdA in liver DNA
of neil1”~ mice [385]. These lesions are repaired by NER, not by BER
[63-66]. It may well be that NEIL1 interacts with the proteins of the
NER complex. For example, Cockayne syndrome complementation
group B (CSB) protein plays a role in the repair of S-cdA [401], and
cooperates with NEIL1 in the repair of FapyAde and FapyGua [384].
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Other NER proteins may also be involved in the action of NEIL1 on
R-cdA and S-cdA, since it cannot itself initiate BER at these lesions.
To this end, the importance of interaction of hNEIL1 with other
DNA repair proteins has been shown to be critical for efficient
repair of oxidatively induced DNA damage including prereplicative
repair [376,402-407].

5.4.9. NEIL2 protein

Another human Nei-like DNA glycosylase/AP-lyase with
3,0-elimination has been discovered and named NEIL2
[370,373,408]. This protein is comprised of 332 amino acids with
an average molecular mass of 36.8 kDa and shows no significant
sequence homology to NEIL1. On the other hand, NEIL2 possesses
an N-terminal Pro at its active site in analogy to NEIL1. It is highly
expressed in skeletal muscle and testis without any change during
cell cycle [373], in contrast to the preferential expression of NEIL1
in liver, thymus and pancreas, and during the S-phase [370]. NEIL2
has been found both in the nucleus and mitochondria [347,409].
The overall identity of NEIL2 to E. coli Fpg and Nei is 32% and 27%,
respectively, sharing an H2TH and a zinc finger motif with them.
NEIL2 showed a unique preference for excision from single-
stranded oligodeoxynucleotides and bubble structures generated
during transcription and/or replication [370]. Thus, NEIL2 has been
suggested to act in transcription-coupled repair of DNA damage
[410]. NEIL2 efficiently excised 5-OH-Ura from oligodeoxynucleo-
tides when paired with Gua, but exhibited a lower activity for
5,6-diHUra and 5-OH-Cyt, and a very weak activity for Thy glycol
and 8-OH-Gua. Removal of Sp and Gh from double-stranded
oligodeoxynucleotides has also been observed [22]. Thus far,
however, the excision by NEIL2 of any DNA base lesions from DNA
with multiple lesions has not been studied. This was mainly due to
the fact that NEIL2 is highly unstable and loses its activity very
quickly after storage at low temperature or by incubation at 37°C
[373]. The importance of NEIL2 for the long term maintenance of
genomic maintenance has been demonstrated by the fact that
neil2”~ mice, which had accumulated DNA lesions in the
transcriptionally active sequences, were susceptible to inflamma-
tion and exhibited age-dependent increase in oxidatively induced
DNA damage [411]|. Furthermore, telomere loss and genetic
instability have been observed in embryonic fibroblasts from
these mice. Several polymorphic variants of NEIL2 such as NEIL2-
Arg103GIn, NEIL2-Arg103Trp, NEIL2-Pro123Thr, NEIL2-His12Leu,
NEIL2-Glu77Lys and NEIL2-Arg257Leu have been frequently found
in several cancers [400,412]. NEIL2-Arg257Leu and NEIL2-
Arg103GIn found in lung cancer patients have been overexpressed
and purified [400,412]. NEIL2-Arg257Leu exhibited significantly
less repair capacity than wild-type NEIL2 and NEIL2-Arg103Gln.
The activity of the latter was comparable to that of wild-type
NEIL2. In human cells expressing NEIL2-Arg257Leu, higher level of
accumulation of DNA damage has been observed than in cells
expressing wild-type NEIL2. The data suggested that individuals
carrying the NEIL2-Arg257Leu variant of NEIL2 might be at risk for
lung carcinogenesis.

5.4.10. NEIL3 protein

Another protein has been identified in human cells as a Nei-like
DNA glycosylase and named NEIL3 [372]. This protein lacks the
catalytic N-terminal Pro, but has a Val instead. Human NEIL3
(hNEIL3) is a large protein with 605 amino acids and an average
molecular mass of 67.8kDa. The full-length mouse Neil3
(MmuNeil3), its glycosylase domain (MmuNeil3A324), the full-
length hNEIL3, a truncated human core-NEIL3 and the glycosylase
domain of NEIL3 (hNEIL3A324) have been overexpressed and
purified [98,261,413-416]. First, NEIL3 has been found to recognize
Me-FapyGua; however, subsequent studies failed to detect any
DNA glycosylase activity of either the full-length protein or its

glycosylase domain [417,418]. Mice lacking the neil3 gene have
been generated, which were viable and did not exhibit any adverse
phenotype [417]. On the other hand, loss of NEIL3 has been shown
to reduce cellular proliferation and sensitize cells to genotoxic
stress [419]. The expression of NEIL3 has been observed in the S
phase, and in thymus and testis, in some tumor tissues and during
embryonic development and in areas of the brain containing stem
cells, suggesting that NEIL3 might be important for stem cell
differentiation [85,294,417-422]. NEIL3 appears to be localized in
the nucleus, and has not been found in mitochondria thus far
[415,417]. A weak lyase activity of NEIL3 for single-stranded
oligodeoxynucleotides has been detected, and a partial rescue of an
E. coli nth nei mutant from H,O, sensitivity has been observed
[418]. However, the DNA glycosylase activity of NEIL3 has
remained undetermined and controversial. Subsequently, full-
length MmuNEIL3 and MmuNEIL3A324 have been purified and
characterized as a functional DNA glycosylase [261].
MmuNEIL3A324 has been shown to possess a conserved N-
terminus, the H2TH motif and the Fpg/Nei family zinc finger motif.
Both MmuNEIL3 and MmuNEIL3A324 efficiently excised Gh and
the two diastereomers of Sp, but not 8-OH-Gua, from double-
stranded oligodeoxynucleotides. This was accompanied with
B-elimination and very low [3,8-elimination in contrast to NEIL1
and NEIL2. MmuNEIL3 and MmuNEIL3A324 preferred bubble and
fork structures of single-stranded oligodeoxynucleotides
containing 5-OH-Ura, 5-OH-Cyt, 5,6-diHThy and 5,6-diHUra. The
glycosylase domain of human NEIL3 has been purified and shown
to remove Sp and Gh from single- and double-stranded oligodeox-
ynucleotides with 3-elimination only, and, with less efficiency, 5-
OH-Ura and 5-OH-Cyt from single-stranded oligodeoxynucleotides
[416]. When DNA with multiple lesions was used, MmuNEIL3A324
efficiently excised FapyAde and FapyGua, but also exhibited a
significantly broader specificity for 5-OH-Ura, 5-OH-Cyt, 5-OH-5-
MeHyd, Thy glycol and 8-OH-Ade than hNEIL1 and mNEIL1 [261].
No excision of 8-OH-Gua was observed in agreement with the
results on 8-OH-Gua-containing oligodeoxynucleotides. Mmu-
NEIL3 formed the Schiff base intermediate with its catalytic N-
terminal Val in contrast to other members of the Fpg/Nei family
that use the N-terminal Pro. The crystal structure of NEIL3 has been
elucidated and shown to possess the same fold as that of other Fpg/
Nei proteins, but to lack the recognition loop, also called aF-39/10
loop, which has been found to be required for the recognition of
8-OH-Gua [94,96,423]. This indicates as to why this protein is
unable to recognize 8-OH-Gua [414,415]. Moreover, NEIL3 has been
shown to remove DNA lesions such as Thy glycol, Sp and Gh from
quadruplex DNA, but not 8-OH-Gua, and to play an important role
in telomere maintenance [388]. Unlike NEIL1, however, NEIL3
preferred Thy glycol, but not Sp or Gh, in the telomeric sequence
context. The inactivity toward 8-OH-Gua agrees with the previous
results that NEIL3 does not act on this lesion in DNA or
oligodeoxynucleotides [261].

To test the role of MmuNEIL3 in vivo, MmuNEIL3A324 and
NEIL1A56 were expressed in an E. coli fpg nei mutY mutant strain,
which exhibits a much greater spontaneous G — T transversion
mutation frequency than the wild-type E. coli strain [252,253]. The
expression of both MmuNEIL3A324 and NEIL1A56 significantly
reduced the mutation frequency in the E. coli fpg nei mutY mutant
strain [252,261]. This finding suggested that MmuNEIL3 recognizes
guanine-derived lesions in vivo. To prove this observation further,
the level of FapyGua was measured in DNA of both strains and
found to be significantly elevated in the mutant strain when
compared to wild-type E. coli due to the absence of Fpg, which
specifically acts on FapyGua (see above). The expression of
MmuNEIL3A324 or NEIL1A56 in the mutant strain caused a
significant reduction of the level of FapyGua. In contrast, the
expression of E. coli Nei did not reduce the level of FapyGua,
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agreeing with the lack of in vitro recognition of this lesion by E. coli
Nei (see above). Taken together, these findings proved that, in
analogy to NEIL1, NEIL3 recognizes FapyGua in vivo and that the
reduction of the mutation frequency by the expression of
MmuNEIL3A324 mainly results from the activity of NEIL3 on
FapyGua. The recognition of FapyGua by NEIL3 in vivo agrees with
the findings of in vitro studies (see above). Furthermore, the
extreme elevation of the G — T transversions in the fpg nei mutY
mutant strain are likely to result mainly from elevated levels of
FapyGua, which is well known to cause such mutations [195,
261-263]. In another related case to NEIL proteins, abnormal
expressions of NEIL1, NEIL2 and NEIL3 have been found to be
associated with somatic mutations in cancer [424]. No observable
phenotype in neil3”~ mice has been observed [417]. Later, however,
a homozygous missense mutation in neil3 that abolishes the
enzymatic activity has been identified in patients with severe
recurrent respiratory infections, impaired B cell function and
peripheral B cell tolerance, and sever autoimmunity [425].
Moreover, neil37~ mice exhibited elevated serum levels of anti-
bodies, kidney inflammation, and apoptosis and cell death in T and
B cells. This study demonstrated that NEIL3 deficiency may lead to
increased lymphocyte apoptosis, autoantibodies and predisposi-
tion to autoimmunity.

Finally, it should be mentioned that prokaryotic and eukaryotic
bifunctional DNA glycosylases/lyases such as Fpg, Nei, Nth, NEIL1
and NTH1 have been shown to act on oxidatively induced guanine
(C8)-thymine(N3) intrastrand cross-links (Gua[8,3]Thy) and those
separated by a cytosine in double-stranded oligodeoxynucleotides
[426]. DNA glycosylases removed guanine by hydrolyzing the N-
glycosidic bond between the sugar moiety and guanine in these
cross-links and cleaved the DNA strands on the 3’-side of the
resulting AP site via either B-elimination or (3,6-elimination. These
tandem cross-links and others (Gua[8,5-Me|Thy and Gua[8,5]Cyt)
have been identified in vitro, and in mouse and human cells
[46,69,427-429].

5.5. Fungal and plant DNA glycosylases

As in bacteria, formamidopyrimidine DNA glycosylases have
been found in fungi and plants. Among fungi, Candida albicans (C.
albicans) is a human fungal pathogen that grows as yeast and
filamentous cells, and can cause complications including mortality
in immunocompromised patients due to rapid development of
antifungal drugs [430-432]. Since the immune system generates
reactive species such as free radicals to fight pathogens [1,433], C.
albicans must deal with the effects of reactive species for survival
by various mechanisms including BER and NER [432]. Formami-
dopyrimidine DNA glycosylase of C. albicans (CalFpg) has been
expressed, purified and characterized [434]. The alignment of the
amino acid sequence of CalFpg with those of other DNA
glycosylases showed that it belongs the Fpg/Nei family, but is
more similar to E. coli Fpg than E. coli Nei. With the use of double-
stranded oligodeoxynucleotides with one single lesion, modified
pyrimidines have been shown to be excellent substrates for CalFpg
with some discrimination against mispairs. 8-OH-Gua was not a
substrate; however, its oxidation products Sp and Gh paired with
Cyt were the best substrates. Furthermore, CalFpg has been shown
to also possess a [3,8-elimination activity in analogy to E. coli Fpg
and Nei, and act on single-stranded oligodeoxynucleotides with a
single lesion. The use of DNA with multiple lesions showed that
FapyAde and FapyGua were excellent substrates, although CalFpg
exhibited a better preference for the latter than the former. 8-OH-
Ade, 5-OH-5-MeHyd and 5-OH-Cyt were also released to some
extent. A very low activity for 8-OH-Gua has been observed in
excellent agreement with the results on oligodeoxynucleotides.

These findings clearly indicated the distinction between E. coli Fpg
and CalFpg in terms of 8-OH-Gua excision.

A bifunctional formamidopyrimidine DNA glycosylase of
Arabidopsis thaliana Fpg (AthFpg) has been expressed, purified
and characterized, and found to have structural similarity to
bacterial Fpg and Nei proteins [434,435]. In double-stranded
oligodeoxynucleotides, the preferred substrates of AthFpg were Gh,
two diastereomers of Sp, Me-FapyGua and AP sites with
3,5-elimination; however, no activity on 8-OH-Gua was detected
[96,435]. 5-OH-Ura and 5,6-diHUra were preferred pyrimidine-
derived lesions. AthFpg efficiently removed FapyAde and FapyGua
from DNA with multiple lesions, but did not recognize 8-OH-Gua in
agreement with the observation using oligodeoxynucleotides
[435]. 5-OH-5-MeHyd was a good substrate, but 5-OH-Cyt and
Thy glycol were not excised. These findings show that AthFpg is
more similar to mammalian NEIL1 than to E. coli Fpg. The crystal
structure of a functional C-terminal deletion form of AthFpg
(AthFpgA88) has been determined, and found to be similar to that
of other members of the Fpg/Nei family [435]. This protein
possesses a zincless finger as NEIL1 and, in contrast to bacterial Fpg
proteins, it harbors a very short aF-39/10 loop, which is required
for the recognition of 8-OH-Gua. Efficient removal of FapyAde and
FapyGua, and other lesions by AthFpg revealed that the absence of
the aF-[39/10 loop does not affect the removal of DNA lesions other
than 8-OH-Gua. To prove this fact further, some amino acid
residues corresponding to the aF-39/10 loop have been deleted
from E. coli Fpg (E. coli FpgA213-229) [435]. Indeed, E. coli
FpgA213-229 did not recognize 8-OH-Gua in oligodeoxynucleo-
tides, whereas Me-FapyGua, Gh, Sp and 5,6-diHUra were efficiently
excised, and the lyase activity was retained. Similarly, when DNA
with multiple lesions was used, E. coli FpgA213-229 exhibited no
activity on 8-OH-Gua whatsoever, but recognized FapyGua,
FapyAde and 8-OH-Ade as well as wild-type E. coli Fpg. Fig. 7
illustrates these results [435], which revealed as to why eukaryotic
Fpg glycosylases do not excise 8-OH-Gua, and that the aF-39/10
loop is essential and specific for the recognition of this lesion.

5.6. Viral DNA glycosylases

In UV radiation-resistant organisms such as Micrococcus luteus
and phage T4-infected E. coli, a DNA glycosylase has been
discovered and named T4 endonuclease V (T4-pyrimidine dimer
glycosylase) (T4-pdg) [140,436-438]. This protein is comprised of
138 amino acids with an average molecular mass of 16.1 kDa.
T4-pdg hydrolyzes the glycosidic bond of the 5’-pyrimidine of the
UV radiation-induced pyrimidine dimers, followed by the
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Fig. 7. Activities of E. coli Fpg and E. coli FpgA213-229 on purine-derived lesions in
high-molecular weight DNA with multiple lesions. 1: no enzyme; 2: E. coli Fpg; 3: E.
coli FpgA213-229. Uncertainties are standard deviations. (Redrawn from the data in
[435]).



M. Dizdaroglu et al./ Mutation Research 771 (2017) XxxX—Xxx 17

hydrolysis of the phosphodiester bond at the 3’-side of the
generated AP site (AP-lyase activity). For catalysis, the N-terminal
a-amino group of the enzyme is used as the nucleophile in
combination with Glu-23 near the active site [140,439]. First, the
enzyme has been strictly recognized as a pyrimidine dimer-
specific DNA glycosylase. However, T4-pdg has been later shown to
recognize and efficiently remove FapyAde from y- or UV-irradiated
DNA with multiple lesions [440]. The rate of this excision was
about 1% to 3% that of the excision of UV radiation-induced
pyrimidine dimers. Other lesions present in DNA were not
recognized. Interestingly, in addition to being a typical *OH
radical-induced product, FapyAde along with FapyGua have been
shown to be formed in DNA by UV-irradiation as well [441].
Efficient excision of FapyAde from <y-irradiated DNA as well as from
UV-irradiated DNA unequivocally showed that T4-pdg acts not
only on pyrimidine dimers, but also on an *OH- and UV radiation-
induced monomeric product in DNA.

A DNA glycosylase has been discovered in Chlorella virus PBCV-
1 that infects single-celled Chlorella-like green algea [442]. This
enzyme has been shown to be specific for UV radiation-induced
pyrimidine dimers with a concomitant lyase activity, and thus
named Chlorella virus pyrimidine dimer glycosylase (cv-pdg)
[140,443-445]. This DNA glycosylase possesses 139 amino acids
with an average molecular mass of 16.3 kDa and is a true sequence
homolog of T4-pdg with 41% amino acid identity. However, cv-pdg
exhibits a higher catalytic activity and broader substrate specificity
than T4-pdg [140,442]. Similar to T4-pdg, Glu-23 is involved in the
catalytic mechanism of cv-pdg for both glycosylase and lyase
activities [443-445]. Using DNA with multiple lesions, cv-pdg has
been shown to efficiently excise FapyAde and FapyGua, but not 8-
OH-Gua or 8-OH-Ade [446]. When T4-pdg and cv-pdg were tested
under identical conditions, T4-pdg excised FapyAde, but not
FapyGua. The amount of FapyAde excised by cv-pdg was
approximately 7-fold greater than that by T4-pdg. The measure-
ment of excision kinetics showed that cv-pdg excises FapyAde with
4-fold greater activity than FapyGua. This indicates the greater
specificity of the enzyme for the excision of the former than the
latter. These findings show that cv-pdg possesses an activity for
two *OH- and UV radiation-induced monomeric products in DNA
in addition to its activity for pyrimidine dimers. Taken together, T4-
pdg and cv-pdg exhibit different substrate specificities despite
significant structural similarities, and are not only specific for
pyrimidine dimers, but also act on UV radiation-induced mono-
meric formamidopyrimidines.

Two Nei-like proteins have been discovered in the giant
Acanthamoeba polyphaga mimivirus (Mimivirus) [447]. These
proteins named MvNeil and MvNei2 have been cloned, expressed
and purified, and shown to exhibit activities similar to those of
human NEIL1, NEIL2 and NEIL3 [448-451]. The crystal structures of
MvNeil and MvNei2 showed that MvNeil possesses a zincless-
finger (-hairpin motif similar to human NEIL1, whereas there
exists a C—H—C—C type zinc-finger in MvNei2 similar to that in
human NEIL2, and a N-terminal catalytic Val-2 as in NEIL3
[449-451]. Both enzymes exhibited robust activity on AP sites, Gh,
Sp, Thy glycol, 5,6-diHUra and 5-OH-Ura in single- and double-
stranded oligodeoxynucleotides when paired with the cognate
base. Substrate specificities of these enzymes have not been
determined using DNA with multiple lesions.

6. Comments on excision Kkinetics and substrate differences

Table 1 summarizes the substrate specificities of DNA
glycosylases discussed in this article. The results obtained with
both oligodeoxynucleotides with one single lesion, and high-
molecular weight DNA containing multiple lesions are presented
together in a single column. The differences between the substrate

specificities of DNA glycosylases are clearly seen in this table. In
general, the substrate specificities obtained with oligodeoxynu-
cleotides and high-molecular weight DNA were somewhat similar,
although some significant differences were observed. Thus, some
lesions excised by a DNA glycosylase from an oligodeoxynucleotide
were not recognized and removed by the same enzyme from DNA.
Moreover, some of the kinetic parameters such as the K, values of
DNA glycosylases obtained with DNA have been shown to be
significantly greater than those obtained with oligodeoxynucleo-
tides, whereas the k., values were similar for both substrate types
(for examples, see [301,322]). There may be several reasons for
these phenomena. When oligodeoxynucleotides are used, a DNA
glycosylase would encounter only one lesion without competition,
and the effective concentration of the single lesion would be
extremely high such as 1 lesion per 20 to 40 deoxynucleotides.
Assuming the level of a lesion in a damaged DNA substrate being
approximately 200 lesions/10® DNA bases among multiple other
lesions and normal DNA bases, the difference between the
concentrations of the lesion in two different substrates would
be at least 200-fold. In addition, a DNA glycosylase would
simultaneously encounter numerous lesions in DNA, and then
would search for its substrates and distinguish them from non-
substrates and normal DNA bases. As discussed above, DNA
glycosylases scan and slide along DNA, and recognize a substrate
lesion before insertion into the substrate-binding pocket of the
enzyme with the involvement of a “nucleotide flipping” mecha-
nism [85,86,92-100,106]. The binding lifetimes of DNA glycosy-
lases increase and the mean diffusion constants decrease with the
increase in the number of DNA lesions [97-99,106]. Therefore, the
use of short oligodeoxynucleotides with a single lesion may
underemphasize or completely ignore the role of scanning, sliding
and lesion recognition. This is supported by the fact that the action
of DNA glycosylases on short oligodeoxynucleotides exhibits faster
kinetics [452]. The greater Ky, values for lesions in DNA than those
in oligodeoxynucleotides are consistent with the one-dimensional
diffusion model for proteins searching for a specific lesion or
element in DNA [453-456]. The size of the high-molecular weight
DNA molecule and the associated long distances between
substrate lesions will increase the translocation time for the
search of a lesion, and therefore the K, value [322,456]. This will
lead to the lack of recognition of nonspecific substrates in DNA,
whereas specific and physiological substrates will be efficiently
acted upon and removed as shown by many studies, including
those done with E. coli mutants. For example, the mutation
spectrum of the nth nei fpg triple mutants showed no significant
increase in C — T transitions over those exclusively found in the nth
nei double mutants [246,252,268]. Cytosine-derived lesions such
as 5-OH-Cyt and 5-OH-Ura lead to C — T transitions, and E. coli Fpg
recognizes these lesions in oligodeoxynucleotides only [268], but
not in high-molecular weight DNA [30,223]. Therefore, 5-OH-Cyt
and 5-OH-Ura, and other pyrimidine-derived lesions such as 5,6-
diHUra are non-specific substrates of E. coli Fpg, whereas 8-OH-
Gua, FapyGua and FapyAde, which are efficiently recognized in
high-molecular weight DNA [30,223], constitute specific and
physiological substrates of this enzyme [268,456]. Extensive
discussions of the search of DNA glycosylases for DNA lesions
can be found elsewhere [86,95,97-100,103,104,106,140,456-458].

7. DNA glycosylases as biomarkers and therapy targets

Malignant tumors possess increased levels of oxidatively
induced DNA damage [459-476]. Elevated levels of DNA damage
in tumors may lead to overexpression of DNA repair proteins
including DNA glycosylases. This may provide tumors an
evolutionary advantage for survival and increase their repair
capacity in comparison to normal tissues. Increased DNA repair
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that removes DNA lesions generated by DNA-damaging therapeu-
tic agents before they become toxic is a major mechanism for
resistance to therapy (reviewed in [477,478]). DNA repair capacity
might be a predictive biomarker of patient response to therapy
[478-480]. Therefore, DNA repair proteins have been emerging as
biomarkers for patient response to therapy, and thus may help
predict and guide treatments [477-487]. To this end, the accurate
measurement of the overexpression or underexpression of DNA
repair proteins in tissues will become critical for the use of these
proteins as biomarkers [478,479]. Recent advances made with the
application of mass spectrometric techniques for this purpose are
promising for achieving this goal [156,488-493].

DNA repair proteins are therapy targets for the development of
novel therapeutic agents in cancer therapy (for extensive
collections of reviews see [478,479,494]). Success with the
inhibitors of PARP1 and other proteins of the BER pathway paved
the way for the acceptance of the inhibition of these proteins in
tumors as a novel concept for cancer therapy. Intense efforts are
underway worldwide to find inhibitors of DNA repair proteins
(https://clinicaltrials.gov/ct2[results/map?term=DNA+repair
+inhibitors) (for an extensive collection of recent reviews see
[478]). Such compounds might become anticancer drugs for
combination therapy or as single agents for monotherapy that
exploits the “synthetic lethality” concept, eventually leading to
personalized cancer therapy [478,480,494]. Despite the successes
with some BER proteins, DNA glycosylases have received much less
attention and the development of inhibitors has been lagging.
Recently, DNA glycosylases such as NEIL1, OGG1 and NTH1 have
been identified as potential targets in combination chemothera-
peutic strategies [495,496]. To find inhibitors of these proteins, a
high-throughput assay has been developed that uses double-
stranded oligodeoxynucleotides with a single DNA base lesion to
screen small molecule libraries and thus to detect small molecule
inhibitors of DNA glycosylases with an associated AP-lyase activity
[157,158]. A number of purine analogs have been found to be
efficient inhibitors of NEIL1 and NTH1; however, these compounds
did not inhibit OGG1 [157]. Further search resulted in finding
various hydrazide derivatives as efficient inhibitors of 0GG1 [158].
High-molecular weight DNA substrates have also been used to
identify the inhibition of excision of known physiological
substrates of NEIL1, NTH1 and OGG1 [157,158]. In terms of the
efficiency of individual inhibitors, these results were in excellent
agreement with those obtained using the high-throughput assay
with double-stranded oligodeoxynucleotides. It is concluded that
the combined use of high-throughput assays with double-stranded
oligodeoxynucleotides and the GC-MS methodology with DNA
substrates with multiple lesions will be necessary to find effective
inhibitors of the entire family of DNA glycosylases. This concept
that uses two different types of assays may achieve the goal of
discovering suitable drugs for inhibition of DNA glycosylases in
cancer therapy.

8. Conclusions

DNA glycosylases exist in all organisms with various substrate
specificities and lyase activities to initiate the cellular repair of DNA
base lesions. Prokaryotic DNA glycosylases possess broader
specificities than their eukaryotic counterparts. Eukaryotes pos-
sess additional DNA glycosylases to deal with a large variety of
oxidatively induced DNA base lesions derived from purines and
pyrimidines. There is a redundancy in activities among these
enzymes, some of which possess cross-activities for both purine-
and pyrimidine-derived DNA lesions. Great strides have been made
in understanding the mechanism of action of DNA glycosylases for
recognition and excision of a multiplicity of modified DNA bases
among millions of intact DNA bases. Methodologies have been

developed for the measurement of substrate specificities and
excision kinetics. Thus, the combined use of oligodeoxynucleotide
substrates with a single DNA lesion and damaged DNA substrates
with multiple lesions led to great advances in the elucidation of the
properties of DNA glycosylases. The crystal structures of DNA
glycosylases have been elucidated, greatly contributing to the
understanding of mechanisms of action. The role of DNA
glycosylases in prevention of the diseases such as cancer has
largely been demonstrated, although the modulation of disease
risk by these enzymes remains quite complex. This is in part due to
the fact that there are multiple DNA glycosylases with multiple
isoforms and different cellular localization to remove the same
lesions. Although much is known about DNA glycosylases and their
substrates, the broad understanding of their roles and mechanistic
aspects in human cells remains elusive. To this end, the detection of
additional mutant human DNA glycosylases and the elucidation of
their roles in disease processes will be one of the ultimate goals of
the efforts in this field. In recent years, promising advances have
been made in the efforts of the development of inhibitors of human
DNA glycosylases as novel anti-cancer drugs. This field is still in its
infancy when compared to the development of inhibitors of other
enzymes of the BER pathway. Highly challenging accurate
measurement of cellular levels of DNA glycosylases in normal
and tumor tissues will be of fundamental importance for the
determination of DNA repair capacity for the application of
inhibitors. More efforts will have to be invested for the discovery of
inhibitors of human DNA glycosylases as a future challenge to
greatly benefit from the knowledge that has accumulated since the
first discovery of a DNA glycosylase over four decades ago.
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