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Abstract

DNA damage caused by exposure to reactive oxygen species is one of the primary causes of
DNA decay in most organisms. In plants, endogenous reactive oxygen species are generated not
only by respiration and photosynthesis, but also by active responses to certain environmental
challenges, such as pathogen attack. Significant extracellular sources of activated oxygen
include air pollutants such as ozone and oxidative effects of UV light and low-level ionizing
radiation. Plants are well equipped to cope with oxidative damage to cellular macromolecules,
including DNA. Oxidative attack on DNA generates both altered bases and damaged sugar
residues that undergo fragmentation and lead to strand breaks. Recent advances in the study of
DNA repair in higher plants show that they use mechanisms similar to those present in other
eukaryotes to remove and/or tolerate oxidized bases and other oxidative DNA lesions.
Therefore, plants represent a valuable model system for the study of DNA oxidative repair

processes in eukaryotic cells.
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1. Introduction

Reactive oxygen species (ROS) are generated by cellular aerobic metabolism and by
exposure to ionizing radiation, near-ultraviolet light or redox-active compounds, and can readily
oxidize most types of macromolecules, including lipids, proteins and nucleic acids. Major
targets in living cells are the electron-rich bases of DNA, which undergo oxidation to produce a
diverse range of genotoxic modifications [1]. Oxidative DNA lesions constitute a ubiquitous
threat to the faithful maintenance of the genome, and their frequency and importance have
provoked the development of specific cellular repair functions, some of which have been highly

conserved during evolution.

Biochemical and genetic analysis of DNA repair pathways have generally focused on
bacterial, yeast and mammalian systems [2], thus neglecting plants and their exceptional status
among life forms. As sessile organisms, plants are continuously exposed to a range of
environmental genotoxic agents, including the ultraviolet (UV) component of sunlight and air
pollutants. In addition, they lack a reserved germline and produce meiotic cells late in
development, so mutations arising in somatic cells may be represented in gametes [3]. In recent
years, substantial knowledge has been accumulated about DNA repair processes in plants [4-7].
This review will concentrate on those studies, mostly performed in Arabidopsis, that have

produced information about how plants repair and tolerate oxidative DNA damage.

2. Sources of oxidative DNA damage in plants

Plants continuously generate ROS as byproducts of metabolic reactions that take place in
chloroplasts, mitochondria and peroxisomes [8]. ROS generated by chloroplasts as byproducts

of photosynthesis include singlet oxygen ('O2) and the superoxide radical (O2*), whereas the

main species generated by peroxisomes are O2* and hydrogen peroxide (H202) [9,10]. In the
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dark, most ROS production is generated by mitochondria, which mainly form O2* by over-
reduction of the electron transport chain [11]. ROS are also actively generated by oxidases and
peroxidases in response to certain environmental challenges, such as pathogen recognition and
other stimuli, and they perform important roles in regulating development [12,13]. The NADPH
oxidase system in the plasma membrane, one of the active mechanisms of ROS generation,
produces O2* that participates in several physiological processes, such as the “oxidative burst”
that occurs during pathogen attack [14]. In addition to endogenous processes, ROS may also be
generated in plants by exposure to environmental pollutants, such as ozone [15], UV light [16]

and low levels of ionizing radiation [17].

The half-life, reactivity and diffusivity of the various ROS greatly influence their potential to
inflict cellular damage. Whereas H2O: is relatively stable, reaching concentrations in the
micromolar range in plant cells [18], the remaining ROS have very short half-lives. O2*" can be
converted into H20z, in a reaction catalyzed by superoxide dismutases, and it is likely that H2O2
serves as an inert diffusible species that can give rise to reactive *OH through the catalysis by
free transition metal ions [19]. The hydroxyl radical is the most reactive of primary ROS, and
oxidizes all known biomolecules at diffusion-limited rates of reaction. It has been estimated that
the average diffusion distance before *OH reacts with a cellular component is only 3 nm,
approximately the average diameter of a typical protein [20]. Therefore, *OH needs to be

generated in close vicinity to DNA in order to oxidize it.

The extent of the cytotoxic damage induced by ROS ultimately depends on the balance
between ROS detoxification and ROS production mechanisms in the cell. In addition to
enzymatic defenses to scavenge ROS, plants synthesize abundant small molecule antioxidants
including L-ascorbic acid (Vitamin C), glutathione, a-tocopherol (Vitamin E) and carotenoids

[21]. These small antioxidants may be essential for a balanced response to ROS production.
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Thus, an Arabidopsis mutant hypersensitive to ozone was found to be deficient in ascorbic acid,
and it also showed sensitivity to other ROS-generating sources, such as sulphur dioxide and UV-

B light [22].

3. Types of oxidative DNA damage and their genotoxic consequences

Oxidative attack to DNA generates both altered bases and damaged sugar residues that
undergo fragmentation and lead to strand breaks. Oxidative attack to DNA bases generally
involves *OH addition to double bonds, while sugar damage mainly results from hydrogen

abstraction from deoxyribose [23].

Hydroxyl radical initiates pyrimidine damage by attacking the C5-C6 double bond at
diffusion-controlled rates to produce 5-hydroxy-6-yl and 6-hydroxy-5-yl radicals that further
react to form numerous stable DNA lesions [23]. Some of the major pyrimidine oxidation
products are ring-saturated derivatives, particularly thymine glycol, 5,6-dihydro-thymine, and
cytosine glycol [24-26]. Products of cytosine may be converted into uracil derivatives; thus,
cytosine glycol yields uracil glycol by deamination and 5-hydroxyuracil by deamination and
dehydration [26,27]. In addition to saturation or oxidation the pyrimidine ring can also undergo
fragmentation to generate methyltartronylurea, 5-hydroxy-hydantoin, N-formamido-urea or urea
[26,28]. Hydroxyl radical also reacts with purines by addition to C4-, C5- and C8- positions
[28]. Probably the best-studied purine oxidation product is 7-hydro-8-oxoguanine (abbreviated
as 8-0x0(G), which results from the oxidation of the C8-OH adduct radical [29-31]. Another
important guanine-derived lesion is the imidazole ring-opened derivative 2,6-diamino-4-
hydroxy-5-formamidopyrimidine (FaPyGua) [23]. Less studied are the oxidized derivatives of
adenines, which include 8-oxoadenine and 4,6-diamino-5-formamidopyrimidine (FaPyAde)

[32,33].
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Besides direct oxidation, DNA bases may be also indirectly damaged through reaction with
reactive products generated by ROS attack to other macromolecules. One of the major sources
of such indirect oxidative damage is lipid peroxidation, caused by attack of oxygen radicals to
the polyunsaturated fatty acid residues of membrane phospholipids [34]. Major reactive
products of lipid peroxidation are malondialdehyde, acrolein and crotonaldehyde.
Malondialdehyde reacts with G residues in DNA to form the pyrimidopurinone adduct called
MG [35]. Acrolein and crotonaldehyde generate etheno modifications of DNA bases, such as

etheno-A and etheno-C [36].

An additional major source of oxidative damage is ROS attack to DNA sugars, which leads
to single-strand breaks (SSB). This frequently occurs through abstraction of the hydrogen atom
from the C4" position of deoxyribose, which gives rise to a deoxyribose radical that further
reacts to produce DNA strand breakage [37]. When DNA damage is induced by endogenous
ROS, the main type of DNA fragmentation produced is of the single-strand type. However,
oxidative DNA damage generated by ionizing radiation can also cause double-strand breaks

(DSB) through the generation of clusters of radicals that affect nearby sites on both strands [17].

The generation of oxidized bases in DNA may have serious consequences for the cell
affected. The failure to repair a damaged base before it is encountered by the replication fork
may cause blocking of the DNA polymerase. Alternatively, the lesion can be bypassed by the
replication machinery or by specialized DNA polymerases and be potentially mutagenic,
according to its mispairing ability [2]. Oxidative lesions have different genotoxic effects that
depend on the extent of structural alteration undergone by the original base. Extreme forms of
pyrimidine oxidation, such as urea, constitute strong blocks for DNA replication [38], whereas
oxidized pyrimidines that retain an intact ring, such as dihydrothymine, usually do not block
DNA synthesis and are readily bypassed by DNA polymerases [39]. Other lesions with saturated

pyrimidine rings behave differently. Thus, thymine glycol strongly blocks replicative DNA



Roldan-Arjona, T. and R. R. Ariza (2009). "Repair and tolerance of oxidative DNA damage in plants." Mutat. Res. 681(2-3): 169-179.

polymerases in vitro [39] but is bypassed by specialized DNA polymerases [40,41]. For purines,
the major oxidation product 8-0xoG is a highly mutagenic lesion that can pair in vitro with
cytosine or with adenine [42]. In agreement with the in vitro observations, the predominant
mutations induced in vivo in plasmids modified with 8-0x0G are targeted GC—TA transversions
in both prokaryotic [43-45] and eukaryotic systems [46]. FaPyGua, on the other hand, blocks
DNA replication and is lethal but not mutagenic [47,48]. Unlike oxidative base damage, strand
breaks arising from oxidative attack to deoxyribose are always a blocking obstacle for the

replication fork and for the transcription machinery [2].

4. Excision of oxidized bases by plant DNA glycosylases

Oxidized bases in DNA are usually removed by the base excision repair pathway (BER)
[2,49,50]. This process is initiated by repair enzymes termed DNA N-glycosylases that
hydrolytically cleave the glycosylic bond between the target base and deoxyribose, thus
releasing the free damaged base and leaving an apurinic/apyrimidinic (AP) site that must be
further processed. DNA glycosylases are classified into two broad groups: (i) monofunctional
DNA glycosylases, which catalyze only hydrolysis of the glycosylic bond, and (ii)) DNA
glycosylases/lyases, bifunctional enzymes that catalyses both the release of the damaged base
and the cleavage of DNA backbone at the resulting abasic site [2]. Several DNA glycosylases
acting upon oxidized bases have been identified in both prokaryotes and eukaryotes [2,49,50]
and most of them are bifunctional DNA glycosylases/lyases that remove several structurally
related lesions. Although their substrate specificities may be relaxed and often overlap, in
general oxidative DNA base lesions are recognized by either a pyrimidine-specific or by a

purine-specific enzyme.

The prototype of enzyme for repair of oxidized pyrimidines is E. coli Nth (also known as

Endonuclease III). Nth removes a wide variety of damaged pyrimidine derivatives that result
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form ring saturation, fragmentation or contraction [51-53]. A structural and functional homolog
of Nth has been identified in Arabidopsis and termed AtNTH1 [54] (Table 1). AtNTH1 exhibits
DNA-glycosylase activity on different types of DNA substrates with pyrimidine damage, being
able to release both urea and thymine glycol from double-stranded polydeoxyribonucleotides.
The enzyme also possesses an apurinic/apyrimidinic lyase activity on UV- and y-irradiated DNA
substrates. AINTH]1 sequence shows all the characteristics of an Nth homolog, including a helix-
hairpin-helix (HhH) motif, and an iron-sulphur cluster [4Fe-4S] held in place by four conserved
Cys residues. The presence of a conserved Lys at position 240 in AtNTH1 correctly predicted
the AP/lyase activity of the enzyme [54]. This critical Lys residue is conserved in all
functionally characterized Nth homologs, and it is absent from other DNA-glycosylases with

very similar sequences but which lack AP lyase activity [55].

The genome of Arabidopsis encodes a putative second Nth homolog (AtNTH2) (Table 1),
thus resembling other eukaryotes such as S. cerevisiae [56]. In a detailed phylogenetic analysis
of the HhH superfamily the two homologs from each species were grouped together, suggesting
that they are paralogs generated by lineage-specific gene duplication events that occurred after
plant and yeast divergence [57]. Differential sorting to the nucleus and mitochondria has been
reported for the two Nth homologs from S. cerevisiae [58], but no information about subcellular
targeting is available for the two Arabidopsis proteins. In E. coli there is a second DNA
glycosylase that repairs oxidized pyrimidines, designated Nei (Endonuclease VIII) [59].
Although the human genome encodes three Nei-like enzymes [50], plant genomes sequenced so

far seem to be devoid of Nei homologs.

The archetypal DNA glycosylase for repair of oxidized purines is E. coli MutM. This
enzyme, also known as Fpg, is a DNA glycosylase/lyase that excises 8-0xoG from DNA and
processes the resulting abasic site cleaving both 3" and 5" phosphodiester bonds by successive [3-

and d-elimination [60-62]. MutM shows a clear preference for C as the base opposite 8-0xoG,



Roldan-Arjona, T. and R. R. Ariza (2009). "Repair and tolerance of oxidative DNA damage in plants." Mutat. Res. 681(2-3): 169-179.

thus avoiding mutagenic repair of 8-0xoG:A mispairs to T:A. The repair of 8-0x0G:A mispairs
is initiated instead by MutY, a DNA glycosylase that catalyzes excision of the misincorporated

A [63].

Genes similar to bacterial mutY have been identified and their products characterized in
several eukaryotic and archaeal species [64]. Most eukaryotes, including yeast and mammalian
cells, possess 8-0xoG-DNA glycosylases that do not share sequence identity with bacterial
MutM proteins. The first of these MutM analogs, designated Oggl, was first identified in S.
cerevisiae [65,66] and later in mammals [67-69]. The Oggl protein is a bifunctional DNA
glycosylase/lyase that catalyzes both the release of 8-0xoG and the cleavage of DNA at the

resulting abasic site via a B-elimination reaction, rather than B[] 5-elimination [70].

Interestingly, plant nuclear genomes encode functional orthologs of both MutM and Oggl
[71-73] (Table 1). The Arabidopsis mutM homolog (AtMMH) generates two alternatively
spliced transcripts, and the longer protein variant (AtMMH-1) exhibits nicking activity for 8-
oxoG paired with cytosine, guanine and thymine, but not for 8-0xoG paired with adenine [71].
Additional forms of AtMMH produced by alternative splicing have been reported, but their
enzymatic roles and substrate specificities remain unknown [74]. Two genes encoding MutM

orthologs have been recently identified in the mononocot plant sugarcane [75].

The Arabidopsis Oggl ortholog (AtOGG1) is a bifunctional DNA glycosylase/lyase able to
cleave a duplex DNA at an 8-0xoG:C mispair, in a reaction proceeding through an imine
intermediate that leads to a B-elimination [73]. Expression of the plant protein in E. coli almost
completely suppresses the spontaneous mutator phenotype of a mutM mutY mutant, which is
deficient in repair of endogenously produced 8-oxoG [72,73]. The substrate specificity and
excision kinetics of AtOGG]1 has been analyzed in detail [76]. AtOGGI1 efficiently excises 8-

oxoG and FapyGua from DNA containing multiple lesions generated from pyrimidines and
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purines by ionizing radiation [76]. The enzyme preferentially excises 8-0xoG paired to guanine,

with 8-0x0G:A pairs being particularly poor substrates [76].

It has been reported that T-DNA insertion double mutants lacking functional AIMMH and
AtOGG1 genes do not show any obvious phenotype, although the accumulation of 8-0x0G in
their DNA has not been measured [77]. Both AIMMH and AtOGG1 genes are expressed in a
wide range of different plant tissues [73], raising the question of their relative roles in plant
cells. Since eukaryotic MutM orthologs seem to be restricted to plants, it has been proposed that
this may be the result of a gene transfer from an ancestral chloroplast genome to the nucleus
[71]. If this is the case, perhaps the relative roles of AtOGG1 and AtMMH may be related to
their different phylogenetic origin, with a nuclear function for AtOGG]1 and a repair role in the
chloroplast for AAMMH. However, the precise subcellular location of both enzymes remains to
be determined. The Arabidopsis genome encodes a putative MutY ortholog that is possibly
involved in removing adenine from 8-0xoG:A pairs, but it has not been functionally

characterized.

It has been reported that in bacteria and mammals the BER pathway not only removes
oxidized bases, but also the exocyclic base adducts etheno-A and etheno-C generated by the
lipid-peroxidation products acrolein and crotonaldehyde [36]. The DNA glycosylases
responsible for this activity were identified as the E. coli mismatch-especific uracil DNA
glycosylase (MUG) and its human homolog thymine DNA glycosylase (TDG) [36]. Since plants
lack an identifiable homolog of MUG and TDG (Table 1), it remains an open question how they
remove DNA adducts generated by endogenous products of lipid peroxidation. It should be
noted that lipid peroxidation has been proposed as a major factor of seed deterioration [78] and
that the loss of seed viability has been correlated to the accumulation of lipid-peroxidation
products such as malondialdehyde [79]. However, the possible role of DNA damage during this

process remains unknown.

10
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5. Post-excision events during base excision repair of oxidative DNA

damage in plants

Excision of the damaged base is only the first step in the BER pathway, and generates
intermediates that have to be processed further to restore the structural and functional integrity
of DNA [2]. AtNTH1 and AtOGGI1 are bifunctional DNA glycosylases/lyases that cleave the
abasic (AP) site by B-elimination generating a 3’ phospho a,p-unsaturated aldehyde (3’ dRP) at
the strand break [54,73] (Figure 1). After base excision it is necessary to remove the products of
the B-elimination to generate 3’ OH termini necessary for gap-filling repair synthesis by a DNA
polymerase [80]. This process is catalyzed by enzymes called AP endonucleases, which also
process AP sites generated through spontaneous degradation of DNA or through the actions of
monofunctional glycosylases. In mammalian cells, the 3" dRP generated after  elimination by
NTH1 and OGGI is efficiently removed by APEX1 [81,82]. The Arabidopsis genome encodes
two APEX1 homologs, and one of them, termed Arp, has been shown to perform incisions in
DNA containing abasic sites [83]. Mammalian genomes also encode a protein called APEX2
with unknown function in vivo [84], and one APEX2 ortholog is also present in plant genomes

(Table 1).

In contrast to AtINTH1 and AtOGG1, AtMMH catalyzes f,56-elimination at the AP site and
removes the deoxyribose residue to produce a 3' phosphate terminus at the DNA strand break
[71] (Figure 1). In mammalian cells, the 3’ phosphate generated by ,0-elimination is converted
to a 3" OH group by polynucleotide kinase 3 phosphatase (PNKP) [85], which also functions in
the repair of DNA SSB generated by ionizing radiation [86]. A DNA 3 -phosphatase acting on
the 3-phosphorylated termini of DNA SSB has been purified from maize [87]. Its Arabidopsis
ortholog (AtZDP) is a 3 -phosphatase that binds SSB through an amino-terminal domain that
contains three Cyss-His zinc fingers [88] (Table 1). It is tempting to speculate that AtZDP could

mediate processing of the 3" phosphate group generated by f,5-elimination catalysts such as

11
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AtMMH in plants. In addition to participating in downstream BER steps during repair of
oxidized bases, AtZDP may also play an important role in the repair of SSB directly arising

from oxidative attack to sugar residues (see below).

Further steps for completion of BER require additional enzymes and accessory proteins
(Figure 1). The processing of BER intermediates carried out by AP endonucleases or 3’
phosphatases leaves a 3 OH and a 5" phosphate at the strand termini. In mammalian cells, DNA
polymerase 3 (pol B) fills the single nucleotide gap, preparing the strand for ligation by DNA
ligase I or a complex of DNA Ligase IIl and XRCC1. Arabidopsis lacks any clear pol 3
homolog, but it has been proposed [4] that its role could be fulfilled by a homolog of another
polymerase X family member termed pol A [89]. Arabidopsis pol A (AtPOLL) contains critical
residues conserved in pol B and other DNA polymerases belonging to the X family [89]. Pol
A from rice has DNA polymerase activity and its expression is associated with cell proliferation
in meristematic and meiotic tissue [90]. On the other hand, BER of oxidative damage outside the
nucleus may require other DNA polymerases. Thus, two DNA polymerases similar to DNA
polymerase I from cyanobacteria have been identified in Arabidopsis [91]. Both are localized in
plastids and the expression of one of them (AtPoll-like B) is induced by H202, indicating a
possible role in the repair of oxidative DNA damage [91]. A detailed biochemical
characterization of its rice ortholog, OsPOLP1, suggests that this polymerase might be involved

in plastidial DNA replication and BER [92].

XRCCI interacts with Ligase III and other BER proteins in mammalian cells, and may
function as a scaffold protein for the coordination of initial and late steps of repair [93]. The
Arabidopsis genome encodes an XRCC1 ortholog [94], but its role during BER remains
unknown. Arabidopsis has up to four genes encoding DNA ligases, although none of them is a
Ligase III ortholog. AtLIG4 is an ortholog of mammalian DNA ligase IV and functions in

double-strand break repair [95,96] (see below). AtLIG1 is an ortholog of mammalian DNA

12
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ligase I and may function in DNA replication and repair [97,98]. Interestingly, isoforms of
AtLIG1 are targeted to the nucleus or the mitochondria through the choice of alternative
initiation sites [99]. In addition to the well-characterized AtLIG4 and AtLIGI proteins the
Arabidopsis genome encodes a second DNA ligase I ortholog and a predicted DNA ligase
named AtLIG6 that could be unique to plants [100]. However, the functional roles of these two

proteins remain to be determined.

A survey of the sequenced genomes of several plant species (Table 2) reveals orthologs of
most of the Arabidopsis proteins involved in the repair of oxidative DNA damage, both in the
excision and post-excision events. All Arabidopsis proteins discussed above have orthologs in
dicots (grapevine), monocots (rice) and even in the moss Physcomitrella patens, suggesting a
strong conservation of the oxidative DNA repair repertoire throughout the evolution of land
plants. The unicellular green alga Chlamydomonas reinhardtii possesses orthologs of most
Arabidopsis repair proteins, but lacks PARP and XRCCI1 orthologs, which seem to be specific
of multicellular eukaryotes. This conservation pattern confirms that the inventory of DNA repair
proteins in Arabidopsis is highly representative of most plants, and validates its use as a key

model system in DNA repair studies.

6. Role of nucleotide excision repair in removal of oxidative DNA lesions in

plants

Although oxidatively damaged bases are mainly repaired by BER, some removal appears to
occur though nucleotide excision repair (NER). This is a versatile repair pathway that can act on
a wide range of substrates, including pyrimidine dimers induced by UV radiation or bulky DNA
adducts generated by chemicals [2]. However, it is also considered an important backup

pathway for repair of oxidative DNA lesions [101]. In addition, it has been reported that in

13
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bacteria exocyclic DNA base adducts generated by endogenous products of lipid peroxidation

are repaired through the NER pathway [35].

NER is initiated by cleavage of the damaged DNA strand on both sides of the lesion and
results in removal of the damage as part of an oligonucleotide, leaving a gap that is then filled
and sealed [2]. Extensive studies in yeast and mammalian cells have identified the major players
in eukaryotic NER, defining a complex DNA repair mechanism that requires the products of

more than 30 genes, many of which are evolutionarily conserved [102].

Genetic analysis of Arabidopsis mutants hypersensitive to UV light or ionizing radiation has
led to the identification of plant genes encoding some key components of the NER pathway,
such as AtRADI1 [103-106] and AtERCC1 [105,107], which are members of the endonuclease
that performs the 5" incision. A plant mutant with a hyperrecombinogenic phenotype allowed
identification of AtCEN2, a caltractin-like protein that modulates NER and participates in the
DNA lesion recognition complex [108,109]. Sequence conservation has allowed the
identification of other NER factors, such as AtXPB1 and AtXPB2, which, similarly to their
yeast and mammalian orthologs, presumably function as helicases unwinding the damage-
containing oligonucleotide [110-112]. Other conserved NER components have been identified
through sequence searches in the Arabidopsis genome database [7,113]. There is some evidence
that NER participates in the repair of oxidative DNA lesions in plants. Thus, plants depleted in
AtRADI activity show reduced repair of methylene blue-induced oxidative lesions in in vitro
NER assays, and they also exhibit greater sensitivity to H2O2 than do wild-type plants [114]. On
the other hand, T-DNA insertion mutants defective in the Arabidopsis thaliana UV-damaged
DNA binding protein 2 (AtUV-DDB?2) also show greater sensitivity to H2O2 [115]. At least part
of the sensitivity of NER-deficient plants to oxidants may be due to a possible role for this
pathway in the repair of DNA adducts generated by lipid peroxidation products, as previously

reported in bacteria [35].

14
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7. Repair of strand breaks caused by oxidative attack

Single-strand breaks (SSB) are the most abundant DNA lesion in eukaryotic cells and may
arise either directly by oxidative attack to the sugar-phosphate backbone, or indirectly as an
enzymatic consequence of excision repair of oxidative base damage (see above) and
spontaneous base loss [2]. In fact, the number of SSB arising from BER processing of oxidative
base damage in vivo has been estimated to be approximately 1.5 x 10° per cell per day for
human cells [116] and a similar or greater number of SSB may arise from direct oxidative attack
on DNA. Therefore, the significance of SSB should not be underestimated, and cells certainly

possess efficient enzymatic mechanisms for their recognition and elimination.

Most SSB arising from the direct attack of ROS on sugar residues have damaged termini,
such as 3" phosphate or phosphoglycolate end groups, that prevent DNA repair by a simple
DNA ligation step [17]. Therefore, efficient SSB repair must perform the consecutive steps of
break recognition, end processing, gap filling and ligation [2]. With the exception of the first
step, the process of SSB repair broadly overlaps with the post-excision events that take place

during BER (see above).

Members of the poly (ADP-ribose) polymerase (PARP) superfamily are widely considered as
putative nick sensors in SSB repair in eukaryotes [2]. In mammals, PARP1 and PARP2 bind
with high affinity to SSB or DSB and become activated to synthesize polymers of ADP ribose in
a range of nuclear enzymes, including PARPs themselves, using NAD" as substrate [117]. The
exact role of PARP proteins during SSB repair is unknown. In mammalian cells, autoribosylated
PARPI1 interacts with XRCC1, which is considered to be an essential scaffold protein for initial
and late events during BER [118] (see above). Therefore, PARP1 may function as a nick sensor
that attracts proteins needed for end processing, gap filling and sealing of SSB. Plants possess
homologs of animal PARP1 and PARP2 [119,120]. Both plant proteins are localized in the

nucleus and have poly (ADP-ribose) polymerase activity that is activated by DNA strand breaks
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[119,120]. Strand breaks produced by ionizing radiation or oxidative stress induce rapid and
massive accumulation of Arabidopsis AtPARP1 and AtPARP2 transcripts in all plant tissues
[120-122]. There is also evidence that PARP may regulate programmed cell death (PCD) and
DNA repair in response to oxidative stress in plants. Thus, inhibition of PARP activity in
cultured soy bean cells reduces PCD triggered by H202, while transient overexpression of
Arabidopsis AtPARP2 cDNA promotes DNA repair [123]. In addition, it has been shown that

plants with reduced PARP activity are tolerant of a broad range of stresses [124].

PARP1 and PARP2 homologs may not be the only sensors of SSB in plants. AtZDP, an
Arabidopsis protein that recognizes DNA strand breaks and catalyzes the removal of 3 -end-
blocking lesions (see above), is comprised of a catalytic domain preceded by three PARP-like
Zinc finger modules [87,88,125]. Together with its maize ortholog, ZmDP2, AtZDP may be the
prototype of a new family of DNA repair proteins, so far unique to plants, that can act as sensors

and repair catalysts during DNA damage [88].

In addition to SSB, oxidative attack of DNA may also cause double-strand breaks (DSB),
particularly as a consequence of the cluster of hydroxyl radicals generated by ionizing radiation
[17]. DSB breaks also arise from exposure to other DNA damaging agents and from endogenous
cellular processes, and all cells are endowed with elaborate mechanisms for their repair [2]. The

field of DSB repair in plants has advanced considerably in recent years and excellent reviews

have been published elsewhere [126,127].

8. Tolerance of oxidative lesions through translesion DNA synthesis

Although oxidative DNA damage is constantly monitored and removed by a variety of repair
pathways, lesions that escape repair can severely impair DNA synthesis and obstruct the
progress of the replication machinery. To overcome replication blockage, cells have evolved

tolerance mechanisms to enable duplication of their genomes despite the presence of unrepaired
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lesions [128]. An important damage tolerance mechanism is the direct synthesis of nascent DNA
chains past the altered bases. Such translesion synthesis (TLS) may often involve incorporation
of “wrong” nucleotides, i.e., nucleotides that are not the Watson-Crick complements of the
altered bases [129]. A crucial result from recent mutagenesis research is the finding that TLS is
not efficiently performed by high-fidelity replicative DNA polymerases, which are generally
unable to copy defective templates, but rather by specialized DNA polymerases widely

represented in bacteria, archaea and eukarya [130-132].

Most TLS DNA polymerases are structurally related and define a family of DNA
polymerases, designated the Y-family, that are distinct from the A, B, C and X families [133].
The Y-family of DNA polymerases includes four subfamilies whose founding members are E.
coli pol IV and pol V (previously known as DinB and UmuC, respectively), and S. cerevisiae
pol n (Rad30) and Revl. Unlike replicative DNA polymerases, Y-family enzymes have an open
solvent-accessible active site but lack proofreading exonuclease activity [130]. Consequently,
they have some remarkable biochemical properties, such as a low fidelity on undamaged DNA
[134] and the ability to synthesize DNA opposite-damaged templates by translesion synthesis
[135]. The current hypothesis is that these enzymes act transiently at arrested replication forks to
copy any faulty nucleotides and extend the resultant non-canonical primer-template pairs with
varying degrees of accuracy, but give way to high-fidelity replication downstream of the arrest
point [2].

Although many TLS polymerases belong to the Y family, the "conventional" A, B, and X
families of DNA polymerases also include members able to perform TLS and other specialized
tasks in DNA repair and genome stability [132]. A prominent example is Pol &, whose catalytic
subunit (REV3) belongs to the B family, which also includes the replicative polymerases a, 6
and €. Pol & lacks a proofreading exonuclease activity, synthesizes DNA over damaged

templates and extend mispaired primers, and is required for the majority of both spontaneous
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and damage-induced mutagenesis in yeast [136]. The X family include members mainly devoted
to DNA repair and is comprised of up to five polymerases in mammals: Pol 3, Pol A, Pol p, TdT
(terminal deoxynucleotidyltransferase) and Pol o [137]. Pol A and Pol p [89,138] play

specialized roles during nonhomologous end joining (NHEJ) [139].

Knowledge about how plants cope with unrepaired DNA lesions remains quite limited,
although DNA damage tolerance may have important consequences for plants due to their
lifestyle. Unlike most higher eukaryotes they lack a reserved germline, and produce meiotic
cells late in development, so mutations arising in somatic cells may be represented in gametes
[3]. The existence of specialized DNA polymerases in plants has been inferred from the analysis
of genome sequences, which reveals genes encoding putative orthologs of several polymerases
from other organisms [7]. Only recently have the functions and physiological roles of these
genes begun to be revealed, although studies of specialized DNA polymerases in plants are not
abundant. An Arabidopsis mutation that confers sensitivity to UV-B and various DNA
damaging has been mapped to AtREV3, a gene encoding the putative catalytic subunit of
Arabidopsis DNA polymerase & [140]. A recent study by the same group has reported that
mutations in Arabidopsis homologs of REV1 and REV7 (a putative regulatory subunit of pol &)
render plants moderately sensitive to UV-B and DNA cross-linking agents [141]. A cDNA
encoding a putative Arabidopsis homolog of mammalian Pol A has been reported [89] and it has
been suggested that the corresponding Oryza sativa homolog performs DNA repair functions in
plant meristematic and meiotic tissues [90]. AtPOLK, is an Arabidopsis homolog of E. coli pol
IV and human pol «k, and belongs to the DinB subfamily [142]. AtPOLK is a template-directed
DNA polymerase endowed with limited processivity, that is able to extend mispaired primer
ends [142]. Alternative splicing of the primary AtPOLK transcript gives rise to different
mRNAs that have distinct patterns of expression in different organs, and AtPOLK promoter is

active in a variety of tissues, with a possible association with endoreduplication cycles [142]. |

18



Roldan-Arjona, T. and R. R. Ariza (2009). "Repair and tolerance of oxidative DNA damage in plants." Mutat. Res. 681(2-3): 169-179.

Most studies concerning translesion synthesis of oxidative damage have concentrated on the
predominant lesion 8-0xoG. The miscoding potential of 8-0xoG arises from its ability to form
stable base pairs with either a C or an A residue [42]. Most replicative DNA polymerases
preferentially insert A opposite 8-0xoG [42], causing G:C—T:A transversions [46]. Insertion
preferences among Y-family DNA polymerases vary considerably. Yeast and human pol n
[143,144], and archaeal Dpo4 [145,146] preferentially insert C opposite the lesion. In contrast,
human pol k inserts A more efficiently than C opposite 8-oxodG [147-149], and human pol 1 is

significantly blocked by the lesion [150,151].

AtPOLK is the only plant DNA polymerase examined so far for the capacity to bypass DNA
oxidative damage. AtPOLK is able to insert nucleotides opposite 8-0xoG and moderately extend
from the resulting primer end [152]. Interestingly, the ability of AtPOLK to bypass 8-0x0G is
influenced by its C terminus. While full-length AtPOLK shows a relative incorporation
efficiency for A opposite 8-0xoG twice that of C, a truncated version lacking 193 amino acids
from its C terminus (AtPOLKAC) inserts both A and C with similar efficiency and shows ~10-
fold higher catalytic efficiency than the wild-type enzyme for nucleotide insertion opposite 8-
0ox0G. [152]. It has been suggested that the C-terminal domain of AtPOLK may modulate the
catalytic activity of the protein, affecting its catalytic efficiency and fidelity during synthesis on
non-damaged DNA templates, its capacity to extend mismatches through misalignment and its

bypass efficiency through error-prone and error-free bypass [152].

Specialized DNA polymerases may play other roles in addition to tolerance of oxidative
DNA lesions though translesion synthesis. Recent evidence in mouse cells suggest that
mammalian pol k¥ may participate in NER [153], but a similar role in plants has not been

reported so far.
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9. Cellular responses to oxidative DNA damage in plants

Cells respond to DNA damage by activating complex signaling pathways that minimize its
deleterious consequences. These pathways initiate a series of appropriate measures that include
delaying cell cycle progress, thus allowing time for DNA repair, and activation of genes
required for repair and cellular protection [2]. Although the identity of the sensors that directly
recognize DNA damage is not accurately known in most cases, in yeast and mammalian cells
two protein kinases of the phosphoinositide-3-OH-kinase-related (PI3KK) family are involved
in the early signaling process: ATM (ataxia telangiectasia-mutated) and ATR (ATM-Rad3-

related) [154].

Homologs of ATM and ATR have been found to be encoded in the genome of Arabidopsis
and other plants [155-157]. Mutant atatm Arabidopsis plants are hypersensitive to ionizing
radiation but not to UV-B light, thus suggesting that AtATM activation occurs primarily in
response to DSB [158]. In contrast, atatr mutants are only mildly sensitive to ionizing radiation
and hypersensitive to replication blocking agents such as UV-B light, hydroxyurea or
aphidicolin [159]. This suggests that, similarly to mammalian cells, the DNA damage signal
resulting in AtATR activation is probably ssDNA, such as that resulting from collapsed
replication forks or excision repair [160]. Also, like its homologs in mammals, AtATR is

required for the G2-phase checkpoint in response to replication blocks [159].

Presumably, the activation of both AtATM and AtATR in response to DNA damage initiates
a protein phosphorylation cascade resulting in the transcriptional activation of effector proteins.
Recent studies have shown that the transcriptional response of Arabidopsis plants to ionizing
radiation comprises genes that regulate cell cycle transitions and DNA repair, and is primarily
dependent on AtATM, but not AtATR [161,162]. This is not surprising, given the great

significance of DSB in the types of damage induced by ionizing radiation. Similar
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transcriptional responses elicited in plants by other sources of oxidative DNA damage are yet to

be explored.

Other signaling pathways triggered by ROS in plants originate outside the nucleus and
involve activation of mitogen-activated protein (MAP) kinases. The implication of MAP kinases
in genotoxic stress signaling in plants is well documented [163] and some of them, such as

AtMPKG6, are specifically activated by oxidative stress [164].

10.Conclusions and perspectives

Recent advances in plant DNA repair studies clearly illustrate the viability of elucidating the
molecular mechanisms of plant cells responses to oxidative insults to DNA. Remarkably, the
comparative analysis of plant and animal responses to oxidative DNA damage has revealed
many similarities and some characteristic differences. In fact, in some instances the plant
mechanisms are closer to mammalian processes than other well-established eukaryotic models
in the field of DNA repair and mutagenesis. This proximity highlights the advantages of plant
studies in the elucidation of highly conserved pathways of DNA damage repair and tolerance. In
some species, such as Arabidopsis, the advantages of a fully sequenced genome and extremely
powerful tools for genetics and molecular analysis will undoubtedly help to bring plants to the

forefront of research in oxidative DNA damage and repair.
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Figure legends

Figure 1. Diagram showing major steps during base excision repair of oxidized bases in plants.
AtOGGI and AtNTH1 DNA glycosylases carry out a B-elimination, leaving a 3'-dRP residue
that is subsequently removed by an AP endonuclease (such as AtArp, AtAPE1 or AtAPE2).
AtMMH DNA glycosylase performs a f3, 6-elimination and the resulting 3 -phosphate may be a
substrate of AtZDP. Gap filling could be performed by AtPOLL and ligation carried out by
AtLIG1. AtXRCCI1 probably acts as a scaffold protein during initial and late steps of BER.

Other proteins possibly involved are not shown.
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Table 1. Proteins involved in repair of oxidative base damage and single-strand breaks in bacteria, yeast, humans and Arabidopsis thaliana.

E. coli S. cerevisiae  H. sapiens A. thaliana References®
LESION RECOGNITION AND/OR STRAND
INCISION
Excision of oxidized pyrimidines Nth Ntglp, Ntg2p NTHI AtNTHI, AtNTH2 [54]
Excision of oxidized purines MutM - - AtMMH [71]

- Ogglp 0GGl1 AtOGG1 [72,73]
Excision of oxidized purines and pyrimidines Nei - NEIL1, NEIL2, NEIL3 -
Excision of adenine paired to 8-0xoG MutY - MYH AtMUTY
Excision of etheno-A and etheno-C generated by MUG - TDG -
lipid peroxidation
DNA GAP TAILORING
Removal of 3"-dRP after 3-elimination Xth Apn2p APEXI1, APEX2 AtArp, AtAPE1,AtAPE2 [83]
Removal of 3 phosphate after 3,5-elimination - Tpplp PNKP AtZDP [88]
Single-strand break sensing - - PARP-1, PARP-2 AtPARP1, AtPARP2, AtPARP3  [120,165]
Scaffold protein - - XRCC1 AtXRCCI [94]
DNA SYNTHESIS AND LIGATION
Family A DNA polymerases Poll - - -
Family X DNA polymerases - - POLB -

- Pol4p POLL AtPOLL [166]
NAD"-dependent DNA ligases LigA - - -
ATP-dependent DNA ligases - Cdc9p LIG1 AtLIG1 [97]

 Articles reporting the identification and/or characterization of Arabidopsis genes



Table 2. Conservation of oxidg{j

0. sativa

a
QRS » Mutat Res 681(2-3): 169-179

. V. vinifera P. patens C. reinhardtii
A. thaliana : : .
(grapevine) (rice plant) (moss) (unicellular green alga)
LESION RECOGNITION AtMMH (At1G52500)° CA062687° BAF20093 EDQ52568 XP_001702534
AND/OR STRAND INCISION 274¢ 410¢ (75)° 400 (70) 496 (55) 297 (43)
AtNTH1 (At2G31450) CAO064783 ABA92590 XP_001763953 XP_001701499
379 291 (68) 362 (59) 226 (41) 292 (29)
AtNTH2 (At1G05900) CAN69482 X96284 XP_001763953 XP_001701499
386 377 (48) 373 (50) 226 (39) 292 (29)
AtOGGI1 (At1G21710) CAO61897 BAD15490 XP_001775305 XP_001700241
365 399 (67) 399 (53) 303 (57) 155 (43)
AtMUTY (At4G12740) CA041069 ABA96714 XP_001772500 XP_001701896
630 476 (57) 474 (49) 629 (39) 793 (40)
AtArp (At2G41460) CA023347 NP_001044537 EDQ64693 XP_001703445
DNA GAP TAILORING 536 263 (74) 499 (57) 363 (57) 437 (44)
AtAPE] (At3G48425) CA064180 BAF29592 XP_ 001768323 i
364 357 (74) 379 (67) 369 (59)
AtAPE2 (At4G36050) CAN69587 BAF25697 EDQ53323 XP_001692908
610 632 (56) 619 (46) 591 (40) 264 (31)
AtZDP (At3G14890) CA039403 BADS87018 EDQ56656 XP 001694924
694 404 (61) 463 (45) 187 (61) 242 (39)
AtPARPI (At2G31320) CAO70689 BAC84104 EDQ65830 i
983 947 (69) 977 (62) 989 (52)
AtPARP2 (At4G02390) ) BADS52929 EDQ52960 )
637 633 (59) 661 (53)
AtPARP3 (At5G22470) CA048763 EAZ23301 XP_ 001763226 i
814 828 (66) 840 (56) 865 (41)
AtXRCCI1 (At1G80420) CA045954 BAF18694 XP_001777620 )
353 344 (54) 347 (48) 367 (37)
DNA SYNTHESIS AND AtPOLL (At1G10520) CA040943 4 BADI18976 XP_001776483 XP_001700433
LIGATION 529 549 (66) 552 (61) 535 (49) 1599 (30)
AtLIG1 (At1G08130) CAO16749 EAZ16500 XP_001777550 XP_001702891
790 783 (65) 810 (63) 656 (64) 813 (46)

2 Data are from pre-computed BLAST searches against the protein non-redundant (nr) database using the BLink resource available at www.ncbi.nlm.nih.gov.
® Locus tag (www.arabidopsis.org).

¢ Accession number.

4 Protein length (amino acids).

¢ Percent of identical amino acids shared with the A. thaliana protein sequence showed in the first column.





