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I. Introduction

Those of us who focus on DNA repair processes in plants
do so with a variety of motivations. There are those labs
that have a focus on genetic engineering— we try to under-
stand the mechanism of recombination and mutation with
the ultimate goal of controlling these processes. Can we
modify the frequency and location of meiotic recombina-
tional events? Can we enhance the efficiency of gene
replacement? Can we alter the nature and frequency of
mutational events? There are also groups that focus on
plant response to environmental stresses. Can plants
withstand the toxic effects of predicted increases in envi-
ronmental UV-B? Will enhanced UV-B result in enhanced
mutagenesis? Do general environmental stresses also
have a genotoxic effect? Is the plant genome destabilized
by environmental stress, and if so, is this a programmed
response to environmental change?

The completion of the Arabidopsis genome project has
revealed that the suite of repair proteins produced by
Arabidopsis is remarkably similar to that of humans.
Although there are some critical differences (discussed
below), the similarities are impressive. Given this,
Arabidopsis may turn out to be an excellent model system
for the genetic analysis of many aspects of repair in high-
er eukaryotes. Gene-specific knockout mutants are a less
expensive to isolate in Arabidopsis than in mice. Recent
publications, and much unpublished data, also suggests
that plants are far more tolerant to persisting DNA damage
than mammals. Many mutations that are viable in bacteria
or yeast lead to embryonic lethality in mammals. However,
at least some of these lethal mutations can be rescued by
a second mutation in the signal transduction pathway
required for an apoptotic response to DNA damage, indi-
cating that embryonic lethality is a suicidal response to
damage, rather than an intrinsic effect of DNA damage
itself (Frank et al., 2000; Sekiguchi et al., 2001). The
embryonic lethality of repair defective mutants makes it
difficult to assess the potential roles of repair genes in later
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aspects of development, including meiosis.

In contrast, Arabidopsis lacks a p53 homolog and there
is as of yet no evidence that plants undergo an apoptotic
response to the accumulation of DNA damage. Repair
defects that are lethal in mice are viable in plants. For
example, knockouts of RAD50 are embryonic lethal in
mice; the same knockout produces a viable plant line,
enabling us to determine, for the first time in a higher
eukaryote, that RAD50 plays an important role in both
meiosis and telomere maintenance (Gallego et al., 2001;
Gallego and White, 2001). Arabidopsis may soon emerge
as a robust and inexpensive higher eukaryotic model for
the genetic analysis of the roles of DNA repair pathways in
the repair of various lesions, and for the effects of the per-
sistence of these lesions on organismal development.

In the review below I’ll provide an update on the state of
our understanding of the mechanisms for the repair of
damaged bases in Arabidopsis. This review will not
address the repair of double strand breaks, and | direct the
reader to recent reviews on that topic (Puchta, 1998;
Gorbunova and Levy, 1999). Nor will | cover the study of
DNA damage tolerance pathways in plants, a field in which
there is only one publication which is not entirely specula-
tive (Garcia et al., 2000). I'll point out some interesting fea-
tures revealed by the Arabidopsis genome project, the
substrate-specificities defined by biochemical analysis of
isolated Arabidopsis repair proteins, and the characteris-
tics of various repair-defective mutants. The accession
numbers of most of the Arabidopsis repair gene homologs
described below can be obtained in Table 5 of the supple-
mentary data to (The Arabidopsis Genome Initiative, 2000),
as well as at the Plant DNA Metabolism website at the
University of Arizona (http://ag.arizona.edu/dnametaby/).
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The biological significance of damaged bases.

DNA damage products can be defined as any chemical
alteration to DNA that covalently alters its normal struc-
ture. Bases can be oxidized, reduced, crosslinked, and
alkylated. Each lesion can often be processed via a num-
ber of different repair pathways, and different organisms
carry a different suite of repair-related genes (Friedberg et
al., 1995). Different lesions have different biological con-
sequences depending on the frequency of their induction,
their ability to affect or alter the activity of polymerases,
and the efficiency and accuracy of their repair.

Lesions that do not affect the ability of RNA polymerase
to transcribe DNA, or of DNA polymerase to faithfully repli-
cate it, are harmless in and of themselves (though many of
these harmless products decay to form more dangerous
ones). “Noncoding” damage products (for example, UV-
induced pyrimidine dimers) act as blocks to both RNA and
DNA polymerase, and their repair can be critical to the sur-
vival of the cell . Other more insidious types of “miscod-
ing” damage products (for example, OG-methnguanine) do
not block DNA polymerase but are often misinterpreted by
this enzyme, directly leading to the induction of mutations.

The significance of a DNA damage product also
depends on its location in the genome and the develop-
mental state of the cell in which it resides. A pyrimidine

Figure 1: Pyrimidine dimers. The cyclobutane pyrimidine
dimer (top) and the pyrimidine [6-4]pyrimidinone dimer (bot-
tom) make up the two major classes of UV-induced DNA
damage. Arabidopsis produces both a CPD-specific and a
6-4 specific photolyase.
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dimer in a nontranscribed region, or even a nontranscribed
strand, of DNA in a nonreplicating cell has no biological
significance. Given the amount of noninformational DNA
in the genomes of most higher eukaryotes, and the fact
that most cells are nonreplicating, this means that the
majority of DNA damage products are innocuous. In con-
trast, the induction of a dimer on a transcribed strand of a
potentially replicating genome is both a toxic and a geno-
toxic event, and its repair is a very high priority for the cell.
The mechanisms by which eukaryotic cells set priorities for
the repair of the same kinds of lesions in different types of
cells or different parts of the genome have only recently
been addressed in yeast and mammals (Hanawalt, 2001).
Whether plants share the same mechanisms, or even the
same priorities, remains to be seen.

1. Repair pathways in plants

Direct reversal of damage

Most lesions are repaired through a “remove and replace”
strategy. The damaged DNA strand is excised, and the
undamaged strand used as a template for repair synthesis.
A very few lesions, however, are apparently both common-
place enough and biologically significant enough to merit
a specialized repair pathway that directly reverses the
damage and restores the damaged site to its original pris-
tine form. The targets for these direct reversal reactions
include three types of pyrimidine dimers, and three alkyla-
tion products.

UV radiation induces both cyclobutyl pyrimidine dimers
and pyrimidine [6-4]pyrimidinone dimers (Figure 1).
Arabidopsis, like many other organisms, produces 2 differ-
ent photolyases (PHR1/UVR2 and UVRS3) that specifically
bind to CPDs and 6-4 products, respectively (Ahmad et al.,
1997; Jiang et al., 1997; Landry et al., 1997; Nakajima et
al., 1998). Photolyases utilize two chromophores to cap-
ture photons in the UV-A to blue wavelengths, and use that
captured energy to reverse their cognate damage products
via an error-free process (Sancar, 1994). Mutants defective
in either of these photolyases show a visible-light depend-
ent UV-sensitive phenotype, with the uvr3 (6-4 photolyase)
deficient mutant being less sensitive than the uvr2
mutants. This is consistent with the fact that CPDs are
more frequently induced (by somewhere between 3 and 10
fold) than 6-4 products (Mitchell and Nairn, 1989). In
seedlings, the photoreactivation of CPDs requires expo-
sure to white light prior to UV exposure, as well as during
the period of photoreactivation (Chen et al., 1994), and the
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UVR2 gene has been shown to be transcriptionally
induced by treatment with white or UV-A light (Ahmad et
al., 1997). In contrast, the activity catalyzing photoreacti-
vation of 6-4 products (the UVR3 gene product) was found
to be constitutively expressed (Chen et al., 1994). UVR2
and UVR3-dependent photoreactivation of UV-induced
growth inhibition occurs in both the root and shoot tips of
the Arabidopsis seedling. Surprisingly, no photoreactiva-
tion of CPDs in either organellar genome was observed in
young seedlings (Chen et al., 1996). More recently, how-
ever, the blue-light dependent photoreactivation of the
inhibition of organellar genome replication by UV has been
observed in the adult tissues of Arabidopsis (Draper and
Hays, 2000), suggesting that all three Arabidopsis
genomes are subject to photoreactivation in mature plants.
The photolyase(s) responsible for this activity have not
been identified.

The photolyase family of genes is an ancient one, and all
organisms carry homologs that can be roughly sorted into
Class | vs. Class Il, representing a very early gene duplica-
tion event (Todo, 1999). The Arabidopsis genome encodes
six predicted or confirmed genes that are closely related to
photolyases. Five are of the “Class |I” variety (similar to the
CPD photolyases found in many bacteria and fungi). The
Arabidopsis 6-4 photolyase, like all other characterized 6-
4 photolyases, is of this class. A sixth homolog is the
“Class II” CPD-specific photolyase. Two of the Class |
homologs encode functionally characterized photorecep-
tors (cryptochromes, CRY1 and CRY2); their C-terminal
extensions (relative to bona fide photolyase proteins)
mediate several responses to blue light (Cashmore et al.,
1999; Yang et al., 2000).

The only other known example of repair of a lesion via
direct reversal (rather than excision and resynthesis) is the
repair of certain alkylated forms of DNA including 06-
methylguanine (OGmG), 04-alkylthymine (O4mT), and in
some cases alkylated phosphate groups by alkyltrans-
ferases such as the O®mG methyltransferase protein of E.
coli and similar proteins in eukaryotes. This fascinating
protein is not a classical enzyme (which would participate
in a reaction solely as a catalyst), but rather takes part in a
“suicide” reaction in which a methyl group is transferred
from the lesion to the protein, but cannot be removed from
the protein’s acceptor cysteine. The alkyltransferase is
thus “consumed” as repair proceeds. Unlike the process
of photoreactivation, which is driven by sunlight and there-
fore quite a bargain in terms of ATP consumed per lesion
repaired, the repair of these particular alkylated lesions is
extremely costly to the cell, and one can only conclude
that the expense must be worth it. Both 0mG and O4mT
can directly mispair (DNA polymerase often misreads
0%mG as A, and 04mT as C) and are therefore highly
mutagenic. 06-methylguanine methyltransferases are
widespread and the genes are easily identified on the basis
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of sequence homology; they are found in bacteria, various
fungi, and mammals (Samson, 1992; Nakatsu et al., 1993).
Surprisingly, no homologs have been identified in any of
the plant DNA sequence data, nor has the activity been
identified in plant extracts (Frost and Small, 1987; Angelis
et al,, 1992). Given the presumed importance of this
antimutagenic activity (underlined by its metabolic
expense) one can only speculate that plants may have
found a better way to cope with this class of lesions.

Base excision repair (BER)

Base excision repair initiates with the recognition of a
lesion by one of many DNA glycosylases. These enzymes
cleave the damaged base from the sugar-phosphate back-
bone, producing an abasic (apurinic or apyrimidinic, AP)
site. Subsequent reactions are catalyzed either by an
intrinsic lyase activity of the glycosylase or by an AP
endonuclease, resulting in the cleavage of the sugar/phos-
phate backbone at the AP site. AP endonucleases and AP
lyases produce two very different kinds of 5’ and 3’ ends
(Figure 2), as well as a gap. In order for a gap to be
repaired, DNA polymerase requires a free 3’ hydroxyl end
to use as a primer, while DNA ligase requires a 3’ hydroxyl
group and a 5’ phosphate as a substrate. Neither AP lyase
activities nor 5° AP endonucleases generate these “con-
ventional” DNA ends. Glycosylases with associated AP
lyase activities often generate a 3’ end blocked by a frag-
mented deoxyribose and a 5’ phosphate, while AP
endonucleases create a 3° OH and a 5’ deoxyribose.
Several processing steps, following either “long patch” (2-
13 nt fill-in) or “short patch” (1 nt) schemes, are required to
remove the offending ends and so enable DNA polymerase
and DNA ligase to restore the integrity of the DNA
(Memisoglu and Samson, 2000).

AP sites arise not only through the actions of glycosy-
lases but also through spontaneous depurination, and
must be processed via the pathways illustrated in Figure 2.
Similarly, the nicks generated by reactive oxygen species
also usually possess unconventional ends and must
undergo substantial modification before they can be reli-
gated (Caldecott, 2001). Thus, through the actions of AP
endonucleases and a variety of repair glycosylases, many
disparate types of DNA damage products are processed
into a single class of lesions (gapped DNAs) and so fun-
neled into a much smaller set of repair reactions.
Knockout mutations in mice affecting the latter steps of
these reactions (mutations in the primary AP endonuclease
(APE1), XRCC1, DNA ligase |, or DNA polymerase beta) are
embryonic lethal, while mutations that affect one of the
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Figure 2: Base excision repair. This process is initiated by any one of a variety of lesion-specific glycosylases. The resulting
abasic site is then further processed into a gap, either through the action of the AP lyase activity associated with a bifunctional
glycosylase (right) or by an AP endonuclease. Either activity produces a gapped DNA with complex ends which must be further
processed to create a 3’ OH terminus (to act as a primer for repair synthesis) and a 5’ phosphate terminus (to serve as a sub-
strate for ligation).
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multiple glycosylases initiating this pathway are not
(Engelward et al., 1997; Hang et al., 1997). This suggests
that it is the failure to repair a gapped DNA, rather than the
failure to repair a particular modified base, that induces
lethality in these knockout lines.

Gapped DNAs are potential sources of double strand
breaks, as the bases in single stranded DNA are exposed
to their aqueous environment and are particularly suscep-
tible to attack by water and other DNA damaging agents.
Perhaps in order to prevent the formation of DSBs during
repair, the entire process of base excision repair in mam-
mals is highly coordinated, with one enzyme handing off its
product to the next enzyme that utilizes this product as a
substrate. XRCC1, a gene required for radiation resistance
in mammalian cell lines, probably plays a key role in coor-
dinating this process.

BER step 1: recognition and excision of the damaged
base

Arabidopsis has a remarkably large collection of glycosy-
lases. | would like to be able to say that Arabidopsis has
never met a glycosylase it didn’t like, but it does not
appear to have an obvious homolog of the MUG gene.
The most common damaged base to arise in any genome
is uracil, produced through the spontaneous hydrolysis of
cytosine. It is critical that uracil be removed from the
genome before DNA replication, as the deaminated C will
be misinterpreted by polymerases as a T, resulting in a
point mutation. Uracil glycosylase (the product of the UNG
gene) removes U’s from DNA. However, when 5 methylcy-
tosine deaminates (and a substantial fraction of the C’s in
plant DNA are present as 5-meC (Shapiro, 1976)), thymine
is produced instead of uracil. Obviously the production of
a simple thymine glycosylase is not the answer to this par-
ticular problem. The MUG (mismatch-specific uracil gly-
cosylase) gene product, related to Ung, specifically recog-
nizes T’s that are base paired with G’s (as well as U:G
pairs) and excises the offending lesion. Like S. cerevisiae,
but unlike humans or E. coli, Arabidopsis has an UNG
homolog, but not a MUG.

Given the fact that both respiration and photosynthesis
are occurring simultaneously in plant cells, and that the
process of photosynthesis can be perturbed by a variety of
environmental stresses, the plant genome is probably par-
ticularly subject to oxidative damage. Treatment of cells
with hydrogen peroxide or ionizing radiation probably gen-
erates the kinds of lesions that are formed under stress in
planta. In mammalian cells, attack by reactive oxygen
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species induces a wide variety of damage products.
Prominent among these are 8-hydroxyguanine (8oxoG), a
miscoding lesion that can base pair with either A or C. Also
produced are the noncoding products of imidazole ring
opening, Foramidopurine (FaPy)-A and FaPy-G. In E. coli,
three gene products are dedicated to eliminating 8-
hydroxyguanine from the genome. One of these, MutT, is
a nucleotide triphosphatase that removes 8-hydroxyGTP
from the nucleotide pool. Arabidopsis has a homolog of
this gene. The other two genes are glycosylases; one, the
mutM gene product (also termed fpg (FaPy glycosylase)),
recognizes 8oxoG:C base pairs and cleaves the glycosidic
bond to 8oxoG. The other, the MutY protein, recognizes
80x0G:A base pairs and cleaves the glycosidic bond to A.
The high specificity of the MutM protein for 8oxoG:C base
pairs, rather than 8oxoG:A base pairs, ensures that the
repair protein does not actively promote 8oxoG-induced
mutagenesis. The Arabidopsis genome encodes
homologs of both mutM and mutY. The Arabidopsis mutM
homolog (AtMMH) gene has been shown to produce two
different transcripts, formed by alternative splicing
(Ohtsubo et al., 1998; Gao and Murphy, 2001). Western
analysis detected the presence of only one of the predict-
ed proteins in crude plant extracts. When expressed in
vitro, this protein was able to nick 8oxoG:C base pairs, but
not 8oxoG:A base pairs .

Mammals also possess functional homologs of the mutT
and mutY genes, but a different protein, Ogg1, acts as the
8oxoG glycosylase. If Arabidopsis is typical of other
plants, then plants are unique among the living kingdoms
in having functional genes encoding homologs of both
OGG1 and mutM. The Arabidopsis OGG1 activity has
been particularly well characterized in vitro (Dany and
Tissier, 2001; Garcia-Ortiz et al., 2001); the recombinant
polyhistidine-tagged protein, when expressed in and puri-
fied from E. coli, displays a specificity for 8-oxoG:C (vs.
G:C). Cleavage of the DNA backbone is via the beta elim-
ination mechanism characteristic of Ogg1 (vs. the delta
elimination induced by MutM). RT-PCR indicated that both
the AtMMH and the AtOGG1 genes were expressed in
leaves, flowers, stems, and roots.

A wide variety of other oxidized bases are excised by
endonuclease lll, a product of the nth gene in E. coli. The
Arabidopsis homolog of this gene has been cloned, its
product overexpressed, purified, and its activities charac-
terized (Roldan-Arjona et al., 2000). The protein was able
to release damaged bases from substrates treated to
induce thymine glycols or urea, suggesting that it had a
glycosylase activity that could recognize these substrates.

3-methyladenine glycosylases can be clustered into
three unrelated families: those like the E. coli tag gene,
those like E. coli’s alkA gene, and those like the human
AAG gene (Wyatt et al., 1999). Although each of these
proteins is a 3-methyladenine glycosylase, all have the
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ability to recognize other substrates. The E. coli tag gene
product is the most specific of the characterized proteins,
recognizing only 3-mG and 3-mA. Interestingly,
Arabidopsis has six homologs of this gene, none of which
have yet been characterized. Although it is possible that
some of these proteins are simply the same enzymatic
activity expressed in different tissues, or transported to dif-
ferent organelles, it is also possible that the different mem-
bers of this gene family might have taken on different sub-
strate specificities. Certainly no other repair activities
appear to have expanded in this way in plants, suggesting
that there is little pressure to create and retain genes
expressing identical repair activities with different patterns
of expression. Arabidopsis, or perhaps plants in general
(the maize and rice genome databases also produce sig-
nificant hits) are alone in expanding this gene family- in fact
no tag homologs are found in humans or yeast. Yeast (S.
pombe and S. cerevisiae) rely on alkA homologs, while
mammals (mice, rats, and humans) utilize yet another type
of 3-methyladenine glycosylases (termed Aag, ADPG, and
AAG, respectively). Arabidopsis, of course, has homologs
of both alkA and AAG.

The alkA and AAG gene products have very wide sub-
strate ranges; although they are termed 3-methyladenine
glycosylases, this lesion is not necessarily the preferred
substrate. In addition to a variety of alkylated bases, these
enzymes cleave at ethenopurines, 7-ethoxyG, 7-
chloroethylG, and hypoxanthine (Dosanjh et al., 1994;
Wyatt et al., 1999). AIKA even has significant activity on all
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four normal bases, and overexpression of this protein has
a genotoxic effect in many organisms (Coquerelle et al.,
1995; Posnick and Samson, 1999). Arabidopsis possess-
es two alkA homologs, neither of which have been charac-
terized. It also possesses a single AAG homolog, termed
AMAG (Santerre and Britt, 1994). Expression of this pro-
tein in E. coli has been shown to complement the MMS
sensitivity of tag, alkA double mutants, and its substrate
specificity has been partially characterized (Wyatt et al.,
1999). In situ RNA hybridization indicates that this gene is
most highly expressed in rapidly growing tissues, consis-
tent with a role in clearing noncoding 3-meA and other
lesions from the path of both RNA and DNA polymerases
(Shi et al., 1997).

BER step 2: nicking of the AP site

The second step in base excision repair, after the cleavage
of the damaged base from the sugar phosphate backbone,
is the incision of the backbone at the AP site. Many gly-
cosylases are bifunctional, having an intrinsic AP lyase
activity that induces this cleavage. The mammalian Ogg1
protein, the E. coli Nth protein, and the E. coli AIKA protein
are all examples of glycosylases that belong to the helix-
hairpin-helix superfamily of glycosylases (Nash et al.,

Redox (transeription factor activation)domain

Hs APE1 | |

DNA Repair Domain

At ARP

48%

E. coli Exolll l

28%

Hs APE2

At APE2

Sc APN2

Figure 3: Possible AP endonucleases of Arabidopsis. All of the AP endonuclease-like genes are of the exolll family; there are
no convincing endolV-like genes. Numbers indicate percent amino acid identity to the exolll domain of hsAPET. The Arabidopsis
Arp protein exhibits, in vitro, the redox activity of the human Ape? gene product.
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1996) that release their substrate only after producing the
gapped product, with a 3’ terminal fragmented sugar (illus-
trated in Figure 2). The Arabidopsis homologs of Ogg1
and Nth have been shown to produce the same product,
through the same reaction mechanism (Roldan-Arjona et
al., 2000; Dany and Tissier, 2001; Garcia-Ortiz et al., 2001,
in press). The Arabidopsis AtMMH gene, like its E. coli
homolog mutM, is a bifunctional glycosylase that catalyzes
both beta-elimination and the delta elimination of the aba-
sic sugar, resulting in a gapped product with both 5" and 3’
phosphate termini (Ohtsubo et al., 1998).

AP endonucleases nick the abasic site generated
through spontaneous degradation of DNA or through the
actions of monofunctional glycosylases. AP endonucleas-
es fall into two basic classes, those most like E. coli’s
exonuclease Ill, and those homologous to E. coli’s
endonuclease IV. The Arabidopsis genome project has
revealed the presence of three exolll-like AP endonuclease
homologs (and no endolV-like proteins). Two are similar to
the primary human AP endonuclease, Ape1l, in that they
have an exolll domain with a long N terminal extension.
However, there is no convincing homology in the amino
acid sequences of the N terminal extensions of Apel vs.
Arp or AtApel, or between the N-terminal extensions of
Arp and AtApe1 (Figure 3). The N terminal extensions of
each of these proteins appears to have arisen through
three independent gene fusion events.

One of these exolll related genes, termed ARP
(Babiychuk et al., 1994) has been expressed in vitro and
the protein found to possess both AP endo activity and the
ability to activate the human transcription factor AP-1.
These activities are shared with the primary human AP
endonuclease, encoded by the APET gene. The function-
al significance of ARP’s ability to activate AP-1 is still
unclear, given the fact that this transcription factor (a het-
erodimer of members of the fos and jun family) does not
appear to exist in Arabidopsis. It is possible that Arp, like
Ape1, is capable of activating a wide variety of transcrip-
tion factors. However, it is just as possible that Arp is sim-
ply a sticky protein, a feature essential to its presumed role
in coordinating the handoff of substrates and products
during base excision repair.

Humans and yeast (S. cerevisiae) each produce a sec-
ond exolll-like protein, termed Ape2 and Apn2, respective-
ly, characterized by a C-terminal extension and a highly
conserved 10 amino acid insertion within the exolll domain
(Hadi and Wilson, 2000). The function of the fungal and
mammalian proteins is currently under investigation
(Bennett, 1999; Unk et al., 2000; Tsuchimoto et al., 2001).
Arabidopsis possesses a convincing Ape2 homolog.
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BER step 3: restoration of functional 5’ and 3’ ends

The Arabidopsis genome contains homologs for all of the
major players in base excision repair (many glycosylases,
XRCC1, several AP endonucleases, and the 5 flap
endonuclease FENT), with the significant exception of
DNA polymerase beta. Pol beta is a small, nonproces-
sive polymerase with an intrinsic 5’ deoxyribose phos-
phodiesterase activity (dRpase) that enables it to cleave
abasic sugars from the 5’ ends of DNAs, restoring the
simple 5’ phosphate group required for the ligation of a
nick. Pol beta is a member of eukaryotic polymerase
family “X”, a family of polymerases related to the
nucleotidyl transferases involved in antibiotic resistance
rather than to processive polymerases (Holm and Sander,
1995). Although the Arabidopsis Genome Project did not
reveal the presence of a pol beta homolog, the sequence
of another recently discovered member of family X, pol
lambda, is present (Garcia-Diaz et al., 2000). Modeling of
the pol lambda amino acid sequence predicts the pres-
ence of both the 8 kDal dRPase and the 30 kDal poly-
merase domains of pol beta, with an additional 230
amino acid N-terminal extension of unknown function.
Given the absence of a pol beta homolog, it will be inter-
esting to determine whether pol lambda plays a critical
role in the repair of gapped DNAs in plants.

Nucleotide excision repair (NER)

UV radiation induces two major DNA damage products:
cyclobutane pyrimidine dimers (CPDs), and pyrimidine[6-
4]pyrimidinone dimers (6-4 products). These lesions block
the progress of both DNA and RNA polymerases and
therefore have a toxic effect even in tissues that are not
actively dividing. Because plants are obligatorily exposed
to solar radiation it is especially important that they are
able to efficiently remove UV-induced DNA damage.
Earlier in this chapter we discussed the fact that
Arabidopsis produces two distinct photolyases which effi-
ciently remove both CPDs and 6-4 products in the pres-
ence of blue light. Arabidopsis also repairs 6-4 products
in the absence of light, although this “dark” repair mecha-
nism is less efficient than the photolyase-dependent path-
way. In contrast, in Arabidopsis seedlings the light-inde-
pendent repair of CPDs is too slow to be detected by con-
ventional assays (Britt et al., 1993). This dark repair
appears to occur through the nucleotide excision repair
(NER) pathway via a mechanism homologous to that found



The Arabidopsis Book

in other eukaryotes. Bacteria also perform NER, but there
are fewer proteins involved and little homology between
the bacterial and eukaryotic proteins.

NER has been extensively characterized in yeast and
mammals. It is not specific to the repair of dimers, but is
an all purpose pathway with a remarkably broad substrate
“specificity” (Sancar, 1996). At least 11 genes are required
for the recognition of lesions, the dual incision of the dam-
aged strand, and the removal of the damaged oligonu-
cleotide. In bacteria, fungi, and mammals the efficiency of
this pathway is greatly enhanced when the damage is
present in the transcribed strand of DNA (Friedberg, 1996);
whether or not this transcription-coupled repair occurs in
plants remains to be determined.

Although the genes required for NER in bacteria and
eukaryotes have been well defined, the mechanism
through which the remarkably wide variety of substrates
is recognized remains unclear. Figure 4 illustrates a cur-
rent model for the process of global genome repair (as
opposed to transcription-coupled repair) in higher
eukaryotes. The XPC protein, and a human homolog of
yeast’s RAD23 (hHR23B) protein are required for the ini-
tial recognition of the lesion. These proteins are required
only for global genome repair, and play no role in tran-
scription coupled repair. The XPE protein, which is
required for expression of the p48 subunit of DDB (dam-
aged DNA binding protein), also plays a role in stimulat-
ing global repair of CPDs, but not 6-4 products (Tang et
al., 2000). After the initial damage recognition event
(mediated by RNA polymerase in transcription-coupled
repair), XPA and the basal transcription factor TFIIH then
melt the DNA in the vicinity of the damage, and finally the
repair endonucleases nick the damaged strand on the 5’
(ERCC1/XPF) and 3’ (XPG) sides of the lesion. The
undamaged strand can then be used as a template for
DNA synthesis.

A search of the Arabidopsis genome sequence reveals
that higher plants possess obvious homologs of many,
though not all, of the eukaryotic genes required for
nucleotide excision repair. There are no homologs of the
E. coli NER excinuclease genes, uvrA, uvrB, and uvrC,
although, interestingly, there is a homolog of the mfd gene,
a gene required for the coupling of transcription and NER
in E. coli. The eukaryotic 5 and 3’ endonucleases
(XPF+ERCC1 and XPG) are present, as are the factors
required for initial damage recognition (XPA, XPC, two ver-
sions of XPE (both on chromosome 4, though at different
locations), and several homologs of RAD23). Missing are
a couple of the components of the TFIIH
“repairosome/basal transcription factor”, p52 and p35,
although homologs of genes encoding those subunits
originally identified in mammals as essential for repair (XPB
and XPD) are present.

Mutants defective in the dark repair of 6-4 photoprod-
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Figure 4: A model for nucleotide excision repair. The global
genome repair pathway (GGR), rather than the transcription-
coupled repair (TCR) pathway, is illustrated. In GGR initial
recognition is established via the XPC/RAD23 complex (XPE
also plays a role in the recognition of CPDs). In TCR, primary
recognition is via RNA polymerase Il. TCR, but not GGR,
requires the presence of the CSA and CSB gene products that
may play a role in pushing the polymerase away from the
lesion to provide access for XPA and TFIIH.
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ucts have been isolated on the basis of their UV-sensitive
phenotype in the absence of photoreactivating light.
These represent many complementation groups and the
genetics of UV-resistance has certainly not been saturat-
ed (Britt et al., 1993; Jenkins et al., 1995; Jiang et al.,
1997; Masson et al., 1997; Vonarx et al., 1998). Several
of these mutants have been directly assayed for the abil-
ity to excise 6-4 products in the dark (Britt et al., 1993;
Jiang et al.,, 1997). One of the first repair-defective
mutants isolated, uvh1 (Harlow et al., 1994), has recently
been shown to represent a mutation in the Arabidopsis
homolog of a 5’ endonuclease component (XPF in
humans, RAD1 in S. cerevisiae) (Fidantsef et al., 2000;
Gallego et al., 2000; Liu et al., 2000). This provides direct
evidence that dark repair of 6-4 photoproducts is occur-
ring through an NER-like process.

The uvh1 mutants are particularly interesting in that they
display a sensitivity to gamma radiation that is not
observed in other repair defective Arabidopsis lines. The
UV-sensitivity of mutant lines can be quantified by observ-
ing the effect of UV irradiation on the short-term growth of
roots (elongation over 1 or 2 days). This restriction of
growth presumably reflects the effect of persisting dimers
on transcription, as the majority of root elongation over this
short a term is due to expansion of cells in the elongation
zone, rather than replication of cells in the root tip meris-
tem. Although high doses of gamma radiation can cer-
tainly inhibit short term root growth, none of the mutants
characterized as defective in excision repair exhibit
enhanced sensitivity to this effect of gamma radiation
(Jiang et al.,, 1997). However, if a completely different
assay for gamma sensitivity is employed (an assay for the
production of true leaves by seeds irradiated prior to ger-
mination (Harlow et al., 1994)), that permits the observa-
tion of effects on cell replication, then the uvh7 mutant dis-
plays sensitivity (about 6 fold more sensitive than wild-
type) to gamma. This sensitivity to the effects of gamma
radiation on the production of new cells, but not the
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growth of existing cells, suggests that uvh7 may be
required for the repair of a critical lesion (such as a double
strand break) that induces cell cycle arrest but does not
interfere with transcription. It also tells us that, in
Arabidopsis, NER is not essential for clearing transcrip-
tion-blocking lesions induced by gamma radiation. The
scRAD1 gene product, together with scRAD170, forms a
repair endonuclease that is active not only at the 5’ end of
the repair bubble generated during NER, but also on over-
hanging 3’ flaps generated during nonhomologous end
joining of double strand breaks (Figure 5). The sensitivity
of the meristems of uvh1 seedlings to the inhibitory effects
of gamma radiation on cell division suggests that such 3’
flapped structures may be an important intermediate in the
repair of double strand breaks in these tissues.

Prioritization of repair in plants?

As described in the introduction to this chapter, the bio-
logical significance of a lesion depends on its context. UV-
induced pyrimidine dimers block the progress of replica-
tive polymerases. Alternative polymerases exist that can
bypass dimers, but many of these are error-prone (Wood,
1999; Lawrence and Maher, 2001). Thus, in replicating
cells, it is important that meaningful sequences be cleared
of dimers prior to DNA replication. Nonreplicating cells
simply need to clear lesions away from the path of oncom-
ing RNA polymerases, which also stall at dimers.
Mammals, yeasts, and bacteria have been found to prefer-
entially repair dimers on the transcribed strands of
transcriptional units both during BER and NER; this
process is termed transcription coupled repair (TCR) as
opposed to global genome repair (GGR). Direct evidence
for transcription coupled repair in plants is not yet avail-

Figure 5: Substrates of the RAD1 repair endonuclease. scRAD1 (and presumably its Arabidopsis homolog, uvh1) is required for
both the repair of a variety of bulky lesions via NER and for the trimming of flaps generated either through nonhomologous end join-
ing or ectopic homologous recombination of limited regions of sequence similarity.
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able, but given its ubiquitous presence in other living king-
doms it would certainly be predicted to exist in plants. The
Arabidopsis genome does contain several homologs of a
CSB (scRAD26) and two recently duplicated versions of
CSA-like sequences, homologs of genes that are required
for TCR, but not GGR, in mammals and yeast. The func-
tionality of these homologs remains to be determined.

Many species regulate the overall level of global genome
repair in response to the induction of damage and the
replicatory status of the tissue type (Nouspikel and
Hanawalt, 2000). The phenomenology of the prioritization
of repair in plants has not yet been established. We do not
know whether the rate of repair varies with the sequence
context or replicatory state of the cell, or whether the
expression of genes involved in the repair of damaged
bases is enhanced in tissues treated with DNA damaging
agents. Plants lack the p53 gene required for both the reg-
ulation of basal repair and the induction of repair by DNA
damage in humans (Hwang et al., 1999) and thus excision
repair must be regulated by a different mechanism in
plants.

lll. Future directions

The completion of the Arabidopsis genome project will
lead to a burst of reverse genetic studies of the functions
of the plant homologs of various repair proteins. The clas-
sical genetic approach, which can identify truly novel
genes required for repair as well as homologs of genes
previously identified in other systems, will probably be
neglected for a while as the functionality of the most inter-
esting homologs is investigated. Now that repair mutants
in genes of known sequence can easily be generated, the
attention of the investigators in this field must turn from the
mechanics of isolating genes to the development of
assays for the functions and significance of these genes.
Are the proteins required for life itself? For fertility? For
resistance to stress? What are the substrates of these
proteins? Do they play a role in reducing mutation? If so,
which kinds of mutations?

The field of DNA repair in Arabidopsis is in desperate
need of a method for measuring the rate of induction of
various types of mutations. The assay for the induction of
somatic homologous intrachromosomal recombination
(measured as blue somatic spots via the reconstitution of
a partially duplicated GUS allele (Swoboda et al., 1994)) is
one of the few examples of a successful assay of this type.
Recently Ries et al. (Ries et al., 2000) used this construct,
in wild-type vs. uvr2 (CPD photolyase defective) lines to
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demonstrate that the persistence of CPDs leads to an ele-
vation in the rate of somatic homologous recombination,
and that this boost in recombination is dependent on the
presence of photosynthetically active radiation. This is an
intriguing and novel result that demonstrates the way in
which new mutants, and new assays for mutagenesis, will
be useful in pinpointing the mechanisms through which
genetic stability is maintained in plants.

In order to properly address the biological significance
of the various repair pathways, we will also need to
become familiar with something akin to the performance of
“field trials” with Arabidopsis. This will probably require
the formation of alliances with more traditional “whole
plant” physiologists. The effects of enhanced UV-B radia-
tion, for example, are extremely sensitive to other environ-
mental factors, particularly near-UV and visible light
(Fiscus and Booker, 1995; Rozema et al., 1997). It is easy
to determine that a repair-defective is more sensitive than
wild-type to a blast of UV-B, but it may be far more difficult
to determine whether this difference in sensitivity actually
makes a difference in terms of survival, reproductive suc-
cess, or yield in a natural environment. Such experiments
are only beginning to be performed (Fiscus et al., 1999;
Ries et al., 2000).

It will also be interesting to characterize the tissue-
specificity of expression of the genes required for DNA
repair and damage tolerance. One would hope to com-
pare the expression of anti-mutagenic genes in truly
somatic vs. potentially germline tissues, and the expres-
sion of various lesion-specific enzymes in tissues that are
subject to different environmental stresses. Plants differ
from animals in two very important ways that are relevant
to DNA repair. Plants do not die from cancer, as cancer-
ous tissue cannot metastasize, making plants relatively
resistant to the toxic effects of mutagenesis. On the other
hand, plant reproductive tissues are derived from meris-
tems that produce the entire plant, and which have gone
through many rounds of DNA replication prior to the for-
mation of gametes (Cullis, 1986; Klekowski, 1988), making
plants especially sensitive to the potential accumulation of
mutations in the germline. Given the differences in their
developmental strategies, plants should have different pri-
orities than mammals when it comes to tolerance for muta-
genesis, particularly tolerance of a high mutation rate in
somatic tissues. This has already been illustrated by the
apparent absence of a p53 homolog in plants. p53, some-
times termed “the guardian of the genome” plays a central
role in the induction of apoptosis in response to DNA dam-
age (as well as in the regulation of repair). Because tumors
are not lethal in plants, there may be no strong evolution-
ary driving force for the induced suicide of potentially
mutated cells in plants.

In summary, a wealth of genetic information now exists
for researchers interested in repair processes in plants,
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and many interesting questions are lying around waiting to
be answered. Some of the tools required to answer these
questions already exist, but many more need to be devel-
oped and refined. As is true for many fields right now, this
is in some ways a bad time to be writing this review,
because there is going to be so much more to talk about
in just a year or two.
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