Chapter 2
Base Excision DNA Repair: The House Keeping
Guardian for Genomic Stability in the Brain

Umakanta Swain and Kalluri Subba Rao

Abstract During evolution, organisms have developed a number of strategies to
keep the structure of their genetic material intact. However, evolutionary forces
keep driving metabolic changes that would lead to more viable progenies for sur-
vival and propagation. Thus natural evolution uses two opposing forces to improve
the genetic makeup of the species. With the advent of organisms turning aerobic,
the advantage of gains in energy production also paved the way to cope up with
increasing oxidative damage from within. In response, the system has developed
ways and means to offset the possibilities of oxidative damage to macromolecules
and in particular, the genetic material, DNA. Of the many pathways of DNA repair,
the base excision repair (BER) stands out as the watch dog to alert even a minor
modification to a base in DNA and also to initiate the process of repair. Thus, BER
plays a seminal role in maintaining the structural integrity of DNA that is quite often
threatened from events taking place within the cell itself. Implicit in this crucial
role is also the fact that any perturbation in this repair pathway could lead to del-
eterious consequences—particularly in a post-mitotic tissue like brain. It is becom-
ing increasingly apparent that BER has close correlation with the age-dependent
debilities/disorders.
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2.1 Introduction

The basic prerequisites for the survival and proper functioning of the living organ-
isms are the accurate maintenance and transmission of the genetic instructions cod-
ed in DNA, with the highest possible fidelity. The faithful course of these processes
is guaranteed by the genomic stability, which ensures both cellular homeostasis and
genetic continuity in multicellular organisms. The integrity of the genetic material
is under constant attack by numerous exogenous and endogenous sources. Conse-
quently, formation of DNA damages is a common event in living cells. Accordingly,
it is not surprising that during the evolution, an intricate network of sophisticated,
interwoven DNA repair systems has developed. The various features of DNA dam-
ages require different ways to counteract their deleterious effects. However, muta-
genesis is a prerequisite for evolution and some adaptive genomic alterations escape
the watchful security of DNA repair system. Sometimes these mutations can lead to
increasing vulnerability for diseases like cancer and phenomenon like aging. It thus
appears that DNA repair potential in organisms plays a very crucial and fundamen-
tal role in conserving the genomic integrity in any given species as well as allowing
the evolution as and when necessary.

With the original findings of Alexander (1967) that DNA repair is at a low key
once the cells are differentiated into the post-mitotic state, the manner in which the
genomic maintenance is achieved in a post-mitotic but metabolically very active
organ like brain has become a curious issue. Subsequent studies have indicated,
however, that even in adult brain a certain level of DNA repair exists, and it was
realized that the terminally differentiated nature of brain cells offers a good model
for studying the repair pathways and the accumulation of genomic damage during
the lifespan of a given animal.

The purpose of this article is to review an outline of the various types of struc-
tural alterations that are known to occur in genomic DNA of mammalian cells and
discuss how the base excision repair (BER) pathway operates to counteract such
DNA damage, with a special emphasis on the brain tissue.

2.2 The Vulnerable Nervous System

The nervous system consists of two classes of cells, the neurons and glial cells,
which include astrocytes, oligodendrocytes and microglial cells. Further, in almost
all the species, central nervous system is one of the earliest systems to develop and
differentiate. It would therefore follow that a neuronal cell in brain of any species, at
any given point of time, is almost as old as the animal itself. An important feature of
neuronal cells is their post-mitotic state, i.e., unlike other cell populations (e.g. skin,
blood, connective tissue, and even glial cells); neurons are terminally differentiated
(i.e. non-dividing), and therefore, devoid of chromosome replication. However, it is
also known that neurons are one of the most metabolically active cells in the body.
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Hence, they need elaborate, stringent defense mechanisms to ensure their longevity.
Neurons display high rates of transcription and translation, which are associated
with high rates of metabolism and mitochondrial activity. The amount of oxygen
consumed by the brain, relative to its size, exceeds by 20 % that of other organs
(Clark and Sokoloff 1999). This high activity, coupled with high oxygen consump-
tion, creates a stressful environment for neurons that includes noxious metabolic
by-products, primarily reactive oxygen species (ROS), constantly attacking neu-
ronal genomic and mitochondrial DNA (Barzilai 2007, 2010; Fishel et al. 2007).

2.3 DNA Damage in Brain

DNA is vulnerable to attack by other chemicals, which can result in alterations in
its coding properties or normal function in transcription or replication (Subba Rao
and Loeb 1992; Lindahl 1993). The native structure of DNA is subject to damage by
both endogenous and exogenous events. DNA damage can result in loss or modifi-
cation of bases, single-strand breaks (SSBs) and double strand breaks (DSBs), the
production of mismatched base pairs, DNA-DNA crosslinks and crosslinks between
DNA and other cellular constituents (Rao 1993; Barnes and Lindahl 2004). Many
of these DNA modifications have been shown to be mutagenic in vitro and in vivo
(Loeb 1989). In view of the generally protected situation of brain (including the
blood-brain barrier), the main enemy for causing DNA damage in brain cells is from
within only. The number of ways the nuclear DNA in brain cells could possibly be
damaged is in detail described by Rao (1993).

Endogenous sources of DNA damage and mutations can be classified into
three groups. First, DNA is subjected to spontaneous hydrolytic processes, includ-
ing depurination, depyrimidination, deamination and cleavage of phosphodiester
bonds. Of these, depurination is the most frequent process. From the rate of depu-
rination of DNA in aqueous solution under physiological conditions in vitro, it has
been estimated that the DNA in each cell undergoes 10,000 depurinations per day
(Lindahl and Nyberg 1972). The hydrolytic damage to DNA is the deamination of
DNA bases, in particular at cytosine yields uracil, which is recognized by a specific
repair enzyme uracil DNA-glycosylase (UDG) and uracil in DNA is known to be
removed with very high efficiency. In contrast, deamination of 5-methyl cytosine
yields thymine, a normal base in DNA. Possibly, because of this reason, G-T mi-
spairs are repaired rather less efficiently than G-U mispairs and as a consequence,
5-methyl cytosine residues are hot spots for mutation in cells (Duncan and Miller
1980; Ehrlich et al. 1990).

A second major source of damage to cellular DNA is the formation of reactive
derivatives of oxygen from normal metabolic process and by exposure of cells to
exogenous agents (Demple and Harrison 1994; Barnes and Lindahl 2004). Such
ROS includes reactive methyl and ethyl groups, lipid peroxides and oxygen free
radicals. It is becoming increasingly apparent that oxidative reactions may be a
major source of DNA damage. Oxygen is metabolized by a series of single electron
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Table 2.1 Approximate frequencies of occurrence of DNA damages in mammalian cells

Type of damage Events per day/cell Reference

Depurination 10,000 Lindahl and Nyberg (1972)
Depyrimidination 500 Lindahl and Karlstorm (1973)
Deamination 100-300 Lindahl and Nyberg (1974)
Base damages (including all types of 10,000 Richter et al. (1988)

base damage viz. oxidative damage,
adduct formation with reducing
sugars, methylation, crosslinks, and

so forth)
Single-strand breaks 20,000-40,000
Double strand breaks 9 Bernstein and Bernstein (1991)
Interstrands crosslinks 8 Bernstein and Bernstein (1991)
DNA protein crosslinks Unknown Bernstein and Bernstein (1991)

reductions, yielding highly reactive species including hydroxyl radicals, hydrogen
peroxide, superoxide and singlet oxygen. lonizing radiation can also generate re-
active radicals both by direct attack on DNA and by the radiolysis of H,O (Hal-
liwell 1992; Riley 1994; Bandyopadhyay et al. 1999). The range of DNA lesions
generated by ROS is extensive and more than 20 products of base oxidation have
been identified (Cooke et al. 2003). Modified purine and pyrimidine bases consti-
tute one of the major classes of hydroxyl radical mediated DNA damage together
with oligonucleotide strand breaks, DNA-protein crosslinks and abasic (AP) sites
(Cadet et al. 1999). The products of such reactions, e.g., 8-oxoguanine (8-0xo0QG),
formamidopyrimidines and ring-saturated pyrimidines such as thymine glycol, are
often mutagenic or cytotoxic (Wilson et al. 2003; Evans et al. 2004). Considering
that ROS produces multiple modifications in DNA, it can be estimated that as many
as 10*-10° bases in DNA in each human cell are replaced as a result of oxygen free
radical damage every day. Third, though neurons are non-replicative cells, DNA
synthesis occurs during the repair of DNA damage. This repair synthesis is believed
to be catalyzed in part by DNA polymerase 3 (pol B), the most error prone of the
mammalian DNA polymerases (Loeb and Kunkel 1982). Considering that brain is
an organ with unusually high oxygen consumption, these aspects of genetic damage
can be expected to play a greater role in brain than in other tissues.

The frequency with which the DNA damaging events occur in a mammalian
cell has been examined by a number of workers, and this information is summa-
rized in Table 2.1, and some of the DNA base alterations are as shown in Fig. 2.1.
Work from our laboratory, using two biochemical approaches, has demonstrated
that neurons from different regions of rat brain harbor both SSBs and DSBs in their
nuclear DNA, and this strand breaks increase with age of the animal (Mandavilli
and Rao 1996a, b). However, we have recently accessed genomic DNA damage of
brain cells on a single-cell basis, popularly called “comet assay”. By adjusting the
pH as well as experimental conditions, the types of DNA lesions that are detectable
by comet assay include AP sites (alkali-labile sites), SSBs, DSBs and DNA-protein
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Fig. 2.1 Different forms of DNA damage that could occur due to various endogenous or/and
exogenous factors. a Some of the deamination product of the DNA bases. b Some of the oxidized
products of DNA bases

crosslinks (Tice et al. 2000). The alkaline denaturation of DNA and electrophoresis
at pH>13 is generally considered capable of detecting DNA SSBs, AP sites, DNA-
DNA/DNA-protein crosslinking, and SSBs associated with incomplete excision re-
pair sites (Singh et al. 1988; Tice et al. 2000). Neutral conditions (pH ~8.3) are used
to detect mostly DSBs because DNA remains double stranded under this condition,
and regions containing DSBs migrate more readily in an electrophoretic field (Os-
tling and Johanson 1984; Singh et al. 1988; Lemay and Wood 1999).

As it can be seen in Fig. 2.2a, the alkaline version of the comet assay is used to
determine the level of DNA strand breaks in isolated neurons prepared from ani-
mals of different age groups. After SYBR Green I staining, young neuronal nuclei
appeared very bright and round (Fig. 2.2a). Furthermore, very little migration of
DNA is evident; suggesting that DNA damage is at its minimum in young neurons.
However, with advancement of age (adult and old), there is significant relaxation
and migration of DNA from the nucleus, forming a “comet” tail (Fig. 2.2a). It is
also clear that the tail moment values increased with age. The tail moment value,
in comparison with that in young neurons increased 4.1-fold in adult, and 5.1-fold
in old neurons (Fig. 2.2b). Closer evaluation of the data reveals that a considerable
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Fig. 2.2 Comet assay of neurons prepared from ‘young’ (7 days postnatal), ‘adult’ (6 months)
and ‘old’ (>24 months) rat brain. a Fluorescence photomicrographs showing comets of neurons
(alkaline condition). b Bar graph showing tail moment expressed in arbitrary units in neurons
prepared from young, adult and old rat brain cortex. Values at a and b are significantly differ-
ent from the corresponding values at young. ¢ is significantly different from the corresponding
values at adult. ¢ Fluorescence photomicrographs showing comets of neurons (neutral condition).
d Bar graph showing tail length expressed in arbitrary units in neurons. Values at a and b are sig-
nificantly different from the corresponding values at young; ¢ is significantly different from the
corresponding values at adult. ***p<0.001 (Adapted from Swain and Subba Rao 2011)
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number of strands break accumulated by adulthood itself (6 months) with the fur-
ther increase in the strand breaks in old age in both types of cells.

We have also examined neutral version of the comet assay without treatment with
alkaline buffer for electrophoresis. Under these conditions, the comet is considered
to detect largely, if not exclusively DSBs. The extent of DNA damage measured as
tail length under these conditions also increased in neurons with age (Fig. 2.2¢).
The tail length value of adult neurons increased 6.2-fold in comparison to that in
young while in the case of old neurons, there was a 7.4-fold increase in comparison
to young neurons (Fig. 2.2¢ and d).

The above comet assay method measures different DNA strand breaks by chang-
ing the pH condition. Strand breaks cause relaxation of the supercoiling in the
DNA, and free DNA loops are pulled towards the anode during electrophoresis giv-
ing the appearance of a comet tail. Fluorescence staining enables DNA damage to
be visualized and quantified. However, in this method damage or alteration of DNA
base could not be quantified. To make the assay more sensitive for determination of
damaged base in nuclear DNA specifically, we have modified the alkaline version
of the comet assay by incorporating a lesion-specific enzyme which increases its
activity through the recognition of the damaged base substrate and thus introduc-
ing additional breaks causing enhanced DNA relaxation and migration (Swain and
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Table 2.2 Measurement of OGG1 sensitive sites in young (7 days postnatal), adult (6 months)
and old (>2 years) rat brain neurons by FLARE™ comet assay. (Adapted from Swain and Subba
Rao 2011)

Sample Tail moment
Mean+SEM Net amount of OGG1
Buffer hOGG1 sensitive series
Young neurons 14.46+1.42 22.7542.96 8.29
Adult neurons 94.76+4.68 138.18+11.044"" 43.42
Old neurons 114.01+3.00 175.64+7.77%™ 61.63

a and b are significantly different from the corresponding values at young. c is significantly differ-
ent from the corresponding values at adult
**%p<0.001

Subba Rao 2011). When using lesion-specific enzymes to measure DNA damage,
the usual practice is to incubate a slide (two gels) with buffer alone in parallel along
with the +enzyme slide, and to subtract the mean comet score of the control (buf-
fer) slide from the mean score of the +enzyme slide (Collins 2009).

We have recently measured the presence of §-oxoguanine DNA-glycosylase 1
(OGG]1) sensitive sites in DNA of neurons by introducing human OGGI in the as-
say on naked DNA after lysis was performed.

Human OGG! initiates the repair of 8-0xoG bases by excising them and cutting
the sugar-phosphate backbone of the DNA molecule. Thus additional strand breaks
are induced at the location of oxidized base substrate, causing additional DNA re-
laxation and migration. The outcomes from these studies are shown in Table 2.2.
When neurons were incubated with only buffer, an increase of DNA migration in
the tail was observed with increasing age of the animal (Table 2.2). This increase
in tail movement is taken to indicate increasing DNA damage that occurs due to
aging. When the cells were incubated with buffer containing human OGGl1, there
was a further increase in the tail movement, which must be due to the removal of
8-0x0G residues accumulating in DNA with age. Incubation of the brain cells with
human OGG1 represents the increase in the number of OGGI sensitive sites with
age. In neuronal DNA, the content of OGG1 sensitive sites between the young and
adult ages has increased by 5.2-fold and between young and old ages by 7.4-fold.
Closer observation of the data revealed that accumulations of OGG! sensitive sites
occurred continuously through adulthood and old age unlike the general damage
due to overall strand breaks, which occurred mostly by adulthood itself (Table 2.2).

Similarly, the UDG sensitive sites in neurons at these three ages were assessed
by the introduction of UDG, which removes uracil and creates AP sites that are
cleaved to result in strand breaks during the alkali processing. When neurons were
incubated with only buffer, increase of DNA migration in the tail was observed with
age of the animal (Table 2.3). This increase in tail movement is taken as increased
damage occurring due to aging. When the cells were incubated with buffer contain-
ing the UDG, there was a further increase in tail movement, which must be due
to the presence of uracil residues accumulating in DNA with age. Essentially the
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Table 2.3 Measurement of UDG sensitive sites in young, adult and old rat brain neurons by
FLARE™ comet assay. (Adapted from Swain and Subba Rao 2011)

Sample Tail moment
Mean+SEM Net amount of UDG
Buffer UDG sensitive sites
Young neurons 14.96+1.70 22.77+£2.15 7.81
Adult neurons 115.71+4.35 141.78+9.242"" 26.07
Old neurons 134.70+5.91 185.34+£10.55> ¢ 50.64

a and b are significantly different from the corresponding values at young; c is significantly differ-
ent from the corresponding values at adult|
*kp<0.001

enhanced tail movement due to the incubation of the neurons with UDG denotes the
increase in the number of uracil or other UDG sensitive sites with age. Table 2.3
shows the actual fold increase of such sensitive sites with age in neurons. For ex-
ample, in neuronal DNA, the content of UDG sensitive sites between the young
and adult ages has increased 3.3-fold, and between young and old ages by 6.5-fold.
Keen observation of the data suggests that accumulation of UDG sensitive sites in
neurons is a gradual process with age (Table 2.3).

A striking feature appears to be that the damage accumulation occurs very rap-
idly during the first 6 months of life. A somewhat comparable result was noticed in
a very early study carried out by Price et al. (1971). It is possible that this phenom-
enon of significant accumulation of DNA damage coupled with decreased DNA re-
pair, particularly in a post-mitotic tissue, may have something to do with the timing
of the attainment of reproductive maturity of the animal (Bernstein and Bernstein
1991). This, however, remains a speculation at this time. It is also possible that dur-
ing this rapid growth and reproductive phase of the animal, the repair efficiency is
not able to match with the accumulation of damage.

2.4 BER Pathway

BER is perhaps the most fundamental and ubiquitous DNA repair mechanism in
all-higher organisms that depend on oxygen for the sustenance of life. This path-
way has evolved to handle the numerous minor alterations—including spontaneous
modification, oxidation, alkylation, deamination and loss of bases—that can occur
in the structure of DNA as a result of cellular metabolic activity. This mode of repair
is of particular importance in post-mitotic tissues such as those of the brain, where
simple base modifications are more likely to occur than is major damage to DNA.
The core BER pathway requires the function of only four enzymes in the ba-
sic reaction steps to remove a damaged DNA base and replace it with the correct
base. These proteins include a DNA glycosylase, an AP endonuclease or AP lyase,
a DNA polymerase, and a DNA ligase. BER is initiated by a lesion-specific DNA
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glycosylase (mono- or bi- functional) and completed by either of two sub-pathways:
short-patch BER (SP-BER); a mechanism whereby only one nucleotide is replaced
or long-patch BER (LP-BER); a mechanism whereby 2—13 nucleotides are replaced
(Wilson 1998; Fortini et al. 1999; Fortini 2003; Almeida and Sobol 2007; Wilson
and Bohr 2007; Hegde et al. 2008; Jeppesen et al. 2011). A currently accepted mod-
el for the core BER pathway reveals five distinct enzymatic steps for the repair of
damaged bases.

1. Recognition and excision of the damage base,

2. Incision of the DNA adjacent to the resulting abasic site,

3. End cleaning of the DNA termini to produce a 3'-hydroxyl group (3'-OH) and a
5'-phosphate group (5'-P),

4. Repair synthesis, and

5. DNA ligation to seal the nick.

(i) The initiation of BER is performed by a specific DNA glycosylase that recog-
nizes and excises a specific base by catalyzing hydrolysis of the N-glycosylic bond
resulting in an AP site. Depending on the types of damaged base, DNA glycosylase
can be either monofunctional (such as UDG, has only the glycosylase activity) or
bifunctional (such as OGG1 and NEILS, have an intrinsic 3'AP lyase activity in ad-
dition to the glycosylase activity).

(i1) The second step consists of incision of DNA strand at 5’ to the AP site by ma-
jor apurinic endonuclease 1 (APE1), leaving a 5'-deoxyribose phosphate (5'-dRP)
and 3'-OH group (Demple et al. 1991; Robson et al. 1992; Seki et al. 1992; Demple
and Sung 2005). The bifunctional DNA glycosylase incises the DNA strand at 3’
to the AP site via - or d-elimination, leaving a DNA SSB with a 3’-phospho-a,3-
unsaturated aldehyde (3’-PUA) or a 3'-phosphate (3'-P), respectively (Hazra et al.
2002, 2007; Pascucci et al. 2002; Dou et al. 2003).

(iii) The third step in BER is end cleaning of obstructive 3'- and 5'-termini to
generate the 3'-OH and 5'-P groups in the gap at the strand break, which is the favor-
able substrate for DNA pol B. Pol B is a 39 kDa single polypeptide comprising 335
amino acid residues. Both the rat and human enzymes were cloned 15 yrs ago and
extensively studied over the years by Wilson and his group (SenGupta et al. 1986)
and by Matsukage’s group (Date et al. 1988). The structural, catalytic and physi-
ological aspects of pol § have been the subjects of two elegant reviews by Wilson
and his associates (Wilson 1998; Idriss et al. 2002). The 5'-dRP group is removed
by pol B, by its dRP lyase activity (Matsumoto and Kim 1995; Prasad et al. 1998;
Allinson et al. 2001). On the other hand, APE1 removes the 3’-PUA group gener-
ated by B-elimination via its 3'-phosphodiesterase activity (Suh et al. 1997; Izumi
et al. 2000). The 3'-P group generated by Pd-elimination is a poor substrate for
APE1 (Wilson 2003), so such blocking groups are excised primarily by phosphatase
activity of polynucleotide kinase 3'-phosphatase (PNKP) (Jilani et al. 1999; Dobson
and Allinson 2006).

(iv) In this step, the repair synthesis to replace nucleotide(s), can proceed by one
of two sub- pathways, SP-BER or LP-BER., when the 5'-dRP can be efficiently
removed by pol B in the previous step (iii), SP-BER is favored. In SP-BER, pol
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B fills up one nucleotide gap (Sobol et al. 1996), and also interacts with X-ray
cross-complementing 1 (XRCC1), a scaffold protein involved in prompting SP-
BER by interacting with other proteins (Kubota et al. 1996; Dianova et al. 2004).
The majority of BER events are currently thought to occur via SP-BER. LP-BER s
initiated in cases where the 5'-dRP group is refractory to the pol § AP lyase activity
(for example, reduced AP site) (Podlutsky et al. 2001), the repair synthesis would
nevertheless continue but in a strand displacement manner. In LP-BER, the repair
synthesis of 2—13 nucleotides is performed by pol B, and/or pol d/e coupled with
proliferating cell nuclear antigen (PCNA) incorporation with loading factor RFC.
The resulting 5'-flap structure formed during repair synthesis is removed by the flap
endonuclease 1(FEN1), the activity of which is stimulated by PCNA (Klungland
and Lindahl 1997; Fortini et al. 1998; Stucki et al. 1998; Gary et al. 1999). In ad-
dition, a number of accessory proteins have been reported to participate in and/or
stimulate BER, for example, Poly (ADP-ribose) polymerase-1 (PARP-1) stimulates
the strand displacement synthesis of pol f in the presence of FENI1 in LP-BER
(Prasad et al. 2001). The Werner syndrome protein helicase (WRN) is also observed
to stimulate strand displacement activities of pol B (Harrigan et al. 2003).

(v) The final step in BER is ligation to seal the nick containing a 3’-OH group
and a 5'-P group. In SP-BER, the ligation of the final nick is performed by DNA
ligase Illa (LIGIII a) in association with scaffold protein XRCC1 (Caldecott et al.
1994; Cappelli et al. 1997; Tomkinson et al. 2001). In LP-BER, ligation is per-
formed by DNA ligase I (LIGI) with the physical association with PCNA, which
helps to stimulate the effective ligation (Levin et al. 2000; Tom et al. 2001; Tom-
kinson et al. 2001).

SSBs resulting from a variety of causes like ionizing radiation, ROS etc., can
also be repaired through BER. Sometimes if the break has a 3'-P or 3'-PUA and
5'-OH then the phosphorylation of 5'-OH and removal of phosphate from 3'-end or
removal of 3’-PUA becomes necessary before the break is filled up through BER
pathway. This operation is achieved by the enzymes PNKP or APE1. Both enzymes
thus carry out important functions of converting the ends of a break in DNA into a
repairable mode. If these preparative changes are not taken fast enough, then there
is the possibility of undesirable recombination events taking place. In order to avoid
this eventuality, PARP-1 provides protection to the DNA SSBs by binding to them
(Le Rhun et al. 1998; Ziegler and Oei 2001; Chalmers 2004). There is also a report
that PARP-1 interacts with XRCC1 and this interaction accelerates the recruitment
of repair proteins involved in BER pathway (Mackey et al. 1999). XRCCI1 also
stimulates the DNA kinase and DNA phosphatase activities of PNK at damaged
DNA termini and thereby accelerates the overall repair process (Whitehouse et al.
2001).

Finally, a newly discovered polymerase is claiming its entry as a possible partici-
pant in the BER pathway- DNA polymerase A (pol 1). Pol A is a recently described
eukaryotic DNA polymerase belonging to Pol X family. It is the closest homologue
to pol B, sharing 32 % identity at the protein level. Based on three-dimensional
structure modeling, Pol A is predicted to have a pol B like core formed by two do-
mains: a 31 kDa polymerase domain and 8 kDa domain (Garcia-Diaz et al. 2000;
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Fig. 2.3 Schematic representation of the mammalian base excision repair and single-strand break
repair pathway

DeRose et al. 2003). Recently, Gap-filling DNA synthesis and dRP lyase activities
of pol A have been demonstrated in vitro, suggesting its participation in BER (Gar-
cia-Diaz et al. 2001; Braithwaite et al. 2005). Figure 2.3 shows the BER pathway
depicted on the basis of latest information available.

2.5 BER and Brain

In the BER pathway, the actual substrate for pol  is a DNA duplex with one of
the strands with a baseless site, which is eventually converted into a gap. Thus,
a gap DNA is the most natural substrate for pol B to insert the correct nucleotide
using the other strand as the template. In view of this, synthetic oligo duplexes (32-
mers) with one or four nucleotide gap in one of the strands were used as substrates
and the gap filling activity in young, adult and old neuronal extracts was measured
(Krishna et al. 2005). Gap repair involves two steps: the filling of the gap by the
addition of the required number of nucleotides followed by the ligation with the
5" phosphorylated downstream primer. This repair process, if completed properly
should give a radioactive spot on the sequencing gel corresponding to the 32-mer.
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Fig. 2.4 Gap repair activity in ‘young,” ‘adult’ and ‘old’ neuronal extracts and supplemented
with recombinant pure rat liver pol g with 5'-PO, on the downstream primer. Lanes 1-6 neuronal
extracts from young brain (Y, 5 days postnatal), adult brain (A, 6 months) old brain (O,>2 years).
Lanes 7—12 neuronal extracts supplemented with one unit of pol B. Lanes 13 and 14 are with testis
extracts alone as positive control. Lanes 15 and 16 are without any neuronal extracts (enzyme
blanks). The mobility of labeled standard, 14-mer and 32-mer is also shown. Lanes 1, 3,5, 7,9, 11,
13, 15 are with the one-gap substrate (1G) while lanes 2, 4, 6, 8, 10, 12, 14, 16 are with the four-
gap substrate (4G). The oligo duplexes with one and four nucleotide gaps used in the study are also
shown. As can be seen one of the strands has a gap of either 1 or 4 nucleotides. These strands are
32P labeled on 5’ end for the subsequent identification on the sequencing gel followed by autoradi-
ography. Furthermore, in either case, the downstream primer after the gap is phosphorylated on 5’
end with non-radioactive phosphate before annealing. (Adapted from Rao 2007)

However, it is seen that only addition of nucleotide has occurred with adult and old
neuronal extracts. In the young, addition of nucleotides was seen and ligation to
downstream primer also occurred although quite feebly. On the other hand, when
the extracts were supplemented with pol B, addition of nucleotides occurred all the
way to extend the upstream primer to a 32-mer apparently in a distributive strand
displacement manner (Fig. 2.4). On the other hand, when low amounts of pol
were added, addition of just the required number of nucleotides occurred. Even then
ligation was achieved only in young extracts, and no ligation could be visualized in
adult and old. Finally efficient gap filling followed by ligation, that is complete gap
repair, was achieved and for this to happen, conditions required are the presence of



2 Base Excision DNA Repair: The House Keeping Guardian for Genomic Stability ... 31

Polf + ATP Polff +ATP + T4 Ligase
¥ A [1] ¥ A 0 B
5 101520 5 10 1520 5 10 1520 5 1015 20 5 10 1520 5 10 15 20

' ...I'.'..|. * 32 mer

mmmu;u I

2 3 4 56 6 7 8 9101112131415 16 1718 19 20 21 2223 24 25

Fig. 2.5 Restoration of the gap repair activity in adult and old rat neuronal extracts when supple-
mented with limited amounts of pol § (0.2 units) and 20 units of T, DNA ligase. All the experimen-
tal details and notations are as in Fig. 2.4. Only one gap duplex was used as substrate

5'-PO, on the downstream primer, and supplementation of aging neuronal extracts
with both pol B and DNA ligase (Fig. 2.5). These studies thus demonstrated that
aging neurons are unable to affect BER, due to deficiency of pol B and DNA ligase
and fortifying the neuronal extracts from aged animals with these two factors can
restore the lost BER activity.

While pol B together with DNA ligase in the case of DNA gap repair could re-
store the repair activities when supplemented to neuronal extracts from old animals,
it is possible that some other polymerases present in neurons may also be function-
ing in the BER pathway. In recent times many new DNA polymerases, generally er-
ror prone and capable of carrying out a variety of other tasks have been discovered
(Hubscher et al. 2002; Bebenek and Kunkel 2004). One of them is pol A belonging
to the same family as pol B does, the X-family. The structure and sequence homol-
ogy of pol A are similar to pol B and in particular, pol A contains all the critical resi-
dues involved in the DNA binding, nucleotide binding and selection, and catalysis
of DNA polymerization, that are conserved in pol  and other DNA polymerases
belonging to X-family (Garcia-Diaz et al. 2000), and therefore, emerging as a can-
didate that could help/substitute pol B in its role in BER (Garcia-Diaz et al. 2005).
However, there is no concrete information available about the levels of these novel
DNA polymerases in brain. In a preliminary Western blot analysis of pol A in rodent
brain regions, we have noticed the presence of pol A in brain extracts. Similarly,
immunoprecipitated pol A from brain extract is able to fill one nucleotide gap in
one of the strands of DNA oligoduplexes (Swain et al. unpublished observations). A
comprehensive study to examine the status of many of these newly discovered DNA
polymerases in brain is warranted.
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2.6 Conclusions

DNA damage is an extremely common event in all living cells. Both intrinsic as
well as extrinsic factors cause the damage. ROS cause a major form of damage that
could be deleterious, if not repaired. As organisms age, their DNA repair capacity
decreases and this coupled with accumulating damage to DNA may eventually lead
to breakdown of the cellular machinery culminating in disease and finally death.
Among the various pathways of DNA repair, BER vested with the responsibility of
correcting the simple alterations in DNA structure like base modifications and AP
sites, essentially resulting from the active metabolism within the cell, can perhaps
be viewed as a fundamental housekeeping repair mechanism to safeguard the ge-
nomic integrity not only in a post-mitotic organ like brain but in the rest of the body
as well. The activity of some important components of this pathway, like pol § and
DNA ligase, is compromised in brain cells with age and may be taken as molecular
markers for the genomic stability and process of senescence. Thus, any inherited
mutational vulnerability in this pathway could display telling effects on the process
of aging and associated disorders.
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