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Abstract

Most of the DNA in eukaryotes is packaged in tandemly arrayed nucleosomes that, together with
numerous DNA- and nucleosome-associated enzymes and regulatory factors, make up chromatin.
Chromatin modifying and remodeling agents help regulate access to selected DNA segments in
chromatin, thereby facilitating transcription and DNA replication and repair. Studies of nucleotide
excision repair (NER), single strand break repair (SSBR), and the homology-directed (HDR) and
non-homologous end-joining (NHEJ) double strand break repair pathways have led to an “access-
repair-restore’ paradigm, in which chromatin in the vicinity of damaged DNA is disrupted, thereby
enabling efficient repair and the subsequent repackaging of DNA into nucleosomes. When damage
is extensive, these repair processes are accompanied by cell cycle checkpoint activation, which
provides cells with sufficient time to either complete the repair or initiate apoptosis. It is not clear,
however, if base excision repair (BER) of the ~20,000 or more oxidative DNA damages that occur
daily in each nucleated human cell can be viewed through this same lens. Until recently, we did
not know if BER requires or is accompanied by nucleosome disruption, and it is not yet clear that
anything short of overwhelming oxidative damage (resulting in the shunting of DNA substrates
into other repair pathways) results in checkpoint activation. This review highlights studies of how
oxidatively damaged DNA in nucleosomes is discovered and repaired, and offers a working model
of events associated with BER in chromatin that we hope will have heuristic value.

The occurrence and repair of oxidative damage in DNA

Reactive oxygen species (ROS) occur naturally in the cell and play essential roles in
oxidative metabolism, signal transduction, cross-linking of cell wall components in plants,
and the killing of ingested microorganisms by phagocytes (e.g. (Apel and Hirt, 2004; Fang,
2004). Although most excess ROS are neutralized by superoxide dismutases, catalases, and
glutathione peroxidases, residual ROS can damage both proteins and nucleic acids. In DNA,
ROS can generate an array of base damages, sites of base loss (AP sites) and single strand
breaks (Breen and Murphy, 1995). Exogenous radiation, which can generate ROS via
hydrolysis of water, produces a similar array of DNA damages (Dizdaroglu, 2012; Ward,
1985; Ward, 1988). ROS are small and able to gain access to nucleosomal DNA, as
demonstrated by free radical-mediated footprinting experiments. Specifically, in
nucleosomes where the DNA adopts a preferred helical orientation relative to the underlying
histone octamer, the susceptibility of DNA to free radical damages exhibits a ~10 base pair
periodicity, coincident with both the helical periodicity of DNA and the periodic
compression of major and minor grooves that occurs when DNA winds about the histone
octamer (e.g. (Hayes et al., 1990)). Typically, however, there is only a few-fold difference
between the least and most susceptible DNA segments in nucleosomes, with the most
susceptible segments as vulnerable to oxidative damage as naked DNA (Enright et al.,
1996).
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Most oxidative damages are repaired in an error-free fashion, via base excision repair (BER)
(reviewed by (David et al., 2007; Duclos et al., 2012; Fromme et al., 2004; Hazra et al.,
2007; Hegde et al., 2008a; Lindahl and Wood, 1999; Meira et al., 2005; Robertson et al.,
2009)). Defects in BER can have lethal or mutagenic consequences, thereby increasing the
risk of oncogenesis (Wallace et al., 2012). In its simplest “short-patch” form, BER entails
four enzymes acting in a step-wise fashion (Figure 1). Bifunctional DNA glycosylases
excise oxidatively damaged bases and then cleave the phosphodiester backbone 3’ of the
damaged base. This leaves a blocking residue attached to the deoxyribose upstream of the
nick, which is removed by either AP endonuclease 1 (APE) or polynucleotide kinase (PNK).
The resulting single nucleotide gap is filled in by DNA polymerase  (Pol ) and the nick is
sealed by DNA ligase I11, bound to the presumptive scaffold protein XRCCL1. In addition to
repairing oxidative damages, BER glycosylases remove bases damaged by alkylation,
mispaired bases generated by spontaneous deamination of 5-methylcytosine (producing
thymine), and uracil residues, generated by spontaneous deamination of cytosine or
misincorporated during DNA replication. Such damages are recognized and removed by
monofunctional DNA glycosylases that lack the DNA lyase activity present in bifunctional
DNA glycosylases (reviewed in (Friedberg, 2006)). AP sites generated in this manner, or
directly by ROS-induced base loss, are incised by APE; this leaves blocking residues
attached to the deoxyribose downstream of the nick that are removed by the lyase activity of
Pol B. In the event that the Pol B lyase is unable to remove downstream blocking residues,
DNA substrates are shunted into the long-patch BER pathway, which entails the further
addition of dNTPs and displacement of a short segment of DNA attached to the blocking
moiety. The displaced DNA is then removed by the structure-specific FLAP endonuclease
(FENZ1), and the resulting nick is sealed by DNA ligase | or Il (Klungland and Lindahl,
1997).

When BER is not enough

Oxidative damages include single strand DNA breaks (SSBs) and, as described below, can
lead to formation of double strand DNA breaks (DSBs). These damages are channeled into
single and double strand break repair pathways, as depicted in Figure 2. Molecular
mechanisms employed in these pathways to clear nucleosomes from the site of damage and
harness flanking nucleosomes to help recruit regulatory and repair factors are relatively well
understood (reviewed in (Polo and Jackson, 2011; Sinha and Peterson, 2009; van Attikum
and Gasser, 2009)). However, there is no compelling evidence that these same mechanisms
act in short-patch BER, although numerous studies have been interpreted as if they might.
Accordingly, before discussing the effect of chromatin on short-patch BER, it is important to
discuss circumstances in which oxidative damages engage these other repair pathways. SSB
repair (SSBR) (pathway #2 in Figure 2) begins with the binding of PARP1 (poly (ADP
ribose) polymerase 1) to SSBs, and employs many of the same factors used in long-patch
BER (reviewed by (Caldecott, 2008)). Once bound to DNA, PARP1 adds multiple ADP
ribose moieties to itself and numerous other proteins, forming long, branched chains of poly
(ADP-ribose) (PAR). These induce PARPL1 to dissociate from DNA, at which point the PAR
chains are removed by PAR glycohydrolase (PARG), freeing up PARP1 to once again bind
SSBs. Depletion and inhibition studies indicate that PARP1 promotes SSBR, probably by
multiple mechanisms. PARP1 can bind to, and is thought to help recruit, XRCC1 and
associated repair factors. PARPL is also able to bind to nucleosomes, and appears to block
the binding of histone H1 to linker DNA between nucleosomes (reviewed by (Kraus, 2008)).
This may promote or stabilize an open chromatin configuration that is more amenable to
repair. Finally, PARP1 promotes the recruitment of chromatin remodeling factors, the
Polycomb histone-modifying complex, and macroH2A, a histone variant associated with
transcriptional repression (Chou et al., 2010; Timinszky et al., 2009).

J Cell Physiol. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Odell et al.

Page 3

Although PARP1 appears to be integral to SSBR, recent observations suggest that PARP1
binding to SSBs that form as intermediates during BER may actually hinder short-patch
BER. Specifically, Helleday and colleagues found that RNAi-mediated depletion of PARP1
had no effect on BER, whereas treatment of cells with an agent that blocks the cyclical
binding of PARP1 to SSBs interfered with BER (Strom et al., 2011). While this study did
not exclude the possible involvement of PARP1 in long-patch BER, it is noteworthy that
PARP1 failed to co-localize with DNA glycosylases during repair of damage in cells treated
with low doses of oxidative damaging agents (Hanssen-Bauer et al., 2011). This observation
suggests that low or constitutive levels of oxidative damage do not trigger the DNA damage
responses associated with single and double strand break repair. The SSBs that form as
intermediates during BER may normally be protected from PARP1 binding by the
propensity of BER enzymes to remain bound to their products until displaced by the next
enzyme in the repair pathway (Prasad et al., 2010; Wilson and Kunkel, 2000). This enzyme
handoff phenomenon, first observed in studies with naked DNA substrates, also occurs with
nucleosome substrates (Hinz et al., 2010; Odell et al., 2011).

Exposure to ionizing radiation, such as x-rays and -y-rays, can produce a cluster of oxidative
lesions in DNA. When lesions within a cluster reside on opposing strands, the near
simultaneous attempted BER of such lesions can produce a DSB, as depicted in pathway #4
of Figure 2 (Harrison et al., 1999). /n vivo studies strongly suggest this phenomenon
accounts for many of the potentially lethal double strand DNA breaks that occur each day in
cells (Blaisdell et al., 2001; Yang et al., 2004). Specifically, cells depleted of DNA
glycosylases that initiate BER were more tolerant of ionizing radiation and accumulated
fewer DSBs than wild type cells. Conversely, overexpression of DNA glycosylases
increased rates of mutagenesis and rendered cells hypersensitive to ionizing radiation.
Importantly, these phenotypes were evident only when ionizing radiation was used to
generate clusters of oxidative damage. In cells treated with hydrogen peroxide, which
primarily induces single DNA lesions, overexpression of BER enzymes exerted a protective
effect.

Whether generated as described above or by other means (e.g. pathway #3 in Figure 2),
DSBs are repaired either by non-homologous DNA end-joining (NHEJ) or homology
directed repair (HDR) pathways. Activation of either pathway triggers a series of events,
collectively known as the DNA damage response (DDR). These include replacement of
histone H2A in nucleosomes that flank DSBs with the histone variant H2AX, and
concurrent or subsequent phosphorylation of a C-terminal serine in H2AX (by ATM, ATR
or DNA-PK protein kinases). Phosphorylated H2AX helps recruit proteins containing
phospho-specific interaction domains, such as BRCT (breast cancer C-terminal) and FHA
(forkhead associated). In turn, these proteins help recruit repair factors such as TP53BP1,
BRCAL and NBS1, and the checkpoint mediator protein, MDC1. MDC1 helps recruit the
ATM Kkinase, thereby further amplifying the DDR (reviewed by (Luijsterburg and van
Attikum, 2011; Polo and Jackson, 2011)).

Is short-patch BER accompanied by activation of checkpoint or other
signaling events?

Cells possess multiple mechanisms to sense their oxidative state, and employ ROS in redox-
dependent signaling cascades (Finkel, 2011; Kobayashi and Suda, 2012). In response to
oxidative stress, cells trigger an adaptive response that helps ameliorate the effects of the
damaging agent. This response includes an increase in the nuclear concentration of APE,
likely by inhibiting its export from nuclei (Mitra et al., 2007; Ramana et al., 1998), and
increased expression of certain DNA repair enzymes. For example, exposure of colon cancer
cells to ROS increased the transcription of the NEIL1 gene by two- to four-fold (Das et al.,
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2005). In both of the above examples, the increase in nuclear concentration of APE and
NEIL1 lagged considerably (6-9 hours) behind the increase in intracellular ROS levels,
meaning these changes probably reflect the cellular response to changes in oxidative state
rather than signaling triggered by oxidative DNA damage.

High ROS levels, such as those typically generated experimentally by treatment of cells with
peroxide, result in a broad array of oxidative DNA damages, some of which are channeled
into the SSBR and DDR pathways described earlier. The DDR-associated activation of
ATM and ATR dependent checkpoint pathways has made it difficult to determine if
oxidatively damaged DNA bases, or intermediates that form during short-patch BER, also
activate DNA damage checkpoints. A recent report (Boldogh et al., 2012) provides what is
arguably the most compelling evidence of a link between oxidative base damage and
checkpoint signaling. Specifically, a complex between the DNA glycosylase OGG1 and the
oxidative lesion 8-hydroxyguanine (80xoG) appears to act as a guanine nucleotide exchange
factor that activates a Ras signaling pathway, which culminates in translocation of
phosphorylated ERK1/2 into nuclei. Separate studies indicate that ERK1/2 activation, in
response to UV irradiation or non-oxidative DNA damaging agents, induces cell cycle arrest
(Mebratu and Tesfaigzi, 2009). However, the OGG1-80x0G mediated signaling reported in
(Boldogh et al., 2012) was induced by exogenous treatment of cells with 80xoG. It has yet to
be determined if 80xoG containing genomic DNA can provide an equivalent trigger. In
summary, considerably more study will be needed to demonstrate the existence of BER-
specific triggers of regulatory networks.

Is BER of oxidative damage in nucleosomal DNA coupled to other cellular
processes that destabilize or disrupt nucleosomes?

As described above, some oxidative damages are channeled into repair pathways in which
nucleosomes are either harnessed to help recruit regulatory and repair factors or disrupted to
permit access to damaged DNA. However, the majority of endogenously generated
oxidative damages are not channeled into these repair pathways but rather into short patch
BER. Even so, before we can conclude that short-patch BER enzymes must contend directly
with nucleosomes in vivo, it is important to evaluate the possibility that short patch BER is
obligatorily coupled to either DNA replication or transcription, as either or both processes
might enable BER enzymes to circumvent the ‘nucleosome problem.’

‘Simple’ oxidative damages that result from treatment of cells with peroxide are repaired
within minutes; more complex damages that require the recruitment of additional factors or
involve entirely different repair pathways are repaired more slowly (e.g. (Mitra et al., 2001).
This observation argues against the notion that BER in dividing cells is linked solely to
DNA replication. Nevertheless, several lines of evidence suggest that at least some oxidative
damages are repaired during DNA replication. The most compelling observations center on
NEIL1, a DNA glycosylase that increases in abundance during S-phase (Hazra et al., 2002),
co-immunoprecipitates with the DNA replication factors PCNA and FEN-1 (Dou et al.,
2008; Hegde et al., 2008b), and is able to process lesions in single- as well as double-
stranded DNA (Dou et al., 2003; Liu et al., 2010; Takao et al., 2009). These observations
suggested that NEIL1 either travels with replication fork machinery or is recruited to forks
that have stalled at sites of oxidative damage (¢e.g. thymine glycol, Tg). This notion is
appealing, partly because NEIL1 might provide an error-free means of removing
polymerase-blocking lesions, but further studies will be needed to determine if and how
NEIL1 gains access to such lesions. Presumably, this requires the dissociation of replicative
polymerases, as occurs during the recruitment of specialized DNA polymerases that are able
to bypass blocking lesions (reviewed in (Zahn et al., 2011)). As well, the capacity of NEIL1
to process lesions in single-stranded DNA at a replication fork would seem to have a critical
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downside, in that its lyase activity would generate a DNA break. Such breaks might be
repaired via the SSBR pathway. Alternatively, replication up to a NEIL1- or APE-generated
nick would likely produce a double strand break that would be channeled into the DDR
pathway (as depicted in pathway #3 in Figure 2).

If BER occurred only in the context of DNA replication, base damages would accumulate in
non-dividing, terminally differentiated somatic cells. In human adults, non-epithelial cells in
the intestine and intercostal skeletal muscle cells are estimated to be 15-16 years old, on
average, and most occipital neurons are nearly as old as their hosts (Spalding et al., 2005).
Hence, the 20,000 oxidative damages that accumulate each day in human cells, left
unrepaired, could grow to involve ~1% of a cell’s total DNA in a decade, and up to 10% of
DNA during a lifetime. Although this calculation does not constitute proof of ongoing BER
in terminally differentiated cells, it seems inconceivable that such cells could remain viable
with a damage burden of this magnitude. An untested but more plausible notion is that BER
in non-dividing cells occurs only in transcribed regions, as appears to be the case for
nucleotide excision repair (NER) of bulky lesions. Specifically, bulky lesions accumulate
over time in non-transcribed regions of non-dividing differentiated cells, but transcription-
coupled NER continues to occur (along with repair of bulky lesions in the opposing, non-
transcribed DNA strand; (Nouspikel, 2007; Nouspikel and Hanawalt, 2002)). Thus, global
NER appears to be attenuated in such cells, possibly providing them with a metabolic
advantage. While the extent and efficiency of BER in terminally differentiated cells
compared to that in dividing cells has yet to be determined, several workers have asked if
BER is coupled to transcription in a manner similar to that of transcription-coupled NER.
Most bulky DNA adducts subject to NER stall RNA polymerases, triggering the recruitment
of NER factors, whereas most oxidative lesions do not (Hanawalt and Spivak, 2008).
Recently, 8-0xoG was reported to inhibit transcription in mouse embryonic fibroblasts, but
only when cells contained a functional copy of the DNA glycosylase OGG1 (Kitsera et al.,
2011). This result suggests that oxidative lesions do not generally block transcription, but at
least some BER processing intermediates do, which could account for several reports of
preferential BER of transcribed DNA (e.g. (Reis et al., 2012); reviewed in (Izumi et al.,
2003)). However, these observations do not necessarily mean that cells possess a
transcription-coupled BER pathway, as it is possible that BER processing intermediates in
the path of RNA polymerases are shunted into the transcription-coupled NER pathway. In
summary, while the DNA replication-, transcription-, SSBR and DDR-associated disruption
of nucleosomes may enhance BER of some oxidative damages, most short-patch BER
events occur independently of these processes. The remainder of this review will focus on
how these “independent” BER events occur in chromatin.

The discovery of oxidative damages in nucleosomes

The discovery of target sites or oxidative lesions in a vast sea of undamaged DNA must
occur at physiologically meaningful rates. Seminal studies by Riggs and Von Hippel and
their coworkers indicated that most DNA sequence or structure-specific binding proteins
first bind DNA non-specifically (after a diffusion-driven, three-dimensional search), and
then locate their specific targets using restricted ‘one-dimensional’ search mechanisms
(Riggs et al., 1970; von Hippel et al., 1974). Single molecule studies of DNA sequence-
specific binding proteins are consistent with this two-step search mechanism, and suggest
that DNA polymerases and repair factors search for their targets in the same fashion
(Blainey et al., 2009). The one-dimensional search rates derived from single molecule
studies also suggest that such proteins, once non-specifically bound to DNA, move in a
helical fashion, tracking along either the sugar-phosphate backbone or one of the DNA
grooves (Blainey et al., 2009). Importantly, the one-dimensional search process by DNA
glycosylases entails both fast and slow modes (Dunn et al., 2011). The fast mode
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corresponds to helical tracking along DNA, as just described, whereas the slow mode likely
reflects base interrogation, in which the glycosylase inserts an aromatic side chain probe into
the double helix (Banerjee et al., 2006). This inference is based on finding that mutation of
residues critical for interrogation eliminates the slow search behavior (Dunn et al., 2011). To
our knowledge there are no published single molecule studies of target discovery in
nucleosomes, although model nucleosome studies described below indicate that BER factors
are able to sample bases in nucleosomes. Tracking along either the sugar-phosphate
backbone or one of the grooves in nucleosomal DNA would necessarily require at least the
transient disruption of histone-DNA contacts. DNA glycosylases and APE also appear able
to interrogate a subset of DNA bases in intact nucleosomes; this may entail an enzyme
tracking for only one or a few base pairs before steric impediments force it to dissociate and
rebind at a nearby site (Berg and von Hippel, 1985; Gowers and Halford, 2003; Qi et al.,
2012).

The efficiency of the above-described search mechanisms is governed largely by the
concentration and specific- and non-specific DNA binding constants of the protein of
interest. Measurements of these parameters for two DNA glycosylases, ANTH1 and NEIL1,
both of which can excise the oxidative lesion thymine glycol (Tg), suggested that ANTH1 is
much better suited for the global discovery and repair of oxidative damage in chromatin
(Odell et al., 2010). These findings are consistent with the notion that NEIL1 is associated
with DNA replication forks. Interestingly, NEIL1 but not hNTH1 is found in mitochondria
as well as in the nucleus. Presumably, the reduced efficiency with which NEIL1 finds
targets in DNA is less of a problem in mitochondria, owing to its far smaller genome size.
Although it is outside the scope of this review, mitochondrial DNA is compacted into
nucleoid structures (Chen and Butow, 2005; Hu et al., 2005; Ikeda et al., 2002; Takao et al.,
2002) that may present accessibility problems analogous to those associated with
nucleosomes.

Dynamic properties of nucleosomes facilitate detection and excision of
oxidized bases from nucleosomal DNA

Canonical nucleosomes contain 147 bp of DNA, wrapped ~1.65 times in a left-handed
toroidal helix around a histone core (Figure 3; (Luger et al., 1997)). The histone core
contains two copies each of histones H2A, H2B, H3 and H4, and interacts closely with the
minor groove at regular ~10 base pair intervals on each side of a pseudo-2-fold axis of
symmetry called the dyad. Nucleosomes assemble with newly replicated or repaired DNA in
a step-wise fashion, beginning with the wrapping of DNA about a histone H3-H4 tetramer,
followed by the addition of two histone H2A-H2B dimers that help organize the outermost
wraps of nucleosomal DNA. Thermal denaturation studies during the late 1970’s, in
conjunction with nuclease accessibility and electron microscopy studies, suggested that
DNA near the edges of the nucleosome (associated mainly with H2A-H2B dimers) more
readily dissociates from the underlying histone octamer than does DNA in the central wrap
(reviewed in (van Holde, 1988)). Fifteen years later, Widom and colleagues reported that
restriction enzymes could partially cleave target sites in nucleosomal DNA, with an
efficiency proportional to the distance between the target site and the dyad axis, and noted
that partial and transient DNA unwrapping from the nucleosome edges could account for
this phenomenon (Anderson and Widom, 2000; Polach and Widom, 1995). Concurrent high
resolution DNA footprinting and transcription studies suggested that partial unwrapping of
nucleosomal DNA occurs /in vivo as well, and may in some cases facilitate the binding of
transcription factors (Geraghty et al., 1998). Widom and colleagues also conducted FRET
studies which indicated that, on average, DNA unwrapping events occur several times each
second at physiological temperatures, with unwrapped configurations persisting for ~25 ms
(Li and Widom, 2004). Later studies, suggesting that unwrapping events are far more
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frequent, were eventually discovered to have been influenced by photoblinking, a
phenomenon in which the acceptor dye transiently shifts to a non-emitting state (Tomschik
et al., 2009). A recent evaluation of published FRET-based studies of nucleosome dynamics
in (Buning and van Noort, 2010) lent further support to the original kinetic estimates of
Widom and colleagues.

Most nucleosome-sized or longer DNA segments exhibit a preferred helical orientation
relative to the histone octamer. This has made it possible to assemble well-defined model
nucleosomes to investigate their impact on a number of processes, including BER. Four
laboratories (including ours) have assembled nucleosomes that contain defined oxidative
lesions at discrete sites, to investigate how BER occurs in nucleosomes (Figure 3). Results
from these studies are largely consistent with a model in which the accessibility of substrates
in nucleosomes is governed both by enzyme structure and three rules that reflect the
structure and dynamic properties of nucleosomes. The first rule is is that the efficiency with
which oxidatively damaged bases and AP sites in nucleosomes are processed depends on
their helical orientation relative to the histone octamer. Both DNA glycosylases and APE
bind the lesion-containing strand of DNA, and extrude the damaged base or AP-site from the
duplex into an extra-helical recognition pocket (Fromme and Verdine, 2003; Gorman et al.,
1997; Mol et al., 2000; Parikh et al., 1998; Slupphaug et al., 1996). Both DNA glycosylases
and APE can readily process substrates in nucleosomes, provided those substrates are
located such that they can flip into an exta-helical configuration without clashing with the
histone octamer (Beard et al., 2003; Hinz et al., 2010; Odell et al., 2011; Odell et al., 2010;
Prasad et al., 2007).

The second rule is that spontaneous, reversible partial unwrapping of nucleosomal DNA
facilitates BER of oxidative lesions in nucleosomes, particularly those that are, nominally,
sterically occluded. (Prasad et al., 2007) reported that, at an enzyme concentration sufficient
for a maximal rate of excision of optimally oriented (“outward facing”) lesions from
nucleosomes by the DNA glycosylase hNTH1, the efficiency of excision of occluded
(“inward facing”) lesions was poor. However, further increases in the concentration of
hNTH1 substantially increased the excision of inward-facing lesions. This result was
reminiscent of observations by Widom and colleagues on the accessibility of restriction sites
in nucleosomes. (Prasad et al., 2007) reported as well that, regardless of enzyme
concentration, lesion excision occurred without irreversibly altering the lesion-containing
nucleosome or its translational position. Importantly, the concentration of hANTH1 required
for the efficient excision of inward-facing lesions was no higher than its estimated /n vivo
concentration (Liu et al., 2003; Odell et al., 2010). The high hNTH1 concentrations needed
to process lesions at positions that are nominally inaccessible can be related to the frequency
and duration of DNA unwrapping episodes that expose these lesions to solvent (Prasad,
Rizvanova, Maher, Wallace and Pederson, manuscript in revision). Later studies indicated
that enzyme concentrations have similarly dramatic effects on the efficiency with which
other DNA glycosylases, APE, and Pol  process occluded substrates in nucleosomes (Hinz
etal., 2010; Odell et al., 2011; Odell et al., 2010).

Nucleosome stretching experiments, using optical tweezers, indicate that half of the DNA in
a nucleosome can be unwrapped without irreversibly disrupting the nucleosome (reviewed
by (Bednar and Dimitrov, 2011)). Given that both the DNA and protein components
contribute to nucleosome solubility and stability at physiological ionic strengths, it is
surprising that nucleosomes could survive such extensive unwrapping. Possibly, elimination
of the repulsive forces between adjacent turns of the negatively charged DNA backbone, as
a result of unwrapping, strengthens the histone-DNA contacts in the half of the nucleosome
that remains intact (Schiessel, 2006). In any event, spontaneous DNA unwrapping appears to
be sufficient, in principle, for BER enzymes to sample the entire DNA in a nucleosome.
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However, the exceedingly low frequency of exposure of DNA close to the nucleosome dyad
(cf. below) makes it unlikely that cells rely exclusively on intrinsically-driven DNA
unwrapping as a means of lesion discovery.

The third rule is that BER substrates close to the dyad axis are processed less efficiently than
more distant substrates that share the same helical orientation. Much of the variability in the
literature on the impact of nucleosomes on BER can be reconciled by relating enzyme
accessibility to the distance between lesions and the nucleosome dyad (Figure 3A). In two
studies, lesions in the outer wrap of the nucleosome (> 40 nt from the dyad) were almost
fully repaired in reactions containing all the enzymes needed for short-patch BER (Nilsen et
al., 2002; Odell et al., 2011). By contrast, DNA lesions near the dyad axis of the nucleosome
could be excised by a DNA glycosylase, but subsequent steps were completely inhibited
(Beard et al., 2003; Menoni et al., 2007). The distance-dependent excision of oxidative
lesions is most easily explained by assuming that the length of DNA exposed during a
transient unwrapping event is stochastic, such that the frequency with which lesions near the
dyad axis become available to BER enzymes is exceedingly low.

Unlike the DNA glycosylases and APE, Pol B could use a bit of help

The above-listed rules can accommodate observations from several groups, and make sense
from the standpoint of nucleosome structure, but do not entirely account for significant
differences in the efficiency with which successive steps in BER are carried out in
nucleosomes. The capacity of a given enzyme to bind and act on DNA in intact (fully
wrapped) nucleosomes necessarily reflects the degree to which the enzyme encircles DNA
upon binding and the extent to which it bends or otherwise distorts DNA in its active
configuration. Both DNA glycosylases and APE bind, roughly, one-half (~180 degrees) of
the DNA helix. This may account for their capacity to process nucleosomal substrates that
are ‘appropriately’ oriented relative to the underlying histone octamer. At 39 kDa, Pol B is
the smallest eukaryotic DNA polymerase, and similar in size to the bifunctional DNA
glycosylases and APE, which range from 35-44 kDa (Demple et al., 1991; Hazra et al.,
2002; Ikeda et al., 1998; Nishioka et al., 1999). Pol B also binds DNA asymmetrically,
primarily making contacts with the DNA backbone near the nucleotide gap (Beard and
Wilson, 2000). This is in contrast to the larger, replicative DNA polymerases, which contact
a larger number of DNA base pairs and thus encircle more of the DNA helix. Consistent
with its asymmetric binding to the gap-containing strand of DNA, Pol B is able to fill a
single-nucleotide gap, provided the gap-containing strand of DNA faces away from the
histone octamer and is located >40 nt from the dyad axis (Nilsen et al., 2002; Odell et al.,
2011). Also consistent with its one sided DNA binding, the activity of Pol § was
substantially reduced when the gap faced inward towards the histone octamer (Odell et al.,
2011).

Whereas the DNA glycosylases induce their DNA substrates to bend anywhere from 45° to
70° (Bruner et al., 2000; Fromme and Verdine, 2003; Zharkov et al., 2002), Pol 8 bends
DNA opposite a single base gap by 90° (Pelletier et al., 1994; Pelletier et al., 1996). This
more severe bending may limit the capacity of Pol B to function without disrupting histone-
DNA contacts. Conceivably, Pol B can disrupt enough histone-DNA contacts to take on an
active configuration when binding to the outer wrap of nucleosomal DNA, but not when
presented with a DNA gap near the nucleosome dyad, where DNA is constrained by
multiple contacts on both sides. This could explain why Pol B had virtually no activity on a
DNA gap near the dyad axis, irrespective of helical orientation (Beard et al., 2003; Menoni
etal., 2007). Thus, at least for centrally located substrates, Pol B likely requires nucleosome
remodeling or disruption to act. As described below, help for Pol § may arrive in the form of
the next enzyme complex in BER, namely Ligllla-XRCCL1.
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DNA ligation occurs in nucleosomes, but how?

Mammalian cells contain three DNA ligases, Ligl, Liglll and LiglV (reviewed in
(Ellenberger and Tomkinson, 2008)). Ligl joins Okazaki fragments during DNA replication
(Levin et al., 2000), whereas LiglV functions in both NHEJ and V(D)J recombination.
Liglll is differentially spliced, giving rise to a and B variants (Mackey et al., 1997; Perez-
Jannotti et al., 2001). Ligllla is expressed in somatic cells and is stable in nuclei only when
complexed with the scaffold protein XRCC1 (Ligllla-XRCC1) (Caldecott et al., 1994); in
mitochondria, Ligllla interacts instead with Pol -y (De and Campbell, 2007). LigllI is
expressed in germ cells and does not require XRCC1. The Ligllla-XRCC1 complex
catalyzes the final step of short-patch BER, whereas Ligl, by virtue of its interaction with
PCNA, catalyzes the final step of long-patch BER; both Ligl and Liglll function in other
repair pathways as well.

Ligl and Liglll are each just over 100 kDa in size, substantially larger than the enzymes that
catalyze the first three steps in short-patch BER, and differ dramatically in structure as well.
Each ligase contains an N-terminal DNA binding domain (DBD), followed by a catalytic
core, which can be further divided into a nucleotidyltransferase domain (NTD) and an OB-
fold domain (OBD) (Ellenberger and Tomkinson, 2008). In contrast to the DNA
glycosylases, APE, and Pol B, DNA ligases fully encircle their DNA substrates. The DBD
binds the minor groove of both strands of DNA, up and downstream of the nick, while the
OBD interacts with the minor groove downstream of the nick. The three protein segments
are flexible and allow the DNA ligases to open and close around their substrates. These
observations led to a “jackknife” model for the binding of Ligllla, which begins with
detection of a single strand break by an N-terminal zinc finger (ZnF), followed by
progressive DNA binding by the DBD, NTD, and OBD (Cotner-Gohara et al., 2010).

Because DNA ligases completely encircle their DNA substrates, the capacity of Ligllla-
XRCC1 to function during BER in nucleosomes would, at minimum, require breaking of
local histone-DNA contacts. This prediction proved true, in that the activity of Ligllla-
XRCC1 on nucleosome substrates 7 vitro depended critically on enzyme concentration,
regardless of substrate orientation (Odell et al., 2011). As this result suggested that DNA
unwrapping enables Ligllla-XRCC1 to bind substrates in nucleosomes, it was somewhat
surprising to find that binding of Ligllla-XRCC1 to either gap or nick-containing
nucleosomes also led to nucleosome disruption (Odell et al., 2011). Importantly, it is an N-
terminal ZnF that enables Ligllla to bind to gapped DNA. This ZnF, which Ligl lacks, may
be critical to the capacity of Ligllla-XRCCL1 to bind and disrupt gap-containing
nucleosomes, thereby enhancing the activity of Pol . These findings provided the first
evidence that nucleosome disruption accompanies both the polymerization and ligation steps
in BER, as depicted in Figure 1.

It is not known if ligases other than Ligllla-XRCC1 induce nucleosome disruption, nor if
the nucleosome disruption induced by Ligllla depends on its association with XRCC1 (by
itself, XRCC1 does not disrupt nucleosomes (Odell et al., 2011)). Full-length Ligl was
reported to function at a ~10-fold reduced rate on nucleosome substrates (Chafin et al.,
2000). Interestingly, the catalytic cores of Ligl and Liglll (the NTD and OBD) bind one side
of the DNA duplex (Cotner-Gohara et al., 2010; Pascal et al., 2004) and are capable of
ligating DNA substrates in the absence of the DBD, again at a ~10-fold reduced rate
(Cotner-Gohara et al., 2008; Pascal et al., 2004). Taken together, these observations suggest
DNA ligases might not invariably need to fully encircle DNA when acting on nucleosomal
substrates.
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Future Prospects

Virtually nothing is known about the possible involvement of histone chaperones or ATP-
dependent remodeling agents in BER. The prototypical chromatin remodeling complex
SWI/SNF was reported to increase the efficiency of the first three steps of BER in a model
nucleosome (Menoni et al., 2007), and ISW1 and ISW2 were reported to enhance excision
of uracil residues from oligo-nucleosome arrays /n vitro (Nakanishi et al., 2007). However,
it remains to be determined whether any of these agents act during BER /n vivo and, if so,
what is responsible for their recruitment to sites of oxidative damage in chromatin. Clearly,
these areas represent an important avenue for future studies.

The possible impact of histone secondary modifications on the efficiency of BER in
nucleosomes has not been studied in a systematic fashion. Given that acetylation of K56 in
histone H3 increases DNA unwrapping events, we predict that such modifications will prove
important in the regulation of BER in chromatin. So far, however, we can note only that
model nucleosomes assembled with unmodified recombinant histones have yielded results
very similar to those based on nucleosomes assembled by octamer transfer, using donor
chromatin (containing a diverse array of histone modifications) purified from chicken
erythrocytes.
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Figure 1. Short-patch base excision repair (BER; left) and a working model of BER in chromatin
(right)

The left-hand schematic illustrates the enzymatic steps in short-patch BER, and the right-
hand schematic depicts the corresponding steps in chromatin. Repair begins with excision of
an oxidized base (in this case, thymine glycol) by a bifunctional DNA glycosylase (blue),
followed by cleavage of the phosphodiester bond. APE (red) displaces the product-bound
DNA glycosylase and removes the 3’ blocking moiety, leaving a gap that can be filled by
DNA polymerase B (yellow) and sealed by DNA ligase Illa (purple). The scaffolding
protein XRCC1 (orange) contains separate binding sites for Pol g and DNA ligase Illa. The
complex of XRCC1 with DNA ligase Illa disrupts DNA gap- and nick-containing
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nucleosomes and thus, is able to facilitate both the polymerization and ligation steps.

Although not yet documented, the model depicts the re-assembly of the newly repaired
DNA into a nucleosome, with the aid of histone chaperones.
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Figure 2. Channeling of oxidatively damaged DNA into multiple DNA repair pathways
Reactive oxygen species (ROS), in this case generated by exposure to y-radiation (yellow
lightning), can produce single and multiple clustered base damages (red stars), and single
strand DNA breaks (SSBs). As depicted in the left-most diagram and in Figure 1, most
oxidatively damaged bases and AP sites are repaired in an error-free manner by short-patch
BER (pathway 1). SSBs generated as intermediates during BER appear to remain bound by
DNA glycosylases (blue) or APE until displaced by the next enzyme in the BER pathway,
and are thus protected from PARP1 (green triangle) binding. Binding of PARP1 to de novo-
generated SSBs channels substrates into the single-strand break repair pathway (pathway 2).
Pathway 3 depicts the generation of a double strand DNA break (DSB) via replication up to
a SSB. DSBs are also produced during the attempted, near simultaneous BER of closely
opposed lesions (pathway 4). In either case, DSBs trigger what is now commonly called the
DNA damage response (DDR), which encompasses both homology-directed repair (HDR)
and non-homologous end joining (NHEJ) pathways.
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Figure 3. Dynamic properties of nucleosomesthat permit BER
(A) Location of DNA base damages in model nucleosomes used to study BER. The
nucleosome structure is adapted from (Davey et al., 2002), pdb 1KX5. Histones H2A, H2B,
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H3, and H4 are colored red, green, blue, and yellow, respectively. For clarity, only one wrap
of the DNA is shown, with outermost DNA on the left. Symbols: dotted line, dyad axis;
purple spheres, DNA base lesions; tan arrow, direction of spontaneous, transient partial
DNA unwrapping that facilitates processing of sterically-occluded lesions. (B) Transitions
between nucleosome states. Spontaneous, partial unwrapping of DNA from the histone
octamer transforms the canonical nucleosome (N) to an unwrapped configuration (U) that
enables the BER of sterically occluded lesions. Out of register re-wrapping (possibly
facilitated by a chromatin remodeling agent) may generate configuration R, containing a
DNA loop that can lead to a shift in nucleosome position. Although such shifts have not
been observed in /n vitro studies of BER on model nucleosomes, they may contribute to
lesion exposure and BER /n vivo.

J Cell Physiol. Author manuscript; available in PMC 2014 February 01.



