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Abstract

Chromatin is a significant barrier to many DNA damage response (DDR) factors, such as DNA
repair enzymes, that process DNA lesions to reduce mutations and prevent cell death; yet,
paradoxically, chromatin also has a critical role in many signaling pathways that regulate the
DDR. The primary level of DNA packaging in chromatin is the nucleosome core particle (NCP),
consisting of DNA wrapped around an octamer of the core histones H2A, H2B, H3 and H4. Here,
we review recent studies characterizing how the packaging of DNA into nucleosomes modulates
the activity of the base excision repair (BER) pathway and dictates BER subpathway choice. We
also review new evidence indicating that the histone amino-terminal tails coordinately regulate
multiple DDR pathways during the repair of alkylation damage in the budding yeast
Saccharomyces cerevisiae.

1. Introduction

It has been estimated that endogenous sources of DNA damage cause more than 75,000
DNA lesions per day in each human cell, ranging from depurination/depyrimidination of
bases, oxidative damage, nonenzymatic methylation by S-adenosylmethionine, cytosine
deamination, to single-strand DNA breaks (Table 1) [1, 2]. In addition, cells acquire DNA
damage from exogenous sources, such as UV radiation, chemical carcinogens, and ionizing
radiation. Many of these lesions are non-helix distorting modifications to DNA bases (i.e.,
oxidation, methylation, etc.), which are primarily repaired by the base excision repair (BER)
pathway. While unrepaired DNA base lesions can lead to mutations, the driving force behind
human aging and cancer [3], the accumulation of repair ‘intermediates’, such as abasic sites
during BER, is often more toxic and mutagenic then the original DNA base lesion [4],
particularly during DNA replication. The postreplication repair (PRR) pathway functions as
an alternative mechanism to allow proficient replication past DNA lesions, including BER
intermediates, but it is not known to what extent the activity of the BER and PRR pathways
are coordinated in eukaryotic cells. To add another layer of complexity, most repair (and
lesion bypass) occurs on DNA that is packaged by histones, which create a DNA landscape
that occludes excision repair enzymes [5-15], creating a barrier to DNA lesion detection,
removal, and repair. In this review, we focus on recent studies characterizing how the
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packaging of DNA with histones fundamentally shape how base lesions are repaired, and
propose a model in which histones actively coordinate the activities of BER and PRR
pathways during the repair of alkylation damage in the model eukaryote Saccharomyces
cerevisiae.

1.1. DNA packaging in chromatin

Packaging of DNA in chromatin begins with binding of the four core histones H2A, H2B,
H3, and H4. These small proteins (~100-150 amino acids) contain a structured histone fold
domain, an unstructured amino-terminal tail (N-tail), and, in some cases, a carboxyl-terminal
tail. The histone fold domain makes up ~70% of the total mass of each protein and allows
for a “handshake motif” interaction between histones H2A and H2B, as well as histones H3
and H4, to form the histone octamer [16, 17]. This octamer complex is wrapped by ~147 bp
of DNA to make up the nucleosome core particle (NCP), the basic structural subunit for
DNA compaction in the nucleus (Figure 1). The DNA molecule is wrapped ~1.67 times
around the histone octamer, and at each DNA superhelical location facing the octamer
surface is an arginine residue that inserts into the minor groove [18, 19]. Furthermore, DNA-
histone interactions in NCPs are not uniform, and the DNA ends show increased
unwrapping-rewrapping dynamics compared to DNA more centrally positioned in the NCP
[20].

The histone N-tails extend away from the NCP to create eight “appendages” (Figure 1) [21].
Specifically, all four histone N-tails have been shown to make intranucleosomal contacts
with the DNA [22-26]. In oligonucleosomes, there are internucleosomal contacts such as
interactions of H3/H4 N-tails to neighboring nucleosome DNA [26] and interactions
between an acidic patch on the surface of H2A/H2B to the N-tail of H4 of a neighboring
nucleosome [27, 28].

Humans and mice contain over 50 histone genes [29], which make genetic analysis of
specific histone residues or domains in mammals technically challenging with current
molecular tools. To identify cellular functions of the histone N-tails, the budding yeast S.
cerevisiae has served as a useful genetic model since it contains only two copies of each
histone gene (e.g., HTAZand HTAZfor histone H2A). Mutational analyses have shown that
the N-tails of certain pairs of histones have redundant functions for viability since the
simultaneous deletion of the H2A/H2B or H3/H4 N-tails render yeast cells inviable [30-32].
More recently, it was found that combinatorial deletion of H2A and H4 N-tails also leads to
yeast cell lethality, most likely due to shared functions between the two N-tail sequences
[32-34]. Analysis of viable single and double N-tail deletion mutants (H2A/H3, H2B/H3,
and H2B/H4) have shown that these tails are important for a variety of different processes
including chromatin compaction, DDR, mitosis, and transcription [32].

The N-tails are highly solvent exposed and, therefore, easily accessible to soluble enzymes
such as posttranslational modifying enzymes. Unsurprisingly, these tails are highly
posttranslationally modified as compared to the histone fold domain [35]. The various
histone posttranslational modifications (PTMs) and their roles in the cell have been
extensively reviewed in this issue and elsewhere [36—38] and will not be discussed here.
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1.2. DNA damage response

Given the broad spectrum of DNA damage, the cell has a variety of mechanisms to mitigate
the abundance of lesions and optimize survival, which are termed the DNA damage response
or DDR [39, 40]. When the cell detects a threshold of DNA lesions, it stops cell cycle
progression at specific stages—G1/S, intra-S, or G2/M checkpoints—to allow for DNA
repair. In S. cerevisiae, a complicated network of signaling complexes, including Mec1/
Ddc2, Rad24/Rfc, MRX (Mrell, Rad50, Xrs2) with Tell, and 9-1-1 (Rad17, Mec3, and
Ddc1l), are involved in sensing DNA damage and damage-associated DNA replication stress
and promoting the phosphorylation of the key kinase Mec1 [41]. Mec1 then phosphorylates
Mrcl or Rad9 depending on whether there is replication stress (e.g., stalled replication forks
during S phase) or DNA damage, respectively. Both Mrcl and Rad9 activate Rad53 kinase
to modulate other cellular processes (é.g., gene expression) to arrest cell cycle progression
[42, 43]. However, if there is overwhelming cellular damage, the cell can activate
programmed cell death in the form of autophagy, apoptosis, or necrosis [44-46].
Importantly, there are pathways, such as BER, NER, and DNA damage tolerance, that allow
for removal or bypass of most DNA lesions so cells can resume cell-cycle progression and
avoid commitment to programmed cell death.

1.3. Base excision repair

BER recognizes and repairs non-helix distorting lesions caused by oxidation, alkylation, and
methylation of DNA bases. Repair occurs through four general steps: 1) recognition and
cleavage of the damaged nucleotide base, 2) creation of a nick 5" of the lesion, 3) DNA
synthesis, and 4) DNA ligation [47] (Figure 2). The initial detection and cleavage of DNA
lesions by BER is performed by DNA glycosylases. It has been proposed that a DNA
glycosylase binds to random sites on the DNA and ‘slides’ along the DNA through one-
dimensional diffusion until it either falls off or recognizes a lesion [48]. The DNA base
containing the lesion is “flipped” into the active site of the glycosylase and the N-glycosidic
bond is cleaved to create an apurinic/apyrimidinic (AP) or abasic site [49]. Among the DNA
glycosylases of the cell, some have an additional DNA lyase activity that allows for DNA
incision 3" of the lesion by B-elimination to yield a 3" a,B-unsaturated aldehyde and a 5’
phosphate or further conversion of the 3" aldehyde to a 3" phosphate via a -elimination
[50]. These bifunctional glycosylases are distinct from the more common monofunctional
glycosylases and are not discussed further, but have been extensively reviewed elsewhere
[50-52].

Two types of DNA lesions that are recognized and cleaved by DNA glycosylases are 3-
methyladenine and 7-methylguanine, which are the major DNA lesions created by the
alkylating agent methyl methanesulfonate (MMS). These alkylated bases are recognized and
cleaved by the yeast 3-methyladenine DNA glycosylase Magl and the human alkyl-adenine
DNA glycosylase AAG [53, 54]. Approximately 10% of MMS-induced lesions are 3-
methyladenine, which can inhibit DNA replication [55], while ~80% of lesions are 7-
methylguanine. This latter adduct does not directly impact replication or transcription [56],
but can promote mutagenesis and cytotoxicity upon conversion to an abasic site during BER
or through spontaneous depurination [57].
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Removal of a modified base by a monofunctional DNA glycosylase creates an abasic site,
which, as mentioned earlier, is generally more mutagenic and cytotoxic than the original
DNA base lesion. An AP endonuclease recognizes the abasic site and cleaves 5” of the
lesion to create a 3" hydroxyl and a5” deoxyribose phosphate. At this point, the process can
progress in one of two subpathways: short patch (SP; also termed single-nucleotide BER) or
long patch (LP) repair (Figure 2). SP repair requires Pol B to remove the 5” deoxyribose
phosphate moiety to create a 1-nucleotide (nt) gap and a’5” phosphate. One nt is then
extended from the gap and the DNA ligase 11l and XRCC1 complex ligates the DNA strands
[58]. Alternatively, LP repair creates a longer repair patch that consists of approximately 2—
12 nts [59]. LP BER is initiated by pol ,, and/or extending the cleaved strand, using the
intact strand as template, and displacing the 5” deoxyribose phosphate-containing strand
(Figure 2). This creates a “flap” of DNA that is then cleaved by a flap endonuclease that
leaves a 5" phosphate and a 3" hydroxy! for the coordinated action of PCNA and DNA
ligase I. A number of different mechanisms have been suggested to regulate BER pathway
choice, including the type of DNA glycosylase used to initiate BER (i.e., monofunctional
versus bifunctional) [60], the cell-cycle stage in which repair occurs [61], and the chromatin
status of the lesion-containing DNA sequences (see below).

2. BER activity and subpathway choice is dictated by the chromatin context
of the DNA lesion

Studies from our lab [62—-64] and others [65, 66] have shown that the translational position
(nucleotide position relative to the dyad axis) and rotational position (orientation of the DNA
phosphate backbone relative to the histone octamer) of lesions within a nucleosome affects
the accessibility of most BER enzymes to the lesion. The enzymatic activities of DNA
glycosylase, AP endonuclease, pol B, and DNA ligase | are inhibited in NCPs when a DNA
lesion is located close to the nucleosome dyad (center) or oriented toward the core histones
(atan ‘In’ rotational setting) [63, 64, 67—-69]. A recent study has shown that a rotational
effect on initiation of repair may be DNA glycosylase-specific, since certain DNA
glycosylases (e.g., human 8-oxoguanine DNA glycosylase [nNOGG1]) were unable to cleave
DNA lesions at either ‘Out’ or ‘In’ rotational settings in nucleosomes /n vitro [70]. However,
this study only analyzed DNA glycosylase activity for lesions at the nucleosome dyad axis
[70]; future studies using lesions at different translational positions will be required to verify
if these DNA glycosylases are influenced by the rotational position of DNA lesions
elsewhere in the nucleosome.

Interestingly, the enzyme that is specific for LP BER, flap endonuclease, exhibits either
similar or greater activity in nucleosomes /n vitro as compared to naked DNA [71].
Intriguingly, a recent study suggests that particular variants in human BER enzymes are
more strongly inhibited by nucleosomes than their ‘wild type’ counterparts [72]. This study
analyzed ~8 different cancer-associated or naturally occurring variants in human AP
endonuclease-1 (APEL), which processes abasic site intermediates in the BER pathway (see
above). They found that two of these variants (APE1 R237C and G241R) were more
strongly inhibited than wild type APE1 when their substrate, an abasic site analog known as
tetrahydrofuran, was located in a reconstituted NCP /n vitro at either an “in’ or ‘out’
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rotational setting. In contrast, these same variants showed wild type levels of activity on
naked DNA substrates, indicating that they had a specific defect in cleaving abasic sites
located in nucleosomes (or potentially other DNA-bound proteins) [72]. While the
mechanism underlying this effect has yet to be fully elucidated, these data suggest that cells
containing these or similar APE1 variants may accumulate BER-associated abasic site
intermediates in nucleosomes. As abasic sites are considerably more mutagenic than many
primary base lesions, it would be interesting to test whether there is elevated mutagenesis
associated with nucleosome DNA in individuals or tumors expressing these APE1 variants.

In addition to generally reducing the activity of BER enzymes, nucleosomes have also been
recently implicated in regulating BER subpathway choice. To understand the ‘mechanism of
choice’ between SP and LP BER in chromatin, we developed an assay to quantitatively
measure repair patch sizes in nucleosomes following BER in cell extracts (Figure 3, left
panel)[73]. We “designed’ nucleosomes (i.e. NCP + linker DNA) that contained either a
uracil base or a 1-nt gap positioned at different translational and rotational settings within
the NCP region or within adjacent linker DNA (Figure 4). Using bovine testis nuclear
extracts or purified BER enzymes, we found a novel nucleosome-dependent bias for SP
BER. With uracil substrates, BER polymerase extension is almost exclusively limited to 1 nt
in NCP DNA (Figure 3, right panel). Furthermore, we observed that LP BER occurred in
linker DNA, but its extension was halted once the DNA polymerase reached the edge of a
positioned NCP. When pol B was immunodepleted from the nuclear extracts, repair in NCP
DNA was significantly reduced, indicating that pol g plays an important role during BER in
NCPs.

In sperm, the genome is more compacted than somatic cells because of DNA-associated
protamines, arginine-rich nuclear proteins that replace histones during spermatogenesis.
Interestingly, pol B is highly expressed in zygotene and pachytene spermatocytes and is
important for DNA repair in sperm cells [74, 75]. Given that pol B is the smallest
mammalian DNA polymerase at 38 kDa [76], we hypothesize that pol B is a major
contributor to repair of highly compact DNA (i.e., NCP DNA and spermatocyte DNA)
because there is minimal occlusion via steric hindrance as compared to bulkier polymerases.
This hypothesis is supported by a recent study that showed the activity of DNA glycosylases
on DNA lesion-containing nucleosome substrates is generally more inhibited for large DNA
glycosylases as compared to small DNA glycosylases. Specifically, the glycosylase activity
of hOGGL (38 kDa) and Fpg (30.2 kDa) is almost completely inhibited in nucleosome
substrates as compared to the smaller UDG (25.67 kDa) and hAAG (24.3 kDa) glycosylases
[70].

Since pol B is more intrinsically error-prone than replicative DNA polymerases [77], these
results suggest that mutations introduced during repair synthesis might be enriched within
nucleosomes. However, it has been recently reported that the activity of pol p within
nucleosomes is significantly modulated by histone post-translational modifications [78].
Acetylation of lysine residues in histone H3 (H3K14 and H3K56) significantly inhibited pol
B activity at specific locations within nucleosomes [78, 79]. It will be important to determine
whether histone acetylation similarly modulates BER subpathway choice in nucleosomes,
perhaps favoring LP BER by replicative DNA polymerases.
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Recently, a novel subpathway of LP BER has been characterized in mammalian cells, which
involves incision of an additional 8 nucleotides 5° of the DNA lesion by the concerted
activities of RECQ1 and XPF-ERCC1, yielding a 9-nucleotide 5" gap [80]. This results in a
patch size of ~20 nucleotides: 8 nucleotides 5" of the DNA lesion, and up to 12 nucleotides
3’ of the lesion. Since this pathway required replicative DNA polymerases, but was
independent of pol B, it was suggested that formation of an expanded 5° gap may be
important for efficiently loading replicative DNA polymerases during the DNA synthesis
step of BER [80]. However, it is currently unclear how DNA packaging into nucleosomes
might modulate this BER subpathway.

3. Repair of MMS-induced DNA alkylation damage in chromatin in vivo

Much less is known about the impact of chromatin on BER /7 vivo. While it appears that at
least some strongly positioned nucleosomes impact BER efficiency /n vivo[81, 82], it is not
clear to what extent the translational or rotational positioning of the lesion influences BER.
Recently, we reported the genome-wide map of UV radiation damage and repair in
chromatin of yeast [83]. We have extended these studies to include the genome-wide map of
MMS-induced damage, repair, and mutagenesis at single nucleotide resolution across the
yeast genome [84]. We find that DNA packaging in chromatin significantly modulates BER
of alkylation damage, and both the translational and rotational settings of lesions within
nucleosomes significantly influence BER efficiency in intact cells. Importantly, slow repair
near the center of strongly positioned nucleosomes correlates with increased MMS-induced
mutations in yeast, indicating that chromatin-associated variations in BER efficiency
impacts mutation rates /in vivo [84].

4. N-tails of histones H2A and H3 coordinately regulate BER and PRR

It has been shown that the histone N-tails are required for cellular resistance to DNA
damaging agents [32]. Recently, we examined several DNA damage responses in the
budding yeast S. cerevisiae with the N-tails deleted from all four canonical histones, both
individually and in combination [85]. It was found that combinatorial N-tail deletions of
histones H2A and H3 (tH2A:tH3) sensitize yeast cells to the DNA alkylating agent MMS
(Figure 5). The tH2A:tH3 mutant cells were found to be deficient in the ‘global removal’ of
MMS-induced DNA lesions when using an assay that analyzed DNA lesions in bulk DNA
(i.e. “‘global genome BER’; Figure 5). This deficiency was due to the role of H2A and H3 N-
tails in regulating both basal and MMS-induced expression of DNA glycosylase Mag1, as
MAGI mRNA expression was significantly decreased in the tH2A:tH3 mutant. Curiously,
overexpression of Magl in a mutant lacking the H2A and H3 N-tails rescued BER activity,
but exacerbated MMS sensitivity in these mutant cells, indicating that the BER defect in the
tH2A:tH3 mutant was not primarily responsible for the MMS hypersensitivity phenotype
[85]. We also found that the H3 N-tail functions in the Rad9/Rad53 DDR pathway, but this
did not appear to be the primary cause of MMS sensitivity of the tH2A:tH3 mutants. Instead,
multiple lines of evidence indicated that the H2A and H3 N-tails regulate post-replication
repair (PRR) (Figure 6). Genetic experiments revealed that the tailless H2A/H3 mutants are
in the RADI18epistasis group, which regulates post-replication repair (PRR), and we

Mutat Res. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meas et al.

Page 7

observed increased levels of ubiquitylated PCNA and significantly lower mutation frequency
in the tH2A:tH3 mutant, which are both indicative of a defect in PRR.

These results identified novel roles of the histone H2A and H3 N-tails in regulating the
expression of a critical BER enzyme (Mag1) and stimulating PRR in chromatin.
Interestingly, our data indicated that the same histone tails are responsible for coordinating
both BER and PRR pathways (Figure 6), which may have important implications for
mutation avoidance and cell survival. As mentioned above, BER intermediates, such as
abasic sites, are typically more toxic and mutagenic than the primary base lesion but can be
efficiently bypassed during DNA replication by the PRR pathway. By coordinately
stimulating both BER activity (via MAGI expression) and PRR, the H2A and H3 N-tails
may promote the repair of DNA base lesions while at the same time mitigating the cytotoxic
effects of the resulting transient BER intermediates (Figure 6). This would explain why
higher BER activity in the tH2A:tH3 mutant strain (due to MAGI overexpression)
significantly enhanced MMS sensitivity, since its additional defect in PRR made it unable to
efficiently bypass the resulting BER intermediates. In summary, we propose that the
coordinate regulation of the BER and PRR pathways by the H2A and H3 N-tails may
function as a general strategy for mutation avoidance and cell survival in response to high
levels of DNA base lesions.

5. Concluding remarks

During the past decade and a half, a series of studies have led to significant progress in our
understanding of DNA base damage and BER at the nucleosome level in chromatin [60-69].
The translational and rotational position of lesions within a nucleosome can strongly affect
the accessibility of BER enzymes in vitro. Recent studies in the yeast S. cerevisiae have
demonstrated a strong modulation of MMS damage formation by DNA packaging into
chromatin [84]. Thus, we are ‘on the cusp’ of revealing the influence of chromatin structure
and function on BER and mutagenesis of single-base lesions in cells. These revelations will
have important implications for understanding the molecular basis of mutational
heterogeneity found in many human cancers [86-88].
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Figure 1.
The NCP and histone N-tails. The NCP is rotated at 90° intervals to show the positions of

the histone N-tails (top panel). To better view the locations of the histone N-tails in the
context of nucleosomal DNA, the histone core domains have been omitted and rotated 90°
(bottom panel). H2A (yellow) H2B (blue) H3 (green) H4 (red). Nucleosome images are
derived from the Protein Data Bank (PDB) using PDB ID 3LZ0.
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moiety. Pol extends 1 nt followed by DNA ligation by the DNA ligase 111/XRCC1 complex.
LP repair proceeds by pol,, to extend <2 nts. The displaced DNA is cleaved by flap
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The schematic of the assay to analyze repair in naked or nucleosome substrates is shown on
the left. A representative gel of a gap substrate located at position —62 from the nucleosome
dyad axis is shown after the indicated repair times. “M” is the marker lane and “No” is the
no treatment lane. The composite bar graph is shown below the gel (white, cleaved; blue, 1
nt extension; red, 2 nt extension; black, full-length). Figure was adapted from Figs. 3a and

3d of ref. 73.
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Figure 4.
Map of the various template lesions used in experiments such as those described in Figure 3.

The locations of uracils (or gaps) are shown in red. The “L” indicates position of lesions in
linker DNA from the edge of the NCP. The number at each lesion in the NCP represents its
distance from the dyad center and brackets indicate its rotational position relative to the
histone surface (as described in ref. 73). Nucleosome image from PDB ID 1ZBB.
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Survival curves (left) and global genome BER (right) for the different N-tail deleted mutants
as compared to the wild type and the BER-defective magZA mutant is shown. Adapted from

Figures 1 and 2 of ref. 85.
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Figure 6.
The N-tails of H2A and H3 coordinate base excision repair (BER) and postreplication repair

(PRR) to mitigate the cytotoxic effects of BER intermediates, such as abasic sites. The N-
tails of H2A and H3 are highlighted in the model to show their role in different branches of
the DNA damage response to methyl methanesulfonate (MMS). The N-tails of H2A and H3
are important for coordinately regulating BER, by modulating expression of Mag1, and
PRR. Stimulating the PRR pathway could help suppress the cytotoxic effects of BER
intermediates, such as abasic sites, during DNA replication. Nucleosome image from PDB
ID IKX5.
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Table 1

DNA lesion occurrence from natural endogenous damage

DNA damage

Rate of occurrence (per cell per day)2

Oxidative

Depurinations
Depyrimidinations
Single-strand breaks

Double strand breaks

74,000-100,000 in rats
10,000-11,500 in humans

2,000-14,000
~500

~55,000

10-50 in humans

7-methylguanine & 3-methyladenine 7,200

05-methylguanine

Cytosine deamination

3,120
192

Indapted from [1, 2]
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