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1. ABSTRACT

Reactive oxygen species continuously
assault the structure of DNA resulting in oxidation and
fragmentation of the nucleobases. Both oxidative DNA
damage itself and its repair mediate the progression of
many prevalent human maladies. The major pathway
tasked with removal of oxidative DNA damage, and
hence maintaining genomic integrity, is base excision
repair (BER). The aphorism that structure often
dictates function has proven true, as numerous recent
structural biology studies have aided in clarifying the
molecular mechanisms used by key BER enzymes
during the repair of damaged DNA. This review focuses
on the mechanistic details of the individual BER
enzymes and the association of these enzymes during
the development and progression of human diseases,
including cancer and neurological diseases. Expanding
on these structural and biochemical studies to further
clarify still elusive BER mechanisms, and focusing our
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efforts toward gaining an improved appreciation of how
these enzymes form co-complexes to facilitate DNA
repair is a crucial next step toward understanding how
BER contributes to human maladies and how it can be
manipulated to alter patient outcomes.

2. INTRODUCTION
2.1. Oxidative DNA damage

Reactive oxygen species (ROS) are
generated as a by-product of normal mitochondrial
activity, these include superoxide, hydrogen peroxide,
and the hydroxyl radical. The metabolic processes
that generate ROS are essential for the cell, however
a tradeoff is involved, and if not properly controlled
the ROS concentration can exceed the antioxidant
scavenging ability of the cell. Under this cellular



Base excision repair of oxidative DNA damage

Parent DNA Base
o] NH, NH,
H
~ X | .
m N Ly (tl \
H % 1 H 0 ] S
Guanine Adenine Cytosine Thymine
2 NH, NH, o
H N z H i X ':?C H
| | \
A »-E NN v o i o
8-0x0G 8-0x0A OH5C Tg
Q NH, 9 *
% " JNH_ gy Ho\itLH ch\i:ﬁ
() | \—0
% A N N H o o
@ FapyG FapyA OH5U DHT
D
@ H b i H ]
o \:>:NH /I | H H,C H
< | H {
Z : : HO - o o
[l Oxazolone 20HA Uradil Ths
g N Q 0 ?
&
3} H H H H H
S\ .. | |
3 H e AN °
= Guanidino- K ROy ™ 70 i
o hydantoin Inosine Ura-Gly 5HmMU
H
= H
HZN’)\NH‘ o | N)ﬁ
/ N o o)
Spiroimino- i i
dihydantoin 5-foC 5-foU

Figure 1. A compilation of biologically significant base lesions organized by parent base. All lesions are the result of oxidative damage, undergoing one
or several ROS mediated attacks, and/or other damage related to oxidative stress. Specifically, cytosine can give rise to uracil via deamination by N,O,,

an oxidized nitric oxide, and a hydrolysis reaction (27).

condition, termed oxidative stress, ROS can cause
extensive damage to cellular macromolecules. The
structure of DNA is especially vulnerable to damage,
and it has been estimated that DNA damage occurs
at a rate of 10* lesions/cell/day in humans, with
oxidative DNA damage being particularly prevalent (1).
Specifically, the structures of all four DNA nucleobases
are susceptible to oxidative damage from ROS, with
more than 100 different types of base damage being
identified as products of oxidative stress (2). This
base damage includes fragmented or ring-opened
forms and oxidized aromatic derivatives. Several base
lesions are highlighted in Figure 1 and discussed in
more detail below. Generally, when the nucleobase
structure is altered as the result of oxidative damage, its
base-pairing properties are also altered, often leading
to either transition (purine to purine or pyrimidine to
pyrimidine) or transversion (purine to pyrimidine
or pyrimidine to purine) mutations. Consequently,
oxidative DNA damage is a major source of the
mutation load that gives rise to numerous human
maladies (discussed in section 6).

Guanine, as the result of its low oxidation
potential relative to the other nucleotides, is the
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most frequently oxidized nucleotide (3). A major
oxidized form of guanine is 8-oxo-7,8-dihydro-2’-
deoxyguanosine (8-o0xoG), and it arises by the
introduction of an oxo group to the carbon at the C8
position and a hydrogen atom at the N7 position.
Due to its stability and biological importance, 8-oxoG
is one of the most extensively studied DNA lesions,
and a majority of what is broadly known about how
damaged DNA is handled and repaired is based on
studies utilizing 8-oxoG. This lesion does not cause
a significant block to DNA replication in mammalian
cells, with the exception of DNA polymerase 1 (4). The
replicative and repair DNA polymerases, including
DNA polymerases 9, K, B, A, and y, have been shown
to efficiently insert either dATP or dCTP opposite a
templating 8-oxoG in the syn- or anti- conformation,
respectively. 8-oxoG(anti) can form a Watson-Crick
base pair with cytosine analogously to guanine, while
a rotation about its N-glycosidic bond presents the
Hoogsteen edge of 8-oxoG(syn) to form a mismatched
base pair with adenine (5). The stability of the syn-
conformation of 8-oxoG in duplex DNA results in an
increase in G:C — T:A transversion mutations during
subsequent rounds of replication. The nucleotide
form of guanine can also be oxidized, generating
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8-0xodGTP. This provides further opportunities for
8-oxoG to arise in the genome, and once inserted by
a DNA polymerase, both AT — C:G and G:C —» T:A
transversions may occur during replication and repair.
The 8-oxoG DNA lesion is also highly susceptible
to further oxidative damage, yielding the additional
mutagenic base lesions guanidinohydantoin and
spiroiminodihydantoin, shown in Figure 1 (6, 7). The
other major oxidative lesion of guanine, 2,6-diamino-4-
hydroxy-5-formamidopyrimidine (FapyG), is produced
by fragmentation of the purine imidazole ring (Figure
1). FapyG is also mutagenic, even slightly more so
than 8-oxoG, producing predominately G:C — T.A
transversions (8). FapyG is not as comprehensively
characterized as 8-oxoG and we point the readers to
a review focused on FapyG for more information (9).

The oxidation products of adenine are
structurally similar to that of guanine, with the two major
products being: 8-oxo-7,8-dihydro-2’-deoxyadenosine
(8-oxoA) and 4,6-diamino-5-formamidopyrimidine
(FapyA), both shown in Figure 1. The yields of
8-0x0A and FapyA are about ten-fold lower than the
corresponding yields of 8-oxoG and FapyG (10). This
difference in yields may be explained in part by the
comparatively low oxidation potential of guanine,
which can result in the transfer of an electron from
guanine radicals in close proximity. The FapyA lesion
is present in both normal and cancerous tissues and
is the most abundant of the adenine lesions induced
by radiation (11, 12). In vitro translesion synthesis
experiments past FapyA have demonstrated adenine
and guanine to be the most frequently incorporated
bases opposite the lesion, suggesting induction of A:T
— T:A and A:T — C:G transversion mutations (13).
8-0x0A, on the other hand, has been shown to induce
predominately A:T — G:C transition and AT — C:G
transversion mutations (14). Both 8-oxoA and FapyA
are considered less mutagenic than their guanine
counterparts. Based on modeling studies, it has been
proposed the less stable base stacking interactions
with the oxidized adenine, as opposed to oxidized
guanine, may be the cause for the reduced mutagenic
potential (8, 15). A less prevalent adenine lesion,
2-hydroxydeoxyadenosine-5'-triphosphate ~ (20HA),
Figure 1, produces mutations at a high rate through
the misincorporation of 20HA opposite cytosine, which
generates G:C — A:T transitions upon replication (16).

Free radical attack of thymine occurs primarily
at either the 5,6-double bond or the 5-methyl group,
generating various lesions, including those shown in
Figure 1 (17). The former converts the planar aromatic
ring structure into a non-aromatic, non-planar structure.
The most thoroughly examined oxidation product of
thymine, which is generated by the ring opening attack
of the 5,6-double bond, is thymine glycol (Tg). The Tg
lesion is an effective block to replicative polymerases,
but not to translesion DNA polymerases (n, K, u, B,
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and A), resulting in a mutagenic signature indicative of
translesion synthesis polymerases (18-21). Thymine
can also be oxidized to form the 5,6-dihydrothymine
(DHT), which despite being targeted for repair, does
not appear to cause mutations or cytotoxicity (17). In
contrast to free radical attack on the thymine 5,6-double
bond, attack on the 5-methyl group generates several
oxidation products with intact aromatic ring structures.
These include 5-hydroxymethyluracil (5HmU), which
is both mutagenic and cytotoxic (17). Mutagenicity is
through T:A — C:G transitions resulting from its ability to
base pair with both adenine and guanine. SHmU base
pairs with adenine utilizing Watson-Crick geometry
and a stabilizing inter-residue hydrogen bond between
the hydroxymethyl group and a neighboring 5’ guanine
base. The mismatch with guanine, however, displays
wobble base pairing stabilized by an intra-residue
hydrogen bond between the hydroxymethyl and the
04 carbonyl group.

The 5,6-double bond is the sole oxidation
target of cytosine, with a major oxidative product
of 5-hydroxy-2’-deoxycytidine (OH5C in Figure 1),
which is found in DNA both spontaneously and after
exposure to ROS generating chemicals (17). Once
in the DNA, OH5C is not correctly replicated past
and leads to an increased frequency of C:G — T:A
transition mutations compared to cytosine (17). On
average, about five percent of the cytosine in human
DNA is methylated, making 5-methylcytosine (5mC)
a minor, but significant, component of mammalian
DNA. DNA methylation is thought to play an important
role in gene regulation, making the integrity of 5mC a
potential player in the deregulation of genes in addition
to mutagenic and cytotoxic effects. Although 5mC is a
cytosine analogue, like thymine, it can be attacked by
oxygen radicals at both the 5,6-double bond and the
5-methyl group. Behaving as a mixture of both cytosine
and thymine in terms of oxidative damage, several
oxidation products of 5mC have been described (17).

2.2. Mammalian base excision repair (BER): an
overview

Considering the potential detrimental
effects of ROS on DNA during oxidative stress, it
is not surprising that sophisticated systems have
evolved to thwart the deleterious effects of oxidative
base damage. Such a system for removing 8-0xo0G,
termed the “GO-system”, was originally described in
Escherichia coli. The GO-system involves DNA repair
enzymes mutT, mutM and mutY (22). MutT attempts
to cleanse oxidized nucleotides, including 8-oxodGTP
and 20HJATP, from the nucleotide pool (23, 24). If the
8-oxodGTP manages to escape this cleansing, it can
be inserted into nascent DNA by a polymerase during
DNA replication and repair. Therefore, additional levels
of protection are necessary to protect the cell from the
mutagenic effects of 8-oxodGTP and 8-oxoG that is
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Table 1. A summary of prominent mammalian DNA glycosylases

Structural Mono/ Oxidative Amino
Motif Name R . Acid Target Examples References
. Bifunctional | Stress
Superfamily Wedge
Uracil-N glycosylase UNG Mono Yes Leu272 Uracil, uracil derivatives (45, 119, 181)
Single-strand-specific .
Alpha-beta ) ) Residues . . R
fold (UDG monofunctional uracil DNA | SMUG1 Mono Yes 251-260 Uracil, uracil derivatives (29, 46, 182)
. glycosylase 1
superfamily)
Thymine DNA glycosylase | TDG Mono Yes Arg275 I:g’cr:'g:n’c:t:‘\j:;"h uracil, | 59 182, 183)
Methyl-binding domain MBD4 Mono Yes Arg468 Thymlne mlsmatch, uracil, (29, 119, 184)
glycosylase 4 uracil derivatives
8-Ox0G DNA glycosylase . Asn149/ 8-0x0G, FapyA,
OGG1 Bi Yes 33, 119, 185
Helix- 1 Asn150 FapyG ( )
hairpin-helix ; ;
MutY homolog DNA MUTYH Mono Yes GIn4s Adenosine opposite (186, 187)
glycosylase 8-0x0G
Endonuclease Ill-like 1 NTHL1 | Bi Yes Glnd2 lg:;%”e glyeol, (188, 189)
3::;::21)"' 3-methyl-purine 3-methyladenine,
P Vi-p MPG Mono No Tyr162 7-methylguanine, (119, 190, 191)
glycosylase glycosylase hypoxanthine
(MPG)
n Thymine glycol,
Endonuclease Vill-like NEIL1 | Bi Yes Arg118 | FapyG, FapyA, (47, 192-194)
glycosylase 1 8-0x00
Hairpin-2- .
i n Thymine glycol,
turn-hairpin | Endonuclease Vlil-like NEIL2 | Bi Yes Met72 FapyG, FapyA, (192, 194, 195)
(NEIL glycosylase 2 8-0x00
superfamily)
. FapyA, FapyG,
Elngg;‘”gg:%e Vill-like NEIL3 | Mono Yes No wedge | spiroiminodihydantoin, (192, 196, 197)
glycosy guanidinohydantoin

generated within duplex DNA. The DNA glycosylase
mutM removes the oxidized base when 8-oxoG is
base paired to cytosine in duplex DNA, while mutY
is tasked with the removal of adenine mispaired
opposite 8-oxoG. The mammalian version of these
enzymes (OGG1, MTH1, and MUTYH) are discussed
in subsequent sections. The analogous mammalian
system, for the repair of oxidatively damaged DNA
bases, is primarily accomplished through the base
excision repair (BER) pathway.

In the initiation step of BER, a damage specific
DNA glycosylase identifies and removes the damaged
base from the DNA. In general, DNA glycosylases can
be classified as either monofunctional or bifunctional
(Table 1, and further discussed in section 3.1.). Figure
2A depicts a “classical” BER cycle in which repair of
the oxidized base is commenced by a monofunctional
glycosylase. During this process, a multi-protein
complex removes DNA lesions that would otherwise
potentially block replication or increase the prevalence
of disease causing mutations within the genome.
In this classical case, a glycosylase removes the
damaged base through cleavage of the N-glycosylic
bond between the target base and deoxyribose,
leaving an intact AP site (a location in DNA that has
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neither a purine nor a pyrimidine base). This intact AP
site is further processed by human AP-endonuclease
1 (APE1), which subsequently creates a nick in the
DNA 5’ of the AP site resulting in 3’-hydroxyl and
5'-deoxyribosephosphate (dRP) termini. The 5'-
dRP is removed by polymerase beta’s (pol B) lyase
domain, and a new nucleotide is inserted into the
gap by pol B’s nucleotidyl transferase activity. With
the assistance of the scaffolding protein X-ray repair
cross-complimenting protein 1 (XRCC1), ligase llI
seals the nick and generates a repaired BER product.
In comparison, a bifunctional glycosylase initiates
the BER cycle by removing both the damaged base
and cleaving the DNA at the phosphodiester bond
3’ of the AP site via its AP lyase activity (either B
or B,0-elimination), creating a single-strand break
(Figure 2B). The 3'-a,B-unsaturated aldehyde (PUA)
that results from glycosylase B-elimination can be
removed by the phosphodiesterase activity of APE1.
If the bifunctional glycosylase utilizes a 3,6-elimination
mechanism, the resulting 3’-phosphate group will
be removed by polynucleotide kinase (PNK). Both
APE1 and PNK leave a hydroxyl at the 3’ terminus,
allowing for subsequent gap filling by pol # and ligation
by ligase IlI/XRCC1 to occur as described above in
classical BER (Figure 2). In the particular case of
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Figure 2. Arepresentation of the base excision repair (BER) pathway for removing oxidative damage. (A) Classical BER cycle initiated by a monofunctional
glycosylase and (B) a BER cycle started by a bifunctional glycosylase. The orange “P” represents a phosphate, -OH represents a 3'-hydroxyl and a
5'-2-deoxyribose-5-phosphate is represented by dRP. The 3'-phospho-a,B-unsaturated aldehyde (PUA) is in pink.

clustered oxidative lesions, long-patch BER is utilized,
borrowing several enzymes from DNA replication
pathways including DNA pols & and/or €, FEN1, PCNA
and DNA ligase | (25). Understanding the mechanisms
involved in oxidative base damage repair by BER and
how perturbations in the BER enzymes can result in
human disease is the combined focus of this review.

3. IDENTIFICATION OF OXIDATIVE DNA
DAMAGE DURING BER

Due to the diversity in the size and shape
of DNA lesions caused by oxidative stress (Figure
1), a varied array of DNA glycosylases has evolved
to maintain genomic stability and combat the various
base modifications. The seemingly impossible task
of identifying subtle changes in nucleotide structure,
arising from DNA damage, within the billions of non-
damaged nucleotides is accomplished via unique
mechanisms of glycosylase-dependent damage
removal. In this section, the diversity of mechanisms
that DNA glycosylases utilize to detect and remove
DNA damage is discussed.

3.1. Overview of mammalian DNA glycosylases
DNA glycosylases sort into four superfamilies

based on their structural characteristics: uracil DNA
glycosylases (UDG), helix-hairpin-helix glycosylases
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(HhH), 3-methyl-purine glycosylases (MPG), and
endonuclease VIll-like glycosylases (NEIL). Figure
3 presents the characteristic structural fold of each
superfamily. Members of the UDG superfamily all
contain a characteristic o/f fold (Figure 3A) and
some target the removal of uracil from the genome
(26). Uracil can arise during oxidative stress when
deaminated cytosine is generated by nitric oxide
(27). UNG, SMUG, and TDG are members of the
UDG superfamily. The HhH superfamily contains a
characteristic helix transitioning to hairpin, transitioning
to helix motif (Figure 3B). This family of glycosylases
remove numerous lesions brought on by oxidative
stress, including 8-oxoG, FapyA, FapyG, and Tg.
Members of this superfamily include NTHL1, OGG1,
and MUTYH (28). MPG (also known as AAG or MDG)
is the sole member of the MPG fold superfamily, and
sharply contrasts the other three groups. It contains
none of the structural folds attributed to the other
superfamilies and principally addresses alkylation
rather than oxidative stress (Figure 3C). The final
fold superfamily encompasses endonuclease VllI-like
glycosylases (NEIL) with the structural fold of helix-two-
turn-helix (Figure 3D). Members of this family include
NEIL1, NEIL2, and NEIL3 (29). This group is highly
relevant to oxidative stress, as it targets the common
forms of oxidative base damage: 8-oxoG, FapyG, and
FapyA. This redundancy in oxidative lesion targets
between the HhH and NEIL superfamilies underscores
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Figure 3. Images of representative members of each structural fold family, with the structural motifs highlighted. (A) Alpha-beta fold of UNG with alpha
helices in blue and beta sheets in red. (B) Helix-two-turn-helix (H2TH) motif of NEIL1 colored in blue. (C) MPG fold containing none of the other motifs
from MPG. (D) Helix-hairpin-helix (HhH) fold of OGG1 in blue. PDB accession codes are 1EMG, 5ITR, 1F60, and 1EBM, respectively.

the biological importance of removing oxidative DNA
damage and the prevalence of these lesions in the
genome.

As shown in Figure 2, glycosylases utilize
either a monofunctional or bifunctional mechanism,
depending on which bonds are cleaved during the
damage removal process (see Table 1). Monofunctional
glycosylases do not cleave the phosphodiester
backbone; only the N-glycosyl bond is cleaved
during the removal of the damaged nucleobase.
The mechanism, in short, can be described as a
polarization of the N-glycosyl bond and an attack by an
activated water molecule (29). Major members of the
monofunctional mechanistic group are UNG, SMUG,
MPG, MBD4, TDG, and MUTYH (30). In contrast,
bifunctional glycosylases are more complex because
the phosphate backbone is cleaved in addition to the
N-glycosyl bond during damaged base removal (Figure
2B). The bifunctional group is further classified into
B eliminators and B,5 eliminators (31). B eliminators
cleave the phosphate backbone on the 3’ side of the
resulting abasic site, whereas 8,0 eliminators cleave
the phosphate backbone on both the 5’ and 3’ sides of
the abasic site, effectively forming a gap (Figure 2B).
Mechanistically, for their AP lyase activity, bifunctional
glycosylases use a conserved nucleophilic lysine
residue to form a Schiff base, cleave the backbone,
and eliminate the damaged nucleotide (29). The B
eliminating glycosylases include OGG1 and NTHLA1,
and prominent B,5 eliminating glycosylases include
NEIL1, NEIL2, and NEIL3 (31).
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3.2. Detection of damaged bases by DNA glycosy-
lases

In a sea containing billions of non-damaged
nucleotides, that are in many cases only one atom
different than their preferred target, the ability of
glycosylases to find and excise their precise substrate
has intrigued researchers for decades. Offering an idea
of the scale of this daunting task, it was estimated by
Friedman and Stivers that each individual glycosylase
molecule must analyze 70,000 base pairs of DNA to
fully cover the genome (30). The difficulty of this task is
compounded by the relatively low damage rate during
normal cellular conditions, as is it estimated that only
one out of every 30,000 bases that are scanned is
damaged (30). This challenge is primarily addressed
through the ability of glycosylases to sample various
conformational states depending on the stage of the
reaction.

Generally, glycosylases exist in three
different conformations: the “searching complex”, the
“interrogation complex”, and the “excision complex”.
While scanning the DNA, the primary conformation
is the searching complex (30). This conformation
is optimized to slide up and down the DNA helix
while weakly interacting with the bases and causing
a bend in the DNA reminiscent of the distorted
shape created by an oxidative lesion (32). When a
glycosylase encounters an oxidized base, it shifts into
the interrogation complex, promoting the base to flip
out of the DNA helix and into the enzyme’s substrate
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binding pocket. It can then distinguish whether or not
the base is damaged by the specificity imparted by the
binding pocket and shift to a new catalytically-active
conformation. The final conformation in this scheme
is the excision complex, where the N-glycosyl bond
is polarized and cleaved according to each individual
glycosylase’s respective mechanism, followed by the
eventual return to the searching complex where the
genome will continue to be analyzed (30).

Single molecule imaging by atomic force
microscopy (AFM) determined that TDG and OGG1
(glycosylases targeting genomic uracil and 8-oxoG,
respectively) bend the DNA during the scanning
procedure to enhance residence time on sites of
DNA damage (32). Specifically, OGG1 caused
an extreme ~70° bending of the DNA localized to
the point where the protein binds the DNA. This
corroborated the conclusions made from the seminal
OGG1 X-ray crystal structures produced by the
Verdine lab that demonstrated a similar degree of
bending (33). Although glycosylase conformational
changes explain how many base lesions are detected,
some glycosylases do not exhibit this phenomena,
necessitating additional theories for how glycosylases
detect DNA damage. One such theory capitalizes on
the innate interference that oxidized nucleotides have
on DNA mediated charge transfer.

For DNA glycosylases that have iron-sulfur
clusters, scanning the DNA through electron transfer
has been proposed to further optimize DNA damage
detection (34). Initial oxidation of the iron-sulfur
clusters from the +2 to +3 state is sparked by electron
transfer from guanine radicals that arise as precursors
to the more stable guanine oxidative lesions during
oxidative stress (Figure 1). Guanine radicals are one
of the initial forms of oxidative damage, allowing this
system to demonstrate an exquisite sensitivity for
potential DNA damage (35). Support for the role of
charge transfer in mediating glycosylase scanning
was shown by measuring DNA binding affinity with
highly oriented pyrolytic graphite electrochemistry,
demonstrating a shift in the redox potential by 200
mV (36). This assay demonstrated that the affinity
for duplex DNA increases by a factor of 1,000 when
the glycosylase iron-sulfur clusters are oxidized to the
+3 state (34). This implies that during times of high
oxidative stress (i.e., when there would be increased
DNA damage), more glycosylase molecules would be
bound to the DNA to facilitate scanning. In this model,
the electron from the original glycosylase is passed
through DNA mediated charge transfer to a second
glycosylase on the DNA. Only the pi-pi interactions
of undamaged, stacked, nucleotides will allow the
electron to traverse from protein to protein efficiently
(37). When damage is present in the DNA, these
interactions are distorted and the charge transfer
fails between proteins. Thus, the rate of glycosylase
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disassociation is reduced and the localization to DNA
damage is facilitated. This model would allow DNA
mediated charge transfer to scan the DNA for damage
rather than a glycosylase individually scrutinizing
each base in the genome.

Experimental evidence for the charge transfer
model has been observed using AFM. This assay allows
for the visualization of individual molecules localized
onto damaged DNA. By having both damaged and
undamaged DNA in the same solution, it was observed
that the glycosylases were much more attracted to the
damaged strand, even though they could not repair it
(34). To further test the sensitivity of DNA mediated
charge transport, Barton et al. compared matched
and mismatched DNA assembled on a gold electrode.
They determined that a single mismatch, which distorts
the DNA, greatly reduced charge transfer potential.
This system of damage detection helps to effectively
localize the glycosylases to regions of the genome that
have undergone damage, particularly during times of
high oxidative stress (38).

3.4. Excision strategies of DNA glycosylases

Glycosylases largely utilize base flipping
to insert a damaged base into their active site
binding pocket, where it is positioned for cleavage
of the N-glycosyl bond. To perform a base flip, the
DNA hydrogen bonds are broken along with the pi-
pi interactions of bases flanking either side of the
damage, swinging the base moiety 180° about the
axis of the phosphate backbone (30). The flipped
base or lesion then moves into a conserved binding
pocket, which contains variable sequence regions that
provide the specificity required for each glycosylase’s
respective target (39). The enzyme then “wedges” an
amino acid (see Table 1) into the DNA, stabilizing the
resultant orphan base (39). This wedge helps to lower
the energy barrier for base flipping. In TDG specifically,
an arginine residue (Arg275) wedges into the void
left by the flipped base. Recently obtained structures
show the carbonyl oxygen of Ala274 within hydrogen
bonding distance of the orphan base, and Arg275
moving in to stabilize phosphates on both sides of
the resulting abasic (AP) site (32, 40). Mutating the
wedge amino acid in UNG caused a drastic decrease
in catalytic efficiency (k_/K,,) of the cleavage reaction,
demonstrating the essential nature of the wedge
stabilization. See Table 1 for a description of several
amino acid wedges used during glycosylase excision
reactions (33, 41-47).

Although the vast majority of glycosylases
exhibit similar mechanisms, alternative mechanisms
do exist that are worth mentioning. For example,
studies of AIkD revealed a novel mechanism for
damage removal where flipping does not occur
(48). AIKD is a glycosylase from Bacillus cereus that
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binds alkylated purines. Rather than relying on the
standard nucleobase binding pocket and intercalating
amino acid wedge, Trp109 and Trp187 form CH-r
interactions with the nucleotide. Using this alternative
mechanism, AIkD is capable of excising larger lesions
because it does not need to envelop the lesion within
the binding pocket. It was suggested the binding
pocket may have more to do with facilitating the
removal of the base rather than increasing specificity
(48). Sometimes two base flips occur, as in bacterial
MutY, the homolog to mammalian MUTYH (49). In this
mechanism, the damaged nucleotide (often 8-0xoG)
flips into the binding pocket first. After this occurs, the
adenosine base pairing with the damage is flipped
into a second binding pocket, where it is excised.
Unlike most glycosylases, the damaged nucleotide
is not removed, as this would result in loss of genetic
information. Instead, it gives 8-oxoG another chance
to base pair with cytosine, and then be recognized
by another glycosylase (e.g. OGG1). This elegant
mechanism ensures accuracy as MUTYH removes
an undamaged nucleotide that would have caused a
transversion mutation if it were to remain unchecked.

From conformational changes tailored to
recognize the kinks in DNA formed by damaged
lesions to specialized electron transfers that identify
faults in the stacking of bases, recent advances have
begun unraveling the enigma of lesion detection by
glycosylases. It is through understanding this initial
step of BER that the mammalian response to oxidative
stress can be better understood.

4. FURTHER PROCESSING OF THE AP SITE

Apurinic/apyrimidinic sites (AP sites) are
among the most abundant oxidative DNA damage
and can occur as the result of either spontaneous
hydrolysis of the N-glycosyl bond or during removal
of the damaged base by a DNA glycosylase, leaving
the DNA phosphate backbone intact (as described in
section 3). AP sites are cytotoxic to the cell by blocking
DNA replication and transcription, and are mutagenic
because the bypass of AP sites by a polymerase can
result in base substitutions and insertions/deletions
(50, 51). Additionally, the chemical reactivity of these
AP sites can result in the formation of DNA breaks
as well as DNA-protein and DNA-DNA crosslinks
(52). The biological significance of AP sites and their
repair is highlighted by the embryonic lethality of
mammalian cells lacking APE1, the major BER enzyme
responsible for incising AP sites. Further reinforcing
the cytotoxicity of AP sites, it is believed the antitumor
agent leinamycin functions by forming AP sites (53).
Moreover, expression of an inactive variant of APE1,
which results in the accumulation of AP sites, has been
shown to enhance the effectiveness of DNA damaging
drugs (54). Hence, the repair of AP sites by BER is a
key part of maintaining genome stability.
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4.1. Endo- and exo-nuclease activities of APE1

APE1 is responsible for initiating the repair of
AP sites, with greater than 95% of the AP cleavage
activity in HelLa cell extracts being attributed to
APE1 (55). After an oxidatively damaged base is
removed by a monofunctional glycosylase in the
BER cycle, APE1 steps in to cleave the DNA at the
phosphodiester bond 5 of the resulting AP site,
leaving behind an intermediate with a 3’-hydroxyl
and 5-dRP termini (Figure 2A). The pre-steady state
kinetic description of strand incision by APE1 is that
rapid catalysis is followed by slow product release
(56). Rapid catalysis is vital for genomic stability given
the prevalence of AP sites in the genome, while the
slow catalysis step may conceal cytotoxic incised
BER intermediates during DNA-damage processing.
Alternatively, when the damaged base is removed by
a bifunctional glycosylase it results in a nicked DNA
intermediate with either a 3’-a,B-unsaturated aldehyde
or a 3'-phosphate, and a 5-phosphate. The 3’-end
groups resulting from bifunctional glycosylases can
be converted into a 3’-hydroxyl by APE1, resulting in
an alternative intermediate with a 3’-hydroxyl and a
5’-phosphate (Figure 2B). The resulting nicked DNA
BER intermediates are substrates for downstream
BER processing by pol B, as described in section 4.2.

X-ray diffraction and site-directed mutagenesis
experiments have shown that APE1 is composed of a
rigid globular nuclease domain and a flexible N-terminal
domain (57-59). The N-terminal domain is responsible
for the redox activity of APE1 and is thought to mediate
alternative APE1 functions, whereas the C-terminal
domain is responsible for DNA binding and the AP
endonuclease activity. The endonuclease domain of
APE1 belongs to the phosphoesterase superfamily
of enzymes that contain a common four-layered o/3-
sandwich structural core and bear variable loop regions
and active site characteristics to provide substrate
specificity (60). APE1 is a processive enzyme that
binds to the DNA and slides along the strand in search
of an AP site primarily through interacting with the DNA
phosphate backbone (61, 62). The original crystal
structures of APE1 complexed with DNA revealed a
“flipped out” AP site, reminiscent of that observed in
glycosylases, positioned within a baseless pocket
stabilized by four loops and an a-helix, leaving an orphan
base in the opposite strand (59). Specifically, APE1 is
proposed to stabilize the flipped out abasic residue via
a double-loop mechanism involving interactions with
both the minor and the major grooves at the AP site.
The other two loop domains also interact with DNA on
either the 5’ or the 3’ side of the AP residue to facilitate
the formation of a stable APE1:DNA complex. The role
of these additional loop domain interactions and active-
site residues in defining substrate specificity have been
further characterized using site-specific APE1 variants
(63, 64).
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Figure 4. High resolution substrate and product structures of APE1 led to a refined mechanism of strand cleavage. (A) Active site of APE1:DNA substrate
complex (PDB code 5DGO0). (B) Active site of APE1:DNA product complex (PDB code 5DFF). Waters are shown as blue spheres and metals are shown
as red spheres. Tetrahydrofuran, a stable AP site analog, is labeled as THF.

More recent high-resolution APE1 product
and substrate structures have provided additional
mechanistic details of the APE1 endonuclease
reaction (58). Figure 4A and 4B highlight the APE1
active site residues of these structures in complex
with DNA containing tetrahydrofuran (THF, a stable
AP site analog). These structures further elucidated
the mechanism of cleavage by APE1. Prechemistry
snapshots identified a single Mg?* is coordinated by
Asp70, Asp96, and a water that is in contact with the
non-bridging oxygen of the phosphate as shown in
Figure 4B. Additionally, the nucleophilic water is in
positon for inline attack on the phosphorus atom and
is highly coordinated by Asn212 and Asp210. The
structures imply a pentacovalent intermediate that is
stabilized by Mg?* and key active site contacts. It has
been proposed that during catalysis the metal shifts
to coordinate a phosphate non-bridging oxygen and
the newly generated O3’ (58). In addition to clarifying
the mechanism of APE1, the high-resolution product
structure identified novel contacts that mediate product
release during APE1 catalysis. Notably, product
release has been kinetically demonstrated to be the
rate limiting step of the reaction, and it is thought that
the enzyme evolved slow product release to protect the
cell from the potentially cytotoxic nicked intermediate
while the DNA is passed to the next enzyme, pol f3, in
the BER pathway.

Importantly, strand breaks with damaged
3’ DNA termini are created spontaneously by ROS
and are also generated during BER reactions as
intermediates, Figure 2B. Failure to resolve these
damaged “dirty-ends” can lead to errors and/or blocks
during DNAreplication and repair, and are consequently
associated with genomic instability and mutagenesis.
In addition to its AP endonuclease activity described
above, APE1 has also been shown to have 3' — 5

1501

exonuclease activity, and it has been suggested that
this exonuclease activity may be involved in cleaning
up DNA dirty ends. For example, 3’-phosphoglycolate
and 3’-phosphate sugar residues can be generated by
either ROS or an AP lyase at a strand break. Both of
these 3’-end groups can be recognized and removed
by APE1 (65-67). APE1 has also been shown to
remove oxidized bases and mismatches from 3'-
ends of DNA (68-71). The strategy by which APE1
modifies damaged 3’-termini is likely analogous to that
observed for its AP-endonuclease reactions; however,
the current lack of structural evidence prevents the
elucidation of the precise catalytic mechanism.

4.2. Lyase and polymerase activities of pol 8

It is the job of the multifunctional enzyme pol
B to further process the nicked BER intermediates
generated by oxidative base removal and subsequent
AP site cleavage. Pol B, at 39 kDa, is the smallest
of the eukaryotic polymerases, and has both 5-dRP
lyase and nucleotidyl transferase activities. Pol B's
8 kDa N-terminal domain contains the 5-dRP lyase
activity, while pol B’s polymerase activity resides in
the 31 kDa C-terminal domain (Figure 5A). Incision of
the AP site by a bifunctional glycosylase results in an
intermediate with a 5’-phosphate that does not require
the lyase activity of pol B (Figure 2B). In contrast, the
AP site incision by APE1 generates a DNA nick bearing
a 5’-dRP group that must be further tailored. The pol
B lyase activity excises this dRP group and leaves a
1-nucleotide gap with a 5’-phosphate. The processed
gapped DNA containing a 5’-phosphate is filled by pol
B’s polymerase activity, resulting in a 3’-nick substrate
that is sealed by the DNA ligase I1I/XRCC1 complex.

Pol B catalyzes the removal of the 5-dRP
from the cleaved AP site through a metal independent
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Figure 5. Structural overview of pol . (A) A ribbon representation of the pol B binary complex (PDB code 3ISB) highlighting the polymerase domain in
gray, lyase domain in magenta, and helix-N in blue. (B) Pol B open binary complex (PDB code 3ISB; blue helix-N) superimposed with the ternary complex
(PDB code 2FMS; green helix-N). The DNA is truncated in panel B for clarity.

reactioninvolving lysine mediated nucleophilicattack on
C1’ of the sugar to form a Schiff base intermediate (72,
73). Nucleophilic attack is followed by a B-elimination
reaction and release of dRP via hydrolysis. Crystal
structures of pol B bound to product and substrate
DNA demonstrate that for these molecular contacts
to occur the DNA is bent ~90° across the surface of
the protein, positioning the DNA for optimal enzymatic
activity (74). These structures also show that the 5
a-helices that constitute the lyase domain form a
lysine rich pocket that engages the 5’-end of the DNA.
Site-directed mutagenesis and mass spectrometry
experiments both suggest that N, of Lys72 within the
helical pocket acts as a potential nucleophile in the
lyase reaction (75, 76). However, a crystal structure
of pol B bound to nicked DNA containing a dRP
analog THF suggests that the proposed nucleophile,
N, of Lys72, lies further than thought from the 5’-dRP
and suggests that a 120° rotation of the flexible dRP
group about its 3’-phosphate occurs to reposition the
lesion for catalysis (77). Importantly, if the 5°-dRP is
not removed before the ligation step, the DNA ligase
reaction is inhibited, which can result in abortive
ligation and the formation of a 5’-AMP-dRP group. Pol
B was shown to be able to remove the 5-AMP-dRP
group from substrates that mimic BER intermediates
after abortive ligation using its dRP lyase activity, albeit
the reaction is weaker than that for the unmodified 5'-
dRP (78).

Pol B uses its DNA synthesis activity to fill the
single nucleotide gap that now occupies the position
where the oxidized base was, generating nicked DNA
that will successively be ligated to restore the native
DNA structure. Pol 8 binds the gapped DNA substrate
in an open conformation. In this binary, gapped DNA
complex, the DNA is sharply bent about 90° at the
5’-phosphodiester bond of the templating base as
it enters the polymerase active site exposing the
primer terminus base pair situated in the gap (79).
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A conformational change of the N-subdomain, and
specifically helix-N, occurs upon the binding of the
incoming nucleotide in which the enzyme transitions
from an open to closed conformation around the
nascent base pair (Figure 5B). This closed, pre-
catalytic, ternary complex, primed for nucleotidyl
transfer, contains both the catalytic and nucleophilic
divalent cations. Of note, the role of additional metal
ions has been revisited with the development of
time-lapse crystallography using pol B. These non-
traditional metal ions are an active area of research
and their mechanistic implications are still being
elucidated (80-82). Among subtle conformation
changes that occur, is the repositioning of the 3’-OH
of the deoxyribose at the primer terminus for in-line
attack on the a-phosphate (Pa) of the incoming dNTP.
Upon catalysis, pyrophosphate (PPi) is formed and
then released when pol 8 re-opens.

Importantly, pol B has been utilized to
elucidate essential mechanistic information on how
DNA polymerases handle oxidatively damaged DNA.
This includes scenarios in which pol B is tasked with
gap filling opposite a damaged base and when the
damaged base is in the incoming nucleotide. When the
damaged base, 8-0xoG, is in the templating positon
of single nucleotide gapped DNA, pol 8 binds to form
an open binary complex with the phosphate backbone,
and 8-o0xoG is in equilibrium between the anti- and
syn- conformations (83). Nucleotide binding causes
pol B to undergo closure, resulting in a stable ternary
complex poised for insertion that alters the 8-oxoG
conformational equilibrium. In the case of an incoming
dCTP, as shown in Figure 6A, the equilibrium is shifted
to the 8-oxoG(anti) conformation and is stabilized
by Watson-Crick hydrogen bonding interactions and
movement of the phosphodiester backbone away
from the adducted oxygen (O8). In the case of an
incoming dATP, the transition to 8-oxoG(syn) requires
contacts with both the active site and the incoming
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Figure 6. Pol B pre-catalytic complexes demonstrating varying strategies used to accommodate the oxidized DNA lesion, 8-0x0G. (A) 8-oxoG(anti) in
the templating positon opposite cytosine (PDB code 3RJI, gray carbons) overlaid with the guanine(anti):cytosine (PDB code 2FMP, yellow carbons). (B)
8-0x0G(syn):adenine with 8-0xoG in the templating position (PDB code 3RJF). (C) Incoming 8-oxodGTP(anti) opposite cytosine (PDB code 4UBC). (D)
Incoming 8-oxodGTP(syn) opposite adenine (PDB code 4UAW). Metals are shown in red.

dATP (Figure 6B). This is evidenced by the inability
of the incoming dATP to stably form a Hoogsteen
base-pairing interaction with 8-oxoG in the absence
of the Arg283 residue, which is a key minor groove
contact in the pol B active site. During subdomain
closure, wild-type pol B captures 8-oxoG through
hydrogen bonding interactions between Arg283 and
08 of 8-0xo0G, which is only observed when 8-oxoG
is in the syn-conformation. This syn-conformation is
further stabilized by the incoming dATP Hoogsteen
base pairing with the templating base to form the
final ternary complex poised for mutagenic insertion
(84). Overall, the structures reveal that the template
binding pocket will permit 8-oxoG to assume either the
anti- or syn- conformations and encode incorporation
of an incoming cytosine or adenine, respectively. Of
note, only a minor change in the phosphate backbone
conformation of the templating 8-oxoG is required to
relieve the steric clash of O8 with the sugar-phosphate
backbone in the anti-conformation.

Alternatively, in the case of insertion of the
oxidized nucleotide 8-oxoGTP, different structural
rearrangements are needed for nucleotidyl transfer,
as shown in Figure 6C and 6D (82). Specifically, an
intermolecular stabilizing hydrogen bond between
Pa with N2 occurs during the mutagenic insertion
of 8-oxodGTP(syn) (Figure 6D). Alternatively,
an additional divalent metal cation interacts with
Pa of 8-oxodGTP(anti) during its non-mutagenic
insertion opposite cytosine, effectively alleviating
the clash between O8 and Pa without the Pa having
to be repositioned, as observed in the templating
8-oxoG(anti) (compare Figure 6C and 6D). With
either templating base, post-catalysis the hydrogen-
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bonding interactions between the bases are lost and
the polymerase reopens, similarly to as it does with
an incorrect (non-damaged, mismatch) insertion,
suggesting 8-oxoGMP promotes genome instability via
exposing the cytotoxic nicked DNA repair intermediate
(80, 82). The biological implications for the insertion of
oxidized nucleotides is an area of active research by
multiple groups to target the DNA damage response in
cancer cells (85-87).

4.3. Ligation and final repair of DNA

Ligation during BER occurs via a DNA ligase
II/XRCC1 complex following pol B nucleotide insertion
and generation of a 3’ nicked BER intermediate. If pol
B were to insert an incorrectly matched or oxidatively
damaged nucleotide into the gapped DNA, the resulting
nicked product can potentially be passed on to DNA
ligase Il for nick sealing. However, the presence of the
modified or mismatched base pair at the 3’-end of the
nick could lead to ligation failure and formation of an
abortive ligation product with a 5’-adenylate (5’-AMP)
group (88-90). Furthermore, if pol B does not remove
the 5’-dRP of an AP site using its lyase activity prior to
the ligation step, DNA ligases can generate abortive
ligation products with a 5’-adenylated dRP containing
BER intermediate (78). A similar situation can occur
when a ligase is confronted with DNA single-strand
breaks resulting from direct oxidation, such as DNA
nicks with 3'-AP sites and RNA-DNA junctions that
occur during ribonucleotide excision repair (65). These
5-adenylated BER intermediates with 3’-damaged
bases could potentially become mutagenic or
cytotoxic, leading to abnormal DNA replication and/
or double-strand breaks. Therefore, the efficient repair
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of the 5’-adenylated BER intermediates by DNA end-
processing enzymes is critical to cell viability and
genomic stability during oxidative stress.

It is possible that the presence of a damaged
base 3’ the DNA nick after pol 8 gap-filling synthesis and
ligation failure could lead to BER pausing. Moreover,
in contrast to the insertion of a normal guanine, after
8-0xodGMP is inserted, pol B’s active site rapidly
opens and the Watson-Crick base pairing interaction
is lost (82, 84). This conformational change could
possibly disrupt channeling of the substrate from pol
B to DNA ligase in the BER pathway and consequently
alter the normal coordination during repair. It is also
conceivable that the BER intermediate possessing the
5-AMP group could serve as a signaling mechanism
to trigger recruitment of DNA end-processing enzymes
(88). After end-processing, pol 8 would have another
opportunity at the gap-filling step. If a correct nucleotide
is inserted, the DNA ligase would ideally be able to
successfully join 5-phosphate and 3’-OH groups to
complete the repair.

Aprataxin (APTX), a member of the histidine
triad (HIT) superfamily, resolves the abortive DNA
ligation products by 5’-AMP removal, thereby restoring
the 5’-phosphate group at the nicked DNA terminus,
and allowing another attempt at the ligation (88, 91).
Alternatively, long-patch BER can be utilized to remove
5’-end-blocking lesions via FEN1’s flap excision activity
(25). Other mechanisms proposed to remove blocked
5-ends involve the lyase activity of polynucleotide
kinase phosphatase (PNKP) or Ku70/80 (92, 93).
Additional repair mechanisms serve to resolve the
problem of the 3’-end damage that leads to abortive
ligation. These enzymes include DNA glycosylases,
APE1, APE2, and tyrosyl-DNA phosphodiesterase
1 (Tdp1) (65). Tdp1 is a general 3’-end-processing
DNA repair enzyme that acts on mismatched 3’-ends
of DNA substrates (94). As discussed in section 4.1.,
it has been postulated that APE1 may be involved in
BER proofreading of DNA pol 3. XRCC1 could also
play a role in the recruitment of DNA end-processing
proteins involved in reversal of impaired BER due to
lack of normal coordination between pol B and DNA
ligase in the last step of the BER pathway (88).

5. BER MULTI-PROTEIN CO-COMPLEXES
5.1. Scaffolding proteins

BER is a complex process that requires
multiple proteins to protect the DNA damage
intermediates generated during the course of repair. As
would be expected with such a complex process, there
are proteins that help to recruit and provide scaffolding
roles. A key protein involved in the recruitment and
signaling to other DNA repair proteins is poly(ADP-
ribose) polymerase 1 (PARP-1). In response to
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oxidative stress, PARP-1 binds efficiently to sites of
DNA breaks, nicks, gaps, and other lesions, which
stimulates the addition of repeating ADP-ribose units,
or “PAR” chains as a post-translational modification.
This assembly of PAR chains by PARP-1 is achieved
by transferring the ADP portion of NAD+ to an acidic
residue via a unique O-glycosidic ribose-ribose bond
(95). The accumulation of PAR chains, especially on
PARP-1 itself (and its homolog PARP-2), promotes
the recruitment of BER components such as XRCC1,
APE1, pol B and DNA Ligase Il (96-100). While 90% of
PAR chains occur on PAR itself, the other 10% of PAR
modifications are predominantly placed on histones
and chromatin-associated proteins, which alter DNA
super structure and increase accessibility of BER
enzymes to the DNA (101-103). In addition, studies
performed with purified PARP-1 and APE1 revealed
that PARP-1 is able to stimulate APE1 strand incision
activity (104). The multifunctional role of PARP-1 in
recruiting and modifying the BER complex makes this
protein a complex scaffolding-like enzyme, which has
resulted in a plethora of studies aimed to elucidate its
molecular functions.

The other key scaffolding protein during BER
is XRCC1. XRCC1 is a non-enzymatic scaffolding
protein that has been proposed to be dependent on
PARP-1 recruitment in order to repair oxidative purine
base damage, such as 8-oxoG (105). XRCC1 also
interacts with itself and rapidly accumulates at sites of
DNA damage. XRCC1 interacts with, stabilizes, and
stimulates BER repair complexes through interactions
with its N-terminal domain and two BRCT (BRCA1
C-terminal) domains (106-108). The N-terminal
domain (NTD) binds pol B with high affinity (109).
X-ray crystallography studies of XRCC1 show that the
NTD of XRCCH1 interacts exclusively with the thumb
subdomain of pol B and that the architecture of this
complex excludes direct interactions between XRCC1
and the DNA in the immediate vicinity of the gap (110).
The study also revealed that an oxidized form of
XRCC1-NTD exhibits enhanced affinity for pol § and
suggested that the formation of a disulfide bond could
regulate repair pathways involving the XRCC1/pol B
complex. It has been demonstrated that for efficient
ligation, XRCC1 forms a strong complex with DNA
ligase lll that is mediated by interactions between
the C-terminal BRCT domains on both proteins (111).
The structural architecture of this interaction was
further explained by X-ray crystallography structures,
which revealed the structural basis of BRCT-mediated
dimerization (112).

5.2. Substrate channeling
Importantly, while each step of BER can
be performed in isolation in vitro, biochemical and

structural biology studies support a model in which
the proteins of BER channel the DNA in a concerted,
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cooperative fashion (59, 113, 114). It is believed that
BER enzymes facilitate the channeling by forming a
co-complex which passes cytotoxic DNA intermediates
step-by-step through the repair pathway. Specifically,
biochemical studies with purified human BER
enzymes revealed substrate channeling from APE1
to pol B and then to DNA ligase by preloading the
enzyme(s) onto DNA and initiating the reactions in the
presence of a trap, designed to prevent any unbound
enzyme from participation in the reaction (115, 116).
After APE1 cleaved the AP site, pol B performed its
dRP removal and gap-filling reactions, and the nicked
DNA product was channeled to the ligation step
where DNA ligase catalyzed the phosphodiester bond
formation between the 3’-OH and 5’-phosphate groups
of the DNA nick. These studies provided the first direct
evidence of substrate channeling in vitro. Additionally,
a direct physical interaction between glycosylase
MUTYH and APE1 has been demonstrated through
co-immunoprecipitation and GST-pulldown assays,
and more recently NMR chemical shift perturbation
experiments were used to identify APE1 residues
that contact the flexible inter-domain connector (IDC)
region of MUTYH (117, 118). Looking at a subset of
different glycosylases, pre-steady state fluorescence
kinetic analyses indicated that the direct transfer of
DNA via transient DNA glycosylase and APE1 protein-
protein interactions may be universal (119). Recent
fluorescence and light scattering binding studies
provided direct physical evidence for the formation
of a very stable complex between XRCC1 and pol
(120). Combined, these studies indicate that substrate
channeling occurs in vitro under controlled conditions.
It remains to be discovered if this phenomenon also
occurs in vivo.

6. BER AND HUMAN DISEASE

Genetic stability is of paramount importance,
not only for the avoidance of disease, but also for cell
survival itself. The BER pathway, which is the cell’s
primary tool for repairing oxidative DNA damage, is so
vital for life that it has proven difficult to directly relate
the ablation of an individual protein in the pathway to a
distinct disease, as attempts to generate homozygous
knockout models of many BER enzymes quickly
results in the organism’s death (121). That being said,
experimentalists have found ways to alter expression
levels of BER enzymes, and epidemiologists have
correlated aberrant BER function with a propensity
towards a handful of human diseases. These studies
have underscored the biological importance of BER
during the oxidative stress response, as discussed
here.

6.1. BER knockout models

A majority of mouse models in which both of
the alleles for a single glycosylase have been knocked
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out produce viable offspring, and surprisingly show
minimal phenotypic deviations (121). As an attempt
to explain the viability of these knockouts, it has been
proposed that the redundant nature of glycosylases,
in terms of DNA damage targets, causes the loss of a
single glycosylase to be compensated for by another.
For instance, OGG1, NTHL1, NEIL1, NEIL2, and
NEIL3 all target Fapy lesions (Figure 1 and Table 1). In
contrast, TDG has proven to be the exception to this
trend because a homozygous knockout resulted in an
embryonic lethal phenotype. Increasing evidence is
arising to support it is likely TDG'’s epigenetic function
that causes this lethality as opposed to its role during
BER (122, 123). The detrimental effects were seen
when glycosylase knockout models were laden with
increased oxidative stress or in cases in which multiple
glycosylases were knocked out. MPG (the primary
glycosylase dealing with alkylated damage) knockout
mice were put under conditions of high oxidative
stress and exhibited an elevated susceptibility to colon
cancer and a rise in DNA damage levels, possibly
implicating MPG in the oxidative stress response (124).
Simultaneously knocking out OGG1 and MUTYH, both
of which prevent transversions caused by 8-oxoG,
showed increased incidence of small intestine and
lung cancer in mice. This further supports the idea
that redundancy among glycosylases may explain
why single knockouts are viable and underscores the
notion that the biological response to oxidative stress
has evolved to have redundant enzymes to handle the
genomic burden that oxidative DNA damage places on
the genome (125).

It has proved more difficult to create
homozygous knockout models of the BER proteins
downstream of glycosylases (Figure 2), which is in
part explained by the lack of mechanistic redundancy
for these enzymes. APE1 homozygous knockouts
are embryonic lethal, for instance (121). However,
a mouse model where a single allele of APE1 has
been knocked out was created to determine the
effects of sharply decreased APE1 expression; the
study found up to a 5-fold increase in microscopic
tumor formation (126). Furthermore, this mouse
model presented increased liver apoptosis when
exposed to 2-nitropropane, which generates oxidative
stress (127). Similar to APE1, the pol B homozygous
knockout mice have an extremely short lifespan of only
a few hours (128). Instead of a knockout, a model was
created with a variant of pol B (Y265C) that impaired
its polymerase activity, and although a majority died
quickly after birth, the survivors showed an increase
in DNA damage, particularly double strand breaks.
Additionally, these mutant mice were sensitive to
methyl methanesulfonate (MMS), a DNA damaging
agent (128). Even after expression of the mutant
phenotype was ablated, the cancerous phenotype
lingered, implying that the cellular transformation
was due in part to mutations created by mutated pol
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B (129). Knocking out the scaffolding protein XRCC1
in mice is also embryonic lethal, but studies with one
allele knocked out show similar phenotypes to other
essential BER proteins: a largely normal phenotype
with an increased sensitivity to DNA damage (130,
131). The body of work as a whole stresses the vital
importance of having functional BER capacity, but also
that even large reductions of functionality can be lost
with little consequence during times of low oxidative
stress.

6.2. BER’s role in neurological disorders

Around 20% of oxygen taken in by the body
is used for cerebral activities (132). This high rate of
oxygen consumption requires functional BER enzymes
to repair potential lesions caused by an environment
containing a high number of ROS. Alterations in BER
function have been linked to Alzheimer’s disease (AD),
Huntington’s disease (HD), and other neurological
disorders. Patients with AD show decreased levels
of OGG1 and higher levels of 8-oxoG, suggesting
dysfunctional BER (133, 134). Other glycosylases have
also been linked to the disease; post-mortem analyses
of brain tissues from ten patients with sporadic AD
showed a sharp decrease in protein levels of UNG
(135). Contradictory results have been published
on the role of APE1 in AD. One study, examining
expression levels in the brain of ten AD patients and
ten controls showed similar expression levels of active
APE1 in both populations. (135). A contradictory study
found increased expression levels of APE1 in the brain
tissues of AD patients (136). It has been suggested that
different tissue handling protocols could account for
these discrepancies, and for now APE1’s involvement
in the disease remains unclear (135).

Patients with AD display pol B expression
levels of around 25% compared to healthy individuals
within homogenized brain samples (135). In addition
to expression levels, Weissman et al. analyzed overall
BER pathway activity by measuring damage excision
and gap filling capacities. Samples from patients with
mild cognitive impairment (an AD precursor) had 0.38
times control activity, and AD was 0.12 times the
control, highlighting the continued reduction of BER
as AD progresses. These results are consistent with
pol B knockdown models in an AD mouse that showed
an increase in synaptic problems as observed in AD
patients (137). An increase in PARP-1 has also been
implicated in neurodegenerative diseases, along with
other chronic health conditions (138-144). In cases of
high oxidative stress, the increased PARP-1 response
can be especially toxic in neuronal cells, causing
necrosis (145). Because oxidative damage increases
with age, the loss of neurons via this increase in the
PARP-1 response to DNA damage has been proposed
to be a source of the aging and AD phenotype (146).
In both cases, PARP-1 inhibitors are a potential point
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of intervention to block the downstream effects of
oxidative damage in the brain. These inhibitors have
recently been shown the ability to modulate some
effects of AD pathogenesis (147). Regulation of PARP-
1’s function, via inhibitors, in DNA maintenance and
nuclear signaling has made impacts in neurological
disorders, and has the potential to aid in the treatments
of other human diseases (148).

Although it appears that in AD, lower BER
activity is correlated with BER expression, an entirely
separate class of diseases exhibits nearly the exact
opposite; namely, diseases caused by trinucleotide
repeats (TNR), such as Huntington’s disease (HD).
This emphasizes the importance of a balance in BER
during the development of human diseases. Figure
7 illustrates the importance of the proper balance
of BER activity during times of both high and low
oxidative stress with an imbalance promoting adverse
human health impacts. HD has been characterized
by the excessive copying of trinucleotide CAG within
the coding region of the HD gene, up to hundreds of
thousands of times (149). The severity of the condition
is dependent on the number of CAG repeats, with the
longer the repeat the more debilitating the disease
(149). Cell cultures isolated from HD patients were
treated with hydrogen peroxide to induce oxidative
stress conditions. These cells showed a marked
increase in CAG expansion rate, highlighting the
close relationship of this disease to oxidative stress.
BER proteins were shown to promote CAG expansion
in vitro using OGG1, APE1, and pol B. The in vitro
results showed a direct CAG expansion in the strands
containing regions with repeating CAGs compared
to strands lacking the CAG repeats (149). Further
exploration of repeat expansion system revealed that
disrupting the coordination between pol § and FEN-1
increases repeat expansion (150). A proposed model
for the mechanism of TNR expansion in HD is that two
CAG repeats form a hairpin after 8-0xoG is removed
from the template by BER. This hairpin escapes
cleavage by FEN-1 and is stabilized by mismatch repair
proteins MSH2 and MSH3. Subsequently, the nick is
resealed, causing six nucleotides to be present in the
DNA strand where there previously was only three.
During somatic expansion, the daughter strand of DNA
is replicated with the CAG repeats, and the repeat
expansion cycle can continue during subsequent
rounds (149). The implications for this model go
beyond HD, as CAG repeats alone are responsible
for many other diseases including: dentatorubral-
pallidolyusian atrophy, spinal and bulbar muscular
atrophy, and forms of spinocerebellar ataxia’s (151).
Similar to CAG repeats, CTG repeats also cause a
host of disorders, depending on where in the genome
the repeat occurs. These diseases include: Fuchs
endothelial corneal dystrophy, Huntington’s disease-
like 2, myotonic dystrophy 1, and spinocerebellar
ataxia 8 (151).
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Figure 7. An illustration of the importance of balance in BER. (A) In conditions of low oxidative stress, a person with low BER could still be disease free,
as would a person with normal or high BER. (B) When oxidative stress rises, a person with low BER is at risk for disease; in this case, AD or cancer could
result. (C) In conditions with high oxidative stress, a person with balanced BER can results in no disease. (D) In conditions with high oxidative stress and
overactive BER, the balance shifts, and a person would have an increased risk of HD, cancer, and asthma.

Other notable diseases that underscore the
intimate relationship of BER to oxidative stress include
asthma and ischemia/reperfusion (I/R) events. Mouse
models for asthma have shown that knocking down
OGG1 decreased airway inflammation, alleviating
asthmatic symptoms (152). Recent studies have
further elucidated the relationship between ROS
mediated inflammatory signaling and BER; namely,
evidence for a role beyond damage excision for
OGG1, where it forms a complex with 8-oxoG in order
to activate small GTPases such as RAS and RHO
(recently reviewed here (153)). During events where
an organ loses blood supply, such as a heart attack or
stroke, much of the tissue damage occurs during blood
reperfusion in response to the flooding of oxygen to
the tissue. In rats, mRNA analysis of OGG1 levels
were shown to increase after an induced ischemia/
reperfusion event (154). These higher expression
levels of proteins involved in BER correlate with tissue
and oxidative DNA base damage (155). The balanced
and functional coordination of BER plays a key role in
the prevention of disease within tissues that have a
high oxygen exposure, such as lungs and airways, and
also in tissues which require high oxygen consumption
rates, such as neurological systems.

6.3. BER and Cancer
As cancer is caused by DNA mutations, it

should come as no surprise that there is a link between
the function of DNA repair enzymes, oxidative stress,
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and cancer. The maintenance of highly functional
excision repair is reliant not only on the abundance
of functional DNA repair proteins, but also upon the
balance between these enzymes (Figure 7). Although
mutations that reduce the functionality of key enzymes
have been shown to predispose patients to certain
cancers, epidemiological studies suggest that even
single nucleotide polymorphism (SNPs) far from the
active site of such enzymes can alter cancer rates. It
is perhaps even more surprising to consider that the
upregulation of DNA repair enzymes, such as APE1,
can actually increase the rate of mutation, accentuating
the fact that BER is not a risk-free procedure (156).
Alternatively, in a cell's efforts to conserve one
nucleotide in a gene, single strand breaks (among
other highly reactive species) are created, which pave
the way for even more catastrophic double strand
breaks when a balance between the repair enzymes is
not maintained (see Figure 7).

Missense and nonsense mutations in
MUTYH (the glycosylase that removes adenosine
opposite 8-o0xoG, see Table 1) can result in MUTYH-
associated polyposis, which is characterized by an
increased propensity towards forming polyps in the
colon caused by a variety of missense and nonsense
variants in the MUTYH gene (157). These polyps are
often precursors to tumors, therefore the 1% of the
population with MUTYH mutations are considered to
be at an increased risk for developing colon cancer.
Mechanistically, G:C — T:A transversion mutations
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are presumably brought on by elevated levels of
8-oxoG, thus highlighting the relationship between
BER, oxidative stress and cancer (157). The D239Y
variant of NTHL1 (Table 1) occurs in around 6.2% of
the population, resulting in loss of activity, while still
retaining the ability to bind the oxidatively damaged
DNA. This leads to blocked replication, chromosome
damage and a cancerous phenotype (158). Mutations
in UNG (Table 1), a glycosylase responsible for uracil
removal, can cause hyper-IgM syndrome type V (157).
Symptoms of this disease include immunodeficiency,
making patients highly susceptible to infections (157).
Overall, epidemiological studies of human patients
with mutations in glycosylase genes show higher
incidents of a variety of types of cancers, despite the
redundancy in the glycosylase targets.

APE1 introduces a potential degree of
genomic instability by creating a single stranded
break (SSB) during DNA repair (see section 4.1.).
This break can be highly mutagenic if not processed
properly. Therefore, not surprisingly, dysfunction in
APE1 expression or activity has been associated
with cancer (156). During times of higher genotoxic
stress, such as multiple SSBs, the tumor suppressor
p53 reduces the expression level of APE1. This
protects the genome from additional single stranded
breaks, giving the cell time to properly repair the
damage. In the greater than 50% of human cancers
that contain p53 mutations, abnormally high levels of
APE1 could contribute to increased mutagenesis and
tumor progression (156, 159). The post translational
modification acetylation, which is thought to increase
APE1’s activity, is elevated in primary tumor tissues,
suggesting that minor changes in function without
changes in expression can modify tumorigenesis (160).
SNPs within the APE1 gene are also associated with
cancer and can cause cytotoxicity by altering substrate
binding affinity and catalytic efficiency. D148E is
one of the most extensively studied and frequently
observed APE1 polymorphisms, at an allele frequency
of 0.38 (161, 162). According to one meta-analysis,
D148E is associated with colorectal cancer (163). A
second APE1 polymorphism, L104R, has diminished
endonuclease activity and interferes with APE1
protein-protein interactions, including XRCC1 and pol
B (162). A third common APE1 polymorphism, R237C,
displays a near 60% reduction in exonuclease activity
and also has an impaired association with XRCC1 and
pol B (162, 164). These alterations to APE1 activity
and correlation with cancer progression again display
the advantage of a balanced BER system to maintain
genome stability.

Strikingly, approximately 30% of all tumors,
regardless of tissue type, exhibit a mutated variant of
pol B (165). Mutations in pol B8 have been particularly
associated with human colorectal cancer (166). One
explanation for this high correlation is that when the
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pol B protein contains a mutation that decreases its
specificity, more genomic mutations can be created
via DNA polymerase misinsertions to promote cancer
progression. In a study expressing a single pol
mutation (G231D) near the protein:DNA interface,
genomic instability was observed. Additionally,
the variant K289M has been shown to enhance
mutagenesis within the genome by reducing the
ability of pol B to insert the correct nucleotide (i.e.
fidelity) (167). The pol B P242R variant displays poor
enzyme catalysis, which increases chromosome
aberrations and induces cellular transformation (168).
During times of high oxidative stress, it is important to
also consider that nucleotide damage does not only
occur in genomic nucleotides, but also within the free
nucleotide triphosphate pools. Mutations that reduce
the fidelity of pol B’s nucleotidyl transferase reaction
stand to render the entire BER pathway futile; for
example, the insertion of the nucleotide 8-oxodGTP
instead of a guanine will require another round of
DNA repair to remove the DNA polymerase generated
DNA damage. Overall, dysfunctions in pol B are a
potential source of further genomic instability and can
lead to additional complications and futility in the BER
pathway during situations with high oxidative stress.

The scaffolding protein XRCC1 does not have
an enzymatic function, but still has been identified
in epidemiological studies as being associated with
cancer. Specifically, common SNPs in XRCC1 can
promote genomic instability by altering the ability of
XRCC1 to function as a scaffolding protein during
repair. The R399Q variant of XRCC1 has been shown
to be associated with both breast and pancreatic
cancer (169, 170). The XRCC1 polymorphism R194W,
also associated with breast cancer (171), results in
decreased repair of oxidative lesions like 8-oxoG due
to its weakened ability to associate with glycosylase
OGG1 (172). Importantly, this lack of repair produces
a buildup of oxidative lesions, causing further damage
to the cell. These mutations are only a sample of what
is known; with the development of third generation
sequencing, many more problematic mutations within
BER enzymes that mediate biological function may be
illuminated in the future.

Although it may initially seem counterintuitive
to inhibit DNA repair pathways in patients already
suffering from cancer, recent experimental efforts that
target BER as a means to further sensitize cancer cells
to therapeutic agents have been encouraging. This
is because a vast amount of treatments that target
rapidly dividing cancer cells act through increasing the
amount of DNA damage. BER serves as a key player
in repairing the damage generated by therapeutic
drugs classified as monofunctional alkylators and
antimetabolites (including 5-fluorouracil, thiopurines,
and folate analogs) (86). PARP-1 activation, such as
after a DNA damaging cancer treatment, depletes the
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nucleus and cytoplasm of NAD*, effectively blocking
glycolysis, and leaves mitochondrial metabolism
intact (173). This cascade activates cellular necrotic
pathways to induce cell death in cancer cells exhibiting
dependence on glycolysis due to the Warburg effect.
Aside from reducing BER in combination with DNA
damaging therapies, other therapies not specifically
targeting DNA, such as ultrasound therapies, show an
increase in efficacy when BER proteins are reduced
(174). Because so many cancer treatments rely on
inducing a lethal amount of mutations, reducing the
capacity for repair in conjunction with well-established
cancer therapies stands to impact not only the efficacy
of treatment, but also the dose of the treatment. This
combination approach to improve cancer therapy
shows promise in both improving efficacy of treatment
and improving quality of life for the patients undergoing
treatment.

Aside from inhibiting BER in combination
with traditional cancer therapeutics, other DNA-repair
targets have recently come to light that would work as
stand-alone medications in cases with specific genetic
backgrounds. PARP-1 has been shown to be a pivotal
protein target in cancers with BRCA (BReast CAncer
gene) mutations, leading to the recent approval of
the PARP inhibitor, Olaparib, as a cancer therapeutic
(175). This is intriguing considering PARP-1 is non-
essential in normal cells, but the loss of PARP-1
in BRCA-deficient cancer cells is detrimental. This
functional dependence between BRCA and PARP-1 is
termed as synthetically lethal (176). The FDA approval
of Olaparib was the first instance of a synthetic-
lethality-based drug achieving success in the clinic
(177-179). In the case of cancers containing BRCA
mutations, PARP-1 inhibition causes chromosomal
instability, cell cycle arrest, and subsequent apoptosis.
Mechanistically, BRCA mutations lead to deficiencies in
homologous repair and the inhibition PARP-1 stalls the
BER pathway, causing cancer-specific ineffective DNA
repair (180). Other cancers with upregulated PARP-
1, which is thought to occur to facilitate the increased
need for repair in an oxidative tumor environment, may
also be susceptible to PARP-1 targeting, especially
as a combined therapy. As more information about
the mechanisms of BER mediated DNA repair are
understood, new therapies based on synthetic lethality
can be developed, leading to better treatment efficacy
and quality of life for patients.

7. PERSPECTIVE

Nucleotides, the building blocks of the
genome, must maintain a balance between reactivity
and stability. Without reactivity, replication would be
energetically unfavorable and repair could not occur.
Without stability, an abundance of mutations would
quickly render translated proteins dysfunctional and
essential genetic content would not persevere from
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generation to generation. Oxidative stress disrupts
this delicate equilibrium, inducing the generation of
mutagenic lesions with a wide variety of shapes and
sizes, and consequently reducing vital genomic stability
(Figure 1). To counterbalance this disruption, DNA
repair pathways such as BER mitigate the dangers of
oxidative stress by scanning the genome for damage,
removing mutagenic lesions, and replacing the gaps
left behind with the proper sequence.

Advances in structural biology have
complemented standard biochemical and cellular
biology techniques to elucidate many of the individual
mechanisms of key BER enzymes. To this end,
atomic resolution crystal structures of almost every
BER enzyme have been solved, with many of these
structures being protein:DNA complexes, providing
previously elusive details to the enzymes’ mechanisms
of handling DNA damage and/or DNA-repair
intermediates. Expanding on these methodologies,
such as time-lapse X-ray crystallography, to additional
DNA-repair enzymes and types of oxidative DNA
damage stands to add even further clarity to these
complex mechanisms. As technology continues to
improve, other approaches such as in singulo studies
capitalizing on fluorescence based approaches and
atomic force microscopy will illuminate implications
of the BER pathway within the context of visualizing
protein-protein interactions in transient BER multi-
protein co-complexes. These types of studies will
be particularly relevant for expanding upon the
understanding of how cytotoxic BER intermediates are
protected as they are passed from step to step during
a BER cycle (Figure 2). Additionally, the generation
of increasingly high-resolution protein co-complex
structures with techniques such as cryo-electron
microscopy and free-electron laser crystallography
(where traditionally sized crystals are not needed)
could finally provide the advances to solve elusive
BER enzyme structures such as NTHL1 and larger
multi-protein co-complex structures.

Filling knowledge gaps from a mechanistic
perspective has led to an improved understanding
of the many diseases that are mediated by oxidative
stress and BER, as well as bringing to light new
treatments that stand to have higher efficacy and better
quality of life for patients. Already, inhibitors of DNA
repair, such as Olaparib, are being utilized as a way to
sensitize treatment-resistant cancer cells to other DNA
damaging therapeutics. In the near future, other DNA
repair inhibitors may be developed that target binding
pockets and key protein interactions that will be better
understood through structural advances, allowing
for alternate treatment strategies for patients with
cancers that would not have responded to traditional
therapeutics. For cases with dysfunctional BER,
therapies based on altering signaling pathways that
manage BER protein level could be on the horizon,
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restoring the equilibrium to a functional state. With
the power to alter BER activity, many of the diseases
discussed in this review stand to be ameliorated.
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