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Abstract

The following mini review summarizes recent research from the Author’s laboratory as presented
to the Environmental Mutagen Society in October 2012. It provides an overview of the DNA
glycosylases that recognize oxidized DNA bases using the Fpg/Nei family of DNA glycosylases
as models for how structure can inform function. For example, even though human NEIL1 and the
plant and fungal orthologs lack the zinc finger shown to be required for binding, DNA crystal
structures revealed a “zincless finger” with the same properties. Also the “lesion recognition loop”
is not involved in lesion recognition rather stabilization of 8-0xoG in the active site pocket. Unlike
the other Fpg/Nei family members, Neil3 lacks two of the three void-filling residues that stabilize
the duplex and interact with the opposite strand which may account for its preference for lesions in
single stranded DNA. We also showed, using single molecule approaches, that DNA glycosylases
search for their substrates in a sea of undamaged DNA by using a wedge residue that is inserted
into the DNA helix to probe for the presence of damage.
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Oxidation of DNA Bases

Reactive oxygen species (ROS) cause a broad spectrum of damage to DNA bases and as
well produce strand breaks and sites of base loss (for reviews see(Duclos et al. 2012b;
Halliwell and Gutteridge 2002; Jezek and Hlavata 2005)). The most common source of ROS
is the mitochondria, where about 1% of the oxygen intake results in the production of the
superoxide anion radical O,°". This radical can either be hydrated to form the highly
reactive hydroxyl radical, *OH, or be converted by superoxide dismutase to hydrogen
peroxide. Hydrogen peroxide can also produce hydroxyl radicals in a Fenton reaction which
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occurs in the presence of transition metals. Superoxide anion radical can react with *NO to
produce peroxynitrite and in the presence of other reactants can also lead to the formation of
hydroxyl radicals. Hydroxy! radicals themselves are highly reactive and generally interact
with the molecule closest to them after their formation. In contrast to hydroxyl radicals,
hydrogen peroxide and *NO can travel long distances throughout the cell. Low levels of
hydrogen peroxide and other ROS are used in a variety of cell signaling processes (for
reviews see (Azad et al. 2010; Funato and Miki 2010; Hamanaka and Chandel 2010; Kar et
al. 2010; Morgan and Liu 2011; Pendyala and Natarajan 2010)), therefore, a steady state
level must be maintained by enzymes such as glutathione reductase and catalase.

Cytochrome P450-dependent reactions produce ROS by peroxisomes, macrophages,
neutrophils, endothelial cells and lipoperoxidation. Higher levels of ROS are also formed by
a number of drugs and xenobiotics, ultraviolet light and ionizing radiation and by any agents
that induce inflammation. lonizing radiation is the most well-studied source of hydroxyl
radical production which occurs during the radiolysis of water (von Sonntag 1987).

The structures of lesions produced by ROS were determined in the middle of the last century
by radiation chemists who analyzed the damaged bases resulting from irradiation of DNA in
vitro (for reviews see (Breen and Murphy 1995; Dizdaroglu 1992; Dizdaroglu et al. 2002).
The major pyrimidine products come from the C5-OH™ adduct radical with the thymine
radical leading to thymine glycol (Tg) and the cytosine radical leading to cytosine glycol.
Cytosine glycol is unstable and deaminates to uracil glycol which can then dehydrate to 5-
hydroxyuracil (5-OHU) or cytosine glycol can directly dehydrate to 5-hydroxycytosine (5-
OHC) (Dizdaroglu et al. 1986). The major purine products are derived from the C5-OH™
adduct radicals of guanine and adenine (for reviews see (Breen and Murphy 1995;
Dizdaroglu 1992; Dizdaroglu 1998; Steenken 1989)) and, depending on whether the
conditions are oxidizing or reducing, lead to 8-oxoguanine (8-oxoG) and 8-oxoadenine or
2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) and 4,6-diamino-5-
formamidopyrimidine (FapyA). Guanine has the lowest redox potential of the four bases and
readily oxidizes to 8-oxoG which is probably the most highly studied base lesion although
FapyG is likely to be at least as important (Liu et al. 2010). 8-oxoG also turns out to have a
lower redox potential than any of the four normal bases and can be further oxidized to a
number of products, the most studied are spiroiminodihydantoin (Sp) and
guanidinohydantoin (Gh) (for reviews see (Burrows 2009; Neeley and Essigmann 2006)). 2-
hydroxyadenine can also be formed by hydroxyl radical attack at the C2 position of adenine
(Lesiak and Wheeler 1990)

Oxidized DNA base lesions are recognized in cells by enzymes called DNA glycosylases
which are the first enzymes in the base excision repair pathway, a repair pathway that is
highly conserved from bacteria to humans (Duclos et al. 2012b). Although some base
lesions are benign, most oxidized DNA base lesions if left unrepaired can be lethal and/or
mutagenic (Duclos et al. 2012b) and thus initiate carcinogenesis (for a review see (Wallace
et al. 2012)). Over the years our laboratory has been asking how oxidized DNA bases are
repaired with an emphasis on glycosylase structures and substrate preferences (for a review
see (Prakash et al. 2012)) including how glycosylases see lesions in nucleosomes (for a
review see (Odell et al. 2013)). More recently we have been examining how glycosylases
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find their substrates in undamaged DNA (Dunn et al. 2011). We have also spent time
attempting to elucidate what happens when a polymerase encounters an unrepaired lesion.
This has led in several directions including structural studies of polymerase interactions with
unrepaired lesions (for reviews see (Hogg et al. 2005; Zahn et al. 2011)) as well as defining
the consequences of individual lesions in terms of potential lethality and/or mutagenesis (for
a review see (Wallace 2002)). In this review I will focus on how structure provides insights
into function using the Fpg/Nei family of DNA glycosylases as an example and as well how
the DNA glycosylases search for their substrates in DNA.

The Base Excision DNA Repair Pathway and the DNA Glycosylases that

Recognize Oxidized DNA Bases

The vast majority of endogenous DNA damages, including oxidative DNA damages, are
repaired by the base excision repair (BER); a schematic of short patch BER initiated by the
glycosylases that remove oxidized bases is shown in Figure 1 (for reviews see (Barnes and
Lindahl 2004; Duclos et al. 2012b; Fromme and Verdine 2004; Izumi et al. 2003; Krokan et
al. 2000; Mitra et al. 2002)). There are five distinct enzymatic steps in this pathway, the first
of which is catalyzed by a DNA glycosylase. DNA glycosylases cleave the N-glycosyl bond,
releasing the base and leaving an abasic site in the DNA. In the second step of the reaction,
an AP endonuclease, APEL, creates a nick in the DNA 5’ of the AP site resulting in 3’-
hydroxyl and 5’-deoxyribosephosphate termini. In this case, removal of the 5° dRP block is
carried out by the intrinsic lyase activity of the next enzyme in the pathway, DNA
polymerase B. However, all of the glycosylases that remove oxidized bases also cleave the
DNA backbone on the 3’ side of the abasic site via a lyase reaction. The 3’ blocking sugar
that results from B-elimination can be removed by the phosphodiesterase activity of APE1;
if the glycosylase utilizes a ,5-elimination mode, the phosphate group is removed by
polynucleotide kinase PNK. To facilitate hand-off to the next enzyme in the pathway and
reduce the accumulation of toxic intermediates, the eukaryotic enzymes tend to bind to their
products. In the case of the bifunctional glycosylases, this can result in cleavage of the AP
site by APE instead of by the intrinsic lyase activity of the glycosylase. In all scenarios, Pol
B fills in the gap with the complementary nucleotide which creates the appropriate substrate
for DNA ligase I11 to seal the nick. The DNA glycosylases that recognize oxidized DNA
bases and their substrates are summarized in Table 1.

Our laboratory became interested in base excision repair many decades ago, when a
postdoctoral fellow in the lab, Gary Strniste, isolated an enzyme from Escherichia coli
capable of cleaving x-ray-induced DNA base damages (Strniste and Wallace 1975). We
called this enzyme the x-ray endonuclease which was subsequently named endonuclease 111
or Nth. N stands for endonuclease and th stands for three. Nth is the founding grandmother
of the helix-hairpin-helix (HhH) superfamily of DNA glycosylases that is highly conserved
from bacteria to humans (Aspinwall et al. 1997; Hilbert et al. 1997; Sarker et al. 1998).
Ogg1l, a eukaryotic DNA glycosylase which removes oxidized purines (Aburatani et al.
1997; Avrai et al. 1997; Radicella et al. 1997; Roldan-Arjona et al. 1997; Rosenquist et al.
1997), and MutY, which removes adenine misinserted opposite 8-o0xoG or FapyG
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(McGoldrick et al. 1995; Pope and David 2005; Slupska et al. 1996; Slupska et al. 1999) are
also members of the HhH structural family.

Formamidopyrimidine DNA glycosylase or Fpg was originally isolated from E. coli in
Tomas Lindahl’s laboratory as a DNA glycosylase which removes methyl FapyG from
alkylated DNA (Chetsanga and Lindahl 1979). Finally, almost two decades ago, Bob
Melamede in the laboratory identified a second E. coli activity that had the same substrate
specificity as endo |11 or Nth and named it endo V111 or Nei (Jiang et al. 1997b; Melamede
et al. 1994). When we cloned the E. coli gene for endo VIII (Nei) by reverse genetics, we
were surprised to find that the protein sequence of Nei had significant homology to Fpg
DNA glycosylase (Jiang et al. 1997a). We went on to show that E. coli double mutants
lacking both Nth and Nei, therefore lacking the ability to remove oxidized pyrimidines,
exhibited about a 30-fold increase in spontaneous mutation frequency (Jiang et al. 1997a).
Interestingly, even though both of these proteins recognize thymine glycol and other
oxidized thymine products, all of the mutations we observed were C to T transitions (Jiang
et al. 1997a), indicating that the premutagenic oxidative pyrimidine lesions in E. coli arose
from cytosines not thymines. We had shown earlier that thymine glycol was not a mutagenic
lesion (Hayes et al. 1988) which is in keeping with the fact that the pairing surface of the
oxidized thymine residues remains intact. More recently George Teebor’s group showed that
Nth Neil1 nullizygous mice exhibit substantially increased pulmonary and hepatocellular
tumors (Chan et al. 2009).

A little over 10 years ago in silico analysis allowed our laboratory and others to identify
three novel members of the Fpg/Nei family from humans, the so-called Neil or Nei-like
proteins (Bandaru et al. 2002; Hazra et al. 2002a; Hazra et al. 2002b; Morland et al. 2002;
Wallace et al. 2003). At the same time, a backup enzyme was identified in Nth nullizygous
mice (Takao et al. 2002). Two of these three enzymes, NEIL1 and NEIL2, were cloned,
expressed, purified and characterized by a number laboratories, including our own (Bandaru
et al. 2002; Dou et al. 2003; Hailer et al. 2005; Hazra et al. 2002a; Hazra et al. 2002b; Jaruga
et al. 2004; Katafuchi et al. 2004; Krishnamurthy et al. 2008; Morland et al. 2002; Wallace
et al. 2003). Like their bacterial orthologs, the substrate specificities of NEIL1 and NTH1
substantially overlap. Both recognize Tg, 5-OHC, dihydrothymine, dihydrouracil, 5-OHU
but not 8-oxoG. NEIL1 forms specific interactions with a number of the replication proteins,
appears to be cell cycle regulated and has been postulated to act as a cowcatcher ahead of
the replication fork, eliminating potentially mutagenic lesions (Dou et al. 2008; Hegde et al.
2013; Hegde et al. 2008; Theriot et al. 2010; Wiederhold et al. 2004). NEIL2 prefers lesions
in single-stranded DNA over those in duplex DNA and interacts with a number of
transcription factors including RNA polymerase Il. NEIL2 has been suggested to act in
transcription-coupled repair of oxidative DNA damage (Banerjee et al. 2011). The mouse
ortholog of NEIL3 has only recently been purified and characterized (Liu et al. 2010; Takao
et al. 2009), (see below). Neil3 is expressed in neural stem cells, hematopoietic tissues and
in cancer cells (for a review see (Liu et al. 2013a)). Neil3 also appears to be cell cycle
regulated and localized in the nucleus. Although Neill (Hu et al. 2005) and Neil2 (Mandal et
al. 2012) have been found in mitochondria thus far Neil3 has not (Liu et al. 2013a; Torisu et
al. 2005).
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The Fpg/Nei Family: How Structure Informs Function

In contrast to the HhH superfamily members, Nth and MutY, which have sequences,
structures and functions that do not significantly differ across all three phyla, a number of
the subfamilies of the Fpg family have changed significantly in sequence from their
common ancestor, thus making it difficult to understand the evolution of these enzymes
(Pumo et al. 2010). For example, essentially all bacteria have an Fpg protein while only a
small subset have Nei proteins. However, in the Actinobacteria there are six Fpg/Nei gene
clades, two within the Nei clade and four within the Fpg clade. In eukaryotes, the plant/
fungal clade is clearly part of the Fpg family (Kathe et al. 2009) while in metazoans, Neil2
and Neil3 seem to form their own clade separate from Neill. Horizontal gene transfer
appears to be the likely event in the initial evolution of Nei proteins from a common
ancestor which contained at least one Fpg/Nei homolog with features similar to Fpg.
Vertical evolution may have been responsible for the transfer of an early Fpg/Nei gene to
early eukaryotes followed by the diversification of these proteins in higher eukaryotes.

There are a number of crystal structures of the Fpg/Nei glycosylases and overall, the
structures of the Fpg and Nei proteins are similar (Banerjee et al. 2006; Coste et al. 2004;
Coste et al. 2008; Doublié et al. 2004; Fromme and Verdine 2002; Fromme and Verdine
2003; Gilboa et al. 2002; Golan et al. 2005; Imamura et al. 2009; Le Bihan et al. 2011;
Pereira de Jesus et al. 2005; Qi et al. 2009; Qi et al. 2010; Serre et al. 2002; Sugahara et al.
2000; Sung et al. 2013; Zharkov et al. 2002) (and for reviews see (Fromme et al. 2004;
Prakash et al. 2012; Verdine and Norman 2003)). They contain a two-domain architecture
which is connected by a flexible hinge region. The C-terminal domain contains
predominately a helices, two of which form the conserved helix-two-turns-helix motif of the
Fpg family as well as two anti-parallel g strands that fold into a zinc finger motif. Both of
these are required for DNA binding (Kropachev et al. 2006; O'Connor et al. 1993; Tchou et
al. 1993). An additional feature in the C-terminal domain is the so called “lesion recognition
loop” (Banerjee et al. 2006; Fromme and Verdine 2002; Fromme and Verdine 2003; Qi et al.
2009; Sugahara et al. 2000). This loop was shown to wrap around and form hydrogen bonds
with both 8-0xoG (Fromme and Verdine 2003) and FapyG (Coste et al. 2004) in Fpg
structures containing the lesion in the active site pocket. The N-terminal domain also
contains three void-filling residues. One of these, to be discussed later, is involved in the
lesion search process, while all three aid in everting the lesion into the active site pocket of
the glycosylase and remain in the DNA duplex to stabilize the DNA (Doublié et al. 2004;
Gilboa et al. 2002; Imamura et al. 2009; Zaika et al. 2004; Zharkov et al. 2002). The N-
terminus of the Fpg/Nei family of proteins also contains the catalytic residues including an
N-terminal proline that attacks the C1’ position of the target nucleotide (Kropachev et al.
2006; Tchou and Grollman 1995).

Once we had cloned and sequenced a number of eukaryotic members of the Fpg/Nei Family,
it became clear that NEIL1 as well as the plant, fungal and one of the mimivirus members of
this family were lacking the zinc finger which had been shown to be essential for DNA
binding by the bacterial proteins (Kropachev et al. 2006; O'Connor et al. 1993; Tchou et al.
1993) (and for a review see (Wallace et al. 2003)). Although we had purified an
enzymatically active human NEIL1 lacking a zinc finger, it took a crystal structure to tell us
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why it was active (Doublié et al. 2004). It turns out that the NEIL1 zinc finger region was
superimposable upon that of the E. coli protein but instead of the anti-parallel p strands
being coordinated by zinc, the human NEIL1 motif contained two anti-parallel p strands that
mimicked the zinc finger fold only there were no longer loops present that needed to be
coordinated by zinc. Moreover, this “zincless finger” motif contained the highly conserved
arginine, which was present in the bacterial proteins containing a zinc finger and was
required for glycosylase activity (Doublié et al. 2004; Zharkov et al. 2002). We observed
similar zincless finger motifs in the Arabidopsis thaliana Fpg (Duclos et al. 2012a) and the
mimivirus Neil proteins (Imamura et al. 2009). A superposition of the three zincless fingers
from these crystal structures on the Lactus lactococcus zinc finger is shown in Figure 2.

In the a-helical C-terminal domain of the Fpg protein there is a loop region called the a-F-
[9/10 loop which had been presumed to be involved in lesion recognition, the so-called
“lesion recognition loop” (Banerjee et al. 2006; Fromme and Verdine 2002; Fromme and
Verdine 2003; Qi et al. 2009; Sugahara et al. 2000). This loop reads the pronation state of
N7, thus distinguishing G from 8-0xoG and makes contacts with 8-oxoG and FapyG in the
substrate binding pocket, primarily by main chain interactions. In the bacterial Fpg proteins
these loops appear to be functionally similar and are of comparable length, about 27 amino
acid residues. This loop is missing in E. coli Nei (Golan et al. 2005) as well as from the
eukaryotic proteins, A. thaliana Fpg (Duclos et al. 2012a) and NEIL1 (Doublié et al. 2004),
and is significantly shortened in the mimivirus Neil (Imamura et al. 2009). For a
superposition of the structures of the loop regions of NEIL1, AthFpg, and MvNeil with the
L. lactococcus and Bacillus stereothermopolus a.-F-B9/10 loops see Figure 3A. NEIL1,
AthFpg and MvNeil do not recognize 8-oxoguanine. This is true not only for
oligonucleotide substrates containing 8-oxoG but for 8-0xoG in y-irradiated calf thymus
DNA (Kathe et al. 2009; Liu et al. 2010) (Figure 3B). However, FapyG was still cleaved.
This observation was surprising since the crystal structure of L. lactus Fpg bound to FapyG
showed that the a-F-p9/10 loop hydrogen bonded with the FapyG in the substrate binding
pocket (Coste et al. 2004). However, when we deleted this “lesion recognition loop” from E.
coli Fpg, we found that Fpg still recognized its substrates including FapyG, but it did not
recognize 8-oxoguanine (Duclos et al. 2012a)(Figure 3C). Taken together the data confirm
that this misnamed “lesion recognition loop” is only required for stabilizing 8-oxoguanine in
the active site pocket, but not FapyG, FapyA or 8-oxoadenine (Duclos et al. 2012a).

Neil3: Substrates and Structure

Neil 3, which is more than twice the size of the bacterial Fpg/Nei proteins, also proved to be
the most intractable to purify and characterize (for a review see (Liu et al. 2013a)). Although
Seeberg and co-workers found that lysates from insect cells overexpressing NEIL3 were
able to excise methyl FapyG when compared to unfected cell lysates (Morland et al. 2002),
subsequent studies failed to detect any glycosylase activity in either purified or in vitro
translated Neil3 proteins (Krokeide et al. 2009; Takao et al. 2002; Takao et al. 2009; Torisu
et al. 2005) although a weak lyase activity was demonstrated on a single-stranded substrate
(Takao et al. 2009). Our laboratory developed the protocol (Liu et al. 2010; Liu et al. 2012)
for purifying full-length mouse Neil3, a truncated version containing only the glycosylase
domain, as well as the glycosylase domain of human NEIL3. All three versions of Neil3
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exhibit a strong preference for lesions in single-stranded DNA and recognize both oxidized
pyrimidines and oxidized purines (Liu et al. 2010). Neil3 also prefers substrates that contain
single-stranded regions such as looped structures and structures representing replication
forks (Liu et al. 2010). In duplex DNA, the further oxidation products of guanine, Sp and
Gh, are by far the best substrates as are FapyG and FapyA in y-irradiated DNA (Liu et al.
2010). Although bifunctional, Neil3 has a very weak lyase activity (Krokeide et al. 2013;
Liu et al. 2010) and as with the monofunctional DNA glycosylases, the abasic site remaining
after Neil3 glycosylase activity is likely cleaved in the cell by APE1. Neil3 can also function
as a glycosylase in vivo as demonstrated by its ability to substantially reduce the
spontaneous mutation frequency in E. coli triple mutants lacking Fpg Nei and MutY
glycosylases (Liu et al. 2010). In addition, NEIL3 substantially reduced the levels of FapyG
in genomic DNA, suggesting that Neil3 plays an important role in removing this lesion in
vivo (Liu et al. 2010). Others have shown that expression of the NEIL3 glycosylase domain
in an E. coli fpg nei double mutant partially restores the wild type hydrogen peroxide
sensitivity of these cells (Takao et al. 2009).

We recently used DNA containing the human telomeric sequence in duplex, single-stranded
and G4 quadruplex DNA structures as substrates for the various human glycosylases (Zhou
et al. 2013). Neil3 preferentially excises Tg from quadrupex DNA and from double—
stranded and single-stranded DNA containing Tg in the telomeric sequence context. Neil3
and NEIL1 also recognize and remove Sp and Gh from quadruplex structures but sequence
context does not appear to play a role in the removal of Sp and Gh from single stranded and
duplex DNA. NTH1, NEIL1 and NEIL2 do not recognize Tg in quadruplex DNA nor does
OGGL1 recognize 8-0xoG in quadruplex DNA.

We also were able to solve the unliganded structure of the glycosylase portion of Neil3 (Liu
et al. 2013b) which showed NEIL3 to have the same overall fold as other Fpg/Nei family
members including the H2TH motif and the zinc finger motif (Figure 4A). Rather than
proline, however, Neil3 has a unique N-terminal valine that we had previously shown to be
required for catalysis (Liu et al. 2010). In keeping with its lack of recognition of 8-0xo0G,
Neil3 has a severely truncated lesion recognition loop (Figure 4B).

The structural features of Neil3 do, however, provide some insight as to why it prefers
lesions in DNA containing single-stranded regions (Liu et al. 2013b). First, Neil3 lacks two
of the three canonical void-filling residues that stabilize the duplex and interact with
opposite strand after eversion of the base lesion. Figure 4C shows a comparison between the
three void-filling residues of BstFpg (Fromme and Verdine 2003) to the single methionine
of mouse Neil3 (Liu et al. 2013b). Also, unlike any other Fpg/Nei family member, Neil3 has
negatively charged residues repulsive to the opposite strand. Despite what we know about
Neil3, the question arises as to why vertebrates are equipped with Neil3 while other
organisms can live without it. Furthermore, since the discovery of Neil3, its biological role
remains an enigma even though the data indicate that Neil3 is required in proliferating cells
(Hildrestrand et al. 2009; Kauffmann et al. 2008; Morland et al. 2002; Rolseth et al. 2008;
Torisu et al. 2005).
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How Do the DNA Glycosylases Find their Substrates and Distinguish Them

from Normal Bases?

Although there have been a number of crystal structures solved of Fpg protein with 8-o0xoG
(Fromme and Verdine 2002; Fromme and Verdine 2003) or FapyG (Serre et al. 2002) in the
substrate binding pocket, until recently there were no structures of Nth or Nei proteins
complexed to DNA containing lesions. Nth and Nei have large substrate binding pockets
and very broad substrate specificities (Duclos et al. 2012b). The question is, how do they
find their substrates and distinguish them from normal bases? To try and answer this
question the structure of mimivirus Neil, a NEIL1 ortholog, was solved with DNA
containing thymine glycol or 5-hydroxyuracil in the substrate binding pocket (Imamura et al.
2009). What was found was that the binding pocket was highly hydrophobic and very few
interactions with thymine glycol or 5-hydroxyuracil were observed. Moreover, when these
potentially interacting residues were mutated there was no loss in glycosylase activity
indicating no relationship to specificity. Taken together these crystallographic data strongly
suggest that lesion recognition likely happens before the base is everted into the substrate
binding pocket.

To address the search question we used a single molecule TIRF approach with a YOYO-1-
labeled ADNA tightrope which was flow-elongated between polylysine-coated silica beads
(Dunn et al. 2011; Kad et al. 2010). Once the DNA was suspended, quantum dot-labeled
DNA glycosylases were added to the tightrope and their diffusive behavior examined in the
absence of flow. DNA glycosylases do not require ATP and use thermal energy to diffuse
along the DNA molecule searching for their targets. We found the wild type bacterial
glycosylases Fpg, Nei and Nth, to diffuse along the DNA with a broad distribution of rates
that ranged over two orders of magnitude (Dunn et al. 2011). The majority, however, were
below 0.05 um? per second which is consistent with the glycosylase rotating around the
DNA molecule (Bagchi et al. 2008; Schurr 1979). When the individual trajectories were
evaluated on a time-weighted basis (Nelson et al. 2013) the diffusive behavior of all three
enzymes showed both slow and fast peaks of motion (Figure 5).

As described above, members of the Fpg/Nei family of DNA glycosylases have three so-
called void-filling residues that are inserted into the DNA helix, help flip out the damaged
base, interact with the opposite strand and stabilize the DNA helix (Fromme and Verdine
2002; Fromme and Verdine 2003; Zharkov et al. 2002). The HhH superfamily, represented
by Nth, uses a similar mechanism. Interestingly, the crystal structure of Bacillus

stear other mophilus Fpg covalently cross-linked to undamaged DNA showed one of these
residues, phenylalanine, to be wedged into the helix occupying a position analogous to its
position in the Fpg complex with DNA containing a damage (Banerjee et al. 2006; Qi et al.
2012; Qi et al. 2010). When we mutated the analogous residue in E.coli Fpg we lost a
substantial population of the slow moving glycosylases and the mean diffusion constant
increased significantly (Dunn et al. 2011). We found the same results for Nei and Nth
glycosylases (Nelson et al. 2013). Since the wedge mutants do not undergo the slower
diffusive motion along the DNA, the data suggest that insertion of the wedge is responsible
for this population of wild type glycosylases and that the residue may in fact be responsible
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for finding the lesion. The data also say that both families of the glycosylases appear to be
behaving in a similar manner. This conclusion is supported not only by our single molecule
data (Dunn et al. 2011; Nelson et al. 2013) and the crystal structures of Fpg cross-linked to
undamaged DNA described above, but also by analysis of E. coli Fpg using stopped flow
presteady state Kinetics that divides the Fpg catalytic reaction into five steps with the second
step after the initial binding of Fpg to DNA to be insertion of the phenylalanine wedge
residue (Koval et al. 2010; Kuznetsov et al. 2007; Kuznetsov et al. 2012; Kuznetsov et al.
2009). Thus, all the data support the hypothesis that these glycosylases recognize the lesion
to be excised prior to its insertion into the substrate binding pocket. Moreover, if one
corrects for the estimated activation barrier, the slow scanning population of Fpg, Nei and
Nth diffuse at about 1.3x108 bp2/sec with a binding lifetime of about 1.3 seconds. Thus the
glycosylases would be able to scan about 1600 bp. Since there are about 400 molecules of
each glycosylase per E. coli cell (Demple and Harrison 1994), it would take about 16
seconds for each population of glycosylases to interrogate the genome for the lesions they
recognize (Dunn et al. 2011).

We then asked what happens when the wild type DNA glycosylases interact with DNA
containing damages (Nelson et al. 2013) To create substrates for Fpg we treated DNA with
methylene blue plus light to produce 8-oxoG and FapyG lesions (Boiteux et al. 1992;
Czeczot et al. 1991; Muller et al. 1990). We also treated DNA with osmium tetroxide to
produce thymine glycol substrates (Ide et al. 1985; Katcher and Wallace 1983; Laspia and
Wallace 1988) for Nei and Nth. We compared undamaged DNA to two populations of
damaged DNA, a low dose population containing between 100-120 damages per A DNA
molecule and a high dose population, containing between 270-340 damages per A DNA
molecule. What we found was that for all three enzymes, the mean diffusion constant
significantly decreased as the number of damages increased, and at the same time, there was
an increase in the number of paused DNA glycosylases. Finally, the binding lifetimes of the
glycosylases increased with the number of DNA damages. These data are in keeping with
the idea that when a glycosylase encounters a damage it stops to remove it.

Taken together our data support the hypothesis that glycosylases undergo several different
types of motion. First there is a slow scanning phase where the glycosylase is inserting a
wedge residue to determine if a lesion is present in the DNA molecule. There is also a faster
phase that is consistent with the glycosylase rotating around the DNA molecule without or
rarely inserting the wedge residue. Some molecules even appear to go faster and scan in a
one-dimensional diffusive manner. Finally glycosylases can be observed to pause or stop
when they encounter a DNA lesion.

PERSPECTIVES

During the past several decades we have learned a great deal about the DNA glycosylases
that remove oxidized DNA bases but we have much left to learn. At the basic level,
structures of human NTH and the NEIL proteins with lesions in the substrate binding pocket
will help us more fully understand their substrate specificities. This is especially true for
NEIL3 complexed with lesion-containing single stranded DNA which is its preferred
substrate. We also need to elucidate the roles that the oxidative DNA glycosylases play in
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mammalian cells. Although progress has been made with NEIL1 and NEIL2, the cellular
role of NEIL3 remains an enigma. Also do the mammalian DNA glycosylases search for
damage in DNA in a manner similar to their bacterial counterparts? Our ultimate goal is to
comprehend what roles mutant DNA glycosylases play in human disease.
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Figure 1.

Schematic of the short patch base excision repair process initiated by the bifunctional mammalian DNA glycosylases that

recognize oxidative DNA lesions.
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Figure 2.
Superposition of the zincless fingers of human NEIL1, blue, PDB ID code: 1TDH (Doublié et al. 2004), Mimivirus Neil

(MvNeil), dark pink, PDB ID code: 3A46 (Imamura et al. 2009), A. thaliana (AthFpg), green, PDB ID code: 3TWL (Duclos et
al. 2012a), with the zinc finger of L. lactus Fpg, grey, PDB ID code: 1TD2, (Serre et al. 2002).
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C

Figure 4.
(A) Ribbon diagram of the truncated version of mouse Neil3. PDB ID Code: 3WOF (Liu et al. 2013b) (B) Neil3 lacks the so-

called “lesion recognition loop.” Neil3 in green (Liu et al. 2013b), B. stereothermophilus Fpg PDB ID Code: 3WOF, (BstFpg) in
gold (Liu et al. 2013b) , PDB ID code: 1R2Y (Fromme and Verdine 2002). (C) Void-filling residues of BstFpg, PDB ID code:
1R2Y (Fromme and Verdine 2003) compared to mouse Neil3 PDB ID Code: 3WOF (Liu et al. 2013b) with Tg DNA from
MvNeil PDB ID code: 3VK8 (Imamura et al. 2012).
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Figure5.
Time-weighted distribution of diffusion constants of Fpg, Nei and Nth on undamaged DNA demonstrating that the diffusive

behavior of both families show both slow and fast peaks of motion (Nelson et al. 2013).

Environ Mol Mutagen. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Wallace Page 27

Table 1
The DNA Glycosylases the Recognize Oxidized DNA Bases

DNA Glycosylases L esions Recognized Proposed Cellular Role

Endonuclease 111, Nth

Oxidized pyrimidines, formamidopyrimidines | Housekeeping glycosylases for oxidized pyrimidines

hNTH1

Endonuclease VIII, Nei Appears to be housekeeping glycosylase in E. coli

NEIL1 Recognizes lesions in duplex DNA and single-stranded DNA
and appears to act as a “cowcatcher” to remove lesions in front
of the replication fork (Dou et al. 2008; Hegde et al. 2013)

NEIL2 Oxidized pyrimidines, formamidopyrimidines | pyefers jesions in single-stranded DNA and data suggest that it
repairs lesions during transcription (Chang and Lu 2002)

NEIL3 Prefers lesions in single-stranded DNA, telomere sequences,

and G4 quadruplex structures and is found in proliferating cells
(Liu et al. 2010; Liu et al. 2013; Zhou et al. 2013)

Formamidopyrimidine
DNA glycosylase, Fpg

(MutM) 8-0x0G formamidopyrimidines Housekeeping glycosylases for oxidized purines
hOGG1
MutY e Acts post-replication and removes misincorporated A from the
2 gppg::ig E aOXOGG newly synthesized strand and in eukaryotes is associated with
MUTYH PP Py PCNA (Chang and Lu 2002; Parker and Eshleman 2003)
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