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Abstract

Purpose: One outcome of DNA damage from hydroxy! radical generated by ionizing radiation
(IR) or by the Fenton reaction is oxidation of the nucleobases, especially guanine (G). While
8-oxo0-7,8-dihydroguanine (OG) is a commonly studied oxidized lesion, several others are formed
in high abundance, including 5-carboxamido-5-formamido-2-iminohydantoin (21h), a prevalent
product in in vitro chemistry that is challenging to study from cellular sources. In this short review,
we have a goal of explaining new insights into hydroxyl radical-induced oxidation chemistry of G
in DNA and comparing it to endogenous DNA damage, as well as commenting on the biological
outcomes of DNA base damage.

Conclusions: Pathways of oxidation of G are discussed and a comparison is made between IR
(hydroxyl radical chemistry) and endogenous oxidative stress that largely forms carbonate radical
anion as a reactive intermediate. These pathways overlap with the formation of OG and 21h, but
other guanine-derived lesions are more pathway specific. The biological consequences of guanine
oxidation include both mutagenesis and epigenetics; a new mechanism of gene regulation via the
base excision repair pathway is described for OG, whereas the impact of IR in forming guanine
modifications may be to confound this process in addition to introduction of mutagenic sites.
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Purpose:

The purpose of this article is to present new insights into the chemistry of DNA damage to
the heterocyclic base guanine (G) caused by hydroxyl radical generating sources, to compare
this chemistry to that emanating from reactive oxygen species of endogenous origin, and

to discuss briefly the consequences of these chemical modifications which include both
mutagenic events and changes in gene expression. We focus on G because it is the
heterocyclic base most susceptible to oxidation, and its modification has been demonstrated
to have both mutagenic and epigenetic outcomes. The product 8-oxo-7,8-dihydroguanine,
OG, is one of dozens of different oxidized bases generated in the process of oxidative DNA
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damage, and it is the focus here because of its abundance and it role in both mutagenesis and
alteration of gene expression.

A second goal is to highlight how difficult it is to determine all the products of oxidative
base damage, to quantify them and to find their locations in the genome. We and others find
that G-rich regulatory regions of DNA, including gene promoters, are sensitive to oxidation
and that the presence of lesions such as OG can therefore impact gene regulation (Amente
et al. 2019; Ding et al. 2017; Fleming et al. 2017; Pan et al. 2016; Perillo et al. 2008). In
brief, with this article we bring light to new findings concerning the role of hydroxyl radical
in guanine oxidation, present a few mysteries regarding the identities of major oxidation
products of guanine, and discuss the impact of guanine oxidation on gene expression via
DNA repair.

Discussion:

lonizing radiation (IR) is so termed because the photons or particles are of sufficient energy
to eject electrons from the substrate creating ions from neutral components. In chemistry,
any process that leads to loss of electrons is considered an oxidation. lonization of water
leads to hydroxyl radical formation plus an electron; the HO® so formed can add to any

of the heterocyclic bases of DNA, or it can abstract a hydrogen atom (H®) from the base

or the ribose (Pogozelski and Tullius 1998; Steenken 1989). IR can also directly impact
DNA bases by loss of an electron and a proton generating, for example, guanine and adenine
radicals, formally (G-H)® and (A-H)® (Greenberg 2021). The chemistry of guanine and
adenine radicals is complex and depends upon the surrounding sequence and the presence of
oxidants including O, and reductants such as glutathione, ascorbate and urate. Many reviews
detail these chemical pathways, a portion of which is shown in Figure 1 (Cadet et al. 2014;
Greenberg 2021).

Products of Guanosine Oxidation.

In Figure 1, we show the most commonly discussed structures that are derived from reactive
oxygen species (ROS) attacking G, with OG being the major product in most studies (Cadet
et al. 2008; Cadet et al. 2014; Fleming and Burrows 2017a; Neeley and Essigmann 2006).
OG represents a formal two-electron oxidation of G, although the pathway by which it is
formed typically involves unstable one-electron oxidized intermediates. To illustrate two
very different mechanisms, we show in Figure 2 the reaction of G with hydroxyl radical vs.
carbonate radical anion (Alshykhly et al. 2015b; Cadet et al. 2008; Crean et al. 2005); in the
former, hydroxyl radical adds to the C8 position of G to form 8-hydroxy-G radical, (G-OH)
® which after the loss of one more electron and a proton leads to 8-hydroxyG and then

OG after tautomerization. In the second pathway, loss of an electron to form G®* occurs
first, and attack of H,O at C8 leads to the same intermediate (G-OH) ®. Another proposed
pathway to form G®* via hydroxyl radical is addition of the radical across the C4-C5 double
bond followed by elimination of HO™ (Kumar et al. 2011). Thus, OG is the product formed
from two very different types of ROS, the hydroxyl radical HO® and one-electron oxidants
such as carbonate radical anion, CO3®—. Conditions under which these two radicals are
formed will be discussed later.
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Another potential outcome of the unstable intermediate (8-OH-G®) is one-electron
reduction and protonation, which after ring opening to a more stable carbonyl compound
would produce the formamidopyrimidine product derived from dG, or Fapy-G (Figure
1)(Cadet et al. 2008; Dizdaroglu 2015). This type of reduction can only occur under
strongly anoxic conditions, achieved in very hypoxic tumors, or when ionizing radiation
generates both HO® and H® that add sequentially to the G heterocycle without the radical
intermediate (8-OH-G®) being intercepted by O, or O,®— (Douki et al. 1997). Fapy-G has
been found in quantities nearly equal to that of OG under conditions of ionizing radiation
(Frelon et al. 2000). Analysis of Fapy-G as a nucleoside is complicated by ribose ring
opening and reclosure that can generate both a and § anomers at C1” as well as both
furanose (5-membered) and pyranose (6-membered) rings (Berger and Cadet 1985), as well
as the glycosidic bond being labile toward hydrolysis to yield the free base. Thus, Fapy-G
is a good example of a G lesion that has represented challenges for consistent detection and
quantification between laboratories (Alshykhly et al. 2015b; Cui et al. 2013; Douki et al.
1997; Frelon et al. 2000; Swarts et al. 1996).

5-Hydroxy vs. 8-Hydroxy-dG.

We show in Figure 2A,B that three mechanisms could lead to 8-hydroxyguanosine which
isomerizes to OG. Similarly, two analogous mechanisms, hydroxyl radical addition or
hydration of G®*, could lead to hydroxylation of G at C5 rather than C8 (Fig. 2C)

(Cadet et al. 2008; Cadet et al. 2014; Fleming and Burrows 2017a). The 5-hydroxy
isomer is also an unstable intermediate; molecules of this sort are more stable as carbonyl
compounds if possible, and in this case, a facile 1,2-acyl shift can occur to generate

a new isomeric heterocycle, which after hydration and ring opening leads to 2lh, first
characterized by Louise Ball and coworkers (North Carolina) (Ye W et al. 2009). The
rearrangement, proposed initially by Genevieve Pratviel (CNRS, Toulouse) by analogy to
the same rearrangement reported in our laboratory in 2000 for 5,8-dihydroxyG, leads to a
spirohydantoin structure, as shown in Figure 2C (Lapi et al. 2001; Luo et al. 2000; Vialas
et al. 2000). Because this spirocycle is not oxidized at C8 and the 5-membered ring is no
longer aromatic, it undergoes a slow addition of H,O at C8, followed by ring opening to a
bis-formamido-2-iminohydantoin structure, 21h.

In vitro, the formation of 2Ih is on par with the yield of OG under conditions that mimic
cellular systems, i.e., oxidation by transition metal-induced ROS or ionizing radiation in the
presence of reductants such as ascorbate or thiols (Alshykhly et al. 2015b; Fleming et al.
2011). If cellular reductants are absent, the C5 position of G is subject to perhydroxylation
(reaction with O, or O,®7) rather than hydroxylation (reaction with H,0), and the final
products are different—the imidazolone product Iz and subsequent degradation products are
formed (Figure 1). Although we often find 2Ih to be as abundant as OG, it is severely
understudied as a DNA lesion, likely because it is so difficult to detect. It lacks a UV
chromophore and elutes with the void volume on a C1g HPLC column. The glycosidic
bond in the 2lh nucleoside is not very stable, and so it is perhaps unsurprising that this
lesion has not been detected from cellular samples where considerable manipulation is
required to identify these one-in-a-million G lesions. With no antibody available for 21h

nor a reliable signature for sequencing, determining the sequence location of such lesions
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remains a challenge. Nevertheless, we and others have been able to isolate and characterize
this lesion, both in the nucleoside and oligonucleotide contexts, in order to better define the
likely chemistry and biochemistry that may occur in the cellular context (Alshykhly et al.
2015b, 2015a; Fleming et al. 2011; Rokhlenko et al. 2012; Vialas et al. 2000; Ye W et al.
2009).

Hyperoxidation products of G.

A curious feature of OG is its high sensitivity to further oxidation; whereas the one-electron
redox potential of G is 1.29 V vs. NHE, the potential for OG is 700 mV lower, making

OG thousands of times more reactive toward one-electron oxidants than G (Steenken

et al. 2000). Indeed, one way to analyze OG by HPLC methods is through use of an
electrochemical detector (Helbock et al. 1998). Studies with isotopically labeled H,80
showed that OG®* is susceptible to attack at C5, forming 5-hydroxy-OG, and as mentioned
above, this species rearranges to a spirocyclic base if possible via an acyl shift of the C6
carbonyl to become bonded to C4 (Luo et al. 2000). This spirodihydantoin base, named Sp
(Figure 1), is very chemically stable, although it can revert to 5-OH-OG at pH <3 (Ye Y et
al. 2009). In duplex DNA where spirocyclization is sterically inhibited or at lower pH (e.g.,
< 6), the 5-OH-OG species instead becomes hydrated at C6, ring opens and decarboxylates
to form 5-guanidinohydantoin, Gh (Figure 1) (Luo et al. 2001). Therefore, the final outcome
of OG oxidation is principally a mixture of Sp and Gh, depending on single-stranded vs.
duplex context (Fleming et al. 2012). The hydantoin structures, while initially controversial,
have been thoroughly characterized including two crystal structures in collaboration with
Sylvie Doublié (U. Vermont) (Aller et al. 2010; Eckenroth et al. 2014), and via extensive
spectroscopic methods (Fleming et al. 2013). The hydantoins have also been detected /n
vivoin a mouse model of inflammation where levels of these lesions were 1-2 orders of
magnitude lower than OG (Mangerich et al. 2012).

Notably, the hydantoin lesions Sp, Gh and 21h do not resemble G or OG in their base-pairing
properties; that is, none of these is able to form a stable base pair with C (Alshykhly et al.
2015a; Fleming and Burrows 2017b). They are significantly destabilizing to duplex DNA,
and these distortions have been addressed computationally by Suse Broyde (NYU) (Jia et al.
2005). When bypassed by polymerases, Sp and Gh lead to the misincorporation of both G
and A opposite, i.e. G—C and G—T transversion mutations (Figure 3) (Kornyushyna and
Burrows 2003). Not surprisingly, an in vivo mutagenesis assay indicated that the hydantoins
are nearly 100% mutagenic if not repaired (Henderson et al. 2003). In contrast, OG is

only about 2% mutagenic because it is able to base pair with C if it remains in the

anti orientation, and if it does mispair with A in the syn orientation, there is a back-up
mechanism for its repair via MUTYH (David et al. 2007; Neeley et al. 2007).

An argument for a significant role played by the hydantoins in cellular oxidative damage

is the fact that they are by far the best substrates known for the NEIL repair enzymes
(Fleming and Burrows 2017a; Krishnamurthy et al. 2008; Liu et al. 2010). Sheila David’s
laboratory (UC-Davis) has shown that NEIL1, the human homolog of bacterial endonuclease
VIII, recognizes and excises hydantoin bases with a strong preference over their originally
discovered substrates such as thymine glycol, although the substrate specificity is dependent
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on native vs. edited versions of the glycosylase (Yeo et al. 2010). The hydantoins Sp and

Gh are found to arise from endogenous oxidative stress whereas 21h can also be formed
from radiation damage (Alshykhly et al. 2015b; Fleming and Burrows 2013). Thymine
glycol (Tg) on the other hand is a product principally of radiation damage and metabolism
because of the generation of the highly reactive hydroxyl radical which can hydroxylate

any base (Cadet et al. 2008). It is fitting therefore that edited NEIL1, which is expected to
increase during inflammation creating endogenous carbonate radical anion, has a heightened
substrate preference for Sp and Gh compared to Tg.

The base excision repair (BER) pathway has evolved largely to deal with oxidative damage
products in DNA but in fact, we expect a different spectrum of base oxidation products

to be formed in DNA during radiation damage compared to endogenous oxidative stress
because the ROS are somewhat different. It is somewhat surprising then that the BER
system works as well as it does on radiation-damaged base lesions given that radiation was
probably not a big evolutionary driver on early Earth. Perhaps this quandary is solved by
noting that there is substantial cross-over among the damage products of endogenous and
radiation-induced oxidation (Cadet et al. 2008; Cadet et al. 2014; Fleming and Burrows
2017a). Complicating this picture is the fact that radiation damage to tissues can then trigger
subsequent inflammatory responses which result in a blend of multiple ROS (McKelvey et
al. 2018). Therefore, the immediate vs. longer term DNA damage products may differ to
some extent. A part of this picture is described next for two commonly generated ROS.

ROS: Hydroxyl radical vs. Carbonate Radical Anion.

Direct deposition of high energy into DNA can lead to frank strand breaks which are
processed by homologous recombination and non-homologous end joining (Scully et al.
2019). Here we consider only the DNA nucleobase lesions that are generated by radiation
vs. inflammation-induced ROS. lonizing radiation events generating radiation tracks are
known to damage DNA to yield complex products such as clustered lesions and strand
breaks with dependency on the track structure; we suggest a few prior reports for readers
interested in this topic (Georgakilas et al. 2013; Goodhead 1994; Sutherland et al. 2000).
Hydroxyl radical (HO®) is typically blamed for indiscriminate DNA damage as a highly
reactive radical that can add to all four bases and abstract hydrogen atoms from any
accessible site in the ribose moiety, with base damage leading to mutations and sugar
oxidation leading to strand breaks (Neeley and Essigmann 2006; Pogozelski and Tullius
1998). However, HO® may not be formed to the extent previously thought. Some of the
pathways believed to form HO® actually form carbonate radical anion, CO3®—, instead due
to the relatively high concentration of bicarbonate in cells, about 20 mM, and also to the
presence of CO, (~1 mM). For example, the inflammatory response generates nitric oxide
(NO) and superoxide (0,9 ) which combine to form peroxynitrite (ONOO™) (Lonkar
and Dedon 2011). Early reports posited that ONOO™ decomposed to generate hydroxyl
radical, but more recently it was shown that its preferred reaction is with CO, leading

to peroxynitrosocarbonate (ONOOCO, ), which decomposes to carbonate radical anion
(CO3® ) and ®NO, (Fig. 4) (Lonkar and Dedon 2011; Neeley and Essigmann 2006).
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The Fenton reaction is also thought of as a cellular source of hydroxyl radical because of the
metabolic production of H,O,. In the presence of Fe(ll), H,O, will decompose to generate
hydroxyl radical. This picture changed in 2019 when Meyerstein and coworkers reported
that in the presence of physiological bicarbonate, which is normally around 20 mM but

any amount above 500 uM will have the same impact, leads to an inner-sphere oxidation

of iron-bound carbonate to CO3®—, circumventing formation of HO® (Fig 4) (llles et al.
2019).

Why does the identity of the ROS matter? (1) Because the oxidation products are different.
As already noted, HO® attacks any base or sugar forming adducts that include OG and Tg
while CO3® is a one-electron oxidant that prefers to generate guanine radical cation, G®*.
Some of the final outcomes are the same, for example, the formation of OG (Fig. 2). Further
oxidation to Sp or Gh can also occur with CO;®—. Some products are different; notably,
the less reactive CO3®— does not react with A, C, and T to any major extent when G is
abundant (Joffe et al. 2003). Also, hydroxyl radical attack at C5’ of a ribose abstraction

a hydrogen atom and generating the C5’ radical can lead to the 5°,8-cyclo-dG adduct as
signature of the involvement of hydroxyl radical chemistry (Chatgilialoglu et al. 2011).

To expand on the Meyerstein findings that hydroxyl radical is not formed in the presence

of bicarbonate, we studied the Fe(ll)-mediated oxidation products of guanosine in phosphate
vs. bicarbonate buffers (Fleming and Burrows 2020a). When Fe(11) was complexed to either
EDTA (as in classical Fenton chemistry) or to a-ketoglutarate (a common cellular ligand
for iron) the outcome was the same; oxidation of G with H,O, mediated by Fe(ll) led to

OG + 5’,8-cyclo-dG in phosphate buffer, but in contrast, the products were exclusively OG
(and its further oxidation product Sp) in bicarbonate buffer (Figure 5). This tells us that
endogenous Fenton chemistry generates principally CO3®—, not HO®. Preliminary studies
on radiation-induced G oxidation indicate that some but not all of the HO® formed in IR is
quenched in the presence of bicarbonate buffer, but more thorough studies are needed.

Why does the identity of the ROS matter? (2) Because the focation of oxidation products
can be different. IR-induced formation of neutral base radicals or hydroxyl radical adducts
is fairly random in terms of the sites of attack in a DNA sequence because of the high
reactivity of the species involved. In contrast, electron hole formation from removal of one
electron by carbonate radical anion is strongly preferred at G to form G®* (Rokhlenko et
al. 2012), and furthermore, the electron hole can migrate in duplex DNA over hundreds

or maybe thousands of nucleotides via charge transport to localize on the most stable site
for oxidation before a slower second step that forms the final lesion (Tse et al. 2019),

such as H,O attack and a further one-electron oxidation to form OG. In duplex DNA, the
lowest redox potential is found at either OG (but these sites are rare) or at oligo-dG sites
such as 5’-GGG-3’ or 5’-GGGG-3’ wherein the G®* has been shown to prefer any of the
underlined G’s, that is, all but the 3’-most G (Saito et al. 1995). This ‘damage-at-a-distance’
phenomenon has been intensely studied by Jacqueline Barton’s laboratory (Caltech), and it
has been invoked as a signaling mechanism to home in on remote sequences for protein
binding (Tse et al. 2019). Interestingly, these types of G-rich sequences are common in
regulatory regions of DNA such as gene promoters, and when four or more GGG tracks
are in close proximity these sequences can fold to G-quadruplexes (Fleming and Burrows
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2020b). This suggests that G-quadruplex (G4)-forming sequences might be hotspots for
oxidation and therefore sites of special BER activity.

About a decade ago, Susan Wallace (U. Vermont) suggested we synthesize part of the human
telomere G-quadruplex sequence with hydantoin lesions at various positions in the sequence,
and significantly, her laboratory then found that NEIL3 preferred to excise Sp or Gh from
the G4 context (Zhou et al. 2013). These studies immediately pointed to a biological role for
BER at the sites of G-quadruplexes during oxidative or radiation stress.

Biological Consequences of G Oxidation—Mutagenesis vs. Epigenetics.

The mutagenic properties of OG have been the subject of hundreds of papers in the literature
in which the G—T transversion mutations observed from mispairing of OG in the syn
conformation with A in the opposite strand lead ultimately to the replacement of OG with

T at that position in the genome. The BER enzymes OGG1 and MUTYH are responsible

for excising OG and the mispaired A, separately, from duplex DNA (David et al. 2007).
However, OG is not “highly mutagenic” as often reported; Oggl~~ mice live relatively
normal lives (Klungland et al. 1999).

Another role for OG is to impact gene expression. The idea that OG might be epigenetic
was discussed in 2013 by Phyllis Strauss (Northeastern U.) who performed studies with the
CREB protein that controls 25% of the transcriptome (Moore et al. 2013). The CRE binding
domain includes two Gs on each strand whose modification to OG resulted in diminished
binding of CREB, thereby reducing gene induction.

In our work and others, a more surprising finding was that OG in promoter regions can
actually /ncrease transcription factor occupancy resulting in gene induction (Fleming et al.
2017; Pan et al. 2016; Pastukh et al. 2015; Perillo et al. 2008). We found that OG located in
the loop of a promoter G4 could dramatically impact gene expression in a reporter plasmid.
OG could be installed synthetically at specific sites or could be formed /n cellulo by
incubation with TNFa, which increases ONOO- formation (Fleming et al. 2017; Fleming,
Zhu, Howpay Manage, et al. 2019). When OG was placed in the non-template strand just
upstream of the transcription start site, gene expression actually increased. This increase was
dependent upon the BER pathway, specifically the ability to form an abasic (AP) site, the
folding of the strand into a G4, and the ability of AP-endonuclease to bind but not cleave
the AP site in the G4 context (Figure 6). This mechanism is enabled by AP-endonuclease
displacing OG-glycosylase 1 and preventing it from catalyzing lyase activity once the AP
is formed (Vidal et al. 2001). The co-location of OG and a folded G4, both thought of

as ‘DNA damage,’ had a strikingly positive effect, although the sign and magnitude of

the effect was location dependent (Fleming, Zhu, Ding, et al. 2019). Thus, we agree that
the term “epigenetic’ should be applied to OG in some circumstances, those being cases

in which endogenous oxidative stress is funneling the electron hole to G-rich regulatory
regions of the genome where G-quadruplexes serve as a sensor of oxidative stress, and the
base modification impacts gene expression (Fleming and Burrows 2020b, 2021). In other
locations, and in most instances of radiation-induced DNA damage, we would expect the
chemical modification of DNA bases to be mutagenic (Fleming and Burrows 2020b).
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Conclusions:

Many literature sources imply that the chemistry of oxidative DNA damage is very similar
between radiation-induced vs. endogenous stress and point to hydroxyl radical as the
primary culprit (Cooke et al. 2003; De Bont and van Larebeke 2004; Kowalska et al.

2020). We now understand that carbonate radical anion, a one-electron oxidant, is very
important to guanine oxidation during endogenously generated oxidative stress (Fleming and
Burrows 2020c). Even during the initial period of DNA damage invoked by IR, hydroxyl
radical is not the lone damaging species; it is attenuated by the presence of physiological
bicarbonate, thereby generating a mixture of products emanating from hydroxyl radical and
from carbonate radical anion. A confounding fact in all of this is that OG is a product

of both pathways, either from direct hydroxyl radical attack at C8 of G or from attack of
H,0 at C8 of G®* (Figure 2). Therefore, we found that analysis of other products, such as
5’,8-cyclo-dG, is more diagnostic of the reactive species that is damaging DNA because this
product arises only from radical formation at C5’ of the ribose and not from the one-electron
pathway of CO3®— (Fleming and Burrows 2020a).

Fortunately, base excision repair enzymes in the form of OGG1 + MUTYH and NEIL1/2/3
remove guanine oxidation products from the genome to avoid mutagenesis imposed by OG
vs. the hydantoins Sp, Gh, and 21h (Fleming and Burrows 2017a). The observation that the
BER pathway is involved in both up- and downregulation of gene expression brings many
questions along with it, including the complete molecular picture of how BER enzymes
operate on different lesions and different structural motifs including the presence of lesions
in nucleosomal DNA, as is being investigated by Sarah Delaney (Brown) (Li and Delaney
2019).

In the future, we need a more complete atlas of radiation vs. endogenously-formed DNA
modifications. For too long, our focus has been on low-hanging fruit such as OG, but the
rarer lesions such as hydantoins could play significant roles. Important to the advancement
of this field is improvements in DNA sequencing methodology to actually sequence for

rare oxidative modifications at high resolution. Challenges in this area include finding
strategies to pull-down only lesion-containing sequences, and then to solve the problem of
amplification of lesion-containing DNA in such a way that information of the modified base
is retained. Our laboratory has tackled some of these issues (Ding et al. 2017; Riedl et al.
2015), and advances have been made by Shana Sturla’s group (ETH-Zurich) (Wu et al.
2018).

Ample questions remain to be addressed by the next generation of researchers investigating
the intersection of DNA damage, DNA repair and gene expression. Answers to these
questions will aid in our understanding and treatment of aging, cancer, and neurological
diseases as well as environmental exposure to radiation.
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Overall pathways to products of G oxidation resulting from two- or four-electron oxidation

processes.

Int J Radiat Biol. Author manuscript; available in PMC 2023 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fleming and Burrows Page 15

o) o)
(A) N A
o= I L oL L
¢ PN HXN l N
N N""NH, . N "NH;
" 6 BHOG'  Req
- -f (T
MOVH NH
co; ca | L
HN™“N"“NH
+H20T o 2
(B) coz* Fapy-G

NT>N" " NH, -HO ™~ i N” "NH;
R R
G G°t
(C)
HO
HoN 0
,N NH e, H ) j\)L </ °o +H0 o—i
¢ X0 =L % S \
Hz R HN RHN
R R NH
G 5-HO-G ° 5 HO-G Sp(red) NH 2lh 2
R = 2-deoxyribose, ribose, DNA, or RNA
Figure2.

Proposed mechanisms for G oxidation at (A) C8 to yield OG or Fapy-G, (B) by hydroxy
radical to yield G radical cation, or (C) at C5 to yield 21h.
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Figure 4.

Pathways for formation of hydroxyl radical and carbonate radical anion.
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Figure5.

B Phosphate Buffer [] Bicarbonate Buffer

The buffer, phosphate vs. bicarbonate, impacts the ROS generated from the Fe(I1)-EDTA
Fenton reaction or X-ray radiolysis of water as reported by the major products detected
from G oxidation. Relative yield refers to phosphate vs. bicarbonate buffer. Data in pane
A were previously reported with complete details regarding the yields, as well as oxygen
and iron ligand dependency of the reaction (Fleming and Burrows 2020a); panel B data are

unpublished.
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Gene expression is induced when G is oxidized to OG in a promoter G-quadruplex via BER.
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