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Abstract

The DNA nucleobases are highly susceptible to modification from a wide variety of
oxidizing and alkylating agents. Alterations to the nucleobase can threaten genomic integrity by
disrupting normal cellular processes including replication and transcription or by introducing
mutations. Damage to the DNA base is identified and removed by DNA glycosylases that initiate
the base excision repair pathway (BER). The diversity of DNA damage, the location of damage,
and how that DNA damage is identified has given valuable insights into disease related to DNA
repair. The NEIL family of DNA glycosylases can excise lesions arising from all four nucleobases
in a variety of DNA contexts, including duplex, single stranded, and G-quadruplex (G4). The loss
or dysfunction of NEIL enzymes is associated with a diverse set of disease phenotypes, such as
immune deficiencies, anxiety, impaired memory retention, and cancer. Yet, it remains unclear how
NEIL dysfunction is related to these phenotypes. In this work, | evaluate the molecular and
structural features involved in recognition and excision of a diverse set of lesions across multiple
DNA contexts by the NEIL family of glycosylases.

First, | examine the features of the damaged nucleobase that influence differences in
excision between the two isoforms of NEIL1. RNA editing of the NEIL1 pre-mRNA by the
Adenosine Deaminase Acting on RNA (ADARL1) creates two isoforms of NEIL1 via a recoding
event that converts a lysine to arginine in the lesion recognition loop of NEIL1. Notably, previous
studies have demonstrated that the two isoforms display different enzymatic properties on the
pyrimidine lesion, thymine glycol (Tg), where the unedited (UE, K242) isoform showed a
significantly faster rate of excision compared to edited NEIL1 (Ed, R242). To further the
understanding of NEIL1 activity, | continued this analysis on lesion processing by the two NEIL1

isoforms on a large number of substrates to evaluate the impact of the ADAR1-mediated recoding



event. Notably, UE NEIL1 demonstrates better excision of U/T pyrimidines, such as Tg, uracil
glycol (Ug), 5-hydroxyuracil (5-OHU), and 5-hydroxymethyluracil (5-hmU), than the edited
isoform. However, the relative difference in the rate of excision between Ed and UE NEIL1 is not
consistent between lesions and decreases markedly in the series with Tg > Ug > 5-OHU > 5-hmU.
Calculations performed in the gas phase examine tautomer stability (2-OH vs 4-OH) and N3 proton
affinity of each lesion, and the relative rates of base excision track with the N3 proton affinity of
the most stable tautomer. These data suggest that enzyme-promoted tautomerization affects
cleavage of the glycosidic bond and enhances excision observed with the unedited enzyme. As a
result, the differences in activity between the two isoforms of NEIL1 imply a unique regulatory
mechanism for DNA repair by RNA editing.

Additionally, the ability of NEIL enzymes to excise DNA damage from G4 structures was
evaluated. The G-rich nature of G4 sequences makes them highly susceptible to oxidative damage,
and DNA damage in promoter containing G4 sequences and interaction of BER enzymes have
been implicated in gene regulation. An oxidation product of guanine, guanidinohydantoin (Gh),
was positioned at varying locations in G4 sequences from VEGF, KRAS, and RAD17 promoters,
and excision by NEIL1 and mouse NEIL3 (mNeil3), was monitored using in vitro glycosylase
assays. The production curves are biphasic providing two rates, indicating that a fraction of Gh
within the G4 is excised rapidly, while another fraction is processed more slowly. Also, the percent
base removed does not reach 100% despite excess enzyme. The G4 sequence was the largest
contributing factor to the differences in rates, associated amplitudes, and overall Gh excision by
the NEIL enzymes. These observations suggest that the G4 structure and stability impact
accessibility and ability of NEIL1 and mNeil3 to position Gh for cleavage. Thus, reduced repair

by NEIL may increase the persistence of mutations or alter gene regulation.



In the last chapter, | evaluated the repair of Tg, Gh, and 2,6-diamino-4-hydroxy-5-
formamidopyrimidine (FapyG) in human cell lines, as repair can vary between them, using a green
fluorescent protein (GFP) reporter that had been previously used to evaluate the repair of Gh and
Tg initiated by Neill in MEFs. Here, | evaluated the repair of Tg, Gh, and FapyG in HEK293FT
cells and the cancer cell lines, HeLa and U87. The extent of repair was the greatest in HEK 293FT
cells, while reduced repair of all lesions was observed in HeLa and U87 cells. In comparing the
lesions, FapyG was repaired to the greatest extent followed by Gh and Tg across all cell lines.
These lesions have never been explored in a cell-based assay, and lesion containing plasmid based
cellular assays are useful tool to examine DNA damage and DNA repair capacity as they reflect
the influence of factors such as protein expression and stability, which can be altered in disease
states.

My dissertation evaluates the molecular basis of NEIL initiated repair to provide insights
between NEIL activity and its diverse disease phenotypes. These results demonstrate that the type
of damage and the location of damage can influence excision by the NEIL DNA glycosylases and
altered NEIL activity can impact cellular function and progression of disease. NEIL1 specificity
can be modified by RNA editing, and aberrant RNA editing and high levels Ed NEIL1 is associated
with cancer. Also, NEIL enzymes interact with G4 structures and reduced excision may lead to
increase mutation or participate in regulatory mechanisms. Each chapter examines unique repair
properties of the NEIL enzymes and its DNA damage substrates and provides further opportunities

to explore repair of these diverse lesions.
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Chapter 1 Introduction
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book entitled “Advanced Chemical Biology: Chemical Dissection and Reprogramming of
Biological Systems,” Edited by Howard C. Hang, Matthew R. Pratt, and Jennifer A. Prescher,

Wiley-VCH, © 2023. in Advanced Chemical Biology.



DNA is a dynamic molecule that undergoes structural changes for normal cellular function,
such as replication and transcription, and its highly dynamic nature makes DNA susceptible to
modification. Some modifications are required to regulate mechanisms like gene expression, while
others are deleterious and threaten the integrity of the human genome.® Our cells have several
mechanisms to repair such modification in DNA and to maintain genomic integrity.? The study of
DNA damage and repair mechanisms illustrated the important role of chemistry in identifying
critical features of this complex biological processes such that Tomas Lindahl, Aziz Sancar, and
Paul Modrich were awarded the 2015 Chemistry Nobel Prize for their discovery of the mechanisms

of DNA repair.®

Types of DNA damage and base modifications

All four DNA bases can undergo structural modification from oxidizing agents, alkylating
agents, and radiation (Figure 1.1).* Such modifications can alter structural features of the
nucleobase, including changing hydrogen bonding properties and mediating mutations during
DNA replication, or hindering DNA replication and transcription.* Additionally, modifications to
nucleobases may weaken the N-glycosidic linkage between the base and sugar, which may result
in base loss (depurination or depyrimidination) producing a base-less, apurinic/apyrimidinic (AP)
site. AP sites are inherently unstable and may also be enzymatically processed to generate DNA
strand breaks.> All modifications have some consequence to the cell requiring recognition and
repair. The next sections discuss some of the common types of DNA base damage and how they

arise.

Oxidation: Reactive oxygen and nitrogen species (RONS) are potent oxidants that mediate
structural modifications to all biomolecules including the nucleobase, deoxyribose sugar, and

phosphate backbone of DNA.%" The hydroxyl radical (HO") and carbonate radical (COs™) are



reactive one-electron oxidants that can form as a by-product of cellular respiration, Fenton
chemistry, and ionizing radiation.®’ Recently, COs™ has been suggested to be the more biologically
relevant one-electron oxidizer based on studies evaluating the kinetics of Fenton chemistry, where
in the presence of bicarbonate, CO3™ was formed and not HO".® Conditions of oxidative stress and

inflammation are common means that lead to increased amounts of RONS in cells.

Of the four nucleobases, the guanine (G) base has the lowest reduction potential (1.29V vs.
NHE) making G most susceptible to oxidation and producing a wide range of guanine lesions. One
of the most extensively studied guanine lesions is 8-oxo-7,8-dihydroguanine (OG).® OG in its syn
conformer is capable of mispairing with adenine (A) as the addition of an oxo group on C8 and a
hydrogen on N7 mimics the hydrogen bonding face of thymine (T). OG also has an even lower
reduction potential than G (0.74V vs. NHE) making it susceptible to further oxidation to form the
hydantoin lesions, guanidinohydantoin (Gh) and spiroiminodihydantoin (Sp) (Figure 1.1A).°
These non-planar and helix distorting hydantoin lesions are replication and transcription blocks,*°
and in cases where replications occurs, are completely miscoding, ultimately leading to G-to-T
transversion and G-to-C transition mutations.!* RONS can also produce modifications to other
bases, including the common oxidative modifications to purine bases such as 8-oxo-7,8-
dihydroadenine (OA), and the ring open formamidopyrimidines, 2,6-diamino-4-hydroxy-5-
formamidopyrimidine (FapyG) and 4,6-diamino-5-formamidopyrimidine (FapyA).'? Oxidation
products of cytosine can produce a broad spectrum of C-derived lesions, such as 5-
hydroxycytosine (5-OHC) and cytosine glycol (Cg), and can be further deaminated to 5-
hydroxyuracil (5-OHU) and uracil glycol (Ug) (Figure 1.1A).%3 Deaminated oxidation products of

cytosine (C) are highly mutagenic as they possess the same hydrogen bonding face as T. Oxidation



of the thymine also leads to a variety of base lesions, including thymine glycol (Tg), which is a

potent replication and transcription block.*

Alkylation: The electron rich heterocycles of the DNA nucleobases have numerous
nucleophilic sites to readily react with electrophiles.2*>® All nitrogen and oxygen atoms are
susceptible to alkylation, but in double stranded DNA, the relative reactivity with Sn2-type
electrophiles follows the general trend of G(N7)>A(N3)>>A(N1)>C(N3) and is dependent on the
accessibility of the nucleophilic atom (Figure 1.1B).!>® Many DNA alkylating agents are
environmental carcinogens that may be transformed into the electrophilic species by oxidative
metabolic processing by cytochrome P450 (CYP) enzymes primarily in the liver.” For example,
CYP-mediated oxidation of polycyclic aromatic hydrocarbons (PAHS), including benzo[a]pyrene
and aflatoxin B1, introduce a strained, epoxide ring that is highly reactive with DNA base
nucleophiles (Figure 1.1B).*® In the cell, methyl transferases can purposefully transfer a methyl
group to adenine or cytosine from S-adenosyl methionine (SAM) as the methyl donor generating
NE-methyladenine, N*-methylcytosine, and 5-methylcytosine, which can serve important roles in
epigenetic regulation.’® Many of the products of DNA base alkylation are more prone to
depurination or depyrimidination as a result of weakening the N-glycosidic bond between the base

and sugar.
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Figure 1.1: Modifications to DNA nucleobase.

(A) Oxidation alters the structure of all four nucleobases producing a wide array of DNA damage.
OG: 8-ox0-7,8-dihydroguanine, Gh: guanidinohydantoin, Sp: spiroiminodihydantoin, FapyG: 2,6-
diamino-4-hydroxy-5-formamidopyrimidine,
diamino-5-formamidopyrimidine, Tg: thymine glycol, DHT: dihydrothymine, 5-OHC: 5-
hydroxycytosine, 5-OHU: 5-hydroxyuracil, Ug: uracil glycol, DHU: dihydrouracil. (B) All
positions highlighted are susceptible to alkylation. Nitrogen atoms highlighted in red are the most
nucleophilic atoms on the four nucleobases with common products of alkylation shown. (C)
Deamination of adenine, cytosine, and 5-methylcytosine produces hypoxanthine, uracil, and
thymine causing mismatches, that lead to mutations within the genome. (D) DNA crosslinks arise
from UV radiation (e.g. cyclobutane pyrimidine dimers) or via endogenous production of abasic
sites (e.g. AP-A crosslinks). Figure adapted from Hang 2023.

OA: 8-o0xo-7,8-dihydroadenine,

FapyA: 4,6-



Deamination and DNA mismatches: The exocyclic amines of cytosine, adenine, and
guanine are susceptible to deamination under physiological conditions or by enzymatic processing.
Conversion of the canonical bases by deamination can change the hydrogen bonding and coding
properties of the base.! For example, the deamination of cytosine produces uracil (U), a base that
is normally confined to RNA. The lack of a methyl group on C5 distinguishes U from T for repair;
however, when 5-methylcytosine (5-mC) is deaminated, thymine is produced in DNA and can
only be distinguished by its presence paired with G in a T:G mismatch (Figure 1.1C).?° Additional
types of mismatches also arise from alkylation and oxidation events. For example, many oxidation
products of G, including OG, Gh, and Sp can all mispair with A and subsequent replication can

lead to G:C to T:A transversion mutations.'t

DNA Crosslinks: Intra- and inter-strand DNA crosslinks are highly toxic forms of DNA
damage arising from UV radiation, chemotherapeutics, and endogenously between AP sites and
exocyclic amines of purine bases.?*2* The presence of DNA crosslinks inhibit DNA replication
and transcription, mediating cell death, and pose a challenge for DNA repair. UV radiation can
produce cyclobutane pyrimidine dimers (CPD) through the reaction of C5-C6 double bonds of
adjacent pyrimidines.?! Cisplatin and nitrogen mustards engage with the highly reactive N7 on
guanine to produce intra- and inter-strand crosslinks and are used as clinical chemotherapeutics.??
Endogenous DNA crosslinks can be formed between the exocyclic amines of A and G and the
reactive aldehyde of an AP site. AP site inter-strand crosslinks are reversible but are long lived

due to features of the base amine (Figure 1.1D).242

DNA repair
Several DNA repair pathways exist to mitigate the myriad of DNA modifications that

compromise genome integrity. The five primary pathways are direct repair, double strand break,



nucleotide excision repair, mismatch repair, and base excision repair. Between these repair
pathways there is some overlap and redundancy to allow for the recognition and repair of the wide
range of DNA damage. Briefly, direct DNA repair enzymes removes the modification through
chemical reversion of the damage reaction and does not require a DNA template, phosphodiester
backbone breaking, or DNA synthesis. CPD photolyases, O6-alkylguanine-DNA alkyltransferase
(MGMT), and AIkB family of enzymes all perform such reactions to repair cyclobutane
pyrimidine dimers, OS%-methyl guanine, and N!-methyladenine and N3-methylcytosine,
respectively.?¢-2¢ Double-strand breaks and inter-strand crosslinks can be repaired via homologous
recombination (HR) or nonhomologous end joining (NHEJ). Repair of the damaged region by HR
requires a template from a homologous undamaged DNA molecule.?® On the other hand, NHEJ
does not require a template for repair and the broken ends are ligated together; unfortunately, repair
via this pathway can lead to deletions.®® Nucleotide excision repair (NER) is responsible for the
removal of a wide range of modifications that are often large and/or helix distorting. Recognition
of helical distortion initiates the excision of a short fragment containing the base modification and
filling of the short gap.3! Mismatch repair is a strand-specific method responsible for the
recognition and repair the undamaged, misincorporated base in the newly synthesized strand
arising from DNA replication or recombination.3 Finally, base excision repair (BER) is a highly
conserved repair mechanism for the repair of many modifications and mismatches that arise from
oxidation, deamination, and alkylation reactions.®*34 This pathway will be discussed in detail in

the next section.

DNA glycosylases and base excision repair
Base excision repair is initiated by DNA glycosylases that recognize and excise the

modified base by hydrolyzing the N-glycosidic bond between the base and the sugar (Figure 1.2A).



The resulting AP site is processed by an AP endonuclease (APE1l, APE2) to hydrolyze the
phosphodiester backbone when the base is excised by a monofunctional glycosylase. Some
glycosylases are bi-functional with lyase activity to catalyze either [-elimination or
B, 8-elimination reaction at the AP site to produce a 3’-a, B-unsaturated aldehyde and 5’-phosphate
termini or 3°- and 5°-phosphate termini, respectively (Figure 1.2B).% The gap for cleavage of the
phosphodiester backbone is then processed by either short patch or long patch BER. In short patch
BER, the DNA backbone was cleaved by the AP endonuclease followed by single nucleotide
insertion by DNA polymerase beta (Pol ) and ligation by DNA ligase 1 (Ligl). Long patch BER
is initiated by many bifunctional glycosylases that process AP site. The DNA polymerase extends
a longer fragment generating a flap that must be removed by flap endonuclease 1 (FEN1) prior to

ligation (Figure 1.2C).%¢

Several superfamilies have evolved for recognition and repair of a specific modified base
or a set of related modifications (Table 1.1). The diversity of DNA modifications, often in low
cellular abundance, make DNA glycosylases remarkable in their ability to find and excise the
aberrant nucleobase. The UDG superfamily primarily responsible for the removal the products of
deamination, uracil and hypoxanthine, thymine, or 5-fluoro-uracil. TDG, a member of the UDG
family, can excise the further oxidized products of the epigenetic modification 5mC. The helix-
turn-helix superfamily is more diverse with several subfamilies excising a wide range of oxidation
and alkylation products, including OGG1 for the for the removal of OG across from C,
MutY/MUTYH for the misincorporated A across from OG, Mig and MBD4 for the removal the
mutagenetic T in G:T mismatches, Endolll and its mammalian homologs, NTHL, for removal of
many oxidized pyrimidines, and the AIKA family for the excision of methylated bases. The

methylpurine glycosylase is responsible for the removal of alkylated purines in addition to the



HEAT like repeat glycosylase family (AIkC/AIKD). Finally, the Fpg/Nei super family consists of
the formamidopyrimidine-DNA-glycosylase (Fpg) and endonucleaseVIl (Nei) and their
mammalian homologs, NEIL1, 2, and 3, are capable of excising a remarkably wide range of

oxidized bases including Gh, Tg, 5-OHU, and FapyA/G in a variety of substrate contexts.
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Figure 1.2: DNA glycosylases initiate the base excision repair pathway.

(A) DNA glycosylases hydrolyze the N-glycosidic between the modified/misplaced base and
deoxyribose sugar. (B) Bifunctional glycosylases also have lyase activity causing a break in the
phosphodiester backbone. (C) Downstream base excision repair enzymes restore the proper base
after lesion removal by the DNA glycosylase. AP endonuclease (APE1), polymerase beta (Pol ),
polymerase delta (Pol &), DNA ligase 1 and 3 alpha (Ligl and 3a), X-ray repair cross-
complementing protein 1 (XRCC1), and proliferating cell nuclear antigen (PNCA).



Table 1.1: DNA glycosylase superfamilies, DNA glycosylases belonging to each family and their

substrates.

DNA Glycosylase
Superfamily

uUbDG

Helix-hairpin-helix

MPG

Heat-like repeat

Fpo/Nei

DNA Glycosylase

Uracil DNA Glycosylase
(UNG)

Single-stranded
Monofunctional Uracil DNA
Glycosylase (SMUG)

Thymine DNA Glycosylase
(TDG)

Endonuclease 111 (nth/NTH1)

8-OxoG DNA Glycosylase 1
(OGG1)

MutY/MUTYH

Methyl-CpG Binding
Domain
Protein 4 (MBD4)

AlkA

Methylpurine DNA
Glycosylase

AIKC/AIKD

Nei-like glycosylase 1
(NEIL1)

Nei-like glycosylase 2
(NEIL2)

Nei-like glycosylase 3
(NEIL3)

Formamidopyrimidine-DNA-
glycosylase (Fpg)

10

Substrate

U

U in ssDNA and duplex, 5-
OHU, 5-fluorouracil

U, T in G:T mismatch, 5-
caC, and 5-fC

Oxidized purines including
Tg, 5-OHU

OG

A in G/OG mispairs

U or 5-fluorouracil

Alkylated purines

Alkylated purines

Alkylated purines

Gh, Sp, FapyA, FapyG,
oxidized pyrimidines,
alkylated FapyA/G, psoralen
crosslinks

Oxidized pyrimidines and AP
sites

Gh, Sp, abasic site crosslink

OG, Gh, Sp, FapyA, FapyG,
oxidized pyrimidines



Fpg/Nei family of DNA glycosylases

The Fpg/Nei family of DNA glycosylases includes the mammalian homologs, NEIL1, 2,
and 3 of Fpg and Nei, and these glycosylases are capable of excising many oxidation and alkylation
products from a wide variety of DNA contexts including duplex, single strand, replication forks
and G-quadruplex (G4) DNA. The overlapping substrate scope and reactivities of NEIL1, 2, and
3 is a product of structural similarities between the glycosylases. All three glycosylases have a
helix-two-turn-helix (H2TH) DNA binding motif in the glycosylase domain and conserved N-
terminus with key critical residues for excision.®®® NEIL1 has an N-terminal sequence of
MPEGPEL, NEIL2 has an N-terminal sequence of MPEGPLYV, and NEIL3 varies the most with
an N-terminal sequence of MVEGPGC.®% In all cases, there is either a N-terminal proline or
valine at position 2 and glutamic acid at position 3. Pro2 is important for the lyase activity of
NEIL1 allowing for Schiff base formation between the AP site and the proline. A similar activity
is proposed for Pro2 and Val2 for NEIL2 and NEIL3 respectively.® Glu3 is in close proximity to
04’ of the ribose sugar, and mutations at this position indicate Glu3 is an important residue for

catalysis. 043
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Figure 1.3: Structural features of NEIL family of glycosylases.

(A) Structural representations of the three NEIL glycosylases. Figure adapted from Liu et al. 2010. (B) Crystal structures of human
NEIL1 (PDB: 5ITX), opossum Neil2 (opNeil2, PDB:6VJI), mouse Neil3 (mNeil3) glycosylase domain (PDB: 3WOF) and GRF zinc
fingers (PDB: 7JL5) highlight structural features, including conserved N-terminus (yellow), H2TH motif (green), Fpg/Nei zinc finger
or zincless finger (purple), glycosylase domain (cyan), the lesion recognition loop and ADAR1 recoding site of NEIL1 (red), and GRF
zinc fingers (magenta) and linker region (light gray) of mNeil3. (C) Probing residues NEIL1 (PDB:5ITX). Met81, Arg118, and Phe120
shown in green, and lesion Tg and the base opposite lesion, dC, are shown in yellow. NEIL2 and NEIL3 lack similar Arg118 and Phe120
probing residues that coordinate with base opposite lesion and scanning residue, respectively.



The NEIL glycosylases also vary in many features that differentiate them in their activity.
NEIL3 is the largest of the glycosylases with a total of 606 amino acids (aa) in length followed by
NEIL1 (390 aa) and NEIL2 (332 aa) (Figure 1.3A and B).>®4 All three glycosylases have
intrinsically disordered domains that are sites of many protein interactions and regulatory features.
NEIL1 and NEIL3 have their C-terminal domains (CTD) disordered, while NEIL2 has two
disordered regions in the N-terminus.® For example, NEIL1 CTD facilitates the formation of a
“BERosome” repair complex with multiple replication-associated proteins, and in the absence of
its CTD, NEIL1 loses its association to chromatin and replication foci in S-phase cells.*®
Additionally, NEIL1 has a “zincless” finger motif that is critical for binding of DNA where as
NEIL2 and NEIL3 have similar domains containing zinc ions.*® The NEIL3 C-terminal domain
contains many additional zinc finger motifs, including two GRF zinc finger motifs and a RANbp-
like zinc finger motif. The GRF zinc finger motifs have an autoinhibitory effect regulating the
activity of the glycosylase domain.*” The NEIL2 N-terminal disordered regions are highly flexible
allowing for proper engagement of the enzyme on DNA substrates and are likely sites of protein

interacts that are still being determined.*

NEIL1, NEIL2 and NEIL3 also differ in key probing residues for the detection of DNA
repair. NEIL1 has residues Met81, Arg118, and Phe120 for scanning through the vast amounts of
DNA and extrude a damaged base into the catalytic site on the enzyme (Figure 1.3C).*” Met81
occupies the position of the extruded base entering through the minor groove. Phe120 is wedged
between the base opposite the lesion causing unstacking of the bases and leading to severe kinking
in DNA. Phel20 is also important in the scanning mechanism as it wedges into the DNA to search
for non-planar bases such as Gh and Sp. Arg118 forms H-bonds with the opposite base to the DNA

lesion and can discriminate between the four canonical bases to regulate NEIL1 activity.37464
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NEIL2 and NEIL3 do not have the equivalent Arg118 and Phe120, and the lack of these residues
is proposed for NEIL2 and NEIL3’s preference for single stranded substrates compared to
duplex.3” Of the three glycosylases, NEIL1 has been the most comprehensively studied, but new
work is emerging for NEIL2 and NEIL3 highlighting unique features of their biological roles.
Each NEIL glycosylase displays slightly different preferences in regard to DNA context and lesion

specificity that are often a reflection of their role in BER.

NEIL1: The substrate scope of NEIL1 has been extensive studied, and the NEIL1
glycosylase has the remarkable ability to excise a wide array of oxidized purines and pyrimidines.>
Known substrates for NEIL1 include the hydantoin lesions, Gh and Sp, Tg, 5-OHC, 5-OHU, DHT,
DHU, FapyG and FapyA (Figure 1.1A).5° NEIL1 can also excise some larger alkylation
products, such as methyl-FapyG, 8,9-dihydro-8-(2,6-diamino-4-oxo-3,4-dihydropyrimid-5-yl-
formamido)-9-hydroxyaflatoxin B: (AFBi-FapyG), and psoralen induced crosslinks.® Notably,
OG is not excised by NEIL1 despite conflicting reports in the literature.>® On the other hand, the
further oxidation products of OG, Gh and Sp, are among the best documented substrates of
NEIL1.5 NEIL1 is able to excise damage from a diverse range of structures, including duplex, SS
DNA, bubble, and bulge DNA structures, and G-quadruplexes, and has been found to associate
with replication forks.®>? Additionally, NEIL1 has also been implicated in epigenetic gene
regulation via interactions with further oxidized products of 5-mC, 5-formylcytosine (5-fC) and
5-carboxycytosine (5-caC) from pulldown assays, yet these have not been fully verified.>°
NEIL1’s ability to recognize a wide range of substrates is due its flexible binding pocket of this
enzyme; however, due to the planar nature of OG, it is not well excised as it fit poorly into the

shallow binding pocket with few hydrogen bonding interactions and greater solvent exposure.®%6
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Additionally, two isoforms of NEIL1 exist due to RNA editing of the NEIL1 pre-mRNA
by the adenosine deaminase ADAR1.6%* ADAR1 catalyzes the deamination of adenosine (A) to
inosine (1), and such editing events are responsible for altering splice sites or codon changes.®®
Studies evaluating the whole transcriptome sequence analysis from human tissues identified
possible A to | editing sites, including the pre-mRNA of the NEIL1.%® The Beal laboratory
identified that ADARL is responsible for an editing event causing a single codon change in the
transcript.?* For NEIL1 pre-mRNA, the A at position 725 is converted to | by ADAR1.%* Since
inosine codes as guanosine during translation, the edited mRNA codes for an arginine at position
242 in NEIL1 rather than the lysine coded in the unedited mMRNA. The original NEIL1 cDNA
sequence identified the edited isoform from a cell population where the mMRNA contained the
codon code for arginine at position 242,%%¢ and as a result, most of the biochemical substrate
analysis was only performed on the edited isoform prior to the landmark paper by the David and
Beal laboratories.?* The David laboratory identified that this single codon change introduces
dramatic alterations in lesion removal activity between the unedited (UE, Lys242) and edited (Ed,
Arg242) NEIL1 isoforms.®* UE NEIL1 removes Tg in duplex DNA about ~30-40 fold faster than
Ed NEIL1, while the edited isoform excises Gh ~3fold faster.%* Electrophoretic mobility shift
assays 2'-fluorothymidine glycol (2’-F-Tg) and 2'-fluoro-guanidinohydantoin (2’-F-Gh) have
shown similar affinity by the two isoforms suggesting that the observed differences in rate are
related to a kinetic step rather than lesion binding affinity.5":6

Structural studies by Yi and co-workers of Ed and UE NEIL1 bound to a Tg duplex and
QM/MM calculations showed that residue 242 plays a critical role in the mechanism of NEIL1
(Figure 1.4A) and is responsible for differences in excision. Lys or Arg 242 side chain lies within

the lesion recognition loop of NEIL1, and upon binding with lesion containing DNA, residue 242
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directly interacts with the Tg base.®® Engagement by NEIL1 with the Tg base can promote
tautomerization of the lactam to the lactim and allow for protonation of N3 by residue 242
(Figure 1.4B). Differences in excision were attributed to pKa of Lys (pKa ~ 10.5) and Arg
(pKa ~ 12.5). The more acidic lysine allowed for greater extent of proton donation with UE NEIL1
to promote Tg tautomerization and facilitate faster excision.®® The influence of 242 side chain
acidity was the most dramatic with Tg, but this does not explain trends observed with other lesions,
such as Gh and Sp. Recent structures with additional lesions by Yi and coworkers have also shown
that NEIL1 can capture lesions in alternative non-catalytically competent conformations. In the
active conformation, residue 242 directly engages with damaged base, while in the non-
catalytically active, Tyr244 can stack with lesion keeping the base in a ‘“quarantine” state
(Figure 1.4C).”® Rearrangement of the lesion recognition loop will allow for re-engagement of

residue 242 with the lesion and enzyme activity.
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Figure 1.4: Engagement by NEIL1 promotes lesion tautomerization in active conformation.

(A) Proposed mechanism for NEIL1 based on structural studies and QM/MM calculations. Residue 242 engages with lesion tautomer
and protonation by residue 242 is critical to the lesion mechanism.5® (B) Lactim and lactam tautomers of thymine glycol. Figure adapted
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While these structural studies have provided insight into NEIL1 activity and distinguishing
the role of residue 242 in NEIL1 base excision, the biological role of having two isoforms of
NEIL1 is still unclear. From a single gene, the editing event by ADAR1 produces two forms of
NEIL1 with altered substrate specificities. A balance may be needed between the two isoforms for
the efficient recognition and repair for all NEIL1 substrates under different cellular conditions,
and the lack of the unedited isoform may allow for lesions to persist leading to mutation and strand
breaks. In cases of multiple myeloma, the overexpression of Ed NEIL1 had greater cellular
proliferation cells and higher level of unrepaired double-strand breaks.”* Additionally, ADAR1
overexpression and transcriptome hyperediting are associated with cancer, and ADAR1 is
expression is up-regulated under conditions associated with inflammation, which is a notable
feature of cancer progression.”*"® In cases of lung cancer and multiple myeloma, the NEIL1

mRNA was completely edited.”>"

In addition to cancer connected to RNA editing, NEIL1 is associated with a wide range of
disease phenotypes. Loss of NEIL1 is associated with immune deficiencies, loss of olfactory
function associated Alzheimer’s disease,’”* Werner syndrome,” impaired memory retention and
increased brain damage.”® Neill-/- mice exhibit phenotypes of metabolic syndromes’”’® and
anxiety behavior.” The link between these phenotypes and loss of NEIL1 activity is not well
understood. The diversity of biological consequences is likely a product of NEIL1’s broad
substrate specificity and the several DNA contexts in which it can function. NEIL1 is most highly
expressed in the liver, pancreas, and thymus with moderate expression in brain, spleen, prostate,
and ovary.?® This expression is highest during S-phase, and NEIL1 is found to localize to human
condensed chromosomes and centrosomes during mitosis suggesting a link between NEIL1 and

replication.8081
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NEILI associates with enzymes involved in short patch BER, Pol B, X-ray repair cross-
complementing protein 1 (XRCC1), and DNA ligasel and 3a (Ligl and 3a), and long patch BER,
polymerase delta (Pol §), proliferating cell nuclear antigen (PNCA), FEN-1, and Lig1.2? Notably,
NEIL1 acts in an APE-independent pathway as NEIL1 can perform strand scission due to its highly
coupled glycosylase and lyase activities.2? NEIL1 has also been observed to interact with the DNA
replication proteins, PCNA, FENI1, replication protein A (RPA), replication factor C, Pol 6, and
DNA ligase 1 acting as a “cowcatcher” in replication forks.*® NEIL1 stalls Pol & along the
replication fork for pre-replicative repair, which is required to maintain genomic integrity, and
suggests a role of NEIL1 in replication associated repair.*> Additional protein partners of NEIL1
include the DNA glycosylases OGG1 and TDG, where NEIL1 has been found to stimulate the
turnover of OGGL1 and TDG. For both of these DNA glycosylases, NEIL1 processes the abasic
site resulting from OGG1 or TDG glycosylase activity.>># NEIL1 can replace APE1 in the hand
off of the processed AP site and facilitate in the turnover of TDG and OGG1. A notable interaction
with NEIL1 is the Werner syndrome helicase (WRN) that has been identify to unfold G4
structures.®* WRN and FEN-1 localize in telomeric regions which are known to have G4, and
NEIL1 is capable of excising the hydantoin lesions from G4 structures.®®

NEIL2: NEIL2 is bifunctional glycosylase with a catalytic Pro2 similar to that of NEIL1.
NEIL1 and NEIL2 have overlapping substrate specificity excising Tg, 5-OHU, DHU, Gh and
Sp.508086 AP sites are very efficiently processed by NEIL2 and to a greater extent than oxidized
purine and pyrimidine substrates, suggesting that NEIL2 is a more efficient lyase than
glycosylase.®® Unlike NEIL1, NEIL2 displays a preference for damage with in single-stranded and

bubble DNA and is capable of initiating repair in D- and R- loops.>*#’
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Similarly to NEIL1, NEIL2 associates with Pol B, XRCC1, and Lig3a.8 However, unlike
NEIL1, NEIL2 expression levels are cell cycle independent and likely does not participate in
replication associated repair.2® NEIL2’s context specific repair and association with RNA
polymerase 1l (RNA pol II), Cockayne Syndrome Protein B, which assists RNA pol 11 with
chromatin remodeling, and the transcriptional regulator, heterogeneous nuclear ribonucleoprotein-
U (hnRNP-U), suggest a role for NEIL2 in transcription coupled repair.8® Y-box binding protein,
which also associated with transcription, was found to interact with NEIL2 and stimulate

glycosylase activity.®

The loss of NEIL2 also has many disease phenotypes including increased susceptibility to
age-related cataracts,®* polycystic ovarian syndrome,® and decreased cognitive performance.®
NEIL2 does not have clear cancer phenotype yet established; however, recently identified single
nucleotide polymorphisms (SNP) in the NEIL2 gene shows a significant association between
NEIL2 and BRCA2 mutation carriers and breast cancer risk.®* Further analysis of this SNP showed
increased expression of NEIL2 and in BRCA2 mutation carriers, elevated NEIL2 levels correlated
with increased oxidative DNA damage.® Biochemical assays of possible NEIL2 cancer variants

show diminished substrate processing compared to wildtype.*®

NEIL3: NEIL3 excises similar substrates to both NEIL1 and NEIL2 as previously
discussed. NEIL3 is considered a bifunctional glycosylase; however, its lyase activity is
diminished compared to NEIL1 and NEIL2. NEIL3 has an N-terminal Val where NEIL1 and
NEIL2 have a Pro, and the presence of the valine is proposed to be responsible for the difference
in lyase activity.®** NEIL3 is still an efficient glycosylase, but the glycosylase activity can vary
between all three NEILs depending on the substrate and DNA context. NEIL3 has a preference for

excising damage from SS DNA and G4 contexts compared to duplex due to additional negatively
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charged residues that would make contact with the opposite DNA strand.*® A unique substrate to
NEIL3 are AP-site crosslinks, where NEIL3 can “unhook” the linkage between the exocyclic
amine of adenine and the AP site.?#? These crosslinks are proposed to form at replication forks

suggesting that NEIL3 also has a role in replication associated BER.

Similar to NEIL1, NEIL3 expression is increased during S phase. The ERK-MAP kinase
pathway induces expression with NEIL3 expression peaking in G2 phase and found to localize at
telomeres. NEIL3 is recruited to the telomere by TRF1, which enhances the enzymatic activity of
NEIL3.% At telomeres, NEIL3 interacts with APE1, PCNA, and FEN1 for targeted repair of
oxidative DNA damage.®® Additionally, NEIL3 has been proposed to possibly assist in pre-
replicative repair due to its ability to excise from single stranded DNA and interaction with RPA,
and this is further supported by the ability of NEIL3 to unhook inter-strand crosslinks at replication
forks.?#?° Like NEIL1 and NEIL2, NEIL3 has many disease phenotypes including implications
with lipid metabolism and preventing atherosclerosis,®” and loss of NEIL3 is associated with
cognitive deficiencies,® and atherogenesis.®® The connections between NEIL3 deficit and disease

are still being explored.

Interplay between BER, regulation, and signaling

Emerging data has shown that both DNA modifications traditionally considered to be
damage and DNA glycosylases can participate in roles beyond base excision and maintaining
genomic integrity. Many BER glycosylases participate in these additional mechanisms and have
related activity or association with a NEIL glycosylase. The TDG DNA glycosylase has been
implicated to play roles in epigenetic gene regulation as TDG can excise the oxidized products of
5-mC.109101 Oxjdation of 5-mC by Ten-Eleven-Translocation (TET) family of proteins produces

5-hydroxymethylcytosine (5-hmC), 5-fC and 5-caC as intermediates in demethylation and as gene

21



regulation elements.>” TDG is capable of removing 5-fC and 5-caC,?*'% and NEIL1 has been
shown to stimulate TDG turnover.®>° NEIL1 was identified in pull-down assays from cells using
DNA containing 5-hmC, 5-fC, and 5-caC.%” The removal of 5-fC and 5-caC by TDG suggests a

role for the glycosylase as a “reader” of epigenetic base modifications with support from NEIL1.
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Figure 1.5: Initiation of gene transcription by DNA damage in potential quadruplex forming
sequence (PQS).

Removal of OG by OGG1 leaves an AP site encouraging the formation G-quadruplex (G4).
Subsequent binding by APEL can recruit transcription factors to initiate transcription. Figure
adapted from Fleming et al. 2017.

Recent work by the Burrows laboratory has proposed that the OG modification is not
simply a mutagenic form of DNA damage but also epigenetic when forming in a potential
quadruplex forming sequence (PQS) (Figure 1.5).1% Many gene promoters contain sequences that
have the potential to form G4s.1% G4s have been found to form in cells and are of interest as a
therapeutic target in modulating regulation. These G-rich sequences are highly susceptible to
oxidation resulting in the formation OG in a PQS. Removal of OG by OGG1 produces an AP site
and promotes G4 formation. APEL1 is then recruited to the G4, and binding of APE1 to G4 produces

an increase in gene expression levels.'% Here, the initiation of base excision repair alters gene
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expression. NEIL1 and NEIL3 are capable of excising Gh and Sp from G4 and may also interact
with this process.® Additionally, the NEIL1 and NEIL3 genes contain G4 forming sequences in
their promoters, and the formation of oxidative damage in the NEIL3 promoter can increase NEIL3
expression suggesting a dynamic relationship between the formation of damage and glycosylases

responsible for repair.1%

Finally, the existence of two isoforms of NEIL1 due to RNA editing suggests a regulatory
role on repair. As discussed previously, this editing event alters the substrate specificity of NEIL1
glycosylase. Conditions of inflammation can lead to increased oxidative stress and expression of
NEIL1, but also inflammation can increase ADARL expression suggesting important regulatory

feature between RNA editing and DNA repair.4%64

Thesis outline

The research in this dissertation aims to probe the influence of DNA base modification and
substrate context on recognition and excision by the NEIL family of glycosylases. In chapter 2, |
focus on the altered substrate specificities of NEIL1 due to RNA editing of NEIL1 transcript.
Previous work has established the single amino acid difference changes NEIL1 activity on the
oxidized pyrimidine, Tg. Here, | expand the substrate scope to explore substrates never evaluated
with the unedited isoforms. Biochemical analysis paired with calculations in the gas phase
elucidated properties of the lesion that influence removal by both forms of NEIL1.

In chapter 3, | evaluate the ability of NEIL1 and mNeil3 to remove Gh from G4 structures
from the VEGF, RAD17,and KRAS promoter regions. Damage was introduced at various positions
within the sequence to examine the impact of lesion position on the sequences. Additionally, |

probed if the addition of the 5-track assisted in lesion removal by NEIL1 and mNeil3. These studies
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show that the greatest variable influencing Gh removal from G4 was G4 sequence. The sequence
of the quadruplex can influence G4 stability and topology influencing the excision by NEIL1.
Finally, in chapter 4, | discuss preliminary efforts to probe the repair of NEIL substrates in
various human cell lines. A reporter plasmid was designed for the incorporation of
transcriptionally blocking lesions to study NEIL1 mediated repair in cells. This reporter was first
validated in MEFs, and then used in human cell lines to monitor repair of various lesions showing

that the human cancer cell lines, HeLa and U87, demonstrated diminished repair of the substrates.
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Chapter 2 RNA editing alters lesion specific activity of the DNA glycosylase NEIL1

Contributions of others: Dr. Jongchan Yeo performed the glycosylase assays for 5-OHU, 5-hmU,
and DHT and determined the binding affinity of Tg and 5-OHU. Dr. Brittany Anderson-Steele
evaluated the activity of NEIL1 the epigenetic modification 5-mC, 5-hmCm 5-fC, and 5-caC and
determined the binding affinity of Ug by both isoforms of NEIL1. Dr. JohnPatrick Rogers
completed the synthesis and characterization the Ug phosphoramidite and oligonucleotide. 5-
hmC, 5-fC, and 5-caC containing oligonucleotides were provided by Dr. Chuan He from the
University of Chicago. Dr. Amelia Manlove conducted the synthesis and characterization the Ol
phosphonamidite and oligonucleotide. Savannah Conlon ran the qualitative gel in Figure 2.3. Dr.
Allison Krajeski and Lanxin Zhang of the Jeehiun Lee laboratory performed the calculation on

base acidity and proton affinity.

The work presented in this chapter was published as cited below and reprinted with permission of

the authors and the journals:

“NEIL1 Recoding Due to RNA Editing Impacts Lesion-Specific Recognition and Excision, ”
Lotsof, E. R.; Krajewski, A. E.; Anderson-Steele, B.; Rogers, J.; Zhang, L.; Yeo, J.; Conlon, S. G.;

Manlove, A. H.; Lee, J. K.; David, S. S., J. Am. Chem. Soc. 2022, 144 (32), 14578-1458.

“RNA Editing of the Human DNA Glycosylase NEILI Alters Its Removal of 5-Hydroxyuracil
Lesions in DNA.” Yeo, J.; Lotsof, E. R.; Anderson-Steele, B. M.; David, S. S., Biochemistry 2021,

60 (19), 1485-149.

Copyright 2021 and 2022 American Chemical Society.
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Introduction

NEIL1 is unique from all other DNA glycosylases as two isoforms exist due to RNA
editing. The adenosine deaminase ADARL1 is responsible for the deamination of adenosine (A) to
inosine (1) at position 725 in the NEIL1 pre-mRNA.%2%% During translation, inosine codes for a
guanosine (G), and the edited mRNA (AlA) codes for an arginine (R) at position 242 in NEIL1
rather than the lysine (K) in the unedited mRNA (AAA) (Figure 2.1A). Until the identification of
the unedited isoform of NEIL1 by the David and Beal laboratories, the only isoform known and
studied had an arginine at position 242.54

This editing event, producing a single amino acid change from Lys242 (unedited, UE) to
Arg242 (edited, Ed), has resulted in dramatic changes in base excision activity between various
lesions. For thymine glycol (Tg), UE NEIL1 removes the lesion in duplex DNA ~30-40 fold faster
than the Ed NEIL1 isoform.% While the oxidized purine lesion, guanidinohydantoin (Gh), the rate
of excision by the edited isoform is ~3 fold greater.%* Despite the difference in the observed rates,
the two isoforms exhibited similar affinity in electrophoretic mobility shift assays (EMSA) to
duplex DNA containing non-cleavable synthetic analogs, 2'-fluorothymidine glycol (2’-F-Tg) and
2'-fluoro-guanidinohydantoin (2’-F-Gh).6"® The binding affinity results suggested that the
difference in lesion processing is related to a kinetic step. However, the biological implications of
NEIL1 recoding are not fully understood. Multiple myeloma cells overexpressing Ed NEIL1
proliferated at significantly higher rates and presented hallmark signatures associated with
unrepaired double-strand breaks.”

Based on the alignments of the bacterial homolog Fpg, residue 242 was proposed to be
within the lesion recognition loop of NEIL1 and a critical residue for lesion excision.%® X-crystal

structures of Ed and UE NEIL1 bound to Tg containing oligonucleotide confirmed that residue
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242 makes contact with the oxidized base for lesion removal.®® The structure paired with QM/MM
calculations proposed a ribose protonated pathway with Lys/Arg242 serving as the proton donor
for N3 of Tg in this excision mechanism.%® The difference in pKa of Lys versus Arg is suggested
to be responsible for the ~30-40 fold difference in the rate of excision of Tg by the two isoforms.’

The DNA glycosylase NEIL1 is responsible for the excision for a wide range of DNA
modifications to purine and pyrimidine bases. Known substrates include the hydantoin lesions,
guanidinohydantoin and spiroiminodihydantoin (Sp), thymine glycol (Tg), 5-hydroxycytosine
(5-OHC), 5-hydroxyuracil (5-OHU), dihydrothymine (DHT), and the formamidopyridines (FapyG

and FapyA) (Figure 2.1B).52°455106-108
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Figure 2.1: RNA editing produces two forms of NEIL1 that excise a wide range of base lesions

(A) NEIL1 gene encodes for a lysine at position 242 in the enzyme’s lesions recognition loop.
NEIL1 pre-mRNA is a substrate for ADAR1, which deaminates adenosine 725 to inosine in the
pre-mRNA, and this editing event results the encoding of an arginine at position 242 of the NEIL1
enzyme. Both Lys242 and Arg242 containing NEIL1 are active and remove oxidative damage
from DNA. (B) Known substrates for edited NEIL1: Gh, guanidinohydantoin; Sp,
spiroiminodihydantoin; FapyA, 4,6-diamino-5-formamidopyrimidine; FapyG, 2,6-diamino-4-
hydroxy-5-formamidopyrimidine; DHT, dihydrothymine; 5-OHC, 5-hydroxycytosine; 5-OHU, 5-
hydroxyuracil; Tg, thymine glycol. (C) Additional lesions tested as potential substrates for edited
and unedited NEIL1 in this work: OI, 8-oxoinosine; Ug, uracil glycol; 5-hmU, 5-
hydroxymethyluracil; 5-caC, 5-carboxycytosine; 5-hmC, 5-hydroxymethylcytosine; 5-fC, 5-
formylcytosine. Figure published in Lotsof et al. 2022.
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To probe the role on RNA editing on NEIL1 response to a variety of DNA modifications,
we examined the glycosylase activity of both isoforms of NEIL1 on substrates previously
examined with only Ed NEIL1 and new potential substrates (Figure 2.1 B and 2.1C). The
pyrimidine lesions, 5-OHC, 5-OHU, DHT and the epigenetic lesions, 5-formylcytosine (5-fC),
5-hydroxymethylcytosine (5-hmC), and 5-carboxycytosine (5-caC), which have been previously
evaluated with the edited isoform, were also examined with the unedited isoform. We also
examined uracil glycol (Ug) as a potential substrate. Ug is structurally similar to Tg and a common
oxidation product from the oxidation and deamination of cytosine (C) leading to C->T transversion
mutations.319%110 We also evaluated removal of a modified version of 8-oxo-7,8-dihydroguanine
(OG), lacking the 2-amino group (8-oxoinosine, OI) by NEIL1 to illuminate the impact of
structural modifications on isoform-specific excision. OG is not considered a substrate for NEIL1
as its large planar structure does not fit into the shallow binding pocket. %

Results and Discussion

Evaluation of substrates for both isoforms of NEIL1

The glycosylase activity of the NEIL1 isoforms was analyzed with DNA duplexes
containing a variety of modified bases (Figure 2.1) to reveal potential differences in activity as a
result RNA editing and the resulting amino acid change. As mentioned previously, the analyses of
lesion removal were only completed by the edited isoform until the discovery of the unedited
isoform by the David and Beal laboratories.*¢5°%* We explored additional modifications with both
isoforms of NEIL1 to see if similar patterns arose between the two isoforms as we have previously
observed with Tg and Gh. The pyrimidine modifications, U, 5-OHU, 5-hmU, 5-OHC, 5-hmC, 5-

fC, 5-caC, and DHT, and purine modifications, I, Ol, and OG, were examined in this study.
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The glycosylase activity of UE and Ed NEIL1 on lesion containing duplexes in the most
likely biological context were initially surveyed by incubating with enzymes in excess for 60
minutes. In this assay, several modifications that were potential substrates and previously
considered a substrate were not removed (Figure 2.2). U and | were not substrates and OG, 5-fC,
5-caC and 5-hmC were removed at extremely low levels by both isoforms (<10%) (Figure 2.2 and
Figure 2.3A). The lesions 5-hmU, 5-OHC, OI, DHT and 5-OHU were found to be excised to
differing extents by the NEIL1 isoforms (Figure 2.3B). Identity of the opposite base influenced
excision of several lesions. Minimal excision of 5-hmU was observed when paired with G (<10%),
however, in a duplex positioned across from C, 5-hmU was removed to a significant extent by UE
NEIL1 (Figure 2.3B). Similarly, 5-OHC was removed to a small extent by both NEIL1 isoforms
(<10%) in a duplex context opposite G but was found to be completely removed when paired with
C. Both isoforms removed Ol opposite C to similar extents under these conditions. In studies with
5-OHU, and both isoforms of NEIL1, the greatest excision was seen with lesions paired with C
and reduced excision with those paired with A.*° DHT:A, 5-OHU:C, 5-OHC:C substrates were
processed almost completely by Ed and UE NEIL1 in the 60-minute incubation period (Figure
2.3). Based on these observed results, full time-course, single-turnover analyses were performed

to reveal potential isoform and lesion-specific activity differences (Table 2.1).
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Figure 2.2: Representative storage phosphor autoradiograms of various lesions and epigenetic modifications excised by Edited (Ed,
R242) and Unedited (UE, K242) NEIL1 from duplex DNA.

(A) Inosine (1), (B) 8-oxo-7,8-dihydroguanine (OG), (C) 5-hydroxylmethylcytosine (5-hmC) (D) 5-formylcytosine (5-fC) (E) 5-
carboxycytosine (5-caC), (F) Uracil (U), (G) 5-hydroxyuracil (5-OHU), and (H) 5-hydroxycytosine (5-OHC). [y-32P]ATP-labeled
duplex DNA containing a central lesion was incubated with enzyme under single turnover conditions (200 nM enzyme, 20 nM DNA)
at 37 °C with 150 mM NaCl. Reactions were quenched at time points between 20 sec and 60 min. Figure published in Lotsof et al. 2022.
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Figure 2.3: Lesion specific removal by edited (Ed) and unedited (UE) NEIL1.

(A) Representative storage phosphor autoradiogram of extent of glycosylase activity of Ed and UE
NEIL1 (200 nM) with DHT:A, 5-hmU:C, I:C, 5-OHU:C, OI:C-containing 30-bp duplexes (12,
20 nM) at 60 minutes at 37 °C. (B) Overall extent of base removed (%) by NEIL1 isoforms with
various lesions (values listed in Table 2.1). The lesion containing DNA duplex substrate (20 nM)
was incubated with excess Ed or UE NEIL1 (200 nM) at 37 °C in pH 7.6 buffer containing 150
mM NaCl. The maximal base removed (%) was calculated by dividing the concentration of product
produced after a 1 hr reaction by the total concentration of the substrate quantified via gel
densitometry and multiplying by 100. Error bars are the standard deviation for the end point across
three trials. (C) Differences in lesion excision rates (kq) measured under single-turnover conditions
with Ed and UE NEIL1 (values listed in Table 2.1). Values above bar represent the ratio of UE/Ed
NEIL1 excision for each lesion. Figure published in Lotsof et al. 2022.
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Table 2.1: Comparison of lesion removal activity from duplex DNA by edited (Ed) and unedited
(UE) NEIL1.

. Edited Unedited
Lesion kg, min't (Y%ocompletion)a? kg, min't (% completion)?P kg UE/Kg Ed

Tg:GH 25+0.1 76 + 10 30
Ug:G 6 + 1(47%) 40 + 6 (64%) 6.7
5-OHU:C 0.6 + 0.1 (80%) 2.5+ 0.4 (83%) 4.2
5-hmuU:C 0.06 £ 0.05 (<10%)° 0.12 + 0.02 (55%) 2.0
ol:C 0.09+ 0.01 (69%) 0.17 + 0.05 (74%) 1.9
DHT:A 0.7 0.2 (81%) 1.3 +0.2 (84%) 15
ol:T 0.11+ 0.03 (47%) 0.14 + 0.03 (58%) 1.3
5-OHC:C 0.37 £ 0.05 (89%) 0.25 + 0.04 (88%) 0.7
Gh:G¢ 370 £40 120+ 40 0.3

Rate constants of base removal were measured under single-turnover conditions (20 nM substrate,
200 nM enzyme) at 37 °C (see methods for details of assay conditions). Data were fit to a single
exponential equation, [P]c = Ao[1 — exp(—kgt)]. Ao is the associated amplitude of ky. °The percent
completion of reactions that did not go to 100% are reported in parenthesis. “The overall extent of
product formation was very low such that the fitting is likely an overestimate of the rate constant.
9These data were previously reported in reference 64. Values presented in Lotsof et al. 2022.

Scheme 2.1: Minimal kinetic scheme of NEIL glycosylase activity

K. k k
NEIL + DNA, === NEIL-DNA; —— NEIL-DNA, —— NEIL + DNA,

Enzyme specific differences in excision of the pyrimidine lesions

The screening of substrates for NEIL1 demonstrated isoform specific differences in the
removal of pyrimidine lesions. Full time course glycosylase assays were performed under single
turnover conditions ([NEIL1] > [DNA]) with pyrimidine substrates identified in qualitative assays
to isolate the rate constant of glycosidic bond cleavage (kg). DNA glycosylases, like NEIL1, have
been shown to follow burst kinetics due to slow product release compared to the rate of glycosidic
bond cleavage, kr<< kg (Scheme 2.1), and glycosylase assay can be used to measure rate of lesion
removal under single turnover single turn over conditions.>>%* For the pyrimidine lesions, these
trends were similar to those that the David laboratory has shown previously with Tg.8* Tg had a
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striking 30-fold difference in favor of UE NEIL1.%* Other pyrimidine lesions also demonstrated
this preference with UE NEIL1. 5-OHU had a greater excision by the unedited isoform, yet these
differences were not to the same extent and identity of the opposite base impacted the rate of
excision and amount of base excision. 5-OHU had the greatest excision across from C followed
by T and G and A had the lowest amount of overall removal (Figure 2.4). In the base pair with C,
UE NEIL1 removed 5-OHU four-fold faster (kq = 2.5 + 0.3 mint) than Ed NEIL1 (kg = 0.6 £ 0.1
min) (Figure 2.3, Table 2.1). With the DHT:A substrate duplex, UE NEIL1 removed DHT
approximately two-fold faster (ky =1.3 + 0.2 min?) than Ed NEIL1 (kg = 0.7 + 0.2 min}). In
addition, DHT removal did not reach completion and the endpoints were similar for both isoforms.
In the case of 5-hmU:C duplex, 5-hmU is removed to high levels by UE NEIL1, despite the fact
that the observed rate constant (kg) is significantly smaller than with the DHT, 5-OHU, and Tg

substrates (Figure 2.3, Table 2.1).
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Figure 2.4: Opposite base dependence of 5-OHU removal by edited (Ed) and unedited (UE)
NEIL1.

The 5-OHU-containing DNA duplex substrate (20 nM) was incubated with excess Ed or UE
NEIL1 (200 nM) at 37 °C in pH 7.6 buffer containing 150 mM NaCl. The maximal percent of
5-OHU removal was calculated by dividing the concentration of product produced after a 1 h
reaction by the total concentration of the substrate and multiplying by 100.

5-OHC deviates from our trend for the pyrimidine lesions and is more rapidly excised by
Ed NEIL1 opposed to UE NEIL1. This further reinforces that the lesion structure and context
impacts NEIL1 isoform activity differences. 5-OHC would be most naturally paired with G, yet
minimal removal was observed by NEIL1 in the glycosylase assay (Figure 2.3). When paired with
C in duplex DNA, removal of 5-OHC was faster by Ed NEIL1 (kg = 0.37 + 0.05 min™) over UE
NEIL1 (kg = 0.25 * 0.04 mint) and reached completion. These results are surprising in light of the
MS studies with y-irradiated calf thymus DNA.% In this assay, removal of 5-OHC, and not 5-OHU,
was detected with both isoforms of NEIL1, and higher efficiency of removal was seen with Ed
NEIL1, which agrees the glycosylase assay results. Using high MW DNA may allow for increased

removal of 5-OHC across from G due to the diversity of the lesion sequence context.® It is striking
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the switch in isoform specificity with 5-OHC relative to the other pyrimidine lesions of U/T

identity (i.e. 5-OHU and Tg) and suggest that features of the base may impact isoform specificity.

NEIL1 excises the analog of OG lacking the 2-amino-group.

OG is known be a poor substrate for Ed NEIL1, and our glycosylase assays have confirmed
poor removal of OG by UE NEIL1. The lack of NEIL1-mediated removal of OG is likely due to
shallow binding pocket that cannot accommodate OG and has increased solvent exposure and
fewer hydrogen bond contacts.'® We used Ol to probe features that may influence activity of
NEIL1. Ol is not a naturally occurring base modification but has provided important structural
insights for recognition of OG:A mispairs by the DNA glycosylase MutY.** Ol was excised by
both Ed and UE NEIL1, but UE NEIL1 removed Ol more efficiently and to a greater extent
compared to the edited isoform. The rate constant (kg) was 1.5-1.9-fold greater for the UE NEIL1
isoform (Table 2.1). Itis striking that Ol is a substrate while 1 and OG are not substrates for NEIL1.
NEIL1 maybe recognizing | as a natural base similar to that of G, so the addition of the oxygen on
C8 is enough to differentiate it from the natural base. While the lack of the 2-amino group of OG,

may allow for the Ol lesion to be accommodated and to make the necessary contacts for excision.

Uracil Glycol is a novel substrate for NEIL1

In initial studies with the two isoforms of NEIL1, the Tg lesion exhibited the largest
difference in removal by UE relative to Ed NEIL1 (Table 2.1). Ug is structurally similar to Tg,
simply lacking the methyl group on C5, and may also be a substrate for NEIL1. Ug arises from the
oxidation and deamination of cytosine,'® and the bacterial homology of NEIL1, Fpg, can excise
this damage from duplex DNA.Y To test Ug as a potential substrate, Ug-containing
oligonucleotides were prepared by Dr. JohnPatrick Rogers.!*? Ug removal was first examined

under single-turnover conditions with Ed and UE NEIL1. When Ug is paired with G or C, the rates
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were too fast to evaluate manually, and rapid quench flow methods were used. Clear isoform
specific differences were revealed in the removal of Ug from Ug:G and Ug:C substrates. Again,
when the lesion was paired with C, greater rates of excision can be seen with both isoforms NEIL1,
but lower overall excision was seen across from G, which would be natural base across Ug. The
data were fitted to a single-exponential equation to extract kg, and compared to results with Tg
(Figure 2.3, Table 2.1). For the Ug:G substrate, UE NEIL1 displays a 6-fold faster rate for Ug
removal compared to Ed NEIL1. Despite structural similarities between Tg and Ug, UE NEIL1
showed a 30-fold faster rate for the removal of Tg from the corresponding Tg:G duplex than Ed
NEIL1.%* The smaller difference in relative processing between the two forms is a consequence of
both an increased rate of removal of Ug relative to Tg by Ed NEIL1, and a decreased rate of
removal of Ug relative to Tg by UE NEIL1. Remarkably, the lack of the single methyl-group in

Ug results in more similar processing of this lesion by the two NEIL1 isoforms.

NEIL1 demonstrates biphasic excision of pyrimidine lesions

In our analysis of Ug, Tg, and 5-OHU removal, we found that production curves for all
three lesions best to a two-exponential equation ([P]: = Ao(1 — exp(-Kg?)) + Bo(1 — exp(-kg 7))
consistent with two distinct excision processes (Figure 2.5). The kinetic parameters determined
using two-exponential fitting provided a larger rate constant (kg’) and an associated amplitude, A,
and a smaller rate constant (kg”") with an associated amplitude, B. Similar biphasic trends have
been observed in the Wallace group analysis of mimivirus Nei, the viral homolog of NEIL1, with

DNA duplex containing Tg.*?

In examining the excision of Ug to Tg, both isoforms display lower level of percent base
removal with Ug relative to Tg. Comparison of the Ug and Tg excision rate constants and

associated amplitudes provide further insight into the influence of the lesion and NEIL1 isoform.
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The rate constants (Kg” and kg”) for Tg and Ug lesion excision were similar for both isoforms of
NEIL in all of the base-pairing contexts evaluated (Table 2.2). However, the associated amplitudes
of the two rate constants differ significantly between the two isoforms of NEIL1. For UE NEIL1,
the majority of Tg and Ug lesion excision is associated with the larger rate constant (kg’)
(Figure 2.5, Table 2.2). In contrast with Ed NEIL1, most of the Ug or Tg excision (80-90%) was
associated with the smaller rate constant (kg”"). 5-OHU had similar overall excision to Ug; however,
the kg” was smaller for 5-OHU compared to Ug and Tg for both isoforms (Figure 2.5, Table 2.2).
The trends of associated amplitudes for 5-OHU also differed from results with Ug and Tg. For

both isoforms, a greater proportion of excision is associated with the smaller rate constant (kg”).

We suggest that the two rate constants correspond to two distinct processes where the large
rate constant Ky’ is associated with lesion removal from the fraction of the lesion bound in a
catalytically competent complex, while the smaller rate constant is due to the lesion being
positioned in an alternative orientation that requires enzyme/DNA conformational changes for
catalysis to take place. The reduced extent of reaction completion with Ug, and several other
lesions, suggests a potential third population of lesion that is oriented in a manner that is even less
efficiently removed. Recent crystal structures published by Yi and coworkers show a catalytically
inactive, or “quarantine”, state supporting our hypothesis.” Structures of NEIL1 bound to DHU
show an active state where Lys242 is engaged for catalysis (Figure 2.6A) and catalytically inactive
quarantine state from stacking of Tyr244 over the lesion (Figure 2.6B).”° The quarantine
conformation was only found with Ed NEIL1 and not UE NEIL1. Our observation of more
efficient processing by UE NEIL1 suggests that the UE enzyme can better align the target

nucleotide for hydrolysis of the glycosidic bond.
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Figure 2.5: Lesion specific removal of uracil glycol, thymine glycol, and 5-hydroxyluracil
demonstrate that small differences in lesion structure dramatically impact base excision by NEIL1
isoforms.

Removal and affinity of edited (Ed) and unedited (UE) NEIL1 to duplexes (1+2) containing Ug or
Tg was evaluated using rapid quench flow methods with Ed (blue) and UE (black) NEIL1 (200nM)
with a DNA duplex (20 nM) containing (A) Ug:C (B) Ug:G (C) Tg:C, and (D) Tg:G. 5-OHU was
evaluated via manual methods at the same conditions (E) 5-OHU:C, and (F) 5-OHU:C at 37 °C
with 150 mM NaCl Data were fit to a two-exponential equation ([P]t = Ao(1 — exp(-kq 7)) +
Bo(1 — exp(-kg ?)).
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Table 2.2: Kinetic parameters from two-exponential fitting of Ug, Tg, and 5-OHU removal from duplex DNA by Ed and UE NEILL1.

Edited (Ed) Unedited (UE)
Duplex
Ratéemci:r?_rl;ant Amplitude (nM)? | Completion (%)° Ratéam(i:r(])_rll?ant Amplitude (nM)° Completion (%)°
kg’ | 380 £ 200 2204 120 £ 10 106+£1.0
Ug:C 70 +6 85+3
kg” | 3.6+x1.0 11.5+0.7 3915 6.1+0.6
kg’ | 330£85 22x0.1 68 + 10 88+11
Ug:G 55+5 73+8
kg” | 2.3+0.2 9.0+x0.9 28+10 58+0.9
kg’ >500 1.2+0.6 161 £ 60 120+£2.1
Tg:C 58 + 3 93+5
kg” | 29+0.3 11.2+1.2 10x2 5710
kg’ >500 1.3+04 126 £ 30 155+1.1
Tg:G 62+5 9%5+4
kg” | 3.6+0.1 11.6+£0.2 74+2 36+11
kg’ >2 3.3+04 >2 42+0.2
5-OHU:C 80x5 833
kg” 1 0.33+£0.1 13x1 1.8+0.2 12+0.2
k' | >2 2.8+0.4 >2 40204
5-OHU:G 24 +3 68 £ 6
kg” | 0.22+0.1 20x+0.2 0.11+£0.04 9.7+0.3

4Data for Ug and Tg removal by Ed and UE NEILL1 fit to a two-exponential equation [P]: = Ao(1 — exp(-Kg #)) + Bo(1 — exp(-kq "2)).
20nM of substrate was incubated with 200nM enzyme at 37 °C using a Kintek RQF-3 Rapid-Quench for Ug and Tg. 5-OHU was
evaluated using manual methods. PAmplitude (nM) of Ao and By relates to the associated amplitude and amount of substrate processed
with kg~ and kg~ respectively. “The overall extent of reaction completion (%) = [(Ao + Bo)/20 X 100]. Values presented in Lotsof et
al. 2022 and Yeo et al. 2021.
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Figure 2.6: Alternative conformations of residues 242 and 244 of NEIL1 isoforms with
dihydrouracil (DHU).

(A) X-ray structures of UE (K242, PDB ID: 6LWJ) NEIL1 show residue 242 engaged with DHU
lesion in an active conformation. (B) X-ray structures of Ed (R242, PDB ID: 6LWK) NEIL1 show
residue 242 away from with DHU lesion and Tyr 242 in a proposed quarantine state. Figure
adapted from Lotsof et al. 2022.
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Figure 2.7: Edited (Ed) NEIL1 binds to Ug, Tg, and 5-OHU containing DNA similarly and slightly
tighter than the unedited (UE) isoform.

Plot of percent bound enzyme, either A56 K54L Ed NEIL1 or A56 K54L UE NEIL1, versus total
enzyme concentrations ([Etotal] = ~[Efree]) for 30-nt duplexes (1¢2) containing (A) Ug:G, (B)
Tg:G, or (C) 5-OHU:G measured by electrophoretic mobility shift assays (EMSA). D) Reports the
values from EMSA and shown in plots (A), (B), and (C). Data were obtained at 25 °C and 150
mM NaCl with 10 pM substrate and enzyme concentrations ranging from 1000 to 0.2 nM. Data
were fit to the equation: C[E]"/((Kq)" + [E]™, Hill coefficient = 1. Figure adapted from Lotsof et
al. 2022.
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NEIL1 isoforms differentially recognize uracil glycol and 5-hydroxyuracil in duplex DNA

Electrophoretic mobility shifts assays (EMSA) were used to measure relative dissociation
constants (Kq) for the two NEIL1 isoforms to Ug, Tg, and 5-OHU containing duplex DNA
(Figure 2.7). EMSA was performed with K54L variant and truncated form of NEIL1 (A56 K54L
Ed NEIL1 and A56 K54L UE NEIL1).42464° Mutation of Lys54 to Leu inactivates the NEIL1
glycosylase activity while still allowing lesion-duplex affinity.*? Truncation of 56 residues from
the disordered C terminal domain of NEIL1 improves the quality of the EMSA and ability to
resolve and quantify bands,**®® and previous work has shown that this truncation does not
significantly impact the activity of the enzyme.*® Both Ed and UE A56 K54L NEIL1 tightly bind
to Ug, with Ed NEIL1 binding slightly tighter (11 + 1 nM) than the unedited isoform (16 + 3 nM).
The binding affinity of Tg:G is higher relative to Ug:G, but in a similar fashion the Ed isoform
(1.7+ 0.5 nM) binds more tightly compared to UE NEIL1 (6.5 £ 2.2 nM) for Tg:G. The values and
trends for Tg:G are similar to that of 5-OHU:G where Ed A56 K54L NEIL1 exhibits ~4-fold
greater affinity (1.8 + 0.6 nM) than the unedited enzyme (6.3 + 0.2 nM) to a 5-OHU:G duplex
(Figure 2.7C). Remarkably, affinity is inversely correlated with substrate processing, where despite
being more efficient at lesion removal, the UE NEIL1 isoform binds more weakly to Ug, Tg, and
5-OHU than Ed NEIL1 (Figure 2.7). This trend suggests that the differences in excision due to the
catalytic steps rather than earlier steps related to lesion recognition.
UE NEIL1 preferentially removes pyrimidine lesions

UE NEIL1 excises pyrimidine lesions to a faster and greater extent than Ed NEIL1. For
UE NEIL1, the following trend was observed in the rates: Gh > Tg > Ug > 5-OHU > DHT >
5-OHC > OI = 5-hmU, and a similar trend was seen with Ed NEIL1: Gh >> Ug > Tg > DHT =

5-OHU > 5-OHC > OI = 5-hmU. When we examine the ratio the rate constants of the unedited
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isoform to the edited, we observe the following trend Tg > Ug > 5-OHU > 5-hmU =~ OI:C > DHT
~ OLT > 5-OHC > Gh. As previously published, Tg has the greatest differences in the rate
constants between the two isoforms, and 5-OHC and Gh are more rapidly excised by the edited

isoform.

From the structural studies of NEIL1 bound to Tg containing duplex and QM/MM
calculations, the Yi group proposed that Lys/Arg242 of UE/Ed NEIL1 makes a hydrogen bond
with N3 of the Tg lactim tautomer.®® Residue 242 serves as a proton donor in their mechanism of
base excision, and thus the relative differences in the pKa between UE (K242, pKa ~ 10.5) and Ed
(R242, pKa ~ 12. 5) allow for UE NEIL1 to be better proton donor and faster in the excision of Tg
(Figure 2.8). However, the mechanism and pKa differences do not fully explain the differences
observed in our biochemical trends with other pyrimidine lesions. Even with Ug, a modification
very similar to Tg, the difference in the rate constants is only ~6 fold difference, and this difference
between UE and Ed NEIL1 excision only decreases through the series. Residue 242 plays a critical
role in the observed differences in excision, but other properties of the modified pyrimidine likely

influencing this difference further.
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Figure 2.8: Proposed reaction mechanism for Ed and UE NEIL1.

Zhu et al. (2016) used X-ray crystal structures and QM/MM calculations to propose this ribose
protonated reaction mechanism for the removal of Tg. Of note, Arg242 or Lys242 engages with
the tautomer of Tg, and residue is responsible for the protonation of Tg at N3 as a critical step in
base excision.®®
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Gas-phase calculations provide insights on features of the base that influence excision.

We conducted gas-phase calculations on the pyrimidine lesions, Tg, Ug, 5-OHU, 5-hmU,
DHT, 5-OHC, and purine lesions, Ol and Gh, using B3LYP/6-31+G(d) to uncover features of the
base and the mechanism that influence Ed and UE NEIL1 activity. Prior work has established that
gas-phase calculations can well correlate to the activity of glycosylase.*41 Assuming that DNA
glycosylases provide a hydrophobic environment for base excision for the breaking of the N1-C1’
bond, the trends for the gas phase acidities have been shown to track with the trends in rate of
excision, 114116117119 Tatomerization of modified base is important for the excision mechanism of
pyrimidine lesion by NEIL1 and is considered in our analysis. Tg, Ug, 5-OHU, 5-hmU, and DHT
can all adopt lactim and lactam structures, while 5-OHC is different from other lesions as it does
not have a carbonyl at C4. In the gas phase, the most stable tautomer is the lactam, over the lactim,
for Tg, Ug, 5-OHU, 5-hmU, and DHT (Figure 2.9, Table 2.3). In terms of the relative stabilities
among the lactim tautomers, for Tg, Ug, and 5-OHU, the 2-hydroxy lactim (2-OH lactim) is
preferred energetically. For 5-hmU and DHT, the 4-hydroxy lactim (4-OH lactim) is more stable
(Figure 2.9, Table 2.3). The calculations for Tg agree with those previously reported, where

Tg 2-OH lactim had a lower relative energy than the Tg 4-OH lactim tautomer.5°

Table 2.3: Relative enthalpy of lactam and lactim tautomers for NEIL1 substrates.

Substrate Lactam 2-OH Lactim? 4-OH Lactim®
Tg 0.0 17.8/26.8 21.9/22.7
Ug 0.0 17.8/26.8 22.0/23.2
5-OHU 0.0 16.0/26.1 17.0/23.7
5-hmuU 0.0 19.0/29.4 14.9/19.5
DHT 0.0 20.2/29.8 19.7/27.6

All values are AH (kcal/mol) at 298 K, calculated using B3LYP/6-31+G(d); # The first value is for
the rotamer where the 2-OH proton is oriented toward the N3; the second value is for the proton
oriented toward the N1; ® The first value is for the 4-OH proton oriented toward the N3; the second
value is for the proton oriented toward the C5. Values presented in Lotsof et al. 2022.
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The N1-H acidity (AHacid, kcal/mol) of the neutral more stable lactam substrates were
evaluated to examine if there is a correlation with experimental trends of kg (UE/Ed) and the lability
of the N1-C1’ bond to ascertain the correlation with the experimental trends for enzyme excision
(Figure 2.6). We find that the calculated N1-H acidity trend for the lactam structures is 5-hmU
(325.9 kcal/mol) > 5-OHU (330.4 kcal/mol) > Ug (341.4 kcal/mol) > Tg (342.0 kcal/mol) > DHT
(347.7), which does not track with the trends observed in our experimental results (Table 2.1),
either in magnitude of excision rate constants kg or the UE:Ed NEIL1 excision rate ratio. This lack
of alignment between these values underscores the proposed importance of the lactim tautomer,

which would engage more favorably with Lys 242 in UE and Arg 242 in the Ed NEIL1.%°

Considering the importance of the lactim structure in the excision mechanism, the N1-H
acidities were calculated with the 2-OH and 4-OH lactims. For both the 2-OH lactims or 4-OH
lactims, the N1-H acidity trends did not track with either kg or the UE:Ed NEIL1 excision ratio
(Table 2.1). For example, comparison of the 2-OH lactim tautomers for the N1-H acidity of Tg
versus 5-OHU shows that 5-OHU (acidity of 314.5 kcal/mol) is much more acidic than Tg (acidity
of 323.4 kcal/mol), but Tg has a faster excision rate constant kgand higher UE:Ed NEIL1 excision
rate ratio. Thus, the N1-H acidities of the lactims seem to show no correlation to experimental

data.
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Lactam and lactim tautomers for NEIL1 substrates with associated calculated values.

Relative enthalpies of lactam and lactim structures (black), N1-H acidity in AHacid (red), and N3
proton affinity (PA) values (blue), Relative stability for each tautomer is indicated in parenthesis.
All values are AH at 298K, in kcal/mol. U=up, d=down, I=left, and r=right denote the position of
the hydrogen in the OH of the tautomer as drawn. Atoms of Ol and Gh are numbered in a fashion
analogous to pyrimidines for our analysis. Values presented in Lotsof et al. 2022.

N3 proton affinity influences the difference in excision between the two isoforms

In the proposed mechanism for NEIL1, residue 242 engages with N3 of the lactim tautomer

of the N3 base. Protonation of N3 is a critical step for the mechanism, so we considered the N3

proton affinity (kcal/mol) in our calculations. Initially, all calculations were performed where the

lesion adopt the 2-hydroxy form in the same rotamer as proposed in the mechanism for Tg with

NEIL1.%® The N3 proton affinity trend is: DHT (230.0 kcal/mol, 2-OH lactim) > Tg
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(222.2 kcal/mol, 2-OH lactim) > 5-hmU (220.4 kcal/mol, 2-OH lactim) > Ug (219.5 kcal/mol,
2-OH lactim) > 5-OHU (218.7 kcal/mol, 2-OH lactim) (Figure 2.9). This trend is not consistent
with the UE:Ed NEIL1 experimental excision ratio; however, this does not take into account
previous calculations where 5-hmU and DHT prefer the 4-hydroxy lactim tautomer. When we take
into consideration the preferred tautomer, 2-hydroxy lactim for Tg, Ug and 5-OHU, and 4-hydroxy
lactim for 5-hmU and DHT, the N3 proton affinity (kcal/mol) matches well with the experimental
data: Tg (222.2, 2-OH lactim) > Ug (219.5, 2-OH lactim) > 5-OHU (218.7, 2-OH lactim) > 5-hmU
(215.2, 4-OH lactim) > DHT (214.7, 4-OH lactim). This correlation between our calculations and
the experimental excision ratio supports the importance of the N3 protonation with the most stable

lactim.

We also evaluated three lesions that are structurally different from the lactam/lactim
pyrimidines: 5-OHC (a pyrimidine without a carbonyl at O4), Gh (guanidinohydantoin), and Ol (a
purine) (Figure 2.9). 5-OHC can adopt similar lactam and lactim structures to the other pyrimidine
lesions. The most stable of these is the 5-OHC 4-NH lactim where the 4-NH proton oriented toward
N3. Unlike the other pyrimidines, this structure has a proton on N3, which is not consistent with
hydrogen bonding to the lysine or arginine in position 242. Considering the protonation of N3 in
5-OHC’s preferred tautomer, it is reasonable that the edited form of NEIL1 excises 5-OHC at a
faster rate than UE NEIL1 since a Arg242 is less acidic to its unedited counterpart. This is
supported by the low N3 PA of 5-OHC (174.4 kcal/mol). For Gh, the more stable lactim-like
structure is Gh 2-OH lactim (in this structure, the number has been adjusted to be similar to that
of the pyrimidines) (Figure 2.9). Gh has a nitrogen that can hydrogen bond to the lysine or arginine
242, but the proton affinity of that N3 is quite low (140.5 kcal/mol), likely because Gh is already

protonated, so another protonation would make the substrate doubly charged. The charge on Gh
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may allow it to be more quickly excised by both isoforms of NEIL1(Table 2.1), consistent with
the higher N1-H acidity (Figure 2.9). Yet, the UE/Ed excision ratio for Gh of 0.3 in favor of the
edited isoform and suggests that the more acidic K242 in the UE form does not enhance excision,
which is also consistent with the low PA at N3. For Ol, the base was also numbered as 6-membered
ring like a pyrimidine. There are two possible lactims, with the more stable being the 4-OH lactim,
whose PA at N3 is 206.0 kcal/mol. The ability of Ol to more closely approximate a U/T lesion

structure, is consistent with the modest increased removal by UE over Ed.

Comparing the N3 proton affinity (kcal/mol) of all the substrates for NEIL1 in the
substrate’s most stable lactam or lactim structure, the trend for all the lesions is as follows: Tg
(222.2 kcal/mol, 2-OH lactim) > Ug (219.5 kcal/mol, 2-OH lactim) > 5-OHU (218.7 kcal/mol,
2-OH lactim) > 5-hmU (215.2 kcal/mol, 4-OH lactim) > DHT (214.7 kcal/mol, 4-OH lactim) > Ol
(206.0 kcal/mol, 4-OH lactim) > 5-OHC (174.4 kcal/mol, 4-NH lactim) > Gh (140.5 kcal/mol,
2-OH lactim) (Figure 2.9). This aligns favorably to trends in UE:Ed excision ratio (Table 2.3).
Additionally, the three lesions that are more stable as the 2-hydroxy lactim form (Tg, Ug, and
5-OHU) are the most efficiently removed with the greatest preferential excision by UE over Ed
NEIL1. This trend between our calculations and the experimental excision ratio supports the

importance of the N3 proton affinity of the most stable lactim.

Structural insights influencing NEIL1 excision

Both our experimental results and calculations show that pyrimidine lesions are
preferentially excised by UE NEIL1, with the exception of 5-OHC. Lesions that prefer the 2-OH
tautomer (Tg, Ug, and 5-OHU) are more readily protonated by Lys242. Lesions that favor the
4-OH tautomer (5-hmU and DHT) have a reduced N3 proton affinity and likely make the excision

of these lesion less sensitive to the inherent differences in pKa of Lys242 (UE) versus Arg242 (Ed).
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Furthermore, the tautomer encountered (2-OH v 4-OH) by NEIL1 may also impact additional
contacts made by the enzyme making the base more poised for catalysis or captured quarantine
state. The 2-OH tautomers allow for more favorable contacts with the catalytic residue Glu6, while
4-OH tautomers may not provide the preferred alignment of catalytic residues for optimal excision
with either isoform (Figure 2.10A and B). Specific features of the lesion may further impact
alignment in the active site and interaction residue 242 between an active and quarantine state.
Our studies on Ug not only identified a new substrate for the NEIL1 glycosylase, but also
highlight structural features of the modified bases that impact NEIL1 excision. Ug, which lacks
the methyl group of Tg on C5, was still preferentially excised by UE of Ed NEIL1, but with a
much less striking difference than observed with Tg. The decrease in N3 proton affinity is in
alignment with the decrease ratio of UE:Ed NEIL1 (Figure 2.9 and Figure 2.10C). In addition to
the reduction in N3 PA, crystal structures of NEIL1 bound to Tg (R242, PDB ID: 5ITY and K242,
PDB ID:51TX) show the C5 methyl of Tg in a hydrophobic pocket. This contact likely assists
proper catalytic alignment of Tg, and the lack of the methyl group may impact alignment and
excision of Ug. We observe a lower percent removal and slower rate compared of Ug compared
to Tg with both isoforms of NEIL1. Additionally, the UE NEIL1 kinetics of Ug showed more
substrate excision associated with the faster process than with Ed NEIL1, while the Kg
measurements showed that Ed NEIL1 binds Ug DNA with higher affinity than UE NEIL1. These
results suggest that Ed NEIL1 may bind more of the Ug lesion tightly in a non-productive
conformation. All of these features taken together demonstrate how small differences in the lesions

can impact NEIL1 binding and excision.
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Figure 2.10: Structural features of oxidative damage influence base tautomerization and
interaction with NEIL1.

(A, B) X-ray structures of Ed (R242, PDB ID: 5ITY) and UE (K242, PDB ID:51TX) NEIL1 show
Glu3, Glu6, and Arg/Lys242 make key contacts with Tg base. (C) Correlation of ratio of the lesion
excision and favored tautomer. Lesions are ordered based on N3 proton affinity (AH kcal/mol,
blue) Calculations were done on free base, and excision rates were obtained with duplex DNA
(Table 2.1). (D) Schematic proposal of the impact of the preferred base tautomer on the rate of
excision and isoform differences excision. Figure published in Lotsof et al. 2022.

49



Contacts critical for catalysis

Our results demonstrate an intricate relationship between structural features of the modified
base on both isoforms of NEIL1’s lesion recognition and base excision. NEIL1 can engage lesions
in an active catalytic state or quarantine state as reflected in the crystal structures and our kinetics
from the lesions studied.”® This balance between the quarantine and active states is further
modulated by the damaged base encountered by the enzyme, which vary in their preferences for
tautomerization, inherent lability, and proton affinity. Both Ed and UE NEIL1 can remove a wide
range of lesions, but the efficiency, rate, and preference vary between the two isoforms. Those
lesions that are nonplanar such as, Gh, Sp, Tg, Ug, and FapyG, more efficiently excised than those
more flat, aromatic lesions such as DHT, OI, 5-OHU, and 5-OHC. Those planar lesions may be
more readily captured in the quarantine state by stacking of Tyr244, but lesions capable of solvent
mediated interactions and/or charge (Tg and Gh) may also thwart the engagement of the quarantine

state (Figure 2.6 and Figure 2.10).

Recognition and excision by UE and Ed NEIL1 are extremely sensitive to features of the
base. Engagement with NEIL1 promotes tautomerization and influences the observed differences
in excision for the lesion series, Tg, Ug, 5-OHU, and DHT. On the other hand, 5-OHC and Gh are
removed more efficiently by Ed NEIL1 and are likely less influenced by tautomerization for
removal. 5-OHC most stable tautomer is protonated at N3, which would be repulsive for the
protonation step of the mechanism and the more acidic Lys242. Gh is positively charged has
greatly lability as reflected in the N1-H acidity, which may explain why Gh is more rapidly excised
than Tg by both isoforms. In addition, FapyG is a good substrate for both isoforms, with a slightly

greater preference by Ed NEIL1, but the FapyG structure is very different for the lesions evaluated
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in this study. These cases, positioning of the lesion in the active site may play a larger role in

catalysis than Lys242 or Arg242 protonating the lesion.

Another critical factor that may be influencing excision is the base pair opposite of the
lesion. Our analysis with 5-OHU, and other lesions, such as 5-hmU and 5-OHC, showed that the
lesions were most efficiently excised when paired with C.*® Arg118 makes contact the orphaned
base the lesion is in the enzyme active site and would make favorable contacts with C
(Figure 2.11). Arg118 may help the enzyme identify the opposite base pair and influence if the
enzyme engages in an active or non-catalytic fashion. Moreover, in comparing structures of NEIL1
unbound or bound to lesion containing DNA, the lesion recognition loop must undergo a large
conformational change to have engagement of either residue 242 or 244. Structural and
computational studies of the bacterial homologs Fpg and Nei suggest that the lesions recognition
loop’s flexibility allow the glycosylase to accommodate a wide range of substrates,50:61,6469.105

Further structural and biophysical analyses are needed to sort out the intricate means of NEIL1

recognition and excision by both isoforms.
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Figure 2.11: Arg118 makes contact with orphan base to lesion.

(A) X-ray crystal structure highlighting contacts of orphan C base to Tg by Arg118 PDB ID: 5ITY.
(B) Possible contacts made by Arg118 with on bases. Substrates across from C are most rapidly
excised followed by T/G and the worst excision is with A in studies performed with 5-OHU.
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Biological implications of RNA editing on NEIL1 transcript

From a single gene, RNA editing gives two isoforms of NEIL1, each with their own distinct
substrate specificity. Our work has shown that editing can dramatically impact the function in
vitro, yet the impacts at a biological level are still unclear. RNA editing may play important
regulatory role in responding to DNA damage created in different cellular conditions and may
maintain a balance between the two isoforms. Conditions of oxidative stress and inflammation
increases the generation of oxidation of lesions like Gh and upregulates ADAR1 expression, likely
increasing amounts of Ed NEIL1 to address these lesions. However, ADARL1 overexpression and
hyperediting are associated with cancer, and ADAR1 expression is upregulated under conditions
associated with inflammation, which is a feature of cancer initiation and progression. In cases of
lung cancer and multiple myeloma, NEIL1 mRNA was found to be completely edited in patient
cases. These cases emphasize a need for balance between the two isoforms. Aberrant hyper-editing
by ADARL1 of the NEIL1 transcript would lead to reduced amounts of UE NEIL1 and may
diminish repair of oxidized pyrimidines leading to increased mutations, strand breaks, and overall
genomic instability. Genomic instability drives oncogenic transformation, a feature that is also
known to be associated with ADAR1 overexpression.’2120
Future work

These studies explored a wide substrate scope between the two isoforms of the NEIL1
glycosylase highlighting many subtle features of the lesion that influence excision. Yet the
diversity of NEIL1 substrates and DNA contexts in which NEIL1 can act upon leaves many
avenues for exploration. We have already identified that in our studies with 5-OHU and lesions
evaluated here that NEIL1 have an opposite base preference for C and reduced excision for A.

However, one of the best substrates for NEIL1 is Tg, that naturally arises across from A and is
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rapidly excised by both isoforms.%* While another T derived lesion, DHT, has relatively low
overall base removal and kg compared to Tg (Figure 2.3, Table 2.1). Here, the lesion, in addition
to the opposite base partner, influence the excision of the base. Further studies with lesions that
form across from A or maybe paired with A upon replication warrant further study to examine role
of the opposite base. Additionally, our work has focused on the preferences of UE and Ed NEIL1
on the lesion itself, but limited work has been done evaluating the role of sequence. The David
laboratory had identified that having adjacent 5’ or 3 mismatches to the lesion reduced 5-OHU
excision with the 5’ being more detrimental and the Ed NEIL1 being more sensitive to mismatches.
NEIL1 makes more contacts along the 3’ end than 5’ relative to the damage base which may
influence sequence preference.*® Further studies evaluating 5’ and 3’ base pairs to the lesion could
highlight additional preferences for the glycosylase. Finally, additional studies exploring
alternative DNA structures biologically relevant to NEIL1, such as the replication fork, are
warranted. The David laboratory has evaluated the hydantoin lesions and 5-OHU in duplex, SS,
bubble and bulge DNA, and the removal of Gh from G-quadruplex structures will be addressed in
Chapter 3. NEIL1 is expressed during S phase of the cell cycle and work with replication
machinery to catch lesions during replication and further studies with DNA structures during
replication offer avenues of further exploration.

Beyond the substrate scope and DNA context, the biological role of NEIL1 recoding is still
not well understood. Having a balance of Ed and UE may allow for the efficient removal of a wide
range of substrates as evaluated in these studies. In cases of ADARL hyperediting in multiple
myeloma, the NEIL1 transcript was found to be fully edited, and may lead to poor removal of
pyrimidine lesions. Evaluating the impact of NEIL1 editing in a cellular could help to understand

the biological function and NEIL1 hyper editing as it relates to disease.
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Materials and Methods

General methods and materials. [y-**P] — ATP used for radiolabeling was purchased from
PerkinElmer. T4 polynucleotide kinase was obtained from New England BioLabs. Microspin G-
50 columns were obtained from Amersham Pharmacia. All solutions and buffers were prepared
using deionized water from a Milli-Q PF System. Storage phosphor autoradiography was
performed on a Typhoon 9400 or Typhoon Trio phosphorimager. Nuclear magnetic resonance
spectra were obtained on a 300 MHz Mercury Plus spectrometer for *'P NMR and an 800 MHz
Bruker Advance III spectrometer for 'H and *C NMR. MALDI-MS was obtained using a 3-
hydroxypicolinic acid matrix on a Bruker UltraFlextreme MALDI TOF/TOF at the University of
California, Davis or at the Mass Spectrometry Lab, School of Chemical Sciences, University of
Illinois at Urbana-Champaign. High resolution ESI-MS for HRMS was obtained on an Applied
Biosystem Qtrap Linear lon Trap Spectrometer at the University of California, Davis. ImageQuant
version 5.4 was used for the analysis of gel electrophoresis, and rate constants and percent
completion values were determined using GraFit version 5.0. Prism GraphPad was used for the
creation of the bar graphs. All other chemicals and reagents were purchased from VWR, Fisher
Scientific, or Sigma and used without further purification.

Synthesis and purification of DNA oligonucleotides. The 8-Ol and Ug phosphoramidite
was synthesized as previously reported.'?!"'?> OG and 5-hmU phosphoramidites were purchased
from Glen Research and used without further purification. DNA oligonucleotides containing OG,
OI, 5-hmU, and Ug, were synthesized at the University of Utah Medical School’s DNA/Peptide
core facility. Oligonucleotides containing DHT, 5-OHU, U and I were purchased from Midland
Reagents, and oligonucleotide containing 5-OHC was purchased from Sigma Aldrich. 5-fC, 5-caC,

and 5-hmC containing oligonucleotides were provided by Dr. Chuan He (University of Chicago).
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All oligonucleotides were HPLC purified using a Beckman Gold Nouveau or Shimadzu Liquid
Chromatography system with a Dionex DNApacl00 ion-exchange column using a 30-100%
gradient of 90:10 H,O/acetonitrile with 2M ammonium acetate. Isolated fractions were lyophilized
and desalted using with a Waters SEP-PAK C18 column. Masses of oligonucleotides were
confirmed by MADLI and ESI-MS, and DNA concentrations were determined using the Abs
260 nm.

The sequences used for glycosylase and electrophoretic mobility shift assays are reported
in Table 2.4. The 30-nucleotide (nt) duplex 1e2 contained the I, OI, OG, DHT, 5-OHC, U, 5-OHU,
or 5-hmU lesions paired to their likely Watson-Crick partner. The 23-nt duplex 34 contained the
5-fC or 5-caC modifications, and the 32-nt duplex 5e6 contained the 5-hmC lesion, all three across
from G. The lesion-containing strand was 5’ end-labeled with [y-*P]-ATP via T4 polynucleotide
kinase at 37 °C and purified with a Microspin G-50 column. For glycosylase assays, additional
unlabeled lesion containing DNA was added to adjust the concentration to approximately 5%
labeled DNA. The lesion containing mixture was then annealed to a 20% excess of the unlabeled
complementary strand in annealing buffer (20 mM Tris-HCI, pH7.6, 10 mM EDTA, 150 mM
NaCl) by heating to 90 °C for 5 min and allowing to cool to 4 °C slowly for >6 hours. For
electrophoretic mobility shift assays (EMSA), 100% radiolabeled lesion-containing DNA was
added with an upper limit of the concentration estimated by the amount originally labeled; the
sample was mixed with an equimolar amount to its complementary strand and annealed as

described above.
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Table 2.4: DNA sequences used in glycosylase and binding studies.

(1)5—TGTTCATCATGGGTCXTCGGTATATCCCAT -3’

(2) 5> — ACAAGTAGTACCCAGNAGCCATATACCGTA-3

(3) 5 —CCACTGCTCAYGTACAGAGCTGT - 3

(4) 5> — ACAGCTCTGTACNTGAGCAGTGG -3’

(5) 5= TAATCCCATCCTCZGGAAGGAGTTCACCAATT -3’

(6) 5> — AATTGGTGAACTCCTTCCNGAGGATGGGATTA -3’

X =0G, 5-OHC, DHT, I, Ol, U, 5-OHU, 5-hmU; Y =5-fC, 5-caC; Z=5-mC; N=C, A, T,
orG

Enzyme Purification. C-terminally His-tagged Ed and UE NEIL1 were expressed in
Rosetta (DE3) pLysS cell strains from Novagen using a pET30a plasmid purified as reported
previously. Total protein concentration was determined via absorbance at 280 nm. Active enzyme
concentrations were determined using a 30-nt duplex containing a central Gh:C lesion as
previously reported, and all protein concentrations reflect active enzyme concentrations. '?®

The preparation of C-terminal truncated inactive (A56 K54L) were reported previously.
Total protein concentration was determined by Bradford assays. As a proxy for active enzyme
concentration, the fraction competent at binding was measured using a THF:C-containing duplex
to mimic an abasic site, under conditions > Kd, assuming 1:1 binding stoichiometry.

Glycosylase Assay. The glycosylase activity of Ed and UE NEIL1 was evaluated under
single-turnover experiments as previously described (Scheme 2.1).!2312* For experiments in which
the reaction was too fast to measure manually, a Kintek RQF-3 Rapid-Quench instrument was
utilized as previously reported.'?* Briefly, 20 nM lesion-containing DNA duplex was incubated at
37 °C with 200 nM NEILI in glycosylase assay buffer [20 mM Tris-HCI (pH 7.6), 10 mM EDTA,
0.1mg/mL BSA, and 150mM NaCl]. Aliquots were removed from the reaction mixture at various
time points and quenched in NaOH (0.1 M) at 90 °C (30 min). Data analysis was performed using

ImageQuant version 5.4 for quantification and Grafit version 5.0.2 for fitting. The resulting
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production curves were fitted with one-exponential equation, [P]; = Ao[1 — exp(—kgt)], and two-
exponential equation, [P]i=Ao[1 — exp(—kg't)] + Bo[1 — exp(—k."t)], to determine the relevant rates
constants to describe the glycosylase steps (kg, k¢, and k¢"). Ao and By are the amplitude of the
exponential phase for the associated rate constants. The percent base removed was determined by
dividing Ao by 20, the total DNA concentration of substrate (20nM), and multiplying by 100.
Dissociation Constant Determination. Electrophoretic mobility shift assays (EMSAs) were
performed similarly to that previously reported.*” Various enzyme solutions of inactive K54L A56
Ed or UE NEILI (1000-0.2nM) prepared at 4 °C were mixed with 10 pM of 100% **P-labeled
duplex DNA (12) containing a central lesion of interest for 30 minutes at 25 °C in 20mM Tris-
HCI pH 7.6, 150mM NaCl, ImM EDTA, ImM DTT, and 10% glycerol. The reactions were run a
6% non-denaturing polyacrylamide gel with 0.5X TBE at 120 V for 2.5 h at 4 °C. Gels were dried
and exposed to phosphorimager screens for 72 h. Dissociation constants (Kq) were determined by

fitting the percent bound substrate versus enzyme concentration to a one-site binding equation

(CIEI"((Ka)" + [E]™), Hill coefficient = 1).
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Chapter 3 Removal of oxidative damage from G-quadruplex structures by NEIL1 and
NEIL3

Contribution of others: The Gh-containing G-quadruplex sequences were designed and prepared
by Dr. Aaron Fleming and Dr. Judy Zhu. April Averill purified mNeil3 A324 used in the
glycosylase assay and NEIL3 A324 and NTHL 1 enzymes used in the qualitative assay. Dr. Brittany
Anderson-Steele performed the representative gels with the BER glycosylases Edited and Unedited
NEILI, NEIL3 A324, and NTHLI glycosylases with the VEGF, RAD17, and KRAS G4 and assisted
with a replicate of glycosylase assays with NEIL1. Savannah Conlon conducted the glycosylase
assays with mNeil3 4324 and KRAS containing oligos and assisted in evaluating removal with
Gh-containing G4 at various enzyme concentrations. Kelsey Miflin assisted with replicates of
glycosylase assay with mNeil3 4324 and VEGF G4. Joshua Bumgarner assisted in the replicates

of Ed NEIL1 with RAD17 and KRAS G4.
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Introduction

G-quadruplexes (G4) are unique DNA structures that arise from regions of the genome
with high guanine (G) content.®1%%12> Guanines from adjacent G runs can Hoogsteen base pairing
to form a G-tetrad, and tetrads are further stabilized by stacking with a central monovalent cation,
such as K* or Na* (Figure 3.1A).19312> G4 folding in human cells have been demonstrated with
immunofluorescence and fluorescent nucleoside probes.?62” More than 375,000 potential
quadruplex forming sequences (PQS) have been identified via bioinformatic analysis of the whole
genome with a greater proportion of PQS within gene promoters.1% These G4 structures have been
implicated in gene regulation and approximately 10,000s PQS have been identified via G4 ChIP-
seq with the potential to fold into G4.1% Several genes, such as VEGF,'?8 c-MYC,*?° KRAS,**° and
SRC,** have been reported to be regulated by a promoter PQS and these sequences have become

of therapeutic interest.

The high G content of G4 also make them highly susceptible to oxidative DNA damage.®
Guanine has the lowest redox potential of all the bases and adjacent G’s can increase the likelihood
of oxidation.>**2 One of the most common oxidation products of G is 8-0x0-7,8-dihydroguanine
(OG), and OG is susceptible to further oxidation producing the hydantoin lesions,
guanidinohydantoin (Gh) and spiroiminodihydantoin (Sp).>®! The presence of oxidative damage
in the G4 sequence can have profound effects on structure and stability of the G4. Oxidation
products, such as OG or Gh, can disrupt Hoogsteen hydrogen bonding, and non-planar lesions,
such as Gh, can interrupt n-stacking between the tetrads (Figure 3.1B).8132 However, several PQS
have been identified to have an additional run of G’s, and this additional run of G’s, referred to as
the 5™ track, can replace the lesion containing run of G’s to help stabilize the G4 as verified with

thermodynamic, spectroscopic, and DNA footprinting studies with the VEGF G4 (Figure 3.1C).13*
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Notably, hydantoins are more destabilizing than OG in duplex DNA and therefore would also alter
the duplex/G4 equilibrium in greater favor of the G4 if the hydantoin can be placed in a loop

position (Figure 3.1D), which is not detrimental to the G4 stability.'®

In addition to impacting the structure of G4, oxidative damage in PQS can impact G4
formation and gene regulation due to the activity of BER enzymes. Studies by the Burrows group
using luciferase reporter construct containing VEGF PQS in the reporter promoter observed
increased expression of luciferase when OG was synthetically installed into the PQS. Removal of
OG by the BER glycosylase, OGG1, promotes G4 formation and recruitment of APE1 to the abasic
site in the G4 to mediate increased luciferase gene transcription.'%? Formation of oxidized bases,
such as Gh, that are likely to form in G-rich promoter regions, and removal of these oxidized bases

by BER glycosylases may similarly impact gene transcription.
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Figure 3.1: G-quadruplex structures and the impacts of oxidation.

(A) G-quadruplex (G4) arise from G-rich potential quadruplex forming sequences (PQS) and stacking of G-tetrads stabilized by a
potassium ion (K®). (B) The introduction of the of 8-oxo-7,8-dihydroguanine (OG) and guanidinohydantoin (Gh) lesions can be
destabilizing to G-tetrad and G4 by the loss of hydrogen bonds and n-stacking. (C) Fifth track of G (blue) proposed to serve as a “spare
tire” to replace damage containing G-track and stabilize the G4. (D) Representation of the position of core versus loop modifications in

a G4 structure.



The BER glycosylases, NEIL1, NEIL2, NEIL3, and NTHL1 are likely candidates for
recognition and removal of Gh from G4 structures. The NEIL glycosylases have been shown to
excise Gh from a wide range of structures including duplex, single-stranded, and G4 DNA
contexts. NEIL1 and NEIL3 have also been shown to excise oxidized lesions, such as Gh, within
VEGF and hTelo G4 structures.®® Additionally, during S phase, NEIL3 has been found to localize
at the telomeres, which are abundant in G4 structure. Here, we examine the ability of NEIL1 and
mNeil3 glycosylase’s ability to excise Gh from a variety of G4 sequences varying the position of
damage within the G4. PQS sequences from the VEGF, RAD17, and KRAS from the each of the
gene’s promoters were used in this study. In each sequence, the position of damage was either in
the G-tetrad (core) or in a loop outside of the G-tetrad (Figure 3.1D). Additionally, we
characterized mNeil3 A324 and NEIL3 A324 in duplex and single stranded DNA contexts with

the Gh lesion as this has not well defined in the literature.

Results

Excision of Gh by Edited and Unedited NEIL1 from VEGF G4s

Previous work showed that edited (Ed) NEIL1 is able to excise Gh from the VEGF G4, but
the unedited enzyme had not been evaluated.® In duplex, both isoforms of NEIL1 efficiently
excise Gh to completion.®*® We evaluated the glycosylase activity of Ed and UE NEIL1 with Gh-
containing VEGF G-quadruplex sequences where the Gh lesion was positioned in either a core or
loop position within the G4, analogous to previous studies (Table 3.1).13413713 Briefly, all Gh
containing G4 oligo nucleotides were made via selective oxidation of OG containing
oligonucleotides to Gh containing oligonucleotide with K2IrBre. Gh containing sequences were
separated from unreacted OG containing oligonucleotides via HPLC and confirmed via ESI-MS.

In the presence of KCI, G4 sequences will adopt a G4 structure and have been previously
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characterized.®>'3 Similar to non-quadruplex forming sequences, VEGF oligonucleotides were 5
end labelled with [y-*2P]-ATP and annealed in buffer containing KCI to form the G4.8° The Gh
base excision activity by Ed and UE NEIL1 was monitored with enzyme in excess at 37 °C for 60

min.

Both Ed NEIL1 and UE NEIL1 exhibited low levels of excision of Gh at both the core and
loop position in the 4-track VEGF sequence (Figure 3.2), consistent with previous results seen
with the edited isoform.'® Excision of Gh in the 5-track VEGF G4s was increased with both Ed
and UE NEIL1; however, the overall extent of Gh removed by both isoforms of NEIL1 on 4- and
5-track VEGF G4 are incomplete (~12%-48% at 60 min), despite enzyme being in excess
(Figure 3.2 and Table 3.1). In duplex and single stranded DNA context, both Ed and UE NEIL1

have excised Gh to completion and are known to be good substrates for NEIL1.521%¢
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Figure 3.2: Representative storage phosphor autoradiogram of the removal of Gh by edited (Ed)
and unedited (UE) NEIL1 from VEGF G4s.

Experiments were conducted with 200 nM enzyme and 20 nM Gh-containing G4 DNA at 37 °C,
pH 7.6 , and 100 mM KCI at 60 min incubation.
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NEIL1 demonstrates biphasic excision of Gh from VEGF G4

A full-time course of the glycosylase activity of Ed and UE NEIL1 under single-turnover
(STO) conditions ([enzyme] > [DNA]) was monitored to further reveal features of Gh lesion
processing by both isoforms on VEGF G4s. We found that the data best fit to a two-exponential
equation [P]: = Ao(1-exp(-kg 't)) + Bo(1-exp(-kg "t)). The kinetic parameters determined using two-
exponential fitting provided a larger rate constant (ky’) and an associated amplitude, A, and a
smaller rate constant (kg”) with an associated amplitude, B. As discussed in Chapter 2, biphasic
production curves have been observed with 5-OHU, Tg, and Ug, and the two phases are consistent
with distinct excision processes, an active, a quarantine state, and a transition from quarantine to
active.*>1313% However, we had previously observed that the excision of Gh in duplex DNA fits
well to a single-exponential curve with a single rate constant,*® so here G4 structure impacts

excision of Gh by NEIL1.

Kinetic analysis shows that the rates of glycosidic bond cleavage from the VEGF G4s are
similar for both Ed and UE NEIL1 (Table 3.1 and Figure 3.3). Across all of the VEGF G4s, the
associated amplitude for each rate constant (Ao and Bo) are approximately equal (Figure 3.4B, dark
blue (Ao) and light blue (Bo)), with the exception of the VEGF 5-track core sequence. Differences
were observed for the rate constant kg” associated where more efficient excision was observed with
NEIL1 for Gh from a core position versus a loop position for the 4-track VEGF Gh (k; = 0.45 +
0.33 mint versus 0.12 + 0.1 min™). In the 5-track VEGF sequence, NEIL1 excised Gh with similar
efficiency at both core and loop positions (kg = 0.1 + 0.1 min? and kg” = 0.1 £ 0.2 min?,
respectively) (Table 3.1). These data also confirm differences observed in the qualitative analysis
of minimal overall excision of Gh by both NEIL1 isoforms from VEGF G4 contexts (Figure 3.3).

Maximal NEIL1 excision of Gh located within the loop of 4 and 5-track VEGF G4s was 20%.
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Notably, significantly more efficient (large amplitude for kg) and overall % based removed of Gh
located in the core of the 5-track G4 (48% =+ 8%) versus 4-track G4 (16% + 5%) was observed.
These results indicate that the presence of the “spare tire” provides a higher fraction of Gh that can
be efficiently removed by both NEIL1 isoforms (Figure 3.4). However, we did not observe much
difference in the rate constants between the two isoforms of NEIL1 despite previously reported
~3-fold difference in favor of the Ed isoform in duplex.'*® Due to this lack of difference, we

proceeded to use only Ed NEIL1 for the remainder of analysis with other G4 sequences.

(A) VEGF 4 core (B) VEGF 4 loop (€) VEGF 5 core (D) VEGF 5 loop
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Figure 3.3: Time-course of removal of Gh from VEGF promoter G4 by Edited (Ed) and Unedited
(UE) NEIL1.

(A) VEGF 4-core, (B) VEGF 4-loop, (C) VEGF 5-core, and (D) VEGF 5-loop. Experiments were
conducted with 200 nM enzyme and 20 nM Gh-containing G4 DNA at 37 °C, pH 7.6 , and 100
mM KCI. Data is fit to a two-exponential equation, [P]: = Ao(1-exp(-kg 7)) + Bo(1-exp(-kq 7)) and
reported in Table 3.1.
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Table 3.1: Kinetic parameters of Gh removal from VEGF promoter G4 by Edited (Ed) and

Unedited (UE) NEIL1.

VEGF 4 VEGF 4 VEGF 5 VEGF 5
core loop core loop
kg’ min' >2 (0.8 + >2 (4.3 + >2 (1.2
(A—nM)2® 03 |72A0N | s +0.8)
Ed NEIL1 ke min’t 045+033 | 01201 | 01x01 | 0202
(B-nM)*® | (15£04) | 25+16) | (53+1) | (21+08)
% base removed® 12+2 17+6 48 + 8 165
VEGF 4 VEGF 4 VEGF 5 VEGF 5
core loop core loop
kg’ min’t >2 >2 >2
(A-nM)E® | (05201) | (0.4201) |7261202) 1 (36,03
UE NEIL1 kg~ mint 0.12+0.03 0.13+£0.04 0.09+0.01 0.09+0.04
(B —nM)ab (0.740.1) | (1.3+0.2) | (5.0£0.1) | (2.6+0.4)
% base removed® 6.3+0.5 9.0+0.7 56.7+0.7 30.7+1.4

%" and kg~ are the observed rates of base removal. The associated amplitude of each rate constant
(capacity) in nM, and percent base removal of reaction after 60 min incubation. [Enzyme]= 200
nM, [DNA] =20 nM, pH 7.6, 37 °C, [KCI]=100mM, fit to a two-exponential equation, [P]: = Ao(1-
exp(-kg 1)) + Bo(1-exp(-kq t)). °Ao and By are the associated amplitudes of kg and kg~ respectively.
% base removed = ((Ao+Bo)/20)*100.

Excision of Gh by mNeil3 4324 from VEGF G4s

We also examined the removal of Gh by NEIL3 from the VEGF G4 sequences as NEIL3
is a prime candidate for the removal of oxidative damage from G4s. A truncated version of the
highly homologous mouse Neil3 (mNeil3 A324) was used for these assays as the human and full
length glycosylase are difficult to purify, and mNeil3 A324 has been shown to exhibit similar

glycosylase activity to the human NEIL3 in SS DNA.* Similar to NEIL1, excision of Gh from
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VEGF G4 by mNeil3 A324 was inefficient and low for all contexts (Figure 3.4B). The percent
base removed observed from the 4-track VEGF at loop and core position was around 20% of the

total, while in the 5-track VEGF G4 excision was around 30% (Figure 3.4B).

The data for mNeil3 A324 also best fit to a two-exponential like that of NEIL1. Inall VEGF
G4 substrates, ky” was >2 min™ with a very small associated amplitude (A), and most of the
excision (B) was associated with the smaller kg (0.03-0.06 min™t) (Table 3.2). Like NEIL1, the
overall extent of cleavage of Gh by mNeil3 A324 around 25% for all VEGF G4, yet there is no
observed preference for core substrates over loop substrates like with NEIL1. mNeil3 A324
exhibited similar biphasic removal of Gh from the G4, indicative of distinct excision processes
that are impact by G4 structure. Analysis with additional G4 sequences and DNA contexts may

help to define this trend in lesion processing and will be discussed in later sections.

(A) Excision of Gh by Ed NEIL1 for (B) Excision of Gh by mNeil3 A324
VEGF G4 sequences for VEGF G4 sequences
100 100
90 90
o 80 o 80
7] ]
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10 = 10
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m % completion (fast) =% completion (slow) u % completion (fast) =% completion (slow)

Figure 3.4: Excision of Gh from VEGF G4 by edited (Ed) NEIL1 and mNeil3 A324.

Percentage of base removed from VEGF G4s by (A)Ed NEIL1 and (B) mNeil3 A324. The dark
blue portion of the bar graph depicts the portion excised under the fast rate (kg”) of the total damage
removed and the light blue similarly depicts the portion excised at the slow rate (kg”). Experiments
were conducted with 200 nM enzyme and 20 nM Gh-containing G4 DNA at 37 °C, pH 7.6 , and
100 mM KClI.
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Table 3.2: Kinetic parameters of Gh removal from VEGF, RAD17, and KRAS G4s by mNeil3

A324.
VEGF 4 core VEGF 4 loop VEGF 5 core VEGF 5 loop
(/li?’ m:\r/ll')lab >2 (1.0£0.3) >2 (0.6+0.2) >2 (0.610.2) >2 (0.620.1)
-n )
kg min'? 0.07+0.01 0.07+0.01 0.03+0.02 0.06+0.01
(B — nM)2b (3.310.3) (3.1+0.8) (5.3310.7) (4.21£0.2)
% base removed® 22+3 2012 23+2 24+1
RADL17 4 core RAD17 4 loop RAD17 5 core RAD17 5 loop
: E, ’ m:\r/ml')lab >2 (1.1+0.2) >2 (1.5+0.3) >2 (0.7+0.1) >2 (1.0£0.1)
-n ’
kg” min?t 0.38+0.04 0.14+0.01 0.20£0.1 0.11+0.01
(B —nM)2aP (12+1) (11+1) (7.7+0.3) (7.7+0.2)
% base removed°® 71+1 63+2 45+1 4542
KRAS 4 core KRAS 4 loop KRAS 5 core KRAS 5 loop
Ky min? 52 (1540.3) | >2(14+0.1) | >2(15+02) | >2(8.10.1)
kg” mint 0.42+0.02 0.14+0.01 0.21+0.02 0.16+0.01
(B —nM)2aP (12+1) (12+1) (11+1) (5.3+0.1)
% base removed® 69+2 68+1 68+1 63+1

%y’ and kg~ are the observed rates of base removal. The associated amplitude of each rate constant
(capacity) in nM, and percent base removal of reaction after 60 min incubation. [Enzyme]= 200
nM, [DNA] = 20 nM, pH 7.6, 37 °C, [KCI]=100mM, fit to a two-exponential equation,
[P]t = Ao(1-exp(-kq 't)) + Bo(1-exp(-kq "t)). Ao and By are the associated amplitudes of ky” and kg~
respectively. “% base removed = ((Ao+Bo)/20)*100.
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Excision of Gh by BER Glycosylases from RAD17 and KRAS G4s

An abundance of G4 PQS can be found in the promoter regions of many genes, and the
sequences of PQS can greatly vary, which can impact G4 topology and thermal stability.!4
Moreover, variations in sequence and structure may alter the impact of oxidative damage on the
G4 and the interactions with BER glycosylases. NEIL glycosylases have been previously able to
excise Gh and Sp from hTelo G4, which has distinct sequence and structural differences compared
to VEGF G4.8>142 Examining additional G4 sequences from other promoters with varied positions
of damage (core versus loop) would further highlight these differences and provide insights to
preferences by the BER glycosylase. We evaluated the removal of Gh by Ed and UE NEIL1,
NEIL3, and NTHL1 from the RAD17 and KRAS promoter G4s with damage located at core or loop
positions and in the presence or absence of a fifth G-track. Each respective enzyme was incubated
in excess with a given G4 at 37 °C and 100 mM KCI for 60 min (Figure 3.5). For NTHL1, Ghin
RAD17 and KRAS G4s are poor substrates as seen in the representative gel assays (Figure 3.5).
This is unsurprising as NTHL1 does have a preference for duplex DNA and oxidized pyrimidines
over Gh.%5'* The NEIL glycosylases was found to excise Gh from the RAD17 and KRAS G4
differently than trends observed with the VEGF G4. Upon visual inspection, Gh is removed from
5-track G4s to a lower extent than from the 4-track G4s by all enzymes from RAD17 Gd4s.
Additionally, greater Gh excision by NEIL1 was observed from a core relative to loop position in
RAD17 and KRAS G4s Notably, more quantitative analysis is warranted to further delineate
potential differences in excision. The glycosylase activity is similar for Ed and UE NEIL1 as was
observed with the VEGF G4s. Due to the low Gh glycosylase activity of NTHL1 in the G4 context
and similar behavior of edited and unedited NEIL1, we proceeded with only edited NEIL1 and

mNeil3 A324 for a more detailed kinetic inspection with these G4s.
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Figure 3.5: Representative storage phosphor autoradiogram of the excision of Gh from (A) RAD17
and (B) KRAS G4s by BER glycosylases.

20nM G4s were incubated with 200 nM Edited (Ed) NEIL1, Unedited (UE) NEIL1, NEIL3 A324,
or NTHL1 for 60 min at 37 C and 100 mM KCI. Negative control lanes represent G4 with no
enzyme added. G4s were either 4 or 5 G-tracks in length, and Gh was excised from either a core
or loop position.
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Biphasic excision of Gh by NEIL glycosylases from RAD17 and KRAS G4

Similar to the excision of Gh from VEGF G4s, the data from the excision RAD17 and KRAS
G4s fit best to a two-exponential equation for Ed NEIL1 and mNeil3 A324. The total amount of
Gh excised is greater when in the core position in all G4s (Figure 3.6, Figure 3.8). For Ed NEIL1,
Gh lesions located at core position in 4-track RAD17 G4 (72% + 2%) had higher % base removed
than loop positions (34% + 8%). Similarly, when Gh was located at a core position and loop
position with the 5-track RAD17 G4, the % base removed was higher in the core position compared
to loop. Overall base removal was lower in 5-track G4 compared to the 4-track in the RAD17
sequence Additionally, a similar reduction in rate (kq’) can be observed in the excision of Gh from
4- and 5-track G4. kg” for Ed NEIL1 mediated removal of core position Gh in 4-track RAD17 G4
is 0.23 + 0.03 min™ but is reduced to 0.05 + 0.02 min™ in the corresponding position in the 5%
track, and these rates are further reduced when damage is in the loop position (Table 3.3). With
the KRAS G4s, greater excision by Ed NEIL1 was seen from the core position and from 5-track
compared to the loop position and 4-track G4 respectively (Table 3.3, Figure 3.6, Figure 3.8A).
The kg~ for Ed NEIL1 excision of KRAS G4s were all around 0.2 min, except for Gh located
within the core of the 4-track G4, which was slightly larger at 0.48 + 0.45 min’. Notably, the
amplitudes associated with the two rates with the RAD17 and KRAS G4s varied significantly due

to Gh position and sequence (Figure 3.6, Figure 3.8A).
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Table 3.3: Kinetic parameters from two-exponential fitting experiments with Edited NEIL1 and
RAD17 and KRAS G4s.

RAD17 4 core | RAD17 4 loop | RAD17 5 core | RAD17 5 loop
kg min’ + + + +
(A~ nM) >2(95+1.0) | >2(29+£0.8) | >2(1.9+0.6) | >2(1.9+£0.8)
kg~ mint 0.23£0.03 0.11+£0.09 0.05 £ 0.02 0.17 £ 0.06
(B —nM)2b (4.8£1.2) (4.0+1.6) (7.0+0.5) (3.7+11)
% base removed® 72+2 35+8 45+5 28+3
KRAS 4 core KRAS 4 loop KRAS 5 core KRAS 5 loop
kg’ min?
(A nMy >2(3.2+0.8) | >2(1.4+04) | >2(05+04) | >2(49+15)
kg~ mint 0.48 + 0.45 0.13+0.12 0.016+0.003 0.25+0.09
(B —nM)2b (6.5+1.9) (3917 (15 £ 1) (6.4 +0.9)
% base removed® 48 £11 26+9 807 5717

%y’ and kg~ are the observed rates of base removal. The associated amplitude of each rate constant
(capacity) in nM, and percent base removal of reaction after 60 min incubation. [Enzyme]=
200 nM, [DNA] = 20 nM, pH 7.6, 37 °C, [KCI]=100mM, fit to a two-exponential equation,
[Pt = Ao(1-exp(-kq 't)) + Bo(1-exp(-kq t)). ®Ao and By are the associated amplitudes of ky” and kg~
respectively. “% base removed = ((Ao+B0)/20)*100.

Gh excision by mNeil3 A324 from 4-track RAD17 G4 at core and loop positions were
similar in overall percent base removed (65%). Notably the presence of the 5™ track resulted in
overall reduction in percent of Gh removed to ~50%. Gh localized within a core position was
excised faster (Kg” - 0.38 + 0.13 min™) than within the loop (kg” - 0.14 + 0.03 min) of RAD17 4
track G4 by mNeil3 A324. The 5-track RAD17 containing Gh at the core and loop positions was
excised with a kg” of 0.20 = 0.28 min™ and 0.11 + 0.03 min™, respectively (Table 3.2, Figure 3.7,
Figure 3.8). For all KRAS G4s, Gh was excised by mNeil3 A324 to the same extent of about 65%.

The kg” for Gh removal from all KRAS G4s was 0.2 min, except for within the core of the 4-track
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G4, which was slightly increased at 0.42 + 0.05 min’. Notably, a comparison of the amplitudes
associated with the two rates shows that most of the Gh removed from KRAS and RAD17 G4
contexts is associated with the slower rate. The exception was observed for Gh at the loop position

within the KRAS G4 containing the 5™ track, where mNeil3 A324 excision was most efficient.
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Figure 3.6: Removal of Gh from VEGF, RAD17, and KRAS promoter G4 by Edited (Ed) NEILL.

20 nM of Gh containing (A) VEGF, (B) RAD17, or (C) KRAS G4 was incubated with 200nM Ed
NEIL1 at 37°C, pH 7.6 in the presence of 100 mM KCI. Data is fit to a two-exponential equation,
[P]t = Ao(1-exp(-kq 7)) + Bo(1-exp(-kg 7). Values are reported in Table 3.1 and Table 3.3.
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Figure 3.7: Removal of Gh from VEGF, RAD17, and KRAS promoter G4 by mNeil3 A324.

20 nM of Gh containing (A) VEGF, (B) RAD17, or (C) KRAS G4 was incubated with 200nM
mNeil3 A324 at 37°C, pH 7.6 in the presence of 100 mM KCI. Data is fit to a two-exponential
equation, [P]: = Ao(1-exp(-kg 7)) + Bo(1-exp(-kq '2)). Values are reported in Table 3.2.
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Figure 3.8: Percentage Gh removed by (A) Edited (Ed) NEIL1 and (B) mNeil3 A324 from the
RAD17 and KRAS Gd4s.

20 nM G4 was incubated with 200 nM enzyme for 60 min at 37 C and 100 mM KCI. Dark blue =
% Gh removed with kg’; light blue = % Gh removed associated with kg”. Values reported in Tables
3.2and 3.3.

Comparison of Gh removal in SS, duplex and G4 DNA by Ed NEIL1 and mNeil3.

Each glycosylase is proposed to have different DNA context preferences. For example,
NEIL1 has been previously shown to efficiently excise from duplex over SS DNA, while mNeil3
has a preference for SS DNA due to the additional negatively charged residues that would make
an electrostatic clash with opposite strand in duplex.* Here, we evaluated the role of context on
removal of Gh by Ed NEIL1 and mNeil3 A324 with the RAD17 4-track core sequence. G4s was
directly compared to the corresponding duplex and single-stranded Gh-containing substrates.
Excess enzyme (200 nM) was incubated with G4 (20 nM) in 100 mM KClI, single-stranded G4 in
100 mM LICl, or duplex G4 annealed to its corresponding complement in 100 mM KCI. In the
case of Ed NEIL1, Gh is removed most efficiently from the duplex context, as expected based on
previous work by our laboratory and others. Upon visual inspection of representative storage
phosphor autoradiograms (Figure 3.9), NEIL1 excised Gh the best from duplex, while mNeil3

excises Gh better from SS and G4 DNA contexts.
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To explore these trends more fully, we performed full time courses to evaluate the excision
of Gh from RAD17 in SS, duplex and G4 DNA. NEIL1 excises Gh from single stranded DNA to
a comparable extent for G4 (72% + 2%) and single strand (72% * 2%) DNA, and also with similar
rates when fit to a 2-expontential equation (Table 3.4). However, with mNeil3 A324, Gh is
removed more efficiently from G4 DNA context (71% * 1%) followed by single stranded DNA
(63% £ 1%) and with the least amount of excision out of duplex (50% + 3%) (Table 3.4). For
mNeil3, Gh is excised to a greater extent out of G4 context, but kg is greater in a SS context

followed by duplex compared to G4 (Table 3.4).
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Figure 3.9: The removal of Gh from RAD17 4-core in single-stranded (SS), G-quadruplex, and
duplex forms by (A) Edited (Ed) NEIL1 (B) mNeil3 A324.

For these representative storage phosphor autoradiograms, 200nM enzyme was incubated with G4
in 100mM KCI, SS G4 in 100mM LiCl, or duplex G4 annealed to its corresponding complement
in 100mM KCI at 37 °C. Samples were quenched with NaOH at 20 s, 1 min, 5 min, 15 min, and
40 min. (-) represents the no enzyme control.
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Table 3.4: Rates and excision completion of Edited (Ed) NEIL1 and mNeil3 A324 with RAD17 4-
track core in duplex, G4, and single stranded contexts.

Ed NEIL1 Duplex G4 Single Stranded
PRSI |
(,i;?—mn:\r/]l)a'b >2 (8.6 + 0.8) >2(95+1.0) >2(11+1)
kg~ min'lab 0.28 +0.3 0.23 +0.03 0.18 £ 0.05
(B-nM)*® (3.02 £0.3) (4.8+1.2) (3.2 £0.4)
% base removed® 85+3 72+2 72+2
Duplex G4 Single Stranded
s min-l
(/lig_mn:\;)avb >2 (1.9 +1.1) >2 (1.1+0.2) >2 (24 +1.4)
kg” min‘lab 0.6+0.3 0.38+0.04 0.82 +0.24
(B—nM)* (8.7 +1.4) (12+1) (11 +1)
% base removed® 51+1 71+1 631

%y’ and kg~ are the observed rates of base removal. The associated amplitude of each rate constant
(capacity) in nM, and percent base removed of reaction after 60 min incubation. [Enzyme]= 200
nM, [DNA] = 20 nM, pH 7.6, 37 °C, [KCI]=100mM, fit to a two-exponential equation,
[Pt = Ao(1-exp(-kq 't)) + Bo(1-exp(-kq "t)). ®Ao and By are the associated amplitudes of ky” and kg~
respectively. “% base removed = ((Ao+B0)/20)*100.

Excision of Gh by mNeil3 from SS and duplex DNA by mNeil3 and NEIL3

We previously characterized the removal of Gh by NEIL1 in both single stranded (SS) and
duplex DNA contexts.3® However, similar analysis has not been performed with mNeil3 A324 or
NEIL3 A324 to establish a base line for activity with these more traditional DNA contexts. The
removal of Gh by mNeil3 A324 and NEIL3 A324 were evaluated with a non-G4 forming sequence
(H30) using rapid quench flow methods. The data were fit to a one-exponential equation

([P]t = A[1 — exp(-kqt)]) with these substrates similar to NEIL1 and compared to the values
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obtained for Ed NEIL1. The percent base removed shown are obtained from the endpoint value
(2 min) on quench flow methods unless stated otherwise. In agreement with previously reported
values, mNeil3 A324 had a higher base removal for Gh in SS DNA (55% % 7%) compared to
duplex (29% + 15%) (Table 3.5). However, the rate of excision is almost 2-fold greater in duplex
than the SS DNA substrate (Table 3.5), which is surprising when mNeil3 is predicted to interact
more favorably with SS DNA due to its many negatively charged amino acids that would
destabilize interactions with duplex.** At 60 min time point, the percent base removed by mNeil3
A324 was more comparable for SS (83%) and duplex DNA (73%). Additionally, we were able to
purify the human homolog, NEIL3 A324, and characterize its activity on Gh containing
oligonucleotides in a SS or duplex DNA context. Like the mouse homolog, NEIL3 A324 removed
Gh from a context (35% + 7%) to a greater extent than duplex (< 10%), and we observed a higher
kg from duplex. However, due to the low amount of base removed in this assay, the kg for NEIL3

A324 is likely an over estimation of the rate constant.

Table 3.5: Rate constants (kg) and percent completion of base removal of Gh in H30 sequence in
SS and duplex contexts by Ed NEIL1 and mNeil3 A324.

Ed NEIL1, mNeil3 A324, NEIL3 A324
Substrate Context kg, min’t kg, min’ kg, mint
(% base removed)®® | (% base removed)®® | (% base removed)®P
Gh SS 2.4 £0.1 (<100)¢ 1242 (5547) 6.2+2 (35+7)
Gh:C duplex 104 + 14 (100)¢ 2046 (29+15) 112420 (<10)°

Rate constants of base removal were measured under single-turnover conditions (20 nM substrate,
200 nM enzyme) at 37 °C using a Kintek RQF-3 Rapid-Quench. Data were fit to a single
exponential equation, [P]. = A¢[l1 — exp(—kct)]. "The % base removed of reactions reflect the
endpoint value (2 min) on quench flow methods . °The overall extent of product formation was
very low such that the fitting is likely an overestimate of the rate. “Values for Ed NEIL1 have been
reported previously in Yeo et al. 2010.
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Effect of varied enzyme and G4 concentration on G4 excision.

In all of our Gh containing G4 sequences, we observe less than 70% total base removed by
NEIL1 and mNeil3 A324 despite 10-fold excess enzyme present in the reaction. We explored the
impact of DNA/enzyme ratio in the Gh removal reaction by varying both enzyme and DNA
concentrations. First, the glycosylase was increased to 40-fold over DNA compared to previous
work that used 10-fold enzyme compared to DNA. We selected three representative G4s to test
the excision of Gh with increased enzyme: 4-track RAD17 core damage, 4-track KRAS loop
damage, and 5-track VEGF core damage. Notably, with 40-fold excess enzyme, we observed
minimal change in rate or extent of base removal by Ed NEIL1 or mNeil3 A324 with all three G4s

(Table 3.6).

Similarly, we also varied the concentration of the G4 to determine if G4 DNA
concentration would alter the extent of Gh removed. A representative glycosylase assay was
performed with Ed NEIL1 or mNeil3 A324 at 200 nM with either 1, 10, 50, 100, or 200 nM G4
DNA with the same three representative G4s, 4-track RAD17 core damage, 4-track VEGF core
damage, and 5-track VEGF core damage. Regardless of the DNA concentration and G4 sequence,
Ed NEIL1 and mNeil3 A324 excised Gh to the same percent base removal as the original
glycosylase assay conditions (20 nM G4 DNA and 200 nM enzyme). For RAD17 4 track core
damage, total percent base removal was about 75% and 70% for Ed NEIL1 and mNeil3 A324
respectively (Figure 3.10A and B). With 4- and 5-track VEGF core damage, no change in total Gh
base removal was observed either (Figure 3.10 C-F). Here, we see that varying the DNA and
enzyme concentration does not alter processing of Gh by NEIL1 and mNeil3 A324, and likely

engagement of the enzyme with G4 has a greater influence on excision.
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Table 3.6: Percent base removal by Edited (Ed) NEIL1 and mNeil3 A324 from representative G4s
(20nM) with 200nM versus 800nM enzyme.

Ed NEILL % base removed? 200nM % base removed® 800 nM
enzyme enzyme
4-track RAD17 core Gh 73 77
4-track KRAS loop Gh 26 39
5-track VEGF core Gh 48 40
) % base removed? 200nM % base removed® 800 nM
mNeil3 A324 enzyme enzyme
4-track RAD17 core Gh 69 68
4-track KRAS loop Gh 67 73
5-track VEGF core Gh 23 39

4Percent base removed of reaction after 60 min incubation [Enzyme]= 200 nM or 800nM, [DNA]
=20 nM, pH 7.6, 37 °C, [KCI]=100mM.
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Figure 3.10: Representative plots of percent base removal of Gh from RAD17 and VEGF at various
concentrations of G4 with Edited (Ed) NEIL1 or mNeil3 A324.

G4s were incubated with 200nM enzyme at 37 °C and 100mM KCI. Reactions were quenched
with NaOH at 20 s, 1 min, 5 min, 15 min, and 40 min before separation via denaturing PAGE.
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Discussion

Differences in NEIL1 and mNeil3 influences Gh excision for G4

The work presented herein revealed distinct features for the removal of the oxidized
guanine lesion, Gh, by NEIL1 and mNeil3 A324 from three distinct G4 sequences with Gh located
at core and loop positions. We also evaluated the impact of the presence of a 5™ G-track on Gh
removal by NEIL1 or mNeil3 A324. Taken together, these results show that both NEIL1 and
mNeil3 A324 can excise the damaged Gh base from several G4 sequences, but with distinct

differences in efficiency and overall extent of lesion removed (Figure 3.11A).

A feature that emerged in our analysis of the kinetics of Gh removal by NEIL1 and mNeil3
A324 from G4s was better fitting of the data with a two-exponential equation, with two distinct
rates and associated amplitudes. These two rates are likely due to the ability of the NEILS to capture
Gh in productive and non-productive conformations for excision.”® As discussed in chapter 2,
stacking of Y244 on the lesion by NEIL1 can stall excision. However, crystal structures with Ed
or UE NEIL1 bound to Gh containing DNA show both enzymes only in a productive state.” This
is unsurprising as Gh is observed to be one of the best lesion substrates for both glycosylases.3%124
For NEIL1, the preferred context is duplex DNA; NEIL1 can remove Gh across from C with a kg
of 104 + 14 min™1*2* NEIL1 can also efficiently excise Gh from single stranded DNA but at a
slower observed rate (2.4 0.1 mint).**® The two-exponential fit of the data from our G4 studies
with NEIL1 give an initial faster rate (kq") of >2 min"t and on average a slower rate (kg ) of 0.15
+ 0.05 min’. The associated “faster” and “slower” G4 rate constants are similar to that of the
observed rate constants of Gh excision from duplex and single stranded DNA by NEIL1,
respectively. The initial excision of Gh from G4s (characterized by kg’) is fast, similar to NEIL1’s

excision from duplex, while the second process, Kg” is much smaller indicating slower processing
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and is in the same order of magnitude for the excision of Gh from single stranded DNA. The
associated amplitudes of the two rates for Gh removed by NEIL1 are nearly equal. We suggest
that the alternative G4 structure may allow for some of the Gh to be removed in a manner similar
to that in duplex DNA, while the rest of the Gh in the G4 is in a structure more similar to SS DNA

that requires more extensive remodeling for excision.

Where NEIL1 and mNeil3 differ is in their preferred substrate context. The data for mNeil3
A324 also best fit to a two-exponential equation with a kg’ of >2 min™* and an average kg~ of 0.16+
0.04 min! across all G4. The associated amplitudes to the rate show that a great population of Gh
is excised at the smaller rate (kg ") by mNeil3. Notably, mNeil3 excises Gh in single stranded DNA
to a greater extent more readily than Gh from duplex yet at a faster rate from duplex (Table 3.4).
Interestingly, the mNeil3 A324 crystal structure reveals that the enzyme has several negatively
charged residues along the region that would interacting with the opposite strand of duplex DNA
as compared to the structure of Fpg.** This electrostatic repulsion provides a rationale for poor
interaction of mNeil3 with duplex.** However, in our studies of Gh excision from RAD17 G4 in
multiple substrate contexts, mNeil3 A324 has highest extent of base removal from G4 (71%)
followed by single stranded (63%) DNA demonstrating a preference for the G4 context
(Table 3.4). Yet, the kg for mNeil3 A324 from a single stranded context is twice that of G4, and

the best substrate context of mNeil3 are both G4 and SS DNA.

We did observe that both the non-G4 forming sequence and RAD17 4-track core damage
have comparable rates of excision between SS and duplex DNA contexts. NEIL3 is predicted to
have a preference for SS DNA, and we see that preference in the % base removal but with
comparable rates of excision in both contexts. It is worth noting that the truncated form of the

NEIL3 proteins was used in these assays, as the full-length protein can be difficult to purify due
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to the highly disordered C-terminus.* However, this truncation removes NEIL3’s two GRF zinc
fingers, which have been shown to preferentially bind to SS DNA and splayed replication fork.
These zinc fingers have been found regulate the activity of the NEIL3 glycosylase domain in
biochemical assays with SS DNA and splayed replication forks.*” The absence of this domain may

allow for some of the similarity in the observed rates better duplex and SS DNA.
G4 stability aligns Gh excision by NEIL1 and mNeil3

The kinetics of Gh removal by NEIL1 and mNeil3 in the three different G4s revealed that
the sequence of the G4 had the largest impact on Gh removal activity. For both NEIL1 and mNeil3,
the greatest extents of Gh removal were observed from the RAD17 and KRAS G4 structures. The
extents of Gh removal from the VEGF G4 was particularly low, especially for mNeil3. The
observed sequence dependence suggests that features of the G4 structure impacts the ability of
NEIL glycosylases to mediate Gh excision. The sequence of the G4 also influences the type of G4
structure adopted (Figure 3.11B), as well as its overall stability. Table 3.7 shows the reported
topologies and thermal stabilities of the VEGF and RAD17 G4. The KRAS topology is still being
evaluated and the thermal stabilities are preliminary values provided by Dr. Aaron Fleming from
the University of Utah. In the presence of KCL, all G4 sequences adopt G4 structures as verified
on native page (data not shown). Of note, each G4 was evaluated with different lesions (VEGF -
Gh, RAD17-0G, and KRAS - abasic site analog, THF). The lesion present will further vary the
stability of the G4, but a small decrease in stability was seen between similar VEGF G4 containing
OG versus Gh. These values provide insight into features of the G4 structure and stability related

to the G4 sequence.

The VEGF G4 has the highest thermal stability of the three G4 sequences evaluated.

Moreover, introduction of Gh into the VEGF 4-track and 5-track G4 in most cases resulted in
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minimal reduction of stability (Table 3.7). The notable exception is with Gh introduction into 4-
track VEGF in a core position (ATm ~ -20 °C). In contrast, RAD17 and KRAS 4- and 5-track G4s
have generally lower Tm’s (ATm ~ -10-20 °C).*¥” Our NEIL glycosylase assays show higher levels
of Gh removal from G4s with lower Tm’s. The higher stability of the VEGF G4s may limit the
access and ability of the glycosylases to flip Gh into the active site with the proper alignment to

promote glycosidic bond hydrolysis.

Table 3.7: Topology and thermostability of undamaged and lesion containing VEGF and RAD17

GA4.

4 Core 4 Loop 5 Core 5 Loop
VEGE | 4wt 5WT
G4 (Gh) (Gh) (Gh) (Gh)
. Parallel/ Parallel/ Parallel/
Topology | Parallel Triplex Parallel Hybrid mix | Hybrid mix | Hybrid mix
T, (0 85.6 63.4 85.5 79.1 80.5 83
4 Core 4 Loop 5 Core 5 Loop
L 4 WT SWT
G4 (0G) (0G) (0G) (0G)
. . Anti- Mix of
Topology | Hybrid Triplex parallel topologies Parallel Parallel
T, (C) 69.5 40.9 63.8 68.6 63.9 65.4
KRAS 4 Core 4 Loop 5 Core 5 Loop
G AWT | raF) (THF) > WIT (THF) (THF)
Topology ? ? ? Parallel ? ?
T, () 50 43 57 50 50 60

Values VEGF G4 are reported in Zhou et al. 2015 and RAD17 G4 in Zhu et al. 2018. *KRAS G4
are unreported preliminary values provided by the Dr. Aaron Fleming and still undergoing further
analysis.
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The position of the Gh within the G4 had a more dramatic impact on Gh removal by NEIL1
than mNeil3 A324. The highest extent of Gh removal by NEIL1 was observed with Gh located at
a core position within the G4 in 4-track G4s. The extent of NEIL1 mediated Gh removal was 40%
greater when Gh was located at a core position compared to loop position within RAD17 4-track
G4 (Table 3.3). The presence of Gh in a core position in the RAD17 4-track G4 decreases the Tm
about 25 °C compared to non-lesion containing G4 (Table 3.7).13" A similar drop in the thermal
stability has been observed in VEGF and KRAS 4-track sequences when damage was inserted at
the core position (Table 3.7).8%%7 Introduction of Gh into the G-tetrad results in loss of planarity
and hydrogen bonds that help to stabilize the tetrad and overall G4. This decrease in stability of
the G4 may make it more readily remodeled, facilitating the ability of NEIL1 to position the Gh

lesion in a conformation needed for base excision catalysis.

In previous work, presence of an additional 5-track of guanines downstream of the four G-
tracks required for G4 formation, has been proposed to serve as a “spare tire” for the G4, where
the 5" track can replace the G-track containing the damage to stabilize the G4 structure.*®® With
VEGF, the presence of the 5" track greatly increases Gh-excision located within the core by
NEIL1, as reported previously. With the KRAS G4, the presence of the 5" track enhanced Gh
removal from both core and loop positions, while in the RAD17 G4, there was a small decrease in
Gh excision in the presence of the 5" track. All Gh-containing 5-track G4’s evaluated in this study
have similar Tm’s to the 5-track G4 without damage indicating maintenance of G4 structure. These
results suggest that the 5 track may restructure the G4 in such a fashion that positions the Gh in
a manner that facilitates its excision, and the impact of the 5™ track on the structure is dependent

on the specific G4. However, further studies examining the G4 structure in the presence of enzyme
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will help to identify the location of the 5™ track and if the 5™ track stabilizes G4 during base

excision.

In contrast to NEIL1, mNeil3 A324 excision is not enhanced for Gh located within the G4
core nor with G4s sequences containing the additional G 5™ track. These substrate specific
differences are likely related to structural differences between the two glycosylases. NEIL3 lacks
two of the void filling residues present in NEIL1, Arg118 and Phe120, which are known to play
important roles in NEIL1 excision of damaged lesions in duplex DNA.*° Specifically, Phe120
serves as wedge between the base opposite the lesion causing a bend in the DNA and may also
contribute to the identification of non-planar bases like Gh in duplex DNA.*° Arg118 forms a H-
bond with the opposite base in duplex DNA and may influence opposite base preferences of
NEIL1.%6 The lack of the equivalent Arg and Phe and additional negatively charged residues in
NEIL3 provides a rationale for the preference for lesion removal from single stranded over duplex
DNA contexts. Notably, NEIL3 has been observed to unhook abasic site crosslinks,?* which would
proceed in an alternative fashion to the base flipping mechanism of DNA glycosylases. The lack
of void filling residues compared to that of NEIL1, paired with the insensitivity to core damage
and the presence of the 5™ track suggest that the increased flexibility and accessibility of the lesion
does not influence excision by mNeil3, and rather, mNeil3 may recognize damage in various G4s

similarly.
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Figure 3.11: Factors and consequences of excision of Gh from G4.

(A) The promoter sequence has the greatest influence on excision of Gh from G4 structures for both Edited (Ed) NEIL1 and mNeil3
A324. Ed NEIL1 is more sensitive to the position of damage and the presence of the 5th track where as mNeil3 A324 is not. (B)
Topologies of G4 structure. (C) The cellular implications of Gh removal and repair by NEIL glycosylase. Initiation of BER by NEIL1
or mNeil3 can either lead to restoration of the guanine base, or non-productive binding that could have a number of effects, including
mutagenesis, strand breaks, or possible participation in G4 mediated gene regulation.



Reduced excision may relate to roles biological NEIL1 and mNeil3

A striking feature of Gh removal within G4s by NEIL1 and mNeil3 A324 is that a
significant fraction of the Gh is not removed. The overall extent of Gh removed ranges from 10%
to 70%, with differences due to the G4 sequence, Gh lesion position, and specific NEIL
glycosylase. Increasing the concentration of G4 DNA or NEIL enzyme did not change the extent
Gh removed. In contrast, Gh excision by NEIL1 in duplex DNA proceeds efficiently and to
completion. We have observed that some lesion substrates, such as 5-OHU, Ug and DHT, are not
completely removed by NEIL1, and the levels of lesion removed are strongly influenced by the
opposite base and the NEIL1 isoform.**13% We have proposed that this feature of reduced excision
may be due to non-productive binding of NEIL1 and may be a way to regulate excision in different
contexts and other different conditions.>!3® NEIL1 has been shown to slow replication fork
progression functioning as a “cowcatcher” to identify DNA damage in oxidatively stressed cells.
In its role as the “cowcatcher”, NEIL1 binds the lesion but does not immediately excise it, signaling
the need for repair.*>® It is possible NEIL1 binding to G4s could function in a similar fashion.
NEIL3 has been found to localize to telomeres,®® which consists of many G4 structures. This
localization occurs during S phase, a stage in the cell cycle where DNA is highly susceptible to
oxidation. Indeed, the binding of NEIL1 or NEIL3 to Gh within a G4 may be an important aspect
of their cellular function and be related to whether the “damage” should be removed and replaced

or serve as means to regulate transcription or replication (Figure 3.11C).
Potential NEIL involvement with G4 mediated gene regulation

The ability of the NEIL glycosylases to interact with G4 structures is intriguing as
increasing amounts of literature suggest that G4s play a role in gene regulation. Gh, like OG, may

be “epigenetic” and influence gene transcription. Previous work has shown that formation of OG
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within a PQS, followed by excision by OGG1, leads to recruitment of APE1 as an activation factor
for gene expression.'% Cogoi et al. also noted a regulatory like property from guanine oxidation
with the KRAS G4, where OG enhanced the recruitment of MAZ and hnRNP, two nuclear factors
that are essential for transcription.**® Because Gh is a further oxidation product of OG, this lesion
could be playing similar roles in G4 structures. NEIL1 associated Werner syndrome protein
(WRN),?® which has the ability to unravel G4s, may allow NEIL1 to further access damage in
G4’s.8* Additionally, Y-box protein 1 (YB-1) can regulate NEIL1 lyase activity and stimulate
NEIL1,2* and in turn NEIL1 can stimulate OGG1 in the removal OG.3 While these interactions
can modulate the response to oxidative stress, WRN and YB-1 have been observed in activating
transcription, suggesting that NEIL1 may not simply be acting as a DNA repair enzyme.® The
unproductive binding observed here with NEIL1 and mNeil3 may be a signal for repair or
transcription, which is a pattern that has been noted with other BER pathway enzymes. To further
elucidate this potential role additional cellular studies are needed to support our biochemical

results.

Herein, we have elucidated the unique features of oxidative damage containing G4s that
influence excision of Gh by NEIL1 and mNeil3 A324. The sequence had the greatest influence on
the excision with greater base removal from RAD17 and KRAS G4. Overall, less excision was
observed from the VEGF G4. NEIL1 is more sensitive to the position of damage and presence of
the 5™ track, whereas the core position and the 5" track in the RAD17 and VEGF sequences
enhance the removal of Gh. In contrast, mNeil3 A324 remained largely insensitive to core vs loop
position or the presence of a 5™ track. Both NEIL1 and mNeil3 A324 do not have complete removal
of Gh despite the lesion being an excellent substrate for both glycosylases in their preferred

contexts. Oxidation of guanine in G4 has been considered epigenetic and the subsequent binding
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of BER enzymes in promoter G4 is essential to this process. The incomplete excision and
subsequent non-productive binding of NEIL1 or NEIL3 to Gh containing G4 suggest that the NEIL
glycosylase may play a role in this epigenetic mechanism, but further investigation is warranted to

elucidate NEIL’s exact role.

Future work

The NEIL glycosylases are capable of excising a wide range of lesions from several DNA
contexts. The work presented here has established a relationship between G4 sequence on the
impact of excision. However, the only lesion probed in these studies was Gh. The NEIL
glycosylases may also excise lesions such as Tg, FapyG, and 5-OHU differently in a G4 context
compared to duplex. This work is currently in progress by other members of the David laboratory.
Additionally, NEIL2 was not evaluated in these studies. NEIL2 is known to be associated with
transcription coupled BER*® and may play a role in G4 gene activation scheme that relies on
activity by BER glycosylases. NEIL2 does have a higher activity on AP sites than the lesion
themselves, so NEIL2 may play a similar role to APE1 in this gene activation pathway or process

the AP site and help to erase the signal.

Materials and Methods

General methods and materials. DNA oligonucleotides containing OG were synthesized
at the University of Utah Core Facility (University of Utah Medical School), and the OG
phosphoramidite was purchased from Glen Research. The oligonucleotides were cleaved and
deprotected following Glen Research’s protocol for OG-containing DNA strands. All other lesion-
free oligonucleotides were purchased from IDT. All oligonucleotides were purified via HPLC on
a Shimadzu Prominence instrument with a Dionex PA100 anion-exchange column. [y-*’P]JATP

was purchased from Perkin Elmer, and T4 polynucleotide kinase from New England BioLabs.
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Microspin  G-50 columns were purchased from GE Life Sciences. Storage phosphor
autoradiography was performed on either a Typhoon 9400 (GE) phosphorimager, or a Molecular
Dynamics Storm 840 phosphorimager system. ImageQuaNT software version 8.2.0 (GE Life
Sciences) was used for image quantification, and GraFit version 5.0.2 (Erithacus Software) was
used to determine rate constants and percent completion values. All buffers and acrylamide
solutions were made with distilled, deionized water purified from a Milli-Q PF system. All other

reagents were purchased from VWR, Fisher Scientific, or Millipore-Sigma.

Substrate DNA preparation. All Gh-containing G4s reported in Table 3.8 were prepared
from OG containing oligos synthesized at the University of Utah Core Facility. OG containing
oligos underwent selective OG oxidation using KzIrBrs and purified from the OG-containing
oligonucleotides as previously described.®®> ESI-MS analysis confirmed the identity of the lesion
containing oligonucleotides. The appropriate lesion-containing G4 was 5° end-labeled with [y-
32P]ATP using T4 polynucleotide kinase at 37 °C, and then purified using a G-50 spin column per
manufacturer’s protocol. Additional nonradioactive G4 DNA was added to the labeled strand to
allow for a final yield of 5% labeled DNA. The G4 mixture was allowed to fold by heating to 90
°C for 5 min and cooling to 4 °C overnight in folding buffer (20 mM Tris-HCI pH 7.6, 10 mM
EDTA, and 100 mM KCI). Labeled G4 substrates were stored at -20 °C and used for both G4
glycosylase and electrophoretic mobility shift assays as described below. To generate single
stranded G4 sequence, 5% labeled DNA was heated at 90 °C for 5 min allowed to cool in the
following buffer: 20 mM Tris-HCI pH 7.6, 10 mM EDTA, and 100 mM LiCl. For G4 duplex, 5%
labeled DNA was annealed to a 20% excess of the nonradioactive complementary strand in
annealing buffer (20 mM Tris-HCI, pH7.6, 10 mM EDTA, 100 mM KCI) by heating to 90 °C for

5 min and cooling to 4 °C overnight.
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Table 3.8: Sequences used in G4 glycosylase studies.

G4 Dam?ge Sequence
position

VEGF 4 Loop 5-CGGGGCGGGCCXGGGGCGGGGT-3
VEGF 4 Core  5-CGGGGCGGGCCGXGGGCGGGGT-3
VEGF 5 Loop 5’-CGGGGCGGGCCXGGGGCGGGGTCCCGGLCGGGGL-3°
VEGF 5 Core  5’-CGGGGCGGGCCGGXGGCGGGGTCCCGGLCGGGGL-3”
RAD17 4 Core  5’-CCGGGAGGGACTXGGCTGGGGCA-3’
RAD17 4 Loop 5-CCGGGAGGGACTGGGCTXGGGCA-3’
RAD175 Core  5’-CCGGGAGGGACTXGGCTGGGGCAGGCTGGGGCG-3°
RAD17 5 Loop 5-CCGGGAGGGACTGGGCTXGGGCAGGCTGGGGCG-3’
KRAS 4 Core  5’-AGGGCGGTGTXGGAAGAGGGA-3’
KRAS 4 Loop 5-AGGGCGGTGTGGGAAXAGGGA-3’
KRAS 5 Core  5’-AGGGCGGTGTXGGAAGAGGGAAGAGGGGGA-3°
KRAS 5 Loop 5-AGGGCGGTGTGGGAAXAGGGAAGAGGGGGA-3’

Non- G4 Sequence
H30 5’>-TGTTCATCATGGGTCXTCGGTATATCCCAT-3’

X indicates position of Gh. In G4, the lesion is placed in either the core of the G-tetrad or the loop
region.

Enzyme purification. C-terminally His-tagged edited (R242) and unedited (K242) NEIL1
were purified as described previously by expressing NEIL1 in Rosetta 2 (DE3) pLysS cell strains
from Novagen using a pET30a plasmid containing the NEIL1 gene. The active site concentrations
of the enzymes were determined using previously reported methods.'® Purified enzymes were
stored at -80 °C. NTHL1 and truncated mouse and human NEIL3 were provided from Dr. Susan
Wallace and her research group at the University of Vermont.

NEIL3 A324 was purified in similar to methods previously reported.!*? Briefly, NEIL3
A324 was over expressed in Rosetta 2 (DE3) pLysS cell strains from Novagen using a pET30a
plasmid containing the NEIL3 A324 gene. Cells were lysed via sonication and followed by
centrifugation. To the supernatant, imidazole and NaCl (20 mM and 1 M final concentration
respectively) were added to the resuspended pellet and batch bound to Ni2+-NTA resin (Qiagen)

for 1 h. The slurry was poured over a PD10 column and allowed to flow through via gravity. The
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resin was washed with 10 ml wash buffer (20 mM sodium phosphate buffer pH 7.5, 10 % glycerol,
1 M NaCl and 20 mM imidazole) followed by elution buffer (20 mM sodium phosphate buffer pH
7.5, 10 % glycerol, 300 mM NaCl and 500 mM imidazole). The elutant was then concentrated with
Amicon ultrafiltration cell with a 10,000 MWCO filter while stirring and diluted 10-fold with
heparin buffer A (40 mM Hepes—NaOH pH 7.0, 10% glycerol, 5 mM p-mercaptoethanol), NEIL3
A324 were further purified by a 5 ml HiTrap Heparin column (Buffer A: 40 mM Hepes—NaOH
pH 7.0, 150 mM NacCl, 10% glycerol, 5 mM B-mercaptoethanol; Buffer B: 40 mM Hepes—NaOH
pH 7.0, 1 M NaCl, 10% glycerol, 5 mM B-mercaptoethanol). Protein concentration was determined
via Bradford assay, and active site concentration was determine using previously reported methods

with single stranded Gh-containing RAD17 4 track core oligo.'3®

Representative glycosylase assays. For the representative glycosylase assays, 20 nM of
substrate DNA was incubated at 37°C with 200 nM of active enzyme, either Edited (R242) or
Unedited (K242) NEIL1, NEIL3 A324, or NTHLI, in glycosylase assay buffer (20 mM Tris-HCI
pH 7.6, 10 mM EDTA, 0.1 mg/mL BSA and 100 mM KCI). Aliquots were removed from the
reaction mixture at 30 minutes and immediately quenched in 0.2 M NaOH. Then the mixture was
heated to 90 °C for 5 minutes and cooled down on ice. Formamide denaturing dye (80 %
formamide, 0.025 % bromophenol blue, 0.025 % xylene cyanol in TBE buffer) was added to each
aliquot and heated to 90 °C for 5 minutes. All samples were electrophoresed on 15 % (19:1)
denaturing polyacrylamide gel with 1X TBE buffer at 1500 V for 1.5 hours. The polyacrylamide

gel was exposed to Molecular Dynamics phosphorimager screen for at least 18 h.

Kinetic parameters measured using Glycosylase assay. The glycosylase activity of Edited
(Ed - R242) NEIL1 and mNeil3 A324towards G4 DNA substrates was measured under single-

turnover conditions ([Enz]>[DNA]) as previously described.*® Briefly, 20 nM of G4 DNA was
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incubated at 37 °C with 200 nM of active enzyme in G4 glycosylase assay buffer (20 mM Tris-
HCI pH 7.6, 10 mM EDTA, 0.1 mg/mL BSA and 100 mM KCI). Aliquots were removed from the
reaction mixture at various time points ranging from 20 s to 60 min, and the reactions were
quenched in 0.2M NaOH, heated to 90 °C for 5 min, and flash frozen on ice. Equivalent amounts
of formamide denaturing dye (80% formamide, 0.025% bromophenol blue, 0.025% xylene cyanol
in 1X TBE) was added to each aliquot and heated once again to 90 °C for 5 min before
electrophoresis on a 15% (19:1) denaturing polyacrylamide gel in 1X TBE at 1500 V for 1.5 h and
visualization by storage phosphor autoradiography. The analysis of the data and determination of
the rate constants and percent completion values was analogous to that previously reported for
NEIL and data were either fit to a one-exponential equation [P]: = Ao[1l — exp(-kgt)] or two-
exponential equation [Pl = Ao[1 — exp(-Kg 7)] + Bo[1 — exp(-Kg “7)] to determine the rates of product
formation (kg or Kg* and kg”) and their associated amplitudes, Ao and Bo.****° For experiments in
which the reaction was too fast to measure manually, a Kintek RQF-3 Rapid-Quench instrument

was utilized as previously reported.>?
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Chapter 4 Monitoring DNA repair capacity of NEIL substrates in cells

Contributions of others: Dr. Jongchan Yeo developed and validated the pTurbo reporter for
monitoring the repair for Gh and Tg by NEIL1 in MEF cells. The FapyG-containing
oligonucleotide was synthesized and characterized by Dr. Haozhe Yang from the laboratory of Dr.
Marc Greenberg. The 2 ribo-fluoro-OG phosphoramidite was synthesized and incorporated into

oligonucleotide by Dr. Sheng Cao of the David Laboratory.
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Introduction

Modified bases can be indicators of oxidative stress and associated with many diseases
including cancer neurodegenerative diseases and metabolic disorders.>** A wide range of
modifications are formed in a cellular context requiring repair to maintain genomic
integrity. 244145 DNA damage can disrupt cellular processes, such as replication and transcription,
and introduce mutations leading to disease progression. The study of lesion formation and repair
have been critical to understanding diseases, such as cancer, and how our cells thwart oncogenesis
by genomic maintenance.?*#+145 Our cells have several pathways for combating the diverse range
of lesions. The base excision repair pathway, initiated by DNA glycosylases, is responsible for the
recognition and repair of many of these modifications. The lesions guanidinohydantoin (Gh),
thymine glycol (Tg), and 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) are good
substrates of NEIL1 and have been well characterized in vitro.38°61% Gh and FapyG are non-
planar and helix distorting lesions and stall activity of DNA and RNA polymerases,*®'“® and in
cases where replications occurs, they are mutagenic leading to G-to-T transversion mutations.'1146
Tg has also been shown to block activity of polymerases involved in both replication and
transcription.** However, cellular conditions can impact lesion specific repair and efficiency, and
the development of cellular reporter assays can provide a benchmark for repair levels of these
NEIL substrates in a cellular context.

The David laboratory has established a mammalian cellular reporter assay to evaluate the
OG:A specific repair by WT and cancer associated variants of MUTYH.* This assay features a
reporter plasmid where the installation of a site-specific OG:A mismatch introduces a stop codon
in the coding region of a green-fluorescent protein (GFP). MUTYH-mediated excision of the

mispaired A, followed by downstream BER results in replacement of the A with C, and restoration
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of an amino acid codon for expression of full-length GFP. Repair can be monitored by the
proportion of transfected cells (RFP positive) that also express GFP.'4" Similar reporter systems
have been developed by the Samson and Nagel laboratories to probe repair by other BER
glycosylases and other repair pathways, such as NER or direct repair.**® They leverage a diverse
number of lesions to monitor different repair pathways and evaluate the repair of the lesion itself.
These probes have been used to study DNA repair capacity along multiple disease cell lines as
repair can vary due to different expression levels of enzymes associated in DNA repair
pathways.**®149 The type of damage have the potential to impact repair capacity warranting further
study. The repair of lesions, Gh, Tg, and FapyG have never been evaluated in a cellular context.
Monitoring the repair capacity of specific lesions in several cell lines can then be leveraged as a
diagnostic tool to understand disease. While there are several assays monitoring the repair of many
DNA repair pathways, there is no published assay to monitor cellular repair by specific lesions
and potentially evaluate repair by NEIL1.

Dr. Jongchan Yeo of the David laboratory had developed and validated a reporter plasmid
to monitor the repair of NEIL1 in mouse embryonic fibroblasts (MEF) cells.*®® The NEIL1 pTurbo
reporter plasmid was adapted from a similar reporter developed by the Wang laboratory for the
incorporation of transcriptionally blocking lesion to evaluate repair in vitro and in mammalian
cells.*® The NEIL1 substrates Tg, Gh, and FapyG have been shown to stall DNA and RNA
polymerases'+*52153 making them well suited for this plasmid design. Validation of NEIL1 specific
repair was performed by comparing repair in WT MEF and Neill-/- MEF via flow cytometry. For
both the Gh and Tg lesion, repair in Neill-/- MEFs was greatly diminished compared to that of
WT MEFs suggesting that the absence of Neill was responsible for reduction in GFP

expression.*>® From in vitro biochemical analysis, Tg, Gh, and FapyG are all known to be excellent
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substrates for NEIL1 and are efficiently processed.>®** However, further evaluation is needed to
examine if we can observe repair across multiple cell lines and if there will be differences in repair
across the cell types and under different conditions.

In this chapter, | used a GFP expression reporter plasmid to monitor the repair of Tg, Gh
and FapyG in HEK293FT, HeLa and U87 cells. The levels of NEIL1 vary in these cell lines, and
we hypothesized that extents of repair of these lesions may similarly vary. Variations in repair as
monitored by our reporter system can be indications of cellular DNA repair function, especially in
cancer cells which may have deficits or alterations in DNA repair.1>*#1>° Additionally, | evaluated
the repair of 2°-F-Gh as a molecular probe that is resistant to NEIL1 mediated repair. 2’-fluorinated
deoxyribose modifications have been useful chemical biology tools for the study of many DNA
glycosylases.®”68:156.157 The addition of the fluorine at C2’ can slow or inhibit the breaking of the
N-glycosidic carried out by DNA glycosylases. 2’-F-Tg and 2’-F-Gh have been shown to
dramatically inhibit the efficiency of base excision by NEIL1.6"% Here, | installed 2°-F-Gh into
our reporter assay to evaluate it as mean of inhibiting or reducing repair.

Finally, we began examining RNA editing of NEIL1 transcript in a cellular context. As
discussed in chapter 2, two isoforms of NEIL1 exist due to an RNA editing event catalyzed by
ADARL. The NEIL1 pre-mRNA has a codon encoding for a lysine at position 242 in the NEIL1
lesion recognition loop of NEIL1. A-to-I editing of ADARL1 at position 725 of the NEIL1 transcript
producing in a codon change and resulting in an arginine at position 242. The David laboratory
has well characterized the activity of unedited NEIL1 (UE-Lys242) and edited NEIL1 (Ed-
Arg242). This single amino acid change can greatly alter the substrate specificity of the NEIL1
glycosylase. The UE NEIL1 excises Tg ~30 faster than Ed NEIL1.1*® Generally, the unedited

isoform can more rapidly excise oxidized pyrimidines to that of Ed NEIL1, but characteristics of
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lesion can influence excision. Here, we conducted some preliminary studies examining the
influence of ADAR1 on NEIL1 activity in a cellular context. We began by establishing the editing
levels of the NEIL1 transcript in HEK293FT, HeLa, and U87 cell lines and increased the editing
of NEIL1 transcript with treatment of interferon alpha (IFN-a), which has been previously shown
to increase ADAR1 expression.'® We then explored repair of Gh and Tg lesions in HEK293FT,
HeLa, and U87 cells treated with IFN-a to increase ADAR1 expression and editing of NEILI
transcript. Regardless of lesion, repair by NEIL1 decreased across all cell lines upon IFN-a
treatment.

Results

Generation of lesion pTurbo reporter plasmid and installation of lesions

The lesion reporter plasmid was previously designed by Dr. Jongchan Yeo from the David
laboratory and discussed in detail in his doctoral dissertation.*®® Briefly, this lesion plasmid
reporter (pTurbo - pT) was adapted from the pTurboGFP-Hhal0 reporter plasmid developed to
quantitatively assess the impact of DNA damage on transcription efficiency and fidelity in vitro
and in mammalian cells by the Wang laboratory.’>® This method employs the site-specific
incorporation of a DNA lesion downstream of the CMV promoter of GFP with the generation of
gapped plasmid using nicking enzymes for the efficient installation.*® The design of pTurboGFP-
Hhal0 was adapted for the study of NEIL1-initiated repair in mammalian cells to allow for the
incorporation of transcriptionally blocking lesions in the H30 sequence that was previously used
for the in vitro enzyme assays for NEIL1. Some of the best NEIL1 substrates, Tg, Gh, and FapyG,
stall the activity of DNA and RNA polymerases.**14¢152 and if installed upstream of reporter gene,

could thwart transcription.
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To generate lesion containing plasmid, Nt.BstNBI nicking endonuclease is used to generate
a single strand nick in the template strand of the plasmid. The resulting 43 nucleotide (nt) oligo
from plasmid nicking is removed by annealing to its complement. The gapped plasmid is purified
away from excess complement and annealed duplex with Macherey-Nagel DNA purification kit.
5’-phosphorylated lesion containing oligonucleotide, H30, (30nt) and short downstream filling
oligonucleotide (13nt) were annealed into gap of pTurbo and ligated with T4 ligase. To remove
any unsuccessful ligation reactions, the ligation reaction was treated with T5 exonuclease to digest
any remaining gapped plasmid and subsequently purified with DNA purification kit (Figure 4.1A).
Plasmid generation was monitored via agarose gel electrophoresis (Figure 4.1B). Since the
development of the pTurbo plasmid by Dr. Yeo, modifications to plasmid generation have allowed
for higher yield of the final lesion containing product. First, purification of the pTurbo plasmid
was conducted with a CsClI gradient procedure (see methods) compared to traditional use of mini-
prep or midi-prep plasmid preparation Kits. These kits have an alkaline lysis step for cell lysis and
may damage the starting plasmid. With CsCl gradient purification, higher yields of final lesion
containing plasmid were obtained (data not shown). Additionally, the use of Macherey-Nagel
DNA purification kit led to higher yields at purification steps opposed to other methods, such as

spin filter purification or ethanol purification.
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Figure 4.1: Construction of lesion reporter and monitoring lesion repair.

(A) Schematic of incorporation of lesion (Ex: Gh) into pTurbo reporter plasmid. A single strand
43nt nick (pT-nick) is introduced downstream of the CMV promoter to GFP. pT-nick is annealed
to excess complement and the gapped plasmid is purified from excess duplex. 5’-phosphorylated
H30 lesion containing oligo, and downstream oligonucleotides are annealed to into gap and ligated
with T4 ligase. Unligated plasmid is digested with T5 exonuclease, and ligated plasmid is purified
from T5 exonuclease and digested plasmid. Purified plasmid is used for flow cytometry. (B)
Agarose gel verification on steps conducted in the scheme in part A. Plasmid with gap due to
endonuclease reaction will shift higher in agarose gel. Ligated plasmid or unprocessed plasmid
will show a higher mobility band indicating intact supercoiled plasmid. (C) Repair scheme for
pTurbo reporter plasmid. Once transfected into mammalian cells, repair of installed lesion will
allow for transcription of GFP and subsequent protein expression. Transfection will be measured
using a co-transfected RFP (dsRed) control. The absence of repair will lead to persistence of lesion,
stalling RNA polymerase, and no GFP expression. Figure generated on biorender.
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Monitoring of repair Gh, Tg, and FapyG in human cell lines

Next, | evaluated the repair of Gh, Tg and FapyG in human cell lines to establish base line
levels of repair for these lesions and to gain insights into repair capacity of these lesions. These
lesions have never been evaluated in human cells lines and could demonstrate differences in repair
across each cell line. Gh, Tg and FapyG were installed into the pTurbo reporter plasmid to evaluate
repair across the cell lines. |1 was able also to evaluate the FapyG lesion in this system due to
improvements in synthetic methods generated by the Greenberg laboratory.%® FapyG is also an
excellent substrate for NEIL1,%® however, synthesis of this substrate and incorporation of FapyG
into an oligonucleotide via solid phase DNA synthesis is challenging due to nucleobase sensitivity
to base and heat.'®® The annealing step of pTurbo generation was performed at lower temperature
to prevent depurination of the lesion and successfully incorporated in a similar fashion to Tg and
Gh.

To begin bridging this gap, we monitored the repair of three NEIL1 substrates, Gh, Tg, and
FapyG in the HEK293FT, HeLa, and U87 human cell lines. Additionally, HeLa and U87 are cancer
cell lines arising from cervical cancer and glioblastoma respectively, and cancer cells are known
to have altered function in their biochemical pathways to maintain self-sufficiency, evade
apoptosis, sustain angiogenesis, replicate limitlessly, and invade tissue and metastasize.'®* The
repair of FapyG, Gh, and Tg in HEK293FT, HelLa, and U87 cells were evaluated by transfecting
lesion containing plasmid and monitored after 48 h via flow cytometry. pTurbo was co-transfected
with plasmid expressing a red-fluorescent protein (RFP), dsRed, as a transfection control and a
carrier plasmid, pUC19, which has been shown to assist in cellular uptake.'*® Percent repair was
calculated as a percentage of GFP and RFP positive cells over all RFP expressing cells, and percent

repair was normalized to a GFP and RFP positive control (Figure 4.1C).
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In each cell line, we observed varying levels of repair of all three lesions. The greatest level
of repair was observed in the HEK293FT cell line, with comparable extents of repair for all lesions
with >90% repair (Figure 4.2, Figure 4.3, Table 4.1). Greater differences were observed in the
HeLa and U87 cell lines, where the lowest level of repair was observed in HeLa cell lines. If we
compare across the lesions evaluated, repair levels for each lesion were different and varied
between the cell lines. Of the lesions studied, FapyG was repaired to the greatest extent in all cell

lines, followed by Gh and Tg (Figure 4.3, Table 4.1) .
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Figure 4.2: Representative plots of FapyG, Gh, and Tg repair in HEK293FT, Hela, and U87 cells.

Representative flow cytometry density plots of red (RFP) versus green (GFP) fluorescence in
HEK?293FT, HeLa, and U87 cells transfected with FapyG (A, B, C), Gh (D, E, F), or Tg (G, H, I)
containing pTurbo reporter and dsRed plasmids.
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Repair of various NEIL1 substrates
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Figure 4.3: Repair of Gh, Tg, and FapyG in HEK293FT, HeLa, and U87 cell lines.

Mean percent repair after 48 h was calculated by the ratio of GFP and RFP positive cells to total
RFP positive cells and normalized to the GFP/RFP positive control.

Table 4.1: Percent repair of Gh, Tg, and FapyG repair in HEK, HeLa, and U87 cell lines.

Cell line FapyG (% repair®) Gh (% repair®) Tg (% repair®)
HEK293FT 1055 9% +3 92+5
HeLa 85+4 64 + 13 52+ 16
ua7 95+2 755 64 + 13

4Repair of lesion contain lesion pTurbo reporter plasmid was monitored after 48 h. Percent repair
was calculated by the comparison of cells expressing GFP and RFP to those only expressing RFP
[Yorepair=100*(GFP+RFP+/RFP+)] and normalized to GFP/RFP positive control.

2’-F-Gh is repaired in HEK, HelLa, and U87 cell lines

2’-Fluorinated nucleotides have been used as chemical biology tools for probing features
of DNA damage recognition and excision by DNA glycosylases. The addition of fluorine on the

2’ position of the deoxyribose sugar of the nucleotide can inhibit or slow the bond breaking
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between the N1/N9-C1’ catalyzed by the DNA glycosylase. Specifically, the incorporation of
fluorine at the 2’-position destabilizes the C1-O4’ oxocarbenium ion transition state formed during
glycosylase catalyzed glycosidic bond hydrolysis (Figure 4.4A).162162 2°_F-Tg and 2’-F-Gh have
been shown to dramatically resistant to NEIL1 mediated repair.6”®® Additionally, 2’-F-Tg and
2’-F-Gh were used in electrophoretic mobility shift assays with the two isoforms of NEIL1, and
both isoforms have similar affinities to 2’-F-Tg and 2’-F-Gh containing DNA, suggesting that
differential processing is related to the lesion excision step rather than lesion binding.5” 2°-F-Gh
has provided critical insights into NEIL1 activity in our biochemical assays, but 2’-F-Gh has never
been explored in a cellular context. Here, 2°-F-Gh was incorporated in the lesion pTurbo plasmid

reporter to investigate 2’-F-Gh inhibition in a cellular context.
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Figure 4.4: 2°-F-Gh as molecular probe for DNA repair.

(A) The addition of the fluorine atom to the 2’ position of the deoxyribose sugar is expected to
destabilize the transition state for glycosidic bond cleavage. (B) Selective oxidation 2’-F-OG
allows for the formation of 2’-F-Gh. Figures adapted from Cao et al. 2020.
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To generate 2’-F-Gh containing oligonucleotide, 2’-F-OG oligonucleotides were
selectively oxidized with NazIrCle for the generation of Gh and Sp lesions in oligonucleotide using
methods developed by Burrows and coworkers (Figure 4.4B).1641% Oxidized oligonucleotides
were purified via HPLC and separated from 2’-F-OG oligonucleotide and confirmed by ESI-MS.
2’-F-Gh was installed into the lesion pTurbo reporter plasmid as previously discussed. In these
experiments, only the 2’-F-riboGh were performed due to availability, while ribo and arabino
conformations of the deoxyribose sugar do have slightly different impacts on NEIL1 activity in
vitro.®

2’-F-Gh-containing pTurbo plasmid were transfected into HEK293FT, HelLa, and U87
cells using the same method as Gh-containing pTurbo plasmid. Surprisingly, the overall percent
repair 2°-F-Gh was similar to repair of Gh across all three cells lines (Figure 4.5, Figure 4.6, and
Table 4.2). In HEK293FT cells, repair of 2’-F-riboGh was comparable to Gh containing plasmid
(98% =+ 1% and 96% =+ 3%, respectively). On the other hand, repair of 2’-F-Gh was higher (76%
+ 5%) than the repair of Gh (64% + 13%) in HeLa cells Only the U87 cell line demonstrated
decreased repair of 2°-F-Gh (69% + 4%) compared to Gh (75% =+ 5%). The addition of 2’-fluoro
to the deoxyribose sugar does not impede repair in cells, and this lesion may be repaired by other

mechanisms than by BER.
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Figure 4.5:Representative plots of 2’-F-Gh and Gh repair in HEK293FT, HeLa, and U87 cells.

Representative flow cytometry density plots of red (RFP) versus green (GFP) fluorescence in
HEK293FT, HeLa, and U87 cells transfected with 2’-F-Gh (A, B, C) or Gh (D, E, F) containing
pTurbo reporter and dsRed plasmids.
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Figure 4.6: Repair of 2’-F-Gh repair in HEK293FT, HelLa, and U87 cell lines compared to Gh.

Percent repair after 48 h was calculated by the ratio of GFP and RFP positive cells to total RFP

positive cells and normalized to the GFP/RFP positive control.

Table 4.2: Percent repair of 2’-F-Gh and Gh repair in HEK, HeLa, and U87 cell lines.

Cell line 2'-F-Gh (% repair?) Gh (% repair?)
HEK293FT 98+1 96 £ 3
HelLa 76+5 64+ 13
us7 69+ 4 75+5

Repair of lesion containing pTurbo reporter plasmid was monitored after 48 h. Percent repair was
calculated by the comparison of cells expressing both GFP and RFP to those only expressing RFP
[Yorepair=100*(GFP+RFP+/RFP+)] and normalized to GFP/RFP positive control.
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IFN-o treatment decreases repair of Gh and Tg in cell lines

Two isoforms of NEIL1 exist due to RNA editing of the NEIL1 pre-mRNA by ADAR1.1%
As discussed in chapter 2, this editing event can alter specificity of NEIL1 activity on different
lesion substrates. A balance of the two isoforms is likely needed for the efficient removal of all
NEIL1 substrates.®® In a cellular context, repair by the two isoforms has yet to be explored. Here,
we examine the repair of Gh and Tg lesions in the three cell lines, which all have varying levels
of ADARL expression with HEK293FT having the highest level of ADAR1 expression followed
by HeLa and U87.1%616" However, ADAR1 expression does not always correlate with editing level,
and each cell line will need to be evaluated for editing of the NEIL1 transcript.*®® In methods
developed previously by the Beal laboratory, total RNA is isolated, and using RT-PCR, the editing
region of the NEIL1 transcript was amplified and submitted for Sanger sequencing to characterize
editing levels. The ratio of A to G was quantified to evaluate the percent editing of the NEIL1
transcript in each cell line.**® We found that HEK293FT cell lines had the highest level of editing
at 50% =+ 2%, while HeLa and U87 had more comparable levels of editing of the NEIL1 transcript
at 42% + 2% and 46% + 7% respectively. Additionally, we evaluated whether editing levels in
each cell line changed in response to changes in ADAR1 expression level with treatment of
interferon-a (IFN-a), which can stimulate the transcription of ADAR1 p150.1% Each cell line was
cultured with IFN-o. 24 h prior to RNA isolation. Similar to previously reported work,'* IFN-a
treatment of all cell lines resulted in an increase in editing of the NEIL1 transcript as seen by
increased G reads from Sanger sequencing (Figure 4.7, Table 4.3). All cell lines had comparable
increase in editing of the NEIL1 transcript, showing around 70% editing across the three cell lines

(Table 4.3).
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Figure 4.7: NEIL1 editing response to IFN-a.

Sequence traces at the recoding site (position 725) by ADARL in cDNA from HeLa cells cultured
in the absence of IFN-a. (left) and in the presence of IFN-a (right).

Table 4.3: Editing levels of NEIL1 transcript in HEK293FT, HeLa, and U87 cell lines.

Cell line Untreated (% G:AY) IFN-o treated (% G:A?)
HEK293FT 50+2 73+2
HeLa 42 £ 2 67+3
us7 46 £ 7 75+3

dNEIL1 editing in response to IFN-a. Percent editing of NEIL1 transcript in cell lines cultured in
the absence and presence of IFN-a. Total RNA isolated and RT-PCR was performed to amplify
editing region of NEIL1 transcript. PCR product was purified and submitted to Sanger sequencing.
Sequence traces were analyzed by SnapGene for A to G changes.

After observing the increase in editing levels between all three cell lines, IFN-a treatment
was added to the flow cytometry process to evaluate if altering the balance of edited and unedited
NEIL1 impacts repair. Our previous results in vitro showed that the unedited isoform excised Tg
~30-fold faster than Ed NEIL1, while the rate was only 3-fold greater by edited isoform with the

lesion Gh.** In these preliminary studies to evaluate increasing Ed NEIL1 levels, IFN-o was added
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to cultured cells 24 h prior to transfection with plasmid reporter, and flow cytometry was
performed 48 h after transfection. RNA editing levels for cells undergoing flow cytometry were
approximated by culturing a corresponding plate of cells from the same initial cell stock and
cultured identical conditions as the cells for flow cytometry experiments. Cells for RT-PCR were
transfected with control plasmids (pTurbo, dsRed, pUC19) due to limited stock of lesion
containing pTurbo plasmid, and HEK 293FT and HelLa cells transfected with control plasmids
showed nearly identical editing levels to cells transfected with lesion containing plasmid (data not
shown.) Overall, there was a modest increase in editing levels in cells treated with IFN-a. indicating
a likely higher level of edited NEIL1 in our flow cytometry experiments (Table 4.4).

The repair of Gh and Tg both display decreases in repair upon treatment with IFN-a (Figure
4.8, Figure 4.9, and Table 4.5). A small decrease in repair was observed between the IFN-a treated
population and untreated population in the HEK293FT cells. Greater differences can be seen in
the HelLa and U87 cell lines in each treatment group for both the Tg and Gh lesion (Figure 4.9 and
Table 4.5). Based on our observation of Ed and UE NEIL1 in vitro, differences in lesion processing
were expected when the population of NEIL1 editing was altered in a cellular context. Since UE
NEIL1 more efficiently excised Tg, we anticipated that in IFN-a treated cells, where editing was
higher and contained a greater population of Ed NEIL1, there would be a decrease in repair of Tg.
This prediction was reflected in our flow cytometry experiments. The greatest decrease was
observed in the HeLa cell line with 52% + 16% repair in the untreated population and 35% * 14%
repair in the IFN-a treated cells. Smaller decreases around 7% in the repair of Tg was observed in
HEK?293FT and U87 cell lines (Table 4.5). The repair of Gh showed a similar decrease in the
IFN-a treated cells, which was not expected due to the ability of both edited and UE NEIL1 to

efficiently remove Gh.
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Table 4.4: Approximate editing levels for flow cytometry assays treated with or without IFN-a.

Cell line Untreated (% G:A?) IFN-a treated (% G:A?)
HEK 50+9 78+3
HelLa 48 + 3 63+4
ug7 51+6 61+6

4Percent editing of NEIL1 transcript in cell lines cultured in the absence and presence of IFN-a
matched to flow cytometry experiments. IFN- o, was added to cell culture 24hr prior to transfection.
Total RNA was isolated 48 hours after transfection, and RT-PCR was performed to amplify editing
region of NEIL1 transcript. PCR product was purified and submitted to Sanger sequencing.
Sequence traces were analyzed by SnapGene for A to G changes. "Results were not performed in
triplicate.
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Figure 4.8: Representative plots of Gh, and Tg repair in HEK293FT, HeLa, and U87 cells treated
with IFN-q.

Representative flow cytometry density plots of red (RFP) versus green (GFP) fluorescence in
HEK?293FT, HelLa, and U87 cells transfected with Gh (A, B, C, D, E,F,)or Tg (G, H, I, J, K, L)
containing pTurbo reporter and dsRed plasmids. Cells were either untreated (A, B, C, G, H, I) or
treated with IFN-a (D, E, F, J, K, I) 24 h prior to transfection.
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Figure 4.9: Repair of Gh and Tg in repair in HEK293FT, HeLa, and U87 cell lines treated with
and without IFN-a.

Repair of (A) Gh or (B) Tg containing reporter plasmid with or without IFN-a treatment was
monitored after 48 h. Percent repair was calculated by the comparison of cells expressing GFP and
RFP to those only expressing RFP [%repair=100*(GFP+RFP+/RFP+)] and normalized to
GFP/RFP positive control.

Table 4.5: Percent repair of Gh and Tg repair in HEK293FT, HeLa, and U87 cell lines treated
with and without IFN-a.

Gh repair
Cell line Untreated (% repair) IFN- o treated (% repair)
HEK293FT 96+ 3 94 +2
HeLa 64+ 13 58+ 11
ua7 755 55+7
Tg Repair
Cell line Untreated (% repair) IFN- o treated (% repair)
HEK293FT 925 88+5
HeLa 52+ 16 35+14
us87 64 £ 13 58 + 16

4Repair of lesion containing reporter plasmid was monitored after 48 h. Cells were treated with
IFN- o 24 h prior to transfection with reporter plasmids. Percent repair was calculated by the
comparison of cells expressing GFP and RFP to those only expressing RFP
[Yorepair=100*(GFP+RFP+/RFP+)] and normalized to GFP/RFP positive control.
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Discussion

This work establishes a baseline level of repair for FapyG, Gh, and Tg in a reporter system
that replies on blocking of transcription. All three lesions are known to be excellent substrates for
NEIL1 and in in vitro assays, they are rapidly excised from duplex DNA by NEIL1. In the context
of our cellular reporter, we observe more variability in repair. FapyG is repaired to the greatest
extent followed by Gh and Tg, and this trend is consistent across all three cell lines. When
examining repair across the cell lines, the cancer cell lines, HeLa and U87, show reduced repair of
all three lesions compared to HEK293FT. This trend does not align with the expression levels of
NEIL1 in each type of cell. Like many other glycosylases, the expression level of NEIL1 is
generally low (<15 transcripts per million (TPM)). HeLa cells have the greatest expression of
NEIL1 with approximately 11.8 TPM, followed by HEK293 (9.1 TPM), and U87 having the
lowest expression (1.1 TPM).1%° However, these results show the global repair capacity for each
lesion in a cellular context and notably show decreased repair in the cancer cell lines, HeLa and
u87.

Other pathways do exist for the repair of Gh, Tg, and FapyG as they are also substrates for
NER and the BER glycosylases NEIL2 and NTHL1.% Additionally, FapyG is a good substrate for
OGG1.1% NER removes many helix distorting lesions, like Gh, Tg, and FapyG,’%'" and the
stalling of RNA pol Il can recruit proteins necessary to for the NER complex and initiate repair in
transcription coupled (TC) NER.Y41> NEIL2 is also known to associate with RNA pol Il and
similarly function with TC-BER.*® Finally, Tg is a substrate for the BER glycosylase NTHL1.%
However, NEIL1 is still likely a major contributor of removal of these lesions. In Dr. Yeo’s studies
evaluating the repair of Gh and Tg Neill-/- MEF and WT MEF, baseline levels of repair in the

Neill-/- MEFs was 20% suggests that NEIL1 is the primary means of initiating repair these
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lesions. ™ A similar pattern may also exist the human cell lines evaluated here, but further analysis
with the generation of knockout cell lines or siRNA knockdowns are needed to define the
contribution of NEIL1. Similarly, siRNA knockdown would help to delineate the role of the
several repair mechanisms on the processing of these substrates.

The 2’-F analog of Gh was also evaluated in the NEIL1 pTurbo plasmid to assess it as a
chemical biology tool in this reporter system. NEIL1 does have high specificity for the lesion, and
have been shown to slow or stall NEIL1 activity.®® However, our results show similar levels of
repair to the native lesion, Gh, across all three cell lines. Some repair is expected with 2°-F-Gh, as
both isoforms NEIL1 can excise 2’-F-riboGh in in vitro biochemical assays; however, this excision
was inefficient (~60% base removed after 60 min).% The presence of 2°-F did slow lesion excision
despite NEIL1’s high affinity for the substate.®® However, 2-’F-Gh repair is suggestive of other
repair pathways to repair Gh that do not involve glycosylases, such as NER. Another pathway
could be translesion polymerases that are allowing bypass of the blocking lesion to observe GFP
protein production and not necessarily classic excision repair.’® Additionally, only the 2’-F-
riboGh configuration was evaluated in this assay. There could be decreased repair observed with
the arabino configuration of the 2’-F ribose sugar; the arabino configuration of 2’-F-Gh was found
to stall the lyase activity of NEIL1 leading to the formation of a Schiff base intermediate.”” If such
a complex was to form in a cellular context, this may further thwart repair. In addition, future work
may also want to consider the repair of the fluorinated lesion via other pathways such as NER,
which can also excise Gh.1"®

Finally, I began some preliminary work assessing role of having two isoforms of NEIL1 in
a cellular context. Previous biochemical analysis demonstrated substrate preferences between Ed

and UE NEIL1. A modest 3-fold difference in the excision of Gh was observed between the two
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isoforms of NEIL1, but a more striking ~40 fold difference was observed with UE NEIL1
compared to Ed NEIL1 for the Tg lesion.**® First, | began by evaluating the editing levels of each
cell line and found that HEKF239FT had the highest editing level followed by HelLa and U87 cell
lines. When treated with IFN-a to increase the expression of ADAR1 and ultimately the editing of
the NEIL1 transcript, the editing levels of all three cell lines was around 70% (Table 4.3). All three
cell lines were treated with IFN-a and repair of Gh and Tg was monitored using the lesion pTurbo
reporter plasmid via flow cytometry. We expected that in IFN-a treated cells, with a greater
presence of Ed NEIL1, there may be comparable or higher repair of Gh in our cellular assay and
reduced levels of repair of the Tg lesion. However, for both lesions and across all three cell lines,
a reduction in repair was observed in cells treated with IFN-a. In the HEK293FT and HeLa cell
lines, repair of Gh was similar with a slight decrease in the IFN-a treated cells (Figure 4.6B,
Table 4.5). Repair of Gh in U87 decreased by 20% (Table 4.5). While a decrease in the repair of
Gh was not expected, treatment with IFN-o. may be impacting more than just the expression of
ADARL and increasing the editing of the NEIL1 transcript.

IFN-a is an important signaling agent participating several pathways including the
initiation of immune response and DNA repair.!’® IFN-a is also an indicator of chronic
inflammation,*’® and chronic inflammation results in an increase in oxidative stress and the DNA
repair response.t’®18 Additionally, ADAR1 expression is increased with IFN-0,%® and ADAR1
plays a role in innate immunity during immune response and recoding events.'®® The NEIL1 pre-
MRNA is one of many substrates for ADAR1 responsible for a single amino acid change in the
glycosylase. As discussed previously, this editing event can greatly alter substrate specificity of
the NEIL1 glycosylase in vitro, but there is still a lack of understanding in the biological

consequences of this editing event.® In cases of multiple myeloma with ADAR1 hyperediting,
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the NEIL1 transcript was found to be completely edited with hallmarks of increased levels of DNA
damage.’>"2 The lack of balance between the two isoforms of NEIL1 may reduce repair of lesions
in cancer. These preliminary studies demonstrate that there is a difference in repair when Ed NEIL1
levels are increased in a cellar context, but further study is needed to delineate the origin of these
differences, and whether or not they related to the ratio of Ed versus UE NEIL1. With increased
expression of ADAR1, additional editing events beyond NEIL1 maybe taking place having a
global impact on DNA repair. Additionally, our method of increasing ADAR1 expression with the
treatment of IFN-a could also be playing a role in the observed reduction in repair as IFN-a
participates in a plethora of signally pathways.'’® Systems containing a singular isoform of NEIL1
could reveal isoform specific consequences in a cellular context without the need to alter ADAR1
expression levels and remove the variability of ADARL1 acting on its other editing targets.

These studies establish a baseline level of repair for FapyG, Tg, Gh and 2’-F-Gh across
multiple mammalian cell lines. Understanding the mechanism of repair can be useful for
monitoring the DNA repair capacity and role of DNA repair in disease. Lesion reporter plasmids
can be a powerful chemical biology tool for assessing repair capacity especially in diseases with
are associated with DNA repair pathways. For many types of cancer and other diseases, repair
capacity can be altered by enzyme expression levels and influence disease progression.>® Reduced
function due to mutations in DNA repair enzymes have allowed for the accumulation of DNA
damage and can initiate disease progression.'®s On the other hand, some SNPs of BER
glycosylases have been identified to increase their activity that can lead to a potential buildup of
toxic BER intermediates, such as strand breaks.'® Characterization of these lesions from cellular

reporter assays can be insightful in establishing how a mutation relates to disease.*®

116



Additionally, lesion specific repair assays can be valuable in assessing enzyme specific
activity in a cellular context and a tool for evaluating inhibitors for DNA repair enzymes. The
DNA repair pathways are targets for many chemotherapeutics in the treatment of cancer.'®!
Inhibition of repair activity can allow for the increased accumulation of damage leading to
apoptosis. New methods targeting all pathways are under development including a recent inhibitor
of the BER glycosylase OGG1.182-184 Functional cell-based assays are useful tool to examine DNA
damage and repair as they reflect the influence of factors such as protein expression and stability.!*
Their continued development have implications in public health, defining mechanisms of disease
and personalized medicine.

Future work

Examining repair in a cellular context can give important insights into the molecular basis
of NEIL1 recognition and excision of various substrates. However, there is room for further
improvements in the plasmid. A new generation of this plasmid containing dsRed control would
remove the need for co-transfection of the dsRed containing plasmid similar to the repair plasmid
for MUTYH.¥ Co-transfection of multiple reporter plasmids with a transfection control plasmid
have been demonstrated as effective means of monitoring multiple repair pathways.4%1°
However, incorporation of the transfection control on the reporter plasmid could ensure that the
reporter and transfection control gene were transfected at the same efficiency. Additionally, the
development of a reporter plasmid with substrates of NEIL1 in the GFP gene that rely on
mutagenetic lesions are currently underway by Savannah Conlon. This would allow us to explore
many additional substrates that are not blocking lesions, such as 5-OHU. Another avenue of
exploration is examining the role that BER glycosylases like NEIL1, NEIL2, and NEIL3 or other

repair pathways, such as NER, play in repair in a cellular context. Utilizing cell lines that express
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varying amount of each pathway or using siRNA to knockdown different repair pathways may
help to further delineate impact that each pathway has on repair of different lesions.

Finally, the cellular consequences of RNA editing on NEIL1 are still not well understood.
We hypothesize that the balance of Ed and UE NEIL1 is important for the recognition and repair
of a wide range of oxidative damage.**® Complete editing of the NEIL1 transcript due to ADAR1
hyper editing has been observed in patients with multiple myeloma,”* and the absence of UE
NEIL1 may allow for the persistence of lesion. In these studies, we conducted preliminary analysis
using IFN-a to increase ADARL expression and the editing levels of NEIL1, but other methods
could be used to increase ADAR1 expression or increase Ed NEIL1 levels. First, monitoring the
level of repair in the cells undergoing flow cytometry would give a more than approximation of
editing levels of these cells, but methods to do so were not available at that time. Transfection of
ADAR1 containing plasmid could be used to increase ADAR1 expression and has been employed
by the Beal laboratory to increase ADARL1 levels and increase editing. Additionally, the formation
of Ed only or UE only NEIL1 containing cell lines could be used. Savannah Conlon and | have
developed a strategy to express only one NEIL1 isoform in NEIL1 knockout cell lines. Monitoring
repair of different lesions like Gh and Tg in Ed or UE only cell lines may allow us to define the
cellular impact of each isoform on repair.
Materials and Methods

General material and methods. T4 polynucleotide kinase, Nt.BstNBI restriction
endonuclease, T4 ligase, and T5 exonuclease enzymes were obtained from New England BioLabs.
All solutions and buffers were prepared using deionized water from a Milli-Q PF System. MALDI-
MS of oligonucleotides was obtained using a 3-hydroxypicolinic acid matrix on a Bruker

UltraFlextreme MALDI TOF/TOF at the University of California, Davis or at Mass Spectrometry
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Lab, School of Chemical Sciences, University of Illinois at Urbana-Champaign. High resolution
ESI-MS for HRMS was obtained on an Applied Biosystem Qtrap Linear lon Trap Spectrometer at
the University of California, Davis. ImageQuant version 5.4 was used for the analysis of gel
electrophoresis. All other chemicals and reagents were purchased from VWR, Fisher Scientific,
Invitrogen or Sigma and used without further purification.

CsCl purification of pTurbo plasmid. Chemically competent DH5a cells were transformed
with pTurbo reporter plasmid. A 1L culture was grown up from bacterial colony with kanamycin
antibiotic appropriate for pTurbo. Cell culture was pellet and resuspended in ice cold 10 mM Tris-
HCI, pH 8.0, 0.1 M NaCl, 1mM EDTA, pH 8.0 buffer and pellet again to rinse media from cell
pellet. Cell pellet was resuspended with 400 mg lysozyme and EDTA (0.17 M final concentration)
and gently mixed. SDS and NaCl was added to final concentrations of 5% SDS and 1M NaCl and
incubated on ice for 1 h. Cell lysates were pelleted, and the supernatant was decanted and strained
through cheese cloth. 2 volumes of 100% ethanol were added to the supernatant and incubated for
2 h to precipitate plasmid DNA. Pelleted DNA was resuspended in 1x TE and Nal solutions was
added for final concentration of 7.6M Nal and incubated for 5 min at room temperature. 1 volume
of isopropanol added to mixture and allowed to incubate for 15 min a room temperature for plasmid
DNA precipitation followed by pelleting of DNA via centrifugation. Pellet was resuspended in 1x
TE buffer, RNase A was added for a final concentration of 50ug/mL, incubated for 15 min at room
temperature to digest RNA in plasmid DNA suspension. 0.1 volume of 3M sodium acetate and 1
volume of isopropanol was added prior to centrifugation to pellet plasmid DNA. Pellet was rinsed
with cold 70% ethanol and allowed to air dry prior to resuspending in ImL of 1x TE. A sample of

suspension was run on an agarose gel to verify presence of plasmid DNA.
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Plasmid DNA suspension was added to 20.8 g CsCl and 10 mg of Ethidium bromide in 15
mL of 1x TE. Solution was centrifuged in ultracentrifuge at 50,000 rpm at 20 °C overnight for a
minimum of 10 h to separate supercoiled plasmid DNA from nicked plasmid. Long wave UV light
was used to visualize and extract band of supercoiled plasmid DNA. DNA was rinsed in 1 volume
of cold n-butanol saturated with TE, centrifuged to pellet plasmid, and removed Ethidium bromide
from plasmid. Repeated n-butanol rinse and centrifugation until the organic phase ran clear.
Suspended plasmid DNA pellet in 70% ethanol and left at 4 °C overnight to precipitate DNA.
Plasmid DNA was pelleted and resuspended in 1x TE and concentration verified on nanodrop.

Preparation of lesion containing oligonucleotides. OG and Tg phosphoramidites were
purchased from Glen Research and used without further purification. DNA oligonucleotides
containing OG and Tg, were synthesized at the University of Utah Medical School’s DNA/Peptide
core facility. FapyG phosphoramidite was synthesized and incorporated into H30 sequence and
purified as in the laboratory of Dr. Marc Greenberg as previously reported.'®® 2°-F-OG-containing
oligonucleotide was synthesized and characterized by Dr. Sheng Cao of the David laboratory as
previously reported.®® Downstream filling oligo was order from IDT. All oligonucleotides were
HPLC purified using a Beckman Gold Nouveau or Shimadzu Liquid Chromatography system with
a Dionex DNApac100 ion-exchange column using a 30-100% gradient of 90:10 H>O/acetonitrile
with 2 M ammonium acetate. To generate Gh containing oligonucleotide, OG-containing and
2’-F-OG-containing oligonucleotide was selectively oxidized with NaIrCls, and 2°-F-OG and
2’-F-Gh containing oligonucleotides were separated via HPLC as reported previously.®® Isolated
fractions were lyophilized and desalted using with a Waters SEP-PAK C18 column. Masses of
oligonucleotides were confirmed by MADLI and ESI-MS, and DNA concentrations were

determined using the Abs 260 nm.
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Table 4.6: Oligonucleotide sequences used instillation of pTurbo reporter plasmid.

H30 5~ TGTTCATCATGGGTCXTCGGTATATCCCAT -3’
Downstream filling | 5’- GCAAGTCCGGA - 3’
43nt pT-nick 5’-TCCGGACTCTTGCATATACCGAAGACCCATGATGAACA-3’
complement
X = Gh, Tg, FapyG, or 2’-F-Gh

Incorporation lesion containing oligonucleotides into pTurbo plasmid. 4 pg CsClI purified
pTurbo plasmid was incubated with 20 units of Nt.BstNBI restriction enzyme with 1x NEB buffer
3.1 for 2 h at 55 °C and then inactivated at 80 °C for 20 min. Nicking of plasmid was confirmed
on agarose gel. Next, 50 pmol (20x excess) of complement oligo to the nicked region was added
to nicked plasmid reaction and brought to a final concentration of 50 mM NaCl. Sample was run
on thermocycler to remove nicked single stranded oligo via annealing to excess complement by
first denaturing at 95 °C for 30 s followed by 10 cycles of 80 °C for 30 s and 8 °C for 30 sec with
a 50% ramp speed. Nicked plasmid was purified away from nicked and complement oligo using
Macherey-Nagel DNA purification kit per manufacturer’s instructions. Purified nicked pTurbo
plasmid was combined with 20x molar excess of 5’-phosphorylated H30 lesion-containing
oligonucleotide and 5’-phosphorylated 13nt H30 downstream filing oligonucleotide and 1x ligase
buffer (NEB) heated to 90 °C for 5 min and allowed to slowly cool to room temperature for
annealing of lesion-containing and downstream filling oligo into the gap of nicked pTurbo
plasmid. For FapyG lesion, the initial heating at the heating step was conducted at 55 °C to preserve
modification and prevent depurination. 400 units of T4 ligase was added to annealed plasmid and
ligated at 16 °C overnight per manufacturer’s instructions. Ligation was verified via agarose gel.
Ligated plasmid mixture was treated with 10 units of T5 exonuclease for 30 min to digest unligated
plasmid. Digested plasmid was purified with Macherey-Nagel DNA purification kit per
manufacturer’s instructions. Plasmid concentration was determined via agarose gel.
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Cell culture, transfection, and flow cytometry of HEK293FT, HelLa, and U87 cell lines.
HEK293FT, HeLa, and human glioblastoma U87 cells were grown and maintained in Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco) with 10% FBS containing 2 mM GlutaMax (Gibco)
and 1x non-essential amino acids. Approximately, 2 x 10* cells (~20% confluency) were plated in
24 well plates 2 h prior to transfection. For transfection, 0.4 pg total of plasmid DNA was
combined with Opti-MEM reduced serum media (Gibco) and Attractene Transfection Reagent
(Qiagen) per manufacturer’s protocol. Mixture was well mixed and incubated for 15 min at room
temperature to allow for complex formation prior to adding transfection complexes to cell, which
were at ~40% confluency. Transfected cells were incubated at 37 °C, 5% CO; for 48 h before
harvesting for flow cytometry at ~70-100% confluency. Cells were harvested by trypsinization
and pelleted to remove growth media. Pelleted cells were resuspended in 5% (vol/vol) FBS in PBS
buffer and filtered. Flow cytometry was performed on Beckman Coulter Cytoflex 4 laser Flow
Cytometer. Percent repair was measured by [% repair =100*(GFP+RFP+/RFP+)] and normalized
to GFP+RFP+ control.

Isolation of RNA and evaluation of NEIL1 editing levels. To evaluate NEIL1 editing levels
in HEK293FT, HeLa, and U87 cells, cells were grown to ~100% confluency (107 cells) and total
RNA was isolated using RNAqueous Total RNA Isolation Kit (Thermo Fisher). RT and nested
PCR was performed to monitor editing level of NEIL1 transcript as previously reported.**® Briefly,
nested RT-PCR was performed in triplicate using Access RT-PCR kit (Qiagen) for 30 cycles and
then followed by Phusion Hot Start 11 DNA Polymerase (Thermo Fisher) for the second PCR of
30 cycles with target specific primers. Oligonucleotides for RT PCR (TFOF and TCOR) and nested
PCR (TCIR and TCIR) were as follows: N1-TCOF 5'-TCCAGACCTGCTGGAGCTAT-3’, N1-

TCOR 5-TGGCCTTGGATTTCTTTTTG-3', N1-TCIF 5'-CCCAAGGAAGTGGTCCAGTTGG-
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3’ and N1-TCIR 5'-CTGGAACCAGATGGTACGGCC-3'. PCR product was purified by agarose
gel and QIAquick Gel Extraction kit (Qiagen). PCR product was submitted for Sanger Sequencing,
and sequence traces were analyzed by SNAP gene for A to G changes.

To increase ADARL expression and editing levels of NEIL1 transcript, cells were treated
with Human interferon-a (2A) (Millipore Sigma) as reported previously. IFN-a (10° U/mL) stocks
were made in PBS containing 1% FBS. Cells were grown to ~70% confluence (107 cells), washed,
and treated with media containing 10 U/mL IFN-o. Cells were cultured an additional 24 h in media
containing IFN-a before cell lysis and RNA isolation. For cells undergoing flow cytometry, cells
were plated at ~15% confluency 24hrs prior to IFN-a treatment and cultured for an additional 24
h prior to transfection. To approximate the editing levels of NEIL1 for cells undergoing flow
cytometry, additional plate of cells was cultured in tandem with cells for flow cytometry coming
from the same initial cell stock. Cells for RT-PCR were treated in an identical fashion to cells for
flow cytometry and treated with IFN-o 24 h prior to transfections. Cells for RT-PCR were
transfected with control plasmid to lesions containing plasmid, as control plasmid showed identical
editing levels to lesion containing plasmid. RNA was isolated 48 hours after transfection, and RT-

PCR was performed to evaluate editing levels as described above.
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