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Abstract

Editing of the pre-mRNA of the DNA repair glycosylase NEIL1 results in substitution of Lys

with Arg in the lesion recognition loop of the enzyme. Unedited (K242, UE) NEIL removes
thymine glycol lesions in DNA ~30 times faster than edited (R242, Ed) NEIL1. Herein, we
evaluated recognition and excision mediated by UE and Ed NEIL1 of 5-hydroxyuracil (5-OHU),

a highly mutagenic lesion formed via oxidation of cytosine. NEIL1 catalyzed low levels of
5-OHU excision in single-stranded DNA, bubble and bulge DNA contexts and in duplex DNA
base paired with A. Removal of 5-OHU in base-pairs with G, T and C was found to be faster

and proceed to a higher overall extent with UE over Ed NEIL1. In addition, the presence of
mismatches adjacent to 5-OHU magnified the hampered activity of the Ed isoform. However,

Ed NEIL1 was found to exhibit higher affinity for 5-OHU:G and 5-OHU:C duplexes than UE
NEIL1. These results suggest that NEIL plays an important role in detecting and capturing 5-OHU
lesions in inappropriate contexts, in a manner that does not lead to excision, to prevent mutations
and strand breaks. Indeed, inefficient removal of 5-OHU by NEIL1 from 5-OHU:A bps formed
during replication would thwart mutagenesis. Notably, non-productive engagement of 5-OHU by
Ed NEIL1 suggests 5-OHU repair will be reduced under cellular conditions, such as inflammation,
that increase NEIL1 RNA editing. Tipping the balance between the two NEIL isoforms may be a
significant factor leading to genome instability.
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INTRODUCTION

The proper coding of DNA nucleobases may be eroded by oxidative modifications as

a consequence of reactive oxygen and nitrogen species (RONS) produced endogenously
due to metabolism and inflammatory responses, or exogenously due to ionizing radiation
and exposure to environmental chemicals.> RONS lead to formation of many oxidatively
modified DNA bases, such as 8-oxo-7,8-dihydroguanine (OG), thymine glycol (Tg), 5-
hydroxyuracil (5-OHU), formamidopyrimdines (FapyG and FapyA) and the hydantoin
lesions, spiroiminodihydantoin (Sp) and guanidinohydantoin (Gh) (Figure 1).23 Arguably,
the most common, and well-studied is the oxidized guanine product, OG, that mediates G
to T transversion mutations due to its mimicry of T during DNA replication.34 Similarly,
5-OHU arises from the oxidation of cytosine followed by deamination, thereby mediating
C to T transition mutations via replicative insertion of A.>~" Lesions such as Tg are less
mutagenic but are detrimental due to the ability to block DNA replication machinery, which
may potentially lead to DNA strand breaks.8:9 Accumulation of DNA breaks and mutations
associated with oxidative stress erodes the integrity of the genome and sets the stage for
deleterious disease outcomes.10

Oxidized base repair in mammalian cells is mediated primarily by the base-excision repair
(BER) pathway. Lesion specific DNA glycosylases recognize the oxidatively damaged

DNA bases and initiate BER by catalyzing N-glycosidic bond hydrolysis of the damaged
nucleotide.! The NEIL1 glycosylase (UniProtKB Q96F14) has been shown to catalyze

the removal of a wide variety of oxidized bases including Gh, Sp, FapyG, FapyA

and 5-OHU (Figure 1).12-16 Of note, NEIL1 does not effectively remove OG.13.17 The
NEIL1 glycosylase is a bifunctional glycosylase that possesses an associated AP-lyase
(p/6-elimination) activity; the p/6- elimination leaves 3’ and 5’ phosphate DNA ends. The 3’
phosphate is removed by polynucleotide kinase (PNK) to generate 3° OH. The gap is then
filled by DNA polymerase p and sealed by DNA ligase 111.16:18

NEIL1 has been implicated to participate in replication and transcription in part due to its
ability to excise lesions in non-duplex contexts such as single stranded (ss), bubble, bulge
and G-quadruplex DNA.10:19.20 | addition, NEIL1 expression is higher in S-phase and the
disordered C-terminus of NEIL1 has been shown to interact with DNA replication proteins
including replication protein A (RPA),2! proliferating cell nuclear antigen (PCNA),22
replication factor C (RF-C),22 flap endonuclease 1 (FEN1),2* and Werner RecQ helicase
(WRN).2°> NEIL1 has been shown to bind to 5-OHU in replication-mimicking ss and bubble
DNA but does not catalyze 5-OHU removal in these contexts.26 NEIL1 also has been
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shown to bind 5-OHU in RPA-coated ssSDNA templates and inhibit DNA synthesis by DNA
pol 6.20.26 |n these instances, NEIL1 competed for binding with pol & to prevent strand
elongation. 20-26 Based on these observations, Mitra, Hegde and co-workers have proposed a
“cowcatcher” model for NEIL1-mediated pre-replication BER where nonproductive binding
of NEIL1 to 5-OHU in ssDNA stalls the replication fork to allow for fork regression, and
reformation of a duplex substrate for NEIL1-mediated repair. 2026

A property distinct for NEIL1 from other BER glycosylases is the presence of two isoforms
due to editing of the NEIL1 pre-mRNA by the adenosine deaminase acting on RNA
(ADAR1).28 We previously demonstrated that adenosine at position 725 of the NEIL1
pre-mRNA is converted to inosine by ADAR1-catalyzed deamination.?8 During translation,
inosine codes like a guanosine resulting in recoding of edited NEIL1 mRNA to place an
arginine (R) at position 242 opposed to the originally coded lysine (K).28 Based on sequence
alignments with the bacterial homolog Fpg and the NEIL1 X-ray structures, the Lys or

Arg residue is located within the proposed lesion recognition loop.28-30 Our laboratory

has shown that this single amino acid change in NEIL1 dramatically alters the glycosylase
activity in a lesion-specific manner.28 The unedited (K242, UE) NEIL1 removes the Tg
lesion ~30-40 fold faster than edited (R242, Ed) NEIL. In contrast, Ed NEIL1 exhibits

~3-4 fold greater activity towards the removal of the hydantoin lesions, Gh and Sp, than

the UE enzyme.28 Further analysis with K242A, K242E, and K242Q showed significantly
reduced rate of Tg lesion removal while the lyase activity was unaffected supporting the
importance of residue 242 on catalysis of the base excision step by NEIL1.30 Electrophoretic
mobility shift assays (EMSA) utilizing oligonucleotides containing non-cleavable synthetic
2’-fluorothymidine glycol (FTg) and 2’F-guanidinohydantoin (FGh) showed that the affinity
for the lesions was similar between the two isoforms.31:32 This suggests that the difference
in lesion processing is not related to lesion binding affinity, but rather to a kinetic step in
lesion processing. This idea is also supported by X-ray crystal structures of Ed and UE
NEIL1 bound to a Tg containing duplex where the Lys or Arg 242 side chain appears to be
positioned for making direct contacts the damaged base.30

Herein, we evaluated 5-OHU lesion removal by Ed and UE NEIL1. Factors such as DNA
context, opposite base dependence and salt concentration were evaluated. We also evaluated
the impact of mismatches flanking 5-OHU to provide for local destabilization. Relative
affinities of Ed and UE NEIL1 with 5-OHU:G and 5-OHU:C duplexes were determined to
correlate the relationship of affinity with efficiency of base excision. Our studies revealed
preferential excision of 5-OHU by UE NEIL1. The overall extent of lesion removed by both
Ed and UE NEIL1 was significantly reduced when 5-OHU was located in sSDNA, bulge
and bubble DNA contexts, and also when base-paired with A. These results further elaborate
the “cowcatcher” hypothesis that implies a role for NEIL1 to capture but not remove lesions
prior to DNA replication. The lack of activity of NEIL1 toward removal of 5-OHU in
post-replicative 5-OHU:A bps also suggests a more global role of NEIL1 non-productive
binding to prevent mutagenic repair. In duplex contexts where 5-OHU is paired with G, and
C, UE NEIL1 shows a faster rate of excision, and also a higher extent of substrate converted
to product. This suggests that ADARL1 expression and subsequent NEIL1 mRNA editing
may impact mutagenesis and toxicity ensuing from oxidation of cytosine.
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MATERIALS AND METHODS

General Material and Methods

The oligonucleotide containing 5-hydroxyuracil (5-OHU) was purchased from Midland
Reagents, and all other oligonucleotides were purchased from IDT. The oligonucleotides
were purified via a Beckman Gold Nouveau HPLC with a Dionex DNAPac PA-100
column. Radiolabeling was performed with [y-32P]-ATP purchased from Perkin Elmer. T4
polynucleotide kinase was obtained from New England BioLabs. Pharmacia Microspin G-50
columns were utilized to purify labelled oligonucleotides. Both isoforms of NEIL1 (Uniprot
Q96F14) were overexpressed using a pET30a plasmid containing the gene encoding

either K242 or R242 NEILL1 in the Rosetta (DE3) pLysS cell strains (Novagen). Enzyme
purification was performed with an AKTA FPLC (GE Life Sciences). Buffers were made
using distilled, deionized water from a Milli-Q PF water system. A Typhoon 9400 phosphor
imager was utilized for storage phosphor autoradiography and gel images were quantitated
using ImageQuaNT 5.4 software. The resulting data was fit using GraFit 5.0.2 software to
determine rate constants and associated amplitudes. All other chemicals utilized in these
experiments were purchased from Fisher Scientific, Millipore Sigma, or VWR and used
without further purification.

Substrate DNA Preparation

All oligonucleotide sequences used for these experiments are shown in Figure 2. The
5-OHU containing oligonucleotide was radiolabeled at the 5’ end with [y-32P]-ATP using
T4 polynucleotide kinase at 37°C, after which excess [y-32P]-ATP was removed using

a Pharmacia Microspin G-50 spin column. Appropriate amounts of un-labeled 5-OHU-
containing oligonucleotide was added to the labeled strand for the appropriate concentration
needed with 5% (maximally) labeled DNA for glycosylase assays. The 5-OHU strand was
mixed with the appropriate complement (in 20% excess) to form the various substrates
(Figure 2), followed by incubation at 90 °C for 5 min and slowly cooling to 4 °C in
annealing buffer (20 mM Tris-HCI pH 7.6, 10 mM EDTA, and 150 mM NacCl).

Enzyme Purification

C-terminally His-tagged edited (R242) and unedited (K242) NEIL1 were purified as
described previously.13 Protein concentration was determined by the Bradford Assay using
BSA as the standard. Purified enzymes were stored in liquid nitrogen in storage buffer (20
mM HEPES pH 7.6, 25% glycerol, 150 mM NaCl). For these variants, the active enzyme
concentration was determined as described previously,13 and the concentrations reported are
active rather than total protein concentration.

In order to prepare C-terminal truncated, inactive (A56 K54L) variants, the codon for Leu
at position 54 and a stop codon at position 335 were introduced into the R242 and K242
NEIL1 genes using Quikchange® I XL Site-Directed Mutagenesis Kit (Stratagene). The
truncated proteins were expressed in Rosetta (DE3) pLysS cell strain, with a purification
strategy similar to the WT enzymes.28 Briefly, the proteins were purified using a HiTrap™
SP Sepharose High Performance ion exchange column (GE Healthcare) equilibrated with
Buffer A [20 mM HEPES pH 7.6, 100 mM NacCl, 10% glycerol, 5 mM B-mercaptoethanol].
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The NEIL proteins were eluted with Buffer B [Buffer A containing 1 M NaCl] using a step
gradient to increase the concentration of Buffer B (15%, 30%, 50%, 75%, and 100%). The
samples were loaded onto a HiTrap™ Heparin column (GE Healthcare) equilibrated with
Buffer A and eluted with the same step gradient of Buffer B as used above. A56 K54L R242
and K242 NEIL1 enzymes eluted between 75% and 100% Buffer B. Purified enzymes were
stored at —80°C in storage buffer (above). The “active” fraction of inactive K54L NEIL1
was estimated based on the ability to bind stoichiometrically to a DNA duplex containing

an abasic site mimic, THF, opposite C.33 Total concentrations determined by Bradford assay
were corrected using these active fractions.

Glycosylase Assay

The glycosylase activity of NEIL1 was evaluated under single-turnover conditions
([Enzyme]>[DNA]) to provide the rate constant (k) as previously reported.13:34 Briefly,
20 nM of 5-OHU-containing DNA was incubated at 37°C with 200 nM of active NEIL1
isoform in glycosylase assay buffer (20 mM Tris-HCI pH 7.6, 10 mM EDTA, 0.1 mg/mL
BSA and various NaCl concentrations). Aliquots were removed from the reaction mixture
at various time points and quenched in NaOH at 90°C. Data analysis was performed using
ImageQuaNT software version 5.4 for quantification and Grafit software version 5.0.2 for
fitting. The resulting production curves were fitted with one or two exponential equations,
[P]t = Ao[1-exp(=Agt)] and [P]¢ = Ao(1-exp(—kyt)) + Bo(1-exp(—ky’ 1), respectively, to
determine the relevant rates constants to describe the glycosylase steps (&g, A", kg”)- The
overall extent of 5-OHU removed (%) was determined by dividing Ag by 20, which is the
total concentration of substrate, and multiplying by 100.

Electrophoretic Mobility Shift Assays (EMSA)

Due to the low concentrations required, only labeled DNA was used in EMSA. The 5’-OH
end of 5-OHU-containing strand was radiolabeled with [y-32P] ATP and annealed to an
excess (20%) of the complementary strand. In these experiments, the DNA concentration
was estimated as an upper limit assuming no loss of labeled DNA after removal of

the excess [y-32P] ATP to insure that [DNA] < Ky. Enzyme solutions with various
concentrations were prepared by diluting enzyme stock solutions with dilution buffer

(20 mM Tris pH 7.6, 10 mM EDTA, 20% glycerol) on ice. Labeled DNA duplex was
mixed with enzyme solution to give 10 pM of labeled duplex DNA, 10% glycerol, 0.1
mg/mL BSA, 20 mM Tris pH 7.6, 150 mM NaCl, and 1 mM EDTA. All mixtures were
immediately incubated at 25°C for 30 minutes. Samples were electrophoresed on a 6%
native polyacrylamide gel with 0.5X TBE buffer at 250 V for 10 minutes followed by 120V
for two hours. Dried gels were exposed to storage phosphor screens overnight. Quantitation
of the storage phosphor autoradiogram provide plots of %bound duplex as a function of
[Enzyme] that was fit to a one site binding equation using Grafit software version 5.0.2 to
determine the relative dissociation constants.
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Context dependent removal of 5-OHU by Ed and UE NEIL1

Previous studies that identified 5-OHU as a substrate of NEIL1 used only Ed NEIL1
(R242).14.17.35 Tq reveal potential differences due to NEIL1 recoding, we evaluated 5-OHU
removal by Ed and UE NEIL (K242) within duplex DNA, ssDNA, bulge, and bubble DNA
contexts. The lesion-containing sequences (Figure 2) were identical to those previously used
to evaluate removal of the Gh and Sp lesions by Ed NEIL1.1° In the duplex substrate, C
was placed opposite 5-OHU for direct comparison to the hydantoin lesions. The general
method entailed end-labeling the lesion-containing strand of the substrate with [y-32P]-ATP
and determining the extent of strand scission as the lesion site.13 Reactions were performed
by incubating NEIL1 in excess over duplex DNA at 37°C for 60 min followed by NaOH
quenching to ensure strand scission at all abasic sites formed by NEIL1. These experiments
revealed that both NEIL1 isoforms excise 5-OHU, to some extent, from all DNA contexts.
Notably, no significant differences in amounts of overall 5-OHU removal between the
isoforms was observed under these conditions. The percentage of NEIL1 catalyzed excision
of 5-OHU in ss, bulge, and bubble DNA contexts was less than 20%; however, the amount
of the 5-OHU:C duplex substrate processed by Ed and UE NEIL1 was considerably higher
(~80%) than the other substrate contexts (Figure 3A and B). Notably, even the 5-OHU:C
duplex substrate was not completely converted to product despite enzyme being in excess.
In addition, doubling the concentration of NEIL1 enzyme did not increase the amount of
NEIL1-dependent excision (Figure S1 and Table S1). These initial experiments revealed low
extents of 5-OHU removal by both Ed and UE NEIL1 in non-duplex contexts, like ss DNA,
similar to previous work with the Ed isoform.26

The impact of the base opposite 5-OHU in duplex DNA on its removal by the NEIL
isoforms was evaluated under the same conditions. Since 5-OHU derives from an oxidized
C, an expected biological context would be opposite G. /n vitro studies with DNA
polymerases have shown incorporation of A,G, C and T opposite 5-OHU;6:27:36 though

in vivo mutagenesis experiments suggest A is most commonly inserted opposite 5-OHU.”37
The extents of 5-OHU removed by Ed and UE NEIL1 from the 5-OHU:Y duplex substrate
(Y =A, T, G and C) after 60 minutes are shown in Figure 3C. Notably, incomplete and
reduced levels of 5-OHU removed were observed with both NEIL1 isoforms in the DNA
duplex substrates paired with A, T, or G relative to C (Figure 3C). 5-OHU removal from

the 5-OHU:A-containing duplex by Ed and UE NEIL1 was found to be less than 15%

of the total substrate. Interestingly, the extent of 5-OHU removed from 5-OHU:G and
5-OHU:T-containing duplexes by Ed NEIL1 was significantly reduced compared to UE
NEIL1. Specifically, the extent of 5-OHU removal by UE NEIL1 opposite G and T was
approximately 60% and 70%, respectively, while the corresponding extents of removal were
approximately 25% for the Ed enzyme for both substrates (Figure 3C and Table 1). Overall,
these assays show that the 5-OHU:C duplex was the best substrate context for Ed and UE
NEIL1. 5-OHU is removed more efficiently by UE NEIL1 when paired with G or T, but
there was no difference in 5-OHU removal between the two isoforms when the lesion was
paired with C or A.
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Kinetics of NEIL1 5-OHU excision in different base pair contexts

The qualitative analysis of the opposite base dependence of 5-OHU removal by Ed and

UE NEIL1 (Figure 3C) prompted an in-depth kinetic analysis of the glycosylase activity

on these substrates (Figure 4, Table 1). These experiments were performed under single-
turnover conditions to isolate the intrinsic rate of base excision, due to the slow turnover

of NEIL1, similar to that previously observed with Tg, Gh, and Sp lesion-containing
substrates.13:28 A feature distinct from that with Tg, Gh, and Sp substrates that emerged

in fitting of the production curves for 5-OHU removal was significantly better fitting of

the data to a two-exponential equation ([P]; = Ao(1-exp(=ky 2)) + Bo(1-exp(=k,’1)). This
equation describes an initial large rate constant (k;’) and associated amplitude (Ao) and a
second smaller rate constant (k,”) and associated amplitude (Bo). In contrast, under similar
conditions with NEIL1 and Gh, Sp, and Tg- containing substrates, production curves fit well
to a single exponential equation [P]; = Ag(1-exp(~kgt)) with a single rate constant (ky).*>28
Generally, the amplitude associated with ;" were found to be small, and the experimental
limitations provided a lower-limit for the rate constant &’ (>2 min~1): for example, with the
DNA duplexes containing 5-OHU paired opposite G, T, and C, most of the product formed
is associated with the slower process (k). Table 1 lists the rate constants obtained from

the glycosylase assays for both isoforms of NEIL1 and 5-OHU in the four duplex DNA
contexts.

Both the rate and the overall extent of 5-OHU removed by Ed and UE NEIL1 was affected
by the identity of the opposing base. With the 5-OHU:G substrate (Figure 4A, Table 1), the
rate constants for k" were similar for both isoforms (0.22 and 0.11 min~1 for Ed and UE,
respectively); however, the overall extent of base excised was significant greater with the
UE enzyme (24% versus 68% for Ed and UE, respectively). Similar results were obtained
with the 5-OHU:T substrate (Figure 4B, Table 1). In contrast, with the 5-OHU:A substrate,
the low levels of 5-OHU removed (<15%) was associated with the larger rate constant &’
(Figure 4C, Table 1). With 5-OHU paired to C (Figure 4D), the UE enzyme was found to
remove 5-OHU considerably more efficiently with ;" for UE (1.8 min~1) being six times
greater than Ed NEIL1 (0.33 min~1) (Table 1). Overall, these results show that 5-OHU was
more efficiently removed by UE than Ed NEIL1, as evidenced by an increased rate for
removal with the 5-OHU:C substrate and greater overall extents of base excised with the
5-OHU:G and 5-OHU:T substrates.

The effect of adjacent mismatches on the removal of 5-OHU by NEIL1

5-OHU has been reported to base pair with all four natural bases with 5-OHU:G and
5-OHU:C as the most and least stable bps, respectively.527 Since the best substrates for
NEIL1, such as Gh and Sp, are helix destabilizing,13:38 we have previously suggested

that NEIL1 may have higher affinity and activity to lesions that locally disrupt the DNA
duplex stability. The lower stability of the 5-OHU:C bp may contribute to the more efficient
removal activity of 5-OHU by NEIL1 than in other base-pairing contexts. In order to further
evaluate the influence of local stability on 5-OHU excision, a destabilizing C-C or T-T
mismatch was introduced to either the 5” or 3’ side of the 5-OHU:C base pair. Surprisingly,
our results show that the presence of adjacent mismatches reduced 5-OHU excision activity
with Ed NEIL1 (Figure 5A) and UE NEIL1 (Figure 5B). Notably, with both enzymes, the
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amplitude associated with the faster removal process (k;') in the two-exponential fit was
reduced slightly (~1.5-2-fold). The presence of the C-C mismatch 3’ to 5-OHU did not
significantly reduce the overall extent of 5-OHU removal for either enzyme but reduced the
rate constant (k") 5-fold for Ed and ~6-fold for UE. The 5* C-C mismatch had a more
dramatic effect on the 5-OHU removal by both isoforms. The total extent of reaction on the
5’ mismatch substrate relative to the non-mismatch duplex was reduced ~2.5-fold, and the
rate constant &, by 10-fold for the Ed enzyme. In contrast with the UE enzyme, the overall
extent of 5-OHU removed was slightly reduced whereas the rate constant ;" was reduced
significantly (50-fold) (Table 2). The UE isoform processed both the 3’ and 5° mismatch
more efficiently in terms of the reaction rate and the total amount of 5-OHU excised (Table
2) compared to Ed NEIL1. Specifically, the UE NEIL1 cleaved 5-OHU adjacenttoa 3’ T-T
mismatch 5-fold faster (k;") than the Ed with slightly higher percent completion. In the case
of the 5” C-C mismatch duplex, UE NEIL1 removed the 5-OHU with only a slightly higher
rate, but to a significantly greater extent of completion (2.5-fold).

NaCl concentration on 5-OHU removal in duplex substrates by NEIL1

In all contexts and base pairs, the 5-OHU lesion substrate was never fully converted

to product despite NEIL1 being in excess. DNA binding proteins often have different
optimal salt concentrations and different “salt sensitivities” for binding.3° Typical buffer
salt conditions that we have used contain 150 mM NacCl, and therefore the low percent of
reaction completion consistently observed may be a consequence of altered protein-DNA
interactions at this particular ionic strength. To assess the impact of ionic strength, the
excision of 5-OHU opposite C and G by the two NEIL1 isoforms was evaluated at 60

and 150 mM NaCl under single turnover (STO) conditions. Notably, the observed rate
constants (ky”) at the two different NaCl concentrations were similar and a greater change
was observed in the amplitudes of the associated rates, and the overall extent of substrate
processed (Table S2). For the cleavage of 5-OHU:G substrates, the Ed enzyme was more
sensitive to salt concentration. Ed NEIL1 was able to complete the reaction up to 60% at 60
mM NaCl compared to only 25% completion under the higher salt conditions (Figure S2A).
In contrast to the edited enzyme, the activity of UE NEIL1 was largely independent of salt
concentration with results showing more constant activities at 55-60% completion (Figure
S2B). The activity of 5-OHU removal with 5-OHU:C by both NEIL1 isoforms showed
similar trends (Table S2). Ed NEIL1 had a reaction completion of 55% at 150 mM NaCl that
increased to 70% at 60 mM NaCl (Figure S2C). The reaction with UE NEIL1 had a similar
overall level of 5-OHU removal at both 60 and 150 mM NaCl with a maximum endpoint of
85% (Figure S2D).

Recognition of 5-OHU base pairs by NEIL1

Electrophoretic mobility shift assays (EMSA) were used to evaluate the relative dissociation
constants (Kq) of Ed and UE NEIL1 with the 5-OHU:C and 5-OHU:G-containing duplexes.
To prevent 5-OHU excision, an inactivating mutation (K54L) was introduced into a C-
terminal truncated form Ed and UE NEIL1 (A56). The truncated form of NEIL1 improves
the quality of gel images, presumably due to the absence of the unstructured C-terminus

of NEIL1.2%40 Increasing amounts of Ed or UE K54L A56 NEIL1 was incubated with

the 5’-labeled 5-OHU:C or 5-OHU:G DNA duplex, followed by analysis of the samples
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by native gel electrophoresis to separate free from bound DNA duplex.32 The EMSA
demonstrated that both 5-OHU:C and 5-OHU:G duplexes were bound completely (nearly
100%) by both Ed and UE NEIL1 (Figure 6A and 6B). Ed and UE NEIL1 exhibited

a 10-fold higher affinity with the 5-OHU:C- than 5-OHU:G-containing duplex (Table

3). Unexpectedly, the UE enzyme exhibited 2~3-fold lower affinity compared to the Ed
enzyme for both 5-OHU substrates. Notably, these binding results are opposite from the
observed trends in the 5-OHU removal by the two isoforms. The UE isoform of NEIL1
removed 5-OHU with a larger rate constant and generally /Aigherlevels of overall levels

of completion compared to the Ed isoform, yet UE NEIL1 demonstrated reduced affinity
for the substrate. These patterns in binding and catalysis between the two isoforms indicate
that the observed differences in the intrinsic rate of glycosidic bond cleavage and extents of
5-OHU removed are not simply due to overall differences in DNA binding and point to more
subtle differences in lesion engagement within lesion binding site(s).

DISCUSSION

Base excision by BER glycosylases provides a mechanism to prevent mutagenesis and
toxicity of oxidatively modified DNA bases produced under conditions of oxidative stress.
As a highly abundant product of cytosine oxidation and deamination, 5-OHU has emerged
as a likely candidate responsible for C to T transitions resulting from oxidative stress.>’
In addition to NEIL1, several other human BER glycosylases such as SMUG1, TDG,
UNG2 and NTHL1 have been shown to remove 5-OHU and suppress 5-OHU induced
mutagenesis.”:3541-44 This suggests overlapping and potentially distinct roles for each
glycosylase in mediating 5-OHU repair and preventing its mutagenicity. Herein we show
that two NEIL1 isoforms, resulting from RNA editing, display distinctly different activities
towards 5-OHU removal, which is highly dependent on the DNA context. Our results
provide another layer of complexity to an already complex mutagenesis versus repair
landscape associated with nucleobase oxidation.

Our results showed that Ed and UE NEIL1 excised 5-OHU to differing extents in bubble,
bulge, single-stranded and duplex DNA (Figure 3A and 3B). Notably, a distinct feature

that emerged in the analysis of 5-OHU removal was differences in the overall amount of
5-OHU-containing substrate converted to product even after long incubation periods with
NEIL1 in excess, and these differences in extent of removal were dependent on both 5-OHU
DNA context and NEIL1 isoform. In the case of single-stranded, bubble and bulge contexts,
the amount of 5-OHU removed was relatively low (< 20%) and similar for both isoforms.
With the notable exception of 5-OHU:A bps, Ed and UE NEIL1 mediated more efficient
removal of 5-OHU in duplex DNA consistent with previous reports for Ed NEIL1,17:45
Inefficient removal of 5-OHU by NEIL1 in ssDNA, and its ability to stall replication, led
Mitra and co-workers to propose that NEIL1 acts as a “cow catcher” to capture lesions

prior to replication. 20:26 In this model, non-productive binding of NEIL1 to 5-OHU in
single-stranded DNA facilitates stalling of the replication machinery and fork regression that
allows for reannealing of the duplex for NEIL1-initiated BER.

The dramatic influence of the opposite base on NEIL1 excision of 5-OHU in duplex
DNA further elaborates how binding and stalled lesion removal activity of NEIL1 in
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specific contexts prevents mutations associated with 5-OHU. The excision of 5-OHU by
both isoforms was found to be highly dependent on the opposite base, with the overall
preference of C > T, G > A. Since 5-OHU arises from oxidative deamination of C, formation
in duplex DNA would be opposite G; however, upon replication, insertion of A is the

most prevalent based on Jn vivo mutagenesis experiments.37 Strikingly, very low levels

of excision of 5-OHU from 5-OHU:A was observed with both Ed and UE (<15%). The
inability of both NEIL1 isoforms to completely remove 5-OHU from 5-OHU:A bps in
duplex DNA is distinct from that observed previously with the hydantoin lesions, Gh, and
Sp; indeed, in the same sequence and under the same conditions, Gh and Sp are removed
rapidly and completely in all duplex substrate base pairing contexts by both isoforms.13:19
Notably, this low NEIL1 activity on 5-OHU:A would provide a mechanism to prevent pro-
mutagenic removal of 5-OHU. This is highly analogous to OGG1 that exhibits poor activity
towards removal of OG from OG:A bps.16:46 Mutations mediated by OG:A base-pairs are
prevented by the adenine glycosylase MUTYH that removes the inappropriate placed A’s.18
However, a glycosylase capable of removing A opposite 5-OHU has yet to be identified.
This implies an expanded “cow-catcher” role of NEIL1 to capture the 5-OHU lesions
formed post-replication in inappropriate contexts to thwart propagation of deleterious DNA
mutations.

A surprising result in the analysis of the opposite base dependence was the finding that

both NEIL1 isoforms excised 5-OHU most efficiently opposite C (Figure 3C and 4). Ed and
UE NEIL1 also exhibited higher affinity for duplex DNA containing 5-OHU:C relative to
5-OHU:G bps (Figure 6 and Table 3). Mammalian polymerases have been found to insert
A, G, and T opposite 5-OHU with different efficiencies;*” however, there is no evidence

for C mispairing /n vivowith 5-OHU. Calculations indicated that the C within a 5-OHU:C
bps twists out of plane due to repulsive interactions of the O4 of 5-OHU and the cytosine
amino group.2’ The bp propeller twisting would disrupt local base-stacking and provides

a rationale for the lower stability of the 5-OHU:C bp.2” The distorted and destabilized
5-OHU:C bp may be a factor that aids Ed and UE NEIL1 in extruding 5-OHU from the
DNA helix. Moreover, the crystal structure of Ed and UE NEIL1 bound to a Tg:C containing
duplex shows favorable contacts between orphaned C and Arg 118 (Figure 7A).30 The
interaction of this Arg with C also likely contributes significantly to the enhanced cleavage
of 5-OHU across from C by NEIL1, and the opposite base is likely an important factor
used by NEIL1 to select damaged bases in proper contexts for excision. Indeed, oxidized
guanine derivatives, such as Gh, Sp or FapyG, where C would be the natural bp context, are
all good substrates for NEIL1.1315 The sensing of “C” by NEIL1 via the interaction with
Arg 118 may allow for more facile lesion bp recognition, nucleotide flipping and effective
engagement of the lesion within the active site to effect cleavage. Thus, the opposite base
influence is likely a key fidelity mechanism of NEIL1 to identify specific lesions for binding
versus cleavage in different contexts.

The preference of NEIL1 for removal of lesions in canonical duplex DNA contexts was
further supported by analysis of the impact of mismatches flanking 5-OHU:C bps on the
extent and efficiency of 5-OHU excision (Figure 5 and Table 2). We expected instability
surrounding the 5-OHU:C bp to enhance 5-OHU excision. However, the presence of a
C:Cor T:T mismatch 5’ or 3’ to 5-OHU, respectively, reduced the ability of both NEIL1
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isoforms to excise 5-OHU. This was more detrimental for both Ed and UE NEIL1 when a 5’
mismatch was present compared to a 3’ mismatch. Upon examination of the NEIL1-lesion
crystal structure,30 NEIL1 makes additional contacts to the 3’ side relative to the lesion
compared to the 5” side (Figure 7B). Seven residues, K54, R78, Q130, R133, Q168, N176,
and R277, make contact with the phosphodiester backbone 3’ to the Tg on the Tg-containing
strand, while only three contacts, N176, Y263, and T278, are observed on the 5’ side. The
additional contact on the 3’ side may be responsible for the slightly better excision noted
with the 3’ mismatch relative to the 5’ mismatch. Overall, UE NEIL1 excised 5-OHU with
the 5° or 3° mismatch more efficiently compared to Ed NEIL1, and the superior activity

in terms of rate and extent of 5-OHU removed with UE NEIL1 is exaggerated by the
presence of the mismatch. The presence of a mismatch adjacent to the 5-OHU:C pair,

which is already helix distorting,2” may generate a small bubble structure where NEIL1
exhibits poor excision (Figure 3B). The reduced activity with the presence of an adjacent
mismatch supports the notion that NEIL1 requires canonical B-form duplex DNA for
efficient excision, and that phosphodiester contacts in duplex DNA may aid in initial lesion
recognition, nucleotide flipping and proper active site placement to support catalysis of base
excision. Indeed, this may provide a useful mechanism to prevent inappropriate excision

by NEIL1 in non-standard contexts, such as those present in replication or transcription
intermediates.

UE NEIL1 excised 5-OHU to a greater extent and more rapidly than Ed NEIL1 in several
substrate contexts. We previously showed that UE NEIL1 excised Tg, which has structural
similarities to 5-OHU, 30 to 40-fold faster than Ed NEIL1.28 A mechanistic rationale for
enhanced removal of Tg by UE NEIL1 was provided by computational studies and X-ray
crystal structures of UE and Ed NEIL1 bound to Tg containing DNA.3 In the Tg bound
structure, the flexible loop containing Lys or Arg 242 was observed to adopt a distinct
conformation providing a direct interaction with the everted Tg nucleobase (Figure 7C). A
direct contact of the Lys or Arg of UE or Ed NEIL1 with N3 of Tg would be unfavorable

if N3 were protonated suggesting that the Arg or Lys 242 interaction may promote a keto-
enol tautomerization of Tg (Figure 8A) within the active site that enhances its excision.3°
Computational experiments provided support for an enzyme-mediated tautomerization
hypothesis.3® A compelling feature of this mechanism is that it explains the higher activity
of the UE enzyme for Tg removal since the lower pKa of Lys relative to Arg would

allow for the UE enzyme to more readily catalyze Tg base tautomerization.3? The NEIL1-
tautomerization mechanism also provides a rationale for the ability of NEIL1 to differentiate
between lesions and canonical bases since the stability of the more readily excised tautomers
will be influenced by conjugation and substituents on the base heterocycle.30 Thymine has
a higher-energy barrier for tautomerization compared to Tg due to its aromaticity. Like T,
5-OHU is aromatic, which would be expected to have a higher barrier for tautomerization
than Tg. 5-OHU is excised by NEIL1, but not as efficiently as Tg with smaller k"

values and less then 100% base removed in conditions of excess enzyme. Additionally,

we observed smaller difference in rate of removal between UE and Ed isoforms for 5-OHU
(e.g. ~6-fold opposite C, Table 1) relative to that observed with Tg (~ 30-40-fold).28 DFT
studies analyzing the stability of keto-enol tautomers in 5,6-substituted uracils revealed
that the presence of the OH group on C5 stabilizes the enol tautomer (Figure 8B) via
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an intramolecular hydrogen bond between the oxygen on C4 and the OH group on C5.48
Future computational studies analyzing the relative stability of tautomeric forms of oxidized
pyrimidine and purine substrates of NEIL1 would be particularly useful to further elaborate
these intriguing mechanistic hypotheses, and the impact of NEIL1 recoding.

The observed impact of NEIL1 recoding on 5-OHU lesion excision and affinity and

the influence of bp context along with the observation of biphasic production curves

reveal additional complexities of NEIL1 lesion processing that results from non-productive
substrate binding (Figure 9). In contrast to results with Gh, Sp, and Tg, production curves
of NEIL1 removal of 5-OHU by both isoforms in duplex contexts (Figure 4) are biphasic
and exhibit incomplete levels of product formation despite the enzyme being in excess. In
these cases, the data fit better to a two-exponential equation, with distinct large and small
rates (ky’, ky”) and associated amplitudes (A, B). We suggest that the two rate constants
correspond to two distinct processes where the large rate constant (y’) is associated with
5-OHU removal for the fraction of substrate bound initially in a catalytically competent
complex, while the smaller rate constant (ky”) correlates with a slower process due to the
5-OHU lesion being positioned in an alternative orientation that requires a conformational
change to place 5-OHU into a catalytically accessible manner in the active site. Additionally,
we propose a third population of 5-OHU lesion positioned such that removal is extremely
slow by NEIL1 leading to the incomplete levels of product formation in the time-frame
monitored (60 min). X-ray crystal structures of the viral ortholog of NEIL1, Mv Neil, bound
to 5-OHU:G containing duplex DNA shows 5-OHU bound in synand ant/ conformations
within the active site.# The most recently proposed mechanism for NEIL1 suggests that
contact of 242 with N3 of Tg is necessary for catalysis.39 Rearrangement of the 5-OHU
lesion by NEIL1 may be necessary for proper contacts with residue 242 and other critical
catalytic residues, like E6. Similarly, STO kinetics with 5-OHU:G with Mv Neil yielded
results that also were best fitted to a two exponential equation that the authors rationalized
stems from the two lesion conformations observed in the My Neil structures.*® Indeed, a
variety of X-ray structural studies with OGG1 and MutY have revealed so-called “exo” base
binding sites that are distinct from the active site, and these exo-sites are proposed to be a
means to capture inappropriate bases to stall and prevent presentation to the active site for
excision.50:51 Additional structural studies of Ed and UE NEIL1 with 5-OHU substrates, in
different contexts, would be useful to elaborate these findings and hypotheses.

NEIL1 recoding results in significant differences in amplitudes associated with the two
discrete rates and overall extents of 5-OHU removed. This is most dramatically observed
with the 5-OHU:G substrate where UE NEIL1 reactions proceeded to an overall end point
of ~70% product formed, while with Ed NEIL1 under the same conditions the observed
endpoint was only 25% (Figure 4A). The differences in extent of reaction do not seem to
be related to intrinsic differences in lesion affinity since Ed K54L A56 NEIL1 was found
to bind 3-fold tighterthan UE K54L NEIL1 to the 5-OHU:G duplex (Table 3). Notably,
lower salt concentrations enhanced the extent of product formation with Ed NEIL such
that reaction completion increased significantly (68%) approaching that observed with UE
NEIL (78%). 5-OHU glycosylase reactions with UE NEIL1 are much less sensitive to the
NaCl concentration (Figure S2B and S2D). These results suggest that Ed NEIL1 not only
binds 5-OHU substrates more tightly but also with a higher fraction in a non-catalytically
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competent complex. At lower salt concentrations, ionic interactions of Ed NEIL1 residues
with the phosphodiester backbone may aid in forming the catalytic conformation that
supports 5-OHU excision, particularly when across from G. Notably, we have previously
observed that a cancer-associated variant of MUTYH that alters an intercalating Tyr residue
(Y179C MUTYH) exhibits increased sensitivity of the glycosylase activity to higher buffer
salt concentration than the WT enzyme.®2:53 Tyr 179 in MUTYH facilitates OG:A lesion
extrusion, engagement, and placement into the active site.52:53 In the absence of the
stabilizing Tyr intercalation, MUTYH ionic interactions with the phosphodiester backbone,
possible at low salt, but not higher salt concentrations, facilitate the conformational changes
needed to support catalysis.52:53 We suggest that a similar type of phenomenon is occurring
here where UE NEIL1 more readily recognizes and engages 5-OHU within its active site,
and therefore is less sensitive to buffer salt concentrations compared to Ed NEIL1. The
sensitivity of Ed and UE NEIL1 to the presence of mismatches flanking the 5-OHU lesion
is also consistent with the importance of interactions of NEIL1 with duplex DNA to remodel
and position the lesion within the active site for excision.

NEIL1 recoding results in distinct differences in excision of Tg, Gh, Sp, and 5-OHU by

the two isoforms. Consistent with the importance of residue 242, Tg base excision with
A242, E242, and Q242 NEIL1 was significantly compromised relative to that with K242

or R242 NEIL1.39 The reported structures suggest that contact of residue 242 with the

Tg lesion, along with E6, promotes Tg tautomerization that facilitates Tg excision (Figure
7C). Our glycosylase kinetics studies show less efficient removal of 5-OHU compared to
Tg for both isoforms, and that the UE NEIL1 removes 5-OHU more efficiently and to a
higher level of completion than Ed NEIL1. The differences in the efficiency and overall
extent of 5-OH removed was also influenced by the opposite base, suggesting that the

role of 242 may be more than as a proton donor to promote lesion excision as recently
proposed.30 Such differences would not be expected if lesion excision was solely dependent
on the pKj difference between K and R. The residue at position 242 and other active

site residues likely also play important roles in initial lesion sensing, base flipping and
alignment of the lesion with catalytic residues to mediate its excision. Notably, structural
and computational studies of NEIL1, and its bacterial cousin Fpg, have underscored the
importance of the conformational flexibility of the lesion recognition loop in providing the
ability of these enzymes to recognize a diverse set of lesions (Figure 7C and 7D).29:30.54-56
It also should be noted that in the reported structures of Ed and UE NEIL1 with Tg, the loop
was considerably disordered consistent with potentially multiple roles of this flexible region
in the lesion recognition and excision process. Moreover, the relative impacts of NEIL1
recoding on lesion sensing, extrusion, and engagement versus enhancing lesion lability
would be anticipated to be distinctly different due to the structural features of a given NEIL1
lesion substrate. Indeed, such differences may explain why Gh/Sp and FapyG lesion are
processed with more efficiency by Ed NEIL1.28:57

The lesion-specific activity differences of UE versus Ed NEIL1 suggests that cellular
responses to oxidative stress will be impacted by the relative amounts of the two isoforms.
Since ADAR1 is induced in T-lymphocytes and macrophages by TNF-a and IFN-v,58-60
Ed NEIL1 would be predicted to be the predominant form present under conditions

of inflammation. Notably, ADAR1 overexpression and NEIL1 hyper-editing have been
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observed in several types of cancer cells.51-65 The reduced activity of Ed NEIL1 with Tg
and 5-OHU suggests that hyper-editing of NEIL1 over prolonged times may alter the types
of mutations that accumulate in the genome. In addition, the tight binding, but incomplete
excision, mediated by Ed NEIL1 suggests that non-productive binding may also influence
downstream DNA damage responses or aid in recruitment of protein partners to regulate
NEIL1 excision. NEIL1 has been reported to interact with DNA replication proteins such
as RPA, PCNA, Pol 8, FEN-1, RF-C, and WRN.20-23.25 |n the reported studies, interactions
with NEIL1 have been observed either in cell-based experiments, via immunoprecipitation
isolation, or through using recombinant Ed NEIL1. In several studies, protein partners have
been shown to stimulate Ed NEIL1 activity on oxidative DNA damage. For example, PCNA
stimulates NEIL1 activity in the removal of 5-OHU in single-stranded DNA structures such
as DNA replication forks,22 and WRN has been shown to stimulate NEIL1 excision from
bubble DNA structures.2> On the other hand, RPA, which coats the ssDNA template at

the replication fork, inhibits NEIL1 activity, and such inhibition is a means to regulate

the excision of oxidative base damage from primer-template structures.?! Such regulatory
mechanisms would help protect DNA undergoing replication from the mutagenic lesions
that arise from oxidative DNA damage, without generating genotoxic and mutagenic AP
sites and SSBs. Interactions with protein partners may also be altered by NEIL1 recoding
further amplifying lesion-specific differences in activity. In these various ways, ADAR1-
mediated NEIL1 recoding may regulate repair under different cellular conditions. On the
other hand, NEIL1 recoding induced by cellular stressors or environmental sources may lead
to unanticipated genome rewriting and instability.

CONCLUSION

Herein, we have revealed unique features of NEIL1 removal of the 5-OHU base lesion

that provide insight into the impact of NEIL1 activity and NEIL1 recoding on oxidative
base induced mutagenesis and toxicity. The removal of 5-OHU by NEIL1 isoforms was
found to be inefficient in non-canonical substrate contexts supporting the proposed cellular
role of NEIL1 as a “cowcatcher” stalling the replication machinery. The lesion capture
behavior of NEIL1 is not limited to alternative DNA contexts but is also dependent on

the base opposite the lesion. NEIL1 exhibited minimal excision of 5-OHU across from

A, which would prevent C to T transversion mutations that would be propagated by
5-OHU removal in this context. Of note, the enhanced excision of 5-OHU from 5-OHU:C
bps by both NEIL isoforms is consistent with the observation that the most efficiently
removed lesion substrates for NEIL1 are oxidized guanine products like the hydantoin
lesions. The differences in activity 5-OHU removal activity with the two NEIL1 isoform
further underscores the lesion-specific impact of NEIL1 recoding. While UE NEIL1 overall
demonstrated better excision of 5-OHU, the cellular consequences of the differing activity
between the two isoforms warrants further investigation. Likely, a cellular balance of Ed and
UE NEIL1 is needed to maintain the integrity of the genome, and alterations to cellular
levels of Ed and UE could impact the repair response of NEIL1 under conditions of
oxidative stress.
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Figure 1:
Common products of oxidative base damage. All lesions except OG are substrates

for NEIL1. Abbreviations (from top left to bottom right): Gh, guanidinohydantoin;

Sp, spiroiminodihydantoin; OG, 8-oxo-7,8-dihydroguanine; FapyA, 4,6-diamino-5-
formamidopyrimidine; FapyG, 2,6-diamino-4-oxo-5-formamidopyrimidine; 5-OHU, 5-

hydroxyuracil; Tg, thymine glycol.
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Duplex S’-TGT TCA TCA TGG GTIC XTC GGT ATA TCC CAT -3
3’—ACA AGT AGT ACC CAG YAG CCA TAT AGG GTA-¥

Single Strand 5’—-TGT TCA TCA TGG GTC XTC GGT ATA TCC CAT -3

TCXT
G C
Bubble 5—TGT TCA TCA TGC GGT ATA TCC CAT-3»
3~ ACA AGT AGT ACG CCA TAT AGG GTA-53
A T
TTICT
a
Bulge 5°—TGT TCA TCA TGC GTIC TC GGT ATA TCC CAT-3»

3’—ACA AGT AGT ACG CAG - AG CCA TAT AGG GTA-¥

CX
5’-Mismatch 5’-TGT TCA TCA TGG GT TC GGT ATA TCC CAT- 3

3’—ACA AGT AGT ACC CA cc AG CCA TAT AGG GTA- ¥

3’-Mismatch 5’-TGT TCA TCA TGG GIC el C GGT ATA TCC CAT- ¥
3’—ACA AGT AGT ACC CAG CT G CCA TAT AGG GTA-¥%

X =5-0HU Y= Opposite base (A,1,G or C)

Figure 2:
DNA substrates used in this study.
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Figure 3:
Context dependence of 5-OHU removal by Edited (Ed) and Unedited (UE) NEIL1 (A)

Representative gel image of Ed and UE NEIL1 5-OHU removal activity in different DNA
contexts. (B) Graphical representations of extents of 5-OHU removed (%) by Ed and

UE NEIL1 in different DNA contexts, with 5-OHU opposite C in duplex. (C) Graphical
representations of the opposite base dependence of overall extent of 5-OHU removed by
NEIL1 isoforms. 5-OHU-containing DNA duplex substrate (20 nM) was incubated with
excess Ed or UE NEIL1 (200 nM) at 37°C, pH 7.6 buffer containing 150 mM NaCl. The
maximal percent 5-OHU removed was calculated by dividing the concentration of product
produced after a 1 hr reaction by the total concentration of substrate and multiplying by 100.
Error bars are the standard error for the end-point across three trials.
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Opposite base dependence of 5-OHU removal by edited (Ed) and unedited (UE) NEIL1.
(A)-(D) Representative plots of product formation as a function of time under single
turnover conditions with Ed and UE NEIL1 on a DNA duplex containing (A) 5-OHU:G, (B)
5-OHU:T, (C) 5-OHU:A, and (D) 5-OHU:C. 20 nM substrate was incubated with 200 nM
enzyme at 37°C, pH 7.6 in the presence of 150 mM NaCl. Data is fit to a two-exponential
equation, [P]; = Ao(1-exp(=ky §) + Bo(1-exp(—ky 1), and the values are reported in Table 1.
Error bars are the standard error for each time point across the three trials performed.
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Adjacent mismatches reduced efficiency of 5-OHU removal by Edited (Ed) and Unedited
(UE) NEIL1. The removal of 5-OHU from a 5-OHU:C containing-duplex containing a

5’ C-C mismatch or a 3° T-T mismatch to the lesion bp by A) Ed and B) UE NEIL1.
[Enzyme]= 200 nM, [DNA] = 20 nM, 150 mM NaCl, pH 7.6, 37 °C, fit to a two-exponential
equation, [P]¢ = Ao(1-exp(=ky 9) + Bo(1-exp(=ky"9). The values for k;’, k;”, Ao, Bo, and %
base removed are compiled in Table 2. Error bars are the standard error for each time point

across the three trials performed.
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Electrophoretic mobility shift assays for (A) A56 K54L Edited (Ed) NEIL1 and (B) A56
K54L Unedited (UE) NEIL1 with duplexes containing 5-OHU:C and 5-OHU:G. Duplex
DNA containing a 5’-[32P]-phosphate (10 pM) was incubated with the enzyme (600-0.15
nM) in buffer containing 10 % glycerol, 0.1 mg/mL BSA, 20 mM Tris pH 7.6, 150 mM
NaCl, and 1 mM EDTA at 25 °C for 30 min prior to gel electrophoresis. The values for K4
are reported in Table 3. Error bars are the standard error for each concentration across the

three trials performed.
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Figure 7:
NEIL1 X-ray structures reveal key amino acid residues. (A) R118 interacts with orphan base

C (yellow) in the structure of P2G unedited (UE) NEIL1 bound to Tg:C-containing duplex
(PDB ID: 5ITX- chain A). (B) P2G UE NEIL1 (5ITX - chain A) makes extensive contacts
with the phosphodiester backbone of DNA 5’ and 3’ to damaged Tg lesion (yellow). Seven
resides (K54, R78, Q130, R133, Q168, N176, and R277) make contacts with phosphodiester
backbone 3’ (peach) and three residues (N176, Y263, and T278) make contacts 5° (purple)
to Tg, respectively. (C) Conformation of the loop containing residue 242 observed in the
X-ray structure of P2G UE NEIL1 bound to Tg-containing DNA (5ITX-chain A) that
positions residue 242 to interact with N3 of the Tg lesion. Of note, the loop containing
residue 242 is significantly disordered in all of the DNA bound crystal structures consistent
with the flexibility of this region.30 (D) X-ray crystal structure of Ed NEIL1 (1TDH) with
residues R242 and E6 shown. R242 is pointing away from the lesion and is far from other
catalytic residues such as E6 in the absence of DNA.
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Figure 8:

Proposed tautomerization of Thymine glycol (Tg) and 5-hydroxyuracil (5-OHU). (A) Zhu
et al. (2016) suggest that interaction with NEIL1 produces the enol tautomer Tg2-OH. The
tautomer at N3 and C2 is proposed to have more favorable interactions in the NEIL1 active
site.30 (B) Proposed tautomer of 5-OHU where hydrogen bonding between the OH on C5
and oxygen C5 stabilizes the enol.48

Biochemistry. Author manuscript; available in PMC 2023 June 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Yeo etal. Page 29

Greater population of

, Downstream rapid excision
k, BER + UE NEIL1
— — ——— + 5-OHUiin duplex
i NEIL1 binding 5-OHUina Rapid excision of 5-OHU Repair and Jalied wamn. &
@-50HU - : ;
productive conformation restoration of G:C
Greater population of
P %m slow or no excision
g + Ed NEIL1
NEIL1 binding 5-OHUina Slow or no excision of 5-OHU Stalling mutagenesis + 5-0HUin duplex
non-productive conformation and strand breaks paired with A

Figure 9:
NEIL1 binding and excision of 5-hydroxyuracil (5-OHU). The 5-OHU lesion will be

initially identified by either Ed or UE NEIL1. The 5-OHU lesion will then be extruded
from the DNA helix into the NEIL1 active site in a productive conformation for catalysis

or into an alternative non-productive site and/or conformation that does not lead to excision.
Recognition of 5-OHU:G bps and productive engagement of 5-OHU in the active will

lead to rapid excision of 5-OHU and restoration of the original C:G bp. In contrast, non-
productive placement and positioning of 5-OHU by NEIL1 leads to slow or stalled excision
of 5-OHU, which may prevent mutagenesis or strand breaks in contexts such as 5-OHU:A
bps and ss DNA.
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Table 1.
Opposite base dependence of 5-OHU removal by Ed and UE NEIL1.

Enzyme | Base opposite 5-OHU | kg’ (min™?) | Capacity (A) | kg” (min™) | Capacity (B) | Total base excised (%)
G >2 28+04 | 022£000 | 2002 2443
Ed c >2 33+07 | 033:008 | 13%10 805
NEIL1 A >2 2004 07401 03+0.1 11%2
T >2 2304 04401 3503 27+3
G >2 40+04 | 0112004 | 9703 686
UE c >2 4202 18102 12102 83+3
NEIL1 A >2 21202 | 0272007 | 0501 1242
T >2 3704 04401 11103 724

Rate constants of 5-OHU removal (min_l), the associated amplitude of each rate constant (capacity, nM), and percent 5-OHU removed after 60
min incubation. [Enzyme]= 200 nM, [DNA] = 20 nM, pH 7.6, 37 °C, fit to a two-exponential equation, [P]t = A(1-exp(-kg'9)) + B(1-exp(-kg"D).
Total 5-OHU excised (%) = ((A+B)/20)*100. Data represented is an average of a minimum of 3 data sets and standard error is calculated from fits
across each data set.
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The effect of adjacent mismatches on the removal of 5-OHU opposite C by Edited (Ed) and Unedited (UE)

Table 2:

NEIL1.
Mismatch | kg’ (min™}) | Capacity (A) | kg” (min~?) | Capacity (B) | Total base excised (%)

3 >2 24+0.2 0.06 £ 0.01 11.8+04 71+2

Ed NEIL1 5’ >2 24+0.2 0.03+0.01 42+04 33%2
No >2 34+04 0.30 £0.02 126+04 80+3

3 >2 22+04 0.30 £ 0.02 14604 84+3

UE s

NEIL1 5 >2 24+0.2 0.04 £0.01 11.8+0.6 71+3
No >2 42+10 20+£0.2 12610 84 7

Rate constants of base removal (min'l), the associated amplitude of each rate constant (capacity, nM) and percent 5-OHU removed after 60 min
incubation. [Enzyme]= 200 nM, [DNA] = 20 nM, pH 7.6, 37 °C, fit to a two-exponential equation, [P]t = A(1-exp(=kg' 9) + B(1-exp(~=kg" ).
Percent 5-OHU excised = ((A+B)/20)*100. Data represented is an average of a minimum of 3 data sets and standard error is calculated from fits

across each data set.
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Table 3:

Dissociation constants (Kq) for 5-OHU:C and 5-OHU:G with A56 K54 Edited (Ed) and Unedited (UE)
NEIL1.

Duplex | Ed NEIL1 Kg(nM) | UE NEIL1 Kq (NM)

5-OHU:C 02+0.1 03+0.1

5-OHU:G 1.8+0.6 6.3+0.2

Duplex DNA containing a 5'—[32P]—phosphate label (10 pM) was incubated with the enzyme (600-0.15 nM) in buffer containing 10 % glycerol, 0.1
mg/mL BSA, 20 mM Tris pH 7.6, 150 mM NaCl, and 1 mM EDTA at 25 °C for 30 min prior to gel electrophoresis. Data represented is an average
of a minimum of 3 data sets and standard error is calculated from fits across each data set.
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