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ABSTRACT: A-to-I RNA editing is widespread in human cells ®
but is uncommon in the coding regions of proteins outside the ‘
nervous system. An unusual target for recoding by the adenosine
deaminase ADARI is the pre-mRNA of the base excision DNA
repair enzyme NEIL1 that results in the conversion of a lysine (K)
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oxidatively modified DNA bases to provide insight into the

chemical and structural features of the lesion base that impact >
isoform-specific repair. We find that UE NEIL1 exhibits higher Unedited = Edited Ratio of excision Unedited >>> Edited
activity than Ed NEIL1 toward the removal of oxidized NEILT NELT NEILT R
pyrimidines, such as thymine glycol, uracil glycol, 5-hydroxyuracil, and S-hydroxymethyluracil. Gas-phase calculations indicate
that the relative rates in excision track with the more stable lactim tautomer and the proton affinity of N3 of the base lesion. These
trends support the contribution of tautomerization and N3 protonation in NEIL1 excision catalysis of these pyrimidine base lesions.
Structurally similar but distinct substrate lesions, S-hydroxycytosine and guanidinohydantoin, are more efficiently removed by the Ed
NEIL1 isoform, consistent with the inherent differences in tautomerization, proton affinities, and lability. We also observed biphasic
kinetic profiles and lack of complete base removal with specific combinations of the lesion and NEIL1 isoform, suggestive of multiple
lesion binding modes. The complexity of NEIL1 isoform activity implies multiple roles for NEIL1 in safeguarding accurate repair
and as an epigenetic regulator.

N3 Proton Affinity

H INTRODUCTION ADARL." Since inosine codes as guanosine (G) during
translation, the edited mRNA codes for an arginine (R) at
position 242 in NEILI rather than the lysine (K) coded in the
unedited mRNA. Dramatic alterations in lesion removal
activity result from the single amino acid change between
the unedited (UE, K242) and edited (Ed, R242) NEIL1
isoforms.'” Specifically, UE NEIL1 removes thymine glycol
(Tg) in duplex DNA about ~30- to 40-fold faster than Ed
NEIL1."” Structural studies of Ed and UE NEIL1 bound to a
Tg duplex showed that the Lys242 or Arg242 side chain,
within the lesion recognition loop of NEILI, interacts with the
Tg base."” However, the two isoforms exhibited similar affinity
in electrophoretic mobility shift assays (EMSAs) to duplex
DNA-containing noncleavable synthetic analogues, 2'-fluoro-
thymidine glycol (FTg) and 2'F-guanidinohydantoin

The integrity of DNA is compromised by nucleobase oxidation
due to reactive oxygen and nitrogen species (RONS) formed
via endogenous and exogenous processes.” A primary means to
repair oxidatively damaged DNA bases is the base excision
repair (BER) pathway. DNA glycosylases initiate BER by the
identification of aberrant DNA bases and catalyzing N-
glycosidic bond hydrolysis of the damaged nucleotide or its
inappropriately placed partner.” Unrepaired DNA nucleobase
modifications lead to mutagenesis and genomic instability that
contribute to diseases, such as cancer, accelerated aging, and
neurodegeneration.” In addition, a variety of metabolic
syndromes are associated with the loss or variants of DNA
glycosylases, such as NEIL1, OGGI, and NTHL, have been
observed in knock-out mice models.*”® The loss of NEIL1 has
also been associated with immune deficiencies,” Alzheimer’s
disease,” and impaired memory retention.” Received:  April 4, 2022
NEIL1 is unique among BER glycosylases due to the Published: August 2, 2022
presence of two distinct isoforms resulting from editing of the
NEIL1 pre-mRNA by the adenosine deaminase ADARI
(Figure 10) R Specifically, the adenosine (A) at position
725 in the NEIL1 pre-mRNA is converted to inosine (I) by
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Figure 1. Base lesions evaluated for removal by NEILI isoforms produced by RNA editing. (A) Known substrates for edited NEIL1: Gh,
guanidinohydantoin; Sp, spiroiminodihydantoin; FapyA, 4,6-diamino-5-formamidopyrimidine; FapyG, 2,6-diamino-4-hydroxy-S-formamidopyr-
imidine; DHT, dihydrothymine; S-OHC, S-hydroxycytosine; S-OHU, S-hydroxyuracil; Tg, thymine glycol. (B) Additional lesions tested as
potential substrates for edited and unedited NEILI in this work: OI, 8-oxoinosine; Ug, uracil glycol; 5-hmU, 5-hydroxymethyluracil; S-caC, S-
carboxycytosine; S-hmC, S-hydroxymethylcytosine; S-fC, S-formylcytosine. (C) NEIL1 gene encodes for a lysine at position 242 in the NEIL1
enzyme. However, ADARI1 deamination of adenosine 725 to inosine in the NEIL1 pre-mRNA produces anarginine codon at position 242 of

NEILI. Both isoforms of NEIL1 are active and remove the oxidative damage from DNA.

(FGh)."*"® These results suggested that the origin of the
differential lesion processing is related to a kinetic step rather
than lesion binding affinity. The biological implications of
NEIL1 recoding have not been fully elaborated; however,
conspicuously, multiple myeloma cells overexpressing Ed
NEIL1 proliferated at significantly higher rates and presented
hallmark signatures associated with unrepaired double-strand
breaks."¢

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,
guanidinohydantoin (Gh) and spiroiminodihydantoin (Sp),
thymine glycol (Tg), S-hydroxycytosine (S-OHC), S-hydrox-
yuracil (5-OHU), dihydrothymine (DHT), and the formami-
dopyridines (FapyG and FapyA) (Figure 1A)."*™** NEIL1 is
also capable of excising larger alkylation products, such as
methyl-FapyG, 8,9-dihydro-8-(2,6-diamino-4-oxo-3,4-dihydro-
pyrimid-S-yl-formamido)-9-hydroxyaflatoxin B, (AFB,-
FapyG), and psoralen-induced cross-links.”> NEIL1 has also
been implicated in epigenetic gene regulation via interactions
with further oxidized products of S-methylcytosine (S-mC), S-
formylcytosine (S-fC), and S-carboxycytosine (5-caC); how-
ever, there is conflicting data on the extent that these base
modifications serve as NEIL1 substrates (Figure 1B).**7*°
Notably, 8-oxo-7,8-dihydroguanine (OG)'®*” is not efficiently
removed by NEIL1."” In contrast, the further oxidation
products of OG, Gh and Sp, are among the best-documented
substrates of NEIL1."” In addition, NEIL1 has been shown to
remove Gh and Sp in duplex, single strand, bubble, and bulge
DNA structures, and G-quadruplexes.'”**

To uncover the impact of RNA editing on mitigating
responses to DNA modifications, we evaluated the kinetics of
the glycosylase activity of the two isoforms on substrates
previously examined only with Ed NEIL1, such as 5-OHC, 5-

OHU, and DHT and the epigenetic bases 5-hmU, 5-fC, 5-
hmC, and S-caC. We also evaluated uracil glycol (Ug) as a
potential NEIL1 substrate due to its structural similarity to Tg
and 5-OHU. Ug is a common product of oxidative stress
formed by the oxidation and deamination of cytosine (C) and
ultimately mediates cytosine-to-thymine (T) transition muta-
tions.”” ' A human glycosylase had not been previously
documented to excise Ug; however, the similarity of NEIL1 to
formamidopyrimidine (Fpg) and Nei DNA glycosylases, which
are known to excise Ug, suggested NEIL1 as a likely contender
(Figure 1B).>”*" We also evaluated the removal of a modified
version of OG, lacking the 2-amino group (8-oxoinosine, OI)
by NEIL1 to illuminate the impact of structural modifications
on isoform-specific excision.

Our results presented in this study reveal the distinct lesion-
specific removal activity of Ed and UE NEIL1. Specifically, we
found that several lesions structurally similar to Tg were
removed differentially by the two isoforms, with the
experimental trend in the UE/Ed excision Tg > Ug > §-
OHU > 5-hmU > DHT > 5-OHC. Calculations to reflect the
intrinsic properties of the nucleobases, such as the most stable
tautomer, N1-H acidity, and N3 proton affinity, provided
insight into the features that lead to the differential recognition
and excision by the two isoforms. We also observed biphasic
kinetics and reduced levels of the overall removal for specific
lesions that provides evidence for multiple base binding modes.
Identity of the lesion, NEIL1 isoform, and base pairing context
all influence the rates and extent of lesion removed. Taken
together, the complexity of lesion-specific differences in
substrate recognition and excision due to NEIL1 recoding
provides insight into the potential biological consequences of
this unusual ADARI-mediated control over DNA repair.
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Figure 2. Lesion-specific removal by edited (Ed) and unedited (UE) NEIL1. (A) Representative storage phosphor autoradiogram of the extent of
glycosylase activity of Ed (blue) and UE (gray) NEIL1 (200 nM) with DHT:A, 5-hmU:C, I:C, S-OHU:C, and OI:C-containing 30-bp duplexes (1
2, 20 nM) at 60 min at 37 °C. Modified base removal and strand scission on the duplex substrate lead to a shorter product strand that can be
detected via denaturing PAGE. (B) Differences in lesion excision rates (k ) measured under single-turnover conditions with Ed and UE NEIL1
with a variety of lesions (values listed in Table 1). Values above bar represent the ratio of UE/Ed NEILI excision for each lesion. (C) Overall extent
of base removed (%) by NEIL1 isoforms with various lesions (values listed in Table 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 h reaction by the total concentration of the substrate and multiplying by 100.
Error bars are the standard deviation for the end point across three trials.

Table 1. Comparison of Lesion Removal Activity from Duplex DNA (1-2) by Edited (Ed) and Unedited (UE) NEIL1

lesion edited k,, min™" (% completion)*” unedited k,, min~" (% completion)*” k, UE/k, Ed
Tg:G" 25+ 0.1 76 + 10 30
Ug:G 6+ 1 (47%) 40 + 6 (64%) 67
5-OHU:C* 0.6 + 0.1 (80%) 2.5 + 0.4 (83%) 42
5-hmU:C 0.06 + 0.05 (<10%)° 0.12 + 0.02 (55%) 2.0
OLC 0.09 + 0.01 (69%) 0.17 + 0.05 (74%) 19
DHT:A 0.7 + 0.2 (81%) 13 + 02 (84%) 15
OLT 0.11 + 0.03 (47%) 0.14 + 0.03 (58%) 13
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 was fit to a single-exponential equation, P = A(1 — exp(-k,t)). bThe percent completion of reactions that did not
go to 100% is reported in parentheses. “The overall extent of product formation was very low such that the fitting is likely an overestimate of the
rate. “This data was previously reported in ref 17. “This data was previously reported in ref 33.

B RESULTS AND DISCUSSION S1)."”%* Several potential and previously identified NEIL1

Ed and UE NEIL1 Display Distinct Lesion-Specific substrates were not efliciently removed in our assays.
Removal Activity. We analyzed the glycosylase activity of Speciﬁcall}f, U and I are not substrates for either isoform of
NEILI on a variety of modified base-containing DNA duplexes NEILL (Figure S1) and OG, $-fC, 5-caC, and S-hmC were
(Figure 1) to reveal potential differences in activity arising removed at extremely low levels by both isoforms (<10%)

from the single amino acid difference at position 242, Lys (Figure S1).
(UE) vs Arg (Ed). The majority of previous analyses of lesion The lack of significant activity of either NEILI isoform with
removal have been with Ed NEIL1 due to the original isolation the oxidized products of S-mC, 5-C, $-hmC, and S-caC is
of cDNA from cells where the NEILI pre-mRNA had been surprising in light of previous 1‘eports.12’25 The detection of
fully edited.'"”'”** The glycosylase activity of UE and Ed NEIL1 in lesion-specific pull-down assays may be due to the
NEIL1 on lesion-containing duplexes in the most likely interaction of NEIL1 with other proteins that are bound to the
biological context was initially surveyed by incubating with epigenetic bases, rather than a direct interaction of NEIL1 with
enzymes in excess for 60 minutes (Table S1 and Figures 2 and the lesion. The lesions 5-caC and S-fC are excised by the DNA
14580 https://doi.org/10.1021/jacs.2c03625
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Figure 3. Lesion-specific removal of uracil glycol vs thymine glycol demonstrates that small differences in lesion structure dramatically impact base
excision by NEIL1 isoforms. Activities of edited (Ed) and unedited (UE) NEIL1 toward duplexes (1e2) containing Ug or Tg were evaluated using
rapid quench flow methods with Ed (blue) and UE (black) NEIL1 (200 nM) with a DNA duplex (20 nM) containing (A) Ug:C, (B) Ug:G, (C)
Tg:C, and (D) Tg:G at 37 °C with 150 mM NaCl. Data was fit to a two-exponential equation P = A(1 — exp(—k,'t)) + B(1 — exp(—kg”t)). (E,F)
Alternative conformations of residues 242 and 244 of NEIL1 isoforms were observed with dihydrouracil (DHU) in X-ray structures:UE (K242,
PDB ID: 6LWJ) NEIL1 show residue 242 engaged with DHU lesion in an active conformation (E); Ed (R242, PDB ID: 6LWK) NEIL1 show

residue 242 away from the DHU lesion and Tyr244 in a proposed quarantine state (F).

34,35

glycosylase TDG, and NEIL1 has been shown to stimulate
TDG turnover.”>”® Alternatively, the epigenetic C lesions may
be converted to other lesions such as 5-hmU that are substrates
for NEIL1 or are simply bound but not processed (Figure 2A).

The lesions 5-hmU, 5-OHC, OI, DHT, and 5-OHU were
found to be excised to different extents by the NEIL1 isoforms
(Figure 2). Minimal excision of 5-hmU was observed when
paired with G (<10%); however, in a duplex positioned across
from C, 5S-hmU was removed to a significant extent by UE
NEIL1 (Figure 2B). Similarly, S-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 (Figure S1). Both isoforms removed OI opposite
C to similar extents under these conditions. DHT:A, S§-
OHU:C, and 5-OHC:C substrates were processed almost
completely by Ed and UE NEIL1 in the 60 min incubation
period (Figure 2A,B). Based on these observed results, full
time course, single-turnover analyses were performed to reveal
potential isoform and lesion-specific activity differences (Table
1).

Lack of the 2-Amino-Group in OG Leads to Enhanced
Removal by Ed and UE NEIL1. The glycosylase assays
revealed that OI is removed, albeit modestly, by both Ed and
UE NEIL1 (Figure 2). Full time course glycosylase assays
performed under single-turnover conditions ([NEIL1] >
[DNA]) with OI duplex substrates paired opposite C and T
were fitted to a single-exponential curve to isolate the overall
rate constant for glycosidic bond cleavage (k,) (Figure 2 and
Table 1)."*' The rate constant (kg) for NEIL1 isoform-
mediated OI removal across C and T indicated a greater
activity with UE NEIL1 (1.5—1.9-fold). In addition, UE

14581

NEIL1 was able to effectively remove OI to a slightly higher
overall extent relative to the Ed isoform in both duplex
contexts (Figure 2 and Table 1). The observation of OI as a
substrate is surprising since I and OG are not viable substrates
for either isoform. While OI is not a naturally occurring base
modification, this allowed us to identify structural features that
influence excision by NEIL1. The lack of NEIL1-mediated
cleavage of OG has been suggested to be due to the inability of
OG to fit within the shallow base binding pocket with fewer
hydrogen-bonding interactions and greater solvent exposure.*
This suggests that the absence of the 2-amino group allows OI
to be accommodated more readily in the NEIL1 active site.
Notably, the NEIL1 isoforms differ in the extents of OI
removal, indicating a distinct impact of the residue at position
242 (Lys > Arg) and opposite base (C > T) on the catalytic
placement of OI base within the active site.

NEIL1 Isoform-Specific Differences in the Removal of
5-hmU, DHT, 5-OHU, and 5-OHC. The substrate specificity
screening (Figures 2A and S1) revealed isoform-specific
differences in the removal of pyrimidine lesions. We previously
showed the preferred removal of S-OHU by UE NEIL1 in
duplex DNA paired opposite G and C.”” In the bp with C, UE
NEIL1 removed 5-OHU 4-fold faster (k, = 2.5 + 0.3 min™")
than Ed NEILI (k, = 0.6 + 0.1 min~") (Figure 2 and Table 1).
With the DHT:A substrate duplex, UE NEIL1 removed DHT
approximately 2-fold faster (k, =1.3 + 0.2 min~"') than Ed
NEIL1 (k, = 0.7 + 0.2 min™"). In addition, DHT removal did
not reach completion and the end points were similar for both
isoforms. In the case of S-hmU:C duplex, S-hmU is removed to
high levels by UE NEIL1, despite the fact that the observed

https://doi.org/10.1021/jacs.2c03625
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Table 2. Kinetic Parameters from Two-Exponential Fitting of Ug and Tg Removal from Duplex DNA (1e2) by Edited (Ed)

and Unedited (UE) NEIL1

edited unedited

duplex rate constant (min™')“ amplitude (nM)? completion (%)° rate constant (min™')“ amplitude (nM)? completion (%)°
Ug:C g/ 380 + 200 22 + 04 70 + 6 120 + 10 10.6 + 1.0 85 +3

. 3.6+ 1.0 1.5 £ 0.7 39+ 1S 6.1+ 0.6
Ug:G g/ 330 + 85 22 +0.1 S55+5 68 + 10 88 + 1.1 73 £ 8

g" 23 +02 9.0 £ 09 28 £ 1.0 5.8 +£09
Tg:C g/ >500 12 + 0.6 58 +3 161 + 60 12.0 + 2.1 PRI

g” 29+03 112 + 1.2 10 +2 5.7 £ 1.0
Tg:G g' >500 1.3 +£ 04 62 + S 126 + 30 1S5+ 1.1 95+ 4

k" 3.6 +0.1 11.6 + 0.2 74 +2 3.6 + 1.1

“Data for Ug and Tg removal by Ed and UE NEIL1 fits to a two-exponential equation P = A(1 — exp( —kg’t)) +B(1 - exp(—kg”t)) using a Kintek
RQF-3 rapid-quench with 20 nM substrate and 200 nM enzyme at 37 °C. *The amplitude (nM) of A and B relates to the associated amplitude and
the amount of substrate processed with each rate constant. “The overall extent of reaction completion (%) = [(A + B)/20 X 100].

rate constant (kg) is significantly smaller than with the DHT, S-
OHU, and Tg substrates (Figure 2 and Table 1).

Our results with 5-OHC underscore the importance of
lesion structure and context on NEIL1 isoform activity
differences. Minimal removal was observed with 5-OHC
across G by both isoforms. Removal of 5-OHC when paired
with C in duplex DNA was faster by Ed NEIL1 (k, = 0.37 +
0.05 min™") over UE NEIL1 (k, = 0.25 + 0.04 min~') and
reached completion. The observed minimal removal of 5-OHC
from the 5-OHC:G duplex was surprising in light of MS
studies with y-irradiated calf thymus DNA where 5-OHC
removal was detected by both forms of NEIL1, with higher
efficiency with Ed NEIL1.>® Presumably, features of high MW
DNA, such as increased extents of nonspecific DNA and
diversity of lesion sequence context, may facilitate 5-OHC
removal from 5-OHC:G bps. Remarkably, the isoform
specificity with 5-OHC is switched relative to U/T lesions
(5-OHU, Tg) with Ed NEIL1 exhibiting higher excision
activity (Figure 2 and Table 1). These results further
underscore the plasticity of NEIL1 lesion binding modes to
adjust to the specific structural features of a given lesion.

Uracil Glycol (Ug) Is More Efficiently Removed by UE
NEIL1. The Tg lesion exhibited the largest difference in
removal by UE relative to Ed NEIL1 (Table 1). To test Ug as a
potential substrate, U}g—containing oligonucleotides were
prepared (Figure $2).>° Ug removal under single-turnover
conditions by Ed and UE NEIL1 was evaluated using manual
(Figure S3) or rapid quench flow methods (Figure $4)" and
revealed clear isoform-specific differences in Ug removal from
Ug:G and Ug:C substrates. The data was fitted to a single-
exponential equation to extract k, and compared to results with
Tg (Table 1 and Figures 2 and S4). For the Ug:G substrate,
UE NEIL1 displays a 6-fold faster rate for Ug removal
compared to Ed NEIL1. Yet, UE NEIL1 showed a 30-fold
faster rate for the removal of Tg from the corresponding Tg:G
duplex than Ed NEILIL.'> 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.

Biphasic Ug Excision by NEIL1 Isoforms Consistent
with Multiple Lesion Binding Modes. A feature that
emerged in the analysis of Ug removal was that the data was
best fit to a two-exponential equation P = A(1 — exp(—k,'t)) +

B(1 — exp(—kg”t)) (Figure 3) consistent with two distinct
excision processes. Though not as visually obvious, the Tg data
also was better fitted using a two-exponential equation. In
addition, both isoforms remove Ug at overall lower levels of
completion relative to Tg (Table 2). The kinetic parameters
determined using two-exponential fitting provided a larger rate
constant (kg’) and an associated amplitude, A, and a smaller
rate constant (k,”) with an associated amplitude, B. We
suggest that the two rate constants correspond to two distinct
processes where the large rate constant k,’ 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. The ability of
NEIL1 to bind lesions in alternative noncatalytically
competent conformations is consistent with the recent
structural work by Yi and co-workers with Ed and UE
NEIL1 bound to several lesion-containing substrates.”” Two
distinct lesion conformations were observed that were
dependent on lesion and NEIL1 isoform: the two lesion
binding modes were proposed to represent an activated state
poised for catalysis and a “quarantine” state that stalls base
excision (Figure 3E,F).*

A comparison of the Ug and Tg excision rate constants and
associated amplitudes provides further insight into the
influence of the lesion and NEIL1 isoform on the relative
population of the different lesion complexes. Notably, the rate
constants (k;" and k") for Tg and Ug lesion excisions were
overall quite similar for both isoforms of NEIL in all of the
base-pairing contexts evaluated (Table 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 excisions is associated
with the larger rate constant (k,") (Figure 3 and Table 2). In
contrast with Ed NEIL1, most of the Ug or Tg excision (80—
90%) was associated with the smaller rate constant (k,"). The
observation of a higher extent of the Ug and Tg substrates that
are processed with a faster rate by the UE NEIL1 enzyme
suggests that UE NEIL1 more effectively positions the Ug or
Tg lesion in the active site in a manner that supports optimal
base excision. In the recent structural study (Figure 3E,F), the
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alternative quarantine conformation was observed only with Ed
NEIL1.

NEIL1 Isoforms Differentially Recognize Uracil Glycol
in Duplex DNA. Electrophoretic mobility shift assays
(EMSA) were used to measure relative dissociation constants
for the two NEIL1 isoforms to Ug- and Tg-containing duplex
DNAs (Figure 4). EMSA were performed with the KS4L
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[Enzyme] nM
c) . : :
lesion edited (nM)  unedited (nM)

Ug:G 11+1 16+3
Tg:G 1.7+£0.5 6.5%2.2

Figure 4. Edited (Ed) NEIL1 binds to Tg- and Ug-containing DNAs
tighter than the unedited isoform. Plot of percent bound enzyme,
either A56 KS4L Ed NEILI (blue) or AS6 KS4L UE NEILI (gray),
vs total enzyme concentrations ([Etotal] = ~[Efree]) for 30-nt
duplexes (1e2) containing (A) Ug:G or (B) Tg:G measured by
electrophoretic mobility shift assays (EMSAs). Panel (C) reports the
values from EMSA and is shown in plots (A) and (B). Data was
obtained at 25 °C and 150 mM NaCl with 10 pM substrate and
enzyme concentrations ranging from 1000 to 0.2 nM. Data was fit to
the equation: C[E]"/((Ky)" + [E]"), Hill coefficient = 1.

variant and truncated form of NEIL1 (A56 KS4L Ed NEIL1
and AS6 K54L UE NEIL1).**”* Mutation of Lys54 to Leu
ablates the NEIL1 glycosylase activity, allowing lesion-duplex
affinity to be determined without substrate processing.*’
Truncation of 56 residues from the disordered C terminal
domain of NEILI improves the ability to resolve and quantify
bands in the EMSA.”” Previous work has shown that this
truncation does not significantly impact the activity of the
enzyme.”> Both Ed and UE A36 KS4L NEILI display tight
binding to Ug, with Ed NEIL1 binding slightly tighter (11 + 1
nM) than the unedited isoform (16 + 3 nM). The binding
affinity of Ug:G is decreased relative to that of Tg:G (1.7 + 0.5
nM for Ed and 6.5 + 2.2 nM for UE NEIL1)," and the

magnitude of the affinity difference between the two isoforms
is greater with Tg (Figure 4). Similarly, Ed AS6 KS4L NEIL1
exhibits an ~4-fold greater affinity (1.8 + 0.6 nM) than the
unedited enzyme (6.3 + 0.2 nm) to a 5-OHU:G duplex.”’
Remarkably, the 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 S-OHU than edited NEIL1. The origin of base
excision activity differences likely arises at catalytic steps and
may be related to the amounts and positioning within the
active site vs alternative sites. The inability to resolve multiple
distinct binding modes in EMSA suggests that the affinities of
the Ug lesion with the active site vs alternative sites are similar.
Our data suggests that the affinity for these pyrimidine lesions
may be slightly higher in the noncatalytic site, especially with
Ed NEIL1, and this may serve to strategically control lesion
excision.

UE NEIL1 Preferentially Removes Oxidized U/T
Pyrimidine Lesions. UE NEIL1 was found to excise the
oxidized lesions examined herein with the following trend in
observed rates: Gh > Tg > Ug > 5-OHU > DHT > 5-OHC >
OI =~ 5-hmU. The overall trend is similar but with some small
differences for Ed NEIL: Gh > Ug > Tg > DHT =~ 5-OHU >
5-OHC > OI = 5-hmU. Notably, the relative difference in rate
constants (UE/Ed) decreases as Tg > Ug > S-OHU > S-hmU
~ OI:C > DHT = OL:T > 5-OHC > Gh. From the NEIL1-Tg
crystal structures and QM/MM calculations, Zhu et al
proposed that NEIL1 engages with the lactim tautomer of
Tg to allow for hydrogen bonding of the Lys/Arg242 side
chain with N3 of Tg (Figure SS). In this proposed mechanism,
the differences in the pK, between UE (K242, pK, ~ 10.5) and
Ed (R242, pK, ~ 12. S) provide for a greater extent of proton
donation with UE NEIL1 to promote Tg tautomerization and
facilitate faster excision.'”> Clearly, the influence of acidity of
the 242 side chain is most dramatic with Tg, indicating that the
contact may not occur or is less influential on NEIL1 excision
with other pyrimidine lesions.

Gas-Phase Calculations Reveal Base Tautomerization
Influences Base Excision. To provide insight into the
mechanistic features of Ed and UE NEIL1 lesion-specific
activities, we conducted gas-phase calculations of the
pyrimidine lesions Tg, Ug, 5-OHU, 5-hmU, DHT, and 5-
OHC, the purine lesion OI, and the lesion Gh, using B3LYP/
6-31+G(d). Prior studies have shown that gas-phase
calculations lend insight into the reactivity in the nonpolar
environment of enzyme active sites.”' ~*® Specifically, if the role
of the glycosylase is to provide a hydrophobic environment, in
which base lesion excision depends on the intrinsic lability of
the N1—C1’ bond, the gas-phase acidities have been shown to
track, trendwise, with the rate of excision.

The five pyrimidine lesions, Tg, Ug, 5-OHU, 5-hmU, and
DHT, can adopt lactim and lactam structures. S-OHC lesion is
a different structure from the other pyrimidines since it does
not have a carbonyl at the 4 position and would not be defined
as a lactam or lactim. The stability of the pyrimidine lesions in
the lactam and lactim tautomeric forms was evaluated to
provide insight into how the structure influences the intrinsic
propensity to tautomerize. In the gas phase, we find that the
most stable tautomer is the lactam, over the lactim, for Tg, Ug,
5-OHU, S$-hmU, and DHT (enthalpies in Table 3 and
structures in Figure S6).

In terms of the relative stabilities among the lactim
tautomers, for Tg, Ug, and 5-OHU, the 2-hydroxy lactim
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Table 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
S-hmU 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 at 298 K, calculated using B3LYP/6-31+G(d).
bThe 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 CS.

(“2-OH lactim”) is preferred energetically. For S-hmU and
DHT, the 4-hydroxy lactim (“4-OH lactim”) is more stable
(Table 3 and Figure S6). Note that when each lactim is
calculated, there are two possible rotamers. The 2-hydroxy
group can have the proton oriented “toward” the N3 or
“toward” the NI1. Likewise, the 4-hydroxy proton could be
pointed toward the N3 side of the substrate vs the CS5. In
actuality, this O—H bond may freely rotate, but when
performing calculations, one has to “freeze” out the possible
structures, as listed in Table 3. The calculations herein for Tg
are in alignment with those previously reported, where Tg 2-
OH lactim had a lower relative energy than the Tg 4-OH
lactim tautomer."”

The N1-H acidity (AH,qg kcal/mol) of the neutral more
stable lactam substrates was determined to ascertain the
correlation with the experimental trends for enzyme excision
(Figure S6). We find that the calculated N1-H acidity trend for
the lactam structures is S-hmU (325.9) > 5-OHU (330.4) >
Ug (341.4) > Tg (342.0) > DHT (347.7), which does not
track with the trends observed in our experimental results
(Table 1), either in the magnitude of excision rate constants k
or in the UE:Ed NEIL1 excision rate ratio. This lack of
correlation is consistent with the proposed importance of the
lactim tautomer, which would be favored by the interaction
with Lys242 in UE and Arg242 in the Ed NEIL1."”

Given the proposed importance of the lactim structure in the
excision mechanism, we also calculated the N1-H acidities for
the 2-OH and 4-OH lactims (Figure S6). Regardless of
whether we look at the 2-OH lactims or 4-OH lactims, none of
the N1-H acidity trends track with either k; or the UE:Ed
NEIL1 excision ratio (Table 1). For example, comparison of
the 2-OH lactim tautomers in Figure S6 for the N1-H acidity
of Tg vs 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 k, and higher UE:Ed
NEIL1 excision rate ratio. Thus, the N1-H acidities of the
lactims seem to show no correlation to experimental data.

N3 Proton Affinity Influences the Difference in
Excision between the Two Isoforms. We determined the
proton affinity (PA, kcal/mol) at N3 for the lactim forms of
the pyrimidine lesions to evaluate the intrinsic propensity of
N3 to behave as a hydrogen bond acceptor with Lys/Arg242 of
NEIL1 (Figure S6). In initial calculations, we evaluated a
model where all of the lesions adopt the 2-hydroxy form in the
same rotamer, as proposed for Tg with NEILL."> The N3
proton affinity trend is DHT (230.0, 2-OH lactim) > Tg
(222.2, 2-OH lactim) > S-hmU (2204, 2-OH lactim) > Ug
(219.5, 2-OH lactim) > 5-OHU (218.7, 2-OH lactim). This is

not consistent with the UE:Ed NEIL1 experimental excision
ratio; this is not completely surprising in light of our
calculations that showed that 5-hmU and DHT prefer the 4-
hydroxy lactim tautomer. Indeed, the tracking of the N3
proton affinity of the 2-hydroxy lactim for Tg, Ug, and 5-OHU
and for the 4-hydroxy lactim for 5-hmU and DHT 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) > S-
hmU (215.2, 4-OH lactim) > DHT (214.7, 4-OH lactim). The
three lesions that are more stable as the 2-hydroxy lactim form
are also those that are most efficiently removed with the
greatest preferential excision by UE over Ed NEIL1. This
correlation between our calculations and the experimental
excision ratio supports the importance of the N3 protonation
with the most stable lactim.

Three lesions evaluated in this study are structurally different
from the lactam/lactim pyrimidines: S-OHC (a pyrimidine
without a carbonyl at O4), Gh (guanidinohydantoin), and OI
(a purine) (Figure S7). For S-OHC, the analogous structure to
the lactims would be the structures shown in Figure S7. Of
these, the 5-OHC 4-NH lactim, with the 4-NH proton
oriented toward N3, is the most stable lactim-like structure.
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. Due to this N3-H in 5-OHC,
one might expect the edited form of NEILI, with the less
acidic R242, to render a faster excision rate than the UE; this is
in fact found to be true (UE:Ed for S-OHC is 0.7). The N3 has
a relatively low PA as well of 174.4 kcal/mol. For Gh, the more
stable lactim-like structure is Gh 2-OH lactim (here, we use
atom numbering that is analogous to the pyrimidines) (Figure
S7). This structure 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), presumably because Gh is already
protonated, so another protonation would make the substrate
doubly charged. Because Gh is charged, it is more quickly
excised by both Ed and UE NEIL1(Table 1), consistent with
the higher N1-H acidity (Figure S7); however, the UE/Ed
excision ratio for Gh of 0.3 indicates that the more acidic K242
in the UE form does not enhance excision, which is also
consistent with the low PA at N3. For OI, we also number the
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 OI to more closely
approximate a U/T lesion structure is consistent with the
modest increased removal by UE over Ed.

The trend of the N3 PA for the most stable lactim and
lactim-like structures for all of the lesions is as follows: 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) > OI (206.0, 4-OH lactim) > 5-OHC
(174.4, 4-NH lactim) > Gh (140.5, 2-OH lactim) (Figure S8).
This compares favorably to trends in the UE:Ed excision ratio
(Table 1). Notably, the three pyrimidine lesions that are more
stable as the 2-hydroxy lactim form are also those that are most
efficiently removed with the greatest preferential excision by
UE over Ed NEILI. This correlation between our calculations
and the experimental excision ratio supports the importance of
the N3 proton affinity of the most stable lactim.

Insights into the Mechanism of Lesion-Specific
Removal by Ed and UE NEIL1. Our experimental results
and calculations suggest that pyrimidine lesions that are
preferentially excised by UE NEIL1 more readily form the 2-
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Figure S. Structural features of oxidative damage influence base tautomerization and interaction with NEIL1. (A, B) X-ray structures of Ed (R242,
PDB ID: SITY) and UE (K242, PDB ID:SITX) NEIL1 show that Glu3, Glu6, and Lys/Arg242 make key contacts with the Tg base. (C)
Correlation of the ratio of the lesion excision and favored tautomer. Lesions are ordered based on N3 proton affinity (AH kcal/mol, blue). The free
base is shown as calculations were performed on free base, and excision rates were obtained with duplex DNA (Table 1). (D) Schematic proposal
of the impact of the preferred base tautomer on the rate of excision and isoform difference excision.

OH lactim tautomer in the active site and therefore are readily
protonated by Lys242 (Figure S). The reduced N3 PA of
lesions (5-hmU, DHT) that favor the 4-OH lactim tautomer
likely makes the excision of these lesions less sensitive to the
inherent differences in pKa of Lys vs Arg in UE and Ed NEILI,
respectively. Moreover, the lactim tautomer encountered by
NEILL1 likely impacts placement in the activated conformation
poised for catalysis relative to alternative or quarantine states.
More favorable contacts between the catalytic residue Glu6
and the Tg 2-OH lactim tautomer were suggested on the basis
of the Tg lesion—DNA structure. In contrast, the lesions that
favor the 4-OH tautomer, such as DHT, may not provide for
the preferred alignment of the catalytic residues with either
isoform for optimal excision. The lesion-specific features are
likely further exacerbated by the residue at position 242 and its
influence on tautomerization and engagement within the active
site. Indeed, in the structural studies, Arg242 in Ed NEIL1 was
not engaged with the dihydrouracil (DHU) lesion and was
pointed away in an alternate conformation (Figure 3E,F).
The activity of NEIL1 on Ug, which lacks the methyl group
of Tg, revealed additional features that highlight the intricate
relationship between lesion structure, binding and excision,
and NEIL1 isoform. The magnitude of the preferred excision
by UE over Ed NEIL1 decreased with Ug compared to that
with Tg, which was consistent with the decreased N3 proton

14585

affinity due to the absence of the methyl group. The X-ray
structures (R242, PDB ID: SITY and K242, PDB ID: SITX)
also showed that the S-methyl group of Tg is tucked into a
hydrophobic pocket and its presence likely facilitates place-
ment in the activated catalytic state. Indeed, the biphasic
kinetics of NEIL1 processing with Ug is consistent with two
distinct excision processes and a larger fraction of Ug is
processed at the slower rate compared to that of Tg, with both
isoforms consistent with the absence of the methyl group
leading to reduced engagement within the active site. In
addition, the kinetics of Ug excision by UE NEIL1 showed
more substrate excision associated with the faster process than
with Ed NEIL1, while the Ky measurements showed that Ed
NEIL1 binds Ug DNA with a higher affinity than UE NEILI.
These results suggest that Ed NEIL1 may bind more of the Ug
lesion tightly in a nonproductive conformation. Taken
together, the subtle differences observed with Ug underscore
how the isoform tips the balance between the various lesion
binding modes.

Catalytic Vs Structural Lesion Verification. Our results
reveal an intimate relationship between the NEIL1-mediated
recognition of lesion structure and catalysis of base excision.
Structural features of a given lesion will impact propensity for
tautomerization and inherent lability, as well as whether the
lesion preferentially engages in the “activated” vs quarantine
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state(s). Both NEILI isoforms remove flat, aromatic lesions
(DHT, O, 5-OHU/C) less efficiently than nonplanar lesions
(Gh/Sp/Tg), suggesting that flat lesions are more readily
captured in the quarantine state by stacking on Tyr244 (Figure
3F). The quarantine state may also be less likely to bind
hydrophilic lesions (Tg/Gh) that are capable of solvent-
mediated interactions in the activated conformation (Figures
3E,F and S).

A role for promoting tautomerization rationalizes the relative
processing of the pyrimidine substrates Tg/Ug/S-OHU by UE
vs Ed NEIL1. Both 5-OHC and Gh are removed more
efficiently by Ed NEIL1. In the case of 5-OHC, enhanced
tautomerization would not aid in removal since this would
place a proton at N3 and provide for a repulsive interaction
with the more acidic Lys242. The hydantoin lesion Gh is a
much better substrate for both Ed and UE NEIL1 than Tg, and
this is due to its inherent lability (as reflected in N1-H acidity).
In this case, Lys/Arg242 to the lesion may be important for
positioning the lesion within the active site rather than base
excision catalysis. It should also be noted that FapyG lesions
are also good substrates for both isoforms of NEIL1, indicating
potential other important factors in defining excision.”*

A critical factor that has been largely overlooked that
strongly influences NEIL1 excision is the base positioned
opposite the lesion. Indeed, all lesions are more efficiently
removed when base-paired with “C”, suggesting that the
interaction of Argll8 with C impacts the placement of the
lesion base into the active site and may also hinder binding in
alternative noncatalytic modes. Moreover, the identity of the
residue at 242 likely impacts the conformational flexibility of
the lesion recognition loop and influences initial damage
detection and base-flipping steps. In the absence of the lesion,
the lesion recognition loop adopts a completely different
conformation.*” Previous structural and computational studies
have argued that the loop conformational flexibility explains
the wide substrate scope of the Fpg/Nei family of
glycosylases.'”'>*’=*" Clearly, additional structural and
biophysical studies will be needed to sort out the complex
means by which NEILI isoforms select and excise different
lesions in different contexts and the influence of the residue at
position 242.

Biological Implications of NEIL1 Recoding. Editing of
the NEILI pre-mRNA impacts the function of NEIL1 in vitro,
yet the biological role of having two isoforms of NEILI is still
unclear. ADAR1 overexpression and transcriptome hyper-
editing are associated with cancer.'®*”*" Additionally, ADAR1
expression is upregulated under conditions associated with
inflammation, a feature of both cancer initiation and
progression.'”*> Two examples showed that NEIL1 mRNA
was completely edited in patients with lung cancer and
multiple myeloma.””>"

From one gene, RNA editing by ADARI gives two isoforms
of NEIL1 with overlapping but altered substrate specificities.
This suggests that RNA editing may play a unique regulatory
role in responding to cellular conditions and the spectrum of
DNA lesions formed under specific cellular conditions. Under
normal cellular conditions, in a given cell type, there may be a
balance of the two isoforms needed to handle the lesions
present. Conditions of oxidative stress and inflammation
resulting in the increased generation of oxidative lesions (like
Gh) also upregulate ADARI expression, providing more Ed
NEILLI to cope with these types of lesions.””>* On the flip side,
aberrant hyperediting by ADARI of NEIL1 leading to reduced
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amounts of UE NEIL1 may erode the repair of oxidized
pyrimidines (5-OHU, Tg) resulting in increased mutations,
strand breaks, and genomic instability. Genomic instability
drives oncogenic transformation, a feature that is also known to
be associated with ADARI1 overexpression.”””>
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B ABBREVIATIONS

5-OHC 5-hydroxycytosine

S5-caC  S-carboxycytosine

5-C S-formylcytosine

S-hmC  5-hydroxymethylcytosine
5-mC  S-methylcytosine

S5-hmU  5-hydroxymethyluracil
5-OHU S-hydroxyuracil

A adenosine

ADARI1 adenosine deaminase acting on RNA 1
BER base excision repair

C cytosine

DHT  dihydrothymine

DHU  dihydrouracil

Ed edited

G guanosine

Gh guanidinohydantoin

EMSAs electrophoretic mobility shift assays
FapyA  4,6-diamino-S-formamido-pyrimidine
FapyG  2,6-diamino-4-oxo-5-formamidopyrimidine
FGh 2'F-guanidinohydantoin

Fpg formamidopyrimidine DNA glycosylase
FTg 2'-fluorothymidine glycol

I inosine
oG 8-o0x0-7,8-dihydroguanine
Ol 8-oxoinosine

PA proton affinity
RONS  reactive nitrogen and oxygen species

Sp spiroiminodihydantoin
T thymine
TET ten-eleven-translocation

Tg thymine glycol
UE unedited
Ug uracil glycol
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