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Abstract

Pre-mRNA encoding human NEIL1 undergoes editing by adenosine deaminase ADAR1 that 

converts a single adenosine to inosine, and this conversion results in an amino acid change of 

lysine 242 to arginine. Previous investigations of the catalytic efficiencies of the two forms of the 

enzyme revealed differential release of thymine glycol (ThyGly) from synthetic 

oligodeoxynucleotides, with the unedited form, NEIL1 K242 being ≈30-fold more efficient than 

the edited NEIL1 K242R. In contrast, when these enzymes were reacted with 

oligodeoxynucleotides containing guanidinohydantoin or spiroiminohydantoin, the edited K242R 

form was ≈3-fold more efficient than the unedited NEIL1. However, no prior studies have 

investigated the efficiencies of these two forms of NEIL1 on either high-molecular weight DNA 

containing multiple oxidatively-induced base damages, or oligodeoxynucleotides containing a 

bulky alkylated formamidopyrimidine. To understand the extent of changes in substrate 

recognition, γ-irradiated calf thymus DNA was treated with either edited or unedited NEIL1 and 

the released DNA base lesions analyzed by gas chromatography-tandem mass spectrometry. Of all 
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the measured DNA lesions, imidazole ring-opened 4,6-diamino-5-formamidopyrimidine 

(FapyAde) and 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua) were preferentially 

released by both NEIL1 enzymes with K242R being ≈1.3 and 1.2-fold more efficient than K242 

on excision of FapyAde and FapyGua, respectively. Consistent with the prior literature, large 

differences (≈7.5 to 12-fold) were measured in the excision of ThyGly from genomic DNA by the 

unedited versus edited NEIL1. In contrast, the edited NEIL1 was more efficient (≈3 to 5-fold) on 

release of 5-hydroxy-cytosine. Excision kinetics on DNA containing a site-specific aflatoxin B1-

FapyGua adduct revealed an ≈1.4-fold higher rate by the unedited NEIL1. Molecular modeling 

provides insight into these differential substrate specificities. The results of this study and in 

particular, the comparison of substrate specificities of unedited and edited NEIL1 using 

biologically and clinically important base lesions, are critical for defining its role in preservation 

of genomic integrity.

Keywords

base excision repair; RNA editing; formamidopyrimidines; thymine glycol; aflatoxin; 
hepatocellular carcinoma

1. Introduction

The fundamental steps defining the DNA base excision repair (BER) pathway are conserved 

across all organisms, with altered or damaged bases being detected and removed by DNA 

glycosylases. Not surprisingly, due to the intrinsic properties of DNA that render it 

susceptible to base changes such as exocyclic deamination, ring saturation, ring 

fragmentation, oxidation, and alkylation, DNA glycosylases generally possess broad 

substrate specificities to confer genomic stability through limiting mutagenesis that can 

occur from error-prone translesion synthesis past these lesions (reviewed in (1, 2)). Factors 

that modulate the activities of these enzymes include, but are not limited to, tissue-specific 

expression, stages in the cell cycle when damage is either produced or detected, post-

translational modifications, gene expression profiles, chromatin structure, and RNA editing 

(reviewed in (3-7)).

Reactive oxygen species that are generated via ionizing radiation, heavy metals, and 

numerous physiological pathways constitute one of the most common sources of DNA base 

damage. These exposures can generate imidazole ring-fragmented purines, saturated 

pyrimidines, and oxidized adenines or guanines, including 8-hydroxyguanine (8-OH-Gua) 

(reviewed in (1)). In mammalian cells, a series of DNA glycosylases recognize and initiate 

repair of these lesions, including NEIL1, NEIL2, NEIL3, OGG1, and NTH1 (reviewed in 

(1)). The discovery and characterization of the NEIL genes were initially reported by 

multiple laboratories (8-10). Using site-specifically modified oligodeoxynucleotides and 

irradiated genomic DNAs, the NEIL1 substrates included 4,6-diamino-5-

formamidopyrimidine (FapyAde), 2,6-diamino-4-hydroxy-5-formamidopyrimidine 

(FapyGua) (9, 11), thymine glycol (ThyGly) and a subset of saturated and deaminated 

pyrimidines (8-12). Although the excision of 8-OH-Gua by human NEIL1 has been reported 

(10), many other in vitro and in vivo studies have not confirmed this activity (reviewed in 
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(1)). However, the secondary oxidation products of 8-OH-Gua, guanidinohydantoin (Gh) 

and its isomer, iminoallantoin, both diastereomers of spiroiminodihydantoin (Sp1 and Sp2), 

and two diastereomers of 5-carboxamido-5-formamido-2-iminohydantoin (R)-2Ih and 

(S)-2Ih have been found to be excellent substrates for NEIL1 (13-18). Additional base 

damage substrates for NEIL1 that have been identified using synthetic oligodeoxynucleotide 

substrates include: psoralen-induced DNA crosslinks in 3-stranded structures (19), psoralen-

induced 4-stranded crosslinks (20), 5-carboxylcytosine (21), methyl-FapyGua (16), amine 

adducts of hydantoins (22), 8,9-dihydro-8-(2,6-diamino-4-oxo-3,4-dihydropyrimid-5-yl-

formamido)-9-hydroxyaflatoxin B1 (AFB1-FapyGua)(23, 24), and nitrogen mustard-

FapyGua (25).

It has previously been demonstrated that the pre-mRNA encoding NEIL1 undergoes editing 

by adenosine deaminase, ADAR1, with deamination of C6 at adenosine 726 to form inosine 

(26, 27). Since inosine codes as guanosine during translation, this edited mRNA changes the 

amino acid codon at position 242 from lysine (K) to arginine (R). Although the biological 

significance of the K242R change has not been well elucidated, ADAR1 expression is 

induced by a variety of stressors, including interferon α (26, 28). This may explain an 

aberrant hyper-editing of NEIL1 that was found in multiple myeloma cell lines and patient 

samples (29). Analyses of cell lines with low ADAR1 levels and expressing K242 and 

K242R suggested functional differences of these NEIL1 forms, with the edited form 

conferring higher growth rates, enhanced cell cycles progression, and upregulation of 

markers of DNA double-strand breaks (29).

The vast majority of prior studies on the substrate specificity of NEIL1 have used the edited 

form. However, comparative analyses of K242 versus K242R revealed that the catalytic 

efficiency of these enzymes on oligodeoxynucleotides containing site specific lesions could 

vary greatly. Specifically, the K242 removed ThyGly ≈ 30-fold more efficiently than 

K242R, while the edited form was more efficient on oligodeoxynucleotides containing Gh 

and Sp lesions (26). The increased efficiency of incision by the K242 on ThyGly-containing 

substrates has been confirmed (16, 30). To further understand the basis for these differences, 

binding studies were carried out with the two NEIL1 forms with oligodeoxynucleotides 

containing 2′-fluorothymidine glycol in either a ribo- or arabino-configuration (31). Since 

binding affinities were similar for both K242 and K242R, these data suggested that the 

effects of editing on substrate specificity are related to a kinetic base excision step rather 

than ThyGly recognition.

Given that current data on the substrate specificity of the unedited NEIL1 have been limited 

and that all previous characterizations of this enzyme have been carried out using synthetic 

oligodeoxynucleotides, the purpose of this investigation was to expand the understanding of 

the substrate differences between the two forms of NEIL1 using damaged genomic DNA 

with multiple lesions. In addition, considering the protective role of NEIL1 in formation of 

aflatoxin B1 (AFB1)-induced hepatocellular carcinoma (HCC) in mice (23), the two forms of 

NEIL1 were compared on oligodeoxynucleotides containing the AFB1-FapyGua adduct.
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2. Materials and Methods

2.1. Expression constructs

Procedures for the construction of the pET22b(+) vector for expression of the edited human 

NEIL1 were previously described (26, 32). The corresponding vector for expression of the 

unedited NEIL1 was created using Q5 Site-Directed Mutagenesis Kit (New England 

BioLabs). Following plasmid isolation, the expected substitution was confirmed by Sanger 

sequencing and the sequence of the open reading frame coding for the unedited NEIL1 with 

the C-terminal 6-His-tag was verified (DNA Sequencing Core, Vollum Institute, Oregon 

Health & Science University).

2.2. Expression and purification of NEIL1 enzymes

Expression and purification of NEIL1 enzymes were performed according to protocols 

initially developed for the edited NEIL1 (26, 32). The current version of these protocols was 

recently published (24).

2.3. Preparation of high-molecular DNA substrate for glycosylase reactions

Preparation of high-molecular DNA substrate from commercially available calf thymus 

DNA using a 60Co γ-ray source was recently reported (24). DNA samples were γ-irradiated 

at a dose of either 5 Gy or 20 Gy.

2.4. NEIL1-catalyzed reactions using high-molecular weight DNA substrates and 
detection of excised DNA base lesions by gas chromatography-tandem mass spectrometry 
(GC-MS/MS)

For NEIL1-catalyzed reactions, aliquots of γ-irradiated DNA were supplemented with 

aliquots of stable isotope-labeled analogues of DNA base lesions as internal standards. 

Incubation of DNA samples with unedited and edited NEIL1, with subsequent analysis of 

the released DNA base lesions by gas chromatography-tandem mass spectrometry (GC-

MS/MS) was performed as described in our prior studies (24, 33). The measured levels of 

the excised DNA base lesions were expressed as number of lesions per 106 DNA bases. The 

mean values with standard deviations were calculated from the measurements of twelve 

independently prepared DNA samples, and analyzed using KaleidaGraph software (Synergy 

Software).

2.5. DNA glycosylase assays using oligodeoxynucleotides with a site-specific AFB1-
FapyGua

Procedures for synthesis of 24-mer oligodeoxynucleotide containing AFB1-FapyGua (5′-
ACCACTACTATXATTCATAACAAC-3′ where X denotes site of modification) were 

previously reported (34). The complementary oligodeoxynucleotide (5′-
GTTGTTATGAATCATAGTAGTGGT-3′) that was designed to have a cytosine opposite the 

lesion was synthesized by Integrated DNA Technologies. The double-stranded DNA 

substrate, with the adducted strand labeled with 32P at the 5′ terminus was prepared as 

described in our prior study (23).
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The rate constants for NEIL1-catalyzed excision of AFB1-FapyGua were measured under 

single turnover conditions as previously described (23, 24). DNA substrate and enzyme 

concentrations were 20 nmol/L and 500 nmol/L, respectively. The reactions were performed 

at 37 °C. DNA was separated by gel electrophoresis under denaturing conditions 

(polyacrylamide gel containing 8 mol/L urea and DNA samples containing 63 % (v/v) 

formamide). The reaction products were visualized using a Personal Molecular Imager 

System (Bio-Rad) and quantified from a phosphor screen image by Quantity One Software 

(Bio-Rad). The rate constant was obtained from the best fit of the data to a single 

exponential equation using KaleidaGraph software.

2.6. Modeling FapyGua in the NEIL1 active site

The crystallographic coordinates for C-terminally truncated (Δ95-CTD) K242 and K242R 

NEIL1 bound to duplex DNA containing ThyGly (30) were retrieved from the Protein Data 

Bank (www.rcsb.org; PDB ID 5ITX and 5ITY, respectively). The FapyGua was modeled in 

the NEIL1 active site in the β-anomeric configuration using the program UCSF Chimera 

(35). However, we retained the sugar-phosphate backbone conformation of the 

deoxynucleotide extruded from the duplex seen in the crystal structure of the NEIL1:ThyGly 

DNA complex. Of the four possible rotameric conformations of the formamide group, we 

used the conformation that previously was identified by NMR spectroscopy of the acetyl-

protected monomeric FapyGua as the major species (the cis-amide conformer that is 

stabilized by a hydrogen bond between the carbonyl oxygen of the formamide and the NH of 

the glycosidic bond) (36). According to analyses by the density functional theory, this 

conformer (Z2 in the referenced study) is expected to be dominant in single-stranded DNA 

and exist in equilibrium with two other conformers (E and Z1) in double-stranded DNA 

(37). The FapyGua residue was modeled both in the syn and anti conformations. The active 

site NEIL1 structures with FapyGua were energy minimized with Amber 14 (38).

3. Results

3.1. Excision of oxidatively-induced base lesions from high-molecular weight DNA

To compare specificities of the unedited and edited forms of NEIL1 for oxidatively-induced 

DNA lesions, high-molecular weight calf thymus DNA was used that had been irradiated 

with γ-rays in aqueous buffered solution saturated with N2O. The advantages of this 

approach include the simultaneous availability of a wide variety of pyrimidine- and purine-

derived lesions in DNA for glycosylase-catalyzed excisions in a single reaction, lack of 

predetermination with regard to sequence context surrounding the lesion site, and much 

lower adduct concentrations per DNA size than in oligodeoxynucleotides, typically 

containing one DNA base lesion per 15 to 30 DNA bases. Thus, this experimental system 

can be considered a simplified model for intracellular conditions.

Following incubation of NEIL1 enzymes with DNA that was exposed to 5 Gy irradiation 

dose, four types of modified bases were detected above background levels: FapyAde, 

FapyGua, ThyGly, and 5-OH-Cyt (Fig. 1A). The two forms of NEIL1 showed no difference 

in their abilities to excise FapyAde or FapyGua under these experimental conditions (Fig. 1B 

& C). The level of ThyGly excised by K242 (corrected for non-enzyme specific hydrolysis) 
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was ≈7.5-fold higher than that produced by K242R (Fig. 1D). This result was consistent 

with prior data demonstrating that the unedited NEIL1 removed ThyGly from 

oligodeoxynucleotides more efficiently than the edited NEIL1 (16, 26). In contrast, K242R 

released ≈5-fold more 5-OH-Cyt relative to K242 (Fig. 1E).

Considering the possibility that release of FapyAde and FapyGua by NEIL1 enzymes was 

limited by the availabilities of these adducts in DNA, the dose of DNA irradiation was 

increased to 20 Gy and glycosylase reactions were repeated (Fig. 1, F-I). As a result of the 

increased irradiation, the levels of FapyAde excised by K242 and K242R increased by ≈2.7 

and ≈3.3-fold, respectively (compare Figs. 1B & 1F). Release of FapyGua also increased, 

with ≈1.5 and ≈1.7-fold higher levels produced by K242 and K242R, respectively (compare 

Figs. 1C & 1G). The effect of editing on excision of FapyAde and FapyGua was apparent 

under these conditions. Relative to the unedited NEIL1, K242R released FapyAde with 

≈1.3-fold higher efficiency (Fig. 1F) and FapyGua with ≈1.2-fold higher efficiency (Fig. 

1G).

The data obtained using DNA that was exposed to 20 Gy dose also confirmed the 

conclusions on differential recognition of ThyGly and 5-OH-Cyt by two forms of NEIL1. 

Specifically, the level of ThyGly excised by K242 was ≈12.3-fold higher than that excised in 

the presence of K242R (Fig. 1H). In fact, there was no statistically significant difference 

between release of ThyGly following incubation with K242R and non-enzyme specific 

hydrolysis. K242R released ≈3-fold more 5-OH-Cyt relative to K242, with no statistically 

significant difference found between incubation with K242 versus no enzyme control 

reaction (Fig. 1I).

Interestingly, the 4-fold increase in DNA irradiation dose that resulted in significantly 

elevated levels of released FapyAde and FapyGua in the presence of NEIL1 enzymes had no 

or negative effect on excision of ThyGly and 5-OH-Cyt. Also, no evidence was found for 

NEIL1-catalyzed release of 8-OH-Ade, 8-OH-Gua, 5-OH-Ura, 5-OH-5-MeHyd, or 5,6-

diOH-Ura. These data demonstrated that of all the measured oxidatively-induced DNA base 

lesions, FapyAde and FapyGua were highly preferred substrates for both edited and unedited 

NEIL1, and with regard to its edited form, also confirmed the previously published data 

(reviewed in (1)).

3.2. Removal of AFB1-FapyGua

Using the edited NEIL1, we previously have demonstrated that this enzyme can catalyze 

excision of AFB1-FapyGua from a synthetic oligodeoxynucleotide (23). AFB1-FapyGua 

(Fig. 2A) is a chemically stable product of metabolically processed AFB1, a known human 

hepatocarcinogen. AFB1-FapyGua accumulates in tissues of exposed animals (23, 39, 40), is 

highly mutagenic (41), and its miscoding properties correlate with a mutagenic signature 

that is attributed to aflatoxin exposure (42-44). We also demonstrated that Neill−/− mice 

accumulated more of AFB1-FapyGua in liver DNA than Neil1+/+ mice and that in a murine 

model, deficiency in NEIL1 was a risk factor for aflatoxin-induced HCC (23). Collectively, 

these observations implicate AFB1-FapyGua as a significant contributor to 

hepatocarcinogenesis associated with aflatoxin exposure and suggest a protective role for 

NEIL1 in this process.
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To compare rates of removal of AFB1-FapyGua by the edited and unedited forms of NEIL1, 

enzymes were reacted with radioactively-labeled site-specifically modified 

oligodeoxynucleotides under single turnover conditions. The data generated for the edited 

NEIL1 have been reported in our recent investigations on rare NEIL1 variants found in East 

Asian populations (24). Representative gel images and plot demonstrating the time-

dependent conversion of substrate to product are shown on Fig. 2B, 2C, and 2D, 

respectively. The average observed excision rate constants (kobs) with standard deviations 

were calculated for each enzyme from three independent experiments. For the edited NEIL1, 

the rate was (0.18 ± 0.01) min−1, which was in a good agreement with the rate of (0.17 ± 

0.03) min−1 measured in our prior study (23). The rate of excision by the unedited NEIL1 

was (0.26 ± 0.03) min−1, ≈1.4-fold higher. The difference was statistically significant, with 

the p value of 0.04.

3.3. Modeling the structure of FapyGua in the NEIL1 active site

The structural basis for the differential excision of ThyGly by K242 and K242R has 

previously been addressed by analyzing the crystal structures of NEIL1 enzymes bound to 

DNA that contained either a stable analog of an abasic site or ThyGly (30). The 242 residue 

was shown to be located within a flexible loop (residues 240-252) that is involved in damage 

recognition. In structures with ThyGly, the nucleotide is flipped out of the duplex and 

relative to the native NEIL1 structure, the 242 residue undergoes flipping, with the side 

chain pointing toward the N3 atom of the base (Fig. 3A). The authors reasoned that such 

close proximity of two proton donors would be unfavorable and proposed that ThyGly 

tautomerization from the C2=O keto form to the C2-OH enol form would make the N3 

position a hydrogen bond acceptor. Based on this observation and computational simulation, 

a ribose-protonated pathway was proposed, with the formed C2-OH group playing an 

integral role in the catalysis. The first step in the proposed pathway is ribose ring-opening 

that is facilitated by a protonated E3 and accompanied by the nucleophilic attack of P2. The 

positively charged P2 would then be deprotonated with the assistance of the C2-OH group 

which transfers a proton from P2 to E6. One of the functions of K242/R242 in this pathway 

is protonation of the base, specifically at N3, which is a concluding step in scission of the 

glycosidic bond. Since the K242 would be a better electron donor than R242 based on a 

lower pKa, the more efficient excision of ThyGly by the unedited NEIL1 is highly consistent 

with the proposed model. The critical nature of the basic residue at position 242 in base 

excision was reinforced by site-directed mutagenesis and kinetic assays in which K242A, 

K242E, and K242Q were all severely compromised in glycosylase, but not AP lyase 

activities (30).

However, these analyses have been conducted on a relatively poor substrate for NEIL1 and 

not on its dominant, purine-derived substrates. Thus, we modeled FapyGua into the crystal 

structure of K242 NEIL1 (P2G mutant, ΔC-95) complexed with DNA containing ThyGly 

(PDB ID 5ITX) (30). The FapyGua residue was modeled both in the anti and syn 
conformations around the glycosidic bond (Fig. 3B and 3C, respectively). These analyses 

demonstrated that FapyGua could not be accommodated in the NEIL1 active site in the anti 
conformation (Fig. 3B). This conformation creates a clash between the hydrogen-bonding 

face of FapyGua and active site residues E6 and K242 (circled in Fig. 3B), suggesting that 
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either rearrangements of flexible loop occur which are accompanied by major structural 

changes in the NEIL1 active site or the modified base assumes an alternative conformation. 

Consistent with the latter proposal, there were no clashes when FapyGua was modeled in the 

syn conformation (Fig. 3C). The ring-opened portion of the base approximately overlays on 

the ThyGly ring in this structure, , and the hydrogen-bonding face is directed away from P2, 

E3, E6, and the 242 residue, the four key side chains, according to the mechanism postulated 

by Zhu with colleagues (30). Although FapyGua is usually depicted in the imidazole ring-

opened aldehyde form with C8=O, the result of modeling suggested the possibility for a shift 

of the equilibrium to the C8-OH enol form. In such a case, the C8-OH group of FapyGua 

would be positioned just as close or closer to E6 than C2-OH of ThyGly in the reported 

crystal structure (Fig. 3 panels C and A, respectively). Based on this modeled structure, we 

hypothesize that similar to C2-OH in ThyGly, the C8-OH in FapyGua may mediate proton 

transfer from P2 to the carboxylate of E6.

The role of the 242 residue and the identity of the side chain that would protonate the base 

are less apparent from this model. The ultimate target of protonation, N9 of FapyGua, lies 

farther from K242 ζ in our model than N3 of ThyGly in the reported crystal structure (≈5.4 

Å and 3.5 Å, respectively). Additionally, it is even more distant from Y177 and R257, the 

alternative proton donors in the NEIL1 active site. We speculate that the R residue may have 

an advantage over the K residue in reaching the target site as it is longer and can stack under 

the base more effectively. This hypothetical model may explain a more efficient excision of 

FapyGua (and by analogy, FapyAde) by the edited K242R form.

4. Discussion

Murine models of deficiencies in DNA glycosylases have revealed the importance of 

maintaining genomic integrity and intracellular homeostasis. Knockouts of NEIL1, NTH1, 

and MYH/OGG1 have manifested with increased rates of various spontaneous and induced 

cancers (23, 45-49). In addition to elevated cancer risks, mice deficient in NEIL1 or OGG1 

show a full spectrum of symptoms associated with metabolic syndrome, including obesity, 

insulin resistance, fatty liver, and dyslipidemia (7, 47, 50-56). OGG1 knockout mice are also 

highly resistant to pulmonary inflammation in response to allergens such as ragweed pollen 

extracts (57-60). These data highlight the need to understand the regulation and substrate 

specificities of these enzymes.

Regulation and activation of NEIL1 expression in the S-phase (9, 61), its association with 

the replication machinery (61-66) in its proposed “cow-catcher” role in DNA damage 

recognition and initiation of repair (reviewed in (67)), and pre-mRNA processing (16, 26, 

27, 29, 31) likely alter the efficiency and specificity of repair processes. The additional 

important factors that modulate glycosylase activity of NEIL1 include its interactions with 

non-canonical BER components, such as high-mobility group box 1 protein (68, 69) and 

heterogeneous nuclear ribonucleoprotein U (70), and posttranslational modifications. 

Regarding the latter factor, it has been documented that acetylation of NEIL1 at Lys residues 

296-298 stabilizes the formation of chromatin-bound repair complexes and increases 

enzymatic turnover (71). Developing a comprehensive understanding of these processes 

throughout development and aging are also anticipated to have considerable significance 

Minko et al. Page 8

DNA Repair (Amst). Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



since environmental toxicant exposures occur throughout life. Germane to this point, the 

Essigmann laboratory demonstrated a >10-fold increase in aflatoxin-induced mutagenesis 

when exposures occurred in utero (72).

Thus, we carried out this investigation of the unedited (K242) and edited (K242R) forms of 

human NEIL1. In addition to our data confirming results from prior studies demonstrating 

that K242 is much more active on ThyGly-containing DNA substrates, our investigation is 

the first to compare activities of the unedited and edited NEIL1 against two of the major, 

biologically relevant ring-fragmented purines, FapyAde and FapyGua. There was a modest, 

but statistically significant increase in catalytic efficiency in K242R for FapyAde and 

FapyGua. In contrast, K242R showed a lower activity on an oligodeoxynucleotide 

containing the AFB1-FapyGua adduct.

Our data also demonstrate that increased catalytic efficiency for the excision of ThyGly by 

K242 does not expand its substrate specificity to a variety of saturated pyrimidines. Previous 

analyses of the bases released from γ-irradiated genomic DNAs by human and mouse 

NEIL1 showed that damaged pyrimidine base recognition and release was limited to ThyGly 

(9, 11). Mouse NEIL1 also exhibited some minor activity for 5-OH-5-MeHyd (11). In 

contrast, experimental designs using oligodeoxynucleotides containing site-specific 5,6-

diOH-Ura, 5-OH-Ura, or 5-OH-Cyt have revealed that these damaged bases can be 

substrates for NEIL1 (9, 21, 73-75). Our data confirm the ability of NEIL1 to excise 5-OH-

Cyt from high-molecular genomic DNA. In contrast to more efficient excision of ThyGly by 

K242, the efficiency of recognition of 5-OH-Cyt was enhanced by the amino acid change 

from K to R.

To elucidate a structural rational for the efficient recognition by NEIL1 of various purine-

derived lesions, we modeled FapyGua in the NEIL1 active site, assuming that the general 

structure of active site in this complex would be similar to that described for ThyGly (30). 

The model revealed that the lesion can be accommodated only if the base adopts the syn 
orientation around the glycosidic bond. Prior modeling of the Sp-Lys adduct in the active 

site of a Mimivirus ortholog of human NEIL1 (MvNei1) suggested that the base also would 

be in the syn orientation (22). Thus, the syn conformation could be common for the purine-

derived lesions in the NEIL1 active site. This is not the case for pyrimidine-derived lesions: 

the base of ThyGly is anti-oriented in structures with human NEIL1 (30) or MvNei1 (76); 

the 5-OH-Ura lesion can adopt both anti and syn conformation in the MvNei1 active site 

(76). Interestingly, in the active site of the related bacterial enzyme, formamidopyrimidine 

glycosylase, the carbocyclic analog of FapyGua displays the anti conformation, whereas 8-

OH-Gua is in the syn conformation (77, 78).

Our modeling suggests that a shift from the free C8=O aldehyde form to the C8-OH enol 

form of FapyGua could direct the catalytic process towards a tautomerization-based 

mechanism, previously postulated for ThyGly (30). The positions of the N7 and O8 atoms in 

the modeled structure of the Sp-Lys adduct with MvNei1 overlap with N3 and O2 atoms in 

ThyGly (22), suggesting a similar mechanism. However, the data within the present study, in 

conjunction with prior findings (16, 26, 30), illustrated the remarkably high differential 

recognition of ThyGly by the two forms of NEIL1, with K242 being more efficient. The 
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differences were less significant or not observed for the other lesions tested and in fact, 

preferred NEIL1 substrates, such as FapyAde, FapyGua, Gh, and Sp, are all recognized 

more efficiently by the edited K242R form. Furthermore, a tautomerization-based step in 

NEIL1-catalyzed excision cannot be universally applied to all purine-derived substrates and 

in particular to various FapyGua lesions that are alkylated at the N7 site.

In conclusion, this study demonstrated differential recognition by the unedited and edited 

NEIL1 of several biologically significant DNA substrates, including common oxidatively-

induced base lesions and the highly mutagenic AFB1-FapyGua. The degree of modulation of 

NEIL1 activity by the K to R amino acid change varied. ThyGly was the only lesion 

recognized by two forms of NEIL1 with a great differential. In the presence of preferred 

NEIL1 substrates, FapyGua and FapyAde, the edited K242R form showed a very limited 

ability for ThyGly removal. These observations are important for understanding the 

mechanisms of DNA damage-induced carcinogenesis and in particular, under conditions of 

aberrant ADAR1-mediated editing.
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Abbreviations:

8-OH-Gua 8-hydroxyguanine

ThyGly thymine glycol

Gh guanidinohydantoin

Sp spiroiminohydantoin

FapyAde 4,6-diamino-5-formamidopyrimidine

FapyGua 2,6-diamino-4-hydroxy-5-formamidopyrimidine

AFB1 aflatoxin B1

AFB1-FapyGua 8,9-dihydro-8-(2,6-diamino-4-oxo-3,4-dihydropyrimid-5-

yl-formamido)-9-hydroxyaflatoxin B1

HCC hepatocellular carcinoma

8-OH-Ade 8-hydroxy-adenine

5-OH-Cyt 5-hydroxy-cytosine
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5-OH-Ura 5-hydroxy-uracil

5-OH-MeHyd 5-hydroxy-5-methylhydantoin

5,6-diOH-Ura 5,6-dihydroxy-uracil

GS-MS/MS gas chromatography-tandem mass spectrometry
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Figure 1. 
NEIL1-catalyzed removal of oxidatively-induced DNA base lesions (A) from high-

molecular weight genomic DNA. The calf thymus DNA exposed to 5 Gy (B-E) or 20 Gy (F-

I) γ-irradiation dose was incubated with no enzyme or in the presence of the unedited or 

edited NEIL1. The released FapyAde (B & F), FapyGua (C & G), ThyGly (D & H), and 5-

OH-Cyt (E & I) were measured by GC-MS/MS using their stable isotope-labeled analogues 

as internal standards. * = p < 0.05; ** = p < 0.01; *** = p < 0.001. The uncertainties are 

standard deviations.
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Figure 2. 
NEIL1-catalyzed excision of AFB1-FapyGua. The reactions were conducted using 24-mer 

double-stranded DNA substrate that contained a centrally-located AFB1-FapyGua (A). 

Representative gel images for the edited (B) and unedited (C) NEIL1 are shown. The data 

shown in plot (D) demonstrate the time-dependent product accumulation, with fit of these 

data that were obtained from three independent experiments (average ± standard deviation) 

to a single exponential equation (correlation coefficient R > 0.99 for each enzyme).
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Figure 3. 
Modeling the FapyGua structure in the NEIL1 active site. Structure of ThyGly in the K242 

NEIL1 active site (A). Modeled FapyGua in the K242 NEIL1 active site with base in the anti 
(B) or syn (C) configuration. Selected residues and atoms are labeled and key interactions 

are indicated with dashed lines.
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