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Abstract

Nei-like glycosylase 1 (NEIL1) is a DNA repair enzyme that initiates the base 

excision repair (BER) pathway to cleanse the human genome of damage. The substrate 

specificity of NEIL1 includes several common base modifications formed under oxidative 

stress conditions, as well as the imidazole ring open adducts that are induced by 

alkylating agents following initial modification at N7 guanine. An example of the 

latter is the persistent and mutagenic 8,9-dihydro-8-(2,6-diamino-4-oxo-3,4-dihydropyrimid-5-yl-

formamido)-9-hydroxyaflatoxin B1 (AFB1-FapyGua) adduct, resulting from the alkylating agent 

aflatoxin B1 (AFB1) exo-8-9-epoxide. Naturally occurring single nucleotide polymorphic (SNP) 

variants of NEIL1 are hypothesized to be associated with an increased risk for development 

of early-onset hepatocellular carcinoma (HCC), especially in environments with high exposures 

to aflatoxins and chronic inflammation from viral infections and alcohol consumption. Given 

that AFB1 exposures and hepatitis B viral (HBV) infections represent a major problem in the 

developing countries of sub-Saharan Africa, it is pertinent to study SNP NEIL1 variants that 

are present in this geographic region. In this investigation, we characterized the three most 

common NEIL1 variants found in this region: P321A, R323G, and I182M. Biochemical analyses 

were conducted to determine the proficiencies of these variants in initiating the repair of DNA 

lesions. Our data show that damage recognition and excision activities of P321A and R323G 
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were near that of wild-type (WT) NEIL1 for both thymine glycol (ThyGly) and AFB1-FapyGua. 

The substrate specificities of these variants with respect to various oxidatively-induced base 

lesions were also similar to that of WT. In contrast, the I182M variant was unstable, such that 

it precipitated under a variety of conditions and underwent rapid inactivation at a biologically 

relevant temperature, with partial stabilization being observed in the presence of undamaged DNA. 

This study provides insight regarding the potential increased risk for early-onset HCC in human 

populations carrying the NEIL1 I182M variant.
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1. Introduction

The combination of environmental exposures, chronic inflammation, and genetic variations 

are known to modulate susceptibility to multiple human diseases, including cancer, 

neurodegeneration, and metabolic syndrome. There has been great interest in gaining in-

depth understandings of these factors, including the identification of the principal drivers 

of disease, with core purposes being to adopt preventative measures and mitigate disease 

initiation and progression. Implementation of such a comprehensive strategy has been 

attempted in the case of hepatocellular carcinoma (HCC), which is responsible for over 

850,000 annual deaths worldwide [1,2], with over 80% of new cases in East Asia and 

sub-Saharan Africa [3,4]. The primary focus of these efforts has been directed toward the 

best-established drivers for HCC: hepatitis B viral (HBV) infection and ingestion of foods 

contaminated with aflatoxin-producing molds [5–7].

Aflatoxin B1 (AFB1) is a mycotoxin produced by the mold species Aspergillus flavus and 

Aspergillus parasiticus that grow on staple foods such as maize, nuts, rice, and wheat [8]. 

Aflatoxins are estimated to affect 5 billion people worldwide, with the distribution clustering 

primarily in East Asia, South Asia, and sub-Saharan Africa [5,7,9,10]. The combination of 

tropical/sub-tropical climates, poor food storage practices, and poverty in these geographical 

regions exacerbate the risk for aflatoxin exposure [8,10]. In sub-Saharan Africa, besides 

the carcinogenic effects from chronic exposure, there have been multiple accounts of acute 

aflatoxicosis outbreaks that resulted in an unprecedented number of casualties (Kenya 2004: 

[11]; Tanzania 2016: [12]).

When ingested, the aflatoxins are absorbed within the gastrointestinal tract and transported 

to the liver, where they undergo metabolic activation to the exo-8,9-epoxides by members 

of the cytochrome P450 family, including CYP1A2 and CYP3A4 [13,14]. AFB1can also 

be activated in human lung by CYP2A13 [15,16]. The AFB1 exo-8,9-epoxide primarily 

reacts with guanines in DNA, initially forming the cationic 8, 9-dihydro-8-(N7-guanyl)-9-

hydroxyaflatoxin B1 (AFB1-N7-Gua) [17]. This species either undergoes spontaneous 

depurination resulting in an apurinic (AP) site or converts into the imidazole ring-opened 

8,9-dihydro-8-(2,6-diamino-4-oxo-3,4-dihydropyrimid-5-yl-formamido)-9-hydroxyaflatoxin 

B1 (AFB1-FapyGua) adduct [17]. In contrast to the cationic AFB1-N7-Gua adduct, the 
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AFB1-FapyGua adduct is chemically stable and persistent in cellular DNA [18–20]. Solution 

structures of duplex DNA containing AFB1-FapyGua reveal intercalation of the AFB1 moiety 

within the base stack, which results in increased stability of the modified DNA to thermal 

denaturation [21,22]. AFB1-FapyGua is a strong block to replication, and both biochemical 

and cell biology data suggest that this lesion is bypassed in a highly error-prone manner by 

DNA polymerase ζ [23,24]. Replication of DNAs containing AFB1-FapyGua was shown to 

induce high-frequency base substitutions, predominantly G   T transversions, with lower 

levels of G   A transitions and G   C transversions [23,25]. Consistent with the key 

role of this adduct in AFB1-induced mutagenesis and carcinogenesis, G   Ttransversions 

are frequently found in the tumor-suppressing TP53 gene in HCCs associated with AFB1

exposure [26–28] and are most common in the mutational signature of AFB1 (COSMIC 

signature SBS24) [29–33].

Nei-like glycosylase 1 (NEIL1) is a DNA repair enzyme that initiates the base excision 

repair (BER) pathway. This bifunctional glycosylase/lyase excises the damaged base 

through hydrolysis of the N-glycosidic bond and then cleaves the phosphodiester bond 

in sequentialβ,δ-elimination reactions, which following removal of the 3′ phosphate 

[34], creates a substrate appropriate for gap-filling DNA synthesis. NEIL1 is able 

to recognize a broad range of hydroxyl and other radical-induced lesions including 

the pyrimidine-derived thymine glycol (ThyGly), 5-hydroxy-5-methylhydantoin (5-OH-5-

MeHyd), and 5-hydroxycytosine (5-OH-Cyt) and purine-derived 2,6-diamino-4-hydroxy-5-

formamidopyrimidine (FapyGua) and 4,6-diamino-5-formamidopyrimidine (FapyAde) (Fig. 

1) [35–43]. The substrate specificity of NEIL1 also extends to alkylated ring-fragmented 

purine lesions, including methyl- and nitrogen mustard-induced FapyGua [37,44], as well as 

alkylated pyrimidines such as psoralen-induced interstrand cross-links [45].

Removal of AFB1-FapyGua was initially attributed exclusively to nucleotide excision repair 

(NER) [46,47]. However, our studies have demonstrated that NEIL1 can efficiently excise 

this adduct from synthetic oligodeoxynucleotides in vitro as well as from genomes of mouse 

liver [19]. The biological significance of this activity was evidenced by Neil1-deficient mice 

having a 3.2-fold increased risk of developing at least one tumor relative to wild-type (WT) 

mice following a single aflatoxin dose [19]. The effect of NER deficiency was significantly 

less, with the risk estimated for XPA mice being only 1.2-fold elevated relative to WT 

[19,46]. Thus, NEIL1 is anticipated to play a critical role in limiting HCC induction by 

cleansing the genome of lesions that are induced by both aflatoxin exposures and chronic 

inflammation associated with HBV infection.

Given the role of NEIL1 in the repair of DNA damage caused by both AFB1 and 

inflammation, it is hypothesized that naturally occurring, pathogenic SNP variants of NEIL1 

could increase human susceptibility to the development of early-onset HCC, especially 

in regions of the world with high aflatoxin exposure and HBV infection. Since these 

represent a major problem in sub-Saharan Africa [5,7,9,10], it is important to study the 

most prevalent SNP NEIL1 variants in this region: I182M, P321A, and R323G. Implications 

of this research may provide proactive strategies for individuals and populations that are 

discovered to be at higher genetic risk for HCC.
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2. Materials and methods

2.1. Expression constructs for creation of NEIL1 variants

The starting plasmid for creation of constructs to express I182M, P321A, and R323G NEIL1 

variants was the pET22b(+) vector, encoding for the full-length edited version of NEIL1 

(K242R) [39]. Single nucleotide mutations were introduced using the Q5 Site-Directed 

Mutagenesis kit (New England BioLabs), using primers designed according to the kit’s 

guidelines. Following PCR in the presence of the template vector and primers, the products 

were introduced into DH5-α Escherichia coli (New England BioLabs), and colonies were 

selected at 37 °C on Luria-Bertani (LB) (1% tryptone, 0.5% yeast extract, 1% NaCl (w/v), 

pH 7.0) agar plates containing 50 μg/mL ampicillin. Individual clones were grown overnight 

in LB media at 37 °C and plasmids were isolated with QIAprep Spin Miniprep kit (Qiagen). 

The open reading frame sequences with a C-terminal 6-histidine tag were analyzed and 

mutations were confirmed using the Sanger Sequencing method (DNA Sequencing Core, 

Vollum Institute, Oregon Health & Science University).

2.2. Expression and purification of human NEIL1

The vectors described above were introduced into BL21(DE3) E. coli (New England 

Biolabs), and individual clones were obtained on LB-agar plates containing 50 μg/mL 

ampicillin. Colonies were inoculated into 20 mL LB media containing 50 μg/mL ampicillin 

and grown overnight at 37 °C. The overnight culture was used to inoculate 2 L of LB media 

and the culture was incubated at 37 °C until the OD600 reached 0.8. Expression of NEIL1 was 

induced by addition of isopropyl 1-thio-β-D-galactopyranoside to a final concentration of 

0.5 mmol/L and incubation continued for 4 h. The temperature of the induction/expression 

step was optimized for each variant, with the WT NEIL1 and P321A grown at 30 °C, I182M 

at 20 °C, and R323G at 25 °C. Cells were pelleted by centrifugation at ≈ 4000 x g for 10 

min and stored at −80 °C. The frozen pellet was resuspended on ice in a binding buffer for 

Ni2+ chromatography (50 mmol/L sodium phosphate (pH 8), 300 mmol/L sodium chloride, 

50 mmol/L imidazole, 5 mmol/L β-mercaptoethanol), followed by lysis using a French 

pressure cell at 96.5 MPa (14,000 psi), and brief sonication (3 times 10 s each). Cellular 

debris was removed by centrifugation at ≈ 22, 000 x g for 20 min, and the supernatant was 

loaded onto a 10 mL Qiagen Ni-NTA agarose column that was pre-equilibrated with binding 

buffer. The column was washed with ≈ 25 column volumes using binding buffer until the 

optical density at 280 nm was < 0.05. WT and variant NEIL1 enzymes were eluted with 

150 mL binding buffer containing a gradient of 50–500 mmol/L imidazole. Fractions (3 

mL) were collected, and the protein concentration of each fraction was measured with the 

Bradford reagent (Bio-Rad) using an Infinite M200 Tecan system. The purity of NEIL1 

in each fraction was evaluated by gel electrophoresis with a NuPAGE 4–12% Bis-Tris gel 

under denaturing conditions. The gel was stained with Bio-Safe Coomassie Blue (Bio-Rad). 

WT NEIL1 went through an additional purification step via SP Sepharose Fast Flow column 

chromatography (Sigma-Aldrich). All fractions comprising visibly pure protein were pooled 

for long-term storage. The storage buffers were optimized for each protein as follows. The 

WT NEIL1 and the P321A variant were dialyzed against 10 mmol/L histidine, 10 mmol/L 

reduced glutathione, 150 mmol/L sodium chloride, 0.1 mmol/L ethylenediamine-tetraacetic 

acid (EDTA), and 10% (v/v) glycerol. The R323G variant was dialyzed against 20 mmol/L 
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Tris-HCl (pH 7.4), 100 mmol/L KCl, 1 mmol/L β-mercaptoethanol, 0.1 mmol/L EDTA, 

and 15% (v/v) glycerol. The I182M variant rapidly precipitated in these buffers and was 

soluble only at concentrations < 2 μmol/L. Empirically, it was found that I182M could 

remain soluble in 50 mmol/L sodium phosphate (pH 8.0), 300 mmol/L sodium chloride, 150 

mmol/L imidazole, 5 mmol/L β-mercaptoethanol, and 10% (v/v) glycerol. The aliquots of 

NEIL1 proteins were flash-frozen and stored at −80 °C.

2.3. Glycosylase activity assays using site-specifically modified DNA substrates

The activities of NEIL1 variants were assayed using site-specifically modified 

DNA substrates by either plate reader- or gel-based methods. The ThyGly-

containing, uracil-containing, and undamaged oligodeoxynucleotides were obtained from 

Integrative DNA Technologies. The AFB1-FapyGua-containing oligodeoxynucleotide 

was prepared as previously described [22]. For the plate reader-based method [48], 

ThyGly- and AP-containing substrates were created using 5′ TAMRA-labeled 17-

mer oligodeoxynucleotides (5′-TAMRA-TCACCT(ThyGly) CGTACGACTC-3′ and 5′-
TAMRA-TCACC(U)TCGTACGACTC-3′). These were annealed to a complementary strand 

containing a Black Hole Quencher (BHQ2) on the 3′ end (5′-GAGTCGTACGAAGGTGA-

BHQ2-3′). To create the AP site, the double-stranded, uracil-containing DNA (100 nmol/L) 

was incubated with uracil DNA glycosylase (UDG) (New England BioLabs) to release the 

base. The reactions were carried out in 100 μL of NEIL1 reaction buffer (20 mmol/L Tris-

HCl (pH 7.4), 100 mmol/L KCl, 100 μg/mL BSA, and 0.01% (v/v) Tween 20) using 10 units 

of UDG. To test for the glycosylase or AP lyase activities, DNA substrate (50 nmol/L) was 

combined with NEIL1 enzymes (50 nmol/L or 100 nmol/L, as shown in the corresponding 

figure legends) in a 20 μL reaction volume in a black 384-well plate (Corning). Fluorescence 

signal was monitored with the Infinite M200 Tecan plate reader with parameters set at 37 

°C with a 525/9 nm excitation filter and 598/20 nm emission filter. The relative fluorescence 

values were recorded every 2 min. The rates of the linear phase of reactions were obtained 

by fitting the data to a linear equation using GraphPad Prism.

The gel-based assays were performed using a ThyGly-containing substrate (analogous to 

that described above, but without the BHQ2 moiety) or a 3′ TAMRA-labeled 20-mer 

oligodeoxynucleotide containing an AFB1-FapyGua lesion (5′-CCATA(AFB1-

FapyGua)CTAC-CATCGCTGGA-TAMRA-3′), annealed to a complementary strand (5′-
TCCAGCGATGGTAGCTATGG-3′). For single-turnover experiments, DNA and NEIL1 

were pre-incubated separately at 37 °C for 3 min in NEIL1 reaction buffer and combined to 

initiate the reaction. The final concentration of substrate was 50 nmol/L; enzyme 

concentrations were as indicated in the corresponding figure legends. For each time point, 

aliquots of the master reaction mixture were quenched with 80% (v/v) formamide and 16 

mmol/L EDTA, and heated to 95 °C for 2 min. The DNA fragments were separated on a 

15% polyacrylamide gel containing 8 mol/L urea (DNA denaturing conditions). The 

substrate and product bands were visualized and analyzed on the FluorChem M system 

(Protein Simple) with a 534 nm LED light source and a 607/36 nm emission filter. The 

percentage of product values (P) were plotted as a function of time (t) and fitted to a one-

phase exponential equation P = Pns + S(1–e−kobs*t) using the GraphPad Prism software to 

calculate the rate constant (kobs), non-specific product (Pns), and the maximal substrate used 
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(S). Stimulation of NEIL1 activity by PCNA was tested using a TAMRA-labeled 51-mer 

oligodeoxynucleotide containing a ThyGly (5′-TAMRA-

GCTTAGCTTGGAATCGTATCATGTA(ThyGly)ACTCGTGTGCCGTGTAGACCGTGCC-

3′) that was annealed with complementary strands that produced either a duplex (5′-
GGCACGGTCTACACGGCACACGAGTGTACATGATACGATTCCAAGCTAAGC-3′) or 

forked (5′-GGCACGGTCTACACGGCACACGAGTCATGTACTTAG-3′) substrate. The 

sequences of these substrates were as used in a prior investigation [49]. The substrate was 

pre-incubated for 3 min with PCNA or BSA (control) at 37 °C. To initiate the reactions, 20 

μL of enzyme was mixed with 20 μL substrate. The final reaction concentrations were 250 

nmol/L PCNA or BSA, 25 nmol/L substrate, and 25 nmol/L or 50 nmol/L enzyme. For each 

time point, aliquots of the master reaction mixture were quenched with 80% (v/v) 

formamide and 16 mmol/L EDTA, and heated to 95 °C for 2 min. The products were loaded 

and run on a 15% polyacrylamide gel containing 8 mol/L urea. The substrate and product 

bands were visualized and analyzed on the FluorChem M system (Protein Simple) with a 

534 nm LED light source and a 607/36 nm emission filter.

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

Calf thymus DNA in a N2O-saturated buffered aqueous solution was γ-irradiated in a 60Co‐γ
source at a dose of 5 Gy and then dialyzed as described previously [50]. Unirradiated control 

samples were also dialyzed. Aliquots of 50 μg DNA were dried in a SpeedVac. For each 

data point, a triplicate of 50 μg DNA were supplemented with aliquots of ThyGly-2H4, 

5-OH-Cyt-13C,15N2, 5-OH-5-MeHyd-13C,15N2, FapyAde-13C,15N2, 8-OH-Ade-13C,15N2, 

FapyGua-13C,15N2 and 8-OH-Gua-15N5 as internal standards. The samples were dissolved 

in 50 μL of an incubation buffer (50 mmol/L phosphate buffer (pH 7.4), 100 mmol/L KCl, 

1 mmol/L EDTA, and 0.1 mmol/L dithiothreitol). The samples were incubated with 2 μg 

of NEIL1 WT, P321A, R323G or I182M at 37 °C for 60 min. Control samples without 

enzymes were also incubated for 60 min. After incubations, an aliquot of 125 μL ethanol 

was added to the samples to precipitate DNA and stop the reaction. The samples were 

kept at −25 °C for 60 min. After centrifugation, the supernatant fractions were separated, 

lyophilized, and following derivatization by trimethylsilylation, analyzed by GC-MS/MS 

using multiple reaction monitoring as described previously [51].

3. Results

3.1. NEIL1 variants in sub-Saharan Africa

The goal of this study was to assess the abilities of the most common NEIL1 variants that 

are present in populations in sub-Saharan Africa to initiate repair of oxidatively-induced 

base lesions and AFB1-FapyGua adducts. According to the Genome Aggregation Database 

(gnomAD, https://gnomad.broadinstitute.org), variants with the highest allelic frequencies in 

sub-Saharan Africa are I182M (1.24%, variant ID: 15-75644563), P321A (0.26%, variant 

ID: 15-75647018), and R323G (0.55%, variant ID: 15-75647024). Two of these variants, 

P321A and R323G, lie in the C-terminal domain of NEIL1 (Fig. 2), which was shown to 
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be critical for protein stability and interactions with partners, including PCNA, FEN-1, and 

RFA [49,52–56]. I182M is in the DNA binding domain, H2TH [57] (Fig. 2).

3.2. Expression and purification of NEIL1 variants

The variant enzymes, I182M, P321A, and R323G, were the edited form of NEIL1 

(K242R). This form results from the pre-mRNA AAA codon conversion of the central 

adenosine to inosine via adenosine deaminase, ADAR1 [58]. All NEIL1 gene variants were 

sequence confirmed prior to expression. The recombinant, 6-histidine-tagged proteins were 

overexpressed in E. coli, purified using affinity Ni2+ chromatography, and the level of 

purity for each fraction was visualized by an SDS protein gel (Fig. S1). These analyses 

showed prominent bands at a molecular mass of ≈ 45 kDa, consistent with the calculated 

molecular mass of full-length NEIL1 containing the tag and linker (45.3 kDa for WT 

NEIL1). The highly purified fractions were pooled and used for kinetic studies. Due to 

challenges associated with differential solubility and stability of the variants, storage buffers 

were optimized for each variant as described in the Material and Methods section. The 

effect of different storage conditions on the NEIL1 activity was investigated on a synthetic 

oligodeoxynucleotide containing a site-specific ThyGly. These reactions demonstrated no 

measurable buffer-dependent differences (data not shown). To ensure that the measured 

activities were due to NEIL1, a separate purification was carried out from E. coli cells 

that contained the empty expression vector. The procedures of cell growth, breakage, and 

purification were identical to that for NEIL1 WT. Comparable fractions were found to 

possess no activity on either a ThyGly- or AP-containing oligodeoxynucleotides, thus ruling 

out trace contaminants from the E. coli host contributing to measurable activities (data not 

shown).

3.3. Survey of NEIL1 variant activities

Following purification of each NEIL1 variant, activities were measured using site-

specifically modified double-stranded oligodeoxynucleotides containing either a ThyGly 

or an AP site (Fig. S2A). The damage-containing strand had a 5′-TAMRA-label, and 

the complementary strand had a 3′ Black Hole Quencher 2 (BHQ2). Using the ThyGly 

substrate, the combined activity of the glycosylase and AP lyase resulted in incision of 

the modified strand and thermally-induced melting of the TAMRA-labeled DNA fragment 

into bulk solution. With TAMRA no longer in the vicinity of the BHQ2, this resulted in 

an increase in fluorescence proportional to the amount of product formed (Fig. S2B). The 

same detection principle was used for the AP-containing substrate (generated by excision of 

uracil by UDG immediately preceding the NEIL1 nicking reaction), except this experimental 

design modification only measured the lyase activity (Fig. S2C). Fig. S2B shows the ability 

of each variant to cleave the ThyGly-containing DNA, with steeper slopes indicating higher 

quantities of substrate to product conversion per min. While the apparent rate at which 

product was generated differs between variants, all displayed the ability to recognize the 

lesions and complete the chemical steps necessary to release the fluorescently-labeled 

DNA fragment. All variants reached a maximum level of product formation within 30 min 

Fig. S2C presents the cleavage data using the AP-containing DNA. The rate of product 

formation on this substrate was considerably faster relative to ThyGly-containing DNA. This 

is consistent with previous investigations using the edited form of NEIL1 on the ThyGly 
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substrate, which demonstrated that the glycosylase reaction is the rate-limiting step [39,59]. 

Compared to WT and the other variants, the I182M variant showed incomplete conversion of 

substrate to product both on ThyGly- and AP-containing oligodeoxynucleotides.

3.4. Rates of excision of AFB1-FapyGua and ThyGly by NEIL1 variants

To characterize the catalytic efficiencies of each of the NEIL1 variants, gel-based assays 

were carried out using excess NEIL1 on DNA containing site-specific ThyGly or AFB1-

FapyGua. For WT, P321A and R323G, reactions rates were comparable in the presence of 

10-, 15-, or 20-fold molar excesses of enzyme over DNA, demonstrating that conditions 

of single turnover were satisfied. As discussed later, the I182M variant was the exception 

in this regard. As shown in Fig. 3A, the kobs values for incision of the AFB1-FapyGua 

adduct by the P321A and R323G NEIL1 variants were 0.34 ± 0.05 min−1 and 0.25 ± 0.01 

min−1, respectively. These values were comparable to the rate of AFB1-FapyGua excision 

by WT NEIL1, which was 0.36 ± 0.03 min−1. Similar analyses using the ThyGly-containing 

substrate (Fig. 3B) revealed kobs values of 1.5 ± 0.1 min−1 and 1.5 ± 0.1 min−1 for the P321A 

and R323G NEIL1 variants, respectively. WT NEIL1 activity on ThyGly-containing DNA 

yielded a kobs value of 1.3 min−1, which is consistent with previous investigations having 

established rates for WT at 1.2 min−1 to 1.4 min−1 [19,40,44].

3.5. Substrate specificity of NEIL1 variants

The kinetic analyses using synthetic oligodeoxynucleotides were informative for comparison 

of NEIL1 variants with respect to their efficiencies of excising ThyGly and AFB1-FapyGua 

lesions. To examine each variant’s substrate specificity, genomic calf-thymus DNA was 

exposed to 5 Gy of γ-irradiation, creating a range of hydroxyl radical-induced DNA 

damage. The purified NEIL1 variants were incubated with γ-irradiated DNA for 1 h, 

and the released damaged bases were identified and quantified using GC-MS/MS with 

isotope-dilution. Fig. 4 displays the levels of each DNA damage type that were released 

following incubation of DNA with NEIL1 enzymes. Fig. 4A presents the base-release 

data by variant. NEIL1 WT (Fig. 4Aa), P321A (Fig. 4Ab) and R323G (Fig. 4Ac) showed 

similar specificities, with the exception that P321A demonstrated a slightly reduced release 

of FapyAde relative to other lesions. In contrast, the I182M (Fig. 4Ad) variant exhibited 

a very different substrate specificity, with strongest preference for 5-OH-5-MeHyd and 

substantially decreased activity on FapyGua and FapyAde lesions. Fig. 4B presents the 

data grouped by damage type. The differences between the non-specific base hydrolysis 

and base release in the presence of these enzymes were statistically significant in most 

cases (p < 0 .05). However, the I182M variant showed no statistical difference from the 

no enzyme control on FapyGua and 5-OH-Cyt substrates (Table S1). All NEIL1 variants 

showed reduced amounts of bases released as compared to WT, with the exception of 

trans-ThyGly (Fig. 4Be); only the I182M variant showed a significant reduction of incision 

of trans-ThyGly. With all four enzymes tested, the reactions were not limited by the 

concentrations of substrates available. As shown in Fig. 4B, the levels of damaged bases 

released by either Nth or Fpg glycosylases significantly exceeded that released by NEIL1 

enzymes.
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3.6. PCNA and FEN1 did not affect rates of ThyGly excision by NEIL1

The high-resolution X-ray crystal structures of NEIL1 do not include the C-terminal portion 

of the enzyme [57,60–62]. It has been previously shown that this unstructured domain is 

important for interactions with a variety of replication-associated proteins, including PCNA, 

and that these interactions stimulate NEIL1 activity [49,52–54,56]. Thus, experiments were 

designed to test if mutations located in this portion of NEIL1 (P321A and R323G) affect 

catalytic efficiencies in the presence of these interacting proteins. In vitro reactions with 

WT NEIL1 were performed on a ThyGly substrate in the presence or absence of PCNA. 

Incision analyses using a 10:1 molar ratio of PCNA:DNA revealed no stimulation of NEIL1 

(Fig. S4). Two different preparations of PCNA and varying concentrations of NEIL1 yielded 

comparable data, and increasing the PCNA:DNA molar ratio showed activity inhibition. 

Similar data were also obtained using FEN-1, another replication-associated factor that has 

been shown to modestly stimulate NEIL1 activity [52]. We speculate that the difference 

between the results of our study and previous studies [49,52], i.e., lack of NEIL1 stimulation 

by PCNA and FEN-1 versus stimulation, can be explained by differences in either protein 

sources or substrates used (ThyGly versus 5-OH-Ura). Since no stimulation of WT NEIL1 

activity by either PCNA or FEN-1 was observed, it was not possible to investigate the effect 

of the P321A and R323G substitutions on interactions with these proteins.

3.7. Temperature sensitivity of the NEIL1 I182M variant

The expression of the I182M variant was successful and the enzyme remained soluble 

and catalytically stable in the elution buffer associated with the Ni2+ chromatography 

purification. However, we found that all attempts to change buffer, improve protein purity, or 

increase its concentration resulted in protein aggregation and total loss of activity. Evidence 

of instability was reinforced during gel-based activity assays on site-specifically modified 

oligodeoxynucleotides. Specifically, while the kinetic analyses of the WT NEIL1 and the 

two other variants revealed reproducible data under single turnover conditions (Fig. 3), 

analyses using the I182M variant showed that even in vast excess of input enzyme (up to 

20-fold over substrate), the initial rates of the reaction positively correlated with enzyme 

concentrations, indicating that these conditions were not truly single turnover (Fig. S3). In 

addition, the premature leveling of product formation by this variant were inconsistent and 

uncorrelated with enzyme concentration.

Based on the above observations, we hypothesized that the I182M variant may have folding 

instability. This hypothesis guided the design of investigations to test temperature sensitivity 

of this variant. Separately stored aliquots of the I182M variant were pre-incubated at 37 

°C for increasing amounts of time and then added to the TAMRA/BHQ2 ThyGly substrate, 

also pre-incubated at 37 °C (Fig. 5A). Kinetics of the reactions were measured using 

a plate-reader as previously described. The slopes from the initial linear phase of the 

reactions were obtained, and the relative activities for each pre-incubation time point were 

calculated against the initial slope of a reaction using the enzyme without pre-incubation. 

While the WT NEIL1 retained the majority of its original activity throughout a 60 min 

pre-incubation time course, the I182M variant exhibited negligible activity, even after a 5 

min pre-incubation. Interestingly, when the I182M variant was added directly to substrate, 

significant activity was observed 5 min into the reaction (Fig. S2). Thus, we hypothesized 
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that the I182M variant may retain structural integrity in the presence of duplex DNA. 

Experiments were designed to measure the activity of this variant following pre-incubation 

of enzyme with undamaged duplex DNA, which was identical to ThyGly-containing DNA 

but had no modified base or fluorescent labels. A single aliquot of the I182M variant 

was diluted to 1 μmol/L with reaction buffer containing various amounts of undamaged 

DNA or no DNA to obtain final DNA:NEIL1 molar ratios of 0:1, 1:1, 2.5:1, and 10:1. 

These were subject to 15 min pre-incubation at 37 °C, diluted to 100 nmol/L enzyme 

concentration, and added to the ThyGly-containing substrate. The kinetics of the reactions 

were measured, and the relative activities calculated as described above. Data shown in 

Fig. 5B demonstrates that following pre-incubation, there was a positive correlation between 

concentration of undamaged DNA and enzyme activity. While there was extreme reduction 

of ThyGly cleavage when I182M was pre-incubated in the absence of DNA, almost 40% of 

its activity was retained following pre-incubation with 500 nmol/L undamaged DNA.

4. Discussion

Given the scope and magnitude of human suffering associated with the induction of HCC 

globally, the adoption of multi-pronged approaches to limit its incidence is well justified. 

These strategies have their foundations rooted in understanding the fundamental drivers 

that contribute to increasing the risk of developing this cancer. Since it is well established 

that the major risks for HCC induction are HBV infection and consumption of foods 

contaminated with aflatoxin-producing molds [5–7], the combination of vaccination against 

HBV and limiting aflatoxin ingestion are central in efforts to mitigate tumor induction. 

Further, risk analyses have demonstrated that there was a strong correlation between cancer 

rates and the source of household water: up to a 12-fold increase in liver cancer rates 

was associated with exposure to microcystins, the blue-green algae-derived hepatoxic tumor 

promoters [63]. Proactive public health projects have made considerable progress toward 

improving the quality of household waters, with an anticipated positive effect on reducing 

overall HCC incidence.

However, given that aflatoxin exposures are not completely controllable, experimental 

strategies have been implemented that limit the overall bioavailability of activated aflatoxin. 

Toward this end, randomized clinical interventions have been designed and conducted to 

enhance detoxication of aflatoxin using oltipraz, sulforaphane-containing broccoli-spout 

tea, and green-tea polyphenols [64–66]. Analyses of these data revealed that in addition 

to minimizing exposure, dietary intake of compounds that reduce the potential for DNA 

adduct formation may significantly contribute to reductions in overall HCC rates. It 

is anticipated that additional factors, such as SNP variants in genes that regulate the 

bioactivation/detoxication of aflatoxin and variable expression of these genes, may also 

affect susceptibility to HCC.

Other potential sources of increased carcinogenesis risk are SNP variants in DNA repair 

genes that could diminish repair of both inflammation- and AFB1-induced DNA damages, 

especially when these variants are present in human populations that reside in geographical 

regions with high levels of HBV infection and aflatoxin exposure. Although it has been 

long-established that the NER pathway is a significant contributor in repairing AFB1-
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induced DNA adducts [46,47], to the best of our knowledge, no studies have been conducted 

to investigate risk associated with polymorphic variants in the numerous genes in this 

pathway. However, more recently, studies have shown that in murine models, the BER 

pathway is crucial in maintaining genomic stability and protecting against exposures to 

mutagenetic and carcinogenic compounds [67]. This includes our findings that Neil1 

deficiency results in increased risk for AFB1-induced HCC [19]. Not only is NEIL1 

important for genomic stability, there is also evidence suggesting its role in maintaining 

healthy metabolic function. Studies from this lab have discovered that Neil1 knockout mice 

develop metabolic syndrome, the symptoms of which include severe obesity, dyslipidemia, 

fatty liver disease, and hyperinsulinemia [68].

Since NEIL1 is crucial for initiating the removal of DNA lesions caused by AFB1

and chronic inflammation associated with HBV infection, it is of interest to determine 

how naturally occurring single amino acid changes modulate biochemical and cellular 

functions. In this regard, SNP variants of NEIL1, P68H (variant ID: 15-75641449), G245R 

(variant ID: 15-75646094), and A51V (variant ID: 15-75641398), that are present in 

populations of East Asia who experience both of the above exposures have been functionally 

characterized on genomic DNA containing a spectrum of oxidatively-induced base damage 

and site-specifically modified oligodeoxynucleotides [42]. These variants showed a range of 

activities, from being catalytically comparable to WT NEIL1 (G245R) or modestly affected 

(P68H) to severely compromised (A51V). A51V was discovered to be temperature sensitive, 

such that its half-life at 37 °C was ≈ 5 min [42]. To determine whether there is a correlation 

between the incidence of HCCs and the presence of this or other potentially deleterious 

variants, the NEIL1 gene was sequenced in HCC patients from Qidong County in China, a 

region with documented AFB1 exposure [31,42]. All variant alleles A51V, P68H, and G245R 

were found in the 49 sequenced samples. Given that these variants are present in East Asia at 

much lower frequencies of≈ 0.17%, 1.4%, and 0.65%, respectively, this study suggests that 

there may be an enrichment of functionally limited NEIL1 variants in humans with HCC. 

Although the P68H and G245R variants were shown in vitro to have near-normal activities, 

their presence in this small cohort of HCC patients may indicate that these mutations are not 

neutral under conditions of lifetime exposures.

Other NEIL1 variants that have been biochemically characterized include G83D (variant 

ID: 15-75641494) and C136R (variant ID: 15-75641652), which were both reported to be 

glycosylase inactive [39, 41]. Although the C136R variant is very rare (≈ 0.01%frequency 

in African/African American populations), the G83D variant is significantly more common, 

with the highest presence found in Ashkenazi Jewish populations≈ 0.96%). Biochemical 

analyses of G83D suggest that this amino acid change does not lead to protein degradation 

or interfere with damage recognition, but prevents initiation of glycosylase reaction [39,41]. 

In cells, expression of this variant leads to replication fork stress, chromosomal aberrations, 

and cellular transformation. Thus, G83D may exert a dominant negative phenotype by being 

able to bind but not excise the damage [69]. This hypothesis is currently being tested in an 

animal model.
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Through this study of examining activities of SNP NEIL1 variants present in sub-Saharan 

Africa, it was found that variants P321A and R323G possessed WT-like activity. These 

enzymes were able to efficiently recognize and cleave a variety of oxidatively-induced 

DNA lesions and the AFB1-FapyGua adduct. While P321A and R323G variants were 

similar to WT with regard to their stabilities, efficiencies of damage excision, and substrate 

specificities, the I182M variant exhibited extreme instability at 37 °C in the absence 

of DNA, with partial stabilization being observed in the presence of DNA. Biological 

significance of this amino acid substitution is currently being addressed through the creation 

of cells and mice that either exclusively express the I182M variant or are heterozygous. 

These experimental models correspond to recorded instances in humans carrying one or both 

alleles of I182M. In addition to observing cellular responses to aflatoxins and oxidizing 

agents, in vivo investigations of this variant’s stability will be explored. If these analyses 

demonstrate evidence for an increased mutagenic and carcinogenic risk, it may suggest 

that individuals carrying this SNP variant could be more susceptible for early-onset HCC 

associated with oxidatively-induced DNA damage and AFB1 exposure.
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Fig. 1. 
Substrates for NEIL1 used in this study. Pyrimidine-derived lesions: 5-OH-Cyt, cis-ThyGly, 

trans-ThyGly, 5-OH-5-MeHyd; Purine-derived lesions: FapyAde, FapyGua; AFB1-FapyGua.
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Fig. 2. 
Crystal structure (5ITT) of human NEIL1 bound to duplex DNA containing THF (https://

www.rcsb.org/structure/5ITT, released 7/6/2016, accessed 9/16/2022). X-ray diffraction was 

used to obtain a crystallized structure of human NEIL1 (green) bound to DNA (pink) [57]. 

Residue I182M lies in an alpha helical structure within the DNA binding domain, H2TH. 

Beyond residue K291 to the C-terminus, the structure remains unresolved, and this portion 

of the sequence is generally not conserved between organisms [49,55]. Residues P321A and 

R323G lie within this unstructured area, indicated with the blue dashed line.
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Fig. 3. 
Incision of site-specifically modified oligodeoxynucleotides by NEIL1 variants. Reaction 

rates were measured under single turnover conditions using 50 nmol/L double-stranded 

TAMRA-labeled substrates, with 500 nmol/L NEIL1 on AFB1-FapyGua (A) and 750 

nmol/L NEIL1 on ThyGly (B). The reactions were incubated at 37 °C in a master solution 

and each time point was collected by quenching with 80% formamide, 16 mmol/L EDTA 

and heating at 95 °C for 2 min. The samples were run on a 15% polyacrylamide gel 

under DNA denaturing conditions. The product percentages for three individual repeats 

were plotted and fitted to a one phase exponential equation using GraphPad Prism. The 

uncertainties are standard deviations.

Zuckerman et al. Page 20

DNA Repair (Amst). Author manuscript; available in PMC 2023 October 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Release of oxidatively-induced DNA base lesions from high-molecular weight DNA by WT 

and variants of NEIL1. Aliquots (50 μg) of γ-irradiated calf thymus DNA were incubated 

for 1 h at 37 °C in the presence of NEIL1 enzymes (2 μg) or reaction buffer. Panel A shows 

the amounts of released DNA base lesions by NEIL1 WT (a), P321A (b), R323G (c), and 

I182M (d) were plotted after subtraction of background. Panel B shows the amounts of 

FapyGua (a), FapyAde (b), 5-OH-5-MeHyd (c), cis-ThyGly (d), trans-ThyGly (e), 5-OH-Cyt 

(f) released for WT and each NEIL1 variant relative to no enzyme controls. For reference, 

the amounts of DNA base lesions released by E. coli Fpg and Nth (2 μg each) are shown 

[51]. Statistically significant differences are displayed for NEIL1 variant versus WT (* = p 

< 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001). All uncertainties are standard 

deviations.
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Fig. 5. 
Assessment of NEIL1 I182M temperature sensitivity. WT NEIL1 and the I182M variant 

were pre-incubated at 37 °C for 0–60 min and the activities were tested (A). I182M was 

pre-incubated at 37 °C for 0 min or 15 min with varying molar ratios of undamaged 

DNA (0x, 1x, 2.5x, 10x). The final concentrations of undamaged DNA are shown on 

the x-axis (B). The reactions were conducted using 50 nmol/L enzymes and 50 nmol/L 

duplex TAMRA/BHQ2-conjugated ThyGly substrate. The increase in fluorescence signal 

was monitored in the Tecan M200 plate reader and the rates were calculated from initial 

linear phase of the reactions. The residual activities were calculated against the enzyme 

activity at 0 min pre-incubation. Three independent experiments were performed, and the 

average relative activities were plotted. Uncertainties are standard deviations.
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