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Abstract

The combination of chronic dietary exposure to the fungal toxin, aflatoxin B; (AFB1), and
hepatitis B viral (HBV) infection is associated with an increased risk for early onset hepatocellular
carcinomas (HCCs). An in-depth knowledge of the mechanisms driving carcinogenesis is critical
for the identification of genetic risk factors affecting the susceptibility of individuals who are HBV
infected and AFB1 exposed. AFB1-induced mutagenesis is characterized by G to T transversions.
Hence, the DNA repair pathways that function on AFB-induced DNA adducts or base damage
from HBV-induced inflammation are anticipated to have a strong role in limiting carcinogenesis.
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These pathways define the mutagenic burden in the target tissues and ultimately limit cellular
progression to cancer. Murine data have demonstrated that NEIL1 in the DNA base excision repair
pathway was significantly more important than nucleotide excision repair relative to elevated risk
for induction of HCCs. These data suggest that deficiencies in NEIL1 could contribute to the
initiation of HCCs in humans. To investigate this hypothesis, publicly-available data on variant
alleles of NEIL1 were analyzed and compared with genome sequencing data from HCC tissues
derived from individuals residing in Qidong County (China). Three variant alleles were identified
and the corresponding A51V, P68H, and G245R enzymes were characterized for glycosylase
activity on genomic DNA containing a spectrum of oxidatively-induced base damage and an
oligodeoxynucleotide containing a site-specific AFB1-formamidopyrimidine guanine adduct.
Although the efficiency of the P68H variant was modestly decreased, the A51V and G245R
variants showed nearly wild-type activities. Consistent with biochemical findings, molecular
modeling of these variants demonstrated only slight local structural alterations. However, A51V
was highly temperature sensitive suggesting that its biological activity would be greatly reduced.
Overall, these studies have direct human health relevance pertaining to genetic risk factors and
biochemical pathways previously not recognized as germane to induction of HCCs.
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Introduction

There exist a number of barriers to understanding the fundamental genetic drivers that
modulate susceptibility to the development of early onset hepatocellular carcinomas (HCCs)
in individuals who are not only chronically exposed to the food-borne fungal toxin, aflatoxin
B1 (AFB,), but also infected with hepatitis B virus (HBV) (reviewed in (1) and (2)). Many
extrinsic factors are known to be well-correlated with individuals who develop early-onset
HCCs, including AFB4, HBV and other factors which promote chronic inflammation.
However, these environmental and lifestyle conditions are so ubiquitously distributed among
at-risk populations in portions of East Asia, sub-Saharan Africa, Mexico, Central, and South
America, that they are insufficient to predict individual susceptibility to the development of
HCCs. Although it was anticipated that variants or altered gene expression of bioactivation
and detoxication pathways or deficiencies in DNA nucleotide excision repair (NER) might
contribute to individual susceptibility to the major AFB1; DNA adducts, i.e. AFB1-N7-
guanine (AFB1-N7-Gua) and two diastereomers of the imidazole ring-opened 8,9-dihydro-8-
(2,6-diamino-4-oxo-3,4-dihydropyrimid-5-yl-formamido)-9-hydroxyaflatoxin B; (AFB;-
FapyGua) (3-8), these hypotheses have generally not been supported by genome analyses
except for rare homozygotic inactivating mutations in xeroderma pigmentosum (XP)
complementation groups C and D (XPC and XPD) NER enzymes (9, 10). In addition,
studies demonstrating that XP complementation group A (XPA) knockout mice only
exhibited a 1.2 risk ratio for the development of HCCs following maximally tolerated AFB;
exposures cast doubt on the exclusive role of NER in the correction of AFB;-induced DNA
adducts (11). These results, in combination with a paucity of data correlating specific allelic
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variants with increased susceptibility, suggest that the current understanding of the drivers in
AFB;- and inflammation-associated HCCs is inadequate to account for early onset disease.

Germane to these issues, we have discovered an additional DNA repair pathway for the
removal of AFB;-induced DNA damage which is of critical importance in limiting HCC
formation. Specifically, we have demonstrated that NEIL1, a base excision repair (BER)
DNA glycosylase/abasic site lyase, plays a key role in repair of AFB1-FapyGua and that
mice deficient in this enzyme are significantly more susceptible to AFB4-induced HCCs (7).
These data raise the possibility that allelic variants of MVE/LZ which compromise catalytic
activity or intracellular stability may modulate individual susceptibility to HCC formation.
Furthermore, NEIL1 is also one of the key DNA glycosylases responsible for the removal of
several oxidatively-induced DNA base lesions which are produced as a result of chronic
inflammation. The major NEIL1 substrates include 2,6-diamino-4-hydroxy-5-
formamidopyrimidine (FapyGua), 4,6-diamino-5-formamidopyrimidine (FapyAde) and
thymine glycol (ThyGly) (reviewed in (12)). Collectively, these data identified NEIL1 as an
essential enzyme for genome maintenance under conditions of both AFB; exposure and
chronic inflammation.

We had demonstrated that the G83D and C136R variants of NEIL1 (Fig. 1) were glycosylase
inactive (13), and suggested that catalytically or otherwise compromised NEIL1 variants
could add to overall DNA adduct burdens sustained by hepatocytes. Relevant to this
conclusion, recent data demonstrated that expression of the G83D variant of NEIL1 resulted
in an oncogenic phenotype in MCF10A immortal human breast epithelial cells (14).
Expression of this variant, in the presence of WT NEIL1, induced replication stress,
genomic instability, and cellular transformation through a mechanism postulated to involve
the masking of DNA adducts at replication forks that are substrates for NEIL1. These data
suggest that repair of AFB1- and oxidatively-induced DNA damage could be blocked by
catalytically-compromised, but correctly folded, variants of NEIL1 that are capable of
binding to specific DNA base lesions. Additionally, we have previously demonstrated a
significant phenotype in Aei/1*/~ mice that showed intermediate (relative to WT and
knockout) manifestations of the metabolic syndrome, including obesity, fatty liver disease,
and elevated circulating leptin levels (15). These data have significant implications for
human health by linking NEIL1 functional heterozygosity with increased susceptibility to
HCCs caused by AFB; or oxidatively-induced DNA damage.

Given the sum of biochemical and rodent data demonstrating the ability of NEIL1 to
efficiently remove oxidatively-induced DNA base lesions and chemically stable AFB;-
FapyGua adducts, and considering its critical role in protecting against AFB1-induced HCCs
in mice, this investigation was designed to identify and characterize the major NEIL1
variants in East Asia.

2. Materials and Methods

2.1

Expression constructs

The variant alleles coding for full-length NEIL1 enzymes were constructed using the Q5
Site-Directed Mutagenesis Kit (New England BioLabs). The primer oligodeoxynucleotides
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(Integrated DNA Technologies) had the following sequences, with the variant nucleotide
sites underlined: GCTTCAGTCCGCGGCAAGGA (A51V forward), TGA GAT GCG GTA
GGC ACT GCT (A51V reverse); CCCAGCACCAACAGGAGCC (P68H forward); CCCC
AGG CAG AGG GCT CAG (P68H reverse); GGCTACAGGTCAGAGAGCGGG (G245R
forward); CCTGCCCCCCAACTGGACCA (G245R reverse). All designed substitutions
were confirmed by DNA sequence analysis of the open reading frame for NEIL1 with a C-
terminal 6-His-tag (DNA Sequencing Core, Vollum Institute, Oregon Health & Science
University).

Expression and purification of NEIL1 enzymes

The expression vectors described above were introduced into BL21(DE3) Escherichia coli
(New England Biolabs) and NEIL1 enzymes were purified as previously described (13).
Specifically, an overnight culture was prepared from a single colony in lysogeny broth
supplemented with 50 pg/mL ampicillin at 37 °C, the culture was diluted 100-fold and
continued to grow under these conditions to an optical density (ODgqg) of 0.6. Expression of
NEIL1 was induced by addition of isopropyl 1-thio-p-D-galactopyranoside to 0.5 mmol/L at
20 °C for 3.5 h. Cells were harvested and resuspended in 50 mmol/L sodium phosphate, pH
7.5, 300 mmol/L sodium chloride, 50 mmol/L imidazole (binding buffer) with EDTA-free
complete protease inhibitor cocktail (Roche). Single-cell suspensions were passed through a
French pressure cell at 8,300 kPa. Cellular debris was removed by centrifugation at 10,000 g
for 20 min and the supernatant loaded onto a Ni-NTA agarose column (Qiagen), pre-
equilibrated with binding buffer. The matrix was washed with =~ 20 times the column volume
of binding buffer, and proteins were eluted with a 50 mmol/L to 500 mmol/L imidazole
gradient in a total volume of 12-times the column volume and 2—-3 mL fractions collected.
The NEIL1-containing fractions were combined and dialyzed against 20 mmol/L Tris-HCI
(pH 7.4), 100 mmol/L KCI, 1 mmol/L p-mercaptoethanol, 0.1 mmol/L EDTA, 15 % (v/v)
glycerol.

2.3. Site-specifically modified DNA substrates

The double-stranded ThyGly-containing DNA substrates conjugated with the
carboxytetramethylrhodamine (TAMRA) fluorescent reporter were prepared from
commercially produced oligodeoxynucleotides (Integrated DNA Technologies) according to
the previously described protocol (16). The adducted 17-mer oligodeoxynucleotide (5'-
TCACCGXCGTACGACTC-3’, where X shows the location of ThyGly) had the TAMRA
moiety on its 5" terminus. In assays using a plate reader for monitoring DNA incisions, the
complement oligodeoxynucleotide (5'-GAGTCGTACGACGGTGA-3") contained the Black
Hole Quencher 2 (BHQ2) on its 3" terminus. In the gel-based analyses, the complement
strand had no modifications.

The 24-mer oligodeoxynucleotide containing a site-specific AFB1-FapyGua was synthesized
as reported (17). The sequence of modified DNA was 5’ -
ACCACTACTATXATTCATAACAAC-3’, where X corresponds to the adducted site. The
adducted oligodeoxynucleotides were labeled at the 5" termini using [y-32P]ATP
(PerkinElmer Life Sciences) and T4 polynucleotide kinase (New England Biolabs) and
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annealed with the complement strand (5"-GTTGTTATGAATCATAGTAGTGGT-3") as
described (7).

2.4. DNA Glycosylase assays using site-specifically modified DNA substrates

The NEIL1-catalyzed reactions were conducted in 20 mmol/L Tris-HCI, pH 7.4, 100
mmol/L KCI, 100 pg/mL BSA, and 0.01 % Tween 20. The detailed description of the
experimental approach using TAMRA-conjugated DNA substrates and detection of the
TAMRA fluorescent signal by a plate reader to monitor for DNA incisions was previously
reported (16). Briefly, DNA substrate with the TAMRA moiety on the 5" terminus of
ThyGly-containing strand and the BHQ2 on the 3’ terminus of the complement strand was
aliquoted into wells of a black 384-well plate, and reactions were initiated by the addition of
NEIL1 enzymes. The volume of a standard reaction was 20 uL, DNA and enzyme were
present at equimolar concentrations (50 nmol/L). Plates were incubated at 37 °C in the
Infinite M200 plate reader (Tecan Group Ltd.). The result of DNA incision with subsequent
dissociation of the TAMRA-conjugated product from the BHQZ2-containing strand was an
increase in fluorescent signal that was detected using a 525/9 nm excitation filter and a
598/20 nm emission filter. The data were recorded in arbitrary fluorescence units. In a subset
of these experiments, formation of the incision products was validated using gel-based
assays described below. These analyses revealed that there was a consistent, but slight delay,
in the build-up of the fluorescence signal relative to DNA incision. However, the
fluorescence plateau values correspond to complete incision of the substrate DNAs. Thus,
the results of assays using a plate reader are presented in arbitrary fluorescence units, as
opposed to percentages of product formed.

In gel-based assays, products were resolved through a 15% polyacrylamide gel under
denaturing conditions (gel containing 8 mol/L urea and DNA samples containing 63 % (v/v)
formamide). For TAMRA-conjugated DNA, gel images were captured with the FluorChem
M system (Protein Simple) using a 534 nm LED light source and 593 nm emission filter.
The intensities of DNA bands were measured using Image Studio™ L.ite version 4.0
software (LI-COR). The 32P-labeled DNA was visualized using a Personal Molecular
Imager™ System (Bio-Rad) and quantified from a phosphor screen image by the Quantity
One Software (Bio-Rad).

The rate constants for NEIL1-catalyzed incisions were measured under single turnover
conditions as previously described (7). Following pre-incubation at 37 °C for 2 min, the 32pP-
labeled AFB1-FapyGua substrate and enzyme were combined, incubated at 37 °C, and the
aliquots removed during the course of reaction. The standard reaction contained 20 nmol/L
double-stranded DNA substrate, with enzyme being present at 20- or 25-fold excess molar
concentration. The aliquots were removed in the course of reactions, and in order to analyze
glycosylase activity independently of lyase activity, DNA was incubated in the presence of
250 mmol/L NaOH at 90 °C for 5 min. Following gel electrophoresis and determination of
band intensities, the product formation (P) was plotted as a function of time (t), and rate
constant (4gps), non-specific product (Pys), and extrapolated amplitude of substrate used (S)
were obtained from the best fit of the data to equation P = P, + S(1 — e~4°bS™) ysing

DNA Repair (Amst). Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Minko et al.

Page 6

KaleidaGraph software (Synergy Software). The average values with standard deviations
were calculated from three independent experiments.

2.5. Stabilities of NEIL1 enzymes at 37 °C

The NEIL1 enzymes were diluted in the reaction buffer described above to 100 nmol/L and
incubated at 37 °C for 20 min. Incubations were monitored at 5 min intervals, tubes were
placed on ice, and aliquots were collected and tested for activity using TAMRA/BHQ2-
conjugated ThyGly substrate at equimolar enzyme to DNA concentrations (50 nmol/L). The
production of fluorescent signal was monitored in a plate reader for 20 min and the rates
were calculated from the linear phase of reactions (first 5 min). To assess the initial
glycosylase activity, similar reactions also were conducted prior to incubation of enzyme at
37 °C. The rates obtained from the latter reactions were used as a reference to calculate the
fraction of activity that remained at the given time point (A(t)). The average A(t) values from
at least three independent experiments were plotted as a function of time (t), and rates of
reduction in activity (A) were obtained from the best fit of the data to equation A(t) = e A*t;
the half-life was calculated using ty2 = In(2)/A..

2.6. Preparation of high-molecular weight DNA substrate for glycosylase reactions

Commercially available high-molecular weight calf thymus DNA (Sigma-Aldrich, St. Louis,
MO) was dissolved in phosphate buffer (pH 7.4) at a concentration of 0.3 mg/mL at 4 °C.
DNA solution was saturated with N,O for 1 h and then irradiated in a 69Co y-ray source at a
dose of 5 Gy, followed by dialysis against water for 18 h at 4 °C. Water outside the dialysis
tubes was replaced twice. Aliquots of 50 ug DNA were dried in a Speedvac under vacuum
and kept at 4 °C until use.

2.7. 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)

For NEIL1-catalyzed reactions, aliquots of -y-irradiated DNA (50 pg) were supplemented
with stable isotope-labeled internal standards, i.e., FapyAde-13C,1°N,, FapyGua-13C,1°N,,
8-OH-Ade-13C,15N,, 8-OH-Gua-15Ns, 5-OH-Cyt-13C,15N,, 5-OH-Ura-13C4,15N,,
ThyGly-2H,, 5-OH-5-MeHyd-13C 15N, and 5,6-diOH-Ura-13C, 15N, (isodialuric acid-13C,
15N,), which are a part of the NIST Standard Reference Material 2396 Oxidative DNA
Damage Mass Spectrometry Standards (for details see http://www.nist.gov/srm/index.cfm
and https://wwws.nist.gov/srmors/view_detail.cfm?srm=2396). The samples were then
dissolved in 50 pL of 50 mmol/L phosphate buffer (pH 7.4), 100 mmol/L KCI, 1 mmol/L
EDTA and 0.1 mmol/L dithiotreitol. Samples were incubated for 1 h at 37 °C using enzyme
concentrations that are indicated in the figure legend. In addition to reactions in the presence
of NEIL1 enzymes, control reactions were performed in parallel that had no enzyme or
contained a combination of the £. coli formamidopyrimidine glycosylase (Fpg) (R&D
Systems, Inc. Minneapolis, MN) and endonuclease 111 (Nth) (Prospec-Tany TechnoGene
Ltd., Ness Ziona, Israel). Following precipitation of DNA with ethanol, the supernatant
fractions were collected. After removal of ethanol in a Speedvac, the samples were
lyophilized and trimethylsilylated. Specifically, 60 uL of a mixture of nitrogen-bubbled
bis(trimethylsilyltrifluoroacetic acid [containing trimethylchlorosilane (1 %; v/v)] (BSTFA)
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(Pierce, Rockford, I1l.) and pyridine (Sigma-Aldrich, St. Louis, MO) (1:1, v/v) was added to
each lyophilized supernatant fraction. The samples were vortexed and purged individually
with ultra-high-purity nitrogen, sealed with Teflon-coated septa, and heated at 120 °C for 30
min. After cooling, the clear samples were removed and placed in vials used for injection
onto the GC-column. Aliquots (4 uL) of derivatized samples were analyzed by GC-MS/MS
under the conditions described previously (18). On the basis of the known mass spectra of
trimethylsilyl derivatives of DNA base lesions (reviewed in (19)), the following mass
transitions were used for identification and quantification: 772369 — mlz280 and m/z 372
— mlz 283 for FapyAde and FapyAde-13C, 15N, respectively; m/z457 — mlz368 and mlz
460 — mlz371 for FapyGua and FapyGua-13C, 15Ny, respectively; m/z367 — mlz352 and
mlz370 — mlz355 for 8-OH-Ade and 8-OH-Ade-13C,15N,, respectively; /2455 — mlz
440 and mlz460 — mlz 445 for 8-OH-Gua and 8-OH-Gua-1°Ns, respectively; m/z343 —
mlz342, and mlz346 — mlz 345 for 5-OH-Cyt and 5-OH-Cyt-13C, 15N,, respectively; mlz
344 — mlz343, and mlz350 — mlz349 for 5-OH-Ura and 5-OH-Ura-13C,,15N,,
respectively; 712448 — mlz 259 and mlz452 — mlz 262 for ThyGly and ThyGly-2H,,
respectively; m/z331 — mlz316 and m/z334 — ml/z 319 for 5-OH-5-MeHyd and 5-
OH-5-MeHyd-13C 15N, respectively; m/z432 — mlz417 and mlz435 — mlz 420 for 5,6-
diOH-Ura and 5,6-diOH-Ura-13C,15N,, respectively. The quantification was achieved using
integrated areas of the signals of the mass transitions of the monitored DNA base lesions and
their corresponding stable isotope-labeled analogues. The measured levels were expressed as
number of lesions per 106 DNA bases. The mean values with standard deviations were
calculated from three independent measurements. Significant excision of FapyGua, FapyAde
and ThyGly from DNA was observed, whereas the other DNA lesions measured in this work
were not significantly excised by NEIL1 enzymes over control levels.

2.8. Modeling the structural consequences of NEIL1 A51V, P68H and G245R allelic

variants

The crystallographic coordinates for C-terminally truncated NEIL1 (A95-CTD) (20) were
retrieved from the Protein Data Bank (www.rcsb.org; PDB ID 51TQ). Amino acids A51, P68
and G245 were swapped to V, H, and R, respectively, in UCSF Chimera (21). The
unfavorable cis conformation of H68 following mutation from proline was converted to #rans
using the program Coot (22), followed by real-space refinement inside the confines of the
final electron density for the NEIL1 crystal structure. The mutated protein structure was then
energy minimized with Amber 14 (23) using steepest descent and conjugate gradient cycles
until convergence.

3. Results and Discussion

3.1. NEIL1 allelic variants in East Asian populations

Previous data from our laboratories have revealed that in addition to NER being important in
the repair of AFB1-induced DNA adducts, the BER pathway is of critical importance in
limiting HCC formation by the removal of AFB1-induced DNA damage (reviewed in (2)).
These data raise the possibility that allelic variants of NEIL1 with compromised catalytic
activity or intracellular stability may modulate individual susceptibility to AFB;-induced
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HCC. Consequently, we have hypothesized that genetic variation in NVE/LZ may modulate
HCC susceptibility arising from both AFB; exposure and high frequency HBV infection.

To investigate this hypothesis, we have carried out systematic analyses of publicly-available
DNA sequence data bases for NVE/L 1 variant allele frequencies specifically using the
Genome Aggregation Database (gnomAD) (24) and the 1000 Genomes (25). The gnomAD
contains ~300,000 alleles representing 6 global and 8 sub-continental ancestries. The
previously characterized glycosylase-incompetent NEIL1 variants were not found in East
Asian populations; G83D is associated with European, Ashkenazi Jewish, and Latino
ancestries and C136R is found in African populations and at extremely low frequencies.
When singletons were excluded, a total of 20 missense variants in the exomes of NE/L1
were identified in East Asian populations, with 3 of these, A51V (rs768187848), P68H
(rs187873972), and G245R (rs140982397), present at > 0.1 % frequencies. The positions of
these residues within the NEIL1 structure are shown in Fig. 1. Subsequent analyses of the
1000 Genomes database (25) revealed that the most common East-Asian variant, P68H,
which presents in this region at an overall frequency of ~ 1.4 %, is overrepresented in some
ethnic groups. Specifically, 8 and 6 alleles for this variant were found in exomes of 190
individuals from Vietnam (Kinh in Ho Chi Minh City) and 180 individuals from China
(Chinese Dai in Xishuangbanna), respectively.

Our hypothesis may also be supported by exome sequencing data of HCC patients who
reside in a region of Southeast China with known AFB; exposure (26). In this data set, each
of the three NE/L 1 variant alleles (A51V, P68H, and G245R) was identified once in the 49-
patient cohort. These findings are notable and unanticipated because individually, these
allelic variants are only present in East Asia at ~ 0.17 %, 1.4 %, and 0.65 %, respectively.
Further population-based studies are necessary to test the hypothesis that there is an
association between rare genetic variations in the NVE/L1 gene and susceptibility to HCC.

3.2. Substrate specificity of WT and allelic variants of NEIL1

To express proteins encoded by NEIL1 nonsynonymous allelic variants (A51V, P68H, and
G245R), the full-length coding sequence for each variant was engineered into an expression
plasmid for K242R NEIL1. The K242R version of NEIL1 results from editing of pre-mRNA
by adenosine deaminase, ADAR1 that converts the central adenosine in an AAA codon to
inosine, thus altering the translation code from K to R (27). The initial characterization of
human NEIL1 (28-30), as well as the majority of subsequent studies on NEIL1 biochemical
properties, structure, and modulation of its activity by amino acid changes has been done
using the edited version. Thus, WT NEIL1 and its variants investigated here were
represented by the edited, K242R forms. All plasmids were sequence verified prior to
protein expression in E. coli, and each was purified using Ni-agarose chromatography.
Protein preparations were determined to be 90 % to 95 % pure, with no non-specific nicking
activities on control DNA.

Preliminary Kinetic analyses were carried out on fluorescently-labelled synthetic
oligodeoxynucleotides in which a 5° TAMRA-labelled 17-mer, containing a ThyGly base at
position 7, was annealed with a complementary strand containing a 3° BHQ2 moiety (16).
Reactions were initiated by addition of WT or variant proteins to DNA substrate and
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analyzed in real-time in a plate reader. Since the site of DNA modification was 6 nucleotides
from the 5 TAMRA label, incision of substrate resulted in the melting of the 6-mer and an
enhancement of fluorescence. As shown in Fig. 2, all three variant enzymes could cleave the
ThyGly-containing oligodeoxynucleotide. The rate of the fluorescent signal production in
the presence of A51V (Fig. 2A) was comparable with that of WT during the early phase of
reaction (~ first 10 min), but significantly slowed soon thereafter. This kinetics contrasted
with a parallel reaction with WT, in which the fluorescent signal continued to increase
throughout the time course. The reaction kinetics observed for P68H (Fig. 2B) and G245R
(Fig. 2C) were indistinguishable relative to that of WT. These results demonstrating the
abilities of A51V, P68H, and G245R to cleave ThyGly-containing oligodeoxynucleotide
were corroborated using gel-based assays (data not shown) and in relation to G245R, agreed
with results of a previous study (31). Thus, all three NEIL1 variants possess glycosylase
activity for ThyGly and retain lyase function.

Although the analyses of incision of ThyGly-containing synthetic oligodeoxynucleotides
provided initial insights into the activity of these enzymes, the substrate specificity of NEIL1
is more broad and includes FapyGua and FapyAde as the primary base lesions excised from
genomic DNAs containing a spectrum of oxidatively-induced DNA damages (reviewed in
(12)). Thus, purified WT and each of the allelic variants of NEIL1 were incubated with calf
thymus DNA that had been previously exposed to a 5 Gy +y-irradiation dose. Control
reactions (no enzyme treatment) and treatment with a combination of the £. co/i Fpg and
Nth were also performed. Fpg has been previously characterized to release FapyGua,
FapyAde and 8-hydroxyguanine with similar excision kinetics (32-34), while Nth has a
broad substrate specificity for pyrimidine-derived lesions, including ThyGly, and also
removes FapyAde (35, 36). Relative to the WT NEIL1, the efficiency of P68H was reduced
on both FapyGua and FapyAde, while the efficiency of G245R was only reduced relative to
the release of FapyGua (Fig. 3A and B). Consistent with the results of experiments with site-
specifically modified oligodeoxynucleotides, P68H and G245R released ThyGly from
genomic DNA with the same efficiently as WT NEIL1, while A51V showed a modest
increase in the efficiency of ThyGly incision (Fig. 3C). These data on the excision of
ThyGly from genomic DNAs emphasize that this damage is only poorly recognized by
edited NEIL1 (37) relative to the total ThyGly in the sample as revealed by the combined
Nth/Fpg treatment. The poor excision of ThyGly was in stark contrast to the efficient
excision of both FapyGua and FapyAde by NEIL1 enzymes; these base lesions were
released at levels comparable to that observed in Fpg/Nth-catalyzed reactions (Fig. 3A and
B).

3.3. Temperature sensitivity of the A51V NEIL1 variant

The kinetics of A51V-catalyzed reaction with ThyGly-containing oligodeoxynucleotides
(Fig. 2A) suggested that incision was nearly complete ~ 10 min into the reaction. One
possible explanation is that the A51V allelic variant is temperature sensitive and that during
the reaction, there was an appreciable loss in catalytic activity. To test this hypothesis, WT
and each of the variants were incubated at 37 °C for increasing times in reaction buffer that
did not contain the DNA substrate and the activities were evaluated from the linear phase of
reaction following the addition of damage-containing oligodeoxynucleotides. The fraction of
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activity remaining relative to the initial activity was plotted as a function of pre-incubation
time (Fig. 4) and the experimental points were fit to an exponential equation to obtain rates
of reduction in activity. Consistent with the hypothesis of A51V being temperature sensitive,
the half-life at 37 °C was estimated to be ~ 5 min versus ~ 30 min estimated for WT (Fig.
4A). The gel-based analyses confirmed a rapid inactivation of A51V at 37 °C (data not
shown). The A51V enzyme that had been inactivated for 20 min at 37 °C was kept in ice for
1 hand 24 h, and its activity was retested. No evidence for the activity being restored was
found (data not shown), suggesting that inactivation of this variant under physiological
temperature conditions is irreversible. In contrast, P68H and G245R displayed no enhanced
temperature inactivation relative to that of the WT enzyme (Fig. 4B and C, respectively).

Considering a poor recognition of ThyGly by the edited NEIL1 enzymes (Fig. 3C), an
experiment was designed to validate thermal instability of A51V using the preferred NEIL1
substrates, FapyGua and FapyAde. The A51V variant was pre-incubated at 37 °C for 30
min, and then reacted with -y-irradiated calf thymus DNA. The levels of the released base
lesions were assessed by GC-MS/MS (Fig. 5). The data confirmed enzyme inactivation
under physiological temperature conditions. The removal of FapyGua and FapyAde was
reduced 7-fold and 5-fold, respectively (Fig. 5A and B) and consistent with the results of
experiments with synthetic oligodeoxynucleotides (Fig. 4A), no residual activity was
detected with regard to excision of ThyGly (Fig. 5C).

3.4. Incision of synthetic oligodeoxynucleotides containing AFB1-FapyGua

In addition to characterizing the activities of these allelic variants on DNAs containing
oxidatively-induced base damages, we also characterized their efficiencies in the incision of
DNA containing a site-specific AFB1-FapyGua base adduct (Table 1 and Fig. 6). As shown
in Table 1, P68H showed reduced rates of incision relative to WT, with the p < 0.05, while
the rate of G245R-catalyzed reaction was comparable to that of WT. The analysis of A51V
under single-turnover conditions was not practical due to incompatibility of its temperature
sensitivity with conditions under which the single-turnover experiments were conducted.
Thus, the ability of A51V to incise AFB1-FapyGua was tested in short, 5-min reactions and
the incision product was observed (Fig. 6). However, given a short half-life of this variant at
physiologically relevant temperature, the biological significance of this observation can be
questioned.

3.5. Modeling the structural consequences of NEIL1 A51V, P68H and G245R allelic

variants

The conformational changes as a result of amino acid substitutions are quite limited as per
the computational model of A51V-P68H-G245R NEIL1 (Fig. 7). In the WT protein, amino
acids P68 and G245 map to loop regions on the surface whereas A51 lies in the interior
between a p-strand and an a.-helix (Fig. 7A). In the latter case, only slight shifts are
necessary to accommodate the bulkier valine side chain (Fig. 7B). The change from cis-
amide proline to frans-amide histidine at position 68 only alters the conformation locally and
main and side chain atoms in the WT and mutated NEIL1 are superimposable at the
neighboring Q67 and Q70 (Fig. 7C). Likewise, the large arginine side chain in the loop at
position 245 juts away from the protein surface and can be accommodated by slight
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adjustments in the preceding Y244 and following S246 and the neighboring residues F13
and Q86 (Fig. 7D).

The observed correlations between the locations of substituted amino acids, the structural
changes as inferred from computational modeling, and the phenotypes of NEIL1 sequence
variants follow general trends found in protein structure-function relationships. Thus, amino
acid changes near the periphery are typically less deleterious than changes mapping to the
active site or near the ligand and/or substrate (38). In 3-methyladenine DNA glycosylase,
mutations in surface loops, if not involved in DNA binding, are tolerated better relative to
those buried in the protein’s exterior, especially when present in B sheets (39). Consistent
with these prior observations, substitutions in the surface loop regions, at P68 and G245,
imposed only small local changes, with no or minor phenotypical consequences. Deviations
from the WT structure in A51V were also minimal, but occurred at the interface of a p-
strand and an a-helix. We hypothesize that these local changes are sufficient to facilitate
enzyme misfolding, which is manifested in thermal instability. The structural basis for the
severely affected phenotype of the G83D variant had previously been addressed. G83D was
predicted to affect the conformation of the B4/5 loop by introducing an unfavorable negative
charge in an otherwise hydrophobic local environment (40). Indeed, the displacement of
residues of the B4/5 loop was observed in the crystal structure of the corresponding G86D
variant in Mimivirus Neil (37).

Conclusion

The goal of this investigation was to determine whether rare allelic variants of NEIL1 that
are geographically clustered in East Asia display alterations in kinetics of excision, substrate
specificities, and stabilities relative to the WT enzyme. Our data demonstrated that the P68H
allelic variant had a modest reduction in catalytic activity on the release of FapyGua,
FapyAde, and AFB1-FapyGua. The substrate specificity and catalytic efficiency of G245R
was undistinguishable from WT, except for a reduced efficiency in excision of FapyGua.
Additionally, the A51V variant was unstable under physiological temperature conditions,
suggesting that it may have no biological activity. Although the significance of these
changes is yet to be determined in humans, the presence of these rare allelic variants in HCC
patients from Qidong County is suggestive that there could be adverse health outcomes.
These studies provide the framework from which larger, disease-based molecular
epidemiology studies will be conducted.
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Highlights
. Hepatocellular carcinomas (HCCs) occur with highest frequency in East Asia
. HCCs are associated with aflatoxin exposures and chronic inflammation
. NEILL1 initiates repair of aflatoxin- and inflammation-induced DNA base
damage
. Variants of NEIL1 that occur in East Asian populations are characterized
. A subset of NEIL1 variants are expected to have human health implications
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Fig. 1. Location of amino acid residues in NEIL1 that are changed in the variant alleles.
Structure of NEIL1 (truncated form lacking 95 amino acids at the C-terminal domain (20))

with the protein depicted as a ribbon cartoon and in rainbow coloring from blue, N-terminus,
to red, C-terminus. The key catalytic residue (P2) and the relevant residues that are changed
in the variant alleles (G83, C136, A51, P68, and G245) are highlighted in ball-and-stick
mode and labeled.
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Fig. 2. Initial characterization of the NEIL1 variants using fluorescently-labeled ThyGly-
containing oligodeoxynucleotides.

The activities of the A51V (A), P68H (B), and G245R (C) variants were tested along with
activity of WT NEIL1 using TAMRA/BHQ2-conjugated double-stranded
oligodeoxynucleotides that contained a site-specific ThyGly. The reactions were conducted
with equimolar DNA and enzyme concentrations (50 nmol/L) at 37 °C. The TAMRA
emission was recorded using an Infinite M200 plate reader.

DNA Repair (Amst). Author manuscript; available in PMC 2020 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Minko et al.

Page 19
FapyGua B FapyAde C ThyGly
o] NH, 0
L b H l CH-
HNT S5 Ny NZ ™S N HNT ™S—0H
|
| 0 l l 1, /_[ _A—OH
H.N N NH, H N NH "\
: H H
15
5 i
21 31
=} -
=~ 10 -
(] £ o £
E < > & oE < >z & o e 2 Z
c N ”" = @ © & c N :"I = Yol © - c = 0 ©
-r:T,u a < Q 3] r& & < Q 6] < Q.

F
E

Fig. 3. Removal of oxidatively-induced DNA base lesions from high-molecular weight DNA by
WT and variants of NEIL1.

The y-irradiated calf thymus DNA (50 pg) was incubated for 1 h at 37 °C in the presence of
NEIL1 enzymes (2 pg), combination of Fpg and Nth (1 pg each), or in reaction buffer. The
released FapyGua (A), FapyAde (B), and ThyGly (C) were measured by GC-MS/MS using
their stable isotope-labeled analogues as internal standards. The statistically significant
differences are only shown for variant enzyme versus WT (* = p < 0.05; ** = p < 0.01). The
differences between the non-specific base hydrolysis and the base release in the presence of
enzymes were statistically significant in all cases (p < 0.05). The uncertainties are standard
deviations.

DNA Repair (Amst). Author manuscript; available in PMC 2020 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Minko et al.

Page 20
B, C .
— Y -
- &
& &
u! il
B P a1
= ——=WT = —o—"WT
= —e—FPEEH = —a— G245R
G i
o =
1 oo
10 15 20 ] 5 10 15 20 0 a 0 12
Pre-incubation at 37 “C, min Pra-incubation at 37 “C, mn Pre-ncubation at 37 “C, min

Fig. 4. Kinetics of temperature inactivation of WT and variants of NEIL1.
WT and variants of NEIL1 A51V (A), P68H (B), and G245R (C) were pre-incubated at

37 °C and the activities were tested with equimolar DNA and enzyme concentrations (50
nmol/L) using TAMRA/BHQ2-conjugated double-stranded ThyGly substrate. The reactions
were conducted at 37 °C and monitored by an Infinite M200 plate reader. The rates were
calculated from the linear phase of reactions. The fraction of activity remaining at the given
time point (A(t)) was calculated relative to the initial enzyme activity. The average A(t)
values from at least three independent experiments were plotted as function of time (t). The
uncertainties are standard deviations.
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Fig. 5. Removal of oxidatively-induced DNA base lesions by A51V following pre-incubation of
enzyme at 37 °C.
The y-irradiated calf thymus DNA (50 pg) was incubated for 1 h at 37 °C in the presence of

A51V enzyme (2 ug). The aliquot of A51V was pre-incubated at 37 °C for 30 min.
Subsequently, DNA was added to the solution which was then incubated for another 30 min.
The released FapyGua (A), FapyAde (B), and ThyGly (C) 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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Fig. 6. Incision of AFB1-FapyGua from site-specifically modified oligodeoxynucleotides by WT
and A51V NEIL1.

The reactions were conducted with 500 nmol/L WT or A51V NEIL1 at 37 OC for 5 min
using 32P-labeled 24-mer double-stranded DNA (20 nmol/L) that contained a centrally-
located AFB1-FapyGua. Representative gel image (A) and percent of product formation
(average + standard deviation) calculated from three independent experiments (B) are shown
(* =p <0.05; ** =p < 0.01; *** = p <0.001). The uncertainties are standard deviations.
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Fig. 7. NEIL1 crystal structure and conformational effects of allelic variants.
Overall structure of NEIL1 (truncated form lacking 95 amino acids at the C-terminal domain

(20)) with the protein depicted as a ribbon cartoon and in rainbow coloring from blue, N-
terminus, to red, C-terminus, and variant amino acids highlighted in ball-and-stick mode and
labeled (A). Overlay of the WT and variant structures viewed in the regions around A/V 51
(B), P/H 68 (C), and G/R 245 (D). Residues in the variant and energy-minimized structure
are colored by atom, with carbon, oxygen and nitrogen atoms shown in tan, red and blue,
respectively, and the WT structure is uniformly colored in gray. Variant residues 51, 68 and
245 are highlighted in ball-and-stick mode and selected neighboring residues are labeled.
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Single-turnover kinetics of WT and variants of NEIL1 on AFB1-FapyGua-containing oligodeoxynucleotides.

Table 1.

The uncertainties are standard deviations.

Enzyme | Incision rates (Ko, Min™t)
Wild type 0.18 £0.01

A51V ND

P68H 0.13+£0.01

G245R 0.16 £ 0.02
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