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Abstract: Human NEIL2 DNA glycosylase (hNEIL2) is a base excision repair protein that removes
oxidative lesions from DNA. A distinctive feature of hNEIL2 is its preference for the lesions in bubbles
and other non-canonical DNA structures. Although a number of associations of polymorphisms in the
hNEIL2 gene were reported, there is little data on the functionality of the encoded protein variants, as
follows: only hNEIL2 R103Q was described as unaffected, and R257L, as less proficient in supporting
the repair in a reconstituted system. Here, we report the biochemical characterization of two hNEIL2
variants found as polymorphisms in the general population, R103W and P304T. Arg103 is located
in a long disordered segment within the N-terminal domain of hNEIL2, while Pro304 occupies a
position in the β-turn of the DNA-binding zinc finger motif. Similar to the wild-type protein, both of
the variants could catalyze base excision and nick DNA by β-elimination but demonstrated a lower
affinity for DNA. Steady-state kinetics indicates that the P304T variant has its catalytic efficiency
(in terms of kcat/KM) reduced ~5-fold compared with the wild-type hNEIL2, whereas the R103W
enzyme is much less affected. The P304T variant was also less proficient than the wild-type, or
R103W hNEIL2, in the removal of damaged bases from single-stranded and bubble-containing DNA.
Overall, hNEIL2 P304T could be worthy of a detailed epidemiological analysis as a possible cancer
risk modifier.

Keywords: DNA damage; DNA repair; DNA glycosylases; NEIL2; single-nucleotide polymorphisms;
variants of unknown significance

1. Introduction

DNA repair enzymes play a central role in the protection of living cells from genotoxic
insults. Base excision repair (BER), one of the several known DNA repair pathways,
safeguards the genome from a variety of small non-bulky lesions, which arise mainly
through deamination, oxidation, alkylation, and base loss [1–3]. BER is initiated by excision
of damaged bases by one of a group of enzymes called DNA glycosylases, which recognize
the lesions and hydrolyze their N-glycosidic bond [1,4]. Most DNA glycosylases belong to
the following three major structural superfamilies that are characterized by the presence of
conserved structural elements: the α/β-fold, the helix–hairpin–helix motif, or the helix–
two-turn–helix (H2TH) motif [5,6].

At present, eleven DNA glycosylases have been characterized from human cells [2,7].
Three of them—NEIL1, NEIL2, and NEIL3—are H2TH proteins. They are homologous
to E. coli endonuclease VIII (Nei) and formamidopyrimidine-DNA glycosylase (Fpg), two
enzymes participating in the repair of oxidative DNA damage. The roles of Nei and Fpg
are different in the following ways: while Fpg is specific for oxidized purines, mostly
8-oxoguanine and formamidopyrimidines, Nei excises a number of oxidized pyrimidines.
However, human cells also possess two other enzymes, 8-oxoguanine–DNA glycosylase
(OGG1) and endonuclease III-like protein (NTHL1), which efficiently excise oxidized
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purines and pyrimidines, respectively. Thus, the functions of NEIL proteins are not clear at
present, and many specialized roles had been proposed for these BER components.

Of the three NEIL proteins, NEIL2 remains the most enigmatic. In its substrate speci-
ficity, it is much closer to Nei than to Fpg. It efficiently removes oxidized pyrimidine
bases, such as 5-hydroxyuracil (OHU) and 5,6-dihydrouracil (DHU), as well as spiroimin-
odihydantoin and 5-guanidinohydantoin, which are the products of further oxidation
of 8-oxoG [8–11]. As the specificity of NEIL2 overlaps with that of other human DNA
glycosylases (NEIL1, NTHL1), the question of whether it has a unique role in the cell is
not solved. Evidence points to the importance of NEIL2 for the repair of lesions in DNA
structures other than the canonical B-DNA. A characteristic feature of NEIL2, which distin-
guishes it from other DNA glycosylases, is its ability to process DNA substrates containing
lesions in bubbles, double-stranded but non-complementary structures 5–20 nt long, as
well as in D-loops and R-loops [11,12]. It is assumed that this ability may reflect the role of
NEIL2 in the repair of damaged bases that are located in partially unwound DNA, such as
transcription bubbles or replication forks. It should be noted, however, that the absence of
a correctly positioned DNA template can facilitate DNA ligation without the incorporation
of a correct dNMP, which leads to a single nucleotide deletion [13]; therefore, the biological
significance of the activity towards bubble substrates remains unclear.

The structure of human NEIL2 (hNEIL2) has not been solved so far, and the closest ho-
mologs with the known structure are NEIL2 from short-tailed grey opossum
(Monodelphis domestica, oNEIL2; 6VJI [14]), and a more distant NEIL2/3 from
Acanthamoeba poliphaga mimivirus (mvNEIL2/3; 4MB7, [15]) (Figure 1). The structures
reveal a two-domain, organization, consisting of the N-terminal β-sandwich domain start-
ing with an α-helix that carries the catalytic residues Pro2 and Glu3, and the C-terminal
predominantly helical domain containing the H2TH motif and a β2 zinc finger. Unique
among other H2TH DNA glycosylases, the N-terminal domain of NEIL2 in vertebrate
species (but not mvNEIL2/3) possesses a long disordered loop of unknown function in-
serted between β3 and β4 strands. The structures of oNEIL2, mvNEIL2/3, and other H2TH
DNA glycosylases suggest that these proteins may exist in two conformations, a closed one
that is established after DNA binding with a fully assembled active site, and an open one
with the two domains swung apart, evident in some X-ray structures of free H2TH proteins
(Figure 1). Recently, the solution structure and dynamics of free hNEIL2 was assessed using
hydrogen–deuterium exchange mass spectrometry, confirming the predominantly open
conformation and the disorder in the N-terminal domain loop insert [16].

hNEIL2 has recently attracted attention because of its association with cancer develop-
ment and progression and inflammatory response. In a study of copy number variations
collected in the Catalogue of Somatic Mutations in Cancer (COSMIC) [17], the hNEIL2
gene was found to be the gene that was most frequently lost in tumors in general, and
this loss was correlated with the decreased overall survival and disease-free survival in
several tumor types [18]. One particular SNP, rs1466785, located 5′ to the hNEIL2 coding
part, is strongly associated with increased cancer risk in BRCA2 mutation carriers [19]
and decreased blood triglyceride levels [20], while a nearby rs804271 polymorphism in-
creases gene expression, increases DNA damage at telomeres in BRCA1 or BRCA2 mutation
carriers, and was classified as a cancer risk modifier [21]. The reported associations of
polymorphisms in the non-coding parts of hNEIL2 include the following: risk of squamous
cell oral and oropharynx carcinoma [22], testicular germ cell tumors [23], gastric cancer [24],
cervical squamous cell carcinomas and intraepithelial neoplasias [25] and breast cancer [26],
decreased progression-free survival in colorectal cancer patients [27], non-small cell lung
cancer patients treated with cisplatin [28] and breast cancer [26], and recurrence in BCG-
treated bladder cancer [29]. Also, non-coding hNEIL2 polymorphisms showed associations
with addiction and behavioral disinhibition [30], susceptibility to age-related cataracts [31],
and increased chromosome aberrations induced by tobacco nitrosamines [32]. Neil2−/−

mice are viable but show an increased production of pro-inflammatory cytokines upon
bacterial infection or challenge with lipopolysaccharide [33–35]. Other special roles of
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NEIL2 could be manifested in specific cells or tissues or at specific developmental stages.
It has been shown that the expression of the Neil2 gene in the rat embryo brain begins at
least at E16 and increases with time [36]. In adult mice, Neil2 is highly expressed in skeletal
muscle and testes, and at an intermediate level, in the brain and heart [8].

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 15 
 

 

 
Figure 1. Structural models of hNEIL2. (a) Alignment of hNEIL2, oNEIL2, and mvNEIL2/3. α-Heli-
ces in the oNEIL2 and mvNEIL2/3 structures are highlighted cyan, β-strands are shown in magenta. 
The residues missing from the X-ray structures are shown in grey. The key residues participating in 
catalysis, DNA binding, and Zn2+ ion coordination are underlined. Arg103 and Pro304 in the human 
sequence are highlighted red. (b), Homology model of the closed conformation of hNEIL2 based on 
the mvNEIL2/3 template (4MB7 [15]). (c) Homology model of the open conformation of hNEIL2 
based on the oNEIL2 template (6VJI [14]). In (b,c), the N-terminal domain of hNEIL2 is shown in 
green, the C-terminal domain, in blue, the disordered loop, in grey, and the interdomain linker is in 
turquoise. 
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Figure 1. Structural models of hNEIL2. (a) Alignment of hNEIL2, oNEIL2, and mvNEIL2/3. α-
Helices in the oNEIL2 and mvNEIL2/3 structures are highlighted cyan, β-strands are shown in
magenta. The residues missing from the X-ray structures are shown in grey. The key residues partici-
pating in catalysis, DNA binding, and Zn2+ ion coordination are underlined. Arg103 and Pro304 in
the human sequence are highlighted red. (b), Homology model of the closed conformation of hNEIL2
based on the mvNEIL2/3 template (4MB7 [15]). (c) Homology model of the open conformation of
hNEIL2 based on the oNEIL2 template (6VJI [14]). In (b,c), the N-terminal domain of hNEIL2 is
shown in green, the C-terminal domain, in blue, the disordered loop, in grey, and the interdomain
linker is in turquoise.

As a member of the H2TH superfamily, hNEIL2 possesses a similar mechanism of
DNA binding and catalysis as Fpg, Nei, and NEIL1. In particular, it has been shown that
Pro1 is the active nucleophile in the base excision reaction, and that the conserved residues
Lys50 and Arg310 interacting with the DNA backbone near the lesion, as well as the intact
structure of the zinc finger, are required for efficient DNA binding by hNEIL2 [12,37,38]. In
contrast, naturally occurring protein variants, such as polymorphisms or cancer somatic
mutants, are much less predictable in their functionality, and the biochemical properties of
the natural hNEIL2 protein variants have been barely studied so far. Two non-synonymous
missense polymorphic variants that are often observed in lung and colorectal cancer, R103Q
and R257L, have been biochemically characterized, the latter demonstrating a decline in
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its ability to interact with other BER proteins and support the repair in a reconstituted
system [39] (please note that in this paper we number the protein residues starting from
Met1 in order to keep in line with the literature on hNEIL2 polymorphisms, yet in some
papers concerned with the structure and mechanism the numeration start from Pro1, which
is Pro2 in the preprotein but becomes the N-terminal residue in the mature polypeptide
after the removal of Met1). Epidemiological studies point to the R257L allele as a risk
factor for lung and cervical cancers [25,39]. Here we report the characterization of two
polymorphic hNEIL2 variants of uncertain significance, R103W and P304T.

2. Results
2.1. Non-Synonymous Polymorphisms in hNEIL2

At the beginning of the study, the dbSNP database contained 303 non-synonymous,
single amino acid substitution polymorphisms in the hNEIL2 gene (Table S1). In order to
analyze the possible effect of the polymorphisms on the functions of hNEIL2, we have em-
ployed the following five prediction algorithms with different underlying classification prin-
ciples: FATHMM [40], Mutation Assessor [41], MutationTaster [42], PolyPhen-2 [43], and
Provean [44]. All of them, except Mutation Assessor, produce a binary output classifying the
amino acid change as neutral/tolerated or damaging/deleterious. Mutation Assessor clas-
sifies the changes according to the expected damaging effect as neutral/low/medium/high,
which for the purpose of our analysis were converted to the binary output as neutral/low
vs medium/high. All five of the classifiers produced good agreement for the predictions
on the whole set of mutations (Krippendorff’s α = 0.456; α = 1 indicates perfect agreement,
α = 0 corresponds to the agreement not better than that expected by chance; α < 0 indi-
cates disagreement exceeding that expected by chance). The pairwise percent agreement
between the different algorithms varied between 62% and 81% (Cohen’s κ = 0.289–0.606;
κ = 1 indicates perfect agreement, κ = 0 corresponds to the agreement not better than that
expected by chance, κ < 0 indicates disagreement exceeding that expected by chance), also
corresponding to good coincidence in the predictions. In order to obtain an integrated
number for the mutation effect, we have translated the binary outputs into numbers 0 (no
effect) or 1 (affected), and then averaged between the results of the five classifiers (Figure 2).
The protein’s regions that were most densely populated with the highest-effect polymor-
phisms were the H2TH motif and the second β-strand of the zinc finger (Figure 2), which
was quite expected due to the known functional importance of these structural elements in
H2TH DNA glycosylases. On the contrary, most of the mutations in and adjacent to the
disordered loop were predicted to have little effect on the hNEIL2 functions (Figure 2).
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and Glu; green, β-sandwich in the N-terminal domain; grey, the disordered loop; turquoise, the
interdomain linker; magenta, the H2TH motif; blue, the zinc finger.

Of all of the polymorphic variants, we have selected two for further characteriza-
tion, namely R103W (rs8191612) and P304T (rs8191666). The predicted effect of both
of the substitutions is intermediate (Figure 2, arrowheads), yet they attracted our atten-
tion for the following reasons. The first one replaces the same Arg103 as in the already
characterized R103Q [39] but with Trp rather than with Gln, and it was interesting to
compare the two. As recorded in the NCBI dbSNP database (www.ncbi.nlm.nih.gov/snp/
rs8191612; accessed on 15 December 2021), the frequency of the germline R103W allele
(NC_000008.11:g.11779766C>T) in the general population reaches its maximum (~2.3%) in
the groups of the African ancestry, whereas the R103Q allele (NC_000008.11:g.11779767G>A)
occurs with high frequency (up to 24%) in East Asian populations. In the homology models
of hNEIL2 that were built based on the X-ray structure of mvNEIL2/3 and oNEIL2, Arg103
lies in the large disordered loop within the N-terminal domain of the protein (Figure 1b,c;
Supplementary Materials Figure S1). Pro304 was chosen for structural reasons: it is located
in the turn of the β2 zinc finger (Figure 1b,c; Supplementary Materials Figure S1), a critical
DNA-binding element in NEIL2 [38]. The tip of the zinc finger is poorly ordered in oNEIL2
and in the homology models (Supplementary Materials Figure S1), and Pro304 is located
right at the edge of the disordered peptide, so its replacement with the less geometrically
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restrained Thr might be expected to further destabilize the tip of the finger. The allele
encoding the P304T variant (NC_000008.11:g.11786184C>A) is most often recorded (~2.2%)
from the populations of East Asian origin (www.ncbi.nlm.nih.gov/snp/rs8191666; accessed
on 15 December 2021).

2.2. Activity of hNEIL2 R103W and P304T on Duplex DNA Substrates

We have overproduced and purified the wild-type (WT) hNEIL2, as well as the R103W
and P304T variants, and analyzed their ability to cleave a fluorescently labeled 23-mer
DNA duplex containing a single OHU residue opposite G (23OHU//23comp, Table 1) as a
standard substrate.

Table 1. Oligonucleotides used in this study.

ID Sequence, 5′→3′ Modification (X)

23OHU CTCTCCCTTCXCTCCTTTCCTCT OHU

23U CTCTCCCTTCXCTCCTTTCCTCT U

23F CTCTCCCTTCXCTCCTTTCCTCT THF

23C CTCTCCCTTCCCTCCTTTCCTCT

23comp AGAGGAAAGGAGGGAAGGGAGAG

40C CCTGCATGGGCGGCAGAACTCGAGGCCATCCTCACCATCC

40F CCTGCATGGGCGGCAGAACTXGAGGCCATCCTCACCATCC THF

40bubble GGATGGTGAGGATGGGAGGTTCCCTTGCCGCCCATGCAGG

60DHU GTAACAGTTCCTGCATGGGCGGCATGAACXGGAGGCCCATCCTCACCATCATCACACTGG DHU

60comp CCAGTGTGATGATGGTGAGGATGGGCCTCCGGTTCATGCCGCCCATGCAGGAACTGTTAC

60bubble CCAGTGTGATGATGGTGAGGATGGCGAGGTTCCCTCTGCCGCCCATGCAGGAACTGTTAC

All three of the protein variants were able to cleave the OHU:G substrate (Figure 3a).
The isolated AP lyase activity catalyzing β-elimination at a pre-formed AP site, charac-
teristic of bifunctional DNA glycosylases, was also observed for all three of the variants
(Figure 3b). H2TH DNA glycosylases are known to catalyze the following three con-
secutive reactions: hydrolysis of the N-glycosidic bond, elimination of the 3′-phosphate
group of the nascent abasic site (β-elimination), and elimination of its 5′-phosphate (δ-
elimination) [45,46]. In all cases, the product of hNEIL2 cleavage migrated in polyacry-
lamide gels as two bands. The mobility of the upper one corresponded to the product of
OHU cleavage by E. coli endonuclease III (Nth), which catalyzes β-elimination, while the
lower band co-migrated with the product of NaOH-induced δ-elimination (Figure 3a,b).
Thus, both hNEIL2 R103W and P304T share the same basic reaction chemistry with
WT hNEIL2.

For a quantitative comparison between hNEIL2 variants, we have determined steady-
state kinetic parameters for WT, R103W, and P304T enzymes (Figure 3c,d, Table 2). The KM
value for hNEIL2 R103W was ~6-fold higher, and for hNEIL2 P304T was ~30-fold higher
than that of the wild-type enzyme. The effect of the mutations on KM was partially offset
by faster enzyme turnover, which was ~5–6-fold higher for both polymorphic variants than
that of WT hNEIL2. Such mutually compensatory changes in kcat and KM are well docu-
mented in many enzymatic systems and arise mainly from differences in non-productive
substrate binding and/or affinity for the reaction product [47–50]. Overall, the enzyme
efficiency (in terms of kcat/KM, or the specificity constant) was close for WT and R103W
hNEIL2, and 4–5-fold lower for the P304T variant.

www.ncbi.nlm.nih.gov/snp/rs8191666
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of the experiment, we used a 32P-labeled substrate bearing (3-hydroxytetrahydrofuran-2-
yl)methyl phosphate (THF), an AP site analog resistant to β- and β,δ-elimination, as a 
lesion. NEIL proteins from different species are known to bind THF-containing substrates 
[52–54]. For comparison, we also assessed hNEIL2 variants binding to undamaged DNA 
containing C instead of a lesion. Since hNEIL2 prefers lesions in DNA bubbles as sub-
strates, we designed a 40-mer ligand containing two 15-bp perfect duplex arms and a cen-
trally located 10-nt bubble with or without THF in the bubble (40F//40bubble or 
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Figure 3. Substrate cleavage by hNEIL2. Cleavage of fluorescently labeled (a) OHU:G-containing
DNA duplex and (b) AP:G-containing DNA duplex (100 nM) by hNEIL2 WT, R103W, and P304T
(50 nM each). S, substrate; Pβ, β-elimination product; Pδ, δ-elimination product. (c) Representative
gel showing the cleavage of varying concentrations of the OHU:G substrate (10–1800 nM, including
10 nM radioactively labeled substrate in each reaction) by hNEIL2 P304T (5.5 nM). (d) Plot of reaction
velocity vs substrate concentration for the cleavage of 23OHU-containing DNA duplex by hNEIL2
P304T. Mean ± s.e.m. is shown (n = 3).

Table 2. Kinetic parameters of the cleavage of 23OHU:G-containing DNA duplex by hNEIL2.

Enzyme KM, nM kcat, min−1 kcat/KM, µM−1·min−1

WT 17 ± 2 0.060 ± 0.002 3.5 ± 0.4
R103W 99 ± 9 0.28 ± 0.01 2.8 ± 0.3
P304T 500 ± 30 0.36 ± 0.01 0.72 ± 0.05

2.3. hNEIL2 R103W and P304T Show Reduced Binding to DNA

In order to analyze the DNA-binding properties of hNEIL2 variants, we employed
the electrophoretic mobility shift assay [51]. In order to avoid DNA cleavage in the course
of the experiment, we used a 32P-labeled substrate bearing (3-hydroxytetrahydrofuran-2-
yl)methyl phosphate (THF), an AP site analog resistant to β- and β,δ-elimination, as a lesion.
NEIL proteins from different species are known to bind THF-containing substrates [52–54].
For comparison, we also assessed hNEIL2 variants binding to undamaged DNA containing
C instead of a lesion. Since hNEIL2 prefers lesions in DNA bubbles as substrates, we
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designed a 40-mer ligand containing two 15-bp perfect duplex arms and a centrally located
10-nt bubble with or without THF in the bubble (40F//40bubble or 40C//40bubble, Table 1).
With both damaged and normal DNA, the band corresponding to the free ligand disap-
peared upon increasing protein concentrations, and a slower-migrating band appeared
(Figure 4a,b). At higher hNEIL2 concentrations, a second shifted band with even lower
mobility was observed for both the undamaged and damaged DNA with all three types of
the enzyme (Figure 4a), likely corresponding to non-specific binding of a second protein
molecule. Some of the radioactivity was also observed in a smear shifted upwards, indicat-
ing partial dissociation of the hNEIL2–DNA complex during its migration through the gel.
The apparent binding constants for the wild-type and the mutant hNEIL2, calculated from
the fraction combined bound species, are listed in Table 3. Clearly, both R103W and P304T
mutants showed a reduced ability to bind DNA bubbles compared with the wild-type
protein, with R103W apparently affected to a higher degree. Interestingly, the Kbind

app

values for THF- and C-containing bubbles were similar, suggesting that hNEIL2 may have
a general affinity for bubbles independently of the presence of lesions within them.
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Figure 4. Binding of normal and damaged DNA by hNEIL2. (a) Representative gel showing shifting
of THF-containing bubble DNA ligand by hNEIL2 P304T (0–20 µM). L, THF bubble ligand; EL,
enzyme–ligand complexes. (b) Plot of fractional THF bubble binding vs enzyme concentration.
Mean ± s.e.m. is shown (n = 3). (c) Representative gel showing shifting of THF:G-containing DNA
duplex by hNEIL2 P304T (0–40 µM). L, THF:G ligand; EL, enzyme–ligand complexes. (d) Plot of
fractional THF:G binding vs enzyme concentration. Mean ± s.e.m. is shown (n = 3).
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Table 3. Affinity of hNEIL2 for bubble substrates.

Enzyme Kbind
app(THF), µM Kbind

app(C), µM

WT 1.0 ± 0.1 1.0 ± 0.1
R103W 10.4 ± 1.2 11.7 ± 0.7
P304T 6.4 ± 0.1 7.0 ± 0.3

We have also assessed the affinity of the wild-type, R103W, and P304T hNEIL2 for
double-stranded DNA, either undamaged or containing THF opposite to G. With both of the
DNA ligands, we could not observe clear shifted bands; rather, the radiolabeled material
shifted upwards in a smear (Figure 4c). The lack of a clear band corresponding to the
protein–DNA complex makes it impossible to calculate binding constants, but the overall
shapes of the binding curves (Figure 4d) suggest that the binding of hNEIL2 R103W and
hNEIL2 P304T, to both normal and damaged double-stranded DNA, is reduced compared
to the wild-type protein. Unlike with the bubble DNA, both of the mutants demonstrated
the same degree of impairment of full duplex binding. All of the hNEIL2 variants bound
the damaged duplex better than the undamaged one, confirming the specific nature of
interactions with THF:G-containing DNA.

2.4. Activity of hNEIL2 R103W and P304T on Bubble DNA Substrates

Unlike all other DNA glycosylases, NEIL2 shows unique preference for damaged bases
within DNA bubbles, 6–18 nt being the optimal bubble size for the enzyme’s activity [11,12].
In order to address the effect of hNEIL2 polymorphisms on its ability to cleave bubbles
at damaged sites, we have used 60-mer substrates containing a DHU residue in single-
stranded DNA, double-stranded DNA, or in the middle of a 12-nucleotide bubble (Table 1).
DHU was chosen over OHU for better stability during synthesis of long oligonucleotides;
hNEIL2 prefers OHU in duplexes but cleaves both DHU and OHU with comparable effi-
ciencies in single-stranded DNA and in bubbles [8,11,14]. Figure 5 illustrates the cleavage
of these three substrates by WT hNEIL2 and the R103W and P304T variants. Consistent
with the reports in the literature [11,12], all of the hNEIL2 variants showed poor activity
on DHU in the long duplex substrate (<5% cleavage; Figure 5; also compares with the
cleavage of OHU in the duplex in a shorter substrate in Figure 3). With the single-stranded
substrate, the activity of WT hNEIL2 and hNEIL2 R103W were similar, whereas the P304T
variant showed about two-fold lower cleavage. If the lesion was located in a bubble, it
again was processed by WT hNEIL2 and hNEIL2 R103W with similar efficiency, ~20%
better than the single-stranded substrate, while the activity of hNEIL2 P304T was ~30–35%
lower compared with WT and R103W variants (Figure 5). For WT hNEIL2, the moderate
preference of the bubble over the single-stranded substrate was again consistent with
the literature [11,12]. Overall, our data indicate that the activity of hNEIL2 P304T is also
reduced in single-stranded and bubble DNA substrates.
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3. Discussion

In this study, we have characterized the biochemical properties of two polymorphic
variants of human DNA glycosylase NEIL2, R103W, and P304T. Arg103 lies in the long
unordered insert in the N-terminal domain, unique for NEIL2 among other H2TH DNA
glycosylases, while Pro304 resides in the β-turn connecting two β-strands of the protein’s
C-terminal zinc finger. Overall, the activity of hNEIL2 R103W was on a par with the
wild-type enzyme, whereas P304T had lower activity on all of the types of tested substrates.

Before this study, only two natural variants of hNEIL2, R103Q and R257L, were
characterized biochemically, both selected for their occurrence in human tumors. Both
showed close to normal activity when assayed in isolation, but R257L was deficient in its
ability to support the full BER cycle and reduced ability to co-immunoprecitpitate with
DNA polymerase β, DNA ligase IIIα, and polynucleotide kinase/3′-phosphatase, which
constitute the BER complex [39]. Our results with R103W agree with the absence of the
effect of the R103Q mutation. We have noticed that R103W shows reduced affinity for DNA
(Figure 4b,d) but this did not immediately aggravate the catalysis, possibly because the
affinity for the reaction product was also reduced, leading to an increase in the apparent
kcat value. The phenomenon of strong product inhibition was reported for many DNA
glycosylases (reviewed in [55]) and may be important for protecting the nascent AP site or
a DNA break until the assembly of a repair-proficient complex.

The effect of the P304T substitution is easier to interpret on structural grounds. Unlike
many sequence-specific DNA-binding proteins that recognize the target through several
zinc finger units, the H2TH superfamily DNA glycosylases possess a single Zn2+-stabilized
β-hairpin of the Cys4 or Cys3His type, which contacts DNA in the major groove non-
specifically through an absolutely conserved Arg residue (Arg310 in hNEIL2) that squeezes
two phosphates flanking the lesion [46]. In some cases, such as NEIL1 or plant/fungal
MMH proteins, the β-hairpin maintains its shape in the absence of Zn2+-coordinating
residues (so-called “zincless finger”). The turn connecting two β-strands is fully, or
partly, disordered in many of the structures of free H2TH enzymes [15,52,56–59], including
oNEIL2 [14], but becomes well resolved in DNA-bound structures, indicating its intrinsic
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flexibility, possibly serving to accommodate variable groove geometry. The recent hydro-
gen/deuterium exchange measurements reveal high exposure of the β-turn to solution in
free hNEIL2 [16]. In oNEIL2, Pro307, which is homologous to Pro304, is found immediately
adjacent to the disordered tip of the zinc finger [14]. Thus, the location of Pro304 in the
structure of hNEIL2 seem to be critical for the correct conformation and dynamics of the
zinc finger, and its replacement with conformationally relaxed Thr could affect the protein’s
ability to interact with DNA phosphates.

What could be the biological consequences of R103W and P304T mutations? By
definition, polymorphisms that are maintained in the general population are either nearly
neutral or provide some selective advance to compensate for a functional defect. R103W
is known only as a population variant, albeit the change of Arg103 to Gln is recorded in
the COSMIC database as a somatic mutation in breast carcinoma (COSV52706850). The
P304T variant, in addition to being found in the general population, was found as a somatic
mutation in acute myeloid leukemia (COSV52707838). Moreover, a P304S substitution was
reported from malignant melanoma (COSV105120005 [60]), and an E305K mutation in an
adjacent position, from gastric adenocarcinoma (COSV52706672). In all cases, it is unclear
whether these mutations can act as cancer drivers. Based on the little apparent functional
difference between WT hNEIL2, hNEIL2 R103Q [39], and hNEIL2 R103W described here,
one can expect that the mutations in the position 103 are of no concern. On the other
hand, mutations of Pro304 might be a mild cancer risk factor. A useful comparison can
be drawn with another human DNA glycosylase, OGG1: its extensively studied S326C
allele (rs1052133), frequently occurring in East Asian populations, is an established risk
modifier for lung and possibly gastrointestinal cancer but shows only a moderate functional
impairment [61–63]. Given the total number of carriers (allele frequency ~2.2% in East Asian
populations), studies of cancer risk associated with the P304T variant could be warranted.

4. Materials and Methods
4.1. Enzymes and Oligonucleotides

Bacteriophage T4 polynucleotide kinase was purchased from Biosan (Novosibirsk,
Russia), and E. coli uracil–DNA glycosylase (Ung), from New England Biolabs (Ipswich,
MA, USA). E. coli Nth was purified as described [64]. Oligonucleotides (Table 1) were
synthesized in-house from commercially available phosphoramidites (Glen Research, Ster-
ling, VA, USA). If necessary, the oligonucleotides either carried a fluorescein label, or
were radioactively labeled using γ[32P]ATP (SB RAS ICBFM Laboratory of Biotechnology,
Novosibirsk, Russia) and phage T4 polynucleotide kinase, as specified in the text. The
32P-labeled oligonucleotides were purified by reverse-phase chromatography on an Isolute
C18 sorbent (Biotage, Uppsala, Sweden). The AP site-containing substrate was obtained by
treating 1 µM duplex 23U//23C (Table 1) with Ung (1 U/µL) in the hNEIL2 reaction buffer
(see below) at 37 ◦C for 15 min and used immediately.

4.2. hNEIL2 Purification

pET-21b plasmid carrying a hNEIL2 insert was kindly provided by Dr. Murat Saparbaev
(Paris-Saclay University). The insert was PCR-amplified and re-cloned into pLATE31 us-
ing the aLICator ligation-independent cloning kit (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s protocol. The resulting construct codes for
a full-length hNEIL2 equipped with a C-terminal -GHHHHHH peptide. Site-directed
mutagenesis was carried out using the QuikChange Site-Directed Mutagenesis Kit (Agilent
Technologies, Santa Clara, CA, USA). The sequences of the inserts were confirmed by
Sanger sequencing. E. coli BL21(DE3) cells carrying the plasmids were grown overnight at
37 ◦C with vigorous shaking in 3 mL of LB broth containing 50 µg/mL carbenicillin, inocu-
lated into 50 mL of the same medium, and the growth continued until A595 = 0.8. Synthesis
of the recombinant protein was induced by adding isopropyl β-D-1-thiogalactopyranoside
to 1.5 mM and ZnSO4 to 10 µM for 5 h. The bacteria from several cultures grown in parallel
were pelleted by centrifugation (12,000× g at 4 ◦C for 30 min), and the cell paste (~12 g) was



Int. J. Mol. Sci. 2022, 23, 2212 12 of 16

frozen at −70 ◦C until further use. For purification, the thawed pellet was resuspended in
20 mM sodium phosphate buffer (pH 7.4) supplemented with 1 mM phenylmethylsulfonyl
fluoride and lysed by ultrasound (Q500 sonicator, Qsonica, Newtown, CT, USA). The
lysate was clarified by centrifugation (10,000× g at 4 ◦C for 1 h) and loaded on a 5 mL
SP-Sepharose column (GE Healthcare, Chicago, IL, USA) equilibrated in 20 mM sodium
phosphate (pH 7.4). The proteins were eluted with a 0–1000 mM NaCl gradient in the same
buffer and analyzed by 12% polyacrylamide gel electrophoresis (Laemmli system). The
fractions containing the protein band with the expected mobility were loaded on a 5 mL Ni–
NTA agarose column (GE Healthcare) equilibrated in 20 mM sodium phosphate (pH 7.4)
supplemented with 500 mM NaCl and 5 mM imidazole. The proteins were eluted with a
5–500 mM NaCl gradient in the same buffer. The fractions containing the target protein
were collected, dialyzed against the storage buffer (50 mM Tris–HCl pH 7.5, 400 mM NaCl,
1 mM EDTA, 1 mM DTT, 50% glycerol) and kept at −20 ◦C.

4.3. Enzyme Activity and Kinetics Measurements

The reaction mixture included 25 mM potassium phosphate (pH 7.5), 5 mM MgCl2,
1 mM DTT, and 0.5 mg/mL bovine serum albumin. For the enzyme activity experiments,
the substrate concentration was 10 nM or 100 nM, and the enzyme concentration and
incubation time was varied as needed. The reactions were allowed to proceed at 37 ◦C,
10 µL aliquots were withdrawn and terminated by mixing with an equal volume of gel
loading solution (20 mM Na-EDTA, 0.1% xylene cyanol, 0.1% bromophenol blue in deion-
ized formamide) and heating for 2 min at 95 ◦C. For the kinetic experiments, the substrate
concentration was 10–1800 nM, of which radioactively labeled substrate constituted 10 nM,
and the enzyme concentrations were 1.5 nM for WT hNEIL2, 0.75 nM for hNEIL2 R103W,
and 5.5 nM for hNEIL2 P304T. The reactions were allowed to proceed for 60 min at 37 ◦C
and terminated as above. The reaction products were separated by electrophoresis in 20%
polyacrylamide/7.2 M urea, and the gels were imaged and quantified using the Typhoon
FLA 9500 imager (GE Healthcare).

4.4. Electrophoretic Mobiliy Shift Assay

The reaction mixture included 25 mM potassium phosphate (pH 7.5), 5 mM MgCl2,
1 mM DTT, 0.5 mg/mL bovine serum albumin, 10% glycerol, 35 nM bubble DNA ligand or
100 nM duplex oligonucleotide ligand, and varying enzyme concentrations. The mixtures
were incubated on ice for 5 min and loaded on an 8% non-denaturing polyacrylamide gel.
The gels were run at 10 V/cm, thermostated at 4 ◦C. The gels were imaged and quantified
as above. The apparent binding constants were obtained by fitting to a sigmoidal binding
model using SigmaPlot v11.0 (Systat Software, Frankfurt am Main, Germany).

4.5. In Silico Analysis of the Polymorphism Effect

To predict the possible effects of amino acid changes in hNEIL2, we have used on-
line versions of the following five classifiers: FATHMM [40] (http://fathmm.biocompute.
org.uk/, “Inherited disease” prediction mode; all URLs accessed on 15 December 2021),
Mutation Assessor [41] (http://mutationassessor.org/r3/, accessed on 15 December 2021),
MutationTaster [42] (https://www.mutationtaster.org/, accessed on 15 December 2021),
PolyPhen-2 [43] (http://genetics.bwh.harvard.edu/pph2/, accessed on 15 December 2021),
and Provean [44] (http://provean.jcvi.org/, “PROVEAN Protein” tool, accessed on 15
December 2021). The output from Mutation Assessor was converted to the binary out-
put by classifying the “neutral/low” prediction as “no effect” (numerical value 0) and
the “medium/high” prediction as “affected” (numerical value 1). The binary outputs
“tolerated”, “polymorphism” or “neutral” from other algorithms were classified as “no
effect”, and “damaging”, “disease causing” or “deleterious” as “affected”. The mean of all
predictions was taken as an overall measure of the effect.

http://fathmm.biocompute.org.uk/
http://fathmm.biocompute.org.uk/
http://mutationassessor.org/r3/
https://www.mutationtaster.org/
http://genetics.bwh.harvard.edu/pph2/
http://provean.jcvi.org/
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4.6. Homology Modeling

The homology models of hNEIL2 were built using SwissModel suite [65]. The struc-
tures of oNEIL2 (6VJI [14]) and mvNEIL2/3 (4MB7 [15]) served as templates for the open
and closed conformations, respectively. Per-residue QMEANDisCo score [66] was used as
a local model confidence parameter (Supplementary Materials Figure S1); residues with a
score above 0.6 are usually regarded as reliably built in the model.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms23042212/s1.
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