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ABSTRACT

Purpose: Maintenance of genomic integrity following ionizing radiation (IR) and chemical exposures
is primarily a function of the base excision repair (BER) pathway. This genome surveillance is initiated
by DNA glycosylases, with the endonuclease Vlll-like 1 (NEIL1) glycosylase, apurinic/apyrimidinic site
(AP) lyase being responsible for the release of IR-induced DNA lesions. Suppressed expression of
NEILT leads to increased IR cytotoxicity. Previous analyses of a single nucleotide polymorphic (SNP)
variant of NEIL1, Thr103Ala (T103A), revealed compromised catalytic activities. This investigation was
designed to determine the mechanisms underlying the deficiencies of T103A.

Materials and methods: Mutant and variant NEIL1 enzymes were constructed and characterized for
their ability to catalyze incision of DNAs containing site-specific base damages. Molecular dynamics
(MD) simulations of wild-type (WT) and T103A variant NEILT using the NEILT crystal structure,
addressed mechanisms conferring catalytic activity changes.

Results: The glycosylase and AP lyase activities of NEIL1 T103A could be partially restored in the
presence of Mg?'. The catalytic activities of T103S were also stimulated by this metal. Similar
increases of the reaction rates of T103A and T103S were observed in the presence of Ca®'. In
contrast, the activities of WT NEILT and T103V mutant were not stimulated by the addition of these
metals. MD simulations reveal that the surface loop (residues 102-110) displays enhanced
conformational fluctuations in the T103A variant compared to that region in WT NEIL1. Mg?*
hexahydrate coordinated to carbonyl oxygens of loop residues dampens loop dynamics.
Conclusion: This study is the first report of the metal-dependent stimulation of compromised
activities in a DNA glycosylase variant. The MD simulations suggest that Mg?* stabilizes the surface
loop dynamics in the T103A variant, with the effects of the T to A substitution and Mg?* presence
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being transmitted over a distance greater than 26 A to the NEIL1 active site.

1. Introduction

The formation of cellular damage following ionizing radia-
tion (IR) exposures affects all major cellular components
including lipids, proteins, and nucleic acids (Ward 1988;
Becker et al. 2010; Becker et al. 2020). The amount and dis-
tribution of these damages are known to be highly depen-
dent on the specific properties, quality, and absorbed dose of
the radiation energy [(Goodhead 1994; Rezaee and Adhikary
2024); reviewed in Averbeck and Rodriguez-Lafrasse (2021)].
Relative to the size of the target molecule, the deposition of
energy is best described by linear-energy transfer and is
directly related to the source of irradiation and the environ-
ment of the biological samples being radiated. Most of the
damage conferred to DNA arises from the ionization of
water, with the frequency of base modification occurring
several orders of magnitude greater than that for single- or

double-stranded breaks. Although double-stranded breaks
best correlate with cytotoxicity, base modifications can lead
to mutagenesis and transcriptional errors. Additionally, if
unrepaired, further enzymatic processing of these sites can
lead to the conversion to double-stranded breaks and
lethality.

Given both the relative abundance of IR-induced base
damage and the adverse biological outcomes from lack of
repair, cells have a multi-enzyme pathway, base excision repair
(BER), that is dedicated to recognizing, removing, and repair-
ing base lesions and adducts. Due to the extent of potential
base modifications, cells utilize various DNA glycosylases that
have partial overlapping substrate specificities to find and
remove these lesions. In human cells, repair of IR-induced
base damage is carried out by at least 5 glycosylases: NTHLLI,
OGG], NEIL1, NEIL2, and NEIL3 [reviewed in Baiken et al.
(2020)]. As part of the initial discovery and characterization
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of the human gene encoding endonuclease VIII-like 1 (NEILI)
(Bandaru et al. 2002; Hazra et al. 2002; Morland et al. 2002),
it was demonstrated that a 5-fold reduction in expression of
NEILI in TCl embryonic stem cells resulted in a 2-fold
enhancement in cytotoxicity following low-dose cesium irradi-
ation (0-2.25Gy) (Rosenquist et al. 2003). NEIL1 is a bifunc-
tional enzyme that removes damaged DNA bases through its
glycosylase activity and subsequently cleaves the DNA back-
bone at the resulting apurinic/apyrimidinic (AP) site via its
AP lyase activity. In addition to its catalytic activities on a
subset of IR-induced base lesions, such as (2,6-diamino-4-
hydroxy-5-formamidopyrimidine (FapyGua), 4,6-diamino-5-
formamidopyrimidine (FapyAde), thymine glycol (ThyGly),
5-hydroxy-5-methylhydantoin (5-OH-5-MeHyd), 5-hydroxycytosine
(5-OH-Cyt), dihydrothymine (DH-Thy), dihydrouracil (DH-
Ura), uracil glycol (UraGly), 5-hydroxyuracil (5-OH-Ura),
5-hydroxy-methyluracil (5-OH-MeUra), and urea, NEIL1 also
initiates repair on DNAs containing several alkylated imidaz-
ole ring-opened purines, including aflatoxin B,-induced AFB,-
FapyGua, and various intra- and interstrand DNA crosslinks
[reviewed in McCullough et al. (2025)].

Due to NEILI’s protective role against these and other
pro-mutagenic lesions, it was hypothesized that naturally
occurring SNP variants of NEIL1 could increase human risk
for aflatoxin-induced hepatocellular carcinoma (HCC)
(Vartanian et al. 2017; Minko et al. 2019). Given that popu-
lations in South Asia experience high levels of dietary
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aflatoxin exposures and hepatitis B viral infections that
induce oxidative stress, investigations on SNP variants of
NEIL1 that occur in this region may have clinical implica-
tions. In a previous study, we analyzed the catalytic activities
of the most common South Asian variants of NEIL1, includ-
ing Q67K, T103A, P206L, and T2781 (Zuckerman et al.
2024). While most of these variants exhibited activities and
substrate specificities comparable to those of the WT NEILI,
the T103A variant exhibited greatly diminished activities on
17-mer oligodeoxynucleotides containing either site-specific
ThyGly or AFB,-FapyGua adducts (Zuckerman et al. 2024).
These results were not anticipated since the T103 position
within the structure of NEIL1 is very distant from the DNA
binding domain and the site of catalysis, ~26 A (Figure 1).
In this study, we integrated analyses of enzymatic activity
with molecular dynamics (MD) simulations to elucidate the
molecular basis of the functional deficiency observed in the
T103A NEIL1 variant.

2. Materials and methods

2.1. Construction of expression plasmids for mutant
NEIL1 enzymes and purification

The pET22b(+) plasmid vector encoding the gene-edited
form of WT NEIL1 (K242R) in frame with a C-terminal
6-histidine purification tag (Minko et al. 2020) was used as

Figure 1. Crystal structure or human NEIL1 in complex with double-stranded DNA containing thymidine glycol (ThyGly) lesion (PDB ID 5ITX) (Zhu et al. 2016).
NEIL1 is shown in cartoon mode and colored in tan and the DNA is colored by atom with green carbons. Carbon atoms of ThyGly at the active site are colored
in purple and selected NEIL1 residues are highlighted in ball-and-stick mode and labeled: P2 (cyan), L21 (yellow), T103 (magenta) and L110 (yellow). The remaining

residues of the 103-110 loop on the surface are shown with their side chains and carbons colored grey. The thin black line marks the distance between the C

a

atoms of P2 and T103. The latter is wedged between L110 and L21 and the a-helix that links the latter to residues P2 and E3 at the active site is highlighted in

grey.



a template. The plasmid DNAs to express the T103S and
T103V NEIL1 mutants were constructed by site-directed
mutagenesis following the previously described protocol
(Zuckerman et al. 2024). These mutations at codon 103 were
engineered using the Q5 Site-directed Mutagenesis kit (New
England Biolabs) with the following primers (purchased
from Integrated DNA Technologies): T103S forward
(5'-TTTTACAGCGCCCCGCCTGGCCC-3"); T103S reverse
(5'-GCGCAGGTGGGCATGGCGTGG-3'); TI103V forward
(5'-TTTTACGTGGCCCCGCCTGGCCC-3"); T103V reverse
(5'-GCGCAGGTGGGCATGGCGTGG-3'). Following PCR
amplification, DNAs were introduced into 5-alpha compe-
tent E. coli (New England Biolabs) and individual colonies
were selected by overnight growth on LB plates containing
50 ug/mL ampicillin. Isolated colonies were subsequently
grown in ampicillin-supplemented LB broth and plasmids
were purified using QIAprep Spin Miniprep kit (Qiagen).
The NEIL1 open reading frame in these plasmid DNAs was
sequenced and the mutations verified by Sanger sequencing
technique in the Vollum Institute DNA Sequencing Core,
OHSU. Mutant NEIL1 enzymes were expressed and purified
as previously described (Zuckerman et al. 2023). Pooled
fractions of WT and mutant NEIL1 enzymes were estimated
to be > 95% pure; these were stored at —80°C.

2.2. Activities of WT and mutant NEIL1 on site-
specifically modified oligodeoxynucleotides

DNA incision activity was measured by plate reader- and
gel-based methods. These assays used duplex oligodeoxynu-
cleotides containing site-specific lesions including ThyGly,
AFB,-FapyGua, or an AP site that was created by removal of
uracil (U) by uracil DNA glycosylase (UDG). The ThyGly-

and U-containing oligodeoxynucleotides were 17-mers
labeled with the TAMRA fluorophore at the 5 end
(5'-(TAMRA)-TCACCT(ThyGly) CGTACGACTC-3' and

5'-(TAMRA)-TCACC(U)TCGTACGACTC-3'). The comple-
mentary strands placed an adenine opposite ThyGly and a
cytosine opposite the AP site. In real-time (plate reader-
based) assays, the complementary strand was conjugated
with Black Hole Quencher 2 (BHQ2) at the 3’ end. AP sites
were generated by incubating 100nM duplex U-containing
DNA with 10 units of UDG (New England Biolabs) in
100uL of standard NEIL1 reaction buffer (see below).
Preparation of the 20-mer oligodeoxynucleotide containing AFB,-
FapyGua (5'-CCATA(AFB,-FapyGua) CTACCATCGCTGGA-
TAMRA-3') was previously described (Tomar et al. 2021).
All  other oligodeoxynucleotides were purchased from
Integrative DNA Technologies.

Glycosylase/AP lyase reactions on site-specifically modi-
fied oligodeoxynucleotides were performed in the following
buffer: 20mM Tris-HCl (pH 7.4), 100mM KCI, 100 ug/mL
BSA, and 0.01% (v/v) Tween 20. WT or mutant NEIL1 was
combined with MgCl,, CaCl,, or MnCl,, and reactions were
initiated in black 384-well plates (Corning Inc.) by adding
enzyme solutions to DNA substrates. Final concentrations of
DNA substrates, NEIL1 enzymes, MgCl,, CaCl,, and MnCl,
are provided in the figures or figure legends. Relative
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fluorescence was measured every 2min at 37°C on an
Infinite M200 Tecan plate reader, using 525/9nm excitation
and 598/20nm emission filters. Reaction rates during the
linear phase were determined by fitting data to a linear
equation and normalized to the rates of control reactions. To
determine MgCIl, concentrations that yield 50% of maximal
enhancement (EC,,) or inhibition (IC,,) of enzymatic activ-
ity, the relative initial rates were plotted in Kaleidagraph and
analyzed using AAT Bioquest calculators (https://www.
aatbio.com).

For experimental designs that analyzed DNAs by electro-
phoretic mobility changes, reactions were conducted at 37°C
for 10min and terminated by the addition of either 95%
(v/v) formamide and 20mM EDTA at a 1:4 ratio or the
same solution containing 250 mM NaOH, following by heat-
ing at 95°C for 2min. Substrate and product DNAs were
separated on 15% polyacrylamide gels containing 8 M urea.
TAMRA-labeled DNAs were visualized using a FluorChem
M system (Protein Simple) with a 534nm LED light source
and a 607/36nm emission filter.

2.3. MD Simulations

The crystal structure for human NEIL1 (PDB code: 5ITQ)
(Zhu et al. 2016) was used to generate starting coordinates
for all simulations. Coordinates for surface loop residues
H204, R205 and P206 are missing in the 5ITQ crystal struc-
ture. Therefore, these residues were modeled using standard
backbone torsion angles and then relaxed with energy min-
imization to remove any residual conformational strain. To
generate the T103A variant structure, the T103 surface loop
residue was replaced with alanine, retaining the threonine C,
carbon atom position for the alanine Cg carbon. The T103A
variant with a single Mg?" cation complexed with surface
loop 102-110 (Figure 1) was built using data and guidelines
from previous studies (Lu et al. 2012; Piovesan et al. 2012;
Khrustalev et al. 2016).

All energy minimization and molecular dynamics simula-
tions were performed with the PMEMD AMBER module
(Case et al. 2023), using the AMBER ff19SB force field for
protein (Tian et al. 2020), along with the OPC water model
(Izadi et al. 2014) and corresponding parameters for ions
(Sengupta et al. 2021). Each protein model was solvated in
a truncated octahedron box with a 14 A buffer zone between
any protein atom and the closest box wall. The starting
structure was subjected to a three-step minimization proce-
dure. First, the protein was relaxed for 10,000 steps of con-
jugate gradient minimization, while water molecules and
counterions were restrained at starting positions. Then, all
solvent molecules and ions were relaxed for 10,000 steps
while the protein was restrained. Finally, all restraints were
removed, and the entire system was minimized for 10,000
additional steps. The minimized complex was then heated
gradually from 0 to 300K during a 200ns canonical ensem-
ble (NVT) MD simulation, followed by a ~300ns NPT
ensemble simulation, using a 2fs timestep. After this equili-
bration phase, all MD trajectories were propagated for 2-3
microseconds. Energy and force calculations were performed
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using minimal image periodic boundary conditions with a
12A nonbonded cutoff for real space interactions, a homo-
geneity assumption to approximate the contributions of
long-range Lennard-Jones forces to the virial tensor, and
staggered particle-mesh Ewald for long-range electrostatics
correction (Cerutti et al. 2009). A Langevin thermostat with
a collision frequency of 3ps™ was used to maintain the sys-
tem temperature (Izaguirre et al. 2001). All covalent bonds
with hydrogen atoms were constrained using the SHAKE
algorithm (Ryckaert et al. 1977) and the SETTLE method
was used to maintain rigid water geometry (Miyamoto and
Kollman 1992). Final numerical analysis of all MD trajecto-
ries was performed using the cpptraj package (Roe and
Cheatham 2013) and the ChimeraX program was used for
visualization of all structures (Meng et al. 2023), with the
CPK model applied for space-filling representations (Koltun
1965). After completion of the MD simulations, valine and
serine residues were substituted at position T103 for multi-
ple configurations from the WT MD simulation, to assess
the potential impact of these mutations. The valine and ser-
ine substitutions, and subsequent analysis for steric clashes
with the substituted residues, were automated using options
in the ChimeraX program. We utilized this automated pro-
cedure to facilitate the process and also to avoid potential
user bias that could be introduced with manual model
building and assessment.

3. Results

3.1. Divalent cation stimulation of the catalytic
efficiency of the NEIL1 T103A variant

Previously, as part of an investigation characterizing the
NEIL1 variants that are primarily associated with popula-
tions in South Asia, it was demonstrated that relative to the
WT NEILI, the T103A NEIL1 variant had a reduced cata-
Iytic efficiency on 17-mer oligodeoxynucleotides containing
either a ThyGly or an AP site (Zuckerman et al. 2024). This
result was unanticipated due to both the relatively conserva-
tive nature of the amino acid change and its distance from
the DNA binding and catalytic sites. As shown in Figure I,
the distance of the T103 residue from the active site P2 res-
idue is ~26 A.

Although it was established that the AP lyase activity was
compromised in the T103A NEIL1 variant (Zuckerman et al.
2024), the effect of this substitution on the glycosylase activ-
ity was unknown. To address this question, we proposed to
incubate ThyGly-containing oligodeoxynucleotides with the
T103A variant in the presence of AP endonuclease 1 (APE1),
which would cleave DNA at any residual AP sites created in
the T103A-catalyzed glycosylase reaction. Since APEI is a
magnesium-dependent enzyme, we first tested whether
NEIL1 activity would be affected by the addition of Mg?* to
the reaction buffer. Specifically, control incision reactions
were performed with 50nM WT and T103A NEIL1 in either
the standard buffer or an APEl-appropriate buffer contain-
ing 10mM MgCl, (Figure 2(A)). Surprisingly, these data
demonstrated that while the WT NEIL1 was inhibited by
~40% in the presence of 10mM MgCl,, reactions containing

T103A showed a ~3-fold increase in incision rates. Despite
this significant increase, the rate of incision by T103A
remained below that observed for WT NEIL1. The concen-
tration of MgCl, required to decrease the maximal reaction
rate of WT NEIL1 by 50% (IC.,) was determined to be
10.2£0.2mM (Figure 2(B)). The concentration producing a
50% increase in the maximal enhancement (EC,)) of T103A
activity was 2.7+£1.8mM (Figure 2(C)). Comparable to the
decreased activity observed for WT NEIL1 at 20 and 40 mM
concentrations of MgCl,, the activity of the T103A variant
was also reduced under these conditions.

To investigate whether other divalent cations could inhibit
WT NEIL1 and stimulate the T103A variant, DNA incision
reactions were performed using the ThyGly-containing oli-
godeoxynucleotide with CaCl, or MnCl,. The rates of reac-
tions carried out using CaCl, were equivalent with those
observed for reactions with MgCl, (Figure 2(A)). Incubation
in the presence of MnCl, was inhibitory to both the WT
and T103A variant NEIL1 (data not shown). The products
of DNA incision reactions were also analyzed using gel-based
electrophoretic separation of oligodeoxynucleotides contain-
ing either ThyGly or AFB,-FapyGua. These DNAs were
incubated with different concentrations of WT and T103A
NEIL1 in the presence or absence of these divalent cations,
with assays performed in duplicate. These data were consis-
tent with those reported in Figure 2, such that WT NEIL1
was inhibited by all tested divalent cations and the T103A
variant was stimulated by MgCl, and CaCl, (data not shown).

To test the effects of these metals on the DNA glycosylase
step, the experimental design was changed to distinguish
glycosylase alone vs combined glycosylase/AP lyase activities.
Specifically, WT and T103A NEIL1 were assayed in dupli-
cate in the presence or absence of divalent cations, with
residual AP sites detected following conversion of these sites
into DNA strand breaks by incubation with NaOH (data not
shown). These data revealed that the T103A NEIL1 variant
was compromised in not only its AP lyase activity, but also
its glycosylase activity, both of which are restored in the
presence of MgCl,.

To further investigate the basis of the T103A functional
deficiency, the amino acid at position T103 was changed to
encode serine (S) or valine (V). The rationale for the changes
was guided by analyses of the local environment surround-
ing T103. Replacement of T by S or V does not affect
side-chain volume and favorable steric interactions to the
same extent as replacement of T by A. Rather, these substi-
tutions were designed to probe the effect of the balance
between electrostatic and nonpolar interactions by compar-
ing S (H-bond), T (H-bond and nonpolar), and V (nonpo-
lar) at position 103. Following purification, the catalytic
activities of the T103S and T103V mutant proteins were
measured using the ThyGly-containing oligodeoxynucleotide
(Figure 3). These data demonstrated that the activity of the
T103S NEIL1 mutant was significantly reduced relative to
WT (p < .001). The stimulatory effects of 10mM MgCl, and
CaCl, were observed in this mutant, with an ~2.5-fold stim-
ulation for both cations. The activity of T103V NEIL1
mutant was comparable in the presence or absence of 10 mM
cations.
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Figure 2. Changes in the rates of combined glycosylase/AP lyase activities of the WT and T103A NEIL1 in the presence of MgCl, or CaCl,. Relative reaction rates
were measured at 37°C in three independent experiments using 50nM ThyGly-containing oligodeoxynucleotides and 50nM enzymes. (A) Reactions were per-
formed in NEIL1 reaction buffer without or with 10mM MgCl, or CaCl,. Relative rates were compared for each enzyme in the presence of MgCl, or CaCl, versus
standard reaction conditions (** = p < .01; *** = p < .001). (B) ICs, values for inhibition of the WT NEIL1 were determined using the range of concentrations of
MgCl, from 0.039 to 40mM. C. For the T103A NEIL1 variant, reactions were conducted using the range of concentrations of MgCl, from 0.039 to 40mM, and EC,,

values were calculated using concentrations from 0.039 to 10 mM.
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Figure 3. Changes in the rates of combined glycosylase/AP lyase activities of
the T103S and T103V NEILT mutants in the presence of MgCl, or CaCl,. Relative
reaction rates were measured at 37°C in three independent experiments using
50nM ThyGly-containing oligodeoxynucleotides and 50nM enzymes. Reactions
were performed in NEIL1 reaction buffer without or with 10mM MgCl, or CaCl,.
Relative rates were compared for each enzyme in the presence of MgCl, or
CaCl, versus standard reaction conditions (** = p < .01).

3.2. MD Simulations

The MD simulations not only display many similarities for
the WT, the T103A variant, and the T103A variant with

Mg?* cation systems, but also reveal some dramatic differ-
ences in behavior for the three systems. The surface loop
102-110 exhibited a comparable range of motion for all
three systems (Figure 4(A)), with Root Mean Square
Deviation (RMSD) values of ~0.75A. However, while each
system sampled comparable regions of conformational space,
the T103A variant loop had higher structural fluctuation
values (Figure 4(B)), indicating increased dynamics or flexi-
bility. The structural fluctuation values for the 102-110 loop
in the system with Mg?* were more variable, but were com-
puted using a far smaller number of configurations (~10%)
versus the WT or T103A variant NEIL1 simulations with no
Mg?* (~10° configurations for each). This is because the
Mg?* interaction with the 102-110 loop was weak and tran-
sient, persisting for only a few hundred nanoseconds at
most. The Mg**-loop interaction is weak because the cation
is not chelated directly by the loop backbone carbonyl
groups, but rather interacts with the loop as a
cation-hexahydrate complex (Mg?*(H,0),) (Figure 4(C-a)).
Figure 4(C-b) presents a snapshot from the MD trajectory
illustrating weak cation coordination with carbonyl oxygens
from residues A104, P106, and P108 in the 102-110 surface
loop, as well as residue V22 near the end of a-helix 2-20.
While the behavior for surface loop 102-110 is reasonably
similar in all three simulations, we observe dramatically dif-
ferent behavior in the active site region for each complex.
We monitored the behavior of five active site residues: P2,
E3, E6, M81 and Y244, as these residues are either crucial
for catalytic activity (e.g., P2 and E3) or have been docu-
mented to make important contacts with ligands (Zhu et al.
2016; Lloyd 2022; Tomar et al. 2023). Table 1 presents
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Figure 4. Molecular dynamic simulations. (A) Snapshots of loop 102-110 from molecular dynamics simulations for a. WT enzyme, b. T103A variant, and c. T103A variant with
Mg?*. Each colored loop conformation represents an MD simulation configuration at 200 nanosecond intervals. In Panel A-c, the Mg?* hexahydrate complex is bound to the
loop. (B) Structural fluctuations for loop 102-110 residues during the final 2 microseconds of each MD simulation. Note that data sampling for the T103A variant with Mg?*
is extremely limited because of the transient nature of the cation-loop interaction, due to weak cation binding. As a result, the fluctuation values for the T103A variant in
the presence of Mg?* have lower confidence. (C) Snapshot of the T103A variant complexed with a Mg?*. (a) Overview of the enzyme rendered as a grey ribbon structure
with the Mg?* hexahydrate complex bound to the 102-110 surface loop. Mg?* is rendered as a green sphere, and waters are rendered as red and white ball-and-stick
structures. (b) Detailed view of the Mg?*-(H,0), interactions with surface loop residues. Dashed grey lines highlight interactions between carbonyl groups of loop residues
A104, P106 and P108, as well as an interaction with the carbonyl group of V22, located near the end of a-helix 2-20 as shown in Panel C-a. (D) Structural fluctuations for
active site residues P2, E3, E6, M81 and Y244 during the final 2 microseconds of each MD simulation. As noted for Panel B, the fluctuation values for the T103A variant with
Mg?* have lower confidence because of limited sampling due to the transient nature of the enzyme-cation interaction. (E) MD simulation snapshot illustrating the enzyme
active site relationship with the mutation site in loop 102-110. (a) Spatial relationship between active site residues (rendered as cyan CPK structures) and T103 (rendered as
grey/red/white CPK structure) in the 102-110 surface loop. The active site and loop are “coupled” by a-helix 2-20 and a -sheet composed of residues 83-88/99-102/111-116,
depicted as grey ribbon structures. (b) Detailed view of the T103A mutation site in loop 102-110. The green surface displays the volume occupied by the smaller alanine
side chain at position 103. The red surface illustrates the larger volume occupied by the WT threonine side chain at this position (the threonine volume includes all of the
green and red surface). Residues from the end of a-helix 2-20 and the edge of the B-sheet are rendered as yellow CPK structures and display the close packing contacts
formed with the WT threonine, as well as the void formed when an alanine residue is substituted at this position. (F) Close-up view of the NEIL1 surface loop encompassing
residues 103 to 110 depicting the energy-minimized pose of Mg?* hexahydrate coordinated to several backbone oxygen atoms. Loop carbon, nitrogen and oxygen atoms
are colored in grey, blue and red, respectively, the grey sphere in the center is Mg?*, water molecules are shown in ball-and-stick mode with oxygen and hydrogen atoms
colored in cyan and white, respectively, and the L21, A103 and L110 side chains are highlighted in yellow. Thin solid lines indicate the distances between water H-atoms
and backbone oxygens and the Mg?* coordination sphere is shown with dashed lines.



Table 1. Root Mean Square Deviation values for active site residues P2, E3, E6,
M81 and Y244.

NEIL1 Backbone (N, C,, C) Backbone + Side Chain
wWT 048 A + 013 A 119 A £ 020 A
T103A 312A+126 A 395 A +1.03 A
T103A +Mg?* 195 A £ 093 A 232 A+101A

RMSD data for these active site residues which show that
the active site in the WT enzyme is extremely stable over
the entire trajectory, with only small fluctuations from the
crystallographic positions. In dramatic contrast, the T103A
variant NEIL1 displays large structural deviations over the
simulation, with frequent major disruptions of the overall
active site geometry. The active site residue fluctuations, i.e.,
dynamic motion, are also much larger for the T103A variant
(Figure 4(D)). The behavior of the T103A variant when
Mg** is added to the system is intermediate between that of
WT enzyme and the variant without Mg?*. The Mg** inter-
actions with the 102-110 surface that was discussed above
(Figure 4(B)), appear to stabilize the enzyme active site to
some extent.

4. Discussion

4.1. Initial report of a divalent metal cation-stimulated
glycosylase variant

While magnesium is essential for many catalytic reactions
within the BER pathway, including those involving AP endo-
nucleases such as APE1l, DNA polymerases p and §, and
DNA ligases, this is not the case for most DNA glycosylases.
Throughout the initial discoveries and characterizations of
DNA  glycosylases, reaction conditions containing
metal-chelating agents were routinely optimized for factors
such as salt concentrations, pH range, and temperature.
Although there were subtle differences in each enzyme’s
optimal reaction conditions, activities of these enzymes were
generally not inhibited by chelating agents, suggesting that
divalent metal cations were not essential for catalysis. These
findings held true for the four iron-four sulfur (4Fe-4S)
cluster-containing glycosylases such as MutY and Nthl
(Manuel and Lloyd 1997; Dizdaroglu et al. 1999).
Furthermore, lack of either stimulation or inhibition of
NEIL1 by 500nM MgCl, was directly demonstrated (Hegde
et al. 2010). However, an exception to this general conclu-
sion has been shown for the human DNA glycosylases,
hUNG2 and hSMUGI, for the removal of wuracil in
single-stranded DNA and from U:A and U:G mismatches
(Kavli et al. 2002).

In this study, to further characterize the enzymatic defi-
ciencies of the TI103A NEIL1 variant, we conducted the
reactions in the presence of divalent metal cations and
demonstrated that the activity of this enzyme was signifi-
cantly enhanced by magnesium and calcium. In contrast,
manganese was inhibitory to both the WT NEIL1 and
T103A variant. In this regard, the Mitra laboratory had
reported inhibition of NEIL1 by 500nM CuCl,, FeSO,,
FeCl,, and AICl; (Hegde et al. 2010). For Fe(II/III) and
Cu(II), these metals were shown to bind directly to NEILI,
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thereby inhibiting catalysis and disrupting protein-protein
interactions. It has also been demonstrated that inhibition of
NEIL1 by Cu?* and Cd*' occurs through the formation of
metal-DNA complexes that interfere with damage recogni-
tion (Grin et al. 2009). Although not explicitly tested here,
our data on manganese-mediated inhibition of NEIL1 could
be consistent with either mechanism.

The structure of NEIL1 does not map to any of the
human protein clusters that feature Mg?" binding sites
(Piovesan et al. 2012). Moreover, the glycosylase does not
contain a predominant secondary structural motif that is
characteristic of Mg?*" or Mn*" coordination sites (Khrustalev
et al. 2016), nor does it contain Asp and/or Glu residues in
close spatial proximity that are indicative of Mg?* or Ca*
binding sites (Lu et al. 2012). However, Mg?* binding to the
NEIL1 loop described here differs from the above motifs
and Asp/Glu-dominated Mg?* binding sites at active sites of
nucleic acid-processing enzymes such as polymerases, endo-
nucleases, and exonucleases. Thus, the interaction is more
dynamic and features exclusively water-mediated contacts
unlike at enzyme active sites that display inner-sphere coor-
dination by Mg*".

Mg?** and Ca*" exhibit different DNA binding modes and
result in distinct consequences for duplex conformation and
packing. We analyzed Mg?>* and Ca®* binding to the
Dickerson-Drew Dodecamer (DDD) B-form DNA of
sequence 5'-CGCGAATTCGCG-3' using X-ray crystallogra-
phy at atomic resolution (Minasov et al. 1999). The crystal
structures of the DDD in the presence of the two alkaline
earth metal ions are non-isomorphous and offer the most
detailed picture of the ionic environment of B-DNA.
Individual duplexes in the magnesium and calcium crystal
forms are surrounded by 13Mg?** and 11 Ca?* ions, respec-
tively. The metal ions trigger different end-to-end contacts
between adjacent DDDs as well as lateral contacts. A Mg
ion sits in the major groove near one end of the duplex and
stabilizes a distinct kink at that site. At the minor groove
periphery, Mg?* ions bridge phosphate groups from opposite
strands and cause a narrowing of the groove at the edge of
the central A-tract. Conversely, Ca?* resides inside the minor
groove and contacts base edges via its hydration shell. All
Mg** ions are hexacoordinated and display the well-known,
strict octahedral coordination geometry. By comparison,
Ca?* ions show a more irregular geometry, and some are
hexacoordinated and others heptacoordinated. In addition to
residing inside opposite grooves, Ca?" ions form more
inner-sphere complexes than Mg?* ions, in-line with the
lower hydration enthalpy of Ca?* compared to Mg?*. Given
these distinct metal-binding modes, our observation that
Mg?* and Ca?' interchangeably rescue the activity of the
T103A NEIL1 variant is not likely attributed to the direct
binding of the ions to DNA. Instead, a relatively loose bind-
ing mode of the two ions to the NEIL1 loop, based exclu-
sively on water-mediated contacts and no inner-sphere
coordination, better fits the T103A NEIL1 variant activity
profile. Moreover, despite similar binding modes of the two
metal ions at active sites of DNA- or RNA-processing
enzymes, Mg?* is conducive to activity whereas Ca*" typi-
cally is not. Even when Ca?* does act as a cofactor of a
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reaction such as S. solfataricus Dpo4-catalyzed DNA polym-
erization, it cannot fully replace Mg?*. Thus, Ca®* is an
inhibitor of the Dpo4 pyrophosphorolysis activity (Irimia
et al. 2006).

4.2. Potential structural basis of the metal-stimulated
activities associated with T103A

It seems plausible that the large structural fluctuations
and highly dynamic nature of the TIO03A active site
observed in the MD simulations can explain the reduced
catalytic activity of this variant. The relative active site
structural stabilization observed when a magnesium cat-
ion is present is likely due to the weak, transient Mg**
interaction with the 102-110 surface loop, as presented
above. This relative structural stabilization is consistent
with the experimental observation that Mg?* addition
only partially rescues enzymatic activity. Based on our
simulation results, we predict that increasing the Mg
concentration in the MD simulation might enhance active
site stabilization and presumably, enzymatic activity,
through a simple mass action effect. Specifically, higher
Mg?* concentrations increase the probability of productive
interactions between the cation and the 102-110 surface
loop. This prediction is consistent with the experimental
results which demonstrate a cation concentration-dependent
catalytic rescue effect.

The correlation between the 102-110 surface loop dynamic
behavior and the active site dynamics observed in our sim-
ulations is dramatic. While our current data do not enable
us to propose a detailed mechanism for the coupling of the
T103A mutation site with the enzyme active site, the crystal
structure (Figure 1) and snapshots collected from our MD
trajectories provide a plausible general explanation. Figure
4(E) shows a portion of the enzyme structure, highlighting
the active site residues (depicted as cyan CPK structures)
and the 102-110 surface loop with T103 presented as a
multi-colored CPK structure. As this figure shows, this sur-
face loop and the active site are physically connected, and
we propose, are mechanically coupled to each other, via
a-helix 2-20, as well as a P-sheet formed by residues
83-88/99-102/111-116. In the WT enzyme, T103 forms tight,
favorable packing interactions and a H-bond with residues
near the C-terminus of the a-helix, including L21 and V22
(highlighted as a yellow CPK structure), as well as residues
near or at the edge of the B-sheet, including F23, L87, Y102
and L110 (displayed as yellow CPK structures). When the
much smaller alanine residue is substituted for threonine in
the T103A variant, it creates a cavity or void at this interface
and the tight packing interactions are disrupted, as shown in
Figure 4(F), and the H-bond is lost. This disruption of the
tight packing contacts and the H-bond interaction explains
the increased loop structural fluctuations we observe for the
T103A NEIL1 variant. We propose that the increased struc-
tural dynamics at the interface of the surface loop (mutation
site) with the a-helix and P-sheet gets transmitted to the
enzyme active site, leading to increased dynamics there, with
a concomitant loss of enzymatic activity. Additional

experiments and simulations will be needed to probe this
proposed coupling mechanism in greater detail.

As pointed out for the TI03A NEILI variant, the alanine
side chain is too short for favorable packing interactions
with adjacent side chains. Also, the H-bond between thre-
onine OH and the L110 amide moiety, which is observed in
the crystal structure of WT NEILLI is lost. Based on analysis
of the WT crystal structure, the T103S NEIL1 mutant can
in principle preserve the H-bond, but the lack of the methyl
group of the serine side chain disrupts the favorable packing
interactions. However, the T103V NEIL1 mutant should
maintain favorable packing interactions with L21 and L110
side chains. To test these hypotheses more rigorously, we
used an automated modeling protocol to substitute valine or
serine at position T103 for multiple snapshots from the WT
MD simulations. The rationale for this exercise was simple:
if valine is indeed a good substitute for threonine at position
103, it should “fit” well in snapshots from the WT simula-
tion without adjustment or structure relaxation. The results
show that valine can be accommodated in ~90% of all tested
configurations from the WT MD trajectory with excellent
side chain packing. The remaining 10% of tested configura-
tions exhibited extremely minor steric clashes, involving ali-
phatic hydrogen-hydrogen contact distances that were
0.1-0.2A too short, based on the default van der Waals
parameters used by ChimeraX. As expected from the crystal
structure analysis, the serine residue is too small to maintain
favorable side chain packing interactions. We also observed
that the shorter serine side chain fails to maintain favorable
H-bond interactions with the L110 amide backbone, or any
other enzyme residues, in most MD snapshots tested. In
essence, the serine residue appears to behave very much like
alanine at position 103, which is consistent with the experi-
mental results. These modeling results, together with the
experimental observation that T103V activity does not dis-
play Mg?* dependence, unlike either T103A or T103S,
strongly suggests that maintaining favorable side chain pack-
ing interactions at position 103 is more important for loop
dynamics and enzyme activity than preserving an H-bond
with L110. A more detailed analysis of H-bonding patterns
in the WT MD simulation reveals that the T103H-bond
with L110 is only present ~70% of the time, and is disrupted
regularly by water molecules, further supporting the idea
that H-bonding by T103 is less important for structural sta-
bilization than is favorable side chain packing. Together,
these MD simulation and modeling results suggest that T103
mutations cause side-chain dependent changes in the
dynamic behavior of the loop, leading to the unusual metal
ion dependence of a glycosylase arising because Mg?" can
partially restrain the increased loop flexibility caused by the
T103A and T103S mutations.

Based on the MD simulations, we speculate that magne-
sium and calcium are not directly involved in the enzyme’s
chemistry, but instead, these cations induce conformational
changes in the T103A variant, facilitating damage recogni-
tion, nucleotide flipping, and subsequent catalysis. These
mechanisms are also likely to account for the prior observa-
tions that, in the absence of magnesium, the catalytic activ-
ity of the T103A variant increased with DNA substrate



length such that incision of a 51-mer oligodeoxynucleotide
containing ThyGly was only about 8-fold reduced relative to
WT NEILI, and the rates of base excision from genomic
DNA was indistinguishable between the two enzymes
(Zuckerman et al. 2024). Thus, we consider that in the
absence of metals, general salt-dependent, nonspecific DNA
binding may induce similar stabilization in the T103A vari-
ant, thus improving catalytic activity which on short DNAs
can only be achieved via metal binding.

4.3. Implications for human health and disease risk

Our prior investigations characterizing the SNP variants of
NEIL1 suggested that reduced catalytic efficiency of the
T103A NEIL1 variant could potentially elevate disease risk in
humans, especially in contexts involving aflatoxin exposures
and viral hepatitis infections (Zuckerman et al. 2024). The
present investigation has provided greater insights into the
conditions in which this SNP variant remains functional. In
the presence of physiologically relevant magnesium concentra-
tions, the T103A NEIL1 variant appears to possess the same
range of substrate recognition as the WT, albeit with reduced
catalytic efficiency using oligodeoxynucleotide substrates.
Collectively, these data suggest that further investigations on
the pathogenicity of the T103A NEILI variant is warranted.
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