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Abstract

DNA oxidation is an inevitable and usually detrimental process but the cell is capable of reversing 

this state due to possessing a highly developed set of DNA repair machineries, including the DNA 

glycosylase NEIL3 that is encoded by the NEIL3 gene. In this work, the G-rich promoter region of 

the human NEIL3 gene was shown to fold into a dynamic G-quadruplex (G4) structure under near 

physiological conditions using spectroscopic techniques (e.g., NMR, circular dichroism, 

fluorescence, and UV-vis) and DNA polymerase stop assays. The presence of 8-oxo-7,8-

dihydroguanine (OG) modified the properties of the NEIL3 G4 and entailed the recruitment of the 

5th domain to function as a “spare tire,” in which an undamaged 5th G-track is swapped for the 

damaged section of the G4. The polymerase stop assay findings also revealed that owing to its 

dynamic polymorphism, the NEIL3 G4 is more readily bypassed by DNA polymerase I (Klenow 

Fragment) compared to well-known oncogene G4s. The present study identifies the NEIL3 
promoter possessing a G-rich element that can adopt a G4 fold, and that when OG is incorporated, 

the sequence can lock into a more stable G4 fold via recruitment of the 5th track of Gs.
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INTRODUCTION

Damage to DNA can result from oxidative stress due to chronic exposure to exogenous 

oxidants (e.g., ionizing radiation, UV light, and genotoxic agents) and endogenous reactive 

oxygen species (ROS) generated by metabolic and inflammatory processes. Oxidation of 

genomic DNA can lead to the acceleration of aging and the development of chronic diseases 

such as cancer, neurodegenerative disorders, immune deficiencies, cardiovascular and 

pulmonary ailments, and diabetes.1–5 Sequences of DNA bearing electron-rich guanine (G), 

the nucleobase that has the lowest reduction potential (E°= 1.29 V),6 are especially prone to 

undergo oxidation and yield 8-oxo-7,8-dihydroguanine (OG) as a major oxidation product.
7,8 It has been estimated that up to 100,000 OGs are formed per cell daily,9–11 and it is the 

most commonly measured biomarker of ROS-induced DNA oxidation to date.12–19 The 

longstanding view regarding cellular ROS is that they interfere with normal cellular 

processes and are generally believed to be detrimental to the viability of the cell; however, it 

was pointed out early on that ROS can function as signaling molecules inside cells.20–22

Likewise, OG lesions in DNA have been largely documented to have a negative impact on 

cellular activities such as transcription. The presence of OG was shown to reduce the 

binding affinity of the transcription factors SP1,23 NF-κB,24 and CREB25 when located in 

the recognition sequences for these proteins, inhibit RNA polymerase elongation,26 and can 

cause transcriptional gene inactivation.27 Recently, there is a growing consensus among our 

laboratory and others suggesting that OG can also serve as a regulatory element in the 

genome.28–31 For instance, the gene expression levels of BCL2,32 SIRT1,33 VEGF,34 and 

TNF-α31 are enhanced in correlation with increased OG present in the promoter regions. 

Recent work in our laboratory incorporated OG into specific sites of the G-rich VEGF 
promoter sequence regulating a reporter gene and demonstrated that when OG was present 

in this sequence gene expression increased in mammalian cells.35,36 A comprehensive PCR-

based gene expression profiling assay in liver and colon tissues from mice with infection-

induced colitis divulged numerous genes involved in cell cycle checkpoint, oxidative stress 

response, and DNA repair that were upregulated or downregulated concurrently with high 

genomic OG content.37 Furthermore, an interplay between OGG1, the glycosylase 

responsible for excision of OG, and the KRAS promoter sequence that contains a G-rich 

region has been recently reported.38

One of the DNA repair genes identified to be activated by ROS is NEIL3 that is known to 

have an expression pattern that is cell cycle regulated.37,39–41 This gene codes for the human 

enzyme NEIL3 (Nei-like or Endonuclease VIII-like 3) belonging to a class of glycosylases 

homologous to the bacterial Fpg/Nei family that recognize oxidatively damaged DNA.42,43 

It was found that NEIL3 expression commences in the early S phase and is sustained 

through the G2/M phase by the Ras-dependent ERK-MAPK pathway,40 and it is mostly 

limited to occur in proliferating cells, including cancer cells. For instance, NEIL3 expression 

in humans has been reported in the thymus and spleen,44,45 while in mice it was detected in 

thymus, spleen, blood cells, bone marrow and in the developing brain.45–47 Knockout mice 

experiments revealed that NEIL3 expression is involved in neurogenesis48,49 and 

atherogenesis.50 Interestingly, experiments using the Drosophila midgut revealed that stem 

cell proliferation is induced by ROS via activation of the Ras/MAPK pathway.51 Moreover, 
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NEIL3 is overexpressed in various tumor tissues,47 as well as in primary malignant 

melanoma associated with metastatic progression.52 Based on these observations, it is 

apparent that NEIL3 is expressed in cells that are in the proliferative state under oxidative 

conditions; however, not all cell lines have been tested.

A closer look at the GC-rich but TATA-less promoter of the NEIL3 gene uncovers a classical 

sequence motif in the coding strand that is a potential G-quadruplex sequence (PQS) capable 

of intramolecular G-quadruplex (G4) folding (Figure 1). The folding rule would propose that 

a sequence of the format 5`-d(G3+N1-7G3+N1-7G3+N1-7G3+)-3`, wherein the loop N refers to 

any nucleotide, has the potential to fold into a G4 structure near physiological conditions 

(100 mM KCl at pH 7.4, 10 mM Tris-HCl).53 Recently, this widely accepted consensus has 

been broadened to include G4 sequences that contain even larger loops as well as bulges in 

the G-tracks.54–56 DNA G4 structures have been detected in cells predominantly in the 

telomeric and regulatory regions of the human genome.57–59 High-throughput sequencing 

data revealed that 716,310 G-rich sequences in the human genome may adopt G4 folds 

during high-throughput sequencing,60 and more than 40% of human genes are predicted to 

carry at least one PQS in the promoter region.56,61 It is proposed that the enrichment of gene 

promoters with PQSs suggests that G4 structures may regulate vital biological processes 

such as DNA replication, transcription, translation, and overall genome stability.62,63 A 

high-resolution genome-wide mapping of human chromatin discovered around 10,000 PQSs 

folded to G4s primarily in regulatory, nucleosome-depleted genes linked to elevated 

transcription.59 We have recently demonstrated that G4-regulated genes can be activated 

when OG is present in a coding strand G4,36 and we also discovered that the average density 

of PQSs in human DNA repair genes was found to be double the amount of what is detected 

in all coding and non-coding genes.64 Coupled with the observation that NEIL3 is activated 

by ROS and has a promoter PQS in the coding strand, this suggests a possibility that G 

oxidation in the NEIL3 PQS may function to activate the gene under oxidative stress 

condition. Thus, it is important to find out whether the NEIL3 promoter forms an alternative 

structure, in particular a G4, as a crucial step in understanding its fundamental role in 

cellular processes.

Here, we report characterization of the NEIL3 PQS using spectroscopic methods for G4 

formation such as nuclear magnetic resonance (NMR), circular dichroism (CD), 

fluorescence, and UV melting curve analysis (Tm), as well as a DNA polymerase stop assay. 

An increasing number of studies have confirmed the formation of G4s from the promoter 

sequences of DNA repair genes,36,64,65 and the present work aims to expand this category.

It is known that NEIL3 excises spiroiminodihydantoin (Sp) and 5-guanidinohydantoin (Gh) 

from single- and double-stranded DNAs66 but has a preference for removal of the 

hydantoins from telomeric and promoter G4 sequences.67,68 These NEIL3 substrates, which 

are the two-electron oxidation products of OG, are highly mutagenic,69,70 and therefore 

must be removed and initiate DNA repair. The NEIL3 gene has a regulation pattern 

indicating that NEIL3 is implicated in replication-associated repair of DNA lesions in 

proliferating cells.40 These observations underline the association of NEIL3 with cellular 

proliferation, oxidation and repair and emphasize the need to study what happens when the 

G-rich promoter sequence of the NEIL3 gene is exposed to oxidative stress. Thus, we also 
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examined how the NEIL3 G4 fold responds to the synthetic incorporation of OG in different 

positions and monitored the changes in its properties via spectroscopy and a DNA 

polymerase stop assay.

Our laboratory has hypothesized that PQSs in the genome may function as sensors of 

oxidative stress involving OG formation as an epigenetic-like factor.36 The key feature that 

optimized gene induction of VEGF and NTHL1 promoters is the possession of the 5th G-

track or the “spare tire” domain. The impact of the 5th G-track on the G4 fold has been 

explored when the presence of lesions, such as an OG or an abasic site, led to the alteration 

of the G4 configuration that depends on the location of the base lesions.38,68,71,72 Our 

laboratory in collaboration with the Wallace laboratory has successfully demonstrated a 

relevance for the 5th G-track to function as a “spare tire” when it recreated the G4 fold and 

facilitated the extrusion of a base lesion-containing G-run that subsequently became a 

substrate for base excision repair (BER) enzymes.73 The NEIL3 PQS also bears a 5th G-

track (Figure 1B); thus, we investigated whether the “spare tire” hypothesis also applies to 

this gene of interest. Whether the NEIL3 5th domain is required to maintain the G4 fold 

when OG is present is also among the topics we have addressed.

MATERIALS AND METHOD

Oligonucleotide preparation

All oligonucleotide sequences used in this study were synthesized and deprotected at the 

University of Utah DNA/Peptide Core Facility using standard protocols, followed by HPLC 

purification. An anion-exchange HPLC column was used and the mobile phases were as 

follows: solution A = 1:9 acetonitrile:ddH2O, solution B = 1.5 M lithium acetate in 1:9 

acetonitrile:ddH2O (pH 7). The purification was accomplished using a linear gradient of 5% 

to 100% of solution B over 30 min while the absorbance was measured at 260 nm. The 

purified DNAs were desalted by dialysis against ddH2O for 48 h then lyophilized using a 

centrifugal evaporator. The freeze-dried samples were resuspended in ddH2O and their 

concentrations were calculated using the values obtained from their respective absorbance at 

260 nm and extinction coefficients derived from the nearest neighbor method. Annealing of 

the duplexes and the G4s was achieved at the specified concentrations and buffers by heating 

the samples at 90 °C for 5 min, and then cooling them to room temperature for about 3 

hours. The samples were stored at 4 °C for at least 24 h before analysis.

1H-NMR Spectroscopy

The sample (300 μM) was annealed in 20 mM potassium phosphate buffer (pH 7) containing 

50 mM KCl and 10% D2O. The samples were analyzed on an 800-MHz NMR spectrometer 

at 24 °C running a Watergate solvent suppression pulse sequence that allowed observation of 

the G:G Hoogsteen imino peaks in G-tetrads at 10-12 ppm.

CD Spectroscopy

The CD spectra were collected at 25 °C using a 1.0-mm quartz cuvette containing the 

samples (20 μM) in 20 mM cacodylic acid (pH 7.4) with 140 mM KCl and 12 mM NaCl. 

For the K+-dependent studies, the samples were annealed in potassium phosphate buffer (pH 
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7) with the K+ concentration ranging from 1-200 mM. Plots of molar ellipticity were 

generated by normalizing the background-subtracted data.

Melting Temperature Analysis

The melting temperature (Tm) values were determined for the samples (5 μM) in buffered 

solutions (20 mM cacodylic acid, pH 7.4) containing 140 mM KCl and 12 mM NaCl. The 

samples were thermally equilibrated at 20 °C for 3 min before being heated to 100 °C then 

cooled back down to 20 °C at a rate of 1 °C/min. Absorbance readings at 295 nm were 

measured in triplicate samples. The melting curves were plotted from the absorbance at 295 

nm vs. temperature, and the Tm values were determined using the instrument’s software. To 

calculate the number of coordinated K+ ions in the G4 fold (ΔnK+), the Tm studies were 

performed on samples (5 μM) that were annealed in the presence of 10, 50, 100, 150 and 

200 mM K+ ions in potassium phosphate buffer (pH 7) following a method previously 

described.74

Thioflavin T Fluorescence Enhancement Assay

Experiments were performed at 25 °C using the method developed by Renaud de la Faverie 

et al.,75 with some modifications. Triplicate samples (1 μM) were mixed with 0.5 μM 

thioflavin T (ThT) in Tris-HCl buffer (25 mM Tris, pH 7.4) containing 140 mM KCl and 12 

mM NaCl. Fluorescence emission of highly fluorescent 1:1 complexes was measured at 490 

nm after excitation at 425 nm using Hitachi F-7000 fluorescence spectrophotometer.

DNA Polymerase Stop Assay

This assay is a modification of a method described elsewhere.76,77 The 15-mer primer used 

for the reaction was 5′-end labeled with [γ-32P]ATP using T4 polynucleotide kinase, and 

then purified using a PD SpinTrap™ G-25 chromatography column (GE Healthcare Life 

Sciences, UK) following the manufacturer’s protocol. The radiolabeled primer was then 

annealed to a 60-mer sequence carrying the NEIL3 PQS (1:2 primer:template) in Tris-HCl 

buffer (25 mM Tris, pH 7.4) with 140 mM KCl, 12 mM NaCl and 5 mM MgCl2. The 

extension reaction (20 μL) was initiated by introducing 2′-deoxyribonucleotide 

triphosphates (final concentration 100 μM) to the primer-annealed template sample (100 

nM) that was pre-equilibrated with Klenow Fragment deficient in exonuclease activity (2.5 

U/reaction; New England Biolabs) at 37 °C. After a 30 min incubation period, an equal 

volume of the stop buffer (95% formamide, 10 mM EDTA, 10 mM NaOH, 0.1% 

bromophenol blue and 0.1% xylene cyanol) was added into the mixture to quench the 

reaction and then heated to 90 °C for 5 minutes. For the control experiment, the assay was 

performed on samples in buffered solution containing 152 mM LiCl instead. The products 

were separated on a denaturing 20% polyacrylamide gel that was electrophoresed for about 

3 hours. The bands were then visualized using storage-phosphor autoradiography. The 

relative signal intensities were calculated using Imagequant software.
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RESULTS AND DISCUSSION

The guanine-rich promoter sequence of the human NEIL3 gene forms a dynamic mixture of 
G-quadruplexes

The G-rich promoter of the human NEIL3 gene carries a G4 sequence motif that is 3 

nucleotides (nt) upstream of the transcription start site (TSS), and contains five consecutive 

G-runs wherein the fifth domain is at the 5′ end separated 8 nt away from the 4 G-runs 

(Figure 1B). For this study, we analyzed the NEIL3 PQSs that include and exclude the 5th G-

run, hereby labeled as 5-NEIL3 and 4-NEIL3, respectively. To determine whether the native 

NEIL3 PQS folds into a G4, different spectroscopic techniques were utilized.

The 1D 1H-NMR spectra of the native NEIL3 sequences (i.e., 5-NEIL3 native and 4-NEIL3 

native) showed the presence of imino protons diagnostic of G:G Hoogsteen base pairs in a 

G-tetrad that aid in confirming the formation of a G4 fold (Figure 2A). The broad nature of 

the peaks supports a complex mixture of interconverting G4 species, consistent with the 

ability of these sequences to adopt many possible folds in solution on the basis of the 

sequences having two G tracks with 4 Gs (Figure 1B). Comparison of the imino regions of 

native 5-NEIL3 and 4-NEIL3 sequences showed that the loss of the 5th G-run leads to more 

defined peaks probably as a consequence of limiting the possible number of G4 

conformations in solution. To further evaluate this, we obtained a 1H-NMR spectrum of a 5-

NEIL3 variant wherein the 5th G-run was replaced by a thymine repeat or T-run, and found 

that it also produced a more defined imino region compared to that of the native 5-NEIL3 

(Figure S1). This suggests that the 5th G-run affects the equilibrium mixture of folded 

conformations and makes the NEIL3 G4 more dynamic. Conformational dynamics is a 

distinctive aspect of many G4 structures as is the case for known promoter G4s such as c-
MYC,78 VEGF,79 and BCL-2.80 It is evident that the NEIL3 G4 also exhibits dynamic 

polymorphism.

The high degree of structural polymorphism in the native NEIL3 G4s is also supported by 

their CD spectra (Figure 2B). Analogous CD profiles were obtained for native 5-NEIL3 and 

4-NEIL3 sequences with slight differences in their intensities (Figure S2), which means that 

the presence or the absence of the 5th G-run does not affect the topology of the native NEIL3 
G4s; thus, only the spectra for the 4-NEIL3 sequences are displayed in the text for brevity 

and those for the 5-NEIL3 sequences can be found in Figure S2. In the presence of 

physiologically relevant cationic concentrations that mimic intracellular conditions, i.e., 140 

mM K+ and 12 mM Na+, the native NEIL3 G4s form a mixture of parallel and anti-parallel 

topologies. The claim of a mixture of folds for NEIL3 G4s is based on the similarity in CD 

profiles recorded for the hTERT and BCL-2 G4s.80,81 The similarities include a dominant 

positive band at 260 nm with a broad shoulder around 290 nm and a negative band at 240 

nm indicate G4 structures with a mixture of (3+1) and parallel folds, as elucidated by multi-

dimensional NMR methods.

To determine the thermal stabilities of the native 4 and 5 G-track NEIL3 G4s, we performed 

UV melting studies wherein the denaturation of the G4 was monitored via the absorbance at 

295 nm across a temperature gradient (Figure 2C and Figure S3). The Tm studies found both 
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native NEIL3 sequences had Tm values >70 °C. These values are relatively high suggesting 

they would be stable under physiological temperatures.

In the next studies, enhancement of ThT fluorescence was used as another predictive 

assessment tool to further confirm the NEIL3 G4s folded. It was demonstrated that ThT 

fluorescence is significantly enhanced upon binding to DNA or RNA G4s compared to other 

single/double-stranded secondary structures.75,82 Therefore, we measured the fluorescence 

of ThT when bound to the native 5-NEIL3 or 4-NEIL3 sequences and compared them to 

known oligonucleotide sequences (Table 1). First, the negative controls that include single- 

and double-stranded DNA sequences, as well as a triplex forming sequence (i.e., a modified 

human telomeric sequence that will not form a G4 because one of its G-track was replaced 

by a thymine repeat or T-run) yielded a small enhancement in ThT fluorescence similar to 

previous studies (Figure 3B).75 The results for the native 4 and 5 G-track NEIL3 G4s 

showed a fluorescence enhancement of nearly 180-fold that is a value similar to the 

established G4s c-MYC and the human telomere sequence (Figure 3B). A limitation for this 

assay is that ThT cannot distinguish between G4 conformations, but it was demonstrated in 

other studies that ThT can bind both parallel and anti-parallel G4s;83,84 thus, we assume that 

ThT was also able to recognize both the parallel and anti-parallel folds that constitute the 

folded mixture observed for the native NEIL3 G4s. All the spectroscopic information 

gathered in this study presents evidence supporting that the motif of guanines, including the 

5th domain, in the promoter region of the human NEIL3 gene can assemble into a G4 fold in 
vitro.

Oxidative damage to G destabilizes the NEIL3 G-quadruplex and induces a topological 
transition as a function of lesion position

After initial characterization of the native NEIL3 sequences via spectroscopic methods and 

establishing that it can fold into a mixture of G4s, we examined the differences in behavior 

of the NEIL3 G4 when one of the Gs in the primary sequence was oxidized to OG. We 

studied this by synthetically incorporating an OG into the NEIL3 sequences and then 

monitoring the changes in the properties of the spectroscopic signatures as a function of OG 

position while comparing it to the undamaged native sequences. The OG positions studied in 

the 5-track and 4-track NEIL3 PQSs were located on the 5` side of a 4-G track or on the 5` 

side of a 3-G track (Table 1). The OG in the 4-G track is likely positioned in a loop because 

the other 3 Gs in the track can form G-tetrads, while the OG in the 3-G track causes a 

disruption to the core of the G4 fold. Previous studies have found that when OG replaces a 

core OG, the new structure is destabilized.68,85 The positions were selected based on a 

previous observation form our laboratory that mapped the oxidation-prone sites in the VEGF 
promoter sequence identified the 5′-most side of each G-run as the most susceptible to 

oxidation.73

The results showed that the effect of OG in the G4 fold is location dependent. The 

appearance of sharper 1H-NMR peaks accompanied the substitution of a loop G with an OG 

(Figure 2A). The 5-NEIL3 sequence with a loop OG carries 4 G-runs that contain 3 Gs each 

and one G-run that has 4 Gs, and this sequence produced an imino spectrum that is more 

resolved than that of the native 5-NEIL3 sequence. The profound effect on the 1H-NMR 
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resolution caused by restricting the probable number of NEIL3 G4 conformations via 

replacement of G with an OG is particularly evident for the 4-NEIL3 loop sequence. The 

loop OG-containing 4-NEIL3 sequence only contains 3 G-runs with 3 Gs each and one G-

run with 4 Gs, and this is predicted to lock the NEIL3 G4 into a more rigid fold manifesting 

in an 1H-NMR spectrum that has distinct peaks.

In contrast, the substitution of a core G with an OG in either the 4 or 5 track NEIL3 

sequence resulted in a drastic loss in the peak resolution observed in the 1H-NMR spectrum. 

The broadening of the imino regions for these sequences with core OG reflects the highly 

disruptive impact of OG on the NEIL3 G4 fold (Figure 2A). Whereas the 1H-NMR spectra 

of the native sequences indicate overlapping imino peaks due to dynamic polymorphism, the 

spectra of the sequences that contain core OG reveals indistinguishable imino peaks due to 

destabilization of the G4 fold. This is because OG cannot participate in Hoogsteen base 

pairing with a G.68 Thus, a loop OG stabilizes the organization of the G4 fold while a core 

OG weakens it.

The thermal melting analysis revealed that the presence of OG is slightly destabilizing for 

the 4 G-track sequence but was not disruptive to the stability when the 5th G-track was 

present (Figure 2C and Figure S3). From the standpoint of human physiology the OG-

containing NEIL3 sequences formed stable folds that have Tm values that are well above the 

homeostatic setting. This may indicate that an oxidative base lesion can possibly exist in a 

stable G4 fold inside the cell.

The thermal melting behaviors of the 5-NEIL3 G4s with OG are similar to those previously 

observed in our laboratory with the VEGF G4 and human telomere G4 bearing OG whose 

5th domain also raised the thermal stabilities of core damaged sequence back to the level of 

the undamaged sequence;72,73 additionally, the Xodo laboratory has documented the same 

feature for the 5th G run when the KRAS G4 possessed an oxidized G site.38

The CD spectra revealed that the OG-containing NEIL3 G4 sequences undergo a 

conformational change as a function of the OG position. The CD profile of the native NEIL3 
G4 sequences show a mixture of parallel and anti-parallel folds but it changes into one 

predominant fold when there is an OG in the sequence (Figure 2B). On the basis of 

comparisons to literature reports,81,86 the presence of OG induced a location-dependent shift 

in the sequence folding preference wherein the loop damaged G4 sequences favored an anti-

parallel fold while the core damaged G4 sequence favored a parallel-stranded fold (Figure 

2B). The CD spectra of loop and core OG-containing 5-NEIL3 and 4-NEIL3 sequences 

were similar except for the slight differences in their intensities (Figure S2). A similar 

impact of OG on the topology of a G4 was also observed in the VEGF G4.73 This 

differential effect of OG in either the loop or core position of the G4 fold is also observed in 

a parallel study using NEIL3 sequences with modifications in the other G-runs (Figure 4).

As expected, well defined peaks were observed when the OG position is in the loop while 

the opposite occurs when the OG is in the core position as seen in the 5- and 4-NEIL3 loop 

OG’ and core OG’ sequences, respectively (Figure 4A). Moreover, the locking effect of the 

5th G-track on the folding of NEIL3 G4 is more pronounced; the imino protons of the 5-
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NEIL3 core OG’ sequence are greatly enhanced compared to that of the 4-NEIL3 core OG’ 

sequence. Topological changes were also evident depending on the OG location (Figure 4B). 

The thermal stabilities of these sequences (Figure 4C) were also found to be consistent with 

those analyzed in Figure 2C.

All OG-containing NEIL3 sequences were found to be capable of enhancing the ThT 

fluorescence greater than that observed with other non-G4 DNA secondary structures 

studied (Figure 3B). However, the ThT fluorescence enhancement was observed at a much 

lower level compared to the native sequences and known G4s. The reason for this relatively 

low fluorescence enhancement is not known as the chemical interaction between OG and 

ThT has not been studied. Nevertheless, the present ThT data provide additional support that 

OG-containing NEIL3 sequences can adopt G4 folds.

The 5th domain of the NEIL3 promoter sequence is required to form the G-quadruplex in 
the presence of oxidative damage and to stall replication

A sensitive and specific indicator of G4 formation is the ability of the fold to block or arrest 

DNA synthesis with dependency on the presence of K+.76 Thus, we determined whether the 

NEIL3 PQS exhibits this diagnostic property using the DNA polymerase stop assay to 

confirm NEIL3 G4 formation. In this assay, we performed the DNA polymerase extension 

reactions in buffers containing physiological cation concentrations mimicking the 

intracellular environment (140 mM K+, 12 mM Na+, 5 mM Mg2+), and we monitored the 

formation of gel bands indicating arrest at the G4 site (Figure 5A). The G4 site would be 

where the replicative enzyme Klenow Fragment will be stalled as it encounters either of the 

first two guanines along the sequence participating in a stable G4 fold. Control experiments 

were carried out in buffers containing LiCl of the same ionic strength as the previous studies 

wherein stable G4 folds will not form,87,88 and thus, arrest bands on the gel would not be 

observed.

The results showed that G4 formation was detected for the five-track NEIL3 sequences with 

and without OG as signified by the emergence of arrest bands in the expected G4 site that 

were not observed in the control (Figure 5B). About 40% of the band intensity distribution 

constituted the native sequence that stopped at the G4 site. However, even though G4s in the 

template strand were able to impede the activity of the DNA polymerase, the appearance of 

a band signifying the fully extended sequence (<10%) may suggest that the enzyme was able 

to bypass the G4 fold or that some of the conformations are more easily linearized by the 

enzyme. In the LiCl solution, the band intensity distribution for the fully extended sequence 

was approximately 35%. When there was a loop OG, the DNA polymerase also paused at 

the lesion site that constitutes about 10% of the band intensity distribution. The blockage 

intensity at the G4 site of the loop OG-containing sequence was similar to that of the native 

sequence. The observation that the loop OG-containing NEIL3 sequence resulted in stalling 

of the polymerase at the G4 suggests the lesion was well tolerated in the fold.

The susceptibility of the G4 structure to polymerase bypass became most prominent when 

the OG was placed at the core position of the 5-track NEIL3 sequence (Figure 5B); the band 

intensity distribution diminished at the G4 site (15%) but increased at the lesion (30%) and 

remained constant at the full extension site as that of the native sequence (Figure 5B). This 
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suggests that the core damage weakened the G4 structure and made it easier for the DNA 

polymerase to relax the G4 and process the sequence until it stops at the lesion site or at the 

end of the sequence. These results reassert that a core OG is more destabilizing to the G4 

structure than a loop OG.

Next, we wanted to determine the impact the 5th domain had on stalling the polymerase 

when OG was present. This would allow us to determine if the 5th domain was replacing the 

damaged G-track as previously documented for the VEGF G4 sequence.73 This was 

achieved by observing what happens when the 5th domain was removed while oxidative 

damage was present during the polymerase stop assay (Figure 5A). Arrest bands at the 

expected G4 and lesion sites were observed for the OG-containing 4-track sequence wherein 

both showed roughly equivalent band intensity distribution at 25% (Figure 5C). It is 

interesting to note that when there was a 5th domain, the G4 site presented a stronger barrier 

for the DNA polymerase than the OG site, but when it was removed the enzyme stopped 

equally at the two sites. This signifies that the 5th domain strengthens the G4 fold when a 

lesion was present. Meanwhile, when the OG was at the core position the arrest band at the 

G4 site was not detectable (Figure 5C). Instead, only the arrest bands at the lesion (~35%) 

and fully extended sequences (~20%) were produced that have similar intensity distribution 

as the control. This finding signifies that the 5th domain was required to form a G4 stable 

enough to block the DNA polymerase (Figure 5D). According to the “spare tire” hypothesis, 

in which the 5th G-track exchanges with the damaged G-track and allows the repair process 

to take place before DNA replication or transcription is resumed with high fidelity.73 Thus, 

the possession of the 5th domain is especially critical for the NEIL3 gene to ensure faithful 

DNA replication.

Another noteworthy observation was that the arrest band at the G4 site of the loop OG-

containing 4-track sequence showed two distinct arrest bands at the G4 site (Figure 5C). 

These two bands may correspond to the two possible G4 configurations for this sequence 

that contain 3 G-runs with 3 Gs each and one G-run with 4 Gs yielding two possible folds. 

This is in contrast to the diffuse quality of the arrest band at the G4 site produced by the 5-

track loop OG-containing sequence (Figure 5B). This might be attributed to the highly 

dynamic property of the NEIL3 G4 with the 5th domain present.

To further confirm whether the 5th domain of the NEIL3 PQS was utilized as a “spare tire,” 

we replaced the Gs in the G-run that was presumed to contain a core OG with Ts instead 

(Figure S4). This experiment works on the assumption that an OG cannot contribute in 

Hoogsteen H-bonding in a G-tetrad,68 much like a thymine. However, the broad CD spectra 

of the T-substituted sequences describe a profile that would fit for a mixture of folds (Figure 

S4). Moreover, their thermal stabilities were much lower with Tm values of 46.1 ± 0.3 °C (5-

NEIL3 TGG), 43.4 ± 0.3 °C (5-NEIL3 TTG), and 49.5 ± 0.3 °C (5-NEIL3 T-run) compared 

to those of the core-damaged sequences at 76.3 ± 0.8 °C (5-track) and at 65.5 ± 0.9 °C (4-

track). These results suggest that the 5th G run contributes to the folding of the native NEIL3 
G4 sequence and exhibits preferential involvement as a “spare tire” when an OG is present. 

This study showed that in the oxidative damage context, the 5th G-run served as a “spare 

tire” and was recruited by the core OG in order to rebuild the destabilized G4 structure, as 

well as halt the DNA replication process.
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The NEIL3 G4 does not arrest DNA synthesis as effectively as established oncogene G4s

We wanted to compare the behavior of the NEIL3 G4 to known promoter G4 sequences such 

as c-MYC, VEGF, and the hTERT gene promoter G4 sequences. To do this we replaced the 

NEIL3 G4 motif with the respective motifs from the oncogenes while retaining the original 

flanking sequences used in the NEIL3 studies (Figure 6A). The results showed that the G4 

structures of c-MYC and VEGF obstructed the DNA polymerase more strongly than the 

NEIL3 G4 did (Figure 6B). However, the hTERT G4 did not block the DNA polymerase as 

strongly as c-MYC and VEGF, and in fact presented a weak hindrance to bypass similar to 

that observed for the NEIL3 G4 (Figure 6B). The sensitivity of the DNA polymerase stop 

assay may also be sequence and G4 topology dependent. The Sugimoto laboratory has 

shown that the topology of non-canonical G4 structures impact the activity of Klenow 

Fragment to process a template strand.89 It was established that the VEGF and the c-MYC 
G4s are parallel stranded,78,79 while the hTERT sequence forms a mixture of parallel and 

anti-parallel G4,81 much like the NEIL3 G4 studied in this work. This suggests that parallel-

stranded G4s present a more solid obstacle to DNA polymerase bypass compared to 

dynamic G4 structures that equilibrate between parallel and anti-parallel configurations.

The dynamic property of the NEIL3 G-quadruplex depends on the K+ concentration and the 
presence of the 5th domain

The G4 stability depends on the coordinately bound K+ ions,88 and the ability to arrest DNA 

synthesis can be observed even when the KCl concentration is as low as 5 mM.76 However, 

the native NEIL3 G4 was not able to block the DNA polymerase at 10 mM KCl, unlike the 

c-MYC G4 (Figure S5), suggesting that the NEIL3 G4 must be highly dynamic and requires 

very high K+ concentration to stabilize the fold. This led us to use Tm measurements with 

varying K+ concentration to obtain the van’t Hoff-derived thermodynamic parameters for the 

folding of NEIL3 G4, as well as to estimate the number of bound K+ ions.73,90 The results 

revealed that the Tm values of the NEIL3 G4 strands were found to be linearly dependent 

with increasing K+ concentration (Figure 7A), and all melting curves are displayed in Figure 

S6. As seen in Figure 7A, the presence of the 5th domain conferred a more pronounced 

linear dependence as shown by the steeper slopes compared to 4-track sequences. The 

presence of OG in a core position resulted in the G4 strands to be less sensitive to changes in 

K+ concentration compared to the loop OG and native NEIL3 sequences.

Favorable ΔG values for the formation of all NEIL3 G4s were obtained. Additionally, the 

presence of the 5th domain allowed more than twice as much uptake of K+ ions compared to 

4-track sequences as indicated by the ΔnK+ values (Figure 7B). Based on the number of Gs 

in the NEIL3 PQS it should form a typical G4 composed of 3 stacks of G-tetrads that require 

coordination of 2 K+ ions in the channel, like in the case of the VEGF G4.73 However, the 

ΔnK+ values obtained were less than 2, which hints at the extremely dynamic polymorphism 

of the NEIL3 G4 as it equilibrates between different folded states and exchanges K+ ions 

during the transition. This feature has been previously discussed.90 This property of the 

native NEIL3 G4 might be one of the reasons why the G4 arrest bands found in the DNA 

polymerase stop assays have a somewhat indistinct appearance (Figure 5B-C). The complete 

thermodynamic profile of the NEIL3 G4 sequences is available in the Supporting 

Information (Table S1).
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We also examined how the topology of all the NEIL3 G4s would be influenced by the 

varying K+ concentration (Figure 8). To this end, we collected the CD profiles for the 5-

track and 4-track native and OG-containing sequences as a function of K+ concentration 

(Figure S7). Both 4-track and 5-track NEIL3 G4 sequences responded the same to changes 

in K+ concentration; thus, we only show here the CD spectra for the 5-track sequences for 

brevity. For the native G4 sequence, although the global shapes of the spectra were not 

altered, the magnitude of the CD band around 260 nm amplified with increasing K+ 

concentration while those around 240 and 290 nm remained constant (Figure 8A). This 

increase in the population of the parallel-stranded G4s at higher K+ concentration may 

explain why the NEIL3 G4 was able to arrest the DNA polymerase bypass more 

successfully than at lower K+ concentration (Figure S5). Meanwhile, the loop OG-

containing sequences did not exhibit K+ concentration dependence as seen in the invariable 

shape of their CD profiles (Figures 8B). Next, in the core OG-containing sequences, the 

magnitude of the band near 260 nm also goes up with increasing K+ concentration while the 

broad band around 290 nm goes down to ultimately fold into a parallel-stranded G4 (Figures 

8C). These data suggest that the K+ concentration directs the topology and thus the 

polymorphic nature of the NEIL3 G4 under normal and oxidatively damaged conditions.

CONCLUSIONS

Our studies have determined through a series of established methods for characterizing G4 

formation that the G-rich promoter sequence of the human NEIL3 gene can adopt a G4 fold. 

The native NEIL3 G4 sequence was found to be comprised of a mixture of folds with a 

relatively high Tm value; however, the DNA polymerase bypass study and 1H-NMR results 

suggest this sequence is highly dynamic (Figures 2 and 4). We have also shown that the 

presence of OG, a product of oxidative stress damaging the genome, modulates the 

properties of the NEIL3 G4 when the 5th G track is present to favor a parallel-stranded G4 

when OG was located in a core position and an anti-parallel fold when OG is in a loop 

position. These studies further identify that oxidation of G in a critical G-track for G4 

formation can be rescued by recruitment of the 5th G track to lock the G4 structure in a more 

stable fold, as was determined in a DNA polymerase bypass assay, 1H-NMR, and Tm studies 

(Figures 2 and 4).
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Figure 1. 
(A) Hoogsteen H-bonding interactions between guanines in a G-tetrad and its graphical 

representation (guanine = blue diamond, K+ = gray sphere) assembling into a G4 structure. 

The double-headed arrows aligning the G-tetrads symbolize either intermolecular or 

intramolecular folding with undefined strand polarities. (B) The promoter region of the 

human NEIL3 gene containing a G-rich coding strand that may switch to an intramolecular 

G4 fold. Oligonucleotides including four (4-NEIL3) and five (5-NEIL3) G-tracks were 

analyzed in this study.
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Figure 2. 
Characterization of the 5- and 4-track G4 motif in the promoter sequence of the human 

NEIL3 gene by (A) 1H-NMR, (B) CD, and (C) Tm with and without OG. Positions of the 

loop and core OGs in the primary sequence are marked with the red lightning symbols and 

are red. Only the CD spectra for the 4-track sequences, which share similar profiles with the 

5-track sequences, are shown here for brevity. Error bars correspond to 95% confidence 

intervals derived from triplicate trials.
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Figure 3. 
(A) Fluorescence emission spectra of ThT alone and in the presence of various 

oligonucleotide sequences listed in Table 1. (B) Bar graph of ThT fluorescence 

enhancement. Error bars correspond to 95% confidence intervals. The 4-NEIL3 C-rich and 

5-NEIL3 C-rich sequences are the complementary strands to the G-rich sequences, and they 

were utilized as single-stranded controls.
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Figure 4. 
(A) 1H-NMR, (B) CD, and (C) Tm values of NEIL3 G4 sequences with OG in a different 

putative loop or core (indicated by the a G′ and marked by a red lightning symbol) position 

in the fold. The primary sequence of the 4-track NEIL3 G4 is shown but the location of OGs 

are exactly the same as that in the 5-track. Error bars correspond to 95% confidence intervals 

derived from triplicate trials.
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Figure 5. 
(A) The NEIL3 gene promoter sequence specifying where the “spare tire” domain (enclosed 

in a red circle) and the OG positions (indicated by the red Gs marked with the red lightning 

symbols) are placed. Extension of the annealed 15-mer primer P with expected arrest sites 

either at the G4 site Q, or at the base lesion OG in the loop LL or core position LC are 

marked while the fully synthesized DNA product is designated as F. (B-C) Autoradiographs 

of the DNA polymerase stop assay. Primer annealed-template DNAs were incubated at 

37 °C for 30 minutes with (+) or without (−) the Klenow Fragment E. (B) DNA polymerase 

stop assays of five-track NEIL3 G4s with or without OG. Control lanes were reactions using 

the native strand in LiCl. (C) DNA polymerase stop assays of OG-containing four-track 

NEIL3 G4s. Lanes 1-2 and 5-6 were control experiments run in buffer with LiCl. (D) Model 

illustrating the NEIL3 G4 stalling the DNA polymerase and the 5th G-run acting as a “spare 

tire” that reconstructs the G4 fold in the presence of an oxidative base lesion.
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Figure 6. 
(A) The 5-track G4 sequence of the NEIL3 was replaced with the 5-track G4 sequences of c-
MYC, VEGF and hTERT. DNA templates were annealed to a radiolabeled 15-mer primer P. 

Expected arrest site at the G4 site is marked as Q while the fully synthesized duplex DNA 

for c-MYC, VEGF and hTERT are designated as FC, Fv and FT, respectively. (B) 

Autoradiograph of the DNA polymerase stop assay. Primer annealed-template DNAs were 

incubated at 37 °C for 30 min with (+) or without (−) the Klenow Fragment enzyme E. All 

even-numbered lanes were reacted in buffered physiological salts while the odd-numbered 

lanes were assayed in LiCl buffer.
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Figure 7. 
(A) The Tm dependence on K+ concentration. : 5-NEIL3 native, : 5-NEIL3 loop OG, : 

5-NEIL3 core OG, : 4-NEIL3 native, : 4-NEIL3 loop OG, : 4-NEIL3 core OG. (B) 

Tabulated list of van’t Hoff-derived K+ ion coordination values and favorable ΔG for the 

formation of each NEIL3 G4 sequences.

Omaga et al. Page 24

Biochemistry. Author manuscript; available in PMC 2019 May 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
The effect of different K+ concentrations on the CD profiles of NEIL3 PQS without an OG 

(A) and with an OG in the loop (B) or core (C) position. For conciseness, only the CD 

spectra for 5-track sequences are presented here due to comparability with those of 4-track 

sequences.
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Table 1

Oligonucleotide sequences used in the thioflavin T fluorescence enhancement assay.*

Name of oligonucleotide Description Primary Sequence

hTel G4 human telomeric G-quadruplex sequence 5′-TAGGGTTAGGGTTAGGGTTAGGGTT-3′

c-myc G4 c-myc G-quadruplex sequence (2,3,4,5 G-
track)

5′-TGAGGGTGGGGAGGGTGGGGAA-3′

4-NEIL3 native unmodified 4 G-track NEIL3 G-quadruplex 
sequence

5′-TTGGGCGGGGCCTGGGCGGGGCC-3′

5-NEIL3 native unmodified 5 G-track NEIL3 G-quadruplex 
sequence

5′-TAGGGTGCTGTTTGGGCGGGGCCTGGGCGGGGCC-3′

4-NEIL3 loop OG 4-NEIL3 with OG in the loop position
5′-TTGGGC GGGGCCTGGGCGGGGCC-3′

5-NEIL3 loop OG 5-NEIL3 with OG in the loop position
5′-TAGGGTGCTGTTTGGGC GGGGCCTGGGCGGGGCC-3′

4-NEIL3 core OG 4-NEIL3 with OG in the core position
5′-TTGGGCGGGGCCT GGGCGGGGCC-3′

5-NEIL3 core OG 5-NEIL3 with OG in the core position
5′-TAGGGTGCTGTTTGGGCGGGGCCT GGGCGGGGCC-3′

hTel triplex human telomeric triplex (one G-run is 
replaced with a T-run)

5′-TAGGGTTAGGGTTATTTTTAGGGTT-3′

4-NEIL3 C-rich ssDNA C-rich complementary strand of 4-
NEIL3 native

5′-GGCCCCGCCCAGGCCCCGCCCAA-3′

5-NElL3 C-rich ssDNA C-rich complementary strand of 5-
NEIL3 native

5′-GGCCCCGCCCAGGCCCCGCCCAAACAGCACCCTA-3′

DNA duplex DNA duplex combined from the G- and C-
rich complementary strands of 4-NEIL3 
native

(a) 5′-TTGGGCGGGGCCTGGGCGGGGCC-3′
(b)3′-AACCCGCCCCGGACCCGCCCCGG-5′

*
The synthetically incorporated OGs are indicated by the red Gs.
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