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Abstract

Inflammation and oxidative stress generate free radicals that oxidize guanine (G) in DNA to 8-

oxo-7,8-dihydroguanine (OG), and this reaction is prominent in the G-rich telomere sequence. In 

telomeres, OG is not efficiently removed by repair pathways allowing its concentration to build, 

surprisingly without any immediate negative consequences to stability. Herein, OG was 

synthesized in five repeats of the human-telomere sequence (TTAGGG)n, at the 5′-G of the 5′-

most, middle, and 3′-most G tracks, representing hotspots for oxidation. These synthetic oligomers 

were folded in relevant amounts of K+/Na+ to adopt hybrid G-quadruplex folds. The structural 

impact of OG was assayed by circular dichroism, thermal melting, 1H-NMR, and single-molecule 

profiling by the α-hemolysin nanopore. On the basis of these results, OG was well accommodated 

in the five-repeat sequences by looping out the damaged G track to allow the other four tracks to 

adopt a hybrid G-quadruplex. These results run counter to previous studies with OG in four-repeat 

telomere sequences that found OG to be highly destabilizing and causing significant reorientation 

of the fold. When taking a wider view of the human telomere sequence and considering additional 

repeats, we found OG to cause minimal impact on the structure. The plasticity of this repeat 

sequence addresses how OG concentrations can increase in telomeres without immediate telomere 

instability or attrition.
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Introduction

Stress to human cells can result from micronutrient imbalance, toxins, temperature extremes, 

mechanical damage, oxidative stress, or inflammation.1 Molecular level details of how 

stressors impact cells are essential for understanding its consequences and developing 

treatments to combat the damage. More specifically, oxidative or inflammatory stress can 

generate free radicals capable of oxidizing biomolecules, of which the genome is a 

particularly deleterious target for oxidations.2,3 DNA damage to most of the genome, if left 

unrepaired, can cause mutations leading to disease or cell apoptosis. Oxidation of guanine 

(G) to 8-oxo-7,8-dihydroguanine (OG) is a major reaction observed in free radical stress.4 

Generally in the genome, OG is efficiently cleared by the base excision repair (BER) 

pathway.5,6 In contrast, telomeres have been found to accumulate OG without catastrophic 

impact on short-term cellular viability.7–9 This observation lends to questioning how 

telomeres continue to function in the presence of increasing concentrations of OG.

Telomeres cap chromosome ends with kilobase-long runs of the repeating sequence 5′-

(TTAGGG)n-3′ in humans. Most of the telomere resides as a duplex with the exception of 

the 3′-terminal 50-200 nucleotides that are single stranded.10 The G-rich nature of this 

sequence renders it highly susceptible to G oxidation to OG and other heterocycles, 

especially in the single-stranded region, because it is more exposed to react with diffusible 

oxidants.11,12 Further, the repeating nature of the single-stranded region on the 3′ end allow 

formation of G-quadruplex (G4) structures.13,14 Cellular demonstration of G4 folds in 

telomeres was achieved by immunofluorescence.15 The presence of OG in duplex DNA 

represents an excellent context for its removal by the BER process. 5,6 On the other hand, 

when OG is present in single-stranded or G4 contexts, it is poorly repaired by the same 

pathways,16,17 and alternative routes for removal of OG from these regions have not been 

identified. The lack of OG repair establishes a possible mechanism to address why OG 

remains in telomeres; however, details concerning the structural impact OG has on human 

telomere G4s have not been adequately addressed.
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The single-stranded human telomere sequence adopts hybrid-1 or hybrid-2 G4 folds in 

potassium ion solutions (Figure 1A),18–20 the relevant intracellular cation. Additionally, the 

human telomere sequence is highly dynamic in KCl solutions leading to significant 

populations of triplex folding intermediates.21–23 We and others have conducted model 

studies with OG in the human telomere sequence in similar KCl solutions.16,24–26 These 

experiments utilized a four-repeat section of this sequence, as it represents the minimum 

length to adopt a G4 fold. The main conclusion from these studies was that placement of OG 

in an exterior tetrad induces a structural reorientation based on circular dichroism (CD) 

analysis with a ~15 °C loss in the thermal stability (Tm). On the basis of the CD signatures, 

these OG-containing G4 strands have an antiparallel strand orientation, with possible partial 

G4 unfolding to a triplex species.27 When OG was placed at the central tetrad, significant 

rearrangement of the structure occurs with nearly a 25 °C reduction in the Tm. We proposed 

when OG is in the middle tetrad the structure adopts an unstable triplex-like topology.16 The 

inability of OG to form Hoogsteen base pairs with G drives these structural changes (Figure 

1B), whereas oxidation at loop nucleotides has minimal impact on the structure.28,29 From 

these studies, one would conclude that OG causes significant perturbation of the structures at 

the ends of telomeres; and it is quite surprising that OG can accumulate in this region of the 

genome without dramatically impacting chromosome stability.

In the present report, we took an expanded view and asked how OG impacts G4 folding with 

five repeats of the human telomere sequence, more than is strictly necessary for a G4 fold in 

the absence of guanine damage. Because the single-stranded overhang of the telomere 

typically has 8–35 repeats, the structural impact of OG would be better understood in this 

expanded view with five repeats. In these studies, OG was synthetically incorporated in 

place of the 5′ G in the 5′-most, middle, or 3′-most G runs (Table 1). The sites studied with 

OG have been demonstrated as highly reactive to yield OG with CO3
•;− oxidation, a major 

cellular oxidant found in inflammation.11 Traditional structural methods (CD, Tm, and 

NMR) found OG to be well accommodated when the 5th repeat was considered in the 

analysis. Next, an innovative method utilizing the α-hemolysin (α-HL) nanopore was 

harnessed to profile the distribution of different folding topologies in solution.30–33 From 

these studies, we conclude the repeat track containing OG was looped out to allow the other 

four repeats to establish hybrid-like G4 folds with minimal impact on the stability. Lastly, 

the distribution of the two different hybrids was altered depending on the run in which OG 

was placed. By taking a wider view of the human telomere sequence, we found OG to cause 

looping out of the damaged repeat while maintaining the overall architecture of the fold. 

Further, this provides a better molecular picture to explain how OG can be accumulated in 

the telomere without causing significant chromosomal instability.

Results and Discussion

Site specific incorporation of OG in the hTelo sequences was achieved by solid-phase 

oligomer synthesis. The sequences were the natural form by having two nucleotide tails on 

the 5′ and 3′ ends (Table 1). The purified strands were initially studied utilizing CD and Tm 

in relevant salt concentrations (140 mM KCl and 12 mM NaCl, buffered at pH 7.4), or 

by 1H-NMR (70 mM KCl, buffered at pH 7.0). The CD analysis identified the native strand 

hTelo5 to adopt a hybrid fold, on the basis of the λmax at 265 and 290 nm, and a λmin at 240 
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nm when compared to literature sources (Figure 2A).34 When the five-repeat strands 

containing OG were studied, they all produced CD profiles nearly identical to the native 

sequence (Figure 2A). Specifically, they all had the same λmin and λmax values with slightly 

different intensities. Additionally, these spectra support hybrid folds for all sequences; 

however, the distribution of hybrid-1, hybrid-2, and triplex folds cannot be determined from 

these results. In contrast to the present five-repeat hTelo sequences studied, when OG was 

incorporated in four-repeat hTelo sequences, significant changes in the CD spectra were 

observed.16,24–26 This initial observation supports a hypothesis that the OG-containing five-

repeat G4s adopt structures that retain features of the wild-type sequence, a result that is 

nearly opposite to that previously reported in the literature for OG in four-repeat hTelo G4s.

To further probe the structures, imino 1H-NMR signals for the five-repeat hTelo G4s were 

recorded (Figures 2B and S1). The imino spectrum for the hTelo5 sequence yielded signals 

in the 10 – 12 ppm range diagnostic of G:G Hoogsteen base pairs when compared to 

literature values.18–20 Further, this spectrum provided 20 identifiable peaks, an observation 

consistent with more than one G4 fold in solution, because one G4 fold would yield a 

maximum of 12 resolvable peaks. The imino spectrum for hTelo 5′-OG also produced 18 

signals diagnostic of G:G Hoogsteen base pairs, supporting a mixture of folds in solution. 

When OG was placed in the middle run (hTelo OG-mid), the imino spectrum yielded signals 

indicative of G4 folding. Further, the spectrum had 19 identifiable peaks indicating a 

mixture of folds in solution. In the last NMR experiment, the hTelo 3′-OG sequence also 

yielded 19 imino peaks consistent with more than one G4 fold in solution. These NMR 

results add additional support for expanded hTelo sequences adopting G4 topologies with 

and without OG present.

In the next study, Tm analysis was conducted on each G4 sequence. The Tm value obtained 

for hTelo5 was 56.2 °C and the OG-containing sequences hTelo 5′-OG and hTelo 3′-OG had 

values nearly identical to the native sequence (55.6 °C; Figure 2C). When OG was 

synthesized in the middle run (hTelo mid-OG), the Tm was ~5 °C lower than the native 

sequence hTelo5. These Tm results identify OG to have no impact when found in a 5′ or 3′ 

tail, while the case with OG in the middle run caused the structure to have a small, but 

noticeably lower Tm than the wild-type sequence (Figure 2C). This observation is in contrast 

to studies on the four-repeat hTelo sequence, in which OG dramatically decreases the Tm 

(>15 °C).16,24–26 Additionally, the Tm values are slightly lower than wild-type, four-repeat 

hTelo sequences (~5 °C) reported in the literature, an observation that has previously been 

ascribed to long tails or loops decreasing the stability of G4 folds;35 in these studies, the 

long tail or loop is the repeat not involved in G4 formation. The Tm experiments further 

support the conclusion that five-repeat hTelo sequences can accommodate OG without 

significant impact on G4 stability.

The findings from CD, 1H-NMR, and Tm analysis found OG to be well accommodated in 

the hTelo sequence when five hexanucleotide repeats were considered. The CD spectra for 

hTelo with OG were nearly identical to the wild-type sequence, and the Tm values for the 

wild-type and OG-containing hTelo sequences were all nearly the same, with the exception 

of OG in the middle run. Moreover, the 1H-NMR spectra support G4 formation for all 

sequences studied, and the results support a mixture of folds. Nevertheless, these 
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experiments leave a few lingering questions: What are the folds and their distribution for the 

five-repeat hTelo sequence? Does the presence of OG at the 5′ run, middle run, or 3′ run 

alter the folds and their distributions? On the basis of previous studies from our 

laboratory,30–32,36 one approach to address these questions is to profile the topologies in 

solution with the α-HL nanopore. In this experiment, a single, small aperture protein 

nanopore is embedded in a lipid bilayer and an electrophoretic force is applied to drive a 

single, DNA molecule into the nanocavity (Figure 3).37–39 The opening to the nanocavity is 

of appropriate dimensions to allow entry of the hybrid and triplex folds observed in KCl 

solutions. Once they enter the nanocavity, fluctuations to the ion current are recorded giving 

diagnostic signatures for hybrid-1, hybrid-2, and triplex folding intermediates while they are 

trapped before exiting the channel. They can exit either by unraveling and traveling to the 

trans side of the pore, or diffusion can cause the folded DNA to exit back out the cis side of 

the channel from which they entered. Therefore, we applied the nanopore system to 

interrogate the folds and their distributions for the five-repeat hTelo sequences in the present 

study. In order to obtain enough events at reasonable DNA concentrations (5 μM), the ionic 

strength was held at 1 M. In these studies, we used 50 mM KCl mixed with 950 mM LiCl to 

obtain the desired ionic strength. The CD and Tm experiments were repeated under these 

high salt conditions and compared to the studies described above (Figures 2A and 2B) and 

provided similar results for the two different salt systems (Figure S2).

In the nanopore experiments, the DNA was placed on the cis side of the channel and a 120 

mV bias (trans vs. cis) was applied to electrophoretically pull the G4 folds into the 

nanocavity of α-HL. We observed current vs. time (i-t) patterns with the five-repeat G4s that 

were identical to four-repeat G4s from our earlier studies.30 The ion currents are reported as 

the percentage of blocking current recorded when DNA interacts with the channel divided 

by the open channel current when the pore is void of DNA (i.e., %I/Io). As an additional 

note, the rate at which different folds enter the nanocavity of α-HL are not the same, and 

correction factors for these differing event frequencies were previously determined, and 

applied to the present results (hybrid-1 : hybrid-2 : triplex = 1.0 : 0.9 : 6.2).30 Analysis of 

>500 interactions between the G4s and α-HL from three unique experiments provided two 

populations of blocking-current event types (Table 2). The Type 1 events represented 21 

± 2% of the total population and produced a blocking residual current of %I1/Io = 8 ± 2% 

(Figures 3 and S3). A histogram of the event time durations was exponentially distributed 

with a time constant of 0.8 ± 0.1 ms (Figure S4). On the basis of a comparison to our 

previous results,30 we propose these event types represent the triplex-folding intermediates, 

and their presence is consistent with other experimental and theoretical studies.21–23 The 

triplex folds were able to unravel under the applied electrophoretic force and pass through 

the β-barrel and exit the trans side of the channel. Support for this claim was achieved by a 

voltage-dependent study while monitoring the event duration time. In this study, as the 

voltage was increased the event time decreased, supporting translocation of the triplex folds, 

because as the force increases the unraveling process occurs more quickly (Figure S4).

The second event population termed Type 2 represents the characteristic ion-current patterns 

for hybrid-1 and hybrid-2 G4s. The Type 2 events represented 72 ± 8% of the total events 

(Table 2). The i-t traces initiated from Io to a midlevel blockage of either %Im1/Io = 37 ± 2% 

for hybrid-1 or %Im2/Io = 44 ± 2% for hybrid-2 (Figure 3). These intermediate levels 
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oscillated to a deep blockage of %ID/Io = 10 ± 2% for both hybrid-1 and hybrid-2 folds. In 

four-repeat hTelo G4s these midlevel blockage currents were diagnostic of the hybrid 

folds.30,32 Using these diagnostic currents allowed counting the number of events that adopt 

hybrid-1 and hybrid-2. The ratio of hybrid-1 to hybrid-2 was found to be 1.6:1.0 (Table 2), a 

value that differs from four-repeat hTelo sequences that have a hybrid-1 to hybrid-2 ratio of 

2.3:1.0.30 Other experimental studies show strong preference for hybrid-1 over hybrid-2 in 

the four-repeat hTelo sequence.19,20,41,42 This comparison identifies addition of the fifth 

repeat to shift the hybrid ratio away from hybrid-1; though, hybrid-1 still represents the 

major fold in solution.

Analysis of the duration times for the Type 2 events found two distributions, one lasted 10–

100 ms, while the second population progressed for >10 s (Figure 4). As a note, regardless 

of the time distribution, the oscillation between the deep current level around 10% and a 

midlevel currents at either 37% for hybrid-1 or 44% for hybrid-2 were observed. We propose 

these two time distributions result from the entry orientation of the folds. In the events that 

lasted 10–100 ms, the G4 cap entered first with the tail protruding from the cis opening of 

the channel (Figure 4). These events progressed until the G4 diffused back out of the 

channel via the cis opening. For the events that lasted >10 s, they entered via the 8-mer tail 

not involved in G4 formation. The tail entered the β-barrel to provide a handle for the 

electrophoretic force to trap the G4 for longer times (Figure 4). The increase in trapping 

time is consistent with our previous studies, in which a 25-mer homopolymer tail was 

appended to the hybrid G4s allowing trapping in the α-HL channel for up to 4 min.31 

Interactions that produced the Type 2 events all terminated by diffusion of the G4 back out 

the cis side of the channel. This claim is supported by a voltage-dependent study that 

established as the voltage was increased the event time increased, due to the increase in 

electrophoretic force decreasing the rate of DNA diffusion out of the channel (Figure S5). 

There existed <7 ± 1 % of the events that did not fit into the triplex, hybrid-1, or hybrid-2 

categories, and their identification was not pursued (Figure S3). These results with hTelo5 

provide the patterns used to identify how OG introduced at each site impacts the distribution 

of hybrid-1, hybrid-2, and triplex folds.

Introduction of OG into the five-repeat sequence produced positional dependency in the 

folding distributions. The folding distribution observed with hTelo 5′-OG was 24% triplex, 

33% hybrid-1, and 36% hybrid-2, and the hybrid-1 to hybrid-2 ratio was 0.9:1.0 (Table 2). 

When OG was placed in the 5′-repeat track causing this repeat to remain single stranded, the 

ratio of hybrid-1 compared to hybrid-2 was nearly the same, an observation in contrast to the 

native sequence that favored hybrid-1 by nearly twofold. Evaluation of hTelo 3′-OG 

produced a mixture composed of triplex, hybrid-1, and hybrid-2 in 18%, 45%, and 29%, 

respectively (Table 2). For the hTelo 3′-OG, the tail must be on the 3′ side to produce a 

hybrid-1, hybrid-2 ratio of 1.5:1.0, a value similar to the native sequence hTelo5 (1.6:1.0). 

Studies for hTelo mid-OG failed to produce i-t signatures for hybrid-1 and hybrid-2, and the 

only events observed were the triplex-folding intermediate (Table 2). The CD, 1H-NMR, and 

Tm results support hybrid G4 formation for hTelo mid-OG (Figure 2), and the inability to 

observe these signatures in the α-HL nanopore experiment must result from loop formation 

in the middle of the G4 causing the structure to be too large to enter the nanocavity. This 

observation points to one limitation of the α-HL nanopore, in which structures that are too 
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large to pass the mouth of the nanocavity cannot be studied by this method.43 In spite of this 

limitation, the nanopore results identified hybrid G4s when OG was synthesized site 

specifically in the hTelo 5′-OG and hTelo 3′-OG sequences. Similar to the hTelo5 sequence, 

the OG-containing hTelo sequences yielded events ~7% of the time that were not assigned to 

a structure.

There exists a dependency of the hybrid ratio with respect to the 5′ vs. 3′ tail side; for 

example, the native sequence and hTelo 3′-OG adopt similar hybrid-1 to hybrid-2 ratios 

(~1.6:1.0), both favoring hybrid-1 (Table 2). In contrast, hTelo 5′-OG provided a significant 

increase in hybrid-2. Interpretation of these results supports hybrid folds showing a 

preference for the tail to be furthest from the double-chain reversal loop that defines 

hybrid-1 or hybrid-2. In hTelo 5′-OG with a 5′ tail, the amount of hybrid-2 with a 3′ double-

chain reversal loop significantly increased, while hTelo 3′-OG with a 3′ tail favored 

hybrid-1, with the double-chain reversal loop on the 5′ side (Figure 1 and Table 2). 

Interestingly, hTelo5 gave a similar hybrid ratio as hTelo 3′-OG, supporting the conclusion 

that the native sequence with five repeats of the telomere sequence possibly favors the tail on 

the 3′ side. Unfortunately, hTelo mid-OG could not be studied with respect to hybrid ratios. 

Additionally, looping out a damaged G-track into an edgewise loop as occurred in hTelo 

mid-OG is an unlikely scenario in the context of a full-length telomere. A full length 

telomere will have >8 repeat sequences in the single-stranded 3′ overhang, and hTelo mid-

OG had the lowest Tm by ~5 °C suggesting that a long, edgewise loop is less stable than the 

tail on the 5′ or 3′ side, as observed for hTelo 5′-OG and hTelo 3′-OG (Figure 2C). 

Therefore, in the event of G oxidation to OG in full length telomeres, the damaged loop will 

migrate to the 5′ or 3′ end of the G4 structure to maintain folds with three-nucleotide loops 

(Figure 5).

Conclusions

The peripheral location of telomeres on chromosomes, their richness in G nucleotides, and 

their single-stranded termini cause them to be hotspots for free radical damage resulting 

from oxidative and inflammatory stress. Oxidation of G to OG is a major reaction channel in 

cells supported by findings that OG concentrations are greater in telomeres than the interior 

of the chromosome.7–9 Additionally, for OG concentrations to increase, OG must evade the 

repair process as evident by the inability of OGG1 to operate on single-stranded or G4 

contexts;16,44 moreover, the presence of OG in the telomere does not lead to catastrophic 

chromosome instability.7–9 When OG was studied in four repeats of the human telomere 

sequence, significant distortion of the structure and great loss in thermal stability was 

observed,16,24–26 an observation in stark contrast to the conclusions drawn from the cellular 

studies. The present work took a wider view and studied the impact of OG on five repeats of 

the human telomere sequence, and found OG to be silent with respect to thermal stability 

and impact on the greater structure when compared to the undamaged sequence (Figures 2 

and 3). These findings add much needed clarity to understand how OG can persist in 

telomeres without causing detrimental impact on its structure.

Taking a larger view of how the single-stranded region of the telomere folds provided 

additional details about the telomere structure as well as how it responds to oxidative insults. 
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Studies on four-repeat hTelo G4s find a strong preference for hybrid-1 over hybrid-2 

folds;19,20,30,41,42 in contrast, when a larger number of repeats were studied, as we did here, 

the strong hybrid-1 preference diminishes (Table 2). Chaires and Trent proposed strings of 

hybrid G4s would alternate between hybrid-1 and-2 to allow stacking.45 These studies 

provide additional insight into this model for natural telomeres that have the duplex region 

attached to the 5′ end; thus, the first hybrid fold could be hybrid-2 favoring the double-chain 

reversal loop furthest from the duplex, and the next would by hybrid-1 (Figure 5). In the 

event of G oxidation yielding OG, the structure could roll looping out the damaged repeat 

sequence. Because placement of the damaged repeat in an edgewise loop caused the greatest 

decrease in Tm (Table 2C), the telomere structure would roll to place the damaged repeat in 

a single-stranded region between two hybrid G4s (Figure 5). Having a single-stranded region 

in long telomeres might be a natural occurrence on the basis of previous studies by 

Petraccone, et al., who studied telomere sequences in solution that could fold up to three 

contiguous G4s.46 In their studies, the sequence adopts the maximum number of G4s ~90% 

of the time and ~10% adopted two G4s with single-stranded regions. Additionally, when 

long, human-telomere sequences were studied on surfaces or by optical tweezers incomplete 

folding was observed for the sequences also showing single-stranded regions.47–49 The 

percentage of single-stranded regions is anticipated to increase as the number of possible 

G4s increases. Telomere sequences bearing OG are substrates for G4-unwinding helicases 

(i.e., WRN and BLM) and these sequences are bound more tightly by POT1, the telomere 

specific single-stranded binding protein, than the native sequence.50 Thus, OG will hide in 

an already expected single-stranded region of these polymorphic sequences, and OG has 

minimal impact on the activity of proteins that interact with the telomere, explaining how it 

can persist in these regions.

Oxidation of G to OG in the human telomere induces a reorientation of the structure that 

must mask the damage to avoid significant instability of the telomere leading to cell death. 

This feature was recently identified by our laboratory to also exist in a large number of G4 

sequences found in gene promoters, in which a fifth-G run appears in tandem with the core-

G runs.51 We ascribed the fifth-G run the role of a “spare tire” to maintain G4 folding in the 

event of G oxidation. A number of studies are finding important functions for G4s in cells,52 

and the G-rich nature of these sequences render them hotspots for oxidation. Therefore, 

preservation of G4 folding in the event of oxidation appears to be solved by biology via 

selection of sequences that have an additional G track in close proximity of the core. A 

conundrum with respect to OG is the fact that it is more prone to further oxidation than G 

yielding hydantoin products.11 Interestingly, these products are good substrates for the NEIL 

glycosylases in the G4 context, particularly when a 5th G track is present.51 For telomeres, 

high concentrations of OG will lead to high concentrations of hydantoins over time. 

Initiation of hydantoin repair in telomeric G4s will lead to telomere attrition with negative, 

long-term consequences to cellular survival. Thus, OG might not have devastating 

consequences initially, but its hyperoxidation product will have a dramatic impact.

Methods

The oligonucleotides were synthesized by the DNA-Peptide Core Facility at the University 

of Utah, processed by standard protocols, and purified by ion-exchange HPLC as previously 
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described.30 The CD and Tm experiments were performed in salt solutions composed of 

either 12 mM NaCl, 140 mM KCl, with 20 mM cacodylate buffer (pH 7.4), or in 50 mM 

KCl, 950 mM LiCl, with 25 mM Tris (pH 7.9). The 1H-NMR spectra were recorded in 20 

mM KPi (pH 7.0) with 70 mM KCl in 1:9 D2O:H2O on an 800-MHz NMR spectrometer on 

300 μM samples at 24 °C. Solvent suppression in the NMR experiments was achieved with a 

watergate pulse sequence.

The customized, low-noise amplifier and data acquisition system was provided by Electronic 

Biosciences for conducting the ion channel recordings. All electrolyte solutions were 

prepared with > 18 MΩ/cm ultrapure water that was filtered with a 0.22-mm Millipore 

vacuum filter. The wild-type α-HL nanopore was embedded in a lipid bilayer supported by a 

glass nanopore membrane that was constructed following literature protocols.53 The data 

were recorded with a 100-KHz low-pass filter and a 500-kHz acquisition rate. The i-t traces 

shown in the manuscript were refiltered to 20 kHz for presentation purposes. QuB 1.5.0.31 

and Igor Pro-6.1 were used to extract, analyze, and plot the events. The measurements were 

conducted at 22 °C.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Hybrid G4 folds of the human telomere sequence and scheme for oxidation of G to OG in a 

G tetrad. (A) Hybrid topologies observed for the human telomere sequence based on pdb 

2JSQ and 2JSK.19 (B) The H-bonding properties of G tetrads with and without OG.
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Figure 2. 
Analysis of five-repeat hTelo sequences by CD, 1H-NMR, and Tm. The CD and Tm studies 

were conducted in 140 mM KCl, 12 mM NaCl, 20 mM cacodylate buffer at pH 7.4 on 

samples with concentrations of 3 μM. The 1H-NMR spectra were recorded in 70 mM KCl 

20 mM KPi buffer at pH 7.0 at 24 °C on samples with concentrations of 300 μM.
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Figure 3. 
Characteristic i-t signatures for triplex, hybrid-1, and hybrid-2 folds from the five-repeat 

human telomere sequence. The data were recorded on 5 μM G4 samples in 50 mM KCl, 950 

mM LiCl, and 20 mM Tris pH 7.9 at 20 °C with a 120 mV (trans vs. cis) bias. The data were 

collected with a 100-kHz low-pass filter, and the i-t traces were refiltered to 20 kHz for 

presentation purposes. The dimensions for the hybrid G4s were derived from pdb 2JSQ and 

2JSK,19 while those for α-HL came from pdb 7AHL.40
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Figure 4. 
Orientation-specific entry modes leading to two different unzipping times for the Type 2 

events. The i-t trace lasting ~10 sec intentionally had sections of time removed for 

presentational purposes that is shown with the red bars; see Figure S3 for the entire i-t trace.
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Figure 5. 
Oxidation of G to OG in the human telomere causes looping out of the damaged G-track to 

maintain the folded structure.
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Table 1

Five-repeat hTelo sequences studied.

Name Sequence*

hTelo5 5′-TA GGG TTA GGG TTA GGG TTA GGG TTA GGG TT-3′

hTelo 5′-OG

hTelo mid-OG

hTelo 3′-OG

*
X = 8-oxo-7,8-dihydro-2′-deoxyguanosine
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Table 2

Distribution of triplex, hybrid-1, and hybrid-2 folds for the five-repeat telomere sequences studied with and 

without OG. The distributions were obtained from the characteristic i-t patterns recorded in the α-HL 

nanopore. The values were obtained from populations of >500 events and the errors are the standard deviations 

of three independent trials. n.d. = not determined

Type 1 Type 2

Sequence Triplex Hybrid-1 Hybrid-2 Hybrid-1 : Hybrid-2

hTelo5 21 ± 2% 44 ± 5% 28 ± 3% 1.6 : 1.0

hTelo 5′-OG 24 ± 3% 33 ± 3% 36 ± 4% 0.9 : 1.0

hTelo mid-OG 100% n.d. n.d. n.d.

hTelo 3′-OG 18 ± 2% 45 ± 5% 29 ± 3% 1.5 : 1.0
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