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Abstract

8-Oxoguanine (#>°G) is a common DNA oxidative lesion prevalent in telomeric regions. However, the impact of #°G modification on the
Watson-Crick base pairing energy remains controversial, potentially due to the formation of partially folded intermediates. Here, we used single-
molecule magnetic tweezers to characterize the mechanical stability and equilibrium folding/unfolding transitions of human telomeric hairpins
containing a single &°°G lesion at different positions. Our results reveal that fully folded hairpins with a centrally located °*°G exhibit similar
hybridization energy (AAG ~ 1 kg T) and folding/unfolding rates to the wild type. This provides valuable data for refining the energy contribution
of #°G-C base pair. In contrast, a single °G lesion near the unzipping termini (5'-end or 3’-end) significantly enhances end fraying and hinders
the complete folding of the hairpin under force. A 5'-end 8°%°G lesion increased the unfolding rates by a 130-fold compared to the wild type at
10.1 pN. These findings provide insights into the unzipping dynamics of DNA duplexes containing 89*°G lesions at replication and transcription
forks. Furthermore, we observed that an 9°G at 5'-end of telomeric G-quadruplexes (G4s) significantly decreases folding rates and folding free
energy (from 5.9 kg T to 2.3 kg T), shedding light on the dynamics of G4s under oxidative stress.
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Introduction

Cellular DNA is constantly exposed to endogenous and ex-
ogenous reactive oxygen species, causing the formation of ox-
idative DNA lesions [1]. Among the four DNA nucleobases,
guanine is particularly vulnerable to oxidation due to its low
reduction potential [2], resulting in the formation of 8-oxo-

7,8-dihydro-2/-deoxyguanosine (3°*°G), where a hydrogen
atom is replaced by an oxygen atom at the C8 position and
the N7 nitrogen becomes protonated. 8°*°G is one of the
most common oxidative lesions [3], as it has been estimated
that each human cell experiences over 2800 3°%°G events per
day [1]. The accumulation of 3°*°G lesions can compromise
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genomic integrity, potentially leading to mutagenesis and cell
death [1].

Telomeres, the protective caps at the end of chromosomes,
are particularly susceptible to oxidative damage. Human
telomeres consist of tandem repeats of the 5'-TTAGGG se-
quence, with a 2-15-kb double-stranded DNA (dsDNA) and
a single-stranded 3’ overhang of 50-300 nucleotides [4]. The
high guanine content makes telomeric repeats especially vul-
nerable to oxidation, with contiguous G-tracts more suscepti-
ble than isolated guanine [5]. Oxidative damage can acceler-
ate telomere shortening, a process associated with aging and
cellular senescence [6]. Moreover, °*°G can interfere with
telomerase activity, the enzyme responsible for maintaining
telomere length [6]. Besides the canonical duplex structures,
the telomeric repeat sequences also can fold into four-stranded
G-quadruplex structures, where four guanine bases are linked
by Hoogsteen hydrogen bonds [5, 7-9]. Substitutions of gua-
nine with $°*°G in telomeric DNA sequences have been shown
to destabilize G-quadruplexes (G4s) and interfere with their
functions [10-12].

Understanding the effects of 3°%°G lesions on DNA sta-
bility and folding/unfolding dynamics is crucial for assess-
ing their impact on various biological functions, including
DNA replication fidelity [13]. 8°*°G lesions can affect DNA
duplex folding (hybridization) and unfolding (dehybridiza-
tion) dynamics, thus leading to errors during DNA replica-
tion, potentially increasing the risk of mutations and impact-
ing genome stability [14]. The nearest-neighbor (NN) model
predicts the hybridization energy of the duplex by summing
the energy contributions of adjacent NN base pair stacks,
which has been extensively used in tools like Mfold [15], DI-
NAMelt [16], and NUPACK [17] to predict melting tempera-
tures. The NN model parameters are primarily derived from
melting experiments [14], single-molecule force spectroscopy
[18, 19], and molecular dynamics/quantum mechanics pre-
diction [20]. However, the parameters for accurately predict-
ing the hybridization energies for DNA duplexes containing
8-0x0G Jesions remain lacking because controversial experi-
mental results have been reported [21-23].

X-ray crystallography and nuclear magnetic resonance
(NMR) studies have shown that the 3°*°G-C (cytosine) base
pair closely resembles the undamaged Watson—Crick G-C base
pair, with minimal disruption to hydrogen bonds and stack-
ing interactions [24, 25]. Although 3-°%°G can form a Watson—
Crick base pair with cytosine similar to guanine (Fig. 1A), its
impact on DNA duplex stability remains controversial. Pre-
vious studies have revealed that an 8°%G substitution can
slightly destabilize duplexes [21,22]. The melting temperature
(Tp) analysis showed an ~2°C reduction in Tp,, corresponding
to a 2.0 kcal/mol free energy difference measured using 10—
15-bp duplexes in the presence of 1 M NaCl or KCI [21, 22].
DNA NMR imino proton exchange analysis also revealed that
8-0x0G-C did not inceraseed opening kinetics relative to G-C
pair [26]. However, studies using shorter DNA duplexes re-
vealed a more significant Ty, reduction (~13.8°C) in the pres-
ence of 100 mM NacCl [23]. Nevertheless, during the melting
measurements, multiple partially folded species can coexist,
thus causing difficulties in accurately quantifying the stability.

Single-molecule techniques, such as force spectroscopy [27]
and nanopore technology [22], offer advantages over bulk
methods for quantifying the thermodynamic parameters be-
cause the two-state assumption applied to melting curve anal-
ysis is not needed. Force-based unzipping experiments pro-

vide valuable insights into the mechanisms underlying DNA
replication, where enzymes such as polymerases and helicases
exert forces on dsDNA and open it up to form replica-
tion forks [28]. Unlike thermal melting, the directional un-
zipping by force mimics the directional movement of replica-
tion forks. These approaches enable accurate measurements
of DNA thermodynamics and kinetics, including the effects of
8-0x0(G substitutions [27], mismatches (e.g. G-A pairs) [29, 30],
and methylation (5-methyl-cytosine) [31]. Previous single-
molecule stretching experiments on a 29-bp DNA hairpin
with two 39X G substitutions showed an ~20.8 kg T reduction
in hybridization-free energy as each #°*°G-C site reduces ~6.4
kT [27]. However, the observed reduced step sizes (55.8—
38.7 nt) suggested that the first seven to eight bases of the
hairpin stem remained open, implying the formation of par-
tially folded structures. Therefore, the intrinsic stability of the
8-0x0G-C base pair remained uncertain.

Here, we employed single-molecule magnetic tweezers
to investigate the impact of a single 5°%°G lesion on the
folding/unfolding dynamics of telomeric DNA duplex and
G4s containing 3°%°G. By strategically placing a single 3G
near the 5’-end and in the middle of hairpin structures, we
were able to differentiate the end-fraying effects and the im-
pact of 3°%°G-C base pair stability on overall hairpin stabil-
ity. By analyzing the folding/unfolding dynamics at constant
forces, we quantified the effects of 3-°%°G on the Watson—Crick
base pair energy and folding/unfolding kinetics. While pre-
vious studies have explored the effects of 3°*°G modifica-
tions on the mechanical stability and folding/unfolding dy-
namics of G4s using various single-molecule techniques, such
as nanopore technology [32], fluorescence resonance energy
transfer [33], and optical tweezers [34], the impact of 3-°*°G
at the 5’-end of a 5'-GGG tract, a highly oxidizable site [3, 3,
35], remains largely unexplored. Therefore, we also quantified
the impact of a single $°*°G modification at the 5'-end of G4s
using single-molecule magnetic tweezers.

Materials and methods

DNA sample preparation

All oligonucleotides were purchased from Sangon Biotech
(China) (Supplementary Table S1). To prepare the 5'-thiol-
labeled 489-bp and $5’-biotin-labeled 601-bp dsDNA han-
dles, PCR (polymerase chain reaction) amplification was per-
formed using TaKaRa Ex Taq Polymerase (TaKaRa, China)
with lambda phage DNA (Thermo Scientific, USA) as the tem-
plate. The PCR products were purified using a Universal DNA
Purification Kit (TTANGEN Biotech, China) and subsequently
digested with the BstXI restriction enzyme (Thermo Scien-
tific, USA). The oligonucleotides were phosphorylated and an-
nealed with two flanking sequences and finally ligated with
two dsDNA handles using T4 DNA ligase (TaKaRa, China).
The ligated DNA products were analyzed by agarose gel elec-
trophoresis and purified by gel extraction using a TIANgel
Midi Purification Kit (TTANGEN Biotech, China).

Circular dichroism spectroscopy

Oligonucleotides were dissolved in a 10 mM Tris—=HCI buffer
(pH 8.0) containing 100 mM KCI at final concentrations of
2 or 5 uM for telomeric hairpin and G4-forming sequences,
respectively. DNA samples were heated at 95°C for 5 min and
then gradually cooled to 25°C. CD spectra were recorded us-
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Figure 1. Mechanical and thermal stability of telomeric hairpin containing a single *°G. (A) Schematic of the magnetic tweezer measurements.
Watson-Crick G-C and 8°°G-C base pair structures (top), Tel-5*°G3-hairpin-20T sequence (middle), and magnetic tweezers (bottom). Unfolding force
and step size distributions (B) and scatter plot (C) of Tel-89*°G3-hairpin-20T. Data were fitted with a double Gaussian function. The major peak represents
fully folded hairpins (red) and the minor peak represents partially folded hairpins (yellow). n represents the total number of unfolding events. Unfolding
force and step size distributions (D) and scatter plot (E) of wild-type Tel-hairpin-20T. (F) Sketch models of possible partially folded hairpin structures of
Tel-59*°G3-hairpin-20T. (G) Circular dichroism (CD) melting curves of Tel-hairpin-20T (gray) and Tel-#°*°G3-hairpin-20T (red) were recorded at 270 nm in

100 mM KCI. Data were fitted with a sigmoidal model to obtain the T, value.

ing a BioLogic MOS-500 spectropolarimeter in a 1-cm path-
length quartz cuvette. Melting curves were obtained by mon-
itoring the molar ellipticity at 270 nm (for hairpins) or 295
nm (for G4s) as the temperature was increased from 25°C to
98°C in 2-5°C increments, with 1-min equilibration time at
each temperature. The melting temperatures were determined
by fitting the normalized melting curves to a sigmoid function.
A two-state model was employed to calculate thermodynamic
parameters. By plotting In Keq(T) against 1/T, the enthalpy
change (AH) and entropy change (AS) were determined from
the slope (—AH/R), and the y-intercept (AS/R), respectively.
The Gibbs free energy change (AG) was calculated using the
equation AG = AH—TAS [36].

Single-molecule magnetic tweezers

BioPSI magnetic tweezers (BioPSI, Singapore) were used to
conduct the experiments. A flow chamber was constructed
on a coverslip modified with (3-aminopropyl)triethoxysilane
(APTES) (Cool Chemical Technology, China). The thiol-
labeled 5’-end of DNA constructs was covalently attached
to the amine groups of the APTES-modified coverslip via a
sulfo-SMCC cross-linker (Hunan HuaTeng Pharmaceutical,
China). The flow chamber was blocked with bovine serum al-
bumin (BSA) solution [10 mg/ml BSA (Sigma—Aldrich, China),
1 mM 2-mercaptoethanol, 1x phosphate saline buffer, pH
7.4]. Streptavidin-coated paramagnetic beads (Dynal M280,
Thermo Fisher Scientific, USA) with a diameter of 2.8 um
were attached to the biotin-labeled 5’-end of the DNA con-
struct. Additionally, 3-pm-diameter amino polystyrene parti-

cles (Baseline, China) were used as a reference bead to elimi-
nate the drift of the sample channel. All experiments were per-
formed at room temperature (22-26°C) in a buffer containing
10 mM Tris-HCI (pH 8.0) and 100 mM KCI buffer.

Data analysis

The unfolding force distributions of hairpins were fitted
with Gaussian functions. The unfolding force distributions
of G4s were analyzed using the Bell-Arrhenius model [37,

38], which describes the force-dependent unfolding rates as

Axy f
kg T

rate and Ax, is the unfolding transition distance. The un-
folding force distribution can be fitted using punsod(f) =

% exp [—Aki“Tf + 7}{27;::” [1 — exp (—Ak’;“Tf )]} to obtain the kyo.
The folding free energies were determined based on the in-
tegration function [39]

AG® = ff Ax (F))dF,

ky = kyo exp( ), where kyo is the zero-force unfolding

(1)

where F. is equilibrium critical force at which the proba-
bilities of folded and unfolded states are equal, and Ax(F)
is the extension difference between unfolded (ssDNA) and
folded (hairpin) states. The force—extension curves for single-
stranded DNA (ssDNA) were described by the phenomeno-
logical relation proposed by Cocco et al. [40]. The lifetime his-
tograms of folded states and unfolded states obtained at con-
stant forces were analyzed using a custom MATLAB program
as previously described [41]. Data were fitted with a single ex-
ponential decay function A exp(—kt), where k represents the
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folding rate (k¢) or unfolding rate (k,) under a specific force,
where 7, = 1/k¢ and t; = 1/k, denote the average lifetimes.
For G4 structures, the folding free energy was determined by
measuring the equilibrium constant K¢q and plotting In(Keq)
= &t
can be determined by extrapolating to zero force according to

the Bell-Arrhenius model [37, 38, 42].

. 0
against force: In(Keq) + %;LT; the zero-force free energy

Results

Telomeric DNA hairpins containing a single °°G
substitution can fold into different species with
heterogeneous mechanical stability

We first used single-molecule magnetic tweezers to mea-
sure the unzipping forces of a 25-bp telomeric hairpin con-
taining (GGGTTA)4 repeat and a 20 thymine (20T) nu-
cleotide loop, with or without a single 8°*°G substitution (Tel-
8-0%0(33-hairpin-20T and Tel-hairpin-20T, respectively), using
the force-ramp experiments. Figure 1A shows a schematic of
a hairpin DNA molecule ligated to two dsDNA handles and
tethered between a glass slide and a magnetic bead, as pre-
viously described [43]. In these force-ramp experiments, the
force applied to DNA tethers was linearly increased from
1 to 60 pN at a constant loading rate of 2 pN/s to de-
tect the unfolding events based on sudden jumps in bead
height. Then, the force was rapidly jumped to 1 pN to allow
hairpin refolding. Repeating these force-ramp cycles yielded
the unfolding force and step sizes histograms, providing in-
formation on the mechanical stability and polymorphism of
DNA structures. The observed unfolding step sizes of Tel-
hairpin-20T suggests that the unfolded ssDNA predominantly
folds into hairpin structures, rather than G4 structures [44]
(Supplementary Fig. S1).

Figure 1B and C shows that Tel-}°*G3-hairpin-20T ex-
hibited two distinct unfolding force peaks: a major species
(~70%) with an unfolding force of 10.4 + 0.6 pN
(mean = standard deviation) and average step sizes of 69 + 6
nucleotides (nt), and a minor species (~30%) with a lower un-
folding force of 8.3 £ 0.4 pN and smaller step sizes of 52 + 6
nt. In contrast, the wild-type Tel-hairpin-20T predominantly
unfolded at a single unfolding force peak of 10.7 £ 0.4 pN
and with step sizes of 69 + 4 nt (Fig. 1D and E, and Table
1). The major folded species of Tel-8°*°G3-hairpin-20T dis-
played similar mechanical stability to the wild-type sequence.
The presence of 30% minor species, characterized by a lower
unfolding force and step size, suggests that a single 5°°G
near the 5’-end of the hairpin can hinder the complete hairpin
folding, leaving the first three bases of the stem unpaired or
shifting GGGTTA repeats, which may generate minor species
with smaller step sizes (Fig. 1F). However, previous optical
tweezer experiments on a 29-bp hairpin revealed a predomi-
nant formation of partially folded hairpin driven by end fray-
ing [27]. The Tel-3°*°G3-hairpin-20T primarily adopted a
fully folded hairpin at 1 pN.

To further quantify the impact of 8°%°G substitution on
the thermal stability, we also performed CD melting measure-
ments for Tel-5-°*°G3-hairpin-20T and wild-type Tel-hairpin-
20T (Fig. 1G and Supplementary Fig. S2). Both hairpins
exhibited similar melting temperatures Tp: 73.1 + 0.2°C
(mean =+ standard deviation) for Tel-3-°*°G3-hairpin-20T and
73.7 £ 0.2°C for wild type. Consistent with this, van’t Hoff
analysis revealed comparable hybridization energies for both

Table 1. Unfolding forces of the telomeric hairpins measured by force-
ramp experiments

Unfolding  Step sizes Step sizes
Name force (pN) (nm) (nt)
Tel-hairpin-20T 10.7 £ 0.4 30 £ 1 69 + 4
Tel-#°*°G3-hairpin-20T 104 £ 0.6 29 +£2 69 £ 6

8.3 £ 0.4 22 + 3 52+ 6
Tel-hairpin-4T 11.6 +£ 0.4 23.6 £ 0.6 54 £1
Tel-3-9°G3-hairpin-4T 10.3 +£ 0.4 20 £ 1 47 + 2
Tel-8°*°G15-hairpin-4T 11.4 £ 0.3 23.6 + 0.6 54 £1
Tel-3-9%°G9-hairpin-4T 11.1 +£ 0.3 23 + 1 52 +2
Tel-8-°*°G23-hairpin-4T 11.2 £ 0.3 23.0 + 0.8 S3+£1
Tel-G15-T-mismatch 99 +£ 0.3 22.0 £ 0.7 S3+1
Tel-G3-T-mismatch 10.0 + 0.6 20 £ 1 47 + 2
Tel-G9-T-mismatch 9.9 +£ 04 149 +£ 0.8 36 £2

hairpins (—15.5 4 0.9 kcal/mol for Tel-8°*G3-hairpin-20T
and —18 £ 1 kcal/mol for Tel-hairpin-20T, respectively)
(Supplementary Table S2). These results were consistent with
mechanical stability observed in magnetic tweezer experi-
ments for the major folded species. These results indicate that
a single #°*°G modification has a minimal impact on the over-
all hybridization energy of the fully folded telomeric hairpin.
The Ty, analysis is not sensitive to the minor population of
partially folded hairpin intermediates.

An 8°%G substitution near the 5-end causes
significant end-fraying effects and hinders the
complete folding of telomeric hairpin with 4-nt loop

To investigate whether the position of $°*G influ-
ences the formation of partially folded hairpin structures
(end fraying), we designed additional telomeric hairpin con-
structs: Tel-3°%G3-hairpin-4T and Tel->°*G15-hairpin-4T
(Supplementary Table S1). A 4 thymine (4T) nucleotide loop
was incorporated to accelerate folding kinetics comparing
to 20-nt loop and facilitate the observation of equilibrium
folding/unfolding transitions. 3°*°G3 and $°*G15 indicate
8-0x0G modification near the 5’-end and in the middle of the
hairpin, respectively. The stretching curves of the hairpin with
a 20-nt loop (Tel-8°*°G3-hairpin-20T) showed sudden ex-
tension jump, indicating measurements far from equilibrium,
whereas the 4-nt loop hairpin (Tel-8°*°G3-hairpin-4T) was
near equilibrium, as evidenced by reversible folding/unfolding
transitions (Fig. 2A and Supplementary Fig. S3). The unfold-
ing force histograms of Tel-8°*G3-hairpin-4T revealed a
single unfolding force peak with lower force (10.3 &+ 0.4 pN)
and smaller step sizes (47 + 2 nt), compared to the wild-type
Tel-hairpin-4T (11.6 & 0.4 pN and 54 + 1 nt, respectively)
(Fig. 2B and C). This suggests that Tel-8°*G3-hairpin-4T
predominantly forms partially folded hairpins with lower
unzipping forces and smaller step sizes than wild type. Tel-
8-0x0(G3_hairpin-4T exhibits stronger end-fraying effects than
Tel-3-°%°G3-hairpin-20T, despite the identical 8-°%°G position,
suggesting that the end-fraying effects result from hindered
rehybridization by 3°*°G under forces (~10 pN). Similarly,
when 3°%°G was positioned near the 3’-end of reverse se-
quence (Tel-3°¥°GS52-hairpin-4T), comparable end-fraying
phenomena were also observed (Supplementary Fig. S4). This
observation explains why a previous study, using a 29-bp
hairpin with a 6-nt loop and two 3°*°G near the 5'-end, also
reported significant end-fraying effects [27].
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Figure 2. Effects of an 8°°G substitution on unfolding forces of telomeric DNA hairpins. (A) Representative unfolding curves of Tel-8°*°G3-hairpin-20T
and Tel-#°G3-hairpin-4T recorded in 100 mM KCI buffer at a loading rate of 2 pN/s. The hairpins with 20T and 4T loops exhibit irreversible and reversible
unfolding transitions, respectively. (B-E)Unfolding force and step sizes of Tel-5°G3-hairpin-4T (B), Tel-hairpin-4T (C), Tel-8°°G15-hairpin-4T (D), and
Tel-G15-T-mismatch (E). Left panel: unfolding force distributions; middle panel: unfolding step size distributions; right panel: scatter plots. The unfolding
force and step size distributions were fitted with the Gaussian function. (F) CD melting curves of Tel-hairpin-4T (wild type), Tel-89°G3-hairpin-4T (89*°G3),
Tel-89%°G15-hairpin-4T (8°°G15), and Tel-G15-T-mismatch (G15-T). Data were fitted by using a sigmoidal model.
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Figure 3. Equilibrium folding and unfolding dynamics of telomeric hairpins under constant forces. Representative time traces of Tel-hairpin-4T (A),
Tel-59*°G3-hairpin-4T (B), and Tel->*°G15-hairpin-4T (C) were recorded at constant forces. The red lines show smoothed time traces. Histograms of the
probability are alongside the trajectories. (D) The distance between folded and unfolded hairpins near critical forces. The marked extension changes are
average from four individual DNA molecules. (E) Dwell time analysis of Tel-hairpin-4T at 11.5 pN. Data were collected from four individual DNA
molecules. (F, G) Force-dependent unfolding rates (k,) and folding rates (k;) of Tel-hairpin-4T (gray), Tel-5°*°G3-hairpin-4T (blue),

and Tel-5*°G15-hairpin-4T (green). Data were fitted by the Bell-Arrhenius model.

In contrast to the lesion located near the 5’-end, Tel-
8-0x0G15-hairpin-4T with an 3°*°G lesion at the hairpin mid-
point exhibited a similar unfolding force peak (11.4 + 0.3 pN)
and step size (54 £ 1 nt) to the wild-type Tel-hairpin-4T (Fig.
2C and D). Furthermore, when 3°%°G lesions were introduced
at additional internal positions (Tel-3°%°G9-hairpin-4T and
Tel-3-°%°G23-hairpin-4T), similar mechanical behaviors were
observed (Supplementary Fig. S5). Collectively, these results
suggest that $°*°G modification in the middle of a 25-bp hair-
pin has a minimal impact on hairpin structural integrity and
mechanical stability comparing with wild-type sequence, con-
sistent with previous X-ray and NMR structural studies [24,
25]. The similar unfolding forces and step sizes between Tel-
8-0x0(G15-hairpin-4T and wild-type hairpin indicate compara-
ble hybridization energy. The folding free energy AGy was cal-
culated using the equation AG® = — [} Ax(F)dF, yielding
values of —40 kgT and —41 kT for Tel-3°°G15-hairpin-
4T and wild-type Tel-hair-4T, respectively (see the “Materi-
als and methods” section and Supplementary methods) [39].
We utilized average unfolding force for each sequence to cal-
culate F., because the reversible folding/unfolding signal sug-
gests that the unfolding forces were very close to F.. To further
compare the stability of 3°*°G-C base pairs with other DNA
lesions, we also measured the unzipping force of a telom-
eric hairpin containing a single G-T mismatch (Tel-G15-T-
mismatch) using the same force-ramp procedure. In contrast
to $°%°G, a single G-T mismatch located at the center of the
25-bp telomeric hairpin significantly decreased the average
unzipping force to 9.9 + 0.3 pN and the hybridization en-
ergy to AGioiging= —32 kT (19 kcal/mol), while the unfold-
ing step sizes remained 53 + 1 nt (Fig. 2E). CD melting ex-
periments revealed that the Ty, values of Tel-3-°%°G3-hairpin-

4T and Tel-3°*°G15-hairpin-4T were consistent with that of
the wild type, while Tel-G15-T-mismatch showed a signifi-
cantly lower Ty, (ATm = 4.9°C) compared to the wild type
(Fig. 2F and Supplementary Table S3). Placing the mismatch
near 5’-end (Tel-G3-T-mismatch and Tel-G9-T-mismatch) re-
sulted in significant reduction of unfolding step sizes and un-
folding forces, suggesting that a mismatch near the 5'-end
also induced end-fraying effects in directional force unzipping
(Supplementary Fig. S6). These results suggest that a G-T mis-
match has a more pronounced destabilizing effect on the hair-
pin compared to the 3°*°G-C base pair.

Force-dependent folding/unfolding rates of
8-oxoG-substituted telomeric hairpin measured at
constant forces

To accurately determine the hybridization energy and
folding/unfolding dynamics, we further conducted constant
force measurements. Figure 3A presents representative tra-
jectories of Tel-hairpin-4T held at three different constant
stretching forces. At a low force (11.0 pN), the DNA molecule
predominantly resides in the folded states. As the stretching
force increases, the equilibrium shifts toward the unfolded
state, with the unfolded state becoming dominant at 11.8 pN.
At a force of ~11.4 pN, the probabilities of the molecule being
in the folded and unfolded states are equal, indicating that this
force is close to the critical force (F.). We fitted the histogram
of bead height with two Gaussian functions to determine the
equilibrium constant Keq = Pypnso1d/Prold, for the unfolding re-
action (Fig. 3A, right panel). By plotting ln( eq) against force
and fitting the data with In(Kq) = FkBA;f + k T , we determined

F. to be 11.4 + 0.3 pN, where In(K,q) equals zero. The value
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Table 2. Effects of %G on folding free energy of the telomeric hairpins
measured under constant forces

Step sizes AG
Name F. (pN) (nm) (kg T)?
Tel-hairpin-4T 11.4 £ 0.3 22 £ 2 —40 + 2
Tel-8°*°G3-hairpin-4T 10.1 + 0.1 19 £ 2 -29 +1
Tel-3-9%°G15-hairpin-4T 11.2 £ 0.5 23 £1 -39 +3

21 kT ~ 0.593 kcal/mol at 25°C.

is consistent with the force-ramp experiments shown in Fig.
2C. We estimated the folding free energy AG'= —63 + 4
kpT (37 kcal/mol) by linearly extrapolating the function to
zero force (Supplementary Fig. S7). However, for long hair-
pins, this method can overestimate the AG due to the force—
extension behavior of the unfolded ssDNA. Therefore, we de-
termined the folding free energy AG® using the integral equa-
tion AGY = — fg" Ax(F)dF, utilizing the experimentally mea-
sured force—extension curve of ssDNA (the “Materials and
methods” section and equation 1) [39]. This analysis yielded
a free energy of =40 & 2 kgT (23.7 kcal/mol) for Tel-hairpin-
4T, which is in good agreement with the hybridization en-
ergy analyzed using the Mfold web server (29.95 kcal/mol)
(Supplementary Fig. S8). It should be noted that the Mfold
currently lacks the necessary parameters for $°*°G lesions.

For Tel-8-°%°G3-hairpin-4T with 8-°%°G near 5'-end, the crit-
ical force F., determined by linear fitting In(K.q) versus force,
was 10.1 £ 0.1 pN, significantly lower than that of wild-type
Tel-hairpin 4T (11.4 £+ 0.3 pN) (Fig. 3B). In contrast, Tel-
8-0x0(G1$-hairpin-4T, containing a midpoint located 3°*°G, ex-
hibited a critical force (11.2 £ 0.5 pN) similar to that of the
wild-type sequence (Fig. 3C and Table 2). The folding free
energy calculated using AGY = —fgc Ax(F)dF was =29 + 1
kT (17 kcal/mol) for Tel-3°*°G3-hairpin-4T and —39 + 3
kpT (23 kcal/mol) for Tel-3-°*°G15-hairpin-4T (Table 2). Fur-
thermore, the unfolding step size of Tel-8°*°G3-hairpin-4T
(Ax = 19 &+ 2 nm) measured at F. was significantly lower
than that of Tel-hairpin-4T (22 + 2 nm) and Tel-3°*G15-
hairpin-4T (23 + 1 nm) (Fig. 3D and Table 2). The reduced
unfolding step sizes for Tel-8°*°G3-hairpin-4T are consistent
with the force-ramp results, suggesting that the 3°*°G modifi-
cation near the 5’-end disrupts hairpin refolding under force,
leading to the formation of partially folded structure and the
observed end-fraying effects at critical forces.

Subsequently, we estimated folding/unfolding kinetics of
hairpins by analyzing the dwell times from the constant force
measurements. Dwell time histograms for both states were fit-
ted to a single exponential function P = A exp(—t¢/7) (Fig. 3E).
The unfolding rate k, and folding rate k¢ were extracted from
these fits, with their reciprocal (t = 1/k) representing the un-
folding and folding lifetimes. At the critical force of 11.5 pN
for Tel-hairpin-4T, the values of t,, and 7; were 0.205 + 0.004
sand 0.26 £ 0.01 s (average + fitting error), respectively (Fig.
3E). These values represent the average data collected from at
least four independent tethers. Next, we analyzed the force-
dependent k, and k; for Tel-hairpin-4T, Tel-5-°*G3-hairpin-
4T, and Tel-8°*°G15-hairpin-4T (Fig. 3F and G) and the data
were fitted by Bell-Arrhenius fitting. Tel-hairpin-4T and Tel-
8-0x0(G3_hairpin-4T exhibit significant differences in k¢ and k,
(Fig. 3F), while no significant differences were observed be-
tween Tel-hairpin-4T and Tel-3°%°G15-hairpin-4T (Fig. 3G).
Notably, at a force of 10.1 pN, near the critical force F., k,

of Tel-3°*°G3-hairpin-4T (5.1 s~') was 130 times higher than
that of Tel-hairpin-4T (k, = 0.039 s~!). These findings sug-
gest that the end-fraying effects caused by #°*°G modification
significantly accelerate the unfolding rate and reduce the re-
folding rate, particularly at forces near the critical forces.

An &0%°@G substitution at the 5'-end of G4s reduced
the unfolding force and Hoogsteen

hydrogen bonding of telomeric G4s

A recent optical tweezer study has shown that 3G substi-
tution within the middle of G-tetrads can reduce the unfold-
ing force of human telomeric G4 from 21.7 to 18.9 pN [34].
However, the 8-°%°G at the 5’-end of telomeric G4s remains un-
explored. Hence, we also quantified the unfolding force of 5'-
G-modified G4s using force-ramp experiments as previously
described [41] (Fig. 4A—C). The unfolding force distribution of
Tel-3-°%°G3-G4 showed a major peak at 12 & 4 pN (z = 159),
significantly lower than that of wild-type Tel-G4 (16 + 6 pN)
(Fig. 4D). Using the Bell-Arrhenius model, we determined the
unfolding rates k, for Tel-8°*°G3-G4 and wild-type Tel-G4
structures. The best-fitting parameter for zero-force unfolding
rate (kyo) of the Tel-8°%°G3-G4 was kyo = 0.020 & 0.001 s~ !,
while for wild-type Tel-G4, kyo was 0.009 £ 0.008 s~ in-
dicating that the 3°*°G substitution increased the zero-force
unfolding rates of G4s. Fitted with a single Gaussian peak,
the unfolding step size of wild-type Tel-G4 was 21 + 4 nt,
consistent with its full length (Fig. 4E). In contrast, the 3-°*°G-
substituted telomeric G4s showed a single peak at 19 £+ 3 nt
(Table 3). The significant reduction of step sizes and unfolding
forces suggests that the 5'-end 3-°*°G modification destabilized
the G4 structure, leading to weakened Hoogsteen hydrogen
bonding resulting in the formation of less stable G4 structures.
The partially folded guanine-vacancy G4s have also been ob-
served in the NMR structure of 3'-end 3-°*°G-modified Bloom
syndrome protein (BLM) promoter G4s [45].

Next, we analyzed the time-dependent folding probability
Proiq(t) for 5'-end 3-°*°G-modified telomeric G4s as previously
reported [41] (Fig. 4F). The saturation folding probability re-
duced from 89% to 74% (Fig. 4F). Using exponential func-
tion, Prq(2) = Py kfi—fku[l — exp(— (k¢ + ky)t)], we obtained
the folding and unfolding rates of ks= 0.15 £ 0.07 s~! and
k, = 0.03 + 0.03 571, respectively. The folding rates for the
Tel-8-°%°G3-G4 were one order of magnitude smaller than the
Tel-G4 (ks = 1.0 £ 0.2 s7!) [41], suggesting that 5’-end oxi-
dized guanines can markedly reduce formation of stable G4s.

The significant reduction of unfolding force and folding
rate of Tel-3°%°G3-G4 was consistent with previous thermo-
dynamic measurements of 3°*°G-substituted telomeric G4s
using CD spectroscopy [10, 11]. We also performed CD mea-
surements and the spectra of Tel-3°*°G3-G4 in 100 mM K*
buffer display a minimum at ~260 nm and a maximum at
~295 nm, which differ from the wild-type Tel-G4 in both 100
mM K* and 100 mM Na*, suggesting that 3°*°G may induce
a structural transition (Fig. 4G) [10, 12. The melting tempera-
tures of Tel-3°%°G3-G4 and wild-type Tel-G4 are ~47°C and
62°C, respectively, which is consistent with previous measure-
ments (Fig. 4H) [10]. The calculated apparent values for AH,
AS,and AG were found to be —54 + 2 kcal/mol, —162 4 6 cal
K/mol, and —5.9 4 0.3 kcal/mol for the Tel-G4, and —47 £ 1
kcal/mol, —147 £ 5 cal K/mol, and —3.3 + 0.1 kcal/mol for
the Tel-3°%°G3-G4, respectively (Supplementary Table S4).
These values were in good agreement with previous CD mea-
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Figure 4. Effects of an #°°G modification at the 5’-end on the mechanical and thermal stability of telomeric G4. (A) Structures of G-tetrad (top, left) and
its oxidized structures (top, right). Hydrogen at the C8 position is replaced by oxygen and protonation at the N7 position affects the Hoogsteen hydrogen
bond formation. Two hybrid topologies of telomeric G4 structures are placed below the G-tetrad. (B) Magnetic tweezer experiment for G4s (left) and
force-ramp procedures (right). The Tel-#2°G3-G4 sequence is between two dsDNA handles. Arrows represent the G4 unfolding signals. (C) Typical bead
height traces of Tel-#9*°G3-G4 during repeated stretching cycles. The curves are shifted along the bead height axis for visual clarity. (D) Unfolding force
histograms. Data were fitted by the Bell-Arrhenius model. (E) Unfolding step size distributions. Data were fitted by the Gaussian function. n represents
the total number of unfolding events. (F) The time evolution of the folding probability prq(#) of Tel-59*°G3-G4 and Tel-G4. Data were fitted by an
exponential function. (G) CD spectra of Tel-#°*°G3-G4 (red) and wild-type Tel-G4 (gray) in 100 mM KClI, and Tel-G4 in 100 mM NaCl (black open cycles)
measured at 25°C. Data were recorded at 295 nm in the presence of 100 mM KCI. (H) CD melting curves of Tel-#9°G3-G4 (red) and Tel-G4 (gray), with
error bars indicating the standard deviations from three measurements. Data were fitted by using a sigmoidal model.

surements in 169 mM KCI concentration [10]. The change in
the enthalpy for G4s melting also suggests that 3-°%°G signifi-
cantly reduced hydrogen bond formation.

Force-dependent folding/unfolding rates of
8-0x0G-substituted telomeric G4s measured at
constant forces

To investigate the effects of 3°%G lesion on the
folding/unfolding dynamics of telomeric G4, we measured
the Tel-8°*°G3-G4 under constant forces from 3 to 5 pN (Fig.
SA). At 3 pN, Tel-5°*°G3-G4 mostly formed a folded state,
and at 4 pN, it almost reached a balance between folded and
unfolded states, while at 5 pN, it turned out to be an unfolded
state in majority (Fig. SA). The histograms depicting the
extension of Tel-8°*°G3-G4 were fitted with two Gaussian

Table 3. Comparisons of 8°*°G substitution and wild-type telomeric G4s

Unfolding Step sizes Step sizes F. AG

Name force (pN) (nm) (nt) (pN) (kgT)
Tel-G4 (wild type) 16 + 6 8§ +2 21 +£ 4 57 =59
Tel-3-0x°G3-G4 12 + 4 7+1 19 £ 3 3.3 =23

functions, showing the corresponding folding/unfolding
transition at different forces (Fig. 5A).

Figure SB shows the lifetime histograms of Tel-8°*G3-G4
folded state and unfolded state obtained at 5 pN. The life-
time histogram in unfolded state of Tel-8°*°G3-G4 was fit-
ted with a single exponential decay, yielding an average life-
time 7,5 pn= 27 & 2 s for Tel-8-°x0G3-G4. This lifetime was
longer than that of wild-type Tel-G4 (15.8 + 0.4 s) previ-
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Figure 5. Equilibrium folding/unfolding dynamics of Tel-8°*°G3-G4. (A) Representative folding and unfolding trajectories of Tel-*°*°G3-G4 were measured
at 3 pN (top), 4 pN (middle), and 5 pN (bottom). Red line represents the smoothed data. U represents the unfolded states and F represents the folded
states. (B) Dwell time of Tel-#°°G3-G4 at 5 pN, which is fitted by a single exponential decay function yielding time constants of 7,5 v = 27 s and

7t5pn = 8.8 5. Data were collected from at least three independent tethers and were aggregated at each force. The gray dashed lines in these figures
represent the dwell time of Tel-G4 at 5 pN, with data retrieved from a previously published study [41]. (C) Force-dependent folding rates (k;) and

unfolding rates (k) of Tel-89*°G3-G4 fitted by the Bell-Arrhenius model.

ously measured under the same buffer condition and force
[41], suggesting that the 3°*°G modification reduced the fold-
ing rates of G4s, consistent with force-ramp measurements.
The lifetime of the folded state can also be fitted with a sin-
gle exponential decay with 7; 5 ,x= 8.8 £ 0.4 5. These results
suggest that the folding/unfolding dynamics of Tel-3°*°G3-
G4 can be analyzed as a simple two-state model separated
by a single energy barrier. In contrast, the wild-type telom-
eric G4s in the same 100 mM KCI buffer condition can fold
into multiple structures with different lifetimes (short-lived
state 7; 5 N = 3.0 s, long-lived state 7; 5 ,n = 45 s, and ultra-
long-lived state >100 s) [41]. The average lifetime of 3-°°G-
modified G4s was longer than that of the short-lived state
(intermediate) but shorter than that of the long-lived state
(fully folded hybrid stranded G4s) [41]. This result suggests
that 3-°*°G modification at 5’-end can reduce the lifetime of
G4s compared with fully folded G4s. Figure 5C shows the
force-dependent folding rate k¢ (1/7,) and unfolding rates k,,
(1/7¢). Both k, and k¢ were analyzed using the Bell-Arrhenius
model, yielding parameters ko= 0.03 & 0.01 s~! and Ax,=
1.5 4+ 0.3 nm, kjpy= 0.21 4+ 0.03 s~ and Ax;= 1.0 & 0.3 nm.
The critical force F. determined by the condition k, = k¢, was
found to be 3.3 pN for Tel-3°*°G3-G4, significantly lower
than that of wild-type G4s (F. ~ 5.7 pN) [41], suggesting
a significant decrease in folding energy of G4s upon single
8-0x0 (5 substitution. The zero-force folding free energy of G4

. . . 0
was determined by linear extrapolation In(K.q) = % + iBGT

to zero force. This analysis yielded values of —2.3 kpT (—1.4

kcal/mol) for Tel-3-°*°G3-G4 and —5.9 kgT (—3.5 kcal/mol)
for Tel-G4 (Supplementary Fig. S9 and Table 3). The signifi-
cant reduction of folding energy is also consistent with the CD
melting measurements (Supplementary Fig. S10).

Discussion

In the current study, we first showed that a single $°*°G can
result in telomeric hairpin (Tel-3°*G3-hairpin-20T) form-
ing different structural species with heterogeneous mechanical
stability. Through both force-ramp and constant force mea-
surements, we quantified the force-dependent unfolding and
folding rates and folding free energy of wild-type and modified
hairpins. We showed that a single 3°*°G near the unzipping
terminus (5'-end or 3’-end) can prevent complete refolding of
the hairpin (Figs 2 and 3, and Supplementary Fig. S4). When
sugjected to ~10.1 pN force, the Tel-8°%°G3-hairpin-4T con-
struct exhibited a 130-fold increase in hairpin unfolding rates.
The significant change of unzipping kinetics induced by a sin-
gle 3°%°G has also been analyzed using nanopore ion chan-
nel «-hemolysin [22]. In contrast to 3G located near the
5’-end, an 8-°¥°G-C base pair located at the middle of the hair-
pin (Tel-3°*°G15-hairpin-4T) did not significantly destabilize
DNA; the change in hybridization energy was <2 kgT for
a single $-°%°G.

It is important to note that our single-molecule experiments
apply a directional force to unzip the hairpin, which accounts
for the observed differences between 8°X°G located at the 5'-
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end and in the middle of the sequence. Directional unzipping
is physiologically significant because it mimics the directional
movement of replication forks, revealing the significant im-
pact of 3°%°G lesion. Specifically, an 3°%°G lesion near the
§’-end dramatically increased (~130-fold) hairpin unzipping
rates under forces, providing valuable insights into how 3-°*°G
lesions may affect replication fidelity. The end-fraying effects
of 3:°*°G may also facilitate its recognition of $°*°G by DNA
damage repair enzymes such as human OGG1 (8-oxo gua-
nine DNA glycosylase). OGG1 can specifically recognize and
remove $°%G from duplex DNA initiating the base excision
repair pathway [46, 47].

The destabilization of the 3°*°G-C base pair in the middle
was much insignificant compared with the G-T mismatch as a
single G-T mismatch at the middle of the hairpin significantly
reduced the unfolding forces. Our results suggest that 3°%°G
lesions located in the long duplex can maintain integrity and
stability similar to normal Watson—Crick base pairing. These
results are consistent with previous structural studies that the
hydrogen bonds and stacking in the $°*°G-C base pair are
highly similar to those in undamaged G-C base pair. These val-
ues can help to refine the NN parameters for 3-°%°G-modified
nucleotides. Because DNA hybridization is also widely used in
DNA nanobiotechnology [48], the accurate quantification of
base-pairing energy also has implication in the design of DNA
nanodevices that can respond to oxidative stress.

Through constant force measurements, we directly mea-
sured the equilibrium folding/unfolding transition of Tel-
8-0x0(G3-G4 and the hairpin at physiologically relevant K*
concentration. The decrease in folding rates of G4s by sub-
stitution of guanine with #°¥°G has also been observed for
tetramolecular G4s [49]. Previous studies using nanopore
technology have demonstrated that the $°*°G substitution
can result in a 10-fold increase in the unfolding rates of
telomeric G4 in the presence of 100 mM NaCl [32]. How-
ever, nanopore techniques have difficulty in detecting the un-
folding of these stable G4 structures that have slow unfold-
ing rates, such as telomeric G4s at the physiological level
of 100 mM KCI [32]. Our results revealed that a single
8-ox0G substitution at 5'-end significantly increased the un-
folding rate (from k, = 0.009 £ 0.008 s~! for wild type to
k, = 0.020 & 0.001 s~ for Tel-8°*°G3-G4) and significantly
decreased G4 folding energy (from 5.9 kgT to 2.3 kyT). Pre-
vious optical tweezer study has shown that an 3°%°G sub-
stitution in the middle of G-tetrads significantly reduced the
folding probability and the unfolding force of human telom-
eric G4s [34]. This observation combined with our results of
5’-end substitution suggests that $°*°G substitution exerts a
more pronounced destabilizing effect on G4s compared to du-
plexes. The difference in destabilization can be attributed to
the distinct impact of 3°°G on hydrogen bonding (Fig. 4A).
In hairpin structures, 8°*°G does not alter the overall number
of hydrogen bonds (Fig. 1A). However, in G4s, 3°*°G leads to
a loss of two hydrogen bonds, thus explaining the observed
difference.

Destabilizing telomeric G4 stability and downregulating
the folding/unfolding kinetics can enhance the accessibility
of telomerase [6] and telomere-binding protein POT1 [33],
thereby maintaining the telomeric overhang. Notably, telom-
eres undergo shortening throughout the human lifespan and
are thus often described as a molecular clock for assessing
cellular age. In addition, studies recently demonstrated that
8-0x0G participates in the telomerase activities [50]. Conse-

quently, quantifying the impact of 8-°°G lesions on the stabil-
ity and folding/unfolding kinetics of duplexes and G4s would
significantly enhance our understanding of the effects of ox-
idative stress on telomere regions i vivo.
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