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Abstract

The function of many DNA processing enzymes involves sliding along the double helix or individual DNA strands. Stable secondary structures in
the form of G-quadruplexes are difficult for such enzymes to bypass. We used a polymerase stop assay to determine which structural features of
the human telomeric and the BCL2 promoter G-quadruplexes can stall progression of the Klenow fragment. Primer extension profiles revealed
that G-quartets are effective roadblocks for the Klenow fragment, while auxiliary base pairs can be easily bypassed. Furthermore, we utilized
8-oxoguanine to simulate oxidative damage in G-rich regions and determine the effects on enzyme bypass. In rare cases, oxidative lesions
reduce the level of G-quadruplex bypass. In general, however, oxidative lesions reduce G-quadruplex stability and facilitate bypassing of such
G-rich regions, especially if the lesion persists in unfolding intermediates. Our findings using Klenow fragment can be extrapolated to other
G-quadruplex forming sequences and enzymes that utilise a clamp-like structure to slide along DNA and are involved in processes such as gene

expression regulation and telomere maintenance.
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Introduction

Genomic DNA undergoes processing by a variety of enzymes.
Some enzymes can directly act on double-stranded, helical
DNA. Others exclusively process single strands, which neces-
sitates (local) denaturation of the double helix beforehand.
During replication of the double helix, DNA polymerase pro-
cesses each DNA strand. Special proteins, helicases, assist in
separating the hybridised strands in an ATP-dependent man-
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ner. However, genomic DNA can also adopt non-canonical
structures, such as the four-stranded G-quadruplex (G4) (1).
These can form within a single G-rich DNA strand, while
the complementary C-rich strand is either single-stranded or
forms the so-called I-motif structure (2). Replication catalysed
by DNA polymerase can be arrested by G4 structures (3). In
cells, complex machinery is required to bypass G4 structures,
and failure to do so can lead to genetic instability (4,5). Re-
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cently, several G4-specific helicases have been discovered that
can assist DNA polymerases and other enzymes in bypass-
ing G-rich regions (6). Structure-dependent stalling of DNA
polymerases can be used to probe for stable G4 structures in
vitro. G4s are notoriously polymorphic and can exhibit com-
plex folding patterns with multiple intermediates (7,8). Analo-
gously, their unfolding is not a simple two-state process (9,10).
The degree of stalling of the polymerase generally correlates
with the thermodynamic parameters of G4s, which can vary
widely depending on the number of G-quartet planes, loop
topology, salt or pH conditions and so on. However, thermal
denaturation is fundamentally different from enzymatic un-
folding. In the case of temperature-induced denaturation, all
structural elements (such as G-tracts, capping structures, etc.)
are available for local melting. On the other hand, enzymes
often slide on the DNA double helix or single strand and ap-
proach a G4 from either the 5'- or 3’-end. A DNA polymerase
will attempt to replicate the G-rich template strand in the 3’ >
5’ direction. Therefore, once an enzyme encounters a G4 struc-
ture, it must access the nucleotides involved in G4 formation
in a sequential manner.

Polymerase stop assays have previously been used to study
replication rates of templates adopting different types of non-
canonical structures (11). Parallel and antiparallel G4s were
found to be competent barriers to DNA polymerase, while
hybrid G4s were easier to bypass. Similar approaches have
been used to identify locations of G4 structures or to evalu-
ate the stabilizing effect of ligand binding to G4 structures
(12-16). Another study showed that although G4s can ef-
fectively stop DNA polymerase, at higher concentrations the
polymerase can oligomerize and disrupt G4 structures, leading
to an easier bypass of G-rich regions (17). We have previously
shown that a G4 structure adopted by the vascular endothe-
lial growth factor (VEGF) gene can be disrupted by 8-oxoG
and recovered by a short ligand-conjugated G-tract (18).In a
subsequent study, the efficacy of different ligands to recover
damaged G4 structures was evaluated with a polymerase stop
assay (19).

G-rich regions of DNA are highly susceptible to oxidative
damage, which can have a significant impact on the structure
and stability of G4s. A major product of G oxidation is 8-
oxo0-7,8-dihydroguanine (8-0x0oG) and is commonly used as
a biomarker for oxidative stress (20,21). We have previously
studied G-rich sequences derived from the promoter region of
B-cell lymphoma 2 (BCL2) and the human telomeric region
(HTEL), both known for their propensity to form G4 struc-
tures. Replacing guanines with 8-0xoG is generally detrimen-
tal to the thermal stability of G4. Nevertheless, two HTEL-
derived G4 structures have been characterized and shown to
incorporate 8-0x0G into their G-quartets (22). Replacing a G
that was originally in the syn conformation resulted in only
minor structural adjustments. On the other hand, replacing a
G originally in the anti conformation with an 8-0x0G resulted
in a major conformational shift from hybrid-1 to hybrid-2 G4
topology. This enabled 8-0x0G to adopt its preferred syz con-
formation. The BCL2 promoter contains multiple G-tracts of
different lengths. In a unique case, we observed a significant
increase in the thermal stability of G4 after replacing a specific
G with 8-o0xoG within a BCL2-derived construct (23). While
the original G is part of a G-quartet, replacement with 8-oxoG
leads to a register shift in the long G-tract in conjunction with
a rearrangement of the syn and anti G conformations. This
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repositioning displaces 8-0xoG from the G4 core into the loop
region, where it base pairs with loop nucleotides to form an
extensive capping structure.

Given 8-0x0G’s capability to modulate the thermal stabil-
ity of G4 structures, we anticipated that associated structural
features are able to significantly impact the rate at which en-
zymes process G-rich regions containing 8-0x0G. In the cur-
rent study, we investigated the ability of the Klenow fragment
(KF) to unfold and replicate G-rich templates derived from
BCL2 and HTEL that contain an oxidative lesion, 8-oxoG
(Figure 1A). Analysis of primer extension reactions enabled
us to quantify stalled products at different temporal stages
of the reaction with single nucleotide resolution. Data on the
progression of KF were coupled with previously determined
high-resolution structures of BCL2 and HTEL G4s to reveal
structural features relevant to modulation of KF bypass. We
have found G-quartets to be effective barriers for replication.
However, 8-0x0G can alleviate KF bypass, particularly when
positioned in a G-tract closer to the 5'-end of the G-rich tem-
plate. Our data corroborate the importance of ‘spare tyres’ in
G-rich regions of promoters that allow the exclusion of oxida-
tive lesions from G-quartets in order to maintain G4 structure
and function.

Materials and methods

Sample preparation

All oligonucleotides were synthesized on a K&A Labs
DNA/RNA Synthesizer H-8 using standard phosphoramidite
chemistry. 6-Fluorescein phosphoramidite (6-FAM) (Glen Re-
search) was added to the 5’- end of the primers used in the
polymerase stop assay. The oligonucleotides were deprotected
with AMA (1:1 mixture of aqueous ammonium hydroxide
and methylamine) at 65°C for 15 min. The DNA was purified
using Glen-Pak reverse-phase purification cartridges (Glen Re-
search). Additionally, the oligonucleotides were desalted using
FPLC and a HiPrep Sephadex G25 column (GE). DNA solu-
tions were dried in a vacuum centrifuge and redissolved in
20 mM potassium phosphate buffer, pH 7, and 70 mM KCI.
DNA concentrations were determined by measuring UV ab-
sorbance at 260 nm using extinction coefficients calculated
with the nearest-neighbour method.

NMR spectroscopy

All NMR data were collected with Bruker 600 MHz NMR
spectrometers equipped with cold probes. All samples used for
NMR contained 20 mM potassium phosphate buffer, pH 7, 70
mM KCl and 5% 2H,O. Spectra were acquired at 25°C using
excitation sculpting solvent suppression. DNA concentration
was 150 uM per strand.

UV melting

Melting temperatures of G-rich oligonucleotides forming G4
structures were determined using the same ionic conditions
as for the template extension reactions. This included 50
mM KCI, 10 mM Tris—=HCI, pH 7.9 and 10 mM MgCl,.
The DNA was taken from NMR samples and diluted to a
target absorbance range between 0.3 and 0.5. Absorbance
was measured at 295 nm and the temperature was in-
creased from 15 to 95°C with a 0.5°C/min gradient. A sig-
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Figure 1. (A) Polymerase stop assay using a fluorescently (FAM) labelled primer. Stable secondary structure elements such as G4s impede the
replication of the template strand. (B) Sequences of BCL2 and HTEL constructs comprised of G4 forming sequences, short linkers and regions with
hybridised primers. Stalled products are labelled by the number of nucleotides added (+X). Positions where 8-oxoG was introduced into G-rich regions
are labelled in red. (C) A representative set of electropherograms (using HTEL as an example) taken at different times of the primer extension reaction.
The primer (PR) is extended by a different number of nucleotides (+1, +2, +3, etc., up to full length, FL).

moidal function was fitted to the data points to extract the
T, values.

Polymerase stop assay

Primer extension reactions with a total volume of 300 ul con-
tained 1 uM template DNA, 1 uM fluorescent primer, ANTP
mix (50 uM each, Jena Bioscience), 50 mM KCI, 10 mM
Tris—HCI, pH 7.9, 10 mM MgCl, and 1 mM DTT. With ran-
dom control constructs (RND) KCl was replaced with 50 mM
LiCl. A 50 ul aliquot was taken as a negative control before
2 U of the KF (3'-5" exo~, NEB) were added to the remain-
ing 250 ul and the reaction was incubated in a water bath
at 25°C. Five subsequent aliquots were collected at 1, 2, 5,
10 and 20 min. The reaction in all aliquots was quenched
immediately with 1 pl of 0.5 M EDTA, followed by thermal
denaturation at 75°C for 10 min. Subsequently, 5 ul of 3 M
NaOAc and 200 pl of EtOH were added and the DNA was
precipitated overnight at —80°C to reduce the ionic strength
of the samples. Next, all samples were centrifuged exten-
sively. The supernatant was discarded and the pellets were air-
dried. Samples corresponding to the different reaction times
were redissolved in 100 pul H,O and used as stock solu-
tions. These solutions contained the non-fluorescent template
strand and fluorescent primer extension products of different
lengths.

Capillary electrophoresis

The purified DNA was diluted and denatured prior to analy-
sis. Thermal denaturation proved detrimental to the fluores-
cent tag. Therefore, 60% DMSO was used as a denaturant,
as increasing the ionic strength would hinder efficient elec-
trokinetic injection. The samples for capillary electrophoresis

(CE) contained 1 ul of DNA stock solution, 19 ul of H,O
and 30 pl of DMSO. The use of more DNA resulted in higher
fluorescence, but DMSO was less effective in denaturing the
hybridised DNA, resulting in intense broad peaks in the elec-
tropherograms.

An Agilent 7100 CE system was coupled to an Adelis Ze-
talif laser-induced fluorescence detector with a 488 nm laser.
This enabled us to detect only the primer extension products
and not the template strand. Laser power was set to 20 mW
and the voltage of the photomultiplier to 570 V. Initially, a
coated Agilent uSIL- DNA capillary was used. However, a
non-coated Polymicro fused silica capillary with an internal
diameter of 100 um showed comparable performance and
was used in all tests. The total length of the capillary was 52
cm, with an effective length (to the detector) of 31 cm. CE was
performed with inverse polarity and a voltage of —25 kV. The
DNA was injected electrokinetically for 10 s and —10 kV. A
mixture of 200 mM BisTris and 200 mM boric acid was used
as electrolyte solution. The polymeric solution contained 15%
PEG 35000 with 20% (v:v) acetonitrile, 160 mM BisTris and
160 mM boric acid. The capillary was filled with a fresh poly-
mer solution under high pressure (5 min, 5 bar) before each
analysis.

Peaks in electropherograms could be unambiguously as-
signed, starting from the non-extended primer (PR). Low in-
tensity, but well-resolved, peaks were present for all extended
primers and could be easily counted with a single nucleotide
resolution. All peaks with a total area >1% were integrated.
Peak area ratios were used to plot stacked area charts as a
function of reaction time. BCL2 and HTEL were selected as
representative cases, and all experiments were conducted in
triplicates. Variations are minimal (Supplementary data) and
average values are reported.

G20z Arenuer | uo sesn Jnysul diswey Aq €42G162/.G1 L 9e3B/L/€G/BI0Ne/ 18U W0 dNo dIWapED.//:SA)lY WOl PaPEOUMOQ


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1157#supplementary-data

BCL2 construct

BCL2G4 16

13 12 11

[ppm]

Nucleic Acids Research, 2025, Vol. 53, No. 1

HTEL construct
|

Iy H‘WMWWMM

4 1

mﬁQﬂ 2‘2{ ((1?6 2{3

HTEL G4

13 12 1 [ppm]

Figure 2. Imino regions of 1D "H NMR spectra of 25-nt BCL2 G4 and 24-nt HTEL G4 with assignment (lower) compared to 50-nt BCL2 and 49-nt HTEL
constructs with 21-nt primers (upper). Spectra were acquired at 600 MHz with 150 1M DNA (per strand), 20 mM KPi buffer (pH 7) and 70 mM KCI.

Results

G4 structure is not affected by hybridisation with
primers

We have selected two G-rich sequences with known high-
resolution structures as model systems. 25-nt and 24-nt se-
quences derived from the human BCL2 promoter and HTEL,
respectively, were extended at the 3’-end by a short 4-nt linker
and a 21-nt primer binding region to serve as templates for
primer extension (Figure 1B). BCL2 and HTEL G-rich se-
quences, along with their analogues containing oxidative le-
sions, were tested with NMR spectroscopy at ionic condi-
tions later used for primer extension reactions. The 'H NMR
resonance patterns were identical to spectra of previously
published high-resolution structures, which indicates that the
G4 structures are not affected (Supplementary Figure S1)
(22-24). Furthermore, since the extension of the original se-
quences could interfere with G4 formation, we tested the
BCL2 and HTEL constructs comprised of template strands
and fully complementary 21-nt primers. 1D '"H NMR spec-
tra of BCL2 and HTEL constructs contain resonances in
the range of 10.8-12.1 ppm belonging to Hoogsteen hy-
drogen bonded guanines that constitute the G4 structures
(Figure 2). These resonances exhibit minor chemical shift
changes and broadening compared to resonances of BCL2
and HTEL G4-forming sequences. Importantly, the chemi-
cal shift patterns are in agreement, which indicates that the
original G4 structures are retained in the larger constructs
despite extended sequence and bound primer. NMR spec-
tra of BCL2 and HTEL constructs also contain a number
of resonances in the range of 12.1-13.6 ppm correspond-
ing to Watson—Crick hydrogen bonded nucleotides, suggest-
ing that the primers are fully hybridised to both template
strands.

BCL2 and HTEL constructs, along with their analogues
containing oxidative lesions, were mixed with KF to initi-
ate primer extension reactions. Reaction mixtures were incu-
bated at 25°C to ensure that G4 structures, especially those
containing oxidative lesions, are not partially melted. Fur-
thermore, a low reaction temperature slowed the progression
of KF, which enabled us to monitor its progress as a func-
tion of reaction time. Aliquots of primer extension reactions
were analysed by CE. Electropherograms show how efficient

KF is at replicating G-rich templates and reveal some com-
mon features (Supplementary Figures S2-S9). Most aliquots
contain a small fraction of the —1 fragment (Figure 1C),
which is a by-product of primer synthesis and was disre-
garded in the subsequent quantitative analysis. Analysis of
some aliquots showed a small fraction of the non-denatured
template/primer hybrid (ND), which was also not considered
in the subsequent analysis. All other peaks in electrophero-
grams (between 1 and ND) were integrated and ratios of
peak areas were directly used to determine molar ratios of
reaction products. In case of complete blocking of KF, only
the non-extended primer (PR) would be detected in the re-
action mixture. On the other hand, efficient bypass of KF
would yield solely full-length (FL) products. The presence
of secondary structures hindering KF bypass would lead to
stalled products (+1, +2, +3, etc.) with lengths that correlate
with positions of secondary structure elements. Analysis of
sets of electropherograms revealed that primer extension pro-
ceeds rapidly in the first few minutes of the reaction. With
all studied constructs, the non-structured 4-nt linker was eas-
ily replicated by KFE In the first 10 min of reactions, a build-
up of stalled products with increasing length was detected. In
the following 10 min, only minor changes in molar ratios of
stalled products could be observed. Therefore, we consider the
primer extension to be complete after 20 min of reaction time.
All molar ratios discussed hereafter are provided as of the
20 min mark, unless specified otherwise. A control construct
(RND) comprised of a random non-G-rich 24-nt template se-
quence, d(ATTGACAGTGTTGCTCGTCCAGAC), extended
by the 4-nt linker and the 21-nt primer binding region was
tested to ensure KF is capable of complete bypass. Further-
more, Li* was used as the counterion in these control re-
actions. Primer extension reactions with RND resulted in
95% FL (Supplementary Figures S10 and S11). Next, we
individually replaced two guanine positions in RND with
8-0x0G. The polymerase stop assay indicated a slight de-
gree of stalling at the 8-0xoG lesion, as well as at the adja-
cent upstream and downstream sites (Supplementary Figures
S10, S12 and S13). The two constructs, RNDoxoG10 and
RNDox0oG17, produced in total 15 and 14% of stalled
products at and adjacent to the lesion, respectively. Conse-
quently, the levels of FL products dropped to 75 and 78%,
respectively.
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Oxidative lesions within loop regions exert minimal
impact on enzyme bypass

BCL2 adopts a basket-type G4 topology with three G-quartet
planes flanked by a GCAA pseudo-quartet (Figure 3A) (23).
The BCL2 G4 structure exhibits a melting temperature of
64°C (Supplementary Figure S14). When the primer is ex-
tended, the G4 structure on the template strand is approached
by KF at the 3’-end. In the 3D structure of the human BCL2
G4, A25 is hydrogen-bonded to G16 and A11, and is the first
nucleotide that is not fully accessible for replication. Stalling
of KF upstream of A25 would lead to accumulation of the +4
stalled product. However, analysis of the electropherograms
showed that A235 is relatively easy to replicate with only 8%
of the +4 stalled product (Figure 3A). On the other hand, G24,
the next nucleotide in the 3’ > 5’ direction, which is involved
in the first G-quartet, cannot be replicated efficiently. The ma-
jor stalling site in BCL2 is +5, which represents 44 % of stalled
products. Interestingly, 8 % of the +6 stalled product was also
detected, suggesting that not only replication of the first G, but
also of the second G in the G4 core (to a much lesser extent)
is rate-limiting in a polymerase reaction. Analysis of BCL2
reactions also revealed small fractions of +9 and +10 stalled
products upstream of the next G-tract with 6 and 4%, respec-
tively. Only 12% of the FL product were detected indicating
that the BCL2 G4 is difficult for KF to bypass.

The introduction of 8-0x0G to position 18, into the centre
of the long G-tract of BCL2 (G16-G20), disrupts G4 forma-
tion (23). BCL20x0G18 was used as a control with no stable
secondary structure formed in its G-rich region. Primer ex-
tension results reflect this with a significantly higher fraction
of the FL product (37%) (Figure 3B). Some +5 (14 %) stalled
product was observed preceding the first G-tract. An equal
fraction of the +13 (14%) stalled product was also observed,
which includes a single nucleotide downstream of the oxidized
site (8-oxoG18).

Replacing G19 with 8-0xoG induces notable changes in
the folding of the BCL2 G4 region. The BCL2ox0G19 G4
features a basket-type topology with three G-quartet planes
(Figure 3C) (23). It is noteworthy that the BCL20ox0G19 G4
lacks the GCAA pseudo-quartet. This is due to the repo-
sitioning of the long G-tract, where 8-0x0G19 is not in-
volved in G-quartet formation. The register shift is accom-
panied by reversal of syn- and anti-conformations of equiv-
alent Gs compared to non-oxidized BCL2 G4. This enables
8-0x0G19 to hydrogen bond with its Watson—Crick and Hog-
steen sides to C21 and Gé, respectively (Figure 3C). Surpris-
ingly, the resulting base triad increases the thermal stability
of the G4 structure to 74°C, which is a 10°C difference com-
pared to the BCL2 G4 (Supplementary Figure S14). Primer ex-
tension reactions of BCL20x0G19 show the expected stalling
sites, +5 (42%), +6 (9%), involving the first G-tract (Figure
3C). Interestingly, a large fraction of the +4 stalled product
(26%) indicates that A25, which is not involved in any sec-
ondary structure elements, cannot be effectively replicated.
This is likely due to steric constraints of the KF active
site (vide infra). Reactions with BCL20x0G19 also revealed
small fractions of +10 (3%) and +11 (4%) stalled products,
which are upstream of the base triad and the second G-tract,
respectively.

Our previous studies have shown that replacing G20 in
BCL2 G4 with 8-0x0G has little effect on NMR spectral prop-
erties and only a small decrease in thermal stability to a Ty,
value of 61°C (Supplementary Figure S14), which is to be ex-

pected since G20 is located in the edge-type loop and does not
base pair (23). The topology of BCL20x0G20 G4 is identical
to BCL2 G4, which is reflected in a similar primer extension
profile (Figure 3D). The major stalling site in BCL20x0G20
is +5 with a 50% fraction of total products. A notable frac-
tion of the +9 stalled product (8%) was detected, suggesting
that the oxidative lesion causes some stalling. In contrast to
BCL2, the level of FL was below the detection limit, indicat-
ing that BCL20x0G20 cannot be replicated with KF under the
conditions used here.

Stability of the G4 core is controlled by the position
of the lesion

G4 structures originating from the HTEL were previously
shown to be affected by oxidative lesions (22). The non-
oxidized HTEL G4 adopts a hybrid-1 type fold, which melts at
67°C (Figure 4A and Supplementary Figure S14) (24). The 3'-
side of the G4 is flanked by a reversed Watson—Crick T13-A24
base pair. However, this does not appear to be an issue for
KF as primer extension reactions show that the fraction of
the +4 stalled product is very low (4%) (Figure 4A). The ma-
jor stalling site in primer extension reactions with HTEL is +5
(44%), upstream of the first G-quartet. However, a substan-
tial fraction of G23 can be replicated before KF stalls at posi-
tion +6 (13%). The next significant stalling site is +11 (7%),
upstream of the second G-tract. Overall, HTEL can effectively
stall KF bypass with only 15% FL product.

Our previous structural studies have shown that disruption
of the central G-quartet of HTEL G4 with an 8-0x0G has a
pronounced destabilizing effect (22). The hybrid-2 type struc-
ture of HTELoxoG10 G4 exhibits a Ty, of 42°C (Figure 4B
and Supplementary Figure S14). The primer extension profile
of HTELoxoG10 shows that its G4 structure is ineffective at
stalling KF with 65% of FL product (Figure 4B). The only sig-
nificant stalling sites are +5 (7%) and +11 (6%), upstream of
the first and second G-tracts, respectively. No stalled products,
which would correlate with base triads at either end of the G4
core could be detected.

HTELoxoG16 was used as a control as it exhibits poor
NMR spectral properties, indicating no stable G4 structure is
formed in its G-rich region (22). Nevertheless, HTELoxoG16
is not completely unstructured as few imino resonances were
observed NMR spectra and some Hoogsteen and Watson—
Crick base pairs are clearly formed (Supplementary Figure S1).
The primer extension profile was very diverse with +14 as the
major stalling site (Figure 4C), which is the nucleotide down-
stream of the oxidized site (8-0x0G16). Expectedly, a high
fraction (30%) of FL product was observed.

Introducing 8-oxoG at position 21 yields an identical
hybrid-1 type topology as the non-oxidized HTEL G4 (Figure
4D) (22). However, the thermal stability is reduced to a Ty, of
52°C (Supplementary Figure S14). Primer extension reactions
with HTELoxoG21 show a relatively low fraction of the +5
stalled product (15%) (Figure 4D). G23 and G22 of the first
G-tract as well as 8-0x0G21 cause negligible stalling. How-
ever, KF stalls upstream of A20 and produces 9% of the +8
stalled product. We believe that this is due to the T1-A20
Watson—Crick base pair, which hinders bypass of KF. The next
significant stalling site is +11 (12%), upstream of the second
G-tract and finally +17 (5%) upstream of the third G-tract.
The facilitated bypass of the first G-tract likely contributes to
a relatively high fraction of the FL product (27%).
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MHz with 50 uM DNA (per strand), 20 mM KPi buffer (pH 7) and 70 mM KCI.

Primer extension of a G4 forming sequence can
produce unfolding intermediates

As KF progresses through the G-rich region of the template
it reduces the number of available G-tracts, which can self-
associate by G-G base pairing. We prepared three synthetic
extended primers with lengths of 26, 32 and 38 nt, which
were mixed with equimolar amounts of the 49-nt template
strand. These primers correspond to stalled products reaching
the first (+5), second (+11) and third (+17) G-tract of HTEL
(Figure 5). The +5 construct should allow for the formation
of a G-quadruplex, while the +11 and +17 constructs allow
for the formation of triplexes and hairpins, respectively. Our
NMR analysis confirms this by showing that all constructs
exhibit Watson—Crick hydrogen bonded nucleotides (12-14
ppm) corresponding to the overlapped region between the two
strands. Additionally, all constructs also exhibit Hoogsteen

hydrogen bonded nucleotides (10-12 ppm), which correspond
to the overhangs capable of adopting G-quadruplex, triplex
or hairpin structures. Spectra were acquired at 5°C in order to
slow down imino proton exchange. Nevertheless, +11 and +17
constructs exhibit 'H resonances in the Hoogsteen range that
are less intense compared to the Watson—Crick spectral region.
This is expected due to guanines in triplexes and hairpins be-
ing more exposed to the solvent. Furthermore, +11 and +17
constructs exhibit heavily overlapped resonances in the Hoog-
steen range, which suggests that the triplex and hairpin un-
folding intermediates are structurally heterogenous.

Discussion

Different enzymes, even different DNA polymerases, are more
or less capable of bypassing G-rich substrates. We have used a
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specific DNA polymerase and an optimized set of conditions
to determine how different topologies of non-canonical DNA
structures, like G-quadruplexes, modulate the bypass rate and
populations of stalled products relative to each other. The ab-
solute degree of stalling is likely completely different in a cel-
lular context. However, stalling positions and the effect of ox-
idative lesions should be valid in vivo. In our experimental
setup, both BCL2 and HTEL G4 structures proved to be ef-
fective roadblocks as they significantly hindered KF bypass.
This suggests that auxiliary proteins such as helicases are cru-
cial for the processing of such G-rich genomic regions. Our re-
sults using KF can likely be extrapolated to other enzymes that
employ a clamp-like structure to slide along the DNA. One
such example are transcription activation complexes, which
utilize a sliding clamp to scan for promoters (25). While the
role of G4s in promoters is far from understood, their pres-
ence is generally associated with transcriptional repression
as they interfere with polymerase processivity (26). A recent
study found that this is also the case for the promoter of the
BCL2 gene, where a stable G4 down-regulates the expression
of this anti-apoptotic gene (27). Our data show that the BCL2
is difficult for KF to bypass. In addition, BCL20x0G19 and
BCL20x0G20 were also very effective in stalling KF, suggest-
ing that basal levels of gene expression are likely unaffected.
These thermally stable G4 structures containing 8-0x0Gs ex-
hibit comparable or even higher thermal stability than non-
oxidized BCL2 G4 (23). On the other hand, most oxidation
events are detrimental to G4 structure and stability. Oxidation
of these G positions should reduce G4 stability and facilitate
bypass of the transcriptional machinery, leading to potential
upregulation of BCL2 protein expression.

BCL2-derived G4s caused significant stalling of KF two nu-
cleotides upstream of the first G-quartet, at position +4, indi-
cating that A25 cannot be replicated efficiently. While A25 is
a part of a pseudo-quartet in BCL2 and BCL20x0G20, it is
neither base paired nor stacked in BCL20x0G19 and should
be easily accessible for replication. We hypothesise that KF
cannot position A2S5 in its active site due to steric constraints.
It has been shown that KF interacts with up to 4 upstream
nucleotides of the template strand (28). Due to a longer di-
agonal loop on the 3’ side of the BCL20x0G19 G4 struc-
ture, compared to BCL2 and BCL20x0G20, the interaction
of upstream nucleotides with KF might be hindered. More-
over, A15 stacks efficiently with G24, which further stabilizes
the diagonal loop in BCL20x0G19. A structured loop com-
bined with higher thermal stability of BCL20ox0G19 likely
contributes to a higher fraction of the +4 stalled product
compared to BCL2 and BCL20x0G20. Other studies also
observed polymerase stalling more than one nucleotide up-
stream of a stable G4 structure (5,12). Unlike BCL2-derived
G4s discussed above, all primer extension profiles of HTEL-
derived G4 structures exhibit only negligible amounts of
the +4 stalled product. Propeller and shorter edge-type loops
found in HTEL, HTELoxoG10 and HTELoxoG21 seem to be
less sterically obtrusive and enable replication of A24 despite
its base pairing with T13 or T7/A8. Furthermore, in HTEL re-
actions a significant fraction (13%) of G23 could be replicated
before stalling, despite G23 constituting a stable G-quartet.
This suggest that Gs in outer G-quartets are easier for KF to
access than inner G-quartets.

Similarly to BCL2, most oxidation events in the HTEL have
been shown to be detrimental to G4 structure. Nevertheless,
some G positions have been found to tolerate 8-oxoG and re-

tain a G4 structure, although their thermal stability decreases
significantly (22). HTEL and HTELoxoG21 were shown to
adopt an identical G4 topology, which allows 8-0x0G to be
incorporated at position 21 without major disruption to the
structure. However, HTEL can block KF much more effec-
tively than HTELoxoG21. Full bypass increases moderately
from 15% with HTEL to 27% with HTELoxoG21. This is
largely due to the more efficient bypass of the first G-tract,
which is indicated by a decrease in the fraction of the +5
product from 44% (HTEL) to 15% (HTELoxoG21). Inter-
estingly, the total fraction of stalled products longer than +5
and shorter than FL increases from 26 % with HTEL to 38%
with HTELoxoG21. This means that even after replication
of the first G-tract, it is not all smooth sailing for KF. With
HTELox0G21 there is significant stalling upstream of the sec-
ond G-tract and to a lesser extent before the third G-tract.
These observations suggest that the G-rich substrate is se-
quentially denatured via several unfolding intermediates. The
initial G4 structure is gradually reduced to a triplex, a hair-
pin and finally undergoes complete unfolding/denaturation
(29,30).

The initial dissociation of Gs in the first G-tract is proba-
bly rate-limiting for the polymerase reaction. This is likely fol-
lowed by further dissociation of another G-tract, resulting in a
transiently stable hairpin. Therefore, a higher degree of poly-
merase stalling is expected in the 3’ region of the template and
less towards the 5’- end due to the lower stability of unfold-
ing intermediates. In HTELoxoG21, 8-0x0G is located in the
first G-tract, to be replicated. All unfolding intermediates in
the form of triplexes and hairpins would therefore be lesion-
free and relatively stable. On the other hand, HTELoxoG10
contains an 8-0xoG in the third G-tract of its G4 structure.
This means that as the G4 progressively unfolds from the 3'-
end, the oxidative lesion persists in both the triplex and the
hairpin (Figure 6). Our primer extension assay supports this
with an almost complete bypass of the HTELoxoG10 G4 by
KFE Only a few per cent of the +5 and +11 product could be
detected, corresponding to the stalling sites upstream of the
first and second G-tract, respectively.

An important difference compared to other G4 systems de-
scribed here is that HTELoxoG10 is comprised of either fully
syn of fully anti G-tracts. This could allow easier strand slip-
page since no syn/anti reshuffling is required (29). Initially, KF
would pull the first G-tract in the 3’ direction, reducing the
number of complete G-quartets. This would likely destabilize
the structure significantly and facilitate replication with KF.
The same scenario could be repeated upstream of the second
G-tract by pulling the strand and effectively reducing the num-
ber of guanine base triads. Facilitated strand slippage likely
contributes to the very efficient KF bypass of HTELoxoG10.

Several previous studies have reported that KF has dif-
ficulties replicating 8-0x0G and stalls upstream of such le-
sions (31). However, our observations show that this is not
the case, at least for the BCL2 and HTEL systems. Although
some stalling was observed upstream of 8-oxoG sites, this
did not exceed 8% of the total products (BCL20x0G20).
Furthermore, these stalling positions can also be attributed
to structural features. Interestingly, both control samples
(BCL20x0G18 and HTELoxoG16), with no stable G4 struc-
ture, exhibit noticeable stalling a single nucleotide down-
stream of the oxidized site. This suggests that 8-oxoG can
be replicated, while distortions caused by the newly formed
8-0x0G base pair are transmitted back to the polymerase ac-
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Figure 6. Proposed mechanism of KF-catalysed unfolding of a model structure of G4 (not to scale). The oxidative lesion in the third G-tract persists in all
unfolding intermediates and allows KF to easily bypass the G-rich region. Small fractions of KF stall and dissociate upstream of the G4, triplex and hairpin
unfolding intermediates producing progressively longer, but not full length, DNA strands.

tive site. We also observed stalling on the non-G-rich template
(Supplementary Figure S10). With RNDoxoG10 KF primarily
stalled upstream of the 8-0x0G site. On the other hand, RN-
Dox0G17 caused stalling at the 8-0x0G lesion, as well as at
the adjacent upstream and downstream sites. This suggests a
degree of sequence specificity affecting the level and position
of stalling. However, in both cases, the total stalling at and
near the lesion remained below 15%. Similar behaviour was
not observed in stable G4s, where stalling of KF is the result
of secondary structure elements.

As the primer extension reactions progress with time there
is an accumulation of stalled products and the reactions are
virtually stopped. It appears that KF cannot freely re-engage
incomplete products and fully extend the template, even if at
a very slow rate. We speculate that KF is gradually tied-up
in hard-to-resolve complexes, which are mostly the result of
stable secondary structure of the template or presence of an
oxidative lesion. It is possible that KF continuously dissociates
from a stalled reaction and re-engages the template hybridized
with a partially extended primer, but simply cannot progress
due to a stable secondary structure downstream.

While KF appears to be able to replicate 8-oxoG in G4
structures, we did not assess possible mutagenic effects of
8-0x0G. KF can replicate 8-oxoG with a C, which is non-
mutagenic. On the other hand, a mutation can be induced by
replicating 8-o0xoG with A, especially if 8-0x0G is in its pre-
ferred syn conformation. On the template strand, this leads
to a G to T transversion in subsequent replication cycles (32).
The frequency of incorporation of C or A can vary signifi-
cantly depending on experimental conditions (e.g. dANTP con-
centration), but even high-fidelity replicative polymerases by-
pass 8-0x0G in an error-prone manner (33-35). Whether the
primers, opposed to 8-0x0G, were extended with C or A is
irrelevant to our assessment of structure related polymerase
stalling. Nevertheless, the frequency of misincorporation of A
was probably high in our experimental setup, due to the use
of KF exo™, which lacks any proofreading activity.

To summarize, G-rich regions are problematic substrates
for DNA polymerases and primer extension reactions can be a
useful tool for probing for stable DNA secondary structure el-
ements. Two G4 model systems, BCL2 and HTEL, effectively
stall KF bypass. Our results show that the rate-limiting step
is the first 3’ G involved in a regular G-quartet. On the other
hand, non-G-quartet base pairs or stacked capping structures
are easily bypassed by KE Stalling upstream of second and
third G-tracts suggests that triplex and hairpin unfolding in-
termediates are relatively stable. Oxidative lesions in the form
of 8-0x0G can significantly affect the processivity of an en-
zyme. G4-forming sequences with more levels of redundancy

in the form of additional G-tracts and long G-tracts are prob-
ably more resilient to an oxidation-induced loss of G4 struc-
ture. In systems without redundancy, 8-oxoG is most disrup-
tive when it is located closer to the 5’-end of the G4-forming
sequence, which is due to the persistence of the lesion in un-
folding intermediates. Oxidative lesions likely modulate en-
zyme processivity and cause changes in protein expression lev-
els.
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