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Beyond Structure: Methylation Fine-Tunes Stability and Folding
Kinetics of bcl2Mid G-Quadruplex

Nataša Medved, Mirko Cevec, Uroš Javornik, Jurij Lah, San Hadži, and Janez Plavec*

Abstract: Cytosine methylation, a key epigenetic modification in the regulation of gene expression, raises intriguing
questions about its role in the formation and thermodynamic stability of G-quadruplex (G4) structures. We investigated
the impact of the 5-methylcytosine residue (Cm) on the well-characterized bcl2Mid G4 structure that forms in a GC-rich
region of the B-cell lymphoma 2 (BCL2) gene promoter, which influences its expression. Using solution-state NMR and
biophysical techniques, we discovered an unexpected sequence-specific effect of Cm on the folding kinetics of bcl2Mid G4.
Specifically, substituting cytosine at position C6 with C6m slows down G4 folding kinetics and influences the equilibrium
between major and minor structures in the presence of K+ ions. Notably, the increased population of the minor structure
enabled the characterization of its previously unidentified topology. Additionally, the presence of a single Cm residue
induces local structural rearrangements in the major G4 structure and decreases its thermodynamic stability. Furthermore,
we found that the zinc finger 3 motif of the Sp1 transcription factor preferentially binds to the minor G4 structure. These
results suggest that Cm not only influences G4 polymorphism but may also regulate interactions with transcription factors,
potentially affecting the regulation of gene expression.

Introduction

DNA cytosine methylation is a crucial epigenetic modifi-
cation that regulates gene expression without changing the
DNA sequence, allowing cells to respond dynamically to
environmental signals.[1–3] The addition of a methyl group to
the C5 atom of cytosine in CpG dinucleotides is catalyzed
by enzymes DNA methyltransferases (DNMTs), including
DNMT1, DNMT3A, and DNMT3B, which act as methy-
lation “writers”, establishing and maintaining methylation
patterns throughout development and differentiation.[4,5] The
methylation patterns are interpreted by “readers”, such as
the methyl-CpG-binding domain (MBD) proteins, linking
DNA methylation to histone modifications and influenc-
ing chromatin structure and gene activity.[6] “Erasers” like
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the ten-eleven translocation (TET) enzymes convert 5-
methylcytosine (Cm) into 5-hydroxymethylcytosine.[7] Most
CpG dinucleotides in genic and intergenic regions are
typically methylated, whereas CpG islands (CGIs) in GC-
rich promoter regions of genes are usually unmethylated,
indicating active promoters.[8,9] However, when CGIs are
methylated, they play crucial roles in gene silencing and are
involved in processes such as X-chromosome inactivation,
genomic imprinting, and cell differentiation.[10–12] Aberrant
methylation patterns in CGIs of promoter regions of tumor
suppressor genes and proto-oncogenes can disrupt normal
gene expression, leading to abnormal cell proliferation and
tumorigenesis.[13–16]

Recent studies suggest that G-rich sequences in the
genome are hotspots for methylation instability and actively
influence DNA methylation.[17,18] It is well established that
G-rich regions can fold into noncanonical DNA structures
known as G-quadruplexes (G4s). These four-stranded struc-
tures consist of at least two G-quartets, where four guanine
residues are connected by Hoogsteen-type hydrogen bonds
and assembled into a planar motif.[19–21] Factors such as loop
length and nucleotide base composition significantly influence
the G4 structure and its stability. Shorter central loops often
promote parallel G4 conformations, while longer ones tend
to favor antiparallel or hybrid structures.[22] Additionally, the
presence of multiple short loops can predispose a G4 toward
a parallel topology.[23] Notably, water molecules stabilize
G4 structures by forming hydrogen bonds with both the
G-quartets and the loops, supporting the stability of the
G-quartet core and influencing loop conformation, though
hydration patterns vary with G4 topology.[24]

Although factors affecting G4 formation and stability –
such as sequence composition, loop length, and the presence
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Figure 1. Schematic representation of the G4 structures adopted by the
G-rich sequence originating from the BCL2 promoter region. The
positions of the three cytosine residues individually substituted with
5-methylcytosine (Cm) are indicated by colored spheres (green, blue,
and violet) with an additional red sphere representing the C5-Me group.
a) The major G4 structure with (3 + 1) hybrid topology adopted by
unmethylated (unmC) and methylated (mC4, mC6, and mC20)
oligonucleotides. b) The minor G4 structure with parallel strand
orientations and a vacancy in its outer G-quartet that is filled by a
snapback element. Syn and anti glycosidic conformations are colored
dark and light grey, respectively.

of various cations and cosolutes – have been extensively
studied,[25–29] the effects of cytosine methylation remain
poorly understood. Conflicting findings exist regarding its
impact on G4 structures. Although cytosine methylation did
not alter the G4 structure of DAT,[30] it significantly reduced
the binding affinity of the G4 structure in the VEGF promoter
to the VEGF165 protein, suggesting induced changes in
G4 structure.[31] Interestingly, cytosine methylation has been
shown to increase the stability of G4 structures in BCL2
and VEGF, while decreased stability was observed for the
MEST-G4 in in vitro assays.[32–34] In the sequence originating
from WNT1 promoter, cytosine methylation has been shown
to modulate G4 structure.[35] This variability indicates a
complex interplay between DNA methylation and G4 prop-
erties indicating that the effects of methylation may differ
depending on the specific genomic context. Additionally,
recent studies highlight that G4-forming DNA sequences can
significantly influence liquid–liquid phase separation (LLPS),
a process closely linked to chromatin organization and gene
regulation.[36–39] Understanding how cytosine methylation
modifies the formation of G4s is therefore essential, as it may
shed light on the mechanisms by which chromatin structure
and gene expression are regulated.

In this work, we investigate the effect of introducing
individual Cm residues on the folding of bcl2Mid G4 structure
adopted by the GC-rich region upstream of the P1 promoter-
an important site for interactions with transcription factors
that regulate the expression of BCL2. The major G4 structure
of bcl2Mid adopts a 3 + 1 hybrid topology, featuring one
propeller and two lateral loops (Figure 1a).[40] The 3-nt lateral
loop contains two cytosine residues, while the propeller loop
comprises a single C20 residue. We propose that substituting
cytosine residues at specific CpG sites (namely, C4, C6, and
C20) with Cm will induce structural changes and alter the

thermodynamic properties of the resulting G4 structures, with
the extent of changes depending on the exact position of Cm

within the loops that define and stabilize the major bcl2Mid
G4.

Given the polymorphic nature of the GC-rich sequence
upstream of the P1 promoter, which can adopt multiple
structural conformations,[41] introducing Cm residues may
also influence the formation of less-studied minor structures.
By strategically introducing Cm residues within the bcl2Mid
sequence, we may expect the formation of minor G4 struc-
tures, thereby enhancing our understanding of their role in
the regulation of genes.

Our findings demonstrate that introducing a single Cm

residue into the bcl2Mid sequence modulates G4 formation
in a sequence-dependent manner. Specifically, the presence
of a Cm residue at position C6 increases the population of a
previously uncharacterized minor G4 structure and slows the
kinetics of (re)folding. The shift in equilibrium preferences
from the major to minor G4 structure enabled the determi-
nation of the folding topology of the minor bcl2Mid structure
(Figure 1b). Additionally, the presence of the Cm residue
causes structural rearrangements of the major G4 structure
limited to the vicinity of the methylation site, which leads to
a decrease in thermodynamic stability. These results suggest
that cytosine methylation influences G4 polymorphism and
possibly its functional role in cellular processes originating
from the selectivity of interaction with the zinc finger motif
of the DNA-binding domain of Sp1 transcription factor. This
indicates that epigenetic modifications may influence gene
regulation by fine-tuning G4 structural equilibrium.

Results

1D 1H NMR Reveals the Presence of Two Distinct G4
Structures

At the outset, we prepared four oligonucleotides, an unmethy-
lated parent (unmC) originating from the promoter of BCL2
and its three methylated analogs in which the cytosine
residues at positions 4, 6, and 20 were individually substituted
with Cm (Table 1). Using 1D 1H NMR experiments, we
examined their ability to fold into a G4 in the presence
of 110 mM K+ ions, a concentration that closely resembles
intracellular K+ ion levels. The 12 well-resolved imino proton
resonances in the spectrum of unmC (Figure 2a, top panel)
indicate G4 formation as a major component in solution,
which is consistent with the results of the Dai group.[40]

Likewise, 12 well-resolved imino proton resonances were
detected in the spectra of methylated analogs suggesting the
formation of a major G4 structure with a chemical shift
fingerprint similar to the parent oligonucleotide (Figure 2).
Furthermore, the appearance of weaker but well-resolved
resonances indicates the coexistence of minor G4 structures in
both unmC and its methylated analogs, illustrated in Figures 2,
S1. The relative signal intensities of the two G4 structures for
mC4 and mC20 are comparable to those of unmC. On the
other hand, the comparison of relative intensities of the two
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Table 1: List of oligonucleotide sequences used in this study and the corresponding mole fractions of the major and minor G4 structures.

Mole fractions of
major:minor G4d)

# Oligonucleotidea) Sequence d(5′-3′) 15 minb) 22 hb)

1 unmC (bcl2Mid) GGG CGC GGG AGGAATT GGG C GGG 0.66:0.34 0.89:0.11
2 mC4 GGG CmGC GGG AGGAATT GGG C GGG 0.63:0.37 0.86:0.14
3 mC6 GGG CGCm GGG AGGAATT GGG C GGG 0.56:0.44 0.79:0.21
4 mC20 GGG CGC GGG AGGAATT GGG Cm GGG 0.68:0.32 0.86:0.14
5 unmC(T2T3)c) GTT CGC GGG AGGAATT GGG C GGG – –
6 mC4(T2T3)c) GTT CmGC GGG AGGAATT GGG C GGG – –
7 mC6(T2T3)c) GTT CGCm GGG AGGAATT GGG C GGG – –
8 mC20(T2T3)c) GTT CGC GGG AGGAATT GGG Cm GGG – –
9 unmC(T11T12)c) GGG CGC GGG ATTAATT GGG C GGG – –
10 mC4(T11T12)c) GGG CmGC GGG ATTAATT GGG C GGG – –
11 mC6(T11T12)c) GGG CGCm GGG ATTAATT GGG C GGG – –
12 mC20(T11T12)c) GGG CGC GGG ATTAATT GGG Cm GGG – –

a) Underlined residues denote those that contribute to the formation of G-quartets. Cm indicates the 5-methylcytosine modification. b)Time after K+
ion concentration was increased to 110 mM. c)The G-to-T substituted sequences form a single structure. d) Error estimates of the individual fractions
amount to ± 0.03.

Figure 2. Comparison of the 1D 1H NMR spectra of unmC and its methylated analogs. a) The imino and b) methyl spectral regions of the
oligonucleotides with their names indicated on the right side of each spectrum. The assignments of the imino and methyl proton resonances of the
major G4 structures are colored and indicated above each spectrum using the following colors: black for unmC, green for mC4, blue for mC6, and
violet for mC20. The resonances marked with an asterisk correspond to the minor G4 structure. The spectra were recorded in 90% H2O, 10% D2O,
90 mM KCl, and 20 mM KPi (pH 7.0) at 25 °C on a 600 MHz NMR spectrometer 15 min after the K+ ion concentration was increased to 110 mM. The
concentration of oligonucleotides was 0.65 mM per strand.

sets of signals in 1H NMR spectra for mC6 shows a higher
population of the minor G4 structure. The methyl proton
region (Figure 2b) provides valuable insights, particularly
through the clear differentiation of well-resolved methyl
group signals of the major and minor G4s. Specifically, the
methyl groups corresponding to thymine residues T15 and
T16 of the major structure of unmC resonate at δ 1.27 and
1.66 ppm, respectively. For the minor structure of unmC, the
two signals at δ 1.80 and 1.92 ppm were assigned to T16 and
T15, respectively, based on the characteristic 13C chemical

shifts indicative of methyl groups using 2D 1H-13C HSQC
in combination with NOESY spectra. Similar observations
were made for the methylated analogs. Notably, the 1H NMR
chemical shifts of T15 and T16 for both major and minor
structures for unmC and methylated analogs are very similar
(�δ < 0.01 ppm) suggesting equivalent topologies.

Moreover, methylated oligonucleotides exhibit two addi-
tional signals in the methyl region of the 1H NMR spectra
(Figure 2b). Specifically, the signals belonging to the C5-Me
group in the major and minor structure of mC4 resonate at δ
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2.09 and 1.53 ppm, respectively. Interestingly, both signals for
the C5-Me group in the major and minor structure of mC6
are upfield shifted to δ 1.51 and 1.14 ppm, respectively. For
mC20, the chemical shifts of the C5-Me groups of the major
and minor structure are δ 2.09 and 2.08 ppm, respectively. The
observed variations in chemical shift for the C5-Me groups
as well as for other protons and heteronuclei indicate their
distinct positions within the folded environment of both the
major and minor G4 structures.

Effect on Folding Kinetics and Populations

The visual inspection of changes in 1H NMR spectra shows
that populations of the major and minor structures vary
between the parent and methylated analogs. After the
addition of K+ ions, the intensity of the respective signals of
the major structure increases with time, while the intensity of
the signals of the minor structure decreases. A stationary state
was reached after approximately one day (Figure S2).

The mole fractions of the major and minor structure
determined by integration of methyl resonances of T15
and T16 for unmC after 22 h are 0.89 and 0.11 (± 0.03),
respectively and remain unchanged over several days. Very
similar fractions (within the error limits) are observed for
mC4 and mC20. Interestingly, the decrease in the fraction
of the minor structure of mC6 flattens out at 0.21 ± 0.03
after 22 h, while the major structure reaches a plateau at 0.79
± 0.03. Table S1 shows that the rate constant for the B→A
transition (k1) is about the same for unmC, mC4, and mC20
with an average k1 = 0.15 ± 0.02 h−1, whereas for mC6 it is
25% lower suggesting that the C5-Me group of residue C6
represents a kinetic barrier that slows down the G4 folding
in mC6. The rate constant for the backward A→B step (k- 1)
is about the same for all the methylated analogs with an
average k-1 = 0.026 ± 0.005 h−1 and is 45% higher than k-1

for unmC, indicating that the methylation increases the rate of
G4 unfolding. Inspection of Table S1 further indicates that the
difference in thermodynamic stability at 25 °C between the
major structure (A) and the minor structure (B) is small, but
significant (�GAB = 4.4 ± 0.7 kJ mol−1) with mC6 exhibiting
the lowest thermodynamic stability of the structure A relative
to the structure B.

The Minor Structure is a Parallel G4 Featuring a Snapback
Element at the 5′-end

The minor structure of mC6, which has the highest pop-
ulation among the methylated analogs, was selected for a
more detailed structural characterization. To identify guanine
residues involved in G-quartet formation in both the major
and minor structures and to determine the folding topology of
the minor G4 structure, we performed 1D 15N-edited HSQC
experiments acquired on 20% 15N- and 13C-residue specific
isotopically labeled guanine residues (Figure S3). Analysis of
the spectra identified 12 imino proton signals characteristic of
the major structure and 12 imino proton signals for the minor
structure (δ 11.2–12.0 ppm). Their number and respective

chemical shifts suggest that the minor G4 contains three G-
quartets. Interestingly, G2 and G3 in the first G-tract are
not involved in the formation of G-quartets in the minor
structure, as evidenced by the absence of their characteristic
imino proton resonances. In contrast, they are involved in
G-quartet formation in the major structure of mC6. G5
does not participate in the formation of G-quartets in either
structure. Notably, G11 and G12 are part of G-quartets in
the minor structure, whereas in the major structure, they are
part of a 7-nt lateral loop and are not involved in G-quartet
formation. For all other guanine residues, imino signals were
detected in both the minor and major structures, indicating
their involvement in hydrogen bonding within G-quartets.

Given the mole fractions determined directly after the
addition of K+ ions (vide supra) for the major and minor
structures in mC6 as 0.56 and 0.44, respectively, the 2D
NOESY spectra showed considerable overlap within the
imino and aromatic regions, making spectral assignment
ambiguous. To prevent the formation of the major structure
and increase the population of the minor structure of mC6, we
substituted G-to-T at positions G2 and G3. The imino region
of mC6(T2T3) spectrum displayed one set of 12 well-resolved
signals indicating the formation of a single G4 structure
(Figure S4). In contrast, G-to-T substitutions at positions
G11 and G12 in mC6 were expected to promote solely
the formation of the major G4 structure in mC6(T11T12).
Accordingly, the spectrum of mC6(T11T12) showed one set of
signals corresponding to the major structure in mC6, consid-
ering the chemical shift changes due to G-to-T substitutions.
Additionally, we assessed the impact of the Cm residue on
the structural features of G-to-T modified oligonucleotides
at positions 2 and 3 by comparing their NMR and CD
spectra. Very similar 1D 1H NMR spectra (�δ < 0.02 ppm)
of unmC(T2T3), mC4(T2T3), mC6(T2T3), and mC20(T2T3)
suggest minimal impact of the Cm residue on their structure
(Figure S5). CD spectra further confirmed the preserved G4
topology of all four G-to-T analogs by exhibiting a positive
peak at 265 nm and a negative peak at 245 nm (Figure S6).

The reduced spectral overlap in the H1-H1 and H1–H8
regions of the 2D NOESY spectrum (Figure 3b) enabled the
assignment of guanine residues within G-quartets (Figure 3a),
which facilitated the determination of the “minor” (in fact
the only structure) G4 topology adopted by mC6(T2T3).
Analysis of NOE cross-peaks between imino and H8
protons established three quartets: G1→G17→G21→G7,
G11→G18→G22→G8 and G12→G19→G23→G9, with
arrows indicating hydrogen-bond directionality. The weak
intra-residual H1’-H8 NOE intensities observed in the
NOESY spectrum (Figure S7) and the downfield chemical
shifts of δC ≈ 137 ppm for C8 carbon atoms indicate that
all guanine residues forming the G-quartets adopt the anti
conformation around the glycosidic bonds. Notably, within
all three G-quartets in the G4 formed by mC6(T2T3) the
hydrogen-bond directionality from donor to acceptor was
confirmed to be anticlockwise (Figure 3c), indicating a parallel
topology. Accordingly, the CD spectrum of mC6(T2T3) shows
a positive peak at 265 nm and a negative peak at 245 nm
(Figure 3d). In contrast, mC6(T11T12) exhibited a CD
spectrum characteristic of a (3 + 1) hybrid topology featuring
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Figure 3. Determination of the G4 topology adopted by mC6(T2T3). a) Imino region of the 1H NMR spectrum with the assignment. b)
Imino-aromatic and imino-imino regions of the 2D NOESY spectrum (mixing time 300 ms). Imino-aromatic cross-peaks are colored and correspond
to intraquartet interactions within G1→G17→G21→G7, G11→G18→G22→G8, and G12→G19→G23→G9 quartets. NOESY spectrum was recorded
in 90% H2O, 10% D2O at 25 °C, 90 mM KCl, and 20 mM KPi buffer with pH 7.0 on a 600 MHz spectrometer. The concentration of oligonucleotide
was 1 mM per strand. c) G-quartets with the corresponding donor-to-acceptor hydrogen bond directionalities. All residues within the G-quartet core
adopt anti glycosidic conformation. d) CD spectra of mC6, mC6(T2T3), and mC6(T11T12). Spectra were recorded in 20 mM KPi buffer (pH 7.0)
containing 90 mM KCl at 25 °C. The concentration of oligonucleotides was 30 µM. e) Imino proton spectral region of NMR hydrogen–deuterium
exchange experiment. The sample was lyophilized in the presence of 110 mM K+ ions and redissolved in 100% D2O before the NMR measurement
was taken 15 min later. The assignment of the nonexchanging imino protons is listed above the spectrum.

Figure 4. Structure of parallel G4 formed by mC6(T2T3) in the presence of K+ ions. a) Side view of the snapback element at the 5′-end, where the G1
residue fills the vacancy in the G-quartet. b) Position of C6m in the lateral loop below G1-G17-G21-G7 quartet. Guanine residues are shown in blue,
adenine in salmon pink, cytosine in red, and thymine in yellow.

a negative peak at 245 nm and two positive peaks at 265
and 295 nm. The CD spectrum of mC6 exhibits a negative
peak at 245 nm and two positive peaks at 265 and 295 nm
corresponding to a structural equilibrium between the major
and minor structures.

A parallel G4 structure adopted by mC6(T2T3) with
three G-quartets exhibits an intriguing feature: a vacant
site at the 5′-end G-quartet is filled by G1 residue, which
acts as a snapback element (Figure 4a). This position of
G1 is supported by G1H1-G11H1 and G11H1-G12H1 inter-
residual NOEs along the G1–G11-G12 tract. Additionally,

the G4 structure adopted by mC6(T2T3) exhibits three
propeller loops (A10, A13-A14-T15-T16, and C20) and a
lateral snapback loop T2-T3-C4-G5-C6m (cf. Figure 1b and
Figure 4). The snapback loop is positioned under the G1-
G17-G21-G7 quartet with C6m stacked with G7 (Figure 4b).
This structural arrangement is consistent with the observed
upfield chemical shift of the protons of C5-Me group as
well as its NOE contact with the imino proton of G1 in
mC6(T2T3). Residues A10 and C20, which form the two 1-nt
propeller loops, are oriented outwards and are fully exposed
to the solvent (Figure 4). This orientation is supported by an
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assessment of water localization using a 2D jump-and-return
NOESY experiment at 0 °C (Figure S8). This semiquantitative
analysis revealed the effect of the hydrophobic C5-Me group
of the cytosine residues in the minor structure. Specifically,
the C5-Me groups of C4m and C6m in the lateral snapback
loop of mC4(T2T3) and mC6(T2T3) show no cross-peaks with
water protons, suggesting that these residues at the 5′-end
are more protected from solvent exchange by surrounding
loop residues, limiting solvent accessibility. In contrast, in
mC20(T2T3), the C5-Me group of C20m shows cross-peaks
with water protons, confirming its high solvent exposure.

Furthermore, guanine residues G11, G8, G22, and G18
of mC6(T2T3) show imino proton resonances after 15 min
incubation in D2O, indicating protection from exchange with
bulk solvent and their involvement in the central G-quartet
(Figures 3e, S9).

Local Structural Changes Induced by Cytosine Methylation in
the Major G4 Structure

Detailed analysis of the 1D 1H and 2D NOESY spectra
revealed a high degree of structural similarity between the
major G4 structures formed by unmethylated and all three
methylated analogs (Figures S10, S11). The major structure of
unmC exhibits an interesting conformation of the C4 residue,
which is part of the C4-G5-C6 lateral loop. This residue
extends across the wide groove and is perpendicular to the
G-quartets. Its position close to the G3 residue within the
G3-G23-G19-G7 quartet (Figure 5a) is clearly evidenced by
medium-to-strong NOE cross-peaks (C4H5-G3H1’, C4H6-
G3H1’, C4H5-G3H4’, and C4H6-G3H4’). Additionally, NOE
interactions between G5H8 and the sugar protons of C4
support the perpendicular orientation of the C4 residue
relative to the G-quartets in unmC.

When the C4 residue is substituted with C4m , very
small changes in chemical shifts with �δ values of less
than 0.01 ppm are observed for imino protons, except for
G3H1, which as a neighboring residue shows �δ of 0.03 ppm
compared to unmC. Among the aromatic protons of mC4,
the largest �δ value is observed for its C4mH6 (0.21 ppm),
while G5H8 exhibits �δ of 0.03 ppm. Interestingly, the
presence of C4m residue weakens the interactions between
its C5-Me group and H6 with the sugar protons of G3,
as reflected by the NOEs of weaker intensity for C4mMe-
G3H1′, C4mH6-G3H1′, C4mMe-G3H4′, and C4mH6-G3H4′,
compared to the corresponding NOEs in unmC. In mC4,
the signal intensities of C4mH2′′-G5H5′′ and C4mH1′′-G5H8
NOEs are stronger compared to C4H2′′-G5H5′′ and C4H1′′-
G5H8 in unmC, suggesting more dynamic positioning of the
C4m residue (Figure 5b). This difference likely contributes to
changed thermodynamic stability of mC4 compared to unmC
(��H = 22 ± 3 kJ mol−1), as shown in Figures 5e, S12. The
unfavorable enthalpic contribution is largely compensated by
an increase in entropy (T��S = 18 ± 3 kJ mol−1), possibly
due to the increased dynamics of the C4m residue compared
to C4 in unmC. Interestingly, among the three methylated
analogs, the presence of the C5-Me group significantly

Figure 5. A schematic representation of the local structural changes in
the major G4 structure induced by the introduction of Cm in the
sequence from the BCL2 promoter. a) The topology adopted by the
parent, unmethylated oligonucleotide unmC, with the positions of
cytosine residues indicated in green, blue, and violet. b) A view of the
wide groove in the G4 structure adopted by mC4 with the positioning
and dynamics of the C4m residue. c) A perspective view on the
C4-G5-C6m lateral loop over the 3′-end G-quartet in the G4 adopted by
mC6. d) The positioning of C20m within the 1-nt propeller loop turned
away from the medium-sized groove of the G4 structure formed by
mC20. The presence of the C5-Me group is indicated by a red sphere in
each case. e) Difference in standard thermodynamic parameters of G4
folding (��F = �F(mCX) – �F(unmC), F = G, H, and -TS) given for
T = 25 °C. Positive values correspond to destabilizing contributions and
negative to stabilizing ones. X indicates the position of the Cm residue
in bcl2Mid oligonucleotide sequence.

destabilizes the major G4 structure only in the case of mC4
(��G = 4 ± 1 kJ mol−1).

In mC6, C6m residue exhibits a significant downfield
shift of the C6mH6 proton by �δ of 0.23 ppm compared to
unmC. The �δ values for imino protons of mC6 are smaller,
ranging from 0.01 to 0.15 ppm in both up- and downfield
directions. The resonances of G3H1, G7H1, and G23H1,
located within the G-quartet at the 3′-end of the major G4
structure adopted by mC6, exhibit �δ values of 0.15, 0.08,
and 0.05 ppm, respectively, in comparison to unmC. In the
aromatic region of the 1H spectrum of mC6 �δ of 0.07 ppm

Angew. Chem. Int. Ed. 2025, 64, e202507544 (6 of 11) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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was observed for G5H8 located in the lateral loop adjacent
to the C6m residue, along with �δ of 0.02 ppm for G7H8,
which participates in the G3-G7-G19-G23 quartet. In the G4
structure of unmC, G5, and C6 are stacked above the 3′-end
G-quartet, with G5 stacked over G3, while C6 is positioned
between G7 and G19. The substitution of H5 in C6 residue
with a C5-Me group in mC6 results in the appearance of NOE
cross-peak between the methyl group of C6m and the imino
proton of G3. Moreover, NOEs between the C5-Me group
of C6m and imino protons of G7 and G19 in mC6 were of
stronger intensities compared to those between C6H5 and the
corresponding imino protons in unmC. In contrast, the NOE
intensity between the C5-Me group of C6m and the imino
proton of G23 suggests positioning of C6m above G3, G19,
and G7 (Figure 5c). This orientation brings sugar H1′ and H5′

protons of C6m closer to the pyrimidine ring of G7.
In addition, stronger G5H5′′-G7H8 and G5H1′′-G23H1

NOEs were detected in mC6, compared to the corresponding
atoms in unmC, indicating a repositioning of G5 in the loop
that brings its sugar moiety closer to G7 residue. This rear-
rangement is further substantiated by significantly stronger
NOEs between G5H8 and C4H1′/H4′/H5′′ compared to
unmC, indicating that C6m influences the entire loop region.
The perturbed stacking interactions that probably cause less
favorable enthalpic contribution in mC6 compared to unmC
(Figure 5e, ��H = 16 ± 3 kJ mol−1) is fully compensated by
an increase in entropy (T��S = 15 ± 3 kJ mol−1).

Negligible chemical shift differences (�δ ≤ 0.01 ppm) were
observed for mC20 in comparison to unmC (Figure S1). The
only exception was the C20mH6 proton, which showed �δ of
0.12 ppm, potentially due to the presence of a methyl group
at the nearby C5 atom. The minimal influence of C20m on
the structure of mC20 (Figure 5d) was further supported by
comparable NOE cross-peak intensities between the sugar
protons of G19 and C20m resembling those observed in
unmC between the corresponding residues. This observation
is consistent with a poorly defined and dynamic position of
the C20 residue in unmC facing away from the medium-sized
groove with only two NOEs (G19H1′-C20H5′ and G19H4′-
C20H3′) within the 1-nt propeller loop. Interestingly, in
contrast to the lack of significant changes in the 1H spectrum
of mC20, the 31P spectrum showed a notable change that was
not observed in other methylated analogs. In particular, the
C20m phosphate group connecting C20m and G21 showed
a significantly upfield shifted resonance at δP -1.88 ppm
compared to the corresponding signal in unmC at δP -
1.52 ppm (Figure S13), indicating a reorientation of the sugar–
phosphate backbone. Thermodynamic stability parameters of
mC20 and unmC (Figure 5e) agree within experimental error
thus fully supporting the structural observations.

Zinc Finger 3 Motif of Sp1 Transcription Factor Binds
Preferentially to Parallel Minor G4

Considering that transcription factors can selectively recog-
nize different G4 topologies,[42,43] we investigated whether
the methylation-induced increase of the minor G4 population
influences the binding of Sp1 to G4 structures formed by

bcl2Mid. To assess the interaction of the zinc finger 3
motif (Fin3) with different G4 topologies, we performed 1H
NMR-monitored titration experiments (Figures S14–S17).

Initially, we examined the interaction of Fin3 with the
parallel topology of mC6(T2T3). Upon addition of 1 molar
equivalent of Fin3, the imino proton signals of G9, G19,
and G17 from the outer G-quartets exhibited the most
pronounced chemical shift perturbations, with �δ values of
0.13, 0.07, and 0.07 ppm, respectively (Figure 6a). In contrast,
the addition of 1 molar equivalent of Fin3 to the hybrid-
type topology of mC6(T11T12) resulted in no significant
changes in the chemical shifts with �δ < 0.01 ppm of
the guanine imino protons involved in G-quartet formation
(Figure 6b). Interestingly, the analysis of mC6, which consists
of an equilibrium between 56% major and 44% minor G4
structures, showed that the addition of 1 molar equivalent of
Fin3 induced the largest perturbations in the chemical shifts
of the imino protons of G9, G19, and G23 with �δ values of
0.03, 0.05, and 0.03 ppm, respectively, corresponding to the
3′-end G-quartet of the minor G4 structure. In contrast, the
chemical shifts of the major G4 structure remained largely
unaffected with �δ < 0.01 ppm (Figure 6c). Surprisingly, when
1 equiv of Fin3 was added to unmethylated unmC, which also
contains both minor and major G4 structures but has 10 units
% less minor G4 structure compared to mC6, we observed a
marked decrease in the intensity of the signals corresponding
to the imino protons of the minor structure (Figure 6d),
suggesting an interaction albeit with specific dynamics on the
NMR chemical shift time-scale. However, the chemical shifts
of the major G4 structure remained largely unaffected, with
�δ < 0.01 ppm, which points to the absence of an interaction.

Discussion

DNA methylation sequencing analysis and clinical data have
revealed increased hypermethylation of CpG dinucleotides
in gene promoter regions,[44–46] often associated with down-
regulation of gene expression and cancer progression.[47,48]

Given the G-rich nature of gene promoter regions and their
propensity to form G4 structures,[49–51] understanding the
relationship between cytosine methylation and G4 formation
is crucial. The formation of G4 can protect certain CpG
islands from methylation by sequestering DNMT1; however,
their interplay is complex, influenced by genomic context,
cellular environment, and regulatory elements.[17,52] This
relationship highlights G4s as potential therapeutic targets in
cancer treatment. Additionally, recent studies indicate that
aberrant DNA methylation in intragenic regions is associ-
ated with metabolic diseases and hepatocellular carcinoma,
suggesting these regions may serve as alternative regulatory
elements influenced by G4 formation.[53]

Our findings presented here provide new insights into
the role of the Cm residue in modulating the polymorphism
and folding kinetics of G4 structures, using the bcl2Mid
oligonucleotide as a model system. The bcl2Mid sequence
was selected for its well-defined structural features and its
critical role in the regulation of BCL2 transcription. The GC-
rich promoter region acts as a key regulatory element and
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Figure 6. Comparison of the imino proton regions in 1D 1H NMR
spectra of G4 structures in the absence and presence of an equimolar
amount of Fin3 peptide, shown on the right side of each spectrum. The
signals of the minor G4 structure are denoted by orange assignments in
panels A and C, while the signals of the major G4 structure are marked
in purple in panels C and D. The dashed lines in panels A and C
highlight the imino protons with the largest changes in chemical shifts.
a) Assigned imino proton region of mC6(T2T3) showing the spectrum
of the DNA alone (top) and after addition of Fin3 peptide in a molar
ratio of 1:1 (bottom). b) Imino proton region of mC6(T11T12) in the
absence and presence of Fin3 peptide. c) Spectrum of mC6 illustrating
the equilibrium between 56% major and 44% minor G4 structures. The
assigned guanine imino protons for both structures are shown in the
absence of Fin3, with the minor structure indicated by asterisks and the
most significant chemical shift changes upon peptide addition marked
by orange dashed lines. d) Spectrum of the unmethylated parent unmC
showing the equilibrium between 66% major and 34% minor G4
structures, with assigned guanine imino proton signals of the major G4
structure. All DNA spectra with 100 µM concentration per strand were
recorded in a 20 mM potassium phosphate buffer at pH 7.0 with 90 mM
potassium chloride (KCl) at 25 °C. The Fin3 peptide, dissolved in 90%
H2O and 10% D2O (v/v), containing 10 mM Tris-HCl buffer (pH 7.0),
1 mM DTT and ZnCl2 at a 10% molar excess, was added to the DNA
samples at a molar ratio of 1:1.

interacts with transcription factors such as Sp1, CREB, and
WT1. These interactions, which are mediated by sequence-
specific binding, can down- or up-regulate the expression of
the BCL2 gene. Previous studies demonstrated the formation
of a major G4 structure by bcl2Mid oligonucleotide in the
presence of 60 mM K+ ions, accompanied by a minor
species comprising less than 5% of the total population.[40]

Intriguingly, our results reveal that substituting cytosine with
5-methylcytosine in all three bcl2Mid analogs leads to the
coexistence of major and minor G4 structures at a more
biologically relevant concentration of 110 mM K+ ions. Over
time, the kinetically favored minor G4 undergoes a refolding
process and transitions into the thermodynamically stable
major G4, reaching equilibrium after approximately 24 h.

Interestingly, the populations of the major and minor
G4 structures are related to the position of the methylated
cytosine residue in the oligonucleotide sequence. The most
pronounced differences are observed in mC6 which exhibits
a higher population of the minor G4 (21%) compared to
unmC (11%). Interestingly, the initial population of the
minor G4 in mC6 reaches up to 44% after an increase of
K+ ion concentration to 110 mM. This corresponds to an
approximately 10 unit % higher population of the minor G4
structure compared to unmC and the other two methylated
analogs, with this increased population persisting even when
the system reaches equilibrium.

Gene silencing is often associated with the hypermethy-
lation of gene promoter regions.[54,55] However, our results
suggest that the presence of two or three Cm residues in
the bcl2Mid sequence does not have a significant additive
effect on the structural equilibrium of G4s (Figure S18).
Sequences containing C6m in combination with C4m and/or
C20m residues exhibit a similar ratio of minor to major
G4 structures as observed for sequences with a single Cm at
position C6. This implies that additional Cm residues do not
significantly affect the G4 structural equilibrium, indicating
that methylation at a single site, particularly at C6 in the
case of bcl2Mid, is sufficient to affect G4 polymorphism and
subsequently interaction with Fin3.

To elucidate the factors contributing to the increased
minor G4 population in mC6, we characterized a modified
variant mC6(T2T3) which adopts a structure similar to the
minor G4 as the only structure. Structural analysis indicates
that mC6(T2T3) forms a three-quartet G4 with parallel strand
orientations and a vacancy in its outer G-quartet. A vacant
site is filled by the G1 residue as part of a snapback element
at the 5′-end, forming a G4 with three intact G-quartets.
The mC6(T2T3) features two 1-nt propeller loops spanning
medium-sized grooves. The A10 loop bridges two G-quartets
by connecting the G-quartets at the middle and the 3′-end,
while the C20 loop bridges three G-quartets by connecting the
G-quartets at the 3′- and 5′-end.

The destabilizing effect of an adenine residue in 1-nt
propeller loops is well-documented.[56] In the mC6(T2T3)
structure, the presence of the A10 residue within the 1-nt loop
may promote a transition to the major G4 structure, possibly
forming a base pair with T15 and further stabilizing the major
structure through stacking interactions with the G-quartet at
the 5′-end. A similar adenine-driven structural switch from
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 15213773, 2025, 24, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202507544 by K

em
ijski Institut, W

iley O
nline L

ibrary on [16/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Research Article

a two-quartet to a three-quartet G4 has been observed in
Ran4,[57] further supporting the role of adenine in facilitating
transitions in G4 structures.

In the structural equilibrium of major and minor struc-
tures of unmC, mC4, mC6, and mC20, the predominant
conformation is the 3 + 1 hybrid topology of the major
G4 structure, likely due to more favorable characteristic
glycosidic conformations along the G-tracts.[58] The major
structure features three G-tracts arranged in a 5′-syn-anti-
anti pattern and one G-tract in a 5′-syn-syn-anti pattern. In
contrast, the minor G4 structure has a less favorable 5′-anti-
anti-anti arrangement along all four G-tracts. The favorable
structural properties of the major G4 structure prevent a
transition back to the minor G4, thus maintaining a stable
ratio between the two structures in the stationary state.

The transition from minor to major G4 structure may also
be influenced by the dynamic 5-nt lateral snapback loop. The
absence of NOE contacts between the loop residues in the
NOESY spectra suggests a high degree of loop flexibility.
However, in the mC6(T2T3) structure, the specific interaction
between the hydrophobic C5-Me group of the C6m residue
and the imino proton of G1 within the G-quartet at the 5′-end
suggests the formation of a localized hydrophobic core at the
bottom of the medium-sized groove. This interaction likely
stabilizes the minor structure by reducing loop flexibility and
creating a kinetic barrier that impedes the transition to the
major G4 structure. This is further supported by the observed
25% decrease in the rate constant (k1) for mC6 compared
to unmC, mC4, and mC20. Interestingly, the C4m residue
in mC4 does not affect the rate constant k1 despite the
proximity of mC4 and mC6 in the bcl2Mid oligonucleotide
sequence suggesting similar effects. The central position of
the C4m residue in the flexible 5-nt loop allows it to
adopt a favorable orientation, resulting in minimal impact on
transition kinetics.

Furthermore, the sequence-specific influence of the Cm

residue is reflected in the structural and thermodynamic
properties of the major G4 structure. UV melting curves
of unmC and its methylated analogs showed no hysteresis
and highly similar melting temperatures (Tm) differing by
approximately ± 1 °C (Figure S19). Although the major G4
structure is preserved, subtle local structural rearrangements
were observed in the methylated analogs compared to unmC.
The altered positioning of the C4m residue within the
wide groove of the major G4, relative to C4 in unmC,
causes considerable thermodynamic destabilization in mC4.
Conversely, the C6m residue in mC6 induces small local
changes around the C5-Me group in the major G4, resulting
in only a minimal decrease in its thermodynamic stability.

Despite minimal structural changes in the major G4, we
observed differences in water localization patterns. In unmC,
correlations were observed between water protons and imino
protons of the G-quartets at 3′- and 5′-end (Figure S8b).
However, the introduction of C4m and C6m into the 3-nt
lateral loop disrupted correlation with G19, suggesting that
cytosine methylation may affect water-mediated interactions
that are important for structural stability and possibly also for
stabilization of the DNA-protein complex in the regulation of
gene expression.

Additionally, the remarkable tolerance to the presence of
C20m in mC20 is reflected in its minimal impact on the major
G4 and its thermodynamic stability compared to unmC. The
C20 residue forms a 1-nt loop that connects G17-G18-G19
and G21-G22-G23 parallel G-tracts, representing a conserved
motif in both major and minor G4 structures. This suggests
that the formation of a G3NG3 hairpin-like motif may repre-
sent an early step in the (re)folding pathway from the minor
to major G4 structure. The G3NG3 motif was also observed
in the parallel-stranded snapback G4 structure formed in
the PDGFR-β gene promoter region, where it is thought to
provide a stable structural scaffold for G4 formation.[59]

In addition to these structural considerations, G4-protein
interactions have attracted increasing interest in recent
years, particularly in the context of gene regulation.[60–62]

Among the proteins involved, the transcription factor Sp1 has
received considerable attention due to its zinc finger motifs
that mediate sequence-specific DNA binding with an affinity
for GC-rich sequences. Notably, the second and third zinc
fingers of Sp1 are essential for high-affinity interactions, with
the third zinc finger playing a crucial role in stabilizing the
DNA-protein complex through base-specific contacts.[63,64]

Our results indicate that nucleotide-dependent methylation of
the bcl2Mid sequence alters the structural equilibrium of G4s
and shifts it toward the minor G4 form, which is preferentially
bound by the third zinc finger motif of Sp1. Our results
suggest that by slowing down G4 folding, cytosine methylation
may facilitate Sp1 binding to otherwise inaccessible regions,
potentially enhancing transcriptional activation. This finding
bridges the apparent contrast between the role of methylation
in gene silencing and G4 structures as transcriptional acti-
vators and highlights a complex regulatory mechanism that
requires further investigation to fully elucidate its broader
effects on transcriptional control.

Conclusion

Cytosine methylation of the GC-rich region upstream of the
P1 promoter, which regulates the expression of BCL2, influ-
ences its folding into G4 structures, the major, 3 + 1 hybrid
and the minor, parallel G4. The increased population of the
minor G4 structure induced by 5-methylcytosine allowed us
to characterize its previously unknown structure. Our findings
on residue-specific stabilization and the kinetics of formation
of one or the other G4 structure highlight the importance
of considering noncanonical structures in biological processes
from the physicochemical perspective, beyond changes in
the pKa value of the (un)methylated nucleobase, its van
der Waals interactions that affect nucleobase stacking, or
hydrophobic properties that may influence the early stages
of folding of a G-rich sequence by local (de)hydration. Our
NMR study of the minor species has revealed a 3D structure
consisting of three G-quartets connected with three propeller-
type loops. The most exciting and intriguing feature is that
a vacancy at the 5′ end of the G-quartet is occupied by a
G1 residue that acts as a snapback element. Insights into
how 5-methylcytosine alters the folding kinetics of G-rich
DNA regions and thus affects structural equilibria can have
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profound implications for the regulation of gene expression
and drug targeting.
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