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Abstract
DNA is a highly dynamic polymer composed of nucleotides that typically

Jforms canonical double helix bur can also fold into a variety of non-canon-
ical secondary structures under specific conditions. G-quadruplexes (G4s)
are an example of such structures that arise from guanine-rich regions and
increasingly emerge as key regulators of gene expression. While G4s usually
Jollow a well-established consensus sequence and typically contain short loops,
recent evidence indicates that non-standard G4s with long loops may also
Jorm and impact gene regulation.

In this article, we examine the potential roles of long-looped G4s in the
BCL-2 promoter. We summarize known G4-forming regions, highlighting
their distinct topologies and regulatory outcomes, and present structural
Jfeatures that suggest extended loops may cause specific molecular recognition.
Using custom computational analysis, we identified putative long-looped
G4 motifs that conventional algorithms, such as G4Hunter, often overlook
due to loop length penalties. Predictions with RNAfold further suggest that
some long-looped candidates exhibir stable hairpin-like loops, supporting
their potential to fold under physiological conditions.

We discuss how long loops may enable unique promoter—enhancer inter-
actions, act as additional interaction sites for transcription factors or ligands
and expand opportunities for selective targeting by dual-specific ligands.
Alrogether, we propose that long-looped G4s represent an underexplored
layer of gene regulation with the BCL-2 gene as one example of genes poten-
tially including such G4s.

INTRODUCTION

he discovery of the DNA double helix represents one of the most

significant scientific achievements of the 20" century. Over 70
years have passed since James Watson and Francis Crick proposed their
model founded on the complementary pairing of four different nucleo-
tide bases, while Rosalind Franklin’s X-ray diffraction images provided
crucial information for this discovery (1). Although there have been
some changes to the model in the subsequent years, its fundamental
structural features remain the same.

‘The primary structural components of DNA are deoxyribonucleo-
tides, composed of a phosphate group, a 2’-deoxyribose sugar and one
of four nucleobases — adenine, thymine, guanine or cytosine (Figure 1A)
(2). Canonical B-DNA consists of two polynucleotide strands stabilized
by van der Waals forces and other hydrophobic interactions between the
stacked bases, while hydrogen bonds between the nucleobase moieties
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Figure 1. Nucleotide structure and base pairing. (A) Structural formula of 2-deoxyriboguanosine monophosphate with labeled important struc-
tural elements and the Hoogsteen, Watson-Crick and sugar hydrogen-bonding edges. (B) Adenine-thymine base pair in the Watson-Crick ge-
ometry present in double stranded DNA. (C) Guanine-cytosine base pair. Hydrogen bonds in panels B and C are highlighted in green.

ensure pairing specificity. Adenine pairs with thymine
and guanine pairs with cytosine (Figure 1B, C).

The two strands are antiparallel, meaning they run in
opposite directions to form a right-handed double helix
(Figure 2A). The alternating phosphate and deoxyribose
groups are exposed on the outside of the DNA helix, while
the hydrophobic, nonpolar nucleobases remain tightly
stacked inside, minimizing unfavorable interactions with
water (Figure 2B) (3). This arrangement not only thermo-
dynamically stabilizes the double helix but also creates
ridges defined by the sugar-phosphate backbone. Between
these ridges lie the minor and major grooves, whose di-
mensions and chemical properties provide the primary
interface for DNA-binding proteins, thereby determining
interaction specificity (Figure 2C) (4, 5).

Further studies of structural dynamics revealed that
the DNA molecule is far more complex and dynamic than
previously assumed. Beyond the canonical double helix,
studies have not only confirmed alternative helical forms
such as A-DNA, lefrhanded Z-DNA, and triple helices
but have also identified non-helical conformations, most
notably i-motifs and G-quadruplexes (7—11).

G-QUADRUPLEXES

Advances in genome-wide technologies have enabled
in-depth genome analysis, revealing that DNA contains
numerous G-rich regions. These sequences can form
G-quadruplexes (G4s), a secondary structure of nucleic
acids where guanine bases are connected via hydrogen
bonding in planar G-quartets along their Hoogsteen edge

Minor groove

Major groove

Figure 2. (A) Cartoon representation of the DNA double helix with the nucleobases represented in distinct colors: adenine — red, thymine — blue,
guanine — green and cytosine — yellow. The 5’ and 3’ ends are labeled (PDB: 2M2C; Ref: 6). (B) Molecular surface of the double helix colored
according to the molecule’s electrostatic potential. The negatively charged backbone results in negative electrostatic potential shown in red. (C)
Visualization of the minor and major grooves shown in green and red, respectively.
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Figure 3. (A) Schematic structure of a G-quartet with Hoogsteen base pairing geometry. Hydrogen bonds are highlighted in purple; metallic ion
is highlighted in blue. (B) Groove size in relation to conformation across adjacent glycosidic bonds. Anti-anti and syn-syn transitions within a
G-quartet result in medium grooves, anti-syn in wide grooves and syn-anti in narrow grooves (PDB: 6ZX7; Ref 17).

(Figure 3A) (7 10, 11). Multiple G-quartets can stack
together to form a G4 core. This motifis further stabilized
by the n-r stacking interactions and the presence of mon-
ovalent or seldomly divalent cations in the central cavity.
The most prominent are potassium ions (K*), followed by
sodium (Na*) or some other cations (72, 13). In 2005,
approximately 370 000 sequences within the human ge-
nome were reported to have the potential to form G4
structures (14, 15). Recent studies however suggest that
this number exceeds 700 000, making them an important

field of research (16).

Being built from at least four G-tracts and intercon-
necting sequences called loops of varying lengths and
shapes, the generally accepted consensus sequence for a

unimolecular G4 is G, N, .G, N, .G N, -G, , where NV
stands for any nucleotide (78). Additionally, intermolecu-
lar G4s with the G-tracts originating from more than one
polynucleotide chain also exist. Although most G4s ex-
hibit high levels of apparent similarity in their primary
sequence, they can adopt diverse topologies, dictated by
the pattern of strand polarities and the orientation of the
loops, resulting in three main forms: parallel (4+0), hybrid
(3+1) and antiparallel (2+2) (19, 20). Loops can be classi-
fied as propeller, lateral and diagonal. Propeller loops con-
nect two adjacent parallel strands, whereas lateral loops
link neighboring antiparallel strands. On the other hand,
the diagonal loops join two nonadjacent strands on the
diagonal of the G4. Parallel G4s are therefore generally
defined by three propeller loops connecting the upper and
lower G-quartets, with all guanines adopting the anzi-
conformation, while hybrid G4s can contain all three
loop types. Additionally, antiparallel topology can be
further divided into chair conformations, which contain
only lateral loops, and basket conformations, which have
both lateral and diagonal loops (Figure 4) (21). However,
other less common loop types also exist, such as the V-
shaped loop, a propeller loop that directly connects + two

Period biol, Vol 127, No 34, 2025.

strands without any additional residues (22). Further-
more, several alternative G4 assemblies have been identi-
fied, expanding the known structural diversity of these
motifs. Examples include bulges that can form in the
G-tracts, vacant guanine positions in G-quartets that may
be compensated by nucleotides from snapback loops and
other atypical arrangements. Moreover, while G4s most
often adopt a right-handed helical twist, other variants
such as left-handed and hybrid conformations have also

been described (23).

Another key feature of the G4 structure is the presence
of grooves between two adjacent strands, which are im-
portant for potential G4 recognition or targeting. Their
size is defined by the anti or syn conformation of the nu-
cleotides of adjacent guanines in the G-quartet, forming
wide, narrow, or medium grooves (Figure 3B) (24).

Thermal stability of G4s depends on multiple factors,
including the number of stacked G-quartets, loop length
and composition, their topology and the presence and
nature of metal-cations. /n vitro, G4s constantly compete
with duplex DNA formation with the latter prevailing
under near-physiological conditions. /2 vivo however, spe-
cific factors within the nucleus can shift this equilibrium
to favor quadruplex formation (27, 28). Initial studies
suggested that G4s could protect chromosome ends and
prevent DNA repair enzymes from mistakenly recogniz-
ing them as damaged (28, 29). The first reported crystal
structure of G4s in the telomeric region of human genome
in 2002 further supported the idea that G4s could also
form in vivo and may also be of biological importance (30,
31). Besides telomeres, potential G4 forming sequences
are also highly enriched in key human regulatory regions
of DNA, such as active promoters, enhancers and 5-un-
translated regions. This implies their involvement in tran-
scription regulation, as the sequence of the promoter re-
gion combined with its spatial (3D) structure determines
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Figure 4. Schematic representation and structure of three distinct G4s and their inberent polymorphism. The backbone of the structural mod-
els is presented as a dark gray cartoon and the three G-quartets forming the G4 core are shown in blue, violet and orange. The schematic rep-
resentations indicate chain trajectory starting at the 5-end, providing the basis for topological classification. (A) G4 with parallel (4+0) topol-
ogy (PDB: 2LEE; Ref: 25). (B) G4 with hybrid (3+1) ropology (PDB: 2LOD; Ref. 26). Darker colorings of planar guanine residues indicate
syn conformation of the corresponding glycosidic bond. (C) G4 with antiparallel (2+2) topology in basket conformation (PDB: 6ZX7; Ref. 17).
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Figure 5. Schematic representation of intrinsic apoptosis involving BCL-2. High concentrations of proteins BIM and BAD can saturate the
anti-apoptotic BCL-2, especially when BCL-2 expression is mitigated. Consequently, the pore-forming ability of BAX and BAK is restored,

hence causing the release of apoprosis-inducing cytochrome c into the cytosol.

the transcription factor binding specificity and thus con-
trols expression levels (19, 32). Initially, G4s were pro-
posed to act as transcription repressors, but this view
proved superficial, as newer studies suggest that most G4s
may actually function as transcriptional enhancers (31).
A well-studied example of G4 impact on protein expres-
sion is the BCL-2 promoter region.

APOPTOSIS AND BCL-2

Mitochondrial or intrinsic apoptosis begins with the
permeabilization of the outer mitochondrial membrane,
resulting in the release of apoptogenic factors such as cy-
tochrome c into the cytosol. These, in turn, activate the
caspase cascade, causing the disassembly of cellular com-
ponents, thus killing the cell and preparing it for phago-
cytosis (33). The initial permeabilization can occur spon-
taneously as a result of excessive oxidative stress damaging
and rupturing the membrane or as a response to cell sig-
nalization, for example when extensive DNA damage is

detected (34).

Intrinsic apoptosis regulation includes numerous pro-
teins. Pro-apoptotic factors such as BIM and BID bind to
and activate BAX or BAK membrane proteins to form a
pore in the outer mitochondrial membrane which facili-
tates the cytochrome ¢ escape from the intermembrane
region and induces cell death. On the other hand, anti-
apoptotic factors balance and regulate the effects of their
pro-apoptotic counterparts. The most prominent anti-
apoptotic factor in human cells is B-cell lymphoma 2
(BCL-2), also a membrane protein that competitively
binds BIM and BID proteins, hence inhibiting BAX and
BAK’s pore-forming ability (Figure 5) (33). To preserve
homeostasis, both pro- and anti-apoptotic proteins must
be precisely regulated. Upregulation of BCL-2 is often
associated with a downturn in intrinsic apoptosis levels,
impairing the cell’s capability to respond to serious mal-
functions. Moreover, overexpression of BCL-2 is fre-
quently observed in cancer cells, contributing to the im-
portance of understanding BCL-2 regulation as a potent
oncogenic agent (35).

Period biol, Vol 127, No 34, 2025.

THE G-RICH BCL-2 PROMOTER

The BCL-2 gene has 3 promoters, with P1, the one
furthest upstream from the coding sequence, being the
focal point of most studies due to its G-rich regions. In
the current study we examined the P1 extended promot-
er sequence spanning from -499 nt upstream to +100 nt
downstream relative to the transcription start site (TSS),
corresponding to -1302 to -1901 nt relative to the start
of the coding sequence, acquired from the Eukaryotic
Promoter Databank (EPD). According to the JASPAR
database, the P1 promoter contains potential binding sites
for numerous transcription factors, several of which are
strongly associated with apoptosis regulation and are
therefore shown in Figure 6 (36). Highlighted in bold text
are c-AMP response element (CRE) and binding sites
specific for Wtl and Spl transcription proteins, which are
among the more recognized contributors influencing

BCL-2 expression (37-39).

The P1 promoter consists of several G-rich regions,
where the local guanine content reaches or even exceeds
50 % (Figure 6). Generally, such regions have a high pro-
pensity to form secondary structures, especially G4s. Pre-
vious studies on the BCL-2 promoter identified some
G-quadruplex-forming regions, primarily P1G4, Pu39
(also known as bcl2G4-1), P32 and bcl2G4-2 (Figure 6).
Within these regions, a variety of G4s have been charac-
terized (Table 1). Furthermore, numerous studies have
reported that G4 formation in these regions strongly con-
tributes to the regulation of BCL-2 transcription, not only
by disrupting the double helix but also through interac-
tions with certain G4-specific binding proteins.

The P1G4 region is known to form two distinct G4s
(form A and form B), though they exhibit a high-degree
of similarity as they share the same parallel topology and
include a 12- and a 11-nucleotide long hairpin loop, re-
spectively. The most evident distinction between the two
G4s is that the form B exhibits a broken second strand
that is completed with a guanine residue from the central
loop. This not only modifies the position of the loop but
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Figure 6. Human BCL-2 P1 promoter from +100 to —499 relative to TSS. The sense strand is represented with an orange line, while the antisense
strand carrying the BCL-2 gene is represented with a blue line. The promoter is annotated with several potential transcription factor binding sites
that have a score of 400 or higher according to the JASPAR database. Although the CRE binding site does not score above the imposed limit, we
included it for its documented importance on the BCL-2 regulation (38, 39). Additionally, the blue graph along both strands indicates the pro-
moter’s local guanine content calculated using a 15-nucleotide sized window, screening each of the two strands. The guanine content values are shown
according to the scale on the y-axis, located on the left side of the graph. The black brackets indicate reported G-rich regions known to form G4s.

also shortens its length highlighting the potential regula-
tory function of the two entities (40).

Pu39 includes seven G-tracts of different lengths, en-
abling the formation of multiple G4s, the most prevalent
being MidG4 and Pu30. MidG4 adopts an antiparallel
topology, while Pu30 is a parallel G4 and includes a
13-nucleotide middle loop (40). Pu30 is thermodynami-
cally more stable than MidG4, however it is kinetically
less favored due to its longer loops. The structural differ-
ences between both G4s are suggestive of the distinct
interactions they could form with various effector pro-
teins, possibly resulting in altered BCL-2 expression (40).

Both P1G4 and Pu39 are located immediately up-
stream of the TSS and, despite their close proximity, ap-
pear to fold independently, hinting at their importance

for regulation of the BCL-2 gene. Moreover, the G4
formed in the Pu39 region serves as a transcription activa-
tor, while P1G4 exhibits a potent repressive function,
which is further intensified with ligand stabilization of
the G4 architecture, thus hindering BCL-2 expression.
Additionally, the long loops formed by both G4s can serve
as specific recognition sites for small regulatory molecules,
enabling further transcription modulation (40).

The P32 region is located the furthest from the TSS
among the aforementioned G-rich regions. Nonetheless,
it is believed to influence BCL-2 expression. With three
G-tracts and one Gg-tract the sequence can fold into a
single highly stable four-quartet G4 with hybrid topology
(41). Its well-defined structural characteristics imply their
significance for facilitating specific quadruplex-protein

Table 1. G-rich regions of the BCL-2 PI promoter and the sequences corresponding to the known G4 structures.

G-rich region

G4 sequence (5 to 3°)*

P1G4
form A
form B
Pu39 / bcl2G4-1

CGGGCGGGAGCGCGGCGGGCGGGCGGGCA
CGGGCGGGAGCGCGGCGGGCGGGCGGGCA
CGGGCGGGAGCGCGGCGGGCGGGCGGGCA
AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGGGGCTG

MidG4

GGGCGCGGGAGGAAGGGGGCGGG

Pu30
P32
bcl2G4-2

AGGGGCGGGCGCGGGAGGAAGGGGGCGGGA
TGGGGTCCGCGACGGGGTGGGGGCTCCCGGGG
CCGGGCCAGGGAGCGGGGCGGAGGGGGCGGTCGGGT

"The G-tracts shown in red are or potentially could be a part of the G4 core. The G-tracts shown in black do not form G4 core.
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interactions. In fact, the presence of certain ligands slight-
ly modifies the G4 structure and results in lower BCL-2
expression levels, thus asserting P32 as transcription acti-
vating regulatory element (41).

Lastly, bcl2G4-2 consists of seven G-tracts with the first,
second, third and fifth runs being the main contributors for
the G4 formation (42). However, the overall stability of the
G4 has empirically been shown to vary, implicating intri-
cate forming patterns and conformational diversity. Still,
limited information exists about the bcl2G4-2 G4 and its
potential role in BCL-2 regulation with further research
required for thorough understanding (43). Furthermore,
reports on this region suggest that bcl2G4-2 oligonucle-
otide is unable to form G4s when present as a double strand-

ed DNA. G4 formation could be induced only after stabi-
lizing the complementary C-rich strand (42). However, it
should be taken into consideration that iz vitro conditions
do not always reflect the in vivo environment accurately. /n
vivo, many proteins twist, unwind and otherwise modulate
the DNA structure, hence promoting G4 formation with-
out exogenous interference (44).

POTENTIAL LONG-LOOPED G4S IN THE
BCL-2 PROMOTER

As discussed in the previous chapter, the BCL-2 pro-
moter is well documented for its G4-forming properties,
providing insight into the complexity and diversity of G4
structures. Broken strands, bulges, mismatches, and long
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Figure 7. (4) BCL-2 promoter sense strand with identified double-G-tract motifs shown in red. These motifs are labeled with numbers increas-
ing from the 5™-end. If two double-G-tracts are overlapping, they are numbered with the same leading number. In total, the sense strand contains
ten double-G-tracts with three overlaps. (B) Antisense strand, also starting with the 5™-end. The sequence contains three double-G-tracts with
one overlap. (C) The position of suggested long-looped G4s in context of the BCL-2 promoter annotated with dark curvy brackets. The numbers
on the brackets indicate the indexes of double-G-tracts that join to form the G4 core.
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hairpin loops are among the characteristics of G4s that
defy the commonly accepted consensus sequence (18). For
future reference, such G4s will be referred to as non-
standard. Three long-looped G4s were identified in the
P1G4 and Pu39 regions alone, with the longest loops ex-
tending 11, 12, and 13 nucleotides (40, 45). Here, we
hypothesize that G4s with even longer loops, possibly
reaching triple-digit lengths, could exist. These structures
could facilitate promoter-enhancer interactions by bring-
ing two sequentially distant elements into spatial proxim-
ity, adding significant complexity to the already intricate
mechanism of gene regulation.

Deviations from the accepted G4 consensus sequence
have long hindered research on long-looped G4s, as un-
certainty about their thermodynamic stability and forma-
tion kinetics has raised doubts about their existence and
relevance (Z5). Consequently, most methods for identify-
ing G4 sequences either penalize long loops with a low
overall score or do not detect them at all. As a result,
standard software such as G4Hunter, QGRSMapper, and
pgsfinder was not suitable for our bioinformatic analysis
(46). For this reason, we wrote our own Python script to
find all G;N ,G; motifs, referred to as double-G-tracts,
within a given sequence. Two such motifs should be able
to form a three-quartet G4 core, with the intervening
sequence serving as the connecting middle loop of the
G4. Moreover, the idea that a long central loop does not
compromise the stability of the G4 has already been dis-
cussed and affirmed in several studies (47). Results of the
search for double-G-tracts in both strands of the BCL-2
promoter are shown in Figures 7A and 7B.

Since the vast array of all possible G4s was not feasible
to analyze in detail, we limited further analysis to G4s
formed by two neighboring double-G-tracts so that the

Table 2. RNAfold predictions for the long middle loops of the selected G4s.

linker length between them was more than 15 nt. Doing
so, we not only reduced the number of potential G4s to
four — three on the sense strand and one on the antisense
strand (Figure 7C), but also ensured the long loop in-
cludes no additional double-G-tracts that could compete
for G4 core formation. To label the said G4s, we settled
on a systematic principle that specifies the location of the
G4 (sense or antisense strand) and lists its composing
double-G-tracts in order 5’ to 3’. For example, the G4
connecting double-G-tracts 1 and 2 on the sense strand
is named GS[1-2].

To evaluate the suggested G4s, we utilized RNAfold set
to DNA computing parameters to predict the secondary
structure and provide estimates of the thermodynamic sta-
bility of the loop connecting the two double-G-tracts (48).
Should the loop exhibit high stability, it would be a strong
indicator that the corresponding G4 could form (49).

There are two main factors to consider when assessing
RNAfold predictions. The first is the similarity between
the minimal free energy (MFE) structure and the centroid
structure. A centroid structure exhibits minimal base-pair
distance to all structures in the thermodynamic ensemble
(48), where the base-pair distance between two structures
is defined as the number of unique base pairs present in
one structure but absent in the other (50). As such, the
centroid structure is a representative of the ensemble (51).
In turn, if the MFE structure closely resembles the cen-
troid, it indicates that the most thermodynamically stable
structure is also representative of the ensemble, thus in-
creasing prediction reliability (48). The second key factor
is ensemble diversity, defined as the average base-pair
distance between all structures in the ensemble. Lower
diversity reflects greater uniformity in the set, thereby
improving reliability (48).

G4 Central loop sequence (5 to 3’) Loop length  AG [kcal/mol]* Ensemble diversity

GS[1-2] CCCGGAGCCCCGGCACCTTCGCTGGCAGCGGCGGCGGEC- 67 nt -33.67 2.60
GGCAGCGCGGCGGGGCCACGGAGAGCGGC

GS[5.2-6] GCTGTGGTGCCTGTCCTCTTACTTCATTCTCTGCA- 220 nt —43.69 76.45

CAGCCCGACCGGTTTCCTGTGCGTAACGTCACACGGTTC
ATTCAAAAAAAGAAGAAAGAAAGAGCCCTCCTCTGAGC-
CACCCGACCGCCCCCTCCGCCCCGCTCCCTGGCCCGGG-
TTAAAGGCGCCGCGGCAGGCCCGGGAGTGGCGCGTCCC-
GCCGGGGGCACATGGCGCGCGGGGLLGLGGLC

GACTTGGTGGTCGCTGGGGTCCGCGAC

GS[6-7] CGCGTCCGGGCCGGCCACCCGCCCGCTCCGCTGCGLCC- 173 nt —63.78 47.00
GCGGGGCCCGGCCAGTGGGTGGCGCGGGCGGCACAG-
GCCTCCCGCGCGGCCGCGGCGCGGTGGGTGTGCGC-
GGGGCCTTCTGCTCAGGCCTGCGGCAGGCCGCGTGCG-

GGGCCTGCCGCGGCGCCTTTAACCC

GA[1-2.1] TGGCCGGCCCGGACGCGCCCTCCCCGGCCGCGGLCCC- 98 nt -27.49 31.98
GCGCGCCATGTGCCCCCGGCGGGACGCGCCACTCCC-

“The value corresponds to the minimal free energy (MFE) of the thermodynamic ensemble.

200

Period biol, Vol 127, No 3-4, 2025.



Potential long-looped G-quadruplexes in the BCL-2 promoter and their implications in gene regulation

L. Tanko et al.

The results of the RNAfold prediction for the proposed
loops of G4s in the BCL-2 promoter are summarized in
Table 2. The predictions for GS[5.2-6], GS[6-7], and
GA[1-2.1] are not relevant, as all show excessively high
ensemble diversity, indicating there is no single well-de-
fined free energy minimum achievable with the corre-
sponding sequence. Additionally, the MFE structures of
the GS[5.2-6] and GA[1-2.1] loops differ significantly
from their centroid counterparts, suggesting it is highly
unlikely that these G4s would form. In contrast, GS[1-2]
displays exceptionally low ensemble diversity, indicative
of the confidence of the predicted hairpin-like structure.
Moreover, the MFE model closely resembles the centroid
structure, with a base-pair distance of just 1, further
validating the prediction. The reason for such high cer-
tainty may originate from the 5-GGCGGCGGCGG-3’
sequence located in the middle of the loop, which
RNAfold recognized to be able to form a two-quartet G4
(Figure 8A).

Additionally, when RNAfold was instructed not to
incorporate G4s into its calculation and prediction, the
resulting ensemble diversity was 22.88, with significant
mismatching between the MFE and centroid structures,
suggesting that the loop is stable only when the G4 is
present (Figure 8B). If this is the case, it could represent
a potential GS[1-2] folding mechanism, as the energy re-

A

quired to form the shorter G4 in the middle loop would
be significantly lower than that required for GS[1-2] itself.
Its formation could in turn facilitate further loop stabili-
zation and ultimately lead to the formation of the long-
looped GS[1-2] (49). Furthermore, the structural integ-
rity of the GS[1-2] loop would result in well-defined
structural characteristics which could be targeted by
specific proteins and provide GS[1-2] with a potential
biological role. Being located directly at the TSS (Figure
7C), its formation could be associated with the transcrip-
tion bubble, possibly promoting transcription by stabiliz-
ing the complementary strand (52). In addition, the 3’
double-G-tract of GS[1-2] is also a key structural compo-
nent of P1G4, a potent repressor of transcription. There-
fore, the GS[1-2] formation would also facilitate transcrip-
tion indirectly via the disruption of P1G4 inhibitor
architecture.

It is important to note that although RNAfold is a
useful tool for assessing stability and predicting secondary
structure, its results should be interpreted with caution.
RNAfold relies on an energy model that approximates the
unknown complete model, so it may not perform well in
some cases and can be error-prone (57).The limitations of
the existing energy model are also evident when account-
ing for G4 formation, as the program searches only for
the G4s which follow the consensus sequence and penal-

Figure 8. RINAfold predictions for the longest loop of GS[1-2], color coded according ro the base-pairing probability. Although RNAfold is unable
to predict the topology of the additional G4 within GS[1-2], we manually constructed and illustrated a representative topology to provide a
more intuitive visualization. (A) The MFE structure is shown on the left, while the centroid structure is on the right. Both loop structures include
the G4 formed at the tip of the central loop of GS[1-2] with the dashed lines representing Hoogsteen base pairing within the two G-quartets.
(B) The predicted loop structure was generated without allowing the formation of an additional G4 within the loop. The resulting minimum
[ree energy (MFE) structure on the left differs significantly from the centroid structure on the right.
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Figure 9. An AlphaFold3 prediction of the 3D structure of GS[1-2] and its long middle loop shows that the loop adopts a hairpin-like structure
with a two-quartet parallel G4, shown in blue. The main GS[1-2] G4 is also of parallel ropology and consists of three G-quartets, indicated by
the red frame. The yellow guanine residues are those from the originating double-G-tracts, which were hypothesized to form the G4. In this
prediction, however, an additional guanine residue from the 3’ end, shown in crimson, displaces one from the 5’ double-G-tract and participates
in forming of the top G-quartet. The purple spheres represent potassium ions.

izes loop length in a logarithmic manner (53). Conse-
quently, RNAfold was unable to provide the prediction
for the complete GS[1-2] due to the harsh energy restraints
hindering G4 formation entirely. Moreover, RNAfold
specializes in RNA secondary structure prediction, which
may not always translate well to DNA sequences, even
when DNA computing parameters are selected (54). For
these reasons, all results from this chapter remain strictly
hypothetical and present only a general idea that should
be further investigated experimentally.

With intention of gaining further insight into the
three-dimensional architecture of the suggested G4s, we
tried implementing AlphaFold3, which generally provides
decent results for a variety of DNA and RNA sequences,
including their potential G4 forming characteristics (55).
However, the predictions in our cases showed extremely
low pLDDT confidence values, likely due to the extensive
lengths of the nucleotide chains investigated, which allow
for significant flexibility and structural dynamics. Con-
sequently, the resulting predictions also vary significantly,
failing to provide a clear answer regarding the structural
characteristics of the suggested G4s. However, Alpha-
Fold3 consistently predicts the formation of both GS[1-2]
and the G4 in its central loop when the entry includes 50
potassium ion entities, indicating its folding potential
(Figure 9). Naturally, this does not offer definitive proof
regarding GS[1-2] formation, yet it provides a vague but

202

important contribution to future research not only on
BCL-2 promoter regulation, but also on long-looped G4s
in general.

TARGETING OF QUADRUPLEX-DUPLEX
STRUCTURES

Accumulating evidence of iz vivo G4 formations, their
involvement in gene expression and the connection with
cancer and neurodegenerative diseases sparked significant
interest in G4 targeting and influencing their formation.
Various ligands capable of binding and stabilizing or de-
stabilizing G4s have already been studied and present a
potential for novel therapeutic and diagnostic strategies

(32, 56).

Ligands can interact with different regions of the G4
structure, specifically with the terminal G quartets of the
core — an interaction known as end stacking — or with the
G4 backbone, referred to as groove or loop binding (32,
56). Intercalation between the G-quartets is also possible,
though this interaction is highly invasive and causes ma-
jor structural changes to the G4 (57). Intercalation and
end stacking are characteristic of large planar ligands that
rely on stacking interactions with the aromatic guanine
residues and electrostatic interactions with the corre-
sponding heteroatoms, thus exhibiting low selectivity
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(32). In contrast, the grooves and loops surrounding the
core can provide some degree of discrimination, as the
varying groove dimensions and loop composition offer
distinct environments for ligand binding (58). Still, most
ligand-G4 interactions are relatively indiscriminate, rec-
ognizing a greater number of G4s with similar topologies,
which makes them effective multi-targeting agents (56).
A promising solution for the lack of specificity is the use
of binders specialized in targeting non-standard G4s,
which can contribute unique structural features such as
bulges and stem-loops that may play a key role in selective
ligand design. However, the similarity among most G4
cores makes it difficult to achieve selectivity by targeting
the stacked G quartets alone, consequently limiting their
therapeutic potential (18, 32).

To address the challenges of specificity, several meth-
ods are being developed. The most prominent is a dual-
specific targeting approach based on simultaneous recog-
nition of the G4 architecture and a nearby duplex DNA
sequence. This method combines the strong affinity of G4
binding with the selective targeting of duplex-binding
ligands, fulfilling both essential requirements. Two such
ligands can be conjugated to form a single compound
capable of targeting specific quadruplex-duplex sites with-
in the human genome, thereby serving therapeutic pur-

poses (59, 60).

The duplex domains of quadruplex-duplex motifs,
however, do not always include just the double stranded
DNA surrounding the G4s. Though not often observed,

duplex-binding
fragment

G4 core-binding
fragment

Figure 10. Schematic representation of a potential selective G4 tar-
geting mechanism. The ligand consists of two fragments joined by
a linker. The G4 core-binding fragment specifically binds to the G4
core, while the duplex-binding fragment recognizes the groove and
exposed functional groups corresponding to the target sequence in
the stem loop of the G4. Together, the two fragments provide both
high affinity and specificity for a particular long-looped G4.

Period biol, Vol 127, No 34, 2025.

stem loops containing G4s have been characterized in
numerous biologically significant regions of the genome
(49), such as the myelin transcription factor 1-like
(MYTI1L) and PIM1 genes, for which high-resolution
structures have also been resolved (61, 62). Suficiently
long stem loops exhibit a duplex structure resembling the
architecture of the DNA double helix, implying that
dual-specific targeting can also be achieved through stem-
loop recognition (Figure 10). Studies have already shown
that this approach enabled specific targeting of G4s in
hTERT promoter region and could also be used to influ-
ence expression of other genes (63). Furthermore, dual-
specific targeting would also be the method of choice for
long-looped G4 recognition as their stability is heavily
dictated by the stabilizing interactions in the loop regions,
predominantly resulting in duplex formation (49). The
GS[1-2] quadruplex, suggested in the previous chapter,
also includes duplex-type architecture within its predicted
loop. Should GS[1-2] in fact form, it too could be spe-
cifically targeted in this fashion, yielding potential guide-
lines for further research.

DISCUSSION

The variety of DNA architecture extends far beyond
the commonly recognized double helix. DNA is a highly
dynamic biological polymer whose structure depends
greatly on the surrounding conditions. G4s are just one
example of non-canonical DNA structures, highlighting
the complexity of DNA’s structural diversity and regula-
tory features. G-rich tracts are not randomly distributed
throughout the genome; instead, they are concentrated
mainly in regulatory and telomeric regions of chromo-
somes, offering insight into their biological functions.
Numerous studies have shown that G4 formation sig-
nificantly influences the expression of key developmental
and signal transduction genes, demonstrating their role
not only in degenerative and developmental disorders but
also in carcinogenesis and related diseases.

Due to its central role in apoptosis regulation and sig-
nificant G4-forming potential, the BCL-2 promoter has
become a well-known model for G4-related research.
With four recognized G-rich regions, G4s have been es-
tablished as the main contributors to transcription regula-
tion, either promoting or silencing BCL-2 expression.
Recent studies supporting the relevance of non-standard
G4s suggest that the proposed long-looped G4s within
the BCL-2 promoter, specifically GS[1-2], play an impor-
tant role in the BCL-2 regulatory mechanism. However,
much information regarding their formation, stability,
and potential functions remains unknown, and further
comprehensive research is required for a deeper under-
standing.

G4s have, for their unique architecture and exhibited
regulatory functions in relation to relevant human patho-
logical conditions, become promising targets for drug
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development. Although established methods exist for
targeting G4s with large aromatic ligands, achieving
specificity for desired G4s remains the most persistent
challenge. Some ligands display a preference for particular
G4 topologies; however, the abundance of G4s with sim-
ilar topologies limits their therapeutic application. To ad-
dress the urgent need for a practical and effective ap-
proach, dual-specific targeting enables simultaneous
specific binding to nearby duplex structures without re-
ducing binding affinity. This method could be generalized
to all G4 structures by combining a robust, non-specific
G4 core-binding fragment with a specific duplex-binding
fragment designed to target the desired duplex sequence.
Additionally, dual-specific targeting could be used to tar-
get long-looped G4s by recognizing their hairpin loops,
potentially facilitating research on the important topic of
non-standard G4s and their roles in various fundamental
biological processes.
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