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Abstract

G-quadruplexes (G4s) with continuous G-tracts are well-established regulators of gene expression and important therapeutic targets for various
diseases. However, bioinformatics analyses have identified G4-like sequences containing interrupted G-tracts, incorporating non-G nucleotides
as bulges (buG4s). Our findings show that the stability of buG4s is significantly influenced by the bulge position and size within the G-tract,
with bulges at the 5" end exhibiting the highest stability. Moreover, a molecular crowding condition inducing by poly (ethylene glycol), providing a
suitable intracellular environment, stabilizes buG4s, especially those with longer bulges, making their formation more pronounced. A transcription
assay performed under crowding conditions revealed that the transcription arrested efficiency by buG4s is affected not only by stability but also
by the position and size of the bulge. Based on these findings, we propose a model for the preliminary screening of buG4 sequences according
to their stability, distinguishing functional sequences capable of transcriptional arrest (A G°3; < —3.3 kcal-mol™') from nonfunctional sequences
(AG°37 > —3.3 kcal-mol ™). This provides valuable insight into estimating the efficiency of target buG4 sequences in either arresting or facilitating
transcription, presenting a novel approach and emphasizing buG4s as emerging therapeutic targets.
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Introduction

Beyond the DNA double helix, nucleic acids can also adopt
noncanonical structures, such as triplexes and tetraplexes in-
cluding G-quadruplexes (G4s) and i-motifs [1-3]. Notably,
G4s are found within the promoter and coding regions of
genes associated with various diseases and are considered
to play crucial roles in biological processes such as repli-
cation, transcription, and translation [4-8]. G4s are four
stranded noncanonical structures of nucleic acids, formed
by Hoogsteen hydrogen bonding between planar G bases
which are further stabilized by K* or Na* [9]. The G4 form-

ing sequences from the genome follows the sequence pattern
G3+L1N=1_7G3+L2N=1_7G3+L3N=1_7G3+, where the sufﬁx indi-
cates three or more continuous G bases, referred to as the
G-tract which are separated by loops (L1, L2, or L3) with
the number of loop nucleotides, N, varying between 1 and
7 nt [7]. Later, evidence was found for the existence of se-
quences with loop lengths >7 nt [10]. Bioinformatics analy-
ses using more flexible algorithms have identified significant
numbers of G4-like sequences that do not follow a perfect
G4-forming sequence pattern [11-13]. These deviated struc-
tures from the perfect G4 are categorized as “imperfect G4”
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[11, 14-17]. These novel G4 sequences include intramolecu-
lar G4s with vacancies in the G-tract (G-vacancy-bearing G4)
or those with bulges arising from the incorporation of non-
guanine bases in the G-tracts [14, 18]. Potential G4-forming
sequences typically consist of four segments of consecutive
guanines, whereas the buG4 sequence features G-tracts inter-
rupted by bulges, thus resulting in reduced thermodynamic
and mechanical stability when compared to G4s [14, 19].
Interestingly, imperfect G4 sequence patterns are more fre-
quently localized in promoter and coding regions than per-
fect G4 sequence patterns [13]. However, very few imperfect
G4 structures have been investigated thus far because of the
complexity of the sequence and the low possibility of sta-
ble G4 formation. For example, a (3 + 1) hybrid structure
of an adenine (A)-bulge-containing sequence was identified
in the PARP1 promoter, and its formation was confirmed by
nuclear magnetic resonance (NMR) spectroscopy [20]. Addi-
tionally, a structure has been reported in the human KRAS
gene nuclease-hypersensitive element (NHE-III1) region, fea-
turing a thymine (T) bulge, that blocks transcriptional regula-
tors [21]. A recent study revealed that the proportion of genes
containing bulged sequences is about two times more than the
genes containing perfect G4 sequences in transcription regu-
latory regions, such as intron—exon junctions, near the tran-
scription start site (TSS), and around the transcription termi-
nation site (TTS) [11]. This finding indicates that these buG4
sequences may have significant transcription efficiency, similar
to that of perfect G4. In previous studies, our group demon-
strated that the transcription inhibition efficiency of G4 is de-
pendent on the thermodynamic stability of the G4 structure
and independent of topology [5, 22]. Subsequent research has
revealed that the inhibition of replication by G4s is not solely
dependent on stability but also on the topology of the struc-
ture [4]. The presence of bulges at various positions within
the G-tract complicates the formation of stable G4 structures;
consequently, their ability to regulate transcriptional processes
can be significantly altered. Moreover, the inability of current
search algorithms to accurately predict stable imperfect G4s
with larger bulge sizes makes the genome-wide targeting of
these sequences infeasible for therapeutic purposes. Therefore,
understanding the effect of bulges on G4 stability is essential
for accurately predicting stable buG4 sequences and assessing
their functional role in transcriptional regulation.

Altered G4 stability has been reported depending on the cel-
lular conditions associated with certain types of cancer, neu-
rological disorders and other diseases [5, 23]. Moreover, the
stability and function of nucleic acids are influenced signifi-
cantly by the crowded surrounding environment within a liv-
ing cell [24]. Although the intracellular environment is signif-
icantly different from that of homogeneous solutions used for
experiments 72 vitro, it is possible to mimic its physical and
chemical properties by using certain cosolutes [25]. Molecu-
lar crowding conditions have been demonstrated to stabilize
G4 structures, while destabilizing canonical duplexes [24, 26].
Our group demonstrated recently that 40 wt% poly (ethylene
glycol) with average molecular weight of 200 (PEG 200) can
mimic the molecular environment of cellular organelles and
that the efficiency of a guide RNA sequence during R-loop for-
mation can be predicted under these crowding condition [24,
26]. It has also been observed that the stability of many dif-
ferent noncanonical structures such as G4 and i-motif are af-
fected greatly by the crowding environment created with PEG
200 [27-30]. Thus, the thermodynamic stability and function

of buG4s must be analyzed under molecular crowding condi-
tion in order to obtain quantitative values under intracellular
condition. Thermodynamic analysis is a fundamental method
for predicting the functions of nucleic acid structures [24].
Therefore, quantitative data obtained from thermodynamic
studies are required to predict accurately the gene regulatory
functions of these novel G4s based on their stability with bulge
type, position, and size.

In this study, we quantified systematically the thermo-
dynamic stability and transcription regulatory function of
parallel-stranded buG4 sequences with various bulge types,
positions and sizes within the G-tracts. Under molecular
crowding conditions with PEG 200, both perfect G4 (pG4)
and buG4s were stabilized compared to noncrowding condi-
tions without PEG 200, thereby providing a suitable intracel-
lular environment to study stable buG4s. Our detailed ther-
modynamic analysis and iz vitro transcription assay demon-
strated that the stability and transcription regulatory function
of buG4s vary depending on the position and size of the bulge.
With this understanding, we developed a predictive model to
estimate the efficacy of buG4s in transcriptional regulation.
This model can successfully determine whether a sequence is
capable of arresting transcriptional regulation based on its
thermodynamic stability. This study offers a comprehensive
understanding of the destabilization caused due the bulges in
a G4 structure, providing valuable insights for bioinformat-
ics searches aiming for more accurate predictions of imperfect
G4s, especially those with larger bulge sizes. Predicting the ef-
ficacy of buG4s in transcriptional regulation is promising for
future therapeutics by specifically targeting these imperfect G4
structures.

Materials and methods

Oligonucleotides and materials

High-performance liquid chromatography (HPLC)-grade
oligonucleotides were purchased from Japan Bio Service and
used without further purification. To measure the single strand
concentration of the sequences, the samples were heated up
to 95°C, and the absorbance of 260 nm was recorded using
Shimadzu 1900 spectrophotometer (Shimadzu, Kyoto, Japan)
connected to a thermoprogrammer. All the solutions were pre-
pared using 10 mM Tris—HCI buffer of pH 7.4 at 37°C con-
taining KCI (concentration of KCI is specified in the respec-
tive experimental sections). Polyethylene glycol, with an aver-
age molecular weight of 200 (PEG 200) was purchased from
Wako Pure Chemical Industries (Osaka, Japan) and used with-
out further purification. T7 RNA polymerase, Ribonucleoside
Triphosphate (rNTP), Dithiothreitol (DTT), and RNase in-
hibitor were purchased from Takara Bio (Shiga, Japan).

Circular dichroism

Circular dichroism (CD) spectra were measured using JASCO
1500 instrument coupled with temperature controller. DNA
samples were prepared in 10 mM Tris—HCl buffer of pH 7.4 at
37°C containing KCl in the absence and presence of PEG 200.
Before measurement 5§ uM DNA solutions were heated up to
95°C and slowly cooled to 4°C at a rate of 1°C-min~! and
kept it for overnight at 4°C. The CD spectra were subtracted
from the baseline, and each spectrum was the average of three
consecutive measurements.



Native gel electrophoresis

Native gel electrophoresis was used to confirm the presence
of the monomeric form of G4. DNA oligonucleotides (5 uM)
were dissolved in a buffer containing 10 mM Tris—-HCI (pH
7.4 at 37°C), 10 mM KCl and 10 wt% PEG 200 were heated
up to 95°C and cooled to 4°C at a rate of 1.0°C-min~". The
samples were loaded onto 10% native polyacrylamide gels
in Tris—-borate-EDTA (TBE) buffer and run for 70 min at 10
V-cm~! at 37°C. The gels were stained with SYBR Gold (Life
Technologies, now part of Thermo Fisher Scientific) and visu-
alized using Fluoroimager (Typhoon FLA 9500).

Thermodynamic analysis

To understand the thermodynamic stability of buG4s, we per-
formed a temperature dependent UV-melting study using a
Shimadzu 1900 spectrophotometer (Shimadzu, Kyoto, Japan)
connected to a thermoprogrammer. The solutions used were
prepared in a buffer containing 10 mM Tris-HCI (pH 7.4 at
37°C) containing KCl and PEG 200 (exact concentrations are
mentioned in the Results and Discussion section). Before mea-
surement, the solutions were heated up to 95°C and slowly
cooled down to 1°C at a rate of 1°C-min~"'. For melting, the
sample solutions were incubated at 1°C for 10 min and heated
up to 95°C at a rate of 1°C-min~!. UV-melting curves were ob-
tained by monitoring the absorbance at 295 nm as a function
of temperature ranging 1-95°C. Melting temperatures (Ty,s)
were determined from the middle point of the melting curves
[31]. The free energy change (AG°), enthalpy change (AH®),
and entropy change (AS°) for the formation of buG4s were
obtained by fitting the melting curves using van’t Hoff analysis
[31]. The upturn in UV melting curves at high temperatures is
attributed to the increased absorbance caused by the exposure
of unfolded nucleobases to the solvent. Notably, this effect is
more pronounced for longer bulges. To ensure accurate ther-
modynamic parameter calculations, the significant upturn ob-
served for longer bulge sequences (e.g. between 80 and 95°C)
was excluded during the smooth fitting of the melting curves.
The method of analysis relies on the assumption that there are
two states (folded and unfolded) for the buG4 unfolding pro-
cess because this simplifies the analysis by allowing the system
to be treated as a two-state equilibrium.

Transcription assay

The transcription reactions were carried out using the DNA
template sequences. A total 20 ul for each solution was main-
tained for the transcription reaction. In the solution, 1.5 uM
DNA template was mixed with rNTP, DTT, and RNase in-
hibitor. The solution buffer of pH 7.2 at 37°C contained 100
mM KCl, 40 mM Tris-HCl, and 8 mM MgCl,. T7 RNA poly-
merase of 0.3 uM concentration was added into the solution
at 37°C. The solutions were incubated for 120 min at 37°C
and finally the reaction was quenched by adding DNase I. Af-
ter incubation for 20 min, the reaction was stopped by adding
100 pl of a solution containing 80% (v/v) formamide and 10
mM Na, EDTA. The reaction product was loaded onto a de-
naturing gel containing 10% polyacrylamide and 7 M urea
and run at 70°C for 45 min at 250 V in TBE buffer. After
electrophoresis, the gels were stained with SYBR Gold (Life
Technologies, now part of Thermo Fisher Scientific), and the
gel images were captured using a Fluoroimager (Typhoon FLA
9500). The intensity of the gel bands was analyzed using Im-
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agequant TL software. The transcription arrested efficiency
was calculated as the ratio of the intensity of arrested tran-
script band to the intensity of the total transcript bands.

Results and discussion

Sequence design and experimental solution
conditions

The buG4 sequences of various bulge type, bulge position,
and bulge size were designed by incorporating bulge nu-
cleotides in between two Guanine (G) bases within a G-
tract (indicated by dots), following the pG4 sequence, 5'-
TTGGGTGGGTGGGTGGGT-3' (Fig. 1A) [14]. Notably, the
(GGGT)4 core of the pG4 sequence was derived from the HIV
integrase aptamer T30695, which has been widely used in
studies by various groups [32-34]. There are eight possible
positions in which a bulge could be incorporated, as indicated
by the dots in the parallel form of the pG4 structure (Fig. 1B).
For example, a parallel buG4 structure with a bulge at posi-
tion 1 is shown in Fig. 1C (structure determined in a previous
study) [14]. We incorporated adenine (A), cytosine (C), and
thymine (T) as bulges to understand the effect of bulge type on
the G4 stability. G bulges were excluded to prevent the exten-
sion of the G-tract with consecutive G bases, which could lead
to the formation of unexpected structures. Specifically, only T
bulges were selected to investigate the effect of bulge size be-
cause sequences with A bulge were found to be significantly
more unstable than those with T or C bulges [14]. We avoided
continuous C bulges because they may form other noncanon-
ical structures with G-C base pairing [15]. The naming con-
vention for the buG4 sequences used in this study were as fol-
lows: bulge type (A, C, or T), bulge size (), and bulge position
(p). For example, bT,-1 (TTGT,GGTGGGTGGGTGGGT)
denotes a bulge type T of size 7 in the suffix (1-7 nt) placed at
position 1.

Previous studies showed that 100-150 mM KCl with 20-40
wt% PEG 200 mimics physiological conditions [24-26, 35—
38]; however, these conditions hindered thermodynamic anal-
ysis due to the high thermal stability of pG4 with short loops
(Supplementary Fig. S1A). To resolve this, melting curves were
measured using 1 mM KCI and varying PEG 200 concen-
trations (10-40 wt%), with 10 wt% PEG 200 yielding clear
curves for pG4 and single bulge buG4s under noncrowd-
ing and crowding conditions (Supplementary Fig. S1B and
C). Low KCI concentrations are known to cause hystere-
sis in G4 structures with longer loops, making them unsuit-
able for accurate measurements for thermodynamic param-
eters [39]. However, we have confirmed experimentally that
the model sequences used in this study do not show signifi-
cant hysteresis in the heating and cooling curves. Therefore,
we chose buffer solutions containing 10 mM KCI without
PEG 200 (noncrowding) and 10 mM KCI with 10 wt% PEG
200 (crowding) to measure the thermodynamic parameters
of buG4s with longer bulges (>2 nt bulge size), which al-
lowed the measurement of all sequences under identical solu-
tion condition, enabling an effective comparison of buG4 sta-
bility across different bulge sizes. We used 10 mM KCl with-
out and with 10 wt% PEG 200 to study buG4s with >2 nt
bulges, ensuring consistent conditions for all sequences. A 10
mM Tris-HCI buffer (pH 7.4 at 37°C) was used to ensure
the enzyme worked efficiently during transcription [5, 22],
while keeping buG4 stability and thermodynamic parameters
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Figure 1. (A) Schematic representation of the G-tracts in a G4 (pG4) sequence with possible bulge positions. The bulge positions are marked with dots
and are numbered from 1 to 8. (B) The model structure of a pG4 where the bulge positions are assigned as dots. (C) Example of a buG4 structure with a

bulge at position 1. The bulge region is represented as a curved line.

unaffected by temperature-related pH changes of the buffer
(Supplementary Fig. S1D).

Quantitative analysis of the effect of single bulges
at the different bulge positions on G4 stability

The buG4s are structurally less stable compared to regular
G4s [14]. In this study, we quantified the impact of a sin-
gle bulge on the stability of the G4 structure by incorporat-
ing a single nucleotide at eight bulge positions in pG4 (Fig.
1A and Table 1). Initially, the structural characteristics of
single-bulge buG4 sequences were analyzed. The CD spec-
tra revealed a distinct positive peak at 265 nm and a nega-
tive peak at 245 nm under noncrowding condition, contain-
ing 10 mM Tris-HCI buffer (pH 7.4 at 37°C) with 1 mM
KCl, indicative of a parallel topology regardless of bulge type
or position (Supplementary Fig. S2A). In crowding condition
containing 10 mM Tris—=HCI buffer (pH 7.4 at 37°C) with 1
mM KCl and 10 wt% PEG 200, the CD spectra retained the
same peak positions (265 nm positive and 245 nm negative
peaks) (Supplementary Fig. S2B), suggesting that the crowd-
ing condition did not alter the topology of these sequences.
Previous research has shown that G-rich sequences with short
loops, comprising one or two nucleotides, can adopt a paral-
lel topology and often form intermolecular structures [40]. For
most of the sequences presented in this study, a concentration-
independent melting temperature, determined by UV-melting
(strand concentration range 3-30 puM), confirmed that the
folding process was intramolecular (Supplementary Fig. S3A
and B). Additionally, native gel electrophoresis revealed a
single band for each sequence, supporting the formation
of intramolecular structures in the single-bulge buG4s un-
der noncrowding and crowding conditions (Supplementary
Fig. S4A-F). The presence of an intramolecular parallel
topology in buG#4 structures is consistent with a previous
study [14].

Because all buG4 sequences formed similar intramolecu-
lar parallel structures, we attempted to quantify the effect of
a single bulge on the stability of pG4 using thermodynamic
analysis to avoid any topology effect on stability. The UV-
melting curves of buG4s were monitored at 295 nm which is
the characteristic peak position for G4 formation [31]. The
single transition of the UV melting curves obtained under
both noncrowding and crowding conditions indicated that the

melting of buG4s proceeded from a folded state to an un-
folded state in a single step (Fig. 2A and B) [31]. First, we
investigated the effect of different bulge type (A, C, and T)
at position 1 by comparing the melting temperatures (Ty,s)
and free energy changes at 37°C (AG°37) for buG4 and pG4
formation (Fig. 2A and B, and Table 1). The T,, value for
pG4 was 72.5°C under noncrowding condition, while the
T, values for bA;-1, bCy-1, and bT;-1 decreased to 53.6°C,
58.3°C, and 59.1°C, respectively (Table 1). The AG°37 value
for buG4 formation was also increased when compare with
AG®37 value for pG4 formation, indicating destabilization of
the structure. For example, AG°37 value for pG4 was —6.1
kcal mol! which was increased to —2.5, —3.8, and —3.8
kcal mol! for bA;-1, bC;-1, and bT-1, respectively, under
noncrowding condition (Table 1). This result indicated that
the pG4 structure was destabilized by the incorporation of
a bulge, regardless of the bulge type, following the order of
destabilization: A > C > T. This order of destabilization in
a G4 structure is opposite to the destabilization observed
in duplex structures, which follows the order: T > C > A
[41].

To better understand the underlying mechanism, we ana-
lyzed the enthalpy change (AH®) and entropy change (AS°)
associated with the free energy change at 37°C (AG°37) of
the buG4 formation (Table 1). We found that both AH°
and TAS° values were increased for the formation of buG4
compared to pG4 (Table 1). For instance, under the non-
crowding condition, the AH® and TAS® for pG4 were —57.3
kcal-mol! and —51.2 kcal-mol!, respectively; however, it in-
creased to —52.5 kcal-mol™! and —48.7 kcal-mol™, respec-
tively, for bTy-1. Notably, the increase in AH® is more pro-
nounced compared to the increase in TAS®, suggesting that the
destabilization of buG4s is mainly governed by the unfavor-
able enthalpic contribution during buG4 formation. Similar
destabilization of pG4 has been observed in the presence of an
abasic site, which is also attributed to unfavorable enthalpic
contribution and is dependent on the position of the abasic
site [28]. The rationale behind this result can be attributed
to the weakening of the base stacking interactions and hy-
drogen bonding of the G-quartets owing to the incorporation
of bulge. However, increase in AG°37 was most pronounced
when the bulge nucleotide was A, while C and T caused similar
values of AG°37 (Table 1). This discrepancy in AG°37 for dif-
ferent bulge types is likely due to the larger size of the A bulge
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Table 1. The melting temperature and thermodynamic parameters for the formation of pG4 and single bulge buG4s under noncrowding and crowding
conditions

Noncrowding condition® (without PEG 200) Crowding condition® (with 10 wt% PEG 200)
AH® TAS® AG°3; AH® TAS® AG°;37
Name Sequences (5'- 3) Tm (°C)¢ (kcal-mol™)  (kcal-mol™)  (kcal-mol™) Tm (°C)¢ (kcal-mol™)  (kcal-mol™')  (kcal-mol™!)
pG4 TTGGGTGGGTGGGTGGGT 72.5+0.1 -573+02 -512+02 —-61+03 812+02 —-61.1+£01 -531+02 -8.0+0.5
bA;-1 TTGAGGTGGGTGGGTGGGT 53.6+0.1 —454+01 —-429+01 -25+01 634+£01 —-529+01 -48.6+0.1 —43+02
bCi-1 TTGCGGTGGGTGGGTGGGT 583+0.5 —-525+£01 —-48.7+01 -3.8+01 66.1+£02 -561+£01 -51.1+0.1 —-5.0+0.2
bT;-1 TTGTGGTGGGTGGGTGGGT 59.1+12 —-525+£01 —-48.7+02 —-3.8+01 67.0+£02 -550+£0.1 -49.94+0.3 —-5.1+0.3
bT-2 TTGGTGTGGGTGGGTGGGT 478 +£06 —448+01 —-431+£03 -1.7£01 567+03 -497+0.1 —46.6+02 —-3.1+£0.3
bT-3 TTGGGTGTGGTGGGTGGGT 509+1.1 —-522+01 -499+02 -23+02 60.1+£02 -51.1+£01 -47340.1 —-3.8+0.1
bT-4 TTGGGTGGTGTGGGTGGGT 493+01 -555+02 -533+£02 -22+01 567+08 —-613+0.1 -57.5+02 —-3.8+0.2
bT-5 TTGGGTGGGTGTGGTGGGT 50.5+03 —464+01 -445+04 —-19+03 599+06 —-553+£01 -51.24+04 —-4.0+0.1
bT1-6 TTGGGTGGGTGGTGTGGGT 484 +01 -493+02 —-475+01 -18+£02 564+05 -575+0.1 -541+02 —-34+02
bTy-7 TTGGGTGGGTGGGTGTGGT 488 +1.1 -542+01 -522+02 -2.0+05 584+02 -5554+0.1 -51.7+02 -3.8+0.3
bT;-8 TTGGGTGGGTGGGTGGTGT 483+10 -539+01 -519+02 -20+04 569+08 -53.6+02 -502+03 34402

2Experiments were performed in 10 mM Tris—=HCI buffer containing 1 mM KCl without PEG 200 (pH 7.4 at 37°C).
bExperiments were performed in 10 mM Tris-HCI buffer containing 1 mM KCl with 10 wt% PEG 200 (pH 7.4 at 37°C).
°DNA concentration used for the measurement was 5 uM.

A Non-crowding condition (without PEG 200) B Crowding condition (with 10 wt% PEG 200)

& = pG4 = pG4
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1 2 3 4 5 6 7 8
Bulge position

Figure 2. UV-melting curves of pG4 (5 uM) and single bulge containing buG4s (5 uM) in (A) noncrowding conditions containing 1 mM KCI, 10 mM
Tris—HCI (pH 7.4 at 37°C) without PEG 200 and (B) crowding conditions containing 1 mM KCI, 10 mM Tris—=HCI (pH 7.4 at 37°C) with 10 wt% PEG 200,
monitored at 295 nm. (C) The plot of AAG°pyge With different bulge positions under noncrowding and crowding conditions. Here, AA G pyge = AG37
(buG4) — AG°37 (pG4), where AG’37 (buG4) and AG°37 (pG4) are the free energy change of the buG4s and pG4 at 37°C, respectively.

compared to the C or T bulges, which has the larger steric ef- incorporated into G4 loops compared to pyrimidine bases [42,
fect on G4 folding. A similar trend was observed under crowd- ~ 43]. With this in mind, to further quantify the destabilization
ing conditions, indicating that 10 wt% PEG 200 stabilizes the ~ caused by the bulge, we selected a single T bulge at different
otherwise unstable buG4s, facilitating their study without al-  positions within the pG4 sequence in order to better under-
tering the overall trend significantly (Table 1). It highlights a stand how bulge position affects stability under cell mimetic
similar destabilizing effect observed when purine bases were ~ environment.
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Incorporating a single T bulge at various bulge positions
led to a decrease in the T,, values and an increase in the
AG°37 values associated with buG4 formation under both
noncrowding and crowding conditions, as shown in Ta-
ble 1. Although our study did not use physiological condi-
tions, we found that the AG°37value of buG4 decreases lin-
early increasing with both KCI and PEG 200 concentrations
(Supplementary Figs S5-7). This result suggests that compar-
ing AG°37 values of buG4s and pG4, even at lower KCI or
PEG 200 concentrations, reflects the trends observed under
cell-mimicking crowding conditions. Thus, we quantified the
effect of a single bulge on the thermodynamic stability of the
pG4 structure by comparing the AG°3; of buG4s and pG4
[AAG e = AG®37 (buG4) — AG°37 (pG4), where AG?37
(buG4) and AG°37 (pG4) represent the free energy change of
buG4 and pG4 formations at 37°C, respectively] (AG°37 val-
ues listed in Table 1). Positive values for AAG®y,. indicate
that, regardless of the bulge position, the presence of a bulge
leads to destabilization of the buG4 structure when com-
pared to pG4. However, the plot showed AAG®, is slightly
lower (2.3 kcal-mol™) for bulge position 1, compared to the
other bulge positions showing average of 4.0 kcal-mol™! in
the noncrowding condition (Fig. 2C). Similarly, in the crowd-
ing condition AAG®ge 18 2.9 kcal-mol! for bulge position
1, compared to the other bulge positions showing average of
4.4 kcal-mol™. This result suggests that incorporating a sin-
gle bulge at position 1 has a less destabilizing effect on the
pG4 structure compared to other bulge positions, which is
consistent under both noncrowding and crowding conditions.
One of the major factors that stabilizes the G4 is the base
stacking interactions, in addition to hydrogen bonds, elec-
trostatic interactions and the hydration shell, similar to the
forces that stabilize duplex DNA [44]. The presence of a bulge
in buG4 structure increases the distance between the quar-
tets, weakening the quartets compared to a similar parallel
G4 structure without a bulge (Supplementary Fig. S8A and
B). In a typical G4 structure, the O6 atoms form a square in
each quartet, creating a bipyramidal antiprism in the quadru-
plex with an interquartet distance of 3.4 A which increased
to 4 A (Supplementary Fig. S8A). This suggests that bulges
at other positions likely further increase the interquartet dis-
tance, weakening the stacking interactions and causing vari-
ations in buG#4 stability based on the bulge position. Having
quantified the bulge position dependency for a single bulge, it
is now important to understand how changing the bulge size
at different positions influences the stability of buG4, which
is discussed in the next section.

Quantitative analysis of the effect of bulge size at
different bulge positions on the stability of buG4
structure

To explore how varying bulge sizes affect the stability of in-
tramolecular buG4 structures, their thermodynamic proper-
ties were analyzed using UV-melting curves for all the buG4
sequences as they all can form intramolecular parallel struc-
ture (Supplementary Fig. S4A-F and Supplementary Fig. SOA-
L). Moreover, unlike G4 sequences with longer loops (>6 nt),
which often exhibit hysteresis in their melting curves [45], the
buG4 sequences showed no significant hysteresis, even with
bulge sizes up to 7 nt (Supplementary Fig. S10A and B). This
observation further supports the formation of intramolecular

buG#4 structures, enabling reliable thermodynamic analysis of
their melting curves. The typical example UV-melting curves
of bT-1 to bT7-1 sequences (Fig. 3A and B) revealed a de-
crease in melting temperature with an increase in bulge size
under both noncrowding and crowding conditions, consis-
tent with a previous report [14]. The AG°37 values for buG4s
with longer bulge increases drastically compared to the single
bulge at every bulge position with bulge size varying from 2
to 7 nt, indicating that the longer bulges affect the thermody-
namic stability of buG4 structures more effectively compared
to single bulge. For example, for bulge position 1, AG°37
value for bT{-1 was —6.6 kcal-mol™! which increased to —0.2
kcal-mol™! for bTs-1 under the noncrowding condition (Table
2). Moreover, the AG°37 values for bT4-1 and bT7-1, were
showing positive values of 0.2 and 0.5 kcal mol™, respec-
tively, under noncrowding condition, indicating the structures
are thermodynamically not favorable at 37°C. The associated
AH® and TAS® for bT;-1 were —61.2 and —54.6 kcal-mol™!
which increased to —36.8 and —37.2 kcal-mol! for bT-1,
respectively, suggesting an unfavorable enthalpy contribution
which leads to destabilization of structure due to increase in
bulge size (Supplementary Table S1). In the presence of 10
wt% PEG 200, the AG°37 values for bT¢-1 and bT7-1 were
showing negative values of —1.5 and —1.6 kcal-mol™, respec-
tively, indicating that PEG 200 provides a favorable condition
for buG4 formation with long bulges. The PEG 200 mim-
ics effectively crowding effects and stabilizes buG4s; however,
it cannot replicate fully the complexity of the cellular envi-
ronment. The cellular milieu includes macromolecules, amino
acids, and divalent cations that influence nucleic acid folding
and thermodynamics through electrostatic interactions, hy-
drogen bonding, and stacking interactions, factors absent in
PEG 200.

To understand the effect of the bulge size on the thermo-
dynamic stability of buG4s at every bulge position, we plot-
ted AAG pyigesize [= AGP37 (longer bulge) — AG®37 (single
bulge), where AG°37 (longer bulge) and AG°37 (single bulge)
are the free energy change of the buG4s with longer bulge (2
7 nt) and buG4s with single bulge (1 nt) at 37°C, respectively]
against bulge size in the noncrowding and crowding condi-
tions (Fig. 3C and D). The plot revealed that the AAG®pyge size
values for buG4 stability with increasing bulge size do not
follow a consistent trend across the eight bulge positions. At
position 1 on the 5" end, AAG®}j4 sise gradually increased
with bulge size and saturated after 5 nt under the noncrowd-
ing condition, suggesting that increases in bulge size beyond
5 nt did not significantly affect buG4 stability (Fig. 3C). This
saturation effect is more pronounced under the crowding con-
dition, highlighting the stronger stabilizing influence of molec-
ular crowding on longer bulges (Fig. 3D). At bulge positions 3,
S,and 7, a similar trend of a gradual increase in AAG®pyjge size
with increasing bulge size was observed. However, in the non-
crowding conditions, longer bulge sizes could not be fully as-
sessed due to the inability of the sequences to fold into buG4
structure (Fig. 3C). In contrast, bulge size variations at po-
sitions 2, 4, 6, and 8 showed minimal destabilization up to
3 nt, with a more pronounced increase in AAG®yjqe size OC-
curring only beyond 3 nt. This suggests that bulge size has a
less significant effect on stability at these positions compared
to positions 1, 3, 5, and 7. The variability in AAG®pyge ize
with longer bulges (>2 nt) across different positions indicates
a strong bulge position dependency on buG#4 stability. Previ-
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Figure 3. UV-melting curves of buG4s (5 uM) with varied bulge size at position 1 in (A) noncrowding condition containing 10 mM KCI, 10 mM Tris=HClI
buffer (pH 74 at 37°C) without PEG 200 and (B) crowding condition containing 10 mM KCI, 10 mM Tris—HCI (pH 7.4 at 37°C) with 10 wt% PEG 200,
monitored at 295 nm. The plot of AA G°puge size With increasing bulge size at various bulge positions under (C) noncrowding and (D) crowding conditions
(with 10 wt% PEG200). Here, AA G puge sze = AG’37 (longer bulge) — AG’37 (single bulge), AG°3; (longer bulge), and AG’37 (single bulge) are the free
energy change of the buG4s with longer bulges (2-7 nt) and buG4s with single bulge at 37°C, respectively.

ous studies have shown that an increase in loop size similarly
affects the Ty, values of G4 structures at both the 5’ and 3’ ends
[45, 46]. However, our findings demonstrated that bulge size
influences stability of G4 structure differently from loop size,
with a notable destabilization on the bulge positions (1, 3, 5,
and 7) compared to the bulge positions (2, 4, 6, and 8). Thus,
we hypothesized that the influence of bulge position and size
on both their structure and thermodynamic stability could, in
turn, affect their gene regulatory function, such as transcrip-
tion, as discussed in the following section.

Impact of bulge position on transcriptional
regulation induced by buG4 with single bulge

To investigate the effect of bulges on the transcriptional reg-
ulatory functions of buG4, we performed an in vitro tran-
scription assay under both noncrowding and crowding con-
ditions (Fig. 4 and Supplementary Fig. S11). The template
DNAs were designed by placing pG4 sequence (forming per-
fect G4 structures) and buG4 sequences (containing a bulge),
at the downstream of the TSS (Fig. 4A and sequences are
listed in Supplementary Table S2). The template design is il-
lustrated in Fig. 4A, which highlights the bulge positions as
dots. At first, the template strand was transcribed using a
linear sequence (incapable of forming G4 structures) as an

internal control (Supplementary Table S2) to normalize T7
RNA polymerase activity for different measurements. For lin-
ear sequence T7 RNA polymerase runs off until the end of
the template DNA, producing a 55 nt full-transcript (Fig. 4B).
A schematic illustration for the full transcript production is
shown in Supplementary Fig. S12A. On the other hand, if
a quadruplex-forming sequence was present, it could block
the T7 RNA polymerase movement, resulting in shorter 15-
nt RNA transcript (Fig. 4B). Previous studies demonstrated
that transcription of linear sequences by T7 RNA polymerase
reaches saturation within 120 min and 37°C [5, 22]. Thus, we
transcribed the DNA template sequences using T7 RNA poly-
merase for 120 min in a buffer containing 100 mM KCl, 40
mM Tris—HCI (pH 7.2), and 8 mM MgCl,, both without and
with 10 wt% PEG 200. The denaturing gel electrophoresis
results showed that the 78-nt template DNA with a linear se-
quence was transcribed into a 55-nt full-length transcript (Fig.
4B and Supplementary Fig. S11). On the other hand, tran-
scription of the pG4-containing template strand (L-pG4) was
completely stopped, producing only a short 15 nt RNA prod-
uct under both noncrowding and crowding conditions (Fig.
4B and Supplementary Fig. S11). This suggests that T7 RNA
polymerase encounters a fully folded G4 structure involving
four G-tracts, halting transcription immediately before the G-
rich sequence (Fig 4A and Supplementary Fig. S12B). We con-
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Table 2. The thermodynamic parameters for buG4 formation with different bulge size under noncrowding and crowding conditions

Noncrowding?® (without PEG 200)

Crowding® (10 wt% PEG 200)

Name Sequences (5'- 3) T (°C)¢ AG°37 (kcal-mol™) T (°C)¢ AG?°37 (kcal-mol™)
bT;-1 TTGTGGTGGGTGGGTGGGT 749 £ 0.5 —6.6 + 0.6 81.0 + 0.9 —-7.8 £ 0.3
bT,-1 TTGTTGGTGGGTGGGTGGGT 59.8 £ 0.9 —-4.1 4+ 0.3 68.4 +£ 0.2 -57 + 0.4
bT;-1 TTGTTTGGTGGGTGGGTGGGT 49.4 £+ 0.6 —-2.2 + 0.1 589 £ 0.5 —4.0 £ 0.2
bT4-1 TTGTTTTGGTGGGTGGGTGGGT 42.0 £ 1.0 —-1.0 £ 0.4 51.6 £ 0.2 —2.6 £ 0.2
bTs-1 TTGTTTTTGGTGGGTGGGTGGGT 37.7 £ 0.3 —-0.2 £ 0.3 48.0 £ 0.4 -1.7 £ 0.1
bTs-1 TTGTTTTTTGGTGGGTGGGTGGGT 342 £ 0.2 0.2 + 0.2 46.4 + 0.8 —-1.5 £ 04
bT7-1 TTGTTTTTTTGGTGGGTGGGTGGGT 33.2 £ 0.2 0.5 £ 0.1 46.5 + 0.4 —1.6 £ 0.3
bT;-2 TTGGTGTGGGTGGGTGGGT 64.2 £ 0.2 —43 £ 0.1 719 £ 0.5 —6.1 +£ 0.2
bT,-2 TTGGTTGTGGGTGGGTGGGT 64.2 +£ 0.2 —-3.6 £ 0.5 69.2 £ 0.1 -58 + 0.4
bT;-2 TTGGTTTGTGGGTGGGTGGGT 584 £ 0.1 —-33+02 63.3 £ 1.2 —4.8 £ 0.3
bT4-2 TTGGTTTTGTGGGTGGGTGGGT 50.2 £ 0.2 —-2.4 + 0.1 55.8 £ 0.1 —-3.5+03
bTs-2 TTGGTTTTTGTGGGTGGGTGGGT 444 +£ 2.0 —-1.1+ 0.1 494 £+ 3.0 —-23 +£0.5
bTs-2 TTGGTTTTTTGTGGGTGGGTGGGT 394 £ 0.6 —-0.3 +£ 0.2 444 + 0.3 —14 + 0.2
bT7-2 TTGGTTTTTTTGTGGGTGGGTGGGT 35.6 £ 0.6 0.2 £ 0.1 41.1 £ 1.1 —-0.8 +£ 04
bT;-3 TTGGGTGTGGTGGGTGGGT 65.6 £ 0.9 -53+03 75.8 £ 1.1 —-72+ 0.3
bT,-3 TTGGGTGTTGGTGGGTGGGT 46.1 + 0.1 —-1.5 £ 0.1 57.6 £ 0.5 —-3.6 £ 0.3
bT3-3 TTGGGTGTTTGGTGGGTGGGT 34.6 £ 0.6 0.3 £ 0.3 44.9 £ 0.5 -1.5 £ 0.5
bT4-3 TTGGGTGTTTTGGTGGGTGGGT 249 + 2.1 —d 374 £ 1.0 —-0.2 + 0.3
bTs-3 TTGGGTGTTTTTGGTGGGTGGGT 19.6 + 1.4 —d 324 £ 0.8 0.5 £ 0.2
bTs-3 TTGGGTGTTTITTTGGTGGGTGGGT 147 £ 1.5 —d 28.7 £ 0.9 1.0 £ 0.2
bT7-3 TTGGGTGTTTTTTTGGTGGGTGGGT — —d 272 £ 0.5 1.6 £ 0.1
bT,-4 TTGGGTGGTGTGGGTGGGT 65.3 £ 0.7 -53+03 72.0 £ 0.6 —6.6 + 0.1
bT,-4 TTGGGTGGTTGTGGGTGGGT 66.5 £ 0.6 -51+0.2 70.5 £ 0.3 —6.5 £ 0.2
bT;-4 TTGGGTGGTTTGTGGGTGGGT 63.7 £ 0.8 -52 +0.2 66.8 £ 0.5 —-5.8 +0.2
bT4-4 TTGGGTGGTTTTGTGGGTGGGT 532 £ 0.6 —-3.1+£0.2 56.8 £ 0.5 —4.0 £ 0.3
bTs-4 TTGGGTGGTTTTTGTGGGTGGGT 45.5 £ 0.5 —-1.7 £ 0.1 50.1 £ 0.5 —2.6 £ 0.1
bTe-4 TTGGGTGGTTTTTTGTGGGTGGGT 40.1 £ 0.5 —0.8 £ 0.2 45.5 £ 0.3 —-1.8 £ 0.2
bT7-4 TTGGGTGGTITTTTTTGTGGGTGGGT 372 £ 0.4 —-0.1 £ 0.1 42.5 £ 0.9 —-1.1 £ 0.1
bT;-5 TTGGGTGGGTGTGGTGGGT 64.7 £ 1.0 -53+03 74.8 £ 0.5 —-74 + 0.3
bT,-5 TTGGGTGGGTGTTGGTGGGT 455 £ 1.2 —-1.1 £ 0.4 572 £ 0.1 —3.6 £ 0.1
bT3-5 TTGGGTGGGTGTTTGGTGGGT 342 £ 1.5 0.4 + 0.2 449 + 0.2 —-1.7 £ 0.5
bT4-5 TTGGGTGGGTGTTTTGGTGGGT 26.2 £ 1.0 - 35.6 £ 0.3 —-0.4 + 0.1
bTs-5 TTGGGTGGGTGTTTTTGGTGGGT 22.0 £ 1.2 —d 319 £ 1.5 0.4 + 0.1
bTe-5 TTGGGTGGGTGTITTTTTGGTGGGT 18.6 + 1.4 —d 293 £ 1.3 1.0 £ 0.1
bT7-5 TTGGGTGGGTGTITTTTTTGGTGGGT 16.3 + 0.4 —d 26.5 £ 1.5 0.5 £ 0.2
bT;-6 TTGGGTGGGTGGTGTGGGT 63.2 £ 0.5 —4.7 £ 0.2 71.8 £ 0.8 —6.4 + 0.2
bT,-6 TTGGGTGGGTGGTTGTGGGT 63.3 £ 0.8 —-4.9 + 0.1 67.4 £ 0.6 -59+02
bT3-6 TTGGGTGGGTGGTTTGTGGGT 60.5 + 0.6 —-4.5 £ 0.1 64.0 + 0.6 —-52 £ 0.1
bT4-6 TTGGGTGGGTGGTTTTGTGGGT 49.6 + 0.6 —24 + 0.2 543 £ 0.5 —-3.2 +0.3
bTs-6 TTGGGTGGGTGGTTTTTGTGGGT 41.6 £ 0.8 —1.0 £ 0.1 48.1 £ 0.6 —2.2 + 0.1
bTe-6 TTGGGTGGGTGGTTTTTTGTGGGT 36.7 £ 0.5 —-0.2 £ 0.1 42.8 £ 0.3 —-1.2 +£ 0.1
bT7-6 TTGGGTGGGTGGTTTTTITTGTGGGT 33.2 £ 0.9 0.5 + 0.1 39.9 + 1.1 —-0.6 £ 0.1
bT,-7 TTGGGTGGGTGGGTGTGGT 63.4 £ 0.5 —4.8 £ 0.5 73.8 £ 0.2 —-7.0 £ 04
bT,-7 TTGGGTGGGTGGGTGTTGGT 47.0 + 0.1 -1.3 £ 0.5 572 £ 0.1 —-3.8+ 04
bT3-7 TTGGGTGGGTGGGTGTTTGGT 31.9 + 1.1 0.7 £ 0.2 43.6 £ 0.9 -1.1 £ 02
bT4-7 TTGGGTGGGTGGGTGTTTTGGT 252 + 1.2 1.6 +£ 0.3 35.1 £ 0.6 —0.1 £ 0.2
bTs-7 TTGGGTGGGTGGGTGTTTTTGGT 20.2 +£ 0.3 1.7 £ 0.4 29.9 +£ 0.8 0.7 £ 0.2
bTe-7 TTGGGTGGGTGGGTGTTTTITTGGT 152 + 1.2 —d 26.2 +£ 0.6 1.1 £ 0.2
bT;-7 TTGGGTGGGTGGGTGTTTTTITTGGT —d —d 249 £ 0.9 —d
bT,-8 TTGGGTGGGTGGGTGGTGT 64.3 £ 0.5 —4.0 £ 0.2 73.6 £ 0.4 —6.6 = 0.4
bT,-8 TTGGGTGGGTGGGTGGTTGT 585 £ 1.5 —4.0 £ 0.2 65.6 £ 0.3 -55+0.S5
bT;-8 TTGGGTGGGTGGGTGGTTTGT 56.3 £ 0.7 —-3.5+0.5 60.5 £ 0.3 —4.7 £ 04
bT4-8 TTGGGTGGGTGGGTGGTTTTGT 478 £ 1.5 -1.1 £ 0.6 521+ 1.2 —-28 £ 04
bTs-8 TTGGGTGGGTGGGTGGTTTTTGT 38.8 £ 1.2 —-0.2 +£ 0.2 46.2 + 0.1 -1.5 £ 0.3
bTe-8 TTGGGTGGGTGGGTGGTITTTTTGT 349 £ 0.9 0.3 £ 0.1 43.8 + 0.6 -12 £ 0.5
bT--8 TTGGGTGGGTGGGTGGTTTTTTITGT 333+ 0.3 0.9 + 0.4 42.7 £ 0.7 -1.1 £ 0.5
aExperiments were performed in 10 mM Tris—=HCI buffer containing 10 mM KCI (pH 7.4 at 37°C).

bExperiments were performed in 10 mM Tris=HCI buffer containing 10 mM KCl and 10 wt% PEG 200 (pH 7.4 at 37°C).

°DNA concentration used for the measurement was 5 uM. 9(-) represents the values cannot be calculated as the buG4 structures were unstable at 37°C.

ducted a systematic transcription assay using templates con-
taining buG4 sequences with a single bulge at various posi-
tions (Fig. 4A) under both noncrowding and crowding condi-
tions. For templates with buG4 sequence containing bulge at
position 1 (L-bT;-1), T7 RNA polymerase was arrested, pro-
ducing a 15-nt arrested transcript-1, similar to pG4. This sug-
gests that, despite the presence of a bulge, a fully folded buG4
structure was still formed, creating a barrier for T7 RNA poly-
merase movement. A similar observation was made for bulges
at positions 2, 3,4, 5, 6,and 7 (Fig. 4B and Supplementary Fig.
S12C-F), suggesting that transcription arrest was due to the

formation of buG4. Notably, a second transcript, transcript-
2, was observed for L-bT-7 with single bulge, indicating that
the T7 RNA polymerase was likely stalled at a second position
within the buG4 sequence (Supplementary Fig. S12F), possi-
bly due to the formation of a partially folded structure. An
equilibrium between fully folded and partially folded buG4s
was previously discussed based on bulge position which sup-
ports our result [19]. Interestingly, when the bulge was located
at the 3’ end (L-bT;-8), full-length transcript production in-
creased compared to other buG4-containing templates. This
suggests that a buG4 with a bulge at position 8 is less effec-
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Figure 4. (A) Template DNA sequence where the X region contains the pG4 or buG4 sequences. The T7 promoter region where the T7 RNA polymerase
will bind and the TSS where the transcription will start, are highlighted in the template sequence. The bulge positions 1, 2, 3, 4, 5, 6, 7 and 8 are
represented as dots. WWhen T7 RNA polymerase stops in front of the G-rich region a 15 nt short RNA will be produced, whereas, when it runs off till the
end of the sequence a 55 nt RNA will be produced. Template sequences are shown in Supplementary Table S2. (B) Transcript production of the linear,
pG4 and buG4 containing template sequences in the presence of 100 mM KCl and 10 wt% PEG200 as crowding condition. Denaturing gel
electrophoresis was used to identify the products of transcription reactions carried out for 120 min at 37°C. The marked lanes represent the transcript
formation from the template DNA containing Linear, pG4, bTq-1, bT1-2, bT1-3, bT-4, bT4-5, bT1-6, bT1-7 and bT,-8. M is the size marker. R1 and R2 are
the 15 nt and 20 nt RNA sequences, respectively as markers. The 15 nt arrested bands from pG4 and buG4 containing templates are marked with stars.
(C) Transcription arrested efficiency (TEarest) for the template DNA containing pG4 and single bulge buG4s, calculated as the ratio of arrested transcript-1
intensity to total transcript intensity. TE,rest Values below 10% are considered as background, hence considered as no arrest.

tive at arresting transcription than buG4s with bulges at other
positions. No arrested transcript-1 was produced; instead, a
slightly longer arrested transcript was observed of length more
than 15 nt (Supplementary Fig. S12G), indicating the presence
of only a partially folded buG4 structure. Although both fully
folded and partially folded intramolecular structures of buG4
have been reported for bT;-8 sequence without the template
strand [19], the bulge at position 8 in the template strand likely
prevents full buG4 folding due to interactions with T7 RNA
polymerase during transcription. Additionally, the intensity of
the longer transcript band was weaker than that of transcript-
1 observed for buG4s with bulges at other positions, indicat-
ing that the partially folded structure is less effective at halt-
ing transcription, highlighting the importance of fully folded
buG4 formation for efficient transcriptional arrest under both
noncrowding and crowding conditions.

Furthermore, we estimated the efficiency of buG4 se-
quences in arresting the transcription process by calculating
the transcription-arrested efficiency (TE, ) of the buG4 se-
quences from the amount of arrested transcript-1 product ob-
tained from the denaturing gel bands (Fig. 4C). The value of
TEarrest was determined by dividing the band intensity of ar-
rested transcript-1 (signifying the formation of a fully folded
buG4) by the sum of the intensities of the total transcript pro-
duction. We considered only the arrested transcript-1 to cal-
culate the efficiency, as it is produced due to the formation of
a fully folded buG4 structure. pG4 completely arrested tran-

scription, yielding a TE,esr value of 100%. For the buG4 se-
quence with a bulge at position 1, the TE, s value decreased
to 88.5% (Fig. 4C). When bulges were introduced at middle
positions (2-6, and 7), the TE,es; decreased further to ~60-
70%. These findings align with the thermodynamic stability
data, demonstrating that the buG4 with the bulge at position
1, being the most stable, achieves the highest TE,es;. This sup-
ports previous studies suggesting that G4 structure stability
plays a key role in determining the efficiency of a sequence to
effectively arrest the transcription process [5, 22]. However,
an exception was observed for the L-bT¢-8 buG4 sequence,
which contains a bulge at position 8. Despite the compara-
ble stability of bT;-8 with other buG4 structures, its TE, e
dropped significantly to 7% which signifies no arrest (Fig.
4C). This discrepancy likely results from the inability of the
L-bT;-8 sequence to form a fully folded buG4 during tran-
scription. This finding highlights the importance of structural
integrity in buG4-mediated transcriptional arrest for single
bulges, prompting us to investigate the role of bulge size in
transcriptional regulation.

Impact of bulge size on transcriptional regulation
induced by buG4

To quantify the effect of the bulge size on the transcrip-
tion efficiency of buG4, we selected positions 1, 3, and 5
from the upper and 4, 6, and 8 from the lower bulge po-
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sitions in a G4 structure (Fig. 5SA). We focused primarily
on crowding conditions because buG4s with longer bulges
were not sufficiently stable under noncrowding conditions to
block transcription at physiological temperatures (37°C), re-
sulting in unclear arrested bands that made the analysis inac-
curate (Supplementary Fig. S13A-D). The denaturing gel elec-
trophoresis result showed that templates with longer bulges at
bulge position 1 (L-bT,-1,L-bT4-1,and L-bT¢-1) produced an
arrested transcript-1 of 15 nt, similar to the L-pG4 sequence,
thus indicating the formation of a fully folded buG4 struc-
ture during transcription (Fig. 5B). This result indicates that
buG4 with a longer bulge can efficiently block transcription,
whereas its blocking ability decreases with increasing bulge
size. Additionally, a second transcript (transcript-2) was ob-
served in the bulges at position 1 and the intensity of that
band increased slightly with increasing bulge size (Fig. 5B).
This suggested the formation of a partially folded structure
during transcription. Based on the arrested positions of T7
RNA polymerase in the template strand (Supplementary Fig.
$12C), we hypothesized the presence of an equilibrium be-
tween the fully and partially folded structures for buG4s with
a bulge at position 1 (Fig. 6A). For bulge size changes in the
upper part of buG4 (positions 3 and 5), arrested transcript-
1 was produced (Fig. 5C), indicating the formation of fully
folded buG4, which blocked the transcription process. Inter-
estingly, along with transcript-1, longer arrested transcripts
were also observed at position 5 (Fig. 5C). As the bulge size
changed from 2 to 6 nt at position 3, the transcript length also
increased, indicating that T7 RNA polymerase movement was
hindered at the bulge position, leading to the production of
transcripts of various lengths (Supplementary Fig. S12D). This
result suggests that the possible formation of a fully folded
buG4 and a misfolded structure during transcription caused
the production of arrested transcript-1 and longer arrested
transcripts, respectively (Fig. 6B). Unlike the bulge position 1,
longer full transcripts were produced at both cases (positions 3
and 5). This suggests that the slippage of T7 RNA polymerase
at the bulge position facilitates the production of elongated
transcripts. Our previous study showed that T7 RNA poly-
merase can slip, producing transcripts that are 8-10 nt longer
or short [22]. In contrast, the presence of a bulge at lower
bulge positions (positions 4 and 6), blocked transcription with
the formation of arrested transcript-1 without forming a slip-
page product (Fig. 5D). Therefore, the presence of a longer
bulge region in the upper bulge positions may have induced
more slippage products than bulges at the lower positions.
Moreover, forming a fully folded structure, even for longer
bulges, enhanced the arresting ability of buG4s with bulges
in the lower positions, as represented for position 6 (Fig. 6C).
On the contrary, increasing the bulge size at 3’ end, position 8
(bT>-8, bT4-8, and bT4-8) did not result in the production
of arrested transcript-1 of 15 nt (Fig. SE). Instead, slightly
longer, arrested bands were observed. The lengths of the ar-
rested bands increased as the bulge size increased from 2 to 6
nt. As bulge position 8 was closer to the TSS, slippage along
this bulge region appeared to restrict the formation of a fully
folded buG4 structure (Supplementary Fig. S12G). Instead, it
is likely that a partially folded structure and G-triplex were
formed in equilibrium (Fig. 6D). Therefore, the structural di-
versity of buG4s, based on their bulge position, functions as a
barrier for T7 RNA polymerase movement during transcrip-
tion.

We further performed quantitative analysis to evaluate the

efficiency of transcription arrest based on bulge size. The
TEarres: values calculated for various bulge sizes at different
positions significantly decreased as the bulge size increased
(Fig. SF). For example, at position 1, the TE, e values for
bTi-1, bTy-1, bTs-1, and bTe-1 are 88.5%, 52.4%, 31.9%,
and 33.4%, respectively. A gradual decrease in TE, s with an
increasing bulge size also observed for sequences with bulges
at positions 3, 4, 5, and 6. However, the decrease was more
pronounced at upper bulge positions 1, 3, and 5 than lower
bulge positions 4 and 6. For example, increasing the bulge size
from one to two nucleotides at position 3 (bT;-3 to bT,-3) re-
sulted in a sharp decrease in TE,; e from 80.3% to 38.2%. In
contrast, increasing the bulge size from one to two nucleotides
at position 4 (bT;-4 to bT,-4) decreased the TE, e from
79.3% to 62.9%. This result aligns well with our thermody-
namic analysis, which demonstrated that the upper bulge po-
sitions 1, 3, 5, and 7 exhibited more destabilizing effects owing
to the increased bulge size when compared to the lower bulge
positions 2, 4, 6, and 8. The bulge position and size-dependent
reduction in TE, e values indicate a strong dependence of
transcriptional inhibition on the stability of the fully folded
buG4 structure. However, the contrasting behavior of buG4
containing a bulge at position 8, which had the lowest TE,; e
value (<10%), revealed that TE, s in buG4 sequences was
influenced not only by stability but also by the precise posi-
tioning of the bulge. Therefore, understanding the correlation
between the bulge position-dependent stability of buG4 and
transcription arrest efficiency due to fully folded buG4 forma-
tion is essential for accurately predicting the arrest efficiency
of these sequences in genes.

We found a good correlation between the stability
of buG4 structures, defined by the free energy change
at 37°C (—AG°37) and their transcriptional function,
measured as TE, e (Supplementary Table S3 and
Supplementary Fig. S14A). The data showed that as buG4
stability increases (more negative AG°37 values), TE,es; also
increases, though not indefinitely. The plot indicated that
TEarres: increased rapidly with buG4 stability, until it reached
saturation, thus showing an exponential fit (equation 1).

A

co
TE.irest (%) =—-200.¢ 70 +77 (1)

As shown in equation (1), when AG°3;; becomes more
negative, the exponential term decreases, resulting in smaller
changes in TE, s, which approaches the value to 77%. Con-
versely, as AG°37 becomes less negative (or positive), the ex-
ponential term increases, significantly reducing TE,esc. This
suggests that TE, . is highly sensitive to the thermodynamic
stability of the buG4 structures. We defined sequences with
TEarrest below 10% as unable to arrest transcription as below
this value was similar to the background of the gel and this
threshold corresponds to a AG°37 value of —3.3 kcal-mol!
(equation 1). Therefore, buG4 sequences with a AG°37 value
< —3.3 kcal-mol! can efficiently arrest transcription. This
equation provides a strategy to understand the relationship
between the energetic properties of buG4s and their functional
roles in transcriptional regulation (Supplementary Fig. S14B).
This insight is crucial for predicting whether buG4 sequences
in cancer-related genes can effectively inhibit transcription.
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Figure 5. (A) The bulge positions in a G4 structure are separated in two categories. The upper region includes the bulge positions 1, 3, 5, and 7 and the
lower region includes the bulge positions 2, 4, 6, and 8. Denaturing gel electrophoresis results for the transcript production containing template
sequences with bulges at (B) position 1, (C) positions 3 and 5, (D) positions 4 and 6, and (E) position 8 under crowding condition. Denaturing gel
electrophoresis was used to identify the products of transcription reactions carried out for 120 min at 37°C. The marked lanes represent the templates
containing Linear, pG4 and buG4s with bulges at position 1 (bT-1, bT,-1, bT4-1, and bTg-1), at positions 3 and 5 (bT1-3, bT,-3, bT4-3, bTg-3, bT1-5, bT,-5,
bT4-5, and bTg-5), at positions 4 and 6 (bTy-4, bT,-4, bT4-4, bTg-4, bT1-6, bT,-6, bT4-6 and bTe-6) and at position 8 (Tby-8, Th,-8, Ths-8, and Thg-8), in
crowding condition. M is the size marker. The 15 nt arrested bands from pG4 and buG4 containing templates are marked with stars. (F) The
transcription arrested efficiency (TEaest) from each template DNA under crowding condition. TE,est Values below 10% are considered as no arrest.

Table 3. The AG°3; values and measured transcription arrested efficiency (TEarest) Of the wild type buG4 sequences from human genes

Predicted Measured
Name Sequences (5'- 3') @ AG°37 (kcal mol™) Arrest TEarrest (%)° Reference
kras-bT -4 AGGGCGGTGTGGGAATAGGGAA* -7.1+0.3 Yes 39.8+7.2 [21]
parpl-bA;-3 TGGGGCCGAGGCGGGGCTTGGG* - Yes 33.44+7.5 [20]
myc- bCy-1 TGCGGCTAGGGGACAGGGGCGGGT —4.2+£0.5 Yes 16.8 £ 6.5 Our study
kit-bT-5 TGGGCTGGGCCACTGTGGCTGGGT -1.5+0.3 No <10 Our study
myc-bA;-7 TGGGAGGGCTGGGCCAGAGGT -3.24+0.2 No <10 Our study

2Wild-type buG4 sequences containing bulges. The predicted bulge positions are indicated in bold and are underlined.
bExperiments were performed in 10 mM Tris=HCI buffer containing 100 mM KCl, 8 mM MgCl, and 10 wt% PEG 200 (pH 7.4 at 37°C). “TE s < 10%
indicated no arrest. 4(-) indicates very high thermal stability of the buG4.
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Transcription regulatory function of the buG4
sequences from cancer-related genes

The presence of bulges in gene sequences is inherently more
complex than in the model sequences used in this study
because the sequences contain longer loops with various
base compositions. To date, very few bulge-containing se-
quences of human disease-associated genes have been studied
[20, 21]. Here, we chose two known buG4 sequences from
PARP1 and KRAS genes, because the formation of bulge-
containing intramolecular structures is known (Table 3) [20,
21]. Additionally, we identified potential buG4 forming se-
quences from both the template and nontemplate strands
of the crucial cancer-related genes, MYC and KIT, guided
by G4-iM Grinder predictions [47] (sequences are listed in
Supplementary Table S4). Furthermore, formation of a sta-
ble buG4 structure was confirmed using by CD spectroscopy
and UV-melting curves (Supplementary Fig. S15A-H and
Supplementary Fig. S16A-H, detailed explanations are pro-
vided in the figure captions).

Because, the selected sequences formed parallel structures
under the experimental conditions (Supplementary Fig. S17),
to validate our prediction model, in vitro transcription as-
says were performed using the gene sequences to investi-
gate their potential to inhibit transcriptional regulation (tem-
plate sequences are provided in Supplementary Table S2).
The buG4 sequences from these genes were integrated into
the X region of the template sequence as shown in Fig. 4A.
Transcription was initially performed under 100 mM LiCl
conditions for the buG4 sequences from the MYC gene
(Supplementary Fig. S18). Controls included linear sequences
(unable to form secondary structures) and pG4 sequences
(capable of forming G4 structures), transcribed under the
same conditions. The performed gel analysis showed no ar-

rested transcript-1 (Supplementary Fig. S18), indicating that
buG4 sequences did not impede transcription under these
conditions. This confirmed that the buG4 structures did not
form in the presence of 100 mM LiCl, supporting the hy-
pothesis that efficient transcriptional arrest occurs due to
stable buG4 structures. When transcription was performed
under crowding conditions, the transcription process was
halted, producing a 15 nt shorter RNA transcript-1, marked
with stars (Supplementary Fig. S19). Additionally, a longer
arrested transcript-2 was detected, suggesting that both the
fully folded and partially folded structures coexisted within
the buG4 sequences, as seen in the model sequences. The
length of transcript-2 varied for each buG4 sequence, likely
due to differences in sequence length and loop size across gene
sequences (Supplementary Fig. S19). However, by focusing
solely on fully folded buG4 formation, we quantified TEar-
rest and found that sequences predicted by our model to effi-
ciently arrest transcription exhibited TE;res values >10%. In
contrast, sequences predicted not to arrest transcription had
TEarrest values <10%. For example, kras-bT;-4, with a AG°3;
value of —7.1 kcal-mol™!, showed 39.8% arrest, whereas kit-
bT;-5, with a AG°37 value of —1.5 kcal-mol™!, showed <10%
arrest. Therefore, it is apparent that our model can efficiently
screen potential buG4 sequences from genes based on their
AG°37 values. It is important to note that this model cannot
be applied to buG4 sequences with a bulge at position 8 (3’
end), as these were excluded during the development of the
model. Despite the strong predictive power of the model for
buG4 function, topology remains a critical factor for improv-
ing accuracy. Our model was developed using only parallel
G4 conformations, whereas G-rich sequences can adopt di-
verse topologies depending on the base compositions of the
loops [4, 46,48]. Incorporating other G4 conformations in fu-
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ture models could enhance predictive power, offering deeper
insights into the complex dynamics of gene regulation.

Conclusion

In conclusion, our study advances the understanding of the
role of bulges on G4 stability and transcriptional regulation,
particularly in the context of bulge position and size. The de-
tailed thermodynamic stabilities will be useful in broadening
the current bioinformatics analysis to accurately predict buG4
sequences, especially under cell-mimetic crowding condition
containing PEG 200. Moreover, we propose a relationship
between the free energy change of buG4 formation (AG°37)
and transcription arrest efficiency under intracellular crowd-
ing conditions. According to our model, a buG4 sequence with
a AG°37 value < —3.3 kcal-mol! can arrest the transcription
process, whereas a buG4 sequence with a AG°37 value > —3.3
kcal-mol'! cannot arrest the transcription process. This result
offers valuable insight into estimating the efficiency of target
buG4 sequences in either arresting or facilitating transcrip-
tion, presenting a novel approach for exploiting imperfect G4
sequences in cancer-related genes as an emerging target.
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