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Abstract

Intercalated motif (i-motif) tetraplex DNA plays a crucial role in gene expression and diseases. However, due to the limited number of i-motif
binding proteins in human cells, the chemical mechanisms regulating i-motifs within cell remain currently unknown. Thus, molecular environment
should have a main factor to control i-motif formation and functions in cells. Here, we systematically investigated the stability and functions of i-
motif DNAs by using various polyethylene glycols (PEGs) and oligoethylene glycols (OEGs) that mimicked diverse cellular crowding environments.
We found that the human telomere i-motif was significantly stabilized by PEGs and OEGs having six or more ethylene glycol units, whereas
it was destabilized by those having less than six units. As these stabilization effects coincided with the drastic changes in hypochromicity by
i-motif helixes, we quantitatively validated these effects through changes in solution properties and by assessing the twisting of the tetraplex
structure using nuclear magnetic resonance (NMR) and molecular dynamics simulations. Furthermore, cosolute-induced twisting dynamics
controlled by different cosolutes changed the activation energy barrier of replication by a twofold magnitude along the i-motif-forming DNAs. Our
findings indicate that regulatory mechanisms underlying the biological roles of i-motifs across different cellular phases may exist by molecular
environments.
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Introduction tures, specific binding proteins act as stabilizers for a partic-

Canonical duplex of nucleic acids (DNA and RNA) encodes
and stores genetic information. DNA forms B-form duplex,
which is different from A-form RNA duplex and thus con-
versely, non-canonical structures, such as Z-DNA/Z-RNA,
triplexes, and tetraplexes, act as regulators of gene expres-
sion [1-3]. To induce and stabilize these non-canonical struc-

ular motif in cells, regulating replication and transcription
[4, 5]. Recently, another non-canonical structure, the inter-
calated motif (i-motif), which is a complementary sequence
of G-quadruplex (G4), has been identified in human cells
[6-8]. i-Motifs are formed by two intercalating parallel du-
plexes and stabilized by hemi-protonated cytosine—cytosine
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base pairs (C-C*) found in cytosine-rich sequences prevalent
in the telomere and promoter regions of human genes [9-
11]. Their formation in cells is becoming a topic of research
because potential i-motif sequences regulate replication and
transcription, which can cause cancer [12-16]. Very recently,
direct evidence between i-motif and diabetes were identified
[17]. Moreover, i-motifs form interdependently against G4s
during each cell-cycle step [8], which indicate a key role in
aging. Recent in vitro and cellular studies have revealed that
the structural stability of the i-motif determines its biological
roles. For example, the stable formation of a specific i-motif
allows interaction with G4s in the telomere via its loop region
and regulates telomere elongation by telomerases [18]. Addi-
tionally, the stability of i-motifs relates to the spontaneous ge-
nomic DNA deletions [19]. Despite the biological significance
of i-motifs, only a limited number of i-motif binding proteins
have been reported in human cells [14, 20-23]. Moreover, al-
most no endogenous protein reported that specifically binds to
and stabilises the i-motif structure has been identified in hu-
man cells [9]. Therefore, how cells control i-motif formations
and their functions are not clearly understood.

The intracellular environment is a possible factor control-
ling i-motif formation and function, because i-motif stabil-
ity is higher in cells than in vitro [7, 24]. The cellular en-
vironment contains highly concentrated cosolutes, including
biomacromolecules and metabolites, reaching concentrations
of up to 200-400 mg/ml [25]. This condition, termed molec-
ular crowding, alters the physicochemical properties of the
solution, such as water activity and dielectric constant, in
addition to volume excluded by macromolecules [26]. Us-
ing soluble polymers as crowders in vitro, i-motif structures
were stabilized, whereas canonical duplexes were destabilized
[27-29]. These findings suggest that stable i-motif formation
in cells is due to the specific physicochemical properties of
the intracellular solution. Interestingly, i-motif formation in
cells depends on the cell cycle [6], where intracellular condi-
tions are spatiotemporally heterogeneous. These spatiotempo-
ral changes in intracellular conditions may promote various
functions in nucleic acids. For example, we previously identi-
fied that the topology of G4 could differ in the nucleus, nu-
cleolus, and cytosol [30], indicating that G4 function should
be regulated based on diverse intracellular conditions. In such
distinct areas, nucleic acid stability also differed [31, 32]. Al-
though i-motifs have no different topology, their folding can
be more dynamic than that of G4s [22]. Therefore, diverse
intracellular conditions potentially and diversely provide the
necessary dynamics for the formation of i-motifs for various
functions without being stabilized by proteins.

To understand the behaviour of the i-motif in cells, the clas-
sification of its biophysical and biochemical properties exhib-
ited in a solution with defined physicochemical properties is
required. To date, i-motif stability was thought to be chiefly
due to the excluded volume effect, as larger molecular weight
(MW) cosolutes such as polysaccharides and polyethylene gly-
col (PEG) tend to stabilize more than the smaller ones [33].
Conversely, acoustic and densimetric measurements have re-
vealed that i-motif formation from the coil state is not accom-
panied by any volumetric change [34], suggesting that the ex-
cluded volume effect exerted by the cosolutes may not be the
major factor affecting i-motif stability. Moreover, i-motif be-
haviour under solution conditions such as varied water activi-
ties and dielectric constants remains unclear. Therefore, a sys-
tematic analysis of the stability and function of i-motifs under
different crowding conditions is necessary.

In this study, we investigated the effects of diverse molec-
ular crowding on the structure and stability of i-motif DNA
using spectroscopy and molecular simulation. To investigate
the effect of molecular crowding on i-motif DNA, PEGs [30],
and oligoethylene glycols (OEGs) as monodisperse EG poly-
mers were used [33]. The thermodynamic stability revealed
that the stability of the human telomere i-motif under the
crowding conditions depended on the MW of the PEGs and
OEGs and the pH of the solution. Compared with the ther-
modynamic stability (—AG°37) of the i-motif without coso-
lutes (—AG°37 = 2.9 kcal mol~"), PEGs with MWs >400 and
OEGs having > 6 units of ethylene glycol stabilized the i-
motif (—AG°37 > 3.6 kcal mol~!) at pH 5.0, whereas PEG200
and OEGs having <6 units were found to slightly destabi-
lized the structure (—AG®°37 < 2.6 kcal mol~!). NMR and
molecular dynamic (MD) simulations revealed twisting of the
i-motif structure in the presence of PEGs with MWs >400.
To consider an energetic parameter associated with the twist-
ing, we reproduced i-motif stability in diverse crowding con-
ditions based on the stability without cosolute. Furthermore,
the kinetic analysis of the replication reaction indicated that
i-motifs in the solution of larger PEGs more effectively stalled
the replication reaction than those in the solution of smaller
PEGs and OEGs. As i-motif formation in the cell nucleus un-
dergoes dynamic changes influenced by cell cycles and cell
types [6, 8, 35], our findings suggest that changes in molecu-
lar environments within the nucleus caused by cell cycles and
cell types can induce variations in the stability and/or struc-
ture of i-motifs. This is due to the twisting of i-motifs, which
regulates the resolution of i-motifs for smooth DNA replica-
tion. Therefore, the twisting of i-motifs under diverse crowd-
ing conditions could represent a chemical strategy aimed at
maintaining genome integrity depending on the cell cycles and
cell types.

Materials and methods

Materials

HPLC-grade oligonucleotides (Japan Bio Service, Saitama,
Japan) were dissolved in MilliQ water and stored at
—30°C before use. For the spectroscopic analyses, the
i-motif sequences from the human telomere i-motif
(hTelo iM: 5’-CCCTAACCCTAACCCTAACCCTAA-
3), Hifla gene (cHifla: 5-CGCGCTCCCGCCC
CCTCTCCCCTCCCCGCG-3'), ILPR  gene (cILPR:
5’-CCCCACACCCCTGTCCCCACACCCCCGG-3'), and
Bcl2 gene (cBcl2: 5'-CAGCCCCGCTCCCGCCCCCTTCC
TCCCGCGCCCGCCCCTCGG-3') were used. For the repli-
cation assay, the template DNAs containing each i-motif
sequence shown above were used. Each template DNA was
hybridized with the primer sequence labelled with fluorescein
amidite (FAM) at the 5’ terminus and used for replication
assays. All the sequences used in this study are shown in
Supplementary Table S1. DNA concentration was determined
by measuring the absorbance at 260 nm and 90°C using a
Shimadzu 1700 spectrophotometer (Shimadzu, Kyoto, Japan)
connected to a thermoprogrammer. PEGs with average MWs
of 200, 400, 600, and 1000 (PEG200, PEG400, PEG600,
and PEG1000) were purchased (Wako Pure Chemical In-
dustries Ltd., Osaka, Japan). OEGs, which are tetraethylene
glycol (EGy), pentaethylene glycol (EGs), hexaethylene glycol
(EGg), heptaethylene glycol (EG7), octaethylene glycol (EGg),
nonaethylene glycol (EGy), and decaethylene glycol (EGyg)
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were purchased (Tokyo Chemical Industry, Tokyo, Japan).
The PEGs and OEGs were used without further purification.
Na-phosphate (10 mM) or Na-acetate buffer (100 mM NaCl
and 1 mM ethylenediaminetetraacetic acid (EDTA)) was
prepared. Solutions containing PEGs or OEGs were prepared
in these buffers, and the pH of the solutions was adjusted
with HCl or NaOH. All other chemicals were purchased
(Wako Pure Chemical Industries Ltd., Osaka, Japan) and
used without further purification. The DNA solutions were
dried in vacuo and dissolved in each buffer solution before
the experiments.

Thermodynamic analysis

Ultraviolet (UV) absorption spectra were recorded using a Shi-
madzu 1700 spectrophotometer equipped with a thermopro-
grammer. The concentration of DNA in all experiments was
10 uM, unless otherwise noted. UV melting curves were mea-
sured at 260 and 295 nm. Sample solutions were incubated at
90°C for 5 min and cooled to 0°C at a rate of 1.0°C min~.
For melting, the sample solutions were incubated at 0°C for
5 min and heated to 90°C at a rate of 0.5°C min~!. To cal-
culate thermodynamic parameters (enthalpy change AH®, en-
tropy change AS°, and free energy change at 37°C AG°37)
for i-motif formation and melting temperature (Ty,), the melt-
ing curves were fitted to the theoretical equation for an in-
tramolecular association [36] using KaleidaGraph Software
[37]. Measurements of water activity and dielectric constants
were performed as described previously [37, 38] and listed in
Supplementary Table S2.

Circular dichroism spectroscopy

Circular dichroism (CD) experiments were performed using
a JASCO ]J-1500 spectropolarimeter (JASCO, Tokyo, Japan)
at 4°C. The CD spectra reported were the averages of at least
three scans measured from 190 to 350 nm at a scan rate of 100
nm min~'. Prior to the measurement, the sample was heated at
90°C, then cooled at a rate of —1°C min~"' to 4°C and main-
tained at 4°C for at least 1 h.

NMR spectroscopy

NMR experiments were performed using Bruker AVANCE
NEO 800 MHz spectrometers with QCI (quadruple resonance
NMR cryoprobe for triple resonance bio-NMR and fluo-
rine applications) and TCI (proton-optimized triple resonance
NMR) cryoprobes. NMR spectra were processed and anal-
ysed with Topspin 4.1.3 (Bruker, Germany) and NMRFAM-
SPARKY software [39]. NMR experiments were performed
on samples prepared in 90% H,O + 10% 2H,O (v/v), 20-
or 200-mM deuterated Na-acetate buffer (pH 4.0 or 5.0)
with DNA concentrations ranging between 0.2 and 0.6 mM
per strand. The DNA oligonucleotides for NMR experiments
were synthesized on an H-8 synthesizer (K& A LaborGerite)
using standard phosphoramidite chemistry. NMR samples
comprising the cosolutes were prepared in the presence of
either 20 wt% deuterated ethylene glycol (Eurisotop) or 10
wt% deuterated polyethylene glycol 8000 (Polymer Source).
"H NMR experiments were acquired with a spectral width of
24 ppm, 64 scans, 4 dummy scans, and a relaxation delay of
3's. 'TH NMR chemical shifts were referenced with respect to
the signal at & 0.0 ppm, corresponding to sodium trimethylsi-
lylpropanesulfonate (DSS). Assignment of the imino, amino,
and methyl resonances relied on *N- and }C-edited HSQC
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experiments acquired on partially (8%) site-specifically 'YN-
and B3 C-isotope labelled oligonucleotides. 2D NOESY spec-
tra (mixing time = 300 ms) were acquired with 640 and
4096 complex data points in F1 and F2 dimensions, respec-
tively. The excitation sculpting water suppression method was
used in the 1D and 2D NMR experiments. The distances de-
rived from the volume integrals of cross-peaks in 2D "H-'H
NOESY spectra (t, = 300 ms) using the isolated two-spin
approximation were calibrated against a reference distance of
2.99 A, corresponding to the intraresidual Me-H6 cross-peak
of the T10 residue in a given 2D NOESY spectrum.

MD simulation

The initial structure of the i-motif DNA was obtained from
the Protein Data Bank (PDB ID:1EL2 [40]). Since the 7th
nucleotide in the structure was methylated and the 16th nu-
cleotide was an uracil base, the 7th and 16th nucleotides were
replaced with cytosine and thymine bases, respectively, using
Discovery Studio Ver. 17.2.0. The proton state of the i-motif
followed the initial structure. Using AmberTools, 15 sodium
cations were placed around the phosphate groups of the i-
motif to neutralize the system charge. For the i-motif, Amber
ff99bsc0 was applied to nucleotides in the i-motif [41]. By con-
trast, there was no force field for nucleotides with protonated
cytosine in Amber ff99bsc0. Thus, these molecules were ap-
plied to general AMBER force fields (GAFFs) [42, 43] with
restrained electrostatic potential (RESP) charge calculated us-
ing the Gaussian 09 software [44]. These force fields were
converted with the ACPYPE software [45] for Gromacs MDs
package [46]. The size of the simulation box was set at 7.4
nm x 7.4 nm x 7.4 nm as a cube with a minimum distance
of 2 nm between the i-motif and the box wall. The box was
filled with TIP3P water molecules [47]. For simulating the sys-
tem in the crowding conditions, since it is difficult to repro-
duce PEG molecules containing broadly distributed MWs, we
used OEGs close to the average MW of each PEG as follows:
EG4, EGy, EGy3 and EG;, were used as PEG200, PEG400,
PEG600, and PEG1000, respectively. These molecules were
constructed using Discovery Studio and added to the system.
The force fields of these molecules, as well as nucleotides with
protonated cytosine, were employed by GAFFE. To set the con-
centration of PEGs to 0.1 M, 24 PEG molecules were added
to the system. Finally, 24 sodium cations and 24 chloride an-
ions were randomly added to both the dilute and crowding
conditions at a 0.1 M salt concentration.

Optimization and MDs simulations for these systems were
performed using Gromacs Ver. 2020. After 10 000 steps of sol-
vent optimization, 10 000 steps of system optimization were
performed. The systems were heated to 298 K for a 100 ps
canonical ensemble (NVT ensemble) by constraining the i-
motif structure. Thereafter, the systems were equilibrated at 1
atm for 1 ns and sampled for 100 ns in an isothermal-isobaric
ensemble (NPT ensemble). Simulations were performed three
times for the system in a dilute solution in the presence of 0.1
M EG4, EG9, EG13, and EGzz.

Calculation of the energetic contribution of
excluded volume of the solution

The excluded volume depends on the volume of the nucleic
acid structures as well as size of the cosolutes. In the pres-
ence of a significantly higher concentration of the cosolute
compared with that of nucleic acid, AG®37 ¢yhTelorv Was de-
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termined using Equation (1):
AG?Tev-hTeloIM =RT x p x AV xC, (1)

where R is the gas constant in kcal mol~! K~', T is the tem-
perature in kelvin (K), p is the density of water in kg L™!, AV
is the change in the excluded volume between the nucleic acid
and the cosolute upon iM formation in L mol~!, and C is the
molal concentration of the cosolute in mol kg~ [48]. AV for
iM formation can be represented as Equation (2):

AV = ViM - VSS’ (2)

where Vim and Vi are the volumes excluded by the iM and
the single strands, respectively. V was determined from the fol-
lowing relation in Equation (3), considering iM as cylinder
and cosolutes as polymeric chains [49];

V=NxI?xNyxkx107, (3)

where N is the monomer number present in the cosolute, / is
the statistical segment length of the polymer in A, N is Avo-
gadro’s number (6.022 x 10 mol~'), and k is a geometrical
factor derived from the length and radius of the nucleic acid
structure in A. The factor 10727 is used for the conversation
of A% to L.

Since the 24-mer hTelo iM can be considered as two 12-mer
intercalated hairpins, the radius of the iM should be equal to
the radius of a single hairpin structure, and the length should
be equal to the length of a 12-mer hairpin, which is equal to
the length of a 6-mer duplex. Using the parameters listed in
Supplementary Table S3, we calculated V/N for iM-PEG us-
ing Equation (3) (Supplementary Table S3). From the calcu-
lated V/N values, the AV/N for iM-PEG was elucidated to
be —0.44 L mol~! using Equation 2. AG®37 ¢, yTelomv for the
different PEGs and EGs were then calculated using Equation
(1) and the values are listed in Supplementary Table S4.

DNA replication assay

The DNA replication assay was carried out at 37°C as
reported [12]. Briefly, for reaction mixtures, FAM-labelled
primers and each template DNA were annealed in the buffer
used in the replication reaction: 1 uM annealed DNA, 1
uM Klenow Fragment DNA polymerase with 3'->35" exonu-
clease deficient (KF exo-), 250 uM dNTPs, 40 mM 2-(N-
morpholino)ethanesulfonic acid (MES), 100 mM KCl, 8 mM
MgCl,, and 20 wt% PEG200, PEG400, PEG600, or PEG1000
adjusted at pH 6.0 were added as indicated. The reaction
was initiated by adding KF exo- to the reaction mixture and
stopped at the designated time by placing the aliquots into the
stop solution containing EDTA and N,N-dimethylformamide
(DMF). After the reaction was stopped, the reactants were
separated through electrophoresis using polyacrylamide con-
taining 7 M urea and analysed on the fluoroimager (FLA-
5100, Fuji Film) to quantitatively detect the extended primer.
The intensities of the bands were analysed using NIH Im-
age] software. The amount of full-length product (P) was
quantified by calculating the ratio of the intensity of full-
length product bands to the intensity of all bands. The kinetic
model was applied to the two-step sequential model was as
follows:

ks k
Py = P, = P,

d[P]
o= kR,

d[P]
dt

=ks [PO]_kf[Ps]v

P
% = kf [P] .

where Py is the starting state of the reaction; Py is the state
immediately after the stall is resolved; Py state after repli-
cation of the full-length product is completed; k, (min~'),
rate constant from the start of the reaction till the stall is
resolved; and k¢ (min~!), rate constant from the resolution
of the stall to the complete synthesis of the full-length prod-
uct. Stalling before i-motif unfolding is the rate determin-
ing first step. The second step is replication progress after
i-motif unfolding, which is faster than the unfolding itself
[12]. Rate constants were evaluated by global fit using Dy-
nafit (Biokin) to solve the above equations through numerical
analyses.

Results and discussion

Thermodynamic stability of hTelo iM in the
presence of PEGs and OEGs

We used the i-motif forming sequence d(C3TA;)s termed
hTelo iM from human telomeres (Supplementary Table S1) as
a structural model, because information on the tertiary struc-
ture of this i-motif structure is available [40]. To investigate
the effect of molecular crowding on stability, we performed
UV melting assays of hTelo iM in the presence of PEGs and
OEGs with different MWs and obtained thermodynamic pa-
rameters for hTelo iM formation (AH®, AS°, and AG°37) and
melting temperature (Ty,). At pH 5.0, we measured the hyper-
chromicity at 260 nm, originating from the dissociation of the
C-C* base pair stabilized by the induced dipole moment. Melt-
ing profiles indicated that, compared to the stability in the ab-
sence of PEGs, PEG200 had a marginal effect on the stabiliza-
tion of hTelo iM, whereas PEGs with an average MW of >400
stabilized the hTelo iM structure (Supplementary Fig. STA).
The thermodynamic parameters for hTelo iM in solutions
with different PEGs were derived by fitting the melting curves
and are listed in Table 1. As shown in Supplementary Fig. S1A,
Table 1 reflects that hTelo iM stability at 37°C (-AG°37)
slightly decreased in the presence of PEG200, with values of
—AG°37 being 2.9 kcal mol™! in the absence of PEGs and
2.6 kcal mol~! in the presence of 20 wt% PEG200, respec-
tively. By contrast, —AG°37 values of hTelo iM increased sig-
nificantly in the presence of 20 wt% PEG400, PEG600, and
PEG1000 by 0.7, 0.9, and 0.9 kcal mol~', respectively. The

Table 1. Thermodynamic parameters of hTelo iM?

AH° (kcal TAS° (kcal —AG®37 (kcal

CosoluteP Tm (°C) mol~1) mol~1) mol~!)

Without PEG  53.9 4+ 0.7 —588+47 -559+44 29403
PEG200 52.6 £1.3 —543+£10.2 —-51.7+9.5 26+0.7
PEG400 64.9 £ 1.2 —439+28 —-403+25 3.6+04
PEG600 64.0 £ 1.2 —48.6 £ 6.6 —448+6.1 3.8+0.5
PEG1000 63.9 +1.7 —47.5+6.0 —43.7+58 3.8+03
EGy 59.9£2.5 —41.3+48 —-385+45 28+04
EGs 55.1+2.6 —46.5+6.8 —439+6.8 25+0.2
EGg¢ 62.7 £ 1.7 —448 £5.0 —414+45 34+05
EG; 62.4+ 0.4 —432+33 -399+3.0 33+£03
EGg 64.8 + 1.6 —42.9 £11.7 -394 +10.8 3.5+0.8
EGo 66.1+1.9 —49.6 £10.9 —-454+98 43+1.1
EGyo 60.4 £+ 3.8 —48.0+52 —447+54 33+03

2The buffer condition was 10 mM sodium phosphate buffer containing 100 mM
NaCl and 1 mM EDTA (pH 5.0).
bThe concentration of cosolute was 20 wt%.
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Figure 1. Plot of —AG°37 of hTelo iM against (A) water activity (ay) and (B) dielectric constant (e) of the cosolute solutions. Each solution was buffered
with 10 mM sodium phosphate buffer containing 100 mM NaCl and 1 mM EDTA (pH 5.0). The cosolute concentration was 20 wt% at 37°C.

drastic change between the effects of PEG200 and PEG400
on the stability of hTelo iM was confirmed in the presence
of 20 wt% monodisperse ethylene glycol (EG) polymer OEG.
Table 1 shows that the —AG°37 values of hTelo iM in EGy
and EGs were similar to the diluted solution but they were
markedly increased in EGg (MW = 282) and larger. The ther-
modynamic parameters in all these cases (Table 1) show that
i-motif stabilization is dominated by a favourable enthalpic
contribution.

We also tracked the absorbance at 295 nm that showed
hypochromicity for the i-motif as the signature of non-duplex
structures [50]. Interestingly, we found that the magnitude of
hypochromicity decreased with increasing MW at 20 wt%
PEGs with a MW of >400 or EG4 (Supplementary Fig. S1).
As the hypochromicity depends on the stacking of the bases
[51], the i-motif structure could be differently affected by
each PEG molecule. However, the CD spectra of hTelo iM
showed signatures of typical i-motif structures [52] without
changes in the presence of PEGs (Supplementary Fig. S2A),
suggesting that the global conformation of hTelo iM remained
unaffected in the presence of PEGs. Therefore, the decrease
in hypochromicity at 295 nm was due to changes in the
local geometry of the tetraplex configuration. The decrease
in hypochromicity was obvious for PEG400 and PEG1000
(Supplementary Fig. S1B).

The stability of hTelo iMs in the presence of PEG400 and
PEG1000 was relatively high. To test the relation between
the hypochromicity and the stability of the i-motif, the UV
melting of hTelo iM was conducted in more and less stable
conditions by varying the pH. At pH 4.0, the i-motif struc-
ture becomes more stable than that at pH 5.0, because the
pK, of cytosine is 4.3. The UV absorbance changes at 295
nm showed hyperchromicity in all the cases with any MW
of 20 wt% PEGs (Supplementary Fig. S3). By contrast, in
the less stable condition at pH 6.0, due to reduction of pro-
tonation of cytosines, the hypochromicity at 295 nm with
the increasing MW of the PEGs at pH 6.0 was a lot less
than that of the solutions at pH 5.0 (Supplementary Fig. S4).
Therefore, PEGs may alter the configuration of the stacked
C-C* base pairs of hTelo iM and stabilise the structure, sim-
ilar to the stabilizing effect of acidic conditions on i-motif
stability.

Analysis of physicochemical properties affecting
hTelo iM stability

The results above indicated that the difference in the stability
and structure of hTelo iM between PEG200 and PEG400 was
due to changes in some physicochemical properties of the so-
lution related to their MW such as water activity, the dielectric
constant, and the excluded volume effect [27, 53]. In particu-
lar, the change in the water activity of the cosolute solutions
depends on their chemical nature and MW [54]. We plotted
—AG°37 of hTelo iM measured in the presence of 20 wt% of
different OEGs and PEGs against their respective water ac-
tivity (ay) values (Supplementary Table S2 and Fig. 1A). The
plot showed a positive correlation between i-motif stability
and water activity. This trend was similar to the cases of du-
plexes [54], which indicated that the i-motif formation was ac-
companied by specific hydration of the formed structure [34].
The observation is also consistent with the previous report
[55], in which the stability of the ¢-MYC i-motif was stud-
ied in the presence of different cosolutes. The concentration
dependency of PEGs indicates that the stability of hTelo iM
increased with increasing concentration of PEGs, except for
PEG200, in which stability remained almost unaffected up to
20 wt% cosolute concentration and then slightly destabilized
at 40 wt% (Supplementary Fig. S5). As for the dielectric con-
stant (e;), no specific trend in the i-motif stability against 1/¢,
values was observed because 1/¢, values did not vary in so-
lutions containing each cosolute (Supplementary Fig. S4 and
Fig. 1B). In a previous report, the stability of the i-motif did
not change with changing salt concentrations [56], suggesting
that the dipole moment of the base pairs and the electric repul-
sion of the phosphate backbones are not significantly affected
by changes in dielectric constants. Regarding the exclude vol-
ume effect, the formation of the DNA structure should be fa-
cilitated by larger cosolutes. Thus, the excluded volume effect
by cosolutes contributed to the stabilization of hTelo iM with
PEG400 and larger cosolutes. Therefore, the analysis of the
physicochemical properties of the i-motif stability suggested
that water activity played a crucial role in the destabiliza-
tion of solutions containing relatively small cosolutes such as
PEG200 and stabilization of solutions containing larger coso-
lutes. However, based on UV spectroscopic data, there can be a
specific mechanism that causes certain configuration changes
in the i-motif structure via a larger cosolute, which stabilizes

G20z AInr 91 uo sesn nsu| pisliwey Aq 06£8.18/00G+eMB/Z L/£S/a[01./1BU/W0d dNo dlWwapedk//:Sd)y Woly pspeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf500#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf500#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf500#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf500#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf500#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf500#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf500#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf500#supplementary-data

6  Takahashi et al.

D Narrow grooves

A

5.8

6.0
3
& 6.21
T

6.4+

6.6 { COH1-C13H1" ) .

0 C8H1-C15H1" C21H1-C1H1
6.6 6.4 6.2 6.0 5.8
H (ppm)
B C
[ without cosolute (pH 5) EG
\évé; lout cosolute (p! -PEG 8000
4.0+ I PEG 8000 0.02+ I vithout cosolute pH 4.0

[ without cosolute (pH 4)
3.54

3.0
2.5
2.0
1.54
1.04
0.5

54 'H (without cosolute pH 5.0)-

"H-"H NOESY-derived distance (A)

(EG) or (PEG 8000) or (without cosolute pH 4.0) [ppm]

0 <\0“61LF“BHE
C21H1-C1H1' COH1-C13H1" CB8H1-C15H1"

m¥®

1«“W1Aﬂ‘e‘wi‘ﬂw

Figure 2. NMR spectroscopy for i-motif twisting. (A) Overlay of NOESY NMR spectra of hTelo 22 iM acquired at 25°C without cosolutes pH 5.0 (grey), in
the presence of 20 wt% EG at pH 5.0 (red), in the presence of 10 wt% PEG 8000 at pH 5.0 (blue) and without cosolutes at pH 4.0 (green). (B) Distances
between anomeric H1' protons C1 and C21, C9 and C13, and C8 and C15 assessed from NOESY spectra. (C) "H NMR chemical shift differences of
methyl (Me) and aromatic (H6) protons of thymine residues of hTelo 22 iM in the presence of 20 wt% EG, 10 wt% PEG 8000 and without cosolute at
pH 4.0 with respect to without cosolutes at pH 5.0 deduced from the NMR spectra acquired at 25°C. (D) Schematic illustration of the static structural
changes of narrow grooves suggested by NMR. Yellow arrows are images of the structural changes of the strands induced by PEGs.

i-motif DNA (Supplementary Fig. S1). This required further
structural analyses at the atomic level to reveal the structural
dynamics of i-motifs in PEGs.

Structural analysis of i-motif configuration by NMR

"H NMR spectra of iM adopted by d((C3TA;)3C3T) named
hTelo22 acquired from 10 to 35°C in the absence of coso-
lutes (Supplementary Fig. S6A) and the presence of 20
wt% EG (Supplementary Fig. S6B) or 10 wt% PEGS8000
(Supplementary Fig. S6C) showed three intense and several
broad imino signals in the region between § 15.3 and 15.8
ppm. The analysis of other spectral regions including the aro-
matic one between § 7.4 and 8.5 ppm (Supplementary Fig.
S6A—C) indicated that hTelo22 adopted iM with similar fea-
tures regardless on the presence of cosolutes. The compari-
son of integral values of "H NMR aromatic signals of single-
stranded species and iM showed that iM was destabilized with
EG and stabilized with PEG8000 as expected from UV melting
(Supplementary Fig. S6D). The comparative analysis of struc-
tural details of iM adopted by hTelo22 relied on unambiguous
assignment of the "H NMR imino (Supplementary Fig. S7)
and amino (Supplementary Fig. S8) signals corresponding to
C-C* base pairs, achieved with the use of ’N-edited HSQC
spectra acquired on a series of oligonucleotides prepared by
incorporating partially '*N-isotope labelled residue at individ-
ual positions (Supplementary Figs S7A-E and S8A). The NMR
data in the absence and presence of EG and PEG8000 were
consistent with hTelo22 adopting i-motif, in which C2-C14*,
C3.C15*, and C8-C20* base pairs were buried within the
core of the structure. The structure(s) exhibited additional
C-C* base pairs, which were transiently formed as inferred

from the corresponding broad imino 'H NMR signals. In
particular, up to four cross-peaks were observed in the *N-
HSQC spectra of hTelo22 iM carrying a single '*N-isotope
labelled position. These data were in line with local structural
variations that promote exchange of imino protons with the
bulk solution for the cytosine residues beside the core of the
structure. Further comparative analysis of i-motif adopted by
hTelo22 iM in different conditions included comparison of
NOE interactions that reflected the distances between pairs of
proximal protons. Among the few non-overlapped NOESY
cross-peaks interactions of anomeric protons of C1 and C21,
C9 and C13, and C8 and C15 (Fig. 2A) reflected on the
widths of the narrow grooves between C7-C9 and C13-C15
on one side and C1-C3 and C19-C21 on the other side of
the i-motif structure. However, the observed differences be-
tween the NOE-derived widths of the narrow grooves at 25°C
were within the margins of experimental error margin (Fig.
2B), consistent with EG and PEG8000 insignificantly affecting
the i-motif structure. This was further corroborated through
the observation of only minor, i.e. AS <0.03 ppm, EG- and
PEG8000-induced perturbations in the thymine’s aromatic
H6 and methyl group '"H NMR chemical shifts (Fig. 2C).
Thus, considering the common folding topology under all
three conditions, the cosolutes-related variations in the ther-
modynamic stability of i-motif adopted by hTelo22 iM shown
above may originate from conformation fluctuations at mi-
croseconds or at a faster time scale on the NMR chemical
shift.

To investigate the relation between the hyperchromic ef-
fect observed in the UV melting experiments and the struc-
ture of i-motifs, NMR characterization of hTelo22 iM
was conducted in an aqueous solution in the absence of
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Figure 3. MD simulation of human telomere i-motif in the presence of different PEGs. (A) Schematic illustration of the central axis as the axis
connecting the midpoints between the C1” atoms. (B) Schematic structure of i-motif used for the simulation. (C) Image of the twist angle. C;—Cg and
C*19—C*,q are shown as examples. (D) Distribution of twist angles of hTelo iM and schematic illustrations of structural dynamics of i-motif structure.
Arrows are images of the strand fluctuations and the polarity of the strands, respectively.

cosolute at 25°C and pH 4.0 (Supplementary Fig. S3). In par-
ticular, the analysis of NOE cross-peaks-derived distances be-
tween the pairs of anomeric protons CIH1’-C21H1’, COH1’-
C13H1’, and C8H1’-C15H1’ (Fig. 2A and B) indicated that
the widths of the narrow groove between C7-C9 and C13-
C15 segments in hTelo22 iM became narrower upon low-
ering pH from 5.0 to 4.0 in the absence of cosolutes. Addi-
tionally, the analysis of thymine residues’ '"H NMR chemi-
cal shift perturbations under different conditions studied (Fig.
2C) showed minor changes, except for T10 H6 at pH 4.0.
These results confirmed the above interpretation regarding the
low pH-induced structural modulation of the i-motif adopted
by hTelo22 iM at the C7-C9 and C13-C15 segments bridged
by the T10-A11-A12 loop. As the minor grooves in the i-
motif are already extremely narrow, with inter-strand sug-
ars in close contact, this result suggest that the strands of

hTelo22 iM undergo twisting and change the minor groove
structure at the condition that showed hyperchromicity
(Fig. 2D).

Twisting of i-motif configuration elucidated by MDs
simulation

NMR was limited to measurements in the presence of EG and
PEG8000, providing indirect information regarding the struc-
tural dynamics of hTelo iM. Thus, MDs simulations were car-
ried out to study the structural changes and dynamics at the
atomic level under different PEG and OEG conditions. We
used the NMR structure of hTelo22 iM [40] as the initial
structure of MD simulations under 100 mM Na* condition in
the absence and presence of PEGs. As a system with the pres-
ence of OEGs, 0.1 M of EGy4, EGy, EGy3, and EG;; closely
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corresponding to the average MW of PEG200, PEG400,
PEG600, and PEG1000, respectively, were added into solu-
tion. We used equilibrated simulation data obtained after 50—
100 ns simulation of three different runs, as suggested by the
root mean square deviation data for coordinates of all atoms
on riboses and phosphates on the backbone of the i-motif, ex-
cept for hydrogen atoms (Supplementary Fig. S9). First, we
analysed the distance between the protons of C1 and C21, C9
and C13, and C8 and C135, similar to the NMR analysis. The
average distances in the presence of each OEG did not show
any changes dependent on the size of OEGs in the simulated
structures indicated by NMR data (Supplementary Fig. S10).
The relatively longer distance in the C21H1’-C1H1’ may be
due to the simulation biases because these terminal base pairs
are flexible and fluctuate. We also analysed the interphosphate
distance within the minor groove of the i-motif and observed
that OEGs did not decrease this distance compared to that in
the condition without cosolute (Supplementary Fig. S11). To
find the global structural changes in the i-motifs that could
not be detected by NMR, we analysed the twist angles of
the backbone of the i-motif helix to study the twisting of the
structure. This was because the UV data suggested changes
in the polarity of the dipole moment of C-C* base pairs. We
defined the central axis as the axis connecting the midpoints
between the C1’ atoms (Fig. 3A) of the nucleotides forming
the C.C* base pairs in the first (C*1—C*3) and third (C;3-
Cys) C-tract, and the second (C7—Cs) and fourth (C*19—C*51)
C-tracts of the i-motif structure (Fig. 3B). We calculated the
twist angles between C1” atoms at positions one and three,
seven and nine, 13 and 15, and 19 and 21 relative to this axis
(Fig. 3C). In the absence of PEGs, the twist angles of C*{—
C*; and Cy3-Cys5 were mainly distributed between 20° and
40°, while those of C7—Cy were 10°-60° and those of C*{9—
C*,1 were 10°-40° (Fig. 3D). In the presence of 0.1 M EGa,
C*1-C*5 showed a wider range of twist angles from 10° to
50°, with a 20° peak as illustrated in the scheme shown in
Fig. 3D (orange arrows). These results indicated that EGy in-
duced larger fluctuations in the i-motif than in the absence
of PEG. However, for EGo, EGy3, and EG;;, the twist an-
gle distributions of C*;-C*3 and C;—Cy were narrower than
those in the absence of OEG and the presence of EGy as il-
lustrated in Fig. 3D (yellow arrows). This suggested that a
twisted configuration was restricted in solutions containing
large OEGs and PEGs. To highlight the distribution in Fig.
3D, box-and-whisker plots of the twist angles were presented
(Supplementary Fig. S12). We also performed MD simulation
on the structure of the ILPR i-motif that was recently solved
by X-ray crystallography, as well as on another intramolecular
i-motif available in the Protein Data Bank [17]. As shown in
Supplementary Figs S13 and S14, we analysed the distribution
of twist angles in the ILPR iM and observed a slightly broader
angle at C*4—C*; under PEG200 conditions compared with
that in the absence of PEG or in the presence of larger PEGs,
as observed in the hTelo iM case. However, the fluctuation in
twist angles was smaller than that in the hTelo iM case because
the ILPR reference structure was derived from a molecularly
packed crystal condition that affected the tetraplex structure
compared to the solution conditions. These findings confirmed
that the twisting action of the i-motifs, triggered in a size-
dependent manner by added PEGs, also occurred in the ILPR
iM.

The twisting of i-motif strands might be due to the interac-
tion between the phosphate backbone and counter-ions, be-

cause the histogram of the simulated diffusion constant of
Na* ions showed that >80% of the fraction of Na* ions had
<10 x 10~ cm? s~! for the diffusion constant, and those
fractions in the presence of EGo and larger cosolutes were
relatively large when compared to in the absence of cosolute
or the presence of EGy4 (Supplementary Fig. S15). In the EGy4
condition, the interaction of Na* ions with phosphates on the
backbone frequently induced changes in the orientation of the
strand. By contrast, in the presence of EGy and larger ones,
the total amount of hydrated water and cations was reduced
compared to that in the dilute solutions. This resulted in the
restriction of the movement of cations near the backbone for
a long time, possibly affecting the twist angle. Therefore, the
twisting of the tetraplex orientation could only occur in the
presence of PEG400 and the PEGs with larger MWs or EGg
and the OEGs with larger MWs. However, untwisting might
have occurred in the presence of PEG200 or smaller OEGs
than EGg. Thus, putting together the NMR data and results
of MD simulation, the twisting of the strands of the i-motif
occurred depending on the size of PEGs and OEGs can be one
of the factors for stabilization of i-motifs.

Validation of the stability prediction of hTelo iM
based on water activity, excluded volume, and
twisting of the strand

We tested whether the stability of hTelo iM could be predicted
by parameterizing water activity and the excluded volume ef-
fect together with the twisting of the i-motif structure. We have
recently reported that the duplex stability could be calculated
as a sum of the functions including the difference of water ac-
tivity Aay, and the unit number of monomers in the cosolute,
which were separately calculated the energetic contribution
from the propagating the nearest-neighbour (NN) base pairs
to form the helix [53]. Following the NN model, the Gibbs
free energy change (AG®°) of the formation of hTelo iM in a
certain crowding condition can be led by sum of the stability
in the non-crowding condition and the energetical contribu-
tion by solution properties as Equation 4.

AG37 heelot = AG 37 b_heelolM
+ AG®37 car—hrelotv + AG"37 cro—heeloims  (4)

where the individual contributions of the bulk interactions
(AG®°,helorm) and environmental factors comprise the ener-
getic contribution of the cation (AG° e helorv) and crowder
(AG® o-heelorv) for the formation of hTelo iM at 37°C. As
demonstrated in this study, where the cation concentration is
fixed, the sum of the first and second term AG°37p peelonv +
AG®37 carhreloim 18 equal to AG® of the formation of hTelo iM
in the non-crowding condition without cosolute at 37°C, that
is, AG°37 heeloiv,nc Shown in Equation (5).

AG37 heeloimt = AG 37 heloM,ne + AG°37 cro—heeloivs ()

The energetic contribution of crowder could be considered
as the sum of the individual contributions from the excluded
volume effect and water activity [53]. Thus, Equation (5) can
be described as presented in Equation (6).

AG37 hteloim = AG”37 hTelolM, ne
+ AGO37,ev7hTelolM + AGO374,wa17h”l"elcoll\/l» (6)

AG®37 eyhTelomm for the different PEGs and OEGs were then
calculated as previous reports [48] (see the materials and
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methods in detail) and the values are listed in Supplementary
Tables S3 and S4. As for the contribution of the water activity,
we reported that AG®37 ., pTelonvt has a proportional relation
with changes in water activity (Aay,) [53]. Replacing the pro-
portional relation for AG®37 cyprelov and AG37 o hTelonv 1N
Equation (6), AG°37 pelomv 1s Obtained through Equation (7).

AG 37 weloi = AG”37 hTelolM, ne
+ (AGO37,5V7hTel()IM +mq X Aflw) P (7)

where m; is a prefactor for cosolutes, equivalent to the en-
ergy (kcal mol™') for the i-motif in the presence of a coso-
lute, and Aa,, is the value of change in water activity (@cosolute
— Apo cosolute)- Here, we further introduced another factor, D,
about the energetic contribution by the twisted structure in
addition to AG°37 relonv- As @ quantitative index of the dy-
namics, we used the twist angle for the magnitude of the
dynamics of the hTelo iM structure obtained by the MD sim-
ulations. The D value is the weight of the structural dynamics
of the hTelo iM obtained from the relative value of interquar-
tile range of the averaged all twist angles of the C-C* base
pairs when compared to that without cosolute, as shown in
the box-and-whisker plot calculated by the MD simulations
(Supplementary Fig. S11 and Supplementary Table S5). By
considering the structural factor (D), AG® of the twisted form
of hTelo iM (AG°37 pTeloiMsw) €an be expressed as Equation
(8):

AG?37 hrelotM+ew = AG”37 WTelolM,ne
+ (AGO37.EV—hT61()IM +mq X Aaw) +my X Dv
(8)

where m, is a prefactor for cosolutes, which is equivalent to
the value in dimension of kcal mol~! for the i-motif in the
presence of each PEG or OEG and D is a dimensionless value
as explained above.

When the prefactors of 71 and 7, were obtained as —54.5
and 0.33 by the linear least square fitting using a Python pro-
gram [57], respectively, the ~AG®37 hrelomvsnw Values in each
crowding condition could be predicted with errors of 6.0%
(Supplementary Table S6) which showed better prediction
than that without consideration of the D value and has com-
parable accuracy with the prediction for the stability of the
duplexes [58, 59]. This validation indicates that the consider-
ation of the structural properties of the i-motif in addition to
the solution properties was required for accurate stability pre-
diction of the i-motifs. On the other hand, the biological im-
pact of the twisting of the i-motif can be affected by not only
stability but also dynamics of the structure. Thus, the twist-
ing of the structure may affect the dynamics of i-motif for the
reaction along the DNA more than the stability of i-motif.

Biological impact of twisting of i-motif

For biological impact of the dynamics of i-motif structure, we
investigated the twisting effect of the i-motif structure on the
replication of a DNA strand containing i-motif sequences as
i-motif formation may trigger genomic instability [12]. The
processive reaction of a DNA polymerase is stalled by the
formed i-motif until the i-motif is unfolded [12]. This un-
folding process consists of multiple steps including the poly-
merase binding to the i-motif, induction of a conformational
change of i-motif structure, dissociation of the tetraplex struc-
ture, and so on. Although the polymerase reaction should be
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slower than the twisting reaction estimated in the order of mi-
croseconds or less from NMR and MD simulation data, the
formation of the protein complex with the DNA can be af-
fected, because the dynamics changes of the DNA causes the
changes in mobility and direction of motion that perturbs the
recognition of the DNA by the protein [60]. If the twisting
dynamics triggered by molecular crowding increases or de-
creases the energetic barrier of the recognition of the i-motif
by the polymerase, the following unfolding process of the i-
motif induced by the polymerase would be regulated. Here, we
tested the DNA polymerase assay using template DNAs with
different i-motifs of human genes from ILPR, Bcl2, and Hifla
(named cILPR, cBcl2, and cHifla) at pH 6.0, with 20 wt%
PEGs of different MWs (Supplementary Fig. S16). To exam-
ine replication efficiencies with thermodynamics of i-motifs,
we analysed the rate constant (ks) to overcome the repli-
cation stall at 37°C and thermodynamic stability (-AG®37)
(Supplementary Figs. S17 and S18) for our original method,
called the quantitative study of topology-dependent replica-
tion [12, 61 ,62]. This approach can clarify the stability phase
diagram of non-canonical structures versus the activation en-
ergy of replication process from the polymerase binding to the
unfolding the of structure (AG%37). In the analysis, the trend of
regression line on the plots of ~AG°37 and Ink, suggested that
the mechanism of the unfolding of i-motifs by polymerase was
common in each case. Figure 4A shows the plots of ~AG°37
and Ink; of each i-motif in the presence of PEGs. We reported
previously that PEG1000 exhibited replication stalling more
strongly than PEG200 [12]. Together with these data, the re-
sults obtained from the replication in the presence of the dif-
ferent PEGs indicated that PEG400 and larger PEGs showed
a much more efficient replication stall than PEG200 (Fig. 4A).
This suggests that twisting and untwisting of the i-motif de-
pending on PEGs affected the efficiency of the replication stall.
To quantitatively compare this with each replication kinetics,
we introduced « value calculated by Alnks/A(-AG°37) com-
pared with the data from the reference DNA template not hav-
ing any secondary structures [12] and determined o values as
—0.79 (20 wt% PEG200), —1.7 (20 wt% PEG400), —1.8 (20
wt% PEG600), and —1.6 (20 wt% PEG1000), respectively
(Fig. 4B). As Alnk is proportional to the AG*37 [12, 62], the
ratio of the & value corresponded to that of AG¥3- for resolv-
ing the i-motif by KF exo-. The « value obtained in 20 wt%
PEG200 was about half of that obtained in larger PEGs, sug-
gesting that the required activation energy for resolving the
twisted i-motif structure in the DNA template by polymerase
was two-fold larger than that required for resolving the un-
twisted structure. As a result, the processivity of DNA poly-
merase along the template may be faster in the solution of
PEG 200 than in PEGs of higher MW. Therefore, these results
indicate that the twisting step due to the dynamics of the i-
motif is dependent on molecular crowding. This regulated the
recognition of the i-motif structure by the polymerase to form
the polymerase-DNA complex, resulting in regulation of the
replication kinetics of i-motif forming DNA.

We previously showed that the topology of G4s could
affect replication efficiency due to the difference in unfolding
kinetics depending on those structures [12, 61]. The topology
of G4 can be recognized or regulated by protein binding in
cells [63]. However, almost no protein binds to i-motif in cells
[10]. Thus, the biological impact of i-motif on gene replica-
tion and expression is probably regulated by the molecular
environment in cells. Interestingly, our previous study
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Figure 4. Replication of i-motif containing DNAs affected by twisting with different PEGs. (A) Plots for the logarithms of rate constants for reactions
versus —A G°37 values to produce full-length replication product from i-motif-forming templates in the presence of 20 wt% PEG200 (blue), 20 wt%
PEG400 (red), 20 wt% PEGB600 (green), and 20 wt% PEG1000 (orange). The blue and orange lines indicate the linear correlation between Inks and
—AG°37 of i-motif-forming sequences in the presence of 20 wt% PEG200 and 20 wt% PEG1000 as reported in our previous study, respectively. [13] All
the reactions were performed with 40 mM MES (pH 6.0), 8 mM MgCl,, 100 mM KCI, 20 wt% each PEG, 1 uM KF exo- and 250 uM dNTPs at 37°C. (B)

Relation between « values and cosolute molecules.

environment in the nucleolus of
mimicked by PEG200 condi-
tions [30]. This suggests that the function of i-
motif DNA may be differentially regulated in
different areas of the nucleus. As expected, the numbers
of foci detected by the i-motif antibody were dynamically
changed by cell cycles [6], suggesting changes in the stability
and/or the affinity of the antibody to the i-motifs due to
the twisting of i-motif induced by the nucleus environment.
Particularly, the detection of i-motif was obviously reduced in
S-phase of the cell cycle when DNA was replicated [6]. Our
results suggest that the molecular environment in cells during
S-phase has PEG200 like conditions, reducing the activation
energy of the resolving i-motifs for smooth replication. In
other words, the disorder of the cellular environment in
S-phase can cause the replicative stress, resulting in cancer
progression and neurodegenerative diseases [64]. In line with
this, it has been reported that i-motif could be an important
causal source of genomic instability in cancer cell lines [65].
Therefore, our findings provide an important biological
aspect regarding i-motifs, that the stability of the i-motif
structures and biological functions of the i-motif in cells
can be regulated by twisting the helix by altering cellular
environments without binding proteins to i-motifs. Thus,
employing i-motif ligands with roles similar to the PEGs
could be an attractive strategy for i-motif dependent gene
replication and transcription.

revealed that the
HeLa cells can be
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