
1624–1634 Nucleic Acids Research, 2018, Vol. 46, No. 4 Published online 25 January 2018
doi: 10.1093/nar/gky035

i-Motif of cytosine-rich human telomere DNA
fragments containing natural base lesions
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ABSTRACT

i-Motif (iM) is a four stranded DNA structure formed
by cytosine-rich sequences, which are often present
in functionally important parts of the genome such
as promoters of genes and telomeres. Using elec-
tronic circular dichroism and UV absorption spectro-
scopies and electrophoretic methods, we examined
the effect of four naturally occurring DNA base le-
sions on the folding and stability of the iM formed
by the human telomere DNA sequence (C3TAA)3C3T.
The results demonstrate that the TAA loop lesions,
the apurinic site and 8-oxoadenine substituting for
adenine, and the 5-hydroxymethyluracil substituting
for thymine only marginally disturb the formation of
iM. The presence of uracil, which is formed by enzy-
matic or spontaneous deamination of cytosine, shifts
iM formation towards substantially more acidic pH
values and simultaneously distinctly reduces iM sta-
bility. This effect depends on the position of the dam-
age sites in the sequence. The results have enabled
us to formulate additional rules for iM formation.

INTRODUCTION

Endogenous biochemical reactions and exogenous effects
can trigger the formation of reactive oxygen species (ROS)
in cells, which react with various molecules in cells includ-
ing biomacromolecules. Of these, nucleic acids are among
the main macromolecular targets of ROS induced damage
(1). The physical and biochemical effects of this damage
has been thoroughly studied with double helical (2) and a
few non-B DNA models, including the four-stranded G-
quadruplexes (3–5). Another four-stranded non-canonical
nucleic acid architecture is the i-motif (iM), which can also
be targeted by intracellular ROS reactions.

Oligo- and polynucleotides with repeating cytosine (C)-
rich sequences tend to form iM structures in slightly acidic
conditions (6). The iM consists of two parallel stranded

duplexes that are held together by hemi-protonated cyto-
sine base pairs (C·C+) (Figure 1A) and are mutually in-
tercalated in antiparallel orientation (Figure 1B). C-rich
sequences of the human genome also form iM structures
facilitated by negative superhelicity and crowding under
physiological conditions. This implicates a biological role
of this architecture (7–15). Due to the pH-dependence of
iM formation, nanotechnology has been using iM-forming
sequences as pH-switches, DNA-nanomotors and other
DNA nano-devices (16,17). Earlier (7) as well as recent re-
views (8,16,18) have evaluated many aspects of the sequence
requirements, kinetics, topology and stability of iMs, their
significance in gene expression, and in iM–ligand complex
formation. Structural features of iMs have also been stud-
ied with nucleotide analogues, similarly to the other four-
stranded non-B fold, the G-quadruplexes (4). However,
the spectrum of the natural and synthetic building blocks
used in iM studies is less comprehensive than with the G-
quadruplexes. Primarily, 5-methylcytosine (5mC), an epi-
genetic modification has been studied in detail (13,19–24).
Publications on ROS-induced damage include derivatives of
5mC: 5-hydroxymethylcytosine (5hmC), 5-formylcytosine
and 5-carboxycytosine. These oxidized derivatives are not
only intermediates of enzymatic demethylation of mC but
also serve as epigenetic marks in mammals (13,20). The
5mC, except in the case of hypermethylation, stabilized (20),
whereas 5hmC destabilized the iM (13). iMs fold near pH 6,
but replacing C with 5mC shifts this pH towards neutral val-
ues, while replacing C with 5-bromocytosine (5BrC) shifts
the pH to more acidic values (25). Regarding loop modifi-
cations, loop length and sequence have been found to sig-
nificantly impact the thermodynamics and kinetics of the
folding of iM DNA (26–31). The effect of substitutions of
loop nucleotides of iMs has barely been studied (24,32–34).

We have long been interested in investigating the ef-
fect of natural base lesions on the folding topology of G-
quadruplexes of the human telomere DNA sequence. We
substituted G bases of the G-tetrads by derivatives of G,
such as 8-oxoguanine (35) and an abasic site (36), and
recently, by incorporating 8-oxoadenine (8oxoA), adenine
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Figure 1. (A) A hemiprotonized C·C+ base pair; (B) a schematic structure
of an intramolecular iM; (C) CD and (D) UV absorption spectra reflecting
iM formation induced by decreasing pH from 7.5 (orange) to 5.0 (black).
The course of iM formation and unfolding is monitored by changes in �ε
at 288 nm and ε at 296 nm, respectively, as indicated in the figure.

abasic sites and 5-hydroxymethyluracil into the TTA loops
of the human telomere G-strand quadruplex (3). However,
the effects of natural lesions in the complementary C-rich
human telomere (htel) sequence have not been studied yet.
Here, we present the results of the effects of the most fre-
quently occurring natural base lesions within the loops and
the core cytosines of the iM formed by the htel C-strand
22mer sequence, 5′-(CCCTAA)3CCCT-3′. The study in-
cludes the influence of the 8oxoA, and the abasic site re-
placing 2′-deoxyadenosines, and 5hmU (37) substituting for
thymine of the TAA loops, and of the uracil, the deamina-
tion product of core cytosines (38,39), on the formation and
stability of the htel iM.

MATERIALS AND METHODS

Oligonucleotides

Loop-modified DNA sequences (Supplementary Table S1)
were synthesized by the Department of Functional Ge-
nomics and Proteomics, Masaryk University, Brno (36),
and the sequences with substitutions of U for C by Sigma-
Aldrich (Haverhill, UK). The lyophilized samples were dis-
solved in 1 mM sodium phosphate (pH 8.0) with 0.3 mM
EDTA. The purity of the samples in terms of length ho-
mogeneity was checked by denaturing gel electrophoresis.
Before measurements, the DNA samples were thermally de-
natured in 1 mM sodium phosphate at 90◦C for 5 min. Pre-
cise concentration of the studied sequences was determined
based on UV absorption measured at 260 nm at 90◦C us-
ing molar absorption coefficient of 8900 M−1·cm−1 calcu-
lated for the wild type sequence of (C3TAA)3C3T according
to Gray (40). The same coefficient was used for the loop-
modified sequences. The extinction coefficients of 9000 and
9050 M−1·cm−1 were used for one and two U/C core sub-

stitutions, respectively. UV absorption was measured on a
UNICAM 5625 UV/VIS spectrometer (Cambridge, UK).

Circular dichroism

Circular dichroism spectra were measured on a Chirascan-
plus CD spectrometer (Applied Photophysics, UK) in the
region of 210–330 nm with 0.5 nm step and 0.5 s time-per-
point. CD was expressed as a difference in molar absorp-
tion of left- and right-handed circularly polarized light (�ε)
related to base. The measurement was performed at 23◦C
in 1 cm path-length quartz Hellma cells placed in a ther-
mostated holder.

UV melting

Denaturation/renaturation curves were measured on a Var-
ian Cary 4000 spectrophotometer in a K-RB buffer, pH 5
(specified below). The spectra were collected from 210 to
330 nm in the temperature range 1–85◦C in four cycles (up,
down, up and down) with 1◦C step and 2 min of waiting
at each temperature. The final temperature change rate was
around 0.25◦C·min−1. Melting curves were monitored by
absorbance at 296 nm, Tm values were determined from 0
to 1 normalized dependences (the bottom and upper linear
baseline-corrected melting curves) as the temperature where
half of the sample was folded (41). The error range of Tm
determination was ±0.5◦C.

pH measurements

pH dependences were measured on pH meter Mettler
Toledo (with an In Lab Micro electrode) in Robinson-
Britton (K-RB) buffer, which is a mixture of 0.04 M H3BO3,
0.04 M CH3COOH and 0.04 M H3PO4 titrated with 0.2 M
KOH to desired pH. The K+ concentration was 0.07 M for
pH 7. The oligonucleotides were titrated directly in cells by
0.2 M HCl and pH dependent changes were monitored by a
set of values of �ε at 288 nm assembled from twenty spectra
on average. The pKa values were determined based on the 4-
parameter Hill equation used to automatically fit the exper-
imental points by a SigmaPlot software (Systat Software,
USA). The error range of pKa determination was ±0.05.

Native PAGE

The molecularity of oligonucleotides was determined from
native polyacrylamide gel electrophoresis (PAGE) using an
electrophoretic instrument (SE-600; Hoefer Scientific, San
Francisco, CA, USA). Gel concentration was 16% and both
the gel and the running buffer contained K-RB buffer, pH 5.
About 2 �g of DNA was loaded on the gel. Electrophore-
sis ran at 30 V and 23◦C for 18 h for samples with dam-
aged loops and at 50 V and 4◦C for 19 h for samples with
damaged cytosines. Gels were stained with Stains All dye
(Sigma-Aldrich, St. Louis, MO, USA) and scanned using
a Personal Densitometer SI, model 375-A (Molecular Dy-
namics, Sunnyvale, CA, USA).
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Figure 2. Schematic presentation of the htel iM with numbering and colors
used for particular nucleotides referenced in the text and the figures in this
paper; chemical structures of studied lesions.

RESULTS

Formation of an i-motif (iM) is sensitively reflected in the
spectra of the electronic circular dichroism (Figure 1C) and
in UV absorption spectra (Figure 1D). A single-stranded
unordered C-rich human telomere (htel) DNA fragment
yields a CD spectrum with a positive maximum at 275 nm
and a negative one around 245 nm. With decreasing pH be-
low pH 7, the sequence forms an iM, which is reflected by
an increase of the positive CD band and a simultaneous de-
crease of the negative one, while the whole spectrum shifts
towards the red. CD spectrum with a positive maximum at
288 nm and a negative one close to 260 nm is characteristic
of the iM (Figure 1C). Cytosine protonation is reflected by
an increase in the UV absorption spectrum around 300 nm
and the formation of the ordered iM is accompanied by a
decrease of the 265 nm maximum and a slight bathochromic
shift (Figure 1D) (11,42).

Lesions in iM loops

We examined three types of damage which frequently occur
in T and A bases forming TAA loops in the human telom-
ere C-rich DNA sequence (C3TAA)3C3T. Adenines were re-
placed by the abasic (AP) sites or 8-oxoadenines (8oxoA),
and thymines were replaced by 5-hydroxymethyluracils
(5hmU). The studied sequences are called apAX, 8oxoAX
or 5hmUX, where X corresponds to the order of the substi-
tuted nucleobase in the studied htel 22-mer. All the studied
sequences are listed in Supplementary Table S1. A scheme
of the iM structure with the numbering of particular nucle-
obases is shown in Figure 2.

Adenine abasic (AP/A) sites. Figure 3A shows a pH-
induced formation of iM by htel sequences containing AP
lesions instead of particular loop A (AP/A). The iM forma-
tion is monitored by changes in CD values of its characteris-
tic positive band (Figure 1C). The presence of AP/A lesions
in the first and the third loops has virtually no effect on the
formation of iM: �ε at 288 nm as a function of pH follows

Figure 3. (A) pH dependent iM formation of the AP/A site containing
htel sequences monitored by �ε at 288 nm; (B) normalized melting curves
monitored by UV absorption at 296 nm, (C) table of pKa and Tm values,
(D) the 16% native PAGE. The measurements were carried out in K-RB,
pH 5 for melting and electrophoresis, and at 23◦C for the pH dependence
and electrophoresis as stated in the M+M section.

very closely the curve of the htel wild type (wt) sequence.
The transition takes place in the region of pH 6.5–5.8 (Fig-
ure 3A), with the midpoint of pH ∼6.12 (Figure 3C). Only
the AP/A sites in the middle loop affect iM formation sig-
nificantly. The transition midpoint of apA12 is shifted by
0.18 towards neutral pH. Changes in pKa of other sequences
are below the accuracy of their determination. The resulting
iMs of apA11 and apA12 reach higher �ε values than the
iM of the wt (Figure 3A). The AP sites in the middle loop
increase the thermostability of the htel iM structure by 0.9
and 5◦C for apA11 and apA12, respectively compared with
the wt. In contrast, AP sites in the third, 3′end loop, slightly
destabilize the iM (Figure 3B and C). The temperature de-
pendences are fully reversible.

The presence of the AP sites does not alter the molecu-
larity of the iM. All the structures are intramolecular. The
missing bases in the middle loop slightly accelerate the mi-
gration of the structure (Figure 3D), probably indicating in-
creased compactness of the structures.

8-oxoadenine (8oxoA) substitution for adenine. pH in-
duced iM formation of 8oxoA htel analogues is shown in
Figure 4A. With the exception of 8oxoA11, the presence
of the oxo group stabilizes iM formation (Figure 4B and
C) and shifts its formation towards neutral pH values for
8oxoA12 and the sequences substituted in the third loop.
The effect of 8oxoA substitution in the middle loop is dis-
tinct for 8oxoA11 and 8oxoA12. 8oxoA12 forms the most
stable and 8oxoA11 the least stable iM. The midpoint of
the 8oxoA11 transition to iM is comparable with that of
the wt, but it proceeds with lower cooperativity and the CD
spectrum of the final iM reaches a lower �ε value (Fig-
ure 4A). The temperature dependences of all sequences are
fully reversible. The 8oxoA/A substitution does not change
the molecularity and all iMs remain intramolecular (Figure
4D).

5-hydroxymethyluracil (5hmU) substitution for thymine.
The presence of the 5hmU influences only slightly iM for-
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Figure 4. (A) pH dependent iM formation of the 8oxoA containing htel se-
quences monitored by �ε at 288 nm; (B) normalized melting curves mon-
itored by UV absorption at 296 nm, (C) table of pKa and Tm values, (D)
the 16% native PAGE. The conditions are as in Figure 3.

Figure 5. (A) pH dependent iM formation of the 5hmU containing htel se-
quences monitored by �ε at 288 nm; (B) normalized melting curves mon-
itored by UV absorption at 296 nm, (C) table of pKa and Tm values, (D)
the 16% native PAGE. The conditions are as in Figure 3.

mation (Figure 5) and the changes in Tm and pKa are within
or close to the accuracy of their determination. Final iMs
of the substituted sequences yield slightly higher �ε values
than the wt (Figure 5A). The modification influences nei-
ther the molecularity of the iMs nor affects distinctly their
thermostability (Figure 5B, C and D).

Substitution of core cytosines by uracil

The htel sequences with particular deoxycytosines (Cs) sub-
stituted by deoxyuracil (U) are called UX in analogy with
the loop-modified sequences (X corresponds to the order of
the nucleobase in the (C3TAA)3C3T DNA sequence). Their
primary structures are given in Supplementary Table S1.
The pH-induced formation of iMs of the sequences moni-
tored by �ε at 288 nm is shown in Figure 6A. The modifica-
tions have negative influence on iM formation. The transi-
tion shifts to more acidic values and simultaneously samples

are thermally destabilized compared to the non-modified wt
sequence (Figure 6B and C).

In the CCC trimer, the substitution of the external cy-
tosines (with odd number positions) by U (U/C) maintains
intramolecular folding of the iM but shifts its formation
by 0.36 pH units on average to more acidic pH (Figure 6A
and B). Their final iM structures reach lower values of �ε
than the wt. U1 displays the highest �ε of all modified se-
quences, which indicates that its iM is least affected by the
loss of the 5′ end C (C1) and it is (together with its counter-
part U13) the most stable of the modified sequences. In con-
trast, U21 with a substituted 3′end C (C21), is the least sta-
ble structure (Figure 6B and C). U1 transforms into iM at a
lower pKa value than the odd number U3 in the same block.
This first C block is, however, an exception. In all other
blocks, the sequences with higher position numbers (U9,
U15 and U21) display higher �ε than the preceding odd
number sequences (U7, U13 and U19) (Figure 6A). Desta-
bilization of the iM by the loss of cytosine-forming pair is
similar for U1 and U13 (43.1◦C, 42.9◦C), and for U3 and
U15 (41.7◦C, 41.9◦C), and becomes different towards the
molecule end, i.e. Tm of U7 and U19 (39.9◦C and 41.4◦C, re-
spectively), and of U9 and U21 (40.2◦C and 37.7◦C, respec-
tively). The kinetics of iM formation of all odd sequences is
rapid and their melting and renaturation proceed along the
same curve (an example is shown in Supplementary Figure
S1A).

The substitution of the inner (middle) cytosines in the
CCC blocks (in even positions) is accompanied by much
more extensive iM destabilization than the substitution of
odd positions. Mainly, the U/C substitution in the even
positions hinders intramolecular folding of the sequence
so that all four inner U/C sequences form bimolecular
iMs (Figure 6D). The electrophoresis shown in Figure 6D
ran at low temperature. On the electrophoresis running at
room temperature, all the odd-number sequences remain in-
tramolecular but the even-number sequences provide, in ad-
dition to bimolecular species, a slight band in the middle be-
tween intramolecular and bimolecular species correspond-
ing to low content of unstructured forms (Supplementary
Figure S2). The bimolecular iMs display lower �ε values
than the odd-number sequences (Figure 6A), their forma-
tion proceeds at much lower pH values, and the kinetics
of the process are slow. The slow kinetics results in a dis-
tinct hysteresis between melting and iM reformation (Sup-
plementary Figure S1B). Moreover, the denaturation profile
corresponding to intermolecular iMs could not be fitted by
a single sigmoidal curve (denaturation probably consists of
multiple steps) so that the temperature of the midpoint of
the renaturation curves (Tren) was used for the comparison
of iM thermostabilities of all the U/C substituted sequences
(Tren is identical with Tm for intramolecular motifs). The
�Tren of the bimolecular iMs is about 30◦C lower and pKa
is shifted on average by nearly 0.7 pH units toward acid pH
compared to the iM of the wt.

Clustered U/C substitutions. In the following study, we
combined U/C substitutions in various htel sequence po-
sitions. The pKa and Tren values of the sequences are given
in Figure 7A. Changes in pKa and Tren values well corre-
late in the whole set of U/C substituted sequences (Supple-
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Figure 6. (A) pH dependent iM formation of the uracil containing htel sequences monitored by �ε at 288 nm, (B) Table of pKa and Tren (renaturation
temperature) values, (C) dependence of pKa (brown circles) and Tren (blue stars) values on uracil position, (D) the 16% native PAGE. The measurements
were carried out as shown in Figure 3 but the electrophoresis ran at 4◦C.

mentary Figure S3). iMs were not properly formed for some
U/C combinations so that Tren could not be determined.

Sequences with two substituted Us for the outside (odd
number) Cs localized in distinct C blocks (Figure 7, cyan,
blue and violet) preferentially fold into intramolecular
iMs. Those in opposite (parallel oriented) blocks form in-
tramolecular iMs exclusively (Figure 7C, blue and violet).
iM of U1,13 with a substituted first C·C+ pair from the
5′end, is the least destabilized of all double U/C combina-
tions - by 11.4◦C (Figure 7A), which corresponds well with
the destabilization of single substituted U1 or U13 (11.6 and
11.8◦C). iMs of further sequences with two outside U/C

substitutions replacing whole C·C+ pair (Figure 7, blue),
U7,19, U3,15 or U9,21 are destabilized by 14.1, 16.7 and
17.6◦C, respectively (Figure 7A, right) and those with U/C
substitutions replacing Cs of two different pairs (Figure 7,
violet), U1,15 and U3,13 are destabilized by 13.1◦C and
13.7◦C, respectively.

U/C substitutions in neighbouring (antiparallel-
oriented) C blocks (Figure 7, cyan), U1,7, U1,9 and U3,9,
are destabilized by 26.0, 24.9 and 24.5◦C compared to
wt, i.e. significantly more than the previous sequences
and more than the two respective single mutants. They
predominantly fold intramolecularly but, in addition,
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Figure 7. (A) Table of pKa and Tren values of the two uracils containing htel sequences (colors differentiate particular types of mutual U positions); (B)
pH dependent iM formation monitored by �ε at 288 nm and room temperature; (C) the 16% native PAGE at pH 5 and 4◦C. Conditions as stated in M+M
section.

they provide a band on the electrophoresis (Figure 7C)
corresponding to a slight population of bimolecular iMs.
The sequences are unstructured at room temperature as
follows from the electrophoresis shown in Supplementary
Figure S2.

Sequences containing both substitutions in the same
block (U1,3, U7,8 and U7,9) (Figure 7, orange) are strongly
destabilized: They form only intermolecular iMs and only
partly at room temperature and at still lower pH values (Fig-
ure 7C and Supplementary Figure S2). U7,8 and U7,9 pro-
vide, in addition to bimolecular, very little populated four
molecular structures at low temperature (Figure 7C).

iMs of sequences with substituted two inner (even num-
ber) cytosines by U are destabilized heavily so that Tren
of their formation cannot be determined. U2,8 (Figure 7,
green) forms iM only partly at low temperatures and/or at
very acidic pH around 4.5. A band corresponding to the
presence of unstructured form is visible on the electrophore-
sis even at low temperature (Figure 7C). Similarly, U2,20
and U8,14 form iM only intermolecularly at low temper-
ature (Supplementary Figure S4, green). U8,14 assembles
into four-molecular iM in addition to bimolecular one. In-
terestingly, the substitution of two inner cytosines forming
C·C+ pair, as it is with U2,14 and U8,20, preserves, in addi-
tion to bimolecular, an intramolecular iM folding (Supple-
mentary Figure S4, dark green). The intramolecular folding
even prevails for U2,14.

Other sequences with still more U/C substitutions are
listed in Supplementary Tables S1 and S2 and their elec-
trophoresis at low temperature is shown in Supplementary
Figure S4. At room temperature, these sequences provide
one clear electrophoretic band corresponding to unstruc-
tured form (not shown). Substitutions of all three Cs in
the blocks for U have a similar effect to two U/C substi-
tutions in the same C-block. Bimolecular iM is observed

for U1,2,3 and bimolecular and a smear of higher order
forms for U7,8,9 at low temperature running electrophore-
sis (Supplementary Figure S4). U1,2,3,19,20,21 with two
fully substituted C blocks, forms bimolecular iM, in ad-
dition to unstructured forms, and U7,8,9,13,14,15 forms a
slightly faster running bimolecular iM (Supplementary Fig-
ure S4).

DISCUSSION

Numerous studies have been performed to uncover the ef-
fect of natural lesions of nucleotides on the structure and
stability of G-quadruplexes (reviewed in 43). It has been
demonstrated with G-quadruplexes of the G-rich htel DNA
sequence that the impact of lesions depends on the type and
location of the damage in the sequence: Lesions formed in
the TTA loops either destabilize, do not affect or in some
cases even stabilize the G-quadruplex (3,44–46), and can
change the folding topology. For instance, abasic (AP) sites
substituting for adenine nucleotides stabilize double-chain-
reversal folding of the loops and induce the formation of
hybrid quadruplexes (3,45). The presence of AP sites in all
three loops transforms the quadruplex into parallel form
(47). On the other hand, 8-oxoadenine slightly stabilizes the
htel G-quadruplex without affecting its folding type (3,44).
Depending on the folding topology, the majority of lesions
formed in the core guanines destabilize the G-quadruplex
(35,36,48) and, chiefly, restrict its conformational variabil-
ity (47). Nevertheless, none of the single natural modifica-
tions present in G-rich sequences studied so far can hinder
their folding into intramolecular G-quadruplexes. Only the
clustering lesions prove to be deleterious for the folding or,
depending on their position in the molecule, can ruin a G-
quadruplex structure. No analogous studies with the same
type of natural lesions as those found in htel G-quadruplex
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Figure 8. The 3D structure of human telomere sequence (PDB structure
1ELN). Cytosines are marked with yellow, adenines with red and thymines
with blue color.

models have been conducted with iM structures forming
from the C-rich htel sequences. Results presented in this
paper are the first such evaluations. Similarly to the results
for G-quadruplexes, the impact of lesions in iMs has been
found here to be different in the TAA loops and in the core
cytosines (Supplementary Table S1).

Loop damage

In contrast to G-quadruplexes, iMs cannot change their
topology so that lesions in TAA loops of the C-rich htel
sequence cause mostly minor changes in the formation and
stability of its iM (overall data in Supplementary Table S1).
This holds for all three modifications studied here, namely
adenine abasic sites (apA), 8-oxoadenine (8oxoA) substitut-
ing adenines and 5-hydroxymethyluracil (5hmU) substitut-
ing thymines. None of these loop modifications, as in the
case of htel G-quadruplexes, change the molecularity of the
htel iMs.

Adenine is a large base, and the two purines probably can-
not squeeze into the narrow space so that they protrude out
of the iM core as shown in Figure 8. It can be expected that
removing this flanking base will contribute to the stability of
the iM structure as well as to its compactness. Missing A11
results in only slight iM stabilization and a shift of its forma-
tion toward less acidic pH. These changes are more exten-

sive with A12. The released space upon the loss of one ade-
nine may be filled by the other one so that the iM becomes
more compact, which is observed on the PAG electrophore-
sis (Figure 3D). No important base interactions take place
with adenines in the major grooves so that their loss does
not significantly affect iM formation or stability.

In the case of the replacement of adenines by 8-
oxoadenine, the iM formation is slightly stabilized and its
formation is shifted to less acidic pH values. This is obvious
with sequences substituted in the third loop, thus at the 3′
end. Similarly to the iMs, the stabilizing effect of the 8oxo
group in loop adenines of htel G-quadruplexes was also ob-
served (3,44) and it was argued (44) that it was the first ex-
ample among the natural DNA lesions that stabilized the
htel G-quadruplex DNA. Interestingly, the 8oxoA substi-
tution has a different effect in the case of 8oxoA11, which
forms the least stable iM of all modified samples, and for
8oxoA12, the iM of which is the most stable. Oxygen on the
carbon C8 of the adenine A11 may cause a steric problem
which may be responsible for the observed slight iM desta-
bilization. In contrast, the oxygen on A12 may drag the base
closer to the iM core, likely to T22, and prevent its fluctu-
ation. With increasing stability of the iM, the structure be-
comes more compact and this can be traced on the PAGE
electrophoresis of 8oxoA12 (Figure 4D).

Substitution of thymines by 5hmU does not, within the
accuracy of the measurement, influence iM stability. The ex-
planation may follow from the PDB structures of iM (1ELN
and 1EL2) (49) according to which it seems that thymines
do not participate in any stacking or binding interactions.

Substitution of core cytosines by uracil

A substitution of core cytosines by uracil devastates iM
structure much more than the damage of loops (Supplemen-
tary Table S1), as a single U/C substitution causes the loss
of one C·C+ pair and thus an extensive destabilization of the
structure. A loss of outer (odd number) cytosines does not
hinder intramolecular iM folding but the iMs are formed at
lower pH values (�pKa 0.24–0.45) and are by 11.6–17.0◦C
less stable than iM of the wt. It follows from Figure 6C that
the readiness of iM formation slightly decreases with the lo-
cation of the substituted C closer to 3′end. The most stable
is the iM of U1 and its pairing counterpart U13, followed by
U3 and the counterpart U15, and the least stable of the odd-
number sequences is U21. U1 behaves atypically: It displays
the highest �ε value of all modified structures so that its iM
is least deformed by the substitution. Despite its least desta-
bilization, it forms iM at slightly lower pH than U3. The op-
posite is true for all other odd number U/C substitutions:
U7, U13 and U19 display lower �ε values than respective
U9, U15, and U21. Their structures are thus more affected
by the sequence modification, but their iMs are less destabi-
lized. The order of stability of the odd-number substituted
sequences is: U1>U3, U7∼U9, U13>U15 and U19>U21.

Intramolecular iMs can adopt two distinct intercalation
topologies differing in the position of the intercalated pairs
(50,51). The structure with the outermost C·C+ pair con-
taining 5′C (C1) (Figure 9A, left) is called 5′E, and the struc-
ture, in which the outermost pair contains 3′end C (C21)
is called 3′E structure (Figure 9A, right). The above men-
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Figure 9. (A) Possible 5′E and 3′E topologies of intramolecular wt iM (49,51); (B) suggested structures of bimolecular iM of U2 and U14; (C) a shift in
C·C+ pairing of U1,15.

tioned order in iM destabilization by U/C substitution in-
dicates that C3, C15 and C21 may be situated inside the iM.
The substitution of inner pairs is more deleterious for iM
stability as it results in the loss of one pair intercalated be-
tween two inversely oriented pairs, thus in the loss of the
regular alternation of parallel and antiparallel C·C+ pairs.
This situation would come up if the iM adopted 5′E ar-
rangement, which is drawn in the schematic presentation in
Figure 2.

The substitution of the middle, thus even-numbered Cs
by U causes much more distinct destabilization than in the
case of the odd-number ones. Mainly, these sequences are
no longer able to fold intramolecularly. The iM can only
fold intermolecularly (Figure 6D). This is a distinction from
the effect of modified guanines in the middle tetrad of htel
G-quadruplexes where formation of some amount of bi-
molecular, sometimes also tetramolecular species have been
observed (35,36,52) but the intramolecular quadruplexes al-
ways dominated. In this respect, the C-rich htel strand is
more vulnerable than the G-rich strand as the damage of
the middle C of the C triad within a long molecule makes
the respective region incapable to form iM.

Bimolecular iMs consist of two units separated by TAA
triplets (Figure 9B). The stability of the bimolecular iMs de-
creases in the order of U8, U14, U20, U2 (Figure 6C). Bi-
molecular iM is thus more stable if it contains the complete
number of six C·C+ pairs at the end of the structure than
on the side of the loops (Figure 9B). Thus, the part close to
the loop copes with the loss of the middle pair better than

the end part. Based on the analogy with the intramolecular
iMs, the part with the U in the middle of the sequence would
be unable to form iM. It can be thus expected that the TAA
loop forms a bulge and the remaining part with the rest of
not damaged C·C+ pairs can stack on the complete six pair
iM.

Based on simultaneous substitutions of two Cs by Us, we
can assess the following simple rules of iM folding. Depend-
ing on the mutual position of the substituted C, several vari-
ants may occur:

A. Substituted outer (odd number) cytosines
a1) in parallel oriented chains and pairing cytosines:

Substitutions of Cs involved in pairing lead to de-
motion of this C·C+ pair from the motif, while its
intramolecular folding is preserved. U1,13 forms
the most stable iM. The same thermostability and
pKa of the iM formation of U1,13 (blue in Figure
7) as of the single substituted U1 and U13 indi-
cates that with the loss of one of these pairing cy-
tosines the whole pair is lost and, simultaneously,
that C with U do not pair at acidic pH. Further
examples of this type of damage are U3,15, U7,19
and U9,21 (Figure 7A, right). All lack one C·C+

pair but still form intramolecular iMs (Figure 7C).
It follows from the preceding results that the iM
stability is more affected by the loss of inner than
outer C·C+ pairs that do not disturb alternating
C·C+ pairing of parallel and antiparallel oriented
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chains. A comparison of the distinctly higher Tren
of U1,13 (43.0◦C) than U3,15 (37.7◦C) and, in the
same way, higher Tren of U7,19 (40.3◦C) than of
U9,21 (36.8◦C) (Tables A in Figure 7) again sup-
ports that the htel iM adopts 5′E motif, in which
the less vulnerable C1·C13+ and C7·C19+ pairs are
situated outside the iM core (Figure 9A, left). Just
the 5′E structure was found by NMR (51) as a
major conformation in an equilibrium of htel-21
(C3TAA)3C3 iM conformers.

a2) in parallel oriented chains and cytosines that do
not pair: (Examples are U1,15 and U3,13 (violet in
Figure 7A and C) with cytosines situated corner-
wise.) Though this damage concerns two pairs, their
iMs are relatively little destabilized (by 13.1◦C and
13.7◦C) and the structure remains predominantly
intramolecular (Figure 7C). This indicates that a
shift in C pairing takes place so that only one C·C+

pair is lost (Figure 9C).
b) in antiparallel oriented chains: (Examples are U1,7,

U1,9 or U3,9 (cyan in Figure 7). Destabilization
of their iMs is more distinct than in the case of
previous sequences, namely 26.0◦C, 24.9◦C and
24.5◦C, respectively. Similar shift in C·C+ pairing
may occur in analogous cases (Supplementary Fig-
ure S5). Four C pairs remain preserved, which still
allows the formation of an intramolecular struc-
ture, though a minority presence of bimolecular
fraction can be traced on the electrophoresis (Fig-
ure 7C).

B. Substituted inner (even number) cytosines: These sub-
stitutions (Figure 7 and Supplementary Figure S4,
green) destabilize iM distinctly, so that the sequences
form iMs only partly at room temperature and Tren val-
ues cannot be determined (Supplementary Table S2).
They all form bimolecular iMs at low temperatures but
distinctly populated depending on mutual positions of
the inner U/C substitutions. Those in the first and third
or second and fourth C blocks (light green in Supple-
mentary Figure S4), parallel-oriented in the intramolec-
ular arrangement, occur in the same parts of the bi-
molecular iMs: In the first case, they are in the part
at the molecule ends, in the second case, in the part
close to the loop. The latter sequence forms, in addi-
tion, tetramolecular iMs. U/C substitutions in neigh-
bouring C blocks (first and second or third and fourth
C blocks) occur in both parts of the bimolecular iM
so that both its regions are affected. Population of un-
structured forms can be found on their low tempera-
ture electrophoresis pattern (Figure 7C and Supplemen-
tary Figure S4). On the other hand, the substitutions of
Cs, which form pairs in intramolecular iM, remain to
a large extent intramolecular (Supplementary Table S2
and Supplementary Figure S4, dark green).

C. Substituted cytosines in the same block (orange in Fig-
ure 7 and Supplementary Figure S4): These substitu-
tions also have a large devastating effect on iM for-
mation. None of these sequences form intramolecular
iMs. Bimolecular structures are formed at low temper-
ature and a part of molecules remains still unstructured
or four-molecular iMs are formed with some sequences

(Figure 7C). The structures melt around room temper-
ature. In all these sequences, one part of the bimolecu-
lar iMs contains only one and three C·C+ pairs, prob-
ably stacked on the second intact iM part. The part
with possible one and three C·C+ pairs contributes only
marginally to the bimolecular iM stability as the se-
quences with the whole U/C substituted block (U1,2,3
or U7,8,9) behave similarly on the electrophoresis (Fig-
ure 7C and Supplementary Figure S4). Also in this case,
the two or three substitutions in the region close to
the loop are better tolerated than those situated at the
molecule ends. The sequences with U/C in the regions
close to the loops are more susceptible to form four-
molecular iMs (Supplementary Figure S4).

It can be concluded that for the formation of an in-
tramolecular iM, the presence of two and three or at least
two and two regularly alternating parallel and antiparallel
C·C+ pairs are required. On violation of the regular alterna-
tion of parallel and antiparallel oriented intercalated pairs
(by a loss of the middle C), exclusively bimolecular iMs are
formed. In the case of a bimolecular iM, two and one alter-
nating parallel antiparallel pairs are tolerated as well, which
then probably stack on the intact six C·C+ pairs containing
iM of the second part of the molecule. The damage in the
region close to the iM loop is then better tolerated than at
the end of the molecule.

The presented results show that the effect of naturally
forming lesions on htel DNA differs depending on the po-
sition of the damage. The three different lesions studied oc-
curring in loops did not substantially change intramolec-
ular structure of htel iM, while the C-to-U lesion target-
ing iM core and especially their clusters, which may be
formed by e.g. ionizing irradiation, are more deleterious
for the iM structure and stability. Even a single C damage
within a three C block is more dangerous than the analo-
gous damage in the complementary G-rich htel sequence
as it hinders intramolecular iM folding and thus makes iM
formation impossible in the appropriate region of the C-
rich DNA molecule. Recently, a considerable amount of ex-
perimental evidence has accumulated proving that not only
G-quadruplexes but also iMs are important biological ele-
ments controlling DNA function, namely gene expression
(53–57). In this respect, it is essential to note the magnitude
of damage a single or multiple base lesions can cause in the
iM structure. The present study can also help to search for
potential iM forming regions in genomes, which were re-
ported (56,58) to differ from the potentially G-quadruplex
forming complementary regions. The conclusions following
from the results may be also useful for designing new sen-
sors and nano-devices.
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(2012) Time-resolved NMR spectroscopic studies of DNA i-motif
folding reveal kinetic partitioning. Angew. Chem. Int. Ed. Engl., 51,
250–253.

52. Tomasko,M., Vorlickova,M. and Sagi,J. (2009) Substitution of
adenine for guanine in the quadruplex-forming human telomere
DNA sequence G(3)(T(2)AG(3))(3). Biochimie, 91, 171–179.

53. Kang,H.J., Kendrick,S., Hecht,S.M. and Hurley,L.H. (2014) The
transcriptional complex between the BCL2 i-motif and hnRNP LL is
a molecular switch for control of gene expression that can be
modulated by small molecules. J. Am. Chem. Soc., 136, 4172–4185.

54. Brown,R.V., Wang,T., Chappeta,V.R., Wu,G., Onel,B., Chawla,R.,
Quijada,H., Camp,S.M., Chiang,E.T., Lassiter,Q.R. et al. (2017) The
consequences of overlapping G-quadruplexes and i-motifs in the
platelet-derived growth factor receptor beta core promoter nuclease
hypersensitive element can explain the unexpected effects of
mutations and provide opportunities for selective targeting of both
structures by small molecules to downregulate gene expression. J.
Am. Chem. Soc., 139, 7456–7475.

55. Renciuk,D., Rynes,J., Kejnovska,I., Foldynova-Trantirkova,S.,
Andang,M., Trantirek,L. and Vorlickova,M. (2017) G-quadruplex
formation in the Oct4 promoter positively regulates Oct4 expression.
Biochim. Biophys. Acta, 1860, 175–183.

56. Wright,E.P., Huppert,J.L. and Waller,Z.A.E. (2017) Identification of
multiple genomic DNA sequences which form i-motif structures at
neutral pH. Nucleic Acids Res., 45, 2951–2959.

57. Kaiser,C.E., Van Ert,N.A., Agrawal,P., Chawla,R., Yang,D. and
Hurley,L.H. (2017) Insight into the complexity of the i-motif and
G-quadruplex DNA structures formed in the KRAS promoter and
subsequent drug-induced gene repression. J. Am. Chem. Soc., 139,
8522–8536.

58. Dhakal,S., Yu,Z.B., Konik,R., Cui,Y.X., Koirala,D. and Mao,H.B.
(2012) G-quadruplex and i-motif are mutually exclusive in ILPR
double-stranded DNA. Biophys. J., 102, 2575–2584.


