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Incorporation of pseudoisocytidine (psC), a neutral analogue of protonated cytidine, in i-motifs has
been studied by spectroscopic methods. Our results show that neutral psC:C base pairs can stabilize
i-motifs at neutral pH, but the stabilization only occurs when psC:C base pairs are located at the ends of
intercalated C:C* stacks. When psC occupies central positions, the resulting i-motifs are only observed
atlow pH and psC:C* or psC:psC™ hemiprotonated base pairs are formed instead of their neutral
analogs. Overall, our results suggest that positively charged base pairs are necessary to stabilize this
non-canonical DNA structure.

I-motifs are quadruplex structures formed by the intercalation of hemiprotonated C:C™ base pairs. They are
usually found in repetitive C-rich sequences and, as protonation of cytosines is required, are more stable at acidic
pH" 2 Although these structures were first observed in 19933, it has been during the last decade that they have
attracted increased interest. In addition to their potential use in nanotechnology* ® and medical applications®,
there is evidence of their possible role in biological processes, such as telomeric” and centromeric formation®?
and as transcriptional regulators'® 1.

Stability of i-motif structures depends on the number of stacked C:C™ base pairs, and also on additional
interactions between residues surrounding the C:C* tracts'> . A particular case of stabilizing capping elements
in i-motif structures are the minor groove tetrads G:T:G:T'* '>. These tetrads can provide enough stabilization to
allow the formation of i-motif-like structures in sequences with very few C:C" base pairs'.

Only a few examples of i-motif structures have been observed at neutral or nearly neutral pH'*-'%. However,
i-motifs might exist in the cell since their formation appears to be favoured by negative super helicity'® or molec-
ular crowded conditions®. The possibility of increasing the stability of the i-motif at physiological conditions has
attracted much attention in recent years. With this aim, a number of chemical modifications have been tested by
different groups, but most of them have led to destabilization®" ?2. The exceptions are LNA and PNA for some
selected sequences??* and, especially, the 2/-F-araC substitution, which affords dramatic stabilization over a wide
range of pH and nucleotidic sequences®.

Neutral analogues of protonated cytidines may further increase the range of conditions in which i-motifs exist.
In this paper, we explore the incorporation of pseudoisocytidine in i-motif forming sequences. Pseudoisocytidine
is an isostere of cytidine with lower pK, values® (3.79 (N1) and 3.69 (N3)) that exhibits a tautomeric equilib-
rium providing an additional hydrogen-bond donor at the N3 position (see Fig. 1A). This modification has been
used in previous studies to stabilize parallel triplexes by substituting protonated cytidine residues in C*:G:C
triplets*’~*. The appropriate pseudoisocytosine tautomer can hybridize with cytosine forming a neutral psC:C
base pair (see Fig. 1B). This pair is isomorphic to the hemiprotonated C:C* base pair and may yield more stable
i-motifs at neutral conditions. In addition, studying the effect of neutral analogues on hemiprotonated C:C* base
pairs may help assess the role of charge compensation on the stability of i-motif structures.

Among the many families of known i-motifs, we decided to incorporate pseudoisocytidine in the mini i-motif
structures cited above’®. These structures are simple and relatively stable at pH close to 7, and are good models
to study the effect of chemical modifications in i-motifs at neutral pH conditions. In particular, we have chosen
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Figure 1. Expected base-pairs in psC-containing i-motifs and schematic representations of the structural
equilibrium in CO and CCO. (A) Tautomeric equilibrium of pseudoisocytidine. (B) Neutral psC:C base pair.

(C) Hemiprotonated C:C* base pair in i-motif structures. (D,E) Head-to-head and head-to-tail dimeric i-motif
structures of CO and CCO0, respectively.
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Figure 2. CC9 forms i-motif structure at neutral pH. 1D 'H-NMR spectra at different pH. H,0/D,0 90:10,
25mM phosphate buffer, 100 mM NaCl, T =5°C, [oligonucleotide] =0.7-1 mM (A,B,D-F). CD pH titration
of the 11-mer sequences were followed at the ellipticity maximum at pH 4: X\ =265nm (C0, CC8 and CC9) and
A=265nm (C7 and CC0), 25 mM AcONa buffer, 100 mM NaCl, T =5°C, [oligonucleotide] =20 pM (C).

the sequence d(TCGTTTCGT) (C0)'° and a longer analogue with an extended C:C* tract, d(TCCGTTTCCGT)
(CCO) (see Section 1 and Figs 1-4 in Supplementary Information for NMR characterization of CC0). These
two sequences fold into dimeric i-motif structures formed by two or four C:C* base pairs capped by two minor
groove G:T:G:T tetrads (see Fig. 1D and E). In both cases, the two possible orientations between each subunit,
head-to-head and head-to-tail, coexist in equilibrium. The effect of single psC substitutions on this equilibrium
allows the simultaneous evaluation of psC replacements in different local environments within the i-motif. With
this aim, we have studied three modified sequences. Two sequences, d(TCGTTTpsCGT) (C7) and d(TCCGT-
TTpsCCGT) (CC8), in which psC residues are located in the core of the structure (central C:C* base pairs,
positions 7 and 8 of C0 and CCO, respectively), and one sequence, d(TCCGTTTCpsCGT) (CC9), in which psC
residues are located in the outer C:C* base pairs (position 9 of CCO0). In the modified sequences, the relative sta-
bility between the different i-motif species will be conditioned by the relative preference of forming C:C*, psC:C
or psC:psC base pairs, the last one between the two tautomeric forms of psC (see Figure S5 in ESI). Formation
of psC:C base pairs would favour head-to-tail structures, whereas formation of psC:psC base pairs would be
associated with a head-to-head strands orientation. Moreover, these substitutions may allow us to evaluate the
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Figure 3. Thermal stability of psC-containing i-motifs. CD melting curves of C0, C7, CC0, CC8 and CC9.
Experimental conditions: [oligonucleotide] =20 1M, 25 mM of bufter solution (cacodylate (pH 5.5) or
phosphate (pH 7) and 100 mM NaCl.

T,(°C) | Tu(°C)

Name | Sequence pH; pH5.5 pH7
Co d(TCGTTTCGT) 5.840.1 | ~10 —
Cc7 d(TCGTTTpsCGT) 53401 | — —

CCO0 | d(TCCGTTTCCGT) 6.5+0.129.6+0.1 | —
CCs8 d(TCCGTTTpsCCGT) |6.1£0.1 | 285+0.1 | —
CC9 d(TCCGTTTCpsCGT) | 6.7+0.1 | 37.440.1 | 16.7+0.1

Table 1. Melting temperature and pH values of C0, C7, CC0, CC8 and CC9. Experimental conditions:
[oligonucleotide] =20 uM, 25 mM of buffer solution (cacodylate (pH 5.5) or phosphate (pH 7)) and 100 mM
NaCl.

effect of psC on the interactions between the C:C* stack and G:T:G:T minor groove tetrads relative to the stacking
preferences observed for the non-modified sequences.

Results and Discussion

psC-containing sequences form i-motif structures.  For the three psC-containing sequences, 1D NMR
spectra show the characteristic i-motif signals at around 15 ppm (see Fig. 2B,E and F and Supplementary Fig. S6).
Whereas CC9 forms an i-motif structure at neutral pH, C7 and CC8 require acidic conditions for i-motif forma-
tion. The pH behaviour of the non-modified sequences is also shown in Fig. 2(A and D) for comparison. In the
case of the C7, incorporation of psC destabilizes the i-motif. At neutral pH, several imino proton signals between
13-13.5 ppm are observed, and the signals corresponding to C:C" formation (~15ppm) are only residual. Most
probably, the signals at 13-13.5 are due to the formation of alternative stem-loop hairpin or duplex structures
with Watson-Crick base-pairs. At lower pH, these signals disappear and those corresponding to C:C* base pairs
become more intense. For the 11-mers, a sequence-dependent effect is found. In the case of CC9, i-motif forma-
tion is favoured at neutral pH in comparison to the non-modified sequence, which does not exhibit the character-
istic i-motif signals under these conditions. This stabilization effect is not observed for CC8, in which only broad
signals around 13 and 11 ppm are observed at neutral pH.

Estimation of the effective pHy values (midpoint of the pH transition) was carried out by pH titration mon-
itored by circular dichroism (see Table 1 and Fig. 2C). At 20 uM oligonucleotide concentration, the lower values
were obtained for CO (5.84) and C7 (5.33). In the case of the 11-mer sequences, pH titration of CC8 afforded the
lower value (6.1), whereas pHy of CC9 (6.7) was slightly higher than that obtained for the unmodified sequence
CCO0 (6.5). Moreover, CC9 exhibits a much broader pH transition range than CC0 and CC8. The ample pH tran-
sitional range and the increased stability of CC9 make this i-motif structure stable at neutral pH. Consequently,
we focused in study its structure in detail by 2D NMR methods.

The thermal stability of the modified oligonucleotides, and their controls was studied by CD and NMR melt-
ing experiments (see Table 1 and Figs 3 and S7). In most cases, the thermal stability of the modified i-motifs is
lower than the unmodified ones. Only in the case of CC9, a significant stabilization is observed, being this effect
more pronounced at neutral pH. As expected from pHy values, CO and C7 at low oligonucleotide concentration
are basically unstructured even at pH 5.5.

The stabilization observed for CC9 is not as high as that observed for 2’-F-araC substitutions®, but compa-
rable with the effect of 5-methylcytosines??, LNA* and other stabilizing sugar substitutions®'. As in the case of
LNA?, the effect of psC substitutions on the overall pH is highly dependent on their particular position. The
same occurs with the thermal stability. Whereas psC located at the ends of the C-stack stabilizes the i-motif,
substitutions in central position provoke the opposite effect. This destabilization is similar to that found for
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Figure 4. Assignment of exchangeable protons and solution dimeric structure of CC9. Left: Imino and amino
exchangeable protons region of NOESY spectrum (250 ms) of CC9. H,0/D,0 90:10, 25 mM phosphate buffer
pH 7, 100mM NaCl, T =5°C, [oligonucleotide] = 0.8 mM. Right: (A) Structural ensemble. (B) Detail of C:C*,
C:psC and G:G stack. (C,D) Front and lateral view of a representative structure. Cytosines are shown in green,
psC in yellow, guanines in blue and thymines in red.

5-hydroxymehtylcystosine*? or UNA%, and not as pronounced as other destabilizing modifications like acyclic
threoninol derivatives®.

CC9 i-motif structure at neutral pH is a head-to-tail dimer. In the case of CC9, pseudoisocyti-
dine exchangeable proton signals could be identified by imino-amino NOE connections lacking H41/H42-H5
cross-peaks. NOESY spectra confirm the formation of the C3:psC9 base-pair, as well as C:C™ base-pairs
between non-equivalent cytosines which were assigned to C2 and C8. This assignment is only consistent
with a head-to-tail orientation of the two subunits in the dimer (see Supplementary Fig. S8). The stacking
order T11-G10-psC9-C2-C8-C3-G4-T5 (3'-E topology) can be verified by a number of cross-peaks involving
exchangeable protons (H37C2:C8-H3psC9, H41/H42psC9-H1G10, H41/H42C3-H1G4, H42-H2//H2"C8 and
MeT5/T11-H1’G4/G10) (see Fig. 4 and Supplementary Fig. S9). The presence of G:G base pair is supported by
H1G4-H1’'G10 and H1G10-H1'G4 NOEs. Other cross-peaks clearly indicate that G:G base pairs are stacked on
top of the C:psC pairs. In contrast to the unmodified sequence, no cross-peaks corresponding to the formation of
G:T base pairs were observed at any pH value.

On the basis of NOESY cross-peaks, the solution structure of CC9 at neutral pH was generated by restrained
molecular dynamics calculations on the basis of 128 distance constraints. The resulting structural ensemble
is shown in Fig. 4, Right (A) (PDB code: 5NIP). With the exception of the thymine residues, the structure is
well-defined and consists of two DNA loops that self-associate through two central C:C* base pairs, flanked by
two psC:C base pairs and capped by two G:G base pairs. Interestingly, no G:T:G:T tetrad is formed, indicating
that the stabilizing effect due to the incorporation of neutral psC:C as capping base pairs of the C:C* stack com-
pensates the minor groove tetrad breakdown.

Additional three small signals at around 15 ppm were detected in the exchangeable proton spectra of CC9 at
low pH, indicating the presence of i-motif minor species (see Fig. 2F). Only two cross-peaks between each of these
imino signals and cytosine amino protons are observed, indicating the formation of C:C™ base pairs between
equivalent residues. Amino protons of two of these cytosines, assigned to C2 and C8, show cross-peaks with their
own H2//H2" protons, indicating that these residues are located in 3’-3’ stacked C:C* base pairs. Overlapping
with the major species signals did not allow to complete the assignment of the minor species. However, the
observed cross-peaks are consistent with a head-to-head dimer with the same stacking order.

Equilibria between head-to-tail and head-to-head i-motif dimers are found for C7 and CC8. In
contrast to the well-defined structure of CC9, CC8 exhibits a very different behaviour. CC8 sequence was
designed for psC-containing base pairs to occupy central positions in the i-motif. However, such structure is
not found at any pH. Whereas no i-motif is observed at neutral conditions, a complex equilibrium between dif-
ferent i-motif species is found below pH 6 (up to eight cytosine and two pseudoisocytidine residues involved in
structured species are found). Under these conditions, NMR spectra are consistent with the formation of C:psC*™
and psC:psC™ base pairs (see Supplementary Fig. S10), instead of neutral C:psC base pairs. Interestingly, signals
corresponding to G:T:G:T minor groove tetrads are observed (see Supplementary Fig. S10). The multiple struc-
tures formed may include dimers with the same strand orientation but different stacking order. The major species
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Figure 5. Single psC residue at position 1 in HT sequence stabilizes i-motif structure at neutral pH. Series
of NMR spectra at different temperature of: (A) HT-psC17, (B) HT-psC28, (C) HT-0 and (D) HT-psC1.
[oligonucleotide] =100 pM, 10 mM phosphate buffer, pH 7.

could be assigned to a head-to-head dimeric structure, containing three C:C* and one psC:psC" hemiprotonated
base pairs with the stacking order T11-G10-C9-C2-psC8-C3-G4-T5 (see Supplementary Fig. S11). Imino proton
signals corresponding to psC residues are significantly downshifted. These results confirm a preference for max-
imizing the number of C:C" base pairs, when neutral psC:C base pairs cannot occupy the external positions in
the intercalation stack. Head-to-tail structures are not favoured even at acidic pH. Since such structure requires
the formation of two C:C* and two psC:C* base pairs, the preference for the head-to-head conformer (with three
C:C" and one psC:psC* base pairs) is most probably a consequence of the lower pK, of pseudoisocytidine.

In the case of C7 at pH 5, at least four different species coexist in slow equilibrium, according to the num-
ber of cytosine H5-H6 cross-peaks of the TOCSY spectrum. Based on exchangeable protons cross-peaks (see
Supplementary Figs S12 and S13), the most intense set of signals could be assigned to two different i-motif
species: head-to-tail (containing C:psC™" base pairs, imino signal at 14.70 ppm) and head-to-head (containing
one C:C™ base pair, imino signal at 15.27 ppm, and presumably, one psC:psC™ base pair). Both species exhibit
the same stacking order (Supplementary Fig. S14) and are capped by G:T:G:T minor groove tetrads. The signal
corresponding to the psC:psC* base pair (15.66 ppm) is only observable at pH 4, under which conditions the
head-to-head structure is predominant (see Supplementary Fig. S13). The fact that the head-to-tail structure is
not observed at neutral pH, reveals that the i-motif cannot be formed only by neutral psC:C base pairs. Some
protonated base pairs are required for the stabilization of the i-motif structure.

The effect of pseudoisocytidine incorporation in other i-motif forming sequences. To evaluate the
generality of our results, we explored the effect of site-specific replacements of cytidine by psC residues in the human
telomeric sequence (CCCTAA);CCC. Three modified sequences HT-psC1, HT-psC17 and HT-psC28, incorpo-
rating a) a single pseudoisocytidine residues at position 1 (HT-psC1), b) two double substitutions at position 1
and 7 (HT-psC17) and 2, and 8 (HT-psC28) were studied by 'H-NMR and CD melting curves. According to the
three-dimensional structure of the native telomeric sequence’, psC residues are in a central position in the C:C*
stack in HT-psC28, and in external positions in HT-psC1 and HT-psC17. CD and NMR melting experiments at
acidic pH indicate that all substitutions are destabilizing, although the single substitution in the 5'-terminal cytosine
has a very small effect (Figs S15 and S16). The stability of this i-motif at neutral pH is small and, consequently, melt-
ing T, values are low (14.0, 14.2 and 11.3°C (£ 0.1 °C) for HT-0, HT-psC1 and HTpsC2, respectively) and contain
considerable errors. However, NMR results indicate that incorporation of psC at C1 position clearly confers a higher
stability to the i-motif structure (Fig. 5). The effect is also visible for HT-psC17, although to a lesser extension. In
these conditions, the double psC substitution in central position destabilizes the i-motif completely.

Conclusions

We have shown that the effect of replacing cytidine residues by psC strongly depends on the location of the
cytidine residues. Formation of neutral psC:C base pairs has a stabilizing effect when located at the end of the
C:C* stacks, but destabilizes the i-motif in central positions. I-motifs containing psC residues in central positions
are only found at low pH, and require the formation of psC:C" and psC:psC" hemiprotonated base pairs. These
i-motifs are less stable than the unmodified sequences. These results indicate that the presence of positive charges
in the i-motif core is essential to stabilize this non-canonical structure. Interestingly, formation of G:T:G:T minor
groove tetrads in an i-motif context seems to require the presence of a protonated base pair nearby, suggesting
that the stabilization provoked by these tetrads may be due to cation-pi interactions.

Methods

Oligonucleotides synthesis. Oligodeoxynucleotides were synthesized on an ABI 3400 DNA synthesizer
by using standard solid-phase phosphoramidite chemistry at 1 pmol scale. Some minor modifications were
required in the synthesis cycle for the psC-containing sequences. Rather than 1H-tetrazole, a stronger activator
agent, 5-Benzylthio-1H-tetrazole (BTT) was used, together with an extended coupling time of 15 min for the
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incorporation of psC residues. As oxidizing agent, 1 M solution of ‘BuOOH in DCM was used. Cleavage from the
solid support and nucleobases deprotection were carried out with concentrated aqueous ammonium hydroxide
at room temperature for 12 or 24 h. Crude products were purified by ion exchange HPLC (250 x 4 mm NucleoPac
PA-100 column from Dionex, solvent A: 1 M AcONH, pH =7 containing 7.5% ACN, solvent B: 7.5% ACN solu-
tion in H,0). Oligonucleotides were further desalted by EtOH precipitation and characterized by MS-MALDI-
TOE Synthesis results are summarized in Supplementary Table S1.

Mass spectrometry. MS-MALDI-TOF spectra were acquired in the negative ion mode on an ABSciex 4800
plus device (see Supplementary Figs S17-S24). Samples were prepared by mixing 1pL of oligonucleotide solution
(100-500 pM) with 1pL of ammonium citrate (50 mg/mL) and allowed to interact for few seconds. Next 1 uL of
the mixture and 1pL of the matrix (2,4,6-trihidroxyacetophenone, THAP, 10 mg/mL in H20O/ACN 1:1) were
mixed and deposited onto the plate.

CD and UV spectroscopy. Circular dichroism spectra were recorded on a Jasco J-810 spectropolarimeter fitted
with a thermostated cell holder. CD spectra were recorded in 25 mM sodium phosphate buffer or 25 mM sodium
acetate buffer at different pH values and in presence of 100 mM NaCl. Samples were initially heated at 90 °C for
5min, and slowly allowed to cool to room temperature an stored at 4 °C until use. For pH titration experiments, the
pH was adjusted by adding aliquots of concentrated solutions of HCl or NaOH.Molar extinction coefficients for the
psC-containing sequences (see Supplementary Table S1) were calculated by applying the nearest-neighbour method
and considering the same molar extinction coefficient for cytidine and pseudoisocytidine residues.

NMR. Samples for NMR experiments were dissolved (in Na* form) in either D,0O or 9:1 H,0/D,0 (25mM
sodium phosphate buffer) in presence of 100 mM NaCl. Experiments were carried out at different pH values,
ranging from 3.5 to 7. The pH was adjusted by adding aliquots of concentrated solution of either DCI or NaOD.
All NMR spectra were acquired in Bruker spectrometers operating at 600 and 800 MHz, equipped with cryopro-
bes and processed with the TOPSPIN software. In the experiments in D,0, presaturation was used to suppress the
residual H,O signal. A jump-and-return pulse sequence® was employed to observe the rapidly exchanging pro-
tons in 1D H,0 experiments. NOESY?® spectra in D,0O and 9:1 H,0/D,0 were acquired with mixing times of 150,
250 and 300 ms. TOCSY?” spectra were recorded with the standard MLEV-17 spin-lock sequence and a mixing
time of 80 ms. In most of the experiments in H,O, water suppression was achieved by including a WATERGATE?®
module in the pulse sequence prior to acquisition. The spectral analysis program SPARKY was used for semiau-
tomatic assignment of the NOESY cross-peaks and quantitative evaluation of the NOE intensities.

Assignment of the NMR spectra. A complete 2D NMR study at different pH of all the sequences was car-
ried out to characterize the different i-motif structures formed in each case. The NMR assignment of the unmod-
ified sequence CO has been previously reported'®. The NMR spectra of CCO0 exhibit very similar features, and the
assignment of the two co-existing species (head-total and head-to-head) could be carried out as described in the
supplementary material. Assignment of the NMR spectra of the modified 11-mers, CC8 and CC9, was carried
out in a similar way. The NMR spectrum of CC9 was assigned at neutral pH. In addition to the i-motif signals,
some extra signals were observed, probably corresponding to unfolded or partially folded species. For this second
species (see Supplementary Fig. S9), C2, C8, C3 and psC9 residues could be identified. However, cross-peaks
involving exchangeable protons were only found for C3 and psC9. The relative intensity of this minor species
decreases at higher oligonucleotide concentration, indicating that this species is monomeric.

NMR constraints. Qualitative distance constraints were obtained from NOE intensities. NOEs were classi-
fied as strong, medium or weak, and distances constraints were set accordingly to 3, 4 or 5 A. In addition to these
experimentally derived constraints, hydrogen bond and planarity constrains for the base pairs were used. Target
values for distances and angles related to hydrogen bonds were set to values obtained from crystallographic data
in related structures®. Due to the relatively broad line-widths of the sugar proton signals, J-coupling constants
were not accurately measured, but only, roughly estimated from DQF-COSY cross-peaks. Loose values were set
for the sugar dihedral angles §, v, and v, to constrain deoxyribose conformation to North or South domain.

Structural calculations.  Structures were calculated with the program DYANA® and further refined with
the SANDER module of the molecular dynamics package AMBER 12.0. Resulting DYANA structures were taken
as starting points for the AMBER refinement, consisting of an annealing protocol in vacuo, followed by trajecto-
ries of 500 ps each in which explicit solvent molecules were included and using the Particle Mesh Ewald method
to evaluate long-range electrostatic interactions. The specific protocols for these calculations have been describe
elsewhere*!. The BSCI1 force field*> was used to describe the DNA, and the TIP3P model was used to simulate
water molecules. Charges for pseudoisocytosine were calculated using ab initio calculations with RESP/6-31G(d)
in single base models. Analysis of the representative structures was carried out with the program MOLMOL®.
The refined structures are deposited in the PDB (code: 5NIP).

Data availability. All data generated or analysed during this study are included in this published article (and
its Supplementary Information files).

References
1. Day, H. A,, Pavlou, P. & Waller, Z. A. E. i-Motif DNA: Structure, stability and targeting with ligands. Bioorg. Med. Chem. 22,
4407-4418, doi:10.1016/j.bmc.2014.05.047 (2014).
2. Benabou, S., Aviid, A, Eritja, R., Gonzilez, C. & Gargallo, R. Fundamental aspects of the nucleic acid i-motif structures. RSC Adv
4,26956-52, doi:10.1039/c4ra02129k (2014).

SCIENTIFICREPORTS|7:2772 | DOI:10.1038/541598-017-02723-y 6


http://S1
http://S17
http://S24
http://S1
http://S9
http://dx.doi.org/10.1016/j.bmc.2014.05.047
http://dx.doi.org/10.1039/c4ra02129k

www.nature.com/scientificreports/

b

10.
11.
12.
13.

14.

15.
16.

17.
18.

19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.
. Pasternak, A. & Wengel, ]. Modulation of i-motif thermodynamic stability by the introduction of UNA (unlocked nucleic acid)

34.
35.

36.

37.
38.
39.
40.
41.

42.
. Koradi, R., Billeter, M. & Wiithrich, K. MOLMOL: A program for display and analysis of macromolecular structures. J. Mol. Graph.

. Gehring, K., Leroy, J.-L. & Guéron, M. A tetrameric DNA structure with protonated cytosine-cytosine base pairs. Nature 363,

561-565, doi:10.1038/363561a0 (1993).
Dong, Y., Yang, Z. & Liu, D. DNA nanotechnology based on i-motif structures. Acc. Chem. Res. 47, 1853-60, doi:10.1021/ar500073a (2014).

. Li, T,, Lohmann, E & Famulok, M. Interlocked DNA nanostructures controlled by a reversible logic circuit. Nat. Commun. 5, 4940,

doi:10.1038/ncomms5940 (2014).

. Kim, ], Lee, Y. M., Kang, Y. & Kim, W. J. Tumor-homing, size-tunable clustered nanoparticles for anticancer therapeutics. ACS Nano

8,9358-9367, doi:10.1021/nn503349g (2014).

. Phan, A. T. & Leroy, J. L. Intramolecular i-Motif Structures of Telomeric DNA. J. Biomol. Struct. Dyn. 17, 245-251, doi:10.1080/073

91102.2000.10506628 (2000).

. Garavis, M. et al. Centromeric Alpha-Satellite DNA Adopts Dimeric i-Motif Structures Capped by AT Hoogsteen Base Pairs.

Chemistry 21, 9816-24, doi:10.1002/chem.201500448 (2015).

. Garavis, M. et al. The structure of an endogenous Drosophila centromere reveals the prevalence of tandemly repeated sequences able

to form i-motifs. Sci. Rep. 5, 13307, doi:10.1038/srep13307 (2015).

Banerjee, K. et al. Regulation of tyrosine hydroxylase transcription by hnRNP K and DNA secondary structure. Nat. Commun. 5,
5769, d0i:10.1038/ncomms6769 (2014).

Agrawal, P, Gokhale, V., Yang, D. & Hecht, S. M. The Dynamic Character of the BCL2 Promoter i - Motif Provides a Mechanism for
Modulation of Gene Expression by Compounds That Bind Selectively to the Alternative DNA Hairpin Structure. J. Am. Chem. Soc.
136, 4161-4171, doi:10.1021/ja410934b (2014).

Jin, K. S. et al. pH-dependent structures of an i-motif DNA in solution. J. Phys. Chem. B 113, 1852-6, d0i:10.1021/jp808186z (2009).
Brooks, T. a., Kendrick, S. & Hurley, L. Making sense of G-quadruplex and i-motif functions in oncogene promoters. FEBS J. 277,
3459-3469, doi:10.1111/.1742-4658.2010.07759.x (2010).

Gallego, J., Chou, S. H. & Reid, B. R. Centromeric pyrimidine strands fold into an intercalated motif by forming a double hairpin
with a novel T:G:G:T tetrad: solution structure of the d(TCCCGTTTCCA) dimer. J. Mol. Biol. 273, 840-856, d0i:10.1006/
jmbi.1997.1361 (1997).

Escaja, N. et al. A minimal i-motif stabilized by minor groove G:T:G:T tetrads. Nucleic Acids Res. 40, 11737-11747, d0i:10.1093/nar/
gks911 (2012).

Brazier, J. A., Shah, A. & Brown, G. D. I-Motif formation in gene promoters: unusually stable formation in sequences complementary
to known G-quadruplexes. Chem. Commun. 48, 10739-41, doi:10.1039/c2cc30863k (2012).

Zhou, J. et al. Formation of i-motif structure at neutral and slightly alkaline pH. Mol. Biosyst. 6, 580-586, doi:10.1039/b919600e (2010).
Wright, E. P., Huppert, J. L. & Waller, Z. A. E. Identification of multiple genomic DNA sequences which form i-motif structures at
neutral pH. Nucleic Acids Res. 45, 1-9, doi:10.1093/nar/gkx090 (2017).

Sun, D. & Hurley, L. H. The importance of negative superhelicity in inducing the formation of G-quadruplex and i-motif structures
in the c-Myc promoter: implications for drug targeting and control of gene expression. J. Med. Chem. 52, 2863-2874, doi:10.1021/
jm900055s (2009).

Cui, J., Waltman, P, Le, V. H. & Lewis, E. A. The effect of molecular crowding on the stability of human c-MYC promoter sequence
I-motif at neutral pH. Molecules 18, 12751-12767, d0i:10.3390/molecules181012751 (2013).

Kanaori, K. et al. Effect of Phosphorothioate Chirality on i-Motif Structure and Stability. Biochemistry 43, 5672-5679, doi:10.1021/
bi035419r (2004).

Xu, B, Devi, G. & Shao, F. Regulation of telomeric i-motif stability by 5-methylcytosine and 5-hydroxymethylcytosine modification.
Org. Biomol. Chem. 13, 5646-5651, doi:10.1039/c40b02646b (2015).

Kumar, N., Nielsen, J. T., Maiti, S. & Petersen, M. i-Motif formation with locked nucleic acid (LNA). Angew. Chemie - Int. Ed. 46,
9220-9222, doi:10.1002/anie.200701667 (2007).

Krishnan-Ghosh, Y., Stephens, E. & Balasubramanian, S. PNA forms an i-motif. Chem. Commun. 42, 5278-5280, doi:10.1039/
b510405j (2005).

Abou Assi, H. et al. Stabilization of i-motif structures by 2’-3-fluorination of DNA. Nucleic Acids Res. 44, 4998-5009, doi:10.1093/
nar/gkw402 (2016).

Kan, L., Lin, W, Yadav, R. D, Shih, J. H. & Chao, I. NMR Studies of the Tautomerism in Pseudoisocytidine. Nucleosides & Nucleotides
18,1091-1093 (1999).

Ono, A., Tso, P. O. P. & Kan, L. Triplex Formation of an Oligonucleotide Containing 2’-O-Methylpseudoisocytidine with a DNA
Duplex at Neutral pH. J. Org. Chem. 75, 3225-3230 (1992).

Chin, T.-M. et al. ‘Paper-Clip’ Type Triple Helix Formation by 5'-d-(TC),T,(CT);C,(AG);(a and b =0-4) as a Function of Loop Size
with and without the Pseudoisocytosine Base in the Hoogsteen Strand. Biochemistry 3, 12457-12464 (2000).

Shahid, K. A. et al. Targeted Cross-linking of the Human 3-Globin Gene in Living Cells Mediated by a Triple Helix Forming
Oligonucleotide. Biochemistry 45, 1970-1978, doi:10.1021/bi0520986 (2006).

Parsch, U. & Engels, ]. W. pH-Independent Triple-Helix Formation with 6-Oxocytidine as Cytidine Analogue. Chem. Eur. J. 6,
2409-2424, doi:10.1002/(ISSN)1521-3765 (2000).

Robidoux, S. & Damha, M. J. D-2- Deoxyribose and D-arabinose, but not D-ribose, Stabilize the Cytosine Tetrad (i-DNA) Structure.
J. Biomol. Struct. & Dyn. 15, 529-535 (1997).

Kumar, N, Petersen, M. & Maiti, S. Tunable c-MYC LNA i-motif. Chem. Commun. 12, 1532-1534, doi:10.1039/b819305c (2009).

monomers. Bioorg. Med. Chem. Lett. 21, 752-755, d0i:10.1016/j.bmcl.2010.11.106 (2011).

Pérez-Rentero, S., Gargallo, R, Gonzélez, C. & Eritja, R. Modulation of the stability of i-motif structures using an acyclic threoninol
cytidine derivative. RSC Adv. 5, 63278-63281, doi:10.1039/C5RA10096H (2015).

Plateau, P. & Guiron, M. Exchangeable Proton NMR without Base-Line Distortion, Using New Strong-Pulse Sequences. J. Am.
Chem. Soc. 104, 7310-7311, doi:10.1021/ja00389a067 (1982).

Kumar, A., Ernst, R. R. & Wiithrich, K. A two-dimensional nuclear Overhauser enhancement (2D NOE) experiment for the
elucidation of complete proton-proton cross-relaxation networks in biological macromolecules. Biochem. Biophys. Res. Commun.
95, 1-6, d0i:10.1016/0006-291X(80)90695-6 (1980).

Bax, A. & Davis, D. G. MLEV-17-based two-dimensional homonuclear magnetization transfer spectroscopy. J. Magn. Reson. 65,
355-360 (1985).

Piotto, M., Saudek, V. & Sklenaf, V. Gradient-tailored excitation for single-quantum NMR spectroscopy of aqueous solutions. /.
Biomol. NMR 2, 661-665, doi:10.1007/BF02192855 (1992).

Cai, L. et al. Intercalated cytosine motif and novel adenine clusters in the crystal structure of the Tetrahymena telomere. Nucleic
Acids Res. 26, 4696-4705, d0i:10.1093/nar/26.20.4696 (1998).

Giintert, P., Mumenthaler, C. & Wiithrich, K. Torsion angle dynamics for NMR structure calculation with the new program Dyana.
J. Mol. Biol. 273, 283-298, d0i:10.1006/jmbi.1997.1284 (1997).

Soliva, R. et al. Solution structure of a DNA duplex with a chiral alkyl phosphonate moiety. Nucleic Acids Res. 29, 2973-85,
doi:10.1093/nar/29.14.2973 (2001).

Ivani, I. et al. Parmbscl: a refined force field for dna simulations. Nat. Methods. 13, 55-58, d0i:10.1038/nmeth.3658 (2016).

14, 51-55, d0i:10.1016/0263-7855(96)00009-4 (1996).

SCIENTIFICREPORTS|7:2772 | DOI:10.1038/541598-017-02723-y 7


http://dx.doi.org/10.1038/363561a0
http://dx.doi.org/10.1021/ar500073a
http://dx.doi.org/10.1038/ncomms5940
http://dx.doi.org/10.1021/nn503349g
http://dx.doi.org/10.1080/07391102.2000.10506628
http://dx.doi.org/10.1080/07391102.2000.10506628
http://dx.doi.org/10.1002/chem.201500448
http://dx.doi.org/10.1038/srep13307
http://dx.doi.org/10.1038/ncomms6769
http://dx.doi.org/10.1021/ja410934b
http://dx.doi.org/10.1021/jp808186z
http://dx.doi.org/10.1111/j.1742-4658.2010.07759.x
http://dx.doi.org/10.1006/jmbi.1997.1361
http://dx.doi.org/10.1006/jmbi.1997.1361
http://dx.doi.org/10.1093/nar/gks911
http://dx.doi.org/10.1093/nar/gks911
http://dx.doi.org/10.1039/c2cc30863k
http://dx.doi.org/10.1039/b919600e
http://dx.doi.org/10.1093/nar/gkx090
http://dx.doi.org/10.1021/jm900055s
http://dx.doi.org/10.1021/jm900055s
http://dx.doi.org/10.3390/molecules181012751
http://dx.doi.org/10.1021/bi035419r
http://dx.doi.org/10.1021/bi035419r
http://dx.doi.org/10.1039/c4ob02646b
http://dx.doi.org/10.1002/anie.200701667
http://dx.doi.org/10.1039/b510405j
http://dx.doi.org/10.1039/b510405j
http://dx.doi.org/10.1093/nar/gkw402
http://dx.doi.org/10.1093/nar/gkw402
http://dx.doi.org/10.1021/bi0520986
http://dx.doi.org/10.1002/(ISSN)1521-3765
http://dx.doi.org/10.1039/b819305c
http://dx.doi.org/10.1016/j.bmcl.2010.11.106
http://dx.doi.org/10.1039/C5RA10096H
http://dx.doi.org/10.1021/ja00389a067
http://dx.doi.org/10.1016/0006-291X(80)90695-6
http://dx.doi.org/10.1007/BF02192855
http://dx.doi.org/10.1093/nar/26.20.4696
http://dx.doi.org/10.1006/jmbi.1997.1284
http://dx.doi.org/10.1093/nar/29.14.2973
http://dx.doi.org/10.1038/nmeth.3658
http://dx.doi.org/10.1016/0263-7855(96)00009-4

www.nature.com/scientificreports/

Acknowledgements

This work was supported by the MINECO grants CTQ2014-52658-R and BFU2014-52864-R. B.M. was supported
by an ADR University of Barcelona fellowship. Open access publication was supported by the University of
Barcelona.

Author Contributions

C.G. and N.E. provided primary idea and designed research. B.M. and X.S. performed experimental work. C.G.
provided NMR facilities. B.M., X.S., C.G. and N.E. analyzed data. C.G. and N.E. wrote the manuscript with
contributions from all authors.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-02723-y

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:2772 | DOI:10.1038/541598-017-02723-y 8


http://dx.doi.org/10.1038/s41598-017-02723-y
http://creativecommons.org/licenses/by/4.0/

	The effect of the neutral cytidine protonated analogue pseudoisocytidine on the stability of i-motif structures

	Results and Discussion

	psC-containing sequences form i-motif structures. 
	CC9 i-motif structure at neutral pH is a head-to-tail dimer. 
	Equilibria between head-to-tail and head-to-head i-motif dimers are found for C7 and CC8. 
	The effect of pseudoisocytidine incorporation in other i-motif forming sequences. 

	Conclusions

	Methods

	Oligonucleotides synthesis. 
	Mass spectrometry. 
	CD and UV spectroscopy. 
	NMR. 
	Assignment of the NMR spectra. 
	NMR constraints. 
	Structural calculations. 
	Data availability. 

	Acknowledgements

	Figure 1 Expected base-pairs in psC-containing i-motifs and schematic representations of the structural equilibrium in C0 and CC0.
	Figure 2 CC9 forms i-motif structure at neutral pH.
	Figure 3 Thermal stability of psC-containing i-motifs.
	Figure 4 Assignment of exchangeable protons and solution dimeric structure of CC9.
	Figure 5 Single psC residue at position 1 in HT sequence stabilizes i-motif structure at neutral pH.
	Table 1 Melting temperature and pHT values of C0, C7, CC0, CC8 and CC9.




