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ABSTRACT: We report here the solution structure of several
repetitive DNA sequences containing d(TCGTTCCGT) and relat-
ed repeats. At physiological pH, these sequences fold into an i-
motif like quadruplexes in which every two repeats a globular
structure is stabilized by two hemiprotonated C:C* base pairs,
flanked by two minor groove tetrads resulting from the associa-
tion of G:C or G:T base pairs. The interaction between the minor
groove tetrads and the nearby C:C" base pairs affords a strong
stabilization, which results in effective pHr values above 7.5.
Longer sequences with more than two repeats are able to fold in
tandem, forming a rosary bead-like structure. Bioinformatics
analysis shows that these sequences are prevalent in the human
genome, and are present in development-related genes.

Repetitive DNA sequences are attracting much scientific atten-
tion because of their ability to induce genetic instabilities, which
ultimately can lead to human diseases. Although the molecular
mechanism of these genetic instabilities is not well understood, it
has been suggested that it can be related to the tendency of repeti-
tive sequences to adopt non B-DNA structures,'! such as hairpins,
Z-DNA or quadruplexes. Repetitive sequences containing guanine
tracts have been extensively studied because of their occurrence in
telomeric regions and their ability to fold into G-quadruplexes.
Under acidic conditions, their complementary C-rich strands can
form i-motif structures.’ Although a number of repetitive se-
quences fold into this motif,"”) and recent studies reveal the active
role of i-motifs in gene transcription regulation,™ this class of
non-canonical structures has been less studied than others due to
its low stability at physiological conditions.

The i-motif is a four-stranded structure formed by the associa-
tion of two parallel-stranded duplex through hemi-protonated
C:C" base pairs. The two duplexes are intercalated in opposite
orientations. Since i-motif formation requires cytosine protona-
tion, these structures are usually stable only at acidic pH. Howev-
er, recent studies have shown that some particular sequences may
be stable at neutral conditions.”! I-motif structures can be stabi-
lized by external agents, such as molecular crowding agents'® or

by the appropriate chemical modifications.”? Capping interactions
at the ends of the C:C" stack also play an important role in i-motif
stability. In a previous study, we showed that minor groove
G:T:G:T tetrads are excellent capping elements of C:C" stacks.™
These tetrads result from the association of two G:T mismatches
through their minor groove side, and have been found in i-
motifs”! and in other structures.l'™ This family of tetrads have
been also observed with Watson-Crick G:C!''"! and A:T!'* base
pairs (G:C:G:C and A:T:A:T), as well as with combinations of
G:C, A:T and G:T base pairs.' %]

In this paper, we study several repetitive sequences designed to
form small i-motifs based on interactions between C:C" base pairs
and minor groove tetrads. We found that the combination of these
two secondary structural elements renders a very unique i-motif
like structure of an extraordinary stability under physiological
conditions.

Table 1. Melting temperature and pHy values of different oligonucleo-
tides studied in this paper. Experimental conditions: [oligonucleo-
tide]=3.5 uM, 10 mM sodium phosphate, pH 7.

Name Sequence pHr Tw (°C)
LL1 d(L-T-L) n.d. 243
LL2 d(L-T>-L) n.d. 27.9
LL3 d(L-T5-L) 7.8 32.1
LL4 d(L-T4-L) 7.9 28.4
LL5 d(L-Ts-L) n.d. 25.4
LL6 d(L-Ts-L) n.d. 233
LL7 d(L-T+-L) n.d. 21.7
LL3rep d(L-T5-L-T5-L-T5-L) 7.6 23.7
LL3long d(L-T5-L-T¢-L-T5-L) 7.5 23.0

L: TCGTTCCGT

The DNA oligonucleotides studied here are shown in Table 1.
Their sequences are similar to those that result from connecting
the two subunits of the dimeric structure of d(TCGTTTCGT) with
poly-thymidine linkers of different lengths.® The resulting con-



struction may adopt different topologies that would be difficult to
distinguish in a sequence with perfect TCGT repeats. Thus, to
facilitate the assignment of the NMR spectra and to discriminate
between possible topologies, we focused on related sequences
containing d(TCGTTCCGT) repeats, named as L. These repeats
can form different minor groove tetrads depending on the folding
pattern, i.e. either two mixed G:C:G:T tetrads or one G:C:G:C and
one G:T:G:T tetrad (Figure S1). Interestingly, the NMR spectra of
all these sequences at pH 7 exhibit the distinctive imino signals of
hemiprotonated C:C" base pairs (around 15 ppm), together with
imino resonances characteristic of GC Watson-Crick base pairs
(13 ppm) and additional narrow signals in the 10-11 ppm region,
where GT mismatches are found (Figures 1D, S2 and S3). NMR
spectra recorded at different temperatures indicate that the struc-
tures are stable at neutral pH (see Figure S2 and S3). This is con-
firmed by CD spectra, which, under the same neutral conditions,
exhibit a positive band around 265 nm (Figure 1C) that disappears
upon temperature increases (see Figure S2 and S3). The CD spec-
tra are distinct from those seen in most i-motif structures with the
characteristic band at 285 nm shifted to lower wavelength. These
CD spectra resemble those observed in the dimeric structure of
d<pTCGTTTCGT> and other structures stabilized by slipped
minor groove tetrads.®'%!"J Melting experiments were conducted
by following the decrease of the maximum ellipticity (Figure 1A).
The resulting Tm values are shown in Table 1.
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Figure 1. (A) CD melting experiments of LL1-7 at pH 7, B) pH titra-
tion of LL3 and LL4, C) CD spectra of the different sequences, and D)
exchangeable protons region of the 'H-NMR spectra of LL3 and LL4 at
T=5°C, 10 mM phosphate buffer, pH7. [oligonucleotide]=3.5 uM for
CD/UV and | mM for NMR.
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The comparison of the apparent T,,, and pHr values for the dif-
ferent oligonucleotides reveals a clear dependence on the poly-
thymidine loop length, with LL3 and LL4 being the most stable.
Based on this, we focused on these two oligonucleotides for a
more detailed structural study.

As expected for i-motif like structures, their thermal stability is
pH-dependent. UV melting experiments recorded at two different
pHs are shown in Figure S4. The effective pHt values (midpoint
of the pH transition) were estimated by carrying out a CD-
monitored pH titration. As shown in Table 1 and S1, pHt values
are surprisingly high for structures containing hemiprotonated
C:C" base pairs, although not completely unprecedented.”!

To determine the molecularity of the structure, melting experi-
ments were run at different oligonucleotide concentrations. The
results shown in Figure S5 clearly indicate the formation of mon-
omeric structures, since the T, values do not depend on DNA
concentration. This is confirmed by electrophoretic gel experi-
ments shown in Figure S6. The electrophoretic mobility of se-
quences containing two repeats of the sequence L is compared
with a sequence containing four repeats (LL3rep) in addition to

poly-dT references. For all the LL sequences, the observed spots
are in the range of dT15 and dT30 and migrate significantly faster
than LL3rep, confirming the formation of unimolecular structures.
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Figure 2. Exchangeable protons regions of the NOESY spectra (mixing
time = 150 ms) of 1 mM LL3, T= 5°C, 10 mM phosphate buffer, pH 7.

Two-dimensional NMR spectra of LL3 and LL4 were recorded
and fully assigned. Cytosine residues were assigned by analysing
several constructions in which particular cytosines were substitut-
ed by 5-Me-dC ("C) residues (see Figures S7-10 for details). The
spectra are of excellent quality and show narrow lines and good
dispersion of exchangeable signals (see Figures 2, S11 and S12).
In both cases the main spectral features are identical. Two hemi-
protonated imino signals are shown around 15.5 ppm. Each of
these signals shows cross-peaks with two pairs of amino protons.
Two guanine imino signals are found around 13-14 ppm, the
characteristic region of Watson-Crick G:C base pairs, and exhibit
cross-peaks with the amino protons of two cytosines. The other
guanine imino signals are found upfield, (~10-12 ppm). These
signals show cross-peaks with imino protons of two thymine
residues, indicating the formation of G:T base pairs (see Figure 2
and S11, imino proton of G15 in LL3 is not observed). The for-
mation of G:C:G:T tetrads is supported by a number of cross-
peaks between amino and H1’ protons of different guanines.
Interestingly, significant differences are found in the chemical
shift of amino protons of cytosine residues involved in the C:C"
base pairs. Those belonging to the cytidine residues stacked with
the G:C base pair of the tetrad exhibit downfield values. Full
details on the assignment procedures are given in the supplemen-
tary material. The chemical shifts are listed in Tables S2-5.

The three-dimensional structure of LL3 was determined on the
basis of approximately 125 experimental distance constraints by
using restrained molecular dynamics methods (see Supplementary
Information (SI). and Tables S6 and S7.). Except for some loop
residues, the structures are very well-defined with an RMSD of
0.8 A. The structures consist of a short stack of two hemiprotonat-
ed C:C" base pairs, surrounded by two minor groove G:C:G:T
tetrads (see Figure 3). Adjacent guanines and cytosines in these
tetrads are connected by two-thymine loops, being the first thy-



mines in well-defined positions capping the tetrads, whereas the
second ones are disordered. The two segments containing the
d(TCGTTCCGT) repeats are oriented forming an X-shape when
seen from the minor groove side (Figure 3). The loop connecting
the two repeats is relatively disordered in both structures. As
previously seen in i-motifs and other structures stabilized by
minor groove tetrads, the minor grooves are extremely narrow
with a number of inter-strand sugar-sugar contacts. These favora-
ble contacts, together with the positive charge of the hemiproto-
nated base pairs, help alleviate the electrostatic repulsion arising
between nearly phosphate groups on contiguous strands. Further-
more, the structure is stabilized by a number of hydrogen bonds,
arising from two C:C", two G:C and two G:T base pairs, in addition
to those from G:G interaction in the G:C:G:T tetrads.

These two guanines lay exactly on top of the C:C" base pair, as
shown in Figures 3 and S13. These stacking interactions further
stabilize the structure and, most probably, contribute to maintain
the cytosines hemiprotonated at unusually high pH values. The
key importance of this interaction is reflected in the temperature
dependence of the exchangeable protons spectra. As shown in
Figures S2 and S3, imino signals of the G:C:G:T tetrads and the
C:C" base pairs disappear at the same temperature, indicating that
these two structural elements unfold concomitantly.

The lateral two-residue loops are very similar to those found in
the dimeric structure of d<pTCGTTTCGTT> and other related

structures connecting the sides of minor grove tetrads. Previous
studies showed that the optimal number of residues connecting the
two sides of this kind of tetrads is two.'*) More interesting is the
effect of the length of longer loop connecting the two repeats. The
NMR spectra of the different oligonucleotides studied here clearly
indicate that similar structures are formed regardless of the num-
ber of residues in this loop (Figures S2 and S3). Although the loop
length affects the stability of the structure, as mentioned above,
our results indicate that this motif is rather tolerant of different
loop lengths.

Slipped G:C:G:C tetrads are structurally very similar to
G:C:G:T and G:T:G:T tetrads. To check whether these tetrads can
also stabilize this minimal i-motif, two sequences, containing
T<->C mutations at positions 1 and 6 of the L repeat were stud-
ied. The  resulting  repeats  d(TCGTTTCGT) and
d(CCGTTCCGT), named as M and N, respectively, were con-
nected with a four thymine loop. The NMR spectra of these oli-
gonucleotides (MM4 and NN4) are shown in Figure S14. In addi-
tion to the imino signals from hemiprotonated C:C" base pairs,
imino proton resonances from G:C bases pair (in NN4) and from
G:T mismatches (MM4) are observed. These NMR data clearly
indicate that their overall structures exhibit the same features as
LL3 and LL4.

Figure 3. Different views of the calculated structure of LL3. Cytosines are shown in green; guanines in blue; thymines with a well-defined structure are in
magenta and the rest in grey. PDB code SOGA.

Finally, we tested whether this motif can fold in tandem. Two
constructions (LL3rep and LL3long), consisting of four repeats of
d(TCGTTCCGT) connected with poly-T loops of different
lengths were prepared. Most interestingly, the NMR and CD
spectra recorded at pH 7 show the same general features observed
for LL3 (Figure 4C and 4D) and similar pH and thermal stability
as that found for LL1-7 sequences (see Table 1 and Figure S15).
We must conclude that this structural motif can occur in tandem,
forming rosary bead-like structures as shown in Figure 4E. The
model shown in this figure was built from a sequence with 6 L-
repeats, forming a domain with the structure of LL3 every two
repeats. As working hypothesis, we have assumed that the loop
connecting each of the units is disordered, and no interaction
occurs between each individual unit. Although this is consistent
with our NMR data, more work is now in progress in our group to
fully confirm these assumptions.

Although a more systematic study is necessary to fully assess
the sequential requirements for the formation of these structures,
the fact that most thymines in the loops are disordered suggests
that their contribution to the stability is not significant, and they
might be substituted by other nucleotides. C:G steps at the appro-
priate distance in the sequence to bring two G:C or G:T base pairs

into register for a minor groove tetrad formation besides C:C"
base pair is probably the necessary sequential requirement. Based
on these premises, a consensus motif can be established as
d(YCG(XX)YCG(X)YCG(XX)YCQG), where X can be any nu-
cleotide.

We mapped this consensus motif with n from 4 to 10 bases
(forcing exact matching) to the hgl9 version (UCSC GRCh37,
Feb/2009) of the human genome, finding 4971 hits, more than
expected from a random model (p value < 102®). The most com-
mon length for the connection loop is 7 nucleotides (which appear
twice more than expected, p-value < 10™'"?). Very interestingly,
regions susceptible to form mini i-motif structures are not ran-
domly distributed in the genome, but are very localized in regula-
tory regions, very close to the transcription start site (TSS; see
Figure S16), especially in promoters and 5’UTRs (see Table S8).
Gene ontology analysis (GO)[IS] reveals that the consensus motif
is over-represented (again with a very high statistical confidence)
in development-related genes (see Table S9).
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Figure 4. Studies on LL3rep and LL3long (A) UV melting experiments
B) pH titration C) CD spectra and D) exchangeable protons region of the
'H-NMR at T=5°C, 10 mM phosphate buffer, pH7. [oligonucleotide]= 3.5
uM for UV/CD and 1mM for NMR. E) Model of the formation of three
mini i-motifs in tandem.

In summary, we have found that single stranded DNA can fold
into tandem repeats of a novel i-motif like quadruplex structures
at physiological pH. Bioinformatics analysis very strongly suggest
that mini i-motif forming sequences are not only prevalent in the
human genome, but are present in key regulatory elements associ-
ated to genes which need to be tightly controlled during develop-
ment and differentiation. All these findings very strongly support
an important functional role for the suggested structure. It is
tempting to believe, that as found for telomeres, the equilibrium
between B-type duplex and mini i-motif can help in the control of
the expression of these development-related genes.
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Methods

Oligonucleotides synthesis. Oligodeoxynucleotides LL3 and LL4 were synthesized on an ABI 3400 DNA synthesizer by using
standard solid-phase phosphoramidite chemistry at 1 umol scale. Cleavage from the solid support and nucleobases
deprotection were carried out with concentrated aqueous ammonium hydroxide at room temperature for 12 h. Crude
products were purified by reverse phase HPLC (250x10 mm Jupiter C18 column from Phenomenex, solvent A: 0.1M TEAA
pH=7, solvent B: ACN). Oligonucleotides were further desalted by EtOH precipitation and characterized by MS-MALDI-TOF.
Synthesis results are summarized in Supplementary Table S10. The other oligonucleotides were purchased (IDT).

Mass spectrometry. MS-MALDI-TOF spectra of LL3 and LL4 were acquired in the negative ion mode on an ABSciex 4800
plus device. Samples were prepared by mixing 1ulL of oligonucleotide solution (100-500 uM) with 1uL of ammonium citrate
(50 mg/mL) and allowed to interact for few seconds. Next 1 ulL of the mixture and 1luL of the matrix (2,4,6-
trihidroxyacetophenone, THAP, 10 mg/mL in H20/ACN 1:1) were mixed and deposited onto the plate.

CD and UV spectroscopy. Circular dichroism spectra were recorded on a Jasco J-815 spectropolarimeter. UV spectra were
recorded on a Jasco V-730 spectrophotometer. Both fitted with a thermostated cell holder. Spectra were recorded in 25
mM sodium cacodylate buffer or 25 mM sodium acetate buffer at different pH values. Samples were initially heated at 90°C
for 5 min, and slowly allowed to cool to room temperature and stored at 4°C until use. CD and UV melting curves were
recorded at the wavelength of the larger positive band, ~ 265 nm, with a heating rate of 0.5 °C-min". Associated error in Tm
values determination has been estimated in 0.2 °C.

For pH titration experiments, the pH was adjusted by adding aliquots of concentrated solutions of HCl or NaOH. The
effective pH-transition midpoint (pHy) values were obtained from the plot of observed ellipticity (mdeg), at around 265 nm,
versus pH in 25 mM NaPi buffer at 5°C. CD versus pH data were fit to a standard titration model involving a single
protonation event using a dose-response equation (OriginPro 8):

+ Efolded — €unfolded
1+ 10Qcooperativity-(pH—pHr)

&= gunfolded

This equation allows obtaining the pH; and the cooperativity parameter (See Table S1). Associated error in pHr
determination has been estimated in 0.1 pH units.

Molar extinction coefficients for all sequences (see Supplementary Table $S10) were calculated by applying the nearest-
neighbor method.

Gel electrophoresis. Polyacrylamide gel electrophoresis under native conditions was performed to confirm the molecularity
of the structures. 20% polyacrylamide gels (acrylamide/bisacrylamide 19:1) were prepared at pH 7 using phosphate buffer.
0.05 OD oligonucleotide samples were prepared in water/sucrose 2M 1:1 and equilibrated as described in the CD and UV
section. Running of the gels was done in phosphate buffer 50 mM at pH 7 for 6-7 h at 180 V. Visualization of the gels was
achieved by treatment with Stains-All dye from Sigma. Poly-dT references (dT,g, dTs, dT30, dT3s, dT40 and dTso) were used as
oligonucleotide length controls.

NMR. Samples for NMR experiments were dissolved (in Na® form) in either D,0 or 9:1 H,0/D,0, 10 mM sodium phosphate
buffer. Experiments were carried out at different pH values, ranging from 4 to 7. The pH was adjusted by adding aliquots of
concentrated solution of either DCI or NaOD. All NMR spectra were acquired on Bruker spectrometers operating at 600 and
800 MHz, equipped with cryoprobes and processed with the TOPSPIN software. For the experiments in D,0, presaturation
was used to suppress the residual H,0 signal. A jump-and-return pulse sequence1 was employed to observe the rapidly
exchanging protons in 1D H,0 experiments. NOESY? spectra in D,0 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,0, water suppression was achieved by including a WATERGATE* module in the pulse
sequence prior to acquisition. The spectral analysis program SPARKY was used for semiautomatic assignment of the NOESY
cross-peaks and quantitative evaluation of the NOE intensities.

Assignment of the NMR spectra. The NMR spectra of all sequences exhibit very similar features, although we focused on
LL3 and LL4. To overcome the intrinsic difficulties of the specific assighment of repetitive sequences, we studied two
additional oligonucleotides in which one or two cytosines were replaced by 5-methyl-cytosine residues ("C). The NMR
spectra of these two oligonucleotides LL4-M1: d(T"CGTTCCGT-T4-TCGTTCCGT); and LL4-M2: d(T"CGTTCCGT-T4-
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T"CGTTCCGT) were partially assigned. Unambiguous assignment of C2 and C15 residues in LL4 could be carried out by
observing the changes in the H5-H6 region of the TOCSY spectra (Figure S7). From these starting points, sequential
assignment of all the residues could be carried out by analyzing TOCSY and NOESY spectra following standard methods.
Assignment details for LL4-M1 are given in Figures S8 and S9, for LL4-M2 in Figure S10, LL4 in Figure S11, and for LL3 in
Figure S12. In these figures, cross-peaks involving multiple overlapped resonances are labelled using a slash symbol (i.e.
H1’C7/C20-H8G8/G21). Chemical shift lists are given in Tables $2-5.

NMR constraints. Qualitative distance constraints were obtained from NOE intensities. NOEs were classified 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 trajectories 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 described elsewhere®. The BSC1 force field® was used to describe the
DNA, and the TIP3P model was used to simulate water molecules. Analysis of the representative structures was carried out
with the program MOLMOL™.

The structural models for the sequences with different poly-thymine loops shown in Figures S2 and S3 were built on the
basis of their similar spectra to LL3. The experimental distances observed for LL3 were renumbered according to the
different sequences and the models were calculated with the program DYANA. No refinement with AMBER package was
carried out in this case.
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Supplementary Figures

Figure S1. Possible unimolecular folding patterns for LL3 are shown. In the head-to-head like structure one G:C:G:C and one
G:C:G:T tetrads are formed, whereas in the head-to-tail like structure two mixed G:C:G:T tetrads are formed. Moreover, the
pattern of C:C" base-pairs differs in each of the two arrangements. In the head-to-head like orientation (left), C2:C14 and
C7:C19 base pairs are expected, whereas in the head-to-tail one (right), the base pairs should be C2:C19 and C7:C14. The
assignment of the exchangeable protons spectra of LL3 and LL4 (see Figures 2 and S11) clearly shows the formation of the
latter structure. Colour code: Cin green, G in blue, and T in magenta
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Figure S2. NMR and CD melting experiments at pH 7 (phosphate buffer, [oligonucleotide]=1 mM for NMR and 3.5 uM for
CD) and structural models of LL1, LL2 and LL3. Only the nucleotides forming the C:C" and G:C:G:T tetrads are shown. Colour
code: cytosine in green, guanines in blue, and thymine in magenta.
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Figure S3. NMR and CD melting experiments at pH 7 (phosphate buffer, [oligonucleotide]=1 mM for NMR and 3.5 uM for
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shown. Colour code: cytosine in green, guanines in blue, and thymine in magenta.

Figure S4. UV melting curves of LL3 and LL4 at different pH. [oligonucleotide]=3,5 uM, 25 mM cacodylate buffer.
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Figure S5. Left: NMR spectra of LL3 and LL4 at different oligonucleotide concentration, phosphate buffer pH 7, T=5°C. Right:
CD melting curves of LL3 and LL4 at different oligonucleotide concentration, phosphate buffer, pH 7.
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Figure S6. Native PAGE of LL sequences. 20% polyacrylamide gels (acrylamide/bisacrylamide 19:1), pH 7, phosphate buffer
0.05 M. Experimental conditions: 180 V for 6-7 hours, T=5°C. A = dTys, dT,s, dT4o + bromophenol. B = dT,g, dT3g, dTsg +

bromophenol.
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Figure S7. From left to right, H5-H6 cross-peaks region of TOCSY spectra of LL4, LL4-M1, LL4-M2 and LL3. Comparison of H5-
H6 cross-peaks region of the TOCSY spectra of LL4 with two analogue sequences, LL4-M1 and LL4-M2, in which a single
cytosine in position 2, or two cytosines in positions 2 and 15, have been replaced by 5-methyl-cytosines. Unambiguous
assignment of C2 and C15 residues was carried out by observing the H5-H6 cross-peaks that disappear in LL4-M1 (C2) and in
LL4-M2 (C2 and C15). Chemical shifts of H5/H6 protons of C6/C19 and C7/C20 do not change significantly in any case upon

5-methyl-cytosine substitution.
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Figure S8. Exchangeable protons regions of NOESY spectrum (150 ms) of LL4-M1, phosphate buffer pH 7, T=5°C,
[oligonucleotide]=1 mM.

Assignment details of exchangeable protons region of LL4-M1: As shown in Figure S8, LL4-M1 exhibits two signals in the
characteristic region of hemiprotonated C:C" base pairs (15.44 and 15.41 ppm) that show cross-peaks with two pairs of
amino protons, consistent with the formation of C:C* pairs between non-equivalent cytosines. Two additional imino signals
in the G:C WC base pairs region are also observed at 13.77 and 13.71 ppm. Starting from methylated "C2 residue (labelled
as C2m in the spectrum), the other cytosine residues involved in C:C* base pairs could be unambiguously assigned: "C2 is
hydrogen bonded to C15 and the other C:C* base pair is formed between C7 and €20. C6 and C19, that show degenerated
signals, are involved in G:C WC base pairs formation (C6:G21 and C19:G8) and expected H1G21-H41/H42C6 and H1G8-
H41/H42C19 cross-peaks are observed. Formation of mixed tetrads is also supported by the significant differences found in
the chemical shift of the amino protons of paired hemiprotonated cytosines. Amino protons of cytosines capped by the G:C
base pair of the tetrad are significantly downshifted than those capped by the G:T base pair. Some cross-peaks also support
the minor groove interaction between guanine residues: H1’G8-H1/H22G16 and H1’G21/H1G3. Stacking contacts between
guanine residues and hemiprotonated c:.c’ pairs are also observed: H5C7-H1/H21/H22G8 and H5/H42C21-H1G21.
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Figure S9. Non-exchangeable protons regions (Ar-H1’/H5 and Ar-H2’/H2”/Me) of NOESY spectrum (150 ms) of LL4-M1,
phosphate buffer pH 7, T=5°C, [oligonucleotide]=1 mM. Cross-peaks involving multiple overlapped resonances are labelled
with a slash symbol.

Assignment details of non-exchangeable protons of LL4-M1: As shown in Figure S9, LL4-M1 is completely structured at pH
7 and low temperature (T=5°C). A large number of sequential cross-peaks are observed: Me™C2-H1'T1, H2”/H1'T1-H6™C2,
H1’/H2’/H2"™C2-H8G3, MeT4-H1’G3, MeT9-H8G8, H2’/H2”C6/C19-H6C7/C20, H2’/H2”C7-H8GS8, H1’C7/C20-H8G8/G21,
H2’/H2”C15-H8G16, H2’/H2”C20-H8G21, MeT17-H1’G16, MeT22-H1’G21. Residues located in the core of the structure
showed characteristic H1’C7/20-H1"™C2/C15 cross-peaks across the minor groove and stacking contacts H5C20-H5C15. T5
and T18 residues are degenerated. These residues are exposed to the solvent, but they could be assigned on the basis of
sequential sugar contacts: H4’/H5’/H5”T5/T18-H5/H6C6/C19. Some contacts involving thymine loop residues are observed:
H1’T9-H6T10, MeT10-H1'T9 and Me™C2-H1'Tla. (Tla indicates thymine loop residue that could not be sequentially assigned)
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Figure S10. Exchangeable protons regions of NOESY spectrum (150 ms) of LL4-M2, phosphate buffer pH 7, T=5°C,
[oligonucleotide]=1 mM. Cross-peaks involving multiple overlapped resonances are labelled with a slash symbol.

Assignment details of exchangeable protons region of LL4-M2: As can be observed in this Figure S10, only two H5/H6
cross-peaks are observed. One of them corresponds to the cytosines involved in Watson-Crick base pairs (C6/C19). The
other corresponds to C7/C20, involved in C:C* base pairs. The observed degeneration of signals corresponding to C7/C20
and C6/C19 (exchangeable and non-exchangeable signals) points to a symmetric structure. The two methylated cytidines
(labelled as Cm in the spectrum) show degenerated signals for exchangeable protons H41/H42, but not for the non-
exchangeable ones. One C:C" imino signal is observed (15.37 ppm), showing cross-peaks with C7/C20/"C2/™C15 residues. It
cannot be unambiguously deduced from this signal the composition of the base pairs (one C:C" and one ™C:"C" or two ™C:C"
base pairs), but it seems like "C2 and "C15 are not perfectly aligned in one H3" chemical shift (15.38 and 15.36 ppm). This
observation would be only consistent with the formation of ™C:C* base pairs and, hence a head to tail orientation. At 13.76
ppm, it is observed an imino proton signal that corresponds to two guanine residues (with degenerated exchangeable
signals) involved in G:C WC base pairs with C6/C15. This imino signal also shows cross-peaks with amino protons of C7/C20
residues, indicating stacking interacions. At 11.15 and 11.08 ppm, two additional guanine imino signals are observed. These
signals exhibit cross-peaks with their own amino protons and with the Me group of methylated cytidines "C2/"C15.
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Figure S11. Exchangeable protons regions of NOESY spectrum (150 ms) of LL4, phosphate buffer pH 7, T=5°C,
[oligonucleotide]=1 mM. Cross-peaks involving multiple overlapped resonances are labelled with a slash symbol.

Assignment details of exchangeable protons region of LL4: As can be observed in Figure S11, LL4 exhibits two
hemiprotonated imino signals at 15.51 and 15.48 ppm. Each of these signals show cross-peaks with two pairs of amino
protons. Unequivocal assignment of C2 and C15 (see Figure S7) allowed to determine cytosine residues involved in C:C"
base pairs (C2, C7, C15 and C20). According to amino/imino cross-peaks, C2 and C15 are involved in different C:C" base
pairs, thus confirming that the two protonated imino signals correspond to €2:C20" and C7:C15" base pairs. C7 and C20
amino protons are particularly unshielded (10.72 and 10.42 ppm, respectively). This base-pairing pattern is only compatible
with a head-to-tail like strand folding (see Figure S1). Two different types of guanine imino protons are observed. Two
guanine imino signals are found in the characteristic region of G:C WC base pairs, at 13.91 and 13.66 ppm, and show cross-
peaks with amino protons of C6 and C19 (C6: G21 and C19:G8 base pairs). The other two guanine imino signals are found at
12.08 ppm, G16 (exhibiting a broader signal), and at 10.28 ppm, G3. Both signals show cross-peaks with imino protons of
two thymine residues: T1 (11.49 ppm) and T14 (11.24), indicating the formation of G:T base pairs (G3:T14 and G16:T1 base
pairs). The broad signal observed for G16 suggests that this guanine might be more exposed to the solvent than G3.
Formation of G:C:G:T tetrads is supported by a number of cross-peaks: H1’G8-H22G16, H21/H22G8-H22G16 and the
significant differences found in the chemical shift of amino protons of stacked hemiprotonated cytosines, depending on
whether they are capped by the G:C or the G:T base pair of the tetrad. Thymine residues T4, T9, T17 and T22 are stacked
over the tetrads and methyl groups of these thymines show cross-peaks with exchangeable and non-exchangeable protons
of guanine residues: MeT22-H1/H22G3, MeT9-H22G16, MeT17-H1G8, MeT4-H1G21, MeT4-H8/H1'G3, MeT9-H8/H1'GS,
MeT17-H8/H1’G16 and MeT22-H8/H1’G21. Moreover, imino signals corresponding to stacked thymine residues are also
observed in the 10-12 ppm region: T4 (10.48 ppm), T17 (10.51 ppm), T9 (10.54 ppm) and T22 (10.55 ppm), indicating that
these residues are solvent protected. Characteristic i-motif cross-peaks between cytidine residues across the minor groove
are also observed: H1’C20-H1’C15 and H1’C6/C19-H5C20/C7.
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Sequential assignment based on H6/H8-H2’/H2”/H1’ cross-peaks could be completed for C2-G3-T4, C6-C7-G8-T9, C15-G16-
T17 and C19-C20-G21-T22 fragments. Thymine residues T1 and T14 can be identified by their own intraresidual
Me/H2’/H2”-H3 cross-peaks. These residues show some non-sequential cross-peaks across the major groove (H2”T1-H6C15
and H2”T13-H6C2). Stacked thymine residues (T4, T9, T17 and T22) also show very weak intraresidual Me-H3 cross-peaks.
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Figure S12. Non-exchangeable protons regions (Ar-H1’/H5 and Ar-H2’/H2”/Me) of NOESY spectrum (150 ms) of LL3,
phosphate buffer pH 7, T=5°C, [oligonucleotide]=1 mM. Cross-peaks involving multiple overlapped resonances are labelled
with a slash symbol.

Assignment details of non-exchangeable protons of LL3: Sequential assignment based on H6/H8-H2’/H2”/H1’ cross-peaks
could be completed for C2-G3-T4, C6-C7-G8-T9, C14-G15-T16 and C18-C19-G20-T21 fragments. As shown in Figure S12,
thymine residues T1 and T13 can be identified by own Me/H2’/H2”-H3 cross-peaks. These residues show some non-
sequential cross-peaks across the major groove (H2”T1-H6C14 and H2”T13-H6C2). Characteristic i-motif cross-peaks
between cytidine residues through the minor groove are also observed: H1’C19-H1’C14 and H1’C6-H5C19. In addition,
some thymine residues in the loop could be assigned on the basis of Me-H1’ and Me-H6 cross-peaks. All NMR data is
consistent with the formation of an unimolecular head-to-tail i-motif structure containing G:C:G:T minor groove tetrads.
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Figure S13. A) Stereoviews of the ensemble of ten structures of LL3. B) Stereoviews of the average structure. C) C:C* base
pair, G:C:G:T minor groove tetrad and stacking of thymine residues on the tetrad. Colour code: Cytosines in green, guanines
in blue, and well-defined thymines in magenta. Cytosines involved in CG base pairs are shown in light green. Thymines with
non well-defined structures are shown in grey. Backbone is shown in black.

MM4 NN4

Figure S14. NMR melting experiments at pH 7 (phosphate buffer, [oligonucleotide]=1 mM) of MM4 and NN4.
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Figure S15. UV melting curves [oligonucleotide]= 3,5 uM, 25 mM cacodylate buffer at different pH
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Supplementary Tables

Table S1. Dose-response fitting values of CD-monitored pH titration for LL3, LL4, LL3long and LL3rep.

. . H Cooperativity
folded unfolded pHy parameter (Hill slope)
Sequence
Value Stand. Value Stand. Value Stand. Value Stand.
Error Error Error Error
LL3 0.96387 0.00525 0.00622 0.00576 7.76202 0.00623 -2.84909 0.11266
LL4 0.92324 0.00442 0.00449 0.00495 7.94836 0.00697 -1.93829 0.05096
LL3long 0,97752 0,008 4,243E-4 0,00716 7,48845 0,0093 -3,17191 0,1794
LL3rep 0,96105 0,01154 0,02011 0,0112 7,55787 0,01436 -2,62543 0,19116
Table S2. Chemical shifts of LL4-M1, pH 7, T=5°C.
Residue H1/H3" H42/H22 H41/H21 | H6/H8 | H5/Me H1’ H2’ H2” H4’ H5’/H5”
T1 n. o. - - 7.80 1.94 6.39 2.43 2.59
"c2 15.40 9.55 7.82 7.45 2.01 6.32 1.20 2.20
G3 11.13 8.59 5.82 8.24 - 5.92 2.94 2.67
T4 n. o. - - 7.63 1.74 6.13 2.03 2.30
T5/T18 n. o. - - 7.84 1.93 6.48 2.32 2.54 4.63 456 | 4.17,3.95
Cé6 - 8.57 7.40 7.87 6.09 6.28 2.45 4.81 4.34 4.17
c7 15.44 10.45 8.16 7.36 5.92 6.20 0.73 2.09
G8 13.71 7.99 7.70 8.29 - 5.99 3.02 2.69
T9 n. o. - - 7.59 1.72 5.85 2.15 2.38
T10 n. o. - - 7.66 1.76 6.17 2.29 2.45
T14 n. o. - - 7.79 1.89 6.85 2.49 2.63
C15 15.44 8.71 7.53 7.58 6.29 6.33 1.05 2.19
G16 10.66 8.62 5.67 8.51 - 5.94 2.94 2.66
T17 n. o. - - 7.63 1.79 6.13 2.03 2.30
Cc19 - 8.58 7.41 7.87 6.09 6.28 2.45 4.81 4.34 4.17
C20 15.40 10.07 7.91 7.35 5.89 6.20 1.37 2.17
G21 13.78 8.00 6.62 8.28 - 6.01 3.02 2.68
T22 n. o. - - 7.65 1.76 6.03 2.12 2.25
no: not observed, na: not assigned.
T11, T12 and T13 cannot be unambiguously assigned.
Table S3. Chemical shifts of LL4-M2, pH 7, T=5°C.
Residue H1/H3" H42/H22 H41/H21 H6/H8 H5/Me H1’ H2’ H2”
Mc2/™c15 15.39/15.37 9.20 7.62/7.42 7.45/7.41 1.91/1.96 | 6.31 | 1.10/1.17 | 2.16/2.22
G3/G16 11.15/11.08 8.56 5.81/5.59 8.19/8.23 - 5.91 2.94 2.67
T4/T9/T17/T22 no - - 7.64 1.76 na na na
C6/C19 - 8.58 7.39 7.86 6.08 6.28 2.44
Cc7/c20 15.39/15.37 10.35 8.11 7.35 5.91 6.20 0.73 2.15
G8/G21 13.76 7.98 7.66 8.29 - 6.02 3.04 2.71

no: not observed, na:

not assigned.
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Table S4. Chemical shifts of LL3, pH 7, T=5°C.

Residue H1/H3" H42/H22 H41/H21 H6/H8 | H5/Me H1’ H2’ H2” H3’ H4’
T1 11.40 - - 7.84 1.93 6.47 2.35 2.53
c2 15.48 8.62 7.28 7.44 6.11 6.32 1.06 2.26
G3 10.26 8.60 5.84 8.31 - 5.94 2.93 2.66
T4 no - - 7.62 1.75 6.13 na na
T5/T17 no - - 7.84 1.94 6.13 na na
(o3) - 8.59 7.46 7.93 6.13 6.30 2.44
Cc7 15.55 10.66 8.19 7.45 5.95 6.27 0.78 2.09
G8 13.94 8.20 7.63 8.32 - 6.03 3.06 2.69
T9 no - - 7.63 1.69 5.93 na na
T10 no - - 7.76 na 5.54 na na
T11 no - - na 1.99 na na na
T12 no - - 7.84 1.99 na na na
T13 11.20 - - 7.74 1.71 6.12 2.46 2.63
Ci4 15.55 8.66 6.97 7.49 6.39 6.41 1.07 2.17
G15 no 9.07 5.30 8.39 - 5.99 2.99 2.70
T16 no - - 7.64 1.81 6.08 na na
C18 - 8.55 7.43 7.93 6.13 6.30 2.44
C19 15.48 10.62 8.05 7.41 5.95 6.23 0.76 2.02 4.70 4.50
G20 13.65 7.96 7.67 8.27 - 5.98 3.04 2.66
T21 no - - 7.63 1.73 5.96 na na

no: not observed, na: not assigned.

Table S5. Chemical shifts of LL4, pH 7, T=5°C.

Residue H1/H3" H42/H22 H41/H21 H6/H8 | H5/Me H1’ H2’ H2” H3’ H4’
T1 11.49 - - 7.76 1.83 6.45 na na
c2 15.47 8.82 7.38 7.46 6.11 6.35 1.07 2.27 4.80
G3 10.28 8.60 5.93 8.32 - 5.95 2.94 2.66 5.08 4.69
T4 10.48 - - 7.63 1.77 na na na
T5/T18 no - - 7.85 1.93 6.48 2.29 2.55
(o3) - 8.57 7.41 7.92 6.13 6.30 2.44 4.67 4.21
Cc7 15.51 10.72 8.20 7.43 5.95 6.28 0.79 2.12 4.71
G8 13.91 8.16 7.63 8.33 - 6.02 3.06 2.70 5.15 4.61
T9 10.54 - - 7.64 1.69 5.94 2.43 2.52
T14 11.24 - - 7.78 1.92 6.13 2.44 2.58
C15 15.51 8.60 6.96 7.49 6.33 6.41 1.10 2.20 4.81
G16 12.09 9.04 5.32 8.30 - 5.99 2.98 2.70 5.08 4.69
T17 10.51 - - 7.64 1.80 na na na
C19 - 8.57 7.43 7.92 6.15 6.29 2.44 4.67 4.21
C20 15.47 10.42 8.00 7.41 5.94 6.23 0.79 2.05 4.71
G21 13.66 8.00 7.64 8.28 - 5.99 3.03 2.66 5.14 4.67
T22 10.55 - - 7.63 1.75 5.92 2.03 2.15 4.29

no: not observed, na: not assigned.

T10, T11, T12 and T13 cannot be unambiguously assigned.
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Table S6. Experimental constraints and calculation statistics of LL3.

Experimental distance constraints
Total number 125
intra-residue 47
sequential 41
range > 1 37
RMSD (A)
all well-defined  bases 0.5+0.1
all well-defined” heavy atoms 0.840.2
backbone 1.7+0.4
all heavy atoms 2.840.7
Residual violations Average Range
Sum of violation (A) 1.23 0.84...1.69
Max. violation (A) 0.22 0.28..0.16
NOE energy” (kcal/mol) 5.59 4.65 ...6.60
Total energy (kcal/mol) -1517 -1717...-1334
" All except thymines 5,10,11,12,17
* Kyoe = 20 keal/(mol-A%)
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Table S7. Average dihedral angles and order parameters of the dimeric structure of LL3.

Pseudorot. o B Y [ € 4 X
Residue

Phase |Ampli. |Averag.| OP | Averag. |OP| Averag. | OP | Averag.| OP | Averag. | OP | Averag. | OP | Averag. |OP
T1 64 31 - - - - 4 1.0 6 1.0 2 1.0 - - 5 1.0
Cc2 137 40 48 0.8 4 1.0| 44 0.8 9 1.0 6 1.0 2 1.0 6 1.0
G3 166 36 6 1.0 4 1.0 3 1.0 2 1.0 17 1.0 5 1.0 6 1.0
T4 166 36 11 1.0 9 1.0 5 1.0 1 1.0 27 0.9 13 1.0 5 1.0
T5 153 39 84 0.3 23 0.9 55 0.7 9 1.0 28 0.9 16 1.0 12 1.0
C6 73 29 88 0.3 9 1.0 54 0.7 20 0.9 47 0.7 85 0.4 10 1.0
Cc7 153 41 44 0.8 21 0.9 47 0.8 4 1.0 3 1.0| 48 0.7 5 1.0
G8 150 35 2 1.0 1 1.0 1 1.0 3 1.0 7 1.0 3 1.0 3 1.0
T9 166 33 6 1.0 7 1.0 3 1.0 4 1.0 40 0.8 7 1.0 5 1.0
T10 142 41 72 0.5 49 0.7 65 0.6 12 1.0 40 0.8 66 0.6 82 0.6
Ti1 147 41 95 0.0 14 1.0 93 0.2 10 1.0 49 0.7 83 0.5 92 0.2
T12 133 39 68 0.6 21 0.9 38 0.9 14 1.0 34 0.9 75 0.6 8 1.0
T13 156 30 73 0.6 12 1.0 33 0.9 8 1.0 5 1.0| 47 0.7 3 1.0
Cc14 169 31 8 1.0 2 1.0 4 1.0 4 1.0 4 1.0 17 1.0 5 1.0
G15 164 36 4 1.0 1 1.0 4 1.0 3 1.0 14 1.0 2 1.0 1 1.0
T16 165 36 6 1.0 7 1.0 3 1.0 2 1.0 28 0.9 10 1.0 1 1.0
T17 157 40 65 0.6 6 1.0 97 0.1 7 1.0 40 0.8 7 1.0 21 0.9
Cc18 117 33 66 0.6 20 1.0 71 0.6 11 1.0 33 0.9 11 1.0 11 1.0
Cc19 133 41 53 0.7 17 1.0 52 0.7 20 0.9 44 0.8 34 0.9 10 1.0
G20 165 31 24 0.9 4 1.0 4 1.0 5 1.0 30 0.9 50 0.8 5 1.0
T21 164 34 15 1.0 8 1.0 2 1.0 2 1.0 - - 23 0.9 3 1.0

Table S8. Genomic annotation of hits. Enrichment of hits for each category is computed as the ratio between the
normalized number of hits (number of hits in a category divided by the total number of regions) and the normalized

number of base-pairs per region type (percentage of base-pairs of the genome per category). Genomic sequences shorter

than 1 Mbp were excluded to reduce noise. Note again the over-representation of i-motif-forming sequences in regulatory
regions (promoter and 5UTR) and the under-representation in intron or intergenic regions.

Annotation Number of hits Total size (bp) Log2 Enrichment
3UTR 28 23005177 -0.384
NcRNA 17 6409543 0.74

pseudo 11 2010139 1.785
Exon 358 36768443 2.616
Intron 1239 1240886382 -0.669
Intergenic 841 1749354789 -1.724
Promoter 2129 35414190 5.243
SUTR 264 2760547 5.912
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Table S9. GO Enrichment analysis. Functional annotation terms significantly enriched at hits of the consensus motif as
discovered by GREAT. For each term we report the p-value corrected for multiple testing (FDR p-value), the ratio of
observed/expected regions with the annotation (Fold Enrichment) and the number of regions mapped to genes associated
to the GO term.

Term Name FDR p-value FOI(? O.bserved Region
Enrichment  Hits
regulation of metanephric glomerulus development 7.94876e-23 10.4771 38
positive regulation of kidney development 2.36364e-6 2.8127 39
enteric nervous system development 2.77212e-6 2.5710 45
Rac protein signal transduction 8.82346e-5 2.8911 28
phospholipid translocation 1.16460e-4 2.6258 32
intrinsic apoptotic signaling pathway in response to
endoplasr:icpreticulugm strfsrs) ’ " 2.04422e-3 2.7949 21
paraxial mesoderm morphogenesis 2.65032e-3 2.8223 20
corpus callosum development 4.54575e-3 2.8760 18
paraxial mesoderm development 2.48624e-2 2.1246 24
negative regulation of protein kinase activity by 3.17901e-2 4.7062 -

regulation of protein phosphorylation

Table S10. Synthesis results for LL3 and LL4.

S € L . Crude Yield HI.DLC Pl.Jrified Theoretical MS-MALDI-TOF
(mL-umol™-cm™) % Purity % Yield % Mass m/z

LL3 178.1 86 78 37 6336.1 6333.9

LL4 186.2 84 69 26 6640.1 6639.4
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