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Peptide-directed folding of the elusive RNA i-motif
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Folded RNA structures are increasingly being recognised as key regulators in biological processes, yet the
RNA i-motif remains poorly characterised due to its low stability and lack of selective molecular probes.
Here, we describe the first ligand — a short peptide — that binds the elusive RNA i-motif. Our minimalist
peptide RGGFGGRGG is derived from the intrinsically disordered region of the protein nucleolin and
binds to folded RNA over DNA with >5-fold selectivity. The binding of two peptide molecules folds the
RNA i-motif at a higher pH than under native conditions. This folded, peptide-bound structure can still

bind other guests, such as the intercalator thiazole orange, displaying heteroallosteric properties. Our
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steric complementarity and hydration of the compact RNA structures relative to DNA congeners and
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Non-coding RNA secondary structures are increasingly being
recognised for their regulatory roles in transcription, trans-
lation, and epigenetic regulation." While canonical Watson-
Crick-Franklin base pairing between cytosine/guanine and
uracil/adenine forms the well-characterised RNA A-helix, the
significance of non-canonical RNA secondary structures is less
understood.> Two of the most well-known examples are the
guanine-rich G-quadruplex and its cytosine-rich counterpart,
the intercalated-motif (i-motif).?

The i-motif consists of two parallel cytosine-cytosine
duplexes, intercalating in an antiparallel orientation to form
a pseudo-four-stranded structure (Fig. 1B).* The i-motif struc-
ture only forms when the cytosines become hemi-protonated on
the N3 position, allowing for a third hydrogen bond between
cytosine pairs (Fig. 1C).* Depending on the sequence and length
of the nucleic acid chain, DNA i-motifs typically fold anywhere
between pH 4.5 and 6.5; however, the RNA i-motif structure is
significantly less stable, occurring between pH 4.0 and 4.5.°

While there has been some debate about the existence of i-
motif structures in vivo,” intact i-motif DNA structures have
been found in the nuclei of human cells® and are prevalent in
cytosine-rich regions of the genome, such as the telomere and
gene-promoter regions.” High macromolecular crowding in
these regions allows for the structure to form at a higher pH
than typically required,' allowing for i-motifs to be present in
only slightly acidic conditions (pH ~ 6), such as exist in tumour
microenvironments, for example."* The i-motif has also been
recently linked to disease pathogenesis; point mutations in
cytosine-rich sequences in the insulin-linked polymorphic
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binders for non-canonical RNA structures, allowing for the probing and modulation of RNA topologies.

region cause a loss of the DNA i-motif structure, indicating
a diabetes disease state."”

An area in the human genome with i-motif structures of
particular interest is the telomere. The capping region of the
human telomere contains tandem repeats of 5'-(TTAGGG),/
(CCCTAA),-3' DNA.*® While the guanine-rich sense sequence
forms G-quadruplex structures in vivo, it has also been shown
that the antisense cytosine-rich 5’-(CCCTAA),-3' DNA strand can
form offset i-motif structures in vitro.** This cytosine-rich repeat
sequence is often referred to as hTeloC." It is thought that the
non-canonical structures formed by these tandem repeats play
crucial roles in telomerase inhibition.™
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Fig. 1 Peptide and oligonucleotide sequences used in this study. (A)
Sequence of the RNA-binding peptide RGGFGGRGG. (B) Folded
structure of the hTeloC i-motif structure (blue). (C) Hemi-protonated
cytosines will associate via self-complementary pairing. (D) Compu-
tational interactions predicted by AlphaFold 3. These predictions are
based on the hTeloC DNA crystal structure.*?
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Studies show that RNA i-motifs are significantly less ther-
modynamically stable compared to DNA congeners.® There are
currently no known ligands that are selective for the RNA i-motif
over unfolded RNA or DNA i-motifs.® We recently reported that
a short RNA-binding peptide - RGGFGGRGG (Fig. 1A) - binds
and stabilises RNA G-quadruplexes.'® We hypothesised that this
peptide would also be capable of binding to and stabilising
protonated RNA structures.

Here, we explore the interactions of our RGGFGGRGG
peptide with RNA and DNA hTeloC i-motif structures with the
sequence 5'-CCC UAA CCC UAA CCC UAA CCC-3'. We show that
our minimal peptide discriminates for RNA i-motif structures
over the DNA congener, retains selectivity for folded i-motifs
over single-stranded cytosine-rich RNA, and increases the pH
at which the native RNA i-motif folds.

Our RNA-binding peptide RGGFGGRGG (Fig. 1A) was derived
from the intrinsically disordered region of the nucleolin
protein, a multifunctional transcription regulator that has been
shown in vivo to pathologically interact with cytosine/guanine-
rich sequences in a host of neurodegenerative diseases.'® The
peptide was synthesised via a literature procedure.'®

Selective interactions between RNA and DNA by short
peptides are often challenging to design, due to the similarities
between RNA and DNA nucleobases.' Furthermore, the i-motif
structure is remarkably similar between RNA and DNA
species.>® We observed, however, that the RGGFGGRGG peptide
selectively interacted with RNA over DNA i-motif structures, and
discriminated between folded structures over their single-
stranded derivatives.

To determine association constants between the
RGGFGGRGG peptide and the RNA i-motif, we employed
Nuclear Magnetic Resonance (NMR) titrations,*® which were
performed in duplicate and analysed using the online fitting
program https://supramolecular.org (SI Section 1.9).>* Multiple
binding models were compared for folded (pH 4.0) and
unfolded (pH 7.0) forms of the hTeloC RNA (5-
(CCCUAA);CCC-3') and DNA (5'-(CCCTAA);CCC-3') sequences
(SI Section 5). We compared fitting models for the titration of
RGGFGGRGG with hTeloC RNA across the tested pH gradient.
The fitting model that best described the interaction was a 2:
1 peptide: RNA stoichiometry with a statistical model,
suggesting no inherent cooperativity between the two binding
events.”” Full analysis of the binding models is available in SI
Section 1.12 and SI Table 4.

At pH 4.0, the cytosines in the hTeloC RNA sequence - 5'-
(CCCUAA);CCC-3' - become hemi-protonated, allowing for the
formation of the i-motif structure. "H NMR titrations with the
RGGFGGRGG peptide at pH 4.0 showed a moderate level of
interaction (K, = ~93000 + 17000 M ') (SI Section 4).
Conversely, titrations between our peptide and the unfolded
hTeloC structure at pH 7.0 showed a >15x decrease in associ-
ation constant (K, = ~6100 + 400 M ', Fig. 2A), suggesting our
peptide interacts more strongly with the folded i-motif
structure.

Our peptide further discriminates for RNA i-motif structures
over DNA variants. When titrated with the DNA i-motif hTeloC
variant 5'-(CCCTAA);CCC-3’ at pH 4.0, the association constant

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Our peptide is selective for RNA over DNA sequences and
discriminates for folded structures. (A) H NMR data of the
RGGFGGRGG peptide titrated with hTeloC RNA at pH 4.0 (0-4 eq.).
Region corresponds to phenylalanine aromatic protons. (B) Binding
isotherm of the RGGFGGRGG aromatic phenylalanine protons upon
titration with hTeloC RNA at pH 4.0. (C) Association constants between
the peptide and i-motif-forming 5'-(CCCUAA)sCCC-3' sequences:
RNA vs. DNA (U is replaced by T) in the folded (pH 4.0) or unfolded (pH
7.0) states. (D) Circular dichroism spectra of the hTeloC RNA 5'-
(CCCUAA)sCCC-3 sequence, showing folded i-motif present at pH
4.0 (blue) and unfolded ssRNA at pH 7.0 (black).

for the RGGFGGRGG peptide decreased by >5x (K, = 16 000 +
1000 M~ 1), as compared to the RNA variant (Fig. 2A). The DNA i-
motif shows a similar trend to the RNA, with a >5x preference
for folded i-motif DNA over unfolded ssDNA at pH 7.0 (K, =
3000 £ 1000 M),

We employed Circular Dichroism (CD) spectroscopy to
confirm the i-motif structure at the tested pH values. The
intense positive band at 288 nm and negative band at 260 nm at
PpH 4.0 is indicative of the i-motif structure, while the shift of the
positive band towards 272 nm at pH 7.0 describes a single-
stranded cytosine-rich sequence with a rigid A-form backbone
(Fig. 2B).**** Additions of the peptide did not alter the CD
spectra at either pH 4.0 or 7.0, suggesting that the peptide does
not disrupt the i-motif structure (SI Fig. 3).

To further probe the selectivity of the peptide for the folded
hTeloC RNA i-motif structure, we performed an additional
series of NMR titrations across a range of pH points. This
approach gives precise control over the extent of cytosine hemi-
protonation, allowing for modulation of the proportion of fol-
ded i-motif present, as compared to sSRNA. Across the tested pH
range of pH 4.0-9.0, the RGGFGGRGG peptide retains
a consistent net charge of 2", due to the calculated isoelectric
point of 12.1 (SI Fig. 8).

A gradual decrease in association constant was observed
when increasing the pH from a fully folded, hemi-protonated
state (pH 4.0) towards an eventual plateau at a single-stranded
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state (pH 7.0) (Fig. 3A). This relationship suggests a model
where hemi-protonation induces a conformational shift in RNA
structure towards an i-motif, which exposes a favourable
binding pocket for the RGGFGGRGG peptide. Raw NMR titra-
tion data is available in SI Fig. 12-31.

When folded, the hemi-protonated i-motif structure has less
net negative charge (overall 157) than single stranded RNA
(overall 217) owing to cytosine protonation; the structure also
becomes more compact.” It is therefore quite unusual that
a positively charged peptide would have an increased affinity
towards the folded RNA structure, given that the overall nega-
tive charge of the i-motif structure lessens upon protonation
and folding. This suggests that the driving force for the asso-
ciation of RGGFGGRGG towards i-motif RNA is governed by
more than electrostatics, with steric fit likely being a driving
force for association. Additionally, the hydrophobic core of the
folded i-motif structure has an increased local charge density
due to the aggregation of cytosines.”® Water networks are
formed between cytosine base pairs to screen local charge.””
Displacement of this high-energy water may rationalise the
increased association of our peptide with compact folded
structures over hydrophilic unfolded strands of the same
sequence.”®

To correlate the association constant with the fold state of
the i-motif structure, we conducted CD spectroscopy across
a pH gradient of 4.0-9.0, in the absence and presence of the
RGGFGGRGG peptide. By monitoring the CD ellipticity at
294 nm, we can quantify the transition from i-motif at low pH to
ssRNA at neutral pH. We observed that with increasing pH, the
proportion of folded i-motif strongly correlated with the asso-
ciation constants derived from the NMR titrations (Fig. 3B),
suggesting once more that the RGGFGGRGG peptide is reliant
on the i-motif structure for a strong interaction.

Upon the addition of 16 equivalents of our peptide, the
stability of the RNA i-motif structure at pH 5.0 increased. Direct
electrostatic interactions between peptide guanidinium and
RNA phosphates may physically template the i-motif structure
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Fig. 3 (A) 'H NMR titrations between the RGGFGGRGG peptide (125
puM) and the hTeloC RNA sequence 5'-(CCCUAA)sCCC-3' (0-4 eq.) in
aqueous buffer (50 mM sodium phosphate/acetate) across an acidic—
basic pH gradient. (B) CD intensity at 294 nm, a wavelength corre-
sponding to the RNA i-motif structure, across different pHs. Additions
of the RGGFGGRGG peptide increases the transitional pH of the folded
i-motif structure. The proportion of folded i-motif structure corre-
sponds strongly to the association constant between RGGFGGRGG
and hTeloC.
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through kinetic pre-organisation® (acting as a ‘molecular
glue’).'* However, CD melting curves showed no change in the
melting temperature of the i-motif structure at pH 4.0 or 5.0
upon additions of the RGGFGGRGG peptide (SI Fig. 4 and 7),
suggesting that the mechanism of stabilisation is not purely
thermodynamic in nature. Another option is that the
RGGFGGRGG peptide alters the chemical environment of the
compact i-motif core through multivalent weak interactions,
increasing the pK, for hemi-protonation of cytosine residues
and resulting in the observed stabilisation. It is known that
macromolecular crowding often stabilises biomolecular inter-
actions and nucleic acid structure through microenvironment
regulation;® this was integral to finding the DNA i-motif in the
cell.® Both methods of stabilisation - physical templation or
altering of the RNA microenvironment - suggest that the
RGGFGGRGG peptide is capable of increasing the transitional
PH and stabilising the RNA i-motif structure at a higher pH
range, as compared to untemplated native folding (Fig. 3B). The
RGGFGGRGG peptide had no effect on the structure of hTeloC i-
motif DNA (SI Fig. 33), making our peptide the first example of
a ligand selectively stabilising the RNA i-motif structure.

To evaluate the specificity of this stabilising interaction, we
synthesised a control peptide RGGRGGRGG, where the central
amino acid residue phenylalanine was substituted for an
additional arginine. This mutation disrupts pi-stacking with
aromatic RNA bases, while strengthening electrostatic interac-
tions. No stabilisation of the hTeloC i-motif structure was
observed when titrated with RGGRGGRGG, highlighting the
significance of the native nucleolin-derived sequence
RGGFGGRGG in binding to the RNA i-motif (SI Fig. 10).

CD titrations of the RGGFGGRGG peptide into hTeloC RNA
at pH 5 showed stepwise stabilisation of the i-motif structure.
Experimental data strongly matches a simulated binding
isotherm performed using https://supramolecular.org Bindsim
(SI Fig. 38).

To further investigate the effect of the RGGFGGRGG peptide
on the hTeloC RNA i-motif structure, we conducted a Thiazole
Orange (TO) fluorescence titration in the presence and absence
of our peptide. TO exhibits low fluorescence in solution, but

upon intercalation with i-motif structures rotational restriction
forces a planar conformation that exhibits enhanced fluores-
cence, as compared to single-stranded nucleic acids.*"*

While TO binds DNA i-motif structures,* binding to RNA i-
motif structures has yet to be investigated. To assess the val-
idity of TO as an hTeloC RNA probe, fluorescence assays were
performed with 20 uM hTeloC i-motif RNA, either alone or in
the presence of the RGGFGGRGG peptide (320 uM), titrated
with TO (0-16 equivalents) and excited at 512 nm (Fig. 4A). At
pH 4.0, where our RNA adopts a fully folded i-motif structure,
TO interacted with an association constant (K, = 75 000 £+ 7000
M) slightly lower but similar to that of literature values for
DNA (270000 + 5000 Mfl),32 as fit to a 2:1 TO:RNA non-
cooperative titration model.**

In the presence of the RGGFGGRGG peptide, TO binding
remained statistically unchanged (K, = 79000 + 5000 M%),
suggesting that our peptide is not acting as a competitive
inhibitor, nor is it altering the i-motif structure. At pH 5.0,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Fluorescence emission spectra of Thiazole Orange (TO)
titrated into a mixture of the hTeloC RNA (20 pM) and RGGFGGRGG
peptide (320 pM) at pH 5.0. (B) Association constants between TO and
5'-(CCCUAA)sCCC-3 at pH 4.0 and pH 5.0. The RGGFGGRGG peptide
increases the association between TO and hTeloC at pH 5.0 due to the
peptide stabilising the RNA i-motif structure.

however, where the i-motif is only partially folded in the
absence of our peptide, TO interaction decreased (K, = 49 000 +
5000 M), consistent with a lessening of the available i-motif
structure to bind. Upon addition of the peptide at pH 5.0, the
association of TO to RNA increased back to its baseline level (K,
= 75000 + 5000 M '). These results are consistent with
peptide-mediated stabilisation of the i-motif structure at pH
5.0, while it remains partially unfolded in the absence of
peptide (Fig. 4B). Thiazole orange fluorescence was observed to
be low at pH 7 in the absence of folded i-motif RNA (SI Fig. 33).

This increase in binding affinity of TO at pH 5.0 suggests that
our peptide is having a positive heteroallosteric* effect on the i-
motif structure, at pH ranges outside where it is usually stable.
We hypothesise that our peptide aids the folding of the RNA i-
motif at a higher pH than occurs for native folding through
a templation mechanism, increasing the mole number of TO
intercalation sites. Importantly, our peptide does not compete
with TO binding, suggesting that RGGFGGRGG interacts with i-
motif RNA primarily via external backbone interactions.

The observed heteroallosteric modulation does not disrupt
the i-motif structure, as confirmed by CD spectroscopy (SI
Fig. 3). Our peptide also has no such templating allosteric effect
with the DNA hTeloC i-motif structure (SI Fig. 33). These find-
ings further support our model of selective recognition of RNA i-
motif structures by the RGGFGGRGG peptide, reinforcing the
primary mechanisms of interaction as steric fit, hydration of
folded structures, and guanidinium-phosphate interactions
rather than primarily electrostatics in this RNA-peptide
system.**

The RGGFGGRGG peptide is a useful model for exploring
selectivity between RNA and DNA secondary structures. Our
peptide is capable of selective recognition of the RNA i-motif
structure over the DNA congener and corresponding single-
stranded cytosine-rich oligonucleotides. We demonstrate that
the binding of our peptide is pH-dependent, strongly corre-
lating with the proportion of folded i-motif structure present.

To the best of our knowledge, our peptide is the first example
of a small molecule that binds the RNA i-motif. While many
DNA i-motif targeting compounds may also interact with RNA i-
motif sequences, our peptide targets folded RNA selectively. Our

© 2026 The Author(s). Published by the Royal Society of Chemistry
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results show that even minimalistic RNA-binding peptides can
provide both structure and sequence specificity. The emerging
significance of non-canonical and non-coding RNA secondary
structures in transcriptional regulation and disease pathogen-
esis highlights the future potential of selective targeting
peptides for novel therapies."®
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