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Abstract: Biolayer Interferometry (BLI) and circular dichroism (CD) spectroscopies were used to investigate the interaction
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between previously reported i-motif DNA (i-DNA) ligands and folded or unfolded i-DNA in acidic (pH 5.5) and near-neutral

(pH 6.5) conditions. We observed that although several ligands, in particular macrocyclic bis-acridine (BisA) and

pyridostatin (PDS), showed good affinities for the telomeric i-motif forming sequence, none of the ligands displayed

selective interactions with i-DNA structure nor was able to promote its formation.

i-Motifs of DNA (hereafter, i-DNA), known in vitro for nearly
three decades,1 are unusual four-stranded structures, in which
cytosines are intercalated via a stack of hemi-protonated C—C
base pairs (CH+:C).2 Some of these DNA structures have been
well characterized in vitro and, because i-DNA may mirror
other four-stranded G-rich structures (G-quadruplexes, or G4)
present in gene promoters or at telomeres, their biological
relevance has been investigated.3 Several studies indicated
that i-DNA formation modulates transcription,4 and a recent
study using a specific antibody (iMab) revealed their presence
in the nuclei of human cells, co-localizing with either telomeres
or transcription factors.” More recently, Trantirek and coll. also
demonstrated, using in-cell NMR, that exogenous i-DNA are
stable in the nuclei of human cells.®

However, our knowledge about i-DNA biology is still
limited, in part due to the lack of suitable small-molecule
probes to interrogate the biological roles of these structures.
For example, most of our knowledge on the impact of four-
stranded DNA secondary structures, such as G4, on cell
metabolism resulted from the use of selective G4 ligands and
the characterization of proteins that bind or modulate the
formation of such structures.”® In contrast, relatively few
molecules were reported to interact with i-DNA.° The main
issue in this regard are the strong pH-dependency, flexibility,
polymorphism and complex folding behavior of i-DNA, that
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introduce potential bias into screening methods. In particular,
low-pH conditions used to induce the formation of i-DNA lead
to the protonation of many ligands, that can strongly increase
their non-specific nucleic acid binding. This latter point is
particularly critical because the use of small molecules to study
the biological functions of such structures is essential. To date,
the following molecules including TMPyF‘4,10 mitoxantrone,11
IMC-48,"? [Ru(phen),dppz]**,*® berberine,™ and others such as
PhenDC3, BRACO-19 and PDS have been reported as putative
i-DNA ligands. However, a strong controversy persists with
regard to their binding mode, affinity, and selectivity for i-DNA
with respect to duplex or G4-DNA forms.”® The identification
and evaluation of i-DNA ligands are hampered by the lack of
robust, uniform assays such as FRET-melting and FID assay that
became routine in the field of G4 ligand. In fact, these
methods have strong biases and provide untrustworthy results
with i-DNA, as evidenced in recent publications,”’18 prohibiting
direct comparison of the ligands described by different groups.
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Fig. 1 Structure of the native telomeric i-motif h-telo 1, i-motif forming DNA-
peptide conjugate 2, hairpin control 3 and single-stranded control 4.

In this context, we have previously assembled two
peptide-DNA conjugates that form i-motif structures,™®?® with
one of them, namely conjugate 2 (Fig. 1), able to fold into a
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stable i-motif at room temperature and, most importantly, at
near-neutral pH.19 This stabilized mimic of the i-motif adopted
by the h-telo sequence may be used to study the interaction of
the i-motif with putative ligands at a more physiologically
relevant pH. As a proof of concept, we report herein a
comparative biolayer interferometry (BLI) study of the
interaction of several of the most promising i-DNA ligands
reported to date, with the native i-motif structure of telomeric
DNA (h-telo 1 in Fig.1) along with the stabilized DNA-peptide
conjugate 2. BLI has recently emerged as a powerful optical
technique for isothermal characterization and quantification of
interactions between molecules, in particular because it does
not require any microfluidics set-up and enables real-time and
label-free characterization of the interactions with the
determination of affinity and selectivity in a 96-well microplate
format. It has already been exploited to study the interactions
of ligands with G-quadruplex DNA.2"?

The interactions with putative ligands were investigated
at two distinct pH, an acidic pH of 5.5 at which both h-telo 1
and mimic 2 are folded into an i-motif structure as confirmed
by CD analysis and a near-neutral pH of 6.5 under which the
native telomeric sequence does not form an i-motif unlike the
stabilized i-motif 2 (Fig. S20 in ESI).** Hairpin (HP) 3 and single-
stranded DNA 4 were also used in this study as controls. To
perform BLI analysis, biomolecular systems 1-4 were anchored
on the BLI sensors through biotin-streptavidin interactions.
Nine ligands (Fig. 2) including the aforementioned state-of-the-
art i-motif binders and previously reported i-DNA interactors
were investigated for their interaction with the DNA structures
1-4. The acquired sensorgrams allowed for the determination
of the equilibrium dissociation constants of the interaction
from the responses obtained at the steady state (AL) based on
a 1:1 interaction model and after fitting of the Langmuir
isotherm (Table 1 and Fig. $S2-S19 in ESI).

Previous studies, performed with native, non-stabilized, i-
motif h-telo sequence 1 were mostly done at the acidic pH of
5.5 to ensure the formation of the i-motif. Our current data for
h-telo 1 at pH 5.5 are in part concordant with these previous
reports. Specifically, for mitoxantrone, we found a K value of
11 uM which agrees with the previously determined affinity
using SPR measurements.™ Likewise, PhenDC3 showed a Kj
value around 2 uM which is consistent with the value of 4 uM
obtained with related phenantroline using
fluorometric titrations.”> For TMPyP4, a previous report
suggested 1 uM affinity for the human telomeric i-motif at pH
5.2, that is quite close to the K, value of 4.8 uM observed in
the present study.26 It should be also noted that the
techniques used for the determination of affinity (UV and CD
titrations) differ from our BLI method. For berberine, a Kj
value of 19.6 pM was previously reported by using
fluorescence titration, while no significant signal variation was
measured by BLI and the Langmuir isotherm did not
converge,27 thus confirming the very weak affinity of berberine
for i-DNA. We were unable to measure a K, value for
[Ru(phen)zdppz]2+ (racemic mixture) whereas an interaction of
this complex with i-DNA was reported in the literature by using
UV melting and luminescence.™
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Fig. 2 Structures of the ligands investigated in the study.

However, the i-DNA sequences used for this study were not
the same and the authors concluded that [Ru(phen)zdppz]2+
did not stabilize short-looped sequences but were able to
stabilize the relatively less stable, long-looped i-motifs.
Therefore, our results further confirm the null to weak affinity
of [Ru(phen)zdppz]2+ for short-looped i-motif forming
sequences. For Braco-19, a well-known G4 ligand, the
relatively low affinity observed (4.6 uM) associated with poor
selectivity against control hairpin would preclude the use of
such molecule as an i-motif binder. The same conclusion can
be reached for RHPS4 (also a known G4 binder) for which no
binding could be determined in the range of used
concentrations. Finally, BisA and PDS appeared to be the best
ligands for i-DNA 1 with K, values of 60 nM and 120 nM,
respectively.

Promisingly, we found virtually no difference (within three-
fold) between the affinities of the studied ligands for the
native i-DNA 1 and the constrained i-DNA 2 at pH 5.5 which
appears to confirm the structural similarity of both i-DNA in
these acidic conditions and the absence of any detrimental
effect of the cyclic peptide scaffold on the recognition
properties as already reported.28 Encouragingly, the affinities
measured with 2 at pH 6.5 were found to be very similar to the
ones measured at pH 5.5 for both i-DNA 1 and 2. This indicates
that constrained i-DNA 2 is also a potent mimic of i-motif DNA
at higher pH. Surprisingly, by using 1 at pH 6.5, i.e., pH under
which the sequence is not expected to fold into an i-motif, we
also observed affinities similar to those obtained at pH 5.5 as

This journal is © The Royal Society of Chemistry 20xx



well as for the interaction of the ligands with constrained i-

DNA 2.

Table 1: Thermodynamic equilibrium constant, Kp, (in M) of the interaction of the ligands with the DNA sequences at pH 5.5 and pH 6.5. *n.d.:
non determined as Kp values determined by the fitting of the Langmuir equation were superior to the acceptable value in the studied

concentration range.

Ligand H-telo i-DNA 1 Constrained i-DNA 2 HP control 3 SS control 4
pH 5.5 pH 6.5 pH 5.5 pH 6.5 pH 5.5 pH 6.5 pH 5.5 pH 6.5
PhenDC3 2+0.3 6+0.2 35+1 6+0.4 6.8+0.9 4.5+0.9 2+0.5 2.3+0.6
PDS 0.12 +0.04 0.32+0.02 0.26+0.04 | 0.36+0.06 1.2+0.2 1.3+0.1 0.12+0.03 | 0.10+0.03
TMPyP4 4.8 +0.6 872 14+2 10.7+3 41+1.6 88+3 3.4+0.3 9.8+2
Braco-19 46+0.7 11+3 9.5+2 85+2 15+3 18.2+4 4.1+0.9 4.6+0.9
Berberine n.d n.d n.d n.d 44 + 12 n.d n.d n.d
[Ru(Phen),dppz]* n.d n.d n.d n.d 3716 54 +10 9.6+1 18+ 2
RHPS4 n.d n.d n.d n.d n.d n.d n.d n.d
BisA 0.06 £0.01 0.22 £ 0.06 0.13 +£0.06 0.29+0.1 2.1+0.2 8.45+3 0.21+0.04 | 0.35+0.08
mitoxantrone 11+2 12+0.9 19+3 13+4 72 +17 87+21 102 11+2

Similar affinities for the interaction of the ligands with
presumably folded (pH 5.5) and unfolded (pH 6.5) structures
could be interpreted in multiple ways: i) i-DNA 1 might be
partially or fully unfolded by the ligands at pH 5.5 and the
resulting structure would compare to the one obtained at pH
6.5; ii) conversely, the interaction of the ligands with the
unfolded i-DNA 1 at pH 6.5 may trigger folding into an i-motif
structure such as observed at pH 5.5 and present in i-DNA 2;
iii) the measured affinities do not depend on the presence of
folded i-motif structure but merely reflects interactions with
the cytosine-containing sequences or iv) the interactions are
due to non-specific interactions with DNA backbone.

To further investigate the effect of the ligands, we used CD
analysis to gauge the folding status of i-DNA 1 in presence of
each ligand (5 molar equivalents)zg at both pH 5.5 and 6.5. At
pH 5.5 (Fig. S21 in ESI) we observed that all the compounds
induced a hypochromic effect of the band at 288 nm that was
particularly marked in the case of Braco-19, PDS, PhenDC3 and
Mitoxantrone. This agrees with the observations of Randazzo
and coll. and could suggest that the interaction with some
ligands induces partial unfolding of the i-motif structure.*
Nevertheless, the i-motif appears to remain the preponderant
structure in presence of the ligands at pH 5.5 ruling out the
first hypothesis. Inversely, the CD spectra obtained at pH 6.5
(Fig. S22 in ESI) demonstrate that no ligand could efficiently
promote the folding of the unstructured i-DNA 1 sequence into
a well-defined i-motif structure, as the spectra remain
unchanged after addition of the ligands, ruling out the second
hypothesis. Finally, we recorded CD spectra at intermediate
conditions (pH 6.2, i.e., close to pHt) at which i-DNA 1 was
found in an equilibrium between folded and unfolded forms,
hypothesizing that in these case even small effects of the
ligands would manifest by shifting the equilibrium towards
either i-motif or single-stranded forms (Fig. S23 in ESI). In
these experiments, the ratio of CD signals at 285 nm
(maximum of i-motif form) and 275 nm (maximum of the
single-stranded form), was used as a metric of ligand-induced
effect. The results (Fig. 3) showed that, among the tested
compounds, PDS and Braco-19 (at 2 or 5 molar equiv.), BisA (at
5 molar equiv.) as well as PhenDC3 (at 2 molar equiv. only)
seemingly increased the 0Ogsnm/ 0275 .m ratio suggesting an
induction of i-motif form. However, a close inspection of CD
spectra (Fig. S23 in ESI) revealed that in all these cases,
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addition of the ligand reduced the intensity of the signal at 275
nm without concomitant increase of the i-motif peak.

In all other cases, the addition of ligands clearly shifted
the equilibrium towards the single-stranded form (Fig. 3 and
S23), which might suggest that those ligands may bind to
single-stranded DNA. To further explore these hypotheses, we
performed BLI analysis of the interactions between single
strand poly T control 4 (Fig. 1) and all ligands at both pH 5.5
and 6.5 (Table 1). Surprisingly, at both pH, K, values similar to
the ones obtained with i-motif forming DNA 1 and 2 were
measured for most of the ligands further suggesting strong
interaction of the ligands with the single-stranded
oligonucleotide. Thus, the binding constants observed with the
substrates 1 and 2 insinuate the absence of specific
recognition of i-motif structural features. Interestingly, the
inspection of CD spectra recorded in equilibrium conditions
(pH 6.2, Fig. S23) revealed the presence of induced CD (iCD)
bands in the region of ligand absorption in the case of
PhenDC3, [Ru(phen)zdppz]2+ and Braco-19. As iCD is typically
considered as a solid evidence of ligand-DNA interaction, we
additionally recorded iCD spectra of these ligands at pH 5.5
and 7.3, in order to elucidate whether these signals arise from
binding of ligands to i-DNA or unfolded DNA, respectively (Fig.
S24). In the case of PhenDC3, iCD signal observed at pH 6.2
matched the one observed at pH 7.3, giving evidence of
binding to unfolded h-telo. Conversely, in the case of Braco-19,
iCD signal observed at pH 6.2 was similar the one observed at
pH 5.5, speaking in favor of interaction of this ligand with
folded i-DNA. Finally, in the case [Ru(phen)zdppz]2+, no iCD was
observed either at pH 5.5 or at pH 7.3, giving evidence of a
complex binding behavior.

In summary, we investigated the affinities of nine state-
of-the-art small-molecule binders of unusual nucleic acid
structures, previously reported as i-motif targeting agents. BLI
analysis performed with folded (at pH 5.5 and 6.5) and
unfolded (at pH 6.5) i-motif derived from the human telomeric
sequence uncovered massive binding promiscuity. Indeed,
even though some of the ligands (BisA, PDS) demonstrated
good affinities for the i-motif forming C-rich sequence and
selectivity over hairpin DNA, none of the ligands were shown
to discriminate between folded and unfolded i-motif structure,
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