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The binding of four phenanthridine-guanidine peptides to DNA/RNA was evaluated via spectrophotometric/mi-
crocalorimetric methods and computations. The minor structural modifications-the type of the guanidine group
(pyrrole guanidine (GCP) and arginine) and the linker length (presence or absence of glycine)-greatly affected
the conformation of compounds and consequently the binding to double- (ds-) and single-stranded (ss-) poly-
nucleotides. GCP peptide with shorter linker was able to distinguish between RNA (A-helix) and DNA (B-
helix) by different circular dichroism response at 295 nm and thus can be used as a chiral probe. Opposed to
the dominant stretched conformation of GCP peptide with shorter linker, the more flexible and longer linker of
its analogue enabled the molecule to adopt the intramolecularly stacked form which resulted in weaker yet se-
lective binding to DNA. Beside efficient organization of ss-polynucleotide structures, GCP peptide with shorter
linker bound stronger to ss-DNA/RNA compared to arginine peptides which emphasize the importance of GCP
unit.
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1. Introduction

A vast amount of biological processes, like DNA replication, tran-
scription, translation, enzymatic reactions and many others, rely on
some type of molecular recognition [1]. Noncovalent interactions that
play the crucial role in these processes can be elucidated by the applica-
tion of small molecules with the selective spectroscopic response ob-
servable upon binding to various DNA and RNA sequences. Besides
DNA and RNA double-stranded, hybrid and multistranded structures,
single-stranded nucleic acids can also be potential targets for small mol-
ecules [2]. For instance, long poly-G sequences can form a four-stranded
structure - G-quadruplex or can present targets for proteins such as
multisubunit human protein in human fibroblasts [3,4]. Poly (A) has a
relevant significance in cell biology due to its importance in mRNA sta-
bility and translation initiation while targeting of dT-based sequences
can be exploited in tRNA purification asmarkers for oligo (dT)-cellulose
[5,6]. Such molecular probes are important for many technologies used
in the molecular biology and medicine [7].
By combining interesting features of their components, peptide-
based probes with heteroaromatic units occupy a prominent place in
the development of DNA and RNA molecular probes [8]. While
heteroaromatic unit serves as a spectroscopic reporter group and
often enhances the affinity of a smallmolecule-probe toward polynucle-
otides, peptide part promotes interactions via hydrogen bonding and
also enables the relatively simple build-up through the peptide coupling
procedures.

Due to a strong fluorescence change upon binding to polynucleo-
tides, phenanthridine derivatives are well known fluorescent probes
[9]. Although they are mainly recognized as intercalators, it is known
that small modifications can turn them into minor groove binders
[10]. It has been established that substituents at the C3 and C8 position
of phenanthridine influence the spectroscopic response in the UV/Vis
and fluorescence, [11,12] and also determine the mutagenicity of
some phenanthridine derivatives, like ethidium-bromide [13,14]. For
instance, a bis-phenanthridine triamine acted as a fluorimetric probe
for poly G at pH 5 while phenanthridinium-triazolyluracil peptide con-
jugate selectively recognized poly U [15,16]. Beside many other
phenanthridine derivatives, [17–19] a series of water-soluble
phenanthridine peptides has also been prepared and their DNA/RNA
binding affinity was evaluated in our group [16,20,21].
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While there are many receptors reported in literature with incorpo-
rated ammonium groups as analogy to lysine, only few have been de-
signed which utilize the corresponding arginine analogues - guanidine
moieties - for phosphate recognition [22]. Owing to its positive charge
over a broad range of pH values, the guanidine group can participate in
electrostatic interactions and act as an efficient hydrogen bond donor
[23]. Intriguingly, some guanidinocarbonyl-pyrrole (GCP) derivatives
have shown a remarkably selective recognition of substrates in water
[24–26]. Itwas shown that incorporation of this arginine analogue in pep-
tides can transform them into efficient vectors for gene delivery while a
combination of GCP motif with aromatic units enabled selective recogni-
tion ofDNAorRNAsequences [27–30]. Recently, itwas shown for thefirst
time that GCP unit can recognize single-stranded RNA sequences by two
nucleobase–GCP isosteric conjugates [31].

Inspired by the DNA/RNA recognition potential of the GCP motifs
and taking advantage of our experience in phenanthridine derivatives
[9], we designed phenanthridine peptides with GCP units (1, 2) and in-
vestigated their interactions with DNA and RNA targets. We also pre-
pared phenanthridine derivatives with arginine (3, 4) to see the
difference between guanidine interacting units (GCP vs Arg). The com-
pounds additionally differed in the linker length, more precisely in the
presence (2, 4) or absence (1, 3) of one glycine residue. The glycine res-
idue may provide the conformational flexibility to peptides which in
turn can influence interactions with polynucleotides [32,33].

It is known from literature that the heterocyclic nitrogen of
phenanthridine is protonated under acidic conditions (pKa ≈ 6) [9] sug-
gesting that 1–4 are in a protonated state at pH 5.0. Further, the
Scheme 1. Schematic presentation
connection of the guanidinium group via an acetyl group to the pyrrole
decreased the pKa value of the free guanidine (3, 4) from13.5 to approx-
imately 6–7 for GCP unit (1, 2) [34]. Thus, it can be assumed that 1 and 2
possess two positive charges at pH 5.0 while at pH 7.0 only GCP unit
may be partially protonated. On the other hand, arginine derivatives, 3
and 4 possess two positive charges at pH 7.0 and three positive charges
at pH 5.0.

Thus, the aim of this work was to investigate the recognition of
nucleic acids by phenanthridine peptides. This recognition was evalu-
ated in dependence of several factors: a) twominor structuralmodifica-
tions in peptides 1–4: 1) differently protonated guanidine moieties in
arginine- and guanidinocarbonylpyrrole-based phenanthridine pep-
tides and 2) the peptide linker differing in presence or absence of gly-
cine (Scheme 1) b) pH of the solution c) the secondary structure of
the polynucleotides and basepair composition of ds- and ss-
polynucleotides. Interactions with double-stranded (ds-) and single-
stranded (ss-) DNA and RNA were analysed via spectrophotometric
(fluorimetric titrations, thermalmelting experiments and CD titrations)
and microcalorimetric methods, and rationalized by the computational
analysis.

Previously studied phenanthridine-alanine (Ala-Phen, Scheme 2)
[20,21] was used as a starting material for new probes (Scheme 3)
which are obtained through classical peptide coupling in solution. Two
of here studied phenanthridine-peptide derivatives with GCP unit (1,
2) have already shown amicromolar affinity to the dipeptidyl peptidase
III (DPP III) and an inhibition of hydrolysis of Arg-Arg-2-naphthylamide,
the standard synthetic substrate of DPP III [35].
of studied compounds 1–4.

Image of Scheme 1


Scheme 2. Synthesis of Phen-AA, starting from 4′-amino-2-acetamidobiphenyl 5.
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2. Results

2.1. Synthesis

8-Iodo-6-methylphenanthridine 7was prepared in five steps, starting
from commercially available 2-aminobiphenyl. Two synthetic steps
Scheme 3. Preparation of 1, 2, 3 and 4 starting from Phen-AA and Phen-Gly, by reaction proc
CH2Cl2, r.t. iv) 5% HClaq, MeOH.
leading to 4′-amino-2-acetamidobiphenyl 5 have been described
previously [36,37]. It was used as a starting compound for a Sandmeyer-
type reaction, which provided 4′-iodo-2-acetamidobiphenyl 6. Intramo-
lecular Friedel–Crafts cyclization of iodo-biphenyl derivative 6 into 8-
iodo-6-methylphenanthridine 7was achieved usingHendrickson reagent
[38]. Iodoserine was prepared according to the known procedure [39].
edure: i) TFA:H2O/9:1, CH2Cl2, r.t.; ii) HBTU, HOBT, Et3N, CH3CN, r.t.; iii) 1% piperidine in

Image of Scheme 2
Image of Scheme 3
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Phen-AAwas synthesized by palladium-catalyzedNegishi cross-coupling
of 8-iodo-6-methylphenanthridine 7 and iodoserine (Scheme 2) [40].

Novel phenanthridine derivatives (1–4) were prepared by coupling
of previously described Phen-AA and Phen-Gly with selected HBTU-
activated carboxylic acids [20]. Solution-phase peptide synthesis
yielded 1, 2, 3 and 4 in very good to excellent yields (58–95%). Com-
pounds 1 and 2 were prepared and transformed into hydrochloride
salts as reported earlier [35]. Compounds 3 and 4were prepared follow-
ing corresponding synthetic procedures with commercially available
Fmoc-Arg(Pbf)-OH, as presented on the Scheme 3. After removal of –
Fmoc and –Pbf protecting groups, compounds 3 and 4 were converted
to water-soluble hydrochloride salts likewise.
2.2. Spectroscopy

Compounds 1–4were soluble in aqueous buffer systems up to c ≈ 2.0
× 10−3 mol dm−3 (at pH 7.0 and pH 5.0, sodium cacodylate/HCl buffer, I
= 0.05 mol dm−3). Buffered aqueous solutions of studied compounds
were stable for 2–4 weeks. The absorbencies of 1–4 (Supplementary,
Figs. S1 and S2) were proportional to their concentrations up to c =
1–3 × 10−5 mol dm−3, changes in the UV/Vis spectra of majority of stud-
ied compounds on the temperature increase up to 95 °Cwere negligible
and the reproducibility of UV/Vis spectra upon cooling back to 25 °Cwas
excellent. The only exception was compound 2 where the temperature
increase resulted in the increase of the UV/Vis spectra (~15% at 300 nm
at pH 7.0), suggesting the presence of some sort of molecular stacking.
Absorption maxima of 1 and 2 and the corresponding reference com-
pounds Phen-AA, Phen-Gly [20], GCP [41,42] (Table 1, Scheme 3)
were very similar both in neutral and weakly acidic conditions (pH 7.0
and pH 5.0). However, a comparison of the UV/Vis spectra of 2 (at
both pH) with the corresponding references Phen-AA, Phen-Gly and
GCP (Table 1, Supplementary, Fig. S5) revealed a hypochromic effect,
which, in linewith above noted temperature dependence, strongly sup-
ported an intramolecular stacking interaction between phenanthridine
and pyrrole chromophores.

Also, themolar absorptivity (Table 1) of 1 at pH 7.0was smaller than
the sum of molar absorptivities of corresponding references, Phen-AA
and GCP suggesting an influence of intramolecular interactions. How-
ever, due to shorter and less flexible linker of 1we assumed that the hy-
pochromic effect of 1 at pH 7.0 was probably not the result of the
intramolecular stacking between two chromophores like in case of 2.
This assumption was later confirmed by NMR and computations.
Table 1
Electronic absorptionmaxima and correspondingmolar extinction coefficients in aqueous
medium,a,b fluorescence emission maxima and corresponding relative quantum yields.c

UV/Vis Fluorescence emission Qc

λmax (nm)/ε × 103 (dm3 mol−1 cm−1)

pH 5.0 pH 7.0 λmax (nm) pH 5.0 pH 7.0

1 252/46.2
298/32.2

251/30.3
300/21.4

401a/372b 0.01 0.02

2 252/38.6
300/19.6

252/39.5
300/17.7

400a/372b b0.01 0.01

Phen-AA 251/49.5
300/4.8

250/50.6
300/4.5

402a/370b 0.16 0.25

Phen-Gly 251/51.9
300/5.1

250/53.7
300/4.8

403a/370b 0.21 0.33

3 251/49.5 250/50.6 388a/372b 0.25 0.34
4 251/51.9 250/53.7 398a/372b 0.14 0.24
GCP 250/4.0

297/27.3
250/6.1
297/28.4

– – –

a Buffer pH 5.0 (sodium cacodylate buffer, I = 0.05 mol dm−3).
b Buffer pH 7.0 (sodium cacodylate buffer, I = 0.05 mol dm−3).
c Relative quantum yield (Q) was determined with respect to L-N-

acetyltryptophanamide (NATA) standard (Q = 0.14) [43,44].
At pH 5.0 the molar absorptivities of 1 and its reference compound,
Phen-AAwere almost the same pointing to an absence of intramolecu-
lar interactions.

The emission intensities (Supplementary, Figs. S3 and S4) of buff-
ered aqueous solutions (sodium cacodylate buffer, I = 0.05 mol dm−3,
pH 7.0 and pH 5.0) of studied compounds were proportional to their
concentrations up to c = 6 × 10−6 mol dm−3. The excitation spectra
agreed well with the corresponding absorption spectra in the region
where emission and excitation spectrum do not overlap. Significant
shift of fluorescence maxima for Δλ = 2 0–30 nm upon pH change
from 7.0 to 5.0 observed for all compounds could be attributed to the
protonation of the phenanthridine fluorophore.

The emission intensities of 3 and 4were similar to those of reference
compounds (Phen-AA, Phen-Gly), while GCP analogues 1 and 2 exhib-
ited an order of magnitude weaker emission intensities (Table 1). Fur-
ther, the fluorescence of 1 and 2 was stronger in neutral conditions
than at pH 5.0. Also, the fluorescence of 1 was stronger compared to
that of 2, which could be attributed to the aforementioned intramolec-
ular stacking of 2 (Table 1, Supplementary, Figs. S3 and S4), latter addi-
tionally supported by the CD, NMR spectra and computational studies.

Namely, 1H NMR spectra of Boc-2 (in CD3CN) were compared with
those of shorter analogue, Boc-protected 1 and the corresponding refer-
ence, Phen-AA. Upfield-shifted proton signals of phenanthridine (H10,
H9 andH7) and pyrrolewere observed only for 2, which could be attrib-
uted to aromatic stacking interactions (Supplementary, Figs. S6–S9).
Moreover, the NOESY spectra of Boc-protected 2 in CD3CN revealed a
correlation between pyrrole and phenanthridine H2 proton signals. In
addition, cross-peaks between pyrrole and phenanthridine protons
and pyrrole and a phenanthridine-CH3 group of deprotected 2 (hydro-
chloride salt) detected in D2O, also suggested the presence of stacked
structures (Supplementary, Fig. S9). In contrast to 2, NOESY spectra of
Boc-protected 1 in CD3CN as well as of deprotected 1 in D2O did not re-
veal any significant correlations between phenanthridine and pyrrole
suggesting an absence of stacked conformation, which is further con-
firmed by computational simulations (Section 2.5, see later).

CD spectra of 2 at both pH values (Fig. 1) were characterized by a
negative and a positive CD band of similar intensities, located at
309 nm and 254 nm, respectively. Those wavelength values correspond
to the absorptionmaxima of phenanthridine and pyrrole chromophores
in 2. Such bisignate CD signal, that can point to the formation of intra-
molecular or intermolecular dimers [45–47], agreedwellwith thehypo-
chromic effect noticed in UV/Vis spectra of 2. In contrast to 2, in CD
spectrum of 1 only negative CD bands were detected, at 240 nm and
Fig. 1. CD spectra of 1 and 2 in Na-cacodylate buffer (I = 0.05 mol dm−3, pH 5.0 and
pH 7.0); c(1, 2) = 1.5 × 10−5 mol dm−3.

Image of Fig. 1
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306 nm at both pH while at pH 5.0 an additional negative signal ap-
peared at 288 nm.

Positive CD bands near 250 nm, which correspond to the absorption
maxima of phenanthridine were visible in CD spectra of 3 at both stud-
ied pH (Supplementary, Figs. S10–S11). In contrast to 3, in CD spectra of
4 which possess the longer linker, there was no noticeable positive CD
band at 250 nm at pH 7.0 (Supplementary, Fig. S10). At pH 5.0, proton-
ated form of 4 produced CD bands of noticeable intensities in the area
from 235 to 290 nm but unlike 3 there was no well-defined maximum
at 250 nm (Supplementary, Fig. S11).

2.3. Study of interactions of 1–4 with ds-polynucleotides in aqueous
medium

2.3.1. Spectrophotometric titrations
Binding of studied compounds to polynucleotides was monitored

with the fluorescence spectroscopy. For an initial examination with
ds-polynucleotides, we have chosen calf thymus DNA (42% of GC
basepairs and 58% of AT basepairs), which represents a classical B-
helix, and poly A – poly U as a model for RNA, with characteristic A-
helical structure of a wide and shallow minor groove and a deep and
narrow major groove [48]. Different protonation states of studied com-
pounds enabled a determination of binding affinities in both neutral
(pH 7.0) and weakly acidic (pH 5.0) conditions. Mostly, higher binding
affinities toward polynucleotides were observed at pH 5.0 compared to
pH 7.0, which can be related to an increased number of ligands' positive
charges at lower pH. Due to that reason, the binding interactions of
studied compounds at pH 5.0 were further investigated with synthetic
ds-polynucleotides (poly(dAdT)2 and poly(dGdC)2).

The addition of DNA andRNApolynucleotides (at excess of a polynu-
cleotide, Fig. 2, Supplementary Figs. S12–S19 and S28–S43) yielded a
decrease in emission intensities of all studied compounds. In general,
GC-containing DNAs induced a stronger quenching of fluorescence in
comparison to AT(U)-polynucleotides, whereby the most pronounced
difference was observed for 2 (Table 2), being fluorimetricaly specific
for GC-containing polynucleotides. Such general emission quenching
proportional to GC-basepair content in polynucleotide could be corre-
lated to the well-known redox potential of nucleobases, guanine base
being the most electron-donating of all four nucleobases, and for that
reason known to quench the emission stronger [49–51].

Interestingly, in GCP-based peptides, a stronger decrease in fluores-
cence of 1 (shorter linker) than 2 (longer linker) was noticed. In con-
trast to GCP-based peptides, in Arg-based peptides greater changes in
fluorescence exhibited 4 (longer linker) than 3 (shorter linker).
Fig. 2. Changes in fluorescence spectra of 1 (c = 2.0 × 10−6 mol dm−3, λexc = 300 nm)
upon titration with ctDNA (c = 2.0 × 10−6 - 1.6 × 10−4 mol dm−3); Inset: Dependence of
the fluorescence intensity at λmax = 402 nm on c(ctDNA), at pH 5.0, sodium cacodylate
buffer, I = 0.05 mol dm−3.
Processing of fluorescence titration data collected at excess of polynu-
cleotide over compound by means of Scatchard equation [52] gave
binding constants Ka and ratios n[bound compound]/[polynucleotide] (Table 2).
All studied compounds exerted stronger affinities toward ds-DNA
than ds-RNA at pH 5.0 (Table 2). In line with a noticed trend in fluores-
cence changes of 1–4, the stronger affinities toward studied polynucle-
otides were obtained for peptides 1 and 4 than for 2 and 3 (Table 2,
Fig. 2). GCP-peptide 2 exhibited a stronger binding affinity toward ds-
DNA (especially toward GC basepairs) than to ds-RNA.

2.3.2. Thermal melting experiments
A difference between Tm (melting temperature) value of free poly-

nucleotide and their complexes with a small molecule (ΔTm value) is
an important factor in the characterisation of small molecule/ds-
polynucleotide interactions (electrostatic interactions, minor groove
binding, intercalation) [53].

In general, arginine-analogues 3–4 stabilised ds-polynucleotides
more efficiently than GCP analogues 1–2, likely due to the more
favourable sterical and electronic properties of aliphatic guanidine
(e.g. pKa = 13.5 in comparison to pKa of GCP ≈ 6). At pH 7.0 only 3
and 4 were protonated, but the stabilisation effect was observed only
for 4 - poly A-poly U complex, pointing out the significance of longer
linker for the binding interactions within the polynucleotide binding
site (Table 3, Figs. S20 and S21).

At pH 5.0 all studied compounds were similarly protonated and
showed a stabilisation of ctDNA (58% AT, 42% GC), but only Arg-based
peptides 3–4 stabilised ds-RNA. Further, higher ΔTm values were ob-
tained for complexes of 1 and 4 with AT polynucleotides than with
ctDNA (Supplementary, Figs. S44–S47). Such AT preference over
mixed base pair composition noticed for 1 and 4 can be explained by di-
mension differences of the minor groove at AT sites and GC sites (latter
being sterically hindered by the protruding amino groups of guanine)
[54]. To see whether the stabilisation effect at pH 5.0 mainly originated
from the electrostatic interactions, we performed thermal denaturation
experiments with arginine derivatives at higher ionic strength (I =
0.15 mol dm−3). The results confirmed our assumption since the
stabilisation of ds-DNA was much lower, while for ds-RNA completely
disappeared compared to experiment at lower ionic strength (I =
0.05 mol dm−3).

2.3.3. Circular dichroism experiments
CD spectroscopy is a highly sensitive method that gives the insight

into the conformational changes of polynucleotide properties induced
by small molecule binding [56,57]. In addition, achiral small molecules
can eventually acquire an induced CD spectrum (ICD) upon binding to
polynucleotides, which could point to a specific, uniform orientation
of small molecule with respect to helix axis and pseudo dyad axis thus
giving a useful information about modes of interaction [56,58]. Never-
theless, it has to be taken into account that studied compounds are chi-
ral and consequently possess an intrinsic CD activity. Therefore, besides
performing the CD titrations with DNA and RNA, we also recorded CD
spectra of free 1–4 in aqueous solution (Fig. 1 and Supplementary,
Figs. S10 and S11) to more easily interpret an impact of compounds
on the conformation of polynucleotide. Yet, changes in CD spectra of
polynucleotides cannot be easily interpreted in the wavelength area
b300 nm if ligands also absorb light in that region (Fig. 3, Supplemen-
tary, Figs. S22–S27, S48–S55 and S77–S88). Nevertheless, since 1–4 pos-
sess UV/Vis spectra also at λ N 300 nm, CD changes in this range can be
attributed solely to their chromophores interacting with DNA and RNA.

At pH 7.0, arginine derivatives 3–4 did not induce significant
changes in CD spectra of ctDNA and poly A–poly U (Supplementary,
Figs. S24–S25), while at pH 5.0 3 and 4 caused mainly the increase of
CD spectra of DNA and RNA, with the most pronounced effect observed
for GC-DNA (Supplementary, Figs. S50–S51, S54–S55). The addition of
GCP derivative 1 caused negligible changes in CD spectra of DNA and
RNA polynucleotides in neutral conditions. Negative ICD signals at

Image of Fig. 2


Table 2
Binding constants (logKa)a and spectroscopic properties of complexes I/I0b calculated from the fluorescence titrations of 1–4with ds-polynucleotides at pH 5.0 and pH 7.0 (buffer sodium
cacodylate, I = 0.05 mol dm−3).

Polynucleotide 1 2 3 4

pH 7 pH 5 pH 7 pH 5 pH 7 pH 5 pH 7 pH 5

logKa/I/I0b

ctDNA 6.0/0.8 5.1/0.1 –c/–c 4.6/0.6 3.6/0.1 4.0/0.2 5.2/0.2 5.7/0.3
Poly(dAdT)2 –d/–d 5.2/0.6 –d/–d –c/–c –d/–d 4.8/0.7 –d/–d 5.6/0.1
Poly(dGdC)2 –d/–d 6.0/0.2 –d/–d 4.9/0.4 –d/–d 4.7/0.3 –d/–d 6.1/0.1
Poly A-poly U 6.3/0.8 4.8/0.3 –c/–c –c/–c 3.6/0.7 4.3/0.8 4.9/0.4 5.6/0.2

a Accuracy of n±10–30%, consequently logKa values vary in the same order ofmagnitude; processing of titration data bymeans of Scatchard equation [52] gave values of ratio n[bound
1–4]/[polynucleotide phosphate]= 0.1–0.4 for most complexes; for easier comparison all logKa values were re-calculated for fixed n=0.3; correlation coefficients were N0.99 for all cal-
culated Ka.

b I0 – starting fluorescence intensity of 1–4; I – fluorescence intensity of 1–4/polynucleotide complex calculated by Scatchard equation.
c Small fluorescence changes of 2 with polynucleotides disabled accurate calculation of binding constants.
d Not determined.
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305 nm at pH 7.0, similar in shape but smaller in intensity compared to
intrinsic CD signals of 1were visible in CD spectrawithmost of the stud-
ied polynucleotides. Those changesweremost evident in the case of AT-
and GC-DNA (Supplementary, Fig. S26).

In contrast to neutral conditions, at pH 5.0 the addition of 1 to poly-
nucleotide solutions resulted in positive ICD signals around 300 nm
which were strongly dependent on a basepair composition (Fig. 3).
Namely, the maximum of GC-induced ICD was about 292–295 nm,
AT-induced at 305–308 nm and AU-induced at 312 nm. Particularly in-
teresting is that RNA (AU)-induced CD band is at zero at 295 nmwhere
both DNA-induced CD bands showed strong intensity. Thus, compound
1 could be used as a simple chiral probe for the differentiation of ds-RNA
(A-helical structure) fromds-DNA (B-helix). Such a difference in the ICD
response could be correlated to the positioning of small molecule chro-
mophores in respect to the chiral axis of ds-helix, which again is directly
related to the geometry of the small molecule binding site; a deepmajor
groove of A-helical RNA in respect to the narrow minor groove of B-
helical DNA, latter sterically restricted in the case of GC-DNA [55].

Addition of 2 at both pH conditions resulted in the appearance of a
negative CD signal around 310 nm and larger (18–20 nm with ctDNA)
or smaller (4–6 nm) hypsochromic shifts of CD spectra of all studied
polynucleotides (Fig. 4). In a majority of titrations at both pH values,
ICD signals near 310 nm obtained upon binding of 2 toward most of
the polynucleotides were more negative than the intrinsic CD signals
of 2. Further, an intensity decrease of CD signal of polynucleotides at
245 nm was detected upon 2 addition which was in titration with
ctDNA accompanied with the noticeable hypsochromic shift (Fig. 4).
An appearance of isoelliptic points in titrations with most of
Table 3
The aΔTm values (°C) of studied ds-polynucleotides upon the addition of different ratios br
of 1–4 at pH 5.0 (sodium cacodylate buffer, I = 0.05 mol dm−3) and pH 7.0 (sodium
cacodylate buffer, I = 0.05 mol dm−3).

pH I Compound 1 2 3 4

br= 0.5 0.5 0.3 0.3

7.0 0.05 ctDNA 0 0 −0.7 −0.9
Poly A-poly U 0 0 0.5 3.5

5.0 0.05 ctDNA 3.4 1.4 2.1 6.5
Poly A-poly U 0 0 1.8/0.4c 5.8/−1.5c

Poly(dAdT)2 4.5 0 −d 7.4

0.15
ctDNA −d 0.7 1.6
Poly A-poly U −d 0 0
Poly(dAdT)2 −d −d 1.1

a Error in ΔTm: ±0.5 °C;
b r = [compound]/[polynucleotide].
c Biphasic transitions: thefirst transition at Tm=47.3 °C is attributed to denaturation of

poly A-poly U and the second transition at Tm = 71.1 °C is attributed to denaturation of
poly AH-poly AH since poly A at pH5.0 ismostly protonated and forms ds-polynucleotide
[55].

d Not determined.
polynucleotides strongly suggests one dominant interaction mode of 2
with DNA and RNA chiral axis [56,58]. Such a resemblance of CD signals
of formed complexes and intrinsic CD signals of 2 suggests that 2 binds
to polynucleotides in folded conformation.

2.4. Study of interactions of 1–4 with ss-polynucleotides in aqueous
medium

To evaluatewhether the recognition of polynucleotides by 1–4 is re-
lated to the structural features of ds-DNA and RNA or to the nucleobase-
specific recognition, we also examined interactions of 1–4 with single-
stranded, ss-polynucleotides. The addition of ss-polynucleotides re-
sulted in the decrease of 1–4 fluorescence (Supplementary, S56-S76).
The largest fluorescence changes were observed in titrations of 1 and
4with poly G and poly Awhile highest affinities were obtained for com-
plexes of 1 with poly G, poly U and poly dT and 4 with poly G, respec-
tively (Table 4). In all titrations with 3 and in most of titrations with 4,
fluorescence changeswere either too small to enable the accurate calcu-
lation of binding constants or linear (b20% of the complex formed), thus
only the estimation of affinity was possible (Table 4, Supplementary
Figs. S68–S76).

Since compound 1 showed the best binding affinities to ss-
polynucleotides in fluorimetric titrations, we decided to characterize
its binding thermodynamically as well. For comparison reasons, we
have also done ITC titrations with its GCP analogue 2 (Table 4). All ITC
titrations resulted in negative peaks indicating that the binding pro-
cesses were exothermic (Table 4, Supplementary, Figs. S89–S92). The
fitting model one set of sites was used to calculate thermodynamic
Fig. 3. CD titrations of ctDNA, poly(dAdT)2, poly(dGdC)2 and poly A–poly U at pH 5.0 (c=
3.0× 10−5mol dm−3)with 1 atmolar ratio, r [1]/[polynucleotide]=0.5, sodium cacodylate
buffer, I = 0.05 mol dm−3.

Image of Fig. 3


Fig. 4. CD titrations of ctDNA at a) pH 7.0 and b) pH 5.0 (c=3.0 × 10−5 mol dm−3) with 2 at molar ratios r= [compound]/[polynucleotide], sodium cacodylate buffer, I=0.05 mol dm−3.
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parameters. Analysis of ITC experiments of 1 and 2 with ss-
polynucleotides showed relatively high binding affinities (log Ka in
Table 4) which agree well with the trend in binding affinities obtained
from fluorimetric titrations. In a majority of titrations, the interaction
Table 4
a) Binding constants (logKa)a and spectroscopic properties of complexes I/I0b calculated
from the fluorescence titrations of 1–4 with ss-polynucleotides at pH 5.0 (buffer sodium
cacodylate, I=0.05mol dm−3); b) data parameters obtained during nonlinear regression
for ITC titration of poly G, poly C, poly A, poly U and poly dTwith compounds 1 and 2f with
the model one set of sites and fixed n = 0.2 (pH 5.0, buffer sodium cacodylate, I =
0.05 mol dm−3).

pH 5 a) Fluorimetric titration

1 2 3 4

Polynucleotide logKa/I/I0b

Poly A 5.4/0.3 4.1/0.6 b3d/−d 4.8/0.2
Poly G 6.3/0.1 4.6/0.2 b3d/−d 6.4/0.02
Poly C 4.4/0.5 4.0/0.3 b3d/−d b3d/−d

Poly dA 5.2/0.7 –c/–c –e/–e b3d/−d

Poly dT 6.5/0.7 –c/–c –e/–e –e/–e

Poly U 6.5/0.9 –c/–c –c/–c –c/–c

pH 5 b) ITC titration

1 2

Polynucleotide log
Ka

ΔrH/kJ
mol−1

TΔrS/kJ
mol−1

ΔrG/kJ
mol−1

log
Ka

ΔrH/kJ
mol−1

TΔrS/kJ
mol−1

ΔrG/kJ
mol−1

Poly G 5.1 −21.5 7.5 −29.0 4.5 −15.5 10.1 −25.6
Poly Cg 5.5 −5.1 26.5 −31.6 3.8 −5.6 16.2 −21.8
Poly A 4.3 9.5 15.0 −24.5 f

Poly Ug 5.9 −8.3 25.4 −33.7 f

Poly dT 5.8 2.6 35.8 −33.2 f

a Accuracy of n ± 10–30%, consequently logKa values vary in the same order of mag-
nitude; processing of titration data bymeans of Scatchard [52] equation gave values of ra-
tio n[bound 1–4]/[polynucleotide phosphate] = 0.1–0.2 for most complexes; for easier
comparison all logKa valueswere re-calculated for fixed n=0.2, except for poly C and poly
U, where we used free n; correlation coefficients were N0.99 for most of calculated Ka.

b I0 – starting fluorescence intensity of 1–4; I – fluorescence intensity of 1–4/polynu-
cleotide complex calculated by Scatchard equation;

c Small fluorescence changes of 1–4with polynucleotides disabled accurate calculation
of binding constants.

d Estimated value due to b20% of the complex formed, linear change or no change in
fluorescence intensity.

e Not determined.
f Thermal changes with poly A, poly U and poly dT were too small for calculation of

binding constants.
g Thermodynamic data were calculated using free stoichiometry (n = 0.15 for poly C

and n = 0.16 for poly U) because of a more reliable fit than with fixed n = 0.2.
was characterized by positive binding entropies (TΔS term) and small
negative enthalpies (see Table 4), revealing an entropically driven bind-
ing. Different thermodynamic signature was observed for the titration
of 1with poly G where the bindingwas favoured by larger negative en-
thalpy and smaller positive entropy terms.

In general, the addition of 3 and 4 to ss-polynucleotides caused neg-
ligible changes in the CD spectra (see Figs. S83–S88 in Supplementary).
Exceptions were titrations of 4 with poly A, where weak negative ICD
signal at λ N 300 nm appeared, (Supplementary, Fig. S84), and with
poly G, (Supplementary, Fig. S88), where a strong decrease of CD
bands of poly G at 260 and 290 nm were detected. In CD titration with
ss-polynucleotides, compound 2 displayed similar changes as with ds-
polynucleotides, namely the appearance of a negative ICD band in the
295–310 nm region and an increase of CD signal of polynucleotide
with concomitant hypsochromic shift (Figs. S78, S80 and S82, Supple-
mentary). The appearance of positive ICD signal around 312 nmwas ob-
served inmost of CD titrationswith 1 except in case of poly C and poly A
(Fig. 5, Supplementary, Figs. S77, S79 and S81). While there was no
changes with poly C, the addition of 1 to poly A resulted in very weak
negative ICD spectra at λ = 300 nm (see Supplementary, Figs. S77
and S79). The ICD bands N300 nm observed for 1, 2 could be attributed
Fig. 5. CD titration of poly G (c = 3.0 × 10−5 mol dm−3) with 1 at molar ratios r =
[compound]/[polynucleotide] (pH= 5.0, buffer sodium cacodylate, I = 0.05 mol dm−3).

Image of Fig. 4
Image of Fig. 5
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to GCP unit (absorption maximum at 299 nm), since no such ICD bands
were observed for 3, 4 (lacking GCP). An efficient organization of other-
wise poorly defined secondary structures of ss-polynucleotides is espe-
cially emphasized in CD titrations of 1 (Fig. 5, Supplementary Figs. S77,
S79 and S81) [31].

2.5. Computational analysis of systems 1–4 in aqueous solution

In order to examine conformational features of 1–4, and inspect
whether their intrinsic dynamics in aqueous solution play any role in
determining their ability to interact with examined polynucleotides,
we performed molecular dynamics (MD) simulations of different pro-
tonation forms of 1–4 in explicit water and analysed structural prefer-
ences in the obtained trajectories.

In setting up our simulations, we were guided by the experimental
pKa values of the arginine side chain, isopropylamine and the
phenanthridine fragment, which are 12.5, 10.6 and 5.6, respectively,
[59] and assumed that these will not changemuch in the prepared con-
jugates [60]. On the other hand, previously we calculated the pKa value
for the guanidinocarbonyl-pyrrole (GCP) unit to be 5 [31]. Being in ex-
cellent agreementwith experiments [34]. Therefore, at pH 7.0 only argi-
nine guanidinium and free amino group are protonated, while at pH 5.0
all four protonable fragments are in their ionized cationic forms. There-
fore, at pH 7.0, systems 1–2 are neutral and 3–4 are dicationic, while, at
pH 5.0, conjugates 1–2 are dicationic and 3–4 are tricationic. Accord-
ingly, we submitted all eight systems to molecular dynamics simula-
tions and performed clustering analysis on the obtained structures.
Here, we will discuss only the most representative geometries (Fig. 6)
that account for the majority of the population of each system, while a
complete analysis is placed in the Supporting Information (Fig. S93).

Systems 1 and 2 underwent a larger electrostatic change upon re-
ducing the pH value from 7.0 to 5.0, as these alter their protonation
state from neutral to dicationic, while 3 and 4 only increase the overall
charge by one, accordingly. Therefore, it was surprising that with 1 not
much was changed in the overall population with a change in pH
(Fig. 6). Specifically, in the most dominant cluster, around two thirds
of all structures (67%) assumed a stretched conformation with no par-
ticular intramolecular interactions, and this was consistent under both
pH conditions, being in line with its preserved molar absorptivity rela-
tive to the reference Phen-AA. This clearly leaves the GCP unit available
for the interaction with polynucleotides, which was nicely evidenced in
roughly the same, yet high affinity of both 1 (at pH 7.0) and 12+ (at
pH 5.0) toward ctDNA (Table 2). This notion also helps explaining the
pronounced affinity of 12+ toward ss-polynucleotides (Table 4). It also
underlines a premise that is evident in other conjugates as well, in
which systems that assume stretched conformations are more prone
to interactions with biological systems, while those with notable intra-
molecular interactions that lead to bent or stacked conformations reveal
hindered intermolecular recognition [31].

System 2 was an interesting case of a conjugate which exhibited
modest interactionwith ctDNA at pH 5.0, while being the onlymolecule
which showed no such interactions at all at pH 7.0 (Table 2). At pH 5.0,
22+ undertakes around 47% of structures in the stretched conformation,
which was enough to reveal some recognition of ctDNA, yet notably re-
duced relative to 1 and 12+, being consistent with a reduced percentage
of such stretched structures relative to 1 and 12+. This was also in line
with decreased interactions of 22+ toward ss-polynucleotides in com-
parison with 12+ (Table 4). On the other hand, 2 at pH 7.0 showed
two distinct clusters, which were both bent and characterized with
the π–π stacking interactions involving the GCP pyrrole fragment and
the phenanthridine tricycle (Fig. 6) that both account for 92% of struc-
tures of 2. This intramolecular interactionwas nicely evident in the evo-
lution of distances between the pyrrole hydrogen and the
phenanthridine C1-hydrogen (Fig. S92) that take values mostly be-
tween 3 and 8 Å during the entire MD simulation, with the average
value of 4.72 Å. This clearly indicates the vicinity of these two hydrogens
and confirms a stacked conformation, being fully in line with the re-
ported NOESY spectra (Figs. S6–S9), UV/Vis measurements, and the ap-
pearance of bisignate CD signal. The difference among representative
clusters in 2 was only in the orientation of the pyrrole fragment that
comes as a consequence of the rotation in the C\\N single bond be-
tween GCP and the glycine moiety. The mentioned stabilisation clearly
diminishes the ability of GCP in 2 to interact with other systems as re-
vealed at pH 7.0 here. The difference in the behaviour of 1 and 2 was
clearly due to the glycine fragment that connects GCP with
phenanthridine. This subtle structural modification introduces a suffi-
cient flexibility in 2 to allow the favourable stacking interactions,
which is otherwise too rigid and, therefore, promoting extended confor-
mations as in 1. As a conclusion, certain rigidity in the overall skeleton of
conjugates 1 and 2 is beneficial for their biological activity, which con-
firms data in Table 2, and serves as a useful guideline in designing
even more efficient DNA/RNA probes.

Conjugate 3 also behaved in an already presented manner. Figs. 6
and S93 revealed that a majority of structures in 32+ was stretched,
yet 41% of structures were bent, which is a much higher percentage
than in 33+, where almost no bent structures were evident. This helps
interpreting the slightly reduced interactions of 32+ toward ctDNA rel-
ative to 33+.

In general, 3 and 4with more positive charges are less likely to form
bent or stacked geometries than 1 and 2, due to charge repulsion. In ad-
dition, water prefers solvating isolated charges rather than allowing in-
tramolecular interactions. The only notable exception was 4 at pH 7.0,
where 53% structures of the dicationic 42+ were found as bent. The lat-
ter is facilitated by favourable cation–π interactions between
phenanthridine and protonated amino and guanidine moieties
(Fig. 6). Still, this systemwas able to notably bind to ctDNA, being a con-
sequence of 35%of its stretched structures. Yet, the same structural pref-
erence was not observed in the analogous 32+ that is more rigid and
without a flexible glycine unit, which likely prevents this system from
establishing optimal cation–π interactions, thus stretched conforma-
tions are preferred. We can assume, given the high charge of 42+, that
the transition from the dominant bent to stretched conformations is fac-
ile and that it is assisted by the ability of water molecules to solvate
charged fragments. On the other hand, 43+ was predominantly found
as stretched, thus exhibiting pronounced interactions with ctDNA
(Table 2).

In order to check the validity of the premise that 1–4were well rep-
resented with the most dominant cluster structures given in Fig. 6, we
calculated energies of the excited states responsible for the experimen-
tal UV/Vis spectra (Table 1) corresponding to isolated conjugates. For
that purpose, we used the most abundant structure of each system in
Fig. 6 and performed the geometry optimization by the M06/6–31 G
(d) approach with solvent effects modelled through the IEF-PCM ex-
plicit water solvation, followed by the TD-DFT computations at the
same level of theory. The obtained vertical transitions corresponding
to the absorption maxima at pH 7.0 were 292 and 262 nm (1), 298
and 268 nm (2), 261 nm (32+), and 271 nm (42+), while at pH 5.0
were 293 and 260 (12+), 291 and 261 nm (22+), 261 nm (33+), and
261 nm (43+). These are found in very good agreement with experi-
ments (Table 1), which lends credence to the computational strategy
utilized here. This conclusion is further strengthened by the fact that
the same approach gave the absorptionmaximumof 256 nm for the iso-
lated phenanthridine at pH 7.0, which is in excellent agreement with
the experimental value of 250 nm, [61] and well matched with
250 nm reported here for Phen-AA.

3. Discussion

Summarised results of different methods employed in this work
showed that several factors affected the binding of studied compounds
to ds- and ss-polynucleotides: 1) differences in the structure and dy-
namics of studied compounds that relate to the linker length
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Fig. 6.Most representative structures of conjugates 1–4 at different pH conditions and their overall populations duringMD simulations. These are identified after the clustering analysis of
the corresponding MD trajectories.
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(presence/absence of glycine in linker) and the type of the guanidine
group (aliphatic guanidine vs pyrrole guanidine) 2) pH of the solution
that affects the protonation state of 1–4 in neutral and weakly acidic
conditions and 3) the secondary structure of the polynucleotides and
basepair composition of ds- and ss-polynucleotides.

Smaller number of positive charges of GCP-based peptides in com-
parison to Arg-based peptides at both pH 7.0 and 5.0 suggests a smaller
contribution of the electrostatic interactions in the overall binding of 1–
2 to polynucleotides. In addition, computations revealed that, in gen-
eral, conjugates with more positive charge are less likely to form bent
or stacked conformations with intramolecular stabilisations prior to
binding, which facilitates their interactions with polynucleotides. Fur-
ther, the guanidine group in the GCP unit has a possibility of additional
interaction via pyrrole and acetyl group compared to the arginine
guanidinium residue. Furthermore, an elongation of the linker via gly-
cine had different effects on the binding to polynucleotides in GCP-
and Arg-based peptides. The stronger binding was obtained for 1 com-
pared to 2 (containing glycine) in GCP series and for 4 (containing gly-
cine) compared to 3 in arginine series. Hypochromic effects and the
bisignate signal in CD spectrum of 2 detected at both pH values point
to intramolecular aromatic stacking interactions between the
phenanthridine and pyrrole units, while noticed shifts of
phenanthridine and pyrrole proton signals and cross-peaks between
protons of two chromophores also suggested the presence of stacked
structure. The linker between chromophores of 2 is long and flexible
enough to enable the intramolecular stacking, as confirmed with the
computational analysis. The additional proof of the folded conformation
of 2 can be found in the study of the interactions with polynucleotides.
This is best seen in CD titrations where the CD signals of formed com-
plexes were very similar to intrinsic CD signals of 2 indicating that 2
binds to polynucleotides in the folded conformation. Summarised re-
sults of the interaction study (weakbinding at pH7.0 and stronger bind-
ing at pH 5.0, small temperature stabilisation of ctDNA at pH 5.0, CD
signals of complexes resembling the intrinsic CD signals of 2), suggest
an aggregation as a dominant binding mode of 2 with all polynucleo-
tides. Stronger binding of 2 at pH 5.0 could be explained with non-
specific electrostatic interactions between positive charges of
phenanthridine and GCP unit with DNA/RNA phosphate backbone. On
the other hand, summarised analysis of 1H NMR (absence of cross-
peaks between two chromophores in NOESY spectrum in D2O) and CD
spectra of 1 (negative CD signals at both pH compared to bisignate CD
signal of 2) as well as shorter linker (absence of glycine) do not support
the formation of intramolecularly stacked conformation. Thus, it can be
assumed that 1 is predominantly in the extended or open conformation,
which is also nicely revealed by MD simulations. Still, in contrast to
pH 5.0 where the UV/Vis spectra clearly indicated an absence of intra-
molecular interaction between phenanthridine and GCP unit, the com-
parison of the molar absorptivities of 1 and the corresponding
references at pH 7.0 point to some influence of intramolecular interac-
tions. This experimental result can be related to the reduced percentage
of stretched structures relative to 12+ (Fig. 6, 1 at pH 7.0).

Changes in the CD spectra at pH 7.0 (negative ICD signals similar but
of lower intensity than the intrinsic CD signals of 1) as well as the ab-
sence of stabilisation effects of ds-DNA and RNA suggest the aggregation
of 1 along the polynucleotide backbone, probably inside the hydropho-
bic major grooves.

Significant stabilisation effects of AT-DNA and ctDNA and positive
ICD signals in CD titrations with ctDNA, AT- and GC-DNA point to
minor groove binding at pH 5.0. [62] Binding of 1 to poly A-poly U re-
sulted also in positive ICD signal near 312nm. Nevertheless, the absence
of ds-RNA stabilisation as well as dimensions of minor groove (broad
and very shallow [55]) point to major groove as the dominant binding
site.

Peptide 1 could differentiate between dGdC, dAdT and rArU se-
quences by the differently positioned ICD signal maximums. More im-
portant it was able to distinguish between different small molecule
binding sites of ds-DNA and ds-RNA by intensity of ICD signals at
295 nm which for DNA- (AT and GC) induced CD bands was strong
and for RNA-(AU) ICD band zero. In spite of the same number of charges
of arginine derivatives, peptide 4 showed the stronger binding than
peptide 3, which emphasized the significance of the linker length. Obvi-
ously, the longer and flexible linker of 4 enabled the better positioning
of the guanidine group toward the polynucleotide binding sites than
the shorter linker of 3. Results from the binding study with compound
4 (high binding affinities at both pH, stronger stabilisation effects of
DNA and RNA at pH 5.0, weak negative ICD signals) suggest an interca-
lation as a dominant binding mode in neutral conditions. In weakly
acidic conditions, the intercalative binding is accompanied by electro-
static interactions of the positively charged 4 (three positive charges)
and the negatively charged polynucleotide phosphates.

The binding affinities in titrations with all studied ss-
polynucleotides were dependent on the structure of a compound
added. Among studied compounds, GCP-derivative 1 exhibited the
highest binding affinities toward ss-polynucleotides (Table 4), espe-
cially toward poly rG, rU and dT [63–65]. Its analogue 2 bound only to
poly A, poly G and poly C with moderate binding affinities which, as in
case of ds-polynucleotides, emphasized the significance of a linker
length and flexibility on DNA/RNA binding. The negative ICD signals
around 300 nm supported the intercalation of 1 into ss-
polynucleotides at lower ratios, r while the appearance of positive ICD
signals at higher ratios, r with most of studied polynucleotides except
with poly C and poly dA, point to additional interactions of 1 GCP unit
with ss-structures. Changes of CD signals with ss-polynucleotides (Sup-
plementary, Figs. S78, S80 and S82) similar to those in titrations with
ds-polynucleotides point to binding of 2 in the form of aggregates
along the polynucleotide backbone. Among Arg-based peptides, com-
pound 4, with longer linker, revealed stronger affinity toward
polypurine sequences especially toward poly G. In addition, 4 showed
weak negative ICD signals at λ N 300 nm only with poly A and poly G
which points to the intercalation as a dominant binding mode. Com-
pounds 1 and 4 revealed significantly higher affinity toward ds- and
ss-polynucleotides in comparison to 2 and 3which clearly points to sig-
nificant contribution of structural factors (GCP unit and shorter linker
for 1 and longer linker and arginine guanidinium group for 4) on DNA
and RNA binding. Further, stronger interactions of 1 compared to 4
and especially 3, toward ss-polynucleotides point to the significance of
GCP unit that enables additional interactions (hydrogen bonds, hydro-
phobic interactions and electrostatic interactions) with DNA and RNA
sequences. The impact of GCP unit is also seen in an efficient ss-
polynucleotide organization induced by 1 (Fig. 5).

All tested compounds exhibited very modest toxicity in vitro which
is a desirable feature for potential spectrophotometric probes (Supple-
mentary, Fig. S95).

4. Conclusion

In conclusion, the obtained data demonstrated how minor changes
in the structure of short fluorescent peptides 1–4 can significantly influ-
ence their conformation and the binding toDNA andRNA targets, and in
case of 1 and 2 the binding to enzymes (DPP III) [35]. In comparison to
binding results of nucleobase–guanidiniocarbonyl-pyrrole conjugates,
phenanthridine-guanidine peptides showed better binding affinities to
ds- but also ss-polynucleotides [31]. Thus, the fine tuning of structural
features of 1 and 4 in future research offers a promising route toward
more selective interactions toward DNA/RNA, particularly toward ss-
polynucleotides due to a small number of ligands that are highly selec-
tive or specific toward such structures. Such novel structurally upgraded
ss- and ds-targeting probes can beused for instance asmarkers of G-rich
DNA sequences important in several biological processes, such as DNA
replication, gene expression and recombination [66,67] or in inhibition
of double-strand break repairs by binding to RNA-DNAhybrids thus dis-
abling their degradation by RNase H [68]. Especially, the promising CD
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discrimination between ds-RNA and ds-DNA as well as ss-
polynucleotide recognition (rG, dT, rU) provided by the GCP moiety in
1 could be further tuned by the incorporation of the additional recogni-
tion units such as lysine. This modification could also enable the mole-
cule to be positively charged in neutral conditions and thus allow
more selective interactions at pH 7.0.

5. Experimental

Synthetic procedures were given in Supplementary.

5.1. Materials and methods

1H NMR and 13C NMR spectra were recorded on a Brucker AV300 or
Brucker AV600 (at 300 and 600MHz) at 25 °C. Chemical shifts (d) were
given in parts per million (ppm) relative to tetramethylsilane as an in-
ternal standard and coupling constants (J) in hertz. The splitting pat-
terns in the 1H NMR spectra are denoted as follows: s (singlet), brs
(broad singlet), d (doublet), t (triplet), m (multiplet). Melting points
were determined on a Kofler melting points apparatus and are uncor-
rected. Infrared spectra were recorded on a BOMEM MB 102 spectro-
photometer and spectral bands are expressed in ‘wave numbers’ with
the unit cm−1. Mass spectra were obtained using BRUKER micrOTOF
spectrometer and Waters Micromass ZQ. The UV/Vis spectra were re-
corded on a Varian Cary 100 Bio spectrophotometer, CD spectra on
JASCO J815 spectrophotometer and fluorescence spectra on a Varian
Cary Eclipse spectrophotometer at 25 °C using appropriate 1 cm path
quartz cuvettes and microcalorimetric measurements on a MicroCal
VP-ITC microcalorimeter. For study of interactions with DNA and RNA,
aqueous solutions of compounds buffered to pH 5.0 (sodium cacodylate
buffer, I = 0.05 moldm−3) and pH 7.0 (sodium cacodylate buffer, I =
0.05 moldm−3) were used.

Relative fluorescence quantum yields (Q) were determined by the
standard procedure [43]. All samples were purged with argon to dis-
place oxygen, and emission spectra were recorded from 350 to
600 nm and corrected for the effects of time- and wavelength-
dependent light-source fluctuations by use of a rhodamine 101 stan-
dard, a diffuser and the software provided with the instrument. As the
standard we used l-N-acetyltryptophanamide (NATA, Fluka, Buchs,
Switzerland) with published fluorescence quantum yield Q = 0.14
[44]. The concentration of NATA and 3–4 in fluorescencemeasurements
had an optical absorbance below 0.05 at the excitation wavelength
while 1–2 had optical absorbencies between 0.08 and 0.15 at the excita-
tion wavelength (Experimental conditions in Supplementary).

Polynucleotides were purchased as noted: poly A–poly U, poly
(dGdC)2, poly(dAdT)2, calf thymus, ctDNA (Sigma). Polynucleotides
were dissolved in Na-cacodylate buffer, I = 0.05 mol dm−3, pH 7.0.
The calf thymus ctDNA was additionally sonicated and filtered
through a 0.45 mm filter [69]. Polynucleotide concentration was de-
termined spectroscopically [70] as the concentration of phosphates.
Spectrophotometric titrations were performed at pH 5.0 and pH 7.0
by adding portions of polynucleotide solution into the solution of
the studied compound for UV/Vis and fluorimetric experiments and
for CD experiments were done by adding portions of compound
stock solution into the solution of polynucleotide. In fluorimetric ex-
periments excitation wavelength of λexc ≥ 300 nm was used to avoid
the inner filter effect caused due to increasing absorbance of the
polynucleotide. Emission was collected in the range λem =
300–550 nm. For ds-polynucleotides calculations gave values of
ratio n = 0.1–0.4, but for easier comparison all Ka values were re-
calculated for fixed n = 0.3. For ss-polynucleotides calculations
gave values of ratio n = 0.1–0.2, but for easier comparison all Ka

values were re-calculated for fixed n = 0.2. In most cases values for
Ka (Tables 2 and 4) had satisfactory correlation coefficients (N0.99).

Thermal melting curves for DNA, RNA and their complexes with
studied compounds were determined as previously described by
following the absorption change at 260 nmas a function of temperature
[71]. Absorbance of the ligandswas subtracted from every curve and the
absorbance scale was normalized. Tm values are the midpoints of the
transition curves determined from the maximum of the first derivative
and checked graphically by the tangent method [70]. The ΔTm values
were calculated subtracting Tm of the free nucleic acid from Tm of the
complex. Every ΔTm value here reported was the average of at least
two measurements. The error in ΔTm is ±0.5 °C.

All ITC titrationswere done in 50mMNa-cacodylate buffer pH5.0. In
ITC titrations ss-RNA (poly G, poly C, poly A and poly U, c = 3–9
× 10−3 mol dm−3) were injected from rotating syringe (307 rpm) into
the isothermal cell, equilibrated at 25.0 °C, containing 14,406 mL of
the compound (1 and 2, c=0.3–1 × 10−4 mol dm−3) while the titration
of ss-DNA (pdT)with a compound 1wasmade differently. Compound 1
(c=1.5× 10−4mol dm−3)was injected from rotating syringe (307 rpm)
into the isothermal cell, equilibrated at 25.0 °C, containing 14,406mL of
the ss-DNA (pdT, c=5× 10−5 mol dm−3). The spacing between each in-
jectionwas in the range 300–900 s and initial delay before first injection
were in the range 600–2000 s. All solutions used for ITC experiments
were degassed prior to use under vacuum (0.64 bar, 10 min) to elimi-
nate air bubbles. Microcalorimetric experiment directly gave three pa-
rameters; reaction enthalpy change (ΔrH), binding constant (Ka) and
stoichiometry (n). The value of ΔrG was calculated from the binding
constant (ΔrG= –RTlnK) while the entropy contributionwas calculated
from the binding enthalpy and Gibbs energy (TΔrS = ΔrH - ΔrG).
5.2. Computational details

In order to sample the conformational flexibility of investigated sys-
tems and probe their intrinsic dynamics in the aqueous solution, classical
molecular dynamics (MD) simulations were performed employing stan-
dard generalized AMBER force fields (ff14SB and GAFF) [72] as imple-
mented within the AMBER16 program package [73]. All structures were
subsequently solvated in a truncated octahedral box of TIP3P water mol-
ecules spanning a 10 Å thick buffer of solventmolecules around each sys-
tem, and submitted to periodic simulations where the excess positive
charge was neutralized with an equivalent number of chloride anions.
Upon gradual heating from 0 K, MD simulations were performed at
300 K for a period of 150 ns, maintaining the temperature constant
using the Langevin thermostatwith a collision frequencyof 1ps−1. The ob-
tained structures in the corresponding trajectories were clustered based
on DBSCAN density-based algorithm [74] according to recommended
procedures [75]. The idea behind this computational strategy was to in-
vestigate whether intrinsic dynamical features of studied conjugates
both affect and can explain their tendency to interact with polynucleo-
tides, which also avoids difficulties and inaccuracies associated with the
computational prediction of the structure of single-stranded polynucleo-
tides, as very recently emphasized by Jeddi and Saiz [76]. The mentioned
approach recently turned out as very useful in interpreting the affinities of
several nucleobase – guanidiniocarbonyl-pyrrole conjugates toward
single-stranded RNA systems [31].

To confirm that the described clustering analysis elucidated themost
representative structures of each conjugate at both experimental pH
values, we proceeded by calculating energies of the excited states re-
sponsible for the experimental UV/Vis spectra in Table 1 corresponding
to isolated conjugates in the aqueous solution. For that purpose, we
used the most abundant structure of each system in Fig. 6 and per-
formed the geometry optimization by the M06/6–31 G(d) model in
the Gaussian 09 program package, [77] with the water solvent effects
modelled through the IEF-PCM explicit solvation. This was followed by
the TD-DFT computations at the same level of theory considering 32
lowest singlet electronic excitations. The choice of this setup was
prompted by its recent success in modelling UV/Vis spectra of organic
heterocycles in various solvents [78].
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List of abbreviations

Ala-Phen phenanthridine-alanine derivative
Arg arginine
AT-DNA double-stranded alternating copolymer, poly(dAdT)2
AU poly A–poly U
CD circular dichroism
ctDNA calf thymus DNA
DPP III dipeptidyl peptidase III
ds-DNA/ds-RNA double-stranded DNA/double-stranded RNA
ΔrG Gibbs free energy
ΔrH enthalpy
ΔrS entropy
GC-DNA poly (dGdC)2
GCP guanidinocarbonyl-pyrrole
ICD induced CD spectrum
ITC isothermal titration calorimetry
Ka equilibrium association constant
n [bound ligand]/[polynucleotide]
ss-DNA/RNA single-stranded DNA/single-stranded RNA
Tm melting temperature
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