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Abstract: Three new phenanthridine peptide derivatives (19, 22, and 23) were synthesized to explore
their potential as spectrophotometric probes for DNA and RNA. UV/Vis and circular dichroism
(CD) spectra, mass spectroscopy, and computational analysis confirmed the presence of intramolec-
ular interactions in all three compounds. Computational analysis revealed that compounds alternate
between bent and open conformations, highlighting the latter’s crucial influence on successful pol-
ynucleotide recognition. Substituting one glycine with lysine in two regioisomers (22, 23) resulted
in stronger binding interactions with DNA and RNA than for a compound containing two glycines
(19), thus emphasizing the importance of lysine. The regioisomer with lysine closer to the phenan-
thridine ring (23) exhibited a dual and selective fluorimetric response with non-alternating AT and
ATT polynucleotides and induction of triplex formation from the AT duplex. The best binding con-
stant (K) with a value of 2.5 x 107 M~ was obtained for the interaction with AT and ATT polynucle-
otides. Furthermore, apart from distinguishing between different types of ds-DNA and ds-RNA,
the same compound could recognize GC-rich DNA through distinct induced CD signals.

Keywords: DNA/RNA recognition; phenanthridine peptides; spectrophotometric AT- and GC-base
pair probe; molecular dynamics simulations

1. Introduction

Spectrophotometric probes targeting specific polynucleotide sequences are indispen-
sable tools in medicinal chemistry and biochemistry. They enable visualization and quan-
tification of polynucleotides in cells and tissues and provide insight into different biolog-
ical mechanisms involving these macromolecules [1-3]. Besides specific binding, probes
can show sensitivity to the surrounding environment, enabling, for example, the moni-
toring of pH value in the cellular environment [4-6]. An important characteristic of the
small-molecule probes is their tunability, i.e., the ability to modify cell permeability, bio-
compatibility, specificity, or optical properties of the probe by simple synthetic modifica-
tions [7].
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Among various fluorescent molecules described in the literature, phenanthridine
dyes have received special attention [8-10]. One of the most prominent members of the
phenanthridine family is ethidium bromide (EB), characteristic of its bright fluorescence
that arises upon intercalation of EB between DNA base pairs. However, potential muta-
genicity, low specificity for the polynucleotide sequences, and low quantum yield hinder
its application [11,12]. Nonetheless, it was shown that modifications and functional
groups introduced to the phenanthridine core significantly influence the binding specific-
ity and fluorescence properties [12-17].

In our previous work, we described two phenanthridine probes functionalized with
a guanidinocarbonylpyrrole (GCP) moiety, connected through different peptide linkers
[18]. Phenanthridine was employed as a tuneable fluorescent reporter, while the GCP unit
modulated the binding specificity. However, only one phenanthridine-GCP hybrid
showed selectivity towards double-stranded (ds) polynucleotides and distinguished be-
tween the ds-DNA and ds-RNA by different spectroscopic responses. It turned out to be
a result of the probes’ conformation, which had a decisive influence on their interaction.
The linker length and the pH of the probe environment affected the conformation.

In this work, we aimed to explore the tuneable nature of phenanthridine-GCP probes
in more detail. Lysine is an essential amino acid crucial for protein synthesis and plays a
key role in many metabolic and signaling processes [19]. From a chemical point of view,
lysine contains two amino groups and one carboxylic acid group, which allows for in-
creased reactivity and an additional conjugation site. It makes it an interesting unit for
synthesizing lysine derivatives for various medical and supramolecular applications
[20,21]. Under physiological pH, the positively charged amine sidechain can enable elec-
trostatic interactions with DNA phosphates and hydrogen bonds within DNA grooves.
Because of all these reasons, we decided to enrich the previous series of fluorescent probes
with lysine. Thus, three new fluorescent probes were prepared, including Phen-Ala-Gly-
Gly-GCP (19), Phen-Ala-Gly-Lys-GCP (22), and Phen-Ala-Lys-Gly-GCP (23), with phe-
nanthridine coupled to GCP over flexible tripeptide linkers (Figure 1). Two of the linkers
incorporated lysine amino acids with different positions in the linker, while the third con-
tained glycine to assess the influence of lysine on interactions with nucleic acid structures.
The literature indicates that the phenanthridine heterocyclic nitrogen undergoes protona-
tion in an acidic medium (pK. = 6) [8], implying that our phenanthridine probes would
exist in a protonated state at pH 5.0. In addition, attaching the guanidinium group via an
acetyl group to the pyrrole decreases the basicity of the former. An illustrative example is
acetylguanidine with a pKa of 8.33, representing a drop of over 5 pKa units from 13.71
measured in pure guanidine [22]. Yet, this still allows this moiety to assume a cationic
form under both experimental conditions. Further, the pKa value of the aminoalkyl unit of
lysine is around 10.5 [23]. Thus, it can be assumed that 19 possesses two positive charges
at pH 5.0, while at pH 7.0, the molecule is monoprotonated. Accordingly, 22 and 23 pos-
sess two positive charges at pH 7.0 and three positive charges at pH 5.0.

In the present work, we studied interactions of new phenanthridine-GCP conjugate
probes with various ds-polynucleotides and a triple-stranded (ts) polynucleotide
dAdTdT. New modifications of the peptide linker and additional interacting units signif-
icantly altered the conjugates’ binding mode and specificity and opened possibilities for
new applications.
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Figure 1. Structures of studied compounds 19, 22, and 23.
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2. Results and Discussion
2.1. Synthesis of Phenanthridine-Guanidinocarbonylpyrrole Tetrapeptides
Synthesis of studied phenanthridine-guanidinocarbonylpyrrole (Phen-GCP)

Phen-Ala

Method 2

rt, o/n

1. TFA:H,0/9:1

tetrapeptides started from phenanthridine amino acid (Phen-Ala) [18,24], via two path-
ways as follows: (1) functionalizing Phen-Ala with a Gly-Gly linker and subsequent amide
coupling with GCP—carboxylic acid and (2) amide coupling of Phen-Ala with a precon-
structed guanidinocarbonylpyrrole building block (Gly-Lys-GCP or Lys-Gly-GCP). We
prepared compound Phen-Ala-Gly-Gly-GCP (19) and compounds Phen-Ala-Gly-Lys-
GCP (22) and Phen-Ala-Lys-Gly-GCP (23) following pathways 1 and 2, respectively
(Scheme 1). Syntheses of building blocks Phen-Ala and GCP-carboxylic acid were de-
scribed previously [18].
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Phen-Ala-Lys-Gly-GCP; Linker = Lys-Gly

Scheme 1. Synthesis of 19, 22, and 23.

2.2. Spectroscopic Characterization of 19, 22, and 23 in Aqueous Solutions
2.2.1. UV/Vis, Fluorescence, and Circular Dichroism (CD) Spectra

Compounds 22 and 23 were soluble in pure water (¢ =1 * 10 mol dm=), while com-
pound 19 was dissolved in DMSO (¢ =5 x 103 mol dm=3) and water (c =2 x 10-3 mol dm3).

The studied compounds remained stable in buffered solutions for several days, while
their absorbancies at pH 7.0 and pH 5.0 are proportional to their concentrations up to ¢ =
2.5 x 10° mol dm-? (Figure 2 and Figures S1 and S2 in the Supporting Information (SI)).
Absorption maxima and determined molar extinction coefficients (¢) are shown in Table
1. Compound 19 was highly hygroscopic, which obstructed its accurate weighing. The
stock solution concentration was determined using the extinction coefficient of tetrapep-
tide 23.

The absorption spectra of 19, 22, and 23 exhibited small changes upon a temperature
rise to 95 °C at the 251 and 252 nm maxima at both pHs. The UV/Vis spectra exhibited
great reproducibility upon cooling back to 25 °C. However, all three compounds, espe-
cially 22, showed an increase in absorbance at 300 nm maximum (~12-15% at pH 7.0 and
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up to 10% at pH 5.0), indicating potential molecular stacking (see Figure S3 in SI). The
linearity observed in UV/Vis and CD measurements with increasing compound concen-
trations up to 2.5 x 105 mol dm™ suggests the absence of intermolecular interactions or
the formation of intermolecular dimers (see Figures S1, 52, and S5 in SI).

The absorption maxima of 22 and 23 were remarkably similar to the reference com-
pounds Phen-Ala, Phen-Ala-Gly, and GCP [24] (Table 1, Scheme 1) under neutral and
weakly acidic conditions. However, a hypochromic effect was observed by comparing the
absorption spectra of 22 and 23 (at both pHs) with the corresponding referent compounds
Phen-Ala, Phen-Ala-Gly, and GCP (Table 1, see Figure S3 in SI). This observation, in line
with the previously mentioned temperature dependence, strongly supports the presence
of intramolecular stacking interactions between the phenanthridine and pyrrole chromo-
phores. A similar phenomenon was noted in the first generation of phenanthridine-GCP
conjugates lacking lysine [18]. Furthermore, the molar absorptivities (Table 1) of 22 and 23
at both pHs were smaller than the sums of the molar absorptivities of corresponding ref-
erences (Phen-Ala or Phen-Ala-Gly and GCP). This suggests the influence of intramolec-
ular interactions. This assumption was additionally confirmed through mass spectroscopy
and computational analysis.

The fluorescence intensities of the studied compounds in buffered solutions (sodium
cacodylate buffer, I = 0.05 mol dm=, pH 7.0) are directly proportional to their concentra-
tions up to ¢ =2 x 106 mol dm= (Figure S4 in SI). Fluorimetric measurements were con-
ducted within a spectral range where the emission and excitation spectra did not overlap.
The pH of the solution influenced the values of the maximum fluorescence wavelengths
of all compounds (AA =20-30 nm, Table 1). This shift is likely attributable to the protona-
tion of the phenanthridine fluorophore.

B
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::' 400

Rl
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Figure 2. (A) Absorption spectra of 19, 22, and 23 at ¢ =5 x 10 mol dm™=. (B) Fluorescence spectra

of 19, 22, and 23 at concentration, ¢ =1.5 x 10® mol dm™= at Aexc = 251 nm, pH 7.0 and 5.0, Na—caco-
dylate buffer, I = 0.05 mol dm=.

Table 1. Electronic absorption maxima and corresponding molar extinction coefficients #* and fluo-
rescence maxima.

UV/Vis Fluorescence
Amax (nm)/e x 103 (dm3 mol-! cm-1) Emission
pH5.0 pH?7.0 Amax (nm)
252/43.6 251/48.3
22 7 2/372b
298/21.4 300/23.3 397713
252/46.7 251/44.1 . .
23 297/24.1 297/22.5 397 %/372
Phen-AA 251/49.5 250/50.6 402 +/370 b

300/4.8 300/4.5
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251/51.9 250/53.7

Phen-Gl 403 2/370 b
en-Gly 300/5.1 300/4.8 03 /370
250/4.0 250/6.1
GCP 297/27.3 297/28 .4 )

2 Buffer pH 5.0 b Buffer pH 7.0 (sodium cacodylate buffer, I = 0.05 moldm™3).

The CD spectra of 19 and 22 at both pH values (Figure 3) were characterized by a
dominant negative and a positive CD band of similar intensities, located at 309 nm and
260 nm, respectively. Tetrapeptides 19 and 22 had an additional CD band at 288 nm at pH
5.0. Compound 23 was also characterized by bisignate CD bands, both in neutral and
weakly acid conditions, of similar intensities (centered around 257 nm and 310 nm, re-
spectively, with an additional CD band at 290 nm) but opposite signs compared with 19
and 22 intrinsic CD signals. These wavelength values match the phenanthridine and pyr-
role absorption maxima in compounds 19, 22, and 23. The aforementioned bisignate CD
signals suggest the formation of intramolecular or intermolecular dimers [25-27].

19 pH7
22 pH7
=23 pH7
=19 pH5
22 pH5

CD [mdeg]

250 300 350 400 450 500
wavelength / nm

Figure 3. CD spectra of 19, 22, and 22 (¢ = 1.5 x 10°° mol dm™3) at pH 7.0 and 5.0, sodium cacodylate
buffer, I = 0.05 mol dm-3.

2.2.2. Mass Spectra (MS)

Even though electrospray ionization (ESI) is a mild technique and the non-covalent
interactions such as hydrogen bonding or electrostatic interactions could be transferred
into the gas phase of the instrument, we do not neglect the fact that various properties of
the non-covalent bonds—strength, directionality, and geometry—may significantly
change during the transition from a condensed phase to high vacuum. Any interaction
that competes with the solvent could, upon evaporation, either increase in its strength
(like hydrogen bonds or electrostatic interactions) or lower in its strength (like hydropho-
bic interactions). Thus, we suggest that the observed results in the gas phase could be
related to the aggregation tendency of the presently studied compounds [28-31].

ESI MS analysis of compounds 19 (Figure S41a,b), 22 (Figure S41c,d), and 23 (Figure
S4le-g) dissolved in water and D20 showed the presence of multiply charged species in
the gas phase analog for the pH 7.0 conditions in the condensed phase. The signals at m/z
587.2 and 294.1 assigned as the single/double-charged adducts (hydrogen) were observed
in the spectra of compound 19. Compounds 22 and 23 are isomers having identical signals



Int. J. Mol. Sci. 2024, 25, 4866

6 of 29

observed at m/z 658.3 (single-charged H-adduct), 329.7 (double-charged H-adduct), and
220.1 (triple-charged H-adduct).

The aqueous solutions of isomers 22 and 23 have the same signals in the gas phase,
but with time, the abundance of the signals corresponding to triple-charged species
changed. We did not detect the signal for the triple-charged species of compound 22 after
one hour.

All three compounds contain functional groups capable of forming inter- and intra-
molecular noncovalent interactions—H-bonds. Interestingly, the H/D exchange rate for
two isomers and the assembling differed. Namely, the signals corresponding to the aggre-
gation were observed only for compound 23 (e.g., the signal at m/z 1337.6 assigned as a
dimer [2M+Na]*). The H/D exchange of compounds 19 and 22 is faster than that of 23
(Figure S41a-g). For example, following the isotope distribution of the signal at m/z 329,6
assigned as [M+2H]?* or at m/z 658,3 assigned as [M+H]* for both isomers during the 24 h,
we observed that the distribution matched if the H/D exchange was compared by 1 h of
22 with 24 h of compound 23 (Figure S41c—f). Therefore, we can sum that compound 23
has a slower H/D exchange rate and forms detectable aggregates in the gas phase.

2.3. Study of Interactions of 19, 22, and 23 with ds-DNA and ds-RNA in Aqueous Media
2.3.1. Spectrophotometric Titrations

Calf thymus DNA (ctDNA), comprising 42% GC base pairs and 58% AT base pairs,
along with alternating polynucleotides poly(dAdT): and poly(dGdC): (featuring a minor
groove sterically hindered by guanine amino groups) were selected for examination with
double-stranded (ds-) polynucleotides as representatives of the classic B-helix. Poly A-
poly U (pApU) was used as an RNA model exhibiting a distinctive A-helical structure
with a wide and shallow minor groove and a deep, narrow major groove [32].

Additionally, poly dA-poly dT (pdApdT) was employed, characterized by consecu-
tive AT sequences that create a unique twisted secondary structure. This structure features
a minor groove, notably narrower and deeper than the typical B-helix observed in other
ds-DNAs [33].

The different protonation states of the investigated compounds allowed for the as-
sessment of binding affinities in neutral (pH 7.0) and slightly acidic (pH 5.0) conditions.
Polynucleotide addition to the buffered aqueous solution of 19, 22, and 23 at pH 7.0 and
pH 5.0 resulted in a small or moderate decrease in their fluorescence (Figures 4A and S6-
S37 in SI).

Nevertheless, poly dA-poly dT addition to the solution of 23 at pH 5.0 revealed a
distinct fluorimetric response, unlike the other polynucleotides tested. Specifically, poly
dA-poly dT addition led to the fluorescence quenching of 23 at its maximum emission
value of 406 nm and an enhancement in the fluorescence of 23 at the alternate maximum
value (453 nm) (Figure 5). This change, coupled with a consistent deviation from the isos-
bestic point (413-420 nm), suggests the formation of two distinct complexes between 23
and poly dA-poly dT.

A similar dual fluorimetric response, akin to that observed with poly dA-poly dT,
was evident during the titration with dAdTdT (ATT) triplex (Figure S37 in SI). We em-
ployed additional methods like CD spectroscopy and thermal melting experiments to fur-
ther elucidate the binding modes of 23 with poly dA-poly dT and ATT triplex. It is note-
worthy that compound 23 caused an increase in fluorescence only with consecutive AT
base pairs (Figure 4B).

Analysis of the measured data collected with an excess of polynucleotide over a com-
pound using the Scatchard equation [34,35] yielded binding constants Ka and ratios #bound
compound}/[polynucleotide] (Table 2). The measured data of fluorescence quenching and an increase
in the titration of 23 with poly dA-poly dT and ATT were separately analyzed using the
Scatchard equation. In a neutral medium, 23 showed stronger affinity to AT-DNA (poly
dA-poly dT, poly(dAdT)z2) and RNA (poly A-poly U) than to GC-DNA (poly(dGdC)z).
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Additionally, the binding affinities of 23-DNA/RNA complexes at neutral conditions were
higher (log Ka > 6) than those at lower pH, pH 5.0 (log Ka < 6). Exceptions were the titrations
of 23 with homopolynucelotide poly dA-poly dT and ATT triplex, where analysis of the
measured data using the Scatchard equation yielded higher values of binding constants
(log Ka > 6). Compound 22, an analog of 23, showed a similar trend in the magnitude of
binding affinities, higher log Ka at neutral conditions, and one order of magnitude lower
binding affinities in a weakly acidic medium. In contrast to 23, 22 did not induce dual
fluorimetric response with poly dA-poly dT at pH 5.0. Under neutral conditions, com-
pound 22 induced emission changes significant enough to calculate binding affinity only
in titrations with poly(dAdT)2 and poly(dGdC)z. An accurate calculation of association
constants for compound 19 was not possible either because of too small fluorescence
changes in titrations with polynucleotides at both pHs or the insufficient number of data
points in the non-linear part of the curve (see Figures S6-537 in SI).

A 800 c 20
5 760
2 —_
S 600 3 5 1.6 B -pdApdT
s £ s -2- pdApdT
= E = —A\-pApU
£ | E " £ 121 V- p(dGdC),
g 400+ / & w0 g
= : : : : : = 0.8-
) 00 50x10° 1.0x10° 1.5x10° 2.0x10° 3
x 200 4 ¢(RNA) / mol dm™® 4
0.4+
oL : : . : : 0.0 M-
350 400 450 500 550 600 0 1105 2x10° | 3x10°  ax10°
wavelength / nm c(DNA/RNA) / mol dm™®
Figure 4. (A) Changes in the fluorescence spectrum of 23 (c=1.0 x 10 mol dm=, Aexc =300 nm) upon
titration with poly A-poly U (c = 1.0 x 10°-1.9 x 10~° mol dm=3). Inset: Dependence of 23 fluorescence
at Amax =372 nm on c (poly A-poly U) at pH 7.0. (B) Normalized changes in the fluorescence emission
of 23 (¢ = 1.0 x 10 mol dm=) upon polynucleotide addition (pH 5.0, sodium cacodylate buffer, I =
0.05 mol dm=).
5
A 600- 1.0- ®-453 nm
— —~ 0.8
=) 3
s s
:*é‘ E 0.6 1
o o
2 2 04-
3 =
o i
0.2
0.0

3;')0 4(I)0 450 5(I)0 5é0 6(I)0 0'0 s T —
wavelength / nm : 3.0x10 6.0x10 9.0x10

c(poly dA-poly dT) / mol dm™

Figure 5. (A) Changes in the fluorescence spectrum of 23 (¢ =1.0 x 10 mol dm=, Aexc =300 nm) upon
titration with poly dA-poly dT (c=1.0 x 10°-1 x 10> mol dm=). (B) Dependence of 23 absorbance at
Amax =406 and 453 nm on ¢ (poly dA-poly dT), at pH 5.0, sodium cacodylate buffer, I = 0.05 mol dm™.
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Table 2. Binding constants (logKa) 2 and ratios n? ([bound compound]/[polynucleotide phosphate])
calculated from the fluorescence titrations of 22 and 23 with ds- polynucleotides at pH 7.0 and pH
5.0 (buffer sodium cacodylate, I = 0.05 mol dm™3).

H ctDNA p(dAdT): p(dGdQ): pApU pdApdT
P logka n  I/Lb® logKa n I/Le® logka n I/L® logKa n I/Lk® logka n I/lo?
70 22 -c - -c 67 03 09 61 08 09 -c - -c -c - -
23 70 05 08 67 02 09 58 04 06 71 03 08 66 03 09
50 22 57 03 07 53 05 06 53 04 03 55 05 08 -c - -c
23 55 05 08 60 02 06 53 03 03 58 02 08 63 0508

74 04 21

2 Analysis of measured data using the Scatchard equation [34,35] yielded values of the ratio n[bound
ligand]/[polynucleotide; the correlation coefficients were >0.99 for the majority of calculated Ka; ®
Io—initial emission intensity of 22 and 23; ] —emission intensity of 22, 23/polynucleotide complex
calculated by the Scatchard equation. ¢ Small emission change or insufficient data points in the non-
linear part of the curve hindered the calculation of the association constant. 4 Data calculated from
the part of the titration experiment (Amax = 406 nm) with poly dA-poly dT in which the starting
fluorescence of 23 was quenched. ¢ Data calculated from the part of the titration experiment (Amax =
453 nm) with poly dA-poly dT in which the fluorescence of the primarily formed complex was en-
hanced by the formation of the secondary complex.

The binding affinities obtained by titration with the ATT triplex, in which the initial
fluorescence of 23 (Amax =403 nm) was quenched and the fluorescence of the primary com-
plex enhanced by the formation of the secondary complex (Amax = 466 nm), were similar
(logKa 5.7 and logKa 7.4, see Figure S37 in SI) to those obtained in the titration with poly
dA-poly dT at pH 5.0. Under neutral conditions, the binding constant of 23 with ATT
(logKa 7.4, see Figure S21 in SI) was also comparable to that from titration with poly dA-
poly dT (Table 2).

2.3.2. Thermal Melting Experiments

It is widely acknowledged that when ds-helices are heated to a specific temperature
(Tm value), they separate into two single-stranded chains [36]. The non-covalent binding
of small molecules to double-stranded polynucleotides typically influences the thermal
stability of the helices, leading to variations in Tm values. The difference between the Tm
values of free polynucleotides and those in complexes with small molecules (ATm value)
is important in characterizing interactions between small molecules and double-stranded
polynucleotides. In our investigation, all examined compounds exhibited more pro-
nounced stabilization effects, either on mixed DNA base pairs (with a composition of 58%
AT and 42% GC) or on AU and AT base pairs, under weakly acidic pH conditions com-
pared with neutral conditions (Table 3, Figure 538).

Table 3. The * ATm values (°C) of studied ds-polynucleotides upon addition of ratio *r=0.3 of 19, 22,
and 23 at pH 7.0 and 5.0 (sodium cacodylate buffer, I = 0.05 mol dm=3).

br=0.3 ctDNA pApU pdApdT p(dAdT):
pH 7.0 19 0.6 0 0.7 12
22 0.9 0 1.5 2.6
23 0.7 2.5 -2.1¢ 1.0
pH5.0 19 1.3 1.1/1.04 0.5 1.3
22 1.2 0/0.84 1.3 3.9
23 1.3 0/0.8 4 -/0.7 ¢ 3.0

a Error in ATm: +0.5 °C; ® r = [compound]/[polynucleotide]; < biphasic transitions; ¢ biphasic transi-
tions: the first transition at Tm = 47 °C relates to the melting of poly A-poly Um and the second
transition at Tm = 61 °C relates to the melting of poly AH*-poly AH* since poly A at pH 5.0 is mostly
protonated and constitutes the ds-polynucleotide [37].
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Exceptions to that were better stabilization effects of 23 at neutral conditions with
RNA and poly dA-poly dT. However, 23 displayed biphasic curves with consecutive AT
sequences (Table 3) at experimental buffer conditions (pH 7.0 and pH 5.0, I = 0.05 mol
dm=2). We performed experiments with the ATT triplex at a higher ionic strength, I = 0.1
mol dm-3 (Figure 6), to check whether this biphasic curve resulted from two different types
of binding or induction of triplex formation. We also repeated the thermal melting exper-
iment with poly dA-poly dT with compound 23 at the higher ionic strength, I = 0.1 mol
dm-?, to compare the results under the same ionic conditions (Table 4).

The first thermal transition, Tms—1, denotes the separation of the third strand involv-
ing poly dT, which forms Hoogsteen base pairs in the major groove (Table 4, Figure 6).
The subsequent transition, Tm2—1, signifies the dissociation of the Watson—Crick base pairs
of the double-stranded poly dA-poly dT [38,39]. The Tm values acquired for complexes of
23 with the duplex, under pH 5.0 and ionic strength, I = 0.1 mol dm=>, are consistent with
the Tm values observed for the ATT triplex [40]. The promotion of triplex formation was
not observed with compound 23 at pH 7.0 and higher ionic strength (I = 0.1 mol dm-3),
although this effect was noticeable at a lower ionic strength of I = 0.05 mol dm-3.

0.221
+
o040l ¢ 23+pdApdT 23+ ATT
=  020]
0.351
0.184
— 0309 0.16
E
8 0.25- 0.14
S A 102030 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100 B
0
K]
< o060 ° PdApdT P = ATT —
: 0.161
I
| |
0.551 . s
7 P
| I
0.12] |
0.50 - ! !
. I I
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
T (°C)

Figure 6. Melting curve of A) pdApdT duplex and B) ATT triplex upon addition of ratio, r ([com-
pound/[nucleotide phosphate]) = 0.3 of 23 at pH 5.0 (sodium cacodylate buffer with NaCl, I = 0.1
mol dm™ + 1 mM ethylenediaminetetraacetic acid (EDTA); solid arrows—first transition, dashed
arrows—second transition).

Table 4. The @ Tm values and ATm values (°C) of pdApdT duplex and dAdTdT triplex upon addition
of ratio’r=0.3 of 23 at pH 7.0 and pH 5.0 (sodium cacodylate buffer, I = 0.1 mol dm=3).

br=03 pdApdT ATT
DUPLEX TRIPLEX
Tm AT Tm AT
pH 5.0 70.1 - 23.8/70.3 < -
27.3/70.2 -/0.1 29.3/70.0 5.5/0.3
pH?7.0 70.8 - 25.1/71.3 ¢ -
71.3 0.5 26.2/71.1 1.1/-0.2

2 Error in ATm: +0.5 °C; ® r = [compound]/[nucleotide phosphate]; c(polynucleotide) = 25.0 pM; c(23)
= 7.5 uM; ¢ biphasic transitions: the first transition at Tm = 23.8 and 25.1 °C at pH 5.0 and 7.0,
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respectively, refers to the melting of the dAdTdT triplex (ATT), and the second transition at Tm =
70.3 and 71.4 °C refers to the melting of pd ApdT.

These findings indicate that compound 23 induces the formation of a triplex structure
during its interaction with non-alternating double-stranded configurations. Specifically,
compound 23 preferentially stabilized the triplex form over the duplex (Tms—1 > Tm2-1).
Various small ligands, including berenil, berberine, coralyne, palmatine, neomycin, ben-
zothiazoles, and cyanines, demonstrated analogous induction effects on non-alternating
nucleic acid sequences containing adenine (dA) [41,42]. Understanding the recognition of
AT base pairs is important for drug development that affects DNA replication and repair,
which can result in genetic diseases or alterations in protein synthesis [43-45].

2.3.3. Circular Dichroism (CD) Experiments

Fluorescence titrations were employed to investigate non-covalent interactions by
observing the spectroscopic changes in the compound upon polynucleotide addition. CD
spectroscopy is a sensitive technique for detecting conformational changes in the second-
ary structure of polynucleotides following the binding of small molecules [46].

As the compounds under investigation exhibit chirality and inherently possess in-
trinsic circular dichroism (CD) activity, we acquired CD spectra of free 19, 22, and 23 in
an aqueous solution (Figure 3) to clarify more easily the compounds’ influences on the
conformation of polynucleotides. CD spectra interpretation in the wavelength region be-
low 300 nm for polynucleotides is challenging because ligands absorb light in that range.
However, as 19, 22, and 23 also absorb beyond 300 nm, any CD changes in this range refer
to their chromophores’ interactions with DNA and RNA (Figures 7 and 540 in SI).

The addition of 19, 22, and 23 caused significant changes in the CD spectra of DNA
and RNA polynucleotides (260-280 nm) in neutral and weakly acid media. However, the
enhanced circular dichroism (CD) signals observed in the CD spectra of DNA and RNA
(260-280 nm) and the negative induced circular dichroism (ICD) signals at 309-313 nm
during titrations with 19 were comparable in both shape and intensity to the intrinsic CD
signals of 19. However, in the case of poly(dGdC): at both pH values and poly(dAdT): at
pH 5.0, signals of reduced intensity compared with the intrinsic CD signals of 19 (Figure
3) were observed.

In contrast to 19, in titrations of 22 and DNA and RNA polynucleotides in neutral
and weakly acidic media, negative ICD signals at 309-311 nm were smaller than the in-
trinsic CD signals of 22 (see Figure 3 and Figure 540 in SI). The addition of 23 to the poly-
nucleotide solution in neutral conditions caused an appearance of positive ICD signals at
311 nm that were lower in intensity than the intrinsic CD bands of 23. Such a resemblance
of CD signals of formed complexes and intrinsic CD bands of studied compounds and
spectroscopic (UV/Vis and MS spectra) suggest that 19, 22, and 23 bind to polynucleotides
in folded conformation either in grooves or in their vicinity along the polynucleotide back-
bone.

Nevertheless, in titration with the ATT triplex at pH 5.0 and all studied polynucleo-
tides at pH 5.0, the ICD signals were significantly more positive than the intrinsic CD sig-
nals of 23. This increase in ICD intensity at 300 or 313 nm was most apparent in titrations
with the ATT triplex, poly(dAdT)z, and poly(dGdC): (Figure 7). The stabilizing impact
observed with poly(dAdT): and positive ICD signals detected in CD titrations with
ctDNA, poly(dAdT), and poly(dGdC): (particularly notable at pH 5.0) suggests the bind-
ing of 23 inside the minor groove [47,48]. The positive ICD signal (around 314 nm) also
appeared upon the binding of 23 to poly A-poly U. Considering the dimensions of the
minor groove (broad and very shallow) of RNA (poly A-poly U), the major groove is prob-
ably the dominant binding site [49,50]. Noteworthily, 23 induced a significant increase in
the intensity of polynucleotide CD maximum at 275 nm only with poly(dGdC): and GC-
containing polynucleotide (ctDNA) (Figure 540 in SI).



Int. J. Mol. Sci. 2024, 25, 4866

11 of 29

In addition, the CD bands induced by RNA at 285 nm are close to zero (see vertical
line in Figure 7). In contrast, there was a substantial increase in intensity in the DNA-
induced CD bands. Therefore, 23 can serve as a straightforward chiral probe for GC-rich
DNA and differentiation between ds-RNA (A-helical structure) and ds-DNA (B-helix). GC
recognition is biologically relevant since numerous protein-coding genes contain GC-rich
isochores [51]. Furthermore, specific segments of the human genome, such as the regula-
tory regions of oncogenes and the genome of the Epstein—Barr virus, exhibit exceptionally
high guanine—cytosine contents, surpassing 80% [52].

8 4 1 —p(dGdC),
04 1
A T — T y T y T y 1
1
. 250 300 350 400 p(dAdT), 450
0 —'W —— 23 + p(dAdT),
] 1
o)) 6 T ™ T y T y T y 1
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o 4 — ATT
AN ——23+ATT
é -2 M T
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2 4 4
1§ 1 50 : 300 350 00 pApU 50
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wavelength / nm

Figure 7. CD titration of p(dGdC)z, p(dAdT)z, ATT triplex, poly dA-poly dT, and poly A-poly U (c =
3.0 x 10 mol dm3) with 23 at molar ratio r = [compound]/[polynucleotide] = 0.5 (pH 5.0, buffer
sodium cacodylate, I = 0.05 mol dm=).

2.4. Computational Analysis of Systems 19, 22, and 23 in Aqueous Solution

The focus of the computational analysis was on inspecting whether the intrinsic dy-
namics and conformational preference of the investigated systems determine trends in
their ability to recognize nucleic acid sequences reported in this work. This agrees with
our earlier efforts on similar derivatives that demonstrated an inverse correlation between
significant intramolecular contacts and affinities towards polynucleotides [18,53,54]. In
this way, we successfully interpreted the biological sensing properties as a compromise
between each derivative’s tendency to form stable intramolecularly connected structures
and those with a liberated phenanthridine, deprived of any notable intramolecular con-
tacts, which allows it to interact with nucleic acid components more freely. With this in
mind, we carried out several molecular dynamics simulations of different protonation
forms of 19, 22, and 23, corresponding to the employed pH conditions, and analyzed their
conformational preferences in the obtained trajectories.

A combination of clustering (Figure 8) and RDF analyses (Figure S42) indicates that
all three conjugates displayed notable tendencies to form intramolecularly connected
structures under both pH conditions, which likely prevented them from efficiently recog-
nizing polynucleotides in solution. These are established through several stabilizing m—mt
stacking contacts, mostly including pyrrole and phenanthridine rings, structurally con-
nected by flexible linkers that allow them to approach each other. The latter is evident in
RDF displays describing the evolution of center of mass distances (CMDs) between these
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19+ (pH =7)

ring elements, particularly as peaks at values lower than 5 A, indicating strong and per-
sistent stacking interactions.
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Figure 8. Most representative structures of 19, 22, and 23 under diverse pH conditions, together with
their total populations during MD simulations (in %) and the center of mass distance (CMD) be-
tween phenanthridine and pyrrole rings (in A). These are elucidated after the clustering analysis of
the matching MD trajectories.

System 19, without lysine as the linking residue, is the least charged among all three
derivatives. As such, it is rational to anticipate that the neutral Gly-Gly linker would in-
troduce plenty of flexibility into the molecular structure, while not interfering with a likely
favorable m-m stacking interaction between phenanthridine and pyrrole bearing a
charged guanidine. This is certainly the case, as at pH =7, we identified 99% of structures
resembling stacked conformation with a rather low CMD = 4.6 A. This agrees with the
matching RDF display showing a strong peak at the same value and two lower peaks
below 5 A. It is precisely this exclusivity of stacked conformations to which we ascribe the
demonstrated absence of the polynucleotide sensing ability of 19 under neutral condi-
tions. The situation is not significantly improved upon acidifying the solution to pH =5,
although the matching RDF graph revealed some broadening at values exceeding 6 A.
There, bent conformations are grouped into two clusters as follows: the first represents
those with RDFs below 5 A (23%) and the second represents those with RDFs between 5
and 10 A (52%). In total, this implies that 75% of the solution structures exhibit intramo-
lecularly stacked conformations. In contrast, RDF signals above 10 A originate from 13%
of non-stacked structures, where phenanthridine is devoid of intramolecular stacking
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contacts. Still, such a low percentage of structures with an improved ability to interact
with polynucleotides is insignificant since no interactions with polynucleotides were rec-
orded experimentally.

It is reasonable to expect that the introduction of the positively charged lysine within
the linker unit would disrupt the described m—m stacking interactions through charge re-
pulsions, thus promoting polynucleotide sensing. Indeed, both 22 and 23, under either pH
conditions, exhibited reduced populations of stacked structures followed by assessable
binding constants (Table 2). Still, by enabling that, the position of the introduced lysine
and the phenanthridine protonation state both proved to be important factors for the mag-
nitude of the resulting effect. Interestingly, for dicationic 222+ at pH =7, all structures rec-
orded during MD simulations still clustered into a single conformation with prominent
n—7t stacking contacts. The latter is evident in the lowest phenanthridine—pyrrole CMD of
only 3.6 A in the representative structure (Figure 8), consistent with a very sharp and high
peak at 3.5 A in the matching RDF graph (Figure S42). This explains its low activity among
lysine-containing derivatives, associated with a complete lack of binding affinity for
ctDNA, pApU, and pdApdT. In contrast, lysine becomes more efficient in dicationic 23
at pH = 7. Only 68% of structures retained stacked conformations, while 29% offered a
more liberated phenanthridine. The latter resulted in a much more consistent biological
activity of 23?* towards all investigated polynucleotides over that in 222+,

When pH conditions were lowered, the overall sensing ability of 223+ became much
broader, as it showed moderate affinities for all studied polynucleotides except pd ApdT,
being consistent with a 5% improvement in the number of relevant conformers without
stacking interactions. As was the case among derivatives at pH = 7, under acidic condi-
tions, the effect of lysine again turned out as more optimal in 233, which revealed further
advances in its sensing ability over 223 through 41% of its non-stacked structures. The
latter culminated with the highest affinity reported here of logKa = 7.4 measured towards
pdApdT, which highlights the utility of system 23 as a useful chiral probe and confirms
the experimental observations. These results underline a very significant effect of the ly-
sine residue and its position on the sensing properties. We note in passing that this influ-
ence is not linked with its immediate contacts with the phenanthridine ring through po-
tential cation—t interactions. In contrast, during MD simulations, the average distances
between the charged lysine nitrogen and the phenanthridine center of mass are 7.3 A (in
2227 and 8.7 A (in 23%) at pH =7, which reveal no direct interactions. As expected, these
were further increased with protonated phenanthridine at pH = 5, where they assumed
12.3 A (in 223%) and 12.8 A (in 23%). This is a result of the fact that the lysine sidechain
comes with a very localized positive charge on its amine, which prefers its solvation over
undergoing hydrophobic cation-m interactions. This leads to the conclusion that lysine
exerted its favorable effect by hindering the flexibility and modulating the electrostatic
environment around each derivative, which jointly interfered with the m—m interactions
among terminal ring fragments.

In the end, since our computational analysis relied on identifying representative con-
formations of each derivative under two pH conditions, we decided to verify the accuracy
of this selection and check whether the studied systems are indeed well represented with
the most dominant cluster structures in Figure 8. For that purpose, we calculated the en-
ergies of the excited states shaping the experimental UV/Vis spectra by taking the most
abundant structures of each isolated conjugate, in line with our earlier reports [18,53,54].
The obtained vertical transitions (Figure 9) agree well with experiments (Figure 2, Table
1), indicating absorption maxima at 264 and 296 nm for all three systems at pH =7, while
258 and 300 nm at pH = 5. We believe this lends credence to the utilized computational
strategy and confirms the clustering analysis validity.
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Figure 9. Calculated UV/Vis spectral lines for the representative structures of 19, 22, and 23 under
normal (pH =7, left) and acidic conditions (pH = 5, right) obtained with the TD-DFT approach and
the (SMD)/B3LYP/6-31+G(d) model in water.

Lastly, we investigated the efficiency of UV/Vis spectroscopy to differentiate biolog-
ically less active bent conformations from those with not as much hindered phenanthri-
dine unit that appear more potent in this respect. For this, we utilized data for system 23
since it allowed notable percentages of both types of conformations under either pH con-
dition (Figure 8). It turned out that computed spectra for both of its conformers at pH =7
are highly overlapped, especially in the position of absorption maxima, and so are those
at pH =5 (Figure 543). The underlying conformational changes, although substantial, do
not appear to induce major changes in the photophysical UV/Vis responses. Therefore,
this technique seems moderately sensitive to distinguish between bent and open confor-
mations under employed conditions. To further substantiate this conclusion, we calcu-
lated total atomic charges within phenanthridine in each case and evaluated how they are
modified depending on its stacking contacts with pyrrole. Remarkably, in bent confor-
mations, the charge within the entire phenanthridine ring is —0.02 lel in 23> and 0.98 lel
in 233, while it assumes —0.02 le| in 23?* and 0.96 |e| in 233 when these are in open con-
formations, which strongly confirm minor changes in both computed and experimentally
recorded UV/Vis spectra. Overall, our analysis underlined that the sensing abilities of the
studied conjugates critically depend on their conformational preferences, which are man-
ifested as pure steric effects, while they do not occur because of, for example, any charge
transfer or polarization effects between stacked fragments.

2.5. Biological Activity of 19, 22, and 23

Since the impact of compounds 19, 22, and 23 on cell viability has not been examined
so far, we decided to test their biological activity using the cervical tumor HeLa cell line
(Figure 10). All tested compounds did not impact cell viability in the concentration range
used. To avoid solvent toxicity (DMSO), concentrations above 80 uM were not used.
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Figure 10. The impact of compounds 19, 22, and 23 on the viability of HeLa cells. The HeLa cells
were treated with the indicated concentrations of compounds 19, 22, and 23. After 72 h of incubation,
the effect on cell viability was measured by the MTT assay.

3. Conclusions

Three new phenanthridine tetrapeptides (two with lysine and one without it) were
prepared to find new spectrophotometric probes for DNA and RNA. In the synthesis of
Phen-GCP tetrapeptides, we used two pathways, either functionalization of Phen-Ala
with Gly-Gly linker and subsequent amide coupling with GCP-carboxylic acid or amide
coupling of Phen-Ala with a preconstructed guanidinocarbonylpyrrole building block
(Gly-Lys-GCP or Lys -Gly-GCP). Similar to the first generation (phenanthridine tripep-
tides), which did not contain lysine in the chain, and based on the results (hypochromic
effect and the rise in absorption after the temperature increase at the maximum of 300 nm,
the bisignate shape of CD spectra) and structure (sufficiently long and flexible bridge be-
tween phenanthridine and pyrrole in 19, 22, and 23), the existence of the interaction be-
tween the GCP unit and phenanthridine can be assumed in this series, most likely between
the phenanthridine and pyrrole chromophores. The intramolecular interactions were fur-
ther confirmed by mass spectroscopy and computational analysis. Even though the prob-
ability of forming hydrophobic aromatic interactions is lower in the gas phase, we found
a signal indicating the formation of a dimer of 23.

DNA and RNA studies suggested that the interaction of new compounds was influ-
enced by a) the type and arrangement of amino acids in the peptide linker and b) the
solution pH value, which determines the protonation state of molecules and the number
of positive charges. Also, the composition of polynucleotide base pairs affected the
strength and mode of small molecule binding. The substitution of one glycine by lysine in
22 and 23 enabled stronger binding interactions to DNA and RNA relative to compound
19 with two glycines. The binding constants were slightly lower in weakly acidic condi-
tions, while polynucleotide stabilization was mainly better under the same conditions.
Regioisomer 23 (with lysine closer to the phenanthridine ring) showed a dual and selec-
tive fluorimetric response only in interaction with non-alternating AT (pdApdT) and ATT
polynucleotides at pH 5.0. Additionally, this dual binding mode of 23 was confirmed by
the induction of triplex formation from double-stranded poly dA-poly dT, both under
neutral and weakly acidic conditions. It is worth noting that compound 23 caused fluo-
rescence enhancement only when interacting with non-alternating AT base pairs. At pH
5.0, compound 23 demonstrated a selective and stronger stabilization of the ATT triplex
compared with the AT duplex.
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Moreover, 23 exhibited the capability to differentiate between the binding sites of ds-
DNA and ds-RNA by detecting distinct intensities of the ICD signal at 285 nm. This signal
was prominent for DNA-induced CD bands and insignificant for RNA-ICD bands.

In addition, 23 increased the intensity of the polynucleotide maximum at 275 nm ex-
clusively with poly(dGdC): and GC-containing polynucleotide (ctDNA). Hence, isomer
23 could be utilized as a straightforward small molecule chiral probe for GC-rich DNA.
All the studied substances did not show in vitro toxicity (Figure 10), which is an advanta-
geous quality for potential spectrophotometric probes.

Computational analysis revealed the strong tendency of all derivatives to engage in
favorable m—m interactions involving phenanthridine and pyrrole fragments, thus assum-
ing bent conformations. This agrees with the temperature-dependent UV/Vis measure-
ments that also support the existence of intramolecular stacking interactions between
these two chromophores. In line with our earlier work and results reported here, the dom-
inance of such bent geometries hinders efficient sensing of polynucleotides as it lowers
the overall availability of phenanthridine for interacting with the latter. In 19, the un-
charged Gly-Gly linker allows high flexibility of the system, which promotes favorable
bent conformations that are almost exclusively present at both pH conditions, which is
why no activities towards polynucleotides were observed. Given its bulkier size and
charged nature, the lysine residue within the linker reduces the system flexibility and hin-
ders stacking contacts, thereby allowing its phenanthridine to become more exposed and
likelier to recognize polynucleotides in solution. The position of lysine within conjugate
23 appears more optimal than in 22, as seen in a larger percentage of non-stacked confor-
mations at both pH values. This promotes the former as the most efficient polynucleotide
sensor evaluated here, thus confirming experimental observations. The validity of com-
putational results is demonstrated by accurately reproducing the UV/Vis spectra of iso-
lated conjugates while underlying only the modest sensitivity of these electronic transi-
tions towards changes in open-to-bent conformations.

4. Experimental
4.1. Synthetic Procedures
4.1.1. Synthesis of HOOC-Gly-Lys-GCP-Boc (1a)

1. Cbz-protection of 2 to obtain acid 3

Compound 2 (3.0 g, 12.2 mmol, 1.0 eq.) was suspended in water (50 mL) (Figure 11).
The suspension was cooled in an ice bath, and sodium bicarbonate (2.6 g, 30.9 mmol, 2.5
eq.) was added until 2 was completely dissolved. Then, Cbz-Cl (2.5 g, 14.6 mmol, 1.2 eq.,
98%) dissolved in toluene (5 mL) was added. The reaction mixture was stirred at 0 °C
overnight. The solvent was removed under vacuum. The dry crude was suspended in dis-
tilled water (200 mL) and purified by extraction with diethyl ether (100 mL) once. After
the separation of the organic and aqueous phases, a concentrated solution of citric acid
was added to the aqueous phase until the formation of a precipitate was noticed. The pre-
cipitate was then extracted with ethyl acetate (2 x 200 mL). The organic phase was dried
over magnesium sulfate. The solvent was evaporated, and the residue was dried under
reduced pressure, yielding 3 as a colorless oil (3.16 g, 8.3 mmol, 68%).
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Figure 11. Synthesis of 1a and 1b.

'H NMR (300 MHz, [Ds]DMSO, 25 °C): d/ppm = 1.26-1.41 (m, 9H + 4H, Boc-CHs +
CHz), 1.45-1.74 (m, 2H, CHy), 2.80-2.95 (m, 2H, CH>), 3.83-3.97 (m, 1H, CH), 5.03 (s, 2H,
Cbz-CH), 6.64-6.82 (m, 1H, Boc-NH), 7.12-7.41 (m, 5H, aryl-CH), 7.42-8.08 (d, 1H, Cbz-
NH), 12.46 (br.s, 1H, COOH); 3C NMR (100 MHz, [De]DMSO, 25 °C): /ppm = 23.0 (CHa),
28.3 (Boc-CH3), 29.1 (CH2), 30.5 (CHz), 39.6 (CH2), 53.9 (CH), 65.4 (Cbz-CHba), 77.4 (Boc-Cq),
127.7 (aryl-CH), 127.9 (aryl-CH), 128.4 (aryl-CH), 137.1 (aryl-Cq), 155.6 (Cq), 156.3 (Cq),
174.0 (Cq); HRMS (ESI): m/z = calc. for CisHsN20s: 379.1875 [M-H]; found 379.1954 [M-
HJ-.

2. Coupling of 3 with 4 to obtain peptide 5

A solution of 3 (1.5 g, 3.9 mmol, 1.0 eq.), HCTU (2.0 g, 4.8 mmol, 1.2 eq., 298%), NMM
(3 mL, 27.2 mmol, 7 eq., 99%), and DMAP (catalytic amount, 299%) in a mixture of DMF
and DCM (1:2, 100 mL) was stirred at room temperature for 30 min. A solution of com-
pound 4 (0.5 g, 4.0 mmol, 1.0 eq.) in a mixture of DMF and DCM (1:2, 60 mL) was added
slowly, followed by NMM (0.5 mL). The reaction mixture was stirred at room temperature
overnight. The solvents were evaporated, and the residue was dissolved in 50 mL of meth-
anol. The methanol solution of the crude was then mixed with 1 L of water and stirred
until the formation of a precipitate. The precipitate was extracted with ethyl acetate (3x200
mL), and the obtained organic phase was dried over magnesium sulfate. The solvent was
removed under reduced pressure, and the residue was purified by column chromatog-
raphy (ethyl acetate/cyclohexane = 5/5) yielding 5 as a colorless solid (1.03 g, 2.3 mmol,
58%).
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H NMR (300 MHz, [Ds]DMSO, 25 °C): d/ppm = 1.24-1.42 (m, 9H + 4H, Boc-CHs +
CH>), 1.43-1.70 (m, 2H, CH>), 2.79-2.97 (m, 2H, CH>), 3.62 (s, 3H, CHs), 3.7-3.94 (m, 2H,
CHy), 3.94-4.05 (m, 1H, CH), 5.03 (s, 2H, Cbz-CH>), 6.74 (1, 1H, Boc-NH), 7.1-7.52 (m, 5H
+ 1H, aryl-CH + Lys-NH), 8.31 (t, 1H, Gly-NH); 3C NMR (75 MHz, [Ds]DMSO, 25 °C):
O/ppm = 22.6 (CH2), 28.2 (Boc-CHs), 29.1 (CHz), 31.5 (CHz), 39.6 (CH2), 40.4 (CH2), 51.5
(CHs), 54.4 (CH), 65.3 (Cbz-CHz), 77.3 (Boc-Cq), 127.6 (aryl-CH), 127.7 (aryl-CH), 128.3
(aryl-CH), 127.6 (aryl-Cq), 155.5 (Cq), 155.9 (Cq), 170.2 (Cq), 172.5 (Cq).

3. Cbz-deprotection of 5 to obtain amine 6; coupling of 6 with 7 to obtain 8

Compound 5 (1.0 g, 2.2 mmol) and Pd/C (100 mg, 10%) were suspended in methanol
(100 mL) under a hydrogen atmosphere and stirred at room temperature. The reaction
was monitored by thin-layer chromatography (TLC). After TLC showed a complete con-
sumption of the starting material, the reaction mixture was filtered through celite. The
solvent was evaporated, which yielded compound 6 as a colorless oil. The compound was
then submitted to the next step of synthesis without further purification. A solution of 7
[24] (0.75 g, 1.9 mmol, 1.0 eq.), PyBOP (1.1 g, 2.1 mmol, 1.1 eq., 297.0%), NMM (1.3 mL,
11.8 mmol, 6 eq., 99%), and DMAP (catalytic amount, 299%) was stirred in a mixture of
DMF and DCM (1:2, 150 mL) at room temperature for 30 min. A solution of amine 6 (0.60
g, 1.9 mmol, 1.0 eq.) in DCM (50 mL) was added, followed by NMM (0.5 mL). The reaction
mixture was stirred overnight at room temperature. The solvents were removed under
vacuum, and the crude was dissolved in 50 mL methanol. The methanol solution of the
crude was then mixed with 1 L of water and stirred until the formation of a precipitate.
The precipitate was extracted with ethyl acetate (3x200 mL), and the organic phase was
dried over magnesium sulfate. The solvent was removed under reduced pressure. The
crude was purified by column chromatography (mplc/RP18; methanol/water) yielding 8
as a colorless solid (0.24 g, 0.40 mmol, 18%).

'H NMR (300 MHz, [Ds]DMSO, 25 °C): 8/ppm =1.25-1.48 (m, 9H + 9H + 4H, Boc-CHs
+ CHy), 1.53-1.81 (m, 2H, CH2), 2.79-2.96 (m, 2H, CH->), 3.61 (s, 3H, CHs), 3.74-3.95 (m, 2H,
CH>), 4.33-4.52 (m, 1H, CH), 6.54-7.01 (m, 2H + 1H, pyrrole-CH + Boc-NH), 8.19-8.50 (m,
1H + 1H, Gly-NH + Lys-NH), 8.55 (br.s, 1H, guanidino-NH), 9.32 (br.s, 1H, guanidino-
NH), 10.86 (br.s, 1H, guanidino-NH), 11.56 (br.s, 1H, pyrrole-NH); *C NMR (75 MHz,
[Ds]DMSO, 25 °C): d/ppm = 22.8 (CHz), 27.7 (Boc-CH3), 28.2 (Boc-CHs), 29.2 (CHy), 31.6
(CHz), 39.6 (CHz), 40.5 (CH2), 51.6 (CHs), 52.5 (CH), 77.3 (Boc-Cq), 112.9 (pyrrole-CH),
113.5 (pyrrole-CH), 152.9 (Cq), 155.5 (Cq), 158.4 (Cq), 159.4 (Cq), 170.2 (Cq), 172.3 (Cq);
HRMS (ESI): m/z = calc. for C2sHaiN7Oo: 596.3039 [M+H]*; found 596.3230 [M+H]".

4.  Methyl ester deprotection of 8 to obtain acid 1a

A solution of 8 (0.23 g, 0.39 mmol, 1.0 eq.) and lithium hydroxide (0.10 g, 2.4 mmol, 6
eq.) in a mixture of THF and water (4:1, 150 mL) was stirred overnight at room tempera-
ture (Figure 11). After removing THF from the solvent mixture, a concentrated solution of
citric acid was added to the remaining water solution, which caused the formation of a
precipitate. The precipitate was extracted with ethyl acetate (3 x 100 mL). The organic
phase was washed with water and dried over magnesium sulfate. The solvent was re-
moved under reduced pressure, and the residue was dried, yielding HOOC-Gly-Lys-
GCP-Boc (1a) as a colorless solid (0.16 g, 0.28 mmol, 71%).

H NMR (300 MHz, [Ds]DMSQO, 25 °C): do/ppm =1.18-1.78 (m, 9H + 9H + 6H, Boc-CH3
+ CHy), 2.79-2.97 (m, 2H, CH>), 3.81-4.03 (m, 2H, CH2), 4.11-4.27 (m, 1H, CH), 6.63-6.94
(m, 2H + 1H, pyrrole-CH + Boc-NH), 8.20 (t, 1H, Lys-NH), 8.33-8.89 (m, 1H, Gly-NH),
8.60-9.32 (2br.s, 1H, guanidino-NH), 11.02-12.74 (m, 2H + 1H + 1H, guanidino-NH + pyr-
role-NH + COOH); 3C NMR (100 MHz, [Ds]DMSO, 25 °C): d/ppm =22.9 (CHz), 27.8 (Boc-
CHs), 28.3 (Boc-CHs), 29.3 (CH2), 31.7 (CHz2), 39.8 (CHy2), 40.7 (Gly-CHz), 52.6 (CH), 77.4
(Boc-Cq), 113.0 (pyrrole-CH), 113.7 (pyrrole-CH), 125.5 (pyrrole-Cq), 130.2 (pyrrole-Cq),
155.6 (Cq), 158.5 (Cq), 159.2 (Cq), 159.5 (Cq), 161.7 (Cq), 171.2 (Cq), 172.1 (Cq), 172.2 (Cq),
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172.3 (Cq); HRMS (ESI): m/z = calc. for C2sHsN7Os: 580.2736 [M-H]; found 580.3790 [M-
HJ-.

4.1.2. Synthesis of HOOC-Lys-Gly-GCP-Boc (1b)

1. Protection of 3 to obtain methyl ester 9

Compound 3 (1.55 g, 4.0 mmol, 1.0 eq.) and potassium carbonate (5.5 g, 40 mmol, 10
eq.) were suspended in dry DMF (40 mL) and stirred at 10 °C. Then, methyl iodide (11.4
g, 80 mmol, 20 eq.) was slowly added, and the stirring of the reaction mixture was contin-
ued overnight at room temperature. After completion of the reaction, the solvent was re-
moved under reduced pressure. The crude was dissolved in water and extracted with
ethyl acetate (2 x 200 mL). The organic phase was dried over magnesium sulfate, the sol-
vent was removed in vacuo, and the residue was purified by column chromatography
(ethyl acetate/cyclohexane = 5/5), yielding 9 as a colorless oil (1.29 g, 3.2 mmol, 80%).

TH NMR (300 MHz, [Ds]DMSO, 25 °C): d/ppm = 1.19-1.43 (m, 9H + 4H, Boc-CHs +
CHz), 1.44-1.73 (m, 2H, CHz2), 2.75-2.95 (m, 2H, CH>), 3.60 (s, 3H, CHs), 3.88-4.08 (m, 1H,
CH), 5.02 (s, 2H, Cbz-CHz), 6.52-6.91 (d, 1H, Boc-NH), 7.13-7.44 (m, 5H, aryl-CH), 7.48-
7.79 (d, 1H, Cbz-NH); BC NMR (75 MHz, [Ds]DMSQO, 25 °C): d/ppm = 22.7 (CHz), 28.2
(Boc-CHs), 28.9 (CHz), 30.3 (CH), 39.4 (CH-2), 51.7 (CHs), 53.8 (CH), 65.5 (Cbz-CHz), 77.3
(Boc-Cq), 127.7 (aryl-CH), 127.8 (aryl-CH), 128.3 (aryl-CH), 136.9 (aryl-Cq), 155.5 (Cq),
156.1 (Cq), 172.9 (Cq).

2. Cbz-deprotection of 9 to obtain amine 10

Compound 9 (1.25 g, 3.1 mmol) was suspended in methanol (100 mL) under a hydro-
gen atmosphere and Pd/C (150 mg, 10%) was added. The reaction mixture was stirred at
room temperature until TLC revealed complete consumption of the starting material. The
reaction mixture was then filtered through celite to remove the catalyst. The solvent was
removed under reduced pressure to yield 10 as a colorless oil (0.80 g, 3.0 mmol, 97%).

TH NMR (300 MHz, [Ds]DMSO, 25 °C): d/ppm = 1.15-1.60 (m, 9H + 6H, Boc-CHs +
CH>), 1.62-2.15 (br.s, 2H, NH2), 2.78-2.95 (m, 2H, CH>), 3.19-3.32 (m, 1H, CH), 3.60 (s, 3H,
CHs), 6.55-6.82 (m, 1H, Boc-NH); ¥C NMR (75 MHz, [Ds]DMSO, 25 °C): d/ppm = 22.4
(CHz), 28.1 (Boc-CHs), 29.2 (CHz), 34.2 (CH-2), 39.6 (CH>), 51.3 (CHs), 53.9 (CH), 77.1 (Boc-
Cq), 155.5 (Cq), 176.2 (Cq).

3.  Coupling of 10 with 11 to obtain peptide 12

Compound 11 (0.70 g, 3.3 mmol, 1.1 eq.) was dissolved in a mixture of DMF and DCM
(1:2, 100 mL) and PyBOP (2.0 g, 3.8 mmol, 1.2 eq., 297.0%), and then NMM (2.0 mL, 18.2
mmol, 6 eq., 99%) and DMAP (catalytic amount, 299%) were added. The reaction was
stirred for 30 min at room temperature. Then, a solution of compound 10 (0.80 g, 3.0 mmol,
1.0 eq.) in DCM (50 mL) was added, followed by NMM (0.5 mL). The reaction mixture was
stirred overnight at room temperature. The solvents were removed under vacuum, and
the residue was dissolved in 50 mL methanol. The obtained methanol solution was mixed
with 1 L of water and stirred until a precipitate was noticed. The precipitate was then
extracted with ethyl acetate (3x100 mL). The organic phase was dried over magnesium
sulfate. The solvent was removed under reduced pressure, and the residue was purified
by column chromatography (mplc/RP18; methanol/water) yielding 12 as a colorless solid
(0.63 g, 1.4 mmol, 46%).

H NMR (300 MHz, [Ds]DMSO, 25 °C): d/ppm = 1.15-1.45 (m, 9H + 4H, Boc-CHs +
CHz), 2.75-2.96 (m, 2H, CH>), 3.49-3.73 (m, 3H + 2H, CHs + CH>), 4.13-4.31 (m, 1H, CH),
5.02 (s, 2H, Cbz-CHb>), 6.75 (t, 1H, Boc-NH), 7.13-7.55 (m, 5H + 1H, aryl-CH + Gly-NH),
8.20 (d, 1H, Lys-NH); HRMS (ESI): m/z = calc. for C22H3sNsOr: 474.2211 [M+Na]*; found
474.2241 [M+Na]".
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4.  Cbz-deprotection of 12 to obtain amine 13; coupling of 13 with 7 to obtain 14

To a suspension of 12 (0.62 g, 1.37 mmol) in methanol (100 mL), Pd/C (100 mg, 10%)
(100 mL) was added. The reaction mixture was stirred at room temperature, under a hy-
drogen atmosphere until TLC indicated a complete consumption of the starting com-
pound. Then, the reaction mixture was filtered through celite and washed with methanol
(2 x50 mL). The solvent was removed in vacuo to yield 13 as a colorless oil. The compound
was then submitted to the next step of synthesis without further purification. A solution
of 7 [24] (0.55 g, 1.38 mmol, 1.1 eq.), HCTU (0.7 g, 1.7 mmol, 1.4 eq., 298%), NMM (1.0 mL,
9.1 mmol, 7 eq., 99%), and DMAP (catalytic amount, 299%) was stirred for 30 min in a
mixture of DMF and DCM (1:2, 100 mL) at room temperature. A solution of amine 13 (0.39
g, 1.22 mmol, 1.0 eq.) in DCM (50 mL) was added, followed by NMM (0.2 mL), and stirred
overnight at room temperature. After the solvent was evaporated, the residue was dis-
solved in methanol (50 mL) and subsequently mixed with water (500 mL). The mixture
was stirred until the formation of a precipitate. The precipitate was extracted with ethyl
acetate (2x200 mL), and the organic phase was dried over magnesium sulfate. The solvent
was removed in vacuo, and the crude was purified by column chromatography
(mplc/RP18; methanol/water), yielding 14 as a colorless solid (0.198 g, 0.33 mmol, 24%).

TH NMR (300 MHz, [Ds]DMSO, 25 °C): d/ppm =1.20-1.51 (m, 9H + 9H + 4H, Boc-CHs
+ CHz), 1.51-1.78 (m, 2H, CH>), 2.78-2.97 (m, 2H, CH>), 3.62 (s, 3H, CHs), 3.77-4.05 (m, 2H,
CHz), 4.16-4.32 (m, 1H, CH), 6.53-7.07 (m, 2H + 1H, pyrrole-CH + Boc-NH), 8.34 (d, 1H,
Lys-NH), 8.57 (br.s, 1H, guanidino-NH), 8.62 (t, 1H, Gly-NH), 9.31 (br.s, 1H, guanidino-
NH), 10.85 (br.s, 1H, guanidino-NH), 11.34 (br.s, 1H, pyrrole-NH); *C NMR (75 MHz,
[Ds]DMSO, 25 °C): d/ppm = 22.5 (CHz), 27.7 (Boc-CHs), 28.1 (Boc-CHs), 28.9 (CH-2), 30.5
(CHz), 39.5 (CH>), 41.4 (CH2), 51.7 (CHs), 51.9 (CH), 77.3 (Boc-Cq), 112.1 (pyrrole-CH),
113.4 (pyrrole-CH), 151.7 (Cq), 155.5 (Cq), 158.4 (Cq), 159.8 (Cq), 169.0 (Cq), 172.5 (Cq);
HRMS (ESI): m/z = calc. for C2sHa1N7Oo: 618.2858 [M+Na]*; found 618.3327 [M+Na]".

5. Methyl ester deprotection of 14 to obtain acid 1b

Compound 14 (0.19 g, 0.32 mmol, 1.0 eq.) and lithium hydroxide (0.10 g, 2.4 mmol, 7
eq.) were dissolved in a mixture of THF and water (4:1, 150 mL) and stirred overnight at
room temperature (Figure 11). After removing THF from the solvent mixture, a concen-
trated solution of citric acid solution was added to the aqueous solution until a colorless
precipitate was noticed. The formed precipitate was extracted with ethyl acetate (3x100
mL). The organic phase was washed with water thoroughly and dried over magnesium
sulfate. The solvent was then removed in vacuo to yield HOOC-Lys-Gly-GCP-Boc (1b) as
a colorless solid (0.16 g, 0.28 mmol, 86%).

TH NMR (300 MHz, [Ds]DMSO, 25 °C): d/ppm =1.11-1.76 (m, 9H + 9H + 6H, Boc-CHs
+ CHz), 2.74-2.97 (m, 2H, CH2), 3.77-4.01 (m, 2H, CHz), 4.1-4.26 (m, 1H, CH), 6.58-6.96 (m,
2H + 1H, pyrrole-CH + Boc-NH), 8.19 (t, 1H, Lys-NH), 8.36.8.83 (m, 1H, Gly-NH), 8.59-
9.32 (2br.s, 1H, guanidino-NH), 11.0-12.91 (m, 2H + 1H + 1H, guanidino-NH + pyrrole-
NH + COOH); 3C NMR (100 MHz, [Ds]DMSO, 25 °C): d/ppm =22.7 (CHz), 27.8 (Boc-CHz),
28.3 (Boc-CHs), 29.1 (CHz), 30.9 (CHz), 39.7 (CH2), 41.7 (Gly-CH>), 51.9 (CH), 77.4 (Boc-Cq),
112.2 (pyrrole-CH), 113.8 (pyrrole-CH), 125.6 (pyrrole-Cq), 130.2 (pyrrole-Cq), 155.6 (Cq),
158.4 (Cq), 159.6 (Cq), 159.9 (Cq), 161.6 (Cq), 168.8 (Cq), 168.9 (Cq), 172.1 (Cq), 173.6 (Cq);
HRMS (ESI): m/z = calc. for C2sH3oN~7Os: 580.2736 [M-H]; found 580.3529 [M-H]J-.

4.1.3. General Procedure for Peptide Coupling—Synthesis of 16, 17, 18, 20, and 21

Peptide derivatives 16, 17, 18, 20, and 21 were prepared by a known method of pep-
tide coupling[18], with slight modification (Figure 12). Briefly, to a solution of the corre-
sponding Boc-protected amino acid derivative in DCM (2 mL) was added a mixture of
TFA and water (TFA:H20/9:1, 1 mL). The reaction mixture was stirred overnight at room
temperature. The removal of the solvent under reduced pressure afforded a triflouroace-
tate salt of the corresponding amine as a yellow oil. The obtained compound was
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dissolved in dry MeCN under argon, and an equimolar amount of the corresponding car-
boxylic acid, HBTU, and HOBt was added to the solution, followed by EtsN (4-8 molar
equivalents). The reaction mixture was stirred overnight at room temperature. The de-
sired product was isolated by preparative thin-layer chromatography (DCM:MeOH/9:1).

Method 1
(synthesis of Phen-Ala-Gly-Gly-GCP (19)):
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Method 2
(synthesis of Phen-Ala-Gly-Lys-GCP (22) and Phen-Ala-Lys-Gly-GCP (23)):
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Figure 12. Synthesis of compounds 19, 22, and 23.

1.  Synthesis of Phen-Ala-Gly-Boc (16):

Phen-Ala ((15), 11.8 mg, 0.03 mmol), Boc-Gly-COOH (5.3 mg, 0.03 mmol), HBTU (11.6
mg, 0.03 mmol, 98%), HOBt (4.2 mg, 0.03 mmol, 97%), EtsN (16.8 pL, 0.12 mmol), and
MeCN (1 mL) were used according to the general procedure for peptide coupling. Prepar-
ative thin layer chromatography afforded Phen-Ala-Gly-Boc (16) as a light-yellow solid
(12.4 mg, 92%).

M.p. = 63-65 °C; Rf= 0.6 (CH2Cl2:2MeOH/9:1); 'TH NMR (CDCls) d/ppm: 8.59-8.42 (m,
2H, Phen), 8.07 (d, ] = 8.0 Hz, 1H, Phen), 7.93 (s, 1H, Phen), 7.75-7.54 (m, 3H, Phen), 6.83
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(bd, ] =6,7 Hz, 1H, NH), 5.19 (bs, 1H, NH), 5.08-4.95 (m, 1H, CH), 3.92-3.68 (m, 5H, OCHj,
CHz), 3.48-3.28 (m, 2H, CH2), 3.01 (s, 3H, CH3), 1.36 (s, 9H, CHs-Boc); 13C NMR (CDCls)
d/ppm: 171.60 (Caq), 169.37 (Ca), 158.51 (Cq), 143.59 (Cq), 135.07 (Cq), 131.70 (CH), 131.58
(Cq), 129.30 (CH), 128.61 (CH), 126.88 (CH), 126.40 (CH), 125.97 (C), 123.54 (C,), 122.74
(CH), 121.87 (CH), 80.39 (C(CHzs)s-Boc), 53.22 (CH or OCHs), 52.50 (CH orOCHs), 44.33
(CHa), 38.12 (t, CHz), 28.15 (CH:-Boc), 23.36 (CHs); Mw = 451,51; ESI-MS: m/z 452.4 [M+H]".

2. Synthesis of Phen-Ala-Gly-Gly-Boc (17):

Phen-Ala-Gly-Boc ((16), 22.9 mg, 0.05 mmol), Boc-Gly-COOH (10.5 mg, 0.06 mmol),
HBTU (19.3 mg, 0.05 mmol, 98%), HOBt (7.0 mg, 0.05 mmol, 97%), EtsN (27.9 uL, 0.20
mmol), and MeCN (2 mL) were used according to the general procedure for peptide cou-
pling. Preparative thin-layer chromatography afforded Phen-Ala-Gly-Gly-Boc (17) as a
light-yellow solid (22.7 mg, 89%).

M.p. =94-95 °C; Rf= 0.4 (CH2Cl=MeOH/9:1); '"H NMR (CDCls) 8/ppm: 8.51 (d, | =8.5
Hz, 1H, Phen), 8.46 (d, | = 8.1 Hz, 1H, Phen), 8.05 (d, | = 8.1 Hz, 1H, Phen), 7.95 (s, 1H,
Phen), 7.70-7.64 (m, 1H, Phen), 7.63-7.59 (m, 2H, Phen), 7.14 (bd, | = 7,4 Hz, 1H, NH), 7.03
(bs, 1H, NH), 5.31 (s, 1H, NH), 4.99-4.92 (m, 1H, CH), 3.99-3.92 (m, 1H, CHz), 3.90-3.83
(m, 1H, CH2), 3.74-3.67 (m, 5H, OCHs, CH>), 3.42-3.35 (m, 1H, CH>), 3.31-3.24 (m, 1H,
CHz), 2.99 (s, 3H, CHs), 1.41 (s, 9H, CHs-Boc); *C NMR (CDCls) d/ppm: 171.18 (Cq), 169.67
(Cq), 168.19 (Cq), 158.03 (Cq), 143.04 (Cq), 134.80 (Cq), 131.19 (CH), 131.04 (Cq), 128.74 (CH),
128.12 (CH), 126.35 (CH), 125.93 (CH), 125.43 (Cq), 123.02 (Cq), 122.21 (CH), 121.41 (CH),
79.96 (Cq-Boc), 53.04 (CH or OCH3), 52.00 (CH or OCHs), 43.76 (CHz), 42.37 (CHy), 37.47
(CH2), 27.76 (CHs-Boc), 22.79 (CHs); Mw = 508.57; ESI-MS: m/z 509.2 [M+H]".

3. Synthesis of Phen-Ala-Gly-Gly-GCP-Boc (18):

Phen-Ala-Gly-Gly-Boc ((17), 22.7 mg, 0.04 mmol), Boc-GCP-COOH ((7), 15.9 mg, 0.04
mmol), HBTU (15.5 mg, 0.04 mmol, 98%), HOBt (5.6 mg, 0.04 mmol, 97%), EtsN (44.6 pL,
0.32 mmol), and MeCN (2 mL) were used according to the general procedure for peptide
coupling. Preparative thin-layer chromatography afforded Phen-Ala-Gly-Gly-GCP-Boc
(18) as a light-yellow solid (21.7 mg, 71%).

M.p. = 160-163 °C; Ry = 0.4 (CH2Cl2MeOH/9:1); 'H NMR (CDCls) d/ppm: 10.57 (bs,
1H, NH), 9.06 (bs, 2H, NH), 8.62-8.17 (m, 3H, NH, Phen), 8.11-7.36 (m, 8H, NH, Phen),
6.76-6.42 (m, 2H, Pyrr), 4.92 (s, 1H, CH), 4.15-3.50 (m, 7H, CHz, OCHs), 3.39-3.10 (m, 2H,
CHb>), 2.87 (s, 3H, CHs), 1.44 (s, 9H, CHs-Boc); *C NMR (CDCls) d/ppm: 158.02 (Cq), 142.86
(Cq), 134.84 (Cq), 131.12 (CH), 130.82 (Cq), 128.49 (CH), 127.96 (CH), 126.19 (CH), 125.78
(CH), 125.24 (Cq), 122.94 (Cq), 122.03 (CH), 121.38 (CH), 78.21 (Cq-Boc), 53.09 (CH), 52.01
(OCHs), 42.67 (CHz), 42.39 (CHy), 37.23 (CHz), 27.47 (CHs-Boc), 22,59 (CHs); Mw = 686.71;
ESI-MS: m/z 687.3 [M+H]".

4. Synthesis of Phen-Ala-Gly-Lys-GCP-Boc (20):

Phen-Ala ((15), 3.4 mg, 0.01 mmol), HOOC-Gly-Lys-GCP-Boc ((1a), 5.0 mg, 0.01
mmol), HBTU (3.3 mg, 0.01 mmol, 98%), HOBt (1.6 mg, 0.01 mmol, 97%), EtsN (10.0 uL,
0.07 mmol), and MeCN (1 mL) were used according to the general procedure for peptide
coupling. Preparative thin-layer chromatography afforded Phen-Ala-Gly-Lys-GCP-Boc
(20) as a light-yellow solid (4.9 mg, 66%).

M.p. =122-123 °C; Rs= 0.4 (CH2Cl22MeOH/9:1); "H NMR (DMSO-ds) d/ppm: 11.59 (bs,
1H, NH), 10.83 (bs, 1H, NH), 9.31 (bs, 1H, NH), 8.78-8.62 (m, 2H, H10, H1), 8.61-8.27 (m,
3H), 8.26-8.05 (m, 2H), 7.98 (d, ] =7.9 Hz, 1H), 7.85-7.61 (m, 3H), 6.93—6.63 (m, 3H), 4.76-
4.61 (m, 1H, CH-Ala), 4.34 (s, 1H, CH-Lys), 3.84-3.53 (m, 5H, CH2-Gly, OCHz), 3.47-3.16
(m, 1H, CHz-Ala), 3.02-2.81 (m, 6H, CH2-Ala, CHz-Lys, CHs), 1.66 (bs, 2H, CHz-Lys), 1.55-
1.05 (m, 22H, CH>-Lys, CHs-Boc); 3C NMR (DMSO-ds) d/ppm: 172.12 (Cq), 172.01 (C),
171.71 (Cy), 171.69 (Cq), 168.88 (Cq), 168.83 (Cq), 159.71 (Cy), 158.57 (Cg), 158.46 (Cq), 158.41
(Cq), 155.52 (Cq), 143.07 (Cq), 136.85 (Cq), 132.16 (Phen), 130.47 (Cq), 128.87 (Phen), 128.46
(Phen), 126.91 (Phen), 126.38 (Phen), 125.24 (Cq), 123.19 (Cq), 122.63 (Phen), 122.46 (Phen),
113.12 (Pyrr), 77.29 (Cq-Boc), 55.75 (CH or OCHzs), 53.33 (CH or OCHs), 51.98 (CH or
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OCHs), 41.61 (CHz), 36.73 (CHy), 31.26 (CH-z), 29.20 (CH2), 28.23 (CHs-Boc), 27.76 (CHs-
Boc), 23.02 (CHs), 22.88 (CHz); Mw = 857.95; ESI-MS: m/z 858.6 [M+H]".
5. Synthesis of Phen-Ala-Lys-Gly-GCP-Boc (21):

Phen-Ala ((15), 10.0 mg, 0.03 mmol), HOOC-Lys-Gly-GCP-Boc ((1b), 14.7 mg, 0.03
mmol), HBTU (9.8 mg, 0.03 mmol, 98%), HOBt (3.5 mg, 0.03 mmol, 97%), EtsN (21.2 pL,
0.15 mmol), and MeCN (2 mL) were used according to the general procedure for peptide
coupling. Preparative thin-layer chromatography afforded Phen-Ala-Lys-Gly-GCP-Boc
(21) as a light-yellow solid (3.2 mg, 15%).

M.p. = 137-138 °C; Rf= 0.4 (CH2Cl2MeOH/9:1); 'H NMR (DMSO-ds) d/ppm: 9.25 (bs,
1H), 8.80-8.37 (m, 5H, H10, Phen, NH), 8.16 (s, 1H, Phen), 8.04-7.89 (m, 2H), 7.88-7.52 (m,
4H), 6.83-6.56 (m, 3H), 4.75-4.56 (m, 1H, CH-Ala), 4.36-4.21 (m, 1H, CH-Lys), 3.90-3.76
(m, 2H, CH>), 3.68-3.55 (m, 4H, CH2, OCH3), 2.94 (s, 3H, CH3), 2.86-2.75 (m, 2H, CH>-Lys),
1.73-0.70 (m, 24H, CHz-Lys, CHs-Boc); *C NMR (DMSO-ds) d/ppm: 171.73 (Cq), 171.64
(Cq), 158.70 (Cq), 158.52 (Cq), 155.49 (Cq), 143.05 (Cq), 136.97 (Cq), 132.31 (Phen), 130.49 (Cy),
128.84 (Phen), 128.42 (Phen), 126.82 (Phen), 126.36 (Phen), 125.27 (Cg), 123.21 (Cq), 122.60
(Phen), 122.51 (Phen), 113.56 (Pyrr), 112.59 (Pyrr), 77.29 (Cq-Boc), 55.75 (CH or OCHs),
53.47 (CH or OCHs), 51.99 (CH or OCHs), 42.10 (CH), 36.54 (CHz), 31.69 (CH>), 29.22
(CHz), 28.25 (CHs-Boc), 27.91 (CHs-Boc), 23.03 (CHs), 22.40 (CHz); Mw = 857.95; ESI-MS:
m/z 858.5 [M+H]*.

4.1.4. General Procedure for —-Boc Deprotection and Synthesis of Hydrochloride Salts 19,
22, and 23 (Figure 12)

To the solution of the corresponding Boc-protected amino acid derivative in DCM (2
mL) was added a mixture of TFA and water (TFA:H20/9:1, 1 mL). The reaction mixture
was stirred overnight at room temperature. The removal of the solvent under reduced
pressure afforded a triflouroacetate salt of the corresponding amine, which was purified
by preparative thin-layer chromatography (DCM:MeOH/9:1) and obtained as a colorless
oil. The obtained compound was dissolved in MeOH (2 mL) to which was added 5% HCl
(2 mL) followed by stirring at room temperature for 1h. Evaporation of the solvent af-
forded hydrochloride salt of a desired compound as a light-yellow solid.

1. Synthesis of Phen-Ala-Gly-Gly-GCP (19):

Phen-Ala-Gly-Gly-GCP-Boc ((18), 21.7 mg, 0.03 mmol) was treated according to the
general procedure for -Boc deprotection and synthesis of hydrochloride salts, to afford
Phen-Ala-Gly-Gly-GCP (19) as a yellow oil (14.4 mg, 70%).

IR (KBr) vmax/cm™: 3499 (s), 2980 (w), 2922 (w), 1701 (s), 1624 (s), 1660 (m), 1475 (w),
1447 (w), 1410 (w), 1366 (vw), 1286 (m), 1254 (m), 1203 (w), 1090 (w), 854 (vw), 812 (vw),
762 (w), 515 (m); 'H NMR (DMSO-ds) o/ppm: 12.36 (s, 1H, NH), 11.88 (s, 1H, NH), 8.96~
8.78 (m, 3H), 8.66-8.21 (m, 7H), 8.13 (s, 1H), 7.98-7.82 (m, 2H), 7.44 (s, 1H, Pyrr), 6.85 (s,
1H, Pyrr), 4.77-4.67 (s, 1H, CH), 3.86 (s, 2H, CH>), 3.75-3.61 (m, 5H, OCHs, CH>), 3.31-3.17
(m, 5H, CHs, CHz); ®C NMR (DMSO-de) d/ppm: 171.45 (Cq), 168.97 (Cq), 168.82 (Cq),
159.50 (Cq), 155.27 (Cq), 149.11 (Cq), 132.23 (Cq), 125.47 (Cq), 124.10 (Cq), 123.62 (Cq),
123.38 (Phen), 123.18 (Phen), 115.70 (Pyrr), 112.81 (Pyrr), 53.02 (CH or OCHs), 52.02 (CH
or OCHs), 42.13 (CHz), 41.58 (CHz), 36.23 (CHz); HRMS: m/z: 587.2366 [M+H]*; calculated
for C2oH30NsOe*: 587.2367.

2. Synthesis of Phen-Ala-Gly-Lys-GCP (22):

Phen-Ala-Gly-Lys-GCP-Boc ((20), 19.6 mg, 0.02 mmol) was treated according to the
general procedure for -Boc deprotection and synthesis of hydrochloride salts, to afford
Phen-Ala-Gly-Lys-GCP (22) as a yellow solid (15.4 mg, 88%).

M.p. > 300 °C; IR (KBr) vmax/cm™: 3423 (s), 2974 (w), 2922 (w), 2858 (w), 1641 (s), 1626
(s), 1555 (m), 1474 (w), 1439 (w), 1377 (w), 1352 (w), 1271 (w), 1254 (w), 1134 (m), 1076 (m),
1051 (m), 922 (w), 889 (w), 856 (vw), 816 (w), 768 (w), 725 (m), 631 (w), 617 (w), 555 (w),
471 (m); 'H NMR (DMSO-ds) d/ppm: 12.54-12.40 (m, 1H, NH-Pyrr), 12.06 (s, 1H, NH), 8.90
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(s, 2H), 8.78-8.61 (m, 3H), 8.57-8.28 (m, 6H), 8.13 (bs, 1H), 8.01-7.79 (m, 5H), 7.57-7.45 (m,
1H, Pyrr), 6.91-6.78 (m, 1H, Pyrr), 4.80-4.55 (m, 1H, CH-Ala), 4.45-4.20 (m, 1H, CH-Lys),
3.83-3.56 (m, 6H, CH>-Ala, CH2-Gly, OCHs), 3.25 (s, 3H), 2.74 (s, 2H, CH»-Lys), 1.82-1.10
(m, 6H, CH2-Lys); ¥C NMR (DMSO-ds) &/ppm: 172.56 (Cq), 172.00 (Cq), 171.94 (Cq), 171.59
(Cq), 169.34 (Cq), 169.00 (Cq), 168.83 (Cq), 159.71 (Cq), 159.24 (Cq), 155.48 (Cy), 132.12 (Cy),
130.51 (Phen), 125.62 (Cq), 124.16 (Cq), 123.75 (Cq), 123.56 (Phen), 123.31 (Phen), 115.70
(Pyrr), 113.77 (Pyrr), 53.19 (CH or OCHs), 52.99 (CH or OCHBs), 52.19 (CH or OCHs), 41.67
(CHz), 38.57 (CHz), 36.25 (CH>), 30.86 (CH>), 26.59 (CH2), 22.48 (CH2); HRMS: m/z: 658.3099
[M+H]*; calculated for CssHssN9Os*: 658.3102.

3. Synthesis of Phen-Ala-Gly-Gly-GCP (23):

Phen-Ala-Lys-Gly-GCP-Boc ((21), 11.6 mg, 0.01 mmol) was treated according to the
general procedure for -Boc deprotection and synthesis of hydrochloride salts, to afford
Phen-Ala-Lys-Gly-GCP (23) as a yellow solid (7.2 mg, 95%).

M.p. > 300 °C; IR (KBr) vmax/cm™™: 3429 (s), 2966 (w), 2922 (w), 2858 (w), 1641 (s), 1626
(s), 1560 (m), 1474 (w), 1439 (w), 1377 (w), 1352 (w), 1290 (w), 1134 (m), 1076 (m), 922 (w),
887 (w), 856 (w), 816 (w), 756 (w), 725 (m), 631 (m), 613 (m), 559 (m); '"H NMR (DMSO-ds)
o/ppm: 12.33 (s, 1H, NH-Pyrr), 12.09 (s, 1H, NH), 8.99-8.86 (m, 2H), 8.85-8.62 (m, 4H),
8.60-8.45 (m, 3H), 8.38 (bs, 1H), 8.23-8.10 (m, 8.1 Hz, 2H), 8.02-7.80 (m, 5H), 7.51 (s, 1H,
Pyrr), 6.80 (s, 1H, Pyrr), 4.77-4.54 (m, 1H, CH-Ala), 4.35-4.16 (m, 1H, CH-Lys), 3.88-3.66
(m, 4H, CH-2), 3.65 (s, 3H, OCHz), 3.27 (m, 3H, CHs), 2.71 (s, 2H, CH»-Lys), 1.71-0.70 (m,
6H); 3C NMR (DMSO-ds) d/ppm: 172.52 (Cq), 171.80 (Cq), 171.66 (Cq), 171.55 (Cq), 169.26
(Cq), 168.63 (Cq), 159.59 (Cq), 159.41 (Cq), 155.52 (Cq), 132.26 (Cq, 131.59 (Phen), 125.57 (Cy),
123.74 (Cg), 123.55 (Phen), 123.29 (Phen), 115.95 (Pyrr), 112.81 (Pyrr), 53.23 (CH or OCHs),
52.88 (CH or OCHs), 52.12 (CH or OCHa), 42.07 (CHz), 38.47 (CHz), 36.47 (CH2), 31.11
(CH2), 26.47 (CH2), 22,10 (CHz); HRMS: m/z: 658.3097 [M+H]*; calculated for CssHsoNoOe":
658.3102.

4.2. Spectrophotometric Measurements

All materials were obtained from commercial suppliers and were used without puri-
fication unless noted otherwise. "H NMR and '3C NMR spectra were recorded on a Bruker
Avance 300 or Bruker Avance 600 (at 300 and 600 MHz) (Bruker Corporation, Billerica,
MA, USA) at 25 °C. Chemical shifts (d) were provided in parts per million (ppm) with
respect to tetramethylsilane used as an internal standard, while coupling constants (J)
were expressed in hertz. The 'TH NMR spectra display the splitting patterns represented as
follows: s (singlet), brs (broad singlet), d (doublet), t (triplet), and m (multiplet). Melting
points were measured using a Kofler melting points apparatus from Reichert, Austria, and
remained uncorrected. Infrared spectra were measured on an ABB Bomem MB102 single-
beam spectrometer manufactured in Quebec City, Canada. The spectral bands are ex-
pressed in “wave numbers” with the unit cm~. A MALDI TOF/TOF 4800 plus analyzer,
Applied Biosystems (Mundelein, IL, USA) was used to record mass spectra. A Varian Cary
100 Bio spectrophotometer (Agilent, Santa Clara, CA, USA), a JASCO ]815 spectrophotom-
eter (ABL&E Handels GmbH, Wien, Austria), and a Varian Cary Eclipse spectrophotome-
ter (Agilent, Santa Clara, CA, USA) were used to record the absorption, CD, and fluores-
cence spectra, respectively. Measurements were performed at 25 °C using 1ecm path quartz
cuvettes.

Polynucleotides were purchased as noted: poly dA, poly dT, poly A-poly U, calf thy-
mus (ct)-DNA, poly(dGdC):, poly(dAdT)z, poly dA-poly dT (Sigma Aldrich, St. Louis, M1,
USA, 298.0%).

The ATT triplex formation involved mixing the three constituent strands in sodium
cacodylate buffer (I=0.05 mol dm=3, pH 7.0), supplemented with NaCl (0.05 M) and 1 mM
EDTA (299.0%). The mixture was then heated to 90 °C for 15 min and gradually cooled to
10 °C [38,40].
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Polynucleotides were prepared in Na-cacodylate buffer, I = 0.05 mol dm-3, pH 7.0.
The calf thymus DNA underwent additional sonication and was filtered through a 0.45
mm filter [55]. The concentration of polynucleotides was determined spectroscopically
[56,57] based on the phosphate concentration. Spectrophotometric titrations were con-
ducted at both pH 7.0 and 5.0 (I = 0.05 mol dm-?, sodium cacodylate buffer). For fluorimet-
ric experiments, portions of polynucleotide solution were added to the solution contain-
ing the studied compound. For CD experiments, portions of the compound’s stock solu-
tion were added to the polynucleotide solution.

Fluorimetric experiments utilized an excitation wavelength of Aexc = 300 nm to pre-
vent the inner filter effect resulting from the rising absorbance of the polynucleotide.
Emission was recorded within the range of Aem = 350-600 nm. The majority of Ka values,
derived by analyzing titration data through the Scatchard [34,35] equation (Table 2), had
satisfactory correlation coefficients (>0.99). Thermal melting curves for DNA, RNA, and
their complexes with the studied compounds were generated by monitoring the absorp-
tion change at 260 nm with respect to temperature [36]. The absorbance of the ligands was
subtracted from each curve, and the absorbance scale was normalized. Tm values represent
the midpoints of the transition curves, determined from the peak of the first derivative
and validated graphically using the tangent method. The AT values were calculated by
subtracting the Tm of the free nucleic acid from the Tm of the complex. Every ATm value
here reported was the average of at least two measurements. The error in ATm is 0.5 °C.

Mass Spectrometry Experimental for 2.2.2.

The solvents used for the spectroscopic measurements were HPLC or spectroscopic-
grade (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) and were used without fur-
ther purification.

The self-assembly of compounds 19, 22, and 23 was studied by ESI-MS/MS. The spec-
tra were obtained at the same concentrations and conditions in positive ion (ES*) mode.
Certain fragmentations occurred at higher collision energies. The fragmentation pathways
for all analyzed compounds were proposed based on MS/MS spectra of protonated mo-
lecular ions [M+H]* and sodium adducts.

The mass spectral data were acquired using an Agilent 6550 Series Accurate-Mass-
Quadrupole Time-of-Flight (Q-TOF) equipped with an electrospray ionization interface
operated in the ES* (Agilent Technologies, Palo Alto, CA, USA). The samples were pre-
pared in methanol (MeOH), H20, D20, and acetonitrile to a concentration of about 0.05
mg/mL. The infusion into the mass spectrometer was performed at a flow rate of 0.4
mL/min using MeOH as the mobile phase. Nitrogen was used as an auxiliary (35 psi) and
sheath gas (350 °C and 11 L min™"). The other parameters were as follows: capillary voltage
(VCap) 3000V and 4000; nozzle voltage = 0 V; and the drying gas temperature was set at
200 °C. The full mass spectra were acquired over the mass range m/z 10-3000. For data
analysis, Mass Hunter Qualitative Analysis Navigator B 08.00 was used. A parent ion win-
dow of typically 2 amu (i.e., parent mass + 1 amu) was chosen to perform further MS/MS
experiments.

4.3. MTT Assay
4.3.1. Cell Line

The human cervical carcinoma HeLa cell line was obtained from a cell culture bank
(GIBCO BRL, Invitrogen, Carlsbad, CA, USA). For the cytotoxicity assay, cells at 35 and
40 population doublings were employed. These cells were cultured as a monolayer culture
in Dulbecco’s modified Eagle’s medium (DMEM,; Sigma-Aldrich, St. Louis, MI, USA), sup-
plemented with 10% fetal bovine serum (FBS; Sigma-Aldrich). The cultures were main-
tained in a humidified atmosphere containing 5% CO: at 37 °C, and subculturing was
performed every 3—4 days.
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4.3.2. Cytotoxicity Assay

HeLa cells were seeded in 96-well plates. Twenty-four hours later, the cells were
treated, in quadruplicate, with different concentrations of compounds (dissolved in
DMSO and kept at 4 °C). Following 72 h of incubation at 37 °C, the medium was aspired
and a modified 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as-
say [58] was used to determine the cytotoxic effect of tested compounds. Three hours later,
formazan crystals were dissolved in DMSO, the plates were mechanically agitated for 5
min, and the optical density at 545 nm was determined on a microtiter plate reader
(Awareness Technology Inc., Palm City, FL, USA). The cytotoxic effect of the compounds
on MES-OV cells was measured by the alamarBlue assay (ThermoFischer Scientific, Wal-
tham, MA, USA). The experiments were repeated at least three times.

4.4. Computational Details

To parameterize all investigated derivatives for classical molecular dynamics (MD)
simulations, their geometries were first optimized with the Gaussian 16 program [59] at
the (SMD)/B3LYP/6-31+G(d) level in water, while their RESP atomic charges were subse-
quently calculated by the (SMD)/HF/6-31+G(d) model. Such obtained geometries were
solvated in a truncated octahedral box with TIP3P waters spanning 30 A thick buffers.
Each system was neutralized with the appropriate number of Cl-ions to maintain the net
zero charge and allow for simulations under periodic boundary conditions. These were
distributed around the system using the Monte Carlo method as implemented within the
CHARMM-GUI server. The prepared simulation boxes were submitted to geometry opti-
mization in the GROMACS 2022.5 program [60]. Optimized systems were gradually
heated from 0 to 300 K and equilibrated during 250 ps using NVT conditions and then
submitted to 300 ns of productive and unconstrained MD simulations employing a time
step of 2 fs at a constant pressure (1 atm) and temperature (300 K). The long-range elec-
trostatic interactions were calculated by the Particle Mesh Ewald method [61] and were
updated in every second step, while the non-bonded interactions were truncated at 10.0
A. The obtained structures in the matching trajectories were clustered utilizing the perti-
nent modules within the GROMACS software suite. The idea behind this computational
strategy was to investigate whether the intrinsic dynamical features of the investigated
systems both affect and can explain their tendency to recognize polynucleotides, which
also avoids difficulties and inaccuracies linked with the computational prediction of sin-
gle-stranded polynucleotide structures, as recently highlighted by Jeddi and Saiz [62]. The
mentioned approach turned out to be very useful in interpreting the affinities of several
conjugates towards single-stranded RNA systems [18,53,54].

To verify that our clustering analysis correctly identified the most representative
structures of each derivative at both considered pH values, we proceeded by computing
energies of the excited states determining the experimental UV/Vis spectra for isolated
conjugates in water. To do so, we used the most prevailing structure of each conjugate and
optimized its geometry with the (SMD)/B3LYP/6-31+G(d) model in water. This was fol-
lowed by TD-DFT computations at the same level of theory considering the 64 lowest sin-
glet electronic excitations. The choice of this setup was prompted by its recent success in
modeling UV/Vis spectra of organic heterocycles in various solvents [63,64].
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