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ABSTRACT

Nucleopeptides are a class of molecules with numerous applications in the field of therapy, diagnostics
and biomaterials development. Despite their nucleobase-decorated nature, their binding to natural
nucleic acid targets does not necessarily involve all nucleopeptide bases, as we showed in this study.
Here, we present a CD study on the interaction of a dithymine-functionalized tetra-L-serine with a
homoadenine DNA (dA;,) reporting an interpretation of the experimental data in light of our computa-
tional studies based on molecular docking and molecular dynamics (MD), as well as computer-assisted
CD interpretation and simulation of the predicted complex structure. The stoichiometry of the complex,
emerged by CD titration, accounted for a 1:2 T:A ratio. Hence, we supposed that binding did not involve a
full pairing of the complementary bases but a partial thymines engagement. This hypothesis was sus-
tained by the docking and MD simulations performed on the selected ligand and the complementary tar-
get of DNA and RNA, used for comparison. The nucleopeptide bound the DNA through a single A-T
recognition involving complementary base-pairing, as well as by some interactions between its backbone
(and in particular L-serine OH) and the nucleic acid. Overall, this confirmed that nucleopeptides can inter-
act with nucleic acids leaving some of their nucleobases free for establishing further interactions with
other biomolecules or for crosslinking in supramolecular structures in aqueous solution. Nevertheless,
even though no typical DNA secondary structure is formed after nucleopeptide-binding, this ligand is able
to induce a higher degree of structuration in the random deoxyoligonucleotide target as evidenced by CD,
MD and CD simulation.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

ical applications. In this regard, even molecules containing single
nucleobases, such as synthetic nucleoside analogues [28-34]

Nucleopeptides [1-9] are a class of chimeric compounds bear-
ing DNA nucleobases connected to peptide backbones. They can
play an important role in biomedical research not only for their
potential as nucleic acid-targeting molecules [10-14] but also
because, similarly to peptides, [15-20] they show protein-
binding ability and can modulate protein-associated biological
pathways [21,22]. Moreover, nucleopeptides can form supramolec-
ular structures, held together by both base-base pairing and other
non-covalent molecular recognitions [23-26]: possibly the
nucleopeptide-assembly can be reinforced by the interaction with
synthetic ligands [27], aspect of clear utility in nanobiotechnolog-
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nucleoamino acids [35,36] and peptidyl nucleosides [37-40] are
interesting structures, some of which were shown to act as build-
ing blocks for supramolecular networks of potential biomedical
relevance [41-47].

Despite their promising properties, nucleopeptide structures
are still in need of deeper investigation; indeed, even if a certain
number of examples of nucleobase-bearing peptides able to hybri-
dize DNA and RNA targets are known [48-51], the exact role of
nucleobases in complementary nucleic acid binding is an aspect
not yet fully clarified. In this context, computational studies can
facilitate the comprehension of the interaction mechanism at the
basis of DNA or RNA-nucleopeptide recognition [52,53].

We have previously found that a nucleopeptide whose back-
bone was based on L-serine (Fig. 1), endowed with particularly
interesting self-assembling properties, was able to interact with a
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Fig. 1. Structural representation (left) of the dithymine tetrapeptide (with the N-terminal thymine labelled as 1) and 3D view (right) of the molecule after energy

minimization achieved by LigPrep and visualization in Maestro (Schrodinger).

complementary DNA affording, anyway, only minor changes in the
structure of the nucleic acid target, as revealed by CD spectroscopic
experiments [23]. The L-serine tetrapeptide backbone carried two
unfunctionalized amino acids, introduced as spacers between the
two nucleobase-bearing moieties in order to mimic the base-base
distance in natural DNA, following the scheme of nucleopeptide
design proposed by Diederichsen [54]. Thus, we expected that,
besides the base-complementarity, the overall interaction with
DNA and RNA could be reinforced by H-bonding involving the free
hydroxyl groups on the nucleopeptide and chemical functionalities
on the nucleic acid target.

Herein, we investigated in more detail by CD experiments the
behaviour of the dithymine L-serine tetrapeptide in order to
achieve a quantitative information on its complexes with DNA.
Moreover, we performed several computational studies in order
to give an interpretation to the experimental results and better
describe the binding modality.

2. Materials and methods

The complete workflow of the methodology of the present
study is provided in Fig. S1.

2.1. Chemicals

The Fmoc-L-Ser(tBu)-OH and TCH,COOH were obtained from
Sigma Aldrich (Milan, Italy). DNA A, were purchased from Bio-
mers (Ulm, Germany).

2.2. Nucleopeptide synthesis

The dithymine tetraserine nucleopeptide (Fig. 1) was synthe-
sized in solid phase on a Rink-amide resin using the commercially
available Fmoc-L-Ser(tBu)-OH and the ad hoc synthesized
thyminyl-L-serine monomer according to a procedure described
previously by some of us [23]. After deprotection and detachment
from the solid support, the nucleopeptide was purified by reverse-
phase HPLC and its identity was confirmed by comparison with the
literature data [23].

2.3. Spectroscopic studies

Circular dichroism (CD) spectra were obtained with procedures
similar to previous literature reports [55-59] on a Jasco ]J-810 spec-
tropolarimeter, equipped with a Peltier ETC-505 T temperature
controller, using a Hellma-238-QS tandem quartz cell (2 x 0.437
5 cm, Fig. 2) and a 1-cm cell (Fig. 3). UV absorption spectra have
been collected simultaneously to CD on the same instrument

[60] to minimize errors induced by separate measurements on dif-
ferent instruments [61].

2.4. In silico studies

2.4.1. Structure preparation

The A1, single strand DNA and RNA oligomers were constructed
in Maestro, Schrodinger 2021-1 (Schrédinger Release 2021-1:
Maestro, Schrédinger, LLC, New York, NY, 2021). The preparation
wizard was used to add the hydrogens atoms, and the structure
was optimized using default parameters via the OPLS3e force field
[62]. The side chains atoms were added, and the bond orders, over-
lapping atoms, alternate position of the atoms were corrected
through the build panel. Lastly, the steric clashes and the improper
torsions were checked before the docking experiment [63].

2.4.2. Receptor grid generation and XP-docking

The entire nucleic acid (DNA and RNA) receptor carrying a total
of 12 nucleotides was selected to generate the grid via the receptor
grid generation panel using default parameters. The grid was
refined by the ligand diameter midpoint box set to 15 A for all
three axes. The nucleopeptide ligand was minimized through Lig-
Prep ligand preparation panel using the default parameters
(Schrédinger Release 2021-1: LigPrep, Schrodinger, LLC, New York,
NY, 2021). The energetically-minimized structure of the nucle-
opeptide was subjected to the Glide-XP (Extra-Precision algorithm)
docking engine [64]. The ligand sampling was set to flexible.

2.4.3. Molecular dynamics simulation protocol

The dA;> and the nucleopeptide-nucleic acid (DNA and RNA)
complexes were subjected to Desmond simulation engine for
100 ns [65]. The Intel® Core™ i9-9900 K Desktop CPU (central pro-
cessing unit) with 64-GB of RAM on Linux Fedora 34 Scientific
(64bit) OS was used for the simulations and the analysis.

2.4.4. System building

The default predefined TIP3P solvent model was constructed for
the nucleopeptide-nucleic acid (DNA and RNA) complexes using
the OPLS3e force field [66]. The box boundary conditions were
set to cubic with distance of X y z coordinates set to 10 A. The cal-
culated volume of the box was 151324 and 145015 A® for DNA and
RNA complexes, respectively. The salt concentration was set to
0.1 M. The neutralization of the system was achieved by adding
11 and 12 Na ions for DNA and RNA, respectively. The full system
contained 14160 and 13392 atoms for DNA and RNA complexes,
respectively.
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2.4.5. Trajectory production and analysis

The simulation time was set to 100 ns and the ensemble class of
NPT was selected. Temperature was set to 300 K and pressure to
1 atm. The default protocol “relax model before simulation algo-
rithm” was selected and the trajectories were produced for the
100 ns. Finally, the 100 ns trajectories were analyzed for the RSMD
(Root Mean Square Deviation).

2.4.6. Binding free energy calculations

The MMGBSA algorithm of the prime module was used to better
explore the interactions of the nucleopeptide in the pocket of DNA
and RNA receptor. The complexes nucleopeptide-nucleic acid (DNA
and RNA) were subjected to the MM-GBSA module and the ligand
binding free energy was thus, calculated.

2.4.7. DNA secondary structure prediction

CD spectral data related to the experiment described in Fig. 2
were extracted in the 230-315 nm wavelength range and used to
create the input files that were uploaded in CD-NuSS [67] with
which the secondary structure predictions were run for both
DNA and nucleopeptide-DNA complex.

2.4.8. CD predictions

Structure PDB files for dA;, and its complex with the nucle-
opeptide obtained after the MD simulations were processed by
DichroCalc [68], a web interface for protein circular and linear
dichroism calculations that we used for CD DNA simulations after
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Fig. 2. CD (up) and UV (down) spectra before (black) and after (red) mixing of
nucleopeptide with dA;, (T:A = 1:1, 15 uM) in 10 mM phosphate buffer (pH 7.5) at
5 °C in a tandem dual quartz cell. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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manual PDB file editing replacing the unrecognized ‘DA’ text for
adenine-containing deaoxyribonucleotides with ‘A’. The PDB files
for both dA;; and nucleopeptide-DNA complex were then
uploaded as input files in DichroCalc obtaining finally the pre-
dicted CD files which were edited with SpectraGryph 1.2 [69].

3. Results and discussion
3.1. CD and UV binding studies

To study the nucleopeptide interaction with the single-stranded
DNA, we used as target a dA;, oligonucleotide, and recorded simul-
taneously CD and UV spectra of both DNA and ligand solutions,
placed in the two separated chambers of a tandem dual quartz cell,
before and after manual rotation of the cell (Fig. 2). This particular
methodology permits to run experiments minimizing concentra-
tion errors and is used in binding experiments with chiral ligands
[70,71].

Only a minor change in the aromatic region of the CD spectrum
could be observed after complexation accompanied by a slight blue
shift (Fig. 2, up). Interestingly, no evident hypochromism was
detected in UV absorbance spectra after mixing nucleopeptide
and DNA solutions (Fig. 2, bottom) suggesting that no significant
base-base stacking occurred as one would have expected in the
case of W-C base pairing.

The same experiment previously performed by us with a RNA
target of the same sequence of the DNA had not resulted in any
CD change, which had led us to conclude that the nucleopeptide
was unable to establish significant interactions with RNA [23].
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Fig. 3. CD (up panel) and UV (down) titrations of dA;, in the presence of 0-1.5
equivalents in base of nucleopeptide ligand at 5 °C in 10 mM phosphate buffer (pH
7.5, 1 cm quartz cell).
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3.2. CD- and UV-monitored titration

To further explore the DNA-binding ability evidenced by the
above-described experiment, and add a quantitative information
on the stoichiometry of the DNA-nucleopeptide complex, we per-
formed the CD/UV-monitored titration reported in Fig. 3.

Remarkably, by titrating the DNA solution with nucleopeptide,
only few changes in the CD spectral curve of the nucleic acid were
detected in the aromatic spectral region (Fig. 3, up), taking into

Al2-receptor—_

AT2(RN :_f\]-receptor
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account that at the used concentrations the nucleopeptide does
not contribute significantly to the CD signal. A slight blue shift
can be recognized for the DNA-nucleopeptide complex and a sub-
stantial stabilization of the signal occurred in CD spectra after add-
ing nucleopeptide at a T:A = 1:2 ratio (Fig. 3, up). This seemed to
indicate that the nucleopeptide molecule interacted with the
adenine-rich DNA strand without pairing the two thymine bases
but only involving a single T:A pairing. During titration, the nucle-
opeptide addition provoked a progressive increase in UV absor-

) Charged [negative)

) Charged (positive) - H-bond

) Unspecified residue = Pi-Pistacking
Hydration site Solvent exposure

Fig. 4. Upper: 3D interactions of the nucleopeptide (T1 ring in cyan color) with dA;, receptor after molecular docking (left panel); the green dotted lines represent the H-
bonds. 2D interactions diagram of the ligand with the dA, receptor residues (right); the pink arrow lines represent the H-bonds. Bottom: 3D interaction of the ligand with the
A1 (RNA) receptor after docking (left panel). The T1 is colored in cyan and T2 in yellow. The yellow dotted lines represent the H-bonds interactions. 2D interaction diagram of
A1 (RNA)-nucleopeptide complex (right). The pink arrow lines represent the H-bonds. The A6 and A8 are in light grey color. (For interpretation of the references to color in

this figure legend, the reader should consider the web version of this article.)

Table 1

XP H-bond interaction energy analysis of nucleopeptide-dA,, and nucleopeptide A;, RNA (last two lines) complexes with interactions (donor or acceptor), distance (A) and

energies (kcal/mol) indicated.

Receptor-atoms Ligand-atoms

Interaction

Distance (A) Energy (kcal/mol)

dA5-H:468 0:132 H-donor 1.72 -6.7
dA5-H:449 0:132 H-donor 1.68 -34
dA5-H:445 0:132 H-donor 1.73 -6.3
dA5-0:393 H:152 H-acceptor 191 -3.2
dA6-0:164 H:461 H-donor 1.73 -6.6
dA6-0:164 H:464 H-acceptor 1.75 -0.7
dA6-0:410 H:184 H-donor 2.31 -2.2
dA7-H:467 0:196 H-donor 1.75 -3.2
dA8-H:247 0:417 (T1 ring) H-acceptor 2.03 -0.9
RA6-H:190 0:7 H-donor 2.08 2.7
RA8-H:256 0:24 H-donor 2.23 -1.1
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bance at about 260 nm perfectly matching the expected thymine
UV-contribution (Fig. 3, bottom). This confirmed the absence of
any significant stacking event involving nucleopeptide thymines
and DNA adenine bases during the binding — which instead would
have caused a lower increase than the observed one — as already
revealed by the previous assay (Fig. 2, bottom).

3.3. DNA-nucleopeptide molecular modelling
To achieve a more accurate interpretation of the experimental

findings, and possibly of the binding modality for the interaction
of the nucleopeptide with the dA, target, we performed computa-
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Fig. 5. Upper: root mean square deviation (RMSD) of the nucleopeptide-dA;,
complex as a function of time (ns). The right-hand side scale shows the RMSD
values in the 0-2 A (with green color corresponding to the most stable system) and
2-3 A (with red color indicating the least stable system) ranges. The interaction of
the T2-ring (green colored) can be observed at 45 ns corresponding to a fluctuation
of RMSD reaching 2.6 A. The interaction of the T1-ring (cyan colored) at 100 ns
trajectory point with RMSD less than 2 A can also be observed, validating the
potential binding mode of the nucleopeptide via T1 ring and not T2 to the dA;;
receptor through the 100 ns simulations. Bottom: RMSD of the nucleopeptide-A12
RNA complex as a function of time (ns). (For interpretation of the references to color
in this figure legend, the reader should consider the web version of this article.)

Table 2
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tional studies using molecular docking and dynamics, as well as in
silico methods for CD interpretation and simulation. In particular,
initial docking experiments were achieved using the DNA as recep-
tor and the nucleopeptide as ligand.

3.3.1. Nucleopeptide-A;> DNA and RNA docking

We investigated the interactions of the nucleopeptide in prox-
imity of the dA,, via Glide XP-docking program (upper Fig. 4, left
panel). In our simulation, the nucleopeptide bound the dA;, target
with a predicted Glide XP (Extra-Precision) docking energy of
—34 kcal/mol. The nucleopeptide interacted with the dA;, receptor
via a network of nine hydrogen bonds and more in detail through a
four H-bonds interaction with A5, three H-bonds with A6 and a
single H-bond with A7 at distances of 1.72, 1.68, 1.73, 1.91, 1.73,
1.75, 2.31 and 1.75 A respectively. Furthermore, the T1 base inter-
acted by H-bonding with A8 at a 2.03 A distance (Fig. 4, right). We
performed a similar docking study also on A;; RNA (as a control
target) using the same software and conditions used for DNA
(Fig. 4, bottom). The nucleopeptide interacted with the RNA with
a predicted Glide XP-docking (Extra-Precision) energy of
—4.1 kcal/mol. Interestingly, the ligand interacted with the A;,
RNA receptor via a network of two hydrogen bonds involving the
A6-02-atom, and A8-0O2-atom, with 2.08 A and 2.23 A distances,
respectively (Fig. 4, bottom). Interestingly, compared to DNA the
molecular docking analysis of the nucleopeptide in the pocket of
the RNA receptor revealed lower-level interactions, in terms of
H-bonding networks and XP energies, which explains that the
ligand binds more efficiently to DNA.

3.3.2. XP H-bond interactions energy analysis

To achieve a better comprehension of the binding mode of the
nucleopeptide toward the DNA, we performed XP H-bond interac-
tions energy analysis by glide algorithm module. The XP H-bond
interaction energy module of XP-docking technique identifies the
crucial residues of the receptor involved in binding with the ligand
and calculates their hydrogen bonding energies in kcal/mol. In our
case, the highest H-bond energies were obtained for the A5, A6 and
A7 atoms of the receptor, whilst for A8 we found the lowest energy
(—0.9 kcal/mol, Table 1).

Similarly, we performed XP H-bond interactions energy analysis
via glide algorithm module also for RNA binding. The H-bond ener-
gies recorded for the RA6 and RA8 atoms of the receptor (RNA) are
shown in the Table 1. Comparing XP H-bond energies of RNA and
DNA complexes, we observed higher-level interactions, in terms
of H-bonding networks and energies, in the DNA complex with
respect to the RNA one. To further validate the docking and XP
H-bond interaction energy analysis, we explored both the nucleic
acid complexes in a 100 ns simulation as described in the protocol
present in the methodology section.

3.3.3. Conformational dynamics of nucleopeptide-dA;> complex

The ligand/nucleic acid (DNA and RNA) complex conformational
stability was assessed by 100 ns of molecular dynamics simula-
tions and the resulting trajectories were analyzed for the structure
parameter i.e. the root mean square deviation (RMSD). Fig. 5

Nucleopeptide/DNA H-bond interactions, distance (A) and energies (kcal/mol) after 100 ns molecular dynamics simulation.

Receptor-atoms Ligand-atoms

Interactions

Distance (A) Energy (kcal/mol)

A6-0:164 H:467 H-acceptor 1.75 -0.8
A6-H:461 0:164 H-donor 231 -3.7
A6-H:183 0:420 H-donor 2.50 -3.4
A12-H:375 0:417 H-acceptor 2.30 —0.6
A12- N:367 H:460 H-donor 2.09 -4.1
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depicts the RMSD changes against the trajectory for the DNA com-
plex showing that the complex attained the structural stability
prior to (remaining stable until) the end of the MD simulation.
The full system was well equilibrated and a RMSD lower than
2.5 A over the entire 100 ns trajectory for the complex indicates
a stable system during our simulation.

A fluctuation of RMSD reaching a value of 2.6 A at 45 ns (evi-
denced in Fig. 5) corresponded to the interactions of the T2 with
the nucleic acid. However, from 45 ns onwards (45-100 ns) the
interactions of the T2 were replaced by T1 with the DNA target.

Interestingly, the interaction of T1 already evidenced in docking
(Fig. 4) which was based on the nucleopeptide interaction with A8
via a single H-bond of energy —0.9 (kcal/mol) was confirmed and
explored in details by molecular dynamics simulations revealing
more potent interactions with two H-bonds of —4.1 and —0.6 kcal/-
mol (with A12) and a single one (with A6) of —0.8 kcal/mol energy
with the DNA (Table 2). The nucleopeptide also interacted with A6
through further two H-bonds of —3.7 (kcal/mol) and —3.4 (kcal/-
mol) energy but without involving any thymine rings. Further-
more, comparing the interactions of the docking complex to
molecular dynamics simulations we observed the loss of the A5,
A7 and A8 interactions with the nucleopeptide probably due to
the movement of the T1-ring towards the A12 and the lower H-
bond energies especially of A8 with T1. However, the interactions
of the A6 were retained except the loss of a H-bond from a NH,
group. Overall, these in silico findings suggest that the binding
mode of the nucleopeptide involves a single thymine (and more
likely T1 ring than T2) in the recognition of the DNA target recep-
tor, a hypothesis validated by us via the 100 ns molecular dynamic
simulations as well as our experimental data (Figs. 3, 5 and 6).

Charged (negative)
Charged (positive)
Unspecified residue
Hydration site

~= H-bond
= Pi-Pistacking
Solvent exposure
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Owing to the simulation on RNA complex, Fig. 5 (bottom)
depicts the RMSD changes against the trajectory showing that
the complex attained the structural stability from 0 to 18 ns
(recorded RMSD 2.5 A). However, a trend of fluctuations from
19 ns (RMSD 2.6 A) highlighted in red-orange color to onwards
98 ns (RMSD 4.3 A) at the end of the MD simulation shed light
on the structural instability of the RNA complex. Extracting the
frames at 19 (Fig. S2) and 98 (Fig. 6) ns revealed that the ligand
interacted with RA7 and RA5 via double n-7t stacking interactions
involving the ring centers (RCEN) of RA7-T2 (highlighted in yellow)
with distances RCEN:1-RCEN:2=4.31 A, RCEN:1-RCEN:3=4.13 A,
and RA5-T2 with distances RCEN:1-RCEN:2=4.10 A, RCEN:1-
RCEN:3=2.9 A (Figs. S2, 6). Interestingly, no similar -7 stacking
interactions were revealed in the DNA throughout the 100 ns
simulations.

3.3.4. Simulation quality analysis

The simulation quality module of Maestro program was utilized
for a simulation quality analysis and descriptive parameters such
as the total energy, potential energy, temperature, pressure and
volume of the full system were extracted as described for the
DNA complex in Fig. 7 and Table 3. The simulation quality analysis
revealed an average total energy of —34790.990 (kcal/mol), poten-
tial energy —41956.933 (kcal/mol), temperature 298.748(K), pres-
sure 1.452(bar) and volume of 119911.166 A3. In the case of the
RNA complex, the simulation quality analysis showed an average
total energy of -25050.764 (kcal/mol), potential energy

—36083.491 (kcal/mol), temperature 297.672 (K), pressure 0.180
(bar) and volume of 166627.571 A3.

Fig. 6. Upper: nucleopeptide-dA;, complex 2D interaction (pink arrows represents the H-bonds) at 100 ns trajectory (left panel). 3D interactions of the nucleopeptide (T1
ring highlighted in circle and colored in cyan) at 100 ns (right). Bottom: 2D (left) and 3D (right) interactions of the nucleopeptide-RNA complex at 98 ns. The green lines
represent the m-w stacking interactions (left). The T2 is highlighted in yellow and T1 in cyan color, while the RA5 in green color (right). (For interpretation of the references to

color in this figure legend, the reader should consider the web version of this article.)
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Interestingly, only one complementary nucleobases interaction
was revealed by MD confirming what already suggested by our
spectroscopic studies described in Fig. 3, indicating a 1:1 = T:A
binding stoichiometry in the case of homoadenine DNA (Fig. 3)
for the serine-based nucleopeptide, that, on the other hand, was
unable to interact significantly with a RNA of same sequence [23].

3.3.5. Ligand binding free energy calculations

The ligand binding free energy was estimated for both DNA and
RNA complexes via prime MMGBSA (Molecular Mechanics/Gener-
alized Born Model and Solvent Accessibility) using the OPLS3e
force field, VSGB2.1 solvent model (Schrédinger Release 2021-1:
Maestro, Schrodinger, LLC, New York, NY, 2021). The Glide XP
docking complexes from the pose-viewer were subjected to the
prime MM-GBSA simulation module and the total binding free
energy was predicted. The MMGBSA predicts the approximate
binding free energy and the more negative energy indicates clearly
the better binding. The formula to calculate the AGginq Vvia the
prime MMGBSA (Molecular Mechanics/Generalized Born Model
and Solvent Accessibility) is the following.

Journal of Molecular Liquids xxx (XxXxx) Xxx

AGBind = GComplex - GReceptor - GLigand

The MMGBSA AGgi,q values were computed as —28.62 and
—3.10 kcal/mol for the DNA and RNA complexes, respectively, indi-
cating a higher binding affinity of the dithymine tetrapeptide for
the DNA target. The more negative AGgi,q value found for the
DNA complex compared to the RNA one, furnishes more insights
on the nucleopeptide binding to the DNA receptor which was also
investigated in a 100 ns molecular dynamics simulation. The
higher level molecular interactions of the nucleopeptide, in terms
of H-bonding networks, XP-energies, less fluctuations and higher
stability in the conformational dynamics compared to RNA, all con-
cur to define more favourable interaction characteristics of the
dithymine tetrapeptide in the vicinity of the DNA when compared
to ribonucleic targets in agreement with our experimental findings
[23].

3.3.6. CD data interpretation by in silico methods
Possible secondary structures of the DNA-nucleopeptide com-
plex were investigated using CD-NuSS [67], a web-based program
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Fig. 7. Upper: descriptive parameters for the nucleopeptide-dA;, system at 100 ns. E = Total energy (kcal/mol) in black color, EP = Potential energy (kcal/mol) in green,
T = Temperature (K) in blue, P = Pressure (bar) in light orange and V = Volume (A%) in violet. Bottom: Descriptive parameters of the nucleopeptide-A;, (RNA) system at 100 ns.
E = Total energy (kcal/mol) in black color, EP = Potential energy (kcal/mol) in purple, T = Temperature (K) in light green, P = Pressure (bar) in navy and V = Volume (A3) in
brown color. (For interpretation of the references to color in this figure legend, the reader should consider the web version of this article.)
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Table 3
Simulation quality analysis of the full system at 100 ns for the nucleopeptide complexes with DNA and RNA. Slope (ps~!) was 0 in all cases.
DNA RNA
Extracted MD properties Average Std. Dev. Average Std. Dev.
Total energy (kcal/mol) —34790.990 68.765 —25050.764 88.096
Potential energy (kcal/mol) —41956.933 52.198 —36083.491 69.124
Temperature (K) 298.748 1.167 297.672 0.979
Pressure (bar) 1.452 82.365 0.180 102.581
Volume (A%) 119911.166 214.194 166627.571 341.259
cgol 1
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Fig. 8. Theoretical CD spectra for dA;, (green) and its complex with the nucleopeptide (magenta) as simulated by DichroCalc [68] starting from the PDB structure files
predicted by our computational modelling studies (left panel). Experimental CD spectra before (black) and after (red) mixing of the nucleopeptide with dA;, (T:A = 1:1,
15 uM) in 10 mM phosphate buffer (pH 7.5) at 5 °C in a tandem dual quartz cell (right panel). (For interpretation of the references to color in this figure legend, the reader

should consider the web version of this article.)

which makes use of eXtreme Gradient Boosting (XGBoost) algo-
rithm to predict the nucleic acid secondary structures which corre-
spond to the CD spectral datasets furnished as inputs. Among the
several nucleic acid structures that one can identify by CD-Nuss,
there are DNA A-, B- and Z-form, triplex (parallel and antiparallel),
G-quadruplex (parallel, antiparallel, and hybrid), RNA stem-loop,
DNA-RNA duplex, etc. [67]. Thus, we elaborated the specific data
corresponding to the CD spectral images of Fig. 2 and the corre-
sponding numerical X-(CD) and Y-(wavelength) axes values,
extracted in the range between 230 and 315 nm, were furnished
to CD-NusSS. As expected, no DNA secondary structure was pre-
dicted in the case of the unbound single stranded dA;,, clearly in
the randomly coiled state. Owing to its complex with the nucle-
opeptide, CD-NuSS indicated that the interaction of the thymine-
bearing tetra-L-serine with the DNA did not induce any typical
DNA secondary structures (Fig. S3).

Furthermore, the predicted model of the DNA-nucleopeptide
complex emerged from the above-described molecular dynamics
was used to simulate its CD spectrum by DichroCalc [68]. In partic-
ular, a significant increase in the CD intensity in the <230 nm
wavelength region was predicted by DichroCalc (Fig. 8, left panel),
which is to some extent in analogy to what we experimentally
found by experimental CD (Fig. 8, right) indicating a higher struc-
turation degree in the random-coil DNA caused by the interaction
with the nucleopeptide. An intensity decrease in CD spectrum min-
ima at 240-250 nm were observed in both predicted and experi-
mentally recorded spectra (Fig. 8). As reported in the literature
[72,73] the <230 nm band arises from secondary structural DNA
features, whereas the aromatic band (>260 nm) probes the 3D con-
formation of DNA such as bending and curvature. Thus, our exper-
imental and predictive CD studies seem to indicate that the
nucleopeptide binds DNA leading to appreciable secondary struc-
ture variations, that can be associated with the single AT pairing
revealed by CD titration and confirmed by MD simulation, but

without significant effects on bending and curvature of the nucleic
target.

4. Conclusions

Herein we investigated the nucleic acid binding behaviour of a
dithymine tetra-L-serine nucleopeptide by means of spectroscopic
and in silico methods. We found that the nucleopeptide was able to
form complexes with DNA based on a 2:1 = A:T stoichiometric
ratio, as experimentally revealed by our CD titration experiment.
Complexation assays confirmed the ability of the nucleopeptide
to cause slight changes in the DNA secondary structure corre-
sponding mainly to an increase of the <230 nm positive band
and, to a lesser extent, to a blue shift in the CD band of the com-
plex, while no significant hypochromism was detected in the UV
absorbance as effect of the nucleopeptide/DNA molecular recogni-
tion, suggesting that adenine bases were not significantly stacked
with thymine counterparts. In silico studies conducted by docking
the nucleopeptide to the DNA target object of the spectroscopic
experiments, and subsequent MD simulations, suggested that only
T1 (H-bonding with A12 in an almost perpendicular AT interaction
similarly to other aromatic rings found in biological structures
[74]), as well backbone (SER1 NH and OH) moieties of the nucle-
opeptide are likely involved in DNA binding leaving the second
base (T2) potentially free to form, for example, supramolecular
assemblies able to incorporate hydrophobic drugs as previously
demonstrated for this molecule [23] and other nucleopeptides
[75]. RNA docking and dynamic studies were also conducted in
order to obtain a comparison between the predicted nucleopeptide
binding modes occurring in the case of DNA with respect to RNA.
Overall, these simulations revealed with the ribonucleic target a
different interaction mode based on 1-7t stacking that led to a com-
plex less stable than that predicted by us for DNA, confirming our
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previously published results [23] on the higher affinity of the
serine-based nucleopeptide for deoxyoligonucleotide targets than
RNAs. Taken together, all these findings led us to hypothesize that
the dodecadenine DNA is bound by multiple nucleopeptide units
through single not W-C AT base pairs as well H-bonding involving
the nucleopeptide backbone and the DNA bases and phosphate
moieties. This occurred despite the nucleobase-containing peptide
having been designed according to the general rule of a DNA mim-
icking nucleopeptide whose repeating unit is built by two a-amino
acid moieties, one of which derivatized with the nucleobase,
directly joined to one another by a peptide bond [54], which
revealed in RNA binding in several previous literature reports
[12,48,49,76]. Overall, we presented for the first time a combined
spectroscopic and computational/CD-predictive approach which
enabled us to i) give an interpretation of the structure of the com-
plex formed in our spectroscopic experiments, confirming the lack
of any typical DNA secondary structure element; ii) validate indi-
rectly the computed structure model, emerged by MD for the com-
plex, comparing the predicted binding-associated CD changes
(including CD intensity increase for the positive <230 nm band)
with those experimentally found, iii) conclude that despite being
unable to induce any typical DNA secondary structure in its
complementary nucleic target, the nucleopeptide provoked in the
random dA;; a conformational rearrangement involving a higher
structuration degree determined by the interaction of its backbone
and one of its nucleobases, with the nucleic acid.
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